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RNF214 is an understudied ubiquitin ligase with little knowledge of its biolo-
gical functions or protein substrates. Here we show that the TEAD transcrip-
tion factors in the Hippo pathway are substrates of RNF214. RNF214 induces
non-proteolytic ubiquitylation at a conserved lysine residue of TEADs,
enhances interactions between TEADs and YAP, and promotes transactivation
of the downstream genes of the Hippo signaling. Moreover, YAP and TAZ
could bind polyubiquitin chains, implying the underlying mechanisms by
which RNF214 regulates the Hippo pathway. Furthermore, RNF214 is over-
expressed in hepatocellular carcinoma (HCC) and inversely correlates with
differentiation status and patient survival. Consistently, RNF214 promotes
tumor cell proliferation, migration, and invasion, and HCC tumorigenesis in
mice. Collectively, our data reveal RNF214 as a critical component in the Hippo
pathway by forming a signaling axis of RNF214-TEAD-YAP and suggest that
RNF214 is an oncogene of HCC and could be a potential drug target of HCC
therapy.

Ubiquitin is a small signaling protein that can be conjugated to
its protein substrates. This process, so called ubiquitylation or
ubiquitination, is one of the major protein posttranslational mod-
ifications in eukaryotes. The ubiquitylation reaction is sequentially
catalyzed by a ubiquitin activating enzyme (E1), a ubiquitin

conjugating enzyme (E2) and a ubiquitin ligase (E3)'. Thus far,
at least 43948 ubiquitylation sites from over 14692 ubiquitylated
proteins have been detected experimentally in humans?
implying that ubiquitylation is related to complex biological
processes.
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The ubiquitin machinery can conjugate not only a single ubi-
quitin, but also polyubiquitin chains on its target proteins. Poly-
ubiquitin chains are synthesized by forming an isopeptide bond
between the C-terminal glycine residue in the donor ubiquitin
(Gly76) and the e-amino group of a lysine residue or the amino group
of the N-terminal methionine residue in the acceptor ubiquitin'.
Ubiquitin contains seven lysine residues, therefore, at least eight
kinds of polyubiquitin chains could be synthesized by the ubiqui-
tylation machinery. Moreover, mixed and branched polyubiquitin
chains have been reported as well'. The specific linkages of poly-
ubiquitin chains function as “ubiquitin codes” to determine diverse
outcomes of ubiquitylated substrates®. Certain polyubiquitin chains,
such as lysine-11 (K11), lysine-48 (K48) and branched ones often drive
protein degradation via the 26S proteasome’. Indeed, the ubiquitin-
proteasome system is the major cellular machinery selectively
degrading short-lived or unwanted proteins in eukaryotic cells.
Howbeit, proteolysis is not the only fate of ubiquitylated proteins.
The polyubiquitin chains conjugated via the lysine-63 (K63) or
N-terminal methionine (M1) residue of ubiquitin are usually not
signals for protein turnover'. Instead, these non-proteolytic poly-
ubiquitin chains often cause localization changes or functional
alterations of protein substrates. Because of the complexity of ubi-
quitin codes, protein ubiquitylation regulates virtually every aspect
of cellular activities and human health. Dysregulation of ubiquity-
lation is often linked to many human diseases, including cancer,
autoimmune, neurodegenerative and viral diseases* .

Ubiquitylation is a very specific process and the substrate speci-
ficity is mainly determined by ubiquitin ligases. Human genome
encodes over 600 ubiquitin ligases which contains either a RING finger
or a HECT domain’. They could ubiquitylate many human proteins,
including components of various signaling pathways>“%.

The Hippo pathway was first discovered in Drosophila melano-
gaster via genetic screens to look for genetic mutations leading to
overgrowth phenotypes®’°. Nowadays, it is clear that the key com-
ponents of the Hippo pathway are highly conserved from Drosophila
to human, including MST1/2 and LATS1/2, two pairs of upstream
kinases; YAP and TAZ, two downstream effectors and transcription
coactivators; and the TEAD family of transcription factors’". These
core players and additional factors coordinate with each other to
regulate the transcription of Hippo target genes which controls
organ size, cell proliferation, survival, and pathophysiological
events”. The Hippo pathway is also mediated by several types of
protein modifications, including acetylation, methylation, phos-
phorylation, and ubiquitylation'®?. Protein ubiquitylation has been
shown to control the Hippo pathway by regulating protein stability
or changing localization of several core proteins, such as YAP/TAZ,
LATS1/2, MOBI1, and MST1/2?°*!, but no evidence has been found
that ubiquitylation can regulate transcription activities of the Hippo-
related transcription factors, and no biological significance of ubi-
quitylation has been characterized for TEAD proteins, although a
few ubiquitylation sites were identified in TEAD1, TEAD2, and
TEAD42%,

Here we report that RNF214, a RING finger-containing ubiquitin
ligase whose biological functions were poorly characterized, ubiqui-
tylates the TEAD transcription factors at their C-terminal YAP binding
domains (YBD) without affecting their protein stability or localization.
Instead, RNF214 enhances the interactions between TEADs and YAP/
TAZ via the recognition of polyubiquitin chains by YAP/TAZ, therefore
increasing the expression levels of Hippo target genes mediated by
YAP and TEADs. Moreover, we find that RNF214 is overexpressed in
hepatocellular carcinoma (HCC) and promotes HCC tumorigenesis via
the Hippo pathway as an oncogene. Our work uncovers a critical
mechanism regulating the downstream transcription network of the
Hippo pathway by formation of a unique RNF214-TEAD-YAP signal-
ing axis.

Results

RNF214 interacts with the TEAD transcription factors

RNF214 is a ubiquitin ligase of the RING finger family and an under-
studied protein whose biological roles were less characterized. RNF214
is localized in both the cytoplasm and the nucleus (Supplementary
Fig. 1a). To figure out the functions of RNF214, we created Rnf214
knockout mice and generated Rnf214 knockout (Rnf2147") mouse
embryonic fibroblast cells (MEFs). CCK8 assays showcased that both
the Rnf214”" and the Rnf214"" MEFs proliferated significantly slower
than the Rnf214”* MEFs, whereas the Rnf2147~ MEFs grew the slowest
(Fig. 1a). These results implied the function of RNF214 is probably
associated with cell proliferative processes.

To determine biological functions of RNF214, it is critical to
identify its interacting proteins and ubiquitylation substrates at first.
Considering that ubiquitin ligases usually stay with their protein sub-
strates transiently, we established an APEX proximity labeling strategy
coupled with mass spectrometry*** to identify interacting proteins of
RNF214. In this approach, we first fused an engineered ascorbate
peroxidase (APEX2) to either N-terminus or C-terminus of RNF214,
expressed these two fusion proteins in HLF, an HCC cell line, near the
endogenous level (Supplementary Fig. 1b, c), and generated short-
lived radicals around the APEX2-RNF214 fusion proteins to label biotin
on nearby interactive proteins by adding hydrogen peroxide (H,0,)
and biotin-phenol (also called biotin-tyramide) transiently. Biotiny-
lated proteins were then isolated using Streptavidin resin for protein
identification by mass spectrometry (Fig. 1b). Based on this procedure,
we identified 511 potential interactors of RNF214 common to both
N-terminal and C-terminal labeling (Fig. 1c). The KEGG pathway
enrichment analysis revealed the Hippo pathway as the most promi-
nent pathway to interact with RNF214 (Fig. 1d). Notably, all four human
TEAD proteins, which are the final transcription factors of the Hippo
pathway®, were on the top of the list among potential interactors of
RNF214 (Fig. 1d).

Next, we confirmed the interaction between RNF214 and TEAD1
using a reciprocal co-immunoprecipitation method (co-IP) after co-
expressing Flag-RNF214 and Myc-TEADI in HEK293T cells (Fig. 1e).
Similar interactions were observed between a Flag-tagged RNF214 and
HA-tagged TEAD3 (Fig. 1f) or TEAD4 (Fig. 1g) or between a Myc-tagged
RNF214 and Flag-TEAD2 (Supplementary Fig. 1d). In addition, Flag-
tagged RNF214 was copurified with endogenous pan-TEAD and TEAD2
in HEK293A cells (Fig. 1h and Supplementary Fig. 1e) or Hep3b cells
(Supplementary Fig. 1f). More significantly, endogenous RNF214 could
interact with endogenous TEAD2 in Hep3b cells (Fig. 1i) and HLF cells
(Supplementary Fig. 1g).

To determine the direct interactions between RNF214 and TEADs,
we first purified GST-tagged TEAD1 (GST-TEADI) recombinant proteins
using a bacteria expression system (Supplementary Fig. 1h) and Strep-
tagged RNF214 (Strep-RNF214) using the baculovirus-insect cell
expression system (Supplementary Fig. 1i), and then performed a GST
pulldown assay using these purified recombinant proteins (Fig. 1j).
Indeed, GST-TEADI interacts with Strep-RNF214 directly. Taken toge-
ther, these results established potential roles of RNF214 in the Hippo
pathway.

RNF214 enhances Hippo-regulated transcription

Since RNF214 associates with multiple downstream transcription fac-
tors of the Hippo pathway, we decided to determine whether RNF214 is
involved in regulating the expression levels of genes targeted by the
Hippo signaling. We first knocked down RNF214 using small inter-
ference RNA (siRNA) in Hep3b cells and noticed that mRNA levels of
three target genes, including ANKRDI1, CTGF, and CYRé1, of the TEAD
transcription factors were significantly reduced in RNF214-knockdown
cells (Fig. 2a and Supplementary Fig. 2a). Expressing an siRNA-resistant
RNF214 cDNA reinstituted mRNA levels of these three genes, especially
CTGF and CYRé61, excluding any potential off-target issues of siRNA
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Fig. 1| RNF214 interacts with the TEAD transcription factors. a Cell proliferation
assay of Rnf214 +/+, +/- and —/— MEFs. The cell viability of MEF cells was quantified
by CCK8 assay. b Schema showing APEX2-catalyzed biotinylation. APEX2 (orange)
was fused at the N-terminus or C-terminus of RNF214 (blue). Live cells were incu-
bated with biotin-phenol and H,0; to initiate biotinylation. APEX2 catalyzes one-
electron oxidation of biotin-phenol into a biotin-phenoxyl radical, which covalently
tags proximal endogenous proteins (green). Biotin-labeled proteins (red B = biotin)
were enriched by Streptavidin beads and then subjected to mass spectrometry
analysis. c Silver staining of the biotinylated proteins. The negative control with
APEX2 omitted, was also treated with biotin-phenol and H,0,. Three major bands in
the negative group corresponded to endogenous biotinylated proteins. Venn dia-
gram illustrated the number of proteins identified using mass spectrometry.

d Barplot of the KEGG pathway enrichment analysis. The Hippo pathway was sig-
nificantly enriched and all four TEAD transcription factors were on the top list.

