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Self-renewal is a hallmark of both hematopoietic stem cells (HSCs) and leukemia stem cells (LSCs); therefore, the
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are more effective and less toxic than current treatments. Here, we employed an in vivo shRNA screen and identified
jumonji domain–containing protein JMJD1C as an important driver of MLL-AF9 leukemia. Using a conditional mouse
model, we showed that loss of JMJD1C substantially decreased LSC frequency and caused differentiation of MLL-AF9–
and homeobox A9–driven (HOXA9-driven) leukemias. We determined that JMJD1C directly interacts with HOXA9 and
modulates a HOXA9-controlled gene-expression program. In contrast, loss of JMJD1C led to only minor defects in blood
homeostasis and modest effects on HSC self-renewal. Together, these data establish JMJD1C as an important mediator
of MLL-AF9– and HOXA9-driven LSC function that is largely dispensable for HSC function.
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Introduction
Hematopoiesis is organized in a hierarchy in which the hema-
topoietic stem cell (HSC) is at the apex. HSCs have the unique 
ability to self-renew and differentiate into all blood lineages (1). 
The ability to self-renew is also a hallmark of leukemia stem 
cells (LSCs), but multiple studies suggest that LSC self-renewal 
is dependent on pathways different from those that are critical 
for HSC self-renewal (2–6). Understanding the different depen-
dencies of LSC versus HSC may lead to the development of more 
effective, less toxic therapies.

The mixed lineage leukemia (MLL) gene, the mammalian 
homolog of Drosophila trithorax, encodes a histone methyltrans-
ferase (7, 8) that is involved in regulation of homeotic genes dur-
ing embryonic development (9). MLL has also been shown to be 
required for the development and maintenance of hematopoiesis 
(10–12). Translocations involving MLL are found in over 70% of 
infant leukemias and 5% to 10% of leukemias in adults and are 
often associated with poor prognosis (13). In MLL-rearranged leu-
kemias, the N-terminal of MLL is fused to over 50 fusion partners. 
MLL translocations show lineage specificity, and the most common 
translocation in acute myeloid leukemia (AML) is t(9;11) which 
encodes the oncogenic MLL-AF9 fusion protein (13). MLL-AF9 
leukemia has been shown to follow an LSC model in which LSCs 
are enriched in a subset of leukemia cells with a specific immune 
phenotype (14, 15). Transformation by MLL-AF9 induces aberrant 
expression of a self-renewal–associated gene-expression program, 

which includes the canonical MLL-AF9 target genes homeobox A9 
(HOXA9) and Meis homeobox 1 (MEIS1) (16–21). Leukemia main-
tenance is dependent on the continuous presence of the fusion 
oncogene (22), highlighting the importance of MLL-AF9 target 
genes in leukemogenesis and validating them as additional entry 
points for therapeutic intervention.

Epigenetic regulators have been shown to play an important 
role in regulating self-renewal in HSC and LSC. BMI1, a compo-
nent of the polycomb complex 1 (PRC1), is required for the self-
renewal of HSC and LSC in Hoxa9/Meis1-driven leukemias (23, 
24). Several epigenetic regulators that are essential for MLL-AF9 
leukemia, such as DOT1L and EED, are also required for HSC 
function (25–29). Another epigenetic regulator, CBX8, a polycomb 
group protein, is required for MLL-AF9 leukemia, but not HSC 
function (30). Loss of CBX8 impaired MLL-AF9 leukemogenesis, 
but had no measurable effect on normal hematopoiesis, providing 
an example of an epigenetic regulator that has a more prominent 
role in leukemia than normal HSC function.

JMJD1C is a jumonji domain–containing protein and a member 
of the lysine demethylase 3 (KDM3) family. First identified in a yeast 
2-hybrid assay as thyroid receptor–interacting protein (TRIP8) (31), 
JMJD1C has been shown to be a coactivator for the androgen recep-
tor (32). JMJD1C is required in male gametogenesis (33) and has 
been shown to represses neural differentiation of human embry-
onic stem cells by maintaining miR-302 expression (34). Germline 
variants of JMJD1C are associated with increased risk of developing 
intracranial germ cell tumors (35), and recently, shRNA approaches 
demonstrated a requirement for JMJD1C in leukemia maintenance 
(36). These results point to a possible role for JMJD1C in AML stem 
cell function and perhaps hematopoiesis more broadly.
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(Supplemental Table 2). Next, we assessed gene-expression dif-
ferences between MLL-AF9 LSC (L-GMP) and normal GMP for 
previously defined direct MLL-AF9 target genes (14, 28). We 
found Meis1, Jmjd1c, and Hoxa9 as the top differentially expressed 
MLL-AF9 target genes in mouse LSC that also were positive hits 
in the screen (Figure 1D). Furthermore, JMJD1C was 1 of the top 
3 (top 2 are HOXA9 and A10) differentially expressed MLL-AF9 
target genes (28) in a data set of human MLL and non-MLL rear-
ranged AML (ref. 39 and Supplemental Figure 1D). Also, there 
was a moderate positive correlation between JMJD1C and HOXA9 
expression in the AML data set analyzed (r > 0.3, Pearson correla-
tion, Supplemental Figure 1D). Based on these data, we decided to 
further assess the role of JMJD1C in leukemia and hematopoiesis.

JMJD1C is required for MLL-AF9–mediated leukemogenesis. 
JMJD1C has previously been reported as an H3K9me2/1 demeth-
ylase (40). To understand its role in MLL-AF9 leukemogenesis, 
we obtained mice with a targeted trap allele of Jmjd1c (Jmjd1ctm1a/+) 
where exons 8 and 9 of Jmjd1c are flanked by LoxP sites, from the 
European Mouse Mutant Archive (41). These mice were bred with 
ACTB-FLPe mice, which express the Flp recombinase, to remove 
the gene trap cassette flanked by flippase recognition target (FRT) 
sites (Figure 2A). The resulting Jmjd1cf/+ mice were bred to gen-
erate Jmjd1cf/f mice. We transformed Lin–Sca1+c-Kit+ (LSK) cells 
from Jmjd1cf/f and WT control mice with MLL-AF9 GFP. The trans-
formed cells were transduced with either Cre MSCV-IRES-YFP  
(CRE-YFP) or empty vector control virus (MIT) and sorted for 
GFP/YFP-positive cells. Loss of JMJD1C greatly reduced the num-
ber of colonies in methylcellulose after 1 week in colony-form-
ing cell (CFC) assays (Supplemental Figure 2A). In addition, we 
observed that reduced colony size and Wright-Giemsa staining of 
cells from these colonies was consistent with terminal differentia-
tion of JMJD1C-deficient cells showing cells that resemble neutro-
phils and macrophages (Supplemental Figure 2B).

We next assessed the loss of JMJD1C in fully developed leu-
kemia. To this end, we injected MLL-AF9–transformed LSK 
cells from Jmjd1cf/f or WT controls into recipient mice to gener-
ate primary leukemias. Leukemia cells harvested from moribund 
animals were transduced with either Cre MSCV-IRES-Tomato 
(CRE-Tomato) or empty vector control virus (MIT) and sorted for 
GFP/Tomato double-positive cells. Loss of JMJD1C profoundly 
decreased expansion of leukemia cells in vitro. At day 12, there 
was a 50-fold decrease in the number of Jmjd1cf/f CRE-Tomato 
cells compared with MIT control cells. This was in contrast to a 
4-fold decrease in WT control cells with or without CRE-Tomato 
(Supplemental Figure 2C). The colony-forming activity, used as a 
surrogate for assessing myeloid transformation, of Jmjd1cf/f CRE-
Tomato cells was greatly reduced in serial replating assays (Fig-
ure 2B). The resulting colonies after 1 week were much smaller in 
size and more diffused in morphology. Wright-Giemsa staining of 
cells from these colonies confirmed that they were composed of 
cells that had the appearance of differentiated neutrophils/macro-
phages (Figure 2C). In contrast, control WT leukemia with or with-
out CRE-Tomato did not show a lasting effect on colony number 
(Figure 2B) or on colony or cell morphology (Figure 2C). In addi-
tion, we observed a significant increase in apoptosis upon Jmjd1c 
deletion (Figure 2D). Cell-cycle analysis by BrdU labeling showed 
a modest but significant decrease, by 12%, in the percentage of 

In this study, we used in vivo shRNA screening to iden-
tify MLL-AF9 targets that are essential for leukemogenesis. 
We characterized the role of JMJD1C, a downstream target of  
MLL-AF9 in leukemia and normal HSC function, using condition-
al loss-of-function models and found that JMJD1C is differentially 
required for self-renewal of LSC versus HSC. We identified the 
HOXA9-driven gene-expression program as a critical component 
of JMJD1C function in leukemogenesis and showed that HOXA9-
driven LSC are dependent upon JMJD1C. Our results provide an 
example of an epigenetic regulator that is differentially required 
for LSC and HSC and provide a potential therapeutic opportunity 
in the approximately 50% of AML cases that aberrantly express 
high levels of HOXA9.

