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KEY PO INT S

� Aberrant activation of
the bone morphogenetic
protein/SMAD pathway
is a key mediator of p53
mutant LT of MPNs.

� Genomic instability and
DNA damage
characterize p53
mutant LT of MPNs,
rendering this leukemia
sensitive to DNA
damage repair
inhibitors.

Leukemic transformation (LT) of myeloproliferative neoplasm (MPN) has a dismal
prognosis and is largely fatal. Mutational inactivation of TP53 is the most common somatic
event in LT; however, the mechanisms by which TP53 mutations promote LT remain
unresolved. Using an allelic series of mouse models of Jak2/Trp53 mutant MPN, we
identify that only biallelic inactivation of Trp53 results in LT (to a pure erythroleukemia
[PEL]). This PEL arises from the megakaryocyte-erythroid progenitor population.
Importantly, the bone morphogenetic protein 2/SMAD pathway is aberrantly activated
during LT and results in abnormal self-renewal of megakaryocyte-erythroid progenitors.
Finally, we identify that Jak2/Trp53 mutant PEL is characterized by recurrent copy
number alterations and DNA damage. Using a synthetic lethality strategy, by targeting
active DNA repair pathways, we show that this PEL is highly sensitive to combination
WEE1 and poly(ADP-ribose) polymerase inhibition. These observations yield new
mechanistic insights into the process of p53 mutant LT and offer new, clinically
translatable therapeutic approaches.

Introduction
BCR-ABL–negative myeloproliferative neoplasms (MPNs) are
characterized by somatic mutations (eg, JAK2, CALR, and MPL
mutations) that activate the JAK-STAT pathway.1-4 In a substantial
proportion of cases, MPNs undergo leukemic transformation (LT),
which carries a dismal prognosis and often does not respond to
classical antileukemic therapies.5,6 The most frequent genomic
alterations to occur at the time of LT involve TP53 (mutated in
approximately one-third of patients at time of LT7,8), in marked
contrast to the low frequency of TP53 alterations in the chronic
phase of MPN (2%-5%).8,9 In addition, alterations in chromosome
17p, which contains the TP53 locus, predict a high likelihood of
LT and are commonly observed in LT.10,11 These data thus indi-
cate that TP53 alterations are a key regulator of the process of LT.

We have previously shown that the variant allele fractions of
TP53 mutations are significantly greater in post-MPN acute

myeloid leukemia (AML) than in MPN. In the majority of cases,
the TP53 mutated clone had a variant allele fraction .50% at
the time of LT, consistent with selection for biallelic TP53 inacti-
vation. By contrast, previous studies have shown that low abun-
dance TP53 mutations do not necessarily influence disease
progression in MPNs and that TP53 haploinsufficiency may be
insufficient for blast phase transformation.12,13

The vast majority of patients with myeloid malignancy carry
TP53 missense mutations, most of which are located in the
DNA-binding domain.8,14,15 However, the mechanisms by which
TP53 mutational status, as well as allelic configuration, drives
disease progression remains largely unknown. We have previ-
ously shown that in a Trp53 knockout background, overex-
pressed JAK2V617F promotes LT, consistent with observations in
humans.7 Here we seek to investigate the impact of Trp53 muta-
tion status as well as allelic state on the process of LT and to
identify the mechanisms of LT mediated by alteration of Trp53.
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Materials and methods
Mice
Jak2V617F knock-in mice16 were crossed to Rosa-CreERT2 and
Trp53R172H knock-in17 and Trp53 knock-out18 mice. Cre expres-
sion was induced by oral gavage of tamoxifen one time at a
4-mg dose. Deletion/recombination was confirmed 2 weeks
after tamoxifen oral gavage. Murine transplant procedures are
described in the supplemental Methods (available on the Blood
Web site). Mouse husbandry, care, and all animal interventions
were in strict compliance with the Institutional Animal Care and
Use Committee guidelines.

Flow cytometry and fluorescence-activated
cell sorting
Antibody staining for surface marker was performed as previ-
ously described.19 The antibodies used are listed in the supple-
mental Methods.

In vitro colony-forming assays
Cytokine-supplemented methylcellulose medium (STEMCELL
Technologies, M3434) was used for colony-forming assays as
previously described.20

RNA-sequencing
For RNA-sequencing (RNA-seq), RNA was isolated by TRIzol
extraction from sorted-cell populations as indicated. RNA-seq
libraries were generated by 39 sequencing and SMART-Seq2
amplification and sequenced on an Illumina HiSeq 4000.

Single-cell RNA-seq
Lin–c-Kit1 bone marrow (BM) cells from mice were sorted for
viability (49,6-diamidino-2-phenylindole negative). Single-cell
RNA-seq (scRNA-seq) libraries were prepared following 10X
Genomics protocols (Chromium Single Cell 39 Reagent Kit ver-
sion 3). The final libraries were assessed by using an Agilent
Technology 2100 Bioanalyzer and were sequenced on an Illu-
mina NovaSeq 6000 system (S2 flow cell, paired-end).

Western blot
Western blot was performed as previously described.20 The anti-
bodies used are listed in the supplemental Methods.

Results
Loss or mutation of Trp53 synergizes with
Jak2V617F to induce a highly penetrant
erythroid leukemia
To investigate the genetic interactions between Trp53 defi-
ciency and recurrent Trp53 mutations and Jak2V617F signaling in
leukemogenesis, we generated an allelic series of genetically
engineered mouse models (supplemental Figure 1A). To investi-
gate the cell autonomous interaction between Trp53 loss or
mutant Trp53 and Jak2V617F, we transplanted BM cells from wild
type (WT), Jak2V617F/1 (JVF), Jak2V617F/1 Trp531/2 (JVFP1/2),
Jak2V617F/1 Trp532/2 (JVFP2/2), Jak2V617F/1 Trp53R172H/1

