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Preamble

As mentioned above, the primary aim of my thesis was to use the BaF3 phel16 in vitro model
to better understand the mechanisms involved in multiple-step tumorigenesis processes

associated with constitutive STATS activation.

The first approach I used was based on microarray analysis, looking for up- or down-
regulation of gene expression, or for putative transcriptional signatures revealed by clustering
of autonomous clones. This work turned out mainly unsuccessful, except for the identification
of a minority (<10%) of clones that overexpressed IL-3, and therefore activated an autocrine
loop. Other microarray experiments focusing on microRNA regulation were even more
deceptive and did not lead to any exploitable result. Our last attempt consisted in sequencing
JAK1 in autonomous clones, and this led to the observations reported in the manuscript that

follows.

In this paper, we show that 80% of the BaF3 autonomous clones selected from the cells that
overcame impaired IL-9 responsiveness by overexpressing spontaneously JAK1, acquired
single point mutation in the kinase or pseudokinase domain of JAK1. Retroviral transduction
of these JAK1 mutants in BaF3 cells results in cytokine independent proliferation supporting
our conclusion that JAK1 mutations represent the second genetic hit associated with

constitutive activation of JAK-STAT pathway in our model.
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ABSTRACT

The acquisition of growth signal self-sufficiency is one of the hallmarks of cancer cells. We
previously reported that the murine cytokine-dependent BaF3 cell line can become
autonomous and tumorigenic through a two step selection process in vitro. Selection of cells
able to proliferate in response to a defective IL-9 receptor was associated with JAK1
overexpression, and rendered these cells prone to a second selection step towards
autonomously growing tumorigenic cells. Here, we show that 80% of the autonomous clones
resulting from this process harbor heterozygous mutations in the kinase or pseudokinase
domains of JAK1. We characterized 18 de novo JAK1 mutations that were able to
constitutively activate the JAK/STAT pathway when co-expressed with JAKI1-binding
cytokine receptors in HEK293 cells. Four of the 18 spontaneous mutations were similar to
mutations already described in human tumors. Retroviral transduction of JAK1 mutants in the
parental BaF3 cell line recapitulated the phenotype of the autonomous clones, confirming the
gain of function property of these mutations. 13 out of the 18 mutants conferred
hypersensitivity to the anti-proliferative effect of type I IFN. Most JAK1 mutants also
remained sensitive to an ATP-competitive JAK inhibitor, with the exception of the FO58V,
F958C and K1026E mutations that rendered JAK1 not only constitutively active, but also
resistant to the JAK inhibitor. Taken together, these data show that cytokine-dependent
hematopoietic progenitors acquire tumorigenic properties through a two-step process

consisting of overexpression and activating mutations in JAKTI.

INTRODUCTION

Aberrant activation of cytokine and growth factor signaling pathways are well known
characteristics of all types of leukemia and tumors. In normal cells, cytokines provide the
stimulus for proliferation, survival, self-renewal, differentiation and functional activation. In
leukemic cells, like in other cancers, these pathways are usurped to subserve critical aberrant
properties of the malignant transformation (1). Beside the ability to overcome negative
growth signals and apoptosis, and to spread to different tissues and organs, the self-
sufficiency in growth signals is one of the characteristics of malignant cell. In the process of
tumorigenesis, cytokines are known to play an important role as autocrine or paracrine
growth-promoting factors (2). However, the efficacy of most anti-tumor treatments targeting
cytokines turned out to be elusive, partly because tumor cells tend to acquire cytokine-
independent growth properties. One of the best examples is the role of IL-6 in multiple

myeloma development. In early disease, paracrine secretion of IL-6 by bone marrow stromal
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cells, is considered to be a key growth-promoting and anti-apoptotic factor for the
transformed plasma cell. With time, myeloma cells acquire other genetic abnormalities, such
as activating mutations in N-RAS and K-RAS, which bypass the need of IL-6 to activate the
MAPKinase pathway, thus allowing IL-6-independent survival, proliferation and further
tumor progression (3). These and other acquired genetic abnormalities in genes involved in
cytokine signal transduction might explain why anti-IL-6 or/and anti-IL-6R therapy exhibited
only moderate and transient beneficial effects in myeloma patients (3,4).

To analyze the mechanisms responsible for the spontaneous transformation of
cytokine-dependent cell lines towards growth factor-independent tumorigenic clones, we
developed a simplified in vitro model of tumorigenesis that implies two genetic events. This
model stemmed from the study of IL-9 receptor signal transduction in IL-3-dependent BaF3
cells, which normally die after cytokine withdrawal. Beside the role of IL-9 in TH2 immune
responses, numerous observations suggest that dysregulated IL-9 expression and/or signal
transduction is implicated in T cell tumorigenesis (5). IL-9 mediates its activities via a
heterodimeric receptor complex formed by the IL-9Ra chain (IL-9Ra), which associates with
JAK1, and the IL-2Ry chain, also called yc (common y chain), which associates with JAK3.
Upon IL-9 binding, JAK1 and JAK3 are cross-activated and IL-9Ra is phosphorylated. A
single phospho-tyrosine (Y 116) is responsible for the recruitment and activation of STATs by
IL-9Ra (6). BaF3 cells transfected with an IL-9Ra mutant lacking this STAT-recruiting site
(BaF3 phel16) almost completely failed to proliferate and activate STATSs in response to IL-
9. However, in a prolonged culture with IL-9, a small number of cells could manage to
survive and even proliferate, allowing the selection of an IL-9-dependent cell line (BaF3
phel16/9) (7). In contrast to parental BaF3 phell6 cells, those IL-9-selected cells could
progress to autonomous cells (BaF3 A) after a second step of selection without cytokine.
These autonomous cells show a cytokine-independent activation of JAK1 and STATS and are
highly tumorigenic when injected in mice, which was not the case for BaF3 phel16 and BaF3
phel16/9 (7,8).

We previously showed that JAK1 overexpression was associated to the first step of
transformation, namely selection for IL-9-responsive BaF3 phel16/9 cells (8). We also
showed that JAK1 ectopic overexpression increased sensitivity of BaF3 phel16 cells to IL-9
and promoted progression to cytokine-independent BaF3 autonomous cells. JAKI is a
member of the Janus kinase family comprising three other mammalian non-receptor tyrosine

kinases (JAK2, JAK3 and TYK2) that associate to cytokine receptors without intrinsic kinase
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activity to mediate cytokine-induced signal transduction (9). Like other JAKs, JAK1 contains
a tyrosine kinase domain at the C-terminus, which is flanked by a catalytically inactive
pseudokinase domain with regulatory activity. The N-teminal segment consists of a FERM
domain that mediates association to membrane-proximal region of the cytokine receptors (10)
and an atypical SH2 domain of undetermined function (11).

In this study, we show that 80% of the BaF3 autonomous clones selected from the
cells that overcame impaired IL-9 responsiveness by overexpressing JAK1, acquired a single
activating point mutation in the kinase or pseudokinase domain of JAKI. These JAKI
mutations represent a second genetic event providing tumorigenic potential to the cells by
inducing constitutive activation of JAK-STAT pathway that support their autonomous
proliferation. Recently, we and others reported that JAK1 mutations occur in acute
lymphoblastic leukemia (ALL) and are relatively common in adult patients with T cell ALL
(12-14). By generating a collection of autonomous clones with a broad spectrum of
spontaneous activating mutations, the in vitro model described here provide us with a unique
tool to study the biological and functional characteristics of tumor cells harboring JAKI
mutations in one of their autologous allele. This will be illustrated here with the sensitivity to

the anti-proliferative effect of type 1 IFN and of ATP-competitive JAK1 inhibitors.

RESULTS

JAK 1 mutations occur frequently during the selection of BaF'3 autonomous clones. BaF3 cells
transfected with a mutated hIL-9R (BaF3 phel16), defective in STAT recruitment and
activation, poorly respond to IL-9. However, after selection with this factor, we obtained cell
lines, designated BaF3 phel16/9, which proliferated well in IL-9. After cytokine withdrawal,
those cells, in contrast to the parental cells, gave rise to autonomous BaF3 clones, which were
highly tumorigenic in vivo (7,8). We showed previously that JAK1 overexpression was the
key genetic event involved in the first step of transformation. Overexpression of JAK1 not
only increased the sensitivity to IL-9 but also allowed a second selection step toward
cytokine-independent growth with constitutive STAT activation. To characterize the genetic
events associated with the second selection step, we compared by microarray the genes
expressed in the cytokine-dependent BaF3 phel16/9 cell line and in different autonomous
clones. We found very similar gene expression profiles (data not shown), suggesting that
growth of autonomous clones was also induced by the activation of the JAK-STAT pathway.
As constitutive phosphorylation of JAK1 was detectable in at least some of these autonomous

clones, we sequenced JAK1 cDNA from 110 independent autonomous clones and found that
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88 of them were heterozygous for a single de novo mutation. Altogether,

missense mutations were identified as illustrated in Figure 1 and Table 1.
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FIGURE 1 De novo JAK1 mutations occur frequently during the selection of BaF3 autonomous clones. A) Autonomously
(BaF3 A) clones were selected from IL-9 responding (BaF'3 phell6/9) cells. Direct sequencing of JAKI RT-PCR product
from BaF3 A clones, showing de novo point mutations in JAKI in autonomous cells. The JAKI sequence of one
representative autonomous clone is shown for each of the 18 JAKI mutations from total of 88 clones heterozygous for a

single JAK1 mutation.

JAK1 NUCLEOTIDE || LOCALIZATION FREQUENCY
MUTATION CHANGE IN STRUCTURE || OF MUTATION
F635V TTC>GTC pseudokinase 9/88
S646F TCC>TTC pseudokinase 1/88
Y652H TAC>CAC pseudokinase 6/88
V658I GTC>ATC pseudokinase 2/88
V658L GTC>CTC pseudokinase 4/88
V658F GTC>TTC pseudokinase 2/88
S703I AGT>ATT pseudokinase 13/88
A723D GCC>GAC pseudokinase 1/88
L783F CTC>TTC pseudokinase 8/88
P815S CCA>TCA pseudokinase 1/88
D895H GAT>CAT kinase 1/88
T901R ACA>AGA kinase 1/88
L910Q CTG>CAG kinase 1/88
F958V TTT>GTT kinase 19/88
F958C TTT>TGT kinase 11/88
K1026E AAA>GAA kinase 2/88
Y1035C TAC>TGC kinase 4/88
S1043l AGC>ATC kinase 2/88

TABLE 1 De novo mutations in JAK]I identified in vitro in autonomous clones. List of mutated residues in JAK1 with their

nucleotide and amino acid change, localization within the JAKI structure and frequency of mutation.
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JAKI-mutated BaF3 autonomous cells are characterized by the constitutive activation of
JAKI, STATS and the MAPKinase pathway. We previously showed that progression of BaF3
phel16/9 cells toward cytokine-independence was associated with a strong constitutive
activation of STATS (7). We therefore examined whether all JAK1-mutated autonomous
clones showed similar signaling profile. We chose one representative JAK1 mutation-positive
autonomous BaF3 clone for each of the 18 JAK1 mutations and used Western Blot to assess

the activation status of JAK1, STATS and ERK1/2.
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FIGURE 2 JAKI mutated BaF3 autonomous cells are characterized by constitutive activation of JAKI1, STATS and the
MAPKinase pathway. 10° BaF3 phell6, BaF3 phell6/9 and autonomous BaF3 A cells were starved for 4 hours, lyzed and
subjected to Western Blot analysis. Basal phosphorylation of JAKI, STAT5 and ERKI1/2 was detected using specific anti-
pY1034/35 JAKI, anti-pY694 STATS, anti-pP42/44 antibodies. Membranes were reprobed with anti-JAK1 and anti--actin
antibodies as a control. Similar results were obtained in 3 independent experiments.

As shown in Figure 2, none of these proteins were phosphorylated in BaF3 phel16 or IL-9-
selected BaF3 phel16/9 in the absence of cytokine. By contrast, all autonomous BaF3 clones
showed constitutive activation of STATS, and for most of them constitutive phosphorylation
of JAK1 and MAPKinase was detected, confirming that all JAK1 mutated autonomous clones
harbored constitutive activation of the JAK-STAT and the MAPkinase pathways. The total
level of JAK1 was strongly increased in BaF3 phel16/9 and in autonomous clones,
confirming that selection for IL-9 responsiveness was associated with spontaneous JAKI
overexpression (8).

Ectopic expression of each JAKI mutant in BaF3 cells confers cytokine-independent cell
proliferation. To confirm that the acquisition of mutations in JAKI is responsible for
autonomous BaF3 cell proliferation, we produced mutated JAK1 constructs for the first 13 of
the 18 JAK1 mutations that we found. We transduced parental BaF3 cells with a bicistronic
vector expressing either mutated or wild-type (WT) JAKI1 together with the Green
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Fluorescent Protein (GFP). After flow cytometry sorting based on GFP expression,
transduced BaF3 cells were cultured with or without IL-3. In contrast to parental cells or cells
stably transduced with WT JAKI, all JAK1 mutated construct were able to induce the
autonomous growth of BaF3, confirming that the mutations occurring spontaneously in vitro

are activating mutations (Figure 3A).
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FIGURE 3 Ectopic expression of each JAKI mutant in BaF3 cells confers cytokine-independent cell proliferation and
STATS phosphorylation. (4) 10° BaF3 cells stably transduced with JAKI WT or different JAKI mutants were washed three-
times in PBS and seeded in 24-well plates at a concentration of 10,000 cells/ml with and without mIL-3. After 72 hours,
living cells were counted in both conditions, with or without mIL-3. Results are mean £ SD of cell culture triplicates. Similar
results were obtained in 3 independent experiments. (B) 10° autonomously proliferating BaF3 cells stably transduced with
MRAS or different JAK1 mutants were lyzed and subjected to Western Blot analysis. Basal phosphorylation of JAKI, STATS
and ERK1/2 was detected using specific anti-pY1034/35 JAKI, anti-pY694 STATS, anti-ERK1/2antibodies. Membranes were
reprobed with anti-JAKI and anti-B-actin antibodies as a control. Similar results were obtained in 3 independent
experiments.

Consistent with these results, most of JAK1 mutants induced the constitutive phosphorylation
of JAK1. All JAK1 mutants induced the constitutive activation of STATS and MAP kinases,
when ectopically expressed in BaF3 cells as illustrated in Figure 3B for 8§ mutants, similarly
to autonomous BaF3 harboring spontaneously acquired mutations. As a control for this
experiment, we used an autonomous BaF3 cell line obtained by transfection with an
oncogenic mutant of MRAS (Glu71Lys), which shows constitutive activation of MAPK but
not JAK/STAT pathway (Figure 3B).

Spontaneous activating mutations define various potential hotspots in JAKI structure. Among
the 18 different mutations identified, 10 affect residues located in the pseudokinase domain
and 8 in the kinase domain (Figure 4A). Interestingly, all the nucleotides mutated in the
murine JAK1 sequence were conserved in the human JAK1 sequence (data not shown). To
better highlight the localization of mutated residues, we further used the three-dimensional
modeled structure of kinase (JHI1) and pseudokinase (JH2) domain of JAKI1 previously
described (12). As shown in Figure 4, half of the affected residues (6 of 10 de novo
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mutations) of the pseudokinase domain (F635V, S646F, Y652H and V658I/L/F) are located
within the pocket formed between the JH2 aC helix and an adjacent loop comprising Val658
and Tyr652 residues. These two regions of the JH2 domain were predicted to hold the
activation loop of the kinase domain in the active conformation (15). The V658F mutation is
homologous to the frequent JAK2 V617F mutant found in majority of the patients with MPNs
(16,17). This area therefore represents a hotspot for mutations that might use a common
mechanism to activate JAK 1. Furthermore, this interface between the JH2 and JH1 domains is
enriched in affected residues, since three of the JHI1-located mutations are targeting the
activation loop of the JH1 domain. The rest of the JH2-located mutations are spread around
the domain without any interaction with the kinase domain, suggesting that these mutations
might have an allosteric effect on the JH1-JH2 interaction.

For the mutations located in the JH1 kinase domain we took advantage of the recently solved
crystal structure of the JAK1 JHI domain in complex with JAK inhibitor CMP6 to describe
their localization in more details (18). As shown in Figure 4C, from 8 JH1-located mutations,
three (K1026E, Y1035C and S10431) are located in the activation loop (A-loop), two
mutations affect the same residue (F958V and F958C) in the hinge region of ATP-binding
pocket, two others (D895H and T901R) are located at the top the kinase domain in the loop
formed between two antiparallel $3-strands (f2 and 3) and one mutation affects the loop
formed between (33 B-strand and aC helix of JHI domain.

Interestingly, one of the three mutations in the activation loop involves the Y1035 residue,
which is the second tyrosine of the “KEYY” motif forming a twin tyrosine phosphorylation
site (19). Autophosphorylation of the first of these tyrosines, Tyr1034 in JAK1, is critical for
tyrosine kinase activation. The role of the second tyrosine is less clear (20,21). As shown in
Figure 4D, the two affected residues K1026 and Y1035 are interacting in the wild- type JAKI
as also reported for the homologous residues K999 and Y1008 in JAK2 (22). Interestingly, in
our in vitro autonomous selection, mutation of each of these residues (Figure 4D:
K1026E/Y 1035 or K1026/ Y1035C) renders JAK1 kinase constitutively active. This suggests
that interaction between the two residues is important for the balance between the active and
inhibited conformations of the JAK kinase and might represent another hotspot for activating

mutations.
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FIGURE 4 Spontaneous activating mutations define various potential hotspots in JAKI structure. A) Localization of 18
identified missense point mutations in the schematic structure of JAKI1 with its functional domains and B) in the three-
dimensional modeled structure of kinase and pseudokinase domain published by (12). 10 affected residues (red balls) in
pseudokinase (in green) and 8 (yellow balls) in kinase domain (in blue) are shown. C) Localization of 8 affected residues
(black balls) in the crystal structure of JAKI kinase domain solved with ATP-competitive JAK inhibitor CMPG6 in ribbon
representation (18). The N-terminal lobe (residues 865-958) comprises a five-stranded antiparallel B-sheet (1 to B5) and
one a-helix (aC). The larger C-terminal lobe (residues 865-958) is predominantly helical with eight a-helices (oD to aK)
with one main pair of antiparallel B-strands (B7-B8). Localizations of the hinge region, glycine loop (G-loop) and activation
loop (A-loop) are indicated with the corresponding colors. The JAK inhibitor is presented in white using a ball-and-stick
representation. D) Magnification of structure of the activation loop showing the side chains of the residues at positions 1026
and 1035 for the wild type JAKI (top panel), the K1026E mutant (middle panel), and the Y1035C mutant (lower panel). E)
Magnification of the 2/[33 linking loop highlighting the side chains of the residues at positions 901 and 958 for the wild type
JAK1 (left panel), the Asp895His mutant (middle panel) and the Thr901Arg mutant (right panel).
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The last two mutations (D895H and T901R) are located at the top of the kinase domain
(Figure 4C), far away from the key functional regions of the kinase, such as the ATP-binding
pocket, catalytic loop or activation loop. Although the mechanism by which these residues
might regulate the kinase activity remains unclear, their localization within the structure is
close enough to allow for interaction between them and other surrounding residues within the
loop and indicates that this loop could represent another hotspot for activating mutations in
JAK1 (Figure 4D).

Co-expression of JAKI-binding receptors promotes JAKI mutants-mediated constitutive
STAT activation. Previously we showed that ALL-associated JAK1 mutants needed to
associate to JAK1 binding receptors, such as IL-2R or IL-9R, to promote constitutive
activation of the receptor complex and signal transduction via STAT transcription factors
(23). We also showed that beside the classical IL-9 receptor complex (composed of y chain,
IL-9Ra and JAK3), IL-9Ra alone forms homodimeric complexes (24), which provide
sufficient scaffold for JAK1 mutant-mediated constitutive STATs activation. Therefore we
tested the ability of IL-9Ra and IL-2Rp, alone or in complex, to promote the constitutive
activation of STATs induced by our new JAK1 mutants. For that purpose, we used HEK293
cells, which do not express IL-9Ra, IL-2Rf, yc or JAK3. As shown in Figure 5A for the first
13 of our mutants, while expression of JAKI mutants alone did not result in constitutive
STAT3 activation, co-expression of the IL-9Ra significantly increased STAT3 constitutive
activation mediated by the JAK1 mutants. Similar results were obtained with the co-
expression of yc and JAK3, which restores the full IL-9R complex, and for the activation of
STATS with IL-2Rp (Figure 5B). Taken together, these results confirm that all JAK1 mutants

need to associate with a cytokine receptor to constitutively activate STAT factors.
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Anti-proliferative effect of type I IFN on autonomous clones with spontaneous activating
mutations in JAKI. Type I IFNs are known to exert anti-proliferative activity on various cell
types. Previously, we showed that blasts from JAKI mutation-positive ALL patients are
characterized by a type I IFN transcriptional signature, and that some ALL-associated JAK1
mutants, namely A634D and R724H, potentiate the anti-proliferative effect of type I IFNs in
vitro and in vivo, while the R879C mutation did not (25). Our in vitro model of tumorigenesis
provides us with murine autonomous clones heterozygous for activating mutations already
identified in patients, but also clones expressing activating JAK1 mutations that have not been
described yet. We took advantage of this system to test the ability of these new JAK1 mutants
to potentiate the cellular response to IFNs. As shown in Figure 6, 13 out of the 18 JAKI
mutants (FO58V, Y1035C, P815S, F958C, S10431, S646F, Y652H, F635V, V658F, L783F,
S7031, K1026E, L910Q, D985H, T901R and A723D), representing 72% of the tested
mutations, increased the sensitivity of BaF3 cells to the anti-proliferative effect of IFNa when

compared to control parental cells (*p<0.05, **p<0.01).
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FIGURE 6 Anti-proliferative effect of type I IFN on autonomous clones with spontaneous activating mutations in JAKI.
4,000 control parental BaF3 phell6, phel16/9, 19 JAKI mutation-positive and 3 JAKI mutation-negative autonomous cells
were seeded in 96-well plates and stimulated by 1% IFN-o or control HEK293 SN. After 72 hours, tritiated thymidine was
added to the cells for 4 hours and thymidine incorporation was measured. Results correspond to the proliferation of cells in
the presence of IFN-a presented as the mean percentage relative to control cultures + SEM from at least 3 independent
experiments performed in triplicates. Dunnett multiple comparisons test was used to determine which clones were
significantly more sensitive to the anti-proliferative effect of IFN-a (* P<0.05; ** P<0.01) as compared to the parental
phell6 BaF3 cells.

