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Hippo signaling controls the expression of genes regulating cell
proliferation and survival and organ size. The regulation of core
components in the Hippo pathway by phosphorylation has been
extensively investigated, but the roles of ubiquitination−deubiquiti-
nation processes are largely unknown. To identify deubiquitinase(s)
that regulates Hippo signaling, we performed unbiased siRNA
screening and found that YOD1 controls biological responses medi-
ated by YAP/TAZ. Mechanistically, YOD1 deubiquitinates ITCH, an
E3 ligase of LATS, and enhances the stability of ITCH, which leads to
reduced levels of LATS and a subsequent increase in the YAP/TAZ
level. Furthermore, we show that the miR-21-mediated regulation
of YOD1 is responsible for the cell-density-dependent changes in
YAP/TAZ levels. Using a transgenic mouse model, we demonstrate
that the inducible expression of YOD1 enhances the proliferation
of hepatocytes and leads to hepatomegaly in a YAP/TAZ-activity-
dependent manner. Moreover, we find a strong correlation be-
tween YOD1 and YAP expression in liver cancer patients. Overall,
our data strongly suggest that YOD1 is a regulator of the Hippo
pathway and would be a therapeutic target to treat liver cancer.
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The Hippo pathway plays an essential role in animal devel-
opment and tissue homeostasis. The Hippo pathway can be

initiated by changes in cell density, G protein-coupled receptor
signaling, or mechanical stimuli, thereby activating a kinase cas-
cade consisting of MST1/2 and LATS1/2 to maintain precise organ
size (1–3). As a result, the dysregulation of the Hippo pathway
may result in tumor formation and tissue degeneration. The key
step of this pathway is the regulation of the transcriptional coac-
tivators YAP/TAZ by LATS1/2 kinases. LATS1/2 phosphorylates
YAP/TAZ to induce its cytoplasmic retention and subsequent
β-TrCP-mediated proteasomal degradation. Inactivation of the
Hippo pathway by genetic mutation or cytoskeletal rearrangement
inhibits YAP/TAZ phosphorylation and allows YAP/TAZ to enter
the nucleus, where it activates genes involved in cell proliferation.
These findings show that regulation of the Hippo pathway is
achieved at various levels via posttranslational modifications such
as phosphorylation and ubiquitination.
The ubiquitin-mediated proteolytic pathway plays an essential

role in controlling the abundance of several proteins and in
maintaining normal cellular functions. ITCH has emerged as an
E3 ubiquitin ligase that promotes the degradation of LATS ki-
nases. Although the destabilization of LATS1 by ITCH leads to a
significant increase in YAP/TAZ activation and is associated
with tumorigenic traits (4, 5), the upstream signaling and bi-
ological process that regulates ITCH has not been investigated.
The regulation of substrates by ubiquitination can be tightly re-
versed by deubiquitinases (DUBs), which can remove ubiquitin
from the substrates (6). Notably, several studies have suggested
that the DUB-E3 ligase complex modulates cellular protein dy-
namics by mediating E3 ligase stability and activity (7–9).
Here, we report that the DUBYOD1 is a regulator of the Hippo

pathway. YOD1 removes ubiquitin from ITCH and promotes its

stabilization, inducing LATS degradation and YAP/TAZ acti-
vation. The YOD1−ITCH−YAP/TAZ signaling axis is con-
trolled by the differential expression of miR-21 in a cell-density-
dependent manner. We show that the inducible expression of
YOD1 in the liver enhances the proliferation of hepatocytes and
leads to hepatomegaly in a YAP/TAZ-activity-dependent man-
ner, suggesting that YOD1 is an intrinsic regulator of the Hippo
pathway in vivo. Furthermore, our clinical findings that YOD1
expression is high and that it shows a strong positive correlation
with YAP in liver cancer patients suggest that YOD1 would be
a therapeutic target.

