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Loss of VGLL4 suppresses tumor PD-L1 expression

and immune evasion
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Abstract

Targeting immune checkpoints, such as PD-L1 and its receptor PD-
1, has opened a new avenue for treating cancers. Understanding
the regulatory mechanism of PD-L1 and PD-1 will improve the clin-
ical response rate and efficacy of PD-1/PD-L1 blockade in cancer
patients and the development of combinatorial strategies. VGLL4
inhibits YAP-induced cell proliferation and tumorigenesis through
competition with YAP for binding to TEADs. However, whether
VGLL4 has a role in anti-tumor immunity is largely unknown. Here,
we found that disruption of Vgll4 results in potent T cell-mediated
tumor regression in murine syngeneic models. VGLL4 deficiency
reduces PD-L1 expression in tumor cells. VGLL4 interacts with
IRF2BP2 and promotes its protein stability through inhibiting
proteasome-mediated protein degradation. Loss of IRF2BP2 results
in persistent binding of IRF2, a transcriptional repressor, to PD-L1
promoter. In addition, YAP inhibits IFNy-inducible PD-L1 expression
partially through suppressing the expression of VGLL4 and IRF1 by
YAP target gene miR-130a. Our study identifies VGLL4 as an impor-
tant regulator of PD-L1 expression and highlights a central role of
VGLL4 and YAP in the regulation of tumor immunity.
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Introduction

Evasion of immune surveillance is a hallmark of cancer, which
enables tumor cells to escape the attack from immune cells. Accu-
mulating evidence has revealed that the interaction between the
tumor cells and the host microenvironment, in particular the infil-
trating immune cells, is critical for disease progression, metastasis,
and relapse. The recent breakthroughs in the discovery of cancer
immune checkpoints such as PD-L1 (also known as B7-H1 or
CD274) and the success of checkpoint inhibitors in stimulating
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anti-tumor immune response (Miller & Sadelain, 2015) have opened
an avenue in the understanding of tumor immunology and the
development of new strategy for cancer therapies.

Expression of PD-L1 is an immunosuppressive mechanism by
which cancer cells suppress the immune system. The binding of PD-
L1 to its receptor PD-1 (Dong et al, 1999; Freeman et al, 2000) leads
to the inhibition of T lymphocyte proliferation, cytokine production,
cytolytic activity, and the suppression of the body’s immune
response. Many studies reported that the dysregulation of several
oncogenic or tumor-suppressive pathways constitutively activates
the expression of PD-L1, suggesting that this is a general mechanism
of tumorigenesis. PTEN deletions, PI3K/AKT mutations (Parsa et al,
2007; Lastwika et al, 2016), EGFR mutations (Akbay et al, 2013),
MYC overexpression (Casey et al, 2016), CDK5 disruption (Dorand
et al, 2016), and YAP/TAZ activation (Feng et al, 2017; Lee et al,
2017; Miao et al, 2017; Janse van Rensburg et al, 2018; Kim et al,
2018) represent a rapidly growing list of genetic mechanisms of
constitutive PD-L1 expression. Expression of PD-L1 can be induced
by many cytokines, of which interferon-gamma (IFNy) is the most
potent via JAK1/2-STAT1/2/3-IRF1 signaling axis, with IRF1 bind-
ing to PD-L1 promoter (Dong et al, 2002; Loke & Allison, 2003; Lee
et al, 2006; Garcia-Diaz et al, 2017). The IFNy-inducible expression
of PD-L1 is more common than the constitutive expression in most
cancers and can be detected as a patchy pattern of PD-L1 expression
in T cell-rich areas of tumors, in particular at the invasive margin
(Taube et al, 2012; Tumeh et al, 2014). Despite substantial clinical
benefit, many patients with cancer fail to respond to therapies that
target the PD-1 and PD-L1 interaction as a single agent (Zou et al,
2016). Thus, a better understanding of the mechanisms of regulation
of PD-1/PD-L1 pathway in tumor microenvironment will improve
the clinical response rate and efficacy of PD-1/PD-L1 blockade in
cancer patients, and the development of combinatorial strategies for
treating cancers.

Hippo pathway is first discovered in Drosophila and involved in
organ-size control, tissue homeostasis, and tumorigenesis. The
conserved Hippo signaling is composed of a kinase cascade that
controls the activity of the transcriptional coactivators, YAP and
TAZ, by the kinases MST1/2 and LATS1/2 (Yu et al, 2015; Meng
et al, 2016) to govern multiple aspects of cell physiology. When
Hippo signaling is inactivated, YAP/TAZ enter the nucleus, bind to
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the transcription factor TEADs, and induce gene transcription.
Recently, several studies identified VGLL4 as a transcriptional
suppressor that inhibits YAP-induced overgrowth and tumorigenesis
through direct competition with YAP for binding to TEADs (Guo
et al, 2013; Koontz et al, 2013; Jiao et al, 2014; Zhang et al, 2014).
Previous studies have convincingly demonstrated the Hippo path-
way as a suppressor signal for cellular transformation and tumorige-
nesis (Moroishi et al, 2015a). Recently, the effects of the Hippo
pathway components on tumor initiation and growth in the context
of reciprocal interactions between tumor cells and host anti-tumor
immune responses have emerged (Moroishi et al, 2016; Guo et al,
2017; Kim et al, 2017; Zhang et al, 2017b). However, the underlying
mechanisms of how Hippo pathway cooperates with inflammatory
signaling to regulate tumor microenvironment remain elusive.

In the present study, we investigated the role of VGLL4 in the
context of anti-tumor immunity. Surprisingly, inactivation of VGLL4
in murine tumor cells strongly suppresses tumor growth in immune-
competent mice due to the attenuation of tumor immune evasion.
Our data indicate a new paradigm for how tumor immunogenicity is
regulated through VGLL4 and YAP in tumor cells.

Results
Loss of Vgll4 inhibits murine tumor growth in syngeneic mice

To elucidate the role of Vgll4 in anti-tumor immunity, we took
advantage of murine syngeneic tumor models which comprise intact
immune system. The syngeneic tumor model has been widely used
to study reciprocal interactions between tumor cells and anti-tumor
immune responses. First, we assayed VGLL4 protein levels in a
number of murine cancer cells. We found that VGLL4 protein levels
were high in LLC lung cancer and MB49 bladder cancer cells, and
low in 4T-1 breast cancer and B16F10 melanoma cells (Fig 1A).
Therefore, we inactivated Vgll4 in LLC and MB49 cells using
shRNA-mediated gene knockdown. The efficiency of knockdown
was verified by immunoblot (Fig 1B). Knockdown of Vgll4 did not
affect cell proliferation in cell cultures (Fig EV1A and B). To investi-
gate the role of Vgll4 in tumor growth in vivo, we subcutaneously
transplanted equal numbers of WT- or Vgll4-knockdown LLC cells
into the back flanks of C57BL/6 mice and monitored their growth.
Surprisingly, downregulation of Vgll4 in LLC cells strongly inhibited
tumor growth in vivo. All mice developed large tumors in the
control group 21 days after inoculation, whereas injection of Vgll4-
knockdown LLC cells resulted in much smaller tumors (Figs 1C and
D, and EV1C). However, Vgll4-knockdown LLC tumors grew similar
as control cells in immune-compromised nude mice (Figs 1E and F,
and EVID). Next, we examined the tumor growth of Vgll4-knock-
down MB49 cells in C57BL/6 mice and nude mice. Consistently,
control MB49 cells developed tumors in both C57BL/6 mice and
nude mice (Figs 1G-J, and EV1E and F). However, Vgll4-knock-
down MB49 cells only developed tumors in nude mice, but not in
C57BL/6 mice (Figs 1G-J, and EV1E and F). Thus, collectively, our
observations indicate that loss of Vgll4 in tumor cells significantly
inhibits the tumor growth in murine syngeneic tumor models.

