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SUMMARY

Defective cholesterol efflux pathways in mice promote the expansion of hematopoietic stem and
progenitor cells and a bias toward the myeloid lineage, as observed in chronic myelomonocytic
leukemia (CMML). Here, we identify 5 somatic missense mutations in ABCA1 in 26 patients with
CMML. These mutations confer a proliferative advantage to monocytic leukemia cell lines /n
vitro. In vivo inactivation of ABCA1 or expression of ABCAI mutants in hematopoietic cells in
the setting of Tet2 loss demonstrates a myelosuppressive function of ABCA1. Mechanistically,
ABCAI mutations impair the tumor-suppressor functions of WT ABCAL in myeloproliferative
neoplasms by increasing the IL-3Rp signaling via MAPK and JAK2 and subsequent metabolic
reprogramming. Overexpression of a human apolipoprotein A-1 transgene dampens
myeloproliferation. These findings identify somatic mutations in ABCAI that subvert its anti-
proliferative and cholesterol efflux functions and permit the progression of myeloid neoplasms.
Therapeutic increases in HDL bypass these defects and restore normal hematopoiesis.
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In Brief

Viaud et al. show that ABCAI mutants identified in CMML patients diminish the tumor-
suppressor functions of ABCAI and cooperate with Tet2 loss to confer the hypersensitivity of
myeloid progenitors to IL-3 receptor § canonical signaling, which can be prevented by raising
HDL levels.

Graphical Abstract

ApoA-| binding
(1311-1450)
™

P1423S
G1421R

J*Somatic missense ABCA1 mutations ,

Y AbcalMut
5 Empty AbcalW AbcatMut ApoAlTs
7] . S - i ™\
B {0 [~ L8 | LAy |~ LR
I:‘D_ |\—_‘_:"‘"~—-—-_._ T il ’jlé;"'"‘“‘=-..__ il
X = S i
= Myelopoiesis

CMML-like Tumor 1 IL-3RB  HDL raising

mouse model ' supressor sensitivity therapy

INTRODUCTION

Most human adult cancers develop through a multistep acquisition of a wide range of
somatic mutations that initiate or maintain self-renewal of the malignant clone. The
elucidation of the somatic mutational landscape of many solid tumors and hematologic
malignancies has occurred in the last decade (Sjoéblom et al., 2006; Ley et al., 2013). These
mutations are referenced in the Catalog of Somatic Mutations In Cancer (COSMIC) and The
Cancer Genome Atlas (TCGA) and may provide potential insights into the mechanisms
underlying cancer. In myeloid malignancies, hematopoietic stem and progenitor cells
(HSPCs) acquire specific combinations of leukemia disease alleles required to promote
hematopoietic transformation (Shih et al., 2015; Kunimoto et al., 2018). Recent studies have
shown that mutations in a small number of genes, including loss-of-function mutations in
ten-eleven translocation 2 (TET2) are common in the elderly and provide a proliferative
advantage to hematopoietic stem cells (HSCs), giving rise to clonal hematopoiesis (Busque
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etal., 2012). Clonal hematopoiesis mutations are associated with an ~10-fold increase in the
risk of developing a hematological malignancy, including myeloproliferative disorders and
leukemias and a 2- to 3-fold risk of developing atherosclerotic cardiovascular disease
(CVD).

Increased high-density lipoprotein (HDL) levels are well known to be associated with a
reduced risk of CVD. A recent meta-analysis of randomized controlled trials of lipid-altering
therapies revealed that for every 10-mg/dL increase in the plasma HDL-cholesterol level
among trial participants, there was a 36% lower risk of cancer incidence during >625,000
person-years of follow- up and >8,000 incident cancers (Jafri et al., 2010). While not
establishing causation, this association suggests that HDL may be linked to tumor cell
biology in humans. The ability of HDL and its apolipoproteins to promote the efflux of
cholesterol from cells depends in part on the ATP-binding cassette transporters ABCA1 and
ABCGL, but it can also be mediated by scavenger receptor B1 and passive efflux pathways
(Tall and Yvan-Charvet, .The reduced expression of cholesterol efflux mediators and the
increased levels of cellular cholesterol have been associated with different solid tumors;
however, it is unclear whether these are secondary changes or have a role in promoting cell
proliferation (Bovenga et al., 2015; Clendening and Penn, 2012; Dang, 2012; Lin and
Gustafsson, 2015; Mullen et al., 2016). Mice with defective cholesterol efflux in
hematopoietic cells develop progressive myeloid expansion with an underlying dramatic
HSPC expansion in the bone marrow (BM), an enhanced interleukin-3-granulocyte-
macrophage colony-stimulating factor (IL-3-GM-CSF) signaling pathway, and marked
extramedullary hematopoiesis (Murphy et al., 2011; Wang et al., 2014; Westerterp et al.,
2012; Yvan-Charvet et al., 2010). We also demonstrated that HDL-raising therapies could
limit Mpl-W515Land FIt3-ITD-driven myeloproliferative disorders (Gautier et al., 2013).

While these findings suggest a potential role for cholesterol efflux pathways in modulating
the development of myeloid malignancies and leukemias, they have not established a
causative role of specific somatic mutations in cholesterol efflux genes in these disorders.
Chronic myelomonocytic leukemia (CMML) is typically a disease of the elderly with few
treatment options. Recent studies in CMML patients have shown changes reminiscent of
those observed in mice with defective cholesterol efflux in hematopoietic cells, including:
(1) frequently mutated tumor-suppressor genes encoding regulators of GM-CSF signaling
(RAS, CBL), (2) hypersensitivity of myeloid progenitors to GM-CSF, and (3) a proportion
of “classical” CD14*CD16~ monocytes >94% (ltzykson et al., 2017). In addition, these
patients often have mutations in genes associated with clonal hematopoiesis, including TET2
and ASXLL1. In the present study, we have used high-throughput sequencing to identify
mutations in ABCA1 in CMML patient samples. Further studies in a mouse model of
myeloproliferative neoplasms driven by hematopoietic Tet2 deficiency have shown that these
somatic mutations abrogate the tumor-suppressor function of WT ABCA, resulting in the
failure to suppress canonical 1L3-receptor B (IL-3Rp) signaling-driven myelopoiesis. The
loss of the myelosuppressive function of ABCAI mutants can be overcome by raising HDL
levels through the overexpression of the human apolipoprotein A-1 (apoA-1) transgene.
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Identification of ABCA1 Somatic Mutations in CMML

Sequencing of full-length ABCA1, ABCG1, and NR1HZ/3 (liver X receptors [LXRs]) in 26
CMML samples revealed a somatic mutational frequency of 19% of samples for ABCAI (n
=5) and 0% for ABCG1 and NR1HZ/3. All of the mutations were somatic missense
mutations, with only 1 mutation observed in each patient sample (Figures 1A and S1 A;
Table S1). The identity of the paired samples was verified by Sequenom single-nucleotide
polymorphism (SNP) genotyping, demonstrating that the likelihood of a match occurring by
chance was <1 x 10713 (data not shown). These ABCAZI mutations occur in evolutionarily
conserved regions (Figures 1B and 1C). The ABCA.I mutations have not been previously
described, even though different ABCA1 mutations have been identified in Tangier disease
(Brunham et al., 2006; Sjoblom et al., 2006). Sequencing of other genes implicated in the
pathogenesis of CMML in the same samples revealed that ABCAI mutations co-existed
with known oncogenic mutations in JAK2, FIt3, and N-Ras (Emanuel, 2008). We noted that
(1) of the 4 genes sequenced, somatic non-synonymous mutations were found in only 2 of
the 4 genes and (2) the somatic nonsynonymous mutation rate for ABCA1 was higher than
the expected background silent mutation rate and higher than expected by chance alone by
binomial tests (p = 3.6 x 10710 for ABCA1), suggesting that mutations in ABCA1 do not
represent passenger gene effects.

