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Soluble Adenylyl Cyclase Regulates
Bile Salt-Induced Apoptosis in
Human Cholangiocytes

Jung-Chin Chamg,1 Simei Go,! Dirk R. de Waart,! Patricia Munoz-Garrido,'® Ulrich Beuers,! Coen C. Paulusma,' and
Ronald Oude Elferink'

Anion exchanger 2 (AE2), the principal bicarbonate secretor in the human biliary tree, is down-regulated in primary biliary
cholangitis. AE2 creates a “bicarbonate umbrella” that protects cholangiocytes from the proapoptotic effects of bile salts by
maintaining them deprotonated. We observed that knockdown of AE2 sensitized immortalized H69 human cholangiocytes
to not only bile salt-induced apoptosis (BSIA) but also etoposide-induced apoptosis. Because the toxicity of etoposide is pH-
independent, there could be a more general mechanism for sensitization of AE2-depleted cholangiocytes to apoptotic stimuli.
We found that AE2 deficiency led to intracellular bicarbonate accumulation and increased expression and activity of soluble
adenylyl cyclase (sAC), an evolutionarily conserved bicarbonate sensor. Thus, we hypothesized that sAC regulates BSIA.
H69 cholangiocytes and primary mouse cholangiocytes were used as models. The sAC-specific inhibitor KH7 not only
reversed sensitization to BSIA in AE2-depleted H69 cholangiocytes but even completely prevented BSIA. sAC knockdown
by tetracycline-inducible short hairpin RNA also prevented BSIA. In addition, sAC inhibition reversed BSIA membrane
blebbing, nuclear condensation, and DNA fragmentation. Furthermore, sAC inhibition also prevented BSIA in primary
mouse cholangiocytes. Mechanistically, sAC inhibition prevented Bax phosphorylation at Thr167 and mitochondrial translo-
cation of Bax and cytochrome ¢ release but not c-Jun N-terminal kinase activation during BSIA. Finally, BSIA in H69 chol-
angiocytes was inhibited by intracellular Ca®* chelation, aggravated by thapsigargin, and unaffected by removal of
extracellular calcium. Conclusions: BSIA is regulated by sAC, depends on intracellular Ca>* stores, and is mediated by the
intrinsic apoptotic pathway; down-regulation of AE2 in primary biliary cholangitis sensitizes cholangiocytes to apoptotic
insults by activating sAC, which may play a crucial role in disease pathogenesis. (HEPATOLOGY 2016;64:522-534)

and genome-wide association studies®® support an

inherited genetic predisposition and are in line with a

rimary biliary cholangitis (PBC) is a chronic
fibrosing cholangiopathy characterized by a

cholestatic serum enzyme pattern, serum anti-
mitochondria antibodies, and a striking female pre-
dominance.” Female preponderance and the results of
sibling studies in monozygotic and dizygotic twins®

model autoimmune disease. However, the exact patho-

genetic mechanisms and the etiology remain unclear.
In search of the disease mechanism, Prieto, Medina,

and colleagues struck upon the frequent association
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with exocrine failure (salivary glands, lacrimal glands,
pancreas, etc.) in PBC patients and hypothesized that
impaired bicarbonate secretion might underlie these
exocrine pathologies. They found that anion exchanger
2 (AE2, SLC4A42), a chloride/bicarbonate exchanger
responsible for biliary bicarbonate secretion, is down-
regulated in the apical membrane of both hepatocytes
and cholangiocytes among PBC patients®® and in the
salivary glands of patients with Sjogren syndrome."”
Furthermore, PBC patients show impaired secretin-
stimulated biliary bicarbonate secretion, which
improved after ursodeoxycholate treatment.®

The improvement of the serum liver tests and the
secretin responsiveness following ursodeoxycholate
treatment in PBC patients underline the importance of
bicarbonate secretion. On the basis of this, a defective
“biliary bicarbonate umbrella” was proposed as a com-
mon pathology of fibrosing cholangiopathies.” The
biliary bicarbonate umbrella hypothesis states that bili-
ary epithelia, by secreting bicarbonate, generate an
alkaline barrier that renders bile salts in their polar,
deprotonated, and membrane-impermeant status.
When the bicarbonate secretory machinery fails, as
may be expected during down-regulation of AE2
expression, cholangiocytes may become vulnerable to
millimolar concentrations of bile salt monomers that
normally pass along the bile ducts. In hepatocytes, bile
salts have been demonstrated to activate the intrinsic
apoptosis pathway by increasing cytosolic free
Ca?* 19 enhancing reactive oxygen species produc-
tion,"” and releasing cytochrome ¢ as a result of Bax-
mediated permeabilization of the mitochondrial outer
membrane.? Using immortalized H69 human chol-
angiocytes as a model, Hohenester, Maillette de Buy
Wenniger, and colleagues demonstrated that bile salt
toxicity is pH-dependent and that AE2 knockdown
sensitized H69 cholangiocytes to bile salt-induced
apoptosis (BSIA).1)

ARTICLE INFORMATION:

CHANG ET AL.

