1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Stemn Cells. Author manuscript; available in PMC 2022 December 01.

-, HHS Public Access
«

Published in final edited form as:
Stem Cells. 2021 December ; 39(12): 1766-1777. doi:10.1002/stem.3455.

ELF3 mediates IL-1a induced differentiation of mesenchymal
stem cells to inflammatory iCAFs

Linda L. Tranl, Truong Dang?, Rintu Thomas?, David R. Rowley?
lintegrative Molecular and Biomedical Sciences Graduate Program, Baylor College of Medicine.

2Department of Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza,
Houston, TX 77030, USA

Abstract

Stromal cells in the tumor microenvironment regulate the immune landscape and tumor
progression. Yet, the ontogeny and heterogeneity of reactive stromal cells within tumors is not
well understood. Carcinoma-associated fibroblasts exhibiting an inflammatory phenotype (iCAFs)
have been identified within multiple cancers, however mechanisms that lead to their recruitment
and differentiation also remain undefined. Targeting these mechanisms therapeutically may be
important in managing cancer progression. Here, we identify the ELF3 transcription factor as

the canonical mediator of IL-1a-induced differentiation of prostate mesenchymal stem cells

to an iCAF phenotype, typical of the tumor microenvironment. Furthermore, IL-1a-induced
iCAFs were subsequently refractive to TGF-p1 induced trans-differentiation to a myofibroblast
phenotype (myCAF), another key carcinoma-associated fibroblast subtype typical of reactive
stroma in cancer. Restricted trans-differentiation was associated with phosphorylation of the YAP
protein, indicating that interplay between ELF3 action and activation of the Hippo pathway are
critical for restricting trans-differentiation of iCAFs. Together, these data show that the IL-1a /
ELF3/ YAP pathways are coordinate for regulating inflammatory carcinoma-associated fibroblast
differentiation.
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Introduction

Reactive stroma first appears during prostatic intraepithelial neoplasia (PIN) and co-evolves
with local prostate cancer progression (1). Cancer-associated reactive stroma is composed
of myofibroblasts and other stromal cell-types, collectively termed carcinoma-associated
fibroblasts (CAFs) (2, 3). CAFs have been reported to be both tumor promoting and
tumor-inhibiting depending on the CAF phenotype and tumor context. This has confounded
attempts to effectively study the therapeutic potential of targeting CAF biology (4).

The heterogeneity of CAF phenotypes further complicates understanding their respective
roles in cancer evolvability. In pancreatic cancer, both inflammatory CAFs (iCAFs) and
myofibroblastic CAFs (myCAFs) have been described (5). Heterogeneity of reactive stroma
CAFs is also observed in prostate cancer with approximately 50% of reactive stroma
attributed to a myofibroblast myCAF phenotype (1). The classification of CAFs into distinct
types is not yet well-established, as their plasticity and cell types of origin are not yet
understood. However, the myCAF (contractile and matrix-secreting) and iCAF (immune
modulatory) classification remains currently as a general concept.

In general, reactive stroma biology is coordinate with tissue repair biology (2). In prostate
cancer, the degree of reactive stroma is predictive of biochemical recurrent disease and
prostate cancer-specific death (6, 7). However, there is considerable heterogeneity in cell
content and the extent of matrix remodeling in reactive stroma within a particular tumor
and when compared between different tumors of the same pathological Gleason grade.
Accordingly, the complex ontogeny along with mechanisms that regulate recruitment

and plasticity and/or differentiation to distinct reactive stroma CAF phenotypes are not
understood.
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Tissue resident mesenchymal stem cells (MSCs), including pericytes, have been identified as
a cell types of origin for the genesis of reactive stroma (8-10). MSCs have been identified

in several postnatal tissues, including the normal human prostate gland (11, 12). Moreover,
MSCs have been isolated from small and large vessels, indicating their distribution in adult
tissues may be connected to their localization in the perivascular niche (13, 14). We have
reported localization of CD44+/CD90+ MSCs in both the perivascular niche and stromal
compartment in the normal human prostate gland and induced differentiation to myCAFs by
TGF-B1 (12). Several studies show that tissue resident MSCs can differentiate to myCAFs
and that TGF-B1 is a key regulatory factor in myofibroblast differentiation (12, 15, 16).
Myofibroblasts function during normal tissue repair and in several disease processes with
reactive stroma, including fibrosis and cancer (3, 17, 18).

Considerably less is understood about the plasticity or differentiation of iCAF subtypes.
iCAFs have been identified in several cancers, including breast, ovarian, pancreatic and
skin cancers (5, 19, 20). These immune-modulatory fibroblasts promote macrophage
recruitment, tumor vascularization, and tumor-growth (21). While the iCAF subtype
modulates inflammation, little is known about their ontogeny from MSCs or whether they
result from phenotypic plasticity or a terminal differentiation. The IL-1 induced JAK/STAT
mechanism has been shown to be a key inducer of the iCAF phenotype in pancreatic
cancer and these studies also showed that TGF-f antagonized iCAF induction (22). These
studies suggested that iCAFs and myCAFs represent interconvertible cell phenotypes.
However, whether these CAF subtypes represent states of phenotypic plasticity or terminal
differentiation states is not understood.

