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Catalytic-inactivating mutations within the Drosophila enhancer H3K4 mono-methyltransferase Trr and its
mammalian homologs, MLL3/4, cause only minor changes in gene expression compared with whole-gene deletions
for these COMPASS members. To identify essential histone methyltransferase-independent functions of Trr, we
screened to identify a minimal Trr domain sufficient to rescue Trr-null lethality and demonstrate that this domain
binds and stabilizes Utx in vivo. Using the homologous MLL3/MLL4 human sequences, we mapped a short ∼80-
amino-acid UTX stabilization domain (USD) that promotes UTX stability in the absence of the rest of MLL3/4.
Nuclear UTX stability is enhanced when the USD is fused with the MLL4 HMG-box. Thus, COMPASS-dependent
UTX stabilization is an essential noncatalytic function of Trr/MLL3/MLL4, suggesting that stabilizing UTX could
be a therapeutic strategy for cancers with MLL3/4 loss-of-function mutations.
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Trithorax-related (trr), MLL3 (KMT2C), and MLL4
(KMT2D) represent the “branch” of COMPASS family ly-
sinemethyltransferases responsible for catalyzing histone
3 lysine 4monomethylation (H3K4me1) at enhancer chro-
matin in Drosophila and mammals, respectively (Herz
et al. 2012; Hu et al. 2013). These enzymes form complex-
es with components common to all COMPASSmembers,
as well as complex-specific subunits that enable unique
functions, and this subunit composition is conserved
from Drosophila to humans (Shilatifard 2012). In particu-
lar, the H3K27 demethylase, UTX (KDM6A), is specific to
Trr/MLL3/MLL4 complexes and is believed to function in
the process of enhancer activation by facilitating acetyla-
tion of H3K27 by CBP/p300 (Agger et al. 2007; Cho et al.
2007; Mohan et al. 2011; Herz et al. 2012). Indeed, deple-
tion of either Utx or Trr inDrosophila results in decreased
levels of H3K27ac, as well as H3K4me1, underscoring the
functional interdependence between Trr and Utx in mod-
ifying chromatin structure in vivo (Herz et al. 2012). Trr is
critical for maintaining the stability of Utx, as well as Lpt,

a protein homologous to the N-terminal half of MLL3/4,
which is expressed from a separate gene but still complex-
es with Trr/COMPASS in the nucleus (Mohan et al. 2011;
Chauhan et al. 2012; Herz et al. 2012). Thus, the function
and stability of these two enzymes are intimately en-
twined. Genetic links between MLL4 and UTX were ini-
tially identified in a rare pediatric congenital disorder
called Kabuki Syndrome (Ng et al. 2010; Lederer et al.
2012; Miyake et al. 2013a,b), and are also frequently mu-
tated across a broad swath of human malignancies, high-
lighting a connection between regulators of enhancer
histone modification and cancer pathogenesis (van Haaf-
ten et al. 2009; Ntziachristos et al. 2012; Kandoth et al.
2013; The Cancer Genome Atlas Research Network
2014; Zhang et al. 2015; Wang and Shilatifard 2019).
We recently demonstrated loss of H3K4me1, or its con-

version to H3K4me2/3 at enhancers is compatible with
proper development and adult homeostasis inDrosophila
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melanogaster (Rickels et al. 2017). Using complementa-
tion assays in a lethal Trr-null background (trr[1]), we res-
cued viability by expressing Trr with either catalytic-
defective (C2398A) or catalytic-hyperactive (Y2383F)
pointmutations, each producing unique yet subtle pheno-
types only observable under temperature stress (Rickels
et al. 2017). Consistent with data showing H3K4me1 is
largely dispensable for enhancer function in vivo, our
group and others also reported similar catalytic-inactivat-
ing mutations to MLL3/4 only minimally affect gene ex-
pression compared with MLL3/4-null deletions, which
cause down-regulation of thousands of genes in mouse
embryonic stem cells (mESCs) (Dorighi et al. 2017; Rick-
els et al. 2017). Enhancer chromatin accessibility in
mESCs was reduced in the absence of MLL3/4, with no
change in the catalytic-dead mutants. Furthermore, en-
hancer-associated RNA synthesis at MLL3/4-bound en-
hancers was diminished only in the double-knockout
cell line, concomitant with increased RNA polymerase
II pausing at associated gene promoters (Dorighi et al.
2017). This is in agreement with a growing body of re-
search suggesting enhancer-mediated transcriptional acti-
vation functions by stimulating transcription elongation
(Chen et al. 2018; Rickels and Shilatifard 2018). Thus, lo-
calization of MLL3/4, but not its catalytic activity, is re-
quired to maintain open chromatin at enhancers, which

indicates a catalytic-independent function of Trr/MLL3/
MLL4 is critical for its role in development.

