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Human embryonic stem cells (hESCs) can be used to study the early events in human development and,
hopefully, to understand how to differentiate human pluripotent cells for clinical use. To define how L3MBTL1,
a chromatin-associated polycomb group protein with transcriptional repressive activities, regulates early events
in embryonic cell differentiation, we created hESC lines that constitutively express shRNAs directed against
L3MBTL1. The L3MBTL1 knockdown (KD) hESCs maintained normal morphology, proliferation, cell cycle
kinetics, cell surface markers, and karyotype after 40 passages. However, under conditions that promote
spontaneous differentiation, the L3MBTL1 KD cells differentiated into a relatively homogeneous population of
large, flat trophoblast-like cells, unlike the multilineage differentiation seen with the control cells. The differ-
entiated L3MBTL1 KD cells expressed numerous trophoblast markers and secreted placental hormones.
Although the L3MBTL1 KD cells could be induced to differentiate into various embryonic lineages, they adopted
an exclusive trophoblast fate during spontaneous differentiation. Our data demonstrate that depletion of
L3MBTL1 does not affect hESC self-renewal, rather it enhances differentiation toward extra-embryonic
trophoblast tissues.

Introduction

Human embryonic stem cells (hESCs) are derived from
the inner cell mass of early preimplantation blastocysts;

they self-renew and are pluripotent. They can be maintained
in an undifferentiated state, but can also be induced to dif-
ferentiate into cell types characteristic of all 3 germ layers and
of extra-embryonic tissues, offering the potential to model
aspects of mammalian development and disease. Indeed,
progress made over the past decade has determined that di-
recting hESCs toward specific cell fates requires similar ki-
netics and signaling pathways as those required during
development [1].

The trophoblast is an essential extra-embryonic tissue that
arises from pluripotent trophectoderm (TE) during mam-
malian development. Interplay between transcriptional,
epigenetic, and physiological factors governs TE cell fate.
Several transcription factors including Cdx2, Tead4, Eomes,
Gata3, Elf5, Ets2, and Tcfap2c are involved in TE lineage
specification and its further expansion [2–8]. Differential
epigenetic modifications including DNA methylation [9] and
the distribution of histone modifications and their modifying
enzymatic complexes [10–13] contribute to lineage identity in
the early embryo by regulating the appropriate gene ex-
pression profiles. Because in vitro cell fate decisions are
similar to those made during development in vivo, hESCs

can be exploited to reveal critical aspects of human devel-
opment.

The Drosophila lethal 3 malignant brain tumor protein,
D-l(3)mbt, functions as a tumor suppressor in the larval brain
[14]. The gene encoding its human homolog, L3MBTL1, is
located on chromosome 20q12, within a region commonly
deleted in myeloid malignancies [15], suggesting that it may
also function as a tumor suppressor in mammals. L3MBTL1
functions as a transcriptional repressor [16] and chromatin
compactor [17]; in vitro biochemical studies have shown that
the L3MBTL1 MBT domains can compact nucleosomal ar-
rays dependent on the mono- or dimethylation of histone
H4K20 and H1bK26 [17,18]. We have recently demonstrated
that L3MBTL1 depletion enhances the differentiation of he-
matopoietic stem cells toward the erythroid lineage [19], and
its depletion from differentiated, malignant cell lines causes
replicative stress, DNA breaks, activation of the DNA dam-
age response, and genomic instability [20].

We hypothesized that as a chromatin-associated protein
with repressor properties, changes in the level of L3MBTL1
activity could alter the chromatin structure and influence the
ability of hESCs to either self-renew or commit to differen-
tiation. To test this hypothesis, we generated and character-
ized 2 independent and stable clones of L3MBTL1-depleted
hESCs, using a lentiviral vector system to express short
hairpin RNAs (shRNAs) directed against L3MBTL1 mRNA.
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Although the self-renewal properties of L3MBTL1 knock-
down (KD) hESCs were retained, we observed striking
morphological changes when L3MBTL1 KD hESCs sponta-
neously differentiated and established that they spontane-
ously differentiate into trophoblast-like cells. L3MBTL1
appears to be an important regulator of early cell fate deci-
sions during mammalian development.

Materials and Methods

shRNA design and cloning

The design and cloning of shRNAs into the H1P-Hygro/
EGFP lentiviral plasmid was done essentially as previously
described [21]. RNA sequences were selected using the
Dharmacon SMARTselection design software. Forward and
reverse oligonucleotides were resuspended at a concentra-
tion of 5mM, heated to 95�C for 5 min, and allowed to cool to
RT overnight. After annealing, the duplexes were cloned into
SmaI/XbaI sites of an H1P shRNA cassette. The sequences
targeted by the shRNAs are as follows: L3MBTL1 shRNA1:
5¢-GTAGTGAGTTGTAGATAAA-3¢; L3MBTL1 shRNA2: 5¢-
GTGGAATCATTGACAGAAA-3¢; luciferase control shRNA:
5¢-CCCGGAAAGACGATGACGG-3¢.

