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C-C motif chemokine receptor-like 2 promotes the
interferon-y signaling response in myeloid neoplasms
with erythroid differentiation and mutated 7P53
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Abstract

Patients with myeloid neoplasms with loss-of-function TP53 mutations and erythroid differentiation have poor outcomes,
and a better understanding of disease biology is required. Upregulation of interferon-y (IFN-vy) signaling has been associat-
ed with acute myeloid leukemia (AML) progression, selection of TP53 mutated clones and chemotherapy resistance, but its
drivers remain unclear. In this study, we found that the surface receptor C-C motif chemokine receptor-like 2 (CCRL2) is
over-expressed in AML with erythroid differentiation and TP53 mutations compared to other AML subtypes and healthy
hematopoietic cells. CCRL2 knockout (KO) suppressed erythroleukemia growth in vitro and in vivo. Further proteomics and
transcriptomics analysis revealed IFN-y signaling response as the top CCRL2-regulated pathway in erythroleukemia. Our
mechanistic studies support direct CCRL2-driven IFN-y signaling upregulation without a clear effect of exogenous IFN-y,
through phosphorylation of STAT1, which is partially mediated by JAK2. CCRL2/IFN-y signaling is up-regulated in erythroid
leukemias, and TP53 mutated AML and appears to be directly induced by TP53 KO. Finally, CCRL2/IFN-y signaling is associ-
ated with the transformation of pre-leukemic single-hit TP53 clones to multi-hit TP53 mutated AML, increased resistance
to venetoclax and worse survival in AML. Overall, our findings support the view that CCRL2 is an essential driver of cell-au-
tonomous IFN-y signaling response in myeloid neoplasms with erythroid differentiation and TP53 mutations, and highlight
CCRL2 as a relevant novel target for these neoplasms.

Introduction sociated with adverse biology in myeloid neoplasms.’-®

Genomic characterization of erythroleukemia has revealed
Erythroid differentiation, bi-allelic TP53 mutations, and an exceptionally high prevalence of complex karyotype and
loss of heterozygosity at the TP53 gene are features as- bi-allelic TP53 mutations,*® suggesting a possible biological
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link between loss of p53 function and erythroid differen-
tiation in malignant hematopoiesis. Myeloid neoplasms
with these features show poor response to chemotherapy
and venetoclax-based therapies, high incidence of disease
relapse, and poor survival.-*¢7

Recent studies have highlighted a possible implication of
inflammatory signaling, including tumor necrosis factor-a
(TNF-a) and interferon-y (IFN-y), in the induction of erythroid
differentiation and evolution of TP53 mutated acute my-
eloid leukemia (AML).2° Consistently, upregulation of IFN-y
response signaling in AML blasts has been associated with
worse survival and resistance to venetoclax.” However, the
mechanism of inflammatory signaling upregulation in TP53
mutated myeloid neoplasms remains unclear, with the cen-
tral hypothesis being that it is mediated by dysregulation of
the immune system in the bone marrow microenvironment.?
C-C motif chemokine receptor-like 2 (CCRL2) is an atypi-
cal chemokine receptor involved in inflammatory signaling
activation, typically expressed on the surface of activat-
ed neutrophils and monocytes." We found that CCRL2 is
up-regulated in CD34" cells from patients with myelodys-
plastic syndrome (MDS) and blasts from patients with AML
arising from MDS compared to healthy cells and de novo
AML blasts.” Further, we have shown that CCRL2 silencing
suppresses MDS/AML cell growth in vitro and in vivo and
sensitizes them to hypomethylating agents.”>"

In this study, we show that AML with loss-of-function
TP53 mutations and erythroid differentiation express the
highest levels of CCRL2 across AML subtypes, and that
CCRL2 deletion by CRISPR-Cas9 suppresses their growth
in vitro and in vivo. We also identified IFN-y signaling as
the top CCRL2-regulated pathway in these neoplasms and
demonstrated that TP53 deletion directly induces CCRL2/
IFN-y signaling upregulation in AML cells.

Methods

Patients and sample processing

Bone marrow samples were collected from bone marrow
aspirations of patients with TP53 mutations (either one TP53
mutation of variant allele frequency [VAF] at least 50% or
two or more TP53 mutations) and complex karyotypes. In
accordance with the Declaration of Helsinki and under a
research protocol approved by the Johns Hopkins Institu-
tional Review Board, informed consent was obtained from
all donors before specimen collection. Further details are
in the Online Supplementary Methods.

Cell lines and reagents

Human TF-1, K562, SET2, HEL, and MV-411 cell lines were
purchased from the American Type Culture Collection.
F36P cells were purchased from Leibniz Institute DSMZ.
UKE-1 cells were purchased from Coriell Institute. Further
information is in the Online Supplementary Methods.
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Flow cytometry analysis

Cells from healthy controls and patients with AEL and AML
cell lines were stained with a PE-conjugated anti-human
CCRL2 (BioLegend, #358303) and PE/Cy-7-conjugated an-
ti-mouse CD45 (BioLegend #103113), and BV510-conjugated
anti-human CD45 (BioLegend, #103137). For the assessment
of apoptosis, cells were stained with 7AAD (BioLegend,
#420403). More details are in the Online Supplementary
Methods.

CCRL2 and TP53 knockout

Lentiviral vectors expressing CCRL2-targeting sgRNA (pLV
[CRISPR]-hCas9:T2A: Puro-U 6>hCCRL2[gRNA#162], pLV
[CRISPR]-hCas9:T2A: Puro-U6>hCCRL2 [gRNA#177]) or
empty pLKO.1-puro lentiviral vector (pLV [CRISPR]-hCas9/
Puro-U6>Scramble_gRNA1) was transfected into 293T cells
using Lipofectamine 2000 (Thermo Fischer Scientific) for
lentiviral supernatant production. Methods used for CCRL2
and TP53 lentiviral knockout are detailed in the Online
Supplementary Methods.

Colony formation assay
A colony was defined as a cell aggregate of >50 cells. Meth-
ods are described in the Online Supplementary Methods.