As previously observed with the human ALL-associated R879C JAK1 mutant, some
mutations (V658I/L, K1036E, L783F and D895H) did not significantly alter the IFN activity.
The results were reproducible because several independent autonomous clones harboring the
same mutation in JAK]1 displayed similar sensitivity to IFN-a, as illustrated for BaF3
A(Y652H) in Figure 6. Noticeably, like autonomous BaF3 cells transfected with a mutated
MRAS isoform, autonomous BaF3 clones negative for JAK1 mutations, in which unknown
genetic alterations are responsible for their autonomous proliferation, were not hypersensitive
to IFN-a.

Activating JAK1 mutations F958V, F958C and K1026E confer resistance to JAK inhibitor L.
We took advantage of our collection of JAK1 mutant-induced autonomously proliferating
clones to test their sensitivity to a specific JAK inhibitor. As shown in Figure 7A, in contrast
to BaF3 MRAS, an autonomous BaF3 cell with constitutive MAPK activation, treatment with
1 uM of JAK inhibitor I for 3 days completely blocked proliferation of the majority of JAK1
mutation-dependent cell lines with three exceptions. BaF3 cell lines heterozygous for FO58V,
F958C or K1026 JAK1 mutations showed a significant residual proliferation in the presence
of JAK inhibitor I. Long term treatment showed that these cells were able to growth in the
presence of high concentration of JAK inhibitor I (I uM), indicating that the JAK1 mutants

expressed in these clones are resistant to the ATP-mimicking inhibitor (data not shown). We
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further evaluated the activity of the different JAK1 mutants after treatment with JAK inhibitor
I by assessing tyrosine phosphorylation of STATS. A short-term treatment of the autonomous
clones A(V658I), but not of the A(F958V) or A(F958C) cells with 1 uM JAK inhibitor I,
completely blocked STATS phosphorylation (Figure 7B), showing that the F958V mutant is
resistant to JAK inhibition. Similar results were obtained in BaF3 cells stably transduced with
the different mutants, as shown in Figure 7C.

The impact of the F958V and F958C mutations on the relative positions of this mutated
residue and ATP-competitive inhibitors is highlighted by the crystal structure of the JH1
domain with the CMP6 inhibitor. As shown in Figure 7D, the phenylalanine residue at
position 958 is in direct interaction with the inhibitor through its main-chain atoms, as
previously described (18). In this model, replacement of Phe at position 958 by Val and Cys
abolishes such an interaction as the orientation of these two relatively small amino acids is
opposing the orientation of phenylalanine at the same position (see Figure 7D, Phe958Val and
Phe958Cys). As a result, the Val and Cys residues at position 958 also render the ATP-
binding pocket somehow more “open” and thus accessible for ATP than with the original Phe
residue, suggesting that this could be the mechanism leading to constitutive kinase activity of

the JAK1 F958V and F958C mutants.
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were seeded in 96-well plates with ImM JAK inhibitor I or DMSO. After 24 hours, tritiated thymidine was added to the cells
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Similar results were obtained in 3 independent experiments. B) 10° autonomous BaF3 A(V658I), A(F958V), A(K1026E)
heterozygous for JAK1 mutations and BaF3 MRAS cells were treated for 15 min with 1 uM JAK inhibitor I or DMSO. Cells
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pY694 STATS antibody. Membranes were reprobed with anti-JAKI and anti-B-actin antibodies as a control. Similar results
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DISCUSSION

The main observation reported here is that a broad spectrum of spontaneous mutations in one
of the endogenous JAK1 alleles is the main mechanism, that secondary to the overexpression
of the JAKI transcript, confer cytokine-independent growth capability in vitro and full
tumorigenicity in vivo (7). The most common explanation for the acquisition of genetic
abnormalities in cancer is based on a ‘natural selection’ process, where clones that have a
selective advantage because of the random acquisition of a favorable mutation will outgrow
the rest of the population. The most striking observation of our model is the fact that 80% of
the autonomous clones harbor a mutation in JAK1, while many other genetic hit would be
expected to promote the autonomous growth of BaF3, including mutations in RAS, JAK?2,
JAK3, translocations between TEL and JAK2 or BCR and ABL1, and many others.

Several hypotheses can explain this phenomenon. First, a simple explanation would be that
mutations occur randomly in such proto-oncogenes in the cell culture, but that the normal
expression level of these proteins is not sufficient for a mutant in one single amino acid to
exhibit its full transformation effect to promote cytokine-independent growth of BaF3 cells.
Thus activating mutations might also occur in the parental BaF3 cells, but these would not
provide any selective advantage unless JAK1 expression is increased, as this happen in our
model resulting from the first step of selection.

Alternatively, we could speculate that the mutations occurring in our model are not random
and accumulate specifically in the JAK1 gene. Indeed, in recent years, transcription has
proven to participate in the induction of genetic instability and diversity. It was shown that
mutations in a particular gene could be induced by increase in transcription and the process
was coined transcription-associated mutations (TAM). Although the exact mechanism behind
this phenomenon is not known, several hypotheses have been designed based on the fact that
DNA replication, repair and recombination can virtually occur in a DNA substrate that is
simultaneously transcribed. However, it is worth noting that one example of TAM represents
starvation-induced also called “adaptive” mutations. Adaptive mutation stands for the
increase genome-wide mutation rate, affecting however genes of selected function and is
associated with increased expression of affected genes during prolong stress in cells that are
not dividing (26). Finally, we can imagine a mechanism of ‘oncogene addiction’ to the IL-9R-
JAK-STAT pathway in the BaF3 phel16/9 cells. A mutation in the kinase of that pathway,
such as in JAK1, will maintain the activation of the pathway after cytokine deprivation, while

in other cases, cells will die of an ‘oncogenic shock’ (27) even if other mutations are present.
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We can not exclude either that combination of these and other processes is involved in
accumulation of mutations in JAK1 gene in our model.

In our in vitro model, we identified 18 spontaneously acquired point mutations in JAKI1, of
which 14 are newly described, while 4 have been previously reported in human patients. All
the mutations that were functionally studied are activating because their transfection into the
cytokine-dependent BaF3 cells induced autonomous growth and constitutive activation of the
JAK-STAT pathway. 10 of these mutations affect residues from the pseudokinase domain and
the 8 other mutations target the kinase domain of JAK1. Mutations in the pseudokinase
domain include point mutations of the Val658 residue to three different amino acids —
isoleucine (I), leucine (L) and phenylalanine (F). The latter mutation was described in human
T-ALL blasts (13). These three JAK1 mutations were predicted to be activating because the
V658 residue corresponds to the conserved residue V617 of JAK2, which is frequently
mutated to phenylalanine in myeloproliferative neoplasms, and because V617L and V6171
also activate JAK2 (28). This residue is located at an interface between the kinase and the
pseudokinase domains of JAKs, and is supposed to contribute to the inhibition of the kinase
activity by the pseudokinase domain.

Two other mutations, described both in T-ALL patients and in our model, target residues
adjacent to V658 and could share a similar mechanism of kinase activation: S646F and
Y652H. In the same interface between the kinase and pseudokinase domains, the F635V
mutation described here is a novel mutation, but the A634D mutation affects the proceeding
residue in T-ALL patients (12), further pointing to this region as a key interface for the
regulatory activity of the pseudokinase domain. Among the four other mutations of the
pseudokinase domain that appear to be scattered throughout the pseudokinase domain, the
L783F mutant has been previously described in T-ALL and AML patients by two
independent groups (13,29), further stressing the relevance of our model for human
malignancies. In this line, the activating mutation A723D described here is adjacent to the
R724H mutation that we described in T- and B-ALL patients (12,30). The JAK2 mutations
R683S/G/K that affect the homologous residue to JAK1 R724 has been reported in Down
syndrome and pediatric B-ALL patients (31), and a deletion of the surrounding motif found in
Down syndrome B cell precursor-ALL patients renders JAK?2 constitutively active (32). As
the majority of the mutated residues identified here are conserved between all the members of
the JAK family (JAK1, JAK2, JAK3 and TYK?2). We can therefore predict that homologous
mutations in the other members of the family will also be activating, and could be found in

malignancies.
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So far, mutation of only one residue Arg 879 in the kinase domain of JAK1 has been reported
(12). Here we describe 8 novel mutations in this domain. The K1026E, Y1035C and S1043I
mutants target the activation loop of the kinase domain. The Y1035 residue is the second
tyrosine of the “KEYY” motif forming a twin tyrosine phosphorylation site within the
activation loop (19). Autophosphorylation of the first of these tyrosines, Tyr1034/Tyr1007 in
JAKI1/JAK2, is critical for tyrosine kinase activation. The role of the second tyrosine is less
clear (20). In JAK3, substitution of the second tyrosine by phenylalanine resulted in increased
kinase activity (21), suggesting that phosphorylation of this residue might have an inhibitory
effect on kinase activity of JAKs. Interestingly, recently solved crystal structure of the JAK2
kinase domain shows that in active conformation both tyrosines are stabilized by interaction
with several lysine residues. Importantly, the second tyrosine, Tyr1008 in JAK2, is stabilized
by the single Lys999 residue, which is conserved within the JAK family members. The two
interacting residues, the Lys999 and Tyr1008 of JAK2, are homologous to residues Lys1026
and Tyr1035 in JAK1, both mutated in our model.

JAK inhibition becomes part of the treatment of MPN patients harboring mutations in JAK2,
and some of these ATP-competitive JAK2 inhibitors show a very good ‘off-target’ inhibition
of JAK1. Such inhibitors represent good candidates to treat patients harboring mutations in
JAK1. It was therefore interesting to test the sensitivity of the different mutants to ATP-
competitive JAK inhibitors to detect mutations resistant to the inhibition. Similar screenings
were performed in BaF3 cells to predict mutations resistant to the inhibition of BCR-ABL,
which was confirmed in the clinic in chronic myeloid leukemia patients (33). While all the
pseudokinase mutants remain sensitive to JAK inhibition, three kinase domain mutants were
resistant: F958V, FO958C and K1026E. The residue Phe958 is located in the hinge region of
ATP binding pocket in the kinase domain. Recently the crystal structures of the JAK1 kinase
domain in complexes with two pan-JAK inhibitors (CMP6 and CP-690, 550) were solved.
These structures showed high similarities in the binding mode of the two ATP-competitive
JAK inhibitors revealing Glu883 in the glycine loop and Phe958 in hinge region as unique
and crucial residues that make direct contacts with these inhibitors through their main-chain
atoms (18). Here we show that Phe958 residue is not only important for the inhibitory
capacity of ATP-competitive JAK inhibitors, but that its change to valine or cysteine renders
JAK1 kinase constitutively active. Consequently, patients positive for these activating
mutations would be resistant to ATP-competitive JAK inhibitors. Interestingly, the K1026E

mutation, localized outside the ATP binding pocket was also resistant to JAK inhibitors.
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Finally, we show here that most, but not all, JAK1 activating mutants confer hypersensitivity
to the anti-proliferative effect of type I IFN, confirming our initial observations with JAK1
mutants found in human ALL patients. This property could not be associated with a particular
hotspot of mutations but appeared to be reproducible for independent clones exhibiting the
same mutation, indicating that the IFN hyperresponsiveness is intrinsically linked to the JAK1
mutation. Although the IFN treatment remains an attractive possibility for ALL patients with
JAK1 mutation, the heterogeneity of the in vitro response might be an issue, as also suggested
by the potential JAK inhibitor resistance described above. However, the common
characteristic apparently shared by all JAK1 mutants is the fact that they exert their
transforming activity only when expressed beyond the regular level, which suffices for
normal cytokine receptor signaling. In this respect, we believe that elucidating the regulatory
mechanisms that underlie JAK1 overexpression in our model might lead to new perspectives

to modulate the function of pathogenic mutants.

MATERIALS AND METHODS
Cell culture and cytokines. BaF3 mouse hematopoietic pro-B cells were cultured in

Dulbecco’s modified Eagle’s medium with fetal bovine serum (10%) and IL-3 (150 U/ml),

which was produced by transfected CHO cells. The generation of BaF3 cells transfected with
the mutated hIL-9 receptor Y116F (BaF3 phel16) as well as selection of IL-9 responsive
BaF3 phel16/9 cells was previously described (7). Recombinant human IL-9 was produced in
the baculovirus system and purified by affinity chromatography in our laboratory. The
frequency of autonomous cells was assessed as previously described (7). IL-9-selected BaF3
phel116/9 and non-selected BaF3 phel16 cells were grown in the presence of IL-3. Cells were
then washed twice in PBS pH7.4, resuspended at 5 x 10°/ml in culture medium without IL-3,
and cultured in 96-well microtiter plates at 5 x 10" cells/ well. Plates were checked for
proliferating clones during three weeks. Clones were subsequently cultured and amplified in
the same conditions as those described for BaF3 cells but without IL-3. HEK293 human
embryonic kidney cells were grown in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal bovine serum. These cells do not express endogenous IL-9Ra, yc and JAK3.

RNA extraction, cDNA synthesis, PCR and sequencing. Total RNA was isolated from 10°IL-3

dependent BaF3 phel16, BaF3 phel16/9 or autonomous BaF3 clones using TriPure reagent
(Roche) according to the manufacturer’s instructions. Reverse transcription was performed on

1 pg of total RNA with an oligo (dT) primer (Roche) and M-MLV RT (Invitrogen). PCR
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amplification was performed from cDNA corresponding to 20 ng of total RNA at 94°C for 1
min, 58 °C for 1 min, and 72°C for 2 min with total number of cycles of 30. Depending on the
distinct region of JAK1 desired to sequence different sets of primers were used to amplify and
sequence JAK1 PCR product (available upon request).

After size verification of each PCR product in 1% agarose gel with ethidium bromide, 50 pl
of PCR product was purified using Chromaspin technology (Clontech). Nanodrop (Thermo
Scientific) was used to quantify the concentration of the purified PCR product. 50-100 ng of
PCR product was used to sequence with the DYEnamic ET Dye Terminator Kit (Amersham
Biosciences, Freiburg, Germany) according to manufacturer’s instructions. Two independent
PCR reactions were performed to rule out possibility of Tag-induced mutations during
amplification. The numbering of mutated amino acids was based on the human JAK1
sequence, allowing to remain consistent with currently used nomenclature for JAK1 protein
mutations in literature and to localize our JAK1 mutations in the previously described three-

dimensional structure model of human JAK1 protein (12).

Plasmid construction, stable DNA transfections and analysis of transfected cells. All JAK1
mutants (P815S, F635V, S646F, Y652H, V658F, V658L, V6581, S7031, L783F, F958C,
F958V, K1026E, Y1035C, S10431) were generated using QuickChange XL 1II site-directed

mutagenesis kit (Stratagene, La Jolla, California) and subcloned into the pMX-GFP
biscistronic retroviral vector upstream of the IRES as previously described (12,23). The
mutated JAK1 constructs were verified by sequencing of the full-length JAK1 sequence using
DYEnamic ET Dye Terminator Kit (Amersham Biosciences). For stable transduction,
typically, 0.5 x 10° BaF3 cells were infected by retroviruses produced by BOSC packaging
cells using standardized protocol previously described (34). Cells were subsequently sorted

by FACS for equal level of GFP. Human IL-9Ra and IL-9Ra Y116F (phell6) were

generated as previously described (6).

Dual luciferase assay. STAT3 and STATS transcriptional activity was assessed by
measurements of luciferase expression in HEK293 cells upon transient transfection of
appropriate cDNA constructs and pGL3-papl-luc or pLHRE-luc reporter vectors. Another
reporter plasmid, Renilla luciferase (pRLTk, Promega), was co-transfected as an internal
transfection control. STATS5-mediated transcription was evaluated with the pLHRE-luc
reporter gene constructs harboring tandem copies of the STATS5-inducible lactogenic

hormone response element (LHRE) of the rat p-casein gene promoter, inserted upstream a
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luciferase gene (35). STAT3-mediated transcription was evaluated with pGL3-papl-luc
plasmid containing the luciferase gene under the control of the STAT3-inducible rat Pap !
(pancreatitis-associated protein-1) promoter (36). Transient transfection of HEK293 cells by
LipofectAMINE (Invitrogen, Merelbeke, Belgium) was previously described (23). Briefly,
HEK?293 cells were seeded in 24-well plates at 2x10° cells/well one day before transfection.
Transfection was carried out according to the manufacturer’s recommendations, using 200 ng
of the appropriate constructs, 250 ng of pGL3-papl or pLHRE reporter plasmids, 50 ng of
pRLTk control plasmid and empty vector to normalize total transfected DNA to 1 pg. 24
hours after transfection, cells were lysed by 150 pl of Passive Lysis Buffer 1x supplied by
Promega. Luciferase assays were performed using the dual luciferase reporter assay kit

(Promega, Madison, WI).

Western blots. For Western Blot analysis, 10° BaF3 cells were starved for 4 hours and then
collected and lysed in 250 pl of Laemmli buffer (BioRad, Hercules, CA) using a 20-gauge
syringe. Autonomous BaF3 cells that were grown in the absence of cytokine were directly
collected and lysed. For the JAK inhibition experiments, 10° BaF3 autonomous cells were
stimulated with 1 mM of JAK inhibitor I (Calbiochem), or DMSO for 15 minutes. Cellular
lysates were boiled for 3 minutes before loading 20 pl on 12% pre-cast Tris-Glycine gels
(Invitrogen, Merelbeke, Belgium) and electrophoretically transferred to nitrocellulose
membranes (Hybond-C; Amersham, Buckingham, England). After blocking of the
membranes in 5% milk/TBS-Tween, immunoblotting was performed by overnight
incubations at 4°C with primary antibodies in 0.1% TBS-Tween, using the dilution
recommended by the manufacturer. After 3 x 5 minutes of washing in 0.1% TBS-Tween, the
membranes were incubated with secondary anti-rabbit-HRP or anti-mouse-HRP antibodies
from Cell Signaling Technology (Beverly, MA), diluted 1/5,000 in 5% PBS-TBS-Tween.
After 3 x 5 minutes of washing, a SuperSignal West Pico detection kit (Pierce, Rockford, IL)
and Kodak Biomax Light Film were used for detection. Phosphorylation of signaling proteins
was investigated using the following phospho-specific antibodies from Cell Signaling
Technology: anti-pY1034/1035 JAK1 (#3331S), anti-pY705 STAT3 (#9131S), anti-pY 694
STATS (#9351S) and anti-p44/42 MAPK (#9101L). Blots were re-probed with anti-JAK1
(#3332) (Cell Signaling Technology, Beverly, MA), anti-STATS5 (Santa Cruz) or anti-f3-actin

(Sigma) antibodies, as a control.

Cytokine-independent proliferation assay. Stably-transduced BaF3 cells were washed three-
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times in PBS and seeded in 24-well plates at a concentration of 10,000 cells/ml without mIL-
3. As control, 150 U/ml of IL-3 was added to the BaF3 cell cultures to check the proper
proliferation of each cell line. After 72 hours, living cells were counted in both conditions,

with or without mIL-3. Triplicate cultures were generated to calculate mean values and SD.

The type I IFN proliferation assay. 5,000 stably transduced BaF3 cells were seeded in 96-well

plates and stimulated by 1% of murine IFN-a11 or mock/control HEK293 supernatant. All
experiments were performed in the presence of IL-3. After 72 hours, tritiated thymidine was
added to the cells for 4 hours. Cells were then collected on microfiltered plates, and thymidine

incorporation was measured with a Top Count microplate scintillation counter (Canberra-

Packard, Meriden, CT).