Results

Identification of an essential Trr domain sufficient
to rescue Trr-null associated lethality

In search of the catalytic-independent function forDroso-
philaTrr andmammalianMLL3/4, we generated a suite of
transgenic Drosophila lines that express different Trr
domain deletions to assay for complementation with the
trr[1]-null mutant. Males from each line were crossed
with trr[1] females and their progeny were assessed to
determine whether or not individual domain deletions
could rescue viability (Supplemental Fig. S1A), as previ-
ously described (Rickels et al. 2017). While our previous
study used a point mutation to disrupt Trr catalytic activ-
ity, we further found deletion of the entire C terminus
(del4), which includes the SET domain, was also able to
rescue lethality (Fig. 1A). Consistent with our previous re-
port, bulk reductions in H3K4me1 (Fig. 1B) were not asso-
ciated with obvious effects on Drosophila development
(Rickels et al. 2017). Interestingly, when reared at higher
temperatures (29°C), Trr-del4 flies phenocopy the catalyt-
ic-dead Trr-C2398Amutation by producing ectopic L3/L4
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Figure 1. A UTX-interacting region of Trr is sufficient to rescue Trr-null viability. (A) The diagram depicts full-length Trr coding se-
quence and the various deletion constructs assayed for complementation with the trr[1] lethal allele. Green checkmarks designatewhich
constructs rescue trr[1] viability according to the complementation assay illustrated in Supplemental Figure S1. (B) Western blots for
H3K4-methylation confirm bulk H3K4me1 decrease in the del4 rescue line, which lack the catalytic SET domain. (C ) Immunoprecipita-
tion of the Del5-GFP fragment in Drosophila S2 cells copurifies UTX, but not LPT. (D) Immunofluorescence microscopy in larval wing
imaginal discs confirms the “minimal”Del5 fragment is sufficient to stabilizeUTX in the absence of full-lengthTRR. Endogenous TRR is
depleted by RNAi in the posterior compartment (GFP-labeled), leading to reductions in H3K4me1. However, UTX levels are not affected
upon expression of Del5, which is insensitive to Trr-RNAi.
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wing cross-veins, while N-terminal deletions do not (Sup-
plemental Fig. S1B; data not shown). This supports our
theory that H3K4me1 is important in fine-tuning enhanc-
er-mediated gene expression, especially under tempera-
ture stress (Rickels et al. 2017). While N-terminal
deletions, such as Trr-del2, readily rescue viability, we
found this mutation dramatically reduces female fertility
in the trr[1] background (data not shown). Ultimately, our
genetic complementation strategy successfully identifies
a 600-amino-acid region of unknown function, located
roughly in the middle of Trr, sufficient to rescue Trr-
null lethality (Fig. 1A).
To study the biochemical properties of this domain, we

expressed a GFP-tagged peptide corresponding to the del5
rescue fragment in Drosophila S2 cells, and performed
protein purification to identify interacting partners of
this domain. The protein products of two essential genes,
Lpt andUtx, are known to form a complex with Trr; how-
ever, only Utx was confirmed by Western blot to interact
with the Trr-del5 fragment (Fig. 1C). This is consistent
with a previous report showing UTX interacts with a
489-amino-acid portion near the C terminus of MLL4
(Kim et al. 2014). Our laboratory and others have previous-
ly reported Trr and MLL4 are responsible for stabilizing
Utx protein in flies and mammals, respectively (Herz
et al. 2012; Lee et al. 2013). To test whether this region
of Trr is sufficient to stabilize Utx in vivo, we expressed

either full-length Trr-WT, Trr-del3, or Trr-del5 in a
trrWT;en-Gal4>Trr-RNAi background, and then assessed
Utx stability in wing imaginal discs. The En-Gal4 system
drives Trr-RNAi expression in the posterior half of imagi-
nal discs, providing an internal control for comparison
across all three genotypes. Importantly, both the endoge-
nous trr and Trr-WT are sensitive to Trr-RNAi, while
Trr-del3 and –del5 are insensitive. In all three genotypes,
knockdown of endogenous trr is evident by reduced
H3K4me1, as previously published (Herz et al. 2012).
Likewise, Utx levels are diminished in the Trr-WT and
Trr-del3, but unaffected in Trr-del5 (Fig. 1D). These find-
ings suggest stabilization of Utx is an essential catalytic-
independent function of Trr.