Cell culture and differentiation protocols

hESC line H9 (WA-09) cells were cultured on a feeder layer
of mouse embryonic fibroblast (MEFs), purchased from Glo-
balStem, and plated on gelatin-coated tissue culture plates. ES
cells were maintained in an undifferentiated state in human ES
(HES) media (DMEM:F12; Invitrogen) supplemented with 20%
knockdown serum replacement (Invitrogen), 1% nonessential
amino acids (Invitrogen), 0.1 mmol/L 2-mercaptoethanol
(Invitrogen), 1 mmol/L l-glutamine (Invitrogen), and 6 ng/
mL FGF2 (R&D Systems). Cells were passaged using Dispase
(neural protease; Worthington Bioscience).

Spontaneous differentiation was induced by plating
control and L3MBTL1KD cells in feeder-free conditions on
Matrigel (BD Bioscience)-coated dishes in HES medium
without FGF2 for 2 weeks; cells were fed daily. The day on
which the cells were seeded was defined as day 1.

Embryoid bodies (EBs) were generated by culturing con-
trol and L3MBTL1 KD cells in low-cell-binding dishes for 14
days with the same medium used in spontaneous differen-
tiation. EBs were collected by gravity and fed every other
day.

The directed differentiation to trophoblast was achieved
by culturing the cells on Matrigel-coated dishes in HES me-
dium in the presence of exogenous BMP4 (100 ng/mL), as
previously described [22]. Differentiation toward neu-
roectoderm was performed using a published protocol [23].
Briefly, control and L3MBTL1 KD cells were cocultured on
MS-5 stroma cells and fed with KSR medium supplemented
with SB431542 (10mM/mL) and dorsomorphin (600 nM/mL)
during the first 7 days; then cells were fed only with KSR
medium until day 14.

Production of stable L3MBTL1-deficient embryonic
stem cell lines

The H1P-HygroEGFP plasmid expressing shRNA against
L3MBTL1 was cotransfected with plasmids pMD2.G and

psPAX2 into 293T cells to make lentiviral particles. Virus-
containing media was collected, filtered, and concentrated by
ultracentrifugation. Viral titers were measured by serial di-
lution on 293T cells followed by flow cytometry analysis
after 48 h. For transduction, lentiviral vectors were added to
H9 cells maintained without feeders on Matrigel-coated
plates. To select clones, colonies were treated with Accutase
(Innovative CT/ISC Bioexpress) for 30 min at 37�C, leaving a
single-cell suspension. The Accutase was neutralized with 3
volumes of HES medium and the cells were resuspended by
pipetting before being filtered using a 70-mm nylon filter
(Falcon, BD Bioscience). The cells were centrifuged and wa-
shed 2 · with HES media and then 2 · in ice-cold PBS with
1% BSA. The pelleted cells were resuspended in 100mL ice-
cold PBS with 1% BSA supplemented with 10mM Y27632
(ROCK inhibitor purchased from Calbiochem). GFP-positive
cells were sorted using a BD FACSAria cell sorter (BD
Bioscience) and resuspended in HES media with 10mM
Y27632 and penicillin/streptomycin 1,000 U/mL and re-
plated on MEF feeders. Y27632 and penicillin/streptomycin
were maintained in the medium until the first colonies ap-
peared. Several clones for each shRNA construct were se-
lected and quantitative polymerase chain reaction (qPCR)
analysis was performed to ascertain viral copy number and
the efficiency of L3MBTL1 knockdown.

Reverse transcriptase and real time polymerase
chain reaction

Total RNA was isolated from undifferentiated and dif-
ferentiated hESCs growing as monolayers using the RNea-
sy� Plus Kit (Qiagen). cDNA was synthesized from 1 mg total
RNA using Moloney murine leukemia virus RT (Promega) in
1 · transcription buffer containing 0.5 mmol/L oligo dT
(Promega) and 400mmol/L deoxyribonucleotides (dNTPs).
Reverse transcriptase (RT) qPCR was performed with the
ABI 7500 real-time PCR system with SYBR green (ABI) and
200 nM of forward and reverse primers. A standard curve
was generated for each primer pair, and genes of interest
were assigned a relative expression value interpolated from
the standard curve using the threshold cycle (Ct). Gene ex-
pression was normalized against the level of GAPDH ex-
pression. All reactions were done in duplicate, and at least 4
technical and 2 biological replicates were performed. PCR
primer sequences are shown in Table 1 and Supplementary
Table S1.

