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Long Noncoding RNA CUDR Regulates HULC
and B-Catenin to Govern Human Liver Stem Cell

Malignant Differentiation

Xin Gui', Haiyan Li', Tianming Li', Hu Pu' and Dongdong Lu'

"School of Life Science and Technology, Tongji University, Shanghai, China

Long noncoding RNA cancer upregulated drug resistant
(CUDR) is overexpressed in many tumors and promotes
tumorigenesis. Herein, we demonstrate CUDR could
enhance the human embryonic stem cells (ESC) differen-
tiation into hepatocyte-like cells by reducing trimethyl-
ation on histone H3 twenty-seventh lysine (H3K27me3).
On the other hand, excessive CUDR triggers hepatocyte-
like cells malignant transformation. Mechanistically, we
identify CUDR causes highly upregulated in liver cancer
(HULC) and B-catenin abnormal expression by inhibiting
HULC promoter methylation and promoting -catenin
promoter-enhancer chromatin looping formation medi-
ated by CUDR-ccctc-binding factor (CTCF) complex,
which recruits more RNA polll and P300. Strikingly,
HULC and B-catenin activity are crucial for CUDR onco-
genic function. These findings provide the first demon-
stration that CUDR plays a positive potential role in liver
cancer stem cell through the cascade of CUDR-HULC/
CUDR-B-catenin signaling, and offer insights into a novel
link between long noncoding RNA (IncRNA) and the epi-
genetic modification in cancer stem cells.
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INTRODUCTION

The liver consists of endodermal components, hepatocytes and
cholangiocytes, and various types of nonparenchymal cells such
as sinusoidal endothelial cells, satellite cells, kupffer cells, and
blood cells. Hepatocytes originate from a common progeni-
tor, the hepatoblasts, which are derived from the ventral foregut
endoderm and the main component of the liver primordium."?
Hepatoblasts give rise to mature hepatocytes in the liver paren-
chyma. Recently, several monoclonal antibodies against cell sur-
face molecules were used to isolate hepatoblasts from fetal livers
and the isolated hepatoblasts were shown to proliferate clonally
and differentiate into hepatocyte lineages.>* Thus, it became pos-
sible to characterize the growth and differentiation potential of
hepatoblasts and to investigate the mechanism by which they give
rise to hepatocytes. Several transcription factors known as liver-
enriched transcription factors play key roles in liver organogen-
esis and metabolic functions of the liver.>* Among them, hepatic
nuclear factors (HNF) HNF1p (TCF2) and HNF6 (Onecutl) are
highly expressed in cholangiocytes and have been implicated

in the formation of bile ducts.” By contrast, HNF1lo, HNF4 are
strongly expressed in mature hepatocytes and play essential roles
in the differentiation and metabolic functions of hepatocytes.®
Hepatocellular carcinoma (HCC) was thought historically to arise
from hepatocytes, as well as studies have suggested that it can also
arise from fetal progenitor cells or their adult progenitor progeny.

It is well known that HCC is a leading cause of cancer death in
the world. Lack of early diagnosis tools is one of the clinical obsta-
cles for effective treatment of HCC. Thus, enhanced understand-
ing of the molecular changes associated with HCC is urgently
needed to develop novel strategies for the diagnosis and treatment
of this dismal disease. While aberrant expression of long non-
coding RNAs (IncRNAs) has been functionally associated with
certain cancers, the expression profiles and biological relevance
of IncRNAs in HCC remain unclear. IncRNAs played important
roles in proliferation, apoptosis, and invasiveness of tumor cells,
and participated in metastatic capacity of cancers. In addition to
regulating transcription, IncRNAs also control various aspects of
post-transcriptional mRNA processing. LncRNAs can regulate
gene expression in many ways, including chromosome remodel-
ing, transcription, and post-transcriptional processing. Moreover,
the dysregulation of IncRNAs has increasingly been linked to
many human diseases, especially in cancers.” A handful of studies
have implicated IncRNAs in a variety of disease states and support
an involvement and cooperation in oncogenesis.'’

Cancer upregulated drug resistant (CUDR), or called urothelial
cancer-associated 1 (UCA1) was spliced and polyadenylated with
3 exons and form multiple isoforms (1.4, 2.2, and 2.7kb). CUDR
is upregulated in various human tumors, including colon, cervical,
lung, and bladder cancer. CUDR may play an important role in
the growth and tumorigenesis of human bladder cancer."" CUDR
is also a very sensitive and specific unique marker for bladder can-
cer. Thus, it could have important implications in postoperative
noninvasive follow-up.'> CUDR expression in bladder cancer cells
was upregulated by transcription factor CCAAT/enhancer bind-
ing protein o (C/EBPa). Reversing the upregulation of CUDR can
prevent bladder cancer progression.'*'* Moreover, CUDR increases
the cisplatin resistance of bladder cancer cells by enhancing the
expression of Wnt6, and thus represents a potential target to over-
come chemoresistance in bladder cancer."'¢ Intriguingly, CUDR
may be involved in the activation of Akt signaling pathway by Ets-
2" and regulate cell cycle through CREB.'"'® Importantly, stable
transfection with the CUDR gene was found to induce resistance
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to doxorubicin as well as drug-induced apoptosis by downregu-
lations of caspase3.” Moreover, studies suggest knockdown of
CUDR could attenuate the migrational ability of melanoma cells,
and increased expression of CUDR might have a correlation with
melanoma metastasis.?® Of significance, patients with high CUDR
expression had a significantly poorer prognosis than those with
low CUDR expression. Strikingly, CUDR also promotes glycolysis
through inducing hexokinase 2 (HK2) functions® and is a direct
target of CAPERO/TBX3 repression whose overexpression is suf-
ficient to induce senescence, and CUDR sequesters hnRNPA1 and
thus stabilizes CDKN2A-p16INK.*

To address whether CUDR influences on the human embry-
onic stem cells (ESC) differentiation into hepatocyte-like cells and
plays a potential role in liver stem malignant transformation, we
induce the ESC differentiation and explore the cascade of CUDR-
HULC/CUDR-B-catenin signaling during liver stem cell malig-
nant transformation.

