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Key Points

• Mice expressing a JAK2 exon
12 mutation display isolated
erythrocytosis similar to the
majority of patients with JAK2
exon 12 mutations.

• JAK2 exon 12 mutation
induces changes in iron
metabolism that increase iron
availability to allow maximal
production of red cells.

Mutations in JAK2 exon 12 are frequently found in patients with polycythemia vera (PV)

that do not carry a JAK2-V617Fmutation. The majority of these patients display isolated

erythrocytosis. We generated a mouse model that expresses JAK2-N542-E543del, the

most frequent JAK2 exon 12 mutation found in PV patients. Mice expressing the human

JAK2-N542-E543del (Ex12) showed a strong increase in red blood cell parameters but

normal neutrophil and platelet counts, and reduced overall survival. Erythropoiesis was

increased in the bonemarrow and spleen, with normalmegakaryopoiesis and absence of

myelofibrosis in histopathology. Erythroid progenitors and precursorswere increased in

hematopoietic tissues, but the numbers of megakaryocytic precursors were unchanged.

Phosphorylation Stat3 and Erk1/2 proteins were increased, and a trend toward increased

phospho-Stat5 and phospho-Stat1 was noted. However, Stat1 knock out in Ex12 mice

inducednochanges inplatelet or redcell parameters, indicating thatStat1doesnot play a

central role in mediating the effects of Ex12 signaling on megakaryopoiesis or erythropoi-

esis. Ex12 mice showed decreased expression of hepcidin and increased expression of

transferrin receptor-1anderythroferrone,suggesting that thestrongerythroidphenotype inEx12mutantmice is favoredbychanges in iron

metabolism that optimize iron availability to allow maximal production of red cells. (Blood. 2016;128(6):839-851)

Introduction

The JAK2-V617F mutation occurs in the vast majority (.95%) of
patients with polycythemia vera (PV).1-4 PV patients who
are negative for JAK2-V617F frequently carry a mutation in exon
12 of JAK2.5 These JAK2 exon 12 mutations alter various nucle-
otide positions in the vicinity of codon 539 and often involve
deletions of 1 to 3 codons.5-8 In a large collaborative study on 106
cases, patients with JAK2 exon 12 mutations have been found to
have significantly higher hemoglobin values and lower platelet and
leukocyte counts at diagnosis, but similar survival and incidences
of thrombosis, myelofibrosis, and leukemia as patients with JAK2-
V617F.9 Two-thirds of patients with JAK2 exon 12 mutation
cases manifested as pure erythrocytosis, whereas the remaining
patients had erythrocytosis plus leukocytosis and/or thrombo-
cytosis. No differences in phenotype have been linked to the
presence of a particular mutation subtype.9 The JAK2 exon 12
mutations have been included in the World Health Organization
diagnostic criteria for PV.10

Scott et al showed in a retroviral transplantation model that
recipients of mouse bone marrow (BM) cells transduced with
Jak2-K539L displayed elevated hemoglobin, reticulocytosis, and
a pronounced leukocytosis.5 Furthermore, exon 12mutations were

associated with constitutive, erythropoietin (Epo)-independent
activation of Jak2, Stat5, and Erk1/2.5 Recently, the transcrip-
tional profiles of erythroid colonies from PV patients with JAK2
exon 12 mutations were examined and a Stat1 signature was
found.11

To study the biology of PV caused by a JAK2 exon 12mutation
in more detail, we generated an inducible transgenic mouse model
using a bacterial artificial chromosome (BAC) carrying the human
JAK2 gene. For the transgene construct, we selected the JAK2-
N542-E543del mutation because it is the most frequent subtype,
occurring in;30% of PV patients with a JAK2 exon 12mutation.9

Here we present a detailed phenotypic and molecular character-
ization of the JAK2-N542-E543del mutant mice.

Methods

Transgenic mice

Thehuman JAK2-N542-E543del transgenewas constructed bymodifying aBAC
containing thewild-type (WT) human JAK2 gene.12A fragment containing JAK2
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exon 12 N542-E543del was cloned from a PV patient harboring this mutation
and the construct was sequenced. The primers used for N542-E543del cloning
were: forward 59-TGCTAACATCTAACACAAGGTTGG-3, and reverse 59-
CAAAGTTCAATGAGTTGACCCC-39. The human JAK2-N542-E543delwas
introduced into the BAC by homologous recombination in the bacterial strain
SW102.Tomake the transgene constructCre-inducible, themutant JAK2exon12
was placed with inverse orientation and flanked by anti-parallel lox71 and lox66
(Figure 1A; see also supplemental Figure 1 and supplemental Methods, available
on the BloodWeb site). The purified human JAK2 DNA was microinjected into
pronuclei of oocytes from C57BL/6 mice and transplanted into foster mother
recipients. Transgene-positive founder mice were crossed withMxCre transgenic
mice to get double transgenicmice.13 Cre expression inMxCremicewas induced
by a single intraperitoneal injection of 300 mg polyinosine-polycytosine (pIpC).

