Perspectives 1n Diabetes

A Genetic Switch in Pancreatic 3-Cells
Implications for Differentiation and Haploinsufficiency

Jorge Ferrer

Heterozygous mutations in the genes encoding tran-
scriptional regulators hepatocyte nuclear factor (HNF)-
la and HNF-4a cause a form of diabetes known as
maturity-onset diabetes of the young (MODY). Haploin-
sufficiency of HNF-1a or HNF-4« results in MODY be-
cause of defective function of pancreatic islet cells. In
contrast, homozygous null mutations in mouse models
lead to widespread and profound gene expression de-
fects in multiple cell types. Thus, it is not surprising
that HNF-1a function is now known to have distinct
properties in pancreatic f3-cells. It controls a complex
tissue-selective genetic network that is activated when
pancreatic cells differentiate, and allows these cells to
maintain critical specialized functions. The network
contains an indispensable core component formed by a
positive cross-regulatory feedback circuit between HNF-
la and HNF-4«. This type of circuit configuration can
exhibit a switch-like behavior with two stable states. In
the default active state, it can serve to perpetuate
network activity in differentiated 3-cells. However, the
loss of one HNF-1a or HNF-4« allele can increase the
probability that the feedback circuit is permanently
switched off, resulting in decreased expression of all
four alleles selectively in B-cells. Such a model can serve
to rationalize key aspects of the pathogenic mechanism
in MODY. Diabetes 51:2355-2362, 2002

he genetic analysis of mendelian forms of diabe-
tes has produced a major breakthrough in our
understanding of the transcriptional programs
needed for differentiated B-cells to function
properly. During a period of <3 years, mutations in five
genes encoding transcriptional regulators were found to
cause early-onset autosomal dominant diabetes (also
known as maturity-onset diabetes of the young [MODY])
(Table 1) (1-5). The MODY3 gene, encoding an atypical
homeodomain protein named hepatocyte nuclear factor
(HNF)-1a, was incriminated in its etiology through a
positional cloning strategy (2,6). HNF-1a had been identi-

From the Department of Endocrinology, Hospital Clinic i Universitari, Institut
d’'Investigacions Biomediques August Pi i Sunyer, Barcelona, Spain.

Address correspondence and reprint requests to Dr. Jorge Ferrer, Depart-
ment of Endocrinology, Hospital Clinic Universitari, Institut d'Investigacions
Biomediques August Pi i Sunyer, Villarroel 170, Barcelona-08036, Spain.
E-mail: jferrer@medicina.ub.es.

Received for publication 27 March 2002 and accepted in revised form 8 May
2002.

HNF, hepatocyte nuclear factor; MODY, maturity-onset diabetes of the
young.

DIABETES, VOL. 51, AUGUST 2002

fied several years before, but despite a wealth of informa-
tion on its function in regulating liver enriched genes, it
had not been regarded as a candidate gene for diabetes (7).
The identification of HNF-1a led immediately to the rec-
ognition that the MODY1 gene encoded HNF-4q, a regula-
tor of HNF-1a (1). Because diabetes in both MODY1 and
MODY3 results from a severe insulin secretory defect
(6,8-10), these genetic findings indicated that HNF-1« and
HNF-4a have an unanticipated role in controlling B-cell
function (1,2). Shortly after these findings, a candidate
gene approach led to the recognition that mutations in
further B-cell transcriptional regulator genes caused
MODY: IPF-1(MODY 4), TCF-2 (encoding HNF-13, MODY
5), and NeuroD-1 (3-5) (Table 1).

The identification of HNF-la and HNF-4a as MODY
genes has raised several fundamental questions. What are
the in vivo genetic targets and the basic biological pro-
cesses that are controlled by these transcriptional regula-
tors in B-cells? How can mutations in genes known to
regulate transcription in diverse cell types result in a
phenotype that is largely restricted to pancreatic cells?
Why are heterozygous mutations sufficient to cause the
disease, and why is a genetically determined phenotype
delayed until the second to fourth decade of life? On the
other hand, it was assumed that these and possibly other
transcriptional regulators involved in MODY participated
in a common {3-cell regulatory pathway, but there was no
evidence to define the nature of the pathway in this
particular cell type. Clearly the answers to these questions
will reveal molecular mechanisms that are central in the
control of differentiated B-cell function.

