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HNF-4 participates in the 
hibernation-associated 
transcriptional regulation of the 
chipmunk hibernation-related 
protein gene
Daisuke Tsukamoto, Michihiko Ito & Nobuhiko Takamatsu

The chipmunk hibernation-related protein 25 (HP-25) is involved in the circannual control of hibernation 
in the brain. The liver-specific expression of the HP-25 gene is repressed in hibernating chipmunks under 
the control of endogenous circannual rhythms. However, the molecular mechanisms that differentially 
regulate the HP-25 gene during the nonhibernation and hibernation seasons are unknown. Here, 
we show that the hibernation-associated HP-25 expression is regulated epigenetically. Chromatin 
immunoprecipitation analyses revealed that significantly less hepatocyte nuclear receptor HNF-4 
bound to the HP-25 gene promoter in the liver of hibernating chipmunks compared to nonhibernating 
chipmunks. Concurrently in the hibernating chipmunks, coactivators were dissociated from the 
promoter, and active transcription histone marks on the HP-25 gene promoter were lost. On the 
other hand, small heterodimer partner (SHP) expression was upregulated in the liver of hibernating 
chipmunks. Overexpressing SHP in primary hepatocytes prepared from nonhibernating chipmunks 
caused HNF-4 to dissociate from the HP-25 gene promoter, and reduced the HP-25 mRNA level. These 
results suggest that hibernation-related HP-25 expression is epigenetically regulated by the binding 
of HNF-4 to the HP-25 promoter, and that this binding might be modulated by SHP in hibernating 
chipmunks.

Of the many physiological seasonal adaptations that occur in animals in response to the physical world, hiber-
nation is one of the most extreme. Mammalian hibernation is a unique circannual physiological adaptation that 
allows life to be sustained at extremely low body temperatures, which can fall below 10 °C or even 5 °C. During 
hibernation, heart and breathing rates drop, and the metabolic rate falls to only a few percent of the euthermic 
level, resulting in a considerable conservation of energy1. The mechanistic basis of these dynamic physiological 
changes in hibernation is not well understood.

The Tamias asiaticus (chipmunk) hibernation-related protein 25 is a component in a 140-kDa complex, con-
sisting of HP-20, HP-25, HP-27, and HP-55, that decreases drastically in the blood during hibernation2. HP-20, 
HP-25, and HP-27 contain collagen-like Gly-X-Y repeats near the N terminus and a globular domain in the C 
terminus, and are highly homologous to each other2,3. The 140-kDa complex starts decreasing before the onset of 
hibernation, stays at reduced levels during hibernation, and starts increasing before hibernation ends2. Kondo et al.  
showed that the onset of hibernation is marked by an increase in the HP-20c protein complex in the brain; this 
complex is composed of HP-20, HP-25, and HP-274. Furthermore, hibernation is shortened when an antibody 
against HP-20c is administered via the lateral ventricles4, indicating that HP-20c has a critical role in hibernation.

The HP-25 gene, which is expressed specifically in the liver, is downregulated in hibernating chipmunks3. 
The HP-25 mRNA level in the liver fluctuates in parallel with levels of the 140-kDa complex in the blood. Since 
the levels of the 140-kDa complex fluctuate independently of changes in body temperature4, the HP-25 mRNA 
expression in the liver is thought to be controlled by endogenous circannual rhythms, rather than by changes in 
body temperature or by metabolic inhibition at low body temperatures. Thus, elucidating the mechanism of such 
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hibernation-associated endogenous circannual rhythms will shed light on the molecular mechanisms of mam-
malian hibernation.

Our previous in vitro studies revealed that hepatocyte nuclear factor 4 (HNF-4) activates HP-25 transcription5. 
HNF-4 is a member of the nuclear receptor family6. Fatty acids and linoleic acids are assumed to be the endog-
enous ligands of HNF-47,8. HNF-4 is mainly expressed in the liver and binds to direct repeat 1 like motifs as a 
homodimer6,9. HNF-4 is a critical transcriptional regulator for many genes specifically expressed in the liver10. In 
addition, HNF-4 interacts with various partner proteins that change its transcriptional activity11,12. HNF-4 can 
also recruit several coactivators that modulate chromatin13.

In this study, we investigated the mechanism of the hibernation-associated loss of HP-25 expression in 
chipmunks. We first analyzed whether the hibernation-associated loss of HP-25 expression is regulated at 
the transcriptional level. Subsequently, we focused on the HNF-4-regulated transcriptional activity and on 
hibernation-associated changes in epigenetic marks on the HP-25 gene promoter region. Our results suggest that 
HNF-4 and its coactivators bind the HP-25 promoter region to epigenetically regulate the HP-25 transcription 
changes associated with circannual hibernation.

