MOLECULAR AND CELLULAR BIOLOGY, Sept. 2008, p. 5777-5784
0270-7306/08/$08.00+0  doi:10.1128/MCB.00106-08

Vol. 28, No. 18

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Diadenosine Tetraphosphate Hydrolase Is Part of the Transcriptional
Regulation Network in Immunologically Activated Mast Cells"

Irit Carmi-Levy," Nurit Yannay-Cohen,' Gillian Kay," Ehud Razin,'* and Hovav Nechushtan®

Department of Biochemistry, Hebrew University Hadassah Medical School, P.O. Box 12272, Jerusalem 91120, Israel,* and
Oncology Department, Hadassah Hebrew University Medical Center, P.O. Box 12272, Jerusalem 91120, Israel®

Received 20 January 2008/Returned for modification 27 February 2008/Accepted 7 July 2008

We previously discovered that microphthalmia transcription factor (MITF) and upstream stimulatory factor 2
(USF2) each forms a complex with its inhibitor histidine triad nucleotide-binding 1 (Hint-1) and with lysyl-tRNA
synthetase (LysRS). Moreover, we showed that the dinucleotide diadenosine tetraphosphate (Ap,A), previously
shown to be synthesized by LysRS, binds to Hint-1, and as a result the transcription factors are released from their
suppression. Thus, transcriptional activity is regulated by Ap,A, suggesting that Ap,A is a second messenger in this
context. For Ap,A to be unambiguously established as a second messenger, several criteria have to be fulfilled,
including the presence of a metabolizing enzyme. Since several enzymes are able to hydrolize Ap,A, we provided here
evidence that the “Nudix” type 2 gene product, Ap,A hydrolase, is responsible for Ap,A degradation following the
immunological activation of mast cells. The knockdown of Ap,A hydrolase modulated Ap,A accumulation, resulting
in changes in the expression of MITF and USF2 target genes. Moreover, our observations demonstrated that the
involvement of Ap,A hydrolase in gene regulation is not a phenomenon exclusive to mast cells but can also be found
in cardiac cells activated with the (3-agonist isoproterenol. Thus, we have provided concrete evidence establishing
Ap,A as a second messenger in the regulation of gene expression.

The dinucleotide diadenosine tetraphosphate (Ap,A) is com-
posed of two adenosine moieties joined in 5'-5" linkage by a chain
of four phosphates. As far as we know, Ap,A is found in all living
cells, and ever since its discovery in 1966 (42), it has been pro-
posed to be more than just a “toxic waste” substance (28). This
distinctive nucleotide has attracted much research, especially dur-
ing the early 1980s. Ap,A concentration was shown to increase
after exposure of cells to various forms of metabolic stress such as
heat, oxidative, nutritional, and DNA damage (13). In addition,
increased Ap,A levels have been associated with reduced repli-
cation times (28). It has also been suggested that Ap,A acts as an
intracellular “alarmone” both in prokaryotes (15) and in eu-
karyotes (37).

Microphthalmia transcription factor (MITF) is a basic helix-
loop-helix leucine zipper (bHLH-Zip) DNA-binding protein
and a key transcription factor in mast cells. Many of the MITF-
responsive genes are essential for differentiation and survival.
These include c-kit (36), mouse mast cell protease (mMCP) 2,
4,5, 6,and 9 (5, 10, 20, 22), the p75 receptor of nerve growth
factor (11), integrin alpha 4 (12), SgIGSF (8), NDST-2 (21),
granzyme B, and tryptophan hydroxylase (TPH) (9). Similarly,
in osteoclasts and melanocytes MITF regulates the transcrip-
tion of highly important genes such as the cathepsin K (23) and
tyrosinase genes (1), respectively. Our studies have focused on
the regulation network of MITF in immunologically activated
mast cells for over a decade (18, 26, 27, 31) and in the heart for
the past few years (34, 35).