P value was calculated through Chi-Squared test and the red dotted line means

ponceau s.
staining

p <0.05. e-g RNF214 interacts with TEAD1, TEAD3 and TEAD4. HEK293T cells were
transfected with Flag-RNF214 and Myc-TEAD1, HA-TEAD3 or HA-TEAD4, and reci-
procal co-IP was performed using indicated antibodies in the figures. 0.1% input
meant 0.1% of whole cell lysates which were used for IP. h Flag-RNF214 interacts
with endogenous pan-TEAD and TEAD2. Flag-RNF214 was expressed in HEK293A
cells which were then treated with 1 pM nocodazole for 15 min. “*” indicates non-
specific band. i Endogenous TEAD2 interacts with RNF214. RNF214 was immuno-
precipitated by home-made RNF214 antibody (J044) from Hep3b cells which were
treated with 1 uM nocodazole for 15 min in advance. IgG antibody was used as the
negative control. j TEADI directly interacts with RNF214 in vitro. GST was used as a
negative control. “*” indicates RNF214 isoform2, which lacks 52-206 amino acids in
the N-terminus. Data are presented as mean + SD, and P values were calculated
using two-sided unpaired Student’s t-test from 3 biologically independent samples
(a). Experiments in figures (c, e-j) were repeated twice. Source data are provided as
a Source Data file.
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(Fig. 2a and Supplementary Fig. 2a). Of note, the ANKRDI mRNA level
was not back to basal level after cDNA rescue of RNF214, suggesting
there might be other regulatory mechanisms which are still poorly
characterized. We also reconfirmed these results by knocking down
RNF214 in Huh7, another HCC cell line (Fig. 2b and Supplementary
Fig. 2b). More significantly, we isolated two pairs of MEF cells from two
litters independently and noticed that ANKRD1 and CTGF were
downregulated in Rnf214”~ MEFs (Supplementary Fig. 2c).

Serum is a stimulating signal for YAP/TAZ activity and regulation
of Hippo target genes”. Indeed, the expression of the three target
genes mentioned above was blocked following serum starvation in
HEK293A cells, and addition of serum resulted in their transcriptional
enhancement as previously reported”® (Fig. 2c). Silencing RNF214

inhibited the enhanced expression of these three genes observed after
serum stimulation (Fig. 2c). Besides, we reconfirmed these results in
Rnf214”~ MEFs (Fig. 2d), further indicating that RNF214 participates in
regulating expression of Hippo target genes.

Since RNF214 is prominent for the expression of CTGF, a bona fide
transcription target of the TEAD transcription factors in the Hippo
pathway*, we performed a dual luciferase assay using the CTGF pro-
moter to control the expression of the firefly luciferase in
HEK293T cells. While TEAD2 alone only produced a small quantity of
luciferase activities, co-expressing YAP made a big increase in lucifer-
ase activities. Moreover, adding different quantities of Flag-RNF214
further enhanced luciferase activities proportionally (Fig. 2e). Con-
sistently, Flag-RNF214 magnified both TEAD1 and TEAD3-induced
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Fig. 2 | RNF214 augments Hippo-regulated transcription. a mRNA analysis of
TEADs target genes in RNF214-knockdown Hep3b cells. An siRNA-resistant cDNA of
RNF214 resumed the mRNA levels of three target genes in RNF214-silenced cells.
b mRNA analysis of TEADs target genes in Huh7 cells with RNF214 knockdown.

¢ Serum induces ANKRD1, CTGF and CYR®1 transcription. HEK293A cells were
transfected with siRNF214, starved in serum-free medium for 12 h and then stimu-
lated with 10% serum for the indicated time. d Rnf214”~ MEFs show low activity of
serum induced-TEAD transcription. MEF cells were starved in serum-free medium
for 12 h and then stimulated with 10% serum. “*” indicates non-specific band.

e CTGF-luciferase reporter assay. HEK293T cells were co-transfected with the
reporter system along with the increasing amounts of Flag-RNF214 (0, 100, 200, or
400 ng). f Gal4-TEAD4/9xUAS-luciferase reporter assay. The transcriptional activ-
ities of YAP-TEAD4 were measured based on YAP'’s ability to co-activate the Gal4
DNA binding domain fused to TEAD4 (Gal4-TEAD4) on the 9xUAS-luciferase
reporter. Increasing amounts of Flag-RNF214 (0, 100, 200 or 400 ng) were co-

transfected into the HEK293T cells with the reporter system. g Schematic diagram
of RNF214 domains. h, i RNF214 enhances TEADs transcriptional activities
depending on its ubiquitin ligase activity. h HEK293T cells were transfected with
Flag-RNF214 wild type (WT) or RING finger deletion mutant (RD) along with Gal4-
TEAD4/9xUAS-luciferase. Western blotting was employed to verify expression
consistency between WT and RD RNF214. i An siRNA-resistant cDNA of RNF214 RD
mutant was stably introduced into Huh7 cells and then endogenous RNF214 was
knocked down. j, k The coiled-coil domain of RNF214 is essential for its effect.

j HEK293T cells were transfected with Flag-RNF214 WT or the coiled-coil deletion
mutant (CCD) along with Gal4-TEAD4/9xUAS-luciferase. k An siRNA-resistant cDNA
of RNF214 CCD mutant was stably delivered into Huh7 cells and then endogenous
RNF214 was knocked down. Data are presented as mean + SD. P values were cal-
culated using two-sided unpaired Student’s ¢ test; n =3 biologically independent
samples in experiments (a, b, e, f, h-k). Experiments in figures (c, d) were repeated
twice. Source data are provided as a Source Data file.

CTGF-luciferase activities (Supplementary Fig. 2d), suggesting that
RNF214 increases transcription activities of TEADs as a whole. We also
employed the Gal4-TEAD4/9xUAS luciferase reporter assay****. Co-
expressing Gal4-TEAD4 and YAP produced some luciferase activities,
but adding Flag-RNF214 further augmented luciferase activities sig-
nificantly (Fig. 2f). Of note, the enhancement of luciferase activities was
proportional to the expression level of Flag-RNF214 (Fig. 2f). All
together, these data demonstrated that RNF214 works together with
the TEAD transcription factors to control the expression of down-
stream target genes of the Hippo pathway.

RNF214 is a family member of the RING finger ubiquitin ligases
(Fig. 2g). Therefore, we created an RNF214 mutant with its RING finger
domain deleted (RD). Unlike the wild-type RNF214, the RD mutant
behaved like the transfection control in the Gal4-TEAD4/9xUAS luci-
ferase assay when overexpressed in HEK293T cells (Fig. 2h). It also
could not reinstate the expressions of ANKRD1, CTGF, and CYR61 when
introduced into RNF214 knockdown Huh7 cells (Fig. 2i and Supple-
mentary Fig. 2e), verifying the critical role of RNF214 as a ubiquitin
ligase in the Hippo pathway. Beside the RING finger domain at its C-
terminus, RNF214 contains a coiled-coil domain (Fig. 2g). We then
constructed an RNF214 mutant with its coiled-coil domain removed
(CCD), and showcased that this CCD mutant was incapable of rescuing
the phenotypes of siRNF214 in both luciferase assay (Fig. 2j), and
expression analysis (Fig. 2k and Supplementary Fig. 2f). The coiled-coil
domain is often involved in protein-protein interactions, especially
self-oligomerization of proteins harboring it*. Thus, we speculated
that the coiled-coil domain is used for RNF214’s oligomerization which
is usually employed as a mechanism to activate certain ubiquitin
ligases’***' (Supplementary Fig. 2g). We then made both HA-tagged
and Flag-tagged RNF214, and found RNF214 did self-associate with
each other (Supplementary Fig. 2h). More importantly, this self-
interaction depends on its coiled-coil domain (Supplementary Fig. 2i).
These data might explain the reason why the CCD mutant couldn’t
rescue the siRNF214 phenotypes, implying a potential mechanism by
which the coiled-coil domain functions in RNF214 activation.

RNF214 promotes nonproteolytic polyubiquitylation of TEADs

RNF214 is a RING finger-containing ubiquitin ligase. As far as we know,
no substrate has been identified for RNF214 yet. Having figured out
that RNF214 interacts with the TEAD transcription factors and the RING
finger domain of RNF214 is important for TEAD-regulated transcrip-
tion, we decided next to determine whether RNF214 could
ubiquitylate TEADs.

Firstly, we co-expressed HA-tagged ubiquitin (HA-Ub) and Flag-
tagged TEAD2 or TEAD3 in HEK293T cells, and then employed anti-Flag
antibody resins to immunoprecipitate Flag-TEAD2 (Fig. 3a) or Flag-
TEAD3 (Fig. 3b). Anti-HA Western blotting showed both Flag-TEAD2
(Fig. 3a upper panel) and Flag-TEAD3 (Fig. 3b upper panel) were heavily
ubiquitylated. Overexpressing Myc-tagged RNF214 (Myc-RNF214) did

not alter expression levels of TEADs, but greatly enhanced ubiquity-
lation of either Flag-TEAD2 (Fig. 3a) or Flag-TEAD3 (Fig. 3b). More
significantly, the Myc-RNF214 RD mutant could not increase ubiqui-
tylation of either Flag-TEAD2 or Flag-TEAD3 proteins (Fig. 3a, b upper
panel). These data confirmed that RNF214 is a ubiquitin ligase of the
TEAD family proteins.

Secondly, we expressed an Avi-tagged TEAD2 in the HLF where we
co-expressed BirA, a bacteria biotin ligase which conjugates biotin to
the Avi-tag, a biotin-acceptor peptide. We then pulled out biotinylated
Avi-TEAD2 (Bio-TEAD2) proteins using streptavidin resins under a
denaturing buffer condition, and detected TEAD2 ubiquitylation using
an anti-ubiquitin antibody. Clearly, Flag-RNF214 increased ubiquityla-
tion of TEAD2 in both HLF (Fig. 3c) and Huhl cells (Supplementary
Fig. 3a). Using the same approach, we noticed that the wild-type
RNF214 could augment TEAD4 ubiquitylation, while the RD mutant
could not (Supplementary Fig. 3b). In addition, depletion of endo-
genous RNF214 significantly decreased TEAD2 ubiquitylation in HLF
cells (Fig. 3d).

Thirdly, we utilized the Halo-ThUBDs resin, a ubiquitin chain-
binding matrix*, to pull ubiquitylated proteins out of HLF cells. Using a
pan-TEAD antibody, we confirmed the ubiquitylation of TEAD proteins
(Fig. 3e). When we knocked out RNF214 using the CRISPR/Cas9 method
in HLF cells, TEAD ubiquitylation was largely reduced (Fig. 3e). Two
independent RNF214-knockout clones produced similar results, indi-
cating the observed phenotypes were not due to off-target effects
from sgRNA.

One main outcome of protein ubiquitylation is proteolysis in
the proteasome. When RNF214 was either overexpressed (Fig. 1) or
silenced (Fig. 2c and Supplementary Fig. 3c) or knocked out (Fig. 3e),
protein levels of TEADs did not change. Besides, results from
cycloheximide (CHX) chase experiments showed that TEADs were
stable proteins in Hep3b cells (Fig. 3f) and HLF cells (Supplementary
Fig. 3d) and RNF214-knockdown or knockout did not alter protein
stabilities of TEADs. Moreover, TEADs were still stable when RNF214
was overexpressed in HEK293A cells (Supplementary Fig. 3e),
implying that RNF214 promotes nonproteolytic ubiquitylation
of TEADs.

