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Prostate cancer remains a major public health problem and # second leading cause
of cancer-related deaths in men in the United States. The pment study aims to

understand the molecular pathway(s) of prostate cancer whh is essential for early
detection and treatment. Dorsolateral prostate from 20 wek transgenic adenocarcinoma
of the mouse prostate (TRAMP) mice, which spontaneously delops prostate cancer
and recapitulates human disease and age-matched non-trargenic littermates were
utilized for microarray analysis. Mouse genome network angathway analyses were
mapped to the human genome using the Ingenuity Pathway Anadys (IPA) database for
annotation, visualization, and integrated discovery. Irotal, 136 differentially expressed
genes, including 32 downregulated genes and 104 upregulatg genes were identi ed

in the dorsolateral prostate of TRAMP, compared to non-trasgenic mice. A subset
of differentially expressed genes were validated by qRT-RHT Alignment with human
genome database identi ed 18 different classes of proteinsamong these, 36% were
connected to the nucleic acid binding, including ribosomaproteins, which play important
role in protein synthesis—the most enriched pathway in the deslopment of prostate

cancer. Furthermore, the results suggest deregulation ofignaling molecules (9%) and
enzyme modulators (8%) affect various pathways. An imbalae in other protein classes,
including transporter proteins (7%), hydrolases (6%), aareductases, and cytoskeleton
proteins (5%), contribute to cancer progression. Our studyevaluated the underlying
pathways and its connection to human prostate cancer, whichmay further help assess
the risk of disease development and progression and identif potential targets for
therapeutic intervention.
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INTRODUCTION conditional knockouts of multiple genes including the NKX3.1
(Kim et al., 200§, p27/Kipl knockout Gao et al., 2004and
Prostate cancer is the second leading cause of canceedelathe p53 and retinoblastoma (Rb) double knockout mougequ
deaths in men in the United StatesCionin et al., 2018; et al., 200f which correlate with possible similar alterations in
Negoita et al., 20)8According to an estimate by the American hyman prostate cancer.
Cancer Society, 164,690 new cases of prostate cancer were The transgenic adenocarcinoma of the mouse prostate
diagnosed and 29,430 deaths occurred from the disease in tbﬂQAMP) has been established as an excellent mouse model
year 2018 (www.cancer.org). Prostate cancer is charzeteby of prostate cancer Greenberg et al., 1995; Gingrich et al.,
the accumulation of epigenetic and genetic eve@itss| Tandefelt 1999. Male TRAMP mouse develops progressive, multifocal
et al., 201)jtand is majorly a ected by diet and lifestyle factors and heterogeneous disease, which emulates histologichl an
(Nelson et al., 2007; Barbieri and Tomlins, 2014; Discdcciafolecular features of human prostate candéxiglan-Lefko et al.,
and Wolk, 2014; Gandhi et al., 20Q1Bespite the existence of 2003. TRAMP mice express the large T-antigen from Simian
screening and preventive strategies, prostate cancer renaain virus 40 downstream of the minimal 426 toC 28 bp regulatory
major public health problem. Thus, understanding the molecul element of the androgen-responsive pabbasin(Pb-Tag) gene
pathways of prOState cancer is essential for early detectiqﬂ'omoter. Upon sexual maturity (12 Weeks) male hemizygous
and treatment. TRAMP mice abrogate tumor suppressor activity of p53 and Rb
Elucidation of molecular pathways leading to prostate cancegroteins through the simian virus 40 Tag. The loss of funcsibn
development and progression is di cult to attain in patients, p53 and Rb predisposes epithelial cells to increase survival and
as these studies may require decades of observation. Sugiliferation signals, leading to molecular abnormalitierstial
studies are also hindered by the need for obtaining repeajevelopment and progression of prostate cancer in TRAMP mice
biopsies from the patients under surveillance. Consequeitty  js androgen-dependent and is exceedingly reproducible. TRAMP
advantageous to evaluate molecular pathways of prostateicangnice exhibit low-grade prostatic intraepithelial neoplasiaNJpPI
development and progression in animal models that recapitulatgy 6 weeks, progressing to high-grade (HG)-PIN by 12 weeks.
human disease. To date, numerous mouse models are develogastal adenocarcinoma is observed between 12 and 18 weeks,
that have advanced the area of prostate cancer research. Sofigh subsequent progression to moderate/poorly di erentihte
established animal models include tumor suppressor knockoWarcinoma within 24 weeks. Hundred percent of TRAMP mice,
PTEN mouse (Vang et al., 2003 gain of function model such py 28 weeks, harbor metastatic prostate cancer in liver, lymph
as the c-myc mouseE(lwood-Yen et al., 2003and various nodes, lungs, and occasionally in bone without any treatmen
(Kaplan-Lefko et al., 2003; Berman-Booty et al., 20IRAMP
Abbreviations: AHR, Aryl hydrocarbon receptor; AHRN, Aryl hydroca_rbon mice has been extensively studied to understand the genetic
scntor st st ALOW, Al deythogenaces BhAin__aind epigenetc altraton, eucicating the role of varioesis
dierentially expressed genes; DIM1, dimethyladenosine transteradike; ~and pathways relevant for human prostate cancer development
elF2, Eukaryotic Initiation Factor 2; FOXO, Forkhead box prot@n GCR, and progression Kaplan-Lefko et al., 2003; Shukla et al,
Glucocorticoid receptor; Gsk3, Glycogen Synthase Kinase 3; GNBnitGe 2007, 2013; Berman-Booty et al., pre and others have
"”f'fmiqe'eb"égm?;l&ﬁﬁ?fé ?rgri}ezszmgg‘ S;‘E;:Sriria“?m:ﬁ%’;fe elucidated some of the known pathways that include the PI3K-
ESI%S?{M, his’tone h4; HIF-1, hypoxia-iynduciyblg factor 1;W|-YISP,ahehock Akt, A”droge” Receptor, NKkB, FO.XOSA' IGF_grOWth axis,
protein; HSPA5, Heat Shock Protein member 5; IFIT1, Interferon-wetl Whnt signaling pathways perturbed in the prostate of TRAMP
protein with tetratricopeptide repeats 1; IGF, insulin-like growthttac IL-  mice (Shukla et al., 2004, 2007, 2009, 2016; Liao et al., 2005;
1R, interleukin 1 receptor antagonist; IL6, interleukin 6; iINO&jucible NO Yang et al., 2006In previous years, microarray studies assessing
synthase; IPA, Ingenuity Pathway Analysis; IRAK4, interleulti receptor the transcriptome and proteome were performed and the data

associated kinase 4; JAK, Janus kinase; KLF4, kruppel-liker fact&KRT, . . .
Keratins; LBP, lipopolysaccharide binding protein; MAP3K12, Metog\ctivated was associated with prostate candkzlo(genbesser etal.,, 2007;

Protein Kinase Kinase Kinase 12; MAPK, mitogen activated protenase; Haram et al., 2008; Zhang et al., 2D1A microarray study
MPO, myeloperoxidase; MRPL34, mitochondrial ribosomal protein L34 M performed on TRAMP mouse prostate mimicking advance-stage
ATP, Mitochondrially Encoded ATP Synthase Membrane; MT-CO, Ctome C  dijsease revealed a subset of genes with concordant expressio

Oxidase; MT-ND4, NADH-dehydrogenase subunit 4; mTOR, mammal@get ;656 and human prostate cancer having marked di erence
of rapamycin; Naca, nascent polypeptide-associated complex alpha poligepti .