Alternatively, JAK2-N542-E543del transgene-positive mice were crossed with
SclCreER transgenic mice. Cre activity in SclCreER mice was induced by daily
injections of 2 mg tamoxifen dissolved in 200 mL sunflower oil for 5 consecutive
days.14Allmiceused in this studywerekeptunder specificpathogen-freeconditions
and in accordancewithSwiss federal regulations.Togenerate triple transgenicmice,
SclCreER;JAK2-N542-E543del animals were crossed with Stat1 knockout mice.15

Transplantation

Donor mice were euthanized at 24 weeks after pIpC injection (5 weeks after
tamoxifen induction in SclCreER;Ex12 mice, respectively) and total BM cells
were transplanted into lethally irradiated (12Gy)C57BL/6 female recipientmice
as described previously.12

8

6

4

2

0

n

*

*

*

– + – + – +

MxCre;N1 MxCre;N2 MxCre;N3
plpC

Transgene copy numberA

Blood counts in MxCre;JAK2-N542-E543del double transgenic miceC

B

0

5

15

10

20

WT N1 N2

MxCre

N3

Neutrophils (× 10-9/L)

0

2

6

4

8

WT N1 N2

MxCre

N3

*
*

Plts (× 10-12/L)

0

100

200

300
*

*

WT N1 N2

MxCre

N3

Hb (g/L) 

Map of human JAK2-N542-E543del BAC transgene

human JAK2 gene
(exons 1-12)

JAK2 cDNA
(exons 13-25)

10 kb
1 12 pA

Iox71 Iox66

Iox71/66 exon 12 IoxP

exon 12
SD SA

Cre N542-E543del

SDSA

N542-E543del

mutant:

WT:

Figure 1. Generation and characterization of JAK2-Ex12 transgenic lines. (A) Map of the human JAK2 BAC carrying the N542-E543del mutation in exon 12 (shown in

red). The mutated region is shown enlarged below. In the presence of Cre recombinase, the mutated exon 12 is flipped from the inverse orientation (red) to the correct

orientation (green). Recombination generates 1 WT loxP and 1 double-mutant lox66/77 site, which is no longer substrate for Cre recombinase. The DNA and amino acid

sequences of the mutant (N542-E543del) and WT JAK2 are shown at the bottom. (B) Transgene copy number in 3 transgenic lines, named N1, N2, and N3. These mice were

crossed with the IFN-inducible MxCre strain and analyzed for transgene copy number (n) by RT-PCR before and 24 weeks after induction with pIpC. The average values

obtained from 3 mice per group are shown with error bars indicating6 SEM. (C) Peripheral blood parameters inMxCre;N1,MxCre;N2, andMxCre;N3 double transgenic mice.

Blood counts were determined 16 weeks after 13 pIpC injection. Horizontal lines represent the average values. The group sizes were: n 5 9 per double transgenic strain and

n 5 8 for the WT controls. One-way ANOVA with subsequent Bonferroni post-test was used. *P , .05. cDNA, complementary DNA; IFN, interferon; Hb, hemoglobin; pA,

polyadenylation signal from SV40; Plt, platelet; SA, splice acceptor; SD, splice donor.
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Blood and tissue analysis

Blood counts were determined on anAdvia 120HematologyAnalyzer using the
Multispecies Software (Bayer, Leverkusen, Germany). For histopathological
analysis, tissue specimens were fixed in 4% phosphate-buffered formalin and
embedded in paraffin. Paraffin sections (4 mm) were stained with hematoxylin
and eosin or Gömöri (analysis of the amount and distribution of reticulin fibers).

Hematopoietic progenitor assays

Erythroid burst-forming unit (BFU-E) colonies were scored after 9 to 10 days of
culture of BM cells (2 3 105) in methylcellulose-based medium (Stem Alpha,
St. Genis L’Argentière, France) supplemented with 100 ng/mL stem cell factor
(PeproTech), 310 mg/mL human transferrin and 200 mM hemin (Sigma-
Aldrich), and 3 units/mL Epo. Epo-independent erythroid colonies (EECs) were
scored after 4 to 5 days of culture in the same media but without Epo. Myeloid
progenitor assayswere performedwith 13 104 BMcells in triplicates inM3534
medium (StemCell Technologies, Vancouver, BC, Canada) and colony-forming
unit granulocyte (CFU-G), colony-forming unit macrophage (CFU-M), and
colony-forming unit granulocyte macrophage (CFU-GM) colonies were
counted after 14 days of culture. BM cells (53 104) were cultured for 8 days
on slide chambers in duplicates with or without 50 ng/mL recombinant human
thrombopoietin (Tpo) in supplemented MegaCult-C medium (StemCell Tech-
nologies), and colony-forming units–megakaryocyte (CFU-MK) were fixed,
stained, and counted.14

Real-time polymerase chain reaction (RT-PCR), flow cytometry,

phospho-protein analysis, immunohistochemistry, western

blot analysis, and meso scale discovery (MSD) assays

See supplemental Methods.

Hepcidin protein assay

Serum frommice was analyzed using the mouse hepcidin competition enzyme-
linked immunosorbent assay (ELISA) kit and serum from patients collected at
diagnosis was analyzed using the human hepcidin ELISA kit following the
manufacturer’s instructions (LifeSpan Biosciences, Seattle, WA).

Patient cohort

The collection of blood samples and clinical data were performed at the study
center inBasel, Switzerland, and approved by the localEthicsCommittees (Ethik
Kommission Beider Basel). Written informed consent was obtained from all
patients in accordance with the Declaration of Helsinki. The diagnosis of
myeloproliferative neoplasm (MPN) was established according to the revised
criteria of the World Health Organization.10

Statistical analysis

Results are presented as mean 6 standard error of the mean (SEM). To assess
statistical significance among groups, one-way or two-way analysis of variance
(ANOVA)with subsequent Bonferroni post-test (GraphPadPrism, version 6.01)
were used, and P values, .05 were considered significant.