Results
DUB YOD1 Is Required for YAP/TAZ Transcriptional Activity. To in-
vestigate the involvement of DUBs in the Hippo pathway, we
selected 36 representative DUBs and conducted unbiased
siRNA screening by monitoring the levels of TAZ, a terminal
modulator of the Hippo pathway. Among those tested, we fo-
cused on YOD1 (also known as OTUD2 or OTU1) because its
siRNA-mediated depletion markedly reduced TAZ abundance
(Fig. 1A) (10). Consistent with Fig. 1A, the knockdown of
YOD1 reduced YAP/TAZ reporter activity and the expression
of its target genes, including ANKRD1, CTGF, CYR61, and
INHBA (Fig. 1 B and C). The knockdown of YOD1 reduced
YAP/TAZ reporter activity to a greater degree than was caused
by the knockdown of USP9X (Fig. 1B), which was used as a
positive control in our screening (11). The overexpression of
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YOD1, but not the catalytic mutant version (YOD1-C160S), was
sufficient to induce YAP/TAZ reporter activity, indicating that
deubiquitinating enzyme activity is required for YAP/TAZ tran-
scriptional activity (Fig. 1D). The subcellular localization and
transcriptional activity of YAP/TAZ are regulated by cell density
(2). In accordance with previous reports, the expression of YAP/
TAZ target genes was found to be higher in sparsely cultured cells
than the expression levels in densely cultured cells (Fig. 1E).
However, the knockdown of YOD1 in sparsely cultured cells
significantly reduced expression of YAP/TAZ target genes similar
to the expression in densely cultured cells, which suggests that
YOD1 controls YAP/TAZ transcriptional activity (Fig. 1E).
Because our results suggest that YOD1 is required for YAP/

TAZ activity, which is linked to the progression of tumors (12,
13), we examined whether YOD1 has oncogenic properties. The
overexpression or depletion of YOD1 resulted in cells migrating
faster or slower, respectively, than control cells, as measured by
wound closure in wound-healing assays (Fig. 1F and Fig. S1A).
The enhanced migration resulting from the overexpression of
YOD1 depends on the presence of YAP, as shown by the fact
that it was abolished by a concomitant loss of YAP (Fig. 1F). To

further demonstrate the oncogenic function of YOD1, we per-
formed an anchorage-independent growth assay. Here, YOD1
significantly enhanced colony formation in an enzymatic-activity-
dependent manner (Fig. S1B). More importantly, colony forma-
tion induced by YOD1 expression was completely abolished when
YAP was depleted, indicating that YOD1 exerts oncogenic activity
through YAP (Fig. 1G). Taken together, these data suggest that
YOD1 is a regulator of the Hippo pathway that has an oncogenic
property through YAP/TAZ.

YOD1 Promotes LATS Kinase Degradation Through ITCH. To identify
the molecular target of YOD1, we first examined the levels of
Hippo pathway components, such as NF2, MST1, and LATS1 in
HEK293T cells and found that the loss or overexpression of
YOD1 specifically increased or decreased LATS1 kinase, re-
spectively, without altering the levels of the other components
(Fig. 2 A and B). Knockdown of YOD1 in the human hepatocyte
Huh7 cells resulted in a similar pattern, with a notable difference
of significantly increased levels of LATS2 in addition to LATS 1
(Fig. S2A). Inducible expression of YOD1 in mice liver also
showed down-regulation of both LATS1 and LATS2 (see Fig.
S4D), which suggests that the regulation of LATS2 by YOD1 is
context-dependent. The finding that the reduction of reporter
activity caused by YOD1 depletion was fully rescued by LATS1/
2 knockdown further supports the possibility that YOD1 might
potentiate YAP/TAZ transcriptional activity through LATS (Fig.
2C). Because LATS kinase is known to directly phosphorylate
and induce the β-TrCP-mediated degradation of YAP/TAZ in a
ubiquitin-dependent manner, we initially speculated that LATS
would be a substrate of YOD1. However, contrary to our ex-
pectation, we did not observe an interaction between YOD1 and
LATS1 (Fig. S2B). Because YOD1 is a DUB, we looked for ubiq-
uitin E3 ligase(s) that is known to destabilize LATS kinase. Of the
known E3 ligases, including ITCH, NEDD4, SIAH2, and SMURFs,
we found that YOD1 interacted with only ITCH (Fig. 2D) and in-
creased its abundance (Fig. S2C) (4, 5, 14–16). YOD1 over-
expression was sufficient for the induction of increase in ITCH levels
and subsequent decreases in LATS1 levels in an enzymatic-activity-
dependent manner (Fig. 2E). Conversely, the knockdown of
YOD1 by three siRNAs targeting different regions of the mRNA of
YOD1 showed opposite effects on ITCH and LATS levels (Fig. 2F).
Among the 36 DUBs tested, we observed that ITCH levels were
strongly down-regulated when only YOD1 was depleted (Fig. S2D).
More importantly, the up-regulation of YAP/TAZ transcriptional
activity caused by YOD1 overexpression was completely abolished
by the depletion of ITCH (Fig. 2G). The loss of YOD1 did not
further reduce reporter activity when ITCH was codepleted in cells
(Fig. S2E, Left). The finding that the increase in LATS1 level caused
by ITCH loss was not further enhanced by the depletion of
YOD1 indicates that ITCH mediates the effect of YOD1 in the
regulation of Hippo signaling (Fig. S2E, Right).
The finding that YOD1 regulates ITCH levels prompted us to