Since Vgll4 loss displays completely opposite effects on tumor
growth in immune-compromised vs. immune-competent mice, we
speculated that host immune factors may contribute to the apparent
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discrepancy of Vgll4-knockdown tumor cells. Therefore, we exam-
ined the histopathology of control and Vgll4-knockdown LLC
tumors from C57BL/6 mice. We found massive infiltration of
inflammatory cells in Vgll4-knockdown LLC tumors, which were
shown by staining with the leukocyte marker CD45 and the T-cell
markers CD3 and CD8 (Fig 1K). To identify T-cell populations medi-
ating this potent rejection, we depleted CD8™ T cells, CD4™ T cells,
or both subsets in mice bearing with Vgll4-knockdown MB49 cells.
By day 31, 100% of mice injected with Vgll4-knockdown MB49 cells
had much smaller tumors, and mice receiving CD4 or CD8 blocking
antibodies developed measurable but smaller tumors, whereas
depletion of both CD8 " and CD4 " T cells yielded much larger tumor
formation (Figs 1L and EV1G). Together, these studies suggest a T
cell-dependent rejection and robust anti-tumor immunity of Vgll4-
deficient tumors.

Loss of VGLL4 decreases the expression of PD-L1 in tumor cells

A major feature of immune evasion of cancer cells is the expression
of multiple immune modulators, such as PD-L1. We sought to test
whether disruption of VGLL4 expression in cells impaired PD-L1
expression. We examined the expression of PD-L1 and other
immune modulators in Vgll4-knockdown LLC and MB49 cells. We
observed that knockdown of Vgll4 significantly attenuated both PD-
L1 mRNA and cell surface expression using qRT-PCR and flow
cytometry analysis, respectively (Figs 2A and B, and EV2A). Since
VGLL4 has been shown to play a role in the tumorigenesis of lung
cancer, we examined the PD-L1 expression in several human lung
cancer cell lines and human bronchial epithelial 16HBE cells when
VGLL4 expression was inhibited by siRNA-mediated gene knock-
down. Notably, the mRNA levels of PD-L1 were decreased in paral-
lel with its protein levels after loss of VGLL4 expression in these cell
lines (Fig 2C-E), indicating a transcriptional control of PD-L1
expression by VGLL4. This finding was further supported by the
reduced cell surface PD-L1 expression through flow cytometry anal-
ysis in A549 cells (Figs 2F and EV2B). In addition, knockdown of
VGLL4 increased the expression of YAP/TEAD target genes in
several lung cancer cells (Fig EV2C), which is consistent with previ-
ous studies (Zhang et al, 2014). Notably, removal of VGLL3, which
is highly expressed in A549 cells, had no effect on the expression of
PD-L1 in AS549 cells (Fig EV2D). IFNy expressed by infiltrating
immune cells is known to potently induce PD-L1 expression. We
examined whether disruption of VGLL4 impaired PD-L1 induction
in response to IFNy stimulation. We found that IFNy induced less
PD-L1 expression in VGLL4-knockdown cells compared to control
A549 and 16HBE cells by Western blot analysis (Fig 2G and H).
Moreover, we generated knockout cells for VGLL4 using CRISPR/
Cas9. Consistent with siRNA-mediated VGLL4 knockdown in A549,
VGLL4-knockout A549 cells also produced less PD-L1 upon IFNy
stimulation (Fig 2I). To further analyze the effect of VGLL4 on PD-
L1 transcription, a 340-bp fragment of the PD-L1 promoter was
cloned into a luciferase reporter plasmid. Consistently, the PD-L1
promoter activity was significantly reduced in both INFy-untreated
and INFy-treated VGLL4-knockdown A549 cells compared to control
cells (Fig 2J), indicating that VGLL4 expression levels correlate with
PD-L1 expression levels.

In addition to the PD-L1 expression, we also examined several
pathways related to the regulation of PD-L1 expression in

© 2018 The Authors
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Figure 1. Loss of Vgll4 in tumor cells inhibits tumor growth in syngeneic m

A VGLL4 protein expression levels in six murine tumor cell lines. Total cell lysates

B
@
D

ouse tumor models.

were analyzed by Western blot.

two-tailed Student’s t-test. The solid line represents the average weight + SEM.

m

VGLL4 protein levels were reduced in Vgll4-depleted cells. Total cell lysates of Vgll4-knockdown LLC and MB49 cells were analyzed by Western blot.
Control or shvgll4 LLC cells were transplanted into C57BL/6 mice, and tumor-growth kinetics was measured at the indicated times. n = 12 tumors for each group.
Quantification of tumor weights 21 days after transplantation of control or shvgll4 LLC cells into C57BL/6 mice from (C). n = 12 tumors for each group. ***P < 0.001,

Control or shvgll4 LLC cells were transplanted into nude mice, and tumor-growth kinetics was measured at the indicated times. n = 8 tumors for each group.

F Quantification of tumor weights 15 days after transplantation of control or shvgll4 LLC cells into nude mice from (E). n = 8 tumors for each group. n.s. P > 0.05, two-
tailed Student’s t-test. The solid line represents the average weight + SEM.

G Control or shvgll4 MB49 cells were transplanted into C57BL/6 mice, and tumor-growth kinetics was measured at the indicated times. n = 9 tumors for each group.

H Quantification of tumor weights 30 days after transplantation of control or shvgll4 MB49 cells into C57BL/6 mice. n = 9 tumors for each group. ***P < 0.001, two-
tailed Student’s t-test. The solid line represents the average weight + SEM.

| Control or shvgll4 MB49 cells were transplanted into nude mice, and tumor-growth kinetics was measured at the indicated times. n = 8 tumors for each group.

] Quantification of tumor weights 15 days after transplantation of control or shvgll4 MB49 cells into nude mice from (I). n = 8 tumors for each group. n.s. P > 0.05;
two-tailed Student’s t-test. The solid line represents the average weight + SEM.

K Immunofluorescent staining of CD3, CD8, and CD45 (red) counterstained with DAPI for DNA (blue) using control or shvgll4 LLC tumors from C57BL/6 mice. Statistical
analysis of the percentage of CD3-, CD8-, and CD45-positive cells in the tumors is shown in the right panel, respectively. n = 3 tumors for each group. ***P < 0.001,
two-tailed Student’s t-test, mean £ SEM. Scale bar 100 pm.

L

Quantification of tumor weights 30 days after transplantation of shvgll4 MB49 cells into C57BL/6 mice receiving anti-CD4 alone, anti-CD8 alone, or both anti-CD4

and anti-CD8 blocking antibodies. n = 20 tumors for each group. The solid line represents the average weight + SEM.

Source data are available online for this figure.

VGLL4-knockdown tumor cells. Of note, we found that PTEN protein
levels were reduced in VGLL4-knockdown A549 and MB49 cells
(Fig EV2E). The significance of this finding was not addressed in this
study. To establish whether there is a functional link between PD-L1

© 2018 The Authors

expression and rejection of Vgll4-deficient tumor cells in murine
syngeneic tumor models, we tested whether expression of mouse
PD-L1 could rescue the tumor growth of Vgll4-knockdown LLC cells
in immune-competent mice. We first showed that mice bearing WT
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Figure 2.

LLC or MB49 tumor cells responded effectively to anti-PD-L1 anti-
body treatment (Fig EV2F). Next, we stably overexpressed mouse
PD-L1 in Vgll4-knockdown LLC cells and transplanted them into
C57BL/6 mice. As expected, expression of PD-L1 restored the
tumorigenesis potential of Vgll4-knockdown LLC cells (Fig 2K). We
also showed that the expression of PD-L1 did not affect YAP target
gene expression (Fig EV2G) and IFNy treatment had no effect on the
proliferation of control and Vgll4-knockdown LLC and MB49 cells
in vitro (Fig EV2H). Furthermore, the expression of IRF1, the major
transcriptional factor for PD-L1 expression, also restored the growth
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of Vgll4-knockdown LLC tumors in C57BL/6 mice (Fig EV2I). In
addition, knockdown of VGLL4 in A549 cells enhanced the T cell-
mediated cancer cell killing in vitro (Fig 2L). Together, these data
suggest that loss of VGLL4 suppresses PD-L1 expression in tumor
cells, leading to the establishment of anti-tumor immunity.

VGLL4 interacts with IRF2BP2 independent of TDU domains

IFNy is known to be the major cytokine to induce PD-L1 expression
through JAK1/2-STAT1/2/3-IRF1 axis (Garcia-Diaz et al, 2017).

© 2018 The Authors
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Figure 2. Disruption of VGLL4 expression suppresses PD-L1 expression.

