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Abstract

The evolutionarily conserved Hippo signaling pathway is a key regulator of stem cell self-renewal, differentiation, and organ
size. While alterations in Hippo signaling are causally linked to uncontrolled cell growth and a broad range of malignancies,
genetic mutations in the Hippo pathway are uncommon and it is unclear how the tumor suppressor function of the Hippo
pathway is disrupted in human cancers. Here, we report a novel epigenetic mechanism of Hippo inactivation in the context
of hepatocellular carcinoma (HCC). We identify a member of the microrchidia (MORC) protein family, MORC2, as an
inhibitor of the Hippo pathway by controlling upstream Hippo regulators, neurofibromatosis 2 (NF2) and kidney and brain
protein (KIBRA). Mechanistically, MORC?2 forms a complex with DNA methyltransferase 3A (DNMT3A) at the promoters
of NF2 and KIBRA, leading to their DNA hyper-methylation and transcriptional repression. As a result, NF2 and KIBRA are
crucial targets of MORC?2 to regulate confluence-induced activation of Hippo signaling and contact inhibition of cell growth
under both physiological and pathological conditions. The MORC2-NF2/KIBRA axis is critical for maintaining self-
renewal, sorafenib resistance, and oncogenicity of HCC cells in vitro and in nude mice. Furthermore, MORC?2 expression is
elevated in HCC tissues, associated with stem-like properties of cancer cells, and disease progression in patients.
Collectively, MORC2 promotes cancer stemness and tumorigenesis by facilitating DNA methylation-dependent silencing of
Hippo signaling and could be a potential molecular target for cancer therapeutics.

Introduction

Molecular pathways that regulate stem cell homeostasis dur-
ing organ growth are often hijacked to promote tumorigen-
esis. One such pathway dictating stem cell self-renewal,
differentiation, and organ size is the evolutionarily conserved
Hippo pathway [1-3]. The core components of the mamma-
lian Hippo pathway are two protein kinase complexes: (i) the
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Fig. 1 MORC?2 inhibits the activity of Hippo signaling in HCC cells. a
MORC?2 is specifically elevated in liver cancer tissues. Analysis of
MORC family member transcripts by qRT-PCR (upper panel) and
MORC?2 protein levels by western blot (lower panel) in HCC tumor
and corresponding adjacent non-tumor tissues (N, non-tumor; T,
tumor, n =24 patients for qRT-PCR and n =7 patients for western
blot). b Immunohistochemistry (IHC) of MORC2 expression in liver
cancer tissues. Left panel: representative IHC images showing low or
high levels of anti-MORC2 staining (MORC2!°Y or MORC2"h),
Right panel: quantitative analysis of anti-MORC2 staining revealing
elevated expression of MORC?2 in HCC samples. ¢ Left panel: Heat
maps illustrating differentially gene expression profiles of human
immortalized hepatocyte LO2 cells that were infected with control (Lv-
ctrl) or MORC2-expressing (Lv-MORC?2) lentivirus (n =3 per bio-
logical repeats). Right panel: pathway analysis of downregulated genes
in MORC2-expressing cells, as listed by enrichment score. d
MORC?2 suppresses Hippo signaling in HCC cells. Western blot
analysis of Hippo core kinase activity in control or MORC2-
expressing L02 and HepG2 cells, or various PLC cells (MORC2*/*
or MORC2™'~ or MORC2™'~ cells expressing ectopic MORC2). e
Representative confocal microscopy images showing that MORC2
promotes YAP nuclear translocation in HCC cells. Quantitative ana-
lysis of YAP subcellular localization was provided in the lower panel.
f MORC?2 expression status correlates with YAP nuclear localization,
as indicated by anti-MORC2 and anti-YAP IHC staining, in HCC
tissues. Quantitative analysis of anti-MORC2 staining and YAP
nuclear staining was provided in the lower panel (n =100 patients).
Data are presented as the mean + SD from three separate experiments
(a). Representative images are shown in a, b, d—f. *P <0.05

inactivation [4]. When Hippo signaling is off, YAP/TAZ
enters the nucleus to function as co-activators for the TEAD
family of transcription factors (TEAD1-4) [4]. The Hippo
signaling pathway is controlled by a number of upstream
regulators stimulated by extracellular cues, including cell
polarity, cell confluence, mechanical stimulation, and growth
factors [4]. Notably, Merlin (encoded by neurofibromatosis
type II (NF2) gene), KIBRA, and Willin form a complex and
recruit MST1/2 and LATS1/2 to the apical plasma membrane
to dictate spatial activation of LATS1/2 by MST1/2 [5]. It is
now appreciated that several peripheral components of Hippo
signaling, including Merlin and KIBRA, are critical regulators
of contact inhibition and tissue regeneration under physiolo-
gical conditions [6-8].

Genetic evidence has established important roles for
Hippo signaling in the control of stem cell maintenance and
tumorigenesis in a variety of tissues, particularly the liver
[9]. YAP overexpression in mice leads to hepatomegaly and
hepatocellular carcinoma (HCC), which is reversible after
restoring endogenous YAP levels [10—12]. Remarkably,
acute YAP activation in vivo is sufficient to confer undif-
ferentiated progenitor cell phenotypes in hepatocytes [13],
while YAP inhibition induces hepatocyte differentiation and
tumor regression in established HCC models [12]. More-
over, Hippo inactivation by depleting NF2, WW45, MST1/2,
SAVI, or MOBIA/B in mice consistently induces liver
cancer and a portion of tumor cells exhibit stem cell

SPRINGER NATURE

properties, suggesting that Hippo signaling and its effector
YAP critically regulate cancer stem cell (CSC) self-renewal
and expansion [9, 12, 14, 15]. Furthermore, the Hippo path-
way is deregulated and overexpression/nuclear enrichment of
YAP/TAZ is frequently observed in many types of cancers [1,
9, 16, 17]. However, genetic mutation rates of Hippo pathway
genes and YAP amplification are relatively low in HCC [1, 9].
The underlying mechanism responsible for disruption of
Hippo signaling in cancers remains to be fully elucidated.

