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Abstract

Transforming Growth Factor p1 (TGFp1) is a critical regulator of tumor progression in response
to HRas. Recently, TGFP1 has been shown to trigger ER stress in many disease models; however,
its role in oncogene-induced ER stress is unclear. Oncogenic HRas induces the unfolded protein
response (UPR) predominantly via the Inositol-requiring enzyme la (IREla) pathway to initiate
the adaptative responses to ER stress, with importance for both proliferation and senescence. Here,
we show a role of the UPR sensor proteins IRE1a and (PKR)-like endoplasmic reticulum kinase
(PERK) to mediate the tumor-suppressive roles of TGFB1 in mouse Keratinocytes expressing
mutant forms of HRas. TGFP1 suppressed IRE1la phosphorylation and activation by HRas both
in in vitroand in vivo models while simultaneously activating the PERK pathway. However, the
increase in ER stress indicated an uncoupling of ER stress and IRE1a activation by TGFp1.
Pharmacological and genetic approaches demonstrated that TGFp1-dependent dephosphorylation
of IRE1a was mediated by PERK through RNA Polymerase 1l Associated Protein 2 (RPAP2), a
PERK-dependent IREla phosphatase. In addition, TGFp1-mediated growth arrest in oncogenic
HRas keratinocytes was partially dependent on PERK-induced IRE1a dephosphorylation and
inactivation. Together, these results demonstrate a critical cross-talk between UPR proteins that is
important for TGFP1-mediated tumor suppressive responses.
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Introduction

Inositol-requiring enzyme la (IREla), Protein kinase RNA-like ER kinase (PERK), and
activating transcription factor 6 (ATF6) are the three unfolded protein response (UPR)
sensors that mediate adaptation to endoplasmic reticulum (ER) stress caused by the
dysregulated proteostasis that is frequently observed in tumor cells®. The UPR is an
integrated series of signaling pathways that can optimally meet the demands of protein
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synthesis to folding under physiological as well as pathological conditions!-2. Accumulation
of unfolded proteins can activate the UPR sensors either upon its dissociation with

Grp78 (or BiP), an ER-resident chaperone, or by direct association with the unfolded
proteins in the ER lumen34. Upon activation, the multi-domain IRE1a can dimerize and
subsequently oligomerize via its kinase domain under increasing levels of ER stress by
undergoing auto- and transphosphorylation. This causes a conformational change in its
RNase domain to recognize XpI mRNA, its major target®. The unconventional splicing

of XbpZI mRNA removes a 26bp intron to code a transcription factor XBP1S that can
regulate the transcription of certain ER chaperones such as DnaJ-like proteins, Pdi, Erol-
La, Sec61al, and BiPin addition to genes involved in ER-associated degradation (ERAD)
machinery such as £dem16-10. In addition, the IRE1a RNase can also selectively recognize
and degrade an array of mRNAs and miRNAs of ER-targeted proteins by a process known
as regulated IRE1-dependent decay (RIDD)112, On the contrary, an activated PERK dimer
can phosphorylate its downstream effector, elF2a, leading to the global inhibition of protein
translation but can also selectively translate ATF4, a transcription factor that can regulate

a diverse set of biological functions during prolonged ER stress314, Activated ATF6
undergoes proteolytic cleavage by site-1 and site-2 proteases to encode a transcription factor
that in turn upregulates expression of Xbp1, BiP, Pdi, and Edem1t5:16,

Increased IRE1la and XBP1 expression have been associated with tumor aggressiveness

in multiple cancers1’=22, Constitutive activation of the Ras pathway due to the presence

of mutations is estimated in about 19% of all cancer lesions23; however, irreversible
growth arrest and premature senescence by oncogenic HRas is an initial tumor-suppressive
response observed in benign lesions of the skin?4:25. Previous research from our lab has
shown that oncogenic HRas-dependent activation of IRE1a, but not PERK, can govern
the paradoxical proliferative and senescence phenotypes frequently observed in primary
keratinocytes expressing oncogenic mutants of HRas26. XBP1S generated by activated
IREla is essential for the proliferative response, while RIDD is critical for senescence®.

Oncogenic HRas also induces secretion of TGFB1 in primary keratinocytes?’28, a major
regulatory cytokine in normal and transformed epithelial cells2”2%-35_Interestingly, HRas
does not block the early biochemical events of TGFB1 signaling but leads to global changes
in gene expression3. TGFPB1 can accelerate premature senescence in v-RasHa-expressing
keratinocytes and inactivation of TGFP1 responses or production causes benign tumors

to undergo rapid malignant conversion37:38, Studies have highlighted the roles of TGFB1
signaling to modulate the tumor-suppressive or promoting function of oncogenic HRas2832
and to induce ER stress in fibrosis3®-42, differentiation®3, inflammation4, and apoptosis*?;
however, the role of TGFB1 in regulating oncogene-induced ER stress during early stages of
cancer development remains poorly understood. Here, we investigate the ability of TGFp1 to
modulate ER stress in oncogenic HRas-expressing keratinocytes and show its importance in
TGFp1-mediated growth inhibition.
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TGFB1 blocks HRas-induced activation of IREla, but does not suppress the ER stress

response

We previously showed that expression of oncogenic HRas in primary mouse keratinocytes
either through retroviral transduction of oncogenic HRas (v-RasH?) or doxycycline
induction of an HRas®12V transgene caused a MEK-ERK-dependent increase in total and
phosphorylated IRE1a, Xbp1 splicing, and elevated ER stress2. To test the effect of TGFB1
on HRas-mediated IRE1a activation, we induced HRas®12V in primary K5rTA x tetO-
HRasC®12V (K5Ras) keratinocytes with increasing doses of doxycycline with and without
TGFB1. As expected, HRasC12V significantly activated IRE1a even at the lowest level