Results
HP-25 gene transcription is regulated in association with hibernation.  We previously showed that 
the chipmunk HP-25 gene is downregulated in the liver of hibernating chipmunks, based on Northern analysis3. 
However, Northern analysis only indirectly measures gene transcription, since mRNA levels represent the sum of 
both transcriptional and post-transcriptional events. Here, we verified our initial finding by analyzing the levels 
of HP-25 primary transcripts; this approach to determining a gene’s transcriptional state is an alternative to the 
nuclear run-on assay14. Total RNA was isolated from the liver of six nonhibernating chipmunks and six hiber-
nating chipmunks, and the level of HP-25 primary transcripts was compared by RT-PCR using a pair of primers, 
one located in exon 1 and the other in intron 1 (Fig. 1 and Supplementary Fig. S1). The PCR amplimers were 
confirmed to be a single band of the correct size by Southern blot analysis (Supplementary Fig. S1). The HP-25 
mRNA level was also analyzed by RT-PCR using a pair of primers, one located in exon 2 and the other in exon 3.  
Since the albumin mRNA level remains constant regardless of hibernation state3, we used the level of albumin 
primary transcripts as a control. The HP-25 mRNA level was reduced as previously reported3, and similarly, the 
level of HP-25 primary transcripts was greatly reduced in the hibernating chipmunks compared with nonhiber-
nating chipmunks. Although the albumin primary transcript levels differed slightly between individuals, the level 
was almost constant in nonhibernating and hibernating chipmunks. These results indicate that the HP-25 gene 
is in a transcriptionally active state in the liver of nonhibernating chipmunks and shifts to a transcriptionally 
repressed state in the liver of hibernating chipmunks. This observation was in clear contrast to the constitutively 
active albumin gene.

Amount of HNF-4 bound to the HP-25 gene promoter decreased during hibernation.  Our 
previous in vitro studies revealed that the HP-25 gene transcription is activated by HNF-4, which is a 
hepatocyte-enriched transcription factor belonging to the nuclear receptor superfamily, and by upstream stimu-
latory factor (USF), which is a helix-loop-helix transcription factor5,15. Here, immunoblotting analyses of nuclear 
extracts from several tissues of nonhibernating and hibernating chipmunks using antibodies validated for cor-
responding chipmunk proteins (Supplementary Fig. S2) revealed that HNF-4, USF-1, and USF-2 were present in 
the kidney, where the HP-25 gene is not expressed [HP-25 mRNA was detected only in the liver, but not in the 
kidney, by northern analysis3], as well as in the liver (Fig. 2a). Furthermore, although the amounts of HNF-4 and 
USF in the liver differed between individuals to some extent, the average amounts were comparable in nonhiber-
nating and hibernating chipmunks (Fig. 2b and Supplementary Fig. S3).

We next used chromatin immunoprecipitation (ChIP) to determine whether HNF-4, USF-1, and USF-2 were 
involved in the liver-specific transcription of the HP-25 gene (Fig. 2c). In the kidney, these transcription factors 
were hardly present on the promoter region of the HP-25 gene (Fig. 2c). In the liver of nonhibernating chip-
munks, USF-1, USF-2, and HNF-4 bound to the HP-25 promoter region, as expected from our previous results5,15. 
To assess whether HNF-4 binds to the HP-25 gene promoter liver-specifically, we compared HNF-4-binding to 
the promoter regions of the HP-25 and Pklr genes by ChIP (Supplementary Fig. S4). While the HP-25 gene is 
expressed in liver but not in kidney3, the Pklr gene is expressed in both liver and kidney (Supplementary Fig. S4a). 
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Figure 1.  HP-25 is regulated at the transcriptional level in association with hibernation. HP-25 primary 
transcript, HP-25 mRNA and albumin primary transcript were amplified by RT-PCR using total RNA extracted 
from the liver of nonhibernating (NHL; lanes 1–6) and hibernating chipmunks (HL; lanes 7–12). The PCR 
products were separated by electrophoresis on a 2% agarose gel.
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The results showed that HNF-4 bound to the Pklr gene promoter in both liver and kidney, but to the HP-25 gene 
promoter liver-specifically (Fig. 2c and Supplementary Fig. S4d), consistent with its liver-specific transcription. 
Of note, USF-1, USF-2, and HNF-4 bound to the HP-25 gene promoter region even in the liver of hibernating 

Figure 2.  Amount of HNF-4 bound to the HP-25 promoter increased in the nonhibernation season.  
(a) Immunoblot analyses of HNF-4, USF-1, and USF-2 using nuclear extracts prepared from the liver, kidney, 
heart, and lung of a nonhibernating (NH) and a hibernating (H) chipmunk. (b) Immunoblot analyses of 
HNF-4, USF-1, USF-2, and HNF-1 were performed as in (a) using the liver of five nonhibernating (NHL; 
lanes 1–5) and five hibernating chipmunks (HL; lanes 6–10). (c) Binding of transcription factors to the HP-25 
gene promoter was analyzed by ChIP (left panel) and ChIP-qPCR (right panel). ChIP and ChIP-qPCR were 
performed with chromatin from the liver, kidney, and heart of a nonhibernating chipmunk (NH) and the liver 
of a hibernating chipmunk (H) using the indicated antibodies, normal rabbit IgG (IgG), or no antibody (no Ab). 
Following DNA purification, the samples were analyzed by PCR using primer set specific for the HP-25 gene 
promoter region. One hundredth of four percent of the total input sample (Input) was also examined by PCR. 
Results are representative of more than three each of nonhibernating and hibernating chipmunks. In ChIP-
qPCR, the values were normalized to the total input values, and the results are shown as the fold increase over 
the values for the liver of the nonhibernating chipmunk (NH). Results are means ±​ SEM for two independent 
experiments using the samples prepared from different individuals. Different letters (a–c) are significantly 
different at p <​ 0.05; one-way ANOVA with Tukey-Kramer post test. (d) ChIP (left panel) and ChIP-qPCR 
(middle and right panels) were performed with the indicated antibodies using chromatin from the liver of a 
nonhibernating chipmunk (NH) and a hibernating chipmunk (H) different from those used in (c). In ChIP-
qPCR, the values were normalized as in (c). Results are means ±​ SEM for three independent experiments. 
**p <​ 0.01; Student’s t-test.
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chipmunks (Fig. 2c), where this gene is transcriptionally repressed. However, the amount of HNF-4 bound to 
the HP-25 gene promoter region was drastically decreased in hibernating chipmunks (Fig. 2c). In the case of 
the albumin gene, which is transcriptionally upregulated by HNF-116, HNF-1 and Pol II bound the promoter 
region in the liver of both nonhibernating and hibernating chipmunks (Supplementary Fig. S5), consistent with 
its constitutively active transcription. ChIP-qPCR showed that about 10 times more HNF-4 was bound to the 
HP-25 gene promoter in the liver of nonhibernating compared to hibernating chipmunks (Fig. 2d). On the other 
hand, the amount of histone H3 on the HP-25 gene promoter region was almost the same in the liver of both 
nonhibernating and hibernating chipmunks (Fig. 2d). These findings suggested that the dissociation of HNF-4 
from the HP-25 gene promoter region is one of the major causes of the repression of HP-25 gene transcription in 
hibernating chipmunks.

