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Chromosome 9p trisomy increases stem cells clonogenic
potential and fosters T-cell exhaustion in JAK2-mutant

myeloproliferative neoplasms
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JAK2V617F is the most recurrent genetic mutation in Philadelphia-negative chronic Myeloproliferative Neoplasms (MPNs). Since the
JAK2 locus is located on Chromosome 9, we hypothesized that Chromosome 9 copy number abnormalities may be a disease
modifier in JAK2V617F-mutant MPN patients. In this study, we identified a subset of MPN patients with partial or complete
Chromosome 9 trisomy (+9p patients), who differ from JAK2V617F-homozygous MPN patients as they carry three JAK2 alleles as
well as three copies of all neighboring gene loci, including CD274, encoding immunosuppressive Programmed death-ligand 1
(PD-L1) protein. Investigation of the clonal hierarchy revealed that the JAK2V617F occurs first, followed by +9p. Functionally,
CD34+ cells from +9p MPN patients demonstrated increased clonogenicity, generating a greater number of primitive colonies, due
to high OCT4 and NANOG expression, with knock-down of these genes leading to a genotype-specific decrease in colony numbers.
Moreover, our analysis revealed increased PD-L1 surface expression in malignant monocytes from +9p patients, while analysis of
the T cell compartment unveiled elevated levels of exhausted cytotoxic T cells. Overall, here we identify a distinct novel subgroup of
MPN patients, who feature a synergistic interplay between +9p and JAK2V617F that shapes immune escape characteristics and

increased stemness in CD34+ cells.
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INTRODUCTION

Philadelphia-negative  Myeloproliferative Neoplasms (MPNs)
encompass a range of clonal blood disorders originating from a
single mutated hematopoietic stem cell, resulting in an over-
production of mature blood cells [1]. The classic MPN forms
include polycythemia vera (PV), essential thrombocythemia (ET),
and myelofibrosis (MF), which can either be primary or secondary
to PV or ET [2]. While PV patients typically present with
erythrocytosis [3], ET and MF patients show thrombocytosis [4,
5]. Strikingly, MF stands out as the most aggressive subtype, as it is
also characterized by elevated white blood cell counts, develop-
ment of bone marrow fibrosis, a higher risk of disease progression

to secondary acute myeloid leukemia, and a median survival rate
of five years from diagnosis [6-8].

Considerable efforts in the characterization of the molecular
landscape of MPNs have led to the identification of driver
mutations in JAK/STAT signaling pathway genes (JAK2 [9], CALR
[10], or MPL [11]), with additional non-driver mutations being
described more recently [12, 13]. A gain-of-function point
mutation in JAK2, namely JAK2V617F, was discovered as being
the most frequent lesion, affecting a significant proportion of MPN
patients, particularly in PV and MF. Furthermore, the variant allele
frequency (VAF) of JAK2V617F has emerged as a crucial factor in
determining both severity and phenotypic characteristics of MPNs
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[14]. Additionally, cytogenetic abnormalities have frequently been
observed, especially in MF, with about 30% of patients presenting
with such lesions and aneuploidies of Chromosome 9, where the
JAK2 gene locus is located, being among the most described
karyotypic defects [15, 16]. Interestingly, somatic uniparental
disomy (UPD) of Chromosome 9p has been reported as a common
mechanism of copy-neutral loss of heterozygosity resulting in the
acquisition of two mutated JAK?2 alleles, thus leading to JAK2V617F
homozygosity [17]. The JAK2 gene is situated on Chromosome
9p24.1, in close proximity to other gene loci like CD274, which
encodes programmed death-ligand 1 (PD-L1) protein that serves
as an immunosuppressive binding partner for PD-1 expressed on
T cells. Strikingly, the PD-L1/PD-1 axis has been described to be
exploited to evade immune surveillance by tumor cells in various
myeloid malignancies [18], while recent studies report higher PD-
L1 expression in granulocytes from MF patients harboring
JAK2V617F compared to CALR-mutant patients or healthy
individuals [17]. Notably, Chromosome 9 copy number gains have
been described as more frequent in MF patients (3.8%), compared
to ET and PV patients (0.58% and 2.25%) [19-21].