Immunofluorescence

Cultured cells were washed twice with PBS before being
fixed in 4% paraformaldehyde at room temperature. Cells
were washed 3 times with PBS before permeabilization with
wash buffer (0.3% Triton X-100 and 1.0% bovine serum al-
bumin in PBS) for at least 5 min. The primary antibody (di-
luted in wash buffer) was added to the cells for 2 h at room
temperature, and then the cells were washed 3 times in wash
buffer before the addition of the secondary antibody (diluted
in wash buffer) for 1 h at room temperature. The cells were
washed 3 times with PBS and stored at 4�C. The primary
antibodies OCT-3/4 (4 mg/mL; sc-5279), HAND1 (0.4 mg/
mL; Ab11846), and L3MBTL1 (1:50 dilution) previously de-
scribed [16] were detected using the appropriate secondary
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antibodies conjugated with Alexa Fluor 546 (Molecular
Probes). Negative controls consisted of no primary antibody,
no secondary antibody, or the appropriate IgG isotype con-
trol as indicated. DAPI counterstaining was performed on
fixed cells to visualize all cellular nuclei.

Western blot analysis

Total cellular protein extracts were prepared using RIPA
buffer (SIGMA R0278) supplemented with Halt Protease
Inhibitor Cocktail (Thermo Scientific 78430) according to the
manufacturer’s instructions. Nuclear and cytoplasmic ex-
tracts were prepared using the PIERCE kit (78833) for sub-
cellular fractionation; 40 mg of protein extracts were
electrophoresed on a 4–12% denaturing gel and electro-
blotted onto a nitrocellulose membrane. The membrane was
incubated with different antibodies at 4�C overnight and
then incubated with the indicated secondary antibodies at
room temperature for 1 h. The Pierce Enhanced Chemilu-
minescence kit was used to detect antibody reactivity, ac-
cording to the manufacturer’s instructions.

Cell cycle/DNA and flow cytometry analysis

To analyze DNA content, control and L3MBTL1 KD ES
cells were cultured on Matrigel-coated tissue culture-trea-
ted dishes, harvested by trypsinization, washed with PBS,
and fixed in 70% EtOH at 4�C. The cells were washed
with PBS, resuspended in propidium iodide solution
(5 mg/mL) containing 10 mg/mL RNase, mixed, and incu-
bated 45 min at 37�C. Flow cytometric data were acquired
on a BD FACSCalibur (BD Biosciences) using CellQuest Pro
version 6.0. Propidium iodide was excited by the 488 nm
laser and fluorescence emission was measured in fluo-
rescence parameter 3 (FL3) with the standard 670LP
filter. Doublets were excluded by gating out high FL3-W
(width) cells. Single cells were analyzed for percentages of
G1/G0, S, and G2/M in MultiCycle AV (Innovative Cell
Technologies).

Detection of trophoblast marker HLA-G in L3MBTL1 KD
spontaneously differentiated cells was performed by im-
munostaining with an APC-labeled anti-human HLA-G
(eBioscience 17-9957 clone 87G) using 0.125mg/sample;
7-AAD (5 mg/mL) staining served to exclude dead cells from
subsequent analysis. For each sample, 5 · 104 cells were an-
alyzed on a FACS Calibur flow cytometer (BD Biosciences)
using CELLQuest (BD Biosciences); data analysis was per-
formed using the FlowJo software (Tree Stars, Inc.).

Immunoassays

Media were collected from growing cells and stored at
- 20�C until assay. Chorionic gonadotropin (CG-b) and
progesterone levels were measured using ELISA kits, as in-
dicated by the manufacturer (Calbiotech).

Statistical analysis

Data were analyzed using PRISM Version 5.04 (GraphPad
Software, Inc.). Sample comparison was performed using 1-
way analysis of variance (ANOVA) followed by a post-hoc
Tukey test or 2-way ANOVA followed by a post-hoc Bon-
ferroni test, with the level of significance set at P < 0.05.

Results

L3MBTL1 knockdown does not affect embryonic
stem cell renewal

We initially screened 10 different shRNAs that target
L3MBTL1 using K562 cells (data not shown) and used the 4
most efficient shRNAs to transduce H9 hESCs. Ultimately, 2
shRNAs were used (shRNA1 and shRNA2) (Fig. 1A) that
most consistently knocked down L3MBTL1 in H9 cells
compared with the H9 cells expressing a nontargeting, lu-
ciferase-specific hairpin (LUC shRNA) and the parental H9
cell line. Overall, 11 L3MBTL1 KD ES cell clones were gen-
erated. Western blot (Fig. 1B) and immunofluorescence
analysis (Supplementary Fig. S1; Supplementary Data are