A Relative mRNA levels of immune-related genes in Vgll4-knockdown LLC or MB49 cells by qRT—PCR analysis. n = 3, mean £ SEM. *P < 0.05, **P < 0.01,
***p < 0,001, two-tailed Student’s t-test.

B Knockdown of Vgll4 in MB49 cells decreased the surface expression of PD-L1 protein on control or shVgll4 MB49 cells measured by flow cytometry analysis with
anti-mPD-L1 antibody. n = 3, mean + SEM. ***P < 0.001, two-tailed Student’s t-test.

@ Relative mRNA levels of immune-related genes in Vgll4-knockdown A549 cells by qRT-PCR analysis. n = 3, mean + SEM. **P < 0.01, ***P < 0.001, two-tailed
Student’s t-test.

D Immunoblot analysis revealed the reduced expression of PD-L1 protein in VGLL4-knockdown A549, 16HBE, and H358 cells compared with control cells.

E gqRT-PCR analysis revealed a reduction in PD-L1 mRNA levels in VGLL4-knockdown 16HBE and H358 cells by siRNA. n = 3, mean £ SEM. **P < 0.01, ***P < 0.001,
two-tailed Student’s t-test.

F Flow cytometry analysis of surface PD-L1 levels in control and VGLL4-knockdown A549 cells treated with IFNy for the indicated times. n = 3, mean + SEM.

***p < 0,001, one-way ANOVA followed by Dunnett’s test.

G, H Immunoblot analysis revealed the reduced IFNy-inducible PD-L1 expression in VGLL4-knockdown A549 (G) and 16HBE (H) cells.

| Immunoblot analysis of total cell lysates with the indicated antibodies revealed the attenuated IFNy-inducible PD-L1 expression in VGLL4-knockout (KO) A549 cells
generated by CRISPR/Cas9.

J Loss of VGLL4 dampened the activity of PD-L1 promoter reporter in a luciferase assay. A549 cells were transfected with human PD-L1-promoter luciferase plasmid
and indicated siRNA, treated with IFNy for 12 h, and subjected to a luciferase assay. n = 3, mean 4+ SEM. **P < 0.01, ***P < 0.001, one-way ANOVA followed by
Dunnett’s test.

K Overexpression of mouse PD-L1 in Vgll4-knockdown LLC cells restored the tumor growth in C57BL/6 mice. Tumor weights of shvgll4 or shvgll4-lenti-mPD-L1 LLC
cells were determined 21 days after tumor cell transplantation into C57BL/6 mice (left panel). Expression of mPD-L1 is shown in the right panel by immunoblot
analysis with anti-mPD-L1 antibody. n = 10 tumors for each group. The solid line represents the average weight + SEM. ***P < 0.001, two-tailed Student’s t-test.

L

Knockdown of VGLL4 in A549 cells enhances T cell-mediated tumor cell killing. Activated T cells and A549 cells were co-cultured in 24-well plates for 4 days, and
then, surviving tumor cells were visualized by crystal violet staining. Relative fold ratios of surviving cell intensities are shown in right panel. n = 3, mean + SEM,
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**p < 0.01, two-tailed Student’s t-test.

Source data are available online for this figure.

IRF2 is generally considered as a repressor to suppress IRF1 activity
(Harada et al, 1989). Interestingly, one study showed that IRF2BP2,
an IRF2-binding protein, interacts with VGLL4 (Teng et al, 2010).
This promoted us to investigate the possibility that VGLL4 might regu-
late PD-L1 expression through modulating IRF2/IRF2BP2 complex.
First, we confirmed physical interaction between VGLL4 and IRF2BP2
by immunoprecipitation of endogenous VGLL4 proteins in A549 cells
(Fig 3A). Furthermore, epitope-tagged VGLL4 expressed in HEK293T
cells efficiently immunoprecipitated endogenous IRF2BP2 proteins
(Fig 3B). Moreover, the interaction between IRF2BP1 (a homolog of
IRF2BP2) and VGLLA4 was also observed (Fig 3C), suggesting that
VGLILA4 interacts with the conserved motif shared by IRF2BP2 and
IRF2BP1. Immunoprecipitation assay using serial IRF2BP2 truncations
revealed that C-terminus of IRF2BP2 is responsible for the interaction
between VGLL4 and IRF2BP2 (Fig 3D).

The mammalian genome encodes four Vestigial-like proteins,
VGLL1-4, all of them containing Tondu (TDU) domain. Among
them, VGLLA is the only protein which can interact with IRF2BP2 in
immunoprecipitation assay (Fig 3E). This result suggested that TDU
domains in VGLL4 may not be required for the interaction with
IRF2BP2. To test this, we generated two VGLL4 mutants, ATDUs
and HF4A (H212A/F213A/H240A/F241A; Jiao et al, 2017), both of
which have been shown to lose the ability to interact with the YAP-
binding domain of TEADs. Consistent with previous findings, dele-
tion of TDU domains or HF4A mutation in VGLL4 abolished the
interaction between VGLL4 and TEAD4 (Fig 3F). Importantly, both
of the VGLL4 mutants still interacted with IRF2BP2 and IRF2BP1
(Fig 3G and H), suggesting the non-overlap interaction domains in
VGLLA4 required for interaction with TEADs and IRF2BP2. To follow
this observation, we tested whether TEADs are involved in VGLL4-
mediated PD-L1 regulation. As shown in Fig 31, both VGLL4-WT
and VGLL4-HF4A promoted the expression of PD-L1 in A549 cells
and VGLL4-HF4A displayed a higher activity. Because VGLL4-WT,
but not VGLL4-HF4A, significantly suppressed the proliferation of
A549 cells (Fig EV3A), we sought to test whether VGLL4-HF4A

© 2018 The Authors

could restore the expression of PD-L1 in VGLL4-knockdown A549
cells, and the growth of Vgll4-knockdown mouse tumors. We found
that the expression of VGLL4-HF4A markedly promoted the PD-L1
expression in VGLL4-knockdown A549 cells (Fig 3J) and the growth
of Vgll4-knockdown LLC tumors in C57BL/6 mice (Fig 3K). In addi-
tion, the expression of VGLL4-HF4A promoted the growth of
B16F10 tumors in C57BL/6 mice (Fig EV3B) and attenuated the T
cell-mediated A549 tumor cell killing in vitro (Figs 3L and EV3C).
Together, these results indicate that VGLL4 interacts with IRF2BP2,
and that TDU domains in VGLL4 are not required for the interaction
with IRF2BP2 and the regulation of PD-L1 expression.

VGLL4 stabilizes IRF2BP2 through inhibiting K48-linked
polyubiquitination of IRF2BP2

While investigating the abundance of VGLL4 and IRF2BP2 in a
battery of cell lines, we noticed that there is a positive correlation
between the protein levels of VGLL4 and IRF2BP2 (Fig 4A and B).
To expand this observation, we tested a hypothesis that VGLL4 may
regulate IRF2BP2 protein stability. First, we overexpressed VGLL4 in
A549 cells and found that the endogenous IRF2BP2 protein level
was upregulated (Fig 4C). Since VGLL4 can directly bind to TEADs,
we took advantage of the VGLL4-HF4A mutant to avoid the involve-
ment of YAP/TEAD complex in the regulation of IRF2BP2. We found
that overexpression of VGLL4-HF4A still enhanced the expression of
IRF2BP2 (Fig 4C). Conversely, IRF2BP2 protein levels were down-
regulated in several cell lines when VGLL4 was eliminated by
siRNA-mediated knockdown (Fig 4D and E). Notably, loss of VGLL4
did not reduce the mRNA level of IRF2BP2 in A549 cells (Fig 4F),
indicating that the effect of VGLL4 on IRF2BP2 protein level was
post-transcriptional.