TF-1 and SET2 xenograft mice
Details are described in the Online Supplementary Methods.

Mass spectrometry phosphoproteomics analysis

The ANOVA method was used to calculate the P values of
mean protein ratios for the biological replicates set up using
a non-nested (or unpaired) design. Z-score transformation
of normalized protein abundances from a quantitative
proteomics analysis using isobaric mass tags was applied
before performing the hierarchical clustering based on Eu-
clidean distance and complete (furthest neighbors) linkage.
The horizontal dendrogram shows the proteins in samples
that clustered together (Online Supplementary Methods).

Pathway enrichment analysis

Mass spectrometry experimental data were processed on
the Proteome Discoverer platform, as described: abundance
values were grouped and mapped to 7,173 unique proteins,
and were then imported into Partek Genomics Suite 6.6
(Partek Inc., Saint Louis, MO, USA) for further analysis and
subsequent comparison of CCRL2 knockout. More details
are in the Online Supplementary Methods.

Western blotting
Protein extraction was performed. Antibodies are reported
in the Online Supplementary Methods.

Co-immunoprecipitation
Cell lysates incubated with beads were then washed ex-
tensively and boiled with 30 uL of loading buffer. Methods
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used are described in the Online Supplementary Methods.

Single-cell RNA sequencing analysis

Publicly available single-cell RNA sequencing data from
two studies were analyzed. Methods used are described
in the Online Supplementary Methods.

Bulk RNA sequencing
DESeq2 pipeline was used for gene expression normal-
ization. Details are in the Online Supplementary Methods.

Quantitative real-time polymerase chain reaction

RNA extraction was performed followed by quantitative
real-time polymerase chain reaction (QRT-PCR). Details are
in the Online Supplementary Methods.

Nuclear and cytoplasmic fractionation
Details are in the Online Supplementary Methods.

Publicly available databases
Data from TCGA, Beat AML and DepMap databases were
analyzed. Details are in the Online Supplementary Methods.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA). More details are in
the Online Supplementary Methods.

Results

CCRL2 is up-regulated in TP53 mutated myelodysplastic

syndrome / acute myeloid leukemia and erythroleukemia
CCRL2 expression in AML primary samples and cell lines
was analyzed utilizing The Cancer Genome Atlas (TCGA),*
Beat AML dataset,” and DepMap Portal'® datasets. Using
TCGA data, we observed that French American British (FAB)
M6 and M7 AML expressed higher CCRL2 levels compared
to other AML subtypes (Figure 1A). Based on data from the
Beat AML dataset, TP53 mutated (MT) AML have higher
CCRL2 expression compared to wild-type (WT) (Figure 1B).
Consistently, AML cell lines with erythromegakaryocytic dif-
ferentiation (EM) have significantly higher CCRL2 expression
than AML cell lines without EM differentiation (Figure 1C).
Next, we assessed CCRL2 expression in bone marrow sam-
ples of 15 patients with TP53 MT MDS/AML with complex
karyotype and either one TP53 mutation of VAF at least
50% or two or more TP53 mutations and 4 acute erythroid
leukemia (AEL) patients based on WHO 2022 criteria™ (Online
Supplementary Figure S1A). Among the 15 TP53 MT MDS/
AML patients, 4 patients were identified to have erythroid
predominance (EP) (=50% of nucleated bone marrow cells
were erythroid progenitors) but did not meet AEL criteria.
Samples from 16 healthy donors were used as controls. Clin-
ical, pathological, and molecular characteristics of healthy
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donors and patients are presented in Online Supplemen-
tary Tables S1, S2 and Online Supplementary Figure S1A,
B. The sorting strategy is shown in Online Supplementary
Figure S2A, B. CCRL2 expression was significantly higher
in blasts and CD34* cells from AEL patients and TP53 MT
MDS/AML patients than healthy controls (Figure 1D, E) and
in CD34* cells from AEL patients than TP53 MT MDS/AML
patients (Figure 1E). No significant correlation was found
between CCRL2 expression and VAF or the presence of
additional somatic mutations (Online Supplementary Figure
S1A). TP53 MT MDS/AML patients with EP showed a trend
toward higher CCRL2 expression in their blasts and CD34*
cells compared to those without EP (Online Supplementary
Figure S1C, D). Finally, CD34*CD71* cells from AEL patients
and TP53 MT MDS/AML patients with EP express signifi-
cantly higher CCRL2 levels than healthy donors’ erythroid
progenitors (Online Supplementary Figure S1E). Represen-
tative samples of healthy donors, TP53 MT MDS/AML, and
AEL are shown in Figure 1F.

To further assess the effect of TP53 deletion on CCRL2
expression in AML cells with erythroid differentiation, TP53
was knocked out (KO) in UKE-1, an erythroleukemic cell line
with WT TP53, by transducing with sgRNA targeting TP53
and selecting by treatment with blasticidin or nutlin-3a,
two independent TP53 knockouts were developed (KO1and
KO2) (Online Supplementary Figure S3A). TP53 KO UKE-1
cells demonstrated higher CCRL2 expression at protein
(Figure 1G) and RNA (Online Supplementary Figure S3B) level.
Finally, RNA-sequencing (RNA-seq) data from a published
transgenic TP53-deleted erythroleukemia mouse model
were analyzed to assess the impact of TP53 deletion in
CCRL2 expression. Li et al. demonstrated that deletion of
Trp53 (Trp5377) in Jak2V®""F knock-in (Jak2-mut) mice leads
to the transformation of myeloproliferative neoplasm (MPN)
to AML with erythroid features derived from the megakaryo-
cyte-erythroid progenitor (MEP) compartment.”® Analysis of
RNA-seq data (GSE180851) showed a gradual increase in
CCRL2 expression in MEP associated with Trp53 loss (from
Jak2mut to Jak2mutTrp53*- and Jak2™tTrp53/-) compared to
WT MEP (Figure 1H).

