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Transcription factors (TFs) play critical roles in hematopoiesis, and their aberrant
expression can lead to various types of leukemia. The t(8;21) leukemogenic fusion pro-
tein AML1–ETO (AE) is the most common fusion protein in acute myeloid leukemia
and can enhance hematopoietic stem cell renewal while blocking differentiation. A key
question in understanding AE-mediated leukemia is what determines the choice of AE
to activate self-renewal genes or repress differentiation genes. Toward the resolution of
this problem, we earlier showed that AE resides in the stable AETFC complex and that
its components colocalize on up- or down-regulated target genes and are essential for
leukemogenesis. In the current study, using biochemical and genomic approaches, we
show that AE-containing complexes are heterogeneous, and that assembly of the larger
AETFC (containing AE, CBFβ, HEB, E2A, LYL1, LMO2, and LDB1) requires LYL1.
Furthermore, we provide strong evidence that the LYL1-containing AETFC preferen-
tially binds to active enhancers and promotes AE-dependent gene activation. Moreover,
we show that coactivator CARM1 interacts with AETFC and facilitates gene activation
by AETFC. Collectively, this study describes a role of oncoprotein LYL1 in AETFC
assembly and gene activation by recruiting CARM1 to chromatin for AML cell
survival.
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Development is controlled by the timely expression and function of transcription
factors (TFs) that regulate gene expression and determine cell fate. Leukemia is often
driven by chromosomal translocations that result in the production of novel transcrip-
tion factors, produced by the abnormal fusion of two separate gene products. The most
common fusion in acute myelogenous leukemia (AML) is the t(8;21)-derived
AML1–ETO (AE) (1), which drives leukemia by coopting additional normal cellular
transcription factors that are critical for blood stem/progenitor cell self-renewal and
proliferation, thereby trapping the cells in a proliferative immature state that is the basis
of the leukemia.
Most transcription factors work in combination to regulate target gene expression in

a context-dependent manner (2). Usually, the cooperation between TFs depends on
formation of functional TF complexes mediated by transient protein–protein interac-
tions or closely positioned DNA sequences. AE retains the DNA binding domain of
RUNX1 (AML1) and almost all of ETO, which contains several Nervy homology
regions (NHRs) that are important for oligomerization and for interactions with E pro-
teins and other cofactors (3). Toward understanding how AE regulates target gene
expression, we earlier showed that AE resides within a stable complex (termed AETFC)
that also contains CBFβ (binding partner of AML1/RUNX1), E protein family mem-
bers HEB or E2A, the oncogenic LYL1 protein, the LIM domain protein LMO2, and
the LMO2 binding partner LDB1 (4). Similarly structured complexes have been found
in several other hematopoietic compartments (5). For example, GATA2 can form a
complex with E proteins, TAL1 or LYL1, LMO2, and LDB1 in hematopoietic progen-
itor cells; and this complex can interact functionally with RUNX1 (6, 7). In contrast
to the situation in these TF complexes, acquisition of the NHR2 domain-containing
ETO protein in AE allows tight AE–E proteins interactions and consequent formation
of a complex (AETFC) that is much more stable than many other TF complexes
(4, 8). Although previous studies from us and others demonstrated the importance of
AE–E protein interactions in AE-dependent leukemia (4, 9–11), a further understand-
ing of how AETFC is assembled and how it regulates expression is of great importance.
Like many transcription factors, AE can either activate or repress target gene expres-

sion. A central question is what determines the choice between activating self-renewal
genes and repressing differentiation-related genes. The dual functionality of AE
probably hinges, at least partially, on its ability to interact with both transcriptional
coactivators and corepressors. Repression of differentiation genes by AE depends on the
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interaction between the ETO repressor and corepressor com-
plexes (12). Known corepressors include previously identified
N-CoR, HDACs, and mSin3A. AE coactivators are more
recently identified and include p300 (8, 13), which acetylates
both histones and AE, the histone arginine methyltransferase
PRMT1 (14), and the histone demethylase JMJD1C (15).
Most of these corepressors and coactivators were identified
through interactions with AE rather than the AE complex(es).
However, further studies have indicated that AE and E proteins
generally colocalize on chromatin and bind to both up- and
down-regulated target genes (4, 16, 17). Therefore, the differ-
ential recruitment of the cofactors cannot be explained by dif-
ferential binding of AE–E protein complexes to target genes.
Since most of the cofactors were identified through AE interac-
tions, we reason that differential recruitment of additional
cofactors may be through other AETFC components, such as
LYL1. In this regard, an understanding of the biochemical and
functional roles of LYL1 in AETFC requires further study.
LYL1 is a transcription factor that contains a basic helix–

loop–helix (bHLH) domain and is important for hematopoietic
stem/progenitor cells (6, 18). Structurally, both LYL1 and its
homolog TAL1 form DNA binding heterodimers with E pro-
teins, such as E2A and HEB, which are also bHLH factors
(19). LYL1 and TAL1 also directly interact with nuclear cofac-
tor LIM-only (LMO) proteins to form transcription complexes
that drive lineage-specific gene expression in hematopoietic cells
and in malignancies. For example, TAL1 forms a complex with
E2A, LDB1, LMO2, GATA3, and RUNX1 that mediates a
core transcriptional regulatory circuit in T cell acute lympho-
blastic leukemia (20). Functionally, LYL1 has been shown to
be important for many types of leukemia (21–23). This
includes cooperation with LMO2 in promoting T cell leukemia
(24), further underscoring the importance of LYL1/LMO2-
containing complexes in leukemogenesis. Although multiple
lines of evidence indicate the biological importance of LYL1 in
both T cell leukemia and acute myeloid leukemia, how LYL1
cooperates with AE to regulate gene expression is still unclear.
Protein arginine methyltransferases (PRMTs) are well-known

players in a myriad of biological processes, including cancer devel-
opment (25, 26). Among the nine-member family, PRMT1 has
been shown to directly interact with and methylate AE9a, the
more aggressive and shorter spliced isoform of AE (14). PRMT4,
also known as CARM1, is essential for various types of myeloid
leukemogenesis, including AE-dependent leukemia (27). CARM1
regulates a set of genes involved in the cell cycle, DNA repair, and
DNA replication in AML cells. How CARM1 cooperates with
leukemic transcription factors, especially AETFC, is unclear.
In this study, we set out to further elucidate mechanisms that

facilitate AE’s ability to activate gene expression. We first show,
biochemically and functionally, the existence of at least two dis-
tinct AE-containing complexes: a LYL1-containing AETFC com-
plex, and several LYL1-free AE complexes (AECs) that are best
represented by the AE–HEB subcomplex. Importantly, we then
show that the larger AETFC complex preferentially binds to
active enhancers of AE-activated genes. Finally, we also show
that target gene activation by AETFC involves a direct interac-
tion and chromatin recruitment of the CARM1 transcriptional
coactivator, thus extending the list of AETFC coactivators.

