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Summary

Since leukemic transformation of myeloproliferative neoplasms (MPN) worsens
the clinical outcome, reducing the inherent risk of the critical event in MPN cases
could be beneficial. Among genetic alterations concerning the transformation,
the frequent one is TP53 mutation. Here | show that retroviral overexpression of
Jak2 V617F mutant into p53 wild-type allele murine bone marrow cells induced
polycythemia vera (PV) in the recipient mice, whereas Jak2 V617F-transduced
p53 null allele mice developed lethal leukemia after the preceding PV phase.
The leukemic mice had severe anemia, hepatosplenomegaly, pulmonary
hemorrhage, and expansion of dysplastic erythroid progenitors. Both primitive
leukemia cells (c-kit'Sca1’Lin™ (KSL)) and erythroid progenitors (CD71%) of Jak2
V617F-transduced pb53-null leukemic cells had leukemia-initiating capacity,
however, myeloid populations (Mac-1") could not recapitulate the disease.
Interestingly, recipients transplanted with CD71" cells rapidly developed
erythroid leukemia, which was in sharp contrast to leukemic KSL cells to cause
lethal leukemia after the polycythemic state. The leukemic CD71" cells were
more sensitive to INCB18424, a potent JAK inhibitor, than KSL cells. p53

restoration could ameliorate Jak2 V617F-transduced p53-null erythroleukemia.
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Taken together, my results demonstrate that p53 loss is sufficient for inducing

leukemic transformation in Jak2 V617F-postive MPN and offer a new model of

post-MPN leukemia.



Introduction

Philadelphia chromosome negative-myeloproliferative neoplasms (MPN) are
clonal hematopoietic stem cell (HSC) disorders and largely induced by somatic
activating mutations of Janus kinase 2 (JAK2), myeloproliferative leukemia virus
oncogene (MPL), and calreticulin (CALR)". Especially, JAK2 V617F mutation is
the most prevalent gain-of-function mutation, accounting for about 50-60% of
cases®, and several groups have succeeded in modeling human MPN in mice by
retroviral overexpression of Jak2 V617F or knocking-in of Jak2 V617F
transgene®’. Clinically, leukemic transformation is one of the frequent
complications in MPN patients and associated with a dismal prognosis”. Recent
mutational analysis in MPN patients with leukemic transformation revealed
recurrent somatic mutations such as TP53, TET2, ASXL1, and RNA
splicing-related factors'>'®. Of note, TP53 has been reported to be mutated in
10-20% of post-MPN acute myeloid leukemia (AML) in sharp contrast to the
quite low frequency in de novo AML'®"". Besides mutation of TP53 itself, high
copy number of MDM4, a major negative regulator of TP53, caused by

amplification of chromosome 1g has been thought to be associated with
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leukemic transformation of MPN'""'®, Considering a series of clinical evidence,
TP53-related alterations seem to have some critical functions for the leukemic
transforming capacity in myeloid compartment.

For AML patients, keeping remission phase is an imperative’®?°, but
leukemia might relapse because of remaining leukemia cells®’. Age of patients,
molecular profiles of leukemia and therapeutic sensitivity might affect the clinical
course of each patient'®?®?2. Even the pathogenesis of leukemia has been
gradually unveiled, it is obvious that about 30 % of young (< 60 years old) and

20,22

50 % of older (= 60 years old) AML patients have induction failure“*““, which

stresses the need for improving the poor prognosis of relapsed/ refractory AML
patients'920%2,

TP53, a well-studied tumor suppressor gene, is somatically mutated and/or
deleted in over 50% of human cancers, and the most of missense mutations
identified in human malignancies including post-MPN AML samples are located
in the core DNA-binding domain, which have been reported to function as a
loss-of-function form?. In fact, genetically p53-deleted mice are cancer-prone, in

which the most frequent is malignant lymphoma?*. The causative role of p53 loss

in leukemia progression has been elucidated in murine models of



myelodysplastic syndrome (MDS), another leukemia-prone and clonal HSC
disorder. In MDS mice carrying deletion 5q, p53 loss has a positive role in
restoring the hematopoietic stem/progenitor cell defect derived from 5q
deletion®®. In NUP98-HOXD13 transgenic MDS mice, genetic deletion of p53
accelerates leukemia development®. In spite of the accumulated evidences of
p53-associated pathogenesis in hematological malignancies, the functional
contribution of p53 loss to leukemic transformation from MPN remains elusive. In
this study, | demonstrated that genetic deletion of p53 leads to leukemia in Jak2
V617F-driven murine MPN model. Of interest, PV-like disease precedes
erythroid leukemia in mice transplanted with Jak2 V617F-transduced p53
knockout (p53”) cells. Furthermore, in this model, leukemia-initiating cells were
identified and the efficacy of JAK inhibitor treatment and p53 restoration was
explored. My murine model of p53-deficient leukemia transformed from Jak2
V617F-positive MPN offers a useful platform of comprehensive screening for

therapeutic targets in post-MPN AML patients.



Methods

Mice

p53 knockout mice were obtained from RIKEN Bioresource center (Tsukuba,
Japan)?’, backcrossed to C57BL/6 and genotyped by PCR under the following
conditions: 30sec of denaturation at 94°C, 30 sec of annealing at 57°C and
extraction at 72°C for 30 sec. PCR primers are used Forward:
5-GTTATGCATCCATACAGTACA-3 and Reverse:
5-CAGGATATCTTCTGGAGGAAG-3%. The PCR products were analyzed by
agarose gel electrophoresis. Littermate p53"* mice were used as controls.
Congenic C57BL/6 mice were purchased from SRL Inc. (Tokyo, Japan). All
animal experiments were approved by The University of Tokyo Ethics

Committee for Animal Experiments.

