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Human pluripotent stem cells (PSCs),4 particularly human
embryonic stem cells (ESCs) or inducible pluripotent stem cells
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types, become the most reasonable sources for transplantation
therapy (1–4). In recent years, progress has been made in direct
neural differentiation of human PSCs, especially embryonic
stem cells, into certain functional cell types (5–9), which provides an ideal resource for pathogenesis research and clinical
therapies of neurodegenerative diseases, such as Parkinson’s
disease, amyotrophic lateral sclerosis, and other disorders in
the nervous system. However, some problems hinder the application of human ESCs, such as time-consuming differentiation,
low yield, heterogeneous nature of derived neuronal populations, and a risk of tumor formation upon transplantation in
vivo. Therefore, further efforts are required to guarantee both
efficiency of differentiation and maturation.
During the differentiation from hPSCs into neurons, hPSCs
undergo substantial morphological alterations, first from
adherent hESC colonies to cell aggregates, then to neural
rosettes, neural stem cells, and neurons or glia, a course very
similar to that occurs in epithelial-mesenchymal transition
(EMT). It is highly possible that molecules related to EMT
may play important roles in neural differentiation. We made
a screening and found that ZEB1 was expressed along with
neural differentiation.
ZEB1, also named as ZFHX1A or ␦EF1, together with its fellow member ZEB2 (also called ZFHX1B or SIP1), belongs to the
zinc finger E-box binding homeobox family (ZFH family). ZEB1
is putatively involved in cell morphological change during
EMT. Accordingly, ZEB1 has been extensively studied in various cancers (10 –13). Members of the ZEB family facilitate neural fate decision through tuning TGF␤/BMP signaling or as
targets of the miR-200 family (14 –16) and ZEB1 has an essential role in neural stem cell survival in vitro (17). Zeb1 may be
functionally redundant to Zeb2, as Zeb1 was ectopically activated in Zeb2 knockout embryos (18). However, in mouse models, Zeb1 has been shown to be strongly expressed in the progenitor cells of the ventricular zone (VZ) and the subventricular
zone (SVZ) of the developing cortex and that Zeb1 is necessary
for the proliferation of the VZ and SVZ progenitors (19, 20).
Recently, Singh et al. (21) reported that Zeb1 is required for
tangential migration of unpolarized cerebellar granule neuron
progenitors, and down-regulation of Zeb1 is necessary for maturation and polarization of the cerebellar granule neurons.
However, whether ZEB1 is involved in human neural differentiation still remains unclear. Here, by using a model system of
neural differentiation from hESCs (22, 23), we carried out a
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Human pluripotent stem cells hold great promise for improving regenerative medicine. However, a risk for tumor formation
and difficulties in generating large amounts of subtype derivatives remain the major obstacles for clinical applications of stem
cells. Here, we discovered that zinc finger E-box– binding
homeobox 1 (ZEB1) is highly expressed upon differentiation of
human embryonic stem cells (hESCs) into neuronal precursors.
CRISPR/Cas9-mediated ZEB1 depletion did not impede neural
fate commitment, but prevented hESC-derived neural precursors from differentiating into neurons, indicating that ZEB1 is
required for neuronal differentiation. ZEB1 overexpression not
only expedited neural differentiation and neuronal maturation,
which ensured safer neural cell transplantation, but also facilitated the generation of excitatory cortical neurons, which were
valuable for managing certain neurological disorders, such as
Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS). Our study provides useful information on how human
neural cells are generated, which may help in forming strategies
for developing and improving replacement therapies for treating patients with neurological diseases.

ZEB1 promotes neural differentiation of hESCs

series of functional assays to explore the role of ZEB1 in human
neural differentiation.

Results
ZEB1 was progressively expressed during neural
differentiation of hESCs
To inspect the expression of ZEB1 during neural differentiation, we differentiated hESC line WA09 (H9) as shown in Fig.
1A, and harvested cells at the indicated stages for real-time
RT-PCR and Western blotting analysis. The mRNA level of
ZEB1 was hardly detected in hESC (day 0). Upon neural differentiation, ZEB1 started expression and reached a peak on day
15, and remained at a high level thereafter (Fig. 1B). The expression pattern of ZEB1 was also verified by Western blotting and
immunostaining together with cell type-specific markers at different stages of differentiation on samples taken from days 0,
15, 25, and 35 (Fig. 1, C and D). We also detected the expression
of other fellow molecules of EMT in the same set of experiments. Except for N-CADHERIN, which was up-regulated
over the progression of differentiation, no other EMT-related
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molecules, such as ZEB2, SNAIL, SLUG, and TWIST2 were
detected (Fig. S1). These results together indicate ZEB1 may
play a role during neural differentiation, which was not previously documented.
ZEB1 was required for the intrinsic neuronal differentiation
To examine whether ZEB1 was required for neural and
neuronal differentiation, we generated ZEB1-knockout hESCs
based on a H9 hESC line that harbored a cassette of inducible
Cas9 (iCas9) and a verified sgRNA targeting ZEB1 locus
(sgRNA1) (Fig. S2A). We designed three sgRNAs targeting
ZEB1 (Table S1), and identified the indel percentages with
T7EI assays for each target in HEK293T cells (data not
shown), then sgRNA1 (Table S2), which targeted the third
exon (CCDS53506.1) was selected as the most efficient one.
In H9ESCs, a restriction fragment length polymorphism
assay revealed ⬃21% indel rate (Fig. S2B). hESCs were then
dissociated into single cells. By picking colonies, using restriction fragment length polymorphism analysis and
sequencing (Table S3), we ultimately obtained a hESC line
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Figure 1. ZEB1 was up-regulated in hESC-derived neural cells. A, a scheme of neural differentiation of hESCs. Scale bar: 50 m. B, real-time PCR analysis
showed the alteration of ZEB1 mRNA levels during neural differentiation of hESCs. The amount of mRNA was normalized to GAPDH levels. Bars represent
mean ⫾ S.D. of three experimental replicates. C, Western blotting showed expression of the ZEB1 protein at different stages of neural differentiation from
hESCs. ␤-ACTIN was a loading control; n ⫽ 3. D, representative images of immunostaining results using indicated antibodies in hESC-derived neural cells. DAPI
was included to show the nuclei (here and after); n ⫽ 3. Scale bar: 50 m. hESC, human embryonic stem cell; EB, embryoid bodies; NSC, neural stem cell; E8,
essential 8 medium; NIM, neural induction medium; NDM, neural differentiation medium.

