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Embryonic stem cells (ESCs) are defined by their ability to self-renew and the potential
to differentiate into all tissues of the developing organism. We previously demonstrated
that deleting the catalytic SET domain of the Set1A/complex of proteins associated with
SET1 histone methyltransferase (Set1A/COMPASS) in mouse ESCs does not impair
their viability or ability to self-renew; however, it leads to defects in differentiation. The
precise mechanisms by which Set1A executes these functions remain to be elucidated. In
this study, we demonstrate that mice lacking the SET domain of SezlA are embryonic
lethal at a stage that is unique from null alleles. To gain insight into SetlA function in
regulating pluripotency, we conducted a CRISPR/Cas9-mediated dropout screen and
identified the MOZ/MORF (monocytic leukaemia zinc finger protein/monocytic leu-
kaemia zinc finger protein-related factor) and HBO1 (HAT bound to ORC1) acetyl-
transferase coméplex member INGS5 as a synthetic perturbation to SetlA. The loss of
Ing5in Set1A*ET mouse ESCs decreases the fitness of these cells, and the simultaneous
loss of ING5 and in Set14*%*" leads to up-regulation of differentiation-associated genes.
Taken together, our results point toward Set1A/COMPASS and INGS as potential core-
gulators of the self-renewal and differentiation status of ESCs.
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Embryonic stem cells (ESCs) have two major defining features: 1) the extensive ability
to self-renew and 2) the potential to differentiate into all cell lineages, known as pluri-
potency. These unique characteristics bestow ESCs the fortune to serve as an effective
platform for disease modeling and drug discovery research. In addition to a core net-
work of transcription factors, self-renewing and pluripotent states are mediated by vari-
ous epigenetic factors that encompass both chromatin remodelers and histone modifiers
that promote a transcriptionally permissive environment (1-3). For that reason, it is
necessary to tightly regulate the expression and interactions of numerous proteins to
prevent untimely differentiating events. However, how these proteins impact one
another and the transcriptional program to jointly control ESC pluripotency remains
to be thoroughly understood.

The complex of proteins associated with SET1 (COMPASS) family was first identi-
fied in the budding yeast Saccharomyces cerevisiae. SET1 forms a multiprotein complex
in budding yeast that implements mono-, di-, and trimethylation of the fourth lysine
residue of histone H3 (H3K4). In addition to genome-wide H3K4me2 and
H3K4me3, the COMPASS family deposits H3K4mel at enhancers and gene-specific
H3K4me2 and H3K4me3 at developmental promoters (4-8). These functions are car-
ried out by six different COMPASS/COMPASS-like families in mammals. SET1A/
COMPASS and SET1B/COMPASS are responsible for bulk H3K4 methylation of the
mammalian genome (9-11).

Among the COMPASS family of six H3K4 methyltransferases identified in mam-
mals, SetlA is the only member whose full genetic knockout has been shown to be
essential for ESC proliferation and self-renewal (12, 13). However, significant loss of
genome-wide H3K4me3 only occurs when both SET1A and SET1B are removed (12,
14). There is an increasing amount of evidence in the field regarding catalytic-
independent functions of COMPASS and how they play a crucial role in development
and disease (reviewed in ref. 11). We previously demonstrated that although removing
the catalytic SET domain of Set1A via CRISPR/Cas9 resulted in defective ESC differ-
entiation, SerlA***” ESCs remained viable and could undergo proper self-renewal
(15). It is likely that SetlA coordinates with other proteins (in addition to Set1B) and/
or downstream effectors to regulate pluripotency. These additional functional interac-
tors are currently undefined.
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Significance

Pluripotency and development
can be governed at the level of
epigenetics. Growing lines of
evidence underscore the
importance of the Set1A/complex
of proteins associated with SET1
(COMPASS) histone 3 lysine 4
methyltransferase complex in
embryogenesis and
neurodevelopment. We show that
the catalytic SET domain of Set1A
is essential for mouse
embryogenesis; however, having
this domain extends the viability
of embryos compared to
complete loss of Set1A. We
additionally show that Ing5, a core
component of several complexes
involved in histone acetylation,
can functionally interact with
Set1A*SET in regulating ESC viability
and developmental gene
expression. Insights into their
physiological activity and
regulation will assist our
understanding of their
dysfunction in disease and
ultimately facilitate the discovery
of new targets for future therapy.
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By leveraging a CRISPR/Cas9-based dropout screen
approach, we sought to identify these factors that genetically
interact with Sez1A***7 in an unbiased manner. Our genome-
wide screen revealed several candidates where their perturba-
tions are synthetic lethal with SezZA***” in ESCs, one of which
is Ing5. INGS5 is a core subunit of three histone acetyltransfer-
ase (HAT) complexes (MOZ versus MORF versus HBO1)
responsible for lysine acetylation on H3 and H4 (16). To date,
only a handful of studies have implicated the role of ING5 in
preserving self-renewal, although all three HAT complexes
show context-specific functional relevance in maintaining stem
cell self-renewal. In this study, we identify ING5 and SetlA as
potential coregulators of ESC function. Our findings provide
additional insight into the intricacy underlying epigenetic regu-
lation of ESC pluripotency, illustrating that the interplay
among chromatin regulators is composed of a complex chroma-
tin language that guides transcriptional regulation.

Results

The Catalytic SET Domain of Set1A Is Required for Embryonic
Development in Mice. Previously, we had shown that the
CRISPR/Cas9-mediated deletion of the catalytic SET domain
of SetlA in V6.5 mouse ESCs does not affect their self-renewal
and proliferation but impairs their differentiation (15). Further-
more, SetlA has been shown to be required for gastrulation;
SetlA-knockout (KO) embryos implant but cannot progress
past the epiblast stage, leading to early embryonic lethality at
embryonic day 7.5 (E7.5) (12). These findings warranted fur-
ther investigation into the role of SetlA’s catalytic activity in
development. To define the in vivo consequences of deleting
the SET domain of SetlA, we generated mutant mice harbor-
ing a Ser/A SET domain mutation via pronuclear injection of
previously published (15) single guide RNAs (sgRNAs) flank-
ing the SET domain (SI Appendix, Fig. S1A). Next-generation
sequencing (NGS) analysis of filial (F)0 founder mice using
uniquely barcoded primers around the sgRNA cut site in exon
17 of SetlA showed a two-nucleotide insertion at the start of
the SET domain of SetlA, resulting in an early stop codon that
removes the majority of the SET domain (SI Appendix, Fig. 1
Aand B). This allele was designated as SE7/ess to differentiate
it from the previously published Sez7A***” ESCs.

