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Abstract

The purpose of this study is to examine hematopoietic neoplasms with 9p24/JAK2 rearrangement including neoplasms
associated with t(8;9)(p22;p24)/PCM1-JAK? fusion neoplasm as well as cases with translocations involving 9p24/JAK?2 and
other partner genes. From seven large medical centers, we identified ten patients with t(8;9)(p22;p24) /PCM1-JAK2 and 3
with t(9p24;v)/JAK?2 at diagnosis. Majority of the cases showed myeloproliferative neoplasm (MPN) associated features (n
=7) characterized by variable degrees of eosinophilia, myelofibrosis, frequent proliferations of early erythroblasts in bone
marrow and extramedullary sites, and infrequent/absent somatic mutations. Other less common presentations included
myelodysplastic syndromes (MDS) or MDS/MPN (one each). Four patients presented with B-lymphoblastic leukemia (B-
ALL), and of them, two patients with t(8;9)(p22;p24.1) were proven to be B-lymphoblastic crisis of MPN; and the other two
cases with t(9p24;v) both were de novo B-ALL, BCR-ABLI-like (Ph-like). We show that the hematopoietic neoplasms with
9p24/JAK?2 rearrangement are extremely rare, and most of them are associated with t(8;9)(p22;p24)/PCM1-JAK2, a recent
provisional World Health Organization entity under “myeloid/lymphoid neoplasm with a specific gene rearrangement”.
Cases of t(8;9)(p22;p24)/PCM1-JAK2, though heterogeneous, do exhibit some common clinicopathological characteristic
features. Cases with t(9p24;v)/JAK?2 are extremely rare; while such cases with a MPN presentation may resemble t(8;9)(p22;
p24.1)/PCM1-JAK2, B-ALL cases presenting de novo B-ALL might belong to Ph-like B-ALL.

Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41379-018-0165-9) contains supplementary

material. which is available to authorized users. JAK?2 is a cytoplasmic tyrosine kinase that activates mul-

tiple downstream transducers through the JAK-STAT path-
way. JAK2 plays a central role in hematopoiesis, cell
proliferation and differentiation [1]. JAK2 V617F mutation
leads to constitutive activation of JAK2 and is present in
approximately 95% cases of polycythemia vera and
50~60% essential thrombocythemia and primary myelofi-
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brosis. Ruxolitinib, a JAK?2 inhibitor, has been approved by
the United States Food and Drug Administration for the
treatment of intermediate- or high-risk myelofibrosis and
has shown efficacy in improving systemic symptoms and
splenomegaly in those patients [2].

Chromosomal translocations involving 9p24/JAK2 have
been reported with various partner genes [3]. t(8;9)(p22;
p24.1) was first reported in 1990 in patients with “Phila-
delphia chromosome (Ph)-negative neutrophilic myelofi-
brosis” [4], and this cytogenetic abnormality was shown to
result in PCM1-JAK? fusion in 2005 [5]. To date, ~40 cases
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of lymphoid/myeloid neoplasms associated with t(8;9)(p22;
p24.1)/PCM1-JAK2 have been reported [3, 6]. In 2014,
Bain and colleagues [3] summarized 33 cases of t(8;9)(p22;
p24.1) that had been published in literature as well as cases
of JAK2 rearrangement with other variant partner genes,
such as t(9;12)(p24.1;p13)/ETV6-JAK2 and t(9;22)(p24.1;
ql1.2)/BCR-JAK2.

These neoplasms presented with an array of disease
entities, including Ph-negative myeloproliferative neo-
plasms (MPN); chronic eosinophilic leukemias (CEL),
myelodysplastic/  myeloproliferative neoplasms (MDS/
MPN), MDS, acute myeloid leukemia (AML), B- and T-
lymphoblastic leukemia (ALL) or, rarely, B- or T-cell
lymphomas. Although clinically heterogeneous, these neo-
plasms with t(8;9)(p22;q24.2)/PCMI1-JAK2 appeared to
share some common features, including frequent eosino-
philia, aberrant overexpression of the cytokine receptor
JAK2 as a result of a gene fusion, and the potential to
involve myeloid, lymphoid or both lineages. Their clinical
and genetic characteristics were considered to be similar to
those seen in the group of diseases termed by the World
Health Organization (WHO) 2008 as myeloid/lymphoid
neoplasms with eosinophilia and PDGFRA, PDGFRB, and
FGFRI rearrangements. Thus, in 2017 the WHO Classifi-
cation, #(8;9)(p22;p24)/PCM1-JAK?2 is added to the cate-
gory of Myeloid/lymphoid neoplasms with eosinophilia and
gene rearrangement as a provisional entity [3, 7]. Cases in
which JAK2 was rearranged with other partner genes such
as  t(9;12)(p24.1;p13.2)/ETV6-JAK2 and 1(9;22)(p24.1;
ql11.2)/BCR-JAK2 were postulated to represent possible
variants of this provisional entity.

