
Abstract. Background/Aim: In myeloproliferative neoplasms
(MPN), Janus kinase 2 (JAK2) is activated by mutations
including JAK2V617F (JAK2VF). It is unclear whether JAK
kinases [i.e. JAK1, JAK2, JAK3, or tyrosine kinase 2 (TYK2)]
other than JAK2 have cooperative actions such as
enhancement or suppression of JAK2. If other kinases enhance
activation, therapies that co-target them could have a
therapeutic efficacy. We examined the role of TYK2 in
Jak2VF-induced murine MPN. Materials and Methods: We
crossed Jak2VF transgenic mice and Tyk2-knockout (Tyk2KO)
mice to generate Jak2VF/Tyk2KO mice. The disease severity
and treatment effect with a JAK2 inhibitor was compared
between Jak2VF and Jak2VF/Tyk2KO mice. Results: Both
types of mice developed MPN, and there were no differences
in peripheral blood counts, spleen weight, or survival period.
Upon JAK2 inhibitor therapy, both types of mice had equally
improved leukocytosis and splenomegaly. Conclusion: TYK2
does not have cooperative effects with JAK2VF upon MPN
onset nor in the presence of a JAK2 inhibitor.

Classical breakpoint cluster region-Abelson (BCR–ABL)-
negative myeloproliferative neoplasms (MPN) includes three
main diseases of distinct clinical presentation, namely
polycythemia vera, essential thrombocythemia, and primary
myelofibrosis. The most recurrent abnormality is a gain-of-
function substitution of valine to phenylalanine at position
617 (V617F) in Janus kinase 2 (JAK2) (1). In patients with
MPN, clonal expansion of myeloid cells by JAK2 activation

results in leukocytosis, hepatosplenomegaly associated with
extramedullary hematopoiesis, and constitutional symptoms
due to cytokine overproduction. JAK2 inhibitors alleviated
these symptoms in clinical trials, and ruxolitinib, the first
JAK2 inhibitor approved for the treatment of MPN, is now
in widespread clinical use (2, 3). However, in ruxolitinib-
treated patients, the therapeutic effects plateau in a few
months, and no clear effects on the mutant allele burden have
been observed, indicating the presence of resistance to JAK2
inhibitor. As a possible resistance mechanism, it was shown
in vitro that JAK2 can form a heterodimer with the non-
receptor tyrosine protein kinase 2 (TYK2) or JAK1 in the
presence of JAK2 inhibitor, thereby enhancing downstream
signaling (4). In addition, it is unclear whether Janus kinases
(i.e. JAK1, JAK2, JAK3, and TYK2) other than JAK2 have
cooperative effects such as enhancement or suppression of
activated JAK2. If other kinases in addition to JAK2 activate
or induce drug resistance, therapies that co-target them might
have therapeutic efficacy. In this study, we used a
Jak2V617F (Jak2VF)-induced murine MPN model to
determine whether TYK2 promoted the severity of MPN in
cooperation with JAK2VF, and whether the loss of TYK2
influenced the therapeutic effects of a JAK2 inhibitor.

Materials and Methods
Mouse models. Transgenic mice that expressed the Jak2VF mutation
(Jak2VF mice) and Tyk2-knockout mice (Tyk2KO mice) were
established and analyzed as previously described (5, 6). We used
Jak2VF mice that showed a spectrum of clinicopathological features
of human primary myelofibrosis. Jak2VF mice and Tyk2KO mice
were crossed to create Jak2VF/Tyk2KO mice. To investigate the
influence of TYK2 loss on MPN severity induced by JAK2VF,
wild-type (WT), Jak2VF, and Jak2VF/Tyk2KO mice were analyzed.
Peripheral blood (PB) cell counts were assessed every 8 weeks after
birth, and the survival time of these mice was also examined.
Another group of mice was sacrificed at 3, 6, and 9 months after
birth, and their organ weights were assessed followed by
histopathology. To investigate the therapeutic effects of JAK2
inhibitor, 12-week-old WT, Jak2VF, and Jak2VF/Tyk2KO mice
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were treated by oral gavage twice daily with 50 mg/kg JAK2
inhibitor or vehicle (0.5% methylcellulose) for 16 weeks. PB cell
counts were assessed every 4 weeks, and mice were sacrificed at
the study endpoint and analyzed. Animal studies were performed in
accordance with the Ethics Committee of the University of
Miyazaki (approval number 2014-520). For pathological
examination, tissue samples were fixed in formalin, embedded in
paraffin blocks, and sectioned for hematoxylin and eosin (H&E) or
Gomori silver staining. Fluorescence-activated cell sorting (FACS)
analysis was performed as previously described (5).

