
www.manaraa.com

Genome-wide RNA interference screening reveals a
COPI-MAP2K3 pathway required for YAP regulation
Yong Joon Kima,b,1

, Eunji Junga,1
, Eunbie Shina, Sin-Hyoung Hongc,d, Hui Su Jeonge, Gayeong Hura,f,

Hye Yun Jeonga
, Seung-Hyo Leea, Ji Eun Leee,g,2, Gun-Hwa Kimc,d,2

, and Joon Kima,2

aGraduate School of Medical Science and Engineering, Korea Advanced Institute of Science and Technology, 34141 Daejeon, Korea; bDepartment of
Ophthalmology, Institute of Vision Research, Severance Hospital, Yonsei University College of Medicine, 06273 Seoul, Korea; cDrug & Disease Target Team,
Division of Bioconvergence Analysis, Korea Basic Science Institute, 28119 Cheongju, Korea; dDepartment of Bio-Analytical Science, University of Science and
Technology, 34113 Daejeon, Korea; eDepartment of Health Sciences and Technology, Samsung Advanced Institute for Health Sciences & Technology,
Sungkyunkwan University, 06355 Seoul, Korea; fR&D Division, GenoFocus Inc., 34014 Daejeon, Korea; and gSamsung Biomedical Research Institute, Samsung
Medical Center, 06351 Seoul, Korea

Edited by Akira Suzuki, Medical Institute of Bioregulation, Kyushu University, Fukuoka, Japan, and accepted by Editorial Board Member Tak W. Mak July 9,
2020 (received for review September 4, 2019)

The transcriptional regulator YAP, which plays important roles in
the development, regeneration, and tumorigenesis, is activated
when released from inhibition by the Hippo kinase cascade. The
regulatory mechanism of YAP in Hippo-low contexts is poorly un-
derstood. Here, we performed a genome-wide RNA interference
screen to identify genes whose loss of function in a Hippo-null
background affects YAP activity. We discovered that the coatomer
protein complex I (COPI) is required for YAP nuclear enrichment
and that COPI dependency of YAP confers an intrinsic vulnerability
to COPI disruption in YAP-driven cancer cells. We identified MAP2K3
as a YAP regulator involved in inhibitory YAP phosphorylation in-
duced by COPI subunit depletion. The endoplasmic reticulum stress
response pathway activated by COPI malfunction appears to con-
nect COPI and MAP2K3. In addition, we provide evidence that YAP
inhibition by COPI disruption may contribute to transcriptional up-
regulation of PTGS2 and proinflammatory cytokines. Our study offers
a resource for investigating Hippo-independent YAP regulation as a
therapeutic target for cancers and suggests a link between YAP and
COPI-associated inflammatory diseases.
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YAP and its paralog TAZ are transcriptional coactivators that
drive high levels of transcriptional outputs, promoting cell

proliferation and survival (1, 2). YAP and TAZ also function as
transcriptional corepressors that control a number of targets
including tumor suppressor genes (3, 4). The Hippo kinase cascade
is a central regulator of YAP/TAZ activity (5, 6). Phosphorylation
of YAP/TAZ by the Hippo core components LATS1 and LATS2
causes cytoplasmic sequestration and proteasomal degradation of
YAP/TAZ (7). Various upstream regulatory inputs associated with
cell junctions and the actin cytoskeleton control YAP/TAZ activity
mainly through their influence on the Hippo kinases (1, 8). Some
regulatory components, including AMOT, AMPK, and AKT,
have been shown to modulate YAP/TAZ activity in a Hippo-
independent manner (9–11). Hippo-independent regulatory
inputs are usually masked in the context of high Hippo signaling
activities. When Hippo signaling attenuates, the presence of
Hippo-independent regulation of YAP/TAZ becomes clear.
YAP and TAZ are involved in multiple aspects of the cancer

phenotype, such as tumorigenesis, tumor stem-like property,
anticancer drug resistance, metastasis, and immune evasion (12,
13). Higher levels of YAP/TAZ expression and nuclear enrich-
ment have been detected in various types of human cancers (14,
15). Although YAP/TAZ gene amplifications were identified in
head and neck squamous cell carcinomas (14), genetic or epigenetic
silencing of the Hippo signaling components might be a more fre-
quent cause of YAP/TAZ hyperactivation in cancer. Thus, Hippo-
independent regulatory components can play an important role in
determining YAP/TAZ activity in cancer cells and may serve as
suitable drug targets for suppressing YAP-driven cancer phenotype.

Currently, our understanding of the Hippo-independent regulation of
YAP/TAZ is incomplete in part because there is no comprehensive
list of genes involved in the regulation.
Here, we systematically investigate Hippo-independent YAP/

TAZ regulation using genome-wide RNA interference (RNAi)
phenotypic screens. We identify a number of genes that can be
classified as positive or negative factors of YAP expression or nu-
clear enrichment. Among the candidates we focused on were COPI
subunits whose knockdown resulted in cytoplasmic sequestration of
YAP in a Hippo-null context. We found that suppression of the
expression of the COPI subunits ARCN1 and COPA causes in-
hibitory phosphorylation of YAP at Ser127 by MAP2K3. Consistent
with the fact that COPA germline mutations cause an inflammatory
genetic disorder called COPA syndrome (16), we found that de-
pletion of either COPA or YAP causes up-regulation of proin-
flammatory cytokines. Our data will be valuable for gaining a
deeper insight into the multilayered YAP regulatory network.

