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Combination of ursodeoxycholic acid and
glucocorticoids upregulates the AE2 alternate
promoter in human liver cells
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Primary biliary cirrhosis (PBC) is a cholestatic disease associated with autoimmune phenomena and alterations
in both biliary bicarbonate excretion and expression of the bicarbonate carrier AE2. The bile acid ursodeoxy-
cholic acid (UCDA) is currently used in treatment of cholestatic liver diseases and is the treatment of choice in
PBC; however, a subset of PBC patients respond poorly to UDCA monotherapy. In these patients, a combination
of UDCA and glucocorticoid therapy appears to be beneficial. To address the mechanism of this benefit, we
analyzed the effects of UDCA and dexamethasone on AE2 gene expression in human liver cells from hepatocyte
and cholangiocyte lineages. The combination of UDCA and dexamethasone, but not UDCA or dexamethasone
alone, increased the expression of liver-enriched alternative mRNA isoforms AE2b1 and AE2b2 and enhanced
AE2 activity. Similar effects were obtained after replacing UDCA with UDCA conjugates. In in vitro and in vivo
reporter assays, we found that a UDCA/dexamethasone combination upregulated human AE2 alternate over-
lapping promoter sequences from which AE2b1 and AE2b2 are expressed. In chromatin immunoprecipitation
assays, we demonstrated that combination UCDA/dexamethasone treatment induced p300-related interactions
between HNF1 and glucocorticoid receptor on the AE2 alternate promoter. Our data provide a potential molec-
ular explanation for the beneficial effects of the combination of UDCA and glucocorticoids in PBC patients

with inadequate response to UDCA monotherapy.

Introduction

Ursodeoxycholic acid (UDCA) is currently being used for the
treatment of cholestatic liver diseases (1-3). In contrast to classi-
cal immunosuppressors, UDCA is particularly useful in primary
biliary cirrhosis (PBC), a chronic cholestatic disease of unknown
pathogenesis that is associated with characteristic autoimmune
phenomena (4-9). When adequate UDCA therapy — i.e., daily
administration of high doses of this hydrophilic bile acid — is initi-
ated at early stages (I-II) of the disease, about 60% of PBC patients
normalize their biochemical parameters and reach a survival com-
parable to that in the general population (8, 9). There are reports
suggesting that the remaining patients who exhibit a suboptimal
response to UDCA alone may experience some benefit when UDCA
therapy is combined with glucocorticoids (10-15).

The precise molecular mechanism by which UDCA is beneficial
for the treatment of intrahepatic cholestasis has not yet been fully
elucidated (1-3). Among other effects, UDCA administration is
known to result in bicarbonate-rich choleresis (16, 17), although
this bile acid has been reported to exert modulatory effects in the
particular BDL rat model, in which obstructive cholestasis is asso-
ciated with bile ductular cell hyperplasia and increased secretin-
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stimulated ductal secretory activity (18). In any case, PET technol-
ogy in untreated PBC patients (and other cholestatic patients)
indicates that they have impaired biliary bicarbonate excretion
in response to secretin and that UDCA may restore the secretin
response in those patients with PBC (19). On the other hand, PBC
patients have diminished expression of anion exchanger 2 (AE2)
protein (also known as SLC4A2) in the liver, and UDCA treat-
ment appears to be associated with improved AE2 expression (20).
Recently, AE2 has been demonstrated to mediate secretin-stimu-
lated biliary excretion of bicarbonate in the normal rat (21). AE2
is a Na*-independent anion exchanger that exerts electroneutral
exchange of Cl- and HCOj3™ across the plasma membrane, usually
through HCOj" efflux and Cl- influx, and is thus also involved in
the regulation of the intracellular pH (pHj) (22, 23).

There are 3 N-terminal variants of the human AE2: the full-
length isoform AE2a and the alternative isoforms, AE2b1 and
AE2b2 (24). AE2a mRNA is transcribed from the upstream AE2
promoter (seemingly in a constitutive manner) and occurs in most
human tissues, including the liver. On the other hand, expression
of alternative isoforms is driven from AE2b2/AE2b1 overlapping
promoter sequences within intron 2 of the AE2 gene. In humans,
this alternative expression happens in a more tissue-restricted
fashion, mainly in liver and kidney (24). Recent experiments have
shown that alternative AE2b1 and AE2b2 protein isoforms are
rather active and are able to exchange anions at rates even higher
than that of the complete AE2a isoform (25). The expression of
alternative isoforms and the regulation of their AE2b2/AE2b1 over-
lapping promoter in the liver therefore deserves careful attention.
A binding site for the liver-enriched hepatocyte nuclear factor 1a.
(HNF1o) and/or HNF1p was localized near upstream to alterna-
tive exon 1b, at position -113b;, (or -654b,) in the overlapping pro-
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moter sequence and was found to be responsible for approximately
70% of the baseline alternative transcriptional activity (26). HNF1la
has been reported to participate cooperatively with the glucocor-
ticoid receptor (GR, also known as NR3C1) in the transcriptional
activation of several liver-specific genes (27-29). A good example of
such an interplay is the response of the rat phenylalanine hydroxy-
lase gene (Pah) to hormone stimulation, which involves binding
of GR and HNF1la to a glucocorticoid response element (GRE)
core sequence (GREcore) and an HNF1 site in the Pab promoter, as
well as interactions of GR and HNF1a via coactivators (29). Addi-
tional reports suggest that HNFla (and also HNF1f) can recruit
coregulatory factors such as cAMP response element-binding
protein-binding protein/E1A-binding protein (300 kDa) (CBP/
p300) (30-34), which may in turn interact with GR (35). Notably,
the AE2b2/AE2b1 promoter shows 2 potential GREcore motifs
between exons 1b, and 1b, (at positions -327b; and -245b,) (24),
which might also be relevant for the transcriptional activity of this
region through interplay(s) with HNFlo and/or HNF1p.

UDCA, a hydrophilic dihydroxy bile acid that possesses struc-
tural similarities to steroids, has been shown to interact with GR
in vitro (36-38). Here we investigated whether UDCA, alone or in
combination with glucocorticoids, could upregulate the alterna-
tive expression of the AE2 gene in the liver. We then analyzed the
possible mechanisms involved.

Results
Treatment with UDCA together with dexamethasone leads to upregulated
alternative expression of the AE2 gene in liver cells. We first analyzed the
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Figure 1

The combination of UDCA and dexamethasone upregulates AE2
alternative expression in NHCs. The mRNA levels for AE2b1,
AE2b2, and AE2a isoforms were determined by real-time PCR in
cultured NHCs treated for 24 or 72 hours with either dexametha-
sone (DEX) and/or UDCA, GUDCA, TUDCA, CA, or CDCA (100
uM each) or with just vehicle. Values (normalized for GAPDH
mRNA) are given as fold expression relative to values in the
respective controls with just vehicle. Data are mean + SD; n =6
(except for GUDCA, TUDCA, CA, and CDCA — with and without
DEX — for which n = 3 each). *P < 0.05, **P < 0.01, ***P < 0.001
versus vehicle control.

effects of UDCA and dexamethasone on the expression of AE2
mRNA isoforms in human liver cells from both cholangiocyte
and hepatocyte lineages. As shown in Figure 1, combined
administration of UDCA and dexamethasone (100 uM each)
to cultured normal human cholangiocytes (NHCs) for 24
hours resulted in increased expression of mRNAs for alterna-
tive variants AE2b1 and AE2b2. Increased alternative expres-
sion in biliary cells was even more pronounced after 72 hours
of combined treatment (Figure 1). No significant effects,
however, were observed when UDCA or dexamethasone was
administered alone (Figure 1). Similarly to NHC cells, hepa-
tocyte lineage PLC/PRE/S cells also showed increased levels
of mRNAs for AE2b1 and AE2b2 after 24 and 72 hours of
treatment with the combination of UDCA and dexametha-
sone, but not with any of these compounds alone (Figure 2).
In these hepatocytic cells, the increased alternative expression
appeared to be more rapid than in cholangiocytes, reaching
statistical significance at 6 hours with the combined treat-
ment (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI33156DS1), while
alternative upregulation in cholangiocytes became in turn rather
robust after longer treatment, i.e., after 72 hours (Figure 1). When
unconjugated UDCA was replaced by equimolar concentration
of glycine- or taurine-conjugated UDCA (GUDCA or TUDCA,
respectively), the combination effects on AE2 alternative expres-
sion remained in both cell types (Figures 1 and 2). These combi-
nation effects were specific for these hydrophilic dihydroxy bile
acids, as combination of dexamethasone with equimolar concen-
trations of cholic acid (CA) or chenodeoxycholic acid (CDCA) had
no effect on AE2 alternative expression (Figures 1 and 2). On the
other hand, none of the combined treatments resulted in changes
in the expression levels of the full-length AE2a mRNA in either of
the 2 liver cell types (Figures 1 and 2).

