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ABSTRACT

The function of imprinted H19 long non-coding RNA is still controversial. It is

highly expressed in early embryogenesis and decreases after birth and re-expressed in
cancer. To study the role of H19 in oncogenesis and pluripotency, we down-regulated
H19 expression in vitro and in vivo in pluripotent human embryonic carcinoma
(hEC) and embryonic stem (hES) cells. H19 knockdown resulted in a decrease in
the expression of the pluripotency markers Oct4, Nanog, TRA-1-60 and TRA-1-81,
and in the up-regulation of SSEA1; it further attenuated cell proliferation, decreased
cell-matrix attachment, and up-regulated E-Cadherin expression. SCID-Beige mice
transplanted with H19 down-regulated hEC cells exhibited slower kinetics of tumor
formation, resulting in an increased animal survival. Tumors derived from H19 down-
regulated cells showed a decrease in the expression of pluripotency markers and
up-regulation of SSEA-1 and E-cadherin. Our results suggest that H19 oncogenicity

in hEC cells is mediated through the regulation of the pluripotency state.

INTRODUCTION

The imprinted H19 gene encoding a long non-
coding RNA (IncRNA) transcript of 2.3 kb, is part of the
igf2/H19 imprinted gene cluster located on chromosome
11p15.5 in humans [1]. In addition to the H19 IncRNA,
miR-675, a highly conserved microRNA involved in the
regulation of developmental genes, is expressed from the
H19 gene [2]. H19 IncRNA is highly expressed in the
placenta and embryonic tissues and is strongly repressed
shortly after birth in most tissues, except for the cardiac
muscle, skeletal muscle, and cartilage [3]. However, it
is re-expressed in several cancers [4-5]. Conflicting data
suggest that H19 functions as a tumor suppressor [6] as
well as an oncogene [4].

Previous studies have demonstrated that IncRNAs
play a role in the maintenance of pluripotency in mouse
embryonic stem (mES) cells and several IncRNAs were
further shown to be regulated by the key pluripotency
transcription factors Oct4, Sox2 and Nanog [7-8]. Several
reports have indicated a possible link between H19
IncRNA and pluripotency: H19 transcripts were detected
in mouse and human embryos early at the pre-implantation
stage [9], and monoallelic-maternal H19 expression was
observed in human pluripotent ES (hES) cells [10].
Moreover, in mES cells, Oct4 and Sox2 were shown to
cooperatively bind the imprinting control region of the
Igf2/H19 locus, establishing its hypomethylated active
state [11].

The aim of the current study was to determine
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whether H19 regulates pluripotency and tumorigenicity.
Two experimental cell types were used: (1) a human
embryonic stem (hES) cell line HES-1 [12] and (2) two
human embryonic carcinoma (hEC) cell lines - NCCIT
[13] and Ntera2 (NT2) [14]. hES cells are pluripotent
cells derived from preimplantation embryos. These cells
can self-renew for long periods, and have the potential to
differentiate into any cell type [12]. hEC cells are derived
from teratocarcinomas, germ cell tumors, and have both
pluripotent and tumorigenic characteristics [15]. hEC
cells were shown to constitute an alternative model
system to investigate pluripotency and differentiation in
human embryonic research [16-17]. Similarly to ES cells,
hEC cells are capable of unlimited self-renewal and can
differentiate into all three germ layers [18]. Both NCCIT
and NT2 cells express the key pluripotency transcription
factors Oct4, Sox2, and Nanog. In addition, NT2 and
NCCIT cells have several advantages: they grow without
feeder cells, are relatively simple to passage and resist
spontaneous differentiation [19].

Here we show that the inducible knockdown of
the H19 gene in hES and hEC cells down-regulated
the expression of the key pluripotency transcription
factors Oct4 and Nanog and promoted the expression
of early differentiation markers SSEA1 and Nestin.
H19 knockdown attenuated hEC cell proliferation and
induced cell detachment, changes in the cytoskeleton
and up-regulation of E-Cadherin. These in vitro results
were further confirmed by in vivo experiments. Our
data highlights the involvement of H19 in regulating the
pluripotency of human EC and ES cells suggesting its role
in tumorigenesis.

RESULTS

Human ES and EC cells express H19 and
pluripotency markers

Prior to studying the involvement of HI19 in
pluripotency, we analyzed by RT-PCR the basal expression
levels of H19, and the key pluripotency transcription
factors OCT4, Nanog and Sox2 in NCCIT, NT2 and HES-
1 cells. All three cell lines expressed H19 as well as the
three pluripotency factors (Supplementary Figure.S1A).
We further assessed the surface antigen expression of the
pluripotency-associated markers Tra-1-60 and Tra-1-81 by
flow-cytometry. The majority of both NCCIT and HES-1
cells expressed TRA-1-60 and TRA-1-81 (Supplementary
Figure.S1B).

A regulated system for the inducible knockdown
of the H19 gene in hES and hEC cells

A tetracyclin (tet)-inducible lentiviral-RNAi system
was used to target H19 in hES and hEC cells. In order
to determine the siRNA that could be used for efficient
down-regulation of H19, NCCIT cells were transiently
transfected with two H19 siRNAs: siRNA and siRNA,
[4] and two control siRNAs: Luc siRNA and Scramble
siRNA (Supplementary Table S1). RT-PCR and real-time
PCR (qPCR) showed efficient knockdown of H19 by
both synthetic HI9siRNAs compared to the two siRNA
controls (Supplementary Figure.S2A and S2B). Therefore
we chose the Luc siRNA and H19 siRNA for constructing
the inducible knockdown of the H19 gene.

