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This article has been retracted by Hindawi following an
investigation undertaken by the publisher [1]. This in-
vestigation has uncovered evidence of one or more of the
following indicators of systematic manipulation of the
publication process:

(1) Discrepancies in scope

(2) Discrepancies in the description of the research
reported

(3) Discrepancies between the availability of data and
the research described

(4) Inappropriate citations

(5) Incoherent, meaningless and/or irrelevant content
included in the article

(6) Peer-review manipulation

The presence of these indicators undermines our con-
fidence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this
article is unreliable. We have not investigated whether au-
thors were aware of or involved in the systematic manip-
ulation of the publication process.

In addition, our investigation has also shown that one or
more of the following human-subject reporting re-
quirements has not been met in this article: ethical approval
by an Institutional Review Board (IRB) committee or
equivalent, patient/participant consent to participate, and/or
agreement to publish patient/participant details (where
relevant).

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.

We wish to credit our own Research Integrity and Re-
search Publishing teams and anonymous and named ex-
ternal researchers and research integrity experts for
contributing to this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their
agreement or disagreement to this retraction. We have kept
a record of any response received.
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Journal of Oncology has retracted the article titled “TMEM60
Promotes the Proliferation and Migration and Inhibits the
Apoptosis of Glioma through Modulating AKT Signaling”
[1] due to concerns that the peer review process has been
compromised.

Following an investigation conducted by the Hindawi
Research Integrity team [2], significant concerns were identified
with the peer reviewers assigned to this article; the investigation
has concluded that the peer review process was compromised.
We therefore can no longer trust the peer review process, and
the article is being retracted with the agreement of the Chief
Editor.

The authors do not agree to the retraction.
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Journal of Oncology has retracted the article titled “Identi-
fication of the Novel Methylated Genes’ Signature to
Predict Prognosis in INRG High-Risk Neuroblastomas” [1]
due to concerns that the peer review process has been
compromised.

Following an investigation conducted by the Hindawi
Research Integrity team [2], significant concerns were
identified with the peer reviewers assigned to this article; the
investigation has concluded that the peer review process was
compromised. We therefore can no longer trust the peer
review process, and the article is being retracted with the
agreement of the Chief Editor.

The authors agree to the retraction.
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Journal of Oncology has retracted the article titled “DNA
Damage Response Genes in Osteosarcoma” [1] due to concerns
that the peer review process has been compromised.

Following an investigation conducted by the Hindawi
Research Integrity team [2], significant concerns were
identified with the peer reviewers assigned to this article; the
investigation has concluded that the peer review process was
compromised. We therefore can no longer trust the peer
review process, and the article is being retracted with the
agreement of the Chief Editor.
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Purpose. In theory, the hyperfractionated radiotherapy can enhance biological effect dose against tumor and alleviate normal
tissue toxicity. This study is to assess the efficacy and safety of preoperative hyperfractionated intensity-modulated
radiotherapy (IMRT) with oral capecitabine in patients with locally advanced rectal cancer (LARC). Methods. We
retrospectively screened patients with LARC from January 2015 to June 2016. Patients that received hyperfractionated IMRT
or conventional fractionated IMRT were eligible in the hyperfractionation (HF) group or conventional fractionation (CF)
group, respectively. The primary outcome was the complete response rate. Secondary outcomes included toxicity, postoperative
complications, anus-reservation operation rate, local recurrence and distant metastases rate, overall survival (OS), cancer-
specific survival (CSS), and disease-free survival (DFS). Results. 335 patients were included in the analysis. The complete
response rate for the hyperfractionated and conventional fractionated IMRT was 20.41% vs. 23.47% (P =0.583). The anus-
reservation operation rate was 68.37% vs. 65.31% (P = 0.649). There were no cases of grade 4 toxicity during radiotherapy; the
rate of grade 3 toxicity and postoperative complications was both comparable between groups. However, in the CF group,
more patients had a second operation due to complications (0.0% vs. 5.68%, P=0.011). The cumulative local regional
recurrence and distant metastases rates of the HF group and CF group were 5.10% vs. 9.18% (P =0.267) and 22.45% vs.
24.49% (P =0.736), respectively. The 5-year OS, CSS, and DFS in the HF group and CF group were 86.45% vs. 73.30%
(P=0.503), 87.34% vs. 75.23% (P=0.634), and 70.80% vs. 68.11% (P =0.891), respectively. Conclusions. The preoperative
hyperfractionated IMRT with oral capecitabine, with an acceptable toxicity and favorable response and survival, could reduce
the rate of secondary surgery.

1. Introduction

Rectal cancer, one of the most common malignant tumors, is
usually occult in onset. Most rectal cancer patients have
locally advanced or advanced-stage disease at the time of
diagnosis. As the living standards improved in the recent
years in China, so has the incidence of rectal cancer, while
the age of onset has decreased [1]. As a result, exploring best

modes of rectal cancer treatment has been considered a
priority.

Preoperative concurrent radiochemotherapy followed by
total mesorectal excision (TME) surgery has become the
standard treatment for patients with locally advanced rectal
cancer (LARC) [2-5]. As for the choice of synchronized che-
motherapy regimen, studies have demonstrated that oral
fluoropyrimidine, capecitabine, may be as effective as
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intravenous 5-FU in neoadjuvant treatment of LARC, with
the added advantage of oral administration [6, 7].

Over the vyears, intensity-modulated radiotherapy
(IMRT) is increasingly used to treat gross tumor with greater
accuracy and lower risk of damage to normal tissue, com-
pared to three-dimensional conformal radiotherapy
(3DCRT) [8]. Since 2007, our center has adopted conven-
tional fractionated concomitant boost IMRT (2.3 Gy/f for
primary tumor and 1.9 Gy/f for pelvic lymphatic drainage
areas, 50.6 Gy and 41.8 Gy in 22 fractions, a single fraction
per day) combined with capecitabine for preoperative che-
moradiotherapy in locally advanced, resectable mid-low pri-
mary rectal cancer patients [9]. To date, over 800 patients
have been treated with this strategy, which is associated with
favorable efficacy and tolerable toxicity.

From a radiobiological perspective, the hyperfractio-
nated radiotherapy has such characteristics as shortened
time of total dose be given and higher relative biological
effectiveness. What is more, it does not increase normal tis-
sue damage due to the lower dose of a single radiotherapy
and the ability to give adequate repair time to normal tissue.
Rectal cancer is a moderately sensitive tissue for radiother-
apy, in which the hyperfractionated radiotherapy may pro-
vide comparable or improved local control with favorable
tolerance.

Therefore, the combination of hyperfractionated radio-
therapy and concomitant boost IMRT technology may fur-
ther improve the pathological complete response (ypCR)
rate and local control, while it does not increase the damage
of normal tissue. Little research on the preoperative hyper-
fractionated IMRT in LARC patients has been published to
date. This study was aimed at assessing the efficacy and
safety of hyperfractionated IMRT, compared to conven-
tional fractionated, with concomitant boost technique with
capecitabine in LARC.

2. Materials and Methods

2.1. Patients. This is a historical cohort study, which retro-
spectively recruited patients with locally advanced, resect-
able mid-low primary adenocarcinoma of the rectum who
had undergone preoperative IMRT from January 2015 to
June 2016 in our center. This trial was approved by a rele-
vant ethics committee, according to the Helsinki Declara-
tion. All patients had given informed consent for
chemoradiotherapy or for surgery before treatment.

Pretreatment evaluation included medical history, phys-
ical examination, complete laboratory tests, and preopera-
tive staging. Complete laboratory tests included complete
blood counts, urine and stool analysis, liver and kidney func-
tion tests, and gastrointestinal tumor markers. Preoperative
staging included total colonoscopy, pelvic magnetic reso-
nance imaging (MRI) scans or endoscopic ultrasound
(EUS) combined with pelvic computed tomography (CT)
scans, and chest and abdominal CT scans. In cases of staging
discrepancy between the two modalities, the higher stage
was recorded, following the guidelines from the seventh edi-
tion of the TNM staging standard of American Joint Com-
mittee on Cancer (AJCC).
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2.2. Inclusion Criteria. All patients had histologically con-
firmed primary rectal adenocarcinoma, within 10cm from
the anal verge, with no evidence of distant metastases. The
T/N classification was stage T3 or resectable T4 (RO or R1
resection deemed possible) with any N, or any T with N1
or N2 disease. Patients presenting with T2NO tumors located
within 5 cm from the anal verge were also included. The age
at diagnosis was between 18 and 80 years. Patients were
required to have an Eastern Collaborative Oncology Group
(ECOQG) performance status of 0, 1, or 2, with adequate liver,
kidney, and bone marrow function.

2.3. Exclusion Criteria. Patients with history of chemother-
apy, surgery, pelvic radiation, or any other antitumor ther-
apy were excluded. Patients with history of another
malignancy within 5 years were also excluded. Other exclu-
sion criteria included acute obstructive symptoms, unresect-
able disease with radical radiotherapy dose, or any serious
comorbidities precluding chemoradiotherapy and surgery.

2.4. Treatment. All patients received preoperative concomi-
tant boost IMRT combined with capecitabine. Patients
underwent CT-based simulation with 5mm slices in the
supine position with a full bladder [10, 11]. An MRI scan
was simultaneously performed to accurately define the
extent of the tumor if without taboo. These scans extended
from the upper edge of L4 vertebrae to below the perineum.
Intravenous contrast was used. And a custom immobiliza-
tion device was used to minimize setup variability. Daily
patient positioning was performed using skin marks and
weekly cone-beam CT (CBCT). The gross target volumes
(GTV) and clinical target volumes (CTV) were contoured
on the axial CT/MRI fusion scan slices. GTV was defined
as primary rectal tumor and involved lymph nodes. The
CTV was defined as primary tumor, mesorectal region, pre-
sacral region, mesorectal lymph nodes, lateral lymph nodes,
internal iliac lymph node chain, and pelvic wall area [12].
The external iliac lymph nodes and inguinal lymph nodes
were considered part of the CTV when these lymph nodes
were involved. The superior border of pelvic fields was the
L5-S1 interspace, and the inferior border was the bottom
of the obturator foramen, or the anal verge for low-lying
tumors [9]. The radiation dose was prescribed for planning
gross target volumes (PGTV) and planning target volumes
(PTV) by adding a 5mm margin to the GTV and CTV,
respectively. The boost to the primary tumor (GTV) was
administered synchronously with the whole pelvis (CTV)
radiotherapy. The 95% isodose line was planned to encom-
pass the 95% PGTV and PTV as a planning objective.
Five-field dynamic IMRT technique was used to shape the
fields.

Patients eligible for hyperfractionation (HF) group
received hyperfractionated IMRT with 2 dose levels simulta-
neously: 95% PGTV 51 Gy and 95% PTV 40.8 Gy in 34 frac-
tions, 1.5 Gy and 1.2 Gy per fraction, 2 fractions with at least
8 hours interval per day. Treatment was delivered 5 times
per week, over 23 days. In conventional fractionation (CF)
group (control group), the patients received conventional
fractionated IMRT with 2 dose levels simultaneously: 95%
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PGTV 50.6 Gy and 95% PTV 41.8 Gy in 22 fractions, 2.3 Gy
and 1.9 Gy per fraction, a single fraction per day. Treatment
was delivered 5 times per week, over 30 days.

The small bowel, bladder, and femoral heads were con-
toured and designated as organs at risk. Bladder constraints
were V50 <35 Gy and V5 <50 Gy. Small bowel constraints
were such that no more than 120 cm® of the volume should
receive more than 15Gy, no more than 80 cm® should
receive more than 45 Gy, and no more than 20 cm® should
receive more than 50 Gy [13]. The constraints of femoral
head were V50 <30 Gy and V5 < 50 Gy’.

Capecitabine was administered at 825mg/m> orally
twice daily, 5 days per week, during radiotherapy [7].

All patients underwent reassessment of clinical staging
and resectability 6-8 weeks after completion of chemoradio-
therapy. Patients with resectable tumors received TME sur-
gery. As per the Habr-Gama and Memorial Sloan-
Kettering Cancer Center (MSKCC) criteria, patients with
clinical complete response (cCR) or near cCR could choose
radical surgery, transanal local resection, or the “wait and
see” strategy [14, 15]. The last category of patients was sub-
ject to regular follow-up, and remedial surgery was per-
formed if local tumor regeneration occurred.

The choice between abdominoperineal resection and
anterior resection was left to the discretion of the attending
surgeon. Patients with low rectal cancer (defined as <5cm
from the anal verge) undergoing sphincter-preserving sur-
gery also received prophylactic ileostomy.

Administration of adjuvant chemotherapy was individu-
alized. The regimen of capecitabine or CapeOX for 4-6
months was both for recommendations [16-18].

2.5. Follow-Up. All patients were evaluated weekly for
adverse events during chemoradiotherapy. Toxicities were
analyzed according to the criteria for acute radiation injury
of the Radiation Therapy Oncology Group (RTOG) and
Common Terminology Criteria for Adverse Events
(CTCAE), version 4.0.

Following antitumor treatments, patients were evaluated
every 3 months for the first year, every 6 months for the sec-
ond and third year, and annually for the fourth and fifth
years. Posttreatment follow-up included measurement of
complete blood counts, liver and kidney function tests, and
gastrointestinal tumor markers, as well as total colonoscopy,
chest X-ray or CT scans, abdominal ultrasound or CT scans,
and pelvic CT or MRI scans.

2.6. Study Endpoints. The primary endpoint was tumor com-
plete response rate, including ypCR and cCR rate. The sec-
ondary endpoints included toxicity, postoperative
complications, RO resection rate, sphincter-preserving sur-
gery rate, downstaging rate, tumor response grading
(TRG), local recurrence rate, distant metastasis rate, overall
survival (OS), cancer-specific survival (CSS), and disease-
free survival (DFS).

The TRG system was recommended by the National
Comprehensive Cancer Network (NCCN) Guideline version
2.2019 Rectal Cancer modified from Ryan et al. [19-21]. The
OS was defined as the time from the diagnosis of rectal can-

cer to the date of death from any cause or to last follow-up
appointment. The CSS was defined as the time from diagno-
sis to rectal cancer-related death. The DFS time was defined
as the time from diagnosis to the occurrence of local recur-
rence or any form of distant metastasis. Local regeneration
after nonsurgical strategy or partial resection, which could
undergo salvage radical resection, was not considered a
regional recurrence and not counted as a positive event.

2.7. Statistical Analysis. Statistical analysis was performed
with STATA version 13.0. Quantitative data were compared
using independent sample t-tests or Wilcoxon rank-sum
tests, based on the distribution of the variables. The chi-
square test was used to compare the differences between
the classification groups. We used the Kaplan-Meier method
to estimate the OS, CSS, and DES. The log-rank test was
used to test for statistical significance. All statistical tests
were two-tailed, and the P value < 0.05 was considered sta-
tistically significant.

2.8. Propensity Score Matching. The clinically important fac-
tors and variables associated with complete response rate as
indicated in univariate Cox models (P < 0.10) were used for
calculating propensity score matching (PSM). The covariates
included were age, gender, BMI, comorbidities, history of
smoking and drinking, ECOG scores, tumor gross and histo-
pathologic types, the distance from the anal verge, clinical T
and N stage, the status of mesorectal fascia (MRF), and
extramural venous invasion (EMVI) (yes/no).

3. Results

In total, 335 patients were included. There were significantly
more patients with ECOG 2 (0.76% vs. 1.96%, P =0.001)
and MRF involvement (12.31% vs. 25.98%, P =0.003) in
the control group. In the 196 matched pairs of patients gen-
erated by the PSM, all variables were well balanced between
groups (Table 1, all P values > 0.05).

3.1. Toxicity during Chemoradiation. All patients received
concurrent radiochemotherapy. The rate of radiotherapy
and chemotherapy completion in the HF group and CF
group was 98.47% vs. 98.52% (P >0.999) and 96.95% vs.
97.06% (P > 0.999), respectively. All patients underwent tox-
icity evaluation. There were no cases of grade 4 toxicity in
either group. Grade 3 toxicities included leukopenia [2
(1.53%) vs. 3 (1.47%), P =0.988], neutropenia [2 (1.53%)
vs. 2 (0.98%), P =0.650], diarrhea [2 (1.53%) vs. 2 (0.98%),
P =0.650], and radiation proctitis [3 (2.29%) vs. 2 (0.98%),
P =0.383]. The rates of grade 1-2 toxicities were also compa-
rable between the two groups (Table S1, all P values > 0.05).

3.2. Surgical Procedure and Complications. In the HF group,
113 patients underwent radical surgery and 4 patients with
cCR selected “wait and see” strategy. In the CF group, 179
patients underwent surgery and 3 patients with cCR selected
observation. Surgery was performed after a median interval
of 67 days (41-127 days) and 64 days (37-148 days) in the
HF group and CF group, respectively (P =0.872). Among
the patients who underwent surgery, 113 and 178 patients
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TaBLE 1: Baseline characteristics by preoperative IMRT cohort.

Overall population Matched cohorts
Variable HF CF p HF CF P
n=131 (%) n=204 (%) n=98 (%) n=98 (%)
Age (years) 0.219 0.702
<40 9 (6.87) 6 (2.94) 7 (7.14) 5 (5.10)
41-65 93 (70.99) 147 (72.06) 66 (67.35) 71 (7245)
>65 29 (22.14) 51 (25.00) 25 (25.51) 22 (22.45)
Gender 0.388 0.881
Male 87 (66.41) 126 (61.76) 63 (64.29) 64 (65.31)
Female 44 (33.59) 78 (28.24) 35 (35.71) 34 (24.69)
BMI 0.352% 0.975*
<18.5 4 (3.05) 5 (2.45) 3 (3.06) 4 (4.08)
18.5-23.9 70 (53.44) 86 (42.16) 51 (52.04) 47 (47.96)
24-26.9 33 (25.19) 63 (30.88) 27 (27.55) 28 (28.57)
27-29.9 14 (10.69) 30 (14.71) 11 (11.22) 14 (14.29)
>30 3(2.29) 10 (4.90) 3 (3.06) 3 (3.06)
NA 7 (5.34) 10 (4.90) 3 (3.06) 2 (2.04)
Comorbidities
Hypertension 36 (27.48) 64 (31.37) 0.448 29 (29.59) 30 (30.61) 0.876
Diabetes 16 (12.21) 35 (17.16) 0.219 12 (12.24) 12 (12.24) >0.999
CHD 8 (6.11) 9 (4.41) 0.490 3 (3.06) 6 (6.12) 0.497*
Atrial fibrillation 5 (3.82) 4 (1.96) 0.321* 1(1.02) 2 (2.04) >0.999*
Cerebrovascular- disease 4 (3.05) 8 (3.92) 0.677 4 (4.08) 3 (3.06) >0.999*
Abdominal and pelvic surgery history 24 (18.32) 45 (22.06) 0.409 20 (20.41) 20 (20.41) >0.999
Smoking history 62 (47.33) 92 (46.94) 0.945 44 (44.90) 48 (48.98) 0.567
Drinking history 42 (32.06) 63 (32.14) 0.988 29 (29.59) 40 (40.82) 0.100
ECOG scores 0.001 0.820*
0-1 130 (99.24) 200 (98.04) 97 (98.98) 96 (97.96)
2 1 (0.76) 4 (1.96) 1(1.02) 2 (2.04)
Gross types 0.140" 0.828~
Borrmann [ 77 (58.78) 119 (58.33) 59 (60.20) 60 (61.22)
Borrmann II 29 (22.14) 32 (15.69) 20 (20.41) 17 (17.35)
Borrmann III 3(2.29) 2 (0.98) 2 (2.04) 1 (1.02)
Complex 22 (16.79) 51 (25.00) 17 (17.35) 20 (20.41)
Histopathologic types 0.262* 0.277*
Well-differentiated 10 (7.63) 9 (4.41) 6 (6.12) 2 (2.04)
Moderately differentiated 102 (77.86) 161 (78.92) 76 (77.55) 83 (84.69)
Poorly differentiated 13 (9.92) 16 (7.84) 10 (10.20) 9 (9.18)
Signet-ring cell 2 (1.53) 4 (1.96) 2 (2.04) 1(1.02)
Mucious adenocarcinoma 3(2.29) 4 (1.96) 3 (3.06) 0 (0.00)
Adenocarcinoma 1 (0.76) 10 (4.90) 1(1.02) 3 (3.06)
Distance from anal verge 0.553 0.165
<5cm 87 (66.41) 129 (63.24) 63 (64.29) 72 (74.37)
5.1-10cm 44 (33.59) 75 (36.76) 35 (35.71) 26 (26.63)
cT stage 0.988" 0.248*
T2 4 (3.05) 6 (2.94) 2 (2.04) 2 (2.04)
T3 99 (75.57) 151 (74.02) 72 (73.47) 83 (84.69)
T4a 22 (16.79) 37 (18.14) 19 (19.39) 11 (11.22)

T4b 6 (4.58) 10 (4.90) 5 (5.10) 2 (2.04)
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TaBLE 1: Continued.
Overall population Matched cohorts
Variable HF CF P HF CF P
n=131 (%) n=204 (%) n=98 (%) n=98 (%)
cN stage 0.198* >0.999*
NO 6 (4.58) 4 (1.96) 4 (4.08) 3 (3.06)
N1-2 125 (95.42) 200 (98.04) 94 (95.92) 95 (96.94)
MRF+ 16 (12.31) 53 (25.98) 0.003 15 (15.31) 12 (12.24) 0.534
EMVI+ 10 (7.69) 8 (3.92) 0.137 8 (8.16) 5 (5.10) 0.389

Abbreviations: IMRT = intensity-modulated radiotherapy; HF = hyperfractionation; CF = conventional fractionation; BMI = body mass index; CHD =

coronary heart disease; ECOG = Eastern Collaborative Oncology Group; ¢ = clinical; MRF = mesoretal fascia; EMVI = extramural venous invasion.