The combination of UDCA and dexamethasone increases the AE2 anion
exchange activity in liver cells. The aforementioned effect of UDCA
plus dexamethasone combination on the alternative transcription
from the AE2 gene in NHCs and PLC/PRE/S5 cells was associated
with physiological changes in the CI-//HCOj;™ anion exchange (AE)
activity displayed by these cells. Both baseline and cAMP-stimu-
lated AE activities were markedly enhanced in the 2 cell lines after
24 hours with the combinations of dexamethasone plus UDCA
— either unconjugated or conjugated — compared with controls in
the absence of dexamethasone and/or these hydrophilic bile acids
(Figure 3). Again, the role of these hydrophilic dihydroxy bile acids
in the increased AE activity when combined with dexamethasone
was specific, as no effects were observed when using combinations
with either CA or CDCA (Figure 3).
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Previous data from knockdown experiments in normal rat
cholangiocytes have indicated that the AE activity displayed by
these cells is mediated by AE2 protein (21). We therefore inferred
that the AE activity displayed by NHCs and PLC/PRF/S cells is
also mediated by AE2 and that the increased AE activity after
UDCA plus dexamethasone treatment is most probably due to
the enhanced expression of AE2b1 and AE2b2 mRNAs observed
in these cells. To assess this possibility, we performed AE2-
knockdown experiments in both human liver cell types through
cotransfection with silencing pSUPER plasmid constructs
— either shRNA-1 or shRNA-2 (described in ref. 21) — together
with a normalizing GFP expression vector. PLC/PRF/5 cells
could be transfected very efficiently (Supplemental Figure 2), and
real-time PCR quantitation showed decreased AE2 mRNA levels
with both shRNA plasmid constructs, the silencing effect being
more pronounced with shRNA-1 (Figure 4A). We therefore used
shRNA-1 for efficient silencing and further microfluorimetric
experiments to determine whether AE2 was the carrier mediat-
ing the AE activity in PLC/PRF/5 cells as well as in NHCs. After
48 hours of cotransfection, PLC/PRF/5 cells were incubated with
and without the combination of UDCA and dexamethasone, and
24 hours later, baseline and cAMP-stimulated AE activities were
determined. As shown in Figure 4B, AE activities were markedly
reduced under all circumstances in shRNA-1-transfected cells
compared with nontransfected cells. These data indicate that
AE2 indeed mediates the AE activities we detected in hepatocyte
lineage PLC/PRF/5 cells. It may therefore be assumed that the
increased AE activity observed in PLC/PRF/S cells after combined
treatment with UDCA plus dexamethasone (Figure 3) is directly
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Figure 2

UDCA together with dexamethasone upregulates AE2 alter-
native expression in hepatocyte lineage PLC/PRF/5 cells.
The mRNA levels for AE2b1, AE2b2, and AE2a isoforms
were determined by real-time PCR in PLC/PRF/5 cells
treated for 24 or 72 hours with either dexamethasone and/
or UDCA, GUDCA, TUDCA, CA, or CDCA (100 uM each)
or with just vehicle. Values (normalized for GAPDH mRNA)
are given as fold expression relative to values in the respec-
tive controls with just vehicle. Data are mean + SD; n = 6
(except for GUDCA, TUDCA, CA, and CDCA — with and
without DEX — for which n = 3 each). *P < 0.05, **P < 0.01,
***P < 0.001 versus vehicle control.

related to the enhanced alternative expression of AE2b1
and AE2b2 mRNAs observed in these cells (Figure 2).

Transfection efficiency in cultured primary cholan-
giocytes was much lower than that in PLC/PRF/5 cells,
as indicated by the scarce green fluorescence signals
displayed by the NHCs cotransfected with the normal-
izing GFP expression vector (Supplemental Figure 2).
Although such a low transfection efficiency, with most of
the cells not being transfected, precluded an appropriate
assessment of mRNA silencing in NHC total RNA, GFP-
based discrimination of the few transfected cells and sub-
sequent microfluorimetric analysis of their AE activities
showed a significant reduction in those transfected cells
(putatively silenced for AE2 expression), compared with
nontransfected cells (Figure 4C).

Combined treatment with UDCA and dexamethasone enbanc-
es the transcriptional activity of the AE2 alternate promoter. We
then carried out in vitro and in vivo luciferase reporter gene assays
to analyze the effects of UDCA and dexamethasone on the human
AE2 alternate promoter regions. For in vitro experiments, we used
PLC/PRE/S cells because of their adequate transfection efficiency,
which is much higher than that of cultured primary cholangio-
cytes (Supplemental Figure 2). Thus, PLC/PRF/5 cells were tran-
siently transfected with either: (a) construct I-b; which contains
1 kb of the AE2b2/AE2b1 overlapping promoter sequence proceed-
ing upstream from exon 1by; or (b) construct II-b,, which contains
a 0.9-kb sequence upstream to exon 1b, and lacks the promoter
region downstream to exon 1b, (and therefore does not contain
the 2 putative GREcore motifs located between exons 1b; and 1by,
at positions -327b; and -245by; Figure 5). Dual luciferase analysis
of transfected PLC/PRF/S cells showed that II-b, promoter dis-
played higher baseline transcriptional activity than I-b; (~2-fold;
P <0.05; Figure 6A), and this is in line with previous findings in
HepG2 cells (24). But only PLC/PRF/S cells with the I-b; construct
(containing the AE2b2/AE2b1 overlapping promoter region with
the 2 GREcore motifs) displayed a significant response to the
administration of UDCA and dexamethasone (100 uM each), with
a 6.5-fold increase in the baseline luciferase activity (Figure 6A).
The response of the I-b; promoter region to the UDCA plus dexa-
methasone treatment was dose dependent, as shown with equimo-
lar combinations ranging from 1 uM to 100 uM each (Figure 6B).

Experiments using hydrodynamic injection with promoter con-
structs in BALB/c mice and detection of the luciferase activity
through in vivo imaging system (IVIS) technology provided paral-
lel results. Mice injected with construct I-b; responded to the com-
bination of UDCA and dexamethasone with a significant increase
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The combination of UDCA and dexamethasone increases AE activities in hepatobiliary cells. CI-/HCO3~ AE
activity was determined by microfluorimetry in NHCs (A) and PLC/PRF/5 cells (B) following treatments for
24 hours with either dexamethasone and/or UDCA, GUDCA, TUDCA, CA, or CDCA (100 uM each) or with
just vehicle. Treated cells were analyzed for AE activities, both baseline (left) and in the presence of a cAMP-
stimulation mixture (right). The AE activity was estimated as the rate of pH; recovery from propionate-induced
intracellular alkalinization. Rates of pH; change were measured as dpHi/6t from the tangent to the experi-
mental plot; transmembrane acid fluxes (or equivalent transmembrane base fluxes, Jox~ [mmol/I/min]) were
calculated as Bt x SpHi/dt, where By is the total intracellular buffering power in the presence of CO./HCOs.
Data are mean + SD; n = 9 each. *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle control.

in the luciferase activity at the abdominal area corresponding to
the liver (Figure 7). On the other hand, the combination of UDCA
and dexamethasone had no effect on the in vivo luciferase activity
in mice injected with construct II-b,, which does not contain the
GREcore motifs (data not shown).

