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ARTICLE INFO ABSTRACT

Keywords: Constitutive KRAS activating mutations are prevalent in hematopoietic malignancies. Our previous study showed

Sosl that the deficiency of Sos1 prolongs the survival of Kras®'?>* mice. However, whether Sos1 deletion ameliorates

Kras L 1 oncogenic Kras-mediated hematopoietic defects remains unknown. Here, we found that Sos deletion restored
gz::zzﬁﬁlenc stem ce Kras®?P-mediated hematopoietic stem cell (HSC) and multipotent progenitor (MPP) exhaustion by maintaining

quiescent HSC and MPP pools. Sos1 knockout attenuates hyperactivation of ERK signaling in Kras®2>/* HSCs and
MPPs. Additionally, the loss of Sos1 reduced the frequency and colony-forming capability of myeloid progenitors
in Kras®'?®* mice, resulting in a less severe myeloproliferative neoplasm phenotype. Moreover, Sosl knockout
prolonged the survival of Kras®'?®/* mice in a cell-autonomous manner. In general, cells with SosI deletion
remained sensitive to MEK and JAK inhibition, suggesting that combined Sosl inhibition and other therapies

ERK signaling

could be a promising strategy for the treatment of oncogenic KRAS-driven leukemia.

1. Introduction

Dysregulated RAS signaling is pervasive in all human cancers. Mu-
tations in cancer-associated RAS impair the hydrolysis of GTP, resulting
in the accumulation of the active RAS isoform (RAS-GTP) and hyper-
activation of downstream signaling pathways such as RAF/MEK/ERK [1,
2]. Mutations in KRAS and NRAS are particularly common in childhood
leukemia and often occur during disease onset, progression, malignant
transformation, and relapse [3-6]. Despite the high mutation rate of
NRAS, KRAS mutations are closely associated with accelerated disease
progression and poor prognosis in some types of childhood leukemia [7].
Juvenile myelomonocytic leukemia (JMML) is particularly aggressive in
children with heterozygous KRAS mutations and often necessitates ur-
gent bone marrow transplantation [8]. KRAS mutations, rather than
NRAS mutations, are closely linked to poor prognosis in relapsed child-
hood acute lymphoblastic leukemia (ALL) [9]. Therefore, in-depth
research into the pathogenic mechanisms induced by KRAS mutations
in hematological malignancies and the exploration of new therapeutic
targets have significant theoretical and clinical value.

SOS1 is the major RAS guanine nucleotide exchange factor (RAS-GEF)

expressed in many types of cells [10]. The catalytic domain (SOS-cat) of
SOS1 consists of an REM domain and a Cdc25 homologous domain. A
crystallographic study of the SOS-cat domain indicated that the allosteric
site binds to RAS-GTP and the catalytic site binds to inactive RAS
(RAS-GDP) [11]. Our previous study reported that KRAS-GTP can
cross-activate WT-Ras by binding to SOS1, enabling leukemic cells to
further activate the ERK signaling pathway through this positive feed-
back mechanism [12]. Additionally, SOS1 serves as a node in the RAS
signaling pathway regulation: the activation of the RAS pathway leads to
SOS1 phosphorylation, reducing its GEF activity and thereby suppressing
RAS signaling [13]. This negative feedback loop is one of the reasons why
single agents, such as MEK/ERK inhibitors, show limited efficacy.
Therefore, the combined inhibition of SOS1 and MEK may be more
effective in treating hematologic malignancies driven by oncogenic
KRAS.

Our previous study showed that KRAS®*2P binds to SOS1 and acti-
vates RAS signaling. Sos1 deletion improves KRAS®'?P-induced myelo-
proliferative neoplasm (MPN) phenotypes [12]. However, whether Sos1
deficiency ameliorates KRAS®!?P-mediated hematopoietic stem and
progenitor cell (HSPCs) defects remains unknown. Here, we demonstrate
that Sos1 knockout restores Kras®!?P-induced hematopoietic stem cell
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(HSCs) depletion and prevents the expansion of myeloid progenitors
(MPs), thereby prolonging the survival of Kras®'1?P* mice in a
cell-autonomous manner. Our study elucidates the mechanism underly-
ing the critical role of Sos1 in KRAS®!?P-induced hematological malig-
nancy and provides a rationale for targeting the interaction between Sos1
and oncogenic Kras in cancer treatment.