NF-kB, Nuclear Factor-KappaB; NO, nitric oxide; PANTHER, Protein Asily in the expression of genes regUIatmg metastases and cedl CyCI
through evolutionary relationships; Pb-Tag, probasin-Tag; PI3togphoinositide ~ progression laram et al., 2008 Simultaneously proteome
3-kinase; PIN, prostatic intraepithelial neoplasia; PPI, Promitein interaction;  changes have been demonstrated in lobe-speci ¢ manner in
PTEN, Phosphatase and tensin homolog; PTGS2, ProstaglandinyatHase 2; TRAMP mice Connecting to di erent pathway networth(ang

gRT-PCR, quantitative real-time polymerase chain reaction; Rin&t#astoma; .
Rnr, U3B small nuclear RNA 1; RPL22, ribosomal protein L22; SOCS, ssppres etal, 201)]‘ However, functional dependency among pathways

of cytokine signaling; Sostdcl, sclerostin domain containin@dl, speci city has not been elucidated.

protein 1; SPRR1b, small proline-rich protein 1B; STAT3, Signal traresdand In the present study, gene expression pro ling was assessed
activator of transcription 3; TgM4, transglutaminase 4; TLR, Taklreceptors; using A ymetrix (Santa Clara, CA) Gene Chip Mouse Expression
TNFSF10, Tumor Necrosis Factor Superfamily member 10; TRAMP, teaisg  gat 430 array representing34,000 genes in the dorsolateral

adenocarcinoma of the mouse prostate; UBE, ubiquitin conjugagnzyme; :
UBE2EZ2, Ubiquitin-conjugating enzyme E2 E2; VDACS3, voltagpeshdent anion prostate of 20 week old TRAMP mice and age matched non

channel 3; VHL, von Hippel-Lindau; WNT, Wingless-Type MMTV Integaat ~ transgenic littermates. Identi cation of di erentially expssed
Site Family; WNT9A, Wnt family member 9A. genes (DEGSs), gene ontology (GO) and Ingenuity Pathway
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analysis (IPA) analyses were performed on mouse and humagiands only (no identi able tumor deposits) according to the
genomes. Protein-protein interaction (PPI) networks andsu grading system previously described for TRAMP migey{lan-
networks were also constructed and overlapped with cancer toefko et al., 2003; Berman-Booty et al., 2012

identify key target genes and major pathways involved in huma

prostate cancer. Using the aforementioned bioinformatic)RNA Isolation

methods, modi cation of gene expression in prostate cances walotal RNA was extracted from frozen mouse prostate tissue
analyzed by identifying signi cant DEGs and pathways, whictspecimen isolated by TRIzol (Invitrogen Corporation). Brige y
may provide a novel insight in identifying potential targets f tissue was placed in cold TRIzol @) and immediately

prevention and/or treatment of prostate cancer. homogenized using a TissueLyser (Qiagen, Valencia, CA). The
protocol for TRIzol isolation was then followed as per vendor's

MATERIALS AND METHODS instructions. The quantity of RNA was assessed by NanoDrop
ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE).

Animals RNA quality control (QC) was evaluated with Agilents RNA

Male and female heterozygous C57BL/TGN TRAMP mice, Lin@100 Bio-analyzer with 28S/18S ratio and RIN determined by
PB Tag 8247NG were purchased as breeding pairs from T00 Expert Software (Santa Clara, CA). The nal RNA samples
Jackson Laboratory (Ann Arbor, MI). The animals were bredselected passed the RIN number 7 or above and dorsolateral
and maintained at the AAALAC-accredited Animal Resourceprostates from 3 non-transgenic and 4 TRAMP mice were used
Facility of Case Western Reserve University. Housing and cass biological and technical replicates for microarray expentn

of animals was in accordance with the guidelines estaldishe

by the University's Animal Research Committee and with thdVlicroarray and Data Analysis

NIH Guidelines for the Care and Use of Laboratory Animals.For microarray experiment, 250 ng of total RNA was ampli ed
Transgenic males for these studies were routinely obtainedsing Ambion's Message Amp Il aRNA Ampli cation Kit. Biotin-
as [TRAMP x C57BL/6]F1 or as [TRAMP x C57BL/6]F2UTP was incorporated during the overnigimtvitro transcription

o spring. ldentity of transgenic mice was established by PCRstep as per the manufacturer's protocol. Gene expression was
based DNA screening as previously describ&dita et al., assessed using A ymetrixs Gene-Chip Mouse Genome 430
2000. All experimental protocols were approved by the Casarrays (Chip# 4059997) representing34,000 mouse genes.
Western Reserve University Institutional Animal Care and Usél5 mg of cRNA was fragmented and hybridized to arrays

Committee (IACUC #2013-0093). according to the manufacturer's protocol. Arrays were s&thn
_ _ with the GeneChip Scanner 3000 and GeneChip Operating
Tissue Processing Software acquired raw uorescence signal. Scanned arrages

Twenty week old TRAMP mice and non-transgenic litermatesvere analyzed by dChip as previously describedrém et al.,
were euthanized, tissues were harvested in an RNase-fr2@09. The TRAMP microarray dataset was submitted to public
manner. Incisions were made in the anterior abdomen withrepository GEO with accession number GSE119205.
RNase-Zap (Ambion, Austin, TX) treated forceps and scissors.
The vas deferens, ureters, and any connective tissue vigpedl Gene Ontology Analysis
away from the genitourinary (GU) complex. The entire GUGene ontology (GO) analysis was conducted on di erentially
complex consisting of the bladder, seminal vesicles and thexpressed transcripts in TRAMP mice compared with non-
prostate along with the urethra was removed from the abdominaransgenic littermates using the PANTHER (Protein Analysis
cavity and placed in cold RNase-free PBS (Ambion) in arthrough evolutionary relationships) database which is a part
RNase-Zap treated petri-dish and micro-dissected to extise t of GO designed to classify proteins, and their genes for high-
dorsolateral prostate, either snap frozen in liquid nitragend  throughput analysis to access relational database for fomati
stored at 80 C until RNA isolation or used immediately for annotations. The PANTHER database was used to identifyreithe
RNA isolation. Small sections of the prostates from TRAMRPprotein classes or GO annotations overrepresented in our data
mice and non-transgenic littermates were preserved in budere compared to a reference mouse and human genome database
formalin. Samples were stained with hematoxylin and eosin foseparatelyP-values were adjusted using a Bonferroni correction.
histological analysis.

Ingenuity Pathway Analysis (IPA)
Histology of TRAMP Mouse Prostate The microarray dataset which includes log2 fold changes and
Histological sections of the prostate were reviewed by lighdi erential regulation status for each identi ed transcriptas
microscopy for the presence/absence of prostate cancer ethssi uploaded into Ingenuity Pathway Analysis (IPA) using the
as PIN (epithelial strati cation with occasional mitotic i ges core analysis platform (Qiagen, Ingenuity Systems, Redwood
or cribriform pattern); well-di erentiated (multiple epithédl City, CA). The dierentially expressed microarray data of
mitotic gures and apoptotic bodies, invasive glands withTRAMP mice was matched with those in Ingenuity knowledge
stromal hypercellularity), moderately-di erentiated (mamcini  human database and also with IPA mouse database separately.
completely lled with tumor yet still forming some glandular A comparison spreadsheet was constructed on the basis of
structures), or poorly-di erentiated (sheets of malignardlls sequence identity. Molecular networks were created, tha dat
with little or no glandular formation) prostate cancer; oraphic  divided into biological functions that were overrepresented
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in the dataset, and overrepresented canonical pathway@uantitative Real-Time gRT-PCR Validation
unmapped RNA were excluded from further analysis.To validate the microarray results, real-time PCR was perémm
To evaluate the de nite overrepresented pathway(s), or tdo investigate the di erential expression pattern for a subsiet
remove the chances of any randomness in data with referenselected genes including internal control. Oligo's (Im&tgd
to p-value, another statistical Benjamin-Hochberg (B-H)DNA Technologies) were designed using Primer3 software
parameter was used. The results described are based on BMhitehead Institute of Biomedical Research MIT, Boston,
test data. MA) (Supplemental Table 1. All reactions were performed in
triplicate (three biological and three technical replicatelng
with no template controls. The genes selected for validation
Overlapping Pathways and Network are: ATP synthase 1ATP15l), ADP-ribosylation factor
Analysis GTPase activating protein 2ARFGAP2, dimethyladenosine
Interactive networks, pathways and functions analysis waiansferase 1-likeXIMT1), germ cell-less homolog LGMCLY),
performed on this list of genes using commercial system biologkruppel-like factor 4 KIf4), mitochondrial ribosomal protein
oriented package Ingenuity Pathways Analysis (IPA 5.0) (www-23 (Mrpl23), myeloperoxidase Mpo), nascent polypeptide-
ingenuity.com). Node color indicates upregulated genes)(re associated complex alpha polypeptitka¢d, ribosomal protein
and downregulated genes (green). Edge line and arrow batweb22 (RPL22, sclerostin domain containing 1Spstdcji small
nodes represents direct (solid line) and indirect (dasheed) proline-rich protein 1B SPRR1a Sp140 nuclear body protein
interactions between molecules as supported by IPA knowledd&P14] transglutaminase 4T@M4), and voltage-dependent
database including annotations, synonyms and over miion anion channel 3 YDAC3). Primer design for the genes are
published biological interactions. In case of interactieéworks, shown in Supplemental Table 1 The relative expression of
all the identi ed genes were mapped to genetic networks avgila above genes were compared with the expression of endogenous
in the ingenuity database and were ranked by their individuagenes; GAPDH (NM_008084), andActin (NM_007393) as
score. The activation score was analyzed with IPA softviaee, internal control in the reaction. Five microliters of eachribml
signaling pathways which are activated have a Z scodeand sample were added for a total 28 volume with SYBR green
those which are inhibited scored 2, respectively. The primary (Quanta, USA). The thermal cycler program used started aC48

purpose of the activation z-score is to infer the activatiomtes ~ for 30 min to generate cDNA. The program then proceeded with
of predicted transcriptional regulators. 95 C for 15 min for initial denaturing, followed by 40 cycles of

