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Pluripotent stem cells (PSCs) are promising in regenerative
medicine. A major challenge of PSC therapy is the risk of
teratoma formation because of the contamination of undiffer-
entiated stem cells. Constitutive promoters or endogenous
SOX2 promoters have been used to drive inducible caspase-
9 (iCasp9) gene expression but cannot specifically eradicate
undifferentiated PSCs. Here, we inserted iCasp9 gene into
the endogenous OCT4 locus of human and mouse PSCs
without affecting their pluripotency. A chemical inducer of
dimerization (CID), AP1903, induced iCasp9 activation,
which led to the apoptosis of specific undifferentiated PSCs
in vitro and in vivo. Differentiated cell lineages survived
because of the silence of the endogenous OCT4 gene. Human
and mouse PSCs were controllable when CID was adminis-
trated within 2 weeks after PSC injection in immunodeficient
mice. However, an interval longer than 2 weeks caused tera-
toma formation and mouse death because a mass of somatic
cells already differentiated from the PSCs. In conclusion, we
have developed a specific and efficient PSC suicide system
that will be of value in the clinical applications of PSC-based
therapy.

INTRODUCTION
Pluripotent stem cells (PSCs) have sustainable self-renewal capabil-
ities. PSCs can differentiate into specific functional cells under appro-
priate conditions and therefore have been used for cell replacement
therapy and organ regeneration.1,2 However, in vitro differentiation
may not be entirely complete, and the functional cells are usually
mixed with undifferentiated pluripotent cells. The undifferentiated
cells may give rise to teratomas when transplanted into recipients
and are therefore considered a major safety concern in clinical cell
therapy because of their immortal proliferation.3
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Efforts have been made to reduce tumorigenic risks, including sort-
ing out undifferentiated cells with antibodies that target surface-dis-
played biomarkers,4 killing undifferentiated cells with oncolytic
virus,5 or using chemical inhibitors.6,7 However, these treatments
are cumbersome and have untoward side effects. Later, herpes sim-
plex virus thymidine kinase (HSV-TK)-mediated suicide system was
used to kill undifferentiated PSCs.8 HSV-TK reacts with the prodrug
ganciclovir (GCV) to be competitively incorporated into the repli-
cated DNA and cause cell death. However, this system can kill
only fast-dividing cells. Thus, pluripotent cell populations with
slowly dividing capacity are resistant to GCV treatment and remain
intact. Unfavorably, GCV has certain liver and kidney toxicity and
immunogenicity.9,10

Inducible caspase-9 (iCasp9) has become a more promising suicide
system for pluripotent cell therapy. In the iCasp9 suicide system,
the recruitment area of caspase-9 in the apoptotic pathway is re-
placed with the dimer binding domain of FK506 binding protein
(FKBP12-F36V),11–13 which ensures caspase-9 dimerization in
the presence of a chemical inducer of dimerization (CID),
AP1903. The coupled caspase-9 from the induction of CID will
activate the downstream signal of caspase-3, which can quickly
kill more than 90% of iCasp9-expressing cells and even control
2022 ª 2022 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. OCT4 gene KI with iCasp9 suicide gene in

human and mouse PSCs

(A) Scheme for generating OCT4-iCasp9 clones

using CRISPR-Cas9. T9, tdTomato-IRES-iCasp9; 9P,

iCasp9-2A-Puro. (B) Sequence analysis of hPSC

clones containing the iCasp9 gene in the OCT4 locus

confirmed the insertion of the suicide gene. H9P, H9

cell KI with iCasp9-2A-Puro; HT9, H9 cell KI with

tdTomato-IRES-iCasp9. (C) Bright-field and fluores-

cence images of hPSC-iCasp9 and mESC-iCasp9

clones. MT9, 129 mESC KI with tdTomato-IRES-

iCasp9; M9P, 129 mESC KI with iCasp9-2A-Puro.

Scale bar, 100 mm. (D) Relative mRNA levels of OCT4

and SOX2 in the indicated PSCs. N = 3. Values

represent mean ± SD. (E) Immunofluorescence staining

of the three germ layer markers of teratomas formed by

H9P and M9P cells. Scale bar, 100 mm.
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the growth of teratomas in mice.14–16 However, in these reports,
EF1a or other universal promoters were used to drive iCasp9
gene expression, which could kill all transplanted cells, functional
or undifferentiated cells, after CID treatment. The therapeutic ef-
fect of functional cells might completely disappear after CID
administration.14,17,18 The use of endogenous pluripotent tran-
scriptional factors to control iCasp9 gene expression is expected
to solve this issue. Previously, SOX2 has been used to control
iCasp9 gene expression in PSCs and induce the suicide of undiffer-
entiated cells by precisely inserting iCasp9 gene into the down-
stream of SOX2.19 SOX2 is a key transcription factor for maintain-
ing pluripotency and a critical regulator of the formation of
foregut endoderm and the maintenance of embryonic neural cells
and dermal papilla cells.20,21 Thus, endogenous SOX2 is not an
ideal driving factor for the control of the iCasp9 expression, which
specifically induces the suicide of undifferentiated pluripotent
cells.