Plasmids
Murine Jak2 wild-type (WT) and V617F mutant cDNAs were cloned into
pBleuscript Il. V617F mutant was constructed from Jak2 WT by site directed

PCR-based mutagenesis. Murine p53 WT expression plasmid (pMXs-p53) was
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purchased from Addgene (Addgene plasmid 22725). Human TP53 WT and
G135A mutant expression plasmids were purchased from clontech. To produce
protein  expressing retrovirus, | used the following plasmids:
pGCDNsam-IRES-EGFP, pGCDNsam-Jak2 WT-IRES-EGFP, pGCDNsam-Jak2
V617F-IRES-EGFP, pGCDNsam-Mpl W515L-IRES-GFP,
pGCDNsam-IRES-Kusabira Orange (KuOr), pGCDNsam-p53-IRES-KuOir,
pGCDNsam-TP53 WT-IRES-KuOr, pGCDNsam-TP53 G135A-IRES-KuOr, and
MSCV-MLL ENL-IRES-GFP. All of the PCR products were verified by DNA

sequencing.

Retrovirus Production and Bone Marrow Transplantation Assays

To gain retroviral supernatants, Plat-E packaging cells were transfected with
retroviral vector, and the supernatants were collected 48 h after transfection and
immediately utilized. c-kit" BM cells were purified from p53**, p53*", and p53”
mice and transduced with retrovirus in the presence of RetroNectin (Takara Bio
Inc.) after 24 h incubation in a-MEM with 20% Fetal calf serum (FCS), 1%
Penicillin/Streptomycin (PS), and cytokines (50 ng/mL mouse stem cell factor

(SCF) and 25 ng/mL human thrombopoietin, interleukin-6 (IL-6), and FLT3) at



37°C in a 5% CO; incubator. The infected cells were harvested 48 h after
retrovirus infection and injected into lethally irradiated (9.5Gy) mice. For second
BMT, the indicated number of Jak2 V617F-transduced CD71%, Mac-17,
CD71'Mac-1", CD71'Ter119", CD71'Ter119" or KSL cells was transplanted with
2x10° unfractionated competitor BM cells from congenic mice into lethally
irradiated mice. For p53-restoration experiment, BM cells were obtained from
moribund  Jak2 V617F/p53" mice and were transduced with
pGCDNsam-IRES-KuOr or pGCDNsam-p53-IRES-KuOr, and 3x10* GFP and
KuOr double positive cells were transplanted with 5x10* unfractionated
competitor BM cells from congenic mice to lethally irradiated mice. Recipients
with PB engraftment of donor cells (GFP and KuOr double positive fraction)

>0.1% at three weeks post-transplant were evaluated.

Analysis of BMT Mice

PB samples were collected from tail vein into EDTA-containing tubes. Complete
blood cell count was determined using an automatic blood cell counter
(ERMAX-18, ERMA Inc.). PB smears and cytospun BM and spleen were stained

with Wright-Giemsa for morphologic analysis. For histopathology analysis,



tissues were fixed in 10% neutral-buffered-formalin, embedded in paraffin, and
stained with hematoxylin-eosin. The donor engraftment in transplanted mice and
the immunophenotype of leukemia cells were analyzed by flow cytometry. A list
of antibodies for flow cytometry is provided in Table 1. Stained cells were sorted
with a FACSAriall/lll; and analysis was performed on LSRII (both from BD). A
mixture of antibodies recognizing CD3, CD4, CD8, B220, CD127, TER-119,
Mac-1, or Gr-1 was used to identify Lin" cells. Analysis of flow cytometric data
was performed with FlowdJo software (Tree Star). For the cell cycle analysis, BM
cells were stained with KSL and CD71, followed by fixation and permeabilization
using BD Cytofix/Cytoperm Fixation/Permerazation Solution Kit (BD
Biosciences) according to the manufacturer’'s recommendations. Subsequently,
| stained with DAPI (molecular probes) and PE Ki-67 (BD Bioscience). For the
apoptosis analysis, after KSL or CD71 staining, BM cells were stained with APC

Annecin V (eBioscience) and DAPI according to the manufacturer’s instruction.

JAKZ Inhibitor Treatment
1x10* Jak2 V617F/p53” leukemia cells obtained from moribund mice were

subjected to in vitro culture (RPMI1640 with 10% FCS, 1% PS, 25 ng/mL mouse
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SCF, human erythropoietin (EPO), IL-6, and IL-3) containing DMSO, 300nM, or
900nM INCB18424 (Adooq BioScience) at 37°C in a 5% CO; incubator.
Subsequently, proliferative capacity and surface marker expression were

assessed on day 3.

Colony-forming Assays
5x10° Jak2 V617F/p53” leukemia cells transduced with empty vector, murine
p53 WT, human TP53 WT, or TP53 G135A were plated into Methocult M3434

(StemCell Technologies) media. Colonies of each dish were counted on day 7.

Statistical Analysis
Statistical significance of differences was assessed with a two-tailed unpaired t
test and log-rank test. Differences were considered statistically significant at a p

value of less than 0.05.
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Results

p53 loss leads to leukemic transformation in a murine Jak2 V617F-induced
PV model.

Hematopoietic progenitor cells (c-kit" cells) from bone marrow (BM) of p53” or
littermate wild-type (p53**) mice were retrovirally transduced with either
GFP-labeled wild-type Jak2 (Jak2 WT) or Jak2 V617F mutant respectively, and
these cells were transplanted into lethally irradiated recipient mice. At three
weeks after BM transplantation (BMT), both recipients with Jak2
V617F-transduced p53” cells (Jak2 V617F/p53” mice) and those with Jak2
V617F-transduced p53™* cells (Jak2 V617F/p53** mice) displayed elevation of
white blood cell (WBC) count, hemoglobin (Hb) and mean corpuscular volume
(MCV) in peripheral blood (PB), which is suggestive of MPN (Figure 1A-D). Jak2
V617F/p53” mice seemed cachectic and showed declined Hb and MCV in PB at
five weeks post BMT, while Jak2 V617F/p53”* mice had sustained
erythrocytosis (Figure 1A-D). There showed no difference in platelet counts
between Jak2 V617F/p53” and Jak2 V617F/p53™* mice from three to seven

weeks after BMT (Figure 1D).
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Figure1. (A-D) Data of complete blood cell count of PB from Jak2
V617F-transduced p53” or p53™* mice (A: White blood cell, B: Hemoglobin, C:
Mean corpuscular volume, D: Platelet). Jak2 V617F/p53™* mice displayed
sustained elevation of WBC, Hb and MCV up to 7 weeks post BMT. The level of
Hb and MCV of Jak2 V617F/p53” mice declined from 5 weeks post BMT. Data
are mean = SD. *p < 0.05.

