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A chromatin-focused CRISPR screen
identifies USP22 as a barrier to somatic
cell reprogramming
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Cell-autonomous barriers to reprogramming somatic cells into induced pluripotent stem cells (iPSCs)
remain poorly understood. Using a focused CRISPR-Cas9 screen, we identified Ubiquitin-specific
peptidase 22 (USP22) as a key chromatin-based barrier to human iPSC derivation. Suppression of
USP22 significantly enhances reprogramming efficiency. Surprisingly, this effect is likely to be
independent of USP22’s deubiquitinase activity or its association with the SAGA complex, as shown
throughmodule-specific knockouts, and genetic rescue experiments. USP22 is not required for iPSC
derivation or maintenance. Mechanistically, USP22 loss during reprogramming downregulates
fibroblast-specific genes while activating pluripotency-associated genes, including DNMT3L,
LIN28A, SOX2, andGDF3. Additionally, USP22 loss enhances reprogramming efficiency under naïve
stem cell conditions. These findings reveal an unrecognized role for USP22 inmaintaining somatic cell
identity and repressing pluripotency genes, highlighting its potential as a target to improve
reprogramming efficiency.

ExpressionOCT4, SOX2,KLF4, andMYC (OSKM) can reprogram somatic
cells into induced pluripotent stem cells (iPSCs)1,2. Reprogramming is
characterized by distinct phases in which a series of cellular and molecular
transitions takes place3. In the initial phase, cell proliferation increases,
somatic transcription program is downregulated and mesenchymal-to-
epithelial transition occurs4,5. During the maturation stage, developmental
genes are transiently upregulated and pluripotency-associated genes are
turned on. At the end of reprogramming, pluripotency network is stabilized
and emerging iPSCs become transgene-independent6. iPSC generation
efficiency from human adult somatic cells such as fibroblasts is lower than
0.1% even when OSKM factors are provided to each cell at high copy
number7. This observation suggests that there are intrinsic, cell-autonomous
barriers to reprogramming. Identification of such barriers may uncover
mechanisms that control cell proliferation, maintain cellular identity, or
actively repress pluripotency8–10.

USP22 is a member of the deubiquitinase module of SAGA (SPT-
ADA-GCN5 acetylase) complex11. SAGA complex is conserved from
yeast to human and regulates gene expression through histone mod-
ifications and recruitment of transcription machinery12–14. It consists of

more than 20 proteins grouped in 5 major modules: histone acetylation
module (HAT), core module, TF- (transcription factor) binding module,
deubiquitination module (DUB) and splicing module15,16. Although
USP22 contains zinc-finger and deubiquitinase domains, it does not have
deubiquitinase activity by itself 17–20. USP22 requires additional regulatory
proteins such as ATXN7L3 and ENY2 for its enzymatic activity and
ATXN7 for coupling to the remainder modules of SAGA complex18,21.
USP22 has both histone (H2B) and non-histone protein targets22–26 and
several reports indicate that DUB module may function independently
from SAGA complex16,27.

USP22 has been studied in the context of mouse embryonic
development26,28, pluripotency exit29 and extra-embryonic lineage
differentiation28,30. USP22 null mouse embryos cannot undergo full devel-
opment. USP22 knockout embryos start to die at E9.5 and at E14.5 no
embryos remain alive, pointing to an essential role forUSP22 duringmouse
development28. Inmouse embryonic stemcells (mESC),USP22 knockdown
upregulates SOX2 expression and attenuates the inductionof differentiation
marker genes in embryoid body formation assays29. These results suggest
that USP22 controls pluripotency exit and differentiation into three germ
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layers through its deubiquitinase activity.AdditionalUSP22KOphenotypes
in the mouse are failure to develop proper vasculature in placenta28 and
abnormalities in intestinal epithelial lineage specification30. These results
may explain the embryonic-lethality phenotypeofUSP22knockout inmice.
However, to date, the role of USP22 in human development and differ-
entiation has not been investigated.

Previous studies have demonstrated that epigenetic factors, which
activate gene transcription, can serve as impediments to cellular repro-
gramming by preserving the identity of somatic cells. For instance, inhi-
bition of factors such as SUMO, FACT, RPAP1, BRD9, and CBP/EP300
have all been shown to facilitate somatic cell reprogramming8,31–35. Con-
versely, the inhibition of epigenetic factors that suppress gene expression,
such as DNAmethylation, H3K9methylation, and histone deacetylation,
enhances reprogramming efficiency by promoting the activation of
the pluripotency network31,36–39. Recent genetic screens employing
CRISPR-Cas9-based approaches have identified barriers to cell fate
conversions40–42. These findings motivated us to conduct a chromatin-
focused knockout screen during reprogramming of human somatic cells.
This screen revealed USP22 as a barrier to reprogramming for human
pluripotency.