ZEB1 promotes neural differentiation of hESCs

Forced expression of ZEB1 promoted the neural differentiation
of hESCs
We next overexpressed ZEB1 (with 3⫻ FLAG fusion to the N
terminus) in hESCs with a lentivirus tet-on 3G inducible
expression system (Fig. S3A). The insertion of a mNeonGreenP2A-blasticidin (BSD) fragment facilitated picking of single
colony hESCs (Fig. S3B). Selected colonies of H9ESC lines were
verified using GFP or antibodies against ZEB1 or FLAG upon
doxycycline induction (Fig. S3, C and D and Fig. 3A). Forced
expression of GFP itself in hESCs neither affected the morphology of the hESC colonies nor changed the expression of
pluripotent marker such as OCT4 (Fig. S3C). However, when
overexpressing ZEB1 in hESCs, although the expression patterns of OCT4, NANOG, and SOX2 were not changed, these
colonies exhibited unique fragmentation upon long-term
culture (Fig. 3B, Figs. S3D and S4). For some hESC colonies,
continual overexpression of ZEB1 elicited neurite-like outgrowth, which was immunostained for the neuron-specific
antibody TUJ1 (Fig. S3E).
Extra amount of ZEB1 accelerated the neural differentiation of
hESCs
To further investigate the effect of ZEB1 in neural differentiation, we induced the expression of ZEB1 once the

hESCs were lifted for differentiation. At day 15, most of the
WT cell aggregates formed neural rosettes within colonies
(Fig. 3C, left panel). However, in the colonies of hESCs with
ZEB1 overexpression, only a small number of rosettes were
identified. Quite a few cells migrated from the colonies and
extended the neurite-like structures surrounding the cells
(Fig. 3C, left panel).
Decreasing neural rosettes may reflect a result of inhibited
neural differentiation or alteration of the progress of differentiation. We then stained the cells with neuron-specific and dendrites antibodies TUJ1 and MAP2 to address this issue. In the
control group, only sporadic TUJ1⫹ cells were detected (⬃2%)
on day 15 (Fig. 3, C and D, p ⬍ 0.001), and the vast majority of
TUJ1⫹ neurons did not appear until day 25. In the ZEB1overexpressed group, however, TUJ1⫹ cells appeared as
early as day 15 (up to 30%) (Fig. 3D, p ⬍ 0.001), and the
number of TUJ1⫹ cells continually increased when neural
differentiation proceeded. One week after the cells were
attached for neuronal differentiation, only 16% of TUJ1⫹
cells express more mature neuronal marker MAP2 in the
control group, whereas approximately 32% among the
TUJ1⫹ cells began to express MAP2 in the ZEB1-overexpressed group (Fig. 3, C and E, p ⬍ 0.001). Thus, we deemed
that forced expression of ZEB1 promoted neural differentiation by altering the phase of neural differentiation.
The formation of neural rosettes accompanying the precocious TUJ1⫹ and MAP2⫹ cells indicated that neural differentiation was accelerated. Furthermore, we examined the expression of early neural markers such as PAX6, SOX1, as well as
neuronal markers TUJ1 and MAP2 by immunofluorescence
staining or Western blotting analysis. In the control group,
PAX6 was expressed as the earliest transcription factor of neural differentiation from days 6 to 8 on, which was followed by
SOX1 expression from days 8 to 10 on (Fig. 3, C and F). The
early presence of extra ZEB1 repressed PAX6 but increased the
expression of SOX1 on days 10 –15, endowing cells becoming
TUJ1⫹ neuronal-like cells directly within 15 days of differentiation (Fig. 3, C and F). Bypassing the early stage of neural differentiation was also accompanied by down-regulation of various genes, such as ZEB1 itself and PAX6, which likely ensured
later smooth transition to an intrinsic neuronal differentiation
program (Fig. 3F).
ZEB1 promoted neuronal maturation
Deletion of ZEB1 impeded neuronal differentiation, whereas
forced ZEB1 expression expedited this process, which
prompted us to examine whether ZEB1 could also promote
neuronal maturation. We thus continued the neuronal differentiation experiment by placing the hESCs-derived neural progenitor cells on laminin substrate from day 26 and cultured in
neural differentiation medium supplemented with trophic factors such as BDNF, GDNF, IGF1, and cAMP. Four weeks later,
the majority of cells in both control and ZEB1-overexpressed
groups became elaborately branched and expressed the neuronal marker MAP2 in the cell body and in the neurites (Fig. 4A).
Considering that the synaptic connection between neurons was
an integral component of functional maturity, we then examined the localization of synaptic proteins such as SYNAPSIN-1
J. Biol. Chem. (2018) 293(50) 19317–19329
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with a homozygous mutant of ZEB1 (Clone 9, Fig. S2, C and
D). Potential off-target sites were identified at MIT, and only
one possible off-target with four mismatches fall in gene
coding sequences (NM_001130675) (Table S4), indicating
the specificity of the selected sgRNA1 locus.
Deletion of ZEB1 was confirmed at the protein level at different stages during neural differentiation (Fig. 2A). During
normal differentiation of hESCs into neurons, cells spread out
and formed rossettes at the early stage, and then differentiated
into neuron phenotype at the late stage (Fig. 2B, upper panel).
ZEB1 knockout cells did not exhibit distinguishable differences
from control cells at the hESCs stage and early phase of neural
differentiation (Fig. 2B, middle panel). However, with neural
differentiation proceeded, most of the ZEB1-depleted cells died
at the stage when neuronal differentiation occurred (Fig. 2B,
middle panel). We then overexpressed ZEB1 in ZEB1 KO
hESCs cells, some cells underwent morphological changes at
the early stage of differentiation, and eventually became neuron
cells (Fig. 2B, lower panel). We did not observe any significant
difference by evaluating cell proliferation with BrdU antibody
(Fig. 2C). However, we observed more cells that were undergoing apoptosis in the ZEB1-depleted group compared with the
control group using a PE Annexin V/7-AAD Kit (Fig. 2D). Reexpressing of ZEB1 in ZEB1 KO cells rescued the neural differentiation (Fig. 2B, lower panel). In addition to the rescue effects,
forced expression of ZEB1 in ZEB1 KO caused discernable dispersing of the differentiated cells at the early stage of neural
differentiation (Fig. 2B, right lower panel), which was consistent
with the phenomenon detected in ZEB1 overexpression cell
lines (as discussed below). Taken together, these data indicated
that ZEB1 expression may not be critical for early neural specification, but was essential for the conversion from neural precursors to neurons.

ZEB1 promotes neural differentiation of hESCs
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Figure 2. ZEB1 was necessary for neuronal differentiation. A, Western blotting showed ZEB1 protein levels at days 0, 15, and 35 of neural differentiation
from hESCs with or without ZEB1 knockout. ␤-TUBULIN was the loading control. B, phase-contrast images of the indicated cells during different days of neural
differentiation; n ⫽ 3. Scale bar: 50 m. C, left, flow cytometry analysis with BrdU antibody using cells after 4 days attachment of spheres for neuronal
differentiation (day 30). Right, statistical analysis of the left results; n ⫽ 3. D, left, cell apoptosis and death analysis with PE Annexin V/7-AAD Kit. Right, statistical
analysis to show the percentage of viable cells (Negative) or cells in early apoptosis (Annexin V⫹, p ⬍ 0.001), in late apoptosis or already dead (7-AAD⫹ and
Annexin V⫹ and 7-AAD⫹, p ⬍ 0.001); n ⫽ 3. ZEB1-KO, ZEB1 knockout. OE (ZEB1-KO), overexpress ZEB1 in ZEB1-knockout cells.

in differentiated neurons by immunofluorescent staining.
Although SYNAPSIN-1 was diffusely distributed in the cytoplasm of neurons in the control group, it aggregated as punctu-
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ated throughout the more complex dendritic arborizations of
neurons when ZEB1 was induced during the neuronal differentiation (Fig. 4B).