All of Jak2 V617F/p53” mice died with a median survival of 46.5 days post BMT
(range, 32-56 days), in sharp contrast to Jak2 V617F/p53** mice, most of which
seemed healthy even after 120 days after BMT (Figure 2). Additionally, p53
heterozygosity had little impact on rendering PV mice to highly lethal phenotype

(Figure 2).
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Figure2. Kaplan-Meier plot of Jak2 V617F/p53”, Jak2 V617F/p53"", Jak2
V617F/p53**, Jak2 WT/ p53” and Jak2 WT/p53** recipients was shown (n = 10
mice per group, p < 0.000001; Jak2 V617F/p53” versus Jak2 V617F/p53+/+).
About 90% of Jak2 V617F/p53** mice survived 120 days after BMT, however,
all of Jak2 V617F/p53” mice died by 56 days after BMT.

To assess the cause of deaths in Jak2 V617F/p53” mice, | analyzed
various tissues from moribund Jak2 V617F/p53” mice. In PB smears by
Wright-Giemsa staining, Jak2 V617F/p53” mice showed increase of erythroid
precursors with dysplasia (Figure 3A, B). In Jak2 V617F/p53” mice,
erythroblasts dominated the BM and spleen while no excess of erythroblasts

was found in Jak2 VV617F/p53** mice (Figure 3A, B).
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Figure 3. Photos of Wright-Giemsa-stained PB smears (A), cytospun BM (B: left)
and spleen (B: right) from Jak2 V617F/p53** (A: left, B: the second from the top)
and Jak2 V617F/p53” mice (A: right, B: bottom) were shown. Jak2 V617F/p53**
mice had mature myeloid cells in PB, BM and spleen. Jak2 V617F/p53” mice
showed erythroid precursors with dysplastic feature in PB, BM and spleen.

The percentage of Jak2 V617F (GFP)-positive cells and the cellularity of BM and
spleen from Jak2 V617F/p53” mice was comparable to that from Jak2

V617F/p53*"* mice (Figure4 A-B).
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Figure 4. (A) The numbers of cells in BM and spleen from Jak2 V617F/p53** (n
= 4) and Jak2 V617F/p53” mice (n = 13). (B) The percentages of Jak2 V617F
(GFP) positive cells in BM and spleen from Jak2 V617F/p53** (n = 8) and Jak2
V617F/p53” mice (n = 17). Total cell number and the percentage of Jak2 V617F
positive cells were similar between Jak2 V617F/p53”* and Jak2 V617F/p53”
mice. Data are mean £ SD.

Jak2 V617F/p53” mice also had a marked and macroscopic

hepatosplenomegaly and hemorrhagic lung (Figure 5A-B and Figure 6).
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Figure 5. (A and B) Average weight of liver (A, upper) and spleen (B, upper) from
Jak2 VB617F/p53*"* (n = 9), Jak2 V617F/p53” (n = 17), Jak2 WT/p53** (n = 6)
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and Jak2 WT/p53” mice (n = 5) at seven weeks after BMT. Representative
photos of livers (A, lower) and spleens (B, lower) were also shown. Jak2
V617F/p53** mice showed mild hepatosplenomegaly and Jak2 V617F/p53”
mice displayed remarkable hepatosplenomegaly compared with Jak2 WT/p53"*
and Jak2 WT/p53” mice. Data are mean + SD. *p < 0.05, **p < 0.0005.

p53 +/+ +/+ -/- -/-
Jak2 WT V617F WT V617F

10 mm

Figure 6. Representative photos of lungs. Lungs from Jak2 V617F/p53”
mice showed macroscopic hemorrhages.

When livers, spleens and lungs from these two types of recipients were
histologically assessed, Jak2 V617F/p53” mice had infiltration of blastic cells at
each tissue, and especially the spleen showed effacement of splenic follicular
structure. Additionally, lungs from Jak2 V617F/p53" mice had diffuse
hemorrhage originated from collapse on pulmonary capillaries by infiltrated
blastic cells, which might reflect the severity of the disease (Figure 7). By
contrast, Jak2 V617F/p53** mice only had mild to moderate hepatic and splenic
infiltration of erythroid progenitors and neutrophils with no effacement of
sinusoidal or splenic architectures, which was compatible with the histology of
PV mice (Figure 7)°.
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High-power field: 10 um
Low-power field: 50 um

Figure 7. HE-stained livers, spleens and lungs from Jak2 V617F/p53** (left) and
Jak2 V617F/p53” mice (right) were shown. All of these organs from Jak2
V617F/p53” mice had infiltration of blastic cells.

