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CANCER

CARM1-mediated methylation of ASXL2 impairs
tumor-suppressive function of MLL3/COMPASS

Zibo Zhao, Emily Jane Rendleman, Aileen Patricia Szczepanski, Marc Alard Morgan,
Lu Wang*, Ali Shilatifard*t

An imbalance in the activities of the Polycomb and Trithorax complexes underlies numerous human pathologies,
including cancer. The BRCA1 associated protein-1 (BAP1) deubiquitinase negatively regulates Polycomb activity and
recruits the Trithorax histone H3K4 methyltransferase, mixed-lineage leukemia protein 3 (MLL3) within Complex
Proteins Associated with Set1 (COMPASS), to the enhancers of tumor suppressor genes. We previously demonstrated
that the BAP1-MLL3 pathway is mutated in several cancers, yet how BAP1 recruits MLL3 to its target loci remains an
important unanswered question. We demonstrate that the ASXL2 subunit of the BAP1 complex mediates a direct
interaction with MLL3/COMPASS. ASXL2 loss results in decreased MLL3 occupancy at enhancers and reduced BAP1-
MLL3 target gene expression. Interaction between ASXL2 and MLL3 is negatively regulated by protein arginine
methyltransferase 4 (PRMT4/CARM1), which methylates ASXL2 at R639/R641. ASXL2 methylation blocks binding to
MLL3 and impairs the expression of MLL3/COMPASS-dependent genes. This previously unidentified transcriptional
repressive function of CARM1 provides insight into the BAP1/MLL3-COMPASS axis and reveals a potential cancer
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therapeutic target.

INTRODUCTION
Genetic alterations of epigenetic factors occur frequently in human
cancer (I, 2), making these proteins potential therapeutic targets (3).
MLL3 (KMT2C)/COMPASS catalyzes histone H3K4 monomethyla-
tion at intergenic enhancers (4, 5) and is commonly mutated in cancer
(6, 7). MLL3 mutations occur in a variety of human tumors, including
hepatocellular carcinoma, colon cancer, bladder cancer, myelodysplas-
tic syndromes, and acute myeloid leukemia (AML) (8-10). In human
breast cancer, the frequency of MLL3 mutations (8.41%) is remark-
ably higher than those found in other cancer types (11). In addition,
in HR*/HER2™ breast cancer, MLL3 mutation rates are higher in
metastatic breast cancer than in early breast cancer (12). Precisely how
these MLL3 mutations drive tumorigenesis is currently unknown.
We previously identified a mutational hotspot in MLL3, located
within the plant homeodomain (PHD) finger repeats (13). Cancer-
associated mutations in the PHD domain correlate with reduced
breast cancer survival rates, suggesting that this mutational hotspot
alters MLL3 functionality. We demonstrated that the MLL3 PHD
fingers directly interact with the BAP1 complex, a major histone H2A
deubiquitinase and tumor suppressor. Moreover, cancer-associated
mutations in the PHD fingers disrupt the interaction between
MLL3 and BAP1 (13). The enhancer occupancies of MLL3 and
an additional COMPASS subunit, lysine-specific demethylase 6A
(KDMB6A,; also known as UTX), are reduced in the absence of BAP1
(13). Collectively, these results support a model that the BAP1
complex is an essential cofactor for MLL3 function that interacts
through the MLL3 PHD domain and an as of yet uncharacterized
region of the BAP1 complex. On the basis of these findings, and
because of the dynamics of histone modifications, gene expression,
and epigenetic reprogramming, we established a new model for
resetting the epigenetic balance of Polycomb/COMPASS function
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for cancer therapy, and this concept is under a phase 1 study at
Northwestern Medicine for the treatment of human cancer [Cancer
Therapy Evaluation Program (CTEP)/NCI Experimental Therapeutics
Clinical Trials Network (ETCTN) trial #10183].

The BAPI complex contains as many as 10 distinct subunits,
including ASXL1/2/3, FOXK1/2, MBD5/6, and LSD2 (14-18). The
BAP1 complex functions as a general transcriptional activator by
catalyzing the removal of monoubiquitin from histone H2AK119
(19, 20). However, the specific subunit(s) within the BAP1 complex
that mediates the interaction between BAP1 and the MLL3-PHD
domain has not been identified or molecularly characterized. This is
an important question in defining how this complex controls gene
expression and remains an unknown mechanism in how this master
regulator is involved in maintaining the epigenetic balance. Thus,
dysregulation or mutations of this factor would affect MLL3’s re-
cruitment to enhancer chromatin binding sites, which will consequently
affect the expression of downstream tumor suppressor genes.

