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Focal Adhesion Kinase Promotes Hepatic
Stellate Cell Activation by Regulating

Plasma Membrane Localization of TGF(
Receptor 2

Yunru Chen," Qing Li,"* Kangsheng Tu,"* Yuanguo Wang," Xianghu Wang,' Dandan Liu,' Chen Chen," Donglian Liu,"**
Rendong Yang,” Wei Qiu '/ * and Ningling Kang'

Transforming growth factor p (TGFf) induces hepatic stellate cell (HSC) differentiation into tumor-promoting myofi-
broblast, although underlying mechanism remains incompletely understood. Focal adhesion kinase (FAK) is activated in
response to TGFp stimulation, so it transmits TGFp stimulus to extracellular signal-regulated kinase and P38 mitogen-
activated protein kinase signaling. However, it is unknown whether FAK can, in return, modulate TGFp receptors. In
this study, we tested whether FAK phosphorylated TGFp receptor 2 (TGFPR2) and regulated TGFBR2 intracellular
trafficking in HSCs. The FAKY397F mutant and PF-573,228 were used to inhibit the kinase activity of FAK, the
TGFpR2 protein level was quantitated by immunoblotting, and HSC differentiation into myofibroblast was assessed
by expression of HSC activation markers, alpha-smooth muscle actin, fibronectin, or connective tissue growth factor.
We found that targeting FAK kinase activity suppressed the TGFBR2 protein level, TGFp1-induced mothers against
decapentaplegic homolog phosphorylation, and myofibroblastic activation of HSCs. At the molecular and cellular level,
active FAK (phosphorylated FAK at tyrosine 397) bound to TGFBR2 and kept TGFBR2 at the peripheral plasma
membrane of HSCs, and it induced TGFBR2 phosphorylation at tyrosine 336. In contrast, targeting FAK or mutating
Y336 to F on TGFBR2 led to lysosomal sorting and degradation of TGFBR2. Using RNA sequencing, we identified
that the transcripts of 764 TGFp target genes were influenced by FAK inhibition, and that through FAK, TGFf1
stimulated HSCs to produce a panel of tumor-promoting factors, including extracellular matrix remodeling proteins,
growth factors and cytokines, and immune checkpoint molecule PD-L1. Functionally, targeting FAK inhibited tumor-
promoting effects of HSCs in witro and in a tumor implantation mouse model. Conclusion: FAK targets TGFPR2 to
the plasma membrane and protects TGFPR2 from lysosome-mediated degradation, thereby promoting TGFp-mediated
HSC activation. FAK is a target for suppressing HSC activation and the hepatic tumor microenvironment. (Hepatology
Communications 2020;4:268-283).
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growth factor; DMSO, dimethyl sulfoxide; ERK, extracellular signal-regulated kinase; F phenylalanine; FAK, focal adhesion kinase; FAKwt, wild-
type FAK; FGF2, fibroblast growth factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HEE, hematoxylin and eosin staining; HA,
hemagglutinin; HSC, hepatic stellate cell; IF, immunofluorescence; IGF-1, insulin growth factor-1; IE immunoprecipitation; LAMPI, lysosome-
associated membrane glycoprotein 1; MAPK, mitogen-activated protein kinase; MTS, 3-(4,5 —dimel/]y/z‘biazo/—Z—yl)—ﬁ' —(3—mrboxymet/)oxypbenyl)—2—
(- 4fsuﬁap/)enyl)72Hftetmzo/ium; PD-L1, programmed death-ligand 1; PepA, pepstatin A; p-FAK, phosphorylated FAK; PY, phosphorylated tyrosine;
RNA-seq, RNA sequencing; shRINA, short hairpin RNA; SMAD, mothers against decapentaplegic homolog; TGF, transforming growth factor f;
TGEFPRI, transforming growth factor-beta receptor I, TGFPR2, transforming growth factor-beta receptor II; WB, western blot analysis; wt, wild type;
Y, tyrosine; a-SMA, alpha-smooth muscle actin.

Received August 21, 2019; accepted November 3, 2019.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1452/suppinfo.


https://orcid.org/0000-0001-8093-3094
mailto:﻿
onlinelibrary.wiley.com/doi/10.1002/hep4.1452/suppinfo

HEPATOLOGY COMMUNICATIONS, Vol. 4, No.2, 2020

express a-smooth muscle actin (a-SMA), fibronectin
and connective tissue growth factor (CTGF), mark-
ers of HSC activation,*” and paracrine factors that
promote liver metastatic growth.) Understanding
how TGFp signaling events are regulated, such as how
TGFp receptors distribute and traffic in HSCs, will
help identify targets to inhibit HSC activation and the
metastasis-promoting liver microenvironment.

Focal adhesion kinase (FAK) is a 125-kDa nonre-
ceptor tyrosine (Y) kinase. It consists of an N-terminal
FERM domain, a middle kinase domain, and a
C-terminal FAT domain.”® Inactive FAK exists as
an auto-inhibited monomer, and its autophosphoryla-
tion at Y397 creates a binding site for SH2 domain of
Sre, so that Src is recruited to induce phosphorylation
of FAK at additional sites, leading to full activation of
FAK kinase.”® In addition, FAK functions as a pro-
tein scaffold for signal transduction, independent of
its kinase—activity.(7’9) At focal adhesions and adher-
ens junctions, FAK is pivotal for establishing cell/
substrate and cell/cell adhesions important for cell
migration. 1% At the downstream of plasma mem-
brane receptors, such as integrins, receptor Y kinases,
G-protein coupled receptors and cytokine recep-
tors, FAK transmits extracellular stimuli to PI3K/
Akt, extracellular signal-regulated kinase (ERK),
Jun N-terminal kinase (JNK), and Rho-family small
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guanosine triphosphatase signaling, contributing to
the fundamental cell biological processes, such as cell
adhesion, migration, proliferation, and survival 71214
FAK is a therapeutic target of cancer.

