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High Fat Diet Regulation of B-Cell Proliferation and B-Cell Mass
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Abstract: Type 2 Diabetes (T2D) is characterized by relative insulin insufficiency, caused when peripheral tissues such as
liver, muscle, and adipocytes have a decreased response to insulin. One factor that elevates the risk for insulin resistance
and T2D is obesity. In obese patients without T2D and initially in people who develop T2D, pancreatic B-cells are able to
compensate for insulin resistance by increasing B-cell mass, effected by increased proliferation and hypertrophy, as well
as increased insulin secretion per B-cell. In patients that go on to develop T2D, however, this initial period of
compensation is followed by B-cell failure due to decreased proliferation and increased apoptosis. The forkhead box
transcription factor FoxM1 is required for B-cell replication in mice after four weeks of age, during pregnancy, and after
partial pancreatectomy. We investigated whether it is also required for B-cell proliferation due to diet-induced obesity.
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Type 2 diabetes (T2D) results from a relative deficit of
insulin, generally due to a blunted response to insulin
signaling in peripheral tissues. The risk for developing T2D
is exacerbated by weight gain and the metabolic changes that
accompany a high-energy diet, which include elevated blood
glucose with a resulting increase in insulin levels as well as
increased circulating free fatty acids (FFA). In adult humans,
every 5% weight gain is associated with an approximate
20% increase in the risk of insulin resistance [1]. In the U.S.,
men and women gain an average of approximately 0.5-1
pound per year between the ages of 25-55 years, and
thereafter lose weight [2], although this statistic masks a
substantial weight gain in a large proportion of the
population. Over a ten year period, 38% of men and 37% of
women between the ages of 25 and 44 gain between five and
15 pounds; 10% of men and 15% of women gain between 15
and 25 pounds, and 3.5% of men and 6.5% of women gain
more than 25 pounds [2]. A disturbing trend that likely
contributes to high obesity rates is that those people who are
overweight at baseline are more likely to gain weight within
ten years than their lean counterparts [2, 3].

INSULIN RESISTANCE DURING OBESITY

Insulin, produced by the pancreatic B-cells, instructs
peripheral tissues to absorb glucose after feeding. Normally,
binding of insulin to its receptor results in tyrosine
phosphorylation of the insulin receptor substrates 1 and 2
(IRS1/2) [4, 5], which form complexes with and can
phosphorylate associated proteins, resulting in activation of
multiple downstream pathways [6]. For example, IRS is
bound to and can activate phosphoinositide 3-kinase (PI3K).
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PI3K then phosphorylates the cell membrane phospholipid,
phosphatidylinositol (4,5) bisphosphate (PIP,), converting it
to phosphatidylinositol (3,4,5)-trisphosphate (PIP;) [7]. PIP;
and other targets of IRS in turn activate a variety of
downstream targets with tissue-specific effects. Insulin-
responsive tissues include adipose tissue, muscle, liver, and
B-cells themselves. Obesity modifies how these peripheral
tissues respond to insulin, with white adipose tissue, liver,
and muscle playing major roles in the development of insulin
resistance (see Fig. 1 for summary of the effects of obesity
on insulin signaling).

In adipocytes (Fig. 1A), the Src-homology 2 (SH2)-
containing adaptor protein Shc is bound to the insulin
receptor and is activated upon insulin binding. Shc in turn
complexes with and activates growth receptor bound factor 2
(Grb2) and the guanine nucleotide exchange factor Son of
Sevenless (Sos), resulting in Ras phosphorylation and
activation [8]. Activated Ras then phosphorylates and
activates mitogen-activated protein kinase (MAPK), which in
turn upregulates the expression of sterol regulatory element
binding protein lc and 2 (SREBPlc/2) [9]. SREBPIlc/2
upregulate fatty acid synthase (FAS), thus enhancing the
storage of energy as fat and increasing adipose tissue [10-
12]. Additionally, insulin signaling through the IRS normally
represses the expression of lipases, including hormone-
sensitive lipase (HSL), which promote lipolysis [13, 14].
Thus, reduced levels of insulin during fasting states promote
the release of FFA into the bloodstream [15]; increased
stores of fat in the obese mean that more FFA are released
during fasting, elevating circulating FFA levels [16].
Increased circulating FFA contribute to insulin resistance by
impairing insulin signaling, most likely by increasing
oxidative stress and increasing inhibitory  serine
phosphorylation of IRS1/2 [17, 18]. In a vicious cycle,
insulin resistance contributes to increased levels of FFA in
the fed state, since low levels of insulin signaling normally
instruct the body to release FFA because blood glucose
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Fig. (1). The effects of obesity-induced impaired insulin signaling. Red arrows indicate the ultimate effect of impaired insulin signaling in a
given cell type, while red circles indicate initiating events that do not occur because of impaired insulin signaling. A) Impaired insulin
signaling in adipocytes increases FFA release during the fed state, decreases energy storage, and decreases adiponectin release, the latter of
which causes further decreases in peripheral tissue insulin sensitivity. B) In muscle (as in other cell types), impaired insulin signaling leads to
decreased translocation of Glut4 to the plasma membrane, decreasing glucose uptake and increasing blood glucose levels. C) Elevated
insulin signaling in hepatocytes leads to increased fat storage, which causes insulin resistance. Impaired insulin signaling in hepatocytes also
leads to an increase in gluconeogenic gene expression, glucose release, and ultimately increased blood glucose levels. D) In B-cells, impaired
insulin signaling results in decreased expression of proliferative and anti-apoptotic genes, contributing to reduced B-cell mass.

