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m It is not clear whether disrupted age-specific hematopoiesis contributes to the complex
manifestations in leukemia patients who carry identical mutations, particularly in pediatric
* Loss of Pten during the
neonatal period causes
sustained fetal hemato-
poiesis, resulting in
pediatric death.

and adult patients with similar clinical characteristics. By studying a dual-age-specific
mouse model, we demonstrate that (1) loss of Pten during the fetal-to-adult hematopoiesis
switch (hematopoiesis switch) causes sustained fetal hematopoiesis, resulting in death in
juvenile leukemia; (2) myeloid-biased hematopoiesis in juvenile mice is associated with the
sustained fetal properties of hematopoietic stem cells (HSCs); (3) the age specificity of
*Loss of Nf1 is neces- juvenile myelomonocytic leukemia depends on the copy number of Pten and NfI; (4) single-
sary for cells to be allelic Pten deletion during the hematopoiesis switch causes constitutive activation of MAPK

e in juvenile mice with NfI loss of heterozygosity (LOH); and (5) NfI LOH causes monocytosis
granulocyte-macrophage

colony-stimulating fac-
tor and for monocytosis,
but it is not a lethal event
in juvenile leukemia.

in juvenile mice with Pten haploinsufficiency but does not cause lethality until adulthood.
Our data suggest that 1 copy of Pten is sufficient to maintain an intact negative-feedback loop
of the Akt pathway and HSC function in reconstitution, despite MAPK being constitutively
activated in juvenile Pten** Nfi*° mice. However, 2 copies of Pten are required to
maintain the integrity of the MAPK pathway in juvenile mice with NfI haploinsufficiency.
Our data indicate that previous investigations of Pten function in wild-type mice may not
reflect the impact of Pten loss in mice with NfI mutations or other genetic defects. We
provide a proof of concept that disassociated age-specific hematopoiesis contributes to
leukemogenesis and pediatric demise.

Introduction

Leukemia without cell maturational arrest has not been studied in the context of disrupted age-specific
hematopoiesis during physiological transitions, such as the fetal-to-adult hematopoiesis switch
(hematopoiesis switch), puberty, or menopause. It remains unknown whether an aberrant hematopoiesis
switch contributes to the complex manifestations in leukemia patients who carry identical mutations,
particularly in pediatric and adult patients with similar clinical characteristics, such as juvenile
myelomonocytic leukemia (JMML) and chronic myelomonocytic leukemia (CMML). Both diseases exhibit
features of mixed myelodysplastic syndrome (MDS)/myeloproliferative neoplasm (MPN), and JMML is
clearly an age-restricted disease. At diagnosis, the median age of JIMML patients is 1.8 years,' and it very
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rarely develops after the age of 6 years. In contrast, the mean age
of CMML patients is 69 years.> JMML and CMML are regarded
as RASopathy diseases. JMML is almost exclusively caused by
mutations in the RAS pathway, whereas RASopathy genes were
detected in 40% of CMML patients.® JMML and CMML are in the
category of diseases with the least number of mutations per sample
among pediatric and adult cancers, respectively.* Emerging data
suggest that epigenetics plays a significant role in the leukemo-
genesis of JMML and CMML.%® Previously, we reported that mice
with germline interruptions of Nf1 exon 31 (Nf1*/~) developed
a juvenile MPN when Pten was deleted during the neonatal period,
whereas T-cell acute lymphoid leukemia (T-ALL) was induced when
Pten was deleted in adulthood, suggesting that the timing of the
genetic disturbance is critical for the phenotype.'® Here, we report
that loss of Pten and Nf1 during the neonatal period, while the
hematopoiesis switch is ongoing, causes sustained fetal hemato-
poiesis in juvenile mice, suggesting a novel mechanism underlying
the timing of genetic disturbance in leukemia development. Our
data provide a proof of concept that a disassociated age-specific
hematopoiesis and sustained fetal hematopoiesis contribute to
pediatric leukemia and demise.

Materials and methods

Study design and mice

Pten™""e" (Pen™ B6.129S4-Pten™""1)), Nf17"* (B6.129S6-
Nf1tm1Frc/J)’ Nf1f/oxP/ﬂoxP (Nf7ﬂ/ﬂ, B6.129 [Cg]_Nf1tm7Par/J)’ and Mx1-
Cre (B6.Cg-Tg [Mx1-Cre]1Cgn/J) founder mice were purchased from
The Jackson Laboratory. Mice with experimental genotypes were
produced by crossbreeding, as previously reported.’® Pten deletion
and Nf1 loss of heterozygosity (LOH) were induced by intraperitoneal
injection of 30 L of polyinosinic-polycytidylic acid (p/pC; InvivoGen) at
a concentration of 1 ug/pL on postnatal day 8 (PND8) and PND10
(supplemental Figure 1). Genotyping was performed on PND15. The
experimental procedures were approved by the Institutional Animal
Care and Use Committee at the University of Arkansas for Medical
Sciences.

