






Quantitative Real-Time PCR

RNA was extracted using the TRIzol method according to the
manufacturer’s protocol. Following DNAse digestion (DNAfree; Am-
bion), 100 ng RNA was transcribed into cDNA in a 20-�l reaction
using a High Capacity cDNA kit (Applied Biosystems, Carlsbard,
CA), analyzed, and amplified (ABI 7900 HT system). PCR was
performed in a 10-�l reaction containing 5 �l of cDNA (1/5 diluted),
1� SYBR Green PCR Master Mix (Applied Biosystems), and 300 nM
of each primer. The primers are as follows: menin forward, TCAT-
TGCTGCCCTCTATGCC; menin reverse, TCCAGTTTGGTGCCT-
GTGATG; GAPDH forward, CCACCAGCCCCAGCAAGAGC;
GAPDH reverse, GGCAGGGACTCCCCAGCAGT; 18s forward,
TTGACGGAAGGGCACCACCAG; 18s reverse, GCACCACCAC-
CCACGGAATCG.

CT values (cycle threshold) were used to calculate the amount of
amplified PCR product relative to GAPDH for 18 s. The relative
amount of mRNA was calculated as 2	
CT. Results were expressed as
fold change as means � SE.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde-PBS and blocked with
20% normal donkey serum-PBS and 0.1% Triton X-100 for 30 min.
The slides were incubated for 1 h with a 1:50 dilution of rabbit
anti-menin (Bethyl Laboratories, Montgomery, TX), insulin receptor,
or FOXO1 antibody. A 1:200 dilution of FITC-conjugated anti-rabbit
was used as the secondary antibody.

Insulin Radioimmunoassay

Whole blood was collected via retroorbital bleeding in antico-
agulant-treated capillary tubes at the appropriate time points after
an 18-h fast and postrefeeding. Serum was collected after whole
blood was spun down at 4°C, and the supernatant was aliquoted to
new tubes and stored at 	20°C until use. RIA was conducted using
Millipore (Billerica, MA) kit no. SRI-13K. Briefly, 10 �l of serum
was pipetted into tubes in duplicate and incubated with insulin
antibody overnight at 4°C. The next day, 125I-insulin was added to
samples, and samples were incubated for 24 h at 4°C. Precipitating
reagent was added to tubes, followed by vortexing and centrifu-
gation. All tubes were counted with a �-counter, and serum insulin
was calculated from those values.

Glucose and Insulin Tolerance Tests

Mice were fasted for 18 (glucose) and 6 h (insulin), respectively.
Mice were then injected intraperitoneally with either 0.5 U/kg insulin
or 1.5 g/kg glucose, and glucose measurements were taken �3 h post
injection using Accu-Chek glucometers (Roche).

Statistical Analysis

Data were analyzed with SPSS software using one-factor ANOVA
analysis or Student’s t-test. P values �0.05 were statistically signif-
icant.

Fig. 2. Ins regulates menin expression acutely via the Akt pathway followed by MAPK. A: protein expression of menin, p-Akt, Akt, and GAPDH in HepG2
lysates after overnight serum starvation was determined under the conditions of either 1-h pretreatment of LY-294002 (10 �M), Ins treatment (100 nM), or a
combination of both as indicated by the � and 	 signs at the allotted time points (LY-294002 treatment alone was collected 1 h post-LY-294002 administration).
B: quantification of Western blots from A by densitometry showing menin relative to GAPDH. C: protein expression of menin, p-ERK, ERK, and GAPDH in
HepG2 lysates after overnight serum starvation was determined under the conditions of either 1-h pretreatment of U-O126 (10 �M), Ins treatment (100 nM),
or a combination of both as indicated by � or 	 signs at the allotted time points (U-O126 treatment alone was collected 1 h post-U-O126administration).
D: quantification of Western blots from C by densitometry showing menin relative to GAPDH.
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RESULTS

Insulin Regulates Menin Expression via the Insulin Receptor

Western analysis reveals that insulin (100 nM) caused a
progressive decrease in menin protein levels in mouse primary
hepatocytes, with a pronounced effect after 24 h (Fig. 1A).