levels are low. Adipose tissue also contributes to insulin
resistance by releasing altered levels of hormones and
cytokines that modulate metabolism, such as adiponectin and
TNF-a. (reviewed by Schinner et al, 2005) [19].

Adiponectin generally sensitizes the body to insulin [20, 21]
and is reduced in response to obesity [22]; in addition to its
role in promoting adiposity, SREBPIc also transactivates
adiponectin [23].
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In muscle, (Fig. 1B) PIP; recruits 3-phosphoinositide
dependent kinase 1/2 (PDK1/2), atypical protein kinase C
(aPKC), and the serine-threonine kinase Akt [also known as
protein kinase B (PKB)], to the membrane, after which
PDK1/2 phosphorylates aPKC and Akt [24]. Phosphorylated
aPKC and Akt stimulate translocation of the glucose
transporter Glut4 to the plasma membrane, which allows
increased glucose entry [25]. Impaired insulin signaling in
muscle ultimately results in diminished levels of Glut4 at the
cell surface and reduced glucose uptake in response to
insulin. In hepatocytes (Fig. 1C), signaling through the
insulin pathway normally increases activated Akt and aPKC
through PDK1/2. Akt in turn phosphorylates the
transcription factor FoxO1, which induces its translocation
from the nucleus to the cytoplasm, thus inhibiting its
transcriptional activity [26, 27]. In the nucleus, FoxOl
transactivates the promoters of glucose-6-phosphatase
(G6Pase) [28] and phosphoenolpyruvate carboxykinase
(PEPCK) [29], both of which are gluconeogenic enzymes;
thus, insulin signaling normally inhibits gluconeogenesis, but
impaired insulin signaling leads to aberrant hepatic glucose
production and output and increased blood glucose levels. In
addition to their other roles in the response to insulin
signaling, in the hepatocyte, aPKC activates transcription of
SREBPlc, while Akt stimulates processing of SREBPIc,
which is required for its activity [30, 31]. As in adipocytes,
SREBPIlc transactivates FAS and promotes fat storage
within the liver, which substantially reduces overall insulin
sensitivity [32, 33]; increased fat storage in the liver is likely
a contributing event in the development of T2D.

B-CELL RESPONSE TO OBESITY

Increased insulin resistance elevates blood glucose levels,
both because peripheral tissues no longer take up as much
glucose and because the liver releases abnormally high
amounts of glucose. In response, B-cells produce more
insulin, both by secreting more insulin per B-cell and by
increasing B-cell mass. B-cell proliferation is the primary
method by which B-cell mass increases during obesity,
stimulated by increased blood insulin and glucose
concentrations (reviewed by Sachdeva et al., 2009) [34].

As in peripheral tissues, insulin signaling in B-cells leads
to increased levels of PIP;, activating Akt through PDK1/2
[35, 36]. Akt in turn positively regulates B-cell mass by
activating the cell cycle regulators Cyclin D1 (CcnD1),
CenD2, p21°P" and Cyclin-dependent kinase 4 (Cdk4) [37]
as well as regulating several anti-apopotic genes [38]. Insulin
signaling also stimulates B-cell replication and inhibits
apoptosis via IRS-mediated activation of the MAPK
pathway through Grb2 [39-41]. Impaired insulin signaling in
B-cells leads to increased apoptosis and decreased
proliferation (Fig. 1D). Although B-cell mass expansion and
increased insulin secretion can compensate for elevated
insulin demand during the initial stages of insulin-resistance-
induced glucose intolerance, studies in diabetic patients and
in rodents suggest that diabetes results when B-cells can no
longer proliferate or secrete enough insulin to compensate
for insulin resistance.

Although the effects of glucose are difficult to
distinguish from those of elevated insulin levels associated
with hyperglycemia, some lines of evidence support a role

Golson et al.

for elevated glucose itself or glucose metabolism
contributing to increased B-cell mass. First, B-cell replication
is increased in hyperglycemic-euinsulinemic clamped
rodents [42, 43]. Second, mice heterozygous for glucokinase,
a key enzyme in glucose metabolism, fail to increase B-cell
proliferation in the face of high fat diet (HFD)-induced
obesity [44]. Third, mice deficient for both Insulin 1 and 2
(Ins1/2) are hyperglycemic and have increased B-cell mass
and proliferation compared to controls [45, 46].

