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ABSTRACT 
 
Objective: Mutations in the alternatively-spliced HNF4A gene cause maturity-onset diabetes 
of the young (MODY). We characterised the spatial and developmental expression patterns 
of HNF4A transcripts in human tissues and investigated their role as potential moderators of 
MODY phenotype.   
 
Research Design and Methods: We measured the expression of HNF4A isoforms in human 
adult tissues and gestationally-staged fetal pancreas by isoform-specific real-time PCR. The 
correlation between mutation position and age of diagnosis or age-related penetrance was 
assessed in a cohort of 190 patients with HNF4A mutations. 
 
Results: HNF4A was expressed exclusively from the P2 promoter in adult pancreas, but from 
9 weeks until at least 26 weeks post conception, up to 23% of expression in fetal pancreas 
was of P1 origin. HNF4A4-6 transcripts were not detected in any tissue. In whole pancreas, 
HNF4A9 expression was greater than in islets isolated from the endocrine pancreas (relative 
level 22% vs 7%). 

Patients with mutations in exons 9 and 10 (absent from HNF4A3, HNF4A6 and HNF4A9 
isoforms) developed diabetes later than those with mutations in exons 2-8, where all isoforms 
were affected (40 yrs versus 24 yrs; p=0.029). Exon 9/10 mutations were also associated with 
a reduced age-related penetrance (53 % versus 10 % without diabetes at age 55 years 
(p=<0.00001).  
 
Conclusions: We conclude that isoforms derived from the HNF4A P1 promoter are expressed 
in human fetal, but not adult, pancreas, and that their presence during pancreatic development 
may moderate the diabetic phenotype in individuals with mutations in the HNF4A gene.  
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he HNF4A gene codes for hepatocyte 
nuclear factor 4 alpha (HNF-4�), 
which has an important role in 

pancreatic development and maintenance of 
beta cell function (1). P2 promoter region 
variants are associated with susceptibility to 
type 2 diabetes in some populations (2-6). 
Rare mutations in the HNF4A gene or the 
P2 promoter cause young-onset autosomal 
dominant diabetes known as maturity-onset 
diabetes of the young (MODY) (7; 8). These 
mutations also cause increased birth weight 
and macrosomia with hyperinsulinaemic 
hypoglycaemia in neonates (9). This 
phenotypic variation is paradoxical, since 
HNF4A-MODY is characterised by a failure 
of beta cells to appropriately increase 
insulin secretion in response to 
hyperglycaemia (10) while the macrosomia 
and hypoglycaemia reflect increased insulin 
secretion in utero and during the neonatal 
period respectively.  Increased insulin 
secretion has also been noted in utero and in 
early life in the beta cell specific Hnf4a 
knockout mouse (9; 11). These findings 
may indicate different roles for HNF-4� in 
fetal and adult beta cells. 

The HNF4A gene encodes a 465 amino 
acid protein with five functional domains; 
A/B to F (figure 1). HNF-4�  plays a key 
role in the development and differentiation 
of beta cells. In the mouse, the Hnf4a gene 
is first expressed in primary endoderm at 
E4.5 but is restricted to the visceral 
endoderm from E5.5 to 8.5 days (1; 12). 
Thereafter, Hnf4a expression is evident in 
the liver diverticulum, the hindgut, the 
mesonephric tubules of the kidney and in 
the developing stomach, intestine and 
pancreas (12-15). The requirement for HNF-
4� in early development is also evident in 
animal models where the gene has been 
inactivated. In knockout studies, Hnf4a-/- 

mice display defective gastrulation and die 
around day E9 (16). The presence of HNF-
4�appears to be critical for the processes 
that occur from day E6.5 onwards, as 
replacement of Hnf4a-/- endoderm with the 
wild-type counterpart before that point 

restores embryonic viability (14). The 
rescued embryos fail to express the correct 
profile of liver specific genes, indicating an 
additional role for HNF-4� in the terminal 
differentiation of hepatocytes (17). In the 
adult mouse, Hnf4a expression has been 
reported in liver, kidney, intestine, stomach 
and pancreas (12; 13), where HNF-4� is 
responsible for the regulation of genes 
involved in processes such as insulin 
secretion (11), gluconeogenesis (18), bile 
acid synthesis (19) and lipid metabolism in 
adult humans (20). 

