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Abstract

Background: Gene expression in islets of Langerhans is
profoundly sensitive to glucose and other nutrients. Islets
of Langerhans in the Anx7(+/—) knockout mouse exhibit
a profound reduction in ITPR3 protein expression, defec-
tive intracellular calcium signaling, and defective insulin
secretion. Additional data presented here also show that
mRNA for ITPR3 is virtually undetectable in isolated
Anx7(+/-) islets. IP3Receptor type 3 (ITPR3) expression
in islets of Langerhans is closely regulated by secretory
stimuli, and it has been suggested that the level of the
ITPR3 expression controls the ability of the islets to re-
spond to nutritional signals. We report that although
control islets respond to glucose in vitro by a transient in-
crement in ITPR3 mRNA, the islets from the Anx7(+/—)
mouse remain low. We therefore hypothesized that the
Anx7/IP3 Receptor(3)/Ca>" signaling pathway plays a role
in B cell responses to glucose, and that in the absence of the
Anx7/ITPR3 signaling system, the islets would be unable
to discriminate between fed or fasted states in vivo.

Materials and Methods: To test this hypothesis, we sub-
jected Anx7(+/—) and control mice to either food and water
ad libidum or to an overnight fast with access to water only.
We then isolated the respective islets and compared nutri-
ent-dependent changes in global gene expression under the
four conditions using genome-based microarray technology.
Results: Anx7 protein expression in these islets is only
about 50% of control levels in normal littermate controls,
and IPTR3 message and protein are virtually zero. cDNA

microarray analyses show that in control animals gene ex-
pression is significantly affected by the fasting state. Many
of the affected genes have historical relevance to develop-
ment and differentiation of islets. These include pre-
proglucagon, APOJ, cadherin2, phosphoglucoisomerase,
oncostatin M, PAX6, HGF, and cytokeratin 18. However,
there are also many other nutritionally sensitive genes in
control islets that are principally associated with cell divi-
sion and DNA repair. The latter genes have not specifically
been associated with islet physiology in the past. By con-
trast, Anx7(+/—) mouse islets exhibit a greatly reduced
ability to discriminate genomically between fed and
fasted states for all classes of identified genes. Many of the
validated genes are specific to islets in comparison to liver
tissue examined. Real-time quantitative RT-PCR analysis
of islets from Anx7 heterozygous mice and littermate con-
trols revealed remarkable down-regulation in PTEN, Glut-
2, PDX-1, IGF-1, and Neuro D1 expression, but not in liver.
Conclusions: We conclude that reduced gene dosage in
the Anx7(+/—) islet, with concomitant loss of ITPR3 ex-
pression and consequent defects in Ca>" signaling, may
substantially contribute to the mechanism of the loss of
genomic discrimination, in vivo, between the fed and
fasted states. We believe that the requirement for complete
Anx7 gene dosage and IPTR3 expression in islets of
Langerhans will prove to be of fundamental importance
for understanding the mechanism of nutritional sensing in
health and disease.

Introduction

Beta and other endocrine cells in pancreatic islets of
Langerhans function to regulate glucose homeostasis
in response to dynamic changes in the nutritional
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state of the organism (1). At the level of the whole or-
ganism, such conclusions have been validated on the
basis of decades of classical physiology and biochem-
istry (2—-4). However, in most cases the detailed mech-
anisms underlying these conclusions have been in-
vestigated primarily using in vitro experiments with
isolated islets or purified 8 cell cultures (5-7). An un-
derlying and still unrequited concern has therefore
been the question of whether what was true of islets
after hr or days in culture truly reflected the state of
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the same tissue in vivo. From the vantage point of un-
derstanding nutritional effects on islet gene expres-
sion, an additional problem has been the fact that
conventional studies have mostly been conducted in
terms of one or two genes at a time. Therefore, at-
tempts to synthesize a global perspective from many
such discrete experiments has proved difficult. In ad-
dition, transgenic or gene knockout experiments have
been used to determine the developmental signaling
steps in islet development (8,9). However, there are
few if any reports of nutritional studies using such
mutant islets or of 8 cells derived from such islets.

More recently, new genome-based microarray
technologies have been developed that permit the
identification of global systems of genes that under-
lie physiologic or disease-related processes such as
nutrition (10). This new technology has been specif-
ically applied to nutritional problems in intact ani-
mals using large organs such as liver and kidney, or
large cell cultures as the source of mRNA (11,12). As
an alternative to fluorescence labeling methods,
which require large amounts of RNA, we and others
have used the more sensitive radiolabeled cDNA
transcripts of endogenous mRNA’s as probes for
¢cDNA microarray analysis of gene expression
(13,14). Using the radiolabel approach, we have
been able to test the hypothesis that there exist sets
of islet-specific genes whose expression is regulated
by the nutritional status of the organism.

At the level of islet physiology in vitro, Ca** is
very important for islet function, both as a secreta-
gogic intermediate (15,16), and, potentially, as a me-
diator of genomic responses to nutritional challenges.
For example, isolated islets have been shown to re-
spond to glucose in minutes by a rapid, de novo syn-
thesis of mRNA for the inositol 1,4,5 triphosphate re-
ceptor, type 3 (ITPR3). This nuclear event is followed
promptly by cytoplasmic synthesis of the cognate
protein, insertion into the endoplasmic reticulum,
and quick proteosomic destruction (17,18). Thus, it
has been proposed that the regulation of ITPR3 syn-
thesis, function, and metabolism is intimately linked
to Ca*" signaling and insulin secretion in vivo (19).
Of course, whether such data from isolated islets are
valid for the in vivo condition is not known. In addi-
tion, one might anticipate that from a global perspec-
tive, there may be many more genes such as ITPR3,
with possibly as much or greater importance for con-
trol of nutritional genomics. We have hypothesized
that the Anx7 gene might be one such example, and
the possibility of testing this hypothesis exists be-
cause the Anx7(+/—) knockout mouse is available to
provide islets for analysis (20). Relevantly, the giant
islets from these mutant mice fail to express the
ITPR3 gene or protein, and exhibit Ca** signaling
defects and low rates of Ca**-dependent insulin se-
cretion in response to glucose (20). The 8 cell content
of control and Anx7(+/—) islets are 76% and 80%,
respectively (21), suggesting that the genomic data
principally reflect nuclear events in 3 cells.

To initiate a study of nutritional genomics for
islets of Langerhans, we have examined the global ex-
pression of islets from mice killed at 9 am, after having
been either fasted for 16 hr overnight or allowed food
ad libidum during the same time period. The choice of
timing is critical because there are many genes whose
expression is circadian (12). We have also examined
the islets from Anx7(+/—) knockout mice under the
same nutritional conditions. In designing these exper-
iments, we presumed that the nutritional genomics of
islets in the fed and fasted states would reveal impor-
tant information regarding how the cells in islets dealt
with an evolutionarily relevant type of stress. We fur-
ther presumed that should the deficit in ANX7 gene
dosage and subsequent loss of ITPR3 be as important
as anticipated, then it was possible that that islets from
the knockout animals might fail to discriminate glob-
ally between fed and fasted conditions.

In this paper we report that gene expression in
islets prepared from fed or overnight-fasted normal
mice does vary quite profoundly. We find that genes
principally associated with growth and differentia-
tion of B cells are principally up-regulated under
fasting conditions. By contrast, islets from
Anx7(+/—) knockout mice fail to significantly dis-
criminate between the two nutritional states. This is
the first such study to analyze nutritional genomics
of islets of Langerhans at the organismic level. We
suggest that identification of the sets of nutritionally
regulated genes in islets and their abrogation by the
Anx7(+/—) mutation may therefore yield important
insights into the control of homeostatic mechanisms,
as well as increase understanding of disease states
affecting islets, including diabetes.

