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Abstract

Background: Hypoxia is a common characteristic of solid tumors associated with reduced response to radio- and
chemotherapy, therefore increasing the probability of tumor recurrence. The aim of this study was to identify new
mechanisms responsible for hypoxia-induced resistance in breast cancer cells.

Methods: MDA-MB-231 and HepG2 cells were incubated in the presence of taxol or etoposide respectively under
normoxia and hypoxia and apoptosis was analysed. A whole transcriptome analysis was performed in order to
identify genes whose expression profile was correlated with apoptosis. The effect of gene invalidation using siRNA
was studied on drug-induced apoptosis.

Results: MDA-MB-231 cells incubated in the presence of taxol were protected from apoptosis and cell death by
hypoxia. We demonstrated that TMEM45A expression was associated with taxol resistance. TMEM45A expression
was increased both in MDA-MB-231 human breast cancer cells and in HepG2 human hepatoma cells in conditions
where protection of cells against apoptosis induced by chemotherapeutic agents was observed, i.e. under hypoxia
in the presence of taxol or etoposide. Moreover, this resistance was suppressed by siRNA-mediated silencing of
TMEM45A. Kaplan Meier curve showed an association between high TMEM45A expression and poor prognostic in
breast cancer patients. Finally, TMEM45 is highly expressed in normal differentiated keratinocytes both in vitro and
in vivo, suggesting that this protein is involved in epithelial functions.

Conclusion: Altogether, our results unravel a new mechanism for taxol and etoposide resistance mediated by
TMEM45A. High levels of TMEM45A expression in tumors may be indicative of potential resistance to cancer
therapy, making TMEM45A an interesting biomarker for resistance.
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Background
The development of therapy resistance continues to be
a major problem in the treatment of patients with can-
cer. Treatment failure has been very recently identified
as one of the four major issues in cancer research
[1]. Identification of underlying mechanisms is thus
of great value.
Some mechanisms underlying cancer resistance to

chemotherapy have been unraveled [2]. One of the well
characterized cellular factors of resistance is the overex-
pression of the P-glycoprotein encoded by the MDR1
gene [3]. This protein is an efflux pump that expulses
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the chemotherapeutic drug out of the tumor cells. Other
efflux pumps have been identified, all belonging to the
ABC (ATP-binding cassette) transporter family, which
expression may also play a role in inducing chemoresis-
tance [4]. Numerous molecules inhibiting efflux pump
activity have been tested but without real therapeutic
success or with unacceptable toxicity [5]. Other import-
ant causes of resistance are the molecular alterations of
the drug targets. Other resistance mechanisms include
enhanced DNA repair, loss of p53, inhibition of apop-
tosis, activation of cell survival pathways caused by
mutations or epigenetic alterations occurring in the con-
text of genetic instability (selection of resistant cells) [6].
There are however still numerous open questions
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regarding the mechanisms allowing cancer cells to
escape drug-induced toxic effects.
Tumor hypoxia is often associated with resistance to

chemotherapy [7] and radiotherapy [8], with tumor pro-
gression, aggressiveness and metastasis, and therefore with
an increased probability of tumor recurrence [9]. Identifica-
tion of the mechanisms responsible for this protection
would therefore have significant clinical benefits.
Hypoxia, the reduction of the normal level of tissue

oxygen tension, is a common feature of solid tumors
caused by of the abnormal vascular network and the high
proliferation rate of cancer cells [10]. Intratumoral hyp-
oxia develops when cells are located further than 100–
180 μm from a functional blood vessel. Indeed, oxygen is
unable to diffuse beyond this distance from a capillary
before it is completely metabolized.
It was shown that up to 50-60% of locally advanced

solid tumors may exhibit hypoxic and/or anoxic tissue
areas heterogeneously distributed within the tumor mass
[11]. Hypoxia occurs in breast tumors, as in other solid
tumors, mostly because of tumor outgrowing of the
existing vasculature (reviewed in [12]). In breast cancer,
hypoxia has been correlated with bad prognosis. Indeed,
HIF-1α [13] or HIF-2α [14] expression, as surrogate mar-
kers of tumor hypoxia, correlates with distant recurrence
and poor outcome. Furthermore, expression profiles of
the hypoxic markers, GLUT1 and CAIX, also correlate
with adverse prognostic factors in breast cancer [15].
Hepatocellular carcinomas were also reported to display
hypoxia [16]. Hypoxic regions have also been identified
in tumors of many other histotypes such as brain tumors
[17,18], head and neck [19] or cervical [20], endometrial
[21] and lung [22] cancers.
It is now thought that hypoxia, according to its sever-

ity, can either promote apoptosis and cell death or con-
trariwise induce cell growth and survival by provoking
an adaptive response. To survive in the hypoxic environ-
ment which takes place in the centre of solid tumors,
cells co-opt adaptive mechanisms leading to a variety of
biological responses, i.e. switching to a glycolytic metab-
olism, proliferation, evasion of apoptosis, obtaining a
limitless replicative potential, induction of angiogenesis,
invasion of the immune system and tissue invasion and
metastasis [23].
If some mechanisms underlying the hypoxia-induced

radio- and chemoresistance begin to be understood, the ac-
tual actors of the protection still need to be identified. The
aim of this study was to characterize the mechanisms
underlying the hypoxia protection against paclitaxel-
induced apoptosis observed in MDA-MB-231 cells, but
also the hypoxia protection against etoposide-induced
apoptosis previously observed in HepG2 cells [24,25].
We exposed MDA-MB-231 cells to two chemothera-

peutics agents, paclitaxel and epirubicin, used as
apoptosis inducers. These two drugs belong respectively
to the class of taxoids and anthracyclines, which are con-
sidered to be the most active agents in the treatment of
breast cancer [26]. Paclitaxel binds to microtubules and
causes their stabilization, inducing cell cycle arrest at
G2/M mitotic phase followed by apoptosis. It also
induces modulation of the expression or posttransla-
tional modification of pro- and anti-apoptotic proteins
[27]. Epirubicin HCl, a derivative of doxorubicin, leads to
the inhibition of DNA and RNA synthesis by intercal-
ation between base pairs of the DNA/RNA. It also inhi-
bits topoisomerase II by stabilizing DNA-topoisomerase
complex, resulting in DNA damage and induction of
apoptosis and cell death [28]. It was also proposed that
epirubicin could induce formation of reactive oxygen
species promoting apoptosis [29]. As a second experi-
mental model, we used etoposide to induce cell death in
HepG2 cells. This antineoplastic drug functions as a
topoisomerase II inhibitor, hence inducing double strand
breaks in DNA, leading to the activation of apoptosis in
a p53 dependent manner [30]. The biochemical and mo-
lecular mechanisms of apoptosis activation by these
drugs are complex and are still under investigation.
We recently highlighted two mechanisms by which

hypoxia protects cells from apoptosis via the activation
of hypoxia-inducible factor-1 (HIF-1) and AP-1 tran-
scription factors and the consecutive changes in expres-
sion of anti- and pro-apoptotic proteins [31]. Here, we
investigated other changes in gene expression that may
explain how hypoxia exerts its protective effect against
paclitaxel induced-apoptosis.

Results
Hypoxia protects MDA-MB-231 cells against paclitaxel-
induced apoptosis
Recent studies showed that hypoxia confers resistance
against chemotherapy-induced apoptosis in cancer cells
[32,33]. We have shown previously that hypoxia protects
human breast cancer MDA-MB-231 cells against
paclitaxel-induced apoptosis [31]. To confirm the effect
of hypoxia on paclitaxel- and epirubicin-induced apop-
tosis, we assessed caspase 3 activity and cell death in
MDA-MB-231 cells incubated with these drugs under
normoxia or hypoxia (Figure 1A, B). 50 μM paclitaxel
and 10 μM epirubicin were chosen, from concentration
titration curve, to induce a marked induction of apop-
tosis in order to be able to observe a protective effect
but not a too high induction of ell death that could no
longer be inhibited (data not shown). Hypoxia per se did
not induce apoptosis or cell death since no increase in
caspase 3 activity or LDH release was observed. Pacli-
taxel and epirubicin triggered apoptosis and cell death as
shown by an increase in caspase 3 activity and in LDH
release in normoxia. Hypoxia did not modify epirubicin-