Recent genome-wide association studies have identified
several single nucleotide polymorphisms (SNPs) near cell
cycle genes that are linked to both T2D and gestational
diabetes mellitus (GDM), supporting a role for B-cell
replication failure in diabetes [47-50]. Loci near SNPs linked
to both T2D and GDM include CDKS5 regulatory subunit-
associated protein 1-like 1 (CDKALI) and cyclin-dependent
kinase inhibitor 24 and B (CDKN2A and CDKN2B), while
cell division cycle 123 homolog (CDCI23) is linked to T2D
only. Studies in mice have also confirmed that inactivation
of genes that promote cell cycle progression can lead to
diabetes, whereas inactivating mutations in cell cycle
inhibitors are protective against B-cell failure. Cdk4”" mice
are viable, but they display reduced B-cell area and develop
diabetes by two months of age [51]. Conversely, mice
deficient in either cell cycle inhibitor p275%'" or p16™*"
recover B-cell mass more swiftly after treatment with the -
cell toxin streptozotocin than do control mice [52, 53].

In non-diabetic humans, B-cell volume density, a
measure of insulin-positive area compared to total area,
positively correlates with weight [54, 55]. However, in
overweight patients with T2D, B-cell volume density is
reduced by between 50-75% compared to correspondingly
overweight non-diabetic patients [56, 57]. Additionally, B-
cell volume density inversely correlates with the number of
years betwen diagnosis of T2D and the time of analysis [56].
An increase in B-cell replication in overweight non-diabetic
patients but not overweight diabetic patients has been
reported by the Rosenberg laboratory [58], while the Butler
laboratory reported a lack of increased B-cell replication in
obese patients compared to controls. Both laboratories report
an increase in apparent neogenic B-cell mass, defined as
insulin-positive cells within or adjacent to pancreatic ducts in
obese non-diabetic, lean diabetic, and obese diabetic
patients, compared to lean non-diabetics. Both labs also
reported an increase in B-cell apoptosis in diabetic patients
compared to non-diabetic patients [57, 58], suggesting that a
combination of increased B-cell death and reduced B-cell
proliferation contribute to reduced B-cell volume in patients
with T2D. The correlation between B-cell number, body
weight, and the onset of diabetes suggests that in T2D, B-cell
failure occurs after an initial compensatory phase of B-cell
expansion. Limitations in human studies, however, prohibit a
clear conclusion; therefore, examination of [-cell
compensation and failure has mainly relied on rodent
models.

RODENT MODELS OF OBESITY

Mice deficient for leptin (Lep®”®”) or the leptin receptor

4b/dby exhibit identical phenotypes when on the same
genetic background. Both mutations cause enormous weight
gain due to hyperphagia and reduced energy expenditure.
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ob/ob db/db

The weight of Lep mice and Lepr mice reaches a
plateau of around 60-70 grams (g) compared to around 30-40
g in wildtype mice [59, 60]. Lep”””" and Lepr™” mice on a
C57BI/KSJ background exhibit increases in B-cell mass
between three- and five-fold before the onset of diabetes
with increases in B-cell replication as early as two weeks of

age [60-62].

The inbred Zucker diabetic fatty rat line (ZDF) and the
outbred Zucker fatty rat line (ZF) also have homozygous
mutations in the leptin receptor [63]. ZDF and ZF rats both
gain more weight than Zucker lean control rats (ZLC) and
display insulin resistance, but ZDF rats develop overt
diabetes around ten weeks of age while ZF rats remain
euglycemic [64]. At five to seven weeks of age, the B-cell
mass of both ZF and ZDF rats is approximately two-fold
higher than that of ZLC rats. By twelve weeks, the B-cell
mass of ZF rats increases to four-fold that of ZLC rats, while
no further expansion of B-cell mass occurs in ZDF rats. As in
overweight diabetic humans versus non-diabetic humans,
ZDF rats display increased numbers of apoptotic B-cells with
continued elevated [-cell proliferation, suggesting that
apoptosis contributes to the reduced B-cell mass observed in
diabetic humans and rodents.

Obesity can also be induced in certain strains of rodents
by feeding them a diet rich in calories, fat, and
carbohydrates, leading to glucose intolerance, insulin
resistance, and PB-cell mass expansion followed by PB-cell
failure. C57Bl/6] mice and mice on certain mixed genetic
backgrounds gain weight on HFD, usually by an additional
20-25% compared to mice on a chow diet [44, 65-68]. These
mice exhibit glucose intolerance despite normal levels of
secreted insulin, suggesting insulin resistance. C57Bl/6J,
C57Bl/6J-X129Sv hybrid, and C57Bl/6J-XDBA/2J hybrid
strains of wildtype mice maintained on HFD for between 20
and 52 weeks increase their B-cell mass by approximately
2.25-fold [44, 67, 68], with B-cell proliferation increasing
from between three- and four-fold, at least in young mice
[44, 68]. At twelve months of age, proliferation decreases
three-fold in C57BI1/6J mice fed HFD beginning at six weeks
of age compared to those fed a chow diet, and premature -
cell senescence is also increased in HFD-fed mice [68].
Further demonstrating the requirement for B-cell replication
in adaptation to HFD-induced insulin resistance, mice
lacking S-phase kinase-associated protein 2 (Skp2), a
component of a ubiquitin ligase complex that degrades
p27°"! to promote cell cycle progression, fail to increase
their B-cell mass on HFD and exhibit diminished B-cell
proliferation [69]. Skp2”" mice develop overt diabetes after
twelve weeks on HFD. Overall, rodent models support the
hypothesis that obesity leads to peripheral insulin resistance,
leading to a compensatory increase in B-cell mass, and
followed by an ultimate depletion of B-cells due to apoptosis
that correlates with the onset of diabetes. However, some
contradictions with human data exist. Evidence for increased
proliferation due to obesity in humans remains controversial
[57, 58], and no evidence for increased neogenesis due to
obesity exists in rodents. Studies in both human and rodents,
however, support a role for increased B-cell apoptosis in the
development of T2D.