Results
Identification of Hippo-Independent Regulators of YAP Activity. To
identify components of Hippo-independent YAP regulations, we
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performed an image-based genome-wide RNAi screen. First, we
generated hTERT-immortalized retinal pigmented epithelial
cells carrying null mutations in LATS1 and LATS2 genes
(RPE1-LATS1/2 DKO) using the CRISPR/Cas9 system (17).
Frameshift mutations in the LATS1/2 genes were demonstrated
by Sanger sequencing, and reduction of YAP phosphorylation at
Ser127 was detected by immunoblot analysis (SI Appendix, Fig.
S1 A and B). As expected, conditions known to inhibit YAP, such
as confluency, serum starvation, cytochalasin D, and cerivastatin
(6, 18, 19), failed to induce cytoplasmic sequestration of YAP in
RPE1-LATS1/2 DKO cells (SI Appendix, Fig. S1 C–F). Nuclear
enrichment of YAP was diminished when cell density exceeded
confluency even in LATS1/2 DKO cells, suggesting that density-
mediated YAP regulation can occur in a Hippo-independent manner.
Using RPE1-LATS1/2 DKO cells, we screened a small interfering
RNA (siRNA) library targeting 18,055 genes across the human ge-
nome (Fig. 1A). Automated imaging and an image analysis system
provided measurements of the levels of anti-YAP/TAZ immunoflu-
orescence in the nucleus and the perinuclear cytoplasm (Fig. 1B and
Dataset S1). Data from genes that are not actively expressed (RNA
sequencing fragments-per-kilobase-per-million-mapped-reads value
of less than 2) in RPE1-LATS1/2 DKO cells were filtered to reduce
false positives.
The screen identified multiple genes whose knockdown caused

elevation or reduction of nuclear YAP-staining intensities (cutoff
values = 3 SDs away from the mean; Fig. 1C). We also identified
a number of genes that are required for keeping a low cytoplasm/
nuclear (c/n) ratio of YAP staining (Fig. 1D). There were only a
few genes whose knockdown further decreased the YAP c/n
ratio, probably because YAP is already enriched in the nucleus in
LATS1/2 DKO cells (Fig. 1D). Functional annotation and bio-
informatics analysis indicated that the ubiquitin-proteasome path-
way and the intracellular membrane-trafficking pathway involving
COPI are key determinants of YAP activity in the Hippo-null
context (Fig. 1 E and F). Although the genes encoding the TEAD
family, the major binding partners of YAP (20), were not identi-
fied as screen hits, several transcriptional regulators that influenced
YAP expression or localization were discovered. Knockdown of only
three genes (CDC42EP3, NUMA1, and SERPINB8) affected both
nuclear YAP intensity and YAP c/n ratio, suggesting that YAP ex-
pression/stability control is independent of YAP nuclear transloca-
tion control in the Hippo-null context.

COPI Subunit Depletion Reduces YAP Nuclear Localization and
Activity. The COPI is a carrier complex that is required for
Golgi-to-endoplasmic reticulum (ER) retrograde transport (21).
Five subunits among the seven subunits of the COPI complex
were identified as screen hits (Fig. 1D). Knockdown of ARCN1
and COPA showed greater increases in the YAP c/n ratio than
other subunits and thus was selected for further analysis. Two
independent siRNAs for ARCN1 and COPA significantly in-
creased the proportion of cells exhibiting equivalent YAP im-
munoreactivity levels in the nucleus and the cytoplasm (Fig. 2 A
and B). Depletion of ARCN1 or COPA in RPE1 LATS1/2 wild-
type (WT) cells causes not only cytoplasmic sequestration but
also nuclear exclusion of YAP, suggesting that basal LATS ac-
tivity and COPI subunit depletion exert an additive effect on
YAP localization (Fig. 2 C and D). The expression of CTGF, a
transcriptional target of YAP, decreased upon ARCN1 or COPA
knockdown in both LATS1/2 DKO and WT cells (Fig. 2 E and
F). The TEAD reporter activity was also significantly decreased
by ARCN1 and COPA knockdown (Fig. 2G). We next examined
changes in the gene expression profile of ARCN1-depleted
RPE1-LATS1/2 WT cells using a microarray analysis (Dataset
S2). Gene set enrichment analysis (GSEA) of the microarray
data revealed a significant reduction of the expression of YAP
signature genes (Fig. 2 H and I). To further demonstrate the
association between COPI and YAP, we analyzed the breast

cancer cell line MCF7. Depletion of ARCN1 and COPA resulted
in cytoplasmic retention of YAP in both LATS1/2 DKO and WT
MCF7 cells (SI Appendix, Fig. S2 A–F). Similar to RPE1 cells,
LATS1/2 WT cells showed a higher proportion of cells exhibiting
cytoplasmic YAP retention. ARCN1 and COPA knockdown also
decreased TEAD reporter activity (SI Appendix, Fig. S2G).
Taken together, these results indicate that intact COPI is re-
quired for maintaining nuclear enrichment of YAP.
To find in vivo evidence of the link between COPI and YAP

regulation, we examined the effect of COPI subunit knockdown
on YAP protein in zebrafish. Both the COPI system and the
Hippo-YAP pathway are evolutionarily well conserved. The
amino acid sequences of human and zebrafish COPA and YAP
show 86.6 and 79.8% identity, respectively. Structural similarity
suggests that the zebrafish Yap protein undergoes a similar phos-
phorylation as in human YAP Ser127 (SI Appendix, Fig. S3A). To
disrupt the expression of copa, splicing blocking the morpholino ol-
igonucleotide (MO) was injected into zebrafish eggs. MO-mediated
disruption of copa transcript splicing was verified by RT-PCR
analysis (SI Appendix, Fig. S3B). MO-mediated knockdown of
copa resulted in an increase in phosphorylated Yap recognized
by anti–phospho-YAP Ser127 antibody (SI Appendix, Fig. S3C).
A previous study showed that zebrafish Yap and Taz are
expressed in the retinal pigmented epithelium and the mesen-
chymal condensations surrounding the retina (22). We observed
cytoplasmic sequestration of YAP in cells surrounding the retina
(SI Appendix, Fig. S3D). These results support the idea that
COPI defects can cause YAP inactivation.