Due to the rarity of these diseases, we conducted the
current multicenter study as an effort of the Bone Marrow
Pathology Group to better understand the spectrum of
hematopoietic neoplasms with 9p24/JAK?2 rearrangement,
including their pathological characteristics and the natural
history of these neoplasms.

Methods
Patients

A search was set to find hematopoietic neoplasms with
chromosome 9p24 abnormalities and/or JAK2 rearrange-
ment that were not lymphoma or myeloma. The cases were
collected from MD Anderson Cancer Center, Brigham and
Women’s Hospital, University of Chicago, Massachusetts
General Hospital, Cleveland Clinic, the Hospital of the
University of Pennsylvania, and Weill Cornell Medical
Center. The study periods ranged from 8 to 14 years among
the participating institutions, with a median of 10 years.
Clinical information and follow-up data were retrieved from

the electronic medical records. This study was approved by
the Institutional Review Boards of all participating
institutions.

Chromosomal analysis and fluorescence in situ
hybridization (FISH)

Conventional chromosomal analysis was performed on G-
banded metaphases prepared from unstimulated 24-h and
48-h BM aspirate cultures using standard techniques.
Twenty metaphases were analyzed and the results were
reported using the 2016 International System for Human
Cytogenetics Nomenclature (ISCN 2016). A complex kar-
yotype was defined as 23 chromosomal abnormalities.

FISH analysis was performed on BM aspirate smears,
cultured (for cytogenetics) BM cells or paraffin-embedded
lymph node tissue section with a JAK2 dual-color break-
apart probe (Cytocell, Inc., Tarrytown, NY) or a PCM1-
JAK?2 dual-color dual fusion probe set (Empire Genomics
LLC., Buffalo, NY). Combined morphology and FISH
analysis was performed on Wright-Giemsa stained BM
aspirate smears with JAK2 FISH probes as described pre-
viously [8].

Morphologic and histological assessment

Wright-Giemsa stained peripheral blood (PB) and bone
marrow (BM) aspirate smears and H&E-stained BM aspi-
rate clot and core biopsy tissue sections were reviewed. The
PB smear and BM biopsy section, aspirate smears were
assessed for eosinophils, blast percentages, BM cellularity,
myeloid:erythroid ratio, megakaryocyte numbers and dis-
tribution, and morphologic dysplasia of all lineages. Mye-
lofibrosis was evaluated by reticulin and trichrome stains
performed on the BM core biopsy when available. The
grade of myelofibrosis was based on the European Con-
sensus on grading of BM fibrosis [9]. For cases with
extramedullary involvement, the tissue samples were
evaluated.

Immunophenotyping

Flow cytometry immunophenotyping was performed at
each institution for cases with increased blasts. Basic mar-
kers for leukemic phenotyping were assessed at all institu-
tions, including CD34, CD117, CD13, CD33, HLADR,
CD19, CDI10, and CD45. For cases in which the JAK2
rearrangement was acquired at disease relapse, the immu-
nophenotype of the blasts at original diagnosis and at
relapse were compared. In some cases, immunohistochem-
istry including CD34, CD117, MPO, lysozyme, and gly-
cophorin A was performed to characterize the blasts in
biopsy material.
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Fig. 1 Cytogenetic findings on
case #10. a chromosomal
analysis showed a karyotype of |
46,XX.1(8:9)(p22:p24.1); b S

FISH analysis using JAK2 dual- i 2
color break-apart probe shows a
split signal pattern (1 red 1
green, marked by arrow),
consistent with JAK?2
rearrangement; ¢ FISH analysis .
with PCM1 (green)/JAK?2 (red)

AL

dual-color dual fusion probe a ':" u é
shows 2 fusion (yellow, marked ' ‘3- ”"' 2
by arrow) signals, consistent
with PCM-JAK?2 rearrangement
x g8 3

Targeted next-generation sequencing (NGS)

Targeted NGS studies using panels of genes commonly
altered in myeloid neoplasia were performed in six patients.
Three patients had NGS performed as part of the clinical
workup (case #5 and #7: 147 gene panel; case #10: 81 gene
panel); three patients (cases #1, 6, 9) had NGS performed
on fresh-frozen bone marrow DNA samples with a 45-gene
panel using the same method as described previously [10,
11]. The gene panel information is summarized in the
Supplementary Information.

