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Abstract: The reciprocal interactions betw een cancer cells and the quiescent fibroblasts lead in g to 
the activation of cancer-associated fibroblasts (CAFs) serve an im portant role in cancer progression. 
Here, w e investigated the activation of transcription factors (TFs) in prostate fibroblasts (WPMY cell 
line) co-cultured with normal prostate or tum orous cells (RWPE1 and RWPE2 cell lines, respectively). 
After indirect co-cultures, we perform ed mRNA-seq and predicted TF activity using m RN A expression 
profiles w ith the System s EPigenom ics Inference of R egulatory Activity (SEPIRA) package and the 
G TEx and m R N A -seq data  of 483 cultured fibroblasts. The initial differential expression  analysis 
between time points and experimental conditions show ed that co-culture with normal epithelial cells 
m ainly prom otes an inflam m atory response in fibroblasts, w hereas w ith the cancerous epithelial, 
it stim ulates transform ation by changing the expression of the genes associated with microfilaments. 
TF activity an alysis revealed only one positively  regulated  TF in the RWPE1 co-culture alone, 
w hile w e observed dysregulation of 45 TFs (7 decreased activity and 38 increased activity) uniquely 
in co-culture w ith RWPE2. Pathw ay an alysis show ed that these 45 dysregulated  TFs in fibroblasts 
co-cultured with RWPE2 cells m ay be associated with the RUNX1 and PTEN pathways. Moreover, we 
show ed that observed dysregulation  could be associated  w ith FER1L4  expression . We conclude 
that phenotypic changes in fibroblast responses to co-culturing w ith cancer epithelium  result from 
orchestrated dysregulation  of signaling  path w ays that favor their transform ation and m otility 
rather than proinflam m atory status. This dysregulation  can be observed  both at the TF and 
transcriptom e levels.

Keywords: cancer-associated fibroblasts (CA Fs); prostate cancer; long non-coding R N A  (lncRNA); 
FER1L4; transcription factors (TFs)

1. Introduction

Interactions between cancer cells and cancer-associated fibroblasts (CAFs) play an im portant role
in prom oting tum origenesis, extracellular m atrix (ECM ) rem odeling and tum or invasion, as w ell as 
the induction o f m etastasis [1,2]. The m olecular m echanism s lead ing the transition from  quiescent 
fibroblasts to activated C A F s are, how ever, still unclear. C A Fs are characterized by a contractile 
phenotype, associated  w ith the expression  of a-sm ooth  m uscle actin (aSM A ), sim ilar to activated
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fibroblasts responsible for w ound healing (i.e., m yofibroblasts). [3,4]. The well-established activating 
signals for m yofibroblast differentiation are transform ing grow th factor beta (TGF-ß) fam ily ligands, 
which, in cancer, m ight prom ote CAF activation [5,6] and tum or grow th and progression  [7,8].

Increasing evidence suggests that CAFs are a heterogeneous population and have diverse functions 
depen d in g  on tum or developm ental stage and tissue m icroenvironm ent [9 ]. E lyada et al., in their 
single-cell R N A  sequencing experim ent, show ed the existence of m yofibroblastic and inflam m atory 
C A Fs in hum an pancreatic ductal adenocarcinom a tum ors, each having unique gene signatures 
in vivo [10]. Costa et al. used multicolor flow cytometry to identify four subtypes of CA Fs associated 
with breast cancer, with distinct properties and levels of activation [11]. Recent discoveries identified 
transform ing growth factor ß (TGF-ß) and interleukin 1 (IL-1) as tumor-secreted ligands that promote 
CAFs heterogeneity [12]. Moreover, it w as shown that activation of fibroblasts by cancer cells induced 
self-sustaining strom al cell-derived factor 1 (SDF1/CXCL12) and TGF-ß autocrine signaling pathw ays 
to prom ote the form ation of C A Fs w ith increased a-SM A  expression  levels [13]. The activated 
TGF-ß receptor com plex initiates several dow nstream  cascades, including the canonical Sm ad2/3 
signaling  pathw ay and non-canonical pathw ays, such as  phosphoinositide 3-kinases (PI3K/AKT), 
M itogen-activated protein kinase (M APK) pathw ays (extracellular signal regulated  kinase (ERK), 
Jun kinase (JNK), and p38 M APK), as well as nuclear factor kappa-light-chain-enhancer of activated 
B cells (N F-k B) [14,15]. M oreover, transversal signaling  a t the SM A D  level integrates signals from  
other pathw ays, e.g., Notch, Wnt/ß-catenin, T N F-a and epiderm al growth factor receptor (EGFR) [16]. 
The heterogeneity of the path w ays engaged  in the conversion  o f norm al fibroblasts into C A Fs m ay 
be associated  w ith the unique functions of C A F subpopulations in different types of tum ors. [17]. 
This su ggests  that several cytokines or chem okines m ay be involved in the conversion  of norm al 
fibroblasts into CA Fs, and som e of these form a feedback loop between cancer cells and CAFs.