Fisher’s exact.

of the HF group and CF group had RO resection (113/113
[100.00%] vs. 178/179 [99.44%], P =0.788), respectively.
The rates of sphincter preservation operation in the HF
group and CF group were 64.60% and 60.89%, respectively
(P =0.524). Among the 181 patients with low rectal cancer
(<5cm from anal verge) who underwent surgery, 90 patients
received sphincter-preserving surgery with prophylactic ile-
ostomy. The sphincter preservation operation rate for the
low rectal in the HF group and CF group was 50.70% (36
out of 71) and 49.09% (54 out of 110), respectively
(P =0.832). In matched cohorts, there were also no statisti-
cal differences in the rate of radical surgery, RO resection,
and anus-reservation operation between the two groups
(Table 2 (all P values > 0.05).

Among patients who received surgery, 28 (24.78%) and
44 (24.58%) patients of the HF group and CF group, respec-
tively, developed postoperative complications (P =0.970).
However, the CF group had a higher rate of secondary sur-
gery due to postoperative complications (0/113 [0.0%] vs.
8/179 [4.47%], P =0.019). In matched cohorts, the control
group still had a higher rate of secondary surgery (0/87
[0.0%] vs. 5/88 [5.68%], P =0.011) (Table 2).

3.3. Tumor Response. Twenty-four and thirty-seven patients
in the hyperfractionation and control group, respectively,
acquired tumor complete remission (18.32% vs. 18.14%,
odds ratio [OR]=1.012, 95% confidence interval [CI]
0.574-1.787). In 196 patients selected through the PSM, the
rates of tumor complete remission in the HF group and CF
group were 20.41% vs. 23.47%, respectively (OR =0.736,
95% CI 0.313-1.295).

According to the NCCN-TRG system, there were 20, 38,
52, 3 and 34, 60, 80, 5 patients with a score of 0, 1, 2, and 3,
respectively, in the HF group and CF group, without signif-
icant difference. The primary tumor and lymph nodes
downstaging rate of the HF group and CF group were
68.70% vs. 66.18% and 78.63% vs. 79.90%, respectively (P
values > 0.05). In matched cohorts, there were also no differ-
ences in the T or N downstaging rates between the groups
(Table 3).

3.4. Relapse and Survival. Up to November 2020, the median
follow-up was 42.0 months in the hyperfractionation group

*

(range 3.9-72.1 months) and 45.8 months in the control
group (range 3.8-70.2 months) (P=0.322).

To date, cumulatively, there were 6 locoregional relapses
and 28 systemic relapses in the hyperfractionation group
and 22 locoregional relapses and 49 systemic relapses in
the control group. Hyperfractionated RT showed a lower
local recurrence rate (4.58% vs. 10.78%, P =0.045). How-
ever, in matched cohort, hyperfractionated RT did not show
this advantage of local control. Besides, there were no differ-
ences between the matched cohorts on distant metastasis
rate. The 5-year DFS of the HF group and CF group was
70.27% vs. 68.99% (hazard ratio [HR]=0.889, 95% CI
0.570-1.386) (Table 4).

During the follow-up, 14 and 29 patients, respectively, in
the HF group and CF group, have died. The 5-year OS of the
HE group and CF group was 78.40% vs. 81.32% (HR = 0.875
,95% CI 0.461-1.662). The 5-year CSS of the HF group and
CF group was 79.93% vs. 82.94% (HR =0.843, 95% CI
0.424-1.676) (Table 4).

In matched cohorts, the 5-year OS, CSS, and DFS
between the two groups were 86.45% vs. 73.30%
(HR=0.763, 95% CI 0.594-2.885), 87.34% vs. 75.23%
(HR=0.815, 95% CI 0.529-2.845), and 70.80% vs. 68.11%
(HR=0.962, 95% CI 0.602-1.791), respectively (Table 4
and Figure 1). There were no statistically significant differ-
ences in the survival rates between groups.

4. Discussion

Preoperative concurrent radiochemotherapy based on cape-
citabine followed with TME surgery has become the stan-
dard treatment for patients with LARC [2-5]. However,
the specific implementation of the radiotherapy process,
covering the choice of radiotherapy technology and the seg-
mentation mode of radiotherapy dose, is varied between dif-
ferent centers. With the update of radiotherapy technology,
more and more centers use IMRT, which is characterized
by increasing accuracy of higher-dose delivery in the tumor
area while synchronously reducing the risk of damage to
normal tissue, compared to 3DCRT with first pelvic field
irradiation and then boosts to the tumor area.
Hyperfractionated radiotherapy, compared to the con-
ventional fractionated radiotherapy, can give similar doses
in a shorter period of treatment time and increase the
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TaBLE 2: Surgical procedure and complications in preoperative IMRT cohort.
Opverall population Matched cohorts
Variable HF CF p HF CF p
n=131 (%) n=204 (%) n=98 (%) n=98 (%)
Surgery 0.692 0.817
Yes 113 (86.26) 179 (87.75) 87 (88.78) 88 (89.80)
No 18 (13.74) 25 (12.25) 11 (11.22) 10 (10.20)
RO resection 113/113 (100.00) 178/179 (99.44) 0.788* 87/87 (100.00) 87/88 (98.86) 0.635*
Anus-reservation operation 73/113 (64.60) 109/179 (60.89) 0.524 67/87 (68.37) 64/88 (65.31) 0.649
Complications 28/113 (24.78) 44/179 (24.58) 0.970 21/87 (24.14)  23/88 (26.14) 0.761
Anastomotic fistula/hemorrhage 6/113 (5.31) 11/179 (6.15) 0.766 6/87 (6.90) 6/88 (6.82) 0.984
Rectovesical/rectovaginal fistula 0/113 (0.00) 4/179 (2.23) 0.161* 0/87 (0.00) 3/88 (3.41) 0.246*
Pelvic infection/abscess 5/113 (4.42) 11/179 (6.15) 0.529 5/87 (5.75) 7188 (7.95) 0.563
Tleus 5/113 (4.42) 12/179 (6.70) 0.418 1/87 (1.15) 5/88 (5.68) 0211*
Perineal wound infection 8/113 (7.08) 14/179 (7.82) 0.815 8/87 (9.20) 7188 (7.95) 0.769
Abdominal wound infection 1/113 (0.88) 6/179 (3.35) 0.255* 1/87 (1.15) 4/88 (4.55) 0.368*
Other infections** 5/113 (4.42) 4/179 (2.23) 0.315* 3/87 (3.45) 0/88 (0.00) 0.121%
Other complications*** 4/113 (3.54) 4/179 (2.23) 0.715* 1/87 (1.15) 0/88 (0.00) 0.497*
0.019* 0.011*

Abbreviations: IMRT = Intensity-modulated radiotherapy; HF = hyperfractionation; CF = conventional fractionation. *Fisher’s exact. **Other infections
***Other  complications included lower limb venous thrombosis, pulmonary

included wurinary system infection and pulmonary infection.

thromboembolism, and acute myocardium infarction.

TaBLE 3: Tumor responses in preoperative IMRT cohort.

Overall population

Matched cohorts

Variable HF CF P HF CF p
n=131 (%) n=204 (%) n=98 (%) n=98 (%)
cCR+ypCR 24 (18.32) 37 (18.14) 0.966 20 (20.41) 23 (23.47) 0.583
NCCN-TRG
TRG 0 20/113 (17.70) 34/179 (18.99) 0.795* 18/87 (20.69) 21/88 (23.86) 0.417*
TRG 1 38/113 (33.63) 60/179 (33.52) 26/87 (29.89) 25/88 (28.41)
TRG 2 52/113 (46.02) 80/179 (44.69) 40/87 (45.98) 40/88 (45.45)
TRG 3 3/113 (2.65) 5/179 (2.79) 3/87 (3.45) 2/88 (2.27)
Downstaging
Downstaging of primary tumor 90 (68.70) 135 (66.18) 0.631 64 (65.31) 63 (64.29) 0.881
Downstaging of lymph nodes 103 (78.63) 163 (79.90) 0.778 78 (79.59) 81 (82.65) 0.769

Abbreviations: IMRT = intensity-modulated radiotherapy; HF = hyperfractionation; CF = conventional fractionation; cCR = clinical complete response; pCR
= pathological complete response; NCCN = National Comprehensive Cancer Network; TRG = tumor regression grading. *Fisher’s exact.

relative biologically effective dose (BED) to gross tumor but
may not increase normal tissue damage. There are few
reports on preoperative hyperfractionated radiotherapy used
for LARC. Movsas et al. illustrated the applicability of hyper-
fractionated radiotherapy in their single-arm studies
[22-25]. In LARC, neoadjuvant hyperfractionated radiother-
apy showed the favorable local control and OS. However, these
studies were in the era of two-dimensional radiotherapy. In
Marsh Rde et al.’s single-arm study, patients received preoper-
ative 3DCRT with hyperfractionation and gained favorable

short-term effects with tolerable acute toxicity [26, 27],
whereas the sample size of the above two studies were rela-
tively small (17 and 53 cases, respectively).

Another two studies compared preoperative hyperfrac-
tionated and conventional fractionated 3DCRT for LARC.
In Ceelen et al’s nonrandomized controlled study, hyper-
fractionated radiotherapy group showed lower pCR rate
and sphincter preservation rate, which may be related to
the absence of simultaneous chemotherapy and
radiotherapy-surgical interval [28]. But the incidence of
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TaBLE 4: Tumor relapses and survivals in preoperative IMRT cohort.
Variable HFCLVS??IPO%‘I}?:ZHZO , ORHR  95%CI P HFl\fla:tC;‘Sed CCOI}:‘Z“:S oy OR/HR  95%CI P
Local recurrence 6(458)  22(10.78) 0397 0.157-0.997 0.045 5(5.10) 9 (9.18) 0532 0.172-1.648 0.267
Distant metastasis 28 (21.37) 49 (24.02)  0.860  0.508-1.456 0.574 22 (22.45) 24 (24.49) 0.893  0.578-2.170 0.736
Cumulative relapses 30 (22.90) 56 (27.45) 0.785 0.471-1.308 0.352 25 (25.51) 27 (27.55) 0.900 0.477-1.699 0.746
Cumulative death 14 (10.69) 29 (14.22) 0.722  0.366-1.424 0.346 12 (12.24) 13 (13.27) 0912 0.473-1.845 0.830
Survival
5-year DFS 70.27% 68.99% 0.889  0.570-1.386 0.604 70.80% 68.11% 0.962  0.602-1.791 0.891
5-year OS 78.40% 81.32% 0.875 0.461-1.662 0.684 86.45% 73.30% 0.763  0.594-2.885  0.503
5-year CSS 79.93% 82.94% 0.843  0.424-1.676 0.626 87.34% 75.23% 0.815  0.529-2.845 0.634

Abbreviations: IMRT = intensity-modulated radiotherapy; HF = hyperfractionation; CF = conventional fractionation; OR = odds ratio; HR = hazard ratio;
DFS = disease-free survival; OS = overall survival; CSS = cancer-specific survival.

anastomotic leakage, pelvic recurrence rate, and 5-year OS
was not statistically different between the hyper- and con-
ventional fractionation groups. In another study, the only
randomized controlled trial, RTOG-0012 study, showed that
concurrent hyperfractionated (45.6 Gy in 38 fractions, 1.2 Gy
per fraction, 2 fractions per day) and 5-FU chemoradiother-
apy had a higher pCR rate than conventional fractionated
(45.0 Gy in 25 fractions, 1.8 Gy per fraction, 1 fraction per
day) chemoradiotherapy (30% vs. 26%) while lower 5-year
OS and DFS (61% vs. 75% and 78% vs. 85%). But for T4 dis-
ease, the hyperfractionated group showed a higher 5-year
DFS (87.5% vs. 71.4%). In addition to favorable short-term
effect and survival, 3-4 grade nonhematologic radiochemo-
therapy acute toxicity in hyperfractionated group was rela-
tively slight (38% vs. 45%) [29, 30].

In a word, hyperfractionation is feasible in neoadjuvant
radiotherapy of LARC. However, little research on the
hyperfractionated IMRT has been published to date. To
the best of the authors’ knowledge, the present study is the
biggest comparison of hyperfractionated and conventional
fractionated concomitant boost IMRT in LARC. In this
study, except RT fractionation, other treatment regimens,
including concurrent chemotherapy, radiotherapy-surgical
interval, and operation principle, were concordant.

According to the computational formula of the BED
(BED =n * d * [1 + d/alfvalue] — y/a * [T — Tk|, where n
is as number of fractions, d is as dose of per fraction, a/f
value of tumor is considered 10 and of normal tissues is con-
sidered 3, y/a represents repair rate always considered 0.6 Gy
per day, T represents total days of radiotherapy regimen,
and Tk represents days of delayed proliferation always con-
sidered 7 days), the hyperfractionation RT slightly increased
the BED value of primary tumor (49.1 Gy vs. 48.4 Gy) and
significantly reduced the BED value of normal tissues in
the target area (43.3 Gy vs. 50.1 Gy). As a result, the hyper-
fractionated IMRT described in this study may reduce nor-
mal tissue damage while ensuring treatment efficacy.

The results of this study, including rate of complete
remission and 5-year DFS, were consistent with the results
of RTOG-0012 study. What is more, our findings show bet-

ter 5-year OS and fewer side effects of radiotherapy. In a
word, in this study, the hyperfractionated and conventional
fractionated preoperative concomitant boost IMRT both
showed favorable safety and effectiveness in LARC. But there
were no statistically significant differences between groups in
this study of the tumor response rate, likelihood of complete
remission, downstaging, RO resection, or sphincter preserva-
tion. Among the 335 eligible patients, patients who received
hyperfractionation IMRT showed lower cumulative local
recurrence rate. Nevertheless, in the matched cohort, this
result was not withstanding. These results about recurrence
may be related to the more patients with MRF involvement
in the control group before match. Anyhow, both RT frac-
tionation regimens showed favorable tumor outcomes in
this study, as evidenced by comparable survival rates.

Moreover, this study showed that in terms of acute
radiotherapy toxicity, these two RT regimens were compara-
ble. However, in patients who had postoperative complica-
tions, the conventional fractionation group had a higher
rate of secondary surgery. The postoperative complications
that need surgical treatment, such as anastomotic fistula or
hemorrhage, rectovesical or rectovaginal fistula, or ileus, of
which the events number in their CF group were always
higher than that in the HF group (Table 2), tend to correlate
with radiation target volume delivered to adjacent normal
tissues. The lower risk of secondary surgery was consistent
with the reduced BED of organs at risk in hyperfractionated
group. Overall, hyperfractionation IMRT might be less likely
to cause serious surgical complications in LARC than the
conventional fractionation IMRT.

In addition, the hyperfractionated radiotherapy, which
shortens the total number of treatment days (23 vs. 30 days),
may have additional advantages in terms of public health
economics. Among the daily admissions to our hospital,
about 70% of patients are from other provinces, who always
pay a lot for extra living expenses including room and board,
hotel fees, and transportation costs. For these patients, short-
ened treatment days always means reduced living expenses.
On the other hand, referring to the national charging stan-
dard, the cost of hyperfractionated radiotherapy (IMRT)
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FiGure 1: DFS, OS, and CSS curves in preoperative IMRT cohort. (a) DFS in overall population (n =335); (b) DES in matched cohorts
(n=196); (c) OS in overall population (n=335); (d) OS in matched cohorts (n=196); (e) CSS in overall population (n=335); and (f)
CSS in matched cohorts (n=196). Abbreviations: DFS = disease-free survival; OS = overall survival; CSS = cancer-specific survival;
IMRT = intensity-modulated radiotherapy; HF = hyperfractionation; CF = conventional fractionation.

does not increase too much because of the capped fee for 24-
fractionated radiotherapy, even if the actual fractionations of
radiotherapy are more than 24.

All in all, the evidence this paper presented may provide
an appropriate option for the clinical practice of LARC in
the field of radiation oncology. We believe that our study
makes a significant contribution to the literature because lit-
tle research on the combination of hyperfractionated radio-
therapy and concomitant boost IMRT technology in LARC
patients has been published to date.

Of course, this study has several limitations. Firstly, it
was a retrospective study in which the information bias
was inevitable. Secondly, we did not assess the long-term
complications of radiotherapy or the differences in the qual-
ity of life of patient subject to different treatments. Next, the
effect of adjuvant chemotherapy on recurrence, metastasis,
and survival was also not assessed. Besides, according to lit-
erature data, extranodal extension (ENE) of nodal metastasis
has emerged as an important prognostic factor in rectal can-
cer. However, whether the presence of ENE in patients with
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rectal cancer who receive preoperative chemoradiotherapy
has impact on survival outcome is controversial [31, 32].
In this study, due to the lack of pathological findings of
ENE in the lymph node metastasis after neoadjuvant chemo-
radiotherapy, we could not further determine whether ENE
was an additional prognostic factor between the HF and
CF group.

5. Conclusion

The hyperfractionated preoperative concomitant boost
IMRT may be associated with favorable response and sur-
vival and reduced rate of secondary surgery due to postoper-
ative complications compared to conventional therapy in
LARC. It may be an appropriate option for these out-of-
town patients who require cost savings.
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Glioma is a highly fatal malignancy with aggressive proliferation, migration, and invasion metastasis due to aberrant genetic
regulation. This work aimed to determine the function of transmembrane protein 60 (TMEM60) during glioma development. The
level of TMEMS60 in glioma tissues and normal tissues and its correlation with glioma prognosis were checked in The Cancer
Genome Atlas (TCGA) database. The levels of TMEMG60 in glioma cell lines and normal astrocytes were determined by
quantitative real-time PCR and western blotting assay. TMEM60 knockdown and overexpression were conducted, followed by
detection of cell viability, migration, invasion, and apoptosis. CCK-8 and colony formation assay were adopted to detect cell
viability proliferation. Transwell assay was performed to measure cell migration and invasion. Cell apoptosis was evaluated by flow
cytometry. The alternation of key proteins in the PI3K/Akt signaling pathway was measured by western blotting. TMEM60
expression was significantly higher in glioma tissues than that in the healthy control and was correlated with poor overall survival
of patients. The protein and mRNA levels of TMEMG60 were both elevated in glioma cell lines in comparison with the normal cell
lines. Elevated level of TMEMG60 led to enhanced proliferation, migration, and invasion and suppressed cell apoptosis. TMEM60
promoted the activation of PI3K/Akt signaling. Our data suggested that TMEMG60 plays an oncogenic role in glioma progression

via activating the PI3K/Akt signaling pathway.

1. Introduction

Glioma is the most commonly occurring brain malignancy in
adults, exhibiting highly aggressive feature and grave prog-
nosis [1-3]. Numerous studies have disclosed that the pro-
gression of glioma is closely correlated with abnormal
metabolism, vascular endothelial proliferation, and sup-
pressed immune response [4-7]. Large-scale genome analysis
and accumulating studies on molecular mechanisms have
presented multiple oncogenes that contribute to glioma onset,
such as Notch, platelet-derived growth factor receptor alpha
(PDGFRA), and epithelial growth factor receptor (EGFR)
[8-12]. For example, Notch signaling participates in the
regulation of glioma cell stemness and promotes self-renewal
of glioma cells [13-15]. Genomic sequencing unraveled the
alteration of the EGFR gene in over 50% of glioma [8, 16].