To study the loss of function of H19, we transduced
human ES and EC cells with lentiviral vectors, harboring
a tet-inducible H19-shRNA or a control luciferase (Luc)-
shRNA, and a constitutive tet-repressor fused to GFP
(a description of the vectors is found in Supplementary
Information and Supplementary Figure.S2C and S2D).
Transductions were highly efficient, resulting in the
majority of cells expressing GFP during long culturing
periods (Supplementary Figure.S3A). In the absence of
Doxycycline (Dox), the transduction did not affect cell
morphology, and the percentages of cells expressing
TRA-1-60 and TRA-1-81 were only slightly reduced
(Supplementary Figure.S3B).

The addition of Dox to the growth medium of
shH19-transduced cells for three days induced a significant
down-regulation of H19 expression levels compared to
control cells as measured by qPCR using primers designed
to span exons 4 and 5 (Figure.1A and Ba-Bc). Since the
H19-shRNA targets exon 5 of the H19 gene (Figure.1A),
we further verified that the inhibition affected the entire
H19 gene by using additional primers spanning exons 1
and 2 of the gene. A comparable inhibition of H19 gene
expression was measured with both primer sets (Figure.1C
a-b). Therefore all experiments were performed three days
after induction of Dox unless stated otherwise.

Next, we examined whether the inhibition of H19
gene expression affected the expression of miR-675,
located at exon 1 of the gene (Figure.l1A). Notably,
knockdown of H19 gene expression in NCCIT cells had
no effect on the expression of miR-675 relative to the
control NCCIT cells (Figure.1D), confirming previous
data showing that miR initial processing is carried out in
the nucleus while the processing of shRNA into functional
siRNA is performed in the cytoplasm [20-21]. Thus the
observed effects of H19 knockdown could be attributed
exclusively to H19 IncRNA.
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H19 knockdown decreases the pluripotency factors Oct4 and Nanog in all three transduced cell lines
of human stem cells and promotes early (Figure.2A-2E). On the other hand, no detectable changes
differentiation were observed for the transcription factor Sox2 (data not
shown). Since all three cell lines (hREC and hES cells)
showed similar results, we focused our study on the
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Figure 1: Efficient inducible knockdown of the H19 gene in transduced hES and hEC cells. A. Schematic representation
of the human H19 gene. The genomic site of miR-675, the target site of H19-shRNA and the primer sites used in qPCR assays are marked.
B. The relative expression levels of the HI9 mRNA as assessed by qPCR, reveals efficient down-regulation of H19 in NCCIT cells (a; n
= 14), NT2/shH19 cells (b; n = 3) and HES-1 cells (c; n = 5) compared to controls transduced with shLuc. C. The entire HI9 mRNA was
down-regulated as assessed by qPCR using primers over the first intron (exon 1-2) for NCCIT cells (a, n = 2) and for HES-1 cells (b, n =
2). D. miR-675 expression in NCCIT cells was stable, and was not affected by H19 down-regulation as detected by qPCR (n = 3). All the
expression levels are normalized to the housekeeping gene B-actin. Data are represented as mean = SD; *-p < 0.05, **p < 0.01, ***p <
0.001.
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reduction of the pluripotency surface markers TRA-1-
60 and TRA-1-81 (Figure.2F), and up-regulation of the
stage-specific embryonic antigen 1 (SSEA1), a marker of
differentiation, which is not expressed by undifferentiated
human EC and ES cells [22] (Figure.2G).

To further investigate the link between down-
regulation of H19, pluripotency and early differentiation,
transduced NCCIT cells were plated on laminin and poly-
L-Lysine coated wells and then immunostained for Oct4
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and Nestin, an early neural differentiation marker [23].
A significant decrease of Oct4 and a marked increase of
Nestin intensities were observed in NCCIT/shH19 cells
compared to control cells (Figure.2H).

These results suggest that H19 is involved in the
regulation of human ES and EC cells pluripotency, and
that its down-regulation promotes the early differentiation
of these cells.
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Figure 2: H19 knockdown decreases pluripotency of hES and hEC and promotes early differentiation. A.-E. Down-
regulation of H19 expression decreases the RNA and protein expression levels of Oct4 and Nanog in hES and hEC cell lines. A. qPCR of
RNA from NCCIT cells for Oct4 (n = 10) and Nanog (n =9). B. gPCR of RNA from NT2 cells for Oct4 (n = 3) and Nanog (n=3). C. qPCR
of RNA from HES-1 cells for Oct4 (n = 2) and Nanog (n = 2). D. Western blot of Protein lysates from NCCIT cells for Oct4 and Nanog
E. Western blot of Protein lysates from NT2 cells for Oct4 and Nanog F. H19 knockdown in NCCIT cells reduces the expression levels of
surface markers TRA-1-60 and TRA-1-81, as analyzed by FACS (n = 2).G. H19 down-regulation induces an increase of SSEA1 expression
in shH19 transduced NCCIT cells, as analyzed by FACS (n = 4).H. H19 down-regulation in transduced NCCIT cells induces a decrease of
Oct4 (green) and an increase of Nestin (Red) expression, as assessed by immunofluorescence (Nuclear counterstaining with Dapi (Blue)).