Therefore, w e sought to perform  indirect co-cultures o f norm al prostate fibroblasts (WPMY1) 
with either normal (RWPE1) or cancerous (RWPE2) prostate epithelial cells at two time points, to catch 
a g lim pse  of the feedback loop  betw een C A Fs and norm al or tum orous cells. We a lso  set to derive 
a dynam ic lan dscape of the regulatory activity of transcription factors (TFs) based  on the m R N A  
sequencing at those time points. The results of our w ork point tow ards the identification of early and 
potentially causal pathw ays in CAF transform ation in this unique m odel.

2. Results

2.1. mRNA-seq Gene Expression Analysis

The pairw ise  com parison  of WR1 (WPMY1 +  RWPE1) and WR2 (WPMY1 +  RWPE2) after 6 h 
co-culture d id  not show  any statistical significance. A fter 24 h, w e found 107 differently expressed  
(DE) genes— 46 dow nregu lated  and 61 upregu lated  in WR1 condition (Supplem entary Table S1). 
In the com parison  betw een the control (CTRL) (WPMY1 alone) and WR2 conditions, after 24 h, 
w e found only one DE gene, KLF9 (logFC =  1.15, p =  1.64 X 10-8, adj.p =  2.6 X 10-4). A t the sam e 
time, KLF9 w as a lso  overexpressed  in the WR1 condition (as com pared to the CTR L group) (logFC 
=  1.19, p =  9.57 X 10-9, adj.p =  7.61 X 10-5, Supplem entary  M aterial 1). A fter 24 h, w e detected tw o 
genes differentially expressed  betw een the WR1 and WR2 grou p s w ith false  d iscovery  rate (FDR) 
<  0.1. The first, M M P3  (logFC =  - 1.53, p =  5.10 X 10-6, adj.p =  8.05 X 10-2), w as overexpressed  in 
the WR1 group , w hereas the second, FER1L4 (logFC  =  1.34, p =  1.01 X 10-5, adj.p =  8.05 X 10-2), 
w as overexpressed in the WR2 group.

Subsequently, w e aim ed to identify differentially expressed  R N A s betw een the 6 and 24 h 
incubation period  in each of the experim ental conditions separately. In the CTR L group  (WPMY1 
24-6 h), w e observed 124 dow nregulated  and 432 upregulated  genes. In the WR1 group (WPMY1 + 
RWPE1 24-6 h), w e observed 327 dow nregulated and 729 upregulated  genes, and in the WR2 group 
(WPMY1 +  RWPE2 24-6 h), 278 and 1021, respectively (Figure 1). Detailed information about DE genes 
in each condition is presented in Supplem entary Table S2.



Figure 1. Differentially expressed (DE) gene analysis between 6 and 24 h in each condition separately. 
Volcano plots represents the distribution of DE genes between 6 and 24 h for the control (CTRL) (A),
WR1 (B) and WR2 (C) groups. Lines separate logFC > 1 and adj. p value < 0.05. Venn diagram of the 
distribution of DE genes between 6 and 24 h in each condition with logFC > 1 (D). Red color represents 
upregulated genes, and blue, downregulated genes.

In w hat follows, w e perform ed a pathw ay enrichment analysis based on the unique DE results in 
the WR1 and WR2 groups, separately.. We received 98 and 70 significant pathw ays for the WR1 and 
WR2 conditions, respeciively (Supplem entacy Table S3). The top 10 enriched biological processes ace 
presented in Tab le 1.



Table 1. Top10 gene ontologies (GOs) for gene enrichment analysis of DE genes with logFC > 1 unique 
for WR1 and WR2 conditions.

Condition GO.ID Term p-Value Annotated_Genes
CXCL2, IL12RB1, CD40, TRADD,

GO:0019221 Cytokine-mediated 
signaling pathway 2.50 X  10-4 CSF3, PTPN6, GHR, TNFRSF8, 

MT2A, CD70, LCN2, MMP3, 
CXCL8, PALM3

GO:0071222 Cellular response to
lipopolysaccharide 8.30 X  10-4 CXCL2, CSF3, LCN2, ANKRD1, 

CXCL8, NFKBIL1
GO:0015804 neutral amino acid transport 1.22 X  10-3 SLC7A5, RGS4, SLC6A9

GO:0006855 Drug
transmembrane transport 2.12 X  10-3 SLC7A5, RGS4, 

SLC47A1, SLC25A18

WR1
GO:0071356 Cellular response to tumor 

necrosis factor 2.51 X  10-3 CD40, TRADD, TNFRSF8, CD70, 
LCN2, ANKRD1, CXCL8

GO:0019724 B cell-mediated immunity 3.50 X  10-3 CD40, PTPN6, CD70, C4A
TYMP, TNC, ASNS, CXCL2,

