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The biallelic expression of the imprinted gene ZAC1/PLAGL1 underlies �60% of all cases of transient neonatal diabetes mellitus
(TNDM) that present with low perinatal insulin secretion. Molecular targets of ZAC1 misexpression in pancreatic � cells are
unknown. Here, we identified the guanine nucleotide exchange factor Rasgrf1 as a direct Zac1/Plagl1 target gene in murine �
cells. Doubling Zac1 expression reduced Rasgrf1 expression, the stimulus-induced activation of mitogen-activated protein ki-
nase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways, and, ultimately, insulin secretion. Normalizing Rasgrf1 expres-
sion reversed this phenotype. Moreover, the transplantation of Zac1-overexpressing � cells failed to reinstate euglycemia in ex-
perimental diabetic mice. In contrast, Zac1 expression did not interfere with the signaling of the glucagon-like peptide 1 receptor
(GLP-1R), and the GLP-1 analog liraglutide improved hyperglycemia in transplanted experimental diabetic mice. This study
unravels a mechanism contributing to insufficient perinatal insulin secretion in TNDM and raises new prospects for therapy.

Transient neonatal diabetes mellitus (TNDM) due to chromo-
some 6q anomalies is a rare cause of early-onset hyperglycemia

in term newborn infants (1). Neonates typically present with low
birth weight and high blood glucose values, features of low pan-
creatic insulin secretion in utero and after delivery. Initially insulin
treatment is required, whereas by 3 months insulin secretion has
improved to allow its discontinuation. Patients remain in appar-
ent remission until adolescence, when half of them relapse with a
loss of first-phase insulin secretion similar to type 2 diabetes
(T2D) (47, 52).

Three genetic anomalies have been identified in TNDM: pater-
nal uniparental isodisomy of chromosome 6, unbalanced paternal
duplication of 6q24 (the TNDM locus), and maternal methylation
anomalies (1, 13, 38, 53). Two overlapping imprinted genes with
the silencing of the maternal allele have been discovered at the
TNDM locus, ZAC1 (zinc finger [ZF] protein regulating apoptosis
and cell cycle arrest; alias PLAGL1, pleomorphic adenoma gene-
like 1) and HYMAI (hydatidiform mole-associated and imprinted
transcript) (3, 13, 23).

While the function of the nontranslated HYMAI RNA remains
unknown, ZAC1 encodes a zinc finger protein regulating cell cycle
arrest and apoptosis under forced expression (50, 54). In addition
to the context-dependent coregulation of nuclear receptors (19),
p53, and p73 (17, 18), Zac1 binds to different classes of DNA
elements that determine transcriptional activator versus repressor
activities (15–17).

Zac1 null mice are growth retarded and suffer from cardiac
malformations and high perinatal lethality due to lung failure (55,
61). In contrast, transgenic mice overexpressing ZAC1 present
with neonatal hyperglycemia and impaired glucose tolerance in
later life (37). Embryonic pancreata show a reduction of � cells
followed by overcompensated proliferation in early postnatal life.
Despite this, early neonates remain hyperglycemic because of in-
adequate insulin secretion. The increase in �-cell number disap-
pears in adults, and glucose tolerance deteriorates with signs of
reduced insulin secretion.

Pancreatic targets of ZAC1 misexpression in TNDM are un-
known. In the present study, we identified the guanine nucleotide
exchange factor Rasgrf1 as a direct Zac1 target gene in � cells.

Rasgrf1 is activated by Ca2�-calmodulin and serves as a regulator
and effector of Ras pathways by integrating Ca2� signals elicited
by Ca2� influx and G-protein-coupled receptors (60). We further
investigated the consequences of Zac1-dependent Rasgrf1 regula-
tion for insulin secretion. Our results raise new prospects for the
pharmacotherapy of TNDM patients.

MATERIALS AND METHODS
Cell culture and transfection experiments. INS-1 and Min6 � cells were
cultured as described previously (39) or in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal calf serum, 40
mM sodium bicarbonate, and 70 �M 2-mercaptoethanol. R7T1 � cells
were grown in DMEM supplemented with 15% horse serum, 2.5%
fetal calf serum, and 2 �g/ml tetracycline (Tc). Transient and stable
transfections were performed with Turbofect transfection reagent
(Fermentas, St. Leon-Roth, Germany).

Following the transfection of a Zac1 expression vector (4 �g of
pRK.SV40-Hygromycin-CMV.Flag-Zac1), R7T1 � cells were selected
(150 �g/ml hygromycin B; Calbiochem, Merck KGaA, Darmstadt, Ger-
many) and pooled (R7-Z). R7-Z cells were transfected with a Rasgrf1
expression vector (4 �g pRK.SV40-Blasticidin-CMV.HA-Rasgrf1), se-
lected (2 �g/ml blasticidin; Calbiochem), and pooled (R7-Z-R). Primary
pools (Zac1, n � 8; Rasgrf1, n � 6) were amplified separately for 1 month
to prepare a batch of master stocks. Transgene expression was determined
by quantitative reverse transcription-PCR (qRT-PCR) to identify suitable
populations either mimicking biallelic Zac1 (n � 3) or reconstituting
Rasgrf1 (n � 3) expression. Thereafter, cultures were initiated on demand
from master stocks and cultivated for up to 2 months. Stock cultures were
grown in medium supplemented with antibiotics used for selection
throughout to sustain proper transgene expression.

Proliferation rates were measured by a Coulter Counter (Beckman
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Coulter, Krefeld, Germany); briefly, 5 � 103 cells were seeded into 12-well
plates and maintained in the absence or presence of Tc (2 �g/ml) for the
indicated time. Medium was replenished every third day.

Rasgrf1 promoter regions were cloned in the pGL3-basic vector (Pro-
mega, Mannheim, Germany). Gaussia luciferase values were normalized
to firefly luciferase activity from a cotransfected expression vector
(pRK7Luc; 0.1 �g). Amounts of plasmids transfected are described in the
respective figure legends.