Nn-trans genic 20 wek ’

FIGURE 1 | Histology of dorsolateral prostate of TRAMP mice and non-énsgenic littermates. Representative staining image ofdtopathology of 20 week old
TRAMP mice and non-transgenic littermate. A typical dorsateral prostate from a non-transgenic mouse exhibited acirwith abundant eosinophilic intraluminal
secretions. TRAMP mouse exhibited adenocarcinoma with egnsive epithelial strati cation, crowded cribriform strutures accompanied with marked thickening,
remodeling and hypercellularity of the bromuscular stroma(Magni cation x20 and x40).
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95 C for 15 sec, 6@ for 40 sec, and 7Z for 35s to collect transcript showed increased expression in the dataset aldthg w
cycle threshold (Ct) values. Following PCR, the samples thesome additional genes. The expression of other di erentially
processed through the dissociation thermal pro le on the ABlexpressed genes are showTable 1

Prism 7500 Sequence detection system (Applied Biosystems) to . )

obtain a dissociation curve for each sample. Expression valu¥alidation of Microarray Data

of each gene were normalized to the expressiorGaPDH  Using qRT-PCR

and Actin of a given sample. From multiple reference genen order to con rm ndings of the microarray data, we selecta

the geometric mean (GM) was calculated and used to evaluageibset of 14 genes which are di erentially regulated in TRAMP
the expression ratio and normalize the data. The data wasice compared with non-transgenic littermates. These genes
randomized with itineration value of 2000. Thela- Ct method  were evaluated by qRT-PCR. Among the di erentially expressed

was used to calculate relative expression of each gene. genes, the relative percentage expression of 8 genes, mgludi
ATP5L ARFGAP2DIMT1, GMCL1 MRPL34 RPL22, SP140

RESULTS and VDAC3 were signi cantly upregulated in the dorsolateral
prostate of TRAMP mice by 80-100%. In contrast, the expression

Histology of TRAMP Mouse Prostate of 5 genes vizKLF4 MPO, SOStdc1SPRR1A and TGM4

TRAMP mice is extensively used to discover the roles played lwere signi cantly downregulated in the dorsolateral prostabf
speci ¢ pathways, transcription factors, or metabolic pathsvay TRAMP mice atp < 0.01. However, the expression NACA

in prostate cancer progressionviprgenbesser et al., 2007; gene remained unaltered in both non-transgenic and TRAMP
Haram et al., 2008; Zhang et al.,, 2011; Li et al., 2018mice Figure 2.

Hundred percent of TRAMP mice develop prostate cancer that ) ) )

progresses to poorly di erentiated disease if left untreafe Protein Classi cation

histologic ndings and pathological grading in TRAMP mice All di erentially expressed genes in TRAMP mica D 136),

has been previously documentedaplan-Lefko et al., 2003; were aligned with human genome database using PANTHER
Berman-Booty et al., 20).2Typically, 20 week dorsolateral which identied 18 dierent classes of matched proteins.
prostate of TRAMP mouse consists of poorly di erentiatedThe extracellular matrix protein identied in TRAMP mice
PIN characterized by profound cribriform structures anddid not match with the human genome databasEalfle 2).
numerous apoptotic bodies, invasive glands accompanied Wyajority of the matched proteins with human database were
marked thickening, remodeling, and hypercellularity of thenucleic acid binding proteins (36%), including ribosomal
bromuscular stroma. Malignant lesions were detected inproteins (small and large), and 9% were classi ed as signaling
40-50% abundance in the dorsolateral prostates of TRAMPoOlecules and 8% as enzyme modulators. Other protein
mouse consisting of well-di erentiated adenocarcinoma—-30 classes identied were transporter proteins (7%), hydrolases
40%), along with moderately-di erentiated cancer (5-10%)6%), oxidoreductases and cytoskeleton proteins (5%). Less
and, infrequently, poorly-di erentiated adenocarcinomal%). than 5% proteins were characterized as being calcium binding
Approximately 40-50% of the prostate was non-cancerous argroteins, defense/immunity proteins, transfer/carrier piatg

did not exhibit detectable cancer lesions. Histologic eatibn  transmembrane receptor/adaptor proteins, transcription festo

of the dorsolateral prostate from age-matched non-tranggen membrane tra ¢ proteins, structural proteins, receptors, ligs,
littermate demonstrated acini with abundant eosinophilicand chaperon proteinsjgure 3).

intraluminal secretions. The acini are lined by a layer oflwe . .

organized columnar secretory epithelium possessing rourtti ancanon!cal Pathway Analysis and Z Score
inconspicuous nuclei. A single layer of thin, at basal epiie Activation

cells with elongated nuclei typically surrounds the columnaAnalysis performed using IPA 5.0 (human database) revealed
epithelium, and a bromuscular stroma containing three to pathways that were signicantly overexpressed in TRAMP
four cell layers of stratied smooth muscle surrounding theprostate and demonstrate similarity to human prostate cancer.

acinus Figure 1). Twelve pathways common in both human and mouse database
_ _ were identied and ranked with their respective [-log B-H
Microarray AnaIyS|s p-value]: (i) Aryl hydrocarbon receptor (AHR) signaling, (ii)

Pairwise statistical analysis of microarray data of 20 weeBone metamorphosis signaling, (iii) Wnt/GSK>-8ignaling, (iv)
old TRAMP mice and age-matched non-transgenic littermates§slucocorticoid receptor signaling, (v) Immune cell signglin
revealed di erentially expressed genes which were upregllatévi) Gas signaling, (vii) iINOS signaling, (viii) Hypoxia sajing,
/downregulated with 1.5 fold cut-o . Out of 35,558 transcigpt (ix) Wnt/b-catenin signaling, (x) Cancer metastasis signaling
136 transcripts passed the stringent criteria cut-o of 1.5-(xi) p38MAPK signaling, and (xii) Oxidative phosphorylation
fold dierential expression; more precisely, 104 transcriptgFigure 4left panel). The activation score (Z) was analyzed with
exhibited increased and 32 demonstrated decreased exgressilPA software and with reference to the score it was presumat th
Among them, Transglutaminase 4 (TGM4) expression waall 12 overrepresented pathways were either inhibited (dar&)b
markedly decreased (log2.9) whereas signi cant increase in or under the state of inhibition (light blue)Higure 4-right panel).
the expression (log2 1.12) of ribosomal protein L22 (RPL22AIl 12 overrepresented pathways were overlaid with cancelr, an
was noted. More interestingly, the expression of majority 0§ RPthe molecules associated with malignancy were shown in pink
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TABLE 1 | Detailed list of gene sets signi cantly enriched in microaay gene expression.