IGSF9, IL12RB1, PCK2, CD40,
TRADD, CORO1A, AKNA, CSF3,

GO:0009605 Response to 
external stimulus 3.59 X  10-3 STC2, NR4A3, TNFRSF8, MT2A, 

NPAS1, MYPN, LYG1, EPHA1, 
LCN2, ANKRD1, MMP3, MARS, 

CXCL8, NUPR1, PALM3, 
NFKBIL1, C4A

GO:0019730 Antimicrobial 
humoral response 3.67 X  10-3 CXCL2, LCN2, CXCL8

GO:0061469 Regulation of type B 
pancreatic cell proliferation 4.12 X  10-3 NR4A3, NUPR1

GO:0032354 Response to 
follicle-stimulating hormone 4.12 X  10-3 ASNS, PAPPA

GO:0001541 Ovarian 
follicle development 3.30 X  10-5 DMC1, LFNG, VGF, SOD1, KIT

GO:0045987 Positive regulation of 
smooth muscle contraction 6.50 X  10-4 TACR2, GHRL, KIT

GO:0060285 Cilium-dependent 
cell motility 9.90 X  10-4 DNAH7, CFAP54, CFAP57

GO:0003341 Cilium movement 3.67 X  10-3 DNAH7, MAATS1, CFAP54

WR2
GO:0042745 Circadian sleep/wake cycle 3.89 X  10-3 GHRL, NLGN1

GO:0099175 Regulation of post-synapse 
organization 4.04 X  10-3 GHRL, NLGN1, GAP43, FZD9

GO:0045747 Positive regulation of Notch 
signaling pathway 4.29 X  10-3 LFNG, KIT, MESP1

GO:1900029 Positive regulation of 
ruffle assembly 4.64 X  10-3 CARMIL2, NLGN1

GO:0045986 Negative regulation of 
smooth muscle contraction 4.64 X  10-3 CALCRL, SOD1

GO:0051290 Protein
heterotetramerization 4.96 X  10-3 NLGN1, S100A10, HIST1H4A

GO.ID—The Gene Ontology Identifier.

2.2. Estimation of Transcript Factors Activity

B ased  on the m R N A  expression  profiles from  sequencing, w e estim ated TF activity in each 
experim ental condition. O ur analysis d id  not show  any statistically significant TFs w ith FDR <  0.05 
neither at the 6 h, nor the 24 h co-culture. Yet, there w ere som e significant TFs w ith nom inal 
p-value <  0.05. In particular, after 6 h, w e found only 4 TFs (1 negatively  and 3 positively  regulated)



in com parison  w ith CTRL and WR2 and 1 negatively  regulated  TF betw een WR1 and WR2. A fter 
24 h of co-culture, we found 13 TFs between CTRL and WR1 (7 negatively and 6 positively regulated), 
2 positively  regulated TFs betw een CTRL and WR2 and 3 TFs betw een WR1 and WR2 (1 negatively  
and 2 positively  regulated). D etailed inform ation about the results o f these com parisons is in 
Supplem entary M aterial 4. Since the FD R correction resulted in no significant results, w e decided to 
show  only nom inally significant results for WR1 vs. WR2 com parisons, as they are m ost im portant 
(Figure 2). O ur TF activity analysis su ggest that activation of RNF4 and SN A PC 1 m ay be associated 
with norm al tissue grow th (co-culture with RWPE1), w hereas activation of TFs such as THRAP3 and 
GTF3C1 could be associated with tum origenic cells (RWPE2).

Figure 2. Nominally significant changes of transcription factor (TF) activity in separate comparisons 
of WR1 vs. WR2 group at 6 (A) or 24 h (B-D) time points. (A) THRAP3; (B) SNAPC1; (C) GTF3C1;
(D) RNF4.

For a better estim ation of transcription, we took into consideration changes in m RN A  expression 
betw een the 6 and 24 h tim e points, to discover significant differences in TF activity. We found 
5 TFs for CTRL, 16 TFs for WR1 and 60 TFs for WR2, "with, significant difference s betw een 6 and 24 h 
(Supplem entary Table S4). Interestingly, those five TFs discovered in CTRL (RUFY3, SCM H 1, NFIX, 
ŻBTB25 and NFE2L1) w ere also presented in co-cultures with RWPE1 or RWPE2 (Figure 3) and were 
activated at sim ilar levels (Supplem entary  Table S4). Only one TF, RNF4, w as unique for RWPE1; 
moreover, its activity w as increased after 24 h of incubation in WR1 vs. WR2 co-culture. M ost of the 
dysregulated TFs were unique for co-culture with RWPE2 (45 TFs), yet these failed to be differentially 
activated between the WR1 and WR2 conditions.

