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INTRODUCTION
The mixed lineage leukemia (MLL) protein is a histone 

methyltransferase that writes the histone H3 lysine 4 trime-
thyl (H3K4me3) mark at the promoters of target genes such 
as HOXA9 and MEIS1. MLL is the target of chromosomal 
translocations that fuse it in frame to one of over 90 partners, 
leading to acute myeloid and lymphoid leukemias (AML and 
ALL, respectively) characterized by poor prognoses (1). MLL 
fusions activate transcription by recruiting the AF4 family/
ENL family/P-TEFb (AEP) complex and the DOT1L–AF10 
family–ENL family complex (DOT1L complex, or DotCom; 
refs. 2, 3). Transcriptional activation via AF4 recruitment 
and transcriptional maintenance via DOT1L recruitment are 
required for MLL leukemias (2, 4, 5).

Despite the large number of fusion partners, members of 
the AEP complex account for nearly 70% of MLL rearrange-
ments (6). These fusions constitutively activate MLL targets 

(3) by bypassing regulated recruitment via ENL (MLLT1) and 
AF9 (MLLT3) YEATS domain binding to crotonylated or acet-
ylated histone H3 (7, 8). The AF9 ANC1 homology domain 
(AHD), retained in MLL fusions, is intrinsically disordered but 
undergoes coupled folding and binding upon interaction with 
its binding proteins (9). The AHD recruits AF4 and DOT1L, 
which support transcriptional elongation, as well as the BCL6 
corepressor (BCOR) and chromobox homolog 8 (CBX8), 
which are implicated in transcriptional repression. BCOR and 
CBX8 are members of variant PRC1 complexes distinguished 
by their polycomb group RING finger (PCGF) components.

CBX8 (HPC3) is a mammalian ortholog of Drosophila poly-
comb that binds trimethylated histone H3 lysine 9 and 27 
(H3K9me3 and H3K27me3) with variable affinity and is a 
component of the canonical PRC1 complex (10–12). A Cbx7-
containing polycomb repressive complex 1 (PRC1) maintains 
pluripotency of mouse embryonic stem cells (ESC) by repressing 
targets including Cbx8 (13, 14). Replacement of Cbx7 with Cbx8 
is required for ESC differentiation and the accompanying transi-
tion to gene activation (15). Previous reports indicate that CBX8 
is required for MLL-AF9 and MLL-ENL leukemias (16, 17).

BCOR is a transcriptional corepressor that augments BCL6-
mediated repression (18, 19) and is a component of the non-
canonical PRC1.1 complex (10, 12). The BCL6 POZ domain 
forms a ternary complex with BCOR and SMRT, repressing tar-
gets via recruitment of PRC1.1 and HDAC3 (20). BCOR trans-
locations and mutations have been found in a range of cancers. 
Although it is broadly expressed throughout the hematopoi-
etic system (BloodSpot; ref. 21), little is known about BCOR 
function in hematopoiesis. BCOR has been implicated in regu-
lation of myeloid cell proliferation and differentiation, and is 
necessary for MLL-AF9 leukemogenesis (22, 23).

While the roles of the direct MLL-AF9/AF4 and MLL-
AF9/DOT1L interactions have been the subject of previous 
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structural and functional studies (4, 5, 24), the roles of the 
direct interactions of MLL-AF9 with CBX8 and BCOR remain 
uncharacterized. Here, we present the structures of the AF9 
AHD–CBX8 and AF9 AHD–BCOR complexes. We developed 
structure-guided point mutants to modulate affinity of CBX8 
for AF9. Decreased affinity had no effect on colony-forming 
ability or differentiation of MLL-AF9–transformed cells. A 
point mutant was also developed to selectively disrupt BCOR 
binding to AF9. In the context of MLL-AF9, this mutant 
increases in vitro proliferative ability without an effect on 
colony formation yet, strikingly, is unable to cause leukemia 
in vivo. RNA-sequencing (RNA-seq) analysis shows that EYA1 
is the most downregulated direct target gene upon loss of 
BCOR binding to MLL-AF9 and that its interaction partner 
SIX1 is also downregulated. Consistent with a documented 
role for EYA1 in enhancing the stability of the MYC protein, 
we observe a reduction in MYC protein and a MYC signature 
in our RNA-seq data. In addition, we observe altered expres-
sion of numerous genes known to be regulated by SIX1 and 
SIX2, to which EYA1 is known to bind. These changes in 
gene expression lead to a reduction in the leukemia-initiating 
cell (LIC) population, an effect that is partially abrogated by 
forced EYA1 expression in MLL-AF9–mutant cells.

RESULTS
Structure of the CBX8–AF9 AHD Complex

The interaction of CBX8 with AF9 and ENL has previously 
been localized roughly to CBX8 residues 250–349 (16, 27). 
We used a nuclear magnetic resonance (NMR)–based method 
that can indicate regions of flexibility in the polypeptide 
backbone [15N-1H heteronuclear NOE (hetNOE)] to guide 
the construction of several constructs to coexpress different 
length CBX8 peptides with the AF9 AHD. Two-dimensional 
NMR spectra (15N-1H HSQC spectra) were evaluated for peak 
quality and dispersion, ultimately narrowing the minimal 
interacting region to CBX8 residues 326–349.

The solution NMR structure of the CBX8–AF9 complex 
was solved using dihedral angle and NOE restraints without 
significant violations (PDB: 2N4Q; Supplementary Table S1). 
An ensemble of the 10 lowest energy conformations derived 
from the structure calculations shows a well-formed complex 
of mixed alpha–beta structure (Fig.  1A). The AF9 binding 
motif comprises a β strand of alternating hydrophobic resi-
dues whose side chains are buried in a hydrophobic pocket on 
the AF9 surface. The interaction is mediated by an antiparal-
lel β sheet formed by this strand and an AF9 β hairpin. The 
remaining AF9 residues pack around the β sheet in three α 
helices, making additional contacts to CBX8. The structure 
is highly similar to the AF4– and DOT1L–AF9 complexes we 
have described previously (refs. 5, 9; Fig. 1B). As we observed 
for the AF4–AF9 complex we previously characterized (9), 
NMR measurements of the backbone 15N relaxation rates 
indicate significant conformational exchange for the complex 
(Supplementary Fig. S1A–S1C).

