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SUMMARY

The conserved WD40-repeat protein WDRS5 interacts with multiple proteins both inside and
outside the nucleus. However, it is currently unclear whether and how the distribution of WDR5
between complexes is regulated. Here, we show that an unannotated microprotein EMBOW
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(endogenous microprotein binder of WDRS5) dually encoded in the human SCR/B gene interacts
with WDRS5 and regulates its binding to multiple interaction partners, including KMT2A and
KIF2A. EMBOW is cell cycle regulated, with two expression maxima at late G1 phase and
G2/M phase. Loss of EMBOW decreases WDRS interaction with KIF2A, aberrantly shortens
mitotic spindle length, prolongs G2/M phase, and delays cell proliferation. In contrast, loss of
EMBOW increases WDRS interaction with KMT2A, leading to WDR5 binding to off-target
genes, erroneously increasing H3K4me3 levels, and activating transcription of these genes.
Together, these results implicate EMBOW as a regulator of WDR5 that regulates its interactions
and prevents its off-target binding in multiple contexts.
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In brief

Chen et al. show that human SCR/B dually encodes an unannotated, cell-cycle-regulated
microprotein, EMBOW. EMBOW interacts with WDRS5 and regulates its binding to multiple
interaction partners, including KMT2A and KIF2A, safeguarding WDR5 on-target binding on
chromatin and the mitotic spindle during the cell cycle.

INTRODUCTION

WDRS is a conserved WD40-repeat protein that functions as a scaffold for the KMT2
complexes to deposit histone H3 lysine 4 (H3K4) di- and tri-methylation (me2,3).1
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WDRS5 also plays important roles in multiple complexes in the nucleus and cytoplasm

of the cell, such as recruiting the anaphase-promoting complex to rapidly reactivate

specific gene promoters upon exit from mitosis? and interacting with KIF2A to ensure
faithful spindle assembly during mitosis.3 WDRS5 also recruits MYC to chromatin to drive
tumorigenesis,* promotes the epithelial-to-mesenchymal transition,® and is overexpressed in
cancer, including leukemia,® colon cancer,” and bladder cancer.® Pharmacological inhibition
or loss of WDRS5 decreases cancer cell proliferation,8-11 suggesting that WDR5 is a
potential anti-cancer drug target. WDR5 interacts with most protein partners via two distinct
binding sites at opposing faces of its beta-barrel fold, and pharmacological targeting efforts
have generally focused on one of these binding sites, termed the WIN site, with the goal

of disrupting its interaction with KMT2 proteins.12 However, WIN-site inhibitors may not
predominantly act by changing H3K4me3 levels, suggesting that their mechanism of action
is incompletely understood.®13 In order to develop safe and effective therapeutic strategies
to target WDRY5, it is essential to obtain a complete understanding of the functional
complexes of WDR5, how its complexes are regulated, and which of these interactions

are disrupted by WIN-site inhibitors.

Thousands of unannotated small open reading frames (sSmORFs; defined here as ORFs

of fewer than 150 codons) are translated in mammalian cells.1* These ORFs are found

in 5" and 3" untranslated regions (UTRs) of mMRNA (upstream and downstream ORFs,
UORFs and dORFs, respectively), in frame-shifted ORFs overlapping annotated protein-
coding sequences (alternative ORFs [alt-ORFs]), and in noncoding RNAs.1®> Genome
annotation consortia excluded smORFs because of their short lengths, initiation from non-
AUG start codons, out-of-frame overlap with annotated protein coding sequences, and/or
limited homology to protein domains of known function.18:17 Hundreds of mammalian
smORF-encoded polypeptides (SEPs; also termed micropeptides, small proteins, and
microproteins) affect cell proliferation in CRISPR knockout (KO) screens,18:19 put only
several dozen have been defined at the molecular level. Even fewer uORF-encoded
microproteins have been characterized, perhaps because of long-standing evidence that
UORFs act in cis to downregulate translation of the downstream protein.20 However,
UORF-encoded microproteins can also function in trans, including MP31, which regulates
lactate metabolism in glioblastoma?!; alt-LAMAZ3, which functions in ribosomal RNA
biogenesis?2; and mouse Gm9999, which encodes two polypeptides, Kastor and Polluks,
that regulate spermatogenesis.2> Some UORF microproteins bind to the downstream protein,
leading their dual coding transcripts to be compared with bacterial operons.18 Therefore,
UORFs have the potential to encode bioactive microproteins.

The human SCR/B gene encodes a homolog of Drosophila Scribble, which isa PDZ
domain-containing protein involved in cell polarity and organization of multiprotein
complexes.2* The 5° UTR of the human SCR/B mRNA contains an uORF that partially
overlaps the SCRIB coding sequence in an alternative reading frame; this UORF is
translated in several human cancer cell lines.2526 Although the SCR/B uORF downregulates
the translation of SCRIB in cis,?6 it is currently unknown whether the UORF-encoded
microprotein also functions in #rans. Here, we demonstrate that the human SCR/B uORF

is translated to produce a cell-cycle-regulated microprotein that binds to the WIN site of
WDR5. We provide evidence that changing levels of this microprotein, which we propose
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to name EMBOW, or endogenous microprotein binder of WDR5, alters the association of
WDRS5 with multiple interaction partners. We focus on two of them, KIF2A and KMT2A,
because the molecular and cellular outcomes of these interactions have been previously
well characterized. We show that high EMBOW levels constrain WDR5 association

with KMT2A, preventing H3K4me3 deposition at off-target genes; high EMBOW also
results in increased WDR5 binding to KIF2A, promoting correct mitotic spindle assembly.
Finally, EMBOW regulates cell-cycle progression via its interaction with WDR5. EMBOW
therefore reconfigures the WDR5 WIN-site interactome and is involved in regulating the
multifunctionality of WDR5.

SCRIB dually encodes an unannotated, conserved nuclear microprotein

A microprotein mapping uniquely to an alternative reading frame of human SCR/B
transcript variant 1 (tv1; Figure 1A) was previously detected in K562, MOLT4, Hela,
MCF-7, A549, and HCT-116 cells.2526 This peptide, previously termed 0SCRIB, maps to
an UORF initiating at an AUG start codon and extending into the SCRIB coding sequence
by 284 nt in the -1 reading frame, which encodes a microprotein of 120 amino acids

with completely different sequence from SCRIB because of the alternative reading frame.
We propose to rename it EMBOW based on its cellular role. In order to determine how
broadly EMBOW is expressed, we additionally profiled HT1080 cells and the primary
melanoma cell line YUZEST?’ using proteogenomic technology?® and detected a tryptic
peptide uniquely mapping to EMBOW in both samples (Figures 1B and 1C). These results,
combined with prior studies, are consistent with ubiquitous expression of EMBOW in
immortalized and primary human cells from varied tissues of origin and in cancer.

To determine whether EMBOW is endogenously expressed from the SCR/B locus in
HEK293T cells, we generated two independent knockin (K1) HEK293T cell lines with an
FLAG-HA tag appended to the 3" end of the EMBOW smORF. FLAG-immunoprecipitation
(1P) followed by immunoblotting revealed a 15-kDa anti-HA immunoreactive band in the Kl
cells, which was absent from control cells, indicating endogenous expression of EMBOW
(Figure 1D). Consistent with its interaction with WDR5 (vide infra), immunofluorescence
demonstrated that endogenous EMBOW localizes to the nucleus of Kl cells during
interphase (Figure 1E).

ClustalW alignment of murine, bovine, pig, and primate SCR/B mRNAs revealed putative
EMBOW homologs that, despite truncating mutations at the C terminus in some organisms,
exhibit sequence similarity at the N termini (Figure S1A). A translated SCR/B uORF may
therefore be conserved in mammals, and the N terminus of microprotein could be important.
To determine whether mouse EMBOW can be translated, an expression vector containing
the 5 UTR of mouse SCR/Btv1 through the predicted stop codon of mouse EMBOW was
constructed with an FLAG epitope tag and GFP appended to the C terminus of the protein.
As shown in Figure S1B, overexpressed mouse EMBOW exhibited nucleocytoplasmic
immunofluorescence in 3T3 cells, indicating that EMBOW has the potential to be translated
in mice.
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EMBOW directly interacts with WDR5 via the WIN site

Because microproteins bind to other proteins,29 we aimed to identify protein(s) associated
with EMBOW. We performed co-immunoprecipitation (colP) with nuclear lysates from
HEK?293T cells transiently overexpressing EMBOW-FLAG-HA and parental HEK293T
cells as a control, followed by label-free quantitative proteomics with Maxquant.3® WDR5
was 6-fold more enriched by EMBOW colP than any other protein (Figure 2A). We further
examined the top 10 proteins enriched in the EMBOW colP and found among this list three
ribonucleoprotein or ribosomal proteins, as well as four actin- or tubulin-binding proteins
(Table S1), which are, or are associated with, nonspecific proteins commonly detected in
affinity purification,3 so we did not pursue them further. We therefore focused on the
association of WDR5 with EMBOW.