We have shown that both MITF and another bHLH-Zip
transcription factor, upstream stimulatory factor 2 (USF2)
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form a tertiary complex with their inhibitor histidine triad
nucleotide-binding 1 (Hint-1) and with lysyl-tRNA synthetase
(LysRS) (16, 17). Furthermore, we have shown that Ap,A can
bind to Hint-1 and cause its release from MITF and from
USF2 (16, 17). Ap,A is known to be produced by certain
aminoacyl tRNA synthetases such as LysRS. We have demon-
strated that intracellular levels of Ap,A in mast cells are sub-
stantially increased following immunoglobulin E-antigen (IgE-
Ag) stimulation (16). Thus, our hypothesis is that Ap,A plays
a critical role in the regulation of several transcription factors
through its ability to control gene expression. These findings
led to the proposal that Ap,A acts as a second messenger.

The “Nudix” hydrolase family is a group of enzymes containing
the consensus motif GXSEXS[UA]XREX2EEXGU, where X is
any amino acid and U is a bulky aliphatic residue (19). In addition
to the Nudix signature, the enzymes share another common fea-
ture in that they all hydrolyze nucleoside diphosphate linked to
another moiety, X. Since these metabolites may be toxic to the
cell upon accumulation, as an analogy to the “housekeeping” or
maintenance genes, those coding for the Nudix hydrolases were
termed “housecleaning” genes by Bessman et al. in 1996 (2).

The Nudix type 2 (nudt2) gene product, Ap,A hydrolase, has
been isolated and cloned and its structure has been determined
(33). This enzyme hydrolyzes Ap,A into AMP and ATP. Sev-
eral other enzymes, including members of the ectonucleotide
pyrophosphatase/phosphodiesterase family, are also able to
hydrolyze Ap,A (38). Until now, evidence for the critical role
of Ap,A hydrolase in intracellular Ap,A metabolism following
stimuli has been lacking.

Here we present direct evidence that Ap,A hydrolase is indeed
responsible for Ap,A degradation in immunologically activated
mast cells. We also describe the time course of Ap,A accumula-
tion in this type of cell and find that its levels are rapidly induced
by IgE-Ag but return to basal levels within 2 h after activation.
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FIG. 1. Kinetics of Ap,A accumulation following the IgE-Ag stimulation of mast cells. Upon stimulation of RBL cells with 100 ng/ml IgE
anti-DNP and 100 ng/ml DNP, cells were harvested at specific times, Ap,A level was measured by a luminescence assay as described in Materials
and Methods, and results were normalized by a Bradford protein assay. Error bars represent the mean of replicates + the standard error of the

mean. Results for one representative experiment out of four are shown.

In previous studies, we used cold shock to introduce Ap,A
into quiescent cells in order to demonstrate a direct effect of
Ap,A on transcriptional regulation and found that Ap,A ap-
plication resulted in an increased expression of MITF- and
USF2-regulated genes. This external administration of Ap,A is
considerably different from the physiological situation. Physi-
ological manipulation of Ap,A has not been used before in
studies of higher eukaryotes and is of great importance in any
attempt to define Ap,A as a second messenger. In the present
study, we manipulated intracellular Ap,A levels in a physio-
logical manner by inhibiting Ap,A hydrolase.

Using the short interfering RNA (siRNA) technique, in this
study we demonstrated that Ap,A hydrolase plays a critical
role in the transcriptional regulation of MITF and USF2. We
provide evidence regarding the role of a stimulus-induced
Ap,A increase in gene regulation, both in mast cells and in
isoproterenol-induced cardiomyocytes.

MATERIALS AND METHODS

Antibodies. The antibodies anti-Ap,4A hydrolase, anti-MITF, and anti-Hint-1
were custom made against the specially designed determinants FKREMKATLQ
EGHQFLC (Ap,A hydrolase), IKQEPVLENCSQEL (MITF), and VLGGRQ
MNWPPG (Hint-1) (Hy Laboratories Ltd., Israel). The antibody against NPP1
(anti-PC-1) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Nucleotide assay. The nucleotide assay detects the amount of Ap,A present in
extracts of mammalian cells. For each determination, cells from one well of a
six-well plate were grown to about 80% confluence. The cell layer was washed
with warm serum-free medium and was lysed with trichloroacetic acid. Extrac-
tion and measurement by luminometry of the nucleotides were performed as
described previously (24). Results were normalized by using the Bradford protein
assay. It is important to note that this assay will also measure nucleotides other
than Ap,A with the form Ap,N, where N is any nucleoside. However, based on
previous calculations by Murphy and McLennan (25), the actual Ap,A concen-
tration is roughly 0.75 times the values quoted.