CCRL2 deletion suppresses the clonogenicity of
erythroleukemia cells in vitro and their growth in vivo

To assess the functional effects of CCRL2 expression in
erythroleukemia cells, CCRL2 was knocked out in multiple
AML cell lines with erythroid features and TP53 mutations
(GM-CSF-dependent TF-1, F36P, and GM-CSF-independent
K562, SET2 and HEL) by using two sgRNAs (sgCCRL2 1 and
sgCCRL2 2) and scrambled sgRNA (sgControl) as control.
Suppression of CCRL2 expression was confirmed by flow
cytometry (Online Supplementary Figure S3C-G). CCRL2
KO suppressed the clonogenicity of these erythroleukemic
cells (Figure 2A-E) but had no effect on the clonogenicity
of MV4-11 cells, which are TP53 WT cells with monocytic
differentiation (Online Supplementary Figure S3H, /).
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To evaluate the effect of CCRL2 KO on erythroleuke-
mic cells in vivo, GFP/Luciferase* TF-1 and SET2 cells
transduced with sgControl or sgCCRL2 (sgCCRL2 1) were
injected intravenously in NOD.Cg-Prkdcsed [[2rgt™Wil/SzJ
(NSG) mice. No significant differences in engraftment
rate were observed, but leukemic growth of sgCCRL2
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cells in TF-1 xenografts was significantly suppressed
(Figure 2F, G), and mice engrafted with CCRL2 KO TF-1
cells had a significantly improved survival rate compared
to those engrafted with CCRL2 WT cells (Figure 2H).
Similarly, mice engrafted with CCRL2 KO SET2 cells had
suppressed leukemic growth (Figure 2 |, J); however, no
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Figure 1. CCRL2 is up-regulated in TP53-mutated myelodysplastic syndrome / acute myeloid leukemia and erythroleukemia. (A)
Comparison of CCRL2 expression between different acute myeloid leukemia (AML) subtypes based on data extracted from the
TCGA dataset. AML M6 and M7 subtypes, respectively, expressed higher levels of CCRL2 compared to other AML subtypes based
on RNA-Seq by Expectation-Maximization (RSEM) (P<0.01). (B) Comparison of the expression of CCRL2 in AML samples based on
Beat AML dataset showed that TP53 mutated (MT) AML have higher CCRL2 expression compared to wild-type (WT) (P=0.015) and
healthy (P<0.001) ones. (C) Comparison of CCRL2 expression in different AML cell lines based on differentiation was performed
using data from DepMap Portal. AML cell lines with erythroid and megakaryocytic (EM) differentiation have higher expression of
CCRL2 than AML cell lines with no EM differentiation (P<0.001). (D) CCRL2 expression was compared in blasts from acute eryth-
roid leukemia (AEL) patients (P<0.001) and TP53 MT myelodysplastic syndrome (MDS) / AML patients (P=0.008) to healthy controls.
(E) CD34* cells from acute erythroid leukemia AEL patients (P<0.001) and TP53 MT MDS/AML patients (P=0.005) have higher CCRL2
expression compared to healthy controls and CD34* cells from AEL patients have higher CCRL2 expression than those from TP53
MT MDS/AML patients (P<0.001). (F) Flow cytometry showing CCRL2 expression in blasts and CD34* cells from representative
samples of healthy donors, TP53 MT MDS/AML, and AEL. (G) TP53 knockout (KO) UKE-1 cells showed higher CCRL2 expression at
the protein level compared to TP53 WT UKE-1 cells (P<0.001). (H) Analysis of RNA-seq data (GSE180851) showed a gradual increase
in CCRL2 expression in megakaryocytic-erythroid progenitor (MEP) cells associated with Trp53 loss (from Jak2™t to Jak2™tTrp53*/-
and Jak2™tTrp53-/-) compared to wild-type (WT) MEP.
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significant difference in mouse survival was observed
(Figure 2K). Mice engrafted with CCRL2 WT TF1 and SET2
cells exhibited a significantly lower disease burden in
their bone marrows measured by percentage of human
CD45* (Online Supplementary Figure S4A, B). Overall,
these findings suggest that loss of CCRL2 inhibits the
growth and clonogenicity of leukemic cells with erythroid
differentiation both in vitro and in vivo.

N.S. Naji et al.

CCRL2 promotes IFN-y response signaling in
erythroleukemia cells

To identify the most prominent effect of CCRL2 KO on eryth-
roleukemia cells at the protein level, unbiased phospho-pro-
teomics analysis was performed in TF-1 cells transduced
with either sgControl or one of two independent sgRNA
replicates (KO1 and KO2) of sgCCRL2 1 and one replicate
(KO3) of sgCCRL2 2.
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Figure 2. CCRL2 promotes the clonogenicity of erythroleukemia cells in vitro and the growth of erythroleukemia in mice. (A and B)
CCRL2 KO with two different sgRNAs decreases the colony formation of the granulocyte-macrophage colony-stimulatingfactor (GM-
CSF) dependent TF-1 and F36P cells in the absence and presence of GM-CSF. (C-E) CCRL2 knockout (KO) with two different sgRNA
decreases the colony formation of K562, SET2, and HEL cells. (F, G) TF-1 cells with WT (sgControl) or KO (sgCCRL2) CCRL2 were
transduced with a GFP*/Luciferase dual reporter retrovirus and injected into NSG mice. At day 50 after injection, the biolumines-
cence signal in mice injected with CCRL2 KO was significantly lower (P=0.021). (H) Mice engrafted with sgControl cells had a sig-
nificantly poorer overall survival than those engrafted with sgCCRL2 (P=0.002). (I, J) SET2 cells with WT (sgControl) or KO (sgCCRL2)
CCRL2 were transduced with a GFP*/Luciferase dual reporter retrovirus and injected into NSG mice. At day 60 after injection, the
bioluminescence signal in mice injected with suppressed CCRL2 was significantly lower (P=0.04). (K) There was no significant dif-
ference in the survival of mice engrafted with SET2 sgControl cells compared to mice engrafted with sgCCRL2. *P<0.05.
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Pathway enrichment analysis of the phospho-proteomics
data identified IFN signaling as the top pathway suppressed
by CCRL2 KO (Figure 3A). This pathway shares various targets
with hyperchemokinemia in influenza, the second most
prominent pathway (Figure 3A). Liver X Receptor-Retinoid
X Receptor (LXR/RXR) was the top pathway up-regulated
by CCRL2 KO (Figure 3A). The IFN signaling regulator STAT1
(both long and short isoforms) along with the IFN-y tar-
gets IFIT1, IFIT3, and ISG15 were amongst the top CCRL2
regulated proteins, while various LXR/RXR targets were
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up-regulated by CCRL2 KO (Online Supplementary Figure
S5A). A negative interaction between IFN-y and LXR/RXR
pathways has been described,®?° providing some rationale
for our finding that CCRL2 promotes IFN signaling and
suppresses LXR/RXR (Online Supplementary Figure S5B).
Besides these top genes, various IFN-y/STAT1 targets are
significantly down-regulated by CCRL2 KO (Figure 3B).

