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Dear Editor,

The Hippo-YAP pathway is an evolutionally conserved
signaling module that controls tissue growth during de-
velopment and its dysregulation causes cancer [1]. Core
components of the Hippo pathway include a kinase cas-
cade comprising MST1/2 and LATS1/2 kinases, in which
MST1/2 phosphorylates and activates LATS1/2 [2]. The
major downstream effectors of the Hippo pathway are
the transcriptional co-activators YAP and TAZ, which
are phosphorylated and inhibited by LATS1/2 [3, 4]. Un-
phosphorylated YAP/TAZ localizes in the nucleus and
promotes target gene expression through binding to the
TEAD family transcription factors [5, 6]. Protein kinase C
(PKC) controls a broad range of biological processes and
can be classified into three sub-groups based on sequence
homology and activation mechanisms: the Ca*"- and dia-
cylglycerol (DAG)-dependent conventional PKC (¢cPKC
a, BL, BIL and y), the DAG-dependent novel PKC (nPKC 6,
0, &, and 1), and the Ca’'- and DAG-independent atypical
PKC (aPKC 1 and ) [7]. Recent studies have established
that extracellular diffusible signals act through G-protein
coupled receptors (GPCRs) to regulate the Hippo-YAP
pathway [8, 9]. PKC represents one of the major effectors
downstream of GPCRs (especially Gg/11-coupled recep-
tors). This led us to investigate whether PKC regulates
the Hippo-YAP pathway.

We used the DAG analog TPA to activate PKC in HE-
K293A cells and observed that TPA induced a rapid and
robust YAP dephosphorylation as determined by western
blotting using the phospho-specific (serine 127) YAP an-
tibody and by differential electrophoretic mobility shift
on phos-tag-containing gels. Similarly, TPA also induced
TAZ dephosphorylation as indicated by a faster electro-
phoretic migration (Figure 1A). TPA-induced YAP de-
phosphorylation was also observed in HeLa and U251MG
cells (Supplementary information, Figure STA and S1B).
Phosphorylated YAP localizes in the cytoplasm, whereas
dephosphorylated YAP translocates to the nucleus to pro-
mote target gene expression. Consistent with this model,
TPA induced YAP nuclear localization in HEK293A cells
(Figure 1B). Moreover, GO6983, an inhibitor of both

cPKC and nPKC, effectively blocked TPA-induced YAP/
TAZ dephosphorylation (Figure 1A). These observations
suggest a role of PKC in YAP/TAZ activation.

Next, we examined whether activation of PKC by
physiological stimuli would activate YAP/TAZ. We found
that addition of acetylcholine to U251MG cells, which
express the Gq/11-coupled muscarinic acetylcholine re-
ceptor M3, resulted in significant YAP dephosphorylation
(Figure 1C). Inhibition of either M3 receptor by 4-DAMP
or PKC by GO6983 suppressed acetylcholine-induced
YAP dephosphorylation (Figure 1C), suggesting that YAP
activation by acetylcholine is mediated by the M3 recep-
tor and PKC. Moreover, Gg/11 knockdown in U251MG
cells suppressed YAP dephosphorylation by acetylcho-
line (Supplementary information, Figure S1C). Collec-
tively, these data indicate that PKC acts downstream of
Gg/11-coupled receptors to activate YAP.

In the efforts to examine the effect of TPA on YAP/
TAZ phosphorylation in different cell types, we were
surprised that TPA induced a dramatic YAP/TAZ phos-
phorylation in Swiss3T3 cells (Figure 1D), a response
completely opposite to what was observed in HEK293A
and several other cell lines (Figure 1A and Supplementa-
ry information, Figure S1A and S1B). Notably, TPA-in-
duced YAP/TAZ phosphorylation could be blocked by
G0O6983 (Figure 1D), indicating that PKC activation was
also responsible for the increase of YAP/TAZ phosphory-
lation in Swiss3T3 cells. Similar effects were observed in
MEF cells and the lung cancer A549 cells (Supplementary
information, Figure S1D and S1E). Consistent with the
increased YAP phosphorylation, TPA treatment promoted
a YAP cytoplasmic localization in MEF cells (Figure 1E).
Although seemingly paradoxical, the above results are
very interesting and show that PKC can either positively
or negatively regulate YAP activity in a cell-type-depen-
dent manner.