In the course of examining the consequence of AE2
down-regulation in H69 cholangiocytes, we found that
knockdown of AE2 sensitized H69 cholangiocytes not
only to BSIA but also to etoposide-induced apopto-
sis,'>) although etoposide is not a weak acid. This sug-
gests that a more general intracellular mechanism,
affecting apoptosis in general, may be at play. There-
fore, we wondered if AE2 down-regulation, in addi-
tion to allowing more bile salts to enter the cells,
sensitizes cholangiocytes to apoptotic stimuli as a result
of intracellular bicarbonate retention, i.e., mediated by
a bicarbonate-responsive factor. Among the various
intracellular acid-base sensors, soluble adenylyl cyclase
(sAC) seems to be the most attractive candidate*¥
because it can be directly stimulated by intracellular
bicarbonate.™ Indeed, we have reported that in fibro-
blasts derived from AeZM_/ " mice, sSAC expression is
increased, which leads to a constitutively increased pro-
duction of cyclic adenosine 3',5'-monophosphate
(cAMP)."9SAC is an evolutionarily conserved mem-
ber of the mammalian adenylyl cyclase family that was
relatively recently discovered.’” sAC was originally
identified with Mn*"-dependent adengylyl cyclase
activity in the cytosolic fraction of testes,"® where it is
most abundant. Later, sAC expression was found in a
wide range of tissues."” The presence of sAC in
human liver"” and mouse primary cholangiocytes”
has been demonstrated. Although both belong to class
IIT nucleotidyl cyclases, sAC differs in several aspects
from the transmembrane adenylyl cyclases (tmACs,
ACDY1-ACDY9).@" Firstly, sAC is not regulated by
G proteins, nor is it activated by forskolin, a pan-
tmAC activator.?” Rather, sAC is activated by bicar-
bonate™ and fine-tuned by Ca®>" and adenosine tri-
phosphatc.(22’23) Secondly, while tmACs are localized
to the plasma membrane, sAC isoforms are found in
several subcellular compartments, including the cyto-
sol,(24) mitochondria, 25,26) cytoskeleton,(27) and
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nuclei.®® Thirdly, sAC produces cAMP in response
to intracellular fluctuations of bicarbonate and free
Ca®", while tmACs relay the extracellular signals that
activate G protein-coupled receptors. In addition to its
various roles in pH homeostasis and metabolic regula-
tion,?**? sAC has been shown to mediate apoptosis
in several models, including stimulated ischemia/aci-
dosis in coronary endothelial cells,®*® stimulated ische-
mia/reperfusion injury in cardiomyocytes,®" and
oxysterol-induced and oxidative stress-induced apo-
ptosis in vascular smooth muscle cells.®*** We there-
fore hypothesized that sAC is involved in BSIA in
H69 cholangiocytes and is responsible for the sensiti-
zation to apoptotic triggers in the AE2 down-
regulated state.

Materials and Methods

Materials were purchased from Sigma-Aldrich
unless otherwise indicated.

CELL CULTURE

H69 cholangiocytes was cultured as described.®¥ The
medium consisted of Dulbecco’s modified Eagle’s medium
(Life Technologies)/Ham’s nutrient mixture F-12 (Life
Technologies) (3:1) with 10% fetal bovine serum (Gibco)
and the following supplements: 180 uM adenine, 865 nM
insulin, 62.5 nM transferrin, 2 nM triiodothyronine, 1.1
uM hydrocortisone, 5.5 uM epinephrine, 1.67 nM epi-
dermal growth factor, 37.5 U/mL penicillin, and 37.5 pg/
mL streptomycin. The medium was supplemented with
1.75 /L. sodium bicarbonate and 20 mM 4-(2-hydrox-
yethyl)-1-piperazine ethanesulfonic acid-sodium hydroxide
(pH 7.4) for use in a 5% CO, incubator. Cells were pas-
saged twice per week. For cell culture and experiments
with tetracycline-inducible sAC knockdown lines, Tet
System Approved fetal bovine serum (Clontech) was used.

STATISTICS

All results are given as mean * standard deviation.
Statistical significance was determined by two-tailed
Student # test or one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparison test
using GraphPad Prism 5 (GraphPad Software, La
Jolla, CA) with an o error of 0.05.