Serial single hematopoietic stem cell transplantation

For primary (1°) transplants, single long-term hematopoietic stem
cells (LT-HSCs; CD45.2"/LIN"Scal*cKit"CD48 CD150™"
CD34 CD1357) were freshly sorted by a BD FACSAria Il cell
sorter (BD Biosciences), as reported,'" into each well of a 96-well
plate, containing 2 X 10° bone marrow (BM) cells from wild-type
(WT) mice with CD45.1" in 120 pL of phosphate-buffered
saline-5% mouse serum. Donor cells were injected into the retro-
orbital venous sinus of preirradiated recipient mice, as previously
reported."® For secondary (2°) and tertiary (3°) transplants, a donor-
derived single LT-HSC with CD45.2" was sorted from 1° or 2°
recipient mice at 16 to 18 weeks posttransplant, respectively.
Recipient mice were evaluated at 16 to 18 weeks posttransplant.

Blood reconstitution analysis

Peripheral blood (PB) was collected from the retro-orbital venous
sinus of recipient mice. Twenty-microliter aliquots were analyzed for
white blood cell (WBC) count, and 100-uL aliquots were analyzed
for donor-derived leukocytes by flow cytometry analysis. Mice were
considered to be reconstituted by LT-HSCs when donor-derived
myeloid cells (CD45.2"CD11b") and lymphoid cells (sum of
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CD45.2*B220" and CD45.2*CD3e™) were >0.1% of the WBCs
in recipient mice at 16 weeks posttransplant.

For more information, see supplemental Materials and methods.

Results

Pten and Nf1 loss during neonatal period induces
age-specific juvenile or adult myelomonocytic
leukemia, depending upon Pten copy number

NF1 LOH and PTEN deficiency are frequently found in JMML
patients.'?'* To simulate the molecular dynamics in JMML patients
who develop NF7 LOH and lose PTEN protein shortly after
birth,'>'®'% we generated experimental Pten™"Nf1"""Mx1-Cre*
mice on the C57BL6/129 genetic background. Pten™Nf15" M 1-
Cre* mice were born healthy but started to show abdominal
fullness and elevated WBC counts after 3 weeks of age, and all
died at around 6 weeks of age (n = 7). This is likely due to the
spontaneous induction of Mx7-Cre by endogenous cytokines.
Therefore, we induced myeloid-specific Pten deletion and Nf1-°H
on PND8 (equivalent to a full-term newborn age in humans) when
WT mice undergo the fetal-to-adult hematopoiesis switch.'®'” Pten
and Nf7 deletions were confirmed in mouse blood, spleens, and
livers at 3 days post-p/pC injection (supplemental Figures 2 and 3).
Mice with biallelic Pten deletion and Nf1-°" (PtenA/ANf1-°")
showed signs of disease with distressed fur and abdominal fullness
in the second week of life. All died before 3 weeks of age (equivalent
to 1-3 years old in humans). PtenA/ANf1-°" mice had significantly
shorter lifespans compared with PtenA/ANf17"2, Pten*’ANf1-°"
or WT littermates (P < .001) (Figure 1A). We evaluated the
moribund mice and littermates at PND17-19. Substantial hepatos-
plenomegaly was observed in PtenA/ANf1-° mice, and the
severity correlated inversely with the copy number of Pten and
Nf1 (Figure 1B; supplemental Figure 4A). Hematoxylin and eosin—
stained tissue sections revealed severe infiltration of mature myeloid
cells in the BM, spleens, livers, and lungs from PtenA/ANF1-CH mice
(Figure 1C). These mice also had significantly elevated WBCs
and monocytes, as well as lower hemoglobin levels, than
did littermates with the other genotypes (Figure 1D-I). Flow
cytometry analyses confirmed that they had significantly in-
creased monocytes/macrophages and granulocytes, as well as
a significant reduction in lymphocytes and erythrocytes in BM,
blood, and spleen (Figure 1J-O). All of these characteristics
suggest that these mice replicate the clinical features of JMML
patients. Surprisingly, mice with a single copy of Pten and Nf1
LOH (Pten™"*Nf1-°") survived the juvenile period, although they
had monocytosis and lymphocytopenia like their PtenA/A litter-
mates with JMML since PND17 (Figure 1A,D-N). Most of them
survived for >3 months but eventually died of severe infiltration
of mature myeloid cells in vital organs, including obstruction of
intestine/colon (supplemental Figures 4B and 5-7). Although
PTEN mutations are rare in CMML patients, Pten™"*Nf1-°" mice
have clinical features that resemble those of CMML patients with
RASopathy genes.®'81°

