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Of the six members of the COMPASS (complex of pro-
teins associated with Setl) family of histone H3 Lys4
(H3K4) methyltransferases identified in mammals,
Set1A has been shown to be essential for early embryonic
development and the maintenance of embryonic stem
cell (ESC) self-renewal. Like its familial relatives, Set1A
possesses a catalytic SET domain responsible for histone
H3K4 methylation. Whether H3K4 methylation by
Set1A/COMPASS is required for ESC maintenance and
during differentiation has not yet been addressed. Here,
we generated ESCs harboring the deletion of the SET
domain of SetlA (Set1A“SET); surprisingly, the SetlA
SET domain is dispensable for ESC proliferation and self-
renewal. The removal of the Set1A SET domain does not
diminish bulk H3K4 methylation in ESCs; instead, only a
subset of genomic loci exhibited reduction in H3K4me3
in Set1ASET cells, suggesting a role for Set1A independent
of its catalytic domain in ESC self-renewal. However,
Set1A*SET ESCs are unable to undergo normal differentia-
tion, indicating the importance of Set1A-dependent H3K4
methylation during differentiation. Our data also indicate
that during differentiation, Set1A but not M112 functions as
the H3K4 methylase on bivalent genes and is required for
their expression, supporting a model for transcriptional
switch between MII2 and SetlA during the self-renew-
ing-to-differentiation transition. Together, our study
implicates a critical role for Set1A catalytic methyltrans-
ferase activity in regulating ESC differentiation but not
self-renewal and suggests the existence of context-specific
H3K4 methylation that regulates transcriptional outputs
during ESC pluripotency.
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The highly conserved COMPASS (complex of proteins as-
sociated with Setl) family of methylases implements
methylation at Lys4 of histone H3 (H3K4) (Shilatifard
2012; Sze and Shilatifard 2016), a mark associated with
transcriptionally active chromatin. The H3K4 methyl-
transferase Set1A is one of six COMPASS members iden-
tified in mammals and has consistently been shown to
deposit bulk H3K4 dimethylation and trimethylation
(H3K4me2/me3, respectively) across the genome (Wu
et al. 2008; Ardehali et al. 2011; Mohan et al. 2011; Hall-
son et al. 2012; Bledau et al. 2014; Fang et al. 2016; Cao
et al. 2017). SetlA is critical for early mouse embryonic
development, as Set1A knockout results in early embry-
onic lethality at embryonic day 7.5 (E7.5) (Bledau et al.
2014). Defects exhibited in Set1A knockout embryos sug-
gest that Set1 A functions shortly after inner cell mass for-
mation but before gastrulation (Bledau et al. 2014). Unlike
any of its other COMPASS familial relatives (Bledau et al.
2014; Denissov et al. 2014; Cao et al. 2017; Dorighi et al.
2017), Set1A is essential for embryonic stem cell (ESC) vi-
ability: ESCs could not be derived from SetIA knockout
blastocysts (Bledau et al. 2014; Fang et al. 2016), and ho-
mozygous Set1A knockout ESCs could not be generated
via CRISPR/Cas9 (Cao et al. 2017). Depletion of Set1A
hinders ESC proliferation and triggers their apoptosis (Ble-
dau et al. 2014; Fang et al. 2016; Cao et al. 2017), affirming
the importance of Set1 A in ESC survival and identity. The
involvement of SetlA in cellular differentiation has been
explored in several cellular contexts. SetlA reportedly
mediates hematopoietic lineage differentiation in culture
(Deng et al. 2013) and B-cell development in vivo (Tusi
et al. 2015). Our laboratory has also recently established
a role for SetlA as a transcriptional activator of Hox
gene expression during ESC differentiation (Cao et al.
2017). To date, we still have very limited knowledge of
the role of SetlA in regulating ESC pluripotency; specifi-
cally, whether the function of Set1A in ESC maintenance
is dependent on its methylase activity remains elusive.