From flow cytometric analysis of BM and spleen cells from Jak2
V617F/p53” mice in comparison to Jak2 V617F/p53™* mice, it was revealed that
BM contained an increasing CD71" erythroid population and a decreasing

Mac-1" myeloid population and that CD71" cells dominated the spleen (Figure

8A-C).
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Figure 8. (A) Representative flow cytmetric plots of BM cells from Jak2
WT/p53*"*, Jak2 V617F/p53*"*, Jak2 WT/p53”, and Jak2 V617F/p53” mice. (B)
Representative flow cytmetric plots of spleen cells from Jak2 V617F/p53** and
Jak2 V617F/p53” mice. (C) The percentages of CD71" cells (left) and Mac-1*
cells (right) in the BM and spleen from Jak2 V617F/p53** and Jak2 V617F/p53”
mice. Jak2 V617F/p53** mice showed increased Mac-1" myeloid population in
BM and spleen. Jak2 V617F/p53” mice had expansion of CD71* erythroid
precursors in BM and spleen. Data are mean £ SD. *p < 0.05, **p < 0.005

In the expanding CD71" population from Jak2 V617F/p53” mice, there were
more immature erythroid progenitors (CD71"Ter119°) than mature erythroid cells
(CD71'Ter119%) in the BM (Figure 9A-B). In contrast to Jak2 V617F/p53** mice,
CD71'Ter119" population turned to be dominant in the spleen of Jak2

V617F/p53” mice. From these analyses, it was revealed that Jak2 V617F/p53”
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recipients developed the infiltrative leukemia with accumulation of erythroblasts,

fulfilling the Bethesda Criteria of erythroleukemia in mice?*.
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Figure 9. (A) Representative flow cytometric plots of BM and spleen cells from
Jak2 WT/p53™*, Jak2 V617F/p53™*, Jak2 WT/p53” and Jak2 V617F/p53” mice.
(B) The percentages of CD71'Ter119" (left) and CD71"Ter119™ cells (right) in
BM and spleen from Jak2 V617F/p53** (n = 8) and Jak2 V617F/p53” mice (n =
17). CD71'Ter119" population was increased in BM and spleen from Jak2
V617F/p53” mice. Data are mean + SD. *p < 0.05.
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To explore the functional role of p53 loss in the leukemic transformation in
Jak2 V617F-driven MPN, | analyzed cell cycle and apoptosis status of these
cells. Cell cycle analysis revealed that the percentage of cells in S/G2/M phase
was increased in bulk Jak2 V617F/p53” leukemia cells compared to bulk Jak2
V617F/p53** PV cells. In contrast, more detailed subfraction analysis showed
that the percentage of quiescent cells (GO status) was higher in Jak2

V617F/p53” KSL cells (Figure 10A-C).
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Figure 10. Percentages of cells in GO phase (A), G1 phase (B) and S/G2/M
phase (C) in bulk, CD71" and KSL cells from Jak2 V617F/p53"* and Jak2
V617F/p53” mice (n = 4 mice per group). Jak2 V617F/p53” KSL cells were

more in GO and bulk Jak2 V617F/p53” cells were more in S/G2/M phase. Data
are mean = SD. *p < 0.05.
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In apoptosis analysis, apoptotic cells were decreased in Jak2 V617F/p537 KSL
cells compared to Jak2 V617F/p53** KSL cells (Figure 11), while there was no
significant alteration bulk and CD71* Jak2 V617F/p53” leukemia cells. These
results indicated that retaining KSL Jak2 V617F/p53™ leukemia cells depend on

resting state of cell cycle and inhibition of apoptosis.
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Figure 11. Percentages of apoptotic cells in bulk, CD71" and KSL cells from
Jak2 V617F/p53** and Jak2 V617F/p53” mice (n = 4 mice per group). Jak2
V617F/p53” KSL cells had lower percentage of apoptotic cells than the Jak2
V617F/p53"* counterpart. Data are mean + SD. *p < 0.05.

To clarify whether p53 deficiency collaborates with some oncogenes other
than Jak2 V617F to cause hematological malignancies, | performed
transplantation assay to generate MLL-ENL-driven AML***® and Mpl W515L
mutant-driven MPN mouse models on p53** or p53” background as previously

done by Jak2 V617F" (MLL-ENL/p53**, MLL-ENL/p53”, Mpl W515L/p53"* and
23



Mpl W515L/p53” mice). While p53 loss had no impact on disease progression in
MLL-ENL-induced AML (Figure 12A), the latency of Mpl W515L-induced MPN

was clearly shortened by p53 nullizygousity (Figure 12B), Morphology of BM and

spleen from Mpl W515L-induced MPN was not affected by p53 nullizygousity

(Figure 13).
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Figure 12. (A) Kaplan-Meier plot of MLL-ENL/p53” (n = 6) and MLL-ENL/p53”
(n = 6). (B) Kaplan-Meier plot of Mpl W515L/p53” (n = 6) and Mpl W515L/p53"
(n = 5). Both MLL-ENL/p53** and MLL-ENL/p53” mice showed similar survival,

however, Mpl W515L/p53” animals had shorter survival compared with Mpl
W515L/p53** mice.
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Mp|W515L/p53-/-

Figure 13. Photos of Wright-Giemsa-stained cytospin BM (left) and spleen (right)
from Mpl W515L/p53** (top) and Mpl W515L/p53” (bottom). Mpl W515L/p53”
BM and spleen cells showed similar morphology to those from Mpl W515L/p53**
mice.

From these data, | revealed that p53 loss derived leukemic transformation is

specific to Jak2 V617F positive MPN.

Jak2 V617F/p53” leukemia is serially transplantable in recipient mice.
To test the transplantability of Jak2 V617F/p53” leukemia cells, | injected
unfractionated BM cells from Jak2 VV617F/p53” mice into lethally irradiated mice.

All secondary recipients with Jak2 V617F/p53” leukemic cells developed lethal
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leukemia earlier than primary recipients (median survival of secondary

recipients; 22 days)(Figure 14).
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Figure 14. Kaplan-Meier plot of primary (1st BMT, n = 10), secondary (2nd BMT,
n = 10) and tertiary (3rd BMT, n= 6) recipients with Jak2 V617F/p53” cells was
shown. (p < 0.0001; 1st BMT versus 2nd or 3rd BMT, p < 0.001; 2nd BMT versus
3rd BMT).

