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Pluripotent stem cells induced from mouse neural stem
cells and small intestinal epithelial cells by small molecule
compounds
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Recently, we reported a chemical approach to generate pluripotent stem cells from mouse fibroblasts. Howev-
er, whether chemically induced pluripotent stem cells (CiPSCs) can be derived from other cell types remains to be
demonstrated. Here, using lineage tracing, we first verify the generation of CiPSCs from fibroblasts. Next, we demon-
strate that neural stem cells (NSCs) from the ectoderm and small intestinal epithelial cells (IECs) from the endoderm
can be chemically reprogrammed into pluripotent stem cells. CiPSCs derived from NSCs and IECs resemble mouse
embryonic stem cells in proliferation rate, global gene expression profile, epigenetic status, self-renewal and differen-
tiation capacity, and germline transmission competency. Interestingly, the pluripotency gene Sall4 is expressed at the
initial stage in the chemical reprogramming process from different cell types, and the same core small molecules are
required for the reprogramming, suggesting conservation in the molecular mechanism underlying chemical repro-
gramming from these diverse cell types. Our analysis also shows that the use of these small molecules should be fine-
tuned to meet the requirement of reprogramming from different cell types. Together, these findings demonstrate that
full chemical reprogramming approach can be applied in cells of different tissue origins and suggest that chemical
reprogramming is a promising strategy with the potential to be extended to more initial types.
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Introduction proposed that iPSCs are predominantly derived from a

rare cell population [4-6], numerous advances have been

Somatic cells can be reprogrammed into pluripotent
stem cells by ectopic expression of defined transcription
factors [1-3]. Induced pluripotent stem cells (iPSCs) are
commonly generated by Oct4, Sox2, KIf4 and c-Myc
(OSKM) overexpression. Although several studies have
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made in extending the application of iPS technology to
other defined cell types, including keratinocytes [7], neu-
ral stem cells [8-10], hepatocytes [11] and hematocytes
[12-15].

Recently, we have developed a novel approach to re-
program mouse somatic cells into pluripotent stem cells
using only small molecules [16]. This chemical approach
is different from the traditional genetic approach, as it
offers more flexible control of the complex signaling
networks and epigenetic status in the cells during re-
programming [17]. Small molecules are cell permeable;
their effect is functionally reversible, and the treatment-



can be easily standardized. Thus, precise cell fate control
can be rendered by manipulating the concentrations,
treatment duration, and combinations of chemical com-
pounds. Because of these advantages, the chemically
induced pluripotent stem cell (CiPSC) approach provides
a unique way to generate iPSCs and is a promising strat-
egy for widespread use in the future.

In the previous report, we generated CiPSCs from fi-
broblasts, including mouse embryonic fibroblasts (MEFs),
neonatal skin fibroblasts and adult lung fibroblasts [16].
As fibroblasts are a heterogeneous population of cells
[18], and the reprogramming efficiency of our approach
was relatively low [16], the possibility remains that there
exists within fibroblast culture a specific cell subpopu-
lation with propensity for reprogramming. Moreover,
MEFs, neonatal skin fibroblasts and adult lung fibro-
blasts are cells from the mesoderm. It is unknown wheth-
er other cell types, including cells derived from ectoderm
and endoderm, can also be reprogrammed by entirely
chemical conditions. It has been reported that different
cell types require modulations of different signaling
pathways to achieve efficient reprogramming, possibly
due to their intrinsic properties [19]. It is thus interesting
to explore if fundamentally different small molecules are
required to reprogram different cell types, which is a key
question for the extension of the chemical reprogram-
ming approach.

In this study, we tested the chemical reprogramming
strategy on different initial cell types. We show that neu-
ral stem cells (NSCs) from the ectoderm and small intes-
tinal epithelial cells (IECs) from the endoderm can also
be reprogrammed by small molecules. Moreover, the
same core small molecules can be applied for chemical
reprogramming of different cell types, and fine-tuning of
these small molecules is critical to achieve pluripotency.