Heterozygous intercrosses between F1 mice harboring the
2-base pair (bp) insertion (hereafter referred to as SETless-HET
mice) demonstrated that F2 SET/ess-HET mice were healthy
and indistinguishable from wild-type (WT) mice both in terms
of phenotype and gene expression (Fig. 1B and SI Appendix,
Fig. 10). However, the homozygous loss of the Ser/A SET
domain (SETless-KO) proved to be incompatible with postnatal
life. To determine the stage at which SET/ess-KO is lethal, we
performed timed mating and dissected embryos at multiple
developmental timepoints. E8.5 was chosen as the first time-
point because Sez/A-KO mice are E7.5 lethal (12), and we pre-
dicted that the loss of the catalytic domain (as opposed to the
entire protein) might delay lethality. Indeed, surviving embryos
were observed up to E12.5 (Fig. 1£). However, beginning at
E8.5, gross developmental defects and a general delay in devel-
opment were observed in the SE7/ess-KO embryos (Fig. 14).

To better understand the phenotype of the SETless-KO
embryos, we investigated gene expression changes in the mutant
embryos by extracting RNA from three separate litters of SE7-
less-KO, SETlesssHET, and WT whole E8.5 embryos (Fig. 1 C
and D and SI Appendix, Fig. 1 Cand D). While there were no
changes in gene expression between WT and SETless-sHET
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embryos (SI Appendix, Fig. 1C), significant differences were
observed between SETless-KO and W'T embryos for all three lit-
ters analyzed (Fig. 1B and SI Appendix, Fig. 1D). Overlapping
the significantly differentially expressed (DE) genes from the
three litters revealed 313 down-regulated genes, whereas 352
genes were up-regulated (S7 Appendix, Fig. 1E). Gene ontology
(GO) analysis demonstrated that many of the down-regulated
genes were important for differentiation, cell fate commitment,
and muscle development (Fig. 1C), whereas up-regulated genes
were enriched for negative regulation of cell proliferation and
transport of nutrients and small molecules (Fig. 1.D). This is an
intriguing finding, as our previously published data do not show
significant differences in gene expression between SerZA***” and
WT ESCs (15), and suggests that context-dependent gene regu-
latory functions for SerlA exist.

Since the SETless mouse harbors a premature truncation of
SetlA instead of an exclusive catalytic domain deletion, there is
a small possibility that the remainder of the C terminus accounts
for the phenotype. The C terminus of the protein, designated
the post-SET domain, is required for zinc (Zn) binding. It is
intrinsically disordered in the absence of Zn but forms a knot-
like structure close to the catalytic domain when Zn is present
(17). In Neurospora crassa, this structuring is necessary for
S-adenosyl-methionine and histone tail interactions and mutation
studies in which cysteines are replaced by serines show a loss of
catalytic activity (18). These findings suggest that the post-SET
domain is important in the context of the protein’s catalytic activ-
ity, and, as such, the premature termination ought to have the
same effect as exclusively deleting the catalytic domain.

A Genome-Wide CRISPR Dropout Screen Identifies Genetic
Dependencies of Set1A*!" ESCs. Both our previous studies in
ESCs and our assessment of the SE7/ess mice underscore the
importance of SetlA and its catalytic-dependent and catalytic-
independent functions in pluripotency and development.
Because ESC proliferation and viability are not perturbed by the
loss of the SET domain, we decided that further investigation
into the pathways regulated by Set1A and its potential coregula-
tors is warranted to better understand how it functions in self-
renewal. Therefore, we performed a genome-wide CRISPR/Cas9
dropout screen to identify genes that are required for cell viabil-
ity of Set1A*SET ESCs (Fig. 2A).

To retrieve the list of putative candidates that synthetically
perturb SerIA*SE”, we focused on genes that were depleted
only in SerIA*ET cells. An initial analysis revealed 1,425 tar-
gets that had at least two sgRNAs depleted out of the four
sgRNAs represented in the Brie library (Fig. 2B8). GO analysis
of these genes revealed the most significant enrichment in path-
ways involved in DNA damage response and repair and chro-
matin regulation (Fig. 2C). To identify the most essential
genetic dependencies of SerlA*%*” ESCs, each target candidate
was assigned a “differential dependency score” (DDS), which
reflects both the degree and consistency of dropout across mul-
tiple replicates of the 21-d screen, and was subsequently
ranked. Six targets were found to be depleted in at least three
of four replicates (Fig. 2B). These targets, Ing5, Uhrfl, Inis6,
Cenf, Pias4, and Dnmtl, are all known to play a role in chro-
matin regulation and/or DNA damage response. As a result, we
decided to focus our subsequent target validation efforts on the
genes in the top two significant GO term categories (Fig. 20).

For our secondary analysis, the 39 selected genes shown in
SI Appendix, Fig. 2A, were individually targeted using one
sgRNA per gene (chosen from the Brie library) in WT-Cas9
and SerIA**"-Cas9 ESCs and selected with puromycin for 10 d.
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Subsequently, alkaline-phosphatase staining was performed to
assess viability and colony formation (S/ Appendix, Fig. 2B). In
each assay plate, an sgRNA against Pena and a nontarget con-
trol (NTC) sgRNA were included as positive and negative
controls, respectively. Multiple targets, including INGS5, con-
ferred a visible growth disadvantage to Ser1A***" ESCs com-
pared to their W7 counterpart. These qualitative observations
were subsequently confirmed by measurement of colony num-
ber and areas in Image] (SI Appendix, Fig. 2B). Targets
selected for further validation were those that consistently
showed a decreased colony number between the two replicates.

Upon closer scrutiny of the 39 selected candidates (87
Appendix, Fig. 24), we noticed two known interactors of
INGS5: BRPF1 and JADE1. INGS is a core component of two
different HAT complexes: MOZ/MORF or HBO1 complexes
(also known as the KAT6A/6B and KAT7 complexes) (19).
These complexes include alternate scaffold proteins BRPF1/2/3

PNAS 2022 Vol.119 No.19 2118385119

from PCR genotyping.

or JADE1/2/3 that help dictate acetylation specificity on the
H3 or H4 tail (16, 20). The identification of these additional
complex members increased the level of confidence of ING5
being a genetic dependency to SetlA in ESC maintenance and
viability. As such, both BRPF1 and JADE1 were included in

subsequent validation assays.

