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m Concurrent genetic lesions exist in a majority of patients with hematologic malignancies.
Among these, somatic mutations that activate RAS oncogenes and inactivate the epigenetic
*N-Ras®'?P and

haploinsufficient Tet2
collaborate to induce
lethal and highly pene-
trant CMML in mice
with shortened overall
survival.

*N-Ras®'?P and
haploinsufficient Tet2
together promote bal-
anced proliferation and
enhanced competitive-

ness and self-renewal
in HSPCs. renewal potential to multipotent progenitors, a pool of cells that usually have limited self-

modifier ten-eleven translocation 2 (TET2) frequently co-occur in human chronic
myelomonocytic leukemias (CMMLs) and acute myeloid leukemias, suggesting a coopera-
tivity in malignant transformation. To test this, we applied a conditional murine model that

endogenously expressed oncogenic Nras®???

and monoallelic loss of Tet2 and explored the
collaborative role specifically within hematopoietic stem and progenitor cells (HSPCs) at
disease initiation. We demonstrate that the 2 mutations collaborated to accelerate a
transplantable CMML-like disease in vivo, with an overall shortened survival and increased
disease penetrance compared with single mutants. At preleukemic stage, N-Ras®*?? and Tet2
haploinsufficiency together induced balanced hematopoietic stem cell (HSC) proliferation
and enhanced competitiveness. Nras®!??/*/Tet2*/~ HSCs displayed increased self-renewal in
primary and secondary transplantations, with significantly higher reconstitution than single

mutants. Strikingly, the 2 mutations together conferred long-term reconstitution and self-

renewal compared with HSCs. Moreover, HSPCs from Nras®'??*/Tet2*/~ mice displayed
increased cytokine sensitivity in response to thrombopoietin. Therefore, our studies
establish a novel tractable CMML model and provide insights into how dysregulated
signaling pathways and epigenetic modifiers collaborate to modulate HSPC function and
promote leukemogenesis.

Introduction
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The transformation of hematopoietic stem and progenitor cells (HSPCs) into leukemic stem cells
(LSCs) requires a stepwise accumulation of mutations that dysregulate HSPCs to allow the
mutant cells to outcompete the normal cells."? These mutations must coordinate the balance of
proliferation, differentiation, and self-renewal to sustain the competitive advantage of LSCs.?
Understanding how leukemia-associated mutations dysregulate HSPCs to transform them into LSCs
is essential for developing targeted therapies to eliminate LSCs. Advanced genomic sequencing of
human leukemia has identified a spectrum of key somatic mutations in genes that encode cell
signaling molecules, transcription factors, epigenetic regulators, chromatin/histone modulators, and
spliceosome components.*® Although the effects of many individual mutations on HSPCs have been
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extensively studied, how different mutations interact with one
another and how the combined mutations modulate HSPC
function remain elusive.

Concomitant mutations in epigenetic modifier TET2 and signaling
molecule NRAS are frequently detected in myeloid malignancies
such as chronic myelomonocytic leukemia (CMML)®” and acute
myeloid leukemia (AML),®° suggesting a cooperativity of the 2
mutations. TET2 is a member of the TET family methylcytosine
dioxygenases, which catalyze the conversion of 5-methyl-cytosine
to 5-hydroxymethyl-cytosine and promote DNA demethylation.'®
Loss-of-function mutations in TET2 are found in many human
malignancies, including CMML (40%-60%)."""'? Notably, in most
cases of CMML, TET2 mutations precede other genetic abnormal-
ities and are therefore believed to establish preleukemic clonal
hematopoiesis but likely acquire additional mutations to develop
overt leukemia.®'® Although most TET2 mutations in human
leukemia are monoallelic,'* Tet2 haploinsufficiency in mice was
not sufficient to induce leukemia in a majority of cases,'® suggesting
a requirement for collaborating mutations. Complete ablation of
Tet?2, in contrast, drives an indolent CMML-like disease, character-
ized by monocytosis and extramedullary hematopoiesis.'>'® At the
preleukemic stage, Tet2 deficiency increases hematopoietic stem
cell (HSC) self-renewal.'®® The effect of Tet2 deficiency on HSC
proliferation has not been investigated.

The p21™° (Ras) family of signal switch molecules is essential for
proliferative responses to hematopoietic growth factors.'®22
Activating RAS mutations are prevalent in human cancers,
including hematologic malignancies.>®?* In CMML, oncogenic
NRAS and KRAS mutations are found in ~15% to 40% of
patients*2®2® and are associated with a more proliferative
phenotype.?” RAS mutations have been detected as the initial
or secondary mutations in CMML.® In some cases of CMML, RAS
mutations can persist after the patients have achieved complete
disease remission.?® In murine models, endogenous N-Ras®'2P
expression leads to a CMML-like disease?"?° and increased
HSC proliferation, competitiveness, and self-renewal at the
preleukemic stage.®° These data support the model that hyperac-
tive Ras can act as either an initiating mutation to induce
preleukemic clonal expansion or a collaborating mutation to
promote disease progression.