Data are represented as mean + SD; *p < 0.05, **p <0.01, ***p

<0.001.
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H19 knockdown attenuates hEC cell proliferation

Pluripotent stem cells are defined by their ability
to self-renew, and are characterized by rapid cell cycling,
with shortened G1-phase and high percentages of cells
residing at the S-phase [24-25]. Therefore we investigated
whether H19 inhibition would affect human EC cell
proliferation. Down-regulation of H19 in NCCIT cells
induced a marked reduction of cell proliferation as
confirmed by the BrdU incorporation assay (Figure.3A).
Analysis of the cell cycle status of the transduced cells,
revealed that down-regulation of H19 expression led to a
significant decrease in cells residing in S phase, and a shift
from S phase to GO/G1 phase (Figure.3B). The reduced
cell proliferation resulted in prolonged doubling times
(data not shown). Methylene Blue assay in transduced
NCCIT/shH19 cells revealed a decrease in viable cell
numbers compared to control cells (Figure.3C). Apoptosis
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was not detected in the transduced cells using the
AnnexinV apoptosis detection Kit (data not shown). This
was confirmed by the low levels of pre-apoptotic cells
residing in the sub GO/G1 phase in both control and H19
down-regulated NCCIT cells (Figure.3B). These results
suggested that H19 supports human EC cell proliferation.

H19 knockdown affects hEC cell-matrix and cell-
cell interactions

The down-regulation of H19 expression in NCCIT
cells caused a marked change in cell morphology. During
the first days of culture, we observed clusters of flattened
cells as well as floating viable cells (Figure.4A). The
methylene blue assay further indicated a failure of the cells
to attach to the matrix (Figure.3C). Cells often convert
cell-matrix to cell-cell adhesions in attempt to maintain
adhesion-dependent survival signals. We therefore
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Figure 3: H19 inhibition attenuates hEC cell proliferation. A. Down-regulation of H19 in NCCIT cells induces a reduction of cell
proliferation as assessed by the BrdU incorporation assay (n = 3). B. FACS analysis of the cell cycle of the transduced NCCIT/shH19 cells
reveals a decrease in cells residing in S phase, and a shift from S phase to GO/G1 phase (n = 3). C. A decrease in cell numbers following
H19 down-regulation in NCCIT/shH19 as revealed by Methylene blue assay. Data are represented as mean = SD; *p < 0.05, **p <0.01,

*#Ep <0.001.
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assessed the expression level of E-Cadherin, an important
regulator of cell-cell adhesion and tissue morphology
[26]. gPCR analysis showed a lower expression level of
E-Cadherin in non-transduced NCCIT cells compared
to HES-1 cells (data not shown). Upon inhibition of
H19 in NCCIT cells a significant increase of E-Cadherin
expression was demonstrated by qPCR (Figure.4B) and
Western-blot analysis (Figure.4C). To study whether
the up-regulation of E-Cadherin in NCCIT/shH19 is
associated with epithelial-mesenchymal transition (EMT),
we analyzed the expression levels of additional EMT
markers. JPCR showed a reduction in N-Cadherin, while
Vimentin and Keratin-18 expression levels remained
unchanged (Figure.4B). Down-regulation of HI19 in
transduced NCCIT cells was also followed by a decreased
organization of stress Actin fibers (F-Actin) compared to
the control (Figure.4D).

These results suggested an involvement of H19 in
the regulation of cell-cell and cell-matrix interactions as
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well as cytoskeleton organization in pluripotent cells.

Xenografts from NCCIT/shH19 cells show down-
regulation of pluripotency and up-regulation of
early differentiation markers

The human EC cell line, NCCIT, has the capacity
to produce complex xenograft tumors and to give rise
to the differentiated tissues within teratocarcinoma.
Since our in vitro studies suggested that H19 plays a
regulatory role in pluripotency and early differentiation,
we investigated the effect in vivo of H19 silencing
in teratocarcinomas derived from transduced NCCIT
cells. Prior to transplantation, the efficiency of H19
knockdown in NCCIT cells was confirmed (Figure.5A).
The transduced cells were implanted subcutaneously into
severe combined immune-deficient (SCID)/Beige mice
and tumor growth was monitored until tumors reached
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H19 E N