WDRS5 directly interacts with more than two dozen canonical proteins,32 and essentially

all of these partners bind to one of two pockets on WDRS5: the “WDR5-binding motif”
(WBM) site, which contacts an acidic and hydrophobic residue-containing WBM motif

on interacting partners, and the “WDR5-interacting” (WIN) site, which associates with
arginine-containing WIN motifs on interacting partners. The canonical WIN motif is
defined as [G/V]-[S/C/A]-A-R-[A/S/T], although histone H3 and PDPK1 has been reported
to associate with the WIN site of WDR5 via their N-terminal sequences, ARTKQ and
Ac-ARTTSQLYDAVP, respectively.33 To determine which pocket of WDR5 interacts

with EMBOW, we mutated the WIN site and WBM site on WDR5 separately and
immunopurified wild-type and mutated WDR5 from cells co-expressing EMBOW. As
shown in Figure 2B, although wild-type and WBM-site-deficient WDRS5 interacted with
EMBOW, the WIN-site-deficient WDR5 did not, indicating that the WIN site is required for
EMBOW binding.

We then determined which regions of EMBOW are required for its interaction with WDR5.
Because EMBOW does not contain a canonical WIN motif, we started by examining

the WDR5-binding capability of a series of EMBOW truncation mutants transiently
overexpressed in HEK293T cells. As shown in Figures 2C-2E, deletion of the middle region
or C terminus of EMBOW maintained its interaction with WDRS5, whereas deletion of the N
terminus abolished the interaction. Smaller deletions within the EMBOW N-terminal region
localized its WDRS5 interaction motif to the first 10 amino acids. We then mutated the two
arginine residues within this region (R2 and R6; Figure S1A) to alanine and assessed their
interaction with WDRS5. As shown in Figure 2F, whereas mutation of R6 to A maintained its
interaction with WDRS5, mutation of R2 to A abolished the interaction, indicating the second
arginine residue of EMBOW is required for its interaction with WDR5. The N terminus

of EMBOW, MRTEPRPPAP, may therefore engage the WIN site of WDRS5 via a similar
binding mode as the N termini of PDPK1 and histone H3, which also exhibit a threonine in
the third position.

Next, we wanted to determine whether mouse EMBOW interacts with WDRS5. To this end,
we transfected mouse EMBOW-GFP-FLAG into HEK293T cells, followed by FLAG IP and
immunoblotting. As shown in Figure S1C, WDR5 co-purified with mouse EMBOW, but not
with GFP-FLAG, and mutation of R2 to A on mouse EMBOW abolished the interaction.
The EMBOW-WDRS5 interaction therefore may be conserved in mouse.
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To determine whether the interaction between EMBOW and WDRS5 is direct, we purified
EMBOW-FLAG and Hisg-WDRS5 from E. coli, followed by /n vitro FLAG pull-down.

As shown in Figure 2G, Hisg-WDRS5 co-purified with wild-type EMBOW, compared with
FLAG beads only, and mutation of EMBOW residues R2 and R6 to A abolished the /in vitro
interaction, indicating that EMBOW directly interacts with WDR5 in a manner requiring
residue R2.

To further confirm these results, we performed EMBOW-FLAG colP in the presence of
three different WDR5 WIN-site inhibitors,?11:34 followed by immunoblotting. As shown
in Figure 2H, all three inhibitors diminished the interaction of EMBOW with WDRS5 in
a dose-dependent manner, compared with DMSO vehicle, demonstrating that EMBOW
interacts with WDRS via the WIN site.

EMBOW regulates the WIN-site interactome of WDR5

To investigate the function of endogenous EMBOW, we generated EMBOW KO cells

using CRISPR-Cas9. Loss of EMBOW expression was confirmed by genomic DNA PCR,
followed by sequencing. The two alleles were disrupted by a 173-nt homozygous deletion,
deleting the EMBOW, but not the SCRIB, start codon (Figure S2A). Consistent with specific
EMBOW KO, WDR5-FLAG immunopurified endogenous EMBOW in wild-type, but not
EMBOW KO, HEK293T cells (Figures S2B-S2D), and the protein level of SCRIB was not
changed in EMBOW KO cells relative to wild-type cells (Figure S2E).

Given that WDRS5 interacts with dozens of proteins via the WIN site, including EMBOW,
we hypothesized that EMBOW binding may alter the WDRY5 interactome. To test this
possibility, we examined changes in WDR5-associated proteins when EMBOW is high via
colP from HEK293T cells stably expressing WDR5-FLAG and transfected with EMBOW-
myc vs. empty vector. Conversely, we identified changes in WDR5-associated proteins
when EMBOW is absent by conducting colPs in parental and EMBOW KO HEK293T
cells stably expressing WDR5-FLAG. We focused on proteins that were significantly
differentially associated with WDR5 in opposing directions in these two experiments;
proteins changing only in EMBOW overexpression or KO with statistical significance
were not further considered. As shown in Figures 3A and 3B, overexpression of EMBOW
increased the association of KIF2A and MRTO4 with WDR5, compared with empty
vector; conversely, KIF2A and MRTO4 binding to WDR5 decreased in EMBOW KO cells,
compared with HEK293T. Overexpression of EMBOW decreased the association of (1)
KMT2A, the catalytic subunit of the KMT2A/MLL1 complex; (2) KANSL3 and MCRS1,
two subunits of the NSL complex; and (3) other factors, including INO80 and SESN2, with
WDRS5. Conversely, interaction with proteins in groups 1-3 are increased upon EMBOW
KO. Importantly, KIF2A and KMT2A directly interact with WDRS5 via its WIN site,32
suggesting that EMBOW association with WDRS5 specifically alters its WIN site, not WBM
site, interactome. Consistent with this notion, the interaction between WDR5 and MYC,
which binds to the WBM site,? is not altered by EMBOW overexpression (Figure S3A).
We note that several known WDR5 WIN-site interaction partners, including histone H3
and PDPKZ1, are not detected or are not significantly different in both of our proteomics
datasets, but it cannot be concluded that EMBOW levels do not affect their interaction
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with WDRS. For example, it is possible that these proteins are not quantifiable with our
shotgun proteomics protocol. Furthermore, exclusion of proteins changing in only one
experiment (overexpression or KO) may have led to additional false negatives because of

the enrichment and significance cutoffs applied. Nonetheless, our observations are consistent
with perturbation of the WDR5 interactome by changing EMBOW levels.

Previous reports have demonstrated that KIF2A, KMT2A, and KANSL1 are direct
WDR5-interacting partners,32:33 and because our results suggest that EMBOW may

regulate the distribution of WDRS5 between these complexes, we chose these proteins

for validation. We repeated the WDR5-FLAG colP from cells overexpressing or lacking
EMBOW and controls, followed by immunoblotting. Consistent with our proteomics
results, overexpression of EMBOW increased the association of KIF2A with WDR5 and
simultaneously decreased the interaction of KMT2A and KANSL1 with WDRS5 (Figure 3C).
Loss of EMBOW showed the opposite effect (Figure 3D). Overexpression of EMBOW also
decreased the association of CXXC1, but not other KMT2 members and WRAD subunits,
with WDR5 with statistical significance (Table S2). These results are consistent with partial
disruption of the KMT2A complex by EMBOW overexpression and indicate that high levels
of EMBOW are associated with decreased WDR5 binding to KMT2A and increased WDR5
binding to KIF2A.

We note that other WDR5-associated proteins regulated by EMBOW in our proteomics
data, including SESN2, INO80, MRTO4, and MCRS1, may contribute to EMBOW-related
phenotypes but require further validation.

Loss of EMBOW decreases WDR5 on the spindle pole during mitosis and shortens mitotic
spindle length

WDRS5 was previously reported to interact directly with KIF2A to promote proper spindle
assembly during mitosis,3-3% and EMBOW regulates the interaction of WDR5 with KIF2A.
We therefore wanted to determine whether EMBOW regulates WDRS5 localization to the
spindle. To this end, we performed WDR5 immunostaining in wild-type, EMBOW KO,
rescue (KO stably expressing EMBOW), and R2A rescue (KO stably expressing R2A
mutated EMBOW) metaphase HEK293T cells and calculated the ratio of WDR5 intensity
associated with the spindle pole vs. spindle tubulin. As shown in Figure 4A, KO of
EMBOW decreased WDR5 levels associated with the spindle pole, which can be rescued by
reintroduction of wild-type EMBOW, but to a lesser extent by non-interacting R2A-mutant
EMBOW (see above). However, EMBOW itself does not localize to the mitotic spindle
(Figure S3B). EMBOW thus ensures correct WDRS spindle pole localization by promoting
its interaction with KIF2A.

To determine whether EMBOW loss affects spindle assembly, we quantified mitotic spindle
length by measuring the interpolar distance via KIF2A immunostaining. As shown in Figure
4B, KO of EMBOW shortened the spindle length relative to wild-type cells, which can be
partially rescued by reintroduction of wild-type, but not R2A-mutant, EMBOW. This effect
is not due to off-target effects of Cas9 editing, because a cell line expressing Cas9 and a
guide RNA targeting luciferase do not exhibit the same spindle shortening (Figure S4A).
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These results suggest that EMBOW is required for spindle assembly via its interaction with
WDRS.

