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Peroxisome proliferator-activated receptor-δ, encoded by gene PPARD, is overexpressed in a majority of human lung cancer
subtypes, but its role in the tumor progression remains poorly understood. We have analyzed the expression of PPARD in lung
adenocarcinoma (LA) and squamous cell carcinoma (LSCC) datasets. The potential roles of PPARD in the pathological
development of LA and LSCC were explored through literature-based pathway analysis and pathway enrichment analysis. In
all LA datasets (N = 11) and in seven out of nine LSCC studies, the levels of PPARD were increased as compared to control
tissues (log-fold changes were 0:37 ± 0:20 and 0:10 ± 0:37 for LA and LSCC, respectively). On average, the expression levels of
PPARD in LA were higher than those in LSCC (p = 0:036). Pathway analysis showed that the overexpression of PPARD might
play both positive and negative roles in the development of both LA and LSCC. Speciﬁcally, PPARD inhibits seven LSCC
promoters and seven LA promoters and activates one LSCC inhibitor and another LA inhibitor. However, PPARD also
activates six and one promoters of LA and LSCC, respectively, which would facilitate the development of LA/LSCC. Our
results suggested a mixed role of PPARD in LA/LSCC, which may add new insights into the understanding of the PPARDlung cancer relationship.

1. Introduction
Lung carcinoma (LC) is a leading cause of cancer death
worldwide [1]. Annually, lung cancer kills nearly 1.8 million
people, more than breast, prostate, pancreatic, and colorectal
cancers combined [2]. Lung cancer has been divided into
two main histological types, namely, small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC)
[3]. The latter is further subdivided into lung adenocarcinoma (LA), which comprises around 40% of all LC [1],
and lung squamous cell carcinoma (LSCC) that accounts
for about 30% of all lung cancer [1, 4].
Several previous studies suggested a strong association
between the expression levels of peroxisome proliferator-

activated receptor ß/d- (PPARD-) encoding gene and
human lung cancer [5–8]. A majority of the studies found
that PPARD is overexpressed in lung cancer [5, 8, 9], with
one recent study pointing at the association of high expression levels of this gene with a worse prognosis [10]. However, the role that PPARD plays in the pathophysiology of
lung cancer is far from being clear. Even if some studies
unequivocally point at PPARD as a lung cancer-promoting
gene [8], others suggest that ligand-driven activation of
PPARD may suppress the growth of lung cancer [6] by inhibiting inﬂammation [7].
To facilitate our understanding of the role of the
PPARD-encoding gene in lung cancer, we explored its activity of PPARD in expression dataset proﬁling major subtypes

2
of lung cancer, namely, LA and LSCC, and an inﬂuence of
the increase in PPARD expression on the pathophysiology
of LA and LSCC. We conﬁrmed that in most cases of LA
and LSCC, the expression of PPARD is increased, while its
function may either enhance or suppress the proliferation
of lung cancer depending on tissue context.
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sentences for quality control of each relationship identiﬁed.
Relationships with no polarity or indirectly related to the
activity of PPARD or human LA/LSCC were removed. The
remaining relationships were used to construct the network
describing the possible molecular pathways driven by
PPARD to inﬂuence the pathological development of LA/
LSCC.

