CASE REPORTS

p.Y317H is a new JAK2 gain-of-function mutation
affecting the FERM domain in a myelofibrosis patient
with CALR mutation

p.-V617F JAK2 mutation is the most frequent mutation
in myeloproliferative neoplasms (MPNs), present in
almost all patients with polycythaemia vera (PV), 50% of
essential thrombocythemia (ET) and myelofibrosis (MF),
and in some cases of atypical MPNs, myelodysplasia and
AML. This mutation is located in exon 14 and affects the
pseudokinase domain, resulting in the constitutive acti-
vation of kinase function.! Other mutations have been
found in this domain in PV, such as p.C616Y, p.C618R
and p.D620E, or the somatic deletion of five amino acids
(AIREED) that defines a distinct acute lymphoblastic

leukemia (ALL) subgroup associated with trisomy 21. A
region linking SH2 and JH2 domains (exon 12, residues
537 to 543) can be also mutated in some PV patients.”
During a comprehensive mutational screening of sever-
al tyrosine kinase genes, our group identified a new point
mutation in JAK2 exon 8 (p.R340Q) in a MF patient.’
Subsequent analyses in additional samples from 443
MPN patients (174 p.V617F JAK2 negative and 269
p-V617F JAK2 positive), as well as 355 control samples
without leukemia, led us to the identification of addition-
al changes (p.Y317H and p.N337D) in the same exon. All
of them were found in p.V617F JAK2 negative and MPL
non-mutated MF cases, but none was recurrent. They
affect the FERM domain of the protein, and they have not
been described as SNPs in sequence databases except for
p-N337D which was described as SNP (rs149683525) in
2014. In silico analysis with PolyPhen-2 showed that
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Figure 1. Results from 32D-hEPOR cells expressing p.V617F and p.Y317H JAK2 mutations. (A) MTS assays. Graph shows the relative proliferation of p.V617F,
p.Y317H and p.R340Q mutants compared to wild-type JAK2 expressing cells in two different conditions (with or without WEHI medium as a source of murine IL-
3). The relative absorbance at 492 nm (Y-axis) which is directly proportional to the number of cells, was quantified daily for 7 days (X-axis). The growth rate was
calculated as the difference between the maximum absorbance achieved and the absorbance at day 1. Day 6 cell survival was calculated as the difference
between the absorbance at day 6 and 1. None of the mutations were able to promote cytokine-independent growth (including p.V617F JAK2 mutation). The
p.V617F mutation caused hypersensitivity to IL-3 (P = 0.043) and a significantly higher survival at day 6 (P < 0.05). Cells with p.Y317H showed a higher growth
rate and an enhanced cell survival at day 6 compared to wild-type JAK2 cells (P < 0.001) and a higher growth rate compared to p.V617F cells (P < 0.001). Cells
with the p.R340Q mutation did not show differences with wild-type JAK2 cells (P = 0.427). (B) Viability of cells (32D-hEPOR-V617FJAK2 vs. 32D-hEPOR-WUAK2)
cultured without IL-3 at day 6. Survival of cells expressing p.V617F mutants (live cells marked with arrows) could be observed under optic microscope; by con-
trast, cells expressing wild-type JAK2 underwent a rapid cell death. (C,D) Western blot analyses showing JAK2, STAT5, STAT3 and AKT phosphorylation before
and after stimulation with IL-3 and hEPO. Cells were starved for 6 h and then stimulated for 30 min with hEPO (5 U/mL) and 20% of undiluted IL-3 conditioned
WEHI-3B medium. Intensities of specific bands corresponding to the proteins of interest were measured by relative densitometry (optic density (OD) x mm) to
B-actin. The activation of each protein was obtained dividing the relative OD of the phosphorylated protein by the relative OD of the non-phosphorylated form.
OD ratio shows the level of activation of the mutated form divided by the level of activation of the wild type. In the case of STAT3, this ratio was obtained dividing
the level of activation of the mutated form by the level of activation in the positive control (H1703) because STAT3 activation was not detected in JAK2 wild-type.
Results show that p.Y317H mutation was less active than p.V617F on JAK2 phosphorylation, but it has a greater effect on STATS phosphorylation (~1.70 vs.
~1.27-fold higher) as well as on AKT phosphorylation (~1.25 vs. ~0.81-fold higher) upon cytokine stimulation. It also promoted STAT3 phosphorylation, whereas
p.V617F did not. hEPOR: human erythropoietin receptor; 32D-hEPOR-V617FJAK2: 32D cells stably expressing hEPOR and p.V617F; 32D-hEPOR-WUAK2: 32D
cell stably expressing hEPOR and wild-type JAK2; IL-3: interleukin 3; hEPO: human erythropoietin; OD: optic density.




p-R340Q and p.Y317H are probably damaging, and in
depth molecular analyses showed that both could be
somatic changes.’