Results

To generate transgenic mice that carry the human JAK2 gene with a
gain-of-function mutation in exon 12, we modified a BAC DNA
construct for the WT JAK2,12 and introduced a N542-E543del muta-
tion using homologous recombination in bacteria (Figure 1; supple-
mental Figure 1). The mutated exon 12 was placed in the reverse
orientation flanked by antiparallel loxP sites. In this configuration, no
full length Jak2 protein can be made, because the messenger RNA
(mRNA) is truncated after exon 11. Expression of Cre recombinase
results in flipping the orientation of the exon 12, thereby restoring a
functionally active transgene (Figure 1A). To make the recombination
unidirectional and irreversible, we used modified versions of the loxP
site named lox66 and lox71.16 Recombination between antiparallel
lox66 and lox71 sites create 1 WT loxP site and 1 double-mutant site
(lox66/71) with greatly reduced affinity for Cre. Using this BAC
construct, we generated 3 transgenic lines in the inbred C57BL/6
background, named N1, N2, and N3 that differed in transgene copy
numbers (Figure 1B). Offspring of these 3 lines was crossed with the
IFN-inducibleMxCre strain.13Upon injection ofpIpC and activation of
the transgene by Cre recombinase, 2 transgenic lines displayed a PV
phenotypewith elevatedhemoglobin values andplatelets slightly lower
than WT controls, whereas in the third line (N3) only a subset of mice
developed PV (Figure 1C). The transgenic line N1 was selected for
detailed analysis.

We found that the N1 line strain (hereafter called Ex12) carries 2
copies of the transgene that integrated in a “head-to-tail” configuration
(Figure 2A). Due to the orientation of the 4 loxP sites, Cre recombinase
can activate and/or excise copies of the transgene, yielding 1 or 2 copies
of the transgene in the active orientation. After induction of the
transgene in MxCre;Ex12 mice by pIpC, the transgene copy number
decreased from 2 to 1 in all subsets of peripheral blood cell types
(Figure 2B). Expression of the transgenic JAK2-Ex12 mRNA was
determined by quantitative PCR and plotted as the ratio between the
mutant human JAK2-Ex12 and theWTmouse Jak2 (Figure 2C). Total
BM, as well as erythroid and myeloid subsets of BM cells expressed
the mutant JAK2 at about 20% of the WT, whereas the expression of
the mutant JAK2 in peripheral blood cells was lower (around 10%).
Expression was lowest in B cells.We previously showed that the ratio
of mutant JAK2-V617F to WT Jak2 in BM cells inMxCre;FF1mice
(hereafter called MxCre;V617F) correlated with the hemoglobin
levels.12 Here, we confirmed this correlation (Figure 2D, blue dots).
The expression ratio of the mutant JAK2-Ex12 was substantially
lower than that of JAK2-V617F, but despite the lower expression the
hemoglobin levels were higher (Figure 2D, red dots). Jak2 protein

Figure 2. Analysis of JAK2-Ex12 transgene copy number and transgene expression. (A) Schematic drawing of Cre-mediated rearrangements of the JAK2-Ex12

transgene. The region of the transgene containing the mutated JAK2 exon 12 is shown enlarged and the DNA connecting the 2 copies of the transgene was omitted (inclined

double lines connected by dashed line). The head-to-tail orientation of the 2 copies of the transgene was confirmed by PCR with primers flanking the ends of the construct.

The inactive transgene configuration (top); Cre recombination of adjacent loxP sites (middle) leads to reversal of the orientation and activation of 2 copies of the transgene

(N542-E543del); and Cre recombination of distant loxP sites that are in parallel orientation results in the excision of 1 copy of the transgene (bottom). (B) The Ex12 transgene

copy number was determined by quantitative PCR in white blood cells (WBCs), and in sorted Gr11, Mac11, CD31, and B2201 cells from peripheral blood (PB) ofMxCre;Ex12

mice 24 weeks after pIpC injection (n 5 6 mice per group). (C) Ratio of human JAK2-N542-E543del to mouse Jak2 mRNA expression determined by RT-PCR in BM and

peripheral blood. Results from total BM cells or sorted erythroid (CD711) and myeloid (Gr11) cells, as well as platelets, granulocytes (Gr11), monocytes (Mac11), T cells

(CD31), and B cells (B2201) from peripheral blood ofMxCre;Ex12mice 24 weeks after pIpC induction are shown. Boxes represent the interquartile range that contains 50% of

the values and the whiskers indicating the range containing 95% of the values. Horizontal lines indicate the mean values (n5 6 mice per group). (D) Correlation of hemoglobin

levels with the ratio between human mutated JAK2/mouse wild-type (WT) Jak2 mRNA expression in BM of MxCre;Ex12 (red dots, n 5 7) and MxCre;V617F mice (blue dots,

n5 6), 24 weeks after pIpC induction. (E) Immunoblot analysis of Jak2 protein expression in BM cell lysates. The upper panel shows the quantification of western blots probed

with an antibody that preferentially recognizes human Jak2 protein (Imgenex). The intensities of the bands in the lower panel were quantified and differences in loading were

normalized using b-actin antibodies. The values are shown as the fold change of Jak2 in WT mice. For comparison, the blot was reprobed with a Jak2 antibody (Millipore) that

does not discriminate between human and mouse Jak2 proteins. WT (black), MxCre;Ex12 (red), and MxCre;V617F (blue) mice (n 5 2 per group). One-way ANOVA with

subsequent Bonferroni post-test was used. *P , .05.
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E Blood counts in mice transplanted with BM from MxCre;Ex12 transgenic mice