Results and Discussion

To investigate the role of the enzymatic activity com-
pared with the rest of the SetlA protein in ESC pluripo-
tency, we began by determining whether deletion of its
C-terminal catalytic SET domain adversely affects ESC
self-renewal and viability (Fig. 1; Supplemental Fig. S1).
Using CRISPR/Cas9, we deleted an ~1.7-kb endogenous
genomic sequence coding for the SET domain of SetlA
(Supplemental Fig. S1B,C). We identified two homozy-
gous mutant clones containing the SET domain deletion
of Set1A (Set1 A*ET) via PCR genotyping and further ver-
ified by Sanger sequencing and RNA sequencing (RNA-
seq) (Fig. 1A; Supplemental Fig. S1B,C). Sanger sequencing
of both the genomic DNA and mRNA revealed that these
mutant clones harbor the SET domain deletion that
would result in the introduction of an early stop codon,
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Figure 1. Set1A*SET does not perturb ESC self-renewal. (A) RNA-seq results confirm CRISPR/Cas9-mediated deletion (green box) of the genomic
sequence coding for the SET domain of Set1 A for two homozygous clones. (RPM) Reads per million. (B) Western blot (WB) of Set1A levels in wild-
type (WT) and Set1 A*SET ESCs, with HSP9O0 as the loading control. Samples were loaded at a 1:2 ratio. (C) Representative images of alkaline-phos-
phatase staining of wild-type and Set1A*ET ESC colonies. Bar, 100 um. (D) RNA-seq tracks of pluripotency factors Nanog, Oct4, and Sox2 between
wild-type ESCs and mutant clones. (E) MA plot comparing the global transcriptome between parental and Set1A*SET ESCs. Expressions of pluri-
potency factors Nanog, Oct4, and Sox2 are indicated. (FPKM) Fragments per kilobase of exon per million.

leading to protein truncation that also removes the post-
SET domain (Supplemental Fig. SI1A,C). Truncated
SetlA protein stability is comparable with that of wild-
type protein detected in the parental ESCs (Fig. 1B). Re-
markably, Set1A*SET ESCs retain their self-renewal char-
acteristics: Mutant cells display a morphology strikingly
similar to that of the wild-type cells, as evidenced by alka-
line-phosphatase staining (Fig. 1C). Expression of the
principal pluripotency factors Nanog, Oct4, and Sox?2 is
not altered in SetlA*SET ESCs (Fig. 1D; Supplemental
Fig. S1D), and further global analyses demonstrated that
the overall transcriptome is indeed similar (Fig. 1E; Sup-
plemental Table 1). Although deletion of SetlA was
shown to perturb ESC pluripotency, our data show that
the SET domain of SetlA is not required for ESC self-re-
newal, and the self-renewal function associated with
Setl A requires a region of the protein upstream of the cat-
alytic domain.

We assessed H3K4 methylation in the Set1A*SET ESCs
compared with that in parental wild-type cells. As ob-
served by Western blot, bulk H3K4mel/me2/me3 levels
are comparable between wild-type and mutant ESCs
(Fig. 2A). To determine the changes in the levels and pat-
tern of H3K4 methylation on chromosomes, ChIP-seq
(chromatin immunoprecipitation [ChIP] combined with
high-throughput sequencing) analyses of global H3K4
methylation in wild-type and Set1 A*SET clones were per-
formed, and these data further support our findings (Fig.
2B). To identify genomic sites with H3K4me3 changes
specific to Set1 A, we performed ChIP-seq of Set1A. A total
of 10,240 SetlA-binding regions was characterized, with