AF9 Binding to CBX8 Is Enhanced by an Ala to Val 
Mutation and Weakened by an Arg to Asp Mutation

To characterize the CBX8–AF9 interaction, binding of a 
fluorescein-labeled CBX8 peptide (FITC-CBX8) to MBP-AF9 

was measured by fluorescence anisotropy (FA). Unlike the 
other binding proteins, the affinity of CBX8 for AF9 is weak, 
so binding cannot be saturated in this assay (Fig. 1C), which 
is limited in the upper concentration that can be used by the 
propensity for MBP-AF9 to aggregate. The AF9 binding site 
in each partner consists of alternating hydrophobic residues 
roughly conforming to an LXVXIXLXXL motif (Fig.  1D). 
While AF4 and BCOR fit this pattern exactly and DOT1L 
differs in only the last position, CBX8 departs from the motif 
more significantly. We hypothesized that CBX8 A335 may not 
pack into the hydrophobic pocket of the AF9 binding site as 
well as the valine at this position in the other binding proteins, 
thereby weakening the interaction. To test this, binding of an 
FITC-CBX8 A335V peptide to MBP-AF9 was measured. The A 
to V mutation significantly increased CBX8 affinity for AF9, 
with a KD of 12 ± 1 nmol/L (Fig. 1C). A second mutation was 
made with the intention of weakening CBX8 affinity for AF9. 
Because AF9 D544 forms a salt bridge with CBX8 R336, a 
charge reversal to D was investigated for its AF9-binding ability.  
The weak nature of WT CBX8 binding makes it impossible to 
measure the affinity of this interaction in our typical FA assay. 
However, the relative affinity can be delineated by competing 
another peptide off AF9. To this end, unlabeled CBX8 WT, 
A335V, and R336D peptides were titrated into FITC-DOT1L 
site 3 peptide/MBP-AF9 at a concentration three times the 
DOT1L site 3-AF9 KD (Fig. 1E). As expected, CBX8 A335V was 
the most effective competitor, with an IC50 of 96 ± 16 nmol/L. 
WT CBX8 was much less effective, with an IC50 of 1876 ± 202 
nmol/L, while CBX8 R336D was so ineffective at displacing 
DOT1L that it was unable to do so completely even at a con-
centration of 20 μmol/L.

The ENL AHD is a close AF9 AHD homolog (80% identical) 
and is known to associate with AF4, DOT1L, and CBX8. Bind-
ing of fluorescein-labeled AF4, DOT1L site 3, DOT1L site 2, 
BCOR (1176–1206), BCOR (1176–1225), and CBX8 peptides 
to MBP-ENL was measured by FA. Interestingly, while the 
affinity of the AF4 and DOT1L peptides for ENL was compara-
ble with their affinity for AF9, there was a substantial enhance-
ment in binding of CBX8 and BCOR (Fig. 1D; Supplementary 
Fig.  S2A–S2F). The binding of BCOR (aa 1176–1225) was 
9-fold tighter, and CBX8, whose AF9 binding was too weak to 
saturate, bound to ENL with a KD of 112 ± 13 nmol/L.

CBX8 A335V Mutation Inhibits MLL-AF9 Colony 
Formation, whereas CBX8 R336D Has No Effect

The fact that all the AF9 binding partners bind to the 
same site on AF9 makes it difficult to design a mutation 
that affects the binding of only one partner. In the absence 
of an AF9 mutation selective for CBX8 binding, we studied 
the role of the direct CBX8–AF9 interaction in the con-
text of MLL leukemia by knockout and complementation. 
This involved the use of the A335V and R336D mutations 
described above. MLL-AF9–transformed BM progenitor 
cells from conditional Cbx8 knockout mice (17) were trans-
duced with either WT or mutant CBX8 and assessed for col-
ony formation. Knockout of endogenous Cbx8 was effective 
and led to a marked decrease in colony formation and cell 
number compared with the control (Fig. 2A and B), as has 
been reported previously (17). Visualization of individual 
colonies shows that Cbx8 knockout colonies are distinctly 
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Figure 1.  Structure and binding properties of the CBX8–AF9 AHD complex. A, Ensemble of the 10 lowest energy conformers from the structure cal-
culations with CBX8 in orange and AF9 in purple. B, Alignment of the CBX8–AF9 and DOT1L–AF9 (PDB: 2MV7) structures with CBX8 in orange, its AF9 in 
purple, DOT1L in gold, and its AF9 in cyan. Backbone RMSD for AF9 residues 502–562 between CBX8–AF9 and the other AF9 complexes is shown in the 
table on the right. See also Supplementary Table S1 and Supplementary Fig. S1. C, Results of FA assays for binding of MBP-AF9 to fluorescein-labeled 
CBX8 WT (blue) and A335V (black) peptides. Error bars indicate SEM for three replicates. D, Top, sequence alignment of the AF9 binding motif. Con-
served hydrophobic residues are in red. Bottom-comparison of the binding affinities of fluoresceinated peptides for all binding partners for MBP-ENL 
to affinities for MBP-AF9 measured by FA. Fold change is calculated as AF9 KD/ENL KD. Error bars, SEM for three replicates. E, Results of FA assays for 
competition of a fluorescein-labeled DOT1L site 3 peptide off of MBP-AF9 by unlabeled CBX8 A335V (black), WT (blue), and R336D (red) peptides. Error 
bars, SEM for three replicates. For details, see Supplementary Fig. S2.
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Figure 2.  CBX8 A335V inhibits colony formation, and CBX8 R336D has no effect. MLL-AF9–transformed mouse BM cells from Cbx8fl/fl (flox/flox) and 
conditional Cbx8 knockout (Cbx8KO) mice after methylcellulose culture 7 days with vehicle or 4-hydroxytamoxifen (4-OHT). For A, B, D, and E, data are 
from two experiments, each in triplicate, and are represented as mean ± SEM. Statistical significance was determined using a Student two-tailed t test 
with a confidence interval of 95%. A, Quantification of endogenous Cbx8 RNA expression, normalized to Polr2a by qRT-PCR. B, Quantification of colony 
and cell number relative to vehicle control. C, Bright-field images of colonies treated with vehicle (top) or 4-OHT (bottom). D, Quantification of exogenous 
CBX8 WT (gray), A335V (red), and R336D (blue) RNA expression, normalized to Polr2a by qRT-PCR. E, Number of colonies (panels 1 and 2) and cells 
(panels 3 and 4) produced by conditional Cbx8 knockout mouse BM cells treated with 4-OHT (panels 1 and 3) or vehicle (panels 2 and 4) and expressing 
exogenous CBX8 WT (gray), A335V (red), or R336D (blue). F, Bright-field images of conditional Cbx8 knockout mouse BM cells expressing CBX8 WT (left), 
A335V (middle), or R336D (right) and treated with vehicle (top) or 4-OHT (bottom). G, Images of Wright–Giemsa stained flox/flox (top) and conditional 
Cbx8 knockout (bottom) mouse BM cells treated with vehicle (panel 1) or 4-OHT and expressing exogenous CBX8 WT (panel 2), A335V (panel 3), or 
R336D (panel 4).