Gene name Non-transgenic mice (log ) TRAMP mice (log ) TRAMP vs. Non-transgenic log , fold change Differential regulation status
TGM4 8.067576 6.095323 1.972253 DOWNREG IN TRAMP
SOSTDC1 6.28833 5.377198 0.911132 DOWNREG IN TRAMP
MPO 6.261636 5.35168 0.909956 DOWNREG IN TRAMP
SPRR1A 7.303926 6.450634 0.853292 DOWNREG IN TRAMP
KLF4 5.972053 5.12466 0.847393 DOWNREG IN TRAMP
RNU3B1 8.152078 7.359946 0.792132 DOWNREG IN TRAMP
RNU3B3 8.152078 7.359946 0.792132 DOWNREG IN TRAMP
RNU3B4 8.152078 7.359946 0.792132 DOWNREG IN TRAMP
MT-ATP6 11.152495 10.3733 0.779195 DOWNREG IN TRAMP
MT-ATP8 11.152495 10.3733 0.779195 DOWNREG IN TRAMP
TMEM170A 7.168522 6.393305 0.775217 DOWNREG IN TRAMP
LYNX1 6.509217 5.743623 0.765594 DOWNREG IN TRAMP
IFNL3 7.614195 6.864119 0.750076 DOWNREG IN TRAMP
PPP1R3G 6.619849 5.871467 0.748382 DOWNREG IN TRAMP
GPR15 6.228328 5.501892 0.726436 DOWNREG IN TRAMP
UGT2A3 4.911755 4.199168 0.712587 DOWNREG IN TRAMP
MED13L 6.879517 6.175366 0.704151 DOWNREG IN TRAMP
DNAJC10 5.724132 5.050291 0.673841 DOWNREG IN TRAMP
NPY 7.177505 6.52748 0.650025 DOWNREG IN TRAMP
XIST 4.846425 4.21413 0.632295 DOWNREG IN TRAMP
LST1 6.934321 6.30468 0.629641 DOWNREG IN TRAMP
WNT9A 6.878282 6.249191 0.629091 DOWNREG IN TRAMP
LRRN3 5.589029 4.959979 0.62905 DOWNREG IN TRAMP
GPR45 5.821262 5.199841 0.621421 DOWNREG IN TRAMP
IFIT1 5.804034 5.18294 0.621094 DOWNREG IN TRAMP
YWHAQ 5.732451 5.121101 0.61135 DOWNREG IN TRAMP
KIR3DL1 5.551242 4.945612 0.60563 DOWNREG IN TRAMP
EPPIN 6.819009 6.216168 0.602841 DOWNREG IN TRAMP
CRLF1 6.024841 5.423862 0.600979 DOWNREG IN TRAMP
MAL2 5.271787 4.675268 0.596519 DOWNREG IN TRAMP
MAP3K15 5.447115 4.854145 0.59297 DOWNREG IN TRAMP
H1FX 6.468248 5.876241 0.592007 DOWNREG IN TRAMP
TOX4 3.892922 4.479661 0.586739 UPREG IN TRAMP
RPL38 6.60822475 7.19496625 0.5867415 UPREG IN TRAMP
LSM12 6.117599 6.705587 0.587988 UPREG IN TRAMP
RPL5 6.2154714 6.8039176 0.5884462 UPREG IN TRAMP
HAX1 6.001432 6.590249 0.588817 UPREG IN TRAMP
ALPI 5.728489 6.318577 0.590088 UPREG IN TRAMP
TCTE3 6.1099925 6.7001345 0.590142 UPREG IN TRAMP
RPL7 6.5213525 7.11150425 0.59015175 UPREG IN TRAMP
MRTO4 6.06266 6.6569265 0.5942665 UPREG IN TRAMP
HDAC1 7.1222465 7.7184935 0.596247 UPREG IN TRAMP
UBE2H 5.400706 5.9973295 0.5966235 UPREG IN TRAMP
KRT26 4.576418 5.173867 0.597449 UPREG IN TRAMP
TNFSF10 4.968375 5.566245 0.59787 UPREG IN TRAMP
DPPA2 5.2919825 5.8913585 0.599376 UPREG IN TRAMP
PNLDC1 5.567492 6.168421 0.600929 UPREG IN TRAMP
MRPS11 5.715828 6.317477 0.601649 UPREG IN TRAMP
PFDN6 5.868045 6.472116 0.604071 UPREG IN TRAMP
STOML2 5.471422 6.076051 0.604629 UPREG IN TRAMP
(Continued)
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TABLE 1 | Continued

Gene name Non-transgenic mice (log ) TRAMP mice (log ) TRAMP vs. Non-transgenic log , fold change Differential regulation status
VDAC1 4.739057 5.344863 0.605806 UPREG IN TRAMP
RPS8 8.219871929 8.829568 0.609696071 UPREG IN TRAMP
TDGF1 6.079579 6.690292 0.610713 UPREG IN TRAMP
UBE2E2 5.919762 6.531531 0.611769 UPREG IN TRAMP
GKAP1 4.673868 5.286005 0.612137 UPREG IN TRAMP
RPL10A 6.271725333 6.884766333 0.613041 UPREG IN TRAMP
RPS15 6.904076667 7.518351667 0.614275 UPREG IN TRAMP
UMOD 5.965413 6.58144 0.616027 UPREG IN TRAMP
RPL9 7.8632155 8.47986875 0.61665325 UPREG IN TRAMP
RPL30 7.4728119 8.0894858 0.6166739 UPREG IN TRAMP
NPNT 5.948929 6.566422 0.617493 UPREG IN TRAMP
NR1I2 5.126106 5.744132 0.618026 UPREG IN TRAMP
KRTAP16-1 4.635846 5.256192 0.620346 UPREG IN TRAMP
H3F3A 6.632576333 7.259209167 0.626632833 UPREG IN TRAMP
H3F3B 6.632576333 7.259209167 0.626632833 UPREG IN TRAMP
MRPL34 5.782111 6.409365 0.627254 UPREG IN TRAMP
CSEILL 5.137071 5.76598 0.628909 UPREG IN TRAMP
ST6GALNACL1 6.264418 6.896253 0.631835 UPREG IN TRAMP
UBE2Q2 4.944425 5.578387 0.633962 UPREG IN TRAMP
RPS17 6.891415333 7.531757333 0.640342 UPREG IN TRAMP
RPL35 7.432499 8.07315375 0.64065475 UPREG IN TRAMP
GMCL1 4.814764 5.463716 0.648952 UPREG IN TRAMP
NIP7 4.865122 5.516629 0.651507 UPREG IN TRAMP
MSL2 6.330507 6.982406 0.651899 UPREG IN TRAMP
EIF4A1 6.357854333 7.015451 0.657596667 UPREG IN TRAMP
LASP1 6.2246 6.885856 0.661256 UPREG IN TRAMP
LUZP4 5.420406273 6.082919364 0.662513091 UPREG IN TRAMP
EIF1AD 5.398592 6.061553 0.662961 UPREG IN TRAMP
TUBB3 5.118307 5.782439 0.664132 UPREG IN TRAMP
RPL34 6.812256125 7.48376675 0.671510625 UPREG IN TRAMP
RPL17 8.6381411 9.3102862 0.6721451 UPREG IN TRAMP
RPL23 8.6381411 9.3102862 0.6721451 UPREG IN TRAMP
RPL28 7.3877255 8.060629 0.6729035 UPREG IN TRAMP
KIR3DL2 4.490148 5.163333 0.673185 UPREG IN TRAMP
LMO2 6.194375 6.867663 0.673288 UPREG IN TRAMP
NA 8.854485667 9.528207 0.673721333 UPREG IN TRAMP
AOC3 4.851769 5.52668 0.674911 UPREG IN TRAMP
H2AFZ 5.7490965 6.4253375 0.676241 UPREG IN TRAMP
RPL37 6.697474 7.3776735 0.6801995 UPREG IN TRAMP
TMSB10 6.4661765 7.1498185 0.683642 UPREG IN TRAMP
AMY2A 5.5242838 6.2095316 0.6852478 UPREG IN TRAMP
AMY2B 5.5242838 6.2095316 0.6852478 UPREG IN TRAMP
PPIA 7.218713167 7.904503667 0.6857905 UPREG IN TRAMP
PPIH 7.96199975 8.650384 0.68838425 UPREG IN TRAMP
BEGAIN 5.547309 6.236008 0.688699 UPREG IN TRAMP
NT5C3A 5.18496 5.88516 0.7002 UPREG IN TRAMP
RPS28 7.77441325 8.480784583 0.706371333 UPREG IN TRAMP
RPL27 7.019244167 7.728438 0.709193833 UPREG IN TRAMP
IL24 5.822699 6.533534 0.710835 UPREG IN TRAMP
COPS9 5.550281 6.267586 0.717305 UPREG IN TRAMP
(Continued)
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TABLE 1 | Continued

Gene name Non-transgenic mice (log ) TRAMP mice (log ) TRAMP vs. Non-transgenic log , fold change Differential regulation status
NEK2 5.869081 6.58744 0.718359 UPREG IN TRAMP
SOCS2 5.472304 6.193221 0.720917 UPREG IN TRAMP
UBL5 5.35799 6.081819 0.723829 UPREG IN TRAMP
UBE2D3 6.4919555 7.218215 0.7262595 UPREG IN TRAMP
VHL 5.126836 5.855295 0.728459 UPREG IN TRAMP
RPL23A 7.075150533 7.805176367 0.730025833 UPREG IN TRAMP
AICDA 4.75671 5.493925 0.737215 UPREG IN TRAMP
LDHA 6.949646 7.687545 0.737899 UPREG IN TRAMP
CNEP1R1 5.093965 5.834359 0.740394 UPREG IN TRAMP
RPL29 9.731314667 10.47313587 0.7418212 UPREG IN TRAMP
SPCS1 6.360776 7.105179 0.744403 UPREG IN TRAMP
RPL41 9.0427918 9.7879746 0.7451828 UPREG IN TRAMP
SP110 7.431632667 8.17828 0.746647333 UPREG IN TRAMP
PMP22 7.431632667 8.17828 0.746647333 UPREG IN TRAMP
ARCN1 5.1359 5.882582 0.746682 UPREG IN TRAMP
UQCRB 5.850610667 6.602469667 0.751859 UPREG IN TRAMP
SLC25A19 6.694142722 7.446046167 0.751903444 UPREG IN TRAN®
UBE2N 4.750683 5.50388 0.753197 UPREG IN TRAMP
SNRPE 5.56195 6.319007 0.757057 UPREG IN TRAMP
ACKR1 5.301382 6.059632 0.75825 UPREG IN TRAMP
RPL21 8.995938667 9.774761333 0.778822667 UPREG IN TRAMP
LEFTY2 4.06356 4.843924 0.780364 UPREG IN TRAMP
RPL31 6.676469667 7.475938333 0.799468667 UPREG IN TRAMP
RPL35A 7.471309667 8.272641333 0.801331667 UPREG IN TRAMP
RPL7A 8.902748222 9.712848259 0.810100037 UPREG IN TRAMP
RPL39 5.712307 6.524483 0.812176 UPREG IN TRAMP
NACA 6.618499 7.4467945 0.8282955 UPREG IN TRAMP
SP140 7.564562 8.408509 0.843947 UPREG IN TRAMP
MRPL23 5.8653735 6.718201 0.8528275 UPREG IN TRAMP
VDAC3 4.719043333 5.638291667 0.919248333 UPREG IN TRAMP
VDAC1P5 4.719043333 5.638291667 0.919248333 UPREG IN TRAMP
ATP5L 6.3129462 7.2759266 0.9629804 UPREG IN TRAMP
DIMT1 4.137816 5.183852 1.046036 UPREG IN TRAMP
GMCL1P1 6.046781 7.0991925 1.0524115 UPREG IN TRAMP
ARFGAP2 6.024623 7.141176 1.116553 UPREG IN TRAMP
RPL22 5.681224 6.802828 1.121604 UPREG IN TRAMP

