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Abstract

Various intracellular or intercellular stimuli have been associated with the development of cardiac cell hypertrophy. However, the
mechanisms underlying this association are not completely understood. In a previous study we determined that ZAK mRNA
expression is abundant in heart. ZAK is a mitogen-activated protein kinase kinase kinase (MAP3K) that activates the stress-acti-
vated protein kinase/c-jun N-terminal kinase pathway and activates NF-xB. We, therefore, investigated the potential involvement of
ZAK (which in cultured H9c2 cardiomyoblast cell is a positive mediator of cell hypertrophy). Our results showed that the expression
of a wild-type form of ZAK induces the characteristic hypertrophic growth features, including increased cell size, elevated atrial

natriuretic factor expression, and increased actin fiber organization.

© 2004 Elsevier Inc. All rights reserved.
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Cardiac hypertrophy is a multi-step pathological pro-
cess that occurs in response to a variety of mechanical,
hemodynamic, hormonal, and pathologic stimuli. Under
these stimuli, the heart adapts to increased demands for
cardiac work by increasing its muscle mass through car-
diac cells hypertrophic growth [1-5]. The characteristic
features of cardiac hypertrophy include increased cell
size, induced sarcomere organization, and elevated car-
diac gene expression, including atrial natriuretic factor
(ANF) [3,6,7]. In humans, sustained cardiac hypertro-
phy is a key factor in the development of heart failure
[8-11]. To understand the molecular cardiac hypertro-
phy mechanisms, it is important to define the extracellu-
lar stimuli and specific signaling molecules that elicit the
hypertrophic phenotype.
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In a previous study [12], we cloned a novel gene
that encodes a serine/threonine kinase, designated
ZAK for leucine-zipper (LZ) and sterile-o motif
(SAM) kinase. ZAK belongs to the mixed lineage ki-
nase (MLK) family, which comprises a group of clo-
sely related serine/threonine kinases that function as
MAP3K. Northern blot analysis revealed that ZAK
is the most abundantly expressed in human heart tis-
sue [12]. ZAK expression in mammalian cells leads
specifically to JNK/SAPK pathway activation and
the activation of the NF-xB transcription factor.
ZAK can also activate MKK?7, the activator of
JNK/SAPK [13]. In neonatal cardiac myocytes,
MKK?7 induces the characteristic features of hypertro-
phy [6], which suggests that ZAK itself may be in-
volved in signal transduction for the regulation of
cardiac hypertrophy.

Here we identify ZAK stimulated hypertrophic growth
in cardiomyoblast cells. In cultured H9c2 cardiomyoblast
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cells, we show that ZAK induces the characteristic fea-
tures of cardiac hypertrophy.

Materials and methods

Cell culture and transfection. H9¢2 cells and 293T cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum and antibiotics (25 U/ml penicillin and 25 U/ml
streptomycin). Transfection by the expression vectors was performed
using the Ca-PO, method. The parental H9c2 Tet-on clone, which
expresses the tetracycline-repressible transactivator, was used to gen-
erate stable lines expressing wild-type ZAK, ZAKdn, or ZAKE/E, and
pTK-Hyg (Clontech) which carries the hygromycin resistance gene.
Clone selection was carried out in the presence of 100 pg/ml hygro-
mycin B (Calbiochem). Drug-resistant clones were further tested for
expression of the transgenes after adding doxycycline to induce
expression of ZAK genes.

Expression constructs. DNA fragments corresponding to various
ZAK domains were amplified by PCR. Sequences were verified by
sequence analysis. These fragments were cloned into the pEGFPCI1
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vector. Kinase-negative (K45M), constitutive (S230E, S234E), or do-
main deleted (ALZ, ASAM, or ALS) ZAK forms were produced using
a QuickChange site-directed mutagenesis kit (Stratagene) by PCR and
cloned into the pEGFPC1 expression vector. See Fig. 1A for sche-
matics of all the constructs used in this study.