Next, bulk RNA-seq was performed followed by gene set
enrichment analysis (GSEA) using a compilation of path-
ways from MSigDB21in CCRL2 WT or KO SET2 cells (Online
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Figure 3. CCRL2 promotes IFN-y response signaling in erythroleukemia cells. (A) Pathway enrichment analysis of phospho-pro-
teomic data was performed to identify the pathways affected more prominently by CCRL2 KO at the protein level in TF-1 cells.
Interferon (IFN) signaling was identified as the top pathway down-regulated by CCRL2 KO, and Liver X Receptor-Retinoid X Re-
ceptor (LXR/RXR) pathway was the top pathway up-regulated by CCRL2 KO. (B) Heatmap, including the top CCRL2-associated
genes represented in the volcano plot in addition to other various IFN-y/STAT1 targets, shows that these targets are significant-
ly down-regulated by TF-1 CCRL2 KO. MS: mean subtracted values. The intensity scale to the right shows a range of values from
-1.709 to 1.151, with blue representing the lower extreme values of this range and red representing the high extreme values of
the range. (C) IFN-y signaling was found to be the top CCRL2-regulated pathway by gene set enrichment analysis of RNA-seq
data in SET2 cells transduced with sgControl or sgCCRL2 (CCRL2 KO). (D) Heatmap shows that CCRL2 regulated IFN-y/STAT1
associated genes, are significantly down-regulated by SET2 CCRL2 KO. The intensity scale to the right shows a range of values
from 0.85 to 1, with blue representing the lower extreme values of this range and red representing the high extreme values of
the range.

Haematologica | 111 February 2026
498



ARTICLE - CCRL2 in myeloid neoplasms

Supplementary Figure S5C-E). IFN-y gene network acti-
vation was the top CCRL2-regulated pathway (Figure 3C,
Online Supplementary Figure S5E). These results further
support the view that IFN-y response signaling is the top
CCRL2-regulated pathway in erythroleukemia.

To validate our findings, the phosphorylation of STAT1, the
main IFN-y signaling regulator?? in Tyrosine 701 (Y701) and
Serine 727 (S727) was measured in CCRL2 WT and KO TF-
1, F36P, and SET2 cells showing suppression of Y701 STAT1
phosphorylation and to a lesser extent S727 STAT1 phos-
phorylation by CCRL2 KO (Figure 4A-C). Of note, S727 STAT1
phosphorylation was not detected in F36P cells, and Y701

N.S. Naji et al.

phosphorylation was detected in these cells only in the pres-
ence of GM-CSF (Figure 4B). CCRL2 KO suppressed STAT1
nuclear translocation in TF-1 cells (Online Supplementary
Figure S6A). Consistently, gRT-PCR showed that CCRL2 KO
suppresses the RNA levels of 3 representative IFN-y/STAT1
targets, namely /FIT3, IFI30 and MT2A (Figure 4D).

Given that exogenous IFN-y is critical for the IFN-y sig-
naling response activation,® the effect of CCRL2 on the
sensitivity of AML cells to exogenous IFN-y was assessed.
CCRL2 KO did not affect the upregulation of /FIT3 expres-
sion in TF-1 cells as a response to exogenous IFN-y (Online
Supplementary Figure S6B). Consistently, while CCRL2 KO
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Figure 4. CCRL2 induces STAT1 phosphorylation partially via JAK2. (A) Western blotting was performed to analyze two sites of
STAT1 phosphorylation: tyrosine 701 (Y701) phosphorylation and serine 727 (S727) phosphorylation. CCRL2 knockout (KO) sup-
pressed STAT1Y701 phosphorylation in TF-1 and had a less prominent effect on STAT1 S727 phosphorylation. (B) Similarly, CCRL2
KO suppressed STAT1 Y701 phosphorylation in F36P cells. No S727 phosphorylation was detected in F36P cells, and no STAT1
phosphorylation was detected in the absence of GM-CSF. (C) STAT1Y701 phosphorylation was suppressed in SET2 CCRL2 KO cells
with a milder effect on S727 phosphorylation. (D) Quantitative real-time polymerase chain reaction (QRT-PCR) demonstrated that
CCRL2 KO suppresses the RNA levels of 3 representative IFN-y/STAT1 target genes, namely /FIT3, IFI30 and MT2A in TF-1and SET2
cells compared to wild-type (WT) cells. (E) Treatment of iCCRL2 TF-1 cells with 10 ng/mL doxycycline induced STAT1 Y701 and
S727 phosphorylation; however, concurrent treatment with fedratinib suppressed Y701 but not S727 phosphorylation. (F) Co-im-
munoprecipitation assay showing that CCRL2 KO decreases the precipitation of STAT1 with an anti-JAK2 antibody in TF-1, F36P
cells, and SET2 while induction of CCRL2 by 10 ng/mL doxycycline increases STAT1 precipitation in iCCRL2 TF-1 cells.
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suppressed TF-1 cell growth, this was not affected by treat-
ment with exogenous IFN-y (Online Supplementary Figure
S60C). Interestingly, we identified a modest suppression of
IFN-y receptor (IFNGR) levels in the surface of TF-1 cells
by CCRL2 KO in the absence of exogenous IFN-y (Online
Supplementary Figure S6D). Thus, our findings suggest that
CCRL2 likely promotes a cell-intrinsic activation of IFN-y
response signaling rather than the sensitivity of leukemic
cells to exogenous IFN-y.