Results
EpiDoKOL screen identified USP22 as a barrier to human
somatic cell reprogramming
To interrogate the function of chromatin factors in reprogramming we
constructed a focused CRISPR-sgRNA library (Epigenetic Domain-specific

Knockout Library (EpiDoKOL)), targeting the functional domains of such
genes43. EpiDoKOL consists of 1750 sgRNAs in total, targeting 247different
genes, and 80 non-targeting controls44. Human fibroblast cells stably
expressing Cas9 were transduced by pooled viral library at low MOI and
reprogrammed to induced pluripotent stem cells by overexpressing OCT4,
SOX2, KLF4, and MYC factors. TRA-1-60 positive cells at day 21 of
reprogramming were sorted out to compare pluripotency-enriched gRNAs
to the initial representation of gRNAs prior to reprogramming (Fig. 1A).
The screen was done in the presence of a DOT1L inhibitor (EPZ004777) to
elevate the basal reprogramming efficiency and to identify factors which
would act additively to increase reprogramming efficiency38. We used
Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout
(MAGeCK) algorithm43 to analyze the screen data which identified
DNMT3A, PAXIP1, EP300, andUSP22 targeting gRNAs to be significantly
enriched in TRA-1-60 positive cells (Figs. 1B, S1A). DNMT3A and EP300
are known barriers to reprogramming, whereas PAXIP1 and USP22 were
not previously associated with reprogramming38,45,46. In validation experi-
ments with individual gRNAs, PAXIP1 targeting gRNAs failed to increase
reprogramming efficiency and were considered false positives. However,
multiple independent gRNAs against USP22 significantly increased the
efficiency of reprogramming (Fig. 1C).

To investigate the role of USP22 in reprogramming independently of
DOT1L inhibition,USP22was targeted by three independent gRNAsand its
depletionwas confirmed at theprotein level (Fig. 1D).When these cellswere
reprogrammed to iPSCs, the reprogramming efficiency increased up to
3-fold compared to non-targeting gRNA expression (Fig. 1E). To address if

Fig. 1 | EpiDoKOL screen identified USP22 as a barrier to human somatic cell
reprogramming. A Schematic representation of the screen outline. B Positively
selected gRNAs during reprogramming identified by MAGeCK algorithm at the
gene level. Created in BioRender. Onder, T. (2025) https://BioRender.com/j82z183.
C Fold change in reprogramming efficiency upon gRNA expression. Triangular
images above the bars are sections of representative Tra-1-60-stained wells. Error
bars indicate the error of mean. n = 3, independent experiments were conducted for
PAXIP1 gRNA expression and n = 12, independent experiments for USP22 gRNA
expression. Two-sided t-test p-values 0.0001 and 0.0081 for USP22 g1 and g2,

respectively, and 0.1685 and 0.1466 for PAXIP1 g1 and g2, respectively. DWestern
blot image showing USP22 protein level of USP22 targeting gRNAs in fibroblasts.
Tubulin was used as a loading control. E Fold change in reprogramming efficiency
upon USP22 targeting gRNA expression. Triangular images above the bars are
sections of representative Tra-1-60-stained wells. Error bars indicate the error of
mean. n = 11, independent experiments were conducted for USP22 sg1 expression,
n = 10 for USP22 sg2 expression and n = 5 for USP22 sg3 expression. Two-sided t-
test to compare g1, g2, and g3 to the gNT1 gives following p-values 0.0001, 0.0111,
and 0.0013, respectively.
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this increased reprogramming efficiency phenotype is cell strain- or OSKM
delivery method-specific, we reprogrammed an additional human adult
fibroblast strain with episomal vectors (Fig. S1B). The reprogramming
efficiency increased 3-fold upon USP22 knockout (Fig. S1C). Treatment of
these primary cells with a DOT1L inhibitor had an additive effect, resulting
inmore than10-fold increase in reprogramming efficiency (Fig. S1C).Using
three additional primary fibroblasts from independent donors we verified
the reprogramming effect (Fig. S1D, E). Taken together, these results show
that USP22 acts as an important barrier to reprogramming of somatic cells
to pluripotency.

Catalytic activity of USP22 is not a barrier to reprogramming
To determine if USP22’s barrier function depends on its deubqiuitinase
activity, we performed genetic rescue experiments in the context of

reprogramming by overexpressing either wild-type or C185A deubiquiti-
nasemutant USP22 cDNAs inUSP22 KO cells47 (Fig. 2A, B). As wewanted
to understand the barrier role of USP22 in reprogramming rather than its
additive effect with DOT1L inhibition, we omitted the DOT1L inhibitor for
these experiments. Interestingly, levels of Histone H2B mono-
ubiquitination (H2Bub), a reported target of USP22, did not change in
USP22 KO cells compared to control cells, suggesting the presence of
alternative, redundant DUBs for this target (Fig. 2C). Overexpression of
wildtypeUSP22 did not decrease global H2Bub levels, but the catalytic dead
C185Amutant resulted in amodest increase (Fig. 2C). Importantly, both the
wildtype and C185A mutant were able to suppress the formation of iPSCs
and rescue the increased reprogramming phenotype of USP22 KO
(Fig. 2D). These results point to a deubiquitinase-independent role for
USP22 in blocking reprogramming.

Fig. 2 | Catalytic activity of USP22 is not a barrier to reprogramming. ADiagram
showing USP22 domains and mutated amino acid positions. BWestern blot image
showing USP22 protein levels after USP22 overexpressions in both non-targeting
and USP22 targeting gRNA expressing fibroblasts. Actin was used as a loading
control. C Western blot image showing H2Bub protein levels after USP22 over-
expressions in both non-targeting and USP22 targeting gRNA expressing fibro-
blasts. Histones H3 and H2B were used as loading controls. D Fold change in
reprogramming efficiency upon USP22 overexpressions in both wild-type and
USP22 knockout background. Triangular images above the bars are sections of
representative Tra-1-60-stained wells. Error bars indicate the error of mean. n = 3,
independent experiments for KR mutations, n = 4 for CA and KQ mutations in

