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Objective. We aimed to investigate the risk factors associated with hemorrhage and clarify the relation of homocysteine (Hcy) with
brain arteriovenous malformations (bAVMs). Method. We retrospectively reviewed bAVM patients from Beijing Tiantan Hospital
between January 2019 and December 2019. Clinical and laboratory variables were analyzed in enrolled patients with bAVMs.
Potential predictors associated with hemorrhage were evaluated by logistic regression analysis. Results. A total of 143 bAVM
patients were identified in the study, including 69 unruptured and 74 ruptured cases. Patients with hemorrhage were less likely
to have hyperhomocysteinemia (P = 0.023). Logistic regression analysis showed that increased maximum diameter of bAVM
lesions (odds ratio (OR) 0.634, 95% confidence intervals (CI) 0.479-0.839; P =0.001) and serum Hcy level (OR 0.956, 95% CI
0.920-0.993; P =0.021) were associated with lower risk of hemorrhage in bAVMs. Conclusion. The present study provided
evidence regarding the association between serum Hcy and hemorrhage in patients with bAVMs. Higher Hcy level was
correlated with a lower risk of rupture. Detection of factors for subsequent hemorrhage is necessary to develop therapeutic

strategies for bAVMs preferably.

1. Introduction

Brain arteriovenous malformations (bAVMs) are congenital
collection of dilated arteries and draining veins without cap-
illary beds, forming high-flow arterial blood shunts directly
into the venous system [1, 2]. Intracranial hemorrhage man-
ifests as the most common onset symptom with an annual
rupture rate ranged from 2%-4%, which results in a high inci-
dence of neurological morbidity and mortality [3, 4].
Although our understanding of bAVMs has progressed in
recent years, causal relationships and the mechanisms by
which bAVMs initiation, progression, and rupture remain
poorly elusive.

Homocysteine (Hcy) is a nonessential amino acid from
the methionine and folate cycle, a metabolic product critical
for numerous biochemical processes. Clinically, normal
serum level ranges from 5-10 ymol/L, and incremental eleva-
tion above 15umol/L is termed as hyperhomocysteinemia
(HHcy) [5]. Previous studies and analyses suggested the ath-
erogenic, thrombogenic, and procoagulant effects of Hcy [6,
7], which overlap the acknowledged pathogenic mechanism
of bAVMs [8]. The major mechanisms were summarized as
intracranial vascular injuries [9, 10], vascular wall remodel-
ing [11, 12], hemodynamic stress [11], and diameter and
hematoma expansion [13, 14]. Elevated serum Hcy is emerg-
ing as an independent risk factor for slow-flow occlusive
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cardiovascular diseases, neurodegenerative diseases, and
ischemic stroke [6, 15]. However, after McEvoy et al. first
presented the relationship between Hcy and hemorrhagic
stroke [16], its role in hemorrhagic stroke subsequently
reported remains controversial [17-19], let alone in bAVMs.
Currently, most studies, including meta-analyses, failed to
confirm this association [20-22].

To the best of our knowledge, no clinical study with rele-
vant evidence that correlates Hcy with bAVMs has been per-
formed so far. Thus, in the present study, we conducted this
untargeted analysis to explore the risk factors associated with
initial rupture and to clarify the relation of Hcy with bAVMs.

2. Materials and Methods

2.1. Study Design and Participants. We retrospectively
reviewed patients diagnosed with bAVMs at the Department
of Neurosurgery, Beijing Tiantan Hospital from January
2019 to December 2019. This study was approved by the
Institutional Review Board of our institution. Informed con-
sent was waived considering the retrospective design of the
study.

Among 356 patients with cerebral vascular malforma-
tions admitted to our hospital between January 2019 and
December 2019, 332 patients were diagnosed with bAVMs
using magnetic resonance imaging (MRI) or digital subtrac-
tion angiography (DSA). Patients were excluded as follows:
(1) with malignancies, chronic renal insufficiency, hemato-
logical diseases, or hypothyroidism; (2) with inadequate lab-
oratory or DSA data. Finally, 143 patients were included in
the study (Figure 1).

2.2. Data Collection. Demographic data, medical and opera-
tive history, clinical manifestations, bAVM characteristics,
and laboratory results were obtained. Medical history includ-
ing hypertension, diabetes mellitus, hyperlipidemia, cigarette
smoking, and alcohol drinking were obtained. The history of
prior treatment included endovascular embolization, radio-
surgery, and microsurgery. Initial manifestations were sum-
marized into three categories: hemorrhage, seizure, and
neurological dysfunction. BAVM characteristics included
size of lesion, eloquent and deep location, venous drainage,
and associated aneurysms. The AVM volume was calculated
by (axbxc)/2 [23], and the Spetzler-Martin (SM) grading
scale was evaluated to classify the bAVMs. Two experienced
investigators (C.Z. and F.L.) independently reviewed the MRI
and DSA images. Neurological status was assessed using the
modified Rankin Scale (mRS) score at admission.

Heart rate and blood pressure were also recorded.
Body mass index (BMI) was calculated as weight (kg)/
[height (m)]*. Besides, fast venous blood samples were col-
lected in the morning after admission for all patients.
Levels of blood glucose, albumin (ALB), creatinine, uric
acid (UA), total cholesterol (TC), triglyceride (T'G), high-
density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), apolipoprotein A (ApoA),
apolipoprotein B (ApoB), and homocysteine (Hcy) were
measured using enzymatic methods. Serum Hcy >15.0
mol/L was considered as HHcy.
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Patients with cerebral
vascular malformations
(n=356)

Cavernous malformations (n = 24)

Patients with bAVMs
(n=332)

Excluded (n = 189)
(i) With malignancy (n = 2)
(ii) With hypothyroidism (n = 1)
(iii) Without laboratory data (n = 134)
(iv) Without DSA (n = 52)

Patients enrolled in the study
(n=143)

FiGure 1: Flow diagram of the study participants. bAVMs: brain
arteriovenous malformations; DSA: digital subtraction angiography.

2.3. Statistical Analysis. All statistical analyses were per-
formed using SPSS (version 26.0, IBM). The categorical var-
iables were presented as frequencies, and continuous
variables were described with mean (standard deviation,
SD) or median (interquartile range, IQR). The chi-square test
or Fisher exact test was conducted to compare categorical
variables between groups. Continuous variables were com-
pared using the two-tailed Student-f test or Mann-Whitney
U test. The association between characteristics and Hcy
quartiles was assessed using the Cochran-Armitage test for
bivariate variables and Spearman’s rank correlation test for
continuous variables. Logistic regression analysis was per-
formed to identify the risk factors for hemorrhage of bAVMs.
Odds ratios (ORs) were calculated with 95% confidence
intervals (CIs). Further exploration of Hcy associated with
hemorrhage was conducted by adjusted models. P value <
0.05 indicated statistical significance.

3. Results

3.1. Clinical and Laboratory Characteristics of bAVM
Patients. Baseline characteristics according to the hemor-
rhagic manifestation were shown in Table 1. A total of 143
patients with bAVMs were enrolled in the study. Compared
with unruptured participants, patients with ruptured bAVMs
tended to exhibit poor neurological status (mRS > 2) and less
likely presented with seizure (P < 0.001 for both). Although
the SM grade was found no difference between groups
(P =0.149), the average size of bAVMs was smaller in rup-
tured patients than in those without hemorrhage (P < 0.001
). In addition, ruptured bAVMs showed lower levels of UA
(P=0.032). HHcy was found in 28 (40.6%) unruptured
patients and 17 (23.0%) ruptured patients (P = 0.023).

3.2. Clinical Characteristics of bAVM Patients according to
Hcy Quartiles. Analysis of the clinical characteristics accord-
ing to Hcy quartiles was summarized in Table 2. A
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TaBLE 1: Baseline characteristics of bAVM patients.

Variables Total (n=143) Unruptured (n = 69) Ruptured (n =74) P value
Age, y, mean (SD) 29.6 (14.0) 31.0 (13.1) 28.2 (14.6) 0.221
Sex, male (%) 79 (55.2) 37 (53.6) 42 (56.8) 0.706
Medical history (%)
Hypertension 9 (6.3) 2(2.9) 7 (9.5) 0.204
Diabetes mellitus 3(2.1) 1(1.4) 2(2.7) 1.000
Hyperlipidemia 1(0.7) 0 (0) 1(1.4) 1.000
Cigarette smoking 26 (18.2) 12 (17.4) 14 (18.9) 0.813
Alcohol drinking 16 (11.2) 7 (10.1) 9(12.2) 0.702
Prior treatments (%)
Embolization 21 (14.7) 7 (10.1) 14 (18.9) 0.139
Radiosurgery 6(4.2) 1(1.4) 5(6.8) 0.244
Microsurgery 5(3.5) 2(2.9) 3(4.1) 1.000
Primary symptom (%)
Hemorrhage 74 (51.7) 0 (0) 74 (100.0) <0.001"
Seizure 30 (21.0) 25 (36.2) 5 (6.8) <0.001*
Neurological dysfunction 29 (20.3) 15 (21.7) 14 (18.9) 0.675
Admission mRS > 2 (%) 15 (10.5) 1(1.4) 14 (18.9) <0.001*
AVM characteristics
Spetzler-Martin grade (%) 0.149
I-1I 81 (56.6) 34 (49.3) 47 (63.5)
I 42 (29.4) 22 (31.9) 20 (27.0)
v-v 20 (14.0) 13 (18.8) 7 (9.5)
Maximum diameter, cm, median (IQR) 3.4 (2.5-4.6) 3.9 (3.0-5.1) 2.9 (2.3-4.1) <0.001*
Volume, cm®, median (IQR) 8.6 (4.4-25.0) 15.8 (6.2-33.7) 6.0 (3.5-15.3) <0.001"
Deep location (%) 33 (23.1) 16 (23.2) 17 (23.0) 0.976
Eloquent location (%) 72 (50.3) 34 (49.3) 38 (51.4) 0.804
Deep venous drainage (%) 43 (30.1) 21 (30.4) 22 (29.7) 0.927
Associated aneurysms (%) 21 (14.7) 10 (14.5) 11 (14.9) 0.950
Clinical features, mean (SD)
Heart rate, bpm 80 (10) 80 (9) 81 (11) 0.405
SBP, mm Hg 120 (15) 120 (13) 120 (17) 1.000
DBP, mm Hg 77 (10) 76 (10) 78 (11) 0.434
BMI, kg/m® 22.6 (4.4) 23.2 (4.4) 22.0 (4.4) 0.099
Laboratory results, median (IQR)
Glucose, mmol/L 4.6 (4.3-5.0) 4.6 (4.3-4.8) 4.6 (4.4-5.1) 0.141
Albumin, g/L 43.9 (41.3-46.0) 44.4 (41.6-46.1) 43.5 (41.0-45.9) 0.511
Creatinine, gmol/L 58.6 (46.6-68.5) 59.5 (49.7-70.9) 56.2 (45.2-67.8) 0.109
UA, pmol/L 314.0 (257.7-366.5) 324.5 (280.8-374.8) 294.0 (241.8-357.1) 0.032
TC, mmol/L 4.3 (3.6-4.8) 4.3 (3.8-4.9) 4.2 (3.5-4.8) 0.468
TG, mmol/L 1.0 (0.7-1.5) .1 (0.8-1.6) 0.9 (0.7-1.5) 0.130
HDL-C, mmol/L 1.2 (1.0-1.5) 2(1.0-1.4) 1.2 (1.1-1.5) 0.701
LDL-C, mmol/L 2.6 (2.0-3.2) .8 (2.1-3.5) 2.5(1.9-3.1) 0.080
ApoA, g/L 1.3 (1.1-1.4) 3(1.1-1.4) 1.3 (1.1-1.4) 0.588
ApoB, g/L 0.8 (0.7-1.0) 0.9 (0.7-1.1) 0.8 (0.7-0.9) 0211
Hcy, pmol/L 12.4 (9.9-16.2) 13.3 (10.4-18.9) 11.7 (9.7-14.6) 0.057
HHcy (%) 45 (31.5) 28 (40.6) 17 (23.0) 0.023*

bAVM: brain arteriovenous malformation; SD: standard deviation; mRS: modified Rankin Scale; IQR: interquartile range; SBP: systolic blood pressure; DBP:
diastolic blood pressure; BMI: body mass index; UA: uric acid; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-
density lipoprotein cholesterol; ApoA: apolipoprotein A; ApoB: apolipoprotein B; Hcy: homocysteine; HHcy: hyperhomocysteinemia. *P < 0.05, significant
difference.
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TaBLE 2: Characteristics of bAVM patients according to Hcy quartiles.

Hcy quartiles®, ymol/L

Variables All(n=143) QI (n=36) Q2(n=35 Q3(n=36) Qa(n=3¢) » trend
Age, y, mean (SD) 29.6 (14.0) 23.8 (16.0) 30.2 (13.7) 354 (12.8) 28.9 (10.9) 0.005*
Sex, male (%) 79 (55.2) 11 (30.6) 17 (48.6) 22 (61.1) 29 (80.6) <0.001*
Medical history (%)
Hypertension 9 (6.3) 1(2.8) 2 (5.7) 4 (11.1) 2 (5.6) 0.448
Diabetes mellitus 3(2.1) 0 (0) 1(2.9) 1(2.8) 1(2.8) 0.438
Hyperlipidemia 1(0.7) 0 (0) 0 (0) 1(2.8) 0 (0) 0.657
Cigarette smoking 26 (18.2) 1(2.8) 6(17.1) 10 (27.8) 9 (25.0) 0.007*
Alcohol drinking 16 (11.2) 0 (0) 4(11.4) 8 (22.2) 4(11.1) 0.060
Primary symptom (%)
Hemorrhage 74 (51.7) 21 (58.3) 20 (57.1) 19 (52.8) 14 (38.9) 0.093
Seizure 30 (21.0) 4(11.1) 6 (17.1) 9 (25.0) 11 (30.6) 0.029*
Neurological dysfunction 29 (20.3) 8(22.2) 7 (20.0) 8(22.2) 6 (16.7) 0.629
Admission mRS > 2 (%) 15 (10.5) 9 (25.0) 1(2.9) 2 (5.6) 3(8.3) 0.037*
AVM characteristics
Spetzler-Martin grade (%) 0.660
I-1I 81 (56.6) 17 (47.2) 23 (65.7) 20 (55.6) 21 (58.3)
11 42 (29.4) 13 (36.1) 8 (22.9) 12 (33.3) 9 (25.0)
V-V 20 (14.0) 6 (16.7) 4(11.4) 4 (11.1) 6 (16.7)
Maximum diameter, cm, median (IQR) 3.4 (2.5-4.6) 4.0 (2.6-4.7) 3.0 (2.5-4.4) 3.0 (2.3-3.9) 3.7 (2.6-5.1) 0.183
Volume, cm®, median (IQR) 8.6 (4.4-25.0) 10.9 (5.2-29.7) 7.2(5.0-19.3) 8.2 (3.2-17.7) 13.9 (4.3-31.8) 0.239
Deep location (%) 33 (23.1) 8 (22.2) 7 (20.0) 8 (22.2) 10 (27.8) 0.549
Eloquent location (%) 72 (50.3) 19 (52.8) 18 (51.4) 19 (52.8) 16 (44.4) 0.526
Diffusive nidus (%) 68 (47.6) 21 (58.3) 17 (48.6) 10 (27.8) 20 (55.6) 0.434
Deep venous drainage (%) 43 (30.1) 12 (33.3) 8 (22.9) 13 (36.1) 10 (27.8) 0.916
Associated aneurysms (%) 21 (14.7) 6 (16.7) 5(14.3) 6 (16.7) 4 (11.1) 0.588

bAVM: brain arteriovenous malformation; Hcy: homocysteine; SD: standard deviation; mRS: modified Rankin Scale; IQR: interquartile range. *P < 0.05,
significant difference. *Serum levels of Hey in quartiles: Q1, <10.0 gmol/L; Q2, 10.0-12.3 ymol/L; Q3, 12.4-16.1 ymol/L; and Q4, >16.1 ymol/L.

relationship was observed between Hcy level and male sex
(P <0.001). Serum Hcy level was also correlated with age
(P =0.005) and cigarette smoking (P = 0.007). Furthermore,
Hcy was related to seizure manifestation and poor neurolog-
ical status (P < 0.05 for all). Although the incidence of hem-
orrhage was no significant difference between Hcy quartiles
(P=0.093), a relatively lower risk of rupture occurred in
the groups of higher Hcy concentration (Q1: 58.3%; Q2,
57.1%; Q3, 52.8%; Q4, 38.9%). The SM grade and other var-
iables were similar across Hcy quartiles (P > 0.05 for all).

3.3. Analysis of Predictors for Hemorrhage of bAVMs. Predic-
tors for the hemorrhagic presence of bAVMs were analyzed
(Table 3). Univariate analysis showed that the maximum
diameter of bAVM lesions and level of serum Hcy were asso-
ciated with hemorrhage. After incorporating the covariables
of age, male sex, smoking, prior embolization, deep location,
eloquent location, deep venous drainage, and associated
aneurysms into the multivariate analysis, maximum diame-
ter (OR 0.634, 95% CI 0.479-0.839; P=0.001) and serum
Hcy level (OR 0.956, 95% CI 0.920-0.993; P =0.021) were
shown to be significantly related to hemorrhage.

Prior to adjusting for potential covariables (Figure 2),
HHcy was associated with the hemorrhagic presence (OR
0.437, 95% CI 0.212-0.901; P =0.025). After adjusting for
age, male sex, smoking, prior embolization, deep location,
eloquent location, deep venous drainage, and associated
aneurysms, HHcy was correlated with a lower risk of hemor-
rhage (OR 0.381, 95% CI 0.165-0.881; P = 0.024). The curve
of regression model was fitted to reveal the linear relationship
between Hcy level and probability of hemorrhage (Figure 3).

4. Discussion

In this retrospective study, we identified the potential risk
factors for hemorrhage of bAVMs and investigated the asso-
ciation between serum Hcy level and bAVMSs’ rupture. HHcy
was observed significantly less in patients with the hemor-
rhagic presentation. Furthermore, we found that increased
size of bAVM lesions and higher levels of Hcy were corre-
lated with a lower risk of hemorrhage.

Although HHcy was proved to be an independent risk
factor for ischemic stroke [24], the relationship between
intracranial hemorrhage and HHcy has not been extensively
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TaBLE 3: Logistic regression analysis on the risk of hemorrhage.
Variables Univariate analysis Multivariate analysis
OR 95% CI P value OR 95% CI P value
Age 0.985 0.962-1.009 0.220 0.980 0.954-1.007 0.154
Male sex 1.135 0.587-2.196 0.707 1.565 0.686-3.568 0.287
Medical history
Hypertension 3.500 0.701-17.467 0.127
Diabetes mellitus 1.889 0.167-21.311 0.607
Cigarette smoking 1.108 0.473-2.598 0.813 0.974 0.325-2.914 0.962
Alcohol drinking 1.226 0.430-3.495 0.703
Prior treatments
Embolization 2.067 0.780-5.475 0.144 2.848 0.868-9.347 0.084
Radiosurgery 4.928 0.561-43.286 0.150
Microsurgery 1.415 0.229-8.737 0.708
AVM characteristics
Maximum diameter 0.668 0.519-0.859 0.002 0.634 0.479-0.839 0.001*
Deep location 1.012 0.465-2.205 0.976 1.271 0.507-3.187 0.609
Eloquent location 1.087 0.564-2.094 0.804 1.230 0.561-2.698 0.605
Deep venous drainage 0.967 0.473-1.977 0.927 0914 0.391-2.135 0.836
Associated aneurysms 1.030 0.408-2.603 0.950 1.184 0.415-3.380 0.753
Clinical features
Heart rate 1.014 0.981-1.049 0.402
SBP 1.000 0.978-1.022 >0.999
DBP 1.013 0.981-1.046 0.432
BMI 0.937 0.867-1.013 0.102
Laboratory results
Glucose 1.510 0.965-2.362 0.071
Albumin 0.976 0.886-1.074 0.614
Creatinine 0.978 0.957-1.000 0.051
UA 1.000 0.999-1.001 0.964
TC 0.912 0.638-1.305 0.616
TG 1.052 0.764-1.449 0.756
HDL-C 1.819 0.851-3.886 0.123
LDL-C 0.724 0.493-1.064 0.100
ApoA 0.916 0.272-3.089 0.888
ApoB 0.404 0.081-2.012 0.269
Hcey 0.965 0.934-0.998 0.038 0.956 0.920-0.993 0.021*

OR: odds ratio; CI: confidence intervals; AVM: arteriovenous malformation; SBP: systolic blood pressure; DBP: diastolic blood pressure; BMI: body mass index;
UA: uric acid; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; ApoA:
apolipoprotein A; ApoB: apolipoprotein B; Hcy: homocysteine. *P < 0.05, significant difference.

studied. A previous study involving 503 patients with ICH
reported that the risk of hemorrhage in patients with HHcy
was 1.94-fold compared to the controls [17]. A recent
meta-analysis showed that Hcy levels in patients with ICH
were significantly higher than in healthy participants [19].
Various diseases are characterized by intracranial hemor-
rhage, including hypertension, cerebral amyloid angiopathy,
intracranial aneurysms, and bAVMs. Wang et al. reported
that HHcy was an independent risk factor for the formation
of intracranial aneurysms in the Chinese Han population
[25]. HHcy may also be associated with the rupture of intra-

cranial aneurysms in animal experiments [12]. According to
the study by Kumar et al, higher serum Hcy level was
observed in SAH patients as compared to healthy controls
[26]. However, other studies demonstrated the contrary
results. Dhandapani et al. revealed that the increased Hcy
was significantly associated with favorable outcomes follow-
ing SAH [27]. Moreover, a lower concentration of Hcy was
verified as the predictor for hematoma expansion of ICH in
cerebral small vessel diseases [28].

In our study, Hcy was proved to be associated with rupture
in bAVM patients. Surprisingly, ruptured bAVMs had less
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FIGURE 3: A linear relationship between Hcy level and probability of hemorrhage in the regression model. Hey: homocysteine.

proportion of HHcy, and the level of Hcy was an independent
protective factor for hemorrhage. Hey is an amino acid involved
in the metabolism of methionine and folate cycle. The perme-
ability of cerebrovascular endothelial cells is increased with
MMP-9 (matrix metalloproteinase-9) activated by Hcy, accom-
panied with blood-brain barrier (BBB) destruction [29]. It has
been found that Hcy may further activate MMP-9 through
extracellular signal-regulated kinase (ERK) pathway and inhibi-
tion of y-aminobutyric acid (GABA) receptor in endothelial
cells [30]. MMP-9 may also disrupt the BBB by degrading type
IV collagenase, laminin, and fibronectin in extracellular matrix

and basement membrane; activating vascular endothelial
growth factor (VEGF) and thrombin; inducing apoptosis,
which exacerbates the occurrence of ICH [31]. Furthermore,
increased levels of MMP-9 were observed in bAVMs. The
abnormal expression of MMP-9 destabilized the vessels, which
potentially leads to the rupture of bAVM lesions [32].
Alternatively, the results may be associated with hemody-
namic abnormalities. Recent studies have documented the
effects of Hcy on arterial hemodynamics [33-35]. Several
lines of evidence suggested a converse relationship between
Hcy and flow velocity for the coronary arteries [33, 35].
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The elevated level of serum Hcy was connected with the phe-
nomenon of slow flow in coronary arteries. Oxidative stress
and endothelial destruction related to Hcy were suggested
to be the leading cause of slow coronary flow [33, 34]. Like-
wise, Hcy was shown to be associated with augmented arte-
rial resistance in patients with internal carotid stenosis [36].
The altered hemodynamics may attribute to the remodeling
of arterials with the effect of HHcy. Sun et al. reported that
the flow velocity of internal carotid arteries and vertebral
arteries was inversely correlated with Hcy quartiles in healthy
participants, despite the parameters were not significantly
different after the adjustments [37]. The difference of conclu-
sions may be related to the inaccuracy of the data collected
through carotid Doppler ultrasound, instead of transcranial
Doppler sonography (TCD). As described, high-flow and
low-resistance arterial blood flows directly into the venous
system under the conditions of insufficient intervening capil-
laries in bAVMs, which carries a high risk of hemorrhage [1].
In this study, we revealed that the probability of hemorrhage
was decreased in bAVM patients with higher Hcy. Therefore,
we supposed that hemodynamic abnormalities induced by
Hcy play an important role in the pathogenesis of bAVMs’
rupture. The present results highlighted the correlation
between Hcy and hemorrhage in bAVMs.

Specific morphological and angioarchitectural character-
istics were proved to be related to hemorrhage of brain
AVMs. The SM grading scale is used as the most common
classification system in bAVMs, consisting of three anatom-
ical factors (size of nidus, relative position of eloquent loca-
tion, and patterns of draining veins) [38]. The five-classified
grading system is a powerful tool for predicting operative
risks based on the radiological data. In the current study,
the maximum diameter of bAVMs was the independent pre-
dictor for rupture. In accordance with the present results,
previous studies have illustrated that the incidence of subse-
quent hemorrhage increased with decreasing the size of
lesions in untreated bAVMs [39, 40]. A small size of bAVMs
(<3 cm) were more likely to present with bleeding compared
to the larger lesions. In terms of other characteristics of
bAVMs, no significant relationship between deep venous
drainage or eloquent location and hemorrhage was evident
in the present analyses. However, these variables were con-
sidered to be the key predictors for outcomes in previous
studies [38]. The negative finding may be limited by the small
sample size of enrolled participants.

There are several limitations to our study. First, this was a
retrospective study with relatively small sample size, and it
was difficult to avoid selection bias. Second, the diet patterns
and supplements of folic acid or vitamins were not taken into
consideration, and the variables may influence the metabo-
lism of Hcy and affect the results. Third, there was a lack of
data regarding levels of MMP-9 and hemodynamics parame-
ters owing to the retrospective design; the direct relation
between hemodynamic status and Hcy would be concluded
with the support of evidence generated from TCD or DSA
hemodynamic evaluation. Fourth, the clinical data derived
from a high-volume single institution may present tentative
associations between risk factors and bAVMs. Further pro-
spective studies comparing Hcy before and after hemorrhage

are required to investigate the predictive value for bAVM
ruptures.

5. Conclusions

In conclusion, our results indicated that the Hcy levels were
significantly associated with the risk of rupture in bAVM
patients. A higher concentration of Hcy carried a lower prev-
alence of hemorrhage. It is reccommended to monitor the fac-
tor in patients with bAVMs, which may facilitate the
guidance of subsequent nutritional management strategies.
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Aim. To identify the critical genetic and epigenetic biomarkers by constructing the long noncoding RNA- (IncRNA-) related
competing endogenous RNA (ceRNA) network involved in irreversible pulp neural inflammation (pulpitis). Materials and
Methods. The public datasets regarding irreversible pulpitis were downloaded from the gene expression omnibus (GEO)
database. The differential expression analysis was performed to identify the differentially expressed genes (DEGs) and
DEIncRNAs. Functional enrichment analysis was performed to explore the biological processes and signaling pathways enriched
by DEGs. By performing a weighted gene coexpression network analysis (WGCNA), the significant gene modules in each
dataset were identified. Most importantly, DEIncRNA-DEmRNA regulatory network and DEIncRNA-associated ceRNA
network were constructed. A transcription factor- (TF-) DEmRNA network was built to identify the critical TFs involved in
pulpitis. Result. Two datasets (GSE92681 and GSE77459) were selected for analysis. DEGs involved in pulpitis were significantly
enriched in seven signaling pathways (i.e., NOD-like receptor (NLR), Toll-like receptor (TLR), NF-kappa B, tumor necrosis
factor (TNF), cell adhesion molecules (CAMs), chemokine, and cytokine-cytokine receptor interaction pathways). The ceRNA
regulatory relationships were established consisting of three genes (i.e., LCP1, EZH2, and NR4A1), five miRNAs (i.e., miR-340-
5p, miR-4731-5p, miR-27a-3p, miR-34a-5p, and miR-766-5p), and three IncRNAs (i.e., XIST, MIR155HG, and LINC00630). Six
transcription factors (i.e., GATA2, ETS1, FOXP3, STATI, FOS, and JUN) were identified to play pivotal roles in pulpitis.
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Conclusion. This paper demonstrates the genetic and epigenetic mechanisms of irreversible pulpitis by revealing the ceRNA
network. The biomarkers identified could provide research direction for the application of genetically modified stem cells in

endodontic regeneration.

1. Introduction

Pulpitis, as the neuroinflammation of the sensory trigeminal
afferent axons in the dental pulp tissue, is accompanied by
the pain induced by the stimulation of the pulp nerve fibers
[1]. As a dynamic immune-inflammatory disease, the balance
between the inflammatory and regenerative responses in the
diseased pulp determines the clinical outcome, for example,
from healthy pulp to reversible pulpitis, to irreversible pulpitis,
and until pulp necrosis and pulp death [2]. Irreversible pulpitis
is of high therapeutical relevance, as it is characterized by lin-
gering pain that is featured by thermal stimuli, spontaneous
pain, and pain at night [3]. Root canal therapy (RCT) based
on pulpotomy remains the only choice for irreversible pulpitis;
however, RCT can cause the teeth to be more brittle and thus
more easily fractured [4]. Given this complication of RCT,
researchers are attempting to use a combination of mesenchy-
mal stem cells, biomaterial scaffolds, and growth factors to
preserve dental pulp and achieve the neurovascularization of
pulp tissue based on methods of modern tissue engineering.
Nevertheless, pulp regeneration approaches face many chal-
lenges such as lifespan and diffusion of growth factor, as well
as degradation of biomaterial. To overcome all of these chal-
lenges, genetically modified stem cells have been increasingly
investigated and have also been shown to achieve better effi-
cacy compared to using stem cells alone [5]. Since genetically
modified stem cell transplantation could be promising in end-
odontic regeneration, it is therefore essential to have a deep
understanding of the genetic and epigenetic mechanisms
involved in the pathology of pulpitis.

With the advent of gene detection techniques, the genetic
and epigenetic mechanisms have been shown by microarray
and sequencing datasets [6, 7] to play a critical role in the
immune-inflammatory response and repair response of pul-
pitis. As is well known, a messenger RNA (mRNA) as a
protein-coding RNA can be targeted by multiple noncoding
RNAs such as microRNAs (miRNAs) and long noncoding
RNAs (IncRNAs) [8, 9]. Based on the competing endogenous
RNA (ceRNA) hypothesis proposed by Salmena et al,
IncRNAs harboring miRNA response elements (MREs) and
mRNAs can compete with each other by binding to a shared
miRNA, thereby acting as molecular “sponges” and inducing
translational repression at the posttranscriptional level [10].
Since the ceRNA network has been demonstrated to be
involved in many inflammatory conditions and cancers
[11], this network is possibly also involved in pulpal inflam-
mation and should therefore be investigated. The bioinfor-
matic techniques integrate all of the expression profiling
datasets available to the public and allow the identification
of critical biomarkers involved in the ceRNA network to be
possible. Up until now, there is only one study available that
examined this issue; however, there are differences in terms
of study designs and processes, thereby obtaining quite
distinct results [12].

Therefore, the current study is aimed at identifying many
genetic and epigenetic biomarkers, including significantly
enriched pathways of differentially expressed genes, critical
genes involved in the protein-protein interaction network
and the ceRNA network, critical miRNAs and IncRNAs
involved in the ceRNA network, and transcription factors
involved in the TF-mRNA network. The identification of
these biomarkers will be helpful for the genetic modification
of stem cells and will benefit pulpal regeneration and the shift
from irreversible pulpitis to reversible pulpitis.

2. Methods

2.1. Procurement of Datasets. The microarray datasets
regarding irreversible pulpitis were searched from the GEO
of the NCBI database [13]. The genetic datasets could be
investigating mRNA expression profile or noncoding RNA
expression profile. The inclusion criteria of datasets were
established as follows. (1) The study design of the included
datasets should be established as two groups, including nor-
mal pulp tissue as the control group and inflamed pulp tissue
as the experimental group. (2) The samples were taken from
the adults (18 years or older) presenting for endodontic treat-
ment with no evidence of periapical pathoses (i.e., radiolu-
cency, swelling, and pressure sensitivity) and no previous
pulp therapy (i.e., pulp capping). (3) Normal pulp tissues in
the control group of the included datasets were collected
from healthy third molars or teeth extracted for orthodontic
purpose. Inflamed pulp tissues in the experimental group of
the included datasets were extracted from teeth diagnosed
with irreversible pulpitis in accordance with the endodontics
diagnoses system from the American Association of End-
odontists. (4) The sample size for each group in the included
datasets should be more than three. The exclusion criteria of
datasets were established as follows: (1) the datasets which
had the different study design; (2) the datasets which took
the pulp samples from the teeth with periodontitis/incomple-
tely developed roots; (3) the datasets which took the pulp
samples from the patients who had a compromised immune
system or those who were taking medications known to influ-
ence the immune response; (4) the sample size for each group
in the included datasets was less than three. According to the
inclusion and exclusion criteria mentioned above, two
datasets (GSE92681 and GSE77459) were therefore obtained.

2.2. Procurement of miRNA-mRNA and miRNA-IncRNA
Interaction Data. The human’s experimentally validated
miRNA-target interaction pairs’ data that have been vali-
dated by experiments were downloaded from three data-
bases: TarBase (version 6.0) [14], miRTarBase (version
4.5) [15], and miRecords (version 4) [16]. The human’s
experimentally validated miRNA-IncRNA interaction pairs’
data were downloaded from the starBase (version 2.0) data-
base [17].
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FiGurg 1: The flowchart of the present study. Two datasets (GSE92681 and GSE77459) were analyzed in this research by using varying
bioinformatic analyzing methods, for example, differential expression analysis, functional enrichment analysis, weighted gene coexpression
network analysis (WGCNA), enrichment map analysis, and network construction analysis (e.g., TF-DEG network, DEIncRNA-DEG

network, and ceRNA network).

2.3. Differential Expression Analysis. Regarding the dataset
GSE92681, the probe sequences were reannotated because
the corresponding gene symbols of probes cannot be
obtained. The IncRNA and mRNA data were obtained from
the platform of the GSE92681 dataset after annotation. The
differential expression analysis was performed by using the
Linear Models for Microarray data (limma) R/Bioconductor
package [18] to identify the differentially expressed genes
(DEGs), and differentially expressed IncRNAs (DEIncRNAs)
were identified between irreversible pulpitis samples and
control healthy pulpal samples. The gene and IncRNAs that
had the required cutoff criteria (p value < 0.05 and a |log,
fold change (FC) | >1) were considered as DEGs and
DEIncRNAs. The Venn diagram was used to visualize the
overlapped and union DEGs identified by two datasets.

2.4. Functional Enrichment Analysis of DEGs. The DEGs
overlapped by two datasets (GSE77459 and GSE92681) were
used for the functional enrichment analysis in order to
explore the regulated biological processes and signaling path-
ways that are involved by these DEGs. The functional enrich-
ment analysis was performed by using clusterProfiler
package in the Bioconductor package [19]. The functional
terms with p value < 0.05 were regarded to be significant.

2.5. Construction of Protein-Protein Interaction (PPI)
Network. To comprehensively analyze the functions of DEGs
involved in the entire biological network of pulpitis, the
union DEGs identified from two datasets were used for the
PPI network analysis instead of only taking the overlapped
intersection DEGs. The interacting genes of these DEGs were
downloaded from HPRD [20] and the BioGRID database

TaBLE 1: The pulpitis-related datasets used for the present analysis.

Sample size of ~ Sample size of

Experimental .
Datasets type of datasets 1nﬂar'ned pulp heathy pulp
tissue tissue
Noncoding
GSE92681 RNA 7 5
GSE77459 mRNA 6 6

TaBLE 2: The number of upregulated and downregulated DEGs or
DEIncRNAs identified from included datasets.

Number of Number of
Number of
Datasets upregulated downregulated
total factors
factors factors
GSE92681_
DEINcRNA 138 136 274
GSE92681_
DEG 486 178 664
GSE77459_
DEG 823 278 1101

[21]. The visualization of a PPI network was performed by
using Cytoscape software [22]. Several topological features
(i.e., degree, average shortest path length, betweenness cen-
trality, closeness centrality, clustering coefficient, and topo-
logical coeflicient) of the nodes (protein) in this PPI
network were calculated by using CytoNCA plugin in Cytos-
cape software to screen hub genes. The top 20 genes were
selected from this network, and their topological features
were listed.
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FI1GURE 2: The Venn diagram shows the (a) up- and (b) downregulated DEGs identified by two datasets (GSE77459 and GSE92681). 133
upregulated DEGs and 18 downregulated DEGs were found to be overlapped between DEGs of GSE77459 and GSE92681.

2.6. Weighted Gene Coexpression Network Analysis. To fur-
ther analyze the functions of interacting genes in the patho-
genesis of pulpitis, the weighted gene coexpression network
was constructed by using weighted gene coexpression net-
work analysis (WGCNA). The genes with p value < 0.05 were
selected, and the expression profile data of these genes were
obtained. The significant gene modules were selected, and
genetic interactions within each module were investigated.
Based on the HPRD and BioGRID database, the PPI network
of the selected significant gene modules was constructed,
respectively. The top 25 gene nodes in these PPI networks
were calculated and listed.

2.7. Functional Enrichment Analysis of DEIncRNAs. Based on
the GSE92681 dataset, the coexpression status of DEIncR-
NAs and DEGs was calculated by using a statistical meth-
od—Pearson correlation. The significant interaction pairs
with PPC (Pearson correlation coefficient) > 0.98 and p value
< 0.05 were selected. The functional enrichment analysis
using clusterProfiler was performed to investigate the func-
tion of DEIncRNAs within the selected significant interaction
pairs. The function terms with p value < 0.05 were regarded
as significant function terms.

2.8. Enrichment Map Analysis. The enrichment map analysis
using Cytoscape plugin was performed for functional enrich-
ment visualization. The enrichment map organizes enriched
terms into a network with edges connecting overlapping gene
sets [23]. This map in the present study was constructed to
show the similarity among the function terms of genes regu-
lated by IncRNAs. The enriched functions of genes targeted
by DEIncRNAs can interact with each other instead of being
separate and isolated; thus, the dysregulation of a certain
function term may result in the aberrant regulation of its
interacted functions terms. In the enrichment map, nodes
represent the functional GO terms. The color intensity of
nodes represents significance (p value), and the color of
nodes is lighter when the p value is bigger. The edge thickness
represents the degree of gene overlap that exists between two
GO terms. The edge is wider when the mutual gene overlap
between two GO terms is larger; that is to say, the similarity
between these two GO terms is bigger.

2.9. Construction of a DEIncRNA-DEG Regulatory Network.
The interaction pairs of DEIncRNA-DEG were obtained
and used to construct a DEIncRNA-DEG regulatory net-
work. The topological characteristics of nodes in this network
were calculated, and the top 20 nodes were ranked in
descending order according to the degree.

2.10. Construction of a Transcription Factor- (TF-) DEG
Network. First, DEGs obtained from two datasets
(GSE92681 and GSE77459) were combined and used for sub-
sequent analysis. The transcription factor- (TF-) DEG inter-
action pairs were then obtained from several databases,
including TRANSFAC [24], TRED [25], and ORTI [26].
Based on these interaction pairs, the TF-DEG regulatory net-
work was constructed. The topological feature of the nodes in
this TF-DEG network was calculated, and the top 20 nodes
were ranked in descending order according to the degree.

2.11. Construction of a ceRNA Network. The miRNAs that
target DEGs and miRNAs targeted by DEIncRNAs were
obtained from the starBase database [17]. Afterward, we inte-
grated coexpressed DEIncRNA-mRNA interaction pairs,
DEIncRNA-miRNA interaction pairs, and DEG-miRNA
interaction pairs. Based on these interaction pairs, a ceRNA
network was constructed consisting of DEIncRNA-miRNA-
DEmRNA interaction pairs. The topological feature of nodes
in this ceRNA network was calculated, and the top 20 nodes
were listed in a descending rank according to the degree. In
addition, in order to obtain the functional modules between
IncRNA-mRNA interactions and miRNA-mRNA interac-
tions, the Cytoscape plugin MCODE is used to identify the
clusters in the ceRNA network.

3. Results

3.1. The Study Flowchart. The analyzing sequence of the pres-
ent study is presented in Figure 1. As shown in Figure 1, two
datasets regarding irreversible pulpitis were analyzed by per-
forming differential expression analysis to identify DEGs and
DEIncRNAs, by carrying out functional enrichment analysis
to identify signaling pathways, by constructing the DEG-TF
network to identify critical TFs, and finally by building
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F1GURE 3: The functional enrichment analysis of DEGs overlapped in two datasets (GSE77459 and GSE92681). (a) The significantly enriched
biological processes of overlapped DEGs. (b) The significantly enriched signaling pathways of overlapped DEGs.

IncRNA-associated ceRNA network to identify the critical
genes, miRNAs, and IncRNAs.

3.2. Identification of DEGs. The GSE92681 dataset based on
the GPL16956 platform analyzed the noncoding RNA expres-
sion profiling data of 7 inflamed pulpal tissues and 5 healthy
pulpal tissues (Table 1). The GSE77459 dataset based on the
GPL17692 platform analyzed the mRNA expression profiling
data of 6 inflamed pulpal tissues and 6 healthy pulpal tissues
(Table 1). From the dataset GSE92681, 274 DEIncRNAs (138
upregulated and 136 downregulated) and 664 DEGs (486
upregulated and 178 downregulated) were identified
(Table 2). From the dataset GSE77459, a total of 1,101 DEGs
consisting of 823 upregulated and 278 downregulated were

identified (Table 2). In addition, the intersection parts shown
in the Venn diagram (Figure 2) show that 151 DEGs including
133 upregulated DEGs and 18 downregulated DEGs were
found to be overlapped by two datasets. When considering
the union parts of the Venn diagram, a total of 1,176 upregu-
lated DEGs and 438 downregulated DEGs were identified.

3.3. Biological Processes and Signaling Pathways Enriched by
DEGs. As shown in Figure 3(a), DEGs were significantly
involved in many biological processes, for instance, cell
adhesion-related BPs, immune cells (e.g., 3T cell, neutrophil,
granulocyte, leukocyte, and lymphocyte)-related BPs, and
immune response-related BPs. As shown in Figure 3(b),
DEGs were significantly involved in many signaling
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TaBLE 3: The topological characteristics of the top 20 nodes in the PPI network.

Gene Average shortest path Betweenness Closeness Clustering Topological
name Degree length centrality centrality coefficient coefficient
UBD 656 2.700089 0.092136 0.370358 0.001564 0.003702
UBC 460 2.20363 0.309699 0.453797 0.004092 0.005551
IFI16 436 2.853032 0.052658 0.350504 0.001381 0.005531
ARRB2 369 2.872067 0.040035 0.348181 0.001915 0.007365
HLA-B 338 2.825255 0.037735 0.35395 0.002915 0.00551
EZH2 301 2.891545 0.030774 0.345836 0.00206 0.008083
SFN 296 2.903608 0.032059 0.344399 0.00213 0.00725
ADRB2 294 2.855246 0.033685 0.350233 0.003088 0.006755
LYN 243 2.795595 0.03365 0.357706 0.013332 0.008931
MAP3K1 229 2901173 0.021399 0.344688 0.00406 0.009621
FOS 226 2.943448 0.02579 0.339738 0.00468 0.010265
RPS9 208 2.82127 0.017896 0.35445 0.009337 0.00958
KPNA2 205 2.867641 0.022731 0.348719 0.00263 0.009771
IL7R 199 2.931496 0.015151 0.341123 0.002944 0.011601
LGR4 198 3.039287 0.020276 0.329025 3.59E-04 0.010662
CASP8 196 2.906707 0.020462 0.344032 0.008791 0.010607
CD247 196 2.964697 0.024808 0.337303 0.00539 0.010402
HIF1A 174 2.950089 0.016343 0.338973 0.003123 0.013813
MYO19 173 2.93548 0.0148 0.34066 0.010687 0.00917
MNDA 168 3.236498 0.007305 0.308976 7.84E - 04 0.012766

pathways, for instance, chemokine and cytokine-related
pathways (i.e, TNF, IL-17, chemokine, and cytokine-
cytokine receptor interaction), T cell and B cell-related path-
ways (i.e., B cell receptor and Thl and Th2 cell differentia-
tion), NF-kappa B, and microbial infection-related
pathways (i.e., Epstein-Barr virus infection and Staphylococ-
cus aureus infection).

3.4. Identification of Hub Genes by Constructing the PPI
Network. The PPI network of DEGs expressed in pulpitis
shown in Figure 2 consisted of 9,070 gene nodes and 24,903
PPI interaction pairs. File S1 shows the topological character-
istics of all DEG nodes in Figure 2. Table 3 shows the top 20
gene nodes were ranked in descending order according to
their degree. It can be seen from Figure 4 that the gene
UBD with the highest degree was identified to play the most
important role in the network by interacting with the highest
number of DEGs. Apart from the gene UBD, some other
upregulated DEGs (e.g., IFI16, ARRB2, HLA-B, EZH2,
ADRB2, LYN, FOS, RPS9, KPNA2, IL7R, CASP8, CD247,
HIF1A, MYO19, and MNDA) and downregulated DEGs
(e.g., SEN, MAP3K1, and LGR4) were also identified to play
critical roles in the network.

3.5. Enriched Biological Processes of DEIncRNAs. As shown in
Figure 5, DEIncRNAs were found to be significantly involved
in many biological processes, for example, immune cells
(dendritic cells, leukocytes, and T cells)-related BPs (e.g., reg-
ulation of dendritic cell differentiation, dendritic cell differ-

entiation, T cell activation involved in immune response,
regulation of T cell activation, and leukocyte differentiation),
cytokine-related BPs (i.e., interferon-gamma production,
regulation of cytokine secretion, and negative regulation of
cytokine secretion).

3.6. The Similarity of Functional Terms of DEIncRNAs. As
shown in Figure 6, immune cells (e.g., lymphocytes, leuko-
cytes, and T cells)-related GO functional terms were
observed to interact with cytokine-related GO terms (e.g.,
the cellular response of cytokine stimulus, positive regulation
of cytokine production, and regulation of interleukin-1
production).

3.7. The DEIncRNA-DEG Regulatory Network. As shown in
Figure 7, the DEIncRNA-DEG regulatory network consisted
of 312 nodes and 905 edges. File S2 shows the characteristics
of all nodes in the network in Figure 7. As seen from Table 4,
many IncRNAs with the highest degree play critical roles in
the network, such as RP11-702F3.3, RP5-963E22.4, RP11-
555G19.1, CTD-2568A17.1, and PRSS29P.

3.8. Identification of Hub Transcription Factor. The TF-DEG
regulatory network consisted of 1,750 nodes and 17,095
edges (Figure 8). File S3 shows the topological characteristics
of all nodes in the network in Figure 8. Combining the data
shown in Figure 8 and Table 5, it can be found that only
one TF-FOS was differentially expressed in pulpitis among
the top 20 nodes of the TF-DEG network. Although the other
19 nodes (i.e., GATA2, ETS1,YBX1, AR, FOXP3, GATALI,
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F1GURE 4: The PPI network of DEGs. The red and green circle nodes represent up- and downregulated DEGs, respectively. The sky-blue circle
nodes represent the non-DEGs which interact with DEGs in the PPI network.

SP1, E2F4, PRDM14, ARNT, MIA3, JUN, CREBI, FOS,
STATI1, CEBPA, AHR, E2F1, PAX5, and Pax-5) except FOS
were not differentially expressed in pulpitis, they still play
critical roles in the pathogenesis of pulpitis by interacting
and regulating DEGs that are expressed in pulpitis. As seen
from Figure 8, some other TFs were also found to be differen-
tially expressed in pulpitis, for example, some FOSB, JUNB,
EGRI, HIF1A, PLAU, MECOM, TP63, and BDNF.

3.9. Identification of Significant Gene Modules. As seen from
Figure 9, five gene modules with varying colors (i.e., blue,
brown, grey, turquoise, and yellow) were identified from
GSE77459. Among these five coexpressed gene modules,
the blue module with the lowest p value was found to be
the most significant module. Regarding GSE92681, eight
gene modules with various colors (i.e., black, blue, brown,
green, grey, red, turquoise, and yellow) were identified,
among which the green module with the lowest p value was
found to be the most significant module.

