
Brief Report

MYELOID NEOPLASIA

Differential role of Id1 in MLL-AF9–driven leukemia based on cell
of origin
Na Man,1,* Xiao-Jian Sun,1,2,* Yurong Tan,1 Marta Garcı́a-Cao,3 Fan Liu,1,4 Guoyan Cheng,1 Megan Hatlen,3 Haiming Xu,3

Ronit Shah,1 Nolan Chastain,1 Na Liu,5 Gang Huang,6 Yuan Zhou,7 Mengyao Sheng,7 Junhong Song,8 Feng-Chun Yang,1,4

Robert Benezra,3 Stephen D. Nimer,1,4,9 and Lan Wang1,2,4,5

1Sylvester Comprehensive Cancer Center, Miller School of Medicine, University of Miami, Miami, FL; 2State Key Laboratory of Medical Genomics, Shanghai

Institute of Hematology, Rui Jin Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China; 3Sloan Kettering Institute, Memorial Sloan

Kettering Cancer Center, New York, NY; 4Department of Biochemistry and Molecular Biology, Miller School of Medicine, University of Miami, Miami, FL;
5Institute of Health Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences/School of Medicine, Shanghai Jiao Tong

University, Shanghai, China; 6Division of Experimental Hematology and Cancer Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH;
7State Key Laboratory of Experimental Hematology, Institute of Hematology and Blood Diseases Hospital, Chinese Academy of Medical Sciences/Peking

Union Medical College, Tianjin, China; 8Pediatric Hematology and Oncology, Shanghai Children’s Medical Center, Shanghai, China; and 9Department of

Medicine, Miller School of Medicine, University of Miami, Miami, FL

Key Points

• Loss of Id1 delays
leukemogenesis in fetal MLL-
AF9 leukemia model, but
accelerates leukemogenesis
in postnatal MLL-AF9
leukemia model.

• Deletion of Cdkn1a (p21)
rescues the loss of Id1 in both
MLL-AF9 mouse models.

Inhibitor of DNA binding 1 (Id1) functions as an E protein inhibitor, and overexpression

of Id1 is seen in acute myeloid leukemia (AML) patients. To define the effects of Id1 on

leukemogenesis,weexpressedMLL-AF9 in fetal liver (FL) cells or bonemarrow (BM) cells

isolated fromwild-type, Id12/2, p212/2, or Id12/2p212/2 mice, and transplanted them into

syngeneic recipient mice. We found that although mice receiving MLL-AF9–transduced

FL or BM cells develop AML, loss of Id1 significantly prolonged the median survival of

mice receivingFLcellsbut accelerated leukemogenesis in recipientsofBMcells.Deletion

of Cdkn1a (p21), an Id1 target gene, can rescue the effect of Id1 loss in both models,

suggesting thatCdkn1a isacritical targetof Id1 in leukemogenesis. It hasbeensuggested

that the FL transplant model mimics human fetal-origin (infant) MLL fusion protein (FP)-

driven leukemia, whereas the BM transplantation model resembles postnatal MLL

leukemia; in fact, the analysis of clinical samples from patients with MLL-FP1 leukemia

showed that Id1 expression is elevated in the former and reduced in the latter type of

MLL-FP1AML.Our findingssuggest that Id1couldbeapotential therapeutic target for infantMLL-AF9–driven leukemia. (Blood. 2016;

127(19):2322-2326)

Introduction

Inhibitor of DNA binding 1 (Id1) is a key transcriptional regulator of
hematopoietic stemcell (HSC) lineage commitment, and the absence of
Id1 compromises the self-renewal capacity of HSCs.1-3 This functional
defect is associated with transcriptional changes in Id12/2 HSCs,
including the increased expression of p21, a well-established target
of Id1 repression.2,4 Id1 controls cancer-initiating cell self-renewal
through cell-cycle restriction driven by p21,5 and we demonstrated the
opposing effects of Id1 andp21onmyeloid lineage differentiation.4We
have recently identified that loss of Id1 inhibited t(8;21) leukemia
initiation and progression by abrogating AKT1 activation.6,7

Many investigators have found that the MLL-AF9 fusion protein
induces acute myeloid leukemia (AML) through effects on numerous
transcriptional regulators (eg, Meis1, HoxA9, and Runx1) and
epigenetic modulators (eg, Dot1L),8-19 however, the role of Id1 in

MLL-AF9–mediated leukemogenesis was unknown.20 Overexpres-
sion of Id1 is seen in ;75% of patients with AML-M5, and recent
clinical studies identified that high Id1 expression is associated with
poor prognosis in AML-M5 patients, independently predicting for
shorter disease-free survival and overall survival.21 Id1 is highly
expressed in theMLL-AF91 leukemia cell lines THP1 andMOLM13
(supplemental Figure 1, available on the Blood Web site), which
suggests that Id1 may have an important role in MLL-AF9–
driven leukemia. To define the effects of Id1 on leukemogenesis, we
used retroviral gene transfer to express MLL-AF9 in fetal liver (FL) or
bonemarrow (BM) cells isolated fromwild-type (wt), Id12/2,p212/2, or
Id12/2p212/2 mice, and then transplanted the transduced cells into
lethally irradiated recipient mice. These studies have identified cell-
type–specific effects of Id1.
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Figure 1. Loss of Id1 delays the development of MLL-AF9–driven leukemia from FL, and depletion of p21 can rescue Id1-deficiency–induced phenotype. (A) The strategy

of FL transplantation model. (B) In the primary transplantation assay, loss of Id1 prolongs the survival time of recipient mice (61 days vs 93 days, n5 15/group, P, .001). Deletion of

p21 alone or combined with Id1 deletion does not affect the survival time of recipient mice. (C) In the secondary transplantation assay, the mice in the Id12/2 group developed

leukemia slower compared with the wt group (46 days vs 82 days, n 5 15/group, P , .001). Deletion of p21 alone or combined with Id1 deletion does not affect the survival time of

recipient mice. (D) The complete blood count analysis showed that, 8 weeks posttransplantation, the average WBC of the wt group is higher than the p212/2 group, the p212/2 group

is higher than the Id12/2p212/2 group, and the Id12/2p212/2 group is higher than the Id12/2 group. The average RBC of the wt group is lower than the p212/2 group, the p212/2 group

is lower than the Id12/2p212/2 group, and the Id12/2p212/2 group is lower than the Id12/2 group. Platelet (PLT) has no significant differences in these 4 groups. (E) The morphology
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Study design

For FL and BM transplantation, we used retroviral gene transfer to express the
MLL-AF9 complementary DNA in the embryonic day 14.5 (E14.5) FL cells or
BM cells of wt, Id12/2, p212/2, or Id12/2p212/2 mice. Hematopoietic stem/
progenitor cells (HSPCs) were infected with retroviruses by spinoculation. The
FL/BM HSPCs were cultured in X-VIVO medium with interleukin-3 (IL-3),
IL-6, and stem cell factor.22 The transduction efficiency was around 30%. The
1 3 105 green fluorescent protein–positive (GFP1) MLL-AF9–transduced FL/
BMcells were transplanted into lethally irradiated C57Bl/6.SJL recipientmice by
tail-vein injection. For details and additionalmethods, see supplementalMethods.

Results and discussion

Id1 is more highly expressed in FL cells than in BM cells, suggesting
that Id1 may have differential roles in these distinct types of HSPCs
(supplemental Figure 2). The expression of MLL-AF9 in mouse FL
cells leads to an increase in Id1 expression and the rapid development of
AML with maturation. Loss of Id1 slowed the initiation of leukemia
and markedly prolonged the median survival of the MLL-AF9 mice
in the FL transplantation model, with deletion of p21 rescuing the
effect of Id1 loss (Figure 1A-B). Splenomegaly and hepatomegaly
were prominently observed inwt, p212/2, or Id12/2p212/2MLL-AF9
mice, and less so in the Id12/2 MLL-AF9 mice (supplemental
Figure 3). The white blood cell (WBC) counts of the mice in the
MLL-AF9/Id12/2 group were significantly lower than the MLL-AF9/
wt, p212/2, or Id12/2p212/2 groups and the red blood cell (RBC)
counts were higher, reflecting impaired leukemogenesis (Figure 1D).
Cytospins of the AMLs showed less circulating leukemic blast cells in
the MLL-AF9/Id12/2 group than the MLL-AF9/wt group, and less
infiltrationof blast cells in the spleen andBM(Figure 1E). Furthermore,
the peripheral blood (PB) of the MLL-AF9/Id12/2 group contained
far fewer GFP1C-Kit1 leukemia blast cells (Figure 1F) than the
MLL-AF9/wt, p212/2, or Id12/2p212/2 mice, and the frequencies of
GMP-like leukemic cells (L-GMP) in the wtMLL-AF9 leukemic mice
were higher than the Id12/2MLL-AF9 leukemicmice (Figure 1G). To
determine the effect of Id1 on the maintenance of MLL-AF9–driven
AML, we transplanted MLL-AF9–expressing wt, Id12/2, p212/2,
or Id12/2p212/2 cells into sublethally irradiated mice. Loss of Id1
significantly prolonged the median survival of the secondarily
transplanted MLL-AF9 mice (Figure 1C). Interestingly, we found
that both HoxA9 and Meis1 were downregulated in the Id12/2

MLL-AF9–expressing FL cells compared with wt MLL-AF9–
expressing FL cells (Figure 1H; supplemental Figure 5).

We then examined the effect of Id1 on the self-renewal of the
transformed FL cells by performing serial replating assays usingMLL-
AF9–transducedFLcells thatwere isolated fromwt, Id12/2,p212/2, or
Id12/2p212/2mice. The Id12/2MLL-AF9 cells had significantly less
repopulating capacity thanwtMLL-AF9 cells (Figure 1I; supplemental
Figure 4), suggesting that Id1 controls the initiation of myeloid
transformation by regulating the self-renewal of transformed HSPCs.

Next, we transplanted lethally irradiated mice with MLL-AF9–
transduced BM cells isolated from wt, Id12/2, p212/2, or Id12/2

p212/2 mice (Figure 2A). In this case, loss of Id1 accelerated the
initiation of leukemia and impaired the median survival of the
MLL-AF9mice (Figure 2B); this effect can also be rescued by deletion
of p21 (supplemental Figure 6). Loss of Id1 also significantly
accelerated death from MLL-AF91 leukemia in secondary BM
transplantation models (Figure 2C), with far more circulating
leukemic blast cells in theMLL-AF9/Id12/2 group than theMLL-
AF9/wt group, and more extensive infiltration of blast cells in the
spleen and BM (Figure 2D), leading to profound splenomegaly
and hepatomegaly (supplemental Figure 7). The WBC counts
of the mice that received MLL-AF9/Id12/2 BM cells were
significantly higher than the MLL-AF9/wt group, reflecting
accelerated leukemogenesis (supplemental Table 1). Indeed, the
PB of the MLL-AF9/Id12/2 mice contained far more GFP1,
C-Kit1, Mac11 leukemia cells than the MLL-AF9/wt mice
(Figure 2E). The frequencies of L-GMP in the wt MLL-AF9–driven
BM cell leukemias were lower than the Id12/2 MLL-AF9–driven BM
cell leukemia (Figure 2F). In contrast to what we observed using FL
cells, Id1 is downregulated inMLL-AF9–expressing BMcells and that
HoxA9 and Meis1 are upregulated in the Id12/2MLL-AF9 BM cells,
compared with wt MLL-AF9 BM cells (Figure 2G; supplemental
Figure 7).

To examine the effect of Id1 on the self-renewal of the transformed
BM cells, we performed limiting dilution assays, and found that loss of
Id1 significantly increased the leukemia-initiating cell frequency in
MLL-AF9–driven leukemia (1 in 286 vs 1 in 15 707) (supplemental
Table 2). We also performed serial replating assays using GFP1

MLL-AF9–transduced BM cells isolated from wt, Id12/2, or Id12/2

p212/2 mice, and the Id12/2 MLL-AF9 cells had more repopulating
capacity than the wt MLL-AF9 cells; this effect could also be rescued
by deletion of p21 (Figure 2H; supplemental Figure 9). These results
demonstrated that Id1 plays different roles in MLL-AF9–driven
leukemias that develop from BM vs FL cells.

Gene expression studies suggest that human infantMLL fusion
gene leukemia originates in cells that differ from MLL fusion
gene-driven postnatal leukemia.23 Interestingly, we found that
loss of Id1 abrogated leukemogenesis in the mice transplanted
with MLL-AF9 FL cells but accelerated leukemogenesis in the
mice transplanted with MLL-AF9 BM cells. The AML that is
generated from either source of HSPCs is the same in terms of its
level of differentiation. These data describe for the first time a
differential effect of a gene on leukemia initiation and develop-
ment in vivo between MLL-AF9 infant leukemia, and postnatal
MLL-FP–driven leukemia, which advances our understanding of
the pathogenesis of MLL-FP–driven leukemia. Interestingly, an
analysis of clinical samples showed higher Id1 messenger RNA
(mRNA) levels in the MLL1 AML patients who were younger
than 3 years old, compared with the samples from patients who
were older than 3 years (Figure 2I; supplemental Table 3).

The effects of Id1 in leukemogenesis appear to be largely dependent
on p21. The expression of p21 is extremely low in human fetal HSPCs,
but it increases as the cells differentiate into myeloid cells; this is con-
sistent with our observation that inhibition of Id1 can promote the
myeloid differentiation of leukemia cells originating from FL.24 Id1

Figure 1 (continued) results showed that there were less leukemia blast cells in the PB, BM, and spleen of the Id12/2 group mice compared with the wt group. (F) The flow analysis

showed that the PB cells of the mice in the Id12/2 group express less GFP1c-Kit1 cells compared with the wt, p212/2, and Id12/2p212/2 group. (G) The flow analysis of L-GMP

(IL-7R-Lin-Sca-1-c-Kit1CD34-FcgRII/III1 GMP-like leukemic cells) in the BM cells from wt and Id12/2 MLL-AF9 leukemia mice (left panel). The frequency of L-GMP in the BM cells

from Id12/2 MLL-AF9 leukemia mice is lower than that from wt MLL-AF9 leukemia mice (right panel). (H) The mRNA expression level of Hoxa 9 in wt and Id12/2 fetal liver HSPCs

(marked as wt and Id12/2), E14.5 FL HSPCs transduced with MLL-AF9 (marked as MLL-AF9 preleukemia wt and Id12/2) and leukemia cells in resulting leukemia (marked as

MLL-AF9 leukemia wt and Id12/2). (I) The columns represent the numbers of total colonies in each plating of the sorted GFP1wt or Id12/2E14.5 FL HSPCs transduced with MLL-AF9

(6 standard error of the mean [SEM]; n 5 3). CFU-C, colony-forming unit in culture; MSCV, murine stem cell virus.
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panel) in the BM cells from wt and Id12/2 MLL-AF9 leukemia mice. The frequency of L-GMP in the BM cells from Id12/2 MLL-AF9 leukemia mice is higher than that from

wt MLL-AF9 leukemia mice (right panel). (G) The mRNA expression level of Hoxa 9 in wt and Id12/2 BM HSPCs (marked as wt and Id12/2), BM HSPCs transduced with
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expression is higher in FL HSPCs than in BM HSPCs, which could
account for the differences in the effects of its absence. The frequency
of L-GMP is increased in the Id12/2MLL-AF9BMcells but decreased
in the Id12/2 MLL-AF9 fetal liver cells, suggesting that leukemia-
initiating cell frequency depends on Id1 expression. Loss of Id1
increased the expression levels of HoxA9 and Meis1, the indicators of
MLL-AF9–driven leukemogenesis, inMLL-AF9–transformedHSPCs
from FL, but decreased the expression levels of HoxA9 and Meis1 in
MLL-AF9–transformed HSPCs from BM. Although these changes
may contribute to the observed differences in leukemogenicity, they
could also be the result of cellular transformation. Defining the
differential roles of Id1 in fetal vs postnatal MLL-AF91 leukemia will
allow for further elucidation of the various cell origins implicated in
AML and may provide a potential target for MLL-AF9–driven infant
leukemia.
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