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Abstract cAMP responsive element-binding protein H
(CREBH) is an endoplasmic reticulum (ER) anchored tran-
scription factor that is highly expressed in the liver and
small intestine and implicated in nutrient metabolism and
proinflammatory response. ApoA-IV is a glycoprotein se-
creted primarily by the intestine and to a lesser degree by
the liver. ApoA-IV expression is suppressed in CREBH-
deficient mice and strongly induced by enforced expression
of the constitutively active form of CREBH, indicating that
CREBH is the major transcription factor regulating Apoa4
gene expression. Here, we show that CREBH directly con-
trols Apoa4 expression through two tandem CREBH bind-
ing sites (5-CCACGTTG-3’) located on the promoter, which
are conserved between human and mouse. Chromatin im-
munoprecipitation and electrophoretic mobility-shift assays
demonstrated specific association of CREBH with the
CREBH binding sites. We also demonstrated that a substan-
tial amount of CREBH protein was basally processed to the
active nuclear form in normal mouse liver, which was fur-
ther increased in steatosis induced by high-fat diet or fast-
ing, increasing apoA-IV expression.Hli However, we failed to
find significant activation of CREBH in response to ER
stress, arguing against the critical role of CREBH in ER
stress response.—Xu, X., J-G. Park, J-S. So, K. Y. Hur, and
A-H. Lee. Transcriptional regulation of apolipoprotein A-IV
by the transcription factor CREBH. J. Lipid Res. 2014. 55:
850-859.

Supplementary key words cAMP responsive element-binding protein
H e ER stress ® hepatic steatosis

cAMP responsive element-binding protein H (CREBH) is
an endoplasmic reticulum (ER)-bound bZiP transcription
factor that is highly and specifically expressed in the liver
and small intestine (1, 2). Itis activated by proteolytic cleav-
age in the transmembrane domain by site 1 (S1P) and site 2
(S2P) proteases, which release the N-terminal portion of
the protein that enters the nucleus to act as a transcription
factor (3, 4). CREBH was initially identified as a liver-enriched
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transcription factor that could bind to cAMP response ele-
ment (CRE) and activate the transcription driven by CRE-
containing promoters, such as rat phosphoenolpyruvate
carboxykinase (PEPCK) promoter (1, 2).

Recent studies employing genetic ablation of CREBH or
in vivo delivery of sequence-specific ShRNA revealed that
CREBH is involved in a variety of physiological functions
of the liver. It has been shown that CREBH is proteolyti-
cally activated by ER stress (5), induced acute phase re-
sponse genes (5), and the iron metabolism regulator,
hepcidin (6). It has also been demonstrated that CREBH
is induced in the liver of fasted mice (7), and promotes the
transcription of genes involved in gluconeogenesis (8)
and plasma TG clearance (9).

While CREBH controls the expression of a variety of target
genes, the upstream signal that activates CREBH and the pro-
moter element mediating the CREBH function remain
poorly understood. Despite the postulated roles for CREBH
in ER stress-mediated inflammatory response and hepcidin
expression, it remains controversial whether CREBH is in-
deed activated by ER stress. Zhang et al. (5) first reported
that CREBH was activated by ER stress, in a manner similar to
ATF6a. However, subsequent studies by several other groups
failed to detect proteolytic activation of CREBH by ER stress
inducers in stable cell lines expressing exogenous CREBH
(10, 11). On the other hand, hepatic CREBH mRNA is in-
duced by fasting and suppressed by refeeding, which appears
to be mediated by glucocorticoid receptor and PPAR« that
bind to peroxisome proliferator responsive element (PPRE)
and glucocorticoid transcriptional response element on the
CREBH promoter (7, 8, 12).

Abbreviations:  ChIP, chromatin immunoprecipitation; CRE, cAMP
response element; CREBH, cAMP responsive element-binding pro-
tein H; CREBH(N), N-terminal fragment of cAMP responsive element-
binding protein H; EMSA, electrophoretic mobility shift assay; ER,
endoplasmic reticulum; HA, hemagglutinin; HNF-4«, hepatic nuclear
factor 4a;; PGCla, PPARY coactivator-1a.
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Comparison of gene expression profiles of WT and
CREBH-deficient mice identified Apoa4 as one of the
genes that are tightly controlled by CREBH, both in the
liver and small intestine (9). ApoA-IV is produced and se-
creted by enterocytes in the small intestine and at a lesser
level by the liver (13, 14), and is mainly associated with
HDL particles in normal human serum (15). ApoA-IV
mRNA is induced in the liver of fasted mice in a CREBH-
dependent manner (9, 16). Transcription factor hepatic
nuclear factor 4o (HNF-4a) was also shown to play a role
in apoA-IV mRNA expression in mouse liver (16).