promoter localization being the predominant annotation
as calculated by HOMER (Supplemental Fig. S2A). Exam-
ination of genome-wide Set1 A occupancy revealed similar
Set1A binding in wild-type and Set1A**ET ESCs (Supple-
mental Fig. S2B). We subsequentl¥ centered H3K4me3
peaks from wild-type and Set1A*SET ESCs at Set1 A-bind-
ing regions. Specifically, we used K-means clustering to
partition H3K4me3 occupancy at SetlA sites into three
clusters for the parental cells and the Set1A*SET clones
(Fig. 2C). The first cluster, containing loci with the stron-
gest SetlA binding, exhibits a detectable reduction in
H3K4me3 peak occupancy in both Setl A%SET mutants
compared with wild-type cells, which is further illustrat-
ed in the differential heat map for H3K4me3 occupancy
(Fig. 2C; Supplemental Fig. S2C; Supplemental Table 2).
We examined the expression of the nearest genes for all
three peak clusters and noted that cluster 1 coincides
with the highest nearest gene expression (Supplemental
Fig. S2D). Genomic Regions Enrichment of Annotations
Tool (GREAT) (McLean et al. 2010) analysis showed that
cluster 1 peaks are present primarily at regions closest to
transcription start sites (TSSs) (Supplemental Fig. S2E).
Furthermore, despite the observed H3K4me3 decrease of
cluster 1 peaks, there were no compelling changes in
RNA polymerase II (Pol II) occupancy (Fig. 2D). Represen-
tative track examples in Figure 2E provide a clear visuali-
zation of H3K4me3 decrease at the promoters, although
the accompanying RNA-seq data show no difference in
the pattern of gene expression. We speculate the follow-
ing: (1) Residual H3K4me3 at these specific loci is ade-
quate to maintain gene expression, or (2) Set1 A*SET may
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in undifferentiated ESCs resulted in a decrease of H3K4me3 at specific sites. (A) Western blot comparing H3K4 methylation
with parental wild-type cells. H3 served as the loading control. Samples were loaded at a 1:2 ratio. (B) Heat maps of H3K4mel,

H3K4me2, and H3K4me3 ChIP-seq occupancy levels in wild-type and Set1A*SET cells. Occupancy levels were aligned to wild-type peaks sorted by
decreasing peak width for each individual modification. (C) Set1A peaks (10,240) were called and partitioned into three groups by K-means clus-
tering, and the corresponding H3K4me3 occupancy at the Setl A peaks was plotted for wild-type and mutant ESCs. (D) Pol II occupancy at the
cluster 1 sites for wild-type and Set1A*SET ESCs. (E) Genome browser track examples with corresponding RNA-seq. H3K4me3 and Set1A
ChIP-seq tracks are shown. Decreases in H3K4me3 as a result of Set1A*SET are highlighted in gray boxes.

be affecting recruitment of other H3K4 methyltransfer-
ases in the COMPASS family, which we plan to explore
in future studies. We currently have reason to believe
that SetlB, a close homolog of SetlA, does not compen-
sate for SetlA*SET ESCs sufficiently to sustain global
H3K4me3 because SetlB overexpression was unable to
rescue defects caused upon loss of SetlA in ESCs (Bledau
et al. 2014). Nevertheless, the findings thus far communi-
cate that the catalytic SET domain of SetlA and its asso-
ciated H3K4me3 are dispensable for ESC survival and
identity.

SetlA is required for early embryogenesis (Bledau et al.
2014); however, our data show that ablation of SetlA’s
catalytic activity does not perturb ESC self-renewal.
Therefore, we investigated whether our mutant ESCs ex-
hibit defective differentiation by culturing wild-type and
Set1 A*SET ESCs to form embryoid bodies (EBs). By day 6
of the EB generation process, spheroids generated from
Set1 A®SET ESCs were significantly smaller than those de-
rived from wild-type cells (Fig. 3A,B). We performed RNA-
seq of day 6 EBs to compare gene expression profiles of
wild-type and Set1 A*SET EBs. Differential expression anal-
yses revealed that 649 genes are significantly down-regu-
lated in both mutant EBs compared with wild-type EBs
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(Supplemental Fig. S3A), suggesting that Set1 A*SET cells

