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ackground & Aims: Tumor progression is promoted by
he ability of tumor cells to resist adverse environmental
onditions such as hypoxia. We have shown that trans-
ational dysregulation contributes to transformed cell
rowth in malignant cholangiocytes. Translational regu-
ation of gene expression can contribute to an immedi-
te and rapid response to environmental changes such
s hypoxia. Thus, our aims were to assess translational
echanisms involved in cell survival during hypoxia and

o identify specific translationally regulated proteins in-
olved in the cellular response to hypoxia. Methods: Cell
iability and apoptosis in response to hypoxia were as-
essed in human cholangiocarcinoma cells. Transla-
ional processes were deregulated by cycloheximide or
apamycin or by targeted deletion of eukaryotic initia-
ion factor (eIF)-4E, a rate-limiting translational initiation
actor using small interfering RNA (siRNA). A protein
ntibody microarray was used to screen for eIF-4E-
ependent proteins expressed during hypoxia. Expres-
ion of the X-linked inhibitor of apoptosis (XIAP) was
ecreased using siRNA. Results: Malignant cholangio-
ytes are resistant to hypoxia-induced apoptosis. Fur-
hermore, cell survival during hypoxia required protein
ranslation. eIF-4E was over expressed in malignant
holangiocytes. Reduction in eIF-4E expression by siRNA
ecreased tumor cell resistance to hypoxia, increased
aspase-3 activation and apoptosis, and decreased cell
urvival compared with controls. XIAP was identified as
translationally regulated protein expressed during hy-

oxia. Modulation of XIAP expression by siRNA de-
reases cell death during hypoxia in vitro and in vivo.
onclusions: Human cholangiocarcinoma cells are
ighly resistant to hypoxia. Translational regulation of
urvival proteins such as XIAP is a mechanism mediat-
ng cholangiocarcinoma survival during hypoxia.

umor cells are characterized by aberrant cellular
growth responses to environmental changes that

ormally serve to maintain tissue homeostasis. Tumor
rogression is promoted by the ability of tumor cells to
esist adverse environmental conditions such as hypoxia

r nutrient deprivation that cause cell death. Hypoxia
ommonly occurs in human tumors, and resistance to
ypoxia-induced cell death is a characteristic feature of
umor cells.1,2 Indeed, the ability to survive under hy-
oxic conditions and to maintain an adequate vascular
upply are critical factors for tumor growth.2 Although
hronic hypoxia results in stimulation of angiogenesis
nd neovascularization, this process is often disorganized
nd may take several days before adequate tumor tissue
xygenation can be restored.3 Thus, the ability of tumor
ells to survive during transient or acute hypoxia is
ritical. Hypoxia also has a profound effect on the re-
ponse to therapy and influences tumor development.1,4,5

owever, the cellular mechanisms by which tumor cells
cquire resistance to hypoxia are poorly understood.

We have recently begun to study the cellular response
f biliary tract epithelia to hypoxia. The epithelial lining
f the biliary tract is highly sensitive to apoptosis under
onditions of reduced oxygenation.6 In contrast, malig-
ant biliary epithelial cells (cholangiocytes) are resistant
o hypoxia-induced cell death and therefore suitable for
he study of intracellular survival mechanisms during
ypoxia. Biliary tract malignancies (cholangiocarcino-
as) are typically hypovascular tumors that are associ-

ted with a poor prognosis and are highly refractory to
onventional therapies.7,8 Cell survival during hypoxia
ay involve activation of cell survival pathways and/or

berrant expression of endogenous apoptosis inhibitory
roteins.9–11 Targeted interventions based on an under-
tanding of the mechanisms of response to hypoxia may
mprove therapeutic approaches for cholangiocarcinoma
nd other tumors.

We have recently shown that translational dysregula-
ion contributes to transformed cell growth in malignant

Abbreviations used in this paper: AMC, 7-amino-4-methylcoumarin;
IF, eukaryotic initiation factor; IRES, internal ribosome entry se-
uence; MAPK, mitogen-activated protein kinase; siRNA, small inter-
ering double-stranded RNA; XIAP, X-linked inhibitor of apoptosis.

© 2004 by the American Gastroenterological Association
0016-5085/04/$30.00
doi:10.1053/j.gastro.2004.09.002
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holangiocytes.12 Translation is the final step in a series
f several processes involved in gene expression.13,14

hus, regulation of gene expression at the translational
evel allows for an immediate and rapid response to
nvironmental changes such as hypoxia.15 Survival of
alignant cholangiocytes during hypoxia can be medi-

ted by a rapamycin sensitive pathway.16 Rapamycin is a
elective inhibitor of the mammalian target of rapamycin
rotein that regulates translation by phosphorylation and
ctivation of several translational regulatory proteins
uch as the eukaryotic initiation factor (eIF)-4E-binding
rotein 1 and p70 S6 kinase.17 These observations sug-
est that dysregulation of translationally regulated genes
ay contribute to malignant cholangiocyte survival dur-

ng hypoxia. Therefore, our aims were to assess the role
f translational mechanisms in cell survival during hy-
oxia and to identify specific translationally regulated
roteins involved in the cellular response to hypoxia. Our
tudies identify a critical role for translational regulation
f an endogenous antiapoptotic protein, the X-linked
nhibitor of apoptosis protein (XIAP), as a mechanism
ediating survival of malignant cholangiocytes during

ypoxia.