(For complete information, please refer to the Sup-
porting Information.)
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Results

H69 CHOLANGIOCYTES EXPRESS
sAC AND RESPOND TO
INCREASED INTRACELLULAR
BICARBONATE

A significant sAC-derived cAMP pool was demon-
strated in H69 cholangiocytes in normal Dulbecco’s
modified Eagle’s medium supplemented with 10%
fetal bovine serum (Supporting Fig. S1). To demon-
strate bicarbonate responsiveness of sAC, we per-
formed a cAMP accumulation assay in normal
(chloride-containing) and chloride-free Hanks’ bal-
anced salt solution (HBSS). Switching extracellular
medium from normal chloride-containing HBSS to
chloride-free HHBSS reversed the chloride gradient
across the plasma membrane and forced AE2 to pump
bicarbonate into cells, which led to intracellular alkali-
zation (Supporting Fig. S2) and sAC activation (Fig.
1A). The sAC-derived cAMP, defined as the differ-
ence in cAMP concentration in the presence and
absence of the sAC-specific inhibitor KH7, was ele-
vated by 4.34 = 0.84-fold in chloride-free HBSS com-
pared to normal HBSS (Fig. 1B,C).

sAC IS UP-REGULATED IN AE2
KNOCKDOWN H69
CHOLANGIOCYTES

Next, we examined if AE2 down-regulation has an
effect on sAC. H69 cholangiocytes were transduced
with lentivirus for short hairpin RNA (shRNA)-medi-
ated AE2 knockdown. Expression of s4C messenger
RNA in H69 cholangiocytes was detected by reverse-
transcription quantitative polymerase chain reaction
(RT-qPCR) with a primer set targeting the second
catalytic domain. sAC protein was detected by immu-
noblotting using the monoclonal mouse antibody R21
(kindly provided by Drs. L. Levin and J. Buck, Weill-
Cornell University. NY),(27) which recognizes an epi-
tope in the first catalytic domain. Knockdown of AE2
was confirmed by RT-qPCR (Fig. 2A) and immuno-
blotting (Fig. 2B). s4C expression in AE2 knockdown
H69 cholangiocytes was increased to 1.82 * 0.44-fold
that of control H69 cholangiocytes (Fig. 2C), and the
protein level also increased to 1.46 = 0.22-fold (Fig.
2D,E). In addition, AE2 knockdown in H69 cholan-
giocytes sensitized the cells to etoposide-induced apo-
ptosis (Fig. 2F), as reported.
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FIG. 1. Presence of functional sAC in H69 cholangiocytes was demonstrated by bicarbonate-stimulated cAIMP accumulation assay.
(A) Confluent H69 cholangiocyte monolayers were incubated in either normal HBSS or chloride-free HBSS for 30 minutes. The lat-
ter reversed the chloride gradient across the plasma membrane and forced AE2 to take up bicarbonate. (B) Total cAMP was measured
by an enzyme-linked immunosorbent assay in the absence or presence of KH?7, a specific inhibitor of sAC. Shown here is the average
of two quadruplicate experiments. One-way ANOVA, P = 0.0007. (C) From each independent quadruplicate experiment in (B),
sAC-derived cAMP was calculated (defined as the difference in total cAMP measured in the absence and presence of KH7). Two-
tailed Student # test, P = 0.03. * P < 0.05, ™P < 0.01. Abbreviations: AMP, adenosine monophosphate; ATP, adenosine triphos-
phate; IBMX, 3-isobutyl-1-methylxanthine; PDE, phosphodiesterase.

INHIBITION OF sAC PREVENTS
BSIA

Because AE2 down-regulation resulted in both
increased sAC expression and enhanced BSIA,™ we
hypothesized that increased sAC activity causes
increased BSIA. Indeed, the sAC-specific inhibitor
KH7 dose-dependently inhibited BSIA in both con-
trol and AE2 knockdown cholangiocytes (Fig. 3A).
Strikingly, KH7 treatment not only redeemed the vul-
nerability to sodium chenodeoxycholate (NaCDC)-
induced apoptosis in AE2 knockdown cholangiocytes
but at higher concentrations also prevented NaCDC-
induced apoptosis altogether. Total cAMP determina-
tion in the presence of 750 uM NaCDC showed that
the protective effect of KH7 indeed paralleled a
decrease in the total cAMP pool (Supporting Fig. S3).

To examine the relevance of this observation to
PBC cholangiocytes, we repeated the same experiment
with the predominant bile salt species in human bile,
glycochenodeoxycholate (GCDC), the concentration
of which can reach the millimolar range in hepatic bile.
H69 cholangiocytes were incubated with 1 mM
sodium GCDC (NaGCDC) at pH 6.8, a pH that can
be expected in PBC bile due to impaired bicarbonate
secretion.® Consistent with the result from NaCDC-

induced apoptosis, KH7 treatment also prevented
NaGCDC-induced apoptosis (Fig. 3B). The reduced
caspase 3/7 activity was not due to KH7 toxicity, as
shown by WST-1 viability assay (Supporting Fig. S4),
or to reduced uptake of bile salts (Supporting Fig. S5).