USP22 knockout background, andn = 5 for other comparisons. Two-sided t-test was
performed between sgNT1 and USP22 sg1 without any overexpression and p-value
is 0.0153. Two-sided t-test was performed between USP22 sg1 expressing cells
without overexpression andWT, C185A, K129Q, and K129R and p-value is 0.0129,
0.0054, 0.0264, and 0.0052, respectively. EWestern blot image showing H2Bub and
H2Aub protein levels after ATXN7L3 or ENY2 knockouts in fibroblasts. H2B was
used as a loading control. F Fold change in reprogramming efficiency upon
ATXN7L3, ENY2, USP27X, or USP51 knockouts. Triangular images above the bars
are sections of representative Tra-1-60-stained wells. Error bars indicate the error of
mean. n = 5, independent experiments. Two-sided t-test shows p-value smaller than
0.0001 for ENY2 sg1 and sg2 compared to sgNT1.
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We next asked if association of USP22 with the SAGA complex is
important in the context of reprogramming. Acetylation of K129 onUSP22
can regulate its enzymatic activity as well as its binding to GCN548. K129R
(acetylation deficient) or K129Q (acetylationmimic)mutantwere both able
to rescue the USP22 KO phenotype (Fig. 2D), suggesting that regulation of
USP22 incorporation into SAGA complex is unlikely to play an important
role in blocking reprogramming. To directly assess the function of the
SAGA deubiquitinase module, we targeted two of its critical components,
ENY2 and ATXN7L321. As expected, global histone ubiquitination levels
increased upon expression of sgRNAs targeting these two genes (Fig. 2E).
However, ATXN7L3 knockout did not have any effect on reprogramming
efficiency whereas ENY2 knockout completely blocked iPSC generation
(Fig. 2F).USP27XandUSP51have been shown to competewithUSP22 and
couple with ATXN7L3 and ENY249. Knocking out USP22 competitor
deubiquitinasesUSP27X orUSP51 did not affect reprogramming (Figs. 2F,
S2A).Treatmentwith a recently developedcyclic peptide inhibitor ofUSP22

(hD1) during reprogramming did not increase the reprogramming
efficiency50, although it also did not affect overall H2Bub levels (Fig. S2B, C).
These results suggest that USP22 acetylation, incorporation into SAGA, or
its deubiquitinase activity is unlikely contribute to its role as a barrier to
reprogramming.

USP22 is dispensable for maintaining pluripotency
To assess the effect of USP22 knockout on human iPSCs, we picked and
expanded colonies generated from USP22 gRNA and Cas9 expressing
fibroblasts (Fig. 3A). USP22 protein was absent in all clones (11 out of 11)
tested, indicating that its loss is compatible for iPSCgeneration (Fig. 3B). In a
complementary approach, we knocked out USP22 in a control, transgene-
freehiPSC line51 by infecting itwithUSP22 gRNAvectors andpicking single
cell clones.All threeUSP22KOhiPSCclones could bemaintained in culture
in an undifferentiated state, indicating that USP22 does not impair self-
renewal (Fig. 3C). To assess pluripotency, we performed embryoid body

Fig. 3 | USP22 loss results in differentiation defects. A Schematic representation of
generating USP22 knockout iPSC clones used in Fig. 3B. BWestern blot image showing
USP22protein levels in iPSCs generated fromCas9 andUSP22 targeting gRNAexpressing
fibroblasts. Tubulin was used as a loading control. CWestern blot image showing USP22
protein levels in iPSC clones generated from Cas9 and USP22 targeting gRNA expressing

iPSCs. Tubulin was used as a loading control.D Relative expression levels of lineage
markers upon EB formation for NT1#2, USP22KO#9-10. EHematoxylin and eosin-
stained sections of teratomas of NT1#2, USP22KO#9-10 iPSCs. Arrowheads point to
representative tissues fromendoderm(glandularepithelium), ectoderm(neuroepithelium),
and mesoderm (cartilage) lineages. 2 mice were injected per cell line.
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formation assay and observed that USP22 KO clones retained higher levels
of undifferentiated statemarkers, POU5F1 and SOX2 on day 6 compared to
the control parental line. In addition, one of the USP22 KO clones failed to
robustly activate mesoderm and endoderm markers TBXT, EOMES, and
SOX17 (Fig. 3D).However,USP22KOclonescould still formteratomas that
contained cells derived from three germ layers, suggesting that USP22 does
not completely block differentiation ability (Fig. 3E). Taken together these
results suggested USP22 is not critical for self-renewal of human iPSCs and
that it may have a repressive effect on pluripotency genes during
differentiation.

USP22 stabilizes maturation stage of reprogramming for faithful
pluripotency acquisition
To understand how USP22 loss increases reprogramming, we first mea-
sured theproliferation rate inUSP22KOfibroblasts andobserved that itwas
not changed before or during reprogramming compared to control cells
(Fig. S3A).Next, we determined the percentage ofTRA-1-60positive cells at
the early time point of 6 days after OSKM transduction to assess if repro-
gramming was accelerated in the absence of USP22. DOT1L inhibition
increased the number of TRA-1-60 positive cells on day 6 as expected, but
USP22 knockout had no effect (Fig. S3B). As the number of TRA-1-60 cells
was similar across control and USP22 knockout cells on day 6 of repro-
gramming, we performed bulk RNA sequencing at this time-point to
uncover the transcriptional changes caused by USP22 loss before the
emergence of reprogrammed cells. We observed that control and USP22
knockout replicate RNA samples were well correlated (Fig. S3C). Loss of
USP22 during reprogramming led to upregulation of 226 genes and
downregulation of 442 genes (Fig. 4A).