circle, and those with upregulation/downregulation is stmiw  using IPA 5.0. The functional relationship of molecularwetks

red/green Supplemental Figures 12). with gene products was based on known connections in
) _ peer-reviewed literature. Analysis identi ed several moles
Interactive Network Analysis involved in binding, activation, inhibition and biologita

Using IPA 5.0, we studied the role of dierentially expressedorocesses during prostate cancer progression. As shown in
genes in TRAMP mice and their interaction in driving prostate Figure 6A, the ubiquitin genes viz. Ubiquitin-conjugating
carcinogenesis by generating networks of interacting gelach enzyme E2 E2 (UBE2E2), and UBE2N were upregulated in
network was ranked on the basis of number of di erentially prostate cancer and linked to hypoxia signalirgigure 6A).
expressed genesable 3 and mapped to the human network in Furthermore, gene expression for ribosomal proteins (RPS)

ingenuity knowledge base and size of the netwdiik(re 5). particularly the small subunits viz. RPS7, RPS8, RPS10, RPS13,
RPS15A, RPS17, RPS20, RPS28, and RPS29 and large subunits

Signaling Pathway and Its Relevance With viz. RPL5, RPL7, RPL9, RPL10A, RPL17, RPL19, RPL22,

Human Prostate Cancer RPL23A, RPL30, RPL31, and RPL38 were upregulated in prostate

To examine the interaction of di erentially regulated tramipts ~ cancer Eigure 64). These ribosomal proteins (small and large)
with overrepresented pathways, we performed network analysge directly associated with Eukaryotic Initiation FactofelF2)
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FIGURE 2 | Transcriptional changes of select number of transcripts iehti ed by microarray in non-transgenic and TRAMP mice and téir validation by gRT-PCR.
Percent change in ATP5L, ARFGAP2, DIMT1, GMCL1, KLF4, MPO, NiR34, NACA, RPL22, SOSTDC1, SP140, SPRR1A, TgM4, and VDAC3:ges are shown.
Values represented in the graph are percentage (%) change tfanscript abundance between TRAMP mice compared with nortransgenic littermates. Error bars are
standard error of percent changes driven from three biologal and technical replicates. The orange color in the graptepresents the expression of genes in TRAMP
mice compared to blue which represent the non-transgenic ntie gene expression. Mean standard error. Studentst-test for independent groups;p < 0.01; (n D 3).

TABLE 2 | Side-by-side comparison of protein class differentially>pressed in TRAMP and its homology to human gene ontology.

S.no Protein class human gene ontology (%) Homology S.no Prote in class mouse gene ontology (%) Homology
1 Nucleic acid binding (PC00171) 36.00% 1 Nucleic acid bindig (PC00171) 36.00
2 Signaling molecule (PC00207) 9.30% 2 Signaling molecul®C00207) 9.30
3 Enzyme modulator (PC00095) 8.10% 3 Enzyme modulator (PCQ®5) 7.00
4 Transporter (PC00227) 7.00% 4 Transporter (PC00227) 5.80
5 Hydrolase (PC00121) 5.80% 5 Hydrolase (PC00121) 5.80
6 Cytoskeletal protein (PC00085) 4.70% 6 Cytoskeletal prein (PC00085) 4.70
7 Oxidoreductase (PC00176) 4.70% 7 Oxidoreductase (PC0016) 4.70
8 Transferase (PC00220) 3.50% 8 Receptor (PC00197) 4.70
9 Defense/immunity protein (PC00090) 3.50% 9 Transferase 00220) 3.50
10 Transcription factor (PC00218) 3.50% 10 Defense/immunjtprotein (PC00090) 3.50
11 Receptor (PC00197) 3.50% 11 Transcription factor (PCO0RB) 3.50
12 Calcium-binding protein (PC00060) 2.30% 12 Calcium-biding protein (PC00060) 2.30
13 Membrane traf ¢ protein (PC00150) 2.30% 13 Membrane traf cprotein (PC00150) 2.30
141 Transmembrane receptor 1.20% 14 Extracellular matrix protein (PC00102) 1.20
regulatory/adaptor protein (PC00226)
15 Ligase (PC00142) 1.20% 15 Transmembrane receptor 1.20
regulatory/adaptor protein (PC00226)
16 Transfer/carrier protein (PC00219) 1.20% 16 Ligase (PC@2) 1.20
17 Chaperone (PC00072) 1.20% 17 Transfer/carrier protein (00219) 1.20
18 Structural protein (PC00211) 1.20% 18 Chaperone (PC00(2) 1.20
19 Structural protein (PC00211) 1.20

Column 14" No match for protein class between mouse and human gene ontology.

signaling and small subunit of ribosomal proteins includingNF-kB complex, p38MAPK and T-cell receptors and indirectly
RPS8, RPS28, RPS17, and RPS15 showed indirect interacégsociated with interferons (IL24), Tumor Necrosis Factor
with Ribonucleotide reductase (Rnr). The Rnr signaling pathwayiigand) superfamily, Member 10 (TNFSF10), TNFSF10, and
regulates dNTP production and in uences DNA replication RPL10A directly linking with histone h4 complex during prostate
delity in majority of eukaryotic cells. Moreover, the von cancer developmenE{gure 6A).

Hippel-Lindau (VHL), classi ed as a tumor suppressor gene, Analysis of downregulated genes revealed that glucocddtico
is directly linked with Rnr and hypoxia signaling. While the receptor signaling is associated with 8 molecules whictudel
Glucocorticoid receptor signaling pathway linked directlitw Heat Shock Protein Family A (Hsp70) Member 5 (HSPAS5),
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FIGURE 3 | PANTHER protein class categories of total DEGs in TRAMP mi@nd non-transgenic littermates. Pie chart of the broad bidlgical functions associated
with differentially expressed proteins in the prostates 6FRAMP mice and non-transgenic littermates. Protein classewere grouped by the protein classi cation tool in
PANTHER and major functions were categorized using human ®e Ontology and PANTHER with detailed category.

Interleukin 6 (IL6), Janus kinase (JAK), Toll-like receptorsand NEK of which all 10 were upregulated in human prostate

(TLRs), inhibitor of NFkB (IKB) and histone h3Kigure 6B).  cancer dataset. Similarly, top 10 genes downregulated AR

Cancer metastasis signaling was linked with JAK kinasenice cross-referenced with human é?®P1R3GPR15GPR45

Wnt family member 9A (WNT9A), IL6, and prostaglandin- TME, TGM4, KLF4 LRRN3 WNT, SPRR1Aand TMEM of

endoperoxide synthase 2 (PTGS2); whereas interleukin vthich 9 out of 10 were downregulated in human prostate cancer

receptor associated kinase 4 (IRAK4), and histone h3 wematasetTable 4. It is highly anticipated that these genes may be

associated with p38MAKP signaling pathway. Transcriptioridenti ed as therapeutic targets for further study using TRAMP

factor Spl and interleukin 6 are directly associated with AHRmodel and its validation in human tissue.

signaling pathway and indirectly linked with suppressor of

cytokine signaling 1 (SOCS1). Five molecules which were

downregulated in prostate cancer viz. interleukin 1 receptoPISCUSSION

associated kinase 4 (IRAK4), JAK kinase, lipopolysaccharide o

binding protein (LBP), Toll-like receptor (TLR), and Interfen- AIthough.research on prostate cancer has_ made signi cant

induced protein with tetratricopeptide repeats 1 (IFIT1) wereProgress in the past decade, the pathogenesis of prostate cancer

associated with iNOS signalinigure 6B). has yet to be fully elucidated due to its complex biological
characteristics and variable heterogeneity. As a redqédtearly