Results
Patients

A total of 29 patients with 9p24 abnormalities were found,
including 14 with t(8;9)(p22;p24.1) and 15 with other 9p24
abnormalities. The latter group included 13 patients with t
(9p24;v) other than t(8;9)(p22;p24.1) and two with add(9)
(p24). FISH using a JAK2 dual-color break-apart probe was
performed in all these 15 patients and revealed a JAK2
rearrangement only in four (4/15, 27%) patients, encom-
passing one each of t(9;22)(p24.1;q11.2), t(5;9)(q14;p24.1),
t(5;9)(q11.2;p24.1), and add(9)(p24). The 11 cases with
9p24 abnormalities but lacking JAK2 rearrangement are
listed in the Supplementary Table and excluded from this
study. FISH was performed in 11/14 cases with t(8;9)(p22;
p24.1) and positive for JAK2 rearrangement in all 11 (11/
11, 100%). FISH with PCM1-JAK?2 dual-color dual fusion
probes was attempted on BM aspirate smears, but was
unsuccessful; however, we were able to successfully per-
form it on two cases with available culture cells and con-
firmed PCM1-JAK?2 fusion in both patients. To focus this
study to cases with JAK?2 rearrangement detected at the time
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of diagnosis, we further excluded five cases that 9p24/JAK?2
rearrangements were detected at disease relapse. The final
included cases were 10 with t(8;9)(p22;p24.1) and three
patients with JAK?2 rearranged with other partner genes.

Patients with t(8;9)(p22;p24.1)/PCM1-JAK2
rearrangement

Of the ten patients with t(8;9)(p22;p24.1)/PCM1-JAK2
(Fig. 1a), FISH using a JAK2 dual-color break-apart probe
(Fig. 1b) was performed in seven cases with material
available, including five on direct BM aspirate smears, one
on culture cells, and one on lymph node paraffin-embedded
slide, and confirmed the presence of JAK?2 rearrangement in
all seven patients (100%) (Tables 1 and 2). Due to a high
concordance of t(8;9)(p22;p24.1) with JAK2 rearrangement
in our study and in published cases [3], the other three cases
with t(8;9)(p22;p24.1) that lacked material to confirm JAK?2
rearrangement were retained in the study. FISH with
PCM1-JAK?2 dual-color dual fusion probes showed PCM -
JAK? fusion in patient #10 (Fig. 1c).

Of the ten patients with t(8;9)(p22;p24.1), five patients
(50%) had a diagnosis of MPN in chronic phase, one MPN
in accelerated/blast phase, one MDS, one CMML and two
B-ALL. The five cases (#1-5) of MPN in chronic phase
shared a number of features (Tables 1 and 2). All five
patients presented with splenomegaly and three patients
additionally had documented lymphadenopathy. At the
initial presentation, variable degrees of PB eosinophilia
were present, ranging from 6 to 39% (median 13%), with a
median absolute count of 864/ pL (range 366—3315);
however, only one patient had an absolute eosinophils >
1500/uL. (hypereosinophilia). In patient #1 and #2, PB
eosinophilia started as mild and later became prominent
(8-23% and 6-23%, respectively). There was no PB
basophilia (median 0%, 0-2%); no monocytosis (median
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Table 1 Clinical and Pathological Findings of patients with t(8;9)(p22;p24)