Small interfering RNA (siRNA) oligonucleotides (Zac1, CGTGGGTT
TCTTTGAGGAA; nonsilencing control, AGGTAGTGTACGCCTTGTT)
were transfected by Turbofect siRNA transfection reagent (Fermentas).

qRT-PCR and RNA extractions. Primer sequences are listed in Table
S1 in the supplemental material. The housekeeping gene for mitochon-
drial ATP synthase-coupling factor 6 (ATP5J) served for normalization.
RNA extraction and qRT-PCR analysis were performed as described pre-
viously (17).

Immunoblotting, immunohistochemistry, and antibodies. Whole-
cell extracts were fractionated by SDS-PAGE. To determine phospho-
Erk1/2 immunoreactivity, cells were kept for 5 days in the appropriate
medium at 80% confluence if not indicated otherwise. Medium was re-
plenished for 12 h. Cells were washed twice with glucose-free modified
Krebs-Ringer buffer (KRBH; 125 mM NaCl, 4.74 mM KCl, 1 mM CaCl2,
1.2 mM KH2PO4, 1.2 mM MgSO4, 5 mM NaHCO3, 25 mM HEPES, pH
7.4, 0.1% bovine serum albumin [BSA]) and kept for 1 h in the same
buffer. Treatment with various stimuli in glucose-free KRBH is described
in the figure legends. Phospho-Akt immunoreactivity was detected as de-
scribed above, except that cells were kept prior to stimulation for 12 h in
medium containing 8.3 mM glucose and 0.1% serum.

Immunohistochemistry was performed on 4% (wt/vol) paraformal-
dehyde-fixed, cryopreserved sections (10 �m) of pancreata from B6C3F1
mice as described previously (43). For each age, 3 to 5 islets on 4 different
pancreatic slices from 3 pancreata were investigated. Human pancreas was
obtained from Cambridge Bioscience Ltd. (Cambridge, United King-
dom).

Antibodies are listed in Table S3 in the supplemental material. The
polyclonal Rasgrf1 antiserum was raised in rabbits. Preabsorpt Zac1 and
Rasgrf1 antisera failed to detect specific signals in pancreatic islets (data
not shown).

ChIP. The Magna chromatin immunoprecipitation (ChIP) kit (Mil-
lipore, Schwalbach, Germany) was used as described previously (42). In
brief, DNA-protein complexes were cross-linked with 1% (vol/vol) form-
aldehyde. Chromatin was sheared with a Biorupter sonicator (Diagenode,
Liege, Belgien) to an average length of 0.2 to 0.5 kb and immunoprecipi-
tated with the indicated antibodies. Rabbit IgG or Zac1 preimmune serum
served as a control for nonspecific binding. Purified DNA was analyzed by
qPCR using Absolute Blue QPCR SYBR green master mix (Abgene,
Thermo Fisher Scientific, Epsom, United Kingdom) and the MJ Mini
Opticon Light Cycler (Bio-Rad, München, Germany). Data are dia-
gramed as fold enrichment compared to control sera. qPCR primers are
listed in Table S2 in the supplemental material.

Transplantation studies and glucose measurements. Male B6C3F1
mice (Charles River, Sulzfeld, Germany) were housed under standard
conditions with a 12-h light/dark cycle.

Streptozotocin (STZ; 200 mg/kg body weight; Sigma, München, Ger-
many) or vehicle was injected once intraperitoneally. One week later,
diabetic mice were intraperitoneally administered either R7T1 or R7-Z �
cells (5 � 106 cells resuspended in 0.2 ml of 0.9% NaCl) or vehicle. Non-
diabetic controls received vehicle alone. Drinking water was supple-
mented with doxycycline (1 mg/ml; Clontech, St-Germain-en-Laye,
France) during the first day after transplantation.

In a second study group, half of the mice transplanted with R7T1 or
R7-Z � cells were additionally administered liraglutide (0.2 mg/kg;
Bachem, Weil am Rhein, Germany) or vehicle subcutaneously twice a day.

Blood glucose was measured every fourth day from mice fasted over-
night with the Accu Check system (Roche, Mannheim, Germany), except

for the liraglutide study, in which blood glucose was measured from non-
fasting mice on each second day. Pancreata were dissected at the end of the
experiment, weighed, and immediately frozen on dry ice.

Experiments were approved by the Regierung of Oberbayern (55.2-
1-54-2531-163-09) in accordance with European Union Directive 86/
609/EEC.

Insulin ELISA. Total pancreatic insulin was extracted (37) and deter-
mined by enzyme-linked immunosorbent assay (ELISA) (DRG-Diagnos-
tics, Marburg, Germany).

For cellular insulin secretion, cells were kept as indicated in the figure
legends, subsequently preincubated for 2 h in glucose-free KRBH, and
stimulated with various secretagogues for 2 h. The amount of insulin in
the buffer and cell extract was measured.

Pancreatic islets. Pancreata from 6 to 8 littermates (postnatal day 4
[P4]) were pooled, and islets were isolated (46) and cultured overnight
in RPMI 1640 medium containing 11 mM glucose and 10% fetal calf
serum (FCS). Transfections were performed using Lipofectamine (Life
Technologies GmbH, Darmstadt, Germany). Insulin secretion was
measured 36 h later following preincubation for 2 h in KRBH contain-
ing 2 mM glucose and stimulation for 2 h with 20 mM glucose or 50
mM KCl.

Statistical analysis. Results represent the means and standard devia-
tions (SD) from at least three independent experiments. Numerical data
were analyzed by Student’s t test. For animal experiments, statistical sig-
nificance was assessed by one-way analysis of variance (ANOVA) followed
by a Newman-Keuls post hoc test. The threshold for significance was set at
P � 0.05.

RESULTS
Zac1 and Rasgrf1 are coexpressed in pancreatic � cells. We pre-
viously observed in neuronal progenitor cells (in which we had
overexpressed Zac1) that the expression of Rasgrf1 was repressed
2-fold at early (3 h) but less at late (6 h and 9 h) time points (5)
(data not shown).

Initially described as having restricted expression in postnatal
mice brain (21), Rasgrf1 expression has been reported in adult
pancreatic islets as well (12). To determine whether and at which
developmental stage Zac1 and Rasgrf1 are coexpressed, we ana-
lyzed their expression pattern in fetal, perinatal, and early adult
mice pancreata.

