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Key Points

• Hematopoietic stem
and progenitor cells
have distinct
differentiation stage-
specific immortalization
potentials that involve
Bahcc1.

• Results suggest a
novel MLL-fusion-
Bahcc1 axis in MLL-
fusion–mediated
leukemogenesis.
In leukemogenesis, genotoxic stress in hematopoietic stem and progenitor cells (HSPCs)

drives individual context-dependent programs of malignant transformation. In light of the

various differentiation stages of HSPCs based on a recently revised definition using CD150/

CD48, our analyses showed that a subpopulation of long-term repopulating HSCs was most

susceptible toMLL-ENL–mediated transformation. An analysis of the molecular mechanism

identified Bromo-adjacent homology domain and coiled-coil containing 1 (Bahcc1), which

encodes a reader molecule of trimethylated histone H3 lysine 27 (H3K27me3), as a

candidate gene involved in distinct susceptibility to leukemic transformation. Interestingly,

Bahcc1 was previously reported to be highly expressed in acute myeloid leukemia (AML)

with an unfavorable prognosis, including some cases of MLL-rearranged AML. We found

that MLL-ENL upregulated Bahcc1 through binding to its promoter, and that Bahcc1 was

involved in MLL-ENL–mediated immortalization at least partly through repression of

H3K27me3-marked Cdkn1c. Analyses using bone marrow transplantation in mice showed

that depletion of Bahcc1 suppressed the leukemogenic activity of MLL-ENL. In a public

database, high BAHCC1 expression was found to be associated with a poor prognosis in

pediatric AML, in which BAHCC1 expression was significantly lower in MLL-AF9-AML than

in other MLL-fusion-AML. These findings shed light on the distinct immortalization

potential of HSPCs and suggest a novel MLL-fusion-Bahcc1 axis, which may lead to

development of molecular targeted therapy against MLL-fusion–mediated leukemia.
Introduction

Acute myeloid leukemia (AML) is a hematological malignancy arising from a subpopulation of leukemic
stem cells.1-4 Previous studies5-8 have shown that oncogenic events may transform normal hemato-
poietic stem cells (HSCs) and progenitor cells into leukemic stem cells. Interestingly, we have shown9

that conditional expression of MLL-ENL leads to leukemic transformation of CD34−c-KithighSca-1high-

Lineage− (KSL) cells (previously defined as murine long-term repopulating HSCs [LT-HSCs]), but not
that of CD34+KSL cells (previously defined as murine short-term repopulating HSCs [ST-HSCs]) or
myeloid progenitor cells. Recent advances10-13 have also led to revision of the definition of HSCs and
immature progenitor cells (HSPCs), using markers including CD150/CD48. However, little is known
about the molecular mechanism of leukemic transformation in the “revised” HSPCs.
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A class of epigenetic regulators14-18 has been found to play a key
role in leukemogenesis. One epigenetic regulatory mechanism is
suppression of expression of genes marked with trimethylated
histone H3 lysine 27 (H3K27me3),19-22 which is recognized by
reader molecules, leading to chromatin compaction. In addition to
the canonical readers, Bromo-adjacent homology (BAH) domain
and coiled-coil containing 1 (BAHCC1), a large protein of 2608
amino acids, recognizes H3K27me3 via the BAH domain,23,24

which is shared with BAH domain containing 1 (BAHD1). Both
molecules mediate gene silencing by recruiting transcriptional
repressor complexes. Interestingly, BAHCC1 is highly expressed in
AML with an unfavorable prognosis, including some cases of MLL-
rearranged leukemia.25 In addition, BAHCC1 depletion sup-
presses growth of human leukemia cell lines expressing MLL-AF4
in vitro, while BAHCC1/Bahcc1 is critical for several types of
leukemogenesis in vitro and in vivo but not for BCR-ABL–mediated
leukemogenesis.23 Thus, the precise role of BAHCC1/Bahcc1 in
MLL-fusion–mediated leukemogenesis remains unclear.

To investigate the molecular mechanism of MLL-fusion–mediated
leukemogenesis in HSPCs more closely, we first examined the
immortalization potential of MLL-ENL in “revised” HSPCs. The
analyses showed that conditionally expressed MLL-ENL definitively
immortalized “revised” LT-HSCs but did not have this effect on
more differentiated multiple potent progenitor (MPP) cells and did
not always immortalize immature progenitor cells. Comprehensive
gene expression analyses of the HSPCs revealed increased
expression of Bahcc1 in the immortalized cells. In vitro analyses of
the role of Bahcc1 in leukemogenesis showed that MLL-ENL
upregulated Bahcc1 through promoter binding, and that Bahcc1
was involved in MLL-ENL–mediated immortalization, at least partly
through repression of H3K27me3-marked cyclin-dependent kinase
inhibitor 1c (Cdkn1c). Furthermore, in vivo analyses showed that
depletion of Bahcc1 suppressed the leukemogenic activity of MLL-
ENL, suggesting that Bahcc1 may be a target for treatment of
MLL-rearranged AML. Collectively, this study reveals distinct dif-
ferentiation stage-specific immortalization potentials in HSPCs and
describes a novel MLL-fusion-Bahcc1 axis in MLL-fusion–
mediated leukemogenesis.
Methods