To determine whether RNF214 conjugates nonproteolytic poly-
ubiquitin chains on TEADs, we co-expressed Flag-TEAD2, and the wild
type, single lysine-only or single lysine to arginine (KR) mutants of HA-
tagged ubiquitin in HEK293T cells. We observed that the K27-only
ubiquitin mutant supported the basal ubiquitylation of TEAD2 as well
as the wild type did (Fig. 3g), while the K27R mutant could not (Fig. 3h).
Importantly, we observed that the K27-only mutant of ubiquitin sup-
ported Myc-RNF214-enhanced TEAD2 ubiquitylation (Fig. 3i), further
indicating that RNF214 might mainly conjugate non-proteolytic K27
polyubiquitin chains on TEADs, although we could not rule out the
possibility that RNF214 might synthesize mixed polyubiquitin chains
on TEADs.
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RNF214 enhances the interactions between TEADs and YAP

The TEAD family transcription factors have little transcriptional
activity by themselves and require the presence of transcription
coactivators YAP or TAZ to induce target gene transcription®®*>*,
Thus, YAP/TAZ nuclear localization and interactions with TEADs are
two critical steps for the TEADs-controlled transcription. Besides, as
transcription factors, TEADs’ activities are also regulated by nuclear-
cytoplasmic localization upon cellular stress, like many other tran-
scription factors, such as NF-kB and SMAD***¢, Plus, it is also well
documented that non-proteolytic polyubiquitin chains could be

signals for changes of protein subcellular localizations**%, Since

RNF214 conjugates nondegradable polyubiquitin chains on TEADs, we
first wondered whether RNF214 could influence subcellular localiza-
tions of TEADs and YAP. In many cancer cells, YAP is always highly
activated and accumulates in the nucleus***°. As we observed in Huh7
cells, both TEAD1 and YAP mainly localized in the nucleus and silencing
RNF214 had no effect on subcellular localizations of TEAD1 and YAP
(Supplementary Fig. 4a, b). In the HEK293A cells, YAP mainly localizes
in the cytoplasm and translocated into the nucleus under Nocodazole
stimulation®. Nocodazole disrupts microtubule polymerization and
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Fig. 3 | RNF214 promotes nonproteolytic polyubiquitylation of TEADs.

a, b RNF214 promotes TEADs ubiquitylation. HEK293T cells were transfected with HA-
Ub, Flag-TEAD2 or Flag-TEAD3 and Myc-RNF214 or the Myc-RNF214 RD mutant
plasmids. Flag-tagged TEAD proteins were pulled out using anti-Flag beads by
denaturing immunoprecipitation (d-IP) and the ubiquitylated TEAD proteins were
detected using anti-HA antibody. ¢ RNF214 ubiquitylates TEAD2. A biotinylated Avi-
tagged TEAD2 (Bio-TEAD2) was expressed in HLF cells. Flag-RNF214 was then trans-
fected into the Bio-TEAD2 HLF cells and biotin (2 pg/mL) was added to culture
medium overnight before cell harvest. Biotinylated-TEAD2 proteins were isolated
through Streptavidin beads under a denaturing buffer condition and ubiquitylated
TEAD2 proteins were then detected using an anti-ubiquitin antibody. d Depletion of
RNF214 attenuates TEAD2 ubiquitylation. Bio-TEAD2 HLF cells were transfected with
RNF214 siRNA or control siRNA. After transfection, the ubiquitylation of TEAD2 was
detected using the same procedure as shown in (c). e Knockout of RNF214 decreases

ubiquitylation of TEADs. Halo-ThUBDs proteins were expressed and purified, and
then incubated with HLF cell lysates. Ubiquitylated TEADs were detected using a pan-
TEAD antibody. Two independent clones were selected from sgRNF214-3 HLF pools.
fRNF214 has little effect to the TEADs protein stability. Hep3b cells were transfected
with siRNF214 for 72 h, and then treated with cycloheximide (CHX 20 pg/mL) for the
indicated time. c-Myc was employed as a positive control for CHX chase
experiments. g-i RNF214 promotes the K27 polyubiquitylation of TEAD2. HEK293T-
cells were transfected with Flag-TEAD2, and wild type, lysine less (KO), or K-only
ubiquitin mutants (g) or KR mutants of HA-Ub (h). 24 h post-transfection, Flag-TEAD2
proteins were pulled out using anti-Flag beads under a denaturing buffer condition
and the ubiquitylated TEAD2 proteins were reviewed using anti-HA antibody. i Flag-
TEAD2, HA-Ub WT or the K27-only mutant with or without Myc-RNF214 were co-
expressed in HEK293T cells. Experiments in these figures (a-i) were repeated twice.
Source data are provided as a Source Data file.

induces YAP dephosphorylation and nuclear translocation®. The
cytoplasmic-nuclear shuttling of YAP wasn’t blocked when RNF214 was
silenced (Supplementary Fig. 4c). In addition, RNF214 knockdown or
overexpression had little impact on the protein levels of YAP/TAZ and
non-phospho YAP (active YAP) in Hep3b or HEK293A cells (Fig. 2c,
Supplementary Fig. 3¢ and Supplementary Fig. 4d). Together, these
data suggested that RNF214 does not affect cellular localizations or
cytoplasmic-nuclear shuttling of YAP and TEADs.

Next, we asked whether RNF214 could influence the interactions
between YAP and TEADs. As shown in Fig. 4a, Myc-RNF214 boosted the
interaction between Flag-YAP and HA-TEAD2. Interestingly, the
enhancement of interaction between HA-TEAD2 and Flag-YAP largely
disappeared when the RD mutant of RNF214 was employed (Fig. 4a).
Similar results of the interaction between HA-TEAD4 and Flag-YAP
were achieved (Fig. 4b). Consistent results were obtained between HA-
TEAD1 and Flag-YAP (Supplementary Fig. 4e), further echoing the
importance of the ubiquitylation activity of RNF214 in regulating the
Hippo pathway. Furthermore, we found that HA-RNF214 interacts
weakly with Flag-YAP in HEK293T cells (Supplementary Fig. 4f), which
was disappeared in TEADI1/3/4 knockdown HEK293T cells, establishing
the important roles of RNF214 in the YAP-TEAD transcription complex
(Supplementary Fig. 4g).

To further demonstrate that the ubiquitylation of TEADs by
RNF214 is important for their interactions with YAP and subsequent
transcriptional activities, we intended to identify the ubiquitylation
sites of TEADs in an RNF214-dependent manner. Since RNF214-
enhanced interactions between YAP and TEADs depend on its ubi-
quitin ligase activity (Fig. 4a, b and Supplementary Fig. 4e), we turned
to the YAP binding domains (YBD) of TEADs. There are eight lysine
residues which are conserved among the YBD domains of TEADs.
Excluding those lysine residues on the YAP binding surface or those
potentially affecting structural stability of TEADs****, we focused on
four lysine residues of TEAD2 (Fig. 4c). We made two TEAD2 mutants
containing lysine-to-arginine (KR) substitutions on these lysine resi-
dues (K345R and 3KR containing K280R, K28IR, and K35IR), and
analyzed ubiquitylation of TEAD2 mutants in HEK293T cells. In com-
parison with the wild type, the K345R mutant, rather than the 3KR
mutant, completely lost the enhanced ubiquitylation of TEAD2 by
exogenous Myc-RNF214 (Fig. 4d, e). Moreover, RNF214 failed to
enhance the interaction between YAP and the K345R mutant of TEAD2
(Fig. 4f). In comparison to the wild type TEAD2, the K345R mutant
failed to fully support RNF214-induced CTGF-driven luciferase activ-
ities in HEK293T cells (Fig. 4g). The K260 residue of TEAD4 in Gal4-
TEAD4 corresponds to the K345 residue of TEAD2. Similarly, Flag-
RNF214 couldn’t rescue the luciferase activities controlled by the
K260R mutant of Gal4-TEAD4 as high as by the wild type Gal4-TEAD4,
in TEAD1/3/4 knockdown HEK293T cells (Fig. 4h, i). Together, these
data confirmed that the K345 residue of TEAD2 is the major ubiqui-
tylation site mediated by RNF214 and validated the importance of

RNF214 in the Hippo-mediated transcription via ubiquitylating TEADs
likely at a single lysine site.

Finally, we wondered how TEAD ubiquitylation by RNF214 affects
their interactions with YAP. One possibility is that YAP might possess
polyubiquitin chain binding features to enhance YAP’s recruitment to
the TEAD transcriptional complex. To verify this hypothesis, we did a
GST pulldown assay using purified recombinant proteins, including
GST-YAP or GST-TAZ and synthetic polyubiquitin chains. We observed
both YAP and TAZ directly bound to K48 and K63 polyubiquitin chains
(Fig. 4j, k), suggesting that they are ubiquitin-binding proteins. These
data might explain why TEADs ubiquitylation promotes their interac-
tions with YAP.

All together, these data mechanistically demonstrated the
importance of TEADs ubiquitylation by RNF214 in their interactions
with YAP/TAZ.

Overexpression of RNF214 correlates with poor

prognosis in HCC

YAP and TEAD proteins are the key downstream effectors in the Hippo
pathway and oncogenic proteins in common cancer types™***>%,
Because RNF214 ubiquitylates TEAD proteins and promotes the
interactions between TEADs and YAP, we wondered whether RNF214 is
also an oncogene implicated in tumorigenesis. We first analyzed the
expression profiles of RNF214 in the cancer-based TCGA database.
Interestingly, we found that the mRNA levels of RNF214 are upregu-
lated in HCC (Fig. 5a). Similar results were obtained from Tiger,
another cancer-related database’® (Supplementary Fig. 5a). Compared
with non-tumor tissues, HCC tumor samples contain much higher
mRNA levels of RNF214 (Fig. 5a and Supplementary Fig. 5a). Further
Kaplan-Meier analysis of overall survival and progression-free survival
in the TCGA database showed a reverse correlation between RNF214
expression level and the survival probability (Fig. 5Sb and Supplemen-
tary Fig. 5b). We then examined protein expression levels of RNF214 in
a published dataset containing protein quantification of 6478 genes
between 159 pairs of tumor and non-tumor samples”, and found that
protein expression levels of RNF214 are higher in tumor samples than
in paracancerous ones (Fig. 5¢).

To further validate the results of these statistical analysis, we
compared RNF214 expression levels between 176 pairs of HCC tumor
samples and paracancerous tissues from Zhejiang Provincial People’s
Hospital using an immunohistochemistry (IHC) approach, and noticed
that RNF214 was overexpressed in tumor samples among 92 pairs,
accounting for 52.3% (Fig. 5d-f), indicating that HCC tumor samples in
over half of HCC patients possessed upregulated protein levels of
RNF214. Meanwhile, we analyzed the correlation between RNF214
expression levels and differentiation grades of 275 cases of HCC
patients based on our IHC results, and uncovered that more than half
of the cases with either medium or low differentiation grades dis-
played high expression level (IHC score >6) of RNF214 with an R value
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at 0.26 (Fig. 5g-i), implicating that RNF214 might contribute to the
malignancy of HCC. Comparable results were acquired based on the
correlation of RNF214 expression and Edmonson-Steiner grade,
another crucial prognosticator in HCC (Supplementary Fig. 5c, d). In
this case, 79.6% and 43.3% of patients of grade Il and IV had high
expression levels of RNF214 (IHC score >6), respectively. Moreover, we
observed that RNF214 protein levels were closely associated with
serum expression levels of alpha-fetoprotein (AFP), a bona fide liver
cancer biomarker (Supplementary Fig. 5e). To further consolidate our

clinical analysis, we measured RNF214 expression in HCC cell lines
using a Western blotting approach and noted that RNF214 protein
levels were elevated in all seven HCC cell lines examined compared
with HL7702, a normal liver cell line (Fig. 5j).

