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Abstract

Mutational activation of BRAF leading to expression of the BRAFY600E oncoprotein was recently
identified in a high percentage of specific hematopoietic neoplasms in monocyte/histiocyte and
mature B-cell lineages. Although BRAFV600E js a driver oncoprotein and pharmacological target
in solid tumors such as melanoma, lung and thyroid cancer, it remains unknown whether
BRAFV600E js an appropriate therapeutic target in hematopoietic neoplasms. To address this
critical question, we generated a mouse model expressing inducible BRAFV600E jn the
hematopoietic system, and evaluated the efficacy of pathway-targeted therapeutics against primary
hematopoietic cells. In this model, BRAFV600E expression conferred cytokine-independent growth
to monocyte/macrophage-lineage progenitors leading to aberrant in vivo and in vitro monocyte/
macrophage expansion. Furthermore, transplantation of BRAFVY600E_expressing bone marrow cells
promoted an in vivo pathology most notable for monocytosis in hematopoietic tissues and visceral
organs. In vitro analysis revealed that MEK inhibition, but not RAF inhibition, effectively
suppressed cytokine-independent clonal growth of monocyte/macrophage-lineage progenitors.
However, combined RAF and PI3K inhibition effectively inhibited cytokine-independent colony
formation, suggesting autocrine PI3K pathway activation. Taken together, these results provide
evidence that constitutively activated BRAFVY600E drives aberrant proliferation of monocyte-
lineage cells. This study supports the development of pathway-targeted therapeutics in the
treatment of BRAFY600E_expressing hematopoietic neoplasms in the monocyte/histiocyte lineage.
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Introduction

Somatic mutations in BRAF are detected in a wide variety of human cancers, most notably
melanoma, colon, lung and thyroid cancer (1). The most common mutation observed in 90%
of BRAF-mutated cancers is a T1799—A transversion in exon 15 of BRAF, which results in
expression of BRAFV600E (2 In hematopoietic malignancies, BRAF mutations were
initially reported infrequently (3-7), and the majority involved non-V600 residues except for
therapy-related acute monocytic leukemia (5). However, recent reports of BRAF mutation in
a high percentage of human hairy cell leukemia (HCL) (8), Langerhans cell histiocytosis
(LCH) (9) and Erdheim-Chester disease (ECD) (10) highlights the potential importance of
the BRAFY600E oncoprotein in specific types of hematopoietic neoplasms.

Mutationally activated BRAFV600E s a constitutively active protein kinase that activates the
MEK1/2—ERK1/2 pathway (11, 12). Enhanced MEK—ERK pathway signaling is therefore
thought to drive BRAFV600E_related neoplastic transformation, and indeed, it has been
shown in animal models that MEK—ERK activation is the major driving force for
BRAFV600E._jnduced tumorigenesis in lung tumors and melanoma (13, 14). However,
although in vitro studies have implicated a role for the BRAF—MEK—ERK pathway in
multiple stages of myelopoiesis (15) and the terminal differentiation of erythroblasts (16),
the in vivo relevance of these findings to hematopoietic neoplasms remains unknown. A
previously reported mouse model using the interferon-inducible promoter Mx1 to
conditionally activate BRAFV800E expression demonstrated skin lesions consistent with
histiocytic sarcoma (17). However, early post-natal lethality precluded detailed
characterization of hematopoietic organs in those transgenic mice on a C57BL/6 background
@an).

Consistent with previous analysis of genetically engineered mouse (GEM) models, (14),
RAF inhibitors vemurafenib and dabrafenib, and a MEK inhibitor trametinib, have proven
their clinical efficacy against BRAFY600E_expressing metastatic melanoma (18-20).
However, limited efficacy of vemurafenib due to feedback activation of EGFR has been also
reported for some types of BRAFY600E_expressing solid cancers especially colorectal and
thyroid cancers (21-23), suggesting that the sensitivity of BRAFY600E_expressing tumors to
RAF inhibitors may vary among tissue types. In hematopoietic neoplasms expressing
BRAFV600E sporadic cases with HCL (24) or ECD/LCH (25) responding to short-term
treatment with vemurafenib have been reported, but their overall and long-term efficacy in
large cohorts has yet to be proven by randomized controlled clinical trials. Development of
relevant animal models is essential for the appropriate design of such clinical trials and
further drug development.

