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Better understanding of the biology of resistance to DNA methyltransferase (DNMT) inhibitors is required to identify
therapies that can improve their efficacy for patients with high-risk myelodysplastic syndrome (MDS). CCRL2 is an
atypical chemokine receptor that is upregulated in CD34* cells from MDS patients and induces proliferation of MDS and
secondary acute myeloid leukemia (sAML) cells. In this study, we evaluated any role that CCRL2 may have in the
regulation of pathways associated with poor response or resistance to DNMT inhibitors. We found that CCRL2 knockdown
in TF-1 cells downregulated DNA methylation and PRC2 activity pathways and increased DNMT suppression by azacitidine
in MDS/sAML cell lines (MDS92, MDS-L and TF-1). Consistently, CCRL2 deletion increased the sensitivity of these cells to
azacitidine in vitro and the efficacy of azacitidine in an MDS-L xenograft model. Furthermore, CCRL2 overexpression in
MDS-L and TF-1 cells decreased their sensitivity to azacitidine. Finally, CCRL2 levels were higher in CD34" cells from MDS
and MDS/myeloproliferative neoplasm patients with poor response to DNMT inhibitors. In conclusion, we demonstrated
that CCRL2 modulates epigenetic regulatory pathways, particularly DNMT levels, and affects the sensitivity of MDS/sAML

cells to azacitidine. These results support CCRL2 targeting as having therapeutic potential in MDS/sAML.

Introduction

Treatment with DNMA methyltransferase (DNMT) in-
hibitors is the international standard for patients with
high-risk myelodysplastic syndrome (MDS) and a subset
of patients with secondary acute myeloid leukemia
(sAML),! but overall survival in these patients remains
poor.? Various studies have implicated immune regulation
and nucleoside metabolism in the development of resis-
tance to DNMT inhibitors®*® but these pathways have not
been targeted in combination with DNMT inhibitors in pre-
clinical models or in MDS patients. On the contrary, most
of the doublet therapies using azacitidine as a backbone
have not yet led to significantly improved response rates
or survival among MDS patients.”® Moreover, there are cur-
rently no available biomarkers that can predict the re-
sponses of MDS patients to DNMT inhibitors. Together,
these facts highlight the need for better understanding of
the molecular basis of the reduced activity of DNMT in-

hibitors in order to provide predictive information and de-
velop novel and effective treatment strategies for MDS pa-
tients.®

We recently discovered that CCRL2, an atypical chemo-
kine receptor, is overexpressed in CD34" cells from MDS
patients compared to those from healthy controls, and
that CCRL2 expression promotes MDS and sAML cell
growth in vitro and in vivo.® CCRL2 is critical for the acti-
vation of the IL-8/CXCR2,”" ERK/MAPK and AKT pathways™
in inflammatory cells. These pathways have been associ-
ated with the induction of MDS and sAML cell growth.®
We found that CCRL2 interacts with JAK2, regulates
JAK2/STAT signaling in MDS and sAML cells and alters
their sensitivity to JAK2 inhibition.° The genes found to be
upregulated by CCRL2 in MDS cells included DNMT1,” one
of the DNMT that are selectively degraded by hypomethyl-
ating agents.” Understanding the role of CCRL2 and its
downstream signaling in resistance to hypomethylating
agents could provide critical insights into the molecular
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biology of MDS, facilitating the discovery of novel bio-
markers and, more importantly, new therapeutic strat-
egies for patients with high-risk MDS and sAML. In this
study, we found that CCRL2 activation influenced PRC2
complex activity and DNA methylation pathways as well
as DNMT expression. Furthermore, its knockdown (KD) en-
hanced azacitidine-mediated cytotoxicity and blast dif-
ferentiation in vitro and in vivo. Finally, analysis of primary
samples from MDS patients revealed that higher CCRL2
expression is associated with a poorer response to DNMT
inhibitors.

Methods

Cell lines and reagents, and CCRL2 manipulation

The cell lines and reagents used are described in the On-
line Supplementary Methods. Likewise the methods used
for CCRL2 lentiviral KD, CRISPR-Cas9 CCRL2 editing and
the development of a doxycycline-induced CCRL2 ex-
pression method are also described in the Online Supple-
mentary Methods.

RNA sequencing and gene set enrichment analysis

Total RNA was collected using the total RNA Miniprep kit
(Monarch #T2010S). RNA-sequencing libraries were con-
structed using the Illumina TruSeq RNA Sample Prepara-
tion Kit v3. Sequencing was performed on an Illumina
NovaSeq system to obtain a total of 1.6x10° read pairs. The
methods used for the analysis of raw RNA-sequencing
data™"" are described in the Online Supplementary
Methods.