Blood counts in transgenic mice expressing JAK2-N542-E543del (Ex12) or JAK2-V617F (V617F)
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expression was assessed in BM cells by immunoblot analysis using 2
different anti-Jak2 antibodies (Figure 2E). A slight increase in total
Jak2 proteinwas noted in bothMxCre;Ex12 andMxCre;V617Fmice
compared with WT. This difference was more pronounced using an
antibody (Imgenex) that preferentially detects the human Jak2 over
mouse Jak2. A trend toward increased Jak2 protein was observed in
MxCre;V617F mice compared with MxCre;Ex12 mice.

The time course of blood parameters in MxCre;Ex12 mice after
induction with pIpC is shown in Figure 3A, and compared with our
previously described MxCre;V617F mice and WT controls. MxCre;
Ex12mice displayed a pure erythrocytosis phenotypewith hemoglobin
values higher than in the MxCre;V617F mice. In contrast, the platelet
values inMxCre;Ex12micewerenormal or at later stages slightly lower
than in WT controls (Figure 3A, lower panel). Similarly, neutrophils
also remained normal. The same phenotype butwith faster kineticswas
observed in SclCreER;Ex12 mice after induction with tamoxifen
(supplemental Figure 2A). SclCreER;Ex12 mice showed a dramat-
ically shortened survival with all mice dying within 10 weeks after
induction (Figure 3B). Some SclCreER;Ex12 mice that died prema-
turely showed intraperitoneal bleeding (data not shown). Increased
spleen size and spleen weight was observed in all mice expressing the
JAK2-Ex12 mutation (Figure 3C-D; supplemental Figure 2B).

The PV phenotype of MxCre;Ex12 and SclCreER;Ex12 mice was
transplantable into lethally irradiated mice (Figure 3E; supplemen-
tal Figure 2C). The onset of MPN in these recipient mice was

slightly earlier than in nontransplanted mice, because BM from pre-
induced donors that already displayed MPN have been used for the
transplantations. The red cell parameters in recipients transplanted
with MxCre;Ex12 BM were comparable with the nontransplanted
MxCre;Ex12 mice, with slightly lower MCV and reticulocyte counts
(Figure 3E). In recipients transplanted with SclCreER;Ex12 BM, the
MCVwas clearly lower and the hemoglobin values declined after 18 to
24 weeks (supplemental Figure 2C). Hemoccult tests of stool in these
mice showed evidence of gastrointestinal bleeding (supplemental
Figure 3A) and spleen weight was elevated (supplemental Figure 3B).
Recipients transplanted with BM from Ex12 or V617F strains showed
longer survival that the corresponding nontransplanted mice, sug-
gesting that expression of mutant JAK2 in nonhematopoietic tissues
contributes to lethality. In the transplantation setting, mouse mutants
activated by SclCreER showed shorter survival than mutants activated by
MxCre (supplemental Figure 3C), as alsoobserved in thenontransplanted
mutants (Figure 3B). The PV phenotype was also transplantable into
secondary recipients (data not shown).

Histopathological analysis of MxCre;Ex12 mice revealed
hypercellular BM and erythroid hyperplasia but only a slight
increase of MKs (Figure 4). Clustering of MKs as present in
MxCre;V617F mice was not observed in MxCre;Ex12 mice. The
histologic architecture of the spleen was partly replaced with
increased erythropoiesis and islands of hematopoiesis were also
detectable in the liver. In contrast to the MxCre;V617F mice, the

WT MxCre;Ex12 MxCre;V617F

BM
(H&E)

BM
(Gömöri)

Spleen
(H&E)

Liver
(H&E)

Figure 4. Histopathology of transgenic mice and

controls. Mice were euthanized 24 weeks after pIpC

injection. H&E staining of BM, spleen, and liver, as well

as reticulin-staining (Gömöri) of BM are shown (original

magnification 3400). H&E, hematoxylin and eosin.

Figure 3. Phenotypes of mice expressing the JAK2-Ex12 transgene. MxCre;Ex12 double transgenic mice were compared with MxCre;V617F mice (ie, mice expressing

the JAK2-V617F transgene) and WT control mice. (A) Time course of blood counts (average6 SEM) before pIpC injection (0) and every 4 weeks after pIpC injection is shown.

The group sizes were: MxCre;Ex12 (n 5 15), MxCre;V617F (n 5 10), and WT (n 5 13). (B) Survival of mice is shown. (C) Picture of a spleen from a MxCre;Ex12 and a WT

mouse 24 weeks after pIpC. (D) Spleen weight ofMxCre;Ex12 (n5 10),MxCre;V617F (n5 12), and WT mice (n5 4) 24 weeks after pIpC. (E) Time course of blood counts in

C57BL/6 lethally irradiated recipient mice transplanted with BM cells from MxCre;Ex12, MxCre;V617F, or WT donor mice (n 5 8 mice per group). One-way ANOVA with

subsequent Bonferroni post-test was used. *P , .05. MCV, mean corpuscular volume; RBC, red blood cell.
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Flow cytometric analysis of stem and progenitor cells
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MxCre;Ex12 mice displayed no increase in reticulin fibers or other
signs of myelofibrosis (Figure 4).