It has been shown that artificial mutations in highly
conserved hydrophobic residues of the JAK1 FERM
domain can abrogate protein binding to the cytokine
receptor altering its regulatory function.” However, only
one JAK1 FERM domain mutation (p.K204M) with
unknown functional significance has been described in
an ALL patient.” In the JAK3 FERM domain, three mis-
sense mutations (p.L156P, p.R172Q, and p.E183G)
detected in T-ALL patients create a more active and sta-
ble JAK3 kinase,” and p.P132T/A has oncogenic propet-
ties in AML.®

Several pieces of evidence suggest that the FERM
domain is not only a critical site of interaction with
cytokine receptors, but it also plays a dual role on JAK2
activity at ditferent activation states: it maintains wild-
type protein in an inactive basal state, and constitutive
activation by p.V617F mutation depends on the integrity
of this domain.” On the other hand, p.G341E mutation in
hop gene of D. melanogaster causes a leukemia-like dis-
ease.”’ This gene encodes a non-receptor tyrosine kinase
similar to mammalian JAK proteins, and this mutation is
located in the FERM domain. As both p.R340Q and
p.Y317H are located in a conserved region close to
p-G341E in hop, their effects could be similar. All these
facts led us to hypothesize that p.R340Q and p.Y317H
could also play a role in malignant transformation.

In the present work, 32D-hEPOR cells stably express-
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ing p.V617F JAK2 mutation have been used as a reference
model of malignant transformation (Online Supplementary
Material & Methods). The expression of p.V617F con-
struct promoted hypersensitivity to IL-3 (P = 0.043), and
the survival of these cells at day 6 was significantly high-
er than those expressing wild-type human JAK2 (P <
0.05). Although we could not detect cytokine-indepen-
dent growth by the MTS assay (Figure 1A), we observed
some p.V617F cell survival by optic microscopy, whereas
cells expressing wild-type JAK2 showed very rapid cell
death under the same conditions (Figure 1B). By contrast,
cells expressing p.R340Q (Online Supplementary Material
& Methods) did not show differences with wild-type
JAK2 cells (P = 0.427), indicating that it does not result in
a proliferative advantage (Figure 1A). Notably, cells
expressing p.Y317H (Online Supplementary Material &
Methods) showed higher growth rate and enhanced cell
survival at day 6 compared to wild-type JAK2 cells (P <
0.001) (Figure 1A) and higher growth rate compared to
p-V617F cells (P < 0.001), although they were not able to
grow without cytokine stimulation. These results agree
with a previous report showing that artificial mutations
of this tyrosine residue enhance JAK2 activity." As
Tyr317 is not conserved in other JAKs, the mechanism by
which phosphorylation of Tyr317 affects protein func-
tion may be JAK2 specific."

Cells from MPN patients harbouring p.V617F JAK2
mutation are characterized by abnormal activation of
JAK/STAT signalling pathway, as well as RAS/MAPK and
PIBK/AKT pathways.' For this reason, we compared the
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Figure 2. Results from 32D-hEPOR cells expressing FERM deleted JAK2 with and without p.V617F mutation. (A). MTS assay. The graph shows the relative pro-
liferation of 32D-hEPOR cell clones expressing wild-type JAK2 and p.V617F mutation with the deletion of the whole FERM domain (FERMdel) compared with
32D-hEPOR-WUJAK2 cells in two different conditions (with or without WEHI medium as a source of murine IL-3). The relative absorbance at 492 nm (Y-axis), which
is directly proportional to the number of cells, was quantified daily for 7 days (X-axis). The growth rate was calculated as the difference between the maximum
absorbance achieved and the absorbance at day 1. Day 4 cell survival was calculated as the difference between the absorbance at day 6 and 1. Results show
that both FERMdel mutants (with and without the p.V617D mutation) were unable to promote cytokine-independent growth, but they showed a higher growth
rate and an enhanced cell survival at day 6 (P < 0.001). Cell viability of the FERMdel p.V617F mutants was markedly decreased after cytokine stimulation. (B)
Western-blot analyses showing STAT5, STAT3 and AKT phosphorylation in response to IL.-3 and hEPO. Cells were starved for 6 h and then stimulated for 30 min
with both hEPO (5 U/mL) and 20% of undiluted IL-3 conditioned WEHI-3B medium. Intensities of specific bands corresponding to the proteins of interest were
measured by relative densitometry (optic density (OD) x mm) to p-actin. The level of activation for each protein was calculated dividing the relative OD of the
phosphorylated protein by the relative OD of the non-phosphorylated form. OD ratio shows the level of activation of the mutated form divided by the level of acti-
vation of the wild type. In the case of STAT3, this ratio was obtained dividing the level of activation of the mutated form by the level of activation in the positive
control (H1703) because STAT3 activation was not detected in JAK2 wild-type. Results show that deletion of the FERM domain causes a reduced STAT5 phos-
phorylation in WJAK2 cells (~1.88-fold lower, 1/0.53) after cytokine stimulation. This phosphorylation is maintained in FERMdel p.V617F cells but dramatically
reduced when compared to p.V617F with an intact FERM domain. STAT3 phosphorylation could only be detected in FERMdel wtUAK2 cells. Cytokine-dependent
AKT phosphorylation is also highly increased, ~15.35-fold in FERMdel p.V617F cells but ~45.62-fold in FERMdel wtJAK2 cells. hEPOR: human erythropoietin
receptor; 32D-hEPOR: 32D cells stably expressing hEPOR; FERMdel: deletion of the FERM domain; 32D-hEPOR-wtJAK2: 32D cell stably expressing hEPOR and
wild-type JAK2. IL-3: interleukin 3; hEPO: human erythropoietin; OD: optic density.
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phosphorylation (activated) state of JAK2, STAT5, STAT3
and AKT in the mutant clones vs. wild-type JAK2 cells
(Online Supplementary Material & Methods). As expected,
our results showed higher activation of JAK2 in p.V617F
cells (~1.26-fold higher) as well as increased STATS
phosphorylation (~1.27-fold higher) after cytokine stim-
ulation. By contrast, only background levels of STAT3
and AKT phosphorylation could be detected (Figures 1C
and 1D). Similarly, although we found that the cytokine-
dependent activation of JAK2 was weaker in p.Y317H
than in p.V617F cells (Figure 1C), p.Y317H cells showed
higher STAT5 phosphorylation (~1.70 vs. ~1.27-fold
higher) and AKT phosphorylation (~1.25 vs. ~0.81-fold
higher). In addition, this variant activates STAT3, again
after stimulation, whereas p.V617F does not (Figure 1D).
These results show that, despite activating several signal
pathways,' the major target of p.V617F is STAT5.” Our
model shows features of malignant transformation (i.e.,
higher cytokine-dependent growth rate, higher cell sur-
vival and higher cytokine-dependent cell signalling) in
cells with p.Y317H compared to wild type JAK2. Besides,
the mechanism by which p.Y317H causes cell prolifera-
tion differs from the effect induced by the p.V617F muta-
tion as p.Y317H mediates downstream signalling not
only through STATS5 but also by STAT3 and AKT.