JAKI structures. Three-dimensional structural model of the kinase and pseudokinase domain

was the previously described model of JAK1 (12), obtained by employing Deep View
software and the Swiss Model server after manual optimalization of the alignment. Structural
data from recently solved crystal structure of JAK1 kinase domain in complex with CPM, an
ATP-competitive inhibitor (18), were used to analyze more precisely the impact of the kinase
domain-located JAK1 mutations. Molecular graphics images were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the

University of California, San Francisco (37).
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Preamble

Having shown that JAK1 mutations induce tumoral transformation in an in vitro mouse

model, we wanted to address the putative role of such mutations in human tumors.

In fact, this part of the work was performed in parallel with the project described above and
was initiated by professor Marco Tartaglia from the University of Rome. This group collected
samples from adult and pediatric patients with B- and T-cell acute lymphoblastic leukemia
(B-ALL and T-ALL) and identified several point mutations in JAK1 in such leukemic cells.

My contribution to this work consisted in expressing and studying the activity of these JAK1
mutants in two cellular systems: in BaF3 cells, a murine IL-3 dependent pro-B cell line and in

BW5147 cells, a murine leukemic cell line.

In this paper, we show that the A634D and R724H mutations induce the autonomous growth
of the cytokine-dependent BaF3 cell line, and that the A634D and R879C JAKI mutants
protect leukemic BW5147 cells against dexamethasone-induced apoptosis, indicating that
these three mutations among all the identified mutations in JAK1 gene are gain-of-function
mutations that participate in the leukemogenic process by inducing the constitutive activation

of the JAK-STAT pathway.

79



The Journal of Experimental Medicine

Published March 24, 2008

CORRESPONDENCE
Marco Tartaglia:
mtartaglia@iss.it

Abbreviations used: ALL, acute
lymphoblastic leukemia; B-ALL,
B cell precursor ALL; CM,
conditional medium; DES,
disease-free survival; DHPLC,
denaturing HPLC; ERK, extra-
cellular signal-regulated kinase;
OS, overall survival; T-ALL,

T cell ALL.

JEM © The Rockefeller University Press

BRIEF DEFINITIVE REPORT

Somatically acquired JAK1 mutations
in adult acute lymphoblastic leukemia

Elisabetta Flex,! Valentina Petrangeli,! Lorenzo Stella,’ Sabina Chiaretti,*
Tekla Hornakova,> Laurent Knoops,®> Cristina Ariola,* Valentina Fodale,!
Emmanuelle Clappier,® Francesca Paoloni,” Simone Martinelli,!
Alessandra Fragale,> Massimo Sanchez,! Simona Tavolaro,*

Monica Messina,* Giovanni Cazzaniga,® Andrea Camera,’

Giovanni Pizzolo,!” Assunta Tornesello,!! Marco Vignetti,*

Angela Battistini,> Héléne Cavé,® Bruce D. Gelb,!?

Jean-Christophe Renauld,’> Andrea Biondi,® Stefan N. Constantinescu,®
Robin Foa,* and Marco Tartaglia!

'Dipartimento di Biologia Cellulare e Neuroscienze, 2Dipartimento di Malattie Infettive, Parassitarie e Immunomediate,
Istituto Superiore di Sanita, Rome, 00161, Italy

3Dipartimento di Scienze e Tecnologie Chimiche, Universita “Tor Vergata,” Rome, 00133, Italy

“Dipartimento di Biotecnologie Cellulari ed Ematologia, Universita “La Sapienza," Rome, 00161, Italy

SLudwig Institute for Cancer Research and de Duve Institute, Université Catholique de Louvain, Bruxelles, B1200, Belgium
5Département de Génétique, Hopital Robert Debré, Paris, 75019, France

’Gruppo ltaliano Malattie Ematologiche dell’Adulto (GIMEMA) Data Center, GIMEMA Foundation, Rome, 00161, Italy
8Centro Ricerca M. Tettamanti, Clinica Pediatrica Universita di Milano Bicocca, Monza, 20052, Italy

9Dipartimento di Medicina Clinica e Sperimentale, Universita “Federico II," Napoli, 80131, Italy

®Divisione di Ematologia, Universita degli Studi di Verona, Verona, 37100, Italy

"Divisione di Oncologia Pediatrica, Universita Cattolica del Sacro Cuore, Rome, 00100, Italy

2Departments of Pediatrics and Genetics and Genomic Sciences, Mount Sinai School of Medicine, New York, NY 10029

Aberrant signal transduction contributes substantially to leukemogenesis. The Janus kinase 1
(JAKT1) gene encodes a cytoplasmic tyrosine kinase that noncovalently associates with a
variety of cytokine receptors and plays a nonredundant role in lymphoid cell precursor
proliferation, survival, and differentiation. We report that somatic mutations in JAKT occur
in individuals with acute lymphoblastic leukemia (ALL). JAKT mutations were more preva-
lent among adult subjects with the T cell precursor ALL, where they accounted for 18% of
cases, and were associated with advanced age at diagnosis, poor response to therapy, and
overall prognosis. All mutations were missense, and some were predicted to destabilize
interdomain interactions controlling the activity of the kinase. Three mutations that were
studied promoted JAK1 gain of function and conferred interleukin (IL)-3-independent
growth in Ba/F3 cells and/or IL-9-independent resistance to dexamethasone-induced
apoptosis in T cell ymphoma BW5147 cells. Such effects were associated with variably
enhanced activation of multiple downstream signaling pathways. Leukemic cells with
mutated JAK1 alleles shared a gene expression signature characterized by transcriptional
up-regulation of genes positively controlled by JAK signaling. Our findings implicate dys-
regulated JAK1 function in ALL, particularly of T cell origin, and point to this kinase as a
target for the development of novel antileukemic drugs.

Acute lymphoblastic leukemia (ALL) comprises
a biologically heterogeneous group of clonal
disorders that originate from the uncontrolled
proliferation and expansion of immature lym-
phoblastic cells and are characterized by an ex-

E. Flex and V. Petrangeli contributed equally to this paper.
The online version of this article contains supplemental material.
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tremely variable clinical outcome (1, 2). In recent
years, substantial progress has been made toward
understanding the molecular events contributing
to malignant transformation. This has permitted
the recognition of relevant prognostic factors
and risk stratification, and has favored the im-
plementation of therapeutic approaches based on
cytogenetic and molecular lesions (2-5). Despite
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these accomplishments, long-term survival in adults with ALL
remains largely unsatisfactory, making the design of novel an-
tileukemic drugs tailored to specific biological targets a current
priority (4, 6).

The four mammalian members of the JAK family (JAK1,
JAK2, JAK3, and TYK2) are nonreceptor tyrosine kinases
functioning as signal transducers to control cellular prolifera-
tion, survival, and differentiation (7, 8). JAK proteins associ-
ate constitutively with a variety of cytokine receptors lacking
intrinsic kinase activity, and promote signal flow by phos-
phorylating tyrosyl residues of activated receptors to allow the
recruitment and activation of STAT proteins. They share a
complex multidomain structure characterized by a tyrosine
kinase domain at the C terminus, which is flanked by a catalyti-
cally inactive pseudokinase domain with regulatory function.
Their N-terminal half contains a FERM homology domain,
which is implicated in receptor binding and possibly regulates
the catalytic activity of the kinase, and an adjacent SH2-like
domain. In contrast to their conserved structure, increasing
experimental data indicate that JAK family members prefer-
entially associate with a diverse subset of cytokine receptors,
each differentially expressed by individual cell lineages and
tissues, facilitating specificity in function (9). Among them,
JAK1 plays an essential and nonredundant role in mediat-
ing biological responses induced by a specific subgroup of
cytokines controlling lymphoid cell precursor development
(10). Jak1~/~ mouse pups exhibit a thymus that is markedly
reduced in size, which is associated with a severe decrease in
cellularity. Jak1 loss of function is also associated with pro-
found abnormalities in the B cell compartment caused by a
block in differentiation at the pro—B/pre—B cell transition
step, resulting in a deficit in the production of mature B lym-
phocytes (10). Based on its crucial role in lymphocyte pro-
liferation, survival, and differentiation, we hypothesized that
up-regulation of JAK1 signaling might contribute to malig-
nancies of the lymphoid lineage. In this study, we report that
somatic activating JAK1 mutations occur among adults with
T cell precursors ALL, and are associated with poor response
to therapy and overall prognosis.

RESULTS AND DISCUSSION

JAKT mutation analysis in ALL

To explore possible contributions of somatic JAK1 gene mu-
tations in ALL, genomic DNA samples from BM aspirates of
adult subjects with B cell precursor ALL (B-ALL; n = 88) and
T cell ALL (T-ALL; n = 38) obtained at diagnosis and before
therapy were screened for mutations in the entire JAK1 coding
region using denaturing HPLC (DHPLC). Direct sequencing
of variant elution profiles allowed the identification of 37 in-
tronic and exonic changes, including 9 nonsynonymous vari-
ants observed in 14 individuals (Table I and Table S1, available
at http://www jem.org/cgi/content/full/jem.20072182/DC1).
Among the missense defects, genotyping of genomic DNAs
from BM obtained during remission demonstrated the somatic
origin of the 1535C>T (Ser512Leu), 1901C>A (Ala634Asp),
and 2171G>A (Arg724His) changes in the leukemic clones

752

81

(Fig. 1 A and Table I). To verify that the nonsynonymous
substitutions identified in patients for whom nonleukemic
DNA was not available were not gene variants occurring in
the population, 335 population-matching control individuals
were analyzed, and none harbored the 611A>T (Lys204Met),
2635C>A (Arg879Ser), 2635C>T (Arg879Cys), and 2636G>A
(Arg879His) changes or other defects altering those codons.
Although the T-ALL-restricted occurrence of three distinct
substitutions affecting Arg®”? (3/38 versus 0/335; Fisher’s
exact probability < 0.001) further supported the relevance
of the substitution of this residue, we could not exclude that
the 611A>T change might represent a private neutral variant.
The two remaining missense changes, 184A>G (lle62Val) and
1078C>T (Arg360Trp), were deemed nonpathogenic vari-
ants, as they were observed in nonleukemic cells of affected
patients or in unaffected control subjects.

All mutations occurred as heterozygous changes and af-
fected conserved residues within the FERM, SH2, pseudoki-
nase, and kinase domains (Fig. 1 B). In two cases, DHPLC
profiles and electropherograms indicated that the mutant al-
lele might be present in only a fraction of leukemic cells,
suggesting that these lesions did not represent early events
during leukemogenesis but were acquired during disease pro-
gression (Fig. 1 C). Remarkably, mutations were relatively
common among individuals with T-ALL (18.4% of cases,
95% CI = 7.7-34.3%), whereas they occurred in only three
patients with B-ALL (3.4% of cases, 95% CI = 0.7-9.6%;
Table I). Such a difference in mutation prevalence between
cohorts was statistically significant (Fisher’s exact probability =
0.003). DHPLC screening performed on affected exons by
using pooled DNAs excluded loss of the normal allele and a
homozygous condition for a gene variant caused by mitotic
recombination in all cases.

To investigate the prevalence of JAK1 mutations among
pediatric ALL cases, genomic DNA from BM obtained at di-
agnosis was scanned for mutations in affected exons. No le-
sion was observed within the B-ALL cohort (n = 85), whereas
a nonsynonymous 1957C>T transition (Leu653Phe) was
identified in 1 of 49 subjects with T-ALL (2.0% of cases, 95%
CI = 0.05-10.9%). This mutation was not observed in the
BM obtained from the patient at the time of remission, indi-
cating that it was somatically acquired in the leukemic cells.

Overall, these results indicated that JAK1 gene mutations
occur in ALL and are more frequently observed among adult
individuals with involvement of the T cell lineage.

Functional consequences of somatic JAKT mutations

To examine the effects of the identified mutations on protein
function, WT JAK1 or a mutant form (A634D, R724H, and
R879C) was expressed transiently in JAK1-defective human
fibrosarcoma U4C cells, and endogenous STAT 1 phosphory-
lation was compared basally and after stimulation with IFN-y
(Fig. 2 A). Consistent with previous studies (10, 11), untrans-
fected cells lacking functional JAK1 did not exhibit STAT1
phosphorylation in response to IFN-y. All JAK1 mutants
promoted an enhanced response to the ligand compared with

SOMATIC JAKT MUTATIONS IN ALL | Flex et al.
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Table I.  List of nonsynonymous JAKT changes identified in subjects with ALL

BRIEF DEFINITIVE REPORT

Cohort and lineage Number of Nucleotide Exon Amino acid Domain Mutation/
cases substitution substitution polymorphism
Adult ALL
B-ALL 88
1 184A>G lle62Val FERM Polymorphism?
1 611A>T Lys204Met FERM Mutation®
1 1901C>A 13 Ala634Asp Pseudokinase Mutation
1 2171G>A 15 Arg724His Pseudokinase Mutation?
T-ALL 38
1 184A>G 2 lle62Val FERM Polymorphism?
1 1078C>T 7 Arg360Trp FERM Polymorphism¢
1 1535C>T 10 Ser512Leu SH2 Mutation?
1 1901C>A 13 Ala634Asp Pseudokinase Mutation?
3 2171G>A 15 Arg724His Pseudokinase Mutation®
1 2635C>A 18 Arg879Ser Kinase Mutation®f
1 2635C>T 18 Arg879Cys Kinase Mutation®
1 2636G>A 18 Arg879His Kinase Mutation®
Childhood ALL
B-ALL 85
T-ALL 49
1 1957C>T 13 Leu653Phe Pseudokinase Mutation?

aThis change was observed in unaffected individuals.

5This change was not present among 335 population-matching control individuals.
This change was present at remission.

9This change was not present at remission.

¢This change was not present at remission in the one individual analyzed.

This subject carried a concomitant 2171G—A change.

WT JAK1. Of note, basal STAT1 phosphorylation was ob-
served in cells expressing the A634D mutant, suggesting
ligand-independent up-regulation of the kinase. Consistent
with this, expression of the A634D mutant resulted in an
essentially constitutive STAT1 transcriptional activation,
whereas a statistically significant increase in STAT1 activity
was observed in U4C cells expressing both the R724H and
R879C mutants, basally and after stimulation (Fig. 2 B).

To further assess the ability of mutations to up-regulate
signal flow, we transduced Ba/F3 cells with WT Jak1 or each
of the selected mutants to evaluate whether their expression
induced autonomous growth of cytokine-dependent cells.
GFP-expressing Ba/F3 cells were selected by flow cytometry,
cultured in 5 or 0.5% WEHI-3B cell conditional medium
(CM) as a source of IL-3, as well as in absence of the cytokine,
and counted to assess proliferation (Fig. 2 C). Three indepen-
dent experiments indicated that expression of the A634D and,
with less efficiency, R724H Jak1 mutants conferred IL-3—
independent growth to cells, whereas cells expressing WT Jak1
or the R879C Jak1 mutant retained dependence on the cyto-
kine for survival. Of note, cells expressing each of the three
mutants exhibited enhanced growth in response to IL-3.
Consistent with these findings, Ba/F3 cells expressing the
A634D Jakl mutant exhibited enhanced Stat5, Akt, and ex-
tracellular signal-regulated kinase (ERK) phosphorylation ba-
sally and after stimulation, whereas a higher phosphorylation
level of these signal transducers in cells expressing the R724H

JEM VOL. 205, April 14, 2008

Jak1 protein was observed in cultures maintained in the
presence of IL-3 (Fig. 2 D). Notably, we did not observe
Jak1 phosphorylation in parental and transduced Ba/F3 cells
basally and cultured in 2% WEHI-3B cell CM; however,
phosphorylation was appreciable in A634D and R724H Jak1-
transduced cells after selection (7-d culture in absence of IL-3;
unpublished data).

IL-9 protects the T cell lymphoma BW5147 cell line
against dexamethasone-induced apoptosis (12), an effect that
is dependent on Jak1-mediated Stat3 and Stat5 activation (13).
To demonstrate the activating role of the ALL-associated
JAK1 mutations in a different cellular system, BW5147 cells
were transduced with WT Jak1 or each of the selected
mutants to evaluate their effect on this stress response. GFP-
expressing cells were isolated by flow cytometry, cultured in
the presence of cyclosporine A and dexamethasone, with or
without IL-9, and [*H]thymidine incorporation was deter-
mined to assess proliferation (Fig. 2 E). Three independent
experiments documented that expression of the A634D and
R879C Jakl mutants, but not R724H Jak1, conferred in-
creased growth to cells basally. Of note, whereas transduced
cells exhibited comparable responses to high levels of 1L-9,
those expressing the A634D and R879C Jak1l mutants were
more responsive to low levels of the cytokine. Expression of
the A634D Jak1, but not that of the R879C mutant, was as-
sociated with enhanced phosphorylation of Jak1, Stat3, and
Stat5 basally (unpublished data).
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Somatic JAKT mutations in ALL. (A) Representative electropherograms showing the occurrence of somatically acquired JAKT mutations in

subjects with T-ALL. In all cases, mutations were observed at diagnosis (top), but were undetectable during remission (bottom). (B) JAK1 domain structure
and location of affected residues. The predicted amino acid substitutions resulting from the JAKT mutations are positioned below the diagram of the
protein with its functional domains indicated (left) and shown in JAK1 three-dimensional modeled structure (right). (C) Electropherograms showing the
occurrence of mutations in a fraction of leukemic cells of two individuals with T-ALL. In both patients, the mutant allele constituted only a portion of the
amplified fragment from BM obtained at diagnosis (blasts >70% of total cells; top). The heterozygous status of each subject for an intragenic polymor-

phic site (bottom) is shown for comparison.

Overall, these data indicated that the three selected leuke-
mia-associated JAK1 mutants are hypermorphs, with A634D
Jak1 having a seemingly stronger effect, and that different
mechanisms are likely to be involved in their cell context—
related gain of function.

Molecular modeling of JAK1 and location

of affected residues

To look at the structural causes resulting in JAK1 functional
up-regulation, we generated a model of JAK1 structure be-
cause no crystallographic information was available for this
protein. Energy-minimized models of each of the four do-
mains were generated separately by homology to available
crystallographic structures of proteins with similar sequences
and overall fold. The quaternary arrangement of the four do-
mains was then determined by superimposing the models on a
predicted three-dimensional structure of JAK2 (14). Accord-
ing to the superimposed structure, Ala®* and Leu® are placed
on the surface of the pseudokinase domain involved in the in-
teraction with the kinase domain (Fig. 1 B). Based on the evi-
dence supporting a negative regulatory role of the pseudokinase
domain on catalytic function of JAK proteins (15-17), the
pathogenetic mechanism of the A634D and L653F changes is
predicted to involve a looser interdomain interaction, relaxing
inhibitory control on the kinase activity. Consistent with this
hypothesis, substitution of two residues located in the pseudo-
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kinase domain at the interface with the kinase domain in JAK2
(Val®') and JAK3 (Ala>’?) promote increased catalytic activity
basally (Fig. S1, available at http://www jem.org/cgi/content/
full/jem.20072182/DC1) (18-20). Our model also predicts
that residues Lys?™ and Ser®'? would perturb the SH2-FERM
interdomain interaction because they are located at the inter-
face between these domains, approximately facing each other.
This finding is noteworthy because it has been proposed that
JAK1’s SH2 domain does not function as a phosphotyrosyl-
binding domain, but instead plays a structural role in stabilizing
the conformation of the FERM domain (21), which mediates
its association to cytokine receptors and exerts an as yet unchar-
acterized restraint on catalytic function (22, 23). The molecular
mechanism through which these mutations affect JAK1 func-
tion remains to be explained. Structural and functional conse-
quences were not obvious for the activating changes affecting
residues Arg’?* and Arg®”.