RESULTS

CUDR expression in hepatoblasts, hepatocytes, and
liver cancer cells

To explore CUDR existence in hepatoblasts, hepatocytes, and
liver cancer cells, we examined the CUDR expression by reverse-
transcription polymerase chain reaction (RT-PCR). As shown
in Figure la (A,B), CUDR expression was gradually increased
in Balb/c mouse embryo from the 7th to the 13th days, as well as
CUDR expression was gradually decreased in Balb/c mouse fetal
liver from the 14th to the 21th days. However, CUDR expression
was lower in Balb/c mouse postnatal liver from the 1st to 60th days.
As shown in Figure 1b (A,B), CUDR expression was lower in nor-
mal liver cell line HELE. On the contrary, CUDR expression was
higher in liver cancer cell lines Huh7, Hep3B, HepG2, SMMC7721,
and QGY7701. Furthermore, CUDR expression was lower in fetal
liver cell line L02, human liver oval cells, liver small cells, liver sat-
ellite cells, the ESC-derived hepatocyte-like cells, and the blood
stem cell-derived hepatocyte-like cells. However, CUDR was rarely
expressed in the pancreas stem cell-derived hepatocyte-like cells
and the fat stem cell-derived hepatocyte-like cells. In 10 cases of
human liver cancer tissues, CUDR was significantly higher in liver
cancer tissues than in its para-cancerous liver tissues (the upregu-
lated expression rate 100%, P < 0.01) (Figure 1c (A,B). Together,
these observations suggest that CUDR expression was altered dur-
ing the benign to malignant differentiation of liver stem cells.

CUDR favors to induce hepatocyte-like cells from ESC
ESC is capable of unlimited self-renewal and can differenti-
ate into any cell type in the adult. We selected the human ESC
MEL-2 and these cells were stably transfected with pCMV6-A-
GFP and pCMV6-A-GFP-CUDR. As shown in Figure 2a, CUDR
was overexpressed in MEL-2 transfected with pCMV-A-GFP-
CUDR compared to the control. Next, we induced the embryic
stem cells to diffentiate into the hepatocyte-like cells. Foxa2, anti-
Sox17 expression were gradually increased in these induced cells
transfected with pCMV6-A-GFP-CUDR from 2nd to 5th day
compared to the control respectively (P < 0.01) (Figure 2b). AFP,
Albumin, and HNF4o0. expression were gradually increased in
these induced cells transfected with pCMV6-A-GFP-CUDR from
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6th to 10th day compared to the control respectively (Figure 2c).
Albumin expression were higher in these induced cells transfected
with pCMV6-A-GFP-CUDR from 11th to 20th day compared to
the control respectively (Figure 2d). Furthermore, albumin pro-
moter luciferase activity was higher in induced hepatocyte-like
cells transfected with pCMV6-A-GFP-CUDR than in control cells
(P <0.01) (Figure 2e).

Further on, as shown Figure 2f, CUDR was knocked down in
MEL-2 transfected with pGFP-V-RS-CUDR compared to the con-
trol. Next, we induced the embryic stem cells to differentiate into
the hepatocyte-like cells. Foxa2, anti-Sox17 was rarely expressed in
these induced cells transfected with pGFP-V-RS-CUDR from 2nd
to 5th day compared to the control respectively (Figure 2g), as well
as AFP, Albumin, and HNF4a expression were rarely expressed
in these induced cells transfected with pGFP-V-RS-CUDR from
6th to 10th day compared to the control respectively (Figure 2h).
Albumin expression were not expressed in these induced cells
transfected with pGFP-V-RS-CUDR from 11th to 20th day com-
pared to the control respectively (Figure 2i). Moreover, albumin
promoter luciferase activity was not activated in the induced cells
transfected with pGFP-V-RS-CUDR than in control cells (P <
0.01) (Figure 2j). Taken together, the results suggest that CUDR
promotes the differentiation of ESC into the hepatocyte-like cells.

CUDR promotes hepatocyte-like cells malignant
growth

To investigate the CUDR oncogenic function, we constructed the
human ESC MEL-2 stable cell line transfected with pCMV6-A-
GFP-CUDR, pCMV6-A-GFP, pGFP-V-RS-CUDR, and pGFP-V-
RS, respectively. Next, the MEL-2 cell lines were differentiated
into the hepatocyte-like cells. As shown Figure 3a, CUDR was
overexpressed in MEL-2-derived hepatocyte-like cells transfected
with pCMV-A-GFP-CUDR compared to the pCMV6-A-GFP
control and CUDR was knocked down in MEL-2-derived hepa-
tocyte-like cells transfected with pGFP-V-RS-CUDR compared to
pGFP-V-RS control. As shown in Figure 3b, CUDR overexpres-
sion enhanced and CUDR knockdown inhibited hepatocyte-like
cells proliferation capacity at the 1st, 2nd, 3rd, 4th, and 5th day,
respectively (for these time points, P < 0.01). The soft-Agar col-
ony-formation was 7.8 +2.0% in MEL-2-derived hepatocyte-like
cells with excessive CUDR, as well as the other groups did not
form soft-agar colony (P < 0.01) (Figure 3c). Cell spheres were
only formed in MEL-2-derived hepatocyte-like cells with exces-
sive CUDR (Figure 3d). Further on, we performed tumorigen-
esis test in vivo. As shown in Figure 3e, xenograft tumors were
only produced in group of MEL-2-derived hepatocyte-like cells
with excessive CUDR (average wet weight 0.91+0.23g, P < 0.01).
Furthermore, these xenograft tumor all displayed poor differ-
entiation malignant grade (Figure 3f). Taken together, these
observations suggest that excessive CUDR promotes malignant
transformation of ESC-derived hepatocyte-like cells.