Role of specific regulatory elements in the stimulatory effect of UDCA
and dexamethasone in the AE2 alternate promoter activity. Experiments
involving deletion and site-directed mutagenesis were further
carried out to clarify the role of the GREcore motifs at positions
-327b; and -245b, for UDCA plus dexamethasone effects. Deletion
of the region -358b;/-239b;, which contains the GREcore motifs
(construct I-by[-358b;/-239b;]A), blocked the stimulatory effects
of the combination of UDCA and dexamethasone on the lucifer-
ase activity in transiently transfected PLC/PRF/S cells (Figure 8A).
Likewise, site-directed mutagenesis of the 2 GREcore motifs (con-
struct I-b[-327b8-245b;|mut) led to a similar blockade. Inde-
pendent site-directed mutagenesis of each GREcore motif indi-
cated that only changes in the motif at position -327b; (construct
I-bi[-327b;|mut) blocked the stimulatory effects of UDCA plus
dexamethasone, whereas no blockade was observed after chang-
ing the GREcore at -245b; (construct I-b,[-245b;|mut) compared
698
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M Bile acid + DEX with the wild-type construct
I-b; (Figure 8B). These in vitro
observations with mutated
constructs were confirmed in
vivo through hydrodynamic
injections in BALB/c mice and
IVIS luciferase detection. Mice
injected with either construct
I-by[-327b;&-245b;|mut or
construct I-b[-327b;]mut
showed no response to the
combination of UDCA and
dexamethasone, while mice
injected with construct
I-bi[-245b;]mut did respond
to the combined treatment,
as did mice injected with the
wild-type construct I-b; (Fig-
ure 8, C and D).

We decided to assess the ste-
ric suitability of the AE2 alter-
nate promoter sequences that
surround GREcore -327b; for
the GR-mediated response to
UDCA and dexamethasone
and converted the core motif
into a complete GRE site.
Mutation of 6 of 9 nucleo-
tides immediately upstream
to GREcore -327b; resulted
in the GRE sequence reported
for the rat tyrosine amino-
transferase (Tat) promoter
(39, 40) (construct I-b;GRE7y;
Figure 5). This complete GRE
sequence proved to be func-
tional in the context of the
AE2b2/AE2b1 promoter, with
good responsiveness to admin-
istration of dexamethasone alone; i.e., the luciferase activity in
PLC/PREF/5 cells transfected with construct I-b;GRE<, was 13-fold
higher than that in cells transfected with the wild-type construct
I-b; (Figure 9). Cells transfected with construct I-b;GREx, could
also respond to UDCA alone, showing a 6-fold higher luciferase
activity than cells with the wild-type construct I-b; (Figure 9).

We then explored the occurrence of interaction between the
wild-type GREcore -327b; site and GR and carried out ChIP assays
against GR in nuclear extracts from nontransfected PLC/PRF/S cells
exposed to UDCA and/or dexamethasone. As shown in Figure 10A,
PCR amplification of the region -391b;/-239b; (which contains the
GREcore -327b;) was obtained when using immunoprecipitates from
cells treated with the combination of UDCA and dexamethasone but
not those from cells treated with UCDA or dexamethasone alone. On
the other hand, compartmentalization of GR via its immunodetec-

NHCs
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tion in cytosolic and nuclear fractions showed that each treatment
(UDCA plus dexamethasone, UDCA alone, and dexamethasone
alone) resulted in translocation of GR to the nucleus (Figure 10B),
suggesting that UDCA plus dexamethasone-dependent interaction
between GR and the GREcore element at position -327b; has further
requirements in addition to GR translocation.
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As previously mentioned, AE2b2/AE2b1 alternate promoter
possesses a functional HNF1 element near upstream to alterna-
tive exon 1b,, at position -113b, (or -654b,), which is responsible
for approximately 70% of the baseline promoter activity (26). To
assess a possible interaction of GR with a nuclear factor bound
to this HNF1 site (i.e., with HNFla and/or HNF1f), we used
GR immunoprecipitates for PCR amplification of the region
-827b1/-534by, which contains the HNF1 site. Amplification of
this HNF1 site region was obtained only after combined treatment
with UDCA and dexamethasone (Figure 10C), which indicates
that either direct or indirect interaction of GR with HNF1lo and/
or HNF1f may occur on AE2b2/AE2b] alternate promoter when
these compounds are administered together.

Role of HNFI1a. in the stimulation of AE2 alternate promoter by UDCA
plus dexamethasone in hepatocyte lineage cells. Dual luciferase assay
of PLC/PREF/S cells transiently transfected with construct I-b,
mutated at the HNF1 site (construct I-b;[HNF1]mut; Figure S)

The Journal of Clinical Investigation

hetp://www.jci.org

research article

Figure 4

AE2 silencing experiments indicate that AE activities displayed by hep-
atobiliary cells are mediated by AE2. (A) AE2 silencing was assessed
in PLC/PRF/5 cells by quantifying the mRNA levels for AE2a, AE2b1,
and AE2b2 isoforms 3 days after transient transfection with pPSUPER
plasmid constructs (either shRNA-1 silencing construct, shRNA-2
silencing construct, or pPSUPER empty vector as control, each together
with GFP expression vector). AE2 mRNA values were normalized with
GAPDH mRNA levels and corrected for the transfection efficiency with
GFP mRNA levels. Values are given as percentage of mRNA levels
relative to the control. (B) Baseline and cAMP-stimulated AE activities
were determined by microfluorimetry in PLC/PRF/5 cells transfected
with shRNA-1 silencing construct (together with GFP expression vec-
tor) and treated for 24 hours either with UDCA plus dexamethasone or
with just vehicle. (C) Baseline and cAMP-stimulated AE activities were
determined by microfluorimetry in NHCs transfected with shRNA-1
silencing construct (together with GFP expression vector) and treated
for 24 hours either with UDCA plus dexamethasone or with just vehi-
cle. In both B and C, cotransfected cells could be differentiated from
nontransfected cells in the same field of the microscope for their appro-
priate analysis. Data are mean + SD; n = 6 each.

indicated that abrogation of the HNF1 element results in low
promoter activity, with no response to the combination of UDCA
and dexamethasone or to either of these compounds alone (Figure
11A). The fact that baseline transcriptional activity of construct
I-b;[HNF1]mut was also markedly attenuated compared with that
of the wild-type construct (4.5-fold; Figure 11A) suggested that
an HNF1-bound transcription factor forms part of the baseline
transcription machinery of AE2 alternate promoter in intact liver
cells. ChIP assays against HNFla in nuclear extracts from PLC/
PREF/S cells (with and without treatments) further supported such
a view. PCR amplification of the region -827b;/-534b, (with the
HNF1 site at position -654b;) using HNFla immunoprecipitates
as template thus yielded a band of the expected size under all
circumstances (Figure 11B), which indicates that interaction
of HNF1a with its site may also occur at baseline. By contrast,
PCR amplification of the region -391b;/-239b; (where GREcore
-327by is located), using HNFla immunoprecipitates as template,
yielded the corresponding band only after combined administra-
tion of UDCA and dexamethasone (Figure 11C). These data and
aforementioned ChIP findings with GR immunoprecipitates (Fig-
ure 10C) indicate that while HNF1a may interact at baseline with
its site in AE2 alternate promoter, interaction of HNF1la with GR
appears to be strictly dependent on the simultaneous administra-
tion of UDCA and dexamethasone.

In contrast to the aforesaid results with HNFla immuno-
precipitates, ChIP assays against HNF1f in nuclear extracts from
nontransfected PLC/PRF/S cells showed negligible amplification
bands when the HNF1p immunoprecipitates were used as tem-
plates (Supplemental Figure 3), suggesting that HNF1p plays no
major role in AE2 alternate transcription in these nontransfected
hepatocyte lineage cells.