Epigenetic alterations contribute to tumorigenesis primarily
by interfering with oncogenic or tumor-suppressive signaling
pathways [18]. In this regard, the microrchidia (MORC)
protein family is emerging as an important epigenetic modi-
fier and reader that facilitate DNA methylation [19-21], his-
tone deacetylation [22], and chromatin remodeling [23, 24],
and recognizes histone H3K4me3 [25]. The human MORC
family is composed of five members, MORC1—4 and the
divergent SMCHDI (structural maintenance of chromosomes
flexible hinge domain containing 1) [26]. MORC proteins are
characterized by a GHKL (gyrase, Hsp90, histidine kinase,
and MutL)-type ATPase domain and a CW-type zinc finger
domain that cooperate to execute epigenetic regulatory func-
tions [26]. Although previous studies have implicated
MORC2 and MORC3 in tumor-promoting roles of liver
cancer [27, 28], it remains unknown how MORC family
members contribute to tumorigenesis.

Here, we reveal an epigenetic regulatory role for MORC2
in controlling Hippo signaling in HCC models. MORC2
interacts with the methyltransferase DNMT3A to facilitate
DNA hyper-methylation of the NF2 and KIBRA promoters to
drive tumorigenesis. More importantly, targeting GHKL-type
ATPase activity of MORC?2 suppresses uncontrolled growth,
self-renewal, and tumorigenicity of HCC cells, representing a
potential therapeutic approach to treat liver cancer.

Results

MORC2 is elevated in hepatocellular carcinoma and
associated with disease progression

We observed that mRNA levels of MORC2 were increased in
HCC tissues compared to adjacent non-tumor tissue (Fig. la
and Supplementary Table 1). Upregulation of MORC?2 tran-
script levels was validated in cancer cohorts from TCGA and
Oncomine databases (Supplementary Figure la-b). Con-
sistently, the abundance of MORC?2 protein was elevated in
HCC tissues (Fig. 1a and Supplementary Table 2), suggesting
that MORC?2 is specifically elevated in liver cancer.

We detected varying levels of MORC2 protein in the
nuclei of liver cancer cells by IHC and found elevated
expression of MORC?2 in HCC samples (Fig. 1b and Sup-
plementary Figure lc, d). Tumor tissues with high levels of



Epigenetic restriction of Hippo signaling by MORC2 underlies stemness of hepatocellular carcinoma cells

2089

a PLC b
HepG2 0O MORC2** 1.5 ~1.5
OLv-ctl @Lv-MORC2 B MORC2 +Lv-ctr 5 <3
= < WMORC2” +Lv-MORC2 ~g . s *
2 1.5+ 2 6 1.0 D 1.0
o % o * Zo | ] | !
o) . o) = Qo [ | = z
3 o 3 4 i 2305 $20.5
< < o =
z z €
& 0.6 Z ,.
£ £ 0.0 0.0
© 0.3- ® Lv-MORC2 - + + + Lv-MORC2 - + + +
Eoo ;:;OI‘ 5-Aza1lyM - - + - 5-AzafuM - - + -
€  NF2 KBRA NF2  KIBRA 5-Aza3uM - - - + S5-Aza3uM - - - +
c MORC2**  NF2 locus: MI=45.2% MORC2** KIBRA locus: MI=59.3%
_R0PQ0 SXERTIND L9 995900099 9 D910 & B
I %, JCTOLS. ¥, SXOTOOTOR X, COIoK ..... &, JONX . JC. 9 TR0O00 PSSP LI 99EN0, 95, 99659 & 99,
K9 9Q€D 909 QO XIEDO MINEPP PP SR Q0 GXLOHESP ML XOMEIN) @ LOEIIP @ P
99 Q Q080 900 Q OO EIMENX0 EOTD R0 ) 950 0NNND 99559 99 MIPNIN PE LK) 9B
P 99099 Q0 Q IR NP NP RO IR O PP NP ¢ L9 QMK
Q00 Q0 @ GNP QO TR0 89 090 ORI 995,999 99 $HO9H00P ¢
KOS, B XoL oo XoX SISK SsSC 1o ... o X oI oI R IonIoomenss l,.... XK. L S sl
[S I X IS ° SY ISSICHE. STUSISLE . OX . L SK ) WOV 00 SPEP NG S99 P PMOPMIE,) S €999 ¢ (9D
MORC2” NF2 locus: MI=21.6%
d f
® |gG O5-mC ®|gG O5-mC B
o 107 e & 1.0q . )
S o Qi [rm——— N |5
= O 0.8- £ G 0.8 5 O (%
© s’ o S x|
- oc" © Oc._ o:@ O
oq 0.6 5 Eq 0.6 =4
£3 04 & 8  EQo04d o
£S 2 - :
= o 3 Ik
o 2 0.2- 5202 3§ 8 &l
Qo 0% o° o8 ° O e
€ o X o X
S 0.0lwemc e = =gl w0 0F
non- w0 -
{lon- tumor qon- tumor =
€ 0 NF2high 0 KIBRAbigh
N r=0.558 X r=0.511 @ NF2low B KIBRAOY
W~ o~ 1.0 *
2 & < 5 — —
T 5 0.8 . s @ 08 . 2 100+ 100
E q — ?— 0 L] ~ 0\’
g& So 06 o 751 o 754
£Q £Q 8 g
g2 gs ™ 5 % HE
& g S g 02 5 25 § 25
O o o8 o o
£ 09 g2 0 ——— 0-
pr——————T 5 —TrTTTTT RN
© 02468101214 ©O 0246 8101214 @o’f;o’f’ G’)I“Qo'lf’ﬂ
MORC2 IHC score MORC2 IHC score \\y\O \\t\O \;\O?“@O?‘