JMML disease, but not CMML, is transplantable

To investigate whether the age-specific leukemias are transplantable,
we performed competitive BM transplants (BMTs) using juvenile
(PND17-20) mice with various genotypes and 3-month-old adult
Pten*’ANf1-°" mice as donors (supplemental Figure 8). All recipient
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Figure 1. Correlation of phenotype and genotype in the dual-age-specific leukemia mouse model. (A) Kaplan-Meier survival curves show the relationship between
survival time and genotype (P < .001). Death was counted in mice without any intervention. Male/female ratios were 2:1 in PtenA/ANF1-C" mice and Pten*"*Nf1-°" mice and
1:1 in PtenA/ANf1*"* mice and WT mice. (B) Relationship between the genotype and the spleen and liver weights. Organs from littermates were collected at PND17-19 when
PtenA/ANF1-C" mice with JMML were moribund. Data are presented as median ratios of spleen or liver weight/body weight (BW). (C) Representative photomicrographs of
hematoxylin and eosin—stained tissue sections from PtenA/ANf1-C" mice with JMML (right panels) and WT control littermates (left panels) at PND18. Infiltrates are indicated
by yellow arrows. (D-I) Blood profiles from juvenile PtenA/ANf1-C" mice and littermates at PND17-19 when diseased mice were moribund (n = 12-21). Complete blood
counts were performed with a Vet Abc Hematological analyzer. Differentials were manually counted from blood smears stained with May-Griinwald-Giemsa. (J-O) Flow cytom-
etry analysis of cell subpopulations in BM, PB, and spleen. Data are mean * standard error. *P < .05, ** P <.01, ***P < .001. See additional supportive data in supplemental
Figures 1-7. Granu, granulocytes; HGB, hemoglobin; Lymph, lymphocytes; Mon, monocytes; PLT, platelets; RBC, red blood cells.
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Figure 1. (Continued).

T-ALL as previously reported in recipients from PtenA/ANf1*/~

ANf1t%"died before 16 weeks posttransplant (Figure 2A). Re-
cipient mice from PtenA/A donors exhibited significantly myeloid-
predominant engraftment in blood, with a significant reduction in
B cells; however, T-cell deficiency was only observed in recipients
from PtenA/ANFf1-°" donors (Figure 2B-C). PtenA/ANF1/A
recipients began dying after 10 weeks; 9% (2/22) developed

mice,'® and 64% (14/22) survived through 16 weeks post-BMT
(Figure 2A). Our data demonstrate that the JMML-like disease in
PtenA/ANf1"C mice is transplantable. Surprisingly, recipients
transplanted with cells from juvenile and adult Pten™"*Nf1-C"
donors had transient elevated WBC counts at 8 weeks posttrans-
plant, but it returned to the normal range by 12 weeks posttransplant.
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Figure 2. Reconstitution of BM cells from mice with JMML and littermates in competitive BMT. (A) Kaplan-Meier survival curves from recipients transplanted with

BM from mice with JMML and juvenile littermates or from Pten

+/A N”LOH

mice with CMML at the age of 3 months when they were moribund. (B-C) Blood engraftment data

from transplanted mice. Blood was collected from recipient mice at 12 to 16 weeks post-BMT. Data are mean *+ standard error. *P < .05, **P < .01, ***P < .001. See

additional supportive data in supplemental Figure 8.
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All of these mice lived through 16-weeks post-BMT (Figure 2A). After
16 weeks posttransplant, flow cytometry analyses showed that
Pten™2Nf1:°" donor cells engrafted progenies similarly to WT
donor cells, regardless of donor age (Figure 2B-C), suggesting that
CMML-like disease in Pten*2Nf1-°" mice is not transplantable.

Combined with our previous findings,'® we conclude that Pten copy
number is critical for determining whether mice die as juveniles or
adults. PtenA/A Nf1-©" mice replicate the clinical features of JMML
in terms of age of onset and tissue-specific lesions. Pten™ "2 Nf1-CH
mice mimic human CMML that is caused by a dysregulated RAS
pathway.

Pten deletion contributes to GM-CSF hypersensitivity
without depletion of HSCs in juvenile mice
with Nf1tOH