Proteasome is the major pathway for protein degradation. To
determine whether proteasome pathway is involved in IRF2BP2
degradation, we studied the effect of MG132 (a universal protea-
some inhibitor) on VGLL4-mediated IRF2BP2 stability. MG132
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Figure 3.

efficiently restored the protein level of IRF2BP2 in VGLL4-knock-
down A549 and 16HBE cells (Fig 4G), suggesting that IRF2BP2
degradation is through proteasome. K48-linked polyubiquitination
generally targets proteins for proteasomal degradation (Passmore &
Barford, 2004). We investigated whether VGLL4 regulates IRF2BP2
protein stability through K48-linked polyubiquitination and
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degradation. As expected, overexpression of VGLL4 decreased K48-
linked polyubiquitination of IRF2BP2 (Fig 4H), while knockdown of
VGLL4 increased K48-linked polyubiquitination of IRF2BP2 and
reduced IRF2BP2 protein level (Fig 41). Taken together, these results
suggest that VGLL4 protects IRF2BP2 from polyubiquitination and
proteasome-dependent degradation.
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Figure 3. VGLL4 interacts with IRF2BP2 independent of TDU domains.
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subjected to immunoblot with indicated antibodies.
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The endogenous complex of VGLL4 and IRF2BP2 was detected by immunoprecipitation using anti-VGLL4 antibody and visualized by anti-IRF2BP2 antibody in A549 cells.
The endogenous IRF2BP2 was immunoprecipitated by VGLL4-FLAG proteins in HEK293T cells.

Interaction between VGLL4 and IRF2BP1 or IRF2BP2 was revealed by co-immunoprecipitation of differentially tagged proteins in HEK293T cells.

C-terminus of IRF2BP2 interacted with VGLL4 by co-immunoprecipitation assay in HEK293T cells.

Interaction of IRF2BP2 with VGLL1-4 was revealed by co-immunoprecipitation of differentially tagged proteins in HEK293T cells.

TDU domains in VGLL4 are required for the interaction with TEADs by co-immunoprecipitation assay in HEK293T cells.

TDU-deleted or HF4A VGLL4 mutations interacted with IRF2BP2 (G) and IRF2BP1 (H) by co-immunoprecipitation analysis in HEK293T cells.

Expression of VGLL4-WT or VGLL4-HF4A enhances PD-L1 expression in A549 cells by immunoblot analysis. A549 cells were transfected with indicated plasmids and

VGLL4-HF4A rescues PD-L1 expression in VGLL4-knockdown A549 cells. A549 cells were transfected with siRNA targeting to the 3’UTR of VGLL4 mRNA and followed

by transduction with lenti-VGLL4-HF4A virus. Cell lysates were analyzed by Western blot with indicated antibodies.

=

Expression of VGLL4-HF4A rescues tumor growth of VGLL4-knockdown LLC cells in C57BL/6 mice. Control, Vgll4 knockdown, or Vgll4 knockdown together with

VGLL4-HF4A-overexpressing LLC cells were transplanted into nude mice or C57BL/6 mice. Tumor volumes were measured 15 days for nude mice and 21 days for
C57BL/6 mice after tumor cell inoculation. n = 8 tumors for each group. ***P < 0.001, two-tailed Student’s t-test. The solid line represents the average

volume + SEM.

L Expression of VGLL4-HF4A attenuates the T cell-mediated tumor cell killing. Activated T cells and A549 cells were co-cultured in 24-well plates for 4 days, and
relative fold ratios of surviving cells are shown by measuring the intensities of surviving cells stained with crystal violet. n = 3, mean + SEM.

Source data are available online for this figure.

Since VGLL4 interacts with both IRF2BP2 and TEADs, we sought
to test whether TEADs are involved in the regulation of PD-L1
expression and IRF2BP2 protein level. We found that depletion of
TEADs in VGLL4-knockdown A549 cells did not affect the expres-
sion of PD-L1 compared to VGLL4 single-knockdown A549 cells
(Fig EV4A). Intriguingly, IRF2BP2 protein levels were upregulated
in TEAD-knockdown or VGLL4-TEAD double-knockdown A549
cells. We speculated that the removal of TEADs leads to increased
interaction between VGLL4 and IRF2BP2, which will result in the
stabilization of IRF2BP2. To test this, we examined the interaction
of VGLL4 and IRF2BP2 in TEAD-knockdown HEK293T cells. We
found that VGLL4-FLAG proteins bound more endogenous IRF2BP2
in TEAD-knockdown HEK293T cells compared to the control cells
(Fig EV4B). These results further support the role of VGLL4 in regu-
lating PD-L1 expression and IRF2BP2 protein stability.

IFNy stimulation triggers the release of IRF2 from PD-L1
promoter and the dynamic association of IRF2 with IRF2BP2

Previous studies revealed that IFNy signaling plays the key role in
regulating PD-L1 expression through inducing IRF1 expression and
its binding to PD-L1 promoter to activate PD-L1 expression (Garcia-
Diaz et al, 2017). IRF2 may act as a repressor that competes with
IRF1 for binding to the same PD-L1 promoter element. We first
showed that the expression of IRF2 indeed inhibited IRF1 transcrip-
tional ability using PD-L1 promoter luciferase assay (Fig 5A). In
addition, knockdown of IRF2 led to the slightly increased PD-L1
expression (Fig 5B). Importantly, knockdown of IRF2 restored the
PD-L1 expression in VGLL4-knockdown AS549 cells (Fig SB).
Furthermore, the expression of IRF1 significantly stimulated the
expression of PD-L1 in VGLL4-knockdown AS549 cells (Fig 5C).
These results suggest that IRF2 and IRF1 act downstream of VGLL4
to regulate the expression of PD-L1.

To test the binding of IRF2 to PD-L1 promoter region, we carried
out chromatin immunoprecipitation (ChIP) assays in the PD-L1
promoter region. To facilitate the ChIP assay, we used the CRISPR-
Cas9 system to create an insertion of 3 x HA tag at the C-terminus
of IRF2 locus in A549 cells. As shown in Fig 5D, IFNy stimulation
induced the release of IRF2 from PD-L1 promoter 2 h after treat-
ment. Interestingly, deletion of IRF2BP2 by CRISPR/Cas9 in A549

© 2018 The Authors

cells enhanced the IRF2 binding to PD-L1 promoter (Fig SE).
Furthermore, we found that the association of IRF2BP2 with IRF2
was dynamically regulated during IFNy stimulation (Fig 5F). During
the early stage, there was an enhanced interaction between IRF2
and IRF2BP2 (Fig SF). Later, IRF2BP2 gradually dissociated and re-
associated with IRF2 (Fig 5F). Interestingly, the interaction between
IRF2 and IRF2BP1 was not affected by IFNy stimulation (Fig 5F).
Moreover, the interaction of TEADs with YAP or VGLL4 was not
affected by IFNy stimulation (Fig EV4C). IRF2BP2 hyperphosphory-
lation has been indicated with the reduced PD-L1 expression
(Dorand et al, 2016). To investigate the role of IRF2BP2 in PD-L1
regulation, we created IRF2BP2-knockout A549 cells. Interestingly,
deletion of IRF2BP2 hampered the IFNy-inducible PD-L1 expression
at both mRNA and protein levels (Figs 5G and H, and EV4D).
Notably, VGLL4 protein levels were also reduced in IRF2BP2-
knockout A549 cells (Figs 5G and EV4E). Taken together, our results
suggest that IFNy stimulation triggers the release of IRF2 from PD-L1
promoter and dynamic interaction between IRF2 and IRF2BP2.

YAP inhibits IFNy-inducible PD-L1 expression

Recently, several studies suggest that YAP/TAZ promote PD-L1
expression through TEAD-mediated transcriptional regulation (Feng
et al, 2017; Lee et al, 2017; Miao et al, 2017; Janse van Rensburg
et al, 2018; Kim et al, 2018). Interestingly, one study showed that
VGLL4 expression is repressed by YAP/TEAD transcriptional
complex through miR-130a (Shen et al, 2015), which promotes us
to test whether miR-130a and YAP could suppress IFNy-inducible
PD-L1 expression. Indeed, the expression of miR-130a mimic or
miR-130a sponge suppressed or enhanced VGLL4 and PD-L1 levels,
respectively, in A549 cells (Fig 6A-C). Furthermore, expression of
YAP target genes CTGF and CYR61 was slightly decreased by inhibi-
tion of miR-130a (Fig 6D), while knockdown of VGLL4 slightly
increased miR-130a expression (Fig EV5A), confirming the positive
feedback loop of YAP-miR-130a-VGLL4 axis. Consistent with previ-
ous reports (Feng et al, 2017; Lee et al, 2017; Miao et al, 2017;
Janse van Rensburg et al, 2018; Kim et al, 2018), we observed an
increased PD-L1 mRNA level when YAPS5SA, a transcriptionally
active and Hippo pathway-resistant YAP mutant, was expressed in
A549 cells (Fig EV5B). However, we detected a strong inhibition on
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Figure 4. VGLL4 protects proteasome-mediated IRF2BP2 degradation.