In the current study, we investigated the mechanism by
which CREBH activates the Apoa4 gene promoter, and
evaluated the effect of ER stress on CREBH activation in
mouse liver. We demonstrate that CREBH directly acti-
vates Apoa4 gene expression in mice and humans through
tandem CREBH binding sites on its promoter. Liver ste-
atosis induced hepatic apoA-IV expression, which was de-
pendent on CREBH. We also found that a significant
amount of CREBH protein was spontaneously processed
in normal mouse liver to the active nuclear form, and tuni-
camycin, a commonly used chemical ER stress inducer,
suppressed CREBH processing.

MATERIALS AND METHODS

Animals

Creb313~' mice have been described (9, 17). Creb313 /" mice
were backcrossed more than 10 generations to C57BL/6 mice
(Taconic Farms). Mice were fed either a standard chow diet con-
taining 13.2% fat, 24.6% protein, and 62.1% carbohydrate
(kcal /100 kcal) (#5053, LabDiet), a high-fat and high-cholesterol
Western diet containing 42.0% fat, 15.2% protein, 42.7% carbo-
hydrate, and 0.2% cholesterol (TD 88137, Harlan Teklad), or a
ketogenic diet consisting of 93.4% fat, 4.7% protein, and 1.8%
carbohydrate (F-3666, Bio-Serv). Mice were housed in a 12 h
light/dark cycle with ad libitum access to food and water, unless
indicated otherwise, and euthanized by CO, between 9:00 AM
and 11:00 AM. For some experiments, mice were fasted overnight
for 16 h with free access to water. Male mice around 2 months old
with body weights of 24 + 1 g were used exclusively. Plasma was
collected from EDTA-treated whole blood by centrifuging at
3,000 rpm for 15 min. Tissues were resected and snap-frozen on
dry ice and stored at —80°C for further analysis. All procedures
involving animals were in accordance with the Weill Cornell
Medical College Institutional Animal Care and Use Committee.

Plasmid constructs

The N-terminal fragment of CREBH [CREBH(N)] (amino
acids 1-332) was amplified from a human cDNA clone (Open
BioSystems, BC101504) and inserted into pcDNA3.1 vector us-
ing the FcoRI and Xbal sites. Fragments of mouse Apoa4 pro-
moter were isolated by PCR using RP24-302M3 BAC plasmid
(BACPAC Resources Center, CHORI) containing the Apoa4
gene as a template, and cloned into pGL3-basic vector (Pro-
mega) using Mlul and Xhol restriction enzymes. The primers
used were: 5"-ggacgcGTAGCTAGCTGCTTCTAGGGAT-3" for
5.9 kb; 5-ggacgcgtCACTCTGCATGGCTCTTGCATATG-3’ for
0.9 kb; 5’-ggacgcGTTCTCTCAGACTGGCACAG-3" for 0.33
kb; 5-ggacgcGTTTCTGGCTATCCTTCCCA-3" for 0.23 kb;

5-g2acgcGTCAGCTTCCACGTTGTCTT-3’ for 0.15 kb; 5~ggacgcGT-
CACACTGGGGAGGAGG-3 for 0.07 kb proximal promoter frag-
ments; and 5-ctcGAGTCAGAAGAAACGGTGTACC-% for common
reverse primer (lowercase letters represent additional nucleotides
for cloning). Site-directed mutagenesis was performed using the
QuikChange II XL site-directed mutagenesis kit (Stratagene)
with primers 5“TTACGCGTCAGCTTCCtttcTGTCTTAGGGCC-3
forsite A, and 5-GTGTGTCACCTTCCAtttcGGAGTCACACTG-%’
for site B (mutated nucleotides are shown in lowercase letters).
UPRE-luciferase reporter was described previously (18).

Cell culture and transfection

HEK-293T, Hepal-6, HepG2, and Huh7 cells were maintained
in DMEM medium supplemented with 10% fetal bovine serum.
Cells were transfected with 25 ng luciferase reporter, 25 ng of ef-
fector, and 5 ng of pRL/CMV Renilla plasmids using Lipo-
fectamine 2000 (Invitrogen). Cells were harvested 24 h later for
luciferase assays using a Dual-Luciferase reporter assay kit (Pro-
mega). In some experiments, cells were treated with tunicamycin
(1 wg/ml) for 16 h before harvest. Transfection efficiency was
normalized to the Renilla activity.

Adenoviral transduction of cells

Recombinant adenovirus expressing mouse CREBH(N) was
generated as described elsewhere (9). For adenovirus infection
experiments, primary mouse hepatocytes and HepG2 cells were
plated on 60 mm dishes at 1 x 10° cells/dish and infected with
either recombinant adenovirus Ad-GFP or Ad-CREBH (N). Cells
were harvested 24 h after infection for RNA isolation and real-
time PCR analysis.

RNA isolation and real-time PCR

Total RNAs were isolated using TRIzol reagent (Invitrogen) and
used for the synthesis of cDNA using a high capacity cDNA reverse
transcription kit (Applied Biosystems). The abundance of each
c¢DNA was quantified by SYBR real-time PCR using the Mx3005P™
system (Stratagene). The following primers were used: mouse Apoa,
Actb (9); human APOA4, 5-CCAAGATCGACCAGAACGTGG-3’
and 5-GTCCTGAGCATAGGGAGCCA-3"; human ACTB, 5-GCGA-
GAAGATGACCCAGATC-3" and 5-CCAGTGGTACGGCCAG-
AGG-Y.