Materials and Methods

Materials

Fetal bovine serum and Bradford reagent were ob-
ained from Sigma Chemical Co. (St. Louis, MO). CMRL 1066
edia, L-glutamine, and antibiotic-antimycotic mix were

rom Gibco BRL (Grand Island, NY). Monoclonal antibodies
o eIF-4E and phospho-specific antibodies to eIF-4E (Ser 209)
ere obtained from Cell Signaling (Beverly, MA). Antibodies

o XIAP, c-IAP-1, c-IAP-2, tubulin, and �-actin were ob-
ained from Santa Cruz Biotechnology (Santa Cruz, CA). The
rotease inhibitor cocktail tablets were obtained from Roche
olecular Biochemicals (Indianapolis, IN). All other reagents
ere of analytic grade from the usual commercial sources.

Cell Culture

KMCH human malignant cholangiocytes were ob-
ained as previously described and cultured in Dulbecco’s
odified Eagle medium with 10% fetal bovine serum.18

Mp38dn cells were generated from KMCH cells stably trans-
ected with pRc/RSV-Flag MKK3 (Ala) encoding a dominant
nterfering upstream activator of p38 mitogen-activated pro-
ein kinase (MAPK) with double-point mutations in Ser 189
nd Thr 193 replaced by Ala.12 H69 cells, immortalized
uman nonmalignant cholangiocytes, were obtained and cul-
ured as previously described.19 Mz-ChA-1 cells derived from
etastatic gall bladder cancer (kindly provided by Dr. J.G.

itz, University of Colorado, Denver, CO) and TFK-1 cells
erived from extrahepatic cholangiocarcinoma were cultured

n CMRL 1066 media with 10% fetal bovine serum, 1% p
-glutamine, and 1% antimycotic antibiotic mix. Cells were
ultured in 35-mm or 96-well culture plates at 37°C in a
ypoxia chamber (Billups-Rothenburg, Del Mar, CA) left open
n a humidified incubator in 21% O2, 5% CO2, balance N2,
for normoxia studies) or gassed with a preanalyzed gas mix-
ure containing 5% CO2/95% N2 and sealed (for hypoxia
tudies).16 The partial pressure of oxygen in the culture media
nder these conditions measured with a gas analyzer (278
ystem; Ciba-Corning, Medfield, MA) was 140 and 40 mm
g, respectively, at 24 hours, and there was no significant

hange in pH.

Viability Assay

Cells were seeded into 96-well plates (10,000 cells/
ell) and incubated in a final volume of 200 �L medium. Cell
iability was assessed using a commercially available tetrazo-
ium bioreduction assay for viable cells (CellTiter 96 Aqueous;
romega, Madison, WI).

Apoptosis Assay

Morphologic changes indicative of cell death by apop-
osis were identified and quantitated by fluorescence micros-
opy and the use of 4,6-diamidino-2-phenylindole dihydro-
hloride (DAPI) as previously described.18 Fluorescence was
isualized using an Olympus BX40 upright fluorescence mi-
roscope (Olympus America, Inc., Melville, NY). Apoptotic
uclei were identified by condensed chromatin as well as
uclear fragmentation. At least 300 nuclei in 4 high-power
elds were counted.

Caspase-3 Assays

Caspase-3 activity was quantitated in cytosolic extracts
s previously described.20 Briefly, cytosolic extracts were ob-
ained by cell lysis in a hypotonic buffer containing protease
nhibitors, followed by homogenization. Caspase activity was
hen determined fluorometrically using DEVD-7-amino-4-
ethylcoumarin (AMC), and quantitated using standard

urves generated with AMC. Activation of caspase-3 in trans-
ected cells was assessed by an immunocytochemical assay.
ells were harvested and permeabilized and fixed using the
ytofix/Cytoperm kit (BD Biosciences, Palo Alto, CA). The
ells were stained with anti-caspase-3 monoclonal antibody
BD Biosciences), washed, and stained with Cy5-anti-IgG
Jackson Immunoresearch Labs). The cells were also stained
ith the nucleic acid dye SYTO-16 (Molecular Probes, Eu-
ene, OR). Stained cells were suspended in an isobuoyant cell
uffer at 2 � 106 cells/mL. Ten microliters of the cell suspen-
ion were applied to sample wells of the cell assay chip and
ssayed on the Agilent 2100 Bioanalyzer microfluidic system
Agilent, Palo Alto, CA). Five hundred to 1000 cell events
ere collected per sample. Fluorescence emission from the cells
as detected with photodiodes at 510–540 nm and 674–696
m. Cell events in the SYTO-16-positive population were
ross gated onto the caspase-3 histogram to determine the

ercentage of cells undergoing apoptosis.
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Immunoblot Analysis