We have previously shown that CCRL2 promotes JAK2/
STAT signaling.? The regulation of IFN-y signaling at the
molecular level is complex, involving numerous pathways
apart from JAK2/STAT.?® Y701 phosphorylation of STAT1 is
mediated mainly by JAK1/2, but S727 phosphorylation is
promoted by AKT and p38/MAPK.?*2¢ To investigate possible
mediators of the CCRL2-induced STAT1 phosphorylation,
our doxycycline-inducible CCRL2 TF-1 cell model (iCCRL2
TF-1)" was used. Particularly, iCCRL2 TF-1 cells were treated
with 0 or 10 ng/mL doxycycline to induce CCRL2 expression,
leading to the induction of cell growth (Online Supplemen-
tary Figure S7A). Treatment of iCCRL2 cells with 10 ng/mL
doxycycline induced STAT1Y701 and S727 phosphorylation,
while concurrent treatment with the JAK2 inhibitor fedra-
tinib suppressed Y701 but not S727 phosphorylation (Figure
4E). This finding suggests that CCRL2 promotes Y701 STAT1
phosphorylation at least partially via JAK2 activation. Con-
sistently with our previous findings,” co-immunoprecipita-
tion showed that CCRL2 KO is associated with decreased
JAK2 and STAT1 interaction in TF-1, F36P, and SET2 cells,
while doxycycline treatment is associated with increased
JAK2/STAT1 interaction in iCCRL2 TF-1 cells (Figure 4F).
Overall, these findings support the view that IFN-y response
signaling is the top CCRL2-regulated pathway in erythroleu-
kemia cells and that CCRL2 likely activates a cell-intrinsic
IFN-y signaling response without affecting the response
of leukemic cells to exogenous IFN-y by promoting STAT1
phosphorylation partially via JAK2.

IFN-y response signaling is up-regulated in acute myeloid
leukemia with erythroid differentiation and TP53
mutations

It was recently reported that IFN-y response signaling is
up-regulated in monocytic AML and AML with chromosome
7 deletions.® Moreover, bulk RNA sequencing revealed that
TP53 MT AML is associated with IFN-y signaling upregulation
compared to TP53 WT AML samples.® Similarly, induction of
inflammatory pathways has been associated with the se-
lection of TP53-mutated clones during the transformation
of MPN to multi-hit TP53-mutated AML with erythroid fea-
tures.® Here, we found that CCRL2, which is over-expressed
in AML with erythroid differentiation and TP53 mutations,
regulates the expression of a subset of IFN-y targets.

To assess the expression of this IFN-y target subset in AML
with erythroid features and TP53 mutations compared to
other AML subtypes, an overall score for 18 genes commonly

N.S. Naji et al.

implicated in IFN-y signaling and identified as CCRL2-as-
sociated genes by our analysis (CCRL2, STATT, IFIT1, ICAM1,
CD44, IFIT2, PRKCD, IFIT3, IFI35, ISG15, GBP2, IFIH1, MAPK14,
GBP4, IFI6, IRF3, IRF7, IFITM3) was calculated. Based on
TCGA data, AML with erythroid and megakaryocytic (EM)
differentiation, FAB M6 and M7, respectively, had a higher
overall score than other AML subtypes (Figure 5A). Similar-
ly, AML cell lines with erythroid differentiation had higher
CCRL2/IFN-y signaling score compared to other AML cell
lines (Figure 5B). To assess the expression of CCRL2/IFN-y
associated genes in TP53 mutated AML, we used the Beat
AML dataset to compare CCRL2/IFN-y signaling overall score
between TP53 MT and WT AML. TP53 MT AML had a higher
CCRL2/IFN-y signaling score than TP53 WT AML (Figure 5C).
CCRL2/IFN-y signaling score was also higher in TP53 WT
AML samples than healthy CD34* cells (Figure 5C). Among
the top CCRL2-regulated genes /FIT1 was also significant-
ly over-expressed in TP53 MT AML samples compared to
TP53 WT ones, and a similar trend was observed for /FIT3
and /ISG15 (Online Supplementary Figure S7B). Of note, all
three genes were up-regulated in AML samples compared
to healthy bone marrow mononuclear cells (Online Supple-
mentary Figure S7B).