MORC2 (MORC2"#") accounted for ~44% of HCC sam-
ples. MORC2"" tumors were associated with increased
tumor size, higher histological grades (III), and tumor cell

invasion into lymph node and blood vessels (Supplementary
Table 3), suggesting that upregulation of MORC2 was
associated with HCC progression.
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Fig. 2 MORC?2 suppresses the transcription of NF2 and KIBRA by
promoting DNA methylation. a MORC?2 decreases expression of NF2
and KIBRA at transcriptional level. qRT-PCR analysis of NF2 and
KIBRA mRNA levels in HepG2 cells infected with control or
MORC2-expressing lentivirus (left panel) or indicated PLC cells (right
panel). b MORC2-mediated suppression of NF2 and KIBRA expres-
sion is DNA methylation dependent. qRT-PCR analysis of NF2 and
KIBRA mRNA levels in HepG2 cells infected with control or
MORC2-expressing lentivirus, with or without 5-Aza treatment. ¢
Endogenous MORC?2 enhances DNA methylation of NF2 and KIBRA
promoters. Bisulfite-sequencing PCR (BSP) analysis of the NF2 and
KIBRA loci amplified from MORC2™"* and MORC2™'~ cells (MI,
methylation index). Each row indicates one sequenced clone. Open
circles indicate unmethylated CpG sites, and filled circles indicate
methylated CpG sites. d MeDIP-qPCR analysis of DNA methylation
status of the NF2 and KIBRA loci in HCC tissues and paired non-
tumor livers (n = 50 patients). e Correlation analysis of DNA methy-
lation status of NF2 or KIBRA locus with the levels of anti-MORC2
staining in HCC tissues (n =50 patients). f Expression of NF2 and
KIBRA is inversely associated MORC?2 expression in HCC tissues.
Upper panel: representative IHC images of anti-NF2 and anti-KIBRA
staining in MORC2'®™ or MORC2"¢" liver cancers. Lower panel:
quantification data (n =100 patients). The specificity of MORC2
antibody was validated in Supplementary Figure 1d. Data are pre-
sented as the mean=+SD from triplicate experiments (a, b, d).
Representative images are shown in f. *P <0.05

MORC2 inhibits Hippo tumor suppressor signaling
during hepatocellular tumorigenesis

Given a role for MORC proteins in controlling epigenetic
silencing, we analyzed the expression profile regulated by
MORC?2. Ectopic expression of MORC2 repressed the
levels of 20,748 out of 45,033 transcripts (Fig. lc, d).
KEGG pathway analysis categorized these repressed genes
into multiple developmental pathways, with the Hippo
pathway the highest ranked (Fig. lc).

We next examine whether MORC2 regulated Hippo
signaling, and found that ectopic expression of MORC?2 in
both non-tumorigenic L02 cells and HCC HepG2 cells
decreased levels of phosphorylated Thr1079-LATS1 and its
substrate, pS127-YAP (Fig. 1d). Conversely, depleting
MORC?2 in PLC cells, an HCC cell line with high endo-
genous MORC?2 expression, enhanced pT1079-LATS1 and
pS127-YAP levels, while reintroducing MORC2 in
MORC2™"~ cells (Supplementary Figure 1c) suppressed
Hippo signaling (Fig. 1d).

Phosphorylation of YAP by the Hippo pathway promotes
its cytoplasmic sequestration and turns off YAP transcrip-
tional activity. We found that deleting MORC?2 promoted
cytoplasmic sequestration of YAP to inhibit the activity of a
YAP-TEAD responsive reporter, which was reversed fol-
lowing reconstitution of MORC2 in MORC27'~ cells
(Fig. le and Supplementary Figure le).

To assess how MORC2 might affect Hippo signaling
under physiological conditions, we used a spontaneous
HCC model driven by hepatitis B virus X antigen (HBx) in
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C57BL/6 mice (HBx-transgenic, HBx-Tg). The abundance
of MORC?2 in livers of HBx-Tg mice was elevated in pre-
malignant (50 weeks) and tumorous states (70 weeks),
compared to non-transformed (10-30 weeks) tissues (Sup-
plementary Figure 1f). Hippo signaling activity inversely
correlated with MORC2 upregulation during HBx-driven
liver tumorigenesis. Consistently, in human HCC samples,
MORC2"" tumors displayed enhanced YAP nuclear loca-
lization, while MORC2"°" tumors exhibited increased YAP
cytoplasmic retention (Fig. 1f).

MORC2 promotes DNA hyper-methylation at NF2
and KIBRA loci

We found that NF2 and KIBRA, two upstream activators of
Hippo signaling, but not other Hippo pathway components,
were markedly suppressed upon MORC2 expression
(Fig. 2a and Supplementary Figure 2a-b). Moreover,
depleting MORC?2 upregulated the mRNA levels of NF2
and KIBRA, while reintroducing MORC2 in MORC2-
depleted cells restored their transcript levels (Fig. 2a).