IL-1s are key upstream mediators of tissue inflammatory responses and exhibit pro-
inflammatory and pro-fibrotic activities in reactive stroma (23). Inflammation is associated
with poor prognosis in many cancers. It is becoming clearer that inflammation is tumor-
promoting at nearly every stage of tumorigenesis including initiation, invasion, metastasis,
immune evasion, and therapeutic resistance (24). IL-1a is overexpressed in epithelial cells
in both benign prostatic hyperplasia and in prostate cancer (25-27). In the prostate gland,
overexpression of IL-1a in the prostate epithelial cells in experimental mice, resulted in
reactive stroma growth, angiogenesis, and epithelial hyperplasia (26). However, the role of
IL-1a and mechanisms of action that may regulate differentiation of iCAFs from pericyte
MSCs has not been investigated. Accordingly, the present study was designed to evaluate
IL-1a as an inducer of MSC differentiation to iCAFs and to identify the key transcription
factors that mediate IL-1a action. Furthermore, the study was designed to address whether
iCAFs are restricted from TGF-p induced trans-differentiation to myCAFs and to identify
key regulatory mechanisms.

We report here that IL-a overexpressing prostate epithelial cells induced differentiation of
human prostate MSCs to an iCAF phenotype. Gene expression analyses and loss of function
studies identified E74-like ETS transcription factor 3 (ELF3) as an essential transcription
factor that mediated IL-1a induced iCAF differentiation. Furthermore, IL-1a induced
iCAFs were restricted from TGF-B1-induced trans-differentiation to the myCAF phenotype.
This was attributed to YAP1 phosphorylation, indicating activation of the Hippo pathway,
thereby restricting SMAD activity. Perivascular cells isolated from murine microvasculature
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were also responsive to IL-1a induction as compared with other tissue-resident fibroblasts.
Together, these data suggest that iCAFs are a distinct subpopulation of differentiated CAFs
that may originate from vascular MSC pericytes, as well as other tissue resident MSCs,
following induction by IL-1a and subsequent regulation by the ELF3 transcription factor.

IL-1a induces hpMSCs to an iCAF phenotype.

We have previously generated CD44+/CD90+ human prostate mesenchymal stem cells
(hpMSCs) and used these to dissect mechanisms responsible for CAF differentiation (12).
This work showed that TGF-B1, via RUNX1 regulation, induced hpMSC (HPS-19I cells)
transit amplification and differentiation to myCAFs. Furthermore, we reported that CD44+/
CD90+ positive cells reside in prostate gland stroma and perivascular niches in vivo (12). To
further assess the multipotent characteristics of hpMSCs, we sought next to assess whether
IL-1a would induce a phenotypic switch of these cells to iCAFs and whether the iCAF and
myCAF phenotypes were inter-convertible CAF phenotypic states.

To assess CAF differentiation and IL-1a induced gene expression in hpMSCs, human
normal prostate, CSPG4 expressing, hpMSCs (HPS-191 cells) (12) were indirectly co-
cultured in bicameral Millicell insert chambers with immortalized human prostate epithelial
cells (PNT1A) engineered to overexpress IL-1a (26). Microarray expression analysis
showed 1216 genes up-regulated and 1231 genes down-regulated in hpMSCs by at least 1.4-
fold in IL-1a conditions relative to control. Gene ontology analysis (biological processes)
showed IL-1a induced enrichment of genes associated with the immune response, the
inflammatory response, and neutrophil chemotaxis (Fig. 1A), typical of an iCAF phenotype
(5, 22). From this analysis, we created an inflammatory gene signature for hpMSCs/iCAFs
consisting of genes most highly up-regulated (from 5 to 183 fold change in the gene
expression array) by IL-1a: /LIA, IL1B, ELF3, IL18, IL6, IL8, CSF2, and CSF3. This gene
signature pattern was confirmed with gRT-PCR in co-cultured samples and was recapitulated
in hpMSCs/iCAFs induced with recombinant IL-1a (Fig. 1B).