Here, we identify additional sex combs-like 2 (ASXL2) as the
factor that links MLL3 to the BAP1 complex. We further characterize
the MLL3 binding domain within ASXL2, which is negatively regu-
lated by PRMT4/CARM1-mediated arginine methylation. Depletion
of CARML1 function by CRISPR or catalytic inhibitors increases
MLL3 chromatin recruitment and activates MLL3/BAP1-dependent
tumor suppressors. Last, we established a novel combinatorial
treatment targeting both EZH2 and CARMI activity with small
molecular inhibitors. In summary, our study provides a full genetic
and molecular characterization that addresses a previously un-
explored question related to dysregulated epigenetic balances within
human cancers.

RESULTS

ASXL2 links BAP1 complex to MLL3/COMPASS

Previously, we demonstrated that the BAP1 complex recruits MLL3/
COMPASS to enhancers (13). Depletion of BAP1 by CRISPR
reduces MLL3 recruitment and function at enhancers, leading to
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decreased expression of tumor suppressors regulated by these en-
hancers. There are two major BAP1 complexes in mammalian cells:
PR-DUB.1 and PR.DUB.2, which contain ASXL1 (21) or ASXL2
(22), respectively (fig. S1A). To determine which PR-DUB interacts
with MLL3/COMPASS, we eliminated ASXL1 and ASXL2 individually,
or in combination [double knockout (DKO)], by CRISPR in CAL51
cells (fig. S1, B and C). Using RNA sequencing (RNA-seq) analysis,
we confirmed the absence of ASXLI and/or ASXL2 mRNA in these
cells (fig. S1, B and C). Notably, BAP1 protein levels are almost
undetectable by Western blotting in ASXL1/2-DKO (23-25), whereas
levels in ASXL1 and ASXL2 single KO cells are similar to wild type
(WT) (fig. SID). We performed immunoprecipitation (IP) experi-
ments in WT, ASXL1-KO, and ASXL2-KO CALS51 cells and found
that depletion of ASXL2, but not ASXL1, completely blocks the
interaction between BAP1 and MLL3, suggesting that ASXL2 is the
scaffold protein directly linking BAP1 to the MLL3 COMPASS
(Fig. 1A). To determine whether loss of ASXL2 phenocopies loss
of BAP1 in the chromatin recruitment of MLL3/COMPASS, we
performed MLL3 chromatin IP sequencing (ChIP-seq) in WT,
ASXL1-KO, and ASXL2-KO CALS51 cells. For our bioinformatic
analysis, we used a set of BAP1 ChIP-seq peaks, which were divided
into two groups based on our previous studies (fig. SIE) (13).
Depletion of BAP1 and ASXL2, but not ASXL1, leads to a substantial
reduction of MLL3 occupancy at the chromatin (Fig. 1, B and C, and
fig. S1F) without affecting the protein levels of MLL3 (fig. S1G). Analysis
of RNA-seq data revealed that ASXL2-KO, MLL3-KO, and BAP1-KO
exhibit similar alterations in gene expression (Fig. 1, D and E).
These results suggest that ASXL2 depletion leads to reduced expres-
sion of genes that have MLL3/BAP1-dependent enhancers. Path-
way analysis by Metascape suggests that most of MLL3, BAP1, and
ASXL2 target genes are involved in metabolic pathways (Fig. 1F),
which is consistent with a recent work reporting ASXL2 as a key factor
for controlling energy expenditure by macrophages in response to
dietary factors (26). Furthermore, the expression levels of tumor sup-
pressors such as GNB4, COL2A1, FOXJ1, and CYP2B6 were signifi-
cantly reduced in BAP1-KO, ASXL2-KO, and MLL3-KO cells (Fig. 1G).

