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SUMMARY

Progression through states of pluripotency is required for cells in early mammalian embryos to 

transition away from heightened self-renewal and toward competency for lineage specification. 

Here, we use a CRISPR mutagenesis screen in mouse embryonic stem cells (ESCs) to identify 

unexpected roles for nuclear export and intracellular Ca2+ homeostasis during the exit out of the 

naive state of pluripotency. Mutation of a plasma membrane Ca2+ pump encoded by Atp2b1 
increased intracellular Ca2+ such that it overcame effects of intracellular Ca2+ reduction, which is 

required for naive exit. Persistent self-renewal of ESCs was supported both in Atp2b1−/− Tcf7l1−/− 

double-knockout ESCs passaged in defined media alone (no LIF or inhibitors) and in wild-type 

cells passaged in media containing only calcitonin and a GSK3 inhibitor. These new findings 

suggest a central role for intracellular Ca2+ in safe-guarding naive pluripotency.
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In Brief

MacDougall et al. identify Ranbp3 and Atp2b1 as regulators of naive pluripotency exit. 

Intracellular Ca2+ levels decrease during exit, and increasing Ca2+ levels in combination with 

GSK3i or Tcf7l1−/− sustains self-renewal and pluripotency in the absence of inhibitors or LIF.

INTRODUCTION

In early mammalian embryos, the cells destined to contribute to the adult must expand in 

number while remaining pluripotent. Embryos proceed through substantially different 

environments as they transition from a free embryo to one that has successfully implanted in 

the uterus. As a part of the embryo, the pluripotent cells must also progress through different 

cellular environments throughout this process. An appreciation for these dynamics has 

recently coincided with the characterization of distinct states of pluripotency (Morgani et al., 

2017; Shahbazi et al., 2017) and the concept that progression through pluripotent states 

enables cells to maintain pluripotency in the diverse cellular environments they encounter 

during early embryogenesis.

The concept of different pluripotent states was struck forward with the identification of a 

ground state of pluripotency by Ying and Smith. Mouse embryonic stem cells (ESCs) 

propagated and retained pluripotency in chemically defined N2B27 media supplemented 

with only two inhibitors (2i) to Mek (MEKi) and Gsk3 (GSK3i) kinases (Ying et al., 2008). 

Addition of LIF cytokine activated Jak/Stat3 signaling, and it stimulated self-renewal in 
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what have become standard 2iL conditions for ESCs (Morgani et al., 2017; Smith et al., 

1988; Williams et al., 1988; Wray et al., 2011). Analyses of gene expression and epigenetic 

characteristics indicate that ESCs in these in vitro conditions correspond to cells in the inner 

cell mass of the blastocyst, in the so-called naive state of pluripotency (Morgani et al., 

2017).

Exit from the naive state is obligatory for competent responses to lineage specification 

signals during gastrulation (Morgani et al., 2017; Smith, 2017). Removal of 2iL and addition 

of basic fibroblast growth factor (Fgf) and activin A rapidly converts naive ESCs to the 

primed state of pluripotency (Buecker et al., 2014; Hayashi et al., 2011), which is used to 

categorize epiblast cells from post-implantation embryos, mouse epiblast-derived stem cells 

(EpiSCs) derived from implanted embryos (Brons et al., 2007; Tesar et al., 2007), and 

human ESCs in traditional culture conditions (Thomson et al., 1998). Intermediate 

pluripotent states, called poised and formative, have recently been characterized for cells 

exiting naive pluripotency and are defined by gene expression, microRNA activities, histone 

modifications, and DNA methylation characteristics (Du et al., 2018; Kinoshita and Smith, 

2018; Morgani et al., 2017; Smith, 2017).

Factors mediating the exit from naive pluripotency have been identified, and some of their 

mechanisms have been elucidated. Tcf7l1 is a transcription factor that targets naive genes 

(Esrrb and Nanog) for repression in ESCs, and its activity is effectively inhibited with Wnt/

β-catenin signaling or GSK3i (Martello et al., 2012; Pereira et al., 2006; Shy et al., 2013; 

Wray et al., 2011; Yi et al., 2011). In mouse embryos, Tcf7l1 is required for the timely 

response of epiblast cells to lineage specification signals during gastrulation (Hoffman et al., 

2013) and is considered the critical regulator of the effect of GSK3i in 2iL conditions (Wray 

et al., 2011; Yi et al., 2011). In addition to the Gsk3/Tcf7l1 axis and LIF/Jak/Stat3 signaling 

(Martello et al., 2013), the relocation of Oct4 binding by Otx2 (Buecker et al., 2014), the 

mTorc1 pathway control of Gsk3 and Tfe3 transcription factor localization (Betschinger et 

al., 2013; Villegas et al., 2019), the activities of DNA methylcytosine oxidases Tet1 and Tet2 

(Fidalgo et al., 2016; Finley et al., 2018), and unique microRNA dynamics (Du et al., 2018) 

have all been genetically demonstrated to play important roles in the exit from naive 

pluripotency.

Interestingly, there is little evidence that genetically interrupting the mechanisms necessary 

for the exit from naive pluripotency could be sufficient to enable self-renewal without 

exogenously added inhibitors or cytokines. For example, Tcf7l1−/− mutants delay the exit 

from the naive state, but they cannot sustain self-renewal in N2B27 without 2i conditions 

(Wray et al., 2011; Yi et al., 2011; Ying et al., 2008). In this study, we use a genome-wide 

CRISPR mutagenesis screen to probe the genetic underpinnings of naive pluripotency, and 

we examine whether cessation of self-renewal is inexorable upon withdrawal of 2iL. The 

screen identified several genes important for exiting the naive state, including those involved 

in nuclear export (Ranbp3) and cellular Ca2+ homeostasis (Atp2b1). Surprisingly, reduction 

of intracellular Ca2+ was required for exiting naive pluripotency, and inactivating Atp2b1 
mutations inhibited naive exit by increasing intra-cellular Ca2+ levels in ESCs. Moreover, 

Atp2b1−/− Tcf7l1−/− double-mutant ESCs were able to self-renew in N2B27 media alone 

without 2iL, indicating a central role for intracellular Ca2+ in pluripotency. Finally, 
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maintaining high intracellular Ca2+ with calcitonin combined with GSK3i was sufficient to 

maintain self-renewal in wild-type ESCs, demonstrating a robust effect of the combination. 

Given the importance of Ca2+ signaling for the trophectoderm and endometrium during 

implantation (Armant, 2005; Tosti et al., 2016; Wang et al., 2013), these new findings make 

it tempting to speculate that intracellular Ca2+ is used in pluripotent cells to coordinate 

transitions between states of pluripotency within the embryo.

RESULTS

Identification of Genes Required for Exit from Naive Pluripotency with CRISPR-Cas9

To identify genes important for transitions between pluripotency states, multiple genome-

wide CRISPR mutagenesis screens have been conducted. Screens have used cells harboring 

fluorescent reporters and isolated mutant cells that aberrantly retain or lose reporter activity 

as a means to identify genes important for transitions (Baeg et al., 2005; Betschinger et al., 

2013; Li et al., 2018; Villegas et al., 2019; Yang et al., 2012). A screen recently completed 

by Yusa and colleagues was effective at identifying a large number of genes that play a role 

in the exit from naive pluripotency (Li et al., 2018). For the present study, we aimed for a 

more stringent test and the identification of genes important for a sustained, long-term 

maintenance of the naive state in proliferating cells. For selection of exit-resistant mutants, 

we took advantage of the poor colony-forming ability of primed cells when plated in 2iL 

(Figure 1A). Removal of 2iL and addition of Fgf2 (12 ng/mL) has previously been 

demonstrated to stimulate exit from naive pluripotency (Buecker et al., 2014; Tsukiyama and 

Ohinata, 2014). Selection using this conversion of media was validated by loss of greater 

than 90% of naive colony-forming units within 4 days of Fgf2 treatment (Figure 1A). As 

expected, Tcf7l1−/− ESCs retain the ability to form colonies in naive conditions even after 5 

days in Fgf2-containing media (Figure 1A, bottom). Based on this pilot experiment, we 

concluded that this replating procedure of switching between 2iL and Fgf2-containing media 

would provide sufficient selection of mutants defective at exiting the naive state.

To mutate genes, a stable Cas9-expressing ESC line was transduced with a library consisting 

of 87,897 single guide RNAs (sgRNAs) targeting the 19,150 protein coding genes in the 

mouse genome (Koike-Yusa et al., 2014). Cells were functionally confirmed to express high 

Cas9 activity following transfection of sgRNA expression plasmids (Figure S1A). 

Expression of Cas9 did not alter naive ESC morphology (Figure S1B). The entire sgRNA 

library was introduced into Cas9-expressing cells by lentivirus transductions in two 

biological replicates. Cells were subjected to puromycin selection to eliminate 

nontransduced ESCs prior to mutant selection by replating (Figure 1B; Table S1).

Next-generation sequencing (NGS) of sgRNA amplified from genomic DNA was used to 

assess frequency of each individual sgRNA in populations of cells. Prior to replating for 

selection of the mutant phenotype, the ESC mutant library displayed only a slightly reduced 

complexity of sgRNA sequences relative to the DNA used to generate lentivirus (Figure 1B; 

compare blue to green). Some reduction was expected due to mutation of essential genes in 

2iL conditions, and the complexity of the ESC mutant library indicates a potential genome-

wide mutagenesis. As expected, the complexity of the sgRNA sequences was greatly 

reduced by the replating selection scheme, consistent with those samples having been 
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enriched with mutants possessing enhanced replating capability (Figure 1B; red). Whereas 

the replicates of the ESC mutant library were similar to each other, enriched mutant samples 

were less similar, which is indicative of successful selection (Figures S1C and S1D; Table 

S1). We also confirmed that there was no genomic location bias that occurred as a result of 

screening (Figure S1E; Table S1). Thus, the relative increased frequency of sgRNA targeting 

specific genes in enriched mutants was used to infer a potential effect of the targeted gene on 

replating capability. Tcf7l1 was used as an internal control for the selection based on effects 

of Tcf7l1−/− cells (Figure 1A). All five of the Tcf7l1-targeting sgRNAs in the library were 

significantly increased by the mutant selection process (Figure 1C), demonstrating the 

enrichment of mutants with defects in the exit from naive pluripotency.