2. Materials and methods
2.1. Mice

The mouse lines were maintained in a pure C57BL/6 genetic back-
ground (N > 10). The mating strategy was the same as previously re-
ported [12]. CD45.1" recipient mice were purchased from Jackson
Laboratory. Six to eight week old mice (20-25 g, both male and female)
were used. All animal experiments were conducted according to the
Guide for the Care and Use of Laboratory Animals and were approved by
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Fig. 1. HSCs and MPPs in Kras®2Y/ *; Sos1 ~/~ mice are much more quiescent than those in Kras®'?"/* mice. Control ), Kras®12P/+ (Kras), and Kras®'2Y/ *; Sos1 —/=
(Kras; sos1—/—) mice were sacrificed 6-weeks after birth for analysis. (A) Tail and bone marrow (BM) DNAs was extracted and genotyped for Kras and Sos1 alleles. (B)
Flow cytometry analysis of monocytes and neutrophils in peripheral blood (PB), bone marrow (BM) and spleen (SP). (C and D) Frequencies and numbers of he-
matopoietic stem cells (HSCs) (C) and multipotent progenitor cells (MPPs) (D) in the hind limb bone marrow (BM) and spleen (SP). The absolute numbers of HSC and
MPP in the BM and SP were calculated based on the number and frequency of BM and spleen cells. (E and F) Cell cycle analysis of HSCs (E) and MPPs (F) from the BM
using Ki67 and DAPI. The results are presented as means +SD. *P < 0.05, **P < 0.01; ***P < 0.001.
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Fig. 2. Loss of Sos1 decreases ERK1/2 signaling in Kras®*2”/* HSC and MPP cells. Control (C), Kras®?>/* (K), and Kras®'?/*; Sos1~/~ (KS) mice were sacrificed at 6-
weeks old. (A-B) Bone marrow HSCs (defined as [Lin CD48]” low (Kit * cells from sorted CD150" CD41~ cells) and MPPs (defined as [Lin CD48]” low (it * cells from
sorted CD150 CD41 ™ cells) were gated for data analysis (n = 4). Cells were serum- and cytokine-starved for 2 h at 37 °C. Cells were then stimulated with or without
10 ng/ml mIL-3 for 10 min at 37 °C. Levels of p-ERK1/2 were measured using phospho-flow cytometry. The results are presented as means +SD. *P < 0.05, **P <

0.01; ***P < 0.001.

the Animal Care and Use Committee at UW-Madison.

2.2. Flow cytometric analysis

For the lineage analysis of different hematopoietic tissues [14],
myeloid progenitor (MP) in the bone marrow and spleen [15], and bone
marrow and spleen HSC analysis [16] were performed as previously
described. The cells were stained and analyzed using a FACSCalibur (BD
Biosciences, Franklin Lakes, NJ, USA) or LSR II (BD Biosciences). Anti-
bodies against B220 (RA3-6B2), CD19 (eBiolD3), Gr-1 (RB6-8C5),
CD45.2 (104), Thyl.2 (53-2.1), Mac-1 (M1/70), CD8 (53-6.7), CD4
(GK1.5), CD3 (145-2C11), cKit (2B8), IgM (II/41), Sca-1 (D7), IL7R«
(A7R34), CD34 (RAM34), and TER119 (TER-119) were purchased from
eBioscience (San Diego, CA, USA). FcyRII/III (2.4G2) was purchased
from BD Biosciences. CD150 (TC15-12F12.2) was purchased from Bio-
legend (Sand Diego, CA, USA).