OCT4, one of the most critical factors for pluripotent state
maintenance, is expressed specifically in pluripotent cells,
including embryonic stem cells, induced PSCs, embryonic germ
Molecular Therapy: Methods &
cells, and cancer stem cells, but not in
differentiated cells.22 The insertion of a fluo-
rescent reporter gene into the OCT4 locus of
mouse, human, and porcine PSCs has been
used to monitor cell pluripotent state in real
time.23–25 Therefore, in the present study,
we inserted the iCasp9 suicide gene into
the downstream of the endogenous OCT4 of
human and mouse PSCs. iCasp9 protein was
co-expressed with OCT4 in pluripotent cells,
which can induce death through treatment
with CID in vitro and in vivo. Once PSCs
are differentiated, CID can no longer affect
functional somatic cells. This direct and
rapid safety strategy will remarkably reduce
the potential risks of the tumorigenesis of PSCs in stem cell
therapy.

RESULTS
Knockin (KI) of iCasp9 suicide gene into the downstream of the

OCT4 locus in human and mouse PSCs

iCasp9 was knocked in the downstream of the OCT4 locus to express
iCasp9 in undifferentiated PSCs. A sgRNA targeting a region near the
stop codon of the OCT4 locus was designed. Two donor vectors con-
taining tdTomato-IRES-iCasp9 (T9) and iCasp9-2A-Puro (9P) cas-
settes were designed in frame with human or mouse endogenous
OCT4 genes to prevent the excessive expression of iCasp9 suicide
gene in cells from causing spontaneous cell apoptosis (Figures 1A,
S1A, and S1B). TdTomato was used to trace OCT4 expression, and
Puro gene encoding Puromycin N-acetyl transferase was used for
the convenient screening of targeting cells. Cas9, sgRNA, and the do-
nors were co-transfected into 129 mouse embryonic stem cells
(mESCs) and H9 human embryonic stem cells (hESCs). T9 PSC col-
onies with tdTomato expression were collected by flow cytometry
sorting, while 9P PSC colonies were collected under puromycin
administration for 7 days. Here, four cell lines of human PSCs inserted
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with T9 (namedHT9) or 9P (namedH9P), as well asmouse PSCswith
T9 (namedMT9) or 9P (namedM9P) were harvested for analysis. The
results of agarose gel electrophoresis showed that the expected bands
of the PCR products were achieved (Figure S1C). Sequencing the PCR
products confirmed that the exogenous genes were precisely inserted
into the OCT4 loci (Figures 1B and S1D). To further investigate
whether both alleles were integrated with iCasp9 gene, primers were
designed to target 50 AND-30 arms, respectively (Figure S1E). A 707-
bp band for the wild-type (WT) hESC genome and a 1300-bp band
forWTmESC genome were expected. As shown in Figure S1F, among
the 13 clones (M9P#3, 4, 5, 6;MT9 #1, 3, 6; H9P#3, 6, 7, 9; andHT9 #1,
2) tested, 11 clones were monoallelic KI clones (Figure S1E and S1F),
while only the M9P#3 and #4 were biallelic KI clones. The OCT4-
iCasp9 PSCs exhibited typicalmorphology of ESCmorphology (prime
state for hESCs and naive state for mESCs) (Figure 1C) and normal
proliferation ability (Figure S2A).

Four representative clones, M9P#6, MT9#1, H9P#6, and HT9#1,
were selected for further analysis. qPCR and immunofluorescence
(IF) tests showed that both human and mouse OCT4-iCasp9
PSCs expressed pluripotent markers including OCT4, SOX2, and
Nanog (Figures 1D, S2B, and S2C), and H9P also expressed TRA-
1-81. On the contrary, when the human OCT4-iCasp9 ESC differ-
entiated into neural stem cells (NSCs), only SOX2, a marker also
observed in neural cells, was still expressed, and OCT4 and Nanog
were silenced (Figures 1D and S2C). qPCR was further used to
detect the expression of iCasp9. It showed that iCasp9 mRNA
was expressed in all four kinds of OCT4-iCasp9 PSCs, and not in
their differentiated NSCs (Figure S2C).

Before in vivo use of the OCT4-iCasp9 PSCs, we sequenced potential
off-target sites of Cas9/gRNA used for KI and detected no off-targets
at all detected 15 sites (Figures S3A and S3B). Then, OCT4-iCasp9
PSCs were injected into immunodeficient mice to generate teratomas.
It showed that tissues expressed three germ layers markers, such as
a-smoothmuscle actin (a-SMA), a-fetoprotein (AFP), and glial fibril-
lary acidic protein (GFAP) (Figure 1E). These results indicated that
the insertion of the iCasp9 gene into OCT4 loci did not negatively
affect the pluripotency and self-renewing capacity of the stem cells.

