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RUNX1-RUNXIT1 (formerly AML1-ETO), a transcription factor generated by the t(8;21) translocation in acute
myeloid leukemia (AML), dictates a leukemic program by increasing self-renewal and inhibiting differentiation.
Here we demonstrate that the histone demethylase JMJD1C functions as a coactivator for RUNX1-RUNXI1T1
and is required for its transcriptional program. JMJD1C is directly recruited by RUNX1-RUNX1T1 to its target

genes and regulates their expression by maintaining low H3K9 dimethyl (H3K9me2) levels. Analyses in
JMJD1C knockout mice also establish a JMJD1C requirement for RUNX1-RUNXI1T1’s ability to increase
proliferation. We also show a critical role for JMJD1C in the survival of multiple human AML cell lines,
suggesting that it is required for leukemic programs in different AML cell types through its association with

key transcription factors.
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Hematopoiesis is controlled by the differential expression
of key transcription factors that act cooperatively to main-
tain a well-orchestrated balance of hematopoietic stem
cell (HSC) self-renewal and differentiation (Wilson et al.
2010). These functions of transcription factors are fre-
quently dysregulated in leukemia by chromosomal trans-
locations, mutations, or aberrant expression and lead to
abnormal self-renewal (Look 1997). RUNX1-RUNXI1T1
(commonly referred to as acute myeloid leukemia 1
[AML1]-ETO and referred to here as AE), generated by
the t(8; 21) translocation, occurs in ~15% of AML cases
(Look 1997; Kaspers and Zwaan 2007) and acts to enhance
self-renewal and inhibit myeloid differentiation.

AE consists of the DNA-binding domain (RUNT) of the
hematopoietic transcription factor RUNXI1 (also known
as AML1) (Meyers et al. 1993) and almost the entire
ETO corepressor. Several lines of evidence from in vivo
studies suggest that AE plays a role in leukemia stem
cells. AE RNA transcripts are found in hematopoietic
cells of nonmyeloid lineages in some patients, suggesting
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that the AE fusion protein is present in the multipotent
progenitor cells (Miyamoto et al. 1997). Consistent with
various earlier studies (Miyamoto et al. 1997; Mulloy
et al. 2002, 2003), recent studies of an inducible AE mouse
model showed that leukemic granulocyte macrophage
progenitors (GMPs) resulting from AFE expression have ac-
quired self-renewal abilities (Cabezas-Wallscheid et al.
2013). In addition, it has been shown that AE can promote
self-renewal of mouse and human hematopoietic stem
and progenitor cells (HSPCs) (Higuchi et al. 2002; Mulloy
et al. 2003). However, since the complete AE alone is inca-
pable of generating leukemia in mice, most studies in
mice have used either the C-terminal-truncated AE desig-
nated AE9a (Yan et al. 2006), a full-length AE bearing sev-
eral point mutants (DeKelver et al. 2013), or wild-type AE
in combination with a gain-of-function mutation in a ty-
rosine kinase such as FLT3 (Schessl et al. 2005) or ¢-KIT
(Wang et al. 2011D).
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Like many transcription factors, and depending on the
target gene, AE can act as either an activator or a repressor.
Mechanistically, earlier studies mainly focused on the
repressor function of AE because ETO had been shown
to interact with several (co)repressors such as NCOR
and HDACs (Nimer and Moore 2004; Yan et al. 2004)
and stably interact with E proteins to prevent p300 bind-
ing (Zhang et al. 2004). However, possible mechanisms
of transcriptional activation by AE were not revealed until
recently. Thus, two studies reported that AE interacts
with coactivators p300 (Wang et al. 2011a) and PRMT1
(Shia et al. 2012), whereas a study from our laboratory
showed that AE forms a stable complex (AETFC) with
multiple hematopoietic transcription factors/cofactors
that include CBFB (Gorczynski et al. 2007; Park et al.
2009), E proteins (E2A and HEB), oncoprotein LYL1, and
adaptor proteins LMO2 and LDBI1 (Sun et al. 2013). Since
the targeting of interactions between transcription factors
and cofactors has been proposed to have therapeutic po-
tential (Cerchietti et al. 2009, 2010), we sought to identify
additional AE cofactors that may thus serve as more trac-
table therapeutic targets.

Histone-modifying enzymes and modified histone-
binding proteins, which serve as potential therapeutic tar-
gets because of their enzymatic sites and binding pockets,
have been implicated in leukemia (Deshpande et al. 2012;
Popovic and Licht 2012). The H3K79 methyltransferase
DOTIL accounts for aberrant H3K79 methylation levels
in MLL translocation-related leukemias (Bernt et al.
2011), and inhibition of the histone demethylase LSD1 in
combination with all-trans retinoic acid (ATRA) can
induce differentiation of leukemic cells (Schenk et al.
2012). The bromodomain protein BRD4, which recognizes
acetylated lysines on histones, has also been identified as a
therapeutic target (Filippakopoulos et al. 2010; Zuber et al.
2011). Importantly, several small molecule inhibitors have
been developed against these proteins. These include JQ1
(Filippakopoulos et al. 2010; Zuber et al. 2011) and
i-BET151 (Dawson et al. 2011), inhibitors of BRD4, and
the DOTI1L inhibitor EPZ004777 (Daigle et al. 2011).

As a key transcription factor in t(8,21) leukemias, AE is
thought to control cancer cell state through interactions
with genomic elements and subsequent recruitment of
cofactors (e.g., chromatin remodeling and histone-modify-
ing enzymes) that regulate gene expression. Several stud-
ies have defined the genomic localization of AE
and several corresponding histone modifications in AE-
expressing cells (Martens et al. 2012; Ptasinska et al.
2012; Saeed et al. 2012). These studies reported a decrease
of H3/H4 acetylation levels for a subset of AE-bound
genes, suggesting a correlation between AE occupancy
and the resulting changes of histone modifications by re-
cruitment of HDACs. However, these studies failed to
directly connect AE or other potentially associated tran-
scription factors to histone modification changes and did
not analyze the possible mechanism of gene activation
by AE.

In an effort to understand the molecular mechanisms
underlying transcriptional activation by AE and search
for potential therapeutic candidates, we performed an un-
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biased proteomic analysis of AE-associated proteins in
leukemic (patient-derived) Kasumi-1 cells. In this study,
we found that the histone lysine demethylase JMJD1C in-
teracts directly with AE both in cells and in vitro. JMJD1C
was originally identified as a ligand-dependent interacting
partner of thyroid hormone (Lee et al. 1995) and androgen
(Wolf et al. 2007) receptors and contains conserved JmjC
and zinc finger domains that are jointly required for its
demethylase activity (Yamane et al. 2006). Reported sub-
strates include H3K9 dimethyl (H3K9me2) (Kim et al.
2010) and MDC1, a protein involved in DNA damage re-
pair (Watanabe et al. 2013). In our study, we demonstrate
that JMJD1C is recruited by AE to target genes, that deple-
tion of AE or JMJDI1C leads to an increase of H3K9me2
levels on these target genes, and that JMJD1C is required
for survival of multiple AML cells, possibly through its
interaction with key transcription factors in these human
AML cell lines.