Confluent cells in culture were washed with 1� PBS
hen lyzed with 0.5 mL lysis buffer containing 62.5 mmol/L
ris base, 2% SDS, 10% glycerol, 0.01% bromophenol blue,
nd 50 mmol/L DTT. Protein samples were separated on
%–12% gradient polyacrylamide gels (Novex, San Diego,
A) under reducing conditions and electroblotted to positively
harged 0.45 �mol/L nitrocellulose membrane (Millipore,
edford, CA). The membranes were soaked for 5 minutes in

ransfer buffer (13.4 mmol/L Tris, pH 8.3, 20% methanol, 108
mol/L glycine). Blots were preblocked in 20 mmol/L Tris,

50 mmol/L NaCl, 0.1% Tween 20, and 5% nonfat dry milk
or 3–4 hours or overnight at 4°C. Membranes were incubated
vernight at 4°C with the respective primary antibody, used at
1:1000 dilution. The primary antibodies were diluted in a

olution containing 20 mmol/L Tris, 150 mmol/L NaCl, 0.1%
ween 20, and 5% bovine serum albumin. The membrane was
ashed 3 times for 10 minutes with 20 mmol/L Tris, 150
mol/L NaCl, and 0.1% Tween 20 (TTBS) and then incu-

ated with the secondary antibody, a polyclonal goat anti-
abbit immunoglobulin-peroxidase conjugate (Zymed, San
rancisco, CA), at a 1:2000 dilution for 60 minutes at 4°C.
he secondary antibody was diluted in TTBS buffer. For all

mmunoblots, membranes were washed 3 times for 10 minutes
ith TTBS then visualized using an enhanced chemilumines-

ence kit (LumiGLO, Cell Signaling, Beverly, MA) following
he manufacturer’s directions. The relative protein expression
as determined by densitometry using a CCD camera-based

mage analyzer (ChemiImager 4000; Alpha Innotech, San Le-
ndro, CA).

Small Interfering RNA Design, Synthesis,
and Transfection

RNA interference for gene silencing was performed in
MCH cells using small interfering 21-nucleotide dsRNA

siRNA) molecules as previously described.12 siRNA were
esigned and synthesized using the Silencer siRNA construc-
ion kit (Ambion, Austin, TX). Transfection efficiency was
5%–40% in KMCH cells using Trans-IT TKO (Mirus,
adison, WI) as previously described.21 Inhibition of target

rotein expression after transfection of cells was verified by
mmunoblot analysis. The messenger RNA (mRNA) target
equence of siRNA to eIF-4E was 5=-, AAGGATGGTATT-
AGCCTATG, and the mRNA target of the scrambled nu-

leotide control was 5=-AAGTGCTAGATTGAGTGCTAG.
he mRNA target sequence of siRNA to XIAP was 5=-
ACTTGCTAACTCTCTTGGGG, and the mRNA target of

he corresponding control siRNA was 5=-AATGCGTACT-
CGCATCGTTG.

Cell Cycle Analysis

Cell cycle analysis was performed as previously de-
cribed.22 Cells were collected and suspended in 1� PBS at a
oncentration of 2 � 106 cells/mL. The samples were centri-

uged at 400g for 3 minutes and then resuspended in a a
ropidium iodide solution containing 0.1 mol/L propidium
odide, 0.1% vol/vol Triton X-100, and 20% RNAse A, in 1X
BS. After incubation on ice in the dark for 2 hours, the
amples were analyzed by flow cytometry. Ten thousand events
ere recorded, and the proportion of cells in various phases of

he cell cycle were analyzed using the ModFitLT DNA analysis
rogram (Becton Dickinson, San Jose, CA).

Protein Antibody Microarray

Cells were transfected with siRNA to eIF-4E or a
crambled nucleotide control as previously described.12 After
8 hours, the media was replaced with serum-free media for 6
ours. Cells were then incubated under hypoxic or normoxic
onditions. After 24 hours, cellular protein was extracted, and
he relative differences in protein expression were assessed
sing the antibody microarray (BD Biosciences Clontech, Palo
lto, CA) as per the manufacturer’s instructions. Image and
ata acquisition from the antibody microarray slides was per-
ormed using an Axon GenePix 4000A laser scanner and the
enePix 4.1 software package (Axon Instruments, Foster City,
A). Internal normalization was performed following the man-
facturer’s protocol. A greater than 1.5-fold difference in
elative protein expression was considered significant.