CUDR alters genes expression through inhibiting
three methylation on twenty-seventh lysine of
histone H3

To explore CUDR involved molecular signaling pathway from
human ESC to hepatocyte-like cells, we constructed the human
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Figure 1 Cancer upregulated drug-resistant (CUDR) expression analysis in hepatoblast, hepatocytes, and liver cancer cells. (a) CUDR expres-
sion in Balb/c mouse embryo (7th to 13th days), Balb/c mouse fetal liver (14th to 21th days), and Balb/c mouse postnatal liver (1st, 7th, 14th, 30th,
and 60th after birth). $-actin as internal control. (A) Regular reverse-transcription polymerase chain reaction (RT-PCR). (B) Real-time RT-PCR. (b) CUDR
expression in normal liver cell line HELE, liver cancer cell lines Huh7, Hep3B, HepG2, SMMC7721, QGY7701, fetal liver cell line L02, human liver oval
cell, liver small cell, liver stellate cells, induced hepatocyte-like cell from embryonic stem cells, pancreas stem cells, blood stem cells, and fat stem cells
(indicated in upper). B-actin as internal control. (A) Regular RT-PCR. (B) Real-time RT-PCR. (c) RT-PCR CUDR expression anlysis in liver cancer tissue (C)
and its paracancerous liver tissues (P) respectively (indicated in upper). B-actin as internal control. (A) Regular RT-PCR. (B) Real-time PCR.

ESC MEL-2 stable cell lines transfected with pCMV6-A-GFP-
CUDR, pCMV6-A-GFP, pGFP-V-RS-CUDR, and pGFP-V-RS
respectively. These MEL-2 cells with excessive or CUDR over-
expression or knockdown were differentiated into the hepa-
tocyte-like cells. As shown Figure 4a, three methylation on
twenty-seventh lysine of histone H3 (H3K27me3) was decreased
in hepatocyte-like cells with CUDR overexpression compared to
control cells and was increased in hepatocyte-like cells CUDR
knockdown compared to control cells. Furthermore, CUDR
overexpression increased and CUDR knockdown decreased the
H3K27me3 binding to the promoter region of Sox17, FOXa2,
HNF4a, HGF, and Albumin in hepatocyte-like cells, respec-
tively (Figure 4b). Therfore, Sox17, FOXa2, HNF40, HGE and
Albumin were increased in hepatocyte-like cells with CUDR
overexpression compared to control cells and were decreased in
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hepatocyte-like cells with CUDR knockdown compared to con-
trol cells (Figure 4c). Together, these observations suggest that
CUDR altered genes expression in human ES-derived hepatocyte-
like cells through inhibiting H3K27me3 epigentic modification.

CUDR induces HULC expression by inhibiting HULC
promoter methylation

Given that long noncoding RNA highly upregulated in liver can-
cer (HULC) was highly upregulated in human liver cancer, we
considered whether CUDR could impact on HULC expression.
At the first time, we analyzed the promoter region methylation
by methylation-specific polymerase chain reaction analysis. As
shown in Figure 5a, the promoter region methylation was lower
in hepatocyte-like cells with CUDR overexpression compared
to control cells. Next, we performed HULC promoter luciferase
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Figure 2 Cancer upregulated drug-resistant (CUDR) enhances the embryonic stem cells (ESC) diffentiation into the hepatocyte-like cells.
(@) Nuclear run-on (upper) and reverse-transcription polymerase chain reaction (RT-PCR) (lower) analysis of CUDR in human ESC line MEL-2 transfected
with pCMV-A-GFP-CUDR and pCMAG6-A-GFP respectively. B-actin as internal control. (b) Human ESC line MEL-2 transfected with pCMV-A-GFP-CUDR
or pCMAG6-A-GFP could efficiently generate definitive endoderm (DE) tissue by treating the the modified cultures with high concentrations of the TGF
family ligand activin A (100ng/ml) for 5 days. Western blot analysis with anti-Foxa2, anti-Sox17 in these induced cells (the 2nd, 3rd, and 5th day).
B-actin as internal control. (c) A number of groups have generated hepatoblasts using this DE tissue as a starting material, plating the DE on matrix to
mimic the hepatic ECM and then added FGF4 (100 ng/ml) and BMP (100 ng/ml) to mimic hepatic induction for 5 days. Western blotting with anti-AFP,
anti-Albumin, and anti-HNF4o. in the induced cells (the 6th and 10th day). B-actin as internal control. (d) Some combination of insulin-transferrinselenite
(ITS, 5 pg/ml), hepatocyte growth factor (HGF) (20 ng/ml), oncostatin M (OSM) (10 ng/ml), acid fibroblast growth factor (aFGF) (50ng/ml), and
dexamethasone (10’M) to expand the hepatoblast population and to promote hepatic maturation for 10 days. Western blotting with anti-Albumin in
the induced cells (the 11th, 14th, 17th, and 20th day). B-actin as internal control. (e) Albumin promoter luciferase activity assay in derived hepatocyte-
like cells. Each value was presented as mean + standard error of the mean (SEM). **P < 0.01. (f) Nuclear run-on (upper) and RT-PCR (lower) analysis of
CUDR in human ESC line MEL-2 transfected with pGFP-V-RS-CUDR and pGFP-V-RS, respectively, B-actin as internal control. (g) Western blot analysis with
anti-Foxa2, anti-Sox17 in these derived cells (the 2nd, 3rd, and 5th day). B-actin as internal control. (h) Western blotting with anti-alpha fetoprotein
(AFP), anti-Albumin, and anti-HNF4c. in the derived cells (the 6th and 10th day), B-actin as internal control. (i) Western blotting with anti-Albumin in the
induced cells (the 11th, 14th, 17th, and 20th day), B-actin as internal control. (j) Albumin promoter luciferase activity assay in derived hepatocyte-like
cells (CUDR knockdown or control). Each value was presented as mean + SEM. **P < 0.01).