Results

JMJD1C and AETFC interact in vivo and in vitro

Our recent study (Sun et al. 2013) demonstrated that AE
forms a stable complex (AETFC) with several hematopoi-
etic transcription factors. In order to further understand
the molecular mechanism by which these transcription
factors activate AE target genes in the context of t(8;21)
leukemia, we used an unbiased immunoprecipitation
proteomic analysis to identify candidate AE coactivators.
Given that coactivators usually interact with transcrip-
tion factors in a dynamic manner, the purification was
performed under less stringent conditions than those
used in our earlier study. In order to reduce nonspecific
binding and preserve cell viability, we established a
Kasumi-1 cell line (Kasumi-1-HF-AE) that can be induced
to express HA-Flag-AF at a level similar to that of the en-
dogenous AE (Supplemental Fig. S1A). Nuclear extracts
(NEs) derived from control and Kasumi-1-HF-AE cells
were used in a Flag-HA tandem purification protocol.
Bound proteins were resolved by SDS-PAGE and analyzed
by mass spectrometry (Fig. 1A).

This analysis identified the intact AETFC (Fig. 1A,
right; Supplemental Table S1) and known corepressors
or components of corepressor complexes that include
HDACs, RBBP4, MTA2, and Co-REST (Lee et al. 2005),
suggesting possible roles of these complexes in AE-depen-
dent gene repression. In search of potential transcriptional
coactivators, we found novel AE-associated proteins, in-
cluding a presumptive complex consisting of PARPI,
DNAPKcs, Ku70, and Ku80 (Fig. 1B; data now shown).
Another very interesting hit was the H3K9mel/2 de-
methylase JMJD1C. H3K9mel and H3K9me2 are mod-
ifications associated with transcriptional repression
(Black et al. 2012). Notably, H3K9me2 is absent in primi-
tive hematopoietic cells but appears at CpG islands in hu-
man HSPCs and expands during differentiation (Chen
et al. 2012). Taking into account the correlation of
H3K9me?2 levels in normal hematopoietic development,
we hypothesized that JMJD1C may be recruited by AE
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and thereby play a role in maintaining low levels of
H3K9me?2 at AE target genes.

We next confirmed that JMJD1C and AE physically
associate in Kasumi-1 cells by reciprocal coimmuno-
precipitation experiments (Fig. 1B,C). This analysis used
a custom-made rabbit polyclonal JMJD1C antibody that
specifically recognizes JMJD1C, but not JMJD1A and
JMJDI1B, in both immunoprecipitation and immunob-
lotting experiments (Supplemental Fig. S1B,C). Notably,
all AETFC components could be coimmunoprecipitated
with anti-JMJD1C in these cells (Fig. 1C) and AE-express-
ing SKNO-1 cells (Supplemental Fig. SID). A subsequent
analysis with Flag-tagged JMJD1C and HA-tagged AE
proteins, expressed in and purified from insect cells, dem-
onstrated a direct and stable interaction between these pro-
teins (Fig. 1D; Supplemental Fig. S1E). In order to further
document a direct interaction between AE and JMJD1C
and provide information on which AE domain interacts
with JMJD1C, High Five cells were coinfected with baculo-
viruses expressing HA-JMJDIC and different truncation
variants of f-AE (Supplemental Fig. S1F), and lysates were
immunoprecipitated with M2 agarose. The results clearly
show that JMJD1C interacts with the C terminus of AE,

since AE9a, a spliced variant lacking the C terminus,
showed no interaction (Supplemental Fig. S1G).

The coimmunoprecipitation of all AETFC components
with anti-JMJD1C suggested that JMJD1C might interact
with multiple AETFC subunits. Indeed, JMJDIC was
coimmunoprecipitated (along with all AETFC subunits)
by anti-HEB (Fig. 1E). More interestingly, an analysis
with purified AE, AETFC, and combinations of AETFC
subunits revealed that the interaction between AE and
JMJDI1C is more predominant in the context of the AE-
containing AETFC complex (Fig. 1F). These results en-
couraged us to examine whether other transcription
factors in the AETFC complex could directly interact
with JMJD1C and thereby effect stronger binding of
JMJDI1C to the AETFC complex relative to AE alone. In
addition, HEB and E2A are ubiquitously expressed E-pro-
tein transcription factors that can act as homodimers or
heterodimers with other tissue-restricted basic helix—
loop-helix proteins (Murre 2005) that include LYLI1
(Visvader et al. 1991). In a further analysis, HA-HEB,
HA-E2A, HA-HEB/f-LYLI1, and HA-E2A/f-LYL1 were in-
dependently immobilized on HA agarose beads and then
incubated with purified f-JMJD1C. Notably, JMJD1C
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showed a direct interaction with the HEB homodimer (Fig. JMJD1C is necessary for survival of human acute
1G, lane 6) and an even stronger interaction with the HEB/ myeloid leukemic cells
LYL1 heterodimer (Fig. 1G, lane 4). This result suggests
that multiple transcription factors in the AETFC com- To assess the role of JMJD1C in the survival of AE-
plex, along with AE, work together to interact with dependent cancer cells, we first depleted JMJD1C. The
JMJDI1C. This result is also consistent with an earlier results, using two separate shRNAs, demonstrate that
report of the oncogenic potential of LYL1 in AML cells both Kasumi-1 cells (Fig. 2A) and SKNO-1 cells (Sup-
(Meng et al. 2005) and suggests that oncoprotein LYL1 di- plemental Figs. S2A, S9C,D) are very sensitive to deple-
merizes with HEB in the context of the AETFC complex tion of JMJD1C, with cell numbers greatly reduced
to facilitate the interaction with JMJDIC. compared with control shRNA-treated cells. Similarly,
]
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Figure 2. JMJDIC is required for Kasumi-1 cell growth and inhibition of differentiation by AE. (A,B) Assessment of proliferation (A) or
colony formation ability (B) of Kasumi-1 cells treated with either a control shRNA lentivirus or two separate JMJD1C shRNA lentiviruses.
Error bars represent standard deviation (SD). Data in this figure are represented as mean = SD. (C) Examination of JMJD1C protein (left) and
RNA (right) levels upon shRNA knockdown. (*) P < 0.05. (D) Immunoblot showing increased cleaved caspase 3 upon JMJD1C knockdown.
Actin blot served as a loading control. (E) Immunoprecipitation of HF-AE in HL60-HF-AE cells to confirm assembly of intact AETFC com-
plex and JMJD1C association. Bound proteins were detected with antibodies to the proteins shown on the left. (F) Quantification of
CD11b-positive cell percentage from flow cytometry experiments indicating AE’s ability to inhibit CD11b expression under different dif-
ferentiation conditions in HL60-HF-AE cells. (G) Bar graph measuring the change of CD11b* percentage when AE is induced in HL60-HF-
AE cells with (lanes 3,4) or without (lanes 1,2) IMJD1C shRNA63. Quantification of three biological replicates of experiments is shown.
(*) P<0.05. (H) Colony counts of AE transformed LIN~ Jmjd1c” bone marrow (BM) cells after transduction of CRE or MIT control viruses
in methylcellulose. Results shown are from one wild-type and three f/f mice. After each plating, colony numbers were counted per 10,000
cells plated. (*) P <0.05.
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the colony-forming potential of Kasumi-1 cells was also re-
duced upon JMJD1C depletion (Fig. 2B), with the efficiency
of JIMJD1C knockdown assessed by both mRNA and pro-
tein levels (Fig. 2C). The reduced cell viability reflects in-
creased apoptosis, as indicated by the increased level of
cleaved Caspase 3 (Fig. 2D). However, no significant cell
cycle alterations in Kasumi-1 cells were detected upon
JMJD1C knockdown (Supplemental Fig. S2B). In summary,
JMJD1C is required for survival of Kasumi-1 cells.