The molecular genetics of MODY has been the subject of

several recent reviews (11-14). The purpose of this article
is to discuss recent findings reported by several laborato-
ries that have uncovered key genetic interactions of
HNF-1a and HNF-4a in pancreatic B-cells. This informa-
tion is analyzed to propose a model for the haploinsuffi-
cient mechanism in MODY.
HNF-1a and HNF-4« deficiency causes dysfunction of
pancreatic [3-cells. Humans with heterozygous HNF-1a
and HNF-4a mutations typically develop diabetes during
the second to fourth decade of life (1,6,8,13,15). Diabetes
results from abnormal glucose-induced insulin secretion,
rather than defective insulin action or hepatic glucose
output (6,8,9,16). The B-cell defect cannot be ascribed
solely to reduced cell mass or insulin gene transcription,
as it is selective for certain stimuli (17,18).
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TABLE 1

Description of six MODY genes

Locus Human gene Alias Protein family Function

MODY1 HNF4A HNF4a, NR2A1 Nuclear receptor Transcriptional regulation
MODY2 GCK Glucokinase, hexokinase IV Hexokinase Glycolysis, glucose sensing
MODY3 TCF1 HNFla, HNF1 Atypical homeodomain Transcriptional regulation
MODY4 IPF1 IDX1, PDX1, STF1, GSF Homeodomain Transcriptional regulation
MODY5 TCF2 HNF1B, vHNF1 Atypical homeodomain Transcriptional regulation
MODY6 NEUROD1 NeuroD, Beta2 Basic helix-loop-helix Transcriptional regulation

Studies in mice with homozygous HNF-la null muta-
tions or expressing a dominant-negative inhibitor of HNF-1
have been conceptually consistent with the human
MODY3 findings (19-25). Hnfla™’~ mice do not exhibit a
conspicuous developmental block, and although they have
a small pancreas (and hence reduced B-cell mass), it is
proportional to their small body weight (21,23). Nonethe-
less, minor derangements in the organization of pancreatic
cells and altered adaptive regenerative capacity of 3-cells
likely exist (23). Insulin mRNA abundance has been shown
to be either unaltered or moderately decreased in the case
of the insl gene (22-24). Analogous to the MODY3 find-
ings, HNF-1a —deficient islet cells display severely blunted
secretory responses to glucose but retain the ability to
respond to depolarization induced by KCl (19,23,25). The
defective glucose response results in part from a glycolytic
block proximal to enolase (19), but no single target gene is
likely to be incriminated as a cause, given that numerous
genes involved in stimulus secretion-coupling are under-
expressed in hnfla-deficient islet cells (22,24,26). There is
also no secretory response to arginine (20,23), perhaps
because of decreased expression of the basic amino acid
transporter BAT (24). Dominant-negative inhibition stud-
ies have additionally demonstrated effects on mitochon-
drial function (25). In the aggregate, it appears that a major
function of HNF-1a is to ensure that the machinery that is
required for 3-cells to respond to glucose and other stimuli
is in place.

One apparent difference between HNF-1a—null mutant
mice and humans is the lack of a clear phenotype in
heterozygous mice up to age 16 weeks (23,27). This
discrepancy clearly needs to be assessed in greater detail,
as there are several potential reasons to account for it. One
is that diabetes in heterozygous humans is not present
until 10-40 years after birth (13,15), which does not
necessarily equate to 6-16 weeks in the life of a mouse.
Another factor is the likely existence of epistatic genetic
modifiers that could modulate penetrance in diverse ge-
netic backgrounds. In keeping with this notion, heterozy-
gosity at the hnfla locus in mice was recently shown to
have striking effects on insulin secretion in a pdxl™~
background (27). Interestingly, very late or nonpenetrance
has been described in MODY3 mutation carriers, indicat-
ing not only inter- but also intraspecies phenotypic vari-
ability (8,15).