Histone acetylation and methylation, as well as DNA
methylation on promoter CpG islands, are well-established
regulatory mechanisms for transcriptional activity [18]. We
did not detect significant changes in the levels of histone H3
acetylation and histone lysine methylation at the NF2 and
KIBRA loci (Supplementary Figure 2c—e). However, 5-
azacytidine, a DNA methyltransferase (DNMT) inhibitor,
reversed MORC2-mediated repression of NF2 and KIBRA
expression (Fig. 2b). MORC?2 overexpression significantly
increased DNA methylation levels at both NF2 and KIBRA
promoters (Supplementary Figure 2f). Conversely, depleting
MORC? resulted in hypo-methylation of the NF2 and KIBRA
loci and an increase in mRNA levels, which was restored by
reintroducing MORC2 (Supplementary Figure 2g). Bisulfite-
sequencing analysis confirmed that depleting MORC2
reduced DNA methylation levels by more than 50% at both
NF2 and KIBRA promoters (Fig. 2c). Finally, we observed
that endogenous MORC2 bound to the NF2 and KIBRA
promoters (Supplementary Figure 2h), suggesting that
MORC?2 is recruited to these promoters to facilitate DNA
methylation and suppress their transcriptional activity.

We next examined whether MORC2-mediated DNA
methylation and silencing of NF2 and KIBRA promoters is
relevant to hepatocellular tumorigenesis. We found that
DNA methylation of both promoters was elevated in HCC,
compared to the adjacent normal liver tissue (Fig. 2d and
Supplementary Table 4). Moreover, MORC2"&" tumors
displayed elevated levels of DNA methylation, while
MORC2°Y tumors exhibited DNA hypo-methylation, at
NF2 and KIBRA promoters (Fig. 2e). Consequently,
MORC?2 expression levels inversely correlated with NF2
and KIBRA protein in tumor cells (Fig. 2f).
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Fig. 3 MORC?2 recruits DNMT3A to promote DNA methylation at the
NF2 and KIBRA loci. a DNMT3A is required for MORC?2 to suppress
NF?2 and KIBRA mRNA levels. HepG2 cells were infected with control
or MORC2-expressing (Lv-MORC?2) lentivirus, together with scram-
ble siRNA or siRNAs targeting DNMT]1 (si-DNMT1), DNMT3A (si-
DNMT3A), or DNMT?3b (si-DNMT3b) for 48 h. The relative levels of
NF2 and KIBRA mRNA were determined by qRT-PCR (n =3 per
biological repeats). b Western blot analysis of anti-MORC?2 and anti-
DNMT3A immunoprecipitate demonstrates interaction between
MORC2 and DNMT3A. ¢ MORC?2 is required for DNMT3A to
interact with NF2 and KIBRA promoters. The occupancy of DNMT3A
at the promoter regions of NF2 and KIBRA loci was determined by

MORC2 binds the DNA methyltransferase DNMT3A
at the NF2 and KIBRA loci

MORC proteins do not have DNA methyltransferase activity,
suggesting that MORC2 might cooperate with a DNA
methyltransferase/demethylase to promote DNA hyper-
methylation. MORC2-mediated decrease in NF2 and KIBRA
mRNA were mitigated by knockdown specifically of
DNMT3A, but not DNMTI, DNMT3B, or TETI-3 (Fig. 3a
and Supplementary Figure 3a-b).

MORC?2 interacted specifically with DNMT3A in cells
(Fig. 3b and Supplementary Figure 3c). And similar to

ChIP-gPCR. d—e MeDIP-qPCR analysis of DNA methylation status of
the NF2 and KIBRA loci in control or MORC2-expressing HepG?2 cells
transfected scramble siRNA or si-DNMT3A (d), or in MORC2™* or
MORC27'~ PLC cells infected with control or DNMT3A-expressing
lentivirus (e). f DNMT3A is required for MORC2 to suppress
expression of NF2 and KIBRA. Western blot analysis of NF2 and
KIBRA in control or MORC2-expressing HepG2 cells, or cells that
were further transfected with scramble siRNA or siRNAs targeting
DNMTI1, DNMT3A, and DNMT3B. Normal IgG was included as
negative control for ChIP-qPCR and MeDIP-qPCR. p-actin was used
as a loading control. Data are shown as the mean = SD (a, ¢, d, e) of
triplicates and representative images (b, f) are presented. *P < 0.05

MORC2, DNMT3A was bound to both NF2 and KIBRA
promoters (Fig. 3c). Depletion of MORC2 impaired, while
reintroducing MORC?2 restored DNMT3A targeting to these
promoters (Fig. 3c).

The increase in NF2 and KIBRA promoter methylation in
MORC2-expressing cells were attenuated by depletion of
DNMT3A (Fig. 3d and Supplementary Figure 3d). Con-
versely, DNMT3A-induced hyper-methylation of NF2 and
KIBRA promoters were abolished in MORC2-depleted cells
(Fig. 3e and Supplementary Figure 3e—f). Consequently,
MORC?2 repression of NF2 and KIBRA was diminished by
depleting DNMT3A (Fig. 3f). These results suggest that
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MORC2 serves as a scaffold for DNMT3A to facilitate
DNA hyper-methylation and transcriptional silencing of
NF2 and KIBRA in HCC cells.

NF2 and KIBRA are essential for MORC2 inactivation
of Hippo signaling

MORC2-mediated inhibition of pT1079-LATS1 and
pS127-YAP, and the activity of a YAP-TEAD responsive
reporter, was rescued by ectopic expression of either NF2 or
KIBRA (Fig. 4a and Supplementary Figure 4a-b). Fur-
thermore, depletion of either NF2 or KIBRA reduced
pT1079-LATS1 and pS127-YAP levels, and enhanced
nuclear retention and transcriptional activity of YAP in
MORC2™'"~ cells (Fig. 4b-d). These results suggest that
MORC?2 inhibits expression of NF2 and KIBRA to suppress
Hippo signaling, thus turning on the YAP transcriptional
co-activator. Consistently, MORC2 expression status was
inversely correlated with the levels of NF2 and KIBRA and
Hippo signaling activity in a panel of hepatocytes (Fig. 4e).