Functional Analysis of ABCA1 Mutations In Vitro

Given the key role of the ABCA1-dependent cholesterol efflux pathway in controlling
myeloid expansion (Tall and Yvan-Charvet, 2015), we sought to test whether ABCA1
CMML mutations affect cellular proliferation. We used site-directed mutagenesis to
introduce each of these 5 somatic mutations individually into the ABCAI cDNA. To
compare the ability of ABCAI mutants to control proliferation, we transiently transfected
HEK?293 cells with the ABCAI cDNAs. Overexpression of wild-type (WT)-ABCA1
resulted in an ~1.7-fold decrease in cell proliferation compared with empty vector-
transfected cells (Figure 1D). All of the mutants located in either the N- and C-terminal
regions (P711L and A2011T), the PEST sequence (A1291T), or the apoA-1 binding region
(G1421R and P1423S) exhibited a significant reduction in anti-proliferative activity (Figures
1C and 1D). We also tested the relevance of these ABCAI mutations in human THP-1
monocytic leukemia cell lines that express endogenous ABCA1 (Figure S1B). ABCAI-
P711L, ABCAI-A1291T, ABCAI-GI1421R, ABCAI-P1423S, and ABCAI-A2011T
displayed reductions in anti-proliferative activity, compared to ABCAI-WT in lentivirus-
transduced cells (Figure 1E), which is consistent with observations in HEK293 cells.
Although the proliferation rate of THP1 cells was slowed down by transient transfection, we
showed a growth advantage of all mutations over a culture period of 1 week compared to
WT-ABCA1 expression (Figure 1F). Stable cell lines expressing ABCAI-G1421R and
ABCA1-A2011T (Figure S1C) with a normal proliferation rate showed growth and
proliferative advantages compared to ABCAI-WT (Figures S1D and S1E). We also
observed an activation of the Janus kinase-signal transducer and activator of transcription
(JAK-STAT) signaling pathway /in ABCA1 mutant-transduced cells compared to W7-
ABCA1, as illustrated by the higher levels of pSTAT5 quantified by flow cytometry (Figure
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1G). Because the assessment of cholesterol efflux capacity is not practical in suspension
cells, we next tested the dependence of ABCAL mutations on their efflux capacity in
differentiated THP-1 macrophages. In this setting, 3 of the 5 ABCA1 mutations (ABCAI-
A1291T, ABCA1-G1421IR, and ABCAI1-P1423S) showed a decrease in the ability of
apoA-1 to promote cholesterol efflux compared with WT7-ABCA1 (Figure S1F).
Nevertheless, quantification of BODIPY (bore-dipyrromethene)-neutral lipid staining
revealed higher neutral lipid accumulation in ABCA1 mutant-transduced cells compared to
WT-ABCA1 (Figure 1H). The quantification of cellular cholesterol content confirmed these
findings (Figure S1G). The increased proliferation of these cells was also associated with
increased cholera toxin subunit B (CTx-B) staining of ABCAI mutant-transduced cells
compared to WT-ABCA1 at the cell surface (ABCAI-A1291T, ABCA1-G1421R, and
ABCA1 -P1423S) or in intracellular endosomal-like structure (ABCA1-P711L and ABCA1-
AZ2011T) (Figure 1I), suggesting the increased formation of cholesterol-rich lipid raft or
perturbed intracellular cholesterol trafficking (Dietrich et al., 2001).

ABCA1 Mutants Associated with CMML Fail to Suppress Myelopoiesis In Vivo

Previous studies have suggested that the loss of ABCA1 function alone is insufficient to
promote prominent myelopoiesis in hypercholesterolemic mice (Yvan-Charvet et al., 2010).
We hypothesized that the proliferative effects of ABCA.I mutants observed in CMML may
become more evident when combined with other CMML mutant alleles. Tet2 inactivation
through loss-of-function mutation is commonly found in CMML (Bowman and Levine,
2017; Solary et al., 2014). Therefore, to assess the /n vivo effects of ABCA 7 mutants, BM
cells from WT or Mx1-Cre*Tet2ffl mice (i.e., mice bearing the conditional Tet2 allele and
the interferon-inducible Cre transgene) were transduced with pLKO-Puro-GFP lentiviral
vectors containing W7-ABCA1 or ABCA1 mutants and transplanted into lethally irradiated
C57BL76J mice (Figure 2A). Animals were analyzed 5 weeks after BM reconstitution (TO)
and at the indicated time point following polyinosinic:polycytidylic acid (PIPC) injection
(Figure 2A). Consistent with earlier works (Moran-Crusio et al., 2011; Quivoron et al.,
2011), we observed the loss of Tet2 expression in the BM of WT recipient mice transplanted
with Mx1-Cre*Tet2f/fl BM compared to Mx1-Cre* BM (Figure S2A), and ablation of the
gene was paralleled by a significant reduction in hydroxylation of 5-methylcyto- sine
(5hmC) in a pool of peripheral blood cells, which reflect the enzymatic activity of TET2
(Figure S2B). Quantification of Abcal mRNA expression confirmed similar levels of
overexpression of ABCAI-WT and mutants in the BM of Mx1-Cre*Tet2f/fl recipients
(Figure 2B) and controls (data not shown). Despite similar leukocyte counts (Figure S2C),
the overexpression of WT-ABCAI on aTet2-deficient background caused a marked
reduction in myeloid cells (Gr-1MI"CD11bN"9") in blood over time (Figure 2C), reflecting
mainly lower inflammatory Ly6C" monocyte and neutrophil counts (Figures 2D and S2D).
In contrast, ABCAI mutant-expressing animals on a Tet2-deficient background exhibited
higher peripheral myeloid cells (both monocytes and neutrophils) compared to ABCAI-WT-
transduced animals (Figures 2C, 2D, and S2D). These effects were not observed when
ABCAI1-WT or mutants were transduced on a WT background (Figures S2E and S2F). T
and B cell numbers and hematocrit and platelet counts were normal on both backgrounds
(data not shown). These data indicate that ABCA mutants impede the protective effect of
ABCAI-WTin preventing myeloid expansion on a Tet2-deficient background. The 5
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ABCAI mutations identified in CMML patients were found to be loss-of-function
mutations, as demonstrated by their failure to suppress blood leukocyte counts in the setting
of Tet2 deficiency.

ABCA1 Mutants Fail to Prevent CMML-Associated Extramedullary Hematopoiesis and
Splenomegaly

The overexpression of ABCAI-WT suppressed the splenomegaly of animals transplanted
with Tet2-deficient BM (Figures 2E and 2F). Despite a variability within the groups, this
was statistically not observed in ABCAI mutant-transduced animals on a Tet2-deficient
background (Figure 2F). Although the median survival of Tet2-deficient mice was estimated
to be 560 days (Kunmoto et al., 2018), the Kaplan-Meier survival curve indicated that the
survival of ABCA1-WT-transduced animals on aTet2-deficient background is significantly
better compared to empty vector-transduced animals and ABCA1 mutant-transduced
animals over a 140-day period (Figure S2G). Pathological examination revealed a robust
infiltration of myeloid cells, including significant destruction of normal spleen architecture
in ABCA1 mutant-transduced animals on a Tet2-deficient background compared to ABCAI-
WT transduced animals, similar to what was observed in empty vector-transduced animals
(Figure 2E). Flow analysis of the spleen confirmed an increased proportion and number of
CD11 b*Grl* myeloid cells in ABCAI mutant-transduced animals on a Tet2-deficient
background, and to some extent, on a WT background, compared to ABCAI-WT-
transduced animals (Figures 2G, 2H, and S2H). An increased percentage of HSPCs (LSK
cells [Lineage Scal* c-Kit*]) was also observed in the spleens of ABCAI mutant-
transduced animals compared to ABCA1-WT-transduced animals (Figure S21). Thus, unlike
WT ABCAL, specific ABCAI mutants associated with human CMML were unable to limit
the increased extramedullary hematopoiesis and splenomegaly that are classical features of
CMML.

ABCA1 Mutants Fail to Suppress Expansion and Myeloid Bias of Tet2-Deficient HSPCs

Tet2 loss or defective cholesterol efflux pathways leads to BM HSPCs and differentiation
toward a myeloid lineage fate /7 vivo (Moran-Crusio et al., 2011; Quivoron et al., 2011;
Yvan-Charvet et al., 2010). Analysis of the BM HSPCs showed a reduction in the LSK cells
in ABCAI1-WT-transduced animals on a Tet2-deficient background compared to empty
control-transduced animals. This effect was lost in ABCAI mutant-transduced animals
(Figure 3A). Although ABCA1 mutants barely altered the percentage of BM
megakaryocyte-erythrocyte progenitors (MEPs; Lineage™Scal™ c-Kit*CD3410WFcyRIow)
(Figures S3A and S3B), the granulocyte-monocyte progenitors (GMPs; Lineage™Seal "¢c-Kit
*CD34NiFcyRM) and the common myeloid progenitors (CMPs; Lineage Seal c-Kit
*CD34NiFcyR!oW) were significantly increased in ABCAI mutant-transduced BM compared
to ABCAI-WT-transduced BM both on WT (Figures S3A and S3B) and Tet2-deficient
backgrounds (Figure 3B). To determine whether ABCAI mutants engage HSPCs to
differentiate into the myelomonocytic lineages, BM cells from ABCAI1 mutant-transduced
animals were cultured ex vivoin the presence of IL-3 and GM-CSF. BM cultures showed
that ABCAI mutants disengaged the suppressive effects of ABCAZ on HSPC expansion
(Figure 3C) and myeloid lineage expansion (Figure 3D) in theTet2-deficient background.
These findings suggest that in contrast to ABCAI-WT, ABCAI mutants allow Tet2-deficient
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HSPCs to proliferate and to favor myelopoiesis as a result of increased IL-3-GM-CSF
signaling. Of note, in secondary transplants (Figure 3E), ABCAI mutant-transduced animals
had a significantly higher percentage of peripheral Gr-1M9"CD11bM9" myeloid cells
compared ABCAI-WT-transduced animals (Figure 3F) and failed to suppress splenomegaly
(Figure S3C) or splenic cholesterol accumulation (Figure S3D). These findings confirm that
ABCAL inactivation not only confers a significant competitive advantage to Tet2-deficient
FISPCs /n vivobut also enhances a TET2-induced transplantable myeloproliferative
disorder.