3.10. Construction of PPI Network for Selected Significant
Gene Modules. The PPI networks were constructed for these

two selected significant coexpressed gene modules (blue mod-
ule in GSE77459 (Figure 10) and green module in GSE92681
(Figure 11)), respectively. The PPI network of the blue module
within the GSE77459 dataset consisted of 3,599 gene nodes
and 4,712 edges, while the PPI network of the green module
within the GSE92681 dataset consisted of 930 gene nodes
and 1,019 edges. Files S4 and S5 show the topological charac-
teristics of all nodes of the network shown in Figures 10 and
11, respectively. Tables 6 and 7 show the topological character-
istics of these two PPI networks depicted in Figures 10 and 11,
respectively. Among the top 25 genes in the PPI network of the
blue module of the GSE77459 dataset, only 3 upregulated
DEGs (BIRC3, ITPR3, and PTPRB) were found; by contrast,
the other 22 genes within the top 25 gene nodes were not
DEGs (Table 6). Among the top 25 genes in the PPI network
of the green module of the GSE92681 dataset, only one upreg-
ulated DEG (MMP-7) and one downregulated DEG (IK) were
found; by contrast, the other 23 genes were not DEGs
(Table 7).

3.11. The ceRNA Network. As shown in Figure 12, a ceRNA
network consisting of DEIncRNA-miRNA-DEmRNA
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this term. The colored dots represent the term enrichment: green indicates low enrichment, and red indicates high enrichment.

interaction pairs was depicted. File S6 shows the topological
characteristics of all nodes in the network in Figure 12. Com-
bined with the information of the top 20 nodes shown in
Table 8, it can be observed that IncRNA XIST plays the most
important role in this network. Apart from IncRNA XIST,
some genes (e.g., MIR155HG, LCP1, EZH2, and NR4A1)
and several miRNAs (e.g., hsa-miR-340-5p, hsa-miR-4731-
5p, hsa-miR-5590-3p, hsa-miR-27a-3p, hsa-miR-27b-3p,
hsa-miR-329-3p, hsa-miR-362-3p, hsa-miR-494-3p, hsa-
miR-424-5p, hsa-miR-2682-5p, hsa-miR-515-5p, hsa-miR-
766-5p, hsa-miR-449¢-5p, hsa-miR-34a-5p, and hsa-miR-
449a) also play critical roles in the network. As shown in
Figures 13(a)-13(c), three clusters were identified from the
ceRNA network. As seen from Figure 13(c), LINC00630

can compete with two miRNAs (miR-539-3p and miR-485-
3p) in targeting gene PEX5, and LINC00630 can indirectly
target gene PEXG5.

4. Discussion

This study identified many genetic and epigenetic bio-
markers involved in the pathology of pulpitis, including six
hub genes in the PPI network (i.e., UBD, MAP3K1, HIF1A,
CASPS, IFI116, and FOS), several factors involved in the
ceRNA network (e.g., three genes (i.e., LCP1, EZH2, and
NR4A1), five miRNAs (i.e, miR-340-5p, miR-4731-5p,
miR-27a-3p, miR-34a-5p, and miR-766-5p), and three
IncRNAs (i.e., XIST, MIR155HG, and LINC00630)), six
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FIGURE 6: The enrichment map shows the GO interacting network of genes targeted by DEIncRNAs. The orange circle node represents the
significantly enriched GO terms, and the line represents the interaction between GO terms.

transcription factors (i.e., GATA2, ETS1, FOXP3, STATI,
FOS, and JUN), and seven signaling pathways (i.e., NOD-
like receptor (NLR), Toll-like receptor (TLR), NF-kappa B,
tumor necrosis factor (TNF), cell adhesion molecules
(CAMs), chemokine, and cytokine-cytokine receptor interac-
tion pathway). The detailed roles of these critical factors are
supported by the previous scholar evidence and will be
described in the following section.

Many genes are identified to be involved in the PPI net-
work of pulpitis; however, there is still no direct evidence that
can support the involvement of these genes in pulpitis.
Herein, only six genes that were most investigated by previ-
ous research were described, including UBD, MAP3K1,
HIF1A, CASP8, IFI16, and FOS. For the first example,
UBD (Ubiquitin D) was shown to have multiple cellular pro-
cesses that occurred in pulpitis: regulating NF-kappa B sig-
naling pathway [27], mediating cell apoptosis in a caspase-
dependent manner [28], and being involved in the matura-
tion of dendritic cells [29]. Looking at the case of MAP3K1
(Mitogen-Activated Protein Kinase Kinase Kinase 1), this
gene encodes a serine/threonine kinase and has been shown
to be part of many signaling transduction cascades including
ERK (extracellular signal-regulated kinases) [30] and JNK (c-
Jun N-terminal kinase) kinase [31], NF-kappa B [32], TLR4
signaling [33], and IL-1 family signaling pathways [32]. Since
these pathways mentioned here have been verified to be
implicated in pulpitis [34-36], MAP3K1 can be speculated
to be also involved in pulpal inflammation. Taking the case
of HIF1A (hypoxia-inducible factor 1 subunit alpha), this
gene encodes the alpha subunit of transcription factor

hypoxia-inducible factor-1 (HIF-1) [37]. This gene has been
shown to regulate the cellular and systemic homeostatic
response to the hypoxia environment by activating many
genes related to angiogenesis and apoptosis [38]. Since the
hypoxic environment caused by a collapse of the venous
microcirculation during the pulpal inflammation could result
in localized or generalized pulp necrosis and death [39],
HIF1A could be a specific signal which indicates the potential
deterioration risk from irreversible pulpitis to pulp necrosis
and death. For example, caspase-8 and caspase-9 (encoded
by CASP8 and CASP9) are cysteine proteases that play a cru-
cial role in the signaling pathways of apoptosis, necrosis, and
inflammation [40]. Since CASP9 is involved in cell apoptosis
in human dental pulp stem cells from deciduous teeth [41]
and also activation of caspase-9 can lead to activation of
downstream caspase-8 [42], CASP8 can be therefore
assumed to be involved in the signaling pathway of apoptosis
in the pathogenesis of pulpitis. Another example is interferon
gamma inducible protein 16 (IFI16) that is induced by IFN-y,
a member of the HIN-200 family of cytokines. A high preva-
lence of IFN-y messenger RNA in inflamed pulps has been
detected [43], and the methylated status of IFN-y has been
altered from total methylation in healthy pulp to partial
methylation or unmethylation in the inflamed pulp. Since
IFN-y cytokine may be implicated in the immune response
during the process of pulp inflammation [44], the epigenetic
events of pulpitis could also be relevant to the alteration of
IFI16. Looking at another example, the Fos gene family
(FOS, FOSB, FOSL1, and FOSL2) has been suggested to reg-
ulate the process of cell proliferation, differentiation,
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represents the downregulated DEIncRNA.

transformation, and apoptosis. The expression of the
immediate-early gene product Fos was reported to be evoked
by the LPS-induced pulpal inflammation in the rostral tri-
geminal regions of ferrets [45]. Regarding the pattern of its
expression, another study using the rat model found that
the expression of Fos induced by chronic tooth pulpal
inflammation in dynorphin-rich regions of rat brainstem
was shown to be temporal and spatial [46]. The role of almost
all of the genes in pulpitis is based on speculation and thus
needs to be validated in future research by designing relevant
experiments.

Three genes (i.e., LCP1, EZH2, and NR4Al) are identi-
fied to be key biomarkers in the ceRNA network. For exam-
ple, LCP1 (Lymphocyte Cytosolic Protein 1) is significantly
enriched in a GO term named T cell activation [47]. The acti-
vation of T lymphocytes can orchestrate other types of
immunocompetent cells, thereby promoting the local
immune defense that occurred in the dental pulp [48]. Given
this evidence, it can be assumed that LCP1 might be involved
in the pathogenic mechanism of pulpitis by regulating T cell-
mediated immune response. For another example, the
enhancer of zeste homolog 2 (EZH2), as a catalytic subunit
of PRC2 (polycomb repressor complex 2), could regulate

gene silencing via its histone methyltransferase activity, accu-
mulation of DNA damage, and chromosome abnormalities
[49]. EZH2 is suggested to be implicated in the pulp inflam-
mation, proliferation, and regeneration by inhibiting osteo-
genic differentiation of human dental pulp cell (HDPCs)
and enhancing inflammatory response and proliferation
[50]. Another research investigating the effect of EZH2 in
odontogenic differentiation of hDPCs suggested that EZH2
could impair mineralization of HDPCs under the mechanism
of activating the Wnt canonical signaling pathway [51]. Tak-
ing the final example, Nuclear Receptor Subfamily 4 Group A
Member 1 (NR4A1) is enriched in many pulpitis-related sig-
naling pathways, including signaling by PDGF and EGFR,
PI3K/AKT activation, and MAPK signaling pathways, and
also some GO terms including positive regulation of endo-
thelial cell proliferation and apoptotic process. The previous
scholar evidence investigating the involvement of NR4A1 in
inflammation showed that the overexpression of NR4Al
was associated with a chronic low-grade inflammatory state
[52] and also plays a key role in mediating the anti-
inflammatory effects of apoptotic cells [53]. However, the
expression patterns and its regulatory mechanisms of
NR4A1 remain to be researched in pulp inflammation.
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F1GURE 8: The TF-DEG regulatory network involved in pulpitis. The diamond nodes represent TFs and the circle nodes represent DEGs. For
the diamond nodes, the red diamond nodes represent the upregulated TFs, the green diamond nodes represent the downregulated TFs, and
the sky-blue diamond nodes represent other nondifferentially expressed TFs. For the circle nodes, red circle nodes represent the upregulated
DEGs, while the green circle nodes represent the downregulated DEGs.

Many miRNAs are involved in the ceRNA network of  pitis by targeting genes related to inflammatory response
pulpitis; however, the expression patterns and functions of ~ and regeneration. For the first example, miR-340-5p has been
almost all of them have not been investigated in pulpal  validated to target gene LIMS1 (LIM Zinc Finger Domain
inflammation. Based on the potential target genes of the miR-  Containing 1), the encoded protein of which is involved in
NAs searched on the miRWalk database [54], some miRNAs  the integrin signaling [55]. Sine integrin-associated signaling
(i.e., miR-340-5p, miR-4731-5p, miR-27a-3p, miR-34a-5p, is implicated in the odontogenic stimulation of human dental
and miR-766-5p) could be assumed to be implicated in pul-  pulp stem cells [56]; miR-340-5p might be involved in the
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FIGURE 9: The coexpressed gene modules identified in GSE77459 and GSE92681. The horizontal axis represents each different color module;
the vertical axis represents the correlation coefficient between genes in each module and disease status.

pulp healing and regeneration during the pathogenic pro-
cesses of pulpitis. In the case of miR-4731-5p, it has been val-
idated to target gene IRAK4 (Interleukin 1 Receptor-
Associated Kinase 4), which encodes a kinase that can acti-
vate the upregulation of NF-kappa B [57]. Since NF-kappa
B has been found to be activated by lipopolysaccharide
(LPS) and tumor necrosis factor (ITNF) in the dental pulp
stem cells (DPSCs) and further implicated in the immune
response of pulpal infection [35], miR-4731-5p could be
regarded as an inflammatory biomarker during the pulpal
inflammation. In the case of miR-27a-3p, it has been found
to regulate the cell proliferation of vascular endothelial cells
positively and further being implicated in the angiogenesis
and neovascularization through ERK1 and ERK2 cascade
[58]. Since an increased number of blood vessels have been
found in the inflamed human dental pulp [59], miR-27a-3p
could be involved in the pulpal regeneration by mediating
angiogenesis during the process of pulpitis. Taking the exam-
ple of miR-34a-5p, it has been validated to target the gene
MAP2K1 (Mitogen-Activated Protein Kinase Kinase 1),
which encodes a dual-specificity kinase that has been well-
known to be involved in the ERK pathway [60]. Since the
MAP/ERK pathway is implicated in the differentiation and
stimulation of odontoblasts during reactionary dentinogen-
esis [61], miR-34a-5p might be involved in the
dentinogenesis-based repair mechanism during the patho-
genesis of pulpitis. In the case of miR-766-5p, it is one of
the subtypes of miR-766 which is upregulated in inflamed
pulpitis compared to the normal pulps [62]. miR-766 can tar-
get Heat Shock Transcription Factor 1 (HSF1), which
encodes a transcription factor that can be rapidly induced
after temperature stress [63]. Since thermal stresses, includ-
ing hot and cold loadings, may induce the activation of tooth
pain signaling [64], miR-766 could be assumed to be a sensi-
tive biomarker of thermal exposure.

Three IncRNAs (i.e., XIST, MIR155HG, and LINC00630)
are identified to be key factors involved in the ceRNA net-
work of pulpitis. For the first example, the IncRNA X Inactive
Specific Transcript (XIST), as a 17kb long RNA transcribed
by the inactive X chromosome, is involved in the X chromo-
some inactivation in female mammals, thus providing dosage
equivalence between males and females [65]. More and more
scholarly evidence has shown that XIST is dysregulated in
many cancers and inflammatory conditions [66-69]. A
recent study found that XIST can mediate the inflammation
process of mammary epithelial cells by regulating the NF-
«¥B/NLRP3 inflammasome pathway [70]. In the case of the
IncRNA MIR155HG (MIR155 Host Gene), it is formerly
known as BIC (B-cell integration cluster) and has been
shown to function as a primary micro (mi)RNA for miR-
155 [71]. Since miR-155 has been established to be an ancient
master regulator of the immune response [72], the
MIR155HG/miR-155 axis may be involved in many physio-
logical and pathological processes including inflammation
and immunity [73]. In the case of LINC00630, this IncRNA
can interact with miR-539-3p, miR-485-3p, and PEX5 gene
and combinedly generate a closed regulatory loop in the
ceRNA network. The gene PEX5 (Peroxisomal Biogenesis
Factor 5) encodes the type 1 peroxisomal targeting signal
(PTS1) receptor, which is one of 15 peroxins required for
peroxisome biogenesis [74]. A recent study showed that per-
oxisomes could resolve microbial infection by modulating
many innate immune-related pathways (reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) signaling)
and activating the stress response kinase p38 [75]. Based on
the finding of the PEX5/LINC00630/miR-539-3p/miR-485-
3p loop, this loop may be required for promoting the
immune response in pulpal inflammation.

Several transcription factors have been identified to be
involved in the TF-gene regulatory network of pulpitis,
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downregulated DEGs, respectively. The sky-blue circle nodes represent the non-DEGs which interact with DEGs in the PPI network.

including GATA2, ETS1, FOXP3, STATI1, FOS, and JUN.
GATA2 (Endothelial Transcription Factor GATA-2) is a
transcriptional activator that regulates the expression of the
endothelin-1 gene in endothelial cells [76]. It has been shown
that endothelial cells can influence DPSCs by secreting
endothelin-1 and further promoting the odontogenic differ-
entiation of DPSCs [77]; thus, GATA2 can be assumed to
be involved in the restoration and regeneration of dental
pulp. Taking the example of ETS1, it could be speculated to
be involved in the inflammation and regeneration of pulp
based on its dual functions: controlling the expression of
many cytokines as well as chemokine genes [78], being impli-
cated in angiogenesis by regulating the expression of genes
that are associated with migration and invasion of endothe-
lial cells [79]. Taking the case of FOXP3 (Forkhead Box
P3), it is the most specific biomarker of regulatory T cells
(Treg) [80, 81]. Treg as a subset of T lymphocytes has been
playing a pivotal role in the immune and inflammatory

response of pulpitis by secreting anti-inflammatory cyto-
kines, including interleukin-10 and transforming growth fac-
tor b (TGF-b) [82]. Based on this, FOXP3 can be speculated
to be involved in the inflammatory response by regulating the
cytokine genes. In the case of STAT1 (Signal Transducer And
Activator Of Transcription 1), it has been shown to play a
critical role in mediating the cellular responses to many
inflammatory mediators involved in pulpitis, including inter-
ferons (IFNs), cytokines (IL1, IL6, and KITLG/SCF), and
growth factors (epidermal growth factors (EGF) and
platelet-derived growth factor (PDGF)) [83]. For example,
IFN-gamma has been shown to be a feasible modulator to
improve the dentinogenic and immunosuppressive functions
of irreversible pulpitis-DPSCs [84]; cytokines as a crucial part
of host response could be regarded as diagnostic markers of
pulpal inflammation [85, 86]; and growth factors can con-
tribute to the angiogenic response of pulp tissue and enhance
the regeneration of pupal-like tissue [87, 88]. Taking the final
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example, AP-1 complex consisting of c-JUN and ¢-FOS can
synergize with Smad3/Smad4 protein and further coopera-
tively mediate the transforming growth factor-beta (TGF-
beta) signaling pathway [89]. Since TGEF-beta has been well
known to stimulate odontoblast cells to secrete reactionary
dentin [90], JUN and FOS can be speculated to play a role
in the repair and regeneration process of the dental pulp.
Seven signaling pathways have been identified to be sig-
nificantly enriched in the pathogenesis of pulpitis, for exam-
ple, NOD-like receptor (NLR), Toll-like receptor (TLR), NF-
kappa B, tumor necrosis factor (TNF), cell adhesion mole-
cules (CAMs), chemokine, and cytokine-cytokine receptor
interaction pathways. All of the pathways listed above have
been well supported by previous studies. In the first example,
the nucleotide-binding oligomerization domain- (NOD-)
like receptors (NLRs) and Toll-like receptors (TLRs) are
two members of the pattern recognition receptor (PRR) fam-
ily. It has been shown/demonstrated by authors that PRR

family members can recognize caries pathogen-associated
molecular patterns (PAMPs) and play crucial roles in the ini-
tiation of dental pulp innate immunity [91]. In another
example, the downregulation of the NF-kappa B gene was
suggested to enhance the odontogenic differentiation of
DPSCs and the formation of the collagen matrix, indicating
that NF-kappa B could be a potential target for promoting
pulp tissue regeneration [92]. Taking the tumor necrosis fac-
tor-a (TNF-a) as an example, it has been shown that TNF-«
is a pleiotropic cytokine that is upregulated in pulpal tissues
of teeth with irreversible pulpitis [93]. Not only does TNEF-
« play a role in promoting inflammation by recruiting leuko-
cytes and stimulating the production of proinflammatory
cytokines, but it may also cause pain hypersensitivity by
directly acting on nociceptive neurons [94]. In the case of cell
adhesion molecules (CAM:s), diverse CAM molecules (e.g.,
platelet-endothelial cell adhesion molecule-1 (PECAM-1),
intercellular adhesion molecule-1 (ICAM-1), intercellular
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adhesion molecule-3 (ICAM-3), and vascular cell adhesion  ways identified in this study have also been documented as
molecule-1 (VCAM-1)) were shown to be expressed in the  the classic pathways involved in all inflammatory diseases
vascular endothelium of the inflamed human dental pulp,  and are not specific for pulpitis. It is therefore questionable
by playing roles in promoting transendothelial migration of ~ to regard these pathways as therapeutic targets that can
leukocytes from the bloodstream into tissue [95]. Finally,  inhibit the progression of pulpitis.

chemokines and cytokines are kinds of inflammatory media- Some limitations should be acknowledged in this study.
tors suggested being involved in the innate immune response ~ First, only expression profiling datasets of IncRNAs and
of pulpitis, playing protective roles in attracting varying  genes could be obtained, and there were no miRNA expres-
inflammatory cells, inducing antibacterial reactions by the  sion profile datasets related to pulpitis in the GEO dataset.
production of antimicrobial peptides such as defensins, and It was therefore impossible to predict the expression ten-
further killing cariogenic microbial [96]. All of the signaling ~ dency of miRNAs in the pathology of pulpitis. This also
pathways listed above can form complicated interactions  means that miRNA sequencing technology needs to be
and are involved in the inflammatory immune response of  applied to investigate the alteration of miRNAs in pulpitis.
pulpitis. However, it is also worthwhile to note that the path- Second, the sample size of the datasets included was small
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DEIncRNA.

(GSE92681: 12; GSE77459: 12), and the analysis based on this
limited sample data may result in a decrease of the prediction
accuracy. Third, it should be noted that only bioinformatic
techniques were employed. And because of limited funding,
no clinical experiments were performed to validate the
expression of the RNA molecules predicted in pulpitis.
Although this study has some limitations, the findings also
provide some direction for future research. First, the bio-
markers identified could be promising therapeutic targets

that can lay the groundwork for future experimental research
design. Second, the identification of these biomarkers can
benefit the research of pulp tissue engineering, based on the
evidence that genetically modified stem cells will receive bet-
ter treatment efficacy compared with stem cells alone. The
combined application of these genetic and epigenetic bio-
markers modified DPSCs and already validated biomaterial
scaffold (e.g., collagen, poly (lactic) acid, and fibrin) is prom-
ising for future regenerative endodontic therapy.
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Objective. Intracranial aneurysm (IA) is a fatal disease owing to vascular rupture and subarachnoid hemorrhage. Much attention
has been given to circular RNAs (circRNAs) because they may be potential biomarkers for many diseases, but their mechanism in
the formation of IA remains unknown. Methods. circRNA expression profile analysis of blood samples was conducted between
patients with TA and controls. Overall, 235 differentially expressed circRNAs were confirmed between IA patients and the
control group. The reliability of the microarray results was demonstrated by quantitative real-time polymerase chain reaction
(qRT-PCR). Results. Of 235 differentially expressed genes, 150 were upregulated, while the other 85 were downregulated. Five
miRNAs matched to every differential expression of circRNAs, and related MREs were predicted. We performed gene ontology
(GO) analysis to identify the functions of their targeted genes, with the terms “Homophilic cell adhesion via plasma membrane
adhesion molecules” and “Positive regulation of cellular process” showing the highest fold enrichment. Conclusions. This study
demonstrated the role of circRNA expression profiling in the formation of IA and revealed that the mTOR pathway can be a

latent therapeutic strategy for IA.

1. Introduction

Intracranial aneurysm (IA) is a disease characterized by
abnormal dilatation of the intracranial artery as an abnor-
mal bulge. Increasing numbers of asymptomatic unruptured
IAs have been discovered recently using computed tomog-
raphy (CT) or magnetic resonance imaging (MRI). It has
been proposed that 3% to 5% of individuals harbor an IA
[1]. The pathogenesis and etiology of IA are not yet clearly
understood. The possible factors for IA formation include
inflammation, hemodynamics, genetics, hormones, and the
environment [2-4]. A high proportion of subarachnoid
hemorrhage (SAH) is due to IA rupture due to its high
mortality rate. Smoking and high blood pressure were con-
sidered to be risk factors for IA rupture [5]. Several studies

have confirmed several loci contributing to IA formation
and rupture [6-17]. Among them, 4 loci, including
1p34.3—p36.13, 7ql1, 19q13.3, and Xp22, have been repli-
cated in different studies [8, 10, 11, 18, 19]. Recent studies
have observed that circular RNAs (circRNAs) are linked to
cerebrovascular diseases such as moyamoya disease, athero-
sclerosis, and ischemic stroke. Nevertheless, the pathogene-
sis of IA formation and rupture remains poorly understood.

circRNAs are noncoding circular RNAs that are single
stranded without free terminals [20]. They bond continuous
loops by connecting their 3'- and 5'-ends and are abundant
in eukaryotic cells [20]. In light of the literature, circRNAs
are associated with the pathogenesis of a number of
diseases, such as moyamoya disease and stroke. circRNAs
can modulate the gene expression during transcriptional


https://orcid.org/0000-0003-1974-829X
https://orcid.org/0000-0001-9857-1917
https://orcid.org/0000-0002-0801-4971
https://orcid.org/0000-0003-4919-5390
https://orcid.org/0000-0002-4569-5315
https://orcid.org/0000-0001-7304-0255
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8889569

or posttranscriptional processes through three main path-
ways: acting as microRNA (miRNA) sponges, holding RNA
binding proteins (RBPs), and controlling alternative splicing
and parental gene expression [20, 21]. Previous research has
suggested that circRNAs are deeply related in many vascular
diseases [22]. For instance, circular antisense noncoding
RNA is linked to atherosclerosis by regulating inhibitors of
cellular factor expression [23]. Moreover, Zheng et al. found
that one circRNA was highly expressed in aortic tissues of
patients with aortic aneurysm compared with healthy tissue.
However, the connection between circRNAs and IA is still
unknown. To examine how circRNAs regulate the formation
of IA and identify the potential molecules contributing to IA
rupture, we carried out this study to analyze circRNA profiles
among unruptured IA patients (UIA) and ruptured IA (RIA)
patients and controls.

2. Materials and Method

2.1. Study Population and Blood Sample. From January to
March 2019, we recruited 5 healthy people aged 20 to 60
years old. All 5 healthy controls had undergone computed
tomography angiography (CTA) examination and healthy
check-ups within half a year. Participants diagnosed with
IA from January to March 2019 in our institute were also
included in this study. All enrolled participants underwent
CTA or digital subtraction angiography (DSA) examination.
Furthermore, computed tomography (CT) plain scanning
was conducted to evaluate whether IAs ruptured among all
IA patients. Based on plain CT imaging, we divided the IA
patients into two subgroups: unruptured IA patients and
ruptured IA patients. Patients with other serious cardiovas-
cular or cerebrovascular diseases were eliminated to avoid
confounding results. Our research was permitted by the
Ethics Committee Review Board of Beijing Tiantan Hospital.
Informed consent was acquired from all enrolled participants
before blood sample collection.

Blood samples were drawn from individuals and subse-
quently collected in vacuum collecting tubes. Samples were
centrifuged at 1500 g/min for 15 minutes, and blood cells
were removed. To remove cell debris, the clear supernatant
was transferred into a new centrifuge tube (RNase-free) and
centrifuged at 10000 g/min for 10 min. We transferred the
supernatant into a new RNase-free centrifuge tube and stored
it at -80°C immediately.

2.2. RNA Isolation and Purification. Five samples of normal
peripheral blood, five samples of UIA patients’ peripheral
blood and five samples of UIA patients’ peripheral blood
were prepared for RNA extraction. The nurse drew a 5ml
volume of blood from each subject by venipuncture and
collected them in K 2 EDTA-coated vacutainer tubes (BD
Biosciences, Franklin Lakes, NJ, USA). Total RNA was
extracted from the blood samples using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) based on the manufacturer’s
protocols. A NanoDrop ND-1000 (Thermo Fisher Scientific,
Wilmington, DE, USA) was used to quantify the total RNA.
RNA integrity was checked by agarose gel electrophoresis.
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RNase R (Epicentre, Inc.) was used to discard linear RNAs
and enrich circular RNAs.

2.3. RNA Labeling and Hybridization. RNA was amplified
and labeled by the Arraystar Super RNA Labeling Kit
(Arraystar) according to the manufacturer’s protocols, and
then, we purified the labeled cRNA using a RNeasy mini kit
(Qiagen, Hilden, Germany). The concentration and specific
activity of the labeled cRNAs (pmol Cy3/ug cRNA) were
determined by a NanoDrop ND-1000. Subsequently, the
qualified labeled cRNA samples (yield > 1.65 ug and specific
activity >9.0) were hybridized onto Arraystar Human
circRNA Arrays (V2, Arraystar Inc.) Then, the microarray
slides were incubated for 17 hours at 65°C in a hybridization
oven (Agilent Technologies, Inc., Santa Clara, CA, USA).
Hybridized arrays were washed, fixed, and scanned with a
G2505C scanner (Agilent Technologies).

2.4. Data Analysis and Bioinformatics. Original data were
fetched by Feature Extraction software v. 11.0.1.1 (Agilent
Technologies). We performed quantile normalization of the
raw data and subsequent data processing using the limma
package in R v.3.3 software. After quantile normalization of
the raw data, low-intensity filtering was conducted, and the
circRNAs that had at least 5 out of 15 samples with flags in
“Present” or “Marginal” (defined by GeneSpring software)
were retained for further differential analysis.

When we compared the two groups of profile discrepan-
cies (the IA group versus the control group), the “fold
change” (i.e., the ratio of the group averages) between the
groups for each circRNA was computed. The statistical sig-
nificance of the difference was estimated by ¢-test. circRNAs
with fold changes of >1.3 and P values of < 0.05 were selected
as obviously differentially expressed.

Several studies have shown that circRNAs play a crucial
role in regulating gene expression, which fine tunes the level
of miRNA by sequestering miRNAs. Their reciprocity with
diseases related to miRNAs suggests that circRNAs are
crucial for disease occurrence. In our study, the circRNA/mi-
croRNA interactive relationship was predicted with Arrays-
tar’s homemade miRNA target prediction software based
on TargetScan [24] and miRanda [25], and we annotated at
length the differential expression circRNAs among all the
groups based on circRNA/miRNA interactive information.
All differentially expressed circRNAs were evaluated by GO
(Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway analyses. To identify the target genes
for the predicted miRNA sponge, we used the network
visualization and analysis tool Cytoscape v.3.4 to generate
ircRNA-miRNA networks. Furthermore, pathway network
analysis was performed to evaluate reciprocal relationships
among the pathways and visualize the network using Cytos-
cape v.3.4 software.

2.5. Quantitative Real-Time (qRT)-PCR. qRT-PCR was car-
ried out to identify the microarray results. We synthesized
cDNA from the total RNA using Super Script III reverse
transcriptase (Invitrogen) based on the manufacturer’s pro-
tocol. The PCR thermocycling conditions of predenaturation
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TaBLE 1: Clinical characteristics of all participants.

Variable UIA IA patients RIA Control P value

Number 5 5 5

Age 55.60 + 8.562 53.80 + 8.585 45.60 + 6.309 0.113

Size 6.20 +1.304 9.00 +0.743 NA 0.153

Location of TA NA

MCA 3 3

ACA 2 2

Shape (saccular) 5 5 NA

Smoking 0 0

Drinking 0 0

were set at 95°C for 10 minutes, followed by 40 cycles (95°C
for 10 seconds and 60°C for 60 seconds). We assigned the
housekeeping gene 3-actin as the internal reference. All reac-
tions were performed in triplicate, and the 2 ~*““" method
was used to calculate the expression level of circRNAs.

2.6. Statistical Analysis. Student’s t-test (two tailed) and chi-
squared test were used to assess the statistical significance
between groups. Statistical analysis was conducted using SPSS
22.0 (SPSS Inc., Chicago, IL, USA). A P value of < 0.05 was
considered statistically significant.

3. Results

3.1. Analysis of circRNA Expression Profiles. We imple-
mented microarray analysis of five samples from the UIA
group, five from RIA patients, and five samples from
matched normal controls. The general information and clin-
ical baseline data of all participants are shown in Table 1. To
prevent other probable risk factors from confounding the
results, we matched the size, shape, and location of aneu-
rysms between UIA patients and RIA patients. The expres-
sion of 12546 circRNAs was evaluated in the three groups
by microarray analysis. The difference in circRNA expres-
sion profiles between the IA patients and healthy group
and between the UIA group and RIA group were revealed
by hierarchical clustering. Volcano, scatter, and box plots
were generated to demonstrate the differentially expressed
circRNAs (Figures 1(a)-1(d)). Of all differentially expressed
circRNAs, 150 were upregulated, and 85 were downregu-
lated between the two compared groups (IA group and
control group). Seven upregulated and 3 downregulated
differentially expressed circRNAs were validated between
the UIA group and RIA group (fold difference of >1.3 and
P value of < 0.05) [26].

3.2. qRT-PCR Validation of Differential Expression of
circRNAs. Five circRNAs (hsa_circRNA_000139, hsa_cir-
cRNA_101321, hsa_circRNA_072697, hsa_circRNA_069101,
and hsa_circRNA_103677) were selected for qRT-PCR to
confirm the microarray analysis data in fifteen IA and control
samples. The qRT-PCR results were in accordance with the

microarray expression data, indicating the high reliability of
the microarray analysis (Figure 2).

3.3. ceRNA Network Construction and GO and KEGG
Pathway Analyses. circRNAs can modulate gene expression
during transcriptional or posttranscriptional processes by
functioning as inhibitors of miRNA bonding sponges or
partners. We predicted that the five feasible miRNAs
matched to every differentially expressed circRNA and
MRE. Additionally, we evaluated 2465 circRNA-miRNA
pairs with one or more binding sites. The interactive network
between circRNAs and miRNAs was predicted for verified
circRNAs, and GO analysis was carried out to identify the
role of targeted genes. The top ten enriched GO terms in bio-
logical process are shown in Figure 3 with terms “Homophi-
lic cell adhesion via plasma membrane adhesion molecules”
and “Positive regulation of cellular process” showing the
greatest fold enrichment. The KEGG pathway evaluation
proclaimed 10 obviously enriched pathways in correspon-
dence to the targeted genes. The most significant pathways
included hepatocellular carcinoma, proteoglycans in cancer,
and the mammalian target of rapamycin (mTOR) signaling
pathway (Figure 4).

4. Discussion

The formation mechanism of IA is still unknown. Previous
research has reported that inflammation and hemodynamic,
genetic, hormonal, and environmental factors may contrib-
ute to IA [10-12]. In addition, several studies have confirmed
that circRNAs are relevant to cerebrovascular diseases such
as moyamoya disease, atherosclerosis, and ischemic stroke.
In this study, we used a circRNA microarray to demonstrate
235 differentially expressed circRNAs in IA patients com-
pared a matched control group.

Noncoding RNAs are crucial regulators of gene expres-
sion. Studies have revealed that they can act on different cel-
lular processes and biological functions by controlling gene
regulation [27]. Noncoding RNAs, including linear RNAs
and circRNAs, could serve as competing endogenous RNAs
(ceRNAs) by competitively binding miRNA response ele-
ments. circRNAs mainly originate from genes that code for
protein synthesis and are generally composed of exons [28].
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FIGURE 1: circRNA expression profile comparison among three groups. (a) Hierarchical clustering demonstrates a difference in circRNA
expression profiling between the three groups. (b) Volcano plot shows differential circRNA expression between the IA patients and
control groups, and the red points represent the circRNAs with log 2.0-fold changes (upregulated and downregulated) with statistical
significance (P < 0.05). (c) Scattered plot shows the circRNA expression variation between the IA patients and control groups. (d) Box plot
shows the distribution of circRNA expression patterns of three groups. IA: aneurysm.

o * w * * It has been reported that circRNAs can exist in every tissue
5 and organ; however, they are also tissue enriched in some sit-
41 uations [28, 29]. circRNAs could not be decomposed by
g‘“ 5 RNase R because their 3'- and 5'-ends form a circle. Their
. stable characteristics are attributed to this special structure.
£ Furthermore, researchers have appealed that circRNAs are
" conserved between species, and the expression levels of cir-

04

cRNAs are commonly cell or tissue specific, suggesting that
circRNAs could be disease markers. Previous studies have
demonstrated the crucial role of circRNAs in the occurrence
of various cardiovascular diseases by regulating cytodifferen-
tiation, proliferation, necrosis, and apoptosis [30]. Several
experts have harbored the idea that heart-related circRNA
W QRT-PCR could prevent the heart from hypertrophy and failure [31].
W Microarray It could bind with miR-223, which downregulates the level
of apoptosis repressor [31]. It was previously described that
Cdrlas could sequester miR-7 in neurocytes via sequence
complementarity [32, 33]. Moreover, Cdrlas has been dem-
onstrated to have the capacity to regulate myocardial infarc-
tion by binding to miR-7a in mouse cardiomyocytes [34].

Hsa_circRNA_000139

Hsa_circRNA_101321
Hsa_circRNA_072697
Hsa_circRNA_069101
Hsa_circRNA_103677

FiGUre 2: qRT-PCR validation of the differentially expressed
circRNAs.
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GO:0048522 Positive regulation of cellular process [570]

G0:0007156 Homophilic cell adhesion via plasma membrane adhesion
molecules [45]

G0:0007267 Cell-cell signaling [223]

GO:0098742 Cell-cell adhesion via plasma-membrane adhesion
molecules [55]

G0:0031325 Positive regulation of cellular metabolic process [363]
GO:0048518 Positive regulation of biological process [621]

GO:0045935 Positive regulation of nucleobase-containing compound
metabolic process [227]

G0:0031328 Positive regulation of cellular biosynthetic process [234] -
G0:0098609 Cell-cell adhesion [122] -

G0:0051173 Positive regulation of nitrogen compound metabolic
process [349]
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F1GURrk 3: GO and KEGG pathway analyses of the differential expression circRNAs. (a), Top ten GO biological processes. (b), KEGG pathways
of differential expression circRNAs. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Wang et al. described that circRNAs are indicative of the reg-
ulation of heart mitochondrial dynamics and myocardial cell
apoptosis [30]. Liu et al. reported the relationship between
circR-284 and cerebrovascular ischemic stroke associated
with the carotid artery. It has been found that the levels of
circR-284 were higher in patients with carotid-related ische-
mia than in a control group [35].

circRNAs are also linked to various diseases, including
Alzheimer’s disease. It has been shown that circRNA ciRS-
7/CDR1as is associated with amyloid peptide clearance by reg-
ulating miRNA miR-7 [36, 37]. Additionally, circRNAs have
been proven and proposed to be related to several kinds of
tumors. One research group revealed that high expression of
circ-100338 could promote the proliferation of hepatocellular
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FIGURE 4: Target genes in the mTOR signaling pathway. mTOR: mammalian target of rapamycin.

carcinoma cells [38]. In another study, Pang et al. determined
that circ_0072309 could retard the progression of NSCLC by
inhibiting the expression of miR-580-3p [39].

In our experiments, we analyzed circRNA levels in whole
blood samples using a circRNA microarray. circRNA profil-
ing was performed using five samples from every group. In
total, 235 differentially expressed circRNAs were verified;
150 were upregulated versus 85 were downregulated between
the two IA groups and the control group, whereas 7 upregu-
lated versus 3 downregulated differentially expressed cir-
cRNAs were confirmed between the UIA group and the
RIA group. The results implied that circRNAs were associ-
ated with the formation of IA. The interaction network
between circRNAs and miRNAs was predicted for verified
circRNAs, and GO analysis was carried out to identify the
role of their targeted genes. We demonstrated that the term
“homophilic cell adhesion via plasma membrane adhesion
molecules” was the top enriched term in the analysis. This
provided overwhelming evidence for the involvement of
circRNAs in the formation of IA because previous studies
have described the correlation between IA and cell adhesion.
Peters et al. discovered that SPARC was highly expressed in
aneurysms and is a counteradhesive glycoprotein that is
expressed in a variety of tissues [40]. mTOR signaling is at
the core of the pathway-pathway interaction network and is
linked to the genes associated with IA.

This pathway modulates translation initiation of protein
synthesis, and biological processes, such as cell size and pro-
liferation, are regulated by this pathway, which could coordi-
nately integrate nutrient sufficiency signals from mTOR with
growth factor signals [41]. Similarly, the phospho-mTOR
levels were decreased in ruptured IAs compared to unrup-
tured TAs [42].

5. Conclusion

In conclusion, our study predicted the function of circRNAs
in TA formation and expanded the body of knowledge on the
pathogenesis of IA. We demonstrated that circRNAs are
linked to the formation of IA by modulating the mTOR
signaling pathway. Our results revealed a list of potential
diagnostic biomarkers for IA and suggested that differentially
expressed circRNAs or the mTOR pathway can be latent
therapeutic strategies for IA.
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Aim. This study is aimed at identifying genetic and epigenetic crosstalk molecules and their target drugs involved in the interaction
between neural stem/progenitor cells (NSPCs) and endothelial cells (ECs). Materials and Methods. Datasets pertaining to reciprocal
mRNA and noncoding RNA changes induced by the interaction between NSPCs and ECs were obtained from the GEO database.
Differential expression analysis (DEA) was applied to identify NSPC-induced EC alterations by comparing the expression profiles
between monoculture of ECs and ECs grown in EC/NSPC cocultures. DEA was also utilized to identify EC-induced NSPC
alterations by comparing the expression profiles between monoculture of NSPCs and NSPCs grown in EC/NSPC cocultures.
The DEGs and DEmiRNAs shared by NSPC-induced EC alterations and EC-induced NSPC alterations were then identified.
Furthermore, miRNA crosstalk analysis and functional enrichment analysis were performed, and the relationship between
DEmiRNAs and small molecular drug targets/environment chemical compounds was investigated. Results. One dataset
(GSE29759) was included and analyzed in this study. Six genes (i.e, MMP14, TIMP3, LOXL1, CCK, SMAD6, and HSPA2),
three miRNAs (i.e., miR-210, miR-230a, and miR-23b), and three pathways (i.e., Akt, ERK1/2, and BMPs) were identified as
crosstalk molecules. Six small molecular drugs (i.e., deptropine, fluphenazine, lycorine, quinostatin, resveratrol, and thiamazole)
and seven environmental chemical compounds (i.e., folic acid, dexamethasone, choline, doxorubicin, thalidomide, bisphenol A,
and titanium dioxide) were identified to be potential target drugs of the identified DEmiRNAs. Conclusion. To conclude, three
miRNAs (ie., miR-210, miR-230a, and miR-23b) were identified to be crosstalks linking the interaction between ECs and
NSPCs by implicating in both angiogenesis and neurogenesis. These crosstalk molecules might provide a basis for devising novel
strategies for fabricating neurovascular models in stem cell tissue engineering.
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1. Introduction

It is well known that the neurovascular unit (NVU) com-
prises a collection of cells (e.g., endothelial, neural, and glial
cells), which can control interactions between neurons and
the vasculature. Based on the concept of NVU, the construc-
tion of 3D neurovascular tissue has emerged as a promising
approach in the field of tissue engineering [1, 2]. Construct-
ing 3D neurovascular tissues by combining neurogenesis
and angiogenesis models is viewed as a potentially effective
strategy to facilitate functional recovery in ischemic stroke
[3]. Increasing evidence has shown that the cell contact-
dependent interactions between neural stem/progenitor cells
(NSPCs) and endothelial cells (ECs) can drive the coupling of
neurogenesis and angiogenesis. On the one hand, NSPCs
can promote morphogenesis and angiogenesis of ECs by
expressing angiogenic factors such as vascular endothelial
growth factor (VEGF) [4]. In turn, VEGF has been dem-
onstrated to promote neurogenesis, neuronal patterning,
neuroprotection, and glial growth of NSPCs [5]. On the
other hand, ECs can also stimulate survival, proliferation,
neuronal differentiation, and neurogenesis of NSPCs by
secreting neurotrophic factors such as brain-derived neu-
rotrophic factor (BDNF) [6-8]. Conversely, BDNF has
been shown to support the cell-cell contacts and survival
of ECs, suggesting that it plays a critical role in maintain-
ing vessel stabilization and mediating angiogenesis [9].
Overall, current evidence indicates that the interactions
between NSPCs and ECs are governed by several common
crosstalk factors that regulate both the neurogenic and
angiogenic processes.

A previous study using microarray analysis investigated
the molecular mechanisms underlying the interaction
between NSPCs and ECs at the mRNA and miRNA levels
[10]. This study focused on investigating the NSPC-induced
molecular alterations in the angiogenesis of ECs and the
EC-induced molecular alterations in the neurogenesis of
NSPCs. However, this study did not explore the genetic and
epigenetic crosstalks underlying the reciprocal regulations
between NSPCs and ECs from a systemic and comprehensive
perspective. Bioinformatics techniques can be used to ana-
lyze and interpret data obtained by microarray datasets in
order to identify the crosstalk between NSPCs and ECs at
the gene and microRNA (miRNA) levels. Since targeting
miRNAs with small molecules and environmental chemical
compounds is a promising therapeutic strategy for human
diseases [11, 12], it is necessary to identify the molecules
and compounds that might be utilized in targeted drug
delivery to construct neurovascular tissue. To the authors’
knowledge, this is the first report using bioinformatics
techniques to identify the crosstalk genes, signaling path-
ways, and miRNAs, as well as the crosstalk miRNA target-
ing drugs that are involved in the reciprocal regulation
between NSPCs and ECs. As crosstalk molecules and their
related drugs identified in this study are implicated in reg-
ulating neurogenic and angiogenic processes, their identifi-
cation can potentially enable the development of novel
strategies for fabricating neurovascular models using 3D
tissue engineering.
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2. Materials and Methods

2.1. Procurement of Microarray Datasets. A single dataset
(GSE29759) using the Mus musculus model was retrieved
from the Gene Expression Omnibus (GEO) database [10].
This dataset investigated both the mRNA and miRNA
expression profiling. The study design of this dataset was
established with four groups: monoculture of ECs (group
A), ECs grown in EC/NSPC cocultures (group B), monocul-
ture of NSPCs (group C), and NSPCs grown in EC/NSPC
cocultures (group D).

These four groups were divided into two categories. First,
the NSPC-induced EC alterations were analyzed by compar-
ing expression profiles between groups A and B. In the com-
parison between groups A and B, group A was considered the
control group, while group B was regarded as the experimen-
tal group. Second, the EC-induced NSPC changes were ana-
lyzed by comparing groups C and D. Likewise, in the
comparison between groups C and D, group C was consid-
ered the control group, while group D was regarded as the
experimental group.

2.2. Differential Expression Analysis. Differential expression
analysis was performed using the R package “limma” [13]
for identifying differentially expressed genes (DEGs) and dif-
ferentially expressed miRNAs (DEmiRNAs) relevant to EC-
induced NSPC changes and NSPC-induced EC changes,
respectively. Genes and miRNAs with P value < 0.05 and |
log 2FC|20.5 were considered DEGs and DEmiRNAs.
Overlapping DEGs and DEmiRNAs between these two
categories were determined using Venn diagrams.

2.3. Functional Enrichment Analysis of DEGs. Functional
enrichment analysis of the overlapping DEGs was based on
Gene Ontology (GO) terms, especially biological process
(BP), as well as KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways. This analysis was conducted by using
the clusterProfiler package in the R program (significance
level P < 0.05) [14].

2.4. The Construction of a PPI Network. Protein-protein
interaction (PPI) pairs corresponding to DEGs were obtained
using the STRING database [15]. Protein-protein interaction
(PPI) networks of NSPC-induced EC changes (EC-PPI) and
EC-induced NSPC changes (NSPC-PPI) were constructed
with the “Cytoscape” software platform [16]. The topological
characteristics of each PPI network were determined using
the “NetworkAnalyzer” tool. A Venn diagram was used to
identify the overlapping DEGs between the EC-PPI network
and the NSPC-PPI network.

2.5. Identification of Transcription Factors-Target DEGs. To
identify regulatory transcription factors (TFs) that control
the DEGs at a transcriptional level, TF-target DEG interac-
tions were obtained using the Transcriptional Regulatory
Relationships Unraveled by Sentence-based Text mining
(TRRUST) database Version 2 [17]. The TF-target DEG
interaction networks, respectively, for the DEGs involved in
the EC-induced NSPC alteration and NSPC-induced EC
alteration, were constructed based on these TF-target DEG
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FIGURE 1: The flowchart of the present study.

TaBLE 1: The number of up- and downregulated DEGs and DEmiRNAs that are, respectively, involved in NSPC-induced EC alterations and

EC-induced NSPC alterations.

. . . . Number of DEmRNAs (DEGs) Number of DEmiRNAs
Coculture-induced genetic and epigenetic
alteration in one type of cells Upregulated Downregulated Total Upregulated Downregulated Total
DEGs DEGs DEmiRNAs DEmiRNAs
NSPC-induced alterations in ECs 399 345 744 5 13 18
EC-induced alterations in NSPCs 425 710 1135 5 3 8

interaction pairs. The topological characteristics (e.g., degree
and betweenness centrality) of the nodes in the networks
were also calculated.

2.6. Prediction of miRNA Targets. The experimentally vali-
dated gene targets of DEmiRNAs were obtained by three
databases, including miRTarBase [18], miRecords [19],
and TarBase v7 [20]. The computationally predicted gene
targets of DEmiRNAs were obtained from eight databases
including TargetScan [21], starBase [22], miRNAMap [23],
miRDB [24], miRWalk [25], RNAhybrid [26], and
miRanda [24]. Combining the experimentally validated
and computationally predicted gene targets, a set of gene
targets of the DEmiRNAs was obtained. From these, dif-
ferentially expressed gene targets were identified and
termed as miRNA-DEtarget. The DEmiRNA-target net-
work involved in the EC-induced NSPC alteration and
NSPC-induced EC alteration was constructed, respectively,
using the clusterProfiler package in the R program [14].
The topological characteristics of nodes in this network
were also calculated.

The DEmiRNA-DEtargets for each category were sub-
jected to functional enrichment analysis in order to identify
the signaling pathways with significant involvement. Corre-

sponding miR-DEG-pathway interaction networks for each
miRNA were constructed to examine DEtarget genes and
their relevant enriched functional pathways.