Table 1. List of Oligonucleotides Used in Reverse Transcriptase qPCR

Gene Forward Reverse

L3MBTL1 AGAGGAAGCGCAGGGAATA CACGACCAGCATTCCTTCTT
OCT4 CCTCCAGCAGATGCAAGAA ATTGGAAGGTTCCCAGTCG
NANOG CCTCCAGCAGATGCAAGAA ATTGGAAGGTTCCCAGTCG
CDX2 GTCTTTTTTCTCTTCCCTTCCC CAACAACACAAACTCCCCC
SOX2 ACCAGCGCATGGACAGTTA ATGTAGGTCTGCGAGCTG GT
AFP CTTCCAAACAAAGGCAGCA ATGTACATGGGCCACATCC
SOX1 ATGCACCGCTACGACATGG CTCATGTAGCCCTGCGAGTTG
ACTC1 CCCTGGAGAAGAGCTATGAAC GGAAGGTAGATGGAGAGAGAA G
CGB GTGGAGAAGGAGGGCTGC GGCGGCAGAGTGCACATT
HAND1 TGCCTGAGAAAGAGAACCAG ATGGCAGGATGAACAAACAC
KRT 7 TGAATGATGAGATCAACTTCCTCAG GCAGTCCCAGATCTCCGACA
KRT 8 GATCGCCACCTACAGGAAGCT ACTCATGTTCTGCATCCCAGACT
GCM1 GAGCCTGGAGACCGAGAAC TTGCGAAGATCTGAGCCC
PAX6 CGGAGTGAATCAGCTCGGTG CCGCTTATACTGGGCTATTTTGC
GAPDH GGTCGGAGTCAACGGATTT GCCCCACTTGATTTTGGAG

l3mbtl1, l(3)mbt-like 1 (Drosophila); OCT4, POU class 5 homeobox 1; NANOG, nanog homeobox; CDX2, caudal type homeobox 2; SOX2,
SRY (sex-determining region Y)-box 2; AFP, alpha-fetoprotein; SOX1, SRY (sex-determining region Y)-box 1; ACTC1actin, alpha, cardiac
muscle 1; GCB, chorionic gonadotropin, beta polypeptide; HAND1, heart and neural crest derivatives expressed 1; KRT7/8, keratin 7/8;
GCM1, glial cells missing homolog 1; PAX6, paired box 6; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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available online at www.liebertonline.com/scd) confirm the
nuclear localization of L3MBTL1 in ES cells. The L3MBTL1
KD hESCs showed normal colony morphology (Fig. 1C),
normal cell cycle kinetics (Fig. 1D), an unchanged pattern of
cell surface markers, and a normal karyotype in prolonged
culture (data not shown) when cultured under normal hESC
growth conditions. We obtained an *70% reduction in
L3MBTL1 mRNA levels (using either shRNA1 or shRNA2)
and observed a small decrease in the levels of the plur-
ipotency-promoting OCT-4, NANOG, and SOX2 transcrip-
tion factor mRNAs (Fig. 1E). Immunofluorescence analysis
confirmed the normal expression and localization of OCT-4
protein in all cell lines (Fig. 1F). Thus, L3MBTL1 depletion
does not detectably affect the undifferentiated state of hESCs.

L3MBTL1 knockdown impairs embryonic cell
production during spontaneous differentiation

To determine whether loss of L3MBTL1 affects differen-
tiation, we withdrew FGF2 from HES media and grew the
hESCs under either adherent or nonadherent conditions,
inducing their spontaneous differentiation. hESCs were
maintained for 2 weeks under adherent culture conditions as
colonies, using Matrigel-coated dishes. Depletion of
L3MBTL1 had clear morphological consequences, as all 11
clones derived from the shRNA1- or shRNA2-expressing
hESCs generated differentiated colonies composed of large,
flat mononucleated cells by days 7–14. In contrast, the con-
trol luciferase knockdown H9 cells and the parental line H9
generated mixed colonies composed of many different cell
morphologies (Fig. 2A and data not shown). We also ob-
served morphological consequences in the EBs generated
from L3MBTL1 KD cells under nonadherent conditions; in
contrast to the control cells, the L3MBTL1 KD cells failed to
give rise to typical EB structures containing differentiated
cell types. Starting at day 5 of differentiation, the L3MBTL1
KD EBs underwent significant cell death that continued until
day 14, indicating defects in differentiation, whereas control
cells developed into characteristic EB structures (Fig. 2B).
Flow cytometric analysis for Annexin V binding and 7-AAD
permeability confirmed an increased cell death in the
L3MBTL1 KD cells compared with the control cells at day 7
of differentiation (Fig. 2C).