Materials and Methods
Derivation and Husbandry of Anx7(+/—) Knockout Mice

The Anx7(+/—) mice were generated as described by
Srivastava et al. (20). Briefly, genomic anx7 DNA
clones, isolated from an isogenic strain of mice
(129/sv), were used to construct a gene targeting
vector in which anx7 sequences encompassing exon
6 were replaced with the neo gene. This vector was
designed to remove the coding sequences responsi-
ble for binding calcium and GTP. Heterozygous mice
thereby generated were identified by polymerase
chain reaction (PCR) analysis of genomic DNA
isolated from tail samples of the offspring. The
Anx7(—/—) homozygote is lethal, not surviving be-
yond E10. In these experiments, data are restricted
to male mice in the age range of 180-210 days old.
Control mice were normal littermate controls.

Experimental Design and Isolation of Islets
of Langerhans

Anx7(+/—) and normal littermate control mice were
allowed food and water ad libidum until initiation
of islet isolation. In some cases these animals were
denied food for 16 hr (overnight, 5 pm to 9 am). When
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provided with food, mutant and normal littermate
controls consumed qualitatively equivalent amounts
of food and water over the course of the 16-hr exper-
iment. Immediately prior to sacrifice, blood was
obtained by tail vein from each mouse for measure-
ment of blood glucose and insulin levels. Baseline
values were obtained for each mouse 1 week prior to
the initiation of the experiment. Islet isolation was
initiated systematically at 9 am. Pancreatic islets from
Anx7(+/+) and anx7(+/—) mice were isolated by col-
lagenase digestion as previously described (22). Data
were collected using eight animal pairs.

Glucose and Insulin Contents
in Mouse Serum

One hundred-thirty Anx7(+/—) and anx7(+/+)
mice over 100 days old were fasted overnight and
blood collected the next morning for measurement
of fasting blood sugar and insulin. Blood sugar was
measured with a calibrated glucometer and insulin
was measured by a radioimmunoassay using '**[1]-
bovine insulin and a guinea pig anti-porcine insulin
antibody for detection.

Glucose Tolerance and Insulin Tolerance Tests
for Anx7(+/—) Knockout Mice

We performed glucose tolerance tests (GTT) by IP
injection of a bolus of 2 mg glucose/g body weight
and insulin tolerance tests (ITT) by IP injection of
1.0 U regular insulin/kg body weight. Glucose and
insulin were as described above.

Measurement of Hormone Levels in Mouse Serum

Seven littermate pairs of male and female animals
were used for these analyses. We collected samples of
serum from animals fasted overnight and examined
the blood levels of growth hormone, insulin-like
growth factor-1 (IGF-1), estrogen, testosterone, corti-
costerone, fatty acids, and triglycerides. IGF-1 mea-
surements were obtained by a double antibody radio-
immunoassay using recombinant human IGF-1 and
anti-human IGF-1 serum UBK487 (Endocrine Sci-
ences, San Diego, CA, USA) after removal of binding
proteins from a 5-ul aliquot of serum using Sep-Pak
C18 reverse phase cartridge (Millipore). Corticos-
terone was measured using '*’I-corticosterone and
anti-corticosterone antibody. Glucagon and testos-
terone were measured by radioimmunoassays using
125_glucagon and anti-glucagon antibody and '*°1-
testosterone anti-testosterone antibody, respectively.
Growth hormone is species specific; therefore, ra-
dioimmunoassay was performed by utilizing species-
specific (NIDDK) reagents obtained from the Pitu-
itary Hormones and Antisera Center.

Measurement of Islet ITPR Types 1, 2, and 3 mRNA
by RT-PCR

We measured ANX7 and IP3-receptor mRNA levels
in Anx7(+/—) and Anx7(+/+) islets. Quantitative

RT-PCR was used to quantitate the IP3Receptor
messages (types 1, 2, and 3). Levels of 8-actin mes-
sage were used to normalize levels of RNA used for
the analyses. IP3 receptors come in three subtypes,
in which only a discrete domain varies among the
three. The following mouse primers were prepared
and tested in these experiments.

Type 1 = forward primer: 5-CACCGCGGCAGA-
GATTGACAC-3’ reverse primer: 5-CCAGCTGCC-
CGGAGATTTC-3’

Type 2 = forward primer: 5-CTGGGGCCAACGC-
TAATACTACTT-3" reverse primer: 5’-GAACCC-
CGTGATTACCTGTGACTG-3’

Type 3 = forward primer: 5-GCGGGCCTGTGA-
CACTCTACTTAT-3'reverse primer: 5’-CGCCGCT-
CACCAGGGACAT-3’

c¢DNA Microarray Analysis of mRNAs From Mouse Islets

Total RNA was prepared from islets, and ¢cDNA
copies were labeled with [*?P] as described by
Srivastava et al. (20). Mouse cDNA microarrays on
nylon membranes were obtained from Clontech,
and were prehybridized using Express Hyb (Clon-
tech, Palo Alto, CA, USA) at 68°C for 1 hr, and then
incubated overnight in Express Hyb with the dena-
tured and neutralized labeled probes. Following
this incubation, the membranes were washed three
times and exposed for 6 hr on a Storm Phosphorl-
mager plate (Molecular Dynamics, Sunnyvale, CA,
USA). Data were collected in duplicate.

Imaging and Quantitation of cDNA Microarrays

Imaging data from the Storm PhosphorImager were
downloaded into a Microsoft Excel spreadsheet.
Duplicate data points were ratioed either to the
ubiquitin standard or to the average expression of
the entire array. Data were then analyzed using the
Stanford University ScanAlyze software. These data
were also evaluated in parallel with the PSCAN
program for point identification and with the JMP
program for graphical organization.

Statistical Data Mining From cDNA Arrays
by GRASP and HELP Algorithms

The initial strategy we employed is embodied in the
GRASP algorithm (Gene Ratio AnalysiS Paradigm,
13,14). The GRASP algorithm allows us to specify
the changes in specific intensities of given genes
which are greater or less than one or more standard
deviation (SD) from the average changes of all genes
in the entire array. The second strategy we employed
was to examine the differential effect of the fed ver-
sus the fasted states of control and mutant islets us-
ing HELP (Heliometric Plot) diagrams. In this dia-
gram, the horizontal axis is gene expression in
mutant islets under fed conditions and the vertical
axis is gene expression in mutant islets under fasted
conditions. On the vertical axis at the point 0,0 we
inscribe the fed/fasted ratio of gene expression of
control islets. An arrow is then drawn from the
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control ratio point on the central vertical axis to the
point describing the expression under both conditions
in mutant islets. When the arrow terminates on the di-
agonal, expression is equal in mutant islets in both
fed and fasted states. The length of the arrow is the
magnitude of change of gene expression as one transi-
tions from control to mutant mice. The value of this
HELP diagram is that it helps reveal, at a glance, the
relative expression of genes in the fed versus fasted
state in both control and mutant mouse islets.

Validation of Candidate Gene Expression in Islets and Liver
From Mutant and Control Mice Using Real-Time
Quantitative RT-PCR

Total RNA was extracted as described by Srivastava
et al. (20) from islets and liver from the same mutants
and littermate control mice, treated with DNase 1
(Ambion, Austin, TX, USA) and reverse transcribed
using the Reverse Transcription Reagents kit (Ap-
plied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions. Random hexamers
were used with 100 ng of total RNA, and reverse
transcribed in a 20-ul reaction. Quantitative PCR
(gPCR) assays were performed using the ABI PRISM
7700 Sequence Detection System (TagMan; Applied
Biosystems) with standard fluorescent chemistries
and thermal cycling conditions. Primer sequences
were designed for each experimental gene’s mRNA
sequence using Primer Express software (Applied
Biosystems) as shown below.