Identification of a conserved MLL4-UTX-binding
domain

To apply our findings from Drosophila in a mammalian
system, we expressed the homologous 567-amino-acid re-
gion of MLL4 in 293Trex cells as a FLAG fusion protein,
followed by FLAG purification to identify interacting
factors. Mass spectrometry from three independent exper-
iments identified UTX (KDM6A) as themost significantly
enriched protein interaction, followed by PTIP (PAXIP1)
and NCOA6, which are also known components of
MLL3/4 COMPASS-like complexes (Fig. 2A). TP73 was
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Figure 2. MLL4/UTX-binding interactions
are important for UTX protein stability.
(A) Volcano plot of mass spectrometry anal-
ysis reveals UTX is the most significantly
enriched factor in the MLL4-FLAG (567
amino acids) purification, among other
known MLL4/COMPASS subunits. Com-
mon contaminants (Mellacheruvu et al.
2013) were filtered out and remaining hits
are plotted as –log10 P-value (t-test) versus
log2 fold change (Supplemental Table 1).
(B) Western blots confirm UTX interaction
withMLL4-FLAG (567 amino acids). (C ) Di-
agram of the full-lengthMLL4 protein struc-
ture including annotated domains. To fine-
map the interacting region, we overexpress
overlapping fragments tiled across the
UTX interaction domain. (D). FLAG-tagged
fragments #1–7 were transfected in 293T
cells and IPs show UTX interaction is most
evident with fragments #2 and #3. (E) Frag-
ments #1–7 transfected in ΔMLL4 HCT116
cells in which UTX levels are diminished
due to loss of stabilizing interaction with
MLL4 (Supplemental Fig. S2B). Note that
the full-length 567-amino-acid domain, as
well as fragment #2, provide some stabiliz-
ing effect on UTX.
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also enriched similarly toNCOA6, but, to our knowledge,
has yet to be reported as a biochemical interactor of either
UTX or MLL4. We confirmed the MLL4 567-amino-acid
region coimmunoprecipitates with UTX by Western blot
(Fig. 2B). It is important to note that, just as we did not
detect Lpt in the Trr-del5 pull-down, we also did not
detect endogenous MLL4 peptides in our mass spectrom-
etry, indicating this domain is not sufficient for participat-
ing in a full COMPASS. We performed size exclusion
chromatography with nuclear extracts from doxycy-
cline-inducible 293Trex cells expressing a GFP-tagged
MLL4 567-amino-acid fragment and found the vastmajor-
ity of UTX coelutes with MLL4 in uninduced cells. How-
ever, in the presence of the MLL4 domain, UTX coelutes
in later fractionswhereGFP-tag is detected (Supplemental
Fig. S2A). These results indicate the MLL4-UTX-binding
domain is not incorporated into the endogenous MLL4
complex, but instead competes for UTX binding.

While an approximate location of theMLL4-UTX-bind-
ing domain was previously reported (Kim et al. 2014), we
begannarrowingdownthe interaction surface tobetter un-
derstand howMLL4 stabilizes UTX.We created a series of
seven constructs tiled across the 567-amino-acid MLL4
domain, such that each fragment of ∼150 amino acids
overlaps its neighbors by ∼50% (Fig. 2C). The FLAG-
tagged series was expressed in 293T cells, and although
we had difficulty achieving equal expression of each frag-
ment, coimmunoprecipitation shows fragments #2 and
#3 both pull down UTX (Fig. 2D), indicating the amino
acid sequence sharedbetween these fragments is sufficient
to bind to UTX. Using CRISPR/Cas9 to delete the MLL4
promoter in HCT116 cells, we generated a ΔMLL4 cell
line that displays significantly lower levels of UTX
comparedwith parental HCT116 at the protein level (Sup-
plemental Fig. S2B) but not at the mRNA level (Supple-
mental Fig. S2C).