The prior notion was that the hypersensitivity of JMML cells to
granulocyte-macrophage colony-stimulating factor (GM-CSF) was
responsible for the lethal monocytosis that caused vital organ
failure. We previously reported that PTEN protein was deficient in
67% of JMML patients, and PTEN deficiency contributed to the
increased GM-CSF sensitivity in myeloid leukemia cell lines.'>*°
However, GM-CSF hypersensitivity was absent in BM cells from
PtenA/A mice with or without Nf7 haploinsufficiency, although
those mice died of a juvenile MPN.'® Other groups reported that
mice with WT Pten and somatic Nf7 deletion or Nf7 LOH were
hypersensitive to GM-CSF but did not die as juveniles.??? To
understand what causes GM-CSF hypersensitivity, we investigated
the impact of Pten and Nf1 copy number on GM-CSF sensitivity.
We found that BM cells from juvenile PtenA/ANf1-°" mice were
hypersensitive to GM-CSF and interleukin-3 (IL-3), in contrast to
cells from juvenile littermates with Pten™*Nf1-°" or biallelic Pten
deletion without Nf1-°7 (PtenA/ANF1T74) (Figure 3A-B). Interest-
ingly, BM cells from adult Pten™"*N#1-°" mice displayed GM-CSF
hypersensitivity when they developed the full spectrum of CMML
features with significantly elevated WBCs (Figure 3C-D; supple-
mental Figure 9A). Strikingly, we found that Pten protein was lost
in adult CMML mice when their WBC counts reached the high
levels as observed in mice with JMML (supplemental Figure 9B).
Those data support our previous findings in cell lines,?° suggesting
that an intact PTEN function is necessary for maintaining GM-CSF
sensitivity in blood cells. This further supports the notion that loss of
Pten is necessary for GM-CSF hypersensitivity in juvenile Nf1-CH
mice, suggesting that NF7 LOH is required for monocytosis in JMML
patients with NF1 mutation but is not sufficient to cause juvenile
death. Further flow cytometry analyses of the hematopoietic
progenitor cells in juvenile littermates showed that PtenA/ANf1-CH
mice with JMML had significantly elevated percentages of LIN™
Scal*cKit" cells in BM compared with littermates without GM-CSF
hypersensitivity (Figure 3E). Our data suggest that Pten protein loss
is necessary for cells to be GM-CSF hypersensitive in juvenile Nf7-°"
mice without depleting hematopoietic stem cells (HSCs).

Loss of Pten protein disrupts the fetal-to-adult
hematopoiesis switch, resulting in juvenile demise
Our data indicated that juvenile death was associated with Pten
deletion, instead of monocytosis or lymphocytopenia; juvenile
Pten™*Nf1-°" mice had worse myeloid-predominant blood counts
than did PtenA/ANf1*"* littermates, but they did not die until
developing severe CMML in adulthood (Figure 1A,J-L; supplemental
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Figures 5-7). We also found that BM cells from juvenile mice with the
juvenile-lethal genotype (PtenA/A) reconstituted significantly more
myeloid progenies and fewer B cells than did those from Pten*’®
NFf1ECT or WT littermates (Figure 2B-C).

Human newborns have myeloid-predominant blood with high
monocytes during the first 48 hours after birth.?>2* The develop-
mental switch from fetal to adult hematopoiesis occurs during the
first year in humans and at 1 to 2 weeks after birth in mice.'®'”
Patients with NF1 mutation have the highest fetal hemoglobin levels
among JMML patients.'* Recent data suggested that a “fetal-like
subgroup” of IMML patients was associated with poor prognosis.®
Because JMML targets an age-restricted group (birth to 6 years),
and maturational arrest is absent in blood cells from patients and
mice, we questioned whether fetal hematopoiesis was sustained in
mice with JMML. We first compared the blood profiles of WT mice
between ages PND8 and 6 weeks. Flow cytometry analyses showed
that PB in WT mice at PND8 was substantially myeloid predominant
compared with those aged 6 weeks (Figure 4A). Interestingly, juvenile
(PND17) PtenA/A mice also had myeloid-predominant blood, as
observed in WT mice at age PND8, regardless of Nfi status,
whereas juvenile WT mice had a blood profile similar to 6-week-old
adult mice (P > .05; Figure 4B). We questioned whether PtenA/A
was associated with fetal-ike hematopoiesis in juvenile mice at the
age when WT mice normally establish adult hematopoiesis.

Fetal hemoglobin cannot be used as a marker for tracking fetal
hematopoiesis in mice as it can be in humans. Mouse definitive
erythrocytes arise when erythropoiesis shifts to the fetal liver and
synthesizes adult hemoglobin, which continues after birth when
definitive erythropoiesis shifts to the BM. In tracking mouse fetal
hematopoiesis, the difference in the ability of neonatal BM vs adult
BM to reconstitute B cells in recipients is considered a distinctive
property of mouse fetal and adult HSCs.?®"28 Donor-derived splenic
marginal zone (MZ) B cells (B220*CD1d*CD237) are of uniquely
fetal origin, and donor-derived follicular (Fo) B cells are the
predominant B cells in adults.?®?” To investigate whether PtenA/A
HSCs have significant fetal properties, we evaluated blood profiles
and splenic MZ B cells in recipients transplanted from juvenile donors
with various copy numbers of Pten and Nf1. Our data show that
PtenA/A BM cells reconstituted a significantly myeloid-predominant
blood, but juvenile donor cells from Pten™"2NF1-°" mice recon-
stituted blood similarly to WT cells (Figure 4C). Furthermore,
significantly elevated splenic MZ B cells were reconstituted only in
recipients transplanted from juvenile PtenA/A mice. NfFT-OH signifi-
cantly enhanced myeloid-predominant hematopoiesis with elevated
MZ B cells when Pten was absent (Figure 4C-D; supplemental
Figure 10). However, Nf1:° did not have any impact on the
reconstitution of splenic MZ B cells in recipients transplanted from
Pten™"ANf1-°" donors (Figure 4C-D). Our data suggest that, in
reconstitution, juvenile donor PtenA/A HSCs had significantly more
fetal properties than did Pten*2Nf1-°" or WT HSCs. These data
suggest that PTEN loss in early infancy contributes to the sustained
fetal hematopoiesis in juveniles, resulting in pediatric death.