In the adult beta cell, the expression of 
HNF-4� is regulated by the pancreatic 
transcription factor network (21-23), 
positively by a number of proteins including 
the HNF1A, PDX1 and HNF1B gene 
products (22; 24; 25) and negatively by 
itself (21). The key regulatory relationship 
appears to be that with HNF-1�(26). In 
hepatocytes, the expression of HNF4A is not 
dependent on the presence of HNF-
1�although other components of the 
pathway remain unchanged (21; 22). 
Mutations in the HNF1A and HNF4A genes 
were thought to result in similar phenotypes 
as a consequence of an autoregulatory 
relationship between the genes (21; 22; 27). 
However, the recent association of neonatal 
hyperinsulinaemia and macrosomia in 
HNF4A but not HNF1A mutation carriers 
(9) suggests that the network may be 
configured differently in adult and fetal beta 
cells.  

Alteration of the configuration of the 
pancreatic transcription factor network 
could be mediated by changes in the 
abundance or nature of its components. One 
important mechanism that may underlie 
these processes is alternate mRNA 
processing. Many of the genes involved in 
this pathway code for multiple gene 
products (28), The related HNF1A gene 
produces three variant isoforms HNF1A(A), 
HNF1A(B) and HNF1A(C) which are 
subject to both spatial and temporal 
variation in expression pattern. The 
predominant HNF1A isoform in human 

T 
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adult pancreas is HNF1A(B), whereas in 
fetal pancreas it is HNF1A(A) (29). We 
previously showed that mutations which do 
not affect HNF1A(B) present at a median of 
7.5 years later than mutations affecting all 
three isoforms (29).  

The HNF4A gene produces a total of 
nine potential isoforms (HNF4A1 – 
HNF4A9) by a combination of differential 
promoter usage, variation in 
polyadenylation site and alternate splicing 
(figure 1) (27; 30-32). Isomers HNF4A1 to 
HNF4A6 are coded from the P1 (hepatic) 
promoter. Isoforms HNF4A7 to HNF4A9 
are transcribed from the P2 (pancreatic) 
promoter. The 3’ termini are also distinct. 
Isoforms HNF4A2, HNF4A5 and HNF4A8 
include a ten amino acid insertion in exon 9 
relative to HNF4A1, HNF4A4 and HNF4A7. 
HNF4A3, HNF4A6 and HNF4A9 are 
truncated in intron 8 (1; 28). There are 
conflicting reports of the spatial distribution 
of HNF4A isoforms. In hepatic and renal 
tissues, P1-derived isoforms are most 
abundant (27; 33; 34). The situation is less 
clear in the beta cell. Although two studies 
report the absence of P1 transcripts (27; 32), 
one report suggests the expression of 
transcripts derived from the P1 promoter 
(33). However it is noteworthy that the only 
study to examine isoform-specific HNF4A 
expression at the protein level detected only 
P2-derived isoforms in adult pancreas (35). 

The aim of our study was to determine 
whether alternate mRNA processing of the 
HNF4A gene could contribute to differences 
in the composition and function of the 
pancreatic transcription factor network in 
fetal and mature pancreatic tissues. To 
achieve this, we developed a complete 
spatial and temporal profile of HNF4A 
isoforms in adult liver, kidney, pancreas, 
isolated islet and gestationally staged human 
fetal pancreas. We subsequently examined 
the role of specific isoforms in the 
development and maintenance of mature 
function by correlating mutation phenotype 
with mutation position relative to the known 
structure of the isoforms. We report that the 
HNF4A gene, like the HNF1A gene, 

undergoes alternate mRNA processing and 
that the isoforms demonstrate differences in 
spatial and temporal expression. These 
expression profiles may explain the 
observed correlation of the mutation 
position with the age at diagnosis of 
diabetes in HNF4A mutation carriers. 
 