We then examined the relationships between RNF214 and Hippo-
regulated gene expression in liver cancer samples. Through Spear-
man’s rank correlation analysis of the TCGA cohort, we observed a
positive correlation between RNF214 and YAP/TAZ-TEAD target genes
(e.g., AMOTL2, CTGF, CYR61, ANKRDI, AXL, BCL2, CCND1, and CDH2)
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Fig. 4 | RNF214 enhances the interactions between TEADs and YAP. a, b RNF214
increases the interactions between YAP and TEADs. HEK293T cells were transfected
with YAP, TEAD and RNF214 WT or RD mutant. co-IP and immunoblotting were
performed as indicated in the figure. ¢ Schematic diagram of 4 lysine (K) residues
potentially ubiquitylated in TEAD2 YBD domain. Transcriptional enhanced associ-
ate (TEA); YAP binding domain (YBD). RNF214 ubiquitylates TEAD2 on K345 resi-
due. HEK293T cells were transfected with HA-Ub, Myc-RNF214, Flag-TEAD2 wild
type (WT) and 3KR mutant (d) or the K345R mutant (e). Flag-TEAD2 proteins were
immunoprecipitated using anti-Flag beads and the ubiquitylated TEAD2 proteins
were detected using anti-HA antibody. TEAD2 3KR mutant contains KR substitu-
tions on K280, K281 and K351 residues. f RNF214 fails to promote the interaction
between YAP and the K345R mutant of TEAD2. HEK293T cells were transfected with
Myc-RNF214, Flag-YAP and HA-TEAD2 WT or the K345R mutant. g The TEAD2

K345R mutant fails to fully support RNF214-induced CTGF-driven luciferase activ-
ities in HEK293T cells. h, i The Gal4-TEAD4 K260R mutant fails to rescue the
RNF214-induced luciferase activities in TEAD1/3/4 knockdown cells. The K260
residue of TEAD4 in Gal4-TEAD4 corresponds to the K345 residue of TEAD2.
Expression consistency was verified by Western blotting. j, k YAP and TAZ directly
bind to K48 and K63 polyubiquitin chains in vitro. Pulldown assays to determine
whether YAP or TAZ possess polyubiquitin chain binding abilities. GST-YAP or GST-
TAZ were purified from BL21 (DE3) bacteria cells and poly-K48 Ub (3-7) and poly-
K63 Ub (3-7) chains were purchased from R&D Systems. GST was used as a negative
control. Data are presented as mean + SD, and P values were calculated using two-
sided unpaired Student’s ¢ test from 3 biologically independent samples (g, h).
Experiments in figures (a, b, d-f, i-k) were repeated twice. Source data are pro-
vided as a Source Data file.

(Fig. Sk-m and Supplementary Fig. 5f-j). Besides, RNF214 expression
positively correlated with YAP and TAZ expression, as well as TEAD1-4
expression (Supplementary Fig. 5k, I).

Together, these data suggested that RNF214 could be a critical
oncogene and tightly associated with enhanced YAP/TAZ-TEAD tran-
scription activities in promoting HCC tumorigenesis.

RNF214 is critical for HCC tumorigenesis

To investigate the functions of RNF214 in HCC, we first knocked out
RNF214 in HLF cells, using the CRISPR/Cas9 method and found that all
of the small guide RNAs (sgRNAs) slowed the growth of HLF cells
(Fig. 6a). These RNF214 knockout HLF cells produced a smaller number
of colonies than control cells in a colony formation assay (Fig. 6b upper
panel). Quantitative analysis demonstrated that the differences
between the RNF214 knockout and control cells were statistically sig-
nificant (Fig. 6b bottom panel). Similar phenotype was detected in
Huh7 cells as well when RNF214 was knocked out (Supplementary
Fig. 6a). Meanwhile, we silenced RNF214 in Hep3b cells, using a small
hairpin RNA (shRNA) method and demonstrated that RNF214-silenced
Hep3b cells produced fewer colonies than control shRNA cells (Sup-
plementary Fig. 6b). Moreover, we knocked down RNF214 in Hep3b
cells using siRNA oligos and noted that RNF214-silenced cells propa-
gated slower than control cells (Fig. 6¢). Importantly, an siRNA-
resistant cDNA of RNF214 could resume the proliferation rate of Hep3b
cells to a large extent (Fig. 6¢), indicating the authenticity of these
phenotypes. Conversely, we overexpressed RNF214 in Huhl, an HCC
cell line with relatively low expression of RNF214 (Fig. 5j) and observed
that the number of colonies was at least doubled under this condition
(Supplementary Fig. 6c). Furthermore, we found that RNF214 could
promote proliferation of Hep3b cells when overexpressed (Supple-
mentary Fig. 6d). Together, these results evidenced that RNF214 is a
positive regulator of HCC cell proliferation.

To study the roles of RNF214 in migration and invasion of HCC
cells, we first examined the migration ability of Hep3b cells in a wound-
healing assay and found that RNF214 knockdown cells migrated slower
than control Hep3b cells (Supplementary Fig. 6e). We also performed
the transwell migration assay (without Matrigel) and the transwell
invasion assay (with Matrigel), respectively. Control Hep3b cells pos-
sess excellent abilities of migration and invasion, while knocking down
RNF214 using an siRNA oligo reduced abilities of migration, especially
of invasion remarkably (Fig. 6d). An siRNA-resistant cDNA of RNF214
rescued these phenotypes, implicating that these phenotypes were
authentic (Fig. 6d). Altogether, these data further indicated that
RNF214 is an oncogene in HCC.

Both YAP and TEADs play eminent roles in cancer development,
progression and metastasis, including HCC tumorigenesis***°°%’,
Having found that RNF214 functions as a positive regulator of YAP/
TAZ-TEAD transcriptional complex and promotes tumor cell proper-
ties, we decided to determine whether RNF214 is critical for the
oncogenic activities of YAP and TEADs in HCC. Phosphorylation of YAP
at serine-127 results in its cytoplasmic retention, whereas the non-

phosphorylatable S127A mutant becomes constitutively active in the
nucleus®. We first created both HLF and Huh?7 cell lines expressing the
S127A YAP mutant using the tetracycline-inducible (Tet/on) gene
expression system, and then knocked down RNF214 using siRNA.
Indeed, the S127A mutant induced higher expression levels of these
three Hippo target genes in both HLF and Huh? cells (Supplementary
Fig. 6f, g). More consistently, RNF214 knockdown could decrease
mRNA expression levels of three Hippo target genes at both basal and
YAP S127A-induced levels (Supplementary Fig. 6f, g). Overexpressing
the S127A mutant of YAP strengthened the migration of Huh7 cells
profoundly (Supplementary Fig. 6h). However, silencing RNF214 sig-
nificantly inhibited cell migration under both basal and overexpressed
conditions of YAP (Supplementary Fig. 6h).

To further evaluate the roles of RNF214 in HCC tumorigenesis, we
employed a subcutaneous xenograft mouse model. We sub-
cutaneously injected 2 x 10° Huh7 cells with Matrigel into 5-week-old
male BALB/c nude mice. Overall, RNF214 knockdown Huh?7 cells grew
into tumors much slower than the shRNA control cells in nude mice
(Supplementary Fig. 7a). Tumors grew from RNF214-silenced Huh7
cells were much smaller than those from shRNA control cells (Fig. 6e
and Supplementary Fig. 7b, c). More relevantly, RNF214-silenced
tumors expressed tremendously lower amount of CYR61's mRNAs and
proteins than control tumors (Supplementary Fig. 7d, e). Furthermore,
RNF214 knockout Huh7 cells produced smaller tumors than control
cells when subcutaneously injected into nude mice (Supplementary
Fig. 7f-h).

It has been reported that overexpression of both RAS and CTNNBI
was able to drive tumorigenesis in liver cancer and tightly related to
the Hippo pathway®®. Therefore, we employed hydrodynamic tail vein
injection to induce high expression of both NRAS and CTNNB1 in mice
to further demonstrate the function of RNF214 in orthotopic liver
cancer. Three plasmids were employed in a Sleeping Beauty system to
co-express NRAS and CTNNBI together with two Rnf214 shRNAs
(Fig. 6f). Mice were sacrificed 120 days after injection and the livers
were weighted and imaged (Fig. 6g and Supplementary Fig. 7i). Over-
expression of both NRAS and CTNNBI promoted tumorigenesis in
livers of mice, and depletion of Rnf214 suppressed tumor formation.
Consistent with these observations, the liver-to-body weight ratio was
markedly decreased when Rnf214 was knocked down (Fig. 6h). More
importantly, the expressions of CTGF and CYR61 were lower in Rnf214
knockdown tumor sections than control tumors (Fig. 6i). Finally, we
applied hematoxylin-eosin staining and IHC approaches to verify the
formation of tumors in livers of mice and the expression of HA-tagged
NRAS, CTNNBI, and RNF214 in tumors respectively (Fig. 6j).

Together, our data concluded that RNF214 promotes HCC
development and progression via governing the downstream effect of
the Hippo pathway and is a bona fide oncogene in HCC (Fig. 7).

Discussion
Protein ubiquitylation is pivotal for many essential cellular activities.
Components of the ubiquitin signaling pathway have been implicated
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in tumor initiation, progression and metastasis in both positive and
negative ways. Protein ubiquitylation is also a specific process and the
specificity is mainly maintained by ubiquitin ligases which contain
either a RING finger or a HECT domain’. RNF214 belongs to the family
of the RING finger ubiquitin ligases, but its function is understudied
except as a candidate gene potentially in milk lactose regulation based
on a GWAS study®’. By combining an APEX2 proximity labeling method
and mass spectrometry, we identified the TEAD family proteins, major
transcription factors of the Hippo pathway, as main interactors of
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RNF214. Human genome encodes four TEAD proteins and all of them
emerged in our mass spectrometry analysis. Of note, Barroso-Gomila
et al. employed a different approach to identify potential substrates of
ubiquitin ligases including RNF2147°. In their study, they identified
some potential substrates of RNF214 in HEK293FT cells, but did not
find TEADs as substrates of RNF214, since we employed HLF, an HCC
cell line to identify substrates of RNF214. Using a series of biochemical
approaches, we validated the interactions of RNF214 with the TEAD
family proteins and provided strong evidences supporting RNF214 as
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Fig. 5 | Overexpression of RNF214 correlates with poor prognosis in HCC.

a Bioinformatic analysis of RNF214 mRNA levels in HCC. RNF214 mRNA levels from
TCGA database were analyzed using two-sided unpaired Student’s ¢ test. n =50 in
the non-tumor group; n =371 in the tumor group. Data are presented as mean + SD.
b Kaplan-Meier survival curves of overall survival based on RNF214 expression in
TCGA database. The image was prepared using the Human Protein Atlas.