RT-PCR Analysis

Total cellular RNA was extracted from cells using the
ltraspec RNA isolation reagent (Biotecx Laboratories, Inc.,
ouston, TX) and semiquantitative RT-PCR performed as

reviously described.22 In brief, cDNA was prepared from 2 to
0 �g total RNA using Moloney murine leukemia virus
MMLV) reverse transcriptase and random oligonucleotide
rimers. PCR was then performed using a DNA thermal cycler
nd a reaction mixture containing 2 �L cDNA and using the
aq PCR core kit (Qiagen Inc., Valencia, CA). The reaction
ixture was incubated at 95°C for 2 minutes, followed by 37,

-step cycles (94°C for 1 minute, 62°C for 1 minute, and 72°C
or 1 minute) and a final step at 72°C for 10 minutes. For
APDH, 25 cycles were used. The primers used were as

ollows: human XIAP 5=-GGCCATCTGAGACACATG-
AG-3= (sense) and 5=-GCATTCACTAGATCTGCAACC-3=

antisense); GAPDH 5=-TGCCAGTGAGCTTCC-3= (sense)
nd 5=-CACCATGGAGAAGGC-3= (antisense). The products
ere analyzed using the Agilent 2100 Bioanalyzer (Agilent,
alo Alto, CA), and gene expression of XIAP was normalized
gainst GAPDH.

Cholangiocarcinoma Xenograft Model

Male athymic nu/nu mice, 8 weeks of age, were ob-
ained from Charles River Laboratories (Wilmington, MA) and
ed food and water ad libitum. The mice were housed 4 per
age, and fluorescent light was controlled to provide alternate
ight and dark cycles of 12 hours each. The animals received a
ubcutaneous injection of Mz-ChA-1 cells (3 � 106 viable cells
uspended on 0.5 mL extracellular matrix gel) on their right
ank. After 12 weeks, mice (n � 2 each) were randomly

ssigned to receive 20 �g per gram body weight of siRNA to
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IAP or scrambled control sequence siRNA in 50 �L PBS
ntratumorally, which was repeated after 3 days. Three days
ater, 60 mg/kg Hypoxyprobe-1 (Pimonidazole Hydrochlo-
ide; Chemicon, Temecula, CA) was injected intravenously,
nd tumors were excised for histologic examination after 2
ours. Sections were obtained, and immunohistochemistry was
erformed using monoclonal antibody to XIAP to identify
IAP expression or using Hypoxyprobe-1 monoclonal anti-
ody to identify pimonidazole adducts as a marker of hypoxia.
UNEL staining was performed in adjacent sections to iden-

ify apoptotic cells using a commercially available kit (Wako
hemicals, Tokyo, Japan). The number of TUNEL positive
ells were quantitated and expressed as average � standard
eviation of the number of positive cells in 5 high-power
elds. The extent of hypoxia was determined by immunostain-
ng for pimonidazole adducts,23 and the amount of chromogen
uantitated by digital image analysis using Adobe Photo-
hop.24

Statistical Analysis

Data are expressed as the mean � standard deviation
SD) from at least 3 separate experiments, unless otherwise
oted. The differences between groups was analyzed using a
ouble-sided Student t test when only 2 groups were present.
tatistical significance was considered as P � .05. Statistical
nalyses were performed with the GB-STAT statistical soft-
are program (Dynamic Microsystems Inc., Silver Spring,
D).

Results

Survival of Malignant Cholangiocytes
During Hypoxia Is Translationally Regulated

Initially, we examined the effect of hypoxia on
ell viability in KMCH, TFK-1, and MzChA-1 malig-
ant human cholangiocytes or on H69 nonmalignant
uman cholangiocytes. Similar to results observed in
ther tumor cell types, cell viability assessed using a
etrazolium bioreduction assay was not decreased in any
f the malignant cells during hypoxia (Figure 1A). Next,
e assessed the effect of hypoxia on apoptosis. All 3
alignant cholangiocytes were resistant to hypoxia-

nduced apoptosis (Figure 1B). In contrast, hypoxia de-
reased cell viability and increased apoptosis in H69
onmalignant human cholangiocytes. These data suggest
hat survival of malignant cholangiocytes during hypoxia
esults from effects on apoptosis. Next, we assessed the
ffect of inhibitors of RNA and protein synthesis on cell
urvival during hypoxia (Figure 2A). Preincubation with
he RNA synthesis inhibitor actinomycin D (10 �mol/L)
id not alter resistance to hypoxia. However, preincuba-
ion with the protein synthesis inhibitors cycloheximide
10 �g/mL) or rapamycin (2 �g/mL) increased cell death

uring hypoxia. Cell viability was decreased during hy- r
oxia to 73% of normoxia controls with rapamycin and
o 76% of normoxia controls with cycloheximide. Fur-
hermore, activity of caspase-3, an effector molecule in
ellular apoptosis, was increased in cells preincubated
ith cycloheximide or rapamycin, but not with actino-
ycin D (Figure 2B). In combination, these studies

ndicate that tumor cell resistance to apoptosis and sur-
ival during hypoxia involve a translationally regulated

igure 1. Malignant human cholangiocytes survive during hypoxia.
alignant cholangiocytes (KMCH, Mz-ChA-1 or TFK-1) or nonmalignant