The opposing effects of TPA on YAP phosphorylation
observed in different cell types prompted us to speculate
that different PKC isoforms may exert opposite effects on
YAP regulation. To test this, individual cPKC or nPKC
isoform was co-transfected with YAP into HEK293A cells
and TPA-induced YAP phosphorylation/dephosphoryla-
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tion was measured. Overexpression of cPKC (a, B1, B2,
or v) had minor effects on YAP phosphorylation in HE-
K293A cells (Supplementary information, Figure SI1F).
We then fused the Src membrane-targeting sequence
(myristoylation signal) to the N terminus of each indi-
vidual PKC to render them constitutively active (also re-
ferred to as myri-PKC). Overexpression of myristoylated
cPKC (a, B1, B2, or y) was sufficient to induce YAP de-
phosphorylation even in the absence of TPA. Stimulation
with TPA led to further dephosphorylation of YAP (Figure
1F). These results indicate that cPKCs promote YAP de-
phosphorylation and activation. In contrast to the cPKC,
overexpression of nPKC (9, 0, or €) blocked TPA-induced
YAP dephosphorylation in HEK293 A cells (Supplementa-
ry information, Figure S1G). Although PKCr expression
decreased YAP phosphorylation in the absence of TPA,

it also suppressed TPA-induced YAP dephosphorylation.
The above results indicate that nPKCs promote YAP
phosphorylation. Consistent with our previous studies,
serum induced YAP dephosphorylation (comparing the
first lanes of Figure 1F and 1G). We examined the effect
of nPKC overexpression on YAP phosphorylation in the
presence of serum. Ectopic expression of PKCe strongly
increased YAP phosphorylation in the presence of serum
and expression of PKC3, PKC6, and PKCn had resulted
in a mild-to-moderate increase of YAP phosphorylation.
As expected, TPA had little effect on YAP phosphoryla-
tion in the control or PKCoa-transfected cells because YAP
was already largely dephosphorylated in the presence of
serum (Figure 1G). Remarkably, TPA further increased
YAP phosphorylation levels in nPKC-transfected HE-
K293A cells (Figure 1G). These data demonstrate that
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nPKC activation by TPA induces YAP phosphorylation.
Consistently, expression of constitutively active nPKC,
increased YAP phosphorylation in the presence of serum
(Figure 1H). Collectively, our results show that cPKC
and nPKC have opposite effects on YAP phosphorylation,
leading to YAP activation and inhibition, respectively.
Moreover, ectopic expression of nPKC in HEK293A cells
can reverse the cellular response from YAP activation to
YAP inhibition in response to TPA.

The above observation suggests that the relative ex-
pression levels of cPKC and nPKC may account for the
cell type-specific TPA response. mRNA levels of PKC
isoforms were quantified in representative cell lines
(Supplementary information, Figure S1H). However, no
simple correlation could be observed between the levels
of cPKC vs nPKC mRNA and the TPA-induced YAP de-
phosphorylation vs phosphorylation. We speculate that
YAP regulation by PKC may also be influenced by ad-
ditional factors that are differentially expressed in a cell
type-dependent manner.

Rho GTPases have been established as key mediators
in transducing GPCR signals to YAP activation [8, 9]. We
used botulinum toxin C3 to inactivate RhoA and found
that C3 blocked TPA-induced YAP dephosphorylation
in HEK293A cells (Figure 11I). Consistently, expression
of Rho GDI, which inhibits Rho GTPases, also blocked
TPA-induced YAP dephosphorylation (Supplementary
information, Figure S1I). Furthermore, overexpression
of an active RhoA Q63L mutant suppressed the effect of
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PKC inhibition (Supplementary information, Figure S1J).
Collectively, these data suggest a pathway that cPKC
modulates YAP activity through Rho GTPases.

