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Understanding the genetic control of human embryonic stem cell function is foundational for developmental
biology and regenerative medicine. Here we describe an integrated genome-scale loss- and gain-of-function screening
approach to identify genetic networks governing embryonic stem cell proliferation and differentiation into the three
germ layers. We identified a deep link between pluripotency maintenance and survival by showing that genetic
alterations that cause pluripotency dissolution simultaneously increase apoptosis resistance. We discovered that the
chromatin-modifying complex SAGA and in particular its subunit TADA2B are central regulators of pluripotency,
survival, growth, and lineage specification. Joint analysis of all screens revealed that genetic alterations that broadly
inhibit differentiation across multiple germ layers drive proliferation and survival under pluripotency-maintaining
conditions and coincide with known cancer drivers. Our results show the power of integrated multilayer genetic

screening for the robust mapping of complex genetic networks.
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Human embryonic stem cells (hESCs) are of central inter-
est to developmental biology and regenerative medicine.
Their unique biology—capacity for unlimited prolifera-
tion coupled to an unusual cell cycle configuration (Liu
et al. 2019), ability to differentiate into the three germ
layers and a wide array of derivative cell types, and distinc-
tive epigenetic (Gaspar-Maia et al. 2011) and transcription-
al (Efroni et al. 2008) characteristics—makes them a
challenging and fascinating topic of study. Although great
strides have been made in charting the molecular traits of
hESCs (Young 2011), much remains to be learned about
the genetic networks that control their most fundamental
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behaviors: proliferation, survival, pluripotency, and differ-
entiation. Powerful new methods for genome-scale loss-of-
function (Shalem et al. 2014) and gain-of-function (Sack
etal. 2018) genetic screening have opened up new opportu-
nities for high-throughput identification of genes that con-
trol these processes. In murine embryonic stem cells
(ESCs), screens have identified central regulators of pluri-
potency and differentiation (Zambrowicz et al. 1998;
Aubert et al. 2002; Chambers et al. 2003; Pritsker et al.
2006; Hu et al. 2009). Genome-wide screens in hESCs,
which differ from mouse ESCs in several important re-
spects (Yu and Thomson 2008), have been conducted less
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frequently, but have yielded many equally important in-
sights (Chia et al. 2010; Tajonar et al. 2013; Zhang et al.
2013; Shalem et al. 2014; Gonzales et al. 2015; Yilmaz
et al. 2018, 2020; Thry et al. 2019; Li et al. 2019).

Genetic screens represent high-throughput versions of
the classical “one gene—one phenotype” approach of in-
vestigating the effects of individual gene alterations on a
process of interest. However, in most screens, the genetic
underpinnings of only one predefined phenotype (e.g. in-
creased fitness) are interrogated at a time through either
loss- or gain-of-function alterations. This “many genes—
one phenotype” design can be limiting for the robust iden-
tification of complex genetic networks that would best be
probed from many angles, across different conditions, and
with different kinds of perturbations. Such “many genes
—many phenotypes” measurements, ideally integrated
with additional genomic data, would provide a more pre-
cise and comprehensive view of the networks that control
interconnected cellular behaviors such as proliferation
and differentiation.

Here we describe a systematically designed collection
of genome-scale screens defining the effects of gene inac-
tivation (via CRISPR/Cas9) and overexpression (via open
reading frames [ORFs|) on hESC proliferation, survival
and the formation of the three germ layers: endoderm, me-
soderm, and ectoderm. Integrating screen data with or-
thogonal genomic, epigenomic and transcriptomic
information, we paint a comprehensive picture of the
principal genetic networks governing hESC behavior.
We identified an inverse relationship between pluripo-
tency and survival by showing that apoptosis resistance
automatically increases when the pluripotency mainte-
nance network is perturbed. We discovered that the chro-
matin-modifying complex SAGA and in particular its
subunit TADA2B regulate all fundamental hESC func-
tions, including pluripotency, survival, growth and differ-
entiation ability. We identify genes that act as universal
differentiation inhibitors or universal differentiation facil-
itators and show that these genes coincide with known
cancer drivers. Finally, we show that genetic alterations
that interfere with correct germ layer formation drive pro-
liferation under pluripotency-maintaining conditions.
Thus, using a “many genes—many phenotypes” systems
genetics approach, we provide a deep and detailed view
of the core networks that govern hESC behavior.

Results

Genome-wide gain- and loss-of-function screens to
identify regulators of hESC proliferation and germ layer
formation

To identify genes that control hESC proliferation and
germ layer formation, we performed parallel genome-
wide loss- and gain-of-function screens in the male
hESC line HUES64 using a CRISPR/Cas9 library (Wang
etal. 2015; Martin et al. 2017) and a recently developed in-
ducible barcoded OREF library (Fig. 1A; Sack et al. 2018).
We established a reverse tetracycline transactivator
(rtTA)-expressing nonclonal HUES64 subline for the latter
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screen (Materials and Methods). We chose HUES64
because it was extensively investigated as a model system
for epigenetic changes during germ layer formation in pre-
vious studies, providing us with orthogonal reference data
(Bock et al. 2011; Gifford et al. 2013). Successfully trans-
duced cells passed through four distinct screen arms per
library: a “proliferation and survival” screen, and three
germ layer formation screens. During proliferation
screens, cells were grown in pluripotency-maintaining
conditions for 13-16 population doublings (PD) while un-
dergoing regular single-cell dissociation and replating in
the presence of a ROCK inhibitor (Watanabe et al. 2007).
Cell morphology remained consistent throughout this
time period (Fig. 1B, top two panels), and we observed no
population-level changes in pluripotency marker TRA-1-
60 expression (Fig. 1B, bottom panel), indicating that the
majority of cells continued to proliferate as pluripotent
stem cells. We confirmed that no chromosomal abnormal-
ities emerged during the screens by low-coverage whole-
genome sequencing of all replicates at the first and last
collection time points (Supplemental Fig. S1). We quanti-
fied the effect of a gene’s inactivation or overexpression on
cellular fitness under these conditions by comparing the
abundance of single-guide RNA (sgRNA) groups targeting
the same gene, or ORF barcodes mapping to the same
gene, at the beginning and end of the screens. Screens
were analyzed with two different methodologies, edgeR/
Camera (Robinson et al. 2010; Ritchie et al. 2015) and
MAGeCK (Li et al. 2014), which yielded similar results
(see Supplemental Table S1 for full results and false dis-
covery rates). While screening in hESCs is technically
challenging due to the cells’ delicacy and their sensitivity
to Cas9-induced double-strand breaks (Thry et al. 2018), we
conducted rigorous quality controls and benchmarked
performance in comparison with previously published
screens. These results are presented in the Supplemental
Note on screen performance (Supplemental Material).

For the germ layer formation screens, cells were placed
into media that induced differentiation into SOX1/OTX2-
positive ectoderm, Brachyury/HANDI-positive meso-
derm, or GATA4/SOX17-positive definitive endoderm
(Materials and Methods; Supplemental Fig. S2). After 5 d
of differentiation, correctly differentiated cells were sepa-
rated from undifferentiated cells via fluorescence-activat-
ed cell sorting (FACS) (Fig. 1A). We used well-established
cell surface marker combinations that were previously
used in a landmark study on the transcriptional and epige-
netic dynamics of germ layer formation (Gifford et al.
2013). These included up-regulation of CXCR4 for endo-
derm (D’Amour et al. 2005), and loss of EpCAM and up-
regulation of NCAM for mesoderm and ectoderm (Sund-
berg et al. 2009; Evseenko et al. 2010). Please see the Sup-
plemental Note for more details on FACS strategy and
experimental design. This approach enabled us to inte-
grate our screen results with ChIP-seq and RNA-seq
data from this previous work. Genes that affect differ-
entiation efficiency were identified by comparing the
abundance of sgRNAs and ORF barcodes between differ-
entiated and undifferentiation populations with edgeR/
Camera and MAGeCK (Supplemental Table S1).
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Figure 1. CRISPR/Cas9 and ORF expression screens in proliferating and differentiating hESCs. (A) Experimental design schematic.
Transduced cells proliferate for 13-16 populations doublings (PD) in pluripotency-maintaining conditions (mTeSR1 media) or enter 5-d
differentiation protocols to form CXCR4-positive endoderm, EpCAM-negative/NCAM-positive mesoderm, and EpCAM-negative/
NCAM-positive ectoderm. (B) Morphology of transduced cells after selection with puromycin at the beginning (PD0) and end (PD16)
of the proliferation screen. Scale bar, 70 pm. The bottom panel shows TRA-1-60 expression in 293T cells as a negative control, parental
uninfected HUES64, and transduced cells that have completed the proliferation screen (>16 PDs). All panels show cells transduced with
the P1/P3 CRISPR sublibrary. (C) Pairwise correlation coefficients of log, fold changes for all genes between beginning and end time points
in the CRISPR and ORF proliferation screens, across all interrogated cell lines. (D) Log-log P-value plots showing the performance of genes
in the proliferation screens across all cell lines. If a gene has a negative fold change (i.e., is depleted during the screen), it receives a value of
log;o(P-value), while genes with positive fold changes are plotted as —logo(P-value). Therefore, genes in the top right quadrant enrich in
both compared cell lines, genes in the bottom Ieft quadrant drop out in both, and genes in the in the top left and bottom right quadrants
behave in opposite ways. Please note that axes are adjusted to allow optimal viewing of the majority of genes; some outliers with extremely
low P-values (e.g. PMAIP1 in ESCs) are not plotted on this scale.
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hESCs and somatic cells have distinct cell cycle
regulation

