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The Janus kinase (JAK) system is involved in numerous cell signaling processes and is highly expressed in
cardiac tissue. The JAK isoform JAK2 is activated by numerous factors known to influence cardiac function
and pathologic conditions. However, although abundant, the role of JAK2 in the regulation or mainte-
nance of cardiac homeostasis remains poorly understood. Using the Cre-loxP system, we generated a
cardiac-specific deletion of Jak2 in the mouse to assess the effect on cardiac function with animals
followed up for a 4-month period after birth. These animals had marked mortality during this period,
although at 4 months mortality in male mice (47%) was substantially higher compared with female mice
(30%). Both male and female cardiac Jak2-deleted mice had hypertrophy, dilated cardiomyopathy, and
severe left ventricular dysfunction, including a marked reduction in ejection fractions as assessed by
serial echocardiography, although the responses in females were somewhat less severe. Defective cardiac
function was associated with altered protein levels of sarcoplasmic reticulum calcium-regulatory proteins
particularly in hearts from male mice that had depressed levels of SERCA2 and phosphorylated phos-
pholamban. In contrast, SERCA2 was unchanged in hearts of female mice, whereas phosphorylated
phospholamban was increased. Our findings suggest that cardiac JAK2 is critical for maintaining normal
heart function, and its ablation produces a severe pathologic phenotype composed of myocardial
remodeling, heart failure, and pronounced mortality. (Am J Pathol 2015, 185: 3202e3210; http://
dx.doi.org/10.1016/j.ajpath.2015.08.007)
Supported by grant MPO 136782 from the Canadian Institutes of Health
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The Janus kinase (JAK) family of tyrosine kinases plays a key
role in cellular signaling in response to a variety of stimuli.1,2

Although four mammalian subtypes exist, JAK2 represents
the predominant subtype found in the cardiac cell. Activation of
JAKs, including JAK2, such as that occurring after cytokine
administration, is associated with JAK dimerization3 and
phosphorylation of tyrosines (Tyr1007/Tyr1008) without
which JAK2 cannot be activated. A large number of biologi-
cally active compounds particularly important to the cardio-
vascular system, including angiotensin II acting on the AT1
receptor,4 platelet-activating factor,5 bradykinin B2 receptor
agonists,6 and opioid receptor agonists,7 activate JAK2 in the
heart. Reactive oxygen species and hyperglycemic conditions
have been reported to activate JAK2 in aortic smooth muscle
cells and cardiac myocytes and to enhance the ability of other
stigative Pathology.
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factors to stimulate JAK2, including angiotensin II and
endothelin-1.8e13

The ability of a wide range of factors to stimulate JAK2/
STAT activity in the heart suggests that this system plays
multifaceted roles in cardiac homeostasis and pathologic
conditions. For example, there is increasing evidence that
JAK2/STAT activation is important for cardioprotection in
hearts subjected to ischemia and reperfusion particularly
with respect to reduction in infarct size, findings based
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Cardiac-Specific JAK2 Deletion
principally on pharmacologic inhibition of the JAK2/STAT
pathway.14,15 There is also evidence that JAK2/STAT
activation may mediate the cardioprotective effect of both
early and delayed ischemic preconditioning.14,15 Although
these studies suggest a salutary cardioprotective role of
JAK2 in the ischemic myocardium, others have proposed
opposite roles. For example, Mascareno et al16 reported
that angiotensin IIeinduced apoptosis in cultured adult
cardiomyocytes is associated with JAK2 kinase activation
concomitant with activation of BAX, caspase-1, and
caspase-2 activity. Moreover, apoptosis and proapoptotic
signals are inhibited by the JAK2 inhibitor tyrphostin
AG490.16 JAK2 inhibition has also been reported to protect
the rat heart against ischemic and reperfusion injury17 and
leptin-induced mitochondrial transition pore opening.18

Therefore, when taken together, these results suggest that
JAK2 activity may be beneficial or deleterious, depending
on the nature of insult or the experimental condition.