To assess the expression of these CCRL2/IFN-y associated
genes in primary samples, publicly available single-cell RNA-
seq (scRNAseq) datasets were analyzed. First, an analysis
of a publicly available scRNAseq dataset of AML blasts and
monocytes from 5 AML patients that was previously pub-
lished?” was performed. Two patients in the dataset had
megakaryocytic (AML1) and erythroid (AML5) AML; the other
3 patients (AML2-4) had non-megakaryocytic, non-erythroid
AML (Figure 5D). Most of the CCRL2/IFN-y associated genes
were found to be expressed at a relatively higher level in
blasts with erythroid differentiation (Figure 5E, Online Sup-
plementary Figure S7C), with the top CCRL2/IFN-y associated
genes IFIT1, IFIT3, and ISG715 being among the significantly
different ones (Figure 5E). Compared with the other 4 pa-
tients, the AML patient with erythroid differentiation had
up-regulated expression of IFIT1, ISG15 and IFIT3 (Figure 5E).
Next, we reanalyzed scRNA-seq data from a study by van
Galen et al.?® who performed scRNA-seq in bone marrow
aspirates of 16 AML patients, including 3 individuals with
TP53 mutations. Blasts were identified by CD34 and c-KIT
(CD117) expression (Online Supplementary Figure S8A). Most
of the CCRL2/IFN-y associated genes were over-expressed
in TP53 MT AML cells compared to TP53 WT (Online Sup-
plementary Figure S8B), with IFIT3, IFIHT and IFITM3 being
the ones with the most notable differences (Figure 5F). Of
note, the expression of IFN-y receptors IFNGRT and IFNGR2
was not found to be significantly different between TP53 WT
and MT samples (Online Supplementary Figure S8C). Using
the same dataset, the expression of IFN-y gene (IFNG) in
CD3* cells (T cells) (Online Supplementary Figure S8D) was
compared between TP53 WT and MT AML patients, showing
that patients with TP53 MT AML expressed relatively lower
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Figure 5. CCRL2/IFN-y signaling is up-regulated in acute myeloid leukemia with erythroid differentiation and 7P53 mutations without
an increase in IFN-y secretion. (A) Based on data derived from TCGA, an overall score for 18 genes involved in CCRL2/IFN-y signaling
was calculated. Acute myeloid leukemia (AML) with erythroid and megakaryocytic (EM) differentiation (AML M6 and M7 subtypes,
respectively) expressed higher levels of the CCRL2/IFN signaling score (P=0.06) compared to other subtypes of AML. (B) Analysis of
DepMap Portal data showed that erythroid cell lines had higher CCRL2/IFN-y signaling score than other AML cell lines (P=0.02). (C)
Analysis of Beat AML data demonstrated that AML with TP53 mutation (MT) had a higher CCRL2/IFN-y signaling score compared to
TP53 wild-type (WT) AML (P=0.03). CCRL2/IFN-y signaling score was also higher in TP53 WT AML than healthy CD34* controls (P<0.0001).
(D) Based on publicly available single-cell RNA sequencing data, clustering of AML blasts and monocytes from 5 patients with different
AML subtypes was performed based on differentiation. (E) The AML patient (AML5- Erythroid) with erythroid differentiation had up-reg-
ulated expression of /FIT1 (average log2 fold change = 4.98; adjusted P<0.0001); /SG75 (average log2 fold change = 3.80; adjusted
P<0.0001); and /FIT3 (average log2 fold change = 3.37; adjusted P<0.0001) compared to the other AML patients. (F) Specifically, /FIT3,
IFIHT and IFITM3 are significantly up-regulated in blasts from TP53 mutated AML samples (P adjusted = 6.712E-07, 0.0005, and 0.024,
respectively) compared to blasts from TP53 WT AML patients, as shown in the Gene expression BoxPlot. Each dot in the boxplot rep-
resents the pseudobulk aggregated expression data for one study participant normalized by a size factor as implemented in DESeq?2.
(G) TP53 KO in UKE-1 cells led to a prominent increase in both Y701 and S727 phosphorylation of STAT1 compared to TP53 WT UKE-1
cells. (H) IFIT3 is up-regulated in TP53 KO UKE1 cells compared to TP53 WT UKE-1 cells (P=0.016 with KO1 and P=0.002 with KO2).
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levels of IFNG compared to WT without any statistically
significant difference (Online Supplementary Figure S8D).
To further assess if induced IFN-y response signaling in TP53
mutated AML is associated with increased IFN-y secretion
in the bone marrow microenvironment, CD3*CD45* and CD3-
CD45* cells were sorted from 4 TP53 mutated AML patients
and 3 healthy bone marrow donors (Online Supplementary
Table S1, Online Supplementary Figure S9A). Blasts by dim
CD45 and low side scatter were also sorted from the TP53
mutated AML patients (Online Supplementary Figure S9B).
TF-1 CCRL2 WT and KO, and UKE1 TP53 WT and KO cells
were also plated and cultured. Following 72 hours of cell
culture (50,000 cells/mL) in the presence of IL-2, the levels
of IFN-y were measured by ELISA, showing that T cells from
TP53 MT AML cells secreted relatively lower IFN-y levels
compared to healthy donors and no IFN-y was secreted by
blasts or TF-1 and UKE1 cells under any condition (Online
Supplementary Figure S9C). Overall, these results support
the view that basal secretion of IFN-y by T cells, without
specific antigen stimulation, is not particularly increased in
TP53 mutated AML, and that TP53 mutated leukemic cells
do not secrete significant amounts of IFN-y.

Since a cell-intrinsic event potentially links TP53 mutations
and deletions with upregulation of CCRL2/IFN-y signaling,
STAT1 phosphorylation and /FIT3 RNA levels were compared
between TP53 WT and KO UKE1 cells. TP53 KO led to a
prominent increase in both Y701 and S727 phosphorylation
of STAT1 (Figure 5H) and upregulation of the IFN-y target
IFIT3 (Figure 5 1) in UKE1 cells. These results are consistent
with the observed increase in CCRL2 expression in UKE-1
cells following TP53 KO (Figure 1G). Of note, TP53 KO did not
induce IFNGR1 expression in UKE1 cells measured by flow
cytometry (Online Supplementary Figure S8E), consistent
with the scRNAseq data.

Overall, these findings support the view that CCRL2/IFN-y
associated genes are up-regulated in AML cells with eryth-
roid differentiation and TP53 mutations compared to other
AML subtypes. It is possible that a cell-intrinsic mechanism
related to TP53 deletion may contribute to this phenom-
enon, which does not appear to be heavily dependent on
IFN-y secretion.

CCRL2/IFN-y signaling upregulation is associated with
selection of TP53 mutated clones and resistance to
venetoclax in acute myeloid leukemia

Given that the role of IFN-y response signaling in cancer
progression remains unclear,?®%° we then asked what the
possible functional implication of CCRL2/IFN-y signaling
response activation in TP53 mutated AML is.

First, analysis of publicly available CRISPR-Cas9 data (Dep-
Map portal)® revealed that the majority of CCRL2/IFN-y tar-
get genes have a negative gene effect in AML cell lines with
erythroid differentiation and TP53 mutations (HEL, HEL9217,
SET2, TF-1, CMK115, MUTZ8, OCIM2, and F36P) (Figure 6A). On
the contrary, treatment of primary AML blasts sorted from
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3 independent patients with TP53 MT AML (Online Supple-
mentary Table ST) with exogenous IFN-y for 72 hours induced
apoptosis of leukemic blasts and decreased the percentage
of CD34*CD117* cells (Figure 6B, C). These findings further
support the view that there may be a functional distinction
between cell-intrinsic upregulation of IFN-y signaling and
the response of leukemic cells to exogenous IFN-y.