Construct

pMYs retroviral vectors harboring a FLAG (DYKDDDDK peptide)-
tagged MLL-ENL internal ribosomal entry site (IRES)-neor or
-EGFP have been described elsewhere.9 A 5’-fragment of Bahcc1
generated with polymerase chain reaction (PCR) products using
complementary DNA (cDNA) derived from immortalized LT-HSCs
(described below) was combined with a fragment derived from a
mouse cDNA clone M5C1031K16 (Dnaform, Tokyo, Japan) to
produce full-length Bahcc1 with a 3XFLAG tag at the C-terminus in
pcDNA3.1 (Thermo Fisher Scientific Inc, Waltham, MA).

Mice

Compound C57BL/6 (B6) mice conditionally expressing cyto-
megalovirus early enhancer/chicken β actin (CAG) promoter–
driven MLL-ENL by inducible Cre-estrogen receptor α chain
(CreER) fusion protein expressed from the Rosa26 locus (C/Tg
mice) have been previously described.9,26 All animal studies were
2194 NAKAMURA et al
approved by the Animal Care Committee of Mie University (no. 24-
34-re5).

Purification of HSPCs

LT-HSCs (CD150+/CD48−KSL), ST-HSCs (CD150−/
CD48−KSL), MPP2 (CD150+/CD48+KSL) cells, and MPP3/4
(CD150−/CD48+KSL) cells of C/Tg mice, and KSL and c-
KithighSca-1−Lin− (hereafter designated MP) cells of wild-type B6
mice were purified from the respective bone marrow (BM) cells
using a fluorescence-activated cell sorting (FACS) Aria II (BD
Biosciences, Franklin Lakes, NJ).9,26 In brief, lineage-depleted cells
were isolated from BM mononuclear cells labeled with Lineage Cell
Detection Cocktail-Biotin using a MACS cell separation system
(Miltenyi Biotec, Auburn, CA). For purification of LT-HSCs, ST-
HSCs, MPP2 cells, and MPP3/4 cells derived from C/Tg mice,
lineage-depleted cells were stained with peridinin chlorophyll pro-
tein (PerCP)-Cy5.5-conjugated streptavidin, and phycoerythrin
(PE)–conjugated anti-c-Kit (2B8), PE-Cy7–conjugated anti-Sca-1
(D7), allophycocyanin (APC)–conjugated anti-CD150 (TC15-
12FL12.2), and brilliant violet 421 (BV421)–conjugated anti-CD48
(HM48-1) monoclonal antibodies. For purification of KSL and MP
cells derived from wild-type B6 mice, lineage-depleted cells were
stained with PerCP-Cy5.5–conjugated streptavidin, and PE-
conjugated anti-Sca-1 (D7) and APC-conjugated anti-c-Kit (2B8)
monoclonal antibodies. All monoclonal antibodies were purchased
from BioLegend (San Diego, CA).

Retroviral transduction

Retroviral supernatants of Plat E cells transfected with a retroviral
construct were harvested 48 hours after transfection.27 Target
cells were transduced with retroviruses using RetroNectin (TaKaRa
Bio, Inc, Otsu, Japan).28

Myeloid immortalization assay

Myeloid immortalization assays via serial replating were performed
as described elsewhere.26 In brief, purified LT-HSCs, ST-HSCs,
MPP2 cells, and MPP3/4 cells (150 cells) were directly sorted into
1.5 mL of methylcellulose medium prepared from M3234 (Stem-
Cell Technologies, Vancouver, Canada) according to the manu-
facturer’s protocol, supplemented with 25 ng/mL mouse stem cell
factor, 10 ng/mL each of human interleukin 6, mouse interleukin 3,
and mouse granulocyte-macrophage colony–stimulating factor
(Miltenyi Biotec), and 0.05 μM of 4-hydroxytamoxifen (Sigma-
Aldrich, St Louis, MO) dissolved in ethanol or an equal amount of
ethanol as a vehicle control. Sorted cells in 1 mL of the mixture
were immediately plated in 35-mm dishes. KSL and MP cells ret-
rovirally transduced with MLL-ENL-IRES-neor were also seeded in
the same M3234-based methylcellulose medium supplemented
with the same kinds of cytokines and 1 mg/mL G418 (Thermo
Fisher Scientific Inc).