To confirm the protective effect of KH7 on BSIA
(Fig. 3A), immunoblots for cleaved caspase 3 and poly
(adenosine diphosphate ribose) polymerase-1 (PARP-1),
an established endogenous caspase 3/7 substrate, were
performed. KH7 treatment dose-dependently prevented
cleavage of both caspase 3 (Fig. 3C) and PARP-1 (Fig.
3D) during BSIA. In addition, KH7 treatment pre-
vented NaCDC-induced DNA fragmentation, an apo-
ptotic signature that defines the irreversible fate to cell
death (Fig. 3E). Consistently, analysis of apoptotic mor-
phology revealed that inhibition of sAC reversed bile
salt-induced nuclear condensation (Fig. 3F) and plasma
membrane blebbing (Supporting Fig. S6).

sAC-DERIVED cAMP PROMOTES
BSIA, BUT tmAC-DERIVED cAMP
PROTECTS AGAINST BSIA

To confirm that the antiapoptotic effect of KH7
treatment was specific, we analyzed BSIA in control

525


http://onlinelibrary.wiley.com/doi/10.1002/hep.28550/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28550/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28550/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28550/suppinfo

CHANG ET AL.

HEPATOLOGY, August 2016

* %
*
 of 1 S —
20802 4.0E-05 e
-I- HB9 SHC H69 AE2KD
1.5802:4 3.0E-05 -
i —165kD
< o — — 7
— Ly =
Q@ L - | a
g 1.0e-02 | “nﬁiﬂiiml — — — e | - 100kD < 2.0E-05
5.0E-03 1.0E-05 -
0.0E+00 0.0E+00 -
HE69 H69 AE2KD H69 HE9 AE2KD
D E F *kk
s - * 45 1
HE9 SHC H69 AE2KD - 401 DIHE9SHC
'; ia -y 35 . MH6E9 AE2KD
L 14 B
B 1
SAC S oo 2 8 30
5 12 ©
& | T A 25
8 1.0 %
i = - .0
/3 -actin — e LT meee e o —42kD - 03 2 2 N
b= 8 15 .
8 06 g —
G
S o4 B 10
< & o5 .
Y02 05
0.0 0o —

HE9 SHC

0
Etoposide (uM)

H69 AE2KD

FIG. 2. Knockdown of AE2 induced sAC expression. AE2 was knocked down by lentivirus-mediated shRNA interference in H69
cholangiocytes and confirmed by RT-qgPCR (A) and immunoblot (B). Expression of sAC messenger RNA (C) and protein level (D)
in both short hairpin control and AE2 knockdown H69 cholangiocytes was examined. Immunoblots were quantified by Image] (E).
Two-tailed Student # test, *P < 0.05, **P < 0.01. (F) Control and AE2KD Hé69 cholangiocytes were incubated with 50 uM etoposide
or 0.1% dimethyl sulfoxide (vehicle) for 16 hours. Caspase 3/7 activity was determined. One-way ANOVA, P < 0.0001. The figure
shows a representative experiment from a series with similar results. **P < .001. Abbreviations: ATP1A1, adenosine triphosphatase,
sodium/potassium transporting, alpha 1 polypeptide; KD, knockdown; n.s., not significant; SHC, short hairpin control.

and sAC knockdown H69 cholangiocytes. Interest-
ingly, constitutive knockdown of sAC in H69 cholan-
giocytes led to growth arrest of the cell line. For this
reason we used a tetracycline-inducible sAC shRNA
construct. Upon induction with doxycycline, the sAC
protein level was reduced to 14% of control by 48
hours (Fig. 4A). Although less efficient compared to
KH7 treatment (Fig. 3A), knockdown of sAC reduced
caspase 3/7 activity by about 70% compared to control
(Fig. 4B).