Involvement of p300 in the UDCA plus dexamethasone—dependent inter-
action of GR with HNF1o. on AE2 alternate promoter. On the basis of
previous reports concerning the interaction of GR and HNF1a
with coregulatory factors CBP/p300 (30-33, 35) in liver-expressed
genes, we carried out additional ChIP assays using an antibody
against p300 and searched for a possible linker role of p300 in
the UDCA plus dexamethasone-dependent interaction of GR
with HNF1a. As shown in Figure 12, A and B, PCR amplifications
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using p300 immunoprecipitates as template could only detect the
GREcore -327b; region (amplicon -391b;/-239b,) after combined
treatment with UDCA and dexamethasone, while the HNF1 site
region (amplicon -827b;/-534b;) was detected under all circum-
stances, i.e., with UDCA alone, dexamethasone alone, UDCA plus
dexamethasone, and just vehicle of 50% ethanol. Accordingly,
p300 seems to interact with HNF1a regardless of stimulation and
could therefore participate in baseline transcription from AE2
alternate promoter. On the other hand, p300 could interact with
GR when UDCA and dexamethasone are administered together,
suggesting an involvement of p300 in UDCA/dexamethasone-
dependent upregulation of AE2 alternate promoter. Because CBP
and p300 usually function together as coregulatory factors that
interact with DNA-bound transcription factors and other coacti-
vators to form a large acetyltransferase complex, it is possible that
CBP/p300 is recruited between HNF1o and GR once GR inter-
acts with GREcore -327b; following UDCA plus dexamethasone
treatment. PCR amplification of the intervening region -571b;/
-359b; between the HNF1 site (at position -654b; or -113b,) and
GREcore -327b; in the AE2b2/AE2b1 overlapping promoter pro-
700
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vides further support for such a view. Thus, while a band of the
expected size was regularly obtained, the intensity of the amplified
band appeared to be greater after the combined treatment with
UDCA and dexamethasone (Figure 12C).

HNFIo. is absent in normal human cholangiocytes, and its role might be
replaced by HNF1. The parallel responses of cholangiocyte and hepa-
tocyte lineage cells to UDCA plus dexamethasone combination (Fig-
ures 1-3) supported the idea that the mechanism described above for
PLC/PRE/5 cells was also applicable to NHCs. Immunoblot analysis
indicated that the 2 cell lineages express GR at similar levels. However,
while HNF1a was readily detectable in PLC/PRE/S cells (as well as in
normal human liver extract), it was absent in NHCs, which expressed
only the HNF1 isoform (Figure 13). We therefore tried to assess the
capability of HNF1p to transactivate the AE2 alternate promoter
compared with HNF1a and carried out transactivation experiments
in PC3 cells, a cell line that is virtually devoid of HNF1 isoforms (26).
Dual luciferase assays showed that PC3 cells indeed became respon-
sive to UDCA plus dexamethasone combination when cotransfected
with the luciferase construct I-b; together with either expression
vectors for HNFla or HNF1p (Figure 14). Cotransfection of any
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Figure 6

In vitro, the combination of UDCA and dexamethasone
upregulates the transcriptional activity of AE2 alternate
promoter regions in transfected PLC/PRF/5 cells. (A)
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of these HNF1 expression vectors with construct I-b;[HNF1]mut
(which is mutated at the HNF1 site; Figure 5), however, resulted in
no responses to the combination therapy (Figure 14). These findings
indicate that HNF1p is able to specifically transactivate the AE2b2/
AE2b1 promoter in a fashion similar to HNF1o.

To ascertain possible nuclear interactions involving HNF1f
through ChIP assays, cultured NHCs proved unsuitable for this
demanding procedure, as the required high number of cells (and
continuous cell growth) resulted in a less-differentiated pheno-
type of these primary cells. We therefore turned to the easily trans-
fectable PLC/PRF/5 cells. ChIP assays against HNF1f in nuclear
extracts from PLC/PRE/S cells transfected with the HNF1{ expres-
sion vector and further treated with UDCA and/or dexamethasone
suggested the occurrence of HNF18/GR/p300 interactions, as
supported by the amplification of expected bands when using the
HNF1f immunoprecipitates as templates (Supplemental Figure 4).
These results closely resemble those from ChIP assays against
HNF1la in nuclear extracts from nontransfected PLC/PRF/5 cells
treated with UDCA plus dexamethasone (Figure 11). On the other
hand, they are in contrast to the virtual absence of amplified bands
when using HNF1f immunoprecipitates from these same non-
transfected PLC/PRF/S cells ( Supplemental Figure 3). Together,
our results provide evidence supporting the hypothesis that
HNF1p is able to replace HNF1a for interactions with GR — pos-
sibly through p300 — on the AE2b2/AE2b1 overlapping promoter
after treatment with UDCA plus dexamethasone combination.

Discussion
In recent years, several potential mechanisms have been proposed

to explain the beneficial effects of UDCA in various cholestatic
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conditions (1-3). Among chronic cholestatic disorders, PBC is
the most representative disease in which treatment with UDCA
is recommended. Daily administration of high doses of UDCA
(13-15 mg/kg body wt) has been reported to ameliorate the natu-
ral course of the disease (8, 9). Moreover, UDCA has been shown to
restore the deficient secretin-dependent biliary bicarbonate excre-
tion in PBC patients (19). Also in PBC, UDCA appeared to improve
the diminished liver expression of AE2, which is the anion carrier
involved in biliary bicarbonate excretion (20, 21, 41). But almost
40% of PBC patients show incomplete clinical response to UDCA
alone, and they are at high risk of severe disease (42). Preliminary
trials have provided evidence for the combination of UDCA with
glucocorticoids being promising for this subset of PBC patients, as
it appears to relieve their cholestasis and liver histological altera-
tions (10-15). To investigate the mechanisms involved in this
benefit, we focused on the effects of such a combined therapy in
the liver expression of AE2 gene and carried out both in vitro and
in vivo experiments. Our findings can be summarized as follows:
(a) In human liver cells of both cholangiocyte lineage (NHCs) and
hepatocyte lineage (PLC/PRF/S5 cells), combination of UDCA and
dexamethasone, but not UDCA or dexamethasone alone, mark-
edly upregulated the expression of alternative AE2b1 and AE2b2
mRNA isoforms, with no changes in the levels of AE2a mRNA.
(b) Upregulated alternative expression after UDCA/dexametha-
sone combined treatment was associated with increased AE activi-
ties in the 2 liver cell types. (c) UDCA/dexamethasone-dependent
upregulation of AE2 alternate promoter was confirmed using
luciferase promoter constructs both in vitro and in vivo (transient
transfections/dual luciferase assays in PLC/PRF/S cells and hydro-
dynamic injections/IVIS luciferase detection in mice). (d) Deletion
Volume 118 701
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and site-directed mutagenesis of putative consensus sequences
identified a GREcore element directly involved in UDCA/dexa-
methasone-dependent upregulation. (e) Luciferase assays using
a promoter construct with mutated HNF1 site revealed that this
element s also involved in UDCA plus dexamethasone effects. And
(£) ChIP assays showed that UDCA plus dexamethasone treatment
results in interactions between GR and HNF1 isoforms, which pos-
sibly involve p300 as well. Together, our findings indicate that the
combination of UDCA and glucocorticoids may stimulate AE2-
mediated hepatobiliary excretion of bicarbonate through GR/
HNF1/p300-dependent upregulation of AE2 alternative expres-
sion in liver cells.

Our findings in the initial in vitro experiments with cultured
human liver cells from the 2 hepatobiliary cell lineages clearly
showed that upregulated AE2 alternative expression following
simultaneous administration of UDCA and dexamethasone is
associated with increased AE activities (both baseline and cAMP-
stimulated). AE2-knockdown experiments confirmed that AE
activities displayed by these cells are mediated by AE2 (Figure
4, B and C), which is consistent with earlier data in normal rat
cholangiocytes (21). It might therefore be assumed that UDCA/
dexamethasone-dependent increases in the AE activity currently
observed in our liver cell lineages are related to the enhanced
expression of mRNAs for alternative isoforms AE2b1 and AE2b2.
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Figure 7

In vivo, the combination of UDCA and dexamethasone upregulates
the transcriptional activity of AE2 alternate promoter sequences in
injected BALB/c mice. (A) Seven days after their hydrodynamic injec-
tion with luciferase construct I-b; (30 nug), BALB/c mice were treated
with UDCA, dexamethasone, UDCA plus dexamethasone, or just
vehicle. After 1 hour, luminescence in the abdominal area was deter-
mined by mouse bioluminescence as described in Methods. Typical
mouse images corresponding to each treatment are shown. Normal-
izing values (n.v.) are quotients obtained for each animal after DNA
quantifications (through real-time PCR) for the luciferase gene (as
transfected gene) and the albumin gene (as endogenous gene) in the
liver. (B) Abdominal luminescence in injected animals after the differ-
ent treatments. Luminescence units were corrected with normalizing
values. Normalized values are given as fold corrected luminescence
units relative to those in nontreated mice. Data are mean + SD; n =4
each. *P < 0.05 versus vehicle control.