The MORC2-NF2/KIBRA axis regulates Hippo
pathway activation induced by contact inhibition

Consistent with a role for the Hippo pathway in sensing cell
confluence to control proliferation and growth [2, 3, 7],
phosphorylation of LATS1 and YAP was increased in
untransformed LO2 hepatocytes at high density (Fig. 5a and
Supplementary Figure 5a). Ectopic expression of MORC2
inhibited upregulation of pT1079-LATS1 and pS127-YAP
levels upon cell confluence, coupled with continued pro-
liferation (Fig. 5a and Supplementary Figure 5a). Further-
more, MORC2™'~ PLC cells showed increased LATS1
activity at high cell density, whereas control cells did not
elevate Hippo signaling upon reaching confluence (Fig. 5a).
Moreover, introducing NF2 or KIBRA into MORC2-
expressing L02 cells rendered them sensitive to
confluence-induced activation of Hippo signaling, and
inhibition of proliferation (Fig. Sb—c and Supplementary
Figure 5b). Depleting either NF2 or KIBRA in MORC2~/~
PLC cells reduced pT1079-LATS1 and pS127-YAP levels
when cells reached confluence, allowing continued pro-
liferation (Fig. Sb—c and Supplementary Figure 5c).

We next set out to quantitatively measure contact inhi-
bition and anchorage-independent proliferation capacity
regulated by MORC2. Compared to naive cells, cells
ectopically expressing MORC2 were refractory to contact
inhibition, which was coupled with enhanced colony forma-
tion in soft agar (Fig. Sd—e). However, introducing NF2 or
KIBRA into MORC2-expressing cells restored contact inhi-
bition and reduced their anchorage-independent growth rate
(Fig. 5d—e). Moreover, MORC2~'~ PLC cells gained the
ability to undergo contact inhibition and formed fewer
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colonies in soft agar. Whereas depleting either NF2 or KIBRA,
but not TP53 or SMAD4, in MORC2~'~ PLC cells, restored
proliferation after confluence and anchorage-independent
growth in soft agar (Fig. 5d-e and Supplementary
Figure 5d—e). Thus, MORC?2 restrains expression of NF2 and
KIBRA to evade contact inhibition, thereby promoting cell
growth and malignant transformation.

The MORC2-NF2/KIBRA axis is critical for
maintaining stem-like properties and sorafenib
resistance of hepatocellular carcinoma cells

The Hippo/Y AP signaling pathway is a regulator of stem cell
homeostasis [2, 3, 14, 29-32], suggesting that MORC2 could
have a role in regulating cancer stemness. Ectopic expression
of MORC?2 induced expansion of HCC cells expressing Lgr5,
a liver cancer stem cell marker [33], while introducing NF2 or
KIBRA into MORC2-expressing cells reduced the pool of
Lgr5™ cells (Fig. 6a and Supplementary Figure 6a). More-
over, depletion of MORC2 decreased
Ler5™ cells that were restored by depletion of NF2 or KIBRA
(Fig. 6a and Supplementary Figure 6a). Furthermore, ectopi-
cally expressed MORC2 promoted growth of tumorspheres
by HCC cells in stem cell medium, leading to elevated
numbers of primary and secondary sphere-initiating cells, an
indicator for self-renewing capacity in vitro, which was
dependent on MORC?2 suppression of NF2 and KIBRA
(Fig. 6b— and Supplementary Figure 6b). To demonstrate a
role for endogenous MORC?2 in sustaining cancer stemness,
MORC2~~ PLC cells were deficient in sphere formation and
contained significantly less primary and secondary sphere-
initiating cells, which was partially rescued by depletion of
NF2 and KIBRA (Fig. 6b-c and Supplementary Figure 6b).

We found that MORC2 promoted cell survival and
increased colony formation in the presence of sorafenib
(Fig. 6d and Supplementary Figure 6¢), which is consistent
with enhanced cancer stemness contributing to drug
resistance. The above-mentioned phenotypes in MORC2 ™/~
cells could not be rescued by depleting TP53 or SMAD4
(Supplementary Figure 6d—f), further suggesting that MORC2
promotes stemness and drug resistance of HCC cells primarily
through suppressing Hippo signaling pathway.

MORC2 promotes tumorigenicity and stemness of
hepatocellular carcinoma cells through inhibiting
NF2 or KIBRA in vivo

Subcutaneous xenograft tumors formed by MORC2 '~ PLC
cells displayed reduced growth and anti-Ki-67 staining,
which was dependent on NF2 or KIBRA (Fig. 6e and
Supplementary Figure 6g), suggesting that MORC2 pro-
motes tumor growth primarily by suppressing NF2 and
KIBRA expression.
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Fig. 4 MORC2 inhibits Hippo signaling activity through down-
regulating NF2 and KIBRA. a Control (Lv-ctrl) and MORC2-
expressing (Lv-MORC?2) HepG2 cells were infected with lentivirus
encoding NF2 or KIBRA. Western blot was performed to examine the
levels of Hippo signaling activity and YAP target gene CTGF. b
MORC2""* and MORC2™'~ PLC cells infected with lentivirus deli-
vering scramble shRNA (sh-ctrl), NF2- or KIBRA-specific sShRNA.
Whole cell lysates of the stable cell lines were collected for western
blot analysis. ¢ MORC2 promotes YAP translocation from cytoplasm
to nucleus through downregulating NF2 and KIBRA. Cells were
treated as in b and immune-stained with YAP antibody (red) and DAPI
(nuclei, blue), respectively. YAP subcellular localization from at least

To assess whether endogenous MORC?2 is required for
stemness of HCC cells in vivo, we carried out an in vivo
limiting dilution xenotransplantation study [33-35]. To this
end, depleting MORC?2 led to a 8.7-fold decrease in the
frequency of cancer-initiating cells (Fig. 6f). Moreover,
knockdown of NF2, and to a lesser extent KIBRA, in
MORC2™"~ PLC cells efficiently restored the frequency of

100 randomly selected cells was quantified as shown in the right panel.
C, cytoplasm; N, nucleus. d MORC2 promotes the activity of YAP
transcriptional co-activation through reducing NF2 and KIBRA
expression. Cells were treated as in b. The luciferase activities of
8XGTIIC-TEAD reporter in these cells were determined and presented
as mean + SD. e MORC2 abundance correlates with NF2 and KIBRA
expression, Hippo signaling activity, and CTGF levels, as revealed by
western blot analysis of cell lysates from L02 immortalized hepatocyte
and a panel of HCC cell lines. B-actin was used as a loading control.

