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Abstract

Gene regulatory networks that control pluripotency of human embryonic stem cells (hESCs) are of 

considerable interest for regenerative medicine. RNAi and CRISPR/Cas9 technologies have 

allowed the identification of hESC regulators on a genome-wide scale. However, these 

technologies are ill-suited for mechanistic studies because knockdown/knockout clones of 

essential genes do not grow in culture. We have developed a genetic rescue strategy that combines 

CRISPR/Cas9-mediated knockout with TALEN-mediated integration of a doxycycline-inducible 

rescue transgene into a constitutive AASV1 locus. The resulting rescue clones are stable in 

culture, allow modulation of the rescue transgene dosage by titration of doxycycline in the media 

and can be combined with various molecular assays, thus providing mechanistic insights into gene 

function in a variety of cellular contexts.

METHOD SUMMARY

We describe a genetic rescue strategy that combines CRISPR/Cas9-mediated knockout with 

TALEN-mediated integration of a doxycycline-inducible rescue transgene into a constitutive 

AASV1 locus. This system facilitates mechanistic studies of essential genes in human embryonic 

stem cells.
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INTRODUCTION

Embryonic stem cells (ESCs) can self-renew in culture and have the potential, if 

appropriately stimulated, to form the full repertoire of cell types found in the adult body. 

When maintained in the presence of LIF and BMP4 or with LIF and cocktails of signaling 

inhibitors, both human and mouse ESCs reside in the naive state that resembles the inner cell 

mass (ICM) cells of the pre-implantation blastocyst [1–5]. However, in the presence of 

TGFβ/Activin and bFGF ESCs adopt an epiblast-like, or primed pluripotent, state [6–9]. 

While the naive state has been extensively studied in mouse ESCs (mESCs), primed 

pluripotency of human ESCs (hESCs) remains poorly understood. Earlier studies uncovered 

significant differences in gene regulatory network organization between mESCs and hESCs. 

For example, in mESCs the core pluripotency factors Nanog, Oct4 and Sox2 co-regulate 

large cohorts of downstream genes which maintain the expression of pluripotency genes 

while suppressing differentiation into extraembryonic lineages, whereas a set of accessory 

factors that includes Esrrb, Tbx3 and Tcl1 suppresses differentiation of the epiblast-derived 

lineages [10]. Surprisingly, in hESCs, NANOG, OCT4 and SOX2 are re-organized into 

different modules and suppress epiblast-derived rather than extraembryonic cell fates [11]. 

Furthermore, ESRRB and TBX3 are not expressed in hESCs, while a different set of 

accessory factors including PRDM14, FOXO1, KDM1A and BCOR, all of which are 

dispensable for the self-renewal of mESCs, have been identified as hESC regulators [12–15]. 

These findings indicate that a unique gene regulatory network maintains plurioptency in 

hESCs. Identification and in-depth analysis of new factors with important roles in hESC 

maintenance should allow better understanding of the molecular mechanisms that control 

self-renewal and differentiation and to more efficiently manipulate the pluripotent state for 

regenerative medicine applications and disease modeling.

In recent years, multiple approaches have been developed to identify factors required for 

pluripotency maintenance. In addition to traditional low-throughput technologies, RNAi-

mediated gene silencing and more recently CRISPR/Cas9 screens have allowed 

identification of candidate ESC regulators on a whole genome scale [12,16–18]. However, as 

great as these tools are for gene-discovery they are ill-suited for in-depth mechanistic studies 

because knockdown or knockout clones of essential self-renewal regulators could not be 

maintained in culture.

To overcome this problem, we previously introduced a genetic complementation/rescue 

system that combines, within the same lentiviral backbone, a short haipin RNA (shRNA) 

cassette that delivers gene knockdown and a doxycycline (Dox)-inducible rescue transgene 

that, when turned on, allows for a robust self-renewal of ESCs depleted of an essential 

endogenous gene [10]. This approach has been used in multiple studies that provided novel 

insights into the regulation of mESC self-renewal and pluripotency [10,19–21]. However, 

several major weaknesses do exist with this methodology. As with all shRNA-based 

systems, the phenotypes observed are hypomorphic rather than true knockout phenotypes 

and different shRNAs often result in different phenotypes depending on knockdown 

efficiencies. Furthermore, the rescue vectors do not accommodate large (>5 kb) inserts, thus 

limiting the repertoire of genes that can be studied. Lastly, rescue clones are unstable during 

long-term culture and require repeat selection by sorting to re-derive the clones. Shutdown 
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of transgene expression could also occur when rescue clones are subjected to differentiation 

assays.

