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p38 MAPK Is a Major Regulator of MafA Protein
Stability under Oxidative Stress
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Mammalian MafA/RIPE3b1 is an important glucose-responsive transcription factor that regulates
function, maturation, and survival of B-cells. Increased expression of MafA results in improved
glucose-stimulated insulin secretion and B-cell function. Because MafA is a highly phosphorylated
protein, we examined whether regulating activity of protein kinases can increase MafA expression
by enhancing its stability. We demonstrate that MafA protein stability in MIN6 cells and isolated
mouse islets is regulated by both p38 MAPK and glycogen synthase kinase 3. Inhibiting p38 MAPK
enhanced MafA stability in cells grown under both low and high concentrations of glucose. We
also show that the N-terminal domain of MafA plays a major role in p38 MAPK-mediated degra-
dation; simultaneous mutation of both threonines 57 and 134 into alanines in MafA was sufficient
to prevent this degradation. Under oxidative stress, a condition detrimental to B-cell function, a
decrease in MafA stability was associated with a concomitant increase in active p38 MAPK. Inter-
estingly, inhibiting p38 MAPK but not glycogen synthase kinase 3 prevented oxidative stress-
dependent degradation of MafA. These results suggest that the p38 MAPK pathway may repre-
sent a common mechanism for regulating MafA levels under oxidative stress and basal and
stimulatory glucose concentrations. Therefore, preventing p38 MAPK-mediated degradation of
MafA represents a novel approach to improve g-cell function. (Molecular Endocrinology 23:

1281-1290, 2009)

ranscription factors binding to the three conserved insulin
Tenhancer elements, A3, RIPE3b/C1-A2, and E1 (PDX-1,
MafA, and NeuroD1/BETA2, respectively), are major regula-
tors of insulin gene expression and B-cell function (1-9). MafA,
a member of the large Maf family of basic leucine zipper tran-
scription factors, was identified as the B-cell-specific factor
binding to the RIPE3b/C1-A2 [Maf response element (MARE)]
element (9-11). Maf factors are important regulators of differ-
entiation (12-20). After birth, the loss of MafA in mice results in
abnormal islet organization with a gradual reduction in the
proportion of B/a-cells and development of impaired glucose
tolerance and diabetes (21). This observation demonstrates that
MafA regulates B-cell replication/survival and function. Our
results suggest that MafA is required for the maturation of
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B-cells and not for their specification (22-24). Differentiation of
human embryonic stem cells into glucose-responsive B-cells (235,
26) and downstream targets of MafA as important regulators of
insulin synthesis and secretion (23) further support such a role
of MafA. Thus, strategies to enhance MafA expression could
improve B-cell function.

To define approaches that can enhance MafA expression, we
characterize here the mechanisms regulating MafA stability in
B-cells. Phosphorylation of avian MafA regulates its stability as
well as its transcriptional and transforming activities (27-30).
Because mammalian MafA is regulated by glucose, we charac-
terized the role of protein kinases in regulating MafA stability
under low and high concentrations of glucose as well as oxida-
tive stress that accompanies chronic hyperglycemia. We demon-

Abbreviations: CHX, Cycloheximide; CIAP, calf intestinal alkaline phosphatase; DMSO, di-
methylsulfoxide; DN, dominant negative; FBS, fetal bovine serum; GFP, green fluorescent
protein; GSK3, glycogen synthase kinase 3; hMafA, human MafA; HSV, herpes simplex virus;
PI, phosphatidylinositol; Px, pancreatectomy; tBHP, tert-butyl hydroperoxide.
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strate that p38 MAPK and glycogen synthase kinase 3 (GSK3)
regulate MafA stability under basal glucose concentrations, but
p38 MAPK, and not GSK3, regulates oxidative stress-mediated
degradation of MafA. Our results suggest that inhibiting p38
MAPK can enhance the stability of MafA without affecting its
function, and thus this approach may provide new strategies to
reverse 3-cell dysfunction.

Results

p38 MAPK signaling pathway negatively regulates the
stability of MafA

Consistent with both avian MafA (27) and mammalian
MafA being phosphoproteins (31, 32), immunoblots of MIN6
nuclear extracts with MafA-specific antibody showed two ma-
jor isoforms of mammalian MafA of relative molecular masses
48 and 40 kDa. Furthermore, nuclear extracts from cells incu-
bated with calyculin A (Ser/Thr phosphatase inhibitor) showed
increased levels of the 48-kDa band with a concomitant reduc-
tion in 40-kDa isoform (Fig. 1A). Increased pAkt levels in the
same extracts demonstrated effective inhibition of Ser/Thr phos-
phatase activity by calyculin A (data not shown). Incubation of
MING extracts at 30 C resulted in dramatic reduction in the
48-kDa band, and addition of calf intestinal alkaline phospha-
tase (CIAP) to the extracts caused complete loss of the 48-kDa
isoform and increased the proportion of 40-kDa MafA. Inter-
estingly, such conversion in the proportion of MafA isoforms in
extracts from Hela cells transfected with the hMAfA-HSV tag
plasmid (Fig. 1A, lower panel) was observed only upon addition
of CIAP. These results suggest that the 48- and 40-kDa bands
represent the major isoforms of MafA and that the endogenous
phosphatase in MIN6 reduced the proportion of the 48-kDa
band in the absence of CIAP at 30 C. These isoforms were also
observed in whole-cell lysates from mouse islets (Fig. 1C). Based
on these results, the predicted molecular mass of endogenous
MafA (37.5 kDa), and recent studies demonstrating incorpora-
tion of *?P in both isoforms of MafA (31-33), we suggest that
the 48- and 40- kDa bands represent hyper- and hypo-phospho-
rylated MafA isoforms. Differences in the relative abundance of
these isoforms under our experimental conditions are most
likely due to the relative abundance of kinases and phosphatases
in the cells.