Representative images from triplicate experiments are presented
(a-ce). *P<0.05

cancer-initiating cells (Fig. 6f). These results were
consistent with the finding that expression of Nanog, a
putative stem cell marker, was significantly reduced in the
MORC2~'~ tumors in a NF2- or KIBRA-dependent manner
(Supplementary Figure 6g). Thus, the MORC?2 is critical for
maintaining stem-like properties and tumorigenicity of
HCC cells in vivo.
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Fig. 5 MORC2 modulates confluence-induced activation of Hippo
signaling and growth arrest by suppressing NF2 and KIBRA expres-
sion. a MORC2 suppresses confluence-induced activation of Hippo
signaling. Control (Lv-ctrl) and MORC2-expressing (Lv-MORC2)
LO02 cells, or MORC2™"* and MORC2~'~ PLC cells were seeded at
different degree of confluence for 8 h. Cell lysates were collected for
western blot analysis. b MORC2-expressing (Lv-MORC2) L02 cells
were infected with control or NF2-encoding lentivirus. MORC2 ™'~
PLC cells were infected with lentivirus delivering scramble shRNA or
NF2-specific sShRNA. The activity of Hippo signaling at low or high
confluence was examined by western blot. c—e NF2 and KIBRA are
critical downstream targets for MORC2 to override confluence-

YAP1 is required for the oncogenic functions of
MORC2

Depleting YAPI, and TAZ to a lesser extent, in MORC2-
expressing cells reduced the pool of Lgr5S™ cells (Supple-
mentary Figure 7a-b), leading to attenuated growth of
tumorspheres and decreased numbers of sphere-initiating cells
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induced growth arrest. Control (Lv-ctr]) and MORC2-expressing (Lv-
MORC?2) cells were infected with empty vector or lentivirus encoding
NF2 or KIBRA. Alternatively, MORC2*"+ and MORC2™'~ cells were
infected with lentivirus delivering scramble shRNA (sh-ctrl), NF2-, or
KIBRA-specific shRNA. The morphologies of cells at low or high
confluence were monitored by microscopy (c¢). The anchorage-
dependent (d) and independent (e) growth capacities of these cells
were examined and presented as mean = SD. L0O2 cells and PLC cells
were used for monitoring anchorage-dependent growth (¢, d), while
HepG2 and PLC cells were used for soft agar colony formation assay
(e). Representative images from triplicate experiments are presented
(a, b, c, e). *P<0.05

in HCC cells (Supplementary Figure 7c—d), indicating
impaired self-renewing capacity. Consistently, loss of YAPI
in MORC2-expressing cells inhibited anchorage-independent
cell growth and resistance to sorafenib (Supplementary
Figure 7e—f). Therefore, MORC?2 depends at least in part on
YAP signaling activity to promote cancer stemness and sor-
afenib insensitivity.
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The abundance of MORC2 correlates with stem-like
properties of human hepatocellular carcinoma cells

We found MORC?2 expression in HCC tissues correlated
with expression levels of cancer stem cell markers
(Fig. 7a—e). Lgr5, CDI133, and Nanog expression was
upregulated in MORC2"#" tumors, as compared to MOR-
C2'°" HCC (Fig. 7b—d). Importantly, Sox9, a downstream

target of the Hippo pathway, was also correlated with
MORC?2 expression (Fig. 7a, e), indicating that MORC2
may regulate stem-like properties of human HCC through
the Hippo signaling pathway.

We identified MORC2 expression as an independent
prognostic indicator for shorter survival of HCC patients in
multivariate analysis (Supplementary Table 5). Patients
with MORC2"¢" tumors had shorter overall survival (the
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Fig. 6 MORC2 promotes stemness, chemoresistance, and tumor-
igenicity of HCC cells by inhibiting NF2 and KIBRA. a—d Control
(Lv-ctr]) and MORC2-expressing (Lv-MORC2) HepG2 cells were
infected with empty vectors or lentivirus encoding NF2 or KIBRA.
MORC2""* and MORC2™"~ PLC cells were infected with lentivirus
delivering scramble shRNA, or NF2-, or KIBRA- specific shRNA.
The percentages of liver cancer stem cells (Lgr5™ cells) were examined
by flow cytometry (a). Single cells were seeded in stem cell medium to
grow as tumorspheres and representative images were shown (b). The
single cells from primary and secondary tumorspheres were cultured in
stem cell medium in a limiting dilution manner for 14 days to calculate
the frequencies of sphere-initiating cells. Tumorspheres with a dia-
meter larger than 50 um were counted (c¢). Cells were treated with
Sorafenib (4 uM for HepG2 cells and 8 uM for PLC cells) for 48 h and
cultured in normal medium for 10 days to examine colony formation
capacity (d). Colonies with a diameter greater than 75um were
counted. Representative images were shown. e The growth kinetics of
subcutaneous tumors generated by indicated PLC cells in nude mice
(1x10° cells per injection, n =75 mice). Xenograft tumors were dis-
sected and tumor weight was presented as the mean + SD. f The fre-
quencies of cancer-initiating cells (CICs) of indicated PLC cells were
analyzed by extreme limiting dilution assays (ELDAs) in NOD/SCID
mice. Representative images are shown (b, e). Data are presented as
the mean+SD (a, d, e) or mean +95% confidence interval of each
group from triple replicate (c). *P <0.05

median + SD, 16.0 +2.1 months), compared to those with
MORC2"" tumors (27.0 +2.8 months, Fig. 7f). Together,
upregulation of MORC2 in tumor cells is associated with
disease progression, possibly due to enhanced cancer
stemness (Fig. 7g).