¢, Bioinformatic analysis of RNF214 protein abundance in HCC. Protein expression
levels were from Fanjia database and P value was analyzed through two-sided
paired Student’s ¢ test from 159 paired tissues. Data are presented as mean + SD.
d-f Immunohistochemical (IHC) staining of RNF214 in an HCC tissue microarray.
Representative images were presented in (d). Scale bar, 100 pum. The IHC scores
between paired tumor and non-tumor tissues from 176 patients were followed by
two-sided paired Student’s ¢ test in (e). RNF214 protein levels are higher in cancer

samples than in their paired adjacent normal tissues (f); T: tumors; N: paired-
adjacent normal tissues. g-i Spearman’s correlation analysis between RNF214
expression and differentiation grades in tumor tissues from 275 patients with HCC.
Representative images were shown in (g). Scale bar, 100 pm. RNF214 (high), IHC
score 26; RNF214 (low), IHC score <6. High differentiation (RNF214 high, n=8;
RNF214 low, n =23); Medium differentiation (RNF214 high, n=81; RNF214 low,
n=52); Low differentiation (RNF214 high, n=77; RNF214 low, n = 34). j Western
blotting of RNF214 protein expression in HCC cell lines. Experiments were repeated
twice. k-m Expression levels of RNF214 are positively correlated with YAP/TAZ-
TEAD target genes (e.g., AMOTL2, CTGF, and CYR6I) in liver cancer patients. The
correlation of two genes was described through Spearman’s correlation analysis
based on TCGA dataset (n=371).

the ubiquitin ligase of the TEAD proteins. We have observed the direct
interactions between RNF214 and TEADs, however, we still don’t know
how RNF214 interacts with TEADs. As our data indicated, of three
domains of RNF214, the RING finger domain is required for its ligase
activities and the coiled-coil domain is essential for its self-association
which is important for activation of RNF214. One possibility is that
RNF214 recognizes TEADs via the N-terminal part of RNF214. Further
study is needed to validate this hypothesis.

As transcription factors, TEADs orchestrate transcription of genes
related to development, cell growth, organ size control, and onco-
genesis together with YAP/TAZ, two transcriptional coactivators and
major downstream effectors of the Hippo pathway******, Posttransla-
tional modifications have been shown to regulate functions of TEAD
proteins. For example, phosphorylation of TEADI1 by either protein
kinase C or protein kinase A can significantly reduce DNA binding
activity of TEAD1***, whereas, palmitoylation of TEADs is crucial for
their proper folding and protein stability maintenance’”. Our data
indicated that ubiquitylation of TEADs by RNF214 is important for their
functions as downstream transcription factors of the Hippo pathway.
We found that the interactions between TEADs and YAP are pro-
foundly increased by the existence of the RNF214 ubiquitin ligase.
More significantly, the ubiquitylation activity of RNF214 is key for their
enhanced interactions, and subsequent transcription of YAP-TEAD-
regulated genes. Although the ubiquitin signaling pathway has been
linked to the Hippo pathway by regulating protein stabilities and
localizations of several key components in the Hippo signaling, such as
YAP/TAZ, LATS1/2, MOBI, and MST1/2%%8, there were no previous stu-
dies to make any connection between ubiquitylation and the biological
activities of TEADs. Our data also demonstrated that RNF214 mainly
conjugates non-proteolytic polyubiquitin chains most likely on a single
lysine site of TEADs. Since ubiquitylation of TEADs is important for
their interactions with YAP, we speculated that YAP or additional YAP-
associated proteins might possess polyubiquitin chain binding fea-
tures to enhance YAP recruitment to the TEAD transcriptional com-
plex. Indeed, our results of in vitro GST pulldown assays indicated that
YAP and TAZ possess ubiquitin-binding abilities and suggested that a
conserved domain between YAP and TAZ may act as a polyubiquitin-
binding domain. Further studies are needed to answer this question.

The Hippo pathway has been implicated in tumorigenesis, with
MST1/2 and LATS1/2 kinases as tumor suppressors, but YAP/TAZ and
TEADs as oncogenes®”’*. YAP and TEADs have been proposed as
promising therapeutic targets in cancer therapy” % Indeed, small
molecule inhibitors disrupting the interactions between TEADs and
YAP are under development as cancer drugs®*”°*2. By combining
clinical data and biological analysis, we proved that RNF214 is an
oncogene of HCC and an important regulator of the YAP-TEAD tran-
scription complex in general. Therefore, adding RNF214 to the axis of
YAP-TEAD could offer a promising angle to invent unique therapeutic
tools to kill cancer cells, especially HCC ones by managing transcrip-
tional activities of the TEAD and YAP/TAZ complex.

Methods

This study complies with all relevant biosafety, animal procedures, and
ethical regulations. Human ethics was approved by the Medical Ethics
Committee of Zhejiang Provincial People’s Hospital (QT2022058).
Animal protocols used in the study were approved by the Animal Ethics
Committee of Zhejiang University (ZJU20240073).

Cell culture and transfection

HEK293T (CRL-11268) cells were from ATCC. HEK293A (ATCC, CRL-
1573), Snu449 (ATCC, CRL-2234), and HL7702 (Chinese Academy of
Sciences Cell bank, GNHu6) cells were from Dr. Bin Zhao. HepG2
(ATCC, HB-8055), Hep3b (ATCC, HB-8064), Huh7 (JCRB cell bank, JCRB
0403), Huhl (JCRB cell bank, JCRB 0199), HLF (JCRB cell bank, JCRB
0405), and HLE (JCRB cell bank, JCRB 0404) cells were from Dr. Jun-
fang Ji. Primary MEF cells were isolated from 13.5 days’ mouse embryos
and the sex is not under consideration. HEK293T, HEK293A, HLF, HLE,
HepG2, Huh7, Hep3b, Huhl, and MEF cells were maintained in DMEM
supplemented with 10% fetal bovine serum. HL7702 and Snu449 were
cultured in RPMI1640 supplemented with 10% fetal bovine serum. All
cells were incubated at 37 °C, with 5% CO,. Plasmids were transfected
into cells using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s protocol.

Plasmids

Human RNF214 coding sequence was amplified using Polymerase
Chain Reaction (PCR) from a human cDNA library made in Jianping Jin’s
laboratory, then subcloned into a Gateway entry plasmid pENTR-IW
and validated by sequencing. Truncated mutants of RNF214 were made
by PCR-based mutagenesis and confirmed by sequencing. Expression
plasmids for CTGF-Luciferase, Gal4-TEAD4, 9xUAS-Luciferase, CMV-f3-
galactosidase, Flag-YAP, Flag-YAP-S127A, Myc-TEAD], and Myc-TEAD2
were generously provided by Bin Zhao's laboratory, and some of them
were subcloned into pENTR-IW. pENTR-TEAD3 plasmid was from the
Invitrogen ORF Clones library at the core facility of Life Sciences
Institute, Zhejiang University. Entry clones were shuttled into different
destination vectors through LR reaction (Gateway LR Clonase II
Enzyme Mix, Invitrogen). pLenti-CRISPR-puro vector was used to
construct sgRNA plasmids. The gRNA sequences against RNF214 were
provided in Supplementary Table 1. pLKO-ccdB-puro vector was
employed to make shRNA plasmids. The shRNA sequences against
RNF214 were provided in Supplementary Table 1.

Analysis of RNF214 in HCC Microarray

Human HCC tissues (n =275) and adjacent non-tumor tissues (n =256)
microarray chips were created in the Department of Pathology, Zhe-
jiang Provincial People’s Hospital. 176 cases of the tissue microarray
were paired samples. All cases of HCC tissues and non-tumor tissues
were diagnosed clinically and pathologically. All samples were
received from the patients who underwent surgical resection and
signed informed consent before their operations. The protocol was
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Immunohistochemistry (IHC) was performed to detect protein
levels of RNF214 on HCC microarray chips. The degree of immunos-
taining was reviewed and scored independently by two pathologists
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based on staining intensity and extent. Staining intensity was classified
as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). Staining extent
was divided into 0 (<5%), 1(5-25%), 2 (26-50%), 3 (51-75%) and 4 (>75%)
depending on the percentage of positive cells. IHC Score = staining
intensity x staining extent.
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Fig. 6 | RNF214 is critical for HCC tumorigenesis. a, b Proliferation in RNF214
knockout HLF cells. a The cell viability of RNF214 knockout HLF cells were quan-
tified by CCK8 assay. n =3 biologically independent samples. b Colony formation
assays in RNF214 knockout HLF cells. 10° viable cells were seeded into six-well plate
and incubated for 9 days. n =3 biologically independent samples. ¢ Rescue
experiments of cell viability in Hep3b cells. Hep3b cells were transfected with
SIRNF214 and an siRNA-resistant cDNA of RNF214 was stably expressed in Hep3b
cells using a lentivirus infection approach to rescue the growth inhibitory effect.
n =35 biologically independent samples. d Transwell assays of migration and inva-
sion. Hep3b or siRNF214-resistant cells were transfected with siRNAs for 48 h and
then plated in transwell chambers (with or without Matrigel) for another 48 h. Scale
bar, 100 pm. n =3 biologically independent samples. e RNF214 knockdown inhibits
HCC tumor growth in subcutaneous xenograft model. Control or RNF214-silenced

Huh7 cells with Matrigel were injected subcutaneously into 5-week-old male BALB/c
nude mice. 21 days after cell implantation, tumors were dissected, photographed
and weighted. n =10 mice per group. f Schema showing the plasmids used for
hydrodynamic tail vein injection mouse model. g, h Depletion of Rnf214 suppressed
tumor formation. Representative livers at 120 days after injection were shown (g).
Scale bar, 1cm. The liver-to-body weight ratio was quantified in (h). n =8 mice per
group. i Protein levels of CTGF and CYR61 in Rnf214-depletion tumors. The dis-
sected tumors were subjected to Western blotting. The No. 10 tumor sample in the
shRnf214 group was very small, as a result, it is hard to detect HA-CTNNBI and HA-
RAS. j Hematoxylin-eosin staining (H&E), HA-tagged and RNF214 staining of mouse
livers. Scale bar, 2 mm and 100 pm in scanned and zoom in figures. Data are pre-
sented as mean + SD. P values were calculated using two-sided unpaired Student’s ¢
test from independent samples. Source data are provided as a Source Data file.
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Fig. 7 | Working model of RNF214 functions in HCC. YAP and TAZ are tran-
scription co-activators that activate transcriptional activities of TEADs to promote
HCC tumorigenesis. RNF214 induces TEADs non-proteolytic ubiquitylation at a
single conserved lysine site, enhances the interactions between TEADs and YAP,
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and then promotes transactivation of the downstream genes, thereby leading to
enhanced tumor progression. The figure created with BioRender. com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

Small interference RNA

siRNAs were transfected into HCC cells using Lipofectamine RNAIMAX
Reagent (Invitrogen) according to the manufacturer’s protocol. After
96 h, cells were harvested. The siRNA sequences were provided in
Supplementary Table 1.

Lentivirus production and stable cell line generation
Lentiviruses were produced by transfecting lentiviral vectors carrying
target gene sequences together with the packing plasmids of psPAX2
and pMD2G into HEK293T cells using PEI. After 48 h, supernatants
containing lentivirus particles were collected to infect host cells using
a spin infection method. Stable cells were selected in the presence of
puromycin (Sangon Biotech).