ZEB1 promotes neural differentiation of hESCs
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Figure 3. Sustained overexpression of ZEB1 in hESC-induced neural differentiation. A, Western blotting using the indicated antibodies in selected clone
#2 of hESCs. GAPDH was the loading control. B, representative phase-contrast images showing different morphologies of H9ESC colonies with (ZEB1) or
without (Control) doxycycline in the medium; n ⫽ 3. Scale bar: 100 m. C, images showing the phenotypic alterations of cells at various stages of neural
differentiation after overexpression of ZEB1. Typical rosettes in control and extended neurite-like structures from colonies with ZEB1 overexpression were
observed. Alterations of PAX6 and SOX1 on day 15, TUJ1 and MAP2 on day 25 were shown as well. Scale bar, 100 m. D and E, quantification of TUJ1⫹ cells and
MAP2-positive cells. ***, p ⬍ 0.001; n ⫽ 3. F, Western blotting showed the dynamic expression of ZEB1, PAX6, SOX1, and TUJ1 during early neural differentiation
in the control and ZEB1 overexpressing cells. GAPDH was a loading control; n ⫽ 3.

To further examine whether overexpression of ZEB1 increased the functionality of hESCs-derived neurons, we employed
whole cell voltage-clamp to record electrophysiological activities
at week 8 of neural differentiation. Cells from both control and
ZEB1-overexpressed groups displayed full-blown Na⫹/K⫹ cur-

rents, and these inward currents could be completely blocked by
tetrotodoxin (TTX) (1 M) (Fig. 4C, i and ii). However, neurons
from the control group failed to fire multiple action potentials
(APs) in response to a 70 pA current pulse, or displayed single AP
or APs with typically faded amplitude in peak value (Fig. 4D, i),
J. Biol. Chem. (2018) 293(50) 19317–19329
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whereas strains of sequential APs on the similar spikes were
detected in neurons from the ZEB1-overexpressed group (Fig. 4D,
ii). Neurons in the ZEB1-overexpressed group also showed spontaneous inward synaptic currents at 8 weeks of differentiation,
which were almost completely eliminated by the non-N-methyl-

D-aspartate antagonist DNQX (20 M) (Fig. 4E). Neurons from the
control group did not exhibit spontaneous synaptic currents until
10 weeks of differentiation (Fig. 4F). These data further validated
that ZEB1 promoted the functional maturation and synaptogenesis of the hESCs-derived neurons.
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ZEB1 facilitated the differentiation of excitatory neurons
To identify which specific types of neurons or glia were differentiated when ZEB1 was overexpressed, we labeled the cells
with various markers at week 8 of neural differentiation. In the
control group, hESCs were randomly differentiated into excitatory, GABAergic, and dopaminergic neurons at a proportion
of 52.2 (⫾9.0%), 30.5 (⫾5.5%), and 8.6% (⫾3.7%), according to
immunostaining for vGLUT1, GABA, or TH, respectively (Fig.
5, A and B). When ZEB1 was overexpressed during neural differentiation, the majority of the cells were distinctly positive for
vGLUT1 (84.9 ⫾ 10.2%) (Fig. 5, A and B, p ⬍ 0.001). Only a
small proportion of cells were stained with GABA (4.8 ⫾ 7.9%)
and TH (4.8 ⫾ 6.8%) (Fig. 5, A and B). In both groups, we
detected a similar proportion of astrocytes (⬃30%) (Fig. 5A) but
no oligodendrocytes (data not shown), as revealed by immuno-

staining for S100␤/TUJ1 and myelin basic protein (data not
shown), indicating that ZEB1 preferably affected the neuronal
subtype specification but not glia fate choice. These results collectively demonstrated that forced expression of ZEB1 specifically promoted hESCs to differentiate into excitatory neuron
subtypes.
ZEB1 reduced the overgrowth of hESCs-derived progenitors
upon transplantation into mouse brains
Because ZEB1 accelerated neural differentiation and promoted functional maturation of hESCs-derived neurons, it thus
became a plausible lever for safety control of hESCs in regenerative medicine. We then examined whether overexpression of
ZEB1 in hESCs-derived neural progenitor cells could reduce
the chance of tumor formation upon transplanting into brains

Figure 4. ZEB1 promoted neuronal maturation. A, immunostaining for MAP2 along with TUJ1 showed the neuronal differentiation of hESCs with or without
overexpression of ZEB1 at 8 weeks of neural differentiation; n ⫽ 3. B, representative immunofluorescent images showing the localization of SYNAPSIN-1 (SYN-1)
in the cells. The boxed areas at the left were enlarged as shown in the right panel, respectively; n ⫽ 3. Scale bar: 50 m (each left panel) and 5 m (each enlarged
right panel). C–E, whole cell patch recordings indicated that neurons derived from hESCs after 8 weeks of differentiation were electrophysiological active; n ⫽
3. C, representative traces of whole cell currents were elicited by stepwise depolarizations from ⫺80 to 80 mV from a holding potential of ⫺70 mV in neurons
of (i) control and (ii) ZEB1 group, respectively. The inset shows sodium currents. D, representative traces of action potentials (APs) from a 70 pA current injection
were shown for neurons of control (i) and the ZEB1 group (ii), respectively. (i), APs in control neurons exhibited single or typically diminished amplitude in peak
value. (ii), repetitive trains of APs on the similar spikes were detected in ZEB1-overexpressed neurons from neural differentiation. The fired APs could be blocked
completely by TTX (1 M). E, representative voltage-clamp recordings of spontaneous postsynaptic currents (PSCs) from neurons of the ZEB1 group after 8
weeks of differentiation. The GluR currents could be blocked with DNQX (20 M). Cells were held at ⫺70 mV. F, after 10 weeks of neural differentiation without
forced expression of ZEB1, spontaneous PSCs held at ⫺70 mV were detected in the neurons from the control group, and the synaptic activity could be blocked
by TTX (1 M).
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Figure 5. Forced expression of ZEB1 facilitated differentiation of excitatory neurons. A, representative immunofluorescent images of specific subtypes of
neurons in control and the ZEB1-overexpression group at 8 weeks of neural differentiation from hESCs using the indicated antibodies; n ⫽ 3. Scale bar: 50 m.
B, quantification and statistical analysis of different types of neurons as indicated in A respect to the number of TUJ1⫹ cells; n ⫽ 3. Scale bar: 50 m. C, statistical
analysis of the S100␤-positive cells respected to total cells. For statistical analysis, cells were counted under ⫻20 objective by selecting 10 fields randomly for
each group from each experiment. Bars represent mean ⫾ S.D. of three experimental replicates. ***, p ⬍ 0.001; **, p ⬍ 0.01. NS, not significant.