To assess the hematopoietic progenitor and stem cell
compartment of Ex12 mice in more detail, we performed flow
cytometry analysis and progenitor colony assays (Figure 5).
Compared with WT controls, MxCre;Ex12 and MxCre;V617F
mice displayed increased frequencies of early HSC and pro-
genitor cell populations in the BM and spleen (Figure 5A). The
proportion of Sca12/c-Kit1 cells in Lin2 population cells was
increased in both JAK2 mutant strains (Figure 5B). Accordingly,
the frequency of common myeloid progenitors and granulocyte-
monocyte progenitors was also significantly increased in MxCre;
Ex12mice (Figure 5B). Analysis ofMK-erythrocyte progenitors and
erythroid committed precursors (ie, CFU-E) revealed a pronounced
increase in BMofMxCre;Ex12mice as compared withWT controls,
but were reduced in the BM ofMxCre;V617F mice, consistent with
earlier results.17 In the spleen, the proportion of CFU-E cells was
increased overall and was even higher in Ex12 than in V617F mice
(Figure 5C). In contrast, cells of the megakaryocytic progenitors
were unchanged in MxCre;Ex12 mice in comparison with WT
controls, but were increased in the BM and spleen ofMxCre;V617F
mice (Figure 5C).

Colony assays in semisolid media revealed that BFU-E colonies
were increased, and growth of EECs occurred in Ex12 and V617F
mice (Figure 5D). Interestingly, both BFU-E and EEC numbers were
enhanced in MxCre;Ex12 mice compared with MxCre;V617F mice.
The numbers of CFU-MK were not increased in MxCre;Ex12 mice
compared with WT controls, whereas MxCre;V617F mice showed
increased CFU-MK in presence and absence of Tpo. No significant
differences in myeloid colonies were detected between MxCre;Ex12
mice and WT controls, whereas granulocyte CFU and macrophage
CFU were increased in MxCre;V617F mice. Overall, erythroid
progenitors and precursors were elevated in Ex12 mice, but
megakaryopoiesis was not significantly altered compared with WT.
As expected, serum Epo levels were slightly reduced in Ex12 and
V617F mice compared with WT controls (Figure 5E). Despite
normal platelet counts, Ex12 mice showed decreased Tpo plasma
levels (Figure 5F). Plasma Tpo was strongly suppressed in V617F
mice, which display thrombocytosis and are expected to effectively
remove Tpo from circulation.

To assess the differences in signaling, we analyzed the phosphor-
ylation of Stat5, Stat3, andStat1 proteins, aswell asAkt andErk1/2 that
are knowndownstream targets of the Jak2kinase.Western blot analysis
of BM cell lysates using phospho-protein–specific antibodies revealed
significantly increased baseline levels of pStat3 and pErk1/2, and a
trend toward increased pStat5 and pStat1 in Ex12mice compared with
WT controls (Figure 6A). No significant changes in the phosphory-
lation of Stat5 or Stat3 were detected by immunohistochemistry
staining of nuclei, phospho-flow analysis, or MSD analysis when
comparing Ex12 mice with WT controls (Figure 6B-C). Phospho-

flow analysis revealed no differences in phosphorylation of Stat1 and
Erk1/2 inBMand spleen ofEx12mice, andWTcontrols (Figure 6D-E),
but decreased pAkt was noted in spleen cells of E12 and V617F mice
(Figure 6F).

Because we observed a trend toward increased pStat1 in western
blots of MxCre;Ex12 BM cells, and this finding is unexpected given
the proposed role of Stat1 in promoting megakaryopoiesis in the con-
text of JAK2-V617F,18,19 we sought to clarify the role of Stat1 in
Jak2-Ex12 signaling by analyzing Ex12;Stat12/2 double-mutant mice
(Figure 6G-H).15 To obtain sufficient numbers of triple transgenic mice
for study, we transplanted BM cells from SclCre;Ex12;Stat12/2,
SclCre;Ex12;Stat1/1, and controls, and induced expression of Jak2;
Ex12 with tamoxifen. We observed no differences in blood counts
or survival in mice expressing Jak2;Ex12 on Stat1/1 or Stat12/2

backgrounds (Figure 6G). A trend toward slightly lower spleens was
noted inEx12;Stat12/2micecomparedwithEx12;Stat1/1mice, but this
difference was not significant. We also did not observe differences in
erythroid, megakaryocytic, or myeloid precursors in the BM or spleens
of these mice (Figure 6H).