After culturing for 5 to 7 days, colonies were enumerated and
single-cell suspensions (1 × 104 cells) of colonies were subse-
quently replated in α-MEM (Thermo Fisher Scientific Inc)–based
medium containing 1% methylcellulose (Shin-Etsu Chemical Co,
Ltd, Tokyo, Japan) supplemented with the same cytokines without
4-hydroxytamoxifen, ethanol, or G418. After the third round of
plating, 5 × 103 of the cells forming >5 colonies were additionally
replated. The colony-forming cells were harvested at the end of the
fourth round of plating and were cultured in α-MEM supplemented
14 MAY 2024 • VOLUME 8, NUMBER 9



with 20% fetal bovine serum and the same cytokines to obtain
immortalized cells that were capable of unlimited proliferation
under liquid culture.

Gene silencing

The target sequences for Bahcc1 and luciferase were 5′-GAA-
GAACCTGCTGAAATAC-3′ (shB-2) and 5′-AAAGTGGCCAA-
CAAAGAGG-3′ (shB-8), and the shLuc sequence described
elsewhere.29 Short hairpin RNAs (shRNAs) sequences were
inserted into pMXsU6-Kusabira Orange (KO)9 or pMXsU6-puro (a
kind gift from Toshio Kitamura, The Institute of Medical Science,
University of Tokyo). Cells retrovirally transduced with pMXsU6-KO
harboring an shRNA sequence were subjected to sorting accord-
ing to expression of KO on the FACS Aria II 2-3 days after trans-
duction. Cells transfected with pMXsU6-puro harboring an shRNA
sequence were selected with 30 μg/mL puromycin (Sigma-Aldrich)
for 48 hours at 2 days after transfection.

BMT

Assessment of leukemogenic activity in vivo was performed using
BM transplantation (BMT).9,30 Briefly, splenocytes were harvested
from leukemic B6 mice in primary BMT using retrovirally MLL-ENL-
IRES-EGFP–transduced KSL cells and were retrovirally trans-
duced with shRNA/KO expressors in pMXsU6-KO. At 48 hours
after transduction, 900 green fluorescent protein (GFP)+ cells with
high KO expression were sorted using the FACS Aria II and
immediately transplanted into sublethally irradiated (5.25 Gy)
recipient B6 mice. BM and spleen tissues from morbid mice were
analyzed as described elsewhere.30

RNA seq and data analysis

Candidate genes involved in the differential modes of myeloid
immortalization among HSPCs were found on the basis of their
increased expression levels (log2 fold change [FC] >1 in induced
ST-HSCs and log2 FC >0 in induced MPP2 cells, or log2 FC >1 in
induced MPP2 cells and log2 FC >0 in induced ST-HSCs, with
adjusted P values < .05) in RNA sequencing (RNA seq). Genes
that were abundantly detected (count per million >10 in induced
ST-HSCs and MPP2 cells and their respective controls) were
focused on, followed by selection of genes with exclusive
enhancement of expression in CD34− KSL cells, compared with
that in CD34+ KSL cells, in a previous cDNA microarray analysis.9

Statistical analysis

An unpaired Welch t test and 1-way analysis of variance followed
by a Tukey-Kramer or Dunnett test as a post hoc test were used to
compare 2 groups and >2 groups, respectively. Quantitative PCR
(qPCR) data were log2-transformed before statistical analysis. The
probability of overall survival of the mice, and that of patients with
AML from public databases, was estimated using the Kaplan-Meier
method and compared using log-rank tests, with Bonferroni
correction in comparison among 3 groups. All statistical tests were
performed using GraphPad Prism 9 (GraphPad Software, San
Diego, CA).

FACS, immunoprecipitation (IP), western blotting, RNA seq,
reverse transcription/chromatin immunoprecipitation (ChIP)–
qPCR, gene silencing in human leukemic cell lines, and bioinfor-
matics analysis are described in the supplemental Methods.
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Results

LT-HSCs are immortalized by conditional expression

of MLL-ENL, but MPP3/4 cells are not, whereas ST-

HSCs and MPP2 cells are not always immortalized

To examine the immortalization potential of MLL-ENL in the
“revised” HSPCs, LT-HSCs, ST-HSCs, MPP2 cells, and MPP3/4
cells from C/Tg mice were subjected to myeloid immortalization
assays by conditional expression of MLL-ENL (Figure 1A-B;
supplemental Figure 1). Although nearly equal expression levels of
MLL-ENL were induced at the end of the initial plating (Figure 1C),
only LT-HSCs definitely formed compact colonies composed of
morphologically myelomonocytic blasts (Figure 1D) after serial
replating, whereas MPP3/4 cells did not do so. ST-HSCs and
MPP2 cells formed colonies in 5 of 7 trials after serial replating
(Figure 1B). In addition, in transferring cells harvested from the
fourth plating into liquid culture for generating immortalized cells,
the cells harvested from LT-HSC-derived replatable colonies
always proliferated under liquid culture, whereas those harvested
from ST-HSC- or MPP2-derived replatable colonies did so in only 2
of 7 trials (Figure 1B-C).