N-[(1S)-1-(4-Fluorophenyl)ethyl]-4-(1-methyl-1H-pyrazol-4-yl)-
N0-(pyrazin-2-yl)pyridine-2,6-diamine maleate, a potent and
selective inhibitor of JAK2 and SRC-family of protein tyrosine
kinases, which is currently in phase 2 clinical trials for MPN, was
kindly provided by Discovery Research Laboratories, Nippon
Shinyaku Co., Ltd. (Kyoto, Japan) (7).

Quantitative real-time polymerase chain reaction (qPCR). RNA was
extracted from the bone marrow (BM) cells of WT, TYK2KO,
JAK2VF, and JAK2VF/TYK2KO mice. Then the expression levels
of Jak1, Jak2, Jak3, and Tyk2 were measured by qPCR as
previously described (8).

Statistical analysis. Results are presented as the mean±standard
error of the mean (SEM). For the comparison of hematological
values, analysis of variance (ANOVA) with repeated measures was
used. To assess statistical significance among groups, Tukey’s
Honest Significant Difference (HSD) test with one-way ANOVA
was used. Statistical analysis of the survival was performed with the
log-rank test. p-Values less than 0.05 were considered statistically
significant.

Results

Loss of TYK2 did not affect disease severity of JAK2VF-
induced murine MPN. The expression levels of Jak1, Jak2,
Jak3, and Tyk2 in the BM cells of WT, Jak2VF, and
Jak2VF/Tyk2KO mice were measured by qPCR (n=3–5), and
the results are shown in Figure 1A. Tyk2 expression was not
detected in Jak2VF/Tyk2KO mice, and was 0.7-fold lower in
Jak2VF mice than in WT mice (p<0.01). Due to transgene
expression, Jak2 expression was 1.7-fold and 1.4-fold higher
in Jak2VF and Jak2VF/Tyk2KO mice, respectively, than in
WT mice. Jak1 expression was 0.8-fold and 0.7-fold lower in
Jak2VF and Jak2VF/Tyk2KO mice, respectively, than in WT
mice. The expression of Jak3 did not differ among the three
groups. All JAK kinases, with the exception of TYK2, were
equally expressed in Jak2VF and Jak2VF/Tyk2KO mice.

Next, we compared the phenotype of WT, Jak2VF, and
Jak2VF/Tyk2KO mice. Both Jak2VF mice and
Jak2VF/Tyk2KO mice showed increased white blood cell
count compared with WT mice (Figure 1B), and also showed
progressive anemia. The platelet count of Jak2VF and
Jak2VF/Tyk2KO mice was markedly higher than that of WT
mice at 8 weeks of age, but decreased thereafter. There was
no difference in PB cell count between Jak2VF and
Jak2VF/Tyk2KO mice. FACS analysis of PB cells showed that

macrophage-antigen-1-positive/granulocyte-differentiation
antigen-1-positive (Mac1+/Gr1+) myeloid cells were increased
and B-cell isoform of 220-kDa-positive (B220+) B-cells were
decreased in both Jak2VF and Jak2VF/Tyk2KO mice
compared to WT mice, but there were no differences between
Jak2VF and Jak2VF/Tyk2KO mice (data not shown).

Regarding organ weight, significant hepatomegaly and
splenomegaly were observed in Jak2VF and
Jak2VF/Tyk2KO mice compared to WT mice (p<0.01), but
no difference was observed between Jak2VF and
Jak2VF/Tyk2KO mice, even after 9 months of observation
(Figure 1C). The survival of Jak2VF and Jak2VF/Tyk2KO
mice was worse than that of WT mice (p<0.01), and as with
leukocytosis and organomegaly, there was no difference
between these two groups of mice (Figure 1D).