ABCAZ1 Deficiency Cooperates with Tet2 Loss to Propagate Myeloid Transformation

In parallel, we crossed Mx1-Cre*Tet2f/fl mice (Moran-Crusio et al., 2011; Quivoron et al.,
2011) to Abcalf/f mice (Yvan-Charvet et al., 2010) to generate Mx1-Cre*Tet2f/flAbca1fl/fl
(referred to subsequently as DKOAHSC [double knockout, DKO]) mice. BM cells from these
mice were subsequently transplanted into lethally irradiated C57BL/6J mice (Figure 4A).
Animals were analyzed 5 weeks after BM reconstitution (TO) and at the indicated time point
following PIPC injection (Figure 4A). We confirmed the excision of both Tet2 and Abcal
mRNA expression in the BM of Mx1-Cre*Tet2f/fl mice and Mx1-Cre*Abcalf/fl mice,
respectively (Figure 4B). DKOAHSC mice also underwent a marked increase in peripheral
myeloid cells compared to single Abcal or Tet2-deficient mice (Figures 4C, 4D, and S4A).
These findings show a cooperative effect between ABCAZ1 and 7et2 mutations on myeloid
expansion. In addition, Abcal deficiency exacerbated the splenomegaly of Tet2-deficient
animals, while having no effect on its own (Figures 4E and 4F). DKO2AHSC mice also
exhibited higher myeloid cell infiltration compared to single-KO mice after pathological
examination (Figure 4E), with an increased percentage and number of eosinophil,
neutrophil, monocyte, and red pulp macrophages (RPMs) determined by flow cytometry
(Figures 4G, S4B, and S4C). Thus, the complete deletion of ABCA1 in Tet2-deficient mice
increased spleen size and enhanced extramedullary myelopoiesis. Consistently, DKOAHSC
mice showed an increased frequency of LSK cells compared with WT or Tet2-deficient mice
(Figure 4H). There was also an additive effect ABCAZand TETZ2deficiency in promoting
BM myeloid progenitor expansion (Figure 4l). These data indicate that concurrent ABCA1
deficiency and Tet2 loss in hematopoietic cells exacerbated myeloid transformation,
supporting the finding that ABCAI mutations identified in CMML patients were loss-of-
function mutations.

Cholesterol Accumulation Links ABCA1 Mutants and Tet2 Loss to IL3-Rp Signaling
Hypersensitivity

We next sought to identify the mechanisms responsible for the lack of tumor-suppressor
function of ABCAI mutants in Tet2-deficient BM cells. Increased cholesterol accumulation
and reduced expression of ABCAL have been repeatedly observed in cancer cells (Bovenga
et al., 2015; Lin and Gustafsson, 2015). Thus, taking advantage of publicly available gene
expression datasets (Kunimoto et al., 2018), we interrogated whether Tet2-deficient LSK,
CMP, and GMPs cells could transcriptionally regulate cholesterol metabolic pathways. We
did not observe a major transcriptional regulation of the genes involved in cholesterol
metabolism (<10% overall changes), including LXR target genes and ABCAZ in Tet2-
deficient hematopoietic progenitors (Figure S5A). The functional behavior of these cells was
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next assessed by quantifying the neutral lipid accumulation in single-KO and DKOAHSC
HSPCs by flow cytometry using BODIPY staining. An increase in cellular neutral lipid
content in single-KO and DKOAHSC HSPCs and committed myeloid progenitors (i.e., GMP
and CMP) was observed compared to controls (Figures 5A and 5B). The combined
deficiency of Tet2 and Abcal also led to a cumulative BODIPY-neutral lipid staining per cell
(expressed as mean fluorescence intensity [MFI]) in myeloid progenitors compared to
single-KO cells (Figure 5B) but not in HSPCs (Figure 5A). Consistently, the overexpression
of WT-ABCA1 reduced BODIPY staining inTet2-deficientCMP progenitors, but not in Tet2-
deficient HSPCs (Figures 5C and 5D). However, ABCA1 mutants failed to reduce BODIPY
staining on a Tet2-deficient background (Figures 5C and 5D) and to some extent on a control
background (i.e., ABCA1-A12917T, G1421H, and P1423S) (Figure S5B). The anti-tumor
activity of ABCA1 could be linked to the inhibition of sterol regulatory element- binding
protein-2 (SREBP-2) and cholesterol biosynthesis target genes, which has recently been
linked to the reduced expression of cell growth-facilitating mevalonate products in a solid
tumor (Moon et al., 2019). However, the accumulation of cholesterol in ABCAI mutant-
transduced Tet2-deficient BM cells rather was associated with the reduced expression of
genes in the mevalonate pathway (Figure 5E), which is a well-known feedback regulatory
mechanism by which sterols accumulating in the endoplasmic reticulum (ER) limit the
processing and expression of the target genes of SREBP-2 (Brown and Goldstein, 2009;
Spann and Glass, 2013).

Given the activation of the IL3-Rp canonical pathway in myeloid cells with a defective
cholesterol efflux pathway (Yvan-Charvet et al., 2010) and the hypersensitivity of Tet2-
deficient myeloid cells to GM-CSF (Kunimoto et al., 2018), we next assessed whether the
myelosuppressive function of ABCAI on a Tet2-deficient background could be attributed to
its role in removing excess cellular cholesterol in committed myeloid progenitors. Excess
cellular cholesterol was removed by treatment with cyclodextrin in ABCAI mutant-
transduced Tet2-deficient BM cells cultured in the presence or absence of IL-3 and GM-
CSF. We validated our ex vivo BM culture proliferation assay by showing that inhibition of
the 1L-3RBsignaling pathway using the IL-3Rp blocking antibody prevented BM
proliferation in IL-3 and GM-CSF treatment (Figure 5F). We next showed that both the
IL-3Rp blocking antibody and cyclodextrin prevented the proliferation of ABCAI mutant-
transduced Tet2-deficient BM cells, similar to the effect of ABCAI-WT overexpression
(Figure 5F), without affecting cell viability (data not shown). Consistently, western blot
analysis showed higher levels of pErk1/2 or pJak2 in ABCA1 mutant-transduced Tet2-
deficient BM cells compared to ABCAI-WT-transduced cells (Figure S5C). mRNA
expression analysis also revealed higher cyclin D1 and PU.1 gene expression in ABCA1
mutant-transduced Tet2-deficient BM cells (Figure S5D). These genes are IL-3R3 signaling
targets involved in proliferation and myeloid lineage commitment. In contrast, we did not
observe changes in the expression of the key transcription factor CCAAT/enhancer-binding
protein alpha (C/EBPa) or in the negative regulators of RAS signaling, including dual-
specificity phosphatase 1 (DUSP1) or sprouty-related, EEVH1 domain-containing protein 1
(Spredl) (Kunimoto et al., 2018). These findings suggest that the tumor-suppressor function
of ABCA1 relies on its capacity to modulate cholesterol-dependent I1L-3R3 signaling and
downstream mitogen-activated protein kinase (MAPK) and JAK2 signaling. We and others
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recently showed that reduced autophagy and enhanced mitochondrial reactive oxygen
species (ROS) production were 2 major metabolic events promoting HSPC expansion and
myeloid commitment downstream of the IL-3R3 signaling pathway (Lum et al., 2005;
Sarrazy et al., 2016). Thus, we estimated autophagic activity using the Cyto-1D probe by
flow cytometry. Reduced autophagic activity was observed in 7et2- and Abcal-deficient
myeloid progenitors (Figure S5E) and in ABCAI mutant-transduced CMP and GMP cells
compared to ABCAI-WT-transduced BM both on WT and Tet2-deficient cells (Figure S5F).
Finally, suppression of mitochondrial ROS with tempol prevented the basal proliferation and
IL-3-GM-CSF hypersensitivity of ABCAI mutant-transduced Tet2-deficient BM cells
(Figure 5F). These data confirm that ABCAI mutations impair the myelosuppressive
function of ABCA1 by increasing IL-3-GM-CSF hypersensitivity and downstream
metabolic sequelae in Tet2-deficient myeloid progenitors.