Although we were unable to improve expression by re-
placing FLAG with GFP, after transfecting ΔMLL4 cells
we observe fragment #2 does provide some stabilizing ef-
fect on endogenous UTX levels (Fig. 2E).

The role of MLL4 HMG-box domain in UTX stability

Based on the results above, we focused our attention on
the overlapping region between fragments #2 and #3
(Fig. 3A) that were able to interact with UTX, and which
is conserved in Drosophila (Supplemental Fig. S3). Since
this ∼80-amino-acid peptide was sufficient to bind and
stabilize UTX in 293T cells, we refer to it as the UTX sta-
bilization domain (USD) (Fig. 3B). However, when tran-
siently transfected into ΔMLL4 cells, neither the
original 567-amino-acid nor the 80-amino-acid USD
were able to fully stabilize UTX to the extent observed
with a full-length MLL4 cDNA, which achieves UTX lev-
els similarly to WT-HCT116 (Fig. 3C). This suggests an
additional MLL4 domain is also required to provide full
UTX stability in the nucleus and, based on combined ge-
netic and biochemical data, we hypothesized that the
MLL4 HMG-box could be important for this function.
First, our genetic complementation assays in Drosophila

were always conducted in an lptWT background, indicat-
ing the N-terminal half of MLL4 could also play a role in
maintaining UTX stability. Second, a previous study in
Drosophila demonstrated that deletion of the Lpt HMG-
box disrupts Lpt’s ability to pull downTrr, although direct
binding was never demonstrated (Chauhan et al. 2012).
Third, we used CRISPR in HCT116 cells to delete the N
terminus from MLL4, which contains the PHD domains,
while leaving the HMG-box intact. Bulk UTX levels are
not disrupted in these cells, whereas deleting the entire
C terminus, including the UTX-binding domain, results
in strong depletion of UTX from the nucleus (Supplemen-
tal Fig. S4A). To test this hypothesis in ΔMLL4 cells, we
transiently expressed a GFP-tagged MLL4 HMG-box
domain alone, or fused it with the USD, and observed a
dramatic increase in nuclear UTX stability with the
“HMG-USD,” comparable with WT levels (Fig. 3D). Sur-
prisingly, the HMG-box alone had a small effect on pro-
moting UTX stability, suggesting that this domain
might also contact UTX directly (Fig. 3D). A similar
MLL3 HMG-USD fusion also stabilized UTX to near
WT levels (Supplemental Fig. S4B). Thus far, all of the con-
structs used for protein expression in cell culture have
necessarily included an SV40 nuclear localization signal
(NLS); however, we found inclusion of the HMG-box in
the fusion protein obviates the need for anNLS, indicating
that this domainmight be important forMLL4 nuclear lo-
calization (Supplemental Fig. S4B).

To better understand the biochemical interactions be-
tweenMLL3/4 and UTX, we determined the approximate
location of UTX’s interaction with MLL4. FLAG-tagged
UTX was divided into three overlapping segments: NT,
mid, CT, and IP/Western revealed the NT portion pulled
down endogenous MLL4 in 293T cells (Supplemental
Fig. S4C). This region of UTX contains at least six TPR do-
mains, a structural motif known to mediate protein–pro-
tein interactions. Likewise, FLAG-IP after transfection
with FLAG-UTX-NT and MLL4-HMG-USD-GFP shows
these regions also interact (Supplemental Fig. S4D). Taken
together, we propose a model in which the MLL4 HMG-
box and USD come together to stabilize UTX (Fig. 3E),
which is consistent with published genetic and biochem-
ical data fromDrosophila (Chauhan et al. 2012; Herz et al.
2012).