Gene expression profile analysis in blasts with a mutated
JAKT allele

Total RNA was available from blasts of 5 JAK1 mutation-
positive (S512L, A634D, and R724H) and 11 mutation-
negative subjects of the T-ALL cohort. Unsupervised cluster-
ingbased on 1,345 probe sets selected by nonspecific filtering
clustered expression profiles of mutation-positive blasts into
two clusters, suggesting contribution of JAK1 mutations to

SOMATIC JAKT MUTATIONS IN ALL | Flex et al.
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Figure 2. Functional effects of leukemia-associated JAKT mutations. (A) STAT1 phosphorylation assays. Basal and IFN-y-stimulated endogenous
STAT1 phosphorylation in JAK1-defective U4C cells transiently transfected with WT JAKT or selected mutants. Blots are representative of three experi-
ments. (B) STAT1 activation assays. Basal and IFN-y-stimulated endogenous STAT1 transcriptional activity in JAK1-defective U4C cells transiently cotrans-
fected with p-GAS-Luc and phRL-TK constructs, and WT JAKT or a mutant allele. STAT1-induced luciferase gene expression levels were determined by
measuring the luciferase activity (CPS, counts per second) normalized to the activity of the Renilla luciferase, using a dual-luciferase reporter assay sys-
tem. Activity ratios are expressed as the mean of three replicates + the SD. (C) Ba/F3 survival assays. WT or mutant Jak1-transduced Ba/F3 cells were
grown in the absence of IL-3 (top) or with 0.5 or 5% WEHI-3B cell CM as source of IL-3 (bottom). Cell numbers (mean of three replicates + the SD) were
counted at the indicated time points (top) or at day 3 of culture (bottom). (D) Stat5, Akt, and ERK phosphorylation assays. Endogenous Stat5 Tyr694, Akt
Ser473, and ERK1/2 Thr202/Tyr204 phosphorylation levels from lysates of Ba/F3 cells transduced with WT Jak1 or a mutant form and cultured without
IL-3 (left) or with 200 WEHI-3B cell CM as the source of IL-3 (right). Activation of Stat5 (pStat5/Stat5), AKT (pAkt/Akt), and ERK1/2 (pERK/ERK) is expressed
as a multiple of activation in untransduced cells. Blots are representative of at least three experiments performed. (E) BW5147 proliferation assays. WT or
mutant Jak 71 transduced BW5147 cells were grown in presence of 200 ug/ml dexamethasone and 50 ug/ml cyclosporine A, in absence (left) or with differ-
ent concentrations (right) of IL-9. After 72 h, proliferation was measured after [*H]thymidine was added to the cultures (6 h). Data are shown as the
means of three replicates + the SD. For convenience, the amino acid changes affecting residues Ala®, Arg7?%, and Arg®’® of the murine Jak1 protein
(encoded by the pMX-Jak1-IRES-GFP constructs used to transduce the Ba/F3 and BW5147 cell lines) are indicated according to the homologous residues
in human JAK1.

distinct major mechanisms of deregulation (Fig. S2, availableat ~ known to be positively modulated by JAK/STAT signaling,
http://www jem.org/cgi/content/full/jem.20072182/DC1). including IRF1, SOCS3, ISG15, ISGF3G, IFI44L, and
Notably, supervised gene expression analysis revealed a dis- IRF7, were overrepresented in all the JAK1 mutation-positive
tinctive expression signature shared by leukemic cells with a subjects, further supporting the gain-of-function role of the
mutated JAK1 gene (Fig. 3 A) based on the expression of  ALL-associated JAK1 lesions.

133 differentially expressed probe sets, consisting of 112 dif-

ferentially expressed genes, the majority of them being over- Clinical relevance of somatic JAK7 mutations

expressed in JAK1 mutation-positive samples (Table S2). The clinical relevance of JAK1 mutations within the adult
Among the up-regulated genes, those whose transcription was T-ALL cohort was investigated. Although no statistically
JEM VOL. 205, April 14, 2008 755
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significant difference was observed in white blood cell counts,
gender distribution, or association with specific chromosomal
rearrangements, patients with a mutated JAKT allele tended
to have a more advanced age at diagnosis (median = 40.6 vs.
24.2; P < 0.01), which was consistent with the lower preva-
lence of mutations identified among children and adolescents
with T-ALL included in the study. Comparison of the
response to therapy between JAK1 mutation-positive and
-negative patients indicated a higher percentage of cases
exhibiting resistance to induction therapy in the former
(43 vs. 20%), although this difference did not reach statistical
significance caused by the relatively small size of the study
cohort. Consistent with that finding, a statistically significant
reduced disease-free survival (DFS; median =8.7 vs. 20.5 mo;
P = 0.01) and overall survival (OS; median = 10.6 vs. 32.5;
P < 0.01) was observed among JAK1 mutation-positive pa-
tients (Fig. 3 B). Multivariate analysis confirmed the statistical
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Figure 3. Gene expression profiles and clinical relevance of
somatic JAKT mutations in adult T-ALL. (A) Supervised hierarchical
clustering of gene expression profiles performed on blasts from 16 adult
T-ALL patients, with (orange) or without (green) a JAKT mutation.

(B) Kaplan-Meier estimates of DFS (top) and OS (bottom) in subjects with
(red) or without (black) a JAK mutation. Multivariate analysis confirmed
the statistical significance of the reduced DFS and OV among JAKT mutation-
positive patients, and excluded a significant contribution of the more
advanced age of these subjects.
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significance of these associations (DFS: HR = 6.20, 95% CI =
1.32-29.09, P = 0.02; OS: HR = 2.82, 95% CI = 1.07-7.48,
P = 0.04), and excluded a significant contribution of patients’
age (DFS: HR = 0.99, 95% CI = 0.93-1.05, P = 0.64; OS:
HR= 1.01, 95% CI = 0.97-1.05, P = 0.60).

In the adult T-ALL cohort, the mutation status for NRAS,
KRAS, NOTCH1, and PTEN was also assessed (unpub-
lished data). Among the JAK1 mutation-positive cases, no
defect was observed in the NRAS, KRAS, and PTEN genes,
although such mutations had a relatively low prevalence in
the entire adult T-ALL cohort (RAS genes: 11% of cases,
95% CI = 2.9-24.8%; PTEN: 14% of cases, 95% CI = 4.5—
28.8%). In contrast, heterozygous mutations in NOTCH1
were observed in all JAKI mutation-positive individuals.
Given the high prevalence of NOTCH1 defects observed
in the cohort (70% of cases, 95% CI = 53.0-84.1%), this
association was not statistically significant (P = 0.06). This
observation, however, suggests that activation of JAK1 and
NOTCH1 transduction pathways might cooperate in T-ALL
pathogenesis and/or progression. No significant difference
in response to therapy or outcome was observed between
NOTCH1 mutation-positive and -negative patients. Inter-
estingly, NOTCH1 and PTEN mutations exhibited a mutu-
ally exclusive distribution because none of the five subjects
carrying PTEN lesions had a NOTCH 1 defect (Fisher’s exact
probability = 0.001).

Aberrant JAK1 function and leukemogenesis

Functional up-regulation of two members of the JAK fam-
ily, JAK2 and JAK3, has recently been discovered in myelo-
proliferative disorders and other malignancies of the myeloid
lineage (18-20, 24). The JAK2 V617F amino acid change
occurs in the majority of polycythemia vera cases and in
~50% of individuals with essential thrombocythemia or
idiopathic myelofibrosis. The available data support the
view that this recurrent change, which affects the pseudoki-
nase domain of the protein, induces constitutive activation
of the kinase and hypersensitivity to cytokines. Similarly,
three JAK3 hypermorphic alleles promoting cytokine inde-
pendence in Ba/F3 cells have been identified in acute mega-
karyoblastic myeloid leukemia. In this study, we showed that
somatically acquired activating JAKI mutations occur in
ALL, particularly in adults, further emphasizing the impor-
tance of JAK-mediated signaling dysregulation in leukemo-
genesis and extending the spectrum of hematologic malignancies
associated with aberrant activation of this signal transduc-
tion pathway. Even though the molecular mechanisms by
which individual JAK1 mutations promote gain of function
are likely to be diverse and remain to be fully characterized,
modeling and biochemical data are consistent with the view
that, similar to what has been observed for somatic leuke-
mia-associated JAK2 and JAK3 defects, most mutations
would interfere with the autoinhibitory control on the cat-
alytic activity. For most mutations, this effect would be
achieved by triggering local structural rearrangements in re-
gions involved in interdomain interactions between the
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pseudokinase and kinase domains or the FERM and SH2
domains (Fig. S1).

JAKT1 is expressed widely and participates in intracellular
signaling elicited by class II cytokine receptors and receptors
that use the gp130 or vy, receptor subunit. Although the he-
matopoietic defects in Jak1™/~ mice were restricted to the
lymphoid cell compartment as a result of an impaired re-
sponse to IL-7 (10) and the present findings indicate a cell-
context dependence of somatically acquired JAK1 mutations’
contribution to leukemogenesis, we cannot exclude the in-
volvement of this kinase in other malignancies. We speculate
that a concomitant genetic event, including a mutation af-
fecting other members of the JAK family, might synergize
with the JAK1 defect to promote aberrant cell proliferation
and/or survival in a cell-specific context. This hypothesis is
currently under investigation.

Although 70-80% of pediatric patients with either B- or
T-ALL have excellent long-term response to intensive
combination chemotherapy, adult patients exhibit a less fa-
vorable outcome (4, 25). In B- ALL, such a poor prognosis
has been associated in part with the presence of BCR/ABL
or ALL1/AF4 gene rearrangements. In contrast, the unfa-
vorable outcome of adult patients with T-ALL has not con-
clusively been attributed to any cytogenetic lesion, albeit
the prognostic relevance of aberrant ERG and TLX1 gene
expression and NOTCH1 mutations has recently been re-
ported (26—28). The present work provides the first evidence
that JAKT gene defects are associated with a poor response
to therapy, frequent relapse of the disease, and reduced OS,
identifying such mutations as a novel informative prognos-
tic marker occurring in a sizable proportion of adult T-ALL.
Although studies on larger cohorts are required to deter-
mine more precisely the clinical relevance and prognostic
value of JAK1 defects in adult and pediatric ALL, our find-
ings provide a rationale for the development of novel thera-
peutic approaches tailored at interfering with JAK1 signaling,
encouraging studies aimed at testing the efficacy and side
effects of JAK1 inhibitors in the management of adult
T-ALL patients.

MATERIALS AND METHODS

All cohorts and molecular analyses. Cohorts studied included patients
enrolled in the Gruppo Italiano Malattie Ematologiche dell’Adulto 0496 and
2000 (adults), and Associazione italiana ematologia ed oncologia pediatrica
ALL 2000 (children and adolescents) clinical trials. Written informed con-
sent for genetic analyses was obtained from all subjects according to the
Declaration of Helsinki. BM mononuclear cells were isolated by density
gradient centrifugation, and then cryopreserved. Genomic DNA was iso-
lated in a standard fashion. Exons 26, 27, and 34 of the NOTCH1 gene were
analyzed by direct sequencing, whereas the entire JAK1 and PTEN coding
regions and exons 1 and 2 of NRAS and KRAS were screened by DHPLC
(Wave 2100 System; Transgenomic) and sequencing. Primer sequences are
available upon request. Gene expression profiling methodology is described
in the Supplemental materials and methods (available at http://www jem
.org/cgi/content/full/jem.20072182/DC1).

Functional studies. The mutations resulting in the A634D, R724H, and
R879C changes were introduced by site-directed mutagenesis in a VSV-
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tagged JAK1 cDNA cloned in pRc/CMV vector provided by S. Pellegrini
(Pasteur Institute, Paris, France). JAK1-defective human fibrosarcoma U4C
cells (provided by S. Pellegrini) were maintained in DME supplemented
with 10% heat-inactivated FCS and antibiotics. To evaluate endogenous
STATT1 phosphorylation, after starvation (24 h), transiently transfected cells
were stimulated with IFN-y (1,000 U/ml, 15 min) or left unstimulated.
Lysed samples were analyzed by 10% SDS-PAGE, transferred to a polyvi-
nylidene difluoride membrane (Pierce Chemical Co.) and probed with anti—
phospho-Statl (9171; Cell Signaling Technology), anti-Statl (9172; Cell
Signaling Technology), and anti-Jak1 (3332; Cell Signaling Technology)
antibodies. Endogenous STAT1 transcriptional activity was assessed by lucif-
erase transactivation assays in cells cotransfected with a p-GAS-Luc con-
struct, switched to serum-starvation medium (8 h), and then stimulated with
IFN-y (1,000 U/ml, 16 h) or left unstimulated. STAT 1-induced luciferase
expression was assessed and normalized using a dual luciferase reporter assay
system (Promega) and a phRL-TK plasmid constitutively expressing the Re-
nilla luciferase.

Each of the three leukemia-associated mutations was also introduced
in the murine Jak! cDNA cloned in the bicistronic retroviral vector pMX-
IRES-GFP. Constructs were transfected into Phoenix or BOSC packag-
ing cells to produce retroviruses, and murine Ba/F3 (maintained in RPMI
1640 medium containing 10% FCS, 1% r-glutamine, and 10% WEHI-3B
cell CM) and BW5147 (maintained in Iscove-Dulbecco’s medium supple-
mented with 10% FBS, 0.55 mM r-arginine, 0.24 mM L-asparagine, and
1.25 mM r-glutamine) cells were infected with retroviral supernatants. GFP-
positive populations were purified by flow-cytometric sorting, and then ex-
panded. Equal GFP expression levels of transduced cells were confirmed by
FACS analysis (Fig. S3, available at http://www jem.org/cgi/content/full/
jem.20072182/DC1). Transduced Ba/F3 cells were cultured in the absence
or presence of IL-3 (0.5 or 5% WEHI-3B cell CM) for assaying cytokine
independence and response, and viable cells were counted by Trypan blue
exclusion. Proliferation of transduced BW5147 cells cultured in the presence
of 50 ug/ml cyclosporine A and 200 pg/ml dexamethasone, in the presence
or absence of mIL-9, was determined using [*H]|thymidine incorporation
assay. In brief, 3,000 cells were seeded in 96-well plates (200 pl volume
medium), and after 72 h, [*H]thymidine was added to the cultures for 6 h.
Cells were then collected on microfilter plates, and thymidine incorporation
was measured after addition of 25 pl of liquid scintillant. For Western blot
studies, Ba/F3 cells were starved in RPMI 1640 medium containing 1%
BSA (5 h), and then stimulated with 2% WEHI-3B cell CM (30 min) or
left unstimulated, whereas BW5417 cells were starved in Iscove-Dulbecco’s
medium (12 h) and left unstimulated or stimulated with 100 U/ml mIL-9 for
15 min. Evaluation of Jak1, Akt, Stat3, Stat5, and ERK1/2 expression and
phosphorylation levels was performed using anti—phospho-Jak1, anti-Jak1,
anti—phospho-Akt, anti-Akt, anti-phospho-Stat3, anti-Stat3, anti—phospho-
Stat5, anti-Stat5, anti—-phospho-p44/42 ERK, and anti-p44/42 ERK anti-
bodies (all from Cell Signaling Technology).

Structural models of the kinase, pseudokinase, and SH2 and FERM do-
mains of JAK1 were generated as described in the online supplemental infor-
mation section.

Statistical analysis. Confidence intervals of proportions (at 95% level)
were calculated based on the binomial distribution. The probabilities of
OS and DFS were estimated using the Kaplan-Meier method. The log-
rank test was used to compare treatment effect and risk factor cate-
gories. All tests were two-sided, accepting P < 0.05 as indicating a
statistically significant difference. Cox proportional hazard models, in-
cluding age and JAKT1 as variables, were used to perform multivariate
analyses for OS and DFS. The SAS software (SAS Institute) was used
for the analysis.

Online supplemental material. Methodologies and approaches used to
generate the JAK1 molecular modeling and to perform and analyze adult
T-ALL leukemic cell gene expression profiles (including cited references) are
provided in the Supplemental Materials and methods. Table S1 is a list of the
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intronic or synonymous_JAK1 changes identified in the study. Table S2 is a
list of differentially expressed genes in JAK1 mutation-positive versus muta-
tion-negative adult subjects with T-ALL. Fig. S1 shows the JAK1 domain
structure and the location of JAK1, JAK2, and JAK3 residues reported to be
mutated in myeloproliferative disorders and leukemias. Fig. S2 shows the
unsupervised hierarchical clustering of gene expression profiles of blasts from
16 adult T-ALL patients, with or without a JAK1 mutation. Fig. S3 shows
the GFP expression levels of purified Ba/F3 and BW5417 cells transduced
with a bicistronic retroviral vector pMX-Jak1-IRES-GFP coding for WT
Jak1 or one of the three generated mutants. The online version of this article
is available at http://www jem.org/cgi/content/full/jem.20072182/DC1.
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Preamble

After we (166) and others (167,168) identified activating mutations in JAK1 in ALL patients
the list of oncogenic JAK mutants, the list led by the JAK2 V617F mutation associated to
myeloproliferative neoplasms, steadily expanded.

We next sought to study the mechanism by which JAK1 mutants induce constitutive signaling
and STAT activation. For JAK2 V617F, it was demonstrated that association with a
homodimeric type I cytokine receptor such as EpoR or TpoR was necessary for constitutive
signaling. Preformed dimerization of these receptors was proposed to mediate activation and
signaling by JAK2 V617F (97,98). Therefore, we speculated that JAK1 mutants would also

need to associate to receptors to mediate constitutive signaling.

The key observation in this paper is that JAK1 V658F and A634D fail to activate the
JAK/STAT pathway upon ectopic expression in HEK293 cells, unless a JAK1-binding
receptor chain such as IL-9Ra or IL-2RP is co-expressed. Interestingly, yc or JAK3
expression are not required for the activity of JAK1 mutants, although they are mandatory to
form a ligand-responsive receptor complex. Using different experimental approaches, we
show that IL-9Ra or IL-2Rf} form ligand-independent homodimers that can mediate signaling

from JAK1 mutants.
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Activating mutations in JAK1 have been reported in acute
lymphoblastic leukemias, but little is known about the mecha-
nisms involved in their constitutive activation. Here, we studied
the ability of JAK1 V658F and A634D to activate the Janus
kinase (JAK)/STAT pathway upon ectopic expression in
HEK293 cells alone or together with the other components of
the interleukin-9 receptor complex (IL-9Re, yc, and JAK3).
Expression of JAK1 mutants alone failed to trigger STAT acti-
vation, but co-expression of the IL-9R« chain promoted JAK1
mutant phosphorylation and STAT activation. Mutation of the
FERM domain of JAK1, which is critical for cytokine receptor
association, or of the single tyrosine of IL-9Ra involved in STAT
recruitment abolished this activity, indicating that JAK1
mutants need to associate with a functional IL-9R« to activate
STAT factors. Several lines of evidence indicated that IL-9R«
homodimerization was involved in this process. IL-9Ra variants
with mutations of the JAK-interacting BOX1 region not only
failed to promote JAKI1 activation but also acted as dominant
negative forms reverting the effect of wild-type IL-9Ra. Coim-
munoprecipitation experiments also showed the formation of
IL-9R« homodimers. Interestingly, STAT activation was par-
tially inhibited by expression of yc, suggesting that overlapping
residues are involved in IL-9Ra homodimerization and
IL-9Ra/yc heterodimerization. Co-expression of wild-type
JAK3 partially reverted the inhibition by <yc, indicating that
JAK3 cooperates with JAK1 mutants within the IL-9 receptor
complex. Similar results were observed with IL-2Rf. Taken
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together, our results show that IL-9R«a and IL-2R3 homodimers
efficiently mediate constitutive activation of ALL-associated
JAK1 mutants.

Janus kinases (JAKs)® represent a family of four non-receptor
tyrosine kinases (JAK1, JAK2, JAK3, and TYK?2) that is associ-
ated with cytokine receptors of no intrinsic kinase activity (1).
During the last few years several acquired JAK mutations have
been identified in different malignancies. These mutations led
to a gain of kinase function and are tumorigenic. The best
example is the JAK2 V617F mutation associated with myelo-
proliferative neoplasms (2—5). JAK2 V617F retains its ability to
interact with cytokine receptors (6), and an intact FERM
domain, which mediates recruitment to cytokine receptors, is
required for inducing transformation of hematopoietic cells (7).

At physiological levels of expression, JAK2 V617F needs to be
associated to JAK2 binding homodimeric type I cytokine recep-
tors such as the erythropoietin receptor (EPOR) or the throm-
bopoietin receptor (TPOR) to allow constitutive signaling (8,
9). Because EpoR is a preformed dimer in the absence of ligand
(10), a model was proposed where dimerization of JAK2 V617F
via interactions with a preformed EpoR dimer promotes signal-
ing by JAK2 V617F (8). Constitutive and increased erythropoi-
etin or thrombopoietin signaling provide a mechanism for the
erythocytosis and thrombocytosis observed in these disorders
(11). The A572V mutation in JAK3 has later been identified in
patients with acute megakaryoblastic leukemia (12).

Recently, mutations in JAK1, such as A634D, R724H, R879C
(13), and the V658F mutation (14) have been identified in adult
B and T cell-acute lymphoblastic leukemia (ALL). These muta-
tions allow for constitutive JAK1 activation when overex-
pressed in JAK1-deficient cell lines (11, 13), as was shown for
JAK2 V617F in JAK2-deficient cell lines (2). Moreover, these
A634D and R724H mutants induce the autonomous growth of
the cytokine-dependent Ba/F3 cell line, whereas the A634D and
R879C mutants protect the murine ALL cell line BW5147 from
dexamethasone-induced apoptosis, indicating that they repre-

>The abbreviations used are: JAK, Janus kinase; IL, interleukin; IL-9Ra, IL-9
receptor complex; EPOR, erythropoietin receptor; TPOR, thrombopoietin
receptor; ALL, acute lymphoblastic leukemia; T-ALL, T cell ALL; STAT, signal
transducers and activators of transcription; HA, hemagglutinin; FACS, flu-
orescence-activated cell sorter; WT, wild type.
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sent gain of function mutations. However, the potential role of
JAK1 binding receptors, which are all heterodimeric, in the
mechanism of mutant JAK1-induced constitutive signaling has
never been studied.

