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Summary

Deregulated JAK2 signaling plays an important role in the pathogenesis of myeloproliferative
neoplasms (MPN). We and others have shown constitutive activation of JAK2 and STAT3in
diffuse large B cell lymphomas (DLBCL). We sought to determine the mechanism of JAK2
signaling in DLBCL tumors with a genetic approach. The most common JAK 2 activating
mutation present in most MPNsis V617F (exon 14 within the pseudokinase-domain); however,
this mutation is absent in lymphoid malignancies. We bi-directionally sequenced all the domains
of the JAK2 gene and performed mutational analysis. No novel non-synonymous mutations were
detected in the 40 DLBCL tumors tested. However synonymous and non-synonymous single
nucleotide polymorphism (SNPs) were detected within the exons 6, 9 and 19 in the majority of
patients. Taken together, these data suggest that other mechanisms for altered JAK2 signaling
aside from activating JAK2 mutations are present in DLBCL. Targeting JAK2 activation could be
an important therapeutic target for DLBCL. Indeed, the JAK2 inhibitor ruxolitinib is now
approved for the treatment of MPN. Our study indicates that JAK2 targeted clinical trialsin
lymphoma should not be confined to only JAK2 mutation cases but rather based on pathway
activation.

Emerging evidence indicates that JAK2-STAT3 signaling is frequent in DLBCL cell lines
and half of the activated B cell like (ABC) subtype of DLBCL tumors exhibitsa STAT3
gene signature [1, 2]. We have recently demonstrated that 52% of DLBCL tumors exhibit
pPSTATS3 activation by use of immunohistochemical staining (Gupta. M, AACR 2012
Abstract). Our previous work demonstrated that JAK?2 is constitutively activated in DLBCL
tumors by cytokines [3]. While high serum IL-10 was associated with JAK 2 activation, not
all pJAK2+ cases showed high serum IL-10. We hypothesize that there are other
mechanisms such as genetic mutation that are responsible for dysregulated JAK2-STAT3
signaling in these cases. For example in melanoma somatic mutations of B-RAF result in
congtitutive activation of Ras-ERK signaling [4] [5] In this report, we determined the
underlying genetic mechanism for constitutive JAK2-STAT3 pathway signaling in DLBCL
by evaluating activating JAK2 mutationsin DLBCL tumors.

To date, most of the reported mutations in the JAK 2 gene have been the 1849G>T in exon
14. This mutation results in an amino acid substitution of valine to phenylaanine (V617F)
within the JH2 pseudokinase domain [6]. It occursin approximately 95% of patients with
polycythemiavera (PV), 55% of essential thrombocythemia (ET), and 65% in primary
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myelofibrosis (PMF) [7]. Studies of the JAK2 (V617F) mutation in other hematological
diseases such as de novo acute myeloid leukemia, acute/chronic lymphocytic leukemia,
classical Hodgkin lymphoma (cHL), primary mediastinal B cell lymphoma, follicular and
mantle cell lymphoma have been negative [8] [9] [10] [11]. Despite the absence of JAK2
activating mutations in lymphoma cells, constitutive activation of the JAK/STAT signaling
pathway have been reported in DLBCL cell lines[12] [1]. We hypothesized that lymphomas
might harbor other JAK2 mutations in other important domains of the JAK2 gene such as
FERM (part of the JH4-JH7), SH2 (JH3-part of the JH4), pseudokinase (JH2) and/or the
kinase domains (JH1) [13]. In fact, mutationsin the FERM domain (responsible for binding
the cytoplasmic tails of cytokine receptor) have been described in 11% of patients with adult
T-cell leukemia/lymphomaleading to a gain of function in JAK3 gene [14].

To explore this hypothesis, we PCR amplified and bidirectionally sequenced exons 1-25
(encompassing all seven JAK2 JH domains) of the JAK2 gene from 40 DLBCL tumors from
the lowa/Mayo Lymphoma SPORE Biobank. There were no novel non-synonymous
mutations (missense mutations) found in these 40 DLBCL tumors; however, polymorphisms
in the JAK2 gene and a series of SNPs (single nucleotide sequence) were found (Table 1).
Fourteen DLBCL tumorsin our cohort had point mutations within the FERM domain at
exon 6; eight of these were heterozygous and six homozygous (C>T;