We began by comparing hESC proliferation screen results
with equivalent screens that we conducted with the same
libraries in normal human somatic cell lines (Sack et al.
2018). For both CRISPR and OREF libraries, screen-wide
correlation coefficients between hESCs and human mam-
mary epithelial cells (HMECs), human pancreatic nestin-
expressing cells (HPNEs), or human colonic epithelial
cells (HCECs) were substantially lower than correlations
between somatic cell lines, indicating globally distinct
behavior of hESCs (Fig. 1C). We further noticed that across
all of our CRISPR and OREF screens, as well as previously
published data, genetic alterations generally resulted in
less pronounced proliferation phenotypes in hESCs than
in somatic cells (explored in detail in the Supplemental
Note on screen performance), indicating that hESCs’ un-
committed chromatin (Gaspar-Maia et al. 2011) and tran-
scriptional (Efroni et al. 2008) state may make them less
sensitive to perturbation of single pro- or antiproliferative
pathways. Examining the genes that affected proliferation
in somatic cells, but not in hESCs, we noted large discrep-
ancies in the performance of classical cell cycle regula-
tors. While overproduction of MYC and components of
the CDK4/6-Cyclin D complex strongly drove prolifera-
tion in both HMECs and HPNESs, overexpression of these
ORFs had no effect in hESCs (Fig. 1D, top panel). Con-
versely, CDKN1B scored as the number one growth-inhib-
iting ORF in both HMECs and HPNEs, but showed
attenuated effects in hESCs, scoring only as the 176th
most depleted gene (Supplemental Table S1). Similarly,
CRISPR-mediated knockout of CDK inhibitors and
E2F7, a repressor of G1/S transition genes (Westendorp
et al. 2012), enhanced proliferation in HMECs and HCECs
but not hESCs (Fig. 1D, bottom panel). These results are
consistent with documented differences in cell cycle reg-
ulation between pluripotent and differentiated cells. ESCs
go through an accelerated G1 phase and exhibit constitu-
tively high CDK activity and RB phosphorylation, as well
as constitutively high expression of E2F target genes
(White and Dalton 2005). Thus, our screening results ef-
fectively capture the unique cell cycle wiring and dimin-
ished role of the restriction point in hESCs.

Heightened apoptosis readiness characterizes pluripotent
cells in vitro and in the human embryo

Next, we examined genes that enriched during hESC pro-
liferation and passaging when mutated or overexpressed.
The majority of these genes had no effect on the growth
of somatic cell lines (Fig. 2A,C; Supplemental Fig. S3).
Genes that scored in the CRISPR screen (i.e., functioned
as hESC-specific growth and survival suppressors) pre-
dominantly fell into a small number of functional catego-
ries (Fig. 2A). Multiple components of the histone-
modifying Spt-Ada-Genb5 acetyltransferase (SAGA) com-
plex were among the highest-ranking genes, along with
members of the Polycomb repressive complex 1 (PRC1)
and a large number of proapoptotic genes. High-scoring
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genes further included core constituents of the pluripo-
tency network (POU5F1/0OCT4, SOX2, and LIN28A) and
members of differentiation pathways such as retinoic
acid signaling (RARA and RXRA) and WNT signaling
(TCF7L2, CTNNBIP1, and MED13). Gene ontology (GO)
enrichment analysis further revealed that genes involved
in the regulation of interferon-y production had signifi-
cant phenotypes (Fig. 2B). Remarkably, while different
genes enriched in the ORF proliferation screen, they fell
into very similar functional categories (Fig. 2C), including
apoptosis-related genes, PRC1 components, and a subset
of pluripotency- and differentiation-associated genes. In
contrast, CRISPR and OREF screens diverged significantly
with respect to depleted genes. As expected, dropouts in
the CRISPR screen were universally essential genes re-
quired for fundamental aspects of cell function such as
RNA processing and mitochondrial function (Fig. 2B).
They furthermore overlapped highly significantly with es-
sential genes identified in two other hESC lines (Supple-
mental Note on screen performance). In contrast, genes
that inhibited hESC growth when overexpressed were pri-
marily developmental transcription factors that play roles
in later stages of embryogenesis and tissue-specific differ-
entiation. These were represented by GO categories such
as developmental process, cell differentiation, and ana-
tomical structure development (Fig. 2D), potentially
indicating that forced differentiation due to ectopic over-
expression of developmental transcription factors inter-
feres with hESC proliferation.

Practically the entire p53-mediated apoptosis pathway
was present among the top enriched genes in both hESC
screens, with proapoptotic signaling proteins and effec-
tors scoring in the CRISPR arm, and antiapoptotic mem-
bers of the BCL2 family scoring in the ORF arm (Fig. 2E;
Youle and Strasser 2008). With the exception of TP53
and USP28, these genes had no effect on the growth of
somatic cell lines (Fig. 2A,B; Supplemental Fig. S3A,B).
hESCs have a high propensity for undergoing apoptosis
in response to colony dissociation (Watanabe et al. 2007)
and DNA damage (Wilson et al. 2010). This propensity
is caused by high mitochondrial priming; i.e., a high base-
line ratio between proapoptotic and antiapoptotic pro-
teins (Liu et al. 2013). Our results show that lowering
this ratio by overexpressing or inactivating apoptotic ef-
fectors can substantially raise hESCs’ survival likelihood,
as has been seen for BCL2 overexpression (Ardehali et al.
2011). Notably, the scoring of antiapoptotic genes in the
OREF screen suggested that Cas9-mediated toxicity is not
the reason for the enrichment of proapoptotic gene knock-
outs in the CRISPR screen (Thry et al. 2018).

A key question is whether the low apoptotic threshold
of hESCs is an artifact of common culture conditions, or
whether it is hardwired into the pluripotent state, perhaps
in order to ensure efficient elimination of compromised
cells in the epiblast. To address this issue, we first ana-
lyzed RNA-seq data of HUES64 hESCs and their differen-
tiated germ layer derivatives (Gifford et al. 2013). Genes
involved in p53-mediated apoptosis were significantly
up-regulated in undifferentiated hESCs (Fig. 2F, left pan-
els), consistent with the idea that high mitochondrial
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control genes (gray). Error bars show standard deviation of one to four replicates.
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priming is part of the pluripotent phenotype. More impor-
tantly, we found that the same effect can be observed in
human embryos. We analyzed published single-cell
RNA-seq data derived from human preimplantation em-
bryos (Petropoulos et al. 2016) and found that apoptosis-
related genes were highly expressed in the human epiblast
(EPI) and swiftly down-regulated upon differentiation to
primitive endoderm (PE) or trophectoderm (TE) (Fig. 2F,
right panels). PMAIP1, the second most enriched gene in
our CRISPR screen, was among the top 25 up-regulated
genes in a comparison of epiblast versus trophectoderm,
with a precipitous drop of expression upon differentiation
(Fig. 2G). Collectively, these results show that high apo-
ptosis tendency is an integral component of the pluripo-
tent state in vitro and most likely in vivo, as cultured
embryos typically give rise to viable offspring.

We reasoned that a hardwired connection between plu-
ripotency and apoptosis readiness could potentially ex-
plain the counterintuitive observation that loss of core
pluripotency regulators SOX2, OCT4 (POU5FI1), and
LIN28A resulted in a competitive advantage during the
CRISPR proliferation screen (Fig. 2A). In an elegant study
of hESC mitochondrial priming, Liu et al. (2013) showed
that depletion of OCT4 significantly reduces hESC apo-
ptosis in response to DNA damage. Since the ability to
evade apoptosis evidently is one of the dominant selec-
tive pressures in the proliferation and survival screens,
we hypothesized that increased survival of OCT4 or
SOX2 mutant cells during colony dissociation and pas-
saging is responsible for the observed enrichment. To
test this hypothesis directly, we conducted validation ex-
periments with an internally controlled multicolor com-
petition assay (MCA). We generated HUES64 sublines
that constitutively expressed either blue fluorescent pro-
tein (BFP) or the far-red fluorescent protein E2-Crimson
(E2C). Blue cells were transduced with a small pool of
control sgRNAs that had no phenotype in any of our
CRISPR screens (Materials and Methods), while red cells
were transduced with one of two sgRNAs targeting
OCT4. Red and blue cells were then mixed and allowed
to compete against each other in a survival and prolifera-
tion assay. To account for possible effects of BFP or E2C
expression on the cells’ competitive advantage, we also
conducted the experiment with reversed colors (blue
OCT4 mutants with red controls) (Fig. 2H). We observed
a large survival advantage for OCT4 mutants 24 h after
single-cell dissociation and plating in the presence of
ROCK inhibitor (analogous to the proliferation screen
setting) (Fig. 2I). The mutants’ subsequent proliferation
rate was also slightly elevated over control. To determine
whether increased survival of OCT4 mutants was a gene-
ral phenomenon, we repeated the MCA in WIBR3 OCT4-
GFP hESCs (Hockemeyer et al. 2011). In this cell line, en-
hanced green fluorescent protein (eGFP) is integrated into
the endogenous OCT4 locus (following the last OCT4 co-
don and preceded by a 2A sequence for separate transla-
tion), allowing for FACS-based evaluation of OCT4
expression and pluripotency. Expression of sgRNAs
against OCT4 resulted in a loss of GFP expression in up
to 90% of cells (Supplemental Fig. S3C), confirming
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high Cas9 efficiency. As in HUES64, we observed a strong
enrichment of OCT4 mutants during passaging (Fig. 2J),
confirming our hypothesis that pluripotency loss confers
a survival advantage. Effect sizes were similar in HUES64
(mean 1.36-fold enrichment in 24 h) and WIBR3 (1.68-
fold). In contrast to HUES64, the postpassaging prolifera-
tion rate of WIBR3 OCT4 mutants was substantially re-
duced, indicating that this cell line differentiates into a
more slowly proliferating cell type after pluripotency
loss (Fig. 2J). Together, these results suggested that like
OCT4, other CRISPR screen enrichment hits might
also represent genes that are required for pluripotency
maintenance.