A, B Correlation between protein expression of VGLL4 and IRF2BP2 in six murine tumor cell lines (A) and human cell lines (B) with the indicated antibodies.

Immunoblot analysis of A549 cells transfected with VGLL4-FLAG or VGLL4-HF4A plasmids revealed increased IRF2BP2 protein levels compared with control cells.

A549 or 16HBE cells were transfected with control or VGLL4 siRNA and treated with MG132 for the indicated times and subjected to immunoblot analysis with the

C
D Deficiency of VGLL4 reduces IRF2BP2 protein levels. Immunoblot analysis of A549 and LLC cell lysates transfected with siRNA for control and VGLL4.
E The indicated cell lines were transfected with control or VGLL4 siRNA and subjected to immunoblot analysis with the indicated antibodies.
B gRT-PCR analysis of IRF2BP2 mRNA levels in control and siVGLL4 A549 cells. n = 3, mean + SEM.
G
indicated antibodies. Relative IRF2BP2 expression levels were quantified in the right panel. n = 3, mean + SEM.
H

Lys48-linked ubiquitylation of IRF2BP2 is strongly inhibited when VGLL4 was overexpressed in HEK293T cells. HEK293T cells were transfected with indicated

plasmids, treated with MG132 for 3 h before harvest, and subjected to immunoprecipitation and immunoblot analysis as indicated.
| Lys48-linked ubiquitylation of IRF2BP2 is increased in the absence of VGLL4 in HEK293T cells. HEK293T cells were transfected with indicated siRNA and plasmids,

and subjected to immunoprecipitation and immunoblot analysis as indicated.

Source data are available online for this figure.

PD-L1 expression at both mRNA and protein levels induced by IFNy
treatment when YAP5SA or WT-YAP was expressed (Figs 6E and F,
and EVSC). Interestingly, disruption of YAP-TEAD-mediated tran-
scription by YAPS94A displayed little inhibitory effect (Fig 6E and
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F). This result suggested that YAP target genes mediate the suppres-
sion on IFNy-inducible PD-L1 expression. Furthermore, we used
chemical approach to manipulate YAP activity. Serum-borne
lysophosphatidic acid (LPA) has been shown to active YAP activity

© 2018 The Authors
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Figure 5. IFNy stimulation elicits the release of IRF2 from PD-L1 promoter and the dynamic interaction of IRF2 with IRF2BP2.
A IRF2 inhibits IRF1 transcriptional activity. A549 cells transfected with human PD-L1 promoter luciferase reporter, and indicated plasmids were analyzed using a

luciferase assay. n = 3, mean + SEM. *P < 0.05, **P < 0.01, one-way ANOVA followed by Dunnett’s test.

B Knockdown IRF2 restores PD-L1 expression in VGLL4-knockdown A549 cells. Gene expression levels were analyzed by qRT-PCR in A549 cells transfected or
transduced as indicated. n = 3, mean & SEM. *P < 0.05, ***P < 0.001, one-way ANOVA followed by Dunnett’s test.

C Overexpression of IRF1 increases PD-L1 expression in VGLL4-knockdown A549 cells. A549 cells were transfected with VGLL4 siRNA or together with HA-IRF1

plasmid, and total cell lysates were analyzed by Western blot.

D IRF2 is released from PD-L1 promoter upon IFNy stimulation. IRF2-3 x HA knockin A549 cells were stimulated with IFNy and subjected to ChIP-gPCR analysis in
the PD-L1 promoter using control and HA antibodies. Normal mouse 1gG was used as control. n = 3, mean + SEM. ***P < 0.001, one-way ANOVA followed by

Tukey’s test.

E Increased association of IRF2 with PD-L1 promoter in IRF2BP2-knockout (KO) A549 cells revealed by ChIP-qPCR analysis. Immunoblot showed the loss of IRF2BP2 in
IRF2BP2 KO A549 cells in the lower panel. n = 3, mean &+ SEM. *P < 0.05, one-way ANOVA followed by Tukey’s test.

F Dynamic association of IRF2 with IRF2BP2 during IFNy stimulation by immunoprecipitation analysis using anti-HA antibody in IRF2-3 x HA knockin A549 cells.

G, H Loss of IRF2BP2 attenuated IFNy-inducible PD-L1 protein (G) and mRNA (H) expression revealed by immunoblot and gqRT-PCR analysis, respectively, in A549 control
and IRF2BP2-knockout cells. Quantification of PD-L1 protein levels in (G) is shown in the right panel. n = 3, mean &+ SEM, *P < 0.05, **P < 0.01, ***P < 0.001, two-

tailed Student’s t-test.

Source data are available online for this figure.

through G protein-coupled receptor (GPCR; Yu et al, 2012). LPA
treatment induced YAP target gene expression (Fig EV5SD). Next, we
examined its effect on PD-L1 expression under IFNy stimulation.
We found that co-treatment of IFNy with LPA decreased PD-L1
expression (Fig EV5D). In addition, IFNy did not affect the localiza-
tion and phosphorylation of YAP and its target gene expression
(Fig EVSE-G). Thus, our data indicate that activation of YAP

© 2018 The Authors

inhibits IFNy-inducible PD-L1 expression through its target genes.
To examine whether YAP suppresses the tumor growth in mouse
syngeneic model, we generated stably overexpressing YAP LLC
cells. Similar to the previous study (Moroishi et al, 2016), overex-
pression of YAP significantly inhibited LLC tumor growth in C57BL/
6 mice (Fig 6G), indicating the importance of YAP in regulating
anti-cancer immunity.
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Figure 6.

miR-130a induced by YAP inhibits IRF1 expression

While investigating the regulation of PD-L1 by YAP, we noticed that
YAPSSA overexpression not only suppressed VGLL4 and PD-L1
expression, but also the induction of IRF1 protein by IFNy (Fig 6E).
Interestingly, one of the miR-130a targets was IRF1, a highly potent
transcriptional factor for PD-L1 expression using the TargetScan
algorithm (www.targetscan.org) to predict potential miRNA targets.
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On the basis of these findings, we explored whether miR-130a regu-
lates IRF1 expression. Two miR-130a seed-binding sites are found in
human IRFI 3'UTR, and one site is in mouse Irf] 3'UTR (Fig 6H). To
determine the functionality of these predicted sites, we constructed
a human IRFI 3'UTR luciferase sensor. Despite substantial repres-
sion of the WT sensor by miR-130a mimic, the seed-matching region
mutant sensor remained unresponsive (Fig 6I). Therefore, miR-130a
could specifically bind to IRFI 3'UTR to regulate its expression.

© 2018 The Authors


http://www.targetscan.org

Ailing Wu et al

VGLL4 regulates PD-L1 expression

Figure 6. YAP inhibits IFNy-inducible PD-L1 and IRF1 expression.

A miR-130a represses VGLL4 and PD-L1 protein levels. A549 cells were transfected with control and miR-130a mimic and subjected to immunoblot analysis.

B, C Inhibition of miR-130a by its sponge enhances IFNy-inducible PD-L1 expression. A549 cells were transduced with control or miR-130a sponge lentivirus and
subjected to immunoblot (B) or qRT-PCR (C) analysis. n = 3, mean + SEM, ***P < 0.001, two-tailed Student’s t-test.

D Decreased YAP target gene expression by inhibition of miR-130a using its sponge in A549 cells. n = 3, mean + SEM, **P < 0.01, two-tailed Student’s t-test.

E YAPSSA expression attenuates IFNy-inducible PD-L1 expression. A549 cells were transduced with control, and YAP-5SA or YAP-S94A lentivirus and treated with IFNy
for the indicated times and subjected to immunoblot analysis.

F qRT-PCR analysis of cell lysates from control, and YAP-5SA- or YAP-S94A-expressing A549 cells treated with IFNy for the indicated times. n = 3, mean + SEM.

G Control or YAP-overexpressing LLC cells were transplanted into nude mice (upper panel) or C57BL/6 (lower panel) mice, and tumor-growth kinetics was measured
at the indicated times. Tumor volumes at the end time points were analyzed and shown at the right panel. n = 6 tumors for each group. The solid line represents
the average weight + SEM. n.s. P > 0.05, ***P < 0.001, two-tailed Student’s t-test.