We detected strong nuclear Zac1 immunoreactivity at fetal
(embryonic day 18 [E18]) and neonatal (P1) stages in the endo-
crine pancreas (insulin-positive and -negative cells) and, to a
lower degree, scattered throughout the exocrine pancreas (Fig. 1A
and data not shown). Postnatally, Zac1 expression declined within
a few days in both the endocrine and exocrine pancreas (compare
P4 to P12). In early adult mice (P42), Zac1 expression was weaker
in insulin-positive cells and was barely detectable in the paren-
chyma (Fig. 1A). Antisera raised against the Zac1 C terminus
(Zac-C; rabbit) and the central part of Zac1 (Zac-LPR; guinea pig)
gave similar results on pancreata sections (data not shown).

In contrast, Rasgrf1 was faintly expressed in the endocrine pan-
creas at E18 and was hardly detectable in the parenchyma (Fig.
1B). Postnatally, Rasgrf1 expression increased within a few days in
the cytoplasm of insulin-positive cells (Fig. 1B, compare P4 to
P12). Both Zac1 and Rasgrf1 are coexpressed in insulin-positive �
cells (Fig. 1C), a pattern that is well conserved in humans (see Fig.
S1 in the supplemental material).

In accord with the results from immunohistochemistry, real-
time PCR from total pancreas showed a strong postnatal decline in
Zac1 expression in parallel to an inverted increase in Rasgrf1 ex-
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FIG 1 Zac1 and Rasgrf1 expression by immunohistochemistry in mouse pancreas. (A) Strong nuclear Zac1 (red) immunostaining is detected in the endocrine
and less is detected in the exocrine pancreas of E18 embryos and neonatal (P1) mice and declines postnatally (P4, P12). Low Zac1 expression is maintained in islets
in early adulthood (P42) and colocalizes to insulin-positive (green) � cells. Sparse Zac1 immunoreactivity is detected in the exocrine pancreas. Cell nuclei are
stained by DAPI (blue). (B) Rasgrf1 (red) is weakly expressed in the endocrine pancreas of E18 embryos and increases peri- and postnatally (P1, P4, and P12).
High cytoplasmic expression is maintained in early adulthood (P42) in insulin-positive (green) � cells and slightly in exocrine cells. (C) Zac1 (red) and Rasgrf1
(green) are inversely expressed in pancreatic � cells. Strong nuclear Zac1 immunoreactivity decreases perinatally, in contrast to increased cytoplasmic Rasgrf1
expression. Size bar, 100 �m. Sections with higher magnifications are included to depict nuclear Zac1 and cytoplasmic Rasgrf1 staining. Arrows indicate
Zac1-positive cells in the exocrine pancreas. (D) Zac1 and Rasgrf1 expression in whole pancreas determined by qRT-PCR at the indicated ages. Data represent
means � SD from three animals per time point. *, P � 0.05; **, P � 0.01.
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pression (Fig. 1D). This inverse relationship was most prominent
between P4 and P12.

Zac1 represses Rasgrf1 and insulin secretion in � cells. The
inverse expression of Zac1 and Rasgrf1 in pancreatic � cells is
consistent with the results from expression profiling and raises the
question of whether Rasgrf1 is a direct Zac1 target gene that con-
tributes to Zac1’s potential effect on insulin secretion. To test this
hypothesis, we examined Zac1 and Rasgrf1 expression and the
effects from Zac1 overexpression on Rasgrf1 and insulin secretion
in different pancreatic �-cell lines and primary cultures of neonate
islets.

The two mouse �-cell lines Min6 (41) and R7T1 (40) showed
Zac1 and Rasgrf1 expression similar to that of neonate islets from
postnatal day 4, while the rat �-cell line INS-1 (4) displayed
slightly lower expression of both genes (Fig. 2A). Following the
transfection of increasing doses of Zac1, Rasgrf1 expression
steadily decreased in all three �-cell lines (Fig. 2B). A higher Zac1
dose was necessary to repress Rasgrf1 in neonate islets given the
low transfection efficiency.

Interestingly, Zac1 overexpression also impaired glucose- and
KCl-stimulated insulin secretion in a dose-dependent manner in
each cell line, giving rise to a 30 to 40% reduction at the highest
doses tested (Fig. 2C and D and data not shown). This effect was
recapitulated in primary islets, although to a lower degree.

Together, these findings indicate that Zac1 overexpression
leads to the repression of Rasgrf1 and impaired insulin secretion.

Zac1 and Rasgrf1 expression during advanced differentia-
tion of R7T1 cells. To study further the Zac1-dependent regula-
tion of Rasgrf1, we chose the reversibly immortalized �-cell line
R7T1. These cells have been derived from heritably developing

insulinomas in transgenic mice that harbor the simian virus 40
(SV40) large T antigen under the control of a �-cell-specific tet-
racycline regulatory expression system (40).

R7T1 � cells were negative for the progenitor cell state marker
neurogenin 3 (Ngn3) but expressed early factors involved in the
specification into mature endocrine cells (Pax4, Nkx2.2, Nkx6.1,
and MafB) and the maturation of committed endocrine cells
(Pax6, Isl1, Pdx1, Hlxb9, and MafA) (8) (data not shown). Fol-
lowing the withdrawal of tetracycline, R7T1 � cells ceased prolif-
eration, flattened and spread, and produced large amounts of in-
sulin, which led to a parallel increase in insulin secretion (Fig. 3A
to E).

The analysis of relative mRNA levels of pancreatic islet hor-
mones revealed large amounts of insulin, small amounts of pan-
creatic polypeptide, somatostatin, and ghrelin, and undetectable
amounts of glucagon in the predifferentiated state (Fig. 3F). Ad-
vanced differentiation caused an increase in the expression of in-
sulin and pancreatic polypeptide, while the expression levels of
somatostatin and ghrelin remained unaltered (Fig. 3G).