The SAGA complex regulates survival and proliferation
in hESCs

A notable result from the CRISPR proliferation screen
was the strong enrichment of chromatin-modifying
SAGA (or STAGA) complex components. SAGA is a large
protein complex that contains a histone acetyltransferase
(HAT) module, a deubiquitination (DUB) module, and
two modules that interact with the transcriptional ma-
chinery (SPT and TAF) (Wang and Dent 2014). Of the
18 proteins that belong to these modules, nine (50%]
scored among the top 100 enriched genes in the CRISPR
screen (P=1.5x1071%). Hits were distributed across all
modules (Fig. 3A). The most striking phenotype was ex-
hibited by TADA2B, a component of the HAT module.
We validated the effect of TADA2B loss in HUES64 using
the MCA. TADA2B mutants showed enhanced survival
during passaging, and also proliferated significantly faster
than wild-type hESCs (Fig. 3B). Increased survival and
proliferation were also observed in WIBR3 TADA2B mu-
tants (Fig. 3C). We furthermore performed a standard
growth assay in a third hESC cell line, UCLAY, and again
observed a large growth advantage in mutants (Fig. 3D),
suggesting that, unlike OCT4, TADA2B loss uniformly
enhances survival and proliferation of hESCs. To deter-
mine whether the strong proproliferative effects of
TADA2B loss were specific to hESCs, as our comparison
with equivalent screens in two somatic cell lines suggest-
ed (Fig. 2A; Supplemental Fig. S3A,B), we analyzed fold
changes after TADA2B loss across CRISPR screens in
626 human cancer cell lines from the Cancer Depend-
ency Map (DepMap). Log, fold changes and dependency
scores (Meyers et al. 2017) for TADA2B were negative
in a majority of DepMap lines, indicating that TADA2B
loss generally does not provide a growth advantage to
somatic cells. The greatest positive log, fold change for
TADAZ2B observed across the DepMap was 3.12, corre-
sponding to an approximately ninefold enrichment dur-
ing the screen. In hESCs, TADA2B mutants enriched
~600-fold (log, fold change 9.24), highlighting the unique
behavior of TADA2B in this cell type (Fig. 3E). Other
common tumor suppressors like TP53 showed compara-
ble performance between the DepMap (which contains
many cell lines that are already TP53 mutant and thus
insensitive to TP53 targeting sgRNAs) and our screens
(Fig. 3E).
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Figure 3. Role of the SAGA complex in hESC survival, proliferation, and pluripotency maintenance. (A) Schematic of the SAGA com-
plex. Components that scored among the top 100 enriched genes in the CRISPR proliferation screen are colored blue and carry their en-
richment rank within the red circle. (B) Survival and proliferation of HUES64 hESCs transduced with sgRNAs against TADA2B (blue/red)
or a set of control genes (gray). (C) Survival and proliferation of WIBR3 OCT4-GFP hESCs transduced with sgRNAs against TADA2B (blue/
red) or a set of control genes (gray). (D) Combined survival and proliferation assay (4 d) in UCLA9 hESCs transduced with sgRNAs against
TADAZ2B or control sgRNAs. (E) Log, fold change distributions for TADA2B and TP53 across 625 cancer cell lines in the DepMap. Log,
fold changes for TADA2B and TP53 from the hESC CRISPR screens (replicates 1 and 2) are indicated as red lines. (F) Identification of highly
correlated gene groups in the DepMap via calculation of pairwise correlations and hierarchical clustering. The top eight correlated gene
groups in the human genome are shown. (G) Correlation-based hierarchical clustering of the top 50 TADA2B-correlated genes in the Dep-
Map. Top hits from the hESC CRISPR proliferation screen (red) are highly significantly enriched among this set of genes. Genes shown in
light-green font scored in the germ layer formation screens (see below). (H) WNT signaling pathway schematic. The enrichment ranks of
genes in the CRISPR (blue) or ORF (green) proliferation screens are plotted within the red circles. Light green for MED12 indicates that it
scored as a differentiation facilitator in germ layer formation screens (see below). (I) OCT4-GFP expression in WIBR3 hESCs transduced
with sgRNAs against SAGA complex components TADA2B, SUPT20H, TAF5L, and ENY2. The top row shows cells cultured in mTeSR1
media, and the bottom row shows cells after 5 d in mTeSR1 media lacking bFGF and TGF-p.
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The large number of SAGA components among the top
scoring hits in the proliferation screen indicated that their
function was nonredundant and unusually tightly corre-
lated. To determine whether high correlations between
SAGA subunits could also be observed in non-hESC cell
lines, we queried the DepMap for highly correlated gene
groups. We calculated pairwise correlations between the
dependency scores for all genes across all cell lines and
used this correlation distance matrix for hierarchical clus-
tering. Based on the resulting dendrogram, we identified
gene groups with the strongest genome-wide associations.
Only one among the top 10 correlated gene groups
contained more than two genes. This was a module con-
taining the SAGA components TADA2B, TADAI,
SUPT20H, and TAF5L (Fig. 3F). The average correlation
coefficient within this module was r=0.87, a remarkably
high value that surpassed even the correlation observed
among members of protein complexes as fundamental as
the mitochondrial membrane respiratory chain NADH de-
hydrogenase/complex I (NDUFB10 and NDUFC2, r=
0.82). To confirm beyond our screen data that other gene
members of this core module behave similarly to TADA2B
in hESCs, we validated the effects of SUPT20H loss with
the MCA and observed enhanced survival in HUES64
and UCLAY, and also increased proliferation in HUES64
(Supplemental Fig. S3D). Hence, our screens reveal
SAGA, a protein complex whose members display some
of the strongest genetic relationships in the human ge-
nome, as a top regulator of survival and proliferation in
hESCs.

To explore the genetic neighborhood of TADA2B in
more detail and identify potential SAGA interaction part-
ners, we extracted the top 50 TADA2B-correlated genes
from the DepMap and clustered them by their pair-wise
dependency score correlations (Fig. 3G). We noted that
the overlap between the TADA2B-correlated genes and
our top 100 hESC CRISPR screen hits was highly signifi-
cant (P=6x 107'°). The analysis revealed tight genetic as-
sociations between SAGA and the Mediator complex (Fig.
3G). Mediator is a general transcription coactivator that is
recruited to target genes by the activation domains of
transcription factors (Allen and Taatjes 2015). Since spe-
cific Mediator subunits (of which there are 26) interact
with different transcription factors, its components are
thought to represent the “end point of cell signaling path-
ways” (Jiang et al. 1998; Allen and Taatjes 2015), enabling
the translation of distinct intracellular and extracellular
signals into specific transcriptional output. SAGA partic-
ipates in this process by modifying and opening chromatin
around transcription start sites and facilitating transcript
elongation (Koutelou et al. 2010). MED13, a component of
the CDK8 module of Mediator that is required for relaying
WNT signals (Allen and Taatjes 2015), was among the top
CRISPR screen hits, in addition to several other members
of the WNT signaling pathway (Fig. 3H). These orthogonal
data from the DepMap confirm that our hESC CRISPR
screen identified an interconnected gene network (con-
sisting of SAGA, several Mediator subunits, and WNT
pathway members) that plays a fundamental role in regu-
lating hESC survival and/or proliferation.
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The SAGA complex is involved in pluripotency
maintenance

While SAGA complex function in hESCs could be pleio-
tropic and include direct acetylation and activation of
p53 (Barlev et al. 2001), the conspicuous position of its sub-
units at the top of the CRISPR screen list along with OCT4
and SOX2 led us to speculate that SAGA may have arole in
pluripotency maintenance. To test the effects of SAGA
loss on pluripotency, we knocked out one component of
each of the four SAGA modules in WIBR3 OCT4-GFP
cells. We chose TADA2B from the HAT module, TAF5L
from the TAF module, SUPT20H from the SPT module,
and ENY2 from the DUB module. All genes but ENY2
were among the top 10 hits in our CRISPR screen, suggest-
ing that ENY2’s function may diverge from the others.
Loss of TADA2B, TAF5L, and SUPT20H caused pro-
nounced down-regulation of OCT4-GFP in WIBR3 cells
in pluripotency-maintaining conditions, while ENY2 mu-
tants largely remained OCT4-GFP-positive (Fig. 3I).
TADA2B, TAF5L, and SUPT20H mutants also lost
OCT4-GFP expression more rapidly than cells transduced
with a control sgRNA when cultured in media that lacked
bFGF and TGF-p, signals that are required for pluripotency
maintenance (Fig. 3I). In contrast, ENY2 mutants were un-
able to down-regulate OCT4-GFP expression, confirming
the divergent function of ENY2 suggested by the hESC
CRISPR screen. We further validated these findings by
measuring RNA levels of pluripotency markers OCT4,
NANOG, and LEFTY1 in SAGA mutants and found that
the results were consistent with accelerated loss of pluri-
potency in TADA2B, TAF5L, and SUPT20H mutants,
and abnormally stable pluripotency in ENY2 mutants
(Supplemental Fig. S4). The same results were obtained
with shRNAs against TADA2B and ENY2 (Supplemental
Fig. S5). We conclude that the SAGA complex has a hither-
to unappreciated but central function regulating major as-
pects of hESC behavior: survival, proliferation, and
pluripotency maintenance. Furthermore, SAGA has previ-
ously been implicated in the activation of some lineage-
specific genes (Chen and Dent 2014), raising the interest-
ing possibility that it also governs differentiation, a func-
tion that is discussed in more detail below.