COPI Subunit Depletion Reduces YAP Dependency in Cancer Cells.We
tested whether YAP-dependent cancer cells show a high de-
pendence on intact COPI function for survival. Previously, we
demonstrated that the melanoma cell line SKMEL28 does not
depend on YAP/TAZ for survival, but SKMEL28 cells that ac-
quired vemurafenib resistance exhibit higher YAP activity and
dependency for survival (23). Depletion of ARCN1 or COPA sig-
nificantly reduced the number of viable cells among vemurafenib-
resistant SKMEL28 cells compared to vemurafenib-sensitive
(parental) SKMEL28 cells (Fig. 3A). In addition, similar to
YAP/TAZ double knockdown, ARCN1 and COPA knock-
down in vemurafenib-resistant SKMEL28 cells reduced the
levels of EGFR and c-MYC (Fig. 3B). We also tested other
cancer cell lines that require YAP/TAZ activity for survival.
Uveal melanoma (92.1), mesothelioma (MSTO-211H), and
non–small-cell lung cancer (A549) cell lines exhibited YAP
dependency, whereas the survival of ocular choroidal mela-
noma (OCM1) and MCF7 was not affected by YAP/TAZ
knockdown (Fig. 3C). According to public genomics data, the
YAP-dependent cell lines harbor mutations which can in-
crease YAP activity: GNAQ for 92.1, LATS2 for MSTO-211H,
NF2 for H2373, and LKB1 for A549. In YAP/TAZ-dependent
cancer cell cultures, the number of viable cells significantly
reduced in response to ARCN1 or COPA depletion (Fig. 3D).
Induction of cleaved caspase 3 expression indicated apoptotic
cell death in cells depleted of ARCN1 or COPA (Fig. 3E).
These results suggest that the COPI-YAP connection provides
a potential drug target for inhibition of YAP addiction.

MAP2K3 May Mediate YAP Ser127 Phosphorylation and Cytoplasmic
Sequestration.YAP phosphorylation by LATS1/2 at Ser127 is the
major mechanism of YAP cytoplasmic sequestration, and Ser94
phosphorylation disrupts the YAP-TEAD interaction (1, 9). We
found an increase in the level of YAP Ser127 phosphorylation
after knockdown of ARCN1 or COPA in both RPE1-LATS1/2
DKO and MCF7-LATS1/2 DKO cells (Fig. 4A and SI Appendix,
Fig. S4A). YAP Ser127 phosphorylation levels in RPE1-LATS1/
2 DKO cells depleted of ARCN1 or COPA were not as high as in
RPE1-LATS1/2 WT cells transfected with control siRNA. An
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increase in YAP phosphorylation at Ser94 was also detected in
RPE1-LATS1/2 DKO cells (Fig. 4A). These observations suggest
that, although not as potent as LATS1/2, there are kinases that
mediate YAP phosphorylation in response to COPI subunit de-
pletion. YAP phosphorylation at Ser127 and Ser94 slightly in-
creased in RPE1-LATS1/2 WT cells after ARCN1 or COPA
knockdown (Fig. 4A). Because no significant increase in activating
phosphorylation of LATS1 was observed, it is unlikely that an in-
crease in LATS activity promoted YAP phosphorylation after
COPI subunit knockdown in LATS WT cells (SI Appendix, Fig.
S4B). The amount of total YAP protein did not change notably
after ARCN1 or COPA knockdown, whereas total TAZ levels

consistently decreased (Fig. 4A). To demonstrate that YAP phos-
phorylation is the main cause of YAP cytoplasmic retention after
ARCN1 or COPA knockdown, we established RPE1 cells stably
expressing YAP-5SA, in which serine residues in all five LATS
consensus motifs were mutated to alanine (24). YAP-5SA mutants
were primarily localized to the nucleus, regardless of COPI subunit
depletion (SI Appendix, Fig. S4 C and D). However, COPA de-
pletion caused a small but statistically significant increase in the
number of cells with equivalent YAP distribution in the nucleus and
cytoplasm (SI Appendix, Fig. S4D). This result indicates that COPI
defects induce inhibitory YAP phosphorylation but may also pro-
mote YAP inhibition through other mechanisms.

Fig. 1. RNAi screening identifies Hippo-independent YAP regulators. (A) Schematic illustration of a genome-wide siRNA library screen to identify Hippo-
independent YAP regulators. (B) Automated image analysis for quantification of nuclear and cytoplasmic YAP immunofluorescence intensities. (C) A graph
showing the result of siRNA library screening. Nuclear YAP intensities in RPE1-LATS1/2 DKO cells were measured. Diamonds represent mean nuclear YAP
intensity after knockdown of each gene. (D) A graph showing mean values of the cytoplasmic/nuclear ratio of YAP intensity. Four groups of screen hits (I to IV)
were defined using three SDs as cutoff values. (E) A list of gene ontology enrichments found in each hit group. (F) Two clusters of associated hits identified by
an analysis of known physical or functional associations between all hits of the four screen hit groups.