To determine if there is a similar gene signature in murine MSC cells, we crossed R26-stop-
EYFP mice with Cspg4-cre/Esrl mice (tamoxifen-inducible Cre recombinase under control
of the murine Cspg4 promoter) to create a CSPG4-EYFP reporter mouse for generating
CSPG4+ cells (pericytes). To examine CSPG4+ cells, microvascular (MV) explants were
isolated from abdominal adipose and prostate tissues of Cspg4-EYFP mice and maintained
in culture and were subsequently treated with recombinant IL-1a to assess phenotypic CAF
states. Fluorescence microscopy confirmed the presence of CSPG4+ cells localized to MV
fragments and their potential to expand (Fig. 2A). The cells derived from MV fragments
were passaged and enriched for the EYFP+ population using fluorescence-assisted cell
sorting (FACS). Mouse CSPG4+ enriched cells exhibit an IL-1a induced inflammatory gene
expression pattern similar to IL-1a induced hpMSC cells (Fig. 2B) for many but not all the
genes (such as £/73) in the profile. Perivascular niche-derived cells also exhibited a more
robust iCAF phenotypic response to IL-1a as compared with mouse normal prostate-derived
fibroblasts. Cells isolated from Cspg4-EYFP mouse microvascular fragments exhibited
significant elevation in basal expression of //1a, /16, Csf1, 116, and Csf3, and an elevated
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IL-1a induced expression of //1a, Cxcl1, Csf2, 116, and Csf3relative to normal mouse
prostate-derived fibroblasts (Fig. 2C). Of interest, basal expression £/f3was not elevated by
IL-1a in mouse perivascular cells unlike the induction observed with human hpMSCs.

ELF3 is essential for the IL-1a induced differentiation and cell density of iCAFs.

Gene expression analyses revealed elevated expression of the E74-like ETS transcription
factor 3 (ELF3) in IL-1a treated hpMSC cells. ELF3 represented the only transcription
factor in the top 50 elevated genes with expression at least 10-fold over control.
Accordingly, we next assessed the role of ELF3 in mediating IL-1a action via loss of
function studies. £LF3expression was attenuated using small interfering RNA (siRNA)

in hpMSC cells (HPS-191). An 83% reduction in IL-1a-induced ELF3gene expression

was achieved, and ELF protein was non-detectable in Western blots (Fig. 3A). Importantly,
knockdown of £LF3in hpMSC cells resulted in a significant reduction in the IL-1a-induced
iCAF gene signature set (Fig. 3B). These data indicate that MSCs with £LF3knockdown
are not induced to the iCAF phenotype. The £LF3knockdown results were confirmed using
an additional hpMSC cell line (HPS-33Q) isolated from a different human normal prostate
donor (Supplementary Fig. 1) (12). In addition, a reduced cell density was associated with
knockdown of ELF3expression. ELF3attenuated cells exhibited a reduced cell density
relative to control siNC cells (Fig. 4A). Both cell counting (Fig. 4B) and MTT assays (Fig.
4C) confirmed a significant reduction in hpMSC cell numbers following siRNA knockdown
of ELF3. These data demonstrate that the ELF3 transcription factor is essential for the IL-1a
induced elevation in cell number and expression of the iCAF phenotype in hpMSCs.

IL-1a-induced iCAFs exhibit restricted response to TGF-p1.

It remains unknown whether prototypical iCAFs represent a more plastic, transient fibroblast
inflammatory phenotype, capable of phenotypic transdifferentiating to other CAF subtypes
or whether iCAFs are incapable of phenotype reversal. As we reported previously, hpMSCs
are potently induced to myofibroblastic myCAFs by TGF-p1, as are most normal fibroblasts
in culture (12, 28, 29). Moreover, induction of resident fibroblasts to myCAFs by TGF-
B1is a hallmark of the cancer-associated reactive stroma (12). Accordingly, we next
assessed whether IL-1a induced iCAFs were responsive or refractive to TGF-p1-induction
to myCAFs. Induction of hpMSCs (HPS-191) with IL-1a for 24 hours resulted in cells

that maintained a typical TGF-B1-induced myCAF phenotype, as evidenced by ACTAZ,
RUNXIand TNC gene expression (Fig. 5A) as we reported previously (12). In contrast,
induction of hpMSC cells with IL-1a for 10 days resulted in iCAFs that were refractive

to TGF-B1 induction to the myCAF phenotype, including the induction of COL1A1 (Fig.
5B). Of interest, several TGF-B1 induced genes, such as /L6, ELF3and TNC (Fig. 5C) were
observed, although cells maintained an inflammatory gene signature expression (/L1B, /LS,
etc.) (Fig. 5D). In stark contrast to control cells, IL-1a induced iCAFs were fully refractive
to TGF-B1 induction of ACTAZ (smooth muscle alpha actin), the prototypical gene that
identifies myCAF differentiation (12).