2.3. Flow cytometry analysis of p-ERK1/2 and p-Stat5

Total bone marrow cells were deprived of serum and cytokines for 2 h
and then stimulated with or without cytokines as previously described
[17]. ERK1/2 and STAT5 phosphorylation levels were analyzed as
described previously [17]. Surface antigens were detected using
FITC-against Gr-1 (RB6-8C5), B220 (RA3-6B2), CD4 (GK1.5), CD3
(145-2C11), CD8 (53-6.7), TER119 (TER-119), and PE-conjugated
anti-c-Kit (2B8) antibodies (eBioscience).

Flow cytometric analysis of phosphorylated ERK1/2 in HSCs and
MPPs was conducted as previously described [18]. Briefly, Scal™ cells
were enriched in BM using biotin beads. And then CD1507CD41~ and
CD150 CD41™ cells were sorted. The sorted cells were subjected to flow
cytometric analysis of p-ERK and p-Stat5.

Primary antibodies against p-ERK (Thr202/Tyr204; Cell signaling
Technology), APC-donkey anti-rabbit F(ab’)2 (Jackson ImmunoR-
esearch, West Grove, PA, USA), and Alexa 647-p-Stat5 (BD Biosciences)
were used.

2.4. Cell cycle analysis

Cell cycle analysis was conducted as previously described [19]. First,
HSCs and MPPs were labeled using the following antibodies: Biotin-CD41
(eBioMWReg30), B220 (RA3-6B2), CD48 (HM48-1), TER-119
(TER-119), and Gr-1 (RB6-8C5), followed by APC-CD150
(TC15-12F12.2), PE-Cy7 Streptavidin, PE-Kit (2B8), and PerCP
Cy5.5-Scal (D7). Lin~ Kit" Scal™ (LSK) and MP cells were labeled by
antibodies: Biotin-B220 (RA3-6B2), CD4 (GK1.5), Gr-1 (RB6-8C5), CD3
(145-2C11), CD8 (53-6.7), CD19 (eBiolD3), CD127 (A7R34), TER-119
(TER-119), IgM and APC-Kit (2B8), PerCP Cy5.5-Scal (D7). The
stained cells were fixed with 2% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA), permeabilized, and labeled with FITC-Ki67
(BD Biosciences) and DAPI (Invitrogen, Waltham, MA, USA). All anti-
bodies used were purchased from eBioscience unless specified otherwise.

2.5. Colony forming analysis

G12D/+ G12D/+. —/-
; Sosl

One million control, Kras or Kras splenocytes
were plated in duplicate in MethoCult M3234 semi-solid medium
(StemCell Technologies, Vancouver, BC, Canada) supplemented with or
without purified mGM-CSF or mIL-3 (PeproTech, Cranbury, NJ, USA)
using a 6 mL Luer lock syringe attached to a 16-gauge blunt-end needle.
Colonies were counted 7 days after culture.

2.6. Splenocytes transplantation and drug treatment

G12D/+ G12D/+. —/—
; Sos1

Spleen cells were isolated from Kras and Kras
mice. 2 x 10° splenocytes (CD45.2™) along with 2.5 x 10° BM cells
(helper cells, CD45.1") were injected into lethally irradiated CD45.17"
mice, as previously described [20]. Peripheral blood was collected every
four weeks after treatment to monitor the development of hematopoietic
malignancies.

Bone marrow cells from moribund Kras and Kras
~ mice were cultured in SFEM medium (StemCell Technologies) con-
taining 10% FBS and 0.2 ng/ml mouse GM-CSF (PeprotTech). Cells were

G12D/+ G12D/+. -
/ ; Sos1 /
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Fig. 3. Sosl deficiency reduces colony-forming capability of Kras®12P/+ myeloid progenitor cells. Control (C), Kras®'?P/* (Kras), and Kras®'?™*; Sos1™/~ (Kras;
sosl—/—) mice were sacrificed 6-weeks after birth for analysis of Lin~ Sca-1" c-Kit" cells (LSKs), myeloid progenitors (MP), granulocyte-macrophage progenitors
(GMPs), and megakaryocyte-erythroid progenitors (MEPs). (A-D) Quantitative analysis of LSK (A), MPs (B), GMPs (C), and MEPs (D) in bone marrow (BM) and spleen
(SP). The absolute numbers in the BM and SP were calculated based on the number and frequency of cells numbers and spleen. (E, F) Cell cycle analysis of LSK and MP
cells using Ki67 and DAPI staining. (G) Splenocytes were cultured in methylcellulose-based medium M3234 supplemented with or without purified mGM-CSF or mIL-
3, as described in the Methods section. Colonies were counted after seven days of culture. The results are presented as means +SD. *P < 0.05, **P < 0.01 and ***P