Despite the frequent occurrence of Chromosome 9 copy
number gains observed in MPNs, their functional and clinical
implications remain poorly understood, especially for JAK2V617F-
mutated patients, where chromosomal amplifications may alter
the mutational burden on a per-cell basis. These aberrations may
in fact confer distinct biological features to MPN cells when
compared to those with UPD, which carry only two copies of each
gene located on Chromosome 9. To address this knowledge gap,
we herein investigate the biological significance of Chromosome 9
copy number gains in MPNs in the context of JAK2V617F
mutation. We show that somatic partial or complete trisomy of
Chromosome 9 (+9p) involves the entire short arm and includes,
among others, the JAK2 and (D274 loci. Furthermore, we
demonstrate that +9p synergizes with JAK2V617F with functional
implications, as hematopoietic stem/progenitor cells (HSPCs)
retain more immature characteristics, while monocytes express
more membrane PD-L1, leading to CD8 + T cell exhaustion.

Overall, this study sheds light on the biology of a previously
uncharacterized subset of JAK2-mutated patients, with distinct
karyotypic features.

METHODS
Ethics statement
The study was conducted on a cohort of 18 healthy donors and 32 patients
with a diagnosis of PV, ET, primary or secondary MF, under treatment in the
Hematology department of Azienda Ospedaliera-Universitaria of Modena,
Institutional MPN database of the Hematology Unit, University of Insubria
(Varese, ltaly), or Azienda Ospedaliero-Universitaria Careggi (Florence,
Italy). PV, ET, and MF were diagnosed according to 2016 World Health
Organization criteria [22], whereas the International Working Group for
Myeloproliferative neoplasms Research and Treatment criteria were used
for sMF diagnosis [23].

This study was conducted in accordance with the Declaration of Helsinki
under the local Institutional Review Board’s approved protocol. All subjects
involved in the study provided informed written consent.

Purification of cell populations from peripheral blood and
culture conditions

Peripheral blood (PB) samples of MPN patients and healthy donors were
collected and cell fractions were isolated and cultured as previously
described [24, 25] and detailed in Supplementary Methods.

Next generation sequencing (NGS) and multiplex ligation-
dependent probe amplification (MLPA) analyses

Targeted DNA sequencing on genomic DNA extracted from whole PB of
MPN patients was performed as detailed in the Supplementary Methods
[26]. 50 ng of DNA from whole PB, CD34+ cells, CD14+ cells, CD3+ cells, or
granulocytes were further analysed by means of MLPA, using P474 MLPA
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kit (MRC-Holland, Amsterdam, Netherlands), following the manufacturer’s
instructions. Fragment analysis was performed through the 3130xI Genetic
Analyzer instrument (Applied Biosystems), and data were analysed using
Coffalyser.net software (MRC-Holland), as previously described [27].

Methylcellulose and collagen clonogenic assays

For each analysed patient, 300 CD34+ cells were seeded in triplicate in
1 ml of semisolid methylcellulose-based medium (MethoCult GF H4434;
StemCell Technologies Inc.,, Vancouver, Canada), as previously described
[28]. Colonies were scored after 14 days of incubation.

MK colony forming units (CFU-MK) were assayed in collagen-based
medium, by seeding 5000 CD34+ cells isolated from PB in each chamber
of a double-chamber slide from a commercial MK assay detection kit
(MegaCult-C; StemCell Technologies Inc.), as previously reported [29].
Colonies were scored after 11 days of incubation.

POU5F1 and NANOG silencing in CD34+ cells

Frozen human CD34+ cells were transfected with POU5F1 and
NANOG small interfering RNAs (siRNA) by using the 4D-Nucleofector
System (Lonza, Basel, Switzerland), with an optimized protocol from
previously described methods (see Supplementary Methods). DNA and
RNA from individual colonies isolated after 14 days of incubation
underwent droplet digital PCR (ddPCR) analysis as detailed below.

DNA extraction

For each MPN patient, DNA was extracted from purified CD34+ cells,

CD14+ cells, CD3+ cells, and granulocytes by means of DNeasy Blood &

Tissue Kit (Qiagen, Hilden, Germany) following the recommended protocol.
Single-cell derived colonies’ DNA was extracted using Arcturus PicoPure

DNA Extraction Kit (Applied Biosystems, Waltham, Massachusetts, USA)

according to manufacturer’s instructions.

RNA extraction and reverse transcription
Total RNA from Granulocytes, CD14+, or CD34+ cells was extracted using
the miRNeasy Micro Kit (Qiagen, Hilden, Germany), as previously described
[30]. Next, reverse transcription was performed starting from 100 ng of total
RNA, using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher
Scientific, Waltham, Massachusetts, USA), as previously described [31].