RESEARCH DESIGN AND METHODS 
RNA samples used for study. RNA samples 
were obtained from kidney (pooled from six 
Caucasian females, 28 – 52yrs), (Clontech, 
Oxford, UK), liver (51 yr male Caucasian), 
total pancreas (pooled from five male and 
female Caucasians, 24 to 77 yrs), fetal 
pancreas (pooled 19/27 week gestation), 
colon, (pooled from five male and female 
Caucasians, 20 to 55 yrs), small intestine 
(pooled from five male and female 
Caucasians, 20 to 61 yrs), stomach (50 yr 
male Caucasian) and isolated human islets 
(two independent samples) (National 
Disease Resource Interchange [NDRI], 
Philadelphia, USA). The collection of early 
human fetal material and its ethical approval 
have been described previously (36; 37). 
Material from eight human foetuses 
assessed for gestational age according to 
foot length was studied. Mouse islet RNA 
was the kind gift of Dr. Anna Gloyn. All 
RNA samples were DNAse treated prior to 
reverse transcription using the TURBO 
DNAse kit (Ambion, Huntingdon, UK). 
Assay design. Reference sequences 
corresponding to the six known 5’and 3’ 
HNF4A variations were identified from the 
NCBI Database 
(http://www.ncbi.nlm.nih.gov). The 
ubiquitously expressed beta-2 
Microglobulin (�2M) gene was selected as 
a control on the basis of its constant 
expression levels across the tissues and 
developmental stages studied. An assay for 
this gene (Assay Hs00187842) was 
purchased by Assays-on-Demand from 
Applied Biosystems (Foster City, USA). 
Custom Real-time PCR assays were 
obtained from the Assays-by-Design service 
available from Applied Biosystems. Probe 
and primer sequences are given in online 
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supplementary table 1 (available at 
http://diabetes.diabetesjournals.org). Where 
possible, probes were chosen to span introns 
to ensure amplification of cDNA rather than 
genomic DNA. Assays were validated by 
standard curve analysis of serial 1:2 
dilutions of pooled liver, kidney and 
pancreas cDNA. The efficiency of each 
assay was assessed by reference to the slope 
of the corresponding standard curve. The 
correlation between cDNA concentration 
and crossing point (r2 value) was assessed 
from the fit of the crossing point 
corresponding to each dilution point to the 
curve.  
Reverse transcription and real-time PCR 
amplification. Complementary DNA 
(cDNA) was synthesised from 3 �g of the 
total RNA using the Thermoscript RT-PCR 
system (Life Technologies, Paisley, UK) 
using 50 °C as the incubation temperature. 
Real-time PCR reactions to determine �2M 
and HNF4A expression levels were carried 
out using the ABI Prism 7000 platform 
(Applied Biosystems). Each sample was 
amplified in triplicate to ensure accuracy of 
quantification. Where multiple samples per 
tissue were tested, each sample was from a 
separate mRNA extraction and reverse 
transcription. PCR reactions contained 10 
�l TaqMan Universal Mastermix (no 
AMPerase) (Applied Biosystems), 0.9 �M 
each primer, 0.25 �M probe and 2 �l 
cDNA reverse transcribed as above in a 
total volume of 20 �l. PCR conditions were 
a single cycle of 95 ºC for 10 minutes 
followed by 40 cycles of 95 ºC for 15 
seconds and 60 ºC for 1 minute. Human 
fetal pancreas RNA was subject to a pre-
amplification step prior to quantitfication of 
targets using the Applied Biosystems 
TaqMan PreAmp Master Mix kit (Applied 
Biosystems) which allows the study of 
multiple targets from small amounts of 
tissue. 
Expression profiling. Expression levels of 
�2M and HNF4A isoforms were calculated 
by reference to the average crossing point of 
the triplicate samples. For each RNA 
sample, the difference between the average 