ZEB1 promotes neural differentiation of hESCs

of neonatal pups of NOD/SCID mice. Eight weeks after transplantation of hESC-derived neural stem cells (day 15 of differentiation), mice were perfused for brain sections and immunostaining. Monoclonal antibodies that specifically recognized
human nuclei were used to identify the transplanted human
cells. Graft human cells were found in the cerebral cortex or
nearby hippocampus and there was no difference for their distribution in the mouse brain between two groups (Fig. 6A). In
the control group, transplanted cells formed substantial
rosette-like overgrowth in the resident brain regions (presence
in 55.2% of the brain slices) (Fig. 6, B and C). However, in the
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ZEB1-overexpressed group, this percentage was only 18.3%
(Fig. 6C, p ⬍ 0.01), and most of the graft cells dispersed across
the brain (Fig. 6, B and C). Consistently, much more of grafts
differentiated into neurons, with more TUJ1⫹ cells in ZEB1
group relative to control group (Fig. 6, D and E, p ⬍ 0.05). These
data indicate that ZEB1 overexpression promoted the differentiation of hESC-derived neural stem cells and potentially
improved safety when used for therapy. In accordance with the
in vitro results (Fig. 3, C and F), lack of rosettes in the ZEB1
group in vivo also reflected the loss of a PAX6⫹ fate in the
ZEB1-overexpressed cells.
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Figure 6. Overexpression of ZEB1 decreased the risks of tumor formation of transplanted cells derived from hESCs. A, representative images showing
the distribution of transplanted cells in vivo based on a human nuclei antibody immunostaining along with Hoechst staining (nuclei) 10 weeks after transplantation of hESCs-derived cells. Scale bar: 2 mm (left panel), 50 m (middle and right panels). Arrows indicate the region of graft cells distribution with human nuclei
staining. B, immunostaining images showing the difference of grafted cells from control and ZEB1-overexpressed groups in vivo. Scale bar: 50 m. C, statistical
analysis of the percentage of human nuclei-positive rosettes-like structure in the control and ZEB1 overexpression groups as shown in B. D, representative
images of grafted cells (human nuclei-positive) expressing the neuronal marker ␤-tubulin (TUJ1) after transplantation. Arrows indicate the typical co-labeled
neurons; n ⫽ 3. Scale bar: 50 m. E, statistical analysis for the percentage of brain slices with TUJ1⫹ cells in the two groups as representatively shown in D. For
the statistical analysis, 100 –200 brain slices from 9 mice were analyzed, and the brain slices without human cells were discarded directly. **, p ⬍ 0.01; *, p ⬍ 0.05.
Bars represent mean ⫾ S.D. of three experimental replicates.

ZEB1 promotes neural differentiation of hESCs
ZEB1 knockout prevented neural precursors differentiate into
neurons

Discussion
In human neural differentiation, ZEB transcription factors,
particularly ZEB2, as direct targets of miR-200 family members
play essential roles in fate specification of the neuroectoderm
(14). In this study, we found that when ZEB1 was depleted,
although these cells could commence an early neural differentiation, they failed to differentiate further into neurons and died
within a few days. Based on our data and previous literature, we
speculated that during neural differentiation of hESCs, two
members of ZEB family, ZEB1 and ZEB2, synergistically regulated the progression of cell fate conversion, with ZEB2 functioning primarily at the early stage of neural specification,
whereas ZEB1 exclusively affecting the neuronal conversion
during late neural differentiation.
Although not necessary for early neural specification, forced
expression of ZEB1 during the early stage did expedite the progress of neuronal conversion, as evidenced by positive staining
of a series of markers of neural differentiation and electrophysiological recordings. Overexpression of ZEB1 in hESCs significantly inhibited the expression of PAX6 but increased the
expression of TUJ1, a conventional neuron marker, thus
prompting a comprehensive revision of cell fate determination
differed from the original opinion, which believed PAX6 pioneered a cohort of neural determinants (24). The expression of
SOX1, another neural fate determinant that was usually
expressed following PAX6 during neural differentiation of
hESCs (24, 25), however, did not shift to earlier expression,
suggesting the temporary alteration of cell fate did not com-
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To elucidate the mechanism of ZEB1 function during the
differentiation from hESCs into neurons, we collected RNA
samples of different stages and examined genome-wide
changes during the process by performing a RNA sequence
analysis. Both clustering and principle component analysis
indicated that the genome expression pattern occurred with
significant changes since day 25 differentiation, as the 25-day
samples’ genome expression pattern were more close to 30 and
35 days, far from 15- and 10-day samples (Fig. S5, A and B).
When we turned to the different expression genes (DEGs) at
different stages, we found more DEGs starting at day 25 (Fig.
7B). Meanwhile, the genome expression pattern of the day 25
WT could be easily clustered with days 30 and 35 WT, and the
ZEB1 KO cell lines clustered together (Fig. 7A). To further validate the ZEB1 functioning stage, we picked some of the neuronal related genes and found there was no significant difference in expression levels between WT and KO cell lines at the
early differentiation stage (Fig. 7C), which were then confirmed
by real-time PCR (Fig. 7D). As 25 day seemed to be a coteau, we
subjected DEGs at 25 days into gene ontology (GO) analysis,
and found most of the genes accumulated to neuronal related
items (Fig. 7E), most of these genes were down-regulated after
ZEB1 KO, such as FGF8, NKX2.1, SIX3, and DLX1 (Fig. 7F).
Besides, we also observed some DEGs subjected to cell adhesion
items in GO analysis, and found most of them were downregulated in the ZEB1 KO cell line (Fig. S5C).

pletely perplex the intrinsic program of neural differentiation.
Interestingly, ZEB1 was not detected at the protein level in the
following days once it was overexpressed in hESCs at the initiation of neural differentiation. This might be due to an instigation of a quality control system within cells in response to the
forced expression of ZEB1 and the sudden shuffle of cell fate. In
both groups, ZEB1 was expressed at high levels from days 10 to
15 on, indicating its endogenous expression and intrinsic function. These data collectively supported a notion that cells
undergoing cell fate rearrangement were able to gear to the
intrinsic neural differentiation program when endogenous
ZEB1 start to take over.
ZEB1 may play an important role in regulating the differentiation of ESCs into neurons, particularly in the transition from
NPCs to neurons, as ZEB1 KO made no significant difference in
the expression of neuronal related genes at the early stage, but
after 25 days of differentiation, we detected the remarkable
decrease for genes that associated with neuronal differentiation
(FGF8, NKX2.1, SIX3, and DLX1). ZEB1 KO also resulted in
down-regulation of cell adhesion–related genes, indicating a
low adherence ability of ZEB1 KO cells, which may be another
reason that blocks NPC cells differentiating into neurons in
ZEB1 KO cell line.
We noticed that ZEB1 overexpression promoted neuronal
maturation for over 2 weeks in advance, as compared with regular neural differentiation. As it is known that astrocytes promote neuronal maturation both in vivo and in vitro (26, 27), we
doubt whether ZEB1 accelerates neuronal maturation through
an indirect regulation of astrocytes. Whether ZEB1 was overexpressed or not, a similar proportion of S100␤⫹ cells were
identified at 8 weeks of neural differentiation. Thus, the presence
of the astrocytic lineage in the culture unlikely caused a significant
difference of the spontaneous synaptic currents of the hESCs-derived neurons, and the extra ZEB1 expression during neural differentiation autonomously accelerated neuronal maturation and
promoted the occurrence of synaptic currents.
ZEB1 may also play a role in neuronal fate determination, as
forced expression of ZEB1 almost exclusively induced hESCs
into vGLUT1 ⫹ glutamatergic excitatory neurons in which
ZEB1 may directly interact with key transcription factors
involving excitatory fate. Nevertheless, it is also highly possible
that the acceleration of neuronal differentiation itself accounts
for the augmented generation of excitatory neurons. As noted
above, forced expression of ZEB1 granted the neural stem cells
for directed neuronal conversion and bypassed certain stages of
neural differentiation. This may let neural stem cells miss competence to certain morphogens, such as Sonic Hedgehog
(SHH), which is critical for ventral patterning and GABAergic
neuron differentiation (22, 28 –30). Thus, ZEB1 appears to be
an essential player that ensures appropriate cellular constitution of brains for proper function.
Transplantation of ESC-derived cells even at the late stage
of differentiation still bear risks of overgrowth in brains (31).
Expedited neuronal differentiation is valuable for efficient
differentiation into functional cells as well as for transplantation safety. In a set of proof of concept for neural cell transplantation, we did observe aggregates of cell overgrowth in
brains that received transplantation of regular hESC-derived
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Figure 7. Whole genome RNA sequence analysis of gene expression profiles. A, hierarchical clustering analysis of the whole genome profiles during the
differentiation. RNA were harvested at the indicated time points. B, histogram showing the DEGs between WT and ZEB1 KO cell lines at the indicated time
points. C, hierarchical clustering analysis of specific neuronal related genes at early stage between the 2 cell lines. D, quantitative real-time PCR analysis confirm
the genes expression referred in C. E, GO analysis of the significantly differentially expressed genes at 25 days of the differentiation. F, quantitative real-time PCR
analysis confirm the genes expression picked from DEGs related to neuronal development.