The m ost significant changes w ere observed after incubation w ith RWPE2 cells, w here 45 TFs 
were differently activated after 24 h. Since none of these TFs were discovered in 6 or 24 h com parisons, 
it is m ore likely that those TFs have different fluctuation/regulation levels of som e pathw ays. 
Therefore, w e perform ed the Reactom e path w ay enrichm ent an alysis u sin g  these selected TFs. 
Significant pathw ays are presented in Table 2.



Figure 3. Venn diagram of TFs that changed activity between the 6 and 24 h time points.

Table 2. Reactome analysis of unique TFs for 6 vs. 24 h time points in the WR2 condition.

Pathway Identifier Pathway Name
Entities
p-Value Entities FDR TFs

R-HSA-8953750 Transcriptional Regulation 
by E2F6 2.14 X  10-5 2.66 X  10-3 YAF2, EED, CBX5

R-HSA-8939243

RUNX1 interacts with 
co-factors whose precise 

effect on RUNX1 targets is 
not known

3.55 X  10-4 2.20 X  10-2 YAF2, SMARCE1, 
SMARCA2

R-HSA-8943724 Regulation of PTEN 
gene transcription 1.90 X  10-3 4.68 X  10-2 EED, REST, SNAI2

R-HSA-3247509 Chromatin 1.95 X  10-3 4.68 X  10-2 SMARCE1, EED,
modifying enzymes SMARCA2, REST, KDM5A

R-HSA-4839726 Chromatin organization 1.95 X  10-3 4.68 X  10-2 SMARCE1, EED, 
SMARCA2, REST, KDM5A

FDR—false discovery rate; TFs—transcription factors.

2.3. Validation oflncRNA FER1L4 Expression and miRNA Targets Prediction

Based on the m RN A seq expression analysis, we discovered overexpression of lncRNA FER1L4 in 
WPMY1 cell after 24 h co-culture with RWPE2 cells. Therefore, w e ought to validate those results with 
RT-qPCR. After 24 h of co-culture, w e observed significant upregulation of FER1L4 expression in the 
WR2 condition in com parison to the CTRL and WR1 conditions (Figure 4).

Since FER1L4 may, in fact, be responsible for the observed  dysregulation  in the m R N A  
expression  netw ork by acting as com petitive endogenous R N A  (ceRNA) and spon gin g  m ultiple 
m icro R N A s (m iR N A s), w e decided to identify m iR N A s w hich m ay  interact w ith FER1L4. In the 
D IA N A -LncBase, w e found 27 m iR N A s w ith experim entally supported  m iR N A  targets on FER1L4 
transcripts (Supplem entary Table S5). Then, w e perform ed a K yoto Encyclopedia o f Genes and 
G enom es (KEG G) enrichm ent path w ays an alysis to identify path w ays regulated  by those m iR N A s 
(Table 3).

CTRL WR1

WR2



Figu re 4. Expression of FER1L4 measured by RT-qPCR in experimental conditions after 24 h of 
co-culture. (* p < 0.05 by Kruskal-Wallis test).

Table 3. The top 10 KEGG pathways enriched by the target genes of 27 micro RNAs (miRNAs) with 
experimentally supported interaction with FER1L4.

K E G G  Pathw ay p-Value FD R N u m ber 
o f G enes

N u m ber 
o f m iR N A s

ECM-receptor interaction (hsa04512) 6.09 X  10-20 1.23 X  10-17 11 18

Signaling pathways regulating 
pluripotency of stem cells (hsa04550) 6.91 X  10-6 6.97 X  10-4 18 22

Mucin type O-Glycan 
biosynthesis (hsa00512)

6.62 X  10-5 3.63 X  10-3 4 12

Focal adhesion (hsa04510) 8.23 X  10-5 3.63 X  10-3 23 20

PI3K-Akt signaling pathway (hsa04151) 9.13 X  10-5 3.63 X  10-3 32 23

Lysine degradation (hsa00310) 1.08 X  10-4 3.63 X  10-3 5 24

Glioma (hsa05214) 2.14 X  10-4 6.16 X  10-3 8 19

Glycosphingolipid biosynthesis—lacto 
and neolacto series (hsa00601) 2.95 X  10-4 7.46 X  10-3 3 12

Adipocytokine signaling 
pathway (hsa04920) 6.49 X  10-4 1.24 X  10-2 10 17

TGF-beta signaling pathway (hsa04350) 7.09 X  10+ 1.24 X  10-2 10 19

Protein digestion and 
absorption (hsa04974) 7.10 X  10-4 1.24 X  10-2 12 19

MAPK signaling pathway (hsa04010) 7.37 X  10-4 1.24 X  10-2 23 23

CTRL WR1 WR2



Table 3. Cont.