To characterize the differentiation state of the L3MBTL1
KD cells in monolayer cultures, we performed reverse tran-
scriptase qPCR analysis to quantify the expression of a va-
riety of pluripotent and lineage-specific markers.
Differentiated control and L3MBTL1 KD cells were evalu-

ated and significant differences were seen. As expected, the
pluripotency markers OCT-4 and NANOG were reduced in
both the L3MBTL1 KD and the control KD cells compared
with the undifferentiated cells (Fig. 2D). Of note, L3MBTL1
levels were upregulated at least 3-fold in the differentiated
controls compared with the undifferentiated controls, sug-
gesting a potential role for L3MBTL1 in the earliest stages of
differentiation. However, the shRNA constructs continued to
suppress L3MBTL1 mRNA levels despite the increased ex-
pression that have occurred during normal differentiation
(Fig. 2D). Quantification of lineage marker expression shows
downregulation of the SOX1 (ectoderm) and AFP (endo-
derm) markers in the L3MBTL1 KD cells, compared with
their increased levels in the differentiated controls. Interest-
ingly, we observed a substantial upregulation in the ex-
pression of ACTC1 (mesoderm) and the trophoblast marker
chorionic gonadotropin (CG-b) in the L3MBTL1 KD in con-
trast to the differentiated control cells (Fig. 2E). We also
performed reverse transcriptase qPCR analysis to assess the
expression of additional lineage markers including NEU-
ROD1, SOX2, MAP2 (ectoderm); HNFA4, FOXA2, PECAM1
(endoderm); and MIXL1, RUNX1, and RUNX2 (mesoderm).
These studies confirmed that ectoderm, endoderm, and me-
soderm derivatives are severely reduced, and of the meso-
dermal markers, only RUNX1 was upregulated in the
L3MBTL1 KD cells (3-fold) compared with the differentiated
control cells (Supplementary Fig. S2). Consistent with this
finding, RUNX1 has been reported to be an L3MBTL1 target
gene in K562 cells [24]. These results show that L3MBTL1 KD
cells have a bias to differentiate into trophectoderm follow-
ing FGF2 withdrawal, whereas ectoderm and endoderm
differentiation appears to be blocked.

L3MBTL1 knockdown promotes differentiation
of hESCs toward trophectoderm

The flat cell morphology (Fig. 2A) and the greater than
18-fold upregulation of CG-b in the differentiated L3MBTL1
KD cells (Fig. 2E) led us to examine the expression of other
trophoblast markers, including CDX2 [25–27], HAND1 [28–
31], KRT7, KRT8, and GCM1 [22,27,31–34]. CDX2 mRNA
upregulation parallels the appearance of morphological
changes in spontaneously differentiated L3MBTL1 KD cells by
days 6–7, reaching a peak on day 9; in contrast, HAND1,
KRT7, KRT8, and GCM1 mRNAs peak at day 14. The ex-
pression pattern of these markers further indicates that
L3MBTL1 KD cells primarily differentiate into trophoblast
cells (Fig. 3A, B). We have confirmed that HAND1 protein is

FIG. 1. Characterization of undifferentiated control and L3MBTL1 knockdown (KD) human embryonic stem cells.
(A) Schematic representation of L3MBTL1 gene showing the location for the short hairpin (shRNA) sequences cloned into the
H1P-HygroEGFP lentiviral plasmid. (B) Western blot of cytoplasmic and nuclear fractions from H9 parental cells shows
nuclear location of L3MBTL1. Oct4 (nuclear) and tubulin (cytoplasmic) were used as controls. (C) Microscopic images
showing the undifferentiated stage for the wt parental, LUC shRNA, L3MBTL1-shRNA1, and shRNA2 H9 cells based on
their expression of GFP. Whole colonies were imaged on an Olympus epifluorescence system under a 10 · objective. Scale bar
represents 100 mm. (D) Cell cycle analysis of undifferentiated control and L3MBTL1KD ES cells. Relative DNA content,
assessed by PI staining, shows the proportion of cells in the G1, G2, and S phases. A representative example of 3 independent
experiments is shown. (E) Reverse transcriptase qPCR analysis comparing the level of L3MBTL1, OCT-4, NANOG, and SOX2
mRNA expression in control and L3MBTL1-depleted cells. Statistical analysis was performed by 1-way ANOVA and Tukey
posttest (*P < 0.05). Error bars represent the standard deviation (n = 3). (F) Fluorescent microscopy images of OCT-4 with a
DAPI DNA counterstain using the Olympus epifluorescence system under a 20 · objective. Scale bar represents 50 mm. Color
images available online at www.liebertonline.com/scd
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expressed in differentiated L3MBTL1 KD cells by immuno-
fluorescence (Fig. 3C) and that more than 80% of the cells
analyzed at day 14 of differentiation have trophectoderm
phenotype, as indicated by the expression of HLA-G (Fig. 3D).