Over the past decades, the developed therapeutic
manners including surgical operation and chemo- and ra-
diotherapy have successfully achieved partial remission in
glioma patients, yet there still exist some patients who show
slight response, and the 5-year relative survival is only 5%
[9, 10, 17]. Therefore, it is urgent to decipher the mecha-
nisms underlying the pathogenesis of glioma and develop
safe and efficient therapeutic strategies. The phosphatidy-
linositol 3-kinases (PI3Ks)/Akt signaling pathway is a central
regulator of signaling transduction during biological pro-
cesses of cancer cells, such as viability, metastasis, meta-
bolism, and angiogenesis [18-20]. The PI3K/Akt pathway
could be activated by receptor tyrosine kinases (RTKs) or G
protein-coupled receptors (GPCRs), during which the PI3K
activates PIP3 to anchor Akt to cell membranes. The Akt is
then phosphorylated activated by mTOR at Thr308 and
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Ser473 residues [21-23]. Previous studies have reported the
important function of PI3K/AKkt signaling in glioma and its
potential as therapeutic targets [24-26].

In this present work, we, for the first time, confirmed the
elevated expression of transmembrane protein 60
(TMEMS60) in glioma tissue samples and cell lines. We
evaluated cell viability, migration, invasion, and apoptosis
after knockdown or ectopic expression of TMEM60 and
determined the changes on the PI3K/Akt pathway. Our basic
experimental findings provided novel evidences to uncover
the TMEMG60/PI3K/AKkt signaling in glioma and supplied a
notable perception concerning the regulatory axis in glioma
advancement and novel therapeutic approaches for glioma.

2. Methods

2.1. Clinical Samples. We performed gene profiling of gli-
oma patients from the Cancer Genome Atlas (TCGA) and
healthy donors from the GTEx database by using the online
website GEPIA (https://gepia2.cancer-pku.cn/#help). The
expression of TMEMG60 in tumor and nontumor tissues and
the correlation between TMEM60 and GBM (glioblastoma
multiforme) or LGG (brain lower grade glioma) prognosis
were analyzed.

2.2. Cell Culture. Normal human brain astroglia cell line
SVGP12, normal human astrocyte (HA), glioma cell line
TJ905, GOS-3, US87MG, and SHG-44 were obtained from
ATCC (Manassas, VA, USA). SVGP12 and U87 were cul-
tured in EMEM (Hyclone, USA). HA was cultured in As-
trocyte Medium (ScienCell, USA). GOS-3 and TJ905 were
cultured in DMEM (Hyclone, USA). SHG-44 was cultured
in RPMI 1640 (Hyclone, USA) [27]. All cells were cultured in
a medium supplemented with 10% FBS (Gibco, USA) at
37°C incubation with 5% CO,.

2.3. Lentivirus Packaging and Infection. To generate the
lentiviral ShRNA constructs against human TMEMG60, the
TMEMG60 shRNA sequences were cloned into the pLKO-
puro vector. The sequences of ShTMEMG60 are as follows:
shTMEM60-1,  5-GAGTAACCCATGTAAATTACT-3';
shTMEM60-2, 5'-CGAGCTGGACTATCTGTGACT-3'.
pLKO.1, pVSVG, pREV, and pGAG were cotransfected into
HEK293T cells for 24h, and cell culture media were col-
lected. The full-length TMEMG60 sequences were cloned into
the pCDH-puro vector. pCDH, pSPAX.2, and pMD.2G were
cotransfected into HEK293T cells for 24 h, and cell culture
media were collected. The viruses were used to infect cells in
the presence of polybrene. Forty-eight hours later, SHG-44
and U87MG cells were cultured in a medium containing
puromycin for the selection of stable clones. The clones
stably knocking down or overexpressing TMEMG60 were
identified and verified by western blotting [28].

2.4. Cell Viability and Apoptosis. Cell viability was deter-
mined by Cell Counting Kit-8 (CCK-8) assay and colony
formation. For CCK-8 assay, cells were transfected with
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indicated oligonucleotides and seeded in 96-well plates at a
density of 5,000 cells per well. After incubation for 24, 48,
and 72 hours, 20 yl CCK-8 (5 mg/ml) was added to each well,
and the cells were incubated for another 4 hours. After that,
the absorbance values at 450 nm were measured by using a
microplate reader (Thermo, USA). For colony formation
assay, the cells were suspended as single cells and seeded in
6-well plates (1,000 cells per well) and incubated for 10 days
to form colonies [29]. The colonies were washed with PBS
and dyed with 1% crystal violet for 20 minutes, captured, and
counted. Cell apoptosis was evaluated by using the Annexin
V/FITC Apoptosis Detection kit (Beyotime, China) as per
the manufacturer’s protocol. The cells were collected and
detected on a flow cytometer (BD Biosciences, USA).

2.5. Western Blotting. The total proteins were extracted from
cells after homogenization with RIPA lysis buffer (Beyo-
time), quantified by using a BCA assay kit (Beyotime). An
equal amount of proteins was separated by SDS-PAGE,
shifted to polyvinylidene fluoride (PVDF) membranes, and
blocked with 5% skim milk in PBST for 2 hours, followed by
incubation with primary antibodies against TMEMG60,
PARP, cleaved PARP, caspase-3, cleaved caspase-3, p-AKT,
AKT, GSK3f, p-GSK3B, mTOR, p-mTOR, p70S6K,
p-p70S6K, 4E-BP1, p-4E-BP1, and -actin, at 4°C overnight.
The next day, the protein bands were incubated with the
corresponding horseradish peroxidase- (HRP-) coupled
secondary antibodies, and enhanced chemiluminescence
(ECL) visualization was performed on a gel image system
(Bio-Rad) [30, 31].

2.6. Colony Formation. U87MG and SHG-44 cells were
trypsinized, counted, and seeded in 6-well plates for 24
hours. Cells were cultured for 10 days to form visible clones.
The clones were then washed, fixed, and stained with crystal
violet, captured, and counted [32, 33].

2.7. Transwell Assay. The migration and invasion of glioma
cells were determined by Transwell assay (Corning, USA). In
brief, cells were placed into top chambers of 24-well plates
with a serum-free medium, and the lower chambers were
filled with complete medium [34]. After 48 hours incuba-
tion, the migrated cells were fixed with 4% paraformalde-
hyde (PFA) and then dyed with 1% crystal violet. For cell
invasion, the upper chambers were coated with Matrigel (BD
Biosciences, USA). The stained cells were observed and
captured under a microscope [35].

2.8. Flow Cytometry. Flow cytometry was used to evaluate
apoptosis of glioma cancer cells after TMEM60 knockdown.
Glioma cancer cells were plated in 6-well plates with
TMEMG60 overexpression or vector as control. After double
staining with fluorescein isothiocyanate- (FITC-) Annexin V
and propidium iodide was performed using an FITC
Annexin V Apoptosis Detection Kit (BD Biosciences)
according to the manufacturer’s recommendations [36], the
cells were analyzed with a flow cytometer (FACScan; BD
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Biosciences) equipped with Cell Quest software (BD Bio-
sciences). Cells were sorted into viable cells, dead cells, early
apoptotic cells, and apoptotic cells, and the relative ratio of
early apoptotic cells was compared with that of control cells
in each experiment [37].

2.9. Statistics. Data in this study were presented as mean-
+ standard deviation (SD) of at least three independent
experiments and processed by using the GraphPad software
(USA). The student’s ¢ test or one-way analysis of variance
(ANOVA) were conducted to compare differences between
two or multiple groups. The P value <0.05 was considered
statistically significant.

3. Results

3.1. The Expression of TMEMG60 in Glioma Tissues and Cell
Lines. We first identified the correlation between TMEMG60
and glioma. The analysis on glioma patient samples and
healthy donors from TCGA and the GTEx database showed
that the levels of TMEMG60 in glioma were remarkably el-
evated in GBM and LGC tumor tissues, compared with those
in healthy tissues, and this elevated level of TMEM60 was
correlated with poor overall survival of patients (Figures 1(a)
and 1(b)). Moreover, the expression of TMEM60 was no-
tably higher in glioma cell lines, including the TJ905, GOS-3,
U87, and SHG-44, than that in normal human astrocyte cell
lines (HA and SVG P12), as was manifested by mRNA and
protein quantification (Figures 1(c) and 1(d)). These data
suggested the abnormal upregulation of TMEM60 in glioma
and its potential oncogenic role.

3.2. TMEMG60 Facilitates Glioma Cell Proliferation. The ab-
normal overexpression of TMEMG60 indicated that it may
facilitate glioma progression [38]. To verify this speculation,
we conducted stable knockdown or overexpression of
TMEMG60 in U87 and SHG-44 cells by infecting shRNAs
(shTMEMG60-1 and shTMEMG60-2) or overexpressing vec-
tors. The efficacy of infecting was determined by western
blotting (Figures 2(a) and 2(b)). Results from CCK-8 in-
dicated that TMEMG60 knockdown alleviated cell viability in
a time-dependent manner (Figure 2(c)), whereas the over-
expression of TMEMG60 facilitated cell viability (Figure 2(d)).
Similarly, the decreased colony number in TMEM60-de-
pleted GBM cells supported the proliferative role of
TMEMS60 in GBM (Figures 2(e) and 2(f)).

3.3. TMEMG60 Promotes Glioma Cell Migration and Invasion.
The high aggressiveness of glioma cells was also exhibited by
cell migration and invasion [39]. Here, we performed
Transwell assay to detect the metastatic ability of U87 and
SHG-44 cells. As shown in Figures 3(a) and 3(b), knock-
down of TMEMBS60 significantly suppressed the migrated and
invaded glioma cells, and the histogram confirmed the
statistical significance of the alteration (Figure 3(c)). By
contrast, the overexpression of TMEMG60 facilitated cell
migration and invasion (Figures 3(d)-3(f)). These findings

indicated that TMEMG60 aggravated the aggressive pheno-
types of glioma cells.

3.4. TMEMG60 Suppresses Glioma Cell Apoptosis. After de-
termination of cell proliferation and metastasis, we detected
the apoptosis of U87 and SHG-44 cells [40]. As shown in
Figures 4(a) and 4(b), the depletion of TMEMS60 led to
elevated apoptosis of glioma cells, as was manifested by the
increased portion of early- and late-phase apoptotic cells.
The detection of apoptosis-related signaling presented the
emergence of cleaved PARP and caspase-3, along with the
notable decrease of PARP and caspase-3 (Figures 4(c) and
4(d)). These results indicated that TMEMG60 protects glioma
cells from apoptosis.

3.5. TMEMG60 Promotes the Glioma Cell Phenotype through
PI3K/AKT Signaling. Studies have proved that the PI3K/
AKT signaling contributed to aggressiveness of cancers,
including glioma. Here in this work, we investigated whether
TMEM60 modulates glioma cell behaviors through regu-
lating the PI3K/AKT signaling pathway. Knockdown of
TMEMG60 suppressed the activation of PI3K/AKT signaling,
as was manifested by decreased phosphorylation of Akt,
GSK-3f, mTOR, p70-S6K, and 4E-BP1 (Figures 5(a) and
5(b)). Moreover, the overexpression of TMEM60 promoted
the activation of PI3K/AKT signaling, as was manifested by
increased phosphorylation of Akt, GSK-33, mTOR, p70-
S6K, and 4E-BP1 (Figures 5(c) and 5(d)). Therefore,
TMEMG60 promotes the hyperactivation of the PI3K/AKT
signaling pathway in glioma cells.

4. Discussion

In the present work, we evaluated the role of a rarely re-
ported gene TMEMG60 in glioma carcinogenesis. We ana-
lyzed the expression of TMEMG60 in patients with glioma and
healthy donors and spotted its upregulation in glioma tissues
compared with the nontumor tissues. The overall survival
analysis also unraveled the correlation between high
TMEMBG60 level with poor prognosis. It is well known that
glioma is a highly aggressive malignancy with rapid pro-
liferation [5]. Moreover, the glioma cells are capable of
infiltrating to the neighboring brain tissues, causing pseu-
dopalisading necrosis and angiogenesis, which consequently
contribute to the poor prognosis of patients [17, 41, 42].
Other than the elevated level of TMEMG60 in tumor tissues,
we also found an elevation of TMEM60 in glioma cells
compared with the normal human astrocyte cell lines.

To determine the specific role of TMEM60 in glioma
carcinogenesis, we conducted knockdown and over-
expression of TMEMG60 in glioma cell lines and confirmed
that TMEMG60 overexpression led to enhanced cell viability,
proliferation, migration, and invasion, as well as decreased
cell apoptosis, which is consistent with the abnormal low
level of TMEM60 in glioma tumor sections. Also, the
knockdown of TMEMG60 exerted opposite effects on GBM
cell phenotypes. All these findings suggested that TMEM60
plays a potential oncogenic role in glioma [43, 44]. We next
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tried to decipher the mechanisms underlying the functions
of TMEM60 during glioma carcinogenesis. Numerous
studies have disclosed the high frequency of genetic aber-
rations in glioma, including the tumor protein p53 (TP53)
[45, 46], cyclin-dependent kinase inhibitor 2A/B (CDKN2A/
B) [47-49], tensin homolog (PTEN) [50, 51], EGFR [52, 53],
PDGFRA [54], and PIK3CA, which leads to dysregulation of
downstream signaling pathways such as the RB transcrip-
tional corepressor 1 (RB1), PI3K/Akt/mTOR, and p53
[55-57]. The exploration of these genetic aberrations led to
the discovery of targeted therapies against glioma [58-60].
PI3K/Akt/mTOR is a widely recognized signaling pathway
that modulates the proliferation, motility, apoptosis, and
angiogenesis in glioma [61-63].

Due to the abnormal cellular functions, elevated levels of
PI3K and Akt are poor prognostic indicators for patients with
malignancies [31, 64, 65]. Our study disclosed the alterations
in the PI3K/Akt signaling under the overexpression or
knockdown of TMEMS60. Consistent with the prospected
oncogenic role of TMEM60, TMEMG60 overexpression
upregulated the phosphorylation of PI3K/Akt signaling.

Taken together, we determined the aberrant expression
of TMEMG60 in glioma tissue samples and cell lines com-
pared with the normal control. TMEM60 play an oncogenic
role in glioma by promoting glioma cell proliferation, mi-
gration, and invasion and impairing cell apoptosis via ac-
tivating the PI3K/Akt signaling pathway.
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Background. Improving the osteosarcoma (OS) patients’ survival has long been a challenge, even though the disease’s treatment is
on the verge of progress. DNA damage response (DDR) has traditionally been associated with carcinogenesis, tumor growth, and
genomic instability. No study has used DDR genes as a signature to identify the prognosis of OS. The goal of this work was to find
an effective possible DDR gene biomarker for predicting OS prognosis, which may be useful in clinical diagnosis and therapy.
Methods. To assess gene methylation, univariate and multivariate cox regression analyses were performed on data from OS
patients. The data were retrieved from public databases, including the Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) and the Gene Expression Omnibus (GEO). Results. The DDR gene signature was chosen, which included
seven genes (NHE]J1, RMI2, SWI5, ERCC2, CLK2, POLG, and MLH1). In the TARGET dataset, patients were categorized into two
groups: high-risk and low-risk. Patients with a high-risk score revealed a shorter OS rate (hazard ratio (HR): 3.15, 95% confidence
interval (CI): 1.38-4.34, P <0.001) in comparison with the patients with a low-risk score in the TARGET as a training group. The
validation of the prognostic signature accuracy was carried out in relapse and validation cohorts (TARGET, n=75; GSE21257,
n=>53). The signature was found to be an independent predictive factor for OS in multivariate cox regression analysis, and a
nomogram model was developed to predict an individual’s risk of OS. DDR gene signature involved in Fanconi anemia pathway,
nonhomologous end—joining pathway, mismatch repair, and nucleotide excision repair pathway. Conclusions. Our study suggests
that the identified novel DDR genes could be a powerful prognostic tool for prognosis evaluation and a valuable tool in predicting
the risk factors in OS patients.

1. Introduction

The most common primary malignant tumour of bone is
osteosarcoma, which occurs most frequently in teens and
young adults during the pubertal growth spurt [1]. Despite
advancements in chemotherapy, surgery, and radiotherapy,
patients with osteosarcoma without metastases have a 5-year
OS rate of 78% [2]. OS, on the other hand, still has a 30%
mortality rate [3]. Even though numerous ways for diag-
nosing and treating osteosarcoma have been established,
new approaches for the treatment and prevention are re-
quired to be developed. The pathophysiology of osteosar-
coma progression is still a mystery. As a result, finding
efficient diagnostic markers and researching the leading
molecular etiology of osteosarcoma is critical.

In many solid tumors, defective alterations during DNA
repair can result in a significant increase in the frequency of
neoantigens [4]. As a result, poor DNA repair has been
linked to better clinical responses to PD-1 inhibition. A
weakened mismatch repair (MMR) gave better therapeutic
benefits with pembrolizumab in individuals with colorectal
cancer [5-7] and the study of various solid tumors [8]. These
findings have led to the FDA’s landmark approval of PD-1
inhibitors in MMR-deficient malignancies, signaling a
paradigm shift toward oncologic therapy based on molecular
proficiency [8]. Several different DNA repair mechanisms
have been linked to the accumulation of neoantigens. In a
study of patients with NSCLC, POLE, MSH2, and mutations
in POLD1 were found in excessive tumor neoantigens
burden, which was linked to enhanced PD-1 treatment
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responsiveness. Additionally, polymerase epsilon (POLE)
mutations in endometrial cancers had higher expression of
neoantigen burden and PD-L1 [9], and these mutations have
been linked to exceptional immunotherapy responders [10].
Changes in the homologous recombination apparatus in-
cluding BRCA2 and BCRAI mutations were also linked to
increased neoantigen load and overall survival following the
treatment with anti-PD-1 [11]. Somatic alterations affecting
the DNA damage repair (DDR) pathways and/or cell cycle
are found in multiple subsets of osteosarcomas, and clinical
trials are being designed to test precision medicine ap-
proaches based on these aberrations. However, the bio-
marker of DDR genes in the prognosis of OS has not yet been
explored.

In the current study, we have examined and validated
candidate DNA damage repair signature as a marker to
predict prognosis by utilizing the GEO and TARGET da-
tabases. Identification of DNA damage repair signature will
allow patients to be separated into low-risk and high-risk
groups. Moreover, the expression pattern of DDR genes
could be used as an independent prognostic signature for OS
patients, allowing for the development of new treatment
targets and diagnostic biomarkers.

2. Materials and Methods

2.1. Dataset and Data Processing. The data generated by the
OS project of the TARGET (https://ocg.cancer.gov/
programs/target) were used as the training set. The TAR-
GET osteosarcoma project was used for the important
clinical information for osteosarcoma patients as well as
level three RNA-Seq data. As a validation set, the GEO
dataset GSE21257 was employed. The GEO database was
used for collecting the survival information of dataset
GSE21257 and mRNA data.

2.2. Screening of Survival-Related DDR Genes. The model was
developed by employing the machine learning approach and
statistics as described previously [12]. To analyze the link
between the survival time, and statue, and the expression of
each DDR gene in the training cohorts, the univariate cox
proportional hazard regression analysis was used on the
basis of earlier studies. To build a prognosis model, mul-
tivariate cox regression analysis was used to filter for the
most powerful and reliable predictive prognostic methyla-
tion sites. On the basis of the model, the prognosis risk was
calculated using the expression equation as follows:

N
risk score (RS) = Z Exp, * Coef;, (1)

i=1

the number of expression of DDR gene signature is indicated
by N, the expression of the DDR genesis is indicated by Exp;,
and multivariate cox regression coeflicient is indicated by
Coef;. The risk score (RS) was the multinode weighted sum
of risk scores, calculated using the signature coefficient for
each patient as reported earlier. The median risk score was
utilized as the cutoff value for dividing the training, test, and
validation cohorts into high- and low-risk groups. The log-
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rank test was employed for comparing the prognoses be-
tween two groups using Kaplan-Meier (K-M) survival
analysis. The independent survival prediction of the meth-
ylation fingerprints was investigated via multivariable cox
regression analysis. The methylation genes and differential
expression between surrounding tissues and tumors were
screened using the Student’s t-test.

2.3. Functional Enrichment Analyses. The pathway enrich-
ment analysis was carried out for the genes on the basis of
the Gene Ontology (GO) database (biological process, cel-
lular component, and molecular function abbreviated as BP,
CC, and MF, respectively) and Kyoto Encyclopedia of Genes
and Genomes (KEGG). For multiple comparisons, the P
values were adjusted using the false-discovery rate (FDR)
approach. The R package clusterProfiler was used to conduct
all of the analyses [13].