To identify genes from changes in frequencies of sgRNAs after replating selection, we used 

the robust ranking algorithm (RRA) from MAGeCK (Li et al., 2014, 2015). The frequencies 

of all sgRNAs targeting a gene are considered together to reduce false positives from 

bystander effects and to give each gene an RRA enrichment score (Table S2). The 

distribution of RRA scores showed relatively few genes passing typically used cutoff for 

positives (Figure 1D; Table S2; 35 genes with false discovery rate [FDR] < 10%). Of these 

35 genes, 28 were among the 563 genes identified by the CRISPR screen based on reporter 

gene activity (Table S2; Li et al., 2018). This analysis identified several categories with well-

documented roles in pluripotency and naive pluripotency, including regulation of mitogen-

activated protein kinase (Fgf/Mek/Erk) signaling and Stat3 activity (Figure 1E; Table S3). 

Given the roles of these categories with respect to LIF and MEKi from 2iL conditions, we 

interpreted their identification as an indication that the screen hit relevant gene targets. 

Notably, categories with poorly understood roles in naive pluripotency, such as endosome-

lysosome vesicular trafficking and nuclear export, were also identified with this analysis.

To independently validate individual candidate genes identified by the screen, we used an 

arrayed approach, which directly measured mutagenesis of the targeted gene. In separate 

transient transfections, sgRNAs targeting the top 40 candidate genes and control sgRNAs 

were introduced into naive ESCs (Clarke et al., 2018), a starting level of mutagenesis (indel 

frequency) was determined by NGS, and cells were subjected to the naive exit replating 

procedure (Figure S2A). Because Cas9 was expressed transiently, changes to indel 

frequencies after replating are caused by selective advantage or disadvantage of cells 

harboring indel mutations among the mixed population of cells (Figures S2A and S2B; 

Table S4). 26 of the 40 candidates displayed an increased indel frequency after two rounds 

of replating (Figures S2B and S2C; Table S4). Eleven genes displayed a reduced indel 

frequency after two rounds of replating, including the olfactory receptor OLFR478 gene, 

which is not expressed in pluripotent cells. Notably, a set of genes not clearly linked to 

processes known to control exit from the naive state were validated; these include the E3 

ubiquitin ligase Fbxw7, the plasma membrane Ca2+ transporter Atp2b1, and a nuclear export 

protein Ranbp3.

Clonal, Functional Validation of Selected Candidate Genes

Recent research has elucidated some genetic determinants of fitness selection on cell 

competition among pluripotent cells (Bowling et al., 2018). Given the screen utilized 

MacDougall et al. Page 5

Cell Stem Cell. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selective advantage to identify genes, it was possible that some of the gene hits enhance cell 

competition rather than pluripotency, per se. To eliminate effects resulting from a genetically 

mixed population of cells and directly assess pluripotency, we generated clonal mutant ESC 

lines from the previously generated Rex1-GFPd2 insertion cells (Wray et al., 2011). Nine 

candidate genes were chosen based on their validation (Figure S2; Table S4) and our 

assignment of the genes into either an mTorc1 cluster (Tsc1 and Rragc), a vesicle trafficking 

cluster (Rab7, Vps11, and Vps35), a cluster of unexplored genes (Fbxw7, Atp2b1, and 

Ranbp3), or the positive control (Tcf7l1). For each of these genes, individual mutant lines 

were generated by transient CRISPRCas9 activity, isolation of clones, DNA sequence 

verification of mutations, and expansion of cultures in 2iL media. Each of the mutant lines 

and the original Rex1-GFPd2 line (“wild-type”) displayed similarly high levels of GFP 

fluorescence in naive 2iL conditions (Figures 2 and S3; Table S5).

When 2iL is withdrawn and Fgf2 is added, Rex1-GFPd2 activity is lost in wild-type cells 

within 48 h, but it is retained in Tcf7l1−/− cells (Figures 2, S3A, and S3B; Table S5). We 

reasoned that mutations that prevent or delay exit from the naive state would maintain Rex1-

GFPd2 similar to Tcf7l1−/− cells, whereas mutants that provide primarily a survival 

advantage would lose Rex1-GFPd2 fluorescence. All mutants maintained Rex1-GFPd2 

above wild-type levels, and this was well correlated with replating efficiency in 2iL after 72 

h in the absence of 2iL (Figures 2 and S3D). Many of the mutants maintained Rex1-GFPd2 

quite weakly relative to the Tcf7l1−/− control (Figure 2), despite strong selection in the 

genetic validation experiment (Figure S2).

To determine whether the candidate genes could be stratified based on pathways impacted, 

we tested mutants for differential sensitivity to withdrawal of combinations of 2iL 

components (Figures S3C and S3D). Interestingly, none of the mutants displayed a very 

distinct pathway-specific sensitivity; resistance to individual component withdrawal was 

proportional to resistance to Fgf2 for most mutants (Figures 2 and S3D). The exception to 

this finding was the vesicular trafficking cluster, which appeared to be more resistant to 

removal of GSK3i than other components (Figures 2 and S3D; Table S5). The two mutants 

with the greatest resistance to reducing Rex1-GFPd2 harbored mutations in Atp2b1 and 

Ranbp3. These two genes do not have previously described roles in pluripotent cells; 

however, replating capability and retention of Rex-GFPd2 after challenge with Fgf2 

indicated that they likely had important activities required for the exit from naive 

pluripotency. We selected candidate genes Atp2b1 and Ranbp3 for further mechanistic 

examinations into their roles in pluripotency.

RanBP3 Is Required for Proper Cessation of Stat3 and Wnt Signaling during Naive Exit

Ran-binding protein 3 (RanBP3), encoded by Ranbp3, has been shown to accelerate both 

Crm1-dependent and independent nuclear export via various processes involving the Ran 

guanosine triphosphatase (GTPase) (Koyama et al., 2014; Lindsay et al., 2001; Yoon et al., 

2008). Previous reports show that nuclear accumulation of Ran was diminished in Ranbp3−/− 

cells (Yoon et al., 2008). Therefore, Ran localization was tested as a potential mediator of 

effects in Ranbp3−/− cells. As cells exit naive pluripotency, Ran immunofluorescence shifted 

from being primarily cytoplasmic in naive cells to nuclear after withdrawal of 2iL in wild-
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type and Tcf7l1−/− cells (Figure S4A). The relative nuclear localization of Ran was 

diminished in RanBP3−/− cells, consistent with effects in other cell types (Figure S4A; Yoon 

et al., 2008). To test whether an overall reduction of Ran activity could mediate effects of 

Ranbp3−/− mutations, loss of Rex1-GFPd2 activity was examined in cells expressing 

dominant-negative Ran mutants that inhibit nuclear import (G19V and Q69L) and export 

(T24N; Figure S4B; Izaurralde et al., 1997; Lounsbury et al., 1996; Ren et al., 1995). The 

lack of effect of Ran mutants (Figure S4B) and absence of Ran mutations from naive 

pluripotency screens (Hackett et al., 2018; Li et al., 2018) combined to indicate that exit 

from naive pluripotency was unlikely to be controlled by a switch in Ran activity but 

perhaps by a subset of targets constitutively regulated by RanBP3.

Newly generated Ranbp3−/− cells (Figures S4C–S4F) were used to test the role of RanBP3 

on potential targets of its nuclear export activity. In transformed human cell lines, RanBP3 

stimulated cessation of canonical Wnt signaling via nuclear export of active β-catenin 

(Hendriksen et al., 2005). Given that withdrawal of GSK3i is necessary for exiting naive 

pluripotency, a role for RanBP3 in cessation of Wnt/β-catenin activity was tested. We 

transiently transfected ESCs with the SUPERTOPFlash reporter and performed luciferase 

assays. Absence of RanBP3 increased Wnt activity both in 2iL conditions and after 6 h of 

GSK3i withdrawal (Figure 3A). The accumulation of Tcf7l1 in Ranbp3−/− cells indicated 

that the effect of RanBP3 is not caused by loss of Tcf7l1 repressor protein (Figure 3B). We 

reasoned that, if RanBP3 affects Wnt signaling by nuclear export of active β-catenin, then 

the ratio of active, non-phosphorylated to total β-catenin should increase in Ranbp3−/− cells. 

Indeed, the increased ratio of active-to-total β-catenin in Ranbp3−/− mutants was due to an 

overall decrease in total β-catenin (Figure 3B). This suggested that active β-catenin may be 

trapped in the nucleus, which was tested by measuring the nuclear localization of active, 

non-phosphorylated β-catenin in the presence or absence of proteasome inhibitor, MG132, 

and GSK3i. There was strong enrichment of nuclear, active, non-phosphorylated β-catenin 

in Ranbp3−/− cells withdrawn from GSK3i and treated with MG132 (Figure 3C). Nuclear β-

catenin was not affected by absence of Tcf7l1 (Figure S4G) or the presence of the MEKi and 

LIF (Figure 3D) These results are consistent with RanBP3 stimulating nuclear export of β-

catenin in ESCs, which identifies a mechanism that likely contributes to the delay of 

Ranbp3−/− cells in exiting the naive state.

Additional potential targets of RanBP3 nuclear export were chosen to be tested based on 

previously identified roles of those proteins in pluripotency and nuclear localization. 

Because failure to export Tfe3 from the nucleus inhibits exit from the naive state 

(Betschinger et al., 2013; Villegas et al., 2019), we tested whether Ranbp3 mutations 

affected Tfe3 nuclear localization. The cellular localization of Tfe3 was determined by 

immunofluorescence in cells subjected to 2iL withdrawal and Fgf2 stimulation (Figure 

S4H). Tfe3 nuclear localization after 2iL withdrawal was not affected by Ranbp3 or Tcf7l1 
mutations, as mutant cells appeared similar to wild-type controls (Figures S4H and S4I). 