JMJD1C plays a role in the AE-dependent inhibition
of myeloid differentiation

We next examined the role of AE in the inhibition of cell
differentiation. We noted that HL-60 cells, which were de-
rived from an FAB M2 acute myeloid leukemia patient
(Dalton et al. 1988), can be induced to differentiate by
ATRA in combination with an LSD1 inhibitor such as tra-
nylcypromine (TCP) (Supplemental Fig. S2C, left column;
Schenk et al. 2012). However, neither ATRA nor TCP,
alone or in combination, could increase CD11b expres-
sion or reduce CD34 expression in Kasumi-1 cells (Supple-
mental Fig. S2C). Therefore, as an alternate approach, we
established an HL-60 cell line (HL60-HF-AE cells) that can
be induced to express AE in a doxycycline (Dox)-depen-
dent manner (AE expression level is shown in Supplemen-
tal Fig. S1A). These cells grow at a similar rate without
Dox induction (Supplemental Fig. S2D). More important-
ly, the exogenously expressed AE elicits assembly of the
AETFC complex, which associates with JMJD1C (Fig.
2E). Cells were induced to differentiate by ATRA/TCP
in the absence (control) or presence (AE induction) of
Dox, and CD11b surface marker percentages were mea-
sured by flow cytometry. Notably, AE induction resulted
in a dramatic reduction of CD11b expression under all
differentiation conditions (Fig. 2F), confirming AE'’s abili-
ty to inhibit differentiation.

We next explored a potential role for IMJD1C in the AE-
dependent differentiation block in the inducible AE cell
line. HL60-HF-AE cells were transduced with either con-
trol shRNA virus or JMJD1C shRNAG63 virus and, after
2 d, were treated with either solvent (DMSO) or ATRA/
TCP to induce differentiation. An analysis of CD11b ex-
pression revealed that the ability of AE to inhibit differen-
tiation was greatly compromised by JMJDI1C depletion
(Supplemental Fig. S2E). Results from three independent
cell lines are summarized in Figure 2G (cf. lanes 2 and
4). Depletion of JMJDIA or JMJD1B, two JMJDI1C paral-
ogs, did not affect AE’s ability to inhibit differentiation
(Supplemental Fig. S3A-D). These results suggest that
JMJDI1C, but not JMJD1A or JMJD1B, also plays a role in
AE-dependent inhibition of cell differentiation.

JMJD1C is important for the colony-forming
activity of AE

We next investigated whether the physical interaction
between JMJD1C and AE plays an important role in AE-
dependent leukemia using a JMJD1C conditional knock-
out mouse. Since intact AFE by itself does not generate leu-

JMJD1C as coactivator for leukemic proteins

kemia in mice, we analyzed the leukemogenic potential
of AE in a colony formation cell (CFC) assay using primary
bone marrow-derived progenitor cells (Supplemental Fig.
S3E). To this end, we isolated HSC-enriched cell popula-
tions from both wild-type and Jmjd1c” mice. Cells were
first transduced with pMIGR-ha-AE-IRES-GFP. After
GFP-positive cells were sorted, they were transduced
with either MIT control or MIT-CRE viruses. Sorted cells
were plated in Methocult supplemented with cytokines
for colony formation. Although the same number of cells
was plated for each sample, we observed a significant re-
duction in colony number with Jmjd1c/-CRE cells com-
pared with Jmjdic-MIT cells after three rounds of
plating (Fig. 2H). While the effect of Jmjdic deletion on
AE-mediated colony formation is significant, it is also
relatively mild compared with its effect on MLL-AF9-
mediated colony formation (N Zhu and SA Armstrong,
unpubl.). This mild effect, on the one hand, reflects
some growth advantage of Jmjd1c-undeleted cells, as indi-
cated by genotype analyses showing the appearance of a
Jmjdic-undeleted population at week 1 compared with
day 2 after sorting (Supplemental Fig. S3F), and, on the
other hand, is consistent with the JMJD1C requirement
for AE-dependent colony formation. Notably, the re-
duction of CRE virus-treated cells compared with MIT
virus-treated cells at week 1 is probably a result of CRE
virus toxicity because no such reduction was observed
at week 2 or 3 (Fig. 2H). These results suggest that JMJD1C
is important for the colony-forming ability of progenitor
cells driven by AE.

JMJD1C and AE colocalize globally

After establishing physical and functional connections be-
tween JMJDI1C and AE, we set out to examine whether
JMJD1C, which could potentially function as an AE coac-
tivator, could be recruited to chromatin by AE and thereby
play a role in the AE-directed transcriptional program.
To this end, we performed ChIP-seq (chromatin immu-
noprecipitation [ChIP] combined with deep sequencing)
analysis of JIMJD1C in Kasumi-1 cells using our custom
JMJD1C antibody. Our JMJD1C ChIP-seq results were
compared with our earlier AE ChIP-seq results obtained
with the ETO antibody (Sun et al. 2013). Well-established
AE target genes such as LMO2, ID1, EGR1, and CDKN1A
(also known as p21) are cobound by AE and JMJDI1C in
the same regions (Fig. 3A-D). Snapshots for two of the
newly identified cobound genes, NOG and PADI3, are
also shown (Fig. 3E,F) and further demonstrate the high
quality of our ChIP-seq data and the colocalization of
JMJD1C and AE.

An examination of the distribution of all J]MJD1C-bind-
ing sites reveals that the JMJD1C peaks are significantly
enriched toward promoter regions relative to the genomic
DNA (12.9% for IMJD1C vs. 1.1% for genomic DNA)
(Supplemental Fig. S4A). To further demonstrate that
JMJDI1C colocalizes with AE in a genome-wide manner,
we focused on flanking regions within 1 kb of the tran-
scription start sites (TSSs) of all genes. First, presentation
of the data in a Venn diagram shows a significant overlap
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JMJDI1C, to target genes. (A-F) ChIP-seq
analyses of AE (green) and JMJDI1C (red) on
known AE-activated target genes LMO2,
ID1, EGR1, and CDKN1A and newly identi-
fied target genes PADI3 and NOG. Track
names are indicated at the left. Gene names
are shown below each snapshot. Black bars
indicate ChIP-PCR amplicons used in the
quantitative PCR (qPCR) analyses in the fol-
lowing figure. (G) Venn diagram depicting
numbers of gene promoters (1-kb distance
flanking transcription start sites [TSSs])
bound by JMJD1C alone (5848), by AE alone
(4210), or jointly by both (2779). P-values as-
sessing significance of the numbers of co-oc-
cupied genes are indicated above. (H) Heat
map of ChIP-seq reads for JIMJD1C and AE
rank-ordered from high to low J]MJD1C occu-
pancy centered on a =1-kb window around
the TSSs of all genes. Color density reflects
read enrichment; white indicates no enrich-
ment. (I) Transcription factor-binding mo-
tifs enriched at JMJDI1C-binding regions
relative to genomic background, with associ-
ated P-values indicated at the right of each
motif. (/) ChIP-qPCR analyses of J]MJD1C
occupancy on target genes following con-
trol shRNA or AE shRNA treatment.
Amplicon positions for peaks on LMO2
(LMO2-pl and LMO2-pro), ID1 (ID1pl,
ID1p2, and ID1p3), CDKN1A (p21-20), and
NOG (NOG-pro) genes are schematically
indicated as black bars in A, B, D, and F.
ChIP amplicons for HBB (HBB-pro), MYC
(MYCpl), and SPI1 (PU.l-enh and PU.I-
pro) are indicated in Supplemental Figure
S4E-G. Data in this figure are represented
as mean = SD. (*) P<0.05. (K) ChIP-qPCR
analyses of AE occupancy using either ETO
antibody or HA antibody on target genes
CDKNI1A (p21) or ID1 in HL60-HF-AE cells.
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Blue bars and yellow bars represent ChIP assays performed in HL60-HF-AE cells without Dox induction, whereas orange and gray bars