crossing point (Ct) obtained from �2M 
amplification (Ct�2M) and the average 
crossing point obtained from the test probe 
set (Cttest). This figure was termed the �Ct 
value. �Ct values were calculated for each 
isoform. The level of each transcript relative 
to �2M levels could then be calculated from 
the equation 2-��Ct (38) where ��Ct is the 
�Ct value of the test transcript (�Cttest) 
normalised to a reference transcript which 
was taken to be the levels of HNF4A for the 
probe set in question found in human liver 
(�Ctref). Transcripts were identified as 
originating from the P1 promoter or the P2 
promoter using probe set 1 which identified 
(a) HNF4A1-4A3 (P1), (b)HNF4A4-4A6 
(P1) and (c)HNF4A7-4A9 (P2) transcripts. 
The occurrence of each 3’ variant was then 
determined using probe set 2 which 
identified (a) HNF4A1/4A4/4A7, (b) 
HNF4A2/4A5/4A8 and (c) 
HNF4A3/4A6/4A9 P2 transcripts. Where 
expression was exclusively from one 
promoter, the identity of each isoform could 
be determined in this manner by combining 
data. 
HNF4A subject. Data were gathered from 
families that had been referred for testing in 
our laboratories in the period between 1996 
and 2006 (n=84), and from families reported 
in the literature for which age of diagnosis 
data were available (n= 106) (8). We studied 
the possible effect of alternate mRNA 
processing on phenotype in a total of 45 
different mutations found in 190 subjects 
from 58 families, shown in online 
supplementary figure 1. Of these, 50 (26 %) 
patients had mutations in the P2 promoter or 
exon 1D, 125 (66 %) grouped in exons 2 to 
8, and 15 (8 %) had mutations in exons 9 
and 10..  
Correlation of mutation phenotype with the 
position of the mutation and HNF4A 
protein domain structure. We correlated the 
age at diagnosis with mutation position 
relative to the known structure of the 
HNF4A isoforms. In order to confirm that 
any effect noted was due to the effect of 
mutation on different HNF4A isomers and 
was not related to differences in mutational 
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mechanism, we also correlated age at 
diagnosis with mutation type (missense, or 
premature termination codon forming) and 
with the functional domain structure of the 
HNF-4�protein by Mann-Whitney-U 
analysis. To account for relatedness between 
family members, we also carried out 
additional analysis using generalised 
estimating equation (GEE) analysis.  Age of 
diagnosis was used as the dependent 
variable and isomer structure was added to 
the model, coded as a dummy variable, with 
mutations affecting all isoforms treated as 
baseline.  To determine whether there was 
any difference in age-related penetrance 
between the three cohorts, we examined the 
number of individuals carrying mutations 
but with no diabetes at the age of 55 years 
using Kaplan-Meier survival curves and �2 
analysis. All statistics were carried out using 
the SSPS software package (SSPS PLC, 
Chicago, USA). 
 
RESULTS 
Validation of real-time PCR for the 
detection and quantification of 
alternatively spliced transcripts. Real-time 
PCR assays specific to HNF4A proved 
quantitative across a dynamic range of more 
than seven 1:2 serial dilutions. The 
efficiencies of detection were –3.4, -3.7, –
3.7, –3.5, -3.7 and -3.3 for probe sets 1 (a, b 
and c) and 2 (a, b and c) respectively, where 
a gradient of -3.3 represents an optimally 
efficient PCR. This is a reflection of the fact 
that where amplification efficiencies are 
near 100%, there should be 3.3 cycles 
between each dilution point on the standard 
curve. The correlations between the crossing 
point and input template (r2 value) were also 
good (r2 = 0.99, 0.91, 0.98, 0.99, 0.98 and 
0.95 for probe set 1 (a, b and c) and 2 (a, b 
and c) respectively.  
HNF4A isoforms demonstrate spatial 
variation in expression profile. In adult 
human liver and kidney, HNF4A expression 
was derived exclusively from the P1 
promoter and comprised HNF4A1, HNF4A2 
and HNF4A3 at 37, 46 and 17% (liver) and 
42, 42 and 16% (kidney) of total HNF4A 