These secondary transplants also showed hepatosplenomegaly and pulmonary
hemorrhage (Table 2), and the increase of CD71" population in the BM and

spleen (Figure 15A-B).
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Figure 15. (A) Photos of cytospun and Wright-Giemsa-stained BM (left) and
spleen (right) from primary (upper) and secondary recipients (lower) with Jak2
V617F/p53” leukemic cells were shown. (B) The percentages of CD71" cells in
BM and spleen from primary (n = 17) and secondary recipients (n = 13) with
Jak2 V617F/p53” leukemic cells. Secondary recipients displayed expansion of
CD71" population compared with primary recipients. Data are mean + SD. *p <
0.05.

In addition, tertiary transplantation hastened the latency to develop leukemia.
(median survival of thirdly recipients; 11.5 days) (Figure 14). These data
demonstrated that Jak2 V617F/p53” leukemia is serially transplantable, and the
erythroid population is the predominant cells involved in Jak2 V617F/p53”

leukemia model.

Two distinct population of Jak2 V617F/p53” leukemia possess
leukemia-initiating capacity.
Based on the above finding, | next examined the leukemia-initiating capacity of

Jak2 V617F/p53” leukemia cells. From surface marker profiles of Jak2
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V617F/p53” leukemia cells, three populations were sorted and transplanted into
secondary recipients as follows; CD71" erythroid precursors, mature myeloid

cells (Mac-1"), and lineage negative (CD71Mac-1") primitive leukemia cells

(Figure 16).
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Figure 16. Flow cytometric gating of BM cells from Jak2 V617F/p53”
erythroleukemia mice. Jak2 V617F/p53” leukemia cells could be divided into
CD71", Mac-1" and CD71"Mac-1" populations. CD71" population was further
divided into Ter119" and Ter119 populations. About 45% of CD71"Mac-1" cells
showed lineage c-kit"Sca-1" immunophenotype.

Morphologically, sorted CD71"Mac-1" cells were mainly immature hematopoietic
cells, and CD71" cells were erythroblasts, although almost all of Mac-1" cells

were mature myeloid cells (Figure 17).

28



Figure 17. Representative photos of Wright-Giemsa-stained CD71", Mac-1" and
CD71Mac-1" cells from Jak2 V617F/p53” mice.

Among three types of recipients with Jak2 V617F/p53” leukemia cells, all of
transplants with CD71"Mac-1 cells and those with CD71" cells died of leukemia
while around 80% of recipients with Mac-1* cells from Jak2 V617F/p53”

leukemic mice survived 60 days or more after BMT (Figure 18).

b < 0.00001
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Time after transplantation (days)

Figure 18. Kaplan-Meier plot of recipients with CD71" (n = 20), CD71"Mac-1" (n =
6) and Mac-1" cells (n = 19). p < 0.00001; CD71" versus Mac-1" recipients. All
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recipients with CD71" or CD71"Mac-1 cells died of leukemia while about 70% of
recipients with Mac-1" cells were free from leukemia.

It is of note that recipients with CD71" cells had earlier incidence of

erythroleukemia with leukocytosis and anemia (Figure 18 and Figure 19).
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Figure 19. Data of complete blood cell count of PB from secondary recipients
with CD71Mac-1" (n = 6), CD71* (n = 20) and Mac-1" (n = 19) Jak2 V617F/p53”
leukemic cells (left: White blood cell, center: Hemoglobin, right: Platelet). The
difference was significant between CD71" recipients and CD71"Mac-1" at five
weeks, and between Mac-1" recipients and CD71"Mac-1" recipients at seven
weeks post BMT. Data are mean £+ SD. *p < 0.05.

These CD71" cell-transplanted mice had predominance of CD71" cells in the BM
and spleen and showed hepatosplenomegaly, suggesting the leukemia-initiating

capacity of CD71* cells in Jak2 VV617F/p53” erythroleukemia (Figure 18).
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Figure 20. Representative flow cytmetric plots of BM and spleen from recipients
with CD71" and CD71Mac-1" leukemic cells. BM and spleen from CD71"
cell-transplanted mice were mostly consisted of CD71" cells. CD71 Mac-1
cell-transplanted animals had both CD71" and myeloid populations in BM and
spleen.

By contrast, recipients with CD71"Mac-1" cells gave a temporal increase of WBC
and Hb at three weeks after BMT, and succumbed to death after five weeks post
BMT with progressive anemia, which implied the precedent polycythemic state in
these recipients followed by highly-lethal leukemia (Figure 19). Indeed, the
moribund mice transplanted with CD71Mac-1" cells had CD71" cell
predominance in the BM and spleen with hepatosplenomegaly (Figure 20 and
Table 3). Of interest, the BM from transplants with CD71'Mac-1" cells had

engraftment of both CD71" and Gr-1"Mac-1" populations, suggesting the

31



erythroid and myeloid reconstituting capacity of Jak2 VV617F/p53” CD71 Mac-1-
cells (Figure 20).

Since CD71" population from Jak2 V617F/p53” mice could be further
subfractionated into CD71'Ter119" immature erythroid precursors and
CD71'Ter119" mature erythroid progenitors, these two subpopulations were
subjected to serial BMT for further characterization of leukemia-initiating cells
(Figure 16). All of recipients with CD71"Ter119" cells died of erythroleukemia
(median; 33 days) with accumulation of CD71" cells in BM and spleen and with

hepatosplenomegaly (Figure 21, Figure 22, Figure 23 and Table 4).
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Figure 21. Kaplan-Meier plot of recipients with CD71'Ter119" (n = 9) and

CD71'Ter119" cells (n = 8). All of CD71"Ter119™ cell-transplanted mice died by
50 days post BMT.
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Figure 22. Representative flow cytmetric plots of BM and spleen from recipients
with CD71'Ter119 leukemic cells. Most of BM and spleen cells from these
recipients showed CD71" immunophenotype.
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Figure 23. The percentages of Mac-1"Gr-1" cells (left) and CD71"Ter119 cells
(right) in BM and spleen from secondary recipients with CD71'Mac-1" (n = 6) and
CD71" (n = 20) Jak2 V617F/p53” leukemic cells. Data are mean + SD. *p <
0.05.