Publicly available database

RNA data from 228 MDS samples were extracted from the
publicly available BloodSpot database (GSE42519,
GSE13159, GSE15434, GSE61804, GSE14468, and TCGA).”®

Western blotting
Protein was extracted as previously described.” Anti-
bodies are reported in the Online Supplementary Methods.

Nuclear and cytoplasmic fractionation
Nuclear/cytoplasmic fractionation was performed using
the NE-PER™ Nuclear and Cytoplasmic Extraction kit from
ThermoFisher Scientific (# 78833) as previously
described.?®

Clonogenicity assays
The methods used for clonogenicity assays are described
in the Online Supplementary Methods.

MDS-L xenograft studies
MDS-L cells transduced with shControl and shCCRL2 shRNA
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were transduced with a retroviral vector carrying an en-
hanced green fluorescent protein (GFP) firefly luciferase
fusion gene.?’ GFP* cells were injected intravenously into 10-
week-old NOD.Cg-Prkdcsd|(2rg™iTg(CMV-1L3,CSF2,KITLG)
1Eav/MloySzJ male mice (Jackson Laboratory, stock n.
013062) (6x10° cells/mouse) 48 h after intraperitoneal injec-
tion of clophosome-A clodronate liposomes (100 uL/mouse).”
The bioluminescence signal was measured by an IVIS spec-
trum in vivo imaging system at days 3, 23, 40, and 60. Mice
with evidence of engraftment at day 23 (with a signal of at
least 10" photons/sec) were treated with intravenous di-
methylsulfoxide (DMSO) or azacitidine (2.5 mg/kg/day, every
5 days for a total of 5 doses). At day 60, the mice were sac-
rificed and the percentage of human CD45" (hCD45") cells
was assessed in the bone marrow by flow cytometry. CD11b
expression was assessed in hCD45" cells by flow cytometry.

Patients and sample processing

Bone marrow aspirates were obtained from 20 patients
with MDS and MDS/myeloproliferative neoplasms (MPN)
seen at the Johns Hopkins Sidney Kimmel Comprehensive
Cancer Center. Patients granted informed consent to par-
ticipation in the study which was approved by the Johns
Hopkins Medical Institutes Institutional Review Board. The
process of CD34" cell collection is described in the Online
Supplementary Methods. Karyotyping and next-generation
sequencing were performed at the time of sample collec-
tion, using our established Johns Hopkins 63-gene
panel®*?* (Online Supplementary Table S3). Response to
DNMT inhibitors was assessed using International Working
Group (IWG) response criteria in MDS.?* The best response
during the first 6 months of treatment was used for the
analysis.

Flow cytometry analysis
The methods used for flow cytometry analysis are de-
scribed in the Online Supplementary Methods.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA). The statistical
methods are described in the Online Supplementary
Methods.

Results

CCRL2 regulates the expression of genes in pathways
associated with DNA methylation and PRC2 complex
activity

We recently reported that CCRL2 deletion in MDS/AML cell
lines suppresses their proliferation and inhibits cytokine-
mediated JAK2/STAT activation.”” To identify other mol-
ecular pathways regulated by CCRL2, we performed
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unbiased RNA-sequencing in TF-1 cells transduced with
either non-targeting vector (shControl) or an shRNA tar-
geting CCRL2 (shCCRL2 - sh1). Subsequently, we identified
specific molecular pathways affected by CCRL2 KD using
gene set enrichment analysis (GSEA). The volcano plot is
presented in Online Supplementary Figure S1A and princi-
pal component analysis is shown in Online Supplementary
Figure S1B.

Among the top pathways downregulated by CCRL2 KD
were PRC2-mediated methylation of histones and DNA
(normal enrichment score [NES] -2.28, false discovery rate
[FDR] <0.001) and DNA methylation (NES -2.17, FDR <0.001)
(Figure 1A, B). Other top pathways downregulated by
CCRL2 KD were pathways associated with cell cycle pro-
gression, including transferrin receptor (TFRC) targets
(NES -2.29, FDR <0.001), human papilloma virus (HPV)-

azacytidine T. Karantanos et al.

positive tumors (CDK/RB1/E2F1) (NES -2.26, FDR <0.001),
Retinoblastoma pathway (NES -2.2, FDR <0.001), MYC/TFRC
targets (NES -2.17, FDR <0.001) and DNA damage repair
pathways including the XPRSS network (NES -2.20, FDR
<0.001), melanoma relapse (NES -2.25, FDR <0.001) and
the BRCA network (NES -2.09, FDR =0.002) (Figure 1A). The
top pathways that were upregulated by CCRL2 KD are
shown in Online Supplementary Figure Si1C.