To assess potential mechanisms, we next evaluated TGF-B1 canonical pathways. IL-1a
induced iCAFs revealed dysregulation of TGFBR1, TGFBR2, SMAD4, and SMAD7 gene
expression, each involved in canonical TGF-p signal transduction (Fig. 5E). This includes
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expression dysregulation of RUNXI (Fig. 5B). Furthermore, immunocytochemistry staining
revealed inhibition of phospho-SMADZ2/3 nuclear accumulation, a key step in transcription
of TGF-p regulated genes (Fig. 5F). Together, these data suggest that IL-1a induced

iCAFs represent a distinct differentiated CAF cell subtype that are restricted from further
TGF-B1-induction to prototypical myCAF myofibroblasts via canonical TGF-B1 signaling
mechanisms. However, iCAFs remained responsive to TGF-p1, likely via non-canonical
pathways.

iCAFs restricted from TGF-pl1-induced myCAF trans-differentiation exhibit activated Hippo

pathway.

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ)
are known to regulate the activity of TGF-p-regulated SMADS (30, 31). To assess
requirements for YAP activity for transcription of TGF-B mediated genes in hpMSCs /
myofibroblasts, we utilized the benzoporphyrin derivative Verteporfin to inhibit the YAP-
TEAD interaction to subsequently disrupt downstream targets of YAP (32). Pretreatment

of hpMSCs with Verteporfin strongly reduced induction of myofibroblast differentiation
markers ACTAZand TNC following TGF-p stimulation (Fig. 6A), as well as YAP and
phospho-YAP protein (Fig. 6B), as compared to vehicle control. These data suggest the
YAP pathway is an important regulator of TGF-B1 induced myofibroblast differentiation in
hpMSCs.

Phosphorylation of YAP results in cytoplasmic sequestration of the YAP/TAZ/SMADS
complex, thereby restricting transcription of TGF-p mediated genes (33). To assess whether
cytoplasmic sequestration of YAP may be a mechanism that restricts TGF-p mediated
myCAF trans-differentiation in IL-1a induced iCAFs, we quantified phosphorylated and
total protein levels of YAP in TGF-B1 treated, 1l-1a -differentiated iCAFs. A significant
elevation of phospho-YAP protein (Fig. 6C), but not total YAP (Fig. 6D), was observed

in iCAFs upon exposure to TGF-P. These data suggest that YAP phosphorylation and
subsequent cytoplasmic sequestration of YAP interactors, is one mechanism through

which IL-1a induced iCAFs are restricted from subsequent TGF-B1-induced myCAF trans-
differentiation.

Discussion

Carcinoma-associated fibroblasts (CAFs) are a category of stromal cells, so termed due

to their emergence and proximity to developing foci of cancer epithelial cells. There is
considerable evidence that CAFs are composed of a variety of stromal cell phenotypes.
Collectively, CAFs affect tumor growth and progression, although mechanisms are not
understood. CAFs function to remodel the extracellular matrix, maintain juxtacrine and
paracrine signaling with cancer cells, and recruit and influence immune cells to the tumor
microenvironment (21, 34). Less understood is CAF ontogeny, the factors that activate them,
their lineage plasticity, mechanisms that influence selection pressure, and differentiation
potential. Understanding CAF biology is key to tapping the therapeutic exploitation of CAFs
as regulators of tumorigenesis.
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Our previous work reported that MSCs reside within both the perivascular space and stroma
of normal adult human prostate gland, from which they were isolated and studied (12).

We report here that human normal prostate-derived MSCs can be differentiated and/or
selected to iCAFs by IL-1a and present a gene signature profile that can identify this CAF
subpopulation. Notably, we show ELF3 is an essential transcription factor in mediating
IL-1a-induced activation and differentiation of CSPG4+ MSCs to iCAFs. These data are
consistent with several reports that suggest MSCs have tropism for being activated and
expanding into reactive stroma foci in both wounds and cancer (8, 13, 14, 35-38).

Our previous work also showed that human prostate MSCs are induced to transit
amplification and differentiation to prototypical myofibroblast myCAFs via the actions

of TGF-p1 and the RUNX1 transcription factor (12). Myofibroblastic myCAFs are a
subpopulation of CAFs generally associated with later stages of repair and have been
shown to be immunosuppressive, affect wound contraction, and resolve wounds (39). In
contrast to myCAF pathways, we show here that iCAF pathways involve ELF3 mediation of
IL-1a action to regulate human MSC cell number and differentiation to iCAFs. ELF3 was
required for both an elevation in cell density and differentiation and/or selection of cells to
an iCAF differentiated phenotype. It is not yet known whether the increase in cell density
is due to changes in proliferation, apoptosis or cell adhesion. These data suggest a novel
pathway to target iCAFs. Importantly, our data shows that IL-1a-induced human iCAFs
were also restricted from TGF-B1-induced trans-differentiation to myCAFs via inactivation
of the canonical TGF-B1 signaling pathway, thereby permitting maintained expression of
inflammatory markers and differentiated iCAF phenotype. The data suggests that chronic
inflammatory milieus favor MSCs ontogeny towards a pro-inflammatory and differentiated
iCAF. Accordingly, if this biology is recapitulated in vivo, under TGF-B rich conditions,
these iCAFs would be expected to persist and continue to express immune promoting
cytokines. Of interest, mouse perivascular cells exhibited a similar cytokine expression
profile with IL-1a induction, however we did not see an elevation of £/£3. It is not yet
known whether this reflects differences in perivascular cells versus MSCs or mouse versus
human biology.