We next examined the role of MST and LATS in
PKC-induced YAP activation in HEK293A cells. MST1/2
double knockout slightly decreased YAP phosphorylation.
However, TPA-induced YAP dephosphorylation was not
affected, indicating that MST1/2 are not required for YAP
regulation by PKC (Supplementary information, Figure
S1K). Moreover, TPA-induced YAP dephosphorylation
was blunted by ectopic LATS2 expression (Supplemen-
tary information, Figure S1L), supporting a role of LATS
in mediating the PKC signal to YAP regulation. The
involvement of MST-LATS kinase cascade in PKC-me-
diated YAP regulation was also examined in MEF cells.
TPA-induced YAP phosphorylation was completely abol-
ished in LATS1/2-knockout, but not MST1/2-knockout,
MEEF cells (Supplementary information, Figure S1M).

To test whether PKC modulates LATS activity, LATSI
was immunoprecipitated from HEK293A cells stimulated
with TPA for various periods and then subjected to the
in vitro kinase assay using GST-YAP as the substrate.
As shown in Figure 1J, TPA rapidly decreased LATS1
kinase activity in HEK293A cells. The time course of
LATS inhibition by TPA paralleled that of endogenous
YAP dephosphorylation, consistent with a role of LATS
in TPA response. LATS1 and 2 are activated by phos-
phorylation of the activation loop (S909 for LATS1) and
the hydrophobic motif (T1079 for LATS1). We found

Figure 1 Opposing roles of conventional and novel PKC isoforms in Hippo-YAP pathway regulation. (A) TPA induces YAP and TAZ
dephosphorylation in HEK293A cells. Cells were starved with serum-free medium for 12 h and treated with various amounts of TPA
for 1 h. Where indicated, cells were pretreated with 200 nM PKC inhibitor GO6983 for 30 min. Cell lysates were analyzed by western
blotting with indicated antibodies. Yap phosphorylation status was also determined by differential electrophoretic mobility shift on
phos-tag-containing gels. (B) TPA promotes YAP nuclear accumulation in HEK293A cells. (C) Acetylcholine acts through muscarinic
acetylcholine receptor M3 and PKC to activate YAP. Experiments were performed similarly as described in A. (D) TPA promotes YAP/
TAZ phosphorylation in Swiss3T3 cells. Cells were cultured in serum-containing medium and stimulated with various doses of TPA for
1 h as indicated. (E) TPA promotes YAP cytoplasmic localization in MEF cells. (F) The conventional PKC promotes YAP dephosphor-
ylation. 500 ng of individual HA-tagged myri-PKC isoforms and 2 ng of Flag-YAP were co-transfected into HEK293A cells. 24 h after
transfection, cells were serum starved for 12 h and stimulated with 10 nM TPA for 1 h. (G, H) Expression of novel PKC enhances
YAP phosphorylation in HEK293A cells. Indicated plasmids were co-transfected into HEK293A cells. 36 h later, cells were stimulated
with fresh 10% serum-containing medium for 40 min followed by 10 nM TPA for 1 h. (I) Exoenzyme C3 prevents TPA-induced YAP
dephosphorylation in HEK293A cells. 24 h after serum starvation, cells were pretreated with 2 pg/ml C3 for 4 h and then stimulated
with TPA for 1 h. (J) TPA inactivates LATS in HEK293A cells. Serum-starved cells were stimulated with TPA as indicated. Endoge-
nous LATS1 was immunoprecipitated for the kinase assay using GST-YAP as the substrate in vitro. Phosphorylation states of endog-
enous YAP in cell lysates were shown for comparison. (K, L) TPA activates LATS in Swiss3T3 cells. Experiments were performed
similarly as described in J except that Swiss3T3 cells were not serum starved and that endogenous LATS1 was immunoprecipitated
for immunoblotting with phosphor-LATS antibodies as indicated in L. (M) Constitutively active PKCa decreases LATS kinase activity.
HA-Myri-PKCo was transfected into HEK293A cells as indicated. Cells were serum starved for 12 h and treated with 10 nM TPA for
1 h. Endogenous LATS1 was immunoprecipitated for kinase activity assay. (N) Constitutively active PKC3 promotes LATS activation.
Plasmid encoding HA-Myri-PKCd was transfected into HEK293A cells. 36 h after transfection, cells were first stimulated with 10%
serum for 40 min and then with 10 nM TPA for 1 h. Endogenous LATS1 was immunoprecipitated for kinase assay. (O) TPA induces a
YAP/TAZ-dependent CTGF accumulation in HEK293A cells. Control or YAP/TAZ-knockdown HEK293A cells were serum-starved for
12 h and then stimulated with TPA for various time points as indicated. Cell lysates were analyzed by immunoblotting. Notably, YAP
phosphorylation recovered 4 h after TPA stimulation. This could be due to a transient LATS inhibition by TPA or a negative feedback
induced by YAP/TAZ activation. (P) TPA decreases CTGF expression level in Swiss3T3 cells. Swiss3T3 cells were cultured in the
presence of 10% serum for 12 h and then stimulated with TPA for the indicated time. Cell lysates were analyzed by immunoblotting.
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that TPA decreased the phosphorylation level of LATSI
on T1079 (Supplementary information, Figure SIN). In-
terestingly, TPA treatment significantly enhanced LATS1
kinase activity in Swiss3T3 cells, as evidenced by both
increased kinase activity and elevated phosphorylation
levels of LATS1 on T1079 and S909 (Figure 1K and 1L).
To further test the role of cPKC and nPKC, constitutive-
ly active myri-PKCa and myri-PKC§ were transfected
into HEK293A cells and LATS1 kinase activity was
measured. Overexpression of myri-PKCa significantly
suppressed LATS1 kinase activity along with the reduced
YAP phosphorylation level (Figure 1M). On the contrary,
overexpression of myri-PKCd markedly increased LATS1
kinase activity. Full activation of myri-PKCd by TPA
treatment further enhanced LATS1 kinase activity and
YAP phosphorylation (Figure 1N). Taken together, we
conclude that cPKC inhibits LATS kinase activity where-
as nPKC activates LATS.