OCT4-iCasp9 PSCs, but not differentiated cells, are selectively

eradicated by CID in vitro

To explore the influence of iCasp9 gene structure and copy number
on apoptotic regulation, multiple clones were treated with CID. It
showed that nearly all of OCT4-iCasp9 PSC clones were stained pos-
itive for both propidium iodide (PI) and annexin V (apoptosis
marker) after CID was treated for 72 h (Figure S4A). The working
concentration of the drug referred to the previous study.19 There
was not much difference between each group. Further drug sensitivity
tests showed that 2 h was sufficient for induction of all H9P PSC
death, while it took three to four times for HT9 PSC death. Corre-
spondingly, mouse PSC M9P clones took 1–15 h for death, while
MT9 needed 60 h or more to die after CID treatment (Figure S4B).
The cell lines with one allelic KI or two alleles resulted in little differ-
334 Molecular Therapy: Methods & Clinical Development Vol. 24 March
ence of CID dose-response and time course since both biallelic KI
clones (M9P #3 and M9P #4) and monoallelic KI clones (M9P #6)
would die in 1–2 h after CID treatment (Figure S4B). It is indicated
that iCasp9 gene structure (9P or T9) influenced the sensitivity of hu-
man and mouse PSCs on CID.

To verify the specificity of the inducible suicide system on PSCs, we
tested the effectiveness of CID with a concentration range of
0–200 nM in inducing the apoptosis of four OCT4-iCasp9 PSCs
(M9P#6, MT9#1, H9P#6, and HT9#1). The CID had a little toxic ef-
fect onWT human and mouse PSCs. The optimal drug concentration
was 10 nM (Figure 2A), in which most cells died within 2 h, and
nearly all cells died after 6 h with 9P clones (Figure S5A). The dead
cells were stained positive for PI or annexin V (Figure S5B), which
are markers that represent the occurrence of cell apoptosis. Up to
98% of M9P and H9P cells died within 2 h after CID treatment,
whereas HT9 andMT9 required 6 and 72 h, respectively, for thorough
apoptosis (Figure 2B). This result indicates that 9P PSCs are more
sensitive than T9 PSCs to CID.

The engineered human and mouse PSCs were randomly differenti-
ated in vitro for 1 week to confirm whether the CID induced the
apoptosis of specific pluripotent cells. At this time, most cells turned
into the spindle- or epithelioid-shaped cells, but a portion of cells still
huddled as a ball or bump. For M9P and H9P PSCs treated with CID,
the clustered clones gradually became loose and could be stained by
PI and Hoechst, whereas the surrounding differentiated cells were
only stained with Hoechst (Figure S5C), indicating that the CID
induced the apoptosis of pluripotent cells and had less effect on differ-
entiated cells. To further confirm this conjecture, we induced H9P
and HT9 PSCs cells into NSCs for 12 days (Figure 2C) using the pro-
tocol reported previously.26 The induced NSCs showed high SOX2
and PAX6 expression levels and negative OCT4, Nanog, and iCasp9
expression as confirmed by qPCR (Figure S2B and S2C and IF stain-
ing (Figure 2D and S6A). When both H9P ESCs and H9P NSCs were
treated with CID for 2 h, nearly all of the H9P-ESCs shrunk and
floated as clusters, while the NSCs, derived from H9P-ESCs, grew
normally, sticking on dishes (Figure 2E). Fluorescein isothiocyanate
(FITC) showed that up to 90% ESCs stained positive for both 7-amino
actinomycin D (7AAD) and annexin V, whereas most of the NSCs
were negative for the two apoptosis markers (Figure S6B).

Next, to simulate the PSC cell contamination in the clinic, the
tdTomato-positive HT9-ESCs and tdTomato-negative HT9-NSCs
were mixed with the ratio 0:100, 10:90, 25:75, 50:50, 80:20, 100:0,
and co-cultured for 24 h, followed by CID treatment for 6 h (Fig-
ure 2F). Results showed that tdTomato-positive cells floated, to die
soon after CID administration, while tdTomato-negative cells grew
normally on dishes (Figure S6C). Live cells were collected for flow cy-
tometry analysis, and we found that tdTomato-positive cells had died
out from the mixture (Figure S6D).

To further confirm that the apoptosis only occurred on ESCs, but not
NSCs after being induced by CID, the 40:60 group was stained with
2022



Figure 2. Induced PSC-specific apoptosis of the OCT4-iCasp9 KI system

(A) Effect of AP1903 concentration on OCT4-iCasp9 PSCs by MTS assay. (B) Cell viability of OCT4-iCasp9 PSCs after 10 nM AP1903 treatment at the indicated time as

determined by MTS assay. Values represent mean ± SD. (C) Scheme of OCT4-iCasp9 hESCs differentiation to human NSCs. (D) Immunofluorescence staining identification

of SOX2, PAX6, andOCT4 in H9P-ESC and H9P-NSC cells with or without AP1903 treatment. Scale bar, 100 mm. (E) Bright-field images of H9P-ESC and H9P-NSC cell after

2 h of treatment with or without 10 nMAP1903 (n = 3). Scale bars, 100 mm. (F) Schematic diagram of CID inducing specific HT9-ESC apoptosis after HT9-ESC and HT9-NSC

mixed culture. The culture medium is a 1:1 mixture of both cell culture media. (G) Flow cytometric analysis of HT9-ESC and HT9-NSC cultured in different proportions with or

without 10 nM AP1903 (n = 3).
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annexin V. Most cells were negatively stained for annexin V. How-
ever, when treated with CID, nearly all tdTomato-positive cells
were positively stained for annexin V, while tdTomato-negative cells
still grew normally (Figures 2G and S6E). These results indicated that
the OCT4-iCasp9 inducible system was tightly regulated by CID and
enabled to eliminate pluripotent cells, but not differentiated cells.