Other mutations, including Tsc1−/− and Rragc−/−, retained more nuclear Tfe3 than wild-type 

cells (Figure S4I). Therefore, nuclear export of Tfe3 appears to be independent of RanBP3 

function during exit from the naive state.
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Cessation of nuclear Stat3 signaling is important for exit from the naive state of pluripotency 

(Martello et al., 2012, 2013; Stuart et al., 2014; Ying et al., 2008). Orthologs of Ranbp3 have 

been identified as inhibitors of Stat3 signaling activity in genetic screens in Drosophila 
(Baeg et al., 2005). Therefore, we tested whether RanBP3 stimulated cessation of Stat3 

activity by nuclear export. Western blot analysis of total cell lysates showed that 

phosphorylation of Stat3 (Y705) was retained after 48 h without 2iL in Ranbp3−/− cells, but 

not in wild-type or Tcf7l1−/− cells (Figure 3E). Immunofluorescent staining of cells for 

phospho-Stat3 showed that the activated form of Stat3 is retained in nuclei of Ranbp3−/− 

cells, but not in wild-type or Tcf7l1−/− cells (Figure 3F). These changes in phospho-Stat3 

occurred despite little to no change in expression and localization of total Stat3 by western 

blot and immunofluorescence after 48 h in −2iL/+Fgf2 media (Figures S4J and S4K). To 

directly distinguish between reduction of phosphorylation of Stat3 and export of nuclear 

phospho-Stat3, naive state cells in 2iL were switched to media without LIF and with the Jak 

inhibitor, pyridone 6 (JAKi). In these naive cells, nuclear export of phospho-Stat3 is reduced 

by absence of RanBP3 (Figure 3G), indicating importance of RanBP3 for nuclear export of 

phospho-Stat3. We suggest that these new roles of RanBP3 for cessation of both Wnt/β-

catenin and Stat signaling support an early step in the transition out of naive pluripotency, 

wherein RanBP3-mediated nuclear export is required to halt nuclear activity of these 

signaling pathways.

Atp2b1 Reduction of Intracellular Ca2+ Is Required for Exit from the Naive State

Atp2b1 is a plasma membrane Ca2+ pump that is ubiquitously expressed and is genetically 

required for early mouse embryo-genesis (Okunade et al., 2004; Yanagida et al., 2004). 

Atp2b1 transports Ca2+ from the cytoplasm to extracellular space as a component of the 

normal cellular homeostatic mechanisms that maintain low intracellular Ca2+ concentrations 

(Strehler, 2015). The resistance to naive exit of Atp2b1−/− cells suggested the hypothesis that 

control of intracellular Ca2+ is important for the exit from naive pluripotency. To assess 

intracellular Ca2+ levels among pluripotent cells, including Atp2b1−/− mutants (Figure S5A), 

a Ca2+-sensitive, ratiometric dye (Fura-2 AM) was used (Grynkiewicz et al., 1985). Control 

treatments of ionomycin, a Ca2+-specific ionophore, and BAPTA-AM, an intracellular, 

Ca2+-specific chelator, caused the predicted effects of increasing and reducing intracellular 

Ca2+ levels in naive and primed cells (Figures S5B–S5D), demonstrating the utility of this 

method for measuring intracellular Ca2+. When 2iL was withdrawn from ESCs, intracellular 

Ca2+ levels were reduced in wild-type cells (Figures 4A and S5B–S5D). Mutation of Atp2b1 
greatly increased intracellular Ca2+ in 2iL conditions, but mutation of other genes (Tcf7l1, 

Ranbp3, Rragc, Tsc1, Rab7, Vps11, Vps35, or Fbxw7) did not substantially affect 

intracellular Ca2+ (Figures 4A and S5B–S5D). Interestingly, the elevated intracellular Ca2+ 

in Atp2b1−/− mutants was decreased during naive exit, but it remained significantly elevated 

compared to other cells (Figures 4A and S5B–S5D).

To test whether the reduction of intracellular Ca2+ was necessary for exit from naive 

pluripotency, two types of experiments were performed. First, the elevated Ca2+ levels in 

Atp2b1−/− cells were reduced by BAPTA-AM, which reduced Rex1-GFPd2 levels in 

Atp2b1−/− cells after withdrawal of 2iL and addition of Fgf2 (Figures 4B and S5D). 

BAPTA-AM did not drive loss of Rex1-GFPd2 in the presence of 2iL culture conditions 

MacDougall et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Figure 4B), indicating a dominant role of 2iL in preventing exit. Second, intracellular Ca2+ 

levels were increased in wild-type ESCs to determine whether they were sufficient to inhibit 

naive exit. Treatment with SEA0400, a Na+/Ca2+ exchanger inhibitor (NCXi), and 

carboxeosin, a non-selective plasma membrane Ca2+ pump inhibitor, each increased 

intracellular Ca2+ (Figure S5E) and reduced loss of Rex1-GFPd2 in wild-type ESCs after 

withdrawal of 2iL (Figure 4C). Calcitonin, a peptide hormone, also increased intracellular 

Ca2+ (Figure S5F), but it did not affect Rex1-GFPd2 in the absence of GSK3i (Figure S5F). 

Although treatment with NCXi was slightly toxic to ESCs, it prevented loss of naive-like 

colony morphology (Figure S5G) and increased replating in naive conditions following 

withdrawal of 2iL and Fgf2 addition (Figure S5H). These results demonstrate that reduction 

of intracellular Ca2+ is important for exit from the naive state of pluripotency.

Previous experiments using mouse embryos and ESCs in serum and LIF conditions 

identified activation of the calcineurin-NFATc pathway for the differentiation of pluripotent 

cells (Li et al., 2011). To test whether this mechanism was directly related to the effects 

described above, we examined effects of inhibition of calcineurin phosphatase activity with 

cyclosporine A (CsA). Addition of CsA did not sustain self-renewal after LIF and MEKi 

were withdrawn (Figure S5I). Although CsA did not affect wild-type cells in 2iL or delay 

exit after 2iL was withdrawn, it did stimulate exit of Atp2b1−/− mutants and Tcf7l1−/− 

mutants during 2iL withdrawal (Figure S5J). Loss of Rex1-GFPd2 was also stimulated in 

Atp2b1−/− mutants by treatment with another calcineurin inhibitor, FK506, and by inhibition 

of the calcineurin-NFATc interaction with VIVIT (Figure S5J; Aramburu et al., 1999; 

Fruman et al., 1995). These results indicate a role for calcineurin-NFATc downstream of 

intracellular calcium for keeping cells in the naive state of pluripotency.

To better elucidate the cellular functions of Atp2b1 in ESCs, subcellular localization of 

Atp2b1 protein and activity was examined by fluorescence microscopy. An in-frame fusion 

between Atp2b1 and the mCherry fluorescent protein was engineered using CRISPR-Cas9 

(Figure S5K) and confirmed at the Atp2b1 locus in ESCs (Figure S5L). Cells harboring the 

Atp2b1-mCh fusion gene displayed prominent fluorescence at their plasma membrane 

(Figure 4D), as expected from the characterization of Atp2b1 from previous research (Di 

Leva et al., 2008; Okunade et al., 2004). Subcellular localization of relative Ca2+ levels were 

examined with genetically encoded calcium indicator proteins GCaMP5G (Akerboom et al., 

2012) and R-CEPIAer (Suzuki et al., 2014). Ca2+ signals were higher throughout Atp2b1−/− 

cells in 2iL, including the cytoplasm and nucleus (Figures 4E and 4F and 4F), but not the 

endoplasmic reticulum (Figure S5M). Upon withdrawal of 2iL, Ca2+ signal diminished for 

wild-type cells most substantially in the nucleus (Figures 4E and 4F); by contrast, Atp2b1−/− 

cells retained high nuclear Ca2+ signal (Figures 4E and 4F), suggesting a possible role for 

Ca2+ in the nucleus during the exit from naive pluripotency.

High Intracellular Ca2+ and Inhibition of Gsk3/Tcf7l1 Are Sufficient for Self-Renewal

RanBP3 and Atp2b1 were particularly interesting regulators of naive pluripotency because 

they appeared to affect basic cellular activities that had not been previously known to be 

important for pluripotency. In addition, the effects of each mutant were distinct from effects 

caused by the well-characterized inhibitor of pluripotency, Tcf7l1; Tcf7l1 expression was 
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not diminished in Ranbp3−/− or Atp2b1−/− ESCs (Figure 3B), intra-cellular Ca2+ decreased 

in Tcf7l1−/− cells (Figure 4), and phospho-Stat3 and active β-catenin did not remain nuclear 

in Tcf7l1−/− cells (Figure 3). These observations prompted us to examine a potential 

epistatic relationship between Tcf7l1 and either Ranbp3 or Atp2b1. In particular, we were 

interested in whether combining effects of mutating Tcf7l1 with Atp2b1 or with Ranbp3 
could enable ESC to self-renew without the inhibitors or LIF.

To begin to elucidate effects of mutations on self-renewal, long-term cell culture capabilities 

were first examined for Tcf7l1−/−, Atp2b1−/−, and Ranbp3−/− single-mutant ESCs. The 

stringent test was to determine whether mutant ESCs could be propagated in N2B27 alone, 

without LIF and inhibitors. Wild-type ESCs rapidly exit naive pluripotency and are 

incapable of self-renewal when switched to N2B27 alone (Ying et al., 2008), resulting in the 

failure of cultures to propagate (Figures 5A and S6A). Tcf7l1−/− and Atp2b1−/− mutants 

delayed their exit from naive pluripotency, but they each decline in ESC colony-forming 

ability within five passages (Figures 5A and S6A). Ranbp3−/− cells were less effective than 

either Tcf7l1−/− or Atp2b1−/−, and those single-mutant cells failed to self-renew after a 

single passage in N2B27 alone (Figure S6A). This result contrasted the strong effect of 

Ranbp3 mutation in short-term replating and Rex1-GFPd2 assays, where Ranbp3−/− cells 

displayed strong phenotypes in maintenance of naive state (Figures 2, S2, and S3), and it is 

consistent with Ranbp3−/− causing a highly penetrant but short-lived delay in the cessation 

of nuclear activity of proteins, such as phospho-Stat3 and β-catenin (Figure 3).