The co-occurrence of NRAS and TET2 mutations in leukemia
implies collaboration between the 2 in leukemogenesis. However,
whether NRAS and TET2 mutations collaborate in vivo and how the
2 interact to modulate HSPC function at leukemia initiation have not
been investigated. We report here that oncogenic N-Ras®'2P and
Tet2 haploinsufficiency collaborate to dysregulate HSPCs in vivo by
providing both distinct and complementary competitive advantages
to HSPCs and accelerate CMML with significantly shortened
overall survival and more complete disease penetrance.

Methods

Animals

The conditional mouse strains of Mx7-Cre/LSL-Nras®'?P,2°

Mx1-Cre/Tet2*'"® and transgenic Col1A1-H2B-GFP/Rosa26-
M2-rtTA®! were previously described. All mice were housed
in the Unit for Laboratory Animal Medicine at the University
of Michigan, and protocols were approved by the University
Committee on the Use and Care of Animals.
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Flow cytometry analysis of hematopoietic populations

Enumeration of hematopoietic populations was performed as
previously described.?® The gating strategy for SLAM HSCs
(CD150"CD487LSK), SLAM multipotent progenitors (MPPs;
CD150~CD487LSK), LSKs (Lineage™Scal™cKit™), common my-
eloid progenitors (CMPs; Lin”Scal cKit"CD34"CD16/327),
granulocyte-macrophage progenitors (GMPs; Lin~Scal cKit™
CD34*CD16/32"), megakaryocyte-erythroid progenitors (MEPs;
Lin~"Scal "cKit"CD34~CD16/327), monocytes (Gr-1 loWMac-17),
granulocytes (Gr-1"9"Mac-1%), T lymphocytes (CD37), and
B lymphocytes (B220™) is shown in supplemental Figure 1.

BM transplantation

Whole bone marrow (BM) or sorted cells from donor CD45.2
mice were collected in fluorescence-activated cell sorting
(FACS) buffer (Hanks balanced salt solution buffer containing
2% fetal calf serum) and transplanted into lethally irradiated
(1100 Gy) CD45.1 mice along with CD45.1 competitor cells.
Donor chimerism was monitored for 20 weeks by peripheral
blood FACS staining. At 20 weeks, mice were euthanized, and
BM cells were stained for donor chimerism analysis.

In vivo BrdU incorporation assay

Mice were administered with a single dose of 100 mg/kg of
5-bromo-2’-deoxyuridine (BrdU) via intraperitoneal injection and
placed on BrdU water (1 mg/mL) for 24 hours before BrdU
incorporation assay.>° BM cells were stained with SLAM HSC
antibodies, permeabilized and stained with anti-BrdU (APC BrdU
Flow Kit; Fisher Scientific), and then analyzed by flow cytometry.

RNA sequencing

RNA sequencing libraries were prepared using the SMARTer
Stranded RNA-Seq Kit (Takara), after removal of ribosomal RNA
and mitochondrial RNA using the RiboGone-Mammalian Kit
(Takara). Samples were multiplexed and sequenced on lllumina
HiSeq 2500 with a paired-end sequencing length of 200 bp. RNA
sequencing data were deposited in the Gene Expression Omnibus
(accession #GSE97640).

Quantification and statistical analysis

Data are presented as mean = standard error of the mean. Data
were analyzed using Student ¢ test to assess statistical significance.
Additional experimental procedures are described in supplemental
Methods.

Results

N-Ras®'2P and Tet2 haploinsufficiency together
induce a lethal and highly penetrant CMML-like
disease