GK Rsl Forward primer: CCTTTTCAGGCTT-
ATACGCTCC
Reverse primer: GGGTGAGCCCGC-
AGATG
IGF 1 Forward primer: CTACAAAAGCAG-
CCCGCTCT
Reverse primer: CTTCTGAGTCTTG-
GGCATGTCA
NESTIN Forward primer : TTAAGGCCAGAA-
CCCCCAC
Reverse primer: CTCTGCATTTTTA-
GGATAGGGAGC
NEURO D1 Forward primer: CAATTTGGTCGC-
CGGCT
Reverse primer: CCGGGTTCTGCT-
CAGGC
NGN 3 Forward primer: CCCAAGAGCGA-
GTTGGCA
Reverse primer: TCCCGATCATTG-
GCCTTCT
PAX 4 Forward primer: GACACACCAGA-
AGAGGGTATCA-
GA
Reverse primer: AAGTTCAAATCC-
CAGCAACCA
PTEN Forward primer: TGTGGTCTGCCA-
GCTAAAGGT
Reverse primer: ACATGAACTTGT-
CCTCCCGC

GLUT 2 Forward primer: GCCAAGGACCC-
CGTCCT
Reverse primer: AATTGCAGACCC-
AGTTGCTGA
IRS 2 Forward primer : GCATCGACTTCC-
TGTCCCA
Reverse primer : CCTCAAGGTCA-
AAGGGCCTC
PDX 1 Forward primer: AAATCCACCAA-
AGCTCACGC
Reverse primer: CTCGGGTTCCGC-
TGTGTAAG
Anx 7 Forward primer: TCCCCACTGCGG-
GTCA
Reverse primer: CCTCCTCCCATTG-
GTGGAA
HPRT Forward primer GTTGGATACAGG-
CCAGACTTITGTITG
HPRT Reverse primer GATTCAACTTGC-
GCTCATCTTAGGC

Hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT) was used as an internal expression
control (Applied Biosystems). Primer concentrations
were optimized using the TagMan Universal PCR
Master Mix (Applied Biosystems). For each reac-
tion, 7 ng of cDNA was added to optimized primer
concentrations, with 25 ul of PCR Master Mix. A
corresponding well contained 7 ng of cDNA with re-
action reagents for the QPCR of HPRT. All reactions
were performed in triplicate in separate tubes. Ther-
mal cycling conditions were as specified by the man-
ufacturer: 50°C for 2 min, 95°C for 10 min, and 40 cy-
cles at 95°C for 15 sec, ramp to 60°C for 1 min.

Relative quantitation of gene expression was
performed according to the manufacturer’s instruc-
tions. Briefly, the threshold cycle (Cy) was deter-
mined for both the experimental gene and HPRT.
The following formula was used to calculate the rel-
ative amount of each gene in the sample (X, mutant
islet), normalized to endogenous reference (HPRT)
and relative to the amount of each gene in another
sample (Y, littermate control): 2 22T, where ACy is
the difference in threshold cycles for each gene and
HPRT, and AACy for sample X = ACpx — ACry

Results
Physiologic Responses of Fasted Anx7(+/—) and Control
Mice to Pulses of Glucose and Insulin

In anticipation of data showing profound effects of
the Anx7(+/—) mutation on nutritional genomics, it
seemed important to test whether peripheral effects
of the mutation might have consequences for islet
function. Glucose tolerance tests were therefore ad-
ministered to control and Anx7(+/—) mice after a
16-hr overnight fast. As shown in Figure 1A, blood
glucose measurements of control and mutant mice
at time zero indicate that there is no statistically
significant difference between blood glucose levels,
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regardless of whether the fed or the fasted states are
compared (Table 1). However, the ability of the mu-
tant to reduce a bolus of glucose is significantly
more efficient than that of the control mouse. Pre-
sumably, the hypertrophic character of the mutant
islets and the hyperplastic character of the 8 cells
serve to compensate for the low rate of calcium-
dependent insulin secretion In addition, although
there was only a modest and relatively insignificant
(*p = 0.19) difference in blood glucoses between fed
and fasted controls, there is a significant difference
between fed and fasted mutants (#p = 0.05). Finally,
while fasting mutant mice have a somewhat lower
blood insulin level than fasting controls, these dif-
ferences do not reach statistical significance.

We considered the possibility that the signifi-
cantly more robust glucose tolerance test on the part of
mutant mice could include peripheral contributions.
For example, it is possible that the mutant mice might
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Fig. 1. Physiologic and molecular properties of Anx7(+/—)
mice, compared to normal Anx7(+/+) littermate controls.
(A) Glucose tolerance test for Anx7(+/+) and Anx7(+/—) mice.
Blood glucose levels were measured in seven pairs of control

(a) and anx7 (+/—) (b) knockout mice littermates following a
glucose challenge (2 g/kg IP) after 24 hr fasting. *p < 0.1,
paired t-test versus control, Anx7 (+/+) male littermates. See
Table 1 for summary. (B) Insulin tolerance test for Anx7(+/+)
and Anx7(+/—) mice. Insulin levels were measured in control
(a) and Anx7 (+/—) (b) knockout mice littermates following
insulin challenge (1 U/kg IP) without fasting. *p < 0.1; **p <
0.05, paired t-test versus control, Anx7 (+/+) male littermates
(n = 24 mice). (C) Inositol-trisphosphate receptor gene expres-
sion for Anx7(+/+) and Anx7(+/—) mice. Relative abundance
of IP3 receptor types in control and mutant mice by RT-PCR.
PCR conditions and the primer pairs used are as described in
Materials and Methods.

be somewhat more sensitive to insulin than the con-
trols. To test this hypothesis, we performed insulin
tolerance tests on fed animals. As shown in Figure 1B,
the Anx7(+/—) mice are indeed slightly but signifi-
cantly more sensitive to insulin than control animals.

Other peripheral contributions to homeostasis
could include the set of classical counter-regulatory
hormones such as glucagons, IGF-1, growth hor-
mone (GH), and corticosterone. To test this hypoth-
esis, we collected samples of serum from animals
fasted overnight, and assayed for these hormones.
As shown in Table 2, none of these hormones differ
significantly when comparing control and mutant
animals. In addition, no differences are noted for
either testosterone levels (see Table 2), or epineph-
rine content of intact adrenal glands (35 animals,
data not shown). We interpret these data to indicate
that reduced insulin resistance may make a modest
peripheral contribution to the appearance of an
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Table 1. Blood glucose and insulin levels in male Anx7(+/—) and control mice
Fasted Mice, 16 hr Fed Mice, ad Libidum
Blood Glucose (mg/dl) Blood Insulin (ng/ml) Blood Glucose (mg/dl)
Anx7(+/+)* Anx7(+/-)* Anx7(+/+) Anx7(+/-) Anx7(+/+)* Anx7(+/-)*
Average 103.0 99.7 0.96 0.79 113.4 115.6
SEM 3.6 2.1 0.16 0.08 7.0 7.7
n 88 88 27 27 7 7
p >0.1 >0.1 >0.1
*p = 0.19
*p = 0.05

Blood glucose levels were measured after 24 hr fasting using calibrated glucometer and insulin levels were obtained by the

radioimmunoassay using '**

[1]-bovine insulin and a guinea pig anti-porcine insulin antibody for detection. These data represent

studies on seven mutant male mice and their normal littermate controls.

enhanced GTTs by mutant animals, and to the ap-
pearance of physiologic intactness at the organismic
level. However, there do not appear to be significant
endocrine contributions to metabolic regulation of
glucose by peripheral organs. Although these data
are by no means exhaustive, they are sufficiently
powered to suggest that these specific peripheral in-
fluences are probably not responsible for differ-
ences in mutant islet structure and function conse-
quent to the previously identified calcium signaling
deficits.

Expression of IP; Receptor Type 3 mRNA Expression
in Anx7(+/—) and Control Islets

As indicated, the molecular response of 8 cells in iso-
lated islets of Langerhans to glucose is associated

with a biosynthetic pulse of IP; receptor type 3
(ITPR3) messenger RNA, followed by synthesis of
ITPR3 protein. We have reported previously that
IPTR3 protein is constitutively low in Anx7(+/—)
islets (20). Goping et al. (21) have repeated this study
on a separate set of mutant Anx7(+/—) mouse islets,
with similar results. We therefore inquired whether
Anx7 mouse islets were able to synthesize ITPR3
message in vivo. As shown in Figure 1C, islets from
normal littermate control mice in the fed state express
substantial amounts of IPTR3 message, whereas
islets from Anx7(+/—) mice express virtually no
IPTR3 message whatsoever. We conclude that the
mechanism of reduction of IPTR3 protein expression
in the Anx7(+/—) mouse 3 cell is due to suppression
of IPTR3 gene transcription.