We next examined the expression levels of critical genes regulated
byMLL-fusion genes in myeloid immortalization (Figure 1E). Initially,
Hoxa9 and Evi1, and Hoxa9 alone, were significantly upregulated
in LT-HSCs, and MPP2 cells, respectively. Meis1 was also upre-
gulated but did not reach statistical difference. After serial replat-
ing, expression levels were significantly elevated in the respective
colony-forming cells derived from LT-HSCs, ST-HSCs, and
MPP2 cells, except for that of Meis1 in ST-HSC-derived cells.
Interestingly, in contrast to immortalized ST-HSCs, immortalized
LT-HSCs and MPP2 cells exhibited similar immunophenotypes of
surface antigens, such as Gr-1/CD11b, but no differences in
apoptotic subpopulations were found among these 3 types of
immortalized cells (Figure 1F). These findings suggest that LT-
HSCs were most susceptible to MLL-ENL–mediated
transformation.

Conditional expression of MLL-ENL enhances

expression of Bahcc1 in LT-HSCs, but not in ST-HSCs

or MPP2 cells, during myeloid immortalization

To examine the molecular mechanism involved in the differences in
immortalization potential among HSPCs, we searched for differ-
entially expressed genes among the induced LT-HSCs, ST-HSCs,
MPP2 cells, and MPP3/4 cells at the end of initial plating in myeloid
immortalization assays. At first, RNA extracted from induced ST-
HSCs and MPP2 cells (at the end of initial plating) that would
later be found to acquire colony-forming ability after the fourth
round of plating were compared with the corresponding EtOH–
treated control cells. RNA seq analysis of ST-HSCs and MPP2
cells revealed several differentially expressed genes (Figure 2A-B).
Among these genes, expression of Bahcc1 (more enhanced) and
Pik3r6 was exclusively enhanced in CD34− KSL cells in compari-
son to CD34+ KSL cells, in a reanalysis of our previous cDNA
microarray results9 using conditional expression of MLL-ENL by
retroviral transduction of CreER (Figure 2C; supplemental Table 1).
BAHCC1 IS CRITICAL FOR MLL-ENL–MEDIATED LEUKEMIA 2195
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Figure 1. Myeloid immortalization potential of LT-HSCs, ST-HSCs, MPP2 cells, and MPP3/4 cells with conditional expression of MLL-ENL. (A) Experimental

strategy for myeloid immortalization assays using serial replating. LT-HSCs, ST-HSCs, MPP2 cells, and MPP3/4 cells were purified from BM cells derived from C/Tg mice

conditionally expressing CAG promoter-driven MLL-ENL by inducible Cre-estrogen receptor α chain (CreER) fusion protein expressed from the Rosa26 locus by sorting with

CD150/CD48 expression in KSL-gated cells. Initially, 100 cells from sorted cells were seeded with 4-hydroxytamoxifen (4OHT) or EtOH, followed by serial replating of 104 cells

without drug. In cases with >5 colonies at the end of the third round (3R) of plating, 5 × 103 cells were replated for 4R plating. †RNA was extracted only from initially 4OHT-treated

cells. (B) Myeloid immortalization assays. (C) Reverse transcription (RT)-qPCR ofMLL-ENL in colony-forming cells at the end of initial plating (1R) and third plating (3R) in myeloid

immortalization assays. (D) Typical morphology of immortalized LT-HSCs constituting the colonies. Cells with Wright-Giemsa staining were viewed with an Olympus CKX41

microscope using a ×4/0.13 objective lens, and an Olympus BX41 microscope using a ×20/0.5 objective lens. Images were acquired with Olympus DP21 software. Original

magnification, ×200; bar, 50 μm. (E) RT-qPCR of Hoxa9, Meis1, and Evi1 in colony-forming cells at the end of initial plating (with treatment of EtOH or 4OHT) and third plating

(only cells derived from initially 4OHT-treated LT-HSCs, ST-HSCs, and MPP2 cells) in myeloid immortalization assays. In several samples from MPP3/4 cells, expression levels of

Evi1 were below the limit of detection. Colors and patterns of bars are the same as shown in panel B. (F) Representative FACS plots of immortalized LT-HSCs, ST-HSCs, and

MPP2 cells. Bar graphs show the mean with standard deviation (SD) of at least 3 independent experiments. *P < .05; **P < .01; ***P < .001; ****P < .0001; ns, not significant