FAK is also a therapeutic target for fibrotic diseases.
Phosphorylation and the activity of FAK were up-
regulated in scleroderma dermal fibroblasts and fibro-
blasts of lung fibrosis patients.">®) It has been shown
that at the downstream of platelet-derived growth
factor and TGFp receptors, FAK transmits signals to
Akt, ERK, and p38 mitogen-activated protein kinase
(MAPK) pathways that contribute to HSC activa-
tion and liver fibrosis.!>171® However, it is unknown
whether FAK in return modulates TGFp receptors.
Using FAKY397F mutant and PF-573,228 (PF228)
targeting the kinase activity of FAK, we found that
inactivation of FAK indeed reduced TGFBR2 pro-
tein level and HSC activation induced by TGFp.
Mechanistically, active FAK induced phosphoryla-
tion of TGFBR2 at Y 336 and led to plasma mem-
brane localization of TGFBR2 of HSCs. In contrast,
inhibition of FAK kinase activity or mutating Y336
to F on TGFBR2 led to rapid lysosomal sorting and
degradation of TGFBR2. In addition, RNA sequenc-
ing and biochemical and tumor implantation studies
demonstrated that through FAK, TGFB1 stimulated

HSC:s to produce a panel of tumor-promoting factors,
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including programmed death ligand 1 (PD-L1), insu-
lin growth factor-1 (IGF-1) and fibroblast growth
factor-2 (FGF-2), and that targeting FAK inhibited
paracrine tumor—promoting effects of HSCs in witro
and in mice. Thus, FAK promotes activation of HSCs
into tumor-promoting myofibroblasts by targeting
TGFBR2 to the plasma membrane and protecting it
from lysosome-mediated degradation.

Materials and Methods

CELL LINES

Human primary HSCs were bought from ScienCell
Research laboratories (5300; Carlsbad, CA) and cul-
tured with Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, penicillin,
and streptomycin. Cells with passage between 5 and
8 were used for experiments. HT29 human colorec-
tal cancer cells were purchased from ATCC (HTB38;
Manassas, VA) and authenticated by Genetica by
short tandem repeat DNA profiling method. Cells
were routinely monitored for mycoplasma infection
using a MycoAlert detection kit (Lonza Group AG,

Basel, Switzerland) and were free of infection.

ANTIBODIES AND REAGENTS

Antibodies, inhibitors, and plasmids containing
FAK short hairpin RNA (shRNA) are found in the
Supporting Information.

SITE-DIRECTED MUTAGENESIS
AND VIRAL TRANSDUCTION OF
CELLS

Wild-type chicken FAK complementary DNA®
was inserted into a retroviral pMMP vector by stan-
dard polymerase chain reaction (PCR)-based sub-
cloning techniques, and FLAG tag was added.
pMMP-TGFpR2wt-hemagglutinin (HA) and pMMP-
TGFpR1wt-FLAG were created in one of our previ-
ous studies.”) Using a Q5 Site-Directed Mutagenesis
Kit (E0054; NEB, Ipswich, MA), Y to phenylal-
anine (F) mutants pMMP-FLAG-chFAKY397E,
pMMP-TBRIIY336F-HA, pMMP-TPRITY259F-HA,
and pMMP-TBRITY424F-HA were created. All con-

structs were confirmed by sequencing and protein
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expression analysis. Lentiviruses and retroviruses were
generated by cotransfecting 293T cells with multiple
plasmids, as described previously.(zo'zz) Methods for
viral transduction of HSCs are found in the Supporting
Information.

IMMUNOFLUORESCENCE,
WESTERN BLOT ANALYSIS,
IMMUNOPRECIPITATION,
CO-IMMUNOPRECIPITATION,
AND DATA QUANTIFICATION

Immunofluorescence (IF) with HSCs or mouse tis-
sue sections was done as described.?**) For western
blot analysis (WB), protein samples were prepared by
lysing cells or mouse tissues with radio immunoprecip-
itation assay buffer supplemented with phenylmethyl-
sulfonyl fluoride, protease inhibitor cocktails (88266;
Thermo Fisher Scientific, Waltham, MA), Na,VO,,
and NaF. To study TGFPR2/FAK interactions in
HSCs or Y phosphorylation on TGFBR2-HA, cells
were lysed with buffer containing 0.5% Nonidet P40
(NP-40) for immunoprecipitation (IP). 4?2 Details
regarding IF, WB, IP, and data analysis are found in
the Supporting Information.

ANALYSIS OF CELL SURFACE
TGFpR2 BY BIOTINYLATION AND
TGFpR2 DEGRADATION

HSCs on cell culture dishes were first incubated
with biotin (EZ-Link Sulfo-NHS-Biotin, 21217,
Thermo Fisher Scientific) at 4°C for 30 minutes to
label cell surface proteins. After free biotins were
removed, cells were lysed with buffer containing
0.5% NP-40 and streptavidin agarose beads (51638;
Sigma-Aldrich, St. Louis, MO) were added into the
lysates to pull down biotinylated cell surface pro-
teins.®)  After protein electrophoresis, biotinylated
TGFBR2 (cell surface TGFBR2) was quantitated by
WB using anti-TGFBR2.°*? The half-life of wild-
type TGFBR2 and TGFBR2 mutant in HSCs was
analyzed by a method we used previously.(4) Details
are found in the Supporting Information.

RNA SEQUENCING

An RNeasy Plus Mini Kit was used to isolate
total RNA from cultured HSCs for RNA sequencing
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623 Details are

(RNA-seq), as we previously did.
found in the Supporting Information. Data are found

in the Gene Expression Omnibus (GSE127964).