represent ChIP assays performed in Dox-induced HL60-HF-AE cells. (*)
genes upon AE induction in HL60-HF-AE cells. (*) P < 0.05.

of JIMJD1C- and AE-bound promoters with a P-value of
<2.2 x 1071¢ (Fig. 3GJ. Moreover, the rank ordering of all
TSS regions according to JMJD1C peak strength (Fig. 3H)
or AE peak strength (Supplemental Fig. S4B) shows a pos-
itive correlation of JMJD1C and AE binding. In addition, a
motif analysis using HOMER software showed significant
enrichment of RUNXI1-, HEB-, and SCL/LYLI-binding
motifs in JMJD1C-bound regions obtained from JMJD1C
ChIP-seq data (Supplemental Fig. 3I), consistent with
our previous finding from AE ChIP-seq motif analysis
that AE binds to DNA through both its Runt domain
(DNA-binding domain of RUNXI) and its interaction
with other AETFC components that also bind DNA
directly (Sun et al. 2013). These results support our hy-
pothesis that JMJD1C colocalizes with AE and likely the
intact AETFC. We also identified motifs that correspond
to binding sites for other hematopoietic transcription fac-
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P <0.05. (L) ChIP-qPCR analyses of JMJD1C occupancy on target

tors that include PU.1/ETS, C/EBP, and AP-1 proteins.
This finding is consistent with previously reported, likely
dynamic, interactions of these transcription factors with
AETFC components (Peterson and Zhang 2004; Wilson
et al. 2010).

JMJD1C is directly recruited by AE to target genes

The direct physical interaction between AE and JMJD1C
and their genome-wide colocalization support the idea
that AE, as a key transcription factor in Kasumi-1 cells,
directly recruits JMJD1C to target genes. To further dem-
onstrate that AE (or AETFC) is important for JMJD1C
recruitment, we performed a JMJD1C ChIP-qPCR (quanti-
tative PCR) assay following AE knockdown in Kasumi-1
and SKNO-1 cells. ChIP signals were normalized to
control shRNA-treated cells. For the AE and JMJD1C



coregulated target genes ID1, LMOZ2, and NOG, AE deple-
tion resulted in notable decreases of JMJD1C occupancy
in both Kasumi-1 (Fig. 3]J) and SKNO-1 (Supplemental
Fig. S4C,D) cells. These results strongly support our re-
cruitment model.

To provide further evidence for AE-dependent J]MJD1C
recruitment, we again took advantage of the inducible
HLG60-HF-AE cell line. Both anti-HA and anti-ETO ChIP
analyses revealed binding of HA-Flag-tagged AF to target
genes following induction by Dox (Fig. 3K). Consistent
with our previous results, AE induction also resulted in
increased binding of JMJD1C on several target genes
(Fig. 3L), with corresponding increases in RNA expression
(Supplemental Fig. S5A) and with p21 being the most sig-
nificant of the genes tested. Moreover, the increases in
RNA expression were abrogated by depletion of JMJD1C
(Supplemental Fig. S5B-D). Taken together, the data
from both the loss-of-function and the gain-of-function
studies strongly suggest that JMJD1C, as a binding partner
of AE, is directly recruited to AE target genes.

JMJD1C regulates AE-activated genes in Kasumi-1 cells

To investigate its role in regulating endogenous gene
expression in Kasumi-1 cells, JMJD1C was depleted by
shRNAs. We first examined effects on known AE-activat-
ed target genes that were identified in our earlier AE RNA
sequencing (RNA-seq) analysis (Sun et al. 2013) and, as ex-
pected, showed that they were down-regulated at the
RNA level by AE depletion (Fig. 4A, from p21 to STYK-
1). Depletion of JMJD1C using two shRNAs also resulted
in a decrease in the RNA expression levels of these genes
(Fig. 4B, from p21 to STYK-1).

In order to examine how JMJD1C regulates target genes
globally, we performed RNA-seq analyses of Kasumi-1
cells treated with either control shRNA or two JMJD1C
shRNAs and with samples prepared in duplicate. We
found that 517 and 327 genes were significantly down-
regulated in JMJD1C shRNAG63-treated and JMJD1C
shRNA95-treated cells, respectively, while 419 and
466 genes were significantly up-regulated in JMJD1C
shRNAG63-treated and JMJD1C shRNA95-treated cells,
respectively. We then compared the RNA analyses
with previously published (Sun et al. 2013) RN A-seq anal-
yses of AE shRNA-treated Kasumi-1 cells. We picked
several genes with FPKMs (fragments per kilobase per
million mapped fragments) >10 in both J]MJD1C shRNA-
treated samples and AE shRNA-treated samples and con-
firmed their down-regulation by RNA-qPCR analysis in
Kasumi-1 cells (Fig. 4A,B, from WASFI to TSHZ3) and
SKNO-1 cells (Supplemental Fig. S5E). We then set out
to examine whether AE and JMJD1C regulate target genes
coordinately in a genome-wide manner. We chose a cutoff
of twofold change and P-value < 0.05 for RNA-seq analysis
from AE shRNA-treated cells. Venn diagrams show that,
for both up-regulated and down-regulated gene categories,
the RNA expression changes for both JMJD1C shRNA
treatments are significant and consistent with the RNA
expression changes following AE shRNA treatment (Fig.
4C,D). Furthermore, box plots show that AE shRNA treat-

JMJD1C as coactivator for leukemic proteins

ment significantly reduced expression of JMJD1C-activat-
ed genes (P=0.000039) (Fig. 4E, left). AE and JMJD1C
knockdowns also resulted in up-regulation of some genes.
However, the overlap between these sets was only border-
line significant (P = 0.042) (Fig. 4E, right), suggesting that
this is more likely to reflect secondary effects compared
with the coordinately activated gene set. These results
are consistent with the hypothesis that JMJDIC serves
as a coactivator for AE.

