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Disruption of stromal hedgehog signaling initiates RNF5-
mediated proteasomal degradation of PTEN and
accelerates pancreatic tumor growth
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The contribution of the tumor microenvironment to pancreatic
ductal adenocarcinoma (PDAC) development is currently unclear. We
therefore examined the consequences of disrupting paracrine
Hedgehog (HH) signaling in PDAC stroma. Herein, we show that ab-
lation of the key HH signaling gene Smoothened (Smo) in stromal
fibroblasts led to increased proliferation of pancreatic tumor cells.
Furthermore, Smo deletion resulted in proteasomal degradation of
the tumor suppressor PTEN and activation of oncogenic protein ki-
nase B (AKT) in fibroblasts. An unbiased proteomic screen identified
RNF5 as a novel E3 ubiquitin ligase responsible for degradation of
phosphatase and tensin homolog (PTEN) in Smo-null fibroblasts. Ring
Finger Protein 5 (Rnf5) knockdown or pharmacological inhibition of
glycogen synthase kinase 3B (GSKB), the kinase that marks PTEN for
ubiquitination, rescued PTEN levels and reversed the oncogenic
phenotype, identifying a new node of PTEN regulation. In PDAC pa-
tients, low stromal PTEN correlated with reduced overall survival.

Introduction

The most prominent histopathological hallmark of pancreatic
cancer is its uniquely dense tumor stroma, comprised activated
fibroblasts, immune cell infiltrates, abnormal angiogenesis, and
extracellular matrix (ECM) (Feig et al, 2012). The stroma undergoes
a dramatic expansion in concert with the step-wise development of
pancreatic ductal carcinoma (PDAC), suggesting that the stroma is
an active partner in PDAC initiation and progression (Feig et al,
2012). In support of this view, a cohort of patients with tumors
exhibiting a higher content of smooth-muscle actin (SMA)-positive
cells had significantly reduced overall survival compared with
individuals with fewer of these cells (Fujita et al, 2010). However,
recent results have challenged this interpretation, demonstrating
in mouse models that ablation of fibroblasts in the pancreatic

Mechanistically, PTEN loss decreased hydraulic permeability of the
extracellular matrix, which was reversed by hyaluronidase treatment.
These results define non-cell autonomous tumor-promoting mech-
anisms activated by disruption of the HH/PTEN axis and identifies
new targets for restoring stromal tumor-suppressive functions.
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tumor stroma increases tumor growth and, contrary to previous
studies, an independent cohort of patients with tumors having
fewer SMA-positive cells had poorer overall survival than those
more enriched for SMA-positive cells (Ozdemir et al, 2014).
Molecular and genomic analysis of human pancreatic tumors
identified Hedgehog (HH) signaling as a core pathway contributing
to tumor malignancy (Jones et al, 2008; Tian et al, 2009). A prevailing
hypothesis is that HH signaling in pancreatic cancer occurs in
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a paracrine manner leading primarily to activation of the pathway
in stromal fibroblasts (Bailey et al, 2009; Tian et al, 2009). Tumor-
derived HH ligands, such as sonic hedgehog (SHH), bind to their
cognate receptor Patched1 (PTCH1) on stromal fibroblasts, re-
leasing its repression of Smoothened (SMO) and allowing for ac-
tivation of downstream glioma-associated oncogene homolog (GLI)
transcription factors. Pre-clinical studies suggested that inhibition
of canonical stromal HH signaling might enhance anti-tumor
chemotherapy (Olive et al, 2009). Thus, disruption of paracrine
SHH-SMO signaling through inhibition of stromal SMO emerged as
a promising pre-clinical target. However, subsequent clinical trials
based on these observations failed in pancreatic cancer patients
(Ruch & Kim, 2013). More recently, ablation of SHH ligand in tumor
cells was shown to decrease stromal activation and increase tumor
cell growth (Lee et al, 2014; Rhim et al, 2014). Consistent with these
results, work from our group demonstrated that deletion of the key
HH signaling effector Smoothened (Smo) from SMA-positive fi-
broblasts led to an increase in pre-neoplastic acinar-to-ductal
metaplasia (ADM) (Liu et al, 2016). The mechanism involved acti-
vation of a non-canonical AKT/GLI2 oncogenic pathway, production
of TGF-a by fibroblasts, and activation of epidermal growth factor
receptor signaling in epithelial cells (Liu et al, 2016).

In the present work, we provide mechanistic details upstream of
AKT activation in Smo-deficient fibroblasts. We demonstrate that loss
of SMO results in reduced phosphatase and tensin homolog (PTEN)
protein stability that is linked to increased GSK3p activity. We identify
RNF5 as the E3 ubiquitin ligase targeting PTEN for proteasome-
dependent degradation in the absence of SMO. These results in-
dicate that PTEN is a molecular switch that can determine whether
stromal fibroblasts act in a suppressive or oncogenic fashion.