The MOZ/MORF and HBO1 Complex Subunit ING5 Shows
Synthetic Perturbation with Set7A*S". For a more robust vali-
dation of our screen results, we selected Ing5, Brpfl, and Jadel
as well as the catalytic subunits of the MOZ/MOREF and HBO1
complexes (MOZ/KAT6A, MORF/KATG6B, and HBO1/KAT?7)
as targets for a CRISPR/Cas9-based cellular competitive growth
assay (Fig. 3). In brief, W7-Cas9 and Set1AET_Cas9 were
respectively labeled with mCherry and enhanced green fluores-
cent protein (eGFP) by stable lentiviral expression, and then
these two lines (hereafter referred to as W7-mCherry and
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Set1ANSET_eGFDP) were plated in the same well at a 1:1 ratio
(Fig. 34). The next day, the mixed population was transduced
with individual sgRNAs against the above genes; two to four
sgRNAs were used per target. Depletion was confirmed at the
protein level for INGS5, JADE1, and HBO1 for these sgRNAs
(SI Appendix, Fig. 3A). The rationale behind this assay is that if
depletion of any of the candidates confers an additional growth
disadvantage to SerlA**"-eGFP cells, the WT-mCherry cells
should eventually outcompete the SezIA*-¢GFP cells over
successive passages. The cells were subcultured over the course of
21 d, and the mCherry"™ and eGFP™ populations were counted
every 2 to 3 d by flow cytometry (Fig. 34). As expected, under
INGS5 depletion conditions, the W7-mCherry population
steadily overtook the Ser1A***"-¢GFP population over time (S/
Appendix, Fig. 3B).

Dropout ratios were calculated by measuring the percentage
of SerlA*ET-GEP/WT-mCherry and normalizing these to the
baseline timepoint (day 3) and the NTC (lentiGuide-Puro; Fig.
3B). ING5 and JADEIL depletion resulted in a significant
growth disadvantage for SerIA***"-GFP cells, whereas BRPF1
depletion did not lead to visible changes in SerlA***'-GFP
ESC growth relative to W7-mCherry (Fig. 3B and SI Appendix,
Fig. 3 Band (). The catalytic subunit MOZ gave a small but
significant growth disadvantage to SerlA**"-GFP cells. Inter-
estingly, MORF depletion gave a significant growth advantage
to SetIA~SET_GFP cells (Fig. 3B). These results were reproduc-
ible across a minimum of three replicates with at least two dif-
ferent sgRNAs (S Appendix, Fig. 3C).

The MOZ/MORF and HBO1 complexes are members of
the MYST family of acetyltransferases and are responsible for a
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1 Regulation of DNA metabolic process

B Cell division

] Regulation of methylation-dependent chromatin silencing
] Cell cycle checkpoint

| SUMO E3 ligases SUMOylate target proteins
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green were depleted in at least three out of
four replicates, and genes in orange were
depleted in at least two out of four replicates.
The six labeled targets correspond to the
genes in green with their ranking as deter-
mined by the DDS score in parentheses. (C)
GO analysis for the 1,425 dropout targets in B
using the Metascape software. Enriched path-
ways that are statistically significant are shown
with corresponding —logio (P) values.

variety of histone modifications (Fig. 30), including H3K14/
K23 acetylation by MOZ/MOREF complexes (19). To make an
unbiased assessment of the histone modification profile of WT
and Set1ASET ESCs with or without loss of INGS, we gener-
ated ING5-KO and ING5-KO;Set1A>ET (hereafter referred to
as dMutant) ESCs using CRISPR/Cas9-mediated deletion that
led to the loss of the entire /ng5 transcript (Fig. 4A4).
Interestingly, loss of Ing5 function in conjunction with
Set1ANSET did not impair survival. dMutant cells grew slightly
slower than the other three genotypes (W7, Ser1A***, and
ING5-KO) but were still viable. Thus, we hesitate to denote
the interaction between INGS5 and SetlA as synthetic lethal
based on our screen and have instead opted for the term
“synthetic perturbation”. The most likely explanation for the
blunting of the phenotype is the redundancy between ING4
and ING5 compensating for the loss of ING5. ING4 and
INGS5 can form heterodimers (21), and several studies suggest
that the two proteins can function redundantly (19). For
instance, both ING4 and ING5 bind P300 HAT and the
tumor suppressor P53 to modulate the function of P53 (22).
Following the confirmation of INGS5 loss (Fig. 4 A and B),
epiproteomic histone modification panel mass spectrometry
(23-25) was conducted in W7, Set1A*SET, INGS-KO, and
dMutant ESCs. This analysis did not reveal a significant loss of
modifications implemented by the MOZ/MORF and HBO1
complexes (H3K14ac, H3K23ac, H4K5ac, H4K8ac, and
H4K12ac), aside from a 30% decrease in H3K14ac and 20%
decrease in H3K23ac when comparing the dMutant to the WT
(P < 0.05, Fig. 3D). Western blotting analysis confirmed these
results (Fig. 3E). This suggests that while the catalytic activity of
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Fig. 3. The MOZ/MORF and HBO1 complex
subunit ING5 shows synthetic perturbation
with Set1A. (A) A competitive growth assay was
used to validate screen targets. WT-Cas9 and
Set1A*ET.Cas9 cells were labeled with
mCherry and eGFP, respectively, and mixed at
a 1:1 ratio before sgRNA lentivirus transduc-
tion the next day. During the 21-d screen,
fractions of eGFP*™ versus mCherry* were
measured by flow cytometry. (B) Dropout
ratios (% eGFP/% mCherry, corresponding to
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The top screen hit ING5 is known to be a part
of the MOZ/MORF and HBO1 complexes,
which are involved in acetylation at H3 and/or
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MOZ/MOREF and HBO1 complexes could be important for the
genetic dependency between SetlA and INGS5, the small effect
of the loss of the aforementioned histone acetylations could also
point toward a MOZ/MORF/HBO1 complex—independent role
for INGS5 in the context of its genetic dependency with Set1A.