JMJD1C is necessary for the maintenance
of low H3K9me1/2 levels on AE target genes
in Kasumi-1 cells

Next, we aimed to understand the molecular mechanism
of AE- and JMJD1C-dependent gene activation in leuke-
mia cells. Although transcription cofactors can be recruit-
ed by different mechanisms to chromatin to exert their
gene regulatory functions, one important mechanism is
through binding to transcription factors that directly
bind to DNA (Roeder 2005). In view of our demonstra-
tion of a direct interaction of JMJD1C with AE/AETFC,
we postulated that, in Kasumi-1 cells, JMJDI1C is directly
recruited by AE to target genes in order to maintain
AE target gene expression by removing the repressive
H3K9me2 mark.

JMJDI1C belongs to the same family as its paralog,
JMJD1A, which has been shown to have histone
H3K9mel/2 demethylase activity (Yamane et al. 2006).
Although several studies have tried to assess the activity
of IMJDIC, the conclusion is controversial (Kim et al.
2010; Brauchle et al. 2013; Watanabe et al. 2013; Sroczyn-
ska et al. 2014). Therefore, we first set out to address the
discrepancy between different studies. In our in vitro stud-
ies with recombinant JMJD1C, we failed to observe any
obvious demethylase activity on H3K9m?2 peptide (data
not shown), histone (Fig. 5A), or mononucleosome (Sup-
plemental Fig. S6A) substrates but observed a weak deme-
thylation of H3K9mel on a polynucleosome substrate
(Fig. 5B). In view of the JMJDIC inactivity on histones
and only weak activity on polynucleosomes as well as a
precedent for other demethylases (Laurent et al. 2015),
we considered the possibility that JMJD1C requires a co-
factor for optimal demethylation activity. In support of
this possibility, a NE fraction from 293T cells potentiated
the activity of JMJD1C, as evidenced by a clear reduction
of H3K9mel levels but not H3K4mel/2 levels on histone
substrates (Fig. 5C).

Next, in order to further support our hypothesis of
the function of JMJD1C as an H3K9 demethylase on target
genes, we examined H3K9me2 levels by ChIP assays in
Kasumi-1 cells treated with JMJD1C or AE shRNAs. Al-
though the coactivated genes examined were marked by
varied amounts of H3K9me2, most of the promoters
showed increased levels of H3K9me2 following deple-
tion of JMJD1C or AE (Fig. 5D; Supplemental Fig. S6B).
Consistent with the increased levels of the repressive
H3K9me2 mark and the decreased levels of gene expres-
sion (Fig. 4A,B) following AE and JMJD1C knockdown,
the H3K27 acetylation mark (H3K27ac) that is associated
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Figure 4.

JMJDI1C is required for expression of AE target genes. (A,B) RT-qPCR analyses of RNA levels in Kasumi-1 cells treated with

either control shRNA, AE shRNA (A), or two separate J]MJD1C shRNAs (B). Control shRNA-treated samples were arbitrarily set as
1. Data in this figure are represented as mean = SD. (*) P < 0.05. (C,D) Venn diagrams showing the numbers of genes differentially expressed
with up-regulation (red) or down-regulation (blue) in Kasumi-1 cells treated with JMJD1C shRNAG3 (C) or JIMJD1C shRNA95 (D) and ei-
ther control shRNA or AE shRNA. The number of consistently regulated genes is significantly greater (P=3.5x 107 or P=1.8 x 107°¢, *
test) than the number of oppositely regulated ones. (E) Comparison of RNA expression levels [log(FPKM)| of control shRNA (Control) and
AFE shRNA-treated (AE) Kasumi-1 cells. (Left panel) Significantly down-regulated genes by J]MJD1C knockdown with g-value <0.05.
(Right panel) Significantly up-regulated genes by JMJD1C knockdown with g-value <0.05. Control and AE at the bottom of each panel

indicate the shRNAs used. (***) Significance.

with activation was also reduced (Supplemental Fig. S7A-
C). In contrast, the H3K9me2 levels at the promoters of
the HBB gene, which is not expressed in Kasumi-1 cells,
and the AE-repressed SPI1/PU.1 gene did not show signif-
icant changes (Fig. 5D; Supplemental Fig. S7D). In addi-
tion, H3K9me2 levels of two representative genes were
also shown to increase after AE or JMJD1C depletion in
SKNO-1 cells (Supplemental Fig. S7E,F), consistent with
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our results in Kasumi-1 cells. Consistent with our in vitro
demethylation assays, we also showed an increase of
H3K9mel levels on AE target genes upon JMJD1C deple-
tion (Supplemental Fig. S7G-]).

To complement our knockdown experiments in
Kasumi-1 cells, we used the AE inducible HL60-HF-AE
cell line. We first compared ChIP-seq results for AE in
Kasumi-1 (anti-ETO) and HL60-HF-AE (anti-HA) cells
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after Dox induction. The results show that endogenous
AFE in Kasumi-1 cells and Dox-induced AE in HL60-HF-
AE cells bind to similar places on both CDKNIA and
ID1 genes (Fig. 5E,F, bottom panels). We then designed
three sets of primers for each gene to analyze different re-
gions bound by AE in ChIP-qPCR assays (amplicons are
indicated as black bars in Fig. 5E,F, bottom panels). We ob-
served consistent reductions in H3K9me?2 levels on the
CDKN1A and ID1 regions bound by AE upon Dox induc-
tion (Fig. 5E,F, top panels) but, similar to what was ob-
served in Kasumi-1 cells, no change in the H3K9me2
levels on the HBB promoter (Fig. 5G). Moreover, the
depletion of JMJD1C with shRNA reversed the effect on
H3K9me2 caused by AE induction, further confirming
functional cooperation between AE and JMJD1C (Supple-
mental Fig. S8A). Examination of H3K18ac and H3K27ac
levels showed increases of these marks only on TSSs (Sup-
plemental Fig. S8B-E, PCR amplicons ID1p3 and p21-20).
These results also suggest that AE directly recruits

JMJDIC to target genes and that this is accompanied by
reductions in H3K9me2 levels.

JMJD1C is required for proliferation of multiple
AML cell lines

The above results have shown that JIMJD1C directly inter-
acts with AE, is recruited to target genes activated by AE,
and is required for the maintenance of low H3K9mel/2
levels at these genes in AE-dependent leukemia. An earli-
er discovery that JMJDI1C is also involved in MLL-AF9
leukemia maintenance (Sroczynska et al. 2014) prompted
us to examine whether JMJD1C is required in other leuke-
mias. To this end, we examined the effect of JMJD1C
depletion in various types of human AML cell lines (Sup-
plemental Fig. S9A). First, RT-qPCR and immunoblot
analyses showed that these cells express relatively high
levels of IMJD1C RNA (Supplemental Fig. S9B) and simi-
lar levels of nuclear JIMJD1C protein (Fig. 6A). Second,
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depletion of JMJD1C compromised the growth of all test-
ed AML cell lines except KG-1 (Fig. 6B; Supplemental Fig.
S9C,D). These results suggest that JMJD1C, a commonly
expressed protein in AML cell lines, is required for main-
tenance of multiple types of leukemia that result from dif-
ferent mutations.