To advance our understanding of the pathology of BRAFY800E_re|ated hematopoietic
disorders, we crossed BrafcA’* mice (13) with Mx1::Cre mice (26) to generate Mx1::Cre;
Braf®A’* mice on a mixed C57/BI6/FVBN background (referred to as “BRAFY600E” mice in
this manuscript). These mice survived =5 weeks, circumventing the previously reported
early post-natal lethality (17), thereby enabling us to characterize BRAFY89%E.induced
aberrant hematopoiesis in primary animals, in vitro culture of hematopoietic tissue from
primary mice, and adoptive transfer of BRAFY600E hone marrow into sublethally-irradiated
recipients. BRAFV600E_expressing mice developed a monocyte-predominant leukocytosis
with thrombocytopenia, anemia, and early lethality. BRAFVY800E_expressing bone marrow
recipients demonstrated monocyte expansion in hematopoietic tissues with visceral organ
involvement. With primary hematopoietic tissue readily available, we were able to
demonstrate that BRAFY600E expression confers cytokine-independent growth on
monocyte-lineage progenitors, which can be suppressed by MEK inhibition but not by the
RAF inhibitor, PLX4720. We also show that the inability of the PLX4720 to prevent
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BRAFVY600E_griven cell autonomous growth is explained, at least in part, by autocrine
activation of the P13’-kinase signaling pathway. Our data provide novel insights into the
pathogenesis of BRAFVY800E_expressing hematopoietic neoplasms, suggesting that MEK
inhibitors may play an important role in the treatment of such disorders and that RAF
inhibitors in isolation may have limited utility, and the mouse model offers a platform for
pre-clinical development and validation of pathway-targeted therapeutics against
BRAFV600E_expressing hematopoietic neoplasms of the monocyte/histiocyte lineage.

Materials and methods

Mice

Cell Line

The generation and genotyping of BrafCA allele were previously described (13). BrafcA'+
mice on a FVBN background were crossed with the Mx1::Cre strain (26) on a C57BL/6
background, generating Mx1::Cre;BrafcA'* (BRAFV600E) mice on the mixed background.
BrafCA/* littermates lacking the Mx1::Cre transgene were used as controls. Some mice were
intraperitoneally injected with 2509 of polyinosine-polycytidylic acid (poly I:C) at 3 weeks
of age. Rag2~~»c~/~ mice (27) were purchased from the Jackson Laboratory. Biochemical
analyses were performed in part using BRAFVY600E_expressing mice on a pure C57BL/6
background (17). All animal procedures were approved and performed in accordance with
UCSF animal care guidelines or under UK Home Office License authority.

The SigM5 cell line (28) was purchased from DSMZ (German Collection of
Microorganisms and Cell Cultures) and maintained in IMDM supplemented with 20% heat-
inactivated FCS with splitting saturated cultures at 1:2 every 3-4 days. The heterozygous
BRAFT1799A mytation in this cell line was confirmed by sequencing exon 15.

Hematopoietic cell isolation

Cells were obtained from peripheral blood by retro-orbital puncture, or from tissues by
passing through a 70pm-nylon mesh. Bone marrow was harvested from hind limbs using
standard procedures.

Pathological analysis

Complete blood counts were obtained using a HEMAVET HV850 (CDC Technologies)
hematology analyzer. Blood smears and bone marrow cytospins were stained with Diff-
Quick (Baxter). For histological analyses, tissues fixed in 10% neutral-buffered formalin
were embedded into paraffin, sectioned and stained with hematoxylin-eosin at the UCSF
Comprehensive Cancer Center Core Facility. Immunohistochemistry was performed as
previously descried (17).

Flow cytometry analysis and cell sorting

1x10°% cells or circulating leukocytes from 20l blood were incubated on ice for 5min with
anti mouse Fc-receptor antibody (BD Biosciences), stained for 45min with a panel of
fluorochrome-conjugated antibodies against Macl, Grl, CD71, TER119, CD19, and CD3
(BD Biosciences), and analyzed using FACSCalibur and CellQuest software (BD
Biosciences). Cells stained with anti-Grl and Macl antibodies were sorted using a MoFlo
(DakoCytomation) machine.

Colony-forming assays

Colony forming assays were performed as described (15, 29). Human EPO (Ortho Biotech),
human TPO (Genentech), mouse SCF (Peprotech), mouse IL-3 (Peprotech), and/or mouse
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GM-CSF (Peprotech) were supplemented. Genomic DNA was extracted from developed
colonies as described (15).

Bone marrow transplantation

Donor cells were prepared by pooling bone marrow nucleated cells from 2 BRAFY600E or
control mice at 3 weeks after poly I:C injection, and 2x106 cells per recipient mouse were
injected into sub-lethally-irradiated (5Gy) Rag2~/~yc~/~ mice on a C57BL/6 background
through retro-orbital venous plexus. Some recipients were injected only with PBS to confirm
the recovery of host hematopoiesis after sub-lethal irradiation.

Immunoblotting

Protein lysates were prepared and analyzed by SDS-PAGE as previously described (30).
Primary antibodies used were: anti-BRAF (Santa Cruz #sc-5284), anti-CRAF (BD
Biosciences #610152), anti-ERK2 (Santa Cruz #sc-1647), anti-phospho ERK1/2 (Cell
Signaling #9101), anti-phospho AKT (S473) (Cell Signaling #4060), anti-phospho CRAF
(S338) (Cell Signaling #9427) and anti-AKT (Cell Signaling #4691) antibodies.

In vitro liquid culture and drug treatment

Statistics

Results

Primary mouse bone marrow cells expanded in DMEM+10%FCS for 5 days were
transferred into serum-free DMEM with or without inhibitors, and cultured for 24-96 hours
before protein harvest. Conditioned media was collected after 96hr serum-free cultures, and
used to stimulate the cells starved for serum for 5 hrs. SigM5 cells plated at 5x10°/ml in
IMDM+20%FCS were treated with inhibitors for 6 days, and viable cell numbers were
manually counted by trypan blue dye exclusion every 3 days. PD0325901 and PI-103 were
purchased from Cayman Chemical, and PLX4720 from Selleck Chemicals.