of expression (50 ng/ml doxycycline) as determined by elevated total and phosphorylated
IREla expression detected by Western blot and phos-tag SDS-PAGE, which can reveal total
levels of protein phosphorylation, but this increase was blocked by 1 ng/ml TGFB1 (Figure
1A). Specifically, TGFB1 diminished the level of HRas-induced IRE1a phosphorylation

at ser729, a critical phosphorylation site in the kinase activation loop#6-48, although

not to the same extent as the total phosphorylation (Figure S1A). While the TGFp1-
dependent decrease in IRE1a phosphorylation in HRas keratinocytes was accompanied

by a marginal reduction in total IRE1a protein (Figure 1A), IRE1a mRNA was not
significantly modulated compared to HRas alone (Figure S1B). In addition, there was a
significant reduction in HRas-induced X5pZ mRNA splicing measured by both gPCR and

a Xbp1 splicing assay, further supporting that TGFB1 caused inactivation of IRELa RNase
in these cells (Figure 1B, S1C). Consistent with lower XpZs mRNA, HRas-indued increase
in Ero1-La mRNA, which encodes an ER-resident oxidoreductase important in protein
disulphide bond formation*® was suppressed by TGF@1 (Figure S1H). Similarly, TGFB1
suppressed IRE1la phosphorylation and XpZ splicing induced by v-RasH? in primary
keratinocytes (Figure 1C, S1D, E). Consistent with the decreased IRE1a phosphorylation
and spliced XbpZI mRNA, TGFR1 caused lower XBP1S protein and its downstream effector
Grp78 or BiP, an ER-resident chaperone (Figure 1A, C, S1E). At the same time, the
decrease in IREla phosphorylation by TGFp1 in HRas-expressing keratinocytes was

not associated with further changes in mMRNA expression of previously validated HRas-
dependent RIDD targets /dZ, lgfbp2, Hgsnat, Pmp22, and Timp3?® (Figure S1F, G) or of
ER-stress associated genes, p587K and BiP (Figure S1H). Nonetheless, TGFB1 caused an
increase in the mRNA expression of a HRas-dependent RIDD target, Adamts1?6 (Figure
S1F), suggesting a possible gene-specific role. Analogous to our /n vitro observations, we
detected significantly reduced levels of IRE1a phosphorylation in DMBA-TPA induced
benign epidermal papilloma overexpressing active TGF1%9 compared to control papilloma
(Figure 1D, E).

Oncogenic HRas causes ER stress in keratinocytes25. To determine if suppression of IREla
signaling by TGFpP1 altered ER stress levels, we used Thioflavin T (ThT), a fluorescent
marker of ER stress that detects aggregated proteins in the ER lumen®L. Surprisingly, TGFf1
caused a significantly higher accumulation of misfolded proteins in HRas keratinocytes
compared to either HRas or TGFpP1 alone (Figure 1F, G, S2A). The increase in fluorescence
was blocked in cells pre-treated with 2.5 mM 4-Phenylburyric Acid (4-PBA), a chemical
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chaperone that aids in protein folding and prevents aggregation in the ER26:52, indicating
that higher ThT fluorescence was associated with elevated ER stress (Figure S2B, C). In
addition, using ER Tracker™ Green, a cell-permeable dye that preferentially detects the K+
channels of the ER, we found that TGFB1 caused a sustained expansion of the ER both in
terms of absolute area and mean fluorescence intensity in control keratinocytes but did not
cause a further increase in HRas keratinocytes (Figure 1H-J). Together, these results indicate
that the reduction of IREla activation by TGFB1 is not a secondary consequence of reduced
ER stress but reflects an uncoupling by TGFB1 of the HRas-induced IREla activation and
the ER stress response.

TGFB1 activates PERK signaling in keratinocytes

While TGFB1 dampened the IRE1a-dependent UPR response in keratinocytes, it increased
PERK signaling as measured by higher total and phosphorylated PERK, phospho-elF2a. and
CHOP protein expression after 48h compared to both the control and HRas keratinocytes
(Figure 2A, B). However, TGFB1 alone caused an increase in total and phosphorylated
PERK; and increasing levels of HRas did not meaningfully regulate PERK activation as
previously shown?8 (Figure 2B, S3A). Similarly, while TGFB1 increased Perk, Pdia4, and
Pdia5 mRNA expression (Figure 2C) suggesting TGFp1-dependent activation of PERK
signaling in these keratinocytes®3, no additional effect of HRas on expression of these

genes was observed (Figure S3B). Furthermore, Western blot showed higher total PERK,
phospho-elF2a., ATF4, and CHOP expression even at a low dose of 0.25 ng/ml TGFB1. This
activation was blocked in keratinocytes pre-treated with GSK2606414, a PERK inhibitor
(PERKI) at a non-cytotoxic dose that can prevent thapsigargin-induced PERK activation
(Figure 2D, S3C). In contrast, although IRE1a expression remained unchanged, ATF6
expression decreased with increasing doses of TGFB1 (Figure 2D). Together, this data
demonstrates that PERK signaling is selectively activated by TGFp1 independent of HRas-
induced ER stress in keratinocytes.