The Open Endocrinology Journal, 2010, Volume 4 69

B-CELL REPLICATION DECREASES WITH AGE

B-cell mass expansion fails for reasons other than obesity
and insulin resistance. The capacity for B-cell replication is
severely blunted with age [52]. Aging mice demonstrate an
impaired response to a variety of B-cell injuries or other
proliferative stimuli as early as seven months of age, with
virtually no replicative capacity regardless of stimulus by 14
months of age. Injury models and proliferative stimuli
examined included HFD, partial pancreatectomy (PPx),
streptozotocin, and the glucagon like peptide 1 (GLP-1)
analog exendin-4 [70, 71]. Decreased [B-cell proliferation
correlates with increased nuclear accumulation of cell cycle
inhibitors such as p16™** and p27"! [52, 72]. Diminished
proliferation of B-cells in older animals suggests that the B-
cell failure observed in T2D may occur because of a
combination of the natural decrease in B-cell replication and
increase in apoptosis with age along with a need for
increased B-cell mass. Indeed, the risk for both T2D and
GDM increases with age [73, 74], and B-cell replication
inversely correlates with age in non-diabetic humans [57].

FOXM1 REGULATES PROLIFERATION

Since the capacity for proliferation is essential to
maintain B-cell mass and to compensate for insulin
resistance, studying factors important for B-cell mass
expansion is essential for advancing the treatment of
diabetes. One such factor is the forkhead box transcription
factor FoxM1, which promotes progression through the cell
cycle by regulating genes important for the G1/S and G2/M
transitions as well as genes required for karyokinesis and
cytokinesis. During G1, FoxMI1 activates transcription of
Skp2, cell division cycle 25 homolog A (Cdc25a), kinase-
interacting stathmin (KIS), and Cdk subunit 1 (Cksl).
During G2, FoxMI1 regulates Cdc25b, CyclinB (Ccnb), and
Aurora-A kinase. FoxMIl-regulated genes important for
mitosis include Polo-like kinase 1 (Plkl), Aurora-B kinase,
Survivin, and Cenp-A and —B [75, 76].

Foxml expression is limited to proliferating cells,
exhibiting broad activation in the developing embryo but
more limited expression in the adult [77]. FoxM1 is essential
for survival, as mice with a global inactivating mutation of
Foxml die during embryogenesis due to heart, liver, and
vasculature abnormalities associated with severely impaired
proliferation [78, 79]. However, cell type-specific
inactivation of Foxml reveals that the requirement for
FoxM1 differs among various tissues. For example, mice
with a deletion of Foxm/! in early liver progenitors using Cre
recombinase under the control of the Alpha-fetoprotein
enhancer and the albumin promoter and enhancer (Afpp-Cre)
also die during embryogenesis due to defects in liver
morphogenesis [79], while mice with a late Foxml deletion
solely in differentiated hepatocytes using an Albumin-Cre
transgene survive normally but display polyploid
hepatocytes and a reduced capacity for liver regeneration
[80]. Furthermore, mice with an early deletion of Foxml
specifically in the lung epithelium exhibit only postnatal
defects [81], while mice with Foxml deleted in smooth
muscle cells die shortly after birth due to defects in blood
vessel and esophagus formation [82]. Many models of tumor
formation and cancer have demonstrated the necessity of
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FoxMI1 in tumor progression (reviewed by Laoukuli ef al.,
2007) [83]. Thus, FoxM1 is essential for cell division in
multiple mature tissues as well as in a limited number of
developing tissues.

ROLE OF FOXM1 IN B-CELL PROLIFERATION

In the embryo, Foxml is expressed in almost all
pancreatic endocrine cells, but by nine weeks of age, Foxm I
expression seems to be limited to a subset of endocrine cells
[84]. This expression pattern correlates with the decreased [3-
cell proliferative capacity observed with advancing age. At
least in young mice, Foxml expression is reactivated in the
islet during the proliferative peak of B-cells during pregnancy
and after PPx [85, 86].