smaller and more diffuse than their Cbx8-expressing coun-
terparts (Fig.  2C). Exogenous CBX8 expression levels were 
similar for the WT and both mutants when measured rela-
tive to vehicle control (Fig. 2D). Compared with addback of 
WT CBX8, the A335V mutant saw a significant decrease in 
both number of colonies and cell number (Fig. 2E, panels 2 

and 4). This effect was magnified by the knockout of endog-
enous Cbx8 (Fig. 2E, panels 1 and 3). Addback of the R336D 
mutant was not significantly different from the WT add-
back (Fig.  2E). Colonies expressing CBX8 A335V are more 
diffuse than WT and R336D colonies, and Wright–Giemsa 
staining shows that these cells are more differentiated  
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Figure 3.  Structure and binding properties of the BCOR–AF9 AHD complex. A, Ensemble of the 10 lowest energy conformers from the structure cal-
culations, with BCOR in red and AF9 in blue. Unstructured BCOR residues 1176–1191 have been omitted for clarity. B, Alignment of the BCOR–AF9 and 
DOT1L–AF9 structures, with BCOR in red and its AF9 in blue, and DOT1L in gold and its AF9 in cyan. Backbone RMSD for AF9 residues 502–562 between 
BCOR–AF9 and the other AF9 complexes is shown in the table on the right. Unstructured BCOR residues 1176–1191 and DOT1L residues 893–900 have 
been omitted for clarity. See also Supplementary Table S2 and Supplementary Fig. S1. C, Results of FA assays for binding of MBP-AF9 to fluorescein-
labeled BCOR (1176–1206) (blue) and BCOR (1176–1225) (black) peptides. Error bars, SEM for three replicates. D, Weighted chemical shift difference 
for AF9 residues in 15N-1H HSQC spectra of BCOR (1176–1228)–AF9 versus BCOR (1175–1207)–AF9 complexes calculated using |Δδ15N|/4.69 + |Δδ1HN|. 
AF9 E531 is shown in red. (continued on next page)

compared with the more blast-like untreated, WT, and 
R336D cells (Fig. 2F and G).

Defining BCOR Binding Motif for Interaction  
with AF9 AHD

Of the four BCOR isoforms expressed in mice and humans, 
only those which avoid use of an alternative splice site at the 5′  
end of exon 8 are able to bind AF9 (28, 29). The difference in 
isoforms encompasses 34 amino acids that were presumed 
to include residues required for AF9 binding, including a 
7–amino acid stretch of alternating hydrophobic residues 
consistent with the AF9 binding motifs of AF4 and DOT1L. 
Similar to our approach with the CBX8–AF9 complex, the 
minimally interacting region was identified by evaluating the 
dispersion and quality of two-dimensional NMR spectra (15N 
HSQC spectra) of several BCOR constructs of varying length 
coexpressed with the AF9 AHD. A construct expressing BCOR 
residues 1176–1228 bound to AF9 [BCOR (1176–1228)–AF9] 

produced good-quality spectra, but resonances for roughly 
20 amino acids near the C-terminus were not observable by 
NMR, suggesting they were broadened out by conformational 
exchange resulting in a lack of signal intensity. Spectra of a 
construct expressing BCOR residues 1176–1207 in complex 
with AF9 [BCOR (1176–1207)–AF9] showed good dispersion, 
and all the resonances could be assigned to specific amino 
acids, so this construct was selected for structural studies.

Structure of the BCOR–AF9 AHD Complex
The solution NMR structure of the BCOR–AF9 complex 

was solved using NOE and dihedral angle restraints without 
significant violations (PDB: 6B7G; Supplementary Table S2). 
As in the CBX8–AF9 complex, an ensemble of the 10 lowest 
energy structures from the structure calculations shows an 
interaction site involving a β strand of alternating hydropho-
bic BCOR residues that forms an antiparallel β sheet with a 
β hairpin in AF9 (Fig. 3A). The remaining AF9 residues form 
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Figure 3. (Continued)  E, Top, results of FA assays for binding of MBP-AF9 E531R (blue) and MBP-AF9 (black) to a fluorescein-labeled BCOR (1176–
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quantified relative to input MLLT3 levels.

three helices that fold around the binding site, making addi-
tional contacts with the BCOR peptide and burying the hydro-
phobic side chains of the β sheet. This structure is similar to 
those of the AF4–, DOT1L–, and CBX8–AF9 complexes, with 
backbone root mean square deviations (RMSDs) of 1.9, 1.4, 
and 1.6 Å, respectively, for structured AF9 residues (Fig. 3B). 
Importantly, the structures with all four partners show that 
they bind to the same site on AF9, indicating their binding is 
mutually exclusive with one another. As we observed for the 
AF4–AF9 complex we previously characterized (9), as well as 
the CBX8–AF9 complex, NMR measurements of the back-
bone 15N relaxation rates indicate significant conformational 
exchange for the complex (Supplementary Fig. S1D–S1F).

Structure-Based AF9 E531R Mutation Specifically 
Disrupts BCOR Binding

To probe the functional role of the BCOR–AF9 interaction, 
we sought a mutation in AF9 that would abrogate binding to 
BCOR without affecting the other binding proteins. This is 
challenging due to the structural similarity of the AF9 AHD 
complexes. A shorter BCOR peptide, BCOR (aa 1176–1206)-
FITC, binds MBP-AF9 too weakly to be saturated (Fig. 3C). 
However, a longer BCOR peptide, BCOR (aa 1176–1225)-
FITC, binds much more tightly, with a KD of 18 ± 2 nmol/L 
(Fig.  3C). The significantly tighter binding of the longer 
BCOR peptide to AF9 makes its C-terminal residues (not 
present in the shorter BCOR peptide) an attractive target for 

selectively disrupting the BCOR–AF9 interaction. Candidate 
residues were identified by quantifying the chemical shift dif-
ferences between 15N-1H HSQC NMR spectra of BCOR (aa 
1176–1207)–AF9 and BCOR (aa 1176–1228)–AF9 complexes 
(Fig.  3D). The largest difference was residue E531 in AF9. 
Because the C-terminus of BCOR (aa 1176–1225) contains 
several positively charged residues, we hypothesized that AF9 
E531 may be involved in an electrostatic interaction. On 
the basis of this, we developed a charge reversal mutation, 
AF9 E531R. This mutation greatly weakened the binding of 
the longer BCOR peptide, recapitulating the binding of the 
shorter BCOR peptide (Fig. 3E). Furthermore, we have shown 
by coimmunoprecipitation using full-length AF9 and AF9 
(E531R) that introduction of the E531R mutation disrupts 
binding of BCOR in cells (Fig. 3F). Importantly, the binding 
of AF4, DOT1L sites 2 and 3, and CBX8 A335V saw little to 
no change (Fig. 3E; Supplementary Fig. S2G–S2J). It should 
be noted that the minor changes observed in the binding of 
AF9 E531R to AF4, DOT1L, and CBX8 are much smaller 
than we observed previously for an AF9 D544R mutation that 
retains colony-forming ability (5), so we do not believe these 
minor changes are biologically relevant.