We hypothesized that USP22 loss enhances reprogramming by
facilitating the activation of pluripotency genes and repression of
differentiation-related genes. To test this hypothesis, we first assessed the
genesets enriched among differentially downregulated genes. Accord-
ingly, epithelial-to-mesenchymal transition (EMT), extracellular matrix,
cell adhesion, and cell motility genes weremost downregulated among all
Hallmark and Gene Ontology sets interrogated. (Fig. 4B, C). Many
mesenchyme-specific genes such as FOXC2, COL1A2, POSTN, VIM, and
DCNwere significantly downregulated in USP22 KO cells (Figs. 4A, S3E).
These results suggest that USP22 plays a role in maintaining somatic cell
identity. Next, we focused on genesets enriched among differentially
upregulated genes which revealed that cell cycle related genes, apoptosis,
epithelium development, and cytoskeleton organization genes were most
upregulated upon USP22 loss (Fig. 4B). Targets of pluripotency-related
transcription factors such as SOX2, SALL4, MYC and NANOG were
enriched in upregulated genes in USP22 KO cells (Fig. S3D). Similarly,
gene set enrichment analysis (GSEA) showed negative enrichment for
fibroblast-related genes upon USP22 loss whereas pluripotency-related
genes were positively enriched (Fig. 4D). Several genes previously iden-
tified to be late markers of reprograming such as GDF3 and SOX2 were
upregulated in USP22 KO cells 6 days after OSKM expression52. We
confirmed upregulation of endogenous pluripotency genes in USP22 KO
cells across later time points as well (day 9 to 12) (Figs. 4E, S3F). Notably,
wildtype or catalytic dead mutant USP22 expression in the knockout
background reverted the reprogramming associated upregulation of
pluripotency genes (Fig. 4E). We also observed that USP22 loss upregu-
lated genes associated with naïve pluripotency such as DNMT3L,
ALPPL253,54. Therefore, we next asked if USP22 inhibition can facilitate
reprogramming to a naïve-like pluripotent state. Indeed, under naïve
culture conditions, USP22 KO cells generated two-fold more Tra-1-60
and KLF17+ colonies than control fibroblasts (Fig. 4F). USP22 KO cells
reprogrammed under naïve conditions expressed naïve markers such as
DPPA5, ALLPL2, KLF17 while downregulating prime marker such as
CD24 andDUSP6 (Fig S4G). These results show thatUSP22 loss results in
enhanced reprogramming under both primed and naïve conditions and
point to a suppressive effect of USP22 on the expression of multiple
endogenous pluripotency factors.

Discussion
In this study, we performed a chromatin focused CRISPR screen during
human somatic cell reprogramming. In addition to confirming previously
identified barriers to reprogramming, such as DNMT3A and
EP30036,37,39,45,55, this screen uncovered a reprogramming barrier, USP22. A
previous survey of USP family members inmurine reprogramming did not
identify USP22 as hit56. Similarly, large-scale CRIPSR screen in MEFs did
not identify as reprogramming barrier57,58. Although not directly tested in
the presentwork,USP22maybe a species-specific barrier to human somatic
cell reprogramming. We validate USP22’s suppressive effects on human
iPSC generation across independent fibroblast lines and OSKM delivery
methods. Importantly, the combinatorial loss of USP22 and inhibition of
DOT1L, a factor we previously identified to be a major barrier to repro-
gramming, led to a striking tenfold increase in reprogramming efficiency of
human cells.

To understand how USP22 suppresses reprogramming we first
investigated whether its deubiquitinase activity is important. Notably,
application of a cyclic peptide inhibitor targeting USP22, previously
reported to influenceH2B ubiquitination, did not yield a discernible change
in reprogramming efficiency. Similarly, in genetic rescue experiments, we
observed that expression of a catalytically dead mutant USP22 could still
suppress the enhanced reprogrammingphenotypeofUSP22knockout cells.
It would be interesting to test if selective degradation of USP22 using
PROTACs could increase the efficiency of reprogramming and potentially
be incorporated into chemical-only reprogramming protocols59–61. In
addition to its catalytic activity, we also considered whether USP22 blocks
reprogramming via its involvement in the SAGA complex. Knockouts
of additional members of the SAGA DUBmodules, ATXN7L3 and ENY2,
or potential USP22 replacements in the DUBmodule USP27X or USP5149,
also did not improve reprogramming efficiency.We observed that ENY2 is
absolutely required for iPSC generation which could be due to its involve-
ment in TREX complex mediated RNA export62,63. Our results, therefore,
point to a SAGA-independent role for USP22 in preventing reprogram-
ming. This is consistent with a critical role for the SAGA complex in
reprogramming, where histone acetyltransferaseGcn5 has been found to be
required14. In the future, it will be interesting to identify USP22’s protein
interaction partners, other than SAGA, which could shed light on the
mechanism by which it impedes reprogramming.

Using USP22 knockout hiPSCs, we find that USP22 is dispensable for
pluripotency and self-renewal of human PSCs. CRISPR and CRISPRi
screens have shown that suppressing USP22 may increase fitness of ESCs
and iPSCs64,65. In mice, USP22 deletion is embryonic lethal and causes
defects in placental and kidney vascularization28,30.USP22 knockout hiPSCs
were able to form teratomas containing cells representative of all three germ
layers, indicating that USP22 is not required for differentiation in this assay.
However, in embryoid body formation assays, we observed higher levels of
OCT4 and SOX2 remaining in USP22 knockouts, as well as a failure to
robustly induce mesoderm and endoderm markers SOX17 and EOMES.
Investigating the role of USP22 in differentiation of human PSCs using
newly developedmodels such as gastruloidsmay yield further insights on its
role in facilitating exit from pluripotency66,67.