Our lab has previously demonstrated that FoxMI1 is
required for B-cell mass expansion after approximately four
weeks of age. Mice with Foxml deleted throughout the
pancreatic epithelium beginning at embryonic day (E) 9.5,
using the pancreatic-duodenal homeobox 1 (Pdx1) promoter
driving Cre recombinase expression (Pdx/-Cre) [87] display
reduced B-cell mass compared to littermate controls, by
approximately 25% at four weeks and by approximately 50%
by nine weeks of age [84]. B-cell mass does not increase in
Pdx1-Cre;Foxm "7 mice after three to four weeks of age,
while in littermate controls B-cell mass almost doubles
within the same timeframe. Reduced B-cell mass in Pdx]-
Cre;Foxm """ mice is linked to decreased B-cell
proliferation, which is diminished by approximately 75% at
four weeks of age. Male but not female PdxI-
Cre; Foxm "™ mice display impaired glucose intolerance
at six weeks of age despite a similar B-cell mass reduction in
both genders.

FoxMI1 is also required for B-cell mass expansion after
PPx and during pregnancy [85, 86]. As a result, B-cell mass
fails to regenerate in Pdx1-Cre;Foxm """ female mice
following PPx, while control females undergo significant -
cell proliferation and expansion. Similarly, during pregnancy,
B-cell proliferation does not increase in  PdxI-
Cre; Foxm "™ mice beyond that of virgin mutants, despite
a three-fold increase in B-cell proliferation at gestational day
(GD) 15.5 in pregnant controls. This reduced PB-cell
replication leads to GDM in PdxI-Cre, F oxm 1" mice.

Although necessary for [-cell proliferation in all
circumstances examined thus far after four weeks of age,
FoxM1 is not required for embryonic B-cell replication,
demonstrated by normal [B-cell mass in PdxI-
Cre; Foxm "™ mice at birth [84, 85]. Recently, the
importance of neogenesis in adult B-cell mass expansion has
been explored [88]. Reactivation of Neurogenin3 (Ngn3), a
transcription factor required for endocrine cell development
embryonically, can occur under some circumstances in the
adult. Newly formed B-cells in adults derived from these
reactivated endocrine  progenitors are capable of
proliferation; this initial proliferation, similar to proliferation
of perinatal B-cells, does not require FoxM1 [84-86].

Loss of FoxMl leads to decreased B-cell proliferation
due to altered expression of cell cycle regulators. As in other
tissues affected by deletion of Foxml, cell cycle regulators
are differentially expressed in the islets of Pdxi-
Cre; Foxm "™ mice. The cell cycle inhibitor p27%"®' is
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increased in PdxI-Cre; Foxm "™ islet nuclei [84], and
these mice fail to exhibit normal down-regulation of p27<"*'
during pregnancy [86]. Similarly, the cell cycle inhibitor
Menin (Menl) is also increased in the islets of pregnant
Pdx1-Cre;Foxm " mice compared to control mice.
Overall, FoxMI is required for B-cell mass expansion during
periods of glycemic stress.

FOXM1 REGULATION

Humans possess three isoforms of FOXM1, FOXMIA,
B, and C, which are differential splice forms from a single
locus. FOXMIC is the most transcriptionally active isoform
in humans, while FOXMIB is most similar to murine
FoxM1, for which only one isoform exists [89-91]. Foxm! is
regulated both transcriptionally and post-translationally (Fig.
2). Foxm1 transcript levels increase from the beginning of S-
phase through mitosis and are sharply reduced at the
beginning of G1 [83]. Currently, the only known regulator of
Foxm1 expression is c-Myc [92].

FoxMI1 activity, though following a similar time course
to Foxml expression during the cell cycle, is slightly
delayed, owing to posttranslational regulation [83]. FoxM1
activity is regulated at multiple levels (Fig. 2). Firstly,
FoxM1 is excluded from the nucleus until phosphorylated by
MAPK [91]. FoxMI1 contains an N-terminal repressor
domain (NRD), which physically interacts with and
represses its C-terminal transactivation domain [75, 93]; this
repressor activity is relieved when FoxMI1 protein is
phosphorylated by the Checkpoint homolog Chk2.
Recruitment of transcriptional co-factors such as CREB-
binding protein (CBP/p300) is dependent on phosphorylation
by Cdk1/2 [94]. FoxM1 is also rapidly degraded at the end of
mitosis. This degradation is controlled by N-terminal
phosphorylation dependent on the anaphase promoting
complex (APC) cofactor Cdhl, indicating proteasomal
involvement [95]. Regulation of FoxM1 at multiple levels is
crucial because of its vital role in cell cycle regulation.
FoxM1 activity is observed in malignant tumor cells, and the
absence of FoxMI1 leads to defects in regeneration and
coupling of the cell cycle to chromosomal segregation.

A ROLE FOR FOXM1 IN 3-CELL MASS EXPANSION
DUE TO DIET-INDUCED OBESITY?