holangiocytes (H69) were cultured under normoxic (21% O2, 5% CO2,
alance N2) or hypoxic conditions (95% N2, 5% CO2) for 24 hours at
7°C. (A) Cell viability was assessed using a tetrazolium bioreduction
iable cell assay. In contrast to the nonmalignant H69 cells, the
alignant cholangiocyte cell lines were resistant to hypoxia. Results

epresent the mean � standard error of 3 studies. (B) Apoptosis was
uantitated by fluorescence microscopy of cells as described in the
aterials and Methods section. Malignant cholangiocytes were resis-

ant to hypoxia-induced apoptosis. Results represent the mean �
tandard error of 4 studies. *P � .05 compared with normoxia.
esponse to hypoxia.
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Expression of eIF-4E Is Increased in
Malignant Cholangiocytes

Having shown a requirement for new protein
ynthesis for cell survival during hypoxia, we examined
he effect of hypoxia on the regulation of initiation of
rotein translation. The translation factor eIF-4E is rate
imiting for the initiation of protein translation and is an

igure 2. Cell survival during hypoxia requires protein translation.
MCH cells (105/mL) were plated in 6-well plates. Cells were pre-

reated with rapamycin 2 �g/mL, cycloheximide 10 �g/mL, or actino-
ycin D, 10 �mol/L for 30 minutes prior to culture under normoxic

21% O2, 5% CO2, balance N2) or hypoxic conditions (95% N2, 5% CO2)
t 37°C. (A) Cell viability was assessed after 24 hours. Results are
xpressed as absorbance readings at 490 nm as a direct measure-
ent of metabolically active, viable cells and represent mean �

tandard error of 3 studies. Preincubation with the protein synthesis
nhibitors decreased cell viability during hypoxia. *P � .05 compared
ith normoxia controls. (B) Caspase-3–like activity in cells incubated
nder hypoxic conditions for 24 hours. There was no significant
ifference in caspase-3-like activity between the groups in cells incu-
ated under normoxic conditions. However, an increase in caspase-
-like activity is observed during hypoxia in cells preincubated with
rotein synthesis inhibitors. *P � .05 compared with untreated con-
rols.
mportant regulator of mRNA translation and protein s
ynthesis. eIF-4E binds to the cap structure at the 5=-end
f mRNA of eukaryotic mRNA as a component of the
ap-binding complex eIF-4F. The eIF-4F complex me-
iates the recruitment of ribosomes to mRNA, a rate-
imiting step for translation to occur. Indeed, eIF-4E is
p-regulated in human cholangiocarcinoma and in the
alignant cholangiocyte cell lines used in our study

Figure 3).25 Furthermore, eIF-4E expression was not al-
ered, but phosphorylation was increased during hypoxia
data not shown). We have shown that p38 MAPK signal-
ng contributes to translational regulation of growth in
alignant cholangiocytes.12 Because p38 MAPK-signaling

athways can phosphorylate eIF-4E, we investigated the
ole of this pathway on eIF-4E phosphorylation during
ypoxia. However, eIF-4E phosphorylation during hypoxia
as not altered in KM-p38dn cells, which are derived from
MCH cells and have a functional defect in p38 MAPK

ctivation. Thus, hypoxia increases eIF-4E phosphorylation
y a p38 MAPK-independent pathway.

Resistance to Apoptosis During Hypoxia Is
eIF-4E Dependent

To assess directly the role of eIF-4E and trans-
ationally regulated mechanisms in the cellular re-
ponse to hypoxia, we used siRNA to functionally
ecrease eIF-4E expression as described.12 siRNA to
IF-4E significantly decreased tumor cell resistance to
ypoxia-induced cell death (Figure 4). Furthermore,
iRNA to eIF-4E increased caspase-3 activation and
poptosis during hypoxia compared with scrambled

igure 3. Immunoblot analysis of eIF4E expression in human cholan-
iocytes. eIF-4E expression was assessed in H69; nonmalignant
uman cholangiocytes; or in KMCH, Mz-ChA-1, or TFK-1 malignant
uman cholangiocytes. A representative immunoblot is illustrated
elow, and the mean � standard deviation of expression relative to
69 nonmalignant cholangiocytes of 3 separate experiments is pre-