Increased HDL Reverses Increased Myelopoiesis and Splenomegaly Caused by ABCA1

Mutants

Given the ability of increased HDL to suppress HSPC myeloid lineage commitment and
rescue the myeloproliferative disorder of mice with defective cholesterol efflux (Yvan-
Charvet et al., 2010), we hypothesized that raising HDL would alleviate some of the
myeloproliferative phenotypes of ABCAI mutant-transduced Tet2-deficient animals. First,
HDL treatment ex vivoreduced the proliferation rates of ABCAI mutant-transduced Tet2-
deficient BM cells (Figure 6A). This was not the case with low-density lipoprotein (LDL)
treatment (data not shown). HDL treatment also reduced BODIPY cholesterol staining
(Figure 6B) of ABCAI mutant-transduced Tet2-deficient BM cells. We next explored the
efficacy of the apoA-1 transgene to increase HDL levels /in vivo (Figures 6C and 6D).
Transduction of ABCA1-A12917, G1421R, and A2011T was selected as the proof of
concept and compared to BM transduced with empty vector or ABCAZ-WT. Similar to
ABCA1-WT-transduced BM cells, the human apoA-1 transgene prevented the peripheral
myeloid expansion of mice transplanted with ABCAI mutant-transduced Tet2-deficient BM
(Figure 6E) and also abolished their splenomegaly (Figure 6F). These data demonstrate that
increased apoA-1 production and increased HDL show robust preclinical efficacy in
myeloproliferative neoplasms driven by ABCA1 and TETZ2 mutants.

DISCUSSION

Here, we identified recurrent somatic mutations in the cholesterol exporter ABCAZ in
CMML patients. The expression of ABCA1 mutants /n vitro confers a growth and
proliferative advantage /n vitro compared to the expression of WT7-ABCAI. The relevance of
these mutations is underscored by the loss of the tumor-suppressor function of W7-ABCA1
in the context of Tet2 deficiency. ABCAI deficiency also accelerated the myeloproliferative
disorder of Tet2-deficient BM transplanted mice, as illustrated by increased myelopoiesis
and extramedullary hematopoiesis. The myelosuppressive function of ABCA1 was further
illustrated by the failure of ABCAI mutants to limit a fully penetrant myeloproliferative
disorder after serial transplantation. The underlying mechanism involves the accumulation of
cellular cholesterol in myeloid progenitors, resulting in IL-3Rp signaling hypersensitivity
with sustained ERK1/2 and JAK2 signaling and subsequent metabolic perturbations (e.g.,
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reduced autophagy, enhanced mitochondrial ROS formation). In addition, the overexpression
of the WT human apoA-1 transgene rescued the loss of the myelosuppressive function of
ABCA1 mutants. These findings provide further evidence that these effects were caused by
defective cholesterol efflux and suggest a therapeutic application of HDL-raising therapies
for CMML patients bearing ABCAI mutants.

The classical hallmarks of cancer are intimately intertwined with an assortment of metabolic
processes that a tumor cell effectively hijacks to facilitate malignant transformation
(Boroughs and DeBerardinis, 2015; Hanahan and Weinberg, 2011; Kroemer and
Pouyssegur, 2008). Several studies, largely performed /n vitro, suggest that altered
cholesterol metabolism (i.e., enhanced cholesterol synthesis and reduced cholesterol efflux)
is linked to the cellular transformation that is most likely to provide the essential building
blocks required to maintain their aberrant survival and growth (Bovenga et al., 2015;
Clendening and Penn, 2012; Dang, 2012; Lin and Gustafsson, 2015; Mullen et al., 2016).
This synergistic metabolic regulation is a highly cooperative process that is thought to
involve a transcriptional response of non-mutant genes (i.e., “cooperation response genes”)
induced by oncogenic mutations, including the downregulation of the cholesterol exporter
ABCAL (Hirsch et al., 2010; McMurray et al., 2008). Conversely, short amphipathic a-
helical peptides, the presumed mimetics of apoA-1 (the major apolipoprotein constitutive of
HDL), inhibited ovarian tumor development (Su et al., 2010), synthetic HDL nanoparticles
inhibited B cell lymphoma xenografts (Yang et al., 2013), and injection of human apoA-1
promoted tumor and métastasés regression in mice inoculated with malignant melanoma
cells (Zamanian-Daryoush et al., 2013). These findings indicate decreased ABCAL efflux
activity in a variety of solid tumors that may have pathophysiological importance. However,
efforts to identify causal somatic mutations in genes governing cholesterol efflux pathways
have been limited so far to human colon cancer samples (Sjoéblom et al., 2006; Smith and
Land, 2012). Similar to solid tumors, early studies have associated hematological
malignancy, especially chronic myelocytic leukemia, with perturbed cholesterol metabolism
(Dessi et al., 1995; Gilbert and Ginsberg, 1983). Hypercholesterolemia and defective
hematopoietic cholesterol efflux pathways control many aspects of HSPC homeostasis in
mice, including their proliferation and expansion, their myeloid lineage commitment, and
their mobilization from the BM (Lacy et al., 2019; Soehnlein and Swirski, 2013; Tall and
Yvan-Charvet, 2015). We also demonstrated that the overexpression of the human apoA-1
transgene prevented the myeloprolifération of mice bearing the Mpl-W515L or FIt3-1TD
oncogenes (Gautier et al., 2013). The discovery of ABCAI mutants in CMML samples with
loss of myelosuppressive activity in cell culture and /n vivo provides causal evidence of the
role of ABCAL efflux activity in myeloproliferative disorders.

Functional studies have suggested co-occurrence of specific combinations of leukemia
disease alleles to drive myeloid transformation (Kunimoto et al., 2018; Shih et al., 2015).
These mutations include genes that control signal transduction (e.g., somatic RAS
mutations) and metabolic pathways (e.g., somatic isocitrate dehydrogenase [IDH]
mutations) and those that regulate epigenetic modifications. One of the epigenetic modifiers
most commonly mutated in myeloid malignancies is TET2 (Itzykson et al., 2017), which
catalyzes the conversion of 5-methylcytosine to 5-hydroxymethylcytosine, leading to DNA
demethylation (Tahiliani et al., 2009). These mutations are thought to largely arise
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spontaneously as a result of replicative stress in aging HSCs providing the first-step
acquisition of clonal expansion and a bias toward the myeloid lineage (Moran-Crusio et al.,
2011; Quivoron et al., 2011), but they are not sufficient to induce myeloid transformation
and IL-3Rp hypersensitivity (Itzykson et al., 2017). Our findings suggest that these ABCA1
mutants, due to their loss of myelosuppressive functions, could play a pivotal role in
providing a second hit, which cooperates with CH alleles to drive myeloid transformation.

Somatic mutations in ABCAI have not previously been described in leukemia; however,
loss-of-function mutations in the ABCAI gene have previously been characterized in
Tangier disease, a rare autosomal-recessive disorder (Kang et al., 2010). Apart from
mutations located in the apoA-1 binding pocket, loss-of-function mutations have been
located in the island C-terminal regions or the PEST sequence, involving several
mechanisms such as mislocalization of ABCA1 away from the cell surface, impaired
dimerization, ER exit failure, or protein interaction-dependent destabilization and
degradation, all leading to impaired cholesterol efflux (Kang et al., 2010). Thus, the
proliferative advantage of some ABCAL mutants (ABCA1-A12917, ABCAI-G1421R, and
ABCA1-P1423S) over empty control could be attributed to a change in the dimerization
with endogenous ABCAL, as previously observed in Tangier disease (i.e., dominant-negative
effect) (Brunham et al., 2006; Kang et al., 2010). Engineered mutations in ABCAL have also
revealed the additional regulation of receptor tyrosine kinase signaling by lipid-dependent
and -independent export activity (Vaughan et al., 2009; Tang et al., 2009). Thus, future
studies are necessary to pinpoint the molecular mechanism at the origin of the impaired
ABCAL efflux activity or signal transduction and subsequent myelosuppressive functions of
the newly identified ABCA1 mutants.

Monocytosis and IL-3Rp hypersensitivity are hallmarks of CMML (Itzykson et al., 2017),
and we previously showed that the accumulation of plasma membrane cholesterol in
myeloid progenitors with defective cholesterol efflux pathways is the culprit of enhanced
IL-3R0 signaling (Yvan-Charvet et al., 2010). However, ABCA1 anti-tumor activity in
murine hepatocellular carcinomas driven by p53 loss has recently been attributed to a
distinct mechanism involving the inhibition of SREBP-2 maturation with the consequent
reduced expression of cell growth-facilitating mevalonate products, which are intermediates
in the cholesterol biosynthesis pathway (Moon et al., 2019). This mechanism is inconsistent
with our data in the hematopoietic context, since reduced expression of SREBP-2 and
cholesterol biosynthesis target genes were observed in ABCAI mutant-transduced leukemic
cells, and the loss of the anti-proliferative activity of ABCA.I mutants was overcome by
HDL or cyclodextrin-mediated cholesterol efflux in cell culture and by increased HDL levels
in vivo. HDL and cyclodextrin promote cholesterol efflux by non-ABCAL pathways, which
should deplete cellular and ER cholesterol (Tall and Yvan-Charvet, 2015), leading to
increased SREBP2 processing and increased cholesterol biosynthesis (Brown and Goldstein,
2009; Spann and Glass, 2013). Moreover, the overexpression of cholesterol efflux-
promoting genes leads to the increased expression of SREBP-2 target genes (Wang et al.,
2006). The reason for the apparent discrepancy between these studies is unknown, but it
could be related to the specific mutant alleles and tissue context being evaluated (Lee et al.,
2013). The present study rather shows that the IL-3R3 hypersensitivity observed in the
presence of ABCA1 mutants metabolically reprograms myeloid cells downstream of
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receptor tyrosine kinase signaling activation, which is the culprit of mitochondrial ROS
production, known to drive hyperproliferation and leukemic hematopoiesis (Vander Heiden
et al., 2009; Abdel-Wahab and Levine, 2010).