Immunoprecipitation and Western blot analysis. Cell lysates were
prepared in IP buffer (40 mM Tris—-HCI [pH 7.5], 1% NP40, 150 mM
NaCl, 5SmM EGTA, 1mM DTT, 1mM PMSF, 20mM NaF,
proteinase inhibitors, and 1 mM sodium vanadate). Cell extracts
(600 pg) were incubated with 5 pug anti-GFP mAb (Clontech) for 6 h
at 4°C, mixed with 20 pl protein A-Sepharose suspension, and
incubated for an additional hour. Immunoprecipitates were collected
by centrifugation, washed three times with IP buffer plus 0.5%
deoxycholate and five times with IP buffer alone, and then subjected
to SDS-PAGE. Immunoblot analysis was performed with anti-
FLAG (Sigma). Cells expressing ZAK or the empty vector were
harvested in lysis buffer (50 mM Tris-HCI, pH 8.0/250 mM NaCl/
1% NP-40, and 2mM EDTA) containing 1 mM PMSF, 10 ng/ml
leupeptin, 50 mM NaF, and 1 mM sodium orthovanadate. Total
proteins were then separated on SDS-PAGE and specific protein
bands were visualized with an ECL chemiluminescent detection
system (Amersham).
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Fig. 1. Schematic representations of various expression constructs used in this study and activation of the JNK/SAPK pathway by dominant-
negative and constitutively active ZAK proteins. (A) ZAK is characterized by the presence of a kinase domain (KD), a leucine zipper motif (LZ), and
a sterile o motif (SAM). (B) 293T cells were transfected with pEGFPC1 (C), pPEGFPC1-ZAK (Wt), pEGFPC1-ZAKdn (dn), and pEGFPCI-ZAK
E/E (E/E) and incubated for 48 h. The lysates from the transfected 293T cells were then subjected to an in vitro kinase assay using GST-c-Jun (1-79)
proteins as the substrate (upper panel). After resolution using 10% SDS-PAGE, the middle two panels show the immunoblotting with antibodies
specifically against phosphorylated JNK/SAPK and JNK/SAPK. To determine the expression levels of EGFP, cell lysates were separated on 10%
SDS-PAGE and immunoblotted using anti-GFP monoclonal antibody (lower panel).
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Detection of the INKISAPK activities. Protein kinase assays were
carried out using a fusion protein of glutathione S-transferase (GST)
and c-Jun (amino acids 1-79) as the substrate. The GST-c-Jun fusion
proteins were bound to glutathione Sepharose beads and incubated for
15 min on ice with 20 pg of cellular extract that contains JNK, in the
presence of kinase buffer (20 mM Hepes, pH 7.6, | mM EGTA, 1 mM
dithiothreitol, 2 mM MgCl, 2 mM MnCl, 5 mM NaF, 1 mM NaVO,
and 50 mM NaCl). The beads were collected and thoroughly washed
with PBST (150 mM NaCl, 16 mM sodium phosphate, pH 7.5, 1%
Triton X-100, 2 mM EDTA, 0.1% MeOH, 0.2 mM phenylmethylsul-
fonyl fluoride, and 5 mM benzamidine), before they were incubated
with [y-32P]ATP (50 cpm/fmol) for 15 min at 25 °C in the presence of
kinase buffer. These steps were undertaken to ensure that c-Jun
phosphorylation was carried out by JNK, which is known to exhibit a
high affinity to this c-Jun portion under these conditions. Following
extensive washing, the phosphorylated GST-c-Jun was boiled in SDS
sample buffer. The eluted proteins were run on a 15% SDS-PAGE.
The gel was dried, and phosphorylation of the c-Jun substrate was
determined by autoradiography.

Cell staining and measurement. H9c2 cells were fixed and permea-
bilized. Actin filaments were visualized using rhodamine-labeled
phalloidin. Cells were examined and photographed using a Zesis
Axioskop and a confocal microscope. The cell size was analyzed using
Image-Pro Plus software.

Cell cycle analysis. Cells were grown for 48 h in the presence of
doxycycline to induce the ectopic genes. Cells were then plated to 40%
confluency (2.5 x 10%/plate) on 100-mm plates. Cells were filtered to
remove cell aggregates (Falcon filter top tubes) and analyzed for DNA
content using fluorescence-activated cell sorting (FACS) analysis with
a FACSCalibur flow cytometer (BD PharMingen). Data were analyzed
using Cell Quest (BD PharMingen) and ModFit (Verity) analysis
software.

Northern blot analysis. Trizol reagents (Life Technologies) were used
to isolate the total RNA from H9c2 cells transfected with the indicated
recombinant plasmids. RNAs were separated on a formaldehyde aga-
rose gel, transferred to a nylon filter, and then hybridized with a probe
corresponding to the full length of rat ANF cDNA. The blot was wa-
shed with SSC/SDS solutions before autoradiography. Ethidium bro-
mide (EtBr) staining was used to check the integrity of all samples.