< 0.001.

cultured in 6-well plates in a medium containing DMSO and/or MEK
(AZD6244, ChemieTek, Indianapolis, IN, USA) and JAK inhibitors
(CYT387, ChemieTek) for 2 h, and p-ERK1/2 and p-STAT5 were detected
using Phosflow.

2.7. Data analysis, statistics, and reproducibility

The Prism 9.4.1 software (GraphPad, USA) was used for statistical
analyses, and data are shown as mean + SD. Experiments were performed
in triplicate and repeated at least three times. Statistical testing was
performed using an unpaired two-tailed Student's t-test and/or ANOVA,
assuming significance at P < 0.05.

3. Results and discussion

3.1. HSCs and MPPs in Kras®1?P/*; Sos1~/~ mice are more quiescent than
those in Kras®*2P/* mice

To determine whether Sosl deficiency could restore KRASC2D/
*+.mediated hematopoietic defects, we generated Kras®'?*; Vav-Cre

(Kras) and Kras®'?”/ *; Sosl fly ﬂ; Vav-Cre mice (Kras; Sosl ~/7). Vav-Cre
(C) mice served as controls (Fig. 1A). Consistent with the previously re-
ported acute myeloproliferative neoplasm (MPN) phenotype, Kras mice
displayed expanded myeloid compartments (Mac1ltGrl™ monocytes and
Mac1"Grl" neutrophils) at age 6 weeks. The numbers of neutrophils in
various hematopoietic tissues were lower in Kras; Sosl™/~ mice
compared to those in Kras mice. This finding is consistent with previously
reported lower white blood cell counts and less splenomegaly in Kras;
Sos1~/~ mice [12], indicating that the loss of SosI suppresses MPN
progression in Kras®'2Y/* mice (Fig. 1B). Since mutant HSCs serve as
MPN-initiating cells in Kras®'?®* mice, we examined the HSC
compartment in 6 weeks old mice. Consistent with a previous study [21],
the frequency and number of HSCs in the BM of Kras®*?"/* mice were
significantly lower than those in controls, whereas the HSC frequency
and number in Kras®'?®/* spleens were much higher. Notably, the
KRAS-mediated HSC depletion phenotype in the BM was rescued in Kras;
Sos1~/~ mice (Fig. 1C). Similarly, the decreased MPP compartment in
Kras®'?P/* BM cells was restored by Sos1 knockout (Fig. 1D). However,
due to the milder splenomegaly [12], the numbers of HSCs and MPPs in
the spleen of Kras; Sos1~/~ mice were lower than those in Kras mice,
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despite a slightly higher percentage (Fig. 1C and D).

To investigate whether the loss of Sosl affects oncogenic KRAS-
mediated HSC proliferation, cell cycle analysis of BM cells was per-
formed. Our results showed that both HSCs and MPPs in the BM of
Kras®'2"/* mice were more proliferative than those in control mice,
resulting in the exhaustion of the HSC and MPP pools. Interestingly,
increased frequencies of GO phase-HSCs and MPPs were observed in the
BM of Kras; Sos1~/~ mice, suggesting that loss of Sos] maintains a
quiescent HSPC pool, thereby preventing HSPC exhaustion (Fig. 1E and
F). These results revealed that loss of Sos1 rescued hematopoietic ab-
normalities in KRAS®!2P/*-mediated hematopoietic malignancies.