are undergoing defective differentiation. We subsequently
identified that 447 of these 649 down-regulated genes are
those that fail to be normally up-regulated during mutant
Set1 A®SET EB formation (Fig. 3C; Supplemental Fig. S3B;
Supplemental Table 3). Gene ontology (GO) annotation
shows that these 447 genes are enriched for biological pro-
cesses linked to tissue specification and development, es-
pecially an enrichment for genes involved primarily in
mesoderm differentiation (Supplemental Fig. S3C). Track
examples of Bmp5 and Epor, two genes involved in meso-
derm differentiation, exhibit such diminished gene ex-
pression in both Set1 A*SET EBs compared with wild-type
EBs (Fig. 3D; Supplemental Fig. S3D). Consistent with
the notion that Set1 A*SET ESCs display impaired differen-
tiation, we observed elevated expressions of Nanog, Oct4,
and Sox2 in mutant EBs compared with wild type (Supple-
mental Fig. S3E,F), indicating that these pluripotency fac-
tors are not properly extinguished during Set1A*SET EB
formation, which may suggest a role for H3K4 methyla-
tion in transcriptional repression either directl¥ or indi-
rectly. To validate our findings that Setl1A*SEY impairs
ESC differentiation, we tested monolayer differentiation
by culturing the cells in N2B27 medium without 2i/LIF
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Figure 3. Setl A®SET mutants exhibit defective EB differentiation. (A) Wild-type and Set1 A*SET ESCs were induced to form EBs. Emboss contrast
images were taken at day 6 of EB formation. Bar, 100 um. (B) Box plot contrasting the size (in square micrometers) of wild-type day 6 EBs to that of
Set1A2SET EBs. The number of EBs measured per sample per replicate is indicated. P-values were calculated using the Student’s ¢-test. (C) MA plot
of gene expression changes between undifferentiated wild-type ESCs and wild-type day 6 EBs. (Yellow) Up-regulated genes during differentiation;
(blue) genes down-regulated in Set1 A*SET EBs not pertinent to differentiation; (green) genes down-regulated in Set1A%°ET EBs but activated during
normal differentiation. Colors correspond to the categories illustrated in Supplemental Figure S3B. (D) Two genome browser track examples of
genes Bmp5 and Egor down-regulated in Set1 A*SET EBs compared with wild-type EBs. (E) Example genome tracks of decreased H3K4me3 occu-

pancy in Set1 A2SE

(MEK inhibitor, GSK3 inhibitor, and LIF), which would
promote ESC differentiation toward the neuronal lineage
(Ying et al. 2003). 2i/LIF withdrawal in the first 2 d promot-
ed exit from the self-renewal state in both wild-type and
Set1A®SET cells (Sugglemental Fig. S3G). However, differ-
entiation of Set1A*ET cells was radically disrupted by day
3, for the Set1 A*SET clones were unable to further generate
neurite projections as seen in wild-type cells (Supplemen-
tal Fig. S3G). We also scrutinized the effects on HoxA acti-
vation upon 24-h retinoic acid (RA) treatment of wild-type
versus Set1 A*SET ESCs, since we had reported previously
that HoxA gene activation is Setl A-dependent (Cao et al.
2017). Decreased expressions of Hoxad, Hoxa5, and
Hoxa7 genes were detected in Set1 A*ET cells compared
with wild-type cells upon RA induction (Supplemental
Fig. S3H), reinforcing both our previous findings and that
Setl1 A SET domain-dependent H3K4me3 is key in differen-
tiation (Cao et al. 2017). Our results thus far evince that
SetlA’s H3K4 trimethylase catalytic activity is required
for normal ESC differentiation but is dispensable for ESC
self-renewal, suggesting multiple roles for Setl A and its
catalytic activity in ESC pluripotency.