The results presented in this work do not eliminate the possibility that
USP22 knockout has indirect barrier role in reprogramming. One possi-
bility is that the integrity of the SAGA complex or its chromatin localization
may be disrupted. We have also not addressed whether the zinc finger
domainwhichmaybe important inprotein-protein interactions ofUSP22 is
important. It will be relevant to investigate this domain’s barrier role in
reprogramming in the future and relevant interactors. Second, USP22may
be a general factor in maintaining pluripotency29. Although we observed
thatUSP22knockout iPSCscandifferentiate into three germ layers, itwould
be interesting to showUSP22’s role in humanpluripotency exit andwhether
it is affected by the catalytic activity of the enzyme. Third, USP22 knockout
may destabilize the SAGA complex at certain chromatin loci and lead to
indirect transcriptional effects. To test this, chromatin localization ofUSP22
during reprogramming needs to be evaluated29.
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Our transcriptome data shows that USP22 deletion upregulates
pluripotency-related genes including SOX2, ESRG, and GDF3, and naïve
pluripotency-marker genes such as DNMT3L, ALPPL2, and KLF5. On the
other hand, mesenchyme-related gene sets and fibroblast-specific gene sets

were negatively correlated with USP22 loss. Additionally, genes encoding
various collagens were downregulated upon USP22 loss during repro-
gramming.COL1A1 andCOL11A1were previously shown to be barriers to
cellular reprogramming68,69. Overall, these results show that USP22 is

Fig. 4 | USP22 loss stabilizes pluripotency network during reprogramming.
A Volcano-plot of RNA-seq data comparing USP22 KO and control cells during
reprogramming. B Gene ontology analysis for differentially regulated genes upon
USP22 knockout. Top 5 upregulated and downregulated gene sets are shown.
C GSEA p-value and normalized enrichment scores on pre-ranked gene lists
according to log2FC value for comparisons of reprogramming fibroblasts expressing
USP22 gRNA toNT1 for all gene sets available at TheMolecular SignaturesDatabase
(mSigDB). D GSEA results for pluripotency- and fibroblast-related gene sets upon
USP22 loss during reprogramming. E Relative expression levels of pluripotency-

associated genes on day 9 of reprogramming in control (NT1), USP22 KO cells
expressing either wild-type or catalytic dead mutant USP22 cDNAs. n = 3 biological
replicates with two technical replicates each. FNumber of Tra-1-60- and/or KLF17-
positive colonies generated under naïve conditions (PGXL) from control or USP22
KO fibroblasts. Immunofluorescence images of KLF17 and TRA-1-60-stained cells
are shown below. G Relative expression of naïve and primed makers in USP22 KO
cells after reprogramming under naïve PSC culture conditions. Expression values are
normalized to primed PSCs.
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necessary to maintain fibroblast gene expression and suppresses plur-
ipotency network during reprogramming. USP22 has been shown to be an
essential gene for naïve stem cell maintenance70. However, in the context of
reprogramming, loss of USP22 enhances naïve marker expression such as
KLF5 and DNMT3L, and under naïve culture conditions USP22 knockout
fibroblasts from greater numbers of KLF17-positive naïve-like iPSCs.
Therefore, our findings indicate that USP22 may act as a general barrier to
reprogramming.

Materials and methods
Cell culture
HEK293T cells were maintained in D10 Medium (DMEM (Gibco) con-
taining, 10% FBS (Gibco), and 1% Penicillin-Streptomycin (Gibco)). dH1f
cells, generated by differentiation of H1 ESCs (CVCL_9771) as previously
described38, were maintained in either in D10 Medium or in α-MEM
Medium (Alpha-MEM (Lonza) containing, 10% FBS (Gibco), 1%
Penicillin-Streptomycin (Gibco) and 1% Non-essential amino acids
(Gibco)). Induced pluripotent stem cells were maintained in human ES
medium (DMEM/F12 (Lonza), 20%KOSR (knock-out serumreplacement)
(Gibco), 10 ng/ml bFGF, 0.1 mM β-mercaptoethanol, 1% non-essential
amino acids, 1% Penicillin/Streptomycin).

Generation of inactivated MEFs
MEFs were isolated from E13.5 embryos generated by timed matings of
C57BL/6 mice. Confluent cultures at passage 4 or 5 were washed once with
PBS and treatedwith 10 µg/mLmitomycin C (in 10% FBS, 1%Pen-Strep in
DMEM) at 37 °C for 2 h. The plates were washed twice with PBS and
trypsinized.Cellswere countedwith ahematocytometer and resuspended in
freezing media as aliquots (90% FBS, 10% DMSO).