It appears, therefore, that JAK2 plays important but
multifaceted roles in cardiovascular regulation under normal
and pathologic conditions. However, the overall importance
of endogenous JAK2 to heart function is poorly understood,
and a potential reason is the absence of animal models with
a cardiac-specific Jak2 ablation. Global Jak2 deletion is
embryonically lethal due to impaired erythropoiesis.19 We
therefore successfully generated a cardiac-specific deletion
of Jak2 in mice to obtain further insights into its role in
cardiac function.

Materials and Methods

Experimental Animals

All protocols for the use of animals were performed in
accordance with the University of Western Ontario animal
care guidelines. These protocols conform to the guidelines
of the Canadian Council on Animal Care (Ottawa, ON,
Canada) and the Guide for the Care and Use of Laboratory
Animals.20 The study has been approved by the University
of Western Ontario Council on Animal Care (protocol
2013e031).

Generation of cJAK2-KO Mice

Cardiac-specific Jak2 knockout (cJAK2-KO)mice (C57BL/6J
background) were generated by using the Cre-loxP system
to disrupt the Jak2 gene in the heart. Jak2 conditional
knockout (JAK2fl/fl;a-MHC-Creþ/0) mice were generated
as described and characterized previously.21 Cardiac
a-MHC-Cre transgenic mice (a-MHC-Creþ/0) were a
generous gift from Dr. Qingping Feng (University of
Western Ontario, ON, Canada). The specific breeding
strategy that was used to generate homozygous JAK2f/lfl

and JAK2�/� mutants (JAK2fl/fl;a-MHC-Creþ/0) is sum-
marized in Figure 1A. Homozygous JAKfl/fl mice were
mated to heterozygous JAKfl/þ;a-MHC-Creþ/0 mice to
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finally generate a heart-specific knockout of Jak2
(Jak2fl/fl;a-MHC-Creþ/0).

Genotyping Analysis by PCR

Genomic DNA was prepared from tail biopsy specimens
harvested from 21-day-old mice by incubating overnight at
65�C in the buffer that consisted of 50 mmol/L Tris-HCl pH
8.0, 100 mmol/L EDTA, 100 mmol/L NaCl, 1% SDS, and
0.4 mg/mL of proteinase K. Proteinase K was inactivated by
boiling the samples at 95�C for 10 minutes. Genotyping was
determined through allele-specific PCR analysis (Figure 1B).
By using the primers 50-ATTCTGAGATTCAGGTCTGA-
GC-30 (forward) and 50-CTCACAACCATCTGTATCTC-
AC-30 (reverse), we confirmed the correct insertion of the
outermost loxP site into the endogenous JAK2. a-MHC-Cre
expression was confirmed by amplifying with 50-ATGTC-
CAATTTACTGACCG-30 (forward) and 50-CGCCGCATA-
ACCAGTGAAAC-30 (reverse) primers. The PCR reaction
medium consisted of 10� PCR buffer (Sigma-Aldrich, St.
Louis, MO), 0.2 mmol/L dNTPs, 1 mmol/L of each primer, 1 U
of Jumpstart RED Taq DNA polymerase (Sigma-Aldrich), and
3 mL of genomic DNA. PCR conditions to amplify the genes
were 30 seconds at 94�C followed by annealing at 58�C for 30
seconds and elongation at 72�C for 1 minute for 30 cycles. All
PCR bands were confirmed by being easily distinguishable on a
3% agarose gel.

Echocardiography

Mice were anesthetized with isoflurane (Baxter Corporation,
Mississauga, ON, Canada) at a concentration of 5% (in-
duction) and 1.0% (maintenance) in 100% oxygen. Each
animal was placed on a heating platform, and the chest was
shaved using a chemical hair remover (Nair; Church &
Dwight Canada Corp, Mississauga, ON, Canada). Warmed
ultrasound gel (National Therapy Products, Woodbridge,
ON, Canada) was applied to the thorax surface to optimize
the visibility of the cardiac chambers. Echocardiography
(M-model, two-dimensional, and Doppler) was performed
using a Vevo 770 ultrasound system (Visualsonics, Toronto,
ON, Canada).

