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Induction of AP-1 by YAP/TAZ
contributes to cell proliteration

and organ growth

Ja Hyun Koo,'* Steven W. Plouffe,! Zhipeng Meng,! Da-Hye Lee,” Di Yang,! Dae-Sik Lim,>

Cun-Yu Wang,® and Kun-Liang Guan'

'Department of Pharmacology, Moores Cancer Center, University of California at San Diego, La Jolla, California 92093, USA,
*National Creative Research Initiatives Center for Cell Division and Differentiation, Department of Biological Science, Korea
Advanced Institute of Science and Technology, Daejeon 34141, Republic of Korea; *Division of Oral Biology and Medicine,
University of California at Los Angeles, Los Angeles, California 90095, USA

Yes-associated protein (YAP) and its homolog transcriptional coactivator with PDZ-binding motif (TAZ) are key
effectors of the Hippo pathway to control cell growth and organ size, of which dysregulation yields to tumorigenesis
or hypertrophy. Upon activation, YAP/TAZ translocate into the nucleus and bind to TEAD transcription factors to
promote transcriptional programs for proliferation or cell specification. Immediate early genes, represented by AP-1
complex, are rapidly induced and control later-phase transcriptional program to play key roles in tumorigenesis and
organ maintenance. Here, we report that YAP/TAZ directly promote FOS transcription that in turn contributes to
the biological function of YAP/TAZ. YAP/TAZ bind to the promoter region of FOS to stimulate its transcription.
Deletion of YAP/TAZ blocks the induction of immediate early genes in response to mitogenic stimuli. FOS in-
duction contributes to expression of YAP/TAZ downstream target genes. Genetic deletion or chemical inhibition of
AP-1 suppresses growth of YAP-driven cancer cells, such as Lats1/2-deficient cancer cells as well as Gag/y; mutated
uveal melanoma. Furthermore, AP-1 inhibition almost completely abrogates the hepatomegaly induced by YAP
overexpression. Our findings reveal a feed-forward interplay between immediate early transcription of AP-1 and

Hippo pathway function.
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Supplemental material is available for this article.

Received August 7, 2019; revised version accepted November 12, 2019.

Gene transcription is a fundamental process for cells to
change its functional machinery for homeostatic regula-
tion including cell and organ growth. In response to
many external signals such as serum, lysophosphatidic
acid (LPA), growth factors, developmental cues, phorbol
esters, and cellular stress, the very first group of genes,
known as “immediate early genes,” are rapidly induced
(Herschman 1991; Iyer et al. 1999). But the expressions
of many immediately early genes are very transient and
last for only a short period of time even in the continuous
presence of the stimuli. These genes are particularly im-
portant in the overall transcription program because
they often participate in the next wave of gene transcrip-
tion. Indeed, many immediate early gene products are
transcription factors or partners of DNA-binding proteins,
and play important roles in the temporal regulation of
gene induction in response to external stimuli.
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Article published online ahead of print. Article and publication date are
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One of the best-characterized immediate early gene
products is AP-1 transcription factor, which is composed
of Fos family proteins (FOS, FOSB, and FRA1 and FRA2)
dimerized with Jun family proteins (JUN, JUNB, and
JUND) (Eferl and Wagner 2003). As a heterodimer, AP-1
binds to the promoter region of specific target genes, con-
verting extracellular signals into changes in gene expres-
sion. Since Fos family proteins are barely expressed at
basal state and only FOS and FOSB have transcriptional
activation domain, AP-1 activity is determined by de
novo transcription of FOS and FOSB (Foletta et al. 1994;
Bergers et al. 1995; Eferl and Wagner 2003). Previous stud-
ies have shown that FOS induction is one of the most crit-
ical events in cellular processes such as proliferation,
differentiation, and survival (Vaquerizas et al. 2009).
Moreover, studies have revealed that FOS is involved in
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tumorigenesis in most types of cancers, including uveal
melanoma and hepatocellular carcinoma (Liu et al.
2002; Mallikarjuna et al. 2006). Recently it has been also
shown that FOS may play a key role in organ size regula-
tion (Bakiri et al. 2017). Ectopic expression of FOS in hepa-
tocytes led to dramatic enlargement of the liver in mice,
due to uncontrolled cell growth. While induction of FOS
is known to be driven by several transcription factors,
SRF has been regarded as the dominant transcription fac-
tor to induce FOS and other immediate early genes in re-
sponse to serum or serum containing factors (Graham
and Gilman 1991). However, the role of other serum-in-
duced transcription machinery, such as the recently char-
acterized YAP of the Hippo pathway, in AP-1 induction
has not been investigated.

The Hippo pathway has emerged as a central regulator
of cell proliferation and tissue homeostasis (Piccolo
et al. 2014; Moroishi et al. 2015a; Yu et al. 2015). Core ki-
nase cascade of the Hippo pathway consists of MST1/2,
MAP4Ks, and LATS1/2. The Hippo pathway functions
to suppress the activity of YAP and TAZ, two transcrip-
tional coactivators as the main functional effectors of
the Hippo pathway. When the Hippo pathway is active,
MST1/2 and MAP4Ks activate LATS1/2 by phosphorylat-
ing their hydrophobic motifs, and LATS kinases then
repress YAP/TAZ through phosphorylation on multiple
residues. Constitutive inhibition of the Hippo pathway
is reported as a driving force in many cancers (Moroishi
et al. 2015a). For instance, in uveal melanoma more
than 90% of cancers carry activating mutations in either
GNAQ or GNA11, which acts by inhibiting the Hippo
pathway (Van Raamsdonk et al. 2009, 2010; Yu et al.
2014; Robertson et al. 2017). Similarly, mutations of
NF2, which activates the Hippo pathway, are frequently
observed in mesothelioma and schwannoma (Murakami
et al. 2011; Li et al. 2014). However, the most remarkable
and distinct role of Hippo pathway is to limit organ size.
Liver mass is tightly regulated to a set point of ~3%
body weight (~5% in mice) (Michalopoulos and DeFran-
ces 1997). Even after surgical ablation up to 70% in human
or mice, the remaining hepatocytes undergo rapid growth,
bringing back the organ to its original mass in days. Nota-
bly, hepatic overexpression of mutant YAP that is not re-
pressed by the Hippo pathway induces up to five-fold
increase in mouse liver mass, due to proliferation of ma-
ture hepatocytes (Camargo et al. 2007; Dong et al. 2007).
Consistently, deletion of Hippo pathway components
Mst1/2, Sav1, or Nf2 also causes liver overgrowth (Zhou
et al. 2009; Benhamouche et al. 2010; Lee et al. 2010; Lu
et al. 2010; Song et al. 2010; Zhang et al. 2010). Despite
these observations, the underlying mechanism underpin-
ning how Hippo pathway controls cell growth, and organ
size remains enigmatic.