MLL-AF9 E531R Does Not Impact Colony-Forming 
Ability but Does Enhance Cell Proliferation

The robust reduction in BCOR affinity for AF9 E531R 
as well as its demonstrated specificity make this mutation 



Role of BCOR and CBX8 Binding in MLL-AF9 Leukemia RESEARCH ARTICLE

	 September  2020 blood CANCER DISCOVERY | 169 

an excellent tool for probing the functional effects of this 
interaction in cells. To that end, WT MLL-AF9, MLL-AF9 
E531R, and MLL-AF9 D546R (which abrogates DOT1L bind-
ing; ref. 5) or empty vector (MSCVneo) were transduced into 
mouse BM stem/progenitor cells and serially replated to 
measure colony formation ability. Both mutants were effi-
ciently expressed with D546R 2-fold higher and E531R 6-fold 
higher than WT (Supplementary Fig. S3). While the D546R 
mutant severely inhibited colony formation as we have previ-
ously reported (5), the E531R mutant had no effect on the 
number of colonies (Fig.  4A). However, the colonies were 
larger (Fig. 4B) and had a greater number of cells per colony 
at weeks 2 to 4, with an increase in mean Feret diameter 
compared with WT colonies (Fig. 4C and D). Wright–Giemsa 
staining revealed a partial differentiation phenotype of MLL-
AF9 E531R cells as compared with MLL-AF9 (Fig. 4E). As we 
previously observed, MLL-AF9 D546R cells with abrogated 
Dot1l interaction were the most differentiated (5). Surface 
marker staining reinforced this observation, with decreased 
c-Kit expression and increased, albeit not statistically signifi-
cant, expression of CD11b in MLL-AF9(E531R) cells (Fig. 4F).

The MLL-AF9/BCOR Interaction Is Required for 
MLL-AF9 In Vivo Leukemogenesis

To evaluate whether the disruption of the BCOR–AF9 
interaction affects leukemogenesis in vivo, we transplanted 
retrovirally transformed BM cells into sublethally irradi-
ated mice. Mice expressing WT MLL-AF9 developed AML as 
expected under these conditions (small number of cells trans-
planted, sublethal irradiation), whereas none of the MLL-AF9 
E531R–expressing mice developed leukemia (Fig. 4G).

The MLL-AF9/BCOR Interaction Targets a  
Unique Set of Genes

RNA-seq was performed on mouse BM cells transformed 
with either MLL-AF9 or MLL-AF9 E531R to further probe 
the importance of the interaction with BCOR (GEO: 
GSE105767). The E531R mutation resulted in altered expres-
sion of 1,002 genes by >2-fold, with a false discovery rate (FDR)  
< 0.05 (Fig.  5A and B). Of these, 516 were upregulated and 
486 were downregulated. Of 139 previously identified MLL-
AF9 chromatin immunoprecipitation (ChIP) targets (30), 
a very small number were affected by the MLL-AF9 E531R 
mutation (Fig. 5C). Only four were downregulated by >2-fold, 
while none were upregulated at this level, although a total 
of 18 were significantly altered (Padj < 0.05; Fig. 5A). We have 
shown previously that a subset of MLL-AF9 targets exhibit a 
loss of H3K79 methylation upon loss of MLL-AF9/DOT1L 
binding (5). Genes affected by loss of MLL-AF9/BCOR bind-
ing show very little overlap with this subset, with only two 
of 37 genes altered by >2-fold. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway–associated terms for altered 
genes include hematopoietic cell lineage and cell adhesion 
molecules (CAM; Supplementary Fig.  S4A). Gene ontology 
(GO) analysis indicates significant changes in genes associ-
ated with immune response and inflammation, in line with 
known BCL6 function, and positive regulation of the ERK1 
and ERK2 cascade, which regulates multiple cell processes, 
including proliferation, differentiation, and survival. ChIP 
Enrichment Analysis (ChEA) 2016 shows significant enrich-

ment of 36 ChIP datasets representing 27 unique transcrip-
tion factors at the sites of altered genes (Supplementary 
Fig.  S4B; Supplementary Table S3). Among these are com-
ponents of PRC1 and PRC2 (e.g., RING1B and EZH2) and 
transcription factors with critical roles in hematopoiesis [e.g., 
GATA2, GFI1, and MYB, all of which are downregulated in 
MLL-AF9 (E531R) cells].

To directly compare the effect of specifically modulat-
ing binding of BCOR, CBX8, AF4, or DOT1L to MLL-AF9 
via direct AF9 interaction, gene expression of select direct 
MLL-AF9 target genes was assessed in BM stem/progen-
itor cells transduced with the different MLL-AF9 point 
mutants (E531R, D544R, or D546R) or transduced with 
CBX8 A335V following Cbx8 knockdown. Interestingly, tar-
get genes were differentially affected by the various mutants 
(Supplementary Fig. S4C–S4F). For example, decreased bind-
ing of DOT1L showed significantly decreased expression of 
Hoxa7, Hoxa9, Hoxa10, whereas abrogated BCOR binding 
showed increased Hoxa7, no significant effect on Hoxa9, 
and decreased Hoxa10 expression. Higher binding affinity 
of CBX8, which will displace other binding partners due 
to the site of binding being the same for all binding part-
ners, significantly increased Hoxa10 expression but decreased 
Meis1 and Myb expression. In contrast, all mutations caused 
decreased expression of Eya1, with the caveat that the D544R 
and D546R mutations decrease binding of DOT1L as well 
as BCOR (5). Gfi1 expression was decreased in MLL-AF9 
E531R–transformed cells, in contrast to the RNA-seq results. 
This was verified with three primer sets (Supplementary  
Fig. S4G) and could be due to variance in amplification dur-
ing sample preparation and sequencing.

Loss of MLL-AF9/BCOR Binding Alters an  
MYC-Regulated Set of Genes

Gene set enrichment analysis (GSEA) (31, 32) of our gene set 
identified an MYC molecular signature (Fig.  5D; Supplemen-
tary Fig. S4H). The phosphatase EYA1 is the direct MLL-AF9 
target gene with the largest reduction in expression in our gene 
set (∼9-fold). EYA1 has been shown to decrease the proteasomal 
degradation of MYC via dephosphorylation of T58 (33, 34), 
leading to increased MYC levels. Consistent with the reduced 
EYA1 level in MLL-AF9 E531R cells, we observe decreased MYC 
protein in E531R cells relative to WT cells (Fig. 5E).

Loss of BCOR Binding to MLL-AF9 Alters a  
Set of Genes That Is Critical for MLL-AF9– 
Transformed Long-term Hematopoietic Stem Cells 