ented in the graph above. *P � .05 compared with H69 cells.
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igure 4. Caspase-3 activation and cell survival during hypoxia are eIF-4E dependent. KMCH cells were transiently transfected with siRNA
o eIF-4E or a scrambled nucleotide siRNA for 48 hours. The media was changed, and cells were cultured under hypoxic or normoxic
onditions for 24 hours. (A) Cells were fixed and permeabilized and then stained with antiactive caspase 3 monoclonal antibody/Cy5-
nti-IgG and with the nucleic acid dye SYTO-16. Cells were assayed for activated caspase-3 using the Agilent 2100 Bioanalyzer microfluidic
ystem. Cell events in the SYTO-16-positive population (blue channel) were cross gated onto the caspase-3 histogram (red channel) to
etermine the percentage of apoptotic cells. Cells transfected with siRNA to eIF-4E showed increased caspase-3 activation during hypoxia
ompared with controls. The mean and standard deviation of 4 separate determinations are shown. (B) Apoptosis was assessed by
uorescence microscopy after staining cells with DAPI. The number of cells showing morphologic features of apoptosis was quantitated
n at least 300 cells in 4 or more high-power fields. The results represent mean � standard error of 4 studies. *P � .05 compared with
ormoxia control. (C) Cell viability was assessed using a viable cell assay. Incubation with siRNA to eIF-4E decreased viability during
ypoxia compared with controls. Results are expressed as cell viability during hypoxia as a percentage of viability in normoxia controls and
epresent mean � standard error of 3 studies. **P � .05 compared with scrambled nucleotide siRNA control.
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ucleotide controls. Thus, resistance to apoptosis in
alignant human cholangiocytes is mediated by eIF-

E-dependent translation.

Cell Cycle Progression During Hypoxia

Because growth arrest is an important response to
ypoxia, we next determined whether translational
echanisms were involved in mitogenic regulation of

ell cycle progression during hypoxia. Hypoxia decreased
ell cycle progression in KMCH cells with a failure to
rogress to S-phase and an increase in the proportion of
ells in the G0-G1 phase. Serum-stimulation of KMCH
ells increased the percentage of cells in S-phase from
0.7% � 0.8% under basal, serum-starved conditions to
7.2% � 0.5% after 24 hours. However, siRNA to
IF-4E did not significantly alter cell cycle progression
ollowing serum stimulation under normoxic or hypoxic
onditions (Table 1). Thus, delayed cell cycle progression

able 1. Hypoxia Delays Cell Cycle Progression

ntransfected cells Normoxia 7
Hypoxia 8

ontrol siRNA Normoxia 7
Hypoxia 8

iRNA to elF-4E Normoxia 7
Hypoxia 8

OTE. Cell cycle progression following serum stimulation was assess
lF-4E or scrambled nucleotide siRNA control. Cells were incubated un
as determined by flow cytometry after staining with propidium iodide
ercentages of the total cell population. The figures represent averag

igure 5. XIAP protein expression is increased during hypoxia. (A) XIAP
malignant) cholangiocytes. A representative immunoblot is illustrate
xpression from 3 separate determinations. (B) KMCH cells were exp
btained for immunoblot analysis for XIAP. (C) The expression of inhib
nd Mz-ChA-1 human malignant cholangiocytes incubated under n
mmunoblot of 3 separate studies is shown. Hypoxia increased the expres
uring hypoxia is not modulated by the translation
nitiation factor eIF-4E.

Hypoxia Increases XIAP Expression
To assess potential eIF-4E-regulated proteins

nvolved in protection from cell death during hypoxia,
e used a protein antibody microarray to screen for
rotein expression during hypoxia in KMCH cells
ransfected with siRNA to eIF-4E or a scrambled
ucleotide siRNA. The protein antibody screen iden-
ified an increase in protein expression of XIAP during
ypoxia. XIAP is an endogenous antiapoptotic protein
nd a member of an evolutionarily conserved family of
enes involved in the regulation of apoptosis that have
een linked to cancer.26 The results of the antibody
creen were confirmed by immunoblotting in cyto-
lasmic extracts from cells incubated under hypoxic or
ormoxic conditions. XIAP expression is increased in

G1 S G2-M

� 5.6 17.6 � 2.9 10.2 � 3.2
� 0.7 11.5 � 0.5 2.4 � 0.2
� 1.3 19.0 � 1.2 6.7 � 0.6
� 0.3 18.4 � 1.0 1.2 � 1.1
� 0.5 20.4 � 0.8 6.5 � 0.4
� 0.3 18.7 � 1.2 0.65 � 0.9

untransfected KMCH cells or cells transfected with either siRNA to
ormoxic or hypoxic conditions for 24 hours, and the cell cycle profile

ls in G0–G1, S, and G2-M phases of the cell cycle are expressed as
standard deviation from 3 experiments.

ession was assessed in H69 (nonmalignant) and KMCH and Mz-ChA-1
d the graph represents the mean � standard deviation of relative
to varying periods of hypoxia. At the indicated times, samples were

f apoptosis proteins XIAP, cIAP-1, and cIAP-2 was assessed in KMCH
xic (N) and hypoxic conditions (H) for 24 hours. A representative
G0–