Tissue Processing and Histological Staining

Hearts from each genotype were excised and fixed in 4%
paraformaldehyde overnight at 4�C, subsequently dehydrated,
and embedded in paraffin. Hearts from longitudinal or trans-
verse sections sliced at 5-mm thickness were fixed on Super-
frost Plus glass slides (Fisher Scientific, Toronto, ON,
Canada). The sections were deparaffinated and stained with
hematoxylin and eosin followed by a graded dehydrated
alcohol and then mounted by Cytoseal XYL (Thermo Scien-
tific, Waltham, MA). The images were visualized under a
microscope and analyzed with Scope Image software version
9.0 (United Scope Inc., Kitchener, ON, Canada).
3203

http://ajp.amjpathol.org


Figure 1 Breeding strategy and characterization of cardiac Janus kinase 2 (JAK2)edeleted mice. A: Generation of a cardiac-specific knockout of Jak2�/�

(cJAK2-KO) mice. Homozygous Jak2fl/flmice were mated to heterozygous Jak2 floxed mice expressing a-MHC-Cre to finally generate a cardiac-specific knockout of
Jak2 (Jak2 fl/fl;a-MHC-Creþ/0)mice. B: Results of allele-specific PCR assay verifying the presence of two homozygous floxed alleles (Jak2fl/fl) and heterozygous Cre
allele from tail biopsy specimens. This assay yielded a 230-bp PCR fragment without the loxP site [wild-type (WT) allele] and a band of 310 bp in size with the loxP
site (floxed allele) and a band of 340 bp with Cre positive. C: a-MHC-Creþ/0emediated cardiac-specific deletion of Jak2 in various tissues by Western blot analysis
in 4-month-old cJAK2-KO male and female mice to confirm the selective absence of expression of JAK2 protein only in the heart but its presence in other tissues.
D: Detection of the phosphorylated STAT3 (p-STAT3) in 3-month-old WT and cJAK2-KO male and female mice by Western blotting. Representative blots from WT
and cJAK2-KO male and female mice are shown. Bars represent the quantified ratios of p-STAT3/STAT3 from each group. E: a-MHC-Creþ/0emediated cardiac-
specific deletion of Jak2 in an age-dependent manner by Western blot analysis in 1 to 4-month-old WT and cJAK2-KO male and female mice hearts. Data are
expressed as means � SEM. n Z 6. *P < 0.05 from respective values for WT mice. m, months.

Gan et al
Western Blot Analysis

Mouse hearts and tissues were washed with phosphate-
buffered saline and homogenized using 200 mL of lysis
buffer that contained protease inhibitor cocktail followed by
centrifugation at 10,000 � g for 5 minutes at 4�C. The
supernatant was transferred to a fresh tube, and the protein
concentration was determined by the Bradford protein assay
method (Bio-Rad Laboratories, Mississauga, ON, Canada).
Thirty to fifty micrograms of protein were resolved on 6%,
10%, or 15% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. The membranes were blocked in
5% milk for 1 hour and incubated with primary antibodies
for JAK2, p-STAT3, STAT3, SERCA2, calsequestrin2,
phosphorylated phospholamban, phospholamban, ryanodine
receptor, or actin (1:500; Santa Cruz Biotechnology, Dallas,
3204
TX) overnight at 4�C followed by incubation with second-
ary antibody conjugated to IRDye 800 (1:5000; LI-COR
Biosciences, Lincoln, NE) for 1 hour. The bound complex
was then detected using the Odyssey Clx Infrared Imaging
System (Li-COR; Mandel Scientific, Guelph, ON, Canada).
The images were analyzed for density using the Odyssey
Application Software (Li-COR Image Studio version 3.14).
RNA Isolation, Reverse Transcription, and Real-Time
PCR Analysis