Histone modifications on the HP-25 gene promoter region change in association with hiberna-
tion.  The acetylation and methylation of histone at certain residues, such as the trimethylation of histone H3 
at lysine (K) 4 and the acetylation at K9 and K14, are generally involved in gene activation, whereas the lack of 
histone acetylation is a hallmark of gene repression17–20. Histone modifications for active transcription destabi-
lize higher-order chromatin structures and render nucleosomal DNA more accessible to transcription factors21. 
To examine the involvement of epigenetic regulation in HP-25 gene transcription, we first compared the total 
amount of histone H3 acetylated at K9 and K14 and trimethylated at K4 in the liver between nonhibernating and 
hibernating chipmunks by immunoblotting (Fig. 3a). The total amounts of the modified histones in the liver were 
almost equal between nonhibernating and hibernating chipmunks. We then analyzed the modification states 
of the histone H3 specifically bound to the HP-25 gene promoter region by ChIP (Fig. 3b,c). Histone H3 bound 
to the HP-25 promoter region was significantly more acetylated at K9 and K14 and more trimethylated at K4 in 
the liver of nonhibernating chipmunks than in hibernating chipmunks (Fig. 3b upper part and 3c), but H3K9 
dimethylation, one of the repressive histone modifications, was not detected even in hibernating chipmunks 
(Fig. 3b middle upper part). On the other hand, the histone H3 bound to the albumin promoter region was 
almost equally acetylated at K9 and K14 and trimethylated at K4 in the liver of nonhibernating and hibernating 
chipmunks (Fig. 3b lower part). These results were consistent with our findings on the transcriptional states of 
the HP-25 and albumin genes (Fig. 1). Considering that the total amounts of the modified histones were similar 
between nonhibernating and hibernating chipmunks (Fig. 3a), these histone modifications are probably regulated 
at the promoter region of specific genes involved in hibernation, including at least the HP-25 gene.

HNF-4 and coactivators activate HP-25 transcription in the liver of nonhibernating chip-
munks.  To elucidate the mechanism of the hibernation-associated changes in histone modifications on the 
HP-25 gene promoter, we used ChIP to analyze the histone acetyltransferases (HATs), histone methyltransferases 
(HMTs), and histone deacetylases (HDACs) bound to the HP-25 promoter region (Fig. 4a,b). Histone H3 can be 
acetylated at K9 and K14 by HATs such as CBP, NCoA-1, PCAF, p300, GCN5, MOZ, MORF, and TFIIIC, and 
can be methylated at K4 by HMTs such as SETD1A, SETD1B, MLL1, MLL2, and ASH1L17,19,22,23. HDACs are 
classified into groups I–IV, and the class I HDACs HDAC1, HDAC2, HDAC3, and HDAC8 generally function 
as subunits in multiprotein complexes that are crucial for repressing transcription24. ChIP analyses revealed that 
HDAC1 and HDAC2 bound the HP-25 promoter region in the liver of both nonhibernating and hibernating 
chipmunks (Fig. 4a right panel and 4b). In contrast, CBP, NCoA-1, PCAF, and SETD1A were found on the HP-25 
gene promoter mainly in the liver of nonhibernating chipmunks (Fig. 4a left and middle panels and 4b). Thus, 
hibernation-associated histone modifications are likely to be modulated by HAT and HMT, which are associated 
with the HP-25 gene promoter in nonhibernating chipmunks and dissociated from the promoter region in hiber-
nating chipmunks.