It is possible that modulated expression of these 2 highly active
AE2 isoforms (25) by UDCA and glucocorticoids may play an
important role in the canalicular generation and ductal modifica-
tion of the bile flow under pathophysiological conditions. During
UDCA therapy administered daily to cholestatic patients, and also
due to the permanent enterohepatic circulation, the biliary tree
becomes highly enriched with this hydrophilic bile acid, which
is secreted at the hepatocyte canaliculi after its conjugation with
taurine or glycine. Noticeably, the effects observed in our primary
human cholangiocytes (and also in hepatocyte lineage PLC/PRF/S
cells) with the combination of UDCA together with dexametha-
sone remained when using conjugated UDCA (either GUDCA or
TUDCA) instead of unconjugated UDCA. On the other hand, the
observed effects are specific for these hydrophilic bile acids, as they
did not occur when UDCA was replaced by either CA or CDCA in
the combination with dexamethasone. Primary bile acids CA and
CDCA are less hydrophilic than UDCA because they both have 7-a
hydroxylation instead of 7-f hydroxylation (in fact, CDCA is just
the 7-a epimer of UDCA).

Both in vitro and in vivo experiments with luciferase constructs
indicated that the combination of UDCA and dexamethasone is
able to increase the transcriptional activity from AE2b2/AE2b1
overlapping promoter sequences, but only when the region between
exons 1b; and 1by is included (Figures 6 and 7). This region has no
complete GRE motif, but rather 2 putative GREcore motifs close
to each other at positions -327b; and -245b, (24). Experiments
of deletion and site-directed mutagenesis showed that GREcore
-327b is the relevant site for the response to the combined treat-
ment with UDCA and dexamethasone (Figure 8).

Baseline GR is known to be present in the cytoplasm as an
inactive complex with chaperones (i.e., hsp90 and hsp70), and
upon its interaction with glucocorticoids, GR translocates to the
nucleus. Once translocated to the nucleus, GR may exert trans-
activation of genes containing a functional, complete GRE site
in their promoters (43-45). But there are genes in which just half
of a GRE site, i.e., a GREcore, appears to be involved in gluco-
corticoid signaling (44). It is possible that GR may need further
assistance in addition to its interaction with glucocorticoids for
appropriate binding to GREcore sites. In fact, our data suggest
that UDCA could provide such assistance to GR for its interac-
tion with GREcore -327b; in the AE2 alternate promoter and
further upregulation. Certainly UDCA has structural similarities
to steroids, and administration of UDCA has been previously
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Figure 8

In vitro and in vivo role of GREcore motifs for the effects of UDCA and dexamethasone on AE2 alternate promoter. (A) Luciferase activity of
PLC/PRF/5 cells transiently transfected either with wild-type construct I-by or with deleted construct I-b;[-358b+/—239b]A (cf. Figure 5) and
treated for 24 hours with UDCA and/or dexamethasone. (B) Luciferase activity in PLC/PRF/5 cells transfected either with construct I-bs or with
constructs mutated at the GREcore motif(s) (cf. Figure 5) and treated for 24 hours with UDCA and/or DEX. In both A and B, luciferase activi-
ties (normalized with Renilla activity) are given as fold activity relative to the activity in cells transfected with construct I-b; in the absence of
UDCA and DEX; data are mean + SD; n = 9 each. (C) Representative images of abdominal luminescence in BALB/c mice injected with 30 ug of
luciferase constructs mutated at the GREcore motif(s) (cf. Figure 5) and treated with UDCA, DEX, UDCA plus dexamethasone, or just vehicle,
as described in Methods. Normalizing values are quotients obtained for each animal after DNA quantifications (through real-time PCR) for the
luciferase gene (as transfected gene) and the albumin gene (as endogenous gene) in the liver. (D) Values of abdominal luminescence in mice
injected and treated as in C. Luminescence units from each animal had been corrected with corresponding normalizing values and are shown
as fold corrected luminescence units relative to those in mice injected with construct I-bs and with just vehicle (i.e., with no UDCA or DEX admin-
istration). Data are mean + SD; n = 4 each.

reported to result in translocation of GR to the nucleus, although
the precise interaction of this receptor with UDCA is not yet fully
elucidated (36-38). In PLC/PRF/S5 cells, we found that UDCA
administration indeed resulted in translocation of GR to the
nucleus, similar to what was observed following administration
of dexamethasone (Figure 10B). We tested whether the lack of
effect of any of these compounds on the AE2 alternate promoter
was related to a lack of the complete GRE site, or whether it was
instead dependent on the structural architecture of AE2 alternate
promoter sequences surrounding our GREcore -327b;. As shown
in Figure 9, conversion of the core sequence into a complete GRE
site in the luciferase reporter-linked AE2b2/AE2b1 promoter con-
struct rendered the construct responsive to the administration of
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either dexamethasone or UDCA alone. This effect suggests that
the promoter sequence surrounding our GREcore -327b is not
a hindrance for GR to bind its target sequence, but rather that
GR s able to acquire a proper steric position on the AE2 alternate
promoter for GR/DNA interaction. In the case of the wild-type
GREcore -327b; in AE2 alternate promoter, it is possible that
correct GR positioning, GR/GREcore-site binding, and gene
transactivation require that GR interact with both UDCA and
dexamethasone simultaneously. Our findings with ChIP assays
against GR from PLC/PRF/5 nuclear extracts support this view,
as they reveal that GR indeed binds to the GREcore site in the
AE?2 alternate promoter when cells have been treated with the
combination of UDCA and dexamethasone, but not when treated
Volume 118 703
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with dexamethasone or UDCA alone (Figure 10A), in spite of the
fact that each treatment elicits GR translocation (Figure 10B).
In addition to GR, we found that other nuclear factors may be
involved in UDCA/dexamethasone-mediated upregulation of
AE2 alternate promoter in the liver. An HNF1 site accounting for
approximately 70% of the baseline AE2 alternate promoter activity
was previously localized 326 bp upstream to the GREcore -327b,
(26). Our present results using a luciferase AE2 promoter construct
with mutated HNF1 site for transient transfection of PLC/PRF/S
cells indicate that this site is essential for the response to the com-
bination of UDCA and dexamethasone. Interestingly, ChIP assays
against HNFlo and HNF1p in nuclear extracts from nontrans-
fected PLC/PRF/S cells revealed that HNF1a rather than HNF1f
is binding to the HNF1 site and that this occurs regardless of treat-
ment (Figure 11; see also Supplemental Figure 3 for the negligible
amplification of bands in HNF1f immunoprecipitates from these
nontransfected hepatocytic cells). However, interaction of HNFla
with GR was only observed in PLC/PRF/5 cells that had been treat-
ed with UDCA plus dexamethasone combination (Figures 10 and
11). GR and HNF1a have been reported to participate cooperative-
ly in the transcriptional activation of liver-specific genes (27-29).
For instance, upregulation of the Pah gene following stimulation