To elucidate the mechanism by which insulin regulated menin
expression, we treated stably transfected NIH 3T3 cells with
human insulin receptor (3T3-hIR) and untransfected cells (3T3)
(7) with 100 nM insulin for 24 h prior to evaluating menin levels
by Western analysis. As shown in Fig. 1B, insulin failed to
modulate menin protein content in the native 3T3 cells. In 3T3-
hIR cells, baseline menin protein level was higher than in untrans-
fected cells but was significantly downregulated by insulin. This
observation was specific for insulin since glucagon did not change

menin expression in either cell group. The data indicate that
insulin exerts a downregulatory effect on menin expression level
in a manner depending on its receptor.

Effect of Multiple Time Points of Insulin Exposure
on Menin mRNA

We investigated the direct effect of insulin on menin in primary
hepatocytes isolated from mouse liver. We determined that 100
nM insulin caused a time-dependent biphasic effect on menin
expression, increasing menin mRNA at 1 h of exposure and
gradually decreasing to below baseline levels by 24 h. The
transcription initiation inhibitor, amanitin, inhibited insulin’s abil-
ity to induce menin mRNA at 1–4 h but not at the 24-h time point,
indicating that insulin is an acute transcriptional activator of
menin (Fig. 1C). Interestingly, although insulin had no effect on

Fig. 3. Ins shuttles menin from the nucleus into the cytoplasm via Akt signaling. A: flourescent images of menin in HepG2 cells after 24-h exposure to 100 nM
insulin show cytoplasmic localization inhibited by LY-294002 (INS � LY). A, i–iii: menin expression in cytoplasmic (C) and nuclear (N) fractionation from
untreated HepG2 cells (i), HepG2 cells treated with 100 nM insulin (ii), and HepG2 pretreated with LY-294002 for 1 h prior to insulin treatment (iii). B: Western
blotting with 30 of �g nuclear lysates from HepG2 cells exposed to 100 nM Ins or 10 �M LY 1 h prior to Ins (LY � Ins). Lamin B used for control of nuclear
lysates. Graph shows densitometry of near infrared band intensity from 3 experiments. **P 
 0.0014.
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menin mRNA at 24 h, the decrease in menin protein suggests a
posttranslational effect on expression.

Effect of LY-294002 and U-O126 on Menin Expression

Since insulin activates the phosphoinositide 3-kinase (PI3K)/
Akt signaling pathway, we investigated the effect of LY-
294002 on menin expression with and without insulin. LY-
294002 is an inhibitor of PI3K/Akt signaling that regulates cell
metabolism and survival (5, 13). In Fig. 2B, we show that
LY-294002 abrogated the acute effect of insulin on menin
expression between 2 and 7 h, but not at 24 h. Furthermore, the
analysis showed that at 24 h both insulin and LY-294002
decreased menin protein levels, but together they had no effect.
It is interesting to note that at 24 h Akt phosphorlyation was
absent with insulin treatment (Fig. 2A). Figure 2B is a quanti-
fication of the near-infrared signal from the conjugated sec-
ondary antibodies showing the relative protein expression of
menin to GAPDH graphed from three separate experiments.

Since insulin activates the MAPK pathway, we performed
similar experiments with the MAPK inhibitor U-O126 and deter-
mined the effect on menin expression and ERK phosphorylation.
In Fig. 2C, we show that U-O126 did not reverse the effect of
insulin on menin expression at 2, 4, or 7 h of exposure. Contrary
to LY-294002, U-O126 effectively abrogated insulin’s effect on
menin levels at 24 h. Interestingly, the highest level of ERK
phosphorylation is observed with insulin at 24 h (Fig. 2C), the
time at which p-Akt was undectectable (Fig. 2A). Figure 2D
is a quantification of the near-infrared signal from the
conjugated secondary antibodies showing the relative pro-
tein expression of menin to GAPDH graphed from three
separate experiments.