TGFpB1l-mediated inhibition of IREla ER stress response is dependent on PERK

A number of studies have investigated crosstalk between the three UPR sensor proteins
under ER stress as a determinant of cell survival®*-57. To test if TGFp1-dependent IRE1la
dephosphorylation in HRas keratinocytes required PERK activation, we treated primary
K5Ras keratinocytes with PERKi with and without TGFp1. 250 nM PERKi decreased

total and phosphorylated PERK levels without modulating IRE1a or BiP expression in
control keratinocytes as expected (Figure 3A, S4A). In HRas keratinocytes, phos-tag
Western blot for total phosphorylated IRE1a showed a partial reversal of TGFB1-induced
IRE1a dephosphorylation by PERKI. However, no significant reversal was observed at
ser729, suggesting changes at other phosphorylation sites were important (Figure S4B). The
reversal in total IRE1a phosphorylation was coupled with increased spliced XBP1 and BiP
expression in these keratinocytes (Figure 3A, S4A). Interestingly, spliced X5pZ mRNA was
significantly increased even in PERK-inhibited control keratinocytes treated with TGFp1,
further supporting the importance of PERK in regulating IRE1a phosphorylation and
activity by TGFp1 (Figure S4C). Moreover, treatment with PERKi significantly reduced
the level of unfolded proteins measured by ThT fluorescence in TGFpB1-treated HRas
keratinocytes (Figure 3B, C), consistent with its ability to partially restore IREla activity.
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To test this further, we generated an immortalized C57BL/6 keratinocyte cell line (C57-T)
expressing a doxycycline-inducible wildtype human IREla through lentiviral transduction.
These cells were then transduced with the v-RasH retrovirus and treated with TGFB1 under
the conditions of IRE1a overexpression and an associated increase in autophosphorylation
(Figure S4D). Figures 3B and 3C show that overexpression of IRE1la significantly reduced
the intensity of ThT fluorescence in TGFB1-treated v-RasHa keratinocytes compared to the
control, supporting the idea that restoration of IREla activity by PERKi can lower the ER
burden of unfolded proteins. Together, these results demonstrate that IRE1a is the critical
UPR pathway for dampening HRas-induced ER stress and that activation of the PERK arm
of the UPR by TGF1 both inhibits IRE1a phosphorylation and the ER stress response.

TGFB1 mediated growth arrest is dependent on modulation of IREla and PERK

Previous studies have shown a direct role of the IREla pathway to promote proliferation
while inactivation can also contribute to tumor progression?6:58.:59, On the contrary, we have
shown a role for IRE1a in HRas-induced senescence, a mechanism of tumor suppression2®.
Elevated ER stress is also associated with reduced survival®®-62, Using an MTT assay

to measure the number of surviving cells in TGFB1-treated HRas keratinocytes, we
observed a significant reduction in survival in TGFp1-treated control keratinocytes, and

a greater decrease in HRas keratinocytes (Figure 4A). Additionally, as expected, mutant
HRas®12V increased cell proliferation measured by percent BrdU positive cells while
TGFB1 suppressed proliferation in control, HRas®12V or v-RasHa-transduced keratinocytes
(Figure 4B, S5A-C) and this was consistent with a significant increase in cell numbers at
96h as well as an increase in the numbers of colonies formed by the K5Ras-T keratinocytes
expressing mutant HRas®12V compared to its control and a significant decrease in colony
formation both in terms of their relative size and number when treated with 1 ng/ml TGFp1
(Figure S5G-I). In contrast, TGFB1 did not alter either the percent of early (Annexin V
positive) or late (Annexin V and Pl positive) apoptotic populations in HRas keratinocytes
compared to the untreated controls after 48h (Figure S5D-F). Collectively, these data suggest
reduced proliferation in TGFp1-treated HRas keratinocytes was responsible for the reduced
cell viability measurement.

To determine if IRE1a dephosphorylation by the TGFB1-PERK axis was required for

the effects of TGFB1 on cell survival and proliferation, we treated HRas keratinocytes

with or without TGFB1 and PERKI, or used siRNA to reduce PERK levels. Consistent

with the reversal of TGFB1-mediated IRE1la dephosphorylation and a reduced ER stress
response, we observed a concomitant increase in cell survival with both PERKi treatment
(Figure 4C, S6A) and siPERK (Figure S6B-D). Inhibition of PERK also significantly
rescued the reduced proliferation in TGFB1-treated HRas keratinocytes (Figure 4D, Figure
S6E-H). Previous studies have also shown that TGFB1 inhibits proliferation and accelerates
senescence of HRas-expressing keratinocytes28:31-33.37.63,64 \while TGFp1 significantly
increased the percent of SA-B-Gal positive population in both control and HRas primary
keratinocytes compared to untreated controls, the percent of SA-B-Gal positive keratinocytes
remained unchanged with and without PERKi (Figure S7A-C), suggesting that the decrease
in proliferation is the primary response by TGFp1 under these conditions. Together, these
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results indicate that PERK-dependent dephosphorylation of IRE1a plays an important role
in TGFR1 growth inhibition of HRas-expressing keratinocytes.

To further test if IRE1a activity was required for the rescue effects of PERKi on TGFp1-
mediated growth arrest, we pre-treated keratinocytes with 20 uM 4p8C, a small molecule
inhibitor of the IRE1a RNase at a dose that inhibits the HRas-dependent increase in Xbp1
splicing and RIDD activation (Figure S8A) and 250 nM PERK:i before expressing oncogenic
HRas®12V_ Inhibition of IRE1a. RNase activity with 4u8C prevented the ability of PERKi

to enhance survival of TGFp1-treated HRas keratinocytes (Figure 4C). Similarly, while
4u8C and TGFp1-treated HRas keratinocytes showed a higher percentage of BrdU positive
population compared to its control, PERK inhibition did not significantly increase the rate of
proliferation when IRE1a RNase was inactivated (Figure 4D). Furthermore, overexpressing
spliced XbpZ mRNA in HRas keratinocytes significantly reversed the inhibition of cell
viability and proliferation of TGFp1 treated keratinocytes (Figure 4E, F, S8B). These

results strongly support the requirement of PERK-mediated IRE1a dephosphorylation and
inactivation as a mechanism of TGFp1-induced growth arrest in HRas keratinocytes.