The effect of CCRL2 KD in the top CCRL2-regulated path-
ways was validated in TF-1 and MDS-L cells by western
blot. In particular, CCRL2 KD by two independent shRNA
(sh2 and sh3) suppressed the protein levels of DNMT3A
and DNMT3B in TF-1 cells and of all of the DNMT in MDS-
L cells (Figure 1C). Similarly, CCRL2 KD suppressed the
protein levels of the PRC2 complex component SUZ12 and
the levels of the TFRC targets LIN28B and GNAQ in both
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cell lines (Figure 1C). Finally, upregulation of the HPV tumor
pathway is associated with decreased p27 levels, sup-
pressed cyclin-dependent-kinase (CDK)-mediated retino-
blastoma protein (RB1) phosphorylation and increased
E2F1 nuclear translocation.?® Indeed, we found that CCRL2
KD increased p27 levels and CDK-mediated RB1 phos-
phorylation and decreased the E2F1 nuclear levels in both
TF-1 and MDS-L cells (Figure 1C).

Within the PRC2 activity and DNA methylation pathways,
genes encoding DNMT such as DNMT3A and DNMT3B, hi-
stone modifiers such as UHRF1 and RBBP7, and PRC2
components such as AEBP2, EED and SUZ12 (Figure 1D)
were found to be downregulated by CCRL2 KD in TF-1
cells. The correlation between the expression of CCRL2
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Figure 1. CCRL2 knockdown downregula-
tes pathways associated with DNA me-
thylation and PRC2 activity. (A) RNA
sequencing and gene set enrichment
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DNMT3A and DNMT3B in TF-1 cells and
all the DNMT in MDS-L cells. CCRL2 KD
also increased p27 levels, decreased RB1
phosphorylation, and suppressed the
protein levels of the PRCA component
SUZ12, and the TFRC targets LIN28B and
GNAQ in both TF-1 and MDS-L cells.
CCRL2 KD decreased the nuclear levels
of E2F1 in both TF-1 and MDS-L cells. (D)
Box plot of normalized expression of se-
lected genes encoding DNA methyltran-
sferases (DNMT) and PRC2 components
between CCRL2 knockout cells and con-
trols. NES: normalized enrichment score;
FDR: false discovery rate.
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and the expression of genes involved in DNA methyl-
ation and PRC2 activity was further assessed using RNA-
sequencing data from 228 MDS samples from the
BloodSpot database.” Linear regression analysis showed
that CCRL2 RNA levels were positively correlated with
DNMTT (coefficient 0.30, P=0.010), EED (coefficient 0.21,
P=0.011), RBBP7 (coefficient 0.45, P<0.001) and SUZ12
levels (coefficient 0.49, P<0.001) and negatively cor-
related with DNMT3A (coefficient -0.45, P<0.001) and
UHFR1 levels (coefficient -0.11, P=0.024) (Online Supple-
mentary Figure S2).

Collectively, these results suggest a possible association
of CCRL2 and genes involved in DNA methylation and hi-
stone modification in MDS and sAML.
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CCRL2 deletion increases DNMT protein suppression

by azacitidine

One of the best-studied mechanisms of DNMT inhibitor ac-
tivity is the degradation of DNMT proteins in MDS and sAML
cells, which leads to upregulation of tumor suppressor and
differentiation genes by promoter demethylation. Based
on our data supporting CCRL2 regulation of DNMT RNA ex-
pression,® we hypothesized that CCRL2 loss increases aza-
citidine-mediated DNMT protein suppression. MDS92,
MDS-L and TF-1 cells were transduced with the shControl
and shCCRL2 (sh1) vectors and treated with 0.5 uM azaciti-
dine for 24 hours. We found that the combination of CCRL2
KD and azacitidine treatment markedly suppressed DNMT1
and DNMT3B expression in MDS92 (Figure 2A) and MDS-L
(Figure 2B) and DNMT3A and DNTM3B in TF-1 cells (Figure
2C) compared to the single modalities.