Loss of the BCOR-PRC1.1 complex enhances hESC
survival

Polycomb repressive complexes PRC1 and PRC2 co-occu-
py the promoters of developmental genes in ESCs and en-
sure the repression of lineage-specific transcriptional
programs (Boyer et al. 2006; Lee et al. 2006; Morey et al.
2012). Loss of EZH2, the catalytic subunit of PRC2, leads
to self-renewal and proliferation defects in hESCs (Collin-
son et al. 2016). Consistent with the latter observation, a
gene set consisting of PRC2 core components EZH2,
SUZ12, EED, and RBBP4 was significantly depleted in
the CRISPR proliferation screen (Fig. 4A). Surprisingly,
we found an inverse phenotype for PRC1. Several PRC1
components stood out among the highest-ranking en-
riched hits in the CRISPR proliferation screen (Fig. 2A),
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Figure 4. Role of the BCOR-PRCI.1 complex in hESC survival, proliferation, and pluripotency maintenance. (A) Gene set enrichment
analysis of PRC1 and PRC2 gene sets in the hESC CRISPR proliferation screen. FDR (GSEA gene set permutation) for PRC1 was adjusted
for testing of all GO cellular component gene sets (discovery phase). PRC2 FDR represents a subsequent targeted analysis. (B) Heat map of
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Schematic summary of proliferation screen results. Loss of pluripotency regulators like SAGA, BCOR/PRCI.1, and OCT4 leads to pluri-
potency loss and increased survival. After cells have exited pluripotency, subsequent proliferation behavior depends on the interaction
between the introduced genetic alteration and cell line-specific differentiation propensities. (K) StringDB protein—protein interaction
(PPI) network of the top 100 hits enriched in the ORF (yellow) and CRISPR (blue) proliferation screens. Genes with fewer than three con-
nections were removed from the network. The PPI enrichment P-value, provided by StringDB to measure whether the network has more
interactions than expected by chance, is <1x1071¢.

GENES & DEVELOPMENT 1535



Naxerova et al.

and this result was further confirmed by gene set enrich-
ment analysis (Fig. 4A). PRC1 members RING1A and
YAF2 were notable hits in the ORF screen, potentially
due to dominant-negative effects (Fig. 2C). The highest-
ranking CRISPR hit was BCOR, a transcriptional
corepressor that is part of a variant PRC1 complex.
BCOR mutant cells enriched ~32-fold over the course of
the screen. Notably, it was recently reported that BCOR
mutations accumulate and expand in induced pluripotent
stem cell lines intended for clinical use (Trounson 2017),
suggesting that BCOR loss confers a selective advantage
in some cell lines.

PRC1 complexes are highly dynamic, and a large num-
ber of variants with different subunits exist (Gao et al.
2012). To investigate whether components of a specific
PRCI1 complex were targeted in our screens, we analyzed
mass spectrometry data in which different PRC1 subunits
were used as bait to recover interacting proteins (Gao et al.
2012). With the exception of CBX2, all screen hits mapped
to the BCOR-containing variant PRC1.1 complex (Fig.
4B). To confirm these results, we investigated survival
and proliferation phenotypes of BCOR mutants in three
hESC lines using the MCA. We found that BCOR loss
leads to significantly enhanced survival during passaging
in all three cell lines (Fig. 4C-E). In UCLA9 and WIBR3,
we also analyzed expression of the pluripotency marker
TRA-1-60 and OCT-GFP, respectively, and found that
BCOR loss led to dissolution of pluripotency (Fig. 4F; Sup-
plemental Fig. S6), in line with recent reports (Wang et al.
2018). These data further support our proposition that
many of our CRISPR screen candidates represent genes
that are required for pluripotency maintenance. In the hu-
man embryo, BCOR had a similar expression profile to
PMAIP1, with high expression in the epiblast and lower
expression in the primitive endoderm and trophectoderm
(Fig. 4G).

Interestingly, while pluripotency loss and enhanced
survival were a ubiquitous result of BCOR loss, increased
proliferation was only observed in HUES64 (Fig. 4C). We
wondered whether, upon loss of pluripotency, HUES64
differentiates into a cell type in which BCOR acts as a tu-
mor suppressor, while UCLA9 and WIBR3 differentiate
into cell types that are not growth-limited by BCOR.
This idea was informed by two lines of evidence. First,
HUESG64 has a strong tendency toward differentiating to-
ward the neuroectoderm. In a “lineage scorecard” com-
parison of hESCs, HUES64 had the highest ectoderm
propensity score and the second highest neural lineage
score among 18 tested hESC lines, indicating that, upon
pluripotency loss, HUES64 assumes a pronounced neural
progenitor-like phenotype (Bock et al. 2011). Second, stud-
ies in ectoderm-derived Drosophila tissues reported a
dichotomy between PRC1 and PRC2 knockout pheno-
types similar to what we observed in HUES64. During lar-
val imaginal eye disc development, loss of PRC2 leads to
hypoproliferation, while PRC1 loss results in dramatic
hyperproliferation and tumor formation (Martinez et al.
2009; Loubiere et al. 2016). If BCOR indeed acts as a con-
served tumor suppressor in developing ectodermal tissues
(potentially through restriction of MYC and YAP1) (Sup-
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plemental Fig. S6), human cancers derived from the devel-
oping ectoderm should be enriched for BCOR loss-of-
function (LOF) mutations. To test this hypothesis, we an-
alyzed BCOR mutations in 20,536 samples from the
TCGA and COSMIC databases. We plotted the ratio be-
tween LOF and benign mutations (an established measure
of the selective pressure exerted on a gene) (Davoli et al.
2013) across 36 cancer types and found that LOF muta-
tions in BCOR were most strongly selected in medullo-
blastoma (Fig. 4H), a childhood cancer that originates in
the cerebellum or dorsal brain stem during embryonic de-
velopment (Gibson et al. 2010). These data nominate
BCOR as a candidate growth suppressor in developing ec-
todermal tissues. Finally, as for TADA2B, we used the
DepMap to define BCOR's genetic neighborhood. Again,
there was a highly significant overlap between BCOR-cor-
related genes and the top 100 hESC CRISPR screen hits
(P =8 x107%) (Fig. 41). The analysis revealed a surprising
genetic association between BCOR complex members,
SAGA component SGF29, and Mediator subunits
MEDI12 and MED24, suggesting that at least in some
cell lines, including hESCs, these proteins are likely to
participate in interconnected processes.

A core gene network controlling pluripotency,
hESC growth, and survival

Taken together, our results strongly support a model in
which loss of components that are required for pluripo-
tency maintenance (OCT4, BCOR, and a subset of SAGA
subunits) leads to pluripotency exit and a concomitant,
hardwired rise in apoptosis resistance and survival (Fig.
4]). This effect is reproducible across all tested hESC lines.
In contrast, the proliferation rate of cells that have exited
pluripotency is cell line- and mutation-dependent.
HUES64 cells have a pronounced tendency to assume a
neuroectodermal fate upon pluripotency loss, and this
fateislikely to influence the genes that confer selective ad-
vantage during subsequent growth. TADA2B stands out as
a gene whose loss drives increased proliferation across all
tested hESC lines.

To integrate the results from CRISPR and ORF screens
and thereby create a definitive reference network of genes
that control pluripotency, growth, and survival in hESCs,
we used the STRING database to combine top enrichment
hits in the form of a protein—protein interaction (PPI) net-
work using experimentally validated or curated interac-
tions only (Fig. 4K). In addition to known pluripotency
regulators (OCT4, SOX2, and LIN28A), three dominant
interconnected subnetworks emerged: the apoptosis ma-
chinery, the SAGA complex, and many closely interacting
genes that are involved in chromatin remodeling and tran-
scriptional regulation, including EP300, POLR2A, and
multiple Mediator complex subunits. Given their physi-
cal interactions and genetic associations, these proteins
likely function together in controlling fundamental
hESC phenotypes. Interestingly, the chromatin remodel-
ing and transcription module also contained the retinoic
acid receptors RARA and RXRA (identified in the CRISPR
screen), which form a heterodimer and activate the
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expression of differentiation-associated genes (Gudas and
Wagner 2011). ORF hits included nuclear receptors
PPARA and PPARG, which compete with RARA for bind-
ing to RXRA (van Neerven et al. 2008). RARA/RXRA sig-
naling leads to chromatin decompaction, recruitment of
the transcriptional machinery to target genes, and the ini-
tiation of lineage-specific gene expression (Gudas and
Wagner 2011). Notably, KAT2A (also known as GCN5),
the histone acetyltransferase component of the SAGA
complex, has been shown to act as a coactivator of retinoic
acid signaling (Vilhais-Neto et al. 2017). These results
raised the intriguing possibility that in addition to its
role in pluripotency maintenance, the SAGA complex
could have a role in lineage specification.