In accord with the data from mice and human pancreata, Zac1
and Rasgrf1 proteins were coexpressed in the nuclear and cyto-
plasmic compartments of differentiated R7T1 � cells, respectively
(see Fig. S2 in the supplemental material). While Zac1 showed
strong nuclear immunoreactivity, Rasgrf1 expression was weakly
detectable in predifferentiated R7T1 � cells. Interestingly, the ex-
pression of Zac1 and Rasgrf1 correlated inversely with each other
at the mRNA and protein levels upon advanced differentiation
(Fig. 3H and I). This pattern recapitulates well the expression of
Zac1 and Rasgrf1 in the developing pancreas and makes this cell

FIG 2 Zac1 and Rasgrf1 expression in �-cell lines and ex vivo islets. (A) RT-PCR analysis of Zac1 and Rasgrf1 expression in INS-1, Min6, and R7T1 �-cell lines
and ex vivo islets isolated at postnatal day 4. (B) Transfected Zac1 dose dependently (100, 250, and 500 ng) inhibits Rasgrf1 expression in �-cell lines and ex vivo
islets. Rasgrf1 expression is measured by qRT-PCR analysis and normalized to mock transfection, which is set to 100%. Ex vivo islets were transfected with the
highest Zac1 or mock dose. (C and D) Zac1 overexpression reduces insulin secretion in �-cell lines and ex vivo islets. Following Zac1 transfection (500 ng), cells
were stimulated after 36 h for 2 h with 20 mM glucose (C) or 50 mM potassium chloride (D). Secreted insulin was normalized on intracellular insulin and
expressed as percentages of basal insulin secretion. (A to D) R7T1 cells were kept in the presence of tetracycline. Data represent means � SD from three
independent experiments performed in duplicate. *, P � 0.05; **, P � 0.01.
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line a suitable tool for studying the relationship between Zac1 and
Rasgrf1 in perinatal �-cell function.

Zac1 occupancy at the Rasgrf1 locus confers gene repression.
To corroborate the role of Rasgrf1 as a direct Zac1 target gene, we
carried out transfection studies in predifferentiated R7T1 � cells
with a set of Zac1 zinc finger (ZF) constructs selectively impaired
in DNA binding (15). Immunoblot analysis confirmed similar
expression levels for these constructs (Fig. 4A). While Zac1 and a
construct lacking the first zinc finger (	ZF1) potently repressed
Rasgrf1, the absence of the first two zinc fingers (	ZF1-2) abol-
ished repression (Fig. 4B). ZF2 is necessary for Zac1 binding to
half-site (HS) and direct-repeat DNA elements (DR), whereas it is
dispensable for binding to the palindrome (PAL). To distinguish
between these cases, we transfected Zac1 harboring the mutation

ZF7R201, which abolishes half-site binding but largely maintains
direct-repeat binding (16). This mutation strongly diminished the
repression of Rasgrf1. Finally, a broken ZF7 (ZF7mt) blocking any
DNA binding did not alter Rasgrf1 expression (Fig. 4B). Together,
these results suggest that Zac1 controls Rasgrf1 gene expression
following binding to half-site DNA elements. Consistently with
these findings, the knockdown of Zac1 by siRNA treatment effi-
ciently enhanced Rasgrf1 expression (Fig. 4C and D).

Computational analysis of the Rasgrf1 gene revealed the pres-
ence of multiple half-sites across the promoter in addition to one
imperfect and one perfect palindromic site (Fig. 4E). In agreement
with this prediction, Zac1, but not the constructs ZF7mt and
ZF7R201, potently repressed reporter constructs containing ei-
ther the entire or separated distal and proximal promoter regions

FIG 3 Advanced differentiation elicits Zac1 downregulation and increased Rasgrf1 expression in R7T1 � cells. (A) Cell proliferation ceases in the absence of
tetracycline (
Tc). (B) Bright-light microscopy. Multilayered clusters (top) segregate and flatten following 2 weeks of Tc withdrawal (bottom). Size bar, 200 �m.
(C) Insulin immunoreactivity (green) increases following 2 weeks of Tc withdrawal. Cell nuclei were stained with DAPI (blue). Size bar, 100 �m. (D and E)
Glucose-dependent insulin secretion. Insulin content and secretion concurrently increase during 2 weeks of advanced differentiation. The amount of insulin in
the lysate and medium was determined by ELISA and normalized to cellular protein content. (F) Relative mRNA levels (note the logarithmic scale) of the islet
hormones insulin 1 (Ins1), insulin 2 (Ins2), pancreatic polypeptide (PP), somatostatin (Sst), glucagon (Glu), and ghrelin (Ghr) in predifferentiated R7T1 � cells
as measured by qRT-PCR analysis. Glucagon expression is not detectable (nd). (G) Hormone expression in � cells grown for 2 weeks in the presence and absence
of tetracycline as evidenced by qRT-PCR analysis. (H and I) Zac1 and Rasgrf1 expression for the indicated period of advanced differentiation. (H) mRNAs and
(I) whole-cell extracts (WCE; 75 �g) were analyzed by qRT-PCR and the indicated antibodies, respectively. Data represent means � SD from four independent
experiments. *, P � 0.05; **, P � 0.01.
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(Fig. 4F to H). Moreover, human ZAC1 potently repressed a RAS-
GRF1 promoter construct which harbors solely multiple half-site
DNA elements (Fig. 4I). These sites are highly conserved in part
between human and mouse RASGRF1 genes (Fig. 4E).

We sought to verify the predicted binding sites by chromatin
immunoprecipitation (ChIP) assays in R7T1 � cells in the pres-
ence and absence of tetracycline with a Zac1 antibody and primer
pairs bracketing each of the potential binding regions (labeled I to
V) (Fig. 5A). We detected decreased Zac1 occupancy upon ad-
vanced differentiation at each region, whereby region III showed
low occupancy under either state. While regions I and II were
located close to each other, making it difficult to distinguish be-
tween Zac1 occupancies, they behaved clearly distinctly from re-
gion III under the proliferative condition. Under advanced differ-
entiation, residual Zac1 occupancy might reflect differences in
DNA binding activities in proliferative versus quiescent R7T1 �
cells or weak expression still detected by immunocytochemistry
compared to less sensitive immunoblotting (compare Fig. 3I to
Fig. S2 in the supplemental material).