CCRL2 knockdown increases the clonogenicity inhibition
effect of azacitidine and induces its apoptotic and
differentiation effects in myelodysplastic syndrome and
secondary acute myeloid leukemia cells

MDS and sAML cells were treated with 0, 0.1, 0.25, 0.5 or
1 uM azacitidine for 3 days and were then plated in

T. Karantanos et al.

methylcellulose medium to assess clonogenicity. CCRL2
KD decreased the half maximal inhibitory concentration
(IC,,) of azacitidine calculated by the clonogenicity of
MDS92, MDS-L, and TF-1 cells (Figure 3A-C) (Online Sup-
plementary Figure S3A-C). Serial passage in methylcellu-
lose medium showed that CCRL2 KD and treatment with
azacitidine both enhanced the suppression of clonogenic
potential of MDS-L and TF-1 cells (Online Supplementary
Figure S3D, E).

CCRL2 KD increased azacitidine-mediated apoptosis in
MDS92 and MDS-L cells (Figure 3D, E), but not in TF-1
cells (Online Supplementary Figure S4A). The selection of
surface markers to study the impact of CCRL2 KD and
azacitidine on cell differentiation was based on the pre-
viously reported effect of CCRL2 on the expression of dif-
ferentiation markers in MDS92, MDS-L and TF-1 cells.’®
CCRL2 KD increased azacitidine-mediated induction of
CD11b, CD14, and CD16 expression on the surface of
MDS92 and MDS-L cells (Figure 4A, B, Online Supplemen-
tary Figure S4B, C) and CD61, CD71 and CD235a on the sur-
face of TF-1 cells (Figure 4C, Online Supplementary Figure
S4D). No significant morphological alterations were ident-
ified in cells under different treatments (data not shown).
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Figure 2. CCRL2 knockdown increases DNMT protein suppression by azacitidine. (A-C) MDS92, MDS-L and TF-1 cells were treated
with 0.5 uM azacitidine for 24 h following transduction with shControl or shCCRL2 (sh1) lentiviruses and selection with puromycin.
Quantitative data and a representative western blot are shown. (A) The combination of CCRL2 knockdown (KD) and azacitidine
treatment had a more prominent effect on the suppression of DNMT1 and DNTM3B levels in MDS92 cells compared to azacitidine
(P=0.014 for DNMT1 and P<0.001 for DNMT3B) and shCCRL2 (P<0.001 for DNMT1 and P=0.009 for DNMT3B) separately. (B) The
combination of CCRL2 KD and azacitidine treatment had a more prominent effect on the suppression of DNMT1 and DNTM3B le-
vels in MDS-L cells compared to azacitidine (P<0.001 for both DNMT1 and DNMT3B) and shCCRL2 (P=0.008 for DNMT1 and P=0.001
for DNMT3B). (C). The combination of CCRL2 KD and azacitidine treatment had a more prominent effect on the suppression of
DNMT1 and DNTM3B levels in MDS92 cells compared to azacitidine (P<0.001 for both DNMT3A and DNMT3B) and shCCRL2 (P=0.016
for DNMT3A and P=0.047 for DNMT3B).
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Figure 3. CCRL2 knockdown increases the clonogenicity inhibition and apoptotic effects of azacitidine. (A) CCRL2 knockdown
(KD) by two different lentiviruses (sh1and sh2) decreased the azacitidine half maximal inhibitory concentration (IC, ) for the clo-
nogenicity of MDS92 cells (P<0.001 for both sh1and sh2). (B) CCRL2 KD by two different lentiviruses (sh1 and sh2) decreased the
azacitidine IC,  for the clonogenicity of MDS-L cells (P<0.001 for both sh1 and sh2). (C) CCRL2 KD by two different lentiviruses
(sh1 and sh2) decreased the azacitidine IC_, for the clonogenicity of TF-1 cells (P<0.001 for both sh1 and sh2). (D) CCRL2 KD in
MDS92 cells increased the percentage of early apoptotic and necrotic cells under treatment with 0.5 uM (P<0.001 with sh1 and
P=0.005 with sh2) and 1 uM (P<0.001 with sh1 and P=0.007 with sh2) of azacitidine (n=3). (E) CCRL2 KD in MDS-L cells increased
the percentage of early apoptotic and necrotic cells under treatment with 0.5 uM (P=0.028 with sh1 and P=0.003 with sh2) and
1 uM (P=0.003 with sh1 and P=0.035 with sh2) of azacitidine (n=3).
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CCRL2 overexpression increases the resistance to
MDS-L and TF-1 cells to azacitidine