Figure 10

Interaction of GR with the GREcore site at position —327b, in the AE2
alternate promoter depends on simultaneous treatment of PLC/PRF/5
cells with UDCA and dexamethasone. (A) ChlIP assays against human
GR from extracts of PLC/PRF/5 cells treated for 24 hours with UDCA,
dexamethasone, UDCA plus dexamethasone, or just vehicle. In the
upper diagram, the gray bar refers to the amplicon —391b/-239b;
(which includes GREcore —327b+) expected in the PCR amplifications
shown below. The following templates were used: DNA negative (just
water as negative control), DNA positive (human genomic DNA as
positive PCR control), input (start material), mock (no antibody), IgG
(rabbit total IgG) — the latter 2 as negative immunoprecipitation con-
trols — and GR immunoprecipitate. Protein A/G—agarose—unbound
DNA fractions were also used as control templates. (B) Immunoblots
of cytosolic and nuclear extracts from PLC/PRF/5 cells treated as
described above, using an antibody against human GR. Control of
loaded proteins shown below resulted from ponceau staining of the
transferred membrane. (C) In the upper diagram, the gray bar refers
to the amplicon —827b+/-534b, (which includes the HNF1 element).
Amplifications shown below were obtained with the same templates
as in A. In upper diagrams of A and C, gray arrows indicate the HNF1
site; open rhombuses represent GREcore motifs.
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Figure 9

Mutations immediately upstream from the GREcore —327b; site leading
to a complete GRE site resulted in full responsiveness of AE2 alternate
promoter to either UDCA or dexamethasone alone. Luciferase activi-
ties of PLC/PRF/5 cells transiently transfected with construct I-by or
I-b1GREr,: — the latter having the complete sequence of the GRE site in
the rat Tat promoter, as depicted in Figure 5 — and treated for 24 hours
with UDCA and/or dexamethasone. Values of luciferase activity (normal-
ized with Renilla values) are given as fold activity relative to the activity
in cells transfected with construct I-by in the absence of UDCA and DEX
(indicated by a vertical arrow). Data are mean + SD; n = 9 each.

with glucocorticoids — or simply cAMP — was found to involve
binding of GR and HNF1a to their respective GREcore and HNF1
motifs in the promoter as well as cooperative interplay between GR
and HNF1la by unknown mechanisms (29). None of these cases,
however, seemed to require UDCA together with dexamethasone
for such an interplay.

A GREcore region
-391b, -239b,

intron e

OO +14b,

— “-» intron 1b,

“.»intron 2 HNF1
- @xon 2 site

-»intron 1b,
exon 1b,

‘> exon 1b,

Unbound DNA
Control fraction

-DNA +DNA Input Mock IgG GR Mock IgG GR

venicie [ NN
unca (oo w) [

oex (oo - NN

UDCA + DEX

—_— - —
(100 uM each)
B Cytosol Nucleus
x X
W w
o ™ e
° < < © < <
2 x 0 o0 2 x o O
© w a a cu w a a
> 0 =) > > =] = =)
116 kDa -
- - cr
82 kDa -

| Loaded
Proteins

C HNF1 site region
-827b, —534b,

intron 1e--

. Q Q +14b,

i»intron 2 HNF1 - Lintron 1b, “ intron 1b,
~»exon 2 site  “-» exon 1b,

“» exon 1b,

Unbound DNA
fraction
GR Mock IgG GR

Control
-DNA +DNA Input Mock IgG

Vehicle

e o Y

oex (oo [N

UDCA + DEX
(100 uM each)

Volume 118 Number2  February 2008



A O 1-by Il 1-b[HNF1]mut
P<0.001 P<0.001
7 -
T 51
'0? -
< 3 1 P<0.05 P<0.01 P<0.01
i > > >
1 |—T_h
UDCA (uM) - 200 - 100
DEX (uM) - - 200 100
HNF1 site region
B -827b, —534b,
intron te- M +14b,
[ e R : =+ intron 1b,
“»intron 2 HNF1 ->intron 1b, |
~>exon 2 site exon 1b, = exon 1b,
Unbound DNA
Control fraction

-DNA + DNA Input Mock IgG HNF1a Mock IgG HNF1a

PN — -~ —
oex oo N

Vehicle

UDCA + DEX
(100 uM each)

GREcore region

-391b, -239b,
C
intron te- S50 +14b,
“»intron 2HNF1 | ‘-»intron 1b, : - intron 1b,
> exon 2 site exon 1b, > exon 1b,
Unbound DNA
Control fraction

-DNA +DNA Input Mock IgG HNF1a Mock IgG HNF1a

Vehicle

unca (oo ) [ N
pex oo v |

UDCA + DEX
(100 pM each)

Additionally, we obtained evidence of involvement of the general
coregulatory factor p300 acetyltransferase in the UDCA plus dexa-
methasone-dependent interaction between HNF1o and GR on
AE2 alternate promoter in nontransfected PLC/PRF/S cells. It is
currently known that p300, together with its closely related factor
CBP, is present in most cell types (46), where it may interact with
a large number of DNA-bound nuclear receptors and nuclear fac-
tors to form a large acetyltransferase complex — a useful database
for the CBP/p300 interactome is currently available (“CBP & p300
interactome database”; found at htep://www.stjude.org/brindle)
— and participate in second messenger-regulated gene expression
(47-50). Curiously, high doses of UDCA (500 uM) have recently
been reported to diminish histone acetylation in several cell lines
from colon cancer (51), but this effect appears unrelated to what
we have observed in our study, and a direct effect of UDCA on
the CBP/p300 complex and interacting nuclear proteins remains
to be elucidated. Although the detailed mechanism of action of
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Figure 11

Role of the HNF1a and its interaction with the HNF1 element for the
effects on AE2 alternate promoter following simultaneous treatment of
PLC/PRF/5 cells with UDCA and dexamethasone. (A) Luciferase activi-
ties of PLC/PRF/5 cells transiently transfected with wild-type construct
I-by or with HNF1-mutated construct I-b{[HNF1]mut and treated for 24
hours with UDCA and/or dexamethasone. Values of luciferase activity
(normalized with Renilla values) are given as fold activity relative to the
activity in cells transfected with construct I-by treated with just vehicle
(i.e., in the absence of UDCA and DEX). Data are mean + SD; n =9
each. (B) ChIP assays with HNF1a immunoprecipitates from extracts
of PLC/PRF/5 cells treated as described in Figure 10, in which the
region that includes the HNF1 element was amplified (amplicon —827b+/
—534b+; see the gray bar in the upper diagram). Positive and negative
controls were equivalent to those in Figure 10A, but IgG for the negative
immunoprecipitation control was goat total IgG. (C) ChIP assays with
HNF1a immunoprecipitates in which the region that includes GREcore
—327b+ (amplicon —391b4/—239b; indicated by a gray bar in the upper
diagram) was amplified using the same templates as in B. In upper dia-
grams of B and C, gray arrows indicate the HNF1 site; open rhombuses
represent GREcore motifs.

p300 for AE2 alternate promoter deserves deeper studies, our pres-
ent data from ChIP assays against p300 in nuclear extracts from
nontransfected PLC/PRF/5 cells suggest that this coregulator may
interact with DNA-bound HNF1a on the AE2 alternate promoter
regardless of any treatment (Figure 12, B and C). HNF1a,/p300
interaction has been consistently demonstrated to be involved in
liver upregulation of several genes (30, 32, 33). On the other hand,
p300 has been described to interact with GR (35, 52). Our ChIP
assays against p300 indicate that this interaction between p300
and GR may also occur on the AE2 alternate promoter, but only
when cells are treated with the combination of UDCA and dexa-
methasone (Figure 12A).

Together, these findings suggest that GR coupled to UDCA and
dexamethasone can display concerted interactions with GREcore
-327b;, CBP/p300, and HNF1a to upregulate AE2 alternate tran-
scription and enhance Cl'/HCOj" exchange activity in hepato-
cyte lineage PLC/PRE/S cells. Upregulated expression of AE2b2
transcript appears to be particularly robust compared with that
of AE2b1 transcript, and it is possible that exon 1b, and flank-
ing regions in the AE2b2/AE2b1 overlapping promoter become
embraced by the steric disposition of HNF1 site and GREcore
-327b; element and their interacting transcription and/or coregu-
latory factors. The interactions proposed for the hepatocyte lin-
eage PLC/PRF/5 cells may be similarly postulated for the effects
of UDCA plus dexamethasone in upregulating AE2 alternative
expression and enhancing CI-/HCOj3™ exchange activity in cholan-
giocyte lineage NHCs. Human cholangiocytes have no expression
of HNF1o but do express HNF1f instead, and we have shown that
this isoform may replace HNF1a for the proposed interactions. In
fact, similar to HNF1lo, HNF1p has also been shown to be able to
recruit coregulatory factors including CBP/p300 (34). Moreover,
we found that human cholangiocytes do express GR — like rat
cholangiocytes (53) and many other cell types.