Table 2. Hormone levels in male Anx7(+/—) and control mice
Glucagon IGF-1 GH Corticosterone Testosteron
(pg/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
Anx7 Anx7 Anx7 Anx7 Anx7 Anx7 Anx7 Anx7 Anx7 Anx7
(+/+) (+/-) (+/+) (+/-) (+/+) (+/-) (+/+) (+/-) (+/+) (+/-)
Average 48.61 56.31 288 287 0.93 0.82 266.07 193.38 0.54 0.66
SEM 3.06 4.86 23 9 0.14 0.11 49.41 24.22 0.1 0.2
n 4 4 2 26 21 20 14 13 6 4
p >0.1 >0.1 >0.1 >0.1 >0.1

Seven littermate pairs of male and female animals were used for these analyses. IGF-1 measurements were measured by a double
antibody radio-immunoassay using recombinant human IGF-1 (Endocrine Sciences, San Diego, CA) and anti-human IGF-1 serum after
removal of binding proteins from a 5 ul aliquot of serum using Sep-Pak C18 reverse phase cartridge (Millipore). Corticosterone was
measured using '*’I-corticosterone and anti-corticosterone antibody. Glucagon, growth hormone and testosterone were measured by

radioimmunoassay using their respective antibodies.
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Comparative Genomics of Islets From Anx7(+/—)
and (+/+) Mice in the Fed or Fasted States

In an effort to gain a global perspective on expres-
sion of genes besides IPTR3 that are affected by the
Anx7(+/—) mutation, we turned to cDNA microar-
ray technology. Inasmuch as the principal function
of the islet is to respond to and control nutrient con-
ditions in the intact animal, we used a nutritional
paradigm to elicit genomic differences. Anx7(+/—)
and Anx7(+/+) mice were systematically exposed to
aregimen of either food and water, ad libidum, or to
a terminal 16 hr without food. Following sacrifice at
exactly 9 am, the islets were quickly prepared and
mRNA isolated for subsequent analysis. Out of 588
genes queried, we were able to gain useful data on
400 genes. As shown in Figure 2 (blue circles), there
is a substantial difference between gene expression
in control islets from animals allowed food and
those fasted overnight prior to sacrifice. The dashed
black diagonal line indicates the location of genes
whose expression is identical in the two nutritional
states. It is clear that although there are many genes
arranged along the diagonal, there are quite a few
that are some distance away. Data for Anx7(+/—)
islets stand in stark contrast to this situation in
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Fig. 2. Global gene expression in islets of fed and fasted
for Anx7(+/+) and Anx7(+/—) mice. Gene expression levels
plotted as a function of the expression levels of the respective
genes in the fed and fasted state are compared between
Anx7(+/—) (red) and Anx7(+/+) (blue) mice. The dashed
black diagonal line indicates the location of genes whose ex-
pression is identical in the fed or fasted states. This graph is an
average of duplicate assays of individual islet preparations from
male Anx(+/—) mice and their cognate Anx7(+/+) normal lit-
termate controls. Four mice of each genotype were used for the
experiment.

control islets in that the majority of genes are much
closer to the diagonal (Fig. 2, red circles). This
means that most of the islet genes in mutant animals
are relatively insensitive to the nutritional state. We
therefore have an opportunity to mine out those islet
genes whose expression is specifically affected by
nutritional history in controls, and which are sup-
pressed in the Anx7(+/—) mutants.

Application of the GRASP Algorithm to Identify
Differentially Acting Islet Genes

Using the GRASP algorithm we are able to identify
genes whose expression significantly differs when
comparing the consequences of the fed or fasting
states on either the control or mutant animals. The
strategy we employ is to calculate an average change
for all genes in the array, and to identify those genes
that change by more than two standard deviations
from this average. As pointed out in Figure 2, the dis-
tribution of genes from the mutant islets are much
tighter around the diagonal than those for control an-
imals. Therefore, in the case of the mutant islet data
we take care to identify those genes whose variation is
more than 2 SDs from the mutant average. Using this
approach we are able to identify 30 genes each from
comparisons of fed and fasting states in control and
mutant islets. These data are summarized in Table 3.
The list contains 52 genes due to overlap between the
two conditions. Many, but not all, of these affected
genes have a substantial history of association with
the development and function of islet g8 cells.

HELP Diagrams to Compare the Actions of Differentially
Expressed Genes in Control Islets With Actions of Those
Same Genes in Mutant Islets

The genomic experiments in this paper illustrate an
inherently complex phenomenon—namely, the effect
of knocking out a gene (Anx7) on the response to a
given stress (fasting) on global cell expression. In at-
tempting to display these results in a simple graphi-
cal fashion, our problem is to show, for each gene,
four different entities simultaneously on a two di-
mensional graph. To solve this problem we devised
a new form of graph shown in Figures 3 and 4. We
call this graph a HELP diagram, standing for helio-
metric plot, (from heliometer, a device for measuring
angles between celestial bodies). The axes in a HELP
diagram are the expression levels under control (x-
axis) and stress (y-axis) conditions with vectors link-
ing the expression levels in the normal (control) to
the experimental (knockout) conditions. Thus each
vector renders a visual display of four entities. We
find that to compare the results for many genes it is
helpful to normalize the expression level of each
gene to the control (fed, +/+) level. This process
makes all vectors start on a point along the y-axis.
The usefulness of this vectorial display is that the
length of the vector is related to the magnitude of the
effect of the Anx7(+/—) knockout on the response of
a specific gene to the fasting stress. In addition, the
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Table 3. Effect of fasting stress and Anx7 knockout on gene expression in mouse pancreatic islets

Ratio (Fast/Fed),
Fold Increase (1)
Expression Levels or Decrease (|)

Con, Con, K/O, K/O,

Symbol Gene Name Fed Fasting Fed  Fasting Con K/O

HR21SP DNA double-strand break repair RAD21 0.16 4.82 0.77 0.65 3L.0(1)  1.2())
homolog; HR21SP; PW29

FST Follistatin precursor (FST); activin-binding 0.19 291 0.79 0.93 15.5(1) 1.2(D)
protein

mHR23A RAD23 UV excision repair protein homolog A 0.90 8.95 1.04 0.83 10.0(1) 1.3()
(mHR23A; RAD23A)

mGCM1 Glial cells missing gene homolog (mGCM1) 1.67 0.12 1.13 0.77 14.2(0) 1.5())

GSTT1 Gluthathione S-transferase theta 1 0.09 1.40 0.72 1.24 15.3(H)  L7(D)
(GST theta 1; GSTT1)

ELF1 ets-Related transcription factor; E74-like factor 1 0.84 0.11 0.89 0.94 79() L1
(ELF1)

SCYB9 Small inducible cytokine B subfamily member 9 0.29 2.34 0.86 0.86 8.0(1 1.0())

(SCYBY); monoking induced by gamma
interferon (MIG)

MLH1 MLHI1 DNA mismatch repair protein; MutL 0.68 3.92 0.85 0.64 5.8(1) 1.3()
homolog

CRABP2 Cellular retinioc acid-binding protein II 0.89 0.11 0.87 0.78 8.4(0) 1.1())
(CRABO-II;CRABP2)

FGF9 Fibroblast growth factor 9 0.31 2.76 0.75 0.99 2.0 L1.3(D)

TSN Translin (TSN) 1.15  7.52 1.09 1.07 6.5(1) 1.0(})

GDNF Glial cell line-derived neurotropic factor precursor 0.43 2.41 0.88 0.74 5.6(1) 1.2())
(GDNF)