The lethality of CD71'Ter119™ cells was in sharp contrast to the negative
potential of CD71*Ter119* cells in Jak2 V617F/p53” erythroleukemia incidence

(Figure 21). From these data, it was revealed that CD71'Ter119" immature
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erythroid compartment possesses leukemia-initiating capacity in Jak2
V617F/p53” mice.

When CD71Mac-1" cells in Jak2 V617F/p53” erythroleukemia, another
population with leukemogenic potential, were assessed in detail for surface
marker expression, most of these cells showed c-kit"Sca-1" immunophenotype
(Figure 16). Because of this finding, c-kit'Sca-1'lineage- (KSL) cells instead of
CD71'Mac-1" cells were subjected to the following experiments. To further
assess the leukemogenic potential of CD71" and KSL cells from Jak2
V617F/p53” mice were transplanted into lethally irradiated mice. All of recipients
with 5x10* CD71" cells died of erythroleukemia, and 20% of transplants with
1x10* CD71" cells could survive. By contrast, 1x10* KSL cells were enough to

cause lethal leukemia in all of recipients (Figure 24)
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Figure 24. Kaplan-Meier plot of recipients with 1 x 10* KSL (n =10), 5 x 10*

CD71" (n=20)and 1 x 10* CD71" cells (n=9).p=0.22;1 % 10* KSL versus 1 x
10* CD71" injected mice.

Recipients with KSL cells showed engraftment of mature myeloid cells in

addition to dominating CD71" cells in the BM and spleen (Figure 25).
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Figure 25. The percentages of CD71" cells (white bar) and Mac-1" cells (black
bar) in BM and spleen from secondary recipients with KSL (n = 10) Jak2
V617F/p53” leukemic cells. Data are mean + SD. *p < 0.05, **p < 0.005
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Taken together, in my Jak2 V617F/p53” erythroleukemia model, it was revealed
that both CD71" and KSL cells possess leukemia-initiating capacity and that the

latter is more potent.

Restoration of p53 limits in vitro proliferation of p53-null erythroleukemic
cells and ameliorates in vivo leukemogenesis.

From my above-mentioned data, p53 loss could initiate erythroid leukemia in
Jak2 mutant-driven PV model. To examine the role of p53 in the maintenance of
Jak2 V617F/p53” erythroleukemia, Jak2 V617F/p53” leukemia cells were
retrovirally transduced with Kusabira Orange-labeled murine p53 WT, human
TP53 WT, TP53 G135A mutant, or control vector (mock) and these cells were

assessed in vitro and in vivo (Figure 26A-B).
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Figure 26. Schematic outlines of in vitro (A) and in vivo (B) experiments.

In in vitro colony forming assay, both murine p53 WT- and human TP53

WT-transduced Jak2 V617F/p53” cells showed a reduced colony-forming

capacity (Figure 27 and Figure 28).
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Figure 27. Colony assay using mock or p53-transduced Jak2 V617F/p53” cells
(n = 5). Data are mean = SD. *p < 0.05. The colony number of p53 WT-induced
Jak2 V617F/p53” leukemia cells was lower that that of control cells.
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On the other hand, colony forming capacity was not altered by TP53 G135A
mutant, suggesting the functional role of TP53 WT in the maintenance of Jak2

V617F/p53”-driven leukemogenesis (Figure 28).
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Figure 28. Colony assay using mock (n = 3), TP53 (n = 5) or TP53 G135A (n =
5)-transduced Jak2 V617F/p53” cells. TP53 WT-transduced leukemia cells had
reduced colony forming capacity, however, TP53 mutant-treated leukemia cells
showed comparable colony forming capacity to mock-treated leukemia cells.
Data are mean = SD. *p < 0.05.
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The initial assessment of donor cell engraftment at three weeks after BMT in PB
showed no difference between recipients with mock-transduced and
p53-transduced erythroleukemia cells, suggesting the important role of p53 in

Jak2 V617F/p53” erythroleukemia (Figure 29).
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Figure 29. The donor cell engraftment rates (percentages of Jak2
V617F GFP(mock)” or Jak2 V617F'p53 WT cells)in PB from recipients with
mock (n = 3) or p53-transduced (n = 3) Jak2 V617F/p53” leukemic cells at three
weeks post BMT. Data are mean + SD.

Strikingly, transplants with p53-transduced Jak2 V617F/p53” cells appeared
healthy even after seven weeks post BMT whereas half of recipient mice with
mock-transduced Jak2 V617F/p53” cells died of leukemia with predominance of

CD71" cells in the BM and spleen by day 50 post BMT (Figure 30).
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Figure 30. Kaplan-Meier plot of recipients with mock or p53-transduced Jak2
V617F/p53” cells (n = 6). About 50% of mice transplanted with mock-transduced
Jak2 V617F/p53”" cells died by 40 days after BMT. All recipients with
p53-transduced Jak2 V617F/p53” cells survived 40 days post BMT.

Jak2 V617F/p53” KSL cells are JAK inhibitor resistant.

JAK2 is a promising druggable target and indeed JAK2 inhibitors show beneficial
effect on JAK2-mutated MPN****. To examine the sensitivity of
leukemia-initiating cells from Jak2 V617F/p53” mice to INCB18424, a potent
JAK1/2 inhibitor, BM cells from Jak2 V617F/p53” or Jak2 V617F/p53"* mice
were treated with INCB18424 or DMSO and subjected to in vitro liquid culture
(Figure 31).
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Figure 31. Schematic design of the experiment.
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When CD71" and KSL cells from Jak2 V617F/p53” mice were assessed,

INCB18424 could reduce CD71" leukemia cells in number while KSL cells

showed insensitive to the drug (Figure. 32).