Extracts from MING cells cultured in different glucose con-
centrations showed a concentration-dependent increase in
MafA, but the proportion of hyper- and hypophosphorylated
isoforms was unchanged (data not shown). However, because
phosphorylation of transcription factors can regulate their ac-
tivity and stability (34), we examined the role of protein kinases
in phosphorylating MafA and regulating its stability. After 12 h
culture in 0.8 mM glucose (to minimize the effect of glucose on
MafA transcription) with or without cycloheximide (CHX)
(Fig. 1B), MafA protein was reduced in cells with CHX com-
pared with those without CHX. Inhibition of ERK (PD98059),
p38 MAPK (SB203580), or proteasome (MG-132) activity in-
creased the 48-kDa hyperphosphorylated form, with a minor
increase in the hypophosphorylated MafA, but inhibition of
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FIG. 1. Role of protein kinases in regulating MafA stability. A, MafA is a
phosphoprotein. Anti-MafA-specific antibody recognizes protein bands of apparent
molecular mass of 40 and 48 kDa. MING6 cells were treated with calyculin A (100 nm)
or DMSO for 10 min before harvesting. Nuclear extracts (20 ug) were prepared,
resolved on 7.5% SDS-PAGE, and immunoblotted with a-MafA antibody. To
confirm the phosphorylation of MafA, nuclear extracts (20 ug) from MING cells were
incubated for 30 min at 4 or 30 C in the absence or presence of CIAP. Extracts were
subsequently resolved on 7.5% SDS-PAGE and immunoblotted with a-MafA
antibody. Increased levels of faster migrating MafA bands at 30 C in the absence of
CIAP reflects endogenous phosphatase activity. Similar studies were performed using
nuclear extracts (20 ng) from Hela cells transfected with hMafA-HSV tag plasmid
that were treated with either calyculin A (100 nm) or DMSO for 10 min before
harvesting. Additionally, nuclear extracts (20 ug) from Hela cells transfected with
hMafA-HSV tag plasmid were incubated for 30 min at 4 or 30 C in the absence or
presence of CIAP. The expression of hMafA was detected using anti-HSV antibody.
*, Nonspecific band. B-E, p38 MAPK and GSK3 regulate MafA stability. B, MING cells
were cultured for 12 h with the indicated inhibitors [100 uvm PD98059 (PD98), 20 um
SB203580 (SB20), 50 pum LY294002 (LY29), and 10 um MG-132] in the absence or
presence of 50 um CHX in medium containing 0.8 mm glucose. Cell lysates were
resolved on 10% SDS-PAGE and immunoblotted with a-MafA or a-actin antibody.
C, Adult mouse islets were cultured for 12 h with 20 um SB203580, 20 um
SB21673, or 10 um MG-132 in the presence of 50 um CHX in medium containing
2.2 mm glucose. Cell lysates were resolved on 10% SDS-PAGE and immunoblotted
with a-MafA or a-actin antibody. D, MING cells cultured as in B in the presence of
DMSO or indicated kinase inhibitors [20 um SB203580 (SB20) and 20 um SB21673
(SB21)]. Cell lysates were resolved on 10% SDS-PAGE and immunoblotted with a-
MafA or a-actin antibody. E, MING6 cells cultured in 25 mm glucose and infected with
GFP, DN p38a MAPK, or DN p388 MAPK-expressing adenoviruses. At 48 h after
infection, whole-cell lysates were prepared and expression of endogenous MafA and
actin were determined by immunoblotting using a-MafA or a-actin antibodies.
Representative immunoblots are shown in each case from at least three independent
experiments.
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phosphatidylinositol (PI) 3-kinase (LY294002) had no effect on
MafA stability. Similarly, mouse islets cultured for 12 h in 2.2
mM glucose in the presence of p38 MAPK inhibitor or MG-132
had enhanced 48-kDa MafA, whereas inhibiting GSK3 en-
hanced the 40-kDa isoform, possibly by preventing its phos-
phorylation to 48-kDa isoform (Fig. 1C). These data show that
both p38 MAPK and GSK3 reduce MafA stability in MING6 cells
and mouse islets.

To determine whether SB203580 prevented degradation of
only the 48-kDa MafA, we examined its effect in the absence or
presence of GSK3 inhibitor SB216763 (Fig. 1D). Both inhibitors
individually increased MafA stability; their simultaneous pres-
ence further increased the hypophosphorylated MafA. This ob-
servation suggests that p38 MAPK mediates degradation of
both 48- and 40-kDa isoforms, whereas GSK3-mediated degra-
dation requires hyperphosphorylation of MafA.