To further determine whether the enzymatic activity of
SetlA regulates H3K4 methylation in Set1A*SET EBs, we
sought to ascertain H3K4me3 levels via ChIP-seq analy-
ses. We noticed that reduced H3K4me3 occupancy in
Set1A*SET EBs is evident at Bmp5 and Epor (Fig. 3E) and
therefore surveyed H3K4me3 levels at the 447 misregu-
lated genes in Set1 A“SET EBs. Decreased H3K4me3 was
observed in Set1A*SET EBs compared with wild-type EBs
(Fig. 4A), correlating with down-regulated expression of

EBs compared with wild-type EBs for the two genes shown in D.

these genes in mutant EBs. To examine the extent of
H3K4me3 changes attributed to SetlA activity, we first
identified sites of differentially increased H3K4me3 occu-
pancy during differentiation (Supplemental Fig. S4A). At
the sites of increased H3K4me3 peaks during differentia-
tion, we observed a compelling reduction of H3K4me3
occupancy in Set1 A*SET EBs compared with the occupan-
cy in wild-type EBs (Fig. 4B,C; Supplemental Fig. S4B), in
line with our findings that the catalytic activity of
SetlA is necessary for proper stem cell differentiation.
Another member of the COMPASS family of H3K4
methyltransferases, M112, deposits H3K4me3 at bivalent
promoters in ESCs (Hu et al. 2013). However, upon differ-
entiation of MII2-depleted cells, increased gene expression
and H3K4me3 were still observed at bivalent genes (Hu
et al. 2013; Denissov et al. 2014), indicating that another
enzyme might be responsible for activating and catalyzing
H3K4me3 at these loci. We analyzed the expression of bi-
valent genes up-regulated during differentiation and found
a significant reduction in their expression with a coinci-
dent decrease in H3K4me3 occupancy in SetlA*SET EBs
compared with wild-type EBs (Fig. 4D,E). These data sug-
gest that SetlA catalytic activity is key in driving tran-
scriptional activation of bivalently marked genes (which
denote poised developmental regulators in pluripotent
stem cells) (Bernstein et al. 2006; Barski et al. 2007) during
cellular differentiation. Without Set1 A methyltransferase
activity, these regulators could not be expressed normally,
rendering them unable to govern proper differentiation.
Taken together, our data demonstrate that while Set1 A
H3K4 methyltransferase activity is dispensable for ESC
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Figure 4. SetlA catalytic activity is required for H3K4me3 implementation during differentiation. (A) Metaplot of H3K4me3 levels for the 447
genes significantly down-regulated (as described in Fig. 3C and Supplemental Fig. S3B) in Set1 A*ET day 6 EBs relative to wild-type EBs. Peaks were
centered at EB H3K4me3 peaks. (B) Heat map of H3K4me3 occupancy in wild-type and Set1A*SET day 6 EBs. Peaks were centered at increased
H3K4me3 peaks during differentiation (refer to Supplemental Fig. S4B). Peaks are rank-ordered by H3K4me3 peak width. (C) Log, fold changes
in H3K4me3 binding for peaks ordered in B. (D) Box plot gene expression analysis of the 991 bivalent genes activated during differentiation in mu-
tant EBs versus wild-type EBs. The list of bivalent genes was from Galonska et al. (2015). P-value was determined by the Welch two-sample t-test.
(E) Box plot representation of the levels of H3K4me3 peaks nearest to the 991 bivalent genes in wild-type ESCs versus wild-type EBs (left) and in
wild-type EBs versus Set1A*SET EBs (right). P-values were determined by the Welch two-sample t-test. (RPKM) Reads per kilobase of transcript per

million mapped reads.