HSC/TUMOR CO-INJECTION
MOUSE MODEL

Animal studies were approved by the Institutional
Animal Care and Use Committee of University of
Minnesota. To assess the effect of HSCs on tumor
growth in vivo, HT29 cells (0.5 x 10°%) were mixed
with HSCs (0.5 x 10°) and co-injected into 8-week-
old male nude mice (553; Charles River Laboratories,
Wilmington, MA) subcutaneously.>® Tumor sizes
were measured with a caliper at different days, and
tumor volumes were calculated using the following
equation: tumor volume = (width)? x length/2. Tumor
growth curves were generated using the GraphPad
Prism 5 software (GraphPad Software, Inc., La Jolla,
CA).

STATISTICS

All data are expressed as mean * SD. Statistical
analyses were done using two-tailed Student 7 test
or analysis of variance (ANOVA) followed by
post hoc tests (GraphPad Software, Inc., La Jolla, CA).
P < 0.05 was considered as different.

Results

TARGETING KINASE ACTIVITY OF
FAK REDUCED TGFBR2 PROTEIN
LEVEL AND MYOFIBROBLASTIC
ACTIVATION OF HSCs INDUCED
BY TGFp

FAK is not only a Y kinase but also a protein scaf-
fold, and both functions contribute to signaling. To
test whether the kinase activity of FAK influenced
the biology of TGFBR2, we used two approaches
to disrupt the kinase activity of FAK in HSCs:
(1) PF228 (10 pM) was used to inhibit autophosphor-
ylation of FAK at Y397; and (2) a construct encoding
FAKY397F mutant, in which Y397 was replaced by F,
was generated and expressed in cells. HSCs expressing
wild-type FAK (FAKwt) were used as controls. Both
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approaches were complementary to ensure that results
generated by PF228 were not caused by any off-target
effect of PF228. HSCs incubated with PF228 were
collected for WB for TGFPR2 protein. As revealed
by WB, PF228 induced a time-dependent down-
regulation of TGFBR2 protein (Fig. 1A, P < 0.05).
HSCs expressing FAKwt or FAKY397F by retrovi-
ral transduction were also collected for WB, which
consistently showed that FAKY397F mutant reduced
TGFBR2 protein compared with FAKwt (Fig. 1B,
P < 0.05). Overexpression of FLAG-tagged FAKwt
or mutant and suppression of FAK phosphorylation
at Y397 by either reagent were confirmed by WB
(Fig. 1A,B). Real-time quantitative PCR revealed that
TGFPR2 messenger RNA level was not significantly
reduced by PF228 or FAKY397F mutant (Supporting
Fig. S1A,B). Additionally, HSCs expressing FLAG-
tagged TGFBR1 by retroviral transduction® were also
incubated with PF228 or transduced with FAKY397F
retroviruses, and cells were collected for WB for
TGFBR1-FLAG. In contrast to TGFpR2, TGFpR1-
FLAG protein level was not reduced by PF228 or
FAKY397F (Supporting Fig. S1C,D). Thus, the
kinase activity of FAK stabilizes TGFBR2 at a post-
translational level.

HSCs stimulated with TGFpl (5 ng/mL) for
30 minutes or 24 hours were collected for WB to study
the role of FAK for TGFp signaling and HSC activa-
tion. As shown in Fig. 1C,D, stimulation of HSCs with
TGEFPp1 for 30 minutes led to SMAD phosphorylation,
and this effect of TGFP1 was reduced by FAKY397F
mutant or PF228 (P < 0.05). As assessed by WB for
HSC activation markers, x-SMA, fibronectin or CTGEF,
TGFPp1 stimulation for 24 hours induced up-regulation
of a-SMA, fibronectin, or CTGF in control HSCs,
and this effect of TGFB1 was inhibited by FAKY397F
mutant or PF228 (Fig. 2A,B, top; P < 0.05). a-SMA
IF revealed that more than 50% of control HSCs were
differentiated into myofibroblasts by TGFp1, whereas
less than 10% of FAKY397F-expressing HSCs and
20% of PF228-incubated HSCs were differentiated
under a same condition (Fig. 2A,B, bottom; P < 0.05).
Moreover, TGFPR2 protein and myofibroblastic acti-
vation of HSCs induced by TGFp1 were suppressed
by PF228 in a dose-dependent manner (Supporting
Fig. S2A,B; P < 0.05). Thus, the kinase activity of FAK
regulates TGFPR2 abundance and TGFp1-stimulated
activation of HSCs into myofibroblasts.
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FIG. 1. Inactivation of FAK reduces TGFBR2 protein level and TGFp1-mediated SMAD phosphorylation. (A) HSCs incubated with
PF228 (10 pM) were collected for WB. PF228 down-regulated TGFBR2 in a time-dependent manner. Densitometry was done using the
Image J software, and data are shown on the bottom. *P < 0.05, by ANOVA; n = 3. (B) HSCs expressing FAKwt or FAKY397F mutant
were collected for WB. FAKY397F reduced TGFBR2 protein. *P < 0.05 by # test; n = 3. (C) HSCs expressing FAKwt or FAKY397F were
stimulated with TGFp1 (5 ng/mL) and collected for WB. FAKY397F reduced SMAD?2 phosphorylation induced by TGFp1. *P < 0.05
by ANOVA; n = 3. (D) WB revealed that SMAD2 phosphorylation induced by TGFf1 was reduced by PF228.*P < 0.05 by ANOVA;
n = 3. Abbreviations: ECM, extracellular matrix; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