Results

Disruption of SMO signaling in pancreatic fibroblasts increases
PDAC tumor cell growth and decreases stability of PTEN

Whether canonical HH signaling through SMO in pancreatic fi-
broblasts suppresses or promotes tumor cell growth remains
controversial (Olive et al, 2009; Rhim et al, 2014). To directly address
this question, we co-injected pancreatic fibroblasts, in which Smo
was deleted by Cre/loxP technology, with a luciferase-tagged
mouse KPC-luc tumor cell line (derived from LSL-Kras®™??/*;
TP53!0%P/1xP. pyxq-Cre mice [Hwang et al, 2008]) directly into the
pancreas of nude mice (see the Materials and Methods section for
description of cell lines used). Decreased SMO expression in the
pancreatic fibroblasts and expression of Shh in KPC-luc tumor cells
was confirmed before injection (Fig S1A and B). After injection, KPC-
luc tumor cells were visualized over time via bioluminescence
imaging, revealing that KPC-luc tumor cells injected alone or mixed
with Smo"7 fibroblasts produced tumors of the same size after
15 d (Fig 1A-C). By contrast, KPC-luc cells injected with fibroblasts
lacking SMO (Smo*©) formed tumors that were significantly larger
than controls (Fig 1A and B). Tumor cell growth, as measured
by bioluminescence, was significantly increased in KPC-luc cells
co-injected with Smo*© fibroblasts relative to Smo"" fibroblasts
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(Fig1C). To confirm these results in a related assay, we co-injected the
same fibroblasts with a different mouse tumor cell line, KPC2 (from
LSL-Kras®™P/*: Tp53R72H/* Elgs-CretR mice), into the flanks of nude
mice. Shh expression was confirmed in KPC2 cells before injection
(Fig S1B). KPC2 tumor cells injected alone or mixed with Smo""
fibroblasts produced tumors of the same size after 5 wk (Fig S1C and
D). Similar to orthotopic injection, flank KPC2 cells co-injected with
Smo*© fibroblasts formed tumors that were significantly larger than
controls (Fig S1C and D). Further analysis demonstrated an increase
in Ki67-positive, proliferating tumor cells upon co-injection with
Smo*© fibroblasts relative to Smo" fibroblasts (Fig S1E and F).

Our previous work demonstrated that activation of AKT upon
genetic deletion of Smo in pancreatic fibroblasts accelerated ADM
and epithelial cell proliferation (Liu et al, 2016). Whether loss of
PTEN expression contributed to the activation of the AKT pathway
was studied further. Western blot analysis revealed that PTEN
protein was lost and AKT phosphorylation at Ser-473 was in-
creased in Smo*© fibroblasts (Fig 1D). Surprisingly, Pten mRNA
levels remained unchanged between Smo"" and Smo*® fibro-
blasts (Fig 1E).

To address the mechanism by which PTEN protein levels were
down-regulated in the absence of Smo, we treated pancreatic fi-
broblasts with cycloheximide and measured PTEN protein levels
over time. PTEN protein was highly stable in control Smo"" fi-
broblasts and remained unchanged over the 24-h period of cy-
cloheximide treatment (Fig 2A and B, lanes 1-6). Strikingly, PTEN
protein levels, even when twice the amount of total protein was
loaded on the gel, were dramatically reduced in Smo-deleted fi-
broblasts by 8-16 h of cycloheximide treatment (Fig 2A and B, lanes
8-13). Cycloheximide treatment led to the expected reduction in
TP53 in both Smo™™ and Smo*® fibroblasts (Fig 2A). To determine if
PTEN degradation was proteasome-dependent, fibroblasts were
treated with MG132, a potent proteasome inhibitor. MG132 treat-
ment of Smo© cells restored PTEN protein to wild-type levels (Fig
2C and D, lanes 5-8), but had no obvious effect on control cells
where PTEN protein was already very stable (Fig2Cand D, lanes 1-4).

PTEN loss in tumor-associated fibroblasts correlates with
reduced overall survival in human PDAC patient samples

To test the hypothesis that loss of fibroblast PTEN is driving disease
progression, the Vectra multispectral imaging platform was used to
analyze PTEN levels in SMA-positive pancreatic fibroblasts in
a patient tissue microarray (TMA; representative images in Figs 2E
and S2A). In support of using the dual immunohistochemistry (IHC)
methodology, the same results were obtained for PTEN/SMA
staining with dual IHC compared with dual immunofluorescence
(IF) staining (Fig S2B-E). We examined the relationship between
patient outcome and reduced PTEN expression in SMA-positive
fibroblasts. Patient samples with PTEN expression scores in the
lower quartile had significantly poorer overall survival, with median
survival of 8.8 mo for the low PTEN group versus 16.9 mo for the
group with higher PTEN scores (Fig 2F and Table S1A; log-rank test;
P = 0.017). Multivariate Cox regression analysis revealed that low
PTEN scores trended toward statistical significance as a predictor of
patient survival (Table S1A; P = 0.052). Although multivariate analysis
did not reach statistical significance in the entire cohort, univariate
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A B Figure 1. Smo-null fibroblasts accelerate PDAC
tumor cell growth and proliferation in vivo.
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subgroup analyses showed that the association between PTEN
score and overall survival was statistically significant for the group
of patients older than 60y, but not for those 60 or less (Table S1B
and C; P=0.003 and 0.609, respectively). Importantly, reduced PTEN
levels remained a significant predictor of overall survival in mul-
tivariate analysis of the portion of the patient cohort older than 60y
(Table S1C; P = 0.022). Patient cohort demographics for each sub-
group are presented in Table S2.