Results

Generation of kinase-negative and constitutively activate
mutants of ZAK

Previous studies [12] have shown that ZAK acts as a
MAPK-kinase kinase (MKKK) to activate c-Jun ami-
no-terminal kinase (JNK) pathway. To determine if
ZAK activation of the JNK pathway depends on the
integrity of the ZAK kinase domain, we produced and
expressed kinase-negative ZAKdn and constitutively ac-
tive ZAK E/E. The ZAKdn mutant was generated by a
substitution of Lys* with Met and the ZAK E/E mu-
tant was generated by substitution of both Ser*® and
Ser*** with Glu (see Fig. 1A for a full list of the various
constructs used in this study). When 293T cells were
transfected with GFP-tagged forms of wild-type ZAK
and the two mutants, an in vitro kinase assay and immu-
noblot assay showed that JNK activities were induced in
the wild-type transfected cells (Fig. 1B), a result which is
consistent with the previous studies. No JNK activity
was detected in the ZAKdn transfected cells but the

ZAK E/E transfected cells showed increased induction
of JNK. Autophosphorylation was clearly seen in
wild-type ZAK, but was even more marked in the
ZAK E/E cells, where most of the ZAK E/E proteins
were in their autophosphorylated form. No autophos-
phorylation took place in the case of ZAKdn. Taken to-
gether, we conclude that ZAK activates the JNK
pathway and its autophosphorylation is dependent on
the intrinsic activity of the kinase domain.

The LZ region is critical for the formation of activated
disulfide-bridged ZAK homodimers

It has been shown previously that ZAK forms oligo-
mers (homodimers) when over-expressed in 293T cells
[12]. This kinase contains a leucine-zipper region (LZ)
and a sterile-o motif (SAM), and because both LZ and
SAM are known to mediate oligomerization in a wide ar-
ray of proteins, here we investigate whether ZAK oligo-
merization is mediated through LZ or SAM. Using a
co-immunoprecipitation approach, a FLAG-tagged
ZAK expression construct was transfected either alone
or together with GFP epitope-tagged wild-type or mu-
tated ZAK expression constructs (ALZ, ASAM, and
AL, which, respectively, lacked the LZ region, the SAM
motif, or both) into 293T cells. After anti-GFP antibody
was used to immunoprecipitate the putative complexes,
immunoblotting with an anti-FLAG antibody was used
to detect any FLAG-ZAK that was pulled down by
GFP-ZAK. As expected, FLAG-ZAK bound to GFP-
ZAK (Fig. 2A). The SAM-deleted mutant was also able
to bind FLAG-ZAK. However, a GFP-ZAK protein
without the LZ motif was unable to co-precipitate
FLAG-ZAK, which suggests that the formation of
ZAK oligomers is mediated through the LZ and not
the SAM region. The second panel of Fig. 2A shows
that the LZ domain is also required for autophospho-
rylation. Further evidence of the importance of the LZ
domain in oligomerization was provided by subcloning
three ZAK cDNA fragments consisting only of the LZ,
SAM, or LZ + SAM (LS) regions into the pEGFPC1
vector and again co-transfecting the 293T cells. Co-im-
munoprecipitation results showed that both LZ and LS
readily formed complexes with FLAG-ZAK, but SAM
did not (Fig. 2B). Since both the second panel of Fig.
2A and the kinase assay (Fig. 2C) further showed that
deletion of the zipper domain but not SAM compro-
mised the ZAK autophosphorylation activity and abro-
gated its ability to activate JNK. Taken together, these
results indicate that ZAK uses the LZ motif for self-as-
sociation and for autophosphorylation initiation and
JNK activation.