Myeloid bias of PtenA/A HSCs is associated with
fetal properties of HSCs

Initially, most recipients transplanted from PtenA/ANf1-°* donors
with JMML died before 16 weeks posttransplant (Figure 2A), which

is the time point to properly evaluate the properties of LT-HSCs.
Single-cell HSC transplant ensures that all progeny cells detected
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Figure 3. Analysis of BM progenitors in diseased mice and littermates. (A-D) Colony formation assay data. Unfractionated BM nucleated cells (WBM) were collected
from PtenA/ANf1-C" mice with JMML and littermates at PND17-19 or from mice with CMML at age 2 to 3 months when they were moribund. Data from CFU-GM showed that

GM-CSF and IL-3 sensitivities were significantly increased in BM cells from PtenA/A Nf1-%" mice with JMML compared with juvenile littermates, whereas Pten™*"*Nf1-H
showed GM-CSF hypersensitivity only as adults. (E) Flow cytometry analysis of hematopoietic progenitors in BM from juvenile mice. WBMs from PtenA/ANf1-C"

mice
mice with

JMML and littermates at PND17-19 were analyzed by flow cytometry; data demonstrated that lineage (LIN)-negative cells (negative for Gr1, CD3, B220, and Ter119) and LIN™
Scal*cKit* cells (LSK) were significantly increased in PtenA/ANf1-°" mice with JMML, whereas hematopoietic progenitor cells (HPCs; LIN~Scal ~cKit*) were decreased.

Data are mean * standard error. *P < .05, **P < .01, **P < .001.

in recipients arise from the same original cell, and the recipient mice
survive longer than 16 weeks posttransplant. To further confirm the
fetal properties of leukemic-initiating cells in JMML mice, we
performed single-cell transplantations with LT-HSCs from juvenile
WT mice and PtenA/ANf1-°" mice with JMML (supplemental
Figure 11). Our data show that HSCs from JMML donors produced
various ratios of myeloid to lymphoid blood cells (GM/[T+B]) in

€ blood advances 11 auausT 2020 - voLuME 4, NUMBER 15

recipients, but they constantly escalated after 10 weeks posttransplant,
worsening in 2° transplants, whereas WT HSCs derived balanced
myeloid/lymphoid progenies (GM/[T+B] ~ 1) (Figure 5A,CE). Those
progeny ratios for GM/[T+B] represented the properties of each
transplanted HSC subtype (clone) in the HSC pool from donors.
Interestingly, we found that the elevated ratios of donor-derived GM/
[T+B] were consistent with the elevated MZ/Fo B-cell ratios as the
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Figure 4. Significant fetal hematopoiesis in juvenile mice with Pten deletion and leukemia. (A) Representative flow cytometry data from WT mouse blood at PND8
and 6 weeks (n = 4 each group). (B) Representative flow cytometry data from blood of WT mice and PtenA/A mice with leukemia at age 3 weeks (=10 mice in each group).
(C) Relationship between donor-derived (CD45.2) progenies in PB and MZ/Fo B-cell ratios in spleens of recipients. (D) Representative flow cytometry data from blood and
spleens of recipient mice transplanted from donor mice with various copy numbers of Pten and Nf1. GM [blood myeloid; CD45.2"CD11b™], (T+B) [blood lymphoid lineage;
sum of CD45.2vB220" + CD45.2*CD3e™], and blood myeloid/lymphoid ratios (GM/[T+B]) were calculated as ratios of myeloid cells/lymphocytes in total WBCs with
CD45.2" in recipient mice (CD45.17). Fo, donor-derived follicular B cells are the predominant B cells in adults; MZ, donor-derived splenic marginal zone B cells representing
fetal origin HSCs. The ratios of splenic MZ (fetal origin)/Fo (adult origin) B cells represented the fetal properties of donor HSCs. Data are median =+ standard error. *P < .05,
**P < .01, **P < .001. See additional supportive data in supplemental Figures 8 and 10.