RNA was extracted using Tri reagent (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions. RNA (1 mg) was
used to synthesize the first strand of cDNA using M-MLV
reverse transcriptase according to the manufacturer’s protocol
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Cardiac-specific Janus kinase 2 (JAK2) deletion produces mortality associated with the development of left ventricular hypertrophy. Open circles
indicate wild-type (WT) mice; closed circles, cardiac-specific knockout of Jak2�/� (cJAK2-KO) mice. A and B: Survival curves in male and female mice during
the 4-month postnatal period. C and D: Representative images of hearts during the 4-month period. EeH: Quantified data for heart weight to body weight
ratios (HW/BW) and left ventricular (LV) mass for both male and female animals. HW/BW values were obtained by gravimetric measurements, whereas LV mass
was calculated with echocardiography. Data are expressed as means � SEM. n Z 7 to 9. *P < 0.05 from respective values for WT mice.

Cardiac-Specific JAK2 Deletion
and was used as a template in the PCR reactions. The
expression of atrial natriuretic peptide, a-skeletal actin, or
tumor protein, translationally-controlled 1 (TPT1) RNA
(loading internal control) was determined in 10-mL reaction
volumes using EvaGreen qPCR Mastermix (Applied Bio-
logical Materials, Richmond, BC, Canada). Fluorescence
was measured and quantified using a CFX96 Real-Time
system (Bio-Rad Laboratories). Amplification was per-
formed using the following primers: a-skeletal actin forward:
50-CACGGCATTATCACCAACTG-30 and reverse: 50-CCG-
GAGGCATAGAGAGACA-G-30 (221 bp); ANP forward:
50-CTGCTAGACCACCTGGAGGA-30 and reverse: 50-AA-
GCTGT-TGCAGCCTAGTCC-30 (320 bp); and TPT1 RNA
forward: 50-GGAGGGCAAGATGGTCAGTA-30 and reverse:
50-AGGCCTCTTTTGTGAAGCTG-30 (170 bp). PCR condi-
tions to amplify the genes were 30 seconds at 94�C followed
by annealing at the gene-specific temperature (58�C) for 20
seconds and elongation at 72�C for 30 seconds. Melting
curve analysis revealed a single-product formation for each
gene amplified. The number of gene copies was calculated
The American Journal of Pathology - ajp.amjpathol.org
from a standard curve consisting of 5 serial dilutions
ranging from 1 to 10�5. Expression was normalized using
the housekeeping gene TPT1 RNA as an internal control.
Statistical Analysis

The data were analyzed by a one-way analysis of variance,
and group differences were detected using a Student-
Newman-Keuls post hoc test. P < 0.05 was considered
significant.
Results

Mice were genotyped through allele-specific PCR analysis
(Figure 1B). We confirmed the correct insertion of the outer-
most loxP site into the endogenous JAK2 locus by using the
specific primers as mentioned in Materials and Methods. The
amplification yielded a 230-bp PCR fragment without the loxP
site [wild-type (WT) allele] and a band of 310-bp in size with
3205
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Figure 3 Cardiac-specific Janus kinase 2 (JAK2) deletion reveals histological and molecular evidence of hypertrophy. White bars indicate wild-type (WT)
mice; black bars, cardiac-specific knockout of Jak2�/� (cJAK2-KO) mice. A and B: Longitudinal (L) and transverse (T) 5-mm sections stained with hematoxylin
and eosin during the 4-month postnatal period of both male and female mice. CeF: Cardiac gene expression levels on atrial natriuretic peptide (ANP) and
a-skeletal actin (a-SK-Actin) determined by quantitative RT-PCR in the hearts of 3-month-old mice. Histologic images depict left ventricular hypertrophy with
marked dilatation in mice carrying cardiac JAK2 deletion. Hypertrophy was further found in hearts of these animals by increased expression of ANP and
a-SK-Actin. Data are expressed as means � SEM. n Z 7 to 9. *P < 0.05 from hearts of wild-type (WT) mice. m, months.