To further examine the differentiation of L3MBTL1 KD
cells into trophoblasts, we directed control cells toward tro-
phoblasts using BMP4 [22]. We compared the gene expres-
sion pattern of the BMP4-treated control (LUC shRNA) cells
with the spontaneously differentiated L3MBTL1 KD cells
and found similar but higher trophoblast marker expression
(CG-b and HAND1) in the BMP4-treated control cells
(Fig. 4A). Of note, L3MBTL1 expression decreased at least
4-fold in the control cells treated with BMP4 compared with
untreated LUC shRNA control, which is also consistent with
the notion that downregulation of L3MBTL1 allows tropho-
blast formation to proceed in hESCs (Figs. 2D and 4A). To
further investigate the role of BMP signaling, we measured
the level of phosphorylated SMAD proteins (SMAD 1/5/8)
during the spontaneous differentiation of the LUC shRNA
and L3MBTL1 KD cells. We found an increased level of
phospho-SMAD 1/5/8 in differentiated L3MBTL1 KD cells
compared with the control cells (Fig. 4B). We also measured
the secretion of the placental hormones CG-b and proges-
terone into the medium from spontaneously differentiated
L3MBTL1 KD cells and also the untreated and BMP4-treated
controls. L3MBTL1 KD and BMP4-treated control cells show
a continuous increase in the concentration of both hormones,
with the hormone secretion by the knockdown cells being
nearly as high as from the BMP-treated control (Fig. 4C).
These results show that L3MBTL1 KD cells differentiate
into functional trophoblast cells, which indicates the role
of L3MBTL1 in regulating the spontaneous differentiation of
embryonic derivatives.

Directed differentiation is not impaired
in L3MBTL1 KD cells

L3MBTL1 KD cells did not express ectoderm markers un-
der conditions that allow spontaneous differentiation (Fig.
2D). However, to determine whether directed differentiation
was affected in L3MBTL1 KD cells, we induced neural dif-
ferentiation by coculturing them on MS-5 stromal cells for 2
weeks according to an established protocol [23]. We observed
neuronal rosette formation on day 8 with all clones (Fig. 4D,
upper panel), demonstrating that L3MBTL1 KD cells can
differentiate into neuroectoderm if provided with a suffi-

ciently strong signal. Further, reverse transcriptase qPCR
analysis found a similar level of induction of the neuroecto-
dermal markers SOX1 and PAX6 in the knockdown versus the
control cell lines (Fig. 4D, lower panel). We also directed the
differentiation of L3MBTL1 KD hESC toward hema-
toendothelial cells (CD31 + CD34+ ) using a previously re-
ported protocol [35] and found that the KD cells responded to
these differentiation signals as well, albeit less efficiently than
to the controls (data not shown). These results indicate that
L3MBTL1 KD does not impair hESC differentiation toward
embryonic neuroectoderm or hematoendothelial cells when
potent differentiation-promoting signals are provided.

Discussion

Undifferentiated ES cells generally contain more permis-
sive chromatin with higher levels of activating marks (lysine
acetylation) and lower levels of repressive marks (H3 lysine
K9 and K27 methylation), whereas differentiated ES cells
generally display silenced chromatin structure [36]. One of
the great challenges in human stem cell biology is to un-
derstand the mechanisms that selectively silence certain
gene-rich regions of the genome, to allow the production of
the full range of cell types found in the adult. Compacted
chromatin is generally found during differentiation, but very
little is known about the individual proteins that differen-
tially silence genes and affect the outcome of differentiation.

In this study, we found that knocking down the epigenetic
‘‘reader’’ L3MBTL1 strongly influences the differentiation
potential of hESCs toward trophectoderm under conditions
wherein spontaneous differentiation occurs, without affect-
ing hESC self-renewal in the undifferentiated state.
L3MBTL1 KD hESCs can be cultured continuously with no
noticeable changes in their behavior, morphology, or cell
cycle status and only minor changes in the RNA levels of the
pluripotency markers OCT-4, NANOG, or SOX2 (Fig. 1C–E),
which suggests that L3MBTL1 does not play a critical role in
maintaining the undifferentiated status or self-renewal po-
tential of hESCs.