FU (mon) Outcome

Treatments

Bone marrow cell types, and percentages

Organo-megaly Peripheral blood

Case Sex/age Diagnosis

Dys

WBC (x10%L) HGB (g/dL) PLT (x10%L) Eos (%) Cell (%) Blast (%) Eos (%) MF

Alive

24

9-Nitrocamptothecin

MF-0 No

100
100
90
95

316

10.7
14

15
6.1

MPN CP Yes

M/37
M/71

1
2
3
4
5
6
7
8
9

Dead

142
13

Observe

MEF-2  No

21

180
151

Yes

MPN CP

Alive

MF1-2 No Supportive care
MEF-3

10

13
39
16

14.5
72

MPN CP Yes

M/70
F/53

Alive

104
29

Hydroxyurea

No

124
151
74
33

85
54
74
1.9
99
75
51

Yes

MPN CP

Alive

MF1-2 NA
MF-3

95

10.6

M/40  MPN CP Yes

F/86
F/82

Ruxolitinib, SCT

Dead

Hydroxyurea, ATRA

No

19
7

95

12.3

MPN AP/BP No

Alive

MF-0 E, G, Meg Decitabine

ME-3

70

11.4
6.7

MDS-MLD No
CMML-2
B-ALL

Dead

E, G, Meg Hydroxyurea 35

13
91

100
100
100

559
32

Yes

M/43
M/47
M/69

Dead

Hyper-CVAD

MF-0 No

8.9

No

Hyper-CVAD, inotuzumab rituximab 7 Alive

79 MF1-2 No

145

11.2

No

B-ALL

10

AP accelerated phase, ATRA All-transretinoic acid, B-ALL B lymphoblastic leukemia, BP blast phase, Cell cellularity, CMML chronic myelomonocytic leukemia, Dys dysplasia, CP chronic phase,

E erythroid precursor, Eos eosinophils, F' female, FU follow-up, G granulocyte lineage, HGB hemoglobin, Hyper CVAD cyclophosphamide, vincristine, Adriamycin and dexamethasone

alternating with methotrexate, M male, MDS-MLD myelodysplastic syndrome with multilineage dysplasia, Meg megakaryocytes, MF myelofibrosis, MPN myeloproliferative neoplasm, PLT

platelet count, SCT stem cell transplant, WBC white blood cells

5%, 4-7%), no left-shifted myeloid cells (myelocytes/
metamyelocytes/promyelocytes, median 0%, 0-2%), and no
circulating blasts (0%). All five patients showed a hyper-
cellular BM (90-100%), with increased eosinophils, and
frequent myelofibrosis (MF1-3 in 4/5 patients) (Fig. 2).
Mpyeloid:erythroid ratio was difficult to estimate due to
hemodilution of BM aspirates, but overall increased. Eosi-
nophils showed various morphological features, some
unremarkable; but hypogranulation, abnormal eosinophilic/
basophilic granulation, hypersegmentation, immature
forms, were frequently observed (Fig. 2c). Megakaryocytes
varied in number, but were morphologically unremarkable
in all five patients (Figs. 2d and 3a). Immature erythroid
precursors in large aggregates or nodules were observed in
the BM biopsies of four patients (patient 1, 2, 3, and 5)
(Figs. 2a, 2b and 3a). However, dyserythropoiesis was not
significant in any of the cases. There was no significant
dysgranulopoiesis (Fig. 2c). Three patients had lymph node
biopsied and one also had a splenectomy. The lymph nodes
and spleen all exhibited extramedullary disease infiltrate
with large clusters or aggregates of immature erythroid
precursors, raising the concern of extramedullary pure
erythroid leukemia in patient 5 (Fig. 3b). None of the cases
had JAK2 V617F mutation. NGS was performed in two
patients (cases #1 and 5) and showed no mutations.
Regarding treatment, only one patient received ruxolitinib
followed by hematopoietic stem-cell transplant (HSCT),
while the other patients were only treated with hydroxyurea,
low intensity chemotherapy (9-Nitrocamptothecin), or
received supportive care. These five patients showed no
disease progression during the follow-up period (median
follow-up 29 months, range 13—-142 months).

Patient #6 presented with marked leukocytosis, with left-
shifted granulocytic cells and numerous normal-appearing
promyelocytes (48%) but only 2% eosinophils in the PB.
The BM showed a markedly left-shifted myeloid maturation
with increased eosinophils (19%) and MF3 fibrosis. No
Auer rods were identified in the PB or BM. PML-RARA was
detected by FISH at a very low level (1.5% in PB and 1% in
BM). The patient was treated with all trans retinoic acid
(ATRA) and arsenic trioxide (ATO), however the post-
treatment BM showed persistent disease and the patient died
1 month later due to disease progression. NGS showed no
mutations. The case was difficult to classify, but most
compatible with an MPN, unclassifiable in either acceler-
ated or blast phase.

Patient #7 presented with pancytopenia and the BM
showed trilineage dyspoiesis and 2% blasts, and was diag-
nosed with MDS with multilineage dysplasia. There were
small clusters of immature erythroid precursors. He was
treated with decitabine and alive at 8 months of follow-up.
Patient #8 had an outside diagnosis of MDS/MPN, con-
sistent with CMML-1 and received hydroxyurea. At the
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Table 2 Cytogenetics and