To analyze the effect of CCRL2 expression on the devel-
opment of resistance to azacitidine, MDS-L cells were
transduced with pLV-Puro-TRE-CCRL2- and pLV-Hygro-
CMV>tTS/rtTA-expressing lentiviruses and cells were se-

lected with puromycin and hygromycin. Doxycycline- in-
duced CCRL2 expression was confirmed by western blot
and flow cytometry (Figure 5A). CCRL2 overexpression de-
creased the clonogenicity inhibition effect of 0.5 uM aza-
citidine and significantly increased the IC_, of azacitidine
(Figure 5B). Consistently, CCRL2 overexpression caused a
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Figure 4. CCRL2 knockdown increases the differentiation effect of azacitidine. (A) Treatment of MDS92 cells transduced with
shCCRL2 (sh1 or sh2) lentiviruses with 0.5 and 1 uM azacitidine (Aza) led to a more prominent increase of CD11b (Aza 0.5: P<0.001
for both sh1 and sh2; Aza 1: P=0.001 for sh1 and P<0.001 for sh2), CD14 (Aza 0.5: P<0.001 for both sh1 and sh2; Aza 1: P<0.001 for
both sh1 and sh2) and CD16 (Aza 0.5: P<0.001 for both sh1 and sh2; Aza 1: P<0.001 for both sh1 and sh2) expression compared to
treatment of cells transduced with shControl lentivirus. Representative flow cytometry graph showing that CCRL2 KD increased
the upregulation of CD16 on the surface of MDS92 cells caused by 1 uM azacitidine. (B) Treatment of MDS-L cells transduced
with shCCRL2 (sh1 or sh2) lentiviruses with 0.5 and 1 uM azacitidine led to a more prominent increase of CD11b (Aza 0.5: P<0.001
for both sh1 and sh2; Aza 1: P<0.001 for sh1 and P<0.001 for sh2), CD14 (Aza 0.5: P=0.001 for both sh1 and sh2; Aza 1: P<0.001 for
both sh1 and sh2) and CD16 (Aza 0.5: P<0.001 for both sh1 and sh2; Aza 1: P<0.001 for both sh1 and sh2) expression compared
to treatment of cells transduced with shControl lentivirus. Representative flow cytometry graph showing that CCRL2 KD increased
the upregulation of CD16 on the surface of MDS-L cells caused by 1 uM azacitidine. (C) Treatment of TF-1 cells transduced with
shCCRL2 (sh1 or sh2) lentiviruses with 0.5 and 1 uM azacitidine led to a more prominent increase of CD41 (Aza 1: P=0.037 for sh2),
CD61 (Aza 0.5: P<0.001 for sh1 and P=0.001 for sh2, Aza 1: P<0.001 for sh1 and P=0.005 for sh2), CD71 (Aza 0.5: P<0.001 for sh1,
P=0.002 for sh2; Aza 1: P<0.001 for sh1, P=0.002 for sh2), CD235a (Aza 0.5: P=0.002 for sh1 and P=0.007 for sh2; Aza 1: P=0.010 for
sh1 and P=0.030 for sh2) expression compared to treatment of cells transduced with shControl lentivirus. Representative flow
cytometry graphs showing that CCRL2 KD increased the upregulation of CD71 and CD235a on the surface of TF-1 cells caused
by 1 uM azacitidine (n=3).

CcD71
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Figure 5. Doxycycline-induced CCRL2 overexpression increases the resistance of MDS-L and TF-1 cells to azacitidine. (A) Doxycy-
cline-induced CCRL2 overexpression in MDS-L cells transduced with pLV-Puro-TRE-CCRL2- and pLV-Hygro-CMV>tTS/rtTA-expres-
sing lentiviruses and selected with puromycin and hygromycin treatment was confirmed by western blot and flow cytometry. (B)
CCRL2 overexpression by treatment of MDS-L cells with 1 ug/mL doxycycline led to a less prominent suppression of clonogenicity
by 0.5 uM azacitidine (P=0.019) and increase of the azacitidine half maximal inhibitory concentration (IC, ) (P=0.003). (C) CCRL2 ove-
rexpression by treatment of MDS-L cells with 1 ug/mL doxycycline led to a small decrease of the percentage of apoptotic cells
under treatment with 0.5 uM (P=0.010) and 1 uM azacitidine (P=0.001). (D) Doxycycline-induced CCRL2 overexpression in TF-1 cells
with CRISPR-Cas9 CCRL2 deletion, transduced with pLV-Puro-TRE-CCRL2-and pLV-Hygro-CMV>tTS/rtTA-expressing lentiviruses
and selected with puromycin and hygromycin treatment, was confirmed by western blot and flow cytometry. (E) CCRL2 overex-
pression by treatment of TF-1 cells with 1 ug/mL doxycycline led to a higher clonogenic capacity (P<0.001) in cells treated with di-
methylsulfoxide and a less prominent suppression of clonogenicity by 0.5 uM (P=0.001) and 1 uM azacitidine (P=0.002). This led to
a less prominent decrease of the relative number of colonies in cells treated with 1 uM azacitidine (P=0.044) and an increased aza-

citidine IC_, (P=0.011). Doxy: doxycycline; Aza: azacitidine; DMSO: dimethylsulfoxide.

small decrease of the apoptotic effect of 0.5 and 1 uM aza-
citidine (Figure 5C).