Gan et al
the loxP site [floxed Jak2 allele (Jak2fl/fl)]. The specific primers
for the a-MHC-Cre transgene amplified a product of 340 bp.
a-MHC-Creemediated recombination produced a deleted
Jak2 allele. The presence or absence of JAK2 protein
expression was also verified from hearts in Jak2�/� and
Jak2þ/þ mice and other tissues in Jak2�/� mice (Figure 1C).
Furthermore, hearts from mice with the Jak2 deletion had
markedly reduced phosphorylated STAT3 protein expression,
although total STAT3 was unchanged (Figure 1D). a-MHC-
Creþ/0emediated cardiac-specific deletion of Jak2 was clearly
evident in 4-month-old cJAK2-KO male and female mice
hearts.

We monitored the survival rates of cJAK2-KO mice to
determine cardiac morphologic conditions in surviving ani-
mals. Cardiac-specific Jak2 deletion was associated with a
progressive reduction in survival, which was particularly
prominent in male mice (Figure 2A) and markedly less so in
female animals (Figure 2B) with postnatal mortality after 4
months of 47.2% and 30% in male and female mice, respec-
tively. Moreover, mortality was not observed in female mice
until at least 2months of age. Hearts from bothmale and female
mice exhibited marked hypertrophy as illustrated visually
(Figure 2, C and D) and by both quantitative analysis of heart
weights and left ventricular mass from echocardiography
3206
analyses (Figure 2, EeH). Although hearts tended to be larger
as early as 1 month after birth, significant increases in heart
tissues were generally observed after 2 or 3 months. Another
important distinction between hearts from male and female is
the rate andmagnitude of change in left ventricular mass during
the 4-month period, which was substantially greater in male
(77%) (Figure 2F) versus female animals (46%) (Figure 2H).
We further assessed hypertrophy in 3-month-old animals

histologically and by determining gene expression of molecular
markers associated with the hypertrophic response. Histologic
examination of hearts at each month revealed that these animals
principally had an eccentric form of hypertrophy with marked
left ventricular dilation compared with wild-type animals
(Figure 3, A and B). Hypertrophy was further documented by
determining gene expression of ANP and a-skeletal actin,
which were both markedly significantly elevated in cJAK2-KO
male and female mice (Figure 3, CeF).
Further assessment of the cardiac phenotype in cJAK2-KO

mice was determined by performing Doppler and M-mode
serial echocardiography during the 4-month postnatal period.
M-mode analyses revealed that cJAK2-KO mice had pro-
gressive significantly enhanced left ventricular diastolic and
systolic dimensions. This finding was significant as early as 2
months after birth (Figure 4, A, C, and D) although significant
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Cardiac-specific Janus kinase 2 (JAK2) deletion reveals left ventricular abnormalities as determined by serial echocardiographic measurements in
hearts from male and female mice. All parameters were determined from serial echocardiography images obtained at monthly intervals in isoflurane-
anesthetized mice. Left ventricular internal dimensions during diastole (LVID:d) and systole (LVID:s) were calculated from M-mode images as illustrated in
A and B with quantified data for these parameters shown in CeF. GeJ: Left ventricular ejection fractions (EFs) and fractional shortening (FS) determined from
serial echocardiography images obtained at monthly intervals in anesthetized mice. EF and FS were calculated from left ventricular diastolic and systolic
volumes and internal diameters, respectively, and obtained by M-mode. Open circles indicate wild-type (WT) mice; closed circles, cardiac-specific knockout of
Jak2�/� (cJAK2-KO) mice. Data are expressed as means � SEM. n Z 7 to 9. *P < 0.05 from hearts of wild-type (WT) mice. m, months.