To understand the functional effects of coexisting N-Ras and Tet2
mutations on leukemogenesis, we crossed Mx7-cre”/Nras-S=G12P/*
mice?® with Tet2 conditional knockout mice.'® Single-mutant
Mx1-cre™ ILoxp-STOP-Loxp-NrasS'2P'* (Nras®'2™*) or Mx1-cre™/Tet2 "
(Tet2*’") and double-mutant Mx7-cre™/Loxp-STOP-Loxp-
Nras®12P/* Tet2* M (Nras®12P/* /Tet2 /) mice were analyzed
together with wild-type (WT) control mice. We chose to use
heterozygous Tet2 knockout because most TET2 mutations in
human leukemia are monoallelic.'* Administration of polyinosine/
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Figure 1. N-Ras®'?P and Tet2 haploinsufficiency induce
accelerated CMML-like diseases in mice. (A) Kaplan-Meier A 100
survival curve of Nras®'2%’* (n = 33), Tet2™'~ (n = 19), 80 4 i %
Nras®'?P*/Tet2*'~ (n = 23), and control WT littermates = WT (n=30) =
(n = 30). The log-rank test was used to assess statistical - Tet2" (n=19) ; 60 I
significance. (B) Representative flow cytometry analysis of BM ~ Nras®'27 (n=33) "; ]|
cells and splenocytes (SPs) from diseased mutant mice and - NrasGmDH;TetT/' (=23 = 401 ’
age-matched WT controls. The frequency of myeloid cells is 20 A
determined with markers of Mac-1 and Gr-1 (Mac-1"Gr-1'°" and 0
Mac-1"Gr-17). (C) Hematoxylin and eosin staining of spleen (scale 0 260 4(')0 G(I)O
bar represents 100 pum) and liver (scale bar represents 20 pm) Days
sections from different groups of animals. Infiltration (IFT) of
neoplastic cells is indicated. *P = .05, **P < .01, ***P =< .001.
B WT Tet2+ Nras®120+  Nras@'2D/+ Tetot
47.7% 48.1%] |{ 60.5% ™
2.66%
Mac1
C WT Tet2* Nras®120/+ Nras®120/+ Teto+/-
Spleen
(10x)
Liver
(40x)

polycytosine (poly [I:C]) in 6-week-old sex- and age-matched mice
led to activation of a single allele of Nras®'2P and deletion of 1 allele
of Tet2 in hematopoietic tissues.'®?° Mice were observed for a
period of 600 days. All mutant groups of mice had reduced overall
survival compared with control mice. Consistent with previous
report,15 Tet2™~ mice showed indolent onset of disease, with
median survival not reached, and only 16.7% of mice became
moribund within 600 days. Nras®'?®* mice also displayed indolent
disease onset and incomplete disease penetrance (36.8%), with
median survival not reached (Figure 1A). This is similar to our
previous report showing a median survival of 588 days with
Nras®'?P"* mice on a pure C57BL6 background.?® However,
Nras®'?®'*/Tet2*/~ double mutants demonstrated significantly
shortened median survival (439 days) with increased disease
penetrance (73.3%) compared with single mutants (Figure 1A).

The disease in moribund mice was best characterized as CMML-like by
histopathology and immunophenotyping. Both Nras®'2P*/Teto™'~
and Nras®'?®* mice demonstrated a dramatic expansion of myeloid
cells (Mac1Gr1™) in BM and spleen (Figure 1B; supplemental Table 1).
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In moribund and 600-day-old surviving mice, Nras®'?”*/Tet2™'~ and
Nras®"®* mice showed marked leukocytosis with significantly in-
creased white blood cell counts. Monocytosis occurred in all mutant
mice (supplemental Table 2). Nras®'?®*/Tet2*’~ mice exhibited
significantly enlarged spleen compared with WT mice. Histolog-
ical examination revealed significant extramedullary hematopoiesis
in moribund Nras®'2P"* /Tet2*'~ and Nras®'?®’* mice, with loss
of normal spleen and liver architecture and extensive infiltration
of mature myeloid cells (Figure 1C). No AML was detected in
Nras®'2P"* | Tet2™'~ mice.