Results
In vivo shRNA screen of MLL-AF9 target genes. We previously iden-
tified a list of MLL-AF9 target genes in LSC by ChIP sequencing 
(ChIP-seq) (28). To assess the importance of these genes in MLL-
AF9 leukemogenesis and to identify potential therapeutic targets, 
we conducted a pooled shRNA screen. To this end, we transduced 
tertiary MLL-AF9 leukemias with a custom lentivirus library, 
expressing a total of 752 shRNAs, including 737 against 149 MLL-
AF9 target genes, 15 against 3 positive control genes, catenin β 1 
(Ctnnb1), Hoxa9, and Meis1 (Hoxa9 and Meis1 are also MLL-AF9 
target genes), and 8 against negative control genes LacZ, RFP, and 
luciferase (Supplemental Table 1; supplemental material available 
online with this article; doi:10.1172/JCI82978DS1). Twenty-four 
hours after transduction, we saved aliquots as early time-point 
samples and transplanted the rest into sublethally irradiated recip-
ient mice. When mice became moribund at 2 weeks, we sacrificed 
them and harvested BM and spleen (SPL) samples. Using high-
throughput sequencing of PCR-amplified shRNA sequence from 
genomic DNA, we quantified relative abundance of each hairpin 
shortly after transduction of shRNA and in BM and SPL cells from 
moribund animals (Figure 1A and Supplemental Table 1). Positive 
control hairpins were selected against, whereas negative control 
hairpins were neither selected for nor against (Figure 1B). On aver-
age, we obtained 13 million reads per sample and about 17,000× 
coverage for each of the shRNA hairpins (Supplemental Figure 1A). 
We had high reproducibility between 8 replicates, as evidenced 
by the tight clustering of early time points, BM, and SPL samples 
analyzed by unsupervised clustering (Supplemental Figure 1B). 
There was also tight correlation between relative abundance of 
each hairpin between BM and SPL samples (Supplemental Figure 
1C, R2 = 0.89), suggesting that this is a high-quality screen. Con-
sistent with the reported requirement of Ctnnb1, Hoxa9, and Meis1 
in MLL-AF9 leukemogenesis (2, 37, 38), 3/5, 4/5, and 3/5 hairpins, 
respectively, were depleted by more than 10-fold (Figure 1C). In 
addition, since the expression of MLL-AF9 itself is driven off a ret-
roviral promoter by the bicistronic MSCV-IRES-GFP, we observed 
a greater than 10-fold depletion of 2/2 hairpins against GFP. This 
is in accordance with the continued requirement of MLL-AF9 
oncogene in the maintenance of MLL-AF9 leukemia (22).

We defined a positive hit in the screen by a criteria of great-
er than 10-fold median depletion in the BM of at least 2 hairpins 
against an individual gene. By this criteria, a total of 88 out of 
149 genes we screened for were considered hits from the screen 
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that developed from Jmjd1cf/f CRE-Tomato cells were completely 
deleted for Jmjd1c (Supplemental Figure 2D). Characterization of 
disease in mice that received Jmjd1cf/f CRE-Tomato cells showed 
that it is consistent with AML. The mice displayed leukocytosis, 
anemia, and thrombocytopenia with marked splenomegaly. Flow 
cytometry analysis of the BM and SPL from moribund animals 
showed replacement of BM and SPL with GFP/Tomato-positive 
cells with the immune phenotype of Mac1+Gr1+B220–CD3– (data 
not shown). The resulting leukemia from Jmjd1cf/f CRE-Tomato 
recipients has a more differentiated phenotype, as evidenced by 
decreased c-Kit–positive cells and differentiated morphology by 
Wright-Giemsa staining (Supplemental Figure 2, E and F). Consis-
tently, these Jmjd1c–/– leukemic cells showed decreased clonogenic 
activity (Supplemental Figure 2G, ~2.5- to 5.5-fold) in vitro in CFC 

cells in S phase (Figure 2E). Overall these data show that JMJD1C 
is required for continued proliferation and colony-forming activity 
of MLL-AF9 leukemia cells.

Loss of JMJD1C reduces LSC frequency in MLL-AF9 leukemia. 
Our in vitro findings prompted us to further examine the role of 
JMJD1C in MLL-AF9 leukemogenesis in vivo. We transduced 
primary LSK-derived leukemias from a Jmjd1cf/f background with 
either CRE-Tomato or MIT and sorted for GFP/Tomato double-
positive cells. We transplanted 5,000 to 300,000 cells into condi-
tioned mice. We found that loss of JMJD1C markedly delayed AML 
development and prolonged survival in secondary recipient mice. 
Also, there was a significant decrease in leukemia-initiating cell 
frequency upon loss of JMJD1C (1 in 7,000 vs. 1 in 53,000) (Sup-
plemental Figure 2D and Supplemental Table 3). The leukemias 

Figure 1. In vivo shRNA screening of MLL-AF9 targets identifies JMJD1C as essential for MLL-AF9 leukemia. (A) Schematics of in vivo shRNA screen. (B) 
Bar graph of log2 fold change in the BM of all hairpins used in the screen. (C) Bar graph of log2 fold change of hairpins against JMJD1C, showing positive 
(HOXA9, MEIS1, CTNNB1, MLL-AF9 [GFP]) and negative (LacZ, luciferase, and Rfp) hairpins in the screen. (D) Left panel: heat map of microarray gene-
expression data (14) on MLL-AF9 target genes (28). Right panel: Jmjd1c expression data derived from microarray data (14). Data are represented as mean ± 
SEM in D. See also Supplemental Figure 1 and Supplemental Tables 1 and 2.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/3
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd


The Journal of Clinical Investigation   R e s e a r c h  a r t i c l e

1 0 0 0 jci.org      Volume 126      Number 3      March 2016

the effect of acute loss of JMJD1C on the clonogenic activity of 
the leukemic cells, we isolated GFP+ cells from PB 29 days after 
pIpC administration and performed CFC assay. We observed a 
dramatic decrease in the number of colonies from GFP+ Jmjd1cf/f 
Mx1-Cre cells compared with control (Supplemental Figure 2I). 
Loss of Jmjd1c in this setting significantly prolonged survival of 
Jmjd1cf/f Mx1-Cre mice compared with controls (Figure 2G). When 
the mice from the pIpC-treated Jmjd1cf/f Mx1-Cre group eventu-
ally succumbed to the disease, genotyping results showed that the 
leukemia cells were composed of cells that had escaped complete 
deletion of Jmjd1c (Figure 2F), suggesting a strong selection pres-
sure against losing JMJD1C. Together, these results demonstrated 
that JMJD1C prevents differentiation and apoptosis of leukemia 
cells and thus is important for maintaining LSCs in MLL-AF9 leu-
kemia. To study the effect of loss of JMJD1C on human leukemia 
cells, we used an shRNA approach in human leukemia cell lines 
and our results showed that loss of JMJD1C had a more profound 

assay. Consistent with increased apoptosis in vitro, we observed 
significant increase in cleaved caspase 3 by Western blotting in 
Jmjd1c–/– leukemia compared with controls (Supplemental Figure 
2H). These data show that loss of JMJD1C leads to a significant 
reduction in LSC frequency and that the LSC that do remain give 
rise to leukemia with a more differentiated phenotype.