- Vimentin Keratin
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Figure 4: H19 knockdown decreases hEC cell-matrix attachment and decreases hEC cell-cell interactions. A. Down-
regulation of H19 expression in NCCIT cells causes a marked change in cell morphology with failure of the cells to attach to the matrix.
B. H19 inhibition in NCCIT induces up-regulation of E-Cadherin and down-regulation of N-Cadherin expression while Vimentin and
Keratin-18 expression levels remain unchanged (qQPCR; n = 4). C. Up-regulation of E-Cadherin protein levels in NCCIT/shH19 cells as
detected by Western blot. D. NCCIT/shH19 cells exhibit a decreased organization of F-actin: Immunohistofluorescence staining for F-Actin
(Green) and nuclear counterstaining with Dapi (Blue).
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ethical restrictions or for a period of 50 days. The tumors
expressed GFP, indicating the presence of transduced cells
(Figure.5B). Delayed tumor formation and a decrease in
tumor size were observed in tumors derived from down-
regulated H19 cells compared to shLuc transduced cells
(Figure.5C). Moreover, a Kaplan-Meier analysis showing

the percentages of surviving transplanted mice at various
time-points, revealed that H19 silencing prolonged
mouse survival significantly (p < 0.01; Figure. 5D).
H&E staining of NCCIT/shH19 tumors demonstrated
that H19 down-regulation induced massive necrosis
which was further quantified demonstrating significantly
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Figure 5: Xenografts from NCCIT/shH19 cells show attenuated tumor growth and massive necrosis. A. qPCR confirming
the efficient knockdown of H19 gene expression prior to transplantation. B. Tumors derived from transduced hEC cells express GFP. C.
Tumor growth monitoring up to day 32 after transplantation of NCCIT/shLuc (n = 11) and NCCIT/shH19 (n = 10) cells shows that H19
silencing attenuates tumor growth. Data are represented as mean + SEM; *p < 0.05. D. Kaplan-Meier plot representing the percentages of
survival shows prolonged survival of mice transplanted with NCCIT/shH19 cells (**p < 0.01). E. H&E staining of representative tumor
sections derived from NCCIT/shLuc (left) and NCCIT/shH19 (right) demonstrating enhanced necrosis in the NCCIT/shH19 tumors ( upper
panel). Quantitation of the necrotic areas in the tumors showing higher percentages of necrotic areas in NCCIT/shH19 derived tumors
compared to NCCIT/shLuc derived tumors (**p <0.01) (Lower panel).
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higher percentages of necrotic areas compared to the Notably most of the SSEAT1 staining was detected at the

control tumors (Figure.5E). Immunohistological analysis periphery of the necrotic foci (Figure.6C). Additionally,
revealed reduced expression levels of Oct4 and Nanog a stronger membranal staining of E-cadherin was evident
in the NCCIT/shH19 derived tumors (Figure.6A and 6B in the NCCIT/shH19 derived tumors compared to control
respectively). On the other hand, increased staining of (Figure.6E). In contrast to the observed effects of H19
SSEA1 was detected in the NCCIT/shH19 derived tumors. down- regulation on Oct4, Nanog, SSEA1 and E-cadherin,

NCCIT/shLuc NCCIT/shH19
A B B

SSEA1

Sox2

E-Cadherin Merge

NCCIT/shLuc

NCCIT/shH19

Figure 6: NCCIT/shH19 derived xenografts show down-regulation of Oct4 and Nanog and up-regulation of SSEA-1
and E-Cadherin. A.-D. Immunohistochemical staining of A. Oct4 B. Nanog C. SSEA-1 D. Sox2 (Left panel NCCIT/shLuc derived
tumors, right panel- NCCIT/shH19 derived tumors). E. Immunofluoresence staining of E-Cadherin.
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the levels of Sox2 remained high in controls and shH19
tumors (Figure.6D).

These in vivo results are in accord with our in vitro
observations, thus supporting a possible role of H19 in the
regulation of pluripotency and early differentiation. They
further suggest a role for H19 in tumorigenesis.

DISCUSSION

The imprinted H19 gene encodes a IncRNA
implicated as having both oncogenic and tumor
suppression properties. In this study, we aimed
to investigate the role of H19 in pluripotency and
tumorigenesis. Using an inducible lentiviral-based system,
we targeted H19 in hES (HES-1) and hEC (NCCIT and
NT2) pluripotent cells. Although NCCIT and NT2 cells
are derived from teratocarcinoma tumors, they share many
properties with hES cells. They encounter the capacity
to self-renewal as well as differentiation, the expression
of the core pluripotency transcriptional regulators Oct4,
Nanog, and Sox2 [27], the expression of the surface
antigens TRA-1-60 and TRA-1-81, and lack of expression
of SSEA1 [22-28].

Induction of shH19 expression in transduced cells
resulted in a significant down-regulation of H19 mRNA
expression. Notably, H19 knockdown had no effect on
mir-675 expression, indicating that the observed effects
of H19 knockdown could be attributed exclusively to H19
IncRNA.

Down-regulation of H19 IncRNA in hES and hEC
cells induced a decrease in the expression levels of Oct4
and Nanog. These results are supported by previous
studies showing that knockdown of mES-specific
IncRNAs decreased significantly both Nanog and Oct4
expression levels, causing an exit from the pluripotent
state [ 7-8]. A decrease in the expression of the pluripotency
transcription factors Oct4 and Sox2 was also observed
in human prostate cancer cells following knockdown of
H19 [29]. Together with the decrease in Oct4 and Nanog
expression, we observed a down-regulation of the surface
antigen markers TRA-1-60 and TRA-1-81 and induction
of SSEA1, a marker associated with early differentiation
of hES/hEC cells that was shown to be strongly expressed
by human trophectoderm [22, 30-31]. H19 silencing
further induced an increase in the protein levels of nestin,
an intermediate filament protein marker of neural stem
cells expressed during the early stages of development in
the central nervous system [32]. Recently, H19 IncRNA
was shown to prevent precocious muscle differentiation
by inhibiting let-7 miR activity [33].