Although the moribund Nras®'2'*/Tet2*'~ and Nras®'?®'* mice
exhibited similar disease burden, more Nras®'?®*/Tet2™'~ mice
became sick during the observation period, indicating that Tet2
haploinsufficiency accelerates the disease. We performed fur-
ther analysis at 6 months, when mutant mice demonstrated no
phenotypic abnormalities. Nras®'2P'*/Tet2*'~ mice had lower BM
cellularity (Figure 2A). Within BM, the percentage and total number
of MPPs in Nras®'2P'*/Tet2™'~ mice were significantly higher than
those of Nras®'2P'* mice, although the HSC and LSK levels were
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Figure 2. Steady-state hematopoietic differentiation in 6-month-old mice. (A) Total cellularity in the BM. (B-D) Absolute numbers of HSCs, MPPs, and LSKs (B);
CMPs, GMPs, and MEPs (C); and mature granulocytes and monocytes (D) in the BM. (E) Spleen (SP) weight (g) and total cellularity. (F-H) Absolute numbers of
HSCs, MPPs, and LSKs (F); CMPs, GMPs, and MEPs (G); and mature granulocytes and monocytes (H) in the SP. (I) Hematoxylin and eosin staining of SP, liver,
and lung sections from different groups. IFT of neoplastic cells is indicated. The absolute numbers of BM cells were calculated using an established formula that
estimates that 1 femur and 1 tibiae contain 7.5% of total nucleated BM cells. Data represent mean *+ standard error of the mean. One-tailed Student t tests were
used to assess statistical significance. *P = .05, **P = .01, ***P =< .001.
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similar (Figure 2B; supplemental Figure 2A). Both Nras®'2*Teto '~
and Nras®'?P"* mice showed increased numbers of CMPs, GMPs,
and MEPs compared with WT mice; however, Nras®'2*/Tet2*/~
mice further enriched CMPs within total BM and the myeloid
progenitor pool (Lin"Scal cKit"; Figure 2C; supplemental
Figure 2B-C). Both Nras®'?®*/Tet2™ ™ and Nras®'?®* mice
displayed BM monocytosis (Figure 2D; supplemental Figure 2D).
Nras®12P'* ITet2™~ mice were characterized by marked splenomegaly
with increased cellularity (Figure 2E). As a result, Nras®'?>'*/Tet2 ™~
mice tended to have higher numbers of HSCs, MPPs, LSKs, myeloid
progenitors, and mature myeloid cells in the spleen compared with
Nras®'?P'* mice, although their relative percentages were similar
(Figure 2F-H; supplemental Figure 2A-D). Notably, T and B lymphocytes
were significantly reduced in Nras®'2%*/Tet2*'~ mice, suggest-
ing a myeloid-skewed differentiation (supplemental Figure 2D).
Pathologic evaluation revealed that the spleen architecture
from Nras®'2P/*/Tet2*'~ mice was largely effaced, whereas
Nras®'2P'* spleen showed preserved architecture with moderate
myeloid infiltration. Extensive myeloid infiltration was observed in
the liver and lung in each single Nras®'2P'*/Tet2™~ mouse,
whereas this was rarely seen in single-mutant mice (Figure 2I).
Taken together, Nras®'?®*/Tet2"/~ mice have significantly
higher degrees of extramedullary hematopoiesis and myeloid
infiltration into nonhematopoietic organs, indicating that the 2
mutations collaborate to induce myeloid expansion and increase
mortality.

The CMML-like disease in Nras®'2P/*/Tet2"/~ mice is highly
transplantable, and within 9 weeks, all secondary transplant
recipients developed lethal CMML-like disease similar to
phenotypes observed in primary donor mice, with significant
monocytosis and enlarged spleen and liver (supplemental
Figure 3). Although hemoglobin and red blood cell counts
were normal in donor mice, the mice undergoing transplanta-
tion developed severe anemia and thrombocytopenia, which
represent a more advanced disease stage (supplemental
Tables 2 and 3). No somatic loss of the WT Nras allele or
amplification of the Nras®'2P mutant allele was detected in
primary or diseased secondary transplant recipients (supple-
mental Figure 4A). Interestingly, Nras messenger RNA level
was increased in diseased secondary transplant recipients,
as compared with primary diseased mice (supplemental
Figure 4B), which may explain the advanced disease pheno-
type. Taken together, oncogenic N-Ras and haploinsufficient
Tet2 collaborate to induce a highly penetrative and transplant-
able CMML-like disease in mice.

N-Ras®'2P and Tet2 haploinsufficiency collaboratively
enhance HSC competitiveness and self-renewal

Given that CMML is driven by dysregulated HSCs, we sought
to investigate whether combining oncogenic N-Ras®'2P with
haploinsufficient Tet2 would alter HSC function. We con-
ducted all HSC analyses at 2 weeks post poly (I:C) injection,
when the mutant alleles were fully activated and the mice
showed no evidence of disease. This allowed us to investigate
the early changes in mutant HSPCs that lead to the initiation of
leukemia.

We first performed a competitive repopulation assay to assess
HSC competitiveness. BM cells from CD45.2 Tet2*'~, Nras®'2P/+,
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Nras®'?P"* /Tet2™'~, and WT mice along with CD45.1 WT BM cells
were transplanted into lethally irradiated CD45.1 mice at a 1:3
ratio of donor/recipient cells. Donor contribution (CD45.2%) to
myeloid and lymphoid compartments was analyzed every 4
weeks in peripheral blood. Both N-Ras®'2P and Tet2 haploin-
sufficiency gave rise to significantly higher long-term multilineage
reconstitution, consistent with previous reports.'®2° However,
recipients of Nras®'2P/*/Tet2%'~ cells exhibited a significant
further increase of donor reconstitution in all lineages over 20
weeks (Figure 3A). By 20 weeks, we assessed the percentage of
donor-derived cells in HSPC compartments in the BM. Recipi-
ents of Tet2"'™ cells exhibited significantly higher levels of
donor-derived HSCs, MPPs, and LSKs, whereas recipients of
Nras®12P’* cells displayed similar levels of donor-derived HSCs
and MPPs but significantly higher levels of donor-derived LSKs.
The Nras®'2P/"/Tet2"'~ cells gave rise to the highest donor
reconstitution across all HSPC compartments and mature
lineage cells (Figure 3B). In transplant recipients, the myeloid/
lymphoid ratio generated from mutant cells was balanced,
without lineage skewing (supplemental Figure 5), indicating that
donor HSCs are dysregulated at this early stage but not fully
transformed to give rise to myeloid bias. Therefore, hyperactive
N-Ras and Tet2 haploinsufficiency dysregulate HSCs at a
preleukemic stage.