Results

Lineage-tracing verifies generation of CiPSCs from fi-
broblasts

To determine whether CiPSCs are derived from a
specific cell type within fibroblast culture, we performed
fibroblast specific protein 1 (Fspl) tracing during the
chemical reprogramming process. We crossed mice car-
rying an Fspl-Cre (Fspl promoter-driven CRE expres-
sion) transgene with mice carrying a conditional Rosa-
26" reporter locus containing a “floxed stop cassette”
located in front of the Tomato gene (Rosa26R'“™™°). The
offspring were crossed with Oct4-GFP (Oct4 promot-
er-driven GFP expression, OG) transgenic mice to create
FspI-Cre: Rosa26R"“™™: Oct4-GFP progeny mice. As
Fspl is specifically expressed in fibroblasts, the initial
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MEFs were separated into two subpopulations of tdTo-
mato-positive and non-fluorescent cells. After treatment
with the chemical cocktail as we previously reported
[16], both tdTomato-positive and non-fluorescent CiP-
SCs were generated, suggesting that both fibroblasts and
non-fibroblast cells can yield CiPSCs (Figure 1A-1D).
Chimeric mice were obtained from fibroblast-derived
CiPSCs (Figure 1E).

Generation of CiPSCs from NSCs

To test whether chemical reprogramming is appli-
cable to cell types from other germ layers, we applied
our chemical cocktail to NSCs from the ectodermal
lineage, which exhibit distinct gene expression profiles
from MEFs. NSCs were isolated from embryonic mouse
brains of Oct4-GFP transgenic mice using the standard
protocol and then cultured in standard NSC medium
with bFGF and EGF in low attachment plates [20-22].
Established NSC lines could self-renew and form neuro-
spheres for up to 8 passages in vitro (4-5 days/ passage)
(Figure 2A). Cultured NSCs expressed neural stem cell
markers SOX2 and NESTIN at high levels (Figure 2B).
Gene ontology analysis showed that the most highly ex-
pressed genes in cultured NSCs were enriched in neural
lineages (Supplementary information, Figure S1A, Table
S1) [23].

To induce pluripotency from NSCs, we initially
treated NSCs by using the reported chemical protocol
for generation of MEF-derived CiPSCs. As the original
chemical reprogramming cocktail “VCO6TF” (V, VPA; C,
CHIR99021 or CHIR; 6, 616452; T, tranylcypromine; F,
forskolin) [16] was unable to induce pluripotency from
NSCs, we attempted to boost the reprograming by add-
ing EPZ 004777 (EPZ, E), an inhibitor of H3K79 histone
methyltransferase DOT1L [24], and Ch 55 (5), a retinoid
acid receptor (RAR) agonist (Supplementary informa-
tion, Figure S1B). Although neither epithelioid colonies
nor CiPSC colonies were generated with the new cock-
tail “VC6TFES” with the same drug concentrations as
we reported for MEF, we found, surprisingly, that after
reducing the concentration of 616452 from 10 uM to 2
uM, epithelial clusters emerged on day 8 (Figure 2C),
and proliferated with time. After the addition of DZNep
(Z), an S-adenosylhomocysteine (SAH) hydrolase inhib-
itor, from day 20, compact and epithelioid colonies were
observed on day 32 (Figure 2C). The Oct4-GFP reporter
was gradually turned on after the colonies were switched
to 2i-medium with dual inhibition (2i) of mitogen-ac-
tivated protein kinase (MAPK) signaling and glycogen
synthase kinase-3 (GSK3) [25] from day 40, and mouse
embryonic stem cell (mESC)-like OG-positive colonies
with clear-cut edges were observed (Figure 2D and 2I).
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Figure 1 Generation of CiPSCs from both fibroblasts and non-fibroblast cells. (A, B) A primary CiPSC colony generated
from Fsp1-Cre-tdTomato fluorescent MEFs (A), and passaged CiPSCs (B). (C, D) A primary CiPSC colony generated from
Fsp1-Cre-tdTomato non-fluorescent MEFs (C), and passaged CiPSCs (D). (E) A chimeric mouse embryo (E13.5) derived
from Fsp1-Cre-tdTomato fluorescent CiPSCs. For A-D, scale bar, 100 um.