(JVFPR172H/1), and Jak2V617F/1 Trp53R172H/– (JVFPR172H/–) mice into
recipient mice. Recipient mice transplanted with JVF, JVFP1/2,
and JVFPR172H/1 cells developed an MPN-like phenotype (supple-
mental Figure 1B) with a median survival of 178 days, 191 days,

and 162 days, respectively (Figure 1A). By contrast, the recipients
of JVFP2/2 and JVFPR172H/– initially developed an MPN phenotype
followed by transformation to an acute leukemia phenotype with
a median survival of 135 days and 130 days. Survival was signifi-
cantly shorter in JVFP2/2 vs JVFP1/2 mice, and in JVFPR172H/– vs
JVFPR172H/1 mice, and both JVFP2/2 and JVFPR172H/– mice had sig-
nificantly shorted survival than JVF mice (with no significant differ-
ence between JVFP2/2 and JVFPR172H/–mice). Peripheral blood
(PB) counts revealed a significant increase in the white blood cell
count and spleen weight of JVFP2/2 and JVFPR172H/– mice com-
pared with JVF mice, as well as a significant decrease in platelet
count and hemoglobin (HGB) in JVFPR172H/– vs JVF mice
(Figure 1B). Histopathologic analysis of leukemic mice revealed
sheets of immature blast-like cells in the PB, BM, spleen, and
liver, which were not observed in JVF, JVFP1/2, and JVFPR172H/1

mice (Figure 1C). Finally, to confirm that the process of transplan-
tation of hematopoietic stem/progenitor cells (HSPCs) from
primary mice did not contribute to the development of the leuke-
mic phenotype observed in JVFP2/2 and JVFPR172H/– mice,
tamoxifen-induced recombination was conducted in primary
mice. JVFP2/2 (n 5 3) and JVFPR172H/–(n 5 2) mice developed an
MPN phenotype followed by transformation to an acute leuke-
mia, consistent with the earlier observations (supplemental
Figure 1C-F). Thus, LT occurred only in the background of Trp53
biallelic inactivation.

Immunophenotypic analysis revealed CD45–c-Kit1 blast cells,
negative for mature myeloid and lymphoid markers (Figure 1D;
supplemental Figure 1G), similar to the immunophenotype of
human PEL.21 Furthermore, these blast cells were
CD711Ter119–, and by immunohistochemical stains, blasts were
CD45–c-Kit1Gata11CD711Ter119–CD41– blasts (Figure 1E; sup-
plemental Figure 1H), which is consistent with the Bethesda cri-
teria for erythroleukemia in mice.22

Functionally, BM cells from JVFP2/2 and JVFPR172H/– exhibited
increased serial replating capacity, both at the time of LT
(Figure 1F) and at the MPN stage (supplemental Figure 1I). The
PEL was transplantable to secondary and tertiary recipients,
and all recipients rapidly developed lethal PEL (Figure 1G).

The observed latency between the development of an MPN
phenotype and a leukemic phenotype suggested the possibility
that the process of LT is associated with the acquisition of addi-
tional somatic alterations. Using sparse whole-genome sequenc-
ing, we identified that the PEL stage (Figure 1H-I), but not its
MPN precursor (supplemental Figure 1J), exhibited a complex
karyotype (defined as $3 karyotypic alterations), with recurrence
of acquired events. Mutational analysis identified acquisition
of somatic mutations in JVFP2/2 and JVFPR172H/– PEL mice with-
out evidence for a clear, additional driver of LT (supplemental
Table 1). Although there was no consistent pattern of mutation
acquisition observed, the most frequent alterations observed
were in Ptpn11 (largely subclonal). This finding is consistent with
prior observations in humans showing that subclonal RAS path-
way mutations can occur in TP53 mutant AML.23 Thus, Jak2V617F

and Trp53 biallelic inactivation results in a highly penetrant form
of leukemia that immunophenotypically resembles human PEL
and is associated with the development of genomic instability
during the process of LT.
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Figure 1. Jak2V617F/1-Trp532/2 and Jak2V617F/1-Trp53R172H/– induce a highly penetrant pure erythroid leukemia. (A) Kaplan-Meier comparative survival analysis of
reconstituted mice. Cumulative survival was plotted against days after transplantation. P value was determined by the log-rank test. WT control (WT; n 5 7); Jak2V617F/1

(JVF; n 5 7); Jak2V617F/1 Trp531/2 (JVFP1/2; n 5 6); Jak2V617F/1 Trp532/2 (JVFP2/2; n 5 8); Jak2V617F/1 Trp53R172H/1 (JVFP172/1; n 5 6); Jak2V617F/1 Trp53R172H/– (JVFP172/–;
n 5 8). JVFP2/2 vs JVF, P 5 .0445; JVFP2/2 vs JVFP1/2, P 5 .0037; JVFP172/– vs JVF, P 5 .0001; JVFP172/– vs JVFP172/1, P 5 .0016. (B) Complete blood count analysis of PB
samples and spleen (SPL) weight collected from moribund PEL JVFP2/2 (n 5 8), PEL JVFP172/– (n 5 8), JVFP1/2 (n 5 6), JVFP172/1 (n 5 6), and JVF (n 5 7) mice. JVFP2/2

vs JVF: white blood cell (WBC), P , .0001; SPL weight, P , .0001. JVFP172/– vs JVF: WBC, P 5 .0275; HGB, P 5 .0172; platelet (PLT), P 5 .0016; SPL weight, P , .0001.
JVFP1/2 vs JVF: SPL weight, P 5 .0244. JVFP172/1 vs JVF: SPL weight, P 5 .0005. (C) Wright-Giemsa smear of PB, histopathologic hematoxylin and eosin (H&E) sections of
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Megakaryocyte-erythroid progenitor
compartment contains the
leukemia-initiating population
To identify the leukemia-initiating population, we first examined
the proportion of HSPCs pre-LT and post-LT by using flow
cytometry. At the MPN stage, the megakaryocyte-erythroid
progenitors (MEPs) (Lin–c-Kit1Sca-1–CD34–FcgRII/III–) and
LSKs (Lin–c-Kit1Sca-11) were significantly expanded in the BM
of both JVFP2/2 and JVFPR172H/– mice, compared with WT, JVF,
JVFP1/2, and JVFPR172H/1 mice (Figure 2A; supplemental Figure
2A; supplemental Figure 2C). In the spleen, the MEPs, but not
the LSKs, were significantly expanded in mice with Trp53 muta-
tions compared with JVF. No significant change in the size of
the granulocyte-macrophage progenitor (GMP) compartment
was observed in JVFP2/2 and JVFPR172H/– mice (supplemental
Figure 2B-C). Significant expansion of the MEPs, but not
GMPs, was noted at the time of LT in the BM (Figure 2B).
Expansion of the MEPs, GMPs, and LSKs was observed at the
time of LT in the spleen; however, the proportional expansion
of the MEPs was the greatest among these HSPCs. Notably, in
contrast to MEPs from JVF mice, MEPs from leukemic mice did
not express CD45 (supplemental Figure 2D).