The GHKL-ATPase activity is essential for oncogenic
functions of MORC2

The GHKL-type ATPase activity of MORC family mem-
bers is necessary for their biological functions [23, 25, 36].
We substituted an aspartate at residue 68 with an alanine
(D68A), which disrupts ATPase activity of MORC2 (Sup-
plementary Figure 8a) [23]. Consistent with the ATPase
activity being necessary for MORC function [23, 25, 36],
MORC2-D68A was deficient in association with DNMT3A
(Supplementary Figure 8b), thus failing to recruit DNMT3A
to NF2 and KIBRA promoters (Supplementary Figure 8c—d)
and resulting in DNA promoter hypo-methylation (Fig. 8a
and Supplementary Figure 8e) and elevated expression of
NF2 and KIBRA (Fig. 8b and Supplementary Figure 8f).
Consequently, MORC2-D68A-reconstituted cells had
activated Hippo signaling to promote YAP nuclear
exclusion (Fig. 8b) and suppress its transcriptional activity
(Supplementary Figure 8g). Therefore, the GHKL-type
ATPase activity is required for MORC2 to interact with
DNMT3A and recruit it to the NF2 and KIBRA promoters to
suppress Hippo signaling.

Phenotypically, compared to MORC2-WT-expressing
cells, MORC2-D68A-expressing cells displayed reduced
Lgr5™ cells and impaired self-renewing capacity, and were
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also more sensitive to sorafenib and less efficient in
anchorage-independent growth and tumor growth (Fig. 8c—e
and Supplementary Figure 8h-k). Moreover, MORC2-
D68A tumors showed lower levels of Nanog staining and
exhibited more than a 4.78-fold decrease in the frequency of
cancer-initiating cells (Fig. 8f and Supplementary
Figure 81). Together, the GHKL-type ATPase activity of
MORC?2 is essential for the stemness and tumorigenicity of
HCC cells.

Discussion

Here, we identify MORC2 as an upstream suppressor of
Hippo signaling. In response to intrinsic and extrinsic sig-
nals, the Hippo pathway regulates the activity of YAP/TAZ
to dictate their transcriptional co-activator activity [4]. We
demonstrate that two components involved in Hippo sig-
naling, NF2 and KIBRA, are directly repressed by MORC2
at the transcriptional level. As such, MORC2 is inversely
correlated with the levels of Merlin and KIBRA and posi-
tively associated with YAP activation in HCC tissues. The
Merlin/KIBRA/Willin protein complex has been shown to
directly recruit MST1/2 and LATS1/2 to the plasma mem-
brane, thereby dictating the phosphorylation and spatial
activation of LATS1/2 by MST1/2 [5, 37, 38]. Our data
define MORC2 as an upstream regulator of the Hippo
pathway in HCC, and possibly in a broader spectrum of
malignancies.

Our studies reveal a DNA methylation-dependent
mechanism for Hippo inactivation. In human cancers, the
abundance and nuclear localization of YAP/TAZ is fre-
quently elevated, supporting an important role of Hippo
signaling dysregulation in tumorigenesis. However, loss-of-
function mutations in Hippo pathway components are
uncommon in human cancers (except NF2 mutation in
neurofibromatosis). For example, although loss of NF2
induces HCC in mice [9], the mutation rate of NF2, as well
as KIBRA, is very low in human HCC (<5%) (cBioportal
cancer genomics datasets) [39]. These results suggest that
Hippo signaling may be inactivated by other regulatory
mechanisms, such as epigenetic alterations. In this study,
we show that DNA methylation at the promoters of NF2
and KIBRA are increased in HCC tissue, resulting in their
decreased expression levels. Previous studies have reported
hyper-methylation of the NF2 and KIBRA promoters in
schwannoma and meningioma [40, 41] and chronic lym-
phocytic leukemia [42]. These results, together with pre-
vious reports, support the notion that multiple mechanisms,
including DNA methylation, contribute to dysregulation of
Hippo signaling in human cancers.

We find that MORC2 displays robust regulatory
activity to promote DNA methylation status of NF2 and
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Fig. 7 MORC?2 overexpression is associated with stem cell traits and
malignant progression of HCC. a Representative IHC staining images
of MORC?2, as well as cancer stem cell markers Lgr5, Nanog, CD133,
and Sox9, in HCC and adjacent normal liver tissues (n = 100 patients).
b-d Quantitative analysis of the levels of anti-Lgr5 (b), anti-CD133
(c), anti-Nanog (d), and anti-Sox9 (e) staining in sections of MOR-
C2"°% or MORC2"#" Jiver cancer tissues. f The overall survival of

KIBRA loci. MORC?2 binds to DNMT3A and recruits it to
the NF2 and KIBRA promoters to promote DNA methy-
lation. Previous studies have shown that during mouse
germ cell development, MORCI mutant cells exhibit
locus- and stage-specific DNA methylation defects [20].
In Arabidopsis, AtMORC4 and AtMORC7 are both
required for nuclear body formation and DNA methyla-
tion [19, 21]. Thus, MORC family members may
regulate locus-specific DNA methylation, as well as other

patients with MORC2°" or MORC2"€" HCC was analyzed by log-
rank test (n=200 patients). g A schematic of the underlying
mechanisms by which MORC?2, in cooperation with DNMT3A,
facilitates DNA hyper-methylation at the NF2 and KIBRA loci to
suppress Hippo signaling, thereby promoting stemness and tumor-
igenicity of HCC cells

modes of epigenetic changes in a highly conserved
manner [22-25].