Loss of EMBOW prolongs G2/M phase and delays cell proliferation

Defective spindle assembly leads to chromosome misalignment, prolonged mitosis, and
genomic instability.33536 WDRS5 has additionally been reported to regulate the cell cycle
via its interaction with additional WIN-site-binding proteins such as PDPK1.33 We therefore
hypothesized that EMBOW could be involved in the cell cycle and cell proliferation by
controlling the interaction of WDR5 with KIF2A and/or other cell-cycle regulators. To test
this hypothesis, we synchronized wild-type and EMBOW KO HEK?293T cells to the G1/S
boundary, followed by release and flow cytometry analysis at time points corresponding to
specific cell-cycle phases. As shown in Figure 4C, EMBOW KO cells exhibited a prolonged
G2/M phase and an increased S phase population compared with wild-type cells. To confirm
the observation that G2/M phase is prolonged upon EMBOW KO, we immunoblotted the
synchronized cells to determine cyclin B1 protein levels, a marker of G2/M phase.3” As
shown in Figures 4D and 4E, cyclin B1 increased from the 6- to 7-h time point in both
wild-type and EMBOW KO cells, and the cyclin B1 signal decreased at the 9-h time point
in wild-type cells, but not until the 14-h time point in EMBOW KO cells, consistent with

a prolonged G2/M phase in EMBOW KO cells. The prolonged G2/M phase was partially
rescued by reintroduction of EMBOW (Figure S3C). Consistent with these results, loss of
EMBOW decreased cell proliferation, which can be partially rescued by reintroduction of
EMBOW (Figure 4F). Loss of EMBOW therefore prolongs G2/M phase and delays cell
proliferation via its interaction with WDRS5. We did not further investigate the apparent
increase in S phase population in EMBOW KO cells, which will require future experimental
validation.

Given prior reports that WDR5 regulates multiple processes related to the cell cycle,
including spindle assembly, transcription, and signaling,23:33:38 identifying the mechanism
by which EMBOW loss prolongs G2/M phase will require further study. We note that,
because the MYC-WDRS5 interaction is not altered by EMBOW (see above), it is unlikely
that EMBOW-dependent cell-cycle alterations result from the WDR5-MY C interaction.

Loss of EMBOW increases WDR5 and H3K4me3 levels of de novo genes

WDRS5 is a component of methyltransferase KMT2 complexes, which catalyze histone
H3K4me2/3.1 EMBOW regulates the interaction of WDR5 with KMT2A, which is the
catalytic subunit of the KMT2A complex. We therefore asked whether EMBOW controls
the chromatin association of WDRS5 and, consequently, H3K4me3 levels. To this end, we
performed chromatin IP followed by deep sequencing (ChlP-seq) in wild-type, EMBOW
KO, and stable EMBOW-overexpressing HEK293T cells. As shown in Figures 5A and 5B,
WDRS5 predominantly localizes to promoter regions, in line with prior reports,38 whereas
EMBOW signal is low and is not significantly enriched in promoter regions, suggesting it is
unlikely that EMBOW interacts directly or stably with chromatin.

In EMBOW KO cells, we detected 14,849 genes exhibiting WDR5 peaks, 2,520 of which
we term “de novo WDRS5 target genes,” which were off-target sites not occupied by WDR5
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in wild-type cells (Figure 5C). We refer to genes occupied by WDRS in wild-type cells

as “on-target genes,” which, as a class, exhibited little to no changes in WDRS5 occupancy
upon EMBOW KO (Figure 5D). To validate the on-target gene ChlP-seq data, we performed
conventional ChIP-gqPCR at three ribosomal genes (Figure 5E), which were previously
reported to be WDR5 targets.3® WDRS5 binds to the promoter region of the three ribosomal
genes in wild-type cells, and loss of EMBOW did not change WDR5 binding to these genes,
consistent with WDR5 ChlP-seq data (Figure 5F). Loss of EMBOW did not change the
levels of KMT2A or H3K4me3 at the promoters of these genes, nor the transcription of

the three ribosomal genes (Figures 5G-51). We speculate that WDRS5 on-target genes are
saturated by WDRS5 in wild-type cells, and thus loss of EMBOW cannot further increase
WDRS5 binding to these sites.

We then examined de novo WDRS5 target genes, which exhibited increased WDR5
occupancy in KO cells. As shown in Figure 6A, WDR5 signal was low in the promoter
region of de novo WDRS target genes in wild-type cells, and loss of EMBOW increased
WDR5 binding to these regions. To determine whether EMBOW regulates H3K4me3 levels,
we performed H3K4me3 ChlP-seq in wild-type and EMBOW KO cells. As shown in
Figure 6B, loss of EMBOW increased H3K4me3 levels at the promoter region of de novo
WDRS target genes. To validate the ChIP-seq data, we performed conventional ChIP-gPCR
at three representative de novo WDRS5 target genes in wild-type, EMBOW KO, rescue,

and R2A rescue HEK293T cells (Figure 6C). As shown in Figure 6D, loss of EMBOW
increased WDRS5 binding to the promoter region of the three de novo target genes, which
can be partially rescued by reintroduction of wild-type EMBOW, and to a lesser extent

by R2A-mutant EMBOW. Similar results were observed for KMT2A (Figure 6E). Loss

of EMBOW also increased H3K4me3 levels at the promoter region of the three de novo
target genes as expected, which can be partially rescued by reintroduction of wild-type,

but not R2A-mutant EMBOW (Figure 6F). H3K4me3 has been reported to be a marker

of transcriptionally active promoters.3° We therefore performed quantitative RT-PCR (qRT-
PCR) to determine whether EMBOW regulates the transcription of the three de novo target
genes. As shown in Figure 6G, loss of EMBOW increased the transcription of the three

de novotarget genes, which can be partially rescued by reintroduction of wild-type, but
not R2A-mutant, EMBOW. This result is not due to off-target Cas9 activity, because a cell
line expressing Cas9 and a guide RNA targeting luciferase exhibits no change in off-target
gene H3K4me3 levels or expression (Figures S4B and S4C). We speculate that the “de
nova’ genes are not substantially bound by WDR5 or transcribed in normal cells, but that
loss of EMBOW enables aberrant WDRS5 binding and activation of these promoters. Taken
together, our results could be consistent with a model in which transient association of
endogenous EMBOW with WDR5 limits its binding to KMT2 complexes in the nucleus,
ensuring that the activating complex binds to and methylates only high-affinity, on-target
genes and preventing superstoichiometric KMT2 complex formation and association with
off-target genes.

EMBOW expression is cell cycle regulated

Having demonstrated that EMBOW is involved in WDRS functions in spindle assembly and
regulation of transcription, which occur in different phases of the cell cycle, 4041 we asked

Cell Rep. Author manuscript; available in PMC 2023 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 10

whether EMBOW is itself cell cycle regulated. We synchronized EMBOW-FLAG-HA K
HEK?293T cells to G2/M phase or the G1/S boundary, then collected the cells at time points
corresponding to specific cell-cycle phases, followed by FLAG-IP and immunoblotting. As
shown in Figure S5A, EMBOW levels increased at late G1, then decreased at the G1/S
boundary; subsequently, EMBOW levels recovered to a lower level during G2/M. Similar
results were observed for HEK293T cells stably expressing EMBOW (Figure S5B). SCRIB
did not change during the cell cycle (Figure S5C), suggesting that the expression of these
two proteins is decoupled, despite their synthesis from the same mRNA. WDR5 and KIF2A
also did not change during the cell cycle, whereas the protein level of KMT2A increased at
the G1/S boundary, consistent with a published report*? (Figure S5C). These results indicate
that EMBOW expression is cell cycle regulated, with a global maximum at late G1 phase
and a smaller increase at G2/M.

DISCUSSION

In this work, we have demonstrated that human SCR/B gene dually encodes cell-cycle-
regulated EMBOW, which binds to the WIN site of WDR5 to regulate its distribution
between interaction partners, ensuring correct targeting of WDRS at different stages of

the cell cycle and preventing mislocalization at gene promoters or the mitotic spindle.
Furthermore, WIN-site inhibitors dissociate the WDR5-EMBOW complex, and it will be of
interest in the future to test whether this contributes to the anti-proliferative mechanism of
these molecules.

EMBOW was previously termed 0SCRIB, and the uORF that encodes it was shown to
downregulate the translation of SCRIB.26 Herein, we demonstrate that EMBOW also acts
on WDRS in frans. Multiple recent papers support the idea that two proteins coordinately
expressed from bicistronic/dual coding human genes (e.g., an UORF microprotein and the
downstream canonical protein) can function in related pathways, analogous to co-encoded
cistrons within bacterial operons.18:43 We therefore hypothesize that the two proteins that
are dually encoded in the SCR/B locus, EMBOW and SCRIB, might have related functions.
SCRIB is a context-dependent promoter or inhibitor of tumor progression®44° that regulates
cell polarization signaling pathways by binding to PDZ ligands.24:46 It is interesting that
WDRS5 has also been reported to function in cell polarity.#”48 It is therefore possible that
EMBOW also controls cell polarization via its interaction with WDR5. Alternatively, it is
more broadly possible that EMBOW and SCRIB have similar effects on cell proliferation
despite acting on different pathways.