IL-9 is a multifunctional TH2 cytokine that was shown to be
involved in T cell tumorigenesis in mouse and in humans (15—
18). Moreover, in vitro dysregulation of the IL-9 response is
associated with autonomous cell growth and malignant trans-
formation of lymphoid cells, leading to the constitutive activa-
tion of JAK-STAT pathway (19-21). Its activities are mediated
via a heterodimeric receptor complex formed by the IL-9R«
chain (IL-9Ra), which associates with JAK1, and the IL-2Rvy
chain, also called yc (common <y chain), which associates with
JAK3. vyc is in addition involved in IL-2, -4, -7, -15, and -21
signaling, a family of cytokines involved in lymphocyte devel-
opment and/or activation. IL-9Re is sufficient to confer high
affinity cytokine binding, but formation of the heterodimeric
complex with vyc is needed for signal transduction (21). Upon
IL-9 binding, JAK1 and JAKS3 are cross-activated, and IL-9R« is
phosphorylated on a single tyrosine (Tyr-116). This phospho-
rylated tyrosine is the only docking site for STAT1, -3, and -5,
the STATS activated by IL-9 (22).

In this paper, in order to study the potential interactions
between ALL-associated JAK1 mutants and the different com-
ponents of IL-9 receptor complex, we co-expressed these dif-
ferent proteins in HEK293 cells, which lack IL-9Re, ‘yc, and
JAK3. Our data show that JAK1 mutants alone fail to activate
STAT transcriptional factors but that this process/activation is
promoted by IL-9Ra homodimerization in the absence of yc
and JAK3.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—HEK293 human embryonic kidney
cells and COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum.
These cells do not express endogenous IL-9Rq, yc, and JAK3.
Human fibrosarcoma U4C cells (JAK1-deficient) and y2A cells
(JAK2-deficient) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. Recombi-
nant human IL-9 was produced in the baculovirus system in our
laboratory and was purified as previously described (23).
Recombinant human IL-2 was provided by Chiron.

Plasmid Constructions—V658F and A634D mouse JAK1
mutants were described previously (11, 13). Double JAK1
mutants V658F/Y107A and A634D/Y107A were generated
using QuikChange XL II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). The Y107A mutation was previously
described to abolish the binding of JAK1 to cytokine receptors
(24). Both wild-type and mutated murine JAK1 cDNAs were
subcloned into the pMX-GFP biscistronic retroviral vector
upstream of the internal ribosome entry site (IRES) (11, 13).
Human IL-9Re and IL-9Re Y116F were generated as previ-
ously described (22) and were subcloned into the pREX-IRES-
CD4 vector (25) or into the pEFBos-puro vector (22). The abil-
ity of murine JAK1 to transduce the signal from human IL-9Re
has been previously described (22, 26). The IL-9Rae BOX1
mutant was generated by mutation of two proline residues to
two serine residues in the BOX1 motif (PXP to SXS) of wild-
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type IL-9Ra using the GeneEditor in vitro site-directed
mutagenesis system (Promega, Madison, WI). Clones obtained
were sequenced using DYEnamic ET Dye Terminator kit
(Amersham Biosciences). The IL-9Ra IC34 construct was gen-
erated as previously described (22). Myc and HA tags were
introduced after the signal sequence cleavage site in the cDNA
coding for human IL-9R« as described (10). The IL-2Rf and
IL-2Ry (yc) were cloned to pREX-IRES-CD4 vector (25).

Dual Luciferase Assay—STAT1, STAT3, and STATS5 tran-
scriptional activity was assessed by measurements of luciferase
expression in HEK293, COS-7, U4C, and y2A cells upon tran-
sient transfection of appropriate cDNA constructs and lucifer-
ase reporter vectors, namely pGL3-papl-luc, pLHRE-luc, or
pGRR5-luc. Another reporter plasmid, Renilla luciferase
(pRLTK, Promega), was co-transfected as an internal transfec-
tion control. STAT5-mediated transcription was evaluated
with the pLHRE-luc reporter gene constructs harboring tan-
dem copies of the STAT5-inducible lactogenic hormone
response element (LHRE) of the rat B-casein gene promoter,
inserted upstream a luciferase gene (27). STAT3-mediated
transcription was evaluated with pGL3-pap1-luc plasmid con-
taining the luciferase gene under the control of the STAT3-
inducible rat Papl (pancreatitis-associated protein-1)
promoter (28). STAT1, STAT3, and STAT5-mediated tran-
scription was evaluated using the pGRR5-luc construct (pro-
vided by Dr. P. Brennan, Imperial Cancer Research Fund, Lon-
don, UK) that contains five copies of the STAT-binding site of
the FcyRI gene inserted upstream from a luciferase gene con-
trolled by the thymidine kinase promoter. Transient transfec-
tion of HEK293, COS-7, U4C, and y2A cells by Lipofectamine
(Invitrogen) was previously described (29). Briefly, cells were
seeded in 24-well plates at 2 X 10° cells/well 1 day before trans-
fection. Transfection was carried out according to the manu-
facturer’s recommendations using 250 ng of the appropriate
constructs, 500 ng of pGL3-papl or pLHRE reporter plasmids,
50 ng of pRLTk control plasmid, and empty vector to normalize
total transfected DNA to 1.5 ug. 4 h after transfection cells were
stimulated or left unstimulated for 20 h. 24 h after transfection
cells were lysed by 150 ul of Passive Lysis Buffer 1X supplied by
Promega. Luciferase assays were performed using the dual
luciferase reporter assay kit (Promega).

Western Blots—For Western blot analysis, 10° HEK293 cells
were seeded in 6-well plates 1 day before transient transfection.
In brief, HEK293 cells were transfected with 3.75 ug of different
constructs depending on the experimental settings using a
standard calcium phosphate transfection procedure (Pro-
mega). The day after transfection cells were collected and lysed
in 250 pul of Laemmli buffer (Bio-Rad) using a 20-gauge syringe.
Cellular lysates were boiled for 3 min before loading 20 ul on
12% precast Tris-glycine gels (Invitrogen) and electrophoreti-
cally transferred to nitrocellulose membranes (Hybond-C;
Amersham Biosciences). After blocking the membranes in 5%
milk/Tris-buffered saline-Tween (TBS-Tween), immunoblot-
ting was performed by overnight incubations at 4 °C with pri-
mary antibodies in 0.1% TBS-Tween, using the dilution recom-
mended by the manufacturer. After 3 X 5 min of washing in
0.1% TBS-Tween, the membranes were incubated with second-
ary anti-rabbit-horseradish peroxidase (HRP) or anti-mouse-

VOLUME 284 -NUMBER 11+MARCH 13, 2009

6002 ‘. } 1aqwadag uo ‘NIVANOT INDITOHLYD JLISHIAINN ¥e B10°0g['mmm woly papeojumoq



ASBMB

The Journal of Biological Chemistry

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/01/13/M807531200.DC1.html

HRP antibodies from Cell Signaling Technology (Beverly, MA),
diluted 1/5000 in 5% phosphate-buffered saline-TBS-Tween.
After 3 X 5 min of washing, a SuperSignal West Pico detection
kit (Pierce) and Kodak Biomax Light Film were used for detec-
tion. The following phosphospecific antibodies were used: anti-
pY1001/1002 JAK1 and anti-pY705 Stat3 (Cell Signaling Tech-
nology). Blots were re-probed with anti-JAK1, anti-STAT3
(Cell Signaling Technology), and anti-B-actin (Sigma) antibod-
ies as control.

Immunoprecipitation—For immunoprecipitation, 6 X 10°
HEK?293 cells were seeded in 100-mm plates 1 day before trans-
fection. The day after, cells were co-transfected using a stand-
ard calcium phosphate transfection procedure (Promega) with
the 7 ug of Myc-tagged IL-9Ra together with 7 ug of
HA-tagged IL-9Ra or HA-tagged EpoR. The day after transfec-
tion, cells were collected and lysed in 1 ml of ice-cold modified
radioimmune precipitation lysis buffer (1% Nonidet P-40,
0.25% deoxycholate, 0.1% SDS, 50 mMm Tris (pH 8), 300 mm
NaCl, 1 mm EDTA, 2 mm NazVO,, 1 mm NaF, and complete
protease inhibitor mixture tablet (Roche Applied Science) used
according to the manufacturer’s recommendations) (22) using
a20-gauge syringe and kept 30 min on ice. Clarified lysates were
immunoprecipitated with 2 ug of anti-c-Myc antibodies (Santa
Cruz) and 20 pl of protein-G-agarose (Roche Applied Science).
Immunoprecipitates were boiled, subjected to Tris-glycine gel
electrophoresis, and electrotransferred onto nitrocellulose
membranes followed by immunoblotting with anti-HAI.1
(Covance) and anti-c-Myc antibody (Santa Cruz). Washing and
detection were performed as described above.

FACS Analysis of IL-9R« Cell Surface Expression—The cell
surface expression of the different IL-9R« constructs was veri-
fied by FACS on an aliquot of the cells used for the luciferase
assay 1 day after transient transfection. FACS analysis was per-
formed on a BD Biosciences FACSCalibur™" flow cytometer
after staining cells with biotinylated anti-human IL-9R« anti-
body (22) followed with phycoerythrin-conjugated streptavidin
(BD Biosciences) As a control, an aliquot of the transfected cells
was stained only with phycoerythrin-conjugated streptavidin
(BD Biosciences) antibody.

Reverse Transcription and Quantitative PCR—Total RNA
was extracted from the aliquot of the HEK293 cells used for the
luciferase assay 1 day after transient transfection. Roughly 5 X
10° cells was used to extract RNA using the TriPure isolation
reagent (Roche Applied Science) according to the manufactur-
er’s instructions. Reverse transcription was performed on 1 pg
of total RNA with an oligo-(dT) primer (Roche Applied Sci-
ence) and Moloney murine leukemia virus reverse transcrip-
tion (Invitrogen). Quantitative PCR reactions were performed
using primer sets corresponding to murine JAK1 or human
JAK1 with qPCR™ Mastermix for SYBR® Green I (Eurogen-
tec). A series of dilutions of the respective PCR product sub-
cloned into pCR2.1-TOPO vector (Invitrogen) was used a
standard for quantification. The sequences of the species-spe-
cific JAK1 primers (final concentration, 300 nm) were: mJAK1,
5'-GGAGTGCAGTATCTCTCCTCTCT-3' (forward) and 5'-
CCATGCCCAGGCACTCATTTTCA-3" (reverse); hJAKI,
5'-TCTTGGAATCCAGTGGAGGCATAAA-3" (forward)
and 5'-CACTCTTCCCGGATCTTGTTTTTCT-3' (reverse).
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FIGURE 1. ALL-associated JAK1 mutants (V658F and A634D) induce con-
stitutive STAT3 activation in the presence of IL-9Ra. HEK293 cells were
transiently transfected with different JAK1 constructs alone or in combina-
tion with IL-9Ra or the mutated IL-9Ra Y116F. The STAT3-responsive pGL3-
pap1 construct was used as luciferase reporter. 4 h post-transfection, cells
were incubated for 20 h with or without IL-9 before the luciferase assay.
Results are the mean = variation of duplicate samples. Similar results were
obtained in three independent experiments.

Samples were first heated for 2 min at 50 °C then 10 min at
95 °C. cDNA was amplified by 40 cycles of a two-step PCR pro-
gramat 95 °C for 15 s and 60 °C for 1 min. Melting point analysis
was carried out by heating the amplicon from 60 to 95 °C.

RESULTS

ALL-associated JAK1 Mutants (V658F and A634D) Induce
Constitutive STAT Activation in the Presence of IL-9Ra—ALL-
associated JAK1 mutants induce constitutive signaling after
ectopic expression in Ba/F3 or BW5147 hematopoietic cells
(13). These cells presumably express many receptor complexes
that could bind the mutant JAKs and promote constitutive sig-
naling. To study the role of such receptors, we co-expressed
components of the IL-9 receptor complex together with JAK1
mutants in HEK293 cells, which are deficient for yc, IL-9Rq,
and JAK3. Expression of two ALL-associated JAK1 mutants
alone (V658F and A634D) did not induce a significant increase
in the level of STAT3 transcriptional activity as assessed by a
luciferase assay (Fig. 1). However, co-expression of IL-9Ra with
JAK1 mutants (but not WT JAK1) in the absence of JAK3 and
yc increased STAT3 activation. Similar results were obtained
for STATS5 activation using pLHRE-luc reporter and with the
pGRR5-luc reporter, which also responds to STAT1 (data not
shown). Stimulation with IL-9 had no effect on IL-9Ra-medi-
ated activation of STAT3 by JAK1 mutants, which is in line with
the fact that, in the absence of JAK3 and vyc, IL-9 receptor sig-
naling complex cannot support IL-9-induced signal transduc-
tion. To prove that mutant JAK1-induced STAT3 activation
was dependent on the presence of a functional IL-9R«, we co-
expressed the defective IL-9Ra Y116F, in which the only
STAT-recruiting tyrosine residue Tyr-116 was mutated to phe-
nylalanine. We previously showed that this mutation abolishes
STAT activation by IL-9 (22). As expected, co-expression of the
defective IL-9Ra Y116F did not promote mutant JAK1-induced
constitutive STAT3 signaling (Fig. 1), indicating that recruit-
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ment of STATSs by the IL-9Ra phosphotyrosine was necessary
for mutant JAK1-induced constitutive signaling.

These results contrast with a previous report showing that
expression of JAK1 V658F in JAK1-deficient U4C fibrosarcoma
cells allows for constitutive STAT3 activation (11). To address
the hypothesis that this apparent discrepancy was due to the
lack of expression of endogenous JAK1 in U4C cells, we meas-
ured STATS3 activation in JAK1-deficient U4C or JAK2-defi-
cient y2A fibrosarcoma cells transfected with wild-type or
V658F JAKI. In U4C cells expression of JAK1 V658F alone
allowed for constitutive STAT3 activation (8-fold increased
luciferase production, as compared with wild-type JAK1).
However, co-expression of IL-9R« chain induced a further
3-fold increase in STAT3 activation (supplemental Fig. 14). By
contrast, in y2A cells expression of JAK1 V658F only margin-
ally increased (1.6-fold) STAT3 transcriptional activity unless
the IL-9Ra chain was co-expressed (supplemental Fig. 1B). To
confirm that JAK1 V658F constitutive activity in U4C cells
results from the absence of expression of wild-type JAK1, we
cotransfected both isoforms into U4C cells. Co-expression of
increasing amounts of wild-type JAK1 together with the JAK1
V658F significantly decreased STAT3 activation (supplemental
Fig. 1C).

Y107A Mutation in the FERM Domain of JAKI Mutants
Abolishes Constitutive STAT3 Activation—To prove that the
JAK1 mutants need to associate to IL-9Ra to constitutively acti-
vate STAT3, we mutated tyrosine residue Tyr-107 to alanine in
the FERM domain of JAK1 V658F and A634D. Several residues
conserved within the FERM domain of JAKs are crucial for
cytokine receptor binding (30), and the Y107 A mutation within
the FERM domain of JAK1 has been shown to abolish JAK1
binding to the gp130 receptor chain (24). As shown in Fig. 2 for
two different cell lines (HEK293 and COS-7 cells), the Y107A
mutation also abolished the capacity of JAK1 mutants to acti-
vate STAT3 in the presence of IL-9Ra. These results indicate
that an intact FERM domain of JAK1, essential for the binding
to IL-9Rq, is needed for IL-9Ra-mediated constitutive activa-
tion of STAT3 by JAK1 mutants.

Co-expression of yc Inhibits IL-9Ra-mediated STAT3 Activa-
tion by the JAK1 V658F and A634D Mutants—The functional
IL-9 receptor complex is formed by heterodimerization of
IL-9Ra and vyc, associated with JAK1 and JAK3, respectively.
However, our results show that expression of IL-9Ra« suffices
for mutant JAK1-induced constitutive STAT3 activation. We,
therefore, wondered how +yc expression would affect this
IL-9Ra-mediated constitutive STAT3 activation. Surprisingly,
yc expression in the absence of JAK3 blocked IL-9Ra-mediated
constitutive activation of STAT3 by JAK1 mutants, as shown by
a luciferase assay (Fig. 3A4). IL-9Ra-mediated activation of
STAT5 by JAK1 mutants was modulated by -yc in a similar
manner (data not shown).

To confirm our observations, we directly studied JAK1 phos-
phorylation by Western blot using an antibody that detects the
phosphorylation of the activation loop Tyr-1022/1023, which
reflects the catalytic activity of JAK1. Fig. 3B shows that neither
wild-type nor JAK1 mutants were phosphorylated when
expressed in HEK293 cells alone. As expected, in contrast to
wild-type JAK1, co-expression of IL-9Ra with JAK1 V658F or
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FIGURE 2. Y107A mutation in the FERM domain of JAK1 mutants abol-
ishes IL-9Ra-mediated constitutive STAT3 activation. COS-7 (A) or
HEK293 (B) cells were transiently co-transfected with empty vector or differ-
ent JAK1 constructs with intact or mutated Y107A FERM domain (V658F/
Y107A or A634D/Y107A) and with or without IL-9Ra. The STAT3-responsive
pGL3-pap1 construct was used as luciferase reporter. 24 h post-transfection
cells were subjected to a luciferase assay. Results are the mean = variation of
duplicate samples. Similar results were obtained in three independent exper-
iments in COS-7 and HEK293 cells.

JAK1 A634D increased JAK1 phosphorylation. This IL-9Ra-
mediated JAK1 phosphorylation was blocked by co-expression
of yc. Phosphorylation of JAK1 was also abolished by the Y107A
mutation in the FERM domain. Phosphorylation of STAT3 par-
alleled JAK1 phosphorylation, confirming the results obtained
using the luciferase assay.

A decrease in the expression of IL-9Ra by yc could be an
obvious explanation of the yc inhibitory effect. To rule out this
hypothesis, we measured the level of IL-9Ra expression by
FACS. As shown in Fig. 3C, yc expression in HEK293 cells had
no effect on IL-9R« cell surface expression.

Co-expression of JAK3 Partially Reverses the vyc Inhibitory
Effect on IL-9Ra-mediated Activation of STAT3 by JAKI
V658F—To fully reconstitute the IL-9 receptor complex in
HEK293 cells, we tested the effect of JAK3 expression on
IL-9Ra-mediated STAT3 activation by JAK1 V658F. As shown
in Fig. 4, co-expression of wild-type JAK1 with IL-9R« alone or
with yc did not induce STATS3 activation even after stimulation
with IL-9. As expected, the co-expression of JAK3, IL-9Re, and
yc was required for IL-9-induced STAT3 activation. As previ-
ously shown, JAK1 V658F activated STAT3 in the presence of
IL-9Ra alone, and this activation was inhibited by +yc. In the
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FIGURE 3. Co-expression of yc inhibits IL-9Ra-mediated JAK1 phos-
phorylation and STAT3 activation. A, HEK293 cells were transiently co-
transfected with empty vector, JAKT wild-type or V658F, yc, or/and IL-9Ra
in addition to the STAT3-responsive luciferase reporter pGL3-pap1. 24 h
post-transfection cells were subjected to a luciferase assay. Results are the
mean = variation of duplicate samples. Similar results were obtained in
three independent experiments. B, HEK293 cells were transiently co-trans-
fected with different empty vector, JAK1 constructs, yc, or/and IL-9Ra.
24 h post-transfection, 10° cells were lysed and subjected to Western blot
analysis. Phosphorylation of JAKT and STAT3 was detected using specific
anti-pJAK1 Tyr-1022/1023 and anti-pSTAT3 Tyr-705 antibodies. Mem-
branes were reprobed with anti-JAK1, anti-STAT3 and anti-B-actin anti-
bodies as control. Similar results were obtained in two independent
experiments. C, HEK293 cells were transiently co-transfected with empty
vector, JAK1 wild-type or V658F, and IL-9Ra with or without yc in addition
to the STAT3-responsive luciferase reporter pGL3-pap1. One day post-
transfection, an aliquot of cells was used to assess cell surface expression
of IL-9Ra by FACS analysis using anti-human IL-9R« antibody followed
with phycoerythrin-conjugated streptavidin (SAPE).
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FIGURE 4. Co-expression of JAK3 partially abrogates the yc inhibitory
effect on IL-9Ra-mediated STAT3 activation by JAK1 V658F. HEK293 cells
were transiently co-transfected with JAK1 wild-type or V658F, yc, IL-9Re,
and/or with JAK3 as the last component of IL-9R complex in addition to the
STAT3-responsive luciferase reporter pGL3-pap1. 4 h post-transfection cells
were incubated for 20 h with or without IL-9 and subjected to a luciferase
assay. Results are the mean = variation of duplicate samples. Similar results
were obtained in three independent experiments.

latter situation, JAK3 co-expression partially reversed the
inhibitory effect of yc on the IL-9Ra-mediated STAT3 activa-
tion by JAK1 V658F. Moreover, in the presence of a functional
IL-9 receptor complex, IL-9 was able to increase STAT3 acti-
vation above the level obtained for the wild-type JAK1, suggest-
ing that the V658F mutation also potentiates the response to
IL-9. These results suggest that, when all the components of the
IL-9 receptor complex are expressed, JAK1 V658F and JAK3
cross-activate themselves. Surprisingly, in the absence of IL-9,
maximal constitutive activation was obtained with IL-9R«
alone.