Identification of LOCAP: A linker domain of COMPASS

and PR-DUB of ASXL2

To further understand the molecular mechanism of how ASXL2
interacts with MLL3, we truncated ASXL2 into five distinct fragments
[including green fluorescent protein (GFP) as a control] and puri-
fied each of the GFP-tagged fragments from human embryonic
kidney (HEK) 293T cells (Fig. 2A). Both MLL3 and UTX interact
with ASXL2-F3 but not ASXL2-F2 (Fig. 2, B and C). Both of these
fragments include the ASXN and ASXM N-terminal domains, sug-
gesting that only amino acids 576 to 830 of ASXL2 are necessary for
MLL3 COMPASS binding. LSD2/KDM1B is a histone-modifying
enzyme that demethylates histone H3 lysine residue 4 dimethylation
(H3K4me2) that was recently been reported as a unique component
of the PR-DUB.2 complex (24). We found that LSD2 interacts with
ASXL2-F4 but not ASXL2-F3, suggesting that the LSD2 binding domain
is contained within ASXL2 amino acids 830 to 1104 (Fig. 2, B and C).
Thus, the MLL3 and LSD2 binding regions in ASXL2 are separate,
but adjacent, sequences (Fig. 2F). On the basis of these molecular
studies, we named the region within ASXL2 (amino acids 576 to 830)
that interacts with MLL3 LOCAP (linker of COMPASS and PR-DUB)
domain. Consistent with the results from our biochemistry studies,
protein alignment of ASXL1-3 revealed that the LOCAP sequence is
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unique and evolutionarily conserved in ASXL2 homologs (fig. S2A).
To determine whether this domain is sufficient to interact with
MLL3 COMPASS in cells, we transfected HEK293T cells with either
GFP or GFP-tagged LOCAP domain. We found that the LOCAP
domain alone is able to pull down endogenous MLL3 (Fig. 2D). To
further confirm the interaction between the ASXL2-LOCAP do-
main and MLL3 COMPASS, we immunoprecipitated the LOCAP
domain from HEK293T cells and subjected the enriched proteins to
mass spectrometry analysis. We found that MLL3 COMPASS is one
of the top interactors with the LOCAP domain of ASXL2 (Fig. 2E
and table S1). Collectively, our results reveal that ASXL2 acts as a
scaffold protein that binds to both MLL3 and LSD2. Last, we purified
LSD2 from HEK293T cells to determine whether MLL3, ASXL2,
and LSD2 could potentially form an integrated complex with one
another (fig. S2B and table S2). However, we did not detect MLL3
COMPASS in our LSD2 purification, indicating that LSD2 and
MLL3 might be mutually exclusive binding partners of the BAP1/
ASXL2 complex (Fig. 2F). Notably, we have detected a number of
truncating mutations within ASXL2 N terminus in human cancers
based on cBioPortal (fig. S2, C and D), suggesting that loss of MLL3-
ASXL2/BAP1 contact might be a causal event in these cancers.

CARM1 methylates ASXL2-LOCAP domain at R639/R641

To further narrow down the interaction interface between MLL3
and ASXL2-LOCAP domain, we compared the full LOCAP region
with two truncated fragments and identified a 35-amino acid region
in the first segment of the LOCAP domain critical for MLL3 COMPASS
binding (Fig. 3, A and B). Examination of the PhosphoSitePlus
database (27) revealed that this small region contains potential multi-
ple posttranslational modifications (PTMs), such as phosphorylation
at serine residues and methylation at arginine residues (Fig. 3C). To
determine whether the LOCAP domain is posttranslationally modi-
fied in cells, we transfected HEK293T cells with a GFP-tagged LOCAP
domain and performed IP-Western blotting using phosphoserine
(pS*PXR) and asymmetric dimethyl arginine (ADMA) antibodies.
We found that the full-length LOCAP domain is methylated but is
not detectably phosphorylated (Fig. 3D). Notably, both truncated
constructs completely lack arginine methylation, demonstrating
that the methylation site resides within the first 35 amino acids of
the LOCAP sequence. To identify candidate ASXL2 arginine methyl-
transferases, we purified LOCAP from HEK293T cells and subjected
the enriched proteins to mass spectrometry analysis. We found that
CARMI (also known as PRMT4) is the only arginine methyl-
transferase that binds to the LOCAP domain (Fig. 3E). To determine
whether CARM1 directly methylates the LOCAP domain, we im-
munoprecipitated a GFP-tagged ASXL2-LOCAP from WT and
CARMI-KO cells and performed Western blotting analysis using
an anti-ADMA antibody. This experiment revealed that methylation
of the LOCAP region is completely abolished in the absence of
CARM I (Fig. 3F). In further support of this observation, we performed
in vitro methyltransferase assays and found that CARM1 directly
methylates arginine residues 639 and 641 within the LOCAP domain
(Fig. 3G). To investigate the prevalence of endogenous ASXL2 dimeth-
ylation in cells, we generated a rabbit polyclonal antibody specific to
asymmetric dimethylated ASXL2 peptide (Fig. 3H, left). These
methyl-ASXL2 antibodies specifically detect a methyl-ASXL2 peptide
in vitro (fig. S3A) and also detect methylation of endogenous ASXL2 in
CARM1-WT cells but not in CARM1-KO cells (Fig. 3H, right).
Although methyl-specific antibodies may cross-react with some
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Fig. 1. ASXL2 links BAP1 complex to MLL3/COMPASS. (A) Endogenous IPs with MLL3 antibody from WT, ASXL1-KO, and ASXL2-KO CAL51 cells were subjected to
Western blotting with BAP1 and RBBP5 (a conserved core subunit of MLL3 that regulates its histone methyltransferase activity); n=2. IB, immunoblot; IgG-LC, IgG-light
chain. (B) The log; fold change (log,FC) heatmap shows the occupancy of MLL3 in BAP1/ASXL1/ASXL2 KO cells versus WT cells. (C) Representative track examples
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BAP1-KO, and ASXL2-KO CAL51 cells. (F) Pathway analysis with Metascape shows the most significantly enriched pathways involved with MLL3/BAP1/ASXL2 coregulated
genes. (G) Relative mRNA levels of GNB4, COL2A1, FOXJ1, and CYP2B6 were determined by real-time polymerase chain reaction in WT, MLL3-KO, BAP1-KO, and ASXL2-KO