(analysis of variance [ANOVA] followed by Tukey-Kramer multiple comparisons for panels C and E and unpaired Welch t tests for panel E).
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Figure 1 (continued)
Since LT-HSCs and MPP3/4 cells were enriched for CD34− and
CD34+ KSL cells, respectively, in C/Tg mice (Figure 2D), we
examined expression of Bahcc1 in induced HSPCs. Unexpectedly,
Bahcc1 expression at the initial plating was unchanged in the
induced cells compared with corresponding controls and did not
differ among induced HSPCs. However, Bahcc1 expression at the
third plating was significantly increased in induced LT-HSCs, ST-
HSCs, and MPP2 cells. Significant enhancement (compared with
that at initial plating) was only found in induced LT-HSCs
(Figure 2E). These results suggest that MLL-ENL immortalized
LT-HSCs with enhanced expression of Bahcc1 but did not always
immortalize ST-HSCs or MPP2 cells, despite moderate (but not
significant) enhancement of Bahcc1 expression.

Bahcc1 is critical for MLL-ENL–mediated

immortalization of LT-HSCs

Next, to examine the involvement of Bahcc1 in myeloid immortali-
zation of LT-HSCs by MLL-ENL, Bahcc1 was retrovirally depleted
in immortalized LT-HSCs using shRNAs (shB-2 and shB-8) that
could deplete Bahcc1 in 293 cells stably expressing Bahcc1
(Figure 3A-C). The Bahcc1-depleted cells exhibited a significant
reduction in clonogenicity, and the reduction was more marked in
14 MAY 2024 • VOLUME 8, NUMBER 9
shB-2–transduced cells than in shB-8 transduced cells
(Figure 3D). In addition, we found a significant increase in the
apoptotic subpopulation as well as a significant reduction in the Gr-
1−/c-kit+ subpopulation with high potential for colony replating31 in
colony-forming cells derived from shB-2-transduced cells
(Figure 3E). In colony-forming cells derived from shB-8-transduced
cells, we found a tendency toward a reduction in the Gr-1−/c-kit+

subpopulation, but no increase in the apoptotic subpopulation. In
contrast, there were no significant changes in the Gr-1+/CD11b+

subpopulation with myeloid differentiation, or in Hoxa9, Meis1, and
Evi1 expression (Figure 3F). These results suggest that MLL-ENL
conferred aberrant self-renewal and anti-apoptotic activities on
LT-HSCs, at least in part through Bahcc1, without affecting
myeloid differentiation.

MLL-ENL upregulates Bahcc1 via promoter binding

High expression of BAHCC1 has been found in some AML cases
with an unfavorable prognosis,25 but little is understood about the
molecular mechanism of upregulation of BAHCC1. Because a
recent study32 showed that Mll-deficiency reduces Bahcc1
expression and that Mll binds just upstream of Bahcc1 exon 2 in
intestinal stem cells, we examined whether MLL-ENL upregulates
BAHCC1 IS CRITICAL FOR MLL-ENL–MEDIATED LEUKEMIA 2197
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Bahcc1 via promoter binding. In myeloid immortalization assays
using wild-type KSL and MP cells retrovirally transduced with
FLAG-tagged-MLL-ENL, expression of Bahcc1 was significantly
increased at the initial and third plating, and was also significantly
more enhanced at the third plating in MLL-ENL-transduced-KSL
cells (Figure 4A), similar to the enhancement in induced LT-HSCs.
ChIP-qPCR assays of immortalized KSL cells showed a significant
increase in MLL-ENL binding to regions around the putative tran-
scription start sites of Bahcc1, as found in public ChIP-seq data
showing enrichment of trimethylated histone H3 lysine 4 and RNA
polymerase II in thymus, BM, and small intestine cells (Figure 4B-
C). In addition, public ChIP-seq data (DRA00487133 and
GSE7989934) in several human MLL-rearranged leukemic cell
lines, including HB1119 cells expressing MLL-ENL, also exhibited
enrichment of MLL fusion proteins around the corresponding
regions of human BAHCC1, accompanied with transcriptionally
active histone marks and RNA polymerase II (supplemental
Figure 2). Therefore, these results suggest that MLL-ENL upregu-
lated Bahcc1 via promoter binding during immortalization of
HSPCs.

Bahcc1 is involved in MLL-ENL–mediated

immortalization, at least partly through repression of

H3K27me3-marked Cdkn1c

To examine the role of Bahcc1 in myeloid immortalization of
HSPCs by MLL-ENL, we focused on several genes, including
Cdkn1c, Cdkn2a, and Cdkn2b, which were found to be epige-
netically regulated by Bahcc1.23 Considering the results of our
Bahcc1 knockdown experiments, the expression levels of Cdkn1c,
Cdkn2a, and Cdkn2b, which are involved in regulation of the cell
cycle and apoptosis, were analyzed in immortalized LT-HSCs with
Bahcc1 depletion. For analysis in the early phase after Bahcc1
depletion, shRNA-transduced cells were sorted and directly
analyzed at 72 hours after transduction because it was difficult to
analyze cells that were cultured for 24 hours after sorting at the
regular time (48 hours after transduction). Although the condition
of less efficient depletion of Bahcc1 should be noted, expression of
Cdkn1c tended to be increased in shB-2–transduced cells, but not
in shB-8-transduced cells, whereas expression of Cdkn2a and
Cdkn2b was not changed in either group of cells (Figure 5A).