Dominant Negative Effect of IL-9Ra BOX1 Mutant on Con-
stitutive JAK1 V658F Phosphorylation and STAT3 Activation
Mediated by IL-9Ra—We hypothesized that the constitutive
STAT activation observed when JAKI mutants are co-ex-
pressed with the IL-9Ra could be explained by the formation of
IL-9Ra homodimers. Indeed, this receptor conformation
would allow the cross-phosphorylation of two JAK1 mutants
with maximal constitutive activation. In this situation the yc
inhibitory effect on IL-9Ra-mediated constitutive signaling
could be explained by shifting IL-9Ra homodimeric conforma-
tion toward classical heterodimers. To test this hypothesis, we
co-expressed WT IL-9Ra with IL-9Ra BOX1 or IL-9Ra 1C34
mutants together with JAK1 V658F and looked at the level of
STATS3 activation in HEK293 cells by luciferase assay. IL-9R«
BOX1 was obtained by the mutation of two proline residues to
serine in the BOX1 motif of IL-9R«, generating a BOX1-defec-
tive IL-9Ra mutant that fails to bind JAK1. IL-9R«a IC34 was
obtained after the truncation of the intracellular part of IL-9R«
close to BOX1 residues and was also unable to bind JAK1 (22).
Fig. 5A shows that these receptors are defective, as their co-
expression with JAK1 V658F did not induce constitutive
STATS3 activation. Moreover, when co-expressed with IL-9R«
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FIGURE 5. Dominant negative effect of IL-9Ra BOX1 mutant on constitu-
tive JAK1 V658F phosphorylation and STAT3 activation mediated by
IL-9Ra WT. A, HEK293 cells were transiently co-transfected with JAK1 wild-
type or V658F and different IL-9Ra constructs in addition to the STAT3-re-
sponsive luciferase reporter pGL3-pap1. 24 h post-transfection cells were
subjected to a luciferase assay. Results are the mean = variation of duplicate
samples. Similar results were obtained in three independent experiments.
B, HEK293 cells were transiently co-transfected with JAK1 wild-type or V658F
and different IL-9Ra constructs. 24 h post-transfection 10° cells were lysed
and subjected to Western blot analysis. Phosphorylation of JAK1 and STAT3
was detected using specific anti-pJAK1 Tyr-1022/1023 and anti-pSTAT3 Tyr-
705 antibodies. Membranes were reprobed with anti-JAK1, anti-STAT3, and
anti-B-actin antibodies as control. Similar results were obtained in three inde-
pendent experiments.

WT, these BOX1-defective receptors abolished IL-9Ra-medi-
ated STAT3 activation by JAK1 V658F, exerting a dominant
negative effect. This effect is best explained by the disruption of
WT IL-9Ra homodimers and the formation of heterodimers
between WT and BOX1-defective IL-9Ra. Such heterodimers
would not allow cross-activation of JAK1 mutants. We con-
firmed these results by Western blot analysis of the JAK1 V658F
phosphorylation. Fig. 5B shows that phosphorylation of JAK1
was present only when JAK1 V658F mutant was co-expressed
with IL-9Ra WT but not with IL-9Ra BOX1. Furthermore, co-
expression of IL-9Ra BOX1 showed a dominant negative effect
on wild-type IL-9Ra-mediated phosphorylation of JAK1
V658F. As expected, STAT3 phosphorylation detected by
Western blot paralleled JAK1 phosphorylation (Fig. 5B). The
expression of wild-type IL-9R« and different IL-9Ra mutants
was measured by FACS and showed similar levels of cell surface
expression 24 h after transient transfection of HEK293 cells
(supplemental Fig. 2).

In the following experiments we focused on the specificity of
the dominant negative effect of IL-9Ra BOX1 on wild-type
IL-9Ra-mediated STAT3 constitutive activation by JAK1
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FIGURE 6. IL-9ORa BOX1 mutant, but not TPOR or EPOR, inhibits IL-9Ra-
mediated activation of STAT3 by JAK1 V658F. HEK293 cells were tran-
siently co-transfected with JAK1 wild-type or V658F, IL-9Ra wild-type, and/or
BOX1 mutant or/and with the thrombopoietin or erythropoietin receptors in
addition to the STAT3-responsive luciferase reporter. 24 h post-transfection
cells were subjected to a luciferase assay. Results are the mean =* variation of
duplicate samples. Similar results were obtained in two independent
experiments.

V658F. Measuring luciferase activity regulated by a STAT3-
specific promoter, we compared the effect of TPOR, EPOR, and
IL-9Ra BOX1 mutant expression on this constitutive STAT3
activation in HEK293 cells. As shown in Fig. 6, the dominant
negative effect was restricted to IL-9Rae BOX1 mutant, as nei-
ther TPOR nor EPOR showed any inhibitory effect on wild-type
IL-9Ra-mediated STAT3 activation by JAK1 V658F. Also, in
contrast to wild-type IL-9Ra, TPOR and EPOR, which are cou-
pled to JAK2 and not to JAK1, were not able to mediate activa-
tion of STAT3 by the JAK1 V658E.

Altogether, these data confirmed the specific dominant
negative effect of IL-9Ra BOX1 on IL-9Ra WT-mediated
activation of STAT3 by JAK1 V658F supporting our hypoth-
esis of IL-9Ra homodimers. When these homodimers are
associated with JAK1 V658F, they promote JAK1 mutant
cross-phosphorylation and activation of downstream signal-
ing pathways.

Coimmunoprecipitation Shows Evidence of IL-9Ra Homo-
dimerization—To further confirm IL-9Ra homodimerization,
Myc-tagged IL-9Ra and HA-tagged IL-9Ra or EpoR were
expressed in HEK293 cells. Cellular extracts were immunopre-
cipitated with an anti-Myc antibody and analyzed by Western
blot with anti-HA antibodies to detect co-immunoprecipita-
tion. As shown in Fig. 7, HA-tagged IL-9R ¢, but not HA-tagged
EpoR, co-immunoprecipitated with Myc-tagged IL-9Ra when
both were expressed in HEK293 cells. HA-tagged IL-9Ra did
not co-immunoprecipitate in the absence of Myc-tagged
IL-9Ra, confirming specificity of the immunoprecipitation
assay and used antibodies. Co-expression of wild-type or V658F
JAK1 did not change the pattern of homodimerization (data not
shown).

Both IL-2RB and IL-9Ra Allow for JAK1 V658F- and JAK1
A634D-induced Constitutive Activation of STAT5—To verify
whether the results obtained with IL-9Ra could be extended to
other receptors of the same family, we studied the effect of
IL-2RB expression on JAK1 mutant-induced STATS5 activation.
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FIGURE 7. Co-immunoprecipitation shows evidence of IL-9Ra homo-
dimerization. HEK293 cells were transiently co-transfected with Myc-and/or
HA-tagged IL-9Ra or HA-tagged EPOR. 24 h post-transfection, cellular
extracts were immunoprecipitated (/P) with an anti-Myc antibody and ana-
lyzed by Western blot with anti-HA antibodies to detect co-immunoprecipi-
tation of IL-9Ra. Anti-Myc antibodies were used as the control, and total
lysates were analyzed with the same antibodies. Similar results were obtained
in three independent experiments.

IL-2 and IL-9 receptor complexes share many similarities. They
both require yc, JAK3, and JAK1 for their cytokine-induced
signal transduction. However, in contrast to IL-9, IL-2 activates
only STAT5. We co-expressed IL-9Ra or IL-2RB with JAK1
V658F or A634D in HEK293 cells and assessed STATS5 activity
by a luciferase assay. As shown in Fig. 8, IL-2R had the same
effect as IL-9Ra and was able to mediate mutant JAK1-in-
duced constitutive STAT5 activation. The formation of
IL-2Rf3 homodimers was strongly suggested by the inhibi-
tory effect of yc co-expression. Altogether, these results
show that the mechanism of IL-9Ra homodimerization and
mutant JAK1-mediated constitutive activation of STATs can
be applied to other cytokine receptor chains from the same
cytokine receptor family.

DISCUSSION

In this paper we made two important observations. First, we
demonstrate that expression of ALL-associated JAK1 mutants
(V658F and A634D) alone does not suffice for constitutive acti-
vation of the JAK-STAT pathway but that this process is pro-
moted by JAK1 binding receptors like IL-9R« or IL-2R. Sec-
ondly, we show that IL-9Ra can form homodimers, which
mediate JAK1 mutant constitutive activation even better than
the functional IL-9 receptor complex.

Recently, the discovery of several mutations in JAK1 in ALL
expanded the list of oncogenic JAK mutants, a list led by the
JAK2 V617F mutation associated to myeloproliferative neo-
plasm. In contrast to other oncogenic tyrosine kinases, like
BCR-ABL, TEL-JAK2, or FLT3-ITD, JAKs are cytoplasmic
tyrosine kinases that cannot form dimers by themselves. For
JAK2 V617F, it was demonstrated that association with a
homodimeric type I cytokine receptor such as EPOR or TPOR
was necessary for constitutive signaling. Preformed dimeriza-
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FIGURE 8. Both IL-9R«a and IL-2RB allows for JAK1 V658F- and JAK1
A634D-induced constitutive activation of STAT5. A, HEK293 cells were
transiently co-transfected with empty vector, JAKT wild-type, V658F or
A634D, IL-9Ra and/or yc in addition to the STAT5-responsive luciferase
reporter pLHRE. 24 h post-transfection cells were subjected to a luciferase
assay. Results are the mean = variation of duplicate samples. Similar results
were obtained in three independent experiments. B, the same experiment
was performed with IL-2RB. Results are the mean = variation of duplicate
samples. Similar results were obtained in three independent experiments.

tion of receptors such as EPOR was proposed to mediate acti-
vation or signaling by JAK2 V617F (8). The increased signal
mediated by these receptors provides a molecular explanation
for the erythrocytosis and thrombocytosis observed in these
patients. Therefore, we speculated that JAK1 mutants would
also need to associate to receptors to mediate constitutive sig-
naling. Among the different JAK1 binding receptors, we studied
the common 7y chain family of receptors (IL-2R, -4R, -7R, -9R,
-15R, -21R) because they are expressed in B and T cell precur-
sors and because their activation would favor B or T cell prolif-
eration, the phenotype observed in the disease. Indeed, we
showed that two of these receptors, IL-9Ra and IL-2Rf3, were
able to scaffold mutant JAK1 to mediate constitutive signaling.
Moreover, for the IL-9Ra, we demonstrated that the STATSs
need to be recruited by a phosphotyrosine of the receptor,
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showing that the complex of the receptor and its associated JAK
mutants has to be considered as the functional oncogenic
entity.

In T cell ALL (T-ALL), the IL-2RB-JAK1 mutant complex
could certainly be oncogenic and explain part of the phenotype.
Indeed, IL-2RB is expressed in T-ALL (31), and its activation by
IL-2 promotes T-cell proliferation and protects T-cells from
corticoid-induced apoptosis (32). The expression of IL-9R« in
human T-ALL is controversial, but IL-9 clearly promotes
murine T-ALL growth (15, 33). In addition, other complexes of
the same family associating mutants JAK1 with IL-4Ra or
IL-7Ra;, both expressed in most T-ALL (33), are also oncogenic
entity candidates.

A particularly intriguing observation was that the IL-9Ra-
mediated mutant JAK1 constitutive activation was observed in
cells lacking yc and JAK3, necessary for the formation of a func-
tional IL-9 receptor complex. This could be explained by the
existence of IL-9R« monomers able to scaffold JAK1 mutants
for activation and able to recruit the STAT factors. However,
the dominant negative effect of BOX1 mutants and the co-
immunoprecipitation experiments showing the existence of
IL-9Ra homodimers argue against that hypothesis. Precedent
for preformed dimeric complexes exists for EPOR (10) and for
growth hormone receptor (34). Recent experiments from the
Henis laboratory (35)using the immunofluorescence co-patch-
ing technology also showed that IL-9R« and IL-2Rf3 expressed
either transiently in HEK293 cells or stably in BaF3 cells (IL-3-
dependent pro B cell line) can form ligand-independent homo-
meric complexes, but this technology does not allow for iden-
tification of the stoichiometry of the complexes. Our data
provide direct evidence for dimerization of IL-9Rq, as the dom-
inant negative effect we detect with the IL-9Ra BOX1 mutant
would only be consistent for dimers and not higher order com-
plexes (i.e. tetramers). Presumably, the dimeric conformation
favors the cross-phosphorylation of the two JAK1 mutants
associated with IL-9R« followed by IL-9Ra phosphorylation
and STATs activation. One of the JAK1 mutants, V658F, rep-
resents the homologous mutation of JAK2 V617F (11), and
indeed, such a mechanism was demonstrated for JAK2 V617F,
where the homodimeric EPOR conformation was necessary for
the constitutive activation (9).

In this model the receptor has a dual role to play; that is, as a
scaffold for cross-activation of JAK mutants and as a docking
site for the recruitment of the STAT transcription factors. The
absence of any potential STAT recruitment site in the cytoplas-
mic domain of yc implies that this receptor chain is a weak
contributor to the oncogenic activity of JAK mutants. Indeed,
although +yc has the ability to form homodimers, this chain
failed to promote STAT activation when associated with the
JAK3 A572V mutant unless IL-9R«a or IL-2RB were co-ex-
pressed (35). According to this model, which STAT is constitu-
tively activated does not depend on the JAK mutant itself but
depends on the cytokine receptor associated with a particular
JAK mutant. Here, we show constitutive activation of STAT5
by JAK1 mutants associated with IL-9Ra or IL-2Rf chains,
whereas STAT3 activation was detected only in the presence of
IL-9Ra. Activation of STATS5 is strongly associated with prolif-
eration and tumoral transformation of hematopoietic progeni-
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tors. In contrast, STAT3 activation outcome varies depending
on the cellular context and was shown to promote either cell
proliferation (36) or differentiation (37). It would be, therefore,
important to pay attention to the respective activation of differ-
ent STATs in ALL expressing JAK1 mutants. Activation of dif-
ferent STAT factors might indeed reflect the involvement of
distinct cytokine receptor complexes leading to different onco-
genic evolutions.

The fact that signaling by complexes of IL-9Ra and JAK1
mutant without yc and JAK3 was higher than that mediated by
the physiological IL-9 receptor complex can be explained by
two non-exclusive hypotheses. The first one is that
homodimers allow for cross-activation of two JAK1 mutants
and increase signaling compared with the physiological JAK1/
JAK3 cross-activation. The second one is that homodimers
possess a STAT-recruiting phosphotyrosine on each of the
IL-9Ra chains, whereas there is only one phosphotyrosine in
the functional IL-9 receptor complex. Therefore, in ALL, the
level of yc and JAK3 expression, which varies according to the
level of B or T cell differentiation and activation, will certainly
impact the level of constitutive signaling. Situations might exist
when chains like the IL-9R« or IL-2Rf might be expressed in
excess when compared with yc or to JAK3. Antigen stimulation
of naive T cells results in a strong increase in JAK3 mRNA and
protein levels (38, 39) which is followed by an increase in
IL-2RB and <yc levels (40). Future experiments will have to
address the possibility that some JAK1 mutant ALL subclones
would acquire a proliferative advantage after alteration of the
yc gene, which is located on Xq13.1, and therefore expressed
from a single allele (41).
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SUPPLEMENTARY FIGURE 1 Co-expression of wild-type JAKI inhibits ability of JAK1 V658F to constitutively activate
STAT3. 4) JAKI-deficient U4C fibrosarcoma cells were transiently transfected with empty vector, JAK1 wild-type or V658F
with or without IL-9Ra (in the absence of JAK3 and yc chain), in addition to the STAT3-responsive luciferase reporter pGL3-
papl. 24 hours post-transfection, cells subjected to a luciferase assay. Results are mean + S.D. of triplicate samples. Similar
results were obtained in 2 independent experiments. B) The same experiment was performed with JAK2-deficient y2A human
fibrosarcoma cell line. Results are mean + S.D. of triplicate samples. Similar results were obtained in 2 independent
experiments. C) JAKI-deficient U4C human fibrosarcoma cells were transiently transfected with 0.25 ug of empty vector,
JAKI wild-type and V658F alone or co-transfected with increasing concentration of wild-type JAKI (0.25, 0.75 or 1.25 ug),
in addition to the STAT3-responsive luciferase reporter pGL3-papl. 24 hours post-transfection, cells were subjected to a
luciferase assay. Results are mean + S.D. of triplicate samples. Similar results were obtained in 2 independent experiments.
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SUPPLEMENTARY FIGURE 2 The cell surface expression of wild-type and mutated IL-9Ra constructs in HEK293
cells. HEK293 cells were transiently transfected with empty vector, wild-type or mutated IL-9Ra constructs. One day after
transient transfection, an aliquot of the cells was used to assess cell surface expression of IL-9Ra by FACS analysis using
biotinylated anti-human IL-9Ra antibody followed with phycoerythrin-conjugated Streptavidin. The rest of the transfected
cells was stained only with phycoerythrin-conjugated Streptavidin as a control. After FACS analysis was performed, the
geometric mean channel of the fluorescence of anti-IL-9Ra-SAPE stained and SAPE-only stained cells was compared and
used to calculate the delta mean channel. Results are mean + variation of duplicate transfections.
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SUPPLEMENTARY FIGURE 3 The expression of wild-type and mutated murine JAKI in human HEK293 cells.
HEK293 cells were transiently transfected with empty vector, wild-type, V658F or A634D murine JAK1 with or without IL-
9Ra chain, in addition to the STAT3-responsive luciferase reporter pGL3-papl. 24 hours post-transfection, an aliquot of
cells was used for the RNA extraction and cDNA synthesis. Quantitative PCR was performed using mouse or human JAKI-
specific primers and a series of dilutions of the respective clones cDNA as a standard. Results are mean + variation of
duplicate transfections. Similar results were obtained in 2 independent experiments.
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Preamble

In the preceding parts of this thesis, we showed that JAK1 mutations occur in acute
lymphoblastic leukemia (ALL), and that JAK1 mutants need to associate to cytokine
receptors, such as IL-2R and IL-9R, to promote constitutive activation of the receptor
complex and signal transduction via STAT proteins (169). However, beside the common
gamma chain-related cytokine receptor subfamily, JAK1 participates in the signal
transduction of other cytokine receptor families such as the IFN receptor complexes.

Type I IFNs (IFN-a/f) are important cytokines involved in the defense against viral infection
(170). In contrast to most JAK1-activating cytokines, that promote cell proliferation and
differentiation, type I IFN rather induce inhibition of cell proliferation and promote apoptosis
(171).

The anti-proliferative effect of IFN-a is used in the clinic to treat patient with
myeloproliferative neoplasms (MPNs), melanoma or renal cell carcinoma (172,173).

However, interferon is not used to treat ALL (140).
In this study we show that different JAK1 mutants potentiate the anti-proliferative effect of

type I IFNs in vitro and in vivo. Thus, our data suggest that [IFN-a might represent a candidate

as adjuvant targeted therapy for ALL patients harboring JAK1 mutations.
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ABSTRACT

Activating mutations in J4K/ have been reported in acute lymphoblastic leukemias
(ALL). In this study, we found a type I IFN transcriptional signature in JAK/ mutation-
positive human ALL samples. This signature was recapitulated in vitro by the expression of
JAK1 mutants in BW5147 and BaF3 hematopoietic cell lines. Binding of JAK1 to the IFN
receptor was essential since mutations in the FERM domain abrogated this effect. Beside the
constitutive activation of the type I IFN signaling cascade, JAK/ mutations also strongly
potentiated the response to IFN in vitro. Typically, the proliferation of cell lines expressing
JAK1%%*? was abrogated by type I IFNs. Interestingly, we found that different JAK I
mutations differentially potentiate responses to type I IFNs or to IL-9, another cytokine using
JAKI1 to mediate its effects. This suggests that the type of mutation influences the specificity
of the effect on distinct cytokine receptor signaling. Finally, we also showed in an in vivo

leukemia model that cells expressing JAK 1P

are hypersensitive to the anti-proliferative
and anti-tumorigenic effect of type I IFN, suggesting that type I IFNs should be considered as

a potential therapy for ALL with JAK/ activating mutations.