Loss of ING5 Causes Global Gene Expression Changes Alone
and in Combination with Set7A*!". To account for clonal
effects, gene expression of three independent genetic clones for
both ING5-KO and dMutant ESCs were assessed. Analysis of
the transcriptomic data showed that loss of ING5 alone did
not lead to a major change in gene ez(g_ression profile, whereas
the combination of Zng5 and SerlA*" lead to a large number
of gene expression changes (Fig. 4C, Top). In our previously
published results, W7 and Ser1A***” ESCs had an overall simi-
lar gene expression profile (15). In this study, we did observe a
difference in gene expression profile between W7 and
Set1ANSET ESCs (Fig. 4C, Bottom Leff). We attribute this to a
single Ser1A***” line being used for this RNA sequencing
(RNA-seq) as opposed to two independent lines in the original
study, as clonal effects can contribute to changes in gene
expression profile. The difference between dMutant and
Set1ANSET was negligible (Fig. 4C, Bottom Right). Overall, the
ING5-KO ESC gene expression profile differed slightly from
that of W7 and Set1A*%*" ESCs; however, the dMutant
ESCs showed the most divergent gene expression pattern from
both W7 and Ser1A***" (Fig. 4D).

To understand which of the gene expression changes were
specific to Ing5 loss, we took our list of DE genes between
Set1 A" versus dMutant and plotted it against the list of W7
versus /NG5-KO DE genes. In this setting, the genes that are
no longer significantly changed when the two lists are over-
lapped are likely changes exclusively conferred by the deletion
of Ing5 (Fig. 4E). These genes are indicated in gray, whereas
the genes that still show statistically significant up- or down-
regulation are indicated in purple and green, respectively. GO
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HaK8Ac  HAK12Ac  H4K1BAC
dMutant

blot performed to confirm mass spectrometry
results. Total H3 and H4 were used as loading
controls.

—— | HAKBAC

analysis of these /ng5-specific (gray) genes showed that the list
is significantly enriched for genes associated with nucleosome
assembly and organization and DNA replication (Fig. 4E). We
additionally examined the genes that remained up-regulated
(purple) or down-regulated (green) in the overlay, with the
rationale that they could indicate ING5-SetlA cooperative dif-
ferential expression (Fig. 4E, Bortom). Interestingly, the
up-regulated DE genes were strongly enriched for developmen-
tal pathways, suggesting that ING5 and Set1A could be regulat-
ing the state of differentiation in ESCs.

The Simultaneous Loss of Ing5 and the SET Domain of Set7A
Lead to Up-Regulation of Differentiation-Associated Genes at
Regions Cooccupied by ING5 and Set1A. To better understand
the role of ING5 and SetlA in ESC function at the chromatin
level, we performed chromatin immunoprecipitation with
sequencing (ChIP-seq) for ING5 and SetlA in our W7,
Setl AT ING5-KO, and dMutant ESC lines. As anticipated,
the deletion of INGS5 led to a visible signal loss in ING5 ChIPs
(Fig. 5 A and B). There was residual ING5 signal at several pro-
moter regions, including SOX2 (Fig. 54), which we attribute to
the antibody potentially cross-reacting with ING4, similar to
what we observed for total protein levels by Western blotting
(Fig. 4B). Interestingly, while there was overlap in SetlA and
INGS signal, we observed a difference in the binding pattern of
the two, whereas SetlA signal appeared as sharp, narrow peaks
primarily at gene promoters and the transcription start site
(TSS); INGS signal tended to be broad and spanned the pro-
moter, TSS, and gene bodies (Fig. 5 A and B).

INGS contains a Zn-finger PHD domain, which is responsi-
ble for its DNA binding (26). We reasoned that ING5 could
be responsible for recruiting SetlA/COMPASS to appropriate
developmental gene promoters. However, global analysis of
SetlA ChIP-seq data did not show a significant loss of SetlA
signal in the ING5-KO or dMutant (SI Appendix, Fig. 4C). We
additionally looked at SetlA signal at ING5 peaks as well as
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with ING4. (C€) The log,FC changes in gene
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INGS signal at SetlA peaks but did not observe any change in
the binding of one transcription factor at the other’s binding
site(s) (SI Appendix, Fig. 4 D and E).

Taking a different approach to understand how SetlA and
ING5 work together, we performed peak calling for both
SetlA and INGS5 and looked at the overlapping regions for
both transcription factors. A total of 8,106 Set1A/ING5 cooc-
cupying regions were identified, and there was an overall over-
lap of 20% between SetlA and ING5 ChIP-seq peaks (Fig.
5C). We bioinformatically identified the nearest TSS for these
regions and performed pantherDB protein classification analysis
on these genes. A significant number of them were nucleic
acid-binding proteins, transcriptional regulators, or chromatin-
binding proteins (Fig. 5D), suggesting that ING5 and SetlA

play an important role in transcriptional regulation of
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RNA-seq data were generated by plotting z
scores of log,FC gene expression changes.
Three independent genetic clones for both
ING5-KO and dMutant were analyzed, and the
experiment was repeated twice. (E) To investi-
gate ING5-specific gene expression changes,
dMutant/Set1A*ET DE genes were plotted on
ING5-KO/WT DE genes. Gray genes indicate
ING5-specific DE genes. GO analysis of ING5-
specific gene expression changes with a logFC
of <—1 and P value of <0.01 show that chroma-
tin assembly and nucleosome organization
genes are down-regulated with loss of INGS5.
ING5/Set1A cooperative up-regulated genes are
plotted in green, and down-regulated genes are
plotted in purple. GO analysis was performed
using the Metascape software. Enriched path-
P ways that are statistically significant are shown
with corresponding —logio(P) values.