Moreover, we found that MORC2 may promote YAP
activation to drive CSC expansion and liver cancer initiation
(Fig. 7g). These results are consistent with a recent report
that YAP signaling is essential for expansion of Lgr5™ stem
cells and tumorigenesis in the intestine [43]. Similarly, loss
of NF2 and SAVI, or YAP overexpression, induces imma-
ture phenotypes on adult hepatocytes [9, 12, 14, 15].
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Fig. 8 MORC?2 promotes stemness and chemoresistance of HCC cells
in an ATPase activity-dependent manner. a ATPase-deficient MORC2
fails to promote DNA methylation of the NF2 and KIBRA promoter.
MeDIP-qPCR analysis of DNA methylation status of the NF2 and
KIBRA loci in MORC2™'~ PLC cells reconstituted with wild-type
(WT) or ATPase-deficient MORC2 mutant (D68A). Normal IgG was
included as negative control for MeDIP-qPCR. b MORC2-D68A does
not inhibit the expression of NF2 and KIBRA to inactivate Hippo
signaling, thus cannot promote YAP nucleus translocation. Hippo
signaling activity and expression of CTGF were examined by western
blot and YAP subcellular localization was visualized by confocal
microscopy. f-actin was used as a loading control. c-d ATPase
activity of MORC? is essential for maintaining a pool of Lgr5™ CSCs,
and the self-renewal of HCC cells in vitro. MORC2™'~ PLC cells

Likewise, recent reports have shown additional roles of
MORC family members in tumorigenesis. MORC2 reg-
ulates DNA damage response and survival of gastric cancer
cells [22, 23, 44] and MORC3 expression affects
p53 subnuclear localization and cellular senescence [23,
25]. Thus, MORC family members, especially MORC?2,
may play an essential role in the development of human
malignancies.

Finally, chemical compounds that inhibit MORC2
GHKL-ATPase activity could be novel Hippo-
reactivating agents to suppress oncogenicity and sor-
afenib resistance of HCC cells. Further studies are
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expressing MORC2-WT or MORC2-D68A were used. The percen-
tages of Lgr5™ CSCs were examined by FACS (c). The frequencies of
sphere-initiating cells were determined by an extreme limiting dilution
assay of serially passaged tumorspheres in stem cell medium.
Tumorspheres with a diameter greater than 50 pm were counted (d). e—
f ATPase-deficient MORC2 fails to maintain self-renewal and
tumorigenicity of HCC cells in vivo. Growth curves, representative
images, and tumor weights of subcutaneous tumors formed by indi-
cated PLC cells in nude mice (1 x 10° cells per injection, n =5 mice)
(e). The frequencies of cancer-initiating cells were determined by
extreme limiting dilution assays (ELDAs) in NOD/SCID mice (n =6
mice per group) (f). Representative images are shown (b, e). Data are
presented as the mean+SD (a, ¢, e) or mean*95% confidence
interval (d, f) of each group from triple replicate. *P <0.05

warranted to identify novel GHKL-ATPase inhibitors
through high-throughout screening. Additionally, protein
structures of HSP90 and GHKL-ATPase are highly con-
served. Several HSP90 antagonists such as STA-9090
(Ganetespib) [45], AT-13387 (Onalespib) [46], or NVP-
AUY922 (Luminespib) [47] are under clinical develop-
ment for solid and hematopoietic tumors. It will be
interesting if these HSP90 antagonists also inhibit GHKL-
ATPase activity, thereby exerting anti-HCC activity.
Taken together, MORC2 is an epigenetic modifier of
Hippo signaling and MORC2 GHKL-ATPase inhibitors
may be a promising approach for HCC therapy.
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Material and methods

For details of Materials and Methods, please refer to
the Supplementary information.

CRISPR-Cas9-mediated generation of MORC2
knockout cells

MORC?2 knockout (MORC2™'7) cells were generated using
CRISPR-Cas9 gene editing technology [48]. A CRISPR
sgRNA (5'-ACACCTGAGTCTACTCAGAT-3’) targeting
MORC2 were designed using the online tool (http://crispr.
mit.edu). The DNA oligo was synthesized and ligated into
pLentiCRISPR v2 (addgene plasmid # 52961) to generate
the MORC?2 knockout vector. Following transfection and
puromycin selection, clonal wild type and MORC2-deleted
cells were selected.

Limiting dilution assay in vitro and in vivo

For in vitro limiting dilution assay, decreasing cell numbers
were seeded in stem cell medium in 96-well plates for
2 weeks. The numbers of wells with at least one tumor-
sphere (diameter >75 um) were counted. For serial passage,
tumorspheres were dissociated and single cells were re-
seeded in a similar manner.

For in vivo limiting dilution assay, a defined dose of cells
was injected subcutaneously into the flanks of NOD/SCID
mice. For all experiments, six injection sites were tested.
Three months later, the number of mice with xenografts in
each group was counted. The frequency of sphere-initiating
cells or cancer-initiating cells were calculated by extreme
limiting dilution assays using ELDA website (http://bioinf.
wehi.edu.au/software/elda/) [33-35].

Statistical analysis

Data are presented as mean + SD, and analyzed with Stu-
dent’s test or y*-test by SPSS 18.0 software. Cox regression
was performed to analyze univariate or multivariate variants
that were associated with prognosis. Survival analysis was
performed using the Kaplan—-Meier method and estimated
by log-rank test. Differences were considered as statistically
significant (*) when P <0.05, and not significant (n.s.)
when P> 0.05.
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