Cell growth. HIC2 cells were maintained at 37°C in growth medium, which was
Dulbecco’s modified Eagle’s medium supplemented with 2 mM L-glutamine, 2
mM nonessential amino acids, 100 units/ml penicillin, 100 pg/ml streptomycin
(Biological Industries, Beit Haemek, Israel), and 10% fetal calf serum (Biolog-
ical Industries, Beit Haemek, Israel). Rat basophilic leukemia (RBL)-2H3 cells
were maintained in RPMI 1640 medium as previously described (29). RBL cells
were first sensitized with anti-2,4-dinitrophenol (DNP) IgE monoclonal antibody
(SPE-7; Sigma-Aldrich Corp., St. Louis, MO) and then challenged with DNP
(Sigma-Aldrich Corp.). IgE antibody was centrifuged (18,000 X g for 5 min)
before use to remove aggregates.

Gel electrophoresis and Western blotting. Proteins were resolved by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing con-

ditions and were transferred to nitrocellulose membranes. Visualization of re-
active proteins was performed by enhanced chemiluminescence.

Immunoprecipitation. The immunoprecipitation of the specific proteins from
RBL and H9C2 cells was carried out as previously described (18).

Real-time quantitative PCR. Candidate MITF- and USF2-responsive gene
transcriptions were measured using real-time quantitative PCR. mRNAs of the
target genes were quantified by Sybr green incorporation (Sybr green ROX mix;
ABgene). Real-time PCR was performed on a Rotor-Gene sequence detection
system (Corbett, Australia). The genes whose mRNA levels were quantified by
real-time PCR were rat TPH, GrB, telomerase reverse transcriptase (TERT),
myosin light chain 1a (MLC-1a), and B-actin.

siRNA. Cells were transfected with an siRNA duplex consisting of two com-
plementary 21-nucleotide RNA strands with 3" dTdT overhangs (Qiagen Inc.,
California) in order to downregulate Ap,A hydrolase. siRNAs were designed to
be complementary to nucleotide sequences found in rat mRNAs of Ap,A hy-
drolase, and a nonrelevant (NR) nucleotide sequence was used as the control
(NR siRNA). The target sequence of the specific siRNAs was CCCGGCGAG
AATGACTTAGAA for Ap4A hydrolase. The nonrelevant control sequence was
AATTCTCCGAACGTGTCACGT.

Transfection. Nucleofector technology (Amaxa, Cologne, Germany) was used
for transfecting cells. A total of 2 X 10° cells were transfected with 3 pg of the
selected siRNA oligonucleotide according to the manufacturer’s protocol.
Briefly, the cells were resuspended in 100 pl of Nucleofector solution, RNA was
added, and the mixture was transferred into an electroporation cuvette. Nucleo-
fector solution was used to stabilize the cells during electroporation, which was
performed using the T-20 program.

Statistical analysis. Either the Friedman test or an analysis of variance was
performed when appropriate, with differences being considered significant at a P
of <0.05.

RESULTS

Kinetics of Ap,A levels in IgE-Ag-activated mast cells. In
order to determine the kinetics of intracellular Ap,A accumula-
tion, RBL cells were stimulated for specific times with IgE and
Ag. As shown in Fig. 1, Ap,A levels peaked 15 min after stimu-
lation, reaching a concentration of 1.6 pmol/mg protein, followed
by a sharp drop and a return to the basal level within 60 min. The
concentrations of Ap,A are similar to those published recently for
HEK 293 cells under different treatments (4).