activity assay in these hepatocyte-like cells. HULC promoter lucif-
erase activity was decreased in hepatocyte-like cells with CUDR
overexpression compared to control cells (P < 0.01) (Figure 5b).
Further on, we performed nuclear run-on analysis for IncRNA
HULC expression. HULC was increased in hepatocyte-like cells
with CUDR overexpression compared to control cells and was
decreased in hepatocyte-like cells with CUDR knockdown com-
pared to control cells (Figure 5c). Furthermore, we also per-
formed RT-PCR to detect HULC in these hepatocyte-like cells.
As shown in Figure 5d, HULC was increased in hepatocyte-like
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cells with CUDR overexpression compared to control cells and
was decreased in hepatocyte-like cells with CUDR knockdown
compared to control cells. Taken together, these observations
suggest that CUDR increases the long noncoding RNA HULC
expression by blocking HULC promoter region methylation.

CUDR promotes B-catenin promoter-enhancer
chromatin looping formation

Seeing that malignant transformation to hepatocellular carcinoma
was shown to be strongly associated with activating B-catenin, we

www.moleculartherapy.org vol. 23 no. 12 dec. 2015
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Figure 3 Cancer upregulated drug-resistant (CUDR) promotes malignant transformation of derived hepatocyte-like cells. (a) Nuclear run-on
(upper) and reverse-transcription polymerase chain reaction (RT-PCR) (lower) analysis of CUDR in derived hepatocyte-like cells (CUDR overexpression
or knockdown), B-actin as internal control. (b) Cell proliferation assay in vitro. Cell growth curve was based on the corresponding relative values of
OD450 and each point represents the mean of three independent samples. Data are means of value from three independent experiments, bar +
standard error of the mean (SEM); **P < 0.01; *P < 0.05. (c) Soft-Agar colony-formation efficiency assay. Imaging the colonies (left) and count colonies
using a dissecting microscope. Data are means of value from three independent experiments, bar + SEM; **P < 0.01 (right). (d) Cells sphere formation
ability. (e) Tumorigenesis test in vivo in derived hepatocyte-like cells (/eft). Mice were stratified and the tumors were recovered. The photography of
xerograft tumor in the four groups (right). The wet weight of each xenograft tumor was determined for each mouse. Each value was presented as
mean + SEM; **P < 0.01. (f) A portion of each xenograft tumor was fixed in 4% paraformaldehyde, embedded in paraffin and micrometers of sections
(4 pm) for histological hematoxylin-eosin (HE) staining (original magnification x100).

infer CUDR may promote B-catenin expression. To address this  overexpression than in control cells (Figure 6f). Finally, 3-catenin
regulation and control mechanism based on CUDR, we first pre-  expression was greatly increased in hepatocyte-like cells with
formed RNA immunoprecipitation, DNA pulldown, and CHIP ~ CUDR overexpression compared to control cells and was signifi-
experiments. Our results indicated that CUDR increased the inter-  cantly decreased in hepatocyte-like cells with CUDR knocked-
aplay between insulator ccctc-binding factor (CTCF) and CUDR  down compared to control cells (Figure 6g). Together, these
(Figure6a). Theinteraction between insulator CTCFand B-catenin  observations suggest that excessive CUDR promotes [3-catenin
promoter DNA was enhanced in hepatocyte-like cells with  expression through forming B-catenin promoter-enhancer DNA
CUDR overexpression compared to control cells (Figure 6b, A).  looping mediated by insulator CTCE

The interplay between insulator CTCF and B-catenin enhancer

DNA was enhanced in hepatocyte-like cells with CUDR overex- ~HULC and B-catenin activity is crucial for CUDR
pression compared to control cells (Figure 6b, B). More CICT  oncogenic function