Our data is consistent with the proposal that fibroblasts are significant mediators of

the switch between acute to chronic persistent inflammation (40). It has been proposed

that similar to monocyte/macrophages, MSCs can be polarized to different phenotypes,
with MSC1 cells being labeled as pro-inflammatory mediators and MSC2 cells being
immunosuppressive (41). MSCs participate in regulating inflammation and repair in tissues
and exhibit "immunoregulatory plasticity" whereby they can either enhance or suppress
immune functions (42). Accordingly, MSCs and their derivative CAF subtypes participate
in complex immune regulatory processes. It is possible that iCAFs could enhance tumor
promotion through cytokine production, endothelial activation, and leukocyte recruitment.
The interactions between iCAFs and myCAFs is complex and poorly understood. iCAFs
may contribute to sustaining myCAF populations. Myofibroblasts are essential in resolving
inflammation, producing collagen, and being contractile to effect scar formation and
wound healing. Myofibroblasts then undergo apoptosis when the tissue is repaired (43).

In cancer and persistent fibrotic diseases, myofibroblasts/myCAFs continue to accumulate
and seemingly, resist apoptosis. One mechanism by which they are able to persist is

Stem Cells. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.
Methods
Cell lines

Page 8

through evading immune surveillance (44). Pro-inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a.) and IL-17 promote cancer cell immunosuppression through
stabilization of programmed cell death-ligand 1 (PD-L1) (45, 46), culminating in T cell
exhaustion (47). Myofibroblasts have also been shown to express PD-L1 and affect T cell
activation and proliferation (48, 49). Taken together, these studies support the possibility
that iCAF fibroblasts may support myofibroblast immune evasion through expression of
inflammatory cytokines.

Another key finding of this study was that iCAFs are resistant to trans-differentiation

to myCAFs via canonical TGF-p1 signaling. Activation of nuclear YAP during TGF-p
stimulation is critical for the establishment and maintenance of myCAFs (50). It has been
shown that the cellular localization of YAP/TAZ can mediate TGF-f signaling through
sequestration of SMAD complexes. Phosphorylation and subsequent cytoplasmic retention
of YAP/TAZ results in suppressed TGF- signaling (51). We show here that iCAFs exhibit
decreased nuclear phospho-SMADZ2/3 and increased YAP phosphorylation in response to
TGF-B1. Moreover, inhibition of YAP resulted in restricted myCAF differentiation of MSCs.

Together these data suggest that activation and differentiation of tissue-resident MSCs

to reactive stroma iCAFs by IL-1a is mediated by the ELF3 transcription factor.
Furthermore, a complex interplay between ELF3 and YAP/TAZ acts to restrict iCAF trans-
differentiation to myCAFs through canonical TGF-B1 pathways. The data suggests that
trans-differentiation plasticity between these CAF subtypes is restricted. Additional studies
are required to further dissect the complex biology of iCAFs in the tumor microenvironment
and mechanisms that affect their recruitment and differentiation in order to identify potential
therapeutic targets for managing iCAF/myCAF biology during tumorigenesis.

Human prostate mesenchymal stem cell (hpMSCs) lines HPS-191 and HPS-33Q were
previously isolated from normal human prostate tissue from cadaver donors and maintained
in Bfs medium — high glucose DMEM (Gibco) supplemented with 5% (v/v) FBS (HyClone),
5% (v/v) NuSerum (Collaborative Research), 0.5 pg/mL testosterone, 5 pg/mL insulin, 100
U/mL penicillin, and 100 pug/mL streptomycin (Sigma) as reported previously (12). PNT1A
cells engineered to either overexpress IL-1a or vector only control were provided by Dr.
Michael Ittmann (Baylor College of Medicine, Houston, TX) and maintained in RPMI 1640
medium (Gibco), supplemented with 10% (v/v) FBS and 200 pug/mL geneticin (Gibco) as
reported previously (26). Tramp-C1D cells were provided by Dr. Barbara Foster (Roswell
Park Comprehensive Cancer Center, Buffalo, NY) and maintained in Bfs medium (52).
Murine prostate stromal cells were isolated in a similar manner to hpMSCs. Briefly, fresh
tissue was harvested from adult mouse prostate. Explants were cut into 1 mm?3 cubes and
incubated in 24-well plates containing Bfs medium, as we have reported previously (53, 54).
Cells proliferating from explants were passaged and maintained in Bfs medium.
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All animal studies were performed in accordance with approved IACUC protocols AN-3801
and AN-1867 at Baylor College of Medicine. Cspg4-cre/Esrl mice, tamoxifen-inducible
Cre recombinase under control of the murine Cspg4 promoter, were purchased from
Jackson Laboratory (008538). The strain of origin for these mice is C57BL/6. R26-stop-
EYFP mice with a /oxP-flanked stop codon followed by the EYFP gene inserted into the
GIl(ROSA)26Sor locus, were provided by Dr. Li Xin (University of Washington, Dept.
Urol.). The strain of origin for these mice is FVB/NJ. Cspg4-cre/Esrl mice were crossed
with R26-stop-EYFP to create a tamoxifen-inducible tracing model for Cspg4+ cells,
referred to as NG2-cre/Esr1*/ R26-stop-EYFP mice (Cspg4-EYFP model). To induce EYFP
expression in CSPG4+ cells, tamoxifen (T5648, Sigma-Aldrich) was dissolved in 100%
ethanol and diluted in corn oil to 10 mg/ml. 100 pul was administered intraperitoneally to
adult mice (8-10 weeks of age) for 5 consecutive days.