Cardiac-Specific JAK2 Deletion
elevations in hearts from female mice occurred only at 3 and 4
months (Figure 4, B, E, and F).

In addition to alterations in left ventricular dimensions,
cJAK2-KO mice also had severe progressive left ventricular
dysfunction as manifested by reduced ejection fractions,
systolic shortening, stroke volumes, and cardiac output
compared with WT mice (Figure 4, GeJ). Both male and
female mice exhibited a significant decline in left ventricular
function over time, although in general the response was
more pronounced in males with respect to some parameters.
For example, the ejection fraction in male cJAK-2 KO mice
was reduced to 33% (Figure 4G), although female mice had
a mean ejection fraction of 49% at the 4-month period
(Figure 4I). A relatively similar pattern of responses was
observed with respect to fractional shortening, another
important index of left ventricular systolic performance
(Figure 4, H and J).

To better understand the basis for defective left ventricular
function in cJAK2-KO mice and the increased severity seen in
male mice, we determined the expression of key sarcoplasmic
reticulum proteins involved in cardiac excitation-contraction
coupling, namely, SERCA2, calsequestrin, phosphorylated
The American Journal of Pathology - ajp.amjpathol.org
phospholamban, and the ryanodine receptor. These results are
summarized in Figure 5 and reveal a number of age-related
changes in these proteins and different pattern of changes in
hearts of males versus female subjects due to Jak2 ablation.
SERCA2 protein levels were significantly increased in hearts
of 3-month-old animals but not in hearts of male cJAK-2-KO
mice with values significantly lower from WT controls, an
effect also observed in hearts from 1-month-old animals
(Figure 5A). Phosphorylated phospholamban protein levels
were initially depressed at 1 month of age and increased at 3
months in hearts of both male and female cJAK2-KO mice
(Figure 5B), whereas with respect to calsequestrin, protein
expression levels significantly increased only in hearts of
3-month-old female cJAK2-KO mice (Figure 5C). Lastly,
we also examined the protein expression of the sarco-
plasmic reticulum ryanodine receptor. The protein levels
of ryanodine receptor were markedly reduced in hearts
from all 3-month-old animals when compared with values
seen at 1 month of age (Figure 5D). Protein levels were
unaffected by Jak2 ablation in hearts from male mice,
whereas hearts from female mice had a significant
reduction in ryanodine receptor protein levels, whereas a
3207
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Figure 5 Cardiac-specific Janus kinase 2 (JAK2) deletion reveals alterations in sarcoplasmic reticulum calcium regulatory proteins, including SERCA2 (A),
phosphorylated phospholamban (P-PLN) (B), calsequestrin (C), and the ryanodine receptor (RYR) (D), Each panel shows quantified data expressed as a ratio to
actin, used as a loading control, and representative Western blots. White bars indicate wild-type (WT) mice; black bars, cardiac-specific knockout of Jak2�/�

(cJAK2-KO) mice. Data are expressed as means � SEM. nZ 6 to 8. *P < 0.05, from respective wild-type (WT) mice; yP < 0.05, respective value from 1-month-
old animals.

Gan et al
significant increase was seen at 3 months, when compared
with WT controls.
Discussion

JAK-dependent signaling plays an important role in the regu-
lation of cellular homeostasis in a large number of tissues in
response to a variety of stimuli.1,2 Although four mammalian
JAK subtypes exist, JAK2 represents the predominant subtype
found in the cardiac cell, which likelymediates cardiac function,
especially under pathologic circumstances. Most of our current
knowledge regarding JAK2 and its role in cardiac conditions
arises from pharmacologic modulation of the JAK2 system.
This is particularly evident during myocardial ischemia and
reperfusion because there is increasing evidence that JAK2
activity is important for cardioprotection under these
conditions.14,15 Conversely however, as previously noted,
a contributing role for JAK2 in cardiac conditions has also
been proposed.16e18