. . detection and treatment of prostate cancer remains a major
CrOSS'Reference Dlﬁeremla”_y E)_(pre_ssed challenge. Therefore, understanding of molecular medrasi
Genes in TRAMP and Its Validation in and its signaling pathways in prostate cancer based on global gen
Human Dataset expression through transcriptomics microarray technologg h
Using three reported dataset from human prostate cancer véeen widely used to trace disease progression and may aid the
human prostate benign tissue microarrayatambally et al., identi cation of key target genes or signaling pathways farly
2005; Arredouani et al., 2009; Meller et al., 20 performed diagnosis, treatment, and prognosis.

an analysis overlaying TRAMP mice with human dataset to We used a similar experimental model and microarray
construct a table with top 10 upregulated/downregulatedegen platform as documented in previous studiésfam et al., 2003

The top 10 genes upregulated in TRAMP mice are TNFSIFowever, previous studies were performed on 30 week old
RPL22, EIF4, SLC2A, LMO2/3, KRT, RPS21, RPS19, RPLZRAMP mice exhibiting poorly-di erentiated cancer mimicking
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FIGURE 4 | Ingenuity pathway analysis of differentially expressed macript in TRAMP mice compared with non-transgenic litterrates. The stacked bar chart
represents the percentage (%) of genes that were upregulate(red), and downregulated (green) and genes not overlappedith TRAMP mouse dataset (white) in each
canonical pathway. The numerical value at the top of each baepresents the total number of genes in the canonical pathwa The secondary y-axis (down) shows the
—log of P-value calculated by the Benjamini-Hochberg (B-H) methodhe B-H method was used to adjust the right-tailed Fisher's gact test P-value, which indicates
the signi cance of each pathway (left panel graph). The rigtpanel graph calculated z-score indicates a pathway with ge@s exhibiting decreased mRNA levels (blue
bars) or under the state of inhibition (light blue bars). Thatio (orange dots connected by a line) indicates the ratiof@enes from the dataset that map to the pathway
divided by the total number of genes that map to the same pathwy.

advance-stage malignancy in humans. In contrast, our stady documented in human prostate cancer. Among these genes,
based on 20 week old TRAMP mice displaying well-di erentiateda majority were categorized as nucleic acid-binding pragtein
cancer emulating early-stage disease. This di erence iraage signaling molecules, transporters, and enzyme modulators.
cancer stage has a signi cant impact in overall implicationThrough the proof-of-principle gRT-PCR studies, we con rmed
on molecular pathways. The signaling pathways identi ed6 of the 14 altered genes matched with human prostate cancer.
in 30 week TRAMP mice using IPA were dierent and These include voltage dependent anion channelV®AC?3
related to genes regulating cell cycle and metastasisa(n  (Asmarinah et al., 2034 Wnt antagonist, SOSTDC1(Tesfay
et al., 2008 whereas our study identied overrepresentedet al., 201} transglutaminase 4TgM4) (Dubbink et al.,
signaling pathways including Aryl hydrocarbon receptor (AHR) 1999; MRPL34 a component of the mitochondrial ribosome
Bone metamorphosis, Wrlifcatenin/GSK-8, Glucocorticoid large subunit Yaldagni et al., 2009 myeloperoxidaseMPO)
receptor, Immune cell, Gas, INOS, Hypoxia, p38MAPK, andRoumeguere et al., 20tand Krippel-like factor 4KLF4), a
Oxidative phosphorylation statistically signi cant at —Id@-  transcription factor with divergent functionsS{u et al., 2012
H p-value) ranging from 5.19 to 3.37igure 4right panel), Of these,VDAC3 and MRPL34were validated as signi cantly
calculated by the Benjamini-Hochberg (B-H) method, ditect upregulated; whereaS8OSTDCIMPO, KLF4 and TgM4 genes
or indirectly linked with prostate cancer in humans. This were con rmed as downregulated in the prostate of TRAMP mice
marks a signicant dierence in the dataset and o ered by gRT-PCRigure 2).
the current research a uniqueness to further strengthen the In order to understand how genes involved in these
bridge in identifying potential target molecules during pra®  essential biological processes interact to drive the makecul
cancer development. signaling through network, we performed IPA 5.0 analysis.
Our microarray data revealed 136 deregulated transcriptShe network based analysis identi ed various protein classes
in the dorsolateral prostate of TRAMP mice, of which 104related to human prostate cancer overlaid with the mouse
transcripts were upregulated, and 32 were downregulatedesorgenome Table 2. We found signi cant overlapped genes in
of which corresponded to altered genes, which were previoustianonical pathways associated in context to human prostate
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TABLE 3 | Genes associated with canonical pathways and network in pretate cancer.

Molecules in canonical pathways Ratio Genes associated wit h canonical pathways

Aryl hydrocarbon receptor signaling 5.19 HSPB3, NFIX, GSTTARNT, GSTZ1, CTSD, HSP90B1, JUN, SP1, NCOA2, ALDH1A3,
MAPK3, NEDD8, TGFB2, AHR, GSTA3, SRC, MGST1, CYP1A1, NFIC, RYGSTM3,
NQO1, APAF1, MAPKS8, ALDH8AL, BAX, NCOA3, ALDH9A1, AHRR, AH2L2,
ALDH1A2, IL1B, ALDH3B1, DCT, ALDH16A1, MCM7

Bone metamorphosis signaling 4.66 BMP15, NFATC3, TAB2, CSKILA1, WNT16, IL18R1, IKBKG, ITGA3, MAPK3, WNT7B,
DKK2, IRS2, GSK3B, NFKBIB, BIRC3, WNT5B, TNFRSF11B, SPP1, WNAITCF3, IL33,
ILIRN, DKK4, ILIRAPL1, TCF4, IL1RL1, BMP3, LRP6, WNT8B, WNT2UN, NFATS5,
AKT3, ALPL, SRC, IFNG, ILIRAPL2, GRB2, WNT2B, ITGA2, MAPKS8, TOH,
IL36B,TRAF2,CSF1,IL1B,BMP7,DKK1,TCF7L2,LRP1,WNT11,IL11

Wnt/GSK-3b signaling 4.61 IFNG, TCF4, IFNE, WNT9A, WNT2B, IFNB1, CSNK1ANNT16, IFNA4, TCF7L1, TCF3,
IFNA14, WNT8B, NCOA3, WNT2, NCOA2, WNT7B, NCOAL, GSK3B, IFNK,
WNT5B,WNT11,TCF7L2

Glucocorticoid receptor signaling 4.35 HSPA14, NFATC3, HBA5, HSPA4, CXCL3, IKBKG, KRT13, BAG1, MAPK3, SUMO1,

KRT79, MRAS, IRS2, NFKBIB, TAB1, KRT31, KRT78, MED14, NCOA3AF4B, TAF1,
KRT27, TAF5, TAF4, ILIRN, KRT19, NCOA1, KRT24, KRT18, KRT18RT34, ARID1A,
IL5, KRT76, JAK2, MAPK11, HSPALL, HSP90B1, NFATS5, JUN, AR, NOA2, TGFB2,
AKT3, KRT74, KRT20, NOS2, STAT1, MAP2K1, GTF2H3, KRT14, IFNG&3, VCAM1,
KRT25, GRB2, TAF5L, MAPKS, KRT5 KRT35, TRAF2, GTF2H4, GTFRHL1B, KRT6A,
NPPA, PTGS2, JAK3, ELK1, TAF15

Immunity cell signaling 4.15 SOCS1, SOCS3, TRAF3, NFATC3, RB, CSNK1AL, IL17RC, WNT16, IL18R1, VEGFA,
IKBKG, MAPK3, WNT7B, MRAS, DKK2, ATF4, IRS2, GSK3B, LTBR, NFK&B WNT5B,
TNFRSF11B, MIF, WNT9A, TCF3, ATF2, IL33, IL1IRN, DKK4, IL1IRAPMICF4, IL1RL1,
LRP6, CEBPZ, JAK2, IL17RA, WNT8B, WNTZ2, IRAK1, NLK, JUN, NFATBKT3, NOS2,
MAP2K1, SRC, VCAM1, ILIRAPL2, GRB2, CREB3L3, IL15, WNT2B, TCEL, IL36B,
TLR4, TRAF2, CSF1, IL1B, DKK1, TCF7L2, LRP1, WNT11, IRAK4, IRAK

Gas signaling 4.08 HTR5A, HTR4, ADCY4, RACK1, LHCGR, GNG13, GNB4, MAPK3, RAS, ATF4,
ADORA2B, ADCY8, MAP2K1, GNG4, SRC, HRH2, ADD2, ADCY3, CREE3, DRDS5,
GNG3, CRHR1, MC4R, GNG10, ATF2, AVPR2, ADD3, MC1R, ELK1