In summary, our findings in liver cells give evidence for a rel-
evant role of the alternative expression from AE2 gene in the physi-
ology and pathophysiology of the hepatobiliary tract. Moreover,
they reveal the potentiality of naturally occurring compounds with
therapeutic properties such as UDCA and glucocorticoids to mod-
ulate the alternative expression. In the case of human intrahepatic
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cholestatic diseases, activation of this mechanism may result in
improved bicarbonate-rich choleresis. This provides rational sup-
port for the use of combined therapy with UDCA and glucocorti-
coids in PBC patients with poor response to UDCA alone.

Methods
Measurement of AE activity in human liver cells. NHCs, isolated from normal liver
explants and cultured as described previously (54), were used after no more
than 6 passages. Hepatocyte lineage PLC/PREF/S cells were grown in DMEM
with glutamax, supplemented with 10% FCS and penicillin/streptomycin.
To determine AE activity, both cell types were seeded on sterile 12-mm glass
coverslips. When cells reached confluence, they were treated for 24 hours
with 100 uM dexamethasone and/or 100 uM UDCA (or either TUDCA or
CDCA [both from Sigma-Aldrich], GUDCA [Calbiochem], or CA [Fluka]) in
0.5% ethanol or with just vehicle. Baseline and cAMP-stimulated AE activities
were assessed by microfluorimetry as described previously (21).

Isolation of total RNA and real-time RT-PCR. Total RNA was extracted
from both NHCs and PLC/PRF/5 cells after 6, 24, or 72 hours of treat-
ment (100 uM UDCA, 100 uM dexamethasone, equimolar combination
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Figure 12

The coregulatory factor p300 may function as a scaffold protein for
the interaction of GR and HNF1a on the AE2 alternate promoter in
PLC/PRF/5 cells following simultaneous treatment with UDCA and
dexamethasone. (A) ChIP assays with p300 immunoprecipitates from
extracts of PLC/PRF/5 cells treated as described in Figure 10, in which
the region that includes GREcore —327b (amplicon —391b4/-239b)
was amplified. Positive and negative controls were equivalent to those
in Figure 10A, but IgG for the negative immunoprecipitation control
was mouse total IgG. (B) ChIP assays with p300 immunoprecipitates
in which the region that includes the HNF1 element (amplicon —827b+/
—534b4) was amplified using the same templates as in A. (C) ChIP
assays with p300 immunoprecipitates in which the intervening region
between HNF1 and GREcore —327b, elements (amplicon —571b+/
—359b1) was amplified using the same templates as in A. Gray bars in
the upper diagrams refer to the corresponding amplicons; gray arrows
indicate the HNF1 site; open rhombuses represent GREcore motifs.

of both, or vehicle [0.5% ethanol]) with TRI Reagent (Sigma-Aldrich).
Additional experiments in which UDCA was replaced by either GUDCA,
TUDCA, CA, or CDCA (100 uM each) were also carried out. Reverse
transcription was followed by quantitative real-time PCR on resultant
cDNA in an iCycler iQS5 Apparatus (Bio-Rad Laboratories) using specific
primers for AE2a, AE2b1, and AE2b2 isoforms and for the normalizing
control GAPDH, as described previously (24).

Recombinant plasmids with promoter sequences. Constructs I-b; and II-b,
were as previously reported (24) (see Figure 5). Construct I-b;[HNF1]mut
was obtained from construct I-by, in which the wild-type HNF1 motif
was replaced with the mutated motif in construct -286b,/+24b,mut (26)
by using flanking Bsu36I restriction sites. Internally deleted construct
I-by[-358b1/-239b;]A with no GREcore sites was obtained through PCR
amplifications in 2 steps. First, upstream and downstream fragments with
a 14-bp overlapping sequence were amplified from construct I-b; with
the following primers: forward 5'-CCTACCCTGACTTTGCATGA-3' and
tagged reverse 5'-CAGCAGCCTGGCTTCTCCCCTCTGTGA-3' for frag-
ment -1,012b;/-359b; and tagged forward 5'-AAGCCAGGCTGCTG-
GCACCGCTATGGA-3' and reverse 5'-ACCAACAGTACCGGAATGC-3'
for fragment -238b;/+9b; (tagged sequences underlined). In a second

step, purified overlapping fragments were used for a new amplification
with flanking nontagged primers, and resultant amplicon was inserted in
Smal-linearized pGL3-basic (Promega). Mutagenesis to obtain constructs
I-by[-327b;|mut, I-b,[-245b;|mut, and I-b; [-327b;&-245b; |mut with abro-
gated GREcore motif(s) (TGTTCT—GCATTC) and construct I-b;GREz,;
with a complete GRE motif (39, 40) (Figure 5) was performed using a Site-
Directed Mutagenesis Kit (Stratagene) on construct I-b; as template and
with specific mutagenic 38- to 44-mer oligonucleotides designed according
to the manufacturer’s instructions. The integrity of all inserts was con-
firmed by sequence analysis.

Transient transfection of hepatocyte lineage PLC/PRF/S cells. Transient trans-
fections and assessment for luciferase activities with the Dual-Luciferase
Reporter Assay System (Promega) were carried out as described previously
(26) with minor modifications. Briefly, PLC/PRF/5 cells were seeded on
24-well culture plates and transfected for 16 hours with 0.5 ul Lipofectamine
2000 (Invitrogen) and 1 pug of DNA (900 ng of carrier DNA [vector pGL3-
basic] with 1 ng of the internal standard pRL-SV40 construct, both from
Promega, and 100 ng of the corresponding promoter construct). Then cells
were treated for 24 hours with UDCA and/or dexamethasone at different
concentrations (from 1 to 200 uM) and assessed for dual luciferase activi-
ties. For the transfection of PLC/PRF/5 cells with the HNF1f expression
vector, details are given in Supplemental Figure 4. For transactivation assays
with PC3 cells, pBJS expression vectors (pBJ5-HNF1a, pBJ5-HNF1p, or the
Volume 118
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Figure 13

Western blot analysis using whole-cell extracts from NHCs and PLC/
PRF/5 cells. Total lysate from normal human liver (NHL) (shown in
between) was used for a comparison with a normal expression pat-
tern of these proteins in whole liver tissue. Electrophoresed proteins
were electrotransferred and probed with antibodies against GR,
HNF1a, and HNF1p. Loading control was carried out with an anti-
body against p-actin.

empty vector pBJS [all kindly provided by G.R. Crabtree, Stanford University,
Stanford, California, USA; ref. 55]; 200 ng each, supplemented with 800 ng
of pGL3-basic and 1 ng of pRL-SV40 construct) were added to the cotrans-
fection reaction with the luciferase reporter-linked AE2b2/AE2b1 promoter
constructs and treated as described above for PLC/PRF/S cells (Figure 14).

AE2 gene silencing. For AE2-knockdown experiments in hepatocyte lin-
eage PLC/PRF/S cells, we used the previously described plasmid constructs
shRNA-1 and shRNA-2 in vector pSUPER (21), which express shRNA mol-
ecules under the H1 promoter. PLC/PRE/S cells were transiently cotrans-
fected using 4 ul of Lipofectamine 2000 with 2 ug of either shRNA con-
struct and 1 ng of GFP expression vector. Three days after cotransfection,
the levels of AE2a, AE2b1, and AE2b2 mRNAs were determined by real-time
quantitative PCR. AE2 mRNA values were normalized with GAPDH mRNA
values as described previously (24). The GAPDH values used were previously
corrected for transfection efficiencies using GFP mRNA values (obtained
with GFP primers 5-ATGCCACCTACGGCAAGCTGA-3" and 5'-GTCCTT-
GAAGAAGATGGTGC-3"), whole calculations being according to the for-
mula AE2 values/(GAPDH values/GFP values). Silencing of AE activity
was determined by microfluorimetry as described previously (21), after dis-
criminating transfected cells by their GFP fluorescence. For AE2 silencing
in NHCs, the low transfection efficiency in these primary cells (Supplemen-
tal Figure 2) did not allow for appropriate assessments at the mRNA level,
but silencing of the AE activity could be determined in the few transfected
NHCs, in a manner similar to that described for PLC/PRF/S cells.