3.2. Sos1 function is indispensable for KRAS®1?P-mediated downstream
ERK1/2 signaling

Since ERK1/2 signaling is the main downstream target of KRAS, we
investigated whether the loss of Sos1 affects ERK signaling in HSCs and
MPPs. Consistent with our previous publication [21], ERK1/2 signaling
in Kras®'?P/+ HSCs and MPPs was more hyperactivated than in control
cells. As expected, the hyperactivated ERK1/2 signaling of HSCs and
MPPs was suppressed in Kras; Sos1~/~ mice, although remained higher
than that in control cells, which is consistent with the high KRAS-GTP
level after Sos1 deletion [12] (Fig. 2A and B). HSPCs are tightly regu-
lated by cytokines; therefore, we investigated whether the loss of Sosl
disturbs cytokine-induced ERK1/2 signaling activation. Interleukin-3
(IL-3) is a major early hematopoietic growth factor that plays a crucial

role in hematopoietic regulation. Indeed, IL-3-stimulated ERK activation
was significantly reduced in Kras; Sos1~/~ HSCs and MPPs compared to
that in Kras cells (Fig. 2A and B). Our data indicate that SosI knockout
rescues HSC and MPP exhaustion, at least partially, by modulating
ERK1/2 signaling.

3.3. Sos1 deficiency reduces colony-forming capability of Kras®2P/+

myeloid progenitor cells

Our previous study showed that granulocyte-macrophage colony-
stimulating factor (GM-CSF)-stimulated ERK1/2 and STAT5 activation
were greatly reduced in myeloid progenitors (MPs) and myeloid pre-
cursors (MPres) in Kras;Sos1 ~/~ mice compared with those in Kras mice
[12]. However, whether the loss of Sosl affects the Linc-Kit"™ Sca-1*
(LSK) and MP compartments in Kras mice remains unknown. Therefore,
we analyzed the LSK, MP, granulocyte-macrophage progenitor (GMP),
and megakaryocyte-erythroid progenitor (MEP) compartments. The
manifestation of MPN phenotypes is primarily driven by the rapid pro-
liferation of MPs. Consistent with the milder splenomegaly of
Kras;Sos1™/~ mice, the numbers of LSKs, MPs, GMPs, and MEPs were
significantly reduced in the spleen, despite comparable percentages in
Kras and Kras;Sos1 ™/~ mice (Fig. 3A-D). Similar to HSCs, the percentages
of LSKs and MPs in the BM of Kras;Sos1 ™/~ mice were higher than those
of Kras mice. Cell cycle assays revealed increased quiescence in LSKs and
MPs from Kras;Sos1~/~ mice compared to those from Kras mice (Fig. 3E
and F). Correspondingly, the notable increase in the frequency of MPs in
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the spleen was confirmed by colony forming assays, where Kras cells
formed more colonies than control cells with or without cytokine stim-
ulation, while Kras;Sos1~/~ cells formed fewer colonies than Kras cells,
indicating a reduced percentage of functional MPs in the spleen of
Kras;Sos1 ~/~ mice (Fig. 3G). Taken together, our results demonstrate that
Sos1 deficiency decreases the proportion of proliferative and functional
MPs, thereby contributing to the less severe MPN phenotype observed in
Kras®12/* mice.

G12D/+

3.4. Sosl deficiency prolongs the survival of Kras mice in a cell-

autonomous manner

We used a splenocyte transplantation approach to study whether Sos1
affects KRAS®1?P.induced leukemogenesis in a cell-autonomous manner.
An equal number of Kras or Kras; Sos1 -/= splenocytes (CD45.2™) were
transplanted into lethally irradiated recipient mice (CD45.17), along
with helper cells (CD45.1™). The survival of recipients transplanted with

Kras; Sos1™/~ cells was much longer than that of recipients transplanted
with Kras cells (Fig. 4A). Since the HSC frequency in Kras; Sos1 ™/~
splenocytes was comparable to that in Kras splenocytes (Fig. 1A), all
recipients displayed a similar contribution of CD45.2" (donor-derived)
cells in the peripheral blood (Fig. 4B). Our previous studies showed that
both Kras and Kras; Sos1~/~ mice develop MPN. Consistent with this, our
transplantation experiments demonstrated that MPN and T-ALL occurred
in almost all Kras and Kras; Sos1™/~ transplant recipients (Fig. 4C-E).
Overall, our data suggested that Sos1 deficiency plays a cell-autonomous
role in inhibiting leukemogenesis in Kras®'?®/* mice.