developmental gene expression in ESCs. Indeed, when we
ordered our RNA-seq log fold change (logFC) data by the
SetlA/INGS5 cooccupying coordinates, the loss of both ING5
and SetlA signal correlated strongly with down-regulation of
gene expression, and signal loss was the lowest at the promoters
of up-regulated genes (Fig. 5 E and F). Most importantly, we
observed that the up-regulated genes were primarily enriched
for development and morphogenesis (Fig. 5G). Finally, we
divided the DE genes in the dMutant into two clusters,
up-regulated (dMutant-UP) and down-regulated (dMutant-
DN), and assessed SetlA occupancy at these regions (Fig. 5H).
As expected, the dMutant-UP genes had the highest Set1A sig-
nal in the dMutant, and the dMutant-DN genes had the lowest
SetlA signal. Interestingly, the highest SetlA occupancy at
dMutant-DN genes was observed in the ING5-KO.
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Fig. 5. The simultaneous loss of ING5 and the SET domain of Set1A lead to up-regulation of differentiation-associated genes at regions cooccupied by ING5
and Set1A. (A) ING5 and Set1A ChiIP-seq was performed in WT, ING5-KO, Set1A*SET "and dMutant cells. Representative UCSC genome browser tracks depict a
loss of ING5 signal in the ING5-KO and dMutant cells at the Sox2 locus. (B) Global occupancy (Left) and log,FC (Right) analyses also confirm loss of ING5 across
the genome. (C) Peak calling was performed by MACS2 for ING5 and Set1A, and a 20% overlap was observed, indicating that one-fifth of the identified regions
are cooccupied by Set1A and ING5. (D) PantherDB protein class analysis was performed on the genes nearest to the Set1A/ING5 cooccupied regions. The top
three categories identified were metabolic genes, nucleic acid-binding proteins, and transcriptional regulators. (E) Genome-wide occupancy of ING5 of Set1A/
ING5 cooccupied regions was mapped. (F) log,FC analysis of Set1A/ING5 cooccupied regions and corresponding RNA-seq log,FC indicate a loss of gene expres-
sion at ING5/Set1A cooccupied regions when INGS5 is deleted with or without the deletion of the SET domain of Set1A. (G) GO analysis of genes annotated by
the nearest TSS to ING5/Set1A cooccupied regions shows that differentiation-related genes are significantly up-regulated, whereas stress response genes are
down-regulated in dMutant cells. Analysis was performed by Metascape software, and a cutoff of |log,FC| > 1 and P < 0.01 was used for the inclusion of genes
in the analysis. Enriched pathways that are statistically significant are shown with corresponding —logo(P) values. (H) ING5 occupancy grouped by DE genes in
dMutant versus WT. Clusters respectively show down-regulated versus up-regulated genes, and peaks are centered at the TSS.
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Differentiation-Associated Genes Are Up-Regulated in the
dMutant at H3K4me3-Enriched ING5 Clusters. The C-terminal
PHD domain of INGS5 is known to interact with H3K4me3
(26). Therefore, we performed H3K4me3 ChIP-seq on W7,
Set1APSET ING5-KO, and dMutant cells to investigate the
effect the loss of INGS5, alone and in combination with
Set1AASET) has on H3K4me3. While loss of INGS lead to a
decrease in H3K4me3, this decrease in H3K4 methylation was
not striking (S Appendix, Fig. 5 A and B). To evaluate H3K4me3
signal in the context of ING5, we partitioned ING5 ChIP-seq
peaks from W7, Set1A*F", ING5-KO, and dMutant ESCs into
three independent clusters by unbiased Ameans clustering (57
Appendix, Fig. 5 Cand D). INGS5 signal did not vary significantly
between the three clusters (S7 Appendix, Fig. 5C). However, when
the H3K4me3 signal was sorted by the INGS5 clusters, we
observed that cluster 1 had the lowest H3K4me3 occupancy,
while cluster 3 had the highest (57 Appendix, Fig. 5D).

To understand how this correlated with gene expression, we
ordered the RNA-seq log,FC data comparing ING5-KO versus
WT and dMutant versus W1 ESCs according to the three ING5
clusters. We observed that clusters 1 and 2 had primarily down-
regulated genes, whereas cluster 3 contained a higher number of
up-regulated genes (S/ Appendix, Fig. 5D, Right). GO analysis of
these three clusters indicated that clusters 2 and 3 were enriched
for tissue-specific differentiation-associated genes (SI Appendix,
Fig. 5F). In addition, we observed that H3K4me3 and ING5
had similar binding patterns, and >50% of ING5 and
H3K4me3 peaks showed overlap (S/ Appendix, Fig. 5 Fand G).
Evidence from the literature indicates that ING5 binding occurs
primarily at TSSs of transcribed genes and correlates positively
with mRNA expression in epidermal stem cells (27), which is in
line with the colocalization with H3K4me3 signal.

Finally, we investigated whether any histone modification
changes occurred secondary to the loss of ING5 alone and
in combination with SezZA***" by performing ChIP-seq
for H3K14ac, H3K23ac, H4K5ac, H4K8ac, H4K12ac, and
H4K16ac, which are the histone marks known to be deposited
by the MOZ/MORF and HBO1 complexes. The epiproteo-
mics data suggested that H3Kl4ac and H3K23ac levels
could be affected by the joint perturbation of SET1A and
INGS5, with only minimal changes in H4K5ac, H4K8ac, and
H4K12ac (Fig. 3D). The ChIP-seq data demonstrated that no
significant changes in the global levels were observed for
H3K14ac, H4K5ac, or H4K8ac (S Appendix, Fig. 6). A mini-
mal loss of H4K12ac and H4K16ac was observed. A strong
decrease in H3K23ac in the ING5-KO and dMutant was
observed by ChIP-seq (SI Appendix, Fig. 6). While changes in
these histone modifications could be helpful in identifying
whether ING5’s role in SET1A-mediated regulation of pluripo-
tency is driven through MOZ/MORF and HBO1, the modest
changes in the majority of the histone modifications suggest
that other enzyme-independent functions are also possible for

INGS in the context of SET1A.

ING5-KO ESCs Can Be Efficiently Differentiated into Embryoid
Bodies (EBs). To functionally assess the effect of knocking out
INGS on ESC differentiation, we performed EB differentiation
assays with W7, Set1AASET) ING5-KO, and dMutant ESCs as
previously described (15). To account for clonal effects, two
independent genetic lines were assayed for each genotype. As
published previously, SezZA***" ESCs had defective differentia-
tion and formed smaller, deformed EBs. Conversely, the ING5-
KO EBs were significantly larger (27%, P < 0.0001) than their
WT counterparts. dMutant EBs were phenotypically similar to
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Set1A~ET EBs, suggesting that the Set1A*SET has the dominant
effect in the dMutant (87 Appendix, Fig. 7 A and B).

When differentiation is induced, stem cells down-regulate
the four pluripotency factors Oct4, Sox2, Nanog, and Kif4 (28,
29). We had previously shown that this down-regulation is not
observed in the SetIA“SET EBs. We observed that ING5-KO
EBs further suppressed these pluripotency factors compared to
WT (SI Appendix, Fig. 7C). Accordingly, GO analyses of up-
and down-regulated genes in the ING5-KO versus WT showed
that the up-regulated genes were primarily associated with dif-
ferentiation into terminal lineages, whereas the down-regulated
genes were associated with pluripotency (S/ Appendix, Fig. 7D).