In response to mitogenic signals, the Hippo pathway
is inhibited and YAP/TAZ are released from repression.
The active YAP/TAZ translocate into the nucleus to
bind TEAD family transcription factors (Zhao et al.
2008). YAP/TAZ-TEAD complex stimulates expression
of target genes, such as CTGF, CYR61, AMOTL2, and
ANKRDI1 (Yu et al. 2015). Although TEAD binding seems
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to be the most important in YAP/TAZ target gene induc-
tion, YAP/TAZ-TEAD complex can further cooperate
with other DNA-binding partners (Totaro et al. 2018).
One of such factors is AP-1 (Zanconato et al. 2015; Liu
et al. 2016). In breast cancer cells, a significant portion
of YAP/TAZ-TEAD binding sites are co-occupied with
AP-1. AP-1 has been shown to synergize with YAP/TAZ
and TEAD to promote mammosphere formation and tu-
mor xenograft growth. It is noteworthy that YAP/TAZ
are dephosphorylated by the same upstream signals that
also induce AP-1 expression (Yu et al. 2015). Given that
YAP/TAZ nuclear localization occurs earlier than FOS
induction upon serum or LPA treatment, we speculated
that YAP/TAZ may participate in AP-1 regulation.

In this study, we show that AP-1 induction requires the
presence of YAP/TAZ with TEAD binding and that AP-1
assembly itself contributes to the functions of YAP, con-
stituting a feed-forward machinery. We discovered that
deletion of YAP/TAZ blocks transcription of immediate
early genes including AP-1 components. Mechanistically,
YAP/TAZ-TEAD complex acts as a direct transcriptional
regulator for FOS. In addition, FOS induction contributes
to YAP/TAZ-mediated target gene transcription and on-
cogenic cell growth. Moreover, AP-1 induction plays a
key role in the physiological functions of YAP/TAZ in
supporting uveal melanoma growth and liver size regula-
tion. Our study uncovers a functional interplay between
immediate early gene transcription and Hippo biology.

Results

YAP/TAZ in regulating immediate early genes
in response to mitogenic signals

AP-1 has been reported to cooperate with YAP and TEAD
in gene expression (Zanconato et al. 2015; Liu et al. 2016).
Mitogens, such as serum or LPA are known to activate
YAP as well as induce AP-1 expression (Yu et al. 2012).
We tested whether YAP/TAZ may play a role in induction
of Fos family proteins, which are subunits of AP-1. Cell
lines with gene knockout for YAP, TAZ, or both were de-
scribed previously (Hansen et al. 2015). Since one of the
most robust signals to induce AP-1 is LPA, RNA-seq
was performed using these cells after short treatment of
LPA for 1 h (Plouffe et al. 2018). Among genes comprising
AP-1, Fos family are immediately early genes that are rap-
idly induced transcriptionally, whereas Jun family genes
are regulated by phosphorylation in general. As expected,
HEK293 cells showed acute induction of FOS, FOSB, and
FOSL1 upon LPA treatment. Interestingly, this effect was
blunted in YAP knockout cells and was further blocked by
additional deletion of TAZ (Fig. 1A). The effect of TAZ
single knockout was not as strong as YAP knockout. It
has been previously shown that in spite of their functional
redundancy, YAP has a stronger influence than TAZ,
probably likely due to the higher expression of YAP in
HEK293 (Plouffe et al. 2018). Therefore, it can be assumed
that YAP and TAZ both play a shared role in early induc-
tion of AP-1.
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AP-1 induction requires YAP/TAZ in response to various inputs. (A) Deletion of YAP and TAZ blocks LPA-induced FOS expres-
sion. RNA-sequencing results from wild-type and YAP, TAZ, or YAP/TAZ double-knockout HEK293 cells were analyzed for expression of
AP-1 components. Cells were serum starved overnight, followed, and treated with LPA for 1 h. (*) P<0.05; (**) P<0.01, compared with re-
spective controls, by Student’s t-test. (B) Knockout of YAP/TAZ represses transient induction of AP-1. Time-course expression of each
immediate early gene in wild-type or YAP/TAZ knockout HEK293 cells were determined by gPCR. LPA was used to stimulate cells for
indicated time points. (C) YAP/TAZ are commonly required for induction of immediate early genes by various stimuli. qPCR was
done on wild-type and YAP/TAZ knockout cells, which were serum-starved overnight and treated with 10% serum, 100 nM TPA, or

100 ng/mL EGF.