Western blot analysis

Liver nuclear extracts and microsomal fractions were prepared
and subjected to Western blotting analysis, as described previ-
ously (9). The following primary antibodies were used in this
study: mouse monoclonal antibodies against apoB (19), lamin B1
(Santa Cruz, sc-56145), rat monoclonal antibody against he-
magglutinin (HA) tag (Roche, 3F10), goat polyclonal antibody
against apoA-IV (Santa Cruz, sc-19036), monoclonal antibody for
human apoA-IV (Cell Signaling, #5700), rabbit polyclonal anti-
bodies against apoE (Meridian Life Sciences, K23100R), ATF6«
(20), calnexin (Enzo, ADI-SPA-865), and CREBH (9).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was carried out using
2p Jabeled oligonucleotides and CREBH(N) proteins prepared us-
ing in vitro TNT® quick coupled transcription/translation system
(Promega). Double stranded probes containing the CREBH bind-
ing site from the mouse Apoa4 promoter were synthesized based on
the following sequences: WT, 5" TTACGCGTCAGCTTCCACGTT-
GTCTTAGGGCC-3"; Mut, 5-TTACGCGTCAGCTTCCtttcTGTCT-
TAGGGCGC-3" (mutated nucleotides are in lowercase). Probes were
end-labeled with [y-*]JATP using the T4 polynucleotide kinase, an-
nealed, and purified through a Sephadex G25 spun column. A 50
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fmol annealed probe was incubated with 1.5 pl of the in vitro trans-
lation reaction mixture for CREBH(N) for 20 min in EMSA buffer
[10 mM Tris (pH 7.6), 50 mM NaCl, 1 mM EDTA, 5% glycerol,
50 pg/ml poly(deoxyinosinic-deoxycytidylic) acid]. For competition
assays, 5-, 25-, or 125-fold excess unlabeled probes or 0.3 ug antibod-
ies were added to the reaction mixture. Samples were electrophore-
sed on a 6% polyacrylamide gel in 0.5x TBE buffer [40 mM Tris,
45 mM boric acid, 1 mM EDTA (pH 8.0) ]. Gels were dried and ana-
lyzed using a Personal Molecular Imager FX™ system (Bio-Rad).

Chromatin immunoprecipitation assay

Hepal-6 cells were transfected with HA-CREBH (N) or control
plasmids. Forty-eight hours later, cells were used for chromatin
immunoprecipitation (ChIP) experiments as described elsewhere
(21). Immunoprecipitation was performed using anti-HA (Roche,
3F10) or anti-Flag antibody (Biolegend, L5). Eluted DNA was
subjected to real-time PCR analysis.

Quantification of hepatic TG

Total lipids were extracted from the liver according to the
method of Bligh and Dyer (22). Briefly, lipids were extracted
from homogenized tissues with chloroform-methanol (2:1, v/v).
After centrifugation, the organic phase was collected, dried un-
der nitrogen, and then dissolved in 60% butanol, 40% of a 2:1
mixture of Triton-X114, and methanol. Aliquots were assayed for
TG levels using a colorimetric TG assay kit (Sigma).

Statistical analysis

All data are expressed as mean = SEM for animal experiments.
Two-tailed Student’s ttests were used to evaluate statistical differ-
ences between groups.

RESULTS

CREBH is sufficient to induce apoA-IV mRNA in
hepatocytes

In both humans and rodents, many apolipoprotein
genes are present as gene clusters on the chromosomes.
APOE/C1/C4/C2 and APOA1/C3/A4/A5 gene clusters are
located on chromosomes 19 and 11 in humans, and chro-
mosomes 7 and 9 in mice, respectively. To determine the
role of CREBH in the transcription of genes within these

clusters, we tested the effects of loss of CREBH or overex-
pression of a constitutively active CREBH(N) on the mRNA
levels of these genes. Consistent with our previous report
(9), apoA-IV and apoC-II mRNAs were markedly decreased
both in the liver and small intestine of CREBH-deficient
mice (Table 1). Conversely, overexpression of CREBH (N)
using a recombinant adenoviral vector strongly induced
apoA-IV and apoC-II mRNAs in primary hepatocytes and
mouse liver (Table 1), suggesting that CREBH directly
activates the transcription of Apoa4 and Apoc2 genes.
ApoB and several other apolipoprotein mRNAs were also
modestly decreased in CREBH knockout mice, but they
were not induced by CREBH(N) overexpression, suggest-
ing that they might be indirectly regulated by CREBH.
Western blot analysis of plasma samples revealed that
the plasma apoA-IV level was markedly decreased in
CREBH knockout mice, while apoB and apoE were pre-
served (Fig. 1A).