The observation that MLL-AF9 (E531R) induced increased 
proliferation in the colony assay but a complete loss of leuke-
mia development in vivo suggested a possible reduction in the 
LIC population upon loss of BCOR binding. Stavropoulou 
and colleagues (35) identified a leukemia-initiating popula-
tion when MLL-AF9 was expressed in long-term hematopoi-
etic stem cells (LT-HSC), but not in GMPs. As shown in Fig. 6, 
we observe that approximately 10% of the genes identified by 
Stavropoulou and colleagues as increased in LT-HSCs versus 
GMPs upon expression of MLL-AF9 were reduced in expres-
sion in MLL-AF9 (E531R) cells. This set of genes includes a 
number of genes with well-documented roles in leukemia, 
including Bcl2, Flt3, Fyn, and Gata2 (identified in ChEA analysis 
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Figure 4.  MLL-AF9 E531R shows increased cell proliferation and prevents leukemogenesis in vivo. A, Quantification of methylcellulose colony forma-
tion from serial replating of MLL-AF9– and MLL-AF9 E531R– or D546R–transduced mouse BM cells. Data are from six experiments, each in triplicate, 
and are represented as mean ± SEM. B, Bright-field images of MLL-AF9 WT and E531R colonies. C, Quantification of cells per colony formed from serial 
replating of transduced mouse BM cells as in A. Data are from six experiments, each in triplicate, and are represented as mean ± SEM. Statistical signifi-
cance was determined using a Student two-tailed t test with a confidence interval of 95%. D, Feret diameter box plots for MLL-AF9 WT (n = 115) and 
MLL-AF9 E531R (n = 88) colonies. Box indicates 1st and 3rd quartiles, line indicates median, and whiskers represent max and min. Statistical significance 
was determined using a Student two-tailed t test with a confidence interval of 95%. E, Images of Wright–Giemsa-stained MLL-AF9–, MLL-AF9 E531R–, 
and MLL-AF9 D546R–expressing mouse BM cells following the third plating in methylcellulose (scale bar, 10 μm). F, Summary of immunofluorescence 
staining and one representative flow cytometry plot of MLL-AF9 and MLL-AF9 E531R cells from E for hematopoietic stem and differentiation surface 
markers. Relative mean fluorescence intensity (MFI) of staining is shown. Data are from five independent experiments; **, P < 0.01. G, Survival curves for 
sublethally irradiated mouse recipients (n = 10 for each cohort) of BM cells transformed with MLL-AF9 WT (blue) or MLL-AF9 E531R (red). Statistical 
significance was determined using a log-rank (Mantel–Cox) test. For details, see also Supplementary Fig. S3.
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Figure 5.  The BCOR/MLL-AF9 interaction regulates a unique set of genes. A, Left, volcano plot showing differential RNA expression in MLL-AF9 
E531R samples compared with WT. Genes with FDR < 0.05 and altered >2-fold are shown in orange. Those with FDR < 0.05 and altered <2-fold are 
shown in red. Genes selected for qPCR are shown in blue. Ccnd1–3 are indicated in green. Right, MLL-AF9 E531R–altered genes that are direct MLL-AF9 
targets. Log2 (fold change) is reported relative to WT. Genes labeled in C are highlighted in blue. B, Heatmap of genes with >2-fold expression change 
between MLL-AF9 WT and MLL-AF9 (E531R), with increased expression in red and decreased in blue. C, Venn diagram showing overlap of genes altered 
>2-fold by MLL-AF9 E531R (pink) with MLL-AF9 ChIP targets (blue; ref. 30) and genes showing loss of H3K79me2 (yellow) or H3K79me3 (green) in MLL-
AF9 D546R samples (5). D, GSEA analysis identified “HALLMARK_MYC_TARETS_V1” signature based on comparison of MLL-AF9 and MLL-AF9 (E531R) 
RNA-seq data. E, Western blot analysis for Myc protein in MLL-AF9– and MLL–AF9 (E531R)–expressing cells. Myc protein level was quantified relative to 
actin from three independent experiments using the Fiji distribution of ImageJ.
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Figure 6.  Comparison of MLL-AF9 E531R (disruption of BCOR bind-
ing) RNA-seq data to RNA-seq data from Stavropolou and colleagues 
(35), identifying genes with increased expression in MLL-AF9 HSCs ver-
sus MLL-AF9 GMPs. Top, Venn diagram showing overlap of genes altered 
in the MLL-AF9 E531R gene set and increased in MLL-AF9–expressing 
HSCs versus MLL-AF9–expressing GMPs. The table lists all the genes in 
the overlap set that are increased in MLL-AF9 HSCs versus GMPs and 
that are down in the MLL-AF9 E531R gene set. The genes in the table 
that have been shown by ChIP-seq to be either SIX1 and SIX2 targets or 
solely SIX2 targets are colored in red and green, respectively. Bottom, 
Venn diagram showing overlap of genes altered in the MLL-AF9 E531R 
gene set and increased in MLL-AF9–expressing GMPs versus MLL-AF9–
expressing HSCs. The table lists all the genes in the overlap set that are 
increased in MLL-AF9 GMPs versus HSCs and increased in the MLL-AF9 
E531R gene set. The genes in the table are colored as above.
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of RNA-seq data; Supplementary Table S3), Maml3, and Sox4. 
As also shown in Fig. 6, approximately 10% of the genes identi-
fied as increased in GMPs versus LT-HSCs upon expression of 
MLL-AF9 were increased in expression in MLL-AF9 (E531R) 
cells. Similarly, comparison to a leukemia stem cell (LSC) gene 
signature identified by Dick and colleagues (36) as well as to 
a gene set comparing MLL-AF9 in hematopoietic stem cells 
(HSC) and GMPs from Armstrong and colleagues (37) also 
showed overlap (Supplementary Fig. S5A and S5B).

As noted above, the most downregulated gene among 
direct MLL-AF9 targets (30) in MLL-AF9 (E531R) cells was 
the phosphatase Eya1 (down ∼9-fold). In addition, the tran-
scription factor Six1, a known binding partner of Eya1 (38, 
39) as well as a direct MLL-AF9 target, was also downregu-

lated. This suggested that the changes in gene expression 
observed may be driven to a substantial extent by alteration 
of Eya1/Six–regulated genes. We compared our gene expres-
sion data to a recent study that used ChIP sequencing (ChIP-
seq) to identify genes regulated by both SIX1 and SIX2, only 
by SIX2, and only by SIX1 in nephron progenitors (40). Of 
the 2,558 genes showing altered expression with P < 0.05 in 
our gene set, 771 (30%) contain binding sites for SIX1 and/
or SIX2 (Supplementary Fig. S6A–S6C). As Eya1 and Six2 are 
also known binding partners (38, 39), the data suggest that 
the changes in gene expression observed in MLL-AF9 (E531R) 
cells are driven to a meaningful extent by alteration of an 
Eya1/Six1/Six2–regulated set of genes.

Loss of BCOR/MLL-AF9 Binding Reduces the  
LIC Population, and Addback of Eya1 Partially 
Rescues This Effect

To test whether loss of BCOR/MLL-AF9 binding alters the 
LIC population, we compared the survival of mice receiving 
MLL-AF9 cells, MLL-AF9(E531R) cells, 10-fold more MLL-
AF9(E531R) cells (10×), and MLL-AF9(E531R) cells with 
forced expression of Eya1 (Fig. 7A). Whereas MLL-AF9(E531R) 
cells resulted in 100% survival at 120 days, transplant of 10× 
MLL-AF9(E531R) cells resulted in 0% survival, confirming a 
reduction in the LIC population upon loss of BCOR binding. 
BM cells transplanted into mice immediately after infection 
with MLL-AF9(E531R), as we have done previously (25), also 
did not cause leukemia (Fig.  7A). Forced expression of Eya1 
alone did not cause leukemia (Fig.  7A), whereas expression 
of Eya1 in MLL-AF9(E531R) cells resulted in 0% survival at  
120 days, confirming a critical role for decreased Eya1 in 
reducing the LIC population in MLL-AF9 (E531R) cells. Leu-
kemia cells from mice with forced Eya1 expression in MLL-
AF9(E531R) had a more homogeneous blast-like morphology 
compared with those from 10× MLL-AF9 (E531R), suggesting 
qualitative differences in the leukemias derived from these 
cells (Supplementary Fig. S7A).