Results

AE Forms Biochemically Distinct Complexes. Since AE binds
to both up- and down-regulated target genes, we sought to
determine whether these opposing transcriptional activities are

mediated by a homogeneous AETFC complex or by separate
AETFC subcomplexes. In this regard, we first examined whether
each of the AETFC components exists outside of an AE-
containing complex(es). We first generated Kasumi-1 nuclear
extract (NE) and then performed immunoprecipitation (IP)
experiments with antibodies against individual AETFC compo-
nents. Since HEB and E2A are redundant functionally in
Kasumi-1 cells (4) and have been considered biochemically simi-
lar, and for simplicity, our initial biochemical analyses were
focused on HEB. Consistent with our previous results, coimmu-
noprecipitation of all AETFC components was observed with
individual HEB, LYL1, and LDB1 antibodies at a low gel expo-
sure (SI Appendix, Fig. S1A, lanes 1 through 7), and also with an
ETO antibody at a higher gel exposure (SI Appendix, Fig. S1B).
Interestingly, although similar amounts of HEB were co-IPed by
HEB, LYL1, and LDB1 antibodies, less AE was co-IPed with
LYL1 or LDB1 than with HEB (SI Appendix, Fig. S1A, compare
lanes 2, 5, and 6). Additionally, much less non-AE AETFC com-
ponents were observed with the ETO antibody compared to IPs
with their own antibodies (SI Appendix, Fig. S1A, compare lane
4 with lanes 2, 5, and 6). These results suggest that: 1) LYL1
and LDB1/LMO2 only exist in a fraction of AE-containing
complexes, and 2) LYL1 and LDB1/LMO2 also exist outside of
AE-containing complexes. Interestingly, immunoblots of super-
natants from the IPs showed that immunodepletion of LYL1,
HEB, or LDB1 did not dramatically reduce the AE level in
the corresponding supernatants and, importantly, that HEB anti-
body could deplete more AE than could LDB1 and LYL1
antibodies (SI Appendix, Fig. S1C, compare lane 3 and lanes
6 and 7). These results further suggest that HEB/LYL1/LDB1/
LMO2-containing AE complexes only represent a small fraction
of AE-associated protein complexes, and that HEB may form a
smaller complex with AE without LYL1 and LDB1/LMO2. To
further confirm this idea, we performed a serial immunodeple-
tion assay (diagrammed in Fig. 1A). We first immunodepleted
LYL1 from Kasumi-1 NE and confirmed its association with
AE, HEB, and LMO2 (SI Appendix, Fig. S1D, lane 3). We then
used IgG- or LYL1-depleted NEs (Fig. 1B, lanes 5 and 6) as
inputs for AE IPs with ETO antibody. In this case, LYL1 and
LMO2 were co-IPed with AE only in the control IgG-depleted
NE (lane 9), and not from LYL1-depleted NE (lane 10). In con-
trast, AE and HEB were co-IPed in both conditions. The com-
bined results from these experiments demonstrate clearly that AE
can form a complex (AETFC) composed of AE, HEB, LYL1,
LMO2, and LDB1, but that it also can form a smaller complex
with HEB in the absence of LYL1 and other associated factors
(diagram shown in Fig. 1C).

In order to further support this observation, we sought to
examine AE complexes in a more purified system. To this end,
we partially purified all AE-containing protein complexes on M2
agarose from an extract from a Kasumi-1 cell line stably express-
ing a flag-tagged AE at a level similar to that of endogenous AE
(15). Aliquots of the preparation (M2 eluate) were then immu-
nodepleted with LYL1, LDB1, HEB, or (as a control) IgG anti-
bodies and the supernatants from these immunodepletion assays
were examined for the presence of AETFC components. Consis-
tent with our earlier observations, the essentially complete deple-
tions of LYL1, LDB1, or HEB failed to deplete most of the AE
from the complete group of AE-containing complexes (Fig. 1D).
These results confirm that AE exists outside of the larger AETFC
complex or even an AE–HEB complex, although the latter result
may reflect an artificial enrichment of the ectopically (overex-
pressed) f-AE protein during affinity purification. Additionally,
HEB depletion completely removed all LYL1 and LDB1 from
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the AE-containing complex preparation—consistent with their
quantitative association with HEB complexes—whereas LYL1 or
LDB1 depletion failed to deplete much of the HEB (Fig. 1D,
lanes 3 and 5). These results indicate that LYL1/LDB1/LMO2-
containing complexes only represent a subset of AE- and
HEB-containing complexes. Since individual LYL1 and LDB1
depletions also resulted in complete reciprocal depletions of each
other, LYL1 and LDB1 must coexist in the AE-containing com-
plexes that, again, are clearly indicated by their co-IP with AE
from either nuclear extracts (SI Appendix, Fig. S1A) or purified
AE complexes (Fig. 1D). Since E2A is thought to be redundant
with HEB, we also examined its status in AETFC and AEC.
Notably, HEB depletion completely depleted E2A from the

AE-associated complex preparation, indicating that most of the
E2A is associated with HEB in AE-containing complexes (SI
Appendix, Fig. S1E, lane 3). In contrast, E2A depletion did not
deplete much HEB from the AE-containing complex prepara-
tion, indicating that HEB can exist in an AE-containing complex
without E2A (SI Appendix, Fig. S1E, lane 4). In addition, since
LYL1 depletion resulted in a much higher fractional removal of
E2A than of HEB from the AE-containing complex input (SI
Appendix, Fig. S1E, lane 7), it appears that the LYL1-free AEC
complex is mainly composed of AE and HEB without E2A.
Therefore, we propose a model in which there are at least two
AE-containing complexes: a smaller LYL1-free AE/HEB complex
(AEC) and a larger LYL1-containing complex (AETFC) that
contains AE, HEB, E2A, LYL1, LDB1, and LMO2 (Fig. 1C).