2.2
6.1
4.4
0.4
3.1
0.6

ed in
der n
. Cel
expr
d, an
osed
itor o
ormo
sion of XIAP but did not alter expression of either cIAP-1 or cIAP2.
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alignant human cholangiocytes (Figure 5A). During
ypoxia, an increase in XIAP expression occurred by 6
ours (Figure 5B). XIAP protein expression was in-
reased by 232% � 27% of normoxia controls in
MCH cells and to 192% � 33% of normoxia con-

rols in Mz-ChA-1 cells after 24 hours of hypoxia.
rotein expression of other apoptosis inhibitor pro-
eins cIAP-1 or cIAP-2 was not increased by hypoxia
n either KMCH or Mz-ChA-1 malignant human
holangiocytes (Figure 5C). We also assessed XIAP
RNA expression by RT-PCR. In contrast to the

ncreased XIAP protein expression, XIAP mRNA ex-
ression was not significantly altered during hypoxia
nd was 114% � 7% and 74% � 4% of normoxia
ontrols after 6 and 24 hours of hypoxia, respectively.
urthermore, XIAP expression during hypoxia was
ecreased in cells transfected with siRNA to eIF-4E or
n cells preincubated with rapamycin compared with
he relevant controls (Figure 6). XIAP expression can
e translationally regulated, and our studies collec-
ively demonstrate translational regulation of XIAP
uring hypoxia.

XIAP Mediates Cell Survival During Hypoxia

To assess the role of XIAP in mediating resistance
o hypoxia, we used siRNA to decrease cellular XIAP

igure 6. Translational dysregulation decreases XIAP expression du
holangiocytes incubated under normoxic or hypoxic conditions for 24
IF-4E compared with controls transfected with a scrambled nucleo
nhibited the increase in XIAP compared with diluent (DMSO) contro
eparate studies are depicted in the graph. *P � .01 compared with
xpression. siRNA to XIAP decreased cell viability dur- h
ng hypoxia compared with a scrambled nucleotide con-
rol (Figure 7). XIAP has been previously shown to
ediate resistance to radiation induced cell death.27 The

eduction in cell viability was similar to that observed
uring incubation with the translational inhibitors cy-
loheximide or rapamycin but lower that that observed
ith siRNA to eIF-4E. It is unlikely that XIAP is the
nly protective factor, given that its inhibition leads to a
ather modest sensitization to death, and these data
upport the presence of additional eIF-4E-dependent fac-
ors that are involved in mediating resistance to hypoxia.

The effect of XIAP on tumor cell survival during
ypoxia in vivo was assessed in a tumor cell xenograft
odel in nude mice. Tumors were excised for histologic

xamination of XIAP, apoptosis, and tissue hypoxia after
ntratumoral injections of siRNA to XIAP or scrambled
ucleotide control siRNA. Illustrative sections are shown
n Figure 8. In regions at which the extent of tissue
ypoxia was similar, as evidenced by quantitative pi-
onidazole adduct binding, there was an increase in the

umber of TUNEL-positive apoptotic cells and a de-
rease in XIAP expression in tumors that had received
iRNA to XIAP compared with those receiving control
iRNA (Figure 8). In combination, these results confirm
role for XIAP as an effector of cellular resistance to

ypoxia. The expression of XIAP was assessed in KMCH malignant
rs. (A) XIAP expression is inhibited in cells transfected with siRNA to
control. (B) Pretreatment with the translational inhibitor rapamycin
representative immunoblot is shown, and quantitative data from 3
rol.
ring h
hou

tide
ls. A
cont
ypoxia in malignant cholangiocytes in vivo and in vitro.
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Discussion

Hypoxia is a critical stress for mammalian cells
hat can result in cell death. Hypoxia commonly occurs
n solid human tumors and is associated with a poor
rognosis. Indeed, the ability of tumor cells to adapt to
he hypoxic microenvironment is a critical stage in ma-
ignant progression. Tumor cell adaptations to hypoxia
nclude alterations in cellular metabolism, neovascular-
zation, and ability for the cells to survive in hypoxia.
hus, resistance to hypoxia-induced cell death is a char-
cteristic feature of tumor cells. Understanding tumor
ell responses to hypoxia is therefore highly germane to
ancer biology. In these studies, we have identified a
ellular mechanism contributing to the survival of hu-
an malignant cholangiocytes to hypoxia. The principal

igure 7. siRNA to XIAP increases cell death during hypoxia. KMCH
ells were transfected with siRNA to XIAP or a scrambled nucleotide
control) siRNA for 48 hours. XIAP expression following transfection
as assessed by immunoblot analysis. The media was changed, and
ells were then cultured under hypoxic or normoxic conditions for 24
ours. Cell viability was then assessed using a viable cell assay.
ncubation with siRNA to XIAP decreased viability during hypoxia com-
ared with controls. Results represent mean � standard error of 3
eparate studies. *P � .05 compared with scrambled nucleotide
dontrol.
ndings are that human malignant cholangiocytes re-
pond to hypoxia by altered translation of the endoge-
ous apoptosis inhibitor XIAP. Dysregulation of protein
ynthesis and translation by the inhibitors cycloheximide
nd rapamycin or by targeted deletion of the rate-limit-
ng translational initiation factor eIF-4E decreases XIAP
xpression and tumor cell resistance to apoptosis during
ypoxia. These observations define a mechanism of cell
urvival involving translational regulation of proteins
uch as XIAP during otherwise detrimental hypoxic
onditions.