SRF (serum response factor) is the most-studied tran-
scription factor responsible for the induction of immedi-
ate early genes, including Fos family (Graham and
Gilman 1991). Downstream from mitogenic stimuli the
MRTE-A transcription cofactor translocates into the nu-
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cleus to form heterocomplex with SRF, which then induc-
es immediate early genes. MRTF is also rapidly regulated
by mitogens in a mechanism dependent on G-actin,
which binds to and retains MRTF in cytoplasm (Miralles
et al. 2003). Mitogen stimulation, such as LPA, induces



G-actin polymerization to F-actin, resulting in depletion
of G-actin. As a result, MRTF is relieved from inhibition
by G-actin (Supplemental Fig. S1A). To confirm the role
of SRF in FOS induction, we generated SRF knockout by
CRISPR/CAS9. Indeed, SRF knockout strongly blocked
the induction of immediate early genes, including FOS
(Supplemental Fig. S1B). Notably, deletion of SRF also re-
pressed induction of typical YAP target gene CTGF. This
may have resulted from repression of either SRF activity
or immediate early gene induction. As SRF is required
for FOS induction, our observation is consistent with pre-
vious studies that AP-1 plays an important role in expres-
sion of YAP target genes.

With a great similarity to MRTF-SRF pathway, nuclear
localization of YAP/TAZ is also triggered by the common
upstream signals, resulting transcription of their down-
stream target genes such as CTGF and CYR61. However,
previous studies have only focused on SRF on immediate
early gene induction, probably because the precise regula-
tory mechanism of YAP/TAZ was revealed relatively re-
cently. As shown in RNA-seq, qPCR assays confirmed
that LPA-induced induction of FOS and FOSB were blunt-
edin the YAP/TAZ KO cells (Fig. 1B). It is noteworthy that
without YAP/TAZ, cells failed to induce AP-1 even in the
presence of classical regulator SRF. In addition, transcrip-
tion of other immediate early genes such as EGRI and
EGR3, were also inhibited, implying a general necessity
of YAP/TAZ in immediate early gene induction. Other
major signals to induce AP-1 include serum, 12-O-Tetra-
decanoylphorbol 13-acetate (TPA), and epidermal growth
factor (EGF). It has been shown that these signals also ac-
tivate YAP/TAZ (Yu et al. 2015). Similarly, these stimuli
commonly required the presence of YAP or TAZ to induce
immediate early gene expression (Fig. 1C), indicating a ge-
neral role of YAP/TAZ in immediate early gene expres-
sion. These results reveal a previously unappreciated
role of YAP/TAZ in the induction of immediate early
genes in response to extracellular stimuli.

Direct association of YAP-TEAD complex on FOS gene
promoter for transcriptional activation

YAP/TAZ activities are tightly controlled by phosphory-
lation on multiple sites (Zhao et al. 2010). When cells
are cultured without serum, LATS1/2 kinases maintain
YAP/TAZ in hyperphosphorylated state to sequester
them in the cytosol, thereby inhibiting transcriptional ac-
tivity. To determine whether YAP/TAZ directly affect the
expression level of AP-1, we generated HEK293 cells sta-
bly overexpressing 5SA-YAP or 4SA-TAZ with all of the
LATS1/2 phosphorylation sites mutated to alanine, there-
by constitutively active and unresponsive to inhibition by
LATS1/2. Although cells were serum-starved for over-
night, those expressing active YAP or TAZ displayed high-
er basal expression of FOS and FOSB (Fig. 2A), indicating
that YAP/TAZ activation is sufficient to induce these
genes. We next investigated whether YAP/TAZ are re-
quired for de novo transcription of FOS. Genomic region
comprising a 2-kb promoter of human FOS gene were
cloned upstream of firefly luciferase and transfected into
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wild-type or YAP/TAZ knockout cells. As expected, stim-
ulation with LPA increased promoter activity in a time-
dependent manner in wild-type cells, but not in the
knockout cells, showing that YAP/TAZ are involved
in the transcription of FOS promoter (Fig. 2B). We further
examined whether the effect of YAP requires its transcrip-
tional activity. YAP mainly binds to the TEAD transcrip-
tion factors (TEAD1-4) to induce gene expression, and
Ser94 in YAP is required for TEAD binding (Zhao et al.
2008). Wild-type YAP expression in YAP/TAZ knockout
cells rescued AP-1 induction. In contrast, Ser94-to-alanine
mutant YAP could not rescue AP-1 induction, suggesting
the requirement of TEAD binding for YAP to induce AP-1
components (Fig. 2C).

Within the 2-kb promoter region in the human FOS
gene, there are two consensus TEAD-binding sequences
(TBSs) (Fig. 2D). These regions (TBS1 and TBS2) accompa-
nied open chromatin signals (i.e., Acetylated histone or
DNase hypersensitivity signals) and were apart from pre-
viously identified SRF binding element (SRE). Chromatin
immunoprecipitation (ChIP) using anti-YAP antibody re-
vealed that YAP specifically associated with both TBS re-
gions only when cells were stimulated with LPA (Fig. 2E).
ChlIP using anti-TEAD4 antibody confirmed the binding
of TEAD to the TBS sites; however, TEAD binding was
present on both sites regardless of the LPA stimulation.
These were in line with the current model that YAP shut-
tles between cytoplasm and nucleus in a stimulation-de-
pendent manner, while TEAD resides in the nucleus but
requires YAP for its transcriptional activation. Neither
YAP nor TEAD4 bound to the SRF binding site. CTGF, a
known direct target gene of YAP-TEAD and GAPDH
were used as a positive and a negative control, respective-
ly. Furthermore, additional ChIP assays showed that YAP
could not bind to any of the TBS sites when TEAD1/2/4
were knocked out (Fig. 2F). This confirmed that YAP binds
to FOS promoter in a manner dependent on TEAD. Taken
together, our data suggest that upon LPA stimulation
YAP-TEAD directly binds to the promoter of FOS to in-
duce its expression.