molecular findings of patients Cases Karyotype FISH for JAK2 Molecular mutations
with ¢(8:9)(p22;p24) 1 46,XY 1(8:9)(p22:p24)[20] Positive Negative: All genes (NGS)
2 46,XY,t(8;9)(p22;p24)[19] Positive Negative: JAK2
3 46,XY,t(8;9)(p21;p24)[13)/46,XY|[7] ND ND
4 46,XX,t(8;9)(p22;p24)[171/46,XX[3] Positive ND
5 46,XY,t(8;9)(p22;p24)[20] Positive Negative: All genes (NGS)
6 46,XX,t(8;9)(p22;p24)[20] Positive Negative: All genes (NGS)
7 46,XX,t(8;9)(p22;p24)[20] ND Positive: ASXL1, RUNXI1, SRSF2,
TET?2
Negative: all others (NGS)
8 46,XY,1(8;9)(q22;p24)[20] ND ND
46,XY,t(8;9)(p22;p24)[1]/47 idem,+21 Positive Positive: ETV6, TP53

[19]

10 45,XY,-7,(8;9)(p22;p24)[15]/45~46,idem  Positive

[cpS]

Negative: all others (NGS)

Positive: ASXL1, TET2, BCOR
Negative: all others (NGS)

ND not done, NGS next generation sequencing

time of the examined biopsy, the patient had a high WBC
(99 x 10%/L), monocytosis (9.9 x 10°/L), and 6% blasts,
hepatosplenomegaly, BM with MF3 fibrosis and 13%
blasts, compatible with CMML-2. He continued treatment
with hydroxyurea but progressed to AML and died
35 months from the initial CMML diagnosis. In both
patients, there was no significant peripheral eosinophilia,
but both BM aspirate smears showed mildly increased
eosinophils (7% and 6% respectively). NGS showed
ASXLI, RUNXI, SRSF2, and TET2 mutations in patient #7;
mutational testing was not performed in patient #8.

Two patients (#9 and #10) presented with de novo B-
ALL, with no documented history of MPN. Both patients
had >80% circulating B-lymphoblasts with no eosinophilia.
The BM showed numerous blasts (79% and 91% respec-
tively) without significant eosinophilia or fibrosis. The
blasts in both cases had a common-B immunophenotype,
CD34+, CD19+, CD10+, CD20 partial+, and TDT+.
NGS showed ETV6 and TP53 mutations in case #9 and
ASXLI, TET2, and BCOR mutations in patient #10. Patient
#9 was treated with hyper-CVAD (cyclophosphamide,
vincristine, doxorubicin). The follow-up BM performed on
the day 21 BM showed an 80% cellularity with 28% blasts.
Eosinophils were not increased. A combined morphology
and FISH analysis performed on day 21 BM smear detected
JAK?2 rearrangement in 60% of cells, involving not only
blasts but also granulocytes and erythroid elements (Fig. 4a,
4b). Patient #9 died of sepsis 2 months after the initial
diagnosis. Patient #10 was treated with hyper-CVAD plus
inotuzumab and rituximab. The patient achieved morpho-
logical remission at day 7, but showed persistent minimal
residual disease (MRD) by flow cytometry at all later time
points. Leukocytosis without circulating B-lymphoblasts
was noted on several occasions, with WBC up to 39.4 x
10°/L with mainly of neutrophils. At the last follow-up
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(7 months after diagnosis), while the patient was continuing
treatment with inotuzumab plus low intensity chemother-
apy, his BM showed hypercellularity with some eosinophil
precursors (Fig. 4c, 4d), and a positive MRD (0.13%) by
flow cytometry. FISH revealed JAK2 rearrangement in 82/
200 (41%) of cells, including many segmented cells (neu-
trophils) (Fig. 4e). These findings suggested a lympho-
blastic crisis of an underlying chronic myeloid neoplasm in
both cases. The background chronic myeloid neoplasms
were difficult to subclassify either due to early patient
demise or the patient being in the course of chemotherapy.

JAK2 rearrangement with variant partner genes

Three patients with variant translocations were identified.
These included one each of der(9)t(9;22)(p24.1;q11.2)
(patient #11), t(5;9)(ql4;p24.1) (patient #12), and t(5;9)
(q11.2;p24.1) (patient #13). Patient #11 presented with
leukocytosis with 10% circulating eosinophils, and hepa-
tosplenomegaly and was diagnosed with CEL, NOS. Kar-
yotype showed der(9)t(9;22)(p24.1;q11.2) and FISH
showed JAK2-BCR rearrangement. The patient received
HSCT three months after diagnosis and remained disease
free at the last follow-up (39 months after diagnosis).