LYL1 Is Critical for LDB1/LMO2 Assembly to Form AETFC. Since
LYL1 is codepleted with LDB1 from AE-containing complexes,
we hypothesized that assembly of the larger AETFC complex
relies on LYL1. To test this hypothesis, we cotransfected 293T
cells with AETFC components in the presence or absence of
LYL1. Our results show that Flag-AE IP exclusively co-IPs HEB
in the absence of LYL1, confirming formation of an AE–HEB
complex, but that it co-IPs LDB1 and LMO2, along with LYL1
and HEB, only in the presence of LYL1 (Fig. 1E, lanes 5 and 6),
indicating that LYL1 is required for the connection of AE/HEB
to LDB1/LMO2. In a similar experiment using Sf9 cells infected
with baculoviruses expressing AETFC components, and consis-
tent with the transfection results, LDB1 was only co-IPed by AE
when LYL1 was present, while HEB was pulled down by AE
equally well in the absence or presence of LDB1 (SI Appendix,
Fig. S1F, lanes 2 and 3). These results confirmed our hypothesis
that LYL1 is critical for the assembly of LDB1/LMO2 within
AETFC and led us to predict that disruption of HEB–LYL1
heterodimerization would disrupt AETFC formation without
affecting AEC formation. Previous work has identified a similar
complex containing the LYL1 homolog TAL1, E2A, LMO2,
and LDB1. TAL1 interacts with E2A through the second helix
of its helix–loop–helix domain and a TAL1 Y235A point muta-
tion completely disrupts TAL1/E2A dimerization (5). Given the
similarity between LYL1 and TAL1, we aligned LYL1 and TAL1
protein sequences and found that Y198 (corresponding to Y235
in TAL1) in LYL1 is conserved (SI Appendix, Fig. S1G). Reason-
ing that a second helix deletion mutant (H2D) or a Y198A
mutant might also disrupt the LYL1–HEB interaction, we
expressed HEB and mutant LYL1 proteins in 293T cells and
analyzed HEB IPs. Our results confirmed loss of HEB heterodi-
merization with these LYL1 mutants, whereas another LYL1
mutant (F201A/H180A, corresponding to the F238A/H217A in
TAL1) that disrupts LMO2 binding did not affect LYL1–HEB
dimerization (SI Appendix, Fig. S1H). In order to examine
whether LYL1–HEB heterodimerization is a prerequisite for
AETFC assembly, we established Kasumi-1 cell lines that stably
express either wild type (WT), Y198A, or H2D mutant proteins.
Due to the difficulty in expressing the Y198A mutant (SI Appendix,
Fig. S1I), we focused on a comparison of H2D mutant and WT
LYL1 in Kasumi-1 cells. Consistent with results from our over-
expression experiment, the stably expressed H2D mutant failed
to form a complex with AE (Fig. 1F). The results of these com-
plementary analyses clearly indicate that LYL1 and HEB hetero-
dimerization is critical for the assembly of AETFC.

Distinct AE-Containing Complexes Occupy Different Genomic
Sites. Our own and other studies have indicated global colocali-
zation of AE and E proteins on chromatin in Kasumi-1 cells
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Fig. 1. AE forms biochemically distinct complexes, and LYL1 is essential
for LMO2/LDB1 recruitment to form AETFC. (A) Diagram showing IgG or
LYL1 immunoprecipitation with NE from Kasumi-1 cells. Input control NE
and LYL1-dep NE are marked in red for further immunoprecipitation with
IgG or ETO antibody. (B) Immunoprecipitation of IgG or ETO with control
NE or LYL1-dep NE (described in A) to confirm AETFC association. Bound
proteins were detected with antibodies shown on the Left. (C) Diagram
showing the composition of two representative AE complexes. (D) Immuno-
blot of supernatants derived from immunoprecipitation assays using anti-
bodies shown on Top. Affinity-purified crude f-AE complexes were used as
input. Antibodies used for immunoblot are shown on the Left. (E) Confirma-
tion of different AE subcomplexes in 293T cells. AETFC components were
transiently expressed in different combinations in 293T cells (shown on
Top) and AE was immunoprecipitated using M2 agarose. Associated pro-
teins were detected with antibodies shown on the Left. (F) Immunoprecipi-
tation with HA-agarose to detect the association of HA-LYL1 mutants and
other AETFC proteins in NE from Kasumi-1 cell lines that stably express dif-
ferent HA-LYL1 mutants (shown on Top). Bound proteins were detected
with antibodies shown on the Left.
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(4, 15, 28). To further examine how E proteins and LYL1
colocalize with AE, we first performed chromatin immunopre-
cipitation sequencing (ChIP-seq) analyses for AETFC DNA
binding components AE, HEB, E2A, and LYL1 (4, 15). As
summarized in the pie chart of Fig. 2A, our results indicate
that only about 20% of all AE occupied regions are bound by
AE alone (group 1) and that the rest are mostly cooccupied by
various E proteins. The latter regions were grouped into four
types of AE-containing complexes dependent upon E2A, HEB,
and LYL1 occupancies: group 2, AE + HEB; group 3, AE +
E2A; group 4, AE + HEB + E2A; and group 5, AE + HEB +
E2A + LYL1 (the aforementioned AETFC). Interestingly,
although LYL1 only occupies a subset of AE-bound regions,
AE- and LYL1-cobound regions always contain both HEB and
E2A peaks, which is consistent with our biochemical data (SI
Appendix, Fig. S1E, lane 7). Additionally, genomic data also
identified an AE/E2A-only group 3, which was not present as a
major population with our biochemical purification. We reason
that the presence of group 3 and group 4 peaks might reflect

the higher quality of E2A ChIP-seq data in view of the observa-
tion of 35,283 peaks for E2A and only 18,452 peaks for HEB.
These data are consistent with the presence of physically and
functionally distinct AE-containing complexes, comparable to
those identified in the biochemical assays (Fig. 1B), that associate
with distinct genomic regions. However, they do not eliminate
the possibility that some members of the group of colocalized
transcription factors can bind independently to respective DNA
recognition elements at the sites.

Since LYL1-bound regions only represent a quarter of all AE
peaks, we wished to exclude the possibility that the lower num-
ber of LYL1- and AE-cobound sites is attributable to low anti-
body affinity. Thus, we further analyzed LYL1 ChIP-seq peaks
to examine how AE and E proteins bind to LYL1-bound
regions. We obtained a total of 10,800 LYL1 peaks, with about
50% of them showing no AE occupancy. This result confirms
that LYL1-containing AETFCs indeed represent only a subpop-
ulation of all AE-containing complexes and that the results are
not an artifact of (wrongly suspected) low-quality ChIP-seq for