To further verify that YAP-TEAD binding sites are re-
sponsible for the induction of FOS, the identified TBS re-
gions were eliminated from the genome in HEK293 cells
by using CRISPR. Each pair of gRNAs were designed to
target the closest PAM sequences that flank respective
TBS sites, resulting excision of a ~20-bp fragment. Single
cell clones having deletion of each site (ATBS1 or ATBS2)
or both were selected and verified by genomic DNA se-
quencing (Fig. 2G). When these cells were stimulated
with LPA for 30 min, FOS induction in ATBS1 or ATBS2
cells were significantly weaker than that in wild-type
cells, showing that both sites are functionally involved
in FOS expression. Deletion of both sites resulted in
more dramatic, although not complete, blockade of FOS
induction (Fig. 2H), demonstrating the critical role of
YAP-TEAD in FOS transcription. FOSB has been reported
to be transcribed by AP-1, which explains why FOSB in-
duction was also dampened (Hong et al. 2011). It is note-
worthy that induction of CTGF were also affected by
deletion of the TBS cis-regulatory elements within FOS
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promoter activation by LPA. HEK293A cells were transfected with a luciferase reporter construct that has a 2-kb upstream region from tran-
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controls. Data are from three independent experiments. (**) P < 0.01 compared with wild-type controls at the same time point, by Student’s t
test. (C) TEAD bindingis required for YAP to support FOS induction by LPA. YAP/TAZ knockout HEK293 A cells transfected with wild-type
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for promoter regions of GAPDH or CTGF, or three different TBS sites in FOS promoter. (*) P <0.05; (**) P <0.01; compared with IgG controls;
(#) P <0.05, compared with nontreated samples, by Student’s t-test. (F) TEAD is required for YAP to bind FOS promoter. TEAD1/2./4 knock-
out HEK293 cells were treated as described in E, and analyzed for ChIP using antibody for endogenous YAP. (G) Scheme and sequence of
HEK293 cells with TBS deletion. Wild-type, ATBS1, ATBS2, and ATBS1/2 cells were generated using pairs of CRISPR guide RN As targeting
PAM sequences flanking each TBS region. Single clones with indicated sequences were established. TEAD-binding sequences are colored in
red. (H)Both TEAD bindingsites are required for full induction of FOS. Wild-type, ATBS1, ATBS2, and ATBS1/2 cells were serum-starved for
16 h and treated with LPA for 30 min. Expression levels of FOS, FOSB, and CTGF mRNA were determined by real-time PCR analysis. (*) P <
0.05; (**) P<0.01, compared with nontreated samples; (##) P <0.01, compared with wild-type control, by Student’s t-test.
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promoter. Although CTGF has an AP-1 binding site on
its promoter as well, YAP/TAZ is known to be the domi-
nant transcriptional regulator. This supports a notion
that AP-1 might be important for proper function of
YAP/TAZ to induce their downstream target genes in
certain conditions.

Recently, YAP/TAZ have been shown to bind to
distal enhancer regions of genes and recruit Mediator
complex to target site for transcriptional activation (Galli
et al. 2015). Therefore, putative distal enhancer regions
were selected from upstream of FOS promoter, according
to histone acetylation and monomethylation pattern
(Supplemental Fig. S2A). However, among four putative
enhancers (E1-E4) tested, none of them had strong binding
with YAP or TEAD by ChIP assays (Supplemental Fig.
S2B). Together, our data reveal that two TEAD-binding
sites in FOS promoter are functionally indispensable for
the proper induction of AP-1 in response to upstream
stimulation.

Role of AP-1 induction in YAP/TAZ target gene
transcription

Immediate early genes including FOS are rapidly induced
upon extracellular stimuli to drive subsequent transcrip-
tional waves of other genes. Therefore, we hypothesized
that YAP/TAZ might first promote the assembly of AP-
1 and then cooperate with AP-1 to activate a large tran-
scriptome for cellular function. To this end, we examined
induction of known YAP/TAZ target genes in cells with
silence of FOS and FOSB. As hypothesized, LPA induced
transcription of many well-studied YAP/TAZ targets
(i.e., CTGF, CYR61, ANKRD1, and AMOTL2), and ex-
pression of these YAP/TAZ target genes were blunted by
AP-1 knockdown (Fig. 3A). Although all are affected, there
were differences in the extent of suppression among the
genes. CTGF and ANKRD1 were more sensitive than
CYR61 and AMOTL2 to FOS/FOSB knockdown. Similar
results were observed in serum-induced gene expression
(Fig. 3B). The effect of AP-1 silencing on YAP target genes
was not due to Hippo pathway regulation, since domi-
nant-negative JUN mutant had no effect on the phosphor-
ylation status of YAP (Supplemental Fig. S3). Given that
different transcription partners have been reported for
YAP/TAZ, the interplays with AP-1 may provide con-
text-dependent transcriptional programs, adding further
complexity and specificity to the biological function of
YAP/TAZ.

Function of AP-1 in YAP-mediated anchorage-
independent cell growth

YAP/TAZ are potent regulators of cell proliferation
and their hyperactivation is often represented as to drive
tumorigenesis in a number of biological contexts. At
the same time, AP-1 components are classic proto-onco-
genes and play important roles in early tumorigenesis.
To investigate the biological significance of our findings,
we examined whether YAP/TAZ-mediated tumorigene-
sis is dependent on AP-1 induction. We have generated

AP-1 induction by YAP contributes to Hippo biology

Lats1/2 double-knockout cell lines in seven mouse cancer
cell lines using CRISPR (Pan et al. 2019). Since LATS1/2
are the inhibitory kinases for YAP/TAZ, endogenous
YAP/TAZ were constitutively active in the knockout
cells. When compared with their corresponding wild-
type cells, those having Lats1/2 knockout showed higher
basal expression of Fos family genes in general, particular-
ly for Fos (Fig. 4A). In contrast, Jun family genes were not
significantly different.