There is much less information on the role of HNF-4« in
B-cells. As occurs with HNF-1a, young hnf4a™’™ mice do
not exhibit glucose intolerance (27), whereas germ-line
homozygous null mutants do not develop beyond gastru-
lation (28). Conditional Cre-loxP —based inactivation stud-
ies have shown that HNF-4a has critical roles for
numerous genes in adult hepatocytes (29), but analogous
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experiments have yet to be reported in pancreatic cells.
However, the 3-cell phenotype in MODY1 is extremely
similar to that in MODY3 (9,10). Furthermore, dominant-
negative inhibition of either HNF-1la or HNF-4« in INS-1
B-cells leads to reduced expression of a remarkably simi-
lar set of genes (25,30). This suggests that HNF-1a and
HNF-4a control a common genetic program in -cells, and
it is already quite clear that this program is required for the
correct function of differentiated p-cells.

The function of HNF-1la is fully dependent on cell-
type context. Although homozygous HNF-1la mutations
have not been reported in humans, we know that hnfla ™~
mice exhibit a severe pleiotropic phenotype in addition to
diabetes (21,23,24,31-33). This results from widespread
gene expression defects in liver, kidney, and other organs,
leading to multiple derangements such as abnormal bile
acid and cholesterol metabolism, phenylketonuria, fatty
liver, growth impairment, and tubular glycosuria (21,23,24,
31-33). This picture contrasts completely with that seen in
heterozygous HNF-la and HNF-4a humans, who essen-
tially present with B-cell dysfunction and diabetes (6,8—
10,16). Isolated target gene defects in other tissues have
been identified, such as decreased production of apoli-
poproteins AIl and CII in MODY1 and an altered renal
glucose reabsorption threshold in MODY3, but these are
comparably subtle (32,34).

The tissue specificity of heterozygous mutations cannot
be ascribed to a classical dominant-negative mechanism
occurring solely in B-cells. A large number of human
HNF-1a and HNF-4a mutations have been carefully ana-
lyzed, and although in some instances dominant-negative
effects have been identified by overexpressing mutant
proteins, there is compelling evidence in many other cases
(such as in promoter mutations) that the mutation simply
causes loss of function (14,35-37). Furthermore, the phe-
notype does not appear to be more severe in cases where
a dominant-negative effect is observed (15). This suggests
that HNF-1a and HNF-4a have B-cell—specific functions
that are uniquely vulnerable to decreased gene dosage.

There is now more detailed information on some of the
B-cell—specific functions of HNF-la. Numerous genes,
including glut2 and pklr, and several transcriptional regu-
lators exhibit markedly decreased expression in hnfla /"~
islets, but do not require HNF-1« in other tissues such as
liver (22,24,38). For many (though not all) genes, it is clear
that the cell-specific requirements are not related to the
hyperglycemic environment or other secondary derange-
ments. For example, several such genes are abnormally
expressed prenatally or shortly after birth, at a time when
there is no significant hyperglycemia (22,24,38). Further-
more, HNF-1a directly interacts with chromatin of targets
such as glut2 and pklr in mouse islets (22). Although some
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FIG. 1. Partial structure of a complex regulatory network in differen-
tiated pancreatic cells. Solid lines represent interactions proven by
genetic analysis, indicating an essential role in pancreatic cells, as well
as by biochemical evidence, indicating that the interaction is direct.
Dotted lines indicate interactions demonstrated by only one of these
approaches. PDX-1 dependence on HNF-1la was present in one of two
genetic studies. Arrows with + signs indicate positive regulation and
arrows with flat ends with negative signs indicate negative regulation.
Note that SHP can exert posttranscriptional repression of several
other nuclear receptors aside from HNF-4a.

of the mechanisms involved in the activation of direct
HNF-1a targets are beginning to be unraveled (22,39,40), it
is still unclear why for some genes HNF-1a is required for
activation in certain cell types but not in others.