To further assess the biologic differences of JVFP2/2 and
JVFPR172H/– HSPCs relative to JVF HSPCs at the MPN stage, com-
petitive transplantation of BM cells from JVFP2/2 or JVFPR172H/–

and JVF into recipients in a 1:1 ratio was performed (supplemen-
tal Figure 2E). PB chimerism revealed that the proportion of
JVFP2/2 or JVFPR172H/– cells was significantly greater than JVF

cells (supplemental Figure 2F). Analysis of BM LSK, MEP, and
GMP chimerism at 13 weeks post-tamoxifen revealed that the
majority of cells in each HSPC compartment were either JVFP2/2

or JVFPR172H/– in origin. Importantly, JVFP2/2 comprised a signifi-
cantly greater proportion of MEPs than GMPs (91% vs 82%) or
LSKs (91% vs 62%) (Figure 2C), which was also observed in
JVFPR172H/–. These data indicate that JVFP2/2 or JVFPR172H/– sig-
nificantly enhances the self-renewal and competitive advantage
of HSPCs over JVF HSPCs, most significantly in the MEP
compartment.

Given the particular competitive advantages in the MEPs result-
ing from biallelic Trp53 inactivation, we hypothesized that the
leukemia-initiating population resided in this compartment. To
test this hypothesis, we transplanted CD45– MEPs from JVFP2/2

or JVFPR172H/– PEL mice into recipients. These cells were able to
efficiently induce a PEL phenotype (supplemental Figure 2G).
CD451 MEPs (early-stage untransformed MEPs relative to

CD45– MEPs) were also able to induce the same PEL phenotype
but had a longer latency before onset of PEL (supplemental
Figure 2H), suggesting that progression through MEP
maturation may be required for leukemic progression.
Furthermore, MEPs identified by a distinct set of markers
(Lin–Sca-1–c-kit1CD1501CD41–CD71– cells, referred to as
CD1501 MEPs24) also caused PEL with the same immunopheno-
type as primary recipients. We sought to determine if other
HSPC compartments from JVFP2/2 and JVFPR172H/– mice con-
tained leukemia-initiating populations at the time of the MPN
phenotype. Recipient mice transplanted with MEPs, but not
GMPs, developed a PEL phenotype, without a preceding MPN
phenotype. Mice transplanted with LSKs also developed a PEL
phenotype but with a preceding MPN phenotype, and they also
had significantly longer median survival than mice transplanted
with MEPs (Figure 2D), suggesting that transition through the
MEPs was required for disease initiation.

As shown in Figure 1I, progression of MPN to PEL is character-
ized by the acquisition of copy number alterations (CNAs), pre-
sumably through a process of genomic instability and selection.
We would therefore predict that these events might be enriched
in the HSPCs containing the leukemia-initiating population and
its progeny. Notably, we identified that karyotypic/CNAs were
observed in the MEPs and not identified in the GMPs from leu-
kemic mice (Figure 2E-F), although Jak2 and Trp53 mutations
existed in both populations (supplemental Figure 2I). Collec-
tively, these observations indicate that the biologic and genomic
events that lead to leukemic transformation are selected for
within the MEPs.

Leukemic population transcriptionally
approximates the normal erythroid-committed
progenitors
To investigate transcriptional networks in the leukemia-initiating
context, we performed scRNA-seq of BM Lin–c-Kit1 HSPCs from
WT, JVF, pre-PEL JVFP2/2, and JVFP2/2 PEL mice (supplemental
Figure 3A). Clustering analysis of 29029 single-cell profiles
resulted in a detailed map, including 17 transcriptionally homo-
geneous clusters based on their expression patterns (Figure 3A;
supplemental Figure 3B). We further confirmed and defined
these HSPC subpopulations and leukemic populations according
to canonical surface markers, including CD45 (Ptprc), CD34
(Cd34), CD16 (Fcgr3), CD32 (Fcgr2b), CD71 (Tfrc), and CD41
(Itga2b) (Figure 3B; supplemental Figure 3C). A total of 15 dis-
tinct HSPC subpopulations and a leukemic population (consist-
ing of 2 subpopulations, leukemia-1 and leukemia-2) were

Figure 1 (continued) BM, SPL, and liver from representative moribund PEL JVFP2/2and JVFP172/–, JVFP1/2, JVFP172/1, and JVF mice. Red arrows indicate blasts, yellow
arrows indicate neutrophils, and black arrows indicate hepatocytes. Magnification, 10003 for PB and 4003 for BM, SPL, and liver. (D) Proportion of PB cells (top) and
SPL cells (bottom) of each lineage and CD45–Lin–c-Kit1 determined by flow cytometric analysis for moribund mice. Lineage markers include CD3, B220, CD11b, and
Gr1. JVF, n 5 7; PEL JVFP2/2, n 5 8; PEL JVFP172/–, n 5 8; JVFP1/2, n 5 6; JVFP172/1, n 5 6. Proportion of CD45–Lin–c-Kit1 cells in each murine genotype is compared.
PB: JVFP2/2 vs JVF, P 5 .002; JVFP172/– vs JVF, P 5 .0014. SPL: JVFP2/2 vs JVF, P , .0001; JVFP172/– vs JVF, P , .0001; JVFP1/2 vs JVF, P 5 .0021; JVFP172/1 vs JVF,
P 5 .0018. (E) Immunohistochemistry (IHC) of liver (CD45, GATA1, and CD71) from representative PEL JVFP2/2 and PEL JVFP172/– mice. Magnification, 4003.
(F) Methylcellulose replating assay comparing replating capability of whole BM cells from JVF(n 5 6), PEL JVFP2/2 (n 5 8), and PEL JVFP172/– (n 5 8) mice. (G) Kaplan-Meier
analysis of serial transplant of 1 3 106 whole SPL cells from PEL JVFP2/2 and PEL JVFP172/– mice. P value was determined by using the log-rank test. First transplant
(JVFP2/2, n 5 8; JVFP172/–, n 5 8); second transplant (JVFP2/2, n 5 5; JVFP172/–, n 5 6); third transplant (JVFP2/2, n 5 10; JVFP172/–, n 5 6). JVFP2/2: first vs second,
P 5 .0005; second vs third, P 5 .0005; first vs third, P , .0001. JVFP172/–: first vs second, P 5 .0002; first vs third, P 5 .0003. (H) Genome-wide copy number profile
of a representative PEL arising from primary transplant of BM cells derived from JVFP172/– donor mouse. Copy number values are rounded to the nearest integer.
(I) Frequency plot analysis of a cohort of PEL developing in a p53-deficient background setting (JVFP2/2, n 5 3; JVFP172/–, n 5 5). Red lines trace gains, blue lines trace
deletions, and gray shading denotes recurrent deletions on mouse chromosome 6. Data are represented as mean 6 standard error of the mean (SEM) unless otherwise
indicated. The unpaired t test was used to compare the mean of 2 groups in panels B, D, and F. *P , .05, **P # .01, ***P # .001.
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Figure 2. MEP deficient for Trp53 and expressing Jak2V617F are transformed to erythroid leukemia-initiating cells. (A) Percentage of MEPs (Lin–c-Kit1Sca-
1–CD34–FcgRII/III–) in the BM (top) and spleen (SPL) (bottom) at MPN stage (8 weeks after transplantation) in each genotype (n 5 5 for each group). Data are presented
as comparison with JVF. BM: JVFP2/2 vs JVF, P 5 .0436; JVFP172/– vs JVF, P 5 .004. SPL: WT vs JVF, P 5 .0002; JVFP1/2 vs JVF, P 5 .0254; JVFP2/2 vs JVF, P 5 .0082;
JVFP172/1 vs JVF, P 5 .005; JVFP172/– vs JVF, P 5 .0052. (B) Percentage of MEPs, GMPs (Lin–c-Kit1Sca-1–CD341FcgRII/III1), and LSKs (Lin–c-Kit1Sca-11) in BM (top) and
SPL (bottom) from PEL JVFP2/2 (n 5 8) and JVFP172/– (n 5 8) mice or JVF (n 5 6) mice as control. Data are presented as comparison with JVF. BM MEP: JVFP2/2 vs JVF,
P 5 .0012; JVFP172/– vs JVF, P , .0001. BM GMP: JVFP2/2 vs JVF, P 5 .0079. BM LSK: JVFP172/– vs JVF, P 5 .0269. SPL MEP: JVFP2/2 vs JVF, P , .0001; JVFP172/– vs JVF,
P , .0001. SPL GMP: JVFP2/2 vs JVF, P 5 .005; JVFP172/– vs JVF, P 5 .0033. SPL LSK: JVFP2/2 vs JVF, P 5 .0429; JVFP172/– vs JVF, P 5 .0033. (C) HSPC chimerism (as a
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identified (Figure 3C). Compared with JVF mice, the
megakaryocyte-erythroid progenitor (MkE-P) and erythroid pro-
genitor (EryP-1 and EryP-2) populations were expanded in pre-
PEL JVFP2/2 mice (supplemental Figure 3D). To confirm this
finding, we used an alternative fluorescence-activated cell sorting
(FACS) gating strategy to isolate bipotent MEPs (Lin–c-Kit1Sca-
1–CD34–FcgRII/III–CD71–CD41–CD1501CD105–, referred to as
CD1501CD105– MEPs) and erythroid-committed progenitors
(Lin–c-Kit1Sca-1–CD34–FcgRII/III–CD711CD41–).25 We observed
that CD1501CD105– MEPs and erythroid-committed progenitors
were significantly expanded in JVFP2/2 and JVFPR172H/– mice at
the MPN stage compared with WT and JVF mice (supplemental
Figure 3E). Correlation analysis in the average gene expression
profile (Figure 3D; supplemental Figure 3F) showed that the leu-
kemia population is most similar to erythroid progenitors and
erythroblasts. In addition, analysis of genes upregulated in
leukemia-1 and leukemia-2 cells exhibited a significant enrich-
ment in gene sets found in erythroid progenitors (Figure 3E).
These data suggest that the leukemia cells evolved from the ery-
throid lineage.