JMJD1C associates with key transcription factors
or transcription factor complexes in different
leukemia cell lines

The surprising fact that JMJDI1C is apparently required
for multiple types of AML encouraged us to look for a
molecular mechanism that supports a common conse-
quence of JMJDIC depletion from distinct cell types.
Our current evidence supports a model in which AETFC
recruits JMJDIC to its target genes in Kasumi-1 cells to
regulate transcription. In this regard, our finding that
JMJDI1C in Kasumi-1 cells not only interacts with AE
alone but also associates even more strongly with other
components of the AETFC complex implies that JMJD1C
works through this key multicomponent transcription
factor complex (Fig. 1C). This observation and our broader
functional data for JMJDI1C led us to first hypothesize
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Figure 6. JMJDIC and HEB/LYL1 are essential for sur-
vival of a great variety of AML cells. (A) Immunoblot of
JMJDI1C protein levels in different leukemic cell NEs.
TBP served as a loading control. (B-D) Relative prolifera-
tion of human leukemia cell lines treated with J]MJD1C
shRNAG3 (B, HEB shRNA (CJ, or LYL1 shRNA (D). Pro-
liferation was measured by cell viability from 1 d after
puromycin selection. Cell numbers obtained from
shRNA-treated cells were set to 1. Data in these figures
are represented as mean = SD.

HL60 Thp1

that shared transcription factors in different AML cells
may cooperate with key leukemogenic transcription fac-
tors to recruit JMJD1C and, second, search for JMJD1C
interactions with key transcription factors in other AML
cell lines.

Because LYL1 and HEB are highly expressed in AMLs,
important for AE-driven leukemia (Sun et al. 2013), and in-
teract directly with JMJD1C (Fig. 1G), we postulated that,
as observed in Kasumi-1 cells, they might play a role in re-
cruiting JMJDIC in other AML cell lines for which
JMJDI1C is required for cell growth. To this end, we first
demonstrated that HEB and LYLI1 are required for the
growth of several non-AE AML cells that are sensitive to
JMJD1C depletion, including HL60 and NB4 as well as
MLL fusion cell lines (Fig. 6C,D). In addition, similar to ob-
servations with AE-dependent cell lines, we consistently
detected an association of HEB and LYL1 with JMJD1C
in these cells (Fig. 7A) but not KG-1 cells (Supplemental
Fig. S9E). Interestingly, we observed a very weak as-
sociation of MYB with JMJD1C in Kasumi-1 cells but
not two other tested cell lines (HL-60 and NB4) (Supple-
mental Fig. SOF). These results are consistent with the ob-
served enrichment of the MYB-binding motif in the
JMJD1C ChIP-seq analysis in Kasumi-1 cells (Fig. 3I) and,
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Figure 7. HEB/LYLI are important for

JMJD1C recruitment in AMLs. (A) Immu-
noprecipitation of JMJDIC from different

JMJD1C

AML cells (indicated below each panel) to
confirm HEB and LYLI association. Bound

HEB

proteins were detected with antibodies to
proteins shown at the left. (B) Heat maps
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more generally, show specificity of HEB and LYLI as
shared transcription factors in various AML cells to recruit
JMJD1C.

In view of the physical interaction between HEB/LYL1
and JMJDI1C and their requirement for leukemic cell
growth, we proposed that HEB and LYL are important
for JMJD1C chromatin association. To test this idea, we
performed ChIP-seq analyses of JMJD1C and LYLI in sev-
eral AML cell lines that included Kasumi-1 cells and
three non-AE cell lines (HL60, NB4, and THP1). In order
to demonstrate genome-wide colocalization of LYL1 and
JMJD1C, we generated heat maps that were rank-ordered
according to LYL1-binding strength. First, and as expect-
ed, both JMJD1C and AE showed strong correlations
with LYL1 peaks in Kasumi-1 cells, consistent with resi-
dency of LYL1 and AFE in the same protein complex.
More importantly, and as anticipated, genome-wide anal-
yses also showed a strong correlation between JMJD1C-
and LYL1-binding regions in the HL60, NB4, and THP1
cells (Fig. 7B).

In further support of the idea that HEB and LYLI1 are
critical for JMJD1C recruitment, shRNA-mediated deple-
tion of HEB or LYLI in Kasumi-1, NB4, and HL60 cells in-
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deed reduced JMJDIC recruitment (monitored by ChIP-
qPCR) to JMJDI1C target genes (Fig. 7C,D; Supplemental
Fig. S9G). These observations suggest that, in AML cells,
these E-box-binding proteins may work through forma-
tion of corresponding transcription factor complexes
with distinct key transcription factors and that these dif-
ferent complexes may directly recruit JMJD1C to specific
target genes for cell type-specific transcriptional regula-
tion. Together with our results for Kasumi-1 cells, our pro-
tein—protein interaction and ChIP-seq analyses strongly
support our hypothesis that the aberrantly expressed leu-
kemic fusion proteins work together with more broadly
expressed transcription factors, which are important for
leukemia, to recruit JMJD1C to their target genes to regu-
late gene expression.

Discussion

In this study, we identified the histone demethylase
JMJDIC as a factor that physically associates with AE
and functions as a coactivator to maintain the AE-depen-
dent leukemic gene expression program. These results
suggest a model in which the AE-containing AETFC
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complex (Sun et al. 2013) recruits JMJD1C to AE target
genes to counter the accumulation of H3K9 methylation,
a silencing mark known to epigenetically silence stem
cell genes during myeloid differentiation (Chen et al.
2012). Intriguingly, we found that JMJDIC interacts
with not only AE and other components in the AETFC
complex but also several other leukemogenic transcrip-
tion factors that drive AML (see below), suggesting that
the requirement for JMJD1C is a general phenomenon in
myeloid leukemias. This finding indicates the potential
of JIMJDI1C as a therapeutic target for treatment of AML
patients with multiple cytogenetic backgrounds.

JMJD1C as a coactivator for AE-dependent
transcriptional regulation in Kasumi-1 cells

Our rigorous biochemical results with purified proteins
confirmed our coimmunoprecipitation—mass spectrome-
try results and established a direct physical interaction
between AETFC and JMJD1C. The significance of this in-
teraction was borne out by JMJD1C knockdown and RNA
expression analyses, which demonstrated that J]MJD1C
and AE coregulate a large set of AF-activated genes in
Kasumi-1 cells. Consistent with the physical interaction
between AE and JMJDIC, genomic (ChIP-seq) analyses
showed extensive colocalization of JMJD1C with AE
near TSSs. Additional studies showed that JMJDI1C re-
cruitment is impaired upon AE knockdown in Kasumi-1
cells, whereas JMJD1C is recruited to new AE-bound
loci when AE is ectopically expressed in HL-60 cells,
strongly supporting a mechanism involving direct re-
cruitment by AE. Notable in this regard is our demon-
stration that the JMJDI1C interaction with AE is
through the C-terminal region that is lacking in AE9a.
AE9a is a spliced AE isoform that, in contrast to full-
length AE, promotes leukemia in a mouse model with-
out secondary mutations (Yan et al. 2006). Therefore,
our demonstration of a novel biologically important
interaction of the AE C terminus provides an additional
indication of the mechanistic complexity underlying
natural AE-dependent leukemia. Apart from earlier re-
ports of HDAC interactions with the C-terminal region
of AE (Gelmetti et al. 1998; Lutterbach et al. 1998;
Wang et al. 1998), a recent report from the Zhang group
(DeKelver et al. 2013) also demonstrated important con-
tributions of AE interactions, mediated by the C-termi-
nal NHR4 domain, to leukemogenesis. Altogether, past
and current results suggest the existence of AE C-termi-
nal domain-binding partners (coactivators and corepres-
sors) with opposing functions and further underscore
the importance of developing leukemia models for the
full-length AE protein.