Microvasculature explants

Microvasculature explants were isolated as previously described (55). Briefly, abdominal
adipose and prostate tissues were isolated from tamoxifen induced Cspg4-EYFP mice and
rinsed in cold DPBS. Tissue was cut into 1 mm? cubes and digested in high glucose
DMEM supplemented with 2 mg/ml bovine serum albumin and 2 mg/ml Collagenase
Type | (LS004196, Worthington) with agitation at 37°C for 30-60 minutes. Digested tissue
solution was pelleted at 1000 xg for 5 minutes, washed with Bfs medium, and resuspended
in Bfs medium. Suspension was filtered through sterile 300 um nylon mesh to remove
undigested tissue. Filtered solution was applied to sterile 30 um nylon mesh to separate
microvasculature fragments. Microvasculature fragments were washed from nylon mesh
with Bfs medium and maintained in culture. Cells were expanded and enriched for CSPG4
through fluorescence-assisted cell sorting (FACS) to enrich for EYFP+ cells using a BD
FACS Aria (Cytometry and Cell Sorting Core, Baylor College of Medicine).

Indirect co-culture

5 x 104 hpMSCs were seeded into 24-well plates and 2 x 10° engineered PNT1A cells

were seeded into the upper chamber of 12 mm Millicell Cell Culture Inserts (HA mixed
cellulose esters, PIHA01250, Millipore) in separate plates in their own respective mediums
(listed above), as we have reported previously (12). After 24 hours, the inserts (with PNT1A
cultures) were placed into a well (with hpMSCs) and maintained for 72 hours in Mg medium
— MCDB 110 supplemented with ITS, 100 U/mL penicillin, and 100 pg/mL streptomycin
(Sigma). RNA was harvested separately from each compartment of cells.

RNA isolation and quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Cells were homogenized using QlAshredder (Qiagen) and RNA was isolated with the
RNeasy Mini Kit (Qiagen). RNA was reverse transcribed with the amfiRivert cDNA
Synthesis Platinum Master Mix kit (GenDEPOT) and analyzed using FastStart Universal
SYBR Green Master (Rox) (Sigma-Aldrich) on the ViiA 7 (Applied Biosystems)
system. Expression levels were normalized to GAPDH. Primer sequences are listed in
Supplementary Table 1.
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Microarray analysis

RNA from hpMSCs were submitted to BCM’s Genomic and RNA Profiling Core and
processed for gene expression analysis via the SurePrint G3 Human Gene Expression
8x60K v2 Microarray (Agilent). Dr. Chad Creighton, (Biostatistics and Informatics Shared
Resource, Dan L Duncan Comprehensive Cancer Center, BCM) performed preliminary and
gene ontology enrichment analysis (biological processes) of microarray data.

Small interfering RNA (siRNA) transfection

Three different sSiRNA constructs (ThermoFisher Scientific were evaluated in HPS-191

cells (EIF3 Silencer Select s4624). Cells were transfected with a final concentration

of 50 nM siRNA using the Neon Transfection System (Invitrogen) set at 990 V, 40

ms, and 1 pulse. Cells were transfected with Silencer Select Negative Control No. 1

or ELF3 Silencer Select s4624 (ThermoFisher Scientific). Cells were resuspended in
antibiotic-free Bfs medium. siRNA sequence UCCAGGUCCACGUCACUUCca (antisense),
GAAGUGACGUGGACCUGGALt (sense), produced efficient knockdown.