To further examine the extent to which loss of Eya1 and 
Six1 drive the observed effects, we expressed Eya1 and/or SIX1 
in the MLL-AF9(E531R) cells (Supplementary Fig.  S7B). As 
shown in Fig. 7B, addback of Eya1, but not SIX1, changes the 
in vitro cellular morphology to more resemble the blast-like 
morphology seen with WT MLL-AF9. Similar results were 
obtained with addback of Eya1 + SIX1. To probe this further, 
we have assessed surface marker expression. Previous studies 
have shown that loss of MLL-AF9 leads to differentiation 
with decreased surface c-kit (35, 41). As shown in Fig.  7C 
and Supplementary Fig.  S7D, addback of Eya1 or Eya1 + 
SIX1 to MLL-AF9(E531R) cells increased c-kit and decreased 
CD11b, a marker present on monocytic cells. As shown in 
Supplementary Fig.  S7C, addback of Eya1 and SIX1 had 
minimal effects on the expression of Hoxa7, Hoxa9, and Meis1 
but increased expression of Hoxa10 almost 4-fold, which cor-
responds roughly to the fold change in its expression upon 
introduction of the E531R mutation in MLL-AF9. Thus, the 
change in expression of Hoxa10 is largely driven by changes 
in Eya1 and Six1 expression. Addback of Eya1 increased the 
expression of Six1, whereas addition of human SIX1 decreased 
expression of the mouse Six1, suggesting a negative feedback 
loop for Six1 on its own expression.
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Figure 7.  EYA1/SIX1 partially rescues phenotype from abrogated MLL-AF9/BCOR binding and schematic of BCOR/MLL-AF9–dependent gene regula-
tion. A, Survival curves for sublethally irradiated mouse recipients (n = 5–10 per cohort) of BM cells transformed with MLL-AF9 WT (blue), MLL-AF9 
E531R (1×; red), MLL-AF9 E531R (NC; red, cross), MLL-AF9 E531R (10×; maroon), MLL-AF9 E531R + Eya1 (green, triangle), or Eya1 alone (green, open 
diamond). All mice received the same number of transduced cells except those indicated (10×) which received 10-fold more cells. All mice received cells 
that had been cultured one week in methylcellulose prior to transplant except those indicated as (NC) that had no in vitro culture prior to transplant. 
Statistical significance compared with MLL-AF9 E531R was determined using a log-rank (Mantel–Cox) test. B, Images of Wright–Giemsa-stained mouse 
BM cells expressing MLL-AF9, MLL-AF9 E531R, and MLL-AF9 E531R coexpressing Eya1, SIX1, or both Eya1 and SIX1, following the third plating in 
methylcellulose (scale bar, 10 μm). C, Summary of immunofluorescence staining of MLL-AF9 E531R cells from B for relevant hematopoietic stem and dif-
ferentiation surface markers. Relative mean fluorescence intensity (MFI) of staining is shown. Data are from three independent experiments; *, P < 0.05.  
D, Schematic of key effects of loss of BCOR/MLL-AF9 interaction. The levels of expression of Eya1, Six1, Hoxa7, and Cyclins D1–3 are regulated by the 
interaction of BCOR with WT MLL-AF9. In the absence of the MLL-AF9/BCOR interaction, levels of Eya1 and Six1 are decreased, as is the level of Myc 
protein, reducing the LIC population and resulting in a lack of in vivo leukemogenesis. The levels of Hoxa7 and Cyclins D1–3 are increased, resulting in 
increased proliferation as seen in the colony-forming assay.
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DISCUSSION

Whereas the need for CBX8 and BCOR, integral compo-
nents of the canonical PRC1 and the noncanonical PRC1.1 
complexes, respectively, to be expressed in order for MLL-AF9 
to induce leukemia has been demonstrated (16, 17, 22), the 
functional role of their direct binding to MLL-AF9 has not 
been established. We show that the CBX8– and BCOR–AF9 
complexes adopt mixed alpha–beta structures highly similar 
to the AF4– and DOT1L–AF9 complexes we described previ-
ously (5, 9). This demonstrates that all of the interactions 
of the AF9 AHD are mutually exclusive with one another, 
as described for AF4 and DOT1L and suggested for CBX8 
and BCOR (3, 9, 42). Of the AF9 binding proteins, CBX8 is 
distinct in its relatively weak AF9 binding (Fig. 1C). Intrigu-
ingly, CBX8 and BCOR both interact much more strongly 
with ENL (Fig.  1D) despite little to no difference in the 
binding of AF4 or DOT1L. This provides potential insight 
into the phenotypic differences observed between MLL-AF9 
and MLL-ENL leukemias. Cbx8 knockout in mouse BM cells 
harboring MLL-AF9 severely limits colony formation, as 
reported previously (17), which can be rescued by addback 
of exogenous CBX8 (Fig.  2E and F). Addback of the CBX8 
A335V mutant, which has increased affinity for AF9, reduces 
the number of colonies and cells and results in a more dif-
ferentiated phenotype (Fig.  2E–G). This is true even in the 
presence of endogenous Cbx8, as the tighter-binding mutant 
likely outcompetes the weakly bound WT protein for AF9 
interaction. As all four binding partners bind to the same site 
on AF9, increased binding of Cbx8 will necessitate decreased 
binding of all the other interaction partners. As we have 
previously shown that loss of AF4 or DOT1L binding leads 
to reduced colony formation, the observed reduced colony 
formation with CBX8(A335V) is almost certainly due to the 
displacement of AF4 and DOT1L. The R336D mutation was 
designed to weaken CBX8 binding to AF9 by disrupting an 
electrostatic interaction between CBX8 R336 and AF9 D544, 
a residue that is also critical for AF4–AF9 binding (4, 9). Add-
back of this mutant results in no significant change in colony 
formation despite its weaker affinity for AF9 (Figs. 1E and 
2E), indicating that the direct CBX8/MLL-AF9 interaction is 
not essential for MLL-AF9–driven leukemia.

Previous studies showed that Cbx8 knockdown resulted 
in loss of Hoxa9 expression and suggested that loss of CBX8 
binding to MLL-AF9 also reduced Hoxa9 expression, indicat-
ing that CBX8 could play an activating role in this context 
(17). However, we have previously noted that the mutations 
used in those studies also affect AF4 and DOT1L binding 
(5). In addition, AF9 T542A causes a significant reduction in 
BCOR binding, making the results difficult to interpret and 
strongly suggesting that the observed effects derived from 
reduced recruitment of binding partners other than CBX8.