Here, we introduce the next generation of rescue system, which combines CRISPR/Cas9-

mediated knockout of endogenous genes with TALEN-mediated targeting of a Dox-

inducible rescue transgene into a constitutively active AASV1 locus. We show that rescue 

clones generated with this new system are stable in culture, allow modulation of the rescue 

transgene dosage by titration of Dox in the media and are easy to use in a variety of 

molecular assays. These clones can also be used in differentiation assays, thus providing 

important details on gene function in a variety of cellular contexts.

MATERIALS & METHODS

Cell culture

H1 hESC line was maintained as described [11]. Endoderm differentiation was carried out as 

described for 4 days [22]. For the neuroectoderm differentiation, cells were treated as 

described for 6 days [23].

Cloning

shRNAs were designed using an oline tool (dharmacon.horizondiscovery.com/design-

center/) and cloned into the H1P-Hygro-mCherry vector [10]. shBCOR 5′-
GGGAAAGGTTGAAAGGAAA-3′; shRING1A 5′-CGAGGTATGTGAAGACAAC-3′; 
shRNF2 5′-GGCTAGAGCTTGATAATAA-3′ gRNAs were designed using an online tool 

(crispr.mit.edu/) and cloned into the pSpCas9n (BB)-2A-GFP vector [24]. gBCOR 5′-
GCATGCAGTTCCAGCCAAA-3′; gRING1A 5′-ACTAGGAAGTTGAGGAATA-3′; 
gRNF2 5′-GAACAAATGCCTACGGAAA-3′.

TALEN-mediated knock-in

107 cells were were treated with Accutase, washed and resuspended in 800 μl cold PBS and 

mixed with plasmid mix (5 μg AAVS1-TALEN-L, 5 μg AAVS1-TALEN-R, 40 μg Puro-

transgene donor, 40 μg Neo-M2rtTA donor) [25]. Cells were electroporated using the Gene 

Pulser XceII system at 250 V, 500 μF in a 0.4 cm cuvette and re-plated on irradiated MEF in 

hESC medium supplemented with 10 μM ROCK inhibitor for the first 24 h. 2 days after 

electroporation, cells were treated with 50 μg/ml of Geneticin for 5 days, followed by 

treatment with 0.5 μg/ml of Puromycin for 2 days. Individual colonies were picked and 

expanded in mTeSR medium.

CRISPR/Cas9-mediated gene knock-out

107 cells were re-suspended in 800 μl cold PBS, and mixed with 40 μg of CAS9-gRNA 

vector. Cells were electroporated as described above for TALEN targeting. 2 days after 

electroporation, GFP+ cells were sorted and 104 cells were plated onto a 10-cm dish with 

irradiated CF1 MEFs in mTeSR medium supplemented with 10 μM ROCK inhibitor for 24 

h. Individual colonies were picked and expanded in six-well plates. Genomic DNA was 

extracted and mutations were validated by PCR and sequencing.
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RESULTS & DISCUSSION

To generate a rescue clone we first introduce a Dox-inducible rescue transgene together with 

the transactivator protein rtTA into the constitutively active AAVS1 locus. We use a 

previously developed TALEN-based system, which includes two vectors that encode a 

TALEN-nuclease dimer, a neomycin-resistant rtTA vector and a puromycin-resistant Dox-

inducible rescue vector [26]. Upon transfection of these four plasmids into hESCs, cells are 

sequentially selected for puromycin and neomycin resistance to ensure genomic integration 

of both the rtTA and the rescue transgenes. Individual clones are then isolated, expanded and 

re-plated with and without Dox for western blot (WB) analysis. Clones showing induction of 

the transgene under +Dox condition are selected for further validation (Figure 1). If a good 