The MLL4-HMG-USD partially rescues gene expression
via UTX recruitment to chromatin

To investigate what effect, if any, the MLL4-HMG-USD
has on gene expression, we modified our ΔMLL4
HCT116 cell line (already mutated for MLL3) to include
a doxycycline-inducible (TET-ON, T/O) GFP-MLL4-
HMG-USD transgene, and observed robust UTX nuclear
stabilization ∼3 d following doxycycline treatment (Sup-
plemental Fig. S4E). ΔMLL4-T/O GFP-MLL4-HMG-USD
cells were treated with doxycycline for 2 and 4 d and chro-
matin occupancy of both MLL4 HMG-USD and UTX
were determined by ChIP-seq. As shown by log2 fold
change heat maps in Figure 4A, the HMG-USD readily
binds chromatin after dox induction and this coincides
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with increased UTX binding at the same locations as
HMG-USD. We also performed RNA-seq on samples col-
lected after 2, 4, or 8 d of dox induction and, following a
normalization step to remove unwanted batch effects
(see the Materials and Methods), compared their gene ex-

pression profiles with that of WT-HCT116 and ΔMLL4
cells (no dox). Compared with WT-HCT116, our ΔMLL4
cells have 2112 down-regulated genes (adj.P < 0.05, abso-
lute fold change >1.5), and after 8 d of dox induction we
identified 177 genes up-regulated compared with
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Figure 3. Mapping the MLL4 domains required for UTX nuclear stability. (A) An 80-amino-acid “minimal” UTX interaction sequence
was narrowed down to the overlapping region between fragments #2 and #3. Peptide alignment reveals a conserved acidic patch. (B) The
80-amino-acid “minimal” sequence is sufficient to bind UTX in 293T cells, and also has a stabilizing effect on endogenous UTX protein.
(C ) Transient transfections of the full-length (567-amino-acid) or minimal (80-amino-acid) domains into ΔMLL4 HCT116 cells stabilize
UTX in nuclear and cytoplasmic fractions, but never restore wild-type UTX levels compared withWT-HCT116 or transfection with full-
length MLL4 cDNA (5538 amino acids). (D) Western blots show transiently expressing the “minimal” 80-amino-acid domain fused with
the MLL4 HMG-box domain (HMG-USD) fully restores nuclear UTX levels. Note the HMG-box alone has a minor stabilizing effect on
UTX. (E) A diagram of the full-length MLL4 protein including annotated domains with approximate location of the Lpt/Trr gene split.
Genetic and biochemical evidence suggests UTX is stabilized through intramolecular interactions between the MLL4 HMG-box and
UTX-interacting domain.
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Figure 4. TheMLL4-HMG-USD domain rescues some gene expression via recruiting UTX to chromatin. (A) In ΔMLL4-T/O cells, ChIP-
seqwas performed forGFP-HMG-USDandUTXusing antibodies recognizingGFP andUTX, respectively, after 0, 2, and 4 d of doxycycline
induction. HMG-USD and UTXChIP-seq average peaks (top) and heat maps (bottom) are centered at HMG-USD dox day 4 peaks and pre-
sented as log2FC. (B) After 8 d of dox induction, 475 genes are differentially expressed compared with uninduced ΔMLL4. Relative expres-
sion levels are hierarchically clustered and presented as Z-score heat maps for the same 475 genes across all five conditions. Note that the
day8 induction time point bears closer resemblance toWT, indicating that a fraction ofMLL4-dependent genes are “rescued” by sustained
HMG-USD expression.
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uninduced ΔMLL4 cells. Interestingly, ∼83% (148/177) of
those overlap with genes statistically down-regulated in
the ΔMLL4 versus WT, indicating our synthetic HMG-
USD transgene can at least partially rescue a subset of
MLL4-dependentgenes, presumably throughUTXrecruit-
ment (Supplemental Fig. S5A). Likewise, roughly 66%
(199/298) of dox-induced down-regulated genes overlap
with thoseup-regulated inΔMLL4versusWT.This is visu-
alized in Figure 4B where we hierarchically cluster all 475
differentiallyexpressed genes (fromdoxday8) andcompare
their Z-scores across time points and treatments. Qualita-
tively, replicates from day8 induction bear a closer resem-
blance toWT than either day2/4 time points or uninduced
ΔMLL4, suggesting sustained expression of HMG-USD
can restore gene expression in certain contexts (Fig. 4B).
Weexpect that these transcriptional effects aremost likely
independent of UTX’s histone demethylase activity, as
ChIP-seq reveals that the new HMG-USD-induced bind-
ing sites are largely devoid of H3K27me3 and existing
H3K27me3 domains are little changed before and after in-
duction (Supplemental Fig. S5B).