Cytokine treatment

1 x 105 hpMSCs were seeded in 6-well plates and incubated for 24 hours in Bfs medium.
Cells were serum starved for 16 hours in Moo medium — high glucose DMEM supplemented
with 0.2% bovine serum albumin, ITS, 100 U/mL penicillin, and 100 pug/mL streptomycin.
Cells were treated with 5 ng/ml recombinant human IL-1a (R&D Systems) for 24 hours

in Myo medium. For differentiation assays, cells were treated with 5 ng/ml recombinant
human IL-1a for 10 days in Myg medium supplemented with 0.5% (v/v) FBS and 0.5%
(v/v) NuSerum. Medium and recombinant protein were refreshed every 2-3 days. Cells were
then treated with 50 pM recombinant porcine TGF-p (R&D Systems) for 48 hours in Myg
medium to differentiate into myofibroblasts.

1 x 10° murine stromal cells were seeded in 6-well plates and incubated for 24 hours in Bfs
medium. Cells were treated with 10 ng/ml recombinant human IL-1a (R&D Systems) for 24
hours in Bfs medium.

Verteporfin treatment

For YAP1 inhibition, cells were incubated with 0.25 uM Verteporfin (Cayman Chemical)
diluted in dimethyl sulfoxide for 2 hours prior to cytokine treatment.

Cell Number Assays

For growth curves, 1 x 10° cells were seeded in T-25 flasks in Bfs medium. Medium was
refreshed every 2-3 days. At time of collection, cells were trypsinized and counted by trypan
blue exclusion using the TC10 Automated Cell Counter (Bio-Rad).

For MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assays, 1 x 103
cells were seeded in 96-well plates in Bfs medium. Medium was refreshed every 2-3 days.
At time of collection, cells were incubated with 12 mM MTT (Molecular Probes) at 37°C
for 4 hours. Dimethyl sulfoxide was added, mixed thoroughly, and incubated at 37°C for 10
minutes. Absorbances were read at 540 nm.
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Immunoblotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer and passed through a
26-gauge needle multiple times. Lysate was combined with NUPAGE LDS Sample Buffer
and reducing agent f-mercaptoethanol. Samples were boiled and separated on a 4-12%
Bis-Tris gel and transferred onto a PVDF membrane with the iBlot dry transfer system
(Invitrogen). Blocking and washing steps were performed using proprietary reagents from
the WesternBreeze kit (Invitrogen). PVDF membranes were incubated in primary antibody
overnight at 4°C. The following are primary antibodies and corresponding dilutions:

ESE1 (1:10,000; ab133621; Abcam), YAP1 (1:1,000; Clone 1A12; Acris), Phospho-YAP
(1:1,000; D9W21; Cell Signaling), p-Actin (1:5,000; AC-15; Sigma). Membranes were then
incubated in biotinylated secondary antibody for 1 hour at room temperature. This was
followed by exposure to High Sensitivity Streptavidin HRP (1:2000; 21130; Thermo Fisher
Scientific). Secondary antibodies are listed in Supplementary Table 2. Signal was developed
with Immobilon Western Chemiluminescent HRP substrate (WBKLS0500; Millipore) and
captured using Kodak Image Station 4000R. Immunoblots were quantitated using n=3
independent experiments.

Immunocytochemistry

Autoclaved 22x22 mm cover glasses (3506; Thermo Fisher Scientific) were placed into
wells prior to cell seeding and cytokine treatments that were previously described. Following
treatment, cells on cover glasses were fixed in 4% paraformaldehyde for 15 minutes and
thoroughly washed with DPBS. Cells were permeabilized with ice-cold 100% methanol for
10 minutes at —20°C. Cells were blocked for endogenous peroxidase activity with Bloxall
(SP-6000; Vector Labs) for 10 minutes. Cells were then blocked with 5% goat serum
(Sigma) for 1 hour and incubated in anti-Phospho-SMAD?2/3 (1:100; D27F4; Cell Signaling)
primary antibody overnight at 4°C. Cells were then incubated in biotinylated goat-anti-rabbit
secondary (1:500; B2770; Invitrogen) for 45 minutes at 37°C and subsequently exposed

to ready-to-use peroxidase (PK-7100; Vector Labs). Color was developed using Nova Red
substrate (SK-4800; Vector Labs). Micrographs were captured with a Nikon Labophot-2
microscope with Nuance software version 3.0.0.

Statistical analysis

Paired two-tailed Student’s #tests and two-way ANOVAs were performed to determine
significance in quantified data sets. For these analyses, p-values less than 0.05 were
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

The mechanisms determining the heterogeneity of stromal populations in the tumor
microenvironment are poorly understood. The present study identifies ELF3 as an
essential transcription factor in the differentiation of a key pro-inflammatory stromal cell
type and identifies mesenchymal stem cells as a progenitor of inflammatory carcinoma-
associated fibroblasts.
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Figure 1. IL-1a activates hpM SCsto an inflammatory phenotype.