Novel differentiation regulators emerge from germ layer
formation screens

We examined genes that control germ layer formation by
comparing cells collected in the “correctly differentiated”
and “undifferentiated” gates (Fig. 1A; Supplemental Note
on screen performance) with each other. Differentiation
efficiencies varied by protocol: Endoderm and mesoderm
induction media consistently induced differentiation of
>95% of cells, while ectoderm induction media typically
only yielded 15%-50% of differentiated cells. For the en-
doderm and mesoderm, we therefore focused our analyses
on genes that interfere with differentiation when overex-
pressed or inactivated, since statistical power to detect
genes that are depleted in the small number of undifferen-
tiated cells (corresponding to enrichment in the differenti-
ated population) (see the tables in the Supplemental Note
on screen performance for exact cell numbers) is low. Dif-
ferentiated and undifferentiated population sizes were
much more balanced for the ectoderm (Fig. 1A}, enabling
us to examine both sides for that germ layer.

Genes and pathways with known functions in germ lay-
er formation behaved as expected. In the CRISPR screens,
the transcription factor T (Brachyury), a master regulator
of mesodermal differentiation (Yamaguchi et al. 1999),
was the number 5 gene required for mesoderm formation
(Fig. 5A; Supplemental Fig. S7; Supplemental Table S1),
while FOXH]1, an important transcription factor mediator
of Nodal signaling (Yamamoto et al. 2001), was the top
gene required for endoderm formation (Fig. 5B). ZIC2, a
gene whose mutation causes severe brain malformation
(Nagai et al. 2000), was specifically required for ectoderm
formation (Fig. 5A,B). To understand functional gene cate-
gories required for correct differentiation in greater detail,
we performed GO enrichment analysis. Endoderm devel-
opment, nodal/activin receptor signaling, and SMAD pro-
tein complex assembly (represented by FOXH1, SMAD2,
SMAD3, and ACVR1B) were among the top enriched cate-
gories in the endoderm CRISPR screen (Fig. 5C), consistent
with results in other hESC lines and the known function of
the nodal signaling pathway in mediating endodermal dif-
ferentiation (Li et al. 2019). Similarly, several genes that
scored in the mesoderm CRISPR screen belonged to GO
categories “mesoderm formation” (T, MSGN1, SNAII,
and WNT5A) and “primary germ layer formation.” Meso-
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derm hits were also enriched for genes belonging to trans-
synaptic signaling (e.g.,, KCNC4) (Fig. 5C). The SAGA
complex scored as the most important functional category
required for ectoderm formation (Fig. 5C). (Additional de-
tails on SAGA'’s role in differentiation are presented be-
low.) Notably, BCOR scored as the top gene enriched in
differentiated versus undifferentiated ectoderm in the
MAGeCK analysis of the CRISPR P2 sublibrary screen,
further supporting the notion that BCOR acts as a
growth suppressor in the developing ectoderm (Supple-
mental Fig. S7).

As in the proliferation setting, ORF germ layer forma-
tion screens complemented the CRISPR results and
touched on many similar biological themes (Fig. 5D-F;
Supplemental Fig. S7). Genes whose expression blocked
ectoderm, endoderm, or mesoderm formation were pre-
dominantly developmental transcription factors repre-
sented by GO categories “regulation of transcription
by RNA polymerase II,” “anatomical structure morpho-
genesis,” and “cell fate commitment” (Fig. 5F). The
main signaling pathways known to mediate differentia-
tion signals into the three germ layers were clearly delin-
eated in the screen results. WNT signaling drives
mesodermal differentiation (Yamaguchi et al. 1999); con-
sequently, expression of negative WNT pathway regula-
tors (CTNNBIP1, TLE1, and TLE4) strongly inhibited
mesoderm formation (Fig. 5G), and WNT signaling regula-
tion was one the significant GO categories enriched
among mesoderm-inhibiting ORFs (Fig. 5F). Neuroecto-
derm differentiation requires the absence of bone morpho-
genetic protein (BMP) signals (Stern 2006), a fact that was
faithfully recapitulated in the ectoderm screen, where pos-
itive regulators of BMP signaling in particular (BMP6/7),
and members of the TGF-p superfamily in general (GDF7
and INHBB), acted as ectoderm formation inhibitors (Fig.
5G). GO categories “cellular response to BMP stimulus”
and “regulation of MAPK cascade” were significantly en-
riched among ectoderm-inhibiting ORFs (Fig. 5G). In con-
trast, BMP/TGEF-B inhibitors (GREM2, NOG, LDLRAD4,
and SMADG) enhanced ectoderm differentiation (Fig.
5G). Finally, genes implicated in the epithelial-to-mesen-
chymal transition (SNAI1 and SNAI2) and Hippo signaling
(YAP1 and WWTRI1) strongly inhibited endoderm forma-
tion (Fig. 5F). Overall, the results anecdotally suggested
that proper differentiation of a germ layer is disrupted by
ectopic expression of genes that are normally expressed
later in development (e.g., during organogenesis) or in oth-
er lineages. For example, expression of SNAIl and
MSGN, genes that are required for proper mesoderm de-
velopment (Carver et al. 2001; Chalamalasetty et al.
2014), potently blocked endoderm formation (Fig. 5E).
Overexpression of POU3F4, a transcription factor essen-
tial to inner ear development (Phippard et al. 1999), was in-
compatible with mesodermal differentiation (Fig. 5D), as
was expression of PAX8, a transcription factor playing a
major role in kidney and urinary tract development
(Sharma et al. 2015). Of note, some particularly potent me-
soderm-specific transcription factors (T and MSGNI1)
scored as ectoderm enhancers, probably because their
overexpression is sufficient to drive cells into the
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Figure 5. Germ layer formation screens. (4,B) Log-log P-value plots showing the performance of genes in the germ layer formation
CRISPR screens. Genes that block germ layer formation when inactivated are assigned a positive value, and genes that enhance differen-
tiation are given a negative sign. Blue lines correspond to P=0.01 and are meant to be a visual help. Genes are colored by knockout phe-
notype. (Green) Enhancement of ectoderm formation, (purple) blockade of ectoderm formation, (blue) blockade of mesoderm (in A) or
endoderm (in B) formation, (red) blockade of both germ layers, (orange in A) mesoderm formation enhancement, (orange in B) ectoderm
enhancement and endoderm block. (C) GO categories enriched in genes that are required for the formation of the three germ layers
(CRISPR), calculated by GOrilla. All shown categories have an FDR <0.1. (D,E) Log-log P-value plots showing the performance of genes
in the germ layer formation ORF screens. Genes that block germ layer formation when expressed are assigned a positive value, and genes
that enhance differentiation are given a negative sign. Blue lines correspond to P=0.01. Genes are colored by overexpression phenotype.
(Green in D) Enhancement of ectoderm formation, (purple in D) blockade of ectoderm formation, (blue in D) blockade of mesoderm for-
mation (orange in D) ectoderm enhancement and mesoderm block, (blue in E) blockade of mesoderm formation (green in E) blockade of
endoderm formation, (red in D,E) blockade of both germ layers. Again, axes are adjusted for optimal viewing, and genes that are outside the
boundaries are indicated as red points outside the coordinate system. (F) GO categories enriched in genes that inhibit formation of the
three germ layers (ORF), calculated by GOrilla. All shown categories have an FDR <0.1. (G) Behavior of important developmental signal-
ing pathway members in ectoderm and mesoderm ORF screens. Axes are as in D and E. (H) Scatter plot of H3K4me3 changes at gene pro-
moters during differentiation from pluripotent HUES64 to ectoderm or mesoderm. Positive values indicate H3K4me3 gain, and negative
values indicate H3K4me3 loss. (I) As in H for ectoderm and endoderm. (J) Enrichment analysis of the gene set “keratin filament” in en-
doderm and ectoderm ORF screens. FDRs are adjusted for testing of all GO cellular component gene sets. (K) Log-log plot showing the
behavior of KRTAP family members in ectoderm and endoderm ORF screens, including a regression line with confidence interval.
Axes are as in D and E.
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EpCAM-/NCAM+ gate even in the absence of mesoderm
induction media (Fig. 5D).