Comparison between any two groups was performed by Student’s t-test for normally
distributed data, or by non-parametric Mann-Whitney test for non-normally distributed data.

Leukocytosis, anemia, thrombocytopenia and lethality in BRAFY800E mice

Our murine model employs a Cre-activated Braf allele (Braf©A) that allows for expression of
normal BRAF prior to the activity of Cre recombinase, after which BRAFVY600E js expressed
in a tissue-specific manner from its normal chromosomal locus at physiologically relevant
levels (13). We expressed Cre recombinase from the inducible Mx1 promoter, which is
activated by synthetic double stranded RNA (poly I:C). However, extensive recombination
of the Braf® allele occurred spontaneously by three weeks of life without poly 1:C injection
leading to early demise in both poly I:C injected and uninjected Mx1::Cre; Brafc mice
(Fig. 1A). Essentially complete recombination of the conditional Braf” allele was observed
in hematopoietic tissues in the absence of poly I:C injection (Fig. 1B), indicating a
substantial growth advantage for hematopoietic cells expressing BRAFV600E,

Given the spontaneous recombination, the known pro-inflammatory activity of poly I:C, and
an observed impact of poly I:C on enhancing leukocytosis (data not shown), we performed
the remaining experiments on mice not injected with poly I:C to remove it as a confounding
variable.

We first analyzed peripheral blood to begin to understand the hematopoietic pathology in the
BRAFV600E mice. BRAFY600E mice developed a significant and progressive leukocytosis,
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thrombocytopenia, and anemia by 3 weeks of age (Fig. 1C-D). Surface marker and
morphological analyses of circulating leukocytes in the absence of poly 1:C was most
notable for a marked expansion of monocytes (Mac1*Grl~) in addition to neutrophilia
(Mac1*Gr1*) in the BRAFV600E mice (Fig. 1E & 1F).

myelopoiesis and erythropoiesis in BRAFV600E spleen and bone marrow

The BRAFY600E mice died with massive splenomegaly (Fig. 2A). The spleens of
BRAFVY600E mice contained markedly increased Mac1* myeloid and TER119* erythroid
cells and relatively decreased lymphocytes compared with controls (Fig. 2B), and follicular
structures were effaced (Fig. S1A). The majority of splenic TER119* erythroid cells from
these mice co-expressed CD71 at a high level (Fig. 2C), indicating maturation arrest at the
early basophilic erythroblast stage (31). Extramedullary hematopoiesis was also observed in
the liver (Fig. S1B) and lung (Fig. S2).

Bone marrow investigation of the BRAFY600E mice revealed myeloid and erythroid cells at
various stages of differentiation, and did not have morphologic evidence of overt leukemia.
Surface marker analyses confirmed that Mac1*Gr1!o%/~ cells, mainly monocyte-lineage cells
(Mac1*/Gr1'°W/-), were increased compared to controls (Fig. 2D-E). TER119" erythroid
cells were not relatively increased (Fig. 2D), but there was relative maturation arrest at the
erythroblast stage similar to what was found with splenic erythroblasts (Fig. 2E).

Cytokine-independent growth of BRAFV600E monocyte/macrophage-lineage progenitors

The Mx1::Cre transgene has known activity outside the hematopoietic compartment (26),
consistent with some BRAFVY800E mice developing lung papillary adenomas (Fig. S2), and
alterations in non-hematopoietic tissues could affect the hematopoietic phenotype in a non-
cell-autonomous manner. Therefore, to understand cell-autonomous characteristics of
BRAFV600E hematopoietic cells, we first tested the growth of bone marrow cells in clonal in
vitro cultures. In stark contrast to control bone marrow, BRAFY600E hone marrow cells
readily developed myeloid colonies composed largely of macrophages, in the absence of
cytokines (Fig. 3A), demonstrating that BRAFV600E confers cell-autonomous cytokine-
independent growth and differentiation to monocyte/macrophage-lineage progenitors.
Similar findings were observed using spleen cells from BRAFVY600E mice (Fig. 3A).

In contrast to wild-type marrow cells that typically require SCF and EPO to generate
erythroid colonies, marrow from BRAFVY600E mice formed erythroid colonies with EPO as
the sole supplemental cytokine (Fig. 3A). Cell sorting revealed that the cytokine-
independent progenitors were detected almost exclusively in the Mac1~Grl-population from
BRAFVY600E hone marrow (Fig. 3B and S3). While control bone marrow progenitors
demonstrated a clear dose-response for increased colony formation with increasing cytokine
concentrations, colonies in the mutant bone marrow culture were only modestly increased
with increasing I1L-3 or GM-CSF (Fig. 3C). Although the colony size was much larger for
progenitors from the mutant mice than control mice at suboptimal cytokine concentrations
(Fig. S4), the size and number of the mutant colonies were not increased at high cytokine
concentrations (Fig. 3C, data not shown). When cultured with a broad spectrum of
cytokines, IL-3 (10ng/ml), SCF (50ng/ml), EPO (4U/ml) and TPO (100ng/ml), the
BRAFVY600E hone marrow cells generated significantly fewer colonies than controls (Fig.
3D). In contrast, colony-forming activity was significantly increased in the spleen (Fig. 3D),
suggesting redistribution of progenitors as part of the extramedullary hematopoiesis
observed in the BRAFY600E mice. Cytokine-independent growth of BRAFV800E_expressing
bone marrow cells was also observed in bulk liquid culture, with initial development of
Mac1*Gr1!°W~ immature monocytic cells followed by differentiation into macrophages co-
expressing a histiocyte marker CD11c (Fig. S5).
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Monocytosis, anemia, thrombocytopenia, and tissue infiltration in sub-lethally irradiated
BRAFV600E hone marrow transplant recipients