TARGETING THE KINASE
ACTIVITY OF FAK PROMOTES
UBIQUITINATION AND
LYSOSOMAL DEGRADATION OF
TGFBR2

To understand how targeting the kinase activ-
ity of FAK induced down-regulation of TGFBR2,
HSCs incubated with lysosomal inhibitor (bafilo-
mycin [BAF], chloroquine, or E64d + Pepstatin A
[PepA]) or proteasomal inhibitor (MG132) were
collected for WB. Lysosomal inhibitors, but not
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proteasomal inhibitor MG132, prevented TGFBR2
down-regulation induced by PF228 or FAKY397F
(Fig. 3A,B; P < 0.05), suggesting that targeting the
kinase activity of FAK led to lysosomal degradation of
TGFBR2. This hypothesis was next tested by dou-
ble IF for TGFPR2 and lysosomal-associated mem-
brane protein 1 (LAMP1), a marker of late endosome/
Iysosomes.(4) Because commercially available anti-
TGFBR2 antibodies were poor for IF, HSCs trans-
duced with retroviruses encoding TGFpR2-HA
were incubated with PF228 alone or in combina-
tion with BAF, and cells were collected for double
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FIG. 2. Inactivation of FAK suppresses myofibroblastic activation of HSCs induced by TGFp1. (A) Top: HSCs expressing FAKwt or
FAKY397F were treated with TGFp1 for 24 hours and collected for WB. TGFp1-mediated up-regulation of a-SMA and fibronectin
was inhibited by FAKY397F. *P < 0.05 by ANOVA; n = 3. Bottom: a-SMA IF showed that FAKY397F suppressed TGFp1-induced
myofibroblastic activation of HSCs. *P < 0.05 by ANOVA; n = 5 randomly picked microscopic fields, each containing 50-100 cells.
Bar, 100 pm. (B) Top: WB revealed that TGFp1-mediated up-regulation of a-SMA and CTGF was inhibited by PF228.*P < 0.05 by
ANOVA; n = 3. Bottom: a-SMA IF showed that PF228 inhibited TGFp1-induced activation of HSCs into myofibroblasts. *P < 0.05 by
ANOVA; n = 6 randomly picked microscopic fields, each containing 100-200 cells. Bar, 100 pm.

IF for HA and LAMP1. Double IF demonstrated
that the percentage of TGFBR2-HA/LAMP1 colo-
calization in HSCs was increased by PF228 and fur-
ther enhanced by lysosomal inhibitor BAF (Fig. 3C;
P < 0.05). Additionally, we tested whether PF228
promoted TGFPR2 ubiquitination, thereby direct-
ing TGFBR2 to lysosomes. Because commercial
anti-TGFPR2 antibodies were poor for IP, HSCs
expressing TGFBR2-HA were used for IP to pull
down TGFpR2-HA, followed by WB, to quantitate
TGFBR2 ubiquitination. Due to ubiquitination-
directed degradation, lower levels of TGFBR2
ubiquitination were detected in dimethyl sulfoxide
(DMSO)-incubated and PF228-incubated HSCs,
which exhibited a smear pattern (Fig. 3D). Inhibition
of lysosomes by BAF blocked degradation of ubiq-
uitinated TGFBR2, and therefore allowed higher
levels of TGFPR2 ubiquitination were detected in
DMSO/BAF-incubated and PF228/BAF-incubated

HSCs (Fig. 3D). The fact that TGFBR2 ubiquiti-
nation was higher in PF228/BAF-incubated HSCs
than in DMSO/BAF-incubated HSCs indicates that
PF228 promoted TGFBR2 ubiquitination. Thus, tar-
geting the kinase activity of FAK led to ubiquitina-
tion and lysosomal degradation of TGFpR2.

FAK PROMOTES PLASMA
MEMBRANE LOCALIZATION OF
TGFpR2

TGFBR2 undergoes constitutive endocytosis in the
absence of TGFp1, followed by lysosomal targeting and
degradation.?**” The finding that targeting FAK led
to lysosomal sorting suggested that FAK may stabilize
TGFBR2 protein by keeping it at the plasma membrane.
To test this hypothesis, HSCs expressing TGFpR2-HA
were transduced by retroviruses encoding either FLAG-

FAKwt or FLAG-FAKY397F, and cells were collected
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FIG. 3. Targeting FAK promotes ubiquitination and lysosomal degradation of TGFBR2. (A) HSCs incubated with PF228 alone or in
combination with a lysosomal inhibitor (BAF 10 nM or chloroquine 50 pM) or proteasomal inhibitor (MG132 25 pM) were collected for
WB. A lysosomal inhibitor, but not proteasomal inhibitor, prevented PF228-mediated TGFBR2 down-regulation. *P < 0.05 by ANOVA;
n = 3. (B) HSCs expressing FAKwt or FAKY397F were incubated with DMSO or inhibitors as indicated and cells were collected for
WRB. E64d (10 pg/mL) + PepA (10 pg/mL) inhibited lysosomes. Lysosomal inhibitors prevented TGFPR2 down-regulation induced
by FAKY397F mutant. *P < 0.05 by ANOVA; n = 3. (C) HSCs expressing TGFBR2-HA were incubated with PEF228 alone or in
combination with BAF, and cells were collected for IF for HA and LAMP-1. TGFpR2-HA/LAMP-1 colocalization was increased by
PF228 and further enhanced by PF228/BAF cotreatment. *P < 0.05 by ANOVA; n > 6 cells per group. Bar, 10 pm. (D) TGFpR2-HA
was precipitated by IP followed by WB using anti-ubiquitin. TGFBR2 ubiquitination was higher in PF228/BAF-incubated HSCs than

in BAF-incubated HSCs. Data are representative of multiple repeats with consistent results.