self-renewal and maintenance, it is essential for properly
coordinating gene expression during ESC differentiation.
Our findings substantially differ from a recent study that
reported the negligible impact of catalytic-deficient Ml113
and Mll4, COMPASS relatives of Set1A, on ESC viability
and transcriptional program (Dorighi et al. 2017). Unlike
MII3/Mli4 knockout ESCs, Set1A deletion in ESCs ren-
ders the cells nonviable (Bledau et al. 2014; Fang et al.
2016; Dorighi et al. 2017). Therefore, the revelation that
the enzymatic activity of Set1A/COMPASS is not essen-
tial for ESC self-renewal is remarkable. On the basis of
our findings, we propose the following: In self-renewing
ESCs, TSSs at lineage-specific genes harbor low levels of
H3K4me3 implemented by MI1I2/COMPASS (Hu et al.
2013; Denissov et al. 2014); however, during differentia-
tion, SetlA/COMPASS, potentially acting in concert
with other coactivating complexes, promotes H3K4me3
deposition at these developmental genes, thus designating
them for transcriptional activation. Our data collectively
suggest that there is a potential functional switch be-
tween COMPASS family members (here, M112/COM-
PASS and Set1A/COMPASS) in stage-specific epigenetic
regulation of transcriptional outputs. When we compared
mRNA levels of Set1A and MII2 in ESCs and day 6 EBs, we
found a drop in MII2 expression, while Set1A levels re-
mained constant in the EB state, signifying that Setl1A’s
functional activity in EBs is correspondingly more impact-
ful in transcriptional regulation during differentiation
(Supplemental Fig. S4C). Additionally, upon generating
MII2 knockout (Hu et al. 2017) day 6 EBs and assessing
changes in H3K4me3 and gene expression at the same
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set of activated bivalent genes, we found that, unlike
MII2 knockout, there was a significant decrease in both
H3K4me3 deposmon and gene expression in Set] A2SET
EBs at the indicated bivalent genes (Supplemental Fig.
S4D). The data suggest that Set1 A but not MI12 is respon-
sible for H3K4 methylation and expression of bivalent
genes during differentiation and support our proposal of
a functional switch in transcriptional regulation between
MII2 and SetlA during the self-renewing-to-differentia-
tion transition. In other words, our findings suggest that
there might be a context-specific pattern of H3K4 methyl-
ation that directs transcriptional regulation during ESC
self-renewal and differentiation.

Materials and methods

Antibodies

The following antibodies were generated in-house: anti-H3, anti-
H3K4mel, anti-H3K4me2, anti-H3K4me3, and anti-SetlA. Anti-HSP90
was purchased from Santa Cruz Biotechnology (no. 7947), and anti-Rpb1
was purchased from Cell Signaling Technology (no. D8L4Y).

ESC culture, EB formation, and CRISPR/Cas9-mediated deletion

Mouse V6.5 ESCs were cultured in N2B27 medium supplemented with
2i/LIF as described previously (Ying et al. 2008). EBs were generated via
the hanging drop method, where 1500 ESCs were cultured in 25 puL of EB
differentiation medium on the lid of 150-mm culture plates for 6 d. EB dif-
ferentiation medium was composed of DMEM supplemented with 15%
FBS (Gemini Bio-Products), 1x GlutaMAX (Gibco), 1x MEM nonessential
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amino acids (Gibco), 1x B-mercaptoethanol (Gibco), and 1x penicillin-
streptomycin (Gibco). N2B27 monolayer differentiation was performed
as described previously (Ying et al. 2003). For RA-induced differentiation,
ESCs were grown in N2B27 medium with 1 uM all-trans RA (Sigma) with-
out 2i/LIF, and RA treatments were performed for 24 h. Generation of
CRISPR single-guide RNA (sgRNA) targeting vectors and subsequent
ESC transfection were performed as described (Cao et al. 2017). Targeted
ESC clones were screened by PCR and confirmed by Sanger sequencing.
CRISPR sgRNA oligo sequences used in this study are listed in Supple-
mental Figure S1C. The following primers were used to genotype CRISPR
clones: SetlA wild-type forward (ACATGAGCCTGGAAAAGTGG),
SetlA wild-type reverse (CATGTCCGCTACCATCTGTG), SetlASET
forward (TAATCGGGTGCTTTCTGAGC), and Set1 A*SET reverse (TAC
AGGCTGGTACCCCAGGT).

Additional information on materials and methods is in the Supplemen-
tal Material.

Data availability

Next-generation sequencing data sets have been deposited at Gene Expres-
sion Omnibus with accession number GSE98988.
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