TGFp1-induced induction of RPAP2, a PERK-dependent IREla phosphatase, mediates
IREla dephosphorylation and growth inhibition in HRas keratinocytes

Inactivation of RIDD by a PERK-dependent IRE1a phosphatase, RPAP2, has been reported
to disrupt the cytoprotective functions of IRE1a under irresolvable ER stress®®. In primary
keratinocytes, TGFB1 treatment upregulated both RPAP2 protein and mRNA in HRas
keratinocytes (Figure 5A, B). On the contrary, while TGFB1 treatment upregulated RPAP2
protein in primary keratinocytes, there was no change in mRNA levels compared to the
controls (Figure 5B). Moreover, primary FVB/n keratinocytes pre-treated with PERKi
before exposure to increasing doses of TGFB1 (0 — 1 ng/ml) showed a notable reduction

in the levels of RPAP2 (Figure S9A), suggesting a role of PERK in RPAP2 regulation

by TGFp1. TGFP1-dependent induction in levels of RPAP2 reduced phosphorylation at
ser5 residue of RNA polymerase Il subunit (POLR2A), its primary target 5% (Figure S9E).
Additionally, TGFp1-dependent induction of BiP and RPAP2 was also observed in the
human HaCaT immortalized keratinocyte cell line (Figure S9B), further highlighting the
role of TGFB1 in regulating the phosphatase in keratinocytes. To demonstrate specificity of
this response, we examined expression of a second IRE1a phosphatase, PP2A%6. In both
control and HRas keratinocytes, TGFp1 downregulated the catalytic subunit (PppZca) but its
protein expression was unchanged by TGFB1 (Figure S9C, D). At the same time, decreased
mMRNA expression of the regulatory subunits (Ppp2riaand Ppp2rib) of the phosphatase was
only noted in the control keratinocytes, but not in HRas keratinocytes treated with TGFp1
(Figure S9D). Taken together, these results demonstrate that RPAP2 is specifically induced
by TGFB1 in HRas keratinocytes.

To determine if TGFP1-dependent activation of the PERK-RPAP2 axis plays a direct role in
modulating IRE1a phosphorylation in HRas keratinocytes, we used siRNA to knockdown
PERK and RPAP2 in the immortalized HRas®12V-expressing keratinocytes. Although the
immortalized cell line was less sensitive to TGFp1-dependent IRE1a dephosphorylation
compared to primary cells, depletion of PERK or RPAP2 caused a notable increase in levels
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of IREla phosphorylation in TGFp1-treated HRas keratinocytes (Figure 5C, Figure S10A-
C). Furthermore, consistent with the increase in proliferation caused by PERK depletion,
RPAP2 knockdown also caused a significant increase in the percent of proliferating
keratinocytes compared to control (Figure 5D, E, S10D). RPAP2 and PERK knockdown also
partially increased cyclin D1 expression in TGFp1-treated HRas keratinocytes compared

to the control (Figure 5C). These results suggest that reversal of IRE1a phosphorylation

and resulting increased spliced XbpZ mRNA by RPAP2 or PERK knockdown (Figure 5F)
prevented the reduced rate of proliferation observed in TGFp1-treated HRas keratinocytes.
Together, these results highlight a role of the PERK-RPAP2 axis to govern the IREla-
XBP1S arm of the UPR and facilitate the tumor-suppressive functions of TGFR1.

Discussion

TGFp1 is a well-documented tumor-suppressor for early stages of cancer, including
keratinocytes expressing oncogenic HRas and the benign tumors derived from these
cells?425.31-34.36 Higher demands of protein synthesis and folding induced by oncogene
activation can activate all three branches of the UPR in a non-linear manner during
tumorigenesis®®:67.68 Our previous results showed that oncogenic HRas-mediated activation
of the MEK-ERK pathway caused elevated IREla expression and activation in primary
mouse keratinocytes as well as in benign and malignant cutaneous squamous tumors25.

A growing body of literature have described role of TGFB1 in inducing ER stress in
fibrotic%-42, inflammatory** and other disorders involving abnormal secretion of ECM
proteins39. Here, we provide evidence that TGFB1 enhances ER stress through differential
modulation of the IRE1a and PERK pathways in HRas keratinocytes and this is important
for TGFP1-mediated antiproliferative effects. In keratinocytes, TGFp1 blocked HRas-
induced IRE1a phosphorylation and X6p1 splicing, and this occurred without a concomitant
reduction in ER stress as measured by accumulation of unfolded proteins and ER expansion.
TGFB1 treatment can increase Ras activity 8. While our results show increased HRas
protein expression and a corresponding increase in phosphorylation of ERK by TGFB1 in
keratinocytes expressing mutant HRas®12V | this increase was not associated with elevated
IRE1a phosphorylation or RNase activity contrary to HRas®12V alone. Although our
detection of IRE1a phosphorylation primarily relied on phos-tag electrophoresis, we were
able to determine that phosphorylation at ser729, a critical site that can determine the overall
activity of IRE1a. RNase*®-48 was reduced in TGFpB1-treated HRas keratinocytes (Figure
S1A). Additionally, ER stress-activated phosphorylation of ser724 was downregulated in
benign papilloma expressing TGFB1 (Figure 1D, E). These results suggest that rather than
an indirect effect due to suppression of ER stress by TGFB1, the cytokine uncouples IREla
activation from the ER stress response while further contributing to increasing ER stress.
The decrease in total BiP expression, a master regulator of ER stress’%:71, lower mRNA
expression of Xbplsand Erol-La, its target that plays a key role in the disulphide bond
formation of proteins synthesized in the ER*?, in TGFpB1-treated HRas keratinocytes further
supports this uncoupling. Interestingly, TGFp1-dependent dephosphorylation of IRE1la did
not rescue MRNA expression of HRas-dependent RIDD targets?5, suggesting that TGFp1
primarily affected Xbp1 splicing in HRas keratinocytes (Figure 1B, S1D, F, G). However,
we noted a significant increase in the expression of Adamts1, another RIDD target26,
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indicating a possible gene-specific role of TGFB1 in these keratinocytes that necessitates
further experiments (Figure S1F). At the same time, although TGFp1 dephosphorylated
IRE1a in HRas keratinocytes, it did not alter total IRE1a protein expression and suppressed
ATF6 (Figure 2D). Additionally, our results show that TGFB1 significantly increased both
total and phosphorylated PERK in the keratinocytes suggesting a selective activation of