Reprogramming assays
50.000 dH1f cells were transduced with lentiCRISPR gRNA vectors in a
medium containing 8 μg/ml protamine sulfate (Sigma-Aldrich)71 in 12-well
plates. 24 h after lentiviral transduction, cells were selected with 1 µg/ml pur-
omycin for 3 days. CRISPR-infected cells were reseeded as 50.000 cells and
infected with lentiviral reprogramming factors (pSIN4-CMV-K2M (Addgene
plasmid #21164) and pSIN4-EF2-O2S (Addgene plasmid 21162)72; 100–250 µl
supernatant/virus was used per well (determined empirically for each batch of
virus) in a medium containing 8 μg/ml protamine sulfate. At day 6 of repro-
gramming, cells were trypsinized and re-plated at a 1/8 ratio on 75.000
mitomycin-treated mouse embryonic fibroblasts (mito-MEFs) in 12-well
plates. The mediumwas switched to hESmedia next day. Media was changed
every other day until day fourteen of reprogramming after which media were
changed daily until day 21. gRNA sequences used in the reprogramming
experiments are listed as SupplementaryTable 1 alongwith their gRNAnames.
For reprogramming of adult fibroblasts with episomal plasmids in Fig S1C, the
following vectors were used: pCXLE-hOCT3/4-shp53-F, Addgene plasmid
#27077; pCXLE-hUL, Addgene plasmid #27080; pCXLE-hSK, Addgene plas-
mid #27078. 1 μg of each plasmid was electroporated into 1million fibroblasts
using Neon transfection system (Thermo). For naïve reprogramming, dH1f
cells were grown in fibroblast medium (DMEM, 10% FBS) and seeded at a
density of 50,000 cells perwell of 12-well plate. Cellswere transducedovernight
with OSKM viruses. Media was replenished next day and every two days
thereafter. On day 7 after OSKM transduction, cells were passaged onto
mitomycin-C treated MEFs. On day 9, media was switched to PGXL73 (1 μM
PD0325901, 2 μM XAV939, 2 μM Gö6983, and 10 ng/mL human LIF in
N2B27 basal medium) andwas replenished every day until day 14. On day 14,
cells were fixed using 4% PFA74.

Immunostaining
Cells werewashedwith PBS andfixed with 4%paraformaldehyde at room
temperature. Biotin conjugated anti-human TRA-1-60 (BioLegend Cat-
alog #330604) was diluted in staining buffer and added onto wells. Plates
were incubated overnight at 4 °C on an orbital shaker. Next day, samples
were washed with PBS, and Streptavidin-HRP (BioLegend Catalog

#405210) secondary antibody in staining buffer was added onto wells.
Plates were incubated for 2 h at room temperature. Samples were washed
with PBS. The stain was developed with Vector Labs DAB kit at RT.
Development solution was washed away with PBS. Cream was added to
the wells to provide a contrast for scanning. To quantify naïve PSC
colonies, immunostaining with KLF17 antibody (Sigma, HPA024629)
was performed.

Quantification of reprogramming efficiency
Tra-1-60-stained plates were scanned, and colony counts were determined
by ImageJ. Plates images were converted to 8-bit, single wells were selected
using the “Oval” selection tool and copied as a new image. Using “Adjust”
and “Threshold” tools, colonies were automatically detected. “Analyze
Particles” command was used for counting as well as quantifying total area
covered by stained colonies. We used total area covered by TRA-1-60
positive colonies as a measurement of reprogramming efficiency in Fig. 1C
to mimic the screen conditions as the enriched gRNAs were measured in
sorted cells instead of individual colonies. Additionally, we used this con-
dition to quantify reprogramming efficiency for Fig S1D because individual
colonies could not be discerneddue to high number ofmerged colonies. For
all other assays, colony counts were used for measuring reprogramming
efficiency.

TRA-1-60-PE staining for flow cytometry
Cells were harvested by using 0.05% trypsin and washed in 1X PBS sup-
plemented with 1% FBS. TRA-1-60-PE antibody (BioLegend Catalog
#330610) was diluted 1:100 in 1X PBS supplemented with 1% FBS. Samples
were incubated on ice for 1 h in a dark condition. Cells were spun washed
twice in PBS supplemented with 1% FBS at 1500 rpm for 10min. Samples
were passed through cell strainer flow tubes. BDAccuri C6 FlowCytometer
(BD Biosciences) was used to calculate percentage of stained cells.

Generation of vectors
LentiCRISPRv2 vector was digested with BsmBI (NEB) and gel purified
withMN PCR-Clean Up Kit. Extracted plasmids were treated with alkaline
phosphatase. 1 µl of each oligo (100 µM) was annealed with T4 Poly-
nucleotide Kinase (3’ phosphatase minus, NEB) and T4DNALigase Buffer
(NEB) in 10 µl reaction in a thermal cycler with the following settings: 37 °C
for 30min, 95 °C for 4min and then ramp down to 25 °C at 5 °C/min.
Annealed oligos were diluted to 1:200 and used as inserts for cloning. 20 µl
ligation reactions were prepared with 50 ng BsmBI-digested, AP-treated
vectors, 1 µl of inserts andQuick Ligase (NEB) or T4 DNA Ligase (NEB) in
2X Quick Ligase Buffer or 10X T4 DNA Ligase buffer (NEB), respectively.
Ligation reactions were incubated for at least 10min at RT. 50 µl Stbl3
bacteria were mixed with 5 µl of the ligation reaction and left on ice for at
least 5min (longer durations increased cloning efficiency). Heat shock was
applied at 42 °C for 30 s in water bath or 48 °C for 40 s in heat-block and
Eppendorfs were placed on ice for 5min. 150 µl LB was supplemented and
cultured in 37 °C at 225 rpm in a shaker for 1 h. 100 µl of the reaction was
spread on Ampicillin or Carbenicillin resistance plates. U6 promoter
sequencing (Forward sequencing primer for U6 promoter ACTATCA-
TATGCTTACCGTAAC) was used to confirm cloned gRNAs. To create
USP22 g1 resistant cDNA, point silent mutation to destroy the NGG site
was performed on Flag-HA-USP22 (Addgene plasmid, #22575). To achieve
this Q5 site-directed mutagenesis kit was utilized by following manual
(NEB, cat. # E0554S). Additionally, point mutations to create K129Q,
K129R, and C185A were performed by primers listed on Supplementary
Table 2 by Q5 site-directed mutagenesis kit. Mutations were confirmed by
Sanger sequencing.