Undifferentiated hES and hEC cells can self-renew
in culture for long periods. Their rapid cell-cycle is
characterized by shortened G1-phase and high percentages
of cells residing at the S-phase [24, 34]. The cell-cycle
machinery of ES cells was shown to be involved in the
maintenance of pluripotency [25]. Knockdown of H19

in hEC cells attenuated their proliferation and promoted
a shift of cells from the S-phase to the GO/G1 phase.
Since the pluripotency regulators Oct4 and Nanog
were implicated in regulating ES cell-cycle [35], we
hypothesize that the decrease of these transcription factors,
following H19 down -regulation may be directly linked
to the reduced proliferation. Furthermore, the higher
percentages of cells residing in GO/G1 could be prone to
differentiation as was suggested by Neganova and Lako
[35].

H19 silencing in hEC cells induced significant
changes in cell morphology with a decrease in the
ability of the cells to attach to the matrix, up-regulation
of E-Cadherin expression, and reorganization of the
F-Actin. E-Cadherin is an important cell-cell mediator
and regulator of tissue morphology [26] implicated in
the regulation of pluripotency [36]. As reported earlier
[15], we also observed that hEC (NCCIT) cells express
low levels of E-Cadherin. Loss of function of E-Cadherin
occurring in many epithelial tumors was shown to elicit
invasive tumor phenotype associated with EMT [37-38].
In our study, up-regulation of E-Cadherin in hEC/shH19
cells was followed by a decrease of N-Cadherin whereas
Vimentin and Keratin-18 expression levels remained
unchanged, indicating that, in this case, E-Cadherin
may not be correlated with EMT. Our results suggest
that the increased levels of E-Cadherin may be linked to
the reduced levels of Nanog, since Nanog was shown to
promote invasiveness and migration of human carcinoma
cancer cells via dysregulation of E-cadherin [39-40].
Furthermore, the up-regulation of E-Cadherin was found
to be correlated with epithelial differentiation.

Together these in vitro results propose a role for
H19 in the regulation of hEC/hES cell fate. They further
suggest that H19 is involved in controlling hEC cell
proliferation, cell-cell and cell- matrix interactions.

In accord with our in vitro results, NCCIT/shH19
derived teratocarcinoma tumors exhibited a delayed tumor
formation indicating slower growth kinetics. Our results
are supported by studies reporting that the increase of H19
expression in cancer cells contributed to the proliferation
of cancer [41-42]. The shH19 derived tumors showed
also massive necrotic foci suggesting non-apoptotic
cell death. They also displayed reduced expression
levels of Oct4 and Nanog and increased expression
levels of SSEA1, confirming the study of Ben-Porath et
al., reporting that poorly differentiated human tumors
overexpressed the pluripotency regulators Oct4, Nanog
and sox2, thus linking pluripotency with tumor phenotype
[43]. Furthermore, the up-regulation of E-Cadherin in
NCCIT|/shH19 derived tumors may be associated with
differentiation, as E-Cadherin expression was detected in
differentiated carcinoma cancers [44- 45].

Our in vivo results suggest that HI9IncRNA may
play a role in hEC tumorigenesis by supporting tumor cell
proliferation, decreasing cell-cell interactions, inducing
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pluripotency regulators and preventing differentiation.
H19 and the core stemness transcription factors were
shown to be overexpressed in several other cancers such as
Bladder, Lung, Liver, Breast, Ovary and Prostate, [5, 46].
We further propose that H19 regulates pluripotency and
oncogenesis through the regulation of Nanog and Oct4.

MATERIALS AND METHODS

Cell lines

Cell lines used in this study: EC cell lines NCCIT
and Ntera2 (NT2), obtained from ATCC (American Type
Culture Collection, Rockville, MD) and Human ES cell
line HES-1 [12]. A Brief cell culture protocol is described
in Supplementary Information.

Reagents and antibodies

Gene expression was induced by adding
doxycycline hydrochloride (Dox; Sigma Aldrich-Israel)
to the cell culture medium (1 pg/ml), or to the drinking
water (0.5 mg/ml) together with 5% Sucrose (Sigma) in
the in vivo experiments. Commercial primary antibodies
information is provided in Supplementary Information.
(Supplementary Table S4)

Inducible shRNA plasmids

ShRNAs targeting the human H19 RNA (shH19)
(GenBank accession N° NR _002196) and the control
firefly luciferase (from pGL3-Promega) (shLuc)
were previously described [4]. Sense and antisense
oligonucleotides of the shRNA duplex were synthesized
by IDT Syntezza Israel and cloned into a pTER+ plasmid
(modified pTER system vector [47], generously given
by Prof. Hans Clevers. The inducible silencing cassette
was inserted into a modified lentiviral backbone plasmid
generously provided by Prof. Yinon Ben-Neriah and his
team. The final modified lentiviral vector consists of an HI
promoter, Tet operator, the shRNA coding sequence and
EFla promoter driving the Tet repressor fused to eGFP.
Detailed siRNA duplexes (Supplementary Table S1) and
vector design protocol are described in Supplementary
Information and Supplementary Figure. S2.