To determine the functional significance of decreased PTEN
levels in PDAC patient fibroblasts, the human PDAC cell line MIA
PaCa-2 and primary PDAC patient-derived cancer associated fi-
broblasts (CAFs) with or without Pten depletion by shPTEN (PTEN
knockdown confirmed in Fig S3A) were admixed and injected into
the pancreas of nude mice. MIA PaCa-2 cells injected with shPTEN
fibroblasts were larger than those injected with control shNC
fibroblasts (Fig3A and B). Injected human fibroblasts were shown to
persist at the time of harvest by staining dual IHC for SMA
and a human-specific anti-mitochondria antibody (dual positive
SMA+/HumanMito+ cells are indicated by red arrowheads in Fig S3B).
Similar to the orthotopic model, xenograft MIA PaCa-2 cells

Stromal PTEN loss enhances PDAC growth Pitarresi et al.

co-injected with shPTEN fibroblasts also grew at a significantly
faster rate than those injected with control shNC fibroblasts (Fig
3C and D). Tumor cells co-injected with shPTEN fibroblasts
showed increased proliferation compared with controls, as
measured by Ki67 staining of the tumor cells (Fig S3C and D).
Furthermore, staining for the endothelial cell marker Meca32
revealed an increase in the number and size of tumor blood
vessels (Fig 3E). Similarly, xenograft co-injection of the mouse
PDAC cell line KPC2 and mouse Pten"" and Pten*® pancreatic
fibroblasts (confirmed knockout in Fig S3E) resulted in increased
tumor growth, tumor cell proliferation, and tumor angiogenesis
(Fig S3F-1, respectively).

PTEN stability is modulated by the E3 Ubiquitin Ligase RNF5

To begin to address the mechanisms by which SMO signaling
controls PTEN stability in stromal fibroblasts, an unbiased global
PTEN interactome screen was implemented. Purified V5-tagged
PTEN was incubated on slides on which 17,000 human GST-
tagged proteins were printed as previously described (Jeong
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Figure 2. Proteasome-mediated degradation of
PTEN in Smo-null cells.

(A) Western blots for PTEN and TP53 upon
cycloheximide treatment in Smo™" or Smo*©
fibroblasts. Protein loading amount (ug) indicated
above lane. (B) The graph represents quantification of
three independent Western blots relative to untreated.
N = 3, squares represent means + SD. (C) Western blots
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4 8 16 24 for PTEN in DMSO- (Vehicle) or MG132-treated Smo"" or
Smo© fibroblasts. (D) Graph represents quantitation of
three individual Western blots relative to vehicle-
treated. N =3, bars represent means + SD. (E) Composite
images (1 image per core) of dual color IHC (PTEN
Brown, SMA Red) of human PDAC TMA and co-
localization map showing SMA and PTEN overlap in

+  MG132 yellow. Scale bar 50 um. (F) Kaplan-Meier plots for

Smor© fibroblast PTEN expression (H-score cutoff of 22) Scale
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et al, 2012) (see the Materials and Methods section). When
a stringent signal-to-noise cutoff ratio of 8.0 was applied, 374
predicted PTEN interacting proteins were identified, including
previously identified binding partners (Table S3). As PTEN degra-
dation is mediated by the proteasome in Smo-deleted fibroblasts,
we focused on potential PTEN E3 ubiquitin ligases, the key enzyme
in the pathway that recognizes specific protein substrates for
ubiquitination (Lecker et al, 2006). The 374 PTEN interactome list
contained only three E3 ubiquitin ligases: TRIM44, RNF5, and WWP2,
of which the latter is a known E3 ubiquitin ligase for PTEN (Maddika
et al, 2011). Knockdown of the three candidate E3 enzymes (TRIM&4,
RNF5, and WWP2) in Smo© fibroblasts demonstrated that only Rnf5
silencing significantly rescued PTEN protein levels to wild type (Fig
4A and B). Knockdown efficiency for each gene was confirmed at the
RNA level (Fig S4A), and knockdown of RNF5 protein confirmed (Fig
S4B). As expected, Rnf5 knockdown had no effect on Pten mRNA
levels (Fig S4C). Overexpression of supra-physiological Pten in
Smo*© fibroblasts was unable to rescue PTEN protein levels, and
phosphorylation of AKT at Ser-473 remained high, indicating that, in
this context, RNF5 in these cells is a potent PTEN E3 ubiquitin ligase
and rapidly degrades overexpressed PTEN (Fig S4D and E).
Co-immunoprecipitation (co-IP) was performed with PTEN an-
tibody in SmoX© fibroblasts, followed by Western blot analysis with
RNF5 antibody, demonstrating interaction of these two proteins in
the context of fibroblast Smo deletion (Fig 4C). Remarkably, ex-
pression of the combination of V5-tagged RNF5 and HA-tagged
ubiquitin in 293T cells decreased endogenous PTEN levels (Fig 4D).
In the same experiment, immunoprecipitation of endogenous PTEN

Stromal PTEN loss enhances PDAC growth Pitarresi et al.
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and Western blot analysis with HA-antibody demonstrated RNF5-
mediated ubiquitin transfer to PTEN (Fig 4E).

GSK3B mediates PTEN degradation by phosphorylation of
Threonine-366

Previous work demonstrated that PTEN was destabilized by GSK33
phosphorylation at position Threonine-366 in the unstructured
C-terminal tail of PTEN (Maccario et al, 2007). Furthermore, GSK38 is
a known component of the Hedgehog Signaling Complex that reg-
ulates Gli1 stability (Jia et al, 2002; Sharpe et al, 2015). Therefore, we
tested whether decreased PTEN stability in Smo*© cells may be due
to phosphorylation of Threonine-366 by GSK3B (Maccario et al, 2007).
Smo*© fibroblasts had higher levels of GSK3B-pTyr-216, the activated
form of the kinase (Fig 5A). Furthermore, PTEN-pT366 was detected in
Smo*© cell extracts and the phosphorylated form of the protein
accumulated after treatment of cells with the proteasome inhibitor
MG-132 (Fig 5B). To directly test whether GSK3B activity was re-
sponsible for destabilization of PTEN, Smo*° fibroblasts were treated
with three different GSK38 inhibitors (CT99021, AR-A014418, and SB-
216763) over a 48-h time course and PTEN levels were analyzed via
Western blot analysis. Inhibition of GSK3p activity was confirmed by
showing decreased levels of Glycogen Synthase pSer-614, a well-
characterized substrate site for GSK3B (Fig 5C). All three GSK3B in-
hibitors fully rescued PTEN protein levels by 48 h (Fig 5C and D). In
contrast to proteasome inhibition with MG-132 (Fig 5B), PTEN-pT366
did not appreciably accumulate following treatment with the GSK33
inhibitors (Fig 5C), validating its role as a PTEN kinase.
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Figure 3. Pten-null fibroblasts accelerate PDAC
tumor cell growth and proliferation in vivo.