molecular was loaded onto the B-catenin promoter or enhancer  To explicit whether CUDR oncogenic function was controlled by
region in hepatocyte-like cells with CUDR overexpression com- ~ HULC and -catenin, we performed rescue test in the four groups
pared to control cells (Figure 6c). Further on, we performed of hepatocyte-like cells, including control, CUDR overexpres-
3C-CHIP with anti-CTCF experiment. The DNA looping linked-  sion, CUDR overexpression plus HULC knockdown, and CUDR
up B-catenin promoter and enhancer by CTCF was formed, as  overexpression plus B-catenin knockdown. As shown in Figure
well as the DNA loopings were significantly increased in hepa-  7a, CUDR was overexpressed in CUDR overexpression, CUDR
tocyte-like cells with CUDR overexpression than in control cells  overexpression plus HULC knockdown and CUDR overexpres-
(Figure 6d, A,B). Next, we performed 3C-CHIP with anti-RNA  sion plus B-catenin knockdown. HULC was overexpressed in
polll or anti-P300. The DNA loopings recruit more RNApolll ~ CUDR overexpression and CUDR overexpression plus B-catenin
in hepatocyte-like cells with CUDR overexpression than in con-  knockdown, as well as HULC was knocked down in CUDR
trol cells (Figure 6e). Similarly, the DNA loopings recruit more  overexpression plus HULC knockdown. B-catenin was overex-
P300 (A acetyltransferase) in hepatocyte-like cells with CUDR  pressed in CUDR overexpression and CUDR overexpression
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Figure 5 Cancer upregulated drug-resistant (CUDR) promotes highly upregulated in liver cancer (HULC) expression. (a) Methylation-specific
polymerase chain reaction analysis on promoter region of HULC in hepatocyte-like cells with CUDR overexpression or control (indicated in upper).
INPUT as internal control. Methyl DNA fragment is 180bp. Unmethyl DNA fragment is 140bp. (b) HULC promoter luciferase activity assay in
hepatocyte-like cells with CUDR overexpresion or control. Data are means of values from three independent experiments, bar + standard error of the
mean. ** means P < 0.01. (c) Nuclear run-on analysis of HULC expression in induced hepatocyte-like cells with CUDR overexpression or knockdown
(indicated in upper). B-actin as internal control. (d) Reverse-transcription polymerase chain reaction analysis of HULC in derived hepatocyte-like cells
with CUDR overexpression or knockdown (indicated in upper). B-actin as internal control.

plus HULC knockdown, as well as 3-catenin was knocked down
in CUDR overexpression plus B-catenin knockdown. Excessive
CUDR overexpression promoted the hepatocyte-like cells pro-
liferation at the 1st, 2nd, 3rd, 4th, 5th, and 6th day respectively
(for each time points, P < 0.01), as well as HULC knockdown or
B-catenin knockdown abrogated the excessive CUDR oncogenic
function (P > 0.05) (Figure 7b). The soft-agar colony-formation
rate was 28.5+7.2% in group with CUDR overexpression, as well
as the soft-agar colony-formation rate was 0% in control group
(P < 0.01). Furthermore, soft-agar colony was also not pro-
duced in the three groups of CUDR overexpression plus HULC
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knockdown and CUDR overexpression plus B-catenin knock-
down (Figure 7c). BrdU-positive rates in CUDR overexpression
group (45.9+11.6%) was significantly higher than that in con-
trol group (27.6+5.3%) (P < 0.01), CUDR overexpression plus
HULC knockdown group (22.2+3.2%) (P < 0.01), and CUDR
overexpression plus [-catenin knockdown group (26.7 £6.8%)
(P <0.01), as well as there were no significant differences among
control group (27.6£5.3%), CUDR overexpression plus HULC
knockdown group (22.2+3.2%), and CUDR overexpression plus
B-catenin knockdown group (26.7+6.8%) (P > 0.05) (Figure
7d). Then, we performed the wound test in these cells at 0 and
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Figure 6 Cancer upregulated drug-resistant (CUDR) promotes B-catenin expression mediated by insulator ccctc-binding factor (CTCF).
(a) RNA immunoprecipitation (RIP) with anti-CTCF followed by reverse-transcription polymerase chain reaction (RT-PCR) with CUDR mRNA primers
in hepatocyte-like cells with CUDR overexpression or control. IgG RIP as negative control. CUDR mRNA as INPUT. (b) (A) B-catenin promoter DNA
pulldown in hepatocyte-like cells with CUDR overexpression or control (indicated in upper). (B) B-catenin enhancer DNA pulldown in hepatocyte-like
cells with CUDR overexpression or control (indicated in upper).Western blot with anti-CTCF. Biotin as INPUT, Histone3 as loading control. (c) Anti-
CTCF CHIP in hepatocyte-like cells with CUDR overexpression or control (indicated in upper). PCR with f-catenin promoter (the first and second row)
and enhancer Primers (the third and fourth row) respectively. INPUT as internal control. (d) 3C-CHIP with anti-CTCF, Ncol digestion in hepatocyte-like
cells with CUDR overexpression or control (indicated in upper). PCR primers using 3-catenin promoter (F primer) and enhancer (R primer) respectively.
INPUT (B-catenin promoter and enhancer DNA fragment) as internal control. (e) 3C-CHIP with anti-RNApolll, Ncol digestion in hepatocyte-like cells
with CUDR overexpression or control (indicated in upper). PCR primers using f-catenin promoter (F primer) and enhancer (R primer) respectively.
INPUT (B-catenin promoter and enhancer DNA fragment) as internal control. (f) 3C-CHIP with anti-P300, Ncol digestion in hepatocyte-like cells with
CUDR overexpression or control (indicated in upper). PCR primers using -catenin promoter (F primer) and enhancer (R primer) respectively. INPUT
(B-catenin promoter and enhancer DNA fragment) as internal control. (g) Western blotting analysis with anti-B-catenin in derived hepatocyte-like
cells with CUDR overexpression or knockdown (indicated in upper). B-actin as internal control.