for double IF for FLAG and HA. Colocalization of
FAK and TGFpR2-HA at the plasma membrane was
detected in FLAG-FAKwt-expressing HSCs (Fig. 4A,
arrows), but not in FLAG-FAKY397F-expressing cells
(Fig. 4A, bottom panels). Biotinylation of cell surface
proteins followed by streptavidin-agarose pulldown con-
firmed that overexpression of FLAG-FAKwt promoted
plasma membrane TGFBR2-HA but overexpression
of FLAG-FAKY397F did not (Fig. 4B; P < 0.05).
Consistently, plasma membrane colocalization of FAK/
TGFpR2-HA was reduced by PEF228 (Supporting
Fig. S3A,B; P < 0.05). Moreover, interactions between
endogenous FAK and TGFPR2 in HSCs were con-
firmed by Duolink proximity ligation assay (Supporting
Fig. S3C). Thus, FAK kinase activity is required for
localization of TGFBR2 at the plasma membrane.
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Phosphorylation of FAK was detected in both con-
trol HSCs and FLAG-FAKwt-expressing HSCs by
WB (Fig. 2A,B), suggesting that a fraction of FAK
in HSCs was activated, possibly by the stiff cul-
ture substrate and/or growth factors in the culture
medium."??®  Therefore, we investigated whether
streptavidin agarose could pull down both biotinylated
TGFpPR2 and activated FAK. Indeed, phosphorylated
FAK (p-FAK) Y397 was coprecipitated with bioti-
nylated TGFPR2-HA (Fig. 4B), suggesting that active
FAK formed a complex with TGFPR2-HA at the
plasma membrane. This was further supported by dou-
ble IF for p-FAKY397 and TGFpR2-HA (Fig. 4C,
arrows). Coimmunoprecipitation (colP) demonstrated
that TGFBR2/FAKwt binding was strong, whereas
TGFBR2/FAKY397F binding was very weak in HSCs
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(Fig. 4D; P < 0.05). Thus, TGFPR2 and active FAK

interacted at the plasma membrane of HSCs.

TGFpg1 PROMOTES PLASMA
MEMBRANE TARGETING OF
TGFpR2 BY ACTIVATING FAK

Because TGFp1 induces FAK phosphorylation
and activation in various cell types,(14’18’27) we per-
formed WB and confirmed the finding that stimu-
lation of HSCs with TGFp1 for 15 or 30 minutes
increased FAK phosphorylation at Y397 (Supporting
Fig. S4; P < 0.05). We next tested whether TGFp1

regulated plasma membrane targeting of TGFBR2 by

activating FAK. CoIP revealed that TGFp1 stimula-
tion indeed increased TGFPR2-HA/FAK binding in
HSCs (Fig. 4E; P < 0.05), and double IF showed that
in serum-starved HSCs, the level of colocalization of
TGFBR2-HA with endogenous FAK at the plasma
membrane was low and it was increased following
TGFp1 stimulation (Fig. 4F; P < 0.05). Additionally,
stimulation of HSCs with TGFB1 for 30 minutes
increased the TGFPR2 protein level, and this effect of
TGFp1 was attenuated by expression of FAKY397F
mutant or PF228 (Fig. 1C,D). Thus, short-term stim-
ulation of HSCs by TGFp1 led to FAK activation and
colocalization of FAK/TGFBR2 at the plasma mem-
brane of HSC:s.
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Y336 OF TGFBR2 IS
PHOSPHORYLATED BY FAK

Because active FAK bound to TGFBR2, we inves-
tigated whether TGFBR2 was a phosphorylation
substrate of FAK. HSCs expressing TGFpR2-HA
were collected for IP using anti-phosphorylated tyro-
sine (PY) (4G10) to pull down Y-phosphorylated
proteins, and WB was followed to quantitate
TGFpR2-HA within the precipitates, which repre-
sented Y-phosphorylated TGFPR2-HA. As shown in
Fig. 5A, TGFBR2-HA was readily detected from the
precipitates of control HSCs but barely detected from
those of PF228-incubated cells (P < 0.05 by # test),
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suggesting that TGFBR2-HA was phosphorylated by
FAK. Because TGFp1 promoted FAK/TBRII bind-
ing (Fig. 4E,F), we collected HSCs stimulated with
TGEFp1 for IP using anti-PY (4G10) followed by
WB. As expected, stimulation of HSCs with TGFf1,
for either 5 or 15 minutes, increased Y phosphory-
lation of TGFBR2 (Fig. 5B; P < 0.05), suggesting
that short-term TGFB1 stimulation promotes FAK/
TGFBR2 binding and TGFBR2 Y phosphorylation.
It has been reported that Y259, Y336, and Y424
were autophosphorylated by TGFpR2, @) 50 we gen-
erated three HA-tagged mutants, TRRITY259F-HA,
TPRITY336F-HA and TPRIIY424F-HA, to inves-
tigate whether any Y was phosphorylated by FAK in
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FIG. 5. Y336 of TGFBR2 is phosphorylated by FAK. (A) HSCs expressing TGFBR2-HA were collected for IP using anti-PY (4G10)
followed by WB for TGFBR2. PF228 reduced the level of Y phosphorylation of TGFPR2.*P < 0.05 by # test; n = 3. (B) TGFp1 stimulation
increased Y phosphorylation of TGFBR2. *P < 0.05 by ANOVA; n = 3. (C) HSCs expressing HA-tagged wild-type TGFPR2 or mutant
were transduced with LacZ or FAKwt retroviruses, and cells were collected for IP followed by WB to quantitate Y phosphorylation of
TGFpBR2. FAKwt increased Y phosphorylation of TGFBR2, and this effect of FAK was abrogated by mutating Y336 to F on TGFBR2.
*P < 0.05 by ANOVA; n = 3. (D) Mutating Y336 to F on TGFBR2 reduced Y phosphorylation of TGFPR2 induced by endogenous FAK.
*P < 0.05 by # test; n = 3. Abbreviation: IgG, immunoglobulin.
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HSCs. HSCs expressing TGFpR2wt-HA or a mutant
were transduced again with LacZ or FLAG-FAKwt ret-
roviruses, and cells were collected for IP using anti-PY
(4G10). As shown in Fig. 5C, overexpression of FAKwt
increased Y phosphorylation of TGFBR2 compared
with overexpression of LacZ, and this increase was
abrogated by Y336F mutation on TGFBR2 (P < 0.05),
but not by Y259F or Y424F mutation. Additionally,
HSCs expressing endogenous FAK were collected for
IP, which confirmed that Y336F mutation on TGFBR2
reduced Y phosphorylation of TGFPR2 induced by
endogenous FAK (Fig. 5D, P < 0.05). Thus, Y336 of
TGFBR2 was phosphorylated by FAK.