2.7. The Relationship between DEmiRNAs and Small
Molecular Drugs. The DEmiRNAs determined using the
mouse genome were assigned corresponding Homo sapiens
gene identities and further converted to the names of probes
based on the HG-U133A platform. The human probe identi-
ties were uploaded to the Cmap web tool [27], and small
molecular signatures of the selected DEmiRNAs were calcu-
lated by the following three formulas:

o= sioxfi- 7]
b= M[V(J) _ UU] (1)
1 | N t

a(a>b)
KSup/down = {7b (b>a) } :

The variable t represents the number of DEmiRNAs
which could be either upregulated or downregulated; j repre-
sents the jth gene based on the rank of the differential
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FiGure 2: The DEGs identified to be involved in the EC-induced NSPC alterations and NSPC-induced EC alterations and the functions in
which these DEGs were involved. (a) Venn diagram showing the overlapped DEGs and DEmiRNAs that hold the same expression
patterns (either up- or downregulated) in EC-induced NSPC alterations and NSPC-induced EC alterations. (b) The top 30 BPs (A) and
top signaling pathways (B) in which overlapped DEGs were enriched. The overlapped DEGs are shared between the NSPC-induced EC
alterations and the EC-induced NSPC alterations. (c) The Venn diagram shows the DEGs overlapped between the DEGs involved in the
EC-PPI network (PPI network involved in the NSPC-induced EC genetic alteration) and the NSPC-PPI network (PPI network involved in
the EC-induced NSPC genetic alteration).
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TasBLE 2: The top 30 DEGs involved in the NSPC-induced alterations in ECs, ranked by the ascending order of P value.

Gene logFC AveExpr t value P value Adj. P value B value Regulation pattern
Matn2 -0.95204 0.491256 -10.0494 3.86E - 06 0.025782 4.509474 Down
Fmod -1.02587 0.511182 -10.011 3.98E - 06 0.025782 4.485352 Down
LOC102641248///Maf -1.1636 0.572078 -9.81371 4.69E - 06 0.025782 4.359141 Down
Csf2 0.946405 -0.49723 9.80391 4.73E - 06 0.025782 4.352778 Up
Cyr61 1.916043 -0.90785 9.163675 8.19E - 06 0.035735 3.917772 Up
Rad54b 0.884623 -0.50864 8.718932 1.22E-05 0.038883 3.591553 Up
Hmgb3 1.027877 -0.53931 8.697135 1.25E - 05 0.038883 3.575027 Up
Srpx2 -1.03053 0.491458 -8.532 1.45E - 05 0.039663 3.448146 Down
Ceslg -1.12288 0.585271 -8.39761 1.65E — 05 0.040014 3.342658 Down
Glis3 -0.82208 0.370708 -8.27324 1.86E - 05 0.040548 3.243204 Down
Negrl -0.85748 0.4562 -8.03571 2.34E-05 0.041325 3.048246 Down
Clra -0.80236 0.398421 -7.9815 2.47E - 05 0.041325 3.002814 Down
Smarcal -0.90427 0.471865 -7.90938 2.65E-05 0.041325 2.941813 Down
Gmnn 0.868301 -0.43587 7.834033 2.86E - 05 0.041325 2.877409 Up
Tex30 1.021454 -0.5467 7.64017 3.48E-05 0.041325 2.708438 Up
Steap4 -0.90097 0.356113 -7.58391 3.68E - 05 0.041325 2.658512 Down
Rbms3 -0.79877 0.399764 -7.5764 3.71E - 05 0.041325 2.651814 Down
Cdol -0.87123 0.459852 -7.51396 3.96E - 05 0.041325 2.595861 Down
Col3al -0.72967 0.358484 -7.49893 4.02E - 05 0.041325 2.582317 Down
3632451006Rik -0.99083 0.395715 -7.37964 4.55E - 05 0.041325 2.47378 Down
C3 -0.8261 0.446644 -7.36875 4.61E - 05 0.041325 2.463774 Down
Thsd7a -1.00741 0.566198 -7.34217 4.74E - 05 0.041325 2.439301 Down
Mad2l1 0.769878 -0.43152 7.272629 5.10E - 05 0.041325 2.374807 Up
Ccne2 0.891927 -0.50969 7.268195 5.12E-05 0.041325 2.370674 Up
Adamts2 -0.9331 0.460263 -7.23757 5.29E-05 0.041325 2.342049 Down
AI506816 0.79492 -0.41645 7.222375 5.38E-05 0.041325 2.327797 Up
Timma8al 0.742468 -0.41919 7.211119 5.44E - 05 0.041325 2.317221 Up
Ccnb2 0.6736 -0.32421 7.16572 5.71E - 05 0.041325 2.274388 Up
Tyms///Tyms-ps 0.676379 -0.36727 7.152192 5.80E - 05 0.041325 2.26157 Up
5730414N17Rik -0.79662 0.418908 -7.14794 5.82E-05 0.041325 2.257534 Down

expression; N denotes the magnitude of the ranked small
molecular signature; the element V(j) of a vector V is the
position of the jth target gene in the ordered small molecular
signature. The corresponding KS,, and KSg,,, generated
were integrated into the S score as follows: S is equal to 0
when KS,, and KSg,,,,, have the same sign and is equal to
KS,, = KSgown otherwise.

2.8. Predicting the Relationship between DEmiRNAs and
Environmental Chemical Compounds. The relationship
between environmental chemical compounds and DEmiR-
NAs was determined by downloading the corresponding
interaction pairs from the Comparative Toxicogenomics
Database (CTD) [28]. Highly correlated DEmiRNAs-
environmental chemical compounds were then determined

by filtering using a hypergeometric test. The formula of the
hypergeometric test is as follows:

() ()
Pk N, M, )= A <N>"k :

N represents the total number of DEmiRNAs; n repre-
sents the number of DEmiRNAs corresponding to a specific
chemical compound; M represents the number of the target
genes of a specific miRNA; k represents the genes which

k=0,1,2,3,---, M.

(2)



6 Disease Markers
TasBLE 3: The top 30 DEGs involved in the EC-involved alterations in NSPCs, ranked by the ascending order of P value.

Gene logFC AveExpr t value P value Adj. P value B value Regulation pattern
Pcolce2 -3.29485 1.6351 -45.4871 2.08E-11 4.55E - 07 13.2377 Down
Dbp -2.00859 1.062409 -26.2015 2.14E - 09 2.34E - 05 11.11723 Down
AU020206 -1.63296 0.821066 -21.5827 1.08E - 08 7.32E-05 10.05187 Down
F3 -1.6611 0.850706 -20.9105 1.41E - 08 7.32E-05 9.863187 Down
Tpil -1.68121 0.830618 -20.4734 1.68E - 08 7.32E-05 9.73502 Down
Gm2115 -1.53464 0.719453 -19.4163 2.60E - 08 9.46E - 05 9.405935 Down
Ldha -1.78095 0.900045 -18.2662 4.32E - 08 0.000134 9.014231 Down
Sorll -1.45704 0.706881 -17.7044 5.59E - 08 0.000135 8.808873 Down
Dct -1.30765 0.669351 -17.6998 5.60E - 08 0.000135 8.807132 Down
KI1f9 -1.86306 0.937896 -17.4915 6.17E - 08 0.000135 8.728473 Down
Pgkl -1.18385 0.609345 -16.5411 9.78E - 08 0.000194 8.351213 Down
Gypc -1.22407 0.595138 -16.039 1.26E - 07 0.000207 8.139031 Down
Aldoa -1.26041 0.65786 -15.9803 1.30E - 07 0.000207 8.113603 Down
Plekhfl -1.317 0.690027 -15.8197 1.41E - 07 0.000207 8.043409 Down
4-Sep -1.14394 0.579925 -15.6971 1.50E - 07 0.000207 7.989137 Down
Aldhlal -2.80632 1.506176 -15.6785 1.52E - 07 0.000207 7.980857 Down
Plin3 -1.2668 0.589403 -15.1096 2.06E - 07 0.000264 7.720663 Down
Parp9 -1.23876 0.648245 -14.7499 2.50E - 07 0.000303 7.549197 Down
Cldn12 -1.28813 0.622674 -14.0937 3.63E - 07 0.000408 7.221524 Down
Gpil -1.00716 0.517518 -14.0417 3.74E - 07 0.000408 7.194653 Down
Htral -1.19764 0.56397 -13.8878 4.09E - 07 0.000409 7.114509 Down
Srd5al -1.16578 0.561656 -13.8718 4.13E-07 0.000409 7.106129 Down
DIx5 1.127851 -0.58715 13.43145 5.37E-07 0.000478 6.87001 Up
ND5 1.058484 -0.52334 13.36773 5.58E - 07 0.000478 6.835023 Up
Rbpl -1.12775 0.585747 -13.3416 5.67E - 07 0.000478 6.820608 Down
Atp1b2 -1.03892 0.500454 -13.3344 5.69E - 07 0.000478 6.816639 Down
Clybl -1.27083 0.618039 -13.1367 6.42E - 07 0.000519 6.706417 Down
Sox8 -1.02853 0.485142 -12.9808 7.08E - 07 0.000551 6.617969 Down
Srprb///Trf -1.18478 0.624131 -12.8262 7.80E - 07 0.000586 6.52904 Down
Hspb6 -0.93188 0.490732 -12.7078 8.40E - 07 0.000594 6.459985 Down

not only belong to the target genes of DEmiRNAs but also are
related to chemical compounds.

2.9. Crosstalk miRNA Analysis. The crosstalk miRNAs were
explored using the “Meet/Min” score based on the gene tar-
gets, small molecules (DEmiRNA-molecule interaction
pairs), environmental chemical compounds, signaling path-
ways, and biological processes in GO terms. The “Meet/Min”
score was calculated as follows:

|targets(i) N targets(j)]

Score(i, j) = (3)

min (|targets(i)|,targets(j) | ) °

For one miRNA pair, i and j, their differentially expressed
target gene sets were targets(i) and targets(j), respectively.

The number of common differentially expressed targets
of the two miRNAs was divided by the size of the smaller tar-
get set. Interaction pairs of miRNAs were identified through
filtering based on interaction with a measurement of 0 or
without common features (e.g., environmental chemical
compounds, small molecular drugs). Thereafter, a miRNA
crosstalk network was constructed.

3. Results

3.1. The Flowchart of the Present Study. The study design of
the present research is shown in Figure 1. As shown in
Figure 1, the differential expression analysis was performed
to investigate the DEGs and DEmiRNAs involved in the
NSPC-induced EC alteration and EC-induced NSPC
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FiGUre 3: The PPI network of DEGs involved in NSPC-induced EC alteration (a) and DEGs involved in EC-induced NSPC alteration (b).

Other genes are non-DEGs.
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TaBLE 4: The topological characteristics of the top 30 nodes in the PPI network of NSPC-induced EC genetic alterations. NA means not

overlapped between the EC-PPI and NSPC-PPI networks.

DIG Ovty Rt Degree PP B o ol
Cdk1 NA Up 72 2.737069 0.056051 0.365354 0.179894
Mad2l1 NA Up 63 2.844828 0.019572 0.351515 0.211029
Ccnbl NA Up 60 2.706897 0.084386 0.369427 0.195539
1l6 NA Up 58 2.872845 0.111663 0.348087 0.08938
Rad51 NA Up 58 2.855603 0.04335 0.350189 0.232014
Birc5 NA Up 56 2.732759 0.058321 0.365931 0.213803
Ccnb2 NA Up 54 2.922414 0.006045 0.342183 0.255649
Ncapg NA Up 52 3.032328 0.008236 0.32978 0.282051
Rrm?2 NA Up 52 2.931034 0.018658 0.341176 0.262327
Zwilch NA Up 52 2.974138 0.008695 0.336232 0.26455
Espll NA Up 51 2.961207 0.010195 0.3377 0.265609
Hells NA Up 51 2.967672 0.006265 0.336964 0.268318
Cdca5 NA Up 49 2.971983 0.002445 0.336476 0.279941
Cenpa NA Up 49 2.997845 0.016442 0.333573 0.260875
Cenpe NA Up 49 2.961207 0.018044 0.3377 0.257355
Hmmr NA Up 49 3.040948 0.009178 0.328845 0.288843
Pbk NA Up 49 3.006466 0.002026 0.332616 0.287645
Prim1 NA Up 49 2.935345 0.019553 0.340675 0.251913
Nuf2 NA Up 48 2.974138 0.00309 0.336232 0.275905
Sgoll NA Up 48 2.997845 0.002882 0.333573 0.28125
Cenpi NA Up 47 2.99569 0.017411 0.333813 0.26534
Kif20a NA Up 47 3.0625 0.001547 0.326531 0.30589
Orcl NA Up 47 2.989224 0.022176 0.334535 0.25024
Tacc3 NA Up 46 2.939655 0.025243 0.340176 0.287225
H2afz NA Up 45 3.002155 0.040379 0.333094 0.188816
Cep55 NA Up 44 3.071121 0.000625 0.325614 0.323656
Cks2 NA Up 43 2.980603 0.001636 0.335503 0.301077
Lrrl NA Up 43 3.047414 0.025254 0.328147 0.28961
Spag5 NA Up 42 3.096983 0.000598 0.322895 0.327866
Arhgaplla NA Up 41 3.090517 0.043119 0.32357 0.316706

alteration. As regards DEGs, the DEGs overlapped between
DEGs involved in NSPC-induced EC alteration and EC-
induced NSPC alteration were identified, and then the func-
tional enrichment analysis was performed to investigate the
biological processes and signaling pathways in which these
overlapping DEGs were involved. Based on the DEGs,
respectively, involved in the NSPC-induced EC alteration
and EC-induced NSPC alteration, the corresponding PPI
network was constructed. As regards DEmiRNAs, the
DEmiRNAs overlapped between DEmiRNAs expressed in
the NSPC-induced EC alteration and EC-induced NSPC
alteration were identified to be mmu-miR-23a, mmu-miR-
23b, and mmu-miR-210. Afterward, the DEmiRNA-DEG
interaction networks were constructed, respectively, for the
NSPC-induced EC alteration and EC-induced NSPC alter-
ation, from which the overlapping DEmiRNA-DEG interac-
tion pairs were found. The crosstalk miRNA analysis was

performed and validated the crosstalk role of three DEmiR-
NAs (mmu-miR-23a, mmu-miR-23b, and mmu-miR-210)
in the interaction between ECs and NSPCs. The correspond-
ing miRNA-DEG-pathway network, respectively, for these
three DEmiRNAs was constructed. In addition, the chemical
compounds and small molecular drugs which regulate the
expression patterns of DEmiRNAs were also identified by
constructing the DEmiRNA-environmental chemical com-
pound interaction network and DEmiRNA-small molecular
drug interaction network.

3.2. Identification of DEGs and DEmiRNAs. Table 1 and
Figure 2(a) show that 94 DEGs consisting of 55 upregulated
DEGs and 39 downregulated DEGs were overlapping.
Tables 2 and 3 list the differential expression values (e.g.,
logFC, AveExpr, t value, P value, adj. P value, B value, and
regulation pattern (up/down)) of the top 30 DEGs which
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TaBLE 5: The topological characteristics of the top 30 nodes in the PPI network of EC-induced NSPC genetic alterations. NA means not

overlapped between the EC-PPI and NSPC-PPI networks.

Gene  Overlap Regulate Degree Average shortest path length Betweenness centrality Closeness centrality Topological coefficient
Gapdh NA Down 129 2.303797 0.21952 0.434066 0.040603
Fnl NA Down 83 2.586881 0.062983 0.386566 0.054676
Vegfa NA Down 64 2.638665 0.041079 0.37898 0.063087
Decrl NA Down 59 2.609896 0.066189 0.383157 0.059219
Cd44 NA Down 57 2.693901 0.029026 0.371209 0.069522
Cendl NA Down 54 2.703107 0.040282 0.369945 0.065015
Gfap NA Down 51 2.663982 0.042334 0.375378 0.070175
Gadl NA Up 47 2.837745 0.023163 0.352393 0.075753
Cxcrd NA Down 45 2.805524 0.015376 0.35644 0.091761
Pkm NA Down 45 2.780207 0.042856 0.359685 0.072881
Anxa5 NA Down 41 2.817031 0.007322 0.354984 0.091351
Timpl NA Down 41 2.805524 0.010114 0.35644 0.09083
Agt NA Down 40 2.857307 0.014755 0.34998 0.0945
Cavl NA Down 40 2.788262 0.021742 0.358646 0.081866
Hépd Overlap Down 39 2.905639 0.018002 0.344158 0.081197
Calbl NA Up 39 2.827388 0.022978 0.353683 0.082931
Ctgf NA Down 38 2.79977 0.019484 0.357172 0.08851
Pdgfrb NA Down 38 2.840046 0.010704 0.352107 0.092062
Snap25 NA Up 38 2.840046 0.026457 0.352107 0.071554
Fos NA Down 37 2.757192 0.026678 0.362688 0.086654
Gad2 NA Up 37 2.842348 0.016537 0.351822 0.0868
Anxal NA Down 36 2.912543 0.010209 0.343343 0.091158
Tpil NA Down 36 2.905639 0.015808 0.344158 0.086608
Grial NA Up 35 2.837745 0.033782 0.352393 0.079529
Ldha NA Down 35 2.933257 0.010636 0.340918 0.096276
Thyl NA Down 35 2.886076 0.018426 0.346491 0.090796
Tubb3 NA Up 35 2.829689 0.013785 0.353396 0.087982
Npy NA Up 34 2.906789 0.010344 0.344022 0.099831
Sst NA Up 34 2.921749 0.012787 0.342261 0.101852
Gng3 NA Up 32 3.179517 0.007673 0.314513 0.107118

were, respectively, differentially expressed in the NSPC-
induced EC alteration and EC-induced NSPC alteration.
Three DEmiRNAs found to be overlapped between the EC-
induced NSPC alteration and NSPC-induced EC alteration
categories (i.e., mmu-miR-23a, mmu-miR-23b, and mmu-
miR-210) were selected for further investigation. The expres-
sion pattern of mmu-miR-210 was similar in both EC-
induced NSPC alterations and NSPC-induced EC alterations.
However, the expression patterns of mmu-miR-23a and
mmu-miR-23b differed in both situations.

3.3. Functions of Overlapping DEGs. Figure 2(b) depicts the
biological processes and pathways in which overlapping
DEGs were enriched. As seen in Figure 2(b) A, the overlap-
ping DEGs were found to be involved in several biological
processes, for instance, positive regulation of protein kinase
B (PKB, also known as Akt), ERK1/2 cascade, response to

BMP, collagen metabolic process, and tissue remodeling.
The overlapping DEGs were found to be involved in several
signaling pathways including synthesis and degradation of
ketone bodies, sulfur metabolism, retinol metabolism, and
GnRH signaling (Figure 2(b) B).

3.4. EC-PPI Network and NSPC-PPI Network. The PPI net-
work consisting of DEGs involved in NSPC-induced EC
alteration (EC-PPI network) was constructed and included
482 nodes with 2,679 edges (Figure 3(a)), while the PPI net-
work consisting of DEGs involved in EC-induced NSPC
alteration (NSPC-PPI network) showed 878 nodes and
3,795 edges (Figure 3(b)). The characteristics of the top 30
nodes of EC-PPI as well as NSPC-PPI network are listed in
descending order of degree (Tables 4 and 5).

By construction of a Venn diagram, 51 DEGs were over-
lapping between the EC-PPI network and the NSPC-PPI
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TaBLE 6: The topological characteristics of overlapped DEGs in the PPI network of NSPC-induced EC genetic alterations. The overlapped
DEGs mean these DEGs were overlapped between the PPI network of NSPC-induced EC alteration and the PPI network of EC-induced

NSPC alteration.

Overlapped DEGs Regulate Degree Average shortest path length Betweenness centrality Closeness centrality Topological coeflicient

Timp3 Down 21 3.394397
Mmpl4 Down 15 3.321121
Colllal Down 14 3.681034
H3f3b Up 13 3.793103
Loxl1 Down 13 3.568966
Ccpl10 Up 12 3.497845
Rpl30 Up 12 3.715517
ITrsl Down 11 3.103448
Aldhlal Down 9 3.403017
P4ha2 Down 9 3.913793
Cck Up 8 3.579741
Plod2 Down 8 4.118534
Rhoq Down 8 4.008621
Heépd Down 7 3.534483
Luc713 Up 7 3.571121
DIx5 Up 6 3.784483
Ren3 Down 6 3.525862
F3 Down 5 3.56681

Hspa2 Down 5 3.221983
Tgm?2 Down 5 3.538793
Aldhla7 Down 4 4.165948
Irgm?2 Down 4 4.290948
Smadé6 Down 4 3.928879
Bmper Down 3 4.810345
Daam?2 Down 3 3.87931

Rras Down 3 4.3125

Sydel Down 3 4.939655
Tnsl Down 3 4.286638
Fcgrt Down 2 4.157328
Rin2 Down 2 4.681034
Sdpr Down 2 4.275862
Slc2al0 Down 2 4176724

0.012355 0.294603 0.193591
0.006668 0.301103 0.213333
0.000966 0.271663 0.265873
3.40E - 05 0.263636 0.329522
0.001462 0.280193 0.254605
0.007609 0.28589 0.324906
0.001937 0.269142 0.208333
0.01987 0.322222 0.171937
0.022894 0.293857 0.139918
0.00226 0.255507 0.381313
0.011327 0.27935 0.194444
7.55E - 06 0.242805 0.428977
0.012817 0.249462 0.156863
0.017785 0.282927 0.159664
0.009536 0.280024 0.188065
0.007836 0.264237 0.215278
0.008417 0.283619 0.330247
7.31E - 06 0.280363 0.413514
0.000827 0.310368 0.275229
0.005005 0.282582 0.379221
0.000317 0.240041 0.416667
0.000557 0.233049 0.3125
0.002692 0.254526 0.289474
0.000753 0.207885 0.433333
0.008654 0.257778 0.333333
0.000343 0.231884 0.439394
0.000344 0.202443 0.545455
0.002258 0.233283 0.355556
0 0.240539 0.576923
0.000218 0.213628 0.5
0.000187 0.233871 0.5
0 0.239422 0.738095

network (Figure 2(c)). The topological features of the over-
lapping DEGs in the EC-PPI network and the NSPC-PPI net-
work are listed in Tables 6 and 7, respectively.

3.5. The Transcription Factor-Target DEG Interaction
Network. The TF-target DEG network was constructed,
respectively, for the DEGs involved in the NSPC-induced
EC alteration (Figure 4(a)) and EC-induced NPSC alteration
(Figure 4(b)). Figure 4(a) consists of 285 nodes and 363
edges, while Figure 4(b) consists of 451 nodes and 668 edges.
As shown in Figure 4(a) and Table 8, several TFs (e.g., Sp1,
Nfkbl, Trp53, Jun, Twistl, and Stat3) were identified to be
hub transcription factors targeting the greatest number of
DEGs involved in the NSPC-induced EC alteration. As

shown in Figure 4(b) and Table 9, several TFs (e.g., Cendl,
Spl, Fos, Hesl, Nfkbl, and Cebpb) were identified to be
hub transcription factors targeting the greatest number of
DEGs involved in the EC-induced NPSC alteration.

3.6. The DEmiRNAs-Target DEGs and Their Functions. The
number of experimentally validated, computationally pre-
dicted, and total miRNA-DEtargets for ECs and NSPCs is
listed in Table 10. As evident here, 14 interaction pairs of
miRNA-DEtargets were determined. The DEmiRNA-target
network involved in NSPC-induced EC alteration was con-
structed and included 5,916 nodes with 22,664 edges
(Figure 5(a)), while the DEmiRNA-target network involved
in NSPC-induced EC alteration showed 4,962 nodes and
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TaBLE 7: The topological characteristics of overlapped DEGs in the PPI network of EC-induced NSPC genetic alterations. The overlapped
DEGs mean these DEGs were overlapped between the PPI network of NSPC-induced EC alteration and the PPI network of EC-induced
NSPC alteration.

Overlapped DEGs Regulate Degree Average shortest path length Betweenness centrality Closeness centrality Topological coeflicient

Hepd Down 39 2.905639 0.018002 0.344158 0.081197
Mmp2 Down 30 2.905639 0.009375 0.344158 0.111791
Cck Up 24 3.161105 0.002392 0.316345 0.14388
Irsl Down 24 2.90794 0.011375 0.343886 0.090661
Igtbp5 Down 18 3.002302 0.001391 0.333078 0.145524
LoxI1 Down 18 3.331415 0.002588 0.300173 0.154147
Mmpl4 Down 18 2.958573 0.006212 0.338001 0.147655
Aldhlal Down 16 3.079402 0.008487 0.324738 0.124419
Plod2 Down 16 3.535098 0.002197 0.282878 0.168269
Colllal Down 15 3.464902 0.007219 0.288608 0.154386
Timp3 Down 15 3.065593 0.004764 0.326201 0.152648
Irgm2 Down 14 3.910242 4.82E - 05 0.255739 0.348397
P4ha2 Down 14 3.637514 0.001633 0.274913 0.177721
Rhoq Down 13 3.673188 0.001094 0.272243 0.173382
F3 Down 11 3.150748 0.00066 0.317385 0.188776
DIx5 Up 10 3.500575 0.001701 0.285667 0.221359
Hspa2 Down 10 3.356732 0.009675 0.297909 0.113084
Luc713 Up 9 3.771001 0.004972 0.265182 0.17284
Sydel Down 9 3.562716 0.005367 0.280685 0.202822
Tgm?2 Down 9 3.103567 0.002864 0.32221 0.194714
Rras Down 8 3.651323 0.00461 0.273873 0.227113
Sdpr Down 8 3.372842 0.002511 0.296486 0.180118
Aldhla7 Down 7 3.686997 0.000587 0.271223 0.221254
Ccpll0 Up 7 3.982739 0.002565 0.251084 0.159664
Cdc7 Up 7 3.821634 0.000152 0.261668 0.313589
Rcn3 Down 7 3.697353 0.000432 0.270464 0.249433
Tnsl Down 7 3.397008 0.005802 0.294377 0.188729
Zcchcel2 Up 6 3.775604 0.006142 0.264858 0.217391
Akap12 Down 5 3.422325 0.002599 0.292199 0.261111
Daam?2 Down 5 3.658228 0.000694 0.273356 0.303226
H3f3b Up 5 4.362486 6.29E — 05 0.229227 0.5125
Rpl30 Up 5 4.084005 0.000687 0.244858 0.3
Sema3c Down 5 3.528193 0.002593 0.283431 0.2075
Smad6 Down 5 3.510932 0.001004 0.284825 0.284848
Bmper Down 4 4.210587 0.00075 0.237497 0.26
Rin2 Down 4 3.874568 0.002452 0.258093 0.25
Gem Down 3 3.882624 0.002302 0.257558 0.42735
Selenbpl Down 3 4.462601 0.000293 0.224085 0.458333
Fcgrt Down 2 3.943613 3.45E - 05 0.253575 0.5
Slc2al0 Down 2 3.864212 6.35E — 05 0.258785 0.5
Sytl2 Down 2 3.759494 0.000207 0.265993 0.5
Fam102a Down 1 5.730725 0 0.174498 0
Macrod1 Down 1 5.880322 0 0.170059

Pdgfrl Down 1 4.286536 0 0.233289 0
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FIGURE 4: The transcription factor-target DEG interaction network. (a) The TF-target DEG network involved in the NSPC-induced EC
alteration. (b) The TF-target DEG network involved in the EC-induced NSPC alteration.

11,675 edges (Figure 5(b)). The characteristics of the top 30
nodes of these two networks are listed in descending order
of degree (Tables 11 and 12).

The miR-DEG-pathway network for three selected miR-
NAs (miR-210 (Figure 6(a)), miR-23a (Figure 6(b)), and
miR-23b (Figure 6(c))) is depicted in Figure 6. As shown in
Figure 6(a), miR-210 targets the Rhoq gene which was found
to be downregulated in both NSPC-induced EC alteration
and EC-induced NSPC alteration. The Rhoq gene was shown
to be involved in the insulin signaling pathway. As shown in
Figure 6(b), miR-23a targets the Aldhlal gene which was
found to be downregulated in both NSPC-induced EC alter-
ation and EC-induced NSPC alteration. The Aldhlal gene
was shown to be involved in the retinol metabolism and met-

abolic pathway. It could be observed from Figure 6(c) that the
target genes of miR-23b were almost the same as those of
miR-23a. miR-23b can target the Igfl gene which was found
to be downregulated in NSPC-induced EC alteration. The
Igf1 gene was involved in many signaling pathways including
AMPK, Rapl, HIF-1, p53, and FoxO signaling.

3.7. Identifying Significant Small Molecular Drugs. Figure 7
shows the DEmiRNA-small molecular drug network
involved in the NSPC-induced EC alterations (Figure 7(a))
and EC-induced NSPC alterations (Figure 7(b)). Upon com-
paring the small molecules relevant to NSPC-induced EC
alteration and EC-induced NSPC alteration, a total of 16
small drug molecules were found to be overlapped and
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TaBLE 8: The topological characteristics of the top 30 nodes in the TF-target DEG interaction network involved in the NSPC-induced EC

alteration.

N b ATEJmO e oo T
Ptgs2 Upregulated DEG 30 317073171 0.25370241 0.31538462 0.07348485
1l6 Upregulated DEG 20 331300813 0.16071429 0.30184049 0.10921053
Serpinel  Upregulated DEG 19 3.40650407 0.10638454 0.29355609 0.09078947
Mmp9  Downregulated DEG 18 3.25203252 0.16761464 0.3075 0.11243386
Spl TF 15 3.17479675 0.15105709 0.31498079 0.10813008
Nfkb1 TF 14 2.99593496 0.17606132 0.33378562 0.11316212
Mmp2  Downregulated DEG 13 345121951 005861543 0.28975265 0.16008316
Fgfl0  Downregulated DEG 13 418699187 0.10945704 0.23883495 0.07692308
Trp53 TF 13 342276423 0.10326907 029216152 0.10697115
Jun TF 13 3.14634146 0.14436348 0.31782946 0.12725546
Twistl Downreg‘}l;ted DEG_ 1, 3.50406504 0.13470851 028538283 0.13288288
Collal  Downregulated DEG 12 3.4796748 0.11936909 028738318 0.13709677
Birc5 Upregulated DEG 11 3.53252033 0.1098108 0.283084 0.13636364
Csf2 Upregulated DEG 10 3.51626016 0.08268292 0.28439306 0.16071429
Smad6  Downregulated DEG 9 494715447 0.04322026 02021364 0.12698413
Stat3 TF 9 3.43495935 0.09055949 029112426 0.15065913
Egrl TF 9 3.76829268 005361397 026537217 0.13947991
Nfe2l2  Upregulated DEG_TF 8 3.89430894 003472983 0.25678497 0.15972222
Rela TF 8 3.33333333 005841757 03 0.18382353
Ep300 TF 8 3.52439024 0.04168611 0.28373702 0.19067797
Uppl Upregulated DEG 7 3.58536585 0.04680464 027891156 0.1978022
Igf2 Downregulated DEG 7 5.18292683 0.04071495 019294118 0.14285714
Ebfl DownreguTl;ted DEG_ 457723577 0.04361263 021847247 0.14285714
Fos TF 6 3.82926829 001974273 0.2611465 022727273
Dcstamp  Upregulated DEG 6 3.75203252 0.02000123 0.26652221 0.25396825
Nqol Upregulated DEG 5 3.83333333 002317522 0.26086957 0.21904762
Ndrgl ~ Downregulated DEG 5 3.83333333 002104419 0.26086957 027142857
Mmpl4  Downregulated DEG 5 3.81707317 001378142 026198083 0.29
Maf Downreg‘}l;ted DEG_ 5 3.84146341 0.0340471 0.26031746 0.28571429
Hspalb  Downregulated DEG 5 3.88211382 005662735 025759162 0.24545455

significantly enriched (Table 13). Table 13 shows that 6 small
molecular drugs (e.g., deptropine, fluphenazine, lycorine,
quinostatin, resveratrol, and thiamazole) had similar regula-
tory roles in the process of EC-induced NSPC alteration and
NSPC-induced EC alteration, indicating simultaneous
upregulation or downregulation.

3.8. The miRNA-Environmental Chemical Compound
Network. There were 60 environmental chemical com-
pounds highly correlated with the DEmiRNAs expressed
during NSPC-induced EC alteration and EC-induced
NSPC alteration (Figure 8). As shown from Figure 8,
miR-210 was significantly related to many compounds
such as bisphenol A, titanium dioxide, choline, dietary

fats, folic acid, and methionine. miR-23b was found to
be significantly related to many compounds such as dexa-
methasone, potassium dichromate, sodium fluoride, thalid-
omide, cadmium chloride, and soot.

3.9. Crosstalk miRNAs Linking the EC-Induced NSPC
Alteration Process and NSPC-Induced EC Alteration Process.
A total of 54 interaction pairs of miRNAs were determined
and are listed in Table 14. As shown in Figure 9, three miR-
NAs (miR-23a, miR-23b, and miR-210) were determined to
perform critical bridging roles in the link between the EC-
induced NSPC alteration process and the NSPC-induced
EC alteration process.
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TaBLE 9: The topological characteristics of the top 30 nodes in the TF-target DEG interaction network involved in the EC-induced NSPC
alteration.

Name Label Degree Average shortest path Betweenpess Closen§ss Topologlcal
length centrality centrality coefficient
Cdknla Downregulated DEG 65 273913043 0.30858346 0.36507937 0.0283698
Cend1 © ownreg‘frl"l‘:ted DEG_ 2.90096618 0.18721585 0.34471274 0.0390556
Spl TF 38 275120773 0.18665254 0.36347673 0.04086687
Fos D °Wnr8g“,l{;ted DEG_ 4, 2.89855072 0.15489676 0.345 0.05012705
Vegfa  Downregulated DEG 24 3.09178744 0.1032236 0.3234375 0.06904762
Hest  © °Wnreg“%;ted DEG_ 3.26328502 0.093159 0.30643967 0.06776557
Cdkn2a Downregulated DEG 20 3.16183575 0.06806015 0.31627196 0.0622093
Nfkb1 TF 19 2.83091787 0.10896078 0.35324232 0.078356
Cebpb D OWmeg‘f;aFted DEG_ 5 3.01690821 0.0630859 033146517 0.07979003
Acta2  Downregulated DEG 14 3.41062802 0.04841393 0.29320113 0.10449735
Trp53 TF 14 323188406 0.04815141 0.30941704 0.09895151
Jun TF 14 325603865 0.03607564 030712166 0.10204082
Mmp2  Downregulated DEG 13 3.08937198 0.03126342 0.32369038 0.11609687
Ep300 TF 12 3.13043478 0.05353532 0.31944444 0.11131841
Cdkn2b Downregulated DEG 12 3.80917874 0.03041314 0.26252378 0.10714286
Nfe2lz D OWmeg‘frl;ted DEG_ 326570048 0.04141463 0.30621302 0.10585586
Rela TF 11 3.21497585 0.03799736 0.31104433 0.118411
N3l D OWmeg‘fFl;ted DEG_ ) 3.24637681 0.03066868 0.30803571 0.11162255
Smad6 Downreg‘frl;ted DEG_ ) 373671498 0.02413405 0.26761474 0.11004785
Sp3 TF 10 335990338 0.01668852 0.29762761 0.12268041
Stat3 TF 10 333816425 0.03841092 0.29956585 0.13235294
1d3 Downregulated DEG 10 3.82125604 0.02673839 0.26169406 0.10869565
Smad3 TF 9 372463768 0.03330304 0.26848249 0.14403292
Egrl TF 9 357004831 0.03896833 0.28010825 0.12007168
Mbp Downregulated DEG 9 3.52415459 0.02687184 0.283756 0.13888889
Srebfl TF 8 3.59903382 0.0307691 0.27785235 0.13380282
Myc TF 8 336231884 0.02336862 0.29741379 0.14650538
1d1 Downreg‘}l;ted DEG_ ¢ 3.2826087 0.02185908 0.30463576 0.13903061
Cebpd  Downregulated DEG 8 3.43236715 0.01679448 0.29134412 0.16163793
Pdka4 Downregulated DEG 8 361111111 0.01282401 0.27692308 0.19396552

TaBLE 10: The number of experimentally validated, computationally predicted, and total miRNA-target DEG interaction pairs during the
NSPC-induced EC alteration and EC-induced NSPC alteration.

Coculture-induced Validated Predicted Total miRNA-target DEG Overlapped miRNA-target DEG interaction pairs (overlapped

alterations in one miRNA-target miRNA-target  pairs (including validated between NSPC-induced EC alteration and EC-induced NSPC

type of cells DEG pairs DEG pairs and predicted) alteration)

NSPC-induced EC 536 391 810 The overlapped 14 interaction pairs are as follows: miR-21-Rhog,

alteration miR-23a-Akap12, miR-23a-Aldhlal, miR-23a-Exoc314, miR-23a-
Gmb5424, miR-23a-Mfhasl, miR-23a-Nfe2l2, miR-23a-Slc16a6,

EC-induced NSPC 571 243 711 miR-23b-Akap12, miR-23b-Aldhlal, miR-23b-Gm5424, miR-23b-
alteration Mifhas1, miR-23b-Nfe2l2, and miR-23b-Slc16a6.
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F1GURE 5: The DEmiRNA-target network involved in the NSPC-induced EC alteration (a) and EC-induced NSPC alteration (b).

4. Discussion

This study identified three miRNAs (i.e., miR-210, miR-230a,
and miR-23b) to be crosstalks involved in the interaction
between ECs and NSPCs. The roles of these miRNAs in reg-
ulating the interactions between ECs and NSPCs will be dis-
cussed in the following sections by using the previous related
evidence.

miR-210 is identified to be involved in the interaction
between ECs and NSPCs by targeting many genes (e.g., Rhoq,
Fnl, and Pard3) and pathways (e.g., insulin, PI3K/Akt, and
chemokine signaling pathway) (Figure 3(a)), and its regulat-
ing roles will be discussed in this and next paragraph. Rhoq
(Ras Homolog (Rho) Family Member Q) was identified to

be downregulated during the process of EC-induced NSPC
alteration and NSPC-induced EC alteration; however, Rhoq
has not been investigated to regulate NSPCs and ECs. As
another member of the Rho family, RhoA was found to influ-
ence the proliferation and fate of NSPCs by mediating
mechanotransduction and cellular stiffness [29, 30], as well
as impact the migration and angiogenesis of ECs by mediat-
ing the cytoskeletal changes [31]. The insulin signaling path-
way targeted by RhoA could promote angiogenic processes
via mediating the migration and proliferation of ECs as well
as in vitro tubular structure formation [32]. The insulin-
mediated pathway could also regulate the self-renewal, neu-
rogenesis, cognition, and sensory function, as well as homeo-
stasis of NSPCs [33].
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TaBLE 11: The topological characteristics of the top 30 nodes in the DEmiRNA-target network involved in the NSPC-induced EC alteration.

Average shortest path Betweenness Closeness Topological

Name lab2 Degree length centrality centrality coefficient
mmu-miR-26a-2 DEmiRNA 2371 2.195604 0.216585 0.455455 0.221505
mmu-miR-26a-1 DEmiRNA 2371 2.195604 0.216585 0.455455 0.221505
mmu-let-7i DEmiRNA 2244 2238546 0.131513 0.446719 0.323641
mmu-let-7c-2 ~ DEmiRNA 2202 2252747 0.110037 0.443902 0.332539
mmu-let-7¢-1 DEmiRNA 2202 2252747 0.110037 0.443902 0.332539
mmu-let-7a-2  DEmiRNA 1585 2.461369 0.051855 0.406278 0.376735
mmu-let-7a-1 DEmiRNA 1585 2461369 0.051855 0.406278 0.376735
mmu-miR-23a  DEmiRNA 1297 2.558749 0.106936 0.390816 0.247494
mmu-miR-23b  DEmiRNA 1269 2568216 0.100185 0.389375 0.248916
mmu-let-7d DEmiRNA 1252 2.573965 0.063356 0.388506 0.353484
;nmu'm‘R'l”a' DEmiRNA 839 2.713609 0.055721 0.368513 0.273838
mmu-miR-199a- .

| DEmiRNA 839 2.713609 0.055721 0.368513 0.273838
mmu-miR-140  DEmiRNA 760 2740321 0.114496 0.364921 0.175411
mmu-miR-182  DEmiRNA 668 2.771429 0.088383 0.360825 0.194891
mmu-miR-199b  DEmiRNA 660 2774134 0.048537 0.360473 0.278883
mmu-miR-210  DEmiRNA 468 2.839053 0.061318 0.35223 0.195913
mmu-miR-99b  DEmiRNA 52 2.979713 0.006853 0.335603 0.234375
Celfl Tgaerf:t 16 2.004227 0.002733 0.498946 0.24026
Taokl Tgff:t 15 2.179374 0.001948 0.458847 0.263894
Ubn2 T;erfeet 14 2.137447 0.001613 0.467848 0.279439
Suco T;erf:t 14 2.137447 0.001613 0.467848 0.279439
Mtf2 T;erf:t 14 2.186475 0.001497 0.457357 0.28312
Map3k2 T;erf:t 14 2.162468 0.001485 0.462435 0.282045
Kdmé6a T;erfeet 14 2.162468 0.001485 0.462435 0.282045
Ino80d Tgaerf:t 14 2.137109 0.001824 0.467922 0.267984
Celf2 T;f:t 14 2.090786 0.001937 0.478289 0.265165
Ankrd44 Target 14 2.186475 0.001497 0.457357 0.28312

gene
Tnpol T;;f:t 13 2196281 0.001334 0.455315 0.291288
Rfx7 Tgff:t 13 2.144548 0.001367 0.466299 0.28419
Kmt2a Target 13 2.263567 0.001442 0.441781 0.289898
gene

During the interactions between ECs and NSPCs, the = downregulation of the gene Fnl (fibronectin-1) in NSPCs.
genes dysregulated by a certain type of cell might influence =~ While fibronectin was shown to regulate the survival and
the biological behavior and processes of another type of cell. ~ migration of primary NSPCs [34], its dysregulation in NSPCs
For instance, the addition of ECs into NSPCs induced the = can modulate the functions of ECs by influencing survival



Disease Markers

19

TaBLE 12: The topological characteristics of the top 30 nodes in the DEmiRNA-target network involved in the EC-induced NSPC alteration.

e D NI e Gome b
mmu-let-7b DEmiRNA_up 2362 2.046362 0.551173 0.488672 0.170618
‘lnmu'm‘R'IM' DEE&?A— 1863 2247531 0.154513 0.444933 0.394448
;nmu’m‘R‘IM' DEEE&II\IIA— 1863 2247531 0.154513 0.444933 0.394448
;nmu’m‘R'IM' DEEE‘IE\IIA— 1863 2247531 0.154513 0.444933 0.394448
mmu-miR-23a  DEmiRNA_up 1297 2475711 0.158061 0.403924 0.306091
mmu-miR-23b  DEmiRNA_up 1269 2.486999 0.14813 0.402091 0.309242
mmu-miR-320 DEmiRNA_up 690 2720419 0.141572 0.36759 0.217805
mmu-miR-210 DEmiRNA_up 468 2.809917 0.093463 0.355882 0.206654
Ino80d Target gene 8 1.998387 0.0024 0.500403 0.294443
Adam10 Target gene 8 1.998387 0.0024 0.500403 0.294443
Mtf2 Target gene 8 1.998387 0.0024 0.500403 0.294443
Pcdh19 DEmRNA 7 2.085467 0.001524 0.479509 0.337695
Rora DEmRNA 7 2545051 0.001403 0.392919 0.369491
Ago2 Target gene 7 2.1282 0.00156 0.469881 0.338576
Ago3 Target gene 7 2.1282 0.00156 0.469881 0.338576
Coldal Target gene 7 2.085467 0.001524 0.479509 0.337695
Cpd Target gene 7 2.085467 0.001524 0.479509 0.337695
Map3kl Target gene 7 2.085467 0.001524 0.479509 0.337695
Mecp2 Target gene 7 2.085467 0.001524 0.479509 0.337695
Etnkl Target gene 7 2.085467 0.001524 0.479509 0.337695
Kpnal Target gene 7 2.085467 0.001524 0.479509 0.337695
Yodl Target gene 7 2.085467 0.001524 0.479509 0.337695
Prtg Target gene 7 2.085467 0.001524 0.479509 0.337695
Slc36al Target gene 7 2.1282 0.00156 0.469881 0.338576
Tet2 Target gene 7 2.1282 0.00156 0.469881 0.338576
Ahctf1 Target gene 7 2.1282 0.00156 0.469881 0.338576
Qserl Target gene 7 2.085467 0.001524 0.479509 0.337695
Wnkl Target gene 7 2.085467 0.001524 0.479509 0.337695
Slc7a2 Target gene 7 2.085467 0.001524 0.479509 0.337695
Aldh112 Target gene 7 2.545051 0.001403 0.392919 0.369491

and angiogenesis in both the integrin-dependent and
integrin-independent manners [35]. The PI3K/Akt path-
way targeted by Fnl has been established as a classic path-
way in regulating both angiogenesis and neurogenesis.
This pathway plays a mediating role in neural regeneration
by controlling the survival, proliferation, differentiation,
and migration of NSPCs [36]. The link between this path-
way and angiogenesis has been highlighted since it can
modulate the expression of many angiogenic factors such
as vascular endothelial growth factor (VEGF), nitric oxide,
and angiopoietins [37]. As another example, the addition
of NSPCs to ECs induced a decreased expression of the
gene Pard3 (Par-3 Family Cell Polarity Regulator) in
ECs. Pard3 can not only determine the cell polarity of
ECs [38] but also modulate the sprouting behavior of
ECs during the process of angiogenesis [39]. Conversely,

the dysregulation of cell polarity regulators can influence
the behavior and functions of NSPCs in terms of architec-
ture and shape, interkinetic nuclear migration, prolifera-
tion and differentiation potential, and asymmetric cell
division [40]. The chemokine signaling pathway targeted
by Pard3 was shown to promote neovascularization by
stimulating the migration and proliferation of ECs, as well
as recruiting endothelial progenitor cells [41]. Regarding
the role of chemokine in regulating NSPCs, chemokines
were shown to promote the quiescence and survival of
NSPCs [42], as well as regulate the migration of NSPCs
toward the sites of neuroinflammation [43]. Overall, based
on this existing evidence, it can be assumed that miR-210
plays a critical role in the interaction between ECs and
NSPCs by targeting genes and pathways associated with
both neurogenesis and angiogenesis.
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FIGURE 6: The miRNA-DEG-pathway interaction network. (a) mmu-miR-210, (b) mmu-miR-23a, and (c¢) mmu-miR-23b.

The mechanisms of two miRNAs (miR-23a and miR-
23b) involved in the interaction between ECs and NSPCs
are almost similar, and the regulatory roles of miR-23a will
be therefore an example to discuss in this and next para-
graph. As shown in Figure 3(b), miR-23a is involved in the
interaction between ECs and NSPCs by targeting many genes
(e.g., Aldhlal, Fbnl, and Chuk) and pathways (e.g., retinol
metabolism, TGF-beta, and NF-«B pathway). For example,
the Aldhlal (Aldehyde Dehydrogenase 1 Family Member
Al) gene targeted by miR-23a was found to be simulta-
neously downregulated during the process of EC-induced
NSPC alteration and NSPC-induced EC alteration. High
activity of aldehyde dehydrogenase (ALDH) in tumor ECs
and its function in promoting angiogenesis in tumor progres-
sion have been reported [44]; however, so far, there is no evi-
dence supporting the angiogenic role of ALDH in stem cell-
like ECs. A recent review [45] reported that aldehyde dehy-
drogenase (ALDH) not only represents an intracellular and
metabolic marker of stem cells including NSPCs and endo-
thelial progenitor cells (EPCs) but also acts as a functional
regulator of stem cells mainly by mediating the metabolic
pathway of retinoic acid (RA). The retinol metabolism path-
way targeted by Aldhlal was shown to be involved at the
early stage of neurogenesis and antiangiogenic response. In
terms of neurogenesis, RA has been commonly applied for
differentiating NSPCs due to its function in promoting the
acquisition of a neuronal fate [46]. In terms of antiangiogenic

response, RA has been shown to selectively block vascular
permeability factor/vascular endothelial growth factor
(VPF/VEGEF), thereby further inhibiting these angiogenic
factors that induced microvascular permeability [47].