Loss of TYK2 did not affect the therapeutic efficacy of a
JAK2 inhibitor. We determined whether the loss of TYK2
affected the therapeutic efficacy of a JAK2 inhibitor. At 12
weeks of age, all of the Jak2VF and Jak2VF/Tyk2KO mice
developed MPN, exhibiting leukocytosis with an average
white blood cell count of 7-8×1010/l (Figure 2A). Jak2VF
and Jak2VF/Tyk2KO mice were divided into two groups: one
group received an oral gavage dose of 50 mg/kg JAK2
inhibitor twice daily (Jak2VF-inh; n=16, Jak2VF/Tyk2KO-
inh; n=16) and the other group received vehicle twice daily
(Jak2VF-veh; n=16, Jak2VF/Tyk2KO-veh; n=16) for 16
weeks. As a control for vehicle-treated mice, WT mice were
treated with vehicle (WT-veh; n=16) were used. vehicle-
treated Jak2VF and Jak2VF/Tyk2KO mice showed marked
leukocytosis compared with vehicle-treated WT mice.
Significant suppression of leukocytosis was observed by
administration of JAK2 inhibitor in both treatment groups
(Jak2VF: p<0.05; Jak2VF/Tyk2KO: p<0.01) (Figure 2A).
Inhibitor-treated Jak2VF and Jak2VF/Tyk2KO mice showed
no difference in leukocyte count, and there was also no
difference in the therapeutic effects of JAK2 inhibitor
between the two groups. In the PB cells of vehicle-treated
Jak2VF and Jak2VF/Tyk2KO mice, Mac1+/Gr1+ myeloid
cells increased and B220+ B-cells and CD3+ T-cells
decreased compared with vehicle-treated WT mice, but the
proliferation of myeloid cells was suppressed and the B- and
T-lymphocyte fractions were restored by treatment with
JAK2 inhibitor (Figure 2B). There were no differences in
leukocyte fractions between inhibitor-treated Jak2VF and
Jak2VF/Tyk2KO mice. In the vehicle-treated groups of
transgenic mice, progressive anemia was observed, but in the
JAK2 inhibitor-treated groups, anemia progression stopped,
although the difference was not significant (Figure 2A). No
significant differences in hemoglobin levels were observed
between JAK2 inhibitor-treated groups. Vehicle-treated
Jak2VF and Jak2VF/Tyk2KO mice showed thrombocytosis
compared to WT mice treated with vehicle in the early
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Figure 1. Tyrosine kinase 2 (TYK2) deficiency does not affect the severity of myeloproliferative neoplasms in mice. A: The mRNA expression levels
of Janus kinases (JAK) in bone marrow cells from wild-type (WT) mice (n=3), JAK2 V617F transgenic (Jak2VF) mice (n=5), and Jak2VF/tyrosine
kinase 2 gene knockout (Tyk2KO) mice (n=4). The expression level in WT mice was set at 1. Tukey’s HSD test with one-way ANOVA was used. B:
Differential blood counts in WT mice (n=28), Jak2VF mice (n=34), and Jak2VF/Tyk2KO mice (n=35) every 8 weeks after birth. ANOVA with
repeated measures was used. Significant differences for all counts vs. WT: Jak2VF, p<0.01; Jak2VF/Tyk2KO, p<0.01. C: Liver and spleen weights
at 3, 6, and 9 months after birth (n=5). Tukey’s HSD test with one-way ANOVA was used. D: Kaplan–Meier survival curves of WT mice (n=33),
Jak2VF mice (n=62), and Jak2VF/Tyk2KO mice (n=63) mice. Log-rank test was used. WBCs, White blood cells; Hb, hemoglobin; Plt, platelets.
Data are presented as the mean±SEM. Significantly different at *p<0.05 and **p<0.01. 
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stages, but the platelet count declined with time. JAK2
inhibitor treatment resulted in sustained thrombocytosis
(Jak2VF: p<0.05; Jak2VF/Tyk2KO: p=0.370) (Figure 2A)
compared to the vehicle-treated counterparts. No difference
in platelet count was observed between inhibitor-treated
Jak2VF and Jak2VF/Tyk2KO mice.

The spleen weight was markedly increased by 10.4-fold
in vehicle-treated Jak2VF mice and 10.2-fold in
Jak2VF/Tyk2KO vehicle-treated mice compared to vehicle-
treated WT mice. A significant reduction of spleen weight by
4.1-fold in inhibitor-treated Jak2VF mice (p<0.01) and by
3.4-fold in Jak2VF/Tyk2KO inhibitor-treated mice (p<0.01)
compared to vehicle-treated WT mice. There was no
difference in improvement of splenomegaly between Jak2VF
and Jak2VF/Tyk2KO mice upon administration of JAK2
inhibitor (Figure 2C), and there was also no difference in
liver weight between those groups of mice (Figure 2C).
Because the observation period was short, no difference was
observed among groups regarding survival (data not shown).