2.4. Construction of the Nomogram. A nomogram was de-
veloped incorporating the two independent clinical risk
factors (metastasis and age) and the methylation sites sig-
nature to predict the 1-, 3-, and 5-year survival rate in
clinical practice. On a point scale, the nomogram score was
determined for each variable. Following the calculation of
the overall nomogram score, we calculated the anticipated 1-
, 3-, and 5-year survival rates for each patient, as previously
discussed.

2.5. Statistical Evaluations. The statistical evaluations were
carried out with R 3.5.1 (https://www.r-project.org). pROC
and Bioconductor (https://bioconductor.org) were used for
downloading all the survivals. The two-tailed #-test with
Mann-Whitney U-test was employed to identify the sta-
tistical variations between the two groups. A threshold P
value <0.05 was regarded as statistically considerable for
different analyses and correlations. The Wilcoxon rank-sum
test was employed to determine the significance of the
comparisons, and the results are displayed as mean P values
(**P <0.01; **P<0.05).

3. Results

3.1. Evaluation of the Prognostic DDR Genes from the Training
Cohort. We first obtained DDR genes list from the study of
Knijnenburg et al, [2], and then we integrated the ex-
pression of DDR genes in TARGET database samples. The
sample from the TARGET database as the training group,
with complete clinical information, was used for collecting
more information on the association of prognosis with 276
genes. Being the independent variables, the survival statue
and survival time were initially conducted using univariate
cox proportional hazards regression analysis of the 276
genes. 18 DDR genes were considerably linked with the
patients prognosis (P <0.05; Figure 1(a) and Table S1).
Furthermore, to obtain the highly predictive prognostic
DDR genes, a multivariate cox regression analysis was
carried out for the seven identified DDR genes set (NHE]1,
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FIGUure 1: Develop DDR gene signature. (a) Univariate cox proportional hazards regression analysis of the DDR genes profiling data.
(b) Multivariate cox regression analysis of the 18 DDR genes expression data. P < 0.05 was considered statistically significant in the group.

RMI2, SWI5, ERCC2, CLK2, POLG, and MLH],
Figure 1(b)) model to evaluate the prognosis risks for the
patients. The risk score of the combination composed. of
NHEJ1, RMI2, SWI5, ERCC2, CLK2, POLG, and MLH1
(Table S2) was determined as follows:

RS =(0.061 X Expygy; ) +(0.06 X Exppyyy, )
+(=0.022 x Expgys)

+(—0.096 X Exprrres) +(0.029 X Expey i)
+(0.007 X Expporg) + (—=0.07 X Expygi i )-

(2)

RS and Exp are the risk score and the expression value.

3.2. Confirmation of the Survival Status of the DDR Genes
Signature in the TARGET Group. DDR genes signature was
calculated in the risk score of all patients. To divide the
training cohorts into high- (n=48) and low-risk (n=47)
groups, the median risk score was used as the cutoft cri-
terion. The survival rates were obtained using the K-M
survival analysis. The low-risk scores patients had a 5-year
survival rate of more than 75%, compared to less than 25%
for the high-risk scores patients (HR: 3.15, 95% CI:1.38-4.34,
P <0.001, Figure 2(a)). The receiver operating characteristic
(ROC) curve was utilized to identify the prognostic model’s
accuracy. The model’s ability to predict OS patients’ prog-
nosis improves as the area under the ROC curve increases.
The prognostic signature’s prediction precision was reliable
in the training dataset (AUC Signature = 0.75, Figure 2(b)).
Our results demonstrate that the DDR genes signature can
be a potential novel and powerful accurate prognosis
biomarker.

3.3. Confirmation of DDR Genes Signature’s Ability to Survive
in the Relapse Group. We collated relapse samples and
follow-up data from the TARGET database. The relapse
cohorts were classified into 39 (52%) high-risk and 36 (48%)
low-risk groups using the established prognostic model. In
the test group, the 5-year OS was more than 75% for the low-
risk group and less than 25% for the high-risk group (HR:
2.65, 95% CI: 1.43-1.79; P <0.001, Figure 2(c)).

3.4. The Robust DDR Gene Profile Validated in Different
Validation Cohorts. The signature in GSE21257 was ex-
amined for the prognosis of OS patients to validate that the
found seven DDR gene-based classifiers had equal predictive
value in various patients. Employing the established coef-
ficient of the module, the training cohorts were categorized
into LR group (26 (49.1%)) and HR group (27 (50.9%)). The
corresponding 5-year OS was 65% for the LR group and less
than 50% for the HR group in GSE21257 (Figure 2(d)). The
validation dataset also showed that the DDR gene profile
used in this study was a reliable prognostic indicator.

3.5. Independent Prognostic Indicators and the Nomogram
Development for Predicting the Prognosis of Patients.
Multivariate cox regression analysis was carried out to
evaluate the association between clinicopathological features
(metastasis and age) and the signature risk score. In the
training dataset, the association showed that the signature
independently predicted the survival rate of patients (high-
vs. low-risk group, HR=0.15, 95% CI: 0.068-0.034,
P <0.001, Figure 3(a)). A nomogram incorporating the two
clinical risk variables (metastasis and age) and the DDR
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FIGURE 2: DDR gene signature predicts survival rate of patients with OS patients. (a) Kaplan-Meier survival curves divided OS patients into
the high-risk group and low-risk group using the DDR genes signature in the TARGET groups. (b) Area under the curve (AUC) of receiver
and the operating characteristic (ROC) curve to assess the sensitivity and specificity of the prognostic model. (c) DDR gene signature was
validated in the relapse group. (d) DDR gene signature was validated in the GSE21257 group.

genes signature was developed for predicting the 1-, 2-, and
5-year survival rates in clinical practice. According to the
point scale, the tool may calculate a nomogram score for
each variable. We calculated the estimated probability of 1-,

3-, and 5-year survival for each patient after computing the
overall nomogram score. The signature contributed the most
to the 1-, 3-, and 5-year prognosis, according to the no-
mogram, followed by age and stage (Figure 3(b)).
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3.6. Functional Prediction of DDR Signature Genes. The
possible participation of the DDR signature genes in biological
processes involved with osteosarcoma development was in-
vestigated using GO and KEGG analyses. The functional
analysis was performed with these genes. The GO findings
showed that the DDR signature genes were related to DNA

recombination, chromosome segregation, double-strand break
repair, and nonrecombinational repair (Figure 4(a)). We also
found that DDR signature genes were involved in the Fanconi
anemia pathway, NHE] pathway, mismatch repair, and nu-
cleotide excision repair pathway (Figure 4(b)) which is essential
in single or double strands of DNA and their repair systems.
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FIGURE 4: Functional analysis of the signature genes. (a) The results of GO analysis. (b) The results of KEGG analysis.

4. Discussion

One of the most common malignant tumors in the ortho-
pedic area is osteosarcoma. It has been invasive, has a high
rate of metastatic spread, and has a bad prognosis [14]. For
OS patients, the absence of appropriate prognostic indica-
tors has been the main concern. Somatic changes impacting
the DDR pathways and/or cell cycle have been seen in
multiple subsets of osteosarcomas, and clinical trials are
being designed to test precision medicine strategies based on
these aberrations. However, more precise DDR genes sig-
natures and stable modules to predict prognosis is needed,
which can make the individualized therapeutic decision for
patients with OS patients. So, we are the first to study DDR-
related prognosis signature in OS patients.

In our study, we evaluated 276 DDR genes from previous
research which had opposite differential expressed patterns.
By applying different statistical approaches, we identified
seven DDR genes signature. Furthermore, we validated the
DDR genes signature in the relapse group and external
validation group which is a powerful tool in predicting the
prognosis and was independently associated with the overall
survival for OS patients. Finally, we established a DDR
signature gene nomogram to predict prognosis. We found
that DDR signature genes took part in the Fanconi anemia
pathway, NHE]J cascades, mismatch repair, and nucleotide
excision repair pathway. Our study implicates applications
in precision therapy and then eventually leads to an en-
hancement in the prognosis of OS patients.

We determined a set of seven DDR genes consisting of
NHEJ1, RMI2, and SWI5, ERCC2, CLK2, POLG, and MLH1
that predicts prognosis in two patient cohorts.

In colorectal cancer patients, the MLHI gene, like a
number of other suppressor genes, is susceptible to being
silenced by promoter methylation [15] and, for patients with
stage II and III colorectal cancer, MLH1 expression gives
useful prognostic information [16]. ERCC2 is a key

component of the nucleotide excision repair process, as well
as cell cycle and apoptosis control and transcription initi-
ation [17]. In colorectal and gastric cancers, ERCC2 poly-
morphism predicts the clinical outcomes of oxaliplatin-
based chemotherapies [18]. POLG is the sole DNA poly-
merase found in human mitochondria, and it is required for
DNA repair and replication [19]. POLG gene was consid-
erably linked with the prognosis of hepatocellular carcinoma
patients in a dose-dependent manner [20]. In breast cancer,
CLK?2, a kinase that phosphorylates SR proteins implicated
in splicing, functions as an oncogene [21], and highly
expressed CLK2 significantly enhances the proliferation of
lung cancer cells, thereby promoting the occurrence and
development of lung cancer [22].

In human cells, the nonhomologous end joining (NHE])
DNA damage repair pathway is the most common pathway
for DNA double-strand repair, and its abnormal activity has
been linked to treatment resistance in a variety of cancers
[23]. NHEJ1 deficiencies may facilitate the accumulation of
mutations in the setting of DNA mismatch repair deficiency
in cancers [24]. RMI2 is an important component of the
BLM-Topollla-RMI1-RMI2 complex, which helps to keep
the genome stable [25]. RMI2 expression was linked to a
poor prognosis and shorter survival time in patients with
hepatocellular cancer [26] and is also important for lung
cancer metastasis and growth [27]. SWI5 facilitates the
Rad51-dependent recombination repair cascade and is a
component of the SWI5-SFR1 heterodimers [28]. In both
sporadic and familial breast cancer patients, SWI5 proteins
implicated in DNA damage response were expressed [29].

Taken together, we successfully obtained prognostic
signatures which may predict the survival rate of OS pa-
tients. Importantly, we developed a seven-DDR gene no-
mogram to predict patients’ prognosis. Our findings show
that this signature has the potential to be a precise and
reliable biomarker for predicting prognosis and tailoring
therapy for OS patients.
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Emerging evidence suggested that mitophagy may play an important role in the progression of hepatocellular carcinoma (HCC),
whereas the association between mitophagy-related genes and HCC patients’ prognosis remains unknown. In this study, we aimed
to investigate the potential prognostic values of mitophagy-related genes (MRGs) on HCC patients at the genetic level. According
to median immunoscore, we categorized HCC patients from TCGA cohort into two immune score groups, while 39 differential
expression MRGs were identified. By using univariate analysis, we screened out 18 survival-associated MRGs, and then, the least
absolute shrinkage and selection operator (LASSO) analysis was applied to construct a prognosis model that consisted of 9 MRGs
(ATG7, ATG9A, BNIP3L, GABARAPL1, HTRA2, MAP1LC3B2, TFE3, TIGAR, and TOMM?70). In our prognostic model, overall
survival in the high and low-risk groups was significantly different (P <0.001), and the respective areas under the curve (AUC) of
our prognostic model were 0.686 for 3-year survival in the TCGA cohort and 0.776 for 3-year survival in the ICGC cohort.
Moreover, we identified the risk score as the independent factor for predicting the HCC patients’ prognosis by using single and
multifactor analyses, and a nomogram was also constructed for future clinical application. Further functional analyses showed
that the immune status between two risk groups was significantly different. Our findings may provide a novel mitophagy-related
gene signature, and these will be better used for prognostic prediction in HCC, thus improving patient outcome.

1. Introduction

Hepatocellular carcinoma (HCC) is the commonly diag-
nosed cancer, representing a significant proportion
(75-85%) of cases in primary liver cancer. In 2020, ap-
proximately 906,000 new cases and 830,000 deaths occur in
liver cancer, which has become an increasing threat to
human health worldwide [1]. Large heterogeneity of tumor,
frequent recurrence, and intrahepatic metastasis led to a
poor 5-year survival rate (5-6%) of HCC, making prognostic

prediction challenging [2]. Despite some progresses made in
HCC treatment, more new therapeutic targets are required
to be implemented [3]. Hence, it is of significance to develop
a novel biomarker and risk models to forecast HCC patients’
prognosis and provide actionable targets for expanding
therapeutic options.

Mitochondria are the dominating power sources of
healthy cells. However, they produce lower energy in cancer
cells, and the reprograms metabolism is one of the hallmarks
of cancer [4]. Mitochondrial autophagy (mitophagy) can
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remove dysfunctional or unneeded mitochondria by auto-
phagy, which plays an essential process in cellular homeo-
stasis [5]. Recently, mitophagy-related genes (MRGs) such as
PINK1, Parkin, FUNDCI1, PHB2, and BNIP3 have devel-
oped as a potential target for the development of novel
therapeutic strategies for overcoming cancer resistance [6].
In 2020, Zhu et al. demonstrated that the abnormal ex-
pression of PINKI1 can serve well as biomarker for prognosis
of patients with HCC by pancancer analysis [7]. Yan et al.
identified another novel mitophagy pathway, PHB2-PARL-
PGAMS5-PINKI1 axis, involved in cancer proliferation and
progression, which may become a promising target for the
anticancer agent [8]. However, such investigations on MRGs
are single or small combination studies, and they do not
construct a predictive signature for HCC patients. Therefore,
a comprehensive study of MRGs on HCC patients’ prognosis
at the genetic level is urgently needed.

Recently, immunoscore-based tumor classification has
reliably estimated the risk and survival outcome in various
tumors with improved guidance of diagnosis and prognosis
in tumors [9]. Zheng et al. have also reported that immune-
based signature can be used for forecasting HCC patients’
prognosis, which offers new insight into treatment and
prognosis [10]. Despite advances on the association between
the immune score and the prognosis of tumor patients,
individualized prognostic models using immunoscore-based
tumor classification combined with MRGs have been sel-
domly reported.

Given the significant values of MRGs with a combination
of immunoscore-based tumor classification on HCC pa-
tients, we developed and validated a novel mitophagy-re-
lated gene signature for forecasting HCC patients’ prognosis,
which may provide new insight into HCC treatment and
prognosis.

2. Materials and Methods

2.1. Data Collection. RNA-sequencing (RNA-seq) infor-
mation and clinical characteristics of 371 HCC cases were
obtained from the TCGA database up to July 21, 2021
(https://portal.gdc.cancer.gov/repository). The RNA-seq
and their corresponding clinical information of 243 HCC
samples were obtained as a validation cohort from the ICGC
portal (https://dcc.icgc.org/projects/LIRI-JP). The immune
score of HCC was retrieved from ESTIMATE (https://
bioinformatics.mdanderson.org/estimate). 88 MRGs were
selected from GeneCards (https://www.genecards.org) based
on their relevance score (relevance score >2, Table S1) on
July 21, 2021.

2.2. Immunoscore-Based Tumor Classification and Screening
Differential MRGs. Using median immune score as the
cutoff, 371 HCC cases were categorized into a high immune
score group and a low immune score group. 88 MRGs
expression profiles were extracted from the TCGA cohort’s
RNA-seq data, and then, the differentially expressed MRGs
were screened out by using the “limma” R package between
such two groups with a threshold of P <0.05. Using the
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“GOplot” package of R, GO enrichment visualization was
employed to identify the main biological properties of these
differentially expressed MRGs. Protein-protein interaction
(PPI) networks of differentially expressed MRGs were ob-
tained from a website called Search Tool for the Retrieval of
Interacting Genes (STRING) (https://string-db.org), and the
“igraph” package of R was used to analyze the correlation
network of these differentially expressed MRGs [11].

2.3. Establishment and Verification of the Prognostic Model.
Univariate analysis was employed to evaluate overall survival
(OS)-related genes, and we performed survival analysis on
them. The LASSO algorithm (R package “glmnet”) was
turther conducted on these OS-related genes to screen out
the final gene signature for developing a prognostic model.
Penalty parameter (1) for the model was decided by the
minimum criteria. Use the “scale” function of R to centralize
and normalize the TCGA expression data for calculating the
risk score. The formula is given as follows: risk score = sum
(corresponding coeflicient X each gene’s expression level).
According to the median value of the risk score, we classified
HCC cases into two risk groups (high-risk group and low-
risk group). The training set (TCGA cohort) and validation
set (ICGC cohort) were both applied to verify the validity of
this risk model. Principal component analysis (PCA) was
performed by the “prcomp” function in the “stats” R
package. Survival analysis was performed to compare the OS
time between two risk groups by “survminer” and “survival”
packages of R. ROC curve analysis was performed by
“survminer,” “survival,” and “time-ROC” of R to evaluate
the performance of our prognostic risk score model.

2.4. Estimation of Independent Prognostic Value. HCC pa-
tients’ clinicopathological characteristics were extracted
from the TCGA cohort. The relationship between the clinical
variables (age, sex, tumor grade, T stage, N stage, M stage,
and tumor stage) and risk model was performed by using
univariate and multivariable Cox regression analyses. To
better access the role of our risk score in HCC development,
we further explore the association between the risk score and
HCC patients” clinicopathological characteristics. Subse-
quently, R packages “rms” and “survival” were applied to
develop a nomogram that included each MRG signature in
the model to evaluate the role of the prognostic model. The
calibration curve and its quantified data of each risk group
were performed using the “riskRegression” and “survival”
package.

2.5. Functional Enrichment Analysis. DEGs between two risk
groups were screened out by the criteria (|log,FC|>1,
FDR < 0.05). The “clusterProfiler” R package was applied to
process Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses [12]. The BH method
was used to adjust P values. The most notably enriched GO
terms and KEGG pathways were visualized by “GOplot”
package of R. Tumor Immune Estimation Resource
(TIMER) database was performed to analyze the
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relationships between 9 MRGs expression and immune cell
infiltration (https://cistrome.shinyapps.io/timer/). Single-
sample gene set enrichment analysis (ssGSEA) enrichment
score was performed by the “gsva” of R to assess the link
between the immune activity and risk score.

2.6. Statistical Analysis. R (version 4.1.0) was used for all
statistical analyses. Student’s t-test was employed to compare
gene expression between high and low immune score
groups. A log-rank test was applied to compare the OS
between two risk groups. The independent predictors of OS
were identified by implementing univariate and multivariate
Cox regression analyses, while the categorical variables were
compared by the chi-squared test. The BH method was used
for P values adjusting. The Mann-Whitney test was applied
to compare the ssGSEA enrichment scores between groups.

3. Results

3.1. Immune Score of HCC Samples and HCC Patients’
Baseline Information. We categorized the RNA expression
data of HCC patients from the TCGA database (n =371) into
a high immune score group and low immune score group
based on the median immune score, preparing for further
screening differential genes. The immune score of each
sample is given in Table S2. After excluding 6 tumor samples
with missing data (follow up with 0 day), 365 HCC samples
from the TCGA dataset were included as a training set. The
validation set consisted of 243 HCC samples from the ICGC
dataset (Table S3).

3.2. Identification of DEGs between High and Low Immune
Score Groups. We presented a heatmap of normalized gene
expression profiles of 88 MRGs between the high immune
score group (1 = 186) and low immune score group (n = 185)
(Figure 1(a)). 39 MRGs were differentially expressed be-
tween two groups (FDR < 0.05). Figure 1(b) shows a boxplot
of 39 MRGs expression between two immune score groups.
GO enrichment analysis showed that these genes were
mainly enriched in macroautophagy, autophagosome, mi-
tochondrion, autophagosome membrane, and mitophagy,
indicating their tight relationship with mitophagy
(Figure 1(c)). Figure 1(d) shows the correlation network of
the mitophagy-related DEGs between two immune score
groups, and the colors intensity marked the degree of the
relevance. Protein-protein interaction (PPI) analysis was
performed to further explore the interactions of these
mitophagy-related DEGs (interaction score=0.700, high
confidence). As shown in Figure 1(e), we could find that
MAPILC3A, MAPILC3B, GABARAP, GABARAPLI,
ATG7, ATG14, ATGY9A, BNIP3, BNIP3L, OPTN, NBRI,
TOMM20, PARK?2, and TP53 were hub genes.

