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Developmental and Tissue-Specific
Regulation of Hepatocyte Nuclear

Factor 4-α (HNF4-α) Isoforms in Rodents
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Endocrinology Unit, Centre for Cardiovascular Science, Queen’s Medical Research Institute,
University of Edinburgh, Edinburgh, UK

Hepatocyte nuclear factor 4-α (HNF4-α) regulates expression of a number of genes in several metabolic organs.
The HNF4-α gene has two promoters and encodes at least nine isoforms through differential splicing. In mouse
liver, transcription initiates at promoter 2 (P2) during fetal life, but switches to P1 at birth. Developmental and
tissue-specific expression of HNF4-α in other organs is largely unknown. Here, we examined expression of P1-
and P2-derived transcripts in a number of mouse and rat tissues. Both P1 and P2 were active in mouse fetal
liver, but P2-derived isoforms were detected 50% more abundantly than P1 transcripts. Conversely, the adult
mouse liver expressed significantly higher levels of P1- than P2-derived mRNA. In contrast, in the rat, P1 was
used more predominantly in both fetal and adult liver. Exposure of fetal rats to the synthetic glucocorticoid
dexamethasone caused suppression of P2 while enhancing hepatic expression of transcripts from P1. This was
associated with increased expression of erythropoietin and phosphoenolpyruvate carboxykinase, which are key
HNF4-α targets in the liver. Unlike liver, the kidney and stomach used promoters more selectively, so that only
P1-derived isoforms were detected in fetal and adult kidneys in mice or rats, whereas the stomach in both species
expressed P2-derived transcripts exclusively. No significant HNF4-α mRNA was detected in the spleen. These
data reveal striking developmental and tissue-specific variation in expression of HNF4-α, and indicate that
this can be influenced by environmental factors (such as exposure to glucocorticoid excess), with potential
pathophysiological consequences.
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INTRODUCTION in these tissues thought to be regulated by HNF4-α
(12,14,15). Targeted disruption of the HNF4-α gene
causes embryonic lethality associated with impairedHepatocyte nuclear factor 4-α (HNF4-α), an or-

phan nuclear receptor of the steroid/thyroid hormone gastrulation (2,5). In humans, inactivating mutations
of the HNF4-α gene cause maturity-onset diabetesreceptor superfamily, has been shown to play a cen-

tral role in the development and function of a number of the young 1 (MODY1), a subgroup of diabetes
characterized by an autosomal dominant inheritanceof metabolic organs, including the liver, pancreas,

kidney, stomach, and intestines (12,14–16). In the and early onset non-insulin-dependent diabetes that
results from a single-gene defect causing pancreaticliver and endocrine pancreas HNF4-α is considered

to be at the top of hierarchy of transcription factor β-cell dysfunction (19). Polymorphisms of the
HNF4-α gene are also thought to play a role in thecascade that determines tissue-specific gene expres-

sion, with up to 50% of transcribable genes in the pathogenesis of type 2 diabetes, by altering insulin
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secretion and predisposing toward hyperglycemia erythropoietin (EPO) and phosphoenolpyruvate car-
boxykinase (PEPCK).(8,13,20). In the adult kidney (as in fetal liver),

HNF4-α has been implicated in regulation of erythro-
poietin (EPO) synthesis, but the physiological func-
tions of HNF4-α in the gastrointestinal tract are MATERIALS AND METHODS
largely unknown.

Animals
HNF4-α is regulated through complex and poorly

understood mechanisms. The gene has 13 exons and All experiments were carried out under UK Home
Office animal license. Wistar rats (200–250 g; Harlancontains two promoters, P1 and P2 (Fig. 1), which

encode at least nine distinct isoforms as result of al- UK Ltd, Bicester, UK) and C57BL/6J mice (12
weeks old; Charles River, UK) were maintained un-ternate promoter usage and differential splicing. The

developmental and physiological relevance of the der conditions of controlled lighting (lights on 0700–
1900 h) and temperature (22°C) and allowed free ac-various HNF4-α isoforms have not been fully ex-