We reasoned that sAC-derived cAMP (cytosolic)
could have a different effect on BSIA from tmAC-
derived cAMP (sub-plasma membrane) due to differ-
ent subcellular localizations. Indeed, both inhibition
of sAC by KH7 and activation of tmAC by forskolin
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protected H69 cholangiocytes against BSIA (Fig.
4C), indicating that sAC-derived cAMP was proa-
poptotic while tmAC-dependent cAMP was antia-
poptotic. Interestingly, treatment with a high
concentration of dibutyryl-cAMP (1 mM), which
would overcome breakdown by phosphodiesterases
and fully activate both sAC-derived and tmAC-
derived signaling pathways, was protective. Subse-
quently, we investigated whether the observed role for
sAC can also be demonstrated in primary cultured
cholangiocytes. Cholangiocytes were isolated from
wild-type mouse liver and cultured on thick collagen
gel layers. Importantly, in primary mouse cholangio-
cytes, BSIA was also inhibited by the sAC-specific
inhibitor KH7 (Fig. 4D).
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FIG. 3. Inhibition of sAC prevented both unconjugated and conjugated BSIA. (A) Control and AE2 knockdown H69 cholangiocytes were
incubated with increasing concentrations of sAC-specific inhibitor KH?7 in the absence or presence of 750 uM NaCDC at 37°C and 5% CO, for
1 hour. Caspase 3/7 activity was determined. One-way ANOVA, P < 0.0001. (B) Control and AE2 knockdown H69 cholangiocytes were incu-
bated with 1 mM NaGCDC for 4 hours at pH 6.8 with or without KH7 in 37°C, 5% CO, incubator. One-way ANOVA, P < 0.0001. (C)
Hé69 cholangiocytes were treated as in (A). Immunoblot for cleaved caspase 3 was performed. The antibody reacts with only cleaved caspase 3
(p17/p19), not procaspase 3. (D) Same treatment condition as (C), immunoblotted for PARP, an endogenous caspase 3/7 substrate. The full-
length PARP (~113 kDa) was cleaved by caspase 3/7 into the 89-kDa fragment. (E) DNA fragmentation assay. H69 cholangiocytes were incu-
bated with 0, 50, and 100 uM KH7 in the absence or presence of 750 uIM NaCDC for 1 hour. Genomic DNA was extracted and resolved on a
1.5% agarose gel. (F) H69 cholangiocytes were treated with or without 750 uIM NaCDC in the presence or absence of 100 xM KH7 and 5 M
Q-DV-OPh (pan-caspase inhibitor). Overnight treatment with 50 uM etoposide served as a positive control. Nuclei were visualized by DAPI
staining. Arrowheads indicated apoptotic nuclear condensation. The figure shows a representative experiment from a series with similar results. **P

< 0.001. Abbreviations: Gapdh, glyceraldehyde 3-phosphate dehydrogenase; KD, knockdown; n.s., not significant; SHC, short hairpin control.
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FIG. 4. sAC-derived cAMP promoted BSIA, while tmAC-derived cAMP inhibited BSIA. (A) Control and inducible sSAC knock-
down H69 cholangiocytes were treated with 0.2 ug/mL doxycycline for the indicated periods of time. sSAC knockdown was examined
by immunoblotting. Immunoblot was quantified by Image]. Results are normalized to f-actin. (B) Short hairpin control and sAC
knockdown H69 cholangiocytes were induced with or without 0.2 pug/mL doxycycline for 48 hours and subsequently incubated with
750 uM NaCDC or vehicle for 1 hour. Caspase 3/7 activity was determined. One-way ANOVA, P < 0.0001. The figure shows a
representative experiment from a series of three independent experiments with similar results. (C) H69 cholangiocytes were incubated
with or without 750 uM NaCDC in the presence of dimethyl sulfoxide (vehicle control), 50 uM KH7 (sAC-specific inhibitor), 20
uM forskolin (tmAC-specific activator), or 1 mM dibutyryl-cAMP (membrane-permeant cAMP analogue) for 4 hours in a 5% CO,,
37°C incubator. Caspase 3/7 activity was determined. One-way ANOVA, P < 0.0001. (D) Primary mouse cholangiocytes were incu-
bated with or without 750 M NaCDC in the presence of dimethyl sulfoxide (vehicle control) or 100 M KH7 for 3 hours in a 5%
CO,, 37°C incubator. One-way ANOVA, P < 0.0001. **P < 0.001. Abbreviations: db-cAMP, dibutyryl-cAMP; DMSO, dimethyl
sulfoxide; KD, knockdown; n.s., not significant; SHC, short hairpin control, TO, Tet-operator.

INHIBITION OF sAC PREVENTS examined if inhibition of sAC protected cholangiocytes
MITOCHONDRIAL OUTER from BSIA by preventing cytochrome ¢ release. Indeed,
MEMBRANE PERMEABILIZATION NaCDC treatment released cytochrome ¢ from mito-
DURING BSIA chondria, which was dose-dependently prevented by

KH?7 treatment (Fig. 5A). Because MOMP depends on

As bile salt has been reported to cause apoptosis the balance between antiapoptotic and proapoptotic
through mitochondrial outer membrane permeabilization  actions of the BCL-2 family proteins, we examined the
(MOMP) and subsequent cytochrome ¢ release, "> we  subcellular localization of Bax, the effector BCL-2

528



HEPATOLOGY, Vol. 64, No. 2, 2016 CHANG ET AL.

Db Hg-E0C 20 Nercoe 0uM NacDC 750uM NaCDC
KH7 (uM) 0 25 50 75 100 0 25 50 75 100 KHT (uM) P P & 5 a0
u
Cytosolic '- oy - | :
GAPDH S ———— — |~ 37KD Cytosolic
i S —.— — | = 20kD
Mitochendrial |—37kD
GAPDH
Cytosoli Mitochondrial i
Crtochrame ¢ l - |-12kD o —_— 20kD
Mitochondrial
Crtochrome ¢ —----..l - 1260 S
é’ 25% {
80% 1 ﬁ
£ 0% D 0%
g g 0% £
e £ so% | i 15%
£5 o £ o]
2 : T
o fnn el B B
0% |- — | - - = 0%
c D OpM NaCDC 750uM NaCbDC
0uM Na-CDC 7504M Na-CDC 0 50 100 0 50 100
KH7 (uM) 0 25 50 75 100 0 25 50 75 100 |
Mcl-1 A ———— 40D
— 54kD
p-INK
(Thr183/Tyr185) — 46kD
P-Bax
(Thri67) —— | ——— |