SB203580, a relatively specific inhibitor of p38 MAPK, pref-
erentially inhibits both a- and B-isoforms of p38 MAPK (35).
We next examined the abilities of these isoforms to regulate
MafA stability by immunoblotting whole-cell lysates of MIN6
cells expressing dominant-negative (DN) p38a MAPK, DN
p38B MAPK (36), or green fluorescent protein (GFP) for 48 h at
25 mMm glucose (Fig. 1E). Both DN p38 MAPK isoforms en-
hanced endogenous MafA protein expression, by 2.7 * 0.04-
fold (n = 3; P < 0.05) for DN p38 MAPK« and by a similar level
(2.75 £ 0.018, n = 3; P < 0.05) for p38 MAPKpB, when nor-
malized to MafA band intensity in extracts from MING6 cells
infected with GFP adenovirus. DN p38 MAPKs also enhanced
expression of transfected human MafA (hMafA) in MING cells
(data not shown), suggesting that increased MafA in MING6 cells
(Fig. 1E) is due to increased stability of MafA protein and not
necessarily due to increased transcription of endogenous MafA.
These results demonstrate the ability of p38 MAPK to nega-
tively regulate MafA stability in insulin-producing cells cultured
in both high (Fig. 1E) and low (Fig. 1, B-D) concentrations of
glucose.

p38 MAPK, but not GSK3, regulates oxidative stress-
dependent reduction of MafA

Oxidative stress is a major regulator of p38 MAPK activity
(37) and a cause of B-cell dysfunction. We examined whether
oxidative stress mediates degradation of MafA via p38 MAPK.
Culturing MING cells at 25 mm glucose with CHX resulted in
slightly reduced MafA levels and modestly increased active
phospho-p38 MAPK (Fig. 2A). Addition of zer¢-butyl hydroper-
oxide (tBHP), an inducer of oxidative stress, further reduced
MafA stability, and caused a concomitant increase in phospho-
p38 MAPK.

It is likely that oxidative stress can reduce endogenous MafA
protein levels by regulating its stability and transcription. Two
distinct approaches were used to demonstrate the effect of oxi-
dative stress on MafA protein stability (Fig. 2, B and C). In the
first, MING cells transfected with hMafA expression plasmid
and cultured for 16 h at 25 mm glucose were treated with an
increasing concentration of tBHP in the absence or presence of
SB203580 for 2 h. Because the CMV promoter drives the ex-
pression of hMafA, this approach examines the effect of tBHP
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FIG. 2. Effect of oxidative stress on p38 MAPK- and GSK3-mediated regulation
of MafA stability. A, Oxidative stress triggers p38 MAPK activation. MING cells
were cultured for 6 h in the absence (=) or presence (+) of 50 um CHX and 100
M oxidant tBHP in medium containing 25 mm glucose. Cells lysates were
resolved on 10% SDS-PAGE. A representative image of immunoblotted gel with
a-MafA, a-phospho-p38 or a-actin antibody is shown. B, Inhibiting p38 MAPK
pathway can enhance the stability of MafA in the presence of oxidative stress.
MING cells transfected with hMafA-HSV were cultured for 2 hin 0, 50, or 200
M tBHP in the absence or presence of 20 um SB203580 (SB20). Lysates were
prepared and analyzed as above, and a representative image of immunoblotted
gel with a-HSV or a-actin antibody is shown. C, p38 MAPK, but not GSK3,
regulates MafA stability under oxidative stress. MIN6 cells were cultured for 6 h
in 0.8 mm glucose in the absence (—) or presence (+) of 100 um tBHP, 50 um
CHX, and either 20 um SB203580 (SB20), 20 um SB216763 (SB21), 20 um
SP600125 (SP60), 100 wm PD98059 (PD98), or 50 um LY294002 (LY29). Lysates
were analyzed by Western blotting as above. A representative image shows the
expression of endogenous MafA, phospho-p38 MAPK, phospho-ERK, and actin.

on MafA protein stability independent of the endogenous MafA
promoter. To minimize any effect of oxidative stress on tran-
scription of hMafA affecting the levels of hMafA protein, the
study time was kept short (2 h). The presence of 200 uM tBHP
for 2 h almost completely inhibited hMafA expression (Fig. 2B),
and the presence of SB203580 reduced this degradation, dem-
onstrating a role of p38 MAPK in oxidative stress-mediated
degradation of MafA.

In the second approach, we examined endogenous MafA
stability at low (0.8 mMm) glucose concentration in the absence
or presence of CHX, tBHP, and inhibitors of p38 MAPK
(SB203580), GSK3 (SB216763), JNK (SP600125), ERK
(PD98059), or PI 3-kinase (LY294002) (Fig. 2C). Addition of
tBHP increased the expression of phospho-p38 MAPK and re-
duced MafA protein [by 53 * 6.7% of control (lane 2), P <
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FIG. 3. Effect of chronic hyperglycemia on MafA expression. A, A representative image is
shown of pancreatic sections from sham, Px, and Px plus phlorizin rats 4 wk after the surgery

(n = 3) stained for MafA (green) and insulin (red). B, Relative expression of MafA mRNA.
Pancreatic islets were isolated from rats 4 wk after Px or sham surgery with or without phlorizin
treatment as described earlier (40). Total RNA was extracted from the islets, and real-time RT-
PCR was performed using MafA and 18S rRNA-specific primers and probes. Results are
presented as normalized MafA expression under different conditions relative to the expression in
sham samples = sem from at least three independent experiments. C, Representative images are
shown of pancreatic sections from 12-wk-old db/+ and db/db (two images showing different
islets) mice stained for MafA (brown). Magnification bar, 50 um. D, Real-time RT-PCR was
performed as described (42) to determine MafA expression in 12-wk-old db/+ and db/db islets.
MafA expression was normalized to the expression of cyclophilin, and results are presented as
MafA expression in db/db islets relative to its expression in db/+ samples * sem; n = 3.
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wk), and its reversal by phlorizin treatments have
been described earlier (40). Treatment with phlori-
zin during the third and fourth weeks after Px nor-
malized sugars to levels comparable to that of sham
(control) rats. Immunostaining of pancreatic sec-
tions showed a dramatic reduction in both the in-
tensity of the staining and the number of MafA-
expressing nuclei in Px islets, which was restored
upon phlorizin treatment (Fig. 3A). Quantification
of MafA protein expression in islets after Px is ex-
tremely difficult due to the low number of islets
and their reduced MafA expression. To determine
whether the reduced MafA expression was due to
decreased MafA mRNA expression, real-time RT-
PCR was performed on cDNAs from isolated islets.
At 4 wk after Px when expression of key -cell genes
was significantly reduced in response to chronic hy-
perglycemia (40, 41), MafA mRNA was signifi-
cantly reduced (nearly 60%) in Px islets compared
with sham islets, and this decrease was completely
reversed by phlorizin treatment (Fig. 3B). We also
examined MafA expression in another model of
chronic hyperglycemia/oxidative stress db/db mice
(42). As observed in the Px model, pancreatic sec-
tions from db/db mice showed a dramatic reduction
in MafA expression compared with db/+ control
(Fig. 3C), and the real time RT-PCR results showed
approximately 60% reduction in MafA mRNA ex-