Mouse OCT4-iCasp9 PSCs are selectively eradicated by CID

in vivo

M9P cells (2�106) were injected subcutaneously into SCID mice to
examine the effects of CID treatment on teratoma formation. The
CID administration time for each group was set at 2 h before injection
(–2h); the same time asM9P cell injection (co-injected); and at days 1,
5, 9, 13, or 17 (marked D1, D5, D9, D13, or D17, respectively) after
cell transplantation (Figure S7A). We first used a CID dose of
Molecular
5mg/kg to induce apoptosis, but it could hardly inhibit tumor growth.
Then, the CID administration dose was increased to 10 mg/kg, and
the tumor formation stopped in the D1, D5, D9, and D13 groups (Fig-
ure S7B). Thus, 10 mg/kg CID was used in the following experiments.

No teratoma resulted from the injection of OCT4-iCasp9 ESCs in
SCID mice when the administration time was –2h, co-injected, D1,
and D5 (Figure S7C). The CID administration in these groups re-
sulted in the long-term tumor-free survival of the SCID mice (Fig-
ure S7D). In other groups (D9, D13, and D17), teratomas from the
injected OCT4-iCasp9 ESCs were observed on D8 and reached
0.8 cm3 on D9. In the D9 group, the tumor volume gradually became
smaller and disappeared on D13 after CID administration. In the D13
group, a tumor with a size of 1.0 cm3 already developed and also grad-
ually became smaller after CID administration. The tumors in the
Therapy: Methods & Clinical Development Vol. 24 March 2022 335
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Figure 3. H9P cells are sensitive to CID upon

transplantation in mice

(A) Schematic diagram of administration conditions during

the construction of teratoma by H9P cells. –2h, adminis-

tration in vitro 2 h before transplantation; coin s.c.,

co-injection simultaneously; i.p., intraperitoneal adminis-

tration; D1, the administration group 1 day after trans-

plantation; the other groups are followed by analogy. The

arrow represents the times of administration (i.e., 3

consecutive days of administration). (B) Teratoma growth

curve. ****p < 0.0001, a significant difference between

the D21, D28, and PBS groups on D30 and other groups

(n = 3).

(C) Volume comparison of teratomas formed in different

administration groups on D30 (n = 3). (D) Survival curves

for the eight groups of recipient SCIDmice. Themice were

euthanized after the tumors reached a diameter greater

than 2 cm (n = 5).
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D17 and PBS groups had a fast growth after D13. The CID had less
effect on the development process when applied at D17 (Figure S7D),
resulting in mice dying out at D24 (Figure S7E).

Teratoma derived from the D13 group showed an incomplete forma-
tion of the germ layers (Figure S7F). By contrast, the teratoma struc-
ture of the D17 group, similar to the PBS group, had three distinct
germ layers, namely, mesodermal cartilage tissue, endoderm respira-
tory epithelium, and ectoderm-neuroectoderm characteristic petal-
like tissue structure. Moreover, DNA fragmentation as a hallmark
feature of apoptosis can be detected by TUNEL staining. The results
showed that a large number of cells were stained after CID treatment
for 2 days in the tumor from the D13 group. On the contrary, few cells
could be stained if the CID was not applied (Figure S7G). We also
simultaneously loaded WT mESCs and M9P mESCs by bilateral sub-
cutaneous injection and then intraperitoneally (i.p.) injected CID af-
ter 1 week (Figure S7H). After 2 weeks, the volume of tissues from
M9P ESCs dramatically decreased compared with the tumor that
developed from WT mESCs (Figure S7I). This result indicates that
a large number of undifferentiated cells still exist in the teratoma at
D13. However, after 17 days, almost all PSCs transformed into
various somatic cells.