In line with the results obtained in the early phase, expression of
Cdkn1c was significantly increased in colony-forming cells derived
from shB-2–transduced cells but not in cells derived from shB-8
transduced cells, whereas expression of Cdkn2a and Cdkn2b
was not changed in either group of cells (Figure 5B). Interestingly,
Bahcc1 depletion was abrogated in the colony-forming cells, indi-
cating that cells escaping from Bahcc1 knockdown were dominant
during culture after sorting. In addition, to examine whether Cdkn1c
Figure 2. Possible involvement of Bahcc1 in myeloid immortalization by condit

involved in differential modes of myeloid immortalization using induced ST-HSCs and MPP2

RNA seq in comparisons 1 (log2 FC>1 in induced ST-HSCs and log2 FC >0 in induced M

log2 FC >0 in induced ST-HSCs, with adjusted P values <.05). Genes abundantly detec

respective controls) were focused on. (C) Refinement of focused genes based on exclusive

study.9 Bahcc1 and Pik3r6 were selected from the focused genes among DEGs. Overlap o

plots and quantification of HSPCs based on CD150/CD48 expression in CD34(−) and CD

same samples as shown in Figure 1E. Colors and patterns of bars are the same as shown in
*P < .05; **P < .01; ns, not significant (ANOVA followed by Tukey-Kramer multiple compa
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was epigenetically regulated by Bahcc1 by binding to H3K27me3 in
MLL-ENL-immortalized HSPCs, ChIP-qPCR assays of immortalized
KSL cells were performed around previously described regions.35

These assays showed a significant increase in H3K27me3 around
the tested regions of Cdkn1c (Figure 5C). Thus, these results
suggest that depletion of Bahcc1 led to derepression of Cdkn1c
through reduction of its binding to H3K27me3 marks in the regu-
latory genomic regions of Cdkn1c in MLL-ENL-immortalized cells.

Bahcc1 is also critical for MLL-fusion–mediated

leukemogenesis of HSPCs in vivo

Finally, to further examine the role of Bahcc1 in the molecular
mechanism of MLL-ENL-mediated leukemogenesis in vivo, we
analyzed the leukemogenic activity of Bahcc1-depleted leukemic
cells using a secondary BMT model (Figure 6A). PrimaryMLL-ENL-
transduced leukemic cells were efficiently depleted with Bahcc1 by
shB-2 and were transplanted into recipient mice (Figure 6B). In
secondary BMT within an observation period of ~100 days, 6 of 12
recipient mice who underwent transplantation with Bahcc1-
depleted leukemic cells died, whereas 10 of 10 control mice died
(Figure 6C). Both groups of moribund mice similarly exhibited
splenomegaly (Figure 6D) and most of their BM cells were GFP/
KO-positive myelomonocytic cells (Figure 6E), indicating develop-
ment of secondary AML. However, in spite of expression of KO in
most BM cells, expression of Bahcc1 in the BM cells of the 2
groups did not differ (Figure 6F), indicating that leukemic cells
escaping from depletion of Bahcc1 were dominant during devel-
opment and/or progression of secondary AML. Interestingly, in
some of the recipient mice who underwent transplantation with
Bahcc1-depleted cells, the fluorescence intensity of KO was lower
than that in control mice (Figure 6E). Expression of KO in peripheral
white blood cells and BM cells was not detected at 53 and
100 days after BMT, respectively, in surviving mice transplanted
with Bahcc1-depleted cells.

Analyses of the link between BAHCC1 and human AML in public
databases revealed an association of high expression of BAHCC1
with a poor prognosis in pediatric Therapeutically Applicable
Research to Generate Effective Treatments (TARGET) AML
cohorts, but not in the adult Cancer Genome Atlas AML project
(TCGA LAML) cohort (supplemental Figure 3A-D). A similar
association was found in MLL-rearranged AML (supplemental
Figure 3E) and in nonrearranged AML (supplemental Figure 3F)
in the recent TARGET AML cohort. Gene set enrichment analyses
ofMLL-rearranged AML cohorts (GSE1785536 and GSE6180437)
revealed that high expression of BAHCC1 was most closely
associated with a gene set upregulated by MYC38 in C6 onco-
genic signature gene sets (Figure 7A; supplemental Figure 4A).
The enrichment in the gene set upregulated by MYC was also
ional expression of MLL-ENL. (A) Initial screening strategy of candidate genes

cells by RNA seq. (B) Numbers of differential expression genes (DEGs) screened by