result of a significant reduction in adult splenic Fo B cells in recipients that the single HSC with myeloid bias from recipient 1°-B
(supplemental Figure 12). The same trend continued in the sequential (Figure 5C-D) derived a clone in a recipient of a 2° transplant
2° and 3° single LT-HSC transplants (Figure 5). Specifically, we found with worse myeloid-biased progenies and a higher MZ/Fo B-cell
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Figure 5. Serial single-HSC transplantation. (A-D) 1° Transplant: single LT-HSC from juvenile WT mice and PtenA/ANf1-°" mice with JMML was transplanted with
2 X 10° rescue cells into WT recipient mice with CD45.1%, respectively. Sixteen weeks posttransplant, WT donor HSCs reconstituted balanced progenies, whereas HSCs
with JMML (PtenA/ANf1-C") reconstituted various degrees of myeloid-biased progenies with elevated ratios of MZ/Fo B cells. Recipient 1°-G, which had the worst myeloid-

biased blood, died before spleen tissue collection for MZ cell analysis. (E-F) 2° Transplant: single donor-derived HSC (CD45.2%) from primary recipient 1°-B was
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Figure 6. Dysregulated signal transduction pathways and molecular defects in mice with Pten deletion, Nf1 deficiency, and JMML. (A) Representative data from

western blot analyses of the elements in GM-CSF signal transduction pathways in unfractionated BM nucleated cells from juvenile mice with various copy numbers of Pten

and Nf1. Representative data were from =3 experiments from littermate mice at PND17-19. (B) Gene ontology (GO) analysis. Genes that were significantly over- or
underexpressed in LIN™ BM cells from mice with JMML and WT littermates at age PND17 were used in GO analysis, together with HCA. (C) Heatmap and HCA of 182
genes that were differentially expressed in this study (PtenA/A Nf1-C"/\WT) vs the data (Fetal Liver/Adult BM) reported by Manesia et al.** We found a log,-fold change in

either being positive or negative consistently in both studies (182 genes). See additional supportive data in supplemental Figures 13 and 14 and supplemental Tables 4 and 5

for “GO HeatMap Terms & GenelDs" and “Combined Analysis DEG Results.”

ratio (representing the property of fetal HSCs) in a recipient of
a 2° transplant (recipient 2°-BA; Figure 5E-F), whereas another
clone from the same donor (1°-B) derived progenies with less
myeloid bias and lower MZ/Fo B-cell ratios (recipient 2°-BC;
Figure 5E-F). This trend was replicated in the 3° transplants
(recipient 3°-BAK vs 3°-BAB and 3°-BAC; Figure 56G-H). Our
data demonstrate that a single LT-HSC from donors with JMML
resulted in progenies with diverse myeloid or lymphoid lineages,
and myeloid-biased potential was associated with the properties
of fetal HSCs, whereas a single HSC from WT donors at the
same age reconstituted only balanced myeloid/lymphoid prog-
enies, without the potential for fetal-like HSCs (Figure 5A-B).
Our data suggest that the myeloid-biased leukemic-initiating
cells from donors with JMML have the potential to reconstitute
progenies with more or less myeloid bias in WT recipients, which
is related to the properties of fetal HSCs. These data also
indicate that the lineage-biased HSCs from mice with JMML have
the potential to derive progenies with less myeloid bias, despite
the persistent absence of Pten and Nf1. The finding that the
engraftment of lineage-balanced HSCs from donors with JMML
can be enhanced in WT recipients may have significant clinical

applications in autologous HSC transplantation for JMML or
other pediatric leukemias.

Single-allelic Pten deletion caused constitutive
activation of MAPK in mice with Nf1 LOH before age
3 weeks

Reportedly, Pten did not have any impact on the Akt pathway in
mouse HSCs or multipotential progenitors until 3 to 4 weeks of
age, and the MAPK pathway was not altered in neonatal or adult
mice with an otherwise WT genome when Pten was deleted on
PND2 (equivalent to late fetal age in the third trimester of human
pregnancy).?®%° We previously reported that Akt, but not MAPK,
was constitutively active in BM cells of juvenile mice with an
otherwise WT genome when Pten was deleted on PND8.'° We
also reported that Pten deletion in mice with Nf7 haploinsuffi-
ciency (PtenA/ANf17/") on PND8 caused preferential MAPK
hyperactivity to GM-CSF stimulation over IL-3 in BM cells of mice
at age 3 weeks.'°® This suggests that the timing of Pten deletion
and the hosts’ genetic background have a significant impact on
the Akt and MAPK pathways. To understand how Nf7 deficiency

Figure 5. (continued) retransplanted into 2° BMT recipients. 2° Recipient mice continuously reconstituted various degrees of myeloid-biased progenies with elevated MZ/Fo

B-cell ratios. Recipient 2°-BC reconstituted balanced progenies with the least splenic MZ cells. (G-H) 3° Transplant: single donor-derived HSC (CD45.2™) from recipient

2°-BA was retransplanted to 3°-BMT recipients. Recipient 3°-BAK had the worst myeloid-biased engraftment with the highest MZ/Fo B-cell ratio. Data represent =2 sets of

paired experiments. See additional supportive data in supplemental Figures 11 and 12.
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Figure 7. Proposed leukemogenesis model of the aberrant fetal-to-adult hematopoiesis switch in JMML. Fetal and adult hematopoiesis are governed by

a developmental/age-specific molecular driving force and executed by fetal-selective genes and adult-necessary genes in hematopoiesis (eg, SOX717, LIN28B, HMGA2, and
EZH2 for fetal HSCs, and BMI1, PTEN, and CEBPA for adult HSCs). (A) During the neonatal period when the molecular driving force is balanced in fetal to adult hematopoie-
sis, healthy newborns can complete the transition from fetal to adult hematopoiesis to meet the needs for growth in normoxia. (B) When the molecular driving force is disrupted

in newborns during the fetal-to-adult hematopoiesis switch by mutations or dysregulated epigenetics, fetal hematopoiesis is sustained and causes myeloid/lymphoid distribution

errors and insufficient adult hematopoiesis in juveniles, resulting in pediatric demise. This may be the case in patients with JMML who are born with an NF7 mutation and hold

an instable molecular driving force from fetal to adult hematopoiesis switch, such as elevated fetal-specific LIN28B and HMGA2 along with PTEN and BMI1 deficiencies.