Two patients (#12 and #13) presented with B-ALL, with
JAK?2 rearrangements detected at the time of initial diag-
nosis. Both patients had a very high WBC with a large
number of circulating blasts and no eosinophilia. Blasts had
a common B immunophenotype, CD34+, CD19+, CD10
+, CD20 partial4+, TDT+. Both patients were treated with
induction chemotherapy and achieved morphological
remission; however, MRD was not assessed. At the time of
remission, patient #12 showed no persistent JAK2 rearran-
gement by FISH and patient #13 showed a normal kar-
yotype without evidence of the previously detected 46,XYt
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Fig. 2 Bone marrow (BM)
morphological findings of case
#2 (myeloproliferative
neoplasm, chronic phase). a
(x10) hypercellular BM with
overall decreased
megakaryocytes and a small
erythroid island; b (x40) the
immature erythroid island shows
brisk mitosis, and the adjacent
area shows many eosinophils
and neutrophils; ¢ (x100) the
BM aspirates are often
hemodilute due to underlying
fibrosis. There is no significant
dyserythropoiesis or
dysgranulopoiesis. Eosinophils
are increased, some exhibiting
abnormal nuclear segmentation;
d (x40) stromal edema may be
seen. There is no significant
dysmegakaryopoiesis

(5;9)(q11.2;p24.1). This indicated that JAK2 rearrangement
was limited to B-lymphoblasts not in the background
myeloid and erythroid cells.

Discussion

This is the largest single series of hematopoietic neoplasms
with 9p24/JAK?2 rearrangement reported to date, including
ten cases with t(8;9)/PCM1-JAK?2 and three in which JAK2
was arranged with other partner genes. Detailed clinical and
pathological review, aided by FISH and NGS studies, this
series of cases also allow us to examine the new provisional
entity of myeloid/lymphoid neoplasm with eosinophilia and
rearrangement of t(8;9)(p22;p24.1)/PCM1-JAK2 and t
(9p24.1;v)/JAK?2 variants.

We first questioned if the presence of a JAK2 fusion
could be assumed in cases with t(8;9)(p22;p24) or in cases
with t(9p24;v). Of note, a significant proportion of cases of t
(8;9)(p22;p24) reported to date were based on karyotyping
alone, with no FISH or molecular confirmation of JAK2
involvement. From our initial search including all cases
with 9p24 abnormalities, we detected JAK2 rearrangement
in all cases with t(8;9)(p22;p24.1) tested (11/11). However,
a JAK? rearrangement was only found in about a quarter of
the cases with t(9p24;v). Of note, because PCMI-JAK2
FISH was only successful on cultured cells, we could per-
form it in only two cases, which did confirm the presence of
PCM1-JAK? fusion in both cases. Of note, published cases
in which PCM1-JAK?2 fusion was investigated either by
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reverse transcription-PCR or FISH revealed the presence of
PCM1-JAK? fusions in all tested cases of myeloid neo-
plasms with t(8;9)(p22;p24.1) [5, 12, 13]. Our results sug-
gest that cases with t(8;9)(p22;p24) demonstrated on a
conventional karyotype may be assumed to have JAK2
rearrangement, most likely with PCMI based on prior
reports [5, 12, 13] and our findings. In contrast, it is abso-
lutely necessary to perform FISH, RT-PCR, or RNA
sequencing in cases with t(9p24;v) to confirm a JAK2
rearrangement. It is noteworthy that JAK?2 is located at the
terminal band of the short arm of chromosome 9. Since the t
(9p24.1;v) only involves a small fragment of chromosome
9p, this rearrangement could be cryptic and hence missed
by conventional chromosomal analysis. This would be
especially problematic if the partner gene is also located on
the terminal part of the chromosomal arm. Furthermore, a
JAK? rearrangement due to an insertion would be extremely
difficult to visualize on chromosomal analysis. Thus, these
variant JAK?2 rearrangements may be under-recognized. As
RNA sequencing is being increasingly used in clinical
practice, more cases with JAK2 rearrangements might be
identified, especially those with variant partner genes.
Nonetheless, JAK2 rearrangements appear to be extremely
rarely in hematopoietic neoplasms at the time of initial
diagnosis. Only 13 cases were identified from seven large
medical centers over a median 10 year period, yielding an
estimated frequency of <0.1% of all myeloid neoplasms.
The most common presentation was MPN, including six
patients with t(8;9)(p22;p24.1)/PCM1-JAK?2 and one patient
with t(9;22)(p24.1;q11.2)/BCR-JAK2. These MPNs did