KEGG Pathway p-Value FDR Number 
of Genes

Number 
of miRNAs

Nicotine addiction (hsa05033) 1.05 x 10-3 1.63 x 10-2 5 17

AMPK signaling pathway (hsa04152) 1.55 x 10-3 2.24 x 10-2 13 17

mTOR signaling pathway (hsa04150) 1.75 x 10-3 2.36 x 10-2 9 18

ErbB signaling pathway (hsa04012) 1.96 x 10-3 2.48 x 10-2 10 21

Amoebiasis (hsa05146) 2.23 x 10-3 2.63 x 10-2 7 13

Melanoma (hsa05218) 2.35 x 10-3 2.63 x 10-2 9 19

Proteoglycans in cancer (hsa05205) 2.69 x 10-3 2.86 x 10-2 16 20

Pancreatic cancer (hsa05212) 4.09 x 10-3 4.03 x 10-2 8 18

Wnt signaling pathway (hsa04310) 4.19 x 10-3 4.03 x 10-2 12 21

Cytokine-cytokine receptor 
interaction (hsa04060)

4.52 x 10-3 4.15 x 10-2 14 20

FDR—false discovery rate.

3. D iscussion

In this study, we investigate changes in TF activity after exposing fibroblasts to norm al epithelial 
cells (RWPE1) or cells w ith cancer phenotype (RWPE2). The co-culture of fibroblasts w ith norm al 
epithelial cells (WR1 condition) results in the activation of tw o TFs, RN F4 and SN A PC 1. In the 
WR2 condition co-culture w ith the cancerous cell line, activation of GTF3C1 and TH RAP3 can 
be seen. The pathw ay an alysis, perform ed w ith Reactom e, show ed that dysregu lated  TF activity 
in CA F transform ation could be associated  w ith the PTEN  and the RUNX1 associated  pathw ays. 
Additionally, w e explored the potential role of the identified DE gene, FER1L4, in sponging m ultiple 
m iRNAs, that could, at least partially, be responsible for observed transcript expression dysregulation. 
In general, our observations are consistent with those of other researchers, who showed that interactions 
of norm al fibroblasts w ith epithelial cells are associated  w ith a proinflam m atory response, w hereas 
the co-culture w ith cancer epithelial cells is associated  w ith transform ation and increased m otility 
of fibroblasts.

Two of the d iscovered  TFs, SN A PC 1 and GTF3C1, are associated  w ith D N A -binding Pol III 
regulated  transcription [18]. Interestingly, SN A PC 1 activity is higher after co-culture w ith RWPE1 
(norm al cells), w hereas GTF3C1 activity is higher after co-culture w ith RWPE2 (cancerous cells). 
Therefore, this could lead to two different transcription patterns associated with D N A -binding Pol III 
regulated transcription. Possibly, co-culture of fibroblasts with normal epithelial cells and preferential 
activation by SNAPC1 TF m ay promote synthesis of small nuclear R N A s [19], which is responsible for 
the processing of the prim ary transcription products of sp lit genes, thus allow ing precise alignm ent 
and correct excision of introns. Conversely, preferential activation o f GTF3C1 in co-culture w ith 
transform ed epithelial cells m ay lead to increased ribosom e biogenesis and protein synthesis [20] with 
tum or prom oting effects. Thus, changes in TF u sage  during  co-culture m ay represent an  effect of 
trading by fibroblast precision for efficiency in changed co-culture conditions.

A nother TF, RNF4, w hich w as activated after co-culture w ith norm al epithelium , is a sm all 
ubiquitin-like m odifier (SU M O )-targeting R IN G  dom ain  ubiquitin  ligase  that directly connects the 
SUMO and the ubiquitin pathw ays, resulting in the proteasom al degradation of poly-SUM O-modified 
substrates [21]. RNF4, along w ith the transcription repressor ZNF278/PATZ, m ay  regulate steroid 
receptor-dependent transcription activated by  androgen receptor [22,23]. M oreover, silencing RNF4 
potentiates TGF-ß 1 expression and activity [24] and TN F-a- and IL-lß-induced N F-k B activation [25].



At the sam e time, lung myofibroblast differentiation w as shown to be potentiated by TGF-ß which can 
act through TGF-ß1/Smad2 and N F-k B signaling pathw ays [26].

In our study, after incubation w ith norm al epithelium , w e observed  u pregu lated  expression  
of MMP-3. The results by Hsieh et al. [27] showed that expression of MMP-3 w as lower in CA Fs than in 
fibroblasts derived from norm al tissue. Moreover, they suggest that N F-k B m ay contribute to reactive 
oxygen species (ROS)-mediated hum an MMP-3 suppression  in CA Fs through interaction with ZBP-89 
or other transcriptional repressors. In another study, the N F-k B inhibitor, pyrrolidine dithiocarbamate 
(PDTC), reduced H M G B1-induced TGF-ß 1 release and fibroblast to m yofibroblast differentiation of 
lung fibroblasts [28], one of the N F-k B targets in THRAP3, a TF which, in our study, w as activated after 
co-culture with RWPE2 cells.