CRISPR-Cas9 delivered via electroporation was used to
delete CCRL2 in TF-1 cells. Gene editing was confirmed by
DNA sequencing, CCRL2 expression was assessed by flow
cytometry and clonogenicity assays confirmed that CCRL2
deletion suppressed the clonogenicity of TF-1 cells (Online
Supplementary Figure S5A). TF-1 cells with CCRL2 deletion
(sgRNA1) were transduced with pLV-Puro-TRE-CCRL2- and
pLV-Hygro-CMV>tTS/rtTA-expressing lentiviruses and cells
were selected with puromycin and hygromycin. Doxycyc-
line-induced CCRL2 expression was confirmed by western
blot and flow cytometry (Figure 5D). CCRL2 over-
expression decreased the clonogenicity inhibition effect
of 0.5 and 1 uM azacitidine and increased the IC_, of aza-
citidine (Figure 5E).

CCRL2 knockdown increases the efficacy of azacitidine
in an MDS-L xenograft model

To test the impact of CCRL2 expression on the response
of MDS to azacitidine in vivo, MDS-L cells transfected with
shControl or shCCRL2 and a GFP*/luciferase® dual reporter
retrovirus were injected intravenously into NSG-
hSCF/hGM-CSF/hIL3 (NSGS) mice 48 hours after intraperi-
toneal injection of clophosome-A clodronate liposomes as
previously described.® Cell growth was monitored by the
bioluminescence signal at days 3, 23, 40 and 60. Engrafted
mice (signal of at least 10" photons/sec at day 23) (11/13
injected with shControl MDS-L cells and 10/18 injected
with shCCRL2 MDS-L cells, P=0.129) were treated with in-
travenous azacitidine (2.5 mg/kg/day) or DMSO every 5
days for a total of five doses starting at day 30.?° Mice en-
grafted with shCCRL2 cells and treated with azacitidine
had the lowest disease burden measured at 60 days (Fig-
ure 6A). At that point, all mice were sacrificed and the per-
centage of MDS-L cells in the bone marrow was recorded.
Mice engrafted with shCCRL2 cells and treated with aza-
citidine had the lowest MDS-L cell burden (Figure 6B).
Specifically, their percentage of hCD45" cells was lower
compared to that of mice engrafted with shControl cells
and treated with azacitdine (P=0.004) and mice engrafted
with shCCRL2 cells and treated with DMSO (P=0.008) (Fig-

ure 6B). CD11b expression of the hCD45* cells was overall
higher in mice engrafted with shCCRL2 cells and treated
with azacitidine than in the rest of the groups (Online Sup-
plementary Figure S5B).

Higher CCRL2 expression in CD34* cells from patients
with myelodysplastic syndromes is associated with
worse response to DNMT inhibitors

To further study CCRL2 expression and its relation to re-
sponse to DNMT inhibitors, CCRL2 protein levels in
samples from patients with MDS or MDS/MPN were
measured by flow cytometry in CD34" cells sorted from
bone marrow aspirates (Online Supplementary Figure
S5C, Online Supplementary Table S7). The median follow-
up of patients treated with DNMT inhibitors was 12
months (£8.74 months). The response to DNMT inhibition
was defined as the best response during the first 6
months of therapy according to IWG response criteria in
MDS.?* The genomic profile, gender, subtype (MDS or
MDS/MPN) and response of each patient stratified by
CCRL2 level are shown in Figure 7A. No significant cor-
relation was found between CCRL2 expression and age,
blast percentage, revised International Prognostic Stag-
ing System score, karyotype, or number of mutations
(Online Supplementary Table S2). MDS/MPN diagnosis,
male gender and presence of SETBPT mutation were
positively associated with CCRL2 protein levels (P=0.018,
P=0.056 and P=0.031, respectively) (Online Supplementary
Table S2). Patients with progressive disease (P=0.002)
and stable disease (P=0.029) had higher CCRL2 levels
compared to patients in complete remission or partial
remission (Figure 7B).