The requirement of the EMBOW-WDR5 interaction for chromatin function and spindle
assembly regulation and partial-to-complete rescue with EMBOW reintroduction, coupled
with a lack of observed change in SCRIB protein levels in EMBOW KO cells, suggest
that EMBOW is directly responsible, at least in part, for the observed effects on WDR5
interactions and function in this study. However, although we focused on the effect of
EMBOW on WDR5’s association with well-characterized partners KMT2A and KIF2A,
additional proteins such as KANSL1, MRTO4, INO80, and SESN2 also change in their
association with WDR5 depending on EMBOW levels (Figures 3A and 3B). Future work
will therefore be required to determine whether EMBOW regulates additional WDR5
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activities associated with these factors. In addition, as noted above, it is possible that our
quantitative proteomic analysis missed other WDR5 interaction partners that are affected by
EMBOW; follow-up work will therefore be required to determine the full extent to which
EMBOW affects the WDRS5 interactome and whether additional WDRS interaction partners
are involved in chromatin, spindle, and cell-cycle phenotypes associated with EMBOW KO.

Our results suggest that one role of EMBOW is to promote correct localization of WDR5
at the mitotic spindle. With respect to spindle assembly, a prior study reported that

WDR5 deletion resulted in elongation of the mitotic spindle. In this work, we find that
EMBOW loss leads to a shortened mitotic spindle—a different outcome from WDR5 KO.
We propose that this difference arises because WDRS5 is still present but mislocalized

in EMBOW KO cells. With analogy to examples in which loss-of-function mutations or
pharmacological inhibitors do not phenocopy gene silencing/KO,4%50 it may be reasonable
that the phenotypes associated with EMBOW vs. WDR5 KO are different, while supporting
a role for the EMBOW-WDRS interaction in spindle assembly.

With regard to EMBOW-mediated regulation of the WDR5-KMT2A interaction in
chromatin, our data suggest that EMBOW KO increases WDR5 binding, methylation, and
transcription of off-target genes that are not normally occupied by KMT2 complexes in
wild-type cells, without altering activation of on-target genes previously reported to be
bound by KMTZ2, such as ribosomal protein genes. On-target genes are highly occupied
by WDRS5 in both wild-type and EMBOW KO cells. One possible explanation for these
observations is that the association of WDR5 with KMT2A is tuned by EMBOW in
wild-type cells during G1 phase such that on-target genes are maximally occupied, but
EMBOW dissociates excess KMT2 complexes to prevent binding to off-target genes, which
speculatively could have lower affinity for KMT2. In EMBOW KO, we hypothesize that
excess WDR5-KMT2A interactions occur, leading to deposition at off-target genes and
aberrant activation; however, because on-target genes are already maximally bound by
WDR5 complexes, EMBOW KO cannot change their activation state further.

The molecular mechanism by which EMBOW exerts its effect on the WDRS interactome

is currently unclear. Furthermore, given that KMT2A colocalizes with WDR5 both in
chromatin and on the spindle pole,3 how can apparent global disruption of its association
with WDR5 by EMBOW promote spindle assembly? One proposal that is consistent with
our observations and prior studies relies on a transient association between EMBOW and
WDRS that, at high EMBOW concentrations, dissociates WDR5 from all of its WIN-site
complexes. Because EMBOW does not remain stably bound to WDRS5 (consistent with

the absence of EMBOW signal from chromatin and the mitotic spindle), WDR5 would

then be free to redistribute between all available interaction partners. The outcomes of this
WDRS redistribution would depend on which interaction partners are accessible during

a given burst of EMBOW expression during the cell cycle. For example, during G2/M
phase, when the nuclear membrane breaks down, transient EMBOW expression and binding
could promote dynamic relocalization of WDR5 from preexisting chromatin-associated
complexes to proteins associated with the mitotic spindle. This hypothesis is speculative, and
many other mechanisms of action for EMBOW are possible, including the possibility that
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EMBOW-dependent changes in cell-cycle progression alter the apparent WDRS interactome
indirectly.

Overall, although the mechanism(s) by which EMBOW regulates WDR5 function and
cell-cycle progression remains to be elucidated, it is clear that EMBOW is part of the WDR5
WIN-site interactome, and that its loss alters WDR5-protein interactions, localization, and
function. It may therefore be important to consider EMBOW in future studies of WDR5
multifunctionality and WIN-site inhibition.

Limitations of the study

We reported putative conservation of EMBOW expression and function from mouse to
human, but we do not have direct evidence for endogenous expression of EMBOW in
any organism other than human. Furthermore, non-GFP-tagged mouse EMBOW fusions
were not detectable, possibly suggesting that mouse EMBOW protein is unstable when
overexpressed. Given that in-frame stop codons have been lost from mouse to human,
resulting in elongation of EMBOW (Figure S1A), evidence of conservation should be
interpreted with caution.

We utilized shotgun proteomics to analyze changes in the WDRS5 interactome resulting
from manipulation of EMBOW expression. This method is relatively insensitive to low-
abundance, hydrophobic, or insoluble proteins,>! and thus some WDRS5 interaction partners
may have escaped detection. In addition, we considered only the subset of WDR5 binders
that were oppositely regulated by changes in EMBOW levels in our data for functional
validation, further focusing on KMT2A and KIF2A. It is therefore likely that EMBOW
could regulate additional WDRY5 interactions beyond those examined in this study.

Finally, additional studies will be required to support our hypothesis that EMBOW
redistributes WDR5 between its interaction partners. Our hypothesis relies on a low-
affinity interaction between EMBOW and WDRS5, as well as transiently high EMBOW
expression levels sufficient to displace higher-affinity WDR5-binding partners in cells.
Direct quantitation of these biophysical parameters would be required to test this model.
In addition, quantitation of the distribution of WDR5 between complexes throughout the
cell cycle using size exclusion chromatography in EMBOW-overexpressing or KO cells
could provide additional support. Furthermore, although we demonstrated that EMBOW
KO increases H3K4me3 levels at some loci, we do not demonstrate that EMBOW inhibits
KMT2 complex activity. Further studies, including /n vitro enzymatic assays, will be needed
to address this point.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Sarah A. Slavoff
(sarah.slavoff@yale.edu).
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Materials availability—All unique reagents generated in this study are available from the
lead contact with a completed materials transfer agreement.

Data and code availability

. Proteomics data have been deposited under accession PRIDE: PXD036699 to
the PRIDE repository and are publicly available as of the date of publication.
ChIP-seq data were deposited in the NCBI under GEO: GSE213209 and are
publicly available as of the date of publication.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK 293T and 3T3 cells were purchased from ATCC, and cultured in DMEM (Corning,
10-013-CV) with 10% FBS (Sigma, F0392) and 1% penicillin/streptomycin (VWR,
97063-708) in a 5% CO2 atmosphere at 37°C.

METHOD DETAILS

Cloning and genetic constructs—The 5’UTR of human SCR/B transcript variant 1
(NM_182706.5) through the stop codon of EMBOW was synthesized by GenScript with

an FLAG epitope tag appended to the 3" end of EMBOW coding sequence and was then
subcloned into pcDNAS3.1 for transient transfection or pLIJML1 for stable cell line generation.
The WDRS5 cDNA clone was purchased from Addgene (a gift from Debu Chakravarti,
Northwestern University, USA), and subcloned into pcDNAZ3.1 for transient transfection

or pLIML for stable cell line generation. The mutations (R2A, R6A, and R2R6-AA) of
EMBOW and WIN site mutation (F133A) or WBM site mutation (L240K)33 of WDRS5 with
epitope tag(s) were generated by ligating the PCR products into pcDNA3.1 vector.

Cell culture, lentivirus production and stable cell line generation—HEK 293T
and 3T3 cells were purchased from ATCC, and for this study were grown from early-
passage stocks. Cell culture, lentivirus production and stable cell line generation were
performed exactly as previously described.®® Briefly, to produce lentiviruses, HEK 293T
cells were cotransfected using polyethyleneimine (Polysciences, 23966) with expression
construct in pLIM1 along with pMD2.G and psPAX2, and growth medium was replaced
after 7-8 h. 48 h after transfection, medium containing viruses was collected and filtered
through a 0.45-pm filter, and infection was performed by mixing with two volumes of
fresh medium containing suspended HEK 293T cells. Twenty-four hours after infection, the
growth medium was replaced. Forty-eight hours after infection, stable cells were selected
with 4 pg/mL puromycin for 2 days. Early stocks of stable cell lines were established
after selection. Stable cell lines were released from puromycin for 2 days before use in
experiments.

Immunofluorescence—HEK 293T or 3T3 cells were plated on glass coverslips pre-
treated with fibronectin (Millipore, 341635) following manufactures’ guidelines. For non-
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synchronized cells, cells were cultured overnight to 70-80% confluency in 12-well plate,
fixed in 10% formalin for 15 min at room temperature (RT), washed with PBS once, then
permeabilized with PBS containing 0.2% (v/v) Triton X-100. For spindle immunostaining,
the cells were synchronized to G1/S boundary using double thymidine blocking, then
released to G2/M phase, and fixed in 10% formalin for 15 min at RT, washed with PBS
once, then permeabilized with prechilled methanol at —20°C for 20 min. The permeabilized
cells were incubated with primary antibodies overnight at 4°C. After washing twice with
PBS, the cells were incubated with secondary antibodies and DAPI for 1 h at RT, washed
with PBS and mounted with Mowiol (Sigma, 81381) before viewing.