19996 | www.pnas.org/cgi/doi/10.1073/pnas.1915387117 Kim et al.
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Next, we employed a kinome-wide RNAi library screen to
identify the kinase responsible for YAP phosphorylation in
LATS1/2-null cells (Dataset S3). We found several candidate
kinases whose knockdown in RPE1-LATS1/2 DKO cells sup-
pressed the YAP cytoplasmic sequestration due to cotransfected
ARCN1 siRNA (Fig. 4B). MAP2K3 showed the strongest effects
on the suppression of the ARCN1 knockdown phenotype and
thus was selected for further study. NDR2, which is already
known to phosphorylate YAP (25), was also identified by the
screen. Cotransfection of MAP2K3 siRNA with ARCN1 or
COPA siRNA resulted in a recovery of YAP nuclear enrichment
in RPE1-LATS1/2 DKO cells (Fig. 4 C and D). In addition,
depletion of MAP2K3 suppressed YAP phosphorylation at
Ser127 induced by ARCN1 or COPA knockdown in LATS1/2
DKO cells (Fig. 4E). Small increases in YAP Ser127 phosphor-
ylation in RPE1-LATS1/2 WT and MCF7-LATS1/2 DKO cells
after ARCN1 or COPA knockdown was also reversed by
cotransfection with MAP2K3 siRNAs (SI Appendix, Fig. S5 A
and B). YAP was coimmunoprecipitated with endogenous
MAP2K3 (Fig. 4F). An in vitro kinase assay showed that
MAP2K3 can directly phosphorylate YAP at Ser127 (Fig. 4G).
Moreover, overexpression of exogenous MAP2K3 increased
phosphorylation of YAP as well as its known target P38 MAPK
(SI Appendix, Fig. S5C). Reduction of YAP Ser127 phosphory-
lation after MAP2K3 knockdown was partially rescued by ex-
pression of siRNA-insensitive FLAG-MAP2K3 (SI Appendix,

Fig. S5D). ACRN1 or COPA knockdown caused a YAP protein
mobility shift in a gel containing phos-tag acrylamide, and the
shift was blocked by MAP2K3 coknockdown (SI Appendix, Fig.
S5E). YAP Ser94 phosphorylation was not clearly reduced by
MAP2K3 coknockdown (Fig. 4E). Phosphorylation at YAP
Ser397, a LATS target site mediating YAP degradation, was not
affected by COPI or MAP2K3 knockdown (SI Appendix, Fig.
S5F). These results together suggest that MAP2K3 is involved in
YAP inactivation in response to COPI function disturbances.
However, MAP2K3 does not appear to phosphorylate all LATS
target sites.
TAZ Ser89 phosphorylation was increased by ARCN1 or

COPA depletion, and the increase was suppressed by MAP2K3
coknockdown (SI Appendix, Fig. S5E). However, the reduction of
total TAZ levels was not rescued by MAP2K3 coknockdown
(Fig. 4E and SI Appendix, Fig. S5A). In addition, a TAZ protein
mobility shift was still observed in a phos-tag gel after MAP2K3
coknockdown (SI Appendix, Fig. S5E). It is likely that COPI
subunit depletion results in activation of multiple kinases, in-
cluding MAP2K3, which recognize TAZ.
NDR kinases, close homologs of LATS1/2, phosphorylate

YAP at Ser127 (25). We examined the relative contribution of
MAP2K3 and NDR kinases to YAP phosphorylation in LATS1/
2 DKO and WT cells. Coknockdown of NDR2 with ARCN1 or
COPA in RPE1-LATS1/2 DKO cells resulted in a reduction of
YAP Ser127 phosphorylation, whereas the effect of NDR1

Fig. 2. COPI subunit depletion leads to a decrease in YAP activity through cytoplasmic retention. (A) Immunofluorescence micrographs showing YAP lo-
calization in RPE1-LATS1/2 DKO cells transfected with the indicated siRNAs for 48 h. (B) Quantification of the experiment presented in A. Nuc, nuclear YAP
enrichment; Nuc+Cyto, equivalent YAP distribution in the nucleus and cytoplasm; and Cyto, cytoplasmic YAP retention. (C) Immunofluorescence micrographs
showing YAP localization in RPE1-LATS1/2 WT cells. (D) Quantification of the experiment presented in C. (E) qRT-PCR analysis of the expression of the YAP
target gene CTGF in RPE1-LATS1/2 DKO cells after transfection with the indicated siRNAs for 48 h. (F) qRT-PCR analysis of the expression of CTGF in RPE1-
LATS1/2 WT cells. (G) Luciferase reporter assay for YAP transcriptional activity measurement. RPE1-LATS1/2 DKO cells were transfected with the indicated
siRNAs for 24 h and then transfected with the 8xGTIIC reporter vector for 24 h before the analysis. (H) GSEA of microarray data demonstrating a down-
regulation of YAP signature genes in ARCN1-depleted RPE1-LATS1/2 WT cells. (I) A heatmap of down-regulated YAP signature genes in ARCN1-depleted
RPE1-LATS1/2 WT cells. (Scale bars: 20 μm [A and C].) (B and D–G) Error bars represent SEM; n = 3 independent experiments. *P < 0.05 and **P < 0.01 (t test).