ITGAM Cell-surface glycoprotein MAC-1 alpha subunit 0.21 1.91 0.64 0.90 9.3(1H) L4

precursor; CR-3 alpha subunit; CD11B antigen;
leukocyte adhesion receptor MO1; integrin
alpha-M (ITGAM)

TFDP1 Transcription factor E2F dimerization partner 1 1.91 0.22 1.32 0.92 8.6() 1.4()
(TFDP1); DRTF1 polypeptide 1
GADD153 Growth arrest and DNA damage-inducible 0.21 3.12 0.72 1.89 14.7(1)  2.6(1)

protein 153 (GADD153); DNA damage-inducible
transcript 3 (DDIT3); C/EBP-homologous

) protein (CHOP)
SPI3 Serine proteinase inhibitor 3 (SPI3) 144 0.4 1.01 0.91 6.1()) 1.1(})
GPIA Platelet membrane glycoprotein IA precursor 0.56 0.08 0.80 0.63 6.8() 1.3

(GPIA); integrin alpha 2 (ITGA); collagen
receptor; VLA2 alpha subunit; CD49B antigen
XPG Xeroderma pigmentosum group G complementing 0.75 3.89 0.96 0.94 5.2(1) 1..0())
protein (XPG); X-ray repair-complementing
defective repair in Chinese hamster cells 5

(XRCC5)
PML Promyelocytic leukemia gene (PML) 0.80 0.14 0.94 0.80 5.7)  1.2(])
hHR23B UV excision repair protein RAD23 homolog B 435 17.53 1.97 1.69 4.0  1.2()

(hHR23B); xeroderma pigmentosum group C
repair-complementing complex 58-kDa protein
(XPC repair-complementing complex 58-kDa
protein)

(Continued)
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Table 3. (Continued)
Ratio (Fast/Fed),
Fold Increase (1)
Expression Levels or Decrease (|)
Con, Con, K/O, K/O,
Symbol Gene Name Fed Fasting Fed  Fasting Con K/O
NFIA Nuclear factor I/A (NFIA); NFIB 1.68 035 1.05 1.01 4.8(]) 1.0(})
DADI1 Defender against cell death 1 protein (DAD1) 0.17 1.12 0.71 1.06 6.4(1 1.5
PAX6 Paired box protein 6 (PAX6); small eye protein 0.77 0.20 0.97 1.07 3.90) L1(D
(SEY)
TEK Endothelial-specific receptor tyrosine kinase 1.32 0.28 1.09 1.00 4.7() 1.1{)
(TEK); tunica interna endothelial cell kinase 2
(TIE2); adhesion structures-linked tyrosine kinase
(HYK); angiopoietin 1 receptor precursor
GRIN2 Glutamate receptor subunit epsilon 2 precursor 0.21 0.86 0.63 0.68 4.2(1) L1
(GRIN2); N-methyl p-aspartate receptor subtype
2B (NMDAR2B; NR2B)
T-B2 Transducin beta-2 subunit 0.71 0.20 0.79 0.81 3.6(}) 1.0
A-RAF A-raf proto-oncogene 1.97 0.38 1.26 0.85 5.2() 1.5()
GATA3 GATA-binding protein 3 (GATA3) 240  0.46 1.48 0.97 52())  1.5())
TDAGS51 T-cell death-associated gene 51 (TDAG51) 0.18 0.74 0.85 1.04 4.1(h) L2
5HT1E-B 5-Hydroxytryptamine receptor 1E receptor beta 0.26 0.91 0.72 0.78 3.5(1) LI
(5HT1E-beta; HTR1E-beta); serotonin receptor
SMBP2 DNA-binding protein SMBP2 1.81 0.40 1.53 1.01 45() 1.5()
NCAD Cadherin 2 (CDH2); neural-cadherin precursor 0.48 2.61 0.68 1.25 5.4(1) 1.8(1)
(N-cadherin; NCAD)
TNFR2 Tumor necrosis factor receptor superfamily 0.45 2.31 0.89 1.60 5.1(1) 1.8(1)
member 1B2 (TNFRSF1B2); tumor necrosis factor
receptor 2 precursor (TNFR2)
SLAP SLAP; src-like adapter protein; Eck receptor 0.12 0.34 0.72 0.79 2.8(H LI
tyrosine kinase-associated
PPG Preproglucagon 1.67 1.99 2.74 1.31 120 2.1())
AA3R Adenosine A3 receptor 0.29 0.56 0.82 0.71 1.9¢h)  1.1{)
HGF Hepatocyte growth factor (HGF) 0.48 0.22 0.80 0.80 2.2(0)  L.oM
PTP Protein tyrosine phosphatase 0.38 0.62 1.02 0.80 1.6(1) 1.3()
SIM2 Single-minded 2 (SIM2) 5.88 24.21 2.55 5.57 411 2.2(0)
FYN Fyn proto-oncogene 0.25 0.49 0.80 0.87 2.0(hH L1
MGST1 Microsomal glutathione S-transferase 0.81 2.65 0.92 1.75 3.2(1) 1.9
(MGST1; GST12)
EPHB2 Eph receptor B2 0.24 0.35 0.82 0.74 1.5(1) 1.1())
VEGF Vascular endothelial growth factor precursor 0.29 0.61 0.96 1.24 2.1(hH L3
(VEGF); vascular permeability factor (VPF)
CCN2 G2/mitotic-specific cyclin BI(CCNB1;CYCBI);CCN2  2.82 0.92 1.49 0.77 3.1())  1.9())
KRT18 Type I cytoskeletal keratin 18 (KRT1-18; KRT18); 5.09  6.80 2.41 5.08 13N 2.1(D)
cytokeratin 18; cytokeratin endo B; keratin D
(KERD)
GRA Glucocorticoid receptor form A 0.12 0.22 0.62 0.76 1.9  1.2(D
HSP84 Heat shock 84-kDa protein (HSP84); HSP90 1.09 1.32 1.01 1.70 1.2(D) 1.7(1)

beta HSPCB; tumor-specific transplantation
84-kDA antigen (TSTA)

(Continued)
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Table 3. (Continued)
Ratio (Fast/Fed),
Fold Increase (1)
Expression Levels or Decrease (|)
Con, Con, K/O, K/O,
Symbol Gene Name Fed Fasting Fed  Fasting Con K/O
SCYB2 Small inducible cytokine B2 (SCYB2); macrophage 1.40 1.80 1.12 2.02 1.3(h) 1.8(D
inflamatory protein 2 alpha (MIP2-alpha; MIP2A)
SP2 U2 small nuclear ribonucleoprotein auxiliary 6.16 8.21 2.86 5.19 1.3(H) 1.8(D
factor 35-kDa subunit-related protein 1
(U2AF1-RSI); SP2
CCNA1l  G2/mitotic-specific cyclin A1 (CCNA1) 16.95 9.52 6.35 2.63 1.8(1) 2.4()
BRCA2 Breast cancer type 2 susceptibility protein 21.64 19.95 6.50 4.52 1.1(J) 1.4{)
(BRCA2)
UBE2B Ubiquitin-conjugating enzyme E2 17-kDa(UBE2B); 6.98 11.35 2.09 2.59 L6(t) 1.2(1)
ubiquitin-protein ligase; ubiquitin carrier protein;
HR6B
CRP3 CCAAT/enhancer-binding protein delta 2.60 3.61 1.64 2.92 141  1.8(D
(C/EBP delta; CEBPD); C/EBP-related
protein 3 (CRP3)
OSM Oncostatin M (OSM) 531  3.52 3.03 1.58 1.5() 1.9(})
BCLW B-cell lymphoma protein W(BCLW); BCL2-like 0.27 0.16 0.83 0.62 1.6()) 1.3()
protein 2 (BCL2L2)
GRase Glutathione reductase (GRase; GSR; GR) 0.29 0.22 0.82 0.76 1.3() 1.1{))
APC adenomatous polyposis coli protein (APC) 6.49 3.53 2.76 1.53 1.6()) 1.8()
MADH1 Mothers against decapentaplegic homolog 1 5.64 3.73 2.52 1.52 1.5() 1.7())
(MADHI1; mSMAD1); TGF-beta signaling
protein 1(BSP1)
GPI Glucose-6-phosphate isomerase (GPI); 33.89  22.65 8.75 5.39 1.5() l.6()
phosphoglucose isomerase (PGI);
phosphohexoseisomerase(PHI);
neuroleukin (NLK)
ATF3 Activating transcription factor 3 (ATF3); LRG-21 034  0.66 0.75 1.39 Lo 19D
APOJ Clusterin precursor (CLU); clustrin; 1.58 2.74 1.12 2.02 1.7¢(H)  1.8(1)

apolipoprotein J (APOJ); sulfated glycoprotein 2

(SGP2; mSGP2)