2. Method
The workﬂow of this study contains two signiﬁcant sections.
First, we collected publicly available gene expression datasets
to explore and compare the expression changes of PPARD in
the case of LA or LSCC. Then, we conducted large-scale literature data mining to build pathways connecting PPARD
to LA or LSCC, revealing the potential role of PPARD in
the pathological development of LA and LSCC.
2.1. Collection of Twenty Expression Datasets. To explore the
expression activity of PPARD expression in LA and LSCC,
we collected all available expression datasets within the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/).
Keywords “lung adenocarcinoma” and “lung squamous cell
carcinoma” were used for the dataset search. The data selection criteria were as follows: (1) the organism is Homo sapiens; (2) the data type is RNA expression by array; (3) the
study has case vs. healthy control comparison; (4) the dataset and its format ﬁles are publically available; and (5) the
datasets and its corresponding format ﬁles are publicly available. From each dataset, expression data for the healthy controls and LA/LSCC patients were extracted and reanalyzed.
2.2. PPARD Expression Analysis. To explore the PPARD
expression within each independent study, instead of estimating an averaged expression value from all studies, we calculated and compared the PPARD expression log-fold
change (LFC) for each dataset in the case of LA/LSCC compared to healthy controls. Multiple linear regression analysis
has been conducted to explore the inﬂuence of multiple
potentially inﬂuential factors on PPARD in the case of LA/
LSCC, including sample population region (country), sample size, and sample proﬁle collection date. Additionally,
ANOVA has been used to compare the diﬀerence in expression patterns of PPARD between LA and LSCC cases.
2.3. PPARD-Driven Pathways Regulating LA/LSCC. To
explore the potential inﬂuence of PPARD on LA/LSCC
and improve our understanding of the underlying mechanisms, we conducted a large-scale literature data mining,
based on which we built molecular pathways connecting
PPARD and LA/LSCC. Speciﬁcally, we composed the pathways driven by LA/LSCC inﬂuencing the expression and
activity of PPARD and the pathways driven by PPARD
inﬂuencing the pathological development of LA and LSCC.
The literature data mining was performed within the Pathway Studio (http://www.pathwaystudio.com) environment,
which houses over 24 million PubMed abstracts and over
3.5 million Elsevier and third-party full-text papers. We initially identiﬁed the genes and functional classes that are
downstream targets of PPARD and upstream regulators of
LA/LSCC, manually reviewing the references and related

2.4. Pathway Enrichment Analysis for LA/LSCC Regulators
Driven by PPARD. To explore the functional proﬁle of the
PPARD-driven LA/LSCC regulators, we conducted a pathway enrichment analysis (PEA) using Pathway Studio. The
input was the regulatory genes of LA/LSCC driven by
PPARD. The background pathway database was Pathway
Studio and Gene Ontology (GO) terms. These pathways/
GO terms satisfy the false detective ratio analysis ðq =
0:005Þ and also demonstrate an overlap of no less than 5%
criteria.

3. Results
3.1. Expression of PPARD in LA/LSCC Datasets. A total of 20
lung cancer datasets qualiﬁed the inclusion criteria (Table 1).
As shown in Figure 1, our results conﬁrm that PPARD
expression is increased in lung cancer, as its elevated levels
were detected in all 11 LA datasets and seven out of 9 LSCC
cases with log-fold changes 0:37 ± 0:20 and 0:10 ± 0:37 for
LA and LSCC, respectively. Our ﬁndings are consistent with
those reported previously. For the detailed results of the
PPARD expression analysis, please refer to Supplementary
Data (Expression Analysis) (available here).
In LA samples, average levels of PPARD expression were
higher than those observed in LA (p < 0:036), Figure 1(b).
The signiﬁcant outliers of the PPARD expression were from
datasets GSE32036 and GSE6706 which were displaying an
opposite trend, which was driven by multiple outliers.
Due to a lack of relevant clinical information, we cannot
determine the speciﬁc reason for the downregulation of
PPARD expressions in these two datasets. However, we
noted that the sample sources of dataset GSE32036 were
NSCLC/SCLC cell lines using either Illumina HumanWG6 V3 or HumanHT-12 V4. In dataset GSE67061, the PPARD
expression proﬁle was compared between LSCC lung tissue
and normal airway epithelium cells. In comparison, most
of the other datasets were comparing expression proﬁles
acquired from the same source (e.g., disease/normal lung/
bronchus of human). Therefore, we doubt the sample source
could be a possible reason impacting the expression of
PPARD in LSCC that needs further study.
3.2. LA/LSCC-Driven Pathways Regulating PPARD. To better understand the inﬂuence of LA/LSCC on the expression
of PPARD, we conducted another literature-based pathway
analysis, as shown in Figure 2. These pathways showed that
LSCC demonstrated an overwhelming promotion eﬀect on
the expression of PPARD through the regulation of 10 out
of 11 PPARD upstream regulators (highlighted in red in
Figure 2(b). In contrast, LA presented a more complex eﬀect
on PPARD. Speciﬁcally, LA could exert a positive inﬂuence
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Table 1: Key descriptors of 20 LA/LSCC RNA expression datasets selected for this study.