Figure 1 Effect of hypoxia on paclitaxel or epirubicin-induced apoptosis and cell death. MDA-MB-231 cells were incubated under normoxic
(N) or hypoxic (H) conditions with or without paclitaxel (tax, 50 μM) or epirubicin (epi, 10 μM) for 16 hours. (A) Caspase 3 activity was assayed by
measuring free AFC released from the cleavage of the caspase 3 specific substrate Ac-DEVD-AFC. Results are expressed in fluorescence intensity,
as mean± 1 SD (n = 3). (B) After the incubation, LDH release was assessed. Results are expressed as mean± 1 SD (n = 3). (C) After the incubation,
DNA fragmentation was assayed using an ELISA for soluble nucleosomes (Cell Death Detection Elisa, Roche). Results are expressed as mean± 1 SD
(n = 3). (D) Nuclear fragmentation was observed after nuclei labeling with DAPI using non-confocal fluorescent microscope (40x magnification).
Fragmented nuclei are pointed by arrows. N.S. = non significantly different from control, ** = significantly different from control (p < 0.01),
*** = significantly different from control (p < 0.001) ; N.S. = no significant difference between N epi and H epi, ## = significant difference between
N tax and H tax (p < 0.01). ### = significant difference between N tax and H tax (p < 0.001).
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induced apoptosis or cell death. However, it markedly
inhibited paclitaxel-induced increase in caspase 3 activity
and LDH release. Hypoxia also inhibited paclitaxel-
induced increase in caspase 3 activity at 100 μM (data
not shown).
DNA fragmentation was also assessed. An increase in

DNA fragmentation was observed in the presence of
paclitaxel under normoxia, which was significantly
decreased by hypoxia (Figure 1C). No effect of epirubicin
was detected, probably because an incubation of 16 hours
was not long enough to induce the later stages of apop-
tosis. Nucleus morphology was observed in fluorescence
microscopy after cell labelling with DAPI. Fragmented
nuclei were observed in cells exposed to paclitaxel under



Table 1 Gene expression profiling in MDA-MB-231 cells incubated with or without paclitaxel (tax) or epirubicin (epi) un er normoxic (N) or hypoxic
(H) conditions
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H tax / N tax P values H epi / N epi

N H N tax H tax N epi H epi H tax vs N tax

SPAG4 1 0.23 84.19 0.07 0.73 0.14 38.57 0.17 1.86 0.07 1.47 0.4 52.76 4.88E-05 0.79

ALDOC 1 0.39 91.10 0.17 0.46 0.07 22.20 0.23 0.73 0.16 0.86 0.2 48.31 0.0002552 1.18

ANGPTL4 1 0.03 53.47 0.19 0.80 0.19 26.54 0.35 0.67 0.04 0.69 0.0 33.10 0.0006633 1.02

PFKFB4 1 0.12 12.11 0.05 0.51 0.03 11.73 0.15 0.04 0.09 0.04 0.0 23.12 0.0001621 0.94

C10orf10
probe set 1

1 0.15 69.43 0.30 0.86 0.03 18.27 0.43 0.87 0.03 0.87 0.0 21.19 0.0019277 1.00

TMEM45A 1 0.59 106.19 0.01 5.13 0.29 86.65 0.21 8.80 0.31 10.01 0.1 16.88 0.0002627 1.14

RASSF4
probe set 1

1 0.09 11.21 0.15 0.40 0.02 5.86 0.32 0.15 0.74 0.06 0.2 14.65 0.0004547 0.42

ANKRD37 1 0.18 21.08 0.15 1.92 0.14 21.56 0.23 0.19 0.70 0.14 0.1 11.26 0.0001464 0.71

PDK1
probe set 1

1 0.05 8.58 0.13 1.12 0.03 9.01 0.26 3.03 0.07 3.34 0.0 8.06 0.0004021 1.10

PDK1
probe set 2

1 0.18 9.08 0.27 1.36 0.16 10.98 0.40 4.13 0.24 3.56 0.0 8.05 0.0039759 0.86

BNIP3
probe set 1

1 0.05 10.33 0.13 1.39 0.07 10.62 0.20 1.85 0.09 1.87 0.1 7.66 0.0004483 1.01

NDRG1 1 0.21 10.01 0.08 1.23 0.15 9.28 0.12 0.35 0.23 0.27 0.0 7.51 6.10E-05 0.78

RASSF4
probe set 2

1 0.03 9.04 0.10 0.73 0.02 5.05 0.37 0.79 0.06 0.81 0.1 6.91 0.0023704 1.03

AK3L1 1 0.04 3.91 0.07 0.36 0.08 2.26 0.08 1.84 0.05 2.34 0.0 6.32 0.0003084 1.27

WFDC3 1 0.23 8.94 0.31 0.39 0.24 2.46 0.12 0.53 0.37 1.04 0.3 6.28 0.0001468 1.95

P4HA1 1 0.14 10.23 0.05 1.00 0.09 5.60 0.17 1.66 0.15 1.56 0.1 5.59 0.0001797 0.94

MALL 1 0.11 2.64 0.16 0.22 0.19 1.23 0.09 1.07 0.24 1.15 0.1 5.54 0.0001154 1.07

RAB20 1 0.09 4.65 0.02 0.63 0.19 3.33 0.22 0.16 0.23 0.08 0.0 5.32 0.0003267 0.48

EGLN3 1 0.02 13.74 0.17 1.01 0.00 5.14 0.35 0.94 0.09 1.00 0.0 5.09 0.0034448 1.06

FUT11 1 0.23 5.60 0.12 0.49 0.22 2.46 0.16 0.32 0.30 0.21 0.3 5.02 0.0037602 0.67

BNIP3
probe set 2

1 0.09 6.22 0.07 1.25 0.09 6.18 0.13 1.48 0.08 1.58 0.0 4.93 4.93E-05 1.07

PLOD2 1 0.04 7.09 0.11 1.13 0.05 5.45 0.25 2.83 0.20 3.10 0.0 4.83 0.0005200 1.10

PGF 1 0.18 12.21 0.05 0.61 0.22 2.87 0.11 0.39 0.30 0.22 0.2 4.69 0.0008395 0.56

ENO2 1 0.11 5.46 0.06 0.90 0.13 4.17 0.08 2.01 0.10 2.32 0.0 4.66 0.0001298 1.15

TNFSF10 1 0.13 4.11 0.19 0.90 0.52 4.15 0.36 0.98 0.14 1.01 0.0 4.63 0.0026329 1.03

ZNF395 1 0.20 3.30 0.03 0.41 0.25 1.84 0.21 0.78 0.20 0.83 0.2 4.49 0.0009758 1.06
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Table 1 Gene expression profiling in MDA-MB-231 cells incubated with or without paclitaxel (tax) or epirubicin (epi) un er normoxic (N) or hypoxic
(H) conditions (Continued)

PFKFB3 1 0.00 5.50 0.10 1.17 0.11 5.24 0.32 0.59 0.27 0.33 0.1 4.47 0.0019571 0.56

ANKZF1 1 0.11 6.70 0.07 1.31 0.16 5.77 0.17 0.59 0.15 0.58 0.1 4.40 0.0012567 0.98

JMJD1A 1 0.11 5.36 0.10 2.12 0.02 8.93 0.19 0.35 0.98 0.15 0.2 4.21 0.0017354 0.42

C10orf10
probe set 2

1 0.01 23.38 0.78 1.00 0.00 4.12 0.34 1.01 0.01 1.37 0.4 4.14 0.0020200 1.36

IL24 1 1.42 0.14 0.20 5.70 0.27 0.82 0.60 6.86 1.43 1.07 0.2 0.14 0.0010651 0.16

Cells were incubated in the different conditions for 16 hours before RNA extraction, target preparation, hybridization to Affymetrix HG-U133 Plus 2.0 arrays, washi g and array signal acquisition, as described in Material
an Methods. Each value of the fold induction columns is the mean of three ratio values calculated from three independent experiments. These 31 candidate gene were selected on the basis of their p value (p < 0.005)
and fold change (at least 4 times) between “N tax” and “H tax”. They are italicized if qualitative data (as discussed in Material and Methods).
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Figure 2 Analysis of TMEM45A gene expression level obtained
with real time PCR and Affymetrix microarrays and effect of
TMEM45A silencing on TMEM45A expression. (A) For Affymetrix
microarray results: cells were incubated under normoxic (N) or
hypoxic (H) conditions with or without paclitaxel (tax, 50 μM) or
epirubicin (epi, 10 μM) for 16 hours before total RNA extraction.
Results are expressed as mean ratios indicating a fold-increase or
decrease in gene expression by comparison with the reference
condition (normoxia) ± 1 SD (n = 3). For Real Time PCR results: after
incubation, total RNA has been extracted and retro-transcribed in
cDNA. A real time PCR has been performed with specific primers for
TMEM45A and for RPL13A, a house-keeping gene. Results are
expressed as mean of induction level by comparison with the
reference condition (normoxia) ± 1 SD (n = 3). (B) Effect of TMEM45A
silencing on TMEM45A expression. MDA-MB-231 cells were
transfected 24 h with TMEM45A siRNA (siRNA) or RISC-free control
siRNA (RF) (50 nM). Cells were then incubated in normoxia or
hypoxia with paclitaxel (tax, 50 μM) for 16 hours. TMEM45A mRNA
expression was quantified by real-time RT-PCR using RPL13A as the
house-keeping gene. Results are expressed in induction level by
comparison with the reference condition, normoxia. (C) Effect of HIF-
1α silencing on TMEM45A expression. MDA-MB-231 cells were
transfected 24 h with HIF1A siRNA (HIF) or RISC-free control siRNA
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normoxia but neither in cells exposed to paclitaxel under
hypoxia, nor in cells that were not incubated with pacli-
taxel (Figure 1D).
Altogether, these data demonstrated that hypoxia was

able to protect MDA-MB-231 cells against the paclitaxel-
induced apoptosis.