O ur path w ay an alysis of 45 unique TFs differently activated after incubation w ith RWPE2 
cells show ed tw o m ain  path w ays that could be associated  w ith CA F transform ation. O ne of the 
identified pathw ays is associated  w ith regulation  of PTEN  transcription and the other w ith the 
regulation  of RUNX1 associated  transcription. Interestingly, one of the DE genes betw een the WR1 
and WR2 conditions w as fer-1-like fam ily m em ber 4 p seu dogen e (lncRNA-FER1L4). It w as show n 
that FER1L4 can act as a sponge for m iR-106a-5p and, therefore, regulate the PTEN  expression  [29]. 
Further experim ents dem onstrated that FER1L4 dow nregulation  leads to decreases in both RUNX1 
and PTEN  m R N A  and protein levels, p o ssib ly  v ia  spon gin g  m iR-106a-5p [30]. How ever, other 
papers su ggest that RUNX1 and PTEN m ight have opposite effects in TGF-ß-induced m yofibroblast 
differentiation. W hite et al. [31] show ed that PTEN  inhibits m yofibroblast differentiation in vitro, 
although the effect w as abolished after TGF-ß exposure. However, the latest studies have show n that 
the prom otion of TGF-ß induced m yofibroblast differentiation v ia  the dow nregulation of PTEN m ay 
be regulated by  miR-216a [32]. On the other side, RUNX1 m odulates the cellular response to TGF-ß 
and prom otes m yofibroblast differentiation in both marrow-derived and tissue-resident mesenchymal 
stem  cells [33]. Lin et al. [34] also show ed that RUNX1 can prom ote fibroblast activation and increase 
a-SM A  and fibronectin expression. Additional analysis showed that FER1L4 can induce dysregulation 
of path w ays discovered in TF an alysis by acting as ceRN A . The spon gin g  of m iR N A s by FER1L4 
w as studied  in m ultiple cancers, including prostate [35] and intestine [36], but it w as never observed 
in CA Fs. Therefore, this p rovides a novel insight in the CA F transform ation and show s a potential 
role of FER1L4 in the regulation of the CA F transform ation. Several pathw ays regulated by m iR N A  
spon ged  by  FER1L4, such as the PI3K-Akt signaling  pathw ay and the TGF-beta signaling  pathw ay, 
relate to the PTEN  and RUNX1 path w ays from  TF analysis. O ur study  has several lim itations— the 
m ajor one is that there is only one biological replicate in one in vitro m odel. M oreover, in light of the 
current results, one m ay  postu late  that the tw o tim e points chosen for an alysis are not sufficient to 
describe the transcriptional background of the process of transform ation from norm al epithelial cells 
to CAFs. Additional functional analyses (e.g., siRN A  or use of inhibitors) are necessary to confirm the 
obtained results.

We cannot exclude the possibility  that, due to these lim itations, w e d id  not avoid  false negative 
results. However, w e hope that extensive and rigorous statistical analyses let us m inim ize the chance 
of false positive conclusions.

Our results demonstrated that CAF transformation can be orchestrated by multiple TFs. We showed 
pathw ays associated with PTEN and RUNX1 that could be involved in crosstalk between fibroblasts and 
epithelial cells in healthy tissue, as well as those associated with tumorigenesis. Moreover, we showed 
that observed  initiation of CA F transform ation could be orchestrated by lncRNA-FER1L4, which, 
by sponging multiple m iRNAs, m ay regulate m RN A  expression. Although, further investigations are 
needed to characterize the crosstalk  betw een path w ays and their TFs, w hich m ight have profound 
im plications to oncogenesis and anticancer therapies. The crosstalk betw een m olecular pathw ays at 
the early stage of CA F transform ation could lead to the discovery of regulatory points and developing 
of new m ethods in the fight against cancer. Moreover, the identification of the signaling pathw ays that 
are activated under specific conditions is crucial for precision m edicine developm ent.