plored, but recent data suggest that their expression cess to food (standard laboratory chow; B.S.&S
Scotland Ltd. Edinburgh) and tap water. Animalsmay vary with development and in a tissue-specific

manner. For example, in the mouse, P2-derived tran- (five per group) were time mated, and the day on
which the vaginal plug was visualized was designatedscripts are expressed predominantly in embryonic/

fetal liver, while the P1 isoforms increase dramati- embryonic day 0 (E0). Dams were killed by decapita-
tion in a fed state, and fetal (E15 and E19 in mice;cally in late gestation and predominate in the adult

liver (17). Interestingly, this switch in promoter usage E15 and E21 in rats) tissues (liver, kidney, stomach,
and spleen) were removed and snap frozen in liquidcan be induced prematurely by exposure to glucocor-

ticoid excess (9,10). This is consistent with known nitrogen and stored at −80°C for subsequent analyses.
In a different cohort of animals, tissues were col-tissue-maturing effects of glucorticoids, which are,

for example, classically exploited therapeutically to lected from adult (6 months old) male mice and rats
in a fed state.accelerate lung maturity (and thereby improve neona-

tal viability) in cases of preterm labor (6).
Detailed developmental and tissue-specific expres-

Dexamethasone Administration
sion of HNF4-α have not been investigated in other
organs or species. We therefore examined tissue-specific In the study involving prenatal glucocorticoid ex-

posure, animals were treated with dexamethasone asexpression of P1 and P2 transcripts in a number of
fetal and adult organs in mice and rats. Additionally, previously described (11). In brief, time-mated preg-

nant rats (four per group) were given daily subcutane-in order to determine whether glucocorticoid-induced
changes in HNF4-α expression have functional sig- ous injections of dexamethasone (100 µg/kg−1 day−1,

dissolved in 4% ethanol/0.9% saline, 200 µg/ml) ornificance, we exposed fetal rats to the synthetic glu-
cocorticoid dexamethasone and examined hepatic vehicle during the last week (day 15 to 21) of preg-

nancy. Pregnant dams were killed at day 21 of gesta-mRNA expression of HNF4-α target genes, notably

Figure 1. Systematic representation of the HNF4-α gene structure. Exons are shown as boxes. The arrows represent the two alternative
promoters and the lines linking exons indicate splicing events.
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Figure 2. Expression of P1 and P2 HNF4-α isoforms in mouse liver. HNF4-α mRNA from mouse fetal (E15 and E19) and adult liver was
measured by real-time RT-PCR using P1- or P2-specific primers. GAPDH was used as control housekeeping gene. (A) RT-PCR products
separated on agarose gel and (B) relative mRNA content (mean ± SEM) in the liver at different ages. *p < 0.05 versus P1; $p < 0.05 versus
fetal (E15, E19).

tion and livers were collected from two fetuses, se- rates a gDNA removal step prior to cDNA synthesis.
Real-time PCR quantification was carried out withlected at random, per dam.
the Lightcycler 480 real-time PCR system (Roche
Applied Science). Total rat HNF4-α and EPO mRNA

Real-Time RT-PCR
were detected using predesigned TaqMan Gene Ex-
pression Assay primers and probes (Applied Biosys-Tissue fragments were homogenized in TRIZOL

solution (Invitrogen, Paisley, UK) and total RNA ex- tems); assay ID for HNF4-α: Rn00573309_m1; assay
ID for EPO: Rn01481376_m1. Primers for detectiontracted as per the manufacturer’s instruction. RNA

was quantified spectrophotometrically at OD260 us- of P1 and P2 HNF4-α transcripts were custom or-
dered from Applied Biosystems, and the same set ofing a nanodrop machine and RNA integrity was

checked by agarose electrophoresis. cDNA was then primers was used to detect HNF4-α mRNA in mice
and rats. P1 transcripts: forward primer GACATGsynthesized from 1 µg of RNA using the Quantitect

Reverse Transcription kit (Qiagen), which incorpo- GACATGGCTGACTACG; reverse primer CAGA