The interaction of ECs and NSPCs supports the angio-
genesis of ECs by influencing the expression of
angiogenesis-related genes in ECs; likewise, this interaction
also supports the neurogenesis of NSPCs by impacting the
neurogenesis-associated genes in NSPCs. For instance, the
addition of NSPCs into ECs resulted in the downregulation
of Fbnl (Fibrillin 1) in ECs. The encoded protein of gene
Fbnl is a large extracellular matrix (ECM) glycoprotein,
which assembles to form 10-12nm microfibrils in ECM.
ECM has been demonstrated as a hard player in regulating
angiogenesis via interacting/restoring a variety of growth fac-
tors (e.g., fibroblast growth factor (FGF), platelet-derived
growth factor (PDGF), hepatocyte growth factor (HGE),
and VEGF) [48]. In addition to its involvement in angiogen-
esis, ECM was shown to regulate the proliferation and differ-
entiation of NSPCs by inducing the local alterations in the
substrate stiffness [30]. The TGF-beta signaling pathway tar-
geted by Fbnl has been regarded as an indispensable player
in facilitating interactions between ECs and NSPCs based
on its function in vasculogenesis and angiogenesis by upreg-
ulating the expression of angiogenic factors [49], as well as its
function in neurogenesis by modulating the temporal specifi-
cation and progenitor potency of NSPCs [50]. As another
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F1GURE 7: The DEmiRNA-small molecular drug network involved in the NSPC-induced EC alterations (a) and EC-induced NSPC alterations
(b). Red squares represent upregulated miRNAs, green squares indicate downregulated miRNAs, and yellow diamonds indicate miRNA-
related small molecular drugs.

protein of Chuk is a component of a cytokine-activated pro-
tein complex that acts as an inhibitor of the transcription fac-
tor NF-«B complex [51]. The Chuk gene overexpressed in

example, the addition of ECs into NSPCs was noted to cause
the upregulation of the gene Chuk (Component of Inhibitor
of Nuclear Factor Kappa B Kinase) in NSPCs. The encoded



Disease Markers

23

TaBLE 13: The 16 small molecular drugs that were overlapped between NSPC-induced EC genetic alteration and EC-induced NSPC genetic

alteration.

Small molecular drugs

Enrichment in the NSPC-induced EC alteration

Enrichment in the EC-induced NSPC alteration

2-Aminobenzenesulfonamide 0.629
Adiphenine 0.748
Deptropine -0.677
Diphenhydramine 0.67

Felbinac 0.719
Fludrocortisone 0.503
Fluphenazine -0.357
Ikarugamycin 0.811
Lycorine 0.633
Milrinone -0.779
PHA-00745360 0.567
Podophyllotoxin 0.661
Quinostatin -0.992
Resveratrol -0.479
Thiamazole 0.726
Triflupromazine 0.694

-0.682
-0.693
-0.672
-0.573
-0.697
-0.496
-0.378
-0.838
0.776
0.73
-0.514
-0.933
-0.954
-0.504
0.543
-0.71

NSPCs might be a crosstalk gene in promoting interactions
between NSPCs and ECs, based on the function of the
Chuk-targeted NF-xB pathway in regulating neurogenesis
[52] and angiogenesis [53]. The activation of the NF-xB
pathway is known to be involved in angiogenesis by increas-
ing the proliferating potential of vascular ECs and increasing
the expression levels of vascular growth factors [53]. In addi-
tion, the regulatory function of the NF-xB pathway in neuro-
genesis is reflected in its role in initiating the early
differentiation of NSPCs [52]. In summary, previous evi-
dence supports the notion that miR-23a plays a role in pro-
moting the interactions between ECs and NSPCs by
targeting genes and pathways relevant to angiogenesis and
neurogenesis.

The research value of the current research should be
highlighted by the comparison between the previously pub-
lished paper based on the same dataset GSE29759 [10] and
the results obtained by the current research. In the previously
published paper [10], the authors performed differential
expression analysis and have listed the up- and downregu-
lated DEmiRNAs which were differentially expressed in
NSPC-induced EC alteration and EC-induced NSPC alter-
ation, respectively. However, further deep investigation
about the crosstalk miRNAs linking the interaction between
NSPCs and ECs is lacking. In order to remedy this research
gap, the present research made full use of this valuable data-
set with reasonable study design by performing a series of
comprehensive bioinformatics analysis and finally obtained
the main results showing the crosstalk role of three miRNAs
(miR-210, miR-230a, and miR-23b) in the reciprocal interac-
tion between ECs and NSPCs. Apart from this main finding,
the present research also identified that some other genetic
biomarkers (i.e., six genes (i.e, MMP14, TIMP3, LOXLI,
CCK, SMAD6, and HSPA2) and three pathways (i.e., Akt,

ERK1/2, and BMPs)) play critical roles in the interaction of
ECs and NSPCs. And also, some target drugs (six small
molecular drugs (i.e., deptropine, fluphenazine, lycorine, qui-
nostatin, resveratrol, and thiamazole) and seven environ-
mental  chemical compounds (ie, folic acid,
dexamethasone, choline, doxorubicin, thalidomide, bisphe-
nol A, and titanium dioxide)) were identified to influence
angiogenesis and neurogenesis by regulating the expression
of DEmiRNAs. These results obtained by the current
research not only fully explained the underlying information
of the dataset GSE29759 but also facilitated neurology
researchers to have a better understanding of the genetic
and epigenetic mechanisms involved in the interaction
between ECs and NSPCs.

It is important to acknowledge the limitation of this
research. The first limitation is lacking experimental valida-
tion using quantitative real-time polymerase chain reaction
(qRT-PCR) to verify the dysregulation of biomarkers identi-
fied during the reciprocal alterations between ECs and
NPSCs; however, investigating the expression patterns and
detailed functions of these biomarkers (especially 3 miRNAs
(miR-210, miR-230a, and miR-23b)) as the crosstalks
between ECs and NPSCs could be a separate research study
and within the research plan of our team. The second limita-
tion is only one dataset (GSE29759) related to this research
topic was included, which means the sample size that was
analyzed was comparatively limited. This indicates that the
future RNA-sequencing study could follow the same study
design; if so, more datasets could be combined and analyzed
together, which could increase the prediction accuracy of the
results identified by bioinformatics analyses. The third limi-
tation is the dataset (GSE29759) only examined the messen-
ger RNA and miRNA expression profiles. Since noncoding
RNAs contain miRNAs, long noncoding RNAs (IncRNAs),
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TaBLE 14: The scores of the crosstalk miRNA interaction pairs under five conditions including the target genes, small molecular drugs,
chemical compounds, signaling pathways, and biological processes. These crosstalk miRNAs link the EC-induced NSPC alteration process
and NSPC-induced EC alteration process. The scores were calculated by the “Meet/Min” formula.

miRNAs involved in the NSPC- miRNAs involved in the EC-induced  Score_ Score_ Score_ Score_ Score_
induced EC alteration NSPC alteration target  molecular  chemical  pathway bp
mmu-miR-210 mmu-miR-210 1 0.166667 1 1 1
mmu-miR-23b mmu-miR-23b 1 0.075 1 1 1
mmu-miR-23b mmu-miR-23a 0.966903  0.022222 1 0.946667 0.931284
mmu-miR-23a mmu-miR-23b 0.966903 0.05 0.95 0.946667 0.931284
mmu-let-7d mmu-let-7b 0.834665 0.021739 0.2 1 0.862256
mmu-miR-26a-1 mmu-miR-23a 0.393215 0.05 0.321429  0.936709 0.614696
mmu-miR-26a-2 mmu-miR-23a 0.393215 0.05 0.321429  0.936709 0.614696
mmu-miR-26a-1 mmu-miR-23b 0.389283 0.025 0.307692  0.946667 0.615335
mmu-miR-26a-2 mmu-miR-23b 0.389283 0.025 0.307692  0.946667 0.615335
mmu-miR-26a-1 mmu-miR-210 0.344017  0.027778 0.333333 0.8 0.689956
mmu-miR-26a-2 mmu-miR-210 0.344017 0.027778 0.333333 0.8 0.689956
mmu-miR-26a-1 mmu-miR-320 0.337681 0.05 0.4 0.885714 0.708661
mmu-miR-26a-2 mmu-miR-320 0.337681 0.05 0.4 0.885714 0.708661
mmu-miR-23a mmu-let-7b 0.312259 0.021739 0.25 0.772152  0.595539
mmu-let-7i mmu-miR-23b 0.3026 0.074074 0.318182  0.693333 0.592737
mmu-let-7i mmu-miR-23a 0.302236 0.074074 0.363636  0.708861 0.590143
mmu-miR-199a-1 mmu-let-7b 0.299166  0.022222 0.142857  0.728395 0.65798
mmu-miR-199a-2 mmu-let-7b 0.299166  0.022222 0.142857  0.728395 0.65798
mmu-let-7c-1 mmu-miR-23b 0.29866  0.071429 0.32 0.72 0.587937
mmu-let-7¢-2 mmu-miR-23b 0.29866  0.071429 0.32 0.72 0.587937
mmu-let-7i mmu-miR-210 0.297009 0.037037 0.222222 0.8 0.609898
mmu-miR-210 mmu-let-7b 0.292735 0.073171 0.875 0.8 0.63901
mmu-let-7c-1 mmu-miR-124-1 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7c-1 mmu-miR-124-2 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7c-1 mmu-miR-124-3 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7¢-2 mmu-miR-124-1 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7¢-2 mmu-miR-124-2 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7¢-2 mmu-miR-124-3 0.285561 0.035714 0.72 0.709302 0.623492
mmu-let-7a-1 mmu-miR-23b 0.239559  0.041667 0.619048 0.706667 0.616536
mmu-let-7a-2 mmu-miR-23b 0.239559  0.041667 0.619048 0.706667 0.616536
mmu-let-7a-1 mmu-miR-23a 0.2367 0.041667 0.666667  0.721519 0.610834
mmu-let-7a-2 mmu-miR-23a 0.2367 0.041667 0.666667  0.721519 0.610834
mmu-miR-23b mmu-miR-124-1 0.230102  0.028571 0.666667 0.8 0.527677
mmu-miR-23b mmu-miR-124-2 0.230102  0.028571 0.666667 0.8 0.527677
mmu-miR-23b mmu-miR-124-3 0.230102  0.028571 0.666667 0.8 0.527677
mmu-miR-23a mmu-miR-124-1 0.229761 0.028571 0.75 0.759494 0.523207
mmu-miR-23a mmu-miR-124-2 0.229761  0.028571 0.75 0.759494 0.523207
mmu-miR-23a mmu-miR-124-3 0.229761 0.028571 0.75 0.759494  0.523207
mmu-miR-23a mmu-miR-320 0.226087 0.04 0.2 0.714286 0.755906
mmu-miR-23b mmu-miR-320 0.22029  0.043478 0.2 0.628571 0.76378
mmu-miR-199a-1 mmu-miR-23a 0.212157 0.066667 0.142857  0.594937 0.619707
mmu-miR-199a-2 mmu-miR-23a 0.212157 0.066667 0.142857  0.594937 0.619707
mmu-miR-199a-1 mmu-miR-23b 0.205006 0.05 0.142857  0.626667 0.618078
mmu-miR-199a-2 mmu-miR-23b 0.205006 0.05 0.142857  0.626667 0.618078
mmu-miR-210 mmu-miR-23a 0.202991 0.170732 0.25 0.8 0.660844

mmu-miR-210 mmu-miR-23b 0.196581 0.075 0.125 0.8 0.672489
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TaBLE 14: Continued.

miRNAs involved in the NSPC- miRNAs involved in the EC-induced  Score_ Score_ Score_ Score_ Score_
induced EC alteration NSPC alteration target  molecular  chemical  pathway bp
mmu-let-7d mmu-miR-23b 0.183706 0.025 0.64 0.666667 0.675705
mmu-let-7d mmu-miR-23a 0.182109  0.022222 0.64 0.717949 0.671367
mmu-let-7d mmu-miR-320 0.176812  0.057692 0.2 0.485714 0.531496
mmu-miR-199a-1 mmu-miR-320 0.127536  0.022222 0.2 0.771429 0.616142
mmu-miR-199a-2 mmu-miR-320 0.127536  0.022222 0.2 0.771429 0.616142
mmu-miR-182 mmu-miR-320 0.115269 0.093023 0.666667  0.828571 0.555118
mmu-miR-199b mmu-miR-320 0.109091  0.090909 0.6 0.714286 0.543307
mmu-miR-210 mmu-miR-320 0.087607 0.121951 0.2 0.2 0.358268
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F1GURE 9: The crosstalk DEmiRNA interaction network involved in the link between the EC-induced NSPC alteration process and the NSPC-

induced EC alteration process.

circular RNAs (circRNAs), and Piwi-interacting RNA
(piRNA), the future research with the same study design
could further examine the other noncoding RNA expression
profile alterations that occurred during the reciprocal
changes in the interactions between ECs and NPSCs. If more
datasets with the design of examining the other noncoding
RNA expression profiles were included in this analysis, then

constructing a circRNA/IncRNA-miRNA-mRNA competi-
tive endogenous RNA (ceRNA) interaction network will be
more meaningful for investigating the genetic and epigenetic
crosstalks involved in the reciprocal interactions between
ECs and NPSCs.

Although limitations exist in this research, the present
study also provides implications for future research. First,
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the genetic and epigenetic linkage mechanisms as well as
drugs that are involved in the interactions between ECs
and NSPCs could translate to novel gene/drug delivery
strategies for constructing 3D neurovascular tissue. With
the rapid advancements in genome-editing techniques, it
may be possible to perform the gene modifications on
stem cells (i.e., endothelial stem-like cells and NSPCs) spe-
cific to the crosstalk genes and miRNAs identified in this
study. The small molecular drugs and chemical com-
pounds are relevant to nanoparticle research for controlled
drug delivery to exert sustained effects on the neurogenic
and angiogenic processes of ECs and NSPCs. Another
noteworthy issue that should be investigated is the dose
and concentration of drugs and chemical compounds,
especially considering their toxicity and degradation rate.
In addition, several of the identified entities are candidates
for future research for the purpose of experimental valida-
tion, as these have not been investigated in the context of
interactions between ECs and NSPCs.

In addition, the present research has potential clinical
transfer values for ischemic stroke therapy. Since the cur-
rent clinical treatments (e.g., intravenous administration
of tissue-type plasminogen activator, early motor training,
and physical therapy) could not result in complete func-
tional recovery in ischemic stroke patients [54], construc-
tion of a multicellular EC-NPSC-based 3D neurovascular
unit model might be an alternative tissue engineering
approach for regeneration of stroke-affected neuronal tis-
sue. However, there are still no clinical trials using the bio-
material scaffolds carried with ECs and NPSCs in stroke
therapy. Although tissue engineering is currently fraught
with many challenges [55, 56], the identification of genetic
and epigenetic mechanisms and drugs in facilitating the
interactions between ECs and NSPCs might be potentially
used for the genetic/epigenetic modification of ECs/NSPCs
and drug delivery of biomaterial scaffolds and thereby
enhance the effects of angiogenesis and neurogenesis. By
performing these modifications, the success rate of con-
structing a 3D neurovascular unit model might be signifi-
cantly increased. Therefore, the findings of the present
research may be regarded as a preliminary step providing
a theoretical basis to further research toward a promising
stem cell-based stroke therapy.

5. Conclusions

This bioinformatics study identified 3 miRNAs (miR-210,
miR-230a, and miR-23b) as crosstalk entities involved in
the interaction between ECs and NSPCs. These 3 miRNAs
may be relevant to the arena of stem cell modification to fur-
ther promote angiogenesis and neurogenesis within the field
of stem cell tissue engineering.
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able from the corresponding author upon request.
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The small musculoaponeurotic fibrosarcoma (sMaf) proteins MafF, MafG, and MafK are basic region leucine zipper- (bZIP-) type
transcription factors and display tissue- or stimulus-specific expression patterns. As the oxidative stress reactive proteins, sMafs are
implicated in various neurological disorders. In the present study, the expressions of sMafs were investigated across five databases
gathering transcriptomic data from 74 Alzheimer’s disease (AD) patients and 66 controls in the Gene Expression Omnibus (GEO)
database. The expression of MafF was increased in the hippocampus of AD patients, which was negatively correlated with the
expression of the glutamate cysteine ligase catalytic subunit (GCLC). Furthermore, MafF was significantly increased in patients
with Braak stage V-VI, compared to those with Braak stage III-IV. f-Amyloid (Af), a strong inducer of oxidative stress, plays a
crucial role in the pathogenesis of AD. The responsive expressions of sMafs to Af-induced oxidative stress were studied in the
APP/PS1 mouse model of AD, Af intrahippocampal injection rats, and several human cell lines from different tissue origins.
This study revealed that only the induction of MafF was accompanied with reduction of GCLC and glutathione (GSH). MafF
knockdown suppressed the increase of GSH induced by AS. Among sMafs, MafF is the most responsive to Ap-induced
oxidative stress and might potentiate the inhibition of antioxidation. These results provide a better understanding of sMaf

modulation in AD and highlight MafF as a potential therapeutic target in AD.

1. Introduction

The musculoaponeurotic fibrosarcoma (Maf) proteins
belong to the family of the basic region leucine zipper-
(bZIP-) type transcription factors, also including activator
protein- (AP-) 1 factors, CREB/ATF, CNC, C/EBP, and
PAR [1, 2]. There are two groups in the Maf family. The large
Maf proteins, including v-Maf, c-Maf, MafB, and Nrl, con-
tain a distinctive acidic domain suggestive of transcriptional
activation properties. The small Maf (sMaf) proteins, includ-
ing MafF, MafG, and MafK, present high degrees of homol-
ogy. They are predominantly localized in the nucleus and
have emerged as important transcription regulators,
although they lack activation domains [3, 4]. Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) belongs to the bZIP fam-
ily and is a master regulator of antioxidant and xenobiotic
metabolizing enzymes [5-7]. Because Nrf2 cannot bind to
the DNA, sMafs are indispensable partners that are required
by Nrf2 to exert its functions. In response to oxidative and

electrophilic stresses, Nrf2 translocates to the nucleus and
heterodimerizes with sMafs to activate specific target genes
such as glutamate cysteine ligase catalytic subunit (GCLC).
This activation promotes the production of antioxidants such
as glutathione (GSH). sMafs can also form homodimers that
act as transcriptional repressors [8, 9]. One study suggested
that all three sMaf genes play important roles in oxidative
stress. Yet, even though the three genes can be coexpressed
in the same cell line, their expressions seem to be regulated
by distinct mechanisms [10].

Many studies reported the relevance of sMafs in a broad
range of human pathologies, such as neurological disorders
[11], chronic myeloid leukemia [12], diabetes [13], lung can-
cers [14], and hepatocellular carcinoma [15]. Although the
causes of neurodegenerative diseases remain unclear, grow-
ing evidences point toward oxidative injury as an important
pathogenic mechanism. Alzheimer’s disease (AD) manifests
by cognitive dysfunction and memory impairment. The
pathological characteristics of AD are the formations of
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extracellular B-amyloid (Ap) plaques and intraneuronal
deposits of neurofibrillary tangles (NFTs). Af is produced
by cleavage of the transmembrane glycoprotein amyloid pre-
cursor protein (APP) through the sequential actions of f3-
secretases and presenilin-dependent y-secretases [16]. Af3 is
a strong oxidative stress inducer that promotes the formation
of free radicals and causes damages to nerve cells [17]. Exten-
sive data demonstrate that Af3 overproduction in the brains
of AD patients and APP/PS1 mice is positively correlated
with the level of oxidative stress [18] and that the Nrf2-
sMaf signal pathway is severely inhibited in late AD patients
[19-21]. Despite the potential link between oxidative stress,
sMafs, and AD, the functions of sMafs in the brain, especially
in AD conditions, are rarely documented.

In the present study, we compared the transcriptomes of
74 AD patients and 66 controls taken from five databases.
Since A3 is a main cause for the various pathological changes
observed in AD, we investigated the expression levels of
MafF, MafG, and MafK in APP/PSI transgenic mice, Af
intrahippocampal injection rat model, and Ap-treated sev-
eral human cell lines from different tissue.

2. Materials and Methods

2.1. Data Collection. Transcriptomic data from 74 AD
patients and 66 controls were collected from the databases
GSE29378  (https://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE29378), GSE36980 (https://www.ncbinlm.nih
.gov/geo/query/acc.cgi?acc=GSE36980), GSE28146 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28146),
GSE48350 (https://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE48350), and GSE5281 (https://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?acc=GSE5281).  The  cross-
platform normalized data were downloaded from the Alz-
Data database [22-27]. The basal clinical information related
to the samples was provided in Supplement Table S1.

2.2. Animals. Nine-month-old male APPswe/PSIdE9
(APP/PS1) mice (Ethical approval AEEI-2019-081, Beijing
HFK Bioscience Co., Ltd. Beijing, China) and 12-week-old
adult male Sprague-Dawley (SD) rats (Ethical approval
AEET-2017-103, Beijing Vital River Experimental Animal
Technology Co., Ltd, Beijing, China) were used in this study.
All animals were housed in the Experimental Animal Center
of the Capital Medical University (Beijing, China) under
standard laboratory conditions (22°C-24"C, 40%-60% rela-
tive humidity) with regular 12 h light/dark cycles. All experi-
mental procedures were performed in compliance with the
Guidance for the Care and Use of Laboratory Animals for-
mulated by the Ministry of Science and Technology of China.

2.3. Cell Culture and Treatment. SH-SY5Y neuroblastoma,
HepG2 liver hepatocellular carcinoma, and A549 alveolar
basal epithelial human cell lines were cultured in Dulbecco
minimum essential medium (DMEM) (Gibco, USA) con-
taining 10% fetal bovine serum (Gibco) at 37°C in incubator
supplied with 5% CO,. Both Af,_,, peptides (China Peptides
Co., Ltd.) and scrambled Af peptides with the same amino
acid composition as Af3, ,, but in randomized sequences
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were aggregated before use by incubation in dimethyl sulfox-
ide (DMSO) at 37°C for 72 h [28]. The oligomerization of A3
was verified by electronic microscopy. Af3, 4, or scrambled
Ap peptides were added to the medium and incubated for
48 h. Hydrogen peroxide (H,O,, Beijing Shiji, Beijing, China)
or phosphate buffer saline (PBS) was added to the medium
and incubated for 24 h.

2.4. Stereotaxic Injection of AP. Rats anesthetized with 2%-
3% isoflurane with an animal anesthesia ventilator system
(RWD Life Science Co. Ltd., Shenzhen, China) were placed
onto a stereotaxic frame (RWD Life Science Co. Ltd., Shenz-
hen, China). A microsyringe was implanted stereotactically
to the hippocampus (4.3 mm posterior to the bregma;
3.5 mm lateral from midline; and 3.3 mm ventral to bregma).
A volume of 3 pl containing 20 ug of Af3, 4, or scrambled A
was delivered with a stepper-motorized 10 yl microsyringe at
a rate of 1 yl/min [28].

2.5. Quantitative Real-Time PCR (q-PCR). Total RNAs were
extracted from tissues and cells using RNAsimple Total
RNA kit (Tiangen, Beijing, China). Reverse transcriptions
were performed using FastQuant kit with gDNase (Tiangen).
The q-PCR reactions were performed as previously described
[28]. Each g-PCR assay was run in triplicate in a CFX96
Touch system (Bio-Rad, Hercules, CA, USA). Data were ana-
lyzed using the 244" method with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or beta-actin (f3-actin)
as controls. The primer sequences are listed in Table 1.

2.6. Western Blot. Cells or hippocampal tissues were har-
vested and homogenized in RIPA buffer containing a cocktail
of protease inhibitors (MedChemExpress, NJ, USA). Whole-
cell lysates were prepared for western blot analysis as
described before [29]. The primary antibodies were as fol-
lows: rabbit anti-GCLC antibody (1:10000, Abcam, UK),
rabbit anti-MafF antibody (1:1000, Proteintech Group,
Rosemont, IL, USA), rabbit anti-MafG antibody (1:2000,
Novus Biologicals, CO, USA), rabbit anti-MafK antibody
(1:5000, Abcam), and mouse GAPDH monoclonal antibody
(1:5000, Proteintech Group). Signals were quantified with
Alpha FluorChem FC3 system (Protein Simple, San Fran-
cisco, CA, USA) and analyzed with Image] 16.0 (NIH,
Bethesda, MD, USA).

2.7. Determination of GSH. Quantitative analysis of GSH
levels was performed with Reduced GSH Assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) accord-
ing to the manufacturer’s instructions. The absorbance was
measured using a microplate reader (Thermo Scientific, Wal-
tham, MA, USA) at a wavelength of 405 nm.

2.8. Cell Transfection. MafF siRNA was purchased from Han-
bio (Shanghai, China). SH-SY5Y cells were seeded in 6-well
plates. Two milliliters of transfection solution containing
RNAFit and 10 nM of MafF siRNA or scrambled siRNA used
as a negative control (NC) were added to the cultures. Cells
were collected 48 h after transfection.
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TaBLE 1: Primer sequences used in q-PCR.

Species Gene Forward primer Reverse primer
MafF 5'-TGGGCgATGGATCTAGCCAC-3' 5'-CAACTCGCGCTTGACCTTCA-3'
. MafG 5'-GAGTGCCTGCTCACTGTGT-3' 5'-AGGTGCTGGTTCAACTCTCG-3'
Mice MafK 5'-GAGTCGGAACGAGAAGTCCG-3' 5'-CAGGACGGAACCACCAGAAA-3'
GAPDH 5'-GGTTGTCTCCTGCGACTTCA-3' 5'-GGTGGTCCAGGGTTTCTTACTC-3'
MafF 5'-GCCTCAGCTCCCTCCCCAAAGTG-3' 5'-ACCCCCAGGCCCAACCAGAGG-3'
MafG 5'-AGTAAAGTCCAAGACGGATGC-3' 5'-GAAGAGAAGGAAACAGAGGGAC-3'
Human MafK 5'-AGCTACGAGTTCCAGGGAG-3' 5'-ATGGACACCAGCTCATCATC-3'
B-Actin 5'-GCACTCTTCCAGCCTTCC-3' 5'-TGTCCACGTCACACTTCATG-3'
GAPDH 5' - TGGGTGTGAACCATGAGAAG-3' 5'-GAGTCCTTCCACGATACCAAAG-3'

2.9. Statistical Analysis. Statistical analysis was carried out
using the unpaired two-tailed Student ¢-test or variance anal-
ysis (ANOVA) followed by a Tukey’s post hoc test using
GraphPad Prism 6 software (GraphPad Software, San Diego,
CA, USA) [28]. Pearson correlations were considered statis-
tically significant from p < 0.05, with r representing the cor-
relation coefficient. All data are presented as
mean =+ standard error of the mean (SEM).

3. Results

3.1. Analysis of sMaf Expressions in the Hippocampus of AD
Patients. In order to study the expression changes of the three
sMaf genes between the brains of AD patients and controls,
the transcriptomic data from 74 AD patients and 66 controls
from five databases were analyzed. All patients were diag-
nosed with AD according to stringent clinical and patholog-
ical criteria. The control group also underwent strict
enrollment examinations, including cognitive and other
functional tests. There was no significant difference in the
mean age between the two groups. Detailed information is
shown in Supplement Table S1. Compared with the control
group, a significant increase in MafF expression was found
in the hippocampus of AD patients (Figure 1(a)), while
there were no significant changes in the expressions of
MafG and MafK (Figures 1(b) and 1(c)). Furthermore, the
sMaf expressions were analyzed in AD patients with
definite Braak stages. We found that MafF was significantly
increased in the hippocampus of patients with Braak stage
V-VI, compared to those with Braak stage III-IV
(Figure 1(d)). Moreover, the results of Pearson correlation
analysis showed that the expressions of sMafs were
negatively correlated with GCLC expression in AD patients
(Figures 1(h)-1(j)). These results gave us an important
reminder that MafF might participate in the pathological
process of AD.

3.2. Constitutive Expressions of sMafs in Different Tissues.
Since there were less reports on the basal expressions of
sMafs in tissues, especially in the brain, to document the
expression of the mRNAs encoding sMafs, qg-PCR was per-
formed to determine the mRNA expressions of MafF, MafG,

and MafK in different mouse brain areas, including the hip-
pocampus, cortex, cerebellum, and brainstem, as well as from
other tissues including liver, lung, and kidney. Constitutive
expressions of sMafs were the highest in the lungs and rela-
tively low in the brain (Figures 2(a)-2(c)). Basal expression
levels of the three genes varied significantly in different
regions of the brain. The expressions of both MafF and MafG
were the highest in the cerebellum, intermediate in the cortex
and the brainstem, and lowest in the hippocampus. MafF and
MafG expressions were, respectively, 4-7 and 7-15 times
lower in the hippocampus than in other regions of the brain
(Figures 2(a) and 2(b)). MafK expression was the highest in
the brainstem, intermediate in the cerebellum, and lowest
in the hippocampus and the cortex. The expression of MafK
in the hippocampus was similar to that found in the cortex
(Figure 2(c)). Overall, the expressions of the three sMafs were
lower in the brain, particularly in the hippocampus, than in
other tissues.

3.3. MafF Expression Was Increased in response to Af-
Induced Oxidative Injury. As Af-induced oxidative stress is
a main cause in the development of AD, we investigated the
potential changes of sMaf expressions under A3 insult. First,
9-month-old APP/PSI transgenic mice with numerous amy-
loid plaques deposited in the hippocampus were assessed to
observe the expressions of sMafs under long-term A insult.
As shown in Figure 3(a), the MafF level was increased by
22.96% compared with that in C57 control mice, but there
were no significant changes in MafG and MafK levels
between the two groups of mice (Figure 3(a)). Furthermore,
Ap intrahippocampal injection rat models and Ap-treated
SH-SY5Y cells were employed to obtain the similar findings
that MafF protein was upregulated by 37.63% and 19.07%,
respectively (Figures 3(b) and 3(c)), and there were no signif-
icant changes in the expressions of MafG and MafK
(Figures 3(b) and 3(c)).

3.4. MafF Might Be Involved in the Inhibition of
Antioxidation Caused by Af-Induced Oxidative Stress. sMaf
nuclear factors are important transcriptional regulators, and
in particular, Nrf2/sMafs is a main endogenous pathway
operating against oxidative stress [8]. This signal pathway is
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FIGURE 1: Analysis of sMaf expressions in the hippocampus of AD patients. The mRNA expressions of (a) MafF, (b) MafG, and (c) MafK in
the hippocampus of AD patient databases. The mRNA expressions of (d) MafF, (e) MafG, and (f) MafK in the hippocampus of AD patients
under Braak stages ITI-IV and V-VI. The correlations between (h) MafF, (i) MafG, and (j) MafK and GCLC in the hippocampus of AD patient
databases. All data were presented as mean + SEM. *p < 0.05 and **p < 0.01 versus the control group or the Braak stage III-IV group.

severely inhibited in AD patients [19]. In APP/PSI trans-
genic mice, the expression of the GCLC protein was reduced
by 14.89% (Figure 4(a)) and was accompanied with reduced
GSH level (Figure 4(b)). In Af intrahippocampal injection
rat models, GCLC expression was reduced by 18.21%
(Figure 4(c)), and GSH was decreased by 25.56%
(Figure 4(d)). Similarly, in SH-SY5Y cells treated with Af,
GCLC was reduced by 25.59% (Figure 4(e)) and GSH level
was dropped by 11.71% (Figure 4(f)).

To further investigate whether MafF was involved in
GSH generation under A treatment, the expression of MafF
was knocked down by MafF siRNA transfection in the
in vitro study. MafF silencing did not affect the expressions
of MafG and MafK (Figure 4(g)). GSH level was increased
under Af3 treatment for 6 h, but this increase was suppressed
when MafF was knocked down (Figure 4(h)). The expression
of MafF was closely related to the production of GSH under
Ap treatment. These results consistently suggested that MafF
might be involved in the oxidative stress caused by Ap.

3.5. MafF Was More Susceptible to AB-Induced Oxidative
Stress. Furthermore, to investigate the specific effects of Af3-
induced oxidative stress on the expressions of sMafs, three
different cell lines (including SH-SY5Y, HepG2, and A549)
were used in the in vitro studies. First, we tested the constitu-
tive expressions of MafF, MafG, and MafK mRNAs in the
three cell lines. MafF, MafG, and MafK expressions were
the highest in A549 cells (Figures 5(a)-5(c)). MafF expres-
sion was the lowest in SH-SY5Y cells while MafG was the
lowest in HepG2 cells (Figures 5(a) and 5(b)). To determine
the optimal concentration of Af3 in cell culture, we titrated
the toxic effects of AB (Supplement Figure S1). MafF was
increased by 143.99% after A treatment in HepG2 cells
(Figure 5(d)), whereas no significant changes were observed
in the expressions of MafG and MafK. None of the protein
expressions of the sMafs was significantly affected in A549
cells (Figure 5(e)). In SH-SY5Y cells, only MafF showed an
increase under Af treatment (Figure 3(c)). These results
suggested that MafF might be more susceptible to AS.
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FiGure 2: Constitutive expressions of sMafs in different tissues. The mRNA expressions of (a) MafF, (b) MafG, and (c) MafK in the brain
(hippocampus, cerebral cortex, cerebellum, and brainstem), liver, lung, and kidney. The relative expressions of sMafs were normalized to

GAPDH (n = 3). All data were presented as mean + SEM.

A strong oxidizing agent, H,0,, is usually used as a non-
specific oxidative stress inducer. We treated all three cell lines
with H,O, for 24 h. The applied concentrations of H,O, were
determined by CCK8 assay (Supplement Fig. S2). MafF was
upregulated by 69.34% in SH-SY5Y cells (Figure 5(f)), while
MafG and MafK remained unchanged. In HepG2 cells, MafF
and MafG levels increased by 1.81-fold and 39.8%, respec-
tively (Figure 5(g)). In A549 cells, similar to HepG2 cells,
MafF and MafG levels increased by 3.75-fold and 1.31-fold,
respectively, ~ while =~ MafK  remained  unchanged
(Figure 5(h)). These data indicated that the expressions of
sMafs are oxidative factor-specific.

4. Discussion

MafF, MafG, and MafK are conserved among vertebrates,
including humans, mice, and rats [3]. sMaf triple-knockout
mice are embryonic lethal, indicating that sMafs are indis-
pensable during development [30]. MafF, MafG, and MafK
are expressed broadly in various tissues. In this study, the

tissue-specific expression profiles of the three sMaf genes
were detected, which were in keeping with the reported
results in mice [31]. In mouse, each sMaf gene harbors mul-
tiple first exons, which partly contribute to their tissue-
specific or stimulus-specific expression patterns [3]. To our
knowledge, here we for the first time reported differential
expressions of sMafs in different brain regions of the mouse.
The expressions of the three sMaf genes were the lowest in
the hippocampus. sMafs participate in the development of
diseases by affecting the level of oxidative stress. Postmortem
analyses of the brain of patients with AD have documented
impaired antioxidant defenses with reduction of GSH [32].
However, some postmortem studies reported elevation or
no changes of GSH levels. These inconsistent results may
be due to the heterogeneity of the disease stages in patients
enrolled in AD [33, 34], which may also be the reason why
no changes of GCLC expression in the AD patients enrolled
in the studies reported in GSE databases. The growing recog-
nition of the role of low GSH levels in AD supports the use of
this characteristic as a biomarker [35]. Our present study
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FIGURE 3: MafF expression was increased in response to Af-induced oxidative injury. The protein expressions of MafF, MafG, and MafK in
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revealed that A treatment lowers the levels of GCLC and
GSH, suggesting that AfS-induced oxidative injuries played
a key role in the development of AD. The results of data anal-
ysis from the AD patient databases show that all sMafs are
negatively correlated with the expression of GCLC, which
matches the capabilities of sMafs that they all can form
homodimers to inhibit the expression of downstream GCLC
[36]. However, only MafF expression is increased either in
data analysis from AD patient databases or in the studies
from in vivo and in vitro. Although sMafs have highly similar
structures, they have distinctive functions. Torocsik et al.
reported that MafK plays a crucial role in neurite outgrowth
and maintenance, while MafG does not have this effect. MafF
plays a crucial role in neuronal differentiation via abating epi-

dermal growth factor- (EGF-) induced MAPK signaling [37].
In Parkinson’s disease, MafF is differentially regulated in
olfactory neurosphere-derived cells [38]. Our results suggest
that only MafF is involved in Ap-induced inhibition of oxi-
dative stress. Massrieh et al. reported that MafF can be
induced by interleukin-1 beta (IL-1f) and tumor necrosis
factor (TNF) in myometrial cells, while MafG and MafK
genes are not modulated by these cytokines [39]. Our earlier
experiments confirmed that the levels of TNF-a and IL-1 in
the hippocampus were significantly increased in Af3 intrahip-
pocampal injection rat models, as well as in cultured cells
treated with A8. We propose that the increases of TNF-«
and IL-1f could lead to high expression of MafF under A
treatment, but the regulatory mechanisms of sMaf
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expressions need further investigation. Some peripheral bio-
markers of inflammation and oxidative stress such as
monomeric c-reactive protein, matrix metalloproteinases,
and neutrophil-to-lymphocyte ratio have been already
shown to be significantly associated with the course of dis-
orders affecting the brain [40-43]. In the future, the
expression of MafF and its relationship with peripheral
biomarkers can be detected in animal models and patients
at different stages of AD, and this would allow identifica-
tion of a potential easy way to stage and monitor AD pro-
gression in clinical practice.

sMafs can act as transcriptional activators when they
form heterodimers with Nrf2, but act as repressors when
they form homodimers among themselves [36, 44, 45].
In previous studies, we found that the changes of GSH
levels were varied under different time points of Af treat-
ment. The level of GSH was increased at the short-term
treatment of AS (6h) and decreased at the long-term
treatment (48h). We speculate that the short-term treat-
ment of A increases heterodimer formation between
MafF and Nrf2 and promotes the transcription of target
genes, whereas the long-term treatment enhances MafF

expression and promotes the formation of homodimeric
repressors. GSH level increased under short-term treat-
ment of AS. MafF knockdown suppressed this increase
of GSH induced by Af, suggesting that MafF contributed
to this antioxidative pathway. Moreover, MafF knockdown
had no effect on the expression of MafG and MafK, which
suggested that there was no complementarity between the
three sMaf proteins. In addition, it has been reported that
the formation of sMaf heterodimers depends on the levels
of SUMOylation; it can promote the formation of sMaf
heterodimers [46, 47]. Furthermore, the synthesis of GSH
also depends on the supply of its substrate, such as
cysteine.

According to the NCBI Reference Sequence (Ref Seq)
and UCSC EST databases, human sMaf genes also have
multiple alternative first exons. MafF, MafG, and MafK
are expressed broadly in various tissues, but each sMaf
gene has a distinctive expression profile [3]. We found
that the expression patterns of the sMaf genes across dif-
ferent human cell lines were different. Circulating A is
mainly cleared by degradation in hepatocytes. Liver tissues
from AD patients contain less Af than those from healthy
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F1GURE 5: The expressions of sMafs in basal or under A3/H,0, treatment in different cell lines. The constitutive expressions of (a) MafF, (b)
MafG, and (c) MafK in SH-SY5Y cells, HepG2 cells, and A549 cells. The protein levels of MafF, MafG, and MafK in (f) SH-SY5Y cells, (d, g)
HepG2 cells, and (e, h) A549 cells treated with Af3 for 48 h or H,O, for 24 h (n = 3 - 5). The relative expressions of sMafs were normalized to
B-actin/GAPDH. All data were presented as mean + SEM; *p < 0.05 and **p < 0.01 versus the control group.

individuals, which implies that the Af-clearance function
of the liver is compromised in AD patients [48]. We
observed a significant increase in MafF in HepG2 cells
stimulated by Af. This may cause inhibition of the antiox-
idant capacity of liver cells. Pavliukeviciene et al. reported
that A oligomers inhibit the growth of A549 cells [49].
We also found that high concentrations of Af can signif-
icantly reduce the activity of A549 cells, but we did not
observe expression changes of sMafs in A549 cell lines
caused by AfB. H,O, is widely used as an oxidizing agent
for its strong oxidation ability. A can trigger the produc-
tion of reactive oxygen species (ROS) as well as the accu-
mulation of H,0,. Godoy et al. reported that quercetin
completely prevents neuronal loss, ROS increase, and

mitochondrial impairment in neurons exposed to H,O,.
However, Ap-induced neurotoxic effects are only partially
prevented by coincubation with quercetin, which suggests
that amyloid species induce neuronal damage via addi-
tional pathways [50]. Given the variability of the changes
in sMaf expressions induced by A and H,O, across dif-
ferent cell lines, it is likely that the modulation of sMaf
responses by these treatments is multifactorial. As general
mechanisms, we propose that only MafF intervenes in Af-
induced oxidative stress responses, while MafF and MafG
are involved in oxidative stress responses caused by
H,0,. These new hypotheses have medical implications
and call for further research on the functions and regula-
tions of sMafs. In clinical aspect, the occurrence of AD
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can be found by detecting the expression of MafF, and the
ability of antioxidative stress can be enhanced by targeting
the expression of MafF protein, thus inhibiting the further
progress of AD.

5. Conclusion

In summary, sMafs have distinctive expression profiles in dif-
ferent tissues. MafF is involved in Af-induced oxidative
stress and antioxidative pathways. The role of MafF in AD
deserves further research as MafF might represent a target
for AD therapy.
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Objective. We aimed to investigate the serum homocysteine (Hcy) level in patients with brain arteriovenous malformation (bAVM)
and their impact on neurological outcome during hospitalization. Method. We retrospectively reviewed patients diagnosed with
bAVMs in Beijing Tiantan Hospital from January 2019 to August 2020. Patients were divided into two groups according to the
mRS (modified Rankin Scale) score at discharge. Clinical and laboratory characteristics were compared. Logistic regression
analyses were performed to identify the potential risk factors for short-term neurological outcome. Results. A total of 175 bAVM
patients were enrolled in the study, including 139 patients with favorable outcome (mRS < 2) and 36 patients with unfavorable
outcome (mRS > 2). Hyperhomocysteinemia was identified in 32.6% of cases (n=57). Serum Hcy level was related to seizure
manifestation (P =0.034) and short-term neurological outcome (P =0.027). Logistic regression analysis showed that serum
glucose (OR 1.897, 95% CI 1.115-3.229; P =0.018) and Hcy level (OR 0.838, 95% CI 0.720-0.976; P = 0.023) were significantly
associated with short-term disability. Conclusion. Our results indicated that the lower serum Hcy level is strongly associated
with in-hospital unfavorable outcome. Further prospective studies of Hcy natural history and managements in bAVMs are
required, which would be valuable for evaluating the disease-modifying efficacy of oral nutritional supplements in bAVM patients.

1. Introduction

Brain arteriovenous malformations (bAVMs) are well known
as congenitally abnormal conglomerations of dilated feeding
arteries and draining veins without intervening capillary beds
[1, 2]. Although bAVM occurs in approximately 15/100,000
persons, it is still the leading cause of hemorrhagic stroke in
young people and often results in a high incidence of neuro-
logical morbidity and mortality [2]. Prediction of outcomes is
mostly based on demographic, clinical, and radiographic
markers, while the information on routine laboratory exam-
inations is inadvertently ignored.

Hyperhomocysteinemia (HHcy) is an elevation of serum
homocysteine (Hcy) concentration due to the methionine

metabolic disorder [3]. Characterized by the atherogenic and
thrombogenic effects, Hcy is recognized as the independent
risk factor for the major adverse cardiovascular and cerebro-
vascular events (MACCEs) and mortality [4, 5]. Apparently,
previous studies have focused on hemorrhagic stroke and
unfavorable outcomes [5, 6]. Moreover, some studies sug-
gested that Hcy disorders and hemorrhagic bAVMs shared
similar underlying mechanisms in terms of hemodynamics
[7-9] and molecular abnormalities [10-14]. However, the
above-mentioned studies were based on other hemorrhagic
subtypes and animal experiments; the clinical significance
of Hcy in patients with bAVM has not been discussed yet.
The present study was investigated to take an exploratory
look into the association between serum Hcy levels in
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patients with bAVM and their impact on neurological
outcome during hospitalization.

2. Materials and Methods

2.1. Study Design and Participants. We retrospectively
reviewed patients diagnosed with bAVMs at the Department
of Neurosurgery, Beijing Tiantan Hospital, from January
2019 to August 2020. The study was approved by the Institu-
tional Review Board of our institution, and informed consent
was waived considering the retrospective design of the study.

Among 402 patients with cerebral vascular malforma-
tions admitted to our hospital between January 2019 and
August 2020, 332 patients were diagnosed with bAVMs using
digital subtraction angiography (DSA) or magnetic resonance
imaging (MRI). Patients with inadequate laboratory or DSA
data were excluded. Finally, a total of 175 patients were
included in the study (Figure 1). The enrolled patients were
divided into two groups according to the neurological out-
come at discharge (Group 1, modified Rankin Scale [mRS]
<2; Group 2, mRS > 2).

2.2. Data Collection and Outcome Evaluation. Demographic
data, medical and personal history, prior treatments, primary
symptoms, bAVM radiographic characteristics, clinical
features, laboratory results, and treatment modality were
obtained. Medical and personal history including hyperten-
sion, diabetes mellitus, hyperlipidemia, cigarette smoking,
and alcohol drinking were recorded. The treatment history
included embolization, radiosurgery, and microsurgery. Pri-
mary symptoms were summarized as hemorrhage, seizure,
and neurological dysfunction. Radiographic characteristics
included volume of lesion, deep and eloquent location,
venous drainage patterns, and associated aneurysms. The
AVM volume was calculated by (axbxc)/2. Spetzler-
Martin (SM) grading scale was evaluated to stratify the
bAVMs. The treatment modalities were dichotomized based
on the involvement of microsurgery. The clinical status was
determined by the mRS score at admission and discharge.
Neurological disability (mRS > 2) was defined as the clinical
outcome. The neurological assessment at discharge was
considered a short-term outcome.

Heart rate and blood pressure were also obtained. Body

mass index (BMI) was calculated as weight (kg)/[height (m)]”.
Fast venous blood samples were collected in the morning after
admission for all bAVM patients. Levels of blood glucose,
albumin (ALB), creatinine, uric acid (UA), total cholesterol
(TC), triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), apo-
lipoprotein A (ApoA), apolipoprotein B (ApoB), and Hcy
were measured using enzymatic methods. Serum Hcy > 15.0
pumol/L was defined as HHcy [15].

2.3. Statistical Analysis. Categorical variables were expressed
as frequencies, and continuous variables were presented with
a mean (standard deviation (SD)) or median (interquartile
range (IQR)). A chi-square test or Fisher’s exact test was per-
formed to compare categorical variables between groups.
Continuous variables were compared by two-tailed Student’s
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Patients with cerebral
vascular malformations

(n=402)
»  Cavernous malformations (n = 34)
A
Patients with bAVMs
(n=368)

Excluded (n =193)
+ Inadequate laboratory data (n = 136)
+ Without DSA (n =57)

v
Patients enrolled in the study
(n=175)

FiGure 1: Flow diagram of the study participants. bAVMs: brain
arteriovenous malformations; DSA: digital subtraction angiography.

t-test or Mann-Whitney U test. The association between
variables and Hcy quartiles was analyzed using the
Cochran-Armitage test for bivariate variables and Spear-
man’s rank correlation test for continuous variables. Logistic
regression analyses were conducted to identify the potential
risk factors for short-term neurological outcome. Variables
achieving P <0.10 in univariate analysis were included in
the multivariate analysis. P value < 0.05 was considered sta-
tistical significance. Statistical analyses were performed using
SPSS 26.0 (IBM, New York, USA).

3. Results

Four hundred and two cerebral vascular malformation
patients were identified. After excluding 34 cavernous
malformations and 193 patients with incomplete data, a total
of 175 bAVM patients were enrolled in our study (Figure 1).