Hypoxia combined with paclitaxel or epirubicin induces
changes in gene expression
In order to identify the mechanism(s) responsible for the
hypoxia-induced protection, Affymetrix whole transcrip-
tome analysis was performed using RNA isolated from
control cells and from cells incubated in the presence of
taxol or epirubicin, both under normoxia and hypoxia.
Experimental triplicates were analyzed for each experi-
mental condition.
Unsupervised hierarchical clustering was performed

without any gene selection in order to group the condi-
tions on the basis of their similarity measured over all
probe sets of the array (Additional file 1: Figure S1).
(RF) (50 nM). Cells were then incubated in normoxia or hypoxia for
16 hours. TMEM45A mRNA expression was quantified by real-time
RT-PCR using RPL13A as the house-keeping gene. Results are
expressed in induction level by comparison with the reference
condition, normoxia, as means ± 1 SD (n = 3).
Unsupervised cluster analysis using centered correlation
and average linkage showed that control cells were well
separated from drug-treated cells. Moreover, for control
cells and cells incubated in the presence of taxol, hyp-
oxia was separated from normoxia while it was not the
case for epirubicin-treated cells. These results are in good
accordance with the protection of drug-induced apoptosis
brought by hypoxia for paclitaxel but not for epirubicin.
We hypothesized that gene expression modifications in

the different conditions could influence the paclitaxel-
induced apoptosis, leading to cell protection in hypoxia.
We thus compared differences and similarities in gene
expression modifications in these conditions and genes
were sorted to select only those with a high difference in
expression between cells exposed to paclitaxel in nor-
moxia (“N tax”) and cells exposed to paclitaxel under
hypoxia (“H tax”), which could therefore be involved in
the hypoxia-induced protection against paclitaxel-
induced apoptosis.
First of all, the probe sets were ranked in ascending

order of the p values of their differential expression be-
tween “N tax” and “H tax”, and only highly significant
ones with a p value lower than 0.005 were selected. A
second round of selection of probe sets was performed
by keeping only those with a minimum fold change of at
least 4 times between these 2 conditions. Table 1 shows
the 31 probe sets selected on the basis of their p value
and fold change between “N tax” and “H tax”.
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Some of the selected genes were already known to be
upregulated by hypoxia such as ALDOC, PFKFB4, PDK1,
BNIP3, NDRG1, ENO2, PFKFB3 and JMJD1A. The ex-
pression patterns of 5 genes were validated by qRT-PCR:
for 4 of them (TMEM45A, STC1, FAM26F and GDF15),
the changes in mRNA levels were confirmed. However, no
Figure 3 (See legend on next page.)
change was detected for S100A10 by real-time RT-PCR
(data not shown).
Interestingly, level of TMEM45A mRNA was increased

more than 16 fold in cells exposed to paclitaxel under
hypoxia compared to cells exposed to paclitaxel under
normoxia and was increased in hypoxic condition with



(See figure on previous page.)
Figure 3 Effect of TMEM45A silencing on the protective effect of hypoxia on paclitaxel-induced apoptosis. 8 h post transfection with
TMEM45A siRNA (siRNA) or RISC-free control siRNA (RF) (50 nM, 24 h), MDA-MB-231 cells were incubated under normoxic (N) or hypoxic (H)
conditions with or without paclitaxel (tax, 50 μM) or epirubicin (epi, 10 μM) for 16 hours. (A) After transfection and incubation, caspase 3 activity
was assayed by measuring free AFC released from the cleavage of the caspase 3 specific substrate Ac-DEVD-AFC. Results are expressed in
fluorescence intensity, as mean± 1 SD (n = 3). (B) After the incubation, DNA fragmentation was assayed using an ELISA for soluble nucleosomes
(Cell Death Detection Elisa, Roche). Results are expressed as mean± 1 SD (n = 3). Statistical analyses were determined independently for the 3
subgroups without siRNA, with anti-TMEM45A siRNA (siRNA) and with RISC-free control siRNA (RF) ; N.S. = non significantly different from control (N,
N siRNA or N RF), ** = significantly different from control (p < 0.01), *** = significantly different from control (p < 0.001) ; N.S. (1) = no significant
difference between N epi and H epi, #, ### = significant difference between (1) N tax and H tax or (2) N epi and H epi (p < 0.05 ; <0.001), N.S. (2) = no
significant difference between H tax and H tax RF, ••= significant difference between N tax and N tax RF (p < 0.01), •••= significant difference
between (1) N tax and N tax siRNA or (2) H tax and H tax siRNA (p < 0.001).
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or without paclitaxel but not in the presence of epirubi-
cin (Figure 2A). This expression profile was parallel to
the apoptotic profile of cells exposed to these two drugs
under normoxia or hypoxia. This suggested that this pro-
tein could play a role in modulating drug-induced apop-
tosis. TMEM45A encodes a hypothetical transmembrane
protein with unknown function. We thus decided to in-
vestigate further this gene.

TMEM45A is essential to mediate the hypoxia-induced
protection against paclitaxel-induced apoptosis
In order to test the possible role of TMEM45A in the
hypoxia-induced resistance to taxol, its expression was
knocked down in MDA-MB-231 using siRNA. A concen-
tration of 50 nM of siRNA was high enough to strongly
inhibit the mRNA expression of TMEM45A while the
RISC-Free negative control siRNA had no effect
(Figure 2B). TMEM45A has been described to be a HIF-
1 target gene in different types of cancer cells [34]. We
verified that it was also the case in MDA-MB-231 cells.
HIF-1α silencing by siRNA confirmed the role of HIF-1α
since a decreased by more than 80% in the hypoxia-
induced upregulation of TMEM45A mRNA expression
was observed (Figure 2C).
It has to be noted that numerous experiments aimed

to analyze TMEM45A protein expression by western blot
have been performed. Whatever the lysis buffer and the
conditions of antibody incubation with the membrane,
we did not succeed to detect a band corresponding to
the protein (i.e. that is no longer observed in extracts
from cells transfected with the siRNA targeting
TMEM45A mRNA). However, we validated the Sigma
anti-TMEM45A antibody using two approaches: (i)
TMEM45A has been immunoprecipitated from post-
confluent keratinocyte protein extract (see below), using
the anti-TMEM45 antibody. Proteins that were immuno-
precipitated were separated by SDS-PAGE and the gel
area containing proteins between 64 and 98 kDa (i.e. the
approximate apparent molecular weight range observed
for the protein in western blot analysis of extract from
the same cell type) was excised after silver staining of
proteins. Proteins were digested with trypsin, extracted
from the polyacrylamide gel and analyzed by mass spec-
trometry. TMEM45A was identified in this band, while it
was not present in bands corresponding to negative con-
trols. (ii) TMEM45A cDNA was cloned into the
pDest475 plasmid allowing the expression of a HA-
tagged version of TMEM45A. This plasmid was trans-
fected into MCF-7 cells and cells have been analyzed by
immunofluorescence staining using an anti-HA and the
anti-TMEM45A antibody. Results showed that both anti-
bodies recognized the same vesicular structures within
transfected cells and clearly co-localized (data not
shown). No labeling was observed in untransfected cells
with either of the antibodies (data not shown). From these
results, we concluded that the anti-TMEM45A antibody
from Sigma does recognize specifically the TMEM45A
protein. It is able to detect the protein when expressed in
high quantity (upon artificial overexpression or in post-
confluent keratinocytes (ct in real-time PCR=21–26 with
21 for post-confluent and 26 for subconfluent keratino-
cytes) but not in cells with mild expression (MDA-MB-
231 (ct in real-time PCR=31) or HepG2 cells ((ct in real-
time PCR=29)), possibly because it has a low affinity.
We then investigated if TMEM45A was involved in the