Given the ability of Tcf7l1−/− and Atp2b1−/− mutations to extend ESC self-renewal in single 

mutants, we generated Tcf7l1−/− Atp2b1−/− double-mutant ESCs (Figure S6B). Atp2b1−/− 

Tcf7l1−/− double mutants did not display apparent defects in 2iL media and continued to 

proliferate and form colonies with naive-like morphology after withdrawal of 2iL (Figure 

5A). Cultures of Atp2b1−/− Tcf7l1−/− double-mutant cells did not experience a significant 

bottleneck during passaging in N2B27 alone, and they retained the ability to form colonies 

when replated onto 2iL conditions (Figure S6C). In contrast, the Atp2b1−/− and Tcf7l1−/− 

single mutants only retained the initial number of naive-competent colony-forming units 

without expansion through passaging (Figure S6C). Through passage 10, Atp2b1−/− 

Tcf7l1−/− cells continued to proliferate and express the naive marker Rex1-GFPd2 (Figures 

5B and 5C). In long-term N2B27 alone conditions (10 or more passages), Atp2b1−/− 

Tcf7l1−/− cells continued to express naive genes (Esrrb, Nanog, Tfcp2l1, Rex1, Klf2, Tcl1, 

Klf4, and Tbx3), albeit at lower levels than wild-type cells in 2iL (Figure 5D). Expression of 

formative stage genes (Otx2 and Dnmt3a) remained at lower levels in Atp2b1−/− Tcf7l1−/− 

cells compared to wild-type cells 24 h after withdrawal of 2iL (Figure 5D). Primed state 

genes (Fgf5 and Oct6) were expressed at relatively low levels in Atp2b1−/− Tcf7l1−/− cells 

(Figure 5D). Nanog levels fluctuated similarly in Atp2b1−/− Tcf7l1−/− colonies in N2B27 

alone and wild-type colonies in 2iL (Figure 5E); however, immunofluorescence signal was 

undetectable in the weakest cells in double mutants (Figure S6D; Abranches et al., 2014). 

Sox2 and Klf4 immunofluorescence was maintained throughout colonies of 

Atp2b1−/−Tcf7l1−/− cells (Figures 5E and S6E). These results are consistent with the self-

renewal of ESCs in N2B27 alone, albeit with a reduced level of naive specific gene 

expression. We suggest that the naive state is maintained at a substantial frequency of 
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Atp2b1−/− Tcf7l1−/− cells in N2B27 alone, and this maintenance is sufficient to support self-

renewal of these ESCs without inhibitors or LIF.

Assessing the pluripotency of inhibitor-independent Atp2b1−/− Tcf7l1−/− cells is 

complicated by the roles of Tcf7l1-mediated repression and reduction of intracellular Ca2+ 

during the generation of lineage-specific cell types. To test whether the combined effects of 

Tcf7l1 and Atp2b1 ablation kept cells in a pluripotent state, combinations of small 

molecules were tested to conditionally increase intracellular calcium and inhibit the Gsk3/

Tcf7l1 axis in wild-type ESCs (Figure S6F). The combination of calcitonin paired with 

GSK3i (CTCH) was effective for long-term proliferation of ESCs in N2B27 media (Figure 

6A). Atp2b1−/− cells and Tcf7l1−/− cells in these CTCH media (N2B27; calcitonin 100 nM; 

CH99021 3 μM) were maintained similar to wild-type cells in CTCH media (Figure S6G). 

The combination of GSK3i alone with Atp2b1 ablation was sufficient to maintain ESCs; 

however, calcitonin alone did not enable long-term self-renewal of Tcf7l1−/− cells (Figure 

S6G). For wild-type ESCs, CTCH maintained high levels of Rex1-GFPd2 (Figure 6B), high 

proliferation (Figure S6H), and high intracellular Ca2+ (Figure 6C). Expression of naive 

genes (Esrrb, Nanog, Tfcp2l1, Rex1, Klf2, Tcl1, Klf4, and Tbx3) remained high, and 

formative genes (Otx2 and Dnmt3a) and primed genes (Fgf5 and Oct6) remained low in 

wild-type cells passaged in CTCH media (Figure 6D). Cells that had been maintained in 

CTCH media for more than 10 passages formed embryoid bodies similarly to cells that had 

been maintained in 2iL (Figure 6E). Embryoid bodies from the CTCH media cells reduced 

naive gene expression (Rex1 and Nanog) and induced markers of ectoderm (Fgf5 and Sox1), 

mesoderm (Mixl1), and endoderm (Sox17, GATA4, and aFP) cell line-ages (Figure 6E). 

Immunofluorescent staining for marker protein expression in embryoid bodies from CTCH 

media were similar to those from 2iL; embryoid body cells displayed staining for Nanog and 

for markers of mesoderm (Mixl1 and Eomes), endoderm (Eomes, FoxA2, and CK19), and 

ectoderm (Sox1, Nestin, and βIII-tubulin; Figure S6I). Although long-term passaging in 

CTCH media stimulated activation of endoderm markers (Sox17, GATA4, and aFP) and low 

brachyury (T) levels in embryoid bodies compared to those generated from 2iL cells (Figure 

6E), these data suggest that combining the inhibition of Gsk3 with high intracellular Ca2+ by 

calcitonin is sufficient for ESCs to retain pluripotency and capacity for specification into 

each primary germ layer.

DISCUSSION

In this study, we used a CRISPR mutagenesis screen to identify genes required for exit from 

naive pluripotency. We focused on two of the screen hits that displayed the strongest 

phenotypes in assays for naive exit. Examination of mutants showed that nuclear export 

requiring RanBP3 is important for rapidly exiting the naive state by removing nuclear 

activities, including active β-catenin and phospho-Stat3. Whereas the effect of Ranbp3−/− 

mutation was transient and did not contribute to long-term self-renewal in N2B27 alone, 

increased levels of intracellular Ca2+ caused by ablation of Atp2b1 resulted in a more 

sustained effect on ESCs. Atp2b1−/− Tcf7l1−/− double-mutant ESCs were able to self-renew 

in N2B27 alone, thus identifying a two-gene combination necessary for exiting naive 

pluripotency. To the best of our knowledge, this finding represents the only duo of mutations 

capable of supporting self-renewal in this manner.
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In comparison to recently published CRISPR screens for regulators of naive pluripotency, a 

highly overlapping set of genes was identified despite different procedures being used by 

each (Hackett et al., 2018; Li et al., 2018). Genes contributing to extra-cellular signaling 

pathways (Wnt/β-catenin, Lif/Jak/Stat, and Fgf/Mek/Erk) and the lysosome-associated 

amino-acid-sensing pathway were identified in each screen, supporting a central role for 

each in the exit from naive pluripotency. Whereas these other studies provided new insights 

by focusing mechanistic examination on biological processes highly represented by multiple 

gene hits in CRISPR screens (lysosome activity and mTorc1 pathway; Hackett et al., 2018; 

Li et al., 2018), we focused on genes that caused the strongest phenotypes when mutated. As 

a result, the major discoveries of processes from this study (nuclear export and intracellular 

Ca2+) are distinct from previous studies using CRISPR screens. Based on the wealth of 

genes identified from the CRISPR screens, we anticipate that additional curation and 

secondary screening with the known gene hits will provide additional novel insights into the 

exit from naive pluripotency.

Despite the importance of Ca2+ in many mechanisms essential for embryonic development 

and cellular functions, the effect of Ca2+ on pluripotency has been poorly understood. 

Several experiments manipulating intracellular Ca2+ levels have been performed on ESCs 

using epidermal growth factor (EGF), GABA agonists, estrogen, or lysophosphatidic acid; 

however, these experiments were performed on ESCs in serum + LIF media and did not 

examine state of pluripotency (Hao et al., 2016). Similarly, serum + LIF conditions were 

also used to elucidate calcineurin stimulation of NFATc3, leading to differentiation of ESCs 

(Li et al., 2011). By contrast to substantial effects caused by manipulating Ca2+ or 

calcineurin in serum + LIF conditions, the manipulation of Ca2+ homeostasis proteins 

themselves (STIM1, 1,4,5-triphosphate receptors, TPC2, and CD38) has caused remarkably 

few effects on ESCs and pluripotency (Hao et al., 2014; Liang et al., 2010; Wei et al., 2012, 

2015; Zhang et al., 2013). Atp2b1 mutation appears to be unique in its effects on 

pluripotency, which function through elevated intracellular Ca2+. Although calcitonin was 

able to replace Atp2b1 ablation in combination with GSK3i, it could not maintain self-

renewal of Tcf7l1−/− cells without GSK3i. Given GSK3 has many roles in addition to 

regulating Tcf7l1/β-catenin, Ca2+-independent effects of calcitonin may cause ESCs to 

depend on Tcf7l1-independent effects of GSK3i.

It is interesting to consider a role for intracellular Ca2+ in coordinating the exit from naive 

pluripotency in epiblast cells to occur relative to implantation of the embryo in the uterus. A 

careful analysis of intracellular Ca2+ concentrations with fluorescent dyes showed that Ca2+ 

levels spontaneously oscillate in individual ESCs as they progress through the cell cycle in 

LIF + serum media (Kapur et al., 2007). Thus, intracellular Ca2+ is dynamically regulated in 

pluripotent cells. Our results indicate that elevated intracellular Ca2+ protects pluripotent 

cells from exiting the naive state. By contrast, an influx of intracellular Ca2+ in embryonic 

trophectoderm stimulates progression of preimplantation embryonic development for those 

cells (Stachecki and Armant, 1996; Wang et al., 1998, 2013). The uterine endometrium 

secretes calcitonin within a so-called window of implantation, and embryonic cells respond 

by increasing intracellular Ca2+ (Ding et al., 1994; Wang et al., 1998, 2013). This paracrine 

signaling involving Ca2+ has been shown to be important for coordinating embryo-uterine 

interaction during implantation (Armant, 2005; Stachecki and Armant, 1996; Wang et al., 
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2013). Interestingly, LIF/Jak/Stat and Wnt/β-catenin signaling are similarly coordinated by 

paracrine signals from the endometrium to the embryonic trophoblast important for 

successful implantation (Armant, 2005; Fritz et al., 2014). It is important to consider that the 

same signals (LIF/Jak/Stat, Wnt/β-catenin, and high Ca2+) all stimulate maintenance of 

naive pluripotency and are all activated by the endometrium during implantation. We suggest 

that maintenance of the naive state by the combinations of these signals enables pluripotency 

to be maintained in the epiblast during the dynamic process of implantation, and 

intracellular Ca2+ plays a fundamental role in the process. The development of CTCH media 

may provide a method of better elucidating pathway-specific effects during the maintenance 

of the naive state of pluripotency.