Because JMML patients cannot develop adult hematopoiesis at an age when WT juveniles normally complete their fetal-to-adult hematopoiesis switch, they die of sustained

fetal hematopoiesis as juveniles.

affects the role of Pten in regulating the Akt and MAPK pathways,
we investigated the pathways’ activities in BM cells from juvenile
littermates with various copy numbers of Pten and Nf1 on
PND17-19. Consistent with our previous findings,'® Akt was
constitutively activated in PtenA/A mice, regardless of Nf1
status, but it was not activated when 1 copy of Pten was retained
in mice with Nf7 LOH (Figure 6A). This suggests that 1 copy of
Pten is sufficient to restrain the activation of the Akt pathway,
despite the absence of Nf1 function, and an activated Akt
pathway is related to sustained fetal hematopoiesis in juvenile
PtenA/A mice. We also found that deletion of Pten in mice with
a single-copy somatic deletion of Nf1 (PtenA/ANF1*7%) signifi-
cantly increased cellular MAPK activity in response to GM-CSF
stimulation (Figure 6A), which is consistent with our previous
findings in juvenile PtenA/A mice with germline mutant Nf1
(PtenA/ANf1+/7).'° Interestingly, single-allelic Pten deletion in
juvenile mice with Nf1 LOH (Pten**Nf1:°") caused constitu-
tive activation of the MAPK pathway before age 3 weeks
(Figure 6A), which did not occur in mice with Nf1A/A alone or
when Pten deletion was induced on PND2 in mice with an
otherwise WT genome.?"2° Our data suggest that 2 copies of
Pten are required to maintain the integrity of the MAPK pathway
in juvenile mice with Nf7 LOH and confirmed that Nf7 haploinsuffi-
ciency impairs the MAPK pathway in juvenile PtenA/A mice."® Our
data also suggest that what we learned about Pten function in
mice with an otherwise WT genome?®2° may not necessarily
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reflect the impact of Pten loss in mice with Nf1 mutation or other
genetic defects. We also observed a significant increase in
phosphorylated S6 ribosomal protein (Ser240/244) in juvenile
Pten™’ANf1-°" mice, which was not associated with hyper-
activation of the Akt pathway (Figure BA), suggesting that an
alternative mechanism other than Akt/mTOR regulates the mTOR
pathway in Pten*2Nf1:OH cells.?®

Multiple dysregulated cellular processes are involved
in fetal-like hematopoiesis in mice with JMML

HSC fate decisions in leukemia transformation require a combina-
tion of molecules that control HSC survival, proliferation, and self-
renewal.®"®? To dissect the molecular mechanism in JMML, we
performed RNA sequencing (RNA-seq) on lineage-depleted BM
cells from 3 PtenA/ANFf1-°" mice with JMML and 3 WT littermates
at age PND17 (supplemental Materials and methods). In addition to
the initial data analysis during pipeline processing, RNA-seq
exploratory data analysis was performed to summarize the main
characteristics of the data from the 3 paired biological replicates
using visual methods.®® Overall, exploratory data analysis compos-
ite revealed a good separation via heatmap with hierarchical
clustering analysis (HCA) and confirmed no systematic bias,
which provide evidence of sample separation based on WT vs
JMML and allowed for further hypothesis generation (supple-
mental Figure 13).
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DESeq2 standard analysis identified all differentially expressed
gene targets meeting the standard statistical criteria (supplemental
Table 3). The identified gene targets were further analyzed by gene
ontology—based HCA and again showed separation of WT mice vs
PtenA/ANF1-mice with JMML, suggesting that the upregulated
terms enriched in mice with JMML were related to enhancing cell
proliferation, adhesion, and signal transduction, whereas down-
regulated terms were surprisingly enriched for cell surface receptor
and canonical Wnt signaling pathways, positive regulation of
phosphate metabolic process, and extracellular matrix organization
(Figure 6B; supplemental Table 4). To determine whether mice with
JMML have a more fetal-like transcriptional signature than the
juvenile WT littermates, we compared our data with the WT mouse
fetal liver data published by Manesia et al.>** Heatmap with
HCA involving 182 genes shows concordance between the ratio
of JMML mice /WT littermates and the ratio of WT mouse fetal
liver/adult BM, which was reported by Manesia et al®* (Figure 6C:;
supplemental Table 5).