Three out of six (50%) patients with complete or partial
remission and two of five (40%) patients with stable dis-
ease, but none (0%) of the nine patients with progressive
disease underwent allogeneic bone marrow transplanta-
tion (BMT) following DNMT inhibitor therapy. Given that
CCRL2 expression was associated with response to DNMT
inhibitors, we next evaluated the impact of CCRL2 levels
on overall survival in this cohort of MDS and MDS/MPN pa-
tients treated with DNMT inhibitors. CCRL2 levels higher
than the median were associated with worse overall sur-
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Figure 6. Combination treatment with CCRL2 knockdown and azacitidine leads to MDS-L growth suppression in NSGS mice. (A)
Monitoring the bioluminescence signal showed that NSGS mice engrafted with MDS-L cells transduced with shCCRL2 lentivirus
treated with intravenous azacitidine (2.5 mg/kg/day every 5 days for 5 doses) showed the smallest disease growth compared to
mice engrafted with MDS-L cells transduced with shControl lentivirus and treated with dimethylsulfoxide (DMSO) or azacitidine
and mice engrafted with MDS-L cells transduced with shCCRL2 lentivirus and treated with DMSO. (B) Mice engrafted with MDS-
L cells transduced with shCCRL2 and treated with azacitidine had lower disease burden in their bone marrow based on the per-
centage of human CD45 (hCD45+%) cells compared to mice engrafted with shControl transduced cells and treated with
azacitidine (P=0.004) and mice engrafted with shCCRL2 transduced cells and treated with DMSO (P=0.008). AZA: azacitidine.

vival compared to CCRL2 levels lower than the median
(P=0.039) (Figure 7C).

Discusssion

DNMT inhibitor treatment remains the standard of care for
patients with high-risk myeloid neoplasms. Unfortunately,
the effect of DNMT inhibitors is transient, with responses
usually maintained for less than 12 months in patients with
adverse disease biology.?” Patients with progressive disease
or relapse following DNMT inhibitor therapy have a particu-
larly poor survival.?® Allogeneic BMT is the only curative op-
tion for these patients and can improve their survival, but
an initial response to DNMT inhibitors is generally required

for pre-transplant debulking.?® The addition of venetoclax
has produced promising results but a significant percen-
tage of MDS and sAML patients fail to respond or develop
early resistance.®***" For this reason, a number of inter-
national clinical trials are investigating whether the efficacy
of azacitidine can be improved by the addition of novel
agents (NCT04313881, NCT03745716). Moreover, there is no
available biomarker for the prediction of response to DNTM
inhibitors among MDS patients. Thus, a better understand-
ing of the molecular mechanisms of resistance to DNMT in-
hibitors remains critical for the early prediction of response
and discovery of targets for novel therapies that can im-
prove DNMT inhibitor efficacy.

Our in vitro assays revealed that CCRL2 deletion primarily
promoted the apoptotic effects of azacitidine in MDS92
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Figure 7. CCRL2 expression in CD34" cells is negatively correlated with response to DNMT inhibitors. (A) Genomic landscape of
patients with myelodysplastic syndrome (MDS) and MDS/myeloproliferative neoplasms (MPN) included in the analysis sorted by
CCRL2 levels with gender, disease subtype (MDS and MDS/MPN) and specific somatic mutations being indicated. MDS/MPN pa-
tients had higher levels of CCRL2 (P=0.033) and men had relatively higher levels compared to women (P=0.047). Patients who
achieved complete or partial remission (CR or PR) are presented in blue, patients with stable disease (SD) are presented in
orange and patients with progressive disease (PD) are presented in red. (B) Patients with CR/PR had lower CCRL2 levels in their
CD34" cells compared to patients with SD (P=0.029) or PD (P=0.002). (C) Kaplan-Meier analysis showed that CCRL2 protein levels
above the median were associated with worse overall survival since diagnosis (P=0.039) compared to CCRL2 protein levels below

the median.

and MDS-L cells with a relatively lesser effect on cell dif-
ferentiation. On the contrary, induction of differentiation
was more prominent in the sAML TF-1 cells. Inhibition of
clonogenicity was observed in all tested cell lines. Induc-
ible CCRL2 overexpression consistently suppressed in-
hibition of clonogenicity by azacitidine in two cellular
models. These findings were further confirmed in an MDS-
L xenograft model with the combination of CCRL2 sup-
pression and azacitidine treatment more prominently
suppressing disease burden when compared to the single
modalities. MDS-L is a leukemic subline derived from the
MDS92 cell line established from a patient with MDS with
59 deletion and monosomy 7.%>* These cells carry NRAS
and TP53 mutations.® Although the effect of lenalidomide
has been described in MDS-L xenografts,* to our knowl-
edge this is the first report of the efficacy of azacitidine in
the suppression of MDS-L cell growth in vivo. This provides

a very useful tool for the discovery of novel agents with
potential to improve the activity of DNMT inhibitors in high-
risk MDS.