MUTATING Y336 TO F LEADS TO
LYSOSOMAL DEGRADATION OF
TGFBR2

To analyze whether Y336F TGFBR2 mutant recapit-
ulated the phenotypes of TGFBR2 in PF228-incubated
or FAKY397F-expressing HSCs, we compared the pro-
tein levels of three HA-tagged TGFBR2 mutants by WB.
The TGFPR2Y336F-HA protein level was the lowest
among all groups, indicating that the protein stability of
TGFBR2 was reduced by Y336 to F mutation (Fig. 6A;
P < 0.05). Next, HSCs incubated with cycloheximide
for different times (cycloheximide-blocked protein syn-
thesis) were collected for WB to analyze the protein
stability of TGFpR2wt-HA and TGFPR2Y336F-HA.
The half-life was 106.5 minutes for TGFfR2wt-HA
and 70.6 minutes for TGFPR2Y336F-HA, suggesting
that TGFPR2Y336F-HA degraded much faster than
TGFpR2wt-HA (Fig. 6B; P < 0.05 by ANOVA). To
study how TGFBR2Y336F-HA degraded, HSCs incu-
bated with either lysosomal inhibitor (BAF, E64d +
Pepstatin A) or proteasomeal inhibitor (MG132)
were collected for WB. Although both lysosomal and
proteasomal inhibitors prevented the degradation of
TGFpR2wt-HA, only lysosomal inhibitors prevented
the degradation of TGFPR2Y336F-HA in HSCs
(Fig. 6C; P < 0.05), supporting that TGFBR2Y336F-HA

was downgraded by lysosomes.

TGFBR2Y336F-HA MUTANT
SUPPRESSES HSC ACTIVATION
INDUCED BY TGFp

Although TGFBR2Y336F-HA was not as sta-
ble as TGFpR2wt-HA, we still introduced it into
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HSCs to test whether its overexpression influenced
TGFp1 signaling of HSCs. HSCs expressing LacZ
(control) or TGFBR2Y336F-HA by retroviral trans-
duction were stimulated with TGFp1 and collected
for WB. Overexpression of TGFpR2Y336F-HA
mutant was confirmed by WB for HA (Fig. 6D).
In LacZ-expressing cells, TGFp1l up-regulated
HSC activation markers, fibronectin, a-SMA, and
CTGEF, and this effect of TGFp1 was suppressed by
TGFpR2Y336F-HA mutant (Fig. 6D; P < 0.05).
Thus, TGFBR2Y336F functioned as a dominant neg-
ative mutant to suppress HSC activation.

FAK INACTIVATION SUPPRESSES
TUMOR-PROMOTING EFFECTS
OF HSCs IN VITRO AND IN MICE

We have shown previously that activated HSC/
myofibroblasts promoted tumor cell growth,(4'6) )
we used iz vitro and in vive studies to analyze the role
of FAK for the paracrine tumor-promoting effect of
HSCs. Because the liver is an organ frequently colo-
nized by metastatic colorectal cancer cells, we tested
whether HSC FAK influenced the interactions
between HSCs and metastatic colorectal cancer cells.
To this end, HT29 human colorectal cancer cells
were chosen for the studies. Conditioned medium
(CM) was collected from HSCs, and its role for
HT29 proliferation was analyzed by MTS (3-[4,5-
dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-
2-[4-sulfophenyl]-2H-tetrazolium) assay. As shown
in Fig. 7A (top), the CM of HSCs expressing FLAG-
FAKwt promoted HT29 proliferation compared with
the basal culture medium (P < 0.05). Importantly, the
CM of FLAG-FAKY397F expressing HSCs was less
effective at promoting HT29 proliferation than the
CM of HSCs expressing FLAG-FAKwt (P < 0.05 by
ANOVA). Consistently, the CM of FAK knockdown
HSCs was less effective than that of control HSCs
(Fig. 7A, bottom; P < 0.05 by ANOVA). Thus, inac-
tivation of FAK reduced the tumor-promoting effect
of HSCs in witro.

Next, HT29 (0.5 x 10° cells) were mixed with
HSCs (0.5 x 10° cells) in wvitro, and they were co-
injected into nude mice subcutaneously. Tumor growth
was measured by a caliper at different days after co-
implantation, and data are shown in Fig. 7B. Consistent
with MTS assay, HSCs expressing FLAG-FAKY397F

were less effective at promoting HT29 growth in mice
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FIG. 6. Mutating Y336 to F on TGFBR2 leads to lysosomal degradation of TGFBR2. (A) WB revealed that the protein level of
TGFBR2Y336F mutant was lowest among all groups. *P < 0.05 by # test; n = 3. (B) HSCs incubated with cycloheximide for different
times were collected for WB. Y336 to F mutation on TGFBR2 reduced its half-life. *P < 0.05 by ANOVA; n = 3. (C) HSC:s incubated
with lysosomal inhibitors, BAF, E64d + Pepstatin A, or proteasomal inhibitor MG132 were collected for WB. TGFpR2wt degradation
was prevented by either lysosomal or proteasomal inhibitor, whereas TGFBR2Y336F degradation was prevented by lysosomal inhibitor
only. *P < 0.05 by ANOVA; n = 3. (D) HSCs expressing LacZ or TGFBR2Y336F mutant by retroviral transduction were stimulated by
TGFp1 and collected for WB. Overexpression of TGFBR2Y336F mutant suppressed HSC activation induced by TGFB1. *P < 0.05 by
ANOVA; n = 3.