0.01] in whole-cell lysates (lane 3 wvs. 2). This reduction was
prevented by addition of SB203580 (lane 4 vs. 2), which reduced
phospho-p38 and increased 48-kDa MafA [77.16 * 9.4% of
control (lane 2), P < 0.05]. As expected (31, 32) (Fig. 1, C and
D), inhibiting GSK3 reduced 48-kDa MafA and increased 40-
kDa (lanes 2 vs. 5) [46.3 = 9.6% of control (lane 2), P < 0.01].
The rescue of MafA degradation by SB203580 in the presence of
tBHP was significantly different from tBHP alone (lane 3 vs. 4,
P < 0.05), whereas the GSK3 inhibitor did not prevent MafA
degradation under oxidative stress (lane 3 vs. 5, P = 0.29).
These results demonstrate that GSK3 can phosphorylate MafA
in the presence of oxidative stress but does not regulate its
subsequent degradation. Similarly, inhibition of JNK and PI
3-kinase did not rescue oxidative stress-mediated degradation of
MafA (compare lane 3 with lanes 6 and 8), whereas inhibition of
ERK prevented some degradation (lanes 3 and 7).

These results demonstrate an important role of p38 MAPK in
regulating MafA stability in the presence of tBHP/oxidative
stress; whereas GSK3 is functional under these conditions, it
does not regulate the stability of MafA. These results also sup-
port the possibility that p38 MAPK and GSK3 independently
regulate degradation of MafA.

Chronic hyperglycemic condition inhibits levels of MafA
mRNA and protein

Oxidative stress is increased in rats after 90% pancreatec-
tomy (Px) surgery (38), a model of chronic in vivo hyperglyce-
mia (39). Development of hyperglycemia (250 mg/dl by 3-4

pression in db/db islets (Fig. 3D). Although one can-
not equate RT-PCR and immunostaining results, we observed a
dramatic reduction in both the intensity of the staining and the
number of MafA-expressing nuclei in both Px and db/db islets
that retain nearly 40% of MafA mRNA. These observations
suggest a possibility that iz vivo oxidative stress may enhance
the degradation of MafA protein, raising the likelihood of p38
MAPK regulating this process.

N-terminal domain of MafA is required for regulation of
MafA protein stability by p38 MAPK

Most phosphorylation sites in MafA are located in its N-
terminal domain, and these sites, including some p38 MAPK
phospho-acceptor sites (43), are lost in the AN-hMafA expres-
sion plasmid lacking the N-terminal 137 amino acids (9). To
determine whether the deletion of the N-terminal domain of
MafA affected its mRNA expression, MING6 cells were trans-
fected with wild-type hMafA-HSV tag or AN-hMafA-HSV
tag-expressing plasmids. Real-time RT-PCR analysis was
performed using ¢cDNAs obtained from transfected cells.
Quantification of herpes simplex virus (HSV)-tagged mRNA
expression from wild-type and AN-hMafA constructs, normal-
ized to the expression of Zeocin, showed no significant differ-
ence in their expression (Fig. 4A). Analysis of PCR products on
agarose gel also confirmed the comparable expression of MafA
mRNA from these plasmids (Fig. 4A, upper panel). To deter-
mine whether the loss of N-terminal domain affected the stabil-
ity of MafA protein, MING cells were cotransfected with EGFP
and either control pcDNA3.1, wild-type hMafA-HSV or
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FIG. 4. N-terminal domain of MafA is required for efficient regulation of MafA
stability by p38 MAPK. A, MING6 cells were cotransfected with either hMafA-HSV-
or AN-hMafA-HSV-expressing plasmid. At 48 h after transfection, cells were
harvested and cDNA was prepared from the RNA and used to detect expression
of hMafA and Zeocin (control). Real-time RT-PCR was performed using a
conserved C-terminal hMafA-HSV primer set that recognizes both wild-type and
AN-hMafA-HSV. Real-time PCR products after 40 amplification cycles were
resolved on 2% agarose gel, and bands corresponding to HSV and Zeocin from a
representative ethidium bromide-stained gel is shown (n = 3) (upper panel). The
AAC; method was use to quantify real-time RT-PCR results, and Cy values for
Zeocin were used to normalize hMafA-HSV expression. AN-hMafA-HSV mRNA
expression is presented as relative to the expression of wild-type hMafA-HSV,
mean = sim from at least three independent experiments (lower panel). B,
Whole-cell lysates from MIN6 cells cotransfected with pCMV-EGFP plasmid and
pcDNA3.1, hMafA-HSV or AN-hMafA-HSV expression plasmids (lanes 1-3,
respectively) were resolved on 10% SDS-PAGE and immunoblotted with a-HSV
and a-GFP antibodies (n = 3). C, MIN6 cells transfected with hMafA-HSV or AN-
hMafA-HSV were cultured for 16 h in the absence (—) or presence (+) of CHX or
20 um SB203580 (SB20) in medium containing 25 mm glucose. Cell lysates were
resolved on 10% SDS-PAGE and immunoblotted with a-HSV or a-actin
antibodies, and a representative gel is shown (n = 3).