Proliferation and colony formation assays

For proliferation assay, the viability of HCC cells was quantified by Cell
Counting Kit-8 (CCK8, K1018, APExBIO). Cells with indicated treat-
ments were seeded into 96-well plates, and incubated for the corre-
sponding days and after 2 h of incubation with CCK8 reagents at 37 °C,
absorbance at 450nm were recorded using a microplate reader
(TECAN). For colony formation assay, 6-well plates were seeded with
10° viable cells and incubated for the days as indicated. At the end of
the experiments, the colonies were fixed in methanol and then stained
with 0.1% crystal violet. The colonies with >50 cells were counted
under the microscope.

Cell migration and invasion assays
For wound-healing assays, cells were seeded in six-well plates, grown
to 100% confluence in a monolayer and then starved in serum-free
DMEM overnight. After a scratch was made with a sterile pipette tip,
the cells were washed with PBS and sequentially fed with serum-free
DMEM. Images were acquired immediately following the “wounds”
were made, and every 12 h via a microscope at 4x magnifications.
Transwell chambers (Corning) with and without precoated
Matrigel were used to determine cell migration and invasion, respec-
tively. Briefly, 6 x 10* cells in 300 pl serum-free DMEM were plated in
transwell inserts and then 500 pl culture medium containing 10% FBS
was added to the lower chamber. After 48 h, the cells in the upper
chamber of the transwell were removed with a cotton swab, the
migrated cells were fixed in methanol and stained with 0.1% crystal
violet. Cells in three randomly selected fields were photographed and
statistically analyzed.

Luciferase reporter assay

For the CTGF luciferase assay, HEK293T cells were transfected with
CTGF-Luciferase plasmid containing a firefly luciferase under the
control of CTGF promoter, a Renilla luciferase plasmid as a transfection
control and indicated gene expression plasmids. All values were nor-
malized for transfection efficiency against Renilla luciferase activities.
The other reporter assay was carried by transfection HEK293T cells
with Gal4-TEAD4, 9xUAS-Luciferase, CMV-B-gal, and indicated
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plasmids. Luciferase activities were normalized to -gal activities. 24 h
after transfection, cells were lysed and luciferase activities were mea-
sured using the Dual-Luciferase Reporter Assay System (Vazyme).

RNA extraction and qRT-PCR

Total RNAs were isolated using Trizol reagent (Sangon Biotech).
cDNAs were prepared using HiScript 11l 1st Strand ¢cDNA Synthesis Kit
(+gDNA wiper) (Vazyme) according to the manufacturer’s protocol.
The gRT-PCR analysis was performed by the SYBR green method
(YEASEN). The sequences of the PCR primers for the corresponding
human gene were provided in Supplementary Table 2.

APEX2-catalyzed biotinylation and Mass spectrometry analysis
APEX2 was fused at either the N- or C-terminus of RNF214. Fusion
proteins were expressed in HLF cells using a lentivirus infection
method and expressed at levels comparable to the endogenous
RNF214 proteins. Cells were then incubated with 2 mM biotin-phenol
(APEXBIO) in the DMEM supplemented with 10% fetal bovine serum for
30 min at 37 °C. Consequently, 1-min pulse with 0.25 mM H,0, at room
temperature was stopped with ice-cold quenching buffer (5SmM Tro-
lox [Sigma], 10 mM sodium ascorbate [Sigma], and 10 mM sodium
azide in PBS). All samples were washed three times with quenching
buffer and then harvested.

Cell pellets were lysed in 6 M urea buffer (6 M urea, 100 mM Tris-
HCI [pH 7.5], 200 mM NaCl and 1% SDS). After a short sonication, lysates
were clarified by centrifugation at 21130 x g and quantified using the BCA
kit. Streptavidin beads (Smart-lifesciences) were washed with lysis buf-
fer. 3 mg of each sample was mixed with 10 pL Streptavidin beads. The
suspensions were gently rotated at 25 °C overnight. The beads were then
washed with 6 M urea buffer five times and bound biotinylated proteins
were subjected to mass spectrometry analysis. Briefly, for the reduction/
alkylation reactions on beads, 200 pL 25 mM ammonium bicarbonate
with 5mM DTT (dithiothreitol) was added into the washed beads for
30 min at 56 °C, then 10 mM IAA (iodoacetamide) was added into the
solution for 25 min at 25°C. After reduction/alkylation, samples were
precipitated by adding 600 pL methanol, 150 pL chloroform and 400 pL
ddH,0. After centrifugation at 13,523 x g for 10 mins, keep the white
middle layer (protein precipitation) and add 0.5 pg trypsin (Promega)
into each sample solution at 37 °C for 12-16 h. After trypsin digestion and
centrifugation, the supernatant samples were separated for lyophiliza-
tion, and desalted by Ziptip C18 (Millipore), and then lyophilized. Then
10 uL FA (formic acid, Sigma) was added into the lyophilized and
desalted peptide samples. The samples were ready to loaded into Tim-
sTOF Pro (Bruker). 200 ng peptide samples were loaded into LC-MS
system. The LC parameters were 25cm length and 75 um the inside
diameter of LC column (lonOpticks) and the inside filler was 1.6 pm C18.
The temperature setting was 50 °C. The speed was 300 nL/min and the
total time was 60 min. The MS scanning range parameter was from 100
to 1700 m/z. The data was analyzed by PEAKS® Online 11 software. The
parameters of database searching were as follows: Precursor Mass Error
Tolerance is 15 ppm; Fragment Mass Error Tolerance is 0.05 Da; Enzyme
is Trypsin; Digest Mode is Semi-Specific; Missed Cleavage is 3; Target
Database is whole human proteins information from Uniprot; Peptide
Length is from 6 to 45; Fixed Modification is Carbamidomethylation;
Variable Modifications is Oxidation(M); Peptide-spectrum match (PSM)
and Protein Group false discovery rate (FDR) are 1%.

To reveal the biological pathways of 511 proteins unique to sam-
ples from both fusion proteins, KEGG pathway enrichment analysis
was performed using “clusterProfiler” R package.

Western blotting and immunoprecipitation

Cells were lysed in lysis buffer (1%SDS and 30 pM Tris-HCI [pH6.8]).
Total proteins (10 pg) were separated on SDS-PAGE and then trans-
ferred onto PVDF membranes (Millipore). After blocking using 5%
nonfat milk, membranes were incubated with the gene-specific

primary antibodies, then HRP-conjugated secondary antibody (Jack-
son ImmunoResearch), and visualized using ECL reagents (YEASEN).
Antibodies used in this study were listed in Supplementary Table 3.

For co-immunoprecipitation (co-IP), 24 h after transfection, cell
lysates were lysed in 1% Triton lysis buffer (50 mM Tris-HCI [pH 7.5],
1mM EDTA, 150 mM NaCl and 1% Triton X-100) containing protease
and phosphatase inhibitors. The lysates were subjected to co-IP using
specific antibody-conjugated agarose (Sigma) for 2 h. After extensive
washes, immunoprecipitated proteins were separated on SDS-PAGE,
transferred to PVDF membranes and detected by Western blotting
with appropriate antibodies.

For endogenous and semi-endogenous immunoprecipitation, cell
lysates were lysed in 1% Triton lysis buffer and sonicated for a short
time. Immunoprecipitation was carried out with Flag-conjugated
agarose or anti-RNF214 (J044) antibody and protein A Sepharose (GE
Healthcare). After incubation at 4 °C overnight and several washes,
precipitated proteins were eluted with 0.1M Glycine (pH 3.0) and
separated by SDS-PAGE.

Immunofluorescence

Cells were cultured on glass coverslips for 24 h. After washing with
PBS, cells were incubated with 4% paraformaldehyde for 10 min and
then permeabilized with 0.2% Triton X-100 for 10 min at room tem-
perature. The cells were then blocked in 5% BSA and incubated with
primary antibody at room temperature for 1 h, washed three times with
PBST (0.1% Tween 20 in PBS) and incubated with Alexa Fluor 488 or
546 antibody (1:1000, Thermo Fisher Scientific) for 1h at room tem-
perature. After three washes, all coverslips were mounted with Pro-
Long Gold antifade with DAPI reagent (Thermo Fisher Scientific).
Fluorescence images were captured by LSM 710 (Zeiss) confocal
microscopy.

Ubiquitylation assays in cells
To detect ubiquitylation of TEADs in HLF cells, a biotinylated Avi-tagged
TEAD (Bio-TEAD) was introduced into HLF cells co-expressing BirA, a
bacteria biotin ligase which conjugates biotin to the Avi-tag, a biotin-
acceptor peptide using lentivirus expression system. Biotin at 2 pg/mL
was added to culture media overnight before cell harvest. Cells were
then lysed in 6 M urea buffer. After sonication, lysates were cleared
using centrifugation and incubated with Streptavidin-agarose resins
overnight at room temperature. Subsequently, the pulldown products
were washed five times using 6 M urea buffer. Ubiquitylated TEADs
were detected by Western blotting using an anti-ubiquitin antibody.
Alternatively, HEK293T cells were co-transfected with Flag-TEADs, Myc-
RNF214 and HA-Ub. Cells were lysed in SDS-denaturing buffer (62.5 mM
Tris-HCI [pH 6.8], 2% SDS, 10% glycerol) and sonicated. Cleared cell
lysates were then diluted 10 to 15-fold in native lysis buffer (50 mM Tris-
HCI [pH 7.5], 0.5% Triton X-100, 200 mM NaCl, 10% glycerol). The
supernatants were incubated with anti-Flag beads at 4 °C for 2 h. The
immunocomplexes were washed five times using native lysis buffer,
resolved on SDS-PAGE, and immunoblotted using anti-HA antibody.
For the Halo-ThUBDs assay, we expressed and purified ThUBDs,
the ubiquitin affinity matrix*?, which binds selectively to polyubiquitin
chains, as Halo-tagged recombinant proteins (Halo-ThUBDs) in
BL21(DE3) bacteria cells. Proteins were extracted from HCC cells with
1% Triton lysis buffer containing protease, phosphatase inhibitors and
10 mM N-Ethylmaleimide. A total of 8 pg Halo-ThUBDs recombinant
proteins were incubated with 2 mg total lysates from each sample for
3 h at 4 °C. The Halo beads were then washed three times and eluted
with SDS sample loading buffer, separated on SDS-PAGE, and detected
using Western blotting.

Pulldown assay
GST-TEADI1 was expressed and purified from BL21 (DE3) bacteria cells.
Strep-RNF214 was purified from SF9 insect cell infected by
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recombinant baculovirus constructed using Bac-to-Bac™ Baculovirus
Expression System (Invitrogen). Proteins bound on beads were mixed
with different prey proteins at 4 °C for 2 h in 1% Triton lysis buffer, and
then washed five times using the same buffer. The input and pulldown
samples were loaded to SDS-PAGE and detected by Ponceau S staining
or Western blotting.

For in vitro polyubiquitin chain binding assay, GST-YAP and GST-
TAZ were expressed and purified from BL21 (DE3) bacteria cells. Poly-
K48 Ubiquitin (3-7) and Poly-K63 Ubiquitin (3-7) were purchased from
R&D Systems.