To investigate the involvement of HATs and HMT(s) in activating the HP-25 gene transcription, we tran-
siently transfected HeLa cells with an HP-25 gene promoter-reporter plasmid and expression plasmids for CBP, 
SETD1A, and HNF-4 singly (Supplementary Fig. S6a) or in combination (Supplementary Fig. S6b). Although 
neither CBP nor SETD1A alone could activate the HP-25 transcription, both could facilitate its transcriptional 
activation by HNF-4, and the combination of CBP and SETD1A further enhanced the HP-25 transcription 
(Supplementary Fig. S6a,b). CBP’s enhancement of the HP-25 transcriptional activation was repressed by cur-
cumin, a specific inhibitor of CBP HAT activity25, in a dose-dependent manner (Supplementary Fig. S6c). These 
results indicate that the HP-25 gene transcription is activated by HNF-4 in combination with HATs and HMT(s) 
in the liver of nonhibernating chipmunks.

SHP upregulation represses HP-25 transcription by suppressing HNF-4 activity during hiber-
nation.  Our results thus far indicated that the HP-25 transcription was probably repressed in hibernating 
chipmunks due to reduced levels of HNF-4 bound to the promoter (Fig. 2d) and the dissociation of coactivators 
from the promoter (Fig. 4a,b). Although several microRNAs have been implicated in the translational repression 
of HNF-4 expression26,27, the observation that the HNF-4 levels were unchanged in nonhibernating and hibernat-
ing chipmunks would exclude microRNAs from the cause of this repression. Small heterodimer partner (SHP), 
which belongs to a group of atypical nuclear receptors that lack a classical DNA-binding domain and are core-
pressors of a number of nuclear receptors28, represses HNF-4 activity by competing with the coactivator SRC-329. 
We could not detect endogenous SHP protein expression in the liver with any of several commercial anti-SHP 
antibodies, so we used RT-qPCR to compare SHP expression in the liver of nonhibernating and hibernating 
chipmunks (Fig. 5a). Notably, unlike the HP-25 mRNA levels, the amount of SHP mRNA was about 2.5-fold 
higher in hibernating than in nonhibernating chipmunks. To examine whether chipmunk SHP affects the tran-
scriptional activity of HNF-4, we conducted a transient transfection assay using an HP-25 gene promoter-reporter 
plasmid and expression plasmids for HNF-4, CBP, and SHP singly (Supplementary Fig. S6d) or in combination 
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(Supplementary Fig. S6e), in HeLa cells. We found that SHP repressed HP-25 gene transcription activated by 
HNF-4 alone or in combination with CBP (Supplementary Fig. S6d,e). We next examined interactions between 
chipmunk HNF-4 and chipmunk SHP in cultured cells. In HeLa cells transfected with chipmunk HNF-4 and 
FLAG-tagged chipmunk SHP, immunocytochemistry using fluorescent and confocal microscopies showed that 
significant portions of HNF-4 and SHP were colocalized in nucleus (Supplementary Fig. S6f), and HNF-4 and 
SHP were co-precipitated in a co-immunoprecipitation assay (Supplementary Fig. S6g). Taken together, these 
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Figure 3.  Increased active transcription histone markers on the HP-25 promoter in the liver of 
nonhibernating chipmunks. (a) Comparison of the amounts of modified histones in the liver of 
nonhibernating and hibernating chipmunks. Immunoblotting was performed as in Fig. 2b using nuclear 
extracts from the liver of four nonhibernating chipmunks (NHL; lanes 1–4) and four hibernating chipmunks 
(HL; lanes 5–8). USF-1 was used as a loading control. (b) ChIP was performed as in Fig. 2c with chromatin from 
the liver of a nonhibernating chipmunk (NH) and a hibernating chipmunk (H) using the indicated antibodies 
and primer sets specific for the indicated gene promoter regions. (c) ChIP-qPCR was performed as in Fig. 2d 
with chromatin from the liver of a nonhibernating (NHL) and a hibernating chipmunk (HL) using the indicated 
antibodies. Results are means ±​ SEM for three independent experiments performed in technical triplicate. 
**p <​ 0.01. The chipmunks used in (b) and (c) are different individuals.
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results indicate that chipmunk SHP interacts with chipmunk HNF-4 in the nucleus and represses the HP-25 gene 
transcription activated by HNF-4.

Finally, to examine the effect of ectopic SHP expression on endogenous HP-25 gene expression, we transfected 
a FLAG-tagged SHP-expression construct into primary hepatocytes prepared from a nonhibernating chipmunk. 
The expression of FLAG-tagged SHP was verified by immunoblotting (Fig. 5b). RT-qPCR analysis revealed that 
although SHP overexpression did not affect the albumin mRNA levels, the HP-25 mRNA was reduced by 15% 
(Fig. 5c,d). Ectopic SHP expression did not affect the amount of HNF-4 protein or HNF-4 mRNA (Fig. 5b,e). 
ChIP-qPCR revealed that SHP overexpression decreased the amount of HNF-4 bound to the HP-25 gene pro-
moter by about 70% (Fig. 5f), although the amount of histone H3 on the HP-25 gene promoter region was almost 
the same with or without SHP transfection (Fig. 5g). Taken together, these results indicate that SHP expression is 
upregulated in hibernating chipmunks and that SHP represses HP-25 expression by removing HNF-4 from the 
promoter.