GEO ID
GSE7670
GSE68465
GSE67061
GSE63459
GSE6044
GSE51852
GSE46539
GSE43458
GSE40791
GSE33479
GSE32867
GSE32036
GSE31547
GSE30219
GSE19188
GSE12472
GSE12428
GSE11969
GSE118370
GSE10072

Disease name N controls N cases Sampled population (country) Time factor
LA
LA
LSCC
LA
LSCC
LA
LA
LA
LA
LSCC
LA
LSCC
LA
LSCC
LSCC
LSCC
LSCC
LSCC
LA
LA

28
4
8
32
5
4
92
30
90
27
58
59
20
14
65
28
28
5
6
49

27
443
69
33
14
49
92
80
94
14
58
12
30
61
27
35
34
35
6
58

Taiwan
USA
China
USA
Germany
Japan
Taiwan
USA
USA
USA
USA
USA
USA
France
Netherlands
Netherlands
Netherlands
Japan
China
USA

13
5
3
5
13
6
4
7
7
5
8
7
9
5
9
10
11
10
1
12

Sample source
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung
LSCC/normal airway epithelium cells
Adenocarcinoma/normal lung
LSCC/normal lung
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung
LSCC/normal bronchus
Adenocarcinoma/normal lung
NSCLC/SCLC cell lines
Adenocarcinoma/normal lung
LSCC/normal lung
LSCC/normal lung
COPD bronchus/LSCC lung
Normal bronchial/LSCC lung
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung
Adenocarcinoma/normal lung

Note: “time factor” refers to the age of the dataset, which is deﬁned by the current year–the publication year of the dataset.

on PPARD through 38 out of 49 PPARD upstream regulators, while LA may also inhibit PPARD through the regulation of 11 molecules.
3.3. MLR Results. Figure 1 presents the expression of PPARD
variables among diﬀerent studies. MLR results showed that
the population region (country) of the samples could be a
signiﬁcant inﬂuential factor. In contrast, the sample size or
the date of the sample proﬁle collection has no signiﬁcant
eﬀect (Table 2).
3.4. PPARD-Driven Pathways Aﬀecting LA/LSCC. As shown
in Figure 3, PPARD modulates multiple regulators of LA
and LSCC to exert inﬂuence on the etiology and development of LA and LSCC. Speciﬁcally, PPARD inhibits seven
LSCC promoters (THBS1, NOS2, TNF, ANG, MAPK8,
MAPK9, and TGFBR family) and seven LA promoters
(MYC, IL1B, TNF, KDR, MMP9, MMP2, and CDK1). In
addition, PPARD activates one LSCC inhibitor (YAP1) and
one LA inhibitor (TP53). PPARD drove these molecules to
inhibit the pathological development and progression of
LA/LSCC. These entities are highlighted in green in Figure 3.
Several LA/LSCC promoters that could be activated by
PPARD were identiﬁed, including SIRT1, SOD1, LPCAT1,
TWIST1, TGFB1, and SOD2 for LA and BCL2L1 for LSCC.
Activation of these promoters could cause adverse eﬀects
that PPARD could exert on LA/LSCC. These molecules are
highlighted in red in Figure 3. As a side note, PPARD drove
diﬀerent groups of regulators to inﬂuence LA and LSCC,
with only one joint promoter (TNF).

3.5. PEA Results for LA/LSCC Regulators Driven by PPARD.
To explore the functional proﬁle of the PPARD-driven molecules that inﬂuence LA/LSCC, we performed three PEAS
and presented the results in Figure 4. Detailed information
of all the PEA results is provided in Supplementary Data:
PEA4LA_Good, PEA4LA_Bad, and PEA4LSCC_Good,
respectively (available here).
In Figure 4(a), we presented the top pathways/GO terms
enriched by the molecules driven by PPARD (Figure 3(a)) to
inhibit LA. Interestingly, besides the glial cell proliferation
pathway, we also identiﬁed multiple vitamin D biosynthetic
processes and regulation of calcidiol 1-monooxygenase
activity-related pathways. A previous study showed that
glial cell proliferation could promote the tumor cell
growth of LA [11]. Moreover, vitamin D supplementation
has been suggested as an approach to prevent lung cancer
progression [12]. Regulation of these pathways may be
part of the mechanism that PPARD may help to inhibit
the progress of LA. In Figure 4(b), we presented the top
pathways/GO terms enriched by the molecules driven by
PPARD (Figure 3(a)) that could promote LA. Interestingly, most of these GO terms were related to superoxide,
which is associated with tumor progression and migration
in AFG1-induced LA [13, 14]. In Figure 4(c), we presented
the pathways/GO terms enriched by the PPARDmodulated molecules that inhibit LSCC. The top two
PEA results were related to podosome assembly, which
has been shown to decrease the invasion and migration
capabilities of LA cells [15]. The next two top GO terms
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Figure 1: Expression of PPARD in 11 LA datasets and nine LSCC datasets: (a) bar plot of the expression log-fold change of PPARD; (b)
boxplot of one-way ANOVA results.