To determine whether the human APOA4 gene was
also regulated by CREBH, we infected HepG2 and Huh?7
cells with recombinant adenovirus expressing CREBH(N).
ApoA-IV mRNA was strongly induced by CREBH (N) over-
expression in both human liver cell lines in a dose-dependent
manner. Western blotting analysis of cell lysates and con-
ditioned media confirmed the induction of apoA-IV pro-
tein by CREBH (N) overexpression (Fig. 1B, C), indicating
that CREBH regulates apoA-IV transcription in human he-
patocytes as well.

CREBH is the major transcription factor activating Apoa+
transcription

Apoa4 and Apoc3 genes are separated by a 5.8 kb inter-
genic region and transcribed in the opposite direction
(Fig. 2A). Earlier studies demonstrated that nuclear hor-
mone receptors such as HNF-4a and estrogen receptor o
(ERRa) activate apoA-IV transcription through the apoC-
IIT enhancer, which is located near the Apoc3 gene (16,
23-26). To investigate the roles of different transcription
factors in Apoa4 transcription, luciferase reporter con-
structs containing 5.9 kb or 0.9 kb fragments of Apoa4 pro-
moter were generated. Cotransfection of the HNF-4a
construct with the 5.9 kb Apoa4-luciferase reporter increased

TABLE 1. Expression profile of apolipoprotein genes
Liver Jejunum Liver Primary Hepatocytes
WT Creb313~/~ WT Creb313™~ Ad.GFP Ad.CREBH(N) Ad.GFP Ad.CREBH(N)
Apoe/cl/c4/c2 cluster
Apoe 1.00£0.09  0.55 +0.04° ND ND 1.00 £ 0.01 0.86 +0.12 1.00 +0.20 1.61 +0.10
Apocl 1.00+£0.05  0.78 £0.07 ND ND 1.00 + 0.03 0.51+0.23 1.00 +0.19 3.14+0.79
Aopocd 1.00+0.02  0.67 +0.06 ND ND 1.00 +0.03 1.59 + 0.35 1.00 +0.16 2.95+0.37"
Apoc2 1.00+0.07 0.24+0.02° 1.00£0.04 029+0.04 1.00+0.18 19.23+144" 1.00+0.11 11.58+1.14"
Apoal/c3/a4/a5 cluster
Apoal 1.00£0.10  0.33 +0.04° ND ND 1.00 + 0.06 1.48 +0.13 1.00+0.42  16.16 = 8.66
Apoc3 1.00+0.05  0.99 +0.07 1.00+0.08  1.26 +0.18 1.00 = 0.02 1.47 £ 0.29 1.00 + 0.32 5.76 +1.78
Apoat 1.00+0.30  0.02+0.00° 1.00+0.14 0.09+0.04 1.00+0.16 298.6+329" 1.00+0.12 40.33 +8.40"
Apoas 1.00£0.09  0.47 + 0.06° ND ND 1.00 + 0.02 1.53 +0.33 1.00 +0.47  16.03 +2.21"
Apob 1.00+0.03  0.67+0.04° 1.00£0.10 0.38+0.08" 1.00+0.07 1.28 +0.16 1.00 + 0.05 1.91+0.22
Values represent fold changes of mRNA levels relative to those of WT mice or Ad.GFP infected samples. ND, not determined.
“P<0.05.
"P<0.0L.
‘P<0.001.
852 Journal of Lipid Research Volume 55, 2014



A WT Creb313—"~
Fed Fast Fed Fast

s = - o g ey o *®  ADOB100

---—-——---‘-‘ ApoB48

-—— e ——— — - " ApoA-IV
G e —— - — = [\[0E

B HepG2 Huh7
14 1
12
E 10 0.8
Q
% 8 0.6
S 6 0.4
oL 4
<<
o 0.2
0 - 0+
Q| | | _“
Ad.GFP Ad.CREBH(N) Ad.GFP Ad.CREBH(N
Cc Ad Ad Ad
GFP CREBH{NI GFP CREBHEN‘
- ApOA-IV
cell lysate

m -’ *ADOA-|V

medium

HepG2 Huh?7

Fig. 1. CREBH regulates apoA-IV expressmn A: Plasma samples
were collected from WT and Creb313~ mice in the fed state or af-
ter a 16 h fast, and subjected to Western blotting. B: HepG2 and
Huh?7 cells were infected with increasing doses of CREBH(N) or
the control GFP adenoviruses. Forty-eight hours later, cells were
harvested to measure apoA-IV mRNA levels by real-time PCR. Val-
ues were normalized to B-actin. Data are given as means = SD.
Numbers on the bars represent fold changes in mRNA levels rela-
tive to Ad.GFP controls. C: Western blot analysis of intracellular
and secreted apoA-IV. ApoA-IV in the conditioned medium was en-
riched by immunoprecipitation before Western blotting. *Nonspe-
cific band.