neural progenitors, which is in accordance with the previous
report (31). Nevertheless, mice transplanted with hESCsderived ZEB1 overexpression neural progenies contained
much fewer aggregates, suggesting increased safety from
overgrowth with ZEB1 overexpression. Thus, ZEB1 and the
relevant signaling pathway could be informative to optimize
the procedures of differentiating hESCs into neural cells for
therapy.
Overall, we identified an important regulator of neural differentiation that coupled the neural differentiation progression
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and fate choice. However, the molecular mechanism under it
still remains elusive and needs further research.

Materials and methods
Ethics statement, animals
All mouse studies were approved by the Ethics Committee of
the Institute of Zoology (research license number AEI-06-072014), Chines Academy of Sciences. NOD/SCID mice were
purchased from Vital River Laboratory Animal Technology
Corp. (Beijing, China) and then raised in a sterile room.
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Culture and differentiation of human ESCs
The H9ESC line (WiCell Institute, Madison, WI, passages
29 –50) was cultured with feeder-free media. Neural differentiation from hESCs was performed as described previously (9).
See the Supplemental Experimental Procedures for additional
details.
Generation of the ZEB1-knockout hESC line using iCRISPR

Construction of the ZEB1 overexpression hES cell line
To overexpress ZEB1 in H9ESCs and ZEB1-depleted
H9ESCs, the tetracycline inducible tet-on lentiviral expression
vectors were used. For the plasmid construction please see the
supporting “Experimental procedures”
Preparation of lentiviruses and transduction were conducted
as previously described (24). hESCs were treated with ROCK
inhibitor (1 M, Calbiochem, 688001) for 1 day before transduction. Cells were dissociated with 0.5 mM EDTA on the following day (UltraPureTM, 15575-020, Gibco). Cell pellets were
incubated with concentrated virus at 37 °C for 1 h, then
replated onto Matrigel substrate overnight with E8 medium.
Two days later, neomycin (50 g/ml, Sigma, G8168) and blasticidin (2 g/ml, Sigma, 15205) were added to the culture
medium to select drug-resistant clones. To obtain stable transduced monoclonal lines, hESCs were dissociated into single
cells with Accutase and the mNeonGreen-positive cells were
sorted by FACS. hESCs were treated with the ROCK inhibitor
(1 M) for all the processes. After 1–10 days of cultivation,
mNeonGreen-positive colonies were identified and picked.
Real-time quantitative RT-PCR
Total RNA was isolated manually with TRIzol reagent (Invitrogen, 15596-026). cDNA was synthesized using 1 g of RNA
using a ReverAid First Strand cDNA Synthesis Kit according to
the manufacturer’s instruction (Fermentas, K1662). Quantitative RT-PCR was conducted with SYBR Premix ExTaq (Takara,
RR430A) and the primers were listed in Table S5.
Western blot analysis
Cell pellets were lysed in RIPA lysis buffer (Thermo, 89900)
supplemented with protease inhibitor (Roche Applied Science),
then quantified using a BCA protein assay kit (Thermo, 23225).
After electrophoresis, proteins were transferred to nitrocellulose membranes. The following primary antibodies were used:
ZEB1 (Millipore, ABN285), ZEB2 (Santa Cruz, sc48789),

Immunofluorescence staining
Primary antibodies used for immunostaining were ZEB1
(Millipore, ABN285), OCT4 (Abcam, ab19857), NANOG
(R&D Systems, AF1997), SOX2 (R&D Systems, AF2018), PAX6
(Developmental Studies Hybridoma Bank), SOX1 (R&D Systems, AF3369), NESTIN (Millipore, MAB5326), ␤-tubulin
(TUJ1, Covance, PRB-435P; Sigma, T8660), MAP2 (Abcam,
ab11267), S100␤ (Millipore, 04-1054), SYNAPSIN1 (Synaptic
System, 106011), vGLUT1 (Synaptic System, 135302),
GAD65&67 (Millipore, AB1511), GABA (Sigma, A0310), TH
(Millipore, MAB318), and human nuclei (Millipore, MAB1281).
Stained cells were mounted and observed on a LSM 780 META
microscope (Zeiss, Berlin, Germany).
Proliferation assay
BrdU labeling of proliferating cells was performed according
to previously published protocols (36). Differentiated cells were
treated with BrdU for 24 h and analyzed using a Cell Proliferation Assay kit (Calbiochem, K306) according to the manufacturer’s instructions. Results were analyzed with a CytoFLEX Flow
cytometry (Beckman Coulter, Suzhou, China).
Apoptosis assay
Apoptosis analysis was performed using the Annexin V-PE/
7-ADD Apoptosis Detection Kit (BD Pharmingen 559763)
according to the manufacturer’s instructions.
Electrophysiology
Whole cell patch clamp recordings of hESCs-derived neurons that were differentiated for 8 –10 weeks were performed as
described previously (26). The transmitter receptor blockers,
TTX (1 M), 4-aminopyridine (1 mM), bicuculline (20 M), and
DNQX (20 M) were used in the bath solution for the detection
of action potentials and spontaneous excitatory postsynaptic
currents. Data were analyzed using pClamp version 9.2 software (Molecular Devices).
Transplantation of hESCs-derived cells in vivo
Differentiated cells (1 ⫻ 105) from control or ZEB1 groups
were transplanted into the lateral ventricles of the brain of P1–2
pups (ice anesthetized), respectively. For the ZEB1 group, 2
mg/ml of doxycycline was administered orally in the drinking
water to induce the expression of ZEB1. The mice were perfused (anesthetized with 40 mg/kg of chloral hydrate) with 0.9%
saline followed by 4% paraformaldehyde 10 weeks post-transplantation. Consecutive coronal brain sections (30 m) were
sliced using a Leica SM 2000R Sliding Microtome and fixed in
4% paraformaldehyde overnight followed by dehydration in 0.1
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To generate loss-of-function mutations of ZEB1 in human
ESCs, we first constructed the CRISPR/Cas9-inducible (iCas9)
hESC line by inserting a CRISPR/Cas9-inducible expression
cassette in the AAVS1 genomic locus with TALEN technology
(32, 33). For gRNA transfection and transduction in hESCs, we
followed the published protocols (34, 35). In brief, iCas9 hESCs
were treated with doxycycline (2 mg/ml) for 1 or 2 days before
and during transfection. Cells were dissociated into single cells
using Accutase and transfected the sgRNA using Lipofectamine
RNAiMAX (Life Technologies) following the manufacturer’s
instructions. The details were described in the supporting
“Experimental procedures”.