investigate the underlying molecular mechanism. ITCH is known
to undergo autoubiquitination and self-degradation (7), and the
down-regulation of ITCH by YOD1 depletion can be fully re-
stored by treatment with the proteasome inhibitor MG132 (Fig.
2H), suggesting that YOD1 may enhance the stability of ITCH
through a deubiquitination event. Therefore, we next investi-
gated whether YOD1 promotes ITCH stabilization by deubi-
quitination of ITCH. To compare the status of ubiquitination on
ITCH, we normalized total ITCH levels by blocking ubiquitin/
proteasomal degradation of ITCH with MG132 treatment.
ITCH was heavily ubiquitinated at the basal level, which was
abolished by transfection with YOD1-WT but not YOD1-C160S
(Fig. 2I). Conversely, ITCH ubiquitination was strongly in-
creased in YOD1-depleted cells after treatment with MG132
(Fig. 2J). Interestingly, the YOD1-induced increase in LATS1
ubiquitination was impaired by the loss of ITCH, indicating that

Fig. 1. DUB siRNA screening identifies YOD1 as a potent activator of YAP/
TAZ. (A) The level of TAZ in HEK293T cells transfected with siRNAs for dif-
ferent DUBs. (B) HEK293T cells were cotransfected with the siRNA indicated in
the figure, pRL-TK, and 8xGTIIC luciferase reporter constructs. One day after
transfection, luciferase activity was measured and normalized relative to
Renilla activity. Endogenous YOD1 and TAZ protein levels were measured via
Western blotting. (C) The levels of the mRNAs indicated in the figure were
analyzed via reverse transcription real-time PCR (RT-qPCR), and the results
were normalized relative to β-actin mRNA. (D) HEK293T cells were transfected
with empty vectors, Flag-YOD1-WT, or Flag-YOD1-CS, and 8xGTIIC luciferase
activity was measured. (E) HEK293 cells were transfected with siRNAs for 24 h
and then replated in either low- or high-density conditions. At 48 h after
siRNA transfection, the cells were harvested, and the levels of mRNAs in-
dicated in the figure were analyzed via RT-qPCR. (F) (Left) HCT116 cells
expressing shScramble or shYAP were transfected with the plasmids described
in the figure, and the wounded areas were measured at 0 and 24 h using the
TScratch program. (Magnification: 10×.) (Right) Quantification of unfilled
areas. (G) (Top) Representative images from colony forming assays using cells
described in F. Colony forming assay plates were taken without magnification
using color camera. (Bottom) Quantification of the number of colonies. The
statistical results represent average values from a representative experiment
performed in triplicate. Error bars indicate SDs of triplicate assays. CS, C160S
(YOD1 mutant); Ctrl, control; N.S, not significant; **P < 0.01.
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ITCH mediates YOD1-dependent LATS regulation (Fig. 2K).
Overall, our data strongly suggest that YOD1 specifically regu-
lates ITCH-dependent LATS degradation, thereby inhibiting the
Hippo signaling pathway.