Human OCT4-iCasp9 ESCs are selectively eradicated by CID

in vivo

Similar to M9P cells, H9P cells (3�106–1�107) were also injected
subcutaneously into SCID mice. Tumor volumes were monitored
every 2 days. Tumor burdens were measured at D35. The CID admin-
istration time for each group was set at 2 h before injection (–2h); the
same time as H9P cell injection (co-injected); and at day 1, 7, 14, 21,
or 28 (marked D1, D7, D14, D21, or D28, respectively) after cell trans-
plantation (Figure 3A). Tumors were observed 12 days after H9P cell
injection without the administration of the CID. The tumor volume
reached 0.2 cm3 on D14. When the mice were treated with CID at
D14, the tumors stopped growing, and the subsequent tumor volume
continued to shrink and finally disappeared on D24. However, when
336 Molecular Therapy: Methods & Clinical Development Vol. 24 March
the mice received CID treatment on D21 or D28, the tumor continued
to grow similar to that in the control group (Figure 3B). We removed
the teratoma tissue on D30 and found that the tumor growth of the
D21 group was considerably slower than that of the D28 and PBS
groups (Figure 3C). In addition, we also found by observing the sur-
vival curves that the mice in the D28 and PBS groups died on D35,
whereas the mice in the D21 group survived longer, up to 2 months.
The other groups treated with CID before D14 survived for long pe-
riods without tumor (Figure 3D). Accordingly, the mortality rate was
positively correlated with tumor burden.

To check the OCT4 expression in the teratoma, immunofluorescence
was performed to detect OCT4 expression in teratoma. It showed that
a large number of H9P ESCs still clustered and expressed OCT4 after
being injected for 7 days or 14 days. As time went on, the number of
OCT4-positive cells became fewer and fewer, and finally, they disap-
pear on day 28 (Figures 4A and S8). The mice transplanted with the
H9P ESCs were treated with CID in the four timings, and then the
teratomas were collected. We found that OCT4-positive cells almost
disappeared in teratomas achieved in all four timings of CID admin-
istration (Figure 4A). Hematoxylin and eosin (H&E) staining demon-
strated that the teratoma derived from the D21 group showed a loose
structure with three undistinguishable germ layers (Figure 4B). The
nucleus of the cell was large and darkly stained with distinct nucleoli,
which indicates that some cells had undergone apoptosis. Similar to
that injected with PBS, the teratoma from the D28 group contained
three distinct germ layers, namely, mesodermal cartilage tissue, endo-
derm respiratory epithelium, and ectoderm-neuroectoderm charac-
teristic petal-like tissue structure (Figure 4B). TUNEL assay revealed
that a large number of cells in tumors from the D21 group were posi-
tively stained after CID treatment for 2 days, whereas few cells were
positive when CID was not applied (Figure 4C).

We simultaneously loaded WT ESCs and H9P ESCs by bilateral sub-
cutaneous injection and then administered the CID by i.p. injection
after 2 weeks. We found that WT ESCs formed a large teratoma
2022



Figure 4. Identification of teratoma from H9P cells after CID administration

(A) Immunostaining of OCT4 from teratoma section after treated with or without CID. Four time points, D7, D14, D21, and D28, were closed for detection. The CID treated

groups were stained 2 days after CID administration. Arrows point to the OCT4-positive cells. Scale bar, 50 mm. (B) H&E staining of teratoma in mice at different times treated

with CID. Scale bars, 100 mm. The red arrow points to the vacuole area of tissue, and white arrows point to the three germ layers of teratoma. (C) TUNEL staining in the D21

group after being treated with or without CID. Scale bars, 100 mm. (D) Cell transplantation and teratoma formation on D30. H9P and WT hESCs were injected at each side of

the mice. (E) Size comparison of teratomas formed by the bilateral subcutaneous injection of WT and H9P PSCs after CID administration (n = 3). Values and error bars reflect

the mean ± SD. Amajor challenge for PSC application is the risk of teratoma formation due to contamination of undifferentiated PSCs. Here, we have constructed the OCT4-

iCasp9 safeguard to specifically eliminate undifferentiated tumorigenic cells in vitro and in vivo by CID (AP1903), which will be of value in clinical applications.
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(Figure 4D, right), whereas H9P ESCs turned into a small piece of fat-
like soft tissue (Figure 4D, left) after 4 weeks. The volumes of tissue
derived from H9P ESCs were much lower than those of tumors
fromWTESCs (Figure 4E). These results indicate that CID could spe-
cifically kill OCT4-iCasp9 PSCs in vivo.

DISCUSSION
In this study, we established KI hESCs and mESCs using the iCasp9
targeted downstream of endogenous OCT4 promoter. Caspase-9
will form a dimer and start the apoptosis process in pluripotent cells
under the control of the CID, AP1903.

Our in vitro and in vivo test results showed that the specific integra-
tion of iCasp9 into the downstream of OCT4 promoter has no adverse
effect on cell proliferation, pluripotency, and differentiation potential,
and CID administration could only result in the suicide of pluripotent
cells but not differentiated functional cells. Therefore, this method has
advantages over similar previous efforts by using the constitutive
expression of the suicide gene, which could induce apoptosis in all
grafts including both PSCs and differentiated functional cells.