(A, B) Images and tumor volume quantification of
orthotopic MIA PaCa-2 tumor cells co-injected with
shNC™ (scrambled control) or shPTEN-transduced
fibroblasts. N = 5, dots represent means + SEM. (C, D)
Images and tumor volume quantification of xenograft
MIA PaCa-2 tumor cells co-injected with shNC-
(scrambled control) or shPTEN-transduced fibroblasts.
N =5, dots represent means + SEM. P-value calculated
using repeated measure ANOVA. (E) IHC and
quantification of Meca32 staining. N = 3, bars represent
means + SD.
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Pharmacologic inhibition of SMO destabilizes PTEN in fibroblasts
leading to decreased hydraulic permeability

SMO antagonists were promising drugs for pancreatic cancer in pre-
clinical studies; however, clinical trials with SMO antagonists in com-
bination with chemotherapy failed (Ruch & Kim, 2013). We hypothesized
that the down regulation of stromal PTEN levels might contribute to
failure of SMO inhibitors such as GDC-0449. To determine if inhibition of
SMO with this small molecule inhibitor could mimic the genetic deletion
of SMO, LSL-Kras®™P/*:LSL-Trp53™7°M*-pdx-1-Cre;Brea1'@'@® (Kpc-
BRCA1%C) mice were treated with GDC-0449 (Shakya et al 2011, 2013).
This genetically engineered mouse model (GEMM) was chosen as itis an
aggressive stroma-rich GEMM of PDAC. KPC-BRCA1%“C mice were treated
with GDC-0449 at 5 wk of age, when invasive ductal adenocarcinoma is
detected. Short-term treatment of mice with GDC-0449 was performed
as a proof-of-principle experiment to show in an autochthonous GEMM
of PDAC that SMO inhibition could lead to decreased PTEN levels in vivo.
In addition, long-term treatment with GDC-0449 proved toxic in KPC-
BRCAT mice. Analysis of GliT and Ptch1 mRNA expression in the tumors
validated the efficacy of SMO inhibition (Fig 6A). A significant decrease
in the PTEN protein levels in SMA-positive fibroblasts was observed in
the GDC-0449 group compared with controls as quantified using multi-
spectral microscopy (Figs 6B and S5A).

Stromal PTEN loss enhances PDAC growth Pitarresi et al.

shNC shPTEN

PDAC patient-derived primary pancreatic CAF were treated with
GDC-0449 and Western blot analysis demonstrated a rapid de-
crease in PTEN protein and an increase in phosphorylated, acti-
vated AKT in response to drug treatment (Figs 6C and S5B). The
same experiment was repeated in Smo"" mouse pancreatic fi-
broblasts. GDC-0449 treatment effectively decreased PTEN ex-
pression and activated AKT in these mouse fibroblasts (Fig S5C). Of
note, human fibroblasts required a slightly higher dose of GDC-0449
to reduce PTEN levels, suggesting that human PTEN may be more
stable than mouse PTEN.

Fibroblasts are major contributors to the distinct desmoplastic
reaction in PDAC that alter the architecture and mechanics of the
ECM (Provenzano et al, 2012; Stylianopoulos et al, 2013). We
designed an in vitro assay using a microfluidic device (Hammer
et al, 2017) to test whether PTEN in tumor fibroblasts affects the
hydraulic permeability (K), which is a characteristic of the ECM that
relates interstitial fluid velocity to the fluid pressure gradient (Wiig
& Swartz, 2012) (Fig S6A-D). This in vitro assay demonstrated that
human pancreatic tumor fibroblasts with PTEN knockdown had
increased resistance to flow (i.e, decreased K) compared with
control (Fig 6D and E). Consistent with our results, GDC-0449
treatment of control fibroblasts, but not PTEN knockdown fibro-
blasts, showed a similar decrease in K relative to untreated cells
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(Fig6D and E). Increased hyaluronic acid (HA) in the ECM is known to
significantly alter the hydraulic permeability in tumors and other
tissues (Wiig & Swartz, 2012). Interestingly, treating with hyal-
uronidase normalized the decreased hydraulic permeability pro-
duced by PTEN-knockdown tumor fibroblasts (Fig 6D and E). HA
production is regulated by hyaluronan synthase genes HAS1, HAS2,
and HAS3 (ltano & Kimata, 2002), of which HAS2 and HAS3 are
expressed by pancreatic fibroblasts. Knockdown of PTEN resulted in
a significant increase in HAS3 (Fig 6F), which has previously been
shown to promote tumor growth in pancreatic cancer (Kultti et al,
2014). Furthermore, analysis of The Cancer Genome Atlas indicated
that increased HAS3 expression correlated with decreased survival
in pancreatic cancer patients (Fig 6G).