To assess the effect of acute loss of JMJD1C on leukemia main-
tenance, which better mimics potential therapeutic intervention, 
we generated primary leukemias by transducing LSK cells from 
Jmjd1cf/f Mx1-Cre, Jmjd1cf/f, and Mx1-Cre mice with MLL-AF9 GFP, 
followed by injection into primary recipient mice. Leukemia cells 
were harvested from moribund animals and transplanted into sec-
ondary recipient mice. When engraftment of leukemia cells was 
detected in peripheral blood (PB), defined by 1% to 10% PB GFP, 
we administered polyinosinic-polycytidylic (pIpC) to the second-
ary recipient mice. Deletion of Jmjd1c was confirmed by genotyp-
ing of PB 2 weeks after pIpC administration (Figure 2F). To test 

Figure 2. Loss of JMJD1C decreases LSC frequency in established MLL-AF9 leukemia. (A) Schematics of conditional knockout allele of Jmjd1c. (B) Colony 
counts of serial replating of primary MLL-AF9 leukemia after transduction of CRE or MIT control viruses in methylcellulose. Duplicate samples of 2 inde-
pendent Jmjd1cf/f and 1 WT leukemia are shown. (C) Morphologic changes (left, colony in methylcellulose; right, Wright-Giemsa stain) in established MLL-
AF9 leukemia 7 days after transduction with CRE. Scale bars: 100 μm (left panels). Original magnification, ×400 (right panels). (D and E) Flow cytometry 
analysis of apoptosis (D) and cell cycle by BrdU and sytox blue (E) in MLL-AF9 leukemia 6 days after transduction with CRE. Results from 3 independent 
leukemias for D and E. (F) Genotyping result of PB day 14 after pIpC and BM at the time of sacrifice. (G) Survival curve of secondary recipient mice that 
received Mx1-Cre (n = 7), Jmjd1cf/f(n = 6), or Jmjd1cf/f Mx1-Cre (n = 7) MLL-AF9 leukemia after pIpC administration. Data are represented as mean ± SEM in B, 
D, and E. *P < 0.05, Student’s t test. See also Supplemental Figure 2.
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similar median survival compared with controls (Supplemental 
Figure 2K). Together, these data suggest that JMJD1C is impor-
tant for leukemia maintenance in both human and mouse MLL-
AF9 leukemia, but is dispensable for leukemia initiation.

JMJD1C modulates HOXA9-controlled gene expression. To 
understand the mechanism underlying JMJD1C function in 
MLL-AF9 leukemogenesis, we examined gene-expression 
changes in MLL-AF9 leukemias after loss of JMJD1C. Leuke-
mic BM from mice transplanted with Jmjd1cf/f MLL-AF9 GFP 
was transduced with retroviral-CRE-Tomato or control retro-
viral-Tomato viruses. GFP/Tomato double-positive cells were 
sorted at day 6 after transduction. RNA was purified, amplified, 
and subjected to RNA sequencing (RNA-seq). We identified 57 

effect on MLL-rearranged than non-MLL–rearranged cells (Sup-
plemental Figure 2, L–N).

To investigate whether JMJD1C is also important for MLL-
AF9 leukemia initiation, we transduced LSK cells from Jmjd1cf/f 
Vav1-Cre mice, which have complete deletion of Jmjd1c in this 
compartment (see below), and compared the colony-forming 
activity of Jmjdc1-deficient LSK cells with that of control LSK 
cells in the CFC assay. The result showed that loss of JMJD1C 
only transiently affected the colony-forming ability of the cell; 
an approximately 3.5-fold reduction was observed at weeks 2 and 
3, with no reduction at week 4 (Supplemental Figure 2J). Consis-
tent with this result, when we transplanted the same cells into 
conditioned mice, recipient mice succumbed to leukemia with a 

Figure 3. JMJD1C interacts with HOXA9 and modulates a HOXA9-controlled gene-expression program. (A) Heat map of differentially expressed genes in 
MLL-AF9 leukemia cells 6 days after loss of JMJD1C. (B) GSEA analysis result showing enrichment of HOXA9 repressed genes (37) and HOXA9 bound and 
repressed genes (44). NES, normalized enrichment score. (C) Co-IP of HA-HOXA9 and KDM3A family members in 293T cells transfected with indicated 
plasmids. (D) GST-binding assay using bacteria expressed and purified GST-HOXA9 and baculovirus system expressed and purified flag-JMJD1C. See also 
Supplemental Figure 3 and Supplemental Table 4.
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downregulated and 211 upregulated genes using a criteria of a 
greater than 1.5-fold change and P < 0.05 (Figure 3A and Supple-
mental Table 4). Gene Set Enrichment Analysis (GSEA) (42, 43) 
showed that myeloid differentiation and apoptosis signatures 
were enriched in Jmjd1c–/– samples (Supplemental Figure 3A). 
This is consistent with the observed effect of increased apopto-
sis and induced differentiation upon JMJD1C loss in MLL-AF9 
leukemia. Strikingly, when we subjected the RNA-seq data to 
GSEA analysis using a collection of oncogenic signatures from 
the Molecular Signatures Database (MSigDB) (42), the top rank-
ing signature in the Jmjd1c–/– samples was from a set of genes 
that are upregulated upon HOXA9 suppression in Molm13 cells 
(37). This finding was corroborated by the enrichment of a set 
of genes that were bound and negatively regulated by HOXA9 
in murine BM transduced by HOXA9/MEIS1 (refs. 44, 45, and 
Figure 3B). Therefore, JMJD1C is required for a gene-expression 
program that is also maintained by HOXA9.

Based on this finding, we hypothesized that JMJD1C may be a 
cofactor for HOXA9 and thus modulate HOXA9-mediated gene 
expression. To test this hypothesis, we examined whether JMJD1C 
and HOXA9 physically interact. We transiently coexpressed 
KDM3 family members (biotin-tagged JMJD1C and KDM3B 
where BirA was expressed in the bicistronic IRES-BirA transcript 
and Flag-tagged KDM3A) and HA-tagged HOXA9 in 293T cells. 
We observed low-level expression of JMJD1C, which may have 
been due to the large size of the protein, 2,540 amino acids (Fig-
ure 3C). Nonetheless, we detected specific interaction between 
HOXA9 and JMJD1C, but not other members of the KDM3 fam-
ily, in the coimmunoprecipitation (co-IP) experiment (Figure 3C). 
Moreover, we transiently expressed JMJD1C in 293T and exam-
ined the interaction between JMJD1C and endogenous HOXA10, 
another homeobox transcription factor that is also implicated in 
leukemia development (46), but did not detect any specific inter-
action (Supplemental Figure 3B). These data suggest that the 2 