3.1. Baseline Characteristics of bAVM Patients. The baseline
characteristics of bAVM patients are shown in Table 1. The
mean age at diagnosis was 29.6 years, with a male-to-female
ratio of 1.3:1. Thirty-one cases (17.7%) were at cigarette
smoking status, and 17 cases (9.7%) were current alcohol
abused. Sixty cases (34.3%) had received prior treatments,
including embolization in 43 (24.6%), radiosurgery in 12
(6.9%), and microsurgery in 5 (2.9%). Hemorrhage (56.6%)
occurred as the most common primary symptom, followed
by seizure (20.0%) and neurological dysfunction (17.7%).
Poor neurological status (mRS >2) was observed in 15.4%
of cases (n=27) on admission. Twenty-eight cases (16.0%)
harbored SM grade IV-V lesions. The average volume of
lesions was 8.6 cm”’. Deep locations were found in 51 cases
(29.1%), and eloquent areas were involved in 52.0% of cases
(n=91). 34.3% of cases (n=60) had deep venous drainage,
and 12.6% of cases (n = 22) had associated aneurysms. HHcy
was identified in 32.6% of cases (n =57). According to the
treatment modalities, microsurgery was involved in 78 cases
(44.6%). Compared with Group 1, patients in Group 2 more
likely presented with hemorrhage (P =0.001), and exhibited
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TaBLE 1: Baseline characteristics of bAVM patients between groups.
Variables Total (n=175) Group 17 (n=139) Group 2" (n = 36) P value
Age (y), mean (SD) 29.6 (14.7) 29.9 (14.6) 28.6 (15.1) 0.635
Sex, male (%) 100 (57.1) 78 (56.1) 22 (61.1) 0.589
Medical and personal history (%)
Hypertension 14 (8.0) 9 (6.5) 5(13.9) 0.264
Diabetes mellitus 5(2.9) 3(2.2) 2 (5.6) 0.597
Hyperlipidemia 1(0.6) 1(0.7) 0 (0) >0.999
Cigarette smoking 31(17.7) 25 (18.0) 6 (16.7) 0.853
Alcohol drinking 17 (9.7) 13 (9.4) 4 (11.1) 0.999
Prior treatments (%)
Embolization 43 (24.6) 32 (23.0) 11 (30.6) 0.349
Radiosurgery 12 (6.9) 5.8) 4 (11.1) 0.445
Microsurgery 5(2.9) 3.6) 0 (0) 0.585
Primary symptom (%)
Hemorrhage 99 (56.6) 70 (50.4) 29 (80.6) 0.001"
Seizure 35 (20.0) 30 (21.6) 5(13.9) 0.304
Neurological dysfunction 31(17.7) 24 (17.3) 7 (19.4) 0.760
Admission mRS > 2 (%) 27 (15.4) 6 (4.3) 21 (58.3) <0.001*
Radiographic characteristics
Spetzler-Martin grade (%)
[-11 91 (52.0) 79 (56.8) 12 (33.3) 0.012*
11 56 (32.0) 41 (29.5) 15 (41.7) 0.163
V-V 28 (16.0) 19 (13.7) 9 (25.0) 0.098
Volume (cm?), median (IQR) 8.6 (4.1-25.6) 8.5 (4.1-25.6) 8.7 (4.3-26.5) 0.388
Deep location (%) 51 (29.1) 35 (25.2) 16 (44.4) 0.023*
Eloquent location (%) 91 (52.0) 68 (48.9) 23 (63.9) 0.109
Deep venous drainage (%) 60 (34.3) 42 (30.2) 18 (50.0) 0.026*
Associated aneurysms (%) 22 (12.6) 14 (10.1) 8(22.2) 0.093
Clinical features, mean (SD)
Heart rate, bpm 80 (10) 80.3 (9.8) 77.0 (9.3) 0.312
SBP (mm Hg) 120 (19) 119.5 (17.1) 121.4 (25.7) 0.666
DBP (mm Hg) 77 (11) 76.8 (10.4) 80.1 (12.8) 0.162
BMI (kg/m?) 22.5 (4.5) 22.6 (4.5) 22.2 (4.5) 0.654
Laboratory results, median (IQR)
Glucose (mmol/L) 4.7 (4.4-5.1) 4.7 (4.4-5.1) 4.9 (4.3-5.2) 0.034*
Albumin (g/L) 43.9 (41.4-46.1) 44.3 (41.4-46.1) 42.5 (41.1-46.2) 0.019*
Creatinine (ymol/L) 58.5 (46.5-68.3) 58.6 (46.5-68.3) 55.7 (46.8-68.2) 0.591
UA (pumol/L) 309.7 (254.9-363.6) 314.0 (254.9-362.2) 302.2 (247.9-362.9) 0.269
TC (mmol/L) 42 (3.6-4.8) 43 (3.6-4.8) 4.1 (3.6-4.9) 0.072
TG (mmol/L) 1.0 (0.7-1.5) 1.0 (0.7-1.5) 1.0 (0.7-1.5) 0.622
HDL-C (mmol/L) 1.2 (1.0-1.5) 1.2 (1.0-1.5) 1.2 (1.0-1.5) 0.480
LDL-C (mmol/L) 2.6 (2.0-3.1) 2.6 (2.0-3.1) 2.4 (1.9-3.1) 0.191
ApoA (g/L) 1.3 (1.1-1.4) 1.3 (1.1-1.4) 1.2 (1.1-1.4) 0.690
ApoB (g/L) 0.8 (0.7-1.0) 0.8 (0.7-1.0) 0.8 (0.7-1.0) 0.203
Hcy (pmol/L) 12.5 (9.9-16.6) 13.0 (9.9-16.6) 10.2 (9.8-15.9) 0.023*
HHcy (%) 57 (32.6) 49 (35.3) 8 (22.2) 0.137
Treatment modality 0.137
Microsurgery involvement 78 (44.6) 58 (41.7) 20 (55.6)
Nonmicrosurgery involvement 97 (55.4) 81 (58.3) 16 (44.4)

bAVM: brain arteriovenous malformation; SD: standard deviation; mRS: modified Rankin Scale; IQR: interquartile range; SBP: systolic blood pressure; DBP:
diastolic blood pressure; BMI: body mass index; UA: uric acid; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-
density lipoprotein cholesterol; ApoA: apolipoprotein A; ApoB: apolipoprotein B; Hcy: homocysteine; HHcy: hyperhomocysteinemia. “Group 1, modified
Rankin Scale [mRS] < 2. Group 2, mRS > 2. *P < 0.05, significant difference.



poor neurological status (mRS > 2) (P <0.001). In terms of
the radiographic characteristics, the proportion of low SM
grade (I-II) was found a significant difference between groups
(P =0.012). Patients with unfavorable outcomes were more
located in deep areas (P =0.023) and drained by deep veins
(P =0.026). In addition, higher level of glucose (P =0.034),
lower level of albumin (P = 0.019), and Hey (P = 0.023) were
found in Group 2.

3.2. Characteristics of bAVM Patients according to Hcy
Quartiles. Clinical variables according to Hcy quartiles are
summarized in Table 2. A linear association was observed
between Hcy level and male sex (P < 0.001). Serum Hcy level
was also related to age (P=0.011), cigarette smoking
(P=0.001), and seizure manifestation (P = 0.034). Further-
more, Hcy was correlated with short-term neurological out-
come (P =0.027). Although the hemorrhagic risk was not a
significant difference between Hcy quartiles (P =0.052), a
relatively lower incidence of rupture occurred in the groups
of higher Hcy level (Q1: 61.4%; Q2, 59.1%; Q3, 58.1%; and
Q4, 47.7%). Other variables were similar across groups
(P> 0.05 for all).

3.3. Analysis of Neurological Outcomes. Neurological out-
comes of bAVM patients were analyzed. Thirty-six patients
(20.6%) were disabled (mRS > 2) at discharge, with no signif-
icant difference compared with admission (P=0.211)
(Figure 2). No in-hospital mortality occurred during hospi-
talization. According to the variation of mRS scores, most
patients experienced an improved or unchanged neurological
status in the short-term (81.7%, n = 143).

Risk factors for the neurological outcome of bAVM
patients were identified (Table 3). Univariate analysis showed
that hemorrhagic presentation, admission mRS score, AVM
volume, deep location, deep venous drainage, associated
aneurysms, glucose, albumin, TC, and Hcy were related to
the neurological outcome. After additionally adjusting for
age and male sex, hemorrhagic presentation (OR [odds
ratios] 5.360, 95% CI [confidence intervals] 1.208-23.790;
P=0.027), admission mRS score (OR 2225, 95% CI
1.402-3.530; P=0.001), AVM volume (OR 1.024, 95% CI
1.004-1.046; P=0.021), deep venous drainage (OR 8.813,
95% CI 1.965-39.534; P = 0.004), associated aneurysms (OR
5.711, 95% CI 1.389-23.488; P =0.016), glucose (OR 1.897,
95% CI 1.115-3.229; P =0.018), and Hcy (OR 0.838, 95% CI
0.720-0.976; P = 0.023) were shown to be significantly associ-
ated with short-term disability in the multivariate analysis.

4. Discussion

Our retrospective study demonstrated the potential for
serum levels of Hcy to serve as an objective biomarker for
prognosticating short-term neurological outcomes in
patients with bAVMs. The lower serum Hcy level predicted
a higher risk of an unfavorable outcome. Furthermore, we
identified a positive correlation between HHcy and symp-
tomatic seizures on admission.

Admittedly, previously verified factors, including hemor-
rhagic presentation, admission mRS score, AVM volume,
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deep venous drainage, and associated aneurysms, have been
broadly studied [1, 16]. Sometimes, the evaluation between
such indicators and prognosis will be subjective. When the clas-
sic Spetzler-Martin (SM) grading system [17], supplementary
scale [18], and even with evolving fMRI-based HDVL grading
scale combined with lesion-to eloquence distance (LED) are
added [19], the evaluation becomes accurate but tedious at
the same time. And there are some objectively advanced
biomarkers, such as S100B, matrix metalloproteinase-9
(MMP-9), interleukin-1 beta (IL-1p), vascular endothelial
growth factor (VEGF), and N6-methyladenosine methyl-
transferase 3 (METTL3) [12, 20-22], which were proposed
to be the predictors for the in-hospital complications and neu-
rological outcomes. However, these indicators were unable to
directly provide guidance for clinical practice. The underlying
diagnostic and predictable values of laboratory biomarkers
routinely examined after admission are required to be further
excavated. To our best knowledge, we first associated the
serum Hcy level with the short-term neurological outcome.
After being adjusted for other known factors, the predicted
value would still be significant (OR 0.838, 95% CI 0.720-
0.976; P =0.023).

For decades, the abnormal Hcy level was acknowledged
as the independent risk factors for the onset of ischemic
stroke in several large scale multicenter trials [3, 5, 23, 24].
Afterward, the relationship between hemorrhagic stroke
and HHcy has been subsequently studied but reached
contrary conclusions. Li et.al found that elevated Hcy was
correlated with hemorrhagic stroke byl.94-fold compared
to the controls [5]. Larger hematoma volume in patients with
thalamoganglionic intracerebral hemorrhage (ICH) associ-
ated with the elevated Hcy level was identified by Hu et al.
[25]. Furthermore, Zhang and his colleagues developed a
model consisted of Hcy level to identify high-risk groups
for predicting recurrent ICH, which can facilitate the pre-
emptive clinical intervention [26]. Zhou et al. conducted a
meta-analysis including 667 ICH patients and demonstrated
that the Hcy level is positively associated with a high risk of
ICH [6]. Nevertheless, two cohorts in China found that
HHcy correlated with a lower risk of hemorrhagic stroke
[27]. For other hemorrhagic subtypes, such as subarachnoid
hemorrhage (SAH), researchers gained different findings. In
2001, McEvoy et al. revealed no association between the
Hcy level and the etiology of SAH [28]. In favor of the upper
conclusion, Grobelny et al. found no correlations between
Hcy and delayed cerebral ischemia (DCI), while the gain-
of-function polymorphisms of the cystathionine S-synthase
(CBS) gene could reduce the risk of DCI after aneurysmal
SAH and improve the outcome at discharge [29]. Moreover,
the CARAS study showed that increased CBS activity may
exert its neuroprotective effects in altering the Hcy level
and then improve clinical outcomes [30]. Another gene poly-
morphism methylenetetrahydrofolate reductase (MTHEFR)
C677T might contribute to a higher Hcy level to impair the
clinical outcomes in patients with SAH [31]. Unlike their
predecessors, Dhandapani et al. explored a reverse epidemi-
ology paradox, where the higher Hcy level appears to be a
significant association with both survival and favorable
neurological outcomes [32].
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TaBLE 2: Characteristics of bAVM patients according to Hcy quartiles.
Variables All(n=175)  Ql (n= 44)HCY qlgzrtaes: iff;ml/L)Qa (n = 43) Q4 (n=44)  Ptrend
Age (y), mean (SD) 29.6 (14.7) 24.0 (15.7) 30.8 (14.2) 34.4 (13.4) 29.3 (13.8) 0.011*
Sex, male (%) 100 (57.1) 13 (29.5) 22 (50.0) 29 (67.4) 36 (81.8) <0.001*
Medical history (%)
Hypertension 14 (8.0) 2 (4.5) 2 (4.5) 6 (14.0) 4(9.1) 0.210
Diabetes mellitus 5(2.9) 1(2.3) 1(2.3) 1(2.3) 2 (4.5) 0.540
Hyperlipidemia 1 (0.6) 0 (0) 0 (0) 1(2.3) 0 (0) 0.653
Cigarette smoking 31(17.7) 1(2.3) 7 (15.9) 10 (23.3) 13 (29.5) 0.001*
Alcohol drinking 17 (9.7) 0 (0) 4(9.1) 9 (20.9) 4(9.1) 0.052
Primary symptom (%)
Hemorrhage 99 (56.6) 27 (61.4) 26 (59.1) 25 (58.1) 21 (47.7) 0.210
Seizure 35 (20.0) 5(11.4) 8 (18.2) 9 (20.9) 13 (29.5) 0.034*
Neurological dysfunction 31(17.7) 9 (20.5) 8 (18.2) 8 (18.6) 6 (13.6) 0.416
Admission mRS > 2 (%) 27 (15.4) 13 (29.5) 3(6.8) 6 (14.0) 5(11.4) 0.052
AVM characteristics
Spetzler-Martin grade (%) 0.885
I-1I 91 (52.0) 19 (43.2) 27 (61.4) 23 (53.5) 22 (50.0)
1 56 (32.0) 17 (38.6) 12 (27.3) 13 (30.2) 14 (31.8)
V-V 28 (16.0) 8 (18.2) 5(11.4) 7 (16.3) 8 (18.2)
Volume (cm?), median (IQR) 8.6 (4.1-256) 114 (5.0-29.7) 7.3 (45-187) 86 (3.1-227) 115 (4.1-31.8)  0.596
Deep location (%) 51 (29.1) 13 (29.5) 11 (25.0) 12 (27.9) 15 (34.1) 0.338
Eloquent location (%) 91 (52.0) 26 (59.1) 21 (47.7) 23 (53.5) 21 (47.7) 0.400
Deep venous drainage (%) 60 (34.3) 15 (34.1) 13 (29.5) 16 (37.2) 16 (36.4) 0.687
Associated aneurysms (%) 22 (12.6) 6 (13.6) 5(11.4) 6 (14.0) 5(11.4) 0.849
Microsurgery involvement (%) 78 (44.5) 23 (52.3) 19 (43.2) 18 (41.9) 18 (40.9) 0.145
Postoperative stroke (%) 13 (7.4) 5(11.4) 1(2.3) 6 (14.0) 1(2.3) 0.373
Short-term neurological disability (%) 36 (20.6) 17 (38.6) 4(9.1) 9 (20.9) 6 (13.6) 0.027*

bAVM: brain arteriovenous malformation; Hcy: homocysteine; SD: standard deviation; mRS: modified Rankin Scale; IQR: interquartile range. *P < 0.05,
significant difference. *Serum levels of Hcy in quartiles: Q1, <9.9 ymol/L; Q2, 9.9-12.7 ymol/L; Q3, 12.8-16.6 ymol/L; and Q4, >16.1 ymol/L.

Discharge admission
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F1GURE 2: Comparison of mRS score in bAVM patients at admission and discharge. Thirty-six patients (20.6%) were disabled (mRS > 2) at
discharge, with no significant difference compared with admission (P = 0.211). mRS: modified Rankin Scale.

In the present study, we reached a similar conclusion as
SAH groups. Higher serum Hcy levels seemed to be a survival
advantage in patients with bAVMs. We supposed that the
lower serum Hcy level attributed to the activation in the cas-

cade usage of Hcy’s endogenously thrombotic effect after the
hemorrhagic bAVM. As an intermediate metabolic product
in the circle involving folate and vitamins, Hcy could be
modifiable [33]. Two randomized controlled trials showed
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TaBLE 3: Logistic regression analysis on the neurological outcome.
Variables Univariate analysis Multivariate analysis
OR 95% CI P value OR 95% CI P value

Age 0.994 0.969-1.019 0.633 1.011 0.969-1.055 0.609
Male sex 1.229 0.581-2.599 0.590 2.528 0.659-9.698 0.177
Medical history

Hypertension 2.330 0.729-7.441 0.153

Diabetes mellitus 2.667 0.429-16.594 0.293

Cigarette smoking 0.912 0.343-2.424 0.853

Alcohol drinking 1.212 0.370-3.966 0.751
Primary symptoms

Hemorrhage 4.084 1.677-9.943 0.002 5.360 1.208-23.790 0.027*

Seizure 0.586 0.210-1.637 0.308

Neurological dysfunction 1.157 0.454-2.947 0.760

Admission mRS score 2.496 1.803-3.457 <0.001 2.225 1.402-3.530 0.001*
AVM characteristics

Volume 1.018 1.005-1.032 0.007 1.024 1.004-1.046 0.021*

Deep location 2.377 1.111-5.087 0.026 0.927 0.238-3.613 0.913

Eloquent location 1.847 0.866-3.938 0.112

Deep venous drainage 2.310 1.094-4.874 0.028 8.813 1.965-39.534 0.004*

Associated aneurysms 2.551 0.976-6.666 0.056 5.711 1.389-23.488 0.016"
Clinical features

Heart rate 0.980 0.944-1.019 0.311

SBP 1.004 0.985-1.025 0.664

DBP 1.024 0.990-1.059 0.164

BMI 0.980 0.899-1.069 0.652
Laboratory results

Glucose 1.579 1.151-2.166 0.005 1.897 1.115-3.229 0.018*

Albumin 0.900 0.816-0.993 0.035 0.968 0.820-1.142 0.697

Creatinine 0.995 0.972-1.018 0.667

UA 1.001 0.999-1.002 0.325

TC 0.643 0.421-0.983 0.042 0.194 0.033-1.129 0.068

TG 0.944 0.636-1.403 0.776

HDL-C 1.639 0.870-3.088 0.126

LDL-C 0.692 0.441-1.086 0.109

ApoA 0.868 0.228-3.303 0.836

ApoB 0.253 0.040-1.595 0.143

Hcey 0.937 0.878-1.001 0.055 0.838 0.720-0.976 0.023"
Microsurgery involvement 1.746 0.834-3.654 0.139

OR: odds ratio; CI: confidence intervals; AVM: arteriovenous malformation; SBP: systolic blood pressure; DBP: diastolic blood pressure; BMI: body mass index;
UA: uric acid; TC: total cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; ApoA:
apolipoprotein A; ApoB: apolipoprotein B; Hcy: homocysteine. *P < 0.05, significant difference.

that folic acid/vitamin B12 or vitamin B6 had no effect of treat-
ment on total mortality [3, 4]. However, Wang et al. performed
a meta-analysis showing effective reduction in patients with
stroke in primary prevention [34]. The conflicts between
these studies were an account of the baseline folate consump-
tion. The management of oral nutritional supplements on
Hcy in the bAVMs group needs further investigation.
Another independent prominent predictor for the unfa-
vorable neurological outcome is the higher serum glucose

level (OR 1.897, 95% CI 1.115-3.229; P=0.018). The same
results were reached in the hemorrhagic subtypes, including
ICH and SAH [35, 36].

Some clinical features of bAVMs determined by this
study differed from those in previous reports. We demon-
strated a statistical significance between Hcy quartiles and
seizure manifestation (P = 0.034), which can induce unfavor-
able outcomes at discharge in the patients with bAVMs. The
relationship between Hcy and seizure was first proposed in
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an intrathecal chemotherapy-treated boy who suffered from
leukemia [37]. And any transient elevation of Hcy may be
related to the seizure risk [38, 39]. Although it is hard to
determine whether the elevated Hcy is the cause or the result
of a seizure, we offered neurosurgeons a new insight into the
prophylactic and off-label utility of antiepileptic drugs.

There are some limitations that should be acknowledged.
First, due to the nature of the respective study, we are aware
of the fact that its design is one of the considerations which
should be improved in the future. This study’s small sample
size is the second considerable limitation because larger sam-
ples are preferred for relevant studies. As such, findings
should be interpreted with caution until further high-level
prospective studies or larger data sets are available. Third,
the baseline dietary and folate status of the patients were
undocumented. Though the population was under estab-
lished policies of population folate supplementation for the
few decades nationwide, we enrolled patients before the pol-
icy was carried out, which could be a confounding variable.
Fourth, the outcomes were only measured at the discharge
point and were not conducted at the 3-month follow-up. This
is our ongoing study of enrolled patients, and we expect to
make some progress in the recent future. Further, longer
follow-up studies should be conducted to demonstrate the
clinical relevance between the serum Hcy level and long-
term outcomes.

5. Conclusions

In conclusion, our results indicated that the lower serum Hcy
level is strongly associated with in-hospital unfavorable out-
comes. Further prospective studies of Hcy natural history
and management in the bAVMs groups are needed, which
would be valuable for evaluating the disease-modifying effi-
cacy of oral nutritional supplements in bAVM patients.
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Objective. The overall survival of patients with recurrent glioblastoma (rGBM) is quite different, so clinical outcome prediction is
necessary to guide personalized clinical treatment for patients with rtGBM. The expression level of IncRNA FAM225B was analyzed
to determine its prognostic value in rtGBMs. Methods. We collected 109 samples of Chinese Glioma Genome Atlas (CGGA) RNA
sequencing dataset and divided into training set and validation set. Then, we analyzed the expression of FAM225B, clinical
characteristics, and overall survival (OS) information. Kaplan-Meier survival analysis was used to estimate the OS distributions.
The prognostic value of FAM225B in rGBMs was tested by univariate and multivariate Cox regression analyses. Moreover, we
analyzed the biological processes and signaling pathways of FAM225B. Results. We found that FAM225B was upregulated in
rGBMs (P =0.0009). The expression of FAM225B increased with the grades of gliomas (P < 0.0001). The OS of rGBMs in the
low-expression group was significantly longer than that in the high-expression group (P =0.0041). Similar result was found in
the training set (P =0.0340) and verified in the validation set (P =0.0292). In multivariate Cox regression analysis, FAM225B
was identified to be an independent prognostic factor for rGBMs (P =0.003). Biological process and KEGG pathway analyses
implied FAM225B mainly played a functional role on transcription, regulation of transcription, cell migration, focal adhesion,
etc. Conclusions. FAM225B is expected to be as a new prognostic biomarker for the identification of rtGBM patients with poor
outcome. And our study provided a potential therapeutic target for rtGBMs.

1. Introduction

As the most common intracranial malignant tumor in adults
[1, 2], glioblastoma (GBM) has a median overall survival
(OS) of only 14.6 months [3]. Most GBMs will relapse after
standard treatment such as surgical resection, radiotherapy,
and chemotherapy [4-6]. In recurrent glioblastoma (rGBM)
cases, the patients may lose the opportunity for surgery
because of the invasion to the functional area by tumors
[7]. And rGBMs are less sensitive to chemotherapy or radio-
therapy than primary ones as well [8-10]. So progress in
prognostic biomarker identification is required for person-

alized treatment of patients with rGBM [11]. Further
understanding the molecular factors of rGBMs will pro-
vide novel insights for the potential biological characteris-
tics and elucidate the possible therapeutic targets.

Long noncoding RNAs (IncRNAs) refer to noncoding
RNAs more than 200 nucleotides in length [12, 13] and are
associated with a series of cellular process [14-16], such as
epigenetic regulation and transcriptional regulation. The
dysregulated IncRNAs can be used as prognostic factors for
patients [17-20].

In this study, we collected 109 rGBM samples from the
Chinese Glioma Genome Atlas (CGGA, http://www.cgga


https://orcid.org/0000-0001-5099-9834
https://orcid.org/0000-0002-4047-0256
https://orcid.org/0000-0002-6735-460X
https://orcid.org/0000-0001-7304-0255
http://www.cgga.org.cn/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8888085

FAM225B
159 P <0.0001 ,
- | P=0043 , P<0.0001 |
I
S P=00568  P=00629 P =00009
SIS : . | | .
=
= . L] ]
s [
g
‘3 5 v
s Vy %o
E m, A MEED X od
A
0—1“36 4
T T T T T T
2 = ¥ = =2 =
] © = = = =
5 8§ 5 5 I z
© @ ) G}
o =]

(@

o

Disease Markers

FAM225B (rGBM)

P =0.0408 P =0.0751

m
uwn
§ [ v

5_
g = | ] v \ 4
o mE v
o ..I VVV
g n v
% at vy
&3] AL ATA 2A

0 R -3 -~ A

IDH1-W (81)
IDHI-M (25)
1p19g-N (97) -

1p19q-C (7)

—~
=
=

FIGURE 1: The expression pattern of FAM225B in gliomas: (a) FAM225B expression in different grades (grade II to grade IV) and types
(primary or recurrent); (b) FAM225B expression in different IDHI status and 1p/19q status.

.org.cn/) RNA sequencing dataset. We identified a new prog-
nostic IncRNA FAM?225B in rGBMs. We investigated the
expression patterns of FAM225B and evaluated its prognostic
value. The expression of FAM225B increased with the glioma
grades, and it indicated the poor prognosis in rtGBM patients.
Therefore, FAM225B could be a prognostic indicator and a
potential therapeutic target for rGBMs.

2. Materials and Methods

2.1. Patients and Datasets. Our study obtained 109 rGBM
samples from the CGGA RNA sequencing dataset with
expression data and clinical information [21, 22]. All samples
were initially diagnosed with primary glioblastoma (pGBM)
and relapsed after standard treatment. The cases were ran-
domly divided into training set and validation set without
bias [23]. And the median relative expression of FAM225B
was used as the cut-off value to divide the samples into a
low-expression group and high-expression group. All these
samples were diagnosed histologically by 2 neuropathologists
according to the 2016 WHO classification guideline of ner-
vous system tumors. Our study was approved by the Ethics
Committee of Beijing Tiantan Hospital.

2.2. Statistical and Bioinformatic Analysis. SPSS software
(version 22; SPSS Inc., Chicago, IL, USA) and R program-
ming language (version 3.2.3) were used for statistical
analyses. Survival distributions were estimated by using
Kaplan-Meier survival analysis (GraphPad Software Inc., La
Jolla, CA, USA). Univariate and multivariate Cox regression
analyses evaluated the hazard ratios (HRs) of different prog-
nostic factors and were used to identify the independent
prognostic factor. A two-sided P value less than 0.05 was
set to be statistically significant. Biological process and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis were
conducted by using DAVID (the Database for Annotation,

Visualization and Integrated Discovery, https://david-d
.nciferf.gov/home.jsp) [24, 25].

3. Results

3.1. FAM225B Was Dysregulated in rGBMs. We first investi-
gated the expression pattern of FAM225B. The expression
of FAM225B showed significant difference between the
pGBMs and rGBMs (P =0.0009, Figure 1(a)). Moreover,
the expression of FAM225B increased with grades of gliomas
(P =0.0436; P <0.0001; P <0.0001, Figure 1(a)). Then, we
compared the FAM225B expression level in primary and
recurrent gliomas of grade II (P=0.0568) and grade III
(P =0.0629, Figure 1(a)).

The IDH1 and 1p/19q status is related to the prognosis of
gliomas [26-29]. Therefore, we explored the expression
pattern of FAM225B in the subtypes of rGBMs. The result
showed that the expression of FAM225B enhanced in the
IDH1-wild-type subtype (P = 0.0408, Figure 1(b)). However,
no statistically significant differences were observed in the
expression of FAM225B in rGBM patients with 1p/19q-code-
letion or 1p/19q-noncodeletion (P = 0.0751, Figure 1(b)).

3.2. FAM225B Predicted Poorer Overall Survival in rGBMs.
All 109 rGBM samples were randomly divided into training
set and validation set with no significant data bias. By using
the median relative expression of FAM225B as the cut-off
value, samples were divided into two categories including
the low-expression group and high-expression group.
Kaplan-Meier analysis was used to investigate the correlation
between FAM225B expression and OS of rGBM patients.
We found that the OS of patients in the low-expression
group were significantly longer (P = 0.0041, Figure 2(a)). In
the training group, the OS of patients in the high-
expression group were shorter than those in the low-
expression group (P =0.0340, Figure 2(b)). And similar
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result was observed in the validation set (P=0.0292,
Figure 2(c)).

3.3. Associations between FAM225B and Clinicopathologic
Features. We analyzed the relationship between FAM225B
expression and clinicopathologic features (Figure 3). The
results were obtained by the univariate and multivariate
Cox regression analyses (Table 1). The univariate Cox regres-
sion analysis found that chemotherapy (P =0.003) and
FAM?225B (P=0.007) were potential survival predictors.
On the multivariate Cox regression analysis, it showed that
FAM?225B (P = 0.003) was an independent prognostic factor.
FAM?225B was significantly related to the prognosis of
rGBMs.

3.4. Functional Annotation of FAM225B. To explain the
different prognoses of rGBMs divided by FAM225B, we
extracted 902 related genes using Pearson correlation analy-
sis (correlation value 0.4; P < 0.001). The biological process
and KEGG pathway analyses of FAM225B were performed
using DAVID. It showed that major biological processes
were enriched in transcription, regulation of transcription,

cell division, positive regulation of migration, cell migration,
etc. (Figure 4(a)). KEGG pathway analysis showed that
selected genes were enriched in ubiquitin-mediated proteoly-
sis, Wnt signaling pathway, cell cycle, focal adhesion, regula-
tion of actin cytoskeleton, etc. (Figure 4(b)).

4. Discussion

Despite great efforts on the multimodal diagnosis and treat-
ment of rGBMs, the clinical prognosis for patients remains
poor due to the proliferation potential and antiapoptosis
characteristics of this malignant tumor [30-32]. Therefore,
understanding the expression of key factors may significantly
influence the development and clinical outcome of rGBM
patients. Recent studies have found that the dysregulated
IncRNAs can provide insights for glioma diagnosis, progno-
sis, and treatment strategy [33-37].

In this study, we established a dataset of 109 rGBMs col-
lected from the CGGA RNA sequencing dataset to explore
the effect of IncRNAs on the prognosis of rGBM patients.
By comparing the expression level of FAM225B between
pGBMs and rGBMs, we found that FAM225B expression
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TaBLE 1: Univariate and multivariate Cox regression analysis of
survival in rGBMs.

Univariate Cox Multivariate Cox

Items

p value HR p value HR
Gender 0.415 0.811
Age 0.286 1.010
IDH1 0.083 0.645
1p/19q 0.100 0.375
Radiotherapy 0.102 1.805
Chemotherapy 0.003 0.256 0.003 0.257
FAM225B 0.007 1.279 0.003 1.313

Gender: male, female; IDH1 status: wild type, mutant; 1p/19q status:
noncodeletion, codeletion; radiotherapy: no, yes; chemotherapy: no, yes.

enhanced in rGBMs (P = 0.0009). It indicated that FAM225B
may play a key role in the recurrence process of GBMs.
Then, we analyzed the expression of FAM225B in different
grades of glioma, including grade II, grade III, and GBM
(P <0.0001). The result showed that the expression of
FAM225B was positively correlated with the grade of glio-
mas. This indicated that FAM225B was associated with gli-
oma malignancy and may serve as a potential indicator for
glioma grade. In addition, we explored that the expression
of FAM225B enhanced in IDHI1-wild type (P =0.0408).
Based on the data analysis above, we inferred that FAM225B
can be used as a specific diagnostic marker for GBM
recurrence.

We explored the correlation between FAM225B expres-
sion and survival distribution of rGBM patients. It showed
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that the OS decreased with the enhancement of FAM225B
expression (P =0.0041). FAM225B enhancement may pre-
dict the poor prognosis in rGBMs. We analyzed the relation-
ship between FAM225B expression and clinicopathologic
features. It indicated that FAM225B expression could be a
significantly independent prognostic maker in rGBMs.

In our studies, functional annotation analysis showed a
strong correlation between FAM225B and transcription. It
suggested that FAM225B may play an important role in
rGBM through transcription and its regulation. By using
the starBase website (https://starbase.sysu.edu.cn/), we
found the candidate miRNAs (miR-1-3p, miR-206, and
miR-205-5p) which may be correlated to FAM225B.
FAM?225B could competitively bind with miR-1-3p and
miR-206, inducing the upregulation of AXL. It may lead
to the enhancement of drug resistance and cell prolifera-
tion in glioma [38]. Furthermore, it has reported that
miR-205-5p is involved in Wnt signaling, cell cycle, and
focal adhesion [39], which is consistent with our KEGG

findings. These processes may be associated with the
recurrence of GBM. However, there are a few limitations
in our study. The sample size of our dataset is still limited.
Moreover, this is a retrospective study, and different treat-
ments may have an impact on patient survival outcomes.
And these findings were based on bioinformatic analysis.
Prospective study is needed to clarify the mechanism of
FAM?225B and to further validate the clinical application
in patients with rGBMs.

5. Conclusion

Our study found that FAM225B enhanced in rGBMs and its
upregulation was related to the poor prognosis of rGBM
patients. Therefore, our study provides a new perspective
for FAM225B, as a prognosis biomarker and a potential ther-
apeutic target for rtGBMs. Further study will investigate the
mechanisms of FAM225B in rGBMs.
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Objective. Long noncoding RNAs (IncRNAs) have been strongly associated with various types of cancer. The present study aimed at
exploring the diagnostic and prognostic value of IncRNA Zinc finger protein 667-antisense RNA 1 (ZNF667-AS1) in glioma
patients. Patients and Methods. The expressions of ZNF667-AS1 were detected in 155 glioma tissues and matched normal brain
tissue samples by qRT-PCR. The receiver operating characteristic (ROC) curve was performed to estimate the diagnostic value
of ZNF667-AS1. The association between the ZNF667-AS1 expression and clinicopathological characteristics was analyzed by
the chi-square test. The Kaplan-Meier method was performed to determine the influence of the ZNF667-AS1 expression on the
overall survival and disease-free survival of glioma patients. The Cox regression analysis was used to evaluate the effect of
independent prognostic factors on survival outcome. Cell proliferation was measured by the respective cell counting Kit-8
(CCK-8) assays. Results. We observed that ZNF667-AS1 was significantly upregulated in glioma tissues compared to normal
tissue samples (p < 0.01). Higher levels of ZNF667-AS1 were positively associated with the WHO grade (p =0.018) and KPS
score (p =0.008). ROC assays revealed that the high ZNF667-AS1 expression had an AUC value of 0.8541 (95% CI: 0.8148 to
0.8934) for glioma. Survival data revealed that glioma patients in the high ZNF667-AS1 expression group had significantly
shorter 5-year overall survival (p=0.0026) and disease-free survival (p=0.0005) time than those in the low ZNF667-AS1
expression group. Moreover, multivariate analyses confirmed that the ZNF667-AS1 expression was an independent predictor of
the overall survival and disease-free survival for glioma patients. Functionally, we found that knockdown of ZNF667-AS1
suppressed the proliferation of glioma cells. Conclusions. Our results suggest that ZNF667-AS1 could be used as a potential
diagnostic and prognostic biomarker in glioma.

1. Introduction

Human gliomas refer to the commonest malignant tumors of
the core nervous mechanism, achieving ~6/100,000 inci-
dence each year globally [1]. Malignant glioma exhibits
aggressiveness, high infiltration, and resistance to normal
therapies [2]. It is noteworthy that glioblastoma multiform
(GBM), a particular glioma kind, exhibits the highest aggres-
siveness for the rapid growing process and frequent spread to
close brain-related tissues [3]. Though the overall treating
condition of brain gliomas continues to progress, such malig-

nancy outcome is not optimized significantly [4, 5]. Thus,
emerging molecular markers should be developed for
improving gliomas classifying process, patient prognosis,
and treating plans.

Over the past few years, according to research with vari-
ous overall genome methods, e.g., the ENCODE program,
most mammalian genome receives transcription, whereas
only 1.2% of the mentioned transcripts suggest the genes
coding protein [6, 7]. Long noncoding RNAs (IncRNAs)
refer to a sequence of transcripts with over 200 nt exhibiting
slight or no ability to the code protein and critically impact a
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wide range of cellular processes, e.g., splicing, X chromosome
inactivation, epigenetic controls, and gene transcription reg-
ulation [8, 9]. Numerous IncRNAs suggested aberrant
expression in various cancer types, and several IncRNAs with
dysregulation become oncogenes or tumor-suppressing ele-
ments under special cases [10, 11]. For instance, IncRNA
NFIA-AS2 was shown to be highly expressed in glioma and
promoted the proliferation and migration of glioma cells
via modulating the miRNA-655-3p/ZFX axis [12]. LncRNA
RNCR3 was shown to promote the proliferation and metasta-
sis of glioma cells via regulating the Akt/GSK-3f pathway
[13]. In addition, more and more IncRNAs were identified to
be potential diagnostic and prognostic biomarkers for various
tumor patients, including glioma [14-17]. Although several
studies have investigated IncRNAs in glioma, their completely
biological roles and clinical significance are still obscure.

LncRNA Zinc finger protein 667-antisense RNA 1
(ZNF667-AS1) in chromosome 19q13.43 of human was
recently identified as tumor-related IncRNA. Previously, sev-
eral studies have reported that ZNF667-AS1 was abnormally
expressed in several tumor specimens and cells by the use of
RT-PCR and high-throughput sequencing [18-20]. In addi-
tion, its tumor-related functions acting as tumor promotors
or antioncogenes have been reported in nasopharyngeal car-
cinoma, esophageal squamous cell carcinoma, and cervical
cancer [21-23]. However, whether ZNF667-AS1 also dis-
played an abnormal expression in glioma had not been inves-
tigated. Here, its expressing pattern and clinical significance
in glioma patients are to be primarily explored.

2. Patients and Methods

2.1. Patient Data and Tissue Samples. Patients with glioma
admitted to the oncology from June 2012 to August 2015 were
drawn from the hospital tumor registry. The 155 enrolled
patients were aged from 29 to 65 years, with a median age of
42 years. Histological diagnoses were made according to the
2007 WHO classification. 141 glioma patients completed fol-
low-up, and the rate of loss to follow-up was 9%. All the
patients did not receive prior anticancer treatment.

The flow chart in the section of study patients was shown
in Figure 1. This study proved overall samples by pathology-
related tests and incubated them in liquid nitrogen to
achieve the subsequent overall RNA extracting process.
The clinical and pathological data for the patients are
reported in Table 1. The present study was ethically
approved by the Research Ethics Committee of the Hubei
Provincial Hospital of Integrated Chinese and Western
Medicine (number: 20180056), and written informed con-
sent was acquired from patient.

2.2. Cell Culture and siRNA Transfection. Human glioma cell
lines, LN118, SHG44, U87, U251, and A172, were obtained
from Cell Bank of Chinese Academy of Sciences (Pudong,
Shanghai, China). The cells were grown in the Roswell Park
Memorial Institute (RPMI) 1640 medium, supplemented
with 10% fetal bovine serum (FBS) (Yunshan Technology,
Haidian, Beijing, China), 100 U/ml penicillin G (Yunshan
Technology, Haidian, Beijing, China), and 100 pg/ml strepto-
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mycin (Sigma, Suzhou, Jiangsu, China). Normal human
astrocytes (NHA) were obtained from Weihui Biot (Hang-
zhou, Zhejiang, China) and were grown in Dulbecco’s Mod-
ified Eagle’s Medium with high glucose and sodium pyruvate.

The siRNAs used to knockdown ZNF667-AS1 were pur-
chased from GEMA GENE (Pudong, Shanghai, China). The
siRNA sequences were as follows: si-ZNF667-AS1: CTAC
CACAGCTTCCATG; si-ZNF667-AS1-2: GCCCACTGTAT
TCAACA. Cell transfection was conducted by using the
LipofectamineTM 2000 transfection reagent (Invitrogen,
Guangzhou, Guandong, China) according to the manufac-
turer’s instructions. After transfection for 24 h, the knock-
down efliciency was evaluated by RT-PCR.

2.3. Reverse Transcription and qPCR Analyses. Total RNA
from glioma specimens and nontumor specimens was
extracted with the Trizol reagent (Takara, Kunshan, Jiangsu,
China) by complying with the plan of the producer. RNA
concentration was ascertained; this study adopted 100 ug of
RNA during reverse transcription. Based on an ABI 7900
Real-Time PCR System, this study conducted qPCR with
the plan below: 95°C for 3min., 40 cycles of 95°C for
15sec., 60°C for 15 sec., and 72°C for 30 sec. The comparative
expressing level of ZNF667-AS1 underwent the normaliza-
tion to GAPDH. The primers included ZNF667-AS1 for-
ward, 5'-GGTCCACTTCACGCACTTGC-3'; ZNF667-AS1
reverse, 5 -ACCATTCGAACTTGGCTACA-3'; GAPDH
forward, 5'-GTCAACGGATTTGGTCTGTA-3'; GAPDH

reverse, 5 -AGTCTTCTGGGTGGCAGTG-3'. Using the 2
AACt approach, the relative expression conditions of the gene
of interest were obtained. qRT-PCR reaction processes were
overall performed 3 times.

2.4. Cell Proliferation Assays. For the cell proliferation
analysis, 300 living cells (A172 and LN118 cells) were
transfected with either si-ZNF667-AS1-1, ZNF667-AS1-2,
or a scrambled control and plated onto 96-well plates. Every
24h, the CCK-8 solution (10ul) was added to three ran-
domly selected wells, and the cultures were incubated at
37°C for 90 min. The absorbance was measured at 450 nm
using a microplate reader.

2.5. Statistical Analysis. Statistical analysis was conducted
with SPSS version 13.0 software (SPSS Inc, Chicago, IL,
USA). With the Student’s t-test, the diversifications of two
cohorts were discussed. The relationship between the
ZNF667-AS1-expressing level and clinical-pathological char-
acteristics was analyzed with the chi-square test. Based on the
Kaplan-Meier approach, the overall survival (OS) and
disease-free survival (DFS) ratios were obtained with the
log-rank experiment adopted to draw the comparing process.
Multivariate Cox regression analyses were carried out for
analyzing the survival information. A p value <0.05 was sug-
gested to exhibit statistical significance.

3. Results

3.1. ZNF667-AS1 Was Upregulated in Glioma. To determine
the possible functions of ZNF667-AS1 in glioma, we enrolled
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| All glioma patients n = 245

| Without other tumors n = 213

With other tumors n = 32

Receive chemotherapy

or radiotherapy prior to surgery n = 32

Without chemotherapy
or radiotherapy prior to surgery n = 155

Lack clinical following-up n = 32

| Complete clinical following-up n = 141

| Final study sample n = 141 for survival assays

FiGURrE 1: Flow chart in the selection of study patients.

TaBLE 1: The association between the ZNF667-AS1 expression and
different clinicopathological features of 155 human gliomas.

ZNF667-AS1
Parameter No. of cases expression p value
High Low
Age 0.369
<50 82 39 43
=50 73 40 33
Gender 0.394
Male 93 50 43
Female 62 29 33
WHO grade 0.005
I-1I 108 47 61
I-IV 47 32 15
KPS score 0.008
<80 57 37 20
>80 98 42 56
Tumor size 0.145
<3cm 95 44 51
>3 cm 60 35 25

155 glioma patients and performed RT-PCR to examine the
expression of ZNF667-AS1 in a total of 155 paired glioma tis-
sues and corresponding nontumor tissues. As shown in
Figure 2(a), we observed that the ZNF667-AS1 expression
was distinctly increased in glioma specimens compared to
matched nontumor specimens (p < 0.01). Besides, we also
observed that glioma specimens with advanced stages exhib-
ited a higher level of ZNF667-AS1 than those with early
stages (p < 0.01, Figure 2(b)). Overall, our findings suggested
ZNF667-AS1 as a functional regulator in glioma progression.

3.2. The Diagnostic Significance of the Overexpression of
ZNF667-AS1 in Glioma. Previous studies have revealed sev-
eral functional IncRNA that displayed a diagnostic value in
glioma patients. Then, we performed ROC assays which

showed that the high ZNF667-AS1 expression had an AUC
value of 0.8541 (95% CI: 0.8148 to 0.8934) for glioma
(Figure 3(a)). The sensitivity and specificity of ZNF667-AS1
expressions for distinguishing glioma samples from normal
samples were 68.22%/84.57%. In addition, we also observed
that ZNF667-AS1 could be used as a molecular marker for
distinguishing glioma specimens with advanced stages from
glioma specimens with early stages with an AUC of 0.7742
(95% CI: 0.6990-0.8494; p < 0.01, Figure 3(b)). Our findings
suggested ZNF667-AS1 as an early diagnosis indicator for
glioma patients.

3.3. Correlations between ZNF667-AS1 and Clinical Features
of Glioma. For better understanding of the clinical relevance
of the ZNF667-AS1 expression in glioma, the 155 glioma
patients were split as a high expression cohort (n=79) and
a low expression cohort (n = 76), complying with the median
expressing condition of ZNF667-AS1 (5.62) in all glioma
samples. Then, our group determined the possible associa-
tion between ZNF667-AS1 levels and several clinical factors
using the chi-square test which suggested that the high
ZNF667-AS1 expression was associated with the WHO grade
(p=0.005) and KPS score (p=0.008, Table 1). However,
there were no significant correlations of the ZNF667-AS1
expression with other clinical features (p > 0.05).

3.4. The Possible Prognostic Values of the ZNF667-ASI
Expression in Glioma. To further explore whether ZNF667-
AS1 may display a positive influence on the survivals of
glioma patients, we collected the survival data of all 141
patients who completed five-year follow-up, which were
analyzed using the Kaplan-Meier survival curves. Interest-
ingly, our results revealed that patients with the high
expression of ZNF667-AS1 had shorter OS (p < 0.0026;
Figure 4(a)) and DFS (p < 0.005; Figure 4(b)) as compared
with the ZNF667-AS1 low group. More importantly, in a
multivariate Cox model, we demonstrated that the
ZNF667-AS1 expression was an independent poor prognos-
tic factor for both 5-year OS (HR =2.897, 95% CI: 1.365-
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FIGURE 2: The ZNF667-AS1 expression is increased in glioma tissues. (a) The relative expression of ZNF667-AS1 in paired tumor and
nontumor tissues (n = 155) by RT-PCR. The expression of ZNF667-AS1 in different tumor grades.
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FIGURE 3: ZNF667-AS1 may be a potential diagnostic biomarker for glioma patients. (a) The ROC curve for the diagnostic value of ZNF667-
AS1 in distinguishing glioma specimens from nontumor brain specimens. (b) The ROC curve for the diagnostic value of ZNF667-AS1 in
distinguishing glioma specimens with stages (I-II) from glioma specimens with stages (III-IV).
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FIGURE 4: Kaplan-Meier curves of the overall survival (a) and disease-free survival (b) of 155 glioma patients.

4.784, p=0.008) and 5-year DFS (HR =3.019, CI=1.414-
4.899, p =0.005) in glioma (Table 2).

3.5. Effects of ZNF667-AS1 on Proliferation of Glioma Cells.
To analyze the possible function of ZNF667-AS1 on the pro-
liferation of glioma cell, we firstly examine the expression of
ZNF667-AS1 in five glioma cells, finding that ZNF667-AS1

was highly expressed in five glioma cells compared to NHA
(Figure 5(a)). Because A172 and LN118 cells exhibited a
higher level of ZNF667-AS1, we chose them for the following
experiments. Real-time PCR was performed to confirm the
successful knockdown of ZNF667-AS1 in A172 and LN118
cells after the transfection of si-ZNF667-AS1-1 and si-
ZNF667-AS1-2 (Figure 5(b)). CCK-8 assays revealed that
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TaBLE 2: Multivariate analysis of the overall survival and disease-free survival in glioma patients.

Overall survival

Disease free survival

Variables HR 95% CI p value HR 95% CI p value
Age 0.882 0.452-1.342 0.233 1.113 0.673-1.732 0.143
Gender 1.442 0.642-2.104 0.342 1.632 0.773-2.341 0.219
WHO grade 2.893 1.324-4.872 0.009 3.014 1.432-5.118 0.005
KPS score 2.782 1.423-4.563 0.013 2.964 1.395-4.895 0.007
Tumor size 1.237 0.672-1.897 0.213 1.427 0.875-2.137 0.136
ZNF667-AS1 expression 2.897 1.365-4.784 0.008 3.019 1.414-4.899 0.005
5 5
2 8- . 2
?? T Kok § L5 1
b % 1.0 1
< 4 <
) )
= £ 05
Z 27 Z
N N
L (5]
Z 0 £ 00-
3 TISGREZE 3 Al172 LN118
= zZ2~°52%z %
2 = = si-NC
= si-ZNF667-AS1-1
= si-ZNF667-AS1-2
(a) (b)
1.5 ! A172 1.5 7 LNIIS
g g
3 1.0 A o 104
g S
9 3
TE "7 / % 0.5 ~
A _ A
o o
0.0 T T T 1 0.0 T T T 1
0 24 48 72 96 0 24 48 72 9
(Hours) (Hours)
si-NC si-NC

-#= si-ZNF667-AS1-1
si-ZNF667-AS1-2

(c)

—#= si-ZNF667-AS1-1
si-ZNF667-AS1-2

(d)

F1GURE 5: Knockdown of ZNF667-AS1 silencing inhibits the proliferation of A172 and LN118 cells. (a) RT-PCR for the demonstration of the
ZNF667-AS1 expression in five glioma cells and NHA. (b) qPCR analyses of ZNF667-AS1 levels following treatment of A172 and LN118 cells
with si-ZNF667-AS1-1, ZNF667-AS1-2, or si-NC. (¢, d) The MTT assay was performed to determine the proliferation of A172 and LN118.