In summary, the CRISPR screen confirmed known processes (Wnt/β-catenin/Tcf7l1, 

Fgf/Mek/Erk, LIF/Jak/Stat, and mTorc1/TSC) and discovered new ones (nuclear export, 

Ca2+ homeostasis, and endosome-lysosome trafficking) important for the exit out of the 

naive state of pluripotency. Elevated intracellular Ca2+ inhibited exit from naive 

pluripotency, and Atp2b1−/− Tcf7l1−/− ESCs were able to self-renew without exogenous LIF 

or inhibition of Mek or Gsk3 kinases. We suggest that intracellular Ca2+ plays a central role 

in regulating pluripotency and coordinating the state of pluripotency with embryonic 

development.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents can be directed to, and will be fulfilled, by the 

Lead Contact, Bradley J. Merrill (merrillb@uic.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—Mouse embryonic stem cells utilized for the screen are male, 129/Sv 

(Pereira et al., 2006). These cells were isolated under a protocol approved by the University 

of Illinois at Chicago Animal Care Committee. Male, 129/Sv ESC that harbor Rex1::GFPd2 

knock-in (A gift from Dr. Austin Smith) (Wray et al., 2011) were used for validation and 

clone construction.

METHOD DETAILS

Culture Methods—Both lines of ESC are passaged every 2–4d gelatin in N2B27 

supplemented with 1 μM PD0325901 (MEKi, Stemgent), 3 μM CHIR99021 (GSK3i, 

Sigma), and 1000 units/mL LIF (Millipore) (2iL). For the screen, cells were passaged on 

tissue culture plates pre-coated with 7.5 μg/ml poly-ornithine (Advanced Biomatrix) and 5 

μg/ml ultrapure laminin (Corning; Novus), as described previously (Buecker et al., 2014). 

For the validation and clone construction, Rex1-GFPd2 cells were passaged on tissue culture 

plates pre-coated with 0.1% gelatin (Millipore).

The conditions for exit from naive pluripotency involve plating cells on plates coated with 

15 μg/mL fibronectin (Millipore) in N2B27 without 2iL(−2iL). Where indicated, Fgf2 12 

ng/mL Fgf2 (R&D) was included after 24h in N2B27. Media was changed daily.
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To differentiate cells to embryoid bodies, cells were first transitioned Knockout DMEM 

(GIBCO #10829–018) supplemented with the following: 15% EmbryoMax ES Cell 

Qualified Fetal Bovine Serum (Millipore), 2 mM L-Glutamine (ThermoFisher), 1000 U/ml 

Pen-Strep (ThermoFisher), 1 mM HEPES, 1 × MEM NEAA (ThermoFisher) 55 uM 2-

mercaptoethanol (ThermoFisher), 100 U/ml LIF. After several passages, 1 million cells were 

plated on bacterial Petri dishes in the above media without LIF. Embryoid bodies were 

prevented from attaching by pipette. 1mL samples of embryoid bodies were taken daily for 

RNA isolation and media was changed every other day by allowing embryoid bodies to 

settle by gravity in a 15mL conical tube. For immunofluorescence experiments, entire plates 

of embryoid bodies were taken at indicated times, allowed to settle by gravity, and fixed in 

4% PFA for 2h (Baillie-Johnson et al., 2015).

For clonogenicity assays, 3000 cells were plated per well of 6-well plate coated with 0.1% 

gelatin in duplicate. At day 7–10, colony counts were performed by hand or by automated 

whole-well imaging on a Nexcelom Celigo Imaging Cytometer. For proliferation assay, cells 

were plated and stained with Hoechst 33342 and propidium iodide and counted on the 

Nexcelom Celigo Imaging Cytometer to determine the number of viable cells.

Treatment concentrations for various drugs are indicated as follows. For Jak inhibition, the 

previously characterized Pyridone 6(1uM or 5uM, Calbiochem) was used(Yi and Merrill, 

2010). For manipulation of intracellular calcium concentration: Cyclosporin A (1uM, 

Sigma), FK506(Tocris, 25uM), VIVIT (Tocris, 15uM), Ionomycin(5uM, Sigma), BAPTA-

AM (1uM, Invitrogen), SEA-0400(100uM, Tocris), human calcitonin(10–100nM, Anaspec), 

and Carboxyeosin(5–50uM, MGTi). For proteasome inhibition, MG-132 was used (5uM, 

Sigma).

Genome-wide Knockout Screen—First, stable Cas9 expressing mESCs were made by 

transducing mESCs with lentivirus containing Lenti-Cas9 Blast (A gift from Feng Zhang, 

Addgene:52962) followed by selection with 2ug/ml blasticidin (ThermoFisher) for 4 days. 

Clones were picked and screened for cas9 activity by transfecting an pKLV-U6-Lef1-

PGKpuro2ABFP (empty, pKLV-U6-Lef1-PGKpure2ABFP was a gift from using Surveyor 

mutation detection kit (IDT).

The genome-wide sgRNA library was purchased from Addgene and utilized as previously 

published with a few modifications (Koike-Yusa et al., 2014). Library amplification was 

performed in liquid culture with selection. Virus construction was performed in HEK293FT 

cells as previously described. 3×107 mESC-Cas9 cells were transduced with library virus, 

selected with 2ug/ml puromycin (ThermoFisher)

Library preparation made use of amplicons with CS1 and CS2 linkers for Illumina 

sequencing. Plasmid, mutant, and enriched mutant libraries were prepared concurrently by 

initial 30 cycle sgRNA specific PCR. 5ng of the sgRNA libraries were barcoded with 

Fluidigm Access Array barcodes using AccuPrime Supermix II (ThermoFisher) PCR mix 

(95°C for 5 m, 8 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s, and one cycle of 

72°C for 7 m). Barcoded PCR products were analyzed on a 2200 TapeStation (Agilent) 
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before and after 2 rounds of 0.6x AMPure bead (Beckman Coulter) purification to exclude 

primer dimers. Sequencing of the libraries was performed on an Illumina HiSeq.

Arrayed Validation Screen

sgRNA design –: Where possible, independent sgRNAs from the screen library were 

designed for validation of the top 40 candidates (Table S6) and cloned into pSP-sgRNA 

(Addgene).

Transfection and Selection –: Within 2 hr of transfections, 2.5 × 105 mESCs were freshly 

plated in each well of 24 wells dishes. For each well, 2.5 μL of Lipofectamine 

2000(ThermoFisher) and relevant DNAs were incubated in 125 μL OPTI-MEM 

(ThermoFisher) before adding to wells. For the Cas9 mutagenesis of 40 distinct genes in ES 

cells, transfections included 175ng pPGKpuro (Addgene), 175ng pX330 (lacking sgRNA 

insert), and 175ng of the relevant pSPgRNA plasmid. To assess background mutation rate 

due to possible deep sequencing or amplification errors, a transfection containing pSPgRNA 

with empty sgRNA site was assessed alongside the other sgRNA-containing transfections. 

Two days after transfection, cells were split into 2 μg/ml puromycin and selection was 

applied for 48hrs before seeding for 2 sequential rounds of replating selection. For each 

round of replating selection, cells were subjected to 4 days in absence of 2iL on fibronectin 

followed by 4 days in 2iL on gelatin. Genomic DNA was isolated at the end of puromycin 

selection and after each round of replating selection by overnight lysis with Bradley Lysis 

buffer (10mM Tris-HCl, 10mM EDTA, 0.5% SDS, 10mM NaCl) containing 1mg/ml 

Proteinase K, followed with EtOH/NaCl precipitation, two 70% EtOH washes, and eluted in 

50 μL of ddH2O or TE.

Targeted deep-sequencing preparation –: Genomic DNA was harvested four days after 

transfection and approximately 100ng of DNA was used in PCR to amplify respective target 

sites while attaching adaptor sequences for subsequent barcoding steps (Table S6). PCR 

products were analyzed via agarose gel. Amplicons were normalized with SequalPrep 

(ThermoFisher) plates followed by pico green quantification and pooled robotically by 

pipetting with the Eppendorf EPmotion. Pooled PCR products were purified with AMPure 

XP beads (Beckman Coulter), and 5ng of the purified pools was barcoded with Fluidigm 

Access Array barcodes using AccuPrime Supermix II (ThermoFisher) (95°C for 5 m, 8 

cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s, and one cycle of 72°C for 7 m). 

Barcoded PCR products were analyzed on a 2200 TapeStation (Agilent) before and after 2 

rounds of 0.6x AMPure XP bead purification to exclude primer dimers. A final pool of 

amplicons was created and loaded onto an Illumina MiniSeq generating 150bp paired-end 

reads. Sequencing data analysis for indel frequency determination is described below.