Discussion

The Setl/COMPASS family plays key roles in development. The
mouse models for Sez/A and SezlB clearly show discrete develop-
mental roles; SetlA is required during the epiblast stage, whereas
Set1B becomes essential later for gastrulation (12). In ESCs, we
see some redundancy between SET1A/B as far as catalytic
functions go. SETIA***" is not sufficient to reduce bulk
H3K4me3, but SETIA**"SET1B-KO leads to visible loss of
bulk H3K4me3 (14). It is clear that there is still much we do
not know about the role of not just SetlA but also the other
COMPASS family members’ H3K4 methylation—independent
functions governed by other domains of the proteins. Some
structure—function studies have been conducted with yeast Setl,
which might hint at what happens in mammalian systems,
although none of these implicate the catalytic domain specifi-
cally. The N terminus of yeast SET1 appears to be required for
RNA polymerase II (RNAP II) C-terminal domain binding and
H3K4 methylation (30), and loss of the N-terminal RNA-rec-
ognition motf domain leads to loss of H3K4 methylation (31).
Further domain-mapping studies and unbiased approaches are
necessary to elucidate the role of the catalytic domain in
pluripotency.

As such, using a genome-wide CRISPR/Cas9 negative selection
screen, we have identified several plausible genetic dependencies to
SetIA***" in maintaining ESC viability, among which ING5 was
our primary hit. Only a handful of studies to date have implicated
the role of /ng5 in various stem cell populations with minimal
understanding of the underlying mechanisms pertaining to its
function: 1) overexpression of /NG5 in glioblastoma stem cells pro-
motes their self-renewal, while /NG5 knockdown results in a
higher fraction of differentiated cells (32); 2) Ing5 was identified
via a focused genetic screen as part of an epigenetic network con-
trolling epidermal stem cell maintenance (27); and 3) ING5-HAT
complexes (elaborated further below) have been shown to maintain
pluripotency and proliferation of ESCs (33), hematopoietic stem
cells (34, 35), and adult neural stem cells (36).

Our study suggests that ING5 may cooperate with SetlA to
jointly control ESC viability and self-renewal (Fig. 6). The loss
in the fitness of SerIA***" ESCs with the depletion of ING5
(Fig. 3) strongly supports this claim. However, the lack of
evidence for a functional relationship between the two makes it
difficult to dissect the precise mechanism by which this occurs.
Below, we discuss possible consequences of the SerlA™S7-
ING5 synthetic perturbation and consider potential roles for

INGS in this relationship.

ING5 as a Regulator of Developmental Gene Expression. Sev-
eral studies in the literature, including our own, highlight the
importance of SetlA in developmental gene expression. Loss
of SetlA is incompatible with survival and development;
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mice harboring the global deletion of it cannot progress past
the epiblast stage, and Set1A-KO ESCs cannot be generated
(12). The catalytic domain is required for differentiation and
activation of the developmental gene expression program; mono-
layer neuronal differentiation is impaired in SezZA***” ESCs, and
they are unable to extinguish pluripotency-associated factors and
up-regulate mesoderm differentiation genes upon induction of
EB differentiation (14).

Odur results reported in this study suggest a role for INGS5 in
the neuronal gene expression program. This is intriguing in the
context of a recent publication showing a requirement for
SetlA in a neural signature-driven prometastatic memory in
oral carcinomas (37). Our findings also show an up-regulation
of neural genes upon loss of ING5, and our data suggest that
this effect could be occurring synergistically with loss of the
SetlA SET domain (Fig. 4E). The extent of this potential
cooperativity is difficult to dissect, as ING5 alone also leads to
up-regulation of neuronal genes and improved spheroid forma-
tion in EB differentiation. Elucidating the molecular mecha-
nisms of this could lead to a better understanding of the many
neurodevelopmental disorders associated with SetlA.

We sought to isolate /ng5-specific transcriptomic changes by
comparing the DE gene profile of dMutant/Set1A***" DEs and
that of ING5-KO/WT (Fig. 4 C-E). Ing5-specific DE genes
were enriched for chromatin assembly and organization and
DNA replication, which precisely fit the functional profile of
Ing5 (38, 39). However, since loss of Ing5 by itself does not
cause dramatic phenotypic and gene expression changes in
ESGs, it is unlikely for /ng5 alone to explain the gene expres-
sion and chromatin-binding profile alterations we observe in
our datasets. The transcriptomic profile comparison in Fig. 4F
also demonstrates the DE genes observed in dMutant/
SerIA*SET but not in ING5-KO/WT. This implies that the
genes that are up-regulated/down-regulated are the consequence
of the perturbation of both Sez/A and Ing5.

Setl1A/INGS5 cooccupying regions (Fig. 5) and gene expres-
sion changes associated with the loss of binding at these regions
were assessed to further investigate the joint function of SetlA
and INGS5. Interestingly, when SetlA signal was ordered by
SetlA/ING5 cooccupying regions, the up-regulated genes
showed an increase in SetlA signal in ING5-KO versus WT
(Fig. 5 Fand G). GO analysis of these genes showed that the
up-regulated genes were strongly represented in developmental
gene categories. These findings suggest that a potential mistar-
geting of Set1A occurs with the loss of ING5, and this leads to
aberrant up-regulation of developmental genes. This effect is
not strong enough to cause ING5-KO or dMutant ESCs to
spontaneously differentiate. However, ING5-KO ESCs do
form larger EBs and suppress the four pluripotency factors
robustly (87 Appendix, Fig. 7). Together with the up-regulation
of developmental genes in the dMutant cells, these indicate a
possible role for INGS5 in suppressing differentiation.