Figure 4. Loss of JMJD1C impairs leukemic transformation by HOXA9/MEIS1. (A) Colony counts of HOXA9/MEIS1 transformed LSKs from Jmjd1cf/f BM after 
transduction of CRE or MIT control viruses in methylcellulose. (B) Colony counts of AML-ETO9a transformed LIN– Jmjd1cf/f BM cells after transduction of CRE 
or MIT control viruses in methylcellulose. Results from 2 to 3 independent experiments for A and B. (C) Morphologic changes (left, colony in methylcellulose; 
right, Wright-Giemsa stain) in HOXA9/MEIS1 preleukemia cells 10 days after transduction with CRE. Scale bars: 100 μm (left panels). Original magnification, 
×400 (right panels). (D–F) Flow cytometry analysis of c-Kit expression (D), cell-cycle analysis by BrdU and sytox blue (E), apoptosis analysis (F) in HOXA9/
MEIS1 leukemic cells day 5 after transduction with CRE. Results from 3 independent leukemias. (G) Survival curves of secondary recipient mice that received 
100,000; 20,000 or 5,000 double-sorted GFP+Tomato+ HOXA9/MEIS1 leukemia cells 2 days after transduction with CRE or MIT control viruses (n = 5 per group). 
Right panel: genotyping result of BM at the time of sacrifice. Data are represented as mean ± SEM in A, B, and D–F. *P < 0.05; **P < 0.01 Student’s t test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/3
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd
https://www.jci.org/articles/view/82978#sd


The Journal of Clinical Investigation      R e s e a r c h  a r t i c l e

1 0 0 3jci.org      Volume 126      Number 3      March 2016

proteins interact directly with each other or exist in a complex. To 
test whether there is direct protein-protein interaction between 
JMJD1C and HOXA9, we expressed and purified Flag-tagged 
JMJD1C using a Baculovirus expression system and used it in GST 
pull-down assays with GST-HOXA9 or GST alone. We observed a 
specific interaction between GST-HOXA9 and Flag-JMJD1C (Fig-
ure 3D). Similarly, we showed specific interaction between puri-
fied HA-HOXA9 and Flag-JMJD1C (Supplemental Figure 3B).

Loss of JMJD1C reduces LSC frequency in HOXA9/MEIS1 leuke-
mia. Given our observation that JMJD1C plays a role in HOXA9-
associated gene expression, we reasoned that loss of JMJD1C 
would also impair leukemogenesis of HOXA9/MEIS1-driven leu-
kemia (47). To test this, we performed CFC assays on HOXA9/
MEIS1-transformed LSK BM cells. We found that loss of JMJD1C 
reduced the number of colonies in Jmjd1cf/f CRE-Tomato versus 
MIT compared with WT control, much as we had seen for MLL-
AF9 (Figure 4A) in serial replating (P < 0.05 comparing WT 
CRE-Tomato sample to that of Jmjd1cf/f). The colonies in the CRE-
Tomato samples were smaller in size and were composed of dif-
ferentiated cells that resembled neutrophils and macrophages by 
Wright-Giemsa staining (Figure 4C). This is in contrast to another 
histone-modifying enzyme, DOT1L, which is essential for MLL-
AF9 leukemia, but is dispensable for HOXA9/MEIS1-driven 
leukemia because Dot1l controls endogenous HOXA9/MEIS1 
expression and has no effect on exogenous retroviral-driven 
HOXA9/MEIS1 leukemia (28). As a control, we performed CFC 
assays with BM cells transformed with AML1-ETO9a (48), which 
does not express HOXA9. We did not observe decreases in colony 
numbers in Jmjd1cf/f CRE-Tomato versus MIT compared with WT 
controls (Figure 4B). To interrogate the effect of losing JMJD1C 
on HOXA9/MEIS1 leukemia, we transduced LSK-derived pri-
mary leukemias generated in the Jmjd1cf/f background with either 
CRE-Tomato or MIT control to delete Jmjd1c. Deleting Jmjd1c in 
the leukemia cells resulted in decreased c-Kit expression (Figure 
4D) and decreased proliferation of leukemic cells, as evidenced 
by a decreased proportion of cells in the S phase concomitant 
with an increase in the G1 phase (Figure 4E). In contrast to MLL-
Af9 leukemia, loss of JMJD1C in HOXA9/MEIS1 leukemia did 
not increase apoptosis of the cells (Figure 4F). To further inves-
tigate the effect of losing JMJD1C in vivo, we sorted GFP/Tomato 
double-positive cells after transduction of CRE-Tomato, followed 
by transplantation into conditioned mice. Deletion of Jmjd1c was 
confirmed by genotyping of the leukemic BM cells at end point 
(Figure 4G). Loss of JMJD1C significantly delayed disease pro-

gression and prolonged survival in secondary recipient mice at 3 
dilutions, which is consistent with an effect on LSC (Figure 4G). 
There was also a significant decrease in leukemia-initiating cell 
frequency upon loss of JMJD1C (1 in 3,062 vs. 1 in 19,006, Table 1).  
We next examined whether JMJD1C is important for leukemia 
initiation in this model. Similar to what we have observed in MLL-
AF9 leukemia, loss of JMJD1C resulted in only transient reduc-
tion in colony numbers in serial replating assay (Supplemental 
Figure 2O, ~1.5-fold at week 2), suggesting that JMJD1C is not 
required for HOXA9/MEIS1 leukemia initiation.

Next, we carried out gene-expression profiling by RNA-seq in 
HOXA9/MEIS1 leukemias upon loss of Jmjd1c similar to that in 
MLL-AF9 leukemias. A total of 38 genes were downregulated and 
380 upregulated using criteria of greater than 1.5-fold change and 
P < 0.05 (Figure 5A and Supplemental Table 5). Consistent with the 
observed effect of increased differentiation and decreased cell-
cycle progression, GSEA analysis showed that myeloid differentia-
tion and negative regulation of cell-cycle signatures were enriched 
in Jmjd1c–/– samples (Supplemental Figure 3E). Strikingly, the top 
ranking signature in the Jmjd1c–/– HOXA9/MEIS1 samples was the 
same as that in Jmjd1c–/– MLL-Af9: a set of genes that are upregu-
lated upon HOXA9 suppression in Molm13 cells (ref. 37 and Figure 
5B). Similar to that in MLL-AF9, we found enrichment of a set of 
genes bound and negatively regulated by HOXA9 in murine BM 
transduced by HOXA9/MEIS1 (refs. 44, 45, and Figure 5B). More-
over, we found a significant number of overlap between genes that 
were upregulated upon loss of JMJD1C in MLL-AF9 (74/211) and 
HOXA9/MEIS (74/380) leukemic cells (Figure 5C). These results 
suggested that JMJD1C is required for maintaining a gene-expres-
sion program in both MLL-AF9 and HOXA9/MEIS1 leukemia. 
Together, our results show that JMJD1C is important for leukemia 
that depends on HOXA9 and further corroborate our hypothesis 
that JMJD1C is important for HOXA9-mediated gene expression.

JMJD1C is dispensable for steady-state hematopoiesis. The expres-
sion of JMJD1C is highest in immature hematopoietic stem and 
progenitor cells (HSPC) and decreases during differentiation 
(Supplemental Figure 4A). To assess the role of JMJD1C in normal 
hematopoiesis in vivo, we crossed Jmjd1cf/f with Vav1-Cre mice (49) 
to delete Jmjd1c in hematopoietic compartments. Jmjd1cf/f Vav1-Cre 
mice were born with normal Mendelian frequency (data not shown). 
Complete deletion of Jmjd1c was observed in LSKs with near com-
plete deletion of Jmjd1c in the BM and SPL in 6-week-old mice (Fig-
ure 6A). Analysis of the complete blood counts (CBCs) from 6- to 
8-week-old mice showed no difference between Jmjd1c–/– and Vav1-
Cre control mice (Figure 6B). A significant reduction in BM (~20%,  
P = 0.02) but not SPL cellularity (~40%, P = 0.1) was observed (Fig-
ure 6C) from age- and sex-matched 6- to 8-week-old mice. When 
the HSPC compartment was analyzed, we observed a modest 
decrease in the total number of granulocyte-macrophage progeni-
tor (GMP), common myeloid progenitor (CMP), and common lym-
phoid progenitor (CLP) (ranging from 30%–50%), but not of HSC 
(defined by CD150+CD48–LSK) in the BM (Figure 6D, schematics 
of the gates are shown in Supplemental Figure 4B). To investigate 
the effect of loss of JMJD1C on progenitor function, we isolated BM 
cells from Vav1-Cre and Jmjd1cf/f Vav1-Cre mice and subjected them 
to CFC assays under conditions for myeloid colony formation. We 
did not observe any significant change in the CFC numbers or phe-