IP: 103.62.30.226 On: Wed, 25 Apr 2018 09:16:06
Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,

publisher reference, volume number and page location.
Delivered by Ingenta

340 DEAN ET AL.

Figure 3. Expression of P1 and P2 HNF4-α isoforms in rat liver. HNF4-α mRNA from rat fetal (E15 and E21) and adult liver was measured
by real-time RT-PCR using P1- or P2-specific primers. GAPDH was used as control housekeeping gene. (A) PCR products separated on
agarose gel and (B) relative mRNA content (mean ± SEM) in the liver at different ages. *p < 0.05 versus P2; $p < 0.05 versus E15.

AGGGAGGCTTGACGA; reporter sequence ACGT the duplicates was used to calculate the transcript
level.GTCATAAGGACTCGC-FAM. P2 transcripts: for-

ward primer CTTGGTCATGGTCAGTGTGAAC;
backward primer AGGCTGTTGGATGAATTGAG Statistics
GTT; reporter sequence ACGTGTCATAAGGACT

All data are expressed as mean ± SEM. Data wereCGC-FAM. GAPDH was used to normalize the
compared using unpaired Student’s t-tests. ValuesmRNA levels of the genes of interest, and prede-
were considered significant when p < 0.05.signed primers were obtained from TaqMan Gene

Expression Assay (Assay ID Mm03302249_g1 for
mouse and Rn01775763_g1 for rat). Serial 1:2 dilu-

RESULTStions of stock cDNA (pooled from all samples) were
used to create a standard curve. No-template nega- HNF4-α Transcripts in Mouse Liver
tive controls (nuclease-free water) and negative RT
controls were added to the real-time plate. Each Fetal liver in mice expressed both P1 and P2

HNF4-α mRNA (Fig. 2). In accord with previous re-sample was run in duplicate and the mean value of
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ports (17), P2 transcripts were expressed more abun- Expression of HNF4-α in Mouse Kidney, Stomach,
and Spleendantly (50% higher) than P1-derived isoforms. In

sharp contrast, in adult mice, hepatic expression of
P1-driven transcript was significantly higher than that Expression of HNF4-α P1- and P2-derived

mRNA was also measured in fetal and adult kidney,of mRNA derived from the P2 promoter (Fig. 2).
stomach, and spleen. Mouse kidney, in fetuses and
adult animals, expressed abundant amounts of P1-

HNF4-α Expression in Rat Liver
derived mRNA (Fig. 4A; data not shown for fetal
expression). However, the kidney did not expressIn the rat, transcripts resulting from usage of the

P1 promoter were expressed in significantly higher P2 transcripts. In sharp contrast to the kidney, the
stomach expressed exclusively the P2 isoforms,amounts than the P2-derived isoforms, in both fetal

and adult livers. Expression of P2 transcripts fell sig- both in fetal life and adulthood (Fig. 4A; data not
shown for fetal expression). We did not detect anynificantly towards the end of gestation (between E15

and E21), and were hardly detectable in the adult HNF4-α mRNA (neither P1 nor P2 derived) in the
spleen.liver (Fig. 3).

Figure 4. Expression of P1 and P2 HNF4-α isoforms in kidney, stomach, and spleen. HNF4-α mRNA isolated from adult mouse (A) and
rat (B) kidney, stomach, or spleen was analyzed by real-time RT-PCR using P1- or P2-specific primers. GAPDH was used as control
housekeeping gene. *p < 0.05 P1 versus P2.
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Figure 5. Effect of dexamethasone on HNF4-α and its target genes. Hepatic expression of HNF4-α, PEPCK, EPO, and glucokinase (GK)
mRNA was measured in E21 fetuses of dams that received dexamethasone (DEX) or vehicle (CON) during the last week of pregnancy.
Results (mean ± SEM) represent mRNA levels relative to control animals (n = 8 per group). *p < 0.05 versus control.