To examine the effect of combined Nras and Tet2 mutations on
HSC self-renewal, we performed serial transplantation assay by
transplanting 3 X 10° BM cells from primary transplant recipients
(Figure 3A) into lethally irradiated CD45.1 mice. In secondary
transplant recipients, we continued to observe the highest
long-term donor reconstitution by Nras®'2P*/Tet2™'~ cells in
all lineages in both peripheral blood (Figure 3C) and BM
(Figure 3D).

To assess competitiveness and self-renewal of individual HSCs,
we transplanted 15 FACS-purified SLAM HSCs from CD45.2
mice along with 3 X 10° CD45.1 WT BM cells into lethally
irradiated CD45.1 recipients. At this dosage, WT, Tet2*'~, and
Nras®'2P’* HSCs gave rise to low levels of donor reconstitution,
with no significant difference between each group. However,
Nras®12P/* [ Tet2*/~ HSCs gave rise to significantly higher levels
of long-term multilineage reconstitution in transplant recipients
(Figure 4A). Taken together, these results demonstrate a syner-
gistic effect of N-Ras®'2P and Tet2 haploinsufficiency on HSC
competitiveness and self-renewal.

MPPs from Nras®'2?/*/Tet2*/~ mice gain long-term
multilineage reconstitution

Compared with HSCs, MPPs can generate all lineages of
blood cells but have limited self-renewal potential and are not
able to sustain long-term multilineage reconstitution in transplant
recipients. Recent studies have shown that in a Tet2 ™/~ /FIt3'TP-
induced AML model, MPPs can propagate and sustain leuke-
mia phenotypes in secondary transplant recipients.>> We next
sought to assess the self-renewal potential of MPPs from
Nras®'2®*/Tet2™'~ mice. We transplanted 15 FACS-purified
MPPs from CD45.2 mice into lethally irradiated CD45.1 recipients
along with 3 X 10° CD45.1 WT BM cells. Nras®'2P/* /Teto™'~
MPPs exhibited long-term donor engraftment in a majority of
recipients (7 of 10), with significantly higher levels of multilineage
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Figure 3. N-Ras
Mx1-Cre/Nras®'2* | Mx1-CrelTet2*'~, Mx1-Cre/Nras®'?'*/Tet2*/~, and littermate control mice at 2 weeks after poly (I:C) treatment (n = 3 donors per genotype) were
transplanted into lethally irradiated recipient (CD45.1) mice (n = 15 recipients per genotype) along with 1.5 X 10° recipient BM cells. Donor-cell reconstitution in total
nucleated cells and myeloid (Mac1*Gr1'°" and Mac1*Gr1™) and B- (B220*) and T-cell (CD3") lineages was assessed in peripheral blood for 4 to 20 weeks after
transplantation. (B) BM percentages of donor-derived HSCs (CD150*CD48~LSK), MPPs (CD150~CD48 LSK), and LSKs (Lin~Scal*c-Kit*) and donor-derived myeloid
(Mac1™Gr1'°" and Mac1Gr1™) and B- (B220™) and T-cell (CD3™) lineages in primary transplant recipients (n = 8 per genotype). (C) Secondary transplantation (n = 10
recipients per genotype) of 3 X 108 BM cells from primary recipient mice in panel A (n = 2 donors per genotype). Donor-cell reconstitution in total nucleated cells and myeloid
and B- and T-cell lineages was assessed. (D) Donor-derived myeloid and B- and T-cell lineages in the BM of secondary recipient mice (n = 9 per genotype). Data represent
mean * standard error of the mean. Two-tailed Student t tests were used to assess statistical significance. *P = .05, **P = .01, ***P =< .001.

donor reconstitution. In contrast, Tet2*'~ and Nras®'?'* single- data suggest that mutations in Nras and Tet2 collaboratively provide
mutant MPPs rarely gave rise to long-term reconstitution in recipients, MPPs with stem cell-like features, including enhanced long-term
and the level of reconstitution was much lower (Figure 4B-C). These reconstitution and self-renewal capacity.
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Figure 4. Purified HSCs and MPPs from Nras®'2®/*/Tet2*/~mice gain enhanced competitiveness and self-renewal. (A) Fifteen donor (CD45.2) HSCs (CD150™"
CD487LSK) from Nras®'22* | Tet2™~, Nras®'2®*/Tet2"/~, and littermate control mice (n = 2 donors per genotype) were transplanted into lethally irradiated recipient (CD45.1)

mice (n = 10 recipients per genotype) along with 3 X 10° recipient BM cells. Donor-cell reconstitution in total nucleated cells and myeloid and B- and T-cell lineages was
assessed in peripheral blood after transplantation. (B) Fifteen donor (CD45.2) MPPs (CD150~ CD48~ LSK) were transplanted into lethally irradiated recipient (CD45.1) mice
(n = 10 recipients per genotype) along with 3 X 10° recipient BM cells. The number of recipient mice with long-term engraftment from 2 separate rounds of transplantation is

shown for each genotype. (C) Donor-cell reconstitution was assessed in peripheral blood from mice in panel B. Data represent mean * standard error of the mean. Two-tailed