this pathway. Furthermore, BiP, p58'FK, Pdia4, and Pdia5 mRNA expression were not
downregulated by TGFB1 suggesting that the UPR was not completely turned off under
these conditions, but was only dampened through the reduction in IREla. activity (Figure
S1H, S3B).

Several reports have investigated the roles of PERK and IRE1a in regulating the UPR

to control cell-fate during tumorigenesis®6:57:72, Sustained PERK activation is primarily
pro-apoptotic or cytostatic characterized either by an increase in markers of apoptosis or
by a G1 arrest through cyclin D1 inhibition®*73, In contrast, many studies have linked

the IRE1a-XBP1S axis with enhanced cell proliferation?1:26:74.75 Qur results show that
both pharmacological or siRNA inhibition of PERK activation by TGFp1 restores IREla
phosphorylation and activity in HRas keratinocytes, indicating the importance of PERK

in IREla dephosphorylation. Although phosphorylation at ser729 was not reversed by
pharmacological inhibition of PERK (Figure S4B), we cannot rule out whether a greater
PERK inhibition with GSK2606414 could have restored IRE1a phosphorylation at this
site. However, a higher concentration of GSK2606414 showed off-target effects, including
a notable reduction in XBP1S expression (Figure S3B) and cytotoxicity (data not shown).
Furthermore, given the role of ser729 to govern RIDD activity*8 that is important to define
the cell secretome’6.77, additional experiments are needed to determine if TGFB1-PERK
regulation of IRE1a phosphorylation at ser729 can suppress RIDD over time. Nonetheless,
even the partial reestablishment of IRE1a activity by PERKi in TGFp1-treated HRas
keratinocytes meaningfully lowered the accumulation of unfolded proteins, as did the
overexpression of human IREla in TGFp1-treated HRas keratinocytes (Figure 3B, C, S4D).
Our results also showed that both TGFB1 and PERKIi downregulated ATF6 expression in
HRas keratinocytes suggesting that ATF6 was not driving the UPR caused by TGF1.
Together, these results demonstrate that inactivation of IRE1a by the TGFB1-PERK axis
was necessary and sufficient to increase ER stress in these keratinocytes.

A number of IRE1a phosphatases have been identified®6:66.78-81 Qur results show that
TGFB1 upregulates expression of a PERK-dependent IRE1a phosphatase RPAP256 in
HRas keratinocytes. In contrast to RPAP2, the mRNA expression of subunits of another
IRE1a phosphatase PP2A%S, Pop2ca, Pop2riaand Pop2rib were downregulated by TGFB1,
and the PP2A catalytic subunit protein expression remained unchanged (Figure S9C, D).
Consistent with induction of RPAP2 levels by TGFp1, we found a significant reduction
in phosphorylation at p-ser5 of POLR2A, the primary target of RPAP2 (Figure SOE)

65, Due to difficulties with achieving siRNA knockdown in primary keratinocytes, we
utilized immortalized K5Ras keratinocytes for this study. While these keratinocytes were
less sensitive to the effects of TGFB1, siRNA-dependent silencing of RPAP2 reversed
TGFB1-dependent dephosphorylation of IRE1a. While it is possible that other reported
phosphatases of IREla, such as Ptc2p’8, PPM117°, PP2Ce®0, or PTP-1B81 may partly
block or dephosphorylate IRE1a downstream of TGFR1, our results identify a novel
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TGFB1-PERK-RPAP2 pathway that controls IRE1a phosphorylation and activation in HRas
keratinocytes.

In addition to modulating the level of ER stress, the antiproliferative effects of TGFB1 were
also linked to altered activation of both PERK and IRE1a. While expression of mutant
HRas®12V alone did not significantly modulate cell survival after 48h as determined by
MTT assay, we noticed an increase in number of proliferating cells under these conditions
(Figure 4A, B). The increase in BrdU positive K5Ras-T keratinocytes expressing mutant
HRasC®12V was consistent with the increased number of colonies formed after continued
treatment with saturating doses of doxycycline enabling mutant HRas®12Y expression in
these cells, and this was blocked in control and mutant HRas®12V keratinocytes treated with
1 ng/ml TGFB1 (Figure S5 G, H). Inhibition of PERK reversed TGFB1-mediated growth
inhibition in HRas keratinocytes, and this was dependent on restoration of IRE1a RNase
function as it was prevented by the IRE1a RNase inhibitor, 4u8c. Knockdown of RPAP2
also reversed the antiproliferative effects of TGFpP1. Moreover, PERK and RPAP2 silencing
were associated to an increase in expression of spliced X6pZ mRNA in these keratinocytes
(Figure 5F). Finally, overexpression of spliced XbpZ mRNA significantly attenuated the
TGFB1-induced decrease in proliferation of HRas keratinocytes. Together, these results
demonstrate the importance of inhibition of the IRE1a-XBP1S axis through PERK and
RPAP2 for the antiproliferative effects of TGFB1.