I:I Jak2V617F/p53/- (GFP*) CD71* cells

2000
. Jak2V617F/p53/- (GFP*) KSL cells

1500 l

z <
~ *
€ 1000 >
c ~N
j— N
TJ N
o
500
0 S — ——
DMSO INCB18424 INCB18424

300nM

900nM

Figure 32. The numbers of Jak2 V617F/p53” CD71* and KSL cells were
counted after cultivation with DMSO or INCB18424 (300 nM or 900 nM) (n = 3).
INCB18424 treatment reduced the number of Jak2 V617F/p53” CD71" cells
while KSL cells remained unchanged in number. Data are mean + SD. *p < 0.05.
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Consequently, these data indicate that these two types of leukemia-initiating

cells have different responsiveness to pharmacologic Jak2 inhibition and that

KSL cells might be the major cause of refractoriness of this erythroleukemia

model against JAK inhibitor.
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Discussion

Despite its benign phenotype at initial stage, MPN is leukemia-prone, and once
transformed, MPN patients have dramatic increase in mortality*”'*. To cause
leukemic transformation of MPN, some additional genetic mutations would be
required, and p53 mutation is the leading one®. It is well known that p53 mutation
is mainly a loss-of-function type and that p53 knockout mice are vulnerable to
cancers®?*, In line with clinical relevance between JAK2 V617F mutant and p53
mutation, there exist erythroid and megakaryocytic leukemia cell lines
coexpressing these two mutations®, and molecularly, JAK2 V617F can inhibit
DNA damage-induced p53 expression®’.

Here, in this study, | show that p53 loss could collaborate with Jak2 V617F
mutant to cause erythroleukemia in mice after the precedent PV phase. The
aggressive disease by p53 loss and Jak2 V617F is highlighted as
extramedullary infiltration not only in the liver and the spleen but also in the lung,
in which infiltrated leukemia cells collapsed pulmonary capillaries to induce
severe hemorrhage. From my finding that p53 restoration could alleviate the

disease (Figure 29), p53 loss in Jak2 V617F-induced PV mice is important for
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both the initiation and the maintenance of leukemia. The reestablishment of p53
function has been shown effective in murine chronic myeloid leukemia®. My
leukemia model is unique in that two distinct immunophenotypic populations
have leukemia-initiating potential. CD71" Jak2 V617F/p53” cells compose a
large part of the leukemic mice, and when serially transplanted, all recipients
succumb to more rapid erythroleukemia than primary recipients (Figure 24). By
contrast, KSL Jak2 V617F/p53” cells, a minority of leukemic cells, develop
PV-like disease followed by full-blown CD71" erythroleukemia and these KSL
cells still possess the differential potential to myeloid lineage (Figure 24).
Notably, these KSL cells were quiescent and showed inhibition of apoptosis in
comparison to KSL Jak2 V617F/p53** cells (Figure 10 and 11).
Leukemia-initiating cells (LICs) were mainly in GO phase and resistant to
chemotherapy which depends on cell cycle®**°. In addition, LICs have similar
self-renewal systems in BM as normal hematopoietic stem cells®'. These data
suggest that KSL Jak2 V617F/p53-/- has leukemia-initiating potential and
reduction of apoptosis led by p53 defect might contribute to leukemic
transformation from Jak2 V617F derived MPN. Since Mac-1" Jak?2 V617F/p53'/'

cells are less potent in leukemia development (Figure 18), LICs in this leukemia
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model comprise a distinct lineage hierarchy. However, the existence of two

immunophenotypically different LICs suggests an atypical hierarchy in this

model (Figure 33).
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Figure 33. Summary of Jak2 V617F/p53” erythroleukemia.

Several groups have reported the immunophenotypic heterogeneity of LICs. In a
murine leukemia model by HoxA9 and Meis1, both Gr-1"c-kit" cells and c-kit"
cells coexpressing lymphoid markers can initiate leukemia*'. In human AML,
both multipotent progenitors and granulocyte-macrophage progenitors have
leukemia-initiating potential in immunodeficient mice*?*3.

Of interest, the combination of p53 loss and Jak2 V617F caused not
myeloid leukemia but erythroleukemia in mice. It has been reported that
retroviral overexpression or transgenic expression of Jak2V617F is sufficient to

cause MPN in mice and the level of Jak2 mutant defines MPN phenotype®'*"3.

45



In my study, all of Jak2 V617F/p53”* mice had PV, not essential
thrombocythemia (ET)-like phenotype, suggesting the high level of Jak2
expression. This highly-expressed Jak2 mutant would have led erythroleukemia
in combination with cancer-prone p53” cells. It is also possible that expanded
HSCs by p53 deletion would be relevant to the maintenance of KSL Jak2
V617F/p53” leukemic cells**™*'. Itis to be elucidated whether low Jak2 V617F in
p53”" cells could induce megakaryocytic leukemia in mice or not. Considering no
leukemia incidence in Jak2 V617F/p53" mice by 120 days post BMT and the
suppressive role of p53 in Jak2 V617F/p53” leukemia (Figure 2 and 29), it is
possible that p53 nullizygousity would hold the key for leukemic transformation
of Jak2 V617F MPN. In this study, 30% of Jak2 V617F/p53" and 10% of Jak2
V617F/p53** mice died by 120 days post BMT, but these mice showed no
leukemia development. Because Jacks et al have reported that almost 30% of
p53* mice tend to develop various neoplasms by 300 days of age®, it is still of
note that Jak2 V617F/p53" mice would develop leukemia with long latency.
Most of TP53-related alterations in JAK2 V617F positive MPN patients with
leukemic transformation are bi-allelic’’. In addition to the loss-of-function role of

p53, carcinogenensis has been reported to be associated with gain-of-function
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role of p53*. It remains a matter of research which type of AML in FAB
subclassification is more prevalent in mutant TP53-related JAK2 V617F positive
leukemia. For the further clarification of the mechanisms in leukemic
transformation of MPN, the functional role of mutation-derived truncated p53
should be elaborated.