Consistently with a repressor function, Zac1 occupancy asso-
ciated with the presence of the repressive chromatin mark
H3K9me2 (dimethylated lysine 9 of histone 3) across the pro-
moter (Fig. 5C). Conversely, active chromatin marks (panacety-
lated histone H3 and H4, respectively) strongly increased at the
distal promoter region in the absence of Zac1 and concurred with
the high occupancy of the active, serine 5-phosphorylated form of
polymerase II (Fig. 5D and E).

To corroborate the role of Zac1 in the repression of Rasgrf1, we
performed sequential ChIP experiments in predifferentiated R7T1 �
cells by using in the primary ChIP antibodies against H3K9me2 or
panacetyl-histone H3. Subsequently, the secondary ChIP was done
with an anti-Zac1 antibody. In these experiments, Rasgrf1 promoter
DNA was efficiently recovered from chromatin initially immunopre-
cipitated by antibodies against H3K9me2 but less so by antibodies
against panacetyl-histone H3 (Fig. 5F).

Collectively, these results demonstrate that Zac1 preferentially
associates with repressive marks at the Rasgrf1 gene that are com-
patible with its repressor function.

A cellular model for TNDM. Considering the role of Rasgrf1
in controlling Ras’s and Rac’s impact on �-cell proliferation and

FIG 4 Zac1 inhibits Rasgrf1 gene expression. (A) Immunoblot analysis of
Zac1 constructs transfected into predifferentiated R7T1 � cells. WCE (25 �g)
were tested with the indicated antibodies. (B) Zac1 represses Rasgrf1 expres-

sion in predifferentiated R7T1 � cells. Following the transfection of Zac1 con-
structs, Rasgrf1 expression was determined by qRT-PCR analysis and normal-
ized to the result from mock transfection, which was set to 100%. (C and D)
Knockdown of Zac1 derepresses Rasgrf1. Control or Zac1 siRNA was trans-
fected in predifferentiated R7T1 � cells, which were harvested 2 days later. (C)
Immunoblot (50 �g WCE) shows Zac1 expression in control or Zac1 siRNA-
transfected R7T1 cells. (D) Derepression of Rasgrf1 was investigated by qRT-
PCR analysis; the expression of Rasgrf1 under control siRNA treatment was set
to 100%. (E) Scheme of the mouse and human Rasgrf1 promoter. Transcrip-
tional start site (TSS), translation start codon (ATG), and potential Zac1 DNA-
binding sites are shown; abbreviations are half-site (HS), imperfect palin-
drome [PAL(i) (G3C4)], and palindrome [PAL (G5C4)]. In contrast to mice,
the human RASGRF1 promoter contains only half-site repressor DNA ele-
ments. Highly conserved regions (�85%) between mouse and human Rasgrf1
promoters are underlined. (F to H) Zac1, Zac-ZF7mt, or Zac-ZF7R201 was
transfected (100, 250, and 500 ng each) in predifferentiated R7T1 � cells to-
gether with the indicated Rasgrf1 promoter reporter constructs (2 �g). (I)
Cotransfection of ZAC1 (50, 100, and 250 ng) in predifferentiated R7T1 � cells
leads to the repression of a human RASGRF1 promoter reporter construct (2
�g). Data represent means � SD from three (B and D) or five (F to I) inde-
pendent experiments performed in duplicate. *, P � 0.05; **, P � 0.01.

Hoffman and Spengler

2554 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


insulin secretion (27, 28, 60), we hypothesized that repression due
to biallelic Zac1 expression pertains to TNDM. To simulate bial-
lelic Zac1 expression, we stably expressed Flag-tagged Zac1 in
R7T1 � cells. Because single recombinant cell clones can misrep-
resent the properties of the parent cells, we pooled and amplified
different transfected populations and determined transgene ex-
pression by qRT-PCR. One representative pool, designated R7-Z,
was chosen for further analysis. The doubling of Zac1 expression
halved Rasgrf1 expression, while insulin expression was unaltered
(Fig. 6A). This increase in Zac1 expression reflected the presence
of exogenous Zac1, as evidenced by RT-PCR and immunoblotting
experiments (Fig. 6B).

Compared to parent R7T1 � cells, doubling Zac1 expression

did not influence proliferation or survival during 2 weeks in the
presence or absence of tetracycline, as evidenced by cell count
measurements (Fig. 6C and (D).

In the absence of tetracycline, endogenous Zac1 expression

FIG 5 Zac1 binds to the Rasgrf1 promoter. (A) Scheme of the Rasgrf1 pro-
moter. Abbreviations are the same as those for Fig. 4. Amplified ChIP regions
are labeled I to V. (B to E) ChIP assays with R7T1 � cells grown in the presence
(�Tc) or absence (
Tc) of tetracycline for 14 days using antibodies against
Zac1 (B), H3K9me2 (C), acH3 and acH4 (D), and the active phosphoserine 5
form of RNA polymerase II (S5P) (E). (F) Zac1 associates with repressive
chromatin marks at the Rasgrf1 promoter in predifferentiated R7T1 � cells.
The first ChIP was done with an antibody against acH3 or against H3K9me2.
Subsequently, the second ChIP was done with an antibody against Zac1. Zac1
constructs were transfected at 0.5 �g each. Data represent means � SD from
four independent experiments. *, P � 0.05; **, P � 0.01.