N-CADHERIN (Abcam, ab18203), SNAIL (Cell Signaling
Technology, number 3879), SLUG (Cell Signaling Technology,
number 9585), TWIST2 (Abcam, ab50887), FLAG (Sigma,
F3165), OCT4 (Abcam, ab19857), NANOG (R&D Systems,
AF1997), SOX2 (Millipore, AB5603), PAX6 (Developmental
Studies Hybridoma Bank), SOX1 (Millipore, MAB3369), NESTIN
(Millipore, MAB5326), ␤III-tubulin (TUJ1, Covance, PRB435P), GAPDH (Abcam, ab9485), ␤-actin (Proteintech, 600081-Ig),and ␤-tubulin (Cell Signaling Technology, number 2148).

ZEB1 promotes neural differentiation of hESCs
PBS containing 30% sucrose for 2 days at 4 °C. Immunofluorescence staining for the brain sections were performed as protocols used for cultured cells except using 1% Triton-100 to
permeabilize.

M

Statistical analysis
Statistical analyses were executed with two-tailed Student’s t
tests. Data are presented as the mean ⫾ S.D., and values were
considered statistically significant at p ⬍ 0.05 (*), p ⬍ 0.01 (**),
and p ⬍ 0.001 (***), as described in the figure legends. Diagrams
were created by GraphPad Prism 5 software.
RNA-seq analysis
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SUPPLEMENTAL FIGURE LEGENDS
Figure S1, Related to Figure1. Expression of EMT-Related Factors in hESCs-derived Neural
Cells. Western blot to show expression of EMT factors with indicated antibodies in cells at different
stages of neural differentiation from hESCs or indicated overexpression HEK293T cells. β-TUBULIN
is a loading control. n=3.

Figure S2, Related to Figure 2. Construction of ZEB1-Depleted H9ES Cell lines.

(A)

Cas9/sgRNA-targeting site in ZEB1 locus. sgRNA targeting sequences (in bold) was selected in the
third exon (blue box) of ZEB1, and BfuC1 restriction sites were used for RFLP analysis. Protospacer
adjacent motif (PAM) sequences are in orange. Cas9 cleavage sites are indicated by red arrow heads.
Restriction sites are underlined. (B) RFLP analysis upon ZEB1 sgRNA transfection in H9ESCs. The
asterisk indicates the uncut PCR fragment used to quantify Indel frequency by RFLP. Ctrl: control,
from wild-type H9ES cells. (C) RFLP analysis for picked monoclonal hESCs using BfuC1. Numbers in
red are monoclonal hESCs without cut at ZEB1 sgRNA locus. (D) Representative sequences of one
homozygous ZEB1 mutant clone (clone 9) with two different copy (one inserted “T” and one 7 base
pairs deletion). KO: knockout, WT: wild-type.

Figure S3, Related to Figure 3. Establishment of A H9ESC Line with Inducible Expression of
ZEB1. (A) Vector construction for inducible expression of ZEB1. The CMV promoter of pLVX-Tet3G
plasmid was replaced by elongation factor-1α (EF1α) to optimize transgene expression in human ESCs.
The expression plasmid of pLVX-TRE3G was modified by replacing the puromycin fragment with
mNeonGreen-P2A-Blasticidin (NPB) to facilitate observation, selection and monoclonal hESCs
picking. 3×Flag-ZEB1 and 3×Flag-EGFP fragments were inserted, respectively after TRE3G promoter,
which could induce the expression of inserted genes when supplemented with doxycycline in the
medium. The pLVX-TRE3G-3×Flag-EGFP ES cell lines were used as a control to verify whether the
inducible system works. (B) Representative images showing a visible ES cell colony from a single
hESC sorted by flow cytometry due to inserting the fragment of mNeonGreen. n=3. Scale bar: 50 µm.
(C) Western blot analyses on the 6 lines of monoclonal H9ES cells (3×Flag-EGFP) cells with or
without Dox using indicated antibodies. Administration of doxycycline in hESCs did not affect the
pluripotency of the cells. (D) Western blot showing that inducible expression of ZEB1 in the six lines of
monoclonal hESCs did not promptly affect the expression of OCT4 and NANOG. GAPDH is a loading
control in C and D. n=3. (E) Representative Immunostaining images showing TUJ1-positive neurons
detected in ESC for long-term cultivation with ZEB1 overexpression. n=3. Neor: Neomycin, mNG:
mNeonGreen, 2A: self-cleaving 2A peptide, BSD: Blasticidin, Dox: Doxycycline, C1, C1, C2, C3, C4,
C5 and C6: six H9ES cell lines from six single hESC, respectively.

Figure S4, Related to Figure 3. Immunostaining for pluripotency markers. Immunostaining
images showing the expression of ZEB1 and the pluripotency markers including SOX2, OCT4 and
NANOG. n=3. Scale bar: 50 µm. Hoechst staining was to show the nuclei in (C) (hereafter).

Figure S5, Related to Figure 7. RNA-seq analysis. (A) Hierarchical clustering analysis of the

whole-genome profiles of different time points during the differentiation. (B) Principle
component analysis (PCA) of the indicated samples. (C) Hierarchical clustering analysis
showed gene profiles of different time points.

Tables
Table S1, Related to Figure 2. Three sgRNAs in ZEB1 Target Loci.
Site

Sequences

sgRNA1

ATCTTGTGGAAAGGACGAAACACCGACTCTTCAACATTAGGATCAGTTTTAG
AGCTAGAAATAGCAAGT

sgRNA2

ATCTTGTGGAAAGGACGAAACACCGTGGTCCTCTTCAGGTGCCTCGTTTTAG
AGCTAGAAATAGCAAGT

sgRNA3

ATCTTGTGGAAAGGACGAAACACCGTCATCATGACCACTGGCTTCGTTTTAG
AGCTAGAAATAGCAAGT

Table S2, Related to Figure 2. T7-ZEB1-sgRNA in vitro transcription (IVT) template and PCR
primers.
T7-ZEB1-sgRNA

TAATACGACTCACTATAGGGACTCTTCAACATTAGGATCAGTTTTA

IVT template

GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACT
TGAAAAAGTGGCACCGAGTCGGTGCTTTT