Insulin Mediates Cellular Localization of Menin Protein

Since Akt is known to mediate the action of insulin to
sequester a number of target proteins from the nucleus to the
cytoplasm (5), we hypothesized that insulin causes transloca-

Fig. 4. Ins enhances menin interaction with forkhead box O1 (FOXO1) and cellular localization via Akt. A: immunoprecipitation (IP; with menin antibody and probed
for FOXO1) with menin antibody, immunoblotted for FOXO1, shows enhanced interaction with 100 nM Ins exposure at 2 h and undetectable FOXO1 with 15 min of
Ins treatment. Graph shows IB analysis quantified by near-infrared fluoresence and relative ratio of FOXO1 and menin. Values are means � SE of �6 experiments.
***P � 0.0005. B: immunoprecipitation with agarose-conjugated menin antibody was immnunoblotted for FOXO1 antibody and phosphorylated and total-14-3-3
antibodies. Graphs below show IB analysis quantified by near-infrared immunofluoresence and expressed as relative ratio of phosphorylated 14-3-3 and menin or
phosphorylated 14-3-3 and total 14-3-3. Values are means � SE of 3 experiments. NS, not significant. C: Western blotting with cytoplasmic and nuclear fractionated
lysates from HepG2 cells exposed to 100 nM insulin at designated time points. Input represents total FOXO1 expressed in cytoplasmic and nuclear lysates prior to IP.
D: graphs show densitometry of near-infrared band intensity from 3 experiments of relative FOXO1 to menin expression after IP assay (IP). **P 
 0.0019.
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tion of menin from the nucleus into the cytoplasm. Insulin
treatment of primary hepatocytes caused traslocation of menin
from the nucleus into the cytoplasm, as demonstrated by
increased immunostaining of menin in the cytoplasmic com-
partment (Fig. 3A, middle, green). In the presence of LY-
294002 the effect of insulin was prevented, and menin re-
mained in the nucleus (Fig. 3A, right). These observations were
further supported by Western analysis, which revealed a pre-
dominant menin expression in the nuclear fractions in the

absence of insulin. Insulin treatment, however, caused a reduc-
tion in menin nuclear content with a concomitant appearance in
the cytoplasmic fractions. LY-294002 prevented the negative
effect of insulin on nuclear distribution of menin, consistent
with a role for the Akt pathway in mediating cellular localiza-
tion of the menin protein. Figure 3B shows the decrease in
menin expression in nuclear extracts relative to lamin B after
treatment with insulin and that which was abrogated with
LY-294002 exposure.

Fig. 5. Menin interaction with FOXO1 is
inhibited by LY. A: IP with menin antibody
after exposure to 10 �M LY or 10 �M
U-O126 1 h prior to INS for 15 min and 2 h
probed with FOXO1-specific antibody and
CEACAM1 (CC1). B: images of HepG2 cells
stained for menin (green) and FOXO1 (red)
after exposure to 100 nM INS, 10 �M LY,
LY � Ins, 10 �M U-O126, or U-O126 � Ins
(UO � INS). Cells were counterstained with
4,6-diamidino-2-phenylindole (blue) for nu-
clei. Control is untreated cells.

Fig. 6. Menin and FOXO1 interaction in vivo.
A: C57/BLK6 mice subjected to 18-h fast fol-
lowed by 4 h of feeding and 7 h of refeeding.
Whole liver lysates from mice were subjected
to IP with menin antibody and immunoblotted
for FOXO1 and menin by Western blot anal-
ysis. B: plasma insulin levels of C57/BLK6
mice subjected to 18-h fast followed by 4 h of
feeding and 7 h of refeeding were determined
by radioimmunoassay, as described in EXPER-
IMENTAL PROCEDURES. Data analyzed using
1-way ANOVA; Turkey post hoc test. ***P �
0.0001; **P � 0.0017.
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Insulin Enhances the Interaction of Menin with FOXO1