Table 1. Limiting dilution assay of HOXA9/MEIS1 leukemia upon 
loss of JMJD1C

Dose Response/tested P value
MIT CRE

100,000 5/5 4/4  0.0067
20,000 5/5 4/5 0.0031
5,000 4/5 0/5 0.0133
LIC frequency 1 in 3,062 1 in 19,006

LIC, leukemia-intiating cell.
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at 18 weeks (Figure 7B). Analysis of the 
HSPC compartments showed a signifi-
cant decrease of chimerism in the LSK, 
GMP, and CMP compartments (Figure 
7C). Serial transplantation of primary 
BM into secondary recipients showed 
a similar result (Figure 7, D–F) with a 
trend toward decreased chimerism 
in HSPC compartments. This result 
was confirmed in primary competi-
tive transplantation experiments using 
HSCs (CD150+CD48–LSK) as donor 
cells (Supplemental Figure 5, J–L) where 
we also observed a significant, but mod-

est, decrease in HSC chimerism, by 25%, as well as decreased chi-
merism in progenitor compartments. Together, these results show 
that although Jmjd1c–/– HSCs can fully reconstitute hematopoiesis 
systems following transplantation, they do have decreased com-
petitiveness compared with controls.

To address the question of whether the decreased engraft-
ment we observed in transplantation is due to a deficiency in hom-
ing of Jmjd1c–/– cells, we tested homing of Jmjd1c–/– cells by analyz-
ing BM chimerism 18 hours after transplantation. We found BM 
CD45.2 levels were similar between mice that received Jmjd1c–/– 
cells and those that received control cells (Supplemental Figure 
5M), suggesting no defect in the homing ability of Jmjd1c/– cells. In 
addition, we performed noncompetitive and competitive repopu-
lating experiments using Jmjd1cf/f Mx1-Cre mice. We transplanted 
Jmjd1cf/f Mx1-Cre or Mx1-Cre BM cells alone or mixed 1:1 with 
CD45.1 BM cells into lethally irradiated CD45.1 B6.SJL recipient 
mice, waited for stable engraftment (4 weeks), and then induced 
deletion of Jmjd1c by pIpC administration. Since the cells were 
uninduced prior to transplantation, they displayed similar lev-
els of engraftment at week 4 after transplantation, as expected 
(Supplemental Figure 6, A and D). We obtained similar results to 
what we found for Jmjd1cf/f Vav1-Cre transplantation experiments 
(Supplemental Figure 6, A–F) in both noncompetitive and compet-
itive transplantations. These results show that, independently of 
the Cre strain and the time of excision, Jmjd1c–/– cells can support 
hematopoiesis, but that there is a defect in competitive transplan-
tation that is not due to impaired homing ability.

To begin to understand the mechanisms underlying JMJD1C’s 
effects in normal hematopoiesis, we performed gene-expression 

notypes (Supplemental Figure 4C). Furthermore, the total number 
of Mac-1/Gr-1 cells in the BM and SPL was not altered (Figure 6E). 
There was a slight decrease (~30%–40%) in the number of B220+ 
cells in the BM and SPL and an approximately 40% reduction of 
CD3+ cells in the SPL (Figure 6E). These results demonstrate that 
JMJD1C is largely dispensable for steady-state hematopoiesis.

Loss of JMJD1C impairs cell-autonomous HSPC regenerative func-
tion. We next assessed the function of JMJD1C in hematopoietic 
regeneration by transplanting CD45.2 marked Jmjd1f/f Vav1-Cre  
(referred to as Jmjd1c–/–) or Vav1-Cre BM cells into lethally irradi-
ated CD45.1 B6.SJL recipient mice in a noncompetitive setting. 
Mice transplanted with Jmjd1c–/– whole BM showed efficient long-
term reconstitution of the hematopoietic system similar to that 
of the control. This is evidenced by a high percentage of CD45.2 
cells in Jmjd1c–/– recipient mice in PB over the course of 18 weeks 
(Supplemental Figure 5A). Also, reconstitution of BM, SPL, and 
HSPC compartments with CD45.2-positive Jmjd1c–/– cells was 
greater than 90% at 18 weeks (Supplemental Figure 5, B and C). 
Serial transplantation of primary BM into secondary recipients 
showed similar results (Supplemental Figure 5, D–F) with a slight 
decrease in PB chimerism, indicating intact self-renewal ability 
of HSC. We then tested the effect of loss of JMJD1C on the com-
petitiveness of HSPCs by transplanting CD45.2-marked Jmjd1c–/– 
or Vav1-Cre BM cells with CD45.1 BM cells from B6.SJL mice at a 
1:1 ratio. Mice transplanted with Jmjd1c–/– cells showed a marked 
decrease in PB chimerism in all lineages as early as 4 weeks that 
persisted throughout 18 weeks compared with those that received 
Vav1-Cre BM (Figure 7A and Supplemental Figure 5, G–I). We 
also observed a significant decrease in BM and SPL chimerism 

Figure 5. Loss of JMJD1C affected a 
HOXA9-controlled gene-expression 
program in HOXA9/MEIS1 leukemia. (A) 
Heat map showing differentially expressed 
genes in HOXA9/MEIS1 leukemia cells 6 
days after deleting Jmjd1c. (B) GSEA analy-
sis result showing enrichment of HOXA9 
repressed genes (37) and HOXA9 bound 
and repressed genes (44). See also Supple-
mental Table 5. (C) Venn diagram of over-
lapping genes that are upregulated upon 
loss of JMJD1C in MLLL-AF9 and HOXA9/
MEIS1 leukemia cells. P value calculated by 
exact hypergeometric probability.
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on these results, we reasoned that Jmjd1c–/– HSCs would exhaust 
faster in response to serial 5-Fu challenge. To our surprise, we did 
not observe any difference in survival curve between Jmjd1c–/–and 
control mice after weekly 5-Fu treatment (Supplemental Figure 5P). 
Moreover, when we examined the frequency and number of HSPCs 
14 days after a single 5-Fu treatment, at which point HSPC numbers 
increased significantly (52), we observed a trend in increased fre-
quency (P = 0.06) and number of LSK cells (P = 0.1) (Figure 7L and 
Supplemental Figure 5O). Given that we had observed decreased 
CBC counts at the same time point after 5-Fu injection (Figure 7J), 
these results would be consistent with impaired HSPC differen-
tiation rather than exhaustion. This is also in agreement with our 
observation, that in competitive transplant, chimerism of JMJD1C-
null HSPC is invariably higher than that of the mature cells (Figure 7, 
A–F; Supplemental Figure 5, J–L; and Supplemental Figure 6, D–F). 
Taken together, these data suggest that loss of JMJD1C increased 
proliferation and apoptosis of HSPC cells and impaired its differen-
tiation ability, resulting in diminished hematopoietic reconstitution 
in response to stress and decreased competitiveness.