Hypoxia signaling 3.62 UBE2A, CREB3L3, NQO1, UBE2W, NOS3,RE20, UBE2L6, ARNT, ATF2, VEGFA,
UBEZ2L3, IKBKG, HSP90B1, JUN, EDN1, SUMO1, UBE2G1, UBE2K, ARFUBEZ2ES,
NFKBIB

iNOS signaling 3.62 IFNG, IFNGR1, JAK2, MAPK11, RAK1, LR4, IKBKG, JUN, JAK3, N&2, STAT1, NFKBIB,

IRAK4, TAB1, IRAK2

cancer {able 3 Figure4). The top ranked overrepresented In cancer, cell proliferation is well-described as uctuatioh
pathway [-logp-value 5.19)] includes the Aryl hydrocarbon hypoxia and nutrient deprivation. In this regard, hypoxia (low
receptor (AHR), a ligand-activated transcription factor thatoxygen conditions) is considered an early event during pitesta
interacts with multiple signaling pathways during prostatecarcinogenesis and induces genetic, metabolic, and proteome
development. AHR suppresses the viability and migration ofelated changes. Several signaling pathways are reported to b
human prostate cancer LNCaP cellsu( et al., 201); and activated in cancer cells under hypoxic conditions inclugll F,
plays pivotal role in cancer by modulating the downstreamPI3K/Akt/mTOR, NOX, Wntb-catenin, and Hedgehog/{asoud
expression of Mitogen-Activated Protein Kinase Kinase Kénasand Li, 201}. These hypoxia-regulated genes are mediated by
12 (MAP3K12) fu et al., 2018 AHR plays an important hypoxia-inducible factor 1 (HIF-1), the activation of HIFhen

role in cellular homeostasis and disease development, arattivates the downstream target genes such as JUN, SUMOL1,
the Aryl hydrocarbon receptor nuclear translocator (AHRN) and ubiquitin conjugate enzymeS(pplemental Figure 8. The
forms a complex with ligand bound AHR during cancer andhypoxia-inducible factor Ja can be upregulated at the protein
activates Bax, a central cell death regulator, MAPK, Aldehydevel via mTOR or at the mRNA level via STAT-3 and KB-
dehydrogenases (ALDHSs), Glutathione transferase (GST) arsignaling Kwon et al., 201)/ Deregulation in Wntb-catenin
others Supplemental Figure ). Strong nuclear AHR expression signaling pathway have been shown to interact with several
is observed in the invasive phenotype, and an elevated nuclemuclear factors to speci ¢ transcriptional target which indes;
AHR expression is associated with poor prognosis in humadun proto-oncogene (c-Jun), LDL receptor related proteins (1
prostate cancer. On the other hand, there are con icting fissu and 6), SRC proto-oncogene, and TGF beta activated kinase
that AHR de ciency results in increased susceptibility togtate 1 (Supplemental Figure 9. We and others have previously
tumors. The molecular mechanism of AHR in prostate cancedemonstrated the role of these signaling pathways in prostate
needs further investigation. cancer Shukla et al., 2004, 2005; Horinaga et al., 2005
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FIGURE 5 | Network analysis of genes and shared pathways in TRAMP mic&he red box depicts signaling pathways and the numerical vaks represent genes
associated with other signaling network.

FIGURE 6 | Gene networks and canonical pathways generated by Ingenuitathway Analysis.(A) Upregulated gene network(B) downregulated gene network
including proteins and enzymes, G-protein coupled receptes and different regulators and receptors compared betweeTRAMP mice and non-transgenic littermates.
Solid and dotted lines imply direct and indirect relationsps between proteins. The intensity of the node color (redpdicated the degree of upregulation and pink color
is designated as cancer associated molecules/pathways. Theode shapes denote enzymes, phosphatases, kinases, peptises, G-protein coupled receptor,
transmembrane receptor, cytokines, growth factor, ion chanel, transporter, translation factor, nuclear receptotranscription factor.

Oxidative phosphorylation is an ecient form of and metabolism. In our study, cytochrome c oxidase (COX10,
mitochondrial respiration by which cells meet their energyCOX15, and COX17), NADH-dehydrogenase subunit 4
needs and known to regulate genes associated with cell degiT-ND4), cytochrome c¢ oxidase subunit | and subunit Il
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TABLE 4 | Genes identi ed by TRAMP and human overlay.

S. no. Genes name © Mouse Human GEO no. Array platform References

1. TNFSF UPREG UPREG GSE3325 GPL570 Varambally et al., 2005
2. RPL22 UPREG UPREG GSES55945 GPL570 Arredouani et al., 2009
3. EIF4 UPREG UPREG GSE55945 GPL570 Arredouani et al., 2009
4. SLC2A UPREG UPREG GSE69223 GPL570 Meller et al., 2016

5. LMO2/3 UPREG UPREG GSE69223 GPL570 Meller et al., 2016

6. KRT UPREG UPREG GSE3325 GPL570 Varambally et al., 2005
7. RPS21 UPREG UPREG GSE55945 GPL570 Arredouani et al., 2009
8. RPS19 UPREG UPREG GSES55945 GPL570 Arredouani et al., 2009
9. RPL21 UPREG UPREG GSE55945 GPL570 Arredouani et al., 2009
10. NEK UPREG UPREG GSE55945 GPL570 Arredouani et al., 2009
11. PPP1R3 DOWNREG UPREG GSE3325 GPL570 Varambally et al., 2005
12. GPR15 DOWNREG DOWNREG GSE3325 GPL570 Varambally et al., 2005
13. GPR45 DOWNREG DOWNREG GSE3325 GPL570 Varambally et al., 2005
14. TME DOWNREG DOWNREG GSE55945 GPL570 Arredouani et al., 2009
15. TGM4 DOWNREG DOWNREG GSE3325 GPL570 Varambally et al., 2005
16. KLF4 DOWNREG DOWNREG GSE3325 GPL570 Varambally et al., 2005
17. LRRN3 DOWNREG DOWNREG GSE69223 GPL570 Meller et al., 2016

18. WNT DOWNREG DOWNREG GSE69223 GPL570 Meller et al., 2016

19. SPRR1A DOWNREG DOWNREG GSE3325 GPL570 Varambally et al., 2005
20. TMEM DOWNREG DOWNREG GSE69223 GPL570 Meller et al., 2016

e A list of 20 genes were identi ed by overlaying three human prostate agcer vs. benign prostate microarray studies with our TRAMP microarray. Ten @D genes were con rmed as
upregulated whereas nine of 10 genes were downregulated in TRAMP tuons.