hypoxia-induced resistance to paclitaxel-induced apoptosis.
For that purpose, cells were transfected with TMEM45A or
control siRNA before being incubated under normoxia or
hypoxia in the presence of one or the other chemothera-
peutic agent. If TMEM45A plays an anti-apoptotic role, an
increase in the paclitaxel-induced caspase 3 activity is
expected when inhibited by siRNA. Figure 3A shows that
caspase 3 activity was significantly increased in TMEM45A
siRNA transfected cells incubated with paclitaxel or epiru-
bicin, both under normoxia and hypoxia. The caspase 3 ac-
tivity measured for TMEM45A siRNA transfected cells
incubated with paclitaxel under hypoxia reached a level
much higher than the activity measured for non transfected
cells incubated with paclitaxel in normoxia, indicating addi-
tive effects of hypoxia and of TMEM45A for cell protec-
tion. No modification was observed in cells transfected
with the negative control siRNA.
We confirmed these observations by determining the

effect of TMEM45A silencing on paclitaxel induced



Figure 4 Analysis of TMEM45A gene expression level and effect of TMEM45A silencing on TMEM45A expression and caspase 3 activity
in HepG2 cells. HepG2 cells were incubated under normoxic (N) or hypoxic (H) conditions with or without etoposide (etop, 50 μM) for 16 hours,
8 h post transfection with TMEM45A siRNA (siRNA) or RISC-free control siRNA (RF) (50 nM, 24 h). (A) After transfection and incubation, total RNA
has been extracted and retro-transcribed in cDNA. A real time PCR has been performed with specific primers for TMEM45A and for RPL13A, a
house-keeping gene. Results are expressed in induction level by comparison with the reference condition, normoxia. (B) After transfection and
incubation, caspase 3 activity was assayed by measuring free AFC released from the cleavage of the caspase 3 specific substrate Ac-DEVD-AFC.
Results are expressed in fluorescence intensity, as mean± 1 SD (n = 3). Statistical analyses were determined independently for the 3 subgroups
without siRNA, with TMEM45A siRNA (siRNA) and with RISC-free control siRNA (RF) ; N.S. = non significantly different from control (N, N siRNA or
N RF), ** = significantly different from control (p < 0.01), *** = significantly different from control (p < 0.001) ; N.S. (1) = no significant difference
between N etop and H etop, ### = significant difference between N etop and H etop (p < 0.001), N.S. = no significant difference between (2)

N etop and N etop RF, (3) N etop and N etop siRNA, or (4) H etop and H etop RF, •••= significant difference between H etop and H etop
siRNA (p < 0.001).
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Figure 5 Kaplan-Meier probability of relapse-free survival for
286 patients with lymph-node-negative breast cancer allocated
to one of two subgroups stratified by TMEM45A expression.
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DNA fragmentation. As observed in Figure 3B, the nega-
tive control siRNA did not influence DNA fragmenta-
tion, whereas TMEM45A siRNA transfection induced a
strong and significant increase in DNA fragmentation in
cells incubated with paclitaxel under normoxia or hyp-
oxia compared to non transfected cells incubated in the
same conditions.
These results clearly demonstrated for the first time an

implication of TMEM45A as an anti-apoptotic protein.

TMEM45A is also involved in the hypoxia-induced
protection of HepG2 cells against etoposide-induced
apoptosis
In order to further confirm the role of TMEM45A in drug
resistance, we used another experimental model: HepG2
hepatocellular carcinoma cells exposed to etoposide. We
have previously shown that hypoxia protected HepG2
human hepatoma cells against etoposide-induced apop-
tosis. HIF-1 and AP-1 were shown to participate to this
protective effect [32]. Using siRNA targeting TMEM45A,
we determined if TMEM45A could also be involved in the
protection of HepG2 cells against apoptosis induced by
etoposide under hypoxia.
TMEM45A mRNA expression was shown to be

increased by 5.5 fold in HepG2 cells incubated under
hypoxia in the presence or in the absence of etoposide
(Figure 4A). This increase correlated with the protective
effect of hypoxia against etoposide-induced apoptosis.
We then determined that a concentration of 50 nM of
TMEM45A siRNA was high enough to specifically in-
hibit TMEM45A mRNA expression while the RISC-Free
control siRNA had no effect.
Caspase 3 activity was then assessed in HepG2 cells

transfected with TMEM45A or negative control siRNA
before being incubated under normoxia or hypoxia in
the presence or in the absence of etoposide. Figure 4B
shows that transfection with TMEM45A siRNA signifi-
cantly increased caspase 3 activity in cells incubated with
etoposide under hypoxia, reaching level similar to the
one observed in cells transfected with the negative con-
trol siRNA and incubated in normoxia with etoposide.
No modification was observed in control cells and in
cells incubated with etoposide under normoxia. This
indicated that the protection conferred by hypoxia
requires TMEM45A.

TMEM45A overexpression is associated with a high risk of
breast cancer recurrence
In order to validate these findings, we performed survival
analysis using the Kaplan-Meier method on data from a
study involving 286 patients with primary breast cancer
and available clinical parameters [35]. These patients
were allocated to one of two subgroups of 143 patients
stratified by TMEM45A expression.
Kaplan-Meier graph compares the disease-free survival

for groups of patients with high and low TMEM45A ex-
pression (Figure 5). The results showed that patients
whose tumors had high TMEM45A expression had a sig-
nificantly lower relapse-free survival than those whose
tumors had a low TMEM45A expression (p < 0.01). This
indicates that TMEM45A may influence cancer cell sur-
vival or growth.

TMEM45A is induced in differentiating keratinocytes
MDA-MB-231 and HepG2 cells are from epithelial ori-
gin. In both cell lines, TMEM45A plays a role in resist-
ance to apoptosis. On the other hand, differentiated
keratinocytes are also known to be resistant to che-
motherapeutic agents [36]. We thus sought whether
TMEM45A would also be expressed in such normal epi-
thelial cells. Keratinocytes in culture are a good model
for that purpose because they can easily be differentiated
in culture with a simultaneous growth arrest [37].
TMEM45A expression both at mRNA and protein levels
markedly increased between undifferentiated proliferating
cells and growth arrested differentiated cells (Figure 6A
and B). It has to be noted that the induction of TMEM45A
expression in keratinocytes exposed to hypoxia varies
according to their differentiation state. TMEM45A expres-
sion in keratinocytes at sub-confluence (C-2) is inducible
by hypoxia (by 2.92±0.92 fold after 16 hours and by
3.28±0.77 fold after 24 hours, n=3). However, this is not
the case in post-confluent, differentiated keratinocytes:
TMEM45A was not induced by hypoxia, probably because
its expression was already very high.
Induction of TMEM45A expression was also observed

when differentiation was induced by high calcium con-
centration at low cell density rather than by confluence



Figure 6 Analysis of TMEM45A gene expression level in normal human keratinocytes in vitro and in vivo. (A and B) Keratinocytes were
cultured in autocrine conditions (C-2d, 2 days before culture confluence; C, confluence; C + 2d, 2 days after confluence; C + 4d, 4 days after
confluence). (A) Total RNA has been extracted and retro-transcribed into cDNA. A real time PCR has been performed with specific primers for
TMEM45A and for TBP and RPL0 for normalization. Results are expressed as induction level by comparison with the reference condition “C-2d”.
Results are expressed as means ± 1 SD for n = 3, keratinocytes obtained from three different normal donors. ** = significantly different from C-2d
(p < 0.01). (B) TMEM45A protein level was assessed by western blot analysis. RPL13a was used as the loading control. (C) Keratinocytes were
cultured at low density in the presence of low (0.06 mM) or high (1.5 mM) calcium concentration for 48 hours. Total RNA has been extracted and
retro-transcribed into cDNA. A real time PCR has been performed with specific primers for TMEM45A and for TBP and RPL0 for normalization.
Results are expressed as induction level by comparison with undifferentiated cells (0.06 mM calcium). Results are expressed as means ± 1 SD for
n = 3, keratinocytes obtained from three different normal donors. *** = significantly different from low calcium concentration ((p < 0.001, paired
Student’s t test). (D) Immunohistological staining for TMEM45 in sections of human normal skin section with (b and c) or without primary
antibody (a).
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(Figure 6C) and in vivo as shown by the immunohistolo-
gical staining performed on human skin sections as indi-
cated by a higher expression of TMEM45A in the upper
layers of the epidermis (Figure 6D). TMEM45A expres-
sion was not higher in the basal layer despite the fact
that the basal layer has been shown to be in a more hyp-
oxic environment [38,39].