Student ¢ tests were used to assess statistical significance. *P = .05, *P = .01, ***P = .001.

Tet2 haploinsufficiency maintains HSCs and
progenitors at a more quiescent state

To maintain hematopoietic homeostasis, HSCs preserve dormancy
to retain long-term self-renewal capacity while also activating
proliferation and differentiation to produce mature blood cells.®®
Our previous study demonstrated that N-Ras®'?" causes overall
HSC hyperproliferation without compromising self-renewal capac-
ity through a bimodal effect.®® Here, we sought to assess how Tet2
haploinsufficiency regulates HSC proliferation, on its own and in
combination with N-Ras®'2P, We first performed an in vivo 24-hour
BrdU labeling assay (Figure 5A). Consistent with our previous
report,® Nras®'?®* HSCs exhibited significantly increased over-
all BrdU incorporation compared with WT. Interestingly, Tet2"/~
significantly reduced the level of BrdU incorporation in
Nras®'2P*/Tet2™'~ compared with Nras®'?®/* HSCs, restoring
it to a level similar to the control (Figure 5B).

With the short pulse of BrdU labeling, Tet2™~ HSCs did not show
changes in BrdU incorporation compared with WT (Figure 5B).
Previous reports have indicated that at steady state, most HSCs are
quiescent in Go, and only 3% are in the S/G2/M phase,®* and HSCs
are heterogeneous in their rate of entering cell cycle.®'*® Therefore,
the short-term BrdU labeling may not capture changes in HSC
proliferation over time. To address this, we performed an H2B-GFP
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label retention assay by mating Mx1-Cre/Tet2"'~ mice with Col1A1-
H2B-GFP/Rosa26-M2-rtTA double transgenic mice.®! In this model,
HSCs were first labeled with H2B-GFP during a 6-week period of
doxycycline administration (2 g/L). After removal of doxycycline, HSCs
dilute H2B-GFP with each round of division, which allows tracking of
proliferation over time. After either a 6- or 18-week chase period,
Tet2"'~ HSCs retained much higher GFP levels compared with WT,
indicating an overall less proliferative state of HSCs. Similarly, Tet2
haploinsufficiency led to decreased cell division in MPPs and LSKs
(Figure 5C). Because quiescent HSCs maintain higher competitive
advantage and self-renewal potential than fast-cycling HSCs, 303134
these results indicate Tet2 haploinsufficiency maintains balanced
HSC proliferation and expands the HSC pool with high self-renewal
and competitive potential.

Hyperactive N-Ras and Tet2 haploinsufficiency
coordinate to dysregulate transcription programs
in HSCs

We next performed RNA sequencing analysis in FACS-sorted SLAM
HSCs to determine how Nras and Tet2 mutations interact to alter
transcriptional programs at the preleukemic stage. Unsupervised
correspondence analysis segregated mutant genotypes into clusters
(Figure 6A), suggesting that transcription programs had been altered by
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Figure 5. Tet2 haploinsufficiency decreases cell division in HSPCs. (A) Scheme of BrdU incorporation by HSCs. A 24-hour pulse of BrdU was administered to mice at
2 weeks after poly (1:C) treatment. Percentages of BrdU* HSCs were analyzed by flow cytometry. (B) BrdU incorporation by HSCs from Nras®'2P'* Teto™ = Nras®'2®'*/Tet2/~,

and littermate control mice (n = 4 per genotype). (C) GFP expression in HSCs, MPPs, and
littermate controls after labeling followed by 6 or 18 weeks of chase without doxycycline

LSKs from Mx1-Cre/Tet2*'~/Col1A1-H2B-GFP/Rosa26-M2-rtTA (Tet2*'~) mice and
(doxy; n = 4 pairs of mice from 3 or 4 independent experiments). All mouse pairs

were age and sex matched. Data represent mean * standard error of the mean. Two-tailed Student t tests were used to assess statistical significance. *P = .05, **P < .01,