To establish whether ZAK in its oligomeric form is
stabilized by disulfide bonds, we expressed GFP-tagged
ZAK in 293T cells, and two days after transfection, the
GFP-ZAK protein was separated via SDS-PAGE in
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Fig. 2. Role of the leucine zipper domain in ZAK oligomerization, autophosphorylation, and INK/SAPK activation. (A) The domain deletion effect
on ZAK’s oligomerization potential. The plasmid encoding FLAG-ZAK was transiently co-transfected into 293T cells with plasmids encoding the
indicated ZAK constructs pPEGFPCI1, pEGFPC1-ZAKALZ, pEGFPCI1-ZAKASAM, and pEGFPC1-ZAK ALS and incubated for 48 h. Cell lysates
were immunoprecipitated using anti-GFP antibody (Clontech) and immunoblotted using anti-FLAG antibody. Bands marked with a plus (+)
indicate co-immunoprecipitated protein. The second and third panels demonstrate FLAG-ZAK expression and the indicated ZAK constructs. The
last panel demonstrates actin expression for quantity control loading. IP, immunoprecipitation; WB, Western blot. These experiments were
performed four times; representative data are shown. (B) Interaction of domain-only fragments with ZAK. FLAG-ZAK and the indicated ZAK
constructs were co-transfected into 293T cells. After 48 h the indicated EGFP-tagged ZAK domains were immunoprecipitated using anti-GFP
antibody and immunoblotted using anti-FLAG antibody. (C) In vitro kinase assay. Cell lysates from 293T cells transfected with the indicated
constructs were subjected to the kinase assay using GST-c-Jun (1-79) protein as the substrate. (D) Effect of DTT on dimerization. Wild-type and
indicated domain-deleted ZAK (ALZ, ASAM, and ALS) expression constructs were transfected into 293T cells, and after 48 h the EGFP-tagged
ZAK or ZAK mutants in the cell lysates were separated by SDS-PAGE in the presence or absence of the DTT reducing agent. Bands marked with an
asterisk (*) indicate the presence of the dimeric form. (E) Effect of intrinsic kinase activity on ZAK dimerization. Wild-type ZAK and its dn and E/E
expression constructs were transfected into 293T cells, and after 48 h the EGFP-tagged ZAK or ZAK mutants were separated by SDS-PAGE in the

presence or absence of the DTT reducing agent in the cell lysates. Asterisks indicate the existence of the dimeric form.

either the presence or absence of the DTT reducing
agent. In the presence of DTT, ZAK migrated as a
monomer, however under non-reducing conditions we
detected protein complexes approximately twice the size
of the ZAK monomeric form (Fig. 2D). This result sug-
gests that when the ZAK protein is over-expressed in
cells, it occurs as a homodimer that is stabilized by disul-
fide bonds. Fig. 2D also shows that while the ALZ and
ALS mutants were unable to form the homodimers, the
ASAM mutant was able to oligomerize under non-re-
ducing conditions. Because the LZ region is evidently
essential for dimerization, we next determined whether
the kinase function of this region was also critical. Fig.
2E suggests that dimerization is not dependent on
ZAK’s intrinsic kinase activity because under non-re-
ducing conditions, the disulfide-bridged homodimers
were detected in cells transiently expressing not only
ZAK and E/E, but also in cells expressing the domi-
nant-negative (dn) mutant. The picture that emerges is
that while the formation of ZAK homodimers is medi-
ated by its intrinsic zipper region, its autophosphoryla-
tion occurs only subsequently. Autophosphorylation is
presumably also essential for JNK activation.

Expression of ZAK induces hypertrophic growth in
cultured cardiomyoblast cells

To characterize the functional effects of ZAK on car-
diac cells, we generated stable H9¢2 cardiomyoblast cells
that expressed wild-type, dominant-negative (dn), or
constitutively active (E/E) cells under tetracycline-re-
sponsive transactivator control. In this system, the addi-
tion of the tetracycline analog doxycycline induces the
expression of recombinant proteins. Fig. 3A shows that
the expression of ZAK and ZAK E/E resulted in a
marked increase in the organization of the actin fibers.
Cell size also increased significantly (by approximately
1.9- and 2.4-fold, respectively) compared to the control
cells (Fig. 3B). The dominant-negative mutant failed to
induce either of these changes. Moreover, the hypertro-
phic growth of cardiac cells correlated with ZAK activ-
ity was further provided by the domain deletion
mutants: expression of ALZ and ALS, neither of which
is able to form homodimers or autophosphorylation
(Fig. 2), did not induce in the organization of the actin
fibers, and cell size (Figs. 3A and B), whereas ASAM,
which does form homodimers and autophosphorylation
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Fig. 3. Effect of ZAK and mutants (dn, E/E, ALZ, ASAM, and ALS) on hypertrophy and actin organization in H9¢2 cardiac cells and effect of ZAK
on ANF gene expression in H9¢2 cardiac cells. (A) Hypertrophic growth and actin organization. The indicated tetracycline-inducible stable H9c2 cell
lines were cultured in the presence of 1 pg/ml doxycycline for 48 h. The cells were then fixed, permeabilized, and stained with rhodamine-conjugated
phalloidin to detect the actin filaments. (B) Relative cell size. Cell size was analyzed using Image-Pro PLUS software. The values represent the relative
area &= SE from 150 measurements in each group. The increased cell sizes induced by ZAK and ZAK E/E are highly significant (P < 0.05). (C)
Northern blot analysis of 20 pg total RNA isolated from H9¢c2 cardiac cells transfected with 20 pg of the indicated ZAK expression constructs. The

blot was probed with full-length rat ANF cDNA.