Effect of the fasting vs. fed paradigm on significantly and differentially affected expression of genes associated with development and

differentiation of islets in the control and Anx7(+/—) knockout mouse.

angle of the vector delineates information about the
mode of the effect. Thus, a horizontal vector shows
an effect of the mutation only on the expression in
the fed state while a vertical vector depicts an effect
only in the fasting state. Conversely a vector parallel
to the main diagonal shows a comparable effect in
both states. These different modes in which the
knockout of Anx7 affects expression levels are sorted
in Figures 3 and 4 into the following groups (i.e., an-
gular classes): (A) genes affected only in the fasting
state (displaying vertical vectors); (B) genes affected
only in the fed state (horizontal vectors); (C) genes
affected equally in the fed and the fasted states

(vectors parallel to the main diagonal); and (D) genes
forced by the mutation to express exactly as in the
fed state, regardless of feeding history (vectors of
genes moving toward the main diagonal).

Genes in Figure 3 are those most significantly af-
fected by the mutation. Genes in Figure 4 are those
most significantly affected by fasting. There is substan-
tial overlap. The central vertical axis at the (0,0) point
in the HELP diagram in Figures 3 and 4 represents the
ratio of fed-to-fasted gene expression for significantly
affected genes in the control mouse islets. Each gene is
anchored there on the central vertical axis by a small
symbol. The expression of that gene in the mutant
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Fig. 3. Classification of the effect of knocking out Anx7 on
the response of gene expression to fasting stress sorted by
mutation effect. The effects of the two experimental conditions,
Anx7(+/—) and the stress of fasting are depicted in HELP dia-
grams for the top 5% of genes most affected by the mutation. The
HELP diagrams are sorted according to the classes of the response
to Anx7 knockout: The of genes (A) Anx7 knockout affects only
gene expression in the fasting state (vertical vectors); (B) Anx7
knockout affects only gene expression in the fed state (horizontal
vectors); (C) vectors parallel to the main diagonal; and (D) Anx7
knockout causes gene expression in both states to become equal
(vectors pointing toward the main diagonal). Red vectors denote
increased expression and blue vectors denote decreased expres-
sion in the fasting state.

mouse islet is arrayed in the graph as a large symbol.
The genes in Figure 3A are particularly affected by the
mutation, whose expression is either much greater or
much less in the fasting state, but which are returned
toward the origin by the mutation. The dashed line in
the graph represents the diagonal, in which genes are
equally expressed in the fed or fasted states. The HELP
diagram thus enables one to appreciate, simply by in-
spection, which genes return toward the origin. This
conclusion is consistent with the message from Figure
2, but much more informative. The genes in Figure 4A
are equivalently analyzed, except that they come from
the list of genes most affected by the knockout. In both
cases the data cluster on the diagonal. Of the 14 genes
in Figure 3A and the 15 genes in Figure 4A, 6 genes
are present in common. The genes uniquely affected
by the mutant, PAX6 and HGF, stand out by virtue of
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Fig. 4. Classification of the effect of knocking out Anx7
on the response of gene expression to fasting stress sorted
by stress effect. The effects of the two experimental conditions,
Anx7(+/—) and the stress of fasting are depicted in HELP dia-
grams for the top 5% of genes most affected by fasting. The
HELP diagrams are sorted according to the classes of the re-
sponse to Anx7 knockout: (A) Anx7 knockout affects only gene
expression in the fasting state (vertical vectors); (B) Anx7 knock-
out affects only gene expression in the fed state (horizontal vec-
tors); (C) vectors parallel to the main diagonal; and (D) Anx7
knockout causes gene expression in both states to become equal
(vectors pointing toward the main diagonal). Red vectors denote
increased expression and blue vectors denote decreased expres-
sion in the fasting state.

their historic association with islet development (see
Discussion for specific references). The location on the
diagonal means that the expression of these genes is
the same in either fed or fasted states in the mutant,
but not necessarily identical to expression in either fed
or fasted states in the control.

The HELP diagram emphasizes angular clus-
tering of genes affected by the mutation, and the
angles can be analyzed in a systematic manner.
The entries in Figure 3B are genes that all express
significantly more in fasting than fed controls and
are reduced in the mutant islet. The direction of
the reduction is at an approximately —45° angle
toward the diagonal, where all the genes cluster.
Three of the four genes in Figure 3B are also found
in Figure 4B. Of the genes in this set, pre-
proglucagon and FGF9 from Figure 4D and



792 Molecular Medicine, Volume 8, Number 12, December 2002

Table 4. Quantitative RT-PCR of genes that are involved in islet biology

Gene Islets Liver
GKRSI1 (glucokinase, related sequence 1) —1.06 = 0.17 —2.53 + 0.31*
PTEN (phosphatase and tensin homolog) —21.25 £ 0.17* 3.94 *= 0.092*
GLUT2 (glucose transporter isoform 2) —5.06 = 0.21* 3.16 = 0.035*
PDX 1 (pancreatic and duodenal homeobox) —4.56 = 0.14* 0.00
IGF 1 (insulin-like growth factor 1) —2.57 * 0.13* 5.42 * 0.046*
NEURO D1 (neurogenic differentiation factor 1) —5.58 = 0.15* 1.91 = 0.18
NGN 3 (neurogenin 3) 1.18 = 0.15 —3.53 £ 0.23*

For qPCR results, data are means with SE for relative expression levels (arbitrary units). PCR conditions and the primer pairs used are
as described in “Materials and Methods” section. Values are shown as a fold difference between mutant mice (+/—) and their littermate
control (+/+), using the comparative Ct method (as described in method).

*p = 0.05, n = 4, (—) = down regulated gene.

follistatin from Figure 3D stand out by virtue of
their historic association with islet development. In
Figure 3C and 4C, we find genes that are signifi-
cantly different from the average in the fasting
states, but move approximately horizontally toward
the diagonal. Thus a return to the diagonal is the
common consequence of the mutation for these
genes. This happens regardless of whether they are
under- or overexpressed in the fasted state in control
animals, or whether they are chosen from those most
affected by either the mutation or fasting condition.
In other words, the Anx7(+/—) mutation causes
them to be equivalently expressed in both fed and
fasted states. Finally, a variation on the theme of Fig-
ure 3B and 4B are found in Figures 3C and 4C. These
genes move in parallel with, and with few excep-
tions, generally toward the diagonal. For example,
in Figure 4C, cytokeratin 18 (KRT18), a gene associ-
ated with ductal stem cell proliferation to form
cells, is expressed significantly more in fasted than
fed mutants (+2.9 SDs, Table 1), but approximately
equivalently in the control animals.

Validation and Analysis of Selected Gene Expression
in Islets and Liver Tissue Using Real-time Quantitative
RT-PCR

Candidate Anx7-regulated genes identified by our
bioinformatic analysis and selected genes with
historical importance for islet biology, not present
in our arrays, were examined for their expression
using quantitative real-time RT-PCR. As shown in
Table 4, there is remarkable down-regulation of
PTEN, Glut-2, and Neuro D1 expression in isolated
Anx7(+/—) islets but not in liver from the same
animal. Thus, the effect of the mutation on islet
gene expression is tissue specificc. We note that
PDX-1 and IGF-1 are down-regulated in mutant
islets, in parallel to the results from the array
study. We conclude that the differences noted by

the gene arrays validly reflect authentic gene ex-
pression in islets.