A

Promoter      77.68         82.34           37.29             56.28                    25.06
5’ UTR          0.2             0.18             0.18               0.33                      0.36    
3’ UTR          0.78           0.5               1.22               0.94                      2.39
Exon            1.4             2                  2.4                 2.53                      3.53    
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Fig. 2. Distinct AE subcomplexes distribute differentially on the genome. (A) Pie chart depicting AE peak numbers cobound by different AE-associated TFs.
Each group is classified by the composition of TFs (groups 1 through 5). Peak numbers and percentages of each group are indicated below the group num-
ber. (B) ChIP-seq tracks for AE (light blue), HEB (purple), E2A (pink), LYL1 (green), and LMO2 (dark blue) at the BAALC gene locus with enhancers bound by
LYL1-containing AETFC (Upper) and at the GBGT1 gene locus with its promoter bound by AEC (Lower). Track names are indicated on the Left. Gene names are
shown below each snapshot. (C) ChIP-qPCR analyses of AE (Upper) and LYL1 (Lower) occupancy on target genes. AE and LYL1 peaks from AETFC-bound genes
BAALC, DLG5, TSPAN18, RCBTB2, and SCN1B are shown (light blue, Upper and light green, Lower). AE and LYL1 peaks from AEC-bound genes CCDC88B and
GBGT1 are also shown (dark blue, Upper and dark green, Lower). The HBB site served as a negative control and is set as 1. Data are represented as mean ± SD.
(D) Genomic distribution of AE peaks bound by AE complexes classified in A. Promoter localization is defined as ±3 kb from the TSS. (E) Percentages of peak
number for each group bound at active enhancers. Active enhancers are defined as H3K4me1- and H3K27ac-positive sites that are not within 1 kb upstream of
any annotated TSS. (F) Heatmap of ChIP-seq reads for AETFC proteins (AE, HEB, E2A, LYL1, and LMO2) and histone modifications (H3K27ac and H3K4me1) rank
ordered from high to low by AE occupancy centered in a ±5-kb window around the TSSs of all genes. Color density reflects read density.
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LYL1 (SI Appendix, Fig. S2A). In addition, about 90% of all
LYL1 peaks overlap with at least one E-protein peak, suggesting
that LYL1 binds to DNA in the form of a heterodimer with
HEB or E2A. The composition of all LYL1 ChIP peaks is con-
sistent with the AETFC ChIP-seq analyses in that all of the
joint LYL1- and AE-cobound regions are occupied by HEB or
E2A (over 99%, SI Appendix, Fig. S2B). These results suggest
that LYL1-containing AE complexes tend to include both HEB
and E2A in Kasumi-1 cells and are consistent with our previous
analysis (Fig. 2A and SI Appendix, Fig. S1E). Next, to confirm
the conclusions from the ChIP-seq results, we monitored LYL1
and AE binding at AETFC- and AEC-protein-bound sites
by RT-qPCR. Representative genes preferentially bound by
AETFC (Fig. 2 B, Upper) or AE/E complexes (Fig. 2 B, Lower)
in the ChIP-seq data were chosen for analysis. To further verify
our findings, we included several genes, including BAALC,
DLG5, RCBTB2, and SCN1B, known to be involved in leuke-
mia or other cancer types, as well as a few genes, including
TSPAN18, CCDC88B, and GBGT1, not yet reported to be
associated with cancer for the LYL1 and AE ChIP-qPCR analy-
ses. Our results confirmed that LYL1 is more enriched at genes
(e.g., BAALC) with AETFC sites (light green bars in Fig. 2 C,
Lower) relative to genes (e.g., GBGT1) without AETFC sites
(dark green bars in Fig. 2 C, Lower), whereas AE binding is
more similar at all selected sites (light and dark blue bars in
Fig. 2 C, Upper). Notably, a small fraction of LYL1- and
AE-containing regions only showed binding of E2A but not
HEB (12.49%, SI Appendix, Fig. S2B), although this could
again reflect the higher quality of E2A ChIP-seq data. In sum-
mary, our genomic results are consistent with our earlier bio-
chemical data demonstrating that AE-containing complexes are
heterogeneous and that the larger LYL1-containing AETFC
represents a fraction of the total AE-containing complexes.

LYL1-Containing AETFC Binds to Active Enhancers. Next, we
examined how the five groups of functional AE complex–bound
regions distribute on the genome. Strikingly, group 1 (AE alone)
and group 2 (AE + HEB) showed predominant promoter bind-
ing with 77.68% and 82.34% of peaks located to gene promoter
regions (Fig. 2D). On the other hand, the peaks jointly occupied
by AE and LYL1 as well as HEB and E2A (group 5, the bio-
chemically defined AETFC) are enriched in intergenic and
intronic regions, with only 25.06% of the peaks on promoters
(Fig. 2D). The genomic distributions of groups 3 and 4 lie some-
where in between those of group 2 and group 5. Next, we ana-
lyzed the binding strength of LYL1 across the five groups and,
consistent with our co-IP experiments, observed distinctively
higher LYL1 binding in group 5 (SI Appendix, Fig. S2 C, Left).
Notably, groups 3 and 4 showed slightly higher LYL1 than
groups 1 and 2, suggesting that LYL1 might bind to these regions
weakly. Consistent with our earlier results in Fig. 1D, an analysis
of LMO2 ChIP-seq data (4) revealed the highest LMO2 binding
for the LYL1-containing group 5 regions, indicative of a LYL1
requirement for genomic association of LMO2 (SI Appendix, Fig.
S2 C, Right). Interestingly, group 5 regions also showed the stron-
gest AE binding, which suggests that the larger complex is more
stable on chromatin and is consistent with the notion that tran-
scription factors work cooperatively (SI Appendix, Fig. S2D).
Because of the unique genomic distribution (intergenic and

intragenic) of LYL1 (SI Appendix, Fig. S2E) and its presence in
the larger AETFC assembly, we hypothesized that LYL1-
containing AETFC preferentially binds to active enhancers. To
test this hypothesis, we first defined active enhancer regions as
H3K4me1- and H3K27ac-positive regions that are not within

1 kb upstream of any annotated transcription start site (TSS).
Interestingly, about 50% of group 5 (AETFC) sites are positive
with respect to active enhancer histone marks H3K4me1 and
H3K27ac, whereas, in contrast, only about 5% of group 1 (AE
alone) and group 2 (AE + HEB) peaks contain active enhancer
marks (Fig. 2E). In agreement, individual analyses of AE, HEB,
E2A, and LYL1 total ChIP-seq peaks also indicate that LYL1 is
mostly enriched at active enhancers (SI Appendix, Fig. S2F).
Heatmaps of AETFC components show that AE, HEB, E2A,
LYL1, and LMO2 all colocalize on AE peaks on group 5 sites
and correlate well with H3K27ac levels (Fig. 2F). In summary,
our results above suggest that LYL1, LMO2, and LDB1, upon
forming a complex with AE, may be directed, with AE, to
active enhancers.