Cell-Density-Dependent Regulation of the miR-21−YOD1−ITCH Axis.
As cell density is a well-known intrinsic factor that regulates the
Hippo pathway, and our findings show that YOD1 is required for

YAP/TAZ activity, we examined the possibility that YOD1 can
be controlled in a cell-density-dependent manner. Interestingly,
the level of YOD1 in cells grown at a high density was much
lower than in cells grown at a low density (Fig. 3A), whereas the
level of YOD1 mRNA was not different between the conditions
(Fig. S3A). Along with YOD1 levels, cells grown at a high cell
density exhibited reduced levels of ITCH and TAZ (Fig. 3A).
The reduced levels of ITCH and TAZ observed at a high cell
density were restored by YOD1 overexpression, whereas the
LATS1 level was decreased to the basal level (Fig. S3B). In-
versely, the knockdown of YOD1 led to a marked decrease in the
ITCH level at a low cell density and a further reduction at a high
cell density (Fig. 3B). Next, we examined whether the decrease
of YOD1 at a high cell density leads to an increase in ITCH
ubiquitination. As shown in Fig. 3C, the ITCH ubiquitination
status was increased along with the gradual reduction of YOD1
at a high cell density, and the ubiquitination of ITCH was fully
restored following overexpression of YOD1 to endogenous lev-
els. In addition, the depletion of YOD1 led to a dramatic

Fig. 3. Cell-density-dependent regulation of miR-21 is responsible for the
down-regulation of YOD1. (A) MCF10A, NIH 3T3, and HEK293 cells were
cultured at low and high cell densities, and cell extracts were analyzed via
Western blotting for the indicated proteins. (B) HEK293 cells were trans-
fected with siYOD1 for 24 h and then reseeded under either low or high cell-
density conditions. At 48 h after siRNA transfection, the cells were harvested
and analyzed via Western blotting for the proteins indicated in the figure.
(C) HEK293 cells transfected with the indicated plasmids were cultured
at low, middle, and high densities and then treated with MG132 for 4 h
before being harvested, and the ubiquitination of ITCH was examined.
(D) HEK293 cells were cotransfected with HA-Ubiquitin and siYOD1. One day
after transfection, the cells were reseeded under either low or high cell-
density conditions, and the ubiquitination of ITCH was examined after 1 d.
(E) HEK293T cells were cotransfected with miR-21 mimics and reporter
constructs. One day after transfection, luciferase activity was measured.
(F) HEK293T cells were transfected with miR-21 mimics. After 24 h, the cell
lysates were analyzed via Western blotting for the indicated proteins.
(G) HEK293T cells were cotransfected with the indicated siRNAs, pRL-TK, and
8xGTIIC luciferase. (Left) One day after transfection, cells were treated with
negative control locked nucleic acid (LNA) oligonucleotides or an miR-21 in-
hibitor for 48 h (50 nM). (Right) A representative Western blot indicating the
efficiency of the siRNA and miR-21 inhibitor. (H) HEK293 cells cultured at low
and high cell densities were treated with negative control LNA or a miR-
21 inhibitor for 48 h (50 nM). Total cell lysates were analyzed via Western
blotting for the indicated proteins. NC, negative control. The statistical re-
sults represent average values from a representative experiment performed
in triplicate. **P < 0.01; error bars indicate the mean ± SD. Student t test was
used for statistical analysis. Ctrl, control; HD, high density; IP, immunopre-
cipitation; LD, low density.