the luciferase activity by ~30-fold in 293T cells (Fig. 2B).
PPARY coactivator-la (PGCla) did not further activate the
5.9 kb Apoa4-luciferase reporter, despite it being known as
a coactivator of HNF-4a (16, 25). HNF-4« failed to activate
the 0.9 kb Apoa4-luciferase reporter, consistent with the
requirement for apoCIII enhancer in HNF-4a-mediated
apoA-IV activation (25). CREBH(N) cotransfection dramat-
ically increased the luciferase activity of both 5.9 kb Apoa4-
luciferase and 0.9 kb Apoa4-luciferase reporters by more
than 1,000-fold (Fig. 2B). Together with the marked reduc-
tion of apoA-IV mRNA in CREBH knockout mice, these
data suggest that CREBH is the major transcription factor
that activates Apoa4 gene expression through the proximal
promoter region. Consistent with the luciferase assay data,
CREBH(N) transfection strongly induced the endogenous

A ApoC-IlIl enhancer

1 ]l—" 5.9 kb Apoa4-luc

I
|_|—> 0.9 kb Apoad-luc

B ;ggg' 5.9 kb Apoad ;ggg' 0.9 kb Apoad
S 2000 £ 20001
5 1000 - 5 1000 -
E E
5 40 - 5 1g:
LE 301 LE 6
20 7]
101 24
0- 0
B A D O A A D
R R & FF
bp‘x OQ* b‘O‘x QQ*
& &
RS R
31 HepG2 Huh?
2.5
%
2 2
% 151
o
< 14
051
0 —_
% ¢ S @ S 4 A D D
3 Y NS 8 F & o O NS
() @
WS L LLL X L L &
b?" () () b‘(yx 0 ()
Q Q-X QQ Q‘K
Q“\ éb‘ & ((b-
B

Fig. 2. CREBH activates the Apoa4 promoter. A: Schematic dia-
gram of the apoC-II/A-IV intergenic region and Apoa4-luciferase
reporter constructs. B: Apoa4-luciferase reporter constructs con-
taining 5.9 kb or 0.9 kb Apoa4 promoter fragments were cotrans-
fected into 293T cells with indicated plasmids. Twenty-four hours
later, luciferase activities in cell lysates were measured and nor-
malized to the Renilla activity. Values represent fold changes
compared with luciferase reporter only samples. C: HepG2 and
Huh?7 cells were transfected with indicated constructs. Forty-
eight hours later, cells were harvested for real-time PCR analysis.
ApoA-IV mRNA levels were normalized to B-actin. Data are given
as means + SD.

apoA-IV mRNA in HepG2 and Huh7 cells, while HNF-4a
and PGCla showed only weak effects (Fig. 2C).

Identification of CREBH recognition sites on the
Apoa4 promoter

In order to identify the cis-acting elements required
for the activation of the Apoa4 promoter by CREBH, we
generated a series of reporter plasmids containing various
lengths of mouse Apoa4 promoter, and performed lu-
ciferase assays following cotransfection with CREBH(N)
plasmid using HepG2 and a mouse intestinal epithelial
cell line, MODE-K (Fig. 3A). Serial deletion of the Apoa4
promoter from the 5" end revealed that the 0.15 kb proxi-
mal fragment is crucial for the activation of the Apoa4 pro-
moter by CREBH in both HepG2 and MODE-K cells.

CREBH regulates apoA-IV transcription 853



A HepG2 MODE-K
Relative Luciferase acivity Relative Luciferase acivity
A B OMN P OODODOMN OO o O =< N0 Wwo kWO
FH/——040— o9kb 716 559
F——040— o033kp 585 525
00— o23kb 481 344
H—0— o0.15kb 497 353
H— 011kb j» 208 =566
F 0.07kb | g7 0.9
H—0— MutAt42.2 B 375 T
HO—8— MUtB 416 | 47 9%
H—— MutAB | o9 1.0 u %
- - T
| Basic | 0.8 1.2 Z
B CREBH Binding sites: A B
e CAACGTGE
Mouse Apoa4 GGTGCAAC e GTTGCACC
-138 -131 -81 74

Human APOA4

-153 -149 -96

Fig. 3.

-89

Identification of CREBH binding sites on the Apoa4 gene promoter. A: Luciferase reporter constructs containing various frag-

ments of the Apoa4 gene promoter with site-specific mutations were generated and tested for CREBH transactivation in HepG2 and
MODE-K cells. Dual-luciferase assays were performed 24 h after transfection. Values represent means + SD. Numbers on the bars represent
fold induction of the luciferase activity by CREBH(N) cotransfection. B: Alignment of the putative CREBH binding sites on human and

mouse ApO(l4 gene promoter.