To further understand the cell-autonomous nature of the BRAFY600E_expressing bone
marrow cells, we performed adoptive transfer of primary bone marrow cells into sub-
lethally-irradiated mice. We utilized immune-deficient Rag2~/~ 3™/~ mice (27) as recipients
to circumvent graft rejection given the mixed background of our BRAFY600E mice.
Circulating leukocyte counts in BRAFY800E marrow recipients were increased relative to
sham transplant recipients, but not to the same extent as control marrow recipients (Fig. 4A).
However, in marked contrast to control marrow, circulating leukocytes of BRAFV600E
marrow recipients was composed predominantly of Mac1*Grl™ monocytic cells (Fig. 4B).
Recipients of control marrow demonstrated a lymphoid predominant engraftment as evident
by the increased circulating Mac1-negative leukocytes (Fig 4B), as would be expected for
wild-type marrow engrafting into an immunodeficient recipient.

Interestingly, progressive anemia and thrombocytopenia were observed in recipients of
BRAFVY600E marrow, a finding in marked contrast to animals transplanted with control
marrow, and to sham control animals that underwent the same sublethal irradiation but did
not receive any donor cell infusion (Fig. 4A). The BRAFY690E marrow recipients also
demonstrated marked splenomegaly (Fig. 4C), and a relative increase of Mac1*Gr1!ow/-
monocytic cells in bone marrow and spleen (Fig. 4D). TER119* erythroid cells were
increased in the spleen (Fig. 4D) where they were arrested at the erythroblast stage (Fig.
4E), similar to primary animals (Fig. 2C). The relative percentage of Mac1*Gr1high
granulocytes was not increased in BRAFY%00E marrow recipients in either bone marrow or
spleen (Fig. 4D).

We performed methylcellulose cultures of recipient bone marrow cells in the absence or
presence of cytokines, and genotyped individual colonies. Cytokine-independent
macrophage colonies were detected in 5 out of 6 BRAFVY690E marrow recipients and none of
the control recipients (Table 1). As expected, genotyping of randomly plucked colonies
confirmed all to be of donor (BRAFV600E) origin. When cultured in the presence of multiple
cytokines, fewer colonies were detected in BRAFV600E transplant recipients than in
transplanted control animals, similar to what was seen in the primary mice (Fig. 3D left).
The level of donor chimerism in the colony-forming cells ranged from 0 to 93.3% among
BRAFV600E recipients, and on average, the number of donor-derived bone marrow myeloid
progenitors in BRAFY600E marrow transplant recipients was 23% of that seen in control
recipients (Table 1; 19.1% vs. 82.6%). In contrast, myeloid colony forming activity in
recipient spleens was markedly increased in all BRAFV600E recipients compared with
control recipients (Fig. 4F). Residual, recipient-derived bone marrow progenitors in
BRAFV600E marrow transplant recipients were also decreased relative to wild-type marrow
recipients (62.6 vs. 110.8 colonies/1x10° marrow leukocytes) despite the relatively lower
donor-chimerism (Table 1), suggesting possible suppression of recipient progenitors by
transplanted BRAFY600E hone marrow cells.

Histologic analysis of BRAFY600E marrow recipients demonstrated stellate nodular lesions
in the lung (Fig. 5A) and periportal lesions in the liver (Fig. 5B) in all BRAFY800E marrow
recipients examined. Both the liver and lung infiltrative lesions contained cells that stained
positive for S100 expression (Fig. 5A vii-viii, and 5B iv), one of the immunohistological
markers for diagnosis of human histiocytic/dendritic cell neoplasms including Langerhans
cell and interdigitating dendritic cell tumors (32). The lung lesions sometimes displayed
foamy histiocyte infiltration, characteristic of non-Langerhans cell type histiocytosis, which
were also positive for S100 (Fig. S6A). In contrast to the lesions in visceral organs, marrow
sections were largely negative for S100 (Fig. S6B).