Because Ex12 mice display a predominantly erythroid pheno-
type, we compared mRNA expression of selected genes impli-
cated in erythropoiesis and found that the transferrin receptor-1
(Tfr1) mRNA was increased in MxCre;Ex12 mice compared with
WT,whereasMCL-1,BCL-XL, andoncostatinM showednosignificant
differences (Figure 7A). These results suggested that iron metabolism
could be altered in Ex12 mice. In addition, the expression of Tfr1
protein (also called CD71) was found to be increased in BM cells of
MxCre;Ex12 mice by flow cytometry, indicating that Tfr1 protein
was upregulated at the cell surface on a per cell basis (Figure 7B).
Serum iron levels showed no significant differences (Figure 7C),
whereas liver iron stores were increased in MxCre;V617F mice
(Figure 7D). Expression of the key iron regulatory gene Hepcidin
(Hamp) was decreased in the peripheral blood and liver fromMxCre;
Ex12 mice (Figure 7E) and a trend toward lower hepcidin protein
levels was also observed in serum (Figure 7F). Erythroferrone (Erfe)
(Fam132b), an erythroid regulator of iron metabolism and suppressor
of Hamp was strongly increased in the peripheral blood and spleen of
Ex12 transgenic mice (Figure 7G). These changes were also observed
in SclCreER;Ex12 mice (supplemental Figure 4). To determine whether
similar alterations also occur in patientswith PV,wemeasured hepcidin
serum levels and found that they were lowest in patients with JAK2
exon 12mutations comparedwithMPNpatients carrying JAK2-V617F
(Figure 7H). Finally, we analyzed mRNA expression in BFU-E grown
inmethylcellulose (Figure 7I).BFU-Ecolonies frompatientswith JAK2
exon 12mutations showed significantly increased TFR1mRNA levels
compared with colonies from patients with JAK2-V617F, but there was
nodifferencebetweenBFU-Ecoloniespositiveornegative for the JAK2
exon 12 mutations (Figure 7I, left panel). In contrast, BFU-E colonies
positive for JAK2exon12mutations expressedmoreERFEmRNAthan
colonies genotyped to be WT for JAK2 (Figure 7I, right panel). These

Figure 5. Analysis of hematopoietic stem and progenitor subsets in JAK2-Ex12 transgenic mice. (A) Bar graphs shows the average frequency of LT-HSC (Lin2Kit1

Sca-11CD1501CD482), ST-HSC (Lin2Kit1Sca-11CD1501CD481), MPP (Lin2Kit1Sca-11CD150lo CD481), and LSK in total BM (left) and spleen (right) of indicated mice

(n 5 5-6 mice per each genotype). (B) Average frequency of myeloid precursors LK, CMP (Lin2Kit1Sca-11 CD341 FcgRII/IIIlo), GMP (Lin2Kit1Sca-11 CD341 FcgRII/III1),

and MEP (Lin2Kit1Sca-11 CD342 FcgRII/IIIlo) in total BM (left) and spleen (right) of indicated mice (n 5 5-6 mice per each genotype). (C) Average frequency of MK and

erythroid committed subsets, Pre-GM (Lin2Kit1Sca-12CD412/1CD1502CD1052), Pre-MegE (Lin2Kit1Sca-12CD412/1 CD1501CD1052), MkP (Lin2Kit1Sca-12CD411

CD1501), Pre–erythroid CFU (CFU-E) (Lin2Kit1Sca-12CD412CD1501CD1051), and CFU-E (Lin2Kit1Sca-12CD412CD150loCD1051) in total BM (left) and spleen (right)

of indicated mice (n 5 5-6 mice per each genotype). Mice were analyzed 16 weeks after pIpC injection. (D) Analysis of colonies grown in semisolid media. Numbers on

Y-axis indicate the colony counts. (E) Serum Epo levels. (F) Plasma Tpo levels (n 5 6 mice per genotype). All data are presented as mean 6 SEM. One-way or two-way

ANOVA with subsequent Bonferroni post-test was used. *P , .05; **P , .01; ***P , .001. CMP, common myeloid progenitors; GMP, granulocyte-monocyte progenitors;

HSC, hematopoietic stem cell; LK, Lin2cKit1; LSK, Lin2Sca-11cKit1; LT-HSC, long-term HSC; MEP, MK-erythrocyte progenitors; MkP, MK progenitors; MPP,

multipotent progenitors; Pre-GM, pre–granulocyte-monocyte progenitors; Pre-MegE, Pre–megakaryocyte-erythroid progenitors; ST-HSC, short-term HSC.
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Figure 6. Analysis of Jak-Stat signaling in BM and spleen of JAK2-Ex12 transgenic mice. (A) Western blot analysis of indicated total and phospho proteins in BM lysates

from WT and MxCre;Ex12 mice. Bar graphs represent the average ratio of phospho and total proteins for signal intensity of respective proteins (n 5 3 per each genotype). (B)

Phosphorylation levels of Stat5 protein at Tyr705 detected in nuclei of BM cells (sternum) and spleen cells by immunohistochemistry (IHC) staining. The histograms show the

percentages of nuclei positive for phospho-Stat5 counted using the Aperio ImageScope image analysis software (left). The group sizes were: n 5 10 for WT and MxCre;Ex12mice,

and n5 6 forMxCre;V617Fmice. The values represent the mean6 standard deviation. Intracellular phospho-flow analysis of phospho-Stat5 levels in BM and spleen from indicated

mice (middle) (n 5 6 per genotype). Relative levels of phospho-Stat5 protein measured in spleen cell lysates using the MSD (right). (C) Phosphorylation levels of Stat3 protein at

Tyr705 detected in nuclei of BM cells (sternum) and spleen cells by immunohistochemistry staining. The histograms show the percentages of nuclei positive for phospho-Stat3 (left).

The group sizes were: n 5 10 for WT and MxCre;Ex12 mice, and n 5 6 for MxCre;V617F mice. Intracellular phospho-flow analysis of phospho-Stat3 levels in BM and spleen from
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alterations suggest that ironmetabolism is altered by the presence of the
JAK2 exon 12mutations to optimize the availability of iron required for
increased erythropoiesis.