In vivo transfection and treatments of animals. Aliquots of 2.5 ml of 0.9%
NaCl with 30 ug of different AE2 promoter luciferase constructs were
injected into 6-week-old female BALB/c mice for hydrodynamics-based
in vivo transfection (56, 57). Seven days after transfection, we determined
the baseline luciferase activity and treated the animals as follows: controls
were given i.v. injection of 50 ul UDCA solvent (0.06 mmol/l NaOH; 0.9%
NaCl) and i.p. injection of 50 ul dexamethasone solvent (0.9% NaCl/etha-
nol mixture; 1:1, vol/vol); for treatments with UDCA and/or dexametha-
sone, these compounds (4 umol UDCA and/or 0.1 mg dexamethasone)
were added to the respective solvents and injected as for the controls.
Anesthetized animals were injected i.p. with 100 ul of 30 mg/ml luciferin
(Xenogen) 1 hour after treatments, and luciferase activity was measured 10
minutes afterward using an IVIS Imaging System (Xenogen). Images were
processed with Living Image Software version 2.20.1, also from Xenogen.
Then animals were sacrificed for liver collection and DNA extraction using
a QIAamp DNA Mini Kit (QIAGEN). To normalize the values of luciferase
activity, we carried out relative estimation of the copy numbers of luciferase
gene (transfection control) and albumin gene (endogenous gene control)
by using real-time PCR with 3 ul of DNA samples as template and gene-
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specific primers. Thus, whole calculations were according to the formula
luminescence values/normalizing values, the latter being the ratio of lucif-
erase gene values to albumin gene values. All animal experiments were
approved by the Animal Care Committee of the University of Navarra.

Western blot assays. PLC/PRF/5 cells treated for 24 hours with 100 uM
UDCA and/or 100 uM dexamethasone were lysed in 10 mM HEPES
pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.6%
NP-40, and Complete Protease Inhibitor (CPI; Roche Diagnostics), fol-
lowed by 30 seconds of centrifugation (16,000 g at 4°C). Once superna-
tants (cytosolic fractions) were collected, remaining pellets were washed
with lysis buffer (without NP-40) and dissolved in 20 mM HEPES
pH 7.9, 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 10% glyc-
erol, and CPI, through vigorous shaking (20 minutes). After 10 minutes
of centrifugation (16,000 g at 4°C), the resulting supernatants were
used as nuclear extracts. Proteins (20 ug) from both cytosolic fractions
and nuclear extracts were subjected to SDS-PAGE, blotted to nitrocellu-
lose membranes, and probed with a rabbit antibody against human GR
(Santa Cruz Biotechnology Inc.). We also carried out immunodetections
in whole extracts from NHCs and PLC/PRF/S5 cells. Thus, 20 ug of whole
cell extracts were resolved in SDS-PAGE gels, transferred to nitrocellulose,
and probed with antibodies against human GR, HNF1a. (both from Santa
Cruz Biotechnology Inc.), HNF1p (Everest Biotech), and f-actin (Sigma-
Aldrich). Immunoblot visualization was performed with ECL reagent
(PerkinElmer LAS) and ImageQuant Capture (GE Healthcare).

ChIP assays. We proceeded as previously described (58) with minor modi-
fications. Briefly, hepatocyte lineage PLC/PRF/S5 cells treated with UDCA
and/or dexamethasone were fixed with 1% formaldehyde (10 minutes at
room temperature), washed twice with ice-cold PBS, and lysed in 5 mM
Tris-HCI pH 8.0, 85 mM KCl, 0.5% NP-40, and CPIL Nuclei were pelleted
at 3,000 g and resuspended in 50 mM Tris-HCI pH 8.1, 10 mM EDTA,
1% SDS, and CPIL. Chromatin was sheared into approximately 500-bp

[ vehicle
47 %~ UDCA + DEX (100 uM each)
3-
E *
g 21
[~
o " = =" ==
pBJ5 4 - - + - -
pBJ5-HNF1a — + - - + -
pBJ5-HNF1f — - + - - +
I-b, I-b,[HNF1]mut
Figure 14

Non-liver PC3 cells transfected with a luciferase construct with the
AE2b2/AE2b1 overlapping promoter sequence become responsive to
the combination of UDCA and dexamethasone when cotransfected with
expression vectors for either HNF1o or HNF1p. PC3 cells transfected
with construct I-bs or HNF1 site mutated construct I-b1[HNF1]mut were
each cotransfected with either pBJ5-HNF1a, pBJ5-HNF1{, or empty
pBJ5 expression vectors and then treated for 24 hours with UDCA and
dexamethasone or with just vehicle. Luciferase activities (normalized
with Renilla activities) are given as fold activity relative to the activity of
construct I-b; in the absence of UDCA and DEX. Data are mean + SD;
n =9 each. *P < 0.001 versus vehicle control.
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fragments using a Bandelin sonicator (6 cycles at 15 seconds each, at 30%
maximum power) followed by centrifugation to pellet debris. Aliquots
with supernatant proteins (150 ug in 500 ul of 20 mM HEPES, pH 7.9,
0.5 mM DTT, 20% glycerol, and CPI) were incubated for 15 min at 4°C
with 50 ul of protein A/G-agarose beads, BSA, and total IgG from mouse,
goat, or rabbit — depending on the host species for immunoprecipitat-
ing antibodies (each total IgG was from Santa Cruz Biotechnology Inc.).
Immunoprecipitations were carried out overnight at 4°C with the follow-
ing antibodies (2 ug): rabbit anti-human GR, goat anti-human HNF1a,
goat anti-human HNF1f (sc-8992 X, sc-6547 X, sc-7411 X, respectively;
all from Santa Cruz Biotechnology Inc.) or mouse anti-human p300 (BD
Biosciences — Pharmingen), as well as species-specific total IgG for the
negative controls. Immunoprecipitates were collected and washed twice
with 2 mM EDTA and 50 mM Tris-HCI pH 8.0 and then 4 times with
100 mM Tris-HCI pH 8.0, 500 mM LiCl, 1% NP-40, and 1% deoxycholic
acid. Protein-DNA complexes were then eluted from protein A/G-agarose
beads by 2 washings with a freshly prepared solution (50 mM NaHCOj3,
1% SDS), with brief shaking and further centrifugation (1,000 g, 5 min-
utes). Collected supernatants were incubated overnight with RNase A
(10 ug/ml) at 67°C. Prior to PCR, immunoprecipitates and correspond-
ing input chromatin were digested with proteinase K and extracted with
phenol-chloroform as described previously (58). Amplicons -391b;/
-239b; (which includes GREcore site at -327b;) and -827b;/-534b;
(with the HNF1 element) were obtained by using the following primers:
forward 5'-ACAGGAGCCTTCCTCACAGA-3" and reverse 5'-CAGAA-
CAAGGAAGAGCGCGGGGAGGGCT-3' for the former and forward
S'“TAGAGGCGCAGGTCAAGTCT-3' and reverse 5S'-AAGTCCATGGCCG-

GCAGGGGTGAAC-3' for the latter. Finally, to amplify a promoter region
between HNF1 element and GREcore site at -327b; (stretch from -571b;
and -359b,), we used 5'-CCCTCCTTCTCAGGTTCACCCCTGCC-3' and
5'-CTGGCTTCTCCCCTCTGTGA-3" as forward and reverse primers,
respectively. PCR products electrophoresed in agarose gels with ethidium
bromide were assessed in a GelDoc XR Analyzer (Bio-Rad).

Statistics. Data were analyzed by nonparametric tests (Kruskall-Wallis
test followed by Mann-Whitney U test adjusted with Bonferroni correc-
tion) and expressed as mean + SD. Two-tailed P values less than 0.05 were
considered statistically significant.
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