SPRINGER NATURE



496

G. Tang et al.

Fig. 3 Bone marrow (BM) and
lymph node morphological
findings of case #5 (chronic
phase of a myeloproliferative
neoplasm with extramedullary
disease infiltration). a (x40) BM
core biopsy section shows
hypercellularity with two
immature erythroid islands;
megakaryocytes are present with
unremarkable morphology; b
(x40) lymph node biopsy shows
large aggregates of early
erythroid precursors, similar to
that seen in the bone marrow

share a number of characteristic features, similar to what
have been reported in the literature [3, 5, 14, 15], including
variable degrees of eosinophilia, either in PB or BM or
both; frequent marrow fibrosis, and large aggregates of
immature erythroid precursors. Hepatosplenomegaly (6/7
patients) and lymphadenopathy (3 of 5 with information
available) were very common clinical findings. Three
patients had lymph node biopsies; all three showed extra-
medullary involvement by a MPN, with large clusters or
aggregates of immature erythroid precursors that raised the
concern of pure erythroid leukemia transformation in one
case. In addition to these MPN, one patient was diagnosed
with MDS and one CMML. These two cases showed less
distinct clinicopathological features as compared to MPNs.
Specifically, there was no PB eosinophilia, although both
patients did show mild eosinophilia in the BM. In addition,
there were no large immature erythroid aggregates identi-
fied, but the MDS case did show small clusters of immature
erythroid cells in the BM. MF3 fibrosis was present in the
CMML case. To our knowledge, a presentation of myeloid
neoplasm with t(8;9)(p22;p24.1) as MDS has not been
previously reported and thus it is unclear if this case should
be included in the provisional group of myeloid/lymphoid
neoplasms with PCMI-JAK2 as currently defined in the
2016 WHO Classification. Of these nine patients with
myeloid neoplasms, only one was treated with JAK?2 inhi-
bitor. The survivals of these patients were variable. For
patients with a diagnosis of MPN in chronic phase, the
disease appeared to be indolent, similar to what has been
reported in the literature [3, 5, 14, 15]. However, the one
patient with MPN apparently in accelerated/blast phase had
an aggressive disease course, similar to other advanced
phase MPN [16].

B-ALL was the second most common presentation
among patients with JAK2 rearrangement, including two
with t(8;9)(p22;p24.1) and two with t(9p24;v). Similar to
reported B-ALL cases with t(8;9)(p22;p24.1) [3, 5, 17-19],
none of the four cases showed eosinophilia in PB or BM. It
is known that JAK?2 rearrangement in B-ALL is one of the
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genetic alterations in Ph-like B-ALL with activated JAK-
STAT pathway. Up to date, at least 20 different partner
genes with JAK?2 fusions have been identified in Ph-like B-
ALL [20-22]. The most frequent partner genes include
SSBP2, PAX5, RFX3, USP25, and ZNF274. In cases with-
out a documented MPN and lack of eosinophilia, such cases
are suggested to be appropriately considered as Ph-like B-
ALL [23]. Of the two B-ALL patients with t(8;9)(p22;
p24.1), although neither patient had a prior history of a
chronic myeloid neoplasm, we demonstrated JAK2 rear-
rangement in the background neutrophils and erythroid cells
in addition to the B-lymphoblasts in one case by combined
morphology-FISH and another by the presence of a high
percentage of JAK2 rearrangement in a BM sample (many
in segmented neutrophils) with only minimal residual
B-ALL. This data suggest the possibility that these two B-
ALL cases with t(8;9)(p22;p24.1) may represent B-
lymphoblastic crisis of an undocumented chronic myeloid
neoplasm. These features are reminiscent of myeloid/lym-
phoid neoplasm with FGFRI rearrangement [24, 25], in
which the genetic lesion affects pluripotent stem cells and
may involve myeloid, lymphoid or both lineages, con-
comitantly or sequentially, leading to complex and hetero-
geneous clinical manifestations. On the other hand, one B-
ALL with t(5;9)(q14;p24.1) possibly SSBP2-JAK2 and
another t(5;9)(q11.2;p24.1) (JAK2 with an unknown partner
gene) both showed no evidence of JAK2 rearrangement at
remission, suggesting that JAK2 rearrangement was limited
to the B-lymphoblasts. Our findings support the 2017 WHO
Classification inclusion of cases presenting as B-ALL with t
(8:9)(p22;p24.1) within the group of myeloid/lymphoid
neoplasms  with  t(8;9)(p22;p24.1)/PCM1/JAK2. Con-
versely, B-ALL with t(9p24;v)/JAK2 be more appropriately
classified as Ph-like B-ALL, as suggested in the WHO
Classification. Gene expression profiling study may be
useful in evaluating the relationship of these cases to other
Ph-like B-ALL with activated JAK-STAT pathway. In
addition, the classification could be further clarified by the
presence or absence of a previous history of an MPN, or by
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Fig. 4 Two cases of B-lymphoblastic leukemia (B-ALL) with t(8;9)
(p22;p24)/PCM1-JAK2. a, b Patient #9, day 21 post induction che-
motherapy bone marrow (BM) showed persistent B-ALL with 28%
blasts. a (x100) Wright-Giemsa stain, blue arrows point at blasts, black
arrow heads point at erythrocytes, granulocytes and their precursors;
and the red arrow points at a lymphocyte; b FISH using JAK2 dual-
color break-apart probe was performed and mapped back to the
Wright-Giemsa stained slide A. While the lymphocyte shows two
intact signals (no JAK2 rearrangement); a split signal pattern (1 red 1
green, marked with arrows) indicating JAK?2 rearrangement is detected