HNF-1a occupies a critical position in cell-specific
transcriptional regulator networks. The existence of
different HNF-la—dependent regulatory networks in di-
verse cell types could be one of several nonexclusive
mechanisms that account for the cell-specific roles of
HNF-1a. The participation of HNF-la in transcriptional
networks is well documented. The analysis of null mutant
embryoid bodies has shown that HNF-38 and HNF-3«
exert positive and negative control on HNF-4a, respec-
tively (41). HNF-4a is required for normal transcription of
HNF-1la in hepatocytes and endoderm-like cells (37,41—
43), whereas HNF-1a controls downstream hepatic tran-
scriptional activators, such as FXR (44). This complex
network manages a vast array of targets encoding proteins
involved in highly specialized liver functions (21,31,33,44).

In pancreatic islets, HNF-1a is integrated in a network
that has an entirely different architecture. Several mRNAs
encoding transcriptional regulators, including HNF-4q,
HNF-4v, or HNF-3v, are dependent on HNF-1a in pancre-
atic cells specifically (24,38) but are expressed normally in
the liver or kidney of mice lacking HNF-1a (24,38). Inter-
estingly, HNF-1a is also dispensable for the expression of
these targets in pancreatic epithelial precursor cells, and
only becomes essential shortly after differentiated pancre-
atic cells arise (38).

The existing data indicate that the structure of the
pancreatic network is complex (Fig. 1) (24,30,38,45). It is
nonlinear, with cross- and autoregulatory interactions
(24,27,38). Some distal targets (such as pkir or shp) are
connected with HNF-1a indirectly through subsidiary ac-
tivators or by both direct and indirect mechanisms
(24,38,46). Most likely, any attempts to decipher the logic
of this entire network design at this time would be based
on a keyhole vision of a much more vast network.
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The evidence for a cross-regulatory loop between
HNF-1a and HNF-4« in pancreatic cells. It is striking
that despite the complexity of this network, it is already
possible to isolate a very simple substructure that exhibits
a highly predictable behavior in different model systems.
Thus, HNF-1a and HNF-4a have been shown to establish
interdependence through direct cross-regulatory interac-
tions in pancreatic cells (24,30,35,38) (Fig. 1).

Proof for HNF-1a dependence on HNF-4a comes from
several HNF-4a—deficient models that have shown that
this gene is needed for normal HNF-1a transcription in
embryonic visceral endoderm and hepatocytes (37,42,43).
This control is exerted through the interaction of HNF-4«
with a DR1 direct repeat cis element in the HNF-la
promoter (35,47). Strongly suggestive evidence that this
interaction also takes place in B-cells comes from two
sources. First, dominant-negative inhibition of HNF-4« in
INS-1 B-cells results in severely decreased formation of
HNF-1a DNA-binding complexes and mRNA (30). Second,
a loss of function mutation in the HNF-1a promoter DR1
element is linked to MODY in a large pedigree (35). This
suggests that HNF-4a control of HNF-1a occurs at some
point in pancreatic development, and, importantly, that
this interaction is essential for pancreatic 3-cell function.
Although a direct genetic analysis of the requirement for
HNF-4a to express HNF-1a in both precursor and differ-
entiated pancreatic cells is still needed, the available
evidence indicates that HNF-4a controls the expression of
HNF-la in multiple cell types, including embryonic
endoderm, liver, and pancreatic cells (30,35,37,41-43,47).

In sharp contrast, studies using hnfla™’~ mice have
shown that HNF-1a control of HNF-4« is clearly restricted
to differentiated pancreatic cells (but not precursor cells),
and in part to intestinal cells (24,38). Interestingly, HNF-4«
transcription in pancreatic cells is driven almost exclu-
sively by an alternate promoter known as P2 (38,45).
Chromatin immunoprecipitations have shown that
HNF-1a directly interacts with the P2 promoter in islets
(38). HNF-1a also transactivates P2 in transient transfec-
tion assays (45). Because another promoter (P1) is the
predominant transcription initiation site in adult hepato-
cytes and kidney, HNF-4ae mRNA in knfla/" mice is not
grossly deranged in these tissues (24,31,38). Thus, HNF-1«
is dependent on HNF-4a in multiple tissues, but in pancre-
atic cells, a cross-regulatory loop between these two genes
is formed (Fig. 24).