(Fig. 2), also induced in actin fiber organization, and cell
size (Figs. 3A and B). These results suggest a linear rela-
tionship between ZAK activity and the hypertrophic
growth of cardiac cells, and further suggest that this growth
is effected by pathway(s) that are downstream of ZAK.

ZAK regulates atrial natriuretic factor expression in
cardiac cells

Since cardiac hypertrophy is associated with the re-
programming of fetal gene expression such as atrial

natriuretic factor (ANF) and B-myosin heavy chain
(B-MHC) [14,15], here we investigate whether ZAK
expression induces the expression of one of these hyper-
trophy molecular marker genes. Northern blot analysis
of the total RNA isolated from H9c2 cells transiently
transfected with the indicated ZAK constructs (Fig.
3C) indicated that over-expression of ZAK and ZAK
E/E but not ZAKdn specifically increased ANF mRNA
levels. Further evidence that induction of the ANF tran-
scripts is correlated with ZAK activity was provided by
the large deletion mutants: expression of ALZ and ALS,
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neither of which is able to form homodimers or auto-
phosphorylate (Fig. 2), did not affect the expression of
the ANF transcripts (Fig. 3C), whereas ASAM, which
does form homodimers and autophosphorylation (Fig.
2), also induced ANF mRNA expression. We therefore
conclude that ZAK must be activated before it can have
any effect on the ANF transcripts.

ZAK induction of hypertrophic growth is correlated with
the expression of p21" P! byt is independent of cell
cycle regulation

Although the expression of ZAK in H9¢2 cardiomyo-
blast cells led to hypertrophic growth (Figs. 3A and B),
surprisingly we found that the proliferation of cells
expressing the dn and E/E mutants was reduced with re-
spect to the parental control cells, whereas proliferation
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was unaffected in the ZAK-expressing cells (Fig. 4A). To
further investigate this phenomenon, asynchronous cul-
tures were trypsinized and their cell cycle distributions
were analyzed using flow cytometry. Fig. 4B shows that
the dn and E/E-expressing cells had a significantly high-
er percentage of cells in the Go/G, phase of the cell cycle
(83.32% and 87.93%, respectively) compared to the con-
trol (67.42%) and ZAK-expressing cells (68.38%). More-
over, there were fewer dn and E/E-expressing cells in the
S phase (11.31% and 8.60%, respectively) compared to
the control (21.64%) and ZAK-expressing cells
(21.59%). These findings suggest that the dn and E/E-ex-
pressing cells were arrested in the Go/G; phase.
Because cell cycle progression commences in G; with
cyclin D-CDK4/6 assembly and activation, and is fol-
lowed in the G1/S transition by subsequent cyclin E-
CDK2 [16] activation, we next studied the effect of
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Fig. 4. Effects of ZAK on H9c2 cardiac cell proliferation and cell cycle machinery. (A) Cell proliferation growth curves of H9c2 cells expressing
ZAK, ZAKdn, and ZAK E/E. Stable H9¢2 cell lines under the control of a tetracycline-responsive transactivator were seeded at an original density
of 5000 cells per six-well dish in the presence of 1 pg/ml doxycycline, and cell counts were taken at the indicated times. (B) The ZAK and 2 mutant
effects on cell cycle progression. Stable H9c2 cell lines were induced to express the indicated genes for 48 h and then analyzed by FACS. The
percentage of cells in each cell cycle phase was calculated using ModFit software. Experiments were performed three times and gave similar results.
(C) ZAK effect on the cyclin D, cyclin E, p21Wa1/CP! and p27%iP! expression levels, and on cyclin D-CDK4/6 and cyclin E-CDK2 activity. Stable
HOc2 cell lines were induced to express the indicated genes for 48 h and cell lysates were then analyzed by Western blot and in vitro kinase assay. Cell-
cycle protein expression was determined by immunoblots of whole-cell lysates. The histone H1 kinase assay was performed after immunoprecip-
itation with either anti-cyclin D or anti-cyclin E. The last panel demonstrates expression of actin for quantity control loading. These experiments