T7 Forward Primer

TAATACGACTCACTATAGGG

Tracr Reverse Primer

AAAAGCACCGACTCGGTGCC

Table S3, Related to Figure 2. Primer Oligonucleotides Used for PCR Amplification of
ZEB1-sgRNA1 Target.
Site

Forward Primer

Reverse Primer

ZEB1-sgRNA1

ACATTTGAAAGGGATACTG

GTTAAGATCCATTTACCAT

Table S4, Related to Figure 2. Potential Off-Targets Site of ZEB1-sgRNA1 Locus.
sequence score
TCTCTTCACCATT

mismatches

UCSC gene

locus

4.6

2MMs [1:9]

chr4:-158491201

2.4

3MMs [2:4:5]

chr20:-6602701

2.3

3MMs [2:3:5]

chr14:-33856226

1.3

4MMs [2:4:5:10]

chr8:+77571849

1.3

3MMs [1:4:17]

chr6:-118201102

0.9

4MMs [1:4:7:8]

chr6:-118491217

0.9

3MMs [4:10:19]

chr18:-53780793

AGGATCACGG
AATAGTCAACAT
TAGGATCAAGG
ATGCCTCAACATT
AGGATCAAGG
AATGATCAATATT
AGGATCAAAG
TCTATTCAACATT
AGGCTCATGG
GCTTTTTTACATT
AGGATCAAAG
ACTATTCAAAATT

AGGATAATGG
ACTCCTCAAAATT

0.9

3MMs [5:10:19]

chr2:-18484900

0.9

4MMs [2:4:7:10]

chr8:-80576773

0.9

4MMs [1:2:4:9]

0.8

4MMs [2:3:9:10]

chr14:-67900203

0.8

3MMs [5:6:12]

chr5:-135573194

0.8

3MMs [4:8:15]

chr5:-52126506

0.8

4MMs [4:6:8:10]

chr7:-127538077

0.7

3MMs [4:9:17]

chr6:-145091069

0.6

4MMs [1:2:4:17]

chr15:-96804920

0.6

4MMs [2:6:7:8]

chr7:+21316232

0.5

4MMs [2:6:7:10]

chr13:+110870621

0.5

4MMs [1:7:10:11]

chr6:+26235931

0.5

4MMs [2:3:7:12]

chr3:+6900245

0.4

4MMs [1:2:4:15]

chr1:+78166804

0.4

4MMs [5:8:9:12]

chr3:+85464932

0.4

4MMs [2:4:7:17]

chr7:+141131343

AGGATGAAAG
AGTTTTGAATATT
AGGATCAGAG
GTTTTTCAGCATT

NM_001130675

chr4:+141317254

AGGATCAGGG
AGACTTCACAATT
AGGATCAAAG
ACTCAACAACAC
TAGGATCAGGG
ACTATTCCACATT
ATGATCAAAG
ACTATCCCAGATT
AGGATCAAAG
ACTATTCATCATT
AGGCTCAGAG
TGTGTTCAACATT
AGGCTCAAAG
AATCTGAGACAT
TAGGATCACAG
AATCTGAAATATT
AGGATCACGG
TCTCTTAAAAGTT
AGGATCATGG
ATGCTTAAACACT
AGGATCATAG
TTTTTTCAACATT
AAGATCACAG
ACTCATCTGCAGT
AGGATCAAAG
AATGTTAAACATT
AGGGTCATGG
Table S5, Related to Figure 1 and Figure7. Primers Used for Quantitative Reverse-Transcription
PCR.
Gene

Forward Primer

Reverse Primer

ZEB1

CTGACTGTGAAGGTGTACCA

GTACATCCTGCTTCATCTGC

PAX6

ACCCATTATCCAGATGTGTTTGCC

ATGGTGAAGCTGGGCATAGGCGGCA

CGAG

G

SOX1

CAGCAGTGTCGCTCCAATTCA

GCCAAGCACCGAATTCACAG

OTX2

TCAACTTGCCCGAGTCGAGG

CAATGGTCGGGACTGAGGTG

DCX

CAAGTCTAAGCAGTCTCCCATC

ATAGCCCTGTTGGACACTTG

NESTIN

GGAAGAGAACCTGGGAAAGG

FGF8

GACCCCTTCGCAAAGCTCAT

CCGTTGCTCTTGGCGATCA

WNT8B

AAGGCCGAGAGTGCCTAAG

CTGCGCGGCTACAGAAGTA

TGFB1

CAATTCCTGGCGATACCTCAG

GCACAACTCCGGTGACATCAA

ATF5

TGGCTCGTAGACTATGGGAAA

ATCAACTCGCTCAGTCATCCA

SMAD7

GGACAGCTCAATTCGGACAAC

GTACACCCACACACCATCCAC

EMX2

CGGCACTCAGCTACGCTAAC

CAAGTCCGGGTTGGAGTAGAC

NKX2-1

AGCACACGACTCCGTTCTC

GCCCACTTTCTTGTAGCTTTCC

SIX3

CAAGGAGTCTCACGGCAAG

GCAATGCGTCTTCTGCTCG

POU3F2

AAGCGGAAAAAGCGGACCT

GTGTGGTGGAGTGTCCCTAC

RHOU

GCTACCCCACCGAGTACATC

GGCTCACGACACTGAAGCA

DLX1

ATGCACTGTTTACACTCGGC

GACTGCACCGAACTGATGTAG

MCM2

ATGATCGAGAGCATCGAGAACC

GCCAAGTCCTCATAGTTCACCA

FOXM1

ATACGTGGATTGAGGACCACT

TCCAATGTCAAGTAGCGGTTG

CTTGGTCCTTCTCCACCGTA

SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Culture and Differentiation of Human ESCs
H9ESC line (WiCell Institute, Madison, WI, passages 29-50) were maintained on hESC-qualified
Matrix (BD Matrigel™, 354277) with feeder-free media, Essential 8™ Medium (E8, Gibco, A1517001)
(1). Neural differentiation from hESCs was performed as described previously. For neural induction,
human ESCs were digested with Dispase (2 units, Gibco, 17105-041) and cultured with neural induced
medium [DMEM/F12 (11330), 100× N2 (17502) and 100× nonessential amino acids (11140), all from
Gibco]. For neuronal differentiation, neural progenitor clusters were dissociated with Accutase (1
unit/ml, Gibco, A11105-01) and cultured in neural differentiation medium [1:1 DMEM-F12/Neurobasal
medium (21103), 100× N2 supplement, 50× B27 supplement (17504) and 100× GlutaMAX (35050),
all from Gibco] supplemented with trophic factors, including brain-derived neurotrophic factor (BDNF,
10 ng/ml), glial-derived neurotrophic factor (GDNF, 10 ng/ml), insulin-like growth factor 1 (IGF1, 10
ng/ml), and cyclic adenosine monophosphate (cAMP) (1 µM) (all from R&D Systems).
Generation of Inducible Cas9 Expressing (iCas9) H9 hESC Line
A knockin vector targeting human AAVS1 locus was built, which contained a Tet-On3G system
controlling Cas9 expression. A constitutive promoter (CBh) transcribes Tet3G was designed to be in the
opposite direction of TRE3G element to ensure no leaky of Cas9 expression without doxycycline. The
vectors also contained a splice-acceptor (SA) site followed by “2A-puromycin” resistance gene cassette.
All parts were built on puc19 (Addgene: #50005) as the backbone using Gibson Assembly.
To generate iCas9 expressing H9 hESC line, 10 mM Y27632 was added to E8 medium for 2 hr before