expression respectively. In human adult 
pancreas and isolated islet samples however, 
HNF4A expression was driven only from 
the P2 promoter with isoforms HNF4A7, 
HNF4A8 and HNF4A9 being present at 36, 
42 and 22% (total pancreas) and 45, 48 and 
7% (islet) (see figures 2a and 2b). We also 
examined adult mouse islets, where onIy P2 
isoforms HNF4A7, HNF4A8 and HNF4A9, 
which vary at the 3’ terminus of the gene, 
were expressed, at 49%, 47% and 4% of 
total HNF4A expression. A noteworthy 
species difference in the levels of HNF4A 
transcripts in liver and islets is also 
apparent. In our human study, levels of 
HNF4A mRNA are similar in liver and 
islets, whereas in the mouse, HNF4A 
expression is much greater in the liver (39). 
This is in agreement out by our own 
experiments in mouse liver and islets, where 
islet-specific expression of HNF4A is only 
approximately 10% of that in the liver. In 
human stomach, small intestine and colon, 
transcripts from both the P1 and P2 
promoters were identified, although tissue 
specific variation in the P1:P2 balance was 
noted (figure 2a). In adult stomach, the 
majority of HNF4A expression derived from 
the P1 promoter, being present at 64% of 
HNF4A expression, whereas these isoforms 
were present only at 9% in the small 
intestine. Isoforms HNF4A4, HNF4A5 and 
HNF4A6 were not identified at significant 
levels in any tissue (see figures 2a and 3a). 
HNF4A isoforms show differences in 
pancreatic developmental expression. The 
expression levels of HNF4A transcripts 
differed between human adult and fetal total 
pancreas mRNA (see figure 3a-c). In mature 
pancreas, only P2 transcripts were 
identified. However, analysis of human fetal 
pancreas (staged with respect to gestational 
age according to foot length) revealed the 
presence of P1 isoforms at approximately 
nine weeks post conception (wpc) (14% of 
total HNF4A expression; figure 3c). 
Expression was detected until the most 
advanced fetal pancreas analysed, a sample 
pooled from 19 wpc and   26 wpc (figure 
3c).  The mixed derivation of fetal HNF4A 
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isoforms made it impossible to determine 
the specific identity of each isoform but the 
distribution of HNF4A1/HNF4A7, 
HNF4A2/HNF4A8 and HNF4A3/HNF4A9 
isoforms, characterised by variation at the 3’ 
end of the HNF4A gene showed the 
presence of an apparent switch in HNF4A 
expression between adult and fetal human 
pancreas (see figure 3b and 3c). In the adult 
pancreas, HNF4A7 is present at 32 % of 
total expression whereas in fetal pancreas, 
only 8 % of HNF4A expression is identified 
by the HNF4A1/HNF4A7 probe set (with 
the shorter exon 9). In the adult pancreas, 
HNF4A8 and HNF4A9 are present at 42 % 
and 22 % respectively. In human fetal 
pancreas at 19/26 wpc however, 77 % and 
15 % of total HNF4A expression is 
accounted for by HNF4A2/HNF4A8 (with 
the longer exon 9) and HNF4A3/HNF4A9 
(terminating in IVS8) respectively.  
HNF4A mutation position influences age 
of diagnosis of MODY and age-related 
penetrance. The median age at diagnosis for 
individuals with mutations in exons 2 to 8 
which affect all isoforms was 24 years (see 
figure 4). In contrast, patients with 
mutations in exon 9 or 10 that do not affect 
HNF4A3, HNF4A6 or HNF4A9 were 
diagnosed at 40 years (p=0.029). Mutations 
in the P2 promoter or exon 1D affect the P2 
isoforms HNF4A7, HNF4A8 and HNF4A9, 
and the median age at diagnosis of diabetes 
was 31 years (p = 0.001). Since factors such 
as age at diagnosis may also be influenced 
by other factors within the families, we also 
carried out general estimating equations 
(GEE) anaysis to account for family 
relatedness. After this correction, mutations 
affecting only P2 isoforms caused diabetes 
8.1 years later than mutations affecting all 
isoforms (95% CI 2.7, 13.6; p = 0.010) and 
mutations not affecting isoforms HNF4A3, 
4A6 and 4A9 caused diabetes 13.1 years 
later than baseline (95%CI 3.15, 23.1)  
(p=0.004).  Kaplan-Meier analysis showed 
similar differences in the age-related 
penetrance of HNF4A mutations affecting 
different sets of isoforms (see figure 5). By 
the age of 55 years, 90 % of individuals 

with exon 2 to 8 mutations had diabetes, 
compared with 78 % of those with P2/exon 
1D mutations and only 47% of those with 
mutations in exons 9 or 10 (p = <0.00001). 