Previous reports showed that the time required for CID-induced sui-
cide is not uniform and varies between 2 and 24 h.14,15,18,19 Here, we
found 9P groups only need 2 h, whereas T9 groups need at least 6 h to
specifically induce the apoptosis of pluripotent cells in vitro. Internal
Molecular
ribosome entry site (IRES), instead of peptide 2A (P2A), as the up-
stream of iCasp9 in T9 groups, might cause less expression of the
iCasp9 gene, which would lead to the cells’ decreased sensitivity to
CID. Biallelic insertion of iCasp9 increased the sensitivity of PSCs
to CID compared with correspondingly monoallelic KI cells slightly,
although both of them eventually die under CID conditions. Biallelic
KI may cause twice the iCasp9 expression, resulting in a faster
response to CID, but it may disturb endogenous OCT4 expression.
So, monoallelic KI PSCs are more useful cells for pre-clinic therapy.

The formation of the teratomas from H9P cells can be completely
controlled by pretreatment of cells with CID 2 h before transplanta-
tion or in vivo administration with CID within 7 days after transplan-
tation. When H9P cells were allowed to form small tumors in the
SCID mice for 2 weeks prior to CID treatment, the formed tumors
stopped growing, became smaller, and eventually disappeared in
mice, probably because the teratoma was in the premature stage
andmost cells in the teratoma did not become terminal-differentiated
cells.27 When the mice were treated with CID after 3 weeks, tumors
continued to grow similar to those in the PBS group. The mice in
the D28 and PBS groups died out at D35, whereas mice in the D21
group had slower tumor growth, lived much longer, but still died
out after 2 months. These results indicate that once the transplanted
cells formed matured teratoma, CID administration could no longer
prevent the impairment caused by tumors in recipients.
Therapy: Methods & Clinical Development Vol. 24 March 2022 337
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OCT4 is the most important transcription factor involved in regu-
lating the self-renewal of ESCs and maintaining pluripotency.28

OCT4 is also widely expressed in a variety of germline cells and cancer
stem cells.29,30 Therefore, controlling the expression of the suicide
gene through OCT4 can be used to kill undifferentiated pluripotent
cells, which is the major safety concern for the application of ESCs.
However, for iPSC, insertion of exogenous transcript genes into the
undesired sites of the genome may cause cancer cells or tumors
without expression of OCT4, which would be unable to drive effective
iCasp9 expression. This additional safety concern for the iPSC appli-
cation is out of control by our suicide system. MYC, one of the onco-
genes, has been used as a target for inhibition of PSC tumorigenesis.31

When MYC was blocked by tamoxifen in aggressive PSC-derived
cells, the risk of cancer was greatly reduced. However, only 50% of
PSCs can be induced apoptosis. Controlling the growth of the tumor
requires constant administration of tamoxifen, which is not an ideal
solution to address the concern of tumorigenesis. To completely kill
these cancer cells, more cancer-specific genes need to be identified
to serve as the drivers for specific induction of apoptosis.

In summary, ESCs with iCasp9 regulated by endogenous OCT4 pro-
motor could be induced to suicide quickly and specifically by the CID,
AP1903, in vitro and in vivo. This method can be used to remove un-
differentiated tumorigenic cells before transplantation or to eliminate
tumors in the early stages of teratoma formation while keeping the
transplanted differentiated cells in function. Therefore, we provided
an effective strategy to solve the safety concern of stem cell therapy
in clinical practice.

MATERIALS AND METHODS
Ethics statement

SCID immunodeficient mice were purchased from Beijing Vital River
Laboratory Animal Technology (Beijing, China) and housed in a spe-
cific pathogen-free environment. All animal care and experimental
procedures were approved by the Ethical Committee on Animal Ex-
periments at Guangzhou Institutes of Biomedicine and Health, Chi-
nese Academy of Sciences.

Cell culture

Human embryonic stem cells (H9) were cultured using mTeSR
(STEMCELL Technologies, Cat. No. 05850). During the passage, Ac-
cutase (STEMCELL Technologies) was used to dissociate the cells,
and 5 mM Y-27632 (Selleck Chemicals) was added to the culture me-
dium to reduce apoptosis. H9P ESCs formed NSCs by using the PSC
Neural Induction Medium (Gibco, Cat. No. A1647801) according to
the manufacturer’s instructions. The medium used for the mixed cul-
ture of HT9-ESC andHT9-NSC is a 1:1 mixture of the two cell culture
media.

129 mESCs were cultured in mESCmedium, which consisted of high-
glucose Dulbecco’s modified Eagle’s medium (DMEM; Hyclone,
South Logan, UT, USA) supplemented with N2 (Gibco, 100X), B27
(Gibco, 50X), 0.1 mmol/L b-mercaptoethanol (Sigma, St. Louis,
MO, USA), non-essential amino acids (Gibco, 100X), Glutamax
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(Gibco, 100X), 1,000 IU/mL leukemia inhibitory factor (Millipore,
Billerica, MA), 3 mM CHIR99021 (Stemgent, Beltsville, MD, USA),
and 1 mM PD0325901 (Stemgent). Differentiated cells were obtained
by culturing in differentiation medium (10% FBS, Gibco; 90% high-
glucose DMEM) for 1 week.