were related to the transcription factor catabolic process,
which has been shown to play vital roles in the development of human LA and LSCC [16, 17].

4. Discussion
Previous studies showed that gene PPARD demonstrated
increased expression in patients with lung cancer [5, 8, 9].
However, there is a lack of discussion explaining PPARD
overexpression in the etiology and development of lung cancer. In this study, we ﬁrst explored the expression levels of
PPARD in LA and LSCC, which account for about 70% of
all lung cancer cases [1]; then, we employed a literaturebased pathway analysis to explore the potential role of
PPARD in LA/LSCC. Our results conﬁrmed the overexpres-

sion of PPARD in most LA and LSCC cases. However, pathway analysis showed that the overexpression of PPARD
might play a mixed role in the pathological development
and progress of LA/LSCC.
Expression data analysis showed that PPARD demonstrated increased expression in 18 out of the 20 LA/LSCC
independent datasets (Figure 1), which supported the previous ﬁnding that PPARD was overexpressed in the majority
of lung cancers [5]. The two datasets, both were LSCC studies that presented decreased expression of PPARD, may be
related to the speciﬁc drugs the patients were taking. Specifically, gene expression proﬁles in GSE32036 were collected
from cell lines instead of patient tissues. For patients in
GSE67061, the PPARD expression proﬁle was compared
between LSCC lung tissue and normal airway epithelium
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(a)

(b)

Figure 2: Pathways driven by LA/LSCC inﬂuencing the expression and activity of PPARD: (a) LA-driven pathway; (b) LSCC-driven
pathway.
Table 2: Multiple linear regression analysis of three potential
factors for PPARD expression in LA/LSCC.

Beta
Low limit
Up limit
p value

Sample #

Country

Study age

-1.97E-05
-1.63E-3
1.59E-3
0.51

0.077
-0.01
0.16
0.015

5.10E-4
-0.044
0.044
0.49

cells [18]. However, due to a lack of relevant information,
other factors that inﬂuence the expression of PPARD in
the case of LA/LSCC should be studied. The complexity of
the inﬂuence of LA and LSCC on PPARD was also demon-

strated through the pathways in Figures 2(a) and 2(b),
respectively. The upstream regulators of PPARD could be
promoted or inhibited by LA and LSCC, through which both
a negative and positive inﬂuence on the expression of
PPARD could occur, which may partially explain the
between-dataset expression variation of PPARD.
MLR results showed that the population region (country) of the samples could be a signiﬁcant, inﬂuential factor
(p value = 0.015; see Table 2). The sample size or the date
of the sample proﬁle collection did show a notable inﬂuence
on the PPARD expression among the 20 LA/LSCC datasets.
Moreover, ANOVA results showed that PPARD was more
overexpressed in LA than in LSCC (Figure 1(b)). Even without the inﬂuence of two outliers (GSE32036 and GSE67061),
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(Ligand)
Protein
(Protein Kinase)
Protein
(Transcription factor)
Protein
(Transporter)
Expression
PromoterBinding
Regulation

(a)

(b)

Figure 3: Pathways driven by PPARD inﬂuencing the pathological development of LA and LSCC: (a) pathways connecting PPARD and LA;
(b) pathways connecting PPARD and LSCC.