cells; n=3.**P < 0.01.
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Fig. 2. Identification of LOCAP domain in ASXL2 that mediates MLL3/BAP1 interaction. (A) A schematic diagram of full-length ASXL2 and its truncated derivatives.
Both N-terminal domains (ASXN and ASXM) and a C-terminal domain (PHD) of ASXL2 are shown. (B) Plasmids expressing ASXL2 cDNA derivatives that correspond to each
of the fragments shown in (A) were transfected into HEK293T cells for 24 hours. The GFP-tagged ASXL2 truncations were then purified and displayed interactions with
BAP1, FOXK1/2, LSD2, MLL3, and UTX detected by Western blot. (C) The interaction between each ASXL2 fragments and BAP1, FOXK1/2, UTX, MLL3, and LSD2 is shown.
The GFP-LOCAP domain fragment was expressed in HEK293T cells and then subjected to GFP purification from nuclear extracts. The protein-protein interaction between
the ASXL2-LOCAP domain and MLL3 COMPASS was determined by Western blot (D) and mass spectrometry analysis (E); n = 3. (F) Protein interactome map of ASXL2 with
MLL3 COMPASS [amino acids (aa) 576 to 830] and LSD2 (amino acids 830 to 1104) binding domains. MLL3 COMPASS binding domain is identified as the LOCAP domain.

other CARM1 substrates, we found that methyl-ASXL2 is the major
target of this antibody (fig. S3B). Overall, our study has demonstrated
that the endogenous ASXL2 could be methylated by CARMI.

CARM1 negatively regulates MLL3 interaction with ASXL2/
BAP1 and impairs its chromatin binding and gene

activation function

Arginine methylation is a prevalent PTM, which functions as an
essential epigenetic regulator of transcription, mRNA splicing,
signaling transduction, and cell fate decisions (28-30). Arginine
methylation of proteins can either inhibit (31) or promote protein-
protein interactions (32, 33), depending on the type of methylation
(34-36). Thus, the dual transcriptional function of CARMI has
clear implications for a multitude of physiological and pathological
conditions, including breast cancer (37). To determine whether
methylation within the LOCAP domain affects MLL3/ASXL2 inter-
action, we first mutated both of the arginine residues of ASXL2
(R639/R641) to lysine (R to K; which mimics unmethylated arginine
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residue) or to phenylalanine (R to F; which mimics methylated
arginine residue) (38). We transfected cells with plasmids expressing
LOCAP-WT, LOCAP-R639K/R641K, and LOCAP-R639F/R641F
and found that arginine-to-phenylalanine mutation at both residues
strongly inhibits the interaction between MLL3 and ASXL2 (Fig. 4A).
Consistent with this result, we detected an increased interaction
between MLL3 and BAP1/ASXL2 in CARM1-KO cells, compared
with CARM1-WT cells (Fig. 4B). These results suggest that ASXL2
methylation by CARMI1 may also inhibit MLL3 recruitment to
enhancer regions in chromatin. To test this hypothesis, we conducted
MLL3 ChIP-seq analysis in both CARM1-WT and CARM1-KO cells.
Depletion of CARM1 markedly increases MLL3 recruitment to chro-
matin, especially at BAP1-dependent enhancer regions (Fig. 4, C to E).
In further support of these ChIP-seq data, loss of BAP1 or MLL3
reduces the expression levels of genes near BAP1-dependent en-
hancers, whereas CARM1 depletion markedly increases expression
of these genes, most likely due to increased recruitment of MLL3
(Fig. 4, F and G). In addition, KO of CARM1 does not increase the total
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Fig. 3. Arginine methyltransferase CARM1 methylates ASXL2-LOCAP domain at R639/R641. (A) A schematic diagram of the full-length ASXL2-LOCAP domain and its two
truncated derivatives. The GFP-tagged LOCAP-FL, LOCAP-F1, and LOCAP-F2 were purified from HEK293T cells. (B) Western blot showing the interactions between each of the
LOCAP domain truncations and RBBP5, one of the core subunits of MLL3 COMPASS. (C) PTMs at the LOCAP domain based on the PhosphoSitePlus database (www.phosphosite.
org/homeAction.action). (D) IP of the GFP-tagged LOCAP derivatives coupled with Western blot detecting serine phosphorylation (via anti-serine phosphorylated antibody)
(top) and arginine methylation (via anti-ADMA antibody) (bottom). The Western blot shows two arginine residues within LOCAP domain that are methylated in cells.
(E) GFP-LOCAP was expressed in HEK293T cells and subjected to GFP purification from nuclear extracts and mass spectrometry analysis to identify which arginine methyltrans-
ferase is associated with ASXL2-LOCAP. The peptide number from all type Il arginine methyltransferases is shown. (F) GFP-LOCAP was expressed in CARM1-WT/KO cells, and
the methylation levels of LOCAP domain were determined by Western blot using anti-ADMA antibody. (G) Autoradiograph (left) and Coomassie brilliant blue staining (right) of
invitro methylated glutathione S-transferase (GST)-peptide fusion peptides by CARM1 in the presence of adenosyl---methionine, S-[methyl->H] (SAM[*H]). Modifications to
both arginine residues of ASXL2 (R639/R641) lead to loss of CARM1 protein-protein interaction. (H) Antigen peptide used for generation of methyl-specific antibody (left).
Western blot analysis of the protein levels of CARM1, ASXL2, and me-ASXL2 (recognized by two antibodies) in CARM1-WT and KO cells (right). me-ASXL2, methylated ASXL2.