Given the results indicating that CNAs were found largely in
MEPs derived from mice with PEL and the fact that such events
were generally large in size, we reasoned that copy-number infer-
ence from scRNA-seq data would provide further insights into the
specific subpopulations within the MEP compartment associated
with LT. Indeed, inference of genome copy number revealed
the presence of the previously described CNAs (Figure 2E).
Strikingly, these CNAs occurred exclusively in leukemia cells
(Figure 3F; supplemental Figure 3G) and not in other popula-
tions. Collectively, these data indicate that the leukemic popula-
tion is a distinct population within the FACS-defined MEP
compartment and appears to be most closely transcriptionally
related to the normal erythroid progenitor and erythroblast pop-
ulations. These findings suggest that Jak2 mutation and Trp53
deficiency result in transcriptional reprogramming and acquired
copy number events that occur in restricted erythroid-committed
progenitors.

Leukemia-initiating population resides in the MEP
compartment and results in aberrant activation of
the bone morphogenetic protein pathway
As described earlier, we observed that both transplanted LSKs
and MEPs from JVFP2/2 and JVFPR172H/– MPNs give rise to PEL.
This raises the question as to whether the leukemia-initiating
population resides solely in the MEPs or also in the LSKs. To
address this question, we performed RNA-seq on sorted MEPs
and LSKs at both the MPN stage and the PEL stage. Three dis-
tinct clusters were segregated by principal component analysis
(PCA) of these samples: MEPs from PEL, MEPs from non-PEL,
and LSKs (Figure 4A). Importantly, in the LSKs of JVFP2/2 and
JVFPR172H/–, no significant differentially expressed genes associ-
ated with erythroid differentiation were upregulated (Figure 4B),

suggesting that the expansion of the MEPs (Figure 2A) is not
due to lineage bias in the LSKs. Furthermore, we did not identify
significant differences, relative to WT mice, in the transcriptional
signature of the LSK populations in JVF, JVFP1/2, JVFPR172H/1,
JVFP2/2, and JVFPR172H/– mice (supplemental Figure 4A). By con-
trast, evaluation of the MEP populations by gene set enrichment
analysis showed an enrichment in stem cell–like signatures in
JVFP2/2 and JVFPR172H/– MEPs at the MPN stage (Figure 4C). To
biologically assess for the presence of stem cell–like features in
the MEPs of MPN-stage JVFP2/2 and JVFPR172H/– mice, we
sorted BM MEPs from JVFP2/2, JVFPR172H/–, and JVF and
assessed for self-renewal capacity by serial replating in methyl-
cellulose medium. Importantly, JVFP2/2 and JVFPR172H/– exhib-
ited a significantly increased replating capacity relative to JVF

(Figure 4D), thus providing biological validation of the gene set
enrichment analysis findings.

To understand the transcriptional programs that distinguish
JVFP2/2 and JVFPR172H/– erythroleukemic blasts from non-PEL
MEPs, we performed RNA-seq and differentially expressed gene
analysis (supplemental Figure 4B). Because JVFP2/2 and
JVFPR172H/– result in an identical phenotype and similar transcrip-
tional programs (supplemental Figure 4C), and to explore the
common mechanism by which Trp532/2 and Trp53R172H/–

induce Jak2V617F/1 MEP transformation, we surveyed pathways
associated with the 435 genes upregulated in both JVFP2/2 and
JVFPR172H/– PEL MEPs. We identified enrichment of the trans-
forming growth factor b/bone morphogenetic protein (BMP)
pathway, which was uniquely consistent across 3 data sets
among upregulated pathways identified (Figure 4E-G). This
pathway is linked to stem cell self-renewal and proliferation.26,27

Thus, both JVFP2/2 and JVFPR172H/– PEL converge on upregula-
tion of the BMP pathway.