These cells are thus referred to as NSC-CiPSCs. Using
the same small molecule combination, we also derived
CiPSCs from NSCs of postnatal mice (Supplementary
information, Figure S1E and S1F). Primary NSC-CiPSC

colonies passaged in 2i-medium with mouse leukemia
inhibitory factor (LIF) for more than 20 passages main-
tained stable ESC-like morphology and Oct4-GFP ex-
pression (Figure 2E). To confirm that the CiPSCs were
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Figure 2 Generation of CiPSCs from mouse NSCs. (A) Neurosphere formation of isolated NSCs. (B) Immunofluorescence
staining of SOX2 and NESTIN in embryonic NSCs (passage 2). (C-E) Epithelial clusters at day 8 (D8) after chemical treat-
ment (C), a compact, epithelioid colony at day 32 (D32) after treatment (C), a primary CiPS colony on day 50 (D50) (D), and
passaged CiPSC colonies (P1) (E). (F) Optimization of 616452 concentration in the first 20 days during chemical reprogram-
ming (error bars, mean + SD, n = 3). (G) Numbers of SOX2- and NESTIN-positive cells in 500 FACS-sorted SSEA1-positive
NSCs. (H) A primary CiPSC colony generated from SSEA1-positive NSCs. (I) Schematic diagram for the chemical repro-
gramming of NSCs. V, VPA; C, CHIR 99021; 6, 616452; T, tranylcypromine; F, forskolin; E, EPZ004777; 5, Ch 55; Z, DZNep.
For A and C-E, scale bar, 100 pum. For B, scale bar, 20 um. See also Supplementary information, Figure S1.
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derived from NSCs, we performed fluorescence-activat-
ed cell sorting (FACS) to enrich cells positive for a well-
known NSC surface marker, SSEA1 [26]. Immunofluo-
rescent staining showed that the sorted SSEA1-positive
NSCs were SOX2- and NESTIN-positive (Figure 2G and
Supplementary information, Figure S1G). CiPSCs could
also be derived from these SSEA1-positive NSCs with a
comparable efficiency (Figure 2H).

We optimized the concentrations of small molecules in
our cocktail and found that the concentration of 616452
is critical for the early stage of chemical reprogramming
from NSCs (Figure 2F). At the late stage, the concentra-
tion of 616452 should be increased to 5 uM from day 20
(data not shown).

Generation of CiPSCs from IECs

To determine whether chemical reprogramming is also
applicable to cell types from endoderm, we tried to re-
program IECs isolated from small intestine of Oct4-GFP
transgenic mice at embryonic day 13.5 [27]. Isolated
IECs exhibited epithelial cell morphology, and expressed
KERATIN 20 (KRT20), an IEC-specific marker [28] at
a high level (Figure 3A). RNA-seq also revealed that
IECs, in contrast to MEFs and NSCs, expressed a panel
of IEC markers including Epcam, Krt18, Cdhl, Gipl,
and Smoc2 [29-33] (Supplementary information, Figure
S2A).

Isolated IECs were cultured with the previously re-
ported chemical reprogramming cocktail VC6TF and
another chemical reprogramming booster, a RAR agonist
AM 580 (A) [16]. DZnep was then added to the cocktail
from day 16. During this process, epithelioid clusters
were observed from day 4 to day 8, and formed colonies
from day 15 (Figure 3B). After switching to 2i-medium
on day 40, compact, epithelioid, ESC-like OG-positive
colonies with clear-cut edges developed (Figure 3B and
3G). Primary CiPSC colonies were counted and picked
up between day 52 and day 56, and cultured in 2i-medi-
um with mouse LIF for more than 20 passages, maintain-
ing ESC-like morphology (Figure 3C). We thus named
these cells IEC-CiPSCs.

We next performed FACS for EpCAM-positive cells
in the primary IEC culture. The EpCAM-positive cells
formed classical epithelial colonies, and homogenously
expressed IEC markers CDX2 and KRT20 (Supplemen-
tary information, Figure S2B and S2C). After small mol-
ecule treatment, CiPSCs were obtained from the sorted
EpCAM-positive cells (Supplementary information, Fig-
ure S2D and S2E). Furthermore, we labeled the cells ex-
pressing Villin, an IEC marker gene [34], with tdTomato
using a widely used lineage tracing system (Figure 3D).
After exposure to the chemical cocktail, tdTomato-pos-

itive CiPSC colonies were generated from IECs (Figure
3E and Supplementary information, Figure S3C-S3E).
Taken together, these results indicate that CiPSCs can be
generated from IECs.