After confirming that known genes and pathways impli-
cated in germ layer formation behaved as expected, we
turned our attention to novel regulators identified in our
screens. For validation purposes, we wanted to narrow
the significant hits across germ layers down to a smaller
set of genes that were most likely to have large functional
importance. Therefore, we compared our results with
published ENCODE data of histone modification changes
during ectoderm, mesoderm, and endoderm formation in
HUES64 (Gifford et al. 2013). We performed a genome-
wide quantification of the relative change of the activat-
ing histone mark H3K4me3 during differentiation and vi-
sualized promoters that strongly gained H3K4me3 in
particular germ layers. Known transcription factors be-
haved as expected in this analysis: Ectoderm-specific
OTX1 and OTX2 gained H3K4me3 during ectodermal
but not mesodermal differentiation, while GATA4 and
SNAI1 gained H3K4me3 specifically in mesodermal cells
(Fig. 5H). Among the most conspicuous genes emerging
from this analysis was SPRY4, a negative regulator of re-
ceptor tyrosine kinase signaling (Felfly and Klein 2013)
that massively gained H3K4me3 during mesoderm differ-
entiation and simultaneously lost this mark during ecto-
derm formation (Fig. 5H). SPRY4 also was the number 2
gene required for mesoderm formation in our CRISPR
screen (outperforming even T) (Fig. 5A). SPRY4 has previ-
ously been implicated in hematopoiesis (Mendenhall
et al. 2004), but to our knowledge has not been shown to
play a role in early mesoderm formation. We validated
the effects of SPRY4 knockout using the MCA and ob-
served a highly significant blockade of mesodermal differ-
entiation in mutants (Supplemental Fig. S8). An
analogous analysis for H3K4me3 gain during endoderm
formation revealed a small group of genes that strongly
gain H3K4me3 during endodermal but not ectodermal dif-
ferentiation (Fig. 5I). This group included known endoder-
mal differentiation mediators such as GATA4, SOX17,
and GSC, but also MANEA, a poorly characterized endo-
mannosidase located in the Golgi apparatus. In our
CRISPR screen, MANEA was among the top 20 genes re-
quired for endoderm formation (Fig. 5B). Multicolor com-
petition assays confirmed that MANEA mutants show
impaired ability to differentiate into CXCR4-expressing
endoderm (Supplemental Fig. S8). We also further investi-
gated PAGR1 (PAXIP1-associated glutamate-rich protein
1), which scored as the number 2 gene required for endo-
derm formation, along with its interaction partner
PAXIP1 (no. 14 required gene). The PAXIP1/PAGRI pair
already stood out in the DepMap-based analysis of tightly
correlated gene groups (Fig. 3F) and has been suggested to
function in the relay of TGF-B signals (Baas et al. 2018). We
confirmed with the multicolor competition assay that
PAGRI1 mutants indeed showed severe endoderm forma-
tion defects (Supplemental Fig. S8). We also validated
MEDI12, the number 3 gene required for ectoderm forma-
tion (after SAGA complex members SGF29 and TADA2B)
and observed strong differentiation blockade in mutants
(Supplemental Fig. S8). Finally, we validated the effects
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of SNAIl expression on endoderm formation, noting
that as seen in our screen results, SNAII blocked endoder-
mal differentiation, but enhanced mesoderm and ecto-
derm formation (Supplemental Fig. S8).

A novel insight emerging from the ORF differentiation
screens was the potent influence of an unexpected gene
family, the keratin-associated proteins (KRTAPs), on en-
doderm and ectoderm formation. KRTAPs were recently
discovered as tissue-specific drivers of proliferation in hu-
man mammary epithelial cells (an ectodermal derivative)
(Sack et al. 2018). In the ectoderm formation screen,
KRTAPs scored as potent enhancers of differentiation
(or possibly as proliferation drivers in differentiated ecto-
dermal cells) (Fig. 5]). They had the opposite effect in the
endoderm formation screen, and (as a group) behaved neu-
trally in the mesoderm screen. KRTAPs' influence on ec-
toderm and endoderm differentiation was large: In both
cases, the GO category “keratin filament,” which con-
tains mostly KRTAPs, was the most significant out of
434 tested gene sets in the GO “cellular component” cat-
egory. Among the many different KRTAP genes—the fam-
ily consists of 101 members that are chiefly expressed in
hair follicles (Wu et al. 2008) in mature tissues—KRTAP4
and KRTAP10 subfamily members were the most potent
“lineage switches” (Fig. 5K). In conjunction with the ob-
servation that the same KRTAP family members can
drive proliferation in mammary epithelium, these results
suggest the interesting possibility that tissue-specific pro-
liferation drivers found in mature cells (Sack et al. 2018)
are partially established in early development already
(or, alternatively, the pathways that allow them to be
sensed are established).

Identification of general differentiation inhibitors and
enhancers

Beyond identifying genes that control differentiation into
specific cell types, our screen design allowed us to pin-
point genes that are universally required (CRISPR) or uni-
versally incompatible (ORF) with differentiation in
HUES64. We found five ORFs whose expression blocked
differentiation into all three germ layers (Fig. 6A). Two
of the four Yamanaka reprogramming factors (KLF4 and
MYC) (Takahashi and Yamanaka 2006) were in this group
(P=3x1077). OCT4 and SOX2 were not in the ORF li-
brary. Among the five genes, interferon regulatory factor
4 (IRF4), a transcription factor that is predominantly ex-
pressed in the hematopoietic system (Nam and Lim
2016), acted as the most potent differentiation inhibitor,
outperforming both MYC and KLF4. Genes involved in
the regulation of interferon signaling were also signifi-
cantly enriched among CRISPR proliferation screen hits
(Fig. 2B). This is notable in the context of a recent study
that showed that interferon-stimulated genes are highly
expressed in hESCs and down-regulated upon differentia-
tion (Wu et al. 2018). IRF4 was ranked as the number 1, 2,
and 18 differentiation inhibitor in the endoderm, meso-
derm, and ectoderm screens, respectively (average rank
of 7 across all three screens). MYC’s average rank was
16.7, and KLF4’s rank was 86.3. ZNF398 (average rank
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Figure 6. General differentiation facilitators and inhibitors in CRISPR and ORF germ layer formation screens. (A) Venn diagram showing
the overlap between genes that scored as germ layer formation inhibitors when overexpressed (P <0.01). Genes that overlap between germ
layers are listed in full. (B) As in A for CRISPR. The Venn diagram shows the overlap of genes that are required for the formation of multiple
germ layers; i.e., act as general differentiation facilitators. (C) Multicolor competition assays showing differentiation defects in HUES64
transduced with sgRNAs against TADA2B (blue/red) or a set of control genes (gray). The differentiation defect (Y-axis) reflects the inability
of mutants to down-regulate EpCAM (mesoderm/ectoderm) or up-regulate CXCR4 (endoderm). See the Materials and Methods for details
on the definition of differentiation defect values. Error bars show standard deviation. P-values were derived from one-way ANOVA, com-
paring all conditions against the control group and adjusted with Dunnett’s multiple comparisons test. (D) As in C for MYC and IRF4 over-
expression. (E) Overlap between GDIs and GDFs and genes in the Cancer Gene Census. P-values from Fisher’s exact test. (F) Cancer Gene
Census classification of GDIs (ORF) and GDFs (CRISPR). Annotation for each gene is shown exactly as in the Cancer Gene Census. For
some genes, multiple functions have been reported; e.g., IRF4 is annotated as OG, TSG, and FUS. (TSG) Tumor suppressor gene, (OG) on-
cogene, (FUS) fusion. (G) DepMap genes ordered by the correlation between their dependency scores and expression levels. Low depend-
ency scores indicate slower growth upon gene loss; high scores indicate improved growth upon gene loss. Negative correlations were
observed for genes that tend to be more essential as their expression increases (growth-promoting genes). The scatter plot at the left rep-
resents hypothetical data to illustrate the relationship. (H) ORF general differentiation blockers are significantly enriched among growth-
promoting genes. (I}, Genes that are amplified in cancer are significantly enriched among growth-promoting genes. (/,K) Gene set enrich-
ment analysis showing the behavior of GDIs (/) and GDFs (K) during ORF and CRISPR hESC proliferation screens, respectively.
(L) Schematic summarizing the association between differentiation-inhibiting and growth-promoting genetic alterations in hESCs.
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216) is an ERa-interacting transcription factor (Conroy
et al. 2002) with largely unexplored function. We found
that it is specifically expressed in the human epiblast
and down-regulated upon differentiation into trophecto-
derm and primitive endoderm (Supplemental Fig. S9). Fi-
nally, PITX1 (average rank 15.7) is a homeodomain
transcription factor whose loss has been linked to limb ab-
normalities (Klopocki et al. 2012). On the CRISPR side,
only one gene was required for the formation of all three
germ layers: TADA2B, the SAGA complex member that
already stood out in the CRISPR proliferation screen
(Fig. 6B). TADAI, another SAGA complex member, was
among the three genes necessary for both ectoderm and
mesoderm formation (Fig. 6B).

A vital role for TADA2B and the SAGA complex
in differentiation processes

We performed MCAs in HUES64 to validate the effects of
TADAZ2B loss on differentiation efficiency. TADA2B mu-
tants had defects in the formation of all three germ layers
(Fig. 6C). For the ectoderm and mesoderm, failure to
down-regulate EpCAM was more pronounced than failure
to up-regulate NCAM (Supplemental Fig. S9A) indicating
that SAGA was less vital for the induction of differentia-
tion-associated genes than for the correct down-regulation
of the epithelial-like hESC phenotype. Consistent with
this observation, the differentiation defect was least pro-
nounced for the endoderm, where, according to estab-
lished protocols (Gifford et al. 2013), we only measured
CXCR4 up-regulation without monitoring EpCAM
down-regulation. The requirement for TADA2B during
endoderm, mesoderm, and ectoderm differentiation was
further validated in WIBR3 hESCs (Supplemental Fig.
S9B). Note that many other genes that are important for
pluripotency maintenance (e.g.,, OCT4 or SOX2) did not
score in any of the differentiation screens discussed above,
highlighting the unique dual role of TADA2B and the
SAGA complex in the regulation of both pluripotency
and differentiation.