Discussion
Mammalian hibernation is accompanied by various physiological changes1 that are assumed to be under genetic 
control. Although there is growing evidence for differential gene expression during hibernation30–38, the molec-
ular mechanisms underlying hibernation-associated gene regulation are unknown. In this study, we found that 
differential HP-25 transcription in the liver between nonhibernating and hibernating chipmunks is epigenetically 
regulated: H3K9 and K14 were highly acetylated and H3K4 was highly trimethylated in the HP-25 promoter 
region in nonhibernating chipmunks, but not in hibernating chipmunks. There was a positive correlation among 
HNF-4 binding, HAT/HMT binding, and histone acetylation/trimethylation levels. Notably, SHP, which nega-
tively regulates HNF-4, was upregulated in the liver of hibernating chipmunks, and ectopically expressing SHP in 
primary hepatocytes prepared from nonhibernating chipmunks resulted in the dissociation of HNF-4 from the 
HP-25 promoter and the repression of HP-25 gene transcription.

Our ChIP analyses revealed that in tissues like the kidney, where HP-25 is not expressed, the transcription 
factors HNF-4, USF-1, and USF-2 were present but hardly bound to the HP-25 promoter region (Fig. 2). These 
results indicate that the liver-specific transcription of the HP-25 gene is established by assembling a higher order 
chromatin structure around the promoter region, which is inaccessible by transcription-factors, in nonexpress-
ing tissues. Our previous finding that USF binding to the CACGTG sequence in the HP-27 promoter region is 
inhibited by CpG methylation in nonexpressing tissues supports this idea39. On the other hand, in the liver of 
hibernating chipmunks, where HP-25 is transcriptionally repressed, the transcription factors HNF-4, USF-1, and 
USF-2 still bound the HP-25 gene promoter (Fig. 2), but a repressive histone mark was not observed (Fig. 3b), 
indicating that the chromatin structures surrounding the HP-25 gene do not change so drastically that they pre-
vent transcription factors from binding, unlike in nonexpressing tissues like the kidney.

HDACs are traditionally considered to be transcriptional corepressors24. However, HDAC1 and HDAC2 were 
found on the HP-25 promoter region in the liver of nonhibernating chipmunks (Fig. 4a,b). Recent genome-wide 
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Figure 4.  Coactivators enhance the HP-25 transcriptional activation in nonhibernating chipmunks.  
(a) ChIP was performed as in Fig. 2c using the indicated antibodies. (b) ChIP-qPCR was performed as in 
Fig. 2d with chromatin from the liver of two nonhibernating (NHL) and two hibernating chipmunks (HL) using 
the indicated antibodies. Results are means ±​ SEM for two independent experiments performed in technical 
triplicate. **p <​ 0.01, ***p <​ 0.001. The chipmunks used in (a) and (b) are different individuals.
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Figure 5.  SHP represses HP-25 gene transcription by inhibiting HNF-4 binding to the promoter. (a) SHP, 
HP-25, and albumin mRNA levels in the liver of four nonhibernating chipmunks (NHL) and four hibernating 
chipmunks (HL), measured by RT-qPCR. The results were normalized to the amount of mRNA of the respective 
genes in the NHL. The results are shown as means ±​ SEM. *p <​ 0.05. (b–g) Primary hepatocytes prepared from 
a nonhibernating chipmunk were transfected with a FLAG-SHP expression plasmid or an empty vector plasmid 
(control). In (b), whole-cell extracts from the primary hepatocytes were immunoblotted with the indicated 
antibodies. USF-2 was used as a loading control. In (c–e), total RNA was prepared from the primary hepatocytes 
(SHP or control), and the endogenous HP-25 (c), albumin (d), and HNF-4 (e) expression was assessed by 
RT-qPCR. The results were normalized to the amount of mRNA for each gene in control cells. Results show 
means ±​ SEM for three independent experiments. **p <​ 0.01. In (f and g), ChIP-qPCR was performed with 
chromatin from the primary hepatocytes using anti-HNF-4 (f) or anti-histone H3 (g) antibodies, and the values 
were normalized to the total input value. Results are shown as the fold increase over the control value. Results 
show means ±​ SEM for three independent experiments. **p <​ 0.01.
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mapping revealed that HDACs localize to many active genes40,41. These observations support the idea that HDACs 
are recruited to active genes to reset the chromatin modification states and maintain an adequate level of histone 
acetylation40,42, and our result is consistent with this idea. On the other hand, HDACs are also thought to enforce 
the hypo-acetylated chromatin state of the HP-25 gene in hibernating chipmunks (Fig. 4a,b).

In this study, we showed that the transcriptional repression of the HP-25 gene in hibernating chipmunks 
results mainly from the dissociation of HNF-4 from the promoter, possibly due to SHP, which is upregulated 
during hibernation. SHP is proposed to repress gene transcription by interacting with other nuclear receptors via 
two dimerization LXXLL-related motifs in a ligand-binding domain43, or by binding to the C-terminal activation 
function-2 helix of other nuclear receptors through these motifs28. Since chipmunk SHP also possesses both 
LXXLL-related motifs in a ligand-binding domain, chipmunk SHP probably interacts with chipmunk HNF-4 
through these two functional motifs. SHP is also reported to interact with lysine-specific histone demethylase 1 
(LSD1)44,45, which is associated with a CoREST–SIRT1 repressor complex that removes H3K4 mono-, di- and tri-
methylation marks45. These reports imply that SHP might also directly repress HP-25 transcription by recruiting 
histone modification enzymes to the HP-25 gene promoter via an interaction with HNF-4 bound to the promoter.