Activation of the BMP protein 2/SMAD pathway
results in aberrant self-renewal of
erythroleukemic blasts
We identified that Bmp2, Bmp4, Smad1, Smad9, and Id1 (a tran-
scriptional target of the BMP/SMAD pathway) were upregulated
in JVFP2/2 and JVFPR172H/– PEL MEPs relative to WT and JVF (sup-
plemental Figure 5A); this was confirmed via quantitative reverse
transcription polymerase chain reaction, western blot, and/or
immunohistochemistry (Figure 5A-B; supplemental Figure 5B-C).
Furthermore, phosphorylated-SMAD1/5/9 levels (the main SMAD
complex through which BMP2 and BMP4 signal) were signifi-
cantly higher in PEL MEPs compared with JVF (Figure 5C;
supplemental Figure 5D) but not in GMPs from PEL (supple-
mental Figure 5E- F), thus confirming the specific activation of
BMP/SMAD pathway in PEL MEPs.

Previous data have shown that BMP2 expression is not enriched
in the erythroid lineage in either the human or murine context
(https://servers.binf.ku.dk/bloodspot/). This led us to hypothesize

Figure 2 (continued) percentage) in BM of recipient mice transplanted 1:1 with JVFP2/2 (n 5 5) or JVFP172/– (n 5 6) and JVF BM. JVFP2/2: MEPs vs GMPs, P 5 .0008;
MEPs vs LSKs, P 5 .0001. JVFP172/–: MEPs vs GMPs, P 5 .0018; MEPs vs LSKs, P , .0001. (D) Kaplan-Meier comparative survival analysis of recipients that were trans-
planted with LSKs, MEPs, and GMPs from the MPN stage of JVFP2/2 (LSKs, n 5 5; MEPs, n 5 9; GMPs n 5 5) or JVFP172/– (LSKs, n 5 5; MEPs, n 5 8; GMPs, n 5 5)
mice. P value was determined by using the log-rank test. JVFP2/2: MEPs vs GMPs, P 5 .0007; LSKs vs GMPs, P 5 .0017; MEPs vs LSKs, P 5 .0007. JVFP172/–: MEPs vs
GMPs, P 5 .0006; LSKs vs GMPs, P 5 .0017; MEPs vs LSKs, P 5 .0006. (E) Genome-wide copy number profiles of flow cytometry–sorted JVFP2/2 MEP (top panel) and
GMP (bottom panel) populations after BM transplant and leukemic transformation (n 5 4). (F) Genome-wide copy number profiles of flow cytometry–sorted JVFP172/
–MEP (top panel) and GMP (bottom panel) populations after BM transplant and leukemic transformation (n 5 6). Data are represented as mean 6 standard error of the
mean (SEM) unless otherwise indicated. The unpaired t test was used to compare the mean of 2 groups in panels A, B, and C. *P , .05, **P # .01, *** P # .001.
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that the observed aberrant expression of BMP2 we observed in
PEL MEPs contributed to the process of leukemogenesis. To
investigate this possibility, we isolated erythroleukemic blasts
(Lin–CD45–c-Kit1 cells) from PEL JVFP2/2 and JVFPR172H/– mice
and transduced them with viral vectors expressing a short hair-
pin RNA (shRNA)-targeting Bmp2 or a control, both with green
fluorescent protein (GFP). Bmp2 knockdown significantly
decreased colony formation capacity of erythroleukemic blasts
(Figure 5D); upon replating, Bmp2 knockdown resulted in
reduced colony formation at each replating relative to control
and almost complete loss of colony formation by the fourth
replating for MPN JVFP2/2 and JVFPR172H/– MEPs (Figure 5E).
Overexpression of Bmp2 in c-Kit1 WT BM cells resulted in sig-
nificantly increased colony formation and increased replating
capacity vs controls (Figure 5F). By contrast, Bmp4 knockdown
did not decrease colony formation capacity of erythroleukemic
blasts (supplemental Figure 5G-H).

We next investigated the role of Bmp2 in erythroleukemic blast
maintenance in vivo. We transduced erythroleukemic blasts with

control shRNA or Bmp2-shRNA and injected 5000 GFP1 trans-
duced erythroleukemic blasts with CD45.11 WT support BM
cells into recipient mice. Recipient mice injected with Bmp2-
shRNA erythroleukemic blasts showed evidence of restoration of
normal hematopoiesis, as evidenced by significant reductions in
leukocytosis, significant increases in HGB, and an increase in
platelet count (Figure 5G; supplemental Figure 5I). Furthermore,
mice that received Bmp2-shRNA erythroleukemic blasts exhib-
ited a significant reduction in the representation of GFP1 trans-
duced erythroleukemic blasts in the PB (Figure 5H; supplemental
Figure 5J) and a concomitant increase in the proportion of
CD45.1 WT cells in the PB (supplemental Figure 5K), indicating
that Bmp2 silencing abrogated the fitness advantage of eryth-
roleukemic blasts. Finally, compared with mice injected with
erythroleukemic blasts with control shRNA, mice injected with
Bmp2-shRNA erythroleukemic blasts had significantly longer
survival (Figure 5I; supplemental Figure 5L).

To determine if the upregulation of the BMP protein 2 (BMP2)/
SMAD pathway also occurs in human post-MPN AML, we
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Figure 4. Jak2V617F/1 Trp532rp and Jak2V617F/1 Trp53R172H/– MEPs are characterized by aberrant gene expression. (A) Principal component analysis (PCA) based
on bulk RNA-seq data from flow cytometry–sorted samples. The top 2 components (PC1 and PC2) of the PCA results were used for plot in the plane. (B) Heat map
showing representative MEP-priming transcription factor (TFs) expression in WT MEPs and LSKs from WT, JVF, JVFP1/2, JVFP2/2, JVFP172/1, and JVFP172/–. (C) Gene set
enrichment analysis (GSEA) for comparing gene expression of JVFP2/2 and JVFP172/– MPN MEPs vs previously described signatures related to leukemia stem cells or
hematopoietic stem cells. (D) Methylcellulose replating assay showing the enhanced replating capability of JVFP2/2 and JVFP172/– MPN stage MEPs, relative to JVF MEPs
(n 5 4 for each genotype). A total of 5000 MEPs were plated per well in the first platting, and 5000 cells from each prior platting were used for subsequent replating.
Data are represented as mean 6 standard error of the mean (SEM). The unpaired t test was used to compare the mean of 2 groups. (E) Bar graphs showing the top
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examined the transcriptional profiles of human post-MPN AML
patient samples (either M6/7 or non-M6/7 AML) and identified
significant enrichment of BMP2/SMAD pathway expression in
post-MPN AML cases relative to cases of polycythemia vera
(Figure 5J; supplemental Figure 5M-N). Thus, consistent with
our observations in our murine model, the BMP2/SMAD path-
way is upregulated in post-MPN AML.