Discussion
Despite new discoveries of the molecular alterations that
lead to tumorigenesis and the development of new treat-
ments and therapeutic strategies against cancer, primary
treatment failure and relapse after treatment are com-
mon and death caused by cancers remains too frequent.
The development of resistance to chemotherapy repre-
sents significant obstacles to treatment of malignancies
relying on conventional cytotoxic agents. Tumor hypoxia
is often associated with chemoresistance and with an
increased probability of tumor recurrence and death.
MDA-MB-231 breast cancer cells were used for studying

the effect of hypoxia on apoptosis induced by paclitaxel
and epirubicin, two commonly used chemotherapeutic
agents. We observed that hypoxia differentially influenced
apoptosis in these cells according to the chemotherapeutic
agent. Indeed, in the presence of paclitaxel, apoptosis
was inhibited by hypoxic conditions, this was not the case
for epirubicin.
Modifications in gene expression induced by an hyp-

oxic environment have already been described to induce
resistance to radio- and chemotherapies [40], and al-
though the mechanisms underlying the development of
this resistance are partially understood, the most import-
ant mechanisms and associated biological pathways re-
main unknown.
In order to identify mechanisms responsible for the

resistance induced by hypoxia, we performed genome-
wide gene expression analyses using the Affymetrix
technology. We classified the genes whose expression
correlated best with drug resistance and i.e. with an in-
duction under hypoxia, with or without paclitaxel, that
was lower under normoxia in the presence of paclitaxel.
Thirty one genes whose expression meets these criteria
were selected. The list of these genes included known
hypoxia-responsive targets such as ALDOC [41], PFKFB4
[42], PDK1 [43], BNIP3 [44], NDRG1 [45], ENO2 [46],
PFKFB3 [47] and JMJD1A [48]. The list also includes
TMEM45A, a gene encoding a putative transmembrane
protein of unknown function. TMEM45A was previously
found to be upregulated in hypoxia in umbilical cord
blood CD133+ cells [46]. We showed that TMEM45A
expression was also induced by hypoxia in MDA-MB-
231 cells, in a HIF-1-dependent manner since HIF-1α si-
lencing prevented the hypoxia-induced upregulation.
Sheffer et al. previously showed that TMEM45A was
upregulated by zinc, that was used to induce the hypoxic
pathway, in colon cancer cells [49]. Benita et al. used
combined computational and experimental approaches
to show that TMEM45A is a bona fide HIF-1 target gene
[34]. In this study, we showed that TMEM45A renders
cancer cells resistant to different agents used in chemo-
therapy. TMEM45A silencing reverted the hypoxia-
induced protection against paclitaxel-induced apoptosis
in MDA-MB-231 cells. We confirmed the role of
TMEM45A in drug resistance, in HepG2 cells exposed
to etoposide. In this model, hypoxia also protects cells
against etoposide-apoptosis. We found again that the ex-
pression profile of TMEM45A paralleled the resistance
profile. Finally, its silencing also completely suppressed
the protection against etoposide-induced apoptosis.
TMEM45A thus exerts an anti-apoptotic function that
prevents cell killing.
Similar approaches using small interfering RNA have

already been used in order to better understand the
regulatory mechanism underlying chemotherapy resist-
ance in various cancer cell types. siRNA directed against
Ribophorin II (RPN2), which is part of an N-
oligosaccharyl transferase complex, were tested by
Honma et al. for their ability to promote apoptosis of
docetaxel-resistant MCF7-ADR breast cancer cells and
were shown to hypersensitized these cells to the che-
motherapeutic agent [50]. Specific siRNA was used to
suppress the expression of survivin, a member of the in-
hibitor of apoptosis protein (IAP) family overexpressed
in tumor cells, helping to reverse cisplatin-resistance of
A549/DDP multidrug-resistant human lung adenocarcin-
oma cells [51]. Finally, siRNA-mediated silencing of
ERCC1 (excision repair cross complementing group 1)
sensitized human colorectal cancer cells to oxaliplatin-
induced cell death [52]. Conversely, overexpression of
gene associated with resistance decreased sensitivity to
drugs. This was for example shown for another trans-
membrane protein encoding gene, TMEM205. Indeed,
an elevated expression of TMEM205 in human cisplatin-
resistant cells was associated with cisplatin resistance
and ectopic expression of TMEM205 in the cisplatin-
sensitive parental cells was shown to confer resistance to
cisplatin [53].
The function of TMEM45A is unknown. Our results

show that it has an anti-apoptotic function but its mech-
anism of action remains to be unraveled. Two hypoth-
eses can be proposed: (i) Our results show that
TMEM45A protein is induced upon differentiation of
keratinocytes, which coincides with an arrest of cell pro-
liferation. Cycling cells are known to be more sensitive
to topoisomerase inhibitors such as etoposide, notably
because these inhibitors induce less DNA damage in
non-dividing cells. However, we show here that
TMEM45A is associated with hypoxia-induced resistance
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and we have previously shown that hypoxia does not
prevent etoposide-induced DNA damage, neither does it
accelerate their reparation [24]. (ii) TMEM45A is
expressed in epithelial-derived cancer cells and highly
expressed in differentiated keratinocytes, suggesting that
it is involved in the normal function of growth arrested
epithelial cells. One family of enzymes typically
expressed in epithelia is the transglutaminase family.
These enzymes have been associated with chemoresis-
tance by at least two mechanisms: constitutive activation
of the focal adhesion kinase and formation of a ternary
complex with IκB/p65-p50 leading to activation of the
transcription factor NF-κB. Both proteins are known to
exert pro-survival activities [54]. A recent work demon-
strated that transglutaminase 2 is inducible by hypoxia
and suppresses apoptosis by modulating caspase 3 and
NF-κB activity [55]. TMEM45A could inhibit apoptosis
by promoting the expression of transglutaminase. Alter-
nately, TMEM45A may have a function similar to that of
TMEM205. This other transmembrane protein was
shown to be co-localized with RAB8, a small endosomal
recycling GTPase [56]. Members of this family of
GTPases are important regulators of intracellular mem-
brane sorting. In particular, they are thought to mediate
membrane transport specificity. Association of TMEM205
with RAB8 could lead to reduced accumulation of cis-
platin resulting in cellular resistance to the compound.
Whether TMEM45A plays a similar role in MDA-MB-231
and HepG2 cells is not known.
A Kaplan–Meier survival plot was constructed from

data from 286 lymph node–negative breast cancer
patients who had not received adjuvant systemic
treatment. We observed that high TMEM45A expression
in primary breast tumors present a higher risk of
cancer recurrence.

Conclusions
Much has been learned in recent years regarding the
genetics and molecular pathophysiology of breast cancer.
However, chemoresistance is still a heavy burden in can-
cer patient treatment, and thus it represents a difficult
challenge for future improvement of chemotherapy ef-
fectiveness. Therefore, a better understanding of the mo-
lecular mechanisms of breast cancer resistance should
help to improve patient survival. The clinical significance
of our findings is that high TMEM45A expression could
be used as a molecular prognostic marker to identify
patients who have an increased risk of cancer relapse
after chemotherapy.