protein levels of MLL3 or other subunits within MLL3 COMPASS
(fig. S4A). These results have revealed an unexpected function of
CARM1 as a transcription repressor through negative regulation of
MLL3 function. We found 305 genes that are down-regulated in
MLL3-KO cells, which are up-regulated in CARMI1-KO cells (fig. S4A),
many of which are involved in cell growth, development, and cancer
(fig. S4, B to D).
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Pharmaceutical inhibition of CARM1 enhances

MLL3 function

CARMI has been demonstrated to function as an oncogenic arginine
methyltransferase in multiple human cancers, thus making it a
promising therapeutic target (39). For example, inhibition of CARM1
catalytic activity via small molecules inhibits tumor growth in vitro
and in vivo (40). To determine whether CARMI catalytic activity is
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and mutant LOCAP domain were transfected in HEK293T cells for 24 hours. The protein-protein interaction between MLL3 and the LOCAP domain was determined by an
IP experiment. (B) Endogenous IPs with MLL3 antibody from CARM1-WT and CARM1-KO cells were subjected to Western blotting with BAP1 and ASXL2 antibody; n=2.
(C) The log,FC heatmap showing MLL3 occupancy in BAP1-KO and CARM1-KO cells. (D) The average plot compares MLL3 occupancy between WT cells, BAP1-KO cells,
and CARM1-KO cells. (E) The ChIP-seq track example shows an increased in MLL3 occupancy at enhancers due to CARM1 depletion (CARM1-KO). The RNA-seq heatmap
(F) and track example (G) shows the gene expression change between BAP1-, MLL3-, and CARM1-depleted cells.

involved in MLL3 chromatin recruitment, we treated CAL51 cells
with the CARM1 inhibitor, EZM2302, and conducted MLL3 ChIP-seq.
We found that inhibition of CARM1 activity leads to an increase of
MLL3 occupancy at BAP1-dependent enhancers (group 1), without
affecting MLL3 recruitment at promoters (group 2) (Fig. 5, A and B).
In support of this model, we generated ASXL2 knock-in cells carrying
R639K/R641K and R639F/R641F mutations using CRISPR-Cas9
(fig. S5A). We then conducted MLL3 ChIP-seq in cells expressing
either nonmethylated ASXL2 (R639K/R641K) or R639F/R641F mu-
tant ASXL2. MLL3 binding to chromatin is markedly increased in
CALS51 cells expressing nonmethyl-ASXL2 compared to the methyl
mimic ASXL2 (fig. S5, B and C). We further conducted an RNA-seq
experiment to determine whether the recruitment of MLL3 by the
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nonmethylated ASXL2 could activate gene expression. Increasing
MLL3 occupancy contributes to a marked increase in gene expression
by RNA-seq analysis (fig. S5B). On the basis of our previous model,
the epigenetic balance between Polycomb repressive complex 2
(PRC2) and COMPASS is critical for the transcriptional activation
of numerous tumor suppressors, and EZH2 catalytic inhibition can
restore the expression of genes that are down-regulated by MLL3/
UTX/BAPI depletion (13). Here, we sought to test whether increasing
MLL3 recruitment and function by CARM1 inhibition and reducing
PRC2 function with EZH2 inhibitor, GSK126, would cause a syner-
gistic effect on tumor cell growth. After confirming that EZH2i does
not affect global arginine asymmetric demethylation and EZM2302
does not affect global H3K27me3 levels (Fig. 5C), we treated two
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Fig. 5. Pharmaceutical inhibition of CARM1 enhances MLL3 function. (A) MLL3 ChIP-seq was conducted in CAL51 cells that were treated with either DMSO or CARM1
inhibitor EZM2302 for 72 hours. The average plot shows the occupancy of MLL3 at group 1 and group 2 peaks. (B) The ChIP-seq track examples show increases in MLL3
occupancy at enhancers induced by CARM1 inhibitor treatment. (C) The breast cancer cell line was treated with DMSO, EZM2302 (CARM1 inhibitor), GSK126 (EZH2 inhibitor),
or both inhibitors for 96 hours. Western blot showing the total protein levels of ADMA and histone H3K27me3; n=3. CAL51 and MCF7 cells were treated with combinations
of GSK126 and EZH2302 for 4 days. The cell counting assay shows the percentage of cell viability in each group; n=3 (D). The synergistic effect in (D) was quantified by
the SynergyFinder software (E). ZIP, zero interaction potency. (F) The RNA-seq heatmap showing the synergistic effect of CARM1/EZH2 inhibitors on gene expression in