Creation of Knockout ESCs—Using the sgRNAs from the arrayed validation for chosen 

candidates, transfections were repeated as described above to create a pool of mutants. 12–

24 clones were then picked based on the editing frequencies observed in the arrayed 

validation. Target specific amplicons were created and sequenced by NGS, as above, to 

identify bi-allelic frameshifted mutants.
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Immunofluorescence—Fifty thousand cells were plated on μ-Slide 8 Well, polymer 

coverslip (Ibidi). After indicated culture times, cells were fixed in 4% paraformaldehyde for 

15–20min followed by blocking and permeabilized in blocking buffer (0.3% Triton X-100 

and 5% FBS in PBS). For P-Stat3, an additional permeabilization step of incubation in 

100% ice cold methanol at −20°C for 10 minutes was required prior to blocking. The 

following antibodies were diluted as indicated in Antibody Diluent Buffer (0.3% Triton 

X-100, 5% BSA in PBS) and incubated overnight: RAN (1:100, BD), Tfe3(1:300, Sigma), 

P-Stat3(1:100, Cell Signaling), Non-phospho (Active) β-Catenin (Ser33/37/Thr41) (D13A1) 

(1:800, Cell Signaling), Stat3(1:100, Cell Signaling), Nanog (1:1000, Cell Signaling), 

Sox2(1:200, Cell Signaling), Klf4(1:100, R&D). No primary antibody was used as a 

negative control. In preparation for imaging, cells were washed three times with PBS, then 

incubated for 1–2h in secondary antibody dilution (1:100, Cy5- or FITC- conjugated, 

Jackson ImmunoResearch) Cells were washed, counterstained with DAPI for 15 min, and 

mounted in mounting medium (Ibidi).

Fixed embryoid bodies were washed, blocked, and permeabilized in PBSFT (0.2% Triton 

X-100 and 10% FBS in PBS). The following antibodies were diluted as indicated in 

blocking buffer and inbubated overnight: Nanog (1:1000, Cell Signaling), Mixl1(1:150, 

R&D), Eomes(1:500, Abcam), FoxA2(1:100, Santa Cruz), CK19(1:100, DSHB), 

Sox1(1:100, R&D), Nestin(1:300, BD), βIII-tubulin(1:1000, Promega). No primary antibody 

was used as a negative control. In preparation for imaging, cells were washed five times with 

PBSFT, then incubated for overnight in secondary antibody (1:100, Cy5- conjugated, 

Jackson ImmunoResearch) and Hoechst 33342. Cells were washed with PBT (0.2% Triton 

X-100, 0.2% FBS in PBS) and mounted in mounting medium. When ready for imaging, 

embryoid bodies were pipetted with cut pipette tips onto μ-Slide 18 Well - Flat, polymer 

coverslips (Ibidi).

Cells were imaged immediately on a Zeiss Laser Scanning Confocal Microscope (LSM) 700 

confocal microscope system. Different sample images of the same antigen were acquired 

under constant acquisition settings.

Immunoblotting—Protein for immunoblotting was isolated using either heated SDS-

Loading buffer or actively by freeze-thaw in ice-cold lysis buffer (20 mM HEPES, 1% 

Triton X-100, 150 mM NaCl, 1 mM EDTA, 10 mM sodium pyrophosphate, 100 mM NaF, 5 

mM iodo-acetic acid, 20 nM okadaic acid, 0.2 mM phenylmethylsulfonyl fluoride and a 

complete protease inhibitor cocktail tablet (ThermoFisher)). When the latter lysis buffer 

method was used, protein samples were quantified and normalized by Bradford prior to 

loading for polyacrylamide gel electrophoresis (PAGE) in 8% SDS-PAGE gels. Protein was 

transferred to PVDF, blocked in 5% Milk in 0.1% Tween-20 in TBS(TBST) for at least 1h 

and incubated overnight in either 5% Milk or 5% BSA in TBST with one of the following 

primary antibodies: Non-P, Active B-catenin(1:1000, Cell Signaling, Milk), Total B-

catenin(1:1000, Cell Signaling, Milk), Tcf7l1(1:2000, In-house, Milk), Tubulin-

E7(1:3000,DSHB, Milk), P-Stat3-Y705(1:1000, Cell Signaling, BSA), RanBP3(1:1000, Cell 

Signaling, Milk), P-RanBP3-S58(1:1000, Cell Signaling, BSA), and Anti-HA(1:4000, 

Millipore, Milk).
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Luciferase Assay—Luciferase assay was performed as previously described (Shy et al., 

2013; Yi et al., 2011). Briefly, one hundred thousand cells were transfected at the time of 

plating on 24-well plates using 400ng of a mix of pSuperTOPflash and pRL-CMV (10:1) 

and Lipofectamine 2000 overnight in 2iL. Approximately 18h after transfection, cells were 

washed and placed in either 2iL or 1iL-GSK3i. Cells were harvested 6h later and lysed in 1x 

passive lysis buffer (Promega). Luciferase activity was measured using a Clarity 

luminometer (Bio-Tek) and a dual luciferase reporter assay system (Promega). Each 

transfection was carried out in duplicate, and each experiment was repeated at least twice.

Intracellular Calcium Measurement and Visualization—Measurement of 

intracellular calcium was performed through the use of Fura-2-AM (ThermoFisher). 

Staining was performed in phenol free red media containing 1uM of Fura-2-AM for 30min 

at 37°C. Following staining, de-esterification was allowed to occur in Ca-free Hank’s 

Buffered Saline Solution (HBSS) for 20min. For controls, treatment with Ionomycin (5uM, 

ThermoFisher) in Ca+HBSS or BAPTA-AM (1uM, ThermoFisher) in Ca-free HBSS was 

performed for 10min, all other experimental samples were washed with Ca-free HBSS. 

Whole well, resting intracellular calcium concentration was measured by exciting with 

340nm and 380nm followed by measuring emissions at 510nm on a Tecan Infinite M200, as 

previously described (Martinez et al., 2016, 2017). The Fura2 ratio is the ratio of emission at 

510nm from excitation at 340nm and 380nm(340nm/380nm). For timed experiments, cells 

were plated at the same time and density in 2iL on fibronectin and allowed to exit the naive 

state by placement in N2B27–2iL at differing times that allowed for acquisition all at once.

To visualize intracellular calcium, cells were transfected in 24-well plates using 500ng of 

either pCMV-GCaMP5G or pCMV R-CEPIA1er as described above. 24h later, fifty 

thousand cells were plated on m-Slide 8 Well, glass coverslip (Ibidi) coated with fibronectin 

in indicated treatments for 24h. Cells were then counterstained with Hoechst 33342 and 

imaged live on the Zeiss LSM 710 BiG system.

Flow Cytometry—Cells are prepared for flow cytometry by trypsinization and 

resuspension in PBS + 5%FBS and filtered. Flow cytometry is performed using the BD 

LSRFortessa. Unless otherwise noted, 10,000 live, single cells were collected prior to the 

measurement of Rex1-GFPd2.

Atp2b1-mCh Construction—An sgRNA was designed to target the C terminus of mouse 

Atp2b1 and cloned into px330. A repair template donor was created by PCR with ultramers 

to mCh with homology to the regions surrounding the stop codon of Atp2b1. mESC cells 

were transfected with 250ng each of px330-Atp2b1-Cterm sgRNA and donor. Red positive 

cells were sorted and expanded. The heterogeneous population was expanded, genotyped to 

confirm correct insertion, and then imaged by confocal microscopy.

RanBP3 Complementation and Ran Transfections—mRanBP3 cDNA was 

amplified using target specific primers based on annotations in Ensembl from wild-type 

mESC cDNA. mRanBP3 was cloned Gibson cloning into pKH3-HA-hRanBP3(A gift from 

Yoon, S.O.) (Yoon et al., 2008) linearized by PCR to remove hRanBP3. Cells were 

transfected as described above but with 250ng of pKH3-HA-mRanBP3 or pcDNA3-empty 
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and 250ng pmCherry-C1(Clontech). 24h after transfection cells plated for 48h on fibronectin 

in N2B27 without 2iL then analyzed by flow cytometry. Live, singlet, mCherry+ cells were 

analyzed for Rex1-GFPd2 expression. pmCherry-C1-RanQ69L was corrected to WT by site 

directed mutagenesis and then used as a template to make RanT24N and Ran G19V. Cells 

were transfected and analyzed as in the RanBP3 complementation above.

RNA Isolation and RT-qPCR—RNA was isolated from cells using TRIzol reagent 

(ThermoFisher) followed by column purification with Direct-zol Rna MiniPrep Plus Kit 

(Zymo) with on-column DNase digestion. 3 μg of RNA was converted to cDNA using 

Superscript III (ThermoFisher) and quantitative real time PCR was performed using primers 

indicated in Table S6 combined with 100ng of cDNA from each sample and with Perfecta 

SYBR Green Supermix (QuantaBio). qPCR was performed on a C1000 thermal cycler and 

CFX96 Real Time System (Bio-Rad). The ΔΔCt method was used for quantification and 

plotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Screen Analysis—The data processing and analysis of the screen was performed using 

the Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout(MAGeCK) command 

line tool (Li et al., 2014). MAGeCK analysis takes all the raw sequencing data and an 

sgRNA reference list as input and outputs sgRNA counts/statistics (Table S1) as well as 

gene-level (Table S2) and GO-term hit data (Table S3). The sgRNA count table and gene hit 

information are used as raw data to construct the plots shown in Figure S1 with R scripts.

Targeted deep-sequencing analysis—Determination of indel frequencies made use of 

CRISPResso command line tools that demultiplexed by amplicon, where appropriate, and 

determined indel frequency by alignment to reference amplicon files (Pinello et al., 2016)

(Table S5). Outputs were assembled and analyzed using custom command-line, python, and 

R scripts which are available upon request. Demultiplexed FASTQ files were also aligned to 

the mouse genome to create BAM files for input into CrispRVariants for cut-site and allele 

visualization (Lindsay et al., 2016).

Image Analysis—Immunofluorescence images were processed using a custom Fiji script 

for batch conversion to RGB and montaging for publication(Schindelin et al., 2012). No 

other manipulations were applied to images. Scale bar lengths are indicated in figure 

legends. For Tfe3 quantification, DAPI-labeled nuclei were identified and the average Tfe3 

nuclear fluorescence intensity was quantified using CellProfiler(Broad Institute) (Carpenter 

et al., 2006).

Flow cytometry analysis—Analysis and visualization of flow cytometry data was 

performed using FlowJo (v9.3.2).