Methods
Cell culture and hypoxia incubation
MDA-MB-231 human breast cancer cells and HepG2
human hepatoma cells were maintained in culture in 75-
cm2 polystyrene flasks (Costar) with respectively 15 ml
of Roswell Park Memorial Institute medium (RPMI
1640, Invitrogen) or Dulbecco’s modified Eagle’s medium
(DMEM), containing 10% of fetal calf serum (Invitrogen)
and incubated under an atmosphere containing 5% CO2.
Primary culture of human skin keratinocytes was per-

formed in autocrine culture as described in Minner et al.
[37]. After written informed consent of patients (Dr
Bienfait, Clinique St Luc, Namur-Bouge, Belgium), nor-
mal human abdominal skin samples were obtained from
plastic surgery. The Medical Ethical Committee of Clini-
que St Luc, Namur-Bouge, approved all described stud-
ies, and all experiments were carried out according to
the Declaration of Helsinki Principles. In autocrine cul-
ture, keratinocytes proliferate until the confluence of the
culture is reached concomitantly with cell growth arrest
and differentiation. To study high calcium concentration
effect, keratinocytes were seeded at very low cell density.
The next day, complete medium was changed and
replaced by complete medium with 1.5 mM of calcium
or normal medium that contains 0.06 mM of calcium.
For hypoxia experiments (1% O2), cells were incubated

in serum-free CO2-independent medium (Invitrogen)
supplemented with 1 mM L-glutamine (Sigma) with or
without paclitaxel (Invitrogen) at 50 μM, epirubicin (Cal-
biochem) at 10 μM or etoposide (Sigma) at 50 μM. Nor-
moxic control cells were incubated in the same
conditions but in normal atmosphere (20% O2).

siRNA transfection
Silencing of TMEM45A or HIF-1α expression was achieved
using siGENOME SMARTpool human TMEM45A (#M-
021085-00 containing a mix of 4 siRNA: CAAUGUACUU
CUGGAGCUA, GGGAAAUGCUGGACAUCUU, AAGC
GAACCUGCUAUCUUG, UAAACAAGGUCACUGGAAU) or
HIF1A (#M-004018-05 containing a mix of 4 siRNA: CGU
GUUAUCUGUCGCUUUC, GAUGAAAGAAUUACCGAAU,
GAUGGAAGCACUAGACAAA, GGACACAGAUUUAGA
CUUG from Dharmacon. RISC-free control siRNA
purchased from Dharmacon was used to control for non-
specific effects. For siRNA experiments, 2x106 cells were
seeded in 75-cm2 polystyrene flasks (Costar) with 10 ml of
medium containing 10% of fetal calf serum. Cells were then
transfected 24 hours under standard culture conditions with
50 nM siRNA using the DharmaFECT 1 (Dharmacon)
transfection reagent according to the manufacturer's
instructions.
The transfection media were removed and replaced by

culture media for 8 hours. Cells were then trypsinized
and seeded at the appropriate density.

Caspase 3 activity
The fluorogenic substrate Ac-DEVD-AFC was used to
measure caspase 3 activity according to Cosse et al. [25].
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LDH release
The « cytotoxicity detection kit » from Roche Molecular
Biochemicals was used to measure lactate dehydrogenase
(LDH) release according to the manufacturer’s protocol.

DNA fragmentation
The measurement of cytoplasmic histone-associated DNA
fragments (mono- and oligonucleosomes) after induction of cell
death was performed with the«cell death detection ELISA»(
Roche Molecular Biochemicals). Data were normalized for the
protein content determined by a BioRad protein assay.

Visualization of DAPI-labelled nuclei
35,000 cells were seeded on glass coverslips in 24-well
culture plates. 24 hours later, cells were incubated under
normoxia or hypoxia with or without paclitaxel or epiru-
bicin for 16 hours. Medium was then removed and cells
were fixed for 10 min with PBS containing 4% parafor-
maldehyde and then washed 3 × 5 min in PBS. Cells were
then permeabilized with 0.2% Triton X-100 in PBS. After
5 min, 5 μl of DAPI (10 μg/ml) (Sigma, St Louis, USA)
were added in well. After 15 min of incubation in dark at
37°C, cells were washed with PBS. Then, the coverslips
were mounted in Mowiol (Sigma, St Louis, USA) and
observed with a fluorescence microscope at 352 nm.

Real time RT-PCR
After the incubation, total RNA was extracted using the
Total RNAgent extraction kit (Promega). mRNA con-
tained in 2 μg total RNA was reverse transcribed using
SuperScript II Reverse Transcriptase (Invitrogen) and oligodT
primers according to the manufacturer’s instructions. For-
ward and reverse primers for TMEM45A were designed
using the Primer Express 1.5 software (Applied Biosystem).
Amplification reaction assays contained 1x SYBR Green PCR
Mastermix (Applied Biosystem) and primers (Applied Biosys-
tems) at the optimal concentrations. RPL13A was used as
the reference gene for normalization in MDA-MB-231 and
HepG2 cells while the geometric mean of the ct for TBP and
RPLP0 was used for keratinocytes and mRNA expression
level was quantified using the threshold cycle method.

Western blot
After the incubation, cell lysates were recovered, proteins were
separated by electrophoresis on NuPAGE gels and TMEM45A
was revealed by western blot according to Mathay et al. [57].
Anti-TMEM45A antibody was diluted 1/1000 (Sigma,
#HPA024082). RPL13 was used as loading control (anti-
RPL13 antibody diluted 1/2000, Cell Signaling #27655).

Immunohistochemical staining of human skin sections
Labeling of section of normal human skin was performed
according to Mathay et al. [57], using the same anti-
TMEM45A antibody as for the western blot analysis.
Affymetrix
At the end of the incubation, total RNA was extracted
using the Trizol extraction kit (Invitrogen). RNA concen-
tration and purity were determined spectrophotometric-
ally using the Nanodrop ND-1000 (NanoDrop Products).
RNA integrity was assessed using an Agilent 2100 Bioa-
nalyser (Agilent). All the steps, including cRNA target
preparation, hybridization to Affymetrix HG-U133 Plus
2.0 arrays, washing and array signal acquisition were per-
formed according to the manufacturer’s protocol (Affy-
metrix) by DNAVision service provider based in Belgium
(http://www.dnavision.com/). Total RNA spiked with
bacterial RNA transcript positive controls was converted
to double-strand cDNA in a reverse transcription reac-
tion. Sample was then converted and amplified to anti-
sense cRNA, labeled with biotin, in an in vitro
transcription reaction. Fragmented biotinylated cRNA
and hybridization controls (Affymetrix) were hybridized
on array followed by washing and staining steps accord-
ing to the manufacturer’s procedures. The hybridized
probe array was then scanned using the GeneChipW

Scanner 3000. Data have been deposited at GEO under
accession number GSE39042.

Statistics
SigmaStat software (Jandle Scientific, Germany) was used
for the statistical analysis. Data are presented as means ±
SD and were evaluated by one-way ANOVA, using the
Holm-Sidak method.
For Affymetrix data normalization, we followed the

procedure published by Pierre et al. [58]: probe-level data
were normalized and gene expression summaries were
computed for each probe set using GeneChip Robust
Multichip Analysis (GC-RMA) [59] in the R statistical
environment (http://R-project.org). To process the data-
sets and in order to avoid inconsistencies, we did not
choose CDF (Chip Definition File) but alternative CDFs
from AffyProbeMiner, as recommended by Liu et al.
[60]. Microsoft Excel was used to calculate average ratios
and their standard deviations (S.D.) between CTL condi-
tion and the other conditions and between H tax and N
tax conditions. p values were also calculated between
these conditions. The data set was then filtered for low
expression value and calls exhibiting values under an ar-
bitrary threshold value of 8.84 (twice the value of the
basal intensity) were considered ‘absent’ otherwise calls
were considered ‘present’. Genes were finally considered
‘present’ if they had been assigned a present call in at
least two of the three biological replicate samples and
could thus be considered to be expressed genes. Fold
changes calculated with ‘absent’ gene were considered as
‘qualitative’ difference.
To obtain the dendrogram, unsupervised hierarchical

clustering by sample was performed on all probe sets

http://www.dnavision.com/
http://R-project.org
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using BRB-ArrayTools developed by Dr. Richard Simon
and BRB-ArrayTools Development Team with centered
correlation as distance metric and average linkage as
linkage function.
For survival analysis, we searched GEO (http://www.

ncbi.nlm.nih.gov/geo/) for studies publishing data with
available clinical information. The gene expression data
were downloaded from 286 individuals with lymph node–
negative breast cancer who had not received adjuvant sys-
temic treatment [35] from GEO (accession number 2034).
The downloaded data were GC-RMA normalized in the R
statistical environment (http://R-project.org). Survival ana-
lysis was performed using the Kaplan-Meier method and
SigmaStat software was used to determine Kaplan-Meier
probability of relapse-free survival for the 286 patients allo-
cated to one of two subgroups of 143 patients stratified by
TMEM45A expression. The Gehan-Breslow test was used
to compare the curves and a p value <0.05 was considered
as statistically significant.

Additional file

Additional file 1: Figure S1. Hierarchical clustering of samples data
using all genes with centered correlation and average linkage. Samples
are clustered on the horizontal axis, with the vertical axis representing the
degree of correlation between samples.

Abbreviations
HIF-1: Hypoxia-inducible factor-1; LDH: Lactate dehydrogenase;
TMEM: Transmembrane protein.

Competing interests
The author(s) declare that they have no competing interests.