The identification of consensus motifs for myeloid
transcription factors within AE-and JMJD1C-binding
peaks further supports a model for JMJDIC function in
AML that involves recruitment by transcription factors,
since cofactors, especially histone-modifying factors
such as JMJD1C, generally lack site-specific DNA-bind-
ing capacity and thus require interactions with transcrip-
tion factors for localization to target genes. The Runxl
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motif was identified as one with the lowest P-value, sug-
gesting that AF containing the RUNT domain of AML1/
RUNXI1 is a primary determinant of JMJD1C binding in
Kasumi-1 cells. We also identified motifs corresponding
to HEB and SCL/LYL], integral members of AETFC, indi-
cating that JMJD1C may also bind to genomic regions to-
gether with the intact AETFC complex. Consistent with
this suggestion, biochemical experiments showed that
JMJD1C can bind HEB/LYL1 as well as AE and that it
binds more strongly to AETFC than to AE alone.

In agreement with the physical interaction and genomic
localization results, our global RNA expression analy-
sis showed that JMJD1C and AE regulate target gene ex-
pression coordinately. In addition, and consistent with
JMJD1C being an AE coactivator, our analysis also con-
firmed a greater coregulation in the AE-activated gene
group than in the AE-repressed gene group.

JMJD1C is required for survival of AML cells

While our work on JMJD1C was initiated on the basis
of our observation that JMJDI1C interacts with AE, we
also found that all AML subtype cell lines tested had a
striking dependence on JMJDI1C. Consistent with our
findings, a requirement for JMJD1C in MLL fusion leuke-
mia and several cell lines, including U937 and K-562, has
recently been shown by others (Sroczynska et al. 2014). In
our AE leukemic model, we observed that JMJD1C is es-
sential for extended colony-forming ability of mouse pro-
genitor cells transduced with AE-expressing virus, which
reflects an essential role of JMJD1C in AE-dependent pro-
liferation. Mechanisms that have been proposed for the
function of AE in blocking differentiation include inhi-
bition of the expression of C/EBPa (a bZIP transcription
factor critical for granulocytic differentiation) (Pabst
et al. 2001) and inhibition of the transcription activity of
PU.1 through a direct physical interaction (Vangala et al.
2003). In relation to a role for JMJDIC in the inhibition
of AE-dependent differentiation, our RNA-seq analyses
of IMJD1C- and AE-depleted Kasumi-1 cells indicated sig-
nificant cooperativity in gene regulation. One interesting
gene jointly targeted by AE and JMJD1C is NOG, which
encodes a signaling molecule that inhibits the activity of
BMPs (Groppe et al. 2002). As a preliminary analysis has
revealed cell death following NOG depletion in Kasumi-
1 cells, it will be interesting to determine whether inhibi-
tion of BMP signaling is involved in blocking the differen-
tiation of certain AMLs.

Identification of key JMJD1C target genes is also of great
importance for an understanding of its requirement for the
survival of AML cells. Based on a gene ontology (GO) anal-
ysis, JMJD1C-activated genes in Kasumi-1 cells were
enriched in genes encoding factors that enhance prolifera-
tion, transmembrane proteins involved in tyrosine kinase
signaling pathways, and proteins involved in cell differen-
tiation. Whether these genes are specific to the AE-regu-
lated transcription program or are relevant to JMJD1C’s
more general role in AML survival remains to be deter-
mined through more thorough studies, as does the iden-
tification of direct target genes. The identification of



overlapping JMJD1C target genes in different AMLs could
reveal common pathways that are critical for leukemic
cells, whereas the identification of unique target genes
in these AML cells could reveal programs that are specific
to individual leukemic programs and dictated by specific
transcription factors.

JMJD1C as a cofactor for multiple AML cells

Tissue diversity is usually defined by expression of a
combination of tissue-specific or cell type-specific trans-
cription factors, while cofactors such as chromatin-modi-
fying enzymes and remodeling complexes tend to be
expressed in a much more ubiquitous manner. Like other
transcriptional cofactors, JMJDIC is expressed at similar
levels in the different human leukemic cells examined
in this study. However, consistent with well-established
concepts, analyses of transcription factors have revealed
much more diverse expression patterns in the various leu-
kemias. For example, transcription factor LYL1, which is a
core component of AETFC in Kasumi-1 cells, is expressed
at high levels in AML cell lines and is barely detectable
in pro-B leukemia 697 cells (data not shown). This obser-
vation is consistent with previous indications that LYL1
is expressed at higher levels in the majority of AML or
myelodysplastic syndrome cases relative to normal bone
marrow (Meng et al. 2005).

One key question is why JMJD1C is required in multi-
ple AML cell types. Our analyses indicate that JMJD1C
functions as a transcriptional coactivator that is recruited
by different transcription factors. How might JMJD1C
interact with such structurally diverse transcription
factors? One possibility is that some factors in the tran-
scription complex nucleated by AE in Kasumi-1 cells ac-
count for the recruitment of JMJDI1C to key loci in other
AML cell types. Thus, although JMJD1C interacts directly
with AE, it interacts much more strongly with the AETFC
complex in Kasumi-1 cells (Fig. 1F). In fact, several stud-
ies, including our recent AE study (Sun et al. 2013), have
shown that many hematopoietic transcription factors
act cooperatively to regulate transcription (Tripic et al.
2009; Wilson et al. 2010). Among these factors, LDB1
and LMO?2 function as scaffolding proteins to assemble
large protein complexes consisting of specific E-box-bind-
ing proteins (LYL1, HEB, or E2A) or GATA proteins, etc.
(Wadman et al. 1997; Lecuyer and Hoang 2004; El Omari
et al. 2013). Indeed, our results show not only the im-
portance of HEB/LYL1 in AML cell survival but also a
direct interaction of these factors with JIMJD1C that could
contribute to JMJDIC recruitment. This observation
suggests that, in diverse AML cells, these E-box-binding
proteins may work with distinct leukemic transcription
factors to recruit JMJD1C to specific target genes for cell
type-specific transcriptional regulation. This property of
JMJDI1C is reminiscent of that of the large coactivator
p300, which interacts directly with several transcription
factors (including AE and HEB) in the AETFC complex.
This ability of key transcription cofactors with multi-
ple protein interaction domains to interact with leulemo-
genic transcription factor complexes enables them to be
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more efficiently recruited to important target genes to
maintain cell identity.

Another important question is whether HEB and LYL1
are the only shared transcription factors that JMJD1C and/
or p300 (also required for leukemic cell maintenance) rely
on for recruitment to key target genes. Blood cell identity
is controlled by combined functions of multiple transcrip-
tion factors (Wilson et al. 2010; Martens et al. 2012),
as reflected by their overlapping genomic localization
and direct protein—protein interactions. In fact, key tran-
scription factors important for blood progenitor/stem
cells have been shown to be critical for several leukemias.
These include the requirement of a wild-type copy of
RUNXI1 for AE-dependent leukemia (Ben-Ami et al.
2013) and the requirement of PU.1 and C/EBPa for MLL
fusion-related leukemia (Ohlsson et al. 2014; Zhou et al.
2014). Understanding the shared mechanism by which
JMJDI1C is recruited to chromatin in different types of
leukemia is of great importance in that a common
targeted therapy could be identified through such a uni-
versal mechanism. One way to identify such a mechanism
is by examination of shared DNA-binding motifs to
which JMJDI1C preferentially binds in different leuke-
mias. Another possibility is through biochemistry/coim-
munoprecipitation analyses of JMJDIC in different
AML cells to identify common interacting transcription
factors.