**p<0.05.

knockdown of ZNF667-AS1 significantly suppressed cell
proliferation in A172 and LN118 cells (Figures 5(c) and
5(d)). Overall, our findings suggested that ZNF667-AS1
served as a tumor promotor in glioma.

4. Discussion

Glioma is the most common intracranial malignant tumor in
humans [1, 24]. Highly glioma presents unique challenges
due to its tendency to proliferate and invade tissues. Malig-
nant gliomas, including glioblastomas, with radiotherapy
and temozolomide have only a small survival benefit [25,
26]. The sensitive biomarkers were very important for the

treatments of tumor patients [27, 28]. However, none of the
currently identified biomarkers are sensitive or specific
enough for reliable glioma screening in clinical settings. In
recent years, growing studies have indicated that some func-
tional IncRNAs could be used as novel biomarkers for prog-
nosis, survival, and responses to the treating process that
paved a novel wave of research into molecular markers of gli-
oma [29, 30]. In this study, we forced on a novel glioma-
related IncRNA ZNF667-AS1.

In recent years, several studies have reported the dysreg-
ulated expression of ZNF667-AS1 and its possible effects in
several tumors. For instance, Chen et al. [21] reported that
the expression of ZNF667-AS1 was distinctly decreased in



nasopharyngeal carcinoma specimens and cell lines. Func-
tionally, the overexpression of ZNF667-AS1 was shown to
suppress the proliferation of nasopharyngeal carcinoma
cells via increasing the ABLIMI expression via adsorbing
miR-1290. Li et al. [23] showed that ZNF667-AS1 was sig-
nificantly highly expressed in cervical cancer, and its low
levels suggested a poor prognosis of cervical cancer patients.
In vitro and in vivo assays indicated that the forced expres-
sion of ZNF667-AS1 inhibited the proliferation and metasta-
sis through counteracting the miR-93-3p-dependent PEG3
suppression. Moreover, ZNF667-AS1 was also shown to
suppress the inflammatory response, promoting the recovery
of spinal cord injury via suppressing the JAK-STAT pathway
[31]. The negatively regulatory association between ZNF667-
AS1 and JAK-STAT pathway highlighted its potential
effects acting as tumor suppressors in tumors due to the
important effects of the JAK-STAT pathway in tumor pro-
gression. All previous findings suggested ZNF667-AS1 may
be a critical regulator in several tumor kinds. However, the
expressing and clinical value of ZNF667-AS1 in glioma
remained unclear.

Here, the expressing condition of ZNF667-AS1 in 155
glioma patients was first examined, confirming that the
ZNF667-AS1 expression was distinctly upregulated in glioma
specimens in comparison with matched nontumor brain tis-
sues, which was inconsistent with its expression trend in
other several tumors. Then, we determined the diagnostic
value in glioma patients and found that ZNF667-AS1 in tis-
sues effectively differentiated glioma tissues from nontumor
specimens with an area under the ROC curves (AUC) of
0.8541. The diagnostic value of the ZNF667-AS1 expression
was also confirmed in patients with different stages. Then,
we analyzed the clinical significance of the ZNF667-AS1
expression, finding that the high ZNF667-AS1 expression
was associated with the KPS score and advanced WHO
grade, suggesting it that acted as a tumor promotor in clin-
ical progression of glioma. Moreover, after analyzing the
survival data with five-year following-up, we confirmed that
patients with high ZNF667-AS1 expressions exhibited a
longer OS and DFS than those with low ZNF667-AS1
expressions. Finally, the results of the multivariate study
verified ZNF667-AS1 a single predictor for OS and DFS
in glioma patients. On the other hand, we also performed
CCK-8 assays to explore the tumor-related effects of
ZNF667-AS1 on glioma cells, confirming that knockdown
of ZNF667-AS1 suppressed the proliferation of glioma cells.
Our findings suggested ZNF667-AS1 as a tumor promotor
in glioma progression.

Some limitations of this study should be noted. First,
because of the small number of patients analyzed in our
research, more patients for clinical experiments are required
to confirm our findings. Second, we fail to determine whether
the serum ZNF667-AS1 expression was dysregulated in gli-
oma patients. The serum biomarkers are very important for
the monitor of the therapy response in real-time. Third, the
potential effects of ZNF667-AS1 on the metastasis ability
and in vivo assays are not performed. In the future, we plan
to more fully describe the mechanisms and relationships with
IncRNAs related to glioma biomarkers.
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5. Conclusions

The results revealed initially that ZNF667-AS1 may represent
a valuable independent prognostic indicator for glioma. Fur-
ther study to discover the molecular mechanism of ZNF667-
AS1 about tumor migration and invasion is currently in
progress.
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Glioblastoma (GBM) is a malignant and aggressive central nervous tumor that originates from astrocytes. These pathogenic
astrocytes divide rapidly and are sustained by enormous network of blood vessels via which they receive requisite nutrients. It
well proven that GBM microenvironment is extremely infiltrated by myeloid-derived suppressor cells (MDSCs). MDSCs are a
heterogeneous cluster of immature myeloid progenitors. They are key mediates in immune suppression as well as sustenance
glioma growth, invasion, vascularization, and upsurge of regulatory T cells via different molecules. MDSCs are often elevated in
the peripheral blood of patients with GBM. MDSCs in the peripheral blood as well as those infiltrating the GBM
microenvironment correlated with poor prognosis. Also, an upsurge in circulating MDSCs in the peripheral blood of patients
with GBM was observed compared to benign and grade I/II glioma patients. GBM patients with good prognosis presented with
reduced MDSCs as well as augmented dendritic cells. Almost all chemotherapeutic medication for GBM has shown no obvious
improvement in overall survival in patients. Nevertheless, low-dose chemotherapies were capable of suppressing the levels of
MDSCs in GBM as well as multiple tumor models with metastatic to the brain. Thus, MDSCs are potential diagnostic as well as

therapeutic biomarkers for GBM patients.

1. Introduction

Glioblastoma (GBM) is a malignant and aggressive central
nervous tumor that originates from astrocytes [1, 2]. Astrocytes
are star-shaped cells and are recognized to maintain brain
tissue [1]. In GBM, pathogenic astrocytes divide rapidly and
are sustained by enormous network of blood vessels via which
they receive requisite nutrients [1, 2]. Currently, standard
management for patient with GBM comprises of maximal safe
surgical resection, subsequent to concurrent radiation therapy
as well as chemotherapy [3, 4]. The current chemotherapeutic
medication includes temozolomide, lomustine, bevacizumab,
and carmustine wafers [3, 5]. Nevertheless, none of these med-
ications have shown obvious improvement in overall survival
[3, 5]. The GBM microenvironment is extremely infiltrated
by myeloid-derived suppressor cells (MDSCs) [1, 6-8].
MDSC:s are a heterogeneous cluster of immature myeloid
progenitors [9]. They are key mediates in immune suppres-

sion as well as sustenance glioma growth, invasion, vasculariza-
tion, and upsurge of regulatory T cells via different molecules
[9]. MDSCs are derived from monocytes and attain immuno-
suppressive ability during certain disease circumstances most
especial cancer [10-12]. Human MDSCs are often depicted
with pan-myeloid marker CD33, with monocytic CD14" as
well as granulocytic CD15" subsets [10]. Interestingly, GBM
microenvironment is usually depicted with the elevation of
MDSC levels [10, 13]. Several studies have demonstrated that
MDSCs are capable of blocking T cell as well as natural killer
(NK) cell functions [14-16]. These blockades resulted in
immunocompromise as well as a tumor-facilitatory microenvi-
ronment [14, 17, 18].

Studies have demonstrated that MDSCs via different
mechanisms are capable of blocking T cell stimulation as well
as expansion [11, 19, 20]. These mechanisms involve the gen-
eration of arginase and inducible nitric oxide synthase (iNOS),
reactive oxygen species and/or reactive nitrogen species (ROS
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and/or RNS), secretion of interleukin- (IL-) 10, and upsurge in
regulatory T cells (Tregs), as well as blockade of T cell migra-
tion [11, 19-21]. Furthermore, MDSCs were capable of facili-
tating immunosuppression as well as tumor succession [11,
19, 20]. In view of lack of concrete biomarkers for GBM, this
review explores the fundamental pathogenic and diagnostic
as well as therapeutic biomarker potentials of MDSCs in
GBM. The “boolean logic” was utilized to search for article
on the subject matter. Most of the articles were indexed in
PubMed and PubMed Central with strict inclusion criteria
being in vitro and in vivo up or downregulation as well as
therapeutic potentials of MDSCs in GBM.

2. MDSC Types and Subtypes in Glioma

Granulocytic/polymorphonuclear (G-MDSCs/PMN-MDSCs)
and monocytic (M-MDSCs) are two groups of MDSCs [22,
23]. These two groups of MDSCs are phenotypically as well
as morphologically analogous to neutrophils and monocytes,
correspondingly [22, 23]. Elevated levels of both groups have
been detected in the blood of patients with GBM [24]. Never-
theless, elevated levels of M-MDSCs correlated with tumor
grade [24]. Dubinski et al. observed a downregulation of
CD16 and upregulation of HLA-DR in both G-MDSCs and
M-MDSCs at the tumor microenvironment of GBM tissues
[22]. Nevertheless, the downregulation of CD16 and upregula-
tion of HLA-DR were more prominent in M-MDSCs
compared to G-MDSCs [22]. On the other hand, while eosin-
ophilic MDSCs showed a robust upregulation of HLA-DR,
neutrophilic MDSCs exhibited a dissimilar HLA-DR secretory
pattern [22].

MDSCs are further subgrouped into CD11b*CD45'""
and CD11b*CD45"" based on CD45 secretory levels in both
rodent and human GBM [14]. Furthermore, CD11b""
CD451°.W cells are believed to be microglia while CD11b™
CD45™8" cells are believed to be peripheral macrophages
[14, 25]. Nevertheless, the CD11b*CD45"8" cells comprise
of both macrophages and microglia [14, 26]. Also, in rodent
GBM models, CD11b*CD45™¢" cell fraction was the pre-
dominantly expressed when the samples were stimulated
with proinflammatory and immunosuppressing molecules
[14]. Therefore, the CD11b"CD45"€" cells appear to be the
most reactive cells in GBM microenvironment influencing
tumor progression [14].

In GBM microenvironment, the CD11b*CD45"¢" cell
fraction, comprising microglia as well as macrophages,
increased in a time-dependent manner, and naive microglia
triggered upregulate of CD45 [14, 26]. Comparatively, the
stimulation of molecules like major histocompatibility
complex (MHC) classes I and II, GR1, CD80, and CD86, as
well as IL-10 showed observable effects in CD11b*CD45"¢"
cells, while in CD11b+CD45'°" fraction, no observable effects
were visible [14]. Severe studies have also implicated
CD11b"GR1™ cells as MDSC subtypes in GBM [14, 27, 28].
This subtype was capable of blocking antitumor responses
as well as accelerated tumor progression [14, 27, 28].
Brandenburg et al. observed a robust upregulation of GR1
in MDSCs obtained from glioma samples which was limited
to only the CD11b+CD45" 8" population [14]. They indi-
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cated that the high secretion of GR1 in CD11b+CD45"¢"
cells as well as their potential suppressive phenotype could
inhibit some proinflammatory factors [14].

Studies have shown that tumor-bearing mice depleted of
CD11b*Grl1" cells survive longer compared to those treated
with control isotype IgG [17, 29]. This means that this
immune group actively participated in the pathogenesis as
well as prognosis of gliomas [29]. CD11b*Gr1*™&" cells were
the most predominate BIL population in the brain. CD11b™
Gr1'" cell secretion resulted in an upregulation of IL-4Ra in
the tumor microenvironment as compared to healthy brain
cells [29, 30]. MDSCs constituted about 5% of the cells
within GBM tumor masses and where depicted with obvi-
ous CD33"/CD157/CD14 /HLA-DR™ negative lineage sub-
sequent to CD33%/CD15"/CD14 /HLA-DR™ neutrophilic
as well as CD33"/CD157/CD14*/HLA-DR™ monocytic sub-
types [29-31].

3. MDSCs at the Glioblastoma
Microenvironment

Several studies have demonstrated that MDSCs amass in the
tumor and spleen, as well as the peripheral blood of patients
with GBM [11, 13, 22, 28, 31-33]. They are capable of elicit-
ing immune blockade via dampening the function of NK cells
and cytotoxic T lymphocytes (CTLs) in these tissues [11, 13,
22, 28, 31-33]. Several studies have further demonstrated
that MDSCs infiltrate the glioma microenvironment and
function as drivers of immune-inhibitory phenotype distinc-
tive to these lesions [10, 34, 35]. Suppression of MDSCs
within glioma microenvironment facilitated survival as a
result of concurrent upsurge of MDSCs within bone marrow,
as well as an upsurge in functional tumor-infiltrating
lymphocytes [34].

In the GBM microenvironment, angiogenin, insulin-like
growth factor binding protein (IGFBP 2&3), IL-6, IL-8,
monocyte chemoattractant protein-1 (MCP-1/CCL2), mac-
rophage migration inhibitory factor (MIF), and osteopontin,
as well as tissue inhibitor of metalloproteinases (TIMP 1&2)
were significantly elevated [36]. Several studies have demon-
strated that chemokine receptors particularly chemokine
receptor 2 (CCR2) were capable of activating the collection
of MDSCs at the GBM microenvironment [10, 34, 37]. Also,
studies have demonstrated that GBM was capable of secret-
ing IL-8 which in turn triggered the trafficking of MDSCs
into the tumor environment via the CXCR2 receptor which
functions as MIF receptors [36, 38]. Studies have further
demonstrated that higher levels of MCP-1/CCL-2 are
secreted GBMs as well as other glioma variants [36, 39, 40].
MCP-1/CCL-2 secreted by GBMs is capable of trafficking
MDSCs into the tumor microenvironment and felicitated
tumor growth via MDSCs [36, 39, 40].

In GBMs, monocytic Ly6C-secreting MDSCs are the
principal constituent of the GBM microenvironment and
represent about 40% of the total tumor mass [34, 37].
Ly6C"€" inflammatory monocytes principally secret CCR2
[34, 37]. Flores-Toro et al. observed a reduction in CD1 1b*/-
Ly6C"8"/PD-L1* MDSCs in GBMs which was associated
with an upsurge in overall CCR2" cells as well as MDSCs
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within bone marrow of CCR2-deficient mice [34]. They
further established that CCR2 antagonist CCX872 prolonged
median survival as a monotherapy in KR158 glioma-bearing
animals [34]. Furthermore, it also prolonged median as well
as overall survival when combined with anti-PD-1 [34].
Nevertheless, a combination of CCX872 and anti-PD-1
lengthened median survival time in 005 GSC GBM-bearing
mice [34]. Also, in both models, CCX872 reduced tumor-
related MDSCs as well as augmented these cells within the
bone marrow [34].

NEF-«B signaling demonstrated to be capable of mediation
in MDSC expansion in an aging brain model [41, 42]. Tumor-
associated myeloid cells deficient in NF-«B signaling exhibit
anti-inflammatory properties, which was seen as augmenta-
tion in inflammatory mediators subsequent to restricted
deletion of p65 in myeloid cells in GBM models [41]. On the
other hand, Janus Kinase (JAK)/Signal Transducer and Acti-
vator of Transcription (STAT) pathway is often stimulated
during inflammatory and immune responses [41-43]. This
pathway has demonstrated to be capable of influencing MDSC
reaction in response to several stimuli [41, 43].

NEF-«B was capable of triggering STAT3 resulting in the
induction of indoleamine 2,3-dioxygenase (IDO) enzyme
upregulation which functions as an immune suppressive
mediator in MDSCs [41, 43]. Also, stimulation of the IDO
enzyme in dendritic cells (DCs) resulted in GBM immune
evasion [44, 45]. Furthermore, tryptophan was extremely
metabolized in tumor microenvironment [44]. Also,
tryptophan metabolisms which were initially observed in
peripheral tolerance and maternal tolerance of fetus as well
as stimulation of autoimmune disease were associated with
MDSC immunosuppressive mechanisms [44, 45]. Also, IL-
6 is an effective stimulator of STAT3 which has demonstrated
to regulate MDSC-facilitated immunosuppression [36, 46].

MDSC:s are capable of blocking adaptive immunity of the
body via the triggering of Treg cells [1, 47]. Treg cells are
CD4" T cells with associated prominent FOXP3 and are
recognized to be capable of inhibiting innate immune
responses [1, 48]. Arginase-1 (Arg-1) was capable of trigger-
ing MDSC immunosuppression via the depletion L-arginine
fundamental for growth as well as differentiation of T cells,
leading to T cell dysfunction [9, 49]. Huang et al
demonstrated that MDSCs were capable of stimulating the
development of Treg cells both in vitro and in vivo, via the
stimulation of TGF- 8 and IL-10 as well as cell-cell communi-
cation [50]. MDSC modifications resulted in a reduction in
TCR binding to MHC I-peptide complexes in CD8" T cells
as well as decreased the ability of these cells to respond to
antigen peptides [44].

MDSCs generated excessive ROS as well as RNS which
were capable of inhibiting the maturation of DC which in
turn resulted in the accumulation of MDSCs [44]. Also,
ROS and RNS have been implicated in T cell inactivation.
Furthermore, peroxynitrite generation resulted in posttran-
slation protein alterations via the nitration of tyrosine, cyste-
ine, and methionine as well as tryptophan [44]. MDSCs are
capable of inhibiting the production and storage of T cells
in lymph nodes [44]. Naive T cells infiltrate secondary lymph
nodes via the secretion of L-selectin and become stimulated

via antigen peptides originating from tumor sites through
lymphatic vessels [44, 51]. MDSCs are capable of downregu-
lating L-selectin secretion on naive T cell surface via the
release of ADAM metallopeptidase domain 17 (ADAM17,
44, and 51). ADAM17 is associated with the proteolytic
cleavage and shedding of the L-selectin ectodomain [44, 51].

Freshly isolated blood-derived neutrophilic and less
efficiently eosinophilic MDSCs were capable of inhibiting
autologous nonspecific T cell proliferation and IFN-y secre-
tion in vitro and not monocytic MDSCs [22]. Studies have
shown that peripheral cellular immunosuppression in
patients with GBM was mediated by degranulated neutro-
phils or CD33"HLA' DR CD15" cells [13, 22, 52]. Tumor-
related MDSCs secreted higher levels of MHC-II compared
to microglia and macrophages in patients with GBM [53].
Contrary, MDSCs were characterized by deficiency of
MHC-II secretion and the existence of the myeloid marker
CD33 in blood or CD11b in tumor tissue [33].

Kohanbash et al. demonstrated that IL-4Ra was upregu-
lated in myeloid cells precisely at the tumor microenviron-
ment but not in the periphery in patients with GBM and de
novo murine glioma models [30]. They further revealed that
GM-CSF, which is distinctively upregulated in the glioma
microenvironment, triggered the secretion of IL-4Ra in
myeloid cells resulting in the promotion of IL-13-stimulated
Arg-1 secretion as well as T cell suppression in vitro cultured
cells as well as cells isolated from glioma-bearing hosts [30].
Future studies should focus on the functional role of MDSCs
in gliomagenesis as well as malignant degeneration.

4. TAM and Glioblastoma

In GBMs, tumor-associated macrophages (TAMs) constitute
about 20-30% of the cells in the entire tumor [54, 55]. TAMs
are capable of secreting soluble factors as well as surface
molecules that inhibit immune surveillance via endogenous T
cells and NK cells resulting in the blockade of crosstalk between
the adaptive and innate immune systems [54, 56, 57]. TAMs
are classified into M1 macrophages and M2 macrophages
[54, 55]. Several studies have demonstrated that GBMs are
depicted cardinally with the infiltration of TAM which influ-
ences the tumor progression, with both resident microglia
and bone marrow-derived infiltrating monocytes capable of
eliciting tumor growth-facilitatory activities [1, 6-8]. In GBM,
fraction of TAM infiltration of the tumor correlated positively
with the tumor grade [9, 58].

Classically stimulated M1 macrophages trigger antitumor
response via generation of proinflammatory cytokines,
presenting antigens to adaptive immune cells as well as
phagocytosing tumor cells [9]. MDSCs are capable of secret-
ing markers for proinflammatory M1 cells like iNOS, IL-1,
and TNF-a, as well as CXCL10 [29]. Also, MDSCs are
capable of secreting tumor-supportive M2-polarized macro-
phages like Arg-1, CCL17, and CD206, as well as CD36
[29]. Thus, MDSCs are pleiotropic nature [29]. Convention-
ally, studies have demonstrated that the alternatively secreted
M2 macrophages secret immunosuppressive cytokines like
STAT3 as well as scavenger receptors like CD163, CD204,



and CD206 and facilitate tumor supportive CD4" regulatory
T cells [9, 59].

Studies have demonstrated that TAMs and MDSCs often
form a sizeable percentage of tumor-infiltrating immune cells
in the GBM tumor microenvironment [23, 60-62]. They
range from 30-90% in human GBM samples, with CD11b"
MDSCs constituting the majority of infiltrating inflamma-
tory cells in human gliomas [23, 61, 62]. Microglial TAMs
were enhanced in the principal edge of the tumor as well as
surrounding white matter in a study involving single-cell
RNA sequencing of gliomas while blood-derived TAMs were
more often seen within regions of microvascular prolifera-
tion as well as perinecrotic regions within the core of the
tumor [23]. This is correlated with intense secretion of
proinflammatory factors in the periphery as well as anti-
inflammatory factors in the core [23, 63].

Also, TAMs that arose from the blood and migrate to
brain tumors, where they assume an additional tissue-
specific phenotype, proved to have a different metabolism
and augmented secretion of immunosuppressive markers
compared to microglia [23, 64]. Moreover, as glioma grade
ascended, the proportion of blood-derived TAMs to microg-
lia simultaneously ascended too [23, 65]. Nevertheless,
notwithstanding the augmented affinity of microglia toward
a proinflammatory phenotype, both cell categories have the
possibility of triggering tumor-based microenvironment
toward MDSCs and therefore are potential targets for
myeloid therapy [23, 66].

5. MDSCs and Macrophage Migration
Inhibitory Factor

Macrophage migration inhibitory factor (MIF) is derived
from GBM cells, precisely medicinally resistant cancer stem
cells, and it is obligatory for MDSC survival and function
[32, 67]. Downregulation of MIF levels in GBM cells was
incapable of modifying their proliferation [32, 67]. Neverthe-
less, an augmented host survival and an upsurge in the
quantity of CD8" T cells in the tumor microenvironment
were observed when they were transplanted into an
immune-proficient orthotopic model [32, 67, 68]. Also,
MDSCs are capable of influencing macrophages resulting in
inflammation as well as immunosuppressive effects in the
tumor microenvironment [1, 69].

GBM tumors are often depicted with immunosuppres-
sive milieu as well as participate in numerous pathways lead-
ing evasion of innate immune surveillance [1]. Most
importantly, macrophage subtypes, principally M1 and M2,
are the main origins of inflammatory cytokines [1]. M1 mac-
rophages express IL-12 that facilitates the production of T
helper 1 (Th1) adaptive immunity resulting in the triggering
of cytotoxic effects in tumor cells [1, 70]. On the other hand,
M2 macrophages are immune suppressive cells which are
capable of facilitating matrix remodeling leading to tumor
progression [1, 71]. M1 macrophages are depicted with
elevated secretion of CD86 as well as IL-12 [1, 72].

A crosstalk between MDSCs and GBM tumor stem cells
via MIF resulted in an augmented MDSC function as well
as an upsurge in cytotoxic T cell infiltration, which may be
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a potential target for inhibiting GBM progression [35, 67].
Kumar et al. established that MIF was prominent across all
three of their glioma prepared samples [36]. Studies have
shown that MIF was significantly secreted by GBM cells
resulting GBM-mediated immunosuppression [36, 73, 74].
The most crucial MIF inhibitor is the 4-iodo-6 phenylpyrmi-
dine (4-IPP) which has also demonstrated to be capable of
inhibiting MDSC development [36, 75, 76].

6. MDSCs and Glioblastoma Hypoxia

Hypoxia is very fundamental in the progression as well as
immunosuppressive function of GBMs. Hypoxia-triggered
glioma culture medium was capable of differentiating tumor-
associated macrophages to immunosuppressive M2 subtype
[77, 78]. In hypoxic milieu, GBM cells are induced to express
distinctive kinds of exosomes that are transported to normoxic
zones of the tumor to facilitate the tumor progression [77, 79].
Exosomes are tiny vesicles of about 50-150nm in diameter
present in all bodily fluids and are expressed by both normal
and malignant cells [77, 80]. Several studies have demon-
strated that tumor exosomes transport genetic materials as
well as proteins efficient in inhibiting the functions of immune
cells as well as stimulating the triggering and expansion of
MDSCs in vitro and in vivo [77, 81].

Several studies have demonstrated that hypoxia was
capable of influencing the secretion and quantities of miRNA
by exosomes which resulted in MDSC differentiation and
accumulation [77, 79, 82]. Studies have further shown that
GBM-derived exosomes (GDEs) are able to modify the
mRNA secretory profiles of their fibroblasts as well as TAMs
[77, 83, 84]. Guo et al. demonstrated that hypoxia facilitated
the secretion of exosomes via GBM and that normoxia-
stimulated GDEs (N-GDEs) as well as hypoxia-stimulated
(H-GDEs) were taken up by MDSCs in mice [77]. They indi-
cated that H-GDEs were more capable of triggering the
expansion as well as immunosuppressive activities of MDSCs
in vivo and in vitro [77]. Furthermore, miR-10a and miR-21
were upregulated in H-GDEs and had the most robust
MDSC stimulatory influence amongst the 20 highest secre-
tory GDE miRNAs [77].

Hypoxia-stimulatory miR-10a as well as miR-21 secretion
in GDEs augmented the expansion as well as suppressive
actions of MDSCs [78]. Thus, miRNAs are capable of being
transferred from tumor cells to MDSCs via GDE crosstalk
[77]. Extracellular transfer of hypoxia-stimulatory miR-10a
as well as miR-21 in GDEs led to MDSC stimulation and
downregulation of miR-10a as well as miR-21 target proteins
[77,78]. Hypoxia facilitated the expression as well as upregu-
lation of miR-10a and miR-21 levels in GDEs [77]. Further-
more, H-GDEs miR-10a and miR-21 facilitated MDSC
stimulation via the Rora/IxBa/NF-xB and Pten/PI3K/AKT
pathways [77, 78]. Also, reduced MDSCs were detected in
the spleens of mice bearing miR-10a or miR-21 knockout gli-
oma cells compared to those bearing normal glioma cells [77].
Studies have proven that hypoxia-stimulated upregulation of
miR-155 and miR-584 and the downregulation of miR-244
were associated with glioma progression [77, 85-87].
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7. MDSC and T Cells

GBM s are highly immunosuppressive brain tumors that are
well recognized for their T cell paucity [88]. GBMs are
capable of escaping immunosurveillance via the trapping of
T cells in the bone marrow via the loss of sphingosine-1-
phosphate (S1P) receptor on the T cell surface [88]. Thus,
GBMs were capable of escaping immunosurveillance via the
locking away T cells in the bone marrow [88]. Bone marrow
aspirates from treatment-naive GBM patients as well as
GBM-bearing mice showed extreme T cells in the bone
marrow compared to the blood, while controls had matching
T cell quantities in both bone marrow and blood [88]. Also, T
cells were also scanty in the spleen, resulting in splenic
shrinkage which implied that T cell generation in the bone
marrow may be shrunken [88].

Domenis et al. observed a blockade of CD4" T cell
effector activities in unfractioned peripheral blood mononu-
clear cells (PBMCs) [89]. They explained that this blockade
effect was as a result of the stimulation of monocytes, which
required the skewing of immature immunophenotype
towards the expansion of M-MDSCs and not as a result of
direct delivery of exosomes to T cells [89]. They further
indicated that GDEs were associated with the conversion of
monocytes to Arg-1- and IL-10-generating M-MDSC cells
that resulted in T cell immunosuppression without obliga-
tory direct contact between monocytes and GBM cells [89].

MDSCs were capable of suppressing T cell activities via
numerous mechanisms, including the generation as well as
expression of nitric oxide (NO), Arg-1, and ROS most
especially H,0, [22, 33, 90]. Also, MDSCs’ ability to suppress
T cell responses resulted in the depletion of specific amino
acids like L-arginine which are fundamental for T cell
function. Arg-1 and nitric oxide synthase 2 (NOS2) are the
two main catabolic enzymes via which MDSCs metabolize
L-arginine [11, 22]. Patients with freshly detected GBM had
an augmented quantity of circulating CD33" HLA-DR2
MDSCs in their blood which comprises of neutrophilic
(CD15") and immature (CD152 and CD142), as well as
monocytic (CD14") subsets [22].

On the other hand, knockout of MDSCs from PBMCs
with anti-CD33/CD15-coated beads in vitro partly restored
T cell generation of IFN-y after induction with anti-
CD3/anti-CD28 antibodies [22]. Moreover, MDSC was not
restricted to only the suppressing of CD4" and CD8" T cells,
but also suppressing of cytotoxic activities of NK and NK T
cells [91]. Thus, during cell cycle, MDSC uses numerous
mechanisms to suppress immune responses. These suppres-
sive mechanisms include arresting T cells in the GO-G1 phase,
interfering with T cell trafficking such as CD8" T cells
unresponsive to antigen-specific activation and stimulation
as well as expansion of Treg cells, and stimulating energy
generation in NK cells, suppressing NK cell cytotoxicity as well
as potential stimulation of NK T cells [91].

8. MDSCs and B Cells

B cells are produced from lymphoid precursors in the bone
marrow in a strictly regulated process, with stepwise recom-

bination of V, (D) and ] gene fragments coding for the
variable (V) region of the immunoglobulin (Ig) heavy as well
as the light chains [92, 93]. B cells are capable of producing
functional, nonautoreactive B cell receptor (BCR) which
differentiates into mature, naive B cells [92]. B cells are
capable of proliferating as well as differentiating into plasma
cells without the support of T cells when B cell receptors are
stimulated [92]. B cells are stimulated in the periphery before
they migrate into secondary lymphoid tissues [92]. Further-
more, another route which B cells are stimulated locally via
floating antigen or immune complexes was presented by
DCs [92].

B cells have demonstrated to fundamental in the GBM
immune landscape [94, 95]. Lee-Chang et al. demonstrated
that human as well as murine GBM-associated B cells exhibit
an immunosuppressive phenotype depicted with the pres-
ence of inhibitory molecules such as PD-L1 and CD155 as
well as the production of immunoregulatory cytokines like
TGF-f and IL-10 [94]. They observed that regulatory B cells
(Bregs) constituted about 10% of bone marrow-derived
infiltrating immune cells in GL261 and CT2A orthotopic
brain tumor models, and 40% of GBM patients were positive
for B cell tumor infiltration during screening [94].

GBM-associated B cells exhibited immunosuppressive
activities toward stimulated CD8" T cells, and their patho-
physiological significance was underlined by prolonged
animal survival after local administration of B cell-depleting
immunotherapy [94]. At the tumor microenvironment,
MDSCs were capable of facilitating immunosuppression of B
cells [94]. Also, MDSC:s facilitated the transfer of membrane-
bound PD-L1 to B cells, leading to the facilitation of B cell-
associated immunosuppression [94]. Lee-Chang et al. detected
that local intratumoral depletion of B cells correlated well with
the enhancement of animal survival [94].

Moreover, the therapeutic efficiency of depleted of B cells
was associated with augmented intratumor GzmB* CD8" T
cells [96, 97]. This means that depletion of GBM-associated
Bregs promoted CD8" T cell stimulation and facilitated their
effector function [96, 97]. On the other hand, ex vivo tumor-
infiltrating B cells from GBM tumor samples demonstrated
immunosuppressive activities toward CD8" T cell stimula-
tion [96, 97]. Also, adoptive transfer of naive B cells not only
salvaged the survival phenotype but also demonstrated that
only tumor-infiltrating B cells exhibit elevated PD-L1 and
CD155 [94]. Thus, dynamic process most likely occurred in
the tumor microenvironment that switches naive B cells into
GBM-associated Bregs [94].

9. MDSCs and Interferons

Interferons (IFNs) are effective and extensively active
cytokines that are capable of triggering cellular responses to
nucleic acids of abnormal structure or location [98, 99].
Interferons have been detected in normal as well as malig-
nant cells of all lineages in response to pathogenic molecular
stimuli [98]. Interferons were capable of triggering transcrip-
tion of numerous genes resulting in protein synthesis in both
cellular and viral, autophagy, apoptosis, and angiogenesis as
well as innate and adaptive immunity [98, 99].



MDSCs are able to illicit their immunosuppressive func-
tions via feedback reaction to IFN-y release by stimulated T
cells, which in turn triggers the expression of IL-10 and
TGE-f3 [50, 100]. The suppressive functions of MDSC was
associated with IFN-y secretion because MDSCs from IFN-
y'/ " mice did not have the above capabilities [100, 101]. The
presence of antibodies against mouse IFN-y did not result
in the elevation of lytic response in normal allo-cultures
lacking MDSCs, while it does restore entirely immune
responsiveness in cultures containing MDSCs [101]. Further-
more, exogenous IFN-y was capable of replacing cytokines
generated by either T lymphocytes or MDSCs derived from
either the spleen or tumor infiltrate in supporting T lympho-
cyte blockade [101].

Pituch et al. demonstrated that, analogous to human
chimeric antigen receptor (CAR) T cells, murine CAR T cells
were associated with IL13Ra2-secreting glioma cells [102].
This was observed via their cytolytic actions as well as the
production of IFN-y and TNF-« in the presence of IL13Ra2-
positive glioma cells [102]. They indicated that IL13Ra2-
CAR T cells had antiglioma actions in two syngeneic glioma
models and produced a proinflammatory tumor microenvi-
ronment in their in vivo experiments [102]. IL13Ra2-
CAR.CD28. T cell proliferation resulted in the production
of IFN-y and TNF-a as well as facilitated phenotypically
proinflammatory glioma microenvironment by triggering ele-
vated levels CD4" and CD8" T cells and CD8a" DCs as well as
a reduction in Ly6G" MDSC levels [102].

IFN-y was capable of binding with receptors that resulted
in the stimulation JAK/STAT signaling pathway, which in
turn resulted in the downregulatory secretion and stimula-
tion of IRF-1, leading to secretion of PD-L1 by tumor cells
[103, 104]. Studies have shown that, PD-1/PD-L1 was capa-
ble of reversing the immune evasion of glioma [103, 105].
Nduom et al. observed that PD-L1 was a negative prognostic
indicator for GBM during their study involving 94 GBM
patients [106].

Qian et al. found that the distribution of PD-L1 in glioma
corresponded with morphologically apoptotic T cells [103].
They further observed that IFN-y triggered PD-L1 release
in primary cultured microglia and bone marrow-derived
macrophages as well as GL261 tumor cells [103]. They
concluded that IFN-y derived from tumor-infiltrating T cells
was capable of triggering PD-L1 secretion in the tumor
microenvironment [103]. Studies on IFN-y/PD-L1/MDSC
axis are warranted.

10. MDSCs in Glioblastoma Therapy

GBMs which are exceedingly heterogeneous, comprising of
tumor cells, tumor-activating cells, infiltrating immune cells,
and endothelial cells as well as other tumor-related stromal
cells are often observe at cellular level which makes develop-
ing targeted therapies very difficult [1, 6-8]. Studies have
demonstrated that MDSCs may contribute to the failure of
immune therapies for GBM because they are capable of
potentiating immune suppression in GBM patients [10, 34,
37]. Ranjan et al. demonstrated that oral administration of
10 mg/kg penfluridol daily suppressed the growth of GBM
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tumors in a subcutaneous as well as intracranial model [1,
107]. They indicated that oral administration of 10 mg/kg
penfluridol daily for 48 days also reduced mouse MDSCs
by 72% (Figure 1(a)) [1]. They further demonstrated that
penfluridol treatment drastically suppressed the growth of
metastatic breast tumors in brain [1, 108].

Several studies established that low-dose chemotherapies
were capable of suppressing the levels of MDSCs in multiple
tumor models [3, 109, 110]. Peereboom et al. demonstrated
that 5-fluorouracil (5-FU) was capable of suppressing
MDSCs in preclinical GBM mouse models (Figure 1(a)) [3].
5-FU is an antimetabolite drug that enters both RNA and
DNA via the blockade of thymidylate synthase resulting in
decrease dTTP concentrations [3]. It was established that
dUTP and FAUTP have less competition and are thus more
likely to enter DNA [3, 67, 111]. Metronomic low-dose 5-
FU was capable of suppressing circulating MDSCs and
augmented intratumoral-stimulated T cells as well as
prolonged survival (Figure 1(a)) [3, 67].

Current treatment of GBM involves the use of corticoste-
roids prior to surgery [35]. A new trend points to the fact that
steroids are capable of modifying MDSC subtypes in GBM
patients toward the augmentation of immune suppression
[35]. This strengthens the idea of targeting MDSCs in GBM
patients, because all receive steroids therapy at the time of
surgery [35]. Alban et al. also observed immunosuppression
intratumorally, where MDSCs correlated with good progno-
sis of patients with GBM (Figure 1(b)) [35]. They used
matched primary as well as recurrent tumor-resection
samples to arrive at the above [35]. They further observed
elevated levels of CD33" MDSC levels at recurrence corre-
lated with overall survival, whereas infiltration of MDSCs
into the tumor microenvironment correlated with poor
prognosis (Figure 1(b)) [35].

Nevertheless, some patients may receive dexamethasone
for several days to weeks before surgery because of symptoms
resulting from extensive edema [24, 112]. Studies demon-
strated that the extent of dexamethasone therapy correlated
with an upsurge in MDSCs in blood of glioma patients, as
well as in experimental glioma mice models (Figure 1(a))
[24, 113]. Gielen et al. did not observe any correlation
between dexamethasone and upsurge of MDSC within tumor
tissues (Figure 1(a)) [24]. Also, a similar study did not find an
effect of the duration of dexamethasone therapy on S100A8/9
or arginase secretion [24]. Further studies on the effects of
dexamethasone on MDSCs in GBM patients are needed
because the current evidences are conflicting.

Several studies observed a spike upsurge in MDSC levels
in peripheral blood immediately after their surgical resec-
tions in primary GBM patients as well as recurrent GBM
patients put on trial chemotherapeutic agents (Figure 1(a))
[3, 35, 114]. Also, elevated levels of MDSCs in the peripheral
blood after surgery in GBM patients were observed after
surgical intervention in multiple cancer types as well as in
untreated GBM patients [3, 115-117]. Peereboom et al.
indicated that their tumor immune profiles were analyzed
on surgical samples obtained before bevacizumab therapy
although all the patients on their trial received both capecit-
abine and bevacizumab [3]. Thus, the observed intratumoral
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Figure 1: Diagnostic and therapeutic biomarker potentials of myeloid-derived suppressor cells in glioblastoma. (a) Shows therapeutic
biomarker potential of MDSC:s after various chemotherapeutic agents as well as surgical outcomes. Facilitation of MDSC secretion leads to
bad prognosis while suppression of MDSCs leads to good prognosis. (b) Shows the diagnostic biomarker potentials of MDSCs. MDSCs
are elevated in both glioblastoma tumor and the periphery blood indicating bad prognosis.

consequences of capecitabine were not triggered by bevacizu-
mab therapy [3].

Moreover, MDSC modifications began to appear before
the beginning of bevacizumab although circulating MDSC
levels were analyzed while patients were on bevacizumab
and capecitabine (Figure 1(a)) [3]. The diminishing MDSC
levels also happened in a capecitabine dose-dependent man-
ner (Figure 1(a)), making it unlikely that bevacizumab played
a substantial role [3]. Nevertheless, the potential adjuvant
properties of bevacizumab on circulating immune types
could not be deduced from their results [3].

Moyes et al. evaluated the incidence of usual myeloid
markers like CD163, CD68, and CD33, as well as SI00A9
using quantitatively analyzed tissue microarrays made of
samples taken from grades I-III astrocytoma’s and GBM
[54]. They found that CD163 and CD68, as well as SI00A9
rates were elevated in dexamethasone-treated grade I astro-
cytoma and GBM compared to normal brain tissue and
grades II and III tumors [54]. Dexamethasone is a resilient
glucocorticosteroid drug with anti-inflammatory as well as
immunosuppressant properties [54]. It is administered to
brain-tumor patients with edema one day prior to surgery
in order to decrease the edema before surgery and after
surgery, and its usage is rapidly tapered [24, 112].

MIF has demonstrated to be an appealing therapeutic tar-
get to reverse glioma-mediated MDSC buildup (Figure 1(a))
[32, 36]. Kumar et al. observed that administration of anti-
MIF-inhibiting antibody inhibited the production of CD14"/-

HLA-DR-MDSCs stimulated by glioma-conditioned media
(GCM) in their experimental models [36]. Furthermore,
GCM had intrinsic tautomerase function compatible with
the presence of MIF that was suppressed by the administration
of sulforaphane (SEN) [36]. SEN is nontoxic to leukocytes at
moderate to high doses but exhibits some intrinsic antiglioma
activities at lower doses [36]. Moreover, SEN at reasonably low
doses decreased MDSC production in GCM [36].

GBM expressed relatively high levels of PD-L1 in M-
MDSCs which was reduced upon administration of SFN
[36]. Furthermore, SEN facilitated the development of proin-
flammatory DCs from monocytes cultured in both fresh
media and GCM in addition to its effects in reducing MDSC
levels [36]. Nevertheless, only mature DCs (CD83") were
observed in the presence of GCM [36]. Moreover, in addition
to its proinflammatory properties, SEN was also directly toxic
to glioma cells signifying that it might have extra therapeutic
benefits in patients with GBM [36].

11. MDSCs as Biomarkers for Glioblastoma

In a study involving 481 lower-grade glioma patients, Jacobs
et al. observed that rs147960238, which was situated in the
tenth intron of CD163, and rs17138945, which was situated
in the second intron of MET, were considerably correlated
with survival [118]. Several studies have demonstrated that
CD163 is a hemoglobin/haptoglobin complex receptor that
is secreted by macrophages and microglia. It was established



that CD163 was capable of influencing inflammation via
macrophages [118-120]. On the other hand, MET is a recep-
tor tyrosine kinase as well as a protooncogene that is often
associated with the expansion of MDSCs [118, 121]. Studies
have proven that MDSCs are often elevated in the peripheral
blood of patients with GBM (Figure 1(b)) [34, 35]. Studies
have further shown that MDSCs in the peripheral blood as
well as those infiltrating the GBM microenvironment corre-
lated with poor prognosis (Figure 1(b)) [24, 32, 35].

Several studies have demonstrated elevation of CD33+/
HLA-DR-MDSCs in the peripheral blood of patients with
GBM compared to normal controls (Figure 1(b)) [13, 29,
100]. The MDSCs observed in the blood of patients with
GBM consisted mainly of CD33*/CD15"/CD14 /HLA-DR™
neutrophilic subset with very few CD33+/CD15-/CD14
—/HLA-DR™ negative lineage as well as CD33"/-
CD15/CD14"/HLA-DR™ monocytic subtypes [13, 29].
Moreover, studies identified an upsurge in circulating M-
MDSCs in the peripheral blood of patients with GBM com-
pared to benign and grade I/II glioma patients (Figure 1(b))
[10, 24, 32]. Furthermore, there was a correlation between
the secretory levels of intracellular S100A8/9 and upsurge in
M-MDSCs in low-grade glioma patients [24]. Also, serum
levels of S100A8/9 correlated with the function of arginase
[24]. However, the values observed in this study were not
predictable for the percentage of intratumoral MDSCs [24].

Studies have shown that elevation of peripheral MDSC
levels correlated well with their immunosuppressive
phenotypes, as well as with tumors that were refractory to
immune-stimulating therapies like immune checkpoint
blockers in multiple solid-tumor models as well as clinical
trials (Figure 1(b)) [3, 122, 123]. Alban et al. demonstrated
that GBM patients with good prognosis presented with
reduced MDSCs as well as augmented DCs [35]. Thus,
MDSC differentiation may be linked to an upsurge in
immune stimulation leading to a decrease in GBM growth
[35]. They found that immunosuppressive MDSC levels were
high in high-grade glial malignancies as well as in nonglial
malignancies with brain metastases, whereas suppressive T
cell subtypes were not augmented, as initially described [33,
35, 124, 125]. They also found that steroid use inclines
toward being a substantial predictor of MDSC levels in a
univariable linear model [35].

Chae et al. demonstrated that mice receiving tumor cells
and monocytes concurrently had augmented intratumoral
MDSCs at sacrifice contrary to mice receiving tumor cells
alone [28]. They indicated that mice receiving tumor cells
mixed with monocytes had twice fold the quantity of splenic
as well as bone marrow MDSCs contrary to mice receiving
only tumor cells or only monocytes or control mice deprived
of intracranial injection [28]. Their study concluded that
augmenting glioma-associated monocytes led to an upsurge
in intratumoral as well as systemic MDSCs in their experi-
mental model (Figure 1(b)) [28]. In another study, they
observed that normal human monocytes developed MDSC-
like phenotype upon interaction with glioma cells which
means that augmented glioma-associated monocytes/macro-
phages were capable of augmenting systemic MDSCs in
patients with GBM as well [100].
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Dubinski et al. observed that in peripheral blood, both the
fraction of CD14"¢"CD15P°* M-MDSCs and CD14'*"CD15-
PO G-MDSCs were elevated compared with healthy controls
(Figure 1(b)) [22]. They further observed that majority of G-
MDSCs comprised of CD14'°*CD15F* neutrophilic MDSCs
[22]. Nevertheless, at the tumor side, they observed that a
large percentage of CD14'°*CD15P°* G-MDSCs did not only
compose of neutrophilic CD14'°*CD15"&" MDSCs but also
elevated levels of CDI14""CD15P* M-MDSCs [22].
Raychaudhuri et al. also observed elevated levels of CD15"
CD14" G-MDSCs over CD15°CD14" M-MDSCs in tumor
specimens of GBM patients (Figure 1(b)) [31].

Gielen et al. practically entirely observed CD15"CD14"
MDSCs within GBM tissue located both in viable and necrotic
tumor zones (Figure 1(b)) [33]. Soler et al. designed a novel
differential diagnostic approach merging analysis of secretion
of two MDSC biomarkers; traditional HLA-DR as well as
novel vascular noninflammatory molecule 2 (VNN2") secre-
tion on CD14" monocytes was obtained from PBMC of
GBM and/or radiation necrosis (RN) patients [126]. They
indicated that this novel liquid biopsy could eliminate the
necessity for biopsy to differentiate GBM from RN utilizing
a minimally invasive and cheap as well as safe technique [126].