The cellular response to hypoxia can involve transcrip-
ional or posttranscriptional mechanisms. Although
ranscriptional regulation of gene expression during hy-
oxia has been well characterized, the role of transla-
ional mechanisms remains poorly understood. Increas-
ng evidence implicates the translational initiation factor
IF-4E in promoting tumor growth.28–33 Expression of
IF-4E is increased several-fold in biliary tract as well as
everal other malignancies, and modulation of eIF-4E

igure 8. siRNA to XIAP decreases apoptosis in vivo. siRNA to XIAP or
scrambled nucleotide control siRNA were injected into human ma-

ignant cholangiocyte xenografts in nude mice as described in the
aterials and Methods section, and sections were obtained for anal-

sis of XIAP expression, apoptosis, and hypoxia. Representative ad-
acent sections are shown following (A) immunohistochemistry for
IAP expression, (B) TUNEL staining for apoptotic cells, and (C) pi-
onidazole adduct immunostaining for hypoxia. The arrows show XIAP
r TUNEL positive staining cells, and the percentage of total area with
imonidazole binding is reported for the lowermost panels. In tumors
hat had received siRNA to XIAP, there were 20.6 � 3.2 TUNEL-
ositive cells per high-power field compared with 7.6 � 3.6 TUNEL-
ositive cells per high-power field in tumors that had received control
iRNA (n � 5 fields). Bars represent 50 �m.
ecreases tumor cell growth.25,34 Increased eIF-4E ex-
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ression may result in increased efficiency of translation
f genes such as XIAP that have a long 5= untranslated
egion, which makes cap-dependent translation ineffi-
ient. Our observations demonstrating a role for transla-
ional regulation of XIAP in the survival of human
alignant cholangiocytes during hypoxia are thus con-

istent with a central role of altered eIF-4E expression in
romoting tumor progression through diverse mecha-
isms.
These studies provide a rationale for additional studies

o evaluate the use of translational inhibitors such as
apamycin for the treatment of human cholangiocarci-
oma. Rapamycin is a selective inhibitor of FKBP/rapa-
ycin-associated protein (FRAP) or the mammalian tar-

et of rapamycin (mTOR), which phosphorylates and
ctivates the translational regulatory protein eIF-4E-
inding protein 1 (4E-BP1) and thereby disrupts its
nhibitory interaction with eIF-4E. The critical role of
RAP/mTOR in the regulation of translation suggests
hat specific inhibitors of FRAP/mTOR such as rapamy-
in, or its analogue CCI-779, which is now in clinical
rials, can modulate tumor cell resistance to apoptosis
nd survival during hypoxia.

Cell stress leading to apoptosis can be associated
ith inhibition of protein synthesis. Indeed, hypoxia

s often associated with a reduction in global protein
ynthesis in hepatic epithelia.35 Thus, the increased
ranslational response during hypoxia is paradoxical.
IAP has a well-characterized internal ribosome entry

equence (IRES) site for translation.36 Although IRES-
ediated translation was initially described for viral
NA as a mechanism for translation of uncapped viral
NA, IRES elements have been described in a few

ukaryotic mRNA. IRES-mediated translation occurs
uring cellular stresses such as exposure to ionizing
adiation-induced stress.27,37 Although our studies
how that the translation of XIAP during hypoxia is
ependent on the cap-binding eIF-4E, these observa-
ions do not exclude the possibility that IRES-medi-
ted translation also occurs, particularly during acute
ypoxia. Further studies are warranted to elucidate the
ontributions of eIF-4E, and hence cap-dependent
ranslation, and IRES-mediated cap-independent
ranslation during hypoxia.

The present studies provide insight into a potential
echanism by which acquired resistance to hypoxia-

nduced injury in biliary tract epithelia may promote
umorigenesis. Biliary tract ischemia has been associated
ith cholangiocyte apoptosis and cell death, suggesting

hat cholangiocytes are uniquely sensitive to hypoxic
njury. Acquired resistance to hypoxia may result from

erturbations in critical signaling pathways involved in
he cellular response to environmental changes, such as
hose involving translational factors. Conversely, dys-
egulation of apoptosis may facilitate the survival of cells
ith inheritable genetic damage that would have other-
ise undergone apoptosis. Furthermore, increased levels
f XIAP have been associated with chemoresistance and
ay contribute to the refractoriness of human cholan-

iocarcinoma to conventional chemotherapy or to radia-
ion therapy.38–42 By activation of cell survival mecha-
isms, exposure to hypoxia may modulate chemoresistance
nd tumor aggressiveness and thereby contribute to chol-
ngiocarcinoma progression. Strategies to inhibit tumor cell
daptation to otherwise injurious microenvironmental
hanges such as hypoxia by manipulating XIAP or eIF-4E
xpression are attractive novel targets for therapeutic inter-
ention in cholangiocarcinoma.
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