Confocal imaging was performed on a Leica SP8 LS confocal microscope (Leica
Application Suite X, version 3.5.2.18963). The spindle lengths were measured as the
pole-to-pole distances of anti-KIF2A immunofluorescence signal using ImageJ (version
ImageJ?2). For quantification of WDRS5 intensity, the spindle tubulin region was defined by
anti-Tubulin immunofluorescence signal, and the spindle pole region was defined by circles
at the spindle pole, as shown in Figure 4A. The mean intensity ratios of WDR5 on spindle
pole and spindle tubulin were measured using ImageJ (version ImageJ2).

Immunoprecipitation and proteomics—~For identification of EMBOW interacting
partners, parental HEK 293T cells or HEK 293T cells transiently transfected with EMBOW-
FH using polyethyleneimine were grown to 80-90% confluency (~48 h post-transfection)

in 15-cm dishes. Cells were collected and suspended in 1 mL of nuclear isolation buffer

(10 mM HEPES-KOH pH 7.4, 100 mM KCI and 5 mM MgCl, with 0.5% NP40 and

Roche Complete protease inhibitor cocktail tablets (Roche, 11873580001)), and incubated
on ice for 10 min, followed by centrifugation at 3,000 g, 4°C, 3 min. The nuclear

pellets were resuspended in 1 mL lysis buffer (Tris-buffered saline (TBS) with 1% Triton
X-100 and Roche Complete protease inhibitor cocktail), followed with sonication and
immunoprecipitation as previously described.>® For WDR5-FLAG co-IP proteomics, HEK
293T cells stably expressing WDR5-FLAG were transfected with pcDNA3.1 empty vector
or EMBOW-myc, or WDR5-FLAG was stably expressed in wild-type or EMBOW KO
HEK 293T cells. Cells were growth to 80-90% confluency in 15-cm dishes, collected

and suspended in 1 mL lysis buffer, followed with sonication and immunoprecipitation as
described above. After the final wash, elution was in 40 UL of 3 x FLAG peptide (Sigma,
F4799), at a final concentration of 100 pg/mL in lysis buffer at 4°C for 1 h. The eluted
proteins were subjected to SDS-PAGE separation prior to LC-MS/MS analysis as previously
described.5®

Briefly, gel slices containing entire lanes were digested with trypsin at 37°C for 14-16 h.
The resulting peptide mixtures were extracted from the gel, dried, subjected to ethyl acetate
extraction to remove residual detergent, de-salted with peptide cleanup C18 spin column
(Agilent Technologies, 5188-2750), then resuspended in 35 pL 0.1% formic acid (FA),
followed by centrifugation at 21,130 g, 4°C, 30 min. A 5 pL aliquot of each sample was
injected onto a pre-packed column attached to a nanoAcquity UPLC (Waters) in-line with a
Thermo Scientific Q Exactive Plus Hybrid QuadrupoleOrbitrap mass spectrometer (Thermo
Scientific) and a 130-min gradient was used to further separate the peptide mixtures as
follows (solvent A: 0.1% FA,; solvent B: acetonitrile (ACN) with 0.1% FA): Isocratic flow
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was maintained at 0.1 uL/min at 1% B for 40 min, followed by linear gradients from 1%

B to 6% B over 2 min, 6% B to 24% B over 48 min, 24% B to 48% B over 5 min, 48%

B to 80% B over 5 min. Isocratic flow at 80% B was maintained for 5 min, followed by a
gradient from 80% B to 1% B over 5 min, and isocratic flow at 1% B was maintained for

10 min. The full MS was collected over the mass range of 300-1,700 m/z with a resolution
of 70,000 and the automatic gain control (AGC) target was set as 3 x 105, MS/MS data was
collected using a top 10 high-collisional energy dissociation method in data-dependent mode
with a normalized collision energy of 27.0 eV and a 1.6 m/z isolation window. MS/MS
resolution was 17,500 and dynamic exclusion was 90 s.

For identification of alt- and microproteins, ProteoWizard MS Convert was used for peak
picking and files were analyzed using Mascot Daemon (version 2.5.0.1). Oxidation of
methionine and N-terminal acetylation were set as variable modifications, and a previously
reported three-frame translation of assembled transcripts from HEK 293T mRNA-seq was
used as the database exactly as previously described.® For co-IP proteomics searches

and quantitative analysis, files were analyzed using MaxQuant, oxidation of methionine
and N-terminal acetylation were set as variable modifications, and human UniProt plus
EMBOW was used as the database for searching. For all analysis, a mass deviation of 20
p.p.m. was set for MS1 peaks, and 0.02 Da was set as maximum allowed MS/MS peaks
with a maximum of two missed cleavages. Maximum false discovery rates (FDR) were
set to 1% both on peptide and protein levels. Minimum required peptide length was five
amino acids. Protein quantitation was accomplished by calculating the LFQ intensity ratio
of EMBOW-FLAG or WDR5-FLAG pulldown to corresponding negative control samples
using MaxQuant (version 1.6.8.0) with standard parameters. p values (two-sample ftest)
were calculated using Perseus (version 1.5.8.5) with standard parameters.

Generation of EMBOW knock-out (KO) and knock-in (KI) cell

lines—EMBOW KO and FLAG-HA KI HEK 293T cells were generated

using CRISPR-Cas9. Guide RNAs (gRNAS) were designed with the

guide design tools from https://portals.broadinstitute.org/gppx/crispick/public and
http://crispor.tefor.net/ to target the SCRIB genomic region (JRNA1: 5'-
CAGTCCGAGCGTTCCGAGCG-3’; gRNA2: 5'-GCGGACTGAGCCCCGCCCCC-3’ for
KO, and gRNA 5'-TGAGCGACAACGAGATCCAG-3’ for KI). Double-stranded DNA
oligonucleotides corresponding to the gRNAs were inserted into pSpCas9(BB)-2A-GFP
vector (Addgene, as a gift from F. Zhang, MIT).

For generation of KO cells, an equal mixture of the two gRNA plasmids was transfected
into HEK 293T cells using polyethyleneimine, and GFP-positive cells were sorted with flow
cytometry. Loss of EMBOW expression was confirmed by genomic DNA PCR, followed
with sequencing, and quantitative proteomics, as shown in Figure S2. In the EMBOW KO
cell line used in this study, the two alleles were disrupted by a 173-nt homozygous deletion,
deleting the EMBOW start codon, but not the SCRIB start codon.

For generation of Kl cells, a donor plasmid containing 300 bp homology left-arm and 300
bp homology right-arm sequence around the stop codon of EMBOW, which are separated
with FLAG-HA tag and BamHI/Notl restriction sites, were synthesized by GenScript, and a
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DNA sequence containing the pGK promoter and blasticidin resistance gene was subcloned
into the donor plasmid at the BamHI and Notl sites. An equal mixture of the gRNA

and donor plasmids were transfected into HEK 293T cells using polyethyleneimine, and
blascidin selection was performed 3 days post-transfection. EMBOW-FLAG-HA K cells
were confirmed by genomic DNA PCR and sequencing.

Cell cycle synchronization—For cell cycle synchronization using double thymidine
(DOT scientific, DST18050), 5x10° HEK 293T cells were seeded in 6-well plates and
treated with 2 mM thymidine for 16 h, followed with two PBS washes, and incubated
with fresh medium for 8 h before the second 2 mM thymidine block for 14 h, following
a previously published protocol.89 Cells were washed with PBS twice, then incubated
with fresh medium to release from the G1/S boundary, then either fixed in 10% formalin
for immunostaining, harvested for western blotting, or trypsinized and harvested for flow
cytometry analysis (FACS) at specific time points after release.

For cell cycle synchronization using thymidine and nocodazole (Sigma, M1404), 5x10°
HEK 293T cells were seeded in 6-well plates and treated with 2 mM thymidine for 18 h,
followed by two PBS washes, and incubated with fresh medium for 3 h before the second
100 ng/mL nocodazole block for 13 h following a previously published protocol.61 Cells
were washed with PBS twice, then incubated with fresh medium to release from G2/M
phase, and fixed in 10% formalin for immunostaining or harvested for western blotting.

Flow cytometry analysis (FACS)—Synchronized cells were trypsinized and harvested,
and after one PBS wash, cells were fixed in 70% cold ethanol for 30 min at 4°C or
overnight at —20°C. After one PBS wash, the fixed cells were incubated with staining
buffer (20 ug/mL RNase A (Thermo Fisher, EN0531) and 50 pg/mL Propidium lodide (PI)
in PBS (G Biosciences, 786-1273)) at 37°C for 30 min, followed by one PBS washing,
and resuspended in 300 pL PBS. The cells were passed through a 40-um Nylon Mesh
(Fisherbrand, 22363547) before analysis with an S1000 Flow Cytometer from Stratedigm.
At least 10,000 cells were counted and PI signal quantified using FlowJo software (version
10.8.1).