24 hours. As shown in Figure 7e, the wound diameters (mm) and CUDR overexpression plus B-catenin knockdown group
at 0 hour were 1.21+0.21, 1.3+0.31, 1.24+0.13, and 1.27+0.35  (0.59+0.12mm) (P > 0.05). Then, we preformed in vivo test in
in CUDR overexpression group, CUDR overexpression plus these derived hepatocyte-like cells. As shown in Figure 7f, A,
HULC knockdown, and CUDR overexpression plus B-catenin ~ CUDR overexpression promoted the xenograft tumor forma-
knockdown, respectively (P > 0.01). The wound diameters (mm)  tion, as well as xenograft tumor was not produced in control
at 24 hours in CUDR overexpression group (0 mm) was signifi-  group, CUDR overexpression plus HULC knockdown group,
cantly shorter than in control group (0.67+0.17mm), CUDR  and CUDR overexpression plus P-catenin knockdown group.
overexpression plus HULC knockdown group (0.54+0.08 mm),  And the wet weight of xenograft tumor added up to 0.85+0.21 g
and CUDR overexpression plus B-catenin knockdown group in CUDR overexpression group (P < 0.01) (Figure 7f, B). In
(0.59+0.12mm) (P < 0.01), as well as there were no signifi-  addition, histological hematoxylin-eosin staining presented poor
cant differences among control group (0.67+0.17mm), CUDR  differentiation grade (Figure 7f, C). Taken together, these obser-
overexpression plus HULC knockdown group (0.54+0.08 mm),  vations suggest that the excessive CUDR oncogenic function was
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Figure 7 The excessive cancer upregulated drug-resistant (CUDR) oncogenic action was abrogated by the knockdown of highly upregulated
in liver cancer (HULC) or B-catenin in the derived hepatocyte-like cells. (a) Reverse-transcription polymerase chain reaction (RT-PCR) analysis
for CUDR and HULC, and western blotting analysis for B-catenin in derived hepatocyte-like cells with CUDR overexpression, CUDR overexpression
plus HULC knockdown, or CUDR overexpression plus 3-catenin knockdown. Loading based on B-actin. (b) Cells proliferation assay in vitro. Data are
means of values from three independent experiments, bar + standard error of the mean (SEM). **P < 0.01 or *P < 0.05. (c) Soft-agar colony-formation
efficiency assay. Data are means of values from three independent experiments, bar £ SEM. **P < 0.01. (d) BrdU staining analysis. Data are means
of values from three independent experiments, bar £ SEM. **P < 0.01. (e) Wound test analysis at 0 and 24 hours, respectively. Data are presented as
mean + SEM, **P < 0.01. (f) Tumorigenesis test in vivo. (A) Mice were stratified and the tumors were recovered. The photography of xenograft tumor
in the four groups (indicated in left). (B) The wet weight of each xenograft tumor was determined for each mouse (n = 6). Each value was presented
as mean * standard error of the mean (SEM). **P < 0.01 shows a positive difference. (C) A portion of each tumor was fixed in 4% paraformaldehyde,

embedded in paraffin and micrometers of sections (4 pm) for histological hematoxylin-eosin (HE) staining (original magnification x100).

abrogated by the knockdown of HULC or 3-catenin in the hESC-
derived hepatocyte-like cells.

DISCUSSION

To our knowledge, this is the first report demonstrating CUDR
function in liver development and malignant progression. Studies
are now indicated to evaluate the effects in experimental mod-
els and illustrate the mechanisms for CUDR-promoting hepato-
cyte-like cells malignant transformation (Figure 8). Our findings
identify excessive CUDR could promote the human ESC differen-
tiation into hepatocyte-like cell, however, CUDR also promotes
hepatocyte-like cells malignant transformation. Mechanistically,
we reveal CUDR causes HULC and B-catenin abnormal expres-
sion by inhibiting HULC promoter methylation and promoting
B-catenin promoter-enhancer chromatin looping formation,

1850

which recruits more RNA polll and P300, respectively. Evidently,
HULC and B-catenin activity are crucial for CUDR oncogenic
function, suggesting a new strategy for cancer gene therapy based
on CUDR.

For years, investigators attempted to promote hepatic differ-
entiation in ESC. The critical first step was the demonstration that
human ESC could efficiently generate definitive endoderm tissue
by treating the cultures with high concentrations of the TGFf
family ligand activin, to mimic the role of Nodal in the gastrula
embryo.” Using these developmental protocols on mouse and
human ESC, researchers have successfully generated “hepatocyte-
like” phenotype. These cells exhibit many features of hepatocytes
including: expression of hepatic enzymes, hepatocyte morphol-
ogy, robust glycogen storage, uptake and metabolizism of drugs,
and secretion of albumin.* Our observations suggest CUDR may
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Figure 8 Schematic diagram illustrating the mechanisms for excessive cancer upregulated drug-resistant (CUDR) promoting derived hepa-
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the other hand, excessive CUDR further triggers hepatocyte-like cells malignant transformation. Mechanistically, we reveal excessive CUDR causes
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promoter-enhancer chromatin DNA looping formation mediated by CUDR-CTCF complex, which recruits more RNA polll and P300. Thereby, HULC

or B-catenin activity is crucial for CUDR oncogenic function.

participate in the regulation of these processes. CUDR possess
potential to promote hepatocyte-like cells transformation. The
involvement of CUDR promotion of hepatoblast differentiation is
supported by results from the following four parallel sets of exper-
iments: (i) our results show that CUDR expression is associated
with embryo liver development. CUDR favors to induce hepa-
tocyte-like cells from ESC; (ii) we clearly indicated that CUDR
triggers bipotential hepatoblast differentiate into hepatocyte-like
cells, which express fetal liver genes (AFP) as well as Albumin.
(iii) The demonstration that haploinsufficiency of CUDR may
block hepatocyte-like cell formation provided an understanding
of novel function of CUDR. (iv) CUDR controls hepatocyte-like
cell-related gene expression by reducing trimethylation on histone
H3 twenty-seventh lysine (H3K27me3). Actually, we will further
underscore the need for new approaches to uncover the mecha-
nisms underlying CUDR-mediated functions in vivo.