AN-hMafA-HSV-expressing plasmids. Quantification of HSV-
tagged bands in immunoblots, normalized to the expression of
GFP protein in the same samples, showed that the expression of
AN-hMafA protein was significantly lower than that of wild-
type hMafA (0.18 = 0.018% of wild-type control, n = 3; P <
0.01) (Fig. 4B). These observations suggest that the reduction in
AN-hMafA expression results from its reduced stability and not
reduced transcription.
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We next examined the effect of p38 MAPK on wild-type and
AN-hMafA degradation (Fig. 4C). Lysates prepared from MIN6
cells transfected with different expression vectors showed the
expected reduced hMafA level in the presence of CHX and its
restoration in the presence of p38 MAPK inhibitor (Fig. 4C).
AN-hMafA was expressed at lower levels than hMafA, and
inhibition of p38 MAPK only modestly prevented its degrada-
tion. The ability of the p38 inhibitor to rescue degradation of a
significant proportion of wild-type hMafA but not of AN-
hMafA suggests the importance of the N-terminal domain of
MafA in p38 MAPK-mediated degradation. These results also
demonstrate that the N-terminal domain of MafA plays a role in
enhancing the overall stability of MafA.

Mutations in known p38 MAPK sites regulate stability
and activity of MafA

Using immunoblot and mass spectrometry analyses, three
p38 MAPK phospho-acceptor sites threonine (T) 57, T113, and
serine (S) 272 were identified in avian MafA (43), which corre-
sponds to T57, T134, and S335 of human MafA. We replaced
these phospho-acceptor sites with alanine (A) in hMafA-HSV-
tagged expression plasmids. Because our results (Fig. 4) indi-
cated that the N-terminal domain of MafA is important for p38
MAPK-mediated degradation, we also generated a double, mu-
tant TS7T134AA. Wild-type hMafA or hMafA expression plas-
mids with mutations in these sites were cotransfected in HeLa
cells with insulin-promoter:luciferase-reporter plasmids, —238
WT LUC (WT Luc) or —109.110m LUC (Mut Luc) [mutated in
MafA response element (44)]. Immunoblots using «HSV anti-
body (Fig. 5A) showed that mutating T57A or T57T134AA
phospho-acceptor sites enhanced levels of these hMafA deriva-
tives, but changing S335 had no effect. T134A showed a modest
but significant increase in hyperphosphorylated hMafA, whereas
T57A caused significant increase in hypophosphorylated MafA.
It is important to note that T57 can also be phosphorylated by
GSK3, which in the absence of oxidative stress enhances MafA
stability (31, 32) (Figs. 1C and 2C).

Unlike the effect of mutations in the phospho-acceptor
sites on the MafA protein levels, mRNA expression of these
MafA derivatives was comparable (Fig. 5B). Luciferase ex-
pression in extracts from HeLa cells transfected with T57A and
T57T134AA hMafA derivatives showed approximately 5- and
7-fold increases in insulin gene expression (WT Luc); T134A
hMafA showed modest but significant induction in insulin ex-
pression, whereas S335A mutant had activity similar to wild-
type hMafA (Fig. 5C). Most of the increased activity of TS7A
and T57T134AA derivatives is due to similar 4- to 5-fold in-
creases in the MafA protein levels (Fig. SA, data not shown).
Taken together, these results demonstrate that phospho-accep-
tor site TS7 is important for regulating MafA stability and ac-
tivity, whereas T134 has a modest effect on these processes.

The presence of either T57 or T134 phospho-acceptor
sites is sufficient for p38 MAPK-mediated degradation
of MafA

To test whether the increase in MafA stability in T57A and
T134A was due to inhibition of phosphorylation of these amino
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FIG. 5. Role of p38 MAPK phospho-acceptor sites on MafA protein expression
and insulin gene transcriptional activation. Designated mutants (T57A, T134A,
S335A, or T57T134AA), wild-type hMafA, or pcDNA3.1 expression plasmids
were individually cotransfected in Hela cells along with luciferase reporter
plasmids, —238 WT Luc or —109.110m Luc (44). A, Protein expression of either
wild-type or different MafA derivatives was examined in Hela cells. Cell lysates
were resolved on 10% SDS-PAGE. A representative gel immunoblotted with a-
HSV and a-actin antibodies is shown. B, Relative expression of hMafA-HSV
mMRNA in Hela cells transfected with wild-type and different MafA derivatives.
Real-time RT-PCR was performed using hMafA-HSV and Zeocin-specific primers
as in Fig. 4. Results are presented as expression of different MafA derivatives
relative to the expression of wild-type MafA, mean = sem from at least three
independent experiments. C, Relative luciferase activity of hMafA or different
mutants (T57A, T134A, S335A, or T57T134AA) cotransfected with either WT Luc
(black bars) or Mut Luc (white bars). Results are presented as relative to the
activity of wild-type Luc in the presence of hMafA plasmid * sem forn = 3. *,
P < 0.05.