Animal model

For subcutaneous xenograft model, a total of 2 x10° Huh7 cells with
indicated treatments were suspended in 100 pl PBS with Matrigel (1:1)
and then injected into 5-week-old nude mice. 9 days after injection, the
subcutaneous tumors were counted and tumor sizes were measured
every 2 days using the Vernier caliper as follows: tumor
volume = (L x W?)/2, where L is the long axis and W is the short. After
21 days of injection, mice were sacrificed and tumors were harvested,
weighed and photographed. We used a humane protocol in xenograft
tumor growth assay with the endpoints of tumor volume <1500 mm?®
permitted by the Animal Ethics Committee of Zhejiang University. The
maximal tumor size/burden in this study was not exceeded the limit at
the end of the experiments. All mice used were male BALB/c nude mice
obtained from Shanghai SLAC Laboratory Animal Company.

For hydrodynamic tail vein injection model, 4-week-old ICR mice
were anesthetized by isoflurane, and then plasmids suspended in
sterile Ringer’s solution (5.6 mM KCI, 154 mM NaCl, 2.2 mM CaCl,,
2.4 mM NaHCOs) in a volume equal to 10% of the body weight were
injected in 5-7 s via the tail vein of mice. Plasmids for hydrodynamic
injection were prepared using the Qiagen EndoFreeMaxi Kit. The
amount of injected DNA was 25 pg piggyBac transposase and 41.67 pug
of total transposon plasmids. For Rnf214 knockdown, two shRNAs were
designed and expressed by the U6 promoter in tandem with RAS. Mice
were sacrificed 120 days after injection. Livers were harvested, weighed
and photographed. All mice used were male ICR mice and purchased
from Shanghai SLAC Laboratory Animal Company. The shRNA
sequences against Rnf214 were provided in Supplementary Table 1.

Standard laboratory chow diet for mice was purchased from
XieTong Biology (Cat#1010082) and the SPF grade animal room was
maintained with humidity at 45-60% and a 12-h (7:00 a.m.-7:00 p.m.)
light/dark cycle. All animal experiments were approved by the Animal
Ethics Committee of Zhejiang University.

Statistical analysis

Data are presented as the mean +SD and three levels of significance
were presented. Statistical analysis used Student’s ¢ test, Spearman’s
correlation analysis, log-rank test and Cox regression analysis with
GraphPad Prism software v 7.0 (San Diego, CA. USA). The statistical
analysis of the overall survival was done through the Human Protein
Atlas website (https://www.proteinatlas.org/). The statistical analysis
of the progression free survival was through the Kaplan Meier Plotter
website (http://kmplot.com/analysis/). The Spearman’s rank correla-
tion analysis of the TCGA cohort in Fig. 5Sk-m and Supplementary
Fig. 5f-1 was done through the bioinformatic website (https://www.
aclbi.com/static/index.html#/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry data generated in this study have been
deposited in the ProteomeXchange Consortium with the dataset
identifier PXD052393. Source data are provided with this paper. And

the data in this paper also were shared in a Figshare Dataset®. The
remaining data are available within the Article, Supplementary Infor-
mation or Source Data file. Source data are provided with this paper.

References

1. Swatek, K. N. & Komander, D. Ubiquitin modifications. Cell Res. 26,
399-422 (2016).

2. Nguyen, V.N., Huang, K. Y., Weng, J. T., Lai, K. R. & Lee, T. Y. UbiNet:
an online resource for exploring the functional associations and
regulatory networks of protein ubiquitylation. Database 2016,
https://doi.org/10.1093/database/baw054 (2016).

3. Yau, R. & Rape, M. The increasing complexity of the ubiquitin code.
Nat. Cell Biol. 18, 579-586 (2016).

4. Popovic, D., Vucic, D. & Dikic, I. Ubiquitination in disease patho-
genesis and treatment. Nat. Med. 20, 1242-1253 (2014).

5. Rape, M. Ubiquitylation at the crossroads of development and dis-
ease. Nat. Rev. Mol. Cell Biol. 19, 59-70 (2018).

6. Deng, L., Meng, T., Chen, L., Wei, W. & Wang, P. The role of ubi-
quitination in tumorigenesis and targeted drug discovery. Signal
Transduct. Target Ther. 5, 11 (2020).

7. Zheng, N. & Shabek, N. Ubiquitin ligases: structure, function, and
regulation. Annu. Rev. Biochem 86, 129-157 (2017).

8. Nguyen, T. H. & Kugler, J. M. Ubiquitin-dependent regulation of the
mammalian hippo pathway: therapeutic implications for cancer.
Cancers 10, https://doi.org/10.3390/cancers10040121 (2018).

9. Ma,S., Meng, Z., Chen, R. & Guan, K. L. The Hippo pathway: biology
and pathophysiology. Annu. Rev. Biochem 88, 577-604 (2019).

10. Li, F. L. & Guan, K. L. The two sides of Hippo pathway in cancer.
Semin. Cancer Biol. 85, 33-42 (2022).

1. Misra, J. R. & Irvine, K. D. The Hippo signaling network and its bio-
logical functions. Annu. Rev. Genet. 52, 65-87 (2018).

12. Koo, J. H. & Guan, K. L. Interplay between YAP/TAZ and metabolism.
Cell Metab. 28, 196-206 (2018).

13. Taha, Z., Janse van Rensburg, H. J. & Yang, X. The Hippo pathway:
immunity and cancer. Cancers 10, https://doi.org/10.3390/
cancers10040094 (2018).

14. White, S. M., Murakami, S. & Yi, C. The complex entanglement of
Hippo-Yap/Taz signaling in tumor immunity. Oncogene 38,
2899-2909 (2019).

15. Zheng, Y. & Pan, D. The Hippo signaling pathway in development
and disease. Dev. Cell 50, 264-282 (2019).

16. Yimlamai, D. et al. Hippo pathway activity influences liver cell fate.
Cell 157, 1324-1338 (2014).

17. Driskill, J. H. & Pan, D. The Hippo pathway in liver homeostasis and
pathophysiology. Annu. Rev. Pathol. 16, 299-322 (2021).

18. Yan, F., Qian, M., He, Q., Zhu, H. & Yang, B. The posttranslational
modifications of Hippo-YAP pathway in cancer. Biochim. Biophys.
Acta Gen. Subj. 1864, 129397 (2020).

19. Moroishi, T. et al. A YAP/TAZ-induced feedback mechanism reg-
ulates Hippo pathway homeostasis. Genes Dev. 29, 1271-1284
(2015).

20. Oudhoff, M. J. et al. Control of the hippo pathway by Set7-
dependent methylation of Yap. Dev. Cell 26, 188-194 (2013).

21. Fang, L. et al. SET1A-mediated mono-methylation at K342 regulates
YAP activation by blocking its nuclear export and promotes
tumorigenesis. Cancer Cell 34, 103-118.e109 (2018).

22. Mao, B. et al. SIRT1 regulates YAP2-mediated cell proliferation and
chemoresistance in hepatocellular carcinoma. Oncogene 33,
1468-1474 (2014).

23. Peng, C. et al. Regulation of the Hippo-YAP pathway by glucose
sensor O-GlcNAcylation. Mol. Cell 68, 591-604.e595 (2017).

24. Gupta, M. P., Kogut, P. & Gupta, M. Protein kinase-A dependent
phosphorylation of transcription enhancer factor-1 represses its
DNA-binding activity but enhances its gene activation ability.
Nucleic Acids Res. 28, 3168-3177 (2000).

Nature Communications | (2024)15:4995

15


https://www.proteinatlas.org/
http://kmplot.com/analysis/
https://www.aclbi.com/static/index.html#/
https://www.aclbi.com/static/index.html#/
https://doi.org/10.1093/database/baw054
https://doi.org/10.3390/cancers10040121
https://doi.org/10.3390/cancers10040094
https://doi.org/10.3390/cancers10040094

Article

https://doi.org/10.1038/s41467-024-49045-y

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Jiang, S. W., Dong, M., Trujillo, M. A., Miller, L. J. & Eberhardt, N. L.
DNA binding of TEA/ATTS domain factors is regulated by protein
kinase C phosphorylation in human choriocarcinoma cells. J. Biol.
Chem. 276, 23464-23470 (2001).

Zhao, B., Li, L., Tumaneng, K., Wang, C.-Y. & Guan, K.-L. A coordi-
nated phosphorylation by Lats and CK1 regulates YAP stability
through SCF(3-TRCP. Genes Dev. 24, 72-85 (2010).

Liu, C.Y. et al. The hippo tumor pathway promotes TAZ degradation
by phosphorylating a phosphodegron and recruiting the SCF{beta}-
TrCP E3 ligase. J. Biol. Chem. 285, 37159-37169 (2010).

Li, W. et al. Merlin/NF2 loss-driven tumorigenesis linked to
CRL4(DCAF1)-mediated inhibition of the hippo pathway kinases
Lats1 and 2 in the nucleus. Cancer Cell 26, 48-60 (2014).

Ma, B. et al. Hypoxia regulates Hippo signalling through the SIAH2
ubiquitin E3 ligase. Nat. Cell Biol. 17, 95-103 (2015).

Lignitto, L. et al. Proteolysis of MOB1 by the ubiquitin ligase praja2
attenuates Hippo signalling and supports glioblastoma growth.
Nat. Commun. 4, 1822 (2013).

Ma, X., Guo, X., Richardson, H. E., Xu, T. & Xue, L. POSH regulates
Hippo signaling through ubiquitin-mediated expanded degrada-
tion. Proc. Natl Acad. Sci. USA 115, 2150-2155 (2018).

Akimov, V. et al. UbiSite approach for comprehensive mapping of
lysine and N-terminal ubiquitination sites. Nat. Struct. Mol. Biol. 25,
631-640 (2018).

Kim, W. et al. Systematic and quantitative assessment of the
ubiquitin-modified proteome. Mol. Cell 44, 325-340 (2011).

Tan, B. et al. An optimized protocol for proximity biotinylation in
confluent epithelial cell cultures using the peroxidase APEX2. STAR
Protoc. 1, 100074 (2020).

Hung, V. et al. Spatially resolved proteomic mapping in living cells
with the engineered peroxidase APEX2. Nat. Protoc. 11, 456-475
(2016).

Zhao, B. et al. TEAD mediates YAP-dependent gene induction and
growth control. Genes Dev. 22, 1962-1971 (2008).

Yu, F. X. et al. Regulation of the Hippo-YAP pathway by G-protein-
coupled receptor signaling. Cell 150, 780-791 (2012).

Ji, X. et al. Cyclopeptide RA-V inhibits organ enlargement and
tumorigenesis induced by YAP activation. Cancers 10, https://doi.
org/10.3390/cancers10110449 (2018).

Lupas, A. Coiled coils: new structures and new functions. Trends
Biochem. Sci. 21, 375-382 (1996).

Li, Y. et al. Structural insights into the TRIM family of ubiquitin E3
ligases. Cell Res. 24, 762-765 (2014).

Welcker, M. et al. Fow7 dimerization determines the specificity and
robustness of substrate degradation. Genes Dev. 27, 2531-2536
(2013).

Gao, Y. et al. Enhanced purification of ubiquitinated proteins by
engineered tandem hybrid ubiquitin-binding domains (ThUBDs).
Mol. Cell Proteom. 15, 1381-1396 (2016).