Our structural studies made it possible to identify an AF9 
point mutation, which selectively disrupts BCOR binding, 
thus avoiding the challenges associated with affecting other 
binding proteins. The AF9 E531R mutant drastically reduces 
BCOR binding affinity with little effect on AF4, DOT1L, and 
CBX8 binding (Fig. 3E and F; Supplementary Fig. S2G–S2J). 
Introduction of this mutation into MLL-AF9 completely 
abrogates the ability of MLL-AF9 to induce leukemia in vivo 

(Fig. 4G), showing that direct BCOR recruitment is essential. 
As loss of BCOR binding likely results in increased occupancy 
of other binding partners, it is unclear whether departure of 
BCOR or increases in occupancy of other partner proteins 
drives the phenotypic effects observed. There is a reduction in 
the LIC population with loss of BCOR binding as transplant 
of at least 10× more cells was required to develop leukemia, 
albeit with a longer latency and altered morphology (Fig. 7A; 
Supplementary Fig. S7A). This suggests both a qualitative and 
quantitative difference in LICs with abrogated BCOR bind-
ing. Analysis of RNA-seq data comparing WT and E531R-
mutant MLL-AF9 cells showed the phosphatase Eya1 was the 
most downregulated direct MLL-AF9 target gene and that 
one of its interaction partners, the transcription factor Six1, 
is also downregulated (Fig. 5). Importantly, forced expression 
of Eya1 in E531R-mutant MLL-AF9 rescued leukemia-initiat-
ing activity, but with delayed latency (Fig. 7A). Interestingly, 
genes altered by the E531R mutation overlap minimally with 
those affected by abrogation of MLL-AF9/DOT1L binding, 
indicating that BCOR recruitment to MLL-AF9 regulates a 
distinct subset of genes (Fig. 5C).

EYA phosphatase family members (1–4) bind to the tran-
scription factors SIX1 and SIX2 to regulate gene expression 
(38), with the phosphatase activity of the EYA partner being 
critical for gene activation (43). Indeed, either SIX proteins 
alone or EYA1 alone show moderate or low levels of activation 
of reporter constructs, whereas cotransfection of both pro-
duces synergistic activation (44). As Eya1 is the most down-
regulated direct MLL-AF9 target gene in MLL-AF9 (E531R) 
cells and Six1 is also downregulated, the data suggested that 
a meaningful portion of the changes in gene expression may 
arise from altered Eya1/Six regulation of target genes. Com-
parison of the MLL-AF9 (E531R) expression data to ChIP-seq 
data for SIX1 and SIX2 in nephron progenitors (40) indeed 
shows 30% of our altered genes are direct targets of SIX1 
and/or SIX2 (Supplementary Fig. S6A–S6C), confirming the 
importance of Eya1/Six–regulated genes in the effects seen 
with loss of BCOR binding to MLL-AF9.

Recent studies have shown that altered expression of the 
retinal determination gene network (RDGN) components 
DACH, EYA, and SIX can drive carcinogenesis with DACH 
acting as a tumor suppressor in opposition to EYA and SIX 
acting as oncogenes (38). Consistent with this, in cancers, EYA 
and SIX genes are upregulated, while DACH genes are down-
regulated (45). Importantly for our studies, components of 
the RDGN have been demonstrated to regulate the balance 
between self-renewal and differentiation of cancer stem cells 
(46, 47). Indeed, Eya1 overexpression immortalizes hemat-
opoietic progenitor cells, and heterodimerization with Six1 
augments this effect (26). Furthermore, two recent reports 
demonstrate a reduced LIC population in Six1 knockout or 
knockdown mouse cells expressing MLL-AF9 versus in a Six1 
WT background (48, 49). The unexpected observation that we 
see increased proliferation in the colony formation assay with 
MLL-AF9(E531R) could in part be due to increased expres-
sion of Hoxa7 (Fig. 5D; Supplementary Fig. S4C), which con-
tributes to hematopoietic stem/progenitor cell proliferative 
capacity (50). The Eya1/Six1/Dach1 axis likely contributes 
as well. Reduced Eya1/Six1 levels enable Dach1-dependent 
increases in Ccnd1 and Ccnd3 in myeloid cells (51), consistent  
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with the increased expression of Ccnd1, Ccnd2, and Ccnd3 in 
our gene expression data (Figs. 5A and 7D).

In addition to its role in regulating SIX transcription factor 
function, EYA1 has been shown to decrease the proteasomal 
degradation of MYC via dephosphorylation of T58 (33, 34). 
Consistent with the reduced Eya1 level in MLL-AF9 E531R 
cells, we observe decreased Myc protein in E531R cells rela-
tive to WT cells (Fig. 5E). GSEA analysis of our RNA-seq data 
identified a MYC signature (Fig. 5D; Supplementary Fig. S4H). 
MYC overexpression, via a variety of mechanisms, is observed 
in 30% of all human cancers and is correlated with increased 
risk of relapse and poor outcome (52). A critical role for MYC 
has been demonstrated in multiple types of leukemia, includ-
ing MLL-AF9 leukemia (53–56). The decreased Myc protein 
level observed in our MLL-AF9 (E531R) cells undoubtedly 
contributes to the reduction in LICs we observe. In human 
cells, EYA1 levels are lower in more differentiated myeloid 
lineages (CMP, GMP, and MEP) than in HSCs (BloodSpot–  
HemaExplorer dataset), suggesting higher levels of EYA1 are 
needed for maintenance of the HSC phenotype. Furthermore, 
EYA1 levels are consistently similar to or higher than that 
seen in HSCs across almost all subtypes of AML, including 
t(11q23)/MLL (BloodSpot–Merged AML dataset), consistent 
with a potential need for an increased level of EYA1 to main-
tain self-renewal. It is important to point out that as we only 
observe an effect on leukemia in vivo but no reduction, rather 
an increase, in proliferation ex vivo, EYA1 may not show up 
in genome-wide screens for dependencies such as the Cancer 
Dependency Map (depmap.org) that rely solely on effects on 
proliferation/survival ex vivo as their readout.

Our data indicate that the reduction in Eya1 and Six1 with 
loss of BCOR binding drives a loss of LICs, resulting in a lack 
of in vivo leukemogenesis (Fig.  4G). In support of this, we 
compared gene expression data from MLL-AF9 (E531R) with 
data from Stavropoulou and colleagues (35), which identified 
genes specifically upregulated or downregulated in LT-HSCs 
versus GMPs expressing MLL-AF9. MLL-AF9–expressing LT-
HSCs, as compared with GMPs, had increased putative LICs, 
and generated a more aggressive population of LICs with 
increased migratory capacity and Ara-C resistance. The latter 
result is consistent with that of Armstrong and colleagues, 
who also showed an increased LIC population for MLL-AF9 in 
HSCs versus GMPs as well as increased chemoresistance (37). 
As shown in Fig. 6, comparison of our RNA-seq data for MLL-
AF9 (E531R) identified genes that are increased with MLL-
AF9 expressed in LT-HSCs versus GMPs but decreased with 
MLL-AF9 (E531R), as well as the converse. These 30 genes 
likely contribute to the observed reduction in LICs. Among 
the genes identified are numerous well-characterized regula-
tors of LSC and/or HSC function that are down in MLL-AF9 
(E531R) cells, including Bcl2, Flt3, Fyn, Gata2, Maml3, Sox4.