Fig. 2. YOD1 regulates LATS1 stability in an ITCH-dependent manner.
(A) Assessment of levels of major Hippo components in HEK293T cells
transfected with siRNAs for GFP or YOD1. (B) HEK293T cells were transfected
with increasing amounts of YOD1 and analyzed via Western blotting for
the indicated proteins. (C) (Left) HEK293T cells were cotransfected with the
indicated siRNAs, pRL-TK, and 8xGTIIC luciferase. (Right) A representative
Western blot indicating the successful knockdown of proteins by siRNAs.
(D) Protein lysates from HEK293T cells were immunoprecipitated with an
anti-ITCH antibody and analyzed via immunoblotting for the indicated
proteins. WCL, whole-cell lysates. (E) Empty vectors, Flag-YOD1-WT, or Flag-
YOD1-CS were expressed in HEK293T cells followed by Western blotting
with the indicated antibodies. (F) HEK293T cells were transfected with a
scrambled siRNA or three different YOD1 siRNAs targeting different regions.
One day after siRNA transfection, the cells were harvested and analyzed
via Western blotting for the indicated proteins. (G) HEK293T cells were
transfected with either siGFP or siITCH. One day after siRNA transfection,
the cells were cotransfected with the indicated plasmids and reporter con-
structs. Reporter activity was measured 24 h after the latter transfection.
(H) HEK293T cells transfected with either siScrambled or siYOD1 were
treated with either DMSO (control) or a proteasome inhibitor (MG132).
(I) HA-ubiquitin was cotransfected with empty vectors, Flag-YOD1-WT, or
Flag-YOD1-CS into HEK293T cells, which were treated with 25 μMMG132 for
4 h before being harvested. Total cell lysates were immunoprecipitated with
an anti-ITCH antibody, followed by immunoblotting with an anti-HA antibody.
(J) The experiments were performed as described in I except that siRNA tar-
geting YOD1 was used. (K) HEK293T cells were transfected with the indicated
plasmids and siRNAs and were treated with 25 μMMG132 for 4 h before being
harvested. Total cell lysates were immunoprecipitated with an anti-LATS1 anti-
body, followed by immunoblotting with an anti-HA antibody. The statistical
results represent average values from a representative experiment performed in
triplicate. Error bars indicate SDs of triplicate assays. **P < 0.01. CS, C160S (YOD1
mutant); IP, immunoprecipitation.
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increase in ITCH ubiquitination at a low cell density, whereas it
did not further enhance ITCH ubiquitination at a high cell
density (Fig. 3D). These results suggest that ITCH-mediated
LATS1 ubiquitination and degradation is regulated by YOD1
in a cell-density-dependent manner.
To explore the molecular mechanism underlying density-

dependent YOD1 regulation, we first examined whether YOD1
could be regulated by the components of the Hippo pathway
that are known to sense and mediate cell−cell contact inhibition.
However, the knockdown of Hippo core components had no
influence on YOD1 levels (Fig. S3C). Previous work has dem-
onstrated that miRNA biogenesis is globally activated by cell−
cell contact (17). Here, we focused on microRNA-21 (miR-21)
expression because it contains two regions targeting YOD1 and
because miR-21 levels were increased in high cell density across
various cell lines (Fig. S3 D and E). Furthermore, its role in the
regulation of the Hippo pathway has not previously been ex-
amined (18, 19). The addition of miR-21 significantly reduced
YAP/TAZ transcriptional activity (Fig. 3E and Fig. S3F). Con-
sistent with this, miR-21 expression led to reductions in the levels
of YOD1 without changing the level of its mRNA, indicating

that miR-21 may not induce YOD1 mRNA degradation, but may
inhibit its translation (Fig. 3F and Fig. S3G). Consistent with
down-regulation of YOD1 by miR-21, ITCH and TAZ were
markedly reduced, whereas LATS1 and YAP phosphorylation on
Ser127 was increased (Fig. 3F). We further observed that the
blockade of miR21 activity via the addition of a chemically mod-
ified miR-21 inhibitor led to an increase in the YAP/TAZ activi-
ties (Fig. 3G and Fig. S3F). In addition, treatment with the miR-
21 inhibitor blocked the reduction of YOD1 levels at a high cell
density (Fig. 3H). Upon examining the levels of upstream com-
ponents of LATS, such as NF2 and MST1, we found that the
addition or blockade of miR-21 did not alter the levels of these
components (Fig. S3H). Taken together, these results suggest that
the endogenous YOD1−ITCH−LATS−YAP/TAZ axis is regu-
lated by the level of miR-21 in a cell-density-dependent manner.
In addition to miR-21, miR-125a and miR-30b contain pre-

dicted sequences targeting YOD1 and markedly reduced levels
of YOD1 when overexpressed (Fig. S3 D and I). However, unlike
miR-21, miR-125a and miR-30b expression was not increased in
high cell density (Fig. S3J). Furthermore, we examined other
miRNAs increased in high cell density, such as miR-15a and