4. M aterials and M ethods

4.1. Cell Lines and Cell Culture

The WPMY1 (human prostatic m yofibroblast strom al cell line from the histological norm al adult 
prostate), RWPE1 (hum an prostatic epithelial cell line derived  from  the sam e peripheral zone of 
the prostate as W PMY1) and RWPE2 (v-Ki-Ras-induced tum origenic cell line derived  from  RWPE1) 
cell lines w ere obtained from  A m erican Type Culture collection— ATCC (CRL-2854, CRL-11609 
and CRL-11610, respectively). W PMY1 cells w ere m aintained in D ulbecco's M odified E agle 's 
M edium /N utrient M ixture F-12 (DM EM /F12, cat.no. 10565018) supplem ented  w ith 5% fetal bovine 
serum  (FBS, cat.no. 10500064), and 1% penicillin/streptom ycin antibiotic solution (cat.no. 15140122). 
RWPE1 and RWPE2 cells w ere m aintained in keratinocyte serum -free m edium  supplem ented  w ith 
0.05 m g/m L bovine pituitary extract and 5 ng/m L recom binant epiderm al grow th factor (K-SFM, no. 
17005042). M edium  w as changed every 2-3 days. All m aterials were purchased from  Thermo Fisher 
Scientific (W altham, M A, U SA ) un less m entioned otherw ise. Cells w ere grow n in an incubator at a 
tem perature of 37 °C  at 5% CO 2 .

4.2. Indirect Coculture ofWPMY1 and RWPE1 or RWPE2

WPMY1 cells were seeded in 6-well plates at a density of 4 x  105 cells per well in growth medium. 
RWPE1 and RWPE2 cells w ere seeded on 0.4-gm  pore size tissue-culture inserts form atted for 6-well 
plates (cat.no. 83.3930.040, Sarstedt, N um brecht, Germ any), at a density  of 3 x  105 and 4 x  105 

cells per insert, respectively. A fter 2 d ays of separate  culture, all cells w ere starved in FBS-free, 
antibiotic-supplem ented DM EM /F12 m edium  for 24 h. Then, inserts w ith RWPE1 and RWPE2 cells 
were added to 6-well plates with WPMY1 cells, for 6 or 24 h. A s a control, w e used a WPMY1 culture 
w ithout addition of an insert. A s a result, w e obtained three experim ental conditions: WPMY1 alone, 
WPMY +  RWPE1 (WR1) and W PMY +  RWPE2 (WR2), resulting in 6 replicates of each condition per 
time point.

4.3. RNA Isolation and mRNA Sequencing

Total RNA w as extracted from cells using the ReliaPrep RNA MiniPrep System  (Prom ega, M adison, 
WI, USA). RNA quality and integrity were assessed using TapeStation (Agilent, Santa Clara, CA, USA). 
Four out of 6 replicates with highest RN A  integrity values (RIN) and RNA concentrations were used 
to prepare m R N A  sequencing libraries u sin g  the Sense m RN A -Seq Library prep  K it v2 (Lexogen, 
Vienna, A ustria) according to the m anufacturer's protocol. Briefly, after R N A  norm alization, 1.5 gg  
of R N A  w as denatured, polyA -selected on m agnetic beads and purified. A fter reverse transcription, 
cD N A  w as indexed and am plified  in 12 PCR cycles. Twenty-four in d ividu al libraries w ere pooled, 
at 1.8 pM  final concentration, for a 150-cycle NextSeq high-output flow cell. Paired-end sequencing of 
2 x  75 bp w as perform ed on a N extSeq 500 platform  (Illumina, San D iego, CA, USA).

4.4. NGS Data Preparation

Raw Illum ina's Base Call (BCL) files from a paired-end m RN A sequencing run were demultiplexed 
and converted into fastq  files w ith Illum ina Bcl2Fastq v.2.20.0.422 softw are. The quality  of the 
reads w as assessed  using FastQC v.11.8. (http://www.bioinform atics.babraham .ac.uk/projects/fastqc/). 
A fter rem oving, w ith C u tad ap t v.1.18 [37], the starter/stopper heterodim er sequence from  reads, 
according to the kit m anufacturer's instructions, we aligned the reads to a reference genom e GRCh38, 
ensem bl version  95, w ith STAR aligner v.2.7.0c [38], u sin g  a tw o-pass m ethod. The reads m apped  
to each gene w ere enum erated u sin g  HT-Seq-count v.0.11.2 [39] w ith ensem bl version  95 for gene 
annotation. Q uality assessm ent of alignm ent and enum erated gene expression levels w as perform ed 
usin g  M ultiQ C v.1.9 [40]. R aw  expression  values prov ided  in a tab-delim ited form at w ere then 
uploaded into R for further analysis. The raw  m RN A  sequences, along with raw  counts from H TSeq 
software, were deposited in GEO (GSE159493).

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


4.5. mRNA-seq Analysis

The raw  reads aligned to particular m R N A s w ere transform ed u sin g  the voom  function in the 
package 'lim m a' [41]. Subsequently, two surrogate variables were estim ated using the sva  package in 
R. Due to the limited sam ple size, we set the num ber of confounders to two. All following differential 
expression  an alysis w ere perform ed w ith the 'lim m a' package in R statistical environm ent on the 
residu als of the read counts from  the linear m odel w ith tw o independent variab les (both estim ated 
surrogate variables).