For single-cell derived colonies, RNA was isolated and retro-transcribed
by means of TagMan™ Gene Expression Cells-to-CT™ Kit (ThermoFisher
Scientific) following the manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR)

Quantitation of CD274, POU5F1, and NANOG gene expression in cDNA from
Granulocytes, CD34+ cells, or CD14+ cells was carried out by means of
gRT-PCR [32] as detailed in Supplementary Methods.

ddPCR assay

10ng of each DNA sample were analysed through ddPCR to perform
JAK2 mutation genotyping and copy number analysis (see Supplementary
Methods). For coupled genomic-transcriptomic studies, isolated colonies
were split in half to obtain DNA and RNA from each colony, as detailed
above. JAK2V617F genotyping, JAK2 copy number analysis, CD274, POU5F1,
and NANOG gene expression assessment were performed as detailed in
Supplementary Methods [33].

Single cell DNA library preparation and sequencing

Frozen Peripheral Blood Mononuclear Cells (PBMCs) were thawed
following 10x Genomics® “Sample Preparation Demonstrated Protocol”
(10x Genomics, Pleasanton, CA, USA). PBMCs and CD34+- cells were mixed
at a 1:1 ratio and were processed through Tapestri™ Platform (Mission Bio,
San Francisco, CA, USA) as previously described [34]. Barcoded samples
underwent targeted PCR amplification through a custom DNA panel
(Supplementary Table 2). Tapestri workflow and data processing is detailed
in the Supplementary Methods section.

Flow cytometry

CD14+ and CD3+ cells isolated from PB of patients were incubated with
“FcR Blocking Reagent, human” (Cat. no. 130-059-901, Miltenyi Biotech,
Cologne, Germany) and subsequently stained as detailed in Supplementary
Methods. Stained cells were then analysed using BD FACSCanto Il (BD

Leukemia (2024) 38:2171-2182
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A
PATIENT KARYOTYPE
1 46,XX,add(18)(p?13)[16]/46, XX[4]
2 NA
3 NA
4 47 XX, +9[13]/46 XX[7]
5 47 XY, +9[5]/46 XY[20]
6 48 XY, +8,+9[2]/46 XY[28]
7 46,XX,add(9)(p24)[8]/46 XX[15]
8 49 XY,1(1;16)(q12;q11.2),+9,+9+der(16)t(1;16)(q12;q11.2)[20]/46 XY[2]
9 47 XX,+9,del(20)(q11.2q13.3)[1]/46 XX[13]
10 47 XY,1(3;15)(p25:q24),+9,del(17)(q11.2q22)[22]/46,XY.1(3;15)(del(17)[3]
11 47 XY, +9[4]/46 XY[16]
12 47 XX, +9[2]/46,XX[22]
B .

JAK2 I
ASXL1 I
TET2 I I

CSF3R
RUNX1
DNMT3A
SRSF2
U2AF1
ZRSR2
ABL1
CBL
CEBPA
EZH2

SF3B1

0 32
No. of samples.

100% I
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19% I
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6%
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Fig. 1

Description of the genomic asset of the analyzed patients’ cohort. A Karyotype of the +9p MPN patients (n=12) at diagnosis.

B Waterfall plot detailing the mutational profile of the entire cohort inferred from NGS data. Patients are split according to JAK2V617F allele
frequency and/or JAK2 copy number (blue = normal copy number and heterozygous JAK2V617F, 20% < VAF < 50%, n = 10; red = normal copy
number and homozygous JAK2V617F, VAF > 50%, n = 10; green = JAK2 mutation and trisomy, n = 12). For each patient, the mutational asset of
a specific gene is reported as an orange box if the gene harbors a single variant or a purple box if multiple variants within the same gene are

detected.

Biosciences; San Jose, CA, USA), as previously described. Data were analysed
by FlowJo (version 10.7.1) [35].

Immunofluorescence staining

Cytospins of CD14+ cells were fixed with 4% paraformaldehyde and
stained with rabbit monoclonal anti-human PD-L1 antibody (Cell Signaling
Technology, Inc,, Danvers, Massachusetts, USA) and mouse anti-human
CD14 FITC-conjugated antibody (Miltenyi Biotech) (see Supplementary
Methods) [36, 37]

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8.4.0
(GraphPad Software, San Diego, CA, USA) as detailed in the Supplementary
Methods.

Leukemia (2024) 38:2171-2182

RESULTS
Identification of chromosome 9p trisomy in a subset of MPN
patients
We identified 12 JAK2V617F-mutant MPN patients with concurrent
partial or complete Chromosome 9 gains through classical
cytogenetics, NGS, or MLPA at the time of diagnosis (Figs. 1
and S1) (Table S1), with the minimal amplified region being the
entire short arm of Chromosome 9. Therefore, these patients will
be hereafter referred to as “+9p patients”. 20 additional
JAK2V617F-mutant MPN patients were identified as Chromosome
9-diploidy controls.