Interestingly, we found that increasing the concen-
tration of 616452 up to 20 uM during the first 12 days
best supported IEC reprograming (Figure 3F), whereas a
decreased concentration of 616452 is beneficial for NSC
reprogramming.

Characterization of NSC- and IEC-derived CiPSCs

The established NSC-CiPSC lines and IEC-CiPSC
lines were further characterized. The doubling time
of the established CiPSC lines was 18-24 h, similar to
mouse ESCs (Supplementary information, Figure S3C).
As detected by quantitative real-time PCR and immuno-
fluorescence staining, pluripotency genes in NSC- and
IEC-derived CiPSC lines were expressed at comparable
levels to mESCs (Figure 4A-4D). Global gene expres-
sion analysis by RNA-seq revealed that NSC-CiPSCs
and IEC-CiPSCs clustered with ESCs, in contrast to ini-
tial cells (Supplementary information, Figure S3A). To
detect the epigenetic status of CiPSCs, DNA methylation
analysis was performed at the promoters of two core plu-
ripotency genes, Oct4 and Nanog, by bisulfite sequenc-
ing. The result showed that Oct4 and Nanog promoters
were hypomethylated in NSC-CiPSCs, IEC-CiPSCs and
mESCs (Supplementary information, Figure S3B). In ad-
dition, normal karyotypes were maintained for up to sev-
en passages (Figure 4F and Supplementary information,
Figure S3D).

To evaluate the pluripotency of CiPSCs derived from
NSCs and IECs, their in vivo developmental potential
was examined. Both CiPSC lines could form well dif-
ferentiated teratomas containing tissues from all three
germ layers after injection into immunodeficient (NOD/
SCID) mice (Figure 4E). When injected into blasto-
cysts, CiPSCs were able to generate chimeric mice with
germline transmission competency (Figure 4G and Sup-
plementary information, Table S3). Thus, CiPSC lines
derived from NSCs and IECs are pluripotent and fully
reprogrammed.

Similar initial gene activation profile in chemical repro-
gramming from different cell types

At the initial stage of chemically induced reprogram-
ming to pluripotency, NSCs and IECs were transformed
into highly refractive phase-bright and epithelial-like
cells, which shared similar morphology of partially
reprogrammed colonies during MEF chemical repro-
gramming. Compact epithelioid colonies were observed
during the period from day 20 to day 32 (Figures 2B and
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Figure 3 Generation of CiPSCs from mouse IECs. (A) Immunofluorescence staining of intestinal epithelial cell marker KERA-
TIN20 (KRT20) expression in primary embryonic IECs. (B, C) Morphology of colonies during chemical reprogramming process,
and a primary CiPS colony on day 42 (D42) (B), and passaged CiPSC colonies (P1) (C). (D, E) Lineage tracing of the isolated
IECs (red) from p Villin-Cre: Rosa26R"“™™° mice (D), and a passaged CiPSC colony derived from p Villin-Cre-td Tomato-positive
IECs (E). (F) Optimization of 616452 concentration in the first 12 days during chemical reprogramming (error bars, mean * SD,
n = 3). (G) Schematic diagram for the chemical reprogramming of IECs. V, VPA; C, CHIR 99021; 6, 616452; T, tranylcypromine; F,
forskolin; A, AM 580; Z, DZNep. For A-E, scale bar, 100 pm. See also Supplementary information, Figure S2.

3B), and all CiPSC colonies were derived from these ep-
ithelioid colonies in at least ten independent experiments.
As we reported before that the expression of Sall4,
Gata4, Gata6 and Sox17 were most significantly induced
at the early stage of MEF chemical reprogramming [16],
we asked whether the same genes were activated during
chemical reprogramming of NSCs and IECs. Indeed,
time-course quantitative real-time PCR revealed that