A potential basis for the uncertainty of functions played
by JAK2-dependent signaling in the heart may be, as pre-
viously suggested, the absence of cardiac-specific JAK2-KO
animal models.2 Although global JAK2-KO mice have been
generated, these animals die in mid-gestation principally
3208
because of the absence of erythropoiesis.19 To the best of our
knowledge, this report represents the first cardiac-specific
JAK2-KO mouse that has been generated and allows the
determination of cardiac consequences. We confirm in the
present study that Jak2 deletion was selectively restricted to
the heart and that expression of JAK2 was maintained in all
other tissues that were probed. Our results reveal that these
mice rapidly develop a severe cardiac defect as manifested
by progressive left ventricular dysfunction and early mor-
tality, possibly due to lethal arrhythmias, although many of
these effects, particularly mortality, were less pronounced in
females.
There were two major phenotypical observations in mice

with cardiac Jak2 deletion, namely, myocardial hypertrophy
and heart failure, thereby suggesting that cardiac Jak2 deletion
unmasks a relatively rapid and severe heart failure phenotype in
the absence of insult. Cardiac dysfunction was evidenced by a
progressive deterioration in left ventricular performance as
assessed by serial echocardiography. Among these was a severe
reduction in the ejection fraction and fractional shortening,
especially in 4-month-old mice, a finding particularly more
pronounced in hearts frommale animals.Moreover, myocardial
remodeling was evident from histologic assessments and the
determination of left ventricular dimensions from M-mode
serial echocardiography. These results suggest that JAK2 is an
ajp.amjpathol.org - The American Journal of Pathology
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important contributor to the maintenance of normal cardiac
function, and its disruption can then predispose themyocardium
to undesirable consequences in the absence of any other insult.

STAT3 phosphorylation is an important component of
JAK2 activation, and indeed cardiac-specific deletion of
Stat3 in mice produces a heart failure phenotype; however,
this was evident only in older animals (ie, >6 months of
age).22 Our results reveal a markedly different cardiac
phenotype than that seen with Stat3 ablation because heart
failure and indeed mortality occurred at a much earlier age,
indeed as early as 1 month after birth. These differences
suggest that the consequences of cardiac Jak2 ablation
extend beyond the inability to phosphorylate and activate
only STAT3, which would not be surprising in view of the
large number of substrates that serve as targets for JAK2.
Thus, upstream deletion of Jak2 appears to produce more
profound effects than those seen with Stat3 ablation.

The use of a Cre-LoxP system to generate cJAK2-KO
mice may be problematic in view of the potential direct
cardiac toxic effects produced by prolonged Cre expression.
However, these toxic effects are relatively mild in 3-month-
old a-MHC-Cre transgenic mice and are actually associated
with increased ejection fractions at this age, possible due to
compensatory left ventricular hypertrophy.23 In control
studies we found no evidence of cardiac dysfunction in
4-month-old a-MHC-Cre mice (data not shown).

To obtain better insight into potential mechanisms of
reduced contractility as a result of Jak2 deletion and dif-
ferences between male and female cJAK2-KO mice, we
determined levels of proteins involved in calcium regulation
by the sarcoplasmic reticulum. Cardiomyocyte contractility
is determined to a large degree by the interplay between
factors responsible for calcium uptake by the sarcoplasmic
reticulum (ie, SERCA2 regulated by phospholamban) and
its release via the ryanodine receptor channel.24,25 Many of
these proteins are altered in clinical heart failure, including a
marked reduction in SERCA2 levels,26 and it has been
proposed that gene therapy aimed at increasing SERCA2
levels in the failing myocardium may represent a promising
approach toward the treatment of heart failure by improving
contractile function and diminishing the potential for
arrhythmogenesis.24,25 Of interest, in the present study, we
found significant reductions in SERCA2 protein levels in
hearts from cJAK2-KO male mice, although hearts from
female animals were unaffected. SERCA2 activity is regu-
lated by the protein phospholamban, which is an inhibitor of
SERCA2 in its unphosphorylated state, whereas the inhibitory
effect is prevented by phospholamban phosphorylation.27