Ap,A hydrolase degrades Ap,A in IgE-Ag-activated mast
cells. Ap,A hydrolase was knocked down in RBL cells using
the siRNA approach. The siRNA was designed to be comple-
mentary to nucleotide sequences found in rat mRNA of the
gene encoding nudt2 (Ap,A hydrolase), and NR siRNA was
used as the control. Downregulation of Ap,A hydrolase was
observed 24 h after transfection (Fig. 2A), and its low level of
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FIG. 2. Ap,A hydrolase is degrading Ap,A in immunologically activated mast cells. (A) RBL cells were transfected with either NR siRNA or
siRNA against the gene encoding Ap,A hydrolase. Twenty-four hours after transfection, Western blot analysis was carried out for cell lysates using
antibodies specific for Ap,A hydrolase, NPP-1, Hint-1, and MITF. Results for one representative experiment out of three are shown. (B) RBL cells
were transfected with either NR or Ap,A hydrolase siRNA for 24 h. Control and transfected cells were then stimulated by IgE-Ag for 6 h, and
Ap,A levels were then determined. The mean and standard error of the mean for three experiments are shown. (C) Coimmunoprecipitation of
MITF and Hint-1. MITF was immunoprecipitated from extracts of RBL cells transfected with siRNA against Ap,A hydrolase or NR siRNA. The
level of coimmunoprecipitated Hint-1 was determined by Western blot analysis. Results for one representative experiment out of three are shown.

expression remained for 48 h after transfection as well (data
not shown).

In order to verify the specificity of the siRNA oligonucleo-
tides in the context of our system, we determined the presence
of several proteins in lysates taken from Ap,A hydrolase
siRNA-treated cells and from NR siRNA-treated cells. As can
be seen in Fig. 2A, no significant changes were observed in the
levels of Hint-1, MITF, and nucleotide pyrophosphatases/
phosphodiesterases 1 (NPP1), another enzyme known to hy-
drolyze Ap,A (38).

The level of Ap,A in activated NR siRNA-treated cells was
similar to that in activated cells that were not transfected (Fig.
2B), whereas a significant intracellular accumulation of Ap,A
was observed in activated cells treated with siRNA against
Ap,A hydrolase (Fig. 2B). This accumulation of Ap,A was
found to be time dependent (data not shown). Thus, these data
clearly suggest that Ap,A hydrolase is a major player in the
metabolism of Ap,A in activated mast cells.

MITF-Hint dissociation is regulated by Ap,A hydrolase.
Having demonstrated that the elevated Ap,A levels in cells
with decreased Ap,A hydrolase protein were maintained even
6 h after activation (Fig. 2B), we examined the association of
MITF and Hint-1 in Ap,A hydrolase knockdown RBL cells
(Fig. 2C). Endogenous MITF was precipitated by anti-MITF
antibody 6 h after the immunological activation of RBL cells,
and coimmunoprecipitation of Hint-1 was determined by blot-
ting with anti-Hint-1. As can be seen in Fig. 2C, the accumu-
lated Ap,A in Ap,A hydrolase siRNA-treated cells was found
to be sufficient to maintain Hint-1 dissociation from MITF for
at least 6 h after activation.

Ap,A hydrolase modulating MITF and USF2 targets gene
transcription in mast cells. To quantitatively assess the direct
effect of Ap,A hydrolase on the transcriptional activity of

MITF, RBL cells were transfected with a luciferase reporter
plasmid containing the mouse mMCP6 promoter (MITF-re-
sponsive gene) (22). The transcriptional activity of MITF was
determined as the relative luciferase activity in untreated cells
or in cells treated either with NR siRNA or with Ap,A hydro-
lase siRNA (Fig. 3A). A significant increase in activity was
detected in cells in which Ap,A hydrolase was depleted.

Furthermore, the transcript levels of two of the MITF target
genes, encoding TPH and c-kit (9, 36), were measured in
immunologically activated RBL cells in which Ap,A hydrolase
had been knocked down using the corresponding siRNA. A
significant accumulation of TPH mRNA and a moderate in-
crease in c-kit mRNA accumulation was observed in RBL cells,
with reduced expression of the Ap,A hydrolase (Fig. 3B).
Thus, Ap,A hydrolase is considerably involved in the regula-
tion of MITF transcriptional activity.