The HP-25 gene expression in the liver is thought to be regulated by the endogenous circannual rhythm respon-
sible for hibernation. Our results suggest that this hibernation-associated regulation of HP-25 transcription occurs 
as follows: in the liver of nonhibernating chipmunks, HNF-4 binds the HP-25 promoter region to activate HP-25 
transcription in combination with coactivators and active histone modification marks; in hibernating chipmunks, 
HNF-4 and its coactivators dissociate from the HP-25 gene promoter, possibly by an interaction with SHP (which 
is now upregulated), and active transcription histone marks are removed from the promoter region (Fig. 6). Since 
transcription and translation are drastically decreased at low body temperatures46–48, these repression processes are 
likely to occur before or during the entry into hibernation. On the other hand, a reduction in SHP during the non-
hibernation season would allow HNF-4 to bind to the HP-25 promoter, which could facilitate H3K4 trimethylation 
and histone acetylation on the promoter region by recruiting HMTs and HATs, leading to HP-25 transcriptional acti-
vation. Together, controlled HNF-4 binding to the HP-25 gene promoter is likely to play a key role in the differential 
regulation of HP-25 transcription between the nonhibernating and hibernating chipmunks. Recently, it has been 
reported that not only hibernating mammals but also non-hibernating mammals contain HP-20, HP-25 and HP-27 
genes, and in cow, whose hibernation-related protein (HP) genes are expressed specifically in the liver, circulating 
levels of HP-25 and HP-27 in the blood and cerebrospinal fluid change seasonally as is the case with the chipmunk 
HPs49,50. Even when chipmunks were kept under conditions of constant warmth (23 °C) with a 12 h:12 h light:dark 
period cycle, the HP level in the blood and their gene expression in the liver still showed seasonal oscillations similar 
to those in animals with a low body temperature (Tb) during hibernation season, indicating that the gene expression 
of HPs is regulated by endogenous circannual rhythms, and independent of Tb changes4. Since there is a HNF-4 
binding site in the cow HP-25 gene promoter (data not shown), transcription of the cow HP-25 gene may be regu-
lated by a general nuclear receptor HNF-4 as the chipmunk HP-25 gene. Although it has not been established that 
cow HPs oscillate in an endogenously generated circannual manner49, the gene regulation of HPs is likely to be under 
the control of a circannual clock common to chipmunk and cow. In recent years, the presence of a circannual pace-
maker in the pars tuberalis of the pituitary gland has been suggested51,52. Identifying the repressors that regulate HP-
25 transcription and HNF-4’s binding to the HP-25 promoter poses an interesting challenge. Based on our results, 
elucidating the upstream factors that control the epigenetic regulation of HP-25 transcription will help to identify the 
circannual signals from the circannual pacemaker common to hibernators and nonhibernators. Also, comparative 
analyses of the pathways affecting the HP-25 gene transcriptional regulation between hibernators and nonhiberna-
tors, together with functional analysis of the HP-25 protein, may lead to identification of hibernation signals.
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Figure 6.  A schematic model of the hibernation-associated transcriptional regulation of the HP-25 gene 
based on this study. In nonhibernating chipmunks, HNF-4 binds the HP-25 gene promoter region to activate 
HP-25 transcription in combination with coactivators and active histone modification marks (left side part). On 
the other hand, in hibernating chipmunks, HNF-4 and its coactivators dissociate from the promoter, possibly by 
an interaction of HNF-4 with SHP whose expression is upregulated during hibernation, and active transcription 
histone marks are removed, resulting in transcriptional repression of the HP-25 gene (right side part).
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Material and Methods
Ethics statement.  All recombinant DNA experiments in this study strictly followed a protocol and guide-
lines approved by the Institutional Recombinant DNA Experiment Safety Committee of Kitasato University.

Animals.  Male chipmunks (Tamias asiaticus) purchased from Pet Easy Space (Osaka) were individually 
housed and offered standard rodent chow and water ad libitum. The chipmunks were kept at 23 °C with a 12 h:12 h 
light:dark period during the nonhibernation season (April–September) and at 5 °C in darkness during the hiber-
nation season (October–March). Nonhibernating chipmunks were summer-active animals sampled in June or 
July. Hibernating chipmunks were sampled approximately three months after first immergence into torpor. The 
topor bouts usually last 5–6 days. At the sampling time, these hibernating chipmunks had been hibernating 
for 3–4 days: they were torpid, and their body surface temperatures were under 10 °C measured by an infrared 
thermometer. All animals were deeply anesthetized with isoflurane prior to sacrifice. Tissues were immediately 
excised, frozen in liquid nitrogen, and stored at −​80 °C until use. All of the protocols were in accordance with 
the guidelines of the Institutional Animal Care and Use Committee of Kitasato University, and all experimental 
procedures were approved by the same committee.