Discussion

We have identified a mechanism by which stromal fibroblasts
promote pancreatic tumor cell growth. Previous studies revealed
a potential suppressive function of the tumor microenvironment
(Lee et al, 2014; Ozdemir et al, 2014; Rhim et al, 2014). In addition, HH
signaling has been shown to act in a paracrine manner in PDAC,
with tumor-secreted SHH activating the HH pathway in pancreatic
fibroblasts (Yauch et al, 2008).These studies, however, did not di-
rectly address the potential oncogenic functions of the tumor
microenvironment in pancreatic cancer progression. Our study
definitively illustrates that a set of fibroblasts within the tumor
microenvironment can promote tumor cell growth when paracrine
hedgehog signaling is disrupted. Although others have demon-
strated that treatment of xenograft tumors with HH antagonists
delays tumor growth (Yauch et al, 2008), we crucially extend these
findings to demonstrate that Smo deletion in fibroblasts enhances
tumor growth. These seemingly paradoxical results are likely due
to the different origin of fibroblast cultures. Yauch et al (2008)
used mouse embryonic fibroblasts with ex vivo cre-mediated re-
combination, whereas we used CAFs with in vivo genetic deletion of
Smo. This is in agreement with recent literature demonstrating that
activated CAFs are inherently different than resident fibroblasts
(reviewed in Kalluri [2016]). Notably, we also provide mechanistic
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Figure 4. RNF5 is a novel E3 ubiquitin ligase for PTEN.
(A) Western blots for PTEN upon treatment with the
indicated siRNA or MG132 in Smo"" or Smo<°©
fibroblasts. (B) Graph represents quantitation of three
individual Western blots relative to vehicle-treated. N =
3, bars represent means + SD. (C) Western blots for RNF5
after co-IP with PTEN or 1gG antibody in Smo*©
fibroblasts. N = 3. (D) Western blots for PTEN in HEK-
293T cells fibroblasts transfected with FLAG-tagged
RNF5 or HA-tagged Ubiquitin. N = 3. (E) Western blots for

+

VS'RNFSE = HA-Ubiquitin after co-IP with PTEN antibody in HEK-
HA-UD: + + + 293T cells fibroblasts transfected with FLAG-tagged
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RNF5 or HA-tagged Ubiquitin. N = 3.
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insight into the events that connect the loss of SMO and PTEN,
identifying GSK3B and the E3-ligase RNF5 as critical intermediates
in the proteasome-mediated destruction of PTEN (Fig 7). These
results extend previous work from our group demonstrating that
loss of Hedgehog signaling in pancreatic stromal fibroblasts caused
increased PI3-kinase/AKT signaling and non-canonical activation
of the GLI2 transcription factor, events that led to enhanced TGFa
production by firoblasts and accelerated ADM and growth of
pancreatic tumor cells via activation of epidermal growth factor
receptor signaling (Fig 7) (Liu et al, 2016).

Analysis of fibroblast PTEN expression in PDAC patient samples
demonstrated heterogeneous patterns of expression in the stromal
fibroblast compartment, with focal areas of intense staining
intermixed with areas of minimal staining in the same patient tissue
sample. Given this observation, we were intrigued to find that
patients who had decreased stromal PTEN correlated with a worse
prognosis (Fig 2E and F). Importantly, we selected multiple areas of
tissue for this survival analysis, to obtain a representative and
quantifiable measure of the global stromal PTEN expression for
each patient, to control for heterogeneity in staining patterns.
Moreover, recent results demonstrating distinct sets of activated
fibroblasts that either produce or respond to IL6 highlight the
importance of stromal heterogeneity in promoting pancreatic tu-
mor progression (Ohlund et al, 2017). However, taken together, we
caution the clinical interpretation of results presented in this
manuscript, as analyses of TMA staining is limited with regard
to intratumoral heterogeneity. Heterogeneity of tumor cells has
long been appreciated and contributes to tumor recurrence and
therapeutic resistance. Molecular heterogeneity within the stromal
fibroblast population may account for, at least in part, the tumor-
promoting and tumor-suppressive fibroblast subsets within pan-
creatic cancer. The combined results begin to establish the complex
heterogeneity of pancreatic CAFs and the potential functional
consequences of modulating the stroma with targeted therapies.
The work presented herein establishes that loss of stromal PTEN
influences tumor growth in a non-cell autonomous fashion.

Structural alterations to the ECM mediated by PTEN expression in
stromal fibroblasts was assessed by quantifying K, which is a widely
used measurement in interstitial physiology (Wiig & Swartz, 2012).
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Figure 5. GSK3p inhibition blocks PTEN degradation.

(A) Western blots and quantification for total and phosphorylated GSK3B Tyr-216 Smo*© or Smo*© fibroblasts. Graph represents quantitation of three individual
Western blots relative to Smo™". N = 3, bars represent means * SD. (B) Western blots of total and phosphorylated PTEN Thr-366 upon treatment with vehicle or MG132
in Smo fibroblasts. N = 3. (C, D) Western blots and quantification for total and phosphorylated PTEN Thr-366 and phosphorylated glycogen synthase (GS) Ser-614
in Smo*© or Smo*° fibroblasts at the indicated time points. Graph represents quantitation of three individual Western blots relative to Smo"". N = 3, dots

represent means + SD.

Our results suggest that loss of PTEN in fibroblasts correlates with
increased HA synthesis that results in decreased hydraulic per-
meability and is a subsequent physical barrier to interstitial drug
transport in tumors. Hingorani et al, have demonstrated that tar-
geting HA with PEGylated, recombinant human hyaluronidase in-
creases the effectiveness of chemotherapy in pre-clinical PDAC
models and in PDAC patients (Provenzano et al, 2012; Hingorani
et al, 2016). Furthermore, the original study by Olive et al, dem-
onstrated that treatment with SMO inhibitors led to increased
intratumoral vasculature (Olive et al, 2009), in agreement with our
result that PTEN silencing in fibroblasts enhanced angiogenesis.
This result is intriguing and suggests that fibroblasts are integral
components of the microenvironment that regulate angiogenesis
and the vascular network, and that clinical interventions targeting
the stroma should consider potential effects this may have on
tumor vasculature.