Discussion
Epigenetic regulators play an important role in the development of 
cancer, and there is marked excitement that dysregulated epigen-
etic mechanisms represent a new therapeutic opportunity for can-
cer treatment (53–56). In this study, we demonstrate that JMJD1C 

RNA-seq experiments on LSK cells purified from Jmjd1cf/f Vav1-Cre 
and Vav1-Cre. We identified 15 downregulated and 54 upregulated 
genes using criteria of greater than 1.5-fold change and P < 0.05 
(Figure 7G and Supplemental Table 6). GSEA analysis showed posi-
tive enrichment of proliferation signatures, including Myc, E2F1, 
and cyclin D1 signatures, in Jmjd1c–/– LSK (Figure 7H). In agreement 
with this finding, we observed a significant increase in proportion of 
cycling cells in the HSC (P = 0.04) compartment with a trend toward 
an increase in the LSK compartment (P = 0.07) in JMJD1C-deficient 
mice compared with controls (Figure 7I). Consistently, in vivo BrdU 
labeling showed an increase in LSK proliferation. This was evi-
denced by an increase by 40% in the S phase (P = 0.05) (Supple-
mental Figure 5N). In addition, we observed a significant increase 
in apoptosis (~2-fold) in the LSK compartment, with a trend toward 
an increase in the HSC compartment (Figure 7K). Increased prolif-
eration has been suggested as resulting in stem cell exhaustion and 
failure of long-term reconstitution of the blood systems (50, 51). To 
further address this question, we evaluated hematopoietic recovery 
after injection of 5-fluorouracil (5-Fu) as an alternative way to stress 
HSC. The results showed that Jmjd1c–/– mice lacked a hyperregener-
ative response after 5-Fu injection, as demonstrated by diminished 
rebound in the level of leukocytes compared with that in control mice 
(Figure 7J, 50% lower at week 2). This deficiency is not persistent, 
since the leukocyte level returned to normal by week 3. Repeated 
5-Fu injection showed similar results (Figure 7J, week 8–12). Based 

Figure 6. Effect of loss of JMJD1C in steady-state hematopoiesis. (A) Genotyping result of BM, SPL, and LSK (Lin–Sca-1+ c-Kit+) cells from Jmjd1cf/f Vav1-Cre 
mice. (B) PB counts and (C) BM (from tibias, femurs, and pelvic bones) and SPL cellularity of 6- to 8-week-old Vav1-Cre and Jmjd1cf/f Vav1-Cre mice. (D and 
E) HSPC (D) and mature cell (E) numbers in 8-week-old Vav1-Cre and Jmjd1cf/f Vav1-Cre mice (n = 3–4 per genotype ). Data are represented as mean ± SEM 
in B–E. *P < 0.05, Student’s t test. See also Supplemental Figure 4.
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has been reported to be a histone H3 K9me1/2 demethylase 
(40). However, we were unable to detect differences in global 
H3K9me1/2 levels upon loss of JMJD1C (Supplemental Figure 
3C), and we were not able to find a correlation between changes 
in gene expression and H3K9 methylation levels (Supplemental 
Figure 3D). This is consistent with several recent reports that 
failed to detect demethylase activity for JMJD1C toward H3K9 
methylation when histone H3K9–methylated peptides were used 
as a substrate (33, 36, 60). However, we cannot rule out the pos-
sibility that JMJD1C still has H3K9 demethylase activity because 
of the lack of direct JMJD1C-binding sites that can be used in the 
analysis. It also remains possible that JMJD1C has demethylase 
activity toward other methylated lysines that are critical for the 
phenotypes we describe. Nonetheless, we assessed global lev-
els of H3K4me3, H3K27me3, and H3K79me2 in Jmjd1cf/f versus 
Jmjd1c–/– cells and failed to detect any clear differences (data not 
shown). Alternatively, JMJD1C may influence HOXA9-mediated 
gene expression by serving as a scaffold to facilitate recruitment 
and interaction between HOXA9 and its cofactors or by modu-
lating posttranslational modification of either HOXA9 itself or its 
binding partners. Along these lines, JMJD1C was recently shown 
to be a protein demethylase for MDC1, a protein that plays a role 
in DNA damage repair (61). Future studies will focus on identi-
fication of the enzymatic substrates that are demethylated by 
JMJD1C, as identification of these substrates will likely identify 
other proteins that play a critical role in LSC biology.

The effect of JMJD1C loss on hematopoiesis appears to be 
much less profound than that of leukemia. Remarkably, no major 
defect was observed in steady-state homeostasis after complete 
loss of JMJD1C. However, loss of JMJD1C does affect competitive-
ness of HSPCs in serial transplantation, as evidenced by the mark-
edly decreased chimerism in all hematopoietic lineages after com-
petitive transplantation. Moreover, reconstitution of the blood 
system after 5-Fu administration was also impaired. Our finding 
that JMJD1C modulates the HOXA9-controlled gene-expression 
program in leukemia prompted us to examine the possibility of a 
similar mechanism in normal hematopoiesis. We did not find sig-
nificant differences in expression of HOXA9-associated programs 
in the Jmjd1c–/– versus Jmjd1c+/+ LSKs. This could be due to the fact 
that HOXA9 gene sets were all derived from leukemia cells, but 
not normal hematopoiesis, or that HOXA9 plays a critical role in 
LSCs, but HSCs have redundant self-renewal mechanisms. Con-
sistently, HOXA9 plays a prominent role in leukemia (20, 37). 
However, the normal hematopoietic phenotype of Hoxa9–/– mice 
is similar to that of JMJD1C: mildly decreased hematopoietic pro-
genitor numbers and impaired competitive repopulating activity, 
but minimal deficiencies of steady-state hematopoiesis (17, 62). 

differentially affects self-renewal of LSCs and HSCs. Loss of 
JMJD1C significantly reduced the LSC frequency in MLL-AF9 and 
HOXA9/MEIS1 leukemias, while its loss had a minimal effect on 
steady-state hematopoiesis. These findings identify JMJD1C as a 
potential therapeutic target in AML.

Our finding that JMJD1C is required for MLL-AF9 leuke-
mia maintenance is consistent with the result from Sroczynska 
et al. (36). However, due to the different systems used, hairpin, 
which usually generates hypomorphic phenotypes, versus genetic 
knockout, which is complete null, we observed more evidence 
for differentiation of the leukemia cells upon loss of JMJD1C. 
Increased differentiation was evidenced by changes in cell and 
colony morphology (Figure 2C, Supplemental Figure 2, B and F), 
c-Kit expression (Supplemental Figure 2E), and enrichment of 
differentiation signature (Supplemental Figure 3A) upon loss of 
JMJD1C. While Sroczynska et al. (36). did show that knockdown 
of JMJD1C resulted in increased expression of differentiation 
marker genes, they did not observe any change in morphology or 
enrichment of differentiation signature in their gene-expression 
data. These differences could potentially be attributed to a differ-
ence in the length of time the cells were infected with the shRNA 
before they were examined.

Our data show that JMJD1C modulates the HOXA9-mediated 
gene-expression program and that HOXA9 physically associates 
with JMJD1C. The functional importance of this interaction is 
supported by the fact that the HOXA9-controlled program ranks 
at the top among differentially expressed gene sets when WT 
and JMJD1C-deficient cells are compared in both MLL-AF9 and 
HOXA9/MEIS1 leukemias. Furthermore, we showed enrichment 
of a set of genes bound and negatively regulated by HOXA9 in 
murine BM transduced by HOXA9/MEIS1 (refs. 44, 45, and Figure 
3B), consistent with findings by Sroczynska et al. (36). Moreover, 
loss of JMJD1C impairs LSCs in the MLL-AF9 AML model, which 
is highly dependent on HOXA9 function, as well as in leukemias 
driven by HOXA9/MEIS1. This has direct relevance for human 
leukemia, as HOXA9 is highly expressed in approximately 50% of 
human AML patient samples (57, 58) and has been linked to poor 
prognosis. In a gene-expression array analysis, HOXA9 overexpres-
sion was most correlated with treatment outcomes (58). Further-
more, HOXA9 has been shown to be required for MLL-rearranged 
leukemia in mouse models (17, 18, 20, 59) and human leukemia cell 
lines (37), demonstrating an important role in leukemias where it is 
overexpressed. The data presented here suggest that JMJD1C may 
have broad importance in human AMLs that overexpress HOXA9.