Lentivirus production
HEK 293 T cells were transfected with plasmids encoding the envelope
protein (VSVG), Gag-Pol (pUMVC for retroviruses and 8.2DeltaVPR for
lentiviruses), and viral vector. FuGENE® 6TransfectionReagent (Promega)
used as a transfection reagent and applied according to the manufacturer’s
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instructions. After at least 8 h, the transfection medium was replaced with
fresh D10 media. Viruses were harvested at 48 and 72 h after transfection
and stored at 4 °C. Viral supernatants from the two collections were com-
bined and filtered through a 0.45 µm low protein binding syringe filter to
clear viruses from cells and debris. To concentrate the lentiviral super-
natants, PEG-8000 (Sigma) was dissolved in 1x PBS to the final con-
centration of 10% (w/v). Collected and filtered viruses were mixed with 1/5
ratio of PEG and refrigerated overnight. Supernatant/PEG mixture was
centrifuged at 1500 g for 30min at 4 °C. Virus containing pellets were spun
downagain at 1500 g for 5min. Pelletwas resuspendedwith 1/10or 1/100of
the original volume of viral supernatant by using cold 1X PBS. Viruses were
aliquoted and stored at −80 °C.

Fluorescence activated cell sorting (FACS)
Cells were harvested by trypsinization andwashed at least once timewith 1x
PBS supplemented with 1% FBS. Same protocol for TRA-1-60-PE staining
was performed. BD FACSARIA III was used to sort cells according to
manufacturer’s instructions.

Library design
gRNAs were designed to target DNA sequences encoding the catalytic or
critical domains of chromatin modifiers. DNA sequences of protein
domainsweremanually collected fromNCBIUnigene software andCCTop
was used to design gRNAs. 3 bp mismatches at off-target sequences were
allowed in the 8 bp downstream from 5’ end of guideRNA sequences. In the
rare cases where no gRNAwith these criteria were found, gRNA sequences
fromGeCKO library that target 5’ first coding exon of geneswere taken. For
each gene, 5–10 gRNAs were designed and 80 non-targeting gRNAs from
GeCKO Library were added to the library.

Oligo array synthesis and pooled library cloning
DNAoligonucleotide array was synthesized by theOligoMix (LC Sciences).
Oligos harboring homologous arms to target vectors and gRNA sequences
were amplified in a 50 µl PCR reaction by mixing 10 µl 5X HF Buffer, 1 µl
10mM dNTP, 2.5 µl 10 µM forward primer, 2.5 µl 10 µM reverse primer,
0.1 µl oligomix template, 0.5 µl high-fidelity polymerases and filledwithNF
water. The lentiCRISPRv2 vector was digested with BsmBI, treated with
Antarctic Phosphatase, and gel-purified. Inserts ligated to prepared lenti-
CRISPRv2 plasmids with Gibson Assembly (NEB) in 1:5 ratio and trans-
formed with Endura™ electrocompetent cells in seven parallel
electroporation and plated on large bioassay petri plates (Corning). Total
~1.4 × 10 6 colonies collected from seven plates to have 800x library cov-
erage, and pooled plasmids isolated using maxi-prep kit (Qiagen). Guide-
RNAregions of isolatedplasmidswere amplifiedbyPCR to confirmcloning
by Illumina Sequencing. Sequencing was performed on a MISeq at MIT
BioMicro Center. PCR reaction prepared in 50 µl reactions by mixing 10 µl
5x HF Buffer, 1 µl dNTP (10mM), 1 µl HF Polymerase, 2 µl forward stag-
gered primermix, 2 µl reverse primerwith index, 10 ng library plasmid pool
template.

EpiDoKOL TRA-1-60 screen
20 × 106 dH1f were seeded as 800.000 cells/10 cm plate and library infected
with lowMOI ( ~ 0.3). Puromycin selection was applied on day 2 (1ug/ml),
and cells were split 1:2 onto 10 cm plates every 4 days. For reprogramming
experiments, a total of 8 × 106 dH1f cells ( ~ 4750 cells/gRNA) were seeded
as 600.000 cells/10 cm plate. Cells were treated with 3 µM EPZ004777 for
the initial week of reprogramming. For the TRA-1-60 screen, on day 7 of
reprogramming, cells were trypsinized and 1/8th of the cells were trans-
ferred onto MEF-seeded 10 cm plates for sorting at day 21. At day 21 of
reprogramming, cells were spun down at 1500 rpm for 5min and washed
twice with PBS supplemented with 1% FBS. Pellets were resuspended with
2ml PBS supplemented with 1% FBS. For day 21, TRA-1-60-PE antibody
was added at the following 1.5:100 ratio. Two independent biological
replicate screens were performed.