Our study demonstrates a role of the UPR pathways, IRE1a and PERK in mediating

cell autonomous cross-talk between TGFB1 and HRas during the early stages of tumor
development. While it is possible that altered regulation of ER-localized and secreted
proteins by inactivation of RIDD may subsequently regulate TGFB1-dependent proliferative
or senescence responses under sustained ER stress caused by TGFB1 over time, this

study presents conclusive evidence that the TGFp1-PERK-RPAP2 dependent inactivation
of IRE1la and Xbp1 splicing during the initial hyperproliferative stages of HRas-expressing
keratinocytes is important for TGFpB1-mediated growth arrest. Loss of TGFB1 signaling
either due to downregulation or presence of mutations in the receptor poses an increased
risk of malignant conversion and promotion33:8283 While additional studies are required
to investigate changes in ER stress by TGFB1 as cells transform, our data raised the
possibility that increased Xbp1 splicing caused by inactivation of TGFB1 signaling could
be an important mechanism of malignant progression to squamous cell carcinoma.

All animal studies were performed in compliance with U.S. Department of Health and
Human Services Guide for the Care and Use of Laboratory Animals after the approval

by The Pennsylvania State University Institutional Animal Care and Use Committee.
FVB/n, C57BL/6 and the bitransgenic K5rTA x TetO-HRas®12V primary keratinocytes
were isolated from newborn mouse epidermis and cultured in 0.05 mM Ca?* EMEM
(Lonza) containing 8% chelated FBS as described previously84. Primary double transgenic
K5rTA x TetO-HRas®12V and C57BL/6 keratinocytes were immortalized by transduction
with a lentivirus expressing SV40-T large T antigen (Addgene #12246) to generate
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K5Ras-T and C57-T keratinocyte lines. STR-validated human keratinocyte HaCaT cell line
(AddexBio) was cultured in 0.05 mM Ca2* EMEM (Lonza) containing 8% chelated FBS.
4u8C, 4-PBA (Cayman Chemical) GSK2606414 (PERKIi) (EMD Millipore), Doxycycline
(Sigma), TGFB1 (R&D Systems), Thapsigargin (Calbiochem) were treated at indicated
concentrations.

Virus production

Replication-defective high-titer retrovirus expressing v-RasHa was generated from 2-
producer cells as described previously2®. Primary or immortalized mouse keratinocytes were
transduced with the retrovirus in keratinocytes media containing 4 pg/ml polybrene after 3
days of culture. For lentivirus production, HEK293T cells were grown to ~60% confluence
in DMEM complete media supplemented with 1 mM solidum pyruvate, 8.93 mM sodium
bicarbonate, 1X NEAA, 1X GlutaMAX, and 10 mM HEPES. pCW57.1 lentiviral vector
containing human wildtype IRE1a sequence was co-transfected with pMD2.G envelope
(Addgene #12259) and psPAX2 packaging (Addgene #12260) vectors in a molar ratio of
2:1:1 for 6h before replacing the transfection media. pWPI-Xbp1s28 and pLox-Ttag-iresTK
(Addgene #12246) vectors were co-transfected with the pMD2.G and psPAX2 vectors in

a molar ratio of 1:1:1. Lentiviral particles in the supernatant were harvested 48 and 96h
post-transfection and incubated overnight with sterile 10% w/v PEG 6000 in 2.5 M NaCl at
4°C. Lentivirus was concentrated by centrifugation at 10,000 rpm for 2h at 4°C. Pellet was
resuspended in sterile ice-cold PBS. Lentivirus titer was estimated by gPCR lentivirus titer
kit (abm) according to manufacturer’s instructions.

siRNA Transfection

K5Ras-T or C57-T cells were plated in 6-well culture trays and allowed to grow to
approximately 70% confluence. Set of 4 siRNAs in a pool against RPAP2 (Horizon Cat#
L-062782-01), PERK (Horizon Cat# L-044901-00) and a non-targeting control (Horizon
Cat# D-001810-10) were independently transfected at a final concentration of 25 nM

in serum-free, antibiotic-free EMEM media using Lipofectamine 3000 (ThermoFisher
Scientific) according to the manufacturer’s protocol. Transfection medium was replaced
with 0.05 mM Ca2*-containing EMEM keratinocytes media after 5h. Keratinocytes were
cultured for an additional 4 days after transfection to allow for maximum achievable
knockdown before adding doxycycline and TGFR1 treatment for 48h. SiRNA-dependent
knockdown of RPAP2 and PERK was validated by gPCR and Western blot.

Confocal microscopy

Primary FVB/n keratinocytes were plated on 8-well p-slides (IBIDI) and transduced with
v-RasH for 2 days, followed by 1 ng/ml TGFp1 for 48h. To measure ER content and
expansion, the cells were stained with 1 uM ER-Tracker™ Green (Invitrogen) in sterile
HBSS for 30 minutes at 37°C. Cells were mounted with DAPI mounting media (VectorLabs)
and were visualized with LSM880 Fluorescence microscope with Airyscan (Zeiss) using the
63X oil-immersion objective. Z-stacking was performed by ImageJ. Absolute ER Area and
background- and area- corrected mean fluorescence intensity were quantitated from at least
30 to 50 cells per condition using ImageJ. To measure accumulation of unfolded proteins,
the keratinocytes were stained with freshly prepared 5 mM Thioflavin T (Sigma) solution
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as described previously®L. The cells were mounted with DAPI mounting media (VectorLabs)
and visualized with Keyence BZ-9000 fluorescence microscope using 40X oil-immersion
objective. Z-stacks were generated using ImageJ and background- and area- corrected mean
fluorescence intensity was calculated from at least 30 to 50 cells per treatment condition.
Statistical outliers determined by the IQR approach were removed from analysis.