Mol Cancer Res. Author manuscript; available in PMC 2014 June 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Kamata et al. Page 7

In vitro sensitivity to pathway-targeted therapeutics

To investigate if MEK—ERK activity contributes to the aberrant growth of BRAFV600E.
expressing monocyte-lineage cells, we examined ERK phosphorylation in primary
BRAFVY600E hone marrow cells and the effects of MEK and RAF inhibitors on the cytokine-
independent colony formation. As expected, robust ERK phosphorylation was detected in
BRAFV600E ¢e||s compared to controls (Fig. 6A) and, consistent with its importance in cell
proliferation, the MEK inhibitor PD0325901 effectively inhibited colony formation (Fig.
6B). In contrast, the RAF inhibitor PLX4720 failed to suppress spontaneous colony
formation (Fig. 6B), which correlated with only partial inhibition of ERK phosphorylation
(Fig. 6C). We hypothesized that PLX4720-resistance in the colony assay and in ERK
phosphorylation could be mediated through intracellular feedback activation of cell surface
receptors (21-23), or by extracellular stimuli through autocrine/paracrine mechanisms (33,
34) that in turn activate intracellular signaling pathways. To investigate this, we examined
AKT and CRAF phosphorylation in BRAFY600E_expressing bone marrow cells, and found
hyperphosphorylation of both AKT and CRAF (Fig. 6D) in response to PLX4720. AKT
hyperphosphorylation was detectable when stimulated with conditioned media (CM) from
BRAFV600E hone marrow cells cultured in serum-free media in the absence of PLX4720,
which was further enhanced by the addition of PLX4720 (Fig. 6E), suggesting that
PLX4720 can augment intracellular signaling triggered by the secreted factors. The AKT
hyperphosphorylation was not detected when the same experiments were performed using
conditioned media from control bone marrow cells that do not express BRAFY690E (data not
shown).

Increased AKT phosphorylation was also observed in the primary BRAFV600E_expressing
Mac1~Grl™ bone marrow cells (Fig. 6F) enriched for the cytokine-independent progenitors
(Fig. 3B), and pharmacological inhibition of PI13’-kinase by P1-103 suppressed cytokine-
independent colony formation without affecting ERK phosphorylation (Fig. 6G), further
supporting the biological significance of PI13’-kinase activation by secreted factors in vivo
and in vitro. The combinatorial treatment with PI-103 sensitized the cytokine-independent
marrow progenitors to PLX4720 (Fig. 6H), indicating the essential role of PI13’-kinase
signaling in resistance to PLX4720 in this context. Consistent with these data, the
BRAFV600E expressing human monoblastic SigM5 cell line (Supplemental Fig. 7) also
demonstrated only modest growth inhibition by PLX4720 alone, but showed marked growth
inhibition to a combination of PLX470 and PI-103 (Fig. 61). Hepatocyte growth factor
(HGF) signaling through the receptor c-MET has been shown to contribute to BRAF
inhibitor resistance in BRAFV800E_expressing solid cancers (33, 34). However, HGF levels
in CM from BRAFV00E hone marrow cells was found to be substantially much lower than
in control CM, and pharmacological inhibition of c-MET with crizotinib failed to effectively
suppress CM/PLX4720-induced AKT phosphorylation (data not shown), which together
suggesting that secreted factors other than HGF play a role in the RAF inhibitor resistance
observed in our mouse model.

Discussion

Mutationally activated BRAFV600E and KRASG12D oncoproteins are thought to drive
hematopoietic cell transformation through sustained MEK—ERK activation. RAS mutations
are frequently detected in human myeloid neoplasms (35), and cause myeloproliferative
neoplasms (MPNSs) in animal models (36-38). In vivo MEK inhibition ameliorates
KRASC12D.induced MPN in mice (39), providing compelling evidence that MEK—ERK
hyperactivation drives oncogenic KRAS®2P-induced aberrant myelopoiesis. Accordingly,
we began this study hypothesizing that Mx1::Cre-mediated induction of BRAFVY600E
expression would generate an MPN that is pathologically similar to oncogenic KRASG12D,
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However, our findings show that BRAFY600E promotes pathology distinct from KRASG12D.
induced MPN. Although primary BRAFV00E mice displayed leukocytosis and
splenomegaly reminiscent of RAS models (36-42), our analysis, including pathology in the
primary mice, in vitro analysis and adoptive transfer of BRAFVY600E expressing bone
marrow cells revealed aberrant monocytosis as the primary phenotype elicited by
BRAFV600E pylmonary involvement in our primary and transplant models, together with
skin histiocytic tumors in primary animals previously reported (17), distinguishes the
BRAFV600E model from previous RAS models. In contrast to the KRAS®12D transplant
model in which MPN was reproduced in all recipients injected with a large number of
hematopoietic stem cells (40), most recipients in our transplant model do not exhibit marked
leukocytosis, despite monocyte-dominant reconstitution observed in peripheral blood,
marrow and spleen. These phenotypic characteristics contrast with classic murine MPN
models. Moreover, while our model confirms some aspects of BRAFV600E.induced
monocyte/histiocyte-lineage neoplasms in human (5, 9, 10), the prolonged life span allowed
for extensive hematologic analysis, transplantation and in vitro cultures to identify cell-
autonomous characteristics, and adequate hematologic tissue to identify critical observations
relevant to the future development of molecularly-targeted therapy for BRAFV600E_activated
hematologic neoplasms.