It was recently reported that inflammatory signaling might
contribute to pre-leukemic clonal evolution toward TP53
multi-hit mutated secondary AML (sAML) with erythroid fea-
tures.® Analysis of scRNA-seq data from this report showed
that pre-leukemic single-hit TP53 heterozygous clones from
patients with MPN that transformed to multi-hit TP53 mu-
tated sAML have higher expression of the top CCRL2/IFN-y
associated genes IFIT1, IFIT3 and /ISG15 compared to TP53
heterozygous clones from patients who remained in chronic
phase (CP-MPN) (Online Supplementary Figure S9D). Similarly,
a significant subset of CCRL2/IFN-y associated genes were
up-regulated in pre-leukemic single-hit TP53 heterozygous
clones from MPN patients that transformed to sAML com-
pared to those who remained in CP-MPN (Figure 6D). These
results support the view that CCRL2/IFN-y signaling may be
implicated in the progression of AML with erythroid features
via the selection of TP53 mutated pre-leukemic clones.
Wang et al. recently showed that overexpression of IFN-y
targets, and particularly /FITM3, is associated with lower
sensitivity to venetoclax.® Other studies have highlighted that
TP53 mutations and erythroid differentiation are associated
with higher rates of venetoclax resistance.?” Analysis of data
from Beat AML dataset showed that CCRL2/IFN-y signaling
score is positively correlated with venetoclax ICs,, support-
ing the view that upregulation of this pathway is associated
with increased resistance to venetoclax (Figure 7A). Based
on the expression pattern of the CCRL2/IFN-y associated
genes, patients were separated into two clusters; cluster 2
included those with a high expression of IFIT2, IFIT1, IFIT3,
STATI, IFI6, IFIH1, ISG15, IRF7 while cluster 1included the rest
of the patients (Online Supplementary Figure S9E). Patients
in cluster 2 had significantly higher venetoclax ICs, values
compared to cluster 1 patients (Figure 7A), suggesting that
the most direct CCRL2/IFN-y associated genes, including
IFIT1, IFIT3, and ISG15, are potentially more potent mediators
of venetoclax resistance.

To further assess the impact of CCRL2 expression on vene-
toclax sensitivity, CCRL2 WT and KO TF-1 and F36P cells
were treated with increasing doses of venetoclax. CCRL2 KO
cells were found to have a higher sensitivity to venetoclax
compared to WT cells (Figure 7B, C).

Finally, the impact of CCRL2/IFN-y signaling score on the
survival of AML patients was assessed using Beat AML data,
demonstrating a negative impact of this score on the overall
survival of AML patients (Figure 7D). Multivariable analysis
showed that this effect is independent of TP53 mutation,
cytogenetic risk, and patients’ age (Figure 7D).

Taken together, our data support the view that CCRL2 is
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over-expressed in AML with erythroid differentiation and
TP53 mutations, and its deletion suppresses the growth
of erythroleukemia cells. CCRL2 promotes IFN-y signaling
response in these AML subtypes, which appears to be as-
sociated with a cell-intrinsic effect and is potentially linked
to p53 loss-of-function. CCRL2/IFN-y associated genes
are up-regulated in erythroid and TP53-mutated AML, and
this signaling is associated with selection of TP53-mutated
pre-leukemic clones, resistance to venetoclax, and poor
overall survival (Figure 7E).

Discussion

Patients with myeloid neoplasms with erythroid differ-
entiation and TP53 mutations exhibit very short survival
due to poor response to therapies, including venetoclax,
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and have a high incidence of relapse.**'-*¢ Therefore, a
better understanding of disease pathogenesis is required.
The role of IFN-y signaling in myeloid neoplasms remains
unclear, but it was recently reported that inflammatory
pathways may be implicated in the selection of TP53 mu-
tated pre-leukemic clones driving disease progression,®
and that this signaling is up-regulated in TP53 mutated
myeloid diseases.® Upregulation of IFN-y signaling was
also associated with AML progression and resistance to
venetoclax.” However, the mechanisms implicated in the
regulation of IFN-y signaling in myeloid neoplasms remain
unclear, and the leading hypothesis is that secreted IFN-y
in the marrow microenvironment is the primary driver of
this pathway.

Here, we found that the surface receptor CCRL2 is over-ex-
pressed in MDS/AML with erythroid differentiation and
TP53 mutations associated with complex karyotype com-
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Figure 6. CCRL2/IFN-y signaling upregulation is associated with selection of TP53 mutated clones. (A) Analysis of DepMap por-
tal publicly available CRISPR-Cas9 dataset showed that most CCRL2/IFN-y target genes exhibit a negative gene effect in acute
myeloid leukemia (AML) cell lines with erythroid differentiation and TP53 mutations (HEL, HEL9217, SET2, TF-1, CMK115, MUTZS,
OCIM2 and F36P). (B, C) Treatment of primary AML blasts from 3 independent TP53 mutated AML patients with 10 ng/mL and 20
ng/mL of IFN-y for 72 hours induced apoptosis of leukemic blasts (P=0.010 and P=0.007, respectively) and decreased the percent-
age of CD34*CD117* cells (P<0.001 for both doses). (D) Volcano plot showed that a significant subset of CCRL2/IFN-y associated
genes is up-regulated in pre-leukemic TP53 heterozygous clones from myeloproliferative neoplasm (MPN) patients who trans-