nucleofection. For the nucleofection, cells were harvest using Accutase and resuspended (2 million
cells) in 100 μl P3 reagent (Lonza, V4XP-3024) with each AAVS1 pairs (2 μg), knockin vector (5 μg),
and nucleofected using program CB-150 (Lonza 4D-nucleofector system). After nucleofection, cells
were plated on matrigel-coated 6-well-plate in E8 medium supplemented with 10 mM Y27632 for the
first 24 hr. Puromycin selection (0.5 µg/ml) began at day 2 and 10-14 days later. Individual colonies
were picked and expanded for further analysis.
sgRNAs Design
For sgRNA design, we used the CRISPR design tool developed by Dr. Zhang’s group at MIT
(http://crispr.mit.edu/). We designed three sgRNAs in ZEB1 target loci (Table S1), inserted into PX458
(Addgene: #48138) and identified the indel mutation efficiency with T7EI assays for each target in
HEK293T cells (cultured in Dulbecco’s modiﬁed Eagle medium (DMEM, Gibco, 11965) supplemented
with 10% FBS (Gibco, 10099), and selected the sgRNA1 with the highest targeting specificity to
transfect in hESCs.
sgRNA Production Through In Vitro Transcription
For production of sgRNA, we used the in vitro transcription (IVT) methods, which have been reported
faster and more cost-effective for knockout studies (2,3). We firstly designed a nucleotide oligo that
included the T7 promoter sequence and sgRNA1 target of ZEB1 loci followed by a constant chimeric
sgRNA sequence (Table S2). Then PCR to amplify the T7-ZEB1-sgRNA1 oligo using the the T7 F and
Tracr R universal primers (Table S2). The PCR-amplified T7-sgRNA IVT template was transcribed
with the MEGAshortscript T7 Transcription kit (Life Technologies, AM1354) to generate sgRNAs. The
resulting sgRNAs were puriﬁed using the MEGAclear kit (Life Technologies, AM1908) following
manufacturer’s instructions, eluted in RNase-free water at a final concentration of 10 μM, and stored at
-80 °C until use.
Generation of the ZEB1-Knockout hESC Line using iCRISPR
Before and during transfection, the iCas9 hESCs were treated with doxycycline (Dox, 2 µg/ml, Sigma,
D9891) and ROCK inhibitor (1 µM, Calbiochem, 688001) for 24 hr. For transfection, cells were
dissociated using Accutase, and transfected in suspension with sgRNAs using Lipofectamine
RNAiMAX (Invitrogen, 13778) following the manufacturer’s instructions. Brieﬂy, ZEB1-sgRNA1 (10
nM ﬁnal concentration) and Lipofectamine RNAiMAX were diluted separately in Opti-MEM (Life
Technologies). Then mixed the Lipofectamine RNAiMAX diluent into ZEB1-sgRNA diluent, incubated
for 5 min at RT, and added dropwise into suspended iCas9 hESCs. A second transfection was
performed 24 hr later in adherent culture. Two days after the last sgRNA transfection, hESCs were
dissociated into single cells until colonies from single cells became visible. Each colony was picked in
duplicates, one for the assessment analysis and the other for passage.
T7EI and RFLP Assay
T7EI and RFLP analysis were executed for assessment of genome modiﬁcation. Two or three days after
the last sgRNA transfection, cells were lysed in the following lysis buffer: 0.2 mg/ml protein K, 10 mM
Tris pH 7.5, 1mM CaCl2, 3 mM MgCl2, 1 mM EDTA and 1% Triton ×100. The lysed cells were
incubated at 65 °C for 10 min and at 95 °C for 15 min. PCR were conducted with 1 μl of cell lysate as
template using 2×Taq MasterMix (Tiangen, KT204) in a total volume of 20 μl reactions. The primers

were listed in Table S3. For T7EI assays, 12 μl of PCR products were hybridized in NEB Buffer 2
(New England Biolabs) using the following protocol: 95 °C, 5 min; 95 °C – 85 °C at - 2 °C /s;
85°C-25 °C at -0.1 °C /s; hold at 4 °C. Then, 1 μl T7 Endonuclease I (New England Biolabs, M0302S)
was added in the hybridized PCR products and the reactions were incubated at 37 °C for 20 min. The
products were then separated on 2 % agarose gel. Quantiﬁcation of DNA bands based on relative band
intensities was done using ImageJ. Indel frequencies were calculated using the formula 100 × (1- (1- (b
+ c) / (a + b + c))1/2), where a is the integrated intensity of the undigested PCR product, and b and c are
the integrated intensities of each cleavage product (4). For RFLP analysis, 12 μl PCR products were
digested with 1μl BfuC1 Restriction Endonuclease and analyzed on 2 % agarose gel. Indel frequencies
were determined by the formula 100 × a / (a + b + c).
Potential off-target sites were identiﬁed using the software CRISPR tool (Table S4). And the most
likely off-targets falling in gene coding sequences (four sites of gRNA-mediated targeting experiment)
were analyzed through PCR and sequencing.
Generation of Plasmid Constructs
To overexpress ZEB1 in H9ESCs and ZEB1-depleted H9ESCs, the tetracycline inducible tet-on
lentiviral-expression vectors were used. The plasmid of pLVX-Tet3G (Clontech, 631358) was modified
by replacing the CMV promoter with elongation factor-1α (EF1α) to optimize transgene expression in
human ESCs. The expression plasmid of pLVX-TRE3G (Clontech, 631193) was modified by replacing
the puromycin fragment with mNeonGreen-P2A-Blastidin (BSD). The CDs domain of ZEB1 with 3×
Flag tag at the 5’ end was inserted in multiple clone sites of pLVX-TRE3G. The
pLVX-TRE3G-3×Flag-EGFP vector was constructed as a control. All the constructs have been verified
by DNA sequencing before being used.
Lentivirus Production
Lentivirus production was described previously (5). Briefly, medium containing the lentiviruses
pLVX-Tet3G, pLVX-TRE3G-3×Flag-EGFP and pLVX-TRE3G-3×Flag-ZEB1 respectively were
harvested after 48 hr and 72 hr of transfection in HEK293T cells.
Immunoﬂuorescence Staining (Cultured Cells)
Immunostaining experiments were performed as described previously (6). Cells were fixed in 4%
paraformaldehyde in PBS at room temperature for 30 min, and permeablized with PBST (PBS with 0.3%
Triton X-10) for 15 min (3 × 5 min) and incubated with blocking buffer [3% (v/v) normal donkey
serum in PBST] for 45 min. Primary antibodies were diluted in antibody buffer [1% (v/v) normal
donkey serum in PBST] and incubated with cells overnight at 4 °C. Cells were washed in PBST, three
times each for 5 min. The secondary antibodies were donkey anti-rabbit, mouse, or goat IgG
conjugated with Alexa-488, -594, or -647 (Invitrogen) and incubated in the dark at room temperature
for 1 h. The DNA was labeled by Hoechst 33342.
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