Cytokine-independent colony formation is commonly observed in RAS MPN models (38,
41, 42) as well as our BRAF model, suggesting that aberrant ERK activation is a key event
for the cytokine-independent growth of myeloid progenitors. Nevertheless, adoptive transfer
of unfractionated bone marrow produced distinct outcomes; RAS models develop T-cell
malignancies in addition to MPNSs (39, 40, 42), while our model yields neither. Biochemical
analysis of BRAFV600E_expressing bone marrow cells revealed constitutive ERK
phosphorylation, not observed in bone marrow progenitors in RAS models (38, 41). Such
strong ERK activation may perturb lymphopoiesis by inhibiting lymphoid-lineage
commitment (43), resulting in the failure to develop overt lymphoid neoplasms including
HCL, another hematopoietic neoplasm in which the BRAFT1799A mutation is frequently
found (8). Although BRAFY690E may contribute to the development of B-cell neoplasms
after a longer latency, rapid progression of the fatal myeloid disease in our model did not
allow us to determine long-term consequences of BRAFY600E expression in the B-lymphoid
lineage. This hypothesis needs to be tested by crossing Braf®A'* mice with B-lineage
specific Cre strains to develop HCL models.

Our functional and biochemical analysis of BRAFV600E_expressing bone marrow cells
treated with PLX4720 demonstrate that BRAFV600E_expressing monocyte-lineage
progenitors display incomplete MEK—ERK pathway inhibition leading to sustained
proliferation in the presence of the drug. Consistent with previous studies using
hematopoietic cell lines with conditional RAF or MEK activation (44, 45), BRAFV600E.
expressing monocyte-lineage cells secrete autocrine factors that activate P13’-kinase, and
presumably other pathways not assessed herein, which contribute to the cytokine-
independent growth of monocyte-lineage progenitors. Moreover, autocrine activation of
P13’-kinase signaling appears to be further enhanced by PLX4720, quite possibly through
receptor tyrosine kinase activation as reported for colorectal cancer cells (21). However, our
initial analysis ruled out a contribution of the HGF/c-MET signaling axis (data not shown).
Since RAS activation by autocrine factors can lead to the “paradoxical activation” of CRAF
activation in the presence of PLX-4720 (46, 47), this may contribute to the residual ERK
activity in PLX4720-treated cells. In contrast, the suppression of recipient-derived bone
marrow progenitors in our transplant model (Table 1) suggests that paracrine factors
secreted by donor-derived monocyte-lineage cells in the bone marrow could inhibit residual
wild-type hematopoiesis. The virtual absence of mature erythroblasts in the spleen (Fig. 4E)
also suggests that differentiation of not only BRAFVY600E expressing but also recipient-
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derived wild-type erythroblasts could be blocked by non-cell-autonomous mechanisms.
Thus, secreted factors by BRAFY600E monocyte-lineage cells may not only promote RAF
inhibitor resistance in an autocrine manner, but also interfere with normal hematopoiesis in a
paracrine manner at progenitor and erythroblast levels to cause progressive bi-lineage
cytopenia in our BRAFV600E marrow recipients.

While our data imply that human monocyte-lineage progenitors expressing the BRAFY600E
oncoprotein may be similarly resistant to RAF inhibitors, a recent clinical study has reported
the efficacy of vemurafenib on three ECD patients carrying the BRAFT1799A mutation (25).
Our data showing AKT hyperphosphorylation specifically in the Mac1~Grl™ population in
BRAFVY600E marrow in vivo suggests that PLX4720-resistance through P13/-kinase pathway
activation may specifically occur in the progenitor population, and that BRAF-mutated
monocyte-lineage progenitors, potentially resistant to RAF inhibitors, may not be involved
in the pathogenesis of human ECD. However, the apparent clinical efficacy during the short-
term treatment does not guarantee the drug’s effectiveness on tumor-initiating populations,
which may be more resistant than mature progeny and cause disease resistance or
reactivation during ongoing therapy. If BRAF-mutated monocyte-lineage progenitors
resistant to RAF inhibitors are the pathogenic precursors for ECD or aggressive forms of
LCH, RAF inhibitors may have limited long-term efficacy against these diseases. In such
cases, regimens of RAF inhibitors combined with inhibition of either MEK1/2 or PI13'-
kinase might be considered as alternative therapeutic options. Indeed, “vertical” combined
inhibition of both BRAFY690E and MEK1/2 has already demonstrated clinical efficacy
against BRAF mutated melanoma (48). Our model provides a valuable platform for
preclinical evaluation of novel pathway-targeted therapeutic approaches against BRAF-
mutated monocyte/histiocyte-lineage neoplasms.
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Figure 1. BRAFY600E mijce exibit hyperleukocytosis, anemia and thrombocytopenia