Fig. 4. YOD1 expression leads to hepatomegaly in mice and is correlated with YAP level in the tumor tissues of liver cancer patients. (A) Lysates from
the livers of nontransgenic and ApoE-rtTA;iYOD1 transgenic mice fed without or with Dox for 8 wk were immunoblotted with the antibodies indicated in the
figure. (B) Total RNAs from the livers of ApoE-rtTA;iYOD1 transgenic mice fed without or with Dox for 8 wk were isolated, and RT-qPCR analyses for the
indicated genes were performed. Data are presented as mean ± SD; **P < 0.01. Student t test was used for statistical analysis. (C) Livers from ApoE-rtTA;
iYOD1 transgenic mice fed without or with Dox for 8 mo, starting at 4 wk of age. (D) Liver and body weights were measured at the times indicated in the
figure. **P < 0.01, error bars indicate the mean ± SD (n ≥ 5). (E) Histogram shows the relative number of Ki67-positive hepatocytes in the liver sections from
ApoE-rtTA;iYOD1 transgenic mice fed without or with Dox for 8 mo. Ten fields were chosen randomly for analysis in liver sections from each animal. Data are
presented as mean ± SD (n = 8). **P < 0.01. Student t test was used for statistical analysis. (F) (Left) Representative pictures of livers from control (DMSO) and
VP-injected ApoE-rtTA;iYOD1 transgenic mice fed Dox for 8 wk and (Right) values for liver-to-body weight ratios at the end of the 8-wk period. **P < 0.01;
values represent the mean ± SD (n ≥ 7). (G) RT-qPCR analysis of the expression of the indicated genes in the livers described in F. **P < 0.01; error bars indicate
the mean ± SD. (H) (Left) Histogram shows the relative number of Ki67-positive hepatocytes in the liver sections from DMSO- or VP-injected ApoE-rtTA;
iYOD1 transgenic mice. Ten fields were chosen randomly for analysis in liver sections from each animal. (Right) Representative Ki67 immunohistochemistry
staining of liver sections from each group. **P < 0.01; error bars indicate the mean ± SD (n = 5). (I) RT-qPCR analysis of the expression of EpCAM and Sox9 in
livers from DMSO- or VP-injected ApoE-rtTA;iYOD1 transgenic mice. Data are presented as mean ± SD. **P < 0.01. Student t test was used for statistical
analysis. (J) Immunohistochemical (IHC) staining of human liver cancer tissue samples. Images represent the IHC staining of three liver cancer patients stained
with YOD1 and YAP. The staining data for (Left) normal tissues adjacent to tumors and (Right) tumor tissues are presented. All images were taken at 400×.
Ctrl, control; DOX, doxycycline; Veh, vehicle.
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miR-29b (17). In accordance with previous reports, miR-15a and
miR-29b were highly expressed in high cell density but did not
reduce YOD1 levels (Fig. S3 K and L). Taken together, our data
strongly suggest that miR-21 is the only miRNA that can respond
to cell density and regulate the Hippo pathway by controlling the
level of YOD1.