www.cell-research.com | Cell Research

during chemical reprogramming of NSCs and IECs, the
pluripotency gene Sall4, and differentiation-associated
genes Gata4, Gata6 and Sox17, were activated as early
as day 4 and their expression levels increased with time
in the early stage, while other pluripotency genes such
as Lin28a, Dppa2, Esrrb and Oct4 were activated much
later (Figure 5A, 5C and 5E), which is similar to what
we have observed during the chemical reprogramming
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Figure 4 Characterization of CiPSCs derived from NSCs and IECs. (A, B) Pluripotency gene expression profile of NSC-CiP-
SCs (A) and IEC-CiPSCs (B) as revealed by quantitative real-time PCR (error bars, mean + SD, n = 3). (C, D) Immunoflu-
orescence staining for the indicated pluripotency markers in CiPSCs derived from NSCs (C) and IECs (D). (E) Hematoxylin
and eosin staining of teratoma derived from NSC-CiPSCs (left) and IEC-CiPSCs (right). (F) Number of chromosomes in
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Figure 5 Initial gene activation was conserved in chemical reprogramming from different cell types. (A) Expression of Sall4,
Gata6 and Sox17 at the early stage of chemical reprogramming from NSCs (day 0 (DO0), day 4 (D4) and day 16 (D16), respec-
tively) measured by quantitative real-time PCR (error bars, mean + SD, n = 3). (B) Expression of Sall4, Gata6 and Sox17 genes
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(C) Expression of Sall4, Gata4 and Sox17 genes at the early stage of chemical reprogramming from IECs (day 0 (DO0), day 4 (D4)
and day 16 (D16), respectively) measured by quantitative real-time PCR (error bars, mean + SD, n = 3). (D) Expression of Sall4,
Gata4 and Sox17 genes at day 20 of the reprogramming by the chemical cocktail with different concentration of 616452 (error
bars, mean + SD, n = 3). (E) Expression of pluripotency genes Sall4, Lin28, Esrrb, Dppa2 and Oct4 during the chemical repro-
gramming from NSCs (day 0 (D0), day 4 (D4), day 12 (D12), day 16 (D16) and day 20 (D20)) measured by quantitative real-time
PCR (error bars, mean + SD, n = 3). (F) Schematic diagram illustrating the step-wise chemical reprogramming of different cell
types.
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process of MEFs [16]. In addition, it is important to note
that Sall4, Gata4, Gata6 and SoxI7 were not expressed
in NSCs (Supplementary information, Figure S1C and
S1D). Interestingly, fine-tuning the concentration of
616452 to a level that best supported the reprogramming
of different cell types resulted in higher gene expression
levels of Sall4, Gata4 and Sox17 (Figure 5B and 5D).
These results suggest that the chemical reprogramming
in different cell types uses similar initial gene activation
program, regardless of germ layer and inherent cellular
features. Consistently, in another study of our group, a
conserved intermediate extraembryonic endoderm (XE-
N)-like state is uncovered in the process of chemical re-
programming from somatic cells to pluripotent stem cells
[35].

Discussion

Our data demonstrate that our previously reported
chemical reprogramming approach is reproducible in
fibroblasts, NSCs and IECs, which are cell types from
mesoderm, ectoderm and endoderm, respectively. Fur-
thermore, a similar combination of core small molecule
compounds is required for the reprogramming of dif-
ferent cell types from all three germ layers. Our results
demonstrate that the previously reported chemical repro-
gramming approach is cell type-independent and imply
a general underlying molecular mechanism of chemical
reprogramming.

Indeed, the chemical reprogramming of NSCs and
IECs shares certain commonalities with the chemical
reprogramming of fibroblasts. First, they all require the
same core small molecules, VPA, CHIR, 616452, forsko-
lin, and DZNep. Second, the expression of Sall4, Gata4,
Gata6 and Sox17 is activated during the early stage of
chemical reprogramming of the different cell types. As
reported in our previous studies, Sall4, Gata4, Gata6 and
Sox17 are critical for chemical reprogramming of MEFs
[16]. Interestingly, in other studies by our group, two of
these genes, Gata4 and Gata6, can substitute for Oct4 in
transgenic reprogramming in the presence of exogenous
Sox2, Klf4 and c-Myc [36], partially through activating
the expression of the pluripotency-associated gene, Sall4
[37]. These results, taken together, suggest a conserved
and unique molecular roadmap in chemical reprogram-
ming. It would be particularly interesting to further in-
vestigate this molecular roadmap underlying chemical
reprogramming.