We examined the expression of YAP target gene CTGF.
TPA increased CTGF expression in HEK293A cells in a
YAP/TAZ-dependent manner (Figure 10). On the con-
trary, TPA decreased CTGF expression level in Swiss3T3
cells and inhibition of PKC with GO6983 blocked the
effect of TPA on CTGF protein levels (Figure 1P). These
results are consistent with the effects of TPA on YAP/
TAZ phosphorylation in HEK293A and Swiss3T3 cells,
and support a role of YAP/TAZ in PKC-induced gene
regulation, especially cell type-dependent induction or
repression.

The Hippo-YAP pathway plays a major role in devel-
opment and organ size control, and its dysregulation is
widely observed in human cancers [1, 10, 11]. Given the
importance of this pathway, it must be tightly controlled.
In this study, we have demonstrated that PKC mediates
GPCR signaling, likely downstream of Gq/11 activation,
to modulate YAP activity. Notably, Gq/11-activating
mutation is found in ~70% of uveal melanoma, the most
common adult eye cancer. Consistent with our findings,
YAP has been shown to be critical in mutant Gq/11-in-
duced tumorigenesis and PKC inhibitors suppresses uveal
melanoma in a mouse model [12-14]. An interesting and
surprising finding of this study is that different PKC iso-
forms have different effects on LATS and YAP phosphor-
ylation. The cPKC activates YAP by inducing its dephos-
phorylation while the nPKC inhibits YAP by stimulating
its phosphorylation. These opposing effects are achieved
by cPKC-induced LATS inhibition and nPKC-induced
LATS activation. A fascinating and challenging issue
in biological research is cell type-specific response. For
example, one hormone may induce opposite effects in
different tissues or cell types. We know very little about
the molecular basis for cell type-specific responses. This
study provides one possible underlying mechanism by