— 54kD
Total INK
— 46kD
Bax | — — — | b — 20kD
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volume were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted for glyceraldehyde
3-phosphate dehydrogenase, a cytosolic marker, and cytochrome ¢. Cytochrome ¢ immunoblots were quantified by Image]. Ratios of
cytosolic signal to total signal (cytosolic plus mitochondrial) were calculated. (B) Bax translocation assay was performed and quantified
as in (A). Percentage of mitochondrial Bax was calculated as mitochondrial signals divided by the sum of cytosolic and mitochondrial
signals. (C) H69 cholangiocytes were treated as in (A). Whole-cell lysates were used for immunoblot of total and phosphorylated
JNK. (D) H69 cholangiocytes were treated as in (B). Whole-cell lysates were used for immunoblot for myeloid cell leukemia 1,
phospho-Bax (Thr167), and total Bax. The figure shows a representative experiment from a series with similar results. Abbreviations:
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Mcl-1, myeloid cell leukemia 1.

protein responsible for MOMP, during BSIA. Indeed,
NaCDC induced Bax translocation from the cytosol to
the mitochondria, which was dose-dependently reduced
by KH7-mediated sAC inhibition (Fig. 5B).

To further define the action of sAC, we examined
the effect of sAC inhibition on c-Jun N-terminal
kinase (JNK) and p38, two mitogen-activated protein
kinases known to activate Bax by Thr167 phosphoryla-
tion.®® Phosphorylation of p38 was affected by nei-
ther bile salts nor sAC inhibition (data not shown).
JNK was activated by bile salt but was not affected by
sAC inhibition (Fig. 5C). Bile salt treatment also
resulted in increased Bax phosphorylation at Thr167,
which was dose-dependently prevented by sAC inhibi-
tion. Myeloid cell leukemia 1, an important antiapop-

totic bcl-2 family protein in cholangiocytes, was
affected neither by bile salt nor by KH7 (Fig. 5D).

BSIA IS DEPENDENT ON
INTRACELLULAR CALCIUM
STORE

Bile salts are known to have calcium ionophore
properties®” > and could relay the apoptotic signal to
sAC by increased cytosolic free Ca®". To test this
hypothesis, we pretreated H69 cholangiocytes with
increasing concentrations of the acetoxymethyl ester of
1,2-bis(2-aminophenoxy)ethane-NV,N,N, N -tetraacetic
acid to chelate intracellular free Ca®*. Indeed, intracel-
lular Ca®?* chelation by 1,2-bis(2-aminophenoxy)
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FIG. 6. BSIA depends on intracellular calcium stores. (A) H69 cholangiocytes were loaded with increasing concentrations of 1,2-
bis(2-aminophenoxy)ethane-NV,V, N, N -tetraacetic acid (BAPTA) and then treated with either vehicle or 750 M NaCDC for 1 hour.
Caspase 3/7 activities were determined. One-way ANOVA, P < 0.0001. (B) MCU was knocked down by lentivirus-mediated shRNA
interference. Knockdown was confirmed by RT-qPCR. Two-tailed Student # test, P < 0.0001. (C) MCU knockdown was confirmed
by immunoblotting. (D) Short hairpin control and MCU knockdown H69 cholangiocytes were treated with 1 mM NaCDC-induced
apoptosis in the absence or presence of sAC-specific inhibitor KH7. One-way ANOVA, P < 0.0001. (E) H69 cholangiocytes were
incubated with 750 uM NaCDC in normal or Ca?"-free medium. One-way ANOVA, P < 0.0001. (F) H69 cholangiocytes were
pretreated with or without 50 nM thapsigargin for 15 minutes and then with 0 uM or 750 uM NaCDC. The figure shows a repre-
sentative experiment from a series with similar results. **P < 0.001. Abbreviations: ATP1A1, adenosine triphosphatase, sodium/
potassium transporting, alpha 1 polypeptide; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,V,N,N -tetraacetic acid; DMEM, Dulbec-

co’s modified Eagle’s medium; DMSO, dimethyl sulfoxide; KD, knockdown; n.s., not significant.

ethane-V,IV,V,N -tetraacetic acid dose-dependently
inhibited BSIA (Fig. 6A).