Importantly, the identification of RNF5 as a new E3 ubiquitin
ligase for PTEN shows the cell-type specificity of proteasome-
mediated degradation machinery. Several E3 ubiquitin ligases that
mediate PTEN degradation have been previously identified, in-
cluding NEDD4-1, WWP2, and XIAP (Wang et al, 2007; Van Themsche
et al, 2009; Maddika et al, 2011). However, of these three, only WWP2
was identified in our initial PTEN interactome screen and sub-
sequent experiments indicated that WWP2 is not responsible for
degradation of PTEN in pancreatic stromal fibroblasts. Given this
result, future studies will be required to determine if RNF5 acts as

Stromal PTEN loss enhances PDAC growth Pitarresi et al.

an E3 ubiquitin ligase in other cell types and cancers. Breast cancer,
in particular, has been previously shown to over-express RNF5
(Bromberg et al, 2007), whereas other cancers have yet to be ex-
plored. Of note, 75% of prostate cancer patients with reduced PTEN
protein lack a corresponding reduction in mRNA, emphasizing
that PTEN protein decay mechanisms may have a broader context
within human cancers (Chen et al, 2011). Therefore, targeting PTEN
destabilizers such as RNF5 may provide a unique approach to
restore PTEN function in both tumor cells and tumor stromal
fibroblasts.

Materials and Methods

Animal strains and maintenance

Control (Smo'®"/~, herein referred to as Smo"7) and experimental
(FspCre;Smo'®*/~, herein referred to as SmoX®) animals were
generated by crossingthe previously described Smo'®*, Smo™ (Long
et al, 2001) and FspCre (Trimboli et al, 2008, 2009) strains with
tumor-bearing Mist1-Kras®™?? animals, as previously described by
our group (Liu et al, 2016; Pitarresi et al, 2016). Pancreatic fibroblasts
were generated from age-matched littermate Smo™" and Smo©
mice from a mixed C57BL/6; 129/Sv and FVBN genetic background;
all cells were passaged the same number of times for each
experiment. LSL-Kras®™?/*:L SL-Trp53%%7°"/*-p(x-1-Cre;Brea1'oP/1oxP
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(A) gRT-PCR analysis of whole pancreas tissue for Gli1
and Ptcht in vehicle or GDC-0449 treated mice. N = 3,
bars represent means * SD. (B) Dual color IHC (PTEN
brown, SMA red) of pancreata from vehicle or GDC-0449
treated mice, showing SMA and PTEN overlap in yellow.
Scale bar, 50 ym. The H-score represents the
quantification of the PTEN staining in SMA-positive
cells. N = 3, bars represent means + SD. (C) Western
blots and quantification for total PTEN, total and
phosphorylated AKT Ser-473 in GDC-0449-treated
human pancreatic CAFs. Graph represents quantitation
of three individual Western blots relative to untreated.
N =3, bars represent means + SD. (D) Rhodamine-BSA
dye flow through collagen channel after 48-h culturing
of indicated fibroblast populations with and without
GDC-0449. Yellow dotted line indicates displacement of
dye at 60 s relative to 0 s. (E) Quantification of hydraulic
permeability (rate shown in E). Statistical testing was
performed using ANOVA with Tukey’'s HSD post-testing.
N > 4 for each condition. Bars indicate means + SEM;
ANOVA with Tukey's-Cramer post-testing was used to
analyze statistical significance. (F) gRT-PCR analysis of
HAS3 in shNT and shPTEN fibroblasts. N = 3, bars
represent means + SD. (G) Kaplan-Meier survival curve
of The Cancer Genome Atlas-PAAD data segregated
based on HAS3 high or low expression.
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(KPC-BRCA1“®) mice were previously described (Shakya et al, 2013)
and generously provided by Reena Shakya and Thomas Ludwig.

GDC-0449 was dissolved in DMSO and mice were orally ad-
ministered 100 mg/kg once per day for 4 d. 4 h after the last dose,
mice were dissected and pancreata were harvested for histology
and immunohistochemistry staining as described.

Xenograft and orthotopic injections

Athymic nude mice used for xenograft injection experiments were
provided by the Ohio State University Target Validation Shared
Resource Core. For subcutaneous injection, 5 x 10> KPC2 or MIA
PaCa-2 tumor cells were admixed in a 1:1 ratio with 5 x 10° fibro-
blasts and injected into the flanks of nude mice; tumor volumes
were measured once per week by caliper.

Stromal PTEN loss enhances PDAC growth Pitarresi et al.

Athymic nude mice were used for orthotopic injection experi-
ments. For mouse cell lines, 1 x 10° KPC-luc tumor cells were
admixed in a 1:5 ratio with 5 x 10° fibroblasts, as previously de-
scribed (Hwang et al, 2008). KPC-luc cells were generously provided
by Craig D. Logsdon and Zobeida Cruz-Monserrate. For human cell
lines, 1x 10° MIA PaCa-2 tumor cells were admixed in a 1:5 ratio with
5 x 10° fibroblasts. KPC-luc tumor-bearing mice were injected with
15 mg/ml of D-luciferin (IP) and imaged every 5 d for the course of
the study on a PerkinElmer IVIS Spectrum imaging system with
the help of the Small Animal Imaging Facility at the University
of Pennsylvania. Fibroblasts were shown to persist 6-wk post-
injection by staining with SMA and human nuclear antigen in
consecutive sections from MIA PaCa-2 tumor cells co-injected with
human patient-derived fibroblasts (Fig S3E), in agreement with
results from others showing that fibroblasts persist in both
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Figure 7. Graphical abstract.