Histological examination showed that myeloid cells
markedly infiltrated the spleen, and the follicular structure had
disappeared in vehicle-treated Jak2VF and Jak2VF/Tyk2KO
mice (Figure 2D), but JAK2 inhibitor therapy improved cell
invasion and restored follicular structure in both groups of
mice (Figure 2D). In the liver and lung, cell infiltration was
observed in the vehicle-treated groups (Figure 2D), but cell
infiltration completely disappeared in the JAK2 inhibitor-
treated groups (Figure 2D). In both inhibitor-treated Jak2VF
and Jak2VF/Tyk2KO mice, histological improvement upon
JAK2 inhibitor therapy was observed equally. In contrast to
the drastic pathological improvement of these organs, JAK2
inhibitor had little effect on fibrosis in the BM, and TYK2 loss
did not affect these result (data not shown). Constitution of
hematopoietic cells in the BM and spleen was examined by
FACS analysis (Table I). The number of BM cells in vehicle-
treated Jak2VF and Jak2VF/Tyk2KO mice decreased
compared with the corresponding WT mice due to fibrotic
changes, and consistent with pathological findings, cellularity

did not recover with JAK2 inhibitor therapy. The number of
cells in the spleen of vehicle-treated Jak2VF and
Jak2VF/Tyk2KO mice increased because of extramedullary
hematopoiesis, which was reduced with JAK2 inhibitor,
although not with statistical significance. TYK2 loss did not
affect cellularity in the BM or spleen. In Jak2VF and
Jak2VF/Tyk2KO mice, JAK2 inhibitor therapy significantly
increased common myeloid progenitors in the BM and
significantly reduced cluster of differentiation 71-
positive/lymphocyte antigen 76 (Ly76, also known as Ter119)
-positive (CD71+/Ter119+) erythroid progenitors in the BM
and spleen, although the biological significance of this is
unknown. Both inhibitor-treated Jak2VF and Jak2VF/Tyk2KO
mice showed similar changes upon JAK2 inhibitor
administration compared with vehicle-treated groups, and
there was no significant difference observed between
inhibitor-treated Jak2VF and Jak2VF/Tyk2KO mice (Table I).

Discussion

In this study, we demonstrated the role of TYK2 in Jak2VF-
induced MPN in vivo. In addition, the disease severity and
treatment effect by JAK2 inhibitor were found to be
comparable between Jak2VF and Jak2VF/Tyk2KO mice.
Thus, our results indicate that TYK2 has no cooperative
effects with JAK2VF at the onset of MPN nor upon
treatment with a JAK2 inhibitor.

JAK2 inhibitors have shown excellent therapeutic effects
on MPN symptoms in clinical trials (2, 3), but the
plateauing of effects observed in these trials strongly
indicates the presence of resistance to the inhibitor. Such a
plateau of effects with regard to leukocyte count and
organomegaly was also observed in our mouse models (5).
Koppikar et al. revealed a mechanism of resistance in vitro
using MPN cell lines and cells from patients treated with
ruxolitinib. In the presence of JAK2 inhibitors, JAK2 does
not have kinase activity itself, but rather, it forms a
heterodimer with TYK2 or JAK1 and can enhance
downstream signaling (4). In a clinical trial with
momelotinib, which showed a strong inhibition profile of
JAK1/JAK2/TYK2, a plateau effect on organomegaly and
on the allele burden was also observed (9), suggesting that
it is not the suppression of kinase activity but rather the
reduction of protein expression that is necessary for the
reversal of resistance. Jak1KO mice showed perinatal
lethality and defect in lymphoid development (10). On the
other hand, Tyk2KO mice survived for a long time with no
immunodeficiency (6). TYK2 is a good target of treatment,
as its inhibition leads to fewer safety concerns than JAK1
inhibition Thus, it would be an ideal target for MPN
treatment because long-term therapy is likely to be required,
as in the case of imatinib mesylate treatment for BCR–ABL-
positive chronic myeloid leukemia (11, 12). Koppikar et al.
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Figure 2. Loss of tyrosine kinase 2 (TYK2) does not affect the
therapeutic efficacy of a Janus kinase 2 (JAK2) inhibitor. A: Differential
blood cell count every 4 weeks after drug administration (n=16 in each
group). ANOVA with repeated measures was used. B: Hematopoietic
compartment of peripheral blood assessed by flow cytometry 16 weeks
after drug administration (n=10 in each group). Tukey’s HSD test with
one-way ANOVA was used. C: Spleen and liver weights 16 weeks after
drug administration (n=10 in each group). Tukey’s HSD test with one-
way ANOVA was used. D: Histological analysis 16 weeks after drug
administration. WBCs, White blood cells; Hb, hemoglobin; Plt,
platelets. Data are presented as the mean±SEM. Significantly different
at *p<0.05 and **p<0.01. 
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also showed that the knockdown of JAK1 or JAK1 and
TYK2 by siRNA resensitized cells that had acquired
resistance to ruxolitinib, whereas the knockdown of only
TYK2 did not resensitize the cells (4). Our in vivo results are
consistent with this study. TYK2 protein may play an
auxiliary role in resistance to JAK2 inhibitor, and JAK1
protein might be the main player. Taken together, in
combination with JAK2 inhibitor therapy, the results of this
study suggest that TYK2 protein is not a sufficient
therapeutic target alone; however, novel treatment strategies
targeting JAK1 or JAK1 and TYK2 protein may be
promising, although there is a risk of immunodeficiency.
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Table I. Frequency of hematopoietic cells in mice treated with vehicle or Janus kinase 2 (JAK2) inhibitor.