Discussion

The principal conclusions from this study are that the
acutely fasting state for the normal mouse results in
significant and fundamental changes in expression of
a limited number of genes in the islets of Langer-
hans. By contrast, in the case of the Anx7(+/-)
knockout mouse, the genomic data clearly show that
the mutation causes gene expression in mutant islets
to be virtually independent of the recent nutritional
history of the mutant mouse. Among islet genes af-
fected by fasting in the control mouse are a set of
genes classically associated with growth and devel-
opment of the endocrine pancreas. In addition, there
is a second set of genes, including certain transcrip-
tion factors and DNA repair enzymes, which have
not previously been so associated. With few excep-
tions, the expression levels of the genes associated
with the fasting state in the normal mouse are very
close to “fed” levels in the ANX7(+/—) mouse islets.
The data therefore show that normal levels of Anx7
gene expression are required for control of nutrition-
dependent gene expression in mouse islets of
Langerhans. A critical question deriving from these
data is how the Anx7 gene can serve as a “gateway”
for so many other genes involved in the nutritional
response. Because the Anx7(+/—) mutation pro-
foundly affects expression of the ITPR3 gene, one
possibility is that defective calcium signaling conse-
quent to the Anx7(+/—) mutation may play an es-
sential role in “gateway” function.

Loss of the Nutritional Genomic Response in the Anx7(+/—)
Islet May Be Due to Defective Ca®" Signaling
in Mutant 3 Cells

The basis of the experimental design for the study
was the hypothesis that because ITPR3 expression
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was constitutively low in Anx7(+/—) B cells, the
ability of mutant islets to distinguish between the
fed and fasted states might be lost. Fundamentally,
the hypothesis is correct at the genomic level. But
how could so many genes be gated by an Anx7 gene
dosage effect? We have previously shown that the
loss of ITPR3 gene expression prejudices both glucose-
or acetylcholine-dependent release of Ca** from the
endoplasmic reticulum in Anx7(+/—) mouse S cells
(20). This loss contributes to a profound reduction in
the rate of the Ca®>'-dependent insulin secretion
from isolated mutant islets. The accompanying phe-
notype of islet hypertrophy and B cell hyperplasia,
reminiscent of the compensatory response that often
accompanies type 2 diabetes, may also be 6 compen-
satory in nature. The mechanism of this compen-
satory change could be due to the profound loss
of PTEN (see Table 4). The PTEN(+/—) and
Anx7(+/—) mouse islets share similar structural
characteristics of islet biology (23). In this sense,
the PTEN and Anx7 heterozygotes are anatomic and
functional phenocopies of each other. Presumably,
the secretory defect expressed in individual B cells is
compensated by a massive increase in 8 cell num-
bers. In the Anx7(+/—) mutant mouse there is also
a subtle peripheral compensation in terms of mod-
estly but significantly less insulin resistance and
slightly more efficient glucose tolerance. However,
the individual B cells, which are most likely respon-
sible for the majority of genomic responses docu-
mented, sense only their individually modest cal-
cium signals. For that reason it is very likely that the
cellular Ca** signaling defect contributes to the fail-
ure of the mutant B cells to mount the appropriate
global genomic response to the stress of a 16-hr fast.
However, in a separately published study, we have
further investigated the generality of this mutation
on fasting stress by repeating this experimental par-
adigm on the adrenal gland of Anx7(+/—) knockout
mice. We found that the genomic ability to respond
to fasting stress was modified exactly like that
shown here for islets, except that the relevant genes
were those principally associated with development
and historical function of the adrenal medulla (24).
These data thus emphasize that a common Anx7-de-
pendent signaling process affects the genomic re-
sponse to fasting stress in a tissue-specific manner.
Testing this hypothesis further is beyond the scope
of this paper.

The Fasting State Affects Islet Genes That Are Classically
Associated With the Development of the Endocrine Pancreas

The physiologic stress of a 16-hr fast had the re-
markable consequence of affecting expression of a
substantial number of genes that are associated in
the literature database with islet development. We
have therefore entertained the possibility that the
acquired inability of the Anx7(+/—) mouse islets to
discriminate between fed and fasted states might be
the basis for the spectacular mutant islet phenotype

of islet hypertrophy and B cell hyperplasia (20).
Classically, the pathway for development of the en-
docrine pancreas is initiated by ductal epithelial
stem cells, marked by cytokeratin 18 (KRT18, mouse
endoB, Figure 4C) (25-27). These stem cells differ-
entiate into « cells, marked by preproglucagon
(PPG, Fig. 4D), which then further differentiate into
B cells. Cytokeratin 18 is among the first of the in-
termediate filaments to be expressed during devel-
opment, and is one of the major keratins expressed
in epithelia of the type found in the pancreas, as
well as liver and intestine (28,29). Interestingly, au-
toantibodies against pancreatic cytokeratin have
been described in type 1 diabetes (30). In control
islets, the data show that both cytokeratin 18
(Fig. 4C) and PPG (Fig. 4D) are marginally affected
by the fed versus fasting paradigm. However, in mu-
tant islets, PPG gene expression is increased in the
fed condition, whereas cytokeratin expression is
somewhat increased in the fasting state. The fasting
state is clearly a physiologic stressor for mice, and is
presumably avoided if at all possible. Nonetheless,
it is clear that the mutation affects the expression of
both genes directly, corroborating the possibility of
Anx7 gene dosage effects on fasting-induced B cell
differentiation from ductal stem cells.

A network of transcription factors have been
identified that are required for development of all
four endocrine cell lineages in islets from ductal
stem cells (31). Of the many transcription factors im-
plicated, our HELP diagram has identified muta-
tional effects on PAX6, follistatin, and hepatocyte
growth factor (HGF). PAX6 is one of several tran-
scription factors known to be essential for islet de-
velopment (32,33). PAX6 binds to a common ele-
ment in the promoters for glucagon, insulin, and
somatostatin (34,35), and is required for differentia-
tion of « cells from ductal stem cells in mouse pan-
creas (36,37). As shown in Figure 3A, fasting in the
normal mouse also increases expression of the
paired box gene PAX6. However, PAX6 is expressed
equally in the mutant islet, and at levels equivalent
to average expression of all genes in the mutant
islet. The known developmental importance of
PAX6 for islets of Langerhans leads us to consider
this observation as of particular importance for the
massive increase in B cells occurring in the
Anx7(+/—) mouse. Other PAX isoforms were not
available in our array, and will be separately studied
in the future.

Follistatin is a differentiation factor that binds
to activin and is believed to control the formation
of pancreatic endocrine cells (38,39). As shown in
Figure 3D, follistatin expression is vastly increased
in the fasting control islets, but is expressed equiva-
lently and substantially in both fed and fasted mu-
tant islets. HGF is mitogenic for duct cells but not
for B cells in vitro (40), and has been reported to in-
crease islet mass in vivo in transgenic mice (41). As
shown in Figure 3A, fasting in the control mouse
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reduces the level of HGF expression in islets. How-
ever, in mutant mouse islets HGF expression is in-
creased to a level above that of average gene expres-
sion in both fed and fasted animals. In summary, the
effect of the Anx7(+/—) mutation on the expression
of these transcription factors in islets seems to cause
them to be constitutively increased, independently
of the nutritional status of the mouse. It is therefore
very likely that these genes may contribute to the
hypertrophic islet phenotype typical of the
Anx7(+/—) knockout mouse.