Fu, M. et al. The Hippo signalling pathway and its implications in
human health and diseases. Signal Trans. Target. Ther. 7, https://
doi.org/10.1038/s41392-022-01191-9 (2022).

Lin, K. C., Park, H. W. & Guan, K. L. Regulation of the Hippo pathway
transcription factor TEAD. Trends Biochem. Sci. 42, 862-872 (2017).
Yagi, R., Chen, L. F., Shigesada, K., Murakami, Y. & Ito, Y. A WW
domain-containing yes-associated protein (YAP) is a novel tran-
scriptional co-activator. EMBO J. 18, 2551-2562 (1999).

Lin, K. C. et al. Regulation of Hippo pathway transcription factor
TEAD by p38 MAPK-induced cytoplasmic translocation. Nat. Cell
Biol. 19, 996-1002 (2017).

Yang, W. L. et al. The E3 ligase TRAF6 regulates Akt ubiquitination
and activation. Science 325, 1134-1138 (2009).

Song, M. S. et al. The deubiquitinylation and localization of PTEN are
regulated by a HAUSP-PML network. Nature 455, 813-817 (2008).

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Dey, A., Varelas, X. & Guan, K. L. Targeting the Hippo pathway in
cancer, fibrosis, wound healing and regenerative medicine. Nat.
Rev. Drug Discov. 19, 480-494 (2020).

Maugeri-Sacca, M. & De Maria, R. The Hippo pathway in normal
development and cancer. Pharmacol. Ther. 186, 60-72 (2018).
Zhao, B. et al. Cell detachment activates the Hippo pathway via
cytoskeleton reorganization to induce anoikis. Genes Dev. 26,
54-68 (2012).

Tian, W., Yu, J., Tomchick, D. R., Pan, D. & Luo, X. Structural and
functional analysis of the YAP-binding domain of human TEAD2.
Proc. Natl Acad. Sci. USA 107, 7293-7298 (2010).

Chen, L. et al. Structural basis of YAP recognition by TEADA4 in the
hippo pathway. Genes Dev. 24, 290-300 (2010).

Li, Z. et al. Structural insights into the YAP and TEAD complex.
Genes Dev. 24, 235-240 (2010).

Sohn, B. H. et al. Inactivation of Hippo pathway is significantly
associated with poor prognosis in hepatocellular carcinoma. Clin.
Cancer Res. 22, 1256-1264 (2016).

Sanchez-Vega, F. et al. Oncogenic signaling pathways in the Cancer
Genome Atlas. Cell 173, 321-337.e310 (2018).

Huh, H. D., Kim, D. H., Jeong, H. S. & Park, H. W. Regulation of TEAD
transcription factors in cancer biology. Cells 8, https://doi.org/10.
3390/cells8060600 (2019).

Chaisaingmongkol, J. et al. Common molecular subtypes among
Asian hepatocellular carcinoma and cholangiocarcinoma. Cancer
Cell 32, 57-70.e53 (2017).

Gao, Q. et al. Integrated proteogenomic characterization of
HBV-related hepatocellular carcinoma. Cell 179, 561-577.e522
(2019).

Russell, J. O. & Camargo, F. D. Hippo signalling in the liver: role in
development, regeneration and disease. Nat. Rev. Gastroenterol.
Hepatol. 19, 297-312 (2022).

Wang, H. et al. Distinct and overlapping roles of Hippo effectors YAP
and TAZ during human and mouse hepatocarcinogenesis. Cell. Mol.
Gastroenterol. Hepatol. 11, 1095-1117 (2021).

Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway
is involved in cell contact inhibition and tissue growth control.
Genes Dev. 21, 2747-2761 (2007).

Dimri, M. & Satyanarayana, A. Molecular signaling pathways and
therapeutic targets in hepatocellular carcinoma. Cancers 12,
https://doi.org/10.3390/cancers12020491 (2020).

Park, S. et al. Transcription factors TEAD2 and E2A globally repress
acetyl-CoA synthesis to promote tumorigenesis. Mol. Cell 82,
4246-4261.e4211 (2022).

Han, Y. Analysis of the role of the Hippo pathway in cancer. J. Transl.
Med. 17, 116 (2019).

Kuenzi, B. M. & Ideker, T. A census of pathway maps in cancer
systems biology. Nat. Rev. Cancer 20, 233-246 (2020).

Liu, Y., Wang, X. & Yang, Y. Hepatic Hippo signaling inhibits
development of hepatocellular carcinoma. Clin. Mol. Hepatol. 26,
742-750 (2020).

Tang, M. et al. Liver cancer heterogeneity modeled by in situ gen-
ome editing of hepatocytes. Sci. Adv. 8, eabn5683 (2022).
Lopdell, T. J. et al. DNA and RNA-sequence based GWAS highlights
membrane-transport genes as key modulators of milk lactose
content. BMC Genomics 18, 968 (2017).

Barroso-Gomila, O. et al. BioE3 identifies specific substrates of
ubiquitin E3 ligases. Nat. Commun. 14, 7656 (2023).

Noland, C. L. et al. Palmitoylation of TEAD transcription factors is
required for their stability and function in Hippo pathway signaling.
Structure 24, 179-186 (2016).

Chan, P. et al. Autopalmitoylation of TEAD proteins regulates tran-
scriptional output of the Hippo pathway. Nat. Chem. Biol. 12,
282-289 (2016).

Nature Communications | (2024)15:4995

16


https://doi.org/10.3390/cancers10110449
https://doi.org/10.3390/cancers10110449
https://doi.org/10.1038/s41392-022-01191-9
https://doi.org/10.1038/s41392-022-01191-9
https://doi.org/10.3390/cells8060600
https://doi.org/10.3390/cells8060600
https://doi.org/10.3390/cancers12020491

Article

https://doi.org/10.1038/s41467-024-49045-y

73. Kim, N. G. & Gumbiner, B. M. Cell contact and Nf2/Merlin-depen-
dent regulation of TEAD palmitoylation and activity. Proc. Natl Acad.
Sci. USA 116, 9877-9882 (2019).

74. Johnson, R. & Halder, G. The two faces of Hippo: targeting the
Hippo pathway for regenerative medicine and cancer treatment.
Nat. Rev. Drug Discov. 13, 63-79 (2014).

75. Cunningham, R. & Hansen, C. G. The Hippo pathway in cancer: YAP/
TAZ and TEAD as therapeutic targets in cancer. Clin. Sci. 136,
197-222 (2022).

76. Xiao, Y. & Dong, J. The Hippo signaling pathway in cancer: a cell
cycle perspective. Cancers 13, https://doi.org/10.3390/
cancers13246214 (2021).

77. Thompson, B. J. YAP/TAZ: drivers of tumor growth, metastasis, and
resistance to therapy. Bioessays 42, 1900162 (2020).

78. Pobbati, A. V. & Hong, W. A combat with the YAP/TAZ-TEAD onco-
proteins for cancer therapy. Theranostics 10, 3622-3635 (2020).

79. Barrette, A. M. et al. Anti-invasive efficacy and survival benefit of the
YAP-TEAD inhibitor verteporfin in preclinical glioblastoma models.
Neuro Oncol. 24, 694-707 (2022).

80. lJiao, S. et al. A peptide mimicking VGLL4 function acts as a YAP
antagonist therapy against gastric cancer. Cancer Cell 25,
166-180 (2014).

81. Bum-Erdene, K. et al. Small-molecule covalent modification of
conserved cysteine leads to allosteric inhibition of the TEAD-yap
protein-protein interaction.Cell Chem. Biol. 26, 378-389.e313
(2019).

82. Holden, J. K. & Cunningham, C. N. Targeting the hippo pathway and
cancer through the TEAD family of transcription factors. Cancers
10, https://doi.org/10.3390/cancers10030081 (2018).

83. Lin, Mengjia. The RNF214-TEAD-YAP signaling axis promotes hepa-
tocellular carcinoma progression via TEAD ubiquitylation. figshare.
Dataset. https://doi.org/10.6084/m9.figshare.25185569 (2024)

Acknowledgements

We thank Dr. Shengda Lin for his critical comments on the work. This
work was partially supported by grants from the National Natural Sci-
ence Foundation of China (Nos. 31970734 (J.J.), 32150014 (J.J.),
32022023 (L.S.), 31970726 (B.Z.), 31925010 (F.L.), and 91953121 (F.L.)),
National Key Research and Development Program of China (Nos.
2022YFC3401500 (J.J., X.F.), 2021YFA1300100(F.L.), and
2018YFAO0108700(F.L.)) and the Fundamental Research Funds for the
Central Universities. We are also grateful to our colleagues at the core
facility of the Life Sciences Institute for their assistance of picking clones
from Invitrogen ORF Clones library.

Author contributions

M. Lin performed the majority of the experiments, X. Zheng participated
in Western blotting and co-IP experiments, J. Yan was involved in the
analysis of some clinical samples, F. Huang did biostatistical analysis,

Y. Chen and R. Ding helped with protein purifications, J. Wan and L.
Zhang performed mass spectrometry, C. Wang and J. Pan helped with
animal model, X. Cao and K. Fu prepared some critical reagents, Y. Lou
analyzed some clinical data, X.-H. Feng, J. Ji and B. Zhao provided
reagents and advice for the study, F. Lan, L. Shen, and X. He supervised
mass spectrometry, statistical analysis and clinical sample analysis,
respectively. M. Lin prepared the figures, M. Lin, Y. Chen, and J. Jin
contributed to literature search, M. Lin, Y. Qiu, and J. Jin cowrote the
manuscript. M. Lin, Y. Chen, Y. Qiu, and J. Jin edited the manuscript. J. Jin
and Y. Qiu designed and supervised the work. All authors read and
approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49045-y.

Correspondence and requests for materials should be addressed to
Yunging Qiu or Jianping Jin.

Peer review information Nature Communications thanks Thomas
Bonacci, Ivan Moya and the other anonymous reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:4995

17


https://doi.org/10.3390/cancers13246214
https://doi.org/10.3390/cancers13246214
https://doi.org/10.3390/cancers10030081
https://doi.org/10.6084/m9.figshare.25185569
https://doi.org/10.1038/s41467-024-49045-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The RNF214-TEAD-YAP signaling axis promotes hepatocellular carcinoma progression via TEAD ubiquitylation
	Results
	RNF214 interacts with the TEAD transcription factors
	RNF214 enhances Hippo-regulated transcription
	RNF214 promotes nonproteolytic polyubiquitylation of�TEADs
	RNF214 enhances the interactions between TEADs and�YAP
	Overexpression of RNF214 correlates with poor prognosis�in HCC
	RNF214 is critical for HCC tumorigenesis

	Discussion
	Methods
	Cell culture and transfection
	Plasmids
	Analysis of RNF214 in HCC Microarray
	Small interference RNA
	Lentivirus production and stable cell line generation
	Proliferation and colony formation�assays
	Cell migration and invasion�assays
	Luciferase reporter�assay
	RNA extraction and qRT-PCR
	APEX2-catalyzed biotinylation and Mass spectrometry analysis
	Western blotting and immunoprecipitation
	Immunofluorescence
	Ubiquitylation assays in cells
	Pulldown�assay
	Animal�model
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