H  Conservation of miR-130a sites in IRF1 3'UTR in vertebrates. miR-130a binding sites from IRF1 3'UTR of different species are aligned with human miR-130a.

| miR-130a regulates IRF1 3'UTR sensor activity. A549 cells were transfected with WT or mutant IRF1 3'UTR sensor plasmids together with miR-130a mimic. Sensor
activities were determined by dual-luciferase assay. n = 3, mean & SEM. n.s. P > 0.05, **P < 0.01, two-tailed Student’s t-test.

J YAP5SA induces miR-130a expression and represses IRF1 expression. A549 cells were transduced with control or YAP-5SA lentivirus and subjected to qRT-PCR
analysis. n = 3, mean &+ SEM. **P < 0.01, ***P < 0.001, two-tailed Student’s t-test.

K Inhibition of miR-130a by its sponge enhances IFNy-inducible IRF1 expression. A549 cells were transduced with control or miR-130a sponge lentivirus and
subjected to qRT-PCR analysis. n = 3, mean £ SEM. **P < 0.01, ***P < 0.001, two-tailed Student’s t-test.

L

Suppression of IFNy-inducible PD-L1 expression by YAPSSA is compromised in miR-130a KO A549 cells. PD-L1 expression levels were analyzed by qRT-PCR in IFNy-
treated control or miR-130a KO A549 cells pre-transduced with lenti-YAPSSA virus. n = 3, mean £ SEM, **P < 0.01, ***P < 0.001, One-way ANOVA followed by
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Tukey’s test.

Source data are available online for this figure.

Furthermore, we showed that YAP5SA stimulated the expression of
miR-130a and inhibited IRF1 transcription simultaneously in A549
cells (Fig 6J). Consistently, inhibition of miR-130a by microRNA
sponge enhanced IFNy-inducible IRF1 expression (Fig 6K). Thus,
IRF1 is a miR-130a target gene. To further examine the miR-130a-
mediated suppression of IFNy-inducible PD-L1 expression, we
generated a miR-130a-knockout AS549 cell line by CRISPR/Cas9
(Fig EVSH). We found that the inhibition of IFNy-inducible PD-L1
expression by YAP-55A was compromised in miR-130a-knockout
A549 cells (Fig 6L). Together, these results indicate that miR-130a
significantly, though may not entirely, mediates the suppression of
IFNy-inducible PD-L1 expression by YAP.

Since TNFo/NF-xB pathway induced the PD-L1 expression
(Donia et al, 2015; Lim et al, 2016). We also tested whether YAP
could suppress the TNFa-inducible PD-L1 expression. Surprisingly,
we unexpectedly observed a profound inhibition of TNFa-inducible
PD-L1 expression and TNFa target gene expression by YAPS5SA or
YAPS94A (Fig EVSI-L). This observation suggests that YAP inhibits
the activity of TNFa/NF-kB pathway, which might be a direct effect
rather than through its transcriptional targets.

Lower VGLL4 correlates with better clinical outcomes in
human cancers

To examine the potential clinical association between VGLL4 and
IRF2BP2, we evaluated the protein levels of VGLL4 and IRF2BP2 on
human non-small-cell lung cancer tissue microarrays containing 71
samples by immunohistochemistry (Fig 7A). Expression of VGLL4
and IRF2BP2 proteins was found in most cases. Immunostaining
quantification and statistical analyses revealed the correlations to be
significant (Fig 7B). We also analyzed the correlation between the
expression of VGLL4 with YAP or PD-L1. We found that there is a
weak correlation of VGLI4 and PD-L1 (Fig 7C). However, we did not
find a significant correlation of the expression of YAP with VGLL4
or PD-L1 (Fig EVSM and N), indicating a complex regulation in clin-
ical tumors. Together, these data further support the notion that
VGLLA4 regulates IRF2BP2 protein stability.

© 2018 The Authors

We next asked whether the expression levels of VGLL4 are rele-
vant to human cancers. We first searched a database PrognoScan
(http://www.prognoscan.org; Mizuno et al, 2009) to find any corre-
lation between VGLL4 mRNA expression levels and patient outcome
in different types of human cancer. Among 165 epidemiological data
available, 22 studies show significant (P < 0.05) correlation between
VGLL4 mRNA levels and patient outcome, in which 18 studies show
better patient survival with low VGLL4 expression (Table EV1 and
Fig 7D). Human epidemiological data strongly suggest that the
expression levels of VGLL4 are clinically relevant and that lower
expression of VGLL4 correlates with better patient outcome.

Collectively, our results suggest that YAP activation inhibits
[FNy-inducible PD-L1 expression partially through miR-130a-
mediated suppression of VGLL4 and IRF1 expression, and loss of
VGLLA4 leads to the suppression of PD-L1 expression by destabilizing
IRF2BP2, thereby reducing PD-L1 interaction with PD-1 to escape
T-cell immune surveillance (Fig 7E).

Discussion

As a tumor suppressor pathway, the dysregulation of Hippo pathway
has been linked to various cancers. VGLL4 was identified as an
antagonist of YAP/TEAD complex. Several reports demonstrated that
VGLLA4 is a tumor suppressor in lung, gastric, and colorectal cancers
by negatively regulating the YAP-TEAD transcriptional complex and
TCF4-TEAD4 transactivation (Jiao et al, 2014, 2017; Zhang et al,
2014; Jiang et al, 2015). However, although its suppressive tumor-
growth activity has been well documented, little attention has been
directed at the possible regulation for VGLL4 in cancer immunity. In
this study, we uncovered that VGLL4 loss restrains tumor growth
due to the suppression of tumor PD-L1 expression and immune
evasion. In the murine syngeneic tumor models, the deficiency of
VGLL4 dramatically reduced the tumor growth of LLC and MB49
cells in C57BL/6 mice. Mechanistically, loss of VGLL4 promotes the
degradation of IRF2BP2 through proteasome, which leads to the
enhanced binding of IRF2 to PD-L1 promoter. In addition, we found
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Figure 7. VGLL4 expression predicts cancer patient outcome and correlates with IRF2BP2 levels in non-small-cell lung cancer.

A Representative immunohistochemical staining for VGLL4 and IRF2BP2 in human non-small-cell lung cancer tissues. IHC score is indicated. Scale bar: 50 um.

B Staining of VGLL4 and IRF2BP2 on human non-small-cell lung cancer tissue arrays containing 71 samples was quantified as described in the Materials and Methods
section. Correlation of VGLL4 and IRF2BP2 expressions was significant (Pearson correlation test; R = 0.6341, P < 0.001).

C Correlation analysis of VGLL4 and PD-L1 expression on human non-small-cell lung cancer tissue arrays containing 71 samples.

D Kaplan—Meier survival analysis of patients with high (n = 74) or low (n = 130) VGLL4 mRNA levels from GSE31210, a lung cancer data set. Survival curves are

calculated according to the Kaplan—Meier method.

E Model for the regulation of PD-L1 expression by VGLL4 and YAP. VGLL4 regulates PD-L1 expression through controlling IRF2BP2 protein stability. YAP represses IFNy-
inducible PD-L1 expression partially through miR-130a-mediated inhibition of VGLL4 and IRF1 expression.

that YAP inhibits IFNy-inducible PD-L1 expression partially through
miRNA-130a-mediated suppression of VGLL4 and IRF1 expression.
Our work herein implies the dual roles of VGLL4 and YAP in regulat-
ing tumor cell growth and immunogenicity.