Authors’ contributions
LF, ER and CS carried out the all the experiments on cancer cells and drafted
the manuscript. MP participated in the analysis of the microarray data. AH
carried out the experiments on keratinocytes. TA, ODB and YP participated in
the design of the study. CM conceived of the study, participated in its design
and coordination and helped to draft the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
This project was supported by KeyMarker, a Biowin project financed by the
Walloon Region. M. Pierre and A. Hayez are recipients of a FRIA grant
(National Funds for Scientific Research, Belgium). E. Roegiers is a recipient of
a Televie grant (National Funds for Scientific Research, Belgium).

Author details
1URBC-NARILIS, University of Namur-FUNDP, 61 rue de Bruxelles, 5000 Namur,
Belgium. 2Molecular Biology Research Unit (URBM)-NARILIS, University of
Namur-FUNDP, 61 rue de Bruxelles, 5000 Namur, Belgium. 3URPhyM-NARILIS,
University of Namur-FUNDP, 61 rue de Bruxelles, 5000 Namur, Belgium.

Received: 12 January 2012 Accepted: 31 August 2012
Published: 6 September 2012

References
1. Farrell A: A close look at cancer. Nat Med 2011, 17(3):262–265.
2. Michael M, Doherty MM: Tumoral drug metabolism: overview and its

implications for cancer therapy. J Clin Oncol 2005, 23(1):205–229.
3. Gillet JP, Efferth T, Remacle J: Chemotherapy-induced resistance by ATP-

binding cassette transporter genes. Biochim Biophys Acta 2007,
1775(2):237–262.
4. Lage H: An overview of cancer multidrug resistance: a still unsolved
problem. Cell Mol Life Sci 2008, 65(20):3145–3167.

5. Szakacs G, Paterson JK, Ludwig JA, Booth-Genthe C, Gottesman MM:
Targeting multidrug resistance in cancer. Nat Rev 2006, 5(3):219–234.

6. Blagosklonny MV: Why therapeutic response may not prolong the life of a
cancer patient: selection for oncogenic resistance. Cell Cycle 2005,
4(12):1693–1698.

7. Cosse JP, Michiels C: Tumour hypoxia affects the responsiveness of cancer
cells to chemotherapy and promotes cancer progression. Anticancer
Agents Med Chem 2008, 8(7):790–797.

8. Liu J, Zhang J, Wang X, Li Y, Chen Y, Li K, Zhang J, Yao L, Guo G: HIF-1 and
NDRG2 contribute to hypoxia-induced radioresistance of cervical cancer
Hela cells. Exp Cell Res 2010, 316(12):1985–1993.

9. Tatum JL, Kelloff GJ, Gillies RJ, Arbeit JM, Brown JM, Chao KS, Chapman JD,
Eckelman WC, Fyles AW, Giaccia AJ, et al: Hypoxia: importance in tumor
biology, noninvasive measurement by imaging, and value of its
measurement in the management of cancer therapy. Int J Radiat Biol
2006, 82(10):699–757.

10. Semenza GL: Evaluation of HIF-1 inhibitors as anticancer agents. Drug
Discov Today 2007, 12(19–20):853–859.

11. Vaupel P, Mayer A: Hypoxia in cancer: significance and impact on clinical
outcome. Cancer Metastasis Rev 2007, 26(2):225–239.

12. Milani M, Harris AL: Targeting tumour hypoxia in breast cancer. Eur J
Cancer 2008, 44(18):2766–2773.

13. Schindl M, Schoppmann SF, Samonigg H, Hausmaninger H, Kwasny W,
Gnant M, Jakesz R, Kubista E, Birner P, Oberhuber G: Overexpression of
hypoxia-inducible factor 1alpha is associated with an unfavorable
prognosis in lymph node-positive breast cancer. Clin Cancer Res 2002,
8(6):1831–1837.

14. Helczynska K, Larsson AM, Holmquist Mengelbier L, Bridges E, Fredlund E,
Borgquist S, Landberg G, Pahlman S, Jirstrom K: Hypoxia-inducible
factor-2alpha correlates to distant recurrence and poor outcome in
invasive breast cancer. Cancer Res 2008, 68(22):9212–9220.

15. Pinheiro C, Sousa B, Albergaria A, Paredes J, Dufloth R, Vieira D, Schmitt F,
Baltazar F: GLUT1 and CAIX expression profiles in breast cancer correlate
with adverse prognostic factors and MCT1 overexpression. Histol
Histopathol 2011, 26(10):1279–1286.

16. Wu XZ, Xie GR, Chen D: Hypoxia and hepatocellular carcinoma: The
therapeutic target for hepatocellular carcinoma. J Gastroenterol Hepatol
2007, 22(8):1178–1182.

17. Jensen RL: Brain tumor hypoxia: tumorigenesis, angiogenesis, imaging,
pseudoprogression, and as a therapeutic target. J Neurooncol 2009,
92(3):317–335.

18. Rampling R, Cruickshank G, Lewis AD, Fitzsimmons SA, Workman P: Direct
measurement of pO2 distribution and bioreductive enzymes in human
malignant brain tumors. Int J Radiat Oncol Biol Phys 1994,
29(3):427–431.

19. Nordsmark M, Bentzen SM, Rudat V, Brizel D, Lartigau E, Stadler P, Becker A,
Adam M, Molls M, Dunst J, et al: Prognostic value of tumor oxygenation
in 397 head and neck tumors after primary radiation therapy.
An international multi-center study. Radiother Oncol 2005,
77(1):18–24.

20. Hockel M, Schlenger K, Hockel S, Vaupel P: Hypoxic cervical cancers
with low apoptotic index are highly aggressive. Cancer Res 1999,
59(18):4525–4528.

21. Seeber LM, Zweemer RP, Verheijen RH, van Diest PJ: Hypoxia-inducible
factor-1 as a therapeutic target in endometrial cancer management.
Obstet Gynecol Int 2010, 2010:580971.

22. Yasuda H, Kaneta T, Takai Y, Nakayama K, Iwata R, Ito M, Tsujitani M, Takahashi S,
Yamada S, Sasaki T, et al: Tumor hypoxia imaging with [F-18] fluoronitroimidazole
in non-small-cell lung cancer. J Am Geriatr Soc 2007, 55(7):1142–1144.

23. Ruan K, Song G, Ouyang G: Role of hypoxia in the hallmarks of human
cancer. J Cell Biochem 2009, 107(6):1053–1062.

24. Cosse JP, Sermeus A, Vannuvel K, Ninane N, Raes M, Michiels C: Differential
effects of hypoxia on etoposide-induced apoptosis according to the
cancer cell lines. Mol Cancer 2007, 6:61.

25. Cosse JP, Ronvaux M, Ninane N, Raes MJ, Michiels C: Hypoxia-induced decrease in
p53 protein level and increase in c-jun DNA binding activity results in cancer
cell resistance to etoposide. Neoplasia 2009, 11(10):976–986.

26. Kroger N, Achterrath W, Hegewisch-Becker S, Mross K, Zander AR: Current
options in treatment of anthracycline-resistant breast cancer. Cancer Treat
Rev 1999, 25(5):279–291.

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://R-project.org
http://www.biomedcentral.com/content/supplementary/1471-2407-12-391-S1.pptx


Flamant et al. BMC Cancer 2012, 12:391 Page 16 of 16
http://www.biomedcentral.com/1471-2407/12/391
27. Wang TH, Wang HS, Soong YK: Paclitaxel-induced cell death: where the
cell cycle and apoptosis come together. Cancer 2000, 88(11):2619–2628.

28. Oakman C, Moretti E, Galardi F, Santarpia L, Di Leo A: The role of
topoisomerase IIalpha and HER-2 in predicting sensitivity to
anthracyclines in breast cancer patients. Cancer Treat Rev 2009,
35(8):662–667.

29. Ozkan A, Fiskin K: Epirubicin HCl toxicity in human-liver derived
hepatoma G2 cells. Pol J Pharmacol 2004, 56(4):435–444.

30. Karpinich NO, Tafani M, Rothman RJ, Russo MA, Farber JL: The course of
etoposide-induced apoptosis from damage to DNA and p53 activation
to mitochondrial release of cytochrome c. J Biol Chem 2002,
277(19):16547–16552.

31. Flamant L, Notte A, Ninane N, Raes M, Michiels C: Anti-apoptotic role of
HIF-1 and AP-1 in paclitaxel exposed breast cancer cells under hypoxia.
Mol Cancer 2010, 9:191.

32. Sermeus A, Cosse JP, Crespin M, Mainfroid V, de Longueville F, Ninane N,
Raes M, Remacle J, Michiels C: Hypoxia induces protection against
etoposide-induced apoptosis: molecular profiling of changes in gene
expression and transcription factor activity. Mol Cancer 2008, 7:27.