USF2 is a bHLH-Zip transcription factor which shares a
similar DNA-binding sequence to that of MITF. We have
found that USF2, similar to MITF, is negatively regulated by
Hint-1 and that Ap,A generated upon IgE-Ag activation acts
as a positive regulator of USF2 by dissociating it from its
repressor (17). It should be noted that the induction of USF2
transcriptional activity via Ap,A in a mast cell line affected
only certain USF2 target genes, such as the gene encoding
TERT (17). To determine the direct effect of Ap,A hydrolase
on USF?2 transcriptional activity, the transcript of TERT was
measured after immunological triggering. The introduction of
Ap,A hydrolase siRNA specifically increased the transcript
level of the gene encoding TERT (Fig. 3B).

Cardiomyocyte stimulation by isoproterenol has a similar
effect to mast cell immunological activation. MITF has been
shown to be transcribed in high levels in the heart (6). We have
recently demonstrated that MITF plays an essential role in
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FIG. 3. Ap,A hydrolase regulates the transcription of MITF and USF2 target genes in mast cells. (A) RBL cells were transfected with either
NR siRNA or siRNA against Ap,A hydrolase. Twenty-four hours later, the cells were transfected with luciferase reporter under the control of the
mMCP6 promoter. Cells were then stimulated with 100 ng/ml IgE anti-DNP and 100 ng/ml DNP. The luciferase activity of lysed cells was measured
and normalized against the protein concentration. The mean and standard error of the mean for three experiments are shown. (B) RBL cells were
transfected with either Ap,A hydrolase siRNA or NR siRNA. Cells were activated with 100 ng/ml IgE anti-DNP and challenged with 100 ng/ml
DNP. Twenty-four hours later, cells were lysed and the mRNA quantitations of TPH, c-kit, and TERT were determined by Sybr green
incorporation to real-time PCR in RBL cells. Expression levels were normalized to those of the B-actin housekeeping gene. Results are presented
relative to NR siRNA-treated cells which were arbitrarily determined as 1. The mean and standard error of the mean for three experiments are

shown.

B-adrenergic-induced cardiac hypertrophy (34). Therefore, the
role played by Ap,A in MITF regulation was determined in a
rat cardiac cell line (H9C2), a cell type that was not derived
from the hematopoietic lineage. The cells were exposed for 30
min to the B-agonist isoproterenol, an inducer of cardiac hy-
pertrophy, and then lysed. As shown in Fig. 4A, an increase in
the level of Ap,A was observed in cells treated with isoproter-
enol. The effect of Ap,A elevation on MITF-Hint-1 associa-
tion/dissociation was determined by immunoprecipitation of
MITF followed by immunoblotting with Hint-1 antibody. The
increased concentration of Ap,A in stimulated cells correlated
with the disassociation of MITF from Hint-1 (Fig. 4B). These
data suggest that the role played by Ap,A in the regulation of
MITF’s association with Hint-1 in IgE-Ag-activated RBL cells
could be applied to other cell types.

Furthermore, recently we identified that the expression of
MLC-1a is regulated by the MITF isoform MITF-H in cardi-

omyocytes (35). To determine whether manipulation of Ap,A
level via isoproterenol, which led to dissociation of the MITF-
Hint complex, would affect MITF transcriptional activity, we
measured the MLC-1a mRNA level. An increase in MLC-1a
transcription was observed 4 h after the addition of isoproter-
enol to HIC2 cells (Fig. 4C).

Ap,A hydrolase is involved in MITF gene regulation in the
cardiac cell line. In order to determine the involvement of
Ap,A hydrolase in MITF regulation in H9C2 cells, the enzyme
level was depleted using the siRNA technique. As shown in
Fig. 4D, the same siRNA sequence used in RBL cells also
silenced the hydrolase in the cardiac cell line, as they are both
rat cell lines.