In this study, MLL-ENL did not collaborate with p53 loss on leukemogenesis
(Figure 12). Indeed, some groups have shown that p53 mutant and MLL fusion
rarely coexist in human AML***. Beer et al have reported that MPL W515L
induces MPN, TET2 mutation and TP53 mutation (loss of function) collaborate to
develop leukemia®"®2. | revealed that Mpl W515L/p53” MPN mice demonstrated
shorter survival than those of Mpl W515L/p53"* MPN mice, but no sign of
leukemia development. When | consider the difference of phenotype between
Jak2 V617F/p53” leukemia mice and Mpl W515L/p53” MPN mice, it is still
possible that Mpl W515L would collaborate with p53 loss to cause leukemia with
long duration. To prove that possibility, some animal models other than retroviral
Mpl W515L overexpression are warranted because in this study Mpl
W515L/p53"* MPN mice died of MPN exacerbation by 56 days post BMT in

clear contrast to viable Jak2 V617F/ p53”*mice. Genetic instability caused by
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p53 defect could also be causative for shorter survival of Mpl W515L/p53”
mice®*%*** These results suggest that leukemic transformation of absence of
p53 function might be specific to Jak2 V617F induced MPN.

The importance of my new erythroleukemia model lies in the rarity of murine
erythroleukemia model so far. In my understanding, overexpression of BCR-ABL
into Cebpa knockout fetal liver cells can induce erythroleukemia in mice, in
which CD71*Ter119"* differentiated erythroid cells dominate®. The disease
would be caused by the differentiation block of myeloid lineage and the skewed
erythroid differentiation in Cebpa knockout cells. The novelty of my model also
lies in that Jak2 V617F/p53” leukemia is immature erythroid leukemia with a
dominated CD71"Ter119" population.

Furthermore, KSL Jak2 V617F/p53” leukemic cells showed resistance to
JAK inhibitor, while CD71" erythroid cells were sensitive to JAK inhibition. It has
been reported that JAK2 inhibitor can not eradicate the disease burden in most
MPN cases®®, indicating the further exploration of new drugs. The resistance to
selective tyrosine kinases in leukemic stem cells has been reported to be
derived from several mechanisms including quiescence and less addiction to

oncogene®®°. Seen in that light, my leukemia model would also be a valuable
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tool for drug screening. Drugs which can eliminate not only CD71+ cells but also
KSL Jak2 V617F/p53” leukemic stem cells would promise the cure of leukemias
transformed from Jak2 V617F-positive MPN.

In conclusion, p53 loss induces leukemic transformation of Jak2
V617F-driven PV with two distinct populations as leukemia-initiating cells. This
leukemia model is CD71'Ter119" immature erythroid leukemia, providing a
useful platform for the screening of new drugs against Jak2 V617F-positive
leukemias. Utilizing this model, it is highly expected that an outstanding drug to
compensate mutated p53-derived alteration in p53-mutated MPN patients would

appear on the scene.
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Tables

Table 1. A list of antibodies for flowcytometry

Epitope Clone Fluorophore Dilution  Supplier
Gr-1 RB6-8C5 Biotin 1:200 Biolegend
RB6-8C5 APC 1:200 Biolegend
Mac-1 M1/70 Biotin 1:200 Biolegend
M1/70 APC 1:200 Biolegend
B220 RA3-6B2 Biotin 1:200 Biolegend
RA3-6B2 APC 1:200 Biolegend
Ter119 TER-119 Biotin 1:200 Biolegend
Ter119 TER-119 APC 1:200 Biolegend
CD3e 145-2C11 Biotin 1:200 Biolegend
CD4 GK1.5 Biotin 1:200 Biolegend
CD8a 53-6.7 Biotin 1:200 Biolegend
CD127 A7R34 Biotin 1:200 Biolegend
Sca-1 D7 PE-Cy7 1:200 Biolegend
c-kit 2B8 APC 1:200 Biolegend
CD71 C2 PE 1:200 BD
CD41 eBioMWReg30 APC 1:200 eBio
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Table 2. Average weight of liver and spleen and a number of mice which have

pulmonary hemorrhage in secondary recipients (n =

(control) (n = 10) and Jak2 WT/p53” (control) (n = 10)).

10), Jak2 WT/p53*"*

2nd BMT Jak2 WT/p53™ | Jak2 WT/p53”
(Jak2 V617F/p53”) | (control) (control)
Liver (mg) 2582.9+338.1 1199.1+87.9 1035.6+165.4
Spleen (mg) 727.4£239.8 98.2+30.0 102.9+22.3
Pneumonorrhagia | 10/10 mice 0/10 mice 0/10 mice
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Table 3. Average weight of liver and spleen in CD71%(n = 20), CD71"Mac-1"(n =

6), Jak2 WT/p53** (control) (n = 10) and Jak2 WT/p53” (control) (n = 10)).

CcD71" CD71'Mac-1" | Jak2 WT/p53™* | Jak2 WT/p53”

(control) (control)
Liver (mg) | 2792.9+211.9 | 2550.0+754.9 | 1199.1+87.9 1035.6+165.4
Spleen (mg) | 1057.6+62.9 | 895.1+615.5 | 98.15+30.0 102.94+22.34
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Table 4. Average weight of liver and spleen in CD71'Ter119" (n = 9), Jak2

WT/p53"* (control) (n = 10) and Jak2 WT/p53” (control) (n = 10)).

CD71'Ter119" | Jak2 WT/p53** | Jak2 WT/p53”

(control) (control)
Liver (mg) | 2489.0+1014.5 | 1199.1+87.9 1035.6+165.4
Spleen (mg) | 784.8+160.8 | 98.15+30.0 102.94+22.34
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