12. Conclusion

MDSCs are often elevated in the peripheral blood of patients
with GBM. MDSCs in the peripheral blood as well as those
infiltrating the GBM microenvironment correlated with poor
prognosis. CD33+/HLA-DR-MDSCs were elevated in the
peripheral blood of patients with GBM compared to normal
controls. Also, an upsurge in circulating M-MDSCs in the
peripheral blood of patients with GBM was observed
compared to benign and grade I/II glioma patients. Further-
more, there was a correlation between the secretory levels of
intracellular S100A8/9 as well as an upsurge in M-MDSCs in
low-grade glioma patients. Also, serum levels of S100A8/9
correlated with the function of arginase. GBM patients with
good prognosis presented with reduced MDSC:s as well as aug-
mented DCs. Nevertheless, augmenting glioma-associated
monocytes led to an upsurge in intratumoral as well as
systemic MDSCs in experimental model. MDSCs may con-
tribute to the failure of immune therapies for GBM because
they are capable of potentiating immune suppression in
GBM patients. Low-dose chemotherapies were capable of
suppressing the levels of MDSCs in multiple tumor models.
These observations point to the fact that MDSCs are potential
diagnostic as well as therapeutic biomarkers for GBM patients.
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Objective. Vascular dementia (VaD) is a progressive neurodegenerative disease with cognitive decline caused by cerebrovascular
factors. Despite the great progress made in the past decade, VaD still lacks effective treatments and peripheral blood biomarkers.
In this study, we tested the level of peripheral blood neurofilament light chain (NfL) in VaD patients and explored its
relationship with cognitive impairment. Method. A total of 176 study subjects including 80 normal controls (NC) and 96 VaD
patients were included in our study. Upon admission, we collected clinical and biochemical characteristics of all research
subjects. We also evaluate the Montreal cognitive assessment scale (MoCA) scores of all subjects. The serum NfL level was
measured by the single-molecule array (Simoa) method. Results. The years of education in the NC group and VaD group were
(11.65 + 3.04) years and (10.53 + 3.87) years, respectively. Compared with VaD patients, the NC group has a higher level of
education (p=0.037). Furthermore, the results of Simoa indicated that VaD subjects had higher serum NfL levels compared
with the NC group [(8.49 +£2.37) pg/ml vs. (19.26 +4.71) pg/ml, p <0.001]. In terms of other clinical and biochemical
characteristics, there was no significant difference between VaD and NC. The Spearman correlation analysis indicated that
educational years have a significant positive correlation with MoCA scores (r = 0.238, p = 0.041), while age and serum NfL levels
have a significantly negative correlation with MoCA scores (age: r = —0.213, p = 0.040; NfL: r = —0.395, p = 0.027). However,
further multiple regression analysis showed that only serum NfL level might serve as an independent risk factor for cognitive
decline in VaD (8 =0.317, p=0.021). Conclusion. The serum NfL levels in VaD subjects are significantly elevated, which may be
used as a potential peripheral blood marker for predicting cognitive impairment in patients with VaD.

1. Introduction

Vascular dementia (VaD) can be defined as a neurodegener-
ative disease related to vascular brain injury, which is mainly
manifested as cognitive decline and memory loss [1, 2]. With
the advent of a graying society, the number of people suffer-
ing from dementia has increased substantially. According to
reports, the number of people diagnosed with dementia will
double every 20 years [3]. Therefore, the number of dementia
patients will reach 66 million in 2030 and 120 million in 2050
[4, 5]. VaD accounts for about 15%-20% of all dementias, and
its incidence is second only to Alzheimer’s disease (AD) [6].
Unlike AD, there is no licensed treatment for vascular
dementia. In addition, VaD also lacks effective therapeutic
targets [7, 8]. Therefore, it is becoming imminent to find reli-
able molecular biomarkers to assess the potential risk of VaD.

Neurofilaments (Nf) is a cytoskeletal protein mainly
expressed in neurons, which belongs to Type IV intermediate
filament family having structural similarity with some pro-
tein molecules such as nestin, peripherin, and a-internexin
[9]. According to their molecular weight, Nf is biologically
divided into three subunits: 68 kDa Nf light (NfL), 160 kDa
Nf medium (NfM), and 205kDa Nf heavy (NfH) chains
[10]. Recently, Nf is considered as a biomarker of neuroaxo-
nal damage. When brain parenchyma is damaged, Nf is
released into cerebrospinal fluid (CSF) and peripheral blood
circulation [11, 12]. The traditional enzyme-linked immuno-
sorbent assay can only detect Nf in CSF, but the more
accurate single-molecule array technology makes it possible
to detect Nf in peripheral blood [13, 14].

Among the subunits of Nf, NfL is among the most prom-
ising biomarker candidates [15]. There is mounting evidence
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that NfL is related to a series of neurodegenerative diseases
[16]. However, the relationship between NfL and VaD is still
dim. The purpose of this research is to detect the serum level
of NfL and to further clarify whether NfL can be used as a
potential biomarker for the prevention and treatment in
VaD.

2. Patients and Methods

2.1. Patient Population. The current study is a prospective
cross-sectional descriptive design. Totally, 96 patients with
VaD and 80 normal controls who were admitted to Liao-
cheng People’s Hospital from June 2018 to May 2020 were
recruited. Diagnosis of VaD was confirmed by attending neu-
rologist according to the National Institute for Neurological
Disorders and Stroke (NINDS-AIREN) and Diagnostic and
Statistical Manual of Mental Disorders (DSM-V) [17, 18].
Exclusion criteria were as follows: (1) suffering from other
types of dementia; (2) suffering from mental illness; (3) suf-
fering from acute cerebrovascular disease or infectious dis-
ease; (4) malignant tumor; (5) history of surgery or other
severe trauma within 3 months; (6) heart, liver, or kidney
insufficiency and other serious acute and chronic diseases.
This research abided by the Declaration of Helsinki. We
obtained written consent from all subjects and approved by
the Ethics Committee of Liaocheng People’s Hospital.

2.2. Clinical and Biochemical Characteristics. At admission,
clinical and biochemical characteristics were collected: edu-
cation years, smoking and alcohol habits, coronary heart dis-
ease (CHD), high blood pressure (HBP), systolic blood
pressure (SBP), diastolic blood pressure (DBP), hyperlipid-
emia (HLP), total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), Diabetes Mellitus (DM), and
fasting plasma glucose (FBG).

2.3. Cognitive Function Testing. Montreal cognitive assess-
ment (MoCA) tool is a popular cognitive assessment tool
having high sensitivity and specificity [19]. MoCA evaluation
indicators include the following: alternating trail making,
visuoconstructional skills, naming, memory, visuoconstruc-
tional skills attention, sentence repetition, verbal fluency,
abstraction, delayed recall, and orientation. The MoCA eval-
uation takes about 10 minutes, and the total score is 30
points. One point is added to subjects who have received for-
mal education for less than 12 years. A final total score of 26
and above is considered normal. The MoCA cognitive assess-
ment is conducted under standard conditions by a profes-
sionally trained neurologist who is blind to the subjects’
clinical baseline data.

2.4. Measurement of Serum NfL Levels. All subjects collected
fasting serum samples within 24 hours of admission and
stored them at —80°C. The serum levels of NfL were tested
by the single-molecule array method (Simoa). The blood
sample was placed at room temperature for 15 minutes and
then centrifuged at 4°C for 15 minutes at a speed of 2000 x
g to obtain serum. The Simoa NF-light assay used commer-
cial reagents (UmanDiagnostics, Umea, Sweden) on an
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HD-1 platform (Neoline, Hangzhou, China) according to
manufacturer’s instructions. All samples were tested blindly,
and the measurement was repeated [20].

2.5. Statistical Analysis. The concentration of NfL in serum
showed a normal distribution. In this study, categorical vari-
ables are recorded by numbers (percentage, %), while contin-
uous variables are recorded by mean + standard deviation
(mean + SD). The t-test was applied for the comparison of
continuous variables, and the chi-square test was applied
for the comparison of categorical variables. Spearman’s cor-
relation analysis is used to assess the binary correlation. Mul-
tivariate regression analysis was applied to assess the
predictive value of clinical and biochemical characteristics
on the cognitive function in patients with VaD. The SPSS
22.0 statistical software (SPSS Inc., IL, USA) was used in
the study, and a p value of 0.05 was considered significant.

3. Results

3.1. Clinical and Biochemical Characteristics. A total of 176
subjects including 96 VaD patients and 80 normal controls
admitted to Liaocheng People’s Hospital from June 2018 to
May 2020 were enrolled. The clinical and biochemical char-
acteristics of all subjects were presented in Table 1. No signif-
icant differences were found in age, gender, smoking and
alcohol habits, history of chronic disease (CHD, HBP, HLP,
and DM), SBP, DBP, TC, TG, HDL-C, LDL-C, and FBG
between VaD and NC. However, significant differences were
found in education years, MoCA scores, and serum NfL
levels between the two groups (Figure 1).

3.2. Spearman’s Correlation Analysis. The correlation
between clinical and biochemical characteristics and MoCA
score was assessed by Spearman’s correlation analysis. The
results of the correlation analysis are presented in Table 2.
The results indicated that age (r=-0.213, p=0.040) and
the levels of serum NfL (r =-0.395, p=0.027) were nega-
tively correlated with MoCA scores in VaD patients, and
the correlation was significant. The results also indicated that
that the education years in VaD is positively correlated with
the MoCA score (r =0.238, p = 0.041). However, in our cur-
rent study, there is no significant correlation between cogni-
tive decline and other clinical and biochemical characteristics
of VaD patients (p > 0.05).

3.3. Multiple Regression Analysis. The results of multiple
regression analysis of MoCA score and serum NfL level in
VaD patients are presented in Table 3. The results showed
that serum NfL level may serve as an independent predictive
risk factor for the cognitive decline in patients with VaD.
After adjusting for age, gender, years of education, SBP,
DBP, TC, TG, HDL-C, LDL-C, FBG, and other clinical and
biochemical characteristics, the serum NfL level still has
important significance for the independent value of cognitive
function in VaD ($=0.317, p=0.021).
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TaBLE 1: Clinical and biochemical characteristics of all the subjects.

Variables NC VaD p

N 80 96 —

Age (years) 69.59 +5.31 69.27£6.18  0.742
Gender (male/female) 49/31 60/36 0.865
Serum NfL (pg/mL) 8.49 +2.37 19.26 +4.71  <0.001
Education (years) 11.65+3.04 10.53 +3.87 0.037
Smoking (1, %) 19 (23.75) 24 (25.00)  0.848
Alcohol (1, %) 27 (33.75) 30 (31.25) 0.724
CHD (n, %) 10 (12.50) 13 (13.54) 0.838
HBP (1, %) 24 (30.00) 29 (3021)  0.976
SBP (mmHg) 134.46 £14.28 135.82+13.59 0.519
DBP (mmHg) 87.62+£10.35 88.17+11.63  0.743
HLP (n, %) 17 (21.25) 20 (20.83) 0.946
TC (mmol/L) 4.72£0.93 489+1.14 0286
TG (mmol/L) 1.64+0.31 1.69 +0.52 0.451
HDL-C (mmol/L) 1.26 +0.39 1.21+£0.28 0.325
LDL-C (mmol/L) 2.41 £0.67 2.59+0.75 0.098
DM (n, %) 14 (17.50) 16 (16.67) 0.884
FBG (mmol/L) 6.59+1.16 6.77 +1.38 0.356
MoCA (points) 28.12+1.08  21.57+3.40  <0.001

TaBLE 2: Correlation coefficients between MoCA scores and various
parameters in VaD.

MoCA (points)

r p
Age (years) -0.213 0.040
Gender 0.301 0.454
Education (years) 0.238 0.041
SBP (mmHg) -0.372 0.245
DBP (mmHg) -0.526 0.418
TG (mmol/L) -0.377 0.183
TC (mmol/L) -0.429 0.204
HDL-C (mmol/L) 0.284 0.312
LDL-C (mmol/L) 0267 0.059
FBG (mmol/L) -0.482 0.656
Serum NfL (pg/mL) -0.395 0.027

MoCA: Montreal cognitive assessment scale; VaD: vascular dementia; SBP:
systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol;
TG: triglycerides; HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; FBG: fasting plasma glucose; NfL:
neurofilament light chain.

TABLE 3: Association between MoCA scores and various parameters
in VaD.

NC: normal controls; VaD: vascular dementia; NfL: neurofilament light
chain; CHD: coronary heart disease; HBP: high blood pressure; SBP:
systolic blood pressure; DBP: diastolic blood pressure; HLP:
hyperlipidemia; TC: total cholesterol; TG: triglycerides; HDL-C: high-
density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol;
DM: Diabetes Mellitus; FBG: fasting plasma glucose; MoCA: Montreal
cognitive assessment scale.

40 -
30 4 -
# #
20 4
*
10 -j :
0 - T T T
Education (years) MoCA (points) NfL (pg/ml)
@8 VD

NC

FiGURE 1: The differences in education years, MoCA scores, and
serum NfL levels between VaD and NC. MoCA: Montreal
cognitive assessment scale; NfL: neurofilament light chain; VaD:
vascular dementia; NC: normal controls. Compared with NC
group, *p = 0.037, *p < 0.001.

Regression coefficient  p 95% CI
Age (years) 0.138 0.184 0.725-1.203
Gender 0.263 0.196 0.788-1.194
Education (years) 0.214 0.086 0.672 - 1.145
SBP (mmHg) 0.386 0.437 0.783 - 1.092
DBP (mmHg) 0.379 0.322 0.561 - 1.236
TG (mmol/L) 0.272 0.195 0.826 - 1.215
TC (mmol/L) 0.305 0.618 0.487 - 1.309
HDL-C (mmol/L) 0.403 0.239 0.799 - 1.167
LDL-C (mmol/L) 0.260 0.193 0.915-1.128
FBG (mmol/L) 0.621 0.264 0.871 - 1.053
Serum NfL (pg/mL) 0.317 0.021 1.634 - 2.481

MoCA: Montreal cognitive assessment scale; VaD: vascular dementia; SBP:
systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol;
TG: triglycerides; HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; FBG: fasting plasma glucose; NfL:
neurofilament light chain.

4. Discussion

The aim of the research was to study the relationship between
cognitive function and serum NfL levels in VaD patients as
well as normal controls. The results showed that the serum
NfL level in VaD patients was significantly higher than that
in the normal control group, while the MoCA score was
lower. We also found that the MoCA score in VaD was sig-
nificantly negatively correlated with serum NfL levels and
age and positively correlated with years of education but
had no significant correlation with other clinical and bio-
chemical characteristics. This association is not affected by
disturbing factors such as age, gender, years of education,



SBP, DBP, TC, TG, HDL-C, LDL-C, and FBG. To our knowl-
edge, we have confirmed for the first time that serum NfL
may serve as an independent risk factor for cognitive impair-
ment in patients with VaD.

It has recently been discovered that NfL is related to a
battery of neurological diseases. Johanna Gaiottino and his
colleagues found that patients with AD, amyotrophic lateral
sclerosis (ALS), and Guillain-Barré-syndrome (GBS) have
higher levels of cerebrospinal fluid and serum NfL, and this
change in NfL level is not accompanied by evidence of struc-
tural damage of central nervous system (CNS) [21]. Ching-
Hua Lu’s team further confirmed that serum NfL level was
an easily accessible marker for prognostic of patients with
ALS [22]. Interestingly, NfL mutations can cause severe early
onset of Charcot—-Marie-Tooth (CMT) disease [23]. In addi-
tion, elevated levels of NfL in cerebrospinal fluid or periph-
eral blood have also been reported in Parkinson’s disease,
relapsing-remitting multiple sclerosis, progressive supranuc-
lear palsy, and brain metastases [24-28]. All the above
studies suggested that NfL can be used as a biological target
of certain nervous system disorders.

Emerging evidence indicates that NfL is involved in the
pathological mechanism of cognitive declines [29]. A Chi-
nese Taipei study showed that plasma NfL is a biomarker
of cognitive decline in AD and Parkinson’s disease (PD),
and it is more specific for AD [24]. A 5-year longitudinal ret-
rospective study in the United States showed that higher
serum NfL levels are related to poor current and future clin-
ical and cognitive performance [30]. In hereditary fronto-
temporal dementia, blood NfL can be used as a biomarker
of disease progression, and the longitudinal measurement
of NfL provides valuable information as a marker of treat-
ment effect [31]. Not only in frontotemporal dementia, a
Swedish study showed that plasma NfL is a noninvasive bio-
marker for AD [32]. Although the relationship between NfL
and cognitive impairment has been widely reported, its
mechanism is not completely clear.

Our research has some limitations. Firstly, the current
study is a single-center study with a small sample size. Sec-
ondly, we did not monitor the serum NfL level longitudinally
nor did we dynamically follow up the cognitive function and
prognosis of patients. Thirdly, because the gold standard for
diagnosis of VaD is biopsy, thus, our diagnosis for VaD may
not be accurate enough, and VaD patients may also accom-
pany by other types of cognitive impairment. However, our
study confirmed for the first time the correlation between ele-
vated serum NfL levels and cognitive decline, which has
important clinical potential application value in VaD.

5. Conclusion

In conclusion, our study mainly found that the serum NfL
levels of VaD patients were significantly elevated than that
of the NC group. Our study reported for the first time that
serum NfL plays an important role in the pathophysiology
of the cognitive function of VaD patients. We expect the
emergence of larger multicenter studies to confirm the asso-
ciation between serum NfL concentrations and cognitive
function in patients with VaD. Elucidating the potential
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pathological mechanism that NfL involved in the pathogene-
sis of VaD will have great applied value.
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Objective. Accumulating evidence implies that long noncoding RNAs (IncRNAs) play a crucial role in predicting survival for glioma
patients. However, the potential function of IncRNA ELF3-antisense RNA 1 (ELF3-AS1) in tumors remained largely unclear. The
aim of this study was to explore the expression of IncRNA ELF3-antisense RNA 1 (ELF3-AS1) and evaluate its functions in glioma
patients. Patients and Methods. ELF3-AS1 expressions were examined by RT-PCR in 182 pairs of glioma specimens and adjacent
normal tissues. The receiver operating characteristic (ROC) curve was performed to estimate the diagnostic value of ELF3-AS1. The
chi-square tests were used to examine the associations between ELF3-AS1 expression and the clinicopathological characters. The
overall survival (OS) and disease-free survival (DFS) were analyzed by log-rank test, and survival curves were plotted according
to Kaplan-Meier. The prognostic value of the ELF3-AS1 expression in glioma patients was further analyzed using univariate and
multivariate Cox regression analyses. Loss-of-function assays were performed to determine the potential function of ELF3-AS1
on the proliferation and invasion of glioma cells. Results. The ELF3-AS1 expression level was significantly higher in glioma
specimens compared with adjacent nontumor specimens (p < 0.01). A high expression of ELF3-AS1 was shown to be associated
with the WHO grade (p=0.023) and KPS score (p =0.012). ROC assays revealed that high ELF3-AS1 expression had an AUC
value of 0.8073 (95% CI: 0.7610 to 0.8535) for glioma. Using the Kaplan-Meier analysis, we found that patients with a high
ELF3-AS1 expression had significantly poor OS (p =0.006) and DES (p =0.0002). In a multivariate Cox model, we confirmed
that ELF3-AS1 expression was an independent poor prognostic factor for glioma patients. The functional assay revealed that
knockdown of ELF3-AS1 suppressed the proliferation and invasion of glioma cells. Conclusions. Our findings confirmed that
ELF3-AS1 functions as an oncogene in glioma and indicated that ELF3-AS1 is not only an important prognostic marker but
also a potential therapy target for glioma.

1. Introduction

Glioma is a common malignant primary brain tumor in
adults and accounts for 35% of all central nervous system-
related tumors as well as 85% of all primary malignant brain
tumorsl, 2. The existing WHO classification divides glioma
into grades I, II, III, and IV from a histological perspective3.
An upward trend in morbidity and mortality for glioma was
observed from 2005 to 2018 in China4. Although new biolog-
ical therapies have made progression with regard to the ther-
apeutic intervention, including chemotherapy, radiotherapy,
glioma surgery, gene therapy, and immunotherapy, glioma

patients’ overall survival (OS) is only 10-15 months after
diagnosis5-7. On that account, it is necessary to develop
new strategies for diagnosing and treating glioma, thereby
reducing the recurrence as well as improving the OS.

Long noncoding RNAs (IncRNAs) are long RNA tran-
scripts (>200 nucleotides) that do not possess protein-
coding capabilities8. Different from short noncoding RNAs,
IncRNAs exhibited an underestimated function role because
of initially being identified as the transcriptional noise in
the genome9, 10. Growing studies have indicated that
IncRNAs participate in various biological activities, like cell
differentiation, apoptosis, and gene expression epigenetic


https://orcid.org/0000-0003-4452-4327
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8871746

regulation, as well as RNA decayll, 12. Recently, aberrant
IncRNA expressions are frequently found in most human
cancers and affect each of the six hallmarks of cancer, and
an increasing number of studies focus on revealing the
molecular mechanisms exhibited by IncRNAs during the
above-mentioned pathological processesl3, 14. In addition,
the development of high throughput sequencing promoted
the detection technology of IncRNA, and according to the
potential effects of IncRNAs acting as tumor promotors or
suppressors, IncRNAs may serve as new diagnostic and prog-
nostic biomarkers for various tumor patients, including gli-
omal0, 15-18.

IncRNA ELF3-antisense RNA 1 (ELF3-AS1) was a
recently identified IncRNA whose effects have been reported
in various tumors, like lung cancer, osteosarcoma, and blad-
der cancer19-21. Interestingly, all previous studies have
shown that the ELF3-AS1 expression was distinctly increased
in various types of tumors. However, whether ELF3-AS1 also
displayed a dysregulated expression in glioma and its biolog-
ical significance have not been investigated.

2. Patients and Methods

2.1. Clinical Specimens. Between July 2012 and April 2015,
182 glioma samples together with paired adjacent noncan-
cerous tissues were collected from glioma patients receiving
surgical resection at our hospital. The five-year follow-up
was completed specifically to all these patients, and their
written informed consents were obtained. No patients had
undergone previous treatments including radiation or che-
motherapy. The inclusion criteria for the patient cohort
included (i) having a distinctive pathological diagnosis of gli-
oma; (ii) surgical resection, defined as the complete resection
of all tumor nodules with the cut margin being free of tumors
by histological examination; and (iii) having complete clini-
copathological data. We obtained these samples during sur-
gery and immediately froze them in liquid prior to use.
Five-year follow-up was done through hospital medical
records and telephone interviews. 172 glioma patients com-
pleted follow-up, and the rate of loss to follow-up was 5.4%.
Table 1 lists the clinical features exhibited by all these
patients. This study has obtained the approval of the
Research Ethics Committee of the Renmin Hospital of
Wuhan University (No. WN33171). Written informed con-
sent was obtained from all the patients.

2.2. Cell Culture and Cell Transfection. The human glioma
cell lines (U251, H4, SW1783, and LN229) and NHA cells
were obtained from a cell bank at the Chinese Academy of
Sciences (Shanghai, China) and grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Hyclone, Haidian, Beijing,
China) containing 10% fetal bovine serum (FBS; Gibco,
Hangzhou, Zhejiang, China) and 100 ug/ml streptomycin
and penicillin. All cell lines were maintained at 37°C in a
humidified atmosphere containing 5% CO,.

2.3. RNA Extraction and Quantitative Real-Time PCR (qRT-
PCR). The TRIzol reagent (Invitrogen, Suzhou, Jiangsu,
China) was employed to extract the total RNA. A Prime-
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TaBLE 1: Association between ELF3-AS1 expression and different
clinicopathological features of 182 human gliomas.

ELF3-AS1
Parameter No. of cases expression p value
High  Low

Age 0.667
<50 102 49 53
>50 80 41 39

Gender 0.356
Male 105 55 50
Female 77 35 42

WHO grade 0.023
I-1I 116 50 66
II-1v 66 40 26

KPS score 0.012
<80 80 48 32
>80 102 42 60

Extent of resection 0.380
<98% 105 49 56
>98% 77 41 36

Tumor size 0.103
<5cm 106 47 59
>5cm 76 43 33

Script 1st strand cDNA Synthesis Kit (TaKaRa Bio, Shenz-
hen, Guangdong, China) was applied to the synthesis of
cDNA from total RNA relying on reverse transcription.
The miScript SYBR Green PCR Kit (Qiagen, Haidian, Bei-
jing, China) was applied to the ABI 7500 cycler (Applied Bio-
systems) for conducting the real-time PCR, based on the
instruction of the manufacturer. The real-time PCR was con-
ducted under the condition of 10s at 94°C, 5s at 94°C, 30's of
annealing at 52°C, and 15 s at 72°C followed by 40 cycles. The
GenePharma company (Kunshan, Jiangsu, China) took
charge of the design and synthesis of all these primers, as fol-
lows: ELF3-AS1, forward, 5'-GCAACGGCGTCTACCAC-3';
reverse, 5'-TAGCCCACGTCGTCTCACTATC-3'. GAPDH,
forward, 5'-CGACTTATACATGGCCAAC-3'; reverse, 5'-
TTCCGATCACTGGAATCAC-3'. GAPDH was used as an
internal control. The relative level exhibited by gene expres-
sion was expressed relative to the GAPDH, and the paact
methods were adopted to calculate the relative level.

2.4. CCK-8 Assays. Cell proliferation was determined using
CCK-8 (Haidian, Beijing, China). Cells were seeded in 96-
well plates at a density of 2 x 10° cells. After culture for 0,
24, 48, and 72 h, 10 ul CCK-8 reagent was added to each well
and incubated at 37°C for another 1 h. Optical density (OD)
values were measured at 450 nm.

2.5. Colony Formation Assays. The capability of anchorage-
independent growth of H4 and LN229 cells was measured
by the colony formation assays. 1 x 10° cells were plated in
10cm dish and incubated in a humidified atmosphere of
5% CO, incubator at 37°C for 10 days. For visualization,
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F1GURE 1: The expression of ELF3-AS1 and its diagnostic significance in glioma. (a) The expression levels of ELF3-AS1 in glioma tissues were
significantly higher than those in corresponding noncancerous tissues. (b) RT-PCR for the determination of ELF3-ASI expression in the
glioma specimens with different stages. (c) qRT-PCR analysis of the expression of ELF3-AS1 in glioma cell lines and NHA cells. (d) ROC
curve for diagnostic value of ELF3-AS1 in glioma. **p <0.01, *p < 0.05.

colonies were stained with 0.5% Crystal Violet (Sigma, Hai-
dian, Beijing, China) in 50% methanol and 10% glacial acetic
acid. The colonies with the diameters of >1 mm were counted.

2.6. Transwell Assays. Cells were transfected with 50 nM si-
ELF3-AS1 or si-NC. Twenty-four hours postinfection, the
infected cells were harvested and plated (1 x 10°) in the top
chamber of transwell assay inserts (Millipore, Pudong,
Shanghai, China) with a Matrigel-coated membrane contain-
ing 8 um pores. Inserts were then placed into the bottom
chamber wells of a 24-well plate containing RPMI-1640 with
10% FBS as a chemoattractant. After 48 h of incubation, the
remaining cells were removed from the top layer of the insert
by scrubbing with a sterile cotton swab. Cells which passed
through the filter were fixed and stained using 0.1% Crystal
Violet. Numbers of invaded cells were counted in five ran-
domly selected fields under a microscope.

2.7. Statistical Analysis. All data are represented as means +
SD. SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) was
applied to the analysis. Student’s t-test together with the
chi-square test assisted in estimating the difference signifi-

cance between groups. The receiver operating characteristic
(ROC) curves were aimed at discriminating glioma speci-
mens from normal nontumor tissues. Kaplan-Meier methods
together with a log-rank test assisted in determining the dif-
ference between patients in terms of the OS and DFS. Univar-
iate and multivariate survival analyses adopted the Cox
proportional hazard model. The values were considered to
be statistically significant at p < 0.05.

3. Results

3.1. Expression Levels of ELF3-AS1 in Glioma. To determine
whether ELF3-AS1 was abnormally expressed in glioma,
qRT-PCR assisted in examining the ELF3-AS1 expression
exhibited by 182 pairs of glioma tissues as well as the noncan-
cerous tissues. Figure 1(a) demonstrates the obviously lower
ELF3-ASI expression in tumor tissues relative to noncancer-
ous tissues (p < 0.01). In addition, we observed that the glioma
specimens with advanced stages exhibited a higher level of
ELF3-AS1 than those with early stages (Figure 1(b)). More-
over, we examined the levels of ELF3-AS1 in four glioma cell
lines, finding that ELF3-AS1 expression levels were increased



1.0 o

0.8 +

0.6 -

0.4 o

Overall survival

0.2

0.0 T T T T

Months

—— High ELF3-AS1 expression
—— Low ELF3-AS1 expression

FiGure 2: Kaplan-Meier curves estimating the 5-year overall
survival rates according to the expression of ELF3-AS1 in patients
with glioma.

1.0 4
0.8
0.6
0.4 —

$=0.0002
02

Disease-free survival

0.0

o
—
[ 38}
[N}
=
w
=)}
IS
o}
|
o

Months

—— High ELF3-AS1 expression
—— Low ELF3-AS1 expression

FiGure 3: Kaplan-Meier curves estimating the 5-year disease-free
survival rates according to the expression of ELF3-AS] in patients
with glioma.

in four glioma cell lines compared with NHA, particularly in
H4 and LN229 cells (Figure 1(c), p < 0.05). Accordingly, H4
and LN229 cells were used in the subsequent experiments.
Thus, our findings revealed ELF3-AS1 as a regulator in the
progression of glioma.

3.2. The Diagnostic Significance of Overexpression of ELF3-
ASI in Glioma. Previous studies have revealed that several
functional IncRNAs displayed a diagnostic value in glioma
patients. Then, we performed ROC assays which showed that
high ELF3-AS1 expression had an AUC value of 0.8073 (95%
CI: 0.7610 to 0.8535) for glioma (Figure 1(d)). The sensitivity
and specificity of ELF3-AS1 expressions for distinguishing
glioma samples from normal samples were 67.23%/85.22%,
indicating ELF3-AS1 as an early-diagnosis indicator for gli-
oma patients.

3.3. Association between ELF3-AS1 Expression and the
Clinicopathological Features of Glioma. For a better under-
standing of the clinical relevance of the ELF3-AS1 expression
in glioma, we divided the 182 glioma patients into a group
with a high expression (n=90) and a group with a low
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expression (n =92), taking into account the median ELF3-
ASI expression level (5.232) in all glioma samples. Then,
we performed a chi-square test and found that the high
ELF3-AS1 expression affected the WHO grade (p =0.023)
and the KPS score (p = 0.012) (Table 1). However, there were
no significant correlations of ELF3-AS1 expression with
other clinical features.

3.4. Prognostic Values of ELF3-AS1 Expression as a Novel
Biomarker in Glioma. Kaplan-Meier survival analysis
assisted in confirming the association between the expression
of ELF3-AS1 and 182 glioma patients’ outcomes. Interest-
ingly, we observed that patients who possessed a high
ELF3-AS1 expression exhibited a weaker OS (p =0.0006,
Figure 2) and DFS (p=0.0002, Figure 3) compared with
those in the low ELF3-AS1 group. Moreover, univariate and
multivariate assays were carried out to determine whether
ELF3-AS1 was an independent factor for prognostic predic-
tion in glioma patients. Importantly, our findings suggested
that increased expression of ELF3-AS1 can be applied to
independently predict the prognosis of patients regarding
OS (HR=2.673, 95% CI: 1.138-4.462, p=0.015, Table 2)
and DFS (HR=2.762, 95% CI: 1.238-4.562, p=0.006,
Table 3).

3.5. The Effects of ELF3-AS1 Knockdown on the Proliferation
and Invasion of Glioma Cells. To determine the function of
ELF3-AS1 in the progression of glioma, the expression of
ELF3-AS1 was suppressed using si-ELF3-AS1 in H4 and
LN229 cells (Figure 4(a)). CCK-8 assays showed that ELF3-
AS1 silencing significantly inhibited the proliferation ability
of glioma cells compared with that of negative control trans-
fection (Figures 4(b) and 4(c)). The colony formation assay
showed that H4 and LN229 cells transfected with si-ELF3-
ASI1 formed significantly less colonies than those transfected
with si-NC (Figure 4(d)). Moreover, we explored the possible
influence of ELF3-AS1 on the metastasis ability of glioma
cells using transwell assays, finding that the cell invasion
was markedly suppressed in glioma cells transfected with
si-ELF3-AS1 as compared with cells transfected with si-NC
(Figure 4(e)). Overall, our findings suggested ELF3-ASI as a
tumor promotor in glioma cells.

4. Discussion

Glioma acts as a common malignant primary brain tumor,
and the significant progress of related treatment in the past
ten years fails to improve its weak prognosis22, 23. The early
screening and the prediction of clinical outcomes before var-
ious treatments may contribute to the optimization of thera-
peutic schedules for doctors, which then promoted the long-
term survivals of glioma patients24, 25. Up to date, in clinical
practice, the sensitive biomarkers were limited due to the
unclear molecular mechanisms involved in the progression
of glioma. In recent years, more and more studies have
highlighted the potential of IncRNAs used as novel bio-
markers for tumor patients due to their frequent dysregula-
tion in both specimens and blood in patients and important
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TaBLE 2: Univariate and multivariate Cox regression analyses of ELF3-AS1 for overall survival of glioma patients.
Variable Univariate analysis Multivariate analysis
RR 95% CI p value RR 95% CI p value

Age 0.842 0.452-1.623 0.241 — — —
<50 vs. 250

Gender 1.213 0.773-1.898 0.423 — — —
Male vs. female

WHO grade 3.113 1.342-4.782 0.008 2.893 1.234-4.345 0.015
I-1I vs. III-IV

KPS score 3.225 1.423-5.113 0.005 3.014 1.223-4.783 0.009
<80 vs. >80

Extent of resection 0.892 0.472-1.885 0.231 — — —
<98% vs. 298%

Tumor size (cm) 1.448 0.783-2.218 0.149 — — —
<5vs. 25

ELF3-AS1 expression 2.952 1.342-4.832 0.009 2.673 1.138-4.462 0.015
High vs. low

TaBLE 3: Univariate and multivariate Cox regression analyses of ELF3-AS] for disease-free survival of glioma patients.
Variable Univariate analysis Multivariate analysis
RR 95% CI p value RR 95% CI p value

Age 1.332 0.672-1.989 0.223 — — —
<50 vs. 250

Gender 1.556 0.732-2.114 0.145 — — —
Male vs. female

WHO grade 3.183 1.327-4.672 0.014 2.985 1.182-4.328 0.019
[-1I vs. III-IV

KPS score 2.987 1.247-4.558 0.017 2.632 1.124-4.134 0.021
<80 vs. 280

Extent of resection 1.561 0.767-2.137 0.137
<98% vs. 298%

Tumor size (cm) 1.428 0.873-2.018 0.233 — — —
<5vs. 25

ELF3-AS1 expression 3.213 1.327-5.133 0.002 2.762 1.238-4.562 0.006
High vs. low

effects in tumor progression26-29. In this study, we identi-
fied a novel glioma-related IncRNA, ELF3-AS1.

In recent years, the dysregulation of the ELF3-AS1
expression and its biological function in several tumors have
been reported. For instance, Zhang et al.*' found that high
ELF3-AS1 expression in lung cancer specimens predicted a
weak clinical prognosis of lung cancer patients. Functionally,
ELF3-AS1 was shown to promote lung cancer cells with
regard to migration and invasion via sponging miRNA-212.
Yuan et al.* reported that ELF3-ASl, an overexpressed
IncRNA in osteosarcoma, promoted the proliferation of oste-
osarcoma cells via increasing KLF12 potentially through
methylation of miR-205. In bladder cancer, ELF3-AS1 was
overexpressed and correlated with poor clinical outcomel9.

Moreover, in vitro and in vivo assays revealed that ELF3-
AS1 knockdown hindered the proliferation and metastasis
via interaction with KLF8. As suggested by another study of
Chu et al., ELF3-AS1 overexpression promoted the prolifera-
tion of oral squamous cell carcinoma cell30. All the above
findings suggested ELF3-AS1 as a tumor promotor. How-
ever, the expression and function of ELF3-ASl1 in glioma
have not been investigated.

Our study firstly proved the distinctly increased ELF3-
AS1 in 182 glioma specimens compared to matched nontu-
mor tissues, and increased ELF3-AS1 expression was associ-
ated with WHO grade and KPS score. Then, we explored the
diagnostic value of a high ELF3-AS1 expression for glioma
specimens, finding that a high ELF3-AS1 expression in the
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tumor specimens enabled the discrimination of glioma
patients from nontumor brain tissues with an AUC of
0.8073, indicating it as a possible diagnostic biomarker for
glioma. Moreover, we performed Kaplan-Meier methods to
explore the clinical significance of ELF3-AS1 expression in
glioma patients, finding that patients with a high ELF3-AS1
expression have a shorter OS and DEFS than those with a
low ELF3-AS1 expression. More importantly, the results
of univariate and multivariate analyses confirmed that
increased ELF3-AS1 expression could serve as a significant
and independent predictor of OS and DFS of glioma patients.
To explore the potential function of ELF3-AS1 on the prog-
ress of glioma cells, we performed loss-of-function assays

and confirmed that knockdown of ELF3-AS1 suppressed
the proliferation and invasion of glioma cells. The findings
of the effects of ELF3-AS] acting as a tumor promotor in gli-
oma were consistent with previous findings in other types
of tumors.

5. Conclusions

Our present study identified a novel glioma-related IncRNA,
ELF3-AS]1, which was associated with the progression of gli-
oma. The findings revealed that ELF3-AS1 could be a new
biomarker as well as a therapeutic target for effectively treat-
ing glioma.
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Background. Cerebral ischemic stroke is one of the severe diseases with a pathological condition that leads to nerve cell dysfunction
with seldom available therapy options. Currently, there are few proven effective treatments available for improving cerebral
ischemic stroke outcome. However, recently, there is increasing evidence that inhibition of histone deacetylase (HDAC) activity
exerts a strong protective effect in in vivo and vitro models of ischemic stroke. Review Summary. HDAC is a posttranslational
modification that is negatively regulated by histone acetyltransferase (HATS) and histone deacetylase. Based on function and
DNA sequence similarity, histone deacetylases (HDACs) are organized into four different subclasses (I-IV). Modifications of
histones play a crucial role in cerebral ischemic affair development after translation by modulating disrupted acetylation
homeostasis. HDAC inhibitors (HDACi) mainly exert neuroprotective effects by enhancing histone and nonhistone acetylation
levels and enhancing gene expression and protein modification functions. This article reviews HDAC and its inhibitors, hoping
to find meaningful therapeutic targets. Conclusions. HDAC may be a new biological target for cerebral ischemic stroke. Future

drug development targeting HDAC may make it a potentially effective anticerebral ischemic stroke drug.

1. Instruction

Cerebral ischemic stroke is a serious neurological disease that
leads to morbidity, mortality, and severe long-term disability
[1]. Because of its high basal metabolic rate, dependence on
maintained ion gradients, and high concentrations of gluta-
mate and aspartic acid, central nervous system neurons are
particularly vulnerable to the direct effects of hypoglycemia
and hypoxia [2-4]. The subsequent Na** influx and Ca®"
overload result in cytotoxic edema, acidosis, organelle, and
necrotic cell death finally [5]. The endogenous neuronal
repair occurred in the site of the penumbra, including neuro-
genesis and neovascularization, which appear days to weeks
after an ischemic stroke [6]. It determines the final degree

of tissue regeneration and function recovery [7]. Ischemic
stroke has a complex pathophysiological process involving
excitotoxicity, oxidative stress, and inflammation [8]. There-
fore, effective treatments should have a multitarget effect to
achieve the purpose of reducing nerve damage and promot-
ing tissue repair [9, 10].

Histone deacetylase (HDAC) is a significant enzyme that
regulates intracellular protein acetylation. Abnormal HDAC
activity is associated with many diseases. HDAC is an essen-
tial drug target, many of which have been developed into
clinical drugs. Recently, preclinical studies have confirmed
that HDAC and its inhibitor (HDACI) are potential drugs
for the treatment of stroke [11]. HDAC and HDACi regulate
a series of processes from cell survival to regeneration,
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significantly reduce infarct area, and play a neuroprotective
role in vivo and vitro [10]. Here, our review will discuss
the role of histone deacetylases (HDACs) in cerebral
ischemic stroke and update the potential therapeutic strat-
egy of HDACIi as emerging drugs in stroke treatment in
recent times.

2. Overview of the HDACs and HDAC:I in
Cerebral Ischemia

2.1. Overview of the HDACs. HDACs are conservative evolu-
tionary enzymes involved in the epigenetic regulation of gene
expression and protein functions [12]. To date, 18 potential
HDACs have been identified in mammalian cells, and all of
them are expressed in the adult brain [13]. Given that histone
modification can regulate chromatin structure and gene
expression in which abnormal alteration appearance in
HDAGC: is associated with cerebral ischemic development,
the mechanism of action between HDACs and cerebral
infarction is summarized in Figure 1. Based on function
and DNA sequence similarity, HDACs are organized into
four different subclasses (I-IV) [14]: the zinc-dependent class
I (HDAC 1, HDAC 2, HDAC 3, and HDAC 8), the zinc-
dependent class II (class ITa: HDAC 4, HDAC 5, HDAC 6,
HDAC 7, and HDAC 9; class IIb (HDAC6), the NAD-
dependent class III (sirtuins), and class IV (HDAC 10 and
HDAC 11). The class  HDACs display an extensive presence
in nuclei. In addition to nuclear localization, the expression
of class I isoforms has also been observed in cytoplasmic
domains. The class I HDACs are a large class of constitutive
nuclear proteins, while class II HDACs, divided into classes
ITa and IIb, mainly shuttle between the nucleus and cyto-
plasm. Class IV HDACs are generally composed of a mem-
ber, HDACI1, and little is known about its role in ischemic
stroke. Sirtuins have been discussed in a recent review,
referred to as class III HDACs, which are structurally and
enzymatically distinct NAD-dependent enzymes [15-18].

2.2. Overview of the HDACs. According to the HDAC classi-
fication, currently, the most common HDACi used in cere-
bral ischemic models are class I and class II inhibitors.
Here, we summarized the related HDACI in cerebral ische-
mia. Class I is including MS-275 [19], Scriptaid [8],, trichos-
tatin A (TSA) [20], suberoylanilide hydroxamic acid (SAHA)
[21, 22], valproic acid (VPA), sodium butyrate (SB) [23], and
4-phenylbutyric acid (4-PB) [24]. Besides that, nicotinamide
is a nonspecific inhibitor of class III HDACs [25]. Here, we
summarized the publication of HDAC and HDACi in recent
years as a treatment strategy and probably mechanism in
cerebral ischemia (Table 1).

3. HDACs in Cerebral Ischemia

3.1. Zinc-Dependent Class . HDACI is the first mammalian
protein identified to have histologically oriented deacetylase
activity [26], which exerts an essential role in regulating the
cell cycle and is necessary for the transcriptional suppression
of cell cycle genes. The association between HDACI and the
promoter region of specific genes is related to their transcrip-
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tional suppression. The functional acquisition of HDACI1
provides adequate protection against DNA damage and neu-
rotoxicity of cultured neurons, which is used as a model of
ischemia in vivo [27]. The penumbra of HDAC2 in the rat
cerebral cortex enhanced 4 or 24 hours after photothrombo-
tic stroke (PTS). PTS increases the expression of HDAC1 and
HDAC2 in the penumbra, which leads to the redistribution
of HDACI1. However, the redistribution of HDAC2 from
the nucleus to the cytoplasm is less than that of HDACI
[28]. In transient middle cerebral artery occlusion (tMCAO)
models of rats, the specificity protein family of transcription
factor 3 (Sp3) together with HDAC1/HDAC2 complex could
modulate the acetylation of ncx1 brain promoter (ncxl1-br),
which may act as an innovative development strategy in
stroke treatment intervention [29].

Furthermore, T-LAK-cell-originated protein kinase
(TOPK) has a neuroprotective effect on cerebral ischemia-
reperfusion injury by inhibiting HDAC1/HDAC2 activity,
which may be related to the neuroprotective effect of TOPK
on cerebral ischemia-reperfusion injury [30]. The expression
of HDACS3 in the pathological process of diabetes and stroke
can protect the brain from ischemia-reperfusion (I/R) injury
by regulating oxidative stress, apoptosis, and autophagy
in vivo and in vitro, and the mechanisms may be by the
upregulated expressions of brain and muscle ARNT-Like 1
and AIM2 inflammatory bodies [31, 32]. Calpeptin pretreat-
ment blocked the attenuation of the nuclear distribution of
HDACS3 in vivo [33]. HDACS plays a protective role in the
cytotoxicity of renal cell death [34], but its effect on cerebral
ischemia was not obvious.

3.2. Class II HDACs. In ischemic stroke models, HDAC4
expression is reduced, while HDAC4 may reduce neuronal
apoptosis by decreasing high-mobility group box 1 (hMGB1)
protein expression and promote angiogenesis and nerve
regeneration through the release of VEGF signal of hypoxia-
inducible factor-1 [35-37]. HDAC4’s interactive partners such
as MEF2, ATF4, and NF-xB may also mediate the roles of
attenuation of neuronal apoptosis and promotion of angio-
genesis and neurogenesis of ischemic stroke [38]. A recent
study found that HDACS effectively inhibits the involvement
of myocardial-associated transcription factor A (MRTEF-A)
in IR-induced apoptosis of cortical neurons [39]. In one study,
miR-217 promotes the accumulation of HDAC5 in the
nucleus and affects the cerebral ischemia-reperfusion injury
via the miR-217/MEF2D/HDACS5 axis [40].

HDACO9 is expressed in the cerebral and systemic arteries.
In rat cerebral ischemia/reperfusion injury, the brain injury
can be alleviated by silencing the HDAC9 gene by lentivirus
recombination in the brain with upregulated HDACY. It is
involved in hypoxia-glucose-induced dysfunction of cerebral
microvascular endothelial cells, increased inflammatory
response, apoptosis, endothelial cell permeability disorder,
and decreased expression of tight junction protein [41].
HDACY deficiency and downregulation of phosphorylated
IkBa are related to the role of phosphorylated nuclear factor-
kappa B (NF-xkB) and mitogen-activated protein kinase
(MAPKs), including regulating phosphorylated p38, phos-
phorylated extracellular signal-regulated kinase 1, ERK1/2,
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FI1GURE 1: Overview of the probable mechanism between HDACs and their inhibitors. Due to the different distributions of HDACs in the
cytoplasm and nuclei, the related mechanisms of cerebral ischemia show the different types. When cerebral infraction occurred, HDAC 1 and
2 in the nucleus were released into the cytoplasm that caused homeostasis of the cellular environment to be destroyed. It will continuously
lead to the degradation of DNA. Meanwhile, HDAC 3, 4, 5, and 9 would participate in apoptosis, inflammation response, and Golgi apparatus
dysfunction as well as autophagy, which is particularly apparent in HDAC9, respectively. Moreover, HDAC NAD"-dependent class I1I

(SIRT1) could aggravate the ischemic injury p53 acetylation and NF-«B.

TaBLE 1: Primary HDAC and HDAC inhibitors in cerebral ischemia.

HDAC classification HDAC inhibitors Location
HDAC 1 MS-275, FK-288, TSA, VPA, Scriptaid NU
. HDAC 2 FK-288, SAHA, SB, Scriptaid NU
Zinc-dependent class I o
HDAC 3 MGCDO0103, Scriptaid NU/CM
HDAC 8 / NU/CM
HDAC 4 TSA, 4-PBA NU/CM
HDAC 5 / NU/CM
Zinc-dependent class II (class I1a)
HDAC7 / NU/CM
HDAC9 / NU/CM
Zinc-dependent class II (class IIb) HDAC 6 Tubacin, SAHA CM
SIRT1 Sirtinol NU
NAD"-dependent class III (sirtuins) SIRT2 AKG2 NU/CM
SIRT3 / Mitochondria

NU: nucleus; CM: cytoplasm.



and phosphorylated c-Jun n-terminal kinase, in promoting
ischemic brain injury [42]. In addition, HDAC9 polymor-
phism can be used as a biomarker of susceptibility, severity,
and short-term prognosis of atherosclerotic stroke [43]. How-
ever, Su et al. [44] indicate that variant rs2107595 of HDAC9
may have no association with higher ischemic stroke risks in
southern Han Chinese.

HDACS6 can inhibit the survival and regeneration of
neurons [18]. On the other hand, HDAC6 inhibits ODG
reperfusion-induced tubulin deacetylation and caspase-3
activation and protects Golgi apparatus breakage and
apoptosis induced by oxyglucose deprivation reperfusion
(OGDR) [45]. Another research exhibits tripartite inhibition
of HDAC6 that showed neuroprotection against various
cellular insults [46]. Pharmacological or gene inhibition
experiments on HDAC6 confirmed the block caused by
stroke, indicating that the normal function of HDACS6 is
necessary for the efficacy of rehabilitation treatment after
stroke [47].