ING5 and Histone Acetylation via the MYST Acetyltransferases.
As stated earlier, INGS is a core component of the MOZ/MORF
and HBO1 complexes. MOZ/MORF complexes are believed to
acetylate H3K9/K14/K23 at transcriptionally active promoters
(38, 40—45), while the HBO1 complex reportedly acetylates
H3K14 at promoters and gene bodies (34, 46-49) and H4KS5/
K8/K12 (20, 38, 50). Native HBO1 complexes can contain
either JADE1/2/3 or BRPF1/2/3 scaffold proteins to acetylate
either H4 or H3, respectively. It is conceivable that there may be
additional HAT subcomplexes to be unveiled. Our findings from
the competitive growth assay suggest a possible “MOZ-Jade”
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complex in regulating ESC viability alongside Set1A (Fig. 3 and
SI Appendix, Fig. 3). The reduction in H3K23ac, a mark primar-
ily deposited by the MOZ complex, supports this (S/ Appendix,
Fig. 6).

gDespite residing in similar multimeric complexes, each HAT
has a unique role in development as reflected by the different
phenotypes observed in mutant mice. Hbol-null mice are
embryonic lethal at E10.5; deleting Hbo! appears to adversely
affect embryonic patterning and organogenesis, especially the
development of blood vessels and somites (47). Determining
the consequent effects on histone modifications upon targeting
Moz (and/or Morf and Hbol) in Set1A***" ESCs may also
explain the underlying mechanism of epigenetic reTgulation.
Our preliminary analyses in sgHbol and SerlA*S*" sgHbol
ESCs point toward a cooperation between SetlA and HBO1,
as the loss in H3K14ac and H4 acetylation, the primary acety-
lations implemented by the HBO1 complex, are augmented
when the catalytic subunit HBO1 is depleted in the back-
ground of Set1ARSET (ST Appendix, Fig. 8). Hence, both MOZ
and HBO1 can be implicated as playing roles in the synthetic
perturbation of ING5 in SetIA***” ESCs. In either case,
detailed biochemical analysis of SetlA, ING5-containing com-
plexes, and their interactors is necessary to understand the pre-
cise molecular mechanisms of these pathways and is among the
future directions of this study.

ING5 in DNA Damage Response and Proliferation. Since ESCs
propagate quickly and indefinitely, it becomes imperative that
they maintain genomic integrity to protect self-renewal and
that continual DNA replication does not induce spurious dif-
ferentiation (51, 52). Recently, several studies have demon-
strated Set1A’s role in orchestrating the DNA damage response
and repair pathway to prevent genome instability, especially
during replicative stress (53—56). ING5 and its associated com-
plexes also participate in DNA replication. In fact, HBO1 was
first discovered via its interaction with ORC1 and MCM heli-
cases, which are involved in the prereplication complex (57,
58). Additional studies have linked the function of ING5 and
its associated complexes to p53 signaling, including physically
interacting with p53 to activate p53-downstream targets (e.g.,
p21) in response to DNA damage (22, 59, 60). INGS5 has also
been reported to regulate cell proliferation in a p53-
independent manner (61). Given the current literature, it is
reasonable to extrapolate that Set]lA/COMPASS cooperates
with ING5-associated complexes to maintain ESC self-renewal
via mechanisms involving regulating the DNA damage
response. DNA damage response was also shown to be the pri-
marily enriched pathway in the GO analysis of the initial
CRISPR screen (Fig. 2). Furthermore, cross-talk between the
two families of chromatin-modifying complexes have been pre-
viously described; MII1/COMPASS and MOZ cooperate to
regulate Hox genes in human cord blood cells (62), and recruit-
ment of HBO1 by MII1 regulates the HoxA gene cluster in leu-
kemic stem cells (LSCs) (34). Interestingly, two independent
studies have also implicated the involvement of HBO1 in tran-
scriptional elongation (34, 63); in particular, H3K14ac deposi-
tion by HBO1 may facilitate RNAP II processivity throughout
the coding regions of LSC genes (34). Since studies have shown
that yeast Setl, homolog to mammalian SetlA and SetlB,
could be recruited to chromatin by associating with elongating
RNAP II (64-66), it is also therefore possible that the connec-
tion between SetlA/COMPASS and Ing5-related complexes is
via the RNAP II elongation complex.
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In conclusion, we present here initial findings and speculation
on a previously unrecognized potential functional interaction
between ING5 and SetlA/COMPASS in ESCs, showcasing a
sophisticated relationship among different families of epigenetic
modifiers in mediating self-renewal. Loss of ING5 in ESCs leads
to up-regulation of differentiation-associated genes but is not suf-
ficient to induce differentiation. The loss of H3K23ac in the
ING5-KO and dMutant as well as the decrease in fitness of
MOZ-depleted SetIA*ET-GFP cells point toward the MOZ
complex as a potential downstream effector. However, this
requires validation, as does the role of ING5 in DNA damage
response in the context of stem cells. Of course, these are not
mutually exclusive, and all require further investigation to under-
stand the relationship between SetlA and INGS. Clearly, much
remains to be investigated about these underlying epigenetic
mechanisms in governing ESC pluripotency. Such molecular
insights would be highly applicable for understanding the behav-
ior of cancer stem cells, given their shared characteristics with
ESCs as well as stem cell reprogramming, which would greatly
advance the field of regenerative medicine.

Materials and Methods

Generation of SETless Mice, Screening, and Genotyping. SETless mutant
C57BL/6 mice were generated via pronuclear injection of CRISPR sgRNAs to the
SET domain of Set1A (sgRNA sequences are provided in SI Appendix, Table 1)
with the assistance of the Northwestern University Transgenic and Targeted
Mutagenesis Laboratory (TTML). The resulting FO founder mice were genotyped
using PCR and NGS to identify the FO mice harboring the SETless mutation. In
brief, genomic DNA was extracted from tail snips (provided by TIML) of resulting
FO mice. We designed NGS primers that amplify the intended sgRNA target
region of Set74 to include Illumina adaptor sequences, a staggering length
sequence, and an 8-bp barcode for multiplexing of different FO samples: forward
primer, 5'-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCT (1- to 9-bp staggering length sequence) GGAAGAAGAAACTCCGATTTGG-3,
and reverse primer, 5'-CAAGCAGAAGACGGCATACGAGAT (unique 8-bp barcode)
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT ACCATCTCATCAGCGGCAAT-3'.

For each FO sample, we used Phusion high-fidelity DNA polymerase (NEB,
M0530) for PCR amplification (35 cycles) and then combined the resulting
amplicons across samples. Pooled PCR reactions were precipitated using isopro-
panol, gel extracted, and sequenced using a NextSeq 500 sequencing platform
(Hllumina). Raw BCL (basecall) output files were converted into fastq files using
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bel2fastq (Illumina, version 2.17.1.14), followed by quality trimming using Trim-
momatic (67). Trimmed reads were then aligned to the mouse genome (Univer-
sity of California Santa Cruz [UCSC] mm9) using Burrows-Wheeler aligner (68).
Output binary alignment map files were converted into SAM (sequence align-
ment map) files using SAMtools (69), from which CIGAR strings were retrieved
for each FO sample and subsequently analyzed to determine which FO mouse
harbored an intended mutation in the Set1A SET domain. One FO mouse harbor-
ing a two-nucleotide insertion at the guide RNA (gRNA) cut site located at the
start of the SET domain of Set1A was identified and subsequently crossed with
WT female C57BL/6 mice, and the resulting offspring validated the germline
transmission of the mutant allele. Heterozygous breeding was used to establish
and maintain the mouse colony, and heterozygous intercrosses were carried out
to obtain progeny with homozygous Set7A“SE mutation. Developmentally
staged embryos from heterozygous intercrosses were dissected, genotyped, and
characterized for developmental deformities. For mouse genotyping after colony
establishment, mice were ear notched, and the ear notch biopsies were used for
genotyping following a previously published protocol (70). Genotyping primers
are listed in SI Appendix, Table 1.