A t the beginning, w e perform ed standard  pairw ise  com parisons betw een WPMY1 cells and 
co-cultures w ith RWPE1 or RWPE2 after 6 or 24 h of incubation, separately. Then, to analyze 
the difference betw een co-cultures in the context of the time points, w e looked at the change in 
the expression  in time in every group  to determ ine w hich transcripts changed expression  in every 
experim ental condition. Therefore, u sin g  the lm Fit function in 'lim m a', w e tested contrasts between 
time points (24-6 h) in each condition.

4.6. TFs Estimation Analysis

TF activity w as calculated u sin g  the SEPIRA  (System s EPigenom ics Inference of R egulatory 
Activity) package  [42] u sin g  m R N A  expression  patterns. First, w e constructed a fibroblast-specific 
network of TFs using GTEx v7 RNA-seq of 483 cultured fibroblasts [43]. Then, we reduced the number 
of TFs to the top-ranking 100 factors w hich are involved in regulation  o f transcription in norm al 
fibroblasts from  GTEx. N ext, w e calculated the TF activity score of the constructed netw ork from  
m RN A -seq expression  data  from  our sam ples. Scores w ith >1 referred to positive regulation, < - 1  to 
negative regulation and from 1 to -1  to no regulation. Differentially activated TFs between time points 
in every group  w ere estim ated w ith the 'lim m a' package  in R statistical environm ent. To analyze 
differences betw een co-cultures in the context of the time points, w e u sed  the sam e contrasts as for 
m RN A  expression.

4.7. RT-qPCR Validation ofFER1L4 Expression

The lncRNA-FER1L4 expression  w as validated  w ith RT-qPCR. Reverse transcription w as 
perform ed w ith SuperScript III R everse Transcriptase (Therm o Fisher Scientific, W altham, M A, 
U SA ), according to the m anufacturer's instructions, w ith 1 u g  of R N A  and a m ix of oligo(dT)20 and 
random  hexam ers (2 gM  each, E0105-01, E0101-01, EURx, G dansk, Poland). The generated cD N A  
tem plate w as diluted  10 tim es. The qPCR reaction w as perform ed in 25 gL  vo lum e w ith Fast Probe 
qPCR M aster Mix m aster mix (E0422-03, EURx, Gdansk, Poland), 4 gL of cD NA  tem plate and 1.25 gL 
of taqm an probes (Hs00957061_m1 for FER1L4 or Hs02786624_g1 for GAPDH, Thermo Fisher Scientific, 
W altham, M A, U SA ). The cycling conditions were 95 °C  for 3 min, follow ed by 40 cycles of 95 °C  for 
10 s and 60 °C  for 30 s. Each qPCR reaction w as perform ed in triplicate. Raw Cq values were processed 
in CFX M aestro softw are (Biorad, H ercules, CA , USA). The expression w as calculated with the AACq 
m ethod with, GAPDH  as a reference gene. Statistical analysis w as conducted in R.

4.8. FER1L4-miRNA Interaction and KEGG Pathway Analysis

The experimentally supported interactions of the FER1L4-miRNA were checked in DIANA-LncBase 
v3 database [44,45]. Discovered m iRNAs where then uploaded to DIANA-mirPath [46] to find targeted 
genes w ith the DIANA-m icroT-CDS algorithm  [47] and K EG G  pathw ay enrichment analysis. L ist of 
the significant KEG G pathw ays regulated by m iRN A s, which interacted with FER1L4 w as com pared 
with previous analysis to find potential com m on regulatory pathw ays.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/22/ 
8749/s1. Supplementary Table S1. DE genes between WPMY1 cells and WPMY1 cocultured with RWPE1; 
Supplementary Table S2. DE genes between 6 h and 24 h incubation time points in each of the experimental 
conditions; Supplementary Table S3. Significant topGO pathways (BP) for unique DE genes in WR1 and WR2
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conditions separately; Supplementary Table S4. Statistically significant TFs activity between 6 h and 24 h incubation 
time points in each of the experimental conditions. Supplementary Table S5. Experimentally validated interactions 
of FER1L4 with miRNAs in DIANA-LncBase v3.
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Abbreviations

a-SMA Alpha smooth muscle actin
ceRNA Competitive endogenous RNA
CAFs Cancer-associated fibroblasts
CXCL12 Stromal cell-derived factor 1(SDF1)
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
ERK Extracellular signal regulated kinase
FER1L4 Fer-1 like family member 4
IL-1 Interleukin 1
lncRNA Long non-coding RNA
TNF-a Tumor necrosis factor alpha
RUNX1 Runt related transcription factor 1
TGF-ß Transforming growth factor beta
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