Hearts from male cJAK2-KO mice exhibited reduced phos-
phorylated to unphosphorylated phospholamban ratios at both
1 and 3 months of age, whereas the opposite effect was
observed in hearts from female animals. This may be an
important finding as well because phospholamban mutations
or deletion is believed to contribute to the development of
cardiomyopathy and heart failure.27 We also determined the
expression levels of calsequestrin, a sarcoplasmic reticulum
The American Journal of Pathology - ajp.amjpathol.org
calcium-binding protein, and the sarcoplasmic reticulum rya-
nodine receptor calcium release channel. The importance of
these proteins to heart failure is not well understood, although
a marked (20-fold) overexpression of cardiac calsequestrin
produces a heart failure phenotype in mice.28 Although we
observed a twofold elevation in calsequestrin levels in hearts
from 3-month-old female cJAK2-KO mice, the relevance of
this in relation to cardiac dysfunction is uncertain at present,
especially because no changes in calcequestrin levels were
observed in any of the other groups.

With respect to the ryanodine receptor, defective function
rather than protein abundance likely contributes to the pathol-
ogy of heart failure.29 Thus, when taken together, these find-
ings reveal a clear association between defective left ventricular
performance in hearts from male cJAK2-KO male mice and
reduced SERCA2 function as evidenced by a reduction in
SERCA2 protein levels coupled with a reduction in phos-
phorylated phospholamban protein abundance. The lack of
SERCA2 changes seen in hearts from female animals and the
increase in phosphorylated phospholamban protein expression
may have represented a compensatory response resulting in
reduced left ventricular dysfunction and mortality, the latter
possibly due to reduced arrhythmogenesis. A cause-and-effect
relationship between SERCA2/phospholamban and cardiac
conditions in cJAK-KOmice was not established in this study.
Moreover, the fact that cardiac dysfunction and mortality were
still evident in hearts from cJAK2-KO female mice strongly
implies that additional mechanisms underlie the deleterious
consequences of cardiac Jak2 deletion.

Further detailed studies are necessary to adequately
determine whether cJAK2 deficiency or defective cJAK2-
dependent signaling contributes to clinical heart failure or
other cardiac conditions. Of interest, recent evidence suggests
that clinical end-stage heart failure is associated with defective
cJAK2-dependent STAT3 phosphorylation; however, whether
this represents a cause-and-effect relationship is uncertain.30

JAK2 inhibition is associated with an antineoplastic
effect31,32; therefore, another potential clinical implicationof our
findingmay lie in the potential adverse effect associatedwith the
use of JAK2 inhibitors that are beingdeveloped for the treatment
of cancers.33 The possibility exists that tissue-nonspecific
pharmacologic JAK2 inhibitors may need to be used with
caution, particularly in patients with cardiac comorbidities. This
concept has been reinforced by a recent study that found
that endothelium-specific Jak2 ablation results in defective
vascular response to vasodilatating agents, thus potentially
additionally contributing to the cardiovascular burden.34
Conclusion

We have clearly found a heart failure phenotype in mice with
cardiac-specific deletion of Jak2, suggesting that JAK2 pres-
ervation may be a potential therapeutic goal for the treatment
of heart failure. Although further studies are required to
delineate the underlying mechanisms for cardiac conditions in
3209
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cJAK2-KO mice, the results presented here suggest that
reduction in protein levels of both SERCA2 and phosphory-
lated phospholambanmay contribute to this phenotype, at least
in male mice. The results further suggest that reduced severity
of contractile dysfunction and mortality in female cJAK2-KO
mice may reflect the preservation of these key proteins after
Jak2 ablation.
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