For the hypertrophic islets to exert their en-
docrine contributions, we anticipated that an in-
creased vascular network of capillaries would have to
be engineered into the islet structure. The HELP dia-
grams do illuminate possible contributions from vas-
cular endothelial growth factor (VEGF), ephrin re-
ceptor B2, and TEK (the angiopoietin-1 receptor). For
example, fasting in the normal mouse increases islet
expression of vascular endothelial growth factor pre-
cursor (VEGF, Fig. 3C). However, as shown in Figure
3C, VEGF is expressed equally and at high levels in
the fed and fasted states in the mutant islets. VEGF is
important both for vascular development in the pan-
creas, as well as for 8 cell maturation from pancreatic
duct cells (42,43). VEGF is synthesized in B cells but
not endothelial cells in human adult and fetal pan-
creas (44), and is a mitogen for pancreatic duct cells
(45,46). Vascular morphogenesis also requires contri-
butions from ephrinB2 and its cognate receptor (47).
Consistently, as shown in Figure 3C, the Eph recep-
tor B2 is expressed at relatively low levels in the fast-
ing control islet. Yet, just like VEGF, it is expressed in
a vastly increased level in both fed and fasting
Anx7(+/—) mutant islets. Finally, as shown in Figure
4A, TEK is poorly expressed in fasting control islets,
but is substantially and equally expressed in both fed
and fasted mutant islets. A combined and sustained
coexpression of VEGF and angiopoietin-1 are known
to provide a powerful stimulus to postnatal recruit-
ment of vasculogenic stem cells (48). Angiopoietin-1
itself is also known to be a suppressor of apoptotic
endothelial cell death (49). Although these observa-
tions are based on a relatively small proportion of the
mouse genes potentially involved in vasculogenesis,
the physiologic coherence of this set of mined-out
genes argues that reduced Anx7 gene dosage, and the
observed 50% reduction in expressed Anx7 protein,
drives an increase in vasculogenic signals to support
the hypertrophic and hyperplastic states of islets in
mutant animals.

While hypertrophic, the organization of 8- and
non-B cells in the mutant islet are essentially nor-
mal. There is a mostly peripheral distribution of «
cells in the otherwise giant islets, and a central dis-
tribution of hyperplastic 8 cells. (20,21). Proper his-
tologic structure in islets is known to be dependent
on N-cadherin (NCAD) because, in the absence of
NCAD, the distribution of « and B cells in the
islet becomes random (50). Furthermore, NCAD is

substantially expressed in early glucagon-producing
cells in the developing pancreas. Such cells occur
early in the lineage leading to mature g cells (51,52).
N-CAM is also critical for the association of B8 cell
precursors to form islets during embryogenesis in
mouse (53) and man (54). Consistently, we find that
expression of NCAD precursor (N-cadherin, Figure
4D) is profoundly activated in expression in fasting
normal mouse islets. By contrast, NCAD expression
returns toward equivalent but average expression
levels in both fed and fasting mutants. Once again,
the Anx7(+/—) islet cells fail to discriminate be-
tween fed and fasted states for expression of yet an-
other developmentally important gene.

Identification of Genes Associated With the Anx7(+/—)
Mutation That Are Not Traditionally Associated With Islet
of Langerhans Biology

A remarkable cluster of significantly and uniquely
changing genes, specifically associated with fasting
stress, may yield the most relevant mechanistic in-
sights underpinning the giant islet phenotype in the
Anx7(+/—) mice. These may also be important be-
cause, as noted, they have not previously been asso-
ciated with islet biology. As shown in Figures 3 and
4, we find that many of these uniquely changing
genes are associated either with repair of damaged
DNA or with gene transcription. For example, the
UV excision repair protein RAD23 homolog B (55)
(hHR23B, Figure 3A) is highly expressed in fasting
control islets relative to the fed state. However,
hHR23B is substantially changed to equivalent and
lower expression in the mutant islets. By contrast,
expression of the UV excision repair protein ho-
molog A (56) (RAD23A, Figure 4A) is strongly sup-
pressed in fasting mutants, but changes to equiva-
lent but average expression in islets of both fed and
fasted mutant mice. Like RAD23A, the DNA mismatch
repair protein MutL homolog (MLH1, Figure 3A) is
also reduced in fasting control islets, but changes to
equivalent but average expression in islets of both
fed and fasted mutant mice. Xeroderma pigmentosum
group G complementing protein (XPG, Figure 4A), a
gene coding for an enzyme known to be active in
repair of x-ray damage to DNA, is elevated in ex-
pression in fasting control islets, but is reduced to
equivalent expression in both fed and fasting mu-
tant islets. The MLH1 DNA mismatch repair gene
(HR21sp, Fig. 3D) is a calcium-binding protein in-
volved in ionizing radiation-induced DNA double-
strand break repair (57,58). To the best of our
knowledge, these mismatch repair enzymes have
not been shown previously to have a specific pheno-
typic relationship to the pancreas or to islets of
Langerhans in particular. The stress of the fasting
state thus appears to induce a heightened capacity
for DNA repair, which becomes all but constitutive
in the Anx7(+/—) mouse islet.

The fed versus fasting paradigm also affects a
number of unique genes in islets, which are known
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to be associated either with transcription directly or
with signaling pathways leading to enhanced tran-
scription. In all cases they are enhanced in expres-
sion under fasting conditions only in mutant islets.
One is the CCAAT/enhancer binding protein delta
(C/EBP delta; CRP3, Fig. 4C). C/EBP plays many
roles in the body. However, C/EBP is known to be
regulated during murine postnatal colon develop-
ment, and therefore has a literature-based develop-
mental relationship with the GI tract (59). The
CCAAT/enhancer binding proteins are also associ-
ated with differential insulin gene expression (60),
and with experimental diabetes (61). Another of
these unique transcription factors is the src-like
adapter protein (SLAP, Fig. 3C), which is activated
in fasting control islets, but is expressed in equiva-
lent but elevated levels in fed or fasted mutant islets.
Finally, there is the U2 small nuclear ribonucleopro-
tein auxiliary factor subunit (SP2, Fig. 4C). SP2 is an
imprinted gene which binds to G-rich promoter do-
mains (62,63). As pointed out for the DNA repair
genes, these latter genes, except for C/EBP, are also
typified by a lack of a literature-based relationship
to the pancreas or to islet cell biology. For that rea-
son these novel genes alert us to the existence of
hitherto unknown pathways to the development of
islets, which could be of potential use for both diag-
nostics and therapeutics.

Finally, there are a set of tumor suppressor genes
and proto-oncogenes whose expression is modified
by nutritional stress. Inasmuch as the ANX7 gene
functions as a tumor suppressor gene for human
prostate cancer (64), the actions of fasting and the
Anx7(+/—) mutation on other tumor suppressor
genes may be important. The adenomatous polyposis
coli protein (APC, Fig. 4C) and the breast cancer type
2 susceptibility protein (BRCA2, Fig. 3C) are both ex-
pressed at low levels in the fasting control islet. How-
ever, they are expressed equivalently and lower in
both fed and fasted mutant mouse islets. It is possible
that reductions in activity of these types of genes may
enhance growth and proliferation, and thus con-
tribute to islet hypertrophy in the Anx7(+/—) mouse.
Conversely, the fyn proto-oncogene (FYN, Fig. 3C) is
enhanced in the fasting control islet, and is equally
highly expressed in fed or fasted mutant islets.

Conclusion

We suspect that this information may prove useful in
devising pharmacogenomic targets for drugs or
genes whose purpose might be to either grow new
islets for type 1 diabetes or to reactivate otherwise
poorly responsive islets for type 2 diabetes. This
type of experiment, contrasting the global expres-
sion of genes in the fed and fasted states, has to our
knowledge not previously been performed. It is
therefore the first example of what we suggest could
be usefully termed nutritional genomics. In principle,
nutritional genomics should be able to yield novel

information regarding the often subtle influence of
nutrients, toxins, mutations, and disease on the fun-
damental biology of islets or other tissues. Among
this class of such genetic components we now in-
clude Anx7, whose requirement for physiologic nu-
tritional control of gene expression in islets is pro-
found.
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