DNA damage response inhibitors show
therapeutic efficacy in Jak2V617F/1 Trp532/2 PEL
Prior observations in patients with polycythemia vera have
shown that JAK2V617F increases replication stress, causing
stalling of the replication fork that can be converted to double-
strand breaks (DSBs) and impaired intra-S checkpoint in erythro-
blasts.28 Moreover, inactivation of p53 results in more DSBs and
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Figure 4 (continued) pathways enriched in JVFP2/2 and JVFP172/– PEL MEPs. (F) Heat map of upregulated genes common to JVFP2/2 and JVFP172/– PEL MEPs compared
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BMP2/SMAD PATHWAY ACTIVATION PROMOTES LT OF MPNS blood® 23 JUNE 2022 | VOLUME 139, NUMBER 25 3639

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/25/3630/1903609/bloodbld2021014465.pdf by guest on 18 M

ay 2024



A

E

D

**

JVFWT JVFP172/–

_PEL

0

100

BM
P2

/G
AP

DH
 m

RN
A

re
la

tiv
e 

ex
pr

es
sio

n

4000 **

**
**

JVFP–/–

_PEL

1

2

3000
2000
1000
300
250
200
150

C p-SMAD1/5/9

***

JVFWT JVFP172/–

_PEL

0

%
 in

 C
D4

5-
M

EP

50 **

***

***

JVFP–/–

_PEL

10

40

30

20

B

BMP2

WT JVF

JVF

JVFP–/–_PEL

JVFP–/–_PEL

JVFP172/–_PEL

JVFP172/–_PEL

Vinculin

BM
(400�)

Liver
(400�)

0
Control sh_1 sh_2

20

40

60
Co

lo
ni

es
/5

00
0 

ce
lls

80

100

120

JVFP–/–_PEL

***
***

0
Control sh_1 sh_2

20

40

60

Co
lo

ni
es

/5
00

0 
ce

lls

80

100

120

JVFP172/–_PEL

***
***

500 �m 500 �m 500 �m

BMP2

Vinculin

Prim
ar

y

Cont
ro

l
sh

_1
sh

_2

500 �m 500 �m 500 �m

Prim
ar

y

Cont
ro

l
sh

_1
sh

_2

0
1 2 3 4

50Co
lo

ni
es

/1
00

00
 ce

lls

150

100

200
JVFP–/–_MPN

******

** **
******

******

0
1 2 3 4

50Co
lo

ni
es

/1
00

00
 ce

lls

150

100

200
JVFP172/–_MPN

** **

** *

** **

** ***

Control

sh_1

sh_2

F

0
1 2

Control BMP2 OE

BMP2 OEControl

BMP2

Vinculin

3 4

10Co
lo

ni
es

/1
00

00
 ce

lls 40

30

20

50
Control

BMP2 OE

WT

*

***

Figure 5. BMP2/SMAD pathway is upregulated in erythroleukemic blasts and contributes to proliferation and self-renewal. (A) Quantitative reverse transcription
polymerase chain reaction for Bmp2 in MEPs from WT, JVF, PEL JVFP2/2, and PEL JVFP172/– mice (n 5 5-6 mice per genotype). JVFP2/2 vs WT, P 5 .0064; JVFP2/2 vs JVF,
P 5 .0062; JVFP172/– vs WT, P 5 .007; JVFP172/– vs JVF, P 5 .007. (B) Western blot (top) for BMP2 in c-kit1 spleen cells (side-by side duplicates for each murine genotype
are presented) and immunohistochemistry (IHC) (bottom) for BMP2 in BM and liver. Magnification, 4003. (C) The fraction of pSMAD1/5/9–positive cells within
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3640 blood® 23 JUNE 2022 | VOLUME 139, NUMBER 25 LI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/25/3630/1903609/bloodbld2021014465.pdf by guest on 18 M

ay 2024



G

H

J

I

0
Control sh_1 sh_2

50

100W
BC

 (K
/u

L)
200

150

250 **
*

0
Control sh_1 sh_2

20

40

%
 G

FP
+

 in
 P

B 
liv

e 
ce

lls 80

60

100

JVFP–/–

***
***

0
Control sh_1 sh_2

5HG
B 

(g
/d

L) 10

15
*

*

0
Control sh_1 sh_2

100

PL
T (

K/
uL

)