PD-L1 is a critical mediator in the interaction between T lympho-
cytes in the tumor microenvironment and tumor cells. It is not
surprising that the expression of PD-L1 is commonly elevated in
cancer cells and the inhibition of PD-L1 results in potent anti-tumor
immunity. Anti-PD-L1 and anti-PD-1 antibodies have been used for
the treatment of cancer, showing promising outcomes. However,
only a proportion of patients respond to the treatments. Therefore,
the understanding of the PD-L1 regulation could be helpful for the
improvement of anti-PD-L1/PD-1 treatments and may reveal supe-
rior biomarkers and therapeutic targets for cancer treatment. Our
findings provide new insights into how PD-L1 is regulated by
VGLL4-IRF2BP2-IRF2 axis. In our IHC scoring analysis based on the
staining intensity, the correlation of VGLL4 and IRF2BP2 expression
is significant. However, the correlation of PD-L1 expression with
VGLL4 or YAP is not significant. PD-L1 expression may be clustered
rather than uniformly diffuse in tumor tissues and is often localized
to the area where IFNy" T cells infiltrate (Ribas & Hu-Lieskovan,
2016; Zou et al, 2016). Thus, human tumor tissue array may miss
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the PD-L1-positive area and give false-negative results, or contain a
high T-cell infiltrate area and give a false-positive result. Alterna-
tively,quantitative or semiquantitative measures, such as Western
blot of fresh clinical tumor samples will give a more precise result.
Nevertheless, it will be interesting to dissect the mechanisms by
which the balance between IFNy-inducible and constitutive PD-L1
expression when YAP is activated in an immunocompetent environ-
ment.

Previous work identified IRF2BP2 as a VGLL4-interacting protein
(Teng et al, 2010). Our data support this finding and uncovered an
additional unrecognized mechanism by which VGLL4 regulates
IRF2BP2 protein stability and further affects IRF2 DNA binding.
Although IRF2BP2 has not been extensively studied, it has been
implicated as an IRF2 co-repressor to inhibit IRF1-induced transcrip-
tional activity (Childs & Goodbourn, 2003). IRF2BP2 hyperphospho-
rylation is associated with reduced IFNy signaling activity and
PD-L1 expression (Dorand et al, 2016). Our study indicates that the
association of IRF2BP2 with IRF2 is dynamically regulated by IFNy
signaling, in which post-translational modification might be
involved. VGLL4 has been found to be in multiple protein
complexes, which are involved in several signaling pathways, such
as YAP/TEAD, TEAD4/TCF4, and IRF2/IRF2BP2. In the different
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complexes, VGLL4 plays distinct roles. VGLL4 targets TEAD4/TCF4
or TEAD/YAP complex to interfere the functional interplay between
TEAD with TCF4 or YAP. Interestingly, VGLL4 stimulates TEAD1
degradation to suppress YAP activity during mouse heart develop-
ment (Lin et al, 2016). On the contrary, VGLL4 promotes IRF2BP2
protein stability through inhibiting ubiquitination of IRF2BP2. Ubig-
uitin-specific protease 11 (USP11) has been shown to control VGLL4
protein stability through deubiquitinating and stabilizing VGLL4
protein (Zhang et al, 2016). Future work is required to define the
mechanism by which VGLL4 enhances IRF2BP2 stability, and the
potential E3 ligase or deubiquitinase that regulates IRF2BP2 stabil-
ity, such as USP11.

YAP has a well-established cell autonomous oncogenic function.
However, a few studies indicated that oncogenic function of YAP
might be context dependent. For example, YAP expression levels
positively correlate with patient survival in colorectal cancer, and
multiple myeloma (Barry et al, 2013; Cottini et al, 2014), indicating
YAP might play distinct roles in tumor initiation and progression.
Several recent studies showed that human YAP or TAZ activates
PD-L1 expression through TEAD-mediated transcriptional regulation
(Feng et al, 2017; Lee et al, 2017; Miao et al, 2017; Janse van Rens-
burg et al, 2018; Kim et al, 2018). Signaling pathways have built-in
feedback mechanisms that contribute to the steadiness and robust-
ness of cell signaling. For example, YAP/TEAD directly induces
LATS2 and miR-130a expression to form negative and positive feed-
back loops, respectively (Chen et al, 2015; Dai et al, 2015; Moroishi
et al, 2015b; Shen et al, 2015). In this study, we also observed
increased basal level of PD-L1 expression upon YAP activation.
However, IFNy-inducible PD-L1 expression was significantly inhib-
ited by YAP, which forms a negative regulation loop. Our results
indicate that deletion of miR-130a partially rescued the suppression
of IFNy-inducible PD-L1 expression by YAP. Given the profound
effects of YAP activation on transcription (Meng et al, 2016), global
miRNA biogenesis (Mori et al, 2014), and crosstalk with other
major signaling, we speculate that there may be other factors
contributing to the YAP-mediated PD-L1 regulation and anti-tumor
immunity. Interestingly, one study reported that IFNy-inducible
expression of PD-L1 was dependent on NF-kB signaling
(Gowrishankar et al, 2015). In this study, we showed that YAP also
suppressed TNFao-inducible PD-L1 expression through inhibiting
NF-kB signaling. Alternatively, YAP may regulate IFNy-inducible
expression of PD-L1 through NF-xB signaling. Recent reports
demonstrate critical roles of the Hippo pathway in modulation of
the tumor immune microenvironment. Loss of LATS1/2 inhibits
immune evasion partially through activation of YAP in syngeneic
mouse tumor models by regulating the secretion of nucleic acid-
containing extracellular vesicles (Moroishi et al, 2016). So the
composition of immune cells and cytokines in the tumor microenvi-
ronment should be considered in the Hippo-YAP-regulated anti-
tumor immunity. Nevertheless, the Hippo-YAP-mediated crosstalk
between tumor cells and immune cells needs further investigation.

Except for the function in cancer immunity, recent studies have
demonstrated novel roles of Hippo signaling in regulating inflamma-
tory signals (Liu et al, 2016; Wang et al, 2017; Zhang et al, 2017a).
Our study indicates that YAP inhibits TNFoa/NF-xB signaling-
mediated PD-L1 expression in a transcription-independent manner.
More speculatively, YAP/TAZ may differentially contribute to
tumorigenesis by binding to various partners, depending on the
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cellular context. This flexibility adds an extra level of complexity to
the regulation of cancer by YAP and TAZ in different tissues and
contexts. Nevertheless, our study may also help to reconcile notable
discrepancies between earlier publications that argue that the Hippo
pathway both promotes and antagonizes cancer immune evasion,
and underscore the need to consider model systems chosen for
studying tumor immunology.

Successful treatment of cancers requires a multidisciplinary
approach in which different strategies such as surgery, chemother-
apy, and immunotherapy are combined. It is critical to improve our
understandings into the cancer cell-intrinsic and cell-extrinsic mech-
anisms underlying tumor development, metastasis, and therapy
responsiveness. Syngeneic mouse tumor models, which retain intact
immune systems, are particularly relevant for studies of immune-
based targeted therapies, either used alone or in combination with
other drugs that modulate the immune system’s ability to seek and
destroy cancer cells. It should be evident that the tumor genetics
and immune system of mouse models obviously do not entirely
reflect the complexity of human cancers. We observed interesting
phenotype in syngeneic mouse tumor models when Vgll4 was
depleted in mouse tumor cells. We selected human lung cancer cells
to perform the mechanistic studies in our study, because VGLL4 has
been implicated to play an important role in the carcinogenesis of
human lung cancer (Zhang et al, 2014). Importantly, the major find-
ings, such as the regulation of PD-L1 expression and IRF2BP2
protein stability by VGLL4, are consistent in human lung cancer
cells and murine cancer cell lines. More comprehensive and thor-
ough investigations of VGLL4 function are needed to delineate its
role in the modulation of immune response in human cancers.

In summary, our current study identifies VGLL4 as an important
regulator in controlling PD-L1 expression and directing anti-cancer
immune evasion, and further provides a mechanism for the PD-L1
expression regulated by VGLL4 and YAP. Our study suggests that
VGLL4 may act as a hub through which Hippo signaling controls
cell proliferation and immune response, and that manipulation of
the balance between IRF2/IRF2BP2 and TEAD/YAP complexes
through VGLL4 may be of use for cancer treatment by suppressing
cancer immune evasion and cancer cell growth.

Materials and Methods

Cell culture and transfection

The A549, H292, 16HBE, Hela, H358, and MB49 cells were cultured
in DMEM (GIBCO) supplemented with 10% fetal bovine serum
(GIBCO) and 1% penicillin/streptomycin. LLC, 4T-1, and CT26 cells
were cultured in RPMI 1640 (GIBCO) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Cells were treated
with IFNy at 50 ng/ml and TNF« at 20 ng/ml.