Further deletion to the 0.07 kb upstream of the transcription
start site completely abolished the transactivation of the
reporter by the cotransfected CREBH(N). We found two
potential CREBH binding sites, site A (5-CCACGTTG-3")
and site B (5-CAACGTGG-3"), between nucleotides —138
and —74 of the mouse Apoa4 promoter, which have identi-
cal sequences in opposite orientations. Notably, the poten-
tial CREBH binding sites are well-conserved in human and
mouse APOA4 promoters (Fig. 3B). Disruption of either
site A or B by deletion (0.11 kb) or point mutations (MutA
and MutB) partially reduced the fold induction of the
luciferase activity by CREBH(N) (Fig. 3A). Interestingly,
disruption of site B (MutB) had a more severe impact on
CREBH-induced reporter activity in MODE-K than in
HepG2 cells. Further studies will determine whether
CREBH regulates Apoa4 gene differently in the intestine
and liver. Disruption of both sites completely abolished
the transactivation of the Apoa4 promoter by CREBH, indi-
cating that these sequences are required for the activation
of Apoa4 promoter by CREBH (Fig. 3A).

To test if CREBH can directly bind to these cis-acting
elements, EMSA was performed with in vitro translated
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CREBH(N) proteins (Fig. 4A). The CREBH(N) protein
formed a complex with a radiolabeled oligonucleotide
probe containing site A sequences (5-ttacgcgtcagcttCCAC-
GTTGTcttagggee-3’, uppercase letters represent the CREBH
binding site) (lane 2). CREBH (N)-probe complex formation
was inhibited by either a specific antibody (lane 3) or the ex-
cess unlabeled WT probe (lanes 5-7). A mutant probe with
the disrupted ACGT core (5-ttacgcgtcagcttCCtttc TGTcttagg-
gce-3) did not bind to CREBH(N) (lane 12) and failed to
compete for CREBH(N) binding with the WT probe (lanes
8-10). These data indicate that CREBH directly binds to the
Apoa4 gene promoter and activates its transcription.

To confirm the direct binding of CREBH to the Apoa4
promoter within the cell, we performed ChIP assays. Our
CREBH antibody was not suitable for ChIP because the
major epitope is in the bZiP domain involved in dimeriza-
tion and DNA binding. Therefore, we overexpressed
HA-tagged CREBH(N) in Hepal-6 cells by adenoviral in-
fection. Immunoprecipitation of chromatin isolated from
HA-CREBH (N) expressing cells with HA antibody mark-
edly enriched the Apoa4 promoter region containing
CREBH recognition sites but not neighboring regions,
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Fig. 4. Direct binding of CREBH to the Apoa4 gene promoter. A:
Double strand oligonucleotides containing the putative CREBH
binding site were used for EMSA with in vitro translated CREBH (N)
protein. Control or CREBH-specific antibodies were added in reac-
tions for lanes 3 and 4. Increasing amounts (5x, 25x, 125x) of WT
or Mut probe with disrupted ACGT core were used as cold com-
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subjected to ChIP analysis. The recovered chromatin samples were
analyzed by quantitative real-time PCR with primer pairs amplify-
ing the Apoa4 promoter or the intronic region as shown in the
schematic diagram. Values represent fold enrichment relative to
anti-Flag immunoprecipitation samples.

indicating the sequence-specific binding of CREBH to the
Apoa4 promoter (Fig. 4B).

CREBH is essential for the increased expression of
apoA-IV in steatosis

It has been shown that hepatic apoA-IV expression is
increased in various animal models of liver steatosis (16,
27, 28). Fasting also induces hepatic steatosis in mice,
which likely leads to the induction of apoA-IV (16, 27). To
determine whether CREBH plays a role in apoA-IV expres-
sion in a steatotic liver, we fed WT and CREBH-deficient
mice a Western diet containing high fat and high choles-
terol or a ketogenic diet containing high fat and very low

carbohydrate. These diets, along with fasting, caused he-
patic steatosis to varying degrees of severity and increased
the abundance of hepatic apoA-IV mRNA (Fig. 5A, B), as
previously reported (27, 28). Interestingly, the abundance
of apoA-IV mRNA correlated well with the hepatic TG
level, which is consistent with a previous report (27). Loss
of CREBH completely abolished the induction of hepatic
apoA-IV mRNA in these models of hepatic steatosis (Fig. 5B),
indicating the critical role of CREBH in hepatic apoA-IV
expression. Notably, loss of CREBH increased hepatic TG
content (data not shown), excluding the possibility that
reduced TG content accounted for diminished apoA-IV
mRNA in CREBH-deficient liver.

We next asked whether CREBH transcription or pro-
cessing is activated by Western or ketogenic diets. As we
demonstrated previously (9), both CREBH mRNA and
processed CREBH(N) protein were increased in fasted
mice (Fig. 5C-E). Similarly, Western or ketogenic diet-fed
mice exhibited increased CREBH(N) protein levels, al-
though the differences did not reach statistical signifi-
cance (Fig. 5D, E). The abundance of CREBH mRNA and
the precursor form of the protein were not increased by
Western or ketogenic diets (Fig. 5C, E). Curiously, modest
induction of CREBH mRNA and protein by fasting or ke-
togenic diet administration was underwhelming compared
with the robust apoA-IV induction. Furthermore, the
apoA-IV mRNA level was only modestly increased by West-
ern diet compared with fasting or ketogenic diet, despite
comparable CREBH(N) levels between these groups. Col-
lectively, these data suggest that hepatic apoA-IV mRNA
expression is determined not only by CREBH(N) abun-
dance, but also by other mechanisms involving CREBH.