3.3. Establishment of the Prognostic Risk Model Based on MRG
Signature. 18 MRGs were associated with patients’ sur-
vival after using univariate analysis (P < 0.05, Figure 2(a)).
To further assess the influence of these genes on the

survival of HCC patients, we performed survival analyses
and found that 9 MRGs (TFE3, PHB, HIF1A, TOMM?70,
HTRA2, ATG7, TIGAR, ATG9A, and MAP1LC3B2) were
correlated with a poor prognosis (all adjusted P <0.05,
Figures 2(c)-2(k)), whereas GABAPAPL1 was reversed
(adjusted P <0.05, Figure 2(b)). This well illustrated that
using immunoscore-based tumor classification can be
used to screen out most differentially expressed MRGs
with a better survival and prognostic value, which laid a
good foundation for developing a prognostic risk model.
After LASSO regression analysis of these genes mentioned
above, we obtained a 9-gene signature (ATG7, ATGYA,
BNIP3L, GABARAPL1, HTRA2, MAP1LC3B2, TFE3,
TIGAR, and TOMM?70) based on the optimal value of A
(0.02719766) (Figures 3(a) and 3(b)). The multivariate Cox
regression analysis of these 9 genes confirmed that GABAR-
APL1, HTRA2, and TOMM?70 had significant prognostic
values for patients with HCC from the TCGA cohort (P < 0.05,
Figure 3(¢)). The risk score model was established as follows:
risk score = (0.345957 * MAP1LC 3B2 + 0.145250 = TIGAR +
0.126953 * HTRA2 + 0.034558 * TOMM?70 + 0.034531 =
ATGYA + 0.020504 = BNIP3L + 0.002834 + ATG7 +
0.000903 * TFE3 —0.014023 * GABARAPLL1).

To offer a quantitative method to predict the survival
rate of HCC patients, we developed a nomogram according
to the risk score and 9-gene signature. The total nomogram
score was calculated to predict HCC patients’ survival time
at 1, 3, and 5 years (Figure 3(d)). The point of each gene was
obtained via drawing a line straight upward from each gene
to the point scale in the nomogram. Sum each point to the
total points and then locate them in the total points scale to
further convert to survival probability. The results indicated
that the nomogram-predicted risk generally coincided with
the estimated actual risk (Figure 3(e)). Quantitation data of
the calibration curve has also shown that these values of
predicted risk were close to that of the values of estimated
actual risk in each risk group (Figure 3(f)). This suggested
that our signature-based nomogram could provide a high
value to predict the prognosis of HCC patients. According
to the median risk score, we classified the HCC cases into a
high-risk group (n=182) and a low-risk group (n=183)
(Figure 4(a)). Figure 4(b) shows that the patients in the low-
risk group possessed longer survival times and fewer deaths
than in the high-risk group. PCA plot demonstrated that
patients can be well separated into two clusters according to
the risk score (Figure 4(c)). The survival time of the low-
risk group was notably better than that of the high-risk
group (P <0.001, Figure 4(d)). In addition, to test the re-
liability of the prognostic model, we performed ROC
analysis. As shown in Figure 4(e), the area under the ROC
curve (AUC) was 0.743 for 1-year, 0.686 for 3-year, and
0.684 for 5-year survival, indicating that MRGs could be
used as a predictor in the prognosis of HCC. Furthermore, a
heatmap of the 9-gene signature was drawn between two
risk groups in combination with clinical features from the
TCGA cohort (Figure 4(f)). We could find that 8 genes
(ATG7, ATGY9A, BNIP3L, HTRA2, MAP1LC3B2, TFE3,
TIGAR, and TOMM?70) were upregulated in the high-risk
group except for GABARAPLI (P <0.05).
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FIGURE 1: Gene expression and interaction among MRGs. (a) Gene expression profiles of the MRGs based on immunoscore classification.
(b) Gene expression of 39 differentially expressed MRGs between two immune score groups. (c) GO analysis of 39 differentially expressed
MRGs. (d) Correlation network of 39 differentially expressed MRGs. The strength of the relevant links to the depth of the colors. (e) PPI

network encoded by 39 differentially expressed MRGs.

3.4. Validation of the Prognostic Risk Model by the Training
Set. We used the external dataset (ICGC cohort) to assess
the reliability of the risk model established by 9-gene sig-
nature. The multivariate Cox regression analysis of these 9
genes identified that ATG7, HTRA2, and MAPI1LC3B2 had

significant prognostic values for patients with HCC from the
ICGC cohort (P <0.05, Figure 5(a)). Based on the median
risk score obtained from the TCGA cohort, we classified the
patients from the ICGC cohort into a high-risk group
(n=121) and a low-risk group (n=122) (Figure 4(g)).
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FIGURE 2: Survival analysis of 39 MRGs. (a) A forest plot of prognosis-related mitophagy genes after univariate analysis, and 18 genes were
with P <0.05; when the HR > 1, the gene was regarded as a high-risk gene. HR, hazard ratio. (b)-(k) Survival analysis of 10 significantly
different genes. High expression of TFE3, PHB, HIF1A, TOMM70, HTRA2, ATG7, TIGAR, ATG9A, and MAP1LC3B2 was correlated with

a poor prognosis, whereas GABAPAPLI was opposite (all P <0.05).

Similar to the results of the previous TCGA cohort, shorter
survival times and more deaths occurred in the high-risk
group compared to the low-risk group (Figure 4(h)). As
expected, PCA plot demonstrated that HCC patients can be
well separated into two clusters according to the risk score
(Figure 4(i)). Likewise, compared to the high-risk group, the
low-risk group showed a better survival (P <0.001,
Figure 4(j)). Moreover, the area under the ROC curve was
0.733 for 1l-year, 0.769 for 2-year, and 0.776 for 3-year
survival (Figure 4(k)), implying that 9-gene signature could
be used to predict HCC patients’ prognosis from the ICGC
cohort as well. Figure 4(1) shows a heatmap of the expression
level of 9-gene signature based on the risk score and cor-
responding clinical features from the ICGC cohort. The
expression level of 9 genes between two risk groups was the
same as the result of the TCGA cohort.

3.5. Independent Prognostic Analyses of HCC Patients Based
on the Risk Score Model. We combined the clinical pa-
rameters of patients” age, sex, tumor grade, T stage, N stage,
M stage, and tumor stage to assess whether the risk score was
the independent prognostic factor. Univariate Cox regres-
sion analysis of HCC cases from the TCGA cohort revealed
that tumor stage, T stage, M stage, and risk score had a
significant influence on patients’ prognosis (P <0.05,
Figure 6(a)). In the multivariate Cox regression analysis, risk
score was the only independent predictor of HCC patients
(P <0.05, Figure 6(b)). Results of the ICGC cohort were
consistent with the TCGA cohort after univariate and
multivariate Cox regression analyses (Figures 5(b) and 5(c)).
Subsequently, we observed the association between the risk
score and the clinicopathological features of HCC patients in
the TCGA cohort. Status (alive vs. dead, P <0.001), T stage
(T1vs. T4, P = 0.0172), and tumor stage (stage I; vs. stage III,
P <0.001) were strongly associated with our risk score
(Figure 6(c)). A gradual increase of the probability of

progression to the late-stage tumor is observed with the
increased risk score indicating that our risk model may
function in the progression of HCC.

3.6. Functional Analyses based on the Risk Model. DEGs were
screened out by our risk model in the TCGA cohort
(Table S4) and the ICGC cohort (Table S5). The result of GO
enrichment showed that DEGs were mainly enriched in the
olfactory receptor activity, G-protein coupled receptor ac-
tivity, and detection of chemical stimulus involved in sen-
sory perception of smell in the TCGA cohort, whereas DEGs
from the ICGC cohort were significantly enriched in aro-
matase activity, mitotic nuclear division, and anaphase-
promoting complex binding (P adjust <0.05, Figures 7(a)
and 7(c)). In addition, DEGs from both two cohorts were all
associated with the extracellular region (P adjust <0.05,
Figures 7(a) and 7(c)). In KEGG pathway analysis, DEGs
were primarily enriched in cell cycle and the retinol
metabolism in both cohorts (P < 0.05, Figures 7(b) and 7(d)),
indicating that DEGs obtained from our risk model were
associated with the energy metabolism and cellular
homeostasis.

3.7. Relationship between the Risk Score Model and Immune
Activity. We analyzed the associations between 9 prognostic
genes expression and six immune infiltration cells by the
TIMER database. Among the 9 genes, ATG7, ATGYA,
BNIP3L, HTRA2, MAPILC3B2, TFE3, TIGAR, and
TOMM?70 were significantly correlated with B cell, CD8"
T cell, CD4" T cell, macrophage, neutrophil, and dendritic
cell infiltrations in HCC, while GABARAPLI1 was inversely
correlated with these six immune infiltration cells (Figure 8).
For the further purposes of exploring the relationship be-
tween risk score and immune activity, ssGSEA was used to
analyze the infiltration level of 16 immune cells and 13
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FIGURE 3: Establishment of the prognosis model according to mitophagy-related gene signature in the TCGA cohort. (a) LASSO regression
of the 18 mitophagy genes with the prognosis value. (b) Cross-validation for tuning the parameter selection in the LASSO regression. (c) A
forest plot of 9 MRGs by multivariate Cox regression, and GABAPAPL1, HTRA2, and TOMM?70 were with P < 0.05. (d) Nomogram for
predicting the survival rate of HCC patients based on 9-gene signature. (e¢) Calibration curve of a nomogram. (f) Bar graph of predicted risk
data and estimated actual risk data in each risk group.
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immune-related pathways. The score of B cells, mast cells,
natural killer (NK) cells, and plasmacytoid dendritic cells
(pDCs) of the high-risk group were significantly lower
compared to the low-risk group in the TCGA cohort,
whereas the score of activated dendritic cells (aDCs) and
macrophages is reversed (all adjusted P < 0.05, Figure 9(a)).
Besides, the expression level of cytolytic activity, type I IFN

response, and type II IFN response was also hyporesponsive
in the high-risk group compared to the low-risk group from
the TCGA cohort, while the MHC class I pathway was
opposite (all adjusted P < 0.05, Figure 9(b)). Likewise, except
for the macrophages cell, the score of B cells, CD8" T cells,
neutrophils, NK cells, pDCs, T follicular helper (Tth), and
tumor infiltrating lymphocyte (TIL) was also decreased in
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FiGure 8: The correlation between 9 MRGs expression and immune cell infiltration using the TIMER database.

the high-risk group from the ICGC cohort (all adjusted
P <0.05, Figure 9(c)). Additionally, the expression level of
antigen-presenting cell (APC) costimulation, cytokine-cy-
tokine receptor (CCR), cytolytic activity, T cell cos-
timulation, type I IFN response, and type II IFN response
were all reduced in the high-risk group compared to the low-
risk group of the ICGC cohort (all adjusted P <0.05,
Figure 9(d)).

4, Discussion

Mitophagy accounts for the maintenance of cellular ho-
meostasis and energy metabolism in cancers [13]. Despite
efforts in investigating the role of mitophagy in cancer re-
currence or acquired resistance anticancer therapeutics
[14, 15], the precise effect of mitophagy in predicting HCC
patients’ prognosis is still unknown. Herein, we combined
MRGs with immunoscore-based tumor classification to
construct a 9-gene risk signature for HCC. Both the training
set (TCGA cohort) and validation set (ICGC cohort) work
well to verify our risk model by comparing OS and ROC
curve between groups. Our functional analyses showed that
the DEGs between two risk groups were primarily enriched
in the extracellular region process, cell cycle, and meta-
bolism-related pathways. Further immune activity analysis
had indicated that the high-risk group had a generally re-
duced level of antitumor immune activity.

The prognostic model proposed in this study was
composed of 9 MRGs (ATG7, ATG9A, BNIP3L,
GABARAPL1, HTRA2, MAP1LC3B2, TFE3, TIGAR, and
TOMM70). Compared with single or small combination
study on MRGs, our study performed a comprehensive
study on MRGs for HCC prognosis at the genetic level by
using whole transcriptome datasets. Previous studies
have also established the prognostic model for predicting
HCC patients’ survival such as m6A methylation-related
[16] or ferroptosis-related gene signature [17] by har-
nessing gene expression profiles. However, these results
lack external datasets [16] and thorough investigation of
prognostic signature [17]. Compared to traditional
subtype (normal groups versus tumor groups), our MRG

signature combined the MRGs with the immunoscore
tumor classification to select more stable specific prog-
nostic markers, which has a better prognostic value for
the clinical diagnosis and prognosis.

To date, mitophagy has not been fully researched. This
is because initiation and progression of a tumor is not a
series of isolated mitophagy pathways but instead is a
complex process coexisting and interacting with multiple
modes of cell death. Therefore, we could find that these 9
genes are also associated with mitochondria regulators
(BNIP3L, HTRA2, TFE3, TOMM70), autophagy (ATG7,
ATG9A, GABARAPLI, and MAPILC3B2), apoptosis
(HTRA2), and antioxidant activity (TIGAR). BCL-2
interacting protein 3 like (BNIP3L), transcription factor
E3 (TFE3), and translocase of outer mitochondrial
membrane 70 (TOMM?70) have been implicated in
modulation of mitochondrial function. BNIP3L can di-
rectly target mitochondria by binding to Bcl-2 and
promote cancer stemness of HCC by glycolysis meta-
bolism reprogramming [18], whereas TFE3 are involved
in PINK1 and Parkin-dependent mitophagy and can
promote the proliferation of renal cell carcinoma [19].
Translocase of outer mitochondrial membrane 70
(TOMM?70) is a key receptor of hydrophobic preproteins
for binding to mitochondria, which can induce apoptosis
of hepatoma cells [20]. HTRA2 is a nuclear-encoded
mitochondrial serine protease that has been shown to
have a dual function including regulation of cellular
apoptosis and mitochondrial homeostasis [21]. A recent
study has revealed that inhibition of HTRA2 releasing
from the mitochondrion can suppress HCC cell apoptosis
[22]. Autophagy-related 7 (ATG7), autophagy-related
protein 9A (ATG9A), gamma-aminobutyric acid recep-
tor-associated protein-like 1 (GABARAPLI1), and mi-
crotubule-associated proteins 1A/1B light chain 3 beta 2
(MAP1LC3B2) are mainly involved in autophagosome
formation, whereas the absence of them can lead to a
reduction of mitochondrial clearance [23-26]. TP53-
induced glycolysis regulatory phosphatase (TIGAR), also
named C12 or f5, has antioxidant activity and can protect
cells from metabolic stress-induced cell death. Previous
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FiGure 9: The association between immune activity and two risk groups. Enrichment score of immune cells (a) and immune-related
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represents the high-risk group. Green box represents the low-risk group (the below is the same). Adjusted P values: ns, not significant;

"P <0.05; **P<0.01; ***P<0.001.

studies indicated that the expressions of BNIP3L, TFE3,
TOMM?70, HTRA2, ATG7, ATG9A, MAP1LC3B2, and
TIGAR are overexpressed in tumor tissues, and the
knockout of them can significantly inhibit tumor out-
growth [20, 22, 27-32]. In contrast, GABARAPLI ex-
pressions were downregulated in cancer, and our survival
analysis of GABARAPLI1 showed that high GABARAPLLI
expression had a better survival outcome in HCC. The
same trend goes as their correlations with immune cell
infiltration. Except for GABARAPLI, the remaining 8
genes were positively correlated with B cell, CD8" T cell,
CD4" T cell, macrophage, neutrophil, and dendritic cell

infiltrations in HCC by using the TIMER database, which
indicated that these mitophagy signature may play a vital
role in immune activity.

We also analyzed the DEGs between two risk groups and
found that DEGs were associated with the extracellular
region process, cell cycle, and energy metabolism pathways.
Moreover, compared to the low-risk group, the contents of
B cells, NK cells, and pDCs were relatively minimal in the
high-risk group in both two cohorts, indicating a decreased
antitumor immune response in HCC patients’ high-risk
group. Emergent evidence has indicated the significance of
mitochondrial dynamics in these immune cells [33].
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Immune cells proliferation and activation lead to increased
metabolic demands, and thus, the reduction activity of
antitumor activity of these cells may be associated with
mitophagy dysfunction [34]. How mitophagy exerts its
action in the regulation of immune cells’ activation in dif-
ferent stages is worth to be further explored. In addition, the
expression level of macrophages was significantly increased
in the high-risk group compared to the low-risk group in
both two cohorts. Increased macrophages are correlated
with poor prognosis because of their important function in
innate immunity [35]. Moreover, a high-risk score may link
to compromised immune function. In this study, the
components of immune-related functions such as cytolytic
activity, type I IFN response, and type II IFN response were
also reduced in the high-risk group in both two cohorts.
Thus, unfavorable prognosis in the high-risk group of HCC
patients may be related to lower immune infiltration levels.

There are several limitations of this study as well. Our
analytical data are mainly obtained from the public dataset,
and it is necessary to search for more prospective clinical
data to prove the practicability of our prognostic risk model.
In addition, further in vitro and in vivo verifications are
required to elucidate the specific role of MRGs on HCC. In
the future, we can pay more attention in the exploration of
the specific mechanism of MRGs on progression of HCC,
which may provide novel opportunities for the treatment of
HCC.

5. Conclusions

In summary, we found that MRGs were associated with
HCC patients’ prognosis and used them to develop and
validate a valid prognostic risk model based on 9-gene
signature. Risk score calculated by 9-gene signature was
confirmed as an independent prognosis risk factor in both
the TCGA cohort and ICGC cohort. Risk score calculated by
9-gene signature was confirmed as an independent prog-
nosis risk factor in both two cohorts. The result of our study
may be of significance to develop novel prognostic bio-
markers and actionable targets for expanding therapeutic
options of HCC patients.
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Yes-associated protein (Yap) is a transcriptional regulator that upregulates oncogenes and downregulates tumor repressor genes.
In this study, we analyzed protein expression, RNA transcription, and signaling pathways to determine the function and
mechanism of Yap in breast cancer survival during hypoxic stress. Yap transcription was drastically upregulated by hypoxia in a
time-dependent manner. siRNA-mediated Yap knockdown attenuated breast cancer viability and impaired cell proliferation
under hypoxic conditions. Yap knockdown induced mitochondrial stress, including mitochondrial membrane potential re-
duction, mitochondrial oxidative stress, and ATP exhaustion after exposure to hypoxia. It also repressed mitochondrial protective
systems, including mitophagy and mitochondrial fusion upon exposure to hypoxia. Finally, our data showed that Yap knockdown
suppresses MCF-7 cell migration by inhibiting F-actin transcription and promoting lamellipodium degradation under hypoxic
stress. Taken together, Yap maintenance of mitochondrial function and activation of F-actin/lamellipodium signaling is required

for breast cancer survival, migration, and proliferation under hypoxic stress.

1. Introduction

Breast cancer is the most commonly diagnosed cancer in
women, with an estimated 268,600 newly diagnosed women
with invasive disease in 2019 in the United States [1]. Ap-
proximately 42,000 women are expected to die in the US
from breast cancer each year, making it as the second-
leading cause of cancer-related death among US women
after lung cancer [2]. Although breast cancer generally has
been identified as a single disease, there are up to 21 distinct
histological subtypes and at least four different molecular
subtypes [3]. Most cases (80%) are invasive, or infiltrating,
and while black and white women in the US are diagnosed at
roughly the same rate, the relative survival rate was 83% for
black women and 92% for white women [4].
Yes-associated protein (Yap) was originally reported as a
transcriptional regulator that upregulates the transcription
of oncogenes and reduces the levels of tumor suppressors.
Under physiological conditions, Yap is primarily found

unphosphorylated in the cytoplasm. After stimulation by
hypoxia and inflammation, Yap is phosphorylated at Ser127
[5] and translocates into the nucleus, where it regulates gene
expression related to tumor development with the help of
transcriptional coactivators with a PDZ-binding motif
(TAZ) [6]. Accordingly, several researchers have proposed
that Yap is a critical factor in cancer genesis and develop-
ment. Our previous study [7] revealed a link between Yap
activation and hepatocellular carcinoma invasion. We found
that Yap inhibited JNK phosphorylation and thus sustained
the levels of mitochondria-generated ATP, favoring cancer
migration and mobilization. In addition to liver cancer,
abundant expression of Yap modulates the activity of
macrophage stimulating 4 (MST4) kinase and is also as-
sociated with gastric tumorigenesis [6]. The metabolic
reprogramming in neural crest is also controlled by Yap
signaling [8]. In colorectal cancer, the level of intracellular
total Yap rather than its phosphorylation status has been
used as a prognostic biomarker [9]. In breast cancer, recent
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studies have shown that Yap activates the ubiquitin ligase
RNF187 and is a potential target for the treatment of triple
negative breast cancer [10]. Moreover, anti-HER?2 treatment
resistance in breast cancer seems to be also associated with
Yap.