Ingenuity pathway analysis utilizing cancer canonical signaling
pathways for PISK/AKT, ERK/MAPK, mTOR, and GM-CSF con-
firmed that the dysregulated molecules are involved in multiple
pathways in regulation of cellular functions, and overexpressed
elements in the MAPK pathway were consistent in all 4 analyzed
pathways (supplemental Figure 14), suggesting that the MAPK
pathway is significantly upregulated in hematopoietic progenitor
cells from mice with JMML. Those RNA-seq data provide more
leads for further exploring the mechanism underlying the deadly
sustained fetal hematopoiesis in JMML.

Discussion

Dramatic changes in HSC functions of newborns occur within
a few days after birth.>>3® Many of the changes are coordinated with
an abrupt switch in HSC behavior during development.®*37 Adult
HSCs make a major contribution to hematopoiesis in the steady-state
after fetal-to-adult hematopoiesis switch.>® Beaudin et al reported that
developmentally restricted HSCs were incapable of persisting into
adulthood in situ.®® Recently, Peng et al reported that luteinizing
hormone signaling restricts HSC expansion during puberty.*° It has
never been reported that a disassociated age-specific hematopoiesis
contributes to leukemogenesis. Here, we demonstrate that the
sustained fetal properties of HSCs are associated with myeloid-
biased hematopoiesis in juvenile PtenA/A mice, leading to a lethal
juvenile leukemia. Our data suggest that PtenA/A HSCs have an
intrinsic defect to migrate from developmentally restricted HSCs to
adult HSCs, resulting in defective adult hematopoiesis in juvenile mice
at an age when adult hematopoiesis is normally established in WT
mice. This is the first evidence suggesting that Pten loss disrupts the
fetal-to-adult hematopoiesis switch and causes aberrant distribution of
normal blood cells, without exhausting HSCs. In other words, some
leukemias may be a consequence of an unbalanced distribution of
lineage-specific HSCs that is caused by disassociated age-specific
hematopoiesis. This is particularly critical for pediatric patients with
leukemias or MDS/MPNs, because it is time-sensitive and regulated by
epigenetics. Our data uncovered a novel mechanism underlying
pediatric leukemia. Further studies on the role of age-related hema-
topoiesis in leukemia development may help to develop novel
strategies for treating leukemias and MDS/MPNS.

Recently, 7 key genes were identified that selectively regulate fetal
(Sox17, Lin28b, Hmga2, and Ezh2) or adult (Bmi1, Pten, and Cebpa)
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HSCs in mice.>**! Pten was reported to negatively regulate signaling
pathways exclusively in adult HSCs.?' Pten protein inactivation reduced
quiescent (GO) HSCs and compromised the maintenance of LT-HSCs
in adult mice.*? The MAPK and phosphatidylinositol 3-kinase (PI3K)
pathways are coordinately activated in HSCs to maintain the negative-
feedback loop that limits the strength and duration of PISK/Akt/
mTORCH1 signaling to allow activated HSCs to return to quiescence.*”®
When Pten is lost, the MAPK pathway loses the counterpart from
PI3K/Akt, resulting in HSC exhaustion.*® Our data suggest that 1
copy of Pten is sufficient for maintaining the integrity of negative
feedback in the Akt signaling loop and the HSC function in
reconstitution, despite MAPK being constitutively active in Pten™"®
Nf1-CH mice (Figures 2B-C, 3E, and 6A). Our data also suggest that
the impact of Pten on the MAPK pathway in early development is Nf1
dependent, and Pten had a different impact on neonatal HSCs in
hosts with Nf7 haploinsufficiency compared with those with a WT
genome (Figures 3E and BA),"%2943

Emerging data demonstrate that upregulated fetal-selective molecules
(LIN28B and HMGA2)** and deficient adult hematopoiesis—required
molecules (PTEN) are related to developmental hematopoiesis in
JMML patients.'>2® With this knowledge, we propose a leukemo-
genesis model of JMML, reflecting an aberrant fetal-to-adult
hematopoiesis switch that results in the sustained fetal hemato-
poiesis at an age when healthy juveniles normally establish adult
hematopoiesis, leading to pediatric death (Figure 7). Although our
data suggest that the MAPK pathway is significantly upregulated
in mice with JMML, treating JMML patients with MAPK inhibitors
should be performed with caution before confirming whether
PTEN is absent, because PTEN is indispensable for cells to
respond to MAPK inhibitors in myeloid leukemia.?°

In summary, we demonstrate that Pten loss during the fetal-to-adult
hematopoiesis switch causes a sustained fetal hematopoiesis in
juveniles, resulting in juvenile leukemia and death. A constitutively
active MAPK pathway is associated with GM-CSF hypersensitivity
and monocytosis but is not responsible for juvenile death. mTOR
inhibitors may have the potential for treating patients with JMML
or CMML.
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