All cells were cultured and maintained in aMatrigel-coated (Corning,
Cat. No. 356234) plate in an incubator with 5% CO2 at 37�C. The me-
dium was changed every day, and mESCs were passaged every
3–4 days using trypsin-ethylene diamine tetraacetic acid (Gibco,
0.05%). All experiments used cells before the 20th passage and tested
for mycoplasma every 2 weeks.
Vector construction

CRISPR plasmids containing the U6 promoter and single-guide RNA
(sgRNA) were generated from pX330-U6-Chimeric_BB-CBh-
hSpCas9 (Addgene, 42,230) as previous described.32 The sgRNA
was designed by the CRISPR design tool (http://www.rgenome.net)
according to the GN19NGG rules to target the locus adjacent to the
OCT4 stop codon. The sgRNA sequence for mouse OCT4 targeting
is GGTGCCTCAGTTTGAATGCA, and the sgRNA sequence for hu-
man OCT4 targeting is GCACCTCAGTTTGAATGCAT.

We designed two donor plasmids, namely, tdTomato-IRES-iCasp9
(T9) and iCasp9-2A-Puro (9P), to prevent the overexpression of
the iCasp9 suicide gene in cells from triggering spontaneous cell
apoptosis. Homologous arms (�2 kb of each site) were amplified
by genomic PCR and cloned into the pUC19 vector (Addgene,
74,677) to generate T9 lines. Subsequently, tdTomato-IRES-iCasp9
sequence was ligated with the FKBPF36V-Casp9 gene and inserted
between the right and left arms. The donor 9Ps were made using
the T9 targeting vector.

Takara PrimerSTAR Max DNA Polymerase (R045A) was used for
PCR amplification during plasmid construction. The DNA fragment
was purified with HiPure Gel Pure DNAMini Kit (Magen, D2111-03)
and then recombined into the backbone by ClonExpress MultiS One
Step Cloning Kit (Vazyme, C113-01). All experiments strictly fol-
lowed the manufacturer’s protocol.
Generation of iCasp9-PSC cells

The transfection of the CRISPR and donor plasmids into hESCs and
mESCs was performed using Lipofectamine 3,000 (Life Technologies)
following the manufacturer’s guidelines. For each targeting, 1 mg
gRNA-Cas9 and 2 mg donor plasmids were used for a 6-well plate.
Lipofectamine 3,000 and plasmids were separately diluted in Opti-
MEM (Life Technologies), mixed and incubated at room temperature
for 15 min, and then added dropwise to the medium that was changed
in advance. The next day, the 9P group was digested and then diluted
in a certain proportion to a 10-cm dish. After 3 days, the 9P group was
added with puromycin at a working concentration of 2 mg/mL for
1 week, and then clones were selected for genotype identification.
For the T9 group, flow sorting was performed 3 days after transfection
2022
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to obtain tdTomato-positive cells, and genotype identification was
performed after the clones were formed.

DNA extraction and genotyping

Cells were lysed in 10 mL of lysis buffer (0.45% NP-40 plus 0.6% pro-
teinase K) at 56�C for 60 min and then at 95�C for 15 min. Then, PCR
amplification was performed using the cell lysate as the template. The
target sequence was amplified from the genome by PCR with specific
primers (Table S1). PCR was performed with 37 cycles at 98�C for 15
s, 56�C for 30 s, and 72�C for 30 s by 2� Rapid Taq Master Mix (Va-
zyme, P222-01). The PCR products were identified by 1.5% agarose
gel electrophoresis, imaged with ChemiDoc imaging System, and
then sent to Sanger for sequencing (IGE, Guangzhou, China).

Cell viability assay and proliferation rate detection

The cells to be tested (�5,000/well) were collected, mixed with 100 mL
of medium, and added to a 96-well plate. The next day, different doses
or time gradient administration groups were set, and each plate set
had a Control well 1 (only added with 100 mL of medium), Blank
well (medium and MTS solution, no cells), and Control well 2 (no
drug medium and MTS solution, with cells). CellTiter 96 AQueous
One Solution kit (Promega, Madison, MI) was used according to
the manufacturer’s instructions to test the survival ratio of the cells
by MTS analysis.

Cells were seeded into 24-well plates at a density of 1� 104 per well as
the initial cell mass. hESCs were digested into single cells every 2 days
and counted with a hemocytometer, whereas mESCs were counted in
the same way every other day.

Apoptosis detection and flow cytometry analysis

Apoptosis and Necrosis Assay Kit (Beyotime, C1056) was used for
apoptosis detection in M9P and H9P differentiated cells in situ ac-
cording to the manufacturer’s instructions. In short, after apoptosis
was induced with the CID (AP1903, DC Chemicals), cells in a 24-
well plate were stained with cell staining buffer, Hoechst 33,342,
and PI solution at 4�C for 20 min. After staining, the cells were
washed with PBS once and then observed under a fluorescence
microscope.