Tumor hypoxia occurs when tumor cells rapidly outgrow
their blood supply, reducing oxygen concentration in the
tumor. Although excessive hypoxia would impair cancer
metabolism and thus induce cancer cell death or proliferation
arrest, the presence of hypoxic regions is one of the negative
independent prognostic factors for human cancer [11, 12].
Under hypoxic conditions, hypoxia-induced factor 1 (HIF1)
is activated to upregulate the transcription of genes that are
involved in angiogenesis, cell survival, and glucose meta-
bolism. For example, overexpression of HIF1 promotes
cancer metastasis [13]. HIF-1 promotes the Warburg effect,
the tumor-related metabolic switch, which helps cancer cells
create energy largely by disintegration of glucose in a non-
oxidative manner rather than typical oxidative phosphory-
lation. Due to decreased oxygen delivery, VEGF expression is
upregulated by HIF1 activation and contributes to the for-
mation of blood vessels [14]. HIF1 appears to play a critical
role in preventing cell death and promoting cancer prolif-
eration through upregulation of the transcription and ex-
pression of cell-cycle-related proteins such as Cyclin D and
p21 [15]. Notably, the relationship between Yap and HIF1 has
been reported in gastric cancer [16], liver cancer [17], and
pancreatic cancer [18], but not in breast cancer. Therefore, the
aim of our study was to explore the role of Yap in breast
cancer survival and determine whether Yap affects breast
cancer cell death through HIF1 under a hypoxic environment.

2. Materials and Methods

2.1. Cell Culture and Treatment. Human breast cancer cell
line MCF-7 was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) [19]. We cultured
cells in RPMI 1640 medium supplemented with 10% FBS
(ExCell Bio, China), 100 mg/ml streptomycin, and 100 U/ml
penicillin (Gibco; Thermo Fisher Scientific, Inc., Grand
Island, NY) in an incubator at 37°C with 5% CO, [20].
Hypoxia treatment was induced in the hypoxic incubator at
37°C with 1% O..

2.2. Quantitative Real-Time- (qRT-) PCR. Reverse tran-
scription was performed using qScript microRNA ¢cDNA
Synthesis Kit (Quanta). PCR was performed using an ABI
PRISM Sequence Detector System 7500 (Applied Bio-
systems) with SYBR Green (Quanta) as the fluorescent dye
and ROX (Quanta) as the passive reference dye [21]. The
cycle number at which the reaction crossed an arbitrarily-
placed threshold (CT) was determined for each gene, and the
relative amount of each gene to 18S rRNA was used to
quantify cellular RNA [22].

2.3. Western Blot. Western blotting was conducted with
minor modifications. Briefly, cells infected with siRNA
were lysed in ice-cold lysis buffer (50 mmol/L Tris-HCI
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[pH 8.0], 150 mmol/L NaCl, 0.1% Triton X-100, 10 mmol/L
EDTA, complete protease inhibitor (Roche), and
20 mmol/L N-ethylmaleimide). For Western blot analysis,
approximately 50 ug of protein from each sample was
separated by SDS-PAGE and transferred to PVDF
membranes (Schleicher & Schuell) [23]. The membranes
were blocked with 5% non-fat milk and then incubated
with primary antibodies at 4°C overnight. The membranes
were incubated with secondary antibodies conjugated to
horseradish peroxidase (Jackson ImmunoResearch) and
then developed with a chemiluminescent substrate (Perkin
Elmer) [24].

2.4. Immunofluorescence and Confocal Microscopy. Cells
were collected and fixed with 4% paraformaldehyde for 30
minutes at room temperature. Prior to staining, fixed vessels
were rinsed with PBS, permeabilized with PBST (PBS with
0.1% Triton X-100) for 10 minutes, and then blocked for
nonspecific binding using 5% goat serum for 2 hours at 4°C
on a rocker plate [25]. Once blocked, samples were incu-
bated overnight with primary antibodies in PBS [26]. Images
were captured using an inverted confocal fluorescence
microscope Olympus IX81 with a Hamamatsu C11440
ORCAFlash4.0 digital camera [27].

2.5. Mitochondrial Respiration Assays. Respiration was
assessed in isolated mitochondria by measuring O, con-
sumption using an Oroboros Oxygraph (Oroboros In-
struments, Innsbruck, Austria) [28]. Standardized
instrumental and chemical calibrations were performed to
correct for backdiffusion of O, into the chamber from
leakage, consumption by the chemical medium and sensor
consumption [29]. Measurements were taken from 50 ug of
mitochondria or 120,000 cells in suspension (2 mL) gently
agitated at 37°C. State 2 respiration (mito only) was
assessed with the addition of glutamate (10 mM), malate
(2mM), and succinate (10 mM) as the complex I and II
substrates, and then State 3 respiration (mito only) was
assessed by the addition of ADP (0.5mM) [30]. State 4
(leak) respiration was assessed with the complex V in-
hibitor oligomycin (2 ug/mL). Respiration due to reactive
oxygen species formation was assessed with Antimycin A
(2.5um) [31]. O, flux was measured by Datlab2 software
(Oroboros Instruments, Innsbruck, Austria), capable of
converting nonlinear changes in the negative time deriv-
ative of the oxygen concentration signal [32].

Mitochondrial respiration was also assessed in plated
cells by measuring O, consumption using the Seahorse XF24
e Analyzer. Cells were grown on a plastic 24-well plate,
cultured with Claycomb media and allowed to grow to
confluence [33]. Before experimentation, cells were washed
with supplemented XF assay media (Seahorse Bioscience,
North Billerica, MA) and allowed to equilibrate for 1 h. ATP
production, maximal respiration, and nonmitochondrial
respiration were assessed by treating cells with oligomycin
(1pm), FCCP (1uym), and a rotenone (1 ym)/antimycin
(1 pm) mixture, respectively [32].
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2.6. Mitochondrial Membrane Potential/ROS Assessment.
Cells were loaded in 96 well plates and then stained with
5 um MitoSox for 10 min to quantify ROS and 10 nm TMRM
for 30 min to quantify changes in mitochondrial membrane
potential [34]. Cells were imaged in a widefield fluorescence
microscope (ImageXpress Micro, Molecular Devices, Sun-
nyvale, CA), and changes in intensity means were quantified
using Imaris software [35].

2.7. Mitochondrial Isolation. Mitochondria were isolated
from cells by first detaching cells with 0.05% Trypsin/EDTA
for 10 min, washing with Claycomb media and resuspending
cells in a minimal volume of isolation buffer. Cells were then
lysed by passing through a 27-gauge syringe (15 strokes)
[36]. Cell lysates were centrifuged at 500 xg for 10 min, and
the resulting supernatants were centrifuged at 10,000 xg for
15min. The mitochondrial pellet was washed once with
isolation buffer and the final pellet resuspended in a minimal
volume of isolation buffer and kept on ice for functional
assays [37]. If samples were used for Western blot, mito-
chondria were solubilized in isolation buffer containing 1%
Triton X and stored at —80°C. Purity of mitochondrial
fractions is confirmed by the absence of the cytosolic protein
enolase [38].

2.8. Generation of Yap Knockout Cell Line. siRNA against
Yap was purchased from Addgene. Cells (1 x 10° cells) were
plated in a 24-well plate and transfected with siRNA. Forty-
eight hours after transfection, FACS (BD FACSAria TM II,
BD) was performed to isolate GFP-positive cells [39]. Fol-
lowing isolation, cells were plated in a 96-well plate by
limiting dilution for a single-cell cloning. Western blots were
used to validate the knockdown efficiency of Yap siRNA
[40].

2.9. Statistical Analysis. All experiments are presented as
mean = SEM. Statistical analysis was performed using Prism
6 (GraphPad) or SPSS (IBM). Shapiro-Wilk test was used for
normality test. Statistical significance was determined by
either unpaired f-test, one-way ANOVA, or two-way
ANOVA followed by Tukey multiple comparison test. If the
normality assumption was violated, nonparametric tests
were conducted. p <0.05 denotes statistical significance.

3. Results

3.1. Yap Knockdown Induces Breast Cancer Cell Death and
Proliferation Arrest under Hypoxia. After exposure to
hypoxic stress, the viability of MCF-7 cells was significantly
reduced in a time-dependent manner (Figure 1(a)), sug-
gesting that prolonged hypoxia may cause MCF-7 death.
This hypothesis was validated by analyzing TUNEL staining
and caspase-3 activity. As shown in Figure 1(b), compared to
the control group, the number of TUNEL-positive cells was
progressively increased in response to hypoxia treatment, an
effect that was followed by an increase in the activity of
caspase-3 in vitro (Figure 1(c)). These results indicate that

excessive hypoxia is a proapoptotic signal for MCE-7 cells in
vitro. To analyze the role of Yap in hypoxia-related cell
damage, siRNA against Yap was transfected into MCEF-7
cells as we previously described [7]. Knockdown efficiency
was confirmed through qPCR (Figure 1(d)). Then, cell death
was analyzed through MTT assay and TUNEL staining. As
shown in Figure 1(a), baseline knockdown of Yap had no
influence on cell viability but significantly augmented
hypoxia-mediated cell death. Similar results were also ob-
served using TUNEL staining (Figure 1(b)), indicating that
hypoxia-induced breast cancer cell damage may be amplified
due to Yap deficiency.

CCK-8 assay was used to analyze MCF-7 growth under
hypoxic stress. As shown in Figure 1(e), compared to the
control group, hypoxia slightly reduced the proliferation rate
in MCEF-7, and this effect could be further augmented by Yap
knockdown. The transcription levels of VEGF and p21 were
moderately downregulated after exposure to hypoxic stress,
while Yap knockdown further reduced the levels of VEGF
and p21 (Figures 1(f) and 1(g)), suggesting that breast cancer
cell proliferation is negatively affected by hypoxia and
further reduced by Yap deficiency. Notably, since hypoxia
for 24 hours caused a statistically significant reduction in
MCE-7 viability (Figure 1(a)) and proliferation (Figure 1(e)),
24-hour hypoxia was used in the following experiments.

3.2. Yap Knockdown Reduces Mitochondrial Function in
Hypoxia-Treated Breast Cancer. Our previous studies [7]
showed that mitochondria function downstream of Yap in
liver cancer. Loss of Yap induced a decline in mitochondrial
ATP production and thus caused intracellular calcium
overload, resulting into cancer cell mobilization impair-
ment. Based on these studies [7], we questioned whether
mitochondrial dysfunction also occurred downstream as a
result of Yap knockdown. Mitochondrial ATP production
was reduced slightly by hypoxia and largely by Yap
knockdown (Figure 2(a)). Intracellular ATP levels are de-
termined by mitochondrial membrane potential, which
converts chemical potential energy to kinetic energy [41, 42];
the latter is used by mitochondria to generate ATP. After
exposure to hypoxia, mitochondrial membrane potential
was reduced (Figures 2(b) and 2(c)), and this action was
further augmented in Yap-knocked down MCEF-7 cells,
suggesting that Yap is required to sustain mitochondrial
potential under hypoxia stimulus. Furthermore, due to a loss
of mitochondrial potential, the levels of mitochondrial ROS
were also increased under hypoxia, while Yap knockdown
multiplied ROS formation (Figures 2(d) and 2(e)).

In addition to mitochondrial dysfunction, we also found
that the mitochondrial autophagy system, termed mitoph-
agy, was enhanced during the period of hypoxia
(Figure 2(f)), which is in accordance with previous studies
[43, 44]. Interestingly, without Yap, mitophagy was signif-
icantly reduced, consistent with our previous findings [7],
reconfirming that Yap is an activator of mitophagy during
hypoxia that enhances mitochondrial self-repair. Addi-
tionally, the mitochondrial fusion system attenuates mito-
chondrial damage through generation of a long, shared
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the cell proliferation capacity in MCE-7 cells under hypoxia. (f, g) qPCR assay was used to detect the transcription of VEGF and p21 in MCF-

7 cells transfected with si-Yap. *p <0.05.

electrochemical potential within the mitochondrial network
[45, 46]. Mitochondrial fusion also equilibrates mitochon-
drial proteins, lipids, metabolites, and mtDNA, which is
thought to alleviate the local stress response and restore
mitochondrial homeostasis [47, 48]. Although mitochon-
drial fusion parameters were unregulated by hypoxia
(Figures 2(g) and 2(h)), Yap knockdown inhibited the ac-
tivity of mitochondrial fusion in MCF-7 cells.

3.3. Yap Activates HIF1 under Hypoxia and Maintains Mi-
tochondrial Homeostasis. To explain the regulatory role
played by Yap in mitochondrial homeostasis under hypoxia,
we focused on HIF1, which has been identified as a key
transcriptional factor activated by hypoxia and contributes
to transcription of protective genes [49]. Firstly, we found
that the transcription of HIF1 was rapidly increased in
response to hypoxia treatment, whereas this trend was re-
versed by Yap knockdown, suggesting that HIFI activation
requires Yap under hypoxia condition (Figure 3(a)), which is
in accordance with the previous studies [50]. This finding
was further supported via Figure 3(b). Compared to the
control group, HIF expression was augmented by hypoxia,
as evidenced by abundant expression of HIF1 in the cyto-
plasm. However, in MCEF-7 cells transfected with Yap
siRNA, the levels of intracellular HIF1 were apparently
downregulated (Figure 3(b)). These data indicate that
hypoxia activates HIF1 through Yap.

To understand whether HIF1 is involved in Yap-related
mitochondrial dysfunction, HIF1 adenovirus was trans-
fected into Yap-knockdown cells. Then, mitochondrial

function and cell viability were measured again. As shown in
Figure 3(c), compared to the control group, intracellular
ATP generation was reduced in response to Yap knockdown,
and this effect could be attenuated by HIF1 overexpression.
Additionally, Yap deletion-mediated ROS overproduction
was ameliorated by HIF1 overexpression (Figure 3(d)),
reconfirming that HIF1 may function downstream of Yap
and sustain mitochondrial homeostasis in MCF-7 cells.

3.4. Overexpression of HIF1 Abolishes Yap Knockdown-Me-
diated Breast Cancer Death and Proliferation Arrest.
Next, we explored whether HIF1 overexpression attenuates
Yap knockdown-induced breast cancer cell death and
proliferation arrest. As shown in Figure 4(a), compared to
the control group, Yap knockdown augmented hypoxia-
initiated cell death, as evidenced by MTT assay, whereas
overexpression of HIFI maintained MCEF-7 cell viability.
Similar to these results, TUNEL assay demonstrated that
the number of apoptotic cells was increased by Yap
knockdown; this effect could be abolished by HIF1 over-
expression (Figure 4(b)). In addition to cell death, CCK-8
assay also illustrated that the proliferative capacity of MCF-
7 cells was impaired by Yap knockdown, whereas HIF1
overexpression could sustain cancer cell proliferation
(Figure 4(c)). This finding was also supported by qPCR for
the analysis of cell-cycle-related genes. As shown in
Figures 4(d) and 4(e), compared to the control group, the
transcription levels of VEGF and p21 were reduced by
hypoxia, whereas this action could be abolished by HIF1
overexpression.
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*p <0.05.

3.5. F-Actin/Lamellipodium Signaling Pathway Is Impaired by
Yap Knockdown under Hypoxia. In addition to cancer cell
survival and proliferation, invasion is vital for cancer de-
velopment and progression. OQur previous study [7] reported
that F-actin and lamellipodium are vital for cancer mobi-
lization. At the molecular level, F-actin multimerizes at the
membrane and then forms the lamellipodium, which in-
duces cellular deformation and migration [51]. In this study,
immunofluorescence was used to observe alterations in the
lamellipodium. As shown in Figures 5(a)-5(c), compared to
the control group, the number and length of lamellipodia
were significantly reduced in response to hypoxia. After
knockdown of Yap, the number and length of lamellipodia
further decreased; these effects could be reversed by HIF1
overexpression. Lamellipodium degradation may be a result

of F-actin downregulation [52]. Therefore, qPCR was used to
analyze the alterations of F-actin. As shown in Figure 5(d),
compared to the control group, F-actin transcription was
inhibited by hypoxia, and this effect was augmented by Yap
deletion. Interestingly, HIF1 overexpression restored F-actin
transcription in MCF-7 cells under hypoxia treatment.
F-actin downregulation and lamellipodium degradation
may impair cancer cell migration [53]. Thus, transwell assay
was used to analyze the migratory response of MCF-7 in
response to hypoxia and/or Yap knockdown. As shown in
Figure 5(e), compared to the control group, the number of
migrating MCF-7 cells was reduced after exposure to
hypoxic stimulus. Although Yap knockdown further re-
duced the migratory response in hypoxia-treated MCEF-7
cells, HIF1 overexpression could normalize MCF-7 mobility.



3.0
525 :
520 4
2
= 1.5
g
= 1.0 -
2 * #
T 0.5
0.0 -
T & T &
S = S =
@ 7} Rz 7}
Normal Hypoxia
(@
— 150 4
3
g 1.25
= 1.00 |
g
g 0.75
2 050 -
=
o~ 0. .
g 0.25
0.00 -
= o = =) + =
= < = < ok
i
—— w
Normal <

Hypoxia

(c)

Journal of Oncology

3.0 - "
o 2.5
g
2 2.0 A
e
& 1.5
L
z 1.0 -
T 05 - * #
0.0 -
B & B &
< o < o
7] k%) % 7]
Normal Hypoxia
(b)
5.0
83 ;
3 4.0
s
= 3.0 4
=g * *
T g
==
S5 20 -
] * %k
é £ 10
0.0 -
H & H &  AE
O O =
% : i 2 % E
——————— w
Normal <
Hypoxia

(d)
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Opverall, this result indicates that Yap knockdown weakens
breast cancer mobilization through inhibiting the F-actin/
lamellipodium signaling pathway in a manner dependent on
HIF1.

4. Discussion

In this study, we found that Yap expression is increased in
MCEF-7 breast cancer cells under hypoxia stimulus. Higher
levels of Yap contribute to the survival, proliferation, and
migration of MCF-7 breast cancer cells by activating HIF1.
Loss of Yap activated apoptosis and limited proliferation in
MCEF-7 cells through induction of mitochondrial dysfunc-
tion. Yap knockdown also blunted the F-actin/lamellipo-
dium signaling pathway, thereby attenuating the MCF-7
migratory response. Mechanistically, Yap knockdown dis-
sipated mitochondrial membrane potential, resulting in
ATP undersupply and ROS overproduction. Moreover, Yap
knockdown also impaired mitophagy and mitochondrial
fusion through an undefined mechanism. Moderately
damaged mitochondria fail to produce ATP for cell meta-
bolism and mobilization, whereas excessively injured mi-
tochondria are a trigger for cellular apoptosis. To the best of
our knowledge, this is the first study to identify Yap as the
master of breast cancer survival through protection of mi-
tochondrial function in the setting of hypoxic stress. This
finding defines Yap and its downstream effector, HIF1, as

potential targets to prevent breast cancer growth and
invasion.

Yap activation plays an important role in decreasing the
immune system response [54] and accelerating cancer cell
type transition [55]. Tumor cell senescence or reduced
stemness is also associated with a drop in the expression of
Yap [56]. Interestingly, chemotherapy or radiotherapy re-
sistance mechanisms in prostate cancer [57], gastric cancer
[58], bone pediatric cancer [59], and breast cancer [60] are
linked to Yap activation or overexpression. We found that
hypoxic stress was a critical factor that induces Yap tran-
scription and activation in a time-dependent manner.
Considering the tumor-promoting property of Yap, in-
creased levels of Yap may offset the adverse impacts induced
by hypoxia, such as apoptosis, migration inhibition, and
proliferation arrest. In our study, we found that Yap was
required for MCF-7 cell survival and proliferation under
hypoxic conditions since knockdown of Yap augmented
hypoxia-induced apoptosis [61].

Mechanistically, we found that Yap deficiency was as-
sociated with mitochondrial dysfunction including mito-
chondrial membrane potential reduction, mitochondrial
metabolic impairment, and oxidative stress injury. In ad-
dition, mitochondrial protective mechanisms such as
mitophagy and fusion were also inhibited by Yap knock-
down. Our previous studies [7] showed that Yap deletion
reduces mitochondrial ATP production and thus impairs
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FiGure 5: F-actin/lamellipodium signaling pathway is impaired by Yap knockdown under hypoxia. (a-c) Immunofluorescence for
lamellipodium. The average length and number of lamellipodia was determined. siRNA against Yap (si-Yap) was transfected into cells before
24 hours hypoxia. HIF1 adenovirus (ad-HIF1) was transfected into Yap-deleted MCF-7 cells before 24 hours hypoxia. (d) qPCR was used to
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the migratory response of MCF-7 cells. *p <0.05.



liver cancer migration, which is highly dependent on intra-
cellular energy supply. In glioblastoma A172 cells, the loss of
Yap prevents the activation of AMPK, a sensor of cellular ATP
status [62, 63]. In breast cancer, pharmacologic blockade of
Yap through administration of curcumin induces oxidative
stress damage in breast cancer and thus limits cell growth rate
in vitro [63]. In septic cardiomyopathy, Yap deficiency ac-
tivates mitochondrial stress through inhibiting ERK pathway,
resulting into cardiomyocyte death in a manner dependent on
mitochondria-initiated apoptotic pathway [64]. In cerebral
hypoxia-reoxygenation injury, knockdown of Yap reduces
gliocyte-mediated tissue regeneration through inhibiting the
ROCK1/F-actin pathway [65].