3.3. NAD-Dependent Class III (Sirtuins). Sirtuins are a group
of histone deacetylase whose activity is dependent on and reg-
ulated by nicotinamide adenine dinucleotide (NAD") [48]. In
ischemic brain injury, the latest research shows that the
decrease of SIRT1 activity may aggravate ischemic brain injury
in permanent cerebral ischemia mice, whether by pharmaco-
logical or genetic methods [49]. This neuroprotective effect
may be mediated by SIRT1 inhibition or deletion through
p53 acetylation [50] and NF-«B. Besides, the use of the SIRT1
activator can also reduce ischemic brain injury. SIRT3 has
been reported to protect neurons from n-methyl-d-aspartate
(NMDA) excitotoxicity, suggesting that SIRT3 may also play
a beneficial role in cerebral ischemia. However, it is necessary
further to illuminate the role of SIRT3 in cerebral ischemic
injury [51].

3.4. HDAC: in Cerebral Ischemia. In order to explore the use-
fulness of HDAC inhibitors, we discussed and summarized
the mechanism and show the structural formula of the dom-
inant HDAC inhibitors in vitro and in vivo, which is closely
related to cerebral ischemia for brain protection (Figure 2).

3.5. HDAC:i Class 1. MS-275 (entinostat), a class I histone
deacetylase inhibitor (HDAC), modulates differentiation
and prevents brain injury [52]. In stroke model MS-275, a
neuroprotective effect had been demonstrated in vitro [53].
In ischemic pathology, p53 plays a role, which is regulated
by class I HDA in processes of acetylation [54]. Sean P
et al. had found that MS-275 is not responsible for modulat-
ing the activity of p53. Unlike affecting p53, the evidence
showed the effect of mitochondria for protection in the
cerebral ischemia model. TSA has been shown to have neuro-
protective properties in neurons [55] through blocking p53
accumulation after DNA damage. Unlike MS-275, it had
shown different mechanisms and manifestations in the role
of brain protection. SHAH is an FDA-approved HDACi. Its
has an anti-inflammatory effect and is carefully used for
protection by early treatment of the cerebral ischemia mouse
model, closely related to its effect of reducing microglial

Disease Markers

activation and priming these activations toward an M2 phe-
notype [22].

3.6. HDACi Class 1I. Compared with traditional HDAC
inhibitor, Sirtinol, as a SIRT1-specific inhibitor and activator
[56], significantly reversed the effect of resveratrol postcondi-
tioning on cerebral ischemia in a mouse model [57]. Other-
wise, FK228 a kind of selective HDAC1/2 inhibitor could
help restrain TOPK through the AKT pathway to attenuate
the oxidative stress in the early stage of ischemic stroke.
Besides that, in 2019, tubacin selectively inhibits HDAC6
activity which had been identified in transient occlusion of
the middle cerebral artery by ameliorating endothelial dys-
function [58].

4. Summary and Perspective

Studies over the past few decades have shown that HDACs
play an essential role in the development of cerebral ischemic
stroke by reversibly regulating protein acetylation. As a his-
tone acetylation remover and a key regulator of epigenetics,
HDACs have been found to have abnormalities and dysfunc-
tions in ischemic stroke, which provides a novel and
attractive target to intervene. Also, HDAC has some anti-
inflammatory effects and is involved in the mechanism of
brain protection. As a target of an early inflammatory reac-
tion, it acts on HDACi and plays a neuroprotective role.
One of the inhibitors had been showing the protection
against ischemic brain injury in the cerebral ischemia mouse
model through increasing protein acetylation levels in the
mouse brain. However, in human plasma, at the early stage
of other diseases, such as chronic hepatitis B, HDAC activity
abnormalities were found in patients with other diseases, and
their levels were related to the severity of the disease [59].
However, the exact function of HDAC:s as a central medium
for proliferation and regulation remains a mystery. At pres-
ent, the biomarker of fresh blood has been applied and can
be used as a clear indicator for cerebral ischemic prediction
[60]. However, at present, no detailed research on HDAC is
related to plasma, and CSF biomarkers had been explored
in cerebral infarction.

Intriguingly, valproic acid, which is commonly pre-
scribed as an anticonvulsant drug, was subsequently discov-
ered to be an HDAC inhibitor [61]. In cellular and animal
models, VPA has been shown to have neuroprotective prop-
erties at the therapeutic level. Valproic acid (VPA), a widely
used antiepileptic mood stabilizer drug, has been shown to
have neuroprotective effects against various injuries through
a variety of signal pathways, such as blocking the increase in
caspase-3 activity. VPA significantly upregulated the expres-
sion activity of ERK and Akt [62]. Recently, new research also
found that VPA could inhibit the enzyme GSK3 for neuro-
protective properties, which are related to the drug anti-
inflammatory activity [63]. Like VPA, SB inhibits cell growth
through cell cycle arrest, while stable transcriptional inhibi-
tion of cell cycle promotes the reduction of microglia and
inhibition of other inflammatory markers in ischemic brain
[55, 64]. 4-Phenylbutyrate (PBA) has the effect of anticereb-
ral ischemia by inhibiting endoplasmic reticulum stress-
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FIGURE 2: Primary structural formula of HDAC inhibitors in cerebral ischemia.

mediated apoptosis and inflammation [65]. The effect of
these inhibitors may be related to the inhibition of HDAC,
which leads to high acetylation of chromatin proteins and
changes in gene expression. Besides that, TMP269 is a partic-
ular class ITA histone deacetylase inhibitor that has a protec-
tive role by upregulating the level of histone 2 acetylation in
tMCAO mouse models, in the meantime, which upregulates
the expression of tissue kallikrein [66]. Recently, one study
has also indicated that SIRT2 inhibitor AGK2 can alleviate
reperfusion injury of a myocardial ischemia model [67].
Because there are many common pathological mechanisms
between myocardial and cerebral ischemia-reperfusion inju-
ries, the inhibition of SIRT2 may also have a neuroprotective
effect in cerebral ischemia [68]. Furthermore, tubastatin A
(TubA) is a new type of HDAC6 inhibitor, which can
improve the functional outcome, reduce cerebral infarction,
and attenuate neuronal apoptosis in MCAO rats by downreg-
ulating fibroblast growth factor-21 (FGF-21) [69].

M344 is a kind of HDAC inhibitor, which led to a
remarkable decrease in the phosphorylation of JNK and
¢-Jun, concomitant with a significant abrogation of apoptosis
caused by potassium deprivation in cultured cerebellar gran-
ule neurons [70], but within the current scope of treatment
for cerebral infarction, the function between HDAC and
HDACI can play a minimal role. Although many protective
effects have been achieved in animals, there are still many
defects in clinical trials for therapy using them. In recent
years, the use of HDACi alone is improbable to have a sub-
stantial impact in the clinic, and these promising drugs may
lie in cognitive combination therapy in the future. A large
number of reasonable, HDAC-based combinations are
possible with the gradual elucidation of the multiple action
mechanisms of these drugs and the emergence of new combi-
nations. In the field of treatment, HDAC-based combination

therapy has made the fastest progress, including cytotoxic
chemotherapy. More studies are needed to systematically
analyze the role of a single HDAC in different types and
stages of ischemic stroke. Further elucidation of the
mechanism of action of HDACs and HDACi will provide a
bright prospect for HDACi as one of the many tools to
combat stroke.
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Objective. Cerebral edema is a common complication of brain tumors in the perioperative period. However, there is currently no
reliable and convenient method to evaluate the extent of brain edema. The objective is to explore the effectiveness of serum
occludin on predicting the extent of perioperative brain edema and outcome in patients with brain tumors. Methods. This
prospective study enrolled 55 patients with brain tumors and 24 healthy controls in Sanbo Brain Hospital from June 2019
through November 2019. Serum occludin levels were measured preoperatively and on postoperative day 1. Peritumoral edema
was assessed preoperatively using MRI. Pericavity brain edema on postoperative day 1 was evaluated using CT. Results.
Compared with healthy controls, the serum occludin level was higher in patients with brain tumors both preoperatively and
postoperatively (P <0.001). The serum occludin level correlated positively with the degree of brain edema preoperatively
(r=0.78, P<0.001) and postoperatively (r=0.59, P <0.001). At an optimal cutoff of 3.015ng/mL, the preoperative serum
occludin level discriminated between mild and severe preoperative brain edema with a sensitivity of 90.48% and specificity of
84.62%. At an optimal cutoff value of 3.033 ng/mL, the postoperative serum occludin level distinguished between mild and
severe postoperative brain edema with a sensitivity of 97.30% and specificity of 55.56%. Conclusions. The serum occludin level is
associated with cerebral edema and could potentially be used as a biomarker for perioperative cerebral edema. This trial is
registered with ChiCTR1900023742.

to indirectly evaluate the extent of brain edema and hemor-
rhage in patients with brain tumors. However, these imaging

Damage to the blood-brain barrier (BBB) in patients with
brain tumors can cause cerebral edema or hemorrhage. Brain
edema, as a major factor that governs clinical management, is
responsible for clinical symptoms such as neurological deficit
and intracranial hypertension. The severity of perioperative
brain edema and the occurrence of postoperative hemor-
rhage in patients with brain tumors are directly related to
prognosis and risk of death [1]. Computed tomography
(CT) and magnetic resonance imaging (MRI) can be used

techniques are inconvenient and time-consuming and so
cannot be used to screen for rapid deteriorations in the
postoperative condition of a patient in the intensive care unit
(ICU). Therefore, it is vital that a reliable biomarker be
identified that reflects the degree of cerebral edema and risk
of cerebral hemorrhage in the perioperative period, as this
will facilitate the prevention of and/or timely intervention
for cerebral edema or hemorrhage after surgery for cranioce-
rebral tumors.
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The expressions of several proteins in brain tissue,
including N-cadherin, fB-catenin, aquaporin-4, delta-like
protein-4, matrix metallopeptidase- (MMP) 9, and vascular
endothelial growth factor, are associated with the occurrence
of peritumoral brain edema (PTBE) [2-5]. However, few
studies have examined the relationships between serum
proteins and PTBE.

Tight junction proteins such as claudin-5 and occludin
are key structural components of the BBB [6, 7]. Occludin
and claudin-5 form tight junction protein structures that seal
the gap between the endothelial cells of the BBB and thus are
responsible for maintaining the integrity of the BBB [8].
Since occludin expression alone does not result in tight
junction formation [9], it is likely that claudin-5 forms the
primary structure of the tight junction with occludin acting
as an additional supporting structure [10]. This may make
occludin vulnerable to release into the bloodstream following
damage to the BBB. PTBE formation is widely accepted to be
vasogenic brain edema due to the damage of BBB. There is
some evidence that decreased expressions of occludin and
claudin-5 in brain tissue are related to PTBE [11, 12],
suggesting that brain edema can arise if occludin and
claudin-5 are lost from the BBB. Our recent studies have con-
firmed that degraded tight junction protein fragments are
released into the blood and that their levels in the blood are
closely related to the degree of BBB damage after cerebral
ischemia [13, 14]. This suggests that occludin could poten-
tially be used as a biomarker to evaluate damage to the
BBB. However, no previous investigations have reported
whether occludin is degraded and released into the blood-
stream because of damage to the BBB by a brain tumor or
brain surgery.

It is widely recognized that patients with brain tumors
can exhibit damage to their BBB both before and after sur-
gery. Therefore, we hypothesized that the occludin level in
peripheral blood might serve as a biomarker for cerebral
edema due to BBB damage in patients with brain tumors.
To the best of our knowledge, there are currently no studies
describing the association between peripheral blood occludin
levels and the extent of PTBE or postoperative pericavity
edema in patients with brain tumors. Therefore, the aim of
the present study was to investigate the relationships between
the serum occludin level and the extent of PTBE before
surgery and the extent of pericavity brain edema after surgery
in patients with brain tumors.

2. Material and Methods

2.1. Study Design and Participants. This prospective study
enrolled consecutive patients with brain tumors scheduled
for surgery at the Department of Neurosurgery, Sanbo Brain
Hospital, Capital Medical University, between June 1st, 2019,
and November 1st, 2019. A control group of healthy people
was also enrolled at the Physical Examination Center, Sanbo
Brain Hospital, during the same period. The inclusion
criteria for patients with brain tumors were as follows: (1)
primary brain tumor confirmed by imaging investigations
such as CT and MRI, (2) met the indications for surgical
treatment and scheduled to undergo surgery, (3) aged 18-
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80 years old, (4) had not received radiotherapy or chemo-
therapy before surgery, and (5) provided informed consent
for inclusion in the study. The exclusion criteria were other
diseases that might lead to the destruction of tight junction
proteins between vascular endothelial cells, including (1)
severe hepatorenal disease, (2) severe gastrointestinal system
disease, (3) peripheral vascular disease, and (4) autoimmune
disease. The healthy people included as a control group were
randomly selected from persons undergoing routine physical
examinations at Sanbo Brain Hospital. Patients with cranio-
pharyngioma or hypophysoma were treated at a dose of
250 mg methylprednisolone, and the other brain tumor
patients received 5mL/kg 20% mannitol intravenously for 3
days after operation. The study was approved by the Ethics
Committee of Sanbo Brain Hospital, and all patients
provided informed written consent for inclusion in the study.

2.2. Measurement of Serum Occludin Levels. Peripheral
venous blood samples (4 mL) were obtained from patients
with brain tumors at admission (i.e., preoperatively) and
approximately 24 hours (range, 20-28 hours) after surgery.
Blood samples from healthy subjects were taken during their
visit to the physical examination center. Serum (100 uL) was
separated from each blood sample, and the level of occludin
in the serum was measured using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit for human
samples (Occludin: USCN, Wuhan, China).

2.3. Measurement of PTBE before Surgery. PTBE was evalu-
ated by 1.5T MRI (Achieva 1.5T, Philips, Amsterdam, Nether-
lands) before surgery (Figures 1(a) and 1(b)). The imaging
sequences used in this study included axial T2-weighted
sequences, fluid-attenuated inversion recovery (FLAIR)
sequences, and axial and coronal T1-weighted spin-echo
sequences before and after intravenous injection of the
contrast agent (gadopentetate dimeglumine; 0.1 mg/kg body
weight). All images were analyzed digitally using PACS work-
stations. Enhanced T1-weighted images were used to deter-
mine the tumor boundary, and these maps were then
compared with the respective T2-weighted images or FLAIR
sequences. The degree of PTBE was determined by measuring
the vertical distance from the outer edge of the maximal
edema zone to the tumor boundary. PTBE was graded accord-
ing to the Steinhoft classification [15] as follows: 0, no edema;
I, PTBE limited to 2cm; II, PTBE limited to half the
hemisphere; and III, PTBE extending to more than half the
hemisphere. For the analysis, mild edema was defined as
Steinhoft grade 0 or I, and severe edema was defined as Steinh-
off grade II or III. Determination of the Steinhoff grade was
made independently by two clinicians who were deputy direc-
tors of imaging and had more than 5 years of work experience,
and any disagreements were resolved by discussion.

2.4. Measurement of Pericavity Edema after Surgery. Pericav-
ity brain edema was evaluated by CT (Brilliance 64, Philips)
at approximately 24 hours (range, 20-28 hours) after
surgery (Figures 1(c) and 1(d)). The degree of pericavity
edema was measured as the vertical distance from the outer
edge of the maximal edema zone to the cavity boundary
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FIGURE 1: Evaluation of peritumoral brain edema (PTBE) and pericavity brain edema by magnetic resonance imaging (MRI) and computed
tomography (CT), respectively. (a) MRI scan showing mild PTBE before surgery. (b) MRI scan showing severe PTBE before surgery. (c) CT
scan showing mild brain edema around the cavity after surgery. (d) CT scan showing severe brain edema around the cavity after surgery.

after surgery. Evaluation of the degree of edema was the
same as that for PTBE (vide supra).

2.5. Measurement of Neurological Function and Related
Complications. To further analyze the relationships between
the serum occludin level and the neurological function and
related complications, the National Institutes of Health
Stroke Scale (NIHSS) and Glasgow Coma Scale (GCS) were
administered at admission and at around 24 hours (range,
20-28 hours) after surgery. Furthermore, information
regarding the occurrence of intracranial hemorrhage was
collected at approximately 24 hours (range, 20-28 hours)
after surgery [16].

2.6. Statistical Analysis. The data were analyzed using SPSS
22.0 (IBM Corp., Armonk, NY, USA). All continuous data
were confirmed to be normally distributed and so are
presented as mean + standard deviation (SD). One-way
analysis of variance was used to compare serum levels of
occludin between groups. NIHSS and GCS scores were com-
pared between groups using Student’s ¢-test. Categorical data
are presented as #n (%) and were compared between groups
using the chi-squared test or Fisher’s exact test. The relation-
ship between the extent of the brain edema (vertical distance
from the outer edge of the maximal edema zone to the
tumor/cavity boundary) and the serum occludin level was
assessed by calculation of Pearson’s correlation coeflicient



TaBLE 1: Baseline clinical characteristics of the study participants.

. Patients with brain Healthy
Characteristic volunteers P
tumors (n = 55) (n=24)

Age (years) 47.42 +£15.72 40.63 £ 14.42 0.074
Female 31 (56.4%) 13 (51.2%)  0.857
Tumor location
Frontal lobe 15 (27.3%) N/A N/A
Temporal lobe 14 (25.5%) N/A N/A
Occipital lobe 6 (10.9%) N/A N/A
Parietal lobe 3 (5.5%) N/A N/A
Sella region 6 (10.9%) N/A N/A
Cerebellum 4 (7.3%) N/A N/A
Brain stem 5(9.1%) N/A N/A
Basal ganglia 2 (3.6%) N/A N/A
Tumor pathology
Glioma 22 (40.0%) N/A N/A
Meningioma 12 (21.8%) N/A N/A
Neurilemmoma 7 (12.7%) N/A N/A
Hypophysoma 4 (7.3%) N/A N/A
Hemangioma 4 (7.3%) N/A N/A
Germinoma 2 (3.6%) N/A N/A
Craniopharyngioma 2 (3.6%) N/A N/A
Chordoma 1 (1.8%) N/A N/A
Cholesteatoma 1 (1.8%) N/A N/A

Data are presented as mean + standard deviation or n (%). N/A: not
applicable.

(r). Receiver operating characteristic (ROC) curve analysis,
with calculation of the area under the curve (AUC), was used
to evaluate the ability of the serum occludin level to distin-
guish between mild and severe edema. The optical cutoff
for the serum occludin level was established by calculation
of the Youden index, and sensitivity and specificity values
were determined. Statistical significance was defined as a
two-tailed P value < 0.05.

3. Results

3.1. Baseline Clinical Characteristics of the Study Participants.
A total of 55 patients with brain tumors and 24 healthy peo-
ple were enrolled in this study. The group of patients with
brain tumors and control group of healthy people exhibited
no significant differences in mean age (47.42 + 15.72 years
vs. 40.63 + 14.42 years) or gender (56.4% female vs. 51.2%
female; Table 1). Additional clinical data for the patients with
brain tumors are shown in Table 1.

3.2. Comparison of Serum Occludin Levels between Patients
with Brain Tumors and Healthy Volunteers. There was no
significant difference between the preoperative and postopera-
tive serum occludin levels in patients with brain tumors. How-
ever, both the preoperative and postoperative serum occludin
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FIGURE 2: Comparison of serum occludin levels between patients
with brain tumors and healthy volunteers. Compared with healthy
volunteers (n =24), serum occludin levels in patients with brain
tumors (n = 55) were significantly higher both before surgery (Brain
tumor-PREPOD) and 1 day after surgery (Brain tumor-PODI1).
Data are expressed as mean + standard deviation. *P < 0.05 versus
the healthy volunteer group.

levels in patients with brain tumors were significantly higher
than the levels in healthy people (Figure 2). These results sug-
gest that brain tumors may induce damage to the BBB, leading
to the release of occludin into the bloodstream.

3.3. Analysis of the Relationship between the Preoperative
Serum Occludin Level and the Extent of the Preoperative
PTBE and Tumor Diameter. Pearson’s correlation analysis
revealed that the preoperative serum occludin level was
significantly positively correlated with the extent of the
preoperative PTBE as measured by the vertical distance from
the outer edge of the maximal edema zone to the tumor
boundary (r=0.78, P <0.0001; Figure 3(a)). Furthermore,
the preoperative serum occludin level was also significantly
correlated with the degree of preoperative PTBE as measured
by the Steinhoff grade (P < 0.05 for all pairwise comparisons;
Figure 3(b)). However, the preoperative serum occludin level
was not significantly correlated with the diameter of the
tumor (r =0.222; P =0.103; Figure 3(c)).

3.4. ROC Curve Analysis of the Ability of the Preoperative
Serum Occludin Level to Predict the Severity of Preoperative
PTBE. ROC curve analysis indicated that the preoperative
serum occludin level showed excellent ability to distinguish
between mild and severe PTBE, with an AUC value of
0.9002 (95% confidence interval, 0.8069-0.9934; P < 0.0001;
Figure 3(d)). At an optimal cutoft value for the preoperative
serum occludin level of 3.015ng/mL, the sensitivity was
90.48% and the specificity was 84.62%. These results suggest
that the preoperative serum occludin level could potentially
be used to reflect the degree of PTBE before surgery.
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FIGURE 3: The relationship between the preoperative serum occludin level and the peritumoral brain edema (PTBE) before surgery. (a)
Pearson’s correlation analysis showing that the preoperative serum occludin level was significantly positively correlated with the extent of
the preoperative PTBE as measured by the vertical distance from the outer edge of the maximal edema zone to the tumor boundary
(n=55). (b) Preoperative serum occludin levels for the various Steinhoft grades of PTBE. Data are presented as mean + standard deviation
(grade 0, .= 18; grade I, n = 24; grade II, n = 6; and grade III, n = 7). *P < 0.05 vs. grade 0; “P < 0.05 vs. grade I; and *P < 0.05 versus grade
I (c) Pearson’s correlation analysis showing that the preoperative serum occludin level was not significantly correlated with the tumor
diameter. (d) Receiver operating characteristic curve for the ability of the serum occludin level to distinguish between mild and severe

PTBE. AUC: area under the curve; CI: confidence interval.

3.5. Analysis of the Relationship between the Postoperative
Serum Occludin Level and the Extent of the Pericavity
Edema and Tumor Diameter. Pearson’s correlation analysis
indicated that the postoperative serum occludin level was
significantly positively correlated with the extent of the
postoperative pericavity edema as measured by the vertical
distance from the outer edge of the maximal edema zone to
the cavity boundary (r=0.590, P <0.0001; Figure 4(a)).
Similarly, the postoperative serum occludin level was signifi-
cantly related to the degree of the postoperative pericavity
edema as measured by the Steinhoft grade (P <0.05 for all
pairwise comparisons; Figure 4(b)). The postoperative serum
occludin level was not significantly correlated with the tumor
diameter (r = 0.104, P = 0.449; Figure 4(c)).

3.6. ROC Curve Analysis of the Ability of the Postoperative
Serum Occludin Level to Predict the Severity of Postoperative
Pericavity Edema. ROC curve analysis demonstrated that
the postoperative serum occludin level had good ability to
discriminate between mild and severe pericavity edema, with
an AUC value of 0.7763 (95% confidence interval, 0.6267-
0.9258; P < 0.0001; Figure 4(d)). At an optimal cutoff value

for the postoperative serum occludin level of 3.033 ng/mL,
the sensitivity was 97.30% and the specificity was 55.56%.

3.7. Relationship between the Preoperative Serum Occludin
Level and the Clinical Outcomes. To examine whether the
preoperative serum occludin level might be related to clinical
outcomes, patients were divided into two groups according
to the optimal cutoff value for the preoperative occludin level
(3.015ng/mL). Compared with patients with a preoperative
serum occludin level < 3.015 ng/mL, those with an occludin
level > 3.015ng/mL had a significantly higher NIHSS score
at admission (3.60+0.48 vs. 2.31+0.42; P<0.001;
Figure 5(a)) and significantly higher incidence of severe PTBE
at admission (65.3% vs. 15.2%; P < 0.001; Figure 5(b)) but
similar GCS score at admission (14.47 +1.60 vs. 14.85+
0.70; P = 0.219; Figure 5(a)) and similar incidence of intracra-
nial hemorrhage at 1 day after surgery (20.0% vs. 20.0%; P =
1.000; Figure 5(b)).

3.8. Relationship between the Postoperative Serum Occludin
Level and the Clinical Outcomes. The relationship between
the postoperative serum occludin level and the clinical out-
comes was also assessed. Compared with patients with a



r=0.59
P <0.0001 d

Occludin (ng/mL)

0 T T T T T 1
0 10 20 30 40 50

r=0.104 .
P =0.449
o 4 .
g 4 g
= e o0 o ®
L 37 eos g 00 °
~ ® L)
= Tt ¢
E 27 L) e® %o
[}
P
S 1A °
0 T T T 1
0 20 40 60 80

Diameter of brain tumor

(©)

Disease Markers

5 - $#*
x # *
5 4 v
=
* é—
E A Yy v
s 3
E
AE v
2210 s v
3 ™1 AD
O 14
0 T T T T
0 1 2 3
Brain edema grade-POD1
(®)
1.0 7
0.8
E o6
}g AUC=0.7763
£ 04 - P <0.001
w
95%CI 0.6267-0.9258
0.2 1
0.0 T T T 1

T
0.0 0.2 0.4 0.6 0.8 1.0
1 - specificity
—— Sensitivity
—— Identity
(d)

FIGURE 4: The relationship between the postoperative serum occludin level and the pericavity brain edema after surgery. (a) Pearson’s
correlation analysis indicating that the postoperative serum occludin level was significantly positively correlated with the extent of the
postoperative pericavity edema as measured by the vertical distance from the outer edge of the maximal edema zone to the cavity
boundary (n=55). (b) Postoperative serum occludin levels for the various Steinhoff grades of pericavity edema. Data are presented as
mean + standard deviation (grade 0, n = 4; grade I, n = 33; grade II, n = 13; and grade III, n=5). *P < 0.05 vs. grade 0; #P<0.05 vs. grade I;
and *P < 0.05 versus grade II. (c) Pearson’s correlation analysis indicating that the postoperative serum occludin level was not significantly
correlated with the tumor diameter. (d) Receiver operating characteristic curve for the ability of the postoperative serum occludin level to
distinguish between mild and severe pericavity edema. AUC: area under the curve; CI: confidence interval.

postoperative serum occludin level < 3.033 ng/mL (the opti-
mal cutoft value), those with an occludin level >3.033 ng/
mL had a significantly higher incidence of severe pericavity
edema at 1 day after surgery (90.9% vs. 18.2%; P < 0.001)
but a similar NIHSS score (6.82 + 6.64 vs. 4.52 + 6.66; P =
0.306), GCS score (13.55 +2.07 vs. 14.09 + 1.09; P = 0.407),
and incidence of intracranial hemorrhage (27.3% vs. 18.2%;
P =0.800) at 1 day after surgery (Figures 5(c) and 5(d)).

4. Discussion

The present report demonstrates that patients with brain
tumors exhibit perioperative changes in the serum level of a
protein that contributes to the structure and function of the
BBB. Importantly, this study revealed a relationship between
the serum level of occludin and the severity of brain edema in
patients with brain tumors. Previous investigations have
confirmed that peritumoral brain edema is vascular edema
caused by damage to the BBB [17-19]. Occludin is an impor-
tant component of tight junctions that constitute the BBB.
Previous animal experiments have reported that cerebral
ischemia results in the activation of MMP-2 and MMP-9 in

brain tissue, leading to the degradation of occludin and
destruction of the BBB [20, 21]. In addition, a study of
intracerebral hemorrhage has revealed that circulating tight
junctions could be considered the potential biomarkers
reflecting the integrity of the BBB in intracranial hemorrhage
[22]. The present study found that the serum occludin level
was increased in patients with brain tumors as compared
with healthy controls, suggesting that tumor-induced
damage to the BBB during the perioperative period may lead
to the loss of occludin from the BBB. Furthermore, we
demonstrated that the serum occludin level correlated well
with the degree of brain edema and could be used to predict
the severity of perioperative brain edema in patients with
brain tumors.

We found that the serum level of occludin was signifi-
cantly higher in patients with brain tumors, both before
and after surgery, than in healthy people. These results
suggest that damage to the BBB occurs in patients with brain
tumors, leading to the release of degraded occludin fragments
into the blood and thus an increase in the serum level of
occludin. Notably, the patients included in this study had a
broad range of tumor types located in different parts of the
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FiGURk 5: The relationship between the serum occludin level and the clinical outcomes in patients with brain tumors. (a) Comparison of
National Institutes of Health Stroke Scale (NIHSS) and Glasgow Coma Scale (GCS) scores at admission between patients with a
preoperative occludin level < 3.015 ng/mL (n = 40) and those with a preoperative occludin level > 3.015 ng/mL (n = 15). (b) Comparison of
the incidences of preoperative severe brain edema and intracranial hemorrhage between patients with a preoperative occludin level < 3.015
ng/mL (n =40) and those with a preoperative occludin level > 3.015 ng/mL (n = 15). (c) Comparison of NIHSS and GCS scores at 1 day
after surgery between patients with a postoperative occludin level < 3.033 ng/mL (n = 44) and those with a postoperative occludin level >
3.033ng/mL (n=11). (d) Comparison of the incidences of postoperative severe brain edema and intracranial hemorrhage between
patients with a postoperative occludin level < 3.033 ng/mL (n = 44) and those with a postoperative occludin level > 3.033 ng/mL (n = 11).

brain, suggesting that damage to the BBB and degradation/-
release of occludin may be a common consequence of many
different types of brain tumors, irrespective of the mecha-
nism by which the BBB is damaged. Therefore, our study
has identified a novel circulating biomarker that may be ben-
eficial for the detection or/and monitoring of BBB damage
during the perioperative period in patients with brain
tumors. Of course, future studies will need to establish
whether the performance of the serum occludin level as a

clinical biomarker varies between different pathological types
of tumor.

Interestingly, we found a positive correlation between the
peritumoral or pericavity brain edema and the level of serum
occludin, with a higher occludin level associated with more
severe brain edema. Notably, the serum occludin level was
related only to the degree of brain edema and not to the size
of the tumor. Vascular brain edema is a well-recognized
feature of BBB damage, which likely leads to the release of



degraded occludin. Previous studies have shown that
peritumoral brain edema is associated with a low content of
occludin in the tumor [23, 24], but it has not been clarified
whether the low content of occludin in the BBB of brain
tumors is mainly due to degradation or low expression of
occludin. Our observation of an elevated level of serum
occludin suggests that a low content of occludin within a
tumor may, at least in part, be due to the degradation of
occludin rather than downregulated expression. There is also
some evidence that matrix metalloproteinases (MMPs) are
considered to be the key to mediate the opening of the
blood-brain barrier [25] and highly expressed in brain
tumors which can be activated by the upregulation of the
beta-catenin pathway [26]. They may play an important role
in the destruction of the blood-brain barrier. Further studies
are needed to clarify the mechanisms underlying BBB
damage and alterations in brain tumor levels of occludin.

Depending on the type of the brain tumor, the develop-
ment of brain edema can involve a variety of factors includ-
ing glioma cells, vascular endothelial cells, neuroglial cells,
microglial cells [27, 28], and cyclooxygenase-2 [29]. Our
study found that the serum occludin level correlated well
with the grade of brain edema, suggesting that damage to
occludin in the BBB may be a common molecular mecha-
nism underlying the development of brain edema in patients
with brain tumors. Some studies of glioma have shown that
MMP expression or activation is related to the downregula-
tion of occludin in the BBB, which leads to destruction of
the BBB [30, 31]. It is possible that MMP activation may be
a major mechanism by which degradation of occludin and
damage to the BBB occur in patients with brain tumors.
However, further research is needed to clarify the relevant
molecular mechanisms in humans.

This study utilized ROC curve analysis to evaluate the
ability of the preoperative and postoperative serum occludin
levels to distinguish between mild and severe edema. The
preoperative and postoperative serum occludin levels showed
excellent (AUC value of 0.9002) and good (AUC value of
0.7763) discriminatory ability, respectively. At an optimal
cutoft value of 3.015 ng/mL, the preoperative serum occludin
level discriminated between mild and severe preoperative
brain edema with a high sensitivity (90.48%) and specificity
(84.62%). At an optimal cutoft value of 3.033ng/mL, the
postoperative serum occludin level also distinguished
between mild and severe postoperative brain edema with a
high sensitivity (97.30%), although the specificity was some-
what lower (55.56%). Taken together, the findings of the
ROC curve analysis suggest that the serum occludin level
has the potential to be a novel biomarker for perioperative
brain edema in patients with brain tumors.

Brain edema may be an important factor affecting the
neurological function of patients with brain tumors. This
study found that patients with a high serum occludin level
before surgery also had a higher preoperative NIHSS score,
which may be related to more severe damage to the BBB.
However, although the group of patients with elevated serum
occludin levels after surgery had more severe brain edema,
their postoperative NIHSS score did not differ from that for
patients with lower occludin levels. This apparent discrep-
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ancy may be due to the neurological functions of these
patients being more affected by other surgery-related factors.
We also found no difference in the incidence of postoperative
cerebral hemorrhage between patients with high and low pre-
operative or postoperative levels of occludin. This latter
finding suggests that postoperative acute cerebral hemor-
rhage may be primarily related to surgical factors (such as
damage to microvessels or incomplete hemostasis) rather
than BBB injury.

This study has some limitations. First, the sample size
was not large, and an extensive range of tumor pathological
types was included. Further large-scale clinical studies are
needed to validate our results and perform subgroup analyses
based on different brain tumor types. Second, we did not
perform long-term follow-up to evaluate the prognosis of
the patients and explore whether outcomes were related to
the serum occludin level.

5. Conclusion

The perioperative serum occludin level is associated with the
severity of peritumoral/pericavity edema in patients with
brain tumors. The serum occludin level could potentially be
used as a biomarker for perioperative cerebral edema in
patients with brain tumors. Further large-scale clinical stud-
ies are needed to validate our results and perform subgroup
analyses based on different brain tumor types.
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Objective. Family with sequence similarity 19 member A5 (FAM19AS5), a novel chemokine-like peptide, is a secreted protein mainly
expressed in the brain. FAM19A5 was recently found to be involved in a variety of neurological diseases; however, its correlation
with vascular dementia (VaD) remains unclear. The aim of the study is to explore the association between serum FAMI9A5 and
cognitive impairment in subjects with VaD. Method. 136 VaD subjects and 81 normal controls were recruited in the study.
Their demographic and clinical baseline data were collected on admission. All subjects received Mini-Mental State Examination
(MMSE) evaluation, which was used to test their cognitive functions. A sandwich enzyme-linked immunosorbent assay (ELISA)
was applied to detect the serum levels of FAM19A5. Results. No significant differences were found between the two groups
regarding the demographic and clinical baseline data (p > 0.05). The serum FAMI19AS5 levels were significantly higher compared
to normal controls (p < 0.001). The Spearman correlation analysis indicated that serum FAM19A5 levels and MMSE scores have
a significant negative correlation in VaD patients (r = —0.414, <0.001). Further multiple regression analysis indicated that serum
FAMI9AS5 levels were independent risk predictors for cognitive functions in VaD (f =0.419, p =0.031). Conclusion. The serum
FAMI9AS5 level of VaD patients is significantly increased, which may serve as a biomarker to predict cognitive function of VaD.

1. Introduction

Vascular dementia (VaD) is defined as a syndrome with dif-
ferent degrees of cognitive function and memory loss, which
may range from mild deficits to severe dementia attributed to
impaired blood flow to the brain [1, 2]. VaD is the second
commonest subtype of dementia after Alzheimer’s disease
(AD) and has gained more and more attention in recent years
[3,4]. There are no less than 50 million people suffering from
dementia globally; this number is predicted to have a three-
fold increase by 2050 [5, 6]. Growing with age, the risk of
VaD almost doubled every 3-5 years [7]. With the increase
in human life expectancy and the advent of aging, VaD has
emerged as one of the leading health problems in society
[8]. Though much progress has been made over the past

years, the pathogenesis underlying VaD is still not fully
understood, and there are also no effective drugs or other
licensed treatments for VaD.

The family with sequence similarity 19 (FAM19A5), first
discovered in 2004, was also named TAFA5. FAM19A5 and a
member of the CC-chemokine family (MIP-1a) were pre-
dicted to be distant relatives. Thus, FAM19A5 has recently
been described as a novel chemokine-like peptide [9]. As a
secretory protein, FAM19A5 is mainly expressed in some
specific regions of the brain and adipose tissues with very
low expression in other peripheral organs [10]. The FAM19A
genes encode more than 100 amino acid proteins at fixed
positions characterized by conserved cysteine residues, which
are postulated to function as brain-specific chemokines to
regulating immune and nervous cells [11].
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Though the FAM19A5 protein has been considered to be
related to a variety of neurological diseases, little data about
its functions in VaD is available. Therefore, the purpose of
our study was to explore the relationship between serum
FAM19AS5 levels and the cognitive function of VaD patients.
If the relationship between FAM19A5 and VaD is confirmed,
it will have important scientific and clinical implications.

2. Materials and Methods

2.1. Subjects. Eventually, 136 VaD subjects and 81 normal
controls were recruited from the Department of Neurology,
The First People’s Hospital of Lianyungang/Department of
Neurology, The First Affiliated Hospital of Kangda College
of Nanjing Medical University. The diagnosis of VaD was
on the basis of DSM-V and NINDS-AIREN (National Insti-
tute for Neurological Disorders and Stroke, NINDS-AIREN)
by attending physician of neurology [12, 13]. Exclusion cri-
teria for recruitment in the study were as follows: [1] subjects
suffering from acute cerebral infarction or cerebral embo-
lism; [2] subjects with mental disorders or other types of
dementia such as AD; [3] subject with autoimmune disease
or infectious disease; [4] subjects with brain trauma or alco-
hol and drug abuse; and [5] subject has a history of cancer
or other serious organic diseases. All the subjects’ demo-
graphic and clinical baseline information including age, gen-
der, education levels, blood pressure, body mass index (BMI),
blood glucose, and lipid index were collected and recorded.
The research was authorized by the Ethics Committee of
The First People’s Hospital of Lianyungang/The First Affili-
ated Hospital of Kangda College of Nanjing Medical Univer-
sity. The procedures of our study were performed according
to the Helsinki declaration. The written approval consents
were signed before the study.

2.2. Measurement of Serum FAMI9A5 Levels. All subjects
were fasted for more than 8 hours, and blood samples were
collected via the cubital vein the morning after admission.
All blood samples were centrifuged at 1200g for 15 minutes
and subjected to the determination of serum FAMI9A5
levels. Serum FAM19AS5 levels of all subjects were tested by
a sandwich enzyme-linked immunosorbent assay (ELISA)
kits (ProteinTech Group, Wuhan, China) as described previ-
ously [14, 15]. The other biochemical parameters were tested
using an automatic blood cell analyzer (Hitachi, Tokyo,

Japan).

2.3. Cognitive Function Testing. Mini-Mental State Examina-
tion (MMSE) is a widely used cognitive evaluation tool in the
world with 100% sensitivity and 71.4 specificity [16, 17]. The
highest score on the MMSE scale is 30, mainly evaluating ori-
entation, writing, registration, visual construction, recording,
and other items related to cognitive function. Cognitive
impairment is defined as a score of less than 24 by the inves-
tigators, who were blinded to the subjects’ baseline clinical
characteristics [18].

2.4. Data Analysis. Quantitative variables were expressed as
mean * SD or percentage. The independent two-sample # test
was used to compare the differences between continuous var-
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TaBLE 1: Baseline characteristics and serum FAMI19A5 levels.

VaD (n=136) NC (n=281) p
Age, years 69.8+7.1 70.5+6.9 0.479
Male, n (%) 77 (56.7) 47 (58.0) 0.761
Education, years 72+1.9 74422 0.481
BMI, kg/m [2] 24.8+1.7 24.6+1.5 0.383
SBP, mmHg 145.2+10.4 143.9+9.6 0.361
DBP, mmHg 933+7.2 92.8+7.5 0.627
FBG, mmol/L 6.38£0.72 6.41+0.81 0.777
HbA1lc, mmol/L 6.36 £0.70 6.38£0.77 0.845
TC, mmol/L 4.47 £0.65 4.52+0.62 0.578
HDL-C, mmol/L 1.28£0.16 1.25+£0.13 0.154
LDL-C, mmol/L 2.73+0.21 2.69 £0.26 0.216
TG, mmol/L 1.64+0.20 1.61+£0.24 0.323
FAM19A5, pg/mL 186.3+17.9 103.2+11.6 <0.001
MMSE 21.8+2.1 27.0+0.9 <0.001

VaD: vascular dementia; NC: normal controls; SBP: systolic blood pressure;
DBP: diastolic blood pressure; BMI: body mass index; FBG: fasting blood
glucose; HbAlc: hemoglobin Alc; TC: total cholesterol; HDL-C: high-
density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol;
TG: triglycerides; FAM19A5: family with sequence similarity 19 member
A5; MMSE: Mini-Mental State Examination.

iables conforming to normal distribution. The chi-square test
was used for categorical variables. The Spearman correlation
analysis was used to analyze the relationship between demo-
graphic and clinical characteristics and the cognitive function
of VaD patients. Multivariate linear regression analysis deter-
mined the predictive value of demographic and clinical char-
acteristics for the cognitive function of VaD patients. A two-
tailed p <0.05 was considered statistically significant. The
SPSS 23.0 statistical software (SPSS Inc., IL, USA) was used
to analyze the data.

3. Results

3.1. Demographic and Clinical Baseline Characteristics. A
total of 196 patients presented to the Neurology department
at the Lianyungang First People’s Hospital for VaD between
March 2017 and March 2020. 136 of them and 81 normal
controls were found to fulfill the criteria for further analysis.
The demographic and clinical baseline data of VaD subjects
and normal controls are shown in Table 1. The two groups
did not have significant difference in age, gender, educa-
tional, SBP, DBP, BMI, FBG, HbAlc, TC, HDL-C, LDL-C,
or TG (p > 0.05). As shown in Figure 1, there was a signifi-
cant difference between serum FAMI19AS5 levels and MMSE
scores (p < 0.001).

3.2. Spearman’s Correlation Analysis. Spearman’s correlation
analysis identified the correlation between demographic and
clinical characteristics and MMSE scores, and the results are
shown in Table 2. Spearman’s correlation analysis showed
that the levels of serum FAM19A5 were negatively correlated
with MMSE scores in VaD patients, and the correlation was
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FIGURE 1: Serum levels of FAM19A5 and MMSE scores in VaD and NC. (a) Serum levels of FAM19A5. (b) MMSE scores. Compared with NC,

*p < 0.001. VaD: vascular dementia; NC: normal controls.

TABLE 2: Spearman’s correlation analysis of MMSE scores and
various parameters in VaD patients.

TABLE 3: Regression analyses between MMSE and characteristics of
VabD patients.

MMSE Scores
r p
FAM19A5, pg/mL -0.424 <0.001

VaD: vascular dementia; FAM19A5: family with sequence similarity 19
member A5; MMSE: Mini-Mental State Examination.

significantly (r =-0.424, p <0.05). However, there was no
significant correlation in our current study among serum
FAM19AS5 levels and demographic and statistical character-
istics of VaD patients such as age, gender, educational, SBP,
DBP, BMI, FBG, HbAlc, TC, HDL-C, LDL-C, and TG
(p>0.05).

3.3. Multiple Regression Analysis. The results of multiple lin-
ear regression analysis among demographic and clinical
baseline characteristics, MMSE scores, and serum FAM19A5
levels of VaD subjects are shown in Table 3. The results of
multiple linear regression analysis demonstrated that serum
FAMI19A5 level is an independent predictive risk marker
for cognitive function in VaD patients. After adjusting for
demographic and clinical baseline characteristics such as
age, gender, educational, SBP, DBP, BMI, FBG, HbAlc, TC,
HDL-C, LDL-C, and TG, the independent value of serum
FAMI9AS5 level for VaD patients’ cognitive function is still
significant (8 =0.419, p=0.031).

4. Discussion

This study is investigating the association between cognitive
functions and FAM19A5 levels in patient and control groups.
We found that patients with VaD had higher serum
FAMI9AS5 levels and lower MMSE scores than normal con-
trols. We also found that in VaD patients, serum levels of
FAMI9AS5 were significantly negatively correlated with
MMSE scores. Serum FAMI9AS levels were found to be
related to cognitive functions in VaD, whereas other demo-
graphic and statistical characteristics were not related to cog-
nitive functions in VaD. This association was independent of
the interference factors of age, gender, educational, SBP,

Standardized Coeflicients 95% CI for B

B Lower Upper
P bound bound
FAMI9A5 0.419 0.031 1.239 1.708

MMSE: Mini-Mental State Examination; VaD: vascular dementia;
FAM19A5: family with sequence similarity 19 member A5.

DBP, BMI, FBG, HbAlc, TC, HDL-C, LDL-C, and TG. As
far as we know, we demonstrated for the first time that serum
FAMI19A5 level was an independent risk factor for cognitive
impairment in VaD patients.

FAMI19A5 is one of the five highly homologous family
members of family with sequence similarity 19 (FAMI19A)
[19]. The secreted proteins discovered by a new database
search strategy are mainly expressed in the adipose tissue
and central nervous system [20]. According to reports,
FAMI19A5 is mainly expressed in the hippocampus, hypo-
thalamic paranucleus, and suprabranchial nucleus in rats,
while in mice, the main expression site is in the hippocampus
[21, 22]. Kong and his team first proved that FAM19A5 is a
secreted protein, and the 43 amino acids starting at the N-
terminus are its main signal peptides [11]. Although
FAMI9AS5 has been discovered for more than ten years, its
function has not been fully elucidated.

Recently, FAM19A5 has been found to be associated with
a variety of diseases and disorders. Han and his colleagues
explore the significance of a novel chemokine-like peptide
(FAM19A5), which was associated with the presence of
depressive symptoms and might be a biomarker of neuroin-
flammation and neurodegeneration for major depressive dis-
order [23]. In addition, researchers from Korea University
confirmed that serum FAM19A5 may be a novel biomarker
for cardiovascular metabolic diseases, which was significantly
correlated to various human metabolic and vascular risk fac-
tors [9]. Proteomics research demonstrates that FAM19A5
has a potential to serve as a novel biomarker for differentiat-
ing cholangiocarcinoma from benign biliary tract diseases
[24]. In parallel, a Chinese study showed that FAMI19A5
had significant effects on gastric cancer progression and



may serve as a potential therapeutic target for gastric cancer
[25]. However, the correlation between FAM19A5 and VaD
has not been reported so far.

Emerging evidence has indicated that FAM19A family is
involved in the pathological mechanism of cognition.
FAMI9A2 knockout mice exhibited decline in short-term
and long-term memory via novel object recognition test
and decline in spatial learning and memory via the Morris
water maze (MWM) test [26, 27]. However, FAMI9A1
knockout mice only exhibited reduced anxiety and sensitivity
to pain, and spatial learning and exploration are preserved
[28, 29]. Interestingly, recent studies have shown that
FAM19AS5 is involved in the development of the nervous sys-
tem. A Korean study shows FAM19A5 plays a vital role at an
early stage of nervous system development, and its functions
are critical to the generation of stem cells in the adult brain
such as neural stem cells and oligodendrocyte precursor cells
[22]. Not only in animal experiments, the correlation
between FAM19A5 and neurodevelopment in clinical studies
has also been found [30, 31]. More recent research shows that
selective overexpression of FAM19A5 in the mouse hippo-
campus can alleviate chronic stress-related spatial learning
and memory impairment [32]. All the above studies indicate
that the FAMI9A family including FAM19A5 plays an
important role in cognition. However, the level of FAM19A5
in different neurological diseases is fluctuating. The mecha-
nism by which FAM19A5 participates in cognitive impair-
ment is complex and needs further elucidation.

The current study has some limitations. First of all, this
study has a relatively small sample size. Secondly, the subjects
are all Chinese, and the results may not apply to other ethnic
groups. Thirdly, we did not investigate the FAM19A5 levels
in other types of dementias such as Alzheimer’s dementia
and hydrocephalus with normal intracranial pressure. Thus,
the correlation between serum FAM19A5 levels and cogni-
tive impairment may not be unique to VaD. At last, we just
did a cross-sectional study of serum FAMI19A5 levels and
did not follow up longitudinally. However, the advantage of
our study is that this is the first report of the association
between FAM19A5 levels and cognitive impairment in VaD.

5. Conclusions

In short, the main findings of our research are that VaD sub-
jects have a significantly lower serum level of FAM19A5
compared to normal controls. Our study revealed that serum
FAMI19A5 plays an important role for the first time in the
regulation of cognitive impairment in VaD. We look forward
to a larger multicenter study in the future to further confirm
the correlation between serum FAM19A5 levels and cogni-
tive functions in VaD subjects. Clarifying the underlying
pathological mechanisms of FAM19A5 involved in the onset
of VaD will have important clinical significance.
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