the overall PPARD expression in LSCC was still lower than
that in LA (LFC = 0:270:17 and 0.370.20 for LSCC and LA,
respectively). This may indicate a more prominent inﬂuence
of PPARD on LA than on LSCC.
As shown in Figure 3, PPARD modulates multiple regulators of LA and LSCC to exert inﬂuence on the etiology and
development of LA and LSCC. Speciﬁcally, PPARD inhibits
seven LSCC promoters (THBS1, NOS2, TNF, ANG,
MAPK8, MAPK9, and TGFBR family) and seven LA promoters (MYC, IL1B, TNF, KDR, MMP9, MMP2, and
CDK1). For instance, THBS1 was found to promote tumorigenesis and invasion in LSCC [19], and macrophage inducible nitric oxide synthase (NOS2) promotes the initiation of
LSCC [20]. Also, TNF has been shown to stimulate both LA
and LSCC cells in mouse models [21]. We presented the
detailed information of other LA/LSCC promoters in Supplementary Data: LSCC_PPARD Pathway and LA_PPARD
Pathway (available here). By inhibiting these LA/LSCC promoters [22–24], the overexpression of PPARD could inhibit
the initiation and progress of lung tumor cells.
In addition, PPARD activates one LSCC inhibitor
(YAP1) and one LA inhibitor (TP53), which may be
another mechanism of how PPARD could inhibit the
pathological development of LA/LSCC. PPARD has also
been shown to interact with YAP1 to promote gastric
tumorigenesis [25], and YAP1 was suggested as a suppresser of LSCC through the reactivation of oxygen species
accumulation [26]. Moreover, PPARD-induced P53 activation [27] has been shown to play a protective role in
human LA [28, 29].
In addition, PPARD could also negatively inﬂuence the
pathological development of LA/LSCC through the upregulation of the promoters of LA/LSCC. As shown in
Figure 3(a), PPARD could activate six LA promoters and
thereby facilitate the initiation and progression of LA. For
example, PPARD agonist has been shown to increase SIRT1
protein levels [30], which is a tumor promoter in LA [31].

Activation of PPARD has also been associated with the
increased expression of both SOD1 and SOD2 [32, 33],
which are linked with tumor progression and migration in
AFG1-induced LA [34]. Moreover, Weeden et al.’s study
showed that it is necessary to inhibit both BCL2L1 and
MCL1 [34] to induce tumor regression in LA sensitive to
FGFR inhibition. However, PPARD has been shown to
increase the expression of BCL2L1 [8], suggesting a
PPARD-LSCC-promoting mechanism. For more of these
vicious roles that PPARD could play in LA/LSCC, please
see Supplementary Data: Ref4_LA_PPARD_Pathway and
Ref4_LSCC_PPARD_Pathway (available here).
To note, PPARD drove diﬀerent groups of regulators to
inﬂuence LA and LSCC, with only one common promoter
(TNF). This ﬁnding indicated that PPARD could exert inﬂuence on LA and LSCC through a diﬀerent mechanism. PEA
results showed that, on the one hand, LA might play a protective role against LA progression through the regulation of
vitamin D biosynthetic process and glial cell proliferation
[11, 12]. On the other hand, PPARD may modulate the
response to oxygen radicals and superoxide to promote the
development of LA [13, 14]. Moreover, PEA results also suggested that the mechanism that PPARD inﬂuences LSCC
might be related to podosome assembly and the transcription factor catabolic process [15–17]. We provided the
details of the pathways in Figure 4 and in Supplementary
Data: PEA4LA_Good, PEA4LA_Bad, and PEA4LSCC_Good
(available here).
Our study guaranteed several future works. First, in
this study, we only used expression array data to study
the expression of PPARD in LA/LSCC. Data of other
modalities, including RNA sequencing data, should be
used to validate this study’s results. Second, besides sample
population region, sample size, and sample proﬁle collection date, more factors inﬂuencing the PPARD expression
(e.g., age and gender) should be tested when data are
available.
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Figure 4: Pathway enriched analysis results: (a) the PEA results for eight PPARD-driven molecules to inhibit LA; (b) the PEA results for six
PPARD-driven molecules to promote LA; (c) the PEA results for PPARD-driven LSCC regulators to inhibit LSCC.
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5. Conclusion
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