Kim et al. PNAS | August 18, 2020 | vol. 117 | no. 33 | 19997

CE
LL

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
24

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915387117/-/DCSupplemental


www.manaraa.com

coknockdown was less obvious (SI Appendix, Fig. S6A). Com-
parison between MAP2K3 and NDR1/2 knockdown suggested
that MAP2K3 is a major kinase that is responsible for YAP
phosphorylation in LATS1/2 DKO background (SI Appendix,
Fig. S6B). We next tested whether MAP2K3 and NDR1/2 con-
tribute to YAP Ser127 phosphorylation in the absence of COPI
defects. Depletion of MAP2K3 and NDR1/2 did not noticeably
change YAP Ser127 phosphorylation in RPE1 LATS1/2
WT cells, confirming dominant activity of LATS1/2 in YAP
phosphorylation (SI Appendix, Fig. S6C). In RPE1 LATS1/2
DKO cells, depletion of MAP2K3 and NDR1/2 decreased YAP
Ser127 phosphorylation (SI Appendix, Fig. S6C). YAP phos-
phorylation levels were reduced by MAP2K3 knockdown in
MCF7-LATS1/2 WT cells as well as in MCF7-LATS1/2 DKO
cells (SI Appendix, Fig. S6C). Together with the small reduction
of YAP Ser127 phosphorylation in MCF7-LATS1/2 null cells (SI
Appendix, Fig. S2B), this suggests that LATS1/2 are not the
dominant regulators of YAP in MCF7 cells. In line with this idea,
MCF cells were less sensitive to the stimulations that modulate
the activities of the core Hippo kinases, such as confluency, se-
rum starvation, and actin disassembly (SI Appendix, Fig. S6 D
and E). However, sensitivity of MCF7 cells to cerevastatin
treatment, which affects YAP activity through RHO-GTPase,
was LATS1/2 dependent (SI Appendix, Fig. S6 D and E).
Depletion of COPA did not affect nuclear YAP accumulation

in HEK293A LATS1/2 DKO cells, whereas COPA knockdown

resulted in cytoplasmic sequestration of YAP in HEK293A
LATS1/2 WT cells (SI Appendix, Fig. S7A). Unexpectedly, YAP
Ser127 phosphorylation did not noticeably increase after COPA
knockdown in HEK293A LATS1/2 WT and DKO cells (SI Ap-
pendix, Fig. S7B). We speculate that Hippo-independent COPI
malfunction signal alone can inhibit YAP in RPE1 and MCF7
cells, but only noticeably affects YAP in HEK293A cells when
there is additional input from the Hippo pathway.

ER Stress Is Involved in YAP Inactivation Induced by COPI Subunit
Depletion. Next, we examined potential links between the COPI
complex and MAP2K3 for YAP activity regulation. COPI dys-
functions due to germline mutations in ARCN1 or COPA genes
have been shown to activate the ER stress pathway in human
COPA syndrome (16, 26). In addition, a previous study showed
that ER stress signaling can increase the level of YAP Ser127
phosphorylation through the induction of the GADD34/PPI
complex (27). First, we found that the disruption of the COPI
complex by ARCN1 or COPA knockdown promotes activating
phosphorylation on MAP2K3 (Fig. 5A). Quantitative increases
and mobility shifts of PERK, an ER stress sensor, were induced
by ARCN1 or COPA knockdown, indicating the activation of the
ER stress pathway (Fig. 5B and SI Appendix, Fig. S8A). The
transcription of GADD34 and ATF4, which are up-regulated
during the apoptotic phase of prolonged ER stress, also in-
creased after ARCN1 or COPA knockdown (SI Appendix, Fig.

Fig. 3. COPI subunit depletion decreases the viability of cancer cells that exhibit YAP dependency. (A) A graph showing relative survival of parental and
vemurafenib-resistant SKMEL28 cells after transfection with the indicated siRNAs. Viable cells were quantified using Cell Counting Kit-8. Viability of parental
and resistant cells transfected with control siRNA was set to 1. (B) Immunoblot analysis of the indicated proteins. Lysates of parental and vemurafenib-
resistant SKMEL28 cells transfected with the indicated siRNAs were analyzed. (C and D). Viable cells were quantified using Cell Counting Kit-8 after trans-
fection with the indicated siRNAs. Viability of each cell type transfected with control siRNA was set to 1. (E) Immunoblot analysis of cleaved Caspase 3 ex-
pression. (A, C and D) Error bars represent SEM; n = 3 independent experiments. **P < 0.01 (t test).
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S8B). Pharmacologic induction of ER stress using thapsigargin
or tunicamycin in RPE1-LATS1/2 DKO cells promoted
MAP2K3 activation and YAP phosphorylation at Ser127
(Fig. 5C). Protein levels of GADD34 and phospho-P38 MAPK
also increased after drug treatment (Fig. 5C). Analysis of pub-
licly available microarray data (28) showed that tunicamycin
treatment decreases the expression of YAP signature genes in
mouse liver tissues (Fig. 5D). Prolonged ER stress is known to
induce apoptosis by activating ASK1 (also called MAP3K5), and
ASK1 induces P38 signaling through activation of downstream
MAP kinase kinases, including MAP2K3 (29, 30). Thus, we
tested the involvement of ASK1 in the regulation of YAP. De-
pletion of COPA promoted activating ASK1 phosphorylation,
and ASK1 coknockdown reversed the increased MAP2K3 and
YAP phosphorylation (Fig. 5E). Moreover, tunicamycin treat-
ment increased ASK1 phosphorylation, and depletion of ASK1
reversed YAP Ser127 phosphorylation induced by tunicamycin
(Fig. 5F). MAP2K3 or ASK1 knockdown blocked ER stress-
mediated cytoplasmic retention of YAP in LATS1/2-DKO cells
(Fig. 5G). These results together suggest that ER stress signaling
is involved in the regulation of YAP activity through the COPI-
MAP2K3 pathway.
We next tested whether P38 is involved in YAP regulation by

MAP2K3 in the LATS1/2 DKO context. Treatment of cells with
the P38 inhibitor SB203580 did not affect the YAP cytoplasmic
sequestration due to ARCN1 and COPA knockdown (SI