The cross-regulatory circuit as a molecular memory
device. Once insulin-producing cells arise, mechanisms
need to be in place to maintain their phenotypic properties
over time and throughout consecutive rounds of cell
division. Cross-regulation between HNF-1a and HNF-4« is
switched on as pancreatic cells are provided the signals to
differentiate (Fig. 2B) (38). Once it is installed, this type of
circuit configuration can provide a stable mechanism of
gene expression, as physiological perturbations of the
activity of one of the two genes can be reset back to the
equilibrium state by the opposite gene (48,49). This can
serve to self-perpetuate the activity of both genes and their
targets in differentiated cells (Fig. 2B). The notion that a
transient instructive signal is sufficient to lock a genetic
program that maintains differentiated functions makes
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FIG. 2. A: Schematic representation of essential regulatory interac-
tions between HNF-1a and HNF-4« in pancreatic and hepatic cells. B:
Interdependence between HNF-1a and HNF-4« is established as pan-
creatic cells differentiate during embryogenesis. Cross-regulation can
provide a mechanism to maintain stable expression over time, even if
the initial instructive signal is short lived. Regulation of HNF-1la by
HNF-4« in precursor pancreatic cells is conjectured based on findings
in all cell types where it has been examined.

sense in a cell type that has little plasticity to undergo
alternate fates.

A circuit with two stable states. Although interdepen-
dent activity represents the default stable state of this loop
in differentiated pancreatic cells, under extreme condi-
tions it could adopt an alternate equally stable state (Fig.
3A). If the function of one of the two genes is sufficiently
perturbed so that the activity of the second gene is
severely impaired, this can again inhibit the first gene and
so on until the two genes reach a lower activity state. This
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|on| | oFF|

HNF1« HNF4x IS HNF1a HNFda

B. Loss of one HNF1 « allele (immediate circuit breakdown)
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HNFla HNFéa ... HNF1a HNF4a

C. Loss of one HNF1 « allele (delayed circuit breakdown)
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FIG. 3. Switch positions of the pancreatic HNF-1o/HNF-4« circuit. A: In
the physiological stable ON state, the circuit configuration prevents
inactivation. B: Loss of one allele (HNF-1la in this case) results in
circuit inactivation if 50% of HNF-la gene product is insufficient to
maintain HNF-4« gene activity at the level required to in turn maintain
the activity of the normal HNF-1« allele. C: Loss of one HNF-1« allele
is sufficient to maintain near-normal HNF-4« activity. Haploinsuffi-
ciency increases the probability that a transient stochastic or deter-
ministic fluctuation of HNF-1a expression falls below a threshold level
required for transition to the OFF state. Decreased gene dosage also
increases the stability of the OFF state.
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alternate equilibrium state is defined as the state in which
the activity of each gene is that which takes place in the
absence of the opposite gene. As discussed earlier, loss of
function studies have indicated that for both genes this
basal state represents a substantial reduction in gene
expression. Intermediate states are unlikely, as insuffi-
ciently severe perturbations are reset to the original stable
state. As in any switch mechanism, changing between ON
and OFF positions requires a transient perturbation that
exceeds a threshold level, but once the new position is
reached it is stable, even if the triggering effect disappears.
This type of bistable behavior has long been recognized as
a property of positive cross-regulatory feedback circuits
(48-51), although it requires experimental in vivo demon-
stration in this precise model. Simulated circuits very
much like the HNF-1o/HNF-4a loop have been previously
shown to exhibit bistability (48,49). Experimental verifica-
tion of bistability has been attained in a synthetic single-
gene, positive autoregulatory loop (52).

Are all four HNF-1la and HNF-4« alleles needed to
keep the switch turned on? A bistable circuit configu-
ration can have important implications for our under-
standing of the consequences of HNF-4a and HNF-la
haploinsufficiency. The loss of one functional allele can
increase the probability that the opposite gene is inhibited
sufficiently to trigger the transition to an OFF state (Fig.
3B). The net result of the loss of one allele in such a model
is the reduction of activity of all four HNF-1a or HNF-4«
alleles in pancreatic cells. Thus, an incomplete primary
defect in any one of the two genes can lead to a phenotype
that approaches that of a double homozygous null mutant.
This concept is consistent with the severity of p-cell
dysfunction imparted by the loss of a single allele (9), with
the notion that the B-cell phenotype is very similar in
MODY1 and -3 (9,10), and that dominant-negative inhibi-
tion of either HNF-4a or HNF-1a in 3-cells causes reduced
expression of the same set of genes (30).