Since p.Y317H is located in the FERM domain, we
wanted to test the role of this domain in cellular transfor-
mation and signalling. We created 32D-hEPOR cell
clones stably expressing either wild-type or p.V617F
JAK2 together with the deletion of the whole FERM
domain (FERMdel) (Online Supplementary Material &
Methods). Both clones were then cultured in parallel with
wild-type JAK2 cells in the presence or absence of IL-3.
None of the FERMdel mutants were able to grow in
absence of IL-3, but they showed a higher growth rate
and an enhanced cell survival at day 6 (P < 0.001) (Figure
2A) upon cytokine stimulation. Remarkably, the deletion
of the FERM domain decreased the effect of p.V617F
mutation on cell transformation.

After cytokine stimulation, the deletion of the FERM
domain led to a reduced STATS phosphorylation (~1.88-
fold lower, 1/0.53) compared with wild type-JAK2.
Similarly, although STAT5 phosphorylation was main-
tained in FERMdel p.V617F cells, it was dramatically
reduced when compared with p.V617F cells with intact
FERM domain. By contrast, STAT3 phosphorylation was
detected in FERMdel wtJAK2 cells but not in FERMdel
p.V617F cells. Finally, AKT phosphorylation was
increased ~15.35-fold in FERMdel p.V617FJAK2 cells
and ~45.62-fold in FERMdel wtJAK2 cells, compared
with wild type-JAK2 (Figure 2B). Thus, the deletion of
the FERM domain per se causes hypersensitivity to IL-3
and enhanced cell viability. This deletion promotes
increased STAT3 and AKT phosphorylation after
cytokine stimulation but fails to activate STAT5, confirm-
ing that this domain is essential to STATS activation by
JAK2. Therefore, p.Y317H does not completely inacti-
vate the FERM domain (STATS activation is retained), but
it could alter its conformation state promoting the activa-
tion of STAT3 and AKT (similar to the deletion of FERM).
This suggests that p.Y317H behaves as a gain-of-function
mutation that could act as a driver in the oncogenic
process.

When mutations in CALR were described in MPNs, we
observed that the MF patient with p.Y317H also har-
boured the CALR type 28 mutation (E378fs*45). It has
been reported that some ET patients with type 2-like
CALR mutations progress to myelofibrosis due to the

presence of additional mutations.”*p.Y317H could be one
of these mutations that cooperate to the progression of
the disease or the development of a more aggressive
state, although we could not test if both mutations affect
the same cellular clone.

Coexistence of mutations in both CALR and JAK2 are
being reported in ET and MF with frequencies from 1%
to 6.8 %' breaking the widespread belief that both are
mutually exclusive events.”” It has been proposed that
cases with both genes mutated could correspond to a
specific subgroup of patients with special follow up and
management.”” However, although several JAK2 muta-
tions have been published to date, only p.V617F and
exon 12 mutations in PV are routinely studied.

Here, we describe that the JAK2 FERM domain can be
mutated in rare cases of MPNs, playing a role in the reg-
ulation of the activity of this protein with specific effects
on signalling. In addition, these changes can coexist with
functional mutations in other relevant genes (like CALR)
in the same patients, although further research is required
to demonstrate whether both events cooperate or drive
the disease independently. This finding could be relevant
for the diagnosis of a minor proportion of patients and for
the design of new therapeutic approaches.
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