Here we have demonstrated the structural basis of CBX8 
and BCOR binding to AF9. We have established that direct 
BCOR recruitment to MLL-AF9 is essential for leukemia, 
whereas direct CBX8 recruitment is dispensable. Further-
more, we show that the genes regulated by direct BCOR 
recruitment are distinct from those regulated by direct AF4 
and DOT1L recruitment and are driven to a large extent by 
EYA1/SIX and MYC regulation of gene expression. This set 
of altered genes upon loss of BCOR binding includes genes 

that play an important role in MLL-AF9 LIC function. The 
importance of the BCOR interaction for MLL-AF9 leuke-
mia has implications for development of efficacious targeted 
therapies for this devastating disease, particularly in light of 
the limited efficacy seen in initial clinical testing of enzymatic 
inhibitors of DOT1L. On the basis of our results, it is likely 
necessary to inhibit all the protein–protein interactions of 
the AF9 (or ENL) portions of MLL-AF9 (or MLL-ENL) rather 
than targeting selected partners to achieve efficacy. Further-
more, our data strongly support the likely therapeutic utility 
of targeting the phosphatase activity of Eya1.

METHODS
Structure Determination

Standard NMR methods were used to determine the CBX8–AF9 
and BCOR–AF9 complex structures. Details are provided in Supple-
mentary Information.

Fluorescence Polarization–Binding Assays
Standard methods were employed for the fluorescence polariza-

tion (FP) measurements of binding. Details are provided in Supple-
mentary Information.

Serial Replating Assays
All studies involving mice were approved by Loyola University’s 

Institutional Animal Care and Use Committee, according to stand-
ards set forth in the NIH Guidelines. MLL-AF9 wild-type (WT) and 
MLL-AF9–mutant serial replating assays were conducted with murine 
bone marrow (BM) c-kit+ cells transduced with MSCVneo, MSCVneo- 
MLL-AF9 (WT), MSCVneo-MLL-AF9 (D546R), or MSCVneo-MLL-
AF9 (E531R) retroviruses. Cells were plated in methylcellulose medium 
with cytokines and G418, as we have described previously (25). Colo-
nies and cells were enumerated, and cells were serially replated after 
7 days for each of 4 weeks. Colony size was quantified using the Fiji 
distribution of ImageJ analysis software. The arithmetic mean of the 
individual mean Feret diameters was then calculated for each experi-
mental group. Statistical significance was determined using Student 
two-tailed t test with a confidence interval of 95%. Colony assays were 
conducted in duplicate and repeated n = 6 for all of the constructs.

For CBX8 genetic complementation methylcellulose assays, full-
length CBX8, either WT or containing different mutations, was 
cloned into an MSCV-mCherry retroviral vector (kindly provided by 
Dr. Jiwang Zhang, Loyola University Chicago, Chicago, IL) and veri-
fied by sequencing. MLL-AF9–transformed BM progenitor cells from 
Cbx8fl/fl-Cre-ERT2 mice, which were previously published (kindly pro-
vided by Dr. Hess, Indiana University, Indianapolis, IN), were infected 
with retroviruses expressing mCherry-CBX8 (WT or mutant). After 
20 to 24 hours, mCherry-positive cells were sorted by FACS and cul-
tured in methylcellulose as described above, but containing 4-hydrox-
ytamoxifen (Sigma; H-7904) solubilized in 100% EtOH to induce 
endogenous Cbx8 deletion or EtOH as vehicle control. After 1 week, 
colonies were counted and cells processed for cytospin, RNA, and 
genomic DNA. PCR was used to determine the status of the endog-
enous Cbx8 floxed allele using primers as described previously (17).

For Eya1 and SIX1 complementation assays, MLL-AF9 E531R–trans-
formed cells were infected with MSCVneo-Eya1 and/or MSCVpuro-SIX1 
retroviruses (kindly provided by Dr. Michael Thirman, University of 
Chicago, Chicago, IL; described in ref. 26) and plated in methylcellulose 
medium with cytokines and puromycin or G418 as described above.

Flow Cytometry
Flow cytometry was carried out using standard approaches as we have 

done previously. Details are provided in Supplementary Information.
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In Vivo Transplantation
All studies involving mice were approved by Loyola University’s 

Institutional Animal Care and Use Committee, according to stand-
ards set forth in the NIH Guidelines. Transformed BM cells (25,000) 
were transplanted into sublethally irradiated (450 cGy, Radsource, 
RS-2000) 7- to 9-week-old C57Bl/6 mice (both males and females) 
via tail vein injection. Male and female mice were equally distributed 
and randomly assigned to receive MLL-AF9– or MLL-AF9(E531R)– or 
MLL-AF9(E531R) + Eya1– or Eya1 alone–transformed cells. For 10X 
MLL-AF9(E531R) experiments, mice received 250,000 cells. Additional 
mice received 100,000 freshly infected MLL-AF9(E531R) BM cells 
without prior culture in methylcellulose as previously described (25). 
Mice were group housed in sterile rodent microisolator caging with fil-
tered cage tops and provided with water and chow ad libitum. Mice were 
prophylactically treated with Baytril (Enrofloxacin, Sigma, #17849) at 
0.1 mg/mL in water ad libitum for 14 days postirradiation. Mice were 
monitored for leukemia development by observing for lethargy, sig-
nificant weight loss, or ruffled fur. Leukemia was verified by peripheral 
blood CBC (complete blood count) analysis (Hemavet 950FS) and after 
sacrifice by examining the BM, peripheral blood, and spleen.

RNA-seq
RNA was isolated from three MLL-AF9 WT and three MLL-AF9 

E531R samples by HudsonAlpha Genome Services Lab using the  
miRNeasy Mini Kit (Qiagen) and the standard protocol with on-column  
DNase treatment. Isolated RNA was quantified by Qubit (Invitrogen) and 
underwent quality control with a 2100 Bioanalyzer (Agilent). Samples 
were normalized to 500 ng of input in 50 μL, and mRNAs were enriched 
by poly(A) selection. Resultant RNA was used for directional first-strand 
synthesis and cDNA library synthesis. Libraries were sequenced using 
a 100PE lane on a HiSeq 2500 (Illumina). Details of the analysis of the 
RNA-seq data are provided in Supplementary Information.

Quantitative RT-PCR
qPCR was carried out using standard approaches as we have done 

previously with expression normalized to Polr2a. Details are provided 
in Supplementary Information. Primers used are listed in Supple-
mentary Table S4.

Western Blot Analysis for Myc Protein Level
Whole-cell lysates were prepared from MLL-AF9 and MLL-

AF9(E531R)–transformed primary BM cells using standard appro
aches. Details are provided in Supplementary Information.

Accession Numbers
The Protein Data Bank (PDB) IDs for the CBX8– and BCOR–AF9 

structures are 2N4Q and 6B7G, respectively. The Gene Expression 
Omnibus (GEO) accession number for RNA-seq data is GSE105767.
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