Inducible Expression of YOD1 in the Liver Leads to Hepatomegaly.
Because our findings show that YOD1 is required for YAP/
TAZ activity (Fig. 1) and Hippo signaling is known to play es-
sential roles in the control of mammalian organ size, we exam-
ined the physiological role of YOD1 in the regulation of organ
size. To this end, we chose mouse liver as our in vivo model
organ because our results suggested that YOD1 is a potential
activator of YAP/TAZ and because it has been shown that in-
ducible expression of YAP in liver leads to hepatomegaly (13).
We generated transgenic mice carrying human YOD1 cDNA
(hYOD1), the expression of which is controlled by a tetracycline
(Tet)-responsive element fused with the minimal CMV pro-
moter, and a reverse tetracycline transactivator (rtTA) under the
control of the liver-specific ApoE promoter (Fig. S4A). These
transgenic mice (hereafter referred to as ApoE-rtTA:iYOD1)
allowed for the doxycycline (a tetracycline derivative)-dependent
expression of hYOD1 in mouse livers (Fig. 4A). Consistent with
results observed in cell culture experiments, we found that in-
ducing the expression of hYOD1 via Dox intake for 8 wk
resulted in marked increases in ITCH, YAP, and TAZ levels and
a reduction in LATS1 levels (Fig. 4A), thereby up-regulating the
expression of YAP/TAZ target genes, including Acta2, Ctgf, and
Cyr61 (Fig. 4B). Oval cells are known as liver progenitor/stem
cells, and they express EpCAM and Sox9 (20, 21). An increase in
YAP in Mst1/Mst2-deleted mice caused a marked expansion of
oval cells (22, 23). We also observed that the expression of the
oval cell markers EpCAM and Sox9 was dramatically increased in
the livers of Dox-treated mice (Fig. 4B). In agreement with these
molecular changes, Dox-treated ApoE-rtTA:iYOD1 mice dis-
played hepatomegaly compared with the mice fed a normal diet
(Fig. 4 C and D), whereas the Dox-treated ApoE-rtTA or
iYOD1 mice had no changes in liver size (Fig. S4 B and C). The
hepatomegaly of Dox-treated mice is in accordance with the
observed up-regulation of hepatocyte proliferation, as deter-
mined by Ki-67 staining (Fig. 4E). Cytokeratin (CK) 19 is spe-
cifically expressed in proliferating oval cells. The liver of Dox-

treated ApoE-rtTA:iYOD1 mice exhibited an increased number
of cells positive for CK19 expression around the portal vein (Fig.
S4E). These results indicate that hepatic overexpression of YOD1
results in proliferation and expansion of oval cells. We next
questioned whether YOD1-induced hepatomegaly was depen-
dent on continuous YOD1 expression. To this end, we stopped
administering Dox in the drinking water after the initial 8 wk of
Dox feeding. The expression levels of hYOD1, ITCH, YAP, and
TAZ were reduced, and the enlarged livers returned to almost
their normal size 4 wk after Dox withdrawal (Fig. S4 F and G).
These data suggest that YOD1 is sufficient to induce liver
overgrowth and it is reversible.
To investigate whether the hepatomegaly caused by the in-

ducible expression of YOD1 depends on YAP/TAZ transcrip-
tional activity, we used the small molecule Verteporfin (VP),
which is known to inhibit the YAP−TEAD interaction and YAP-
induced liver overgrowth (24). When the ApoE-rtTA:iYOD1
mice were fed Dox for 8 wk, they were also given VP (50 mg/kg)
via i.p. injections for the last 4 wk. The liver overgrowth and
increased expression of YAP/TAZ target genes caused by the
inducible expression of hYOD1 were significantly relieved in
mice injected with VP (Fig. 4 F and G). In support of these re-
sults, hepatocyte proliferation and the expression of the oval cell
markers EpCAM and Sox9 were significantly reduced in the livers
of VP-injected mice, without changes in the levels of YOD1 (Fig.
4 H and I and Fig. S4H). VP is also known to inhibit cytokine
induced STAT3 activity to reduce the viability of colorectal
cancer cells (25). To exclude the possibility that blocking of
hepatomegaly by the injection of VP was due to inhibition of
STAT signaling rather than inhibition of YAP activity, we ex-
amined the level of STAT3 activation (pSTAT3Y705) in lysates of
livers that were used in Fig. 4F. The levels of STAT3 and
pSTAT3Y705 were not changed by the VP injection (Fig. S4H).
Collectively, these results suggest that YOD1 leads to liver
overgrowth by regulating YAP/TAZ transcriptional activity.
Our findings harnessing a mice model suggest that YOD1 may

act as an oncogene in cancer patients. To examine the clinical
relevance of our findings, we examined the expression of YOD1
and YAP in the tissues of 20 hepatocellular carcinoma patients.
The levels of YOD1 were higher in tumors than in contiguous
normal tissues in 12 out of 20 patients (Table S1, P value =
0.00008). Significantly, higher levels of YOD1 in tumor tissues
exhibited a stronger correlation with the levels of YAP (Table
S1, P value = 0.00049). Three cases of immunostaining data are
presented in Fig. 4J. These results strongly suggest that YOD1 is
an intrinsic positive regulator of YAP and works as an oncogene,
at least in liver tissue.