WB-grade antibody is available, the analysis of the clones is simple and straightforward 

(Figure 1C). However, if this is not the case, a FLAG-tag could be added to the rescue 

transgene to facilitate analysis of the clones (Figure 1B). Because the TALEN system is 

based on homologous recombination, only one copy of the transgene is inserted into the 

AAVS1 locus. When necessary, this can be rigorously confirmed by Southern blotting as 

described in the original publication on the TALEN-based system [26]. In our experience, 

nearly 50% of the clones exhibit the correct transgene induction pattern after neomycin and 

puromycin, selection.

As a second step, we perform a CRISPR/Cas9 mutagenesis to inactivate both alleles of the 

endogenous gene (Figure 2). We design gRNA sequences immediately upstream of an 

important functional domain of the targeted protein so that the frame-shift mutations that 

result from the repair of gRNA-guided Cas9-induced double-stranded breaks produce a 

nonfunctional protein. Although many of the published gRNA vectors are compatible with 

this system, we favor pSpCas9(BB)-2A-GFP vectors, which contain both gRNA-expression 

cassette and Cas9 protein linked with GFP via self-cleaving 2A peptide within the same 

vector backbone [24]. Upon transfection of gRNA-Cas9 vector into transgene-expressing 

hESCs, cells are maintained in the presence of Dox, sorted for GFP expression 48 h after 

transfection and plated at a clonal density. Cultures are then maintained in the presence of 

Dox to ensure optimal self-renewal of the deleted clones until individual colonies can be 

isolated and expanded for validation of the knockout. The efficiency of CRISPR/Cas9 

targeting varies considerably, as some gRNAs are more efficient than others. However, 

analysis of 100 individual clones usually results in one to five clones with the desired frame-

shift mutations in both alleles of the gene. The efficiency could be further improved if the 

gRNA recognition site on the rescue transgene in the first step is mutagenized to disrupt the 

gRNA recognition site but preserve protein sequence. This would prevent gRNA-Cas9 

targeting of the transgene in the second step. Once clones are expanded, we re-plate them 

with and without Dox and monitor self-renewal. For the essential self-renewal gene the bi-

allelic knockout clones are easily identified because they could not be maintained in the 

absence of Dox. Once candidate clones are selected, they are expanded, and the DNA 

fragment around the gRNA targeting site is amplified by PCR and subcloned in a 

sequencing vector. 10–15 colonies are sequenced to determine the sequences of individual 

alleles.
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Below, we illustrate generation and use of the rescue clones for two components of the non-

canonical (nc)PRC1.1 complex BCOR and RNF2. Polycomb group proteins regulate self-

renewal and differentiation in many stem cell systems [27,28]. Our recent studies using 

shRNAs identified BCOR, a component of the ncPRC1.1 complex, as the core regulator of 

self-renewal in hESCs [15]. Indeed, preliminary loss-of-function analyses using shRNAs 

demonstrated that depletion of BCOR in hESCs resulted in a loss of self-renewal and 

morphological change indicative of cell differentiation (Figure 3A & B). shRNA depletion 

of the core PRC1 proteins RNF2 and RING1 resulted in a morphological change similar to 

that observed in BCOR-KD cells, suggesting that BCOR and RNF2/RING1 are the key 

functional components of the ncPRC1.1 complex. Importantly, hESCs depleted of BCOR or 

RNF2/RING1 do not propagate in culture (Figure 3B). Therefore, we generated rescue 

clones for both BCOR (BCORR-hESCs) and RNF2/RING1 (RNF2R-hESCs) as described in 

Figures 1 & 2. When maintained in the presence of Dox, both BCORR-hESCs and RNF2R-

hESCs maintained undifferentiated morphology via the expression of the Rescue transgenes 