                                                             Bone marrow                                                                                          Spleen

                                     WT                      Jak2VF                      Jak2VF/Tyk2KO               WT                       Jak2VF                    Jak2VF/Tyk2KO

                                  Vehicle         Vehicle        Inhibitor        Vehicle        Inhibitor        Vehicle         Vehicle        Inhibitor        Vehicle         Inhibitor

Total cellularity 
(×106)                       20.7±2.1      8.1±0.96†      6.3±0.43†      6.8±0.45†      6.6±0.65†      6.0±0.29      11.8±1.1†       9.7±1.2†      13.6±1.5†      11.2±1.3†

LT-HSC                     0.77±0.01    0.02±0.01†    0.03±0.01†    0.03±0.01†    0.04±0.01†   0.01±0.001   0.01±0.002   0.01±0.004   0.01±0.003    0.01±0.002
ST-HSC                    0.14±0.02    0.02±0.003    0.03±0.01     0.02±0.01     0.07±0.02     0.01±0.01    0.07±0.02†    0.03±0.01     0.04±0.01     0.02±0.005
MPP                          0.47±0.04     0.48±0.08     0.57±0.06     0.38±0.05     0.49±0.10     0.30±0.02    0.55±0.07†   0.56±0.06†    0.44±0.04     0.52±0.06†
CMP                          0.53±0.04     0.29±0.04    0.66±0.06*    0.48±0.08    0.70±0.09*   0.02±0.002   0.14±0.05†    0.11±0.02†   0.11±0.02†    0.13±0.02†
GMP                          2.5±0.14       3.0±0.34       3.3±0.15       3.5±0.33       3.2±0.34     0.06±0.005   0.31±0.09†    0.15±0.02    0.28±0.07†     0.22±0.04
MEP                          0.90±0.03     0.91±0.16     0.71±0.07     0.58±0.05     0.73±0.11     0.28±0.02     1.1±0.28†     0.88±0.11†    0.78±0.10     0.72±0.06†
MKP                         0.14±0.02    0.06±0.02†    0.07±0.01†   0.05±0.005†  0.10±0.02*   0.01±0.001   0.66±0.02†    0.11±0.02†    0.04±0.01    0.13±0.02†*
CLP                           0.19±0.03    0.05±0.01†    0.07±0.01†    0.05±0.01†    0.07±0.01†   0.01±0.002    0.04±0.02    0.01±0.003   0.01±0.002     0.02±0.01
Mac1+Gr1+              67.2±0.93     79.8±2.6†     85.4±0.53†     82.9±2.3†      83.2±1.6†      5.4±0.66      19.0±4.3†      14.0±1.8†     16.6±1.8†      14.7±2.2†
B220+                        16.5±1.2      4.7±0.81†      5.1±0.58†      3.8±0.51†      5.7±0.48†      58.3±1.2      39.9±3.2†     45.5±1.4†     44.3±3.1†      46.0±1.1†
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Jak2VF: Janus kinase 2 V617F transgenic; Tyk2KO: tyrosine kinase 2 gene knockout; LT-HSC: long-term hematopoietic stem cells,
Lin–Sca1+cKit+CD48–CD150+; ST-HSC: short-term hematopoietic stem cells, Lin–Sca1+cKit+CD48–CD150–; MPP: multipotent progenitor,
Lin–Sca1+cKit+CD48+CD150–; CMP: common myeloid progenitor, Lin–Sca1–cKit+CD34+FcγRlo; GMP: granulocyte-macrophage progenitor,
Lin–Sca1–cKit+CD34+FcγRhi; MEP: megakaryocyte-erythroid progenitor, Lin–Sca1–cKit+CD34–FcγR–/lo. Data are the mean frequency (%)±SEM.
The statistical significance of differences was assessed by non-repeated measures ANOVA and Tukey’s HSD test: †p<0.05 vs. vehicle-treated WT,
*p<0.05 vehicle-treated vs. corresponding inhibitor-treated cells.
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