LYL1-Containing AETFC Preferentially Activates Gene Transcription.
Since LYL1-containing AETFC tends to preferentially localize
to active enhancers, we next tested whether AE and LYL1 coac-
tivate gene expression. To this end, we knocked down AE with
shRNAs, performed RNA-seq, and identified genes that are
directly activated or repressed by AE. We selected genes that
are either down- or up-regulated upon AE depletion (shAE vs.
shNC) by twofold, with false discovery rate (FDR) <0.1, and
that have nearby regulatory elements that are bound by AE.
We then examined how their expression responds to LYL1
depletion. Gene set enrichment analysis (GSEA) of the RNA-seq
data (shLYL1 vs. shNC) showed that genes directly activated by
AE are significantly down-regulated in the LYL1 knockdown
(KD) group (SI Appendix, Fig. S3A), while genes directly
repressed by AE did not show significant preference for up- or
down-regulation upon LYL1 depletion (SI Appendix, Fig. S3B).
These results suggest that LYL1 preferentially coactivates gene
expression with AE.

As RNA expression changes upon LYL1 depletion could be
indirect effects, we next examined how AETFC affects gene
expression of targets that have AETFC binding to nearby
enhancers. To this end, we first identified genes that are close
to any AETFC-bound enhancers, and then examined how these
genes respond to AE depletion. GSEA analyses showed that tar-
get genes of these sites are generally down-regulated by AE deple-
tion, indicating strong correlation of AETFC-bound enhancers
and gene activation by AE (Fig. 3A). To determine whether there
might also be a preference for gene activation for AE/E protein
complexes, we next analyzed target genes of other complexes
as a control. As earlier results (above) indicated that LYL1 and
LMO2 can still bind, to some extent, to group 3 (primarily
AE–E2A bound) and group 4 (primarily AE–E2A–HEB bound)
targets, we favor the idea that group 2 targets (primarily AE–
HEB bound) most likely reflect occupancy by the biochemically
identified AEC that does not include any LYL1 (SI Appendix,
Fig. S2C). Therefore, for simplicity and to avoid peaks with
weak LYL1 binding, from this point on we focused on the
AE–HEB-enriched group 2 targets (now considered AEC targets)
for the following analyses. Considering that the AE–HEB (AEC)
complex is predominantly enriched at gene promoters (Fig. 2D,
group 2), we used target genes of AE–HEB-bound promoters
for GSEA analysis. The GSEA results indicate that genes with
AE–HEB complex (AEC) binding at promoters do not show any
significant preference in gene activation or repression (Fig. 3B).
Thus, the overall GSEA results suggest that LYL1-containing
AETFC preferentially regulates a set of AE-activated genes while
AEC does not have such a clear preference. In confirmation of
these observations, RT-qPCR analyses showed that LYL1 depletion
reduces expression of AE-activated genes with enhancer-bound
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AETFC (Fig. 3C and SI Appendix, Fig. S3C) but has no effect
on AE-repressed genes (SI Appendix, Fig. S3D).
Since LYL1-containing AETFC binds to active enhancers

with high levels of H3K27ac (Fig. 2 E and F), we reasoned that
this complex may affect enhancer activities to regulate the
expression of its target genes. In this regard, we first performed
H3K27ac ChIP-seq upon AE depletion and identified 1,946
increased and 1,004 decreased peaks with fold change >1.5
and FDR <0.05 (Fig. 3D). This result is consistent with the
established view that AE is mainly a repressor, but on the other
hand demonstrates that AE can also activate transcription, pre-
sumably through the action of LYL1 and associated factors at
enhancer sites. In Fig. 3E we show an enhancer near the EVPL
gene, as a representative region of an AE-dependent enhancer
enriched with the H3K27ac mark and cooccupied by AE and
LYL1. Next, in order to identify enhancers that are directly reg-
ulated by AE through H3K27ac modulation, we overlapped dif-
ferential H3K27ac peaks upon AE knockdown and AE-bound

regions identified by AE ChIP-seq. We then obtained the nearby
genes of AE-regulated H3K27ac regions. GSEA analysis showed
that AE target genes with a nearby H3K27ac peak that is directly
activated by AE have a significant preference for activation by
AE (SI Appendix, Fig. S3E). However, the AE target genes with
a nearby H3K27ac peak that is repressed by AE do not show
a significant preference for repression by AE (SI Appendix, Fig.
S3F). To examine whether LYL1 is involved in regulating
expression of genes with enhancers activated by AE, we per-
formed GSEA to determine whether those genes are associated
with gene activation by LYL1. The results indicate that LYL1
indeed activates AE target genes whose enhancers are activated
(increased H3K27ac) by AE (Fig. 3 F, Upper). Again, LYL1
showed no preferential activation or repression of AE target
genes whose enhancers are directly repressed by AE (Fig. 3 F,
Lower). Considering that LYL1 is an important factor for
AETFC complex formation and function, we hypothesized that
it is required for H3K27ac enrichment at AETFC sites. We
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Fig. 3. LYL1-containing AETFC activates AE target genes by regulating H3K27ac levels. (A and B) GSEA analysis was used to determine the enrichment of target
genes with enhancers bound by AETFC (A) and target genes with promoters bound by AEC (B) in RNA-seq data from Kasumi-1 cells treated with shRNA targeting
AE (shAE) compared with cells treated with control shRNA (shNC). AETFC indicates the AE, HEB/E2A, LYL1, LMO2, and LBD1 complex. AEC indicates the AE and
HEB complex. (C) RT-qPCR analyses of RNA levels in Kasumi-1 cells treated with either control shRNA (gray), two separate AE shRNAs (pink), or two separate LYL1
shRNAs (blue). AE-activated genes were selected for validation. Data are presented as mean ± SD. P values were determined using unpaired two-tailed Student’s
t test; ****P < 0.0001. (D) Volcano plot showing the H3K27ac ChIP-seq peaks with decreased (blue dots), increased (red dots), or static (gray dots) signals
between AE-depleted and control Kasumi-1 cells (shAE vs. shNC). (E) The EVPL gene locus indicated below was chosen as a representative region. AE-activated
H3K27ac peaks (light pink shaded) on the EVPL gene are enriched for AE and LYL1 binding. ChIP-seq signal tracks for H3K27ac from Kasumi-1 cells treated with
control and two separate AE shRNAs (brown), for AE (blue), and for LYL1 (green) are shown. Track names are indicated on the Left. (F) GSEA analysis of RNA-seq
data (shAE vs. shNC) was used to determine: 1) the enrichment of AE-activated genes that are regulated by AE-activated H3K27ac regions (Upper, the bar of EVPL
gene is marked) and 2) the enrichment of AE-repressed genes regulated by AE-repressed H3K27ac regions (Lower). (G) ChIP-qPCR analyses of H3K27ac enrich-
ment on target genes BAALC (BAALC-high and BAALC-low), EVPL (EVPL-L and EVPL-R), CKB, ZFP36L1, DLG5, and NUCKS1 (NUCKS1-L and NUCKS1-R) in Kasumi-1 cells
treated with control (gray bars) or LYL1-542 (red bars) shRNA. High and low stand for different peaks in the BAALC gene. L and R stand for left and right peaks,
respectively, near the NUCKS1 and EVPL genes. AE-activated H3K27ac peaks were selected for validation. Data are presented as mean ± SD. P values were deter-
mined using unpaired two-tailed Student’s t test; ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; n.s. represents no significance.
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therefore performed H3K27ac ChIP-qPCR upon LYL1 deple-
tion and examined whether AE directly activated enhancers
would be repressed (as evidenced by loss of H3K27ac). Indeed,
H3K27ac levels on enhancers that are activated by AE were also
decreased (repressed) upon LYL1 KD (Fig. 3G and SI Appendix,
Fig. S3G). In summary, our analyses support a model in which
LYL1 facilitates AE-dependent gene activation through enhancer
activation by increasing H3K27ac levels.