FIG 6 Zac1 overexpression reduces Rasgrf1 expression. (A) Zac1, Rasgrf1,
and insulin (Ins1 and Ins2) expression was measured by qRT-PCR in predif-
ferentiated R7T1 and R7-Z � cells. Data from R7T1 � cells were set to 1. (B)
Immunoblot (IB) and RT-PCR analysis. WCE (75 �g) from predifferentiated
R7T1 and R7-Z � cells were analyzed with Zac1 and Flag antibodies to detect
endogenous and exogenous Zac1 proteins. The equal loading of cell extracts
was verified by actin antibody. RT-PCR analysis was done with primers specific
to Flag-tagged Zac1. (C and D) Maintained cell proliferation and survival of
R7-Z � cells. Parent R7T1 and modified R7-Z � cells were grown in the pres-
ence (�Tc) (C) or absence (
Tc) (D) of tetracycline, and cell numbers were
measured every fourth day. (E and F) Expression of total Zac1 (E) and Rasgrf1
(F) mRNA in R7T1 and R7-Z � cells was measured by qRT-PCR following the
withdrawal of tetracycline for the indicated number of days. (G) Delayed dif-
ferentiation of R7-Z � cells grown for 2 weeks in the absence of Tc. Represen-
tative bright-light microscopy; scale bar, 200 �m. Data represent means � SD
from four (A) or three (C to F) independent experiments. **, P � 0.01.
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declined similarly in R7T1 and R7-Z � cells. Moreover, ad-
vanced differentiation led to progressive silencing of Zac1
transgenes (data not shown). Thus, the ratio between endoge-
nous and exogenous Zac1 was largely maintained over time
(Fig. 6E) and gave rise to a proportional decrease in Rasgrf1
expression (Fig. 6F).

Elevated levels of total Zac1 maintained cell proliferation de-
spite decreased Rasgrf1 expression; however, they delayed slightly
the flattening and separation of the densely packed cell clusters
typical for proliferating R7T1 cells upon advanced differentiation
(Fig. 6G).

Zac1 impairs glucose-dependent insulin secretion. Glucose is
the principal stimulus and regulator of �-cell function, also exerting a
permissive action on the effectiveness of the vast majority of other
modulators of insulin secretion. Here, we asked whether during ad-
vanced differentiation Rasgrf1 can integrate glucose-induced Ca2�

signaling by regulating the activity of Ras (27) and the downstream
mediators mitogen-activated protein kinase (MAPK) and phospho-
inositide 3-kinase (PI3K). These effectors coordinate a host of cellular
functions, ranging from transcription to translation and from mor-
phology to endo- and exocytosis (27, 28, 60).

To examine the consequences of Zac1 overexpression, we
tested the activation of the MAPK and PI3K pathways in response
to glucose-, insulin-, and potassium-induced depolarization. Fol-
lowing glucose stimulation, Erk1/2 phosphoimmunoreactivity
(p-Erk1/2) peaked at 15 min and declined during 30 to 60 min
(Fig. 7A). In contrast, additional amounts of Zac1 in R7T1 � cells
largely prevented Erk1/2 activation. Consistently with these find-
ings, the transient transfection of Zac1 into INS-1 and Min6 �
cells caused comparable decreases in glucose-dependent Erk1/2
activation (see Fig. S3 in the supplemental materials).

A similar difference between R7T1 and R7-Z � cells, albeit at
earlier time points, emerged for insulin- and depolarization-in-
duced Erk1/2 phosphoimmunoreactivity (Fig. 7B and C).

The activation of the PI3K pathway in response to glucose,
insulin, and depolarization was analyzed by the phosphorylation
status of the downstream mediator Akt (p-Akt). In contrast to the
parent cells, additional amounts of Zac1 largely abolished the in-
crease in p-Akt immunoreactivity (Fig. 7D to F). In agreement, the
transient transfection of Zac1 into INS-1 and Min6 � cells elicited
similar decreases in glucose-dependent Akt activation (see Fig. S3
in the supplemental material).

Importantly, Zac1 overexpression strongly reduced the glu-
cose- or depolarization-induced insulin secretion of � cells during
advanced differentiation (Fig. 7G), suggesting that the repression
of Rasgrf1 translates at least in part via diminished Erk1/2 and Akt
activation into reduced insulin secretion.

Because Zac1 might regulate insulin secretion through addi-
tional targets unrelated to Rasgrf1, we asked whether normalizing
Rasgrf1 expression reinstates insulin secretion in R7-Z � cells. The
analysis of pooled cell populations was performed as described
above, and one representative pool (R7-Z-R) containing largely
restored total levels of Rasgrf1 mRNA was chosen for further ex-
periments (Fig. 7H). In contrast to R7-Z cells, normalized levels of
Rasgrf1 strongly increased p-Erk1/2 and p-Akt immunoreactivity in
response to glucose (see Fig. S4 in the supplemental material) and
largely reinstated glucose- and depolarization-induced insulin secre-
tion (Fig. 7I). Together, these results strengthen a role for Rasgrf1 in
Zac1-controlled insulin secretion in � cells.

Simulating biallelic Zac1 expression sustains hyperglycemia

in diabetic mice. We sought to investigate the effects from dou-
bling Zac1 expression under conditions of continuous demand by
transplantation studies in streptozotocin (STZ)-induced diabetic
mice. The intraperitoneal administration of R7T1 � cells to hyper-
glycemic mice normalized the elevated blood glucose levels in ac-
cord with previous reports (40). In contrast, the transplantation of
R7-Z � cells did not reinstate euglycemia across the entire study
period and showed high glucose levels, similarly to STZ-treated,
nontransplanted mice (Fig. 8A).

Pancreata from all groups were analyzed at the end of the ex-
periment for total pancreatic insulin content, which was strongly
and comparably reduced in all STZ-treated groups (Fig. 8B), ar-
guing against differences in the recovery rates of endogenous �
cells as a cause of altered insulin secretion among STZ-treated
mice.

Zac1 spares GPCR-stimulated insulin secretion. The insuli-
notropic effect of glucose is modulated by other factors that opti-
mize insulin secretion, many of which act through the activation
of G-protein-coupled receptors (GPCR) and subsequent increases
in intracellular cyclic AMP (cAMP) (2).

Here, we chose the Gs-coupled glucagon-like peptide 1 recep-
tor (GLP-1R) because of its well-known effect on Ras-indepen-
dent activation of Erk1/2 (14) and insulin secretion.

While R7T1 and R7-Z � cells did not differ in the expression of
GLP-1R (data not shown), GLP-1 at pharmacological doses
strongly enhanced glucose-stimulated insulin secretion in both
cell models to a similar degree under advanced differentiation
(Fig. 8C). Moreover, treatment with forskolin, a direct activator of
adenylate cyclase, strongly improved glucose-dependent insulin
secretion in R7-Z cells (Fig. 8C).