Akt-mediated phosphorylation of FOXO1 induces its cyto-
plasmic localization in response to insulin (26); thus we hy-
pothesized that insulin induces FOXO1 and menin interaction.
Coimmunoprecipitation assays detected FOXO1 in the menin
immunopellet (IP) from mouse primary hepatocyte lysates
treated with insulin (100 nM) for 2 h but not 15 min (Fig. 4A).
The level of interaction is increased by approximately fourfold,
as demonstrated by the graph insert depicting FOXO1/menin
expression. Coimmunoprecipitation experiments using HepG2
cells further revealed that the complex formation between
menin and FOXO1 also involves 14-3-3, which mediates the
translocation of FOXO1 from the nucleus into the cytoplasm
(Fig. 4B). The insulin-mediated menin-14-3-3-FOXO1 com-
plex was specific since the association of menin with other
proteins implicated in insulin metabolism, such as CEACAM1
(16, 17), occurred independently of insulin treatment (data not
shown). We further determined the cellular localization using
multiple time points at which insulin enhanced the menin
FOXO1 interaction. In Fig. 4C, we show that insulin enhanced
the cytoplasmic interaction of menin with FOXO1 at 2 h, after
which interactions returned back to baseline by 24 h. Further-

more, the highest reduction of menin and FOXO1 interaction
in the nucleus with insulin exposure occurred at 2 h. Figure
4D shows the relative expression of FOXO1 to total menin.
Note how the interaction trends toward an increase in the
cytoplasm, whereas it decreases in the nuclei with early time
points.

Since Akt is implicated in insulin regulation of FOXO1
cellular distribution, we investigated the effect of Akt inhibitor
LY-294002 on the insulin-mediated menin-FOXO1 interac-
tion. As expected, insulin treatment for 2 h but not 15 min
elevated the interaction of menin with FOXO1 by approxi-
mately threefold in primary hepatocytes (Fig. 5A). Interest-
ingly, the baseline interaction of menin with FOXO1 was
elevated with LY-294002 in the absence of insulin but re-
mained unchanged with insulin treatment at 15 min and 2 h
(Fig. 5A). Interestingly, the MAPK inhibitor U-O126 inhibited
the interaction of menin and FOXO1 independent of insulin.

We also performed immunocytochemical analysis to dem-
onstrate the induced translocation of menin to the cytoplasm by
insulin (Fig. 5B, image 8). Consistent with Fig. 5A, the effect
of insulin was blocked by LY-294002 (Fig. 5B, image 10).
Insulin caused a similar effect on FOXO1 distribution (Fig. 5B,

Fig. 7. Effect of hepatic menin on FOXO1 target genes. C57/BLK6/FVB(129S) mice hemizygous for multiple endocrine neoplasia type 1 (MEN1) in the liver
were subjected to an 18-h fast, and livers were extracted and analyzed. Genes that are direct targets of FOXO1 and directly involved in hepatic glucose production
shown to be differentially expressed in the liver-specific hemizygous mice (HETs) vs. wild type (WT) based on results from quantitative real-time PCR. A: menin
mRNA is decreased in the HETs; *P � 0.0145. B: insulin receptor (InsR); *P � 0.0172. C: total Akt; *P � 0.0249. D: total FOXO1. E: IGFBP-1; **P � 0.0026.
F: glucose-6-phosphatase (G-6-Pase); *P � 0.0030. G: PGC-1�; *P � 0.0054. H: PEPCK. I: glucokinase (GK).
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image 4 vs. image 2). Merging menin (Fig. 5B, green) and
FOXO1 (Fig. 5B, red) labeling indicated a diffuse interaction
between FOXO1 and menin in the presence of insulin in both
the nucleus and cytoplasm (Fig. 5B, image 14), and this
interaction was localized predominantly to the nucleus with
LY-294002 pretreatment (Fig. 5B, image 16). Consistent with
the IP data shown in Fig. 5A, U-O126 inhibited the interaction
of menin and FOXO1 independent of insulin (Fig. 5B, images
17 and 18). Taken together, the data show that insulin seques-
ters menin to the cytoplasm and increases its interaction with
FOXO1 primarily via activating the Akt signaling pathway.