Crystal violet staining—4x10% HEK 293T cells were seeded in 12-well plates in
triplicate, and fixed in 10% formalin for 15 min at RT every 24 h. After washing with
ddH,0 twice, cells were stained with 0.1% crystal violet in methanol for 30 min at RT in the
dark, followed with three ddH,O washes and dried. The cells were then immersed in 1 mL
10% acetic acid with shaking for 20 min. Then 20 L of the solution was combined with 80
UL ddH,0 in a 96-well plate, and the optical density at 590 nm was monitored with Synergy
HT.

ChlIP-seq and data analysis—Wild-type, EMBOW KO, or rescue HEK 293T cells, or
HEK 293T cells stably expressing EMBOW-FLAG-HA were grown to 80-90% confluency
in 15-cm dishes. For H3K4me3 ChIP, the cells were washed twice with cold PBS, collected,
aliquoted into five 1.5-mL tubes per 15-cm dish and flash frozen for later use. For FLAG,
WDR5 and KMT2A ChlP, the cells were washed with 10 mL PBS once, then incubated with
12 mL 1% (v/v) formaldehyde (Sigma, 252549) in PBS for 10 min at RT for cross-linking,
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and quenched by adding 0.6 mL 2.5 M glycine in PBS at RT for 5 min. Cells were washed
twice with cold PBS, collected, aliquoted into five 1.5-mL tubes per 15-cm dish and flash
frozen for later use.

Collected cells from one 1.5-mL tube were resuspended in 150 pL buffer 1 (15 mM Tris-
HCI pH 7.5, 60 mM KCI, 5 mM MgCl,, 0.1 mM EGTA, 0.3 M sucrose), then combined
with 150 pL buffer 2 (15 mM Tris-HCI pH 7.5, 60 mM KCI, 5 mM MgCl,, 0.1 mM EGTA,
0.3 M sucrose, 0.5% NP-40 (v/v), 1% NaDOC (w/vol)) and incubated on ice for 15 min,
then combined with 300 pL buffer 3 (85 mM Tris-HCI pH 7.5, 3 mM MgCl,, 2 mM CaCl,,
0.3 M sucrose), and incubated at 37°C for 5 min. For H3K4me3 ChlIP, 0.5 pL MNase
(NEB, M0247S) was added into one tube, and for FLAG, WDR5 and KMT2A ChlP, 1.8
uL MNase was added into one tube, and incubated at 37°C for 15 min, then quenched by
adding 6 uL 0.5 M EDTA-KOH pH 7.5, and 6 UL 100x Roche Complete protease inhibitor
cocktail tablets (Roche, 11873580001), followed by centrifugation at 13,523 g, 4°C, 10 min
for H3K4me3 ChlP, or followed by sonication (30% intensity, 5 s pulse with 25 s rest, 3
cycles, MICROSON XL 2000) on ice and centrifugation at 13,523 g, 4°C, 10 min for FLAG,
WDRS5 and KMT2A ChIP.

The DNA content in each supernatant was measured and normalized to 0.17 pg/pL with
ChlIP buffer (50 mM Tris-HCI pH 7.5, 30 mM KCI, 4 mM MgCl,, 1 mM CacCls,, 0.05 mM
EGTA, 5 mM EDTA, 0.3 M sucrose, 0.125% NP-40 (v/v), 0.25% NaDOC (w/vol)). The
digested lysates were immunoprecipitated with anti-H3K4me3 antibody (1:200, Abclonal,
A2357), anti-WDRS5 antibody (1:300, Invitrogen, 9H25L13) or anti-KMT2A antibody
(1:200, Cell Signaling Technology, 14197) overnight at 4°C, followed by incubating with
Dynabeads Protein A (15 pL slurry per ug antibody, Invitrogen, 10001D) for 1 h at 4°C; or
with anti-FLAG beads (10 pL slurry per 300 L lysate, Sigma, A2220) for 1 h at 4°C. The
beads were washed once with 1 mL low salt buffer (20 mM Tris-HCI pH 8.1, 150 mM NacCl,
2 mM EDTA, 0.1% SDS (w/vol), 1% Triton X-100 (v/v)), 1 mL high salt buffer (20 mM
Tris-HCI pH 8.1, 500 mM NaCl, 2 mM EDTA, 0.1% SDS (w/vol), 1% Triton X-100 (v/v)),
1 mL LiCl buffer (50 mM Tris-HCI pH 8.1, 1 mM EDTA, 0.25 M LiCl, 1% NP40 (v/v), 1%
NaDOC (w/vol)), 1 mL x2 TE buffer (10 mM Tris-HCI pH 8.1, 1 mM EDTA).

For H3K4me3 ChIP, proteins were eluted by adding 200 pL elution buffer 1 (1% SDS in TE
buffer). For WDR5 and KMT2A ChlIP, proteins were eluted by adding 200 uL elution buffer
2 (1% SDS, 0.1 M NaHCOg3 in ddH,0). And for FLAG ChlP, elution was in 100 uL of 3x
FLAG peptide (Sigma, F4799), at a final concentration of 100 pg/mL in low salt buffer at
4°C for 1 h, and the elution was combined with 100 pL 2x elution buffer 2 (2% SDS, 0.2

M NaHCOj3 in ddH50). Crosslink reversal was performed for WDR5, KMT2A and FLAG
ChIP by adding 8 pL 5 M NacCl, and incubated at 65°C for 4 h or overnight. For all ChlIP,
RNAs were removed by adding 1 pL RNase A (Thermo Fisher, EN0531), and incubated at
37°C for 1 h. Proteins were digested by adding 2 L proteinase K (NEB, P8107S), 8 uL 1 M
Tris-HCI pH 6.5, 4 uL 0.5 M EDTA, and incubated at 55°C for 2 h or overnight. The DNAs
were extracted by adding 1 mL PB buffer (5 M guanidium HCI, 30% isopropanol (v/v)), and
passed through a spin column for DNA (Epoch Life Science, 1910-250) following standard
protocols for DNA purification. Quantitative ChlIP-PCR was performed on selected genes,
and the primers are listed in Table S3.
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Library preparation and deep sequencing were performed by Yale Center for Genomic
Analysis on an lllumina NovaSeq 6000 with paired-end (100 bp) reads. All reads were
mapped to the human genome (hg38) using Bowtie2 (version 2.4.5).52 The BigWig
normalized signal files were generated using bamCoverage from deepTools (version 3.5.1)%°
for IGV visualization. WDR5-enriched regions were predicted with MACS2 (version
2.2.7.1).%6 To detect changes in WDRS5 and H3K4me3 levels in the wild-type and EMBOW
KO HEK 293T cells, we calculated normalized WDRS5 and H3K4me3 ChiIP-seq tag
densities according to the EMBOW-dependent WDR5 de novo target genes or WDR5
on-target genes using computeMatrix from deepTools, and plotted the tag densities using
plotProfile from deepTools.

Protein purification and In vitro pulldown assay—Full length EMBOW and its
mutants with FLAG tag at their C-termini were subcloned into pGEX-6P-1. The fusion
proteins were expressed in BL21 £.coliby overnight culture at 20°C in LB medium (10

g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl) supplemented with 0.2 mM IPTG,
purified using Glutathione Sepharose 4B and proteolyzed from beads using PreScission
Protease. Full length WDRS5 was subcloned into PET28a. The fusion protein was expressed
in BL21 E.coli, purified using Ni-NTA agarose beads and eluted in 150 mM imidazole. The
purified proteins were snap frozen and stored at —80°C, or used directly in /n vitro binding
assays. Protein concentrations were measured using Coomassie assay. The direct interaction
between EMBOW and WDRS5 was detected by /n vitro pulldowns, 1 pg EMBOW-FLAG and
3 ug WDR5 protein were mixed in binding buffer (25 mM Tris-HCI, pH 7.4; 500 mM NaCl
with 0.05% NP-40) and incubated for 3 h at 4°C, then the FLAG agarose beads were added
to capture EMBOW-FLAG for another 3 h at 4°C. The immunoprecipitated proteins were
eluted by boiling and detected by western blotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values and error bars represent the mean = SEM. Significance was evaluated by a
two-tailed ¢test using Microsoft Excel (version 2013) or GraphPad Prism (version 8.0.0),
and a one-way or two-way ANOVA (Dunnett’s test) using GraphPad Prism (version 8.0.0).
p values (t test) for proteomics were calculated using Perseus (version 1.5.8.5) with standard
parameters, and —logyg (p value) = 1 was considered significant.