which different cell types can produce different or even
opposite responses in response to the same stimulus. Re-
markably, a simple ectopic expression of nPKC can actu-
ally convert the TPA-induced YAP activation to inhibition
in HEK293A cells, which normally show YAP activation
upon TPA treatment. Our study provides an intriguing ex-
ample of molecular engineering the specificity of cellular
response to a given signal and reveals a biochemical basis
for cell type-specific responses frequently observed in
cell biology.
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Supplementary information, Figure S1 Conventional and novel PKC oppositely regulate the Hippo-
YAP pathway. (A and B) TPA induces YAP dephosphorylation in various cell lines. Serum starved Hela
cells (A) or Human U251MG glioma cells (B) were treated with 10nM TPA and/or 200nM PKC inhibitor
GO6983 as indicated. (C) Acetylcholine activates YAP via Gg/11. U251MG cells were transfected with
either control siRNA or a pool of siRNAs for Gq and G11. Cells were grown in serum containing medium
for 48h followed by serum free medium for 16h. Cells were stimulated with 5uM acetylcholine for 1h and
lysed for Western Blots. (D and E) TPA stimulates Y AP phosphorylation in MEF cells (D) and A549
cells (E). Cells were cultured in medium with 10% serum for 36h. Cells were pretreated with GO6983 for
30min and then stimulated with TPA for 1h. (F) Conventional PKCs has minor effect on YAP
phosphorylation. 500ng of individual HA-PKC isoform and 2ng Flag-Y AP were co-transfected into
HEK293A cells. 24h after transfection, cells were serum starved for 12h and stimulated with 10nM TPA
for 1h. Cells were lysed for Western Blot. (G) The novel PKC promotes Y AP phosphorylation.
Experiments were performed the same as described in panel (F) except novel PKC plasmids were used in
the transfection. (H) Absolute mRNA quantification of PKC isoforms in different cell lines. First, each
individual PKC isoform fragment (the exact same primers used here and the late RT-PCR) was amplified
by PCR, purified, and quantified. Second, the quantified PKC fragment was diluted serially for
quantitative PCR to obtain a standard curve of Ct value against the known PKC fragment quantity.
Therefore, a standard quantitative curve was established for each PKC isoform. Third, the absolute
amount of each individual PKC isoform in each cell line was calculated by plotting the Ct value (obtained
for each PKC from each cell line) on the standard curve. Fourth, the amount of PKC alpha in each cell
line was normalized as one and the relative amount of each individual PKC were shown in the plot.
Conventional PKCs are colored in blue and novel PKCs are colored in pink. (I) YAP activation by TPA
is repressed by RhoGDI. Cells were co-transfected with indicated plasmids. 24h after transfection, cells
were serum starved for 12h and then stimulated with TPA for 1h. (J) GO6983’s inhibitory effect on TPA-
induced Y AP activation is reversed by constitutively active RhoA Q63L. myc-RhoA Q63L was

transfected into HEK293A cells. After 12h of serum withdrawal, cells were treated TPA and/or GO6983.



(K) Mst1/2 are not required for TPA induced YAP dephosphorylation in HEK293A cells. Mst1/2 double
knockout HEK293A cells were serum starved for 12h and TPA stimulated for 1h and YAP
phosphorylation was measured. (L) LATS overexpression suppresses the effects of TPA on YAP
activation. Indicated plasmids were co-transfected into HEK293A cells. 24h after transfection, cells were
serum starved for 12h and stimulated with 10nM TPA for 1h. Cell lysates were analyzed by Western
Blots. (M) LATS1/2, but not MST1/2, are required for TPA's effect on YAP phosphorylation in MEF
cells. MST1/2 or LATS1/2 double knockout MEF cells were cultured in the presence of serum for 12h
followed by 1h of TPA stimulation. Cells were collected for Western Blots. (N) TPA inactivates LATS
kinase in HEK293A cells. Serum starved cells were stimulated with different concentrations of TPA for
various time durations as indicated. Endogenous LATS1 was immunoprecipitated for Immunoblotting

with phosphoLATS antibody.