We have shown that JMJD1C interaction with HOXA9 plays 
an important role in HOXA9-dependent leukemias, but the 
precise enzymatic target of JMJD1C remains unclear. JMJD1C 

Figure 7. Effect of loss of JMJD1C on regenerative function of HSC. (A–F) Flow cytometry analysis shows results of chimerism of recipient mice from 
serial transplantation experiments. (A–C) One million BM cells from Vav1-Cre or Jmjd1cf/f Vav1-Cre mice were mixed 1:1 with CD45.1 BM and transplanted 
into lethally irradiated CD45.1 recipients. (n = 10). (D–F) Two million BM cells from primary competitive transplantation were serially transplanted into 
secondary CD45.1 recipients (n = 5). Chimerism in PB (A) and (D); BM and SPL (B) and (E); stem and progenitor populations in BM (C) and (F). (G) Heat map 
of differentially expressed genes in Vav1-Cre and Jmjd1cf/f Vav1-Cre LSK cells. (H) GSEA analysis result showing enrichment of E2F1, Myc, and cyclin D1 
signature. (I) Percentage of cells in S/G2/M phase of cell cycle determined by Sytox blue staining (n = 3 per genotype). (J) Time course of wbc counts after 
5-Fu administrations (indicated by arrows, n = 5 per genotype). (K) Percentage of apoptotic cells determined by annexin V staining (n = 3 per genotype). (L) 
HSPC numbers 2 weeks after 5-Fu treatment (n = 3–4 per genotype). Data are represented as mean ± SEM in A–F and I–L. *P < 0.05. See also Supplemen-
tal Figures 5 and 6 and Supplemental Table 6.
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lar Biochemicals). Amphotropic lentiviruses were generated similarly 
using psPAX2 and pMD2 packaging vectors. Viral supernatant collected 
48 and 72 hours after transfection was used for transduction of cells. For 
transduction of LSK cells, 200 μl of cell suspension (in IMDM media 
plus 10% FBS, 1% penicillin/streptomycin [Invitrogen], 10 ng/ml of 
IL-3 and IL-6, 40 ng/ml SCF, and 20 ng/ml Flt3 ligand and Tpo) and 
800 μl of viral supernatant were combined in 1 well of a 24-well plate 
coated with retronectin (Takara), supplemented with 5 μg/ml Polybrene 
(American Bioanalytical) and 7.5 μl 1M HEPES (Invitrogen). For other 
transductions, 4 million cells in 2 or 3 ml of appropriate media were 
combined with 2 or 1 ml of viral supernatant in 1 well of a 6-well plate. 
Spinfection was conducted in a swing bucket centrifuge at 1,400 g for 90 
minutes at 30°C. Lentiviral transduction of human cell lines was carried 
out similarly. To generate transformed preleukemic cells, LSKs trans-
duced with MLL-AF9 or HOXA9/MEIS1 were plated and propagated 
in M3234 methylcellulose (Stem Cell Technologies) supplemented with 
cytokines. For generation of leukemia, 1,000 to 3,000 transduced LSKs 
were transplanted into lethally irradiated C57BL/6 mice (6–8 weeks) 
with 0.3 million of helper BM cells.

In vivo shRNA screen. Pooled in vivo shRNA screen was conduct-
ed at the Broad Institute RNAi consortium. Pooled lentiviruses for 
screening were generated by pooling equal amounts of the lentiviral 
shRNA plasmids prior to lentiviral production (64). Leukemia BM 
cells were harvested from the moribund tertiary MLL-AF9 mouse 
and transduced with pooled lentivirus shRNA against MLL-AF9 tar-
gets. A total of four 12-well plates were spinfected with 500 μl of cells 
(4 million/ml), 100 μl (~30% infection rate) of pooled viral super-
natant, and 5 μg/ml of polybrene per well. Cells were collected the 
next day (4 wells were collected as 1 replicate), and 1.5 million cells in 
0.5 ml were injected into sublethally irradiated C57BL/6 recipients. 
Two weeks later, cells from moribund mice were harvested. shRNA 
sequences were amplified by PCR from genomic DNA and subjected 
to Illumina sequencing at the RNAi consortium. Detailed experi-
mental procedures on DNA preparation and sequencing to deter-
mine shRNA representation were published previously (65). Raw 
sequencing data were first normalized to total number of reads for 
each replicate, and fold change was calculated as ratio of normalized 
reads between BM or SPL and early time point. Further normaliza-
tion was done by dividing the ratio above by the ratio of read counts 
of control shRNAs between the same time points (65).

Flow cytometry and cell sorting. All flow cytometry experiments were 
performed using a BD FACSAria for sorting and a BD LSRFortessa for 
analysis. The following antibodies were used: Biotin-Conjugated Mouse 
Lineage Panel, FITC-CD3 (clone 17A2), FITC-CD45.2 (clone 104) 
(all from BD); FITC-CD34 (clone RAM34), PE-CD45.2 (clone 104),  
PE-CD16/32 (clone 93), APC-CD45.1 (clone A20), APC-CD117 (clone 
2B8), APC-CD150 (clone TC15-12F12.2), PE-Cy7-Gr19 (clone RB-
8C5), APC-Cy7 streptavidin, APC-Cy7-B220 (clone RA3-6B2), PB-Sca1 
(clone D7), PE-Cy7-CD117 (clone 2B8) (all from BioLegend); FITC-
CD48 (clone HM48-1), PE-CD127 (clone A7R34), PB-CD11b9 (clone 
M1/70), APC-CD135 (clone A2F10), PE-Cy7-Sca1 (clone D7), PB-
CD16/32 (clone 93) (all from eBioscience). To sort LSK cells and HSCs, 
BM cells were stained with biotin-conjugated mouse lineage panel (BD 
Biosciences) and then passed through a MACS lineage depletion column 
(Miltenyi Biotech). The resulting Lin– BM was stained with antibodies 
against the respective panel of surface markers for LSK (Lin–Sca1+c-Kit+) 
and HSD (CD150+CD48–LSK) and sorted on a FACSAria (BD).

Nonetheless, our data suggest an approach to targeting HOXA9 
function in leukemia and perhaps other cancers by targeting an 
enzyme that is part of the HOXA9 complex. These findings will 
prompt further study of JMJD1C in leukemia and the development 
of small-molecule JMJD1C inhibitors.

Methods
Jmjd1c knockout mouse breeding. Animals were maintained at the Ani-
mal Research Facility at Children’s Hospital Boston (Boston, Massa-
chusetts, USA) and then at the Research Animal Resource Center 
at Memorial Sloan Kettering Cancer Center. Jmjd1ctm1a/+ mice were 
obtained from EMMA (41). These mice were bred with ACTB-FLPe 
mice (provided by Stuart Orkin, Division of Pediatric Hematology/
Oncology, Dana Farber Cancer Institute and Boston Children’s Hos-
pital, Harvard Medical School, Boston, MA, USA) to generate Jmjd1cf/+  
mice. Conditional mice were crossed to Vav1-Cre (provided by Stu-
art Orkin) or Mx1-Cre mice (The Jackson Laboratory). Detection of 
WT and floxed alleles of Jmjd1c was performed by PCR using the 
Jmjd1c 5′ arm: CAGAGACAGTCGAACACATTTAGG, the Jmjd1c 3′ 
WT R1: CAACTTAAAACAAATCAACATAAAATAGTAACTTC, and 
LAR3: CAACGGGTTCTTCTGTTAGTCC with a band size of 283 
bp and 549 bp for WT and floxed allele. Detection of floxed and 
deleted alleles of Jmjd1c was performed by PCR using the Jmjd1c 5′ 
arm, Jmjd1c-for: TCGAAGCCTAATGGAGTTCTCAGC, and LoxR: 
TGAACTGATGGCGAGCTCAGACC with a band size of 372 bp 
(deleted) and 272 bp (floxed).

Mouse experiments. Deletion of floxed alleles in Mx1-Cre mice was 
induced by i.p. injections with 12.5 μg/g of body weight pIpC (Invi-
vogen) 3 times over a week. For transplantation experiments, mice 
received either a sublethal (6 Gy) or a lethal (9.5 Gy) dose of irradiation 
prior to tail-vein injection of BM cells. CBC was analyzed by Hemavet 
950 (Drew Scientific). For 5-Fu experiments, mice were injected i.p. 
with 150 mg/kg of body weight 5-Fu.