The HIC2 cells were treated with either the control NR
siRNA or the Ap,A hydrolase siRNA and then stimulated with
isoproterenol. Twenty-four hours later, the cells were lysed and
the transcript level of MLC-1a was measured. In cells lacking
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FIG. 4. Role of Ap,A in the regulation of the MITF target gene, encoding MLC-1a, in activated rat cardiac cells (H9C2). (A) The Ap,A level
was measured in HIC2 cells cultured with or without isoproterenol for 30 min. The results of two experiments are shown. (B) Coimmunopre-
cipitation of MITF and Hint-1. MITF was immunoprecipitated from extracts of H9C2 cells cultured with or without isoproterenol. The level of
coimmunoprecipitated Hint-1 was determined by Western blot analysis. Results for one representative experiment out of three are shown.
(C) H9C2 cells were cultured with or without isoproterenol. Four hours later, cells were lysed and the mRNA quantitation of MLC-1a was
determined by Sybr green incorporation to real-time PCR. Expression levels were normalized to B-actin. The mean and standard error of the mean
for three experiments are shown. (D) HIC2 cells were transfected with either NR siRNA or siRNA against Ap,A hydrolase. Forty-eight hours after
transfection, Western blot analysis was carried out for cell lysates by using Ap,A hydrolase specific antibody. Results for one representative
experiment out of five are shown. (E) HIC2 cells were transfected with either Ap,A hydrolase siRNA or NR siRNA. 24 h after cells were
stimulated with isoproterenol they were lysed and the mRNA quantitation of MLC-1a was determined by Sybr green incorporation to real-time
PCR in H9C2 cells. Expression levels were normalized to the B-actin housekeeping gene. The result is presented relative to NR siRNA-treated
cells, which was arbitrarily determined as 1. The mean and standard error of the mean for three experiments are shown.

the Ap,A hydrolase, the gene’s mRNA level was considerably the extracellular stimulus, (iv) antagonists of the action of the
higher (Fig. 4E), suggesting that Ap,A hydrolase participates messenger should block the effects of the stimulus whose ef-
in MITF regulation also in other MITF-expressing cells. fects are proposed to be transduced by the messenger, and (v)
specific intracellular targets should be present for the candi-

DISCUSSION date messenger. Our previous works confirm that Ap,A fulfills

In this study, we have gathered evidence supporting a pos-  three of these criteria (16, 17). Namely, Ap,A applied intra-

sible function of Ap,A as a second messenger in the transcrip- cellularly to mast cells mimics the effect of IgE-Ag stimulation,
tional regulation of MITF- and USF2-responsive genes. Sev- intracellular Ap,A levels changed in response to extracellular
eral criteria have been established that a molecule has to fulfill stimuli, and specific intracellular targets were identified for

in order to be unambiguously assigned as a second messenger Ap,A. Here, we established Ap,A as a signaling molecule by
(30, 32). These criteria are as follows: (i) the messenger should determining the enzyme directly responsible for its degrada-
mimic the effect of the extracellular stimulus when applied tion. Furthermore, our observations demonstrated that this
intracellularly, (ii) enzymatic machinery should be present to novel pathway of gene regulation by Ap,A is broader than
synthesize and metabolize the prospective messenger, (iii) the expected. We have shown that it is not a phenomenon exclu-
messenger’s intracellular levels should change in response to sive to mast cells triggered with IgE and Ag but that it can also
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be found in heart cells activated with the B-agonist isoproter-
enol.

The assessment of the role of Ap,A as a possible signal
transduction molecule is a complex issue. While this dinucleo-
tide has been postulated to be produced by several aminoacyl
tRNA synthetases, LysRS is the major contributor to its pro-
duction (39). Aminoacyl tRNA synthetases are essential for
translation, and therefore any silencing of these proteins can
result in unwanted effects within the cell. Thus, manipulation
of Ap,A levels through silencing of its degradation offers a
unique approach to assess the importance of this nucleotide in
any cellular process.

It is clear that degradation of Ap,A is important for any
signal transduction pathways in which Ap,A is involved. The
main candidate enzyme for degrading stimulus-induced Ap,A
is Ap,A hydrolase, even though it is clear that other enzymes,
such as NPP1, NPP2, and NPP3, are capable of degrading
Ap,A (38).