3.5. Combined MEK and JAK inhibition decreases GM-CSF-stimulated
ERK1/2 and STATS signaling in both Kras and Kras; Sos1~/~ cells

Our data suggest that Sosl is indispensable for the activation of
cytokine-stimulated ERK1/2 and STATS5 signaling in oncogenic KRAS-
induced leukemogenesis. Moreover, we previously reported that a
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combination of MEK and JAK inhibitors can abrogate oncogenic NRAS-
induced MPN [16]. Therefore, we investigated whether cells with Sos1
deletion remained sensitive to MEK and JAK inhibition. We used
AZD6244 and CYT387 to treat the BM cells of Kras and Kras; Sos1 ™/~
mice. The results showed that the combination of JAK and MEK in-
hibitors significantly reduced GM-CSF-stimulated ERK1/2 and STAT5
signaling activation in both Kras and Kras; Sos1 /= cells (Fig. 5A and B),
which is consistent with our previous finding that combined treatment
can prolong the survival of Kras; Sosl =/~ mice [12]. From a clinical
perspective, these findings indicate that the combination of Sosl inhi-
bition and other therapies could be a promising strategy for treating
oncogenic KRAS-driven leukemia. However, further studies are required
to test the potential clinical implications of this therapeutic strategy.

Although several SOS1 inhibitors and degraders have been developed
[22,23], available SOS1 inhibitors are scarce. In addition, SOS1 in-
hibitors targeting its catalytic domain may affect physiological MEK/ERK
signaling in normal tissues/cells, leading to significant toxicity. Hence,
the identification of new targets and establishment of viable targeting
strategies remain imperative. The allosteric site on SOS1 can specifically
bind to high concentrations of KRAS-GTP in cancer cells, thereby
cross-activating wild-type NRAS and HRAS to activate the downstream
ERK signaling pathways. Targeting the SOS1 allosteric site may effec-
tively inhibit cancer cell growth with minimal toxicity to normal cells
containing low levels of KRAS-GTP. Our future focus will be to explore
new inhibitors targeting the Sos1 allosteric site.

4. Conclusion

Previously, we reported that Sosl deletion attenuated the hyper-
activation of wild-type NRAS and HRAS, thereby ameliorating KRAS-
induced MPN phenotypes and prolonging the survival of Kras®'?P mice
[12]. However, whether Sos1 knockout can rescue KRAS-mediated de-
fects in hematopoietic compartments remains unclear. In this study, we
demonstrate that Sos1 deletion rescues oncogenic KRAS-mediated HSC
exhaustion by maintaining a quiescent HSC pool. In both the HSC and
MPP compartments of Kras mice, Sosl deletion significantly down-
regulated ERK signaling. Previous studies have demonstrated that robust
Ras/ERK signaling can shift HSC self-renewal toward differentiation,
leading to HSC exhaustion [16]. A similar mechanism may apply to HSCs
in Kras mice. Thus, we attributed the rescue of oncogenic Kras-mediated
HSC exhaustion to the inhibition of ERK signaling caused by Sos1 dele-
tion. Additionally, the loss of Sosl reduced the frequency and
colony-forming capability of Kras®2®/+ MPs, contributing to a less se-
vere MPN phenotype. Moreover, Sosl —/= prolongs the survival of
Kras®1?Y/* mice in a cell-autonomous manner. Our data elucidated the
mechanism by which SosI deficiency ameliorates KRAS-induced MPN
(Fig. 6). Notably, cells with Sos1 deletion remained sensitive to MEK and
JAK inhibition, suggesting that targeting SOS1 could be combined with
other targeted therapies for the treatment of KRAS®!?P-driven leukemia.
Our findings provide a strong rationale for targeting the SOS1-KRAS-GTP
interaction to treat oncogenic Kras-driven cancers.
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