NGS analysis on DNA from whole PB allowed us to classify the
Chromosome 9-diploidy control MPN patients in two additional
sub-groups: those with normal copy numbers and JAK2 mutation

SPRINGER NATURE
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Fig.2 Assessment of chromosome 9 trisomy and CD274 expression in hematopoietic cell subpopulations. MLPA profiling of chromosome
9 copy number status in CD34+ cells (A), CD14+ cells (B), Granulocytes (C), or CD3+ cells (D) from patient #2. Labels on the horizontal axis list
the genomic regions detected by MLPA probes, while on the vertical axis, the ratio of each probe signal between the patient and the
reference samples is shown. The light blue region highlights the signal ratio of probe mapping on chromosome 9p, whereas the blue region
represents the signal ratio of the probe mapping on chromosome 9q. The gray region highlights the signal ratio of reference probes. The
horizontal lines represent the copy number thresholds beyond which an amplification (blue line) or a deletion (red line) is identified by
Coffalyser.net software. Evaluation of CD274 expression at the transcriptional level in (E) CD34+ cells (n=5 HD, n=6 HET, n=7 HOM,
n =8+ 9p), (F) CD14+ cells (n =4 HD, n =8 HET, n =9 HOM, n =7 4 9p) or (G) Granulocytes (n =6 HD, n=5 HET, n=10 HOM, n=5 + 9p)
from JAK2-mutated MPN patients and healthy donors. Each barplot represents the relative quantity of CD274 mRNA quantified by means
of qRT-PCR, whereas dots represent individual values. Results are presented as mean + SEM. Abbreviations: RQ = relative quantity;
HD = healthy donors; HET = JAK2-mutated heterozygous patients; HOM = JAK2-mutated homozygous patients; +9p = JAK2-mutated patients
with 9p trisomy. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

in heterozygosity (20% < VAF <50%; median 41.7%, range assay on Chromosome 9p (Fig. 2A-D). Moreover, we observed the

22.9-55%; N =10) or homozygosity (VAF > 50%; median 90.05%,
range 71.2-99.6%; N = 10) (Fig. 1B). Correlation analysis revealed a
negative association between +9p gain and the presence of co-
occurring high-risk mutations or mutations in genes encoding
epigenetic factors (Fig. S2).

CD274 expression is increased in +9p MPN cells

Next, we confirmed that Chromosome 9p was a somatic lesion by
analyzing three malignant hematopoietic subpopulations (CD34+
cells, monocytes, granulocytes) and CD3 +T cells serving as a
known germline control in MPN patients [38] through an MLPA

SPRINGER NATURE

gain of an extra copy of the CD274 locus, which encodes the
immune checkpoint molecule PD-L1 (Fig. 2A-D).

As previous research has demonstrated that JAK2 hyperactiva-
tion via p.V617F mutation can promote CD274 expression [18], we
aimed to elucidate whether the JAK2V617F synergizes with
Chromosome 9p trisomy in this context. To address this, we
carried out gene expression analysis on CD34+ cells, CD14+
monocytes, and granulocytes isolated from +9p MPN patients
compared with patients who do not present this chromosomal
aberration. Our results show a significant upregulation of CD274
MRNA expression in +9p patients across all the analysed cell

Leukemia (2024) 38:2171-2182



types, even when compared to JAK2V617F-homozygous MPN
patients (Fig. 2E-G).

Chromosome 9p gain involves mutated JAK2 gene

Next, we aimed at investigating the genetic profile of +9p
patients to assess whether the amplification of the JAK2 locus
involved the mutated or the wild-type allele.

Given the inherent genetic heterogeneity within individual
patients, we assessed JAK2 copy number and mutational status at
single-cell resolution through ddPCR, using DNA extracted from
single CD34+ cell-derived colonies cultured in methylcellulose-
based medium.