Annexin V–FITC/PI Apoptosis Detection Kit (Vazyme, A211-01)
was used for the in situ apoptosis detection of HT9 differentiated cells,
and the flow cytometry detection of M9P and H9P cells was in strict
accordance with the manufacturer’s instructions. The percentage of
annexin V�/PI� cells were quantified as live cells, whereas annexin
V+/PI� and annexin V+/PI+ cells represent early and late apoptotic
cells, respectively.

The H9P and H9P-NSC cells exposed to 10 nM CID for 2 h were har-
vested and stained with annexin V and 7-AAD according to the man-
ufacturer’s instruction (Annexin V:PE Apoptosis Detection Kit I, BD
Pharmingen). The detection principle was similar to annexin V/PI;
that is, the percentage of annexin V�/7AAD� cells were quantified
as live cells. The stained sample was detected by flow cytometry
Molecular
within 1 h. The data for fluorescence-activated cell sorting were
collected using an Accuri C6 Plus Flow Cytometer (BD Biosciences).

Off-target analysis

The potential off-target sites of each sgRNA were predicted in human
genome to analyze site-specific edits via an online design tool (http://
www.rgenome.net/cas-offinder/). All sites were amplified by PCR and
then sequenced in Sanger to confirm the off-target effects. All sites
and their primers are listed in Table S2.

Real-time quantitative PCR

Total RNA was extracted by using TRIzol reagent (Tiangen, Beijing,
China). RevertAid First Strand cDNA Synthesis Kit (Thermo Scienti-
fic, K1622) was used for first-strand cDNA synthesis. Real-time PCR
was carried out in the CFX96 Touch� Real-time PCR Detection Sys-
tem (Bio-Rad) using TaKaRa TB Green Premix Ex Taq II (Tli
RNaseH Plus, TaKaRa, RR820A). The relative gene expression was
normalized to the amount of human GAPDH or mouse b-tubulin
mRNA. All experiments were performed in accordance with theman-
ufacturer’s instructions, and each gene testing was repeated three
times. All genes and their primers are listed in Table S3.

Teratoma formation

The PSCs were counted as 5� 106 per tube, centrifuged to remove the
supernatant, and resuspended in 100 mL of mTeSR and 20 mMROCK
inhibitor Y-27632A. Then, 100 mL of Matrigel (Corning) was quickly
added to the cell suspension, and the cell mixture was injected subcu-
taneously into the subcutis of the dorsal flank of the SCID mice. Tu-
mor size was measured using a vernier caliper every 2 days; the size
was calculated using the formula: length � width � height, and sur-
vival was recorded. Mice were administered with the CID (5 or 10mg/
kg, i.p.) at different time points once daily for 3 days. The co-injection
group received CID and cells by subcutaneous injection during trans-
plantation. Control mice were injected with PBS.

The mice were euthanized when the tumors reached a diameter
greater than 2 cm or at 28 weeks of observation. The injection site
was examined, and tumor tissues were collected (if present).

Histological analysis

Engraftments were fixed in 4% PFA. After fixation, the engraftments
were embedded in optimal cutting temperature compound (OCT) or
paraffin for immunofluorescence staining and H&E staining, respec-
tively. The sections were examined and the images were captured on
microscope (Motlcampro 285A). TUNEL (TdT mediated dUTP nick
end labeling) Apoptosis Detection Kit (FITC) (Yeasen, 40306ES20)
was used to detect the nuclear DNA fragmentation characteristic of
teratoma tissue cell apoptosis after 3 consecutive days of administra-
tion. All experiments were performed in accordance with the manu-
facturer’s instructions.

Immunofluorescence analysis

Cells for staining were cultured in 24 wells coated with Matrigel. Tis-
sues embedded in OCT (Sakura Finetek, Japan) were cut into 8-um
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sections. For immunofluorescence, all samples were fixed with 4%
paraformaldehyde at room temperature for 10 min, washed with
PBS three times, 10 min each, and blocked in PBS containing 3%
BSA (Sigma) and 0.1% Triton X-100 at room temperature for 1 h.
Then, the samples were incubated at 4�C overnight with the following
primary antibodies: Nanog antibody (1:200, AF1977; R&D), SOX2
antibody (1:400, MAB2018; R&D), OCT4 antibody (1:200, sc-5279;
Santa Cruz Biotechnology), TRA-1-81 antibody (1:500, MAB4381;
Millipore), PAX6 antibody (1:400, Rb901301; Biolegend), a-SMA
antibody (1:50, sc-53142; Santa Cruz Biotechnology), AFP antibody
(1:50, sc-8399; Santa Cruz Biotechnology), and GFAP antibody
(1:50, sc-33673; Santa Cruz Biotechnology). On the second day, the
samples were washed three times with PBS and incubated with Alexa
Fluor dye-conjugated secondary antibodies (Abcam) for 1 h. 4,6-Di-
amidino-2-phenylindole (Sigma) was used to stain the nuclei.

Statistical analyses

The GraphPad Prism software (version 8) was used for data analysis.
The data are presented as mean ± standard deviation (SD). All tests
conducted were individual Student’s t tests (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, ns: no significance). The number of rep-
etitions of the experiment is indicated in the figure legend.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.01.014.
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