CREBH processing is not increased by ER stress

CREBH was initially suggested to be activated by ER
stress in a manner analogous to ATF6a activation (5).
However, other independent studies failed to demonstrate
the proteolytic activation of CREBH by ER stress, raising
the concern of whether or not CREBH is involved in ER
stress response (10, 11). Because the CREBH protein is
not produced in most hepatoma cell lines at a measurable
level, these studies examined the effect of ER stress-inducing
agents on overexpressed CREBH. To evaluate the effect
of ER stress on the endogenous CREBH in vivo, we in-
jected mice with tunicamycin and examined the abun-
dance of CREBH protein in the ER and nucleus by Western
blotting analysis. ATF6a was used as a control, which was
minimally processed in untreated liver, but strongly acti-
vated by tunicamycin treatment (Fig. 6A). CREBH(N) was
readily detected in nuclear extracts from untreated mouse
liver, indicating that a substantial amount of CREBH pro-
tein is basally processed in normal mouse liver (Fig. 6A).
Tunicamycin treatment dramatically reduced both mem-
brane bound precursor CREBH(F) and the nuclear
CREBH(N). CREBH(N) levels remained low during the
prolonged treatment with tunicamycin for up to 24 h
(Fig. 6B). Consistently, the hepatic apoA-IV mRNA level
was decreased by tunicamycin injection (Fig. 6C). Tuni-
camycin had no effect on CREBH mRNA levels (Fig. 6C).
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Fig. 5. CREBH is essential for apoA-IV expression in steatosis. A: Hepatic TG content of mice fasted (n =5),
or fed normal chow (n = 3), Western diet (WD) for 10 weeks (n = 5), or ketogenic diet (KD) for 4 days
(n = 5). ApoA-IV (B) and CREBH (C) mRNA level compared with the chow-fed group (n = 3-5 mice/
group). D: ER and nuclear fractions were subjected to Western blotting. F, full length CREBH precursor; N,
CREBH(N). Calnexin and lamin B levels were measured in ER and nuclear fractions, respectively. E: Quan-
tification of Western blots of CREBH (F) to calnexin, and CREBH(N) to lamin B. *P < 0.05.

These results are in agreement with a recent report that
CREBH protein is N-glycosylated, which is required for op-
timal proteolytic activation of CREBH (10).

To further investigate the effects of ER stress on
CREBH activation, we stably overexpressed the full-length
CREBH in Hepal-6 cells. CREBH was basally processed to
CREBH(N), which was suppressed by tunicamycin treat-
ment (Fig. 6D). Importantly, neither tunicamycin nor
thapsigargin (an ER Ca’*-ATPase inhibitor) increased
CREBH processing, arguing against the notion that
CREBH is activated by ER stress. MG-132 substantially in-
creased both the CREBH precursor and the nuclear form,
suggesting that they are degraded by the proteasome.

DISCUSSION

CREBH is expressed in the liver and small intestine and
regulates a group of genes that are involved in TG and li-
poprotein metabolism (9). Apoa4 is one of the genes that
is downregulated in CREBH-deficient mice both in the
liver and small intestine (9). Hepatic apoA-IV expression
was highly increased in steatosis caused by high-fat diets or
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fasting, which was abrogated by the loss of CREBH. We
found that apoA-IV mRNA was dramatically induced by
the overexpression of constitutively active CREBH(N) in
mouse liver and cultured hepatocytes, identifying CREBH
as the major transcription factor regulating Apoa4 gene ex-
pression. We also identified two cis-acting elements on the
Apoa4 gene promoter that are required for activation by
CREBH. The CREBH binding sites (5-CCACGTTG-3)
were distinct from CRE (5-TGACGTCA-3") or UPRE se-
quences (TGACGTGG-3'). It would be of interest to test
whether other CREBH target genes also possess CREBH
binding sites similar to those present on the Apoa4 pro-
moter. Genome-wide ChIP followed by high-throughput
sequencing would be useful for identifying the common
CREBH binding site on its target genes.