CAL51 cells. (G) The Venn-diagram shows the overlap between EZH2302- and GSK126-targeted genes.
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breast cancer cell lines (MCF7 and CAL51) with both epigenetic
inhibitors. Treatment with both epigenetic inhibitors shows strong
combinational effects on both cell lines by cell counting assay
(Fig. 5, D and E). Moreover, the results from RNA-seq analysis
of cells treated with either dimethyl sulfoxide (DMSO), EZM2302
(CARMI1 inhibitor), GSK126 (EZH2 inhibitor), or both inhibitors
show a similar synergistic effect on gene expression (Fig. 5F). Path-
way analysis revealed that apoptosis- and differentiation-related
genes are commonly up-regulated by either CARM1 inhibitor or
EZH2 inhibitor treatment (Fig. 5G and fig. S5D). These results sug-
gested that inhibition of CARM1 may at least partially rescue the
expression of the tumor-suppressive genes controlled by ASXL2/
MLL3/UTX axis.

DISCUSSION

Loss of BAP1 has been implicated as a direct driver of human solid
tumors (41), as well as leukemia (42). However, emerging studies
suggest that BAP1 can function as an oncogene, especially when the
core subunit ASXL1 is mutated in leukemia (43). These contradic-
tory results imply nuances to the function of the BAP1 complex,
which may be due to the diverse protein composition of its various
subunits. As a close homolog of ASXL1, ASXL2 is also crucial for
BAP1 function and activity in mammalian cells. ASXL2 is essential
for hematopoiesis and acts as a haploinsufficient tumor suppressor
in leukemia where ASXL2 deficiency promotes AML1-ETO-driven
leukemogenesis (44). However, the mechanism of how ASXL2
functions as a tumor suppressor remains to be elucidated. In our
current study, we have provided an epigenetic balance model to
explain how ASXL2 can activate tumor suppressor gene expression
by functioning as a scaffold protein that links MLL3 and BAP1
together at BAP1-dependent chromatin enhancers (Fig. 6A).

MLL3 has been previously identified as a binding protein in
ASXL2 IPs (18); however, MLL3 has not been observed to be sig-
nificantly enriched in mass spectrometry studies using BAP1 as a
bait (15, 20, 45). This is expected because most of the BAP1 core
subunits, such as ASXL1-3 and FOXK1/2, are present at stoichio-
metric levels within the BAP1 complex and likely dominate mass
spectrometry analysis. Moreover, the LOCAP domain is unique
in ASXL2; therefore, BAP1/ASXL1 (PR-DUBI1) and BAP1/ASXL3
(PR-DUB3) do not interact with MLL3.

In comparison to ASXL1, ASXL2 is rarely mutated in human
cancers, suggesting that there might be other mechanisms that
regulate the oncogenic function of ASXL2. In our current study, we
mapped a small region within the LOCAP domain of ASXL2 that is
critical for MLL3 binding (Fig. 3C). On the basis of our biochemical
studies, we have identified that dimethylation at two arginine resi-
dues (R639/R641) by CARM1 impairs MLL3 binding (Fig. 3G).
There are no recurrent or germline mutations associated with this
region in any type of human cancers; instead, multiple phosphoryl-
ation modification (S637, S648, and T652) was observed at the
flanking R639/R641, suggesting that there might be other mechanisms
that control the activity of the LOCAP domain within ASXL2.

Arginine methylation has been reported to block certain protein-
protein interactions while promoting others (30). For instance,
interactions mediated by SH3 domains are demonstrated to be sensi-
tive to arginine methylation, while WW and Tudor domain interac-
tions are unaffected or increased by arginine methylation (46-48).
Here, we demonstrated that arginine methylation at R639/R641 of
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Fig. 6. Model: BAP1/ASXL2/MLL3 as a central axis for cancer therapy using
EZH2 and CARM1 inhibitors. (A) In normal cells, ASXL2 bridges the MLL3
COMPASS and BAP1 complexes to maintain proper expression levels of tumor
suppressor genes. (B) At around 6 to 8% of tumor cells that harbor mutations in the
MLL3 PHD domain, MLL3-COMPASS is not recruited to BAP1-associated enhancer
regions, leading to a silencing of the downstream genes. (C) In malignant tumors
with WT MLL3, increased levels of the arginine methyltransferase CARM1 directly
methylate ASXL2 at two arginine residues, which prevents MLL3 binding and
blocks MLL3 recruitment to enhancers.