We next examined the role of AP-1 in oncogenic growth
mediated by YAP activation. GL261 and Myc-caP cells
were subjected to soft agar colony formation assay
because Fos and Fosb were highly elevated when
Lats1/2 were deleted. Lats1/2 knockout strongly promot-
ed colony formations of both Myc-caP and GL261 in soft
agar when compared with wild-type controls (Fig. 4B,C).
Interestingly, additional knockout of Fos and Fosb (Lats/
Fos KO) blocked the anchorage-independent growth facil-
itated by Lats1/2 knockout, suggesting that AP-1 is re-
quired for the enhanced oncogenic potential of these
cells (Supplemental Fig. S4A,B). These data support a
model in which induction of AP-1 by YAP/TAZ is not
only involved in their target gene transcription, but also
important for biological function to control oncogenic
cell growth.

Different roles of AP-1 in YAP-dependent or -independent
uveal melanoma

YAP is highly active in many types of cancers, particularly
in uveal melanoma (UM), due to mutations in GPCR sig-
naling (Yu et al. 2014). To further examine whether AP-1
induction is selectively associated with YAP-driven can-
cer cell growth, we compared a series of UM cell lines
with activating mutations in either GNAQ/GNA11 or
BRAF. The GNAQ/11 mutant UM cells have active nu-
clear YAP, while the BRAF mutant cells have inactive
cytoplasmic YAP (Fig. 5A). The GNAQ mutant UM
cells are YAP-dependent, while the BRAF mutant UM
cells are YAP-independent as YAP/TAZ knockdown
blocks the tumor growth of the GNAQ mutant, but not
the BRAF mutant UM cells (Yu et al. 2014). We observed
that serum-stimulation evoked strong AP-1 induction
across UM cell lines with active YAP, namely OMM]1
(GNA119?%L) OMM2.3, Mel270 (GNAQ®X%P) and
92.1{GNAQ®YY but not in those BRAFVS'E OCM1
and OCMS cell lines that have inactive YAP (Fig. 5B,C).
These results further support a role of YAP/TAZ activity
in AP-1 induction.

Since UM cells responded differently according to their
oncogenic driver mutations and YAP activity, we tested
whether the YAP-dependent UM cells are more sensitive
to AP-1 inhibition. Interestingly, in a soft agar colony for-
mation assay, chemical AP-1 inhibitors (SR-11302 or T-
5224) preferentially suppressed anchorage-independent
growth of UM cell line with active YAP (92.1) over cells
with inactive YAP (OCM1) (Fig. 5D,E). These results indi-
cate that YAP-driven cell growth is highly dependent on
AP-1 and that the inhibiting AP-1 may be a vulnerability
of cancers with hyperactive YAP/TAZ signaling.
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Figure 3. YAP requires AP-1 for full induction of target genes. (A AP-1 induction is required for LPA-induced YAP/TAZ target gene ex-
pression. HEK293A cells were transfected with siRNAs against FOS and FOSB and incubated for 48 h. The cells were then serum-starved
for 16 h and treated with LPA for indicated times. (B) AP-1 induction is required for serum-stimulated YAP/TAZ target gene induction.
Experiments were similar to A except cells were stimulated with 10% FBS.

We additionally analyzed the gene expression in 80 uve-
al melanoma tissues from The Cancer Genome Atlas
(TCGA) database (Robertson et al. 2017). A positive corre-
lation was found between mRNA expression of FOS and
YAP or its target genes CYR61 and CTGF (Fig. 5F). These
data provide further in vivo evidence supporting that
YAP/TAZ contribute to FOS induction.
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Essential function of AP-1 in YAP-mediated organ size
control

The Hippo pathway has gained great attention owing to its
profound effect in organ size control (Yu et al. 2015). To
strengthen the physiological significance of our findings,
we examined whether AP-1 induction plays a role in
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YAP-mediated liver size regulation. Transgenic mice ex-
pressing hepatocyte-specific, tetracycline-inducible YAP
(YAPHPT?) were adopted from a previous study (Yu et al.
2015), which showed a dramatic hepatomegaly upon
YAP induction by doxycycline. Either wild-type or
YAPYPT® mice were fed doxycycline-containing water,
along with daily oral administrations of AP-1 inhibitor
T-5224, which blocks the DNA-binding activity of c-
Fos/AP-1 (Aikawa et al. 2008). As expected, a massive he-
patomegaly was observed in YAP™*PT8 mice after 17 d of
doxycycline treatment. However, the YAPYPT8_induced
hepatomegaly was largely suppressed when mice were
treated with T-5224, as indicated by gross morphology
and tissue weight (Fig. 6A,B). Mice with YAP overexpres-
sion showed a slight reduction of body weight. Interesting-
ly, treatment with T-5224 also ameliorated the body
weight loss associated with YAP overexpression. Hepato-
cytes in the YAP-overexpressing livers were more densely
packed when compared with wild-type control as an in-
dicative of intense hyperplasia, and again this phenotype
was suppressed in the AP-1 inhibitor-treated group (Fig.
6C). The difference in liver size was not due to liver
damage since the levels of serum markers for hepato-
cyte viability, alanine aminotransferase (ALT) or alkaline
phosphatase (ALP), were similar across experimental
groups (Fig. 6D).