RT-PCR of primary transcripts.  Total RNA prepared from the liver using the RNeasy Mini Kit (Qiagen) 
was treated with DNase I using the TURBO DNA-free kit (Ambion). The reverse transcription of total RNA and 
subsequent PCR were performed using the mRNA Selective PCR Kit (Takara) to amplify the HP-25 primary 
transcript, HP-25 mRNA, and albumin primary transcript. The PCR products were fractionated using a 2% aga-
rose gel. The following primer sets were used for PCR: CM25 +​ 114F_exon1, 5′-ATGCCTGCACAAAGAGG-3′​,  
and CM25 + ​ 409R_intron1,  5 ′ -GGCCTGATATCAT TCCTCC-3 ′ ;  cmHP25 + ​ 216F_exon2,  
5′-AATTCTGAACCCTGTGGACCT-3′​, and cmHP25 +​ 683R_exon3, 5′​-TTCCAGCCAGACTTTGTCCC-3′; 
CMALB + ​ 868F_exon2, 5′-GGGAGAGCAAAATTTTAAAGG-3′ ​, and CMALB + ​ 1066R_intron2, 
5′-ACCAGTGGCTACCATATTAGA-3′​.

Immunoblot analysis.  Nuclear extracts were prepared from the liver, kidney, heart, and lung of non-
hibernating and hibernating chipmunks39. Immunoblotting was performed as described previously39. The 
anti-USF-1 (sc-229) and anti-USF-2 (sc-862) antibodies were purchased from Santa Cruz Biotechnology. The 
anti-HNF-4 antibodies (sc-8987 and H1415) were purchased from Santa Cruz Biotechnology and Perseus 
Proteomics, respectively. The anti-HNF-1 antibody (H69220) was purchased from Transduction Laboratories. 
The anti-acetyl-histone H3 (Lys9) (07-352) and anti-acetyl-histone H3 (Lys14) (07-353) antibodies were pur-
chased from Millipore. The anti-histone H3 (tri methyl K4) (ab8580) and anti-histone H3 (ab1791) antibodies 
were purchased from Abcam. The anti-DYKDDDDK antibody (KO602) was purchased from TransGenic Inc.

ChIP analysis.  Chromatin immunoprecipitation (ChIP) was performed as described previously15. All ChIP 
experiments were performed three or more times using independent chromatin preparations. The normal rab-
bit IgG (sc-2027), and antibodies against HNF-4 (sc-8987), HNF-1 (sc-8986), Pol II (sc-9001), NCoA-1 (sc-
8995), and PCAF (sc-8999) were purchased from Santa Cruz Biotechnology. The anti-dimethyl-histone H3 
(Lys9) antibody (07-441) was purchased from Millipore. The anti-HDAC1 (ab7028), anti-HDAC2 (ab7029), 
and anti-CBP (ab2832) antibodies were purchased from Abcam. The anti-SETD1A antibody (NB100–559A) 
was purchased from Novus Biologicals. PCR was carried out with the following primer sets: CM25-230F,  
5′​-TCTTGCTCTGATGGTTTGTTGACAC-3′​, and CM25 +​ 79 R, 5′​-GCCTCTCTCCTCTTTAGTTTTCTTC- 
3′, which amplicon size is 310 bp; CMALB-380F, 5′​-ATTTCCAAGCAGAATCATTGG-3′​, and CMALB-11R, 
5′-ATAGAAAAGGTAGGATGAATG-3′​, which amplicon size is 392 bp. ChIP quantitative PCR (ChIP-qPCR) 
was performed with the indicated number of samples in technical triplicate using SsoFast EvaGreen Supermix 
(Bio-Rad) with the following primer set: CM25-166F, 5′​-GTGACCACGTAAGGGGCAGG-3′​, and CM25-24R, 
5′-CTGATCTTTCCTGAGGTCAGTGTC-3′​, which primer set was more efficient and selective in SsoFast PCR 
amplification. Both HP-25 gene primer sets, CM25-230F and CM25 +​ 79 R, and CM25-166F and CM25-24R, 
can amplify the regions encompassing the USF-1, USF-2, and HNF-4 binding sites. The PCR amplimers were 
confirmed to be a single band of the correct size by agarose gel electrophoresis. ChIP-qPCR data were normalized 
by the % input method and were shown as the fold increase over the value in the nonhibernating chipmunk liver. 
Results are expressed as means ±​ SEM of the indicated number of independent determinations.

Transfection and luciferase assays.  The promoter-reporter plasmid construction of pCM25G-260/luc 
was described previously5. HeLa cells were cultured as described previously5. Cells were plated at 4 ×​ 104 cells in 
a 24-well plate. After 24 h, the cells were transfected with 400 ng of a firefly luciferase promoter-reporter plasmid, 
and with 10 ng of the Renilla luciferase internal control plasmid pRL-SV40 (Promega), using TransIT-LT1 rea-
gent (Mirus). Where denoted, the cells were cotransfected with 100 ng of the mouse CBP expression construct 
pcDNA3/mCBP, 100 ng of the mouse SETD1A expression construct pcDNA3/mSETD1A, 5 ng of the chipmunk 
HNF-4 expression construct pcDNA3/cmHNF-4, and/or 100 ng of the chipmunk SHP expression construct 
pcDNA3/FLAG-cmSHP. After 24 h, the luciferase activity was measured using the Dual-Luciferase Reporter 
Assay System (Promega). Where denoted, curcumin (Sigma) was added at the indicated concentrations 12 h after 
transfection, and the luciferase activity was measured after another 12 h.