Nonetheless, L3MBTL1 KD clearly impaired the develop-
mental potential of hESCs in spontaneous differentiation
assays. Withdrawal of FGF2 triggered profound changes in
the differentiated L3MBTL1 KD cells under adherent condi-
tions with loss of ectoderm, endoderm, and mesoderm
marker expression; this implies that L3MBTL1 KD cells have
limited pluripotency. The differentiated L3MBTL1 KD cells

FIG. 2. Morphological changes of spontaneously differentiated control and L3MBTL1 KD cells. (A) Photographs showing
the morphological contrast between LUC shRNA and L3MBTL KD cells (left and right upper row, respectively); images were
acquired using the Gel Doc System Quantity One software (BioRad). Lower row shows a magnified view of the differentiated
L3MBTL1 KD cells (white circle); black lines show a phase-contrast image (left) and a DAPI/GFP fluorescence image (right).
(B) L3MBTL1 KD cells fail to develop proper embryoid bodies. Fluorescent microscopic images showing EB derivation based
on GFP expression for the LUC shRNA, shRNA1, and shRNA2 cell lines. Scale bars: 0.2 mm (4 · ); 100 mm (10 · ). Re-
presentative images of 3 independent experiments are shown. (C) Flow cytometry assay shows increasing cell death for the
differentiated L3MBTL1 KD EB cells. Top plots show unstained control and L3MBTL1 KD EB cells and bottom plots show
PE-Annexin V versus 7-AAD permeability profiles in the same cells. Apoptotic cells on the plots are Annexin V positive and
PI negative (lower right quadrant), whereas necrotic cells are Annexin V positive and PI positive (upper right quadrant).
(D) Expression of L3MBTL1, OCT-4, and NANOG in undifferentiated and differentiated state measured as relative level of
mRNA/GAPDH. (E) mRNA expression levels of lineage cell markers SOX1 (ectoderm), AFP (endoderm), ACTC1 (meso-
derm), and CG-b (trophoblast) in undifferentiated and differentiated states measured as relative level of mRNA/GAPDH.
Statistical analysis was performed by 1-way ANOVA and Tukey posttest (*P < 0.05). Error bars represent the standard
deviation (n = 3). Color images available online at www.liebertonline.com/scd
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FIG. 3. Reverse transcriptase qPCR analysis for lineage cell markers. (A) Relative levels of mRNA expression of trophoblast
marker CDX2. Error bars represent the standard deviation (n = 3). (B) Trophoblast cell markers HAND1, GCM1, KRT7, and
KRT8 in undifferentiated and differentiated states measured as relative level of mRNA/GAPDH. Statistical analysis was
performed by 1-way ANOVA and Tukey posttest (*P < 0.05). Error bars represent the standard deviation (n = 3). (C) Im-
munofluorescent detection of HAND1. White arrows indicate the nuclear location of HAND1 protein. Microscopy performed
with Olympus epifluorescence system under a 40 · objective. Scale bar represents 50mm. Representative images of 3 inde-
pendent experiments are shown. (D) FACS analysis shows the percentage of spontaneously differentiated control and
L3MBTL1 shRNA1 and shRNA2 cells expressing the trophectodermal (TE) marker HLA-G (red). Isotype control antibody
staining is shown (black). Undifferentiated LUC shRNA and L3MBTL1 KD cells were used as negative controls for HLA-G
staining (blue). Color images available online at www.liebertonline.com/scd
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FIG. 4. L3MBTL1 knockdown mimics trophoblast differentiation induced by BMP4. Luciferase control with or without
BMP4 and L3MBTL1 KD cells were cultured for 7 days. (A) Reverse transcriptase qPCR analysis for L3MBTL1, OCT-4, CG-b,
and HAND1 mRNA expression. Statistical analysis was by 2-way ANOVA and Bonferroni posttest (*P < 0.05). Error bars
represent the standard deviation (n = 3). (B) Phosphorylation of SMADS1/5/8 was examined by Western blot analysis in the
homogenates of undifferentiated (day 1) and spontaneously differentiated (day 7) control LUC shRNA and L3MBTL1-KD
cells. (C) Immunoassay for placental hormones CG-b and progesterone. Error bars represent the standard deviation (n = 3).
(D) L3MBTL1 KD cells differentiate under defined conditions. Fluorescence images of typical neuronal rosette structures at
day 9 of directed neuroectoderm differentiation for control LUC shRNA and L3MBTL1 KD cell lines (upper panel) are shown.
Scale bar represents 50mm. Representative images of 3 independent experiments are shown. Reverse transcriptase qPCR
analysis results for neuroectoderm markers SOX-1 and PAX6 mRNA expression (bottom panel) are also shown. Statistical
analysis was performed by 2-way ANOVA and Bonferroni posttest (*P < 0.05). Error bars represent the standard deviation
(n = 3). Color images available online at www.liebertonline.com/scd

1897



do express trophectoderm markers (Figs. 2E and 3B, D), and
in fact, the increased expression of CDX2 is consistent with
the L3MBTL1 KD cells being restricted to a trophoblast fate
(Fig. 3A) [37]. Cdx2 acts early in the lineage hierarchy and its
overexpression triggers embryonic stem cells to differentiate
into trophoblast stem cells [26,27]. Overall, these changes
could explain the failure of these cells to form typical EB
structures in nonadherent assays. It is also possible that
genomic instability during EB development could explain
the increased cell death seen in L3MBTL1 KD cells (Fig. 2B,
C), as we recently reported [20]. In contrast, the differenti-
ated control cells maintained expression of embryonic line-
age markers, and consistent with their upregulation of
L3MBTL1, the expression of trophoblast markers was absent.