sAC activity is synergistically stimulated by physio-
logic bicarbonate concentration (20-25 mM) and free
Ca®" in a biphasic manner with a high-affinity com-
ponent (50% effective concentration = 300 nlM) and a
low-affinity component (50% effective concentration =
300 ﬂM).(19’22’23) Therefore, the bile salt-induced
release of Ca®" could theoretically activate sAC in
both mitochondria and the cytosol, where free Ca®"
concentration could reach 100 uM and 1-2 uM during
calcium  signaling, respectively.’%*? To test which
sAC isoform was involved, we examined BSIA in H69
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cholangiocytes depleted of the mitochondrial calcium
uniporter (MCU), the principal port of entry for cyto-
solic Ca®". MCU knockdown reduces the mitochon-
drial calcium buffering capacity.“* If mitochondsrial
sAC is involved in BSIA, MCU depletion is expected
to be protective. On the other hand, if cytosolic sAC
plays a role, MCU depletion is expected to aggravate
apoptosis. MCU messenger RNA expression and pro-
tein level were reduced by 70% and 90%, respectively,
in MCU-depleted H69 cholangiocytes (Fig. 6B,C).
However, MCU-depleted H69 cholangiocytes were
not more resistant to but, rather, were more susceptible

to BSIA (Fig. 6D). Moreover, the enhanced apoptosis
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FIG. 7. Working hypothesis of how sAC is involved in the
pathogenesis of PBC in the context of AE2 down-regulation.
Protonated bile salts are nonpolar and enter cells at a higher rate
than their deprotonated counterparts. AE2 on the apical mem-
brane of cholangiocytes generates a bicarbonate umbrella that
deprotonates the otherwise proapoptotic bile salts. Reduced AE2
expression in PBC cholangiocytes causes more bile acids to enter.
Once inside the cells, bile salts cause JNK phosphorylation and
activating phosphorylation of Bax at Thrl67, which promote
mitochondrial translocation of Bax, leading to MOMP, cyto-
chrome ¢ release, and apoptosis. Inhibition of SAC prevents bile
salt-induced Bax phosphorylation at Thr167 but not JNK phos-
phorylation. By acting as a calcium ionophore, bile salts cause
Ca®” release from endoplasmic reticulum, which is necessary but
not sufficient for BSIA. On the other hand, the intracellular
bicarbonate accumulation secondary to impaired secretion
increases sAC activity synergistically with bile salt-triggered Ca®"
release and enhances MOMP and apoptosis. Abbreviations:
ATP, adenosine triphosphate; BA", deprotonated bile salt; BAH,
protonated bile salt; ER, endoplasmic reticulum.

in MCU-depleted H69 cholangiocytes could be inhib-
ited by KH7 treatment, implying that cytosolic sAC,
instead of mitochondrial sAC, was involved during
BSIA.

To identify the source of increased cytosolic free
Ca?*, we performed BSIA in either normal or Ca?*-

free medium. Removal of extracellular calcium did not

CHANG ET AL.

prevent BSIA, indicating that the increased cytosolic
free Ca>" from intracellular stores was sufficient (Fig.
6E). Consistently, thapsigargin pretreatment, which
inhibited Ca®>" uptake by sarcoplasmic/endoplasmic
reticulum Ca®>" adenosine triphosphatase, potentiated
bile salt toxicity. Unexpectedly, elevation of cytosolic
Ca®" alone by calcium ionophore ionomycin was not
sufficient to induce apoptosis (Supporting Fig. S7).
Similarly, thapsigargin alone (i.e., in the absence of
bile salt) caused no apoptosis within the time frame of
the experiment (Fig. 6F).

Discussion

The present study sheds new light on the mecha-
nism of BSIA in cholangiocytes and provides novel
mechanistic insight into a potential role of AE2 down-
regulation in cholangiocytes of PBC patients.”® We
demonstrate that BSIA in both H69 human cholan-
giocytes and primary mouse cholangiocytes is regulated
by sAC, that it involves Ca®" release from intracellular
stores, and that it is mediated by the intrinsic apoptotic
signaling pathway.

AE2, an indispensable transporter of the biliary
bicarbonate secretion machinery, is crucial for protect-
ing cholangiocytes against bile salts.”” Recently, miR-
506, which is up-regulated in PBC cholangiocytes,
was demonstrated to down-regulate AE2 posttran-
scriptionally in H69 cholangiocytes.*? Our observa-
tion that knockdown of AE2 sensitized H69
cholangiocytes to both pH-dependent (bile salts) and
pH-independent (etoposide) stimuli suggests that
AE2 down-regulation has a general impact on cholan-
giocyte apoptosis. In the present study, we show that
this generalized vulnerability in the AE2 down-
regulated state is caused by increased sAC expression
and signaling. Knockdown of AE2 in H69 human
cholangiocytes leads to increased sAC expression,
which is consistent with our previous finding in
Ae2, ,”” murine fibroblasts.*® Intracellular alkaliniza-
tion secondary to the absence of AE2 further enhances
sAC signaling. Our observation that inhibition of sAC
not only reverses increased vulnerability of AE2-
depleted H69 cholangiocytes but also completely
inhibits BSIA identifies sAC as a potentially important
proapoptotic factor in the pathogenesis of PBC.
Accordingly, other apoptotic insults (e.g., toxic com-
pounds excreted into bile) in addition to bile salts may
contribute to the exaggerated cholangiocyte apoptosis