Genetic deletion of Smo or pharmacologic inhibition of SMO in pancreatic CAFs
activates GSK3p, leading to enhanced PTEN phosphorylation and proteasomal
degradation via the E3 ubiquitin ligase enzyme RNF5. Subsequent AKT activation
leads to enhanced GLI2 binding and activation of the Tgfa promoter. TGF-a
production by SMO-null fibroblasts cross-talks with the adjacent tumor cells,
leading to activation of epidermal growth factor receptor (EGFR) and accelerated
growth of the tumor epithelium.

xenograft (Mathew et al, 2014) and orthotopic (Vonlaufen et al,
2008) injection model systems. To confirm that fibroblasts were not
transformed, 5.0 x 10° fibroblasts were injected into the flanks of
nude mice and followed for 6 wk; no tumors formed.

Multispectral vectra IHC analysis

Dual stained samples were imaged using the PerkinElmer's Vectra
multispectral slide analysis system. For the mouse samples, at least
three multispectral images per animal for at least three mice per
genotype (unless otherwise noted) were manually taken. For the
human PDAC TMA, one field of interest per core was automatically
acquired. The image acquisition workflow consisted of the following: (1)
monochrome imaging of the entire slide; (2) RGB low power imaging of
the tumor tissue using an inForm tissue finding algorithm; and (3)
multispectral high-power imaging of one field containing tumor epi-
thelium and stroma by means of an infForm HPF finding algorithm.

For visualization of the component images (PTEN/SMO DAB, SMA
Red), the multispectral images were spectrally unmixed using
Nuance software. Nuance co-localization tool was used to create
the co-localization maps displaying the PTEN/SMO-positive cells in
the SMA-positive cellular compartment overlap in yellow.

Stromal PTEN loss enhances PDAC growth Pitarresi et al.

For quantification of the PTEN and SMO staining, the multi-
spectral images were reviewed and analyzed using inForm Tissue
Finder software. A pattern recognition algorithm was used for
processing as follows: (1) trainable tissue segmentation to segment
the SMA-positive regions from the tumor epithelium; (2) cell seg-
mentation of the SMA-positive tissue category to locate the subcellular
compartments; and (3) scoring to bin the spectrally unmixed DAB
signal into four categories depending on the staining intensity (0+,
1+, 2+ and 3+), providing data in percent. The H-Score, which ranges
from 0 to 300, was calculated using the following formula: [1 = (%
cells 1+) + 2 x (% cells 2+) + 3 x (% cells 3+)]. Thus, H-score measures
staining intensity and percentage of positive cells in a given cellular
compartment. Comparison of co-IF with dual-color IHC was per-
formed on serial sections of the same tissue to show that IHCis able
to recapitulate conventional staining procedures in a quantitative
manner (Fig S2A-B). The percentage of SMA/PTEN dual-positive
cells by co-IF was quantified (Fig S2C) and compared with H-score
(Fig S2D) for the same mice presented in Fig 3C. Of note, the overlap
in IHC staining is a direct quantitative measure of staining for one
antigen (in the case of this example, PTEN) within a distinct cell
population defined by a second antigen (in this case, SMA), and is
not simply the overlap in signal between the two stains.

IHC and IF staining

Dissected mouse pancreas tissues were fixed in 10% neutral-
buffered formalin solution for 48 h and transferred to 70% etha-
nol. Tissues were processed, embedded in paraffin, cut into 5-pum
sections on positively charged slides, de-paraffinized, rehydrated,
and stained with H&E.

For immunohistochemistry, all sections were stained using
a Bond Rx autostainer (Leica) or Roche Discovery ULTRA autos-
tainer, unless otherwise noted, according to the manufacturers
recommendations. Antibodies for the following markers were di-
luted in Antibody diluent (Leica): aSMA (1:4,000; Abcam), Ki67 (1:200;
Abcam), PTEN (1:150 Cell Signaling), SMO (1:200; Bioss), Meca-32 (1:50;
BD Pharmingen), and human anti-mitochondria (1:500; Abcam).

Cell culture and treatments

Primary pancreatic fibroblasts were purified as previously out-
lined in the literature (Liu et al, 2016; Pitarresi et al, 2016). Smo™"
and Smo*° pancreatic fibroblast cultures were established from
Mist1579s6720 mice at the PanIN stage that carried Smo'>* and
FspCre;Smo“°*® alleles, respectively. All fibroblast cultures were
shown to be SMA-positive in our previous work {Liu et al, 2016 #11;
Pitarresi et al, 2016 #32}. Primary human PDAC CAFs were isolated
as previously described {Liu et al, 2016 #11}. For isolation of murine
and human primary fibroblasts, tumor tissue was minced and
digested with collagenase while shaking for 1 h at 37°C. Digested
tissue was gravity purified for 10 min in media, and subsequent
pellets were subjected to two more gravity purifications, and then
seeded on tissue culture dishes. MIA PaCa-2 tumor cell line was
obtained from the ATCC. The KPC2 tumor cell line was a generous
gift from Stephen F. Konieczny and established from tumor-
bearing Elas-CretR: LSL-Kras®™P/*; TP53R"72H/* mice.
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For cycloheximide assays, a final concentration of 10 pg/ml was
used. Cellular lysates were collected with RIPA buffer at the in-
dicated time points for standard Western blotting analysis.