INTRODUCTION

JAK1 is a member of the Janus kinase family comprising four non-receptor tyrosine
kinases (JAK2, JAK3 and TYK?2) that associate to cytokine receptors without intrinsic kinase
activity to mediate cytokine-induced signal transduction (1). Recently, we and others reported
that JAK1 mutations occur in acute lymphoblastic leukemia (ALL), and are relatively
common in adult patients with T cell ALL (2-4). Some of these mutations, such as A634D
and R724H, induce the autonomous growth of the cytokine-dependent BaF3 cell line, whereas
the R897C and A634D mutants protect the murine ALL cell line BW5147 from
dexamethasone-induced apoptosis, indicating that they represent gain of function mutations
that participate in the leukemogenic process by inducing the constitutive activation of the
JAK-STAT pathway (2).

JAKs participate in the signal transduction of various cytokine receptor families,
which regulate different cellular processes. JAK1-binding receptors include the common
gamma chain subfamily (IL-2R, IL-4R, IL-7R, IL-9R, IL-15R, IL-21R), the gp130 subfamily
(IL-6R, LIFR, IL-11R) and the type II cytokine receptor complexes (type I, II and III IFN
receptors, IL-10R). We showed that JAK1 mutants need to associate to cytokine receptors,
such as IL-2R and IL-9R, to promote constitutive activation of the receptor complex and

signal transduction via signal transducers and activators of transcription, STATs (5). A similar
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mechanism was demonstrated for the JAK2 V617F mutant found in myeloproliferative
neoplasms. JAK2 V617F needs to associate to homodimeric type I cytokine receptors, such as
the erythropoietin or thrombopoietin receptor, to mediate the cytokine receptor-JAK2-STATS
constitutive activation responsible for the increased myeloproliferation (6,7).

Type I interferons (IFN-o/p) are important cytokines involved in the defense against
viral infection. The type I IFN receptor complex consists of two receptor subunits, IFNARI
and IFNAR2, which are associated with TYK?2 and JAK1 respectively (8). Ligand-induced
stimulation of IFNAR results in cross-activation of TYK2 and JAK1, which in turn activate
two members of the STAT family, STAT1 and STAT2 (9). Activation of STAT1 and STAT2
leads to the formation of two transcriptional complexes. The first complex, IFN-a-activated
factor, is a homodimer of activated STAT1. The second complex, IFN-stimulated gene factor
3 (ISGF3), consists of a complex of activated STAT2, STAT1 and IRF-9 (a member of
interferon regulatory factors, IRFs). STATI activation is involved in signaling from various
cytokine receptors (9), whereas activation of STAT2 and formation of the ISGF3 complex are
specifically triggered by type I IFN receptor complex and in a small number of cell types by
type III IFN receptor complex (10,11). In contrast to other JAK1-binding cytokine receptors,
type I IFN receptors are ubiquitously expressed (8) and ligand-induced activation of type I
IFN receptor complex was shown to induce inhibition of cell proliferation and apoptosis.
Expression of anti-proliferative and pro-apoptotic genes was showed to be mainly under the
control of the ISGF3 complex, e.g. STAT2 and IRF-9 (12). The anti-proliferative effect of
interferon-a is used in the clinic to treat patient with myeloproliferative neoplasms, melanoma
or renal cell carcinoma (13,14).

In this study, we found that tumor cells from patients with J4K/ mutation-positive
ALL exhibit a type I IFN signature. In vitro, we showed that several JAK1 mutants
constitutively activate components of type I IFN receptor signaling cascade, such as TYK2,
STAT2 and STAT1. Moreover, cell lines expressing JAK1 mutants were hypersensitive to the
anti-proliferative effect of type I IFNs, which in turn resulted in a better response to the anti-

tumorigenic effect of IFN in an in vivo leukemia model.
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RESULTS

A type I IFN transcriptional signature characterizes JAKI mutation-positive ALL. To identify
the signaling pathways regulated by constitutively active mutations in JAK/, we performed a
geneset enrichment analysis (GSEA) based on the genes differentially expressed by 3 JAK]
mutation-positive T-ALL samples compared to 8 JAK/ mutation-negative T-ALL samples.
GSEA is a computational method for determining whether a rank-ordered list of genes for a
particular comparison of interest (e.g. samples with mutated versus wild-type JAKI) is
enriched in genes derived from an independently generated gene set (e.g., genes induced by
IFN-a in primary hepatocytes). Among the 1,892 predefined genesets available from the

curated Molecular Signature Database (http://www.broad.mit.edu/gsea/msigdb/index.jsp), the

GSEA analysis revealed that 20 genesets were significantly overexpressed in the JA4K/
mutation-positive cases compared to the samples without a mutated JAK/ allele. As shown in
Figure 1A for the 10 most enriched genesets, the vast majority of these genesets contained
either type I IFN-induced genes or were composed of genes found in situations where type I
IFN can be produced to activate IFN-target genes, like in systemic lupus erythematosus
(SLE). Figure 1B shows a typical GSEA enrichment plot illustrating the enrichment in IFN-
target genes among those that were upregulated in JAK/ mutation-positive ALL blasts. These
results suggested that JAK/ mutation-positive T-ALL cells were characterized by the
activation of pathways leading to the expression of type I IFN target genes. Based on this
observation, we hypothesized that clustering of our ALL samples based on another IFN target
gene signature should clearly distinguish those with or without a J4K/ mutation. Focusing on
genes induced by IFN in hematopoietic cells, we selected a list of genes demonstrated to be
induced by IFN in PBMC (15). As shown in Figure 1C, hierarchical clustering based on this
signature perfectly separated J4K/ mutation-positive ALL cases from those without a JAK/
mutation. To confirm these observations, we used an independent set of 6 JAK/ mutation-
positive and 11 mutation-negative T-ALL samples (16) to assess the expression of two IFN
target genes, IRF-7 and MX1. These genes are good surrogate of the IFN signature and were
overexpressed in the first cohort of JAK1 mutated samples based on the microarray data
(Figure 1D). As shown in Figure 1E, both IFN-target genes were significantly upregulated in
the 6 independent J4K/ mutation-positive compared to 11 mutation-negative T-ALL samples.
Altogether, these data show that J4K/ mutation-positive T-ALL cells are characterized by a

type I IFN transcriptional signature.
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FIGURE 1 JAKI mutation-positive T-ALL
cells show a type 1 IFN transcriptional
signature. The gene expression profile of
human JAKI mutation-positive and
mutation-negative T-ALL cells was assessed
with pangenomic microarrays. (4) The list of
the 10 genesets most enriched in cells with a
mutated JAKI allele, according to a GSEA
analysis is shown. (B) The figure represents
the GSEA enrichment plot of one of the most
enriched geneset. The lower part of this plot
shows the ranking of the genes relative to
their enrichment in JAKI mutation-positive
cells. The medium part shows the ranking of
the hits from the IFN-induced geneset and
the top part shows the resulting enrichment
profile. (C) Hierarchical clustering based on
the genes induced by IFN-a in PBMC. (D)
The mean microarray signal for the IFN
targets hIRF-7 (right panel) and hMXI (left
panel) is represented for 3 JAKI mutation-
positive compared to 8 mutation-negative T-
ALL samples. The differences between JAK1
mutation-positive and mutation-negative
samples were extremely significant
(***p<0.0001; t test). Results are mean +
SEM. (E) Quantitative analysis hIRF-7 (left
panel) and hMXI (right panel) expression,
based on an independent set of 6 JAKI
mutation-positive and 11 mutation-negative
T-ALL samples. Transcripts were normalized
to the level of the B-Actin transcripts. The
differences between JAKI1 mutation-positive
and mutation-negative ALL samples were
significant (**p=0.0071, *p=0.0348; t test).
Results are mean + SEM.

The JAK I*%*° mutant, but not JAKI*%*M4 mediates constitutive expression of type I IFN-

regulated genes and promotes constitutive phosphorylation of the components of the type I

IFN signal transduction pathway in BW5147 and BaF3 cells. We previously reported that, at

physiological level, the ALL-associated JAK1 mutants need to associate to cytokine receptors

to allow for constitutive signaling (5). In this model of JAK1 mutant activation, the receptor

has a dual role to play: as a scaffold for cross-activation of JAKs and as a docking site for the

STAT transcription factors. Activation of different STAT transcription factors and expression

of STAT-regulated genes might therefore reflect the involvement of multiple cytokine

receptor complexes, each with a distinct perturbing effect on gene expression (5). Based on

the interferon signature observed in JAK/ mutation-positive ALL samples, we hypothesized

that ALL-associated JAK1 mutants bind to type I IFN receptor complex and constitutively
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activate type I IFN receptor signal transduction. To address this hypothesis, we stably
expressed JAK1%% one of the ALL-associated JAK1 mutants, in BW5147, a murine T-
ALL cell line, and BaF3, a murine pro-B cell line by retroviral infection. The level of
expression of IRF-7 and Oasl-2, two specific type I IFN-regulated genes, were assessed by
quantitative RT-PCR in cells transduced by JAK1V" and JAK1%%*" with or without the
FERM domain mutation Y107A, which is known to abolish JAK1 binding to receptors. As
shown in Figure 2A and 2B, expression of the JAK1%%*" mutant promoted constitutive
expression of IRF-7 and Oasl-2. As expected, the FERM domain mutation abolished this
effect, supporting the idea that JAK1 binding to the receptor is required for the activating

149D mutant in BaF3

effect of the JAK/ mutation on signaling (5). Expression of the JAK
allows for selection of IL-3-independent autonomous cells, which was associated with
constitutive STATS activation (2). As shown in Figure 2, these autonomously growing cells
expressed even higher level of IRF-7 and Oasl-2 than JAK1%*" expressing BaF3 non-
autonomous cells proliferating in a medium containing IL-3, suggesting a stronger activation
of type I IFN signal transduction in the former. To dissect the mechanism of constitutive

expression of type I IFN-regulated genes in JAK 1P

expressing BaF3 cells, we studied the
activation status of proteins involved in the signal transduction of type I IFN receptor
complex. We observed that JAK1*®*" was constitutively phosphorylated in BaF3.
Interestingly, phosphorylation of TYK?2 paralleled the JAK1 phosphorylation pattern (Figure
2C). Because TYK2 and JAKI1 are respectively associated with IFNAR1 and IFNAR?2, this
suggested that TYK2 represents a partner of JAK1 in mediating the type I IFN-stimulated
signal, and is cross-phosphorylated and activated by JAK12*"_ Constitutive phosphorylation
of STATI1 and of STAT2, which is a specific feature of the type I IFN receptor complex
activation, was also detected in BaF3 cells expressing the JAKI mutant, confirming
constitutive activation of the pathway. Phosphorylation and activation of all these signaling
molecules was increased after autonomous selection. Of note, total STAT2 protein level was
also increased in cells expressing JAK14*P (Figure 2C), in line with previous observations
showing that STAT2 expression is upregulated upon IFN stimulation (17). Constitutive
phosphorylation of JAK1, STATI and STAT2 was also observed in JAK1%*? expressing
BW5147 cells (data not shown).
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FIGURE 2 The JAKI'®* mutant, but not JAKI'®*""'" mediates constitutive expression of type I IFN-regulated genes
and promotes constitutive phosphorylation of the components of the type I IFN signal transduction pathway in BW5147
and BaF3 cells. Total RNA was extracted from 10° BW5147 (4) and BaF3 (B) cells stably transduced by JAKI"" or JAK'*°
with intact or mutated Y1074 FERM domain (JAKI'®**M4) To quantify basal expression of type I IFN-induced genes,
such as mIRF-7 (left panel) and mQOasl-2 (right panel), quantitative RT-PCR was performed. Transcripts were normalized to
the level of the murine -Actin transcripts. Results are mean + SD of biological triplicates. Similar results were obtained in 3
independent experiments. (C) 10° BaF3 cells stably transduced with JAKI"™ or JAK*®*™, with intact or mutated Y1074
FERM domain (JAKI*®*PY74)  were starved for 4 hours, lyzed and subjected to Western Blot analysis. Basal
phosphorylation of JAK1, TYK2, STATI and STAT2 was detected using specific anti-pY1022/1023 JAKI, anti-pY1054/1055
TYK2, anti-pY701 STAT! and anti-pY689 STAT2 antibodies. Membranes were reprobed with anti-JAKI, anti-STATI, anti-
STAT2 and anti-B-Actin antibodies as control. Similar results were obtained in 3 independent experiments for the BaF'3 and
BW5147 cell lines.

JAKI*P* upregulates type I IFN responsiveness. The V678F amino acid substitution in
TYK?2, the IFNARI1-associated kinase, has been previously shown to constitutively activate
STAT3 without affecting ligand-induced signaling through the type I IFN receptor (18). We
investigated whether the JAK1*%**" mutant could enhance type I IFN responsiveness. Figure

3A shows that expression of JAK1"%*P

not only promoted constitutive transcription of type I
IFN-regulated genes (IRF-7 and Oasl-2), but also significantly upregulated IFN-B-dependent
induction of these genes. To confirm that the JAK1 mutant upregulates ligand-induced
signaling through the type I IFN receptor, we took advantage of the luciferase reporter
construct, pIRF7-luc, which uses the ISGF3-responsive IRF-7 promoter to control luciferase
transcription. As shown on Figure 3B, reporter transactivation was increased in all IFN-f3-
stimulated BW5147 cells, but this induction was 3-4 fold higher in cells expressing
JAK14%*P_ Consistent results were obtained in BaF3 cells (data not shown). Overall, these

2V mutant, the ALL-associated

data strongly suggest that, in contrast to the TYK
JAK1%%*® mutant potentiates ligand-induced signaling through the type I IFN receptor

complex.
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FIGURE 3 JAKI'®* upregulates ligand-induced signaling through the type I IFN receptor. A) 10° BW5147 cells stably
transduced with JAK1"" or JAKA634D, with intact or mutated Y1074 FERM domain (JAK1A634D/Y107A), were stimulated for 3
hours with 1% IFN- or mock/control HEK293 supernatant, lyzed and used for total RNA extraction. To quantify ligand-
induced expression of type I IFN-induced genes, quantitative RT-PCR was performed using primers for mIRF-7 and mQOasl-2
genes. Transcripts were normalized to the level of the murine 3-Actin transcripts. Results are mean = SD of biological
triplicates. Similar results were obtained in 3 independent experiments in BW5147 and BaF3 cell lines. B) 12 x 10° BW5147
cells stably transduced by JAKI"" or JAKI*®*™ were electroporated with 15 ug of pIRF7-luc luciferase reporter plasmid,
which contains the promoter of the murine IRF-7, and 1 ug of internal control pRL-TK plasmid. Cells were seeded in 96-well
plates at 5 x 10° cells/well and stimulated with 1% IFN-B or mock/control HEK293 supernatants for 2 hours, before

luciferase assay was performed. Results are mean = SD of biological triplicates. Similar results were obtained in 3
independent experiments.

JAK 1'% potentiates type I IFNs induced cell growth inhibition. Type I IFNs are known to
exert anti-proliferative activity on various cell types. Our observations suggest that JAK1"%*"
expressing cells might be particularly sensitive to this activity. To address this hypothesis, we
analyzed proliferation of cells expressing a wild-type or mutated JAK1 in the presence of
IFN-B. While IFN-B reduced the proliferation of untransduced and JAKI™' expressing

BW5147 cells after 3 days (Figure 4A and 4C), it completely inhibited proliferation of cells

A634D
1

expressing the JAK mutant. In line with our previous observations, the effect of the

A634D mutation on cell proliferation in the presence of IFN-f3 was dependent on receptor

1A634D/Y107A

binding, since the expression of JAK abolished cell hypersensitivity to IFN-f.

Similar experiments were performed in BaF3 cells, where IFN-f3 treatment resulted in

complete inhibition of proliferation of JAK14%*P

expressing cells, which was not observed in
cells expressing the JAK1YT or JAK149*PY17A (Figyre 4B). Interestingly, autonomous and
IL-3-dependent BaF3 cells expressing JAK14%*" exhibited a similar hypersensitivity to IFN-
B, indicating that even cells that depend on the JAKI1 mutant for their autonomous

proliferation retain hypersensitivity to IFNs. Since all previous experiments were performed
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using IFN-fB supernatant produced by HEK293 cells, we used purified mouse recombinant
IFN-B to confirm the specificity of IFN-f3 related inhibition of proliferation. As expected,

mouse recombinant IFN-B completely inhibited proliferation of JAK14¢*P

expressing cells,
but not that of parental or JAK1"" expressing BW5147 cells (Supplementary Figure 1A).
It is well known that a higher cell proliferation rate can result in a higher sensitivity to all kind

of drugs. To rule out the possibility that expression of JAK1*%*P

would induce a non-specific
increase in drug sensitivty, we studied the activity of doxorubicin and cytosine arabinoside
(ARA-C), two standard chemotherapy used for ALL, on the proliferation of BW5147 cells
expressing JAK1Y" or JAK12°*P_ As illustrated in supplementary figures 1B and 1C, the
hypersensitivity of the JAK1%%* expressing cells was specific for IFN-B, since the
antiproliferative activity of ARA-C or doxorubicine was not affected by the expression of
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FIGURE 4 JAKI'®' confers hypersensitivity to IFN-B in BW5147 and BaF3 cells. A) 4,000 BW5147 or B) 3,000 BaF3
cells stably transduced by JAKI™ or JAKI*®* with intact or mutated Y1074 FERM domain (JAKI'Z*M174) \were seeded
in 96-well plates and stimulated by 1% IFN-f or mock/control HEK293 supernatants. After 72 hours, tritiated thymidine was
added to the cells for 4 hours and thymidine incorporation was measured. In parallel 10° BW5147 or BaF3 cells were
starved for 4 hours, lysed and subjected to Western Blot analysis. Total JAK1 and B-actin level was assessed using anti-JAK1
and anti-B-Actin antibodies. C) 4,000 BW5147 cells stably transduced by JAKI"™ or JAKI'®* with intact or mutated
Y1074 FERM domain (JAKI'®*M74) yvere seeded in 96-well plates and stimulated by IFN-f HEK293 supernatants at
different dilutions, starting from 1%. After 72 hours, tritiated thymidine was added to the cells for 4 hours and thymidine
incorporation was measured. Results are mean + SD of biological triplicates. Similar results were obtained in 3 independent
experiments in BW5147 and BaF3 cell line.

To check whether JAK12*? also confers hypersensitivity to other type I IFNs, we compared
the proliferation of BW5147 cells expressing JAK1Y" or JAK1*%*" in the presence of murine
IFN-06T and IFN-a11. Previous studies on the murine B6 melanoma cell line documented
that IFN-a11 displays an anti-proliferative effect which is comparable to that exerted by IFN-
B, while IFN-a6T shows a lower anti-proliferative activity (19). As shown in Supplementary

Figure 2, JAK1*%*") but not untransduced or JAKIV" expressing BW5147 cells, were
hypersensitive to all tested type I IFNs.
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The R724H but not the R879C mutation in JAKI confers IFN-f hypersensitivity in BW5147
and BaF3 cells. We showed previously that, beside JAK1***P, the ALL-associated
JAK1?** mutant induced autonomous growth of the cytokine-dependent BaF3 cell line,
whereas a third ALL-associated mutant, JAK1%*°7C, protected the BW5147 cell line from
dexamethasone-induced apoptosis (2). These observations supported a gain of function role
for these mutations. It also suggested that such a differential biological outcome might be
dependent on specific effect of JAK] mutants on signaling mediated via distinct
endogenously expressed cytokine receptors. We therefore examined whether the JAK 1%
and JAK1®”C mutants confer hypersensitivity to IFNs in BW5147 and BaF3 cells.

R724H
1 7

Remarkably, expression of the JAK mutant in both cell lines slightly potentiated the

18879C at similar level

inhibitory effect of IFN-f on cell proliferation, while expression of JAK
did not affect the IFN response in both cell lines (Figure 5). Of note, the JAK1*"**"-mediated
inhibition of proliferation appeared to be more pronounced in BaF3 cells selected for
autonomous growth. These results demonstrate a differential effect of ALL-associated JAK/
mutations in potentiating IFNs response, with the A634D mutation having the strongest

activity.
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ALL-associated JAK1 mutants differentially potentiate IFN-fB and IL-9 response. These
observations support the hypothesis that different activating J4K/ mutations might have
distinct activities because they potentiate signaling by distinct cytokine receptor complexes.
We took advantage of the BW5147 cell line, which endogenously express two JAK1-binding
receptors (IL-9Ra and IFNAR?2) to compare the activity of different JAK1 mutants on distinct
signaling pathways. The STAT3-responsive pGL3-papl-luc reporter construct and
quantitative RT-PCR for the STAT3-induced Bcl-3 gene were used as read-out for the IL-9
receptor signaling pathway (20,21). For the type I IFNs pathway, we used the ISGF3 pIRF7-
luc reporter plasmid and a quantitative RT-PCR for IRF-7. As shown in Figure 6, the effect of
IL-9 was increased by the three JAK1 mutants, as documented by luciferase assay and Bcl-3

expression. By contrast, only JAK14%*P

significantly increased IFN response, in line with the
proliferation assays described above. Taken together, our observations suggest that ALL-
associated JAK1 mutants have overlapping but also distinct intrinsic specificity to dysregulate
signaling elicited by cytokine receptors, explaining the observed differential cytokine

hypersensitivity.
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FIGURE 6 JAKI'®*, JAKI*™* and JAKI®*"”C differentially favor IFN-B and IL-9 signaling. A) and B) 12 x 10°
BWS5147 cells stably transduced by JAKI"" or JAKI*™* were electroporeted with 15 ug of the ISGF-3 responsive pIRF7-
luc (A) or the STAT3 responsive pGL3-papl-luc (B) luciferase reporter plasmid and 1 ug of internal control pRL-TK
plasmid. Cells were seeded in 96-well plates at 5 x 10° cells/well and stimulated with 1% IFN-f or mock/control HEK293

supernatants (for pIRF7-luc) and by 100U/ml hIL-9 (for pGL3-papl) for 2 hours, before luciferase assay was performed.
Results are mean + SD of biological triplicates. Similar results were obtained in 3 independent experiments. C) and D) 10°
BWS5147 cells stably transduced by JAKI wild-type (WT) or different JAKI mutants were stimulated with 1% IFN-§§ or
mock/control HEK293 supernatants (C) and stimulated with 100 U/ml of hIL-9 (D) for 3 hours, lysed and used for total RNA
extraction. Real-time PCR was performed to quantify transcripts of mIRF-7 and mBcl-3 genes. Gene expressions were
normalized to the level of the murine [(-Actin transcripts. Results are mean = SD of biological triplicates. Similar results
were obtained in 3 independent experiments.