Data Visualization and Statistical Analysis—Where applicable, most data 

visualization and statistical analysis was performed use R (v3.3.1), RStudio(v1.1.383), and 

packages: ggplot2, dplyr, magrittr, multcomp, crispRvariants. In some cases, data 

visualization was performed using Microsoft Excel. Schematics and figures were prepared 
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using Adobe Illustrator (v22.1). In barplots throughout figures, data are represented as mean 

± standard deviation or standard error of the mean, as indicated. Statistics were performed in 

R with the package multcomp by performing one-way ANOVA with Tukey contrasts 

followed by p value correction for multiple testing with Benjamini–Hochberg procedure 

(false discovery rate, FDR).

DATA AND SOFTWARE AVAILABILITY

All raw data and custom scripts are either provided as a supplemental table (Tables S1, S2, 

S3, S4, S5, and S6) or are made available on Mendeley Data with https://doi.org/

10.17632/9mfp9n3j6p.1. The accession number for the all sequencing in this paper is 

SRANCBI: SRP151214.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A CRISPR screen identifies Ranbp3 and Atp2b1 as regulators of naive 

pluripotency

• Nuclear export of β-catenin and phospo-Stat3 is reduced in Ranbp3−/− cells

• Atp2b1−/− Tcf7l1−/− double-knockout ESCs sustain self-renewal in N2B27 

alone

• Wild-type ESCs self-renew in N2B27 with the combination of calcitonin and 

GSK3i

MacDougall et al. Page 24

Cell Stem Cell. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. CRISPR Screen for Genes Required for Exit from Naive Pluripotency
(A) (Top) Schematic illustrating the replating assay used to enrich for mutants with defects 

in naive exit. Naive state ESCs in 2iL are transitioned toward epiblast-like cells (EpiLCs) by 

withdrawing 2iL and adding Fgf2. After naive exit, EpiLCs are competent for lineage 

specification. (Bottom) Exit from the naive state is assessed by colony-forming ability in 2iL 

condition. Colony formation drops for wild-type cells after switching media to −2iL + Fgf2 

media. Tcf7l1−/− ESCs serve as a well-characterized, positive control for delayed naive exit. 

Data represent the mean colony count ± SD of n = 2–3.

(B) (Top) Schematic of the CRISPR screen flow illustrating that Cas9-expressing ESCs are 

transduced with a lentiviral sgRNA library and subjected to two rounds of −2iL/+Fgf2-

to-2iL replating for positive selection of mutant phenotypes. (Bottom) The distributions of 

normalized sgRNA counts in the plasmid library and both biological replicates of the screen 
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before and after selection are plotted. n = 2 represents independent lentivirus preparations. 

Related to Table S1 and Figure S1.

(C) Sequencing data for the internal control gene, Tcf7l1, are shown as reads counts for each 

of the 5 individual sgRNAs in the sgRNA library, for both biological replicates (n = 2), 

before and after selection. Data are presented as boxplots with overlaid swarm plots of the 

individual data points.

(D) MAGeCK was used to create a robust ranking algorithm (RRA) score for each gene 

targeted in the screen, taking into account the effect of all sgRNAs targeting that specific 

gene. The ranked RRA score distribution of gene level data with FDR cutoffs demarcated 

and shaded and the top 10 genes plotted as points. n = 2. Related to Table S2.

(E) MAGeCK-RRA was used to score Gene Ontology, biological process terms from all 

sgRNA data. The table shows well-characterized and poorly understood Gene Ontology, 

biological process terms that meet a cutoff of FDR < 10%. Related to Table S3.
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Figure 2. Delayed Loss of Rex1-GFPd2 Naive State Reporter for Mutant ESC Lines
Flow cytometry measurement of GFP fluorescence is shown for all cells after 48 h in either 

2iL, −2iL/+Fgf2, −GSK3i, −GSK3i/−MEKi, or −LIF media (treatment). The mean Rex1-

GFPd2 fluorescence ± SD is shown and relates to the representative flow histograms in 

Figure S2. Wild-type is overlaid on all mutant and control samples as the black, unfilled bars 

for ease of comparison. Mutants are organized by assignment to the clusters illustrated to the 

left. Related to Table S5. n = 2 biological replicates of >10,000 live-cell, singlet events were 

acquired for each treatment of each mutant. The error bars represent SD.
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Figure 3. Ranbp3 Prevents Prolonged Wnt/β-Catenin and Stat3 Activity during Naive Exit
(A) ESCs of the indicated genotype were transfected with the Wnt-reporter construct 

pSuperTOPFLASH and maintained in 2iL or withdrawn from GSK3i for 6 h. The activity of 

the reporter was measured by relative luciferase activity. Data are presented as mean ± SEM 

for n = 4 transfections. * and # represent an FDR < 5% and <10% compared to wild-type, 

respectively.

(B) Western blot was used to detect of active, non-phosphorylated β-catenin, total β-catenin, 

and Tcf7l1 in the presence or absence of GSK3i for 24 h on gelatin for ESCs with the 

indicated genotypes. Levels of beta-tubulin were measured as a loading control. Numbers 

below each band are densitometric intensities rounded to two significant digits. The ratio is 

the intensity of non-phosphorylated β-catenin divided by intensity of total β-catenin bands. 

Blot image is representative of 2 independent experiments; n = 2.
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(C) The localization of active, non-phosphorylated β-catenin was determined using 

immunofluorescence detection in wild-type and Ranbp3−/− ESCs in the presence or absence 

of GSK3i + MG132 for 6 h. Representative images of n = 2 experiments and >10 colonies. 

DAPI is used as a nuclear counterstain. Scale bars represent 10 μm. Yellow square regions 

are shown at right for detail with the nuclei indicated by the yellow arrowhead. Tcf7l1−/− 

cells are shown in Figure S4G.

(D) The localization of active, non-phosphorylated β-catenin was determined using 

immunofluorescence detection in wild-type and Ranbp3−/− cells in the presence or absence 

of 2iL for 24 h + MG132 for the final 6 h. Representative images of n = 2 experiments and 

>10 colonies. DAPI is used as a nuclear counterstain. Scale bars represent 7 μm. Yellow 

square regions are shown at right for detail with the nuclei indicated by the yellow 

arrowhead.

(E) Western blot was used to detect phospho-Stat3(Y706) in wild-type, Tcf7l1−/−, and 

Ranbp3−/− cells in the presence or absence of 2iL for 48 h. Levels of beta-tubulin were 

measured as a loading control. Numbers below each band are densitometric intensities 

rounded to two significant digits. Blot image is representative of 2 independent experiments; 

n = 2.(F) The presence and localization of phospho-Stat3(Y706) in the presence or absence 

of 2iL for 48 h was determined by immunofluorescence detection of phospho-Stat3(Y706) 

in wild-type, Tcf7l1−/−, and Ranbp3−/− cells. Representative images of n = 2 experiments 

and >10 colonies. DAPI is used as a nuclear counterstain. Scale bars represent 10 μm.

(G) The presence and localization of phospho-Stat3(Y706) was determined by 

immunofluorescence in wild-type and Ranbp3−/− cells withdrawn from LIF in the presence 

or absence of JAKi (1 μM or 5 μM) for 6 h. Representative images of n = 2 experiments and 

>10 colonies. DAPI is used as a nuclear counterstain. Scale bars represent 10 μm.
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Figure 4. Reduction of Intracellular Ca2+ Is Required for Exit from the Naive State
(A) Intracellular free Ca2+ was measured with the ratiometric dye, Fura2-AM, over a 48-h 

time course following 2iL withdrawal in wild-type, Tcf7l1−/−, Atp2b1−/−, and Ranbp3−/− 

ESCs. Controls are shown in Figure S5D. Fura2 ratio is the 510-nm emission from 

excitation with 340 nm divided by the 510-nm emission from excitation with 380 nm. Mean 

represents the mean Fura2 ratio ± SD; n = 3.

(B) Flow cytometry analysis of the naive state with Rex1-GFPd2 ESCs of wild-type (left 

panel) and Atp2b1−/− (right panel) cells after 40 h in the presence or absence of 2iL and/or 

BAPTA-AM. n = 2 biological replicates of >10,000 live-cell, singlet events were acquired 

for each treatment histogram.

(C) Flow cytometry analysis of the naive state with Rex1-GFPd2 ESC after 52 h in the 

presence or absence of 2iL with or without NCXi or carboxyeosin (50 μM or 5 μM). n = 2 

biological replicates of >10,000 live-cell, singlet events were acquired for each treatment.

(D) Fluorescence microscopy of Atp2b1-mCH fusion ESCs. An in-frame fusion of mCherry 

to the C-terminal of Atp2b1 was engineered by CRISPR-mediated editing of the endogenous 
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Atp2b1 gene. mCherry signal is shown in red. DAPI (blue) is used as a nuclear counterstain. 

Scale bar represents 7 mm.

(E) Intracellular free Ca2+ is visualized in wild-type or Atp2b1−/− cells transfected with the 

genetically encoded calcium indicator, GCaMP5G. Transfected cells are incubated in N2B27 

in the presence or absence of 2iL for 24 h prior to live-cell imaging. Hoechst is used as a 

nuclear, live-cell counterstain. Scale bars represent 10 μm.

(F) Quantification of the nuclear-to-cytoplasmic ratio of GCaMP5G signal shown in (E) with 

the number of cells quantified shown.
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Figure 5. Atp2b1−/− Tcf7l1−/− Double-Mutant ESCs Self-Renew without Inhibitors or Exogenous 
Lif
(A) Differential interference contrast (DIC) images displaying the morphology and density 

of wild-type, Tcf7l1−/−, Atp2b1−/−, and Atp2b1−/− Tcf7l1−/− double-mutant ESCs in N2B27 

for indicated number of days and passage number. Scale bar represents 200 μm. See also 

Figure S6A.

(B) DIC and epifluorescence images (from Rex1-GFPd2) of Atp2b1−/− Tcf7l1−/− double-

mutant ESCs in N2B27 for 10 passages compared to wild-type cells grown in 2iL. Scale 

bars represent 200 μm.