Measurement of cell viability and proliferation

To measure cell survival, K5Ras-T or C57-T keratinocytes were plated in 96-well trays in
quadruplets and treated with v-RasHa/ doxycycline and TGF1 at indicated concentrations.
Cells were pulsed with a final concentration of 0.8 pg/ul MTT (Sigma) for 3h and

were lysed in 150 pl isopropanol lysis buffer (4 mM HCI, 0.1 % IGEPAL-CA630). The
absorbance at 560 nm was measured using Promega GloMax multiplate reader and was
normalized to untreated controls within each treatment group. To measure cell proliferation,
keratinocytes were plated on 8-well p-slides (IBIDI). 40 minutes before the indicated times,
40 uM 5-bromo-2’-deoxyuridine (BrdU) (Invitrogen) was added to the cells. The cells
were then washed and fixed overnight with ice-cold 70% ethanol at —20°C. The DNA

was denatured with freshly prepared 2 M HCI containing 0.5% Triton X100, followed

by neutralization with 0.1 M sodium borate at pH 8.5. BrdU-labeled DNA was detected

by incubation with a 1:200 anti-BrdU antibody (BD Biosciences), 1:200 biotinylated
anti-mouse secondary (VectorLabs) and 1:200 Streptavidin-conjugated Alexa Fluor 488
(Invitrogen) tertiary antibodies. The DNA was stained with 1 mg/ml propidium iodide
(ThermoFisher Scientific) for 10 minutes before mounting. The cells were imaged using
the 10X objective on an Olympus BX43 microscope. 4 fields were imaged per condition
for each experiment. BrdU positive and total cells were calculated using ImageJ automated
particle counter and were expressed as a percentage of BrdU positive cells.

Statistical Analysis

All data were collected from 3 independent replicates, or at least 30 individual cells and are
presented as means + SEM. Statistical significance was determined using 2-sample t-tests
with or without Welch’s correction or by two-way ANOVA using GraphPad Prism v9.3.1.
Tukey or Sidéak post-hoc tests for multiple comparisons were performed and are specified in
figure legends where applicable. Statistical significance was determined at a = 0.05.

Generation of benign papilloma and gene constructs, Western blots, RNA extraction, gPCR,
Xbp1 splicing assay, immunostaining, colony formation assay, measurement of apoptosis
and senescence are described in detail in supplementary material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: TGFB1 blocks HRas-induced | RE1la phosphorylation without a corresponding

reduction in ER stress.

(A) Phos-tag Western blot for phospho-IRE1a and Western blot analysis of total IREla,
BiP, Phospho-ERK, and HRas in K5Ras®12V primary keratinocytes treated simultaneously
with increasing doses (0 — 500 ng/ml) of doxycycline and 1 ng/ml TGFB1 for 48h.

Numbers represent phospho- and total IRE1a densitometry normalized to p-actin. (B) gPCR
analysis showing spliced XbpZ mRNA expression 48h after addition of 1 ng/ml TGFB1 to
K5Ras®12V primary keratinocytes treated with 500 ng/ml doxycycline. (C) Phos-tag Western
blot for phospho-IRE1a and Western blot analysis of total IRE1a, XBP1S, and BiP in
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C57BL/6 primary keratinocytes expressing v-RasH2 and treated with 1 ng/ml TGF@1 for 1,
3, and 5 days. (D) Representative immunofluorescence images and (E) area-corrected mean
fluorescence intensity (MFI) for phospho-ser724-IRE1a in DMBA-TPA-induced benign
papilloma with and without overexpression of TGFB1 for 48h. Scale bar is 100 pm.
Statistical significance was determined by t-test using Welch’s correction. (F) Representative
fluorescence confocal images and (G) area-corrected mean fluorescence intensity (MFI)

of thioflavin-T-stained C57-T keratinocytes expressing v-RasHa and treated with 1 ng/ml
TGFp1 for 48h. Scale bar is 25 um. (H) Representative fluorescence confocal images,

(1) area-corrected mean fluorescence intensity (MFI), and (J) ER area of primary FVB/n
keratinocytes expressing v-RasHa and treated with 1 ng/ml TGFp1 for 48h and stained with
ER Tracker™ Green. Scale bar is 20 um. Data represent mean + SEM from 3 biological
replicates, or at least 50 cells per condition. Statistical significance was determined by
two-way ANOVA and Tukey post-hoc test for multiple comparisons at p < 0.05.
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Figure 2: TGFp1 activates PERK signaling.
(A) Western blot analysis of PERK, phospho- and total elF2a., CHOP, and HRas in

K5Ras®12V primary keratinocytes treated simultaneously with increasing doses (0 — 500
ng/ml) of doxycycline and 1 ng/ml TGFp1 for 48h. (B) Phos-tag Western blot for phospho-
PERK and Western blot analysis of total PERK, IREla, BiP, and HRas in K5Ras-T
keratinocytes treated with 0 — 500 ng/ml doxycycline with and without 1 ng/ml TGFp1

for 48h. Numbers represent phospho- and total PERK densitometry normalized to B-actin.
(C) gPCR analysis of ER stress markers in primary K5Ras®12V keratinocytes treated with 1
ng/ml TGFB1 for 48h. Statistical significance was determined by Student’s t-test at p < 0.05.
(D) Western blot of PERK, ATF4, phospho-elF2a, CHOP, IREla, and ATF6 in K5Ras-T
cells pre-treated with 250 nM PERK inhibitor (PERKi) and increasing doses (0 — 1 ng/ml) of
TGFp1 for 48h.
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Figure 3: Inhibition of PERK signaling partially rescued TGFB1-dependent |REla
dephosphorylation and accumulation of unfolded proteinsin HRas keratinocytes.