Discussion
Although there have been recent advances clarifying how the
Hippo pathway is regulated, our understanding is limited due to
its complexity under physiologically relevant conditions. Identi-
fying regulators and validating their modes of action are essential
steps to fully understand Hippo signaling. In the present study,
by using both biochemical, genetic approaches and clinical
samples, we identified YOD1 as a mediator that links physio-
logical signals with Hippo-YAP/TAZ signaling.
We found that YOD1 deubiquitinates and stabilizes ITCH, an

E3 ligase of LATS1/2, and that the level of YOD1 is changed in a
cell-density-dependent manner (Figs. 1−3). Cell density is a well-
known intrinsic factor that activates the Hippo pathway via the
enhancement of both the level and kinase activity of LATS (26,
27). Importantly, LATS kinase is the only tumor suppressor
regulated by ITCH while controlling YAP. However, it is still
unclear how cell density regulates the cellular abundance of
LATS kinases. Here, we show that increases in miR-21 levels at a
high cell density are crucial for the down-regulation of YOD1
and the accompanying destabilization of ITCH, which leads to

Fig. 5. Schematic model. At low cell densities, high levels of YOD1 keep the
level of LATS1 low through deubiquitination of ITCH, which allows for high
expression levels of YAP/TAZ target genes. At high cell densities, low levels
of YOD1 resulting from increases in the level of miR-21 lead to an increase in
the level of LATS1; this increases the phosphorylation of YAP/TAZ, which
shuts down the expression of YAP/TAZ-mediated target genes.
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increases in the level of LATS. Our findings suggest a clear
mechanism for the regulation of the Hippo pathway: At low cell
densities, high levels of YOD1 keep the level of LATS low, which
prevents unnecessary activation of the Hippo pathway and allows
for high expression levels of YAP/TAZ target genes (Fig. 5, Left).
At high cell densities, however, low levels of YOD1 resulting from
increases in the level of miR-21 lead to an increase in the level of
LATS. Greater LATS activity, resulting from phosphorylation by
activated MST1/2, increases the potential for the phosphorylation
of YAP/TAZ, which may completely shut down the expression of
YAP/TAZ-mediated target genes (Fig. 5, Right). In short, the
activation of the Hippo pathway via cell-density-dependent stimuli
is mediated in two ways: the activation of MST1/2 and the regu-
lation of YOD1 by miR-21, which results in enhanced LATS ac-
tivity. However, further studies are needed to understand the
nature of the upstream signal and whether the processes men-
tioned above share the same signal.
ITCH has been found to be involved in multiple signaling

pathways associated with cancer and immune responses (28–30),
whereas YOD1 has been proposed to regulate endoplasmic
reticulum-associated protein degradation (10). Although the
phenotype of YOD1 knockout mice has not been reported,
antigen-presenting cells of transgenic mice that express YOD1-
C160S show enhanced antigen cross-presentation (31). The
molecular target of YOD1 was not identified in this study, but it

would be interesting to test whether ITCH is responsible for this
phenotype (31). We focused on the role of YOD1 in the regu-
lation of the Hippo pathway; however, because ITCH is involved
in a variety of biological processes, diverse roles for YOD1 are
expected under different cellular contexts.

Materials and Methods
The study was approved by the Medical Ethics Committee of Asan Medical
Center (2016-0577). All human data and samples used in this study were
anonymized. All identifiers of human data or samples were irreversibly
stripped via an arbitrary alphanumeric code, making it impossible for anyone
to link the samples to their sources. Therefore, no informed consent was
obtained from the research participants. All experimental procedures were
performed according to animal care and ethics legislation, and the study was
approved by the Animal Care Committee of the University of Seoul. Details of
materials and methods are described in SI Materials and Methods.
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