Hepatic apoA-IV expression is strongly induced in mouse
models of steatosis, implicating a potential role of apoA-IV in
TG homeostasis (16, 27, 28). Although apoA-IV is mainly ex-
pressed in the small intestine of humans (29, 30), recent ge-
nome-wide expression profiling studies revealed that hepatic
apoA-IV expression is increased in steatosis, as well as in
alcoholic and nonalcoholic steatohepatitis (supplemen-
tary Fig. I, GEO database, accession numbers GSE33814,
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GSE48452, GSE37031, and GSE28619) (31-34). ApoA-IVis a
46 kDa glycoprotein (43 kDa for mouse) that has been impli-
cated in multiple metabolic functions (14, 35). It can be
transferred from chylomicrons and VLDLs to HDLs in ex-
change for apoCs and thereby facilitates lipolysis of TG-rich
lipoproteins by LPL (36, 37). ApoA-IV also appears to play a
role in reverse cholesterol transport and protection from ath-
erosclerosis (38). ApoA-IV has been implicated in fat absorp-
tion in the small intestine (39—41), the central regulation of
food intake (42), and the regulation of insulin secretion from
B-cells (43). A recent study demonstrated that TG accumula-
tion induces apoA-IV expression in mouse liver, which in
turn promotes TG secretion to reduce hepatic TG burden
(27). Given the critical role of CREBH in Apoa4 gene expres-
sion, it will be interesting to investigate the role of CREBH in
these metabolic functions ascribed to apoA-IV.

Fasting increases CREBH mRNA as well as nuclear
CREBH(N) protein in the liver (7). Glucocorticoid recep-
tor and PPARa have been implicated in the transcriptional
activation of CREBH in response to fasting (7, 8). In con-
trast, little is known about the regulation of proteolytic
activation of CREBH. ER transmembrane transcription
factors including CREBH have to be transported to the
Golgi apparatus for proteolytic activation (3). Thus, Golgi
transport is a critical regulatory step in the activation of ER
transmembrane transcription factors. For example, ATF6x
and the SREBP-SREBP cleavage-activating protein (SCAP)
complex are retained in the ER by the association with BiP

and Insig, respectively (44, 45). ER stress and sterol deple-
tion dissociate ATF6a and the SREBP-SCAP complex from
the ER resident proteins, triggering the Golgi transport
and the subsequent proteolytic activation. CREBH was
relatively highly processed in normal mouse liver, which
contained a substantial amount of the nuclear CREBH (N).
The abundance of CREBH(N) was further increased in
hepatic steatosis induced by fasting or various diets. The
molecular mechanism for the Golgi transport of CREBH
remains to be determined.

Although CREBH was essential for hepatic apoA-IV
expression in various mouse models of steatosis, the abun-
dance of CREBH(N) did not precisely correlate with
apoA-IV levels. For example, the CREBH(N) level was
increased by no more than 2-fold in ketogenic diet-fed
mice compared with the chow diet group, contrasting to
>300-fold induction of apoA-IV mRNA. Western diet in-
creased apoA-IV mRNA only modestly (~5-fold), despite
the CREBH (N) level being comparable between the West-
ern and ketogenic diet groups. We speculated that CREBH
activity might also be regulated by TG accumulation. It is
possible that CREBH undergoes posttranslational modifi-
cations or interacts with transcriptional coactivators in
response to TG accumulation, increasing the transcrip-
tional activity of CREBH. In this regard, a recent study
demonstrated that CREB3, another transmembrane bZIP
transcription factor closely related to CREBH, activates
apoA-IV transcription upon overexpression (46). It would
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be interesting to investigate whether CREB3 also plays a role
in apoA-IV expression in the liver and if so, whether CREB3
and CREBH physically and functionally interact with each
other to cooperatively regulate Apoa4 gene expression.

CREBH is structurally similar to ATF6a that is activated
by ER stress and can activate the UPRE-luciferase reporter,
suggesting that CREBH might be involved in UPR gene
induction (3, 5). UPRE was originally described as a con-
sensus DNA binding sequence for ATF6a, which was se-
lected from random oligonucleotide pools by affinity
maturation using recombinant ATF6a protein (47). UPRE
is identical to the XBP1 consensus sequence that was also
identified by in vitro affinity maturation (48). Accordingly,
the UPRE reporter is strongly activated under ER stress
conditions by XBP1 and ATF6a (18, 49) and therefore has
been used as an indicator of UPR activation. However, de-
spite the strong induction of UPRE reporter activity by
CREBH(N) cotranscfection, CREBH(N) overexpression
had little effect on the expression of canonical UPR genes
such as Hspa5 (BiP), Ddit3 (CHOP), and Dnajb9 (ERdj4),
suggesting that the function of CREBH is distinct from ER
stress response (data not shown).

It has been shown that CREBH is activated by ER stress
and regulates the expression of hepcidin and proinflam-
matory and acute phase response genes, linking ER stress
to inflammation and iron metabolism (6, 17, 50). How-
ever, subsequent studies by other investigators failed to
demonstrate the activation of CREBH processing by ER
stress (10, 11). One caveat of these studies is that CREBH
processing was examined after overexpression in cultured
cells. Here, we confirmed that CREBH processing is not
increased by chemical ER stress-inducers both in vitro and
in vivo. Tunicamycin rather decreased both precursor and
mature forms of CREBH, likely by inducing the degrada-
tion of unglycosylated CREBH protein. Given that the role
of CREBH in the inflammatory and the acute phase re-
sponses has been explored in the setting of ER stress, our
findings warrant the reevaluation of the mechanisms by
which CREBH controls these host responses. Bl

The authors thank Michael Park for critical reading of the
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