IRF4 expression blocks germ layer formation

Like TADAZ2B loss, IRF4 expression potently blocked dif-
ferentiation into all three germ layers (Fig. 6D). We vali-
dated it side by side with MYC for comparative purposes
and, as in the screens, its effects were more pronounced
than MYC'’s in two out of three germ layers. Notably, as
for TADA2B, the ectoderm and mesoderm differentiation
defects were more severe with respect to EpCAM down-
regulation than to NCAM up-regulation (Supplemental
Fig. S10A). Given the differentiation defect similarities
between TADA2B loss and IRF4 expression, we next
wanted to evaluate whether elevated IRF4 levels also
lead to pluripotency exit. While MYC overexpression led
to a small but reproducible reduction in TRA-1-60 expres-
sion in HUES64 (Supplemental Fig. S10), IRF4 expression
slightly increased overall TRA-1-60 levels, indicating
that, unlike SAGA loss, IRF4 expression does not result
in overt pluripotency dissolution. To understand tran-
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scriptional regulation by IRF4 in greater detail, we com-
pared published gene expression data of IRF4~/~ and
IRF4-overexpressing primary B cells (Ochiai et al. 2013).
As expected, genes up-regulated in IRF4-expressing cells
were highly enriched for IRF4 targets identified by inde-
pendent studies (Supplemental Fig. S10C). Notably, the
third most up-regulated transcript in IRF4-expressing
cells (after IRF4 itself and Rhophilin-2) was EpCAM, sug-
gesting that IRF4 may in part block differentiation by sus-
taining EpCAM expression (consistent with our flow
cytometry results). Gene set enrichment analysis further
revealed that MYC targets were significantly up-regulated
in IRF4-expressing cells (Supplemental Fig. S10C), in line
with a known role for IRF4 in MYC activation (Weile-
mann et al. 2015) that could partially contribute to
IRF4’s effects in hESCs. Interestingly, several gene sets
representing pluripotency-specific gene signatures were
also significantly up-regulated in IRF4-expressing cells
(Supplemental Fig. S10C), further suggesting the possibil-
ity that IRF4 may drive the expression of a subset of pluri-
potency-associated genes and thus interfere with
differentiation.

General differentiation inhibitors and facilitators
are cancer drivers

We noted that like MYC, IRF4 acts as a potent oncogene
in several malignancies, including multiple myeloma
(Shaffer et al. 2008) and T-cell lymphoma (Boddicker
et al. 2015). This raised the question of whether ORFs
that broadly inhibit hESC differentiation are enriched
for oncogenes. To enable a broader analysis, we defined ge-
neral differentiation inhibitors (GDIs) as ORFs that
blocked formation of at least two germ layers (correspond-
ing to the overlapping fields of the Venn diagrams in Fig.
6A, n=53). Similarly, we defined as general differentiation
facilitators (GDFs) genes that were required for the forma-
tion of at least two germ layers (overlapping fields of the
Venn diagram in Fig. 6B, n=9). Both GDIs and GDFs
were significantly more likely to be cancer driver genes
(as defined by the COSMIC Cancer Gene Census) than ex-
pected by chance (P=2x107* for GDFs and P=3x107%°
for GDIs, Fisher’s exact test) (Fig. 6E). Examining their
role in the census annotation, we found that the largest
fraction of GDIs was classified as fusion oncogenes (FUS
and OG), while the largest fraction of GDFs was annotated
as tumor suppressors (TSG) (Fig. 6F). This is consistent
with the recovery of these genes from gain-of-function
and loss-of function screens, respectively. We conclude
that genetic alterations that broadly inhibit correct differ-
entiation of hESCs coincide with genetic alterations that
promote cancer development in somatic tissues.

To study the connection between general differentia-
tion regulators and cancer drivers further, we returned
to the DepMap. Cancer cells often depend on the expres-
sion of specific oncogenes (e.g.,, MYC) (Jain et al. 2002)
to sustain their growth and survival, a phenomenon
termed “oncogene addiction” (Weinstein 2002). Onco-
genes exist in three partially overlapping classes: those
that can be activated by point mutations (e.g., KRAS),
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those that gain a novel function (e.g., IDH1), or those that
are primarily activated by overexpression (e.g., MYC). The
latter class is the most difficult to identify. We reasoned
that we could identify genes that behave like oncogenes
(or, more generally, growth-promoting genes) by evaluat-
ing whether dependency on a gene rises with its expres-
sion level (Fig. 6G). The advantage of extracting
oncogenes from the DepMap in this manner—over the
use of categorical lists as found in the Cancer Gene Cen-
sus—is that the strength of the expression-dependency
correlation allows for a straightforward quantitative rank-
ing of growth-promoting genes. Remarkably, after calcu-
lating correlations between expression and dependency
score across all genes, we found that IRF4 emerged as
the number 1 growth-promoting gene (Fig. 6G). PAX8
was third, and MYC was number 15. To determine wheth-
er GDIs generally overlapped with growth-promoting
genes, we conducted gene set enrichment analysis on
the basis of genes ranked by their dependency score-ex-
pression correlation. We found a highly significant enrich-
ment of GDIs among growth-promoting genes (FDR =0)
(Fig. 6H). Genes that are frequently amplified in cancer
were also enriched among DepMap growth promoters
(FDR=0) (Fig. 6I) and furthermore significantly over-
lapped with GDIs (P=0.016, Fisher’s exact test).

Genetic alterations that inhibit differentiation drive
proliferation

These results demonstrated that ORFs whose expression
widely perturbs differentiation decisions in our germ layer
screens coincide with growth-promoting genes in general
and oncogenes in particular. This is consistent with the
widely documented observation that many cancer-caus-
ing mutations (in both oncogenes [e.g.,, CTNNBI1] and tu-
mor suppressors [e.g., APC or NOTCHI1]) function by
disturbing the balance between proliferation and differen-
tiation in tissue stem cells and their progeny (Vogelstein
et al. 2013; Alcolea et al. 2014). Under the model of a dy-
namic proliferation-differentiation equilibrium, genetic
alterations that inhibit correct differentiation thus
(directly or indirectly) also confer increased proliferative
and survival capacity. To determine whether such an equi-
librium was detectable in our paired proliferation-germ
layer formation screens, we tested whether ORF general
differentiation inhibitors were enriched among top scoring
genes in the ORF proliferation screen. Indeed, we found a
highly significant overlap between the 100 most enriched
genes in the ORF proliferation screen and ORF general dif-
ferentiation inhibitors (overlap=6, P=5.5 x 107°, Fisher’s
exact test). Gene set enrichment analysis further con-
firmed that expression of genes that inhibit differentiation
drives proliferation (FDR =0.007) (Fig. 6]). The significant
overlap of differentiation inhibitors and proliferation en-
hancers was mainly driven by FOSB, BCL2L2, KLFI,
ESRRG, WWTR1, and NANOGPS, which scored with sig-
nificant effect sizes in the proliferation screen. Similarly,
in the loss-of-function setting, the overlap between
the 100 most enriched genes in the CRISPR prolifera-
tion screen and GDFs was highly significant (overlap =5,
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P=5.7x1071° Fisher’s exact test) and could be further con-
firmed by gene set enrichment analysis (FDR = 0) (Fig. 6K).
TADA2B, TADAI, RARA, NF2, and RBM15 were the
most dominant contributors to this effect.

Together, these results show that genetic alterations
that interfere with differentiation by causing abnormal re-
tention of epithelial characteristics and/or a failure to up-
regulate differentiation-associated markers are also dis-
proportionately involved in driving hESC proliferation
(Fig. 6L). The same characteristics can often be observed
for genes that act as oncogenes or tumor suppressors in
somatic tissues (Vogelstein et al. 2013). A prime example
explored in detail here is TADA2B, a gene that controls
hESC pluripotency, survival, and proliferation, and also
plays a central role in differentiation decisions.

Discussion

The genetic regulation of hESC proliferation, survival, and
differentiation is of immense interest, as these processes
set the stage on which further human development un-
folds and are critically important for regenerative medi-
cine applications. Consequently, the epigenetic
landscape of hESCs and their differentiated derivatives
hasbeen studied in great detail (Mikkelsen et al. 2007; Gif-
ford et al. 2013; Xie et al. 2013; Tsankov et al. 2015). Here
we layer on this knowledge functional gene information
derived from genome-scale loss- and gain-of-function per-
turbations of hESC proliferation and differentiation.

Among the most interesting insights emerging from our
integrated screening approach are the manifold intercon-
nections between proliferation, survival, pluripotency,
and differentiation phenotypes. These interconnections
are hardwired through specific genetic networks and like-
ly serve particular and important purposes. For example,
an intimate relationship between pluripotency and sur-
vival capacity (illustrated in detail by our studies of
TADA2B, SUPT20H, BCOR, and OCT4 loss) may be re-
quired to ensure that damaged cells apoptose with high
efficiency in early embryonic development, thus prevent-
ing compromised progeny from contributing to the
developing embryo. The evolutionary cost of failed gesta-
tion is immense and under significant evolutionary
pressure.

Increased survival upon pluripotency loss appears to be
a universal phenomenon. In contrast, proliferation pheno-
types after loss of key pluripotency-maintaining genes are
variable and cell line-dependent, as illustrated by our
comparative analysis of BCOR and OCT4 loss across dif-
ferent cell lines. Evidently, the precise effect of gene
knockout depends on the cell type into which an hESC
line differentiates after pluripotency resolution. This is
consistent with the highly tissue-specific nature of prolif-
eration control (Sack et al. 2018) and has implications for
future work in hESC lines, which have a reputation for ex-
cessive variability in their response to genetic perturba-
tions. Our results indicate that this variability is a
function of lineage bias and may thus be able to be predict-
ed and controlled for prospectively. TADA2B stands out



as a gene that maintains pluripotency and limits prolifer-
ation and survival across all tested cell lines, suggesting
that it holds a unique position in the hESC control
network.