We also correlated age of diagnosis and 
the position of the mutation with respect to 
the functional domain structure (A/B to F) 
of the HNF4A gene (see figure 1). Although 
individuals with mutations in the F domain 
did present later than mutations in other 
regions (40 yrs versus 26 yrs; p = 0.029), 
this domain is also encoded entirely by 
exons 9 and 10. It is therefore unclear 
whether the effects are related to the 
position of the mutation within the F 
domain or by compensation from the 
unaffected P1 isoforms. Clarification of the 
relative contribution of these factors 
requires consideration of the molecular 
mechanisms by which the F domain exerts 
its effects. 

The F domain interacts physically with 
areas of the HNF-4� protein in the D and E 
domains (amino acids 128–366) that are 
essential for its transactivational activity 
(31; 40-44). These interactions induce a 
conformational change that blocks the 
access of cofactors such as p300 to the C-
terminal activation function (AF-2) motif 
(44; 45). If the effect on age of onset is due 
to the position of the exon 9 and 10 
mutations within the F domain, a similar 
effect should be noted for those regions that 
interact with the F domain (i.e. the D and E 
domains; amino acids 128–366). However, 
patients with mutations in amino acids 128-
366 were not diagnosed later than those 
with mutations in other regions of the gene 
(24 yrs versus 27 yrs respectively; p=0.121). 
No effect of mutation type on age of 
diagnosis was seen (24 yrs for missense 
(n=78) and 20 yrs for prematurely 
terminating mutations (n=38) respectively; 
p=0.139). This suggests that the observed 
delay in age of diagnosis of diabetes is 
probably attributable to compensation from 
unaffected isoforms rather than the position 
of these mutations within the F domain. 
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DISCUSSION 

We have shown that HNF4A isoforms 
exhibit both temporal and spatial variation 
in expression, as previously reported for the 
HNF1A gene (29). Only the P2-derived 
HNF4A isoforms (HNF4A7-4A9) were 
found in adult total pancreas RNA; the 
relative expression levels were 36, 42 and 
22 % respectively. However, in islets, 
HNF4A9 represented only 7% of the 
transcripts, suggesting that the expression of 
this isoform may be greater in exocrine 
rather than endocrine pancreas. We found 
no evidence for the presence of HNF4A P1 
isoforms HNF4A4-HNF4A6 in any tissue. 
Their ubiquitous absence may indicate that 
they have a very restricted expression 
pattern or may not influence normal 
development or function.  

HNF4A isoforms also demonstrate a 
developmental switch in relative expression. 
Transcripts derived from the P1 promoter 
were not observed in the adult pancreas but 
were present in fetal pancreas from nine 
weeks until at least 19/26 weeks post 
conception comprising up to 23 % of total 
HNF4A expression. We were unable to 
characterise the precise point at which P1 
expression ceases since human fetal tissues 
at later stages of development were not 
available.  A developmental switch in the 
relative isoform expression was previously 
found for HNF1A where the predominant 
fetal isoform is HNF1A(A) but HNF1A(B) is 
more abundant in the adult pancreas (29).  
The difference in the relative expression of 
the HNF1A and HNF4A isoforms implies 
that the pancreatic transcription factor 
network may be subject to isoform-specific 
differences in regulation.  

Alternate mRNA processing of the 
HNF4A gene appears to be acting as a 
moderator of HNF4A-MODY phenotype in 
our study. The age at which diabetes is 
diagnosed and the age-related penetrance 
are both influenced by the position of the 
mutation with respect to isoform structure. 
The location of the mutation will determine 
the number and derivation of isoforms that 

are affected. Mutations in exons 9 or 10 are 
predicted to affect all isoforms except 
HNF4A3, and HNF4A6, which are 
expressed from the P1 promoter and 
HNF4A9 which is expressed from the P2 
promoter. Mutations in the P2 promoter or 
those in exon 1D are predicted to only affect 
P2-derived isoforms, leaving the isoforms 
under the control of the P1 promoter 
unaffected.  