To establish a functional role for our observation in vitro, we
first determined the physiological stimuli that will cause the
interaction of menin with FOXO1. Because hepatic FOXO1
levels and activity are modulated metabolically in the liver, we
subjected C57/BLK6 male mice to a fasting-refeeding para-
digm prior to examining menin-FOXO1 interaction in liver
lysates. Consistent with the cell data, coimmunoprecipitation
analysis detected minimum FOXO1 and menin interaction
in the IP derived from fasted animals. However, refeeding
by 7 h significantly enhanced the FOXO1 and menin inter-
action (Fig. 6A), in correlation with the highest plasma
insulin levels (Fig. 6B). Furthermore, the menin/FOXO1
interaction in the liver is present at baseline when animals
are subjected to ad libitum feeding (Fig. 6A).

Partial Loss of Menin in the Liver Increases Akt Signaling
and Induces FOXO1 Target Genes

To determine whether menin had a role to play in the
metabolic processes of the liver, we developed a hemizygous
deletion of menin specifically in hepatocytes using FVB/129S
mice expressing loxP sequences on exons 3–10 of the Men1
gene crossed to C57/Blk6 mice expressing Albumin-Cre. At 6
mo of age, we analyzed genes that are direct targets of FOXO1
involved in glucose synthesis. In (Fig. 7A), we show a signif-
icant decrease in menin RNA expression in mice with-liver
specific hemizygous deletion of menin (HET). Interestingly,
whereas the expression of FOXO1 remained unchanged (Fig.
7D), its target genes insulin receptor (Fig. 7B) and Akt (Fig.
7C), as well as IGFBP-1 (Fig. 7E), G-6-Pase (Fig. 7F), and
PGC-1� (Fig. 7G), were all significantly upregulated, consis-
tent with enhanced FOXO1 activity. In contrast, the FOXO1-
independent metabolic gene glucokinase was unchanged, and
interestingly, the gluconeogenic marker PEPCK also remained
unchanged. Furthermore, the menin hemizygote mice dis-
played reduced glucose excursions during glucose tolerance
test compared with control mice, whereas the insulin tolerance
test showed no change (Fig. 8).

The implications for these findings are under investigation in
our laboratory; however, we hypothesize that the interactions
between menin and FOXO1 play a role in induction of
FOXO1-specific target genes described in Fig. 7 and may
partially explain the observed phenotype of reduced glucose
excursion in mice with partial deletion of the MEN1 gene in
the liver after intraperitoneal glucose tolerance test but not
intraperitoneal insulin tolerance test shown in Fig. 8.

DISCUSSION

Hepatic glucose production (HGP) plays an important role in
maintaining glucose homeostasis and is mediated by FOXO1

and activated by fasting to induce gluconeogenic and glyco-
genolytic genes involved in HGP. Menin is a tumor suppressor
protein that interacts and negatively regulates the activities of
several transcription factors (2). Although loss of the MEN1
gene is associated with insulinomas and increased serum insu-
lin, the reciprocal relationship between menin and insulin has
not been well delineated. We show for the first time that insulin
is a direct regulator of menin expression at both the transcrip-
tional and translational levels. Furthermore, insulin effect is
biphasic, with an initial early response mediated by Akt (Fig.
2A) and by 24 h predominantly by MAPK signaling (Fig. 2B).