Appendix, Fig. S9A). In addition, SB203580 treatment did not
show a notable influence on the level of YAP Ser127 phos-
phorylation (SI Appendix, Fig. S9B). Elevation of P38 phos-
phorylation after SB203580 treatment is likely to be ascribed by
release of the negative feedback regulation of P38 phosphory-
lation. P38 has been reported to sequester TEADs to the cyto-
plasm to repress the YAP-TEAD activity (31). However, TEAD
cytoplasmic sequestration was not observed in cells depleted of
COPI subunits and MAP2K3 (SI Appendix, Fig. S9C). AMPK
has been shown to directly phosphorylate YAP in a Hippo-
independent manner and is also involved in the modulation of
the ER stress pathway (9, 32). We observed an elevation of
phospho-AMPK levels after ARCN1 or COPA knockdown (SI
Appendix, Fig. S10A). In addition, COPI depletion-mediated
Ser94 phosphorylation was reversed by treatment of the
AMPK inhibitor dorsomorphin in LATS-DKO RPE1 cells (SI
Appendix, Fig. S10B). However, dorsomorphin treatment did not
significantly decrease YAP Ser127 phosphorylation. These re-
sults support the idea that MAP2K3 is responsible mainly for the
phosphorylation of YAP Ser127 in LATS1/2 DKO cells.

Inhibition of COPA or YAP Promotes the Expression of PTGS2 and
Proinflammatory Cytokines. COPA syndrome is characterized by
inflammation and immune dysregulation that appear in child-
hood in multiple systems of the body, including the lungs (16).
To investigate the effect of COPA depletion on the lung

Fig. 4. MAP2K3 may mediate YAP Ser127 phosphorylation induced by COPI subunit depletion. (A) Immunoblot analysis of the indicated proteins. RPE1-
LATS1/2 DKO and WT cells transfected with ARCN1 or COPA siRNAs were analyzed. (B) A graph showing the result of a kinome siRNA library screen. RPE1-
LATS1/2 DKO cells were cotransfected with ARCN1 siRNA and human kinome siRNA library, and the mean cytoplasmic/nuclear ratio of YAP intensity was
plotted. (C) Immunofluorescence micrographs showing YAP localization in RPE1-LATS1/2 DKO cells transfected with the indicated siRNAs for 48 h. (Scale bar,
20 μm.) (D) Quantification of the experiment presented in C. Error bars represent SEM (n = 3 independent experiments). **P < 0.01 (t test). (E) Immunoblot
analysis of the indicated proteins. RPE1-LATS1/2 DKO cells transfected with the indicated siRNA pairs were analyzed. (F) Immunoprecipitation analysis
showing the interaction between endogenous MAP2K3 and YAP. (G) In vitro kinase assay showing YAP Ser127 phosphorylation by MAP2K3.
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epithelium, we performed liposome-based siRNA delivery to
mouse airways at postnatal day 8 by intranasal inhalation (33, 34).
Enhanced green fluorescent protein plasmid (pEGFP) vector was
introduced along with siRNAs to mark the region where siRNAs
were delivered. EGFP fluorescence was observed in some regions
of bronchi and bronchioles 3 d after the administration of siRNA/
pEGFP-loaded liposomes. We focused on EGFP+ bronchioles
with a diameter of 50 to 100 μm. Reduction of Copa protein levels
after Copa siRNA transfection in cultured mouse cells and
EGFP+ mouse bronchioles was confirmed by immunoblot analysis
and immunofluorescence staining, respectively (SI Appendix, Fig.

S11 A and B). Administration of Copa siRNA/pEGFP-loaded li-
posomes increased the number of F4/80+ macrophages around
EGFP+ bronchioles, indicating that Copa depletion induced lung
inflammation (Fig. 6 A and B). No apparent nuclear enrichment
of YAP in EGFP+ bronchiole cells was observed in both control
and Copa siRNA groups. A recent study showed that YAP and
TAZ are required for the regeneration of damaged alveolar epi-
thelium and the resolution of lung inflammation (35). To induce
acute lung damage, cholera toxin was administered with siRNA/
pEGFP-loaded liposomes. Under this condition, fractions of EGFP+

bronchiole cells treated with control siRNA showed nuclear Yap

Fig. 5. COPI disturbances can inhibit YAP through the induction of persistent ER stress. (A) Immunoblot analysis of MAP2K3 phosphorylation in ARCN1 or
COPA-depleted RPE1-LATS1/2 DKO cells. (B) Immunoblot analysis of ER stress markers in RPE1-LATS1/2 DKO cells transfected with the indicated siRNAs. (C)
Immunoblot analysis of the indicated proteins in RPE1-LATS1/2 DKO cells treated with the indicated chemicals for 12 h. (D) GSEA analysis of published
microarray data (GSE48935) demonstrating a down-regulation of YAP signature genes in liver tissue of C57B6 mice after intraperitoneal injection of tuni-
camycin. (E) Immunoblot analysis of the indicated proteins. RPE1-LATS1/2 DKO cells transfected with the indicated siRNA pairs were analyzed. (F) Immunoblot
analysis of the indicated proteins in RPE1-LATS1/2 DKO cells. Cells were transfected with the siRNAs for 72 h and the chemicals were added 18 h before lysis.
(G) Immunofluorescence micrographs showing YAP localization in RPE1-LATS1/2 DKO cells treated with the indicated siRNAs and chemicals. (Scale bar, 20 μm.)
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enrichment (Fig. 6C). Importantly, the percentage of cells exhibiting
nuclear Yap enrichment was reduced by Copa siRNA transfection
(Fig. 6 C and D). These results suggest that Yap activation for lung
regeneration does not occur in Copa-deficient conditions.
ER stress signaling can induce inflammation through up-