Importantly, although a similar chemical cocktail is
required for different cell types, fine-tuning the regimen
of small molecule treatment is critical for reprogram-
ming initiation in different cell types. Especially for the

chemical reprogramming of NSCs, the concentration of
the TGFp inhibitor, 616452, must be reduced. Notably,
the reduced 616452 concentration resulted in enhanced
expression of Sall4 and Gata6 genes (Figure 5B), which
further supports that high expression of these genes is
critical for the initiation of chemical reprogramming.
Thus, successful chemical reprogramming of a cell type
should depend on a unique regimen of same small mole-
cules that has to be empirically established.

Our study shows that 616452 exerts different effects
in chemical reprogramming and traditional transcription
factor-induced reprogramming. In traditional transcrip-
tion factor-induced reprogramming, ectopic expression of
Oct4 and KIf4 or c-Myc is sufficient to generate iPS cells
from NSCs, in the absence of exogenous Sox2 [10]. Be-
sides, 616452, also known as RepSox, has been reported
to substitute for Sox2 overexpression in traditional tran-
scription factor-induced reprogramming [38]. However,
to our surprise, in chemical reprogramming from NSCs,
616452 is indispensable, despite the high endogenous
expression of Sox2. Intriguingly, in chemical reprogram-
ming, 616452 facilitates the early expression of Sall4,
Gata4, Gata6 and Sox17 and the subsequent epithelioid
colony formation (Figure 5B and 5D). These findings in-
dicate that chemical reprogramming is a different process
from transcription factor-induced reprogramming.

Interestingly, the reprogramming kinetics and fre-
quency of NSCs and IECs are distinct from each other.
Chemical reprogramming of NSCs has a longer early
stage, with less epithelioid colonies generated, but almost
100 percent of the colonies can be converted into CiP-
SC colonies. In contrast, IECs could readily form more
epithelioid colonies, but only 20-30 percent of these
colonies are converted into CiPSC colonies. A possible
explanation for this difference is that the inherent expres-
sion of Gata4 and Gata6 in IECs may facilitate colony
formation, while in NSCs, the high endogenous expres-
sion of Sox2 may antagonize early Gata4 and Gata6
gene activation [36]. Moreover, the higher expression of
the pluripotency gene Sox2 in NSCs may facilitate the
establishment of a pluripotent network at the late stage
of chemical reprogramming [16, 39]. Our data imply that
an optimized chemical approach can be achieved by tem-
porally and precisely manipulating the small molecules
during the two stages of chemical reprogramming.

Overall, this study demonstrates that our previous
discovery of chemical reprogramming is a general and
reproducible approach for cells from mesodermal, en-
dodermal and ectodermal lineages. Moreover, this study
demonstrates the chemical reprogramming of cells from
different germ layers initiates with a conserved gene
expression pattern (Figure 5F), and fine-tuning the con-
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centrations of chemical compounds is sufficient to repro-
gram different cell types using the same core chemical
cocktail. In summary, our study provides a blueprint for
reprogramming different cell types to pluripotency by
using small molecules, and suggests chemical repro-
gramming is a general and novel way to establish and
understand pluripotency.

Materials and Methods

Mice

Mouse strains C57BL/6J-Tg(GOFGFP)11Imeg/Rbrc (Oct4-
GFP, OG) and ICR [17] were crossed to provide primary mouse
embryonic fibroblasts (MEFs), mouse small intestinal epithelial
cells (IECs), mouse neural stem cells (NSCs) and mouse postnatal
NSCs. The postnatal mice used were 3-7 days old.

For lineage tracing, mouse strain B6/J-Tg(pVillin-Cre)Nju
(pVillin-Cre) was purchased from Nanjing Biomedical Re-
search Institute of Nanjing University. Mouse strains BALB/
c-Tg(S100a4-cre)1 Egn/Yunk]J (Fsp1-Cre) and B6.Cg-Gt(RO-
SA)26-Sor ™ HCAG om0z 1 (R 6522 6R ™) were purchased from
the Jackson Laboratory. pVillin-tdTomato mice were generated by
crossing pVillin-Cre mice with Rosa26R"“™™° mice [40]. Animal
experiments were performed according to the Animal Protection
Guidelines of Peking University, China.