Our result shows that CUDR possesses strong oncogenic
function. LncRNAs can regulate gene expression in many ways,
including chromosome remodeling, transcription, and post-tran-
scriptional processing. Moreover, the dysregulation of IncRNAs
has increasingly been linked to many human diseases, especially
in cancers.” A report indicates that the knockdown of CUDR
expression phenocopied the effects of upregulation of hsa-miR-1,
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which inhibited bladder cancer cell growth, induced apoptosis,
and decreased cell motility.” In this study, although CUDR pos-
sesses a capacity that promotes stem cell differentiation, on the
other hand, it may also trigger liver stem cell malignant transfor-
mation under certain conditions. The involvement of CUDR pro-
motion of liver stem cell malignant transformation is supported
by results from the following three parallel sets of experiments: (i)
we clearly reveal that CUDR is overexpressed in human liver can-
cer tissue and liver cancer cell lines; (ii) CUDR promotes human
liver stem cell malignant growth in vitro and in vivo. (iii) CUDR
may activate some vital tumor-signaling pathway. Obviously, our
observations demonstrate that CUDR is crucial for cell growth
and viability during liver stem cells malignant transformation.
Importantly, our observations suggest that CUDR alters
genes expression involved in liver stem cells malignant trans-
formation. Intriguingly, we clearly found that CUDR enhanced
B-catenin expression by promoter-enhancer DNA looping
formation through CTCE Some reports indicate that CTCF
and cohesin are integral components of most human subtelo-
meres.” CTCF may also play a key role in the pluripotency of
cells through the regulation of miR-290 cluster.”” The cohesin
complex holds sister chromatids together and is essential for
chromosome segregation. Cohesins have been implicated in
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transcriptional regulation and insulation through genome-wide
colocalization with the insulator protein CTCE2** It is identied
that Wnt/B-catenin pathway is a highly complex and unique sig-
naling pathway, which has ability to regulate gene expression,
cell invasion, migration, proliferation, and differentiation for
the initiation and progression of cancer.” Recently, a genotype
and phenotype classification system was suggested malignant
transformation to HCC and was shown to be strongly associ-
ated with activating mutations in B-catenin.*® Of significance,
Wnt/B-catenin signaling is of fundamental importance in the
regulation of self-renewal, migration/invasion, and differentia-
tion of human mesenchymal stem cells (hMSCs).** Stabilization
of B-catenin, through inhibition of glycogen synthase kinase 3
(GSK3) activity, in conjunction with inhibition of mitogen-acti-
vated protein kinase kinase 1/2 (MEK) promotes self-renewal of
naive-type mouse ESC.* It has been reported that the abnor-
mal localization of B-catenin observed in HCC tissues and the
truncated P-catenin proteins may represent an initiating or
contributing factor in the development of HCC.** According to
our findings, CUDR may positively control B-catenin during
hepatocarcinogenesis.

On the other hand, our data suggest that CUDR upregulates
HULC expression by inhibiting its promoter methylation. HULC
is the first ncRNA with highly specific upregulation in HCC.
HULC has recently been revealed to be involved in HCC develop-
ment and progression. Silencing of HULC effectively reversed the
epithelial-to-mesenchymal transition phenotype.®* Strikingly,
depletion of HULC resulted in a significant deregulation of several
genes involved in liver cancer.” Of significance, HULC IncRNA
is detected with higher frequency in the plasma of HCC patients
compared to healthy controls.”® Because HULC was detected in
blood of HCC patients, a potential use as novel biomarker can be
envisaged.” Notably, Hepatitis B virus X protein (HBx) upregu-
lated HULC in human hepatoma. HBx activated the HULC pro-
moter via cAMP-responsive element-binding protein. In turn, the
upregulated HULC by HBx promotes proliferation of hepatoma
cells through suppressing p18 located near HULC in the same
chromosome.*” We infer CUDR may also enhance the HBx activ-
ity that lead to the HULC overexpression. Thereby, CUDR-HULC
axis may play an important role during liver stem cell malignant
transformation.

Obviously, these findings are noteworthy that upregulation of
HULC and -catenin partly contribute to CUDR-medicated pro-
motion of liver stem cell malignant transformation. Our findings
in this study provide novel evidence for an active role of HULC
and PB-catenin in CUDR-mediated promotion of liver stem cell
malignant growth. This assertion is based on the observation that
the overexpressed CUDR oncogenic action was abrogated by the
knockdown of HULC, B-catenin in the induced hepatocyte-like
cells.

In conclusion, the present study depicts a novel evidence
for CUDR to play tumorigenesis roles by HULC and P-catenin.
Anyhow, we provide the demonstration that haploinsufficiency of
IncRNA CUDR is very important in liver stem cell development
and hepatocarcinogenesis. Our findings underscore the need for
new approaches to uncover the mechanisms underlying IncRNA
CUDR-medjiated functions in vivo.
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MATERIALS AND METHODS

Cell lines and plasmids. Human ES cell line MEL-2 (Merck Millipore,
Darmstadt, Germany) was maintained in HEScGRO medium (1,000 IU/ml
LIF; Merck Millipore, Darmstadt, Germany) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco, Grand Island, NY) on matrigel
(0.1% gelatin solution or human collagen IV-coating material, Gibco) in a
humidified atmosphere of 5% CO, incubator (Thermo Scientific, Waltham,
MA) at 37 °C. Mitocally inactivated Detroit 551 or HS27 feeder cells
(ATCC, Manassas, VA) were plated at 80,000 cells/cm?. Plasmid pGFP-V-
RS and pCMV6-A-GFP were purchased from Origene (Rockville, MD).
pGL3 was purchased from Addgene (Cambridge, MA). Recombinant plas-
mids pGFP-V-RS-CUDR, pCMV6-A-CUDR, and pGL3-ALB were con-
structed by the authors.