(MT-CO1, and MT-CO2), and cytochrome ¢ oxidase Il (MT- 90 (Chen et al., 2006 cyclin-dependent kinase inhibitor p27,
CO3) were downregulatedSppplemental Figure 12 Other cyclin D1 ¢heng et al., 20)¢6and PTEN {ang et al., 2007
genes associated in regulating the oxidative phosphorylaticBome ubiquitin-like modi er proteins are also associatedhwit
pathways include MT-CO2, MT-CO3, mitochondrial encodedprostate cancerZuo and Cheng, 20091In fact, the ubiquitin
cytochrome B (MT-CYB), Mitochondrially Encoded ATP ligase UBE4A inhibits prostate cancer progression by reggati
Synthase Membrane Subunit 6 (MT-ATP6), MitochondrialILEI1 expression, a protein required for metastatic progm@ssi
Encoded NADH: Ubiquinone Oxidoreductase Core Subunitin prostate cancer cellsS(in et al., 2007 Ubiquitin associated
4 (MT-ND4), cytochrome c oxidase (COX)10, COX6A2,genes (UBE2A, UBE2W, UBE20, UBE2L6, UBE2L3, UBE2G1,
COX17, COX8C, COX7AlL, and COX15 and othefalfle 3. UBE2K, UBE2E3) were overexpressed and might be signature
Considerable evidence has been published in relation tmolecules of this pathway along with JUN, SUMO1, ki-and
mitochondrial dysfunction and pathogenesis of prostate eanc others {Table 3. The expression of ubiquitin UBE2N, UBE2D3,
(Choudhury et al., 2004 Indeed, mutation in mitochondrial and UBEQ2 were upregulated in TRAMP mice dataSab(e J).
DNA play an important role in the etiology of prostate cancer Innate immunity and in ammation plays critical role in
(Petros et al., 2005Altered expression of MT-CO2/COX2, and cancer development and progressiorisz and Balkwill,
MT-ATP6 transcripts are signi cantly decreased in prostate2019. In the present study, interleukins (IL18R1, IL33,
tumor specimens [Gleason grade 5 (32) to 8 (4 4)] with  IL1RN, IL1R1, IL1RAPI2, and IL3636B) and interleukin 1
a median of 7 Qbril et al.,, 200§ and the downregulation receptor antagonist (ILIRN, IL33, IL1RL1, IL17RA, IL17RC),
pattern of MT-ATP6 genes further supports our TRAMP LRP1, LRP6 Mani et al., 201), suppressor of cytokine
expression dataset. signaling-1 (SOCS-1 and SOCS3), Toll-like receptors 8 (TLR8)
The ubiquitin proteasome pathway, conserved from yeasind others are underrepresented in TRAMP micklfle 3
to mammals, is essential for the targeted degradation oftshoSupplemental Figure %. Previously, the role of TLR-like genes
lived proteins in eukaryotic cell$/ogk et al., 2007; Asaoka and in prostate cancer was reporte@ifen et al., 2005Sun J. et al.
Ikeda, 201} Ubiquitin plays multiple important roles in cellular (2005); Sun S. Y. et al. (20G)served multiple SNPs in strong
processes relevant to cancer. Ubiquitination can resuleiresal  linkage disequilibrium located in TLRs associate with prastat
cellular processes including protein degradation and cdntrocancer, and later the role of TLRs-linked with innate immunity
protein—protein interactions Nlansour, 2018; Rape, 2018 signaling was establishedgzma et al., 20)2The role of SOCS
Ubiquitin-proteasome is involved in prostate cancer in vaso genes in association with prostate cancer was demonstrated in
ways by modulating prostate cancer-related genes/proteicts s prostate cancer cells, suggesting that SOCS acts as a aegativ
as androgen receptot.i et al., 201}, heat shock protein (HSP) growth regulator Neuwirt et al., 2000
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The WNT genes showed crosstalk with Wnt/GSK-3 2019. Studies have also shown that nitric oxide synthase gene
signaling pathways where WNT genes marked as potent genpslymorphisms is associated with aggressive prostate cancer
interconnected within pathways in prostate cancer, imprints(Lee et al., 2009In human prostate cancer LNCaP cells, NO
the eect on cancer stem cell proliferation, migration and upregulates RUNX2 and Bcl2 expression which confers resistance
di erentiation (Morris and Huang, 2016 The genes associated to chemotherapy lesbitt et al., 2006 Genes associated with
with Wnt/b-catenin includes AKT3, JUN, LRP1, WNT16, iNOS signaling includes Interleukin-1 receptor-associ&iedse
WNT2, WNT7B WNT5E, WNT9A, WNT2B, WNT11, and SRC. 1 (IRAK1, IRAK2, IRAK4), JAK2, JAK3, JUN, MAPK11, NF-
They showed signi cant crosstalk with other signaling nmlkes kB, NOS2, STAT1, TLR4S(@pplemental Figure J. Crosstalk
(Table 3 Supplemental Figure 9. Moreover, the SOX genes of gas signaling molecules with other signaling pathway$ suc
represented in this pathway include SOX8, SOX10, SOX1ds JUN, JAK2, JAK3, and N&B, upregulates p38MAPK,
SOX15, SOX17, and SOX18able 3. The gene expression hypoxia, immune cell, and cancer metastasis signakimgufe 5;
of SOX in human prostate cancer tissue compared with nonSupplemental Figure §. Some other genes associated with gas
cancerous revealed the fact that SOX7, SOX9, and SOX&i@naling pathway include G Protein Subunit Gamma (GNG4,
were associated with advance-stage prostate cancer, wher€NG3, GNG10, GNG13, Guanine nucleotide-binding proteins G
SOX7 and SOX9 were identi ed as prognostic biomarker inproteins-GNB4, MAPK3, MAP2K, and SRTible 3. However,
prostate cancerZhong et al., 2012 In p38MAPK signaling the functional role of these genes and their crosstalk wik g
showed important associated genes regulating the pathwagignaling is not fully elucidated. Additional studies on slee
are MAPK11, STAT1, RPS6, MAPKAPK3, and othdiable 3 molecules in context to prostate cancer development and/or
Supplemental Figure 1). Additional genes associated in cancerprogression is warranted.
metastasis pathway are WNT7B, WNT9A, WNT2, WNT2B, Next, the signaling network further confers the interactio
WNT11, WNT7B, LRP6, SRC, JAK2, JAK3, and oth&able 3 and crosstalk between genes and its associated pathways
Supplemental Figure 9. The aforementioned associated (Figure 5. NF-kKB showed strong interconnectivity with
molecules showed crosstalk with other overrepresentedbign glucocorticoid receptor signaling pathwayv/iden et al., 2008
pathways Figure 5). and the role of NFkB in context to prostate cancer has been

Steroid receptors, including the Glucocorticoid receptorextensively studied by our groupSfukla and Gupta, 2004;
(GCR), have been proposed to play an essential role in prostaté/khovanets et al., 2011; Shukla et al., 30Glucocorticoid
cancer Kach et al., 2005 The signature molecules associatedeceptor also showed connectivity with p38MAPK and T cell
with GCR signaling pathway in prostate cancer include heateceptor (TCR), which warrant further investigation in retat
shock proteins (HSP), Keratins (KRT), SUMO1, AKT3, andto human prostate cancer. The TCR showed interconnectivity
others (Table 3 Supplemental Figure 4. Among these, HSP90B with ELF2 signaling pathway, and ELF2 showed connectivity
showed crosstalk with another signaling pathways; hypoxih anwith RPS5, RPS7, RPS8, RPS10, RPS13, RPS15A, RPS17, RPS20,
AHR; and SUMO1 showed crosstalk with hypoxia signalindRPS28, and RPS29 and large; RPL5, RPL7, RPL9, RPL10A,
pathway. HSP9O0 interacts with bHLH-PAS domain of HIF-RPL17, RPL19, RPL22, RPL23A, RPL30, RPL31, RPL38,
la which is a major regulator of HIF4 activation (Minet interestingly the ribosomal protein was overwhelmed and
et al., 199 With reference to downregulated genes andupregulated in TRAMP mice datasetigure 6A), and tempted
its interconnectivity with other signaling pathways, the BC us to explore the role of ribosomal protein in prostate cancer.
signaling was linked with Hsp70, IL-6, TLR and PTGS2n fact, signi cant increase of RPL19 mRNA expression in a
(Figure 6B). HSP70 implied signi cant role in prostate cancer substantial number of prostate tumors suggest its importaage
by regulating androgen receptor signalingite et al., 201).  a biological markeree et al., 2006
Studies have shown overexpression of IL24 in TRAMP Inadditionto TRAMP mouse prostate genes, we also screened
mice, possibly interleukin promotes initial steps of prostateseveral genes that have previously been found to be deredulat
cancer progression by upregulating genes such as matrix human prostate tumors. This validation was performed using
metallopeptidase 9, (MMP9yia the JAK-STAT signaling three reported dataseVarambally et al., 2005; Arredouani et al.,
pathway EGhukla et al., 2007 Moreover, interleukin has also 2009; Meller et al., 20)6on malignant and normal/benign
been implicated with cancer progression having ability to ral  prostate cancer tissue. A group of 20 genes, which were
osteoblast di erentiation Bellido et al., 1997and crosstalk downregulated/upregulated in TRAMP mice, were compared.
with Wnt and JAK signaling pathwayS(pplemental Figure 2 Out of ten genes, nine genes showed downregulation in both
Moreover, the role of AHR linked with SP1 and IL warrants TRAMP mice and human tissue, whereas all ten out of ten genes
further investigation in context to prostate cancer. were upregulated on both specidslle 4. These results suggest

Gas signaling molecules including nitric oxide (NO), cambo signi cant gene overlap in molecular pathways of prostate
monoxide (CO), and hydrogen sul de (H2S) induce reactivecancer development in TRAMP mice and its recapitulation with
oxygen species, which initiate metabolic changes and protelmuman disease.
translation in cancer cells, allowing them to survive and In conclusion, our comprehensive bioinformatics results,
facilitate tumor progression. Studies suggest that comtirsu including GO, PPI, and pathway analyses, indicated that the
high concentrations of nitric oxide (NO), produced by indb@  underlying mechanisms of prostate cancer development rasulte
NO synthase (iNOS), promotes prostate tumor initiation andfrom dysregulation of 12 key molecular signaling and its
lethal progressionjavila-Gonzalez et al., 2017; Erlandsson et alconnectivity to some major pathways and proteins involved
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in the progression of human prostate cancer. This study als@uppiemental Figure 3| Ingenuity pathway interaction network of Wnt/GSK-B

identi ed some candidate genes that will be further invgated

signaling. Differentially expressed genes between 20 weeid dorsolateral

as biomarkers and potential targets for prevention and/ofProstate of TRAMP mice exhibiting alterations in elementsfaVnt/GSK-3b

treatment of prostate cancer.
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