Lentivirus shRNA’s production, transduction cells
and shRNA induction

Lentiviral particle production and transduction of
HES, NCCIT and NT2 cells were performed as described
[48]. Brief methods are described in Supplementary

Information.  Positively  transduced cells were
fluorescence-activated cell sorted for eGFP to obtain a
pure culture of transduced cells. Media with inducer (Dox)
were replaced every second day for long-term knockdown
experiments. Cells were harvested 3 or 8 days after
induction and assayed for mRNA and protein.

RNA extraction and reverse transcription-PCR
and quantitative PCR (qPCR)

Total RNA was extracted using the Quick-
RNA MiniPrep Kit (Zymo Research, CA, USA) and
subsequently, cDNA was generated from 1 pg of total
RNA using the Quanta Biosciences cDNA Synthesis kit.
PCR amplifications were performed using gene-specific
primers (Supplementary Table S2).

Primers used for qPCR validation are listed in
Supplementary Table S3. A detailed method is described
in the Supplementary Information.

Western blot analysis

Cell lysates were prepared according to the Abcam
Israel protocol. 30-50 pg of total protein from cell lysate
were subjected to SDS-PAGE. A detailed method is
described in Supplementary Information.

Cell proliferation, cell cycle, analysis assays

Proliferation and cell cycle assays were determined
by FACS analysis of BrdU incorporation and 7-amino-
actinomycin D (7-AAD; eBioscience, CA, USA) using the
APC BrdU Flow Kit (BD Biosciences, CA, USA). The
detailed analysis method is described in Supplementary
Information.

Immunofluorescence and flow cytometry

Immunofluorescence staining was performed on
paraformaldehyde-fixed cells. For the FACS analyses
cells were dissociated into a single-cell suspension. In
order to characterize the expression levels of pluripotency
and differentiation markers, the cells were stained
with specific antibodies for TRA-1-60, TRA-1-81 and
SSEAT1 and analyzed by flow cytometry-FACScalibur
(Becton Dickinson Immunocytometry  Systems),
using the CellQuest software. A detailed protocol and
list of antibodies and dilution ratios are available in
Supplementary Information and Supplementary Table S4.
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Immunohistochemistry (IHC)

Immunohistochemical analyses were performed
using standard procedures and described in Supplementary
Information.

Methylene blue dye staining

Measurement of the number of cells attached to a
surface by methylene blue dye staining was carried out as
described [49]

Xenografts

Teratocarcinoma formation was carried out as
described [50]. All experiments were approved by the
Animal Care Committee of the Hebrew University; see
detailed method in the Supplementary Information.

Necrosis evaluation

Necrosis quantification was performed using the
Ariol image analysis system (Genetix, San Jose, CA,
USA) by scanning H&E-stained slides (10 and 11 lesions
per group) with an automated scanning microscope.

Statistical analyses

Data are expressed as the mean + SD. Statistical
comparisons of means were performed by a two-tailed
unpaired Student’s ¢ test. The value of P<0.05 was
considered significant. All experiments were repeated at
least three times.

ACKNOWLEDGMENTS

We thank Ms. Mery Clausen for assistance on proof-
reading and English editing of the manuscript.

We also thank Dr. Imad Matouk for providing us the
H19-siRNA sequences.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

GRANT SUPPORT

This work was supported by the I-CORE ISF center
of excellence (E.G.) and the ISF grant to E.G., by the Jay
Ruskin Foundation, and by the Selma Kron Foundation
to student fellowships. E.G. is also supported by the
Deutsche Forschungsgemeinschaft (DFG) SFB841 project
C3 and by the MOST - DKFZ joint research program.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Gabory A, Ripoche MA, Yoshimizu T and Dandolo L. The
H19 gene: regulation and function of a non-coding RNA.
Cytogenet Genome Res. 2006; 113:188-193.

2. Cai X and Cullen BR. The imprinted H19 noncoding RNA
is a primary microRNA precursor. Rna. 2007; 13:313-316.

3. Poirier F, Chan CT, Timmons PM, Robertson EJ, Evans MJ
and Rigby PW. The murine H19 gene is activated during
embryonic stem cell differentiation in vitro and at the time
of implantation in the developing embryo. Development.
1991; 113:1105-1114.

4.  Matouk 1J, DeGroot N, Mezan S, Ayesh S, Abu-lail R,
Hochberg A and Galun E. The H19 non-coding RNA is
essential for human tumor growth. PLoS One. 2007; 2:e845.

5. Gibb EA, Brown CJ and Lam WL. The functional role of
long non-coding RNA in human carcinomas. Mol Cancer.
2011; 10:38.

6. Yoshimizu T, Miroglio A, Ripoche MA, Gabory A,
Vernucci M, Riccio A, Colnot S, Godard C, Terris B,
Jammes H and Dandolo L. The H19 locus acts in vivo
as a tumor suppressor. Proc Natl Acad Sci U S A. 2008;
105:12417-12422.

7. Sheik Mohamed J, Gaughwin PM, Lim B, Robson
P and Lipovich L. Conserved long noncoding RNAs
transcriptionally regulated by Oct4 and Nanog modulate
pluripotency in mouse embryonic stem cells. Rna. 2010;
16:324-337.