The cellular specificity of the switch mechanism
matches that of the heterozygous phenotype. If dis-
ruption of the loop is instrumental in the haploinsufficient
mechanism, a severe phenotype should occur only in the
cells in which the circuit exists (Fig. 24). In the absence of
a loop, the predicted outcome in nonpancreatic cells is
that there could be partially decreased concentration of
functional HNF-1a in MODY3, or of HNF-4a and perhaps
HNF-1la in MODY]1, but not a severe phenotype resulting
from impaired function of all four HNF-la and HNF-4«
alleles. This prediction closely fits the genetic findings.
Hnfla™’~ mouse studies have clearly shown that this gene
is absolutely necessary for a vast array of critical genes in
liver, gut, and kidney (21,23,24,31,32), whereas heterozy-
gosity results in a clinically significant and severe pheno-
type only in pancreatic islet cells (6,8,9,16,27). Furthermore,
although the heterozygous HNF-1laa and HNF-4a pheno-
types are very similar in 3-cells, the mild liver and kidney
defects reported in MODY1 and MODYS3 are specific for
each gene (32,34).

Delayed onset of the phenotype: When does circuit
breakdown take place? Although MODY1 and -3 are
caused by germ-line mutations, the diabetic phenotype
does not appear until 10-40 years after birth (13,15). On
the other hand, we know from the hnfla /" mouse studies
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FIG. 4. Model for the delayed onset of the diabetic phenotype. Follow-
ing the mechanism described in Fig. 3C, the time-dependent accumu-
lation of B-cells that are switched to the stable OFF position eventually
results in a mass of correctly functioning B-cells that is insufficient to
maintain glucose homeostasis. A nonlinear relationship is depicted to
accommodate the proposed interplay between extrinsic and stochastic
factors, as described in the text.

that interdependence is installed soon after differentiated
pancreatic cells appear during embryogenesis (Fig. 2B)
(38). If the phenotype is dependent on the loop mecha-
nism, why does it take so many years to develop?

Because HNF-4« is not dependent on HNF-1« in precur-
sor cells (and hence no loop exists), the circuit is expected
to be in the default ON state as insulin cells first appear in
heterozygous mutation carriers. The question thus be-
comes, When does circuit inactivation take place? It could
occur quickly in most cells soon after interdependence is
established in embryonic insulin-producing cells (Fig. 3B).
However, the fact that the phenotype does not appear until
many years later makes it necessary to consider the
alternate possibility that inactivation may be an inefficient
process.

Most likely, the loss of a single HNF-1a or HNF-4« allele
does not immediately compromise circuit activity in dif-
ferentiated cells. This is clearly the case in mice, as young
hnfla™’~ animals express HNF-4a mRNA at nearly normal
levels in pancreatic cells (S. Boj and J.F., unpublished
observations). However, transcription in a single cell is an
inherently noisy process (563-56); it undergoes fluctuations
that are not solely environmentally determined, but also
stochastic (563,567). The existence of 50% of the normal
gene product can critically increase the probability that an
extreme fluctuation at any moment in the lifetime of a cell
surpasses a threshold required to trigger the transition
from the ON-to-OFF state (Fig. 3C). Perhaps even more
relevant than the average activator concentration is the
notion that single- as opposed to two-allele expression is
on its own expected to increase this likelihood, as it leaves
no backup activity if transient inhibition occurs in the
single functional allele. Cook et al. (67) used computer
simulations to demonstrate the increased probability that
stochastic events lead to transient inactivity of a gene in a
single- versus two-allele system, even under conditions in
which average gene product concentration is held con-
stant in both systems.