300

400

200

500

0
100 20

Days

30 40

20

40

Pe
rc

en
t s

ur
viv

al

80

60

100

* **

Control

sh_1

sh_2

JVFP–/–

0
PV Post-

MPN AML

5

10

15

20

25 P<0.001
BMP2

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV Post-

MPN AML

200

400

600

800 P<0.001
SMAD1

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV Post-

MPN AML

500

1000

1500 P<0.001
SMAD5

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV Post-

MPN AML

100

200

300

400 P=0.0019
ID1

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV Post-

MPN AML

500

1000

1500 P<0.001
BMPR2

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV M6/7

20

40

60

80
P=0.0017

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV M6/7

500

1000

1500
P<0.001

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV M6/7

500

1000

1500
P<0.001

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV M6/7

500

1000

1500
P<0.001

No
rm

al
ize

d 
re

ad
 co

un
ts

0
PV M6/7

200

400

600

800 P<0.001

No
rm

al
ize

d 
re

ad
 co

un
ts

Figure 5 (continued) vs Control, P , .0001; sh_2 vs Control P , .0001. Middle: representative colonies from each group (magnification, 253). Bottom: western blot for
BMP2 in erythroleukemic blasts with and without Bmp2 knock down. (E) Methylcellulose replating assay for MPN JVFP2/2 and JVFP172/– c-Kit1 BM cells containing sh.
Control (Control), sh. Bmp2_1 (sh_1), and sh. Bmp2_2 (sh_2) (n 5 4 for each group). For the first platting, 10 000 GFP1c-Kit1 cells were plated per well. For the second
platting and beyond, cells from the prior platting were used for replating (10 000 cells per well). (F) Top: Methylcellulose replating assay for Bmp2-overexpressed (OE) in
WT BM c-Kit1 cells (n 5 4 for each group). For the first platting, 10 000 GFP1c-Kit1 cells were plated per well. For the second platting and beyond, cells from the prior
platting were used for replating (10 000 cells per well). Second platting, P 5 .029; third platting, P 5 .0004. Bottom left: Representative CFUs in third round of replating
(magnification, 253). Bottom right: western blot for BMP2 in WT c-Kit1 cells with and without Bmp2 overexpression. (G) PB counts of recipients transplanted with
JVFP2/2 erythroleukemic blasts transduced with sh. Control (Control), sh. Bmp2_1 (sh_1), and sh. Bmp2_2 (sh_2) three weeks after transplantation. N 5 4 to 5 mice per
arm. White blood cell (WBC): sh_1 vs Control, P 5 .0214; sh_2 vs Control, P 5 .0059. HGB: sh_1 vs Control, P 5 .0101; sh_2 vs Control, P 5 .0105. (H) Percentage of
GFP1 cells of PB in recipients transplanted with JVFP2/2 erythroleukemic blasts transduced with sh. Control (Control), sh. Bmp2_1 (sh_1), and sh. Bmp2_2 (sh_2) three
weeks after transplantation. N 5 4 to 5 mice per arm. sh_1 vs Control, P 5 .001; sh_2 vs Control, P 5 .0005. (I) Kaplan-Meier survival analysis of recipients transplanted
with JVFP2/2 erythroleukemic blasts transduced with sh. Control (Control), sh. Bmp2_1 (sh_1), and sh. Bmp2_2 (sh_2). P value was determined by the log-rank test.
N 5 4 to 5 mice per arm. sh_1 vs Control, P 5 .0145; sh_2 vs Control, P 5 .0035. (J) Histogram representation of BMP2, SMAD1, SMAD5, ID1, and BMPR2 gene expres-
sion in 14 post-MPN AML cases (including 3 post-MPN M6 and M7) and 9 cases of polycythemia vera (PV). The false discovery rate (FDR)-adjusted P values were calcu-
lated by DESeq2. Data are represented as mean 6 standard error of the mean (SEM). The unpaired t test was used to compare the mean of 2 groups in panels A, C,
D, E, F, G, and H. *P , .05, **P # .01, ***P # .001.
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Figure 6. Pharmacodynamic and therapeutic efficacy of PARP and WEE1 inhibition in Jak2V617F/1 Trp53 –/– PEL. (A) Western blot analysis of the indicated proteins
was performed in duplicate in c-Kit1 spleen cells from WT, JVF, JVFP1/2, and PEL JVFP2/2 mice. Side-by side duplicates for each murine genotype are presented. (B) PB
counts and spleen weights of PEL JVFP2/2 from mice treated with vehicle (Veh), olaparib (Ola), adavosertib (Ada), and combination of olaparib and adavosertib (Ola 1

Ada) after 2 weeks of treatment. N 5 4 to 5 mice for each arm. White blood cell (WBC): Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P 5 .0016; Ola 1 Ada vs
Ada, P 5 .0075. Platelet (PLT): Ola 1 Ada vs Veh, P 5 .0032; Ola 1 Ada vs Ada, P 5 .0047. Spleen weight: Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P 5 .0171;
Ola 1 Ada vs Ada, P , .0001. (C) Percentage of leukemia cells (CD45–CD3–B220–Gr1–CD11b–c-Kit1) in PB (left) and BM (right) from mice treated with Veh, Ola, Ada,
and the Ola 1 Ada combination after 2 weeks of treatment. N 5 4 to 5 mice for each arm. PB: Ola 1 Ada vs Veh, P 5 .0017; Ola 1 Ada vs Ola, P 5 .0059; Ola 1 Ada
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exacerbates genomic instability in JAK2V617F mutant erythro-
blasts. Based on these collective observations, we hypothesized
that PEL cells have increased activation and dependency on
DNA damage response (DDR) pathways for survival. Western
blot analysis showed that JVFP2/2 PEL c-Kit1 spleen cells (com-
pared with WT, JVF, and JVFP1/2) had increased expression of
phosphorylated RB and CHK1 (associated with DSBs) and phos-
phorylated RPA32, RAD51, and phosphorylated CDC2 (Y15)
(associated with homologous recombination repair) (Figure 6A).
Thus, increased activation of DDR was evident in, and largely
restricted to, JVFP2/2 PEL.

Poly(ADP-ribose) polymerase (PARP) inhibition can result in
single-strand breaks that can progress to DSBs if not
repaired.29,30 Inhibition of WEE1 can abrogate G2/M arrest,
compromise DNA repair, and allow early mitotic entry of cells
harboring unresolved DNA damage, which can result in mitotic
catastrophe.31-33 Prior observations have shown that combined
inhibition of WEE1 and PARP results in a synergistic increase in
DNA damage and reduction in cellular proliferation in different
tumor contexts.34-37 Given the prior observations regarding the
impact of JAK2V617F on DNA damage fidelity, the engagement
of DDR pathways (as discussed earlier), and the high proliferative
rate of erythroleukemic blasts, we investigated the possibility
that targeting both PARP and WEE1 could lead to biologically
intolerable DNA damage and increased apoptosis in JVFP2/2

PEL. We used the WEE1 inhibitor adavosertib and the PARP
inhibitor olaparib to treat JVFP2/2 leukemic mice. Mice were
randomized to treatment with vehicle, olaparib (100 mg/kg
daily), adavosertib (60 mg/kg daily), or combination (olaparib
100 mg/kg 1 adavosertib 60 mg/kg daily) for 2 weeks (pretreat-
ment blood counts at the time of randomization of mice are
listed in supplemental Table 2). Compared with vehicle and sin-
gle agents, combination therapy significantly reduced white
blood cell count, leukemic burden in PB and BM, and spleen
size (Figure 6B-D). Importantly, the overall survival of mice
treated with combination therapy was significantly prolonged
compared with controls (Figure 6E). WT mice treated with the
combination exhibited a modest decrease in HGB compared
with vehicle or single-agent olaparib, but no other hematologic
toxicities were observed (supplemental Figure 6A-F).

After 3 days and 6 days of treatment, we evaluated pharmacody-
namic markers of WEE1 and PARP inhibitor activity (inhibition of
phosphorylation of CDC2, and PAR, respectively) by western blot,
which showed inhibition of these pathways in vivo (Figure 6F).
Combination therapy significantly increased apoptosis as
indicated by cleaved caspase-3 and Annexin V (Figure 6G;

supplemental Figure 6G ), as well as DNA damage, indicated by
phosphorylated RPA32 and phosphorylated g-H2AX, compared
with vehicle and single-agent treatment. The elevated levels of
histone H3 (S10) phosphorylation indicated that compared with
controls, the combination resulted in a greater proportion of
cells in early mitotic entry. These data indicate that combined
PARP inhibitor and WEE1 inhibitor treatment promotes DNA
damage and induction of apoptosis in JVFP2/2 leukemic cells,
thus leading to leukemia-specific combination therapeutic
efficacy.