Treatment for CMML remains challenging, since there are few validated therapeutic targets,
and conventional cytotoxic drugs have limited activity. The only curative option to date is
allogenic stem cell transplantation. However, most patients are diagnosed at an advanced age
and are not candidates for stem cell transplantation (Itzykson et al., 2017). Our data indicate
that cooperative epigenetic remodeling by 7E72loss and ABCAI mutants supports myeloid
transformation, which may provide a rationale for mechanism-based therapy. Given the
emerging association between HDL and cancer (Pirro et al., 2018), the identification of
ABCA1 mutations in CMML provides a potential target for therapeutic intervention with
HDL-raising therapies such as infusions of reconstituted HDL, which are in phase IlI
clinical trials for acute coronary syndrome. This could be repurposed for the treatment of
myeloid malignancies with genetic inactivation of ABCA1 function.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfiled by the Lead Contact, Dr. Laurent Yvan-Charvet (yvancharvet@unice.fr).

There are restrictions to the availability of plasmid generated and stable cell lines due to the
lack of an external centralized repository for its distribution and our need to maintain the
stock. We are glad to share repository with reasonable compensation by requestor for its
processing and shipping.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary CMML patient samples—All samples were collected on MSKCC protocol 06—
107. Protocol 06-107 was most recently approved by the Human Subjects Protection
Committee at the Memorial Sloan Kettering Cancer Center on July 09, 2019 and is fully
HIPAA compliant. Peripheral blood and/or bone marrow samples were collected from 26
patients (men and women) with CMML,; informed consent was obtained from all patients
included in this study. Matched normal tissue in the form of a buccal swab was available for
all patients.

Mice— W7, MxI-Cre* (B6.Cg-Tg(Mx1-cre)iConi) 7ot (B6;129S-Tetotml aaildy
Abca1™ (B6.12956-Abcal™LPM) and human apoA-1 transgenic male mice
(B6.Tg(ApoA1)1RUb) ‘were obtained from the Jackson Laboratory between the age of 6
and 10 weeks. Human apoA-1 transgenic mice were selected based on the human apoA-1
levels in the range of 150-300mg/dL (ELISA do not detect mouse apoA-1) as previously
described (Rubin et al., 1991; Yvan-Charvet et al., 2010). MxI-Cre* Tet2"f mice, Mx1-Cre
* Abcal" mice and Mx1-Cre* Tet2"f Abcal? littermate mice were used for this study.
Animal procedures were conducted in accordance with the Guidelines for the Care and Use
of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committees at Mediterranean Center of Molecular Medicine (C3M). Mice were maintained
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on a 12h light/12hdarkness lighting schedule. Animals had ad /ibitum access to both food
and water.

Cell Line—THP-1 cells (human acute monocytic leukemia cell line, TIB-202, ATCC) were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) at 37°C
in 5% CO0,.

HEK293 cells (human embryonic kidney, CRL-1573, ATCC) were grown in DMEM
containing 10% FBS and cultured at 37°C in 5% CO».

METHOD DETAILS

Genetic analysis of primary patient samples—Genomic DNA was extracted from
viably frozen peripheral blood granulocytes and buccal swabs. High-throughput DNA
sequence analysis was used to screen for mutations in ABCAL, ABCG1, NR1H2, and
NR1H3. All DNA samples were whole genome amplified using 029 polymerase to ensure
sufficient material was available for sequence analysis. M13-appended gene-specific primers
were designed to amplify and sequence all coding exons of all isoforms of the above-
mentioned genes. Primer sequences and the genomic coordinates of all amplicons sequenced
are included in Table S1. Bidirectional sequence traces were analyzed for missense and
nonsense mutations using Mutation Surveyor (Softgenetics, Inc., State College, PA), and all
traces were reviewed manually and with Mutation Surveyor for the presence of frameshift
mutations. Mutations were annotated according to the predicted effects on coding sequence
using NM_005502.2, NM_004915.3, NM_007121.4, and NM_001130101.1 as the reference
sequence for ABCA1, ABCG1, NR1H2, and NR1H3 respectively. Non-synonymous
mutations were first compared to published SNP data (dbSNP, https://
www.nchi.nlm.nih.gov/projects/SNP) such that previously annotated SNPs were not
considered pathogenic mutations. Missense mutations not in the published SNP database
were annotated as somatic mutations based on either on reported data demonstrating these
are somatic mutations or sequence analysis of that demonstrated these mutations were
present in tumor and not in matched normal DNA. All somatic mutations were validated by
resequencing non-amplified source DNA for the particular amplicon where the mutation was
noted. Genomic DNA from paired samples was verified to belong to the same patient by
genotyping of the specimens for 42 highly polymorphic single-nucleotide polymorphisms
using mass-spectrometry based genotyping as described previously. In order to determine
whether the genes in which non-synonymous mutations were identified were mutated at a
rate higher than expected by chance alone, we first calculated the rate of non-synonymous
mutations in the sequenced genes. We then performed binomial test in R (http://www.r-
project.org/) to compare the rate of non-synonymous mutations in the genes identified in this
study with the expected background rate of 0.22 — 2.5 x 10~¢ synonymous mutations
identified in several prior large-scale sequencing studies?~10 as well as the expected ratio of
silent:non-silent mutations (0.31-0.41) from the same studies.

Plasmids—Mouse ABCA1 cDNA, with a homology of 97% to human ABCA1 cDNA,
was used to generate P711L, A1291T, G1421R, P1423Sand A2011T mutant cDNAs and
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cloned into pLKO lentiviral vectors to genetically perturb cells by lentiviral infection and
avoid cross reactivity.

Mice and treatments—Bone marrow (BM) transplantation into lethally irradiated WT
recipients and serial BM transplantation studies were performed as previously described
(Yvan-Charvet et al., 2010). After 5 weeks of reconstitution, mice were /7 p injected with
poly:IC (250 ug/injection with a cumulative dose of 750 pg/mice, Invivogen) to induce gene
deletion/recombination. Mice were used between 3 and 5 months after the injections of
poly:IC depending of the experiment to allow the development of myeloproliferative
neoplasms (Moran-Crusio et al., 2011).

Lentiviral BM transplantation—The lentiviral BM transplant assay was performed as
previously described (Gautier et al., 2013). In brief, MxI-Cre* and MxI-Cre* Tet2"" mice
were injected with 5-fluorouracile (3mg/mice of 5-FU, F6627, Sigma) 3 days before the
experiment to enrich HSPCs within the BM. Control, ABCAI-WTand ABCAI mutant
lentiviral particles (pLKO lentiviral vector containing a MSCV-IRES-EGFP sequence,
Genecust) were tittered and used to transduce Mx1-Cre* or Mx1-Cre* Tet2f/fl cells. BM
cells were cultured for 24 h in transplantation media (RPMI + 10% FBS + 6 ng/ml IL-3
(Corning), 10 ng/ml IL-6, and 10 ng/ml stem cell factor (Milteny Biotech)) and treated with
lentiviral particles (MOI of 5 in the presence of polybrene (Sigma)). After washing, the cells
were used for BM transplantation into lethally irradiated WT or human apoA-1 transgenic
recipient mice as indicated in the figure legends. The transduction efficiency ranged from
70%-90% in LSK cells before implantation as previously described (Gough and Raines,
2003; Pikman et al., 2006; Westerterp et al., 2012). After 5 weeks of reconstitution, mice
were 7pinjected with poly:IC (250 pg/ injection with a cumulative dose of 750 ng/mice,
Invivogen) to induce gene deletion/recombination. Mice were used between 3 and 5 months
after the injections of poly:1C depending of the experiment.

White blood cell counts-—Leukocytes, differential blood counts, platelets and
erythrocytes were quantified from whole blood using a hematology cell counter
(HEMAVET® 950).

Histopathology—Mice were euthanized and tissues were harvested and fixed in 4%
paraformaldehyde. Spleen was serially paraffin sectioned using a Microm HM340E
microtome (Microm Microtech, Francheville France) and stained with H&E for
morphological analysis as previously described (Yvan-Charvet et al., 2010).

HEK293 cell transfection and culture—HEK293 cells at a density of 106 cells/well
were transiently transfected with similar amounts of control empty vector (ocDNA 3.1%),
ABCAI-WT or mutant cDNA using Lipofect AMINE 2000 according to the manufacturer’s
instructions (Invitrogen). Then, cells were incubated for different times in DMEM
containing 10% FBS before treatments as indicated in the figure legends.