Supplementary Material

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

The transcript leader of SCR/B encodes a WDR5-binding microprotein,
EMBOW

EMBOW is expressed at specific points in the cell cycle
EMBOW binding alters the WDR5 interactome

EMBOW loss dysregulates WDR5 binding to off-target genes and the mitotic
spindle

Cell Rep. Author manuscript; available in PMC 2023 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 24

1600

1600

A B (’3\"‘(’-’0\'\ q
SCRIB, transcript variant 1, NM_182706.5
AAQAFFPAA QAGPER S HT1080
>
100 A
g RS Score: 57
s 80 Mass error (ppm): 3.74
et o 60 Charge: 2+ -
gcggegeccatgeggactgagecccgecccccggecccgageccgecgage ] =3
EMBOW M RTEPRUPPAPSTPTPS 2 40 >
SCRIB 402 ] g ¢ & = =
gccgecgecggageccgegecgeccaccecgeaccatgetcaagtgeatceee =20 8 o8 = < > < =,
A AAGARAAHPHHAQVHTEP 0 ..[|,..|.,..[ 2 . T l.T
M L K c | ) N T T T T T T T 1
getgtggegetgcaaccggecacgtggagtcggtggacaageggeactgt te 200 400 600 800m,z 1000 1200 1400
A VALQPARGVYGGQAATLF
LWR CNRMHVYVESVDIKRHTCS (o] S
gctgcaggecgtgecggaggagatctaccge tacagecgeagec tggagga '\ 2P0 &4 © 6
A AGRAGGDLUPLOQPOQPGSG
L QAVPEEIYRYSRSILETE A A QAIF|F|PIAIAIE|LIAIQ GPE S YUZEST
getgetgetcgacgecaaccagetgegegage tgeccaagectttttteeg T
A AARROQPAARAAQATFTFTP 100
LLLDANQLRETLZPKTPTFTFR o Score: 70
gctgctgaact tgcgcaage tgggectgagecgacaacgagatccageggt t 3 80 Mass error (ppm): 2.87
A AELAQAGPERI QRDZPAYV Q Charge: 2+
o 60 9
LLNLRIKTLGLSDNETIQRIL @
gcctcccgaggtggccaacttcatgcagctggtggagctggacgtgtcccg S 40
A S RGGOAQULH ]
PPEVANFMQLVELDVSR x 20
gaacgatatccctgagatcccggagageatcaagt tetgcaaggetctgga
E R Y P 686 0
NDIPEIPESIKFCKA.L 200 400 600 800 1000 1200 1400
D R T E KI-1 KI-2 293T
Alt-C1orf122-F + + +
[0}
IP: a-FLAG
15— - S
I1B: a-HA (EMBOW) &
37 — IP: o-FLAG
- IB: a-FLAG (alt-C1orf122)
Q
=
O
37 — Input =
- — o
IB: a-FLAG (alt-C1orf122) <
kDa o
1 2 3

Figure 1. SCRIB dually encodes an unannotated nuclear microprotein
(A) Top: schematic representation of human SCR/Btv1: light gray arrow, 5" and 3" UTR;

dark gray arrow, SCRIB coding sequence; red arrow, SmMORF encoding EMBOW. Bottom:
the cDNA sequence of human SCR/Btv1 is shown with the protein sequences of EMBOW
(bold) and SCRIB indicated below. The start codons of EMBOW (black) and SCRIB

(blue) and the stop codon of EMBOW (black) are numbered. Highlighted in red is the
tryptic peptide of EMBOW detected by liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

(B and C) MS/MS spectra of EMBOW tryptic peptide detected in HT1080 and primary
cultured melanoma cells (YUZEST). Mascot score, precursor mass error and precursor
charge state are presented.

(D) Control (293T) or EMBOW-FLAG-HA knockin (KI) HEK293T cells were transiently
transfected with a plasmid encoding alt-C1orf122-FLAG,2® serving as an FLAG-IP positive
control, and IPs were performed followed by immunoblotting (IB). Cell lysates (4%) before
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IP (input) were used as the loading controls. Data are representative of three biological
replicates.

(E) Immunostaining of two independent EMBOW-FLAG-HA KI cell lines (KI-1 and Kl-2)
and HEK293T cells (293T) as a negative control with anti-FLAG (red) and DAPI (cyan).
Scale bars, 10 um. Data are representative of three biological replicates.

See also Figure S1.
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Figure 2. EMBOW directly interacts with WDR5 via the WIN site
(A) Volcano plot of quantitative proteomics (N = 3 biologically independent experiments)

of anti-FLAG pull-down from nuclear lysates of HEK293T cells transiently overexpressing
EMBOW-FLAG-HA (EMBOW-FH) or parental (293T) HEK293T. Two-sample p value was
calculated using Perseus. For complete quantitative proteomics results, see Table S4.

(B) HEK293T cells were transfected with EMBOW-myc only, or co-transfected with
EMBOW-myc and wild-type (WT), or WIN site mutated (WIN-mut), or WBM site mutated
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WDR5-FH (WBM-mut), followed by IP and IB. Data are representative of three biological
replicates.

(C) Schematic representation of full-length (FL) and deletion (del) mutant EMBOW
constructs, with amino acid residues numbered above. WDRS5 association status of each
construct is indicated on the right.

(D-F) HEK293T cells were transfected with EMBOW full-length (FL) or mutants (listed at
top), followed by IP and IB. Data are representative of three biological replicates.

(G) His-WDR5, wild-type (WT), or R2R6-to-AA mutated (R2R6AA) EMBOW-FLAG
were purified from E. coli, followed by in vitro FLAG pull-down and I1B. A nonspecific
upper band appears in the anti-His IB channel. Data are representative of three biological
replicates.

(H) HEK293T cells were transfected with EMBOW-FH or mock transfection, and FLAG-IP
was performed in the absence (DMSO) or presence of WDR5 WIN-site inhibitors C6 (0.5 or
5 uM), OICR-9429 (0.5 or 5 uM), or WDR5-0103 (5 or 50 uM), followed by IB. Data are
representative of three biological replicates.

LFQ, label-free quantitation. See also Tables S1 and S4.
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Figure 3. EMBOW regulates the WIN-site interactome of WDR5
(A and B) HEK293T cells stably expressing WDR5-FLAG were transfected with EMBOW-

myc (OE) or empty vector (Empty) (A), or WDR5-FLAG was stably expressed in

parental (WT) or EMBOW knockout (KO) HEK293T cells (B), followed by FLAG-IP and
quantitative proteomics with LFQ analysis (N = 3 biologically independent experiments).
Two-sample p value was calculated using Perseus. WDR5-interacting proteins showing
statistically significant (defined as —logyg (p value) = 1) changes in opposite directions upon
overexpression or KO of EMBOW are indicated in red, and protein names are labeled. The
WDRS5-interacting proteins are defined as those proteins enriched by WDRS5 in HEK293T
cells stably expressing WDR5-FLAG over parental HEK293T cells with log, (fold change)
=5 and -log;g (p value) = 1. For complete quantitative proteomics results, see Tables S5,
S6, and S7.

(C and D) WDR5-FLAG IP and immunoblotting using the four experimental samples
described above. Cell lysates (4%) before IP (input) were used as loading controls. Shown
are two biological replicates.

See also Figures S2 and S3 and Tables S2, S5, S6, and S7.
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Figure 4. Loss of EMBOW decreases WDR5 on the spindle pole, shortens spindle length,
prolongs G2/M phase, and delays cell proliferation

(A and B) Left: immunostaining of wild-type (WT), EMBOW KO, rescue with wild-type
(rescue) or R2A-mutated (R2A rescue) EMBOW HEK293T cells with anti-WDRS5 (A, red)
or anti-KIF2A (B, red), anti-Tubulin (green), and DAPI (cyan). Data are representative of
three biological replicates. Right: schematic representation of method to calculate the ratio
of WDRS5 signal colocalizing with the spindle pole and spindle tubulin are shown at the
top, and quantitation of the ratio of WDRS5 intensities on spindle pole and spindle tubulin in
the four cell lines are shown at the bottom (A), or quantitation of the pole-to-pole distances
of the four cell lines (B), totaling >100 cells for each measurement. Data represent mean
values = SEM, and significance (p value) was evaluated by one-way ANOVA (Dunnett’s
test). Scale bars, 10 um.
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(C) Left: quantitation of the cell cycle of synchronized WT and EMBOW KO cells released
from the G1/S boundary; release time points are indicated at the bottom. Right: percentage
of WT (black) and EMBOW KO (red) cells in G2/M phase were plotted, release time points
are indicated at the bottom. N = 3 biologically independent experiments. Data represent
mean values + SEM, and significance (p value) was evaluated by one-way ANOVA
(Dunnett’s test). **p < 0.01. (D and E) Synchronized WT and EMBOW KO cells were
released from the G1/S boundary and collected at the indicated time points, followed with
immunoblotting

(D). Quantification of cyclin B1 protein changes are shown in (E). Data represent mean
values = SEM; N = 5 biologically independent experiments, and significance (p value) was
evaluated by one-way ANOVA (Dunnett’s test).

(F) Growth curve of WT, EMBOW KO, and rescue cells at the indicated number of days (N
= 4 biologically independent experiments). Data represent mean values £ SEM; significance
(p value) was evaluated via two-way ANOVA (Dunnett’s test).

n.s., not significant; OD590, optical density at 590 nm. See also Figures S3 and S4.
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Figure 5. Loss of EMBOW does not change WDRS5 or H3K4me3 levels at WDRS5 on-target genes
(A) Profile of WDR5 (left) and EMBOW (right) ChlP-seq signal at all UCSC (The

University of California, Santa Cruz) annotated genes in HEK293T cells.
(B) The genomic distribution of WDR5 ChlIP-seq peaks in wild-type (top) or EMBOW KO
(bottom) cells.
(C) Venn diagram of WDR5-bound genes in WT or EMBOW KO cells. The WDR5-bound
genes are defined as those genes with a WDRS5 peak within £1-kb distance of the gene’s
transcription start site (TSS) with a 3-kb flanking distance.
(D) Profile of WDRS5 binding on WDR5 on-target genes in WT and EMBOW KO cells.
(E-1) WDRS5 binding and H3K4me3 levels at three WDRS target ribosomal genes upon
EMBOW KO, shown by ChlIP-seq snapshots (E), and confirmed by ChIP-qPCR with an
anti-WDRS5 antibody (F), an anti-KMT2A antibody (G), or an anti-H3K4me3 antibody (H).