(A) Phos- tag Western blot for phospho-IRE1a and Western blot analysis of total IRE1a,
XBP1S, PERK, BiP, and HRas in K5Ras®12V primary keratinocytes treated simultaneously
with 500 ng/ml doxycycline and 1 ng/ml TGFB1 for 48h. Keratinocytes were pre-treated
with 250 nM PERK inhibitor (PERK:I) for 1h where indicated before the addition of
doxycycline and TGFB1. (B) Representative fluorescence confocal images and (C) area-
corrected mean fluorescence intensity (MFI) of thioflavin-T-stained C57-T keratinocytes
expressing v-RasH2 and treated with 1 ng/ml TGFB1. Keratinocytes were pre-treated with
250 nM PERKI for 1h where indicated. Overexpression of wildtype human IREla (IREla
WT) was induced with 500 ng/ml doxycycline for 24h before treatment with 1 ng/ml of
TGFp1 for additional 48h. Data represent mean + SEM for at least 30 cells. Scale bar is 25
um. Statistical significance was determined by two-way ANOVA and Tukey post-hoc test for
multiple comparisons at p < 0.05.
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Figure 4: TGFB1-PERK-dependent dephosphorylation of IREla in HRas keratinocytes
regulates cell proliferation.

(A) MTT absorbance at 560 nm and (B) percent BrdU positive K5Ras-T keratinocytes
treated simultaneously with 500 ng/ml doxycycline and 1 ng/ml TGFB1 for 48h. (C)
Normalized MTT absorbance at 560 nm and (D) percent BrdU positive K5Ras-T
keratinocytes pre-treated with 250 nM PERKi for 1h or 20 uM 4u8C for 24h, followed
by 500 ng/ml doxycycline and 1 ng/ml TGFp1 for 48h. Data were normalized to controls
within each treatment group. Data represent mean = SEM from 3 biological replicates.
Statistical significance was determined by two-way ANOVA and Tukey post-hoc test
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for multiple comparisons at p < 0.05. (E) Normalized MTT absorbance at 560 nm and

(F) Percent BrdU positive K5Ras-T keratinocytes overexpressing spliced X6pZ mRNA
treated simultaneously with 500 ng/ml doxycycline and 1 ng/ml TGFp1 for 48h. Statistical
significance was determined by two-way ANOVA and Sidéak post-hoc test for multiple
comparisons at p < 0.05.
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Figure5: TGFpP1-PERK-RPAP2 axis governs IREla activity in HRas ker atinocytes.
(A) Western blot of RPAP2 expression in FVB/n primary keratinocytes expressing v-RasH?

and treated with 1 ng/ml TGFp1 for 48h. (B) qPCR analysis of K5Ras®12V primary
keratinocytes treated simultaneously with 500 ng/ml doxycycline and 1 ng/ml TGFp1 for
48h. Data represent mean + SEM from 3 biological replicates. Statistical significance was
determined by two-way ANOVA and Tukey post-hoc test for multiple comparisons at p

< 0.05. (C) Phos-tag Western blot for phospho-IRE1a and Western blot of total IREla,
PERK, ATF4, RPAP2, Cyclin D1, and HRas in RPAP2 and PERK-depleted K5Ras-T
keratinocytes. Keratinocytes were treated with 500 ng/ml doxycycline and 1 ng/ml TGFp1
4 days after transfection of siRNAs against RPAP2 and PERK. Numbers represent phospho-
and total IRE1a densitometry normalized to B-actin. (D) Representative fluorescence
images of AF488-BrdU (green) and propidium iodide (PI) (red) and (E) percent BrdU
positive control and RPAP2 knockdown K5Ras-T keratinocytes. Scale bar is 100 um. Data
represent mean + SEM from 3 biological replicates. Statistical significance was determined
by two-way ANOVA and Sidak post-hoc test for multiple comparisons at p < 0.05. (F)
gPCR analysis showing spliced X6pZ mRNA expression in K5Ras-T RPAP2 and PERK
knockdown keratinocytes treated with 500 ng/ml doxycycline and 1 ng/ml TGFp1 for

48h. Data represent mean + SEM from 3 biological replicates. Statistical significance was
determined by Student’s t-test at p < 0.05.
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Figure 6: Proposed model of TGFB1-regulation of IREla phosphorylation in oncogenic HRas
keratinocytes.
TGFB1 suppresses HRas-induced IRE1a phosphorylation and activation in mouse

keratinocytes resulting in reduced XbpI splicing and XBP1S protein notwithstanding the
increasing accumulation of unfolded protein in the ER lumen. This uncoupling of ER
stress and IRE1a activation is mediated by TGFP1-PERK signaling. PERK activation by
TGFpB1 specifically upregulates an IRE1a phosphatase, RPAP2. The decrease in Xbp1
splicing by TGFB1-PERK-RPAP2 contributes to the significantly lower proliferation of
HRas keratinocytes. Created with BioRender.com.

Mol Carcinog. Author manuscript; available in PMC 2023 October 01.


http://BioRender.com

	Abstract
	Introduction
	Results
	TGFβ1 blocks HRas-induced activation of IRE1α, but does not suppress the ER stress response
	TGFβ1 activates PERK signaling in keratinocytes
	TGFβ1-mediated inhibition of IRE1α ER stress response is dependent on PERK
	TGFβ1 mediated growth arrest is dependent on modulation of IRE1α and PERK
	TGFβ1-induced induction of RPAP2, a PERK-dependent IRE1α phosphatase, mediates IRE1α dephosphorylation and growth inhibition in HRas keratinocytes

	Discussion
	Methods
	Cell Culture
	Virus production
	siRNA Transfection
	Confocal microscopy
	Measurement of cell viability and proliferation
	Statistical Analysis

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:

