
Foxm1 haploinsufficiency drives clonal hematopoiesis and
promotes a stress-related transition to hematologic malignancy
in mice

Chunjie Yu, … , Yong Huang, Zhijian Qian

J Clin Invest. 2023;133(15):e163911. https://doi.org/10.1172/JCI163911.

 

Graphical abstract

Research Article Hematology

Find the latest version:

https://jci.me/163911/pdf

http://www.jci.org
http://www.jci.org/133/15?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI163911
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/23?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/163911/pdf
https://jci.me/163911/pdf?utm_content=qrcode


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1

Introduction
Normal hematopoietic stem cells (HSCs) can self-renew and 
produce all lineages of blood cells. The majority of HSCs are in 
a quiescent state under homeostasis, which is characterized by 
slow proliferation and rare differentiation (1–3). Myelodysplastic 
syndrome (MDS), a clonal HSC disease, is characterized by aber-
rant hematopoiesis with a defect in single or multiple lineages 
(4, 5). Clonal hematopoiesis (CH) is a highly prevalent process in 
elderly populations that greatly increases the risk of developing 
hematopoietic malignancies, including MDS, myeloproliferative 
neoplasms (MPNs), and acute myeloid leukemia (AML) (6, 7). 
It occurs when a mutated lineage of HSCs undergoes excessive 
expansion and dominates the process of differentiation (7). Recent 
studies have identified numerous factors that contribute to CH, 
including aging, environmental exposures, and germline genet-
ic alteration (8–12). Aging, as a prevalent cause of CH, has been 
reported to cause accumulation of DNA damage and increase the 
risk of genetic instability (13–15).

Safeguarding genomic integrity is vital for functional HSCs to 
maintain hematopoietic homeostasis, considering that unrepaired 
genetic alteration in HSCs could be spread in the whole HSC pool 

and propagated to HPCs and mature cells. HSCs have a sophisticat-
ed DNA repair system, in which DNA lesions trigger DNA damage 
response (DDR) and activate different cellular responses, includ-
ing DNA damage repair, cell cycle checkpoint, and so on, depend-
ing on the cell cycle phase and the physiological status of the HSCs 
with DNA lesions (16–18). The nuclear enzyme PARP-1, a mem-
ber of the poly(ADP-ribose) polymerase (PARP) protein family, is 
activated by several forms of DNA damage to maintain genomic 
integrity (19, 20). PARP-1 has been reported to participate in DNA 
repair caused by irradiation, chemotherapy, and LPS-induced 
inflammation (21, 22). While PARP inhibitors (PARPi) have been 
approved for use in some solid tumors, including ovarian, breast, 
and prostate cancer (23–25), the effect of PARPi in hematopoiet-
ic malignancies is ambiguous (26). Studies have shown that long-
term PARPi treatment for solid tumors, particularly ovarian cancer, 
may increase the risk of developing MDS and AML (27, 28).

Foxm1, a transcription factor in the Fox protein family, is 
involved in a variety of biological processes, such as cell cycle, cell 
growth, and cellular senescence, etc. (29). FOXM1 expression has 
been found to be elevated in various malignancies, such as liv-
er, breast, prostate, and pancreas cancers, as well as others (30, 
31). We previously showed that homozygous deletion of Foxm1 
disrupts normal hematopoiesis (32). The FOXM1 expression lev-
el was significantly decreased in CD34+ cells from patients with 
del(5q) MDS (32). To determine whether Foxm1 downregulation 
plays a pathogenic role in del(5q) MDS, we characterized the 
Foxm1-haploinsufficient mouse model with or without chronic 
stress. Notably, we found that Foxm1 haploinsufficiency disrupted 
HSC homeostasis in young mice by exiting the quiescent stage and 
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Foxm1 plays a role in HSC homeostasis by maintaining quiescence 
but does not affect cell survival.

As Foxm1 haploinsufficiency leads to a significant increase in 
cycling HSCs, we next examined the reconstitution capacity of 
HSCs. 5-FU was administered i.p. weekly to Foxm1 heterozygous 
mice and littermate control mice to target proliferating cells in BM 
and activate quiescent HSCs to replenish the hematopoietic sys-
tem. Sequential treatment with 5-FU can lead to HSC exhaustion 
and, ultimately, BM failure and death of the animals. Surprising-
ly, Foxm1 heterozygous mice had a significantly shorter life span 
compared with that of control mice (Figure 1J). Consistent with 
this result, we observed a defective repopulation capacity in Foxm1 
heterozygous KO BM cells in vitro determined by serial replating 
assays. After the first plating, we observed comparable numbers 
of colonies. However, in the second plating, Foxm1 heterozygous 
HSPCs gave rise to significantly more colonies, while they pro-
duced significantly fewer colonies in the third plating compared 
with control HSPCs (Figure 1K). These results suggest that Foxm1 
haploinsufficiency initially enhances the short-term repopulation 
ability of HSPCs but eventually leads to exhaustion of their repop-
ulation capacity in vitro.

Foxm1 haploinsufficiency impaired repopulating potential of 
HSCs. To further investigate whether Foxm1 haploinsufficiency 
influences the long-term repopulating potential of HSPCs in vivo, 
we performed a competitive repopulation assay. Whole BM cells 
from Foxm1fl/+ or Tie2-Cre Foxm1fl/+ mice (CD45.2+) were trans-
planted along with an equal number of CD45.1+CD45.2+ WT BM 
cells into lethally irradiated CD45.1+ WT recipients (Figure 2A). 
For serial BM transplantation, equal numbers of BM cells from 
each group 4 months after transplantation were transplanted 
into secondary or tertiary recipients. Donor-derived peripheral 
blood (PB) cells and WT competitor-derived PB cells were deter-
mined by flow cytometry each month. Strikingly, we observed an 
increased contribution of Foxm1-haploinsufficient BM cells to PB 
during the first 2 transplantation cycles (Figure 2B). In addition, 
we evaluated HSPCs at the fourth month after the second trans-
plantation. Flow cytometry analysis revealed that Foxm1-haploin-
sufficient HSPCs outcompeted their WT counterparts, suggesting 
that Foxm1-haploinsufficient HSPCs cells have a competitive self- 
renewal advantage over the control HSPCs (Figure 2C). However, 
in the third transplantation, we observed a significant decrease in 
the proportion of PB cells derived from Foxm1-haploinsufficient 
HSPCs (Figure 2B). In the BM of recipients, the ratio of Foxm1 
heterozygous cells was also significantly decreased in HSPCs and 
downstream myeloid progenitor cells, along with mature myeloid 
cells (Figure 2D). To further validate the “up-and-down” effect 
conferred by Foxm1 haploinsufficiency in the setting of compet-
itive repopulation, we used Mxl-Cre Foxm1fl/+ mice to examine 
long-term repopulation potential. Consistently, Foxm1-haploin-
sufficient HSPCs exhibited a robust repopulation ability in the 
first round of transplantation, while they showed a remarkable 
decrease of repopulation ability in PB and BM in the secondary 
transplantation (Supplemental Figure 3).

Foxm1-haploinsufficient mice developed hematopoietic dysplasia 
under long-term chronic stress. Inflammation has been reported as 
one of the factors that contributes to hematopoietic disorders (33, 
34). Prolonged exposure to inflammatory stimuli has been shown 

entering the cell cycle. Heterozygous deletion of Foxm1 resulted 
in functional exhaustion of HSCs after a series of transplantation. 
Chronic inflammation stress induced malignant transformation of 
HSCs in Foxm1 heterozygous mice, and Foxm1 haploinsufficiency 
promoted AML-ETO9A–induced (AE9a-induced) MPN/AML. 
Foxm1 haploinsufficiency significantly inhibited NR4a2 expres-
sion and disturbed the lysosome signaling pathway, which may 
partially contribute to Foxm1 haploinsufficiency–induced long-
term HSC exhaustion. More importantly, we showed that Foxm1 
acts as a gatekeeper of genome stability in hematopoietic stem/
progenitor cells (HSPCs), at least partially through regulation of 
Parp1. In conclusion, our results suggest that Foxm1 downregula-
tion may contribute to the development of CH and the malignant 
transformation of HSCs in hematopoietic diseases.

Results
Foxm1 haploinsufficiency disrupts HSC homeostasis by pushing 
HSCs to exit from quiescence and impairs long-term HSC repopula-
tion ability. To investigate whether Foxm1 downregulation affects 
hematopoiesis, we employed the Foxm1-haploinsufficient mouse 
model. The Foxm1fl/fl mice with loxP-flanked Foxm1 alleles were 
crossed with Tie2-Cre transgenic mice to generate Tie2-Cre 
Foxm1fl/+ mice, in which 1 allele of the Foxm1 gene was deleted in 
HSPCs. Both Foxm1fl/+ and Tie2-Cre Foxm1fl/+ mice at 8 weeks of 
age displayed normal hematological parameters (Supplemental 
Figure 1, A–D; supplemental material available online with this 
article; https://doi.org/10.1172/JCI163911DS1). The frequencies 
of mature myeloid cells, red cells, and B cells in BM and spleen 
were comparable, while that of immature B cells (B220+IgM–) was 
significantly decreased in Foxm1-haploinsufficient mice (Supple-
mental Figure 1, H–L). In addition, the frequencies of hematopoi-
etic progenitor cells (HPCs) as well as subpopulations of myeloid 
progenitor cells, including common myeloid progenitors(CMPs), 
granulocyte-monocyte progenitors(GMPs), and megakaryocyte- 
erythroid progenitors(MEPs), were comparable in Foxm1fl/+ or 
Tie2-Cre Foxm1fl/+ mice, while the frequencies of stem cell- 
enriched population (LSKs) (Lin–c-Kit+Sca-1+) and HSCs (Lin–c-Kit+ 

Sca-1+CD48–CD150+) were slightly increased, as determined by 
flow cytometric analysis (Figure 1A and Supplemental Figure 1F). 
Interestingly, we observed that the total number of HSCs but not 
HPCs (Lin–c-Kit+Sca-1–) was increased significantly in Tie2-Cre 
Foxm1fl/+ mice as compared with Foxm1fl/+ (Figure 1, B and C).

Dormant HSCs reside in the G0 phase of the cell cycle and 
enter the cell cycle for proliferation. We examined whether the 
observed expansion of HSCs was associated with changes in cell 
cycle status. Flow cytometric analysis of cell cycle by Ki67/DAPI 
and Pyronin-Y/Hoechst staining revealed a significant decrease in 
the frequency of cells in the G0 phase and a reciprocal increase in 
G1 phase cells in Foxm1 heterozygous HSCs compared with cells 
from the control group (Figure 1, D–G). BrdU incorporation assay 
showed that the frequency of S phase cells was slightly increased 
in Foxm1 heterozygous HSCs (Figure 1, H and I). In contrast to 
the cell cycle alterations, Foxm1 haploinsufficiency has a margin-
al effect on the viability of HSCs (Supplemental Figure 1G). To 
exclude the influence of Tie2-Cre, we characterized mice with 
Mx1-Cre–mediated Foxm1 KO. We observed similar phenotypes in 
Mx1-Cre mice (Supplemental Figure 2). These results suggest that 
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morphological feature in patients with MDS. We subsequently per-
formed flow cytometric analysis on the mice. The results indicate 
that the total numbers of HSCs and progenitors were significantly 
decreased in Foxm1-haploinsufficient mice compared with that in 
control WT mice (Figure 3, E–G). Taken together, these data sug-
gest that Foxm1 haploinsufficiency is more prone to develop hema-
topoietic malignancy under inflammatory stress.

The molecular pathways that are deregulated in Foxm1 heterozy-
gous HSPCs. To determine the mechanism by which Foxm1 hap-
loinsufficiency impairs HSC functions, we performed RNA-Seq 
analysis on long-term HSCs isolated from Foxm1 heterozygous 
mice and WT mice at 8 weeks of age. The heatmap showed that 
273 genes were upregulated and 303 genes were downregulated in 
Foxm1 heterozygous LT-HSCs (Figure 4A). Nr4a2, a key regulator 
of HSC quiescence (38), was significantly downregulated as a result 
of the heterozygous deletion of Foxm1 in HSCs (Figure 4B). Gene 
enrichment analysis (GSEA) showed that the lysosome signaling 
pathway, which has been reported to regulate HSC quiescence and 
potency (39), was significantly upregulated in Foxm1 heterozygous 
HSCs (Figure 4C). These data suggest that the downregulation of 
Nr4a2 and the overactivity of the lysosome signaling pathway may 
contribute to HSC functional defects induced by Foxm1 haploin-
sufficiency. Additionally, the Klf4 gene, which is involved in the 
regulation of hematopoiesis (40–42), was also markedly down-
regulated in Foxm1 heterozygous HSCs (Figure 4B). In line with 
the results from the LPS treatment assay (Figure 3), GSEA showed 
that the genes upregulated in macrophage cells with LPS stimu-
lation were significantly enriched in Foxm1 heterozygous HSCs 
(Figure 4D). The genes associated with HEME (a cofactor consist-
ing of iron and porphyrin) metabolism and erythroblast differen-
tiation were significantly downregulated in Foxm1 heterozygous 
HSCs (Figure 4E and Supplemental Figure 4A), which may par-
tially explain the reduction of erythroid in chronic inflammation 
conditions (Figure 3, B and C). Moreover, we found that the genes 
involved in the maintenance of fidelity in the process of DNA rep-

to have a long-lived impairment on HSC function and accelerate 
hematopoiesis aging (35). Individuals usually undergo chronic 
low-level inflammation during aging, which may also promote 
age-associated hematologic diseases (34). To investigate the role 
of Foxm1 in hematopoiesis under inflammatory conditions, we 
administered long-term low-dose injections of LPS to mimic a 
chronic inflammation environment in animals (36, 37). The recip-
ient mice transplanted with BM cells from Foxm1 heterozygous 
mice or littermate control mice were treated with a low dose of LPS 
twice every week. After 2 months of injections, we found that the 
mice transplanted with BM cells from Foxm1 heterozygous mice 
developed multilineage cytopenia, characterized by significant-
ly decreased white blood cells, red blood cells, and hemoglobin, 
while the number of platelets did not change (Figure 3, A–D). In 
addition, we noted the presence of nucleated red blood cells with 
nuclear irregularities (Figure 3H), which is a frequently observed 

Figure 1. Foxm1 haploinsufficiency promotes the expansion of HSCs by 
pushing HSC exit from quiescence. (A) Flow cytometric analysis of HPC, 
LSK, HSC, granulocyte-monocyte progenitor (GMP), common myeloid 
progenitor (CMP), and megakaryocyte-erythrocyte progenitor (MEP)  
populations in BM cells from Foxm1fl/+ mice or Tie2-Cre Foxm1fl/+ mice.  
(B) A total number of LSK cells and HSCs in BM from 8-week-old Foxm1fl/+ 
mice (n =3) and Tie2-Cre Foxm1fl/+ mice (n = 3). (C) Total number of HPC, 
GMP, CMP, and MEP cells in BM from 8-week-old Foxm1fl/+ mice (n = 3) 
or Tie2-Cre Foxm1fl/+ mice (n = 3). (D and E) Cell cycle analysis using DAPI 
(DNA content) and Ki-67 (proliferative cells) staining in HSCs, as deter-
mined by FACS. n = 5 mice for each group. (F and G) Cell cycle analysis 
using Hoechst (DNA dye) and Pyronin Y (RNA dye) staining in HSCs, as 
determined by FACS. n =4 mice for each group. (H and I) Cell cycle analysis 
using DAPI (DNA content) and BrdU (cells in S phase) staining in HSCs, as 
determined by FACS. n =3 mice for each group. (J) Kaplan-Meier survival 
curve of Foxm1fl/+ (n = 20) and Mx1-Cre Foxm1fl/+ mice (n = 19) after multiple 
injections (upward arrows) of 5-FU (150 mg/kg body weight). The dou-
ble-headed arrow denotes the difference (P value) between two groups as 
indicated. Log-rank (Mantel-Cox) test. (K) The colony-forming assay shows 
repopulation ability. 5 × 104 cell input for the first round, and 1.5 × 105 cell 
input for the second round and third rounds. Data are representative of at 
least 2 independent experiments and expressed as mean ± SD. *P ≤ 0.05, 
**P < 0.01, ***P < 0.001; 2-tailed Student’s t test or log-rank (Mantel-Cox) 
test for survival curve.
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suggest that Foxm1 governs a distinctive cluster of DNA repair 
genes in HSPCs and that the function of Foxm1 haploinsufficiency 
in HSPCs is mediated by multiple downstream pathways.

Foxm1-haploinsufficient HSPCs show an impaired DNA damage 
repair. As Foxm1 deficiency leads to the downregulation of several 
critical genes involved in DNA repair, we next determined whether 
Foxm1 loss affects DDR in HSPCs. We treated Foxm1 heterozygous 
mice and control littermates with LPS. Intracellular flow cytomet-
ric analysis revealed that Foxm1-haploinsufficient cells exhibited 
increased levels of γH2AX, a marker of unrepaired double-strand 
DNA breaks, in both LSKs and HSCs from Foxm1 heterozygous 
mice compared with those in control mice (Figure 5, A and B). Con-
sistently, increased γH2AX foci were observed in Lin–c-Kit+ cells 
from Foxm1 heterozygous mice compared with control mice (Fig-
ure 5, C–E). Meanwhile, we also performed alkaline comet assay, 
a commonly used method to measure the level of cellular DNA 
double-stand DNA breaks. Lin–c-Kit+ cells from Foxm1 heterozy-
gous mice showed a significant increase in the tail olive moment, a 
measure of DNA double-stand DNA breaks, compared with control 
mice after LPS treatment. (Figure 5, F and G). To impose a DNA rep-

lication were downregulated in Foxm1 heterozygous HSCs (Figure 
4F). FOXM1 was previously reported to be involved in the DNA 
repair pathway in breast cancer cells, pancreatic cancer cells, and 
glioma cells (43–45). However, no alterations in the expression of 
other known downstream targets of Foxm1 involved in DNA repair 
pathways were detected in Foxm1 heterozygous HSCs (Supple-
mental Figure 4B). Of interest, the expression of Parp1, an import-
ant DNA damage sensor (46, 47), was significantly decreased in 
Foxm1 heterozygous HSCs (Figure 4B). Analysis of the public data-
base GSE19429 (48) revealed that PARP1 has a slightly positive 
correlation with FOXM1 in CD34+ cells from patients with del(5q) 
MDS (P < 0.001) (Figure 4G). Indeed, PARP1 displayed a relative-
ly low expression level in CD34+ cells from patients with del(5q) 
MDS compared with healthy individuals (Figure 4H). In line with 
public data, we showed that FOXM1 knockdown lead to signifi-
cant downregulation of PARP1 in the MDSL cell line (Figure 4I), 
which was derived from a patient with MDS (49). Moreover, we 
also observed a lower level of Parp1 in 5-FU–enriched progenitor 
and stem cell populations from Foxm1 heterozygous mice inject-
ed with 5-FU for 5 days (Supplemental Figure 4C). These findings 

Figure 2. Foxm1 haploinsufficiency results in enhanced 
reconstitution capacity but eventually leads to HSC pool 
exhaustion due to attrition. (A) Schematic depiction of the 
competitive transplantation assay. (B) The relative ratio of 
donor-derived cells (CD45.1–CD45.2+) to competitor-derived 
cells (CD45.1+CD45.2+) in peripheral blood. For WT group, n = 
7–9, 6–10, and 4 for the first (1°), second (2°), and third (3°) 
transplantation, respectively; for Foxm1 HET group, n = 9, 
7–9, and 5 for 1°, 2°, and 3° transplantation, respectively. (C) 
The ratio of donor-derived cells to competitor-derived cells in 
different populations, as indicated in BM at the fourth month 
after the second transplantation. n = 3 for both WT and Foxm1 
HET groups. (D) The ratio of donor-derived cells to competi-
tor-derived cells in different populations, as indicated in BM at 
the fourth month after the third transplantation. n = 3 for WT 
group and n = 4 for Foxm1 HET group. Data are representative 
of 2 independent experiments and expressed as mean ± SD.  
*P < 0.05, **P < 0.01, ***P < 0.001; 2-tailed Student’s t test.
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with control cells (Figure 5, J–M), 
indicating a delay in DNA damage 
repair. Taken together, these results 
suggest that Foxm1 haploinsuffi-
ciency decreases the capacity of 
HSPCs to efficiently repair irradia-
tion-induced DNA damage.

Parp1 rescues the defect of DDR 
induced by Foxm1 haploinsufficien-
cy. We have shown that Parp1 is 
a potential downstream target of 
Foxm1 (Figure 4, B and I, and Sup-
plemental Figure 4C). To deter-
mine whether transcriptional 
activation of Parp1 is directly reg-
ulated by Foxm1, we searched for 
the Foxm1-binding sites in the Parp1 
promoter region using the PRO-
MO database (based on version 8.3 
of TRANSFAC; https://alggen.lsi.
upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3) (50, 
51). A putative binding site for 
Foxm1 was identified upstream of 
the Parp1 transcription start site 
(–1,468 to –1,445 base pair) (Figure 
6A). The dual-luciferase reporter 
assay was performed using 293T 
cells and K562 cells expressing 
either the WT Parp1 promoter or a 
mutant promoter with mutations 
of the predicted Foxm1 binding 
site (Figure 6, B and C). The result 

showed that the luciferase activity of a construct containing the 
putative binding site but not the mutated binding site was activat-
ed by Foxm1 overexpression (Figure 6, B and C), suggesting that 
the putative Foxm1 binding site in the Parp1 promoter is required 
for Foxm1-mediated activation of Parp1. We next performed a 
Cut&Run assay with mouse primary Lin–c-Kit+ BM cells. We previ-
ously showed that Foxm1 directly binds to the promoter of Nr4a2 
(32). Our result showed that the Foxm1 binding affinity was sig-
nificantly enriched at the Nr4a2 promoter and Parp1 promoter 
regions containing the putative Foxm1 binding sites (Figure 6D), 
indicating that Foxm1 binds directly to the Parp1 promoter and 
regulates its transcription.

We next determined whether Parp1 is a critical mediator of 
Foxm1 in regulating DDR. Lin–c-Kit+ BM cells from Foxm1 hetero-
zygous mice or WT mice were subjected to overexpression of the 
human PARP1 gene and treated with LPS for 24 hours. Flow cyto-
metric analysis of γH2AX level in LSK and Lin– cells indicated that 
ectopic expression of PARP1 significantly rescued the defect of 
DNA damage repair as a result of Foxm1 haploinsufficiency (Fig-
ure 6, E and F, and Supplemental Figure 6, E and F). Meanwhile, 
comet assays were performed on isolated Lin–c-Kit+ cells following 
24 hours of LPS treatment. The results showed that the tail olive 
moment was reduced in PARP1 overexpressed cells compared 
with empty vector cells, validating the rescue for the defect of 

lication challenge on HSCs, we treated the mice with 5-FU, which 
kills cycling hematopoietic cells and thereby drives quiescent HSCs 
to enter the cell cycle and proliferate. Consistent with the results in 
LPS-treated mice, a significantly elevated level of γH2AX in popu-
lations of Lin– cells, HPCs (Lin–Sca-1–c-Kit+), and LSKs (Lin–Sca-1+ 

c-Kit+) was detected by flow cytometric analysis in Foxm1 hetero-
zygous mice compared with control mice (Supplemental Figure 5, 
A–D). Immunostaining of γH2AX revealed increased γH2AX foci 
in Lin– cells from Foxm1 heterozygous mice compared with controls 
(Supplemental Figure 5, E and F).

To further investigate the effect of Foxm1 haploinsufficiency 
on DNA damage repair during hematopoiesis, we next examined 
the dynamics of γH2AX foci in Lin– cells after mice were exposed 
to 0.5 Gy irradiation. The number of γH2AX foci dramatically 
increased in both Foxm1-haploinsufficient and control Lin– cells 
4 hours after irradiation and then gradually decreased over time 
(Figure 5, H and I, and Supplemental Figure 5G). In comparison, 
Foxm1-haploinsufficient cells had a higher level of γH2AX foci 
compared with control cells during repair of irradiation-induced 
DNA damage. Consistent with immunostaining results, intracel-
lular flow cytometric analysis showed a peak in γH2AX level at 4 
hours, which gradually declined in subpopulations of HSPCs. (Fig-
ure 5, J–M). However, Foxm1 haploinsufficiency led to significantly 
higher levels of γH2AX in Lin–, HPCs, LSKs, and HSCs compared 

Figure 3. Foxm1 is needed to maintain HSC homeostasis in response to chronic inflammation. (A–D) Lethally 
irradiated mice reconstituted with BM cells from Foxm1fl/+ mice (n = 9) or Tie2-Cre Foxm1fl/+ mice (n = 9). LPS 
was injected twice per week for 2 months. Complete blood count of peripheral blood was assessed every month 
after LPS challenge. (A) White blood cells, (B) red blood cells, (C) hemoglobin, and (D) platelets were analyzed. 
(E) Flow cytometric analysis shows the frequency of HPC, LSK, HSC, GMP, CMP, and MEP populations from 
chimeric mice injected with 1 mg/kg LPS as indicated. (F and G) Total cells were assessed for BM cells and Lin–, 
LSK, HSC, HPC, GMP, CMP, and MEP populations. n = 3 for each group. Data are presented as mean ± SD. *P < 
0.05, **P < 0.01; 2-tailed Student’s t test. (H) Giemsa-Wright staining of BM cells from WT or Foxm1 HET BMT 
mice treated with LPS for 2 months. Red arrowheads indicate nucleated red blood cells with nuclear irregulari-
ties. Scale bar: 50 μm.
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DNA damage repair caused by Foxm1 haploinsufficiency (Figure 
6, G and H). These findings suggest that Parp1 may play an import-
ant role in Foxm1-mediated DNA damage repair in HSPCs.

Foxm1 haploinsufficiency promotes AE9a-mediated leukemogene-
sis. Based on the analysis of the GSE13159 data set from Microarray 
Innovations in Leukemia (52, 53), we found that Foxm1 was sig-
nificantly downregulated in patients with t(8;21) AML (Figure 7A). 
To test the hypothesis that Foxm1 downregulation may promote 
AE9a-induced leukemogenesis, we overexpressed AE9a in BM 
cells from Foxm1 heterozygous or control mice followed by trans-
plantation in sublethally irradiated recipient mice. Indeed, Foxm1 
haploinsufficiency promoted the disease progression induced by 
AE9a (Figure 7B). Majority of AE9a-expressing mice developed 
MPN/AML-like disease. Compared with the WT chimeric mice, 
the AE9a-expressing cells (GFP+) expanded to a greater degree 
in BM and spleen in Foxm1 heterozygous chimeric mice (Figure 
7C). The frequency of myeloid cells was increased while red blood 
cells were decreased in Foxm1 heterozygous AE9a chimeric mice 
as compared with WT AE9a chimeric mice (Figure 7, D and E, and 
Supplemental Figure 7, D and E). Moreover, platelets were signifi-
cantly decreased in Foxm1 heterozygous AE9a chimeric mice (Sup-

plemental Figure 7C). Flow cytometric analysis revealed a greater 
accumulation of AE9a blast cells (GFP+Lin–c-Kit+) in the BM of 
Foxm1 heterozygous AE9a chimeric mice compared with WT AE9a 
chimeric mice (Figure 7, F and G). Morphological analysis revealed 
more blast cells in the BM as well as leukemia cell infiltration in the 
spleens, livers, and lungs of Foxm1 heterozygous AE9a mice (Fig-
ure 7H). We also monitored the mice transplanted with Foxm1 het-
erozygous BM cells with empty vector. There were no observable 
phenotypes associated with AE9a-induced MPN/AML, indicat-
ing that the phenotypes observed in AE9a-transduced mice were 
indeed caused by the expression of AE9a (Supplemental Figure 7, 
A–C). Taken together, these data suggest that heterozygous loss of 
Foxm1 accelerates AE9a-induced leukemogenesis in mice.

Discussion
CH is a common aging process in which the mutant HSPCs 
acquire a growth advantage over normal HSPCs, resulting in 
their clonal expansion (7). Individuals with CH have a heightened 
risk for hematological malignancies, cardiovascular disease, and 
increased mortality from nonhematological cancers (7, 54, 55). 
However, the molecular mechanisms underlying the development 

Figure 4. Foxm1 regulates multiple signaling pathways 
in HSCs. (A) Heatmap of expression profiles for genes 
with P < 0.05 (576 genes). (B) RT-PCR analysis shows the 
expression level of genes involved in stem cell functions 
and DNA damage repair pathway in HSCs from WT(n = 3)  
or Foxm1 HET(n = 3) mice. (C and D) GSEA plots show, 
respectively, a positive association with “KEGG Lyso-
some” and “GSE14769 UNSTIM VS 20MIN LPS BMDM 
UP” in Foxm1 HET HSCs compared with WT HSCs. (E and 
F) GSEA plots show a negative association with “HEME 
Metabolism” and “DNA Dependent DNA Replication 
Maintenance of Fidelity” in Foxm1 HET HSCs compared 
with WT HSCs. (G) Correlation between FOXM1 and 
PARP1 in MDS with deletion of chromosome 5q [del(5q) 
MDS] (n = 47). P value was calculated by Spearman’s r 
correlation. (H) Microarray analysis of PARP1 in CD34+ 
cells from individuals in the healthy control group (n =16) 
or from patients with del(5q) MDS (n = 43). (I) RT-PCR 
analysis of FOXM1 and PARP1 in MDSL cells transduced 
FOXM1 shRNAs and control vector; the results were nor-
malized to ACTB expression. Data are presented as mean 
± SD. *P < 0.05, **P < 0.01, 2-tailed Student’s t test.
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of CH from mutated HSPCs remain elusive. Here, we showed that 
Foxm1 haploinsufficiency promotes the expansion of HSPCs but 
eventually results in HSC exhaustion under different environmen-
tal stresses, recapitulating the development of CH and progres-
sion to MDS in patients. FOXM1 is frequently downregulated in 
patients with del(5q) MDS (32), and our data suggest a pathoge-
netic role of FOXM1 downregulation in patients with del(5q) MDS.

We previously showed that homozygous deletion of Foxm1 
results in a significant decrease of HSCs with a disrupted self- 
renewal capacity in vivo (32). However, we observed that Foxm1 
heterozygous mice exhibited an expansion of the HSC pool with 
a higher percentage of cycling cells and less quiescent stem cells, 
raising the possibility that Foxm1-downregulated HSCs have a 
dominant potential in hematopoiesis. As determined by in vivo 
competitive reconstitution assays, Foxm1 heterozygous HSPCs 

gained a selective repopulation advantage over the control WT 
HSPCs at the first or first and second rounds of transplantation. 
However, this growth advantage exacerbates the functional HSC 
attrition, which leads to HSCs losing repopulation potential and 
exhaust over serial transplantation. In line with the results from 
the competitive repopulation assay, Foxm1 heterozygous mice 
were more sensitive to 5-FU–induced depletion of hematopoiet-
ic cells, with a shorter survival time than WT control mice. This 
scenario of “expansion to exhaustion” in competitive assays 
resembles the evolution of CH to MDS. It was recently shown that 
some factors induce chronic stress, which contribute to the malig-
nant transformation of hematopoietic clones (56, 57, 58). Chronic 
inflammation induced by low doses of LPS promoted the develop-
ment of hematopoietic dysplasia in Foxm1 heterozygous recipient 
mice but not control WT mice, characterized by multiple lineage 

Figure 5. Foxm1 haploinsufficiency results in a defect in DNA damage repair in HSPCs. (A) Representative flow cytometric plots show the percentage of 
γH2AX+ cells in LSK and HSC populations from Tie2-Cre Foxm1fl/+ mice (n = 3) and control mice (n = 3) 24 hours after LPS injection. (B) Histogram shows 
the percentage of γH2AX+ cells in LSK and HSC populations. (C) Representative images of γH2AX foci in Lin–c-Kit+ BM cells isolated from Tie2-Cre Foxm1fl/+ 
and control mice after LPS injection. Magnification: ×63 oil for C and ×20 for F. (D) Quantification of the number of cells with more 5 γH2AX foci per 100 
Lin–c-Kit+ BM cells from the mice injected with LPS after 24 hours. n = 3 for each group. (E) Quantification of the mean γH2AX foci/cells in Lin–c-Kit+ BM 
cells from the mice injected with LPS after 24 hours. n = 3 for each group. (F) Representative images of the alkaline comet assay detecting DNA damage in 
Lin–c-Kit+ BM cells from mice injected with LPS after 24 hours. (G) Quantitative results of the tail olive moment for the alkaline comet assay. Three inde-
pendent experiments were performed, and the results presented are the pooled data from all 3 experiments. (H) Quantification of the number of cells with 
more 5 γH2AX foci per 100 Lin– BM cells exposed to irradiation (0.5 Gy) at different time points. n = 3 for each group. (I) Quantification of the mean γH2AX 
foci/cell in Lin– BM cells exposed to irradiation (0.5 Gy) at different time points. n = 3 for each group. (J–M) Kinetics of γH2AX+ cells in different populations 
from the cells exposed to 0.5 Gy irradiation over the indicated period. n = 3 for each group. Data are representative of at least 2 independent experiments 
and expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; 2-tailed Student’s t test.
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strated that Foxm1 regulates Parp1 expression by directly binding 
to its promoter region and that Parp1 at least partially mediates 
Foxm1 function in DNA damage repair in HSPCs. Interestingly, 
the expressions of PARP1 and FOXM1 are correlated, and both 
are downregulated in patients with del(5q) MDS, according to a 
public database (48). Moreover, long-term treatment with PARPi 
was found to induce secondary MDS/AML in therapy for ovarian 
cancer (27). Taken together, our results suggest that the Foxm1/
Parp1-mediated DNA damage repair pathway may play an import-
ant role in the maintenance of genome stability in HSCs.

Foxm1 is a well-known oncogene that drives tumor cell pro-
liferation in solid tumors (30). However, our recent research has 
revealed that Foxm1 is also crucial for maintaining the quiescence 
of leukemia stem cells (LSCs) in the MLL-AF9 mouse model. Loss 
of Foxm1 impairs LSC function, highlighting its critical role in 
MLL-rearranged leukemia (59). In addition, studies indicates that 
FOXM1 has an oncogenic role in AML (60) and can contribute to 
the development of drug resistance in cancers (61, 62). However, 
our study suggests that Foxm1 downregulation may contribute 
to the pathogenesis of del(5q) MDS and AE9a-induced MPN in 

cytopenia and the presence of dysplastic red cells in BM. Taken 
together, our results suggest that Foxm1 downregulation-mediat-
ed dysregulation of HSPC function may contribute to the initiation 
and development of del(5q) MDS in patients.

As determined by expression profiling analysis, multiple 
molecular pathways likely mediate the effects of Foxm1 haploin-
sufficiency on HSCs. Particularly, downregulation of NR4a2 and 
upregulation of the lysosomal signaling pathway may contrib-
ute to Foxm1 haploinsufficiency–induced HSC proliferation and 
expansion. As compared with the differentially expressed genes in 
Foxm1-KO HSCs (32), we found that a few genes including NR4a2 
were commonly downregulated in both Foxm1 homozygous and 
heterozygous deletion HSCs as compared with the control HSCs 
(Supplemental Figure 4D). This suggests that Foxm1 gene dosage is 
critical for regulation of gene expression of its downstream targets.

Consistent with the observation that Foxm1 heterozygous dele-
tion results in delays in DNA damage repair in HSPCs in response 
to chemical or irradiation-induced DNA damage, we showed that 
Parp1, which is involved in DNA damage repair (46, 47), is signifi-
cantly downregulated in Foxm1 heterozygous HSPCs. We demon-

Figure 6. Overexpression of PARP1  
rescues the defect of DNA damage 
repair caused by Foxm1 haploinsuffi-
ciency in HSPCs upon LPS challenge. 
(A) Predicted binding site of Foxm1 in 
the promoter of Parp1 and the mutant 
binding site were subcloned to luciferase 
reporter vector pGL3. (B) Luciferase 
assay in 293T cells. All relative luciferase 
activity values are corrected for cotrans-
fected Renilla activity. Data are from 3 
independent experiments. (C) Luciferase 
assay in K562 cells with mouse Foxm1  
expression. (D) Cut&Run assay was per-
formed using purified Lin–c-Kit+ BM  
cells. RT-PCR shows the enrichment of  
Foxm1 at the promoter of Parp1 in Lin– 

c-Kit+ HPCs. The intergenic region of Actb 
was used as a negative control. Data are 
from 2 independent experiments. (E) 
Representative flow cytometric plots 
show the percentage of γH2AX+ cells in 
LSK population from Lin–c-Kit+ BM cells 
transduced Parp1 or MSCV empty vector 
with or without LPS treatment. (F) His-
togram shows the percentage of γH2AX+ 
cells in LSK population. (G) Representa-
tive images of the alkaline comet assay 
using purified Lin–c-Kit+ BM cells treated 
with LPS for 24 hours. Original magnif-
cation ×20. (H) Quantification of the tail 
olive moment for comet assays. Data are 
representative of at least 2 independent 
experiments and presented as mean ± 
SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001; 2-tailed Student’s t test 
(B–D) and 2-way ANOVA with Tukey’s 
multiple-comparison test (F and H).
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i.p. injections at a dose of 10 mg/kg every other day. CD45.1 B6 mice 
were used as receipts in competitive assay and were purchased from 
The Jackson laboratory.

Antibodies. Information about the antibodies used in this study is 
provided in Supplemental Table 1.

Cell sorting and flow cytometry. Cells isolated from BM, spleen, thy-
mus, and PB were lysed with ammonium-chloride-potassium (ACK) 
buffer. Single-cell suspensions were incubated with panels of fluoro-
chrome-conjugated antibodies (Supplemental Table 1). For analysis of 
HSCs, whole BM cells were incubated with a lineage cocktail, includ-
ing Gr1, B220, Ter119, CD19, Rat IgM, II-7R, and CD3, for 20 minutes, 
followed by staining with streptavidin-PE-Cy5 and antibodies against 
Sca-1 (PE), c-Kit (APC-Cy7), CD48(PE-Cy7), CD150 (APC). For G0 
analysis with Ki67 and DAPI, 5 × 106 BM cells were stained with sur-
face markers as described before (32). After washing, the cells were 
fixed and permeabilized. Then, the cells were further stained with 
Ki67-FITC antibody and DAPI. For G0 analysis with Hoechst 33342 
(catalog 62249) and Pyronin Y (catalog J61068.03) (Thermo Fisher 
Scientific), BM cells were incubated with 5 μg/mL Hoechst 33342 at 
37°C. 45 minutes later, 1 μg/mL Pyronin Y was added to incubate for 
another 45 minutes. After that, the cells were stained with the HSC 
staining procedure described above. For the BrdU incorporation assay, 
mice were injected with 1 mg BrdU in 200 μL of PBS i.p. After 24 hours, 

mice. While LSCs in AML possess enhanced self-renewal capac-
ity, Foxm1 overexpression may contribute to MLL-AF9–induced 
leukemogenesis by enhancing HSC self-renewal and quiescence. 
On the other hand, Foxm1 downregulation may contribute to the 
pathogenesis of del(5q) MDS and AML1-ETO–induced MPN/
AML by promoting the CH and influencing genome integrity at 
the early stage of diseases. Our findings demonstrate that precise 
regulation of Foxm1 expression is crucial for normal HSC function 
and both upregulation and downregulation of Foxm1 can contrib-
ute to the pathogenesis of myeloid malignancies through distinct 
cellular and molecular mechanisms.

In conclusion, our findings suggest that FOXM1 downregula-
tion predisposes to hematopoietic dysplasia by deregulating the 
quiescence and self-renewal as well as genome stability of HSCs. 
Consequently, FOXM1 downregulation promotes the develop-
ment of CH and the malignant transformation of HSCs in hema-
topoietic malignancies.

Methods
Mice. The generation of mice with a targeted disruption of Foxm1 
has been previously described (32). Briefly, Foxm1-floxed Tie2-Cre 
or Mx1-Cre mice were crossed with C57BL/6 (B6) mice. Mx1-Cre 
expression was induced by poly(I:C) HMW (InvivoGen), given by 3 

Figure 7. Foxm1 haploinsufficiency promotes AML1-
ETO9a–induced MPN/AML in mice. (A) Comparison 
of expression levels in patients with t(8;21) AML (ref. 
66) (n = 40) and healthy individuals from the control 
group (n = 74) using data derived from GSE13159. 
(B) Kaplan-Meier survival analysis of EV-Foxm1 HET 
mice (n = 7), WT AML1-ETO9a (AE9a) mice (n = 9), 
and AE9a-Foxm1 HET mice (n = 8). Log-rank test. The 
double-headed arrow denotes the difference (P value) 
between two groups as indicated. (C) The frequency of 
GFP+ cells in BM and spleen. (D and E) The frequency of 
GFP+ myeloid cells (D) and GFP+ red blood cells (E) in  
BM cells and splenic cells. n = 6 for WT AE9a group, 
n = 4 for AE9a-Foxm1 HET group. (F) Flow cytometric 
analysis of the percentage of Lin– cells and GFP+Lin– 

c-Kit+ cells in BM. (G) Quantification of the percentage 
of GFP+Lin–c-Kit+ cells. n = 6 for WT AE9a mice, n = 4 for 
AE9a-Foxm1 HET mice. (H) Wright-Giemsa–stained BM 
cells and H&E-stained spleen, liver, and lung from WT 
AE9a and AE9a-Foxm1 HET mice. Data are presented 
as mean ± SD. *P <0.05, **P < 0.01, ****P < 0.0001; 
2-tailed Student’s t test, or log-rank (Mantel-Cox) test 
for survival curve. Scale bar: 20 μm (BM); 1 mm (spleen); 
200 μm (spleen inset); 100 μm (liver and lung).
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For AE9a model, 8-week-old Foxm1 HET and Foxm1fl/+(WT) mice 
were injected with 150 mg/kg 5-FU (FRESENIUS KABI) i.p. After 5 
days, BM cells were harvested and infected with retrovirus to trans-
duce AE9a. After 2 rounds of infection, the infected cells were trans-
planted into sublethally irradiated B6 mice (6 Gy) by retro-orbital 
injection (1 × 106 cells/mouse).

LPS injection. For primary mice, age- and sex-matched Tie2-Cre 
Foxm1fl/+ and Foxm1fl/+ mice were challenged with 10 mg/kg LPS (Sig-
ma-Aldrich, L8643). BM cells were harvested from the mice injected 
with LPS after 24 hours. For transplantation mice, 2 × 106 BM cells 
from Foxm1 heterozygous KO mice or control mice were transplanted 
into lethally irradiated recipients. Engraftment efficiency was con-
firmed by checking PB 4 weeks after transplantation. These mice were 
subjected to i.p. injection of 1 mg/kg LPS twice per week for 2 months.

Histology. For histological analyses, murine organs were fixed in 
3.7% formaldehyde immediately after necropsy. H&E staining of fixed 
tissues was performed by the Robert H. Lurie Comprehensive Cancer 
Center of Northwestern University.

RNA-Seq. BM cells were harvested from 3 pairs of Foxm1 heterozy-
gous mice and control mice. After staining with HSC surface markers, 
LT-HSC cells (CD150+CD48–LSK) were sorted as described above. 
Total RNA from LT-HSC cells was isolated by Trizol (Invitrogen) at 
a yield of around 5–10 ng. The library was prepared with the Library 
Construction Kit (Clontech). RNA-Seq was performed on a Illumina 
HiSeq 3000 system with 50 bp single-read mode by Clinical Microar-
ray Core at UCLA (Los Angeles, California, USA). The sequencing 
depth was 50 million reads per sample. Quality check for low-quality 
reads and adapters in raw reads data were reported and trimmed using 
FastQC tool. The filtered reads were aligned to GRCm38 (mm10) 
using STAR V2.7.2b (64). Gene set enrichment analysis was performed 
with GSEAv2.0 software, which is available from the Broad Institute 
(http://www.broad.mit.edu/gsea).

RT-PCR and CUT&RUN assay. Sorted HSCs from WT or Foxm1 
HET mice were lysed in TRIzol. RNA was extracted by phenol-chloro-
form. Total RNA was then amplified with the Ovation Pico WTA Sys-
tem V2. For the CUT&RUN assay, EpiCypher CUTANA CUT&RUN 
Protocol v1.7 has been followed. Rabbit IgG– control antibody (Epi-
Cypher, 13-0042), H3K4me3 antibody (EpiCypher, 13-0041), Mouse 
IgG negative control antibody (Cell Signaling Technology, 37988S), 
and Foxm1 antibody (Santa Cruz, sc-376471) were used. Briefly, 
500,000 Lin–c-Kit+ cells isolated from WT mice were washed and 
mixed with concanavalin A beads (EpiCypher, 21-1401) for 10 minutes 
at room temperature. Then, cell/bead conjugates were resuspended 
with antibody buffer, including 0.5 μg of the indicated antibody and 
0.003% digitonin. After overnight incubation at 4°C, the cell/bead 
conjugates were washed and incubated with CUTANA pA/G-MNase 
(Epicypher,15-1016) for 2 hours at 4°C. To stop the digestion of pA/ 
G-MNase, the stop buffer was added followed by the purification of 
released chromatin fragments using the CUTANA DNA Purification 
Kit (Epicypher, 14-0050). RT-PCR was performed on an Applied Bio-
systems 7500 thermocycler using the following primer sequences list-
ed in Supplemental Table 2 and analyzed via the ΔΔCT method.

The MDSL cell line, which was originally established by Kao-
ru Tohyama’s laboratory (65) (Kawasaki Medical School, Okayama, 
Japan), was provided by Daniel Starczynowski (University of Cincin-
nati College of Medicine, Cincinnati, Ohio, USA). To evaluate the 
level of PARP1 in MDSL with FOXM1 knockdown, MDSL cells were 

BM cells were harvested and subjected to the HSC staining procedure 
described above. After that, the cells were stained with BrdU antibody 
and DAPI using the BD BrdU kit (catalog 559619).

For the analysis of γH2AX, cells were stained with HSC surface 
markers, followed by fixation and permeabilization as described 
above. After that, the cells were incubated with an antibody of γH2AX 
conjugated with Alexa Fluor 488 (CST, catalog 9719S) for 1 hour, 
followed by staining with DAPI for 1 hour. All data were analyzed by 
FlowJo version 9.3.3 analysis software (TreeStar). For cell sorting, 
after staining with antibodies against the cell surface markers, BM 
cells were sorted by MoFlo Astros cell sorter (Beckman Coulter).

Colony formation assay. Total BM cells from Tie2-Cre Foxm1fl/+(n = 
2) and Foxm1 fl/+ mice (n = 2) were harvested and plated at 2 × 104/mL 
in triplicate into Mouse Methylcellulose Base Media (R&D Systems) 
with 50 ng/mL mouse SCF and 10 ng/mL mouse IL-3 and IL-6 (5 × 104 
cell input for the first round, 15 × 104 cell input for the second round 
and third round, triplicate for each group). Colonies were scored at 
7–10 days after plating. Serial replating was performed after scoring.

Virus production and infection. For FOXM1 shRNA lentivirus pro-
duction, the shRNA constructs and the inducible knockdown system 
have been described in our previous work (59). Briefly, PLKO.1 Tet-
On empty vector/FOXM1-Tet-On shRNAs combined with package 
plasmids (pMDG.2 and Δ8.91) were transfected into 293T cells by 
PEI. The medium containing lentivirus was harvested every 12 hours 
4 times, starting 24 hours after transfection. Then, MDSL cells were 
mixed with the medium containing 8 μg/mL polybrene following by 
spinfection at 689 g for 3 hours. Spinfection was performed every 24 
hours for twice.

For rescue assays, the pMSCV puro retroviral construct express-
ing PARP1 was generated by subcloning PARP1 from pCMV-PARP1-
3xFlag-WT (addgene 111575) with XhoI and HpaI. The overexpression 
construct or empty vector combined with PECO packaging plasmid was 
transfected into 293T cells. The medium containing retroviral particles 
was collected. Lin–c-Kit+ cells isolated from WT or Tie2-Cre Foxm1fl/+ 
(Foxm1 HET) mice were mixed with PARP1-overexpressing retrovirus 
or empty vector virus. Spinfection was performed as described above.

For the AE9a-mediated AML model, empty vector or MSCV-
Puro-GFP AML1-ETO9a plasmid (63) (donated by Dong-er Zhang, 
UCSD, La Jolla, California, USA), along with PECO, was mixed with 
PEI in medium and transfected into 293T cells. The supernatant medi-
um was collected as described above. BM cells from WT or Foxm1 
heterozygous KO mice with 5-FU injection were harvested and mixed 
with AE9a retrovirus and empty vector retrovirus separately. Then, 
spinfection was performed as above.

5-FU treatment. Age- and sex-matched Foxm1 heterozygous mice 
and control mice were challenged with 5-FU at a dose of 150 mg per kg 
body weight, once per week for 3 weeks, and the survival of mice was 
monitored daily. For analysis of γH2AX level, the mice were adminis-
trated 150 mg/kg 5-FU. 24 hours after injection, BM cells were isolat-
ed and analyzed with flow cytometry.

BM transplantation. For competitive repopulation assay, 1 × 106 BM 
donor cells from Foxm1 heterozygous mice or control mice (CD45.2+) 
were mixed with 1 × 106 CD45.1+CD45.2+ competitor cells in 100 μL 
PBS. These cells were transplanted into lethally irradiated CD45.1+ 
recipients. We harvested PB every month and checked the ratio by flow 
cytometry. To determine the long-term repopulating potential, every 4 
months as 1 round, we sacrificed the mice and did serial transplantation.
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Statistics. Results are presented as mean ± SD. Statistical analy-
sis was performed with 2-tailed Student’s t test or 2-way ANOVA with 
Tukey’s multiple-comparison test using GraphPad Prism v8.0 software. 
Survival curves were compiled using the Kaplan-Meier algorithms of 
GraphPad Prism, and significance was assessed using the log-rank 
(Mantel-Cox) test. Correlation was calculated according to Spearman’s 
statistical analysis by GraphPad Prism. The colony-forming assay, qRT-
PCR, immunostaining, and cell culture experiments were done with 2–3 
technical replicates and repeated at least 2–3 times. P values equal to or 
less than 0.05 were considered statistically significant.

Study approval. All experiments and procedures were approved by 
the University of Florida Institutional Animal Care and Use Committee.

Data availability. RNA-Seq raw data in.fastq format has been 
uploaded into the NCBI Sequence Read Archive (SRA) database 
(accession SRP181055). The raw and normalized gene expression data 
have been deposited in NCBI GEO database (accession GSE208564). 
Values for all data points in graphs are reported in the supporting  
data values file.
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transduced with FOXM1 shRNA by spinoculating with pLKO.1 Tet-On 
virus as we showed previously (59). After being selected with 1 μg/mL 
puromycin for 4 days, the cells were treated with 2 μg/mL doxycycline 
for 24 hours to induce FOXM1 shRNA expression. All results are from 
2 or 3 independent experiments.

Immunofluorescence microscopy. Whole BM cells were harvested 
from mice as indicated and incubated with the Biotin Mouse Lineage 
Depletion Cocktail (in house; see Supplemental Table 1), including anti-
bodies Gr1, B220, Ter119, CD19, Rat IgM, II-7R, and CD3 for 20 min-
utes. After washing away the excess antibodies, the cells were suspend-
ed with isolation buffer and incubated with magnetic beads (Invitrogen, 
catalog 11047) for 30 minutes at 4°C with gentle rotation. After deple-
tion of lineage cells, the BM cells were enriched with CD117 MicroBe-
ads (catalog 130-091-224). For immunostaining, the isolated Lin–c-Kit+ 
BM cells were resuspended in fresh medium and dropped on a coverslip 
precoated with ploy-L-Lysine. After 1 hour, 4% PFA was added to fix the 
cells and 1% Triton X-100 was used to permeabilize the membranes 
followed by 1-hour incubation of 5% BSA at room temperature. γH2AX 
antibody (Invitrogen, MA1-2022) in 1% BSA was added and incubated 
at 4°C overnight. After washing with cold 0.2% Triton X-100, the cov-
erslips were incubated with secondary antibody conjugated with Alexa 
Fluor 488 (Jackson immune Research, 115-545-003) for 1 hour at room 
temperature followed by staining DAPI for 5 minutes. Images were 
acquired in a Leica-TCS microscope. To estimate the number of γH2AX 
foci+ cells, 200–500 cells were scored in each condition.

DNA damage assays. Lin– BM cells were isolated from mice and plat-
ed on the precoated coverslip. One hour later, the cells were subjected 
to 0.5 Gy irradiation. At different time points, immunostaining was 
performed using the γH2AX antibody as described above. To check the 
kinetics of γH2AX in a different population, total BM cells were exposed 
to 0.5 Gy irradiation and collected at different time points as indicated. 
FACS was performed to analyze the γH2AX level as described above.

Comet assay. The Lin–c-Kit+ BM cells were isolated as described 
above. Comet assay was performed using the CometAssay Kit(4250-
050-K) according to the manufacturer’s instructions. Images were 
acquired by Leica DM2500 and analyzed by CometScore 2.0 (http://
rexhoover.com/index.php?id=cometscore).

	 1.	Wilson A, et al. Hematopoietic stem cells  
reversibly switch from dormancy to self- 
renewal during homeostasis and repair. Cell. 
2008;135(6):1118–1129.

	 2.	Dzierzak E, Speck NA. Of lineage and legacy: the 
development of mammalian hematopoietic stem 
cells. Nat Immunol. 2008;9(2):129–136.

	 3.	Sawai CM, et al. Hematopoietic stem cells are the 
major source of multilineage hematopoiesis in 
adult animals. Immunity. 2016;45(3):597–609.

	 4.	Cazzola M. Myelodysplastic syndromes. N Engl J 
Med. 2020;383(14):1358–1374.

	 5.	Nimer SD. Myelodysplastic syndromes. Blood. 
2008;111(10):4841–4851.

	 6.	Zink F, et al. Clonal hematopoiesis, with and 
without candidate driver mutations, is common 
in the elderly. Blood. 2017;130(6):742–752.

	 7.	Bowman RL, et al. Clonal hematopoiesis and evo-
lution to hematopoietic malignancies. Cell Stem 
Cell. 2018;22(2):157–170.

	 8.	Jaiswal S, et al. Age-related clonal hematopoiesis 
associated with adverse outcomes. N Engl J Med. 

2014;371(26):2488–2498.
	 9.	Bolton KL, et al. Cancer therapy shapes the 

fitness landscape of clonal hematopoiesis. Nat 
Genet. 2020;52(11):1219–1226.

	 10.	Wong TN, et al. Cellular stressors contribute to 
the expansion of hematopoietic clones of varying 
leukemic potential. Nat Commun. 2018;9(1):455.

	 11.	Silver AJ, et al. Germline risk of clonal haemato-
poiesis. Nat Rev Genet. 2021;22(9):603–617.

	 12.	Abegunde SO, et al. An inflammatory environ-
ment containing TNFα favors Tet2-mutant clonal 
hematopoiesis. Exp Hematol. 2018;59:60–65.

	 13.	Jaiswal S, Ebert BL. Clonal hematopoie-
sis in human aging and disease. Science. 
2019;366(6465):eaan4673.

	 14.	Steensma DP, Ebert BL. Clonal hematopoiesis as 
a model for premalignant changes during aging. 
Exp Hematol. 2020;83:48–56.

	 15.	Park SJ, Bejar R. Clonal hematopoiesis in aging. 
Curr Stem Cell Rep. 2018;4(3):209–219.

	 16.	Mohrin M, et al. Hematopoietic stem cell qui-
escence promotes error-prone DNA repair and 

mutagenesis. Cell Stem Cell. 2010;7(2):174–185.
	 17.	Wang J, et al. A differentiation checkpoint limits 

hematopoietic stem cell self-renewal in response 
to DNA damage. Cell. 2012;148(5):1001–1014.

	 18.	Rossi DJ, et al. Deficiencies in DNA damage 
repair limit the function of haematopoietic stem 
cells with age. Nature. 2007;447(7145):725–729.

	 19.	Mangerich A, Burkle A. Pleiotropic cellular func-
tions of PARP1 in longevity and aging: genome 
maintenance meets inflammation. Oxid Med Cell 
Longev. 2012;2012:321653.

	20.	Pascal JM. The comings and goings of PARP-1 in 
response to DNA damage. DNA Repair (amst). 
2018;71:177–182.

	 21.	Li X, et al. Salidroside stimulates DNA repair 
enzyme Parp-1 activity in mouse HSC mainte-
nance. Blood. 2012;119(18):4162–4173.

	22.	Liaudet L, et al. Activation of poly(ADP-Ribose) 
polymerase-1 is a central mechanism of lipopoly-
saccharide-induced acute lung inflammation. 
Am J Respir Crit Care Med. 2002;165(3):372–377.

	 23.	Armstrong DK, et al. NCCN guidelines insights: 

https://doi.org/10.1172/JCI163911
mailto://zhijian.qian@medicine.ufl.edu
mailto://zhijian.qian@medicine.ufl.edu
https://www.jci.org/articles/view/163911#sd
http://rexhoover.com/index.php?id=cometscore
http://rexhoover.com/index.php?id=cometscore
https://doi.org/10.1016/j.cell.2008.10.048
https://doi.org/10.1016/j.cell.2008.10.048
https://doi.org/10.1016/j.cell.2008.10.048
https://doi.org/10.1016/j.cell.2008.10.048
https://doi.org/10.1038/ni1560
https://doi.org/10.1038/ni1560
https://doi.org/10.1038/ni1560
https://doi.org/10.1016/j.immuni.2016.08.007
https://doi.org/10.1016/j.immuni.2016.08.007
https://doi.org/10.1016/j.immuni.2016.08.007
https://doi.org/10.1056/NEJMra1904794
https://doi.org/10.1056/NEJMra1904794
https://doi.org/10.1182/blood-2007-08-078139
https://doi.org/10.1182/blood-2007-08-078139
https://doi.org/10.1182/blood-2017-02-769869
https://doi.org/10.1182/blood-2017-02-769869
https://doi.org/10.1182/blood-2017-02-769869
https://doi.org/10.1016/j.stem.2018.01.011
https://doi.org/10.1016/j.stem.2018.01.011
https://doi.org/10.1016/j.stem.2018.01.011
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1038/s41588-020-00710-0
https://doi.org/10.1038/s41588-020-00710-0
https://doi.org/10.1038/s41588-020-00710-0
https://doi.org/10.1038/s41467-018-02858-0
https://doi.org/10.1038/s41467-018-02858-0
https://doi.org/10.1038/s41467-018-02858-0
https://doi.org/10.1038/s41576-021-00356-6
https://doi.org/10.1038/s41576-021-00356-6
https://doi.org/10.1016/j.exphem.2017.11.002
https://doi.org/10.1016/j.exphem.2017.11.002
https://doi.org/10.1016/j.exphem.2017.11.002
https://doi.org/10.1126/science.aan4673
https://doi.org/10.1126/science.aan4673
https://doi.org/10.1126/science.aan4673
https://doi.org/10.1016/j.exphem.2019.12.001
https://doi.org/10.1016/j.exphem.2019.12.001
https://doi.org/10.1016/j.exphem.2019.12.001
https://doi.org/10.1007/s40778-018-0133-9
https://doi.org/10.1007/s40778-018-0133-9
https://doi.org/10.1016/j.stem.2010.06.014
https://doi.org/10.1016/j.stem.2010.06.014
https://doi.org/10.1016/j.stem.2010.06.014
https://doi.org/10.1016/j.cell.2012.01.040
https://doi.org/10.1016/j.cell.2012.01.040
https://doi.org/10.1016/j.cell.2012.01.040
https://doi.org/10.1038/nature05862
https://doi.org/10.1038/nature05862
https://doi.org/10.1038/nature05862
https://doi.org/10.1155/2012/321653
https://doi.org/10.1155/2012/321653
https://doi.org/10.1155/2012/321653
https://doi.org/10.1155/2012/321653
https://doi.org/10.1016/j.dnarep.2018.08.022
https://doi.org/10.1016/j.dnarep.2018.08.022
https://doi.org/10.1016/j.dnarep.2018.08.022
https://doi.org/10.1182/blood-2011-10-387332
https://doi.org/10.1182/blood-2011-10-387332
https://doi.org/10.1182/blood-2011-10-387332
https://doi.org/10.1164/ajrccm.165.3.2106050
https://doi.org/10.1164/ajrccm.165.3.2106050
https://doi.org/10.1164/ajrccm.165.3.2106050
https://doi.org/10.1164/ajrccm.165.3.2106050
https://doi.org/10.6004/jnccn.2019.0039


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(15):e163911  https://doi.org/10.1172/JCI1639111 2

ovarian cancer, version 1.2019. J Natl Compr 
Canc Netw. 2019;17(8):896–909.

	24.	Gradishar WJ, et al. NCCN guidelines® insights: 
breast cancer, version 4.2021. J Natl Compr Canc 
Netw. 2021;19(5):484–493.

	 25.	Tempero MA. NCCN guidelines updates: 
pancreatic cancer. J Natl Compr Canc Netw. 
2019;17(5.5):603–605.

	26.	Csizmar CM, et al. PARP inhibitors and myeloid 
neoplasms: a double-edged sword. Cancers 
(Basel). 2021;13(24):6385.

	 27.	Morice PM, et al. Myelodysplastic syndrome 
and acute myeloid leukaemia in patients treated 
with PARP inhibitors: a safety meta-analysis of 
randomised controlled trials and a retrospective 
study of the WHO pharmacovigilance database. 
Lancet Haematol. 2021;8(2):e122–e134.

	28.	Ma Z, et al. Poly(ADP-ribose) polymerase  
inhibitor-associated myelodysplastic syndrome/
acute myeloid leukemia: a pharmacovigilance 
analysis of the FAERS database. ESMO Open. 
2021;6(1):100033.

	 29.	Myatt SS, Lam EW. The emerging roles of fork-
head box (Fox) proteins in cancer. Nat Rev Can-
cer. 2007;7(11):847–859.

	30.	Koo CY, et al. FOXM1: from cancer initiation to 
progression and treatment. Biochim Biophys Acta. 
2012;1819(1):28–37.

	 31.	Liao GB, et al. Regulation of the master regu-
lator FOXM1 in cancer. Cell Commun Signal. 
2018;16(1):57.

	 32.	Hou Y, et al. The transcription factor Foxm1 is 
essential for the quiescence and maintenance 
of hematopoietic stem cells. Nat Immunol. 
2015;16(8):810–818.

	 33.	Trowbridge JJ, Starczynowski DT. Innate immune 
pathways and inflammation in hematopoietic 
aging, clonal hematopoiesis, and MDS. J Exp 
Med. 2021;218(7):e20201544.

	34.	Caiado F, et al. Inflammation as a regulator 
of hematopoietic stem cell function in dis-
ease, aging, and clonal selection. J Exp Med. 
2021;218(7):e20201541.

	 35.	Bogeska R, et al. Inflammatory exposure drives 
long-lived impairment of hematopoietic stem 
cell self-renewal activity and accelerated aging. 
Cell Stem Cell. 2022;29(8):1273–1284.

	 36.	Scumpia PO, et al. Cutting edge: bacterial infec-
tion induces hematopoietic stem and progenitor 
cell expansion in the absence of TLR signaling.  
J Immunol. 2010;184(5):2247–2251.

	 37.	Esplin BL, et al. Chronic exposure to a TLR ligand 
injures hematopoietic stem cells. J Immunol. 
2011;186(9):5367–5375.

	 38.	Sirin O, et al. The orphan nuclear receptor Nurr1 

restricts the proliferation of haematopoietic stem 
cells. Nat Cell Biol. 2010;12(12):1213–1219.

	 39.	Liang R, et al. Restraining lysosomal activity pre-
serves hematopoietic stem cell quiescence and 
potency. Cell Stem Cell. 2020;26(3):359–376.

	40.	Feinberg MW, et al. The Kruppel-like factor KLF4 
is a critical regulator of monocyte differentiation. 
EMBO J. 2007;26(18):4138–4148.

	 41.	Park CS, et al. Kruppel-like factor 4 (KLF4) pro-
motes the survival of natural killer cells and main-
tains the number of conventional dendritic cells 
in the spleen. J Leukoc Biol. 2012;91(5):739–750.

	42.	Mamonkin M, et al. Differential roles of KLF4 in 
the development and differentiation of CD8+ T 
cells. Immunol Lett. 2013;156(1–2):94–101.

	 43.	Tan Y, et al. Chk2 mediates stabilization of 
the FoxM1 transcription factor to stimulate 
expression of DNA repair genes. Mol Cell Biol. 
2007;27(3):1007–1016.

	44.	Marchand B, et al. PRRX1 isoforms cooperate 
with FOXM1 to regulate the DNA damage 
response in pancreatic cancer cells. Oncogene. 
2019;38(22):4325–4339.

	45.	Pal S, et al. Dual HDAC and PI3K inhibition abro-
gates NFκB- and FOXM1-mediated DNA damage 
response to radiosensitize pediatric high-grade 
gliomas. Cancer Res. 2018;78(14):4007–4021.

	46.	Benjamin RC, Gill DM. ADP-ribosylation 
in mammalian cell ghosts. Dependence of 
poly(ADP-ribose) synthesis on strand breakage 
in DNA. J Biol Chem. 1980;255(21):10493–10501.

	 47.	Ali AAE, et al. The zinc-finger domains of PARP1 
cooperate to recognize DNA strand breaks. Nat 
Struct Mol Biol. 2012;19(7):685–692.

	48.	Pellagatti A, et al. Deregulated gene expression 
pathways in myelodysplastic syndrome hemato-
poietic stem cells. Leukemia. 2010;24(4):756–764.

	49.	Matsuoka A, et al. Lenalidomide induces cell 
death in an MDS-derived cell line with deletion 
of chromosome 5q by inhibition of cytokinesis. 
Leukemia. 2010;24(4):748–755.

	50.	Messeguer X, et al. PROMO: detection of 
known transcription regulatory elements using 
species-tailored searches. Bioinformatics. 
2002;18(2):333–334.

	 51.	Farre D, et al. Identification of patterns in 
biological sequences at the ALGGEN server: 
PROMO and MALGEN. Nucleic Acids Res. 
2003;31(13):3651–3653.

	 52.	Kohlmann A, et al. An international standardization 
programme towards the application of gene expres-
sion profiling in routine leukaemia diagnostics: 
the Microarray Innovations in LEukemia study 
prephase. Br J Haematol. 2008;142(5):802–807.

	 53.	Haferlach T, et al. Clinical utility of microarray- 

based gene expression profiling in the diagno-
sis and subclassification of leukemia: report 
from the International Microarray Innova-
tions in Leukemia study group. J Clin Oncol. 
2010;28(15):2529–2537.

	54.	Jaiswal S, et al. Clonal hematopoiesis and risk of 
atherosclerotic cardiovascular disease. N Engl J 
Med. 2017;377(2):111–121.

	 55.	Coombs CC, et al. Therapy-related clonal hema-
topoiesis in patients with non-hematologic can-
cers is common and associated with adverse clin-
ical outcomes. Cell Stem Cell. 2017;21(3):374–382.

	56.	Henry CJ, et al. Aging-associated inflammation 
promotes selection for adaptive oncogen-
ic events in B cell progenitors. J Clin Invest. 
2015;125(12):4666–4680.

	 57.	Pietras EM, et al. Chronic interleukin-1 exposure 
drives haematopoietic stem cells towards preco-
cious myeloid differentiation at the expense of 
self-renewal. Nat Cell Biol. 2016;18(6):607–618.

	 58.	Caiado F, et al. Inflammation as a regulator 
of hematopoietic stem cell function in dis-
ease, aging, and clonal selection. J Exp Med. 
2021;218(7):e20201541.

	 59.	Sheng Y, et al. FOXM1 regulates leukemia stem 
cell quiescence and survival in MLL-rearranged 
AML. Nat Commun. 2020;11(1):928.

	60.	Khan I, et al. FOXM1 contributes to treatment 
failure in acute myeloid leukemia. JCI Insight. 
2018;3(15):121583.

	 61.	Tassi RA, et al. FOXM1 expression is signifi-
cantly associated with chemotherapy resistance 
and adverse prognosis in non-serous epithelial 
ovarian cancer patients. J Exp Clin Cancer Res. 
2017;36(1):63.

	62.	Okada K, et al. Overexpression of forkhead box 
M1 transcription factor (FOXM1) is a potential 
prognostic marker and enhances chemoresis-
tance for docetaxel in gastric cancer. Ann Surg 
Oncol. 2013;20(3):1035–1043.

	 63.	Yan M, et al. A previously unidentified 
alternatively spliced isoform of t(8;21) tran-
script promotes leukemogenesis. Nat Med. 
2006;12(8):945–949.

	64.	Dobin A, et al. STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics. 2013;29(1):15–21.

	65.	Nakamura S, et al. Retrovirus-mediated gene 
transfer of granulocyte colony-stimulating factor 
receptor (G-CSFR) cDNA into MDS cells and 
induction of their differentiation by G-CSF. Cyto-
kines Cell Mol Ther. 2000;6(2):61–70.

	66.	Yan M, et al. A previously unidentified 
alternatively spliced isoform of t(8;21) tran-
script promotes leukemogenesis. Nat Med. 
2006;12(8):945–949.

https://doi.org/10.1172/JCI163911
https://doi.org/10.6004/jnccn.2019.0039
https://doi.org/10.6004/jnccn.2019.0039
https://doi.org/10.6004/jnccn.2021.0023
https://doi.org/10.6004/jnccn.2021.0023
https://doi.org/10.6004/jnccn.2021.0023
https://doi.org/10.6004/jnccn.2019.0025
https://doi.org/10.6004/jnccn.2019.0025
https://doi.org/10.6004/jnccn.2019.0025
https://doi.org/10.3390/cancers13246385
https://doi.org/10.3390/cancers13246385
https://doi.org/10.3390/cancers13246385
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/S2352-3026(20)30360-4
https://doi.org/10.1016/j.esmoop.2020.100033
https://doi.org/10.1016/j.esmoop.2020.100033
https://doi.org/10.1016/j.esmoop.2020.100033
https://doi.org/10.1016/j.esmoop.2020.100033
https://doi.org/10.1016/j.esmoop.2020.100033
https://doi.org/10.1038/nrc2223
https://doi.org/10.1038/nrc2223
https://doi.org/10.1038/nrc2223
https://doi.org/10.1016/j.bbagrm.2011.09.004
https://doi.org/10.1016/j.bbagrm.2011.09.004
https://doi.org/10.1016/j.bbagrm.2011.09.004
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1038/ni.3204
https://doi.org/10.1038/ni.3204
https://doi.org/10.1038/ni.3204
https://doi.org/10.1038/ni.3204
https://doi.org/10.1084/jem.20201544
https://doi.org/10.1084/jem.20201544
https://doi.org/10.1084/jem.20201544
https://doi.org/10.1084/jem.20201544
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1016/j.stem.2022.06.012
https://doi.org/10.1016/j.stem.2022.06.012
https://doi.org/10.1016/j.stem.2022.06.012
https://doi.org/10.1016/j.stem.2022.06.012
https://doi.org/10.4049/jimmunol.0903652
https://doi.org/10.4049/jimmunol.0903652
https://doi.org/10.4049/jimmunol.0903652
https://doi.org/10.4049/jimmunol.0903652
https://doi.org/10.4049/jimmunol.1003438
https://doi.org/10.4049/jimmunol.1003438
https://doi.org/10.4049/jimmunol.1003438
https://doi.org/10.1038/ncb2125
https://doi.org/10.1038/ncb2125
https://doi.org/10.1038/ncb2125
https://doi.org/10.1016/j.stem.2020.01.013
https://doi.org/10.1016/j.stem.2020.01.013
https://doi.org/10.1016/j.stem.2020.01.013
https://doi.org/10.1038/sj.emboj.7601824
https://doi.org/10.1038/sj.emboj.7601824
https://doi.org/10.1038/sj.emboj.7601824
https://doi.org/10.1189/jlb.0811413
https://doi.org/10.1189/jlb.0811413
https://doi.org/10.1189/jlb.0811413
https://doi.org/10.1189/jlb.0811413
https://doi.org/10.1016/j.imlet.2013.09.008
https://doi.org/10.1016/j.imlet.2013.09.008
https://doi.org/10.1016/j.imlet.2013.09.008
https://doi.org/10.1128/MCB.01068-06
https://doi.org/10.1128/MCB.01068-06
https://doi.org/10.1128/MCB.01068-06
https://doi.org/10.1128/MCB.01068-06
https://doi.org/10.1038/s41388-019-0725-6
https://doi.org/10.1038/s41388-019-0725-6
https://doi.org/10.1038/s41388-019-0725-6
https://doi.org/10.1038/s41388-019-0725-6
https://doi.org/10.1158/0008-5472.CAN-17-3691
https://doi.org/10.1158/0008-5472.CAN-17-3691
https://doi.org/10.1158/0008-5472.CAN-17-3691
https://doi.org/10.1158/0008-5472.CAN-17-3691
https://doi.org/10.1016/S0021-9258(19)70490-6
https://doi.org/10.1016/S0021-9258(19)70490-6
https://doi.org/10.1016/S0021-9258(19)70490-6
https://doi.org/10.1016/S0021-9258(19)70490-6
https://doi.org/10.1038/nsmb.2335
https://doi.org/10.1038/nsmb.2335
https://doi.org/10.1038/nsmb.2335
https://doi.org/10.1038/leu.2010.31
https://doi.org/10.1038/leu.2010.31
https://doi.org/10.1038/leu.2010.31
https://doi.org/10.1038/leu.2009.296
https://doi.org/10.1038/leu.2009.296
https://doi.org/10.1038/leu.2009.296
https://doi.org/10.1038/leu.2009.296
https://doi.org/10.1093/bioinformatics/18.2.333
https://doi.org/10.1093/bioinformatics/18.2.333
https://doi.org/10.1093/bioinformatics/18.2.333
https://doi.org/10.1093/bioinformatics/18.2.333
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1093/nar/gkg605
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1016/j.stem.2017.07.010
https://doi.org/10.1016/j.stem.2017.07.010
https://doi.org/10.1016/j.stem.2017.07.010
https://doi.org/10.1016/j.stem.2017.07.010
https://doi.org/10.1172/JCI83024
https://doi.org/10.1172/JCI83024
https://doi.org/10.1172/JCI83024
https://doi.org/10.1172/JCI83024
https://doi.org/10.1038/ncb3346
https://doi.org/10.1038/ncb3346
https://doi.org/10.1038/ncb3346
https://doi.org/10.1038/ncb3346
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1038/s41467-020-14590-9
https://doi.org/10.1038/s41467-020-14590-9
https://doi.org/10.1038/s41467-020-14590-9
https://doi.org/10.1172/jci.insight.121583
https://doi.org/10.1172/jci.insight.121583
https://doi.org/10.1172/jci.insight.121583
https://doi.org/10.1186/s13046-017-0536-y
https://doi.org/10.1186/s13046-017-0536-y
https://doi.org/10.1186/s13046-017-0536-y
https://doi.org/10.1186/s13046-017-0536-y
https://doi.org/10.1186/s13046-017-0536-y
https://doi.org/10.1245/s10434-012-2680-0
https://doi.org/10.1245/s10434-012-2680-0
https://doi.org/10.1245/s10434-012-2680-0
https://doi.org/10.1245/s10434-012-2680-0
https://doi.org/10.1245/s10434-012-2680-0
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1080/13684730050515787
https://doi.org/10.1080/13684730050515787
https://doi.org/10.1080/13684730050515787
https://doi.org/10.1080/13684730050515787
https://doi.org/10.1080/13684730050515787
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443
https://doi.org/10.1038/nm1443

	Graphical abstract