Proteasome inhibitor MG132 treatment was performed at a final
concentration of 10 uM for the indicated time points.

Three GSK3p inhibitors were used: SB-216763 (#sc-200646; Santa
Cruz), CT99021 (#CHIR99021; Sigma-Aldrich), and AR-A014418 (HALX-
270-468-M001; Enzo Lifesciences). Cells were grown to 70% con-
fluency and treated with 5 uM SB-216763, 5 uM CT99021, or 10 uM
AR-A014418 for the indicated time points. After treatment, cells
were harvested for Western blot analysis in RIPA buffer.

co-IP and ubiquitin assays

Cells were harvested by trypsinization and lysed in non-denaturing
extraction buffer (CST 9803), and immunoprecipitation with anti-
body against PTEN (1:100 CST). After incubation, PRO-A magnetic
beads (LSKMAGAO02; Millipore) were added. Samples were washed
and Laemmli buffer added for Western blot analysis.

siRNA knockdown

Dharmacon ON-TARGETplus SMARTpool siRNA system was used for
knockdown. Briefly, ~60% confluent pancreatic fibroblast cultures
were treated with 200 pM of pooled siRNA and 10 ul of lipofectamine
2000 in 600 pl of serum-free OPTI-MEM media for 8 h. The medium
was changed to 10% FBS-DMEM and allowed to sit for 24-48 h, at
which time the cells were harvested.

Microfluidic device fabrication

Hydraulic permeability measurements were acquired using micro-
fluidic devices fabricated out of polydimethylsiloxane using soft li-
thography techniques. The polydimethylsiloxane devices consisted
of a single straight channel (5 mm long, 500 um wide, and 1T mm tall)
with 4 mm inlet/outlet ports and irreversibly sealed to a glass slide
using plasma oxidation (Harrick, 90 s). For application of flow, a pipet
tip (Redi-Tip) was inserted at one of the ports. Tips were cut to
~2-2.4 cm to ensure a tight fit at the port. The microdevices were
sterilized with 30 min of UV treatment.

Fibroblast cell preparation for hydraulic permeability
measurements

Primary human pancreatic tumor fibroblasts were maintained in
high glucose DMEM supplemented with 10% fetal bovine serum, 1%
penn-steptomycin, 0.2% plasmocin, and 0.1% fungin. Rat tail type |
collagen gel (Corning Life Science, 6 mg/ml, pH = 7.4), containing
fibroblasts at 1.8 x 10° cells/ml, was introduced into the microfluidic
device at 4°C and polymerized at 37°C for 24 h. The collagen
concentration was selected to minimize collagen contraction by
fibroblasts. In addition, the devices were incubated with fibronectin
(100 pg/ml, 30 min) before injection to improve hydrogel adhesion
to the channel walls. For GDC treatment conditions, the fibro-
blasts were resuspended in medium containing GDC at 80 uM
GDC before mixing with collagen gel solution and cultured for
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48 h with additional GDC containing medium after injection into
the microdevices.

The following experimental conditions were conducted in the
microfluidic devices: (1) acellular collagen; (2) collagen containing
control tumor fibroblasts (shNC); (3) collagen containing tumor
fibroblasts with PTEN knocked down by shRNA (shPTEN); (4) col-
lagen containing shnc fibroblasts treated with GDC (shNC + GDC); (5)
collagen containing shPTEN fibroblasts treated with GDC (shPTEN +
GDC). All devices were cultured for 48 h before measurements by
placing approximately 400 pl of medium at the ports and device
surface, with the medium being renewed every 24 h.

Microfluidic hydraulic permeability measurements

To measure hydraulic permeability, a rhodamine-bovine serum
albumin (rhodamine-BSA) (Molecular Probes) was flowed through
the microfluidic device. Flow was established by applying a fluidic
height difference (2-2.4 cm) between the ports using cell culture
medium, measured for each sample. After establishing flow, 4-8uL
of rhodamine-BSA was injected into the tip and was transported by
the flow through the microdevice. Timelapse microscopy experi-
ments were recorded with an epifluorescence Nikon TS-100F mi-
croscope equipped with a Q-Imaging QlIClick camera. Images were
acquired every 15 s for 20-30 min. These images were then used to
quantify the average velocity of the dye through the collagen/
fibroblast matrix by tracking the position of the bulk of the dye as it
flowed through the microdevice using FlJI. Hydraulic permeability
was then calculated by using Darcy’s Law for flow through porous
medium as follows:

_ uvAL
k=22 ()
where p is the viscosity of the cell culture medium (approximated
using water), v is the average fluid velocity, AL is the length of the
channel, and AP is the pressure difference across the channel due to
the fluidic height difference and is given by the following equation:

AP = pgh, )

where p is the density of the cell culture medium (approximated
using water), g is the acceleration due to gravity (9.81m/s?),and h is
the fluidic height difference between ports.

Statistics

Pearson’s correlation, Wilcoxon rank-sum test, ANOVA and t test
were calculated using R 3.0.1 or Prism. The Pvalues from t tests are
listed unless otherwise specified. In all graphs, median, means
(bar), and standard deviations or standard error of the means
(lines) are denoted. Microarray data were processed by Robust
Multi-array Average (RMA) method and analyzed using the
moderated t test approach (Yu et al, 2011). For survival analysis,
the Kaplan-Meier method and log-rank test were applied to
univariate analysis and Cox regression models were used for
multivariate analysis. Comparison wise P-value of 0.05 was
considered significant.
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Study approval

The use of animals was in compliance with federal and Ohio State
University Laboratory Animal Resources regulations.
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Supplementary Information is available at https://doi.org/10.26508/lsa.
201800190.
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