If the HNF-1o/HNF-4« circuit is bistable, a severe but
transient inhibition can give rise to a permanent lock in the
OFF state. The stability of this state is predicted to be
reinforced by decreased gene dosage, as it should com-
promise circuit reactivation (Fig. 3). As more individual
cells undergo the ON-to-OFF transition over the course of
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years, a threshold of B-cells that possess an inadequate
state of terminal differentiation is eventually achieved,
giving rise to diabetes (Fig. 4). The average age at diagno-
sis could thus represent a function of the probability that
the circuit is locked in an OFF state in a sufficient number
of B-cells.

The notion that time, rather than solely age or biological
maturation, is instrumental in enabling low-probability
stochastic events to take place could underlie the lack of
phenotype in heterozygous mice aged 6-16 weeks (23,27),
in contrast to heterozygous humans aged 10-40 years
(13,15). However, other factors aside from time are ex-
pected to regulate this process. The fact that penetrance is
very rare before age 10 years in MODY3, and then in-
creases progressively (13,15), may be attributable to age-
related factors capable of increasing circuit instability, as
opposed to an exclusive stochastic mechanism. On the
other hand, penetrance variability, both within humans
and between species, may result from genetic modifiers of
circuit stability.

Interestingly, HNF-4ao mRNA levels are compensated in
young heterozygous +/— mice, suggesting a negative
autoregulatory loop (Fig. 1) (27). This effect is expected to
counteract the ON-to-OFF transition. However, once the
OFF state is attained, negative autoregulation can also
counteract reactivation, and thus consolidate the stability
of the inactive state.

The model postulated here is consistent with other
parallel or consecutive pathogenic mechanisms. For ex-
ample, circuit inactivation could take place long before the
phenotype appears by limiting an appropriate cell growth
or secretory adaptive response to demands imposed later
in life, or by allowing gradual accumulation of cellular
defects. On the other hand, once metabolic derangements
are initiated, these are expected to contribute to the
completion of the process of B-cell failure (58). Further-
more, decreased expression of HNF-1a or HNF-4a could
conceivably trigger dysregulation of private network tar-
gets that are very sensitive to activator concentrations,
before the inactivation of the loop.

Are other MODY genes required to keep the switch
turned on? In addition to HNF-la and HNF-4a them-
selves, other regulators are expected to control the activ-
ity of these two genes in differentiated pancreatic cells.
The bistable circuit model predicts that any circumstance
that imparts a severe inhibition of the loop below a
threshold level can trigger its extinction, resulting in a
similar phenotype as a mutation of either HNF-la or
HNF-4a. Other MODY genes are attractive candidate sites
for this type of mechanism. Strong support for such an
interaction among MODY genes has been provided by a
recent study indicating that IPF-1 (MODY4) may be a
critical regulator of HNF-4a (45). Thomas et al. (45)
discovered a mutation in the pancreatic HNF-4a promoter
that segregates with diabetes in a large kindred, with a
logarithm of odds score of 3.25. The mutation disrupts an
IPF-1 (PDX-1) high affinity binding site that is essential for
HNF-4a promoter activity (45). This suggests that the
MODY4 phenotype could be mediated in part by a defec-
tive function of the HNF-1o/HNF-4« circuit (45). HNF-13
(MODY5), a paralog of HNF-1a that shares closely related
DNA binding and dimerization domains (3,59), could also
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regulate this circuit. AnfIB~’~ embryos die before pan-

creas organogenesis but fail to express HNF-la in
endoderm cells (60). HNF-1B also interacts with the
HNF-4a P2 promoter in transient transfections and in vitro
binding assays (45). Furthermore, HNF-13 may act indi-
rectly through IPF-1/PDX-1, as zebra fish HNF-13 mutants
fail to express PDX-1 in the endodermal segment destined
to form the pancreatic bud (61).