Our findings revealed that most colonies from patients with
Chromosome 9p trisomy exhibited three copies of JAK2, with 2 out
of 3 alleles harboring the JAK2 mutation (63.6% of colonies)
(Fig. 3A). Given the relative abundance of each mutational status/
copy number, our data suggest the chronological sequence of
molecular events, with JAK2V617F occurring first, followed by
Chromosome 9p gain carrying the JAK2-mutated allele, leading to
the generation of cells with three JAK2 copies, two of which being
mutated (Fig. 3B). Notably, one of the +9p patients carried both
JAK2V617F and an additional JAK2G571S variant. In this case, most
of the colonies exhibited 2 copies of JAK2 (53.3% of colonies), with
JAK2G571S anteceding the acquisition of JAK2V617F. Both
mutations were initially acquired in heterozygosity on the same
allele, followed by chromosomal gain (46.2% of colonies) (Fig. 3C).
Since these results may be affected by the capability of cells to
grow in vitro, we opted to perform single-cell genomics on
uncultured CD34+ cells and mononuclear cells from a selected
+9p MPN patient by using Mission Bio Tapestri™ platform. Here,
we designed a custom DNA panel to be able to detect copy
number alterations in chromosomes frequently affected by
aneuploidies in MPN. This technique allowed us to independently
corroborate our previous findings by screening a larger number of
cells, confirming somatic Chromosome 9p trisomy in malignant
cells (Fig. 3D, E). In addition, we found that the most abundant cell
type had three JAK2 copies with two mutant alleles, followed by
cells with two JAK2 copies with a single mutant allele, as already
seen through ddPCR (Fig. 3F).

Collectively, the application of both techniques facilitated the
reconstruction of sequential events affecting Chromosome 9p in
MPN patients, indicating that point mutations often serve as initial
pathogenic events in clonal evolution. Subsequently, the JAK2-
mutated allele undergoes amplification, leading to an increased
burden of JAK2 mutations compared to JAK2-heterozygous diploid
patients on a per-cell basis.

Chromosome 9p trisomy stimulates clonogenic potential of
CD34+ cells through upregulation of POU5F1 and NANOG
Next, we sought to determine the impact of concurrent
JAK2V617F and somatic Chromosome 9p trisomy on the
clonogenic and differentiation potential of CD34+ cells in this
subset of patients.

Both methylcellulose-based and collagen-based clonogenic
assays revealed that CD34+ cells from +9p patients generated a
significantly higher number of colonies compared to other MPN
patients, indicating an increased clonogenic potential (Fig. 4A, B).
Furthermore, we observed that CD34+ cells from +9p patients
presented higher numbers of CFU-GEMM colonies in
methylcellulose-based assay and “mixed colonies” in collagen-
based assay, which both originated from more primitive
progenitors (Fig. 4C, D).

As PD-L1 expression sustains the stemness of breast cancer cells
via AKT signaling [39], we hypothesized that +9p cells were more
sensitive to AKT inhibition. To test this, we treated CD34+ cells
from JAK2V617F-homozygous and +9p patients with a potent
AKT inhibitor, MK2206, and carried out clonogenic assays, which
revealed decreased colony numbers for both patient subgroups,
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irrespective of the colony type (Fig. S3A, B). Given the hetero-
geneous clonal composition of +9p patients, we genotyped their
colonies and found that triploid cell derived colonies were
significantly more affected compared to diploid cell derived
colonies (Fig. S3Q).

Moreover, previous work has shown that the PD-L1/AKT axis
may support stemness features through upregulation of OCT4 and
NANOG [39]. Therefore, we assessed the gene expression levels of
these genes in CD34+ cells from distinct MPN patient subsets,
unveiling that high CD274 expression in CD34+ cells from +9p
patients (Fig. 2E) is accompanied by upregulation of POU5F1
(encoding OCT4) and NANOG (Fig. 4E, F), suggesting that the more
primitive features seen in +9p MPN CD34+ cells may be
attributed to overexpression of these pro-stemness factors.

Since +9p MPN CD34+ cells are a mixture of different
genotypes, we sought to unravel whether the increased expres-
sion of POU5F1 and NANOG may specifically be driven by high
frequencies JAK2V617F-mutant cells with an extra copy of
Chromosome 9p. To this end, we plated +9p CD34+ cells in
semisolid medium and picked the resulting CD34+ cell derived
colonies, which were simultaneously assessed for CD274, POU5F]1,
and NANOG RNA expression as well as JAK2 genetic status and
Chromosome 9p copy number (Fig. 5A). Strikingly, we observed
high CD274, POU5F1 and NANOG mRNA levels, almost exclusively
expressed by cells carrying two mutant JAK2 copies out of three
alleles (Fig. 5B-G). Furthermore, we knocked down POU5F1 and
NANOG expression in CD34+ cells and found a decrease in colony
numbers from +9p MPN patients compared to JAK2V617F-
homozygous patients (Fig. 5H), which was mostly driven by a
drop in myeloid colonies (Fig. 5I). Moreover, analysis of colony
genotypes from +9p patients showed a higher sensitivity to
POU5F1 and NANOG knock-down of +9p CD34+ cells compared
to JAK2-homozygous cells within the same patient (Fig. 5J).