Discussion

The hematologic phenotype of our JAK2;Ex12 mutant mice with
prominent erythrocytosis but normal platelets and neutrophils, closely
resembles the phenotype observed in the majority of patients with a
mutation in JAK2 exon 12.20 The mean hemoglobin levels in our
JAK2;Ex12 mice were higher than hemoglobin levels in mice
expressing JAK2-V617F. Similarly, PV patients with JAK2 exon 12
mutations display higher hemoglobin values than PV patients
carrying JAK2-V617F.9 Nevertheless, in addition to erythrocytosis,
about one-third of patients with JAK2 exon 12 mutations also show
thrombocytosis or leukocytosis, or a tri-lineage pattern.9 The basis for
these phenotypic differences is currently unknown. Co-occurrence of
additional mutations in TET2 has been described in patients with JAK2
exon 12mutations.21,22 However, no systematic screening for additional
mutations has been performed in larger cohorts of patients with JAK2
exon 12 mutations, and therefore the frequency of additional somatic
mutations remains unknown.

Our JAK2;Ex12 mice showed no signs of myelofibrosis and no
significant increase in megakaryopoiesis (Figure 4). Because the
manifestation of myelofibrosis correlates with thrombocytosis and/or
dysmegakaryopoiesis and the release of transforming growth factor-b
and other mediators of fibrosis from platelets andmegakaryocytes,23-25

the absence of myelofibrosis in JAK2;Ex12 mice fits well with the
observed normal platelet counts. Analysis of progenitor popula-
tions revealed an increase in erythroid precursors, whereas megakar-
yopoiesis was not significantly altered (Figure 5). Myelofibrosis is rare
in patients with JAK2 exon 12 mutations, but nevertheless some
cases have been described.6,9,26 It remains to be determined whether
this variability reflects species differences in Jak2 exon 12 signaling,
or whether additional somatic gene mutations are responsible for
thrombocytosis and myelofibrosis in some PV patients with JAK2
exon 12 mutations.

Survival was reduced in JAK2;Ex12 mice compared with both WT
controls and JAK2-V617F mice (Figure 3B). Activation of the Ex12
transgene by SclCreER resulted in a shorter survival and a more pro-
nounced erythropoietic phenotype than activation byMxCre (Figure 3;
supplemental Figure 2). In agreement with our previous observations
in SclCreER;V617F mice,14 survival was improved when BM cells
from SclCreER;Ex12 or MxCre;Ex12 mice was transplanted into
lethally irradiated hosts (supplemental Figure 3), indicating that a
nonhematopoietic component contributes to the lethality in non-
transplanted mice. In most cases, the cause of death was difficult to
establish, because the mice were found dead without previous signs
of sickness, but in 2/9 SclCreER;Ex12 mice we found intraperitoneal
bleeding upon autopsy. A bleeding tendency was also documented by
the presence of a hemoccult positive stool in 5/5 SclCreER;Ex12 mice
analyzed (supplemental Figure 3).

Although the Jak2 exon 12 mutations and Jak2-V617F activate the
same C-terminal kinase domain of Jak2, the phenotypic readout of
these Jak2 mutants in transgenic mice and patients is different. JAK2-
V617F mutation can cause essential thrombocythemia (ET), PV,
or primary myelofibrosis (PMF) phenotypes. Several factors can in-
fluence genotype-phenotype decisions in JAK2-V617F positiveMPN,
including the presence of subclones homozygous for JAK2-V617F
favoring PV,8,27,28 and activity of the IFN-g/Stat1 signaling favoring
ET.18,19 Transgenic and knockin mice expressing JAK2-V617F
also displayed phenotypes ranging from ET to PV and PMF.29,30

The ratio between the expression of JAK2-V617F vs WT Jak2 was
shown to be one of the factors that can influence the choice betweenET
and PV, with higher expression levels of JAK2-V617F favoring PV.12

Our JAK2;Ex12 mice displayed erythrocytosis with very high hemo-
globin values despite the fact that the ratio of JAK2;Ex12 to WT Jak2
mRNA expression was very low (Figure 2D). These data indicate that
expression levels are not the basis for the phenotypic differences and
suggest that there is a qualitative difference in the signals produced
by the mutant JAK2;Ex12 compared with JAK2-V617F on the pheno-
typic manifestation.

The presence of Jak2;Ex12 was associated with significantly
increased baseline levels of pStat3 and pErk1/2, and a trend toward
increased pStat5 and pStat1 compared with WT controls (Figure 6A).
Because Ex12 mice have normal or subnormal platelet counts, and
Stat1 activity favors megakaryopoiesis and thrombocytosis, one might
expect that Stat1 signaling would be decreased in Ex12mice.18,19 Our
data are in linewith the recent results showing increasedStat1 activity in
PV patients with JAK2 exon 12 mutations, similar to ET patients with
JAK2-V617F.11 To clarify the role of Stat1 in Jak2-Ex12 signaling, we
analyzed Ex12;Stat12/2 double-mutant mice and found that loss of
Stat1 had no effects on blood counts or the composition of BM and
spleen progenitor cells (Figure 6G-H), indicating that Stat1 does not
play a central role in mediating the effects of Ex12 signaling on
megakaryopoiesis or erythropoiesis. Finally, phosphorylation of
Stat5 was not significantly increased compared with WT controls
(Figure 6B), whereas Jak2-V617F significantly increased both pStat3
and pStat5 (Figure 6B-C). The lack of a significant increase of pStat5
in JAK2;Ex12 mice is unexpected, because pStat5 is important for
the pathogenesis of the MPN phenotype in JAK2-V617F mice.31,32