Discussion

In this study,we took advantage of the Lpt/trr gene split in
Drosophila to investigate essential noncatalytic functions
of Trr.We found a 600-amino-acid region of Trr rescued trr
mutant flies and resulted in stabilization of UTX. Using
mammalian cells, an ∼80-amino-acid portion of this
domain from human MLL3 or MLL4, when combined
with an HMG box from their N termini was sufficient to
stabilize UTX in MLL3-MLL4 double mutant cells (Fig.
5). This stabilized UTX associates on chromatin and posi-
tively affected gene expression resulting from MLL4
knockout in the MLL3-mutant HCT116 cells. The dis-
crepancy between the partial gene expression rescue of

ΔMLL4 HCT116 cells with the MLL4 USD-HMG fusion
and the ability of the 600-amino-acid region of Trr to res-
cue development of trr-null flies could be due to a number
of factors. For example, it is possible that domainsof thees-
sential LPTprotein, in addition to theHMGdomain, could
contribute to fly viability by providing additional chroma-
tin interaction domains, and these are absent in ΔMLL4
HCT116 cells. In addition, PTIP, which is essential for
fly development (Fang et al. 2009), has been shown to inter-
act with MLL4 in the absence of UTX (Wang et al. 2017).
We found that the600-amino-acid rescuedomain interacts
with PTIP and NCOA6, which may contribute to the res-
cue of trr-null flies. Nonetheless, our findings indicate a
major histone methylatransferase-independent function
of Trr/MLL3/MLL4 branch of the COMPASS family is
through UTX stabilization.
Loss-of-function mutations of KMT2C, KMT2D, and

KDM6A are increasingly recognized as driving events in
a variety of cancers and developmental disorders (Morgan
and Shilatifard 2015; Wang and Shilatifard 2019). Similar
to Trr/MLL3/MLL4, catalytic-dependent and -indepen-
dent biological functions have been demonstrated for
UTX in controlling various biological processes, both in
Drosophila andmammals (Copur andMüller 2018). How-
ever, three homologs—UTX, UTY, and JMJD3—exist in
mammals, and it remains to be determinedwhich of these
functions are redundant among those factors. Further-
more, it is unclear how UTX is recruited to enhancers,
as this protein does not have a recognizable DNA-binding
domain. One recent study demonstrates MLL3/UTX re-
cruitment occurs through interactions between MLL3
and BAP1, and disrupting this interaction abrogates
UTX enhancer binding (Wang et al. 2018). BAP1-depen-
dent recruitment appears to be specific to MLL3, as
MLL4 interactions were not detected.
Finally, our study demonstrates a conserved function of

Drosophila Trr is to stabilize Utx, and raises the prospect

Figure 5. Model for trr/MLL3/4-mediated
UTX stabilization and function at chroma-
tin. Lpt and Trr represent a gene split, corre-
sponding to the N-terminal and C-terminal
halves of MLL4, respectively, and both are
required for Drosophila viability. We
mapped an ∼600-amino-acid region of Trr,
corresponding to ∼25% of the full-length
protein, which is able to rescue Trr-null le-
thality. While this region does not overlap
any known domains, we demonstrate its
ability to bind and stabilize Utx both in flies
and human cells. The HMG domain of Lpt
was previously reported to associate with
Trr by coimmunoprecipitation, suggesting
that Lpt may also play a role in mediating
Utx stability in Drosophila. We found that
in the absence of MLL3/4, UTX stabiliza-
tion is achieved by expressing a minimal
UTX-interacting peptide fused to MLL4’s
HMG domain.
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that a pharmacologic strategy to stabilize UTX could be
therapeutically beneficial for pathologies, such as bladder
cancer, in which MLL3/4 and UTX mutations tend to be
mutually exclusive (The Cancer Genome Atlas Research
Network 2014; Fantini et al. 2018).

Materials and methods

Fly (Drosophila melanogaster) stocks

Genomic trr rescue flies were generated using pattB plasmid for
site-specific integration on 3R (89E11) and injections performed
by BestGene (strain 9744). Transgenic flies were crossed to trr
[1] flies and thenmadehomozygous for the trr[1] allele and trr res-
cue construct.