Isolation and induced differentiation. The isolation of hepatoblasts, liver
oval cells, liver small cells, liver satellite cells, ESC, pancreas stem cells,
blood stem cells, and adipose-deived stem cells differentiate into hepato-
cyte-like cell in vitro. Also, see the detail in Supplementary Materials and
Methods.

Cell transfection and stable cell lines. Cells were transfected with
DNA plasmids using transfast transfection reagent lipofectamine® 2000
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. For
screening stable cell lines, 48 hours after transfection, cells were plated in
the selective medium containing Puromycin (1-2 ug/ml, Calbiochem) for
the next 4 weeks, and the selective media were replaced every 3 days.

Reverse-transcriptase polymerase chain reaction. cDNA was prepared by
a SuperScript First-Strand Synthesis System (Invitrogen). The PCR ampli-
fication kit (Takara, Japan) was adopted according to the manufacturer’s
instructions. PCR products were analyzed by 1.0% agarose gel electropho-
resis and visualized by ethidium bromide staining. Also, see the detail in
Supplementary Materials and Methods.

Western blotting. Cells lysate proteins were separated on a 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose membranes. The blots were incubated with
0.2 pg/ml of antibody (appropriate dilution) overnight at 4 °C. Following
three washes, membranes were then incubated with secondary antibody
for 60 minutes at 37 °C. Signals were visualized by enhanced chemilu-
minescence plus kit or infrared imaging system. Also, see the detail in
Supplementary Materials and Methods.

Chromosome conformation capture (3C)-chromatin immunoprecipita-
tion (ChIP) (3C-ChlIP). Chromatin bound to the antibody-Protein-A/G-
Sepharose beads were resuspended in 500 pl of 1.2x restriction enzyme
buffer at 37 °C for 1 hour. After digestion, 40 pl of 20% SDS was added
to the digested Chromatin, and the mixture was incubated at 65 °C for
10 minutes. T4 DNA ligase was added at 16 °C for 4 hours incubation.
Samples were then decrosslinked at 65 °C overnight. After purification,
the ChIP-3C material was detected for long range interaction with specific
primers. Also, see the detail in Supplementary Materials and Methods.

Cells proliferation CCK8 assay. Cells were grown in complete medium for
assay using cell proliferation reagent CCK8 (Roche, Basel, Switzerland)
according to the manufacturer instruction. In brief, cells at a concentration
of 4% 10° were seeded into 96-well culture plates in 100 pl culture medium
containing 10% heat-inactivated fetal calf serum (Gibico). Before detec-
tion, 10 pg/well cell proliferation reagent CCK8 was added and incubated
for 4 hours at 37 °C and 5% CO,. Cell growth curve was based on the cor-
responding normalized values of OD450.

Soft agar colony formation assay. 2 x 10? cells were plated on a six-well
plate containing 0.5% (lower) and 0.35% (upper) double layer soft-agar.
Then, the six-well plates were incubated at 37 °C in humidified incubator
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for 21 days. The cells were fed one to two times per week with cell cul-
ture media (Dulbeccos Modified Eagle Medium). The soft-agar colony
formation ability was assessed by counting the number of colonies under
a microscope after 0.05% crystal violet (Sigma-Aldrich, St. Louis, MO)
staining for more than 1 hour. Representative views were photographed.

Cells sphere formation ability assay. Cells were collected and washed to
remove serum; then suspended in serum-free Dulbecco’s Modified Eagle
Medium/F12 supplemented with 20ng/ml human recombinant epider-
mal growth factor, 10ng/ml human recombinant basic fibroblast growth
factor, 2% B27 supplement without vitamin A, and 1% N2 supplement
(Invitrogen). The cells were subsequently cultured in ultra low attachment
six-well plates (Corning, Corning, NY) at a density of no more than 5,000
cells/well. The spheres were collected by gentle centrifugation, then dis-
sociated with trypsin-ethylene diamine tetraacetic acid and mechanically
disrupted with a pipette. The resulting single cells were then centrifuged
to remove the enzyme and resuspended in serum-free medium allowed to
reform spheres. The spheres should be passaged every 5-8 days before they
reached a diameter of 100 um. The sphere from 10 random chosen fields of
at least three independent samples were counted.*!

Xenograft transplantation in vivo. Four-week-male athymic Balb/C mice
were purchased from Shi laike Company (Shanghi, China) and feed in the
Tongji animal facilities approved by the China Association for accredi-
tation of laboratory animal care. The athymic Balb/C mouse (totally 72
mice, maintained in specific pathogen-free environment) was injected
at the armpit area subcutaneously with a suspension of 1x10” induced
hepatocyte-like cells in 100 pl of phosphate-buffered saline. The mice were
observed over 4 weeks, and then sacrificed to recover the tumors. The wet
weight of each tumor was determined for each mouse. A portion of each
tumor was fixed in 4% paraformaldehyde and embedded in paraffin for
histological hematoxylin-eosin staining. The use of mice for this work was
reviewed and approved by the institutional animal care and use committee
in accordance with China National Institutes of Health guidelines.

SUPPLEMENTARY MATERIAL
Materials and Methods
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