Genome-Wide CRISPR/Cas9 Dropout Screen. The Brie mouse library (71)
was purchased from Addgene. This library targets each of the 19,674 mouse
genes with ~4 sgRNAs per gene plus 1,000 NTC sgRNAs (71). Brie library ampli-
fication, lentiviral production, multiplicity of infection (MOI) determination, and
transduction weresperformed as previously described (71). In brief, 3 x 107 WT
V6.5 and Set1ASE ESCs stably expressing Cas9 (denoted as WT-Cas9 and
Set1A“*F.Cas9, respectively) were transduced with the Brie library at an MOI of
<0.3. Twenty-four hours after transduction, infected cells were treated with
puromycin (2 pg/mL, Life Technologies), and 5.5 x 107 cells were pelleted and
snap-frozen 2 d later (day 3). Remaining cells were passaged every 2 d for an
additional 18 d, during which at least 3 x 107 cells were maintained per pas-
sage to ensure adequate sgRNA representation. On day 21, 5.5 x 107 cells were
pelleted and snap-frozen. Four replicates of this 21-d dropout screen were per-
formed. As described previously (72), genomic DNA was extracted from pelleted
cells collected on day 3 and day 21, which serve as the initial and terminal popu-
lations of transduced cells, respectively, and the sgRNA library was amplified
from the extracted DNA by PCR with primers containing adaptors for lllumina
sequencing. Deep sequencing on a NextSeq 500 sequencing system followed
by statistical analyses were used to analyze sgRNA library composition in the ini-
tial and terminal populations.

For the analysis of the CRISPR screen data, count tables and sgRNA rankings
were generated using the MAGeCK algorithm, as previously described (73). Follow-
ing this, we performed additional filtering by fold change. Each sgRNA with a
log,FC of >—1 in the terminal population compared to the initial population was
considered as depleted, and the total number of depleted sgRNAs was computed.
Essential genes, such as Pcna and Ctcf, were depleted in both WT and SetTAASE
cells and were filtered out and excluded from further dropout candidate identifica-
tion analyses. An initial analysis revealed 1,425 targets depleted only in Set7TA*S"
cells that had at least two sgRNAs depleted out of the four sgRNAs represented in
the Brie library (Fig. 2B). To identify the most essential genetic dependencies of
Set1ASET ESCs, each target candidate was assigned a DDS, which reflects both the
degree and consistency of dropout across multiple replicates of the 21-d screen,
and was subsequently ranked. The DDS score was calculated as follows:

DDS(gene) = —i = 14W; x |092FCSenAASH

where Wé: 1 if there are at least two sgRNAs of a gene that meet the criteria
—log,FCMAASET 1 and —log,FCT < 1; otherwise, W; = 0.

For the final ranking, the DDS score was averaged across all four replicates. A
cutoff of 0.25 was used for the average DDS in order to designate a target as
depleted. Based on this, six targets were found to be depleted in at least three
out of four replicates (Fig. 2C). Of the 1,425 ranked targets, 139 genes had at
least three out of four sgRNAs depleted in a minimum of two replicates, from
which 39 genes were selected for further validation based on their role in DNA
damage response and/or chromatin modification (S/ Appendix, Fig. 2).

Competitive Growth Assay for Secondary Validation of Screen Hits.
Select targets resulting in perturbed Set7A** " proliferation determined by
alkaline-phosphatase staining were subjected to further validation using a cell
competition assay. For the cell competition assay, we first labeled WT-Cas9 and
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SetTA®SH-Cas9 ESCs with mCherry and eGFP. The plasmid for expressing
mCherry in ESCs was purchased from Addgene (120426) (74), into which we
cloned the eGFP transgene in place of mCherry to generate the eGFP-expressing
plasmid. mCherry-labeled WT-Cas9 cells and eGFP-labeled Set1A%*-Cas9 cells
were mixed at a 1:1 ratio and seeded 12 h before gRNA lentivirus transduction.
Twenty-four hours after transduction (day 1), infected cells were selected with
puromycin. The percentages of mCherry™ versus eGFP™ cells per gRNA perturba-
tion were measured between day 3 and day 21 after transduction every 2 d via
flow cytometry using the BD FACSAria 1. At least two replicates of the 21-d cell
competition assay were performed as part of the target validation process. At
least two sgRNAs were used per target. Flow cytometry analyses, including gat-
ing, were performed on FlowJo v10.6.2.

Mass Spectrometry. Mass spectrometry was performed in collaboration with
the Northwestern University Excellence in Proteomics Core. Three replicates were
submitted per genotype. For each sample, 5 x 10® ESCs were harvested, snap fro-
zen in liquid nitrogen, and stored at —80 °C until submission. Upon submission
to the Proteomics Core, nuclei were isolated from 100% of the material provided.
Histones were acid extracted from 100% of nuclei, and 100% of each sample was
derivatized via propionylation reaction and digested with trypsin as previously
described (75). Each sample was resuspended in 50 pL of 0.1% TFA/mH,0 (tri-
fluoracetic acid) and 3 pL was injected with three technical replicates. For data
analysis, the percent abundance values were calculated for each histone modifica-
tion and normalized to the percent abundance of its unmodified form and the
nontarget sgRNA control (AAVS1) for all three replicates. An ordinary two-way
ANOVA test with main effects only was performed for significance testing. For com-
parisons between individual groups, Tukey hypothesis testing for multiple compar-
isons was conducted, and the multiplicity adjusted P value was reported for each
comparison. All statistical analyses were performed using GraphPad Prism
9.0.1 software.

Data Availability. NGS data have been deposited to the Gene Expression
Omnibus database under accession number GSE196946 and are publicly avail-
able. All other study data are included in the article and/or S/ Appendix.
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