An additional level of complexity lies in the observation

by Shih et al. (24) of decreased expression of PDX-1 in
pancreatic cells of hnfla " mice. A meaningful reduction
of PDX-1 has not been observed in our own studies with
embryonic and early postnatal pancreatic tissues from
hnflo/~ mice (22,38) or in the dominant-negative inhibi-
tion cell line experiments (25). However, the PDX-1 5’
flanking region contains an evolutionary conserved HNF-1
site (62,63), and this could conceivably be variably linked
to HNF-1la or HNF-13 dependence in diverse genetic or
environmental background settings. Thus, PDX-1 could lie
both upstream and downstream of the HNF-1o/HNF-4a
circuit, forming a separate regulatory loop. This notion is
consistent with the existence of epistatic interactions
between pdx1 and hnfla loci in mice (27).
A framework to study the mechanism of haploinsuf-
ficiency of genetic network components. The mecha-
nism of haploinsufficiency in human genetic diseases is
greatly overrepresented among transcriptional regulator
genes as compared with other functional categories (64—
68). Aside from specific settings in which loss of heterozy-
gosity and single allele expression have been described,
the mechanism is generally based on the requirement of a
critically narrow range of activator concentrations (64,66—
68). Decreased gene dosage could lead to altered stoichi-
ometry of multimeric regulatory complexes (68) or failure
to establish cooperative interactions with other activators
(69). The mechanism postulated here, for the first time to
our knowledge, is that the consequences of decreased
dosage of a single regulator gene can be greatly amplified
in the face of a self-sustaining feedback circuit. Further-
more, it is proposed that in this setting, transient stochas-
tic or extrinsically determined inhibitory events can serve
as triggers for permanent network inactivation. Haploin-
sufficiency is postulated to increase both the likelihood of
circuit inactivation and the stability of the inactive state.
This notion broadens the implications of a study discussed
earlier, whereby simulations were used to show that in the
presence of a heterozygous loss of function mutation of
any given gene, stochastic deactivation of the functional
allele may intermittently mimic the homozygous null state
(67). As cross-regulatory circuits between transcriptional
regulators are extremely common (70,71), this raises the
intriguing possibility that autocatalytic circuit breakdown
could be involved in other haploinsufficient defects.

The model that is presented here is testable and requires
experimental analysis in a 3-cell context. For example, it is
necessary to determine that extreme parameter conditions
of the circuit, such as a very slow activation/inactivation
rate, do not render extinction as the result of a transient
event too unlikely. It is also important to know how the
interplay with other network components affects the prop-
erties of the circuit. Nonetheless, the model rests on two
firm premises. First, there is genetic evidence for pancre-
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atic-restricted interdependence of HNF-la and HNF-4q,
which holds true irrespective of other mechanisms regu-
lating these two genes (24,30,35,37,38,42,43,45,47). Sec-
ond, the concept that positive cross-regulatory feedback
circuits are capable of exhibiting multistability is well
established (48-52). The model that emerges does a
reasonably good job in explaining the established clinical
features of MODY.

Such a framework to explain the haploinsufficient mech-
anism in MODY extends previous models that did not
accommodate the existence of a feedback circuit, but did
postulate that loss of one HNF-1a allele results in insuffi-
cient activator concentrations to elicit normal target gene
responses specifically in islets (36). Another model that
did not incorporate this loop structure already postulated
loss of function of both HNF-1a alleles because of somatic
loss of the wild-type allele in a subset of cells hypothesized
to possess a growth advantage (14).

Final remarks. The obligate task of HNF-1a and HNF-4«
in 3-cells appears to be largely dependent on their position
within a network and not solely on the linear activation of
a set of critical distal target genes (24,38,45). Because one
of the recognized attributes of complex networks is ro-
bustness to inactivation of random components (72), it is
remarkable that the HNF-lo/HNF-4a subcircuit is un-
usually vulnerable. This vulnerability is characteristic of
highly interconnected nodes within scale-free complex
networks (72). An implication of such a hub position,
together with the proposed bistable properties of the
subcircuit, is that inhibition (perhaps even if transient) of
HNF-1a or HNF-4a function could result in permanent
damage to the differentiated state of B-cells. Critical regu-
latory mechanisms of this subcircuit may thus represent
an attractive site for identifying new pathogenic mecha-
nisms involved in the progression to B-cell dysfunction.
Furthermore, an in-depth understanding of the design of
this network may allow its manipulation and thus provide
keys to build competent artificial insulin-producing cells.
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