AETFC Recruits CARM1 to Activate AE Target Genes. What is the
mechanism that distinguishes AETFC from other AE-containing
complexes in its transcriptional activities? Transcription factors
recruit cofactors to either activate or repress gene expression.
Therefore, we set out to examine whether AETFC and AEC
bind differentially to cofactors. To this end, we first purified
AETFC and AEC complexes following baculovirus-mediated
expression in Sf9 cells and verified their composition by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) with Coomassie staining (SI Appendix, Fig. S4A). Corre-
sponding AE complexes, containing HA tags, were then incubated
with leukemic nuclear extract in search of cofactors that preferen-
tially associate with AETFC relative to AEC. Associated proteins
were purified on anti-HA agarose and then analyzed by mass
spectrometry. This analysis identified the previously reported
AE-interacting coactivator PRMT1 (14) and transcription factor
RUNX1 (16), both of which showed comparable associations
with AETFC and AEC (Fig. 4A). Although we did not observe
previously identified cofactors p300 (8) and JMJD1C (21), this
likely reflects the limiting amount of nuclear extract used for the
current experiments relative to our previous studies. Interestingly,
however, the arginine methyltransferase CARM1, a well-studied
coactivator (26, 29), was specifically found in AETFC-associated
proteins (Fig. 4A). To examine whether LYL1 contributed to the
CARM1 association with AETFC, we performed an interaction
assay with purified HEB/LYL1 heterodimer and CARM1. For
this analysis, mCherry and mCherry-CARM1 proteins were puri-
fied, separately immobilized on glutathione beads bound with
GST-mCherry nanobody (30), and then incubated with a puri-
fied HEB/LYL1 complex. The results confirm a direct HEB/
LYL1–CARM1 interaction (Fig. 4B).
Next, we set out to examine the chromatin association of

CARM1 with AETFC. To this end, we performed ChIP-seq
for CARM1 in Kasumi-1 cells and found a significantly higher
enrichment of CARM1 at AETFC-bound sites compared to
AEC sites. These results are consistent with our mass spectrom-
etry and purified CARM1-LYL1/HEB interaction data and,
altogether, suggest an AETFC involvement in CARM1 recruit-
ment to chromatin (Fig. 4C and SI Appendix, Fig. S4B). The
data also confirm CARM1 as a cofactor selectively associated
with AETFC, relative to AEC, on chromatin. As CARM1 has
previously been shown to be critical for leukemogenesis but
dispensable for normal hematopoiesis (27), we performed
shRNA KD in Kasumi-1 cells and confirmed its requirement
for survival of these cells (Fig. 4D). We next asked whether, as
expected, CARM1 regulates expression of AETFC-regulated
genes. Notably, depletion of CARM1 indeed reduced the expres-
sion of AETFC-activated genes (SI Appendix, Fig. S4 C and D).
Since CARM1 interacts directly with AETFC in vitro and coloc-
alizes genomically with AETFC, we proposed, mechanistically,
that AETFC recruits CARM1 to chromatin. To test this hypothe-
sis, we performed ChIP-seq for CARM1 in Kasumi-1 cells upon
AE depletion and identified CARM1-bound sites that are sensitive
to AE depletion. Notably, of all the CARM1-bound sites that
change upon AE depletion by 1.5-fold and FDR < 0.05, over

95% (1,264 peaks) are reduced upon AE depletion (Fig. 4 E,
blue dots), clearly indicating that AE complexes play an impor-
tant role in CARM1 recruitment. Importantly, of all the
AE-dependent CARM1 sites with AE binding, more than 75%
are also cooccupied by LYL1 (Fig. 4F), suggesting that the larger
AETFC plays a key role in CARM1 chromatin association.
Using DLG5 (31) as a representative AE–LYL1 target region,
the data clearly show that CARM1 peaks that overlap with AE
peaks are reduced upon AE depletion (Fig. 4G). Given the
CARM1–AETFC interaction and in order to directly show that
CARM1 chromatin association is sensitive to the presence of
LYL1, we performed CARM1 ChIP-qPCR upon LYL1 deple-
tion. The results show, as anticipated, that ablation of LYL1
leads to decreases in CARM1 binding on the enhancer regions of
AETFC targets (Fig. 4H and SI Appendix, Fig. S4E).

Having demonstrated a key function for LYL1 in the assembly
of the large AETFC, the selective binding of AETFC to active
enhancers (high H3K27ac), and the regulation of cognate genes,
the CARM1 results are consistent with these observations and
pinpoint a key part of the underlying gene activation mechanism.
Specifically, they show a preferred CARM1 association with
AETFC relative to AEC, a direct CARM1 interaction with AETFC
(including LYL1/HEB), and a LYL1- and AE-dependent recruit-
ment of CARM1 to AETFC target genes. These results lead to a
model (SI Appendix, Fig. S4F), whose physiological relevance is
supported by the disruption of AETFC-activated gene expression
and the inhibition of cell survival and growth by CARM1 deple-
tion. The CARM1 coactivator function likely complements the
functions of previously documented AE coactivators that include
p300, also shown to bind preferentially to AETFC relative to AE
(4), as well as PRMT1 (14) and JMJD1C (15).