Our statistical analysis suggests that 
where some of the P1-derived isoforms 
escape mutation, the age of onset of diabetes 
may be delayed by up to 16 years.  The 
effect is strongest for variants located in the 
terminal two exons of the HNF4A gene 
(median age at diagnosis 40 yrs v/s 24 yrs 
for mutations in exons 2 to 8, that affect 
both P1 and P2 isoforms; age related 
penetrance at 55 yrs 43 % v/s 90 %), but is 
also apparent for mutations located in exon 
1D and in the P2 promoter (median age at 
diagnosis 31 yrs v/s 24 yrs for mutations in 
exons 2 to 8, that affect both P1 and P2 
isoforms; age related penetrance at 55 yrs 
78 % v/s 90 %). Given the small sample 
numbers, we cannot definitively rule out 
that other factors may be acting to influence 
age at diagnosis within our cohort, but our 
data still represent the largest HNF4A-
MODY cohort available for study and 
represent a unique resource. 

The reduction in effect size noted for 
mutations affecting the 5’ end of the 
HNF4A gene relative to variants affecting 
the 3’ terminus of the gene may reflect 
different modes of action for mutations 
located in these regions. The majority of the 
mutations affecting the 5’ end of the gene 
lie within the P2 promoter itself and are 
regulatory rather than coding. This raises 
the possibility that they may be 
hypomorphic, and pathologically less 
severe. However, most of the mutations in 
this region lie within well-characterised 
binding sites for important transcription 
factors such as IPF-1 and HNF-1�, and 
have been shown in in vitro transient 
transactivation studies and by band shift 
assays to profoundly affect both the binding 
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of transcription factors and resultant HNF4A 
activity (27; 32).  The results relating to 
variants at the 5’ end of the gene may also 
be subject to some bias, since around half 
(27/50) of the P2 cohort are from seven 
families with the same C>G substitution at 
position –192 within the P2 promoter (5; 
46). The evidence for the pathogenicity of 
this mutation is equivocal. Although the -
192C>G mutation had only a minimal effect 
on HNF4A activity in in vitro studies, it did 
appear to disrupt the binding of an 
unidentified islet-specific protein to a 
putative regulatory motif (46). The median 
age at diagnosis in patients with this 
mutation was 45 years (5; 46), which is later 
than for other mutations in the P2 promoter. 
This may be due to the fact that -192 C>G, 
unlike the other mutations in the P2 
promoter (-181 G>A and –146 T >C) does 
not lie within any known binding sites for 
pancreatic transcription factors, although it 
is located just outside the HNF-1� binding 
site.  

We have demonstrated that P1-derived 
transcripts are present in human fetal 
pancreas, and that mutations that do not 
affect these isoforms are associated with a 
later median age of diagnosis and also with 
reduced age-related penetrance. These 
results indicate that the differences in the 
expression patterns of the HNF4A isoforms 
between mature and fetal pancreas may play 
a role in moderating the activity of the 
pancreatic transcription factor network 
during beta cell development and mature 
function. Although further functional 
studies to delineate the specific roles of 
HNF4A isoforms are required, our analysis 
suggests that the HNF4A3, HNF4A6 or 

HNF4A9 isoforms may moderate the 
HNF4A diabetic phenotype. Since HNF4A6 
is not expressed in either adult or fetal 
pancreas, and we found predominantly 
exocrine expression of HNF4A9 (figure 2b); 
we suggest that this effect may be 
attributable to the P1-derived isoform 
HNF4A3 expressed during development. It 
is possible that mutations in exons 9 and 10 
could in theory disturb the expression 
profile of HNF4A isoforms and lead to the 
up-regulation of HNF4A9. However, there 
is no evidence to support this possibility, 
and in the absence of islet samples from 
patients with such mutations, the possibility 
of such an occurrence is difficult to 
determine.   