***P = .001. MFI, mean fluorescence intensity.

single or combined mutations even at this early stage (2 weeks post—poly
[I:C]). To explore downstream targets regulated by the 2 mutations,
we examined differentially expressed genes in Nras®'2P/*/Tet2*'~
HSCs versus WT, with a fold change of >1.5 and false discovery
rate of <0.1 (top-ranking genes are listed in Figure 6B). Among these
genes, 3 negative regulators of the JAK/STAT pathway, Socs1 and 2
and Pim1, were significantly downregulated in Nras®'?P'*/Tet2*/~
HSCs. We validated the reduced expression by quantitative real-
time reverse transcription polymerase chain reaction (Figure 6C).
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We next performed gene set enrichment analysis in single- and double-
mutant HSCs as compared with WT. Consistent with the proliferation
results, gene set enrichment analysis showed opposing effects of Nras
and Tet2 mutations on cell proliferation—related pathways. Compared
with WT, N-Ras®'2P upregulated cell-cycle, DNA replication, and RNA
polymerase pathways, whereas Tet2"'~ downregulated the cell-cycle
pathway. In Nras®'2P*/Tet2™'~ HSCs, cell-cycle and DNA replication
pathways were downregulated compared with Nras®'2P/*
HSCs (supplemental Figure 6). Again, these data support the
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model of balanced HSC proliferation and therefore more preserved
HSC self-renewal in double-mutant mice.

Notably, DNA repair pathways were enriched in Nras®'2P*/Tet2/~
versus WT HSCs (supplemental Figure 7A). A defective DNA
damage repair system has been shown to cause reduced HSC
function, including impaired reconstitution potential and depletion
of the HSC pool.®® In addition, many metabolic pathways were
among the negatively enriched gene sets in Nras®'2®*/Tet2*/~
(supplemental Figure 7A), raising the interesting possibility that
hyperactive N-Ras and Tet2 haploinsufficiency together maintain
HSCs in a more metabolically inactive state to preserve HSC
function. Future investigations are needed to functionally validate
the importance of these pathways. Notably, 1 of the top 20 gene
sets positively enriched in double-mutant HSCs versus WT was the
chemokine signaling pathway, which includes many signaling
proteins in the JAK/STAT pathway (supplemental Figure 7B).
Together with the reduced expression of JAK/STAT negative
regulators (Figure 6C), these results suggest hyperactivation of
JAK/STAT signaling in double-mutant HSCs.

Concurrent Nras and Tet2 mutations induce cytokine
hypersensitivity in HSPCs

The RNA sequencing analysis suggested a hyperactivation of
JAK/STAT signaling in Nras®'??'*/Tet2*/~ HSCs. We next assessed

response of HSPCs to cytokines known to support HSPC function.
One hundred FACS-sorted SLAM HSCs were cultured in the
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presence of stem-cell factor (SCF) and thrombopoietin (TPO) for
10 days, and cell number was counted. Compared with WT,
Nras®12P* /Tet2"'~ and Nras®'2®’* HSPCs required much lower
concentration of cytokines to grow (Figure 7A left). To better
define the response to each cytokine, 500 HSCs were sorted and
cultured with either TPO or SCF. When cultured with TPO alone,
Nras®'2P'*/Tet2*/~ HSPCs gave rise to significantly higher cell
numbers compared with Nras®'?®'* or WT (Figure 7A right). SCF
alone did not support HSPC growth ex vivo (data not shown).
Therefore, our data suggest that combined N-Ras®'?" and Tet2
haploinsufficiency induce TPO hypersensitivity in HSPCs.

Given that STAT5 is downstream of TPO and is essential for
leukemic stem-cell proliferation and self-renewal,®” we next exam-
ined whether STAT5 signaling is dysregulated in double-mutant
HSPCs. Phosphorylated FACS analysis revealed that a significantly
higher number of Nras®'?P'*/Tet2"'~ LSKs showed phosphory-
lated STAT5 activation compared with Nras®'2%’* and WT LSKs
(Figure 7B). Taken together, these results suggest that oncogenic
Nras®'2P and haploinsufficient Tet2 collaborate to confer cytokine
hypersensitivity and hyperactivation of cytokine signaling to HSPCs,
which may contribute to their enhanced function.