(Figure 3C & D). However, once Dox was removed from the media, the transgenes were 

quickly downregulated, which resulted in a morphological change and induction of marker 

genes (Figure 3D & E). Analyses of histone modifications via ChIP-qPCR suggest that de-

repression of BCOR-PRC1.1 target genes occurs due to the loss of Polycomb repressive 

marks H3K27me3 and UbH2A (Figure 3F). Using these rescue clones, we have recently 

demonstrated that both BCOR and RNF2 play important roles in ncPRC1.1 recruitment to 

chromatin and repression of ncPRC1.1 target genes [15]. To further explore the utility of the 

rescue clones, we investigated the behavior of these clones during hESC differentiation 

toward endoderm and neuroectoderm lineages. For these studies, the differentiation was 

carried out with and without Dox and the induction of markers SOX17 (endoderm) and 

PAX6 (neuroectoderm) was evaluated by immunofluorescence staining. We found that in the 

presence of Dox, RNF2R-hESCs exhibited normal patterns of SOX17 and PAX6 expression. 

However, BCORR-hESCs did not form PAX6+ cells cells (Figure 3G), indicating that 

constitutive BCOR expression is incompatible with neuroectoderm differentiation. In the 

absence of DOX, both BCORR-hESCs and RNF2R-hESCs efficiently formed SOX17+ 

endoderm, but neuroectoderm differentiation was disrupted as shown by the lack of PAX6+ 

cells (Figure 3G). These data suggest that in addition to their roles in hESC self-renewal, 

both BCOR and RNF2 have important but distinct roles in regulating lineage-specific 

differentiation, potentially by regulating PRC1 recruitment and activity.

Controllable gene expression or knockout systems have been developed over the years to 

interrogate gene functions in mammalian cells. The most popular inducible gene expression 

system combines a chimeric tetracycline (Tet)-inducible transactivator protein tTA (Tet-Off 

version) or rtTA (Tet-On version), which recognize an array of bacterial TetO elements 

coupled to the cytomegalovirus promoter (also known as Tet response element or TRE) to 

efficiently induce gene expression when Tet or its stable analog Dox is added to the media 

[29]. In mESCs, tTA and rtTA transactivator proteins have been integrated into a 

constitutively active ROSA26 locus [30]. Thus, when the gene of interest, under the control 

of pTRE promoter, is introduced into the ROSA26-tTA/rtTA cells via viral integration its 

expression level can be easily controlled [10]. Similar systems have been developed for 

human cells, where the AAVS1 locus has been used as an acceptor of the tTA/rtTA 
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transactivators [26]. The approach presented here combines Dox-inducible genome-

integrated transgenes with stable CRISPR/Cas9-mediated gene knockout of endogenous 

genes. With this system, a gene of interest can be expressed in the presence of Dox and 

turned off when Dox is removed from the culture media. These features make our system 

particularly suited for mechanistic analyses of genes with essential functions in hESCs self-

renewal and differentiation.

However, potential weaknesses do exist in this methodology. For example, concerns have 

been raised about potential off-target mutagenesis with the CRISPR/Cas system [31]. While 

the mutations with deleterious effect on hESC self-renewal will be selected out during clone 

selection, a thorough analysis may be necessary before the rescue lines are used in 

differentiation studies. The CRISPR/Cas system is continuously improved with the 

development of better algorithms for CRISPR design and off-target prediction and a recent 

whole-genome sequencing study failed to detect significant incidence of off-target mutations 

in CRISPR-targeted hESC lines [32]. The derivation of the rescue clones is a time-

consuming process requiring several validation steps. It is also possible that for genes with 

very high expression, the output from the pTRE promoter may be insufficient to rescue gene 

knockout. Likewise, in some instances prolonged overexpression of certain genes may also 

induce side effects. Nevertheless, the insights into gene regulation that could be obtained 

greatly outweigh these limitations.
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Figure 1. 
TALEN-mediated integration of the Dox-inducible rescue transgene into the AAVS1 locus. 

(A) Schematic representation of the targeting strategy. In the presence of TALEN nucleases, 

homologous recombination results in the integration of the transgenes into the AAVS1 locus. 