Plasmids, shRNA siRNA, and CRISPR/Cas9 genome editing

Expression plasmids for VGLL1-4, IRF1, IRF2, IRF2BP1, and
IRF2BP2 were generated by standard molecular biology techniques
using cDNAs from HEK293T cells as template. YAP-lentivirus
expression plasmids were generated by PCR using YAP2-5SA
(Addgene # 27371), YAP-S94A (Addgene #33102) and YAP
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(Addgene #33091) as templates. Gene editing was performed by
CRISPR/Cas9 system. Cells were transiently transfected with a Cas9
and guide RNA (gRNA) expression plasmid encoding puromycin
resistance (PX459; Addgene #48139). Following transfection and
transient selection with puromycin for 3 days, cells were cultured
without puromycin. Knockout clones were selected by immunoblot
analysis. Two independent clones were analyzed, and the parental
WT cells (not transfected with PX459) were used as control. A549
IRF2-HA knockin cells were created with the CRISPR-Cas9 system.
Targeting donor contains 800-bp left arm and 800-bp right arm with
3XHA at the C-terminus of IRF2 locus. Correct knockin clones were
verified by sequencing and immunoblot analysis. Guide RNA,
shRNA, and siRNA sequences are listed in Table EV2.

Immunoprecipitation, immunoblot, immunofluorescence,
and immunohistochemistry

Cells were lysed in lysis buffer A (50 mM Tris—HCI, pH 7.4, 150 mM
NaCl, 10% glycerol, 0.5% NP-40, 1 mM DTT, 1 mM PMSF). The
lysates were incubated with anti-HA or anti-Flag magnetic beads over-
night at 4°C. Beads were washed three times with lysis buffer A, and
immunoprecipitates were eluted with SDS-loading buffer (50 mM
Tris-HCI, pH 6.8, 10% glycerol, 1% SDS, 1% beta-mercaptoethanol).
The eluates were separated by SDS-PAGE and transferred to PVDF
membranes (EMD Millipore). Western blotting images were captured
by ChemiScope5600 (Clinx, Shanghai) with ECL substrate.

Tumors were fixed in 4% PFA overnight and frozen in OCT
compounds. The sections were cut at 10 um and followed by regu-
lar immunofluorescence staining. Human lung cancer tissue arrays
were purchased from Fanpu Biotech, Inc. (Guilin, China). For the
immunohistochemistry, tissue arrays were treated with pH 6.0
sodium citrate for heat-induced epitope retrieval and stained with
VGLL4, IRF2BP2, YAP, or PD-L1 antibody followed with biotiny-
lated secondary antibodies. The signal was detected using HRP-
conjugated streptavidin with the chromogenic substrate DAB. Slides
were counterstained in Mayer’s hematoxylin. The staining intensity
score was defined as follows: 1 for weak staining, 3 for moderate
staining, and 5 for strong staining. Two individuals, who were both
blinded to the slides examined, scored each sample and agreed the
final scores. Antibody information is described in Table EV3. IHC
scores of tissue arrays are in Table EV4.

Reverse transcription (RT) and quantitative PCR (qPCR) analysis

Total RNA was extracted using the RNAiso Plus reagent (Takara).
cDNA was generated using PrimeScript™ RT Master Mix (Takara)
according to the manufacturer’s protocol. The cDNA was subjected
to quantification by real-time PCR using a Biorad CFX96 connect
real-time PCR system with SYBR Green PCR Master Mix (Takara).
Relative quantification was expressed as 2-“C;, where “C; is the dif-
ference between the main C, value of triplicates of the sample and
that of GAPDH mRNA control. Quantitative PCR primers were listed
in Table EV5.

Dual-luciferase reporter analysis

For luciferase assays, cells were transiently transfected with the
indicated plasmids or siRNA with Renilla luciferase as the internal
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control. Cells were lysed by passive lysis buffer (Promega) 24 or
72 h after transfection and with indicated treatment. Luciferase
assays were performed using a dual luciferase assay Kkit
(Promega) and normalized to the internal Renilla luciferase
control.

ChIP (chromatin immunoprecipitation) assay

ChIP assays were performed using Simple ChIP Plus Enzymatic
Chromatin IP Kits (CST, #9003) according to the manufacturer’s
instructions. Briefly, 5 x 10° A549 IRF2-HA knockin cells were
cross-linked, lysed, and digested to generate DNA fragments to
length of approximately 150-900 bp. ChIP was performed using
control IgG or antibodies against HA. Two percent of the chromatin
extract was set aside for input. After the immunoprecipitation,
crosslink reversal was carried out and the precipitated DNA was
purified. All ChIP signals were normalized to the input, and relative
fold-change was compared with IgG controls. The resultant DNA
was analyzed with qPCR, and the IP efficiency was calculated using
the equation shown below.

Percent Input = 2% x Z(C[T]Z%InputSample—C[T] IPSample).

C[T] = Cr = Threshold cycle of PCR. With this method, signals
obtained from each immunoprecipitation are expressed as a percent
of the total input chromatin.

Flow cytometry analysis

For flow cytometry analysis, fluorochrome-labeled antibodies were
used as recommended by the manufacturer. Briefly, 3.5 x 10° to
1 x 10° cells in 100 pl FACS buffer were incubated with indicated or
isotype control antibodies on ice in the dark for 30 min. After wash-
ing, cells were resuspended in 300 pl FACS buffer. Analysis was
performed using Beckman CytoFlex, and results were analyzed
using FlowJo software.

T cell-mediated tumor cell killing assay

T cells were activated and expanded from peripheral blood mononu-
clear cells (PBMCs) of healthy donors using Dynabeads® Human T-
Activator CD3/CD28 (Gibco, 11161D) and IL-2 (10 ng/ml; Pepro-
tech). To analyze the killing of tumor cells by T cells, we co-cultured
tumor cells with activated primary human T cells in 24-well plates
for 4 days. To visualize the survived tumor cells at the end point,
wells were washed with PBS twice to remove T cells, and then, the
survived tumor cells were fixed and stained with crystal violet solu-
tion. The pictures of the dried plates were taken, and the intensity
was quantified.

In vivo mouse studies

C57BL/6 and nude mice were purchased from Shanghai SLAC Labo-
ratory Animal Company. Five- to 10-week-old mice were used in all
animal experiments. No statistical method was used to predetermine
sample size in the animal studies. Animal studies were approved by
the Zhejiang University Animal Care and Use Committee. 5 x 10°
tumor cells were subcutaneously inoculated into both back flanks of
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C57BL/6 or nude mice. Mice were observed regularly for tumor
presence by visual inspection and manual palpation. Tumors were
measured in the long and short dimensions, and tumor volumes
were estimated using the equation:

V = (length x width?)/2.

Tumor tissues were harvested for weight measurement and
further analyses. Antibodies used for in vivo immune checkpoint
blockade experiments were given intraperitoneally at a dose of
200 pg per mouse PD-L1 (10F.9G2) and rat IgG (LTF-2; BioXCell).
Blocking antibodies were given on day 3 after tumor cell inoculation
and every 3 days for the duration of the study.

In vivo depletion of T cells was performed following VGLL4-
knockdown inoculation. Four groups of mice were injected with
100 pg of IgG, anti-CD4 (GK1.5) antibody, anti-CD8 (2.43) antibody
or both antibodies 3 days and 1 day prior to tumor inoculation and
then twice 1 week thereafter to ensure sustained depletion of T-cell
subset depletion during the experimental period. The mice were
sacrificed and analyzed at day 30.

Statistical analysis

Statistical analyses were performed with a two-tailed, unpaired
Student’s t-test. When multiple comparisons were performed, one-
way ANOVA followed by Tukey’s test or one-way ANOVA with
Dunnett’s test was performed. P-values < 0.05 were considered
significant. *P < 0.05, **P < 0.01, ***P < 0.001. Except where
otherwise indicated, experiments were repeated three times. Quanti-
tative data were presented as mean + SEM. All images shown were
representative. Epidemiological
PrognoScan database (Mizuno et al, 2009). First, patients are
ordered by expression value of the gene. Next, patients are divided
into two (high and low) expression groups at all potential cutpoint,
and the risk differences of the two groups are estimated by log-rank
test. Then, optimal cutpoint that gives the most pronounced P-value
(P min) is selected, and a value of P < 0.05 is considered statistically
significant.

data are obtained using the

Expanded View for this article is available online.
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