acids by p38 MAPK, we examined the effect of p38 MAPK
inhibitor on the stability of these proteins (Fig. 6). As expected
(Figs. 1 and 2), inhibition of p38 MAPK activity rescued degra-
dation of wild-type hMafA and, not surprisingly, of S335A mu-
tant. Interestingly, inhibiting p38 MAPK activity still rescued
degradation of MafA mutated at either T57 or T134 sites but
not that of the T57T134AA double mutant. Thus, phosphory-
lation at either T57 or T134 is sufficient for p38 MAPK-medi-
ated degradation of MafA, but the prevention of phosphoryla-
tion at both sites prevents this action of p38 MAPK. At
present, it is unclear whether degradation of MafA results
from direct phosphorylation of these two sites by p38 MAPK
or whether p38 MAPK phosphorylates a protein in the deg-
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FIG. 6. Identification of phospho-acceptor sites essential for p38 MAPK-
mediated degradation of MafA. MIN6 cells transfected with wild-type hMafA,
T57A, T134A, S335A, or T57T134AA mutants were cultured in 0.8 mm glucose
for 12 h in the presence of indicated combination of CHX, DMSO, and 20 um
SB203580 (SB20). Representative gels immunoblotted with a-HSV and a-actin
antibodies is shown for each hMafA-HSV expression plasmid. Graphs on the right
present results from quantification of band intensities from at least three

independent experiments. Results are presented relative to the expression of
MafA isoforms in the presence of CHX and DMSO as 1 % sem. *, P < 0.05.
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radation machinery that recognizes MafA phosphorylated at
T57 and/or T134.

Discussion

Mammalian MafA is a phosphoprotein that regulates insulin
gene expression and glucose-responsive insulin secretion. Here
we demonstrate that MafA’s phosphorylation by different pro-
tein kinases differentially regulates its stability. Consistent with
other recent results (31, 32), we show that inhibiting GSK3
activity causes accumulation of hypophosphorylated MafA. In
contrast, p38 MAPK regulates degradation of both hyper- and
hypophosphorylated MafA, and inhibiting p38 MAPK activity
in both high- and low-glucose conditions prevents degradation
of MafA. Importantly, we demonstrate that p38 MAPK, but not
GSK3, regulates MafA stability under oxidative stress, a major
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mediator of B-cell dysfunction. We show that simultaneous
blocking of phosphorylation of both reported p38 MAPK tar-
gets (T57 and T134) in the N-terminal domain prevents p38
MAPK-mediated degradation of MafA. Therefore, we suggest
that p38 MAPK is an important regulator of MafA stability
under both physiological and pathological conditions.

There is general agreement that MafA has multiple phos-
phorylation sites that can be phosphorylated by kinases such as
p38 MAPK, ERK1/2, and GSK3 (27, 28, 31, 32, 43). However,
the relative importance of these kinases, their sites of phosphor-
ylation, and the effects of these phosphorylations still need char-
acterization. Phosphorylation of MafA is implicated in regulat-
ing its stability, transcriptional activation, and transforming
ability. Increased phosphorylation of MafA enhances its degra-
dation (28, 31, 32), whereas the requirement of phosphoryla-
tion in transcriptional activation and function varies depending
on the experimental setup (27-32, 43). We show that T57A,
T134A, and T57 T134AA double mutant significantly induce
insulin gene expression as compared with wild-type MafA, but
S335A mutant does not (Fig. 5). We further demonstrate that
this induced insulin gene expression possibly resulted from in-
creased stability of these proteins. Thus, the loss of phosphory-
lation at either T57 or T134 is not detrimental to MafA’s ability
to activate some of its targets.

In contrast, avian MafA with mutations in all three known
p38 MAPK sites (T57, T113, and S272) did not induce the lens
differentiation program or activate its downstream targets (43).
The cause of this discrepancy is unclear. It is likely that at least
some effects of TS7A (Fig. 5) or the triple mutant (43) are the
result of inhibiting phosphorylation of not only T57 but also
T53 and S49 by GSK3 (31, 32). Interestingly, the effect of in-
hibiting GSK3-mediated MafA phosphorylation on its tran-
scriptional activity also differs based on the experimental sys-
tems. A mutation in GSK3 priming site (S65) in avian MafA
inhibits transcriptional activation in some studies (27, 29) but
not in others (28, 30). Similarly, mutations in GSK3 (549, T53,
T57, and S61) and priming kinase (S65) sites of mammalian
MafA resulted in either a modest increase (31) or inhibition (32)
of transcriptional activity. Demonstration that both phosphor-
ylated and unphosphorylated MafA can induce gene expression
(32) suggests that the relative levels of these isoforms and inter-
acting cofactors may contribute to some of the observed differ-
ences in these studies. Our finding that TS7A mutant can acti-
vate gene expression (Fig. 5) is consistent with the results from
Han and colleagues (31). These data demonstrate that phos-
phorylation of at least some phospho-acceptor sites on the
MafA is not essential for activation of insulin gene expression.
This observation suggests that inhibiting p38 MAPK activity
will enhance the stability of MafA without inhibiting its activity.