AP-1 is required for the majority of YAP-regulated gene
expression in the liver

Notably, our finding that YAP drives FOS induction was
corroborated in vivo by examining hepatic mRNA expres-
sion. Fos mRNA levels were significantly higher in
YAP™PTE mice (Fig. 7A). Among AP-1 components, Fos
was among the most prominently induced genes. Another
finding that YAP and AP-1 form a feed-forward loop was
also confirmed in the mouse model. Induction of represen-
tative YAP target genes, such as Ctgf, Cyré61, Ankrd1, and
Gadd4bsb, was significantly dampened when AP-1 was in-
hibited (Fig. 7B). Expression levels of proliferation markers
(e.g., Pcna and Mcm2) and cell cycle progression genes (e.g.,
Aurkb, Ccnb1, Ccnb2, and Ccnel) showed that they were
induced by YAP overexpression in a manner dependent on
AP-1 activity (Fig. 7C), supporting the macroscopic obser-
vation of YAP-induced cell growth and its blockade by
AP-1 inhibitor. Representative genes involved in inflam-
mation or fibrosis (e.g., Tnfa, I11b, 116, and Colla1) showed
a similar expression pattern, probably since an increased
activity of immune cells and hepatic stellate cells are
commonly accompanied with intensive replication as
seen duringliverregeneration (Forbes and Rosenthal 2014).

We extended similar studies in another mouse model
of YAP hyperactivation. Livers from hepatocyte-specific
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wild-type control; (##) P<0.01, compared with YAP™PT¢ control, by Student’s t-test. (C) Representative H&E staining of liver sections.
Scale bar, 50 um. (D) Serum biochemical parameters show that hepatocytes are without significant damage.

Lats1/2 knockout mice (Lats1/2HPXO) were examined for
mRNA expression. Interestingly, hepatic Fos mRNA lev-
els were significantly higher in Lats1/2H°PX© mice as com-
pared with wild type, with the greatest extent among AP-1
genes (Fig. 7D). Consistently, AP-1 target genes (e.g.,
uPAR and Spp1) were also higher in Lats1/2HPXO mice.

Given that AP-1 is required for the liver overgrowth
caused by Yap overexpression, we sought to examine the
function of AP-1 in YAP-regulated transcriptome in the
liver. We performed RNA-seq with liver tissues from
wild-type and YAP™PT8, treated with or without T-5224
(Fig. 7E). Compared with wild-type animals, 2532 genes
were differentially expressed in the livers of YAPHePTs
mice. Interestingly, when T-5224 was given to YAPHPTs
mice, expression pattern of the YAP-responsive genes
was dramatically changed toward the pattern seen in the
wild-type livers. On the other hand, only a small portion
of genes were affected by T-5224 treatment in wild-type
mice (Fig. 7E). Further analysis has shown that 78%
(1975 out of 2532 genes) of YAP-regulated genes were
blocked by T-5224 treatment. The above results support
an essential function of AP-1 in YAP-mediated gene ex-
pression as the majority of the YAP-regulated transcrip-
tome requires AP-1 (Fig. 7F).

It is particularly noteworthy that serum bilirubin levels
were significantly higher in YAP™PT8 mice but not as
much in those treated with the AP-1 inhibitor (Supple-
mental Fig. S5A). In general, hyperbilirubinemia occurs
as a result of hepatocyte damage and functional failure
(Bjornsson and Olsson 2005). Nonetheless, YAPHrTs
mice did not display apparent liver damage, as indicated
by the relatively normal serum biochemical markers and
histology (Fig. 6C,D). Thus, it is likely that YAP may regu-
late bilirubin metabolism in hepatocytes, and that AP-1
might be involved in this regulation. Indeed, YAPHPTs
mice showed lower mRNA expression of Ugtlal and

Mrp2, the bilirubin-metabolizing enzyme in hepatocytes
and the transporter for excretion of metabolized bilirubin
to the bile canaliculi, respectively (Supplemental Fig.
S5B). Moreover, AP-1 inhibitor prevented these repres-
sions, particularly for Ugt1al. Furthermore, a dramatic re-
duction in Ugtlal and Mrp2 mRNA levels were also
observed in Latsl1/2HPXC mice, supporting the notion
that YAP and its target AP-1 modulate the expression of
bilirubin metabolic enzymes (Supplemental Fig. S5C).
Taken together, the above results provide in vivo evidenc-
es that AP-1 induction is a critical event for the physio-
logical outcome of YAP activation in the liver, including
organ size control as well as functional maintenance
(Fig. 7H).

Discussion

The Hippo pathway has gained considerable attention for
its role in both physiological and pathological conditions.
It has been implicated in organ development, stem cell
biology, regeneration, and tumorigenesis (Piccolo et al.
2014; Moroishi et al. 2015a; Yu et al. 2015). Hippo path-
way is composed of a core kinase module and a transcrip-
tion module, the former being the most extensively
studied in the past decade. Since YAP/TAZ are the main
effectors of Hippo pathway, many studies have focused
on how signals affect YAP/TAZ phosphorylation and nu-
clear location. Relatively recently, there have been in-
creasing attempts to reveal regulatory mechanism of the
transcriptional module by which YAP/TAZ can exert
selective activity on different cis-regulatory elements
(Totaro et al. 2018). However, much less is known about
the key downstream target genes that mediate the biolog-
ical functions of YAP/TAZ. In this study, we uncover a
critical layer of regulation on the transcriptional output
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of YAP/TAZ. We show that YAP/TAZ are indispensable

coactivators. However, recent reports show that other
for FOS induction, which is among the best-studied clas-

partners have major role in expression of YAP/TAZ target

sical transcription factors, and this FOS induction is re-
quired for physiological functions of YAP/TAZ.

It is currently understood that nuclear localization is es-
sential for YAP/TAZ activity as they are transcription
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genes, possibly by cooperating with YAP-TEAD in the nu-
cleus (Totaro et al. 2018). So far, SRF has been regarded as
the primary factor for transcription of immediate early
genes, including AP-1. This report shows an absence of



FOS and FOSB induction in YAP/TAZ knockout cells,
thus suggests Hippo pathway regulation as another pre-
requisite for AP-1 induction. Mechanistically, YAP/TAZ
seem to act independently of SRF since neither YAP nor
TEAD is associated with the SRF-binding region in FOS
promoter in ChIP assays, and restricted deletion of
TEAD binding motifs was sufficient to block FOS in-
duction. Furthermore, genes of AP-1 complex were not
the only immediate early genes of which induction was
blocked by YAP/TAZ deletion. Considering that YAP/
TAZ translocation occurs rapidly by serum or LPA (Yu
etal. 2012), there may be a general role of YAP/TAZ in im-
mediate early gene expression. Our data support a model
that YAP/TAZ contribute to AP-1 activation and the ac-
tive AP-1 then collaborates with YAP/TAZ to regulate
gene expression and biological function. Given the enor-
mous volume of investigation on AP-1 regulation and
function, our study places AP-1 downstream from YAP/
TAZ, and therefore has significantly expanded the poten-
tial biology of YAP/TAZ.