Consistently with these findings, GLP-1, in the presence of
glucose, increased Erk1/2 and Akt phosphorylation to a similar
degree in both cell lines (Fig. 8D and E). Lastly, the clinically used
GLP-1 analog liraglutide dose dependently increased glucose-
stimulated insulin secretion in parent R7T1 and R7-Z cells under-
going advanced differentiation (Fig. 8F).

Therefore, we further studied the effects of liraglutide under
conditions of sustained demand on � cells harboring elevated
Zac1 levels. For this purpose, we transplanted experimental dia-
betic mice with R7T1 and R7-Z � cells and additionally adminis-
tered them liraglutide or vehicle (Fig. 8G). While there were only
minor differences between R7T1-transplanted vehicle and liraglu-
tide-treated mice, liraglutide, but not vehicle, strongly reduced
hyperglycemia in recipients of R7-Z � cells.

We measured across 2 weeks of liraglutide treatment, and no
significant effect on body weight under any condition was found
(data not shown).

In sum, these results show that Zac1 represses Rasgrf1-depen-
dent, but not GPCR-dependent, insulin secretion under acute and
continuous demand and raise the prospect of GLP-1 analogs in
the treatment of TNDM.

DISCUSSION

In this study, we suggest that ZAC1-mediated repression of
RASGRF1 contributes to insufficient perinatal insulin secretion in
TNDM patients.

We detected prenatally high nuclear Zac1 immunoreactivity in
insulin-positive � cells and, to a lower degree, in the exocrine
pancreas. Postnatally, Zac1 expression declined rapidly, in accord
with previous reports (11, 37). On the contrary, cytoplasmic
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Rasgrf1 was weakly expressed prenatally in insulin-positive and
exocrine cells and strongly increased in insulin-positive cells
within a few days following birth. Subsequently to this perinatal
inversion in Zac1 and Rasgrf1 expression, we detected low nuclear
Zac1 and high cytoplasmic Rasgf1 expression in adult � cells, a

pattern well conserved in humans. Predifferentiated R7T1 � cells
recapitulated this dynamic transition upon advanced differentia-
tion with corresponding changes in Zac1 and Rasgrf1 immunore-
activities.

Zac1 expression in R7T1 � cells matches that from ex vivo

FIG 7 Zac1 inhibits regulated insulin secretion. (A to C) Immunoblots show Erk1/2 activation following treatment of parent and Zac1-overexpressing
R7-Z � cells with 20 mM glucose (A), 100 mM insulin (B), or 50 mM potassium chloride (KCl) (C) for the indicated periods of time. WCE (25 �g) were
analyzed by phosphospecific and total Erk1/2 antibodies. Graphs show quantified Erk1/2 phosphorylation normalized to total Erk1/2 (both bands were
assessed) and the control (R7T1 at 0 min), which was set to 1. (D to F) Immunoblots showing Akt activation. R7T1 and R7-Z � cells were treated as
indicated. WCE (100 �g) were analyzed by phosphospecific and total Akt antibodies. Graphs show quantified Akt phosphorylation normalized to total
Akt and control values (R7T1 at 0 min). (A to F) R7T1 and R7-Z cells were grown in the absence of tetracycline for 5 days before stimulation. (G) Insulin
secretion of R7T1 and R7-Z � cells grown for 5 days in the absence of Tc following 2 h of incubation with 20 mM glucose (Gluc) or 50 mM potassium
chloride (KCl). Secreted insulin was normalized on intracellular insulin and expressed as a percentage of basal insulin secretion. (H) Reconstituted
Rasgrf1 expression in R7-Z-R � cells. Total and HA-tagged Rasgrf1 expression was detected in predifferentiated R7T1 � cells with specific primer pairs.
Total Rasgrf1 expression in R7T1 � cells was set to 1. (I) Reconstituting Rasgrf1 expression restores insulin secretion in R7-Z � cells. Insulin secretion
following 2 h of incubation with 20 mM glucose (Gluc) or 50 mM potassium chloride (KCl) of R7-Z and R7-Z-R � cells grown for 5 days in the absence
of Tc. Secreted insulin was normalized to intracellular insulin and expressed as a percentage of basal insulin secretion. Data represent means � SD from
four (A to F, H) or three (G and I) independent experiments. *, P � 0.05; **, P � 0.01.
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neonate islets, and simulating biallelic expression interferes with
advanced differentiation rather than antiproliferation. The effects
of ZAC1 misexpression on pancreas development in mice have
been reported to vary over time, whereby delayed embryonic
growth contrasts with overcompensated postnatal increases in
�-cell numbers (37). However, it should be noted that the effect
on proliferation was never formally demonstrated, and the change
in �-cell mass observed may have been caused by differentiation
defects in Zac1-overexpressing mice.

Alternatively, doubling Zac1 expression might not interfere
with R7T1 �-cell proliferation due to immortalization by the
SV40 large T antigen, which inactivates the cell cycle regulators
p53 and Rb. In fact, levels of enhanced Zac1 expression established
in R7T1 � cells are far from those inducing cycle arrest and apop-
tosis following forced expression (7, 22, 50, 54).

Reporter assays and ChIP experiments revealed Zac1 binding
to multiple half-site elements across the Rasgrf1 promoter which
conferred transcriptional repression (16). Zac1 overexpression in

R7T1 � cells inhibited Rasgrf1 expression and regulated p-Erk1/2
and p-Akt immunoreactivity and insulin secretion during ad-
vanced differentiation. Similar results were obtained for Zac1
transfection into unrelated INS-1 or Min6 � cells and ex vivo ne-
onate islets, strengthening the relevance of these findings. It
should be noted that a modulatory effect from positive- or nega-
tive-feedback actions of secreted insulin on �-cell function cannot
be excluded presently (33).

Notwithstanding our findings, neonate islets from transgenic
ZAC1 mice showed less impairment in stimulated insulin secre-
tion (37). Although these mice were considered to simulate bial-
lelic Zac1 expression due to similar levels of Zac1/ZAC1 mRNAs,
the weak expression of ZAC1 protein compared to that of Zac1
questions this assumption (54). Moreover, differences in the ex-
tent of stimulation (for instance, 25 min versus 2 h in this study)
could explain the differences in insulin secretion between the two
studies.