Discussion

AML1-ETO (AE), the product of the t(8;21) AML driver onco-
gene, was earlier shown to exist in an unusually stable transcrip-
tion factor complex AETFC (4). In this study, we first show,
biochemically, that AE-containing complexes from Kasumi-1
cells are heterogeneous and composed of complete AETFC com-
plexes as well as LYL1-free subcomplexes containing AE in asso-
ciation with HEB and/or E2A. These results are also consistent
with the differential genomic distribution of the distinct com-
plexes. We further show that LYL1 is the key factor that mediates
assembly of the large AETFC. Notably, the LYL1-containing
AETFC preferentially binds to active enhancers and mediates
gene activation. With a focus on gene activation by AE and
toward a further understanding of the underlying molecular
mechanism of action of AETFC, we identified an interacting
coactivator, CARM1, whose recruitment mechanism and essen-
tial functions are established. Our work provides insights into
mechanisms of gene regulation, most notably gene activation,
by AETFC and valuable information for potential therapeutic
targets.

Heterogeneity of AE-Containing Complexes. Transcription fac-
tors usually work in combination to regulate gene expression.
Unlike most functional transcription factor complexes, AETFC is
a stable complex, reflecting in part an interaction between the
NHR2 domain of AE and E proteins (HEB or E2A) (4, 8).
However, our earlier identification of AETFC involved a one-step
affinity purification scheme; and no previous studies have carefully
examined the potentially complex nature and heterogeneity of
AE-containing complexes. E proteins belong to the basic helix–
loop–helix (bHLH) group of transcription factors. The class I

PNAS 2022 Vol. 119 No. 42 e2213718119 https://doi.org/10.1073/pnas.2213718119 7 of 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 B
ilk

en
t U

ni
ve

rs
ite

si
 o

n 
O

ct
ob

er
 1

1,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
9.

17
9.

92
.6

7.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2213718119/-/DCSupplemental


bHLH factors HEB and E2A can form homodimers or hetero-
dimers, as well as heterodimers with class II bHLH factors such as
LYL1 and TAL1 (32). The myriad of dimerization possibilities,
along with other strong protein–protein interactions, raised the
possibility that the originally characterized natural AETFC could
reflect a group of heterogeneous complexes, an issue not previously

addressed. Here, our biochemical experiments have unequivo-
cally demonstrated the presence of at least two complexes: the
AE–class I bHLH E protein complex (AEC) that lacks LYL1/
LMO2/LDB1, and the larger AETFC in which LYL1 heterodi-
merizes with AE-bound E2A and/or HEB and in turn recruits
LMO2 and LDB1 to the complex. Our demonstration of a stark
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Fig. 4. AETFC recruits coactivator CARM1 to activate target gene expression. (A) Heatmap indicating the abundance of AETFC components and associated
chromatin factors, monitored by MS, following IP of purified AE/HEB and AETFC complexes (with HA-tagged AE) incubated with Kasumi-1 nuclear extract.
Δlog10(area) is the log10(area) value of each protein identified in each IP sample subtracted by the log10(area) value of the same protein in the control sam-
ple. (B) Direct interaction between f-LYL1/HEB heterodimer and mCherry-CARM1 protein. Purified LYL1/HEB heterodimer was incubated with mCherry or
mCherry-CARM1 immobilized on GST beads through a GST–anti-mCherry nanobody fusion protein. Immunoprecipitates were analyzed by immunoblot with
antibodies indicated on the Left. (C) Violin plots indicating the binding strength of CARM1 on AEC and AETFC peaks. The three thin dashed lines indicate
quartile positions. P values were calculated by unpaired two-tailed Student’s t test; ****P < 0.0001. (D) Assessment of proliferation of Kasumi-1 cells treated
with either control shRNAs or two separate CARM1 shRNAs. Data are presented as mean ± SD. P values were determined using unpaired two-tailed
Student’s t test; ****P < 0.0001. (E) Volcano plot showing the CARM1 ChIP-seq peaks with decreased (blue dots), increased (red dots), or static (gray dots)
signals between AE-depleted and control Kasumi-1 cells (shAE vs. shNC). (F) Pie chart showing the percentages of LYL1 occupancy on CARM1 peaks that are
sensitive to AE depletion. Total peaks here represent CARM1 peaks that are sensitive to AE depletion and are also occupied by AE. (G) Representative region
of the DLG5 gene locus showing AE-dependent CARM1 peaks that are enriched for AE and LYL1 binding. ChIP-seq signal tracks for AE (blue), LYL1 (green),
and CARM1 from Kasumi-1 cells treated with control and AE shRNAs (red) are shown. Track names are indicated on the Left and the gene name is indicated
below. (H) ChIP-qPCR analyses of CARM1 occupancy on target genes BAALC, DLG5 (DLG5-L and DLG5-R), MTSS1, CKB, or DDIT4 in Kasumi-1 cells treated with
control (gray bars) or LYL1-542 (red bars) shRNA. AE-dependent peaks were selected for validation. Data are presented as mean ± SD. P values were deter-
mined using unpaired two-tailed Student’s t test; **P < 0.01; *P < 0.05; n.s. represents no significance.
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difference between the preferential genomic (chromatin) localiza-
tions of LYL1-containing AETFC to active enhancers and LYL1-
lacking AE/HEB complexes to promoters (discussed below) is
further indicative of functional differences between these two
types of complexes. Exactly how LYL1 prompts preferential
enhancer association by AETFC and what promotes preferential
promoter localization of the AE/HEB complex are both impor-
tant questions for future studies.

AETFC May Promote Gene Activation by Mediating Enhancer–
Promoter Contacts. As mentioned above, our data show that
LYL1-containing AETFC is significantly enriched at active
enhancers. Enhancers are typically tens to hundreds of kilobases
away from target gene promoters (33), and their function is
thought to be mediated by three-dimensional DNA looping
that brings an enhancer physically close to the promoter that it
regulates (34). Recent studies have shown that TFs and cofac-
tors can orchestrate chromatin loops that play critical roles in
regulating target gene expression in various cell types (35–39).
In this regard, LDB1 previously was implicated in chromatin
loop formation (39–42). Therefore, because it contains LDB1,
AETFC can probably activate gene transcription via long-range
interactions of enhancers and promoters. Anchors of TF-mediated
loops were reported to be frequently enriched for the H3K27ac
mark (35, 38, 43–45). In this regard, our data show that
H3K27ac marks are highly enriched at AETFC peaks, which
suggests that enhancer-bound AETFC may mediate long-range
interactions.
Notably, in contrast to the correlation of LYL1-containing

(AETFC) complexes with active enhancers and gene activation,
LYL1-free (AEC) complexes could not be selectively correlated
with either active or inactive genes. However, the greater abun-
dance of AEC complexes relative to AETFC complexes and the
apparently more prominent role of AE in gene repression than
in activation (46) raise the possibility that the AE repression
functions may be mediated primarily by AEC complexes.