PP2 cells, with adjusted P values <.05) and 2 (log2 FC >1 in induced MPP2 cells and

ted (count per million [CPM] >10 in induced ST-HSCs and MPP2 cells, and their

enhancement in CD34 (−) KSL cells conditionally expressingMLL-ENL in the previous

f the focused genes in comparisons 1 and 2 is also shown. (D) Representative FACS

34(+) KSL cells. (E) RT-qPCR of Bahcc1 in myeloid immortalization assays using the

Figure 1E. Bar graphs show the mean with SD of at least 3 independent experiments.

risons and unpaired Welch t test for panel E).
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Figure 3. Bahcc1 depletion suppressed myeloid immortalization of LT-HSCs by conditional expression of MLL-ENL. (A-B) Western blot analyses of Bahcc1 in 293

cells (293Bahcc1) that stably expressed 3XFLAG-tagged Bahcc1 (A), and in shRNA-transduced 293Bahcc1 cells (B). 293 cells transduced with pcDNA3.1 vector alone were used

as a negative control in panel A. shRNAs against luciferase (shLuc, a negative control) and Bahcc1 (shB-2 and shB-8) were transduced into 293Bahcc1 cells in panel B.

Immunoprecipitants with anti-FLAG antibody were blotted with anti-DDDDK-tag antibody to detect expression of Bahcc1 (upper panels). α-Tubulin was analyzed in total lysates as

an internal control (bottom panels). (C-D) Relative-relative expression levels of Bahcc1 (C) in immortalized LT-HSCs with shRNA transduction and clonogenicity (D) of the cells.

(E-F) Representative FACS plots and quantification of CD11b+/Gr-1+, Gr-1−/c-kit+, and apoptotic (annexin V+/7AAD−) subpopulations by FACS (E), and RT-qPCR of Hoxa9,

Meis1, and Evi1 (F) in colony-forming cells derived from immortalized LT-HSCs with depletion of Bahcc1. Bar graphs show the mean with SD of at least 3 independent

experiments. *P < .05; **P < .01; ***P < .001; ****P < .0001; ns, not significant (ANOVA followed by Dunnett multiple comparisons for panels D-F).
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found, although not significantly, in another AML data set
(GSE1957739; supplemental Figure 4B). In line with this finding,
expression of Myc tended to be reduced in colony-forming cells
derived from immortalized LT-HSCs with Bahcc1 depletion by shB-
2 (Figure 7B). Interestingly, BAHCC1 expression was significantly
lower in AML with MLL-AF9 than in AML with other MLL-fusion
genes, in MLL-rearranged AML in childhood (GSE1957739;
Figure 7B) and the recent TARGET AML cohort (supplemental
Figure 4C). BAHCC1 depletion suppressed cell proliferation in
human leukemic cell lines, HB1119 cells expressing MLL-ENL and
THP-1 cells expressing MLL-AF9, although derepression of
CDKN1C was limited (supplemental Figure 5).

Taken together with the results for MLL-ENL-immortalized cells
with Bahcc-1 depletion in vitro, these in vivo results suggest that
Bahcc-1 depletion suppressed development and/or progression of
MLL-ENL–mediated AML and that BAHCC1 had an important role
in MLL-fusion–mediated myeloid leukemogenesis, although a
decrease in engraftment of depleted cells should be noted.
Therefore, our results suggest that upregulation of Bahcc1 by MLL-
ENL is critical for MLL-ENL–mediated leukemogenesis, at least
partly through epigenetic repression of expression of the negative
cell-cycle regulator Cdkn1c.

Discussion

Here, we showed that CD150+/CD48−KSL cells (LT-HSCs) were
the most susceptible targets for leukemic immortalization by MLL-
ENL among HSPCs in our conditional transgenic mouse model.
This finding is compatible with our previous results9 showing that
CD34−KSL cells enriched for LT-HSCs are exclusively transformed
by conditionally expressed MLL-ENL. However, this study also
showed that the induced MLL-ENL could confer leukemic immor-
talization on ST-HSCs and MPP2 cells, albeit not in every experi-
ment. These results imply that MPP cells might harbor fewer
2202 NAKAMURA et al
intrinsic advantages to MLL-fusion–mediated leukemogenesis than
LT-HSCs. This is partly consistent with previous studies7,40

showing more aggressive leukemogenesis by MLL-AF9 or MLL-
ENL in LT-HSCs, but not with another study41 that showed
intrinsic protection of LT-HSCs against MLL-ENL–mediated
leukemogenesis. These differences might be explained by the dif-
ferences in mouse models, including the promoters used and the
mode of conditional or inducible expression42,43; however, further
analyses are needed.