Cell culture. MLL-AF9 transformed preleukemic cells or leukemia 
was maintained in leukemia media (RPMI-1640 with 10% FBS and 
1% penicillin/streptomycin [Invitrogen]) or M3234 methylcellulose 
(Stem Cell Technologies) supplemented with 10 ng/ml IL-3 (Peprot-
ech). Hoxa9/Meis1 and AML-ETO transformed cells were maintained 
in a manner similar to that of MLL-AF9 cells with 10 ng/ml of IL-6 and 
SCF (Peprotech) in addition to IL-3 in a humidified incubator at 37°C 
in 5% CO2. Human leukemia cell lines were from ATCC or DSMZ and 
were cultured in leukemia media as described above. For culturing of 
the MonoMac6 cell line, 2 mM l-glutamine (Invitrogen), nonessential 
amino acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen), and 10 
μg/ml human insulin (Sigma-Aldrich) were also added.

Virus production and transduction of cells. The vectors used included 
pMSCV MLL-AF9-IRES-GFP (14), pMSCV HOXA9-IRES-MEIS1 neo 
(a gift from Guy Sauvageau, Department of Medicine, Faculty of Medi-
cine, Université de Montréal, Montreal, Quebec, Canada), pMSCV 
CRE-IRES YFP (a gift from David Williams, Division of Hematology/
Oncology, Boston Children’s Hospital), and pMSCV CRE-IRES-Tomato 
(63). pLKO.1 JMJD1C hairpin constructs were obtained from the Broad 
Institute RNAi consortium (http://www.broadinstitute.org/rnai/trc): 
shJMJD1C no. 2: TCCACCTCCAGAGACTATAAA; shJMJD1C no. 3: 
GAGATGTGGAGACCTAATAAT. Ecotropic retroviruses were gener-
ated by contransfection of 293T cells with Ecopack packaging vector 
(Clontech) and respective viral vectors using Fugene 6 (Roche Molecu-
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sequences. Following the QC step, sequence reads were aligned to the 
mouse genome reference assembly mm 10 (build 10.2) using STAR 
(67). The number of reads uniquely mapped to each gene (Ensembl 
75 annotation) was determined using Htseq (68). To determine the 
number of genes identified in each sample, we used the union mode in 
counting reads with Htseq-count. We used DESeq to identify the dif-
ferentially expressed genes (69). The P values were adjusted for mul-
tiple testing by the Benjamini-Hochberg method. The RNA-seq pipe-
line from Basepair (www.basepair.io) was also used in the analysis. 
Expression count was analyzed by STAR and differential expression 
by DESeq. The integrative analysis of histone modification and gene 
expression was done using iCanPlot (70). All RNA-seq and ChIP-seq  
data sets were deposited in the NCBI’s Gene Expression Omnibus 
(GEO GSE75581). LSC frequency was calculated using L-Calc soft-
ware (Stemcell Technologies).

Statistics. Error bars in all graphs represents mean ± SEM. Statistical 
analysis of means between 2 populations was performed using 2-tailed, 
unpaired Student’s t test. Survival curves were assessed by Log-rank 
test. An approximate P value for nonparametric correlation was calcu-
lated for the Pearson correlation. A P value for overlap between gene 
sets in the Venn diagram was calculated by exact hypergeometric prob-
ability. A P value of less than 0.05 was considered significant.

Study approval. All in vivo experiments in animals were approved 
by the Memorial Sloan Cancer Center and Medical College of Wiscon-
sin Animal Care and Use Committees.
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CFC assay. For myeloid progenitor assay, Cre-Tomato–transduced 
Jmjd1cf/f BM cells were sorted for Tomato+ cells and plated in 1.5 ml of 
M3434 (Stem Cell Technologies) in 1 well of a 6-well plate in dupli-
cates. Colony numbers were counted 7 to 10 days later. For leukemic 
blast CFC assay, Cre-Tomato–transduced WT and Jmjd1cf/f MLL-
AF9 leukemic or HOXA9/MEIS1 and AML-ETO preleukemic cells 
were sorted for GFP/Tomato double-positive cells (Tomato+ cells for 
HOXA9/MEIS1) and plated similarly to what is stated above in M3234 
supplemented with cytokines.

Proliferation assay, cell cycle, apoptosis assay. For proliferation 
of WT and Jmjd1c–/– MLL-AF9 leukemia cells, 100 μl of 10,000/
ml cells were seeded per well in 96-well plates and counted every 
6 days by flow cytometry analysis. Sytox blue (Invitrogen) was used 
to exclude dead cells.

For cell-cycle analysis of Jmjd1c–/– MLL-AF9 leukemia in vivo, 100 
μl of 10 mg/ml BrdU (BD Biosciences) was injected into moribund mice 
by tail vein and, 1 hour later, these mice were sacrificed and BM were 
harvested. BrdU staining was carried out following the APC BrdU flow-
ing kit (BD Biosciences) protocol and analyzed on a BD LSRFortessa.

Apoptosis assay was performed following instructions for the 
APC Apoptosis Assay Kit (BD Biosciences) and analyzed on a BD 
LSRFortessa.

ChIP, ChIP-seq, and RNA-seq. ChIP and ChIP-seq procedures were 
described previously (28). The antibody used was H3K9me2 (ab1220, 
Abcam). For RNA-seq, RNA were prepared using TRIzol (Invitrogen), 
amplified with SMARTer RACE cDNA Amplification Kit (Clontech). 
Libraries were prepared with the TruSeq RNA Sample Preparation Kit 
(Illumina) and sequenced on Illumina HiSeq2000.

Cell extracts, IP, and Western blot. Whole-cell SDS lysates were pre-
pared by lysing cells (0.2 million) directly in 2× NuPage LDS sample 
buffer with sample reducing agent (Invitrogen). Flag-tagged JMJD1C 
was expressed in the Bac-to-Bac Baculovirus Expression Systems and 
purified from High Five insect cells as described (Invitrogen). Nuclear 
extracts were made as described (66) and diluted with BC0 (20 mM 
HEPES, pH 7.9, 0.2 mM EDTA, and 10% glycerol)/0.2% Igepal CA-630. 
IP/co-IP experiments were performed by incubating diluted nuclear 
extract with strepavidin- (Invitrogen) or HA-conjugated beads overnight. 
Beads were washed 4 times with BC150 (20 mM HEPES, pH 7.9, 150 
mM KCl, 0.2 mM EDTA, and 10% glycerol) plus 0.1% Igepal CA-630. 
Bio-JMJD1C, Bio-KDM3B, and Flag-KDM3A constructs were previ-
ously described (60), and N-terminal HA-HOXA9–containing human 
HOXA9 was cloned into XhoI and EcoRI sites in pMSCV-IRES-GFP. For 
GST pull-down assay, mouse HOXA9 was amplified from mouse cDNA 
and cloned into BamHI and EcoRI sites in pGEX-4T1, expressed, and 
purified as described (GE Life Sciences). GST pull-down was performed 
under the same conditions as co-IP. Proteins were separated on NuPage 
Tris-Bis 4% to 12% precast gels following the manufacturer’s protocol. 
Gel transfer was performed using iBlot (Invitrogen) to nitrocellulose 
membrane. The following antibodies were used for immune blotting: 
H3K9me1 (ab8896, Abcam), H3K9me2 (ab1220, Abcam), H3 (ab1791, 
Abcam) cleaved caspase-3 (5A1E, Cell Signaling), α-HA (ab16918, 
Abcam), streptavidin HRP (Thermo Scientific), α-JMJD1C (17-10262, 
EMD Millipore), and α-HOXA10 (H0916, Sigma-Aldrich).

Data analysis. ChIP-seq data were analyzed as described previ-
ously (28). RNA-seq data were analyzed as follows: raw reads were pre-
processed using Trim Galore! (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) to remove low-quality reads and adapter 
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