Two rounds of drug selection with puromycin and hygromycin ensures that both the rtTA 

and the rescue transgenes are integrated into the genome. Finally, clones are subjected to 

WB to confirm the induction of the rescue transgene in the presence of Dox. (B) BCOR 

rescue transgene was tagged with 3xFLAG epitope at the N-terminus to facilitate the 

identification of correct genomic integration events. WB with anti-FLAG antibody was 

performed to identify clones with inducible transgene expression. (C) Untagged RNF2 

transgene was used to generate RNF2 rescue clones. The correctly targeted clones were 

identified by WB with anti-RNF2 antibody. Clones selected for CRISPR/Cas9 targeting are 

indicated by the red boxes. After neomycin and puromycin selection, nearly 50% of the 

clones exhibit the correct transgene induction pattern.

Dox: Doxycycline; hESC: Human embryonic stem cell; WB: Western blot.
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Figure 2. 
CRISPR/Cas9-mediated inactivation of the endogenous gene. (A) Schematic representation 

of the targeting strategy. (B) Morphological criteria was used to select correctly targeted 

BCORR-hESCs. Inactivation of endogenous BCOR allele was confirmed by sequencing of 

genomic DNA around the gRNA targeting site. BCOR is an X-linked gene, therefore only 

one allele had to be inactivated in H1 (XY) hESCs. (C) Two rounds of CRISPR/Cas9 

targeting were carried out to inactivate RING1 and RNF2 homologs. As in the case of 

BCOR, double knockout (KO) clones were selected by morphology and validated by 

genomic PCR and sequencing. In B and C, the position of gRNA is highlighted in blue, the 

PAM sequence is in red. Note that the majority of clones obtained from RING1 and RNF2 

targeting were homozygous for mutation, possibly owing to homologous recombination 

mediated allelic exchange in hESCs.

Dox: Doxycycline; hESC: Human embryonic stem cell; WB: Western blot.
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Figure 3. 
Functional analyses of ncPRC1.1 proteins BCOR and RNF2 using rescue clones. (A) 

Depletion of BCOR and RNF2/RING1 with lentiviral shRNAs results in morphological 

changes indicative of differentiation. (B) hESCs depleted of BCOR or RNF2/RING1 could 

not be propagated in culture due to cell loss. Competitive proliferation assay quantifying the 

self-renewal capacity of shRNA-transduced hESCs (top). mCherry+ shRNA-expressing cells 

are mixed with GFP+ Control cells in a ratio 4:1 and passaged. The ratio of mCherry+/GFP+ 

cells is measured by FACS over six passages and serves as readout of self-renewal capacity 

(bottom). (C) Rescue transgenes are rapidly depleted following the removal of Dox. Global 

levels of PRC1-dependent chromatin mark UbH2A are also reduced in RNF2R-hESCs, 

while PRC2-dependent mark H3K27me3 is elevated towards later time points. αTUBULIN 

Wang et al. Page 11

Biotechniques. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and GAPDH are shown as loading controls. (D) Morphological change is apparent in rescue 

clones maintained without Dox. (E) Expression of endoderm and mesoderm markers in 

RNA-Seq data from a 6-day Dox removal time course experiment performed on BCORR-

hESCs and RNF2R-hESCs. (F) Time-course analyses of BCOR, RNF2 and RC1/2-

dependent histone marks UbH2A and H3K27me3 at GATA4 locus in rescue clones 

following Dox removal. Enrichment is shown as ChIP to Input ratio normalized to the 

enrichment at day 0. The solid line represents enrichment at the bound region, the dotted line 

is the enrichment at the non-bound region. (G) The ability of rescue clones to give rise to 

PAX6+ neuroectoderm and SOX17+ endoderm was evaluated by immunofluorescence 

staining. Differentiation was performed with and without Dox. Representative 

immunofluorescence images from three independent experiments are shown (top). Data is 

represented as mean ± SEM (bottom). In panels C and D, the endogenous proteins are 

deleted due to CRISPR mutations and only the rescue transgenes are detectable by the 

antibodies. The bottom band seen on the BCOR immunoblot in C is due to a non-specific 

binding to unrelated protein.

Dox: Doxycycline; hESC: Human embryonic stem cell.
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