The present dogma of the Hippo pathway is that LATS
kinase activity is the dominant regulator for downstream
function by restricting YAP/TAZ activity through phos-
phorylation, resulting in 14-3-3 binding and cytoplasmic
retention (Zhao et al. 2007). Indeed, LATS knockout cells
show nuclear YAP/TAZ under most conditions (Meng
et al. 2015). However, we have previously observed that
further induction CTGF and CYR61 still occurs when
these cells are stimulated with serum (Plouffe et al.
2018), indicating an existence of other factors for full tran-
scriptional activity of YAP/TAZ. By intersecting the
mechanism how YAP/TAZ and AP-1 are interwound,
we uncovered a critical role of AP-1 in Hippo pathway
function. Our data obtained from FOS deletion or chemi-
cal inhibition suggest that YAP/TAZ actively promote de
novo synthesis of AP-1 to facilitate their downstream
function. We have also shown that YAP-mediated anchor-
age-independent cell growth was dependent on AP-1 ac-
tivity in cancer cells that acquired malignancy by Lats1/
2 deletion. These findings were further expanded to uveal
melanoma cells that have constitutively active YAP. AP-1
is essential for growth of YAP-dependent uveal melanoma
driven by GNAQ/GNA11 mutation, but not the YAP-in-
dependent uveal melanoma driven by BRAF mutation.
Chemical inhibition of AP-1 was only effective in repress-
ing GNAQ/GNA11 mutant but not BRAF mutant mela-
noma cells. Thus, our data suggest a vulnerability of sel-
ective AP-1 inhibition for YAP-dependent cancers.

Another important finding of this study is that the coop-
eration with AP-1 is required for YAP-mediated liver size
regulation. Although AP-1 has been extensively studied as
to exert prominent effect on cell growth, it is only recently
appreciated for its role in organ growth in a transgenic
mouse model with liver-specific overexpression of FOS
(Bakiri et al. 2017). Hepatocyte-restricted overexpression
of FOS caused hepatomegaly at early stage and carcino-
genesis at later time period. These phenotypes are very
similar to liver-specific YAP overexpression, increased
liver size in early time, and tumor development at a late
stage. It is noteworthy that the effects on hepatomegaly
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by FOS induction were much slower than YAP overex-
pression observed in mouse models (Camargo et al.
2007; Dong et al. 2007). Supporting this notion, AP-1 per
se failed to promote anchorage-independent growth in
the absence of YAP overexpression in mammary epitheli-
al cells (Zanconato et al. 2015). Nonetheless, we show that
AP-1 inhibition strongly represses YAP-mediated hepato-
megaly. Therefore, AP-1 is likely to be an important play-
er in the physiological settings accompanied with YAP
activation. In addition, our findings add a new insight
for bilirubin metabolism, as another physiological role
of YAP. Although there was no apparent evidence for he-
patocyte damage, YAP-overexpressed mice showed
elevated serum bilirubin levels. Moreover, AP-1 was re-
sponsible for YAP-mediated repression of bilirubin-re-
moving genes in the liver. Together, our study suggests
a model that AP-1 induction plays an important role in
YAP-mediated pathophysiology, such as organ size con-
trol and tumorigenesis.

The Hippo pathway and YAP/TAZ are identified to play
key roles in a wide variety of physiological processes in-
cluding differentiation, stem cell renewal, and energy me-
tabolism. Future studies are needed to test whether YAP/
TAZ require de novo AP-1 induction for all or some of
their biological functions and the possibility of targeting
AP-1 for intervention of YAP dependent pathophysiology.

Materials and methods

Cell culture

All cell lines were maintained at 37°C with 5% CO,. HEK293A,
MB49, GL261, and Myc-caP cells were cultured in DMEM (Invi-
trogen) and 67NR, 168FARN, CT26, Panc02, and uveal melano-
ma cell lines were cultured in RPMI (Invitrogen) containing
10% FBS (Gibco) and 50 pg/mL penicillin/streptomycin (Invitro-
gen). GL261 cells were from DSMZ. MB49 cells were from Milli-
pore. 67NR and 168FARN cells were from Dr. Jing Yang
(University of California at San Diego). Uveal melanoma cell
lines were provided by Dr. Martine Jager (Leiden University).
None of the cell lines in this study was among commonly mis-
identified cell lines from International Cell Line Authentication
Committee and NCBI Biosample. Cells lines were tested and con-
firmed to be free of mycoplasma.

Generation of knockout cells

pSpCas9(BB)-2A-Puro (PX459) was a gift from Dr. Feng Zhang
(Broad Institute of Massachusetts Institute of Technology and
Harvard). The guide RNAs were designed using the CRISPR de-
sign tool at http://crispr.mit.edu. Single-guide RNAs (sgRNAs)
were cloned into the empty PX459 vector. HEK293A cells were
transfected with single or paired CRISPR vectors according to ex-
periments. After 24 h of transfection, cells were selected using pu-
romycin for 3 d. SRF KO cells were used as a pool, shortly after
selection. For all other KO lines, cells were single-cell-sorted by
flow cytometer (BD Influx) into 96-well plates. Expanded single
clones were screened by protein immunoblotting and/or genomic
DNA sequencing. YAP/TAZ KO, LATS KO, TEAD KO cells were
generated as previously described (Hansen et al. 2015; Moroishi
etal. 2015b; Lin et al. 2017; Pan et al. 2019). The guide sequences
for knockout cells used in this experiment are provided in Supple-
mental Table S1.
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DNA transfection

Cells were transfected with plasmids using Polyjet transfec-
tion reagent (Signagen Laboratories) according to the manufactur-
er’s protocol. Cells were transfected with pQCXIH or pBABE
empty vector, pPQCXIH-wtYAP (wild type), pQCXIH-S94A-YAP,
pQCXIH-5SA-YAP, or pBABE-4SA-TAZ. Experiments were done
at least 24-48 h after transfection.