regulation of proinflammatory cytokines such as IL1B and IL6
(16, 36). Knockdown of ARCN1 resulted in up-regulation of
proinflammatory cytokines and the potent inflammatory medi-
ator PTGS2 (also known as COX2) as well as the ER stress
pathway molecules HSPA5 and ATF4 (SI Appendix, Fig. S12A).
COPA depletion also induced the expression of proinflammatory
cytokines (Fig. 6E). Moreover, the expression of proin-
flammatory cytokines was increased by YAP/TAZ knockdown
(Fig. 6E), suggesting that YAP/TAZ inactivation contributes to
proinflammatory cytokine production that occurs in response to
COPI deficiencies. We revisited the gene expression data of our
previous study (23) and found that, among the inflammatory
genes up-regulated by ARCN1/COPA-depletion, PTGS2 was
consistently increased by knockdown of YAP/TAZ in melanoma
cells (SI Appendix, Fig. S12B). We further examined the regu-
lation of PTGS2 expression. Immunoblot analysis demonstrated
up-regulation of PTGS2 protein levels in RPE1 and SKMEL28
cells after ARCN1 or COPA knockdown (SI Appendix, Fig.
S12C). Depletion of YAP/TAZ increased PTGS2 messenger
RNA (mRNA) and protein levels in RPE1, SKMEL28, and
A549 cells (Fig. 6 F and G). By contrast, transfection of consti-
tutively active YAP constructs decreased PTGS2 mRNA and
protein levels (SI Appendix, Fig. S12 D and E) (37). These results
indicate that PTGS2 expression is suppressed by YAP/TAZ ac-
tivity. To test whether YAP acts as a repressor of PTGS2 tran-
scription, we examined the PTGS2 promoter region. Six YAP/
TEAD-binding sequences (CATTCC) (3) were located in the
PTGS2 promoter (SI Appendix, Fig. S12F). The promoter se-
quence from −2 kb upstream to the transcription start site was
inserted into a luciferase reporter vector (SI Appendix, Fig.
S12G). PTGS2 promoter-driven reporter activity was signifi-
cantly increased by YAP/TAZ knockdown (SI Appendix, Fig.
S12H). Taken together, these results suggest that YAP inhibit
proinflammatory gene expression and that YAP inactivation can
exacerbate lung damage from COPA-related inflammation.

Discussion
Recent studies have reported important roles of YAP/TAZ in
tumor stem-like properties, drug resistance, and lymph node or
blood-borne metastasis in human cancers (2, 8, 12, 13, 38). Ge-
netic or epigenetic silencing of core Hippo components has been
identified across human cancers (12, 14). Effective and selective
agents that activate Hippo kinases in cancer have not yet been
developed. Thus, there have been research efforts to find Hippo-
independent positive regulators of YAP/TAZ as a drug target
whose inhibition can exert an anticancer effect. Gene silencing
with specific siRNAs has facilitated genome-level phenotypic
analysis. In the present study, we performed a genome-wide RNAi
screen to systematically search for novel Hippo-independent YAP
regulators. We found that interruption of the COPI vesicle-trafficking
pathway can attenuate the activity of YAP/TAZ through the function
of MAP2K3, a dual specific kinase activated by environmental stress.
Our study also suggests that there are a number of kinases that can
provide regulatory inputs to YAP in response to cellular stresses in
the absence of LATS1/2 (Fig. 4B).
COPI subunits are constitutive housekeeping genes that play

an essential role in membrane-related cellular functions, including
vesicle transport and nuclear envelope maintenance. Thus, it is
surprising that COPI addiction is induced by oncogenic KRAS
together with loss of LKB1 or AMPK in non–small-cell-lung-
cancer cell lines (39). We found that the COPI complex is required
for maintaining high levels of EGFR and c-MYC in vemurafenib-
resistant melanoma cells in which YAP is activated. Moreover,

multiple YAP-dependent cancer cells showed a high dependence on
intact COPI function for survival. Upon energy stress, LKB1-AMPK
inhibits YAP activity by phosphorylating Ser94 residue (9). We
speculate that YAP addiction is associated with COPI addiction
in cancers exhibiting loss of LKB1/AMPK activity. Our study
provides a series of evidence suggesting that ER stress is involved
in YAP inactivation due to COPI function disturbances. First,
COPI subunit depletion resulted in up-regulation of several ER
stress markers. Second, pharmacologic induction of ER stress, as
well as COPI subunit depletion, promoted activating MAP2K3
phosphorylation and YAP Ser127 phosphorylation. Third, de-
pletion of MAP2K3 or ASK1 prevented ER stress-induced YAP
Ser127 phosphorylation. In addition, depletion of MAP2K3 or
ASK1 reversed ER stress-mediated cytoplasmic sequestration of
YAP. Based on these results we propose the following mecha-
nism: COPI disturbance → prolonged ER stress → ASK1 acti-
vation→MAP2K3 activation→ YAP inactivation. This inhibitory
mechanism may be important to prevent YAP from interfering
with the process by which persistent and severe ER stress induces
cell death.
Although our study demonstrates the therapeutic utility of

targeting ARCN1 or COPA in YAP-dependent cancer cells, it
should be noted that the ER stress response pathway is also
known to promote cancer development (40). Thus, it is impor-
tant to find cancer types in which COPI inhibition has an optimal
anticancer effect. Developing chemical inhibitors specific for the
COPI complex would be also critical.
ER stress is a major contributor to inflammatory human dis-

eases, such as rheumatoid arthritis and nonalcoholic fatty liver
disease (41–43). Inflammatory arthritis and interstitial lung dis-
ease in COPA syndrome are also associated with ER stress (16).
In this study, we show that persistent inflammation and lung
damage from COPA-related ER stress are likely to be promoted
by YAP inactivation and consequent PTGS2 up-regulation.
PTGS2 is a therapeutic target of nonsteroidal antiinflammatory
drugs, which are widely used in the clinic to inhibit the inflam-
matory process (44). Further research is needed to understand
the specific role of YAP inactivation and PTGS2 up-regulation
in COPA syndrome and other inflammatory diseases. In con-
clusion, this study provides a regulatory link between COPI, ER
stress, and YAP.