Immortalized normal human prostate epithelial cells (PNT1A) containing the pcDNA
control vector and the IL-1a. overexpression vector were indirectly co-cultured human
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prostate mesenchymal stem cells (hpMSCs) for 72 hr. RNA was harvested from the stromal
compartment and submitted for gene expression analysis (Agilent SurePrint G3 Human
Gene Expression 8x60K v2 Microarray). 2447 gene probes had a significant fold change

greater than 1.4 or less than 1/1.4. 1231 genes were down-regulated, and 1216 genes

were up-regulated. Gene ontology analysis showed enrichment of genes associated with the
immune response, the inflammatory response, and neutrophil chemotaxis (A). Treatment of
hpMSCs with 5 ng/ml of recombinant human IL-1a recapitulates the inflammatory gene

signature identified in the microarray (B). For (A): n = 3; p < 0.01 (**). For (B): data

represent mean = SEM; n = 4; p < 0.05 (*), p <0.01 (**).
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Figure 2. IL-1a activates Cspg4+ cellsto an iCAF phenotype.

Microvasculature (MV) explants were isolated from abdominal adipose and prostate tissues
of Cspg4-EYFP mice and maintained in culture. Fluorescence microscopy confirmed the
presence of Cspg4+ cells localized to MV fragments and their potential to expand (A).
Cspg4+ enriched cells from MV fragments exhibit an inflammatory profile that trends
similarly to human cells when treated with 10 ng/ml of recombinant human IL-1a (B). Cells
isolated from MV fragments (denoted MV) showed higher threshold and induction levels of
genes associated with inflammation as compared to normal prostate fibroblasts (denoted N)
(C). Note that cells isolated from MV are more responsive to inflammatory mediator IL-1a
than normal fibroblasts. Data represent mean = SEM; n = 3; p < 0.05 (*), p < 0.01 (**), p <

0.001 (***). ns: not significant. Scale bars = 100 um.
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Figure 3. ELF3isessential for thelL-1a induced inflammatory response in hpM SCs.
ELF3 siRNA efficiently knocked down gene and protein expression of ELF3 in hpMSCs.

Due to low threshold levels, knockdown is much more evident in IL-1a induced conditions
(denoted with red arrow) (A). Prostate epithelial cells (PNTIA) overexpressing IL-1a were
used as a positive loading control (A). Silencing of ELF3strongly mediated IL-1a induction
of inflammatory genes in hpMSCs (B). For (A): data represent mean = SEM; n = 3; p < 0.05
(*). For (B): data represent mean + SEM; n = 4; p < 0.05 (*), p <0.01 (**).
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Figure 4. ELF3isessential for increasein hpM SC cell number.
A decrease in cell number was associated with inhibition of £LF3in hpMSC cell cultures.

By six days post transfection with negative control siRNA (siNC), hpMSCs reached nearly
100% confluency in culture. In contrast, cells transfected with ELF3 siRNA (siELF3) did
not change in cell number (A). Growth curves (B) and MTT assays (C) in full serum
medium following siRNA knockdown showed no significant increase in siELF3 cell count
over the course of 10 days. In serum-containing conditions, IL-1a treatment appeared to
have no significant effect on proliferation. Data represent mean + SEM; n = 3; p < 0.05 (*),
p <0.01 (**), p<0.001 (***). Scale bars = 100 pm
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Figure5. Chronic treatment with IL-1a induces hpM SCsto pro-inflammatory iCAFs and
restricts TGF-B1 induced myCAF responses.

Acute treatment of hpMSCs with recombinant IL-1a for 24 hours resulted in cells that
retained TGF-B1 induced myofibroblast differentiation as evidenced by AC7A2and TNC
expression (A), while chronic IL-1a treatment for 10 days resulted in iCAFs that were
restricted from differentiation to myofibroblasts (lack of ACTAZand COL1A1 induction)
(B), as determined by gene expression of prototypical myofibroblast markers. IL-1a
induced iCAFs remain responsive to TGF-p1, as evidenced by induced gene expression
including 7A/C (C), yet they continue to express interleukin inflammatory markers (D). They
exhibit dysregulation of genes involved in canonical TGF-B signal transduction including
SMAD?7 (E). Immunocytochemical staining revealed inhibition of phospho-SMAD2/3
nuclear accumulation, a key step in transcription of TGF-B1 regulated genes (lower right
panel) (F). Data represent mean £ SEM; n = 3; p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
Scale bars = 100 pm.
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Figure 6. iCAFsactivated Hippo pathway associates with restricted TGF-plmediated
myofibroblast differentiation.

Pretreatment of hpMSCs with the YAP inhibitor Verteporfin reduced TGF-p1 induced
myofibroblast differentiated gene expression (A) and protein expression of YAP and
phospho-YAP (B). iCAFs show a significant increase of phospho-YAP (C), but not total
YAP (D), in TGF-B1 conditions. Data represent mean + SEM; n = 3; p < 0.05 (*). ns: not

significant.
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