Discussion
Acute leukemias characterized by TP53 mutations with complex
karyotypes, including post-MPN AMLs, are associated with lack
of therapeutic response to conventional antileukemic therapies
and an overall poor prognosis.38,39 TP53 alterations reportedly
occur in up to 92% of cases of PEL,40,41 and co-occurring TP53
mutations and alterations in the 17p locus are frequently
observed.11,40 Collectively, these observations suggest that
TP53 alterations, in distinct genomic contexts such as
co-occurring JAK2 mutations, may result in a convergent pro-
pensity toward erythroleukemia characterized by complex cyto-
genetic alterations. Here, consistent with these clinical
observations, we have developed a genomically and biologically
accurate model of erythroleukemic transformation of MPNs char-
acterized by CNAs and extensive DNA damage.

Data in solid tumor models have suggested that certain mis-
sense mutant TP53 alleles have gain-of-function (GOF) proper-
ties that produce phenotypes distinct from a TP53 null
state.42,43 In terms of leukemia, Loizou et al44 identified a GOF
Trp53R172H in murine AML. By contrast, in the context of
Jak2V617F/1, we identified no differences in phenotype, karyo-
type, origin of leukemia, or survival between Trp53R172H/– and
Trp53 null PEL. Furthermore, the transcriptional networks of
JVFP2/2 and JVFPR172H/– PEL share many common molecular sig-
natures. These data provide clear genetic evidence that LT from
MPN to acute erythroleukemia requires homozygous inactivation
of p53, and that GOF of TP53 mutations are not responsible for
LT in the context of activated JAK2. It provides further evidence
for context-specific effects of TP53 mutations/allelic status, which
will need to be investigated in other tumor types using similar
approaches.

Our data suggest a distinct lineage bias induced by Trp53 muta-
tions, including in concert with JAK2 activation in HSPCs evolv-
ing to acute leukemia. Lu et al45 found that TP53 plays a pivotal

Figure 6 (continued) vs Ada, P 5 .0122. BM: Ola 1 Ada vs Veh, P 5 .002; Ola 1 Ada vs Ola, P 5 .0133; Ola 1 Ada vs Ada, P 5 .0723. (D) Whole spleen specimens
and histopathologic hematoxylin and eosin (H&E) sections of BM, spleen, and liver from representative PEL JVFP2/2 mice after 2 weeks of treatment with Veh, Ola,
Ada, and the Ola 1 Ada combination. Red arrows indicate blasts, yellow arrow indicates megakaryocytes, blue arrow indicates lymphoid follicle, and black arrow indi-
cates hepatocytes. Magnification, 4003. (E) Kaplan-Meier comparative survival analysis of PEL JVFP2/2 mice after 2 weeks of treatment with Veh, Ola, Ada, or the
Ola 1 Ada combination. P value was determined by using the log-rank test. N 5 5 mice for each arm. Ola 1 Ada vs Veh, P 5 .0039; Ola 1 Ada vs Ola, P 5 .0027;
Ola 1 Ada vs Ada, P 5 .0019. (F) Western blot analysis of CDC2 and PAR in c-Kit1 spleen cells from JVFP2/2 PEL mice treated with Veh, Ola, Ada, or the Ola 1 Ada
combination after 3 and 6 days. (G) PEL JVFP2/2 mice were randomized and treated with Veh, Ola, Ada, or the Ola 1 Ada combination and were euthanized after 3 or
6 days. Whole BM cells were stained with CD45, CD3, B220, Gr1, CD11b, c-Kit, and Annexin V (left), P-gH2AX (middle), or P-HH3 (right) to analyze the apoptosis and
DDR in leukemia cells. N 5 3 mice for each arm. Annexin V, Day 3: Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P 5 .0015; Ola 1 Ada vs Ada, P 5 .0042; Day 6:
Ola 1 Ada vs Veh, P 5 .0232; Ola 1 Ada vs Ola, P 5 .0241; Ola 1 Ada vs Ada, P 5 .0167. P-gH2AX, Day 3: Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola,
P 5 .0005; Ola 1 Ada vs Ada, P 5 .0008; Day 6: Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P , .0001; Ola 1 Ada vs Ada, P , .0001. P-HH3, Day 3: Ola 1

Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P 5 .0002; Ola 1 Ada vs Ada, P 5 .0025; Day 6: Ola 1 Ada vs Veh, P , .0001; Ola 1 Ada vs Ola, P 5 .009; Ola 1 Ada vs
Ada, P 5 .0041. Data are represented as mean 6 standard error of the mean (SEM). The unpaired t test was used to compare the mean of 2 groups in panels B, C,
and G. *P , .05, **P # .01, ***P # .001. HRR, homologous recombination repair.
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role in erythroid progenitor fate specification. Furthermore, in
conditions of stress erythropoiesis, the absence of p53 increases
the proliferation of erythroid progenitors and immature precur-
sors.46 FACS-defined MEPs represent a heterogeneous popula-
tion, and transformation in our models occurs within this
compartment but cannot be further resolved by flow cytometric
analysis alone.47 Our scRNA-seq data suggest that p53 inactiva-
tion expands bipotent MkE-P, promotes erythrocyte-committed
expansion, and facilitates the transformation of erythroid pro-
genitors in the context of Jak2 constitutive activation. These
data suggest a key regulatory role for p53 in erythroid lineage
maturation in the context of certain physiologic stresses, provid-
ing a key barrier to transformation that is overcome by concur-
rent JAK2 activation plus biallelic Trp53 loss.

We identified that the BMP/SMAD pathway has a key role in the
pathogenesis of p53 mutant LT. BMPs have been implicated in
the self-renewal and maintenance of HSCs, as well as regulating
the expansion of progenitor cells.48 In adult erythropoiesis,
exposure to exogenous BMP2 increases immature erythroid col-
onies.49 Moreover, upregulation of the BMP2/4 pathway also
plays a role in enhancing self-renewal of megakaryocytic pro-
genitors in pediatric acute megakaryoblastic leukemia with
inv(16)(p13.3q24.3).50 Interestingly, the BMP2/SMAD pathway
appears to play a role in DDR.51 Whether the BMP2/SMAD
pathway becomes upregulated in response to the increased
DNA damage incurred during leukemic progression remains to
be investigated.

In summary, we have developed murine models of Jak2-
Trp53–altered erythroleukemia characterized by recurrent CNAs
and DNA damage that faithfully recapitulate the key features of
human erythroleukemia. The process of LT is characterized by
upregulation of the BMP/SMAD pathway, which enhances self-
renewal and HSPC expansion. Importantly, we identify that the
resulting increase in DNA damage can be exploited by expo-
sure to DDR pathway inhibitors, suggesting that combined
WEE1/PARP inhibition as a therapeutic approach to treat this
high risk, refractory leukemia subtype is urgently warranted in
the preclinical to clinical context.
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