Tfr1 mRNA and protein expression was increased in JAK2;Ex12
mice (Figure 7A-B).We therefore analyzed the expression of other key
components of iron metabolism.33,34 Although iron in the serum and
liver showed no major changes (Figure 7C-D), we found that Erfe and
hepcidin (Hamp) expression was inversely altered (Figure 7E-F). Erfe
is a new hormone that is produced by erythroblasts and was shown to
suppress hepcidin during stress erythropoiesis.35,36 Hepcidin suppres-
sion does not require binding of Epo to Epo receptors in the liver, and
recent data rather suggest that the role of Epo is to stimulate the
synthesis of the erythroid regulator ERFE in erythroblasts, which
ultimately downregulates hepcidin.37 High Erfe and low hepcidin
together with elevated Tfr1 result in a state that enhances iron
resorption in the gut and assures efficient iron delivery to the sites of
hematopoiesis, thereby favoring hyperactive erythropoiesis.34 These
changes in iron metabolism were more pronounced in JAK2;Ex12

Figure 6 (continued) indicated mice (middle). Relative levels of phospho-Stat3 protein measured in spleen cell lysates using the MSD technology (right). The values represent

mean 6 SEM (n 5 3 per group). Intracellular phospho-flow analysis of (D) phospho-Stat1, (E) phospho-Erk1/2, and (F) phospho-Akt1 levels in BM and spleen from indicated mice.

Values on Y-axis indicate the MFI of indicated proteins (n5 6 mice per genotype). One-way ANOVA with subsequent Bonferroni post-test was used. *P, .05; **P, .01; ***P, .001.

(G) Blood counts, survival, and spleen weight of lethally irradiated recipient mice (n 5 4 per group) transplanted with 1 3 106 BM cells from non-induced donor mice with the

indicated genotypes. Tamoxifen was injected 6 weeks after transplantation, as indicated by the blue arrows. (H) Analysis of BM (top) and spleen (bottom) cells of transplanted

mice euthanized 24 weeks after transplantation. MFI, mean fluorescence intensity.
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mice than in our JAK2-V617Fmice, and may contribute to the more
prominent erythrocytosis observed in JAK2;Ex12 mice compared
with JAK2-V617F mice. In line with a previous report,38 serum

hepcidin levels were significantly elevated in PMF patients with
JAK2-V617F (Figure 7H). Consistently, a trend toward increased
TFR1 and ERFE mRNA expression was also noted in BFU-E
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Figure 7. Altered expression of erythropoietic and iron metabolism regulators in JAK2-Ex12 transgenic mice and erythroid precursors from PV patients with
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Data are from 2 independent experiments. The mean of the CD71 fluorescent intensities6SEM are shown as fold changes of the value found in WTmice. E12,MxCre;Ex12 and VF,

MxCre;V617F. (C) Serum iron levels. (D) Liver iron levels (n 5 6 mice per genotype). (E) Expression of mRNA for hepcidin (Hamp) determined by RT-PCR (n 5 3 per group). (F)

Hepcidin protein concentration (ng/mL) in the serum measured by ELISA (n 5 3 per group). (G) Expression of mRNA for Erfe were determined by RT-PCR (n 5 3 per group). (H)

Hepcidin protein concentration in the serum of PV patients with JAK2 exon 12 mutations (n 5 6) and in MPN patients with the JAK2-V617F mutation (PV, n 5 10; ET, n 5 12; and

PMF, n 5 10 patients per group). (I) Analysis of mRNA expression in BFU-E colonies from patients with PV. Peripheral blood mononuclear cells from 3 patients with JAK2 exon 12

mutations and 2 patients with JAK2-V617F were grown in methylcellulose, and single BFU-E colonies were picked and genotyped for JAK2 exon 12 mutations (red) or JAK2-V617F

(blue), respectively. The mRNA from each colony was individually analyzed for TFR1 and ERFE expression by RT-PCR and the mean6SEM values for all JAK2 (WT), heterozygous

(het), and homozygous (hom) JAK2 mutant colonies are shown as the fold changes of the values obtained in WT colonies from the JAK2-V617F positive patients. The patients with

JAK2 exon 12 mutations were only heterozygous, and homozygous colonies were not available. One-way ANOVA with subsequent Bonferroni post-test was used.

*P , .05; ***P , .001. n.a., not available.
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colonies from PV patients with JAK2 exon 12 mutation compared
with PV patients with JAK2-V617F (Figure 7I).

Our mice expressing the most prevalent JAK2 exon 12mutation
(N542-E543delmutation) faithfully reproduce the isolated PV-like
phenotype observed in the majority of PV patients with JAK2
exon 12 mutations. These data suggest that there are qualitative
differences in the signals produced by the mutant JAK2;Ex12
protein, in particular with respect tocollaboratingwithStat1 signaling.A
prominent consequence of altered signaling by JAK2-N542-E543del
are changes in the expression levels of key regulators of iron me-
tabolism that increase iron availability to allow maximal production of
red cells.
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