A. Percent survival of Mx1::Cre;BrafcA (BRAFY690E) mice with (red line) or without (black
line) poly I:C injection at 3 weeks of age. Control Braf°A’* mice lacking the Mx1Cre
transgene with (red dashed line) or without (black dashed line) poly I:C injection served as
controls. B. PCR detection of recombination of the BrafcA allele in Mx1::Cre;BrafcA/*
hematopoietic tissues without poly I:C injection at 7 weeks of age. Unrecombined (308bp)
and recombined (335bp) Braf® alleles, and wild-type (WT) allele (185bp) are indicated. C.
Kinetics of circulating leukocyte counts (WBC), Hemoglobin (Hgb) concentration and
platelet counts of BRAFV800E (\/600E) and control (Ctrl) mice from 3-7 weeks of age
without poly I:C injection. D. Representative FACS plots for Macl/Gr1 staining of
peripheral leukocytes from poly I:C-uninjected control (Ctrl) and BRAFV600E (\/600E) mice
(left), and a representative photograph of Giemsa-stained peripheral blood smear from poly
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I:C-uninjected BRAFVY600E mice (right) shown at x1000 original magnification. E. Kinetics
of circulating granulocyte (Mac1*Gr1*, left) and monocyte (Macl*Grl™, right) counts of
BRAFV600E (\/60OE) and control (Ctrl) mice from 3-7 weeks of age without poly I:C
injection.
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Figure 2. Spleen and bone marrow phenotypesin BRAFV600E mice

A. Spleen weights of control (Ctrl) and BRAFV00E (\V6OOE) mice. B. Flow cytometry
guantification of relative percentages of splenic myeloid (Macl1*), erythroid (TER119%), B-
lymphoid (CD19*) and T-lymphoid (CD3*) cells in poly I:C uninjected BRAFY600E
(V600E) and control (Ctrl) mice. C. Representative flow cytometry plots of spleen cells
from BRAFVE00E (\/600E) or control (Ctrl) mice. Mac1/Gr1 plots of nucleated cells (left)
and CD71/TER119 plots of Mac1-negative cells (right) are indicated. D. Flow cytometry
quantification of relative percentages of Mac1*Gr1M9" (granulocytes), Mac1*Gr1!ow/-
(monocytes), TER119" (erythroid) and CD19* (B-lymphocytes) populations in bone

marrow of BRAFY600E (\/600E) and control (Ctrl) mice. E. Representative flow cytometry

plots of bone marrow nucleated cells from BRAFY690E (\/600E) and control (Ctrl) mice.
Mac1/Gr1 plots (left) highlight the Mac1*Gr1'°%/~immature monocytic cell population, and
CD71/TER119 plots of Mac1™/Gr17/CD37/CD19™ cells (right) highlight erythroid
populations with CD71*TER119~, CD71*TER119%, CD719MTER119* or CD71"TER119*
phenotype. The percentage of each population in total erythroid cells is indicated. All data

are from mice not injected with polyl:C.
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Figure 3. In vitro charactrerization of BRAFV600E hematopoietic progenitors

A. (Top) myelo-erythroid colony formation of BRAFV600E (\VE) and control (Ctrl) bone
marrow and spleen cells in cytokine-free or Epo-added mechylcellulose cultures (average of
5-7 independent experiments). (Bottom) Representative images of the cytokine-independent
macrophage colony (top) and the Epo-dependent erythroid colony (bottom). Phase-constrast
microphotographs (shown at x40 original magnification, grid: 2mm) and Giemsa-staining of
cytospin preparations (shown at x1000 original magnification) are indicated. B. Myelo-
erythroid colony formation of the sorted Mac1~Gr1~, Mac1*Gr1~/1°W, and Mac1*Gr1high
BRAFVY600E hone marrow populations in cytokine-free or Epo-added mechylcellulose
culture (average of 3 independent experiments). C. Myeloid colony development of control
(Ctrl) and BRAFY600E (\/600E) bone marrow cells in the presence of increasing
concentrations of 1L-3 (0.1-10ng/ml, left) or GM-CSF (0.01-1ng/ml, right). D. Myeloid
colony numbers generated from 1x10° bone marrow (left) or spleen (right) cells from
BRAFV600E (\/600E) or control (Ctrl) mice in the presence of IL-3 (10ng/ml), SCF (50ng/
ml), EPO (4U/ml) and TPO (100ng/ml).
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Figure4. Transplantation of BRAFY600E hone marrow in sublethally-irradiated recipients

A. Kinetics of circulating leukocyte counts (top), hemoglobin values (middle) and platelet
counts (bottom) of sub-lethally-irradiated Rag2~~yc ™/~ mice transplanted with 2x106 bone
marrow cells from BRAFY600E mice (V600E BMT; filled circles, n=14) or control mice
(Ctrl BMT; open circles, n=9), or injected with PBS only (Sham BMT; open squares, n=3).
Peripheral blood was monitored at 3, 5, 7, 9, 11 and 13 weeks after transplantation. B.
Representative Mac1/Grl FACS plots of circulating leukocytes in the recipients injected
with PBS (Sham BMT, top) or transplanted with control (Ctrl BMT, middle) or BRAFY600E
(V600E BMT, bottom) bone marrow. C. Spleen weights in the recipients injected with PBS
(Sham BMT), control bone marrow (Ctrl BMT) or BRAFV600E hone marrow (VE BMT) at
10-13 weeks after transplantation. D. Flow cytometry quantification of Mac1*Gr1high
(granulocytes), Mac1*Gr1!o%/~ (monocytes), TER119* (erythroid) and CD19* (B-
lymphocytes) populations in bone marrow (top) and spleen (bottom) of control (Ctrl BMT)
or BRAFV600E (\/600E BMT) bone marrow recipients at 10-13 weeks after transplantation.
P-values by student’s t-test are indicated. E. Representative CD71/TER119 FACS plots of
Mac1-negative spleen cells in control (Ctrl BMT) or BRAFV800E (\/600E BMT) bone
marrow recipients. F. Myeloid colony formation of spleen cells from control (Ctrl BMT) or
BRAFV600E (\/60OE BMT) bone marrow recipients in mechylcellulose media with or
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without multiple cytokines (as in Figs. 3A and D). Data in D and F represent mean +/— SD
(n=6 for V600E, n=3 for Ctrl).
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Figure 5. Pulmonary and hepatic involvement in BRAFV600E hone marrow recipients