were performed four times; representative data are shown.
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ZAK, ZAKdn, and ZAK E/E on the G; cell cycle
machinery. In H9c2 cells ZAK up-regulated cyclin D
expression levels, ZAKdn had no effect, and ZAK E/E
decreased cyclin D expression (Fig. 4C, panel 2). How-
ever, the cyclin D-CDK4/6 complex activity, which is
controlled by cyclin D in early G;, was not affected
(Fig. 4C, panel 1). Because the activity of this complex
is also regulated by the cyclin-dependent kinase inhibi-
tor (CKI) p21WVaf/CiPl 1171 we also measured the CKI
levels and found that it was up-regulated in the ZAK
and E/E cells, but unchanged in the dn cells (Fig. 4C,
panel 3). Moreover, the E/E cells, had higher levels of
p21Wafl/Cipl ox pression than the ZAK cells. This expres-
sion level pattern for p21Wa/CiP! parallels the hypertro-
phic response pattern for the corresponding ZAK
constructs (compare Figs. 4C, panel 3 with 3B). We note
too that other investigators have reported that elevated
CKI expression levels are similarly associated with vas-
cular smooth muscle and mesangial cell hypertrophy
[18-22]. These observations suggest that p21W"‘“/ Cipl
levels might play a role in the response to hypertrophic
stimuli. This role, however, appears to be independent
of p21’s regulation of cyclin D-CDK4/6 activity.

A similar series of tests were run for the G,/S transi-
tion machinery (Fig. 4C, last 3 panels). The expression
levels of cyclin E were elevated in the ZAK and E/E
cells, but decreased in the dn cells (Fig. 4C, panel 5).
Further, the E/E cells had higher cyclin E expression
levels than the ZAK cells. Kinase activity of the cyclin
E-CDK2 complexes was unchanged in the E/E cells, ele-
vated in the ZAK cells and reduced in the dn cells (Fig.
4C, panel 4). Since the kinase activities were not corre-
lated with the expression levels of cyclin E, we next
determined the expression levels of the cyclin E-CDK?2
associated CKI, p27%P!. Levels of p27%P! were down-
regulated in ZAK cells, but elevated in dn and E/E cells
(Fig. 4C, panel 6). These results suggest that while the
expression of p27%"P! is not correlated with hypertrophic
growth, it might be associated with cell proliferation.

Discussion

The data presented here showed that ZAK plays a
role in the signal transduction pathway thereby stimu-
lating hypertrophic growth in cardiomyoblast cells.
The specific evidence is as follows: first, expression of
wild-type ZAK induces hypertrophic growth (Figs. 3A
and B). Second, the ectopic expression of ZAK was
alone sufficient to induce ANF expression in cardiac
cells (Fig. 3C). Taken together, these data indicate that
ZAK induces hypertrophic growth in cardiomyoblast
cells. However, these findings do not rule out the possi-
bility that other downstream effectors might also be in-
volved in the ZAK-mediated hypertrophic growth. For
example, ZAK can activate JNK and NF-kB signaling,

which suggests that the possibility of interactions be-
tween the JNK and the NF-kB signaling should be
investigated. It, therefore, suggests that ZAK might in-
duce ANF expression not only through MKK?7 but also
through other downstream effectors such as NF-kB. A
previous study [12] has already indicated that ZAK sig-
naling leads to the activation of NF-kB, and we are now
investigating whether NF-xB cooperates with MKK?7
for ANF expression in cardiac cells.

We have also shown that ZAK dimerization is neces-
sary for the activation of ZAK, and that the covalently
linked ZAK homodimers are formed by a direct interac-
tion of the leucine zipper domain (Fig. 2). This leucine
zipper dimerization is required for ZAK autophospho-
rylation and subsequent activation of the SAPK/INK
pathway.