Expression of HNF4-α in Rat Kidney, Stomach, HNF4-α. Dexamethasone treatment was associated
with marked elevations for PEPCK and EPO expres-and Spleen
sion mRNAs (Fig. 5). In contrast, expression of
mRNA for glucokinase, a gene in the glycolytic path-Expression of HNF4-α in rat kidney, stomach, or

spleen was similar to that observed in the mouse, way and not a normal target of HNF4-α, was not
affected by exposure to dexamethasone.with the kidney exclusively expressing P1 isoforms

whereas only P2 transcripts were detected in the
stomach (Fig. 4B; data not shown for fetal expres-

DISCUSSION
sion). As in the mouse, rat spleen did not express
appreciable HNF4-α mRNA. The HNF4-α gene can yield up to nine isoforms

as a result of alternate promoter usage and differential
splicing (14). Previous studies in mice have sug-

Effect of Dexamethasone Treatment on HNF4-α
gested that these isoforms are expressed in a tissue-

and its Target Genes
specific manner, and that, at least in the liver, expres-
sion is dependent on the stage of development (9,14,Prenatal dexamethasone treatment caused a marked

increase in expression of HNF4-α in fetal liver (Fig. 17). Here, we have extended these observations to the
rat. As in the mouse, rat fetal liver expressed both5). In order to test whether this was of functional

significance, we measured expression of PEPCK and P1- and P2-derived HNF4-α isoforms. However, un-
like in mice, it was the P1 (rather than P2) transcriptsEPO, which are its important downstream targets of
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that were expressed in abundance. Indeed, hepatic ex- suppressing activity of the “fetal” or P2 promoter (9,
10). In the present study, we demonstrated that thesepression of P2-derived isoforms in rat liver fell dra-

matically towards the end of gestation and was hardly changes were associated with marked increases in he-
patic expression of PEPCK and EPO, which are impor-detectably postnatally. The reasons for this discrep-

ancy are unclear, but may reflect differences in onto- tant targets of HNF4-α. PEPCK is the rate-controlling
enzyme of gluconeogenesis and its increased expres-genic maturation between the two species. In the

other organs, usage of the two HNF4-α promoters sion would lead to increased glucose production from
the liver (3). Similarly, EPO plays a key role in regu-followed a more distinct pattern, so that only one of

the promoters was used exclusively in a given tissue, lation of erythropoiesis, and the liver is the major
source EPO during fetal life (4,7). These data indicatein both fetal and adult life. Thus, only P1 transcripts

were detected in fetal and adult kidney, whereas the that HNF-α expression can be influenced by environ-
mental factors, and that this could have significantstomach expressed exclusively P2-derived mRNA.

These data are in accord with recent studies that pathophysiological consequences.
The mechanisms that regulate tissue-specific andshowed that the adult kidney expresses high levels of

P1-derived HNF4-α mRNA (1,9). Additionally, our developmental expression of the HNF4-α isoforms
are unknown. The reciprocal relationship between P2data indicate that this distinct pattern, of exclusive

use of P1 and P2 promoters in kidney and stomach, and P1 transcripts in the liver (with P2 present in
embryonic liver but mainly extinguished in adulthoodrespectively, is set in utero.

Taken together, these studies reveal that regulation where P1 transcripts are high) and the exclusive use
P1 and P2 promoters in the kidney and stomach, re-of HNF4-α expression is highly complex. The physi-

ological relevance of the various HNF4-α isoforms is spectively, suggests that products of one promoter
might influence activity of the other. This hypothesisunknown. Differential promoter usage might enable

tighter modulation of HNF4-α activity during devel- is supported by recent data showing that P1 tran-
scripts can repress the P2 promoter (1). However, thisopment or in specific tissues. This notion is supported

by data suggesting that the isoforms vary in their hypothesis will require critical examination, perhaps
with conditional expression of the products of theseability to recruit cofactors, which may result in differ-

ences in their activation functions (18). For example, alternate promoters. Our data provide intriguing in-
sight to stimulate such studies.P2-derived transcripts have been shown to be more

potent at transactivating genes involved in fetal hepa-
tocyte function (such as α-fetoprotein), whereas P1
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