Rasgrf1 is stimulated by Ca2�-calmodulin and serves as a

FIG 8 Zac1 overexpression sustains hyperglycemia in transplanted diabetic mice. (A) Streptozotocin (STZ)-treated diabetic mice (10 weeks old) were intra-
peritoneally administered either parent or Zac1-overexpressing R7T1 � cells (n � 9 mice per condition). Fasting blood glucose levels were measured every fourth
day using blood from the tip vein. The STZ/R7T1 group differed significantly from the STZ/R7-Z group as assessed by one-way ANOVA followed by Newman-
Keuls post hoc test (P � 0.05). (B) Pancreatic insulin content from control groups or STZ-treated diabetic mice transplanted with R7T1 or R7-Z � cells was
measured on day 40 after STZ treatment. (C) Glucagon-like peptide 1 or forskolin rescues insulin secretion. R7T1 and R7-Z � cells were grown in the absence of
tetracycline for 5 days and subsequently treated with 20 mM glucose, 100 nM glucagon-like peptide 1 (GLP-1), or 10 �M forskolin (Forsk) in the presence and
absence of glucose. (D and E) GLP-1 restores Erk1/2 and Akt activity in R7-Z cells. R7T1 and R7-Z cells were grown in the absence of tetracycline for 5 days before
stimulation with 100 nM GLP-1 in the presence of 20 mM glucose for the indicated periods of time. (D) Quantification of Erk1/2 phosphorylation normalized
to total Erk1/2 (both bands were assessed) and control (R7T1 at 0 min) set to 1. (E) Quantification of Akt phosphorylation normalized to total Akt and control
(R7T1 at 0 min). (F) Liraglutide (Lira) rescues insulin secretion. R7T1 and R7-Z cells were grown in the absence of tetracycline for 5 days and subsequently treated
with 20 mM glucose or increasing doses of liraglutide in the presence of glucose. (G) Liraglutide improves hyperglycemia. Experimental diabetic mice trans-
planted with R7T1 or R7-Z � cells were additionally administered liraglutide or vehicle (n � 9 mice per condition). Glucose was monitored as described above.
The R7-Z/vehicle group differed significantly from the other three groups as assessed by one-way ANOVA followed by Newman-Keuls post hoc test (P � 0.05).
(C to F) Data represent means � SD from three independent experiments. *, P � 0.05; **, P � 0.01.
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bifunctional guanine nucleotide exchange factor (GEF) that
catalyzes the activation of the small GTP-binding proteins Ras
and Rac.

Ras is a central node in various signaling pathways; one of the
best-characterized downstream effectors is the MAPK cascade,
mainly Erk1/2, via activation of c-Raf or b-Raf (32, 58). Another
well-known effector of Ras proteins is phosphoinositide 3-kinase
(PI3K), which requires activation by Ras and Rap1 and drives the
activation of Akt and the Rho family of small proteins (44, 45, 49).
GTP-bound Ras can also turn on the GEF function of Tiam1,
enabling the activation of Rac (31, 48, 59) with a regulatory role in
glucose-stimulated insulin secretion (28, 34, 56). Since Rasgrf1
also has direct catalytic activity with Rac (20, 26), Zac1 effects on
insulin secretion might operate through converging pathways.
Compatibly with this view, Ras can stimulate RalGEF (25, 51, 57),
which in turn activates Ral, a small G protein involved in different
steps of insulin exocytosis (35, 36).

Our findings seem to conflict with an intact insulin response of
ex vivo islets from adult Rasgrf1 null mice (12) which display a
reduced body size, blood metabolomic profiles resembling calo-
rie-restricted mice, increased life span, and Sirt1 expression (10).
Sirt1 can promote glucose-dependent insulin secretion (9) and
might have masked any deficits from impaired Rasgrf1 signaling
in adult mice. Alternatively, the critical role of Rasgrf1 in insulin
secretion might be confined to the perinatal time window, in ac-
cord with the original idea of an important early postnatal func-
tion (21) and a critical role in newborn TNDM patients.

In further support of our findings, previous reports have
shown that �-cell-specific ablation of the insulin receptor (IR) or
insulin-like growth factor 1 receptor (IGF-1R) abolishes glucose-
stimulated insulin secretion, especially in the early phase (29, 30).
Moreover, the ablation of the downstream effectors class IA PI3K
and Akt revealed their role in insulin secretion at the level of the
exocytosis machinery (6, 24).

Taken together, Zac1-dependent control of Rasgrf1 seems to
translate through multiple routes in altered insulin secretion. Be-
cause ZAC1 is additionally expressed in various tissues participat-
ing in insulin and glucose homeostasis (i.e., liver, kidney, and
hypothalamus), misexpression at these sites might further affect
the complex phenotype of TNDM.

Clinical studies on TNDM agree that the transient manifesta-
tion of the disease probably reflects a permanent �-cell defect with
variations during growth and development and a poor control of
insulin release rather than an actual inability to produce insulin
(47, 52). Our finding that simulating biallelic Zac1 expression
causes Rasgrf1 repression but not insulin gene repression and im-
pairs stimulated insulin secretion matches the latter assumption
well.

Interestingly, relapsed TNDM patients show a subnormal
insulin response to both the oral and intravenous glucose tol-
erance test, whereas glucagon-stimulated insulin secretion is
maintained (52). These data indicate that in chromosome 6-as-
sociated TNDM, the � cell is preserved and able to secrete
insulin through the stimulatory G-protein pathway while ex-
hibiting a specific defect of insulin secretion after glucose stim-
ulation. Compatibly with this concept, treatment with GLP-1
or the direct activation of adenylate cyclase reinstated regu-
lated insulin secretion in R7T1 � cells, mimicking biallelic Zac1
expression. Moreover, treatment with liraglutide, a GLP-1R

agonist, improved hyperglycemia in diabetic mice transplanted
with Zac1-overexpressing � cells.

The activation of GLP-1R has been explored for many years as
a potential therapy for type 2 diabetes (2) and may offer a prom-
ising target in neonate and relapsed adolescent TNDM patients.
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