ASXL2 changes the hydrophobic status of this region and blocks
MLL3 binding. Therefore, this finding supports evidence toward
arginine methylation function in blocking protein-protein interaction,
instead of promoting protein-protein interaction. CARM1 was
demonstrated to be an oncogenic methyltransferase in multiple
human cancers, including prostate cancer (49), breast cancer (50, 51),
and leukemia (52). Originally, CARM1 was proposed to function
as a transcriptional activator by methylating histone H3R17 (53).
However, on the basis of the RNA-seq analysis from our study and
studies from other groups (33), the loss of CARM1 may also lead to
an increase in gene expression. Here, we demonstrated that CARM1
directly methylates ASXL2 at R639/R641, which further blocks
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MLL3 recruitment at enhancer chromatin, leading to the silencing
of nearby genes. Our results highlight a model for how CARM1
represses gene expression in mammalian cells. Consistent with our
biochemistry results, we found that CARMI inhibition can restore MLL3
recruitment at BAP1 loci (e.g., HOX cluster genes), suggesting that it
is possible to recover loss of MLL3 COMPASS function by inhibiting
CARMI as a potential therapeutic strategy for cancer treatment.

LSD2 (or AOF1) was initially identified as a histone H3K4
demethylase in human cells (54). On the basis of published mass
spectrometry results, LSD2 has numerous interactors in mammalian
cells (55). We found that both MLL3 (Fig. 2E) and LSD2 (fig. S2B)
interact with ASXL2 in mammalian cells. However, LSD2 does not
directly interact with MLL3 (fig. S2B), suggesting that there might
be two different subcomplexes, BAP1/ASXL2/MLL3 and BAP1/
ASXL2/LSD2. It will be interesting to further investigate the epigenetic
function between these two different complexes in regulating en-
hancer activity, histone modifications, and gene expression.

MLL3 is one of the most frequently mutated genes in human
cancers (13). On average, MLL3 is mutated in around 6% of all
human cancers. In our previous studies, we proposed an epigenetic
balancing model (13). Inhibition of EZH2 by small-molecule inhibi-
tors could activate the genes that were initially lost due to MLL3
loss-of-function mutations (Fig. 6, A and B). On the other hand,
more than 90% of tumor cells are WT or heterozygous for MLL3.
An increase in the abundance of arginine methyltransferase CARM1
could directly methylate ASXL2 at the LOCAP domain and subse-
quently block the MLL3-BAPI interaction, leading to a similar
phenotype seen in MLL3 mutations (Fig. 6C). Our current study
has identified a dominant mechanism for arginine methylation in
controlling the epigenetic balance between PRC2 and COMPASS.
Therefore, to maximize the rescue in the expression of MLL3 down-
stream genes, we combined both EZH2 and CARM1 inhibitors,
which resulted in a strong synergistic effect that could be a potential
novel therapeutic for clinical cancer treatments, especially for breast
cancer associated with MLL3 mutations.

MATERIALS AND METHODS

Antibodies and reagents

BAPI1 (#13271S), UTX (#33510), and ADMA (#13522) antibodies
were purchased from Cell Signaling Technology. HSP90 (sc-7947)
and GFP (sc-9996) antibodies were purchased from Santa Cruz
Biotechnology. ASXL2 (A302-037A), FOXK1 (A301-728A), and
FOXK2 (A301-729A) antibodies were purchased from Bethyl
Laboratories. Tubulin antibody (E7) was purchased from the De-
velopmental Studies Hybridoma Bank. Flag (F3165) antibody was
purchased from Sigma-Aldrich. LSD2 (ab234863) antibody was
purchased from Abcam. BAP1, UTX, and MLL3 ChIP-seq antibodies
were homemade, as previously described (13).

Cell lines

HEK293T, MCF7, and CAL51 cells were obtained from American
Type Culture Collection and then maintained with Dulbecco’s
modified Eagle’s medium (Gibco, Gaithersburg, MD) containing
10% fetal bovine serum (Sigma-Aldrich).

CRISPR-mediated KOs
Designed single guide RNAs were cloned into lentiCRISPR v2
(Addgene, 52961) vector. The lentiviral-mediated CRISPR-Cas9
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KO was described previously (13). For the lentiviral mediated
CRISPR knock-in, the targeting vector and single-stranded DNA
donor were cotransfected in cells for 24 hours and followed by
2 days of puromycin selection. Targeted single-cell clones were
lysed, and genomic DNA was purified and screened by polymerase
chain reaction.