Cell culture

Primary MEFs were isolated as previously described [1], with
careful attention to the removal of the genital ridges. MEFs were
cultured in high glucose Dulbecco’s modified Eagle medium
(DMEM, Hyclone).

Fetal NSCs were isolated from mouse forebrain at embryonic
day 13.5 as previously described [41], and postnatal NSCs were
isolated from the subventricular zone of the postnatal mouse brain
[41, 42]. NSCs were cultured in NSC culture medium (DMEM/
F-12 (1:1), DF12) containing N2 and B27 supplements, 1%
non-essential amino acids (NEAA), 2 mM GlutaMAX, 10 U PS,
55 uM B-mercaptoethanol (f-me) (all from Invitrogen), 25 ng/
ml basic fibroblast growth factor (bFGF, Origene), and 20 ng/ml
epidermal growth factor (EGF, R&D), and passaged by accutase
(Millipore) every 4-5 days. Single-cell suspension of NSCs were
allowed to form neurospheres for 2-3 days.

Fetal small intestinal epithelial cells were isolated from mouse
embryonic small intestine at embryonic 13.5 day as previously
described [17], and cultured in DMEM/F-12 (1:1) (Invitrogen)
containing N2 and B27 supplements, 10% knockout serum re-
placement (KSR, Invitrogene), 1% NEAA, 2 mM GlutaMAX-I
(GlutaMAX), 10 U penicillin-streptomycin (PS), 55 uM B-me, 25
ng/ml Wnt3a (R&D), 20 ng/ml EGF, and 20 ng/ml Noggin (AC-
ROBiosystems).

Mouse ESCs (R1) and CiPSCs were maintained on feeder
layers of mitomycin C-treated MEFs in 2i-medium (Knockout
DMEM containing 10% KSR, 10% fetal bovine serum (FBS,
Pan-Biotech), 2 mM GlutaMAX, 1% NEAA, 55 uM B-me, 10
U PS (all from Invitrogen), 3 uM CHIR99021 (CHIR), 1 uM
PD0325901 (PDO03) and 10 ng/ml mouse leukemia inhibitory fac-
tor (mLIF; Millipore)). The medium was changed daily. ESCs and
CiPSCs were passaged by trypsin-EDTA (Invitrogen).
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For CiPSC induction, cells were cultured in Knockout DMEM
containing 10% KSR, 10% FBS, 2 mM GlutaMAX, 1% NEAA,
55 uM B-me, 10 U PS and 25 ng/ml bFGF.

Small molecule compounds
The source and concentration of each small molecule com-
pound are described in Supplementary information, Table S2.

CiPSC induction

MEF-CiPSC induction The initial MEFs were seeded at a density
of 300 000 cells per well of a 10 cm culture dish. On the next day
(day 0), the medium was replaced with chemical reprogramming
medium containing the small molecule cocktail (0.5 mM VPA,
10 uM CHIR, 10 uM 616452, 10 pM tranylcypromine, 10 uM
forskolin, 0.05 pM AMS580) and changed every 4 days. From day
20, 0.05 uM DZNep was added into chemical reprogramming
medium. The medium was replaced with 2i-medium (with DF12
containing N2 and B27 supplements) from day 40. After another
12 days, 2i-competent, ESC-like and OG-positive colonies were
counted as primary CiPSC colonies. The primary CiPSC colonies
were picked for expansion and further characterization.

NSC-CiPSC induction The initial NSCs were seeded at a
density of 80 000 cells per well of a six-well plate. The original
culture medium was replaced by chemical reprogramming medi-
um containing the small-molecule cocktail (0.5 mM VPA, 15 uM
CHIR, 2 uM or 5 pM 616452, 10 uM tranylcypromine, 20 pM
forskolin, 1 uM Ch 55, 5 uM EPZ) and changed every 4 days.
From day 20, 0.05 uM DZNep was added into the chemical repro-
gramming medium. The medium was replaced with 2i-medium
(with DF12 containing N2 and B27 supplements) from day 40-44.
After another 12 days, 2i-competent, ESC-like and OG-positive
colonies were counted as primary CiPSC colonies. The primary
CiPSC colonies were picked for expansion and further characteri-
zation.