Al-Awqati and Preisig proposed that cell hypertro-
phy results from both cell cycle-independent and cell cy-
cle-dependent mechanisms, while a study [18-23] on
mesangial hypertrophy caused by high glucose suggested
that cell hypertrophy is associated with increased levels
of the CKIs p21W/CPl and p27%iP! Here, however,
we found that although ZAK expression in cardiac cells
increased the p21WVa/CP! protein levels (Fig. 4C), cell
proliferation was unaffected in these cells (Fig. 4A)
and cell cycle distribution was the same as in the paren-
tal control cells (Fig. 4B). Assuming that p21Waf/Cipl
does in fact play a role in the hypertrophic growth of
ZAK-expressing H9c2 cells, it therefore remains to be
determined how this CKI might exert this function inde-
pendently of its cell cycle regulatory role. Although
p21wa“/ CiPl and cyclin E protein levels are increased
in ZAK and E/E expression cells, the p27%P! levels
are decreased in E/E cells. Thus, one interpretation
could be that the increase in the expression levels of
p27%P! by E/E cells might be secondary to cell-cycle ar-
rest. Another interpretation could be that ZAK has bi-
phase effects on regulating the expression of p27%iP!.
ZAK-activated pathway(s) are necessary for inhibiting
the expressing of p27%"P! and overstimulation (by
expression of the more active E/E mutant) might result
in inducing the expressing of p27%P!. We purpose that
E/E mutant-activated pathway(s) likely mimic the extra-
cellular stimuli that overactivates the ZAK signaling
pathway(s). To identify the extracellular factor(s) would
be valuable in addressing this question. Most examples
of hypertrophy are associated with growth arrest. Our
results show that p27%P! might be involved in growth
arrest whereas p21W*"/CP! could play a role in the
induction of hypertrophic growth. We propose that cell
hypertrophy is independent of cell-cycle arrest and de-
pends on the p21Va/CPlyrotein levels. It remains to
be elucidated how p2lwaf1/ Cirl exerts the hypertrophic
function independently of cell-cycle regulation.
Although our results implicate cell cycle regulatory mol-
ecules in mediating the hypertrophic effects of ZAK in
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cultured cardiomyoblast cells, we are unable to deter-
mine whether the expression of these molecules, such
as p21Wal/CiPl and p27%iP! s the cause of hypertrophic
growth. To examine the possible involvement of
p21Wal/Cipl and p27%P! in the hypertrophic growth of
cardiomyoblasts, we will use the SIRNA technique to
knock down expression of these proteins in ZAK
expressing cells. This should offer an approach to deter-
mine the role of these molecules in cardiomyoblast
hypertrophy.

Another curious finding was that both ZAKdn and
ZAK E/E expression reduced cell proliferation (Fig.
4A), evidently by arresting the cell cycle in the G, phase
(Fig. 4B). It may be that some ZAK-activated path-
way(s) are necessary for cell cycle entry, and further,
that both blocking this pathway (by expression of the
dominant negative ZAK) and overstimulation (by
expression of the more active E/E mutant) might result
in blocking the cell cycle progression. This explanation
would account for the observed results, but it is a
hypothesis that still remains to be tested.

Acknowledgments

This work was supported by grants to J.J.Y. from the
National Science Council (NSC) (NSC92-2311-B-040-
003-) Taiwan.

References

[1] E.N. Olson, M.D. Schneider, Sizing up the heart: development
redux in disease, Genes Dev. 17 (2003) 1937-1956.

[2] J.D. Molkentin, G.W. Dorn II, Cytoplasmic signaling pathways
that regulate cardiac hypertrophy, Annu. Rev. Physiol. 63 (2001)
391-426.

[3] P.H. Sugden, A. Clerk, Cellular mechanisms of cardiac hypertro-
phy, J. Mol. Med. 76 (1998) 725-746.

[4] M.A. Sussman, A. McCulloch, T.K. Borg, Dance band on the
titanic: biomechanical signaling in cardiac hypertrophy, Circ. Res.
91 (2002) 888-898.

[5] W.R. MacLellan, M.D. Schneider, Genetic dissection of cardiac
growth control pathways, Annu. Rev. Physiol. 62 (2000) 289-319.

[6] Y. Wang, B. Su, V.P. Sah, J.H. Brown, J. Han, K.R. Chien,
Cardiac hypertrophy induced by mitogen-activated protein kinase
kinase 7, a specific activator for c-Jun NH2-terminal kinase in
ventricular muscle cells, J. Biol. Chem. 273 (1998) 5423-5426.

[7] J. Robbins, Remodeling the cardiac sarcomere using transgenesis,
Annu. Rev. Physiol. 62 (2000) 261-287.

[8] J.A. Towbin, N.E. Bowles, The failing heart, Nature 415 (2002)
227-233.