JAK "% expressing leukemic cells are more sensitive to the anti-tumorigenic effect of type I
IFN in vivo. Type I interferon are used in the clinic to treat several malignancies. Our in vitro
data suggest that leukemic cells harboring a mutation in JAK/ are more sensitive to the anti-
proliferative effect of type I IFN. To check the relevance of this observation in vivo, we tested
the effect of IFN-a in a murine model of leukemia, based on the intraperitoneal injection of
the murine T cell leukemia BW5147 cell line in immunocompromised mice. Treatment with
IFN-o was achieved by intramuscular electroinjection of a murine IFN-a construct, a
procedure that generates endogenous production of [IFN-a with systemic effects lasting for 3

to 4 months (11).
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As shown in Figure 7, control mice receiving BW5147 cells showed tumor development after
1 week, and all mice developed tumor after 2 weeks. This was similar for mice receiving
JAK129*P expressing BW5147 cells. Treatment with IFN-a delayed the tumors formation of

BW5147 cells, but this effect was more pronounced for JAK14%*P

expressing BW5147 cells.
Thus, compared to control cells, JAK14*P expressing cells were significantly (p=0.034)

more sensitive to the anti-tumorigenic effect of [IFN-a in vivo.

DISCUSSION

In this paper, we made three important observations. First, we identified a type I IFN
transcriptional signature in human ALL cells harboring activating mutations in JA4K/. This
signature can be explained by the constitutive activation of the IFN receptor-signaling
complex by the mutated JAK1 protein. Secondly, we showed that different JAK1 mutants
activate distinct cytokine-receptor signaling complexes, demonstrating specificity in signaling
pathways activation based on the type of mutation in JAK1. Finally, we demonstrated that the
JAK1*%*P mutant confers hypersensitivity to the anti-tumorigenic effect of type I IFN in vivo,
suggesting that IFN-a can be used as adjuvant treatment for JAKI mutation-positive
malignancies.

Recently, we and others reported that acquired gain of function mutations in JAK/
contribute to leukemogenesis (2-4). These mutations appear to represent a relatively common
event in adult T-cell ALL, while they are more rare in adult B-cell ALL and in childhood
malignancies (2,4). We also showed that JAK1 mutants need to associate to cytokine

receptors, such as IL-2R and IL-9R, to promote constitutive activation of the receptor
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complex and signal transduction via STAT3 and STATS (5). In this model, the receptor has a
dual role to play: it serves as a scaffold for cross-activation of JAKs and as a docking site for
STATs. Activation of different STAT transcription factors and aberrant expression of the
related STAT-regulated genes might therefore reflect the activation of distinct cytokine
receptor complexes. In this work, we observed that human J4K/ mutation-positive T-ALL
samples were characterized by an overexpression of type I IFN stimulated genes (ISGs),
suggesting constitutive activation of the type I IFN signaling pathway. This observation is
best explained by the activation of the type I IFN receptor complex by the activated JAKI
protein. Several arguments favor this hypothesis: (i) IFNAR2, which is one of the chain of the
type-I IFN receptor, binds JAK1; (ii) the Y107A mutation, which abolishes JAK1 capacity to
bind to receptors also abolishes the constitutive activation of the IFN pathway; (iii) TYK2, the
kinase associated to IFNARI1, which is the other chain of the receptor, is constitutively
activated in cell lines expressing the mutated form of JAK1, suggesting cross-activation of
TYK2 by hyperactive JAK1; (iv) STAT2, which is specifically activated through the type I
IFN receptor complex, is also constitutively activated in cell lines expressing the ALL-
associated mutated JAK1 allele.

The other JAK required for type I IFN signaling is TYK2, which is appended to
IFNARI. An activating mutation in TYK2 (V678F, homologous to JAK2*'"") (22),
constitutively activated STAT3, but not the canonical IFN-signaling pathway, and did not
lead to activation of JAK1 (18). Furthermore, in the model of 11.1 mutant cells that lack
TYK2, mutant TYK?2 did not affect IFN-induced signaling (18). By contrast, in BW5147 and
BaF3 cells, expression of JAK1 mutants, namely A634D and R724H, potentiated the
activation of type I IFN receptor signal transduction by IFN. Most importantly, the increased
ligand-responsiveness resulted into the hypersensitivity of JAK1**? mutant-expressing cells
to type I IFN mediated anti-proliferative effect in vitro and in almost complete inhibition of
proliferation of these cells by several type I IFN ligands.

The fact that JAK12*" mutant-expressing tumor cells, which are hypersensitive to
type 1 IFN, express a constitutive IFN signature, but yet proliferate in vivo might seem
paradoxical. However, it must be stressed that the IFN signature that we observe in JAK 1P
mutant-expressing cells remains below the gene expression level reached upon IFNB
stimulation, even if JAK1 is not mutated, as illustrated in figure 3. Thus, JAK1 mutation
results in a low level of IFN signaling, below the antiproliferative threshold, and renders cells

hyperresponsive to further IFN stimulation.
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Among the three functionally characterized ALL-associated JAK1 mutants, JAK"%*"

was observed to be the strongest potentiator of the IFN response, while JAK 1% weakly
potentiate cell response to IFN and JAK1**"°C had no effect. However, in the same cell line
endogenously expressing IL-9R, all three JAK1 mutants conferred increased IL-9
responsiveness to a similar extend. We also previously showed that, beside the A634D
mutant, the R724H JAK1 mutant induced autonomous growth of the IL-3-dependent BaF3
cell line, whereas the R897C mutant did not. In contrast, this JAK1 R897C protected the
BW5147 cell line from dexamethasone-induced apoptosis (2). These findings are best
explained by the idea that the capability of each JAK1 mutant to promote intracellular
signaling is strictly dependent upon the receptor-dependent context, and by the differential
expression of a set of cytokine receptors. Altogether these data document a level of specificity
based on the type of mutation in JAK1 and strongly suggest that the different ALL-associated
JAK1 mutants do not have a homogeneous dysregulating effect on intracellular signaling.
This specificity could be explained by either a mutation-specific conformational change of the
kinase resulting in a different binding affinity for the diverse cytokine receptors, a different
capacity to cross-activate other JAK bound to the second chain of the receptor complex, or a
difference in substrate specificity. Of note, this hypothesis could explain why the V617F
mutation in JAK?2 is so frequent in myeloproliferative neoplasms. Based on the homology of
JAKI and JAK2, we can predict that mutations in JAK2 that are homologous to the mutations
in JAK1 will activate JAK2. However, the V617F mutation is nearly the only one observed in
patients. This mutation might specifically potentiate signaling pathways that would not be
activated by other mutants, thereby representing the ‘best hit’ to mediate myeloproliferation.
Type I interferons are used in the clinic as adjuvant to treat patients with renal cell
carcinoma and melanoma (13). The way interferon exerts its anti-tumoral effect in these
diseases is not perfectly understood, but it is considered as an immunotherapy that potentiate
the immune response against the tumor. The treatment with interferon is safe and induces few
side-effects compared to chemotherapies that are usually used in these malignancies. The
pegylated form of interferon allows for less frequent injection (once weekly) and easier
administration. Interferon-a is also used to treat patients with myeloproliferative neoplasms,
such as essential thrombocythemia or polycythemia vera. In these diseases, interferon is
thought to exert an anti-proliferative effect. Recent data suggest that interferon is the only
medication able to induce molecular remission in these diseases, as shown by the
disappearance of the JAK2 V617F mutation in a substantial number of patients (14).

Interferon is not used to treat ALL. Our data show that different JAK1 mutants specifically
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potentiate the anti-proliferative effect of interferon. Moreover, our in vivo leukemia model
shows that treatment with interferon decreases tumor formation of cells expressing JAK*%**P.
These data suggest that interferon-a. might represent a candidate as adjuvant targeted therapy
for ALL patients harboring J4K/ mutations, which are present in up to 18 % of adult T-ALL

subjects (2).

MATERIALS AND METHODS

Patients and microarray data analyses. Cohorts used for gene expression profiling included 3

JAK I mutation-positive (S512L, R724H 2x) and 8 mutation-negative T-ALL samples from
patients enrolled in the adult clinical trial Gruppo Italiano Malattie Ematologiche dell’ Adulto
0496 and 2000 as described previously (2). 6 JAKI mutation-positive (S512L, R724H/C/Q
and Y652H 2x) and 11 mutation-negative T-ALL samples from the GRAALL (Group for
Research on Adult Acute Lymphoblastic Leukemia) (16) were used as an independent cohort
to confirm our gene expression profiling data. Written informed consent for genetic analyses
was obtained from all subjects according to the Declaration of Helsinki. Raw Affymetrix
microarray data were obtained as described previously (2) and are accessible at GEO public
database (GSE18239). Briefly, RNA was extracted from 3 adult T-ALL samples harboring a
mutation in JAKI (S512L, 2 samples R724H) and 8 T-ALL samples with wild-type JAK]I.
These samples contained more than 90% of ALL blasts. RNA was labeled with the standard
Affymetrix procedure and hybridized to the HG-U133 Plus 2.0 arrays. Raw data were
normalized by global scaling on all probe sets, with a target signal of 100. Genes called absent
in more than 8 samples were removed from the analysis, which was performed on the
remaining 27,049 genes. For GSEA, a supervised comparison of the JAK/ mutation-positive
and -negative blast samples was performed with the Significance Analysis of Microarrays
(SAM) tool implemented in the TIGR MeV software (http://www.tm4.org/mev.html). Genes
were classified from 1 (more expressed in the JAK1 mutated samples) to 27,049 (genes more
expressed in the JAK1 wild-type samples) according to the SAM score. A preranked analysis
was performed in the GSEA software (http://www.broad.mit.edu/cancer/software/gsea) using
the curated genesets (23). By this analysis, 20 genesets were significantly (FWER p-val <
0.05) enriched in the JAKI mutation-positive blast samples, and 20 genesets were
significantly enriched in the JAK/ mutation-negative blast samples. The clustering based on
an independent list of IFN stimulated genes (ISGs) was performed as follow: from the 39
genes induced by IFN in PBMC (15), 29 genes were called present in more than 3 ALL

samples. These genes were represented by 80 probe sets. The analysis was performed based
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on these probe sets. A hierarchical clustering of the samples and of the genes, based on the

Euclidian distance, was performed in the TIGR MeV software.

Cell culture and cytokines. BaF3 mouse hematopoietic pro-B cells were cultured in

Dulbecco’s modified Eagle’s medium with fetal bovine serum (10%) and IL-3 (100 U/ml).

BW5147 mouse T-cell leukemia cells (24) were grown in Iscove-Dulbecco’s medium
supplemented with 10% fetal bovine serum, 0.55 mM L-arginine, 0.24 mM L-asparagine, and
1.25 mM L-glutamine. Recombinant human IL-9 was produced in the baculovirus system and
purified in our laboratory. Murine IFN-a6T, -a11 and -3 supernatants were produced by
transient transfection of HEK293 cells as described previously (19). Control supernatant was
produced using the corresponding empty vector. Typically, HEK293 cells produced
supernatants contained 250.000 U/ml of IFNs (19). Recombinant murine IFN- was

purchased from PBL Interferon Source.

Plasmid construction, stable DNA transfections and analysis of transfected cells. All JAK1
mutants (A634D, A634D/Y107A, R724H, R879C) were generated using QuickChange XL II

site-directed mutagenesis kit (Stratagene) and subcloned into the pMX-GFP biscistronic
retroviral vector upstream of the IRES as previously described (2,5,22). For stable
transduction, 0.5 x 10° BW5147 or BaF3 cells were infected by retroviruses produced by
BOSC packaging cells using standardized protocol previously described (25). Cells were
subsequently sorted by FACS for equal level of GFP.

Transient Cell Transfection and Luciferase assay. Two different reporter plasmids were used:

pGL3-papl-luc and pIRF7-luc. STAT3-mediated transcription was evaluated with pGL3-
papl-luc plasmid (obtained from Dr. Jan Tavernier, University of Ghent, Belgium) containing
the luciferase gene under the control of the STAT3-inducible rat Papl promoter (26). The
pIRF7-luc reporter plasmid contains promoter of the murine IRF-7 (21), which is able to bind
ISGF3 complex. Another plasmid, pRL-TK (Promega), encoding Renilla luciferase, was co-
transfected as an internal control of the electroporation process. Briefly, 12 x 10° BW5147
cells stably transduced with the different JAK1 constructs were electroporeted with 15 ng of
luciferase reporter plasmid and 1 pg of internal control pRL-TK plasmid, and were seeded in
96-well plates at 5 x 10° cells/well. Cells were stimulated by mock/control or IFN-p HEK293
supernatants or hIL-9 (100 U/ml) for 2 hours before luciferase assays were performed using

the dual luciferase reporter kit (Promega).
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Western blots. For Western Blot analysis, 10° BW5147 or BaF3 stably transduced cells were
starved for 4 hours, then collected and lysed in 250 pl of Laemmli buffer (BioRad) using a
20-gauge syringe. Phosphorylation of signaling proteins was investigated by Western blot as
described previously (5) using following phospho-specific antibodies from Cell Signaling
Technology: anti-pY 1022/1023 JAK1 (#3331S), anti-pY 1054/1055 TYK2 (#9321S), anti-
pY701 STATI1 (#9171S) and from Upstate anti-pY689 STAT2 (#07-224). Blots were re-
probed with anti-JAK1 (#3332), anti-STAT2 (#4597) (Cell Signaling Technology), anti-
STATI1 (#S21120) (Signal Transduction Laboratory) or anti-f3-Actin (Sigma) antibodies, as a

control.

Proliferation assay. 4,000 BW5147 or 3,000 BaF3 stably transduced cells were seeded in 96-
well plates and stimulated by murine IFN-a6T, -a11, - and mock/control HEK293

supernatants or recombinant murine IFN-f at different dilutions, starting from 1%.
Alternatively, cells were treated by various concentrations of doxorubicin (Sigma) or cytosine
arabinoside (ARA-C) (Sigma). For all conditions, 150 U/ml of IL-3 was added to the BaF3
cell cultures to ensure proliferation of the non-autonomous cells. After 72 hours, tritiated
thymidine was added to the cells for 4 hours, and thymidine incorporation was measured with

a Top Count microplate scintillation counter (Canberra-Packard).

Reverse transcription-quantitative PCR (RT-PCR). 10° cells were stimulated for 3 hours with

IL-9 (100 U/ml) or with IFN-B (1% HEK293 SN), or left unstimulated. Total RNA was

extracted using the TriPure isolation reagent (Roche) according to the manufacturer’s
instructions. Reverse transcription was performed on 1 pug of total RNA with an oligo-(dT)
primer (Roche) and M-MLV RT (Invitrogen). Quantitative PCR reactions were performed
using 50 ul cDNA and primer sets corresponding to murine IRF-7, murine Oasl-2, murine
Bcl-3 and murine B-Actin with qPCR™ Mastermix for SYBR Green I (Eurogentec). The
sequences of murine primers (final concentration: 300 nM) were: mIRF-7: 5°-
CAGCGAGTGCTGTTTGGAGAC-3’ (forward) and 5’-AAGTTCGTACACCTTATGCGG-
3’ (reverse); mOasl-2: 5’-GGATGCCTGGGAGAGAATCG-3" (forward) and 5°-
TCGCCTGCTCTTCGAAACTG-3" (reverse); mBcl-3, 5'-
TCCTGAGCGCAAGTACTCTGT-3' (forward), 5'-CTGATCCACATCTGCTGGAAG-
3'(reverse); mp-Actin 5'-GCTGGAAGGTGGACAGTGAG-3' (forward), 5'-
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CTCTGGCTCCTAGCACCATGAAG-3' (reverse). The sequences of human primers (final
concentration: 300 nM) were: hIRF-7 5’-AGAAGAGCCTGGTCCTGGTGAA-3’ (forward),
5’-CGATGTCGTCATAGAGGCTGTTG-3" (reverse); hMX1 5°-
GAGCTGCCAGGCTTTGTGAA-3’ (forward), 5’-GGCGGATCAGCTTCTCACCT-3’
(reverse); hp-Actin 5-GTCATACTCCTGCTTGCTGA-3* (forward), 5°-
ATTGCCGACAGGATGCAGAA-3" (reverse) and 5°-
TCAAGATCATTGCTCCTCCTGAGC-3’ (probe). Samples were first heated 2 min at 50°C
then 10 min at 95°C. cDNA was amplified as follows: 40 cycles of a two-step PCR program
at 95°C for 15 sec and 60°C for 1 min. Melting point analysis was carried out by heating the
amplicon from 60°C to 95°C. Results were analyzed by MyiQ software. Starting quantity of
the transcripts was calculated using standard curves from a cDNA clone. Expression of all

genes was normalized to the expression of 3-Actin.

Mice. Female 6- to 9-week-old SCID or RAG2-/- mice were obtained from the animal facility
of the Université catholique de Louvain, Belgium. Handling of mice and experimental
procedures were conducted in accordance with national and institutional guidelines for animal

carc.

In vivo leukemia model. BW5147 is a T leukemia cell line obtained from AKR mice (24).
BW5147 cells or BW5147 cells expressing JAK1%*" were washed and resuspended at the

concentration of 10° cells in 200 pl of PBS. 10° cells were injected intraperitoneally to mice 2
days after the intramuscular electroinjection of murine IFN-a6T subcloned into pcDNA3 or
the empty vector. Mice were kept in sterile cages with sterile water and food ad libitum. Mice
were examined daily for 3 months in a blind way for tumor growth. Results were represented
by Kaplan-Meier curves and statistics were performed using the Gehan-Breslow-Wilcoxon

test in the package "survival" of the program R (http://www.R-project.org.).

DNA electroinjection. Mice were anesthetized with 200 pl of a mix of Medetomidin
hydrochlorid 100 pg/ml (Dormitor) and Ketamine 500 pg/ml (Anesketin) given i.m. Before
DNA injection, mice were shaved locally, using depilatory cream. 10 pg of endotoxin-free
plasmid DNA (Promega endofree) in 25 pl of PBS were injected in the left and right tibialis
anterior muscles of the mice. Electric pulses (80 V per 4 mm, 8 pulses, 20 msec/pulse, pause:
480 msec) were administered using a Cliniporator system (Cliniporator, IGEA, Capri, Italy)

equipped with 6 mm electrode plates. For all experiments, conductive gel was used to ensure
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electrical contact with the skin (EKO-GEL, ultrasound transmission gel, Egna, Italy). Mice

were woken up by i.m. injection of 250 ul of Atipamezol 500 pg/ml (Antisedan).
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SUPPLEMENTARY FIGURE 1 JAKI'®* specifically confers hypersensitivity to type 1 IFNs. 4,000 BW5147 cells
parental and stably transduced by JAKI" or JAKI'%*° were seeded in 96-well plates and stimulated (or left unstimulated)
by different dose of (4) murine recombinant IFN-f, (B) doxorubicin and (C) cytosine arabinoside (ARA-C). After 72 hours,
tritiated thymidine was added to the cells for 4 hours and thymidine incorporation was measured. Results are mean £ SD of
biological triplicates. Similar results were obtained in 3 independent experiments.
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SUPPLEMENTARY FIGURE 2 JAKI'®* confers hypersentitivity to IFN-B, IFN-all and IFN-a6T. 4,000 BW5147
cells parental and stably transduced by JAKI"™ or JAKI'®*° were seeded in 96-well plates and stimulated by 1% IFN-B, -
all, -a6T or mock/control HEK293 supernatants. After 72 hours, tritiated thymidine was added to the cells for 4 hours and
thymidine incorporation was measured. Results are mean £ SD of biological triplicates. Similar results were obtained in 3
independent experiments in BW5147 and BaF3 cell lines.
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