than HSCs expressing FLAG-FAKwt (Fig. 7B, top
and middle; P < 0.05), and FAK knockdown HSCs
were less effective than control HSCs (Fig. 7B, bot-
tom; P < 0.05). WB and IF revealed that myofibroblast
densities were reduced in tumors arising from HT29/
HSC-FAKY397F  or  HT29/HSC-FAKshRNA
co-injections, compared with tumors arising from con-
trol co-injections (Fig. 7C,D; P < 0.05 by ANOVA).
Thus, FAK is required for activation of HSCs into

tumor-promoting myofibroblasts iz vivo.
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TARGETING FAK BLOCKS HSCs TO
PRODUCE TUMOR-PROMOTING
FACTORS

Microarray analysis helped us identify HSC-
derived tumor-promoting factors, including tena-
scin C, periostin, and CTGF in response to TGFp1
stimulation.®) To search for FAK-dependent tumor-
promoting factors of HSCs, we collected HSCs
incubated with PF228 and TGFp1 for RNA-seq.
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FIG. 7. FAK inactivation suppresses tumor-promoting effects of HSCs i vizro and in tumor implantation mouse model. (A) M TS assays
showed that the CM of FAKY397F-expressing or FAK-knockdown HSCs was less effective at promoting HT29 proliferation than that
of control HSCs. *P < 0.05 by ANOVA; n = 5. (B) HT29 (0.5 x 10°) were mixed with HSCs (0.5 x 10°), and cells were coinjected into
nude mice subcutaneously. FAKY397F-expressing or FAK-knockdown HSCs were less effective at promoting HT29 growth in mice
than control HSCs. *P < 0.05 by ANOVA, n = 10, 6. (C) WB and IF revealed that myofibroblast densities were lower in tumors arising
from HT29/HSC-FAKY397F co-injections than in tumors arising from control coinjections. *P < 0.05 by # test; n = 3 tumors for IF and
n =5, 6 for WB. Bar, 50 pm. (D) Myofibroblast densities were lower in tumors arising from HT29/HSC-FAKshRNA co-injections than
in tumors arising from control co-injections. *P < 0.05 by 7 test; n = 3 tumors for IF and n = 6 for WB. Bar, 50 pm. Abbreviations: DAPI,

4’ ,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin staining; NT shRNA, nontargeting short hairpin RNA.

As shown in Supporting Fig. S5, the transcripts COL16A1, TNC, SPARC, EDIL3, ADAMTS]I,
of 764 genes were affected by PF228 in TGFp1- MMP3, and MMP10, and genes encoding growth
stimulated HSCs. Of the 764 genes, 20 genes that factors and cytokines, such as NGF, FGF1, FGF2,
encode tumor-promoting factors were turned on by LIF, TGFp1, TGFp2, VEGFA, CTGE, and inter-
TGFp1 for transcription in a FAK-dependent man- leukin 11 (Fig. 8A). Interestingly, the CD274 gene,
ner (Fig. 8A). Most of these genes could be divided encoding immune checkpoint molecule PD-L1, was
into two groups: genes encoding extracellular matrix also a FAK-dependent TGFp1 target. PD-L1 was
remodeling proteins, such as COL5A1, COL7A1, relevant to patients with colorectal cancer, although
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FIG. 8. FAK inactivation suppresses HSC-derived tumor-promoting paracrine factors. (A) RNA-seq identified 20 representative genes,
encoding tumor-promoting factors, as FAK-dependent TGFp targets. (B) WB confirmed that TGFpB1 stimulated HSC to produce PD-
L1,IGF-1, and FGEF2, through FAK.*P < 0.05 by ANOVA; n = 3. (C) HSCs stimulated with TGFp1 were collected for IF for PD-L1.
and cell nuclei were counterstained by DAPI. *P < 0.05 by # test; n = 25 cells per group. Bar, 20 pm. (D) HT29 tumors, as described in
Fig. 7B, were subjected to double IF. Overlap of PD-L1 and a-SMA were detected (arrows). Bar, 50 pm. (E) Tumor lysates, as described
in Fig. 7C, were subjected to WB for PD-L1,IGF-1,and CTGE.*P < 0.05 by # test; n = 5,6. (F) A schematic diagram of this study. FAK,
after phosphorylation and activation, binds to TGFPR2 and phosphorylates TGFPR2 at Y336, and subsequently targets TGFPR2 to the
plasma membrane. Promoted by FAK, TGFB/SMAD signaling turns on gene transcription to define the phenotypes of activated-HSC/
myofibroblasts and produce tumor-promoting factors. Abbreviations: ECM, extracellular matrix; H&E, hematoxylin and eosin staining;
P, phosphate group; PM, plasma membrane; S, stroma; T, tumor.
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it was not important for this tumor implantation
model because the mice used were athymic. WB
and IF confirmed that PD-L1 was up-regulated by
TGEFp1 through FAK (Fig. 8B,C; P < 0.05). Double
IF performed with HT29 tumor nodules or murine
colorectal liver metastases demonstrated that the
activated-HSC/myofibroblasts were indeed a source
of PD-L1 (Fig. 8D; Supporting Fig. S6, arrows).
Additionally, WB confirmed that TGFp1 stimulated
HSC to produce PD-L1, IGF-1 and FGF-2 through
FAK (Fig. 8B; P < 0.05) and that the protein levels of
PD-L1, IGF-1, and CTGF were reduced in tumors
arising from HT29/HSC-FAKY397F co-injections,
compared with tumors arising from control injec-
tions (Fig. 8E; P < 0.05). Furthermore, IF for Ki67
(marker of proliferating cells) and cleaved caspase 3
(marker of apoptotic cells) revealed that the tumor
proliferation rate was higher in tumors arising from
HT29/HSC-FAKwt co-injections than in tumors
arising from HT29/HSC-FAKY397F co-injections,
and that reversely, apoptosis rate was lower in tumors
arising from HT29/HSC-FAKwt co-injections than
in tumors arising from HT29/HSC-FAKY397F
co-injections (Supporting Fig. S7; P < 0.05). Thus,
targeting FAK of HSCs suppressed tumor-promoting