Ubiquitination plays an important role in degradation of
MafA (31, 32), and lysines targeted for ubiquitination are lo-
cated in its C-terminal domain (33), whereas the N-terminal
domain contains the majority of p38 MAPK (Figs. 4-6) and
GSK3 sites (31, 32). Because AN-hMafA is less stable than
hMafA, our results also suggest the presence of signals in the
N-terminal domain that enhance MafA stability (Fig. 4). In-
creasing evidence supports a role of GSK3 in regulating ubiq-
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uitination and degradation of MafA (31-33). GSK3 converts
hypophosphorylated MafA to the hyperphosphorylated form
required for its ubiquitination. Consistent with these results, we
observed that GSK3 inhibitor enhanced the levels of hypophos-
phorylated MafA under low glucose (Fig. 1C). However, inhi-
bition of p38 MAPK predominantly increases hyperphosphory-
lated MafA isoforms (Figs. 1 and 3-6), suggesting that the
mechanisms regulating degradation of MafA via GSK3 and
p38 MAPK are different. Of the known p38 MAPK sites [T57,
T113,and S335 (43)], only simultaneous mutations of both T57
and T134 amino acids (Fig. 6) prevented p38 MAPK-mediated
degradation, suggesting that phosphorylation at either phos-
pho-acceptor sites by p38 MAPK is sufficient to trigger degra-
dation of MafA. Because inhibiting p38 MAPK does not signif-
icantly alter migration of MafA in SDS-PAGE, we cannot
resolve between the possibilities that p38 MAPK phosphory-
lates the protein degradation machinery enabling it to recognize
MafA phosphorylated at either T57 or T134 or that p38 MAPK
directly phosphorylates these sites and thereby triggering degra-
dation of MafA.

One of our major findings is that p38 MAPK mediates oxi-
dative stress-dependent degradation of MafA. Oxidative stress
can induce p38 MAPK activity and has been implicated in trig-
gering B-cell dysfunction. We previously demonstrated a link
between hyperglycemia in 90% Px rats with oxidative stress and
B-cell dysfunction (38). Here we report that both MafA mRNA
and protein expression are down-regulated in this model as well
as in another model of hyperglycemia and oxidative stress,
db/db mice (42). Additionally, enhanced degradation of MafA
protein by oxidative stress results from increased activity of p38
MAPK (Fig. 2), which is consistent with the ability of antioxi-
dant treatment to prevent degradation of MafA in HIT-T15
cells chronically cultured in high glucose (45). These observa-
tions suggest a physiological role of p38 MAPK in degradation
of MafA in response to increased oxidative stress. Interestingly,
inhibiting GSK3 activity in the presence of oxidative stress did
not prevent MafA degradation but prevented phosphorylation
of the remaining MafA (Fig. 2C). Thus, in our experimental
conditions, oxidative stress did not prevent the ability of GSK3
to phosphorylate MafA but selectively inhibited its subsequent
degradation. Hence, we suggest that p38 MAPK is the more
important regulator of MafA stability under oxidative stress/
diabetic milieu. Even so, transgenic mice expressing constitu-
tively active GSK3 in B-cells showed reduced B-cell proliferation
and mass as well as impaired glucose tolerance (46) but only
after 3 months. Because overexpression of DN MafA for 24 h
can impair glucose-stimulated insulin secretion (23), it is likely
that the impairments seen in transgenic mice are secondary to
the reduced Pdx-1 expression and not a direct effect of GSK3 on
MafA expression.

We present evidence that p38 MAPK and GSK3 regulate
MafA stability by independent pathways. It is important to note
that one of the p38 MAPK targets, T57, also mediates GSK3-
dependent degradation of MafA (31). So, it will be challenging
to decipher the precise mechanisms by which p38 MAPK and
GSK3 regulate T57-dependent degradation of MafA. It is pos-
sible that under basal conditions, GSK3 is the predominant reg-
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ulator of MafA stability, but under oxidative stress, p38 MAPK
becomes the major regulator of this process. Because of its
ability to regulate degradation of both hyper- and hypophos-
phorylated MafA under both basal and high glucose condi-
tions, as well as oxidative stress, p38 MAPK may be a better
target than GSK3 for therapeutic intervention to overcome
B-cell dysfunction.

Materials and Methods

Plasmids

HSV-tagged hMafA and AN-hMafA that lacks the N-terminal
domain (1-137 amino acids) have been described (9). The QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to
construct plasmids with mutations in phospho-acceptor sites as de-
scribed earlier (47).

Cell culture and reagents

MING6 cells (passages 15-35) were grown in DMEM containing
10% fetal bovine serum (FBS) or in glucose-free DMEM (Invitrogen,
Carlsbad, CA) containing 10% dialyzed FBS (Invitrogen) and the indi-
cated concentrations of glucose (Sigma Chemical Co., St. Louis, MO).
HeLa cells were grown in DMEM containing 10% FBS. Calyculin A
(Cell Signaling Technology, Danvers, MA), CHX (Sigma), actinomy-
cin D (Sigma), MG-132 (Calbiochem, San Diego, CA), SB203580
(Calbiochem), SB216763 (Tocris, Ellisville, MO), PD98056 (Calbio-
chem), SP600125 (Calbiochem), LY294002 (Calbiochem), and tBHP
(Sigma) or dimethylsulfoxide (DMSO) were used at the indicated
concentrations.

Animal studies

Sprague Dawley rats (Taconic Farms, Germantown, NY) weighing
approximately 100 g underwent 90% Px or sham surgery as described
(39). For reversal of chronic hyperglycemia, 2 wk after surgery, phlori-
zin was injected ip twice a day (0.8 g/kg - d). At 4 wk after surgery, rats
were anesthetized, and pancreas and islets were removed as described
(40) and used for MafA staining and RT-PCR analysis, respectively.
Some of the samples were from previous studies (40, 41), whereas others
were obtained after the same protocols. Twelve-week-old db/db mice
and their age-matched lean db/+ littermates were taken from the Gar-
van Institute breeding colony, and the experiments were performed as
described earlier (42). All animal protocols were approved by the Ani-
mal Care Committees of the institutions (Joslin Diabetes Center and
Garvan Institute/St. Vincent’s Hospital) where the experiments were
conducted.