Demethylase activity of [MJ[D1C

JMJDI1C resides within a common family that includes
JMJDIA (KDM3A) and JMJD1B (KDM3B), both of which
show in vitro demethylation activities on H3K9mel and
H3K9md2 (Yamane et al. 2006; Brauchle et al. 2013).
Mouse JMJDIC also has been reported to function as a
bona fide histone demethylase both in vitro and in cells
(Kim et al. 2010). Consistent with these results, we dem-
onstrated an H3K9mel demethylase activity for human
JMJDI1C in vitro and further showed in both loss-of-func-
tion and gain-of-function analyses that JMJD1C intra-
cellular expression is critical for the maintenance of
low H3K9mel/2 levels on its target genes. In agreement
with other studies of the cellular function of mouse and
human JMJDI1C (Brauchle et al. 2013; Sroczynska et al.
2014) and likely reflecting gene-selective functions of
JMJDI1C or redundancy among family members, we did
not detect global changes of the H3K9me?2 level following
knockdown of AE or JMJD1C in Kasumi-1 cells (data not
shown). On the other hand, our recombinant human
JMJDI1C failed to show an obvious demethylase activity
on H3K9me2 peptide, histone, and mononucleosome sub-
strates, in contrast to the results of Kim et al. (2010), but
did exhibit a weak H3K9mel demethylase activity on a
polynucleosome substrate. These results raised the possi-
bility that JMJD1C, like certain other histone demethy-
lases, may have a low substrate affinity that contributes
to its inactivity at the low concentration of purified pro-
tein assayed in vitro and/or may require a cofactor for op-
timal activity. As an example, a neuronal isoform of LSD1
(LSD1-8a) that has gene-specific H3K9me2 demethylase
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activity in cells requires the presence of a cofactor for in
vitro activity and, when depleted in cells, has little effect
on global H3K9me2 levels (Laurent et al. 2015). Notably,
and consistent with the results of the LSDI-8a study,
a NE fraction that showed no activity on its own was
found to stimulate significantly the H3K9 demethylation
activity of JMJDI1C. Although the LSDI1-8a cofactor has
been identified as SVIL, the J]MJD1C cofactors remains
to be identified and presents a future problem of great in-
terest for both mechanistic and inhibitor-screening stud-
ies for JIMJD1C.

JMJD1C as a potential therapeutic target

Our results indicate that depletion of JMJD1C leads to
growth impairment of a variety of leukemic cell types
that includes cells expressing AE. Another recent study
reported similar effects of JMJD1C depletion on MLL rear-
ranged leukemic cells along with a few cell lines, includ-
ing U-937 and K-562, and a lack of noticeable effects on
normal hematopoietic cells (Sroczynska et al. 2014). Our
combined results suggest that JMJDIC is a potentially
relevant drug target for multiple leukemias. In this re-
gard, small molecule inhibitors have been successfully de-
veloped for jmjC domain-containing demethylases. For
example, GSK-J1 and GSK-J5 selectively inhibit KDM6
family members that modulate H3K27me3 levels to regu-
late the proinflammatory macrophage response (Kruide-
nier et al. 2012). Another example is methylstat, which
preferentially inhibits KDM4A (lower IC50) relative to
other JmjC domain-containing demethylases (Luo et al.
2011). Notably, the establishment of JMJD1C demethy-
lase activity in vitro will facilitate screens for selective
demethylase inhibitors. Taken together, our findings im-
plicate JMJDIC as a crucial gene in leukemia and qualify
it as a potential therapeutic target in leukemia subtypes
spanning a range of lineages and cytogenetic states.

Materials and methods

Protein purification and mass spectrometry

Kasumi-1 cells were grown in 12-L spinner flasks (BellCo), and the
NE was prepared by our standard high-salt extraction method
(Dignam et al. 1983). Complex purification was performed in buff-
er BC150 (20 mM HEPES at pH 7.9, 150 mM KCI, 0.2 mM EDTA,
10% glycerol) plus 0.1% NP-40. Eluted proteins were separated
by SDS-PAGE, and visible bands on the gel were sliced separately
into 10 bands and subjected to liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) analysis.

Cell culture and treatment

Human leukemic cell lines were cultured in RMPI-1640 medium
(Life Technologies) with 10% fetal bovine serum (Life Technolo-
gies). For differentiation analyses, 1 pM ATRA and/or 10 uM TCP
(in DMSO) was added to the cultures. Forty-eight hours later,
cells were labeled with CD11b-PE (BD Biosciences) or CD34-
FITC (BD Biosciences) antibodies and PI (Biolegend) and analyzed
by Accuri C6 flow cytometer (BD Biosciences). Apoptotic cells
were analyzed by labeling with Annexin V and PI (BioLegend) 4
d after shRNA virus infection.
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In vitro binding and immunoprecipitation studies

The Bac-to-Bac baculovirus expression system (Invitrogen) was
used to generate recombinant f-JMJD1C, its variants, and recom-
binant AETFC components. Reconstituted protein and protein
complexes were purified from High Five insect cells coinfected
with different combinations of baculoviruses.

ChIP and ChIP-seq analysis

ChIP and ChIP-seq analysis were performed as described in the
Supplemental Material.

shRNA knockdown

The shRNA against AE was designed to target the fusion site
(Heidenreich et al. 2003). Other lentiviral sShRNA sets were pur-
chased from Sigma (sequences are shown in the Supplemental
Material). Virus preparation and cell infection were performed
according to the manufacturer’s protocol. Knockdown efficien-
cies were analyzed by RT-qPCR and/or immunoblot at 4 d after
transduction.

RNA-seq

Kasumi-1 cells with JMJDIC depletion were harvested at 4 d
after viral transduction, and RNA was extracted with RNeasy
Plus kit (Qiagen). RNA-seq library preparations were done using
established Illumina methods for mRNA-seq (part no. RS-122-
2001). Libraries were generated using the TruSeq RNA sample
preparation kit (Illumina) and sequenced with an Illumina HiSeq
2500.

Cell transfection and coimmunoprecipitation

293T cells were transfected using Lipofectamine 2000 (Invitro-
gen). For coimmunoprecipitation experiments, NEs were made
as described (Dignam et al. 1983) and diluted with BC0/0.2% Tri-
ton X-100 buffer. After clearance of protein precipitants, NEs
were incubated with antibody-conjugated protein A agarose
beads. Beads were then washed four times with BC150/0.1%
NP40, and proteins were analyzed by immunoblot.

Bone marrow transduction and colony formation assay
and analysis

Bone marrow transduction and colony formation assay and anal-
ysis were performed as described in the Supplemental Material.

Accession code

The data for ChIP-seq and RNA-seq analyses can be found at
Gene Expression Omnibus GSE63486.
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