Cell Rep. Author manuscript; available in PMC 2023 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chen et al.

Page 32

Quantitative RT-PCR (qRT-PCR) results of the three ribosomal genes are shown in (). Data
represent mean values £ SEM; N = 4 biologically independent samples. Significance (p
value) was evaluated with one-way ANOVA (Dunnett’s test).

n.s., not significant; Rep, replicate; RPM, reads per million reads.
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Figure 6. Loss of EMBOW increases WDR5 and H3K4me3 levels of de novo genes
(A and B) Profile of WDR5 binding (A) or histone modification of H3K4me3 (B) on de

novo WDR5 target genes in WT and EMBOW KO HEK293T cells.

(C-G) WDRS5 binding and H3K4me3 levels at three de novo WDR5 target genes upon
EMBOW KO shown by ChiP-seq snapshots (C) and confirmed by ChIP-gPCR with an
anti-WDRS5 antibody (D), an anti-KMT2A antibody (E), or an anti-H3K4me3 antibody (F).
gRT-PCR results of the three target genes are shown in (G). Data represent mean values +
SEM; N = 4 biologically independent samples. Significance (p value) was evaluated with
one-way ANOVA (Dunnett’s test).

**p < 0.01, *p < 0.05. Rep, replicate. See also Figure S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DYKDDDDK Tag (D6W5B) Rabbit mAb Cell Signaling Cat#14793; RRID:AB_2572291
Technology

HA Tag Polyclonal Antibody (SG77) Invitrogen Cat#71-5500; RRID:AB_2533988

beta Actin Loading Control Monoclonal Antibody (BA3R) Invitrogen Cat#MA5-15739; RRID:AB_2537660

MY C Epitope Tag Antibody Rabbit Polyclonal Rockland Cat#600-401-381; RRID:AB_217927

Cyclin B1 Antibody Cell Signaling Cat#4138; RRID:AB_2072132
Technology

WDRS5 Recombinant Rabbit Monoclonal Antibody (9H25L13) Invitrogen Cat#703745; RRID:AB_2848236

SCRIB Rabbit pAb ABclonal Cat#A17450; RRID:AB_2772164

KIF2A Polyclonal Antibody
MLL1 (D6G8N) Rabbit mAb (Carboxyterminal Antigen)

KANSL1 Rabbit pAb

KANSL3 Rabbit pAb

Anti-Lamin B1 antibody

alpha Tubulin Polyclonal Antibody

His-Tag Monoclonal Antibody (1B7G5)

Anti-Rabbit 1gG (H&L) [Goat] Peroxidase conjugated

Anti-MOUSE IgG (H&L) (Min X Human Serum Proteins) Affinity
Purified, Peroxidase Conjugated

Monoclonal Anti-FLAG
WDRS5 Polyclonal Antibody
alpha Tubulin Monoclonal Antibody (DM1A)

Goat anti-Rabbit 1gG (H + L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 488

Goat anti-Mouse 1gG (H + L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647

Goat anti-Rabbit 1gG (H + L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647

Goat anti-Mouse 1gG (H + L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 488

TriMethyl-Histone H3-K4 Rabbit pAb

Proteintech

Cell Signaling
Technology

ABclonal
ABclonal
Abcam
Proteintech
Proteintech
Rockland
Rockland

Sigma-Aldrich
Bethyl Laboratories
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

ABclonal

Cat#13105-1-AP; RRID:AB_2265336
Cat#14197; RRID:AB_2688010

Cat#A10755; RRID:AB_2758198
Cat#A8234; RRID:AB_2770036
Cat#Ab133741; RRID:AB_2616597
Cat#11224-1-AP; RRID:AB_2210206
Cat#66005-1-1G; RRID:AB_11232599
Cat#611-1302; RRID:AB_219720
Cat#610-1319-0500; RRID:AB_11182792

Cat#F1804; RRID:AB_262044
Cat#A302-430A,; RRID:AB_1944300
Cat#62204; RRID:AB_1965960
Cat#A-11008; RRID:AB_143165

Cat#A-21235; RRID:AB_2535804

Cat#A-21244; RRID:AB_2535812

Cat#A-11001; RRID:AB_2534069

Cat#A2357; RRID:AB_2631278

Bacterial and virus strains

pLIM1-EGFP
DHb5a
BL21

Sancak et al.52
Thermo Fisher Scientific

Thermo Fisher Scientific

Addgene plasmid #19319
Cat#t K4520-1
Cat# C6070-03

Chemicals, peptides, and recombinant proteins

OICR-9429
WDR5-0103

Selleckchem

Selleckchem

Cat#S7833
Cat#S2184
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REAGENT or RESOURCE SOURCE IDENTIFIER

WDR5 WIN site inhibitor C6 Aho et al.® N/A

Thymidine DOT scientific Cat#DST18050

Deposited data

Label-free quantitative proteomics of EMBOW interatome This study Table S4; PRIDE: PXD036699
Label-free quantitative proteomics of WDR5 interactome change This study Tables S5, S6, and S7; PRIDE:
upon EMBOW overexpression or knockout PXD036699

WDRS5 and histone H3K4me3 ChiP-seq This study Figures 5, 6, and S4; GEO: GSE213209
Experimental models: Cell lines

EMBOW-KO HEK 293T cell line This study N/A
EMBOW-FLAG-HA-KI HEK 293T cell line This study N/A

HEK 293T cell line ATCC Cat#CRL-3216

3T3 cell line ATCC Cat#CRL-1658
Oligonucleotides

gRNA targeting SCRIB genomic for EMBOW KO: This study N/A

gRNAL: CAGTCCGAGCGTTCCGAGCG;

gRNA2: GCGGACTGAGCCCCGCCCCC

gRNA targeting SCRIB genomic for EMBOW-FLAG-HA KI: This study N/A
TGAGCGACAACGAGATCCAG

Primers for ChIP- and gRT-PCR This study See Table S3

Recombinant DNA

pcDNA3.1-EMBOW-FLAG-HA This study N/A
pcDNA3.1-mEMBOW-GFP-FLAG This study N/A
pcDNA3.1-EMBOW-myc This study N/A
pcDNA3.1-WDR5-FLAG-HA This study N/A
pLIM1-WDR5-FLAG This study N/A
pLIM1-EMBOW-FLAG-HA This study N/A
pGEX-6P-1-EMBOW-FLAG This study N/A

pET28a-WDR5 This study N/A

Software and algorithms

GraphPad Prism (version 8.0.0) Dotmatics https://www.graphpad.com

ImageJ (version ImageJ2)

Bowtie2 (version 2.4.5)

deepTools (version 3.5.1)

MACS?2 (version 2.2.7.1)
Mascot Daemon (version 2.5.0.1)

MaxQuant (version 1.6.8.0)

Rueden et al.53

Langmead and
Salzberg®*

Ramirez et al.5®

Zhang et al %6
Matrix Science

Tyanova et al.5”

https://imagej.nih.gov/ij/

http://bowtie-bio.sourceforge.net/
index.shtml

https://deeptools.readthedocs.io/en/latest/
content/installation.html

https://github.com/taoliu/MACS
http://www.matrixscience.com/

https://www.maxquant.org/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Leica Application Suite X (version 3.5.2.18963) Leica https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-
x-1s/

FlowJo software (version 10.8.1) BD Biosciences https://www.bhdbiosciences.com/en-us/

products/software/flowjo-v10-software

Cell Rep. Author manuscript; available in PMC 2023 November 07.


https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.bdbiosciences.com/en-us/products/software/flowjo-v10-software
https://www.bdbiosciences.com/en-us/products/software/flowjo-v10-software

	SUMMARY
	Graphical Abstract
	In brief
	INTRODUCTION
	RESULTS
	SCRIB dually encodes an unannotated, conserved nuclear microprotein
	EMBOW directly interacts with WDR5 via the WIN site
	EMBOW regulates the WIN-site interactome of WDR5
	Loss of EMBOW decreases WDR5 on the spindle pole during mitosis and shortens mitotic spindle length
	Loss of EMBOW prolongs G2/M phase and delays cell proliferation
	Loss of EMBOW increases WDR5 and H3K4me3 levels of de novo genes
	EMBOW expression is cell cycle regulated

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
	METHOD DETAILS
	Cloning and genetic constructs
	Cell culture, lentivirus production and stable cell line generation
	Immunofluorescence
	Immunoprecipitation and proteomics
	Generation of EMBOW knock-out KO and knock-in KI cell lines
	Cell cycle synchronization
	Flow cytometry analysis FACS
	Crystal violet staining
	ChIP-seq and data analysis
	Protein purification and In vitro pulldown assay

	QUANTIFICATION AND STATISTICAL ANALYSIS

	INCLUSION AND DIVERSITY
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	KEY RESOURCES TABLE