[9] J.J. Hunter, K.R. Chien, Signaling pathways for cardiac hyper-
trophy and failure, N. Engl. J. Med. 341 (1999) 1276-1283.

[10] B. Nadal-Ginard, J. Kajstura, P. Anversa, A. Leri, A matter of
life and death: cardiac myocyte apoptosis and regeneration, J.
Clin. Invest. 111 (2003) 1457-1459.

[11] B. Nadal-Ginard, J. Kajstura, A. Leri, P. Anversa, Myocyte
death, growth, and regeneration in cardiac hypertrophy and
failure, Circ. Res. 92 (2003) 139-150.

[12] T.-C. Liu, C.-J. Huang, Y.-C. Chu, C.-C. Wei, C.-C. Chou, M.-
Y. Chou, C.-K. Chou, J.-J. Yang, Cloning and expression of
ZAK, a mixed lineage kinase-like protein containing a leucine-
zipper and a sterile-alpha motif, Biochem. Biophy. Res. Commun.
274 (2000) 811-816.

[13] J.-J. Yang, Mixed lineage kinase ZAK utilizing MKK?7 and not
MKKA4 to activate the c-Jun N-terminal kinase and playing a role
in the cell arrest, Biochem. Biophy. Res. Commun. 297 (2002)
105-110.

[14] N.H. Purcell, G. Tang, C. Yu, F. Mercurio, J.A. DiDonato, A.
Lin, Activation of NF-kB is required for hypertrophic growth of
primary rat neonatal ventricular cardiomyocytes, Proc. Natl.
Acad. Sci. USA 98 (2001) 6668-6673.

[15] T. Minamino, T. Yujiri, N. Terada, G.E. Taffet, L.H. Michael,
G.L. Johnson, M.D. Schneider, MEKK1 is essential for cardiac
hypertrophy and dysfunction induced by Gq, Proc. Natl. Acad.
Sci. USA 99 (2002) 3866-3871.

[16] C.J. Sherr, Cancer cell cycles, Science 274 (1996) 1672-1677.

[17] T. Hunter, J. Pines, Cyclins and cancer II: cyclin D and CDK
inhibitors come of age, Cell 79 (1994) 573-582.

[18] R.C. Braun-Dullacus, M.J. Mann, A. Ziegler, H.E. von der
Leyen, V.J. Dzau, A novel role for the cyclin-dependent
kinase inhibitor p27Kipl in angiotensin II-stimulated vascular
smooth muscle cell hypertrophy, J. Clin. Invest. 104 (1999)
815-823.

[19] T. Monkawa, K. Hiromura, G. Wolf, S.J. Shankland, The
hypertrophy effect of transforming growth factor-b is reduced in
the absence of cyclin-dependent kinase-inhibitors p21 and p27, J.
Am. Soc. Nephrol. 13 (2002) 1172-1178.

[20] J.-M. Li, R.A. Poolman, G. Brooks, Role of G1 phase cyclins and
cyclin-dependent kinases during cardiomyocyte hypertrophic
growth in rats, Am. J. Physiol. Heart Circ. Physiol. 275 (1998)
H814-H822.

[21] G. Wolf, R. Schroeder, G. Zahner, R.A.K. Stahl, S.J. Shankland,
High glucose-induced hypertrophy of mesangial cells requires
p27Kipl, an inhibitor of cyclin-dependent kinases, Am. J. Pathol.
158 (2001) 1091-1100.

[22] Q. Al-Awqati, P.A. Preisig, Size does matter: will knockout of
p21WAF1/CIP1 save the kidney by limiting compensatory renal
growth? Proc. Natl. Acad. Sci. USA 96 (1999) 10551-10553.

[23] P.A. Preisig, H.A. Franch, Renal epithelial cell hyperplasia and
hypertrophy, Semin. Nephrol. 15 (1995) 327-340.



	ZAK re-programs atrial natriuretic factor expression and induces hypertrophic growth in H9c2 cardiomyoblast cells
	Materials and methods
	Results
	Generation of kinase-negative and constitutively activate mutants of ZAK
	The LZ region is critical for the formation of activated disulfide-bridged ZAK homodimers
	Expression of ZAK induces hypertrophic growth in cultured cardiomyoblast cells
	ZAK regulates atrial natriuretic factor expression in cardiac cells
	ZAK induction of hypertrophic growth is correlated with the expression of p21Waf1/Cip1 but is independent of cell cycle regulation

	Discussion
	Acknowledgments
	References