Because B-cell proliferation is the primary method by
which B-cell mass expansion is achieved during periods of
obesity, and because FoxM1 plays a critical role in B-cell
mass expansion in response to other proliferative stimuli, we
postulated that FoxM1 is also required for the B-cell mass
expansion induced by weight gain. In order to test this
hypothesis, PdxI-Cre;Foxm"™"* C57Bl/6] or mixed
background female mice were fed HFD for eight or twelve
weeks, respectively, and their glucose homeostasis, B-cell
mass, and B-cell proliferation were assessed in comparison to
control mice. C57Bl/6Jx129SvIxDBA control mice on HFD
did not exhibit increased B-cell mass compared to controls
on chow diet. Additionally, Foxm! mutants on a C57Bl/6J
background displayed no significant difference in B-cell
mass compared to control mice, but mice deficient for
Foxml in the pancreas displayed more severe glucose
intolerance than control mice. This data suggests that FoxM1
may play a role in B-cell function as well as proliferation.
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Fig. (2). Model of FoxMI1 regulation. A) FoxM1 contains an N-terminal repressor domain (NRD), a forkhead DNA binding domain, a
transactivation domain (TAD), and a less-well characterized fourth region. Known mouse FoxM1 phosphorylation sites and their kinases are
noted. B) Foxm1 expression and activity are tightly regulated. FoxmI expression peaks in late G1, and is maintained through mitosis. FoxM1
activity is slightly delayed compared to its RNA expression, due to posttranslational regulation. FoxM1 cytoplasmic/nuclear shuttling is
controlled by MAPK phosphorylation. Autorepression by the NRD is relieved by Chk2 phosphorylation, and the recruitment of coactivators
is regulated by Cdk1/2 phosphorylation. Because Chk2 and Cdk1/2 are primarily nuclear proteins, phosphorylation of FoxM1 by these
factors likely occurs in the nucleus, although this has not been confirmed. The order of phosphorylation events and whether multiple
phosphorylation events are required for FoxMI1 activity are currently unknown, and whether nuclear FoxM1 binds to DNA before
phosphorylation by Chk2 and Cdk1/2 is unclear. N-terminal phosphorylation, dependent on the APC cofactor Cdhl, targets FoxM1 for
proteosomal degradation. Phosphatases involved in FoxM1 dephosphorylation are currently unknown.



72 The Open Endocrinology Journal, 2010, Volume 4

MATERIALS AND METHODS

Animals and genotype analysis. The derivation of
Foxm1™ and PdxI-Cre mice has been reported previously
[87]. All mice were maintained on a C57Bl/6J background or
a mixed C57Bl/6Jx129SvJxDBA background. Genotyping
was performed by PCR analysis using genomic DNA
isolated from the ears of weanling mice. Littermate
Foxm "% Foxm ™" and PdxI-Cre;Foxm™" mice
were used as controls. Mice were weaned at three weeks and
placed on a high fat diet (59% fat by calorie content,
Bioserv, Frenchtown, NJ, USA) or chow diet (25% fat by
calorie content, LabDiet) at four weeks of age for eight or
twelve weeks. All procedures involving mice were
conducted in accordance with protocols approved by the
Vanderbilt Institutional Animal Care and Use Committee
under the supervision of the Division of Animal Care.

Blood glucose measurements. Blood glucose was
measured using a Freedom Freestyle glucometer and test
strips. For IPGTT, mice were fasted overnight for 16 hours,
then injected with 2 g/kg glucose, and blood glucose was
measured prior to injection and then at 15, 30, 60, 90, and
120 minutes post-injection.

Tissue processing and immunostaining. Tissues were
fixed in 4% paraformaldehyde (PFA) dissolved in 1X
phosphate-buffered saline (PBS) overnight at 4°C and
embedded in paraffin before sectioning at 5 wm. Antibodies
included guinea pig anti-insulin (1:1000; Linco/Millipore,
Billerica, MA, USA), mouse anti-Ki67 (1:500, BD
Bioscience, San Jose, CA, USA) rat anti-BrdU (1:400;
Accurate Chemical & Scientific, Westerbury, NY, USA),
Cy2-conjugated anti-guinea pig IgG (1:1000; Jackson
Laboratories, Bar Harbor, ME, USA), Cy3-conjugated anti-
rabbit IgG (1:1000, Jackson), Cy3-conjugated anti-mouse
IgG (1:1000; Jackson) Cy3-conjugated anti-rat IgG (1:1000,
Jackson), and horseradish-peroxidase-conjugated anti-guinea
pig IgG (1:1000, Jackson). Slides were dewaxed and
rehydrated through a xylene and ethanol series, after which
sodium citrate microwave antigen retrieval was performed.
Sections were blocked with 5% normal donkey serum and
1% bovine serum albumin in PBS, after which they were
incubated in primary antibodies overnight at 4°C, and then
for two hours at room temperature with secondary
antibodies. For immunohistochemistry, antibodies were
visualized using a DAB peroxidase substrate, and tissue was
counterstained with eosin. BrdU immunostaining was
performed as previously described [85].