Genomic DNA sequencing
Genomic DNA of samples was isolated with MN Nucleospin Tissue kit.
100 µl external and internal PCR reactions were prepared by mixing 2 µl
dNTP (10mM), 1 µl Phusion Polymerase, 20 µl 6XGCBuffer, 5 µl Forward
Primer (10 uM), 5 µl Reverse Primer (10 uM), 1 µg gDNA(to ensure at least
100x library coverage) and filled with NF water. For internal PCR reaction,
primers were changed accordingly, and 2 µl external PCR product without
clean-up directly added instead of 1 µg gDNA. Samples run on a gel and
~350 bp bands were extracted by MN PCR-Clean-up Kit. Samples
were sequenced with Illumina HISeq 4000.

Data processing and analysis of next-generation sequencing
The Illumina Sequencing data was trimmed to keep the 20 bp gRNA
sequence and aligned to a custom fasta library of the known library
sequences using Bowtie. Picards tool was used to quantify relative count of
each gRNA from the alignment (BAM) file. sgRNA count tables were
analyzed withMAGeCK’s test function using command-line arguments for
replicates (-t replicate1,replicate2 -c replicate1,replicate2) and control
sgRNA input74. The full list of targeted genes and MAGeCK output for the
screen is provided as Supplementary Data 1.

RNA-sequencing
Total RNA was prepared from OSKM-expressing cells as duplicates from
sgNT1 and USP22 sg1-expressing cells using Direct-zol kit according to
manufacturer’s instructions (ZymoResearch) includingDNase I treatment.
RIN scores higher than 6.0 were processed further for library preparation
with TruSeq Stranded mRNA (Illumina). Generated libraries were
sequenced by IlluminaNovaSeq 6000. DESeq2 packagewas used to identify
differentially expressed genes between samples. Rank-ordered gene lists
were used for GSEA.

Western blot
Cell pellets were dissolved in lysis buffer (50mM Tris, pH 7.4, 250mM
NaCl, 5 mMEDTA, 50mMNaF, 1%NoidetP40, 1mMPMSF, 1Xprotease
inhibitor and 0.025% NaN3). Resuspended cells were incubated on ice for
30min with 10min vortexing intervals. They were centrifuged at
13,000 rpm for 10min at 4 oC on a tabletop centrifuge. Supernatant con-
taining whole cell lysate was transferred to a new tube. Protein concentra-
tions were quantified using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, cat. # 23225) 50 µg of each lysatewas incubated at 95 °C for
15min with 4X Laemmli buffer (Bio-Rad) containing β-mercaptoethanol
(Bio-Rad). Boiled samples and protein markers (Bio-Rad, cat. # 161-0374)
were loadedontopre-cast SDS-PAGEgels (Bio-Rad, cat. # 456-1084).Using
Bio-Rad trans-blot turbo transfer system at mixed weight transfer settings,
proteins were transferred onto PVDFmembrane (Bio-Rad, cat. # 1620177),
followed by incubation in 5% blotting grade blocker (Bio-Rad, cat. #
1706404) solution for 1 h. Membranes were incubated with antibodies
against USP22 (NOVUS, cat. # NBP1-49644), Ubiquityl-Histone H2A
(Lys119) (Cell Signaling, cat. # 8240S), Ubiquityl-Histone H2B (Lys120)
(Cell Signaling, cat. # 5546S), H2B (Abcam, cat. #ab52599-1:20000),
Tubulin and GAPDH (Abcam, cat. #ab9485) at 1:1000 ratio overnight at
4 °C. Next day,membraneswerewashedwith TBS-T for 15min three times
and incubated with secondary antibodies (Abcam, cat. # ab97051 or
ab97023) at 1:5000 ratio in blocking solution for 1 h at room temperature.
Membranes were washed with TBS-T for 15min 3 times and incubated
shortly with ECL western blotting substrate (Thermo Fisher Scientific, cat.
#32209) before imaging using an Odyssey Imaging System (LICOR
Biosciences).

Teratoma formation assay
All experiments were carried out under a protocol approved by Koç Uni-
versity Animal Experiments Ethics Committee. Wild-type iPSCs derived
from a Caucasian female52 were cultured in mTeSR Plus media (Stem Cell
Technologies, Cat No. 100-0276) on matrigel (Corning, Cat No.07181)
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coated plates. Cells were split at ratio 1:20-1:30 and supplemented byROCK
inhibitor Y-27632 was used. Cells were frozen at 10% DMSO in FBS solu-
tion. The teratoma formation assay was performed with cells with passage
number 55. Mycoplasma tests were performed every two weeks before and
after the teratoma injectionusing the LonzaMycoAlertDetectionKit. iPSCs
from 80% confluent 10 cm dish were collected using ReLeSR (Stemcell
Technologies) and re-suspended in 100 μl ice-cold 1:1 mixture of Matrigel
(Corning) and hES medium. Intramuscular injections were performed in
SCID mice. 2 SCID mice per gRNA were used and 1 teratoma from each
mouse was analysed. Teratomas were collected 8–10 weeks after injection
and analyzed histologically via hematoxylin and eosin staining. Histological
sections (2 sections per teratoma) were examined for the presence of dif-
ferentiation to germ layers with input from Koç University School of
Medicine Department of Pathology.

Statistics and reproducibility
Sample size, number of biological and technical replicates, and exact p-
values are listed in relevant figure legends. Two-sided t-tests were used in to
calculate p-values in Figs. 1C, 1E, 2D. Experiments in Figs. 3E and 4F were
repeated twice.

Data availability
RNA-sequencing data are deposited to the NCBI GEO database with the
accessionnumberGSE225151.Data used to generatefigures are provided as
Supplementary Data 1. Uncropped western blots are provided in Supple-
mentary Fig. 5. All other data are available from the corresponding author
on reasonable request.
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