PD-L1 protein relocalizes on plasma membrane in monocytes
and results in increased T cell exhaustion in + 9p MPN
patients

In order to evaluate alterations in PD-L1 expression at the protein
level in monocytes in JAK2V617F-heterozygous, -homozygous, and
+9p MPN patients, we carried out flow cytometry analysis, which
revealed a statistically significant increase in the frequency of
CD14 + PD-L1+ cells in the PB of +9p MPN patients (Fig. 6A, B),
accompanied by increased PD-L1 surface expression levels (Fig. 6C).

Additionally, we carried out immunofluorescence staining of
PD-L1 on CD14+ monocytes, which highlighted differences in PD-
L1 cellular localization among distinct patient subgroups. Speci-
fically, our data indicate that PD-L1 is mostly cytoplasmic in
JAK2V617F-heterozygous patients, while JAK2V617F-homozygous
patients exhibited a concurrent PD-L1 cell membrane localization.
Notably, PD-L1 expression was exclusively localized on the plasma
membrane in monocytes from +9p patients (Fig. 6D).

As elevated PD-L1 expression may contribute to compromised
immune surveillance, we next investigated the potential activation
of the PD-1/PD-L1 axis in +9p MPN patients by assessing T cell
exhaustion levels. Flow cytometry analysis showed that +9p
patients display a significantly higher frequency of CD3+/CD8+
/CD57-/PD-1+ exhausted T cells compared to JAK2V617F-
heterozygous and -homozygous MPN patients, as well as
compared to healthy donors (HDs) (Fig. 7B). Flow cytometry
analysis of other inhibitory receptors (CTLA-4, LAG-3 CD244, and
TIM-3) revealed that T cells from +9p patients invariably showed
higher expression of all the assessed surface proteins compared to
HDs, unlike Chromosome 9-diploid JAK2V617F-mutant patients
(Fig. 7C-F). Moreover, since the analysis of the JAK2V617F VAF of
sorted cell fractions showed that a small fraction of T cells are
mutant (Table S3), we assessed and failed to detect co-expression
of PD-1/PD-L1 surface proteins within CD3+ T cells through flow
cytometry (Fig. S4).
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and copy number on DNA from single CD34-+ -derived colonies from +9p patients (n = 139 colonies, with an average of 17 colonies/patient
across 8 patients). A Barplot depicting the frequency of colonies split by the number of JAK2 mutated alleles and 9p ploidy. B lJitter plot
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copy number at the single-cell level (n =5617 cells). C Was created with Biorender.com.
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clonogenic assays (n =7 HET, n =7 HOM, n = 6 + 9p). B Total number of colonies obtained from collagen-based clonogenic assays (n = 7 HET,
n=7 HOM, n =6+ 9p). C Percentage of the different Colony-Forming Units (CFUs) obtained from methylcellulose-based clonogenic assays.
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Evaluation of POU5F1 (E) and NANOG (F) expression at the transcriptional level in CD34+ cells from JAK2-mutated MPN patients and healthy
donors (n =5 HD, n =6 HET, n =7 HOM, n = 8 + 9p). Each barplot represents the relative quantity of the target mRNA quantified by means of
gRT-PCR. Abbreviations: RQ = relative quantity; CFU-E/BFU-E = Colony-Forming Unit—Erythroid/Burst-Forming Unit—Erythroid; CFU-GM =
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karyocyte; CFU-NON MK = Colony Forming Unit Non-Megakaryocyte; CFU-MIX = Mixed CFU-Mk/Non CFU-Mk colonies; HD = healthy donors;
HET = JAK2-mutated heterozygous patients; HOM = JAK2-mutated homozygous patients; +9p = JAK2-mutated patients with 9p trisomy.
*p < 0.05; **p < 0.01.