B-cell mass and proliferation measurements. 0.8 mg/ml
bromo-deoxyuridine (BrdU) (Sigma-Aldrich) was
administered via drinking water in a light-tight bottle,
replaced every 4th day, for two weeks before mouse
sacrifice. Entire pancreata were weighed and fixed flat
longitudinally overnight in 4% PFA and embedded in
paraffin, then sectioned at 5 um. For B-cell mass
measurements, seven to ten slides approximately 250 um
apart were immunostained for insulin, then scanned at 5X
using a Nikon Supercool Scan 9000 slide scanner (Melville,
NY, USA). Images were analyzed using MetaMorph
software (Molecular Devices, Sunnyvale, CA, USA). The
insulin-positive percent area of each pancreas was calculated
and multiplied by pancreas weight to obtain B-cell mass.
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For B-cell proliferation measurements, two to three slides
approximately 750 um apart were immunostained for insulin
and either BrdU or Ki67. At least 2500 cells were counted
per animal. Images were captured at 400X using an Olympus
BX41 microscope with a digital camera using Magnafire
software (Optronics, Goleta, California), and cells were
counted using MetaMorph. Percent proliferating p-cells was
calculated by dividing the number of insulin/BrdU or
insulin/Ki67 double-positive cells by the total number of
insulin-positive cells.

Quantitative reverse transcriptase PCR. Islet RNA was
isolated and qRT-PCR was performed as previously
described [85].

Statistical analysis. Data was analyzed using unpaired t-
test or two-way ANOVA with Bonferonni’s posttests, as
appropriate, using either Microsoft Excel 2004 or GraphPAD
Prism 5.01. p-values <0.05 were considered significant.

RESULTS

To determine if Foxml is upregulated in islets in
response to HFD, four-week old male C57BI/6J mice were
placed on HFD. After eight weeks on HFD, islets were
collected; gene expression was examined using quantitative
RT-PCR (qPCR). Preliminary data suggest that Foxm/ and
two FoxMI target genes, Plk-1 and Aurora-B kinase, are
upregulated in islets from HFD-fed mice (Fig. 3). We next
examined whether FoxMI1 is required for B-cell proliferation
and B-cell mass expansion in response to HFD. Since male
but not female Foxm"/"*:Pdx]-Cre mice are already
diabetic without additional B-cell stress, we analyzed
C57B6Jx129SvIXDBA  Foxm1"*";:Pdx1-Cre  females
placed on HFD at four weeks of age.

51
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Fig. (3). qRT-PCR on isolated islets suggests that FoxmI and target
genes Polo-like kinase and Aurora B kinase are upregulated in islets
of male C57B1/6] mice on HFD for 8 weeks (n=1-2).

No difference in weight was observed between controls
and mutants fed chow diet, or between controls and mutants
fed HFD. Controls and mutants both gained more weight on
HFD than on chow diet (Fig. 4A). Consistent with previous
studies, at four weeks of age, before initiation of HFD, no
difference was observed in glucose tolerance between
controls and Foxml mutants on HFD (data not shown). By
eight weeks of age, both controls and mutants displayed
glucose intolerance, which was more severe in Foxml
mutants (Fig. 4B). However, by twelve weeks of age, the
difference between controls and mutants was no longer
apparent (data not shown). To determine if the initial
difference observed was due to an inability of Foxm/ mutant
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B-cells to proliferate, B-cell mass and BrdU incorporation
was examined. B-cell mass was reduced by approximately
40% in Foxml mutant females on chow diet or on HFD
compared to littermate controls, although this difference was
not significant for mice on chow diet (Fig. 4C). B-cell mass
did not, however, significantly increase in either control or
mutant mice on HFD compared to animals of the same
genotype fed chow, although the control mice on HFD
trended higher than control mice on chow. Despite a lack of
change in [B-cell mass, B-cell BrdU incorporation was
significantly reduced in HFD-fed mutants compared to HFD-
fed controls (Fig. 4D).

Because the exacerbated glucose intolerance in Foxml
mutant females observed at eight weeks of age improved
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subsequently, Foxm """ Pdx]-Cre mice were backcrossed
onto a C57Bl/6] background, since these mice are more
susceptible to metabolic stress. Intraperitoneal glucose
tolerance tests (IPGTTs) were performed at four, eight, and
twelve weeks of age (Fig. 5). No difference was observed
between control and mutants before HFD, but by eight
weeks of age, Foxml mutants again displayed more severe
glucose intolerance than controls, which again was no longer
significant by twelve weeks of age.

B-cell mass and proliferation were analyzed in these mice
at twelve weeks of age, and consistent with the lack of
metabolic phenotype at this age, no differences were
observed in B-cell mass between controls and FoxmI mutants
on HFD (Fig. 6A). B-cell proliferation was analyzed using
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Fig. (4). Effects of HFD on C57/Bl6x129SvIXCBA PdxI-Cre;Foxm "/ female mice or controls. A) Both controls and mutants gain
significantly more weight on HFD than on chow by sixteen weeks of age, but exhibit no differences compared to each other whether on
chow diet or HFD (n=10-12). B) At eight weeks of age, both controls and mutants on HFD exhibited glucose intolerance compared to
animals of the same genotype (n=10-12). Glucose intolerance in Foxm! mutants was more severe than in controls. C) At sixteen weeks of
age, FoxmI mutants on chow diet exhibited B-cell mass approximately 60% of control mice on chow. At this timepoint, no increase in B-cell
mass was observed in either controls or FoxmI mutants on HFD compared to animals of the same genotype on chow (p=0.051; n=5-6). D) -
cell proliferation was significantly reduced in Foxm ! mutants compared to controls on HFD (n=5-6; *p<0.001, **p<0.01, ***p<0.005 Chow