evidence of MPN in a post-treatment remission marrow,
including demonstration of persistent JAK2 rearrangement.
This approach would be analogous to distinguishing a B-
lymphoblastic crisis of chronic myeloid leukemia (CML)
from de novo Ph + B-lymphoblastic leukemia.

Mutation data are scarce in cases with 9q24.1/JAK2
rearrangement, largely due to the unavailability of NGS
testing in earlier reported cases. In our cohort, six patients
had NGS performed. All three cases of MPNs with t(8;9)
(p22;p24.1) showed no mutations. In contrast, mutations
were detected in the case of MDS and in two B-ALL with t
(8;9)(p22;p24.1). None of mutations were specific or
unique. The most common mutations were ASXLI (n =2)
and TET2 (n=2). One patient with B-ALL and t(8;9)(p22;
p24.1) showed a BCOR mutation. Interestingly, a recent
study that performed NGS on seven patients with PCM -
JAK?2 detected only a BCOR mutation in one patient (14%)

'J-.Z

not only in lymphoblasts but also in erythrocytes, granulocytes and
their precursors. c—e Patient #10, 7 months post induction che-
motherapy for B-ALL and in the course of consolidation. ¢ (x20) BM
showed a hypercellularity for age (69 years), with normal-appearing
megakaryocytes; d (x100) blasts were not increased, and there was no
significant dyserythropoiesis or dysgranulopoiesis. Some eosinophil
precursors were seen; e FISH using JAK?2 dual-color break-apart probe
revealed JAK?2 rearrangement in 41% cells, many in segmented neu-
trophils (marked by white arrow)

but no mutations in other six patients [26]. The additional
somatic mutations might contribute to the disease hetero-
geneity observed in this cytogenetically defined entity;
though further study is needed to determine their
significance.

In summary, we show that hematopoietic neoplasms with
9p24/JAK?2 rearrangement are extremely rare, and a large
proportion of the cases are t(8;9)(p22;p24.1)/PCM1-JAK?2.
The neoplasms with t(8;9)(p22;p24.1)/PCM1-JAK?2 fre-
quently present as myeloproliferative neoplasms with vari-
able eosinophilia, and characteristic clinical and BM
findings, but may also present as B-ALL, a manifestation of
B-lymphoblastic crisis of an underlying chronic myeloid
neoplasm. Cases rarely present as MDS and CMML, which
show less distinctive clinicopathologic characteristics. It is
debatable if hematopoietic neoplasms with t(8;9)(p22;
p24.1)/PCM1-JAK2, a provisional entity under “the

SPRINGER NATURE



498

G. Tang et al.

myeloid/lymphoid neoplasm with eosinophilia and a spe-
cific gene rearrangement” should only include cases of a
MPN presentation that may present in chronic, accelerated
or blast phase, or analogous to other members of the group
(PDBGFA, PBGFRB and FGFRI) should be a molecularly-
defined disease. It is noteworthy that absence of eosino-
philia and heterogeneous disease presentations are also seen
in myeloid/lymphoid neoplasms with PDBGFA, PBGFRB
and FGFRI rearrangement. Cases of JAK2 with variant
partner genes are even rarer. While cases of t(9;22)(p24.1;
ql1.2)/ BCR-JAK2 and t(9;12)(p24.1;p13)/ETV6-JAK2, or
cases with a MPN-like presentation may have features
similar to t(8;9)(p22;p24.1)/PCMI-JAK2 myeloid neo-
plasms, cases with a de novo B-ALL presentation may be
more appropriately classified within the Ph-like (BCR-
ABLI-like) B-ALL category. However, due to the small
number of such cases in our cohort, further study is needed
to determine their optimal classification.
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