8. Guttman M, Donaghey J, Carey BW, Garber M, Grenier
JK, Munson G, Young G, Lucas AB, Ach R, Bruhn L, Yang
X, Amit I, Meissner A, Regev A, Rinn JL, Root DE, et al.
lincRNAs act in the circuitry controlling pluripotency and
differentiation. Nature. 2011; 477:295-300.

9. Bartolomei MS, Zemel S and Tilghman SM. Parental

imprinting of the mouse H19 gene. Nature. 1991; 351:153-

155.

Adewumi O, Aflatoonian B, Ahrlund-Richter L, Amit M,

Andrews PW, Beighton G, Bello PA, Benvenisty N, Berry

LS, Bevan S, Blum B, Brooking J, Chen KG, Choo AB,

Churchill GA, Corbel M, et al. Characterization of human

embryonic stem cell lines by the International Stem Cell

Initiative. Nat Biotechnol. 2007; 25:803-816.

Zimmerman DL, Boddy CS and Schoenherr CS. Oct4/Sox2

binding sites contribute to maintaining hypomethylation of

10.

11.

the maternal igf2/h19 imprinting control region. PLoS One.
2013; 8:e81962.

12. Reubinoff BE, Pera MF, Fong CY, Trounson A and Bongso

www.impactjournals.com/oncotarget

34701

Oncotarget



13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

A. Embryonic stem cell lines from human blastocysts:
somatic differentiation in vitro. Nat Biotechnol. 2000;
18:399-404.

Teshima S, Shimosato Y, Hirohashi S, Tome Y, Hayashi
I, Kanazawa H and Kakizoe T. Four new human germ cell
tumor cell lines. Lab Invest. 1988; 59:328-336.

Andrews PW, Damjanov I, Simon D, Banting GS, Carlin C,
Dracopoli NC and Fogh J. Pluripotent embryonal carcinoma
clones derived from the human teratocarcinoma cell line
Tera-2. Differentiation in vivo and in vitro. Lab Invest.
1984; 50:147-162.

Damjanov I, Horvat B and Gibas Z. Retinoic acid-induced
differentiation of the developmentally pluripotent human
germ cell tumor-derived cell line, NCCIT. Lab Invest. 1993;
68:220-232.

Martin  GR.  Teratocarcinomas  and
embryogenesis. Science. 1980; 209:768-776.
Sperger JM, Chen X, Draper JS, Antosiewicz JE, Chon
CH, Jones SB, Brooks JD, Andrews PW, Brown PO and
Thomson JA. Gene expression patterns in human embryonic

mammalian

stem cells and human pluripotent germ cell tumors. Proc
Natl Acad Sci U S A. 2003; 100:13350-13355.

Przyborski SA, Christie VB, Hayman MW, Stewart R and
Horrocks GM. Human embryonal carcinoma stem cells:
models of embryonic development in humans. Stem Cells
Dev. 2004; 13:400-408.

Andrews PW. From teratocarcinomas to embryonic stem
cells. Philos Trans R Soc Lond B Biol Sci. 2002; 357:405-
417.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost
P, Radmark O, Kim S and Kim VN. The nuclear RNase
IIT Drosha initiates microRNA processing. Nature. 2003;
425:415-419.

Cullen BR. RNAIi the natural way. Nat Genet. 2005;
37:1163-1165.

Draper JS, Pigott C, Thomson JA and Andrews PW.
Surface antigens of human embryonic stem cells: changes
upon differentiation in culture. J Anat. 2002; 200:249-258.

Przyborski SA, Smith S and Wood A. Transcriptional
profiling of neuronal differentiation by human embryonal
carcinoma stem cells in vitro. Stem Cells. 2003; 21:459-
471.

Becker KA, Ghule PN, Therrien JA, Lian JB, Stein JL, van
Wijnen AJ and Stein GS. Self-renewal of human embryonic
stem cells is supported by a shortened G1 cell cycle phase.
J Cell Physiol. 2006; 209:883-893.

Hindley C and Philpott A. The cell cycle and pluripotency.
Biochem J. 2013; 451:135-143.

Takeichi M. Cadherin cell adhesion receptors as a
morphogenetic regulator. Science. 1991; 251:1451-1455.
Greber B, Lehrach H and Adjaye J. Silencing of core
transcription factors in human EC cells highlights the
importance of autocrine FGF signaling for self-renewal.
BMC Dev Biol. 2007; 7:46.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Henderson JK, Draper JS, Bailliec HS, Fishel S, Thomson

JA, Moore H and Andrews PW. Preimplantation human
embryos and embryonic stem cells show comparable
expression of stage-specific embryonic antigens. Stem
Cells. 2002; 20:329-337.

Bauderlique-Le Roy H, Vennin C, Brocqueville G, Spruyt
N, Adriaenssens E and Bourette RP. Enrichment of human
stem-like prostate cells with s-SHIP promoter activity
uncovers a role in stemness for the long non-coding RNA
H19. Stem Cells Dev. 2015.

Hay DC, Sutherland L, Clark J and Burdon T. Oct-4
knockdown induces similar patterns of endoderm and
trophoblast differentiation markers in human and mouse
embryonic stem cells. Stem Cells. 2004; 22:225-235.