CCRL2 is an atypical chemokine receptor that acts to in-
tensify cytokine signaling, with usual expression on differ-
entiated myeloid cells."3* Our group recently found that
this receptor is a mediator of MDS and sAML growth by
augmenting cytokine-regulated JAK2/STAT signaling.® Here,
we performed RNA sequencing with subsequent GSEA, to
demonstrate that CCRL2 KD affects pathways associated
with DNA methylation and PRC2 activity. Among the in-
volved genes, those encoding various DNMT were down-
regulated by CCRL2 KD. This was consistent with our
published results showing that DNMT1 is regulated by
CCRL2 in MDS cell lines. DNMT inhibitors bind to DNMT
after incorporation into newly synthesized DNA;*® this
causes DNMT degradation and decreased genomic DNA
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methylation.®?¢ Higher DNMT levels have been associated
with resistance to DNTM inhibitors in MDS/AML cell lines
and primary samples.* Our results show that the combina-
tion of CCRL2 deletion and azacitidine leads to a more
prominent suppression of DNMT protein levels as com-
pared to single modality therapies. Our observations pro-
vide a rationale to explain why cells with lower CCRL2
levels demonstrate increased responsiveness to DNMT in-
hibition. However, we were unable to develop models with
concurrent CCRL2 deletion and DNMT upregulation to pro-
vide stronger mechanistic insight into the role of DNMT in
CCRL2-mediated resistance to azacitidine. Thus, further
studies are required to shed light onto the exact molecular
mechanism.

Our GSEA results and validation by western blotting high-
light pathways associated with cell cycle progression such
as TFRC, CDK/RB1/E2F and DNA damage repair pathways,
all negatively affected by CCRL2 suppression. This is con-
sistent with previous findings by our group and others
showing that CCRL2 regulates oncogenic pathways impli-
cated in cancer growth™*® and, particularly, cell cycle pro-
gression.® A number of genes implicated in altered DNA
methylation, including genes encoding DNMT proteins, are
regulated by oncogenic pathways.?**° Interestingly, RB1
protein suppresses the transcription of DNMT1* and
DNMT3A*? in cancer cells. Our RNA-sequencing data and
our western blot analysis suggested that CCRL2 KD is as-
sociated with E2F suppression and RB1 induction, providing
a possible explanation linking upregulated DNMT and
CCRL2 expression. Further studies are required to confirm
the exact biology of these associations.

Our analysis of primary samples showed higher CCRL2 ex-
pression in MDS and MDS/MPN CD34* cells from poor re-
sponders to DNMT inhibitors. Higher CCRL2 expression was
also associated with male gender and SETBP7 mutations.
Men with chronic myeloid diseases have overall worse out-
comes compared to women?*?**3 and SETBPT mutations
have been associated with worse response to DNMT in-
hibitors.** Given that response to DNMT inhibitors is gen-
erally required to support further treatment with allogeneic
BMT,* it is not surprising that lower CCRL2 levels were as-
sociated with better survival in this cohort of patients
treated with DNMT inhibitors. We previously reported re-
sults based on The Cancer Genome Atlas database dem-
onstrating that higher CCRL2 expression is associated with
worse survival among AML patients.® Overall, these find-
ings suggest that CCRL2 expression probably has a
negative impact on the outcomes of patients with myeloid
neoplasms. Finally, patients with MDS/MPN had higher
CCRL2 expression compared to patients with pure MDS.

T. Karantanos et al.

This observation underlies the role of CCRL2 as a promoter
of cell cycle progression and cell proliferation in myeloid
malignancies.”®

In conclusion, we provide evidence that CCRL2 influences
DNA methylation pathways and increases DNMT protein
levels. CCRL2 suppression increases the efficacy of aza-
citidine in vitro and in vivo. Furthermore, CCRL2 expression
in CD34" cells from MDS and MDS/MPN patients is
negatively associated with response to DNMT inhibitors.
Additional studies are required to understand the precise
mechanisms underpinning these associations.
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