in PBC patients with reduced AE2 expression.
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The mechanism of BSIA has been studied extensively
in hepatocytes but much less so in cholangiocytes. We
demonstrate here that in cholangiocytes bile salts acti-
vate the intrinsic apoptotic pathway, involving mito-
chondrial translocation of Bax, cytochrome ¢ release,
activation of caspase 3, cleavage of PARP, and DNA
fragmentation, all of which can be reversed by sAC
inhibition. Although activation of procaspase 8 was not
investigated here, we did not observe cleavage of Bid, a
caspase 8 substrate, during BSIA (not shown).

The signaling specificity of cAMP, a diffusible sec-
ond messenger, is achieved by scaffolding of adenylyl
cyclases, cAMP effectors, and selected substrates*?
and by compartmentation of cAMP into microdo-
mains bordered by phosphodiesterases.** Therefore,
cAMP generated in different microdomains can have
different biological outcomes. This is exemplified by
the observation that cytosolic cAMP disrupts endothe-
lial cell barrier function while para-plasma membrane
cAMP is protective.**) Kumar et al. also demonstrated
that sAC-derived cAMP mediates acidosis-induced
apoptosis in coronary endothelial cells, while stimulat-
ing tmACs by forskolin is protective.?? As yet
another example, we demonstrate here that sAC-
derived cAMP (in the cytosol) promotes BSIA, while
tmAC-derived cAMP (para-plasma membrane) pro-
tects against BSIA. Furthermore, the effect of tmAC-
derived cAMP overruled that of sAC because activa-
tion of cAMP effectors of both tmACs and sAC by
dibutyryl-cAMP was antiapoptotic.

MOMP following apoptotic stimuli is the result of
the interplay of the proapoptotic and antiapoptotic
BCL-2 family proteins,*” which are regulated by
posttranslational modification such as phosphorylation.
For example, the proapoptotic activity of Bax is
enhanced when phosphorylated by JNK or p38 at
Thr167%¢ but suppressed when phosphorylated at
Ser184 by phosphatidylinositol 3-kinase/Akt.“” In
the present study, we show that chenodeoxycholate
activates JNK but not p38. Although sAC inhibition
did not prevent bile salt-induced JNK phosphoryla-
tion, it did prevent Bax phosphorylation at Thr167,
suggesting that sAC regulates bile salt-induced apo-
ptotic signaling downstream of JNK phosphorylation
and upstream of MOMP.

We show that BSIA in H69 cholangiocytes depends
on increased cytosolic Ca>" released from intracellular
stores. The bile salt-triggered increase of cytosolic free
Ca®" most likely did not activate mitochondrial sSAC
because inhibition of mitochondrial calcium accumula-

tion by MCU knockdown did not protect H69 cholan-
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giocytes from BSIA but, rather, aggravated it.
Importantly, this could be completely reversed by sAC
inhibition, implying that Ca®* released from intracel-
lular stores activates cytosolic sAC. Interestingly, iono-
mycin treatment did not cause apoptosis, suggesting
that elevated cytosolic free Ca®" alone, albeit neces-
sary, is not sufficient. Apparently, parallel signaling
pathways, such as JNK activation, are required to
induce apoptosis.

Because both Ca®" and bicarbonate activate sAC
synergistically and bile salts have calcium ionophore
properties, BSIA is expected to be most prominent
when intracellular bicarbonate concentration is ele-
vated. In light of the pathogenesis of PBC, this is
highly relevant as bicarbonate secretion of cholangio-
cytes is impaired as a result of AE2 down-regula-
tion,>"*® which renders cholangiocytes more sensitive
to BSIA. Accordingly, we propose the following work-
ing hypothesis on how sAC is involved in the pathoge-
nesis of PBC in the context of AE2 down-regulation
(Fig. 7). On the one hand, impaired bicarbonate secre-
tion (due to reduced AE2 expression) weakens the
protective “bicarbonate umbrella” and permits more
bile salt to cross the plasma membrane. On the other
hand, the retained bicarbonate induces sAC expression
and activates sAC, thereby promoting BSIA. The
impact of reduced AE2 expression in PBC cholangio-
cytes is thus 2-fold.

In conclusion, the present study demonstrates that
sAC is a critical mediator of BSIA and an attractive
therapeutic target. The bicarbonate anion, although
indispensable in bile salt-independent choleresis and
reducing permeation of bile salts, is in fact a double-
edged sword in the hands of AE2 and sAC. In a state
of reduced AE2 expression (PBC), intracellular bicar-
bonate accumulation as a result of reduced bicarbonate
secretion activates sAC and makes cholangiocytes
more vulnerable to bile salts and other apoptotic
triggers.
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