Potential for AETFC to Form Functional Complexes in Association
with Additional TFs. The dysregulation of key hematopoietic
TFs has long been known to play a role in leukemogenesis and,
in recent years, increasing numbers of transcription factors and
cofactors have proved essential both for hematopoiesis and for
leukemogenesis (47). Here, in an extension of our earlier stud-
ies (4, 15), we have demonstrated that oncogenic transcription
factor LYL1 is required for AETFC assembly and function.
In addition, in exploring the possibility that other TFs are
involved in AETFC function, motif enrichment analyses of
AETFC- and AEC-bound genomic sites have shown that the
GATA2 motif sequence is specifically enriched at AETFC
peaks relative to AEC peaks. GATA2, which is a member of
the GATA family of zinc finger–containing TFs (48), has been
identified as a critical regulator of hematopoietic stem cells
(HSCs) during oncogenesis in the hematopoietic system. In
this regard, deletion of GATA2 in Meis1a/Hoxa9-driven AML
impedes maintenance and self-renewal of leukemic stem cells
(LSCs) (49). Therefore, and in light of our observation of an asso-
ciation of AETFC with the key hematopoietic transcription factor
RUNX1, AETFC could function in part by competing with
GATA2 for binding of RUNX1, thus leading to the dysregulation
of RUNX1/GATA2 target genes and consequent enhanced prolif-
eration and blocked differentiation of leukemia cells.

AETFC Recruits CARM1 to Activate Gene Expression. Whether
a transcription factor activates or represses a gene largely
depends on what protein factors it interacts with at its site of

action. In previous studies, AE-associated (co)factors were iden-
tified primarily through coimmunoprecipitation–mass spectro-
metric methods that may have overlooked heterogeneity of AE
complexes. Here, using a modified approach that compared
proteins interacting with independent AE–HEB (AEC) and
AETFC preparations, we identified a preferential association
of coactivator CARM1 with AETFC relative to AEC. Comple-
mentary biochemical and genomic analyses confirmed that
CARM1, through a direct interaction with LDB1/HEB, is spe-
cifically recruited to AETFC target genes by AETFC, which
provides an explanation for at least one major aspect of gene
activation by AETFC (SI Appendix, Fig. S4D). Importantly, we
further show that CARM1 is required for expression of AETFC
target genes and leukemic cell growth, consistent with a previ-
ous report that loss of CARM1 strongly impairs leukemogenesis
by regulating cell-cycle progression, myeloid differentiation, and
apoptosis (27). Similar phenotypes have been observed with the
deletion of AE or LYL1 (6, 18, 50). Our biochemical, genetic,
and genomic analyses thus establish both a mutual AETFC and
CARM1 dependency and underlying molecular mechanisms.

The Methyltransferase Activity of CARM1 and CARM1 as a
Potential Therapeutic Target. Protein arginine methylation is
an indispensable posttranslational modification (PTM) impli-
cated in epigenetic regulatory mechanisms (25, 26). CARM1 is
a type I arginine methyltransferase enzyme that specifically effects
asymmetric dimethylation of H3R17 and H3R26 residues in
histones (51). CARM1 also has many nonhistone protein sub-
strates that include transcription factor RUNX1, coactivators
p300/CBP and Mediator, and components of SWI/SNF com-
plexes (52). Interestingly, CARM1 and CBP/p300 have been
shown to cooperate in effecting transcriptional activation by
estrogen receptor (53–55) and by p53 (56), with a direct cross-
talk between arginine methylation and lysine acetylation being
most clearly demonstrated in the biochemical p53 studies.
Whether the methytransferase activity of CARM1 is required for
its function as coactivator of AETFC is currently unclear. It
also is unclear whether CARM1 activity facilitates p300/CBP
activity (including H3K27 acetylation), and potentially p300/CBP
binding, or whether p300/CBP activity facilitates CARM1
activity, as in the case of p53-dependent transcription (56).
Such mechanistic studies will guide further progress in thera-
peutic development. Small-molecule inhibitors that target the
methyltransferase activity of PRMTs and show antitumor activ-
ity have been developed (57). More importantly, in contrast to
its key function in transformed cells, CARM1 appears to play a
modest role in normal HSPC differentiation and proliferation
(27), which indicates a favorable therapeutic value for CARM1
inhibitors. Taken together, our findings demonstrate heteroge-
neity within AE-containing complexes and indicate essential
LYL1 functions both for stable incorporation of LDB1 and
LMO2 into AETFC and for CARM1 recruitment, through
direct AETFC interaction, and function on AETFC target genes.
These results provide a mechanism for AETFC-mediated gene
activation and further establish CARM1 as a potential therapeu-
tic target in AML.

Materials and Methods

Purification of Complexes with Different AETFC Components. The
Bac-to-Bac baculovirus expression system was used to generate recombinant
AETFC components. To generate expression plasmids, AETFC component sequen-
ces were cloned into the pFastbac recombinant plasmid, and resultant plasmids
were transferred into DH10Bac competent cells to generate bacmids. After this,
FUGENE HD (Promega) was used to transfect Sf9 insect cells with bacmids to
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generate baculoviruses for individual AETFC components. Next, reconstituted
protein complexes were purified from Sf9 cells coinfected with different combi-
nations of baculoviruses, and eluted proteins were analyzed and quantified by
Coomassie staining or immunoblots.

The SI Appendix includes additional details and descriptions of cell culture,
stable cell line generation, cell preparation, nuclear extraction and coimmuno-
precipitation, IP-MS, in vitro binding assays, shRNA knockdown, immunoblot-
ting, RT-qPCR, RNA-seq, ChIP-seq, and ChIP-qPCR, RNA-seq data processing and
differential gene expression analysis, ChIP-seq data processing, and quantifica-
tion and statistical analysis.

Data, Materials, and Software Availability. The raw and processed data of
ChIP-seq and RNA-seq data generated in this study have been deposited in the
Gene Expression Omnibus (GEO) database under accession no. GSE207234.
GEO numbers of previously published datasets used in this study are as follows:
AML1-ETO ChIP-seq of Kasumi-1 cells, GSM1082306; HEB ChIP-seq of Kasumi-1
cells, GSM1082308; E2A ChIP-seq of Kasumi-1 cells, GSM1082309; LYL1 ChIP-
seq of Kasumi-1 cells, GSM1901542; and LMO2 ChIP-seq of Kasumi-1 cells,
GSM1082311. All other study data are included in the article and/or supporting
information.
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