Histidinel63Histidine). Thiswas a known SNP (rs10429491) with reported genotype
frequency C/C-0.408; CT-0.452 and T/T-0.140. Another 12 patients had a heterozygous
point mutation (G>A; Leucine830L eucine) in the pseudokinase domain at exon 19. This
point mutation was also reported as a SNP (rs2274649) with A/A-0.483; AT-0.467; T/
T-0.050 frequency. Both of these SNPs were synonymous (silent) mutationsin that they do
not predict an amino acid substitution (Table 1). Interestingly, a heterozygous cytosine to
guanine (C>G) transition was identified at position 1671 in two patient specimens. This
C>G transition predicts a missense substitution of leucine to valine in codon 393 (L393V) of
the FERM domain in exon 9 (Table 1; Figure 1). This JAK2 (L393V) genetic variant was
previously identified (rs2230723 NHLB1 SNP database) in data derived from the NHLBI
Exome Sequencing Project (ESP-Cohort; Northwest Genomic Center (NWGC)/Broad
Institute Genome Sequencing Center). The reported genotype frequency was C/C-0.971; C/
G - 0.029; G/G-0.000 with an allele frequency of C-0.985; G-0.015 (Table 1). Our overall
genomic frequency in DLBCL tumor DNA for this JAK2 (L393V) SNP was higher at 5%.
An additional 1 patient had arare variant in the 3 UTR (3'UTRhet_insCAT) that did not
predict amino acid changes (Table 1). No evidence of the JAK?2 (V617F) mutation was
found in this cohort of DLBCL samples, suggesting that JAK2 V617 mutations are absent in
DLBCL tumors.

This report describes the JAK2 mutational analysis of all 25 exons of the JAK2 gene by
bidirectional sequencing. Although JAK2 and STAT3 are constitutively activated in DLBCL
tumors and this pathway is an important therapeutic target in DLBCL, we did not find any
novel JAK2 activating mutation in our data set. Our data did demonstrate known
polymorphism (dbSNP) in JAK2. While this manuscript was in preparation, Lohr JG et a
published the whole exome sequencing results in DLBCL and identified several non-
Synonymous somatic mutations in several genes (MY D88, EGH2, CARD11 and CREBBP
but not JAK2) [15]. Our report in adifferent set of DLBCL tumors confirms their findings
regarding the lack of JAK2 mutationsin DLBCL and suggests that JAK2 activation in
DLBCL tumorsisindependent of genetic regulation. Therole of these SNPsin JAK?2
regarding tumor signal pathway activation will need further evaluation in larger cohorts,
preferably from patients participating in trials of JAK/STAT inhibitors. In addition, other
JAK2-STAT3 pathway activating mechanismsin DLBCL such as epigenetic silencing of
negative regulators of the JAK/STAT pathway such as the suppressors of cytokine signaling
(SOCS) and the SH2-containing phosphatases (SHP) need to be studied. Several JAK?2
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inhibitors such as ruxolitinib and TG101348 (SARS302503) have demonstrated clinical
activity in MPNs with minimal toxicity [16] [17]. We have recently demonstrated that the
JAK2 inhibitor TG101348 inhibits the survival of phospho-JAK?2 positive DLBCL cells
with minimal effect on phospho-JAK?2 negative DLBCL cells[3]. Our data suggest that
clinical trials of these novel JAK2 inhibitors need not be restricted to tumors with JAK?2
mutations but rather should focus on tumors with demonstrated aberrant JAK2-STAT3
signaling.

Material and Methods

Patient specimens

Frozen tumor cells from DLBCL patients (n=40) were acquired through lowa/Mayo
Lymphoma SPORE. This study was reviewed and approved by the Institutional Review
Board of the Mayo Clinic. DNA from frozen tumor cells was extracted by using Puragene

kit (Qiagen).

Bidirectional sequencing of JAK2 and mutation analysis

Purified DNA was amplified by PCR using primer pairs that span the JAK2 each exons
(from 1-25). Sequencing was performed at the Mayo Clinic DNA Sequencing Core Facility
and analyzed using Mutation Surveyor software.
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L393V
*

Human NP _004963.1 350 KNLEIELSSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPAVLENIQSN 399
Chicken NP_001025709.1 348 KNLEAEFQSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPSVLENIQSN 397
Mouse NP_001041642.1 350 KVLEIELSSLKEALSFVSLIDGYYRLTADAHHYLCKEVAPPAVLENTIHSN 399
Rat NP_113702.1 350 KVLEIELSSLKEALSFVSLIDGYYRLTADAHHYLCKEVAPPAVLENTIHSN 399
Monkey XP_001082883.1 350 KNLEIELSSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPTVLENIQSN 399
Chimp XP 007139368.1 350 KNLEIELSSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPTVLENIQSN 399
Dog XP 541301.2 350 KNLEIELSSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPMVLENIQSN 399
Cow XP_003586433.1 350 KSLEIELKSLREALSFVSLIDGYYRLTADAHHYLCKEVAPPMVLENIQSN 399

Figure 1. Identification of JAK 2 non-synonymous single nucleotide polymor phism (L eu393Val)

in DLBCL

JAK?2 was bidirectionally sequenced and a heterozygous cytosine-to-guanine (C>G) SNP

was identified which lead to a missense SNP at position 1671 (C1671G) (upper panel).

Alignment of mammalian JAK2 amino acid sequence in the FERM (JH4) domain among

various species shows conserved sequences (Lower panel).
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