The production of extra-embryonic trophoblast cells from
the L3MBTL1 KD cells resembles the effect of BMP4 on hESCs
[22]. BMP4 directs hESCs toward trophoblast with increased
SMAD 1/5/8 phosphorylation, CG-b secretion, and HAND1
expression, which occurs concomitantly with a marked de-
crease in L3MBTL1 expression (Fig. 4A, B). Both the BMP4-
stimulated hESCs and the L3MBTL1 KD cells secrete placental
hormones, demonstrating that knockdown of L3MBTL1
drives hESCs to become trophoblast-like cells (Fig. 4C). The
lack of other embryonic cell types derived from L3MBTL1KD
cells is not absolute, as L3MBTL1 KD cells can still form neural
tissue and hematoendothelial cells in response to strong in-
ductive signals. This suggests that L3MBTL1 may promote the
retention of pluripotency of hESCs, at least in part by blocking
trophoblast differentiation.

Thus, L3MBTL1 may play a role in the earliest cell fate
decisions involved in human development, most likely by
repressing genes involved in trophectoderm differentiation.
Such a phenotype was recently described for Mbd3, a com-
ponent of the Mi-2/NURD repressor complex [38]. L3MBTL1
may promote chromatin compaction via its recognition of
mono- and dimethylated states of H4K20 by L3MBTL1 [17,18]
or by recruiting additional chromatin remodelers to block the
trophectoderm differentiation of hESCs. In Drosophila,
dl(3)MBT has been shown to bind histone H4 K20 mono-
methyl in close association with the dRPD3 histone deacety-
lase, resulting in deacetylation of histone H4 K5/K12 [39].
However, we found that L3MBTL1 can repress gene expres-
sion in an HDAC-independent fashion [16]. L3MBTL1 could
be a central component of a repressive complex that loses its
function after L3MBTL1 KD. It is likely that multiple chro-
matin regulators control the differentiation process. For in-
stance, the histone methyltransferase SETDB1 was recently
shown to repress trophectoderm differentiation of mouse
ESCs via H3K9 methylation [40]. The degree of histone H4K20
methylation is dynamically regulated during hESC differen-
tiation. Mass spectrometry (MS) studies have revealed that a
large percentage of histone H4 is dimethylated in undiffer-
entiated hESCs (*65%) with some unmethylated (*20%) and
some monomethylated (*10%) or trimethylated (*5%) resi-
dues. Following TPA treatment, unmethylated lysines are
largely converted to dimethyllysines, and electron transfer
dissociation-MS experiments have identified histone H4 K20
as the target of both methylation events [41]. Mice deficient for
Suv4-20 h1/2, a H4K20 methyltransferase, display loss of di-
and trimethyl H4K20 with consequent embryonic lethality
[42]. ESCs have a poised epigenetic state that maintains
chromatin in a structure ready for quick cell fate decisions

[10]. The inner cell mass and trophectoderm possess different
gene expression profiles. Consequently, their epigenetic pro-
files should also differ. We have not seen noticeable differ-
ences in the level of HP1g, which binds L3MBTL1, or in H3K9
trimethylation, a heterochromatin mark recognized by HP1g,
between the spontaneously differentiated trophoblast cells
and the induced neuroectoderm cells (Supplementary Fig.
S3A). Nonetheless, epigenetic disturbance during the early
events of differentiation may be a consequence of knocking
down L3MBTL1, explaining the lineage selectivity of hESCs
toward the trophectoderm fate.

In summary, L3MBTL1 KD hESCs proliferate normally in
the undifferentiated state, but are impaired in their ability to
spontaneously differentiate toward embryonic tissues, and
preferentially differentiate into trophoblast tissue (Supple-
mentary Fig. S3B). Further studies are required to establish
the molecular basis of the lineage selectivity that occurs after
L3MBTL1 knockdown.

Summary

To define how L3MBTL1, a chromatin-associated poly-
comb group protein with transcriptional repressive activities,
regulates early events in embryonic cell differentiation, we
created hESC lines that constitutively express shRNAs di-
rected against L3MBTL1. Although the L3MBTL1 KD cells
could be induced to differentiate into embryonic neuroecto-
derm, they adopted an exclusive trophoblast fate during
spontaneous differentiation. The data suggest that L3MBTL1
depletion does not affect hESC self-renewal but impacts
pluripotency; depletion of L3MBTL1 directs hESC differen-
tiation toward extra-embryonic tissues, rather than embryo-
derived tissues.
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