IP and Western blot

The cells were lysed in the lysis buffer [50 mM tris (pH 8.0), 150 mM
NaCl, 0.5% Triton X-100, 10% glycerol, 1 mM dithiothreitol (DTT),
protease inhibitors, and benzonase]. After centrifugation at maximum
speed for 20 min, the supernatants were collected and incubated
with each designated primary antibodies at 4°C overnight with
rotation. After incubation with immobilized protein A/G (Santa Cruz
Biotechnology), the protein A/G beads were washed with lysis
buffer and were resuspended in 5x SDS sample loading buffer and
then subjected to SDS-polyacrylamide gel electrophoresis. The
resolved proteins were either transferred to nitrocellulose membranes
for immunoblotting or stained with Coomassie brilliant blue.

Normal goat serum sample preparation

ChIP-seq libraries were prepared using the KAPA HTP Library
Preparation Kit, complemented with NEXTflex DNA Barcodes
from Bioo Scientific. Ten nanograms of DNA was used as starting
material for input and IP samples. Libraries were then amplified
using 13 cycles on the thermocycler. Postamplification libraries
were size-selected at 250 to 450 base pairs in length using Agencourt
AMPure XP beads from Beckman Coulter. Libraries were validated
using the Agilent High-Sensitivity DNA Kit. RN A-seq libraries
were prepared using the Illumina TruSeq Stranded Total RNA
Preparation Kit with Ribo-Depletion. Input RNA quality was
validated using the Agilent RNA 6000 Nano Kit. One microgram of
total RNA was used as starting material. Libraries then were validated
using the Agilent DNA 1000 Kit.

RNA-seq analysis

Gene counts were computed by HTSeq (56) and used as input for
edgeR 3.0.852 (57). Genes with Benjamini-Hochburg adjusted
P values of less than 0.01 were considered to be differentially ex-
pressed, unless otherwise specified. RNA-seq heatmaps adjacent to
ChIP-seq heatmaps display log, fold change values of genes corre-
sponding to transcription start sites nearest to ChIP-seq peaks and
were displayed using Java TreeView. Gene Ontology functional
analysis was carried out using Metascape with default parameters.

ChlIP-seq analysis

The ChIP-seq was performed as previously described before (16).
For ChIP-seq analysis, all the peaks were called with the MACS
v1.4.2 (58) software using default parameters and corresponding
input samples. Metaplots and heatmaps were generated using ngs.
plot (59) display ChIP-seq signals aligned to peaks.

Mass spectrometry sample preparation and data analysis

The mass spectrometry experiment was performed as described
previously (16). Protein pellets were denatured in 50 pl of 8 M
urea/0.4 M ammonium bicarbonate followed by reduction in 2 ul of
100 mM DTT. Protein was alkylated with 18 mM iodoacetamide for
30 min at room temperature in the dark. Samples were then diluted
with water four times the volume to bring urea concentration to
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1.8 M. Sequencing-grade trypsin (Promega) was added at 1:100
(enzyme:substrate) and incubated at 37°C overnight. The digests
were acidified to 0.5% trifluoroacetic acid (TFA), and the peptides
were desalted on C18 Sep-Paks (Waters). Peptides were eluted with
2x 50 ul of 80% acetone/0.1% TFA to ensure complete recovery. The
pooled extracts were dried in a vacuum concentrator and resuspended
in 30 pl of 5% acetonitrile/0.1% TFA for liquid chromatography-
mass spectrometry analysis. Proteins were identified from the mass
spectrometry raw files using Mascot search engine (Matrix Science,
London, UK; version 2.5.1). Tandem mass spectrometry spectra
were searched against the SwissProt human database. All searches
included carbamidomethyl cysteine as a fixed modification and
oxidized Met, deamidated Asn and Gln, and acetylation of protein
N-terminus as variable modifications. Three missed tryptic cleavages
were allowed. The MS1 precursor mass tolerance was set to 10 parts
per million, and the MS2 tolerance was set to 0.6 Da. A 1% false dis-
covery rate cutoff was applied at the peptide level. Only proteins
with a minimum of two peptides above the cutoff were considered
for further studies.

Statistical analyses

For statistical analyses, GraphPad Prism 7, Microsoft Excel, and
R were used. All data involving a statistical analysis being reported
met the criteria to use the appropriate statistical tests; for the nor-
mal distribution of data, the empirical rule was used to infer the
distribution. For growth curves and time course, RNA-seq f tests
were calculated between the area under the curve values. Statistical
tests used are reported in the figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add3339

View/request a protocol for this paper from Bio-protocol.
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