vs HFD; §p<0.05, §§p<0.01, FoxmI mutant vs control).
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Fig. (5). Intraperitoneal glucose tolerance tests for C57Bl/6J Pdx1 -Cre;Foxm """ or control female mice fed HFD. IPGTT at four (A),
eight (B), or twelve (C) weeks of age. (D) At eight weeks of age, both controls and mutants on HFD exhibited glucose intolerance compared
to animals of the same genotype on chow diet at eight weeks of age during the entire course of the IPGTT, as measured by area under the

curve (AUC, p=0.004), but not at twelve weeks of age (p=0.10; n=3).

co-immunostaining for Ki67 and insulin; no significant
difference was observed between controls and mutant in the
percentage of replicating B-cells.

DISCUSSION

Recent genome-wide association screens have identified
several SNPs that contribute to susceptibility to Type 2
diabetes, some of which are near cell proliferation and cell
cycle control genes. Thus, differences in the ability of
mature adult B-cells to reenter the cell cycle in the setting of
peripheral insulin resistance likely contribute to the etiology
of Type 2 diabetes. Multiple second messenger signaling
pathways have been shown to induce B-cell replication in
rodent islets. For example, PPx induces IRS2 and Akt
phosphorylation in B-cells [96], and both pregnancy and
obesity, with their associated insulin resistance, induce B-cell
replication through activation of the PI3K/Akt pathway and
the Ras/MAPK pathway [35, 36, 39, 40, 97-99]. Our
laboratory has demonstrated that FoxM1 is required for -
cell mass expansion during normal postnatal growth,
pregnancy, and after PPx, suggesting that FoxMl is a
downstream target of multiple stimulatory pathways. We
thus proposed that, regardless of the stimulus, mature B-cell

replication ultimately requires FoxM1 activity. We therefore
investigated whether B-cell proliferation in response to HFD
is dependent on FoxM1 and whether FoxM1 is essential for
B-cell mass expansion resulting from obesity.

In this study, consistent with our previously published
results, PdxI-Cre;Foxm"*/** females on a mixed genetic
background displayed reduced B-cell mass compared to
controls, which was true on both regular chow or HFD.
However, despite an increase in Foxml expression and
upregulation of known FoxM]1 target genes in response to
HFD treatment, no difference in B-cell proliferation or B-cell
mass was observed between HFD-fed control and PdxI-
Cre; Foxm "% females when fully backcrossed onto the
susceptible C57B1/6J strain, and no larger difference in B-
cell mass was noted between chow-fed and HFD-fed females
on a mixed background, although there was a larger
difference in B-cell proliferation in HFD-fed females on the
mixed background. Longer HFD treatment may therefore be
required to reveal a role for FoxM1 in B-cell mass expansion
in response to this stimulus. Alternatively, FoxM1 may not
function downstream of diet induced obesity to mediate -
cell mass expansion, and additional pathways may exist that
operate independently of FoxMI resulting in the same
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endpoint of increased B-cell replication in response to this
particular stimulus. These compensatory pathways may be
similar to those in the embryo, which does not require
FoxMI1 for B-cell proliferation or B-cell mass expansion.
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Fig. (6). B-cell mass and proliferation in C57BIl/6J Foxml mutant
and control female mice on HFD. A) B-cell mass was not
significantly reduced in Foxml mutants at twelve weeks of age
(p=0.11). B) The percentage of B-cells positive for the proliferation
marker Ki67 was not significantly different between Foxml
controls and mutants at twelve weeks of age (n=3).

Despite minor or no changes in P-cell mass and
proliferation, Foxm! mutant females exhibited more severely
impaired glucose tolerance compared with controls after four
weeks on HFD, implying that FoxM1 may indirectly or
directly regulate genes involved in B-cell function. Because
exacerbated glucose intolerance was observed in Foxml
mutants compared to controls at eight weeks but not twelve
weeks of age, future studies will examine B-cell mass prior to
eight weeks of age. In addition, islet perifusion studies will
be performed to determine whether FoxM1 is involved in the
regulation of B-cell function. Taken together, our results
demonstrate that FoxM1 is a critical transcription factor in
the B-cell for replication and/or function. Additionally, the
Attie laboratory recently compared islet gene expression from
Lep”b/"b diabetes-resistant and diabetes-susceptible strains of
mice, revealing increased Foxm! expression in the diabetes
resistant strain as well as in obese humans [100] (and
personal communication Dr. Dawn Davis) suggesting that
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alterations in Foxml expression and/or activity could
contribute to diabetes susceptibility in humans as well.
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