(C) Flow cytometry analysis of the naive state with Rex1-GFPd2 for wild-type cells cultured 

in 2iL or serum/LIF/GSK3i or Atp2b1−/− Tcf7l1−/− double-mutant cells cultured 

continuously either in 2iL or in N2B27 alone for 15 passages (Inh. Ind, p15). n = 2 

biological replicates of >10,000 live-cell, singlet events were acquired for each treatment. 
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Negative control reference (gray histogram) is wild-type ESCs in N2B27 on fibronectin for 

48 h and is identical in each panel.

(D) The relative mRNA expression (ΔΔCt-method) of naive, formative, and primed state 

marker genes in inhibitor independent, Atp2b1−/− Tcf7l1−/− double-mutant cells maintained 

in N2B27 as measured by qRT-PCR. Bars represent mean ± SD for 3 biological replicates. 

Gapdh expression is used as a loading control. * represents FDR < 5% for indicated 

comparisons except Rex1 and Fgf5, where it represents FDR < 5% for all comparisons.

(E) The presence and localization of Nanog or Klf4 were determined by 

immunofluorescence detection in wild-type, Tcf7l1−/−, Atp2b1−/−, Atp2b1−/− Tcf7l1−/− 

double-mutant ESCs in 2iL, and inhibitor-independent Atp2b1−/− Tcf7l1−/− double-mutant 

ESCs in N2B27. Representative images of n = 2 experiments and >25 colonies. DAPI is 

used as a nuclear counterstain. Scale bars represent 10 μm.
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Figure 6. Combination of Calcitonin and GSK3i (CTCH) in N2B27 Media Supports Self-
Renewal of Wild-Type ESCs
(A) DIC images displaying the morphology and density of wild-type and Atp2b1−/− 

Tcf7l1−/− double-mutant ESCs in 2iL, N2B27 alone, or CTCH media for indicated number 

of passages (P) and days (d). Scale bar represents 200 mm. See also Figures S6F and S6G.

(B) (Left) DIC and epifluorescence images (from Rex1-GFPd2) of wild-type cells in CTCH 

media for 26 passages. (Right) Flow cytometry analysis of the naive state with Rex1-GFPd2 

of wild-type cells in CTCH media (green) or 2iL (red) for 26 passages. n = 2 biological 

replicates of >10,000 live-cell, singlet events were acquired for each sample.

(C) Intracellular free Ca2+ levels are localized in wild-type or Atp2b1−/− cells transfected 

with the genetically encoded calcium indicator, GCaMP5G. Transfected cells are treated 

with 2iL, GSK3i only, calcitonin (CT) only, or combinations thereof. Scale bar represents 14 

μm.

MacDougall et al. Page 34

Cell Stem Cell. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) The relative mRNA expression measured by qRT-PCR (ΔΔCt-method) of naive, 

formative, and primed state marker genes in wild-type cells maintained in CTCH media. 

Data represent mean ± SD for 3 biological replicates. Gapdh expression is used as a loading 

control. * represents FDR < 5% for indicated comparisons.

(E) The relative mRNA expression measured by qRT-PCR (ΔΔCt-method) of pluripotency 

genes and germ layer (ectoderm, mesoderm, and endoderm) marker genes during embryoid 

body differentiation from wild-type cells previously maintained in either 2iL or CTCH 

media. Data represent individual measurements from biological duplicates. See also Figure 

S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Non-phospho (Active) β-Catenin (Ser45) (D2U8Y) 
XP®Rabbit mAb

Cell Signaling Technology Cat#19807; RRID:AM_2650576

β-Catenin (D10A8) XP® Rabbit mAb Cell Signaling Technology Cat# 8480; RRID:AB_11127855

Phospho-Stat3 (Tyr705) (D3A7) XP® Rabbit mAb Cell Signaling Technology Cat# 9145; RRID:AB_2491009

Tcf7l1 Rabbit pAb This Paper N/A

Stat3 (D3Z2G) Rabbit mAb Cell Signaling Technology Cat# 12640; RRID:AB_2629499

Tubulin, Beta Mouse mAb Developmental Studies Hybridoma 
Bank

Cat# E7; RRID:AB_528499

Ran Mouse mAb BD Biosciences Cat# 610340; RRID:AB_397730

Tfe3 Rabbit pAb Sigma-Aldrich Cat# HPA023881; RRID:AB_1857931

Nanog (D2A3) XP® Rabbit mAb (Mouse Specific) Cell Signaling Technology Cat# 8822P; RRID:AB_11217637

Klf4 pAb R&D Cat# AF3158; RRID:AB_2130245

Sox2 (L1D6A2) Mouse mAb Cell Signaling Technology Cat# 4900S; RRID:AB_10560516

RanBP3 Rabbit pAb Cell Signaling Technology Cat# 93706; RRID:AB_2800209

Anti-HA Tag Antibody Millipore Cat#05–904; RRID:AB_417380

Mixl1 Rat mAb R&D Cat# MAB8099

Eomes Rabbit pAb Abcam Cat# ab23345; RRID:AB_778267

FoxA2 Mouse mAb Santa Cruz Cat# sc374376; RRID:AB_10989742

CK19 Rat mAb Developmental Studies Hybridoma 
Bank

Cat# TROMA-III; RRID:AB_2133570

Sox1 Goat pAb R&D Cat# AF3369; RRID:AB_2239879

Nestin Mouse mAb BD Biosciences Cat# 556309; RRID:AB_396354

βIII-tubulin Mouse mAb Promega Cat# G7121; RRID:AB_430874

Chemicals, Peptides, and Recombinant Proteins

PD0325901 Stemgent Cat#38808

CHIR99021 Sigma Cat#SML1046

ESGRO (LIF) Millipore Cat#ESG1107

Poly-L-Ornithine, Solution, 0.1mg/ml Advanced Biomatrix Cat#5058

Laminin ultrapure mouse Corning Cat#354239

EmbryoMax 0.1% Gelatin Solution Millipore Cat#ES006B

Fibronectin Millipore Cat#FC010

Pyridone 6 Calbiochem Cat#420097

Cyclosporin A Sigma Cat#30024

FK506 Tocris Cat#3631

VIVIT Tocris Cat#3930

Ionomycin ThermoFisher Cat#I24222

BAPTA-AM Invitrogen Cat#B6769

SEA-0400 Tocris Cat#6164

5(6)-Carboxyeosin MGTi Cat#M1300

Human Calcitonin Anaspec Cat#AS-20673
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fgf2 R&D Cat#233-FB-025

Blasticidin S HCl ThermoFisher Cat#A11139–03

Puromycin Dihydrochloride ThermoFisher Cat#A1113802

AccuPrime Supermix II ThermoFisher Cat#12341012

AMPure XP Beads Beckman Coulter Cat#A63880

Lipofectamine 2000 ThermoFisher Cat#11668–019

Fura2-AM ThermoFisher Cat#F1221

TRIzol Reagent ThermoFisher Cat#1556026

Perfecta SYBR Green Supermix for iQ QuantaBio Cat#95053

Knockout DMEM ThermoFisher Cat#10829–018

EmbryoMax ES Cell Qualified FBS Millipore Cat#ES-009-B

L-Glutamine ThermoFisher Cat#25030–081

Penicillin-Streptomycin ThermoFisher Cat#15140–163

HyClone HEPES Solution ThermoFisher Cat#SH3023701

MEM Non-Essential Amino Acids Solution ThermoFisher Cat#11140–076

2-mercaptoethanol ThermoFisher Cat#21985023

Hoechst 33342 ThermoFisher Cat#H3570

Critical Commercial Assays

Surveyor Mutation Detection Kit IDT Cat#706020

SequalPrep Normalization Plate Kit, 96-well ThermoFisher Cat#A1051001

Direct-zol RNA Miniprep Plus Kit Zymo Cat#R2072

Experimental Models: Cell Lines

mESC 129/sv Male Pereira et al., 2006 N/A

mESC harboring Rex1::GFPd2 129/sv Male Smith, AS Wray et al., 2011

mESC-Cas9(derived from mESC 129/sv Male) This Paper N/A

Deposited Data

Screen Sequencing Data SRA-NCBI SRP151214

Amplicon Sequencing Data for Validation and Clone 
Construction

SRA-NCBI SRP151214

Raw data including: Uncropped blots, scripts for analysis and 
visualization, etc.

Mendeley https://doi.org/10.17632/9mfp9n3j6p.1

Oligonucleotides

See Table S6 for Oligos Used in this Study N/A

Recombinant DNA

Genome-wide Mouse Lentiviral CRISPR gRNA Library v1 Addgene Addgene:50947

pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene Addgene:42230

pSPgRNA Addgene Addgene:47108

lentiCas9-Blast Addgene Addgene:52962

pKLV-U6gRNA(BbsI)-PGKpuro2ABFP Addgene Addgene:50946

pKLV-U6-Lef1-PGKpuro2ABFP This Paper N/A

pSPgRNAs Used for Validation, Clone Construction, Atp2b1-
mCh See Table S6

This Paper N/A

pPGKpuro Addgene Addgene:11349
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REAGENT or RESOURCE SOURCE IDENTIFIER

pKH3-HA-mRanBP3 This Paper N/A

pmCherry-C1 Clontech Cat#632524

pmCherry-C1-RanQ69L Addgene Addgene:30309

pmCherry-C1-RanWT This Paper N/A

pmCherry-C1-RanG19V This Paper N/A

pmCherry-C1-RanT24N This Paper N/A

pCMV R-CEPIA1er Addgene Addgene:58216

pCMV-GCaMP5G Addgene Addgene:31788

Software and Algorithms

MAGeCK Liu, S Li et al., 2014

R R Project v3.3.1

RStudio RStudio v1.1.383

CRISPResso Pinello, L Pinello et al., 2016

CrispRVariants Lindsay, H, Bioconductor Lindsay et al., 2016

Fiji NIH Schindelin et al., 2012

CellProfiler Broad Institute Carpenter et al., 2006

FlowJo FlowJo V9.3.2

Other

μ-Slide 8 Well, polymer coverslip Ibidi Cat#80826

μ-Slide 8 Well, glass coverslip Ibidi Cat#80827

μ-Slide 18 Well - Flat Uncoated, polymer coverslip Ibidi Cat#81821
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