Finally, we found that the F-actin/lamellipodium sig-
naling is also modulated by Yap under hypoxic conditions.
F-actin-mediated lamellipodium formation has been iden-
tified as a necessary step for cancer migration and invasion.
We observed that lamellipodium degradation, partly due to
F-actin transcriptional downregulation, was induced by
hypoxia [66]. Interestingly, this effect could be enhanced by
Yap knockdown, suggesting that Yap favors breast cancer
mobilization under hypoxic stress. Similar to our finding,
lamellipodium-related gastric cancer migration is also
governed by Yap through the SIRT1-Mfn2 pathway [67]. In
squamous cell carcinomas [68] and endometrial cancer [69],
F-actin homeostasis is also sustained by Yap. Therefore, our
results provide a novel insight into the molecular mecha-
nism underlying breast cancer migration. Targeting the Yap/
F-actin/lamellipodium pathway could be a promising ap-
proach to control breast metastasis.
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Although the incidence of thyroid carcinoma has increased over the past several decades, it has an excellent prognosis and overall
5-year survival, with a stable mortality rate, except in cases with advanced stages or rare malignant tumor types. Biomarkers have
emerged as effective targets of molecular therapy against thyroid carcinoma due to their rapid and convenient detection; however,
there has been little clinical application. Macrophage stimulating 2 (Mst2) is a proapoptotic protein with implications in
carcinogenesis and metastasis. We found that Mst2 overexpression-induced endoplasmic reticulum (ER) stress in MDA-T32
thyroid carcinoma cells, accompanied by elevated caspase-12 activity, increased apoptotic rate, and reduced cell viability. In
addition, Mst2 overexpression contributed to mitochondrial damage, as evidenced by increased mitochondrial oxidative stress
and activated the mitochondrial apoptotic pathway. Inhibition of the JNK pathway abolished these effects. These results show
Mst2 to be a novel tumor suppressor that induces mitochondrial dysfunction and ER stress via the JNK pathway. Thus, Mst2 could

potentially serve as a biomarker for developing targeted therapy against thyroid carcinoma.

1. Introduction

The incidence of thyroid carcinoma has been increasing
worldwide; however, its mortality rate has largely remained
stable. Thyroid carcinoma can be categorized into differ-
entiated (papillary and follicular), poorly differentiated, and
rarely occurring medullary and anaplastic tumor types.
Approximately 80% of the patients are diagnosed with
poorly differentiated thyroid carcinoma. Although surgery,
chemotherapy, and targeted therapy have proved to be ef-
fective in patients with early detection, those with advanced
metastatic thyroid carcinoma have few treatment choices
and poor prognosis. In addition, despite the initial response
to cytotoxic therapy being favorable in 30-40% of patients, a
majority of them experience progression during or after
treatment. The most common cause of progression to ad-
vanced stages is the dysregulation of oncogenes and tumor
suppressor genes.

Mitochondria function as a cellular powerhouse to
provide a constant supply of ATP for performing numerous
biological processes such as metabolism, proliferation,
growth, metastasis, differentiation, angiogenesis, and apo-
ptosis [1]. Their involvement in the development and pro-
gression of thyroid carcinoma is evident from the fact that
mitochondrial proteins serve as potential targets of che-
motherapeutic receptor tyrosine kinase inhibitor drugs such
as vandetanib and cabozantinib [2, 3]. Moreover, the in-
hibition of mitochondrial function via disruption of oxi-
dative phosphorylation has been shown to enhance the
response to chemotherapy [4]. Endoplasmic reticulum (ER)
facilitates the processing of newly formed prosurvival and
proproliferation proteins required for tumor growth and
metastasis. Impaired ER activity or ER stress has been shown
to contribute to thyroid carcinoma metastasis 5, 6]. Another
study reported that ER stress reduced the radiosensitivity of
thyroid carcinoma cells and inhibited apoptosis [7, 8]. In
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contrast, a study demonstrated that impaired protein folding
and ER activity promoted thyroid carcinoma cell apoptosis
[9, 10]. Although the common upstream regulator of mi-
tochondrial fitness and ER integrity has not been elucidated,
the above findings show that mitochondrial dysfunction and
ER stress are potential therapeutic targets for thyroid cancer.
Macrophage stimulating 2 (Mst2), also known as
mammalian sterile 20 kinase 2, is a serine protease that
regulates posttranscriptional phosphorylation of several
proteins. For example, Mst2 strengthens the immune system
by promoting the activation of the IL-2/Stat5 signaling
pathway [11, 12]. Mst2 controls the activity of the Akt
prosurvival pathway, a downstream event in Mst2 upre-
gulation [13, 14]. In addition, Mst2 is known to control the
differentiation of the epididymal initial segment via the
MEK-ERK pathway [15]. Recent studies have implicated
Mst2 in regulating mitochondrial ROS production, sug-
gesting a link between Mst2 and mitochondrial dysfunction
[16]. In addition, upregulated levels of ER stress markers,
such as CHOP, caspase-9, and GRP%4, following Mst2 ac-
tivation in a rat model of diabetic cardiomyopathy [17]
highlight its function in maintaining ER homeostasis. Based
on these findings, we speculate Mst2 as a common upstream
mediator of mitochondrial function and ER stabilization.

2. Materials and Methods

2.1. Cell Culture and Treatment. Human thyroid carcinoma
MDA-T32 (ATCC® CRL-3351™) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% anti-
biotics in 5% CO, at 37°C [18]. To overexpress Mst2, MDA-
T32 cells were transfected with adenovirus-expressing Mst2
constructs [19].

2.2. Cell Proliferation Assay. A CCK8 assay was conducted
following the manufacturer’s instructions (DH343-2, Beijing
Dongsheng Biotechnology, China). Briefly, cells with or
without Mst2 overexpression were seeded in 96-well plates
(2,000 cells/well) and cultured for 5 days [20]. Next, 10 uL of
CCK8 (5mg/mL) was added to the culture medium, and
cells were further cultured for 2h. Finally, the OD was
measured at 490 nm (BioTek ELx800, USA) [21].

2.3. Western Blotting. The total protein was extracted from
the cells following the standard protocol (Beyotime Bio-
technology Co., Ltd.), and the protein concentration was
determined using a bicinchoninic acid (BCA) protein assay
kit. The total protein (40pug) was subjected to 15% SDS-
PAGE, and the separated proteins were transferred to ni-
trocellulose membranes [22]. After blocking in fresh 5%
nonfat milk at room temperature for 2h, membranes were
incubated overnight at 4°C with the primary antibodies,
followed by incubation with the secondary antibody at room
temperature for 2h. An enhanced chemiluminescence
(ECL) kit (Thermo Fisher Scientific, Inc.) was used to vi-
sualize the signals [23]. The antibodies (Affinity Biosciences
Ltd.) used included anti-SIRT1 (FD6033; 1:1000), anti-p-
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AMPK (AF3423; 1:1000), anti-AMPK (AF6423; 1:1000),
anti-Cox-2 (AF7003; 1:1000), anti-iNOS (AF0199; 1:1000),
anti-Bcl-2 (AF6139; 1:1000), anti-Bax (AF0120; 1:1000),
anticleaved caspase-3 (AF7022; 1:1000), anticleaved cas-
pase-9 (AF5240; 1:1000), anti-GAPDH (AF7021; 1 :5000),
and goat anti-rabbit IgG (S0001; 1:5000). The protein ex-
pression was semiquantified using ImagePro Plus software,
version 6.0 (Roper Technologies, Inc.) [24].

2.4. MTT Assay. A suspension of ~5,000 MDA-T32 cells was
seeded in 96-well plates. MTT (Sigma) was added to the
wells, and cells were incubated for 4h in 5% CO; at 37°C
[25]. Next, 150 yL of dimethyl sulfoxide (DMSO) was added
to each well for 10 min, and the absorbance of formazan was
measured at 490 nm from 0 to 72h [26].

2.5. Reverse Transcription-Quantitative PCR. The total RNA
was extracted from cells using the TRIzol reagent (Invi-
trogen). We used 1 ug of total RNA to generate cDNAs using
the PrimeScript RT reagent kit (Takara) [27]. Reverse
transcription-quantitative polymerase chain reaction (RT-
qPCR) was performed using the SYBR Green I Master Mix
kit. The relative gene expression was calculated using the
2725 method [28].

2.6. Immunofluorescence Assay. Cells were cultured on glass
coverslips and transfected with Mst2-overexpressing ade-
novirus constructs. Afterward, cells were washed twice with
phosphate-buffered saline (PBS), fixed in 4% formaldehyde
for 10 min, and quenched with 50 mM NH,CI in PBS for
10 min [29]. After three washes with PBS, cells were per-
meabilized with 0.1% Triton X-100 in PBS for 5min at 4°C.
The excess binding sites were blocked with SuperBlock
Blocking Buffer in PBS (Thermo Fisher Scientific, #37517)
for 1h at room temperature. The cells were incubated with
primary antibodies overnight at 4°C, followed by incubation
with secondary antibody for 1h at room temperature [30].
Cells were washed thrice with PBS containing 1% BSA, and
coverslips were mounted onto glass slides using Vectashield
containing DAPI (Vector Laboratories, Burlingame, CA,
USA). Images were captured using the Zeiss Axio Imager M1
automated microscope (Zeiss, Oberkochen, Germany) [31].

2.7. Propidium Iodide Staining. MDA-T32 cells were incu-
bated in a medium containing a 1:500 dilution of PI
(Thermo Fisher Scientific) at 37°C [32]. After 30 min, PI was
removed, and the cells were washed twice with the medium
[33]. The number of PI-positive cells was determined using
fluorescence microscopy with an excitation of 535nm and
emission of 617 nm at 200x magnification [34].

2.8. ATP Assay and Mitochondrial ROS Production.
Cellular ATP levels were measured using a commercial kit
(Abcam) [35]. Mitochondrial ROS production was mea-
sured using the MitoSOX red mitochondrial superoxide
indicator (Molecular Probes, USA) [36].
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2.9. Cell Transfection. Adenovirus constructs overexpressing
human Mst2 (Ad-Mst2) used for cell transfection (Vigene
Biosciences Co., Ltd., Shandong, China) [37]. In brief,
MDA-T32 cells were transfected with Ad-Mst2 and control
adenovirus (ad-Cont) at a multiplicity of infection (MOI) of
100 for 8 h in a serum-free medium [38]. Next, the medium
was discarded, and cells were grown in a complete medium
for 48 h. Mst2-expressing cells were selected using puro-
mycin (5 ug/mL). The Mst2 expression was verified by gPCR
and Western blotting [39].

2.10. Statistical Analysis. All data are presented as mean-
+ standard error of the mean (SEM). Differences between
the groups were analyzed using Student’s ¢-tests or one-way
analysis of variance (ANOVA). P<0.05 was considered
significant [40]. All experiments were conducted at least in
triplicate.

3. Results

3.1. Mst2 Overexpression Induces ER Stress. We first over-
expressed Mst2 in MDA-T32 cells to study its effect on ER
homeostasis. As shown in Figures 1(a)-1(c), compared with
the control group, Mst2 overexpression upregulated the
transcription of CHOP, GRP78, and PERK, the markers of
ER stress. In addition, we found elevated expression of
CHOP, GRP78, and PERK proteins (Figures 1(d)-1(f)),
suggesting that ER stress is induced by Mst2 overexpression.
Irreversible ER damage activates caspase-12—an essential
step in the cell apoptosis pathway. The enzyme-linked im-
munosorbent assay (ELISA) demonstrated that Mst2
overexpression enhanced the activity of caspase-12 in MDA-
T32 cells (Figure 1(g)) when compared with the control
group. Altogether, our results illustrate that Mst2 over-
expression is associated with ER stress.

3.2. Mst2 Overexpression Promotes Mitochondrial Damage.
We next studied the effects of Mst2 overexpression on
mitochondrial function and structure. As shown in
Figures 2(a) and 2(b), the immunofluorescence assay
revealed the reduced number of mitochondria in Mst2-
overexpressing MDA-T32 cells compared with the control
group, suggesting that Mst2 overexpression decreased the
mitochondrial mass. In addition, MitoSOX red staining
revealed elevated mitochondrial ROS production in
MDA-T32 cells (Figures 2(c) and 2(d)), accompanied by
reduced levels of glutathione (GSH) and decreased ac-
tivity of superoxide dismutase (SOD) and glutathione
peroxidase (GPX) (Figures 2(e)-2(g)). This finding con-
firmed that oxidative stress was triggered by Mst2 over-
expression in MDA-T32 cells. Next, we found that the
mitochondria-related apoptotic pathway was activated, as
evident by increased activities of Bax and caspase-9
(Figures 2(h) and 2(i)), when compared with the control
group. Altogether, our results demonstrate that mito-
chondrial function is hindered by Mst2 overexpression in
MDA-T32 cells.

3.3. Mst2 Inhibits the Viability of Thyroid Carcinoma Cells.
Impaired mitochondrial function and ER stress ultimately
activate tumor cell death [41]. Therefore, we next studied
whether Mst2-induced mitochondrial damage and ER stress
were associated with increased MDA-T32 cell apoptosis.
First, we determined the cell viability using the MTT assay.
As shown in Figure 3(a), MDA-T32 cell viability was highly
reduced. Moreover, the lactate dehydrogenase (LDH) release
assay revealed elevated LDH content in the medium, sug-
gesting increased cell membrane disintegration in Mst2-
overexpressing MDA-T32 cells (Figure 3(b)). Because mi-
tochondrial damage and ER stress-induced cell death is
primarily executed by apoptosis, we further analyzed the
number of apoptotic cells. Thus, propidium iodide (PI)
staining was performed. As shown in Figures 3(c) and 3(d),
~40% of Mst2-overexpressing MDA-T32 cells were apo-
ptotic compared with only ~6% PI-positive cells in the
control group. Overall, our results confirm that Mst2
overexpression activates apoptosis by impairing mito-
chondrial function and inducing ER stress.

3.4. Thyroid Carcinoma Proliferation Is Impaired by Mst2
Overexpression. Rapid proliferation rate is one of the hall-
marks of malignant cancer cells [42, 43]. Therefore, we
wanted to understand whether tumor proliferation of thy-
roid carcinoma cells was controlled by Mst2. The CCK8
assay demonstrated highly reduced growth rate of MDA-
T32 cells following Mst2 overexpression (Figure 4(a)). At the
molecular level, cyclin-related proteins have been reported
to participate in cancer proliferation. Western blotting
showed that the protein expression of cyclin D and cyclin E1
was markedly reduced by Mst2 overexpression when
compared with the control group (Figures 4(b) and 4(c)).
Altogether, these results confirm our hypothesis that thyroid
carcinoma  proliferation was inhibited by Mst2
overexpression.

3.5. Mst2 Impairs Mitochondrial and ER Functions through the
JNK Pathway. The above results showed that Mst2 over-
expression suppressed mitochondrial and ER functions and
thus promoted MDA-T32 cell apoptosis and proliferation
arrest. Recent studies have revealed an intricate link between
Mst2 overexpression and JNK activation. In addition, the
JNK pathway has been reported to function upstream of
mitochondrial damage and ER stress pathways. Therefore,
we investigated the involvement of JNK in Mst2-induced
mitochondrial and ER damage. Treatment of Mst2-over-
expressing MDA-T32 cells with SP600125, a JNK inhibitor,
reversed the reduction in mitochondrial number as com-
pared with the control group (Figures 5(a) and 5(b)).
Furthermore, Mst2-induced mitochondrial ROS production
was attenuated by SP600125 (Figures 5(c) and 5(d)), sug-
gesting that Mst2-induced oxidative stress was dependent on
the JNK pathway. Similarly, SP600125 treatment reduced
Mst2  overexpression-induced transcription of CHOP,
GRP78, and PERK (Figures 5(e)-5(g)). Altogether, our re-
sults demonstrate that Mst2 disrupts mitochondrial function
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FIGURE 1: Mst2 overexpression induces ER stress. (a)-(c) MDA-T32 cells transfected with Mst2 adenovirus (Ad-Mst2) constructs. Next, a
qPCR assay was used to analyze the transcription of CHOP, GRP78, and PERK. (d)-(f) Western blots showing the expression of CHOP,
PERK, and GRP78. (g) ELISA performed to analyze the activity of caspase-12. * P <0.05.

and induces ER stress in MDA-T32 cells through the JNK
pathway.

4. Discussion

Thyroid carcinoma is one of the most common endocrine
cancers with a high cure rate. Several factors contribute to
thyroid carcinoma, including genetic, environmental, and
lifestyle-related. Recent advances in medical imaging have
led to early diagnosis and treatment of thyroid carcinoma
[44]. The standard treatment includes surgery and radio-
active iodine therapy; targeted therapies using specific
biomarkers [45], such as tyrosine kinase inhibitors, have
been recently introduced and appear to be promising due to
their rapid and convenient detection. However, their clinical
application is less, indicating the need to explore new ef-
fective biomarkers to improve the diagnostic efficiency,
prognosis, and treatment outcomes. We showed that Mst2
overexpression in thyroid carcinoma cells induced mito-
chondrial damage and ER stress resulting in apoptosis and
cell proliferation arrest [46]. Therefore, therapeutic ap-
proaches targeting Mst2 activity can further enhance the
response of thyroid carcinoma to chemotherapy and
radiotherapy.

The Mst family includes Mstl and Mst2, and anticancer
effects of Mst activation have been reported by several
studies. For example, Mstl activation induced oxidative
stress and suppressed pancreatic cancer progression by
promoting pyroptosis [47, 48]. Similarly, reduced serum

levels of Mstl and Mst2 have been correlated with the
development of liver cancer due to the increased prolifer-
ation of tumor cells [49, 50]. Moreover, overexpressed Mst1
reduced the invasiveness and proliferation of lung cancer
cells [51, 52]. In breast cancer, reduced expression of Mst1 is
associated with increased tumor proliferation and migration
[53]. Mstl and Mst2 are known to suppress colonic tu-
morigenesis and tumor stem cell proliferation by inhibiting
Yes-associated protein (Yap) [54, 55]. Similar to these
findings, we found that Mst2 overexpression suppressed the
development of thyroid carcinoma by promoting cancer
apoptosis and inhibiting cell proliferation.

Numerous studies have investigated the function of Mst
family proteins in regulating mitochondrial function in
cancer survival and metastasis [56-58]. For example, the
overexpression of Mstl suppressed gastric cancer cell vi-
ability by inactivating the AMPK-Sirt3 pathway and in-
ducing  mitochondrial  division  [59].  Similarly,
overexpressed Mstl caused mitochondria-dependent
breast cancer cell apoptosis via the JNK-Drpl pathway
[60]. Another study reported the tumor-suppressive effects
of Mstl on cancer cell proliferation and metastasis by
activating the B-catenin/Drpl axis [61]. Furthermore, Mst1
overexpression impaired the proliferation and migration of
colorectal cancer cells by activating the JNK/p53/Bnip3
pathway [62]. The overexpression of Mstl hindered ATP
production and redox biology in nonsmall cell lung cancer
through the ROCKI1/F-actin pathway [63]. Furthermore,
Mst2 is a potential target of several anticancer drugs such as
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FIGURE 2: Mst2 overexpression promotes mitochondrial damage. (a)-(b) An immunofluorescence assay used to analyze the mitochondrial
number. (c)-(d) MitoSOX red staining used to study the mitochondrial ROS production in response to Ad-Mst2 transfection. (e)-(g) ELISA
performed to analyze the activity of antioxidative enzymes such as GSH, SOD, and GPX. (h)-(i) ELISA performed to detect the alterations in

Bax and caspase-9 activities. * P <0.05.

gemcitabine [64], tanshinone ITA [65], and matrine [66]. In
addition to mitochondria, we reported that ER damage,
such as ER stress and ER-related apoptosis, was induced by
Mst2. Thus, new therapeutic approaches are being explored
to simultaneously affect mitochondrial function and ER
homeostasis [67].