Discussion

CMML is a clonal stem-cell disorder®® with poor prognosis, and in
approximately 30% of patients, CMML transforms to AML.#3°
Allogeneic stem-cell transplantation remains the only curative
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Figure 7. N-Ras®'?? and Tet2*/~collaborate to enhance
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treatment for CMML,; however, it is only feasible for a minority of
patients and carries significant risk of toxicity and mortality.
Clinical trials for CMML are challenging given the rarity of
CMML and the heterogeneous clinical presentation. Therefore,
preclinical modeling of CMML is essential for interrogating
the biology of the disease and testing and developing new
therapeutic strategies. The novel mouse model we generated
here represents significant advantages over previous models of
CMML. A previous study using short hairpin RNA to knock
down Tet2 in Nras®'?®* cells demonstrated no effects on
Nras®'2'*.induced CMML when transplanted into lethally
irradiated recipients.*® However, this model is limited, given that
the efficiency and sustained knockdown of protein or enzyme
activity by short hairpin RNA are difficult to predict. In genetic
mouse models, single-mutant N-Ras®'2P induces a CMML-like
phenotype, with long latency and low disease penetrance.?®
Moreover, many mice developed significant lymphoproliferation
and histiocytic sarcoma in the BM, spleen, and nonhematopoietic
organs.?® The disease diversity in this model complicates the
study of CMML. In a previous report of Tet2-knockout models,
heterozygous loss of Tet2 led to a mild disease phenotype of
CMML, with disease penetrance of <8%.'® Given that TET2 and
NRAS are 2 of the most frequently mutated genes in human
CMML, our study provides a novel genetically accurate, highly
penetrative, and transplantable murine CMML model by coex-
pressing Nras®'2P and haploinsufficient Tet2.
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In this study, we demonstrate that hyperactive N-Ras and Tet2
haploinsufficiency collaborate to facilitate HSPC transformation.
First, we show that Nras and Tet2 mutations collaborate to increase
HSC competitiveness and self-renewal capability through serial
transplantation. These results reflect stronger HSC stemness
compared with either mutation alone. Notably, enhanced HSPC
stemness may have important therapeutic implications, because it
correlates with drug resistance.? Furthermore, our study demon-
strates that N-Ras®'?® and Tet2 haploinsufficiency collaborate
to enhance MPP stemness, with gained long-term reconstitution
and self-renewal potential. Interestingly, similar results have been
observed in primary human AML xenograft models, where MPPs
propagate leukemia.*' Taken together, we propose that the
enhanced competitiveness and self-renewal of double-mutant
HSCs and MPPs lead to the expansion of a primed cell population,
where the acquisition of additional mutations leads to clinical
disease (supplemental Figure 3).

HSCs balance quiescent and proliferative states both to retain
long-term self-renewal capacity and to replenish the BM with all
needed progenitors.3® Previous studies have shown that Tet2
deficiency promotes HSPC proliferation; however, the analysis was
performed using in vitro colony-forming unit formation assays."® For
the first time, we demonstrate in vivo that Tet2 haploinsufficiency
keeps HSPCs at a more quiescent state and reverses the
accelerated HSC proliferation mediated by N-Ras®'2P. From these
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data, important implications surface. Although N-Ras®'2P exerted a

bimodal effect on HSCs by inducing a fast-proliferating and more
quiescent HSC subpopulation, the fast-proliferating population lost
its reconstitution capacity much quicker than the quiescent
population.®° Thus, Tet2 haploinsufficiency maintains the quiescence
of HSCs when combined with N-Ras®'?P and expands the HSC
pool with preserved self-renewal capacity. This conclusion is
consistent with previous reports showing that mutant Tet2 enhances
HSC competitiveness and self-renewal.'® lllustratively, Tet2 muta-
tions often occur as early events and are associated with differ-
ent disease phenotypes as additional mutations are acquired. For
example, murine models coexpressing Tet2 loss with signaling
molecules demonstrate a broad spectrum of blood diseases.
Coexistence of Kit°®'®Y and Tet2 loss leads to aggressive
mastocytosis.*?> Combined JAK2Y®'"F and Tet2 loss promotes
advanced myeloproliferative neoplasms.*® FLT3'™® with Tet2 loss
induces a rapid onset of AML.®? It is notable that the disease
phenotype reflects the prevalence of each signaling mutation in
human myeloid malignancies, with RAS mutations being more
frequent in CMML, KIT mutations more dominant in systemic
mastocytosis, JAK2 mutations more common in myeloproliferative
neoplasms, and FLT3'™® more prevalent in AML.

Lastly, our study shows that Tet2 deficiency works to enhance the
cellular responses of N-Ras to provide HSPC advantages over
WT cells. Tet2 haploinsufficiency together with hyperactive N-Ras
promotes HSPC expansion in response to TPO through synergistic
activation of STAT5. Notably, oncogenic N-Ras does not, by itself,
exhibit similar effects. These findings are supported by RNA
sequencing analysis showing suppressed expression of JAK/
STAT negative regulators SOCS1/2 and Pim1 in double-mutant
HSCs. Although Pim1 expression is largely associated with JAK/
STAT activation, a recent study suggests that Pim1 acts as a
negative feedback inhibitor to restrict JAK/STAT activity.** A recent
report showed Epor-mediated JAK-STAT activation in a Dnmt3a/
Tet2 double-knockout mouse model,*® suggesting a role of Tet2 in
signaling regulation. Thus, Tet2 haploinsufficiency and hyperactive
N-Ras collaborate to promote cytokine hypersensitivity through
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