Human THP-1 monocytic leukemia cells and treatments—Non-adherent THP-1
monocytes were transduced at MOI of 5 with control, ABCAI-WT and ABCAI mutant
lentiviral particles (pLKO lentiviral vector containing a CMV promoter, Genecust) in the
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presence of polybrene (Sigma) and used 3 days later for experiments as described in the
figure legends. THP1 cells were treated for 16 hours with puromycin 24 hours after
transfection to improve the transient transduction/transfection efficiency up to 60% to 80%
(data not shown), which slowed down the proliferation rate of these cells. In some
experiments, stable overexpressing ABCAI-WT and ABCAI mutants THP-1 macrophages
were generated after lentiviral transduction and GFP selection of a puromycin resistant
pLKO vector containing ABCAI gene.

BM harvest and treatment—-Briefly, femurs were flushed with ice-cold PBS and
centrifugated for 5min at 1,000rpm to extract BM cells. After red blood cell lysis, over 90%
of BM cells were CD45-positive cells of hematopoietic origin (Westerterp et al., 2012).
Primary BM cells were resuspended in IMDM (GIBCO) containing 10% FCS (STEMCELL
Technologies) and cultured for 1 h in tissue culture flasks to remove adherent cells,
including macrophages. The transduction rate of control, ABCAI-WTand ABCAI mutant
lentiviral particles was determined after BM transplantation as described above. Suspended
cells were then normalized to the same concentration and cultured for 72 h in the presence
of 6 ng/mL IL-3 and 2ng/mL GM-CSF (R&D Systems). In some experiments, the
cyclodextrin (Sigma) was used at the final concentration of 5 mM, tempol (EMD Millipore)
at 4 mM and anti-IL3Rp AF549 antibody (R&D Systems) at 50 ng/mL.

[3H]-Thymidine proliferation assay—For proliferation assays, cells were pulsed for 2 h
with 2 puCi/ml [3H]-thymidine, and the radioactivity incorporated into the cells was
determined by standard procedures using a liquid scintillation counter.

Isotopic cholesterol efflux assay—THP-1 monocytes were treated with 100 nmol/L
PMA (Phorbol myristate acetate) for 24 hour to facilitate differentiation into macrophages
and cultured for 24 h in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS) containing 2 uCi/ml of [3H]-cholesterol. Cholesterol efflux was performed for 6 h in
0.2% BSA DMEM containing 15 ng/mL apoA-l. The cholesterol efflux was expressed as the
percentage of the radioactivity released from the cells in the medium relative to the total
radioactivity in cells plus medium (Yvan-Charvet et al., 2010).

Cellular and tissue cholesterol content—Total lipids were extracted with chloroform/
methanol from total cell lysates. Cholesterol mass in cells was determined using colorimetric
kits (Wako Chemicals).

Flow cytometry analysis—BM cells, peripheral blood and splenocytes were collected
from leg bones, blood and spleen cells after manual flushing or grinding, lysis to remove red
blood cells and filtering through a 40-um cell strainer as previously described (Yvan-Charvet
et al., 2010). For peripheral blood leukocytes analysis, 100 /iL of blood were collected into
EDTA tubes before red blood cell lysis and filtration. Freshly isolated BM, spleen and blood
cells were stained with the appropriate antibodies for 30 min on ice. Cellular cholesterol
content was quantified using the Bodipy-cholesterol probe (Life Technologies).
Phosphoflow staining was performed according to the manufacturer’s instruction (BD
Biosciences). HSPC and hematopoietic progenitor subsets and myeloid cell populations
were analyzed by flow cytometry using an LSR Fortessa (Becton Dickinson) or sorted with
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a FACSArria Il instrument (Becton Dickinson). All gating strategies are depicted in the
Figures. Data were analyzed with FlowJo software (Tree Star).

Cholera Toxin staining—After a wash in complete growth medium, THP-1 transduced
monocytes were stained 15min at 37°C, in 1 ug/ml working solution of Cholera Toxin
Subunit B, Alexa Fluor 594 conjugate (Invitrogen, C34777). Cells were then stained with
1ng/ml working solution of DAPI (4’,6-diamidino-2-phenylindole) and washed 3 times in
PBS1X. Immunostaining of cells was read on a Nikon Confocal A1R microscope.

Antibodies—TCR-p (H57-597), F4/80 (BM8), CD2 (RM2-5), CD3e (145-2C11), CD4
(GK1.5), CD8b (53-6.7), CD19 (eBiolD3), CD45R (B220, RA3-6B2), Gr-1 (Ly6G, RB6-
8C5), Cd11b (Macl, M1/70), Ter119 (Ly76) and NK1.1 (Ly53, PK136)-FITC were all from
eBioscience and used for lineage determination. c-Kit (CD117, ACK2)-APCeFluor780 from
eBioscience, Sca-1-Pacific blue from Biolegend, FcgRII/11I-PE (CD 16/32, 2.4G2), CD34
(RAM34)-AlexaFluor 647, CD135 (FIt3, A2F10)-PE, CD150 (Slamfl, TC15-12F12.2)-
PECy7 were from Biolegend and used to quantify HSPCs and progenitor subsets. Peripheral
leukocytes were stained with CD115 (AFS98)-APC, CD45 (30-F11)-APCCy7 and Ly6C/G
or Gr-1 (RB6-8C5)-PercPCy5.5 from eBioscience and BD Biosciences, respectively.

RNA analysis—Total RNA extraction, cDNA synthesis and real-time PCR were
performed as described previously (Yvan-Charvet et al., 2010). m36B4 RNA expression was
used to account for variability in the initial quantities of mMRNA.

Analysis of DNA hydroxymethylation—Global 5-hmC levels in genomic DNA
isolated from blood cells were evaluated by ELISA, following manufacturer’s instructions
(MethylFlash Global DNA Hydroxymethylation ELISA Easy Kit).

Western Blotting—The expression of ABCAL, TET2, phospho JAK2 and ERK were
measured in BM cell by western blot analysis. Briefly, cell extracts were electrophoresed on
4%-20% gradient SDS-PAGE gels and transferred to 0.22-fim nitrocellulose membranes.
The membrane was blocked in Tris-buffered saline, 0.1 % Tween20 containing 5%(w/v)
nonfat milk (TBST-nfm) at room temperature (RT) for 1 h and then incubated with the
primary antibody (TET2, phospho JAK2 and ERK antibodies from Cell Signaling and
ABACI antibody from Abeam) in TBST-nfm at RT for4h, followed by incubation with the
appropriate secondary antibody coupled to horseradish peroxidase. Proteins were detected
by ECL chemiluminescence (Pierce). Intensity of each protein strips was quantified using
ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean + SEM. Statistical significance was performed using two-tailed
parametric Student’s t test or by one-way analysis of variance (ANOVA, 4-group
comparisons) with a Bonferroni multiple comparison post-test according to the dataset
(GraphPad software, San Diego, CA). Results were considered as statistically significant
when p < 0.05. All the statistical details of experiment can be found in the figure legends.
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DATA AND CODE AVAILABILITY

The datasets supporting the current study have not been deposited in a public repository
because of a pending patent at the time of submission but are available from the
corresponding author on request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

ABCA1 somatic mutations were identified in CMML patients

. ABCA1 mutations fail to repress myeloproliferative neoplasms in 7et2-

deficient mice

. ABCAI mutations sustain IL-3RB signaling-driven myelopoiesis in Tet2-

deficient HSPCs

. Overexpression of apoA-1 overcomes ABCA1/TETZ2 co-mutant

myeloproliferative neoplasms
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Figure 1. Identification of Loss of Function ABCA1 Mutants in CMML
Forward (upper trace) and reverse (lower trace) sequence traces of ABCAL gene

demonstrating a heterozygous cytosine-to-thymine substitution (arrows) present in myeloid
cell DNA from patients with chronic myelomonocytic leukemia (CMML). The mutation is
not present in buccal DNA from the same patient (upper trace).

(A and B) DNA sequence (A) and protein translation (B) for both the wild-type (WT) and
mutant ABCA1 alleles. The mutations result in amino acid substitution at codons 711,
1,291, 1,421,1,423, and 2,011.
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(C) Representative 3D structure of ABCAL transporter. The asterisks represent localizations
ABCAI mutants.

(D and E) [3H]-Thymidine proliferation assays (Pulsed for 2h) were performed in HEK293
cells transiently transfected with plasmid constructs expressing ABCA1-WTand ABCA1
mutants or empty vector (D), or in THP-1 monocytic leukemia cells transduced for 72 h with
lentiviral particles expressing ABCA1-WT, ABCAI mutants or empty vector (E).

(F) THP-1 cells transduced for 72 h with ABCAI mutants exhibit growth advantage over a
7-day period compared with ABCAI-WT.

(G and H) Expression of phosphoSTAT5 (G) and BODIPY staining (H) determined by flow
cytometry in these cells.

(1) Confocal images of lipid raft staining in THP-1 cells transduced for 72 h with empty,
ABCA1-WT, and ABCAI mutants.