formed to sAML compared to those who remained in CP-MPN.
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significantly higher venetoclax ICs, values compared to cluster 1 patients (P<0.001). (B, C) TF-1and F36P CCRL2 KO cells treated with
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subtypes, which appears to be associated with a cell-intrinsic effect independent of IFN-y levels in the microenvironment, and the
latter is associated with selection of TP53 mutated pre-leukemic clones, resistance to venetoclax and poor OS.
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progenitors from MDS patients and sAML blasts inducing
disease progression.”? Erythroleukemia shares methylation
and transcriptomic features with both AML and MDS,*?
suggesting a possible overlap of erythroleukemia biology
with MDS and sAML, consistent with our findings. Recent
data highlight the fact that the clinical outcomes of MDS/
AML spectrum are primarily affected by specific biolog-
ical characteristics, with loss of p53 function having the
most prominent effects and not by the exact blasts’ per-
centage.*® Based on our published data™ and our current
results, CCRL2 overexpression is probably associated with
adverse disease biology within this spectrum, supporting
a correlation with loss of p53 function.
Phospho-proteomics and transcriptomics analysis high-
lighted IFN-y response signaling as the top CCRL2-regu-
lated pathway in erythroleukemia cells. Activation of in-
flammatory pathways is consistent with the well-described
role of CCRL2 in promoting inflammatory response."?":38
Our studies confirmed suppressed nuclear transloca-
tion of STAT1 and decreased STAT1 target expression by
CCRL2 KO in erythroleukemia cells. Mechanistically, JAK2
is a critical upstream regulator of STAT1 phosphorylation
and IFN-y signaling,*® and we have reported that CCRL2
induces JAK2/STAT signaling.”? Here, by utilizing our doxy-
cycline-inducible CCRL2 TF-1 cells, we found that CCRL2
induces STAT1 Y701 phosphorylation at least partially via
JAK2. While Y701 phosphorylation of STAT1 is mainly me-
diated by JAK2, other pathways, including p38/MAPK and
AKT, potentially induce S727 phosphorylation.?*?5 Further
studies are required to investigate a possible implication
of CCRL2 in regulating these pathways to promote STAT1
S727 phosphorylation. Of note, we found that CCRL2 in-
duces IFN-y response signaling in erythroleukemic cells
but does not affect their response to exogenous IFN-y,
suggesting that CCRL2 may regulate this pathway down-
stream of IFN-y receptor.

Our CCRL2/IFN-y associated genes were up-regulated in
AML with erythroid differentiation and TP53 mutations
based on TCGA, DepMap portal, and Beat AML data. By
analyzing scRNAseq data from publicly available datasets,
we demonstrated increased expression of CCRL2/IFN-y
associated genes in blasts from erythroid leukemia and
TP53 MT AML compared to other AML subtypes. Impor-
tantly, we did not observe a significant difference in IFNG
expression in T cells from TP53 MT AML samples compared
to TP53 WT samples and sorted IL-2 stimulated T cells
from TP53 MT AML patients secreted relatively lower levels
of IFN-y compared to healthy donors. This result is con-
sistent with previous studies reporting lower secretion of
IFN-y by T cells*' and relatively lower IFN-y/IFN-y receptor
interactions in TP53 MT AML samples compared to other
AML subtypes such as monocytic AML.® These results
further support the possible implication of a cell-intrinsic
mechanism of IFN-y response signaling upregulation in
TP53 MT myeloid neoplasms. Indeed, we found that TP53
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KO causes a direct increase in CCRL2 levels, STAT1 phos-
phorylation, and /FIT3 expression, suggesting that loss of
p53 can directly promote CCRL2/IFN-y signaling. Given
the exceptionally high frequency of TP53 loss-of-function
mutations in erythroleukemia, and our finding that TP53
KO induces CCRL2/IFN-y signaling, it is possible that up-
regulation of this pathway is predominantly associated
with TP53 loss-of-function mutations, with particularly
high levels of induction of this signaling in TP53 mutated
erythroleukemias.

The functional implication of IFN-y signaling in cancer
progression remains unclear.?®*° We showed that deletion
of CCRL2/IFN-y associated genes has a relatively negative
impact on erythroleukemia/TP53 MT AML cell survival. In-
terestingly, as previously reported,° IFITM3 appears to have
by far the highest negative gene effect, which could be
related to the inconsistency of the effect of CCRL2 on the
expression of this gene, which we observed. Consistently,
IFNGR1 silencing or inhibition with neutralizing antibodies
induced AML differentiation and suppressed leukemogen-
esis in vitro and in vivo.*> However, exogenous IFN-y de-
creases the survival of TP53 MT AML blasts, suggesting a
potentially different effect of exogenous and cell-intrinsic
IFN-y signaling activation. CCRL2/IFN-y associated gene
upregulation was also associated with the transformation
of TP53 MT pre-leukemic clones to multi-hit TP53 MT AML,
increased resistance to venetoclax, and worse overall
survival, consistent with previous findings.8"

Our study has several limitations. While we have performed
several experiments investigating the effect of CCRL2
on the activation of IFN-y signaling as a response to ex-
ogenous IFN-y and the possible implication of secreted
IFN-y, additional mechanistic studies and experiments
with antigen-stimulated T cells are required to confirm
these associations. Importantly, while we did not observe
a prominent alteration of IFN-y receptor expression in our
TP53 knockout system and publicly available single-cell
RNA sequencing data, additional experiments using /FN-
GR1 gene editing or IFNGR1 neutralizing antibody will be
required to clarify its implication. Finally, future studies
including STAT1 gene editing and patient-derived xeno-
grafts are needed to further investigate the functional
implication of IFN-y signaling activation on TP53 mutated
AML progression and treatment resistance.

In conclusion, our results support that CCRL2 is over-ex-
pressed in AML with erythroid differentiation and TP53
mutations inducing IFN-y signaling response in these
neoplasms. Based on our studies, a cell-intrinsic phe-
nomenon related to p53 loss of function may contrib-
ute to this phenomenon. Activation of this pathway is
associated with the selection of TP53 MT pre-leukemic
clones and resistance to venetoclax, supporting further
investigation of CCRL2/IFN-y signaling as a potential
therapeutic target for AML with erythroid differentiation
and TP53 mutations.
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