33. Sullivan R, Graham CH: Hypoxia prevents etoposide-induced DNA damage
in cancer cells through a mechanism involving hypoxia-inducible factor
1. Mol Cancer Ther 2009, 8(6):1702–1713.

34. Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC, Xavier RJ: An
integrative genomics approach identifies Hypoxia Inducible Factor-1
(HIF-1)-target genes that form the core response to hypoxia. Nucleic Acids
Res 2009, 37(14):4587–4602.

35. Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang F, Talantov D,
Timmermans M, Meijer-van Gelder ME, Yu J, et al: Gene-expression profiles
to predict distant metastasis of lymph-node-negative primary breast
cancer. Lancet 2005, 365(9460):671–679.

36. Atanasova G, Jans R, Zhelev N, Mitev V, Poumay Y: Effects of the cyclin-
dependent kinase inhibitor CYC202 (R-roscovitine) on the physiology
of cultured human keratinocytes. Biochem Pharmacol 2005,
70(6):824–836.

37. Minner F, Herphelin F, Poumay Y: Study of epidermal differentiation in
human keratinocytes cultured in autocrine conditions. Methods Mol Biol
2010, 585:71–82.

38. Rezvani HR, Ali N, Nissen LJ, Harfouche G, de Verneuil H, Taieb A, Mazurier F:
HIF-1alpha in epidermis: oxygen sensing, cutaneous angiogenesis,
cancer, and non-cancer disorders. J Invest Dermatol 2011,
131(9):1793–1805.

39. Bedogni B, Welford SM, Cassarino DS, Nickoloff BJ, Giaccia AJ, Powell MB:
The hypoxic microenvironment of the skin contributes to Akt-mediated
melanocyte transformation. Cancer Cell 2005, 8(6):443–454.

40. Weinmann M, Belka C, Guner D, Goecke B, Muller I, Bamberg M, Jendrossek
V: Array-based comparative gene expression analysis of tumor cells with
increased apoptosis resistance after hypoxic selection. Oncogene 2005,
24(38):5914–5922.

41. Jean JC, Rich CB, Joyce-Brady M: Hypoxia results in an HIF-1-dependent
induction of brain-specific aldolase C in lung epithelial cells. Am J Physiol
2006, 291(5):L950–L956.

42. Minchenko O, Opentanova I, Minchenko D, Ogura T, Esumi H: Hypoxia
induces transcription of 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase-4 gene via hypoxia-inducible factor-1alpha activation.
FEBS Lett 2004, 576(1–2):14–20.

43. Kim JW, Tchernyshyov I, Semenza GL, Dang CV: HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for
cellular adaptation to hypoxia. Cell Metab 2006, 3(3):177–185.

44. Guo K, Searfoss G, Krolikowski D, Pagnoni M, Franks C, Clark K, Yu KT, Jaye M,
Ivashchenko Y: Hypoxia induces the expression of the pro-apoptotic gene
BNIP3. Cell Death Differ 2001, 8(4):367–376.

45. Cangul H: Hypoxia upregulates the expression of the NDRG1 gene
leading to its overexpression in various human cancers.
BMC Genet 2004, 5:27.

46. Martin-Rendon E, Hale SJ, Ryan D, Baban D, Forde SP, Roubelakis M,
Sweeney D, Moukayed M, Harris AL, Davies K, et al: Transcriptional
profiling of human cord blood CD133+ and cultured bone marrow
mesenchymal stem cells in response to hypoxia. Stem Cells 2007,
25(4):1003–1012.

47. Minchenko A, Leshchinsky I, Opentanova I, Sang N, Srinivas V, Armstead V,
Caro J: Hypoxia-inducible factor-1-mediated expression of the
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) gene.
Its possible role in the Warburg effect. J Biol Chem 2002,
277(8):6183–6187.

48. Wellmann S, Bettkober M, Zelmer A, Seeger K, Faigle M, Eltzschig HK, Buhrer
C: Hypoxia upregulates the histone demethylase JMJD1A via HIF-1.
Biochem Biophys Res Commun 2008, 372(4):892–897.

49. Sheffer M, Simon AJ, Jacob-Hirsch J, Rechavi G, Domany E, Givol D, D'Orazi
G: Genome-wide analysis discloses reversal of the hypoxia-induced
changes of gene expression in colon cancer cells by zinc
supplementation. Oncotarget 2011, 2(12):1191–1202.

50. Honma K, Iwao-Koizumi K, Takeshita F, Yamamoto Y, Yoshida T, Nishio K,
Nagahara S, Kato K, Ochiya T: RPN2 gene confers docetaxel resistance in
breast cancer. Nat Med 2008, 14(9):939–948.

51. Liu JL, Wang Y, Jiang J, Kong R, Yang YM, Ji HF, Shi YZ: Inhibition of
survivin expression and mechanisms of reversing drug-resistance of
human lung adenocarcinoma cells by siRNA. Chin Med J 2010,
123(20):2901–2907.

52. Seetharam RN, Sood A, Basu-Mallick A, Augenlicht LH, Mariadason JM, Goel
S: Oxaliplatin resistance induced by ERCC1 up-regulation is abrogated by
siRNA-mediated gene silencing in human colorectal cancer cells.
Anticancer Res 2010, 30(7):2531–2538.

53. Shen DW, Ma J, Okabe M, Zhang G, Xia D, Gottesman MM: Elevated
expression of TMEM205, a hypothetical membrane protein, is associated
with cisplatin resistance. J Cell Physiol 2010, 225(3):822–828.

54. Verma A, Mehta K: Tissue transglutaminase-mediated chemoresistance in
cancer cells. Drug Resist Updat 2007, 10(4–5):144–151.

55. Jang GY, Jeon JH, Cho SY, Shin DM, Kim CW, Jeong EM, Bae HC, Kim TW,
Lee SH, Choi Y, et al: Transglutaminase 2 suppresses apoptosis by
modulating caspase 3 and NF-kappaB activity in hypoxic tumor cells.
Oncogene 2010, 29(3):356–367.

56. Shen DW, Gottesman MM: RAB8 enhances TMEM205-mediated cisplatin
resistance. Pharm Res 2012, 29(3):643–650.

57. Mathay C, Giltaire S, Minner F, Bera E, Herin M, Poumay Y: Heparin-binding
EGF-like growth factor is induced by disruption of lipid rafts and
oxidative stress in keratinocytes and participates in the epidermal
response to cutaneous wounds. J Invest Dermatol 2008,
128(3):717–727.

58. Pierre M, DeHertogh B, Gaigneaux A, DeMeulder B, Berger F, Bareke E,
Michiels C, Depiereux E: Meta-analysis of archived DNA microarrays
identifies genes regulated by hypoxia and involved in a metastatic
phenotype in cancer cells. BMC Cancer 2010, 10:176.

59. Wu Z, Irizarry RA, Gentleman R, Martinez-Murillo F, Spencer F: A
model-based background adjustment for oligonucleotide expression
arrays. J Am Stat Assoc 2004, 99(468):9.

60. Liu H, Zeeberg BR, Qu G, Koru AG, Ferrucci A, Kahn A, Ryan MC, Nuhanovic
A, Munson PJ, Reinhold WC, et al: AffyProbeMiner: a web resource for
computing or retrieving accurately redefined Affymetrix probe sets.
Bioinformatics 2007, 23(18):2385–2390.

doi:10.1186/1471-2407-12-391
Cite this article as: Flamant et al.: TMEM45A is essential for hypoxia-
induced chemoresistance in breast and liver cancer cells. BMC Cancer
2012 12:391.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Results
	Hypoxia protects MDA-MB-231 cells against paclitaxel-induced apoptosis
	Hypoxia combined with paclitaxel or epirubicin induces changes in gene expression
	TMEM45A is essential to mediate the hypoxia-induced protection against paclitaxel-induced apoptosis
	TMEM45A is also involved in the hypoxia-induced protection of HepG2 cells against etoposide-induced apoptosis
	TMEM45A overexpression is associated with a high risk of breast cancer recurrence
	TMEM45A is induced in differentiating keratinocytes

	Discussion
	j
	Conclusions
	Methods
	Cell culture and hypoxia incubation
	siRNA transfection
	Caspase 3 activity
	LDH release
	DNA fragmentation
	Visualization of DAPI-labelled nuclei
	Real time RT-PCR
	Western blot
	Immunohistochemical staining of human skin sections
	Affymetrix
	Statistics

	Additional file
	Competing interests
	Authors´ contributions
	Acknowledgements
	Author details
	References