Matin MM, Walsh JR, Gokhale PJ, Draper JS, Bahrami
AR, Morton I, Moore HD and Andrews PW. Specific
knockdown of Oct4 and beta2-microglobulin expression
by RNA interference in human embryonic stem cells and
embryonic carcinoma cells. Stem Cells. 2004; 22:659-668.

Michalezyk K and Ziman M. Nestin structure and predicted
function in cellular cytoskeletal organisation. Histol
Histopathol. 2005; 20:665-671.

Kallen AN, Zhou XB, XuJ, Qiao C,Ma J, Yan L, Lu L, Liu
C, YiJS, Zhang H, Min W, Bennett AM, Gregory RI, Ding
Y and Huang Y. The imprinted H19 IncRNA antagonizes
let-7 microRNAs. Mol Cell. 2013; 52:101-112.

Wang X, Lui VC, Poon RT, Lu P and Poon RY. DNA
damage mediated s and g(2) checkpoints in human
embryonal carcinoma cells. Stem Cells. 2009; 27:568-576.

Neganova I and Lako M. G1 to S phase cell cycle transition
in somatic and embryonic stem cells. J Anat. 2008; 213:30-
44.

Soncin F and Ward CM. The function of e-cadherin in stem
cell pluripotency and self-renewal. Genes (Basel). 2011;
2:229-259.

Cavallaro U and Christofori G. Cell adhesion and signalling
by cadherins and Ig-CAMs in cancer. Nat Rev Cancer.
2004; 4:118-132.

Mohamet L, Hawkins K and Ward CM. Loss of function
of e-cadherin in embryonic stem cells and the relevance to
models of tumorigenesis. J Oncol. 2010; 2011:352616.
Sun C, Sun L, Jiang K, Gao DM, Kang XN, Wang C,
Zhang S, Huang S, Qin X, Li Y and Liu YK. NANOG
promotes liver cancer cell invasion by inducing epithelial-
mesenchymal transition through NODAL/SMAD3
signaling pathway. Int J Biochem Cell Biol. 2013; 45:1099-
1108.

Siu MK, Wong ES, Kong DS, Chan HY, Jiang L, Wong
OG, Lam EW, Chan KK, Ngan HY, Le XF and Cheung
AN. Stem cell transcription factor NANOG controls cell
migration and invasion via dysregulation of E-cadherin
and FoxJ1 and contributes to adverse clinical outcome in
ovarian cancers. Oncogene. 2013; 32:3500-3509.

Berteaux N, Lottin S, Monte D, Pinte S, Quatannens B, Coll

WWw

.impactjournals.com/oncotarget

34702

Oncotarget



42.

43.

44,

45.

46.

47.

48.

49.

50.

J, Hondermarck H, Curgy JJ, Dugimont T and Adriaenssens
E. H19 mRNA-like noncoding RNA promotes breast cancer
cell proliferation through positive control by E2F1. J Biol
Chem. 2005; 280:29625-29636.

Yang F, Bi J, Xue X, Zheng L, Zhi K, Hua J and Fang
G. Up-regulated long non-coding RNA H19 contributes to
proliferation of gastric cancer cells. Febs J. 2012; 279:3159-
3165.

Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW,
Regev A and Weinberg RA. An embryonic stem cell-
like gene expression signature in poorly differentiated
aggressive human tumors. Nat Genet. 2008; 40:499-507.
Frixen UH, Behrens J, Sachs M, Eberle G, Voss B, Warda
A, Lochner D and Birchmeier W. E-cadherin-mediated cell-
cell adhesion prevents invasiveness of human carcinoma
cells. J Cell Biol. 1991; 113:173-185.

Wu H, Lotan R, Menter D, Lippman SM and Xu XC.
Expression of E-cadherin is associated with squamous
differentiation in squamous cell carcinomas. Anticancer
Res. 2000; 20:1385-1390.

Liu A, Yu X and Liu S. Pluripotency transcription factors
and cancer stem cells: small genes make a big difference.
Chin J Cancer. 2013; 32:483-487.

van de Wetering M, Oving I, Muncan V, Pon Fong MT,
Brantjes H, van Leenen D, Holstege FC, Brummelkamp
TR, Agami R and Clevers H. Specific inhibition of gene
expression using a stably integrated, inducible small-
interfering-RNA vector. EMBO Rep. 2003; 4:609-615.

Gropp M and Reubinoff BE. Lentiviral-RNA-interference
system mediating homogenous and monitored level of gene
silencing in human embryonic stem cells. Cloning Stem
Cells. 2007; 9:339-345.

Oliver MH, Harrison NK, Bishop JE, Cole PJ and Laurent
GJ. A rapid and convenient assay for counting cells cultured
in microwell plates: application for assessment of growth
factors. J Cell Sci. 1989; 92 :513-518.

Gropp M, Shilo V, Vainer G, Gov M, Gil Y, Khaner H,
Matzrafi L, Idelson M, Kopolovic J, Zak NB and Reubinoff
BE. Standardization of the teratoma assay for analysis
of pluripotency of human ES cells and biosafety of their
differentiated progeny. PLoS One. 2012; 7:e45532.

www.impactjournals.com/oncotarget

34703

Oncotarget