This study also revealed the role of the MLL-ENL-Bahcc1 axis in
leukemogenesis by MLL-ENL, at least partly through repression of
H3K27me3-marked Cdkn1c.44 This finding is reminiscent of a
recent study45 suggesting that the DNA methylation reader MBD2
developed MLL-AF9–driven leukemogenesis through repression of
Cdkn1c transcription by binding to its methylated genomic pro-
moter region. BAHCC1 depletion suppressed the growth of
human leukemic cell lines expressing MLL-ENL or MLL-AF9, but
with limited derepression of CDKN1C. These findings suggest the
possible involvement of BAHCC1-mediated repression of other
tumor suppressor genes as well in MLL-fusion–mediated leuke-
mogenesis, which needs further investigation. Interestingly, Bahcc1
depletion did not change the expression of Hoxa9, Meis1, or Evi1
in immortalized LT-HSCs, implying that Bahcc1 is an independent
key player in MLL-ENL–mediated leukemogenesis. In addition, we
found a close association of high expression of BAHCC1 with a
gene set upregulated by MYC by gene set enrichment analysis,
and a tendency for reduction in expression of Myc in immortalized
LT-HSCs with Bahcc1 depletion. This finding does not agree with
results showing no alterations in MYC expression in T-cell
leukemic/lymphoma cell lines transduced with missense mutations
abrogating BAH function by genome editing of BAHCC1.23 These
differences might imply possible functions of the BAHCC1/
Bahcc1 region other than the BAH domain, which occupies only
~4.6% of the protein.
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followed by Dunnett multiple comparison for panel B and Mann-Whitney U test for panel C.
Our results in vivo showed prolonged latencies in BMT assays of
Bahcc1-depleted leukemic cells, which is consistent with the
association of high BAHCC1 expression with aggressive MLL-
rearranged AML in childhood, but careful interpretation is still
required. Xenograft BMT assays with BAHCC1 depletion also had
prolonged latencies,23 but all mice tested developed lethal disease,
in contrast to our results. However, bioluminescent signals of
BAHCC1-depleted cells in vivo were much weaker at the early
Figure 6. Bahcc1 depletion prolongs development of MLL-ENL-induced leukemi

MLL-ENL together with EGFP were harvested, followed by retroviral transduction with sh

sorted and immediately transplanted into secondary recipient mice. (B) Relative-relative exp

luciferase; shB-2, shRNA against Bahcc1. (C) Survival curves of mice transplanted with Ba

independent experiments were combined. (D) Spleen weights of moribund mice. (E) Repre

were gated as shown in the top panels, followed by subsequent analyses for c-kit, Gr-1, an

BM cells from moribund mice. Bar graphs show the mean with SD of at least 3 independen

for panels D-E). Wt, wild-type.
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time point after BMT, suggesting reduced homing and/or engraft-
ment in BMT assays. The significantly lower expression of
BAHCC1 in MLL-AF9-AML might be involved, at least partly, in the
relatively better prognosis in MLL-AF9-AML,46 but further analysis,
including elucidation of the mechanism of the MLL-AF9–associ-
ated lower expression, is required. Furthermore, the precise role of
Bahcc1 in normal hematopoiesis should be addressed for devel-
opment of novel therapies targeting the MLL-fusion-BAHCC1 axis,
a. (A) Experimental strategy using secondary BMT. Primary leukemic cells expressing

RNA/Kusabira-Orange (KO) expressors. Leukemic cells highly expressing KO were

ression levels of Bahcc1 in shRNA-transduced leukemic cells. shLuc, shRNA against

hcc1-depleted (shB-2; n = 12) or control (shLuc; n = 10) leukemic cells. Data from 3

sentative FACS plots of BM cells from moribund mice. GFP/KO doubly positive cells

d CD11b expression. (F) Relative-relative expression levels of Bahcc1 by RT-qPCR in

t experiments. ns, not significant (log-rank test for panel C and unpaired Welch t tests
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although knock-in mice harboring the mutation abrogating BAH
function did not exhibit alterations in hematopoiesis.23

In conclusion, LT-HSCs among HSPCs showed greatest sus-
ceptibility to MLL-ENL–mediated immortalization. In an analysis of
immortalization potential, Bahcc1 was found to be a key molecule.
MLL-ENL upregulated Bahcc1, and Bahcc1 depletion suppressed
MLL-ENL–mediated leukemogenesis in vivo and in vitro, at least
partly through derepression of H3K27me3-marked Cdkn1c. Taken
together, these results demonstrate an important role of the MLL-
fusion-Bahcc1 axis that may lead to applications in molecular tar-
geted therapy.
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