Overall, these findings suggest that the increased PD-L1 identified through cytogenetic or NGS analysis and compared
expression on the cell membrane observed in +9p patients may them to JAK2V617F-heterozygous and -homozygous Chromo-
overstimulate PD-1 on T cells, which may ultimately lead to the some 9-diploid patients. The CD274 gene locus, which encodes
establishment of T cell exhaustion as an immune escape the immune checkpoint PD-L1, was also found duplicated, with its
mechanism. corresponding mRNA levels increased in different +9p cell types.

ddPCR and single cell genomics analysis revealed that most cells
in +9p patients carried three copies of Chromosome 9p, with two

DISCUSSION out of three JAK2 allele copies harbouring the mutation. Moreover,
MPNs are a group of blood disorders characterized by excessive our results strongly suggest that the JAK2 mutation occurred as
production of mature blood cells, arising from mutated hemato- the first event in CD34+ cells in these patients, and the

poietic stem cells [1]. JAK2 mutations, particularly JAK2V617F, are subsequent Chromosome 9p gain affected the JAK2-mutated
the most common genetic alterations in MPNs, affecting ~50-60% allele. The reported order of mutational events is in agreement
of ET, MF, and 95% of PV patients [9]. Its VAF is a crucial disease with a compelling body of evidence suggesting that JAK2
modifier, with lower allele burden generally associated with higher activation induces DNA damage, promotes homologous recombi-
platelet counts and higher mutant allele burden associated with nation, and ultimately triggers genomic instability [42, 43].

erythrocytosis, thrombosis and higher risk of disease progression Interestingly, +9p MPN cells with two out of three JAK2-
[40]. Interestingly, JAK2V617F homozygosity can occur during cell mutated alleles exhibited a competitive advantage over other cells
division due to aberrant recombination events, which lead to with different genetic compositions within the same patient,
acquired UPD of Chromosome 9p [41]. including JAK2V617F-homozygous cells. Remarkably, +9p MPN

As MPNs display different types of chromosomal aberrations, CD34+ HSPCs were more clonogenic and formed more primitive

we report for the first time that Chromosome 9 copy number colonies with high POU5F1 and NANOG expression levels. These
gains significantly impact the biological characteristics of genes encode OCT4 and NANOG, which are mostly embryonically-
JAK2V617F-mutant MPNs. Moreover, Chromosome 9 aneuploidies expressed transcription factors but have also been reported to be
also affect other gene loci, which may contribute to the resulting expressed in hematopoietic CD34+ cells [44-46]. Importantly,
phenotype. Therefore, further investigation is needed to disen- Chaurasia and colleagues report induction of their expression as
tangle the interplay between these two genetic events. correlated to increased numbers of hematopoietic stem cells

In this study, we included 12 JAK2-mutated MPN patients with in vitro [46]. Here, we show that +9p CD34+ cells are dependent
(partial or complete) Chromosome 9 copy number trisomy as on the PD-L1/AKT/NANOG-OCT4 axis as these cells result strikingly
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sensitive to a selective and potent AKT inhibitor as well as to
NANOG and OCT4 knockdown. Additionally, flow cytometry
analysis confirmed that +9p MPN monocytes have increased
PD-L1 protein levels compared to other JAK2V617F-positive MPN
patients, which may constitute an important mechanism of

SPRINGER NATURE

immune escape for malignant cells. Moreover, immunofluores-
cence analysis revealed distinct PD-L1 localization, with +9p MPN
monocytes exhibiting the strongest surface PD-L1 staining. Several
mechanisms regulate PD-L1 trafficking and stability onto the
membrane, including post-translational modifications  as
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Fig. 5 Effect of 9p ploidy and JAK2 mutational status on PD-L1, OCT4, and NANOG expression and their role in CD34+ cells clonogenic
potential. A Experimental workflow of genomic/transcriptomic-coupled characterization of single-cell derived colonies by means of ddPCR.
Evaluation of CD274 (B, C), POU5F1 (D, E), and NANOG (F, G) expression at the transcriptional level in single-cell derived colonies by ddPCR. In
(B, D, and F) colonies (n = 54) were split according to the number of JAK2 mutated alleles and 9p ploidy status. The light blue area highlights
-+9p colonies. On the other hand, colonies were split according to 9p ploidy status in (C, E, and G). Results are represented as mean + SEM.
H-J POU5F1 and NANOG silencing in CD34+ cells from HOM (n = 4) and +9p (n = 6) patients. H Ratio between the total number of colonies
grown in methylcellulose-based clonogenic assays in OCT4siRNA+NANOGsIiRNA and NTsiRNA samples, split between HOM and +9p patients.
Results are represented as mean + SEM. | Ratio between the number of colonies grown in methylcellulose-based clonogenic assays in
OCT4siRNA + NANOGsiRNA and NTsiRNA samples, split according to the different Colony-Forming Units (CFUs) in HOM and +9p patients.
Results are represented as mean + SEM. J Barplot depicting the frequency of diploid and +9p colonies in +9p patients (n = 6) after POU5F1
and NANOG silencing or NTsiRNA nucleofection. RQ: relative quantity; 1 mut: one JAK2V617F-mutated allele; 2 mut: two JAK2V617F-mutated
alleles; 2n: diploid colonies; 3n: +-9p colonies; CFU-E/BFU-E: Colony-Forming Unit—Erythroid/Burst-Forming Unit—Erythroid; CFU-GM: Colony-
Forming Unit—Granulocyte/Macrophage; CFU-G = Colony-Forming Unit—Granulocyte; CFU-M = Colony-Forming Unit—Macrophage; CFU-
GEMM = Colony-Forming Unit—Granulocyte/Erythrocyte/Macrophage/Megakaryocyte; HOM: JAK2-mutated homozygous patients; +9p: JAK2-
mutated patients with 9p trisomy; OCT4 + NANOG: POU5F1 siRNA + NANOG siRNA; NT siRNA: Non Targeting siRNA. *p < 0.05; **p < 0.01. A Was
created with Biorender.com.
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histograms for flow cytometry detection of PD-L1 staining in CD14+cells from HET (n =8), HOM (n =9) and +9p (n = 12) patients. D PD-L1
cellular localization in monocytes of JAK2-mutated MPN patients. The figure displays representative confocal microscopy images of
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panel, the image on the far right is a merge of the other 3 images. Cells were labeled with anti-CD14 antibody (green fluorescence) and with anti-
PD-L1 antibody (red fluorescence); nuclear counterstaining was performed with DAPI (blue fluorescence). HD: healthy donors; HET: JAK2-mutated
heterozygous patients; HOM: JAK2-mutated homozygous patients; +9p: JAK2-mutated patients with 9p trisomy. *p < 0.05; **p < 0.01.