Isolation of mouse islets and culture

Mouse islets were isolated using collagenase digestion and cultured
in RPMI 1640 medium (Cell-Gro) as described (48). After overnight
culture, islets of similar sizes were handpicked and cultured in 60-mm
dishes for 12 h in 2.2 mM glucose in the absence or presence of different
inhibitors. Isolation of db/db and db/+ islets and subsequent prepara-
tion of RNA and cDNAs were performed as described (42).

Immunostaining

Frozen sections of rat pancreas were fixed in 10% formalin for 20
min at —20 C and immunostained (22) with primary antibodies (1:100)
guinea pig antiinsulin (Linco, St. Charles, MO) and rabbit anti-MafA
antibody (22). Confocal images were taken on a Zeiss LSM410 (Zeiss,
Thornwood, NY). Results were based on at least three independent
samples.

Pancreases from 12-wk-old db/db and db/+ mice were fixed in 4%
paraformaldehyde and embedded in paraffin. After deparaffinization,
antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) by
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microwaving. Sections were incubated overnight with MafA antibody
(1:300), and the ABC elite kit was used for amplification of signals
according to the manufacturer’s protocol. Diaminobenzidine was used
for visualization of signals for 10 min, followed by dehydration. Images
were taken on an Olympus BH-2 microscope; all the sections were
stained and photographed in parallel with identical settings. Final im-
ages were compiled using Adobe Photoshop.

Transfection and adenoviral transduction of cells

MING6 or HeLa cells were transfected with 8 ug pcDNA3.1, hMafA-
HSV, AN-hMafA-HSV, or GFP using Lipofectamine (Invitrogen) as
described (44), resulting in approximately 50% transfection efficiency
in both cell types. Indicated effectors were added 16 h after transfection
(time 0 h) and cultured for additional time. MING6 cells were infected
with adenoviruses expressing DN p38 MAPK« (DN p38a), DN p38
MAPKB (DN p38B) (36), or GFP (control) and harvested 48 h later.

Luciferase assay

HeLa cells were cotransfected using the Lipofectamine reagent with
pcDNA3.1, hMafA-HSV or its derivatives (ANhMafA-HSV, T57A,
T134A, S335A, or T57T134AA), expression plasmids along with insu-
lin-promoter:luciferase reporter plasmids, —238 WT luciferase (WT
LUC) or —109.110m mutant luciferase (MUT-LUC) (44), and pRL-
null. Cellular extracts were collected after 48 h, and luciferase assays
were performed (Promega, Madison, WI). The firefly luciferase activity
from WT LUC or MUT LUC was normalized to the Renilla luciferase
activity of the cotransfected pRL-null plasmid. Each experiment was
performed with several independent plasmid preparations (n > 3).

Preparation of nuclear extracts and total cell lysates

Nuclear extracts of MIN6 and HeLa cells were obtained using Nu-
cBuster protein extraction kit (Novagen, San Diego, CA). Nuclear ex-
tracts from MING or transfected HeLa cells (20 ug) were incubated for
30 min at 4 or 30 C in the absence or presence of CIAP (New England
Biolabs, Ipswich, MA) for in vitro phosphatase treatment. Nuclear ex-
tracts were also prepared from these cells 10 min after the treatment
with 100 nMm calyculin A, a Ser/Thr phosphatase inhibitor, or DMSO.
Total cell lysates were prepared by lysing cells on ice in RIPA buffer
containing protease inhibitors; lysates were cleared by centrifugation.

Immunoblot analysis

All primary antibodies for immunoblot analyses were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), except anti-
MafA (22), anti-HSV tag (Abcam, Cambridge, MA), anti-phospho p38
(Cell Signaling Technology), anti-phospho-ERK (Cell Signaling Technol-
ogy), anti-GFP (Clontech, Palo Alto, CA), and secondary antibodies (Bio-
Rad Laboratories, Hercules, CA). Total cell lysates and nuclear extracts
were boiled for 5 min in the presence of B-mercaptoethanol and resolved
by 7.5 or 10% SDS-PAGE, and Western blots were performed as de-
scribed (22). Representative images from n = 3 independent experi-
ments are shown.

RT-PCR

For Px experiments, real-time PCR was performed with MafA-spe-
cific primers and probes; 18S rRNA was used as internal control. Results
were quantified using the AACy method and presented relative to ex-
pression in sham islets + sEM. Real-time PCR with db/db and db/+ islets
were performed as described (42) using MafA-specific primers, and the
results are presented relative to db/+ islets = SEM.

In experiments using transfected cells with HSV-tagged MafA ex-
pression plasmids, real-time PCR was performed to detect expression of
HSV-tagged MafA and the Zeocin gene present on the same plasmid but
driven by a different promoter. Primers that selectively recognize HSV-
tagged MafA (in all of the MafA derivatives) were used to determine the
expression of different MafA derivatives, and their expression was normal-
ized to the expression of Zeocin in the same cDNAs (n = 3 independent
experiments). Primers used for the study were MafA 5'-CTTCAGCAAG-
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GAGGAGGTCATC, MafA 3'-GCGTAGCCGCGGTTCTT, MafA-HSV
5'-GAGCGGGACCTGTACAAGGAGAAA, MafA-HSV 3'-TGGCTG-
GCAACTAGAAGGCACAGT, Zeocin 5'-GACGACGTGACCCTGT-
TCATC, and Zeocin 3'-GGCTGCTCGCCGATCTC.

Statistical analysis

Results are expressed as means = SEM. Paired Student’s ¢ test was
used, and P values <0.05 were considered statistically significant.
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