RNA interference

Cells were transfected with siRNAs against different genes using
Lipofectamine RNAIMAX transfection reagent (ThermoFisher
Scientific). Cells were seeded in 12-well plates and transfected
with 10 pmol of siRNA each well, per manufacturer’s instruc-
tions. After 36 h, cells were used for experiments. The siRNAs
were formulated in duplexed Dicer substrate interfering RNA (In-
tegrated DNA Technologies). siRNA sequences were GGGGCA
AGGUGGAACAGUUAUCUACAC (forward) with GGAGAUA
ACUGUUCCACCUUGCCCCUC (reverse) against human FOS
and CCAAGACUUGGAAACUUGAUUGUATAG (forward) with
CAACAAUCAAGUUUCCAAGUCUUGGUU (reverse) against
human FOSB.

RNA extraction and quantitative real-time PCR analysis

Cells and mouse tissues were harvested for RNA extraction using
the RNeasy Plus mini kit (Qiagen). Reverse transcription was
done using iScript reverse transcriptase (Bio-Rad). qRT-PCR was
performed using the KAPA SYBR FAST gPCR kit (Kapa Biosys-
tems) with QuantStudio 3 real-time PCR system (Applied Biosys-
tems). All mRNA levels were normalized to GAPDH expression.
Primer sequences used for PCR are available in Supplemental
Table S1.

Western blot

Cells were harvested using sample buffer containing 10% SDS
and B-mercaptoethanol. Samples were boiled for 5 min and total
proteins were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes (Millipore). Proteins of interest
were probed with primary antibodies and horseradish peroxi-
dase-linked secondary antibodies. Chemiluminescent signals
were developed on X-ray film using HRP substrate luminal re-
agent (BioLegend). The primary antibodies against FOS, FOSB,
and Vinculin are from Cell Signaling.

Luciferase reporter assay

Destabilized luciferase having PEST sequence (luc2P) were used
for reporter assay. Cells were transfected with a pGL4.22-Luc re-
porter having a 2-kb region upstream of human FOS transcription
start site. Luciferase activity was assayed using the Neolite re-
porter gene assay system (PerkinElmer Life Sciences) according
to the manufacturer’s instructions.

ChIP assay

Cells were cross-linked with 1% formaldehyde for 15 min. After
lysis, genomic DNA was digested through incubation with mi-
crococcal nuclease. Immunoprecipitation reactions were done
on chromatin extracts overnight at 4°C using 5 pg each of
antibodies to YAP, TEADI, or normal control rabbit IgG. Two
percent of the chromatin extract was set aside for input. Precipi-
tated DNA was quantitated by real-time PCR analysis. All ChIP
signals were normalized to the input.

84 GENES & DEVELOPMENT

Immunofluorescence analysis

Cells were seeded on coverslips pretreated with poly-L-ornithine
solution (Sigma). Cells were fixed in 4% paraformaldehyde (Elec-
tron Microscopy Sciences) for 15 min, followed by permeabiliza-
tion with 0.1% Triton-X for 5 min. Cells were blocked in 3% BSA
for 1 h and incubated overnight at 4°C in primary antibody
against YAP/TAZ (Santa Cruz Biotechnology) diluted in 3%
BSA. Secondary antibody was diluted in 3% BSA and incubated
for 1 h. Slides were mounted with Prolong gold antifade reagent
with DAPI (Invitrogen). Each image is a single Z section at the
same cellular level. Images were captured with a Nikon Eclipse
Ti confocal microscope.

Soft agar colony formation assay

Each well of the six-well plate was coated with 1.5 mL of bottom
agar composed of DMEM containing 10% FBS and 0.5% Difco
agar noble. For each well, 5000 cells were suspended in 1.5 mL
of top agar composed of DMEM containing 10% FBS and 0.35%
Difco agar noble. Cells were incubated for 3 wk with fresh medi-
um replaced every 3 d. Colonies were fixed with 4% formalde-
hyde and stained using 0.005% crystal violet.

Animal experiments

Mice harboring a hepatocyte-specific tetracycline-inducible hu-
man S127A-YAP transgene (YAP"PT8) were previously estab-
lished (Dong et al. 2007). Three-week-old transgenic and
nontransgenic mice were fed 0.2 mg/mL doxycycline (Sigma) in
drinking water supplemented with 2.5% sucrose. T-5224 was di-
luted in polyvinylpyrrolidone solution and given 150 mg/kg body
weight per oral, once daily for 17 d. Serum and livers were imme-
diately frozen in dry ice for further evaluation. Hepatocyte-specif-
ic LATS1/2 knockout mice (LATS1/2HPXO) were established in a
previous study (Lee et al. 2016). Livers isolated at postnatal day 1
were analyzed for mRNA expression.

Statistics

All in vitro assays were performed in triplicates. Data are shown
as the mean + SEM. Groups were compared by two-tailed t-tests.
The criterion for statistical significance was set at P-values < 0.05.

Study approval

All animal studies were approved by the Institutional Animal
Care and Use Committee of the University of California at San
Diego and Korea Advanced Institute of Science and Technology.
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