Our study had certain limitations. First, because Mst2 is
an intracellular protein, there is a need to design new drugs
to specifically target its expression. Second, animal studies
and clinical trials are warranted to study the molecular basis
of Mst2 effects on mitochondrial and ER functions in cancer
cells. Third, negative effects of Mst2 overexpression on
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normal tissues should be considered while designing tar-
geted cancer therapies.
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Background. Neuroblastomas are the most frequent extracranial pediatric solid tumors. The prognosis of children with high-risk
neuroblastomas has remained poor in the past decade. A powerful signature is required to identify factors associated with
prognosis and improved treatment selection. Here, we identified a strong methylation signature that favored the earlier diagnosis
of neuroblastoma in patients. Methods. Gene methylation (GM) data of neuroblastoma patients from the Therapeutically
Applicable Research to Generate Effective Treatments (TARGET) were analyzed using a multivariate Cox regression analysis
(MCRA) and univariate Cox proportional hazards regression analysis (UCPHRA). Results. The methylated genes’ signature
consisting of eight genes (NBEA, DDX28, TMEDS, LOC151174, EFNB2, GHRHR, MIMT]1, and SLC29A3) was selected. The
signature divided patients into low- and high-risk categories, with statistically significant survival rates (median survival time:
25.08 vs. >128.80 months, log-rank test, P < 0.001) in the training group, and the validation of the signature’s risk stratification
ability was carried out in the test group (log-rank test, P < 0.01, median survival time: 30.48 vs. >120.36 months). The methylated
genes’ signature was found to be an independent predictive factor for neuroblastoma by MCRA. Functional enrichment analysis
suggested that these methylated genes were related to butanoate metabolism, beta-alanine metabolism, and glutamate meta-
bolism, all playing different significant roles in the process of energy metabolism in neuroblastomas. Conclusions. The set of eight
methylated genes could be used as a new predictive and prognostic signature for patients with INRG high-risk neuroblastomas,
thus assisting in treatment, drug development, and predicting survival.

1. Introduction

Neuroblastomas are peripheral sympathetic nervous system
embryonic tumors that arise from embryonic cells that make
up the basic neural crest. Extracranial solid tumors are the
most common neuroblastomas in children and responsible
for up to 15% of cancer-related deaths [1-3]. The clinical
course of neuroblastomas constitutes the progression of a
complex heterogeneous disease. Localized neuroblastomas
(stages L1 and L2), metastatic neuroblastomas (M), and
metastatic neuroblastomas with specific characteristics in
children younger than 18 months (MS) are the three types of
tumors classified by the International Neuroblastoma Risk

Group (INRG) [4, 5]. These risk markers (histology, age,
MYCN, INRG stage, ploidy status, and 11q aberration) are
used to divide patients into four pretreatment risk groups.
There are three levels of difficulty: low, moderate, and high
[6]. The low and intermediate groups show greater than 90%
five-year survival rates, while the survival of the high-risk
group remains poor at approximately 40%. Although ad-
vanced treatment consisting of surgery, chemotherapy, ra-
diotherapy, and immunotherapy can be used in the course of
treatment, all these have a poor survival rate for high-risk
neuroblastomas [7]. This low prognosis needs the devel-
opment of novel targeted medicines to improve the survival
rate of high-risk neuroblastoma patients.
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DNA methylation of CpG dinucleotides at gene pro-
moter regions is a major regulatory mechanism involved in
cellular processes that does not alter the DNA sequence [8].
DNA methylation reveals the pathogenesis and clinical
behavior of neuroblastomas [9]. The most described DNA
methylation alterations in neuroblastomas are CASP8 and
RASSF1A [10, 11], and both are correlated with risk factors,
such as age at diagnosis, MYCN amplification, and tumor
stage [12-15]. Additionally, DNA hypomethylation of genes
(CCND1, SPRR3, BTC, EGF, and FGF6) affects biological
functions and pathogenesis in neuroblastomas [16]. In
metastatic neuroblastomas, the hypermethylation status of
TDGFI1 and RBI is associated with shorter survival, and
genome-wide methylation profiling discovered novel
methylated genes (PCDHGA4, TERT, DLX6-AS1, and
DLX5) [17, 18]. However, epigenetic biomarkers for neu-
roblastomas are still very low. In particular, there are fewer
methylation biomarkers associated with high-risk neuro-
blastoma patients.

In the current report, we identified significant and in-
dependent methylation prognostic biomarkers in INRG
high-risk neuroblastomas from the TARGET database using
phrase machine learning methods. The biomarkers could be
used to design new therapy regimens for patients with high-
risk neuroblastomas, potentially improving existing survival
rates.

2. Materials and Methods

2.1. Retrieval of DNA Methylation Data for Analysis.
[lumina HumanMethylation450 (Illumina Inc., California,
USA) platform was used to evaluate DNA methylation data.
There were 482,421 CpG sites on the methylation arrays
throughout the genome [19], and each gene’s overall beta
value was represented by probe-level data. The TARGET
data portal provided us with level 3 methylation data. We
received 130 samples from the TARGET database, which
contained DNA methylation data as well as clinical data such
as gender, age, MYCN status, and INSS stage. All neuro-
blastoma samples are typically divided into two groups:
training (86 cases) and testing (44 cases).

2.2. Construction of a Methylated Gene Signature in the
Training Dataset. Hu et al. reported the best methods to
construct signatures, and we used this approach for our
study [20]. To begin, we used a UCPHR analysis to see if
there was a link between survival rates and gene methylation
in the training dataset [21]. The random survival forest-
variable hunting (RSFVH) algorithm was then used to filter
methylation genes, with ten being ruled out [22, 23]. For
screening of predictive prognostic methylation genes, MCR
analysis was utilized for constructing a model that could
estimate the prognosis risk in accordance with the following
expression:

N
risk score (RS) = Z Meth, * Coef,. (1)

i=1

Journal of Oncology

Here, the methylated genes of signature are represented
by N, the value of methylation of the signature genes is
represented by Meth;, while single CRO is denoted by Coef;.
The multinode weighted sum of risk scores is known as the
risk score (RS).

2.3. Statistical Analysis. A risk model was built using the
aforementioned methylation gene signature. As a cutoft
number, the median risk score was used for dividing the
training and test patients into high-risk and low-risk groups
[24]. Next, the ROC analysis and Kaplan-Meier survival
(KMS) analysis were used to confirm the methylation gene
signature’s effective prognostic abilities in the test dataset.
MCR analysis was used to determine the signature’s inde-
pendence in survival prediction, and a significant P value
was less than 0.05. All analyses used the R program (version
3.5.1). Downloading of the randomForestSRC and pROC
survival was carried out from Bioconductor (https://
bioconductor.org).

2.4. Functional Analysis of the Signature of Methylated Genes.
The DAVID bioinformatics tool was employed for pre-
dicting the activities of the signature of methylation genes
using gene ontology (GO) analysis, which covered molecular
functions, cellular components, and biological processes, as
well as KEGG pathway enrichment studies (https://david.
ncifcrf.gov/,version 6.8). The value of P <0.05 is considered
significant for GO and KEGG pathways.

3. Results

3.1. Clinical Characteristics’ Analysis of TARGET Data.
All of the expression data used in this investigation came
from patients with neuroblastomas, both clinically and
pathologically. We conducted a statistical analysis of the
clinical data (gender, age, MYCN status, and INSS stage) in
the test group and training group. The results revealed high-
risk patients had only occupied no more than 5% <18
months and included 97.7% INSS stage 4 in the test group
and training group. The details of clinical/pathological
features can be found in Table 1. After that, the 130 patients
were randomly separated into two groups (test group, n = 44;
training group, n = 86) to examine if the methylation genes
revealed in neuroblastoma patients had any prognostic
significance. Figure 1 shows the selection process for the
methylated genes’ signature.

3.2. Construction of the Survival Methylated Genes’ Signature.
The training group (n = 86) with all clinical data was used to
investigate the relationship between overall survival and the
presence of methylated genes. We first performed a uni-
variate CPHR analysis of the methylation genes’ profiling
data with survival status and survival time as dependent
factors. We discovered 339 methylation genes that were
significantly linked to the patient’s overall survival (P value
<0.05, Figure 2). The 339 genes were then analyzed using the
random forest technique to evaluate the signature of


https://bioconductor.org
https://bioconductor.org
https://david.ncifcrf.gov/,version6.8
https://david.ncifcrf.gov/,version6.8

Journal of Oncology

TaBLE 1: Summary of patient characteristics and demographics.

Characteristic Number of cases (%) in the training set Number of cases (%) in the testing set
Gender

Male 47 (54.7%) 29 (82.6%)
Female 39 (45.3%) 15 (17.4%)
Age

<18 months 2 (2.3%) 2 (2.3%)
>18 months 86 (97.7%) 42 (97.7%)
MYCN status

Amplified 31 (36.0%) 17 (38.6%)
Not amplified 54 (62.8%) 27 (61.4%)
NA 1 (1.2%)

INSS stage

1 0 (0.0%) 0 (0.0%)
2 0 (0.0%) 0 (0.0%)
3 2 (2.3%) 0 (0.0%)
4 84 (97.7%) 43 (97.7%)
4s 0 (0.0%) 1(2.3%)
INRG

Low risk 0 (0.0%) 0 (0.0%)
Intermediate risk 0 (0.0%) 0 (0.0%)
High risk 89 (100%) 44 (100%)
Vital status

Living 35 (40.7%) 20 (55.5%)
Dead 51 (59.3%) 24 (54.5%)

methylation genes. Based on their permutation importance
score (PFI) using the RSFVH method, the analysis found ten
genes that were substantially linked with patient overall
survival (Figure S1).

We utilized a CMR analysis (Table S1) to develop an
eight-methylation gene set model (NBEA, DDX28, TMEDS,
LOCI151174, EFNB2, GHRHR, MIMTI, and SLC29A3) for
assessing the risk to survival for screening the most pow-
erful, predictive, prognostic methylated genes. The risk
scores (Table S2) of the combination which composed
NBEA, DDX28, TMEDS, LOC151174, EFNB2, GHRHR,
MIMT]1, and SLC29A3 were determined as follows:

RS = (=3.65 x methyy;, )
+ (~22.66 x methppyy)
+(20.60 x methy;pg)
+ (—6.13 x meth; o¢y51174) 2)
+ (8.48 x methygpyp,)
+(0.01 x methgppr)
+(—4.11 x methyyry)
+(20.43 x methg; cy9s3)-

Here, risk score is denoted by RS, while the values of
methylation are denoted by meth.

3.3. Determining the Survival Power of the Methylated Genes’
Signature in the Training and Test Dataset. For each patient,
the analysis gave a risk score for the identified methylation
genes’ signature. Using the median risk score, we divided the
training group into two groups: low risk (n=43) and high
risk (n=43). Using the Kaplan-Meier survival (KMS)

analysis, it was observed that the high-risk group had con-
siderably lower survival rates than the low-risk group (median
survival time: 25.08 months vs. >128.80 months, log-rank test,
P <0.001; Figure 3(a)). The high-risk group had a 5-year
survival rate of fewer than 20%, while the low-risk group had a
rate of more than 60%. The risk scores based on the meth-
ylation genes’ signature of the test group patients were cal-
culated using the same prognostic risk score methodology,
confirming the predictive value of the signature. Similarly, the
two risk groups in the test dataset were displayed using
Kaplan-Meier curves (Figure 3(b)). The high-risk group in
the study had a significantly lower median survival time than
the low-risk group (median survival time: 30.48 months vs.
>120.36 months, log-rank test, P < 0.01). The high-risk group
had a survival rate of less than 30%, whereas the low-risk
group had a survival rate of more than 50%.

3.4. The Survival Prediction Power of the Methylated Gene
Signature in the Test and Training Groups. ROC analysis was
used to assess the methylation gene signature’s predictive
capacity, with the higher area under the ROC curve indi-
cating a better model for neuroblastoma patients” expected
survival. The eight methylated gene signatures had a strong
prediction ability in the training group (AUCs;gnature = 0.87,
Figure 3(c)), indicating that the methylated gene signature in
the present study was a highly accurate novel survival
biomarker. A similar highly accurate result was also ob-
served in the test group (AUCgignature =0.71, Figure 3(d)).
The DNA methylation level of each gene in the training
dataset has been compared with a t-test (Table S3). The
distribution of the DNA methylation level of each of the
eight genes in the total group (N=130) was analyzed
(Figure 4). Most genes except GHRHR showed significant



training group
(n=86)

Univariable Cox (P<0.05)

Random survival fores{s{vpriable hunting algorithm

Multivariable Cox (P<0.05)

FiGure 1: The research flowchart. The sequence of analyses for
developing the RC model and validating the signature’s ability to
predict prognostic outcomes.

differences in methylation levels between the low- and high-
risk groups.

3.5. The Selected Eight Methylated Genes’ Signature Is an
Independent Prognostic Factor. We used a MCR analysis,
which included the risk scores based on the signature as well
as various clinical characteristics (such as gender, age,
MYCN status, and INSS stage). This analysis was utilized to
show the prognostic efficacy of the methylated genes’ sig-
nature risk score for overall survival prediction, which was
an independent prognostic factor across all datasets (high-
risk dataset vs. low-risk dataset, HR=2.13, 95% CI:
1.70-2.66, P <0.001, n =194, Table 2).

3.6. Functional Analysis of the Methylated Genes’ Signature.
GO and KEGG analyses were employed for investigating
these DNA methylation genes’ potential involvement in
biological processes associated with neuroblastoma devel-
opment (Figure 5, Table S4). Results showed that eight
methylated genes were involved in butanoate metabolism,
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FIGURE 2: Identification of the methylated genes’ signature in the
training dataset. UCPHRA of the gene methylation profiling data in
the training dataset used to predict the methylated genes’ signature
in the test and training datasets.

beta-alanine metabolism, propanoate metabolism, gluta-
mate metabolism, and tryptophan metabolism, which are all
associated with energy metabolism. It was reported that
neuroblastoma cells were strictly dependent on glucose
metabolism, which has been discovered to be a very frequent
feature among tumors that are otherwise biologically di-
verse. In addition, glycolysis intermediates are key precur-
sors for cell growth in addition to generating ATP [25]. Asa
result, the modulation of these genes by methylation played
various important roles in the process of energy metabolism
in neuroblastomas.

4. Discussion

Neuroblastomas are the most prevalent extracranial pedi-
atric solid tumors responsible for a disproportionate amount
of pediatric cancer mortality. They arise in the developing
sympathetic nervous system [26, 27]. Although there have
been advances in therapies for patients, some of which
include myeloablative chemotherapy and intensive induc-
tion chemotherapy, the overall outcome for high-risk
neuroblastoma patients is still unacceptably poor [28]. Three
recent studies focused on prognosis in neuroblastoma. An
18-gene signature predicted the clinical outcome in stage 4



Journal of Oncology

Training group,n=86

1.0

0.8 +

low-risk,n=43

0.6

0.4

survival rate

0.2 4 high-risk,n=43

0.0 4 Log Rank P<0.001

0 2 4 6 8 10 12 14
time (year)

—— high risk
—— low risk

1.0

0.8

0.6

Sensitivity

0.4 4

0.2 4

0.0

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity
—— Signature=0.87
(©)

Test group,n=44

1.0

0.8 4

low-risk,n=23

0.6

0.4 +

survival rate

high-risk,n=21

0.2 4

Log Rank P=0.01
T T T T T

0 2 4 6 8 10
time (year)

0.0 4

—— high risk
—— low risk

(b)

1.0 +

0.8

0.6

Sensitivity

0.4 -

0.2

0.0

T T
0.0 0.2 0.4 0.6 0.8 1.0
1 - specificity

—— Signature=0.745
(d)

FIGURE 3: Patients with neuroblastoma have a methylated gene signature that predicts overall survival. (a) KMS curves were used for
dividing the patients into high- and low-risk groups. Log-rank tests were used to calculate P values. (b) Results of receiver operating

characteristic (ROC) analysis.

neuroblastoma [29] and found ERCC6L, AHCY, STK33, and
NCAN as a set of genes that could be used to predict
prognosis in neuroblastoma patients [30]. MELK was a novel
therapeutic target for high-risk neuroblastomas [31].
However, methylation gene signatures and their relationship
to neuroblastoma survival have been studied infrequently,
particularly in high-risk individuals. We employed a com-
bination of phrase machine learning methods and statistical
methodologies to establish a methylation genes’ signature
composed of ten genes in our investigation. They were found
to be relevant to the survival of patients with

neuroblastomas. Using gender, age, MYCN status, and INSS
stage as covariables, the independence of the chosen sig-
nature in survival prediction of neuroblastoma patients was
evaluated using an MCR analysis. The signature-based risk
scores of patients were found to be independently associated
with overall survival. As a result, we found that the meth-
ylated genes’ signature predicted independently in patient
overall survival. These findings showed that the predictive
value of the methylation genes’ profile for predicting survival
of neuroblastoma patients had no response for other clinical
factors.
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TaBLE 2: Univariable and multivariable Cox regression analyses of the association between the eight methylated genes’ signature and the

survival of neuroblastoma patients in the total group (n=130).

95% CI of HR

Variables HR P
Lower Upper

Univariable analysis

Gender Male vs. female 1.17 0.73 1.87 0.52

Age >18 months vs. <18 0.97 0.90 1.06 0.51

MYCN status Amplified vs. non 1.24 0.77 1.98 0.38

Methylated genes’ signature High risk vs. low risk 2.02 1.65 2.47 <0.001

Multivariable analysis

Gender Male vs. female 0.89 0.55 1.44 0.64

Age >18 months vs. <18 1.01 0.93 1.11 0.79

MYCN status Amplified vs. non 0.77 0.46 1.30 0.33

Methylated genes’ signature High risk vs. low risk 213 1.70 2.66 <0.001
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F1GURE 5: Functional enrichment of the eight methylated genes’ signature. (a) Gene ontology (GO) plot displaying gene ratios for the eight
methylated genes’ signature. (b) KEGG analysis of the 8 methylated genes’ signature.

After a variety of analyses, eight significant gene
methylation events were identified. EFNB is a member of the
Eph family receptor tyrosine kinases, and reports have
shown that EFNB2 is regulated and can perform prognostic
roles in neuroblastomas. For example, high-level expression
of transcripts encoding EPHB6 receptors (in association
with their ligands EFNB2 and EFNB3) was predictive of
neuroblastoma [32], and EFNB2 was induced by WNT
signaling. As a result, EFNB is likely to have a role in
neuronal development and neuroblastoma cell fate decisions
[33]. Previous studies also suggested that there are many
potential associations between diseases and EFNB2. One
such example was demonstrated when it was found that
microRNA-137 inhibited EFNB2 expression affected by a
genetic variant in schizophrenia patients [34]. Starting in
midgestation, NBEA encoded a member of a broad, di-
versified set of A-kinase anchor proteins that was sub-
stantially expressed in the mouse brain [35, 36], and this

expression affected postsynaptic neurotransmitter receptor
trafficking to the cell surface [36, 37]. Studies have dem-
onstrated that NBEA not only was a predicted signature
[38-40] but also played an important regulatory role in
neurodevelopment [41, 42]. NBEA has been shown to act as
a gene signature to predict the prognosis of gastric cancer
[43] and as a transcriptional regulator in the nucleus, where
it interacts with NOTCHI. This association was found
particularly important for pathogenesis as NOTCH sig-
naling is required for brain development [44]. GHRHR is the
growth hormone-releasing hormone receptor gene. Over-
expression of GHRHR has been shown to have an oncogenic
role associated with several types of cancers, including
neuroblastoma [45]. SLC29A3 encodes a nucleoside trans-
porter which plays a significant role in the cellular uptake of
nucleosides and nucleobases. It was previously reported that
many diseases were related to RAD51AP1 expression, in-
cluding autoinflammatory diseases [46], H syndrome [47],



insulin-dependent diabetes [48], pigmentary hypertrichosis,
autoimmune insulin-dependent diabetes mellitus [49], and
sclerosing bone dysplasias [50]. Meanwhile, MIMTI is an
MERI repeat-containing imprinted transcript, which can
undergo hypermethylation in the placenta of intrauterine
growth-restricted fetuses in cattle [51], and truncation of
exons 3 and 4 of the MIMT1 gene caused intrauterine growth
restriction [52]. Furthermore, the transmembrane p24
trafficking protein family member, DDX28, was used to
investigate pediatric-onset genetic disorders by digital PCR
[53]. However, the biological roles of the two genes (TMED
and LOC151174) in cancer are yet unknown, and this has to
be researched further in future research. These previous
studies demonstrate that the signature outlined in the
current work can predict prognostic outcomes and inform
clinical treatment.

In terms of neuroblastomas, there are a few drawbacks to
this study. Most importantly, more studies into the specific
mechanism of gene methylation in neuroblastomas are
needed. Furthermore, the methylation genes’ signature is yet
to be tested in clinical trials. Even after these limitations, the
continuous and significant corelation of our methylation
genes’ signature with overall survival in two separate groups
suggested that it could be a useful and powerful predictive
signature for neuroblastomas.

The use of phrase machine learning has allowed us to
identify a methylated genes’ signature which provided more
clinically significant prediction accuracy.
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