We therefore conclude that the 
expression in human fetal pancreas of 
HNF4A isoforms derived from the P1 
promoter may be important in the 
development of the fetal beta cell and may 
also influence the diabetic phenotype. 
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FIGURE LEGENDS 
 
Figure 1. Isoforms of the HNF4A gene 

The genomic and isoform structure of the HNF4A gene are given. Alternate exons are 
coded in grey, the 10 amino acid insertion present in exon 9 in isoforms HNF4A2, HNF4A5 
and HNF4A8 is marked in black. Intronic sequences included in isoforms HNF4A3, HNF4A6 
and HNF4A9 are indicated by hatched boxes. AF-1 and AF-2 refer to activation function 
motifs. The domain structure of the HNF-4� protein and the positions of the isoform-specific 
probes used are given; probe set 1 is marked by black, grey and white squares and probe set 2 
is marked by black, grey and white circles. 
 
Figure 2. Spatial expression profiles of HNF4A isoforms. 

The profiles given here refer to the tissue specific expression patterns of HNF4A isoforms 
in human tissues. Tissues studied are shown on the X-axes and the expression level of each 
isoform relative to the endogenous control gene beta-2-microglobulin (�2M) are given on the 
Y-axes. 2a. This graph refers to the expression profile of P1 and P2 HNF4A isoforms relative 
to adult liver as determined by probe set 1. 2b. This graph shows the specific identities of 
HNF4A isoforms relative to adult human liver as determined using probe set 2. A colour key 
to the identity of the isoforms is given within each section. 
 
Figure 3. Developmental expression profiles of HNF4A isoforms. 

The profiles given here refer to the developmental expression patterns of HNF4A 
isoforms in adult and fetal human pancreas. Tissues studied are shown on the X-axes and the 
expression level of each isoform relative to the endogenous control gene beta-2-
microglobulin (�2M) are given on the Y-axes. 3a. This graph refers to the expression profile 
of P1 and P2 HNF4A isoforms in adult and fetal tissues as determined by probe set 1, relative 
to adult human pancreas. Transcripts HNF4A4-HNF4A6 were not evident in any sample. 3b. 
The diagram shows the expression of HNF4A isoforms in adult and fetal pancreas as 
determined using probe set 2. In fetal pancreas it was not possible to identify specific 
isoforms since expression was noted from both P1 and P2 promoters. 3c. This graph refers to 
the expression profile of P1 and P2 HNF4A isoforms in a series of gestationally staged fetal 
pancreas as determined by probe set 1, expressed as percentages. Transcripts HNF4A4-
HNF4A6 were not evident in any sample. 3d. This figure shows the expression of HNF4A 
isoforms in a series of gestationally staged fetal pancreas as determined using probe set 2, 
expressed as percentages. Where signal was obtained from both P1 and P2 isoforms, it was 
not possible to identify specific isoforms since expression was noted from both P1 and P2 
promoters. A colour key to the identity of the isoforms is given within each section. 
 
Figure 4. The effect of mutation position relative to isoform structure on age of diagnosis of 
diabetes. 

The position of the mutation relative to the exon structure of the HNF4A gene is given on 
the X-axis. N refers to the number of subject in each category. The age of diagnosis of 
diabetes is given on the Y-axis. Data are presented as median age of onset. Stars indicate 
statistically significant differences between categories as determined by Mann Whitney-U 
test. 
 
Figure 5. Age-related penetrance of HNF4A mutations. 

Kaplan-Meier curve relating age at diagnosis on the X-axis to cumulative occurrence of 
diabetes on the Y-axis. The black line refers to mutations in exons 2 to 8, the blue line for 
mutations in the P2 promoter or exon 1D, and the red line to mutations in exons 9 or 10. Each 
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step down on the curve refers to a diagnosis of diabetes within the cohort. Crosses refer to the 
present age of a patient with no diabetes. In each case, the number of individuals in each 
category is given by ‘N’. Stars indicate statistically significant differences between categories 
as determined by �2analysis. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3A-3B 
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FI8GURE 3C-3D 
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