A. H&E (i-vi) and S100 (vii-viii) staining of the lungs of bone marrow recipients. Tissue
sections from sham (i-ii), control marrow (iii-iv), and BRAFY90E marrow recipients (v-viii)
are shown at x50 (1, iii and v), x200 (ii, iv, vi and vii) or x1000 (viii) original magnification.
Scale bars: 500mm for (i), (iii), (v); 125mm for (ii), (iv), (vi), (vii); 20mm for (viii) B. H&E
(i-iii) and S100 (iv) staining of the livers of control (i) and BRAFY60E (ji-iv) marrow
recipients, shown at x100 (i-ii) or x400 (iii-iv) original magnification. Inset figures (A-vii
and B-iv) show negative control staining prepared by omitting the primary antibody. Scale
bars: 250mm for (i), (ii); 200mm for (iii), (iv)
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Figure 6. Functional and biochemical characterization of PL X-resistance

A. ERK phosphorylation characterized in total and sorted primary bone marrow cells from
control (Ctrl) and BRAFV®00E (\V600E) mice. B. Cytokine-independent colony formation of
BRAFVY600E hone marrow cells in the presence of 0-10pM PD0325901 (filled circles) or
PLX4720 (open circles). The average of two independent experiments indicated. C.
Phospho-ERK immunoblots of the lysates of BRAFY800E hone marrow cultures treated with
0.1pM PLX4720 (PLX) or PD0325901 (PD) (left), or with 0-1pM PLX4720 (right), for
24hrs in a serum-free condition. D. Phospho-CRAF (S338) and AKT (S473) immunoblots
of the lysates of BRAFY600E hone marrow cultures treated with 0.1;M PLX4720 or vehicle
(DMSO) for 24hrs in a serum-free condition. E. Phospho-CRAF (S338), AKT (S473) and
ERK immunoblots of the lysates of BRAFY690E hone marrow cultures stimulated for 0.5-2
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hrs with the CM (with DMSO) or 0.1pM PLX4720 after 5hrs serum starvation. F. AKT
phosphorylation (S473) of the sorted Kit*Mac1~Grl~ bone marrow cells from control (Ctrl)
and BRAFY600E (\/600E) mice. G. Cytokine-independent colony formation of BRAFV600E
bone marrow cells in the presence of 0-10pM PI1-103 (left, average of two independent
experiments), and phospho-AKT (S473) immunoblots of the lysates of BRAFY600E hone
marrow cultures treated with 0-1.M PI1-103 for 96hrs in a serum-free condition (right). H.
Cytokine-independent colony formation of BRAFY690E hone marrow cells in
methylcellulose media containing 0.1uM PLX4720 (PLX) in the presence of 0, 0.1, or 1 pM
P1-103, normalized to the vehicle control culture at each PI-103 concentration (% PLX(-)
conrtol). Data indicate the average +/— SD of three independent experiments. I. SigM5
growth curves with cells grown in: DMSO (control), PLX4720 0.1uM (PLX), PI-103 0.1.M
(P1103), and PLX4720 0.1pM + P1-103 0.1pM (PLX+PI1103). Data indicate the average +/-
SD of three independent experiments
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Table 1
Bone marrow progenitor colony formation and chimerism in transplant recipients.

Colony #/10° BM cells Chimerism (+3STE)(©)

Recipient
mouset No b % Donor Recipient Donor
cytokine  *3ST E®  imerism CFU#/105 CFU#/105

BRAFV6UE gV T(2)

103 0 85 6.7 79.3 5.7
106 9 92.5 6.7 86.3 6.2
114 31 425 53.3 19.8 22.7
118 15 1175 0 117.5 0
122 9 80 15.4 67.7 12.3
127 33.5 72.5 93.3 4.8 67.7
Average 16.3 81.7 29.2 62.6 191

Control BMT (8)

116 0 165 46.7 88 7

124 0 190 26.7 139.3 50.7

128 0 225 53.3 105 120
Average 0 193.3 42.2 110.8 82.6

@
Gy) irradiated Ragz'/ - yc'/ ~ recipient.

(b)long/ml IL-3, 50ng/ml SCF, 100ng/ml TPO and 4U/ml EPO were added in “+3STE” cultures.

©

donor or recipient origin was calculated by multiplying total colony numbers by the %chimerism.
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2x108 bone marrow nucleated cells from BRAFY600E or control mice 3 weeks after poly I:C injection were injected into each sublethally (5

Donor chimerism was determined by Braf genotyping of randomly plucked individual colonies developed in “+3STE” cultures, and CFU# of