Values are mean £SEMs of at least 3 experiments performed in triplicate. *P < 0.05
ABCAL-WT versus empty control. #P < 0.05 ABCAL mutants versus empty control. 8p <
0.05 versus ABCAI-WT.
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Figure 2. Loss of Functional ABCA1 Reduces Tumor Suppression in Myelomonocytic Leukemia
Induced by Tet2 Loss

(A) Experimental overview. BM from Mx1-Cre* or Mx1-Cre*Tet2f/fl mice were transduced
with lentiviral particles expressing ABCAI-WT, ABCAI mutants, or empty vector before
bone marrow transplantation (BMT) into lethally irradiated WT mice, and after a 5-week
recovery period, the mice were injected with poly(l:C) and analyzed over a 12-week-period.
(B) Modulation of Abcal mRNA expression levels in the BM of the aforementioned mouse
models.
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(C) Quantification of the percentage of peripheral blood myeloid cells determined by
hematology cell counter over the course of 12 weeks after poly (I:C) injection in recipient
mice transplanted with empty, ABCAI-WT, or ABCAI mutants expressing Mx1-Cre
Tet2f/fl BMm.

(D) Peripheral blood myeloid subsets (CD115*Ly6C" and CD115*Ly6C!® monocytes and
CD115°Ly6CM neutrophils) were also quantified in these mice at the indicated time point.
(E) Representative spleen (upper panel) and hematoxylin and eosin (H&E) staining of
paraffin-embedded spleen sections from recipient mice transplanted with control or Mx1-
Cre*Tet2f/fl BM expressing empty, ABCA1-WT, or ABCA1 mutants (lower panel). Original
magnification x 200. Arrows indicate extensive cellular infiltrate.

(F) Quantification of spleen weight of these mice.

(G and H) Representative dot plot (G) and quantification (H) of CD11 b* Grl* myeloid cells
determined by flow cytometry in the spleens of recipient mice transplanted with control or
Mx1-Cre*Tet2f/fl BM expressing empty, ABCA1-WT, or ABCAI mutants.

The results are means + SEMs of 5-9 animals per group. ND, not detectable. *p < 0.05
versus empty control on a Tet2-deficient background. §p < 0.05 versus ABCAI-WT. #p <
0.05 and ##p < 0.001 versus Mx1-Cre* controls.
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Figure 3. ABCA1 Mutants Support Tet2-Deficient HSPC Expansion and Myeloid Lineage
Commitment and Spreads CMML-like Disease in Serial BM Transplantation

(A and B) Quantification of hematopoietic stem (A) and progenitor (B) cells in the BM of
recipient mice transplanted with control or Mx1-Cre*Tet2f/fl BM expressing empty,
ABCAI-WT, or ABCAI mutants. Lineage(Lin)~ Scal c-Kit* LSK cells are hematopoietic
stem and progenitor cells (HSPCs); Lin-Scal~ c-Kit*CD34"FcyRMi are granulocyte-
monocyte progenitors (GMPs); and Lin~Scal ¢c-Kit*CD34"FcyR!oW are common myeloid
progenitors (CMPs). The results are the means + SEMs of 5-9 animals per group.

(C and D) The quantification of hematopoietic progenitors (C) and myeloid cells (D) in BM
cultures isolated from Mx1-Cre*Tet2/fl BM expressing empty, ABCA1-WT, or ABCA1
mutants and grown ex vivo for 72 h in liquid culture in the presence or absence of 6 ng/mL
IL-3 and 2 ng/mL GM-CSF. The results are the means £ SEMs of experiments performed in
triplicate.

Cell Rep. Author manuscript; available in PMC 2020 September 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Viaud et al.

Page 27

(E) Experimental overview. BM from WT and ABCA1 mutant-transduced animals on aTet2-
deficient background were serially transplanted into lethally irradiated WT mice and
analyzed 7 weeks later.

(F) Quantification of the percentage of peripheral blood CD11b"-Gr-1N myeloid cells was
determined by flow cytometry at the end of the study period. The results are means + SEMs.
*p < 0.05 versus empty control transduced animals on a Tet2-deficient background. 8p <
0.05 versus ABCAI-WT. #p < 0.05 and ##p < 0.001 versus Mx1-Cre* controls.
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Figure 4. ABCAL Invalidation Propagates Myelopoiesis and Accelerates Extramedullary
Hematopoiesis on a Tet2-Deficient Background

(A) Experimental overview. BM from Mx1-Cre*, Mx1-Cre*Abcalf/fl Mx1-Cre*Tet2flfl
and Mx1-Cre*Tet2/fl Abca1f/-fl mice were transplanted into lethally irradiated WT mice,
and after a 5-week recovery period, the mice were injected with poly(l:C) and analyzed over

a 20-week period.

(B) Modulation of Abcal and Tet2 mRNA expression levels in the BM of the
aforementioned mouse models.
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(C) Quantification of the percentage of peripheral blood myeloid cells determined by
hematology cell counter over the course of 20 weeks after poly (I:C) injection in recipient
mice transplanted with the BM from Mx1-Cre*, Mx1-Cre*Abcalf/fl Mx-Cre*Tet2f/fl and
Mx1-Cre*Tet/fl Abca1®/fl mice.

(D) Peripheral blood myeloid subsets (CD115*Ly6C" and CD115*Ly6C!® monocytes and
CD115Ly6CNi neutrophils) were also quantified in these mice at the indicated time point
(E) Representative H&E staining of paraffin-embedded spleen sections from these mice.
Original magnification x 200. Arrows indicate extensive cellular infiltrate.

(F and G) Quantification of spleen weight (F) and myeloid subsets (eosinophils, neutrophils,
monocytes, and red pulp macrophages [RPMs] in the spleens (G) of recipient mice
transplanted with the BM from Mx1-Cre*Abcalf/fl Mx1-Cre*Tet2, and Mx1-Cre*Tet2fl/fl
Abcalffl mice.

(H and 1) Quantification of hematopoietic stem (H) and progenitor (MEPSs); Lin~Scal™c-kit
*CD34NFcyRN are GMP; and Lin~Scalc-kit*CD34M" FcyR19W are CMPs.

The results are the mean £ SEMs of 5-7 animals per groups ND, not detectable. #p < 0.05
and ##p < 0.001 versus Mx1-Cre* controls.

Cell Rep. Author manuscript; available in PMC 2020 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Viaud et al. Page 30
A _ B
12 BM LSK 40 1 = MEP
# OCMP
10 # T 5 |MOMP n
fra # i ]
S 8- < #
2 2 #
x 6 1 % 20 -
> >
2 a
3 4 1 "g pesed
o M 10 #
2
0 T T 0 A
Mx1-Cre Mx1-Cre Mx1-Cre Mx1-Cre Mx1-Cre  Mx1-Cre = Mxi-Cre  Mx1-Cre
Tet2 Abca1/ Tet2Abca 11 Tet2Wn Abcai Tet2Abca 1!
C D
6 1BMLSK 16 'I\D/bg'\-;ge*Tetz"/" recipients
OMx1-cre* i
5 | WMxi-cre*Tetzn #,8 £5 14 1mcempP
= # . #8 #.8 =12 |
S4{ # : s
2 S Sg SH SR & 2 10
E 3 4 X 8
> ﬁ >
< 2 6 -
821 8
o o 4
1
2 4
TEmpty” WT ' P711L A1291T G1421R'P1423SA2011T . Empty WT  P711L A1291T G1421R P1423S A2011T
E 200
1Mx1-cre* Tet2™
HMGCoA oty mUWT
Hmgcr * @P711LAA1291TEG1421R@AP1423SEA2011T *
Mevalonate 150 {
Mvk : B
a1 2
Lanosterol 3100 A §§ §
¥ S
Sc4mol nEg
Desmosterol %01
Dhcr24 Y
Cholesterol 0 - ‘12345I 11213145 112(3 (4|5 1]2]3]4(5 12345l 12345'
F Srebp2 Hmger Idi1 Sc4mol Dhcr24
) #.84.8
1200 T Mx1-cre*Tet2™" BM culture
c [0 Basal
% § § W IL-3/GM-CSF
g L B I N R |
5 800 -
o
£
- )
[
k=]
€ 400 - ‘ ‘
>
€=
e
T
&
b= AL AR 12D (AT At
RSN \ﬂ\ﬂpg.ﬁ“ PR RENISENG e\“ ?\ﬂ?{&\ oW NG e\“ 9\&%:1,0"\ e NG e\“ ?\A«'LP:LQ“

Basal

Cyclodextrin (5mM)

Tempol (4mM) IL3RB blocking (50ug/mL)

Figure 5. Cholesterol Accumulation Couples ABCAL Invalidation and Tet2 Deficiency to IL-3
Receptor B Signaling Hypersensitivity
(A-D) Quantification of BODIPY staining by flow cytometry expressed as mean
fluorescence intensity (MFI) as a surrogate of cellular cholesterol neutral lipid per cell (A-D)
in BM hematopoietic stem (A and C) and progenitor (B and D) cells (i.e., LSKs, MEPs,
CMPs, and GMPs) of recipient mice transplanted with Mx1-Cre*, Mx1-Cre*Abcalfl/fl
Mx1-Cre*Tet2ffl and Mx1-Cre*Tet2!Abca1™/fl BM (A and B) or control and Mx1-Cre
*Tet2f/fl BM expressing empty, ABCAI-WT, or ABCAI mutants (C and D). Results are
means + SEMs of 5-9 animals per group.
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(E) mRNA expression of SREBP-2 and cholesterol biosynthesis target genes (Hmgcr, Mvk,
Idi1, Sc4mol, and Dhcr24) from empty, WT, and ABCAI mutant-transduced BM on a Tet2-
deficient background isolated at the end of the study period. The expression of mMRNA was
normalized to m36B4. mRNA levels were expressed as percentage over WT whole BM
cells.