Immunocytochemistry.  HeLa cells were grown on uncoated glass coverslips and transfected with 
pcDNA3/cmHNF-4 and pcDNA3/FLAG-cmSHP using Polyethylenimine Max (Polysciences, Inc.). At 24 h after 
transfection, the cells were fixed with 10% Formaldehyde Neutral Buffer Solution (Nacalai Tesque) for 10 min, 
mounted on glass slides, and observed with a BZ-8100 fluorescence microscope (Keyence) or an LSM510 
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confocal laser-scanning microscope (Zeiss). To detect HNF-4 and FLAG-SHP, the cells were incubated with an 
anti-HNF-4 antibody and anti-DYKDDDDK antibody overnight at 4 °C, washed three times with 0.5% BSA in 
PBS, and incubated with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-mouse IgG (Thermo 
Scientific) for 1 h at room temperature. To detect nuclei using a fluorescence microscope, the cells were washed 
twice with PBS and stained with 1 μ​g/ml Hoechst 33258 (Thermo Scientific) solution for 10 min at room temper-
ature. The cells were then washed with H2O, mounted on a slide, and observed under the microscope.

Co-immunoprecipitation Assays.  HeLa cells were plated on a 10-cm dish, and transfected with pcDNA3/
cmHNF-4 and pcDNA3/FLAG-cmSHP using Polyethylenimine Max (Polysciences, Inc.). At 48 h after transfec-
tion, the cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS, and protease inhibitor cocktails) for 30 min at 4 °C. The lysates were centrifuged at 12,000 x 
g for 30 min at 4 °C. The supernatants were collected and incubated with Ab-Capcher (ProteNova) and IgG. The 
pre-cleared samples were centrifuged, and the supernatants were collected. The pre-cleared supernatants were 
incubated with an anti-HNF-4 antibody, anti-FLAG M5 antibody (Sigma Aldrich), or pre-immune IgG (used 
as a negative control) at 4 °C overnight. Immunoprecipitated samples were then captured by Ab-Capcher. The 
Ab-Capcher beads were washed three times with wash buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 
150 mM NaCl, 1% Triton X-100, and protease inhibitor cocktail), and the immunoprecipitated proteins were 
eluted with SDS-PAGE loading buffer. The eluates were analyzed by immunoblotting using an anti-HNF-4 or 
anti-DYKDDDDK antibody.

Reverse transcription qPCR (RT-qPCR).  Total RNA was obtained from chipmunk livers and primary 
hepatocytes using ISOGEN II (Nippon Gene). First-strand cDNA was synthesized using the PrimeScript 1st 
Strand cDNA Synthesis Kit (Takara) with random primers following the manufacturer’s instructions; qPCR 
was performed with four samples in technical triplicate using the SYBR Green Realtime PCR Master Mix 
(Toyobo) and a Rotor-Gene Q apparatus (Qiagen). The following PCR primers were used: cmSHP +​ 490 F, 
5′-CTGGGCCCCAAAGAGTATGC-3′​, and cmSHP +​ 572 R, 5′-ATGTGGGAGGAGGCATGAAG-3′; 
c m H P 2 5  + ​ 6 0 7  F,  5 ′ - A A G C C A AT G A C A G C TA C A A A C AT- 3 ′ ,  a n d  c m H P 2 5  + ​ 7 9 9  R ,  
5′-TTCAGAATTACAAGAGGGATGGA-3′; cmALB +​ 502 F, 5′​-AGAAAATAACCTGAGGCTTTTGG-3′, 
a n d  c m A L B  + ​ 6 7 5  R ,  5 ′ ​- T T C ATA G C C T C A AT C T T T G G T G T- 3 ′ ​;  c m A C T B  + ​ 2 2 6  F,  
5′-GTCACCAACTGGGACGACAT-3′, and cmACTB +​ 401 R, 5′-ACATACATGGCTGGGGTGT-3′. Beta-actin 
(ACTB) was used as an endogenous control to normalize gene expression. Relative mRNA expression levels were 
presented as means ±​ SEM. Statistical differences were analyzed by Student’s t-test.

Primary hepatocyte cultures and transfection.  Primary hepatocytes of nonhibernating chipmunks 
were obtained by the conventional collagenase method with minor modifications. Following liver perfusion 
with collagenase type IV (Worthington), the dispersed cells were filtered successively through 500-μ​m and 
125-μ​m stainless steel sieves, and washed with DMEM four times. In all experiments, the hepatocytes were 
more than 80% viable as judged by trypan blue exclusion. After centrifugation, the cell pellet was resuspended 
in Williams’ medium E supplemented with 10% FCS, 1 mM insulin, 1 mM dexamethasone, 100 U/ml penicillin, 
0.1 mg/ml streptomycin, 0.5 mg/ml fungizone, and 0.1 mg/ml kanamycin, and the hepatocytes were plated on 
collagen-coated BioCoat dishes (Corning). On the next day, pcDNA3/FLAG-cmSHP or pcDNA3/FLAG were 
transfected into the hepatocytes using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. 
The hepatocytes were cultured for 2 additional days, and then whole-cell extracts and total RNA were prepared.

Statistical analysis.  Student’s t-test (2-tailed 2, type 2), Tukey-Kramer Multiple Comparison test, one-way 
ANOVA, or two-way ANOVA were used to compare the difference from the control group. When the interaction 
was significant at p <​ 0.05 by one-way ANOVA or two-way ANOVA, post hoc multiple comparison was made 
using Tukey-Kramer test. Two-way ANOVA was also used to analyze the interaction between treatments.
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