Another fascinating connection is the relationship be-
tween proliferation/survival and differentiation pheno-
types, discernible in both the loss- and gain-of-function
setting. What are the molecular underpinnings of this
link? A variety of mechanisms may be at play. First, we
have to consider the possibility that loss of pluripotency
simply leads to reduced lineage potential and impaired dif-
ferentiation. Our screening results suggest that this is not
the main explanation, as loss of classical pluripotency reg-
ulators like OCT4 or SOX2 did not result in a differentia-
tion phenotype in any of the germ layer formation screens.
Loss of BCOR even enhanced ectoderm differentiation. A
second possibility is that the cell cycle directly regulates
differentiation and vice versa, a notion for which exten-
sive support exists in the literature (Liu et al. 2019).
ESCs have an unusually short G1 phase that lengthens
upon cell fate specification (Dalton 2015). G1 has general-
ly been found to associate with increased sensitivity to
differentiation signals; its length may therefore determine
the balance between self-renewal and differentiation
(Hardwick and Philpott 2014). Proteins expressed at differ-
ent cell cycle stages appear to have dense interactions
with differentiation pathways. For example, CDK4/6—cy-
clin D complexes accumulating during G1 phase repress
Activin/Nodal signaling and inhibit mesendodermal
differentiation (Pauklin and Vallier 2013}, and cyclin D in-
teracts with transcription factors to modulate develop-
mental gene expression directly (Pauklin et al. 2016).
ATM/ATR signaling during S phase directly supports plu-
ripotency maintenance through enhancement of TGF-
signaling (Gonzales et al. 2015). Furthermore, cell cycle
exit, such as that afforded by CDK inhibitors p21 and
p57, is known to be required for muscle cell differentia-
tion (Zhang et al. 1999). Thus, it is likely that genetic al-
terations that drive progression through the cell cycle
and shorten G1 phase will inhibit differentiation. Howev-
er, most of the genes that scored as GDIs or GDFs with
simultaneous proliferation phenotypes were not classical
cell cycle regulators such as cyclins or CDK inhibitors. In-
stead, they tended to be genes that are involved in the
transduction of differentiation signals. Examples include
RARA (CRISPR/retinoic acid signaling), MEDI12
(CRISPR/WNT signaling), NF2 (CRISPR/Hippo), and
WWTRI1 (ORF/Hippo). This raises the interesting third
possibility that some genetic networks that are involved
in differentiation initiation additionally “moonlight” as
regulators of proliferation and/or survival under pluripo-
tency-maintaining conditions to coordinate cell prolifera-
tion and differentiation processes. A well-known example
of such moonlighting is the aforementioned Activin/Nod-
al pathway, which is required for endoderm formation but
also is essential for the maintenance of pluripotency (Val-
lier et al. 2005; Pauklin and Vallier 2015). Our results sug-
gest that WNT, retinoic acid, and Hippo pathways, as well
as pathways that function through SAGA/Mediator, may
behave similarly.

Human embryonic stem cell genetic networks

The connection between proliferation/survival and dif-
ferentiation is furthermore particularly interesting
because it plays a large role in carcinogenesis. Hyperprolif-
eration coupled to differentiation defects is a hallmark of
most malignancies, evident on the morphological as well
as molecular levels (Ben-Porath et al. 2008; Naxerova et al.
2008). We observed a significant enrichment of cancer
drivers among GDFs and GDIs, with ORF screen hits
matching oncogenes and CRISPR screen hits matching tu-
mor suppressors. While not all GDFs/GDIs have prolifer-
ation phenotypes, and not all proliferation regulators
affect differentiation, the significant overlap between
the two categories suggests the existence of a prime pool
of “dual regulators” that is subject to selection in different
cancer types. For example, both WWTRI1 overexpression
(ORF/GDI) and NF2 loss (CRISPR/GDF) drive prolifera-
tion/survival under pluripotency-maintaining conditions,
inhibit differentiation into endoderm and ectoderm, and
act as cancer drivers across multiple tumor types (as an
oncogene and tumor suppressor gene, respectively). It is
conceivable that alteration of such dual regulators is par-
ticularly useful from the perspective of an incipient tumor
because in addition to gaining a proliferative or survival
advantage through the alteration, the simultaneous
built-in differentiation defect supports continued rapid
cell cycle progression through additional independent
mechanisms (such as maintenance of a short G1 phase
upon failure to differentiate) (see the discussion above), re-
sulting in particularly robust hyperproliferation pheno-
types. Further dissection of the genetic regulation
underpinning these linked cellular phenotypes will hope-
fully contribute to a deeper understanding of development
and carcinogenesis alike.

The eight gain-of-function and loss-of-function screens
performed in this study have provided the most extensive
examination of gene functionality in hESCs to date. Alto-
gether, they have implicated hundreds of genes in critical
aspects of hESC proliferation, survival, pluripotency
maintenance, and control of mesoderm, ectoderm, and
endoderm differentiation. The pairing of loss- and gain-
of-function analyses has been particularly powerful in
identifying rate-limiting steps in processes controlling
hESC homeostasis and differentiation, with important
connections between fundamental developmental roles
and tumorigenesis. The extensive nature of these analyses
provides a genetic blueprint underpinning early decisions
in development and will act as a foundation on which to
guide future exploration of these factors in processes crit-
ical to human health and disease.

Materials and methods

Libraries, lentiviral transduction, and genome-wide screening in HUES64

Both CRISPR and OREF libraries have been described previously
(Wang et al. 2015; Martin et al. 2017; Sack et al. 2018). The
CRISPR library comprised 18,166 genes with five gRNAs per
gene and was subdivided into three pools (P1, P2, and P3). To
keep the screen size manageable, we screened P1/P3 and P2 sep-
arately. The doxycycline-inducible ORF library corresponded to
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“Library 2” in our previously published study (Sack et al. 2018)
and comprised 13,255 unique genes. To generate an rt TA-express-
ing population suitable for screening with the ORF library,
HUES64 cells were transduced with pInducer20-EGFP lentivirus
(Meerbrey et al. 2011) and induced with 1 pg/mL doxycycline
(dox) for 2 d. Subsequently, 40%-45% of the cells with the high-
est EGFP signal were sorted and expanded. This population was
then used for transduction with the ORF library.

CRISPR and OREF libraries were screened at a low multiplicity
of infection (0.2-0.3) and at a representation of 500. All screens
were performed in duplicate (i.e., consisted of two separately
transduced pools). Our protocol for virus production in 293T
has been described elsewhere (Sack et al. 2018). One day before
lentiviral transduction, HUES64 cells were dissociated into sin-
gle cells with Accutase (Thermo Fisher) and plated in 10-cm dish-
es at a density of 60,000-80,000/cm? in the presence of 10 uM
ROCK inhibitor Y-27632 (Stem Cell Technologies). The next
day, lentivirus was added along with 4 pg/mL polybrene to facil-
itate infection. Twenty-four hours later, cells were placed into
media containing 1 pg/mL puromycin and maintained in these
media until an uninfected control plate was dead. Puromycin-
free media were used for the remainder of the screens. For CRISPR
screens, we waited 6-10 d after transduction before collecting the
first reference time point (PDO) to allow sufficient time for intro-
duction and repair of double-strand breaks by Cas9. For the ORF
screen, cells were allowed to recover for 3 d after puromycin selec-
tion was complete and were then placed into media containing 1
pg/mL dox for 1 d before collecting the PDO time point. Subse-
quently, cells were maintained for 13 (ORF) to 16 (CRISPR) pop-
ulation doublings in mTeSR1 media (supplemented with 1 pg/
mL dox in the ORF screen), dissociated with Accutase every 4
d, and replated as single cells with 10 uM ROCK inhibitor at a
density of ~18,000/cm?. During every passage, cell pellets were
collected and immediately frozen at —80°C. Methods for prepara-
tion of genomic DNA from cell pellets, PCR amplification of
sgRNAs, and ORF barcodes and sequencing have been described
previously (Martin et al. 2017; Sack et al. 2018).

Germ layer differentiation and fluorescence-activated cell sorting

For ectoderm formation screens, transduced single cells were
plated at a density of ~55,000/cm? in the presence of ROCK inhib-
itor. On the next day (day 1), cells were exposed to previously de-
scribed ectoderm induction media (Gifford et al. 2013) containing
2 pM BMP inhibitor dorsomorphin (Tocris 3093), Wnt inhibitor
PNU 74654 (Tocris 3534), and TGF- inhibitor A 83-01 (Tocris
2939). For mesoderm formation, cells were plated at the same
density as for ectoderm and exposed to commercially available
mesoderm induction media (Stem Cell Technologies 05221).
For endoderm differentiation, cells were plated at a high density
(~220,000/cm?) and exposed to commercially available endoderm
induction media (Stem Cell Technologies 05110). The correct
performance of these protocols was confirmed by staining for lin-
eage-specific transcription factors with a germ layer antibody kit
(R&D SCO022), according to the manufacturer’s instructions. On
the fifth day of differentiation, cells were dissociated with Accu-
tase and sorted on a FACSAria instrument (BD Biosciences) in the
presence of ROCK inhibitor. Gates were as shown in Figure 1A,
with adjustments depending on the differentiation efficiencies
achieved for a specific library. We used the following antibodies:
PerCP-Cy 5.5 mouse antihuman EpCAM (BD Biosciences
347199), CD56 PE clone NCAM16.2 (BD Biosciences 340724),
and PE-Cy 5 mouse antihuman CDI184 (BD Biosciences
555975). For TRA-1-60 staining, we used antihuman TRA-1-60
antibody and clone TRA-1-60R (Stem Cell Technologies
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60064PE). To stain differentiated germ layers for immunofluores-
cence imaging, we used antibodies from the human three-germ
layer three-color immunocytochemistry kit (R&D SC022).

Additional Materials and Methods are available in the Supple-
mental Material.
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