(F) Proliferation rates were determined after 2 h [3H]-thymidine pulse labeling in BM cells
from empty, ABCAI-WT, and ABCAI mutant-transduced animals on a Tet2-deficient
background that were grown for 72 h in liquid culture in the presence or absence of 6 ng/mL
IL-3 and 2 ng/mL GM-CSF and the indicated chemical compounds. Results are means +
SEMs of cultures from at least 3 independent mice.

*p < 0.05 versus empty control-transduced animals on a Tet2-deficient background. 8p <
0.05 versus ABCA1-WT. #p < 0.05 and ##p < 0.001 versus Mx1-Cre* controls.
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Figure 6. HDL Overcome Loss-of-Function ABCA1 Mutants and Limit the Myeloproliferative

Disorder Induced by These Mutants in Tet2-Deficient Mice

(A\) Proliferation rates were determined after 2 h [3H]-thymidine pulse labeling in BM cells
from empty, ABCAI-WT, and ABCA1 mutant-transduced animals on a Tet2-deficient
background that were grown for 72 h in liquid culture in the presence or absence of 50

(ug/mL polyethylene glycol (PEG)-HDL.

(B) The quantification of BODIPY staining was determined by flow cytometry in these cells
and expressed as the MFI. The results are means £ SEMs of cultures from at least 3

independent mice.
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(C and D) Levels of human apoA-1 (hApoA-1) (C) and plasma HDL-cholesterol levels (D)
were determined in WT or apoA-1 transgenic recipient mice transplanted with Mx1-Cre
*Tet2f/fl BM transduced with lentiviral particles expressing ABCAI-WTor ABCAI
mutants or empty vector.

(E and F) Peripheral blood CD11b*Grl* myeloid subsets (E) and spleen weight (F) were
quantified at the end of the study period (i.e., 7 weeks post-poly(l:C) injection that followed
a 5-week recovery period post-BMT) in WT or apoA-1 transgenic recipient mice
transplanted with Mx1-Cre*Tet2f/fl BM transduced with lentiviral particles expressing
ABCA1-WTor ABCAI mutants or empty vector. Results are means + SEMs of 4-5 animals
per group.

*p < 0.05 versus empty control-transduced animals on a Tet2-deficient background. 8p <
0.05 versus ABCAI-WT. #p < 0.05 versus non-HDL-treated conditions or transduced
animals on a non-ApoA1T9 background.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-IL3R antibody R&D Systems Cat# AF549; RRID:AB_355432
TCR-B (H57-597)-FITC eBioscience Cat# 11-5961-82; RRID:AB_465323
F4/80 (BM8)-FITC eBioscience Cat# 11-4801-82; RRID:AB_465323
CD2 (RM2-5)-FITC eBioscience Cat# 11-0021-82; RRID:AB_464873
CD3e (145-2C11)-FITC eBioscience Cat# 11-0031 -81; RRID:AB_464881
CD4 (GK1.5)-FITC eBioscience Cat# 11-0041-82; RRID:AB_464892
CD8b (Ly-3)-FITC BioLegend Cat# 126606, RRID:AB_961295
CD19 (eBiol D3)-FITC eBioscience Cat# 11-0193-82; RRID:AB_657666
CD45R (B220, RA3-6B2)-FITC eBioscience Cat# 14-0452-82; RRID:AB_467254
Gr-1 (Ly6G, RB6-8C5)-FITC eBioscience Cat# 11-5931-82; RRID:AB_465314
Cd11b (Macl, M1/70)-FITC eBioscience Cat# 11-0112-41; RRID:AB_11042156
Terl19 (Ly76)-FITC eBioscience Cat# 11-5921-82; RRID:AB_465311
NK1.1 (Ly53, PK136)-FITC eBioscience Cat# 11-5941-82; RRID:AB_465318
c-Kit (CD117, ACK2)-APCeFluor780 eBioscience Cat# 47-1172-82; RRID:AB_1582226
Sea-1 -Pacific blue Biolegend Cat# 108119; RRID:AB_493274
FcgRII/II-PE (CD16/32, 2.4G2) Biolegend Cat# 156606; RRID:AB_2800704
CD34 (RAM34)-AlexaFluor 647 Biolegend Cat# 119314; RRID:AB_604089
CD135 (FIt3, A2F10)-PE Biolegend Cat# 135305; RRID:AB_1877218
CD150 (Slamfl, TC15-12F12.2)-PECy7 Biolegend Cat# 115913; RRID:AB_439796
CD115 (AFS98)-APC Biolegend Cat# 135509; RRID:AB_2085222
CD45 (30-F11)-APCCy7 Biolegend Cat# 103115; RRID:AB_312980

Ly6C/G or Gr-1 (RB6-8C5)-PercPCy5.5

BD Bioscience

Cat# 552093; RRID:AB_394334

ABCAL Antibody Abeam Cat# ab18180; RRID:AB_444302
TET2 Antibody Cell Signaling Cat# 4501 OS; RRID:AB_2799277
Phospho-Jak2 (Tyr1008) (D4A8) Rabbit mAb Cell Signaling Cat# 8082; RRID:AB_10949104
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Cat# 4377; RRID:AB_331775
Bacterial and Virus Strains

pLKO lentiviral Genecust N/A

Biological Samples

Peripheral blood MSKCC HSPCMSKCCO06-107

Bone marrow MSKCC HSPCMSKCC06-107

Buccal swab MSKCC HSPCMSKCC06-107
Chemicals, Peptides, and Recombinant Proteins

poly:IC Invivogen tlrl-pic-5

5-fluorouracile Sigma F6627
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REAGENT or RESOURCE SOURCE IDENTIFIER
IL-6, Mouse Milteny Biotech 130-094-065

IL-3 Culture Supplement, Mouse Corning 354040

Stem Cell Factor, Mouse Milteny Biotech 130-094-079
polybrene Sigma TR-1003

4% paraformaldehyde Sigma 1004968350
LipofectAMINE 2000 Invitrogen 11668030

GM- CSF R&D Systems 415-ML-005
Methyl-B-cyclodextrin Sigma C4555

Tempol EMD Millipore 581500, CAS 2226-96-2
Thymidine, [Methyl-3H] PerkinElmer NET027W001 MC
Phorbol myristate acetate Sigma P8139
Apolipoprotein A-1 from human plasma Sigma A0722
Bodipy-cholesterol probe Life Technologies D3922

Fixation Buffer (BD Cytofix) BD Bioscience 554655

Perm Buffer 111 BD Bioscience BD Bioscience
Cholera Toxin Subunit B, Alexa Fluor 594 conjugate Invitrogen C34777
DAPI (4°,6-diamidino-2-phenylindole) ThermoFisher Scientific  D1306
Critical Commercial Assays

Total Cholesterol colorimetric kits Wako Chemicals 999-02601
MethylFlash Global DNA Hydroxymethylation (5-hmC) ELISA Easy Epigentek P-1032-96
Kit (Colorimetric)

Experimental Models: Cell Lines

HEK293 cells (human embryonic kidney) ATCC CRL-1573
THP-1 monocytes (human acute monocytic leukemia cell line) ATCC TIB-202
Experimental Models: Organisms/Strains

WT mice Jackson Laboratory SN000664
Mx1-Cre mice (B6.Cg-Tg(Mx1-cre)1Cgn/J) Jackson Laboratory SNO003556
Abcalfl/fl mice (B6.129S6-Abcaltml Jp/J) Jackson Laboratory SN028266
Tet2fl/fl (B6; 129S-Tet2tm 1.1 laai/J) Jackson Laboratory SNO017573
Human apoA-1 transgenic (B6.Tg(ApoAl)1Rub/J) Jackson Laboratory SN 001927
Oligonucleotides

See Table S1 for genetic analysis of primary patient samples N/A N/A
$Software and Algorithms

FlowJo software Tree Star https://www.flowjo.com
Other

4-20% Criterion Tris-HCI Protein Gel, 12+2 well, 45 pl BioRad 3450032
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REAGENT or RESOURCE SOURCE IDENTIFIER
Fetal Bovine Serum, Heat Inactivated Fischer scientific 12350273
Penicillin-Streptomycin (10,000 U/mL) ThermoFischer 15140122
RMP11640, no glutamine ThermoFischer 31870074
L-Glutamine (200 mM) ThermoFischer 25030024
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