Menin has never previously been described to be involved in
FOXO1-mediated HGP, and no glucose metabolism defects
have been described in liver-specific menin-deficient mice. The
most intriguing interpretation of our data is in support of the
hypothesis that menin plays an important role in metabolism in
the liver. FOXO1 has an established role in maintaining the
balance between the gluconeogenesis and glycolysis pathways
in times of fasting and feeding. FOXO1 localization is con-

Fig. 8. Glucose metabolism in mice with liver-specific hemizygote expression of
menin. A: glucose tolerance tests (n 
 5/group) in liver-specific hemizygote mice
[MenLiv(�/	)] and control litter mates (WT). B: area under the curve of glucose
tolerance test for liver-specific HET relative to same-strain WT. C: insulin
tolerance tests (n 
 5/group) in liver-specific hemizygote mice [MenLiv(�/	)] and
WT. **P � 0.01; *P � 0.05.
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trolled by PKB/Akt signaling downstream of the insulin recep-
tor. In times of feeding, insulin signaling is high, along with
activation of Akt, which causes phosphorylation of FOXO1
and its chaperone 14-3-3. This phosphorylation causes FOXO1
to be sequestered to the cytoplasm, downregulating its tran-
scriptional effects. In times of reduced Akt signaling (i.e.,
fasting), FOXO1 is nuclear and exerts its effects on various
target genes such as G-6-Pase, which catalyzes the rate-limit-
ing step in gluconeogenesis. Our data shows that insulin
enhances the interaction of menin with FOXO1 within the
cytoplasm (Figs. 4C and 5B, image 14), and loss of menin is
associated with upregulation of FOXO1 target genes (Fig. 7).
These observations suggest that menin may repress FOXO1
transcriptional activity by recruiting the FOXO1–14-3-3 com-
plex into the cytoplasm. We propose that insulin binding to its
receptor activates the Akt signaling pathway and downregu-
lates menin levels at early time points (acute phase), whereas
MAPK regulation of menin sets in at later time points (chronic
phase). Interestingly, the reduction in menin expression occurs
at a later time point (�24 h), really suggesting a MAPK-
mediated effect, whereas interaction with FOXO1 is an early
time event mediated by Akt. Since menin is a rate-limiting
protein required to inhibit Akt activation, its interaction di-
rectly with FOXO1 may be required to repress FOXO1 tran-
scriptional activity by causing its translocation into the nu-
cleus.

We further observed that partial deletion of menin does not
affect the expression of FOXO1 but induces the expression of
FOXO1-specific genes in support of the hypothesis that menin
negatively regulates FOXO1 activity at the posttranscriptional
level via direct interaction. Indeed, the finding that insulin
increases the interaction between menin and FOXO1 via an
Akt-dependent pathway is entirely novel and implicates menin
in FOXO1-mediated effects of insulin on glucose homeostasis
and production (5, 18). FOXO1 is expressed in tissues involved
in energy metabolism such as the liver (25), pancreas, and gut
(3), and inhibition of its function by insulin (5) may require
menin.

Thus our current studies suggest that although menin may be
mediating the mitogenic functions of insulin, an important
effect may be to modulate the insulin-mediated FOXO1-regu-
lated metabolic pathways in the liver. Furthermore, since
menin is an inhibitor of Akt activation, its expression may be
the rate-limiting step in maintaining the metabolic homeostasis
within the liver regulated by insulin.

In summary, insulin regulates menin expression, subcel-
lular localization, and interaction with FOXO1 via nuclear
cytoplasmic shuttling. Loss of menin leads to enhanced
FOXO1 activity, as evidenced by a specific increase in
FOXO1 target genes. Although the physiological signifi-
cance of insulin’s regulation on the menin-FOXO1 interac-
tion in the liver needs to be further elucidated, the current
study indicates that insulin regulation of menin expression
and interaction with FOXO1 may be essential for the regu-
lation of hepatic glucose production in the liver. We propose
that menin is required for the optimal repression of FOXO1
transcriptional activity, a protein that plays crucial roles in
positive and negative regulation of cell proliferation, glu-
coneogenesis, and glycolysis.
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