IEC-CiPSC induction The initial IECs were seeded at a densi-
ty of 100 000 cells per well in a 12-well plate. On the next day (day
0), the medium was replaced with chemical reprogramming medi-
um containing the small-molecule cocktail (0.5 mM VPA, 10 uM
CHIR, 10 uM or 20 uM 616452, 10 uM tranylcypromine, 10 uM
forskolin, 0.05 uM AM 580) and changed every 4 days. From day
16, 0.05 uM DZNep was added into the chemical reprogramming
medium, and AM 580 was withdrawn. The medium was replaced
with 2i-medium (with DF12 containing N2 and B27 supplements)
from day 40. After another 12 days, 2i-competent, ESC-like and
OG-positive colonies were counted as primary CiPSC colonies.
The primary CiPSC colonies were picked for expansion and fur-
ther characterization.

Immunofluorescence staining

Immunofluorescence staining was performed as previous-
ly described [17]. Primary antibodies included OCT4 (Ab-
cam ab18976), SOX2 (Santa Cruz sc-17320), NANOG (R&D
AF2729), REX1 (Santa Cruz sc-99000), UTF1 (R&D AF3958),
SALL4 (Santa Cruz sc-166033), GATA4 (Santa Cruz sc-25310),
KERATIN 20 (Santa Cruz sc-17112), CDX2 (BioGenex antibody
CDX2-88) and NESTIN (Santa Cruz sc-58813). Secondary an-
tibodies were TRITC-conjugated or FITC-conjugated, including
donkey-anti-mouse 1gG (H+L), donkey-anti-rabbit 1gG (H+L), and
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donkey-anti-goat IgG (H+L) from Jackson ImmunoResearch.

Quantitative real-time PCR and RNA-seq

Total RNA was isolated from fresh cells using Direct-zol RNA
MiniPrep Kit (ZYMO), and converted into cDNA using TransS-
cript First-Strand cDNA Synthesis SuperMix (TransGen Biotech).
Quantitative real-time PCR was conducted using Power SYBRR
Green PCR Master Mix (Applied Biosystems) and performed on
an ABI Prism 7300 Real-Time PCR System. Primers used are
shown in Supplementary information, Table S4. The delta-delta Ct
method was used for data analysis.

RNA sequencing libraries were constructed using the NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB). Fragmented and
randomly primed 2 % 125 bp paired-end libraries were sequenced
using [llumina HiSeq 2500. We applied kallisto to obtain estima-
tion of raw counts of unique mapped RNA-seq reads. Gene ontol-
ogy analysis was performed by DAVID online tools.

Teratoma formation

For this purpose, 1 x 10° CiPSCs were resuspended in 100 pl
PBS and subcutaneously injected into the inguinal region of NOD/
SCID mice.

Karyotype analysis
Standard G-banding chromosome analysis was performed as
reported [17]. VIDEO TEST 3.0 software was used to analyze the

karyotype.

Chimera construction

Chimeric mice were obtained by the injection of CiPSCs into
blastocysts or eight-cell embryos using a XY Clone laser system
(Hamilton Thorne Bioscience). For blastocyst injection, 10-15
CiPSCs were injected into one recipient embryo cavity of F2 (in-
tercross of B6D2F1) or CD-1 (albino) female mouse at 3.5 days
post coitum (dpc). Host eight-cell embryos were collected from
female mice at 2.5 dpc, and 7-10 CiPSCs were injected into each
embryo. After injection, blastocysts and eight-cell embryos were
transferred into 2.5 dpc and 0.5 dpc pseudopregnant CD-1 females
(6-8 embryos in each oviduct or horn of the uterus, respectively).
Chimeric mice were identified by coat color and then mated with
ICR mice for germline transmission.

Bisulfite genomic sequencing

Genomic DNA was modified by bisulfite treatment and purified
using the MethylCode Bisulfite Conversion Kit (Invitrogen). The
primers are listed in Supplementary information, Table S4. The
amplified fragments were cloned into the pEASY-blunt Vector
(Transgene). Seven randomly picked clones from each sample
were sequenced.

Accession number

The raw and processed RNA-seq data have been deposited in
the Gene Expression Omnibus (GEO) database under the acces-
sion number GSE75522.
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