Materials and Methods
For detailed materials and methods, see SI Appendix.

Cell Culture and siRNA Transfection. Human RPE1, MCF7, SKMEL28, HEK293T,
and A549 cells andmouse IMCD3 cells were acquired from the American Type
Culture Collection. MSTO-211H, 92.1, H2373, and OCM1 cells were a gift
from Hyun Woo Park, Yonsei University, Seoul. LATS1/2 DKO HEK293A cells
established by the laboratory of Kun-Liang Guan, University of California,
San Diego, were acquired through Hyun Woo Park. Large frozen cell stocks
were created to prevent contamination by other cell lines. All cell lines were
used within 10 passages after being revived from the frozen stocks. Cells
were free of Mycoplasma contamination as determined by staining cells
with DAPI every two or three passages. siRNA transfection was performed
with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s
instructions. AllStars Negative Control siRNA (Qiagen) was used as a control
siRNA. The sequence of siRNAs used in this study is provided in SI Appendix,
Table S1.

Genome-Wide siRNA Screen.Ahumanwhole-genome siRNA library (ON-TARGETplus,
Dharmacon) was used in this study. Four different siRNAs targeting 18,055
human genes were spotted as a pool on 384-well plates (CELLSTAR, Greiner)
using the BioMEK FX Laboratory Automation Workstation (Beckman Coulter).
Anti-YAP immunofluorescence images were acquired using the Opera QEHS
confocal microscope (Perkin-Elmer) and were transferred to the Columbus
Database (Perkin-Elmer) for storage and further analysis. Nuclear and cyto-
plasmic YAP immunofluorescence intensity were analyzed by CellProfiler
software (Broad Institute).
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Fig. 6. Inflammation of the mouse bronchial epithelium due to Copa knockdown is accompanied by Yap inactivation, which can cause PTGS2 up-regulation.
(A) Liposomes loaded with siRNA and pEGFP were delivered to the neonatal mouse lungs by intranasal inhalation. After 3 d, the inflammatory response was
evaluated based on the increase in the number of macrophages labeled with anti-F4/80 antibody. (B) Quantification of the experiment presented in A. F4/80+

cells in the 0.12-mm2 area around EGFP+ bronchioles were counted. Error bars represent SEM (n = 14 independent fields from two mice per group). (C)
Cholera toxin was administered with siRNA/pEGFP-loaded liposomes. After 3 d, Yap activity was evaluated by immunofluorescence staining. (D) Quantifi-
cation of the experiment presented in C (n = 20 bronchiole sections from four mice per group). (E) qRT-PCR analysis of the expression of proinflammatory
cytokines in PRE1 cells after transfection with the indicated siRNAs for 48 h. (F) qRT-PCR analysis of the expression of PTGS2 in the indicated cell lines after
cotransfection with YAP and TAZ siRNAs. (G) Immunoblot analysis for the expression of the indicated proteins. Error bars in E and F represent SEM (n = 3
independent experiments). *P < 0.05, **P < 0.01, and ***P < 0.001 (t test). (Scale bars: 50 μm [A and C, Top] and 10 μm [C, second panel].)
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Intranasal Delivery of siRNA-Loaded Liposomes. The animal care and experi-
mental procedures used in this study were approved by the Institutional
Animal Care and Use Committee at the Korea Advanced Institute of Science
and Technology (KA2019-26). Invivofectaime 3.0 (Thermofisher) and lip-
ofectamine 3000 (Thermofisher) were complexed with siRNA and pEGFP
plasmid, respectively, according to the manufacturer’s instruction. Lipo-
somes loaded with siRNA and pEGFP were mixed together before delivery.
Female CD-1 mice with neonates were purchased from OrientBio in Korea,
and neonates were used for the experiment at postnatal day 8. Under mild
anesthesia by isoflurane inhalation, the head of the mouse was manually
restrained, and droplets of the liposome-formulated siRNA/pEGFP mixture
were slowly administered to the nostril (1 μg siRNA and 0.2 μg plasmid in
5 μL of volume per mouse). At 72 h post administration, the mice were
euthanized and lung sections were prepared.

Quantification and Statistical Analysis. Quantification of YAP localization in
immunofluorescence images was performed by inspecting at least 150 to 200
cells stained with anti-YAP immunofluorescence. Confluence and cell clumps

were avoided in quantification. YAP localization in immunofluorescence
images was classified into three categories: nuclear (higher nuclear intensity
than cytoplasmic intensity), nucleocytoplasmic (equal intensity of nucleus
and cytoplasm), and cytoplasmic (higher cytoplasmic intensity than nuclear
intensity). Data analysis was performed using GraphPad Prism version 6. For
quantification of immunostaining in the mouse lung section, 7 to 10 images
(200×) per mouse and 2 to 4 mice per condition were analyzed. All tests
were two-tailed t test, and P < 0.05 was considered to indicate statistical
significance.

Data Availability. All data are included in the paper and Datasets S1–S3.
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