In Schizosaccharomyces pombe, Aphl is the known Ap,A
hydrolase (7). Disruption of the aphl gene resulted in substan-
tially increased Ap,A levels in the yeasts without an obvious
effect on the morphology of the yeast cells (7). We decided to
use a similar approach of downregulation of the proposed
Ap,A degrading enzyme by means of the siRNA technique.
Depletion of Ap,A hydrolase in mast cells resulted in a sub-
stantial increase in Ap,A levels and a delay in the expected
return to basal levels several hours after IgE-Ag stimulation
(Fig. 2). This is clear evidence that Ap,A hydrolase is indeed
the main enzyme responsible for Ap,A degradation following
Ap,A induction.

Surprisingly, despite the fact that Ap,A and therefore also
Ap,A hydrolase are crucial for some basic functions of cells, no
diseases have been reported to be associated with mutations or
deletions of the Ap,A hydrolase gene. A possible explanation
is that the loss of function of this gene is fatal to the cells.

Alternatively, there could be another isoform that has not yet
been identified.

The involvement of Hint-1 in the regulation of transcrip-
tion has been proposed for a few cell systems (14, 29). Our
observations demonstrated that Hint-1 is a repressor of
MITF (29) and USF2 (17) transcriptional activity, and re-
cently Hint-1 was also found to repress the transcription
factor AP-1 (40). Our previous studies suggested that an
increase in Ap,A can induce the release of the inhibitory
protein Hint-1 from MITF and USF2. A decrease in Hint-1
bound to either of these transcription factors was correlated
with an increase in their transcriptional activity. Cellular
Ap,A levels were increased in those experiments by the
introduction of Ap,A into cells using cold shock. This
method of raising cellular Ap,A levels is very different to a
more physiologically relevant method, whereby endogenous
Ap,A is induced. Thus, in the present study we chose to
manipulate Ap,A levels by downregulating Ap,A hydrolase.
This was followed by experiments assessing the possible role
of Ap,A on the expression of MITF and USF2 target genes.
These experiments showed that gene expression is higher in
Ap,A hydrolase-depleted cells, providing crucial evidence
supporting our previously described model (16, 17) in which
induction of Ap,A levels can result in significant increases in
the expression of MITF- and USF2-regulated genes. It is
important to note that the differences between TPH and
c-kit mRNA accumulation can be explained by the observa-
tion that several potential binding sites for transcription
factors other than MITF, such as AP-2, Sp-1, GATA-1, myb,
and Oct-4, were identified in the c-kit promoter (3, 41).

In contrast to MITF, USF2 is ubiquitously expressed in
eukaryotic cells. This suggests that the involvement of Ap,A
hydrolase in the regulation of bHLH-Zip transcription factors
may be universal as opposed to mast cell specific. Indeed, this
pathway of gene regulation was also seen in a cardiac cell line.
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Recently we described the pivotal role of MITF in B-adrener-
gic-induced cardiac hypertrophy (34). Our hypothesis was that
increased intracellular Ap,A levels may also activate MITF in
cardiac myocytes. Here we described how isoproterenol, a
B-adrenergic agonist, induced an increase in Ap,A levels (Fig.
4). Ap,A hydrolase inhibition in these cells resulted in an
increase in the levels of the mRNA of MLC-1a, the cardiac
target of MITF (34).

Thus, these data provide further support to the notion that
Ap,A is involved in signal transduction regulation of gene
transcription. Our finding that Ap,A hydrolase regulates stim-
uli-induced Ap,A levels in two different biological systems
strongly indicates the generality of this mechanism. Further
experiments in which Ap,A hydrolase activity is manipulated
might resolve the role of this dinucleotide in a variety of bio-
logical systems.

In conclusion, data presented in the current article demon-
strated the critical role of Ap,A hydrolase in the degradation
of Ap,A induced in two different types of cells as described in
the proposed model (Fig. 5). These results provide crucial
evidence in favor of the hypothesis that Ap,A acts as a second
messenger which affects the transcriptional regulation of at
least two major transcription factors. The methodology pre-
sented in this article should prove highly useful for any further
efforts to elucidate the possible role of Ap,A as a second
messenger in multiple cellular systems.
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