Cell fractionation and immunoprecipitation

Cytosolic extracts were made using hypotonic buffer (10 mM
HEPES at pH 7.9, 1.5 mMMgCl2, 10 mM KCl) with 0.2% Triton
X-100. Nuclear extracts were made with high-salt buffer (20 mM
HEPES at pH 7.9, 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA,
350 mM NaCl). Anti-FLAG M2 agarose (Sigma) was used for all
FLAG-IP, and nonspecific proteins were removed with wash buff-
er (10 mM HEPES at pH 7.9, 1.5 mM MgCl2, 300 mM NaCl,
10 mM KCl, 0.2% Triton X-100). SDS-PAGE was performed
with 4%–20%mini-Protean TGX precast gels (Biorad) and trans-
ferred to nitrocellulose membrane for Western blotting.

Mass spectrometry

Sample preparation andmass spectrometry of immunoprecipitat-
ed protein complexes were performed as described (Hickox et al.
2017). See the Supplemental Material for details.

CRISPR–Cas9 gene editing

Plasmids expressing Cas9 and guide RNAs (gRNAs) were con-
structed in pX330 (Cong et al. 2013). Guide RNAs are listed in
Supplemental Material. HCT116 cells were electroporated and
single clones selected as described (Morgan et al. 2017). Cells
were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplementedwith 10% fetal bovine serum, penicillin, and strep-
tomycin. Guide RNAs are listed in the Supplemental Material.

Protein sequence alignments

Full-length sequences were aligned with Muscle v3.8.31(Edgar
2004), trimmed and manually adjusted in AliView (Larsson
2014), and displayed with Jalview (Waterhouse et al. 2009) with
Clustal colors with a coloring by conservation score of 40 for ver-
tebrates and 20 for the combined vertebrate and invertebrate
alignment.

NGS sample preparation

ChIP sequencing libraries were prepared using the KAPA HTP li-
brary preparation kit complemented with NEXTflex DNA Bar-
codes from Bioo Scientific. Ten nanograms of DNA was used as
starting material for input and IP samples. Libraries were ampli-
fied using 13 cycles on the thermocycler. Postamplification li-
braries were size-selected at 250–450 bp in length using
Agencourt AMPure XP beads from Beckman Coulter. Libraries
were validated using the Agilent high-sensitivity DNA kit.

RNA sequencing libraries were prepared using the NEBNext Ul-
tra II directional RNA library preparation kits, used in conjunc-
tion with the NEBNext rRNA depletion kit. Input RNA quality
was validated using the Agilent RNA 6000 nano kit. One micro-
gram of total RNA was used as starting material. Libraries were
validated using the Agilent DNA 1000 kit.

Chromatin immunoprecipitation analysis

The ChIP-seq was performed as described previously (Wang et al.
2018) and is detailed further in the Supplemental Material. For
ChIP-seq analysis, H3K27me3 peaks were called with the
MACS v2.1.0 software (Zhang et al. 2008) using default parame-
ters (–broad, q = 0.01), while narrow peaks were called with
MACS v1.4.2 with default parameters. Metaplots for called peaks
signals were generated using R library SeqPlots v1.26.0 (Stempor
and Ahringer 2016), while heat maps were generated using deep-
tools v3.1.1 (Ramírez et al. 2016).

RNA sequencing analysis

Gene counts were computed by HTSeq (Anders et al. 2015) and
used as input for DESeq2 v1.26.0 (Love et al. 2014). As we were
comparing RNA-seq samples from two separate experiments
with different cell lines (wild-type HCT116 and MLL-KO
HCT116 cells) we used RUVSeq v1.20.0 (Risso et al. 2014)
p2013ackage to correct for unwanted batch effects. To estimate
the factors of unwanted variation we applied RUVs protocol, us-
ing all expressed genes grouped by sample replicates, with param-
eter k =3, resulting weights were passed as parameters to the
design of DESeq2 log-ratio testmodel. Genes with adjusted P-val-
ues <0.05 and absolute fold change >1.5 (|log2FC|≥0.584) were
considered as differentially expressed unless otherwise specified.
RNA-seq heat maps adjacent to ChIP-seq heat maps display
z-scored log2 fold change values of genes corresponding to TSSs
nearest to ChIP-seq peaks and were created using R package
pheatmap v1.0.12 (https://cran.r-project.org/web/packages/
pheatmap/index.html). Functional analysis was carried out using
R package clusterProfiler v.3.16.0 (Yu et al. 2012).

Accession number

ChIP-seq and RNA-seq data are available at GEO with accession
number GSE158672.
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