glycosylation, ubiquitination, phosphorylation, and endosomal- eventual trafficking to the cell membrane [48]. These findings are
mediated recycling [47]. Specifically, activation of the JAK/STAT consistent with a progressive increase in surface localization from
pathway was reported as involved in PD-L1 relocalization in a the cytoplasm in JAK2V617F-heterozygous, -homozygous, and
STT3-dependent way through glycosylation, stabilization, and +9p MPN patients. Nevertheless, the precise mechanism through
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which PD-L1 relocalizes on the surface warrants further future
investigations [49].

As malignant +9p MPN patients express higher PD-L1, we
hypothesized a heightened engagement with its cognate receptor
PD-1, expressed on the surface of CD8+ T cells. Activation of the
PD-1/PD-L1 axis is widely associated with decreased immune
surveillance, which was confirmed by flow cytometry analysis with
an increased exhaustion immunophenotype of CD8+ T cells.

Overall, the distinctive biological characteristics exhibited by
+9p cells cannot be solely attributed to the presence of two
mutated JAK2 alleles out of the three carried. Notably, +9p cells
significantly differ from MPN cells carrying homozygous
JAK2V617F. While a growing body of literature has previously
described how JAK2 hyperactivation leads to increased PD-L1
expression, here we report that +9p cells with two mutant
JAK2V617F alleles and three copies of JAK2 as well as of CD274
overall have significantly higher mRNA and protein expression
levels of PD-L1. This finding holds true within +9p patients as well,
where we could find small JAK2V617F-homozygous clones,
indicating that the reported higher PD-L1 expression is a cell-
intrinsic feature of +9p cells [17, 18]. Hence, this synergy sets +9p
MPNs apart from previously described copy-neutral cytogenetic
aberrations involving Chromosome 9, such as UPD [17], as our
data show that +9p cells express higher levels of PD-L1 even
compared to JAK2V617F-homozygous cells. Notably, among the
435 genes on Chromosome 9p, copy gain of the gene encoding
the transcription factor MLLT3 may concur on the increased
stemness features observed for +9p HSPCs, while genes encoding
cytokines, including IL-33, may influence the myeloproliferative
phenotype. In this work, we cannot exclude the possible role of
other loci on Chromosome 9p, with further investigation being
needed to shed light on the role of additional genes.

In conclusion, in this study, we present a distinct subset of
JAK2V617F-positive patients with unique biological features.
These findings highlight the hijacked interplay between JAK2
and the PD-L1/PD-1 axis in +9p MPNs, which contributes to
stemness in CD34+ cells and immune escape characteristics in
malignant myeloid cells. These observations pave the way for
future investigations to further refine the clinical understanding
and tailored management of +9p MPN patients, involving more

SPRINGER NATURE

targeted approaches that take into account the specific role of PD-
L1 in this context.

DATA AVAILABILITY
Single-cell DNA sequencing data are available via NCBI Gene Expression Omnibus
repository, accession number GSE251689.
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