paracrine factors and limited tumor growth in mice.

Discussion
Through kinase-dependent and kinase-independent

mechanisms, FAK accepts extracellular signals from
the plasma membrane receptors and transmit them
into the interior of the cell. However, little is known
whether FAK in return regulates the biology of
the plasma membrane receptors. Our study, using
TGFPR2 as a model, demonstrated that FAK was
indeed required for subcellular localization of the
receptor and its biological function. Mechanistically,
active FAK bound to TGFBR2 to induce its phos-
phorylation at Y336 and targeted it to the plasma
membrane of HSCs. In contrast, inactivation of FAK
or mutating Y336 to F on TGFBR2 led to a rapid
degradation of TGFPR2 by lysosomes (Fig. 8F).
Functionally, targeting FAK or Y phosphorylation of
TGFBR2 abrogated TGFp-mediated HSC activa-
tion and suppressed HSC-derived tumor-promoting
paracrine factors. Thus, FAK represents a target for
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suppressing  HSC activation and the metastasis-
promoting liver microenvironment.

In addition to canonical TGF/SMAD signaling,
TGEFP activates PI3K/Akt, ERK, p38 MAPK, which
are noncanonical TGFp signaling pathways. These
noncanonical TGFp signaling pathways are known
to be regulated by FAK.14182%39 15 addition, FAK
contains a nuclear localization signal in its FERM
domain through which FAK may enter the nucleus to
modulate gene transcription.®) Thus, FAK may regu-
late HSC activation through diverse and complicated
mechanisms. Nevertheless, our study unveiled an
unrecognized mechanism and added knowledge into
the field by demonstrating that FAK phosphorylated
TGFPR2 at Y336 and targeted it to the plasma mem-
brane. Interestingly, TGFB1 used this mechanism to
call the cytoplasmic TGFBR2 onto the plasma mem-
brane. Because TGFBR2 at the plasma membrane
undergoes constitutive endocytosis, this mechanism
allows the plasma membrane TGFPR2 be maintained
at a consistent level to ensure sustained TGF signal
transduction.

Previous studies suggested that in breast cancer
cells, binding B3 integrin to TGFPR2 led to Y phos-
phorylation of TGFBR2 at Y284 by Src, which was
linked to TGFp-mediated MAPK activation.®Y To
test whether PF228 inhibited Src kinase, we per-
formed WB for P-Src (Y416) and found that PF228
reduced FAK phosphorylation at Y397, whereas it
increased Src phosphorylation at Y416 (Supporting
Fig. S3D; P < 0.05 by ¢ test). Thus, PF228 impaired
TGFBR2 Y phosphorylation by targeting FAK, but
not Src. How did FAK take TGFBR2 to the plasma
membrane of HSCs? It has been reported that hyper-
phosphorylation of FAK disassociated it from focal
adhesions®? and that phosphorylation of Y925 on
FAK and Grb2 SH2 domain binding to this site led
to dislocalization of FAK from focal adhesions to the
plasma membrane.®¥ These findings support a model
in which FAK, after its phosphorylation, including
phosphorylation at Y925, binds to TGFBR2 and takes
it along to the plasma membrane.

We have identified 20 FAK-dependent HSC-
derived tumor-promoting paracrine factors by RNA-
seq (Fig. 8A). IGF-1 attracted our attention, as both
IGF-1 and IGF-2 activate IGFR1. It has been reported
that IGFR1-mediated expression of Nano% }))romotes
the formation of cancer stem cells of HCC®" and the
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proliferation of acute myeloid leukemia stem cells,®”

linking to cancer invasion, metastasis, and drug resis-
tance. Tenascin C encoded by TNC regulates can-
cer stemness by activate Notch signaling of cancer
cells.®® TGFp1 and TGFp2 genes were identified,
suggesting that HSC activation was in fact a vicious
cycle enhanced by a self-made positive feedback loop.
Interestingly, CD274, encoding an immune checkpoint
protein PD-L1, was identified. A preclinical study
showed that FAK inhibitor VS-4718 reduced fibrosis
of pancreatic cancer and increased tumor infiltration of
cytotoxic T cells, and that additionally, adding VS-4718
to gemcitabine + anti-PD1/anti-CTLA4 combinato-
rial therapy improved survival of mice.®”) Although
PD-L1 is produced by various cell types of a tumor,
our data revealed that specific targeting FAK of myo-
fibroblasts reduced the total protein level of PD-L1
of a tumor (Fig. 8E), suggesting that the activated-
HSC/myofibroblasts were a significant contributor
to PD-L1 of the tumor microenvironment. Thus, in
addition to lower tumor-promoting growth factors,
cytokines, and extracellular matrix remodeling pro-
teins, targeting FAK of HSC/myofibroblasts may sup-
press PD-L1/PD1 immune checkpoint and increase
tumor infiltration of T cells, so as to improve the effi-
cacy of immunotherapy and combinatorial therapy for
patients with metastatic liver disease.
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