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Section A: 5 marks per question, 75 marks in total

Questions in this section relate to the following journal article:

Hamdan, FH and Zihlif, MA. (2014). Gene expression alterations in chronic hypoxic
MCF7 breast cancer cell line. Genomics. 104 (6 Pt B), 477-481. (Supplied separately;

also provided to you in advance).

If a copy of this article is not provided to you in the examination, please inform an exam
invigilator. The answers to the questions below are not necessarily found in the article,
but are based on topics and methodologies discussed therein. In your answers, please
do not simply copy sections of the article text to answer the questions.

1. Discuss the rationale for this research. What are the researchers hoping to

achieve by carrying out this work?

2. In addition to those used in this article, briefly discuss two other laboratory

based approaches that could be used to characterise cellular properties.

3. The authors of this article have used a technique known as an MTT
proliferation assay. Explain how this assay allows scientists to study changes
in gene expression. What results would be predicted if cellular proliferation
decreases in one sample compared to another?

4. What is meant by the term hypoxia? Why are many tumours said to be
hypoxic?
5. Explain how the technique of real-time PCR (RT-PCR, otherwise known as

gPCR) is used to measure changes in gene expression.

Please turn the page
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6. Why is RT-PCR a valuable tool in cancer biology research? In your answer
you should explain why some of the changes associated with cancer may
result in changes in gene expression.

7. What is doxorubicin? Justify its use in this experiment.

8. Section 3.2 refers to the measurement of the ICso. What is this? Also, explain

in your own words what the results in Section 3.2 show.

9. Why is the reported increase in HNF4a gene expression of particular interest

to the researchers?

10.  What are the benefits of using a model cell-line (i.e. MCF7 cells) for a study

such as this?

11. The article states that MCF7 cells are “metastatic”. What does this mean?

12.  Sketch, without the use of graph paper, a bar chart to reflect the results

shown for 19 hypoxic episodes in section 3.2.

13.  Whatis meant by the term “biomarker”?

14.  If you were to be tasked with continuing this study, what two experiments

would you do first?

15. Evaluate the potential limitations of a study such as this.

Please turn the page

[SECTION A TOTAL: 75 marks]
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Section B

Over the last few months, you have been given introductory lectures in numerous

aspects of cancer biology. These can be split into five main themes:

The prevention of cancer
The onset of cancer
The progression of cancer

The diagnosis of cancer

ok~ 0N e

The treatment of cancer

This can be considered to be a timeline of how a healthy individual can initially be

cancer free, but can ultimately be in need of treatment for cancer.

With reference to each of these aspects, synthesise a detailed narrative of some of

the relevant biological aspects for a specific type of cancer of your own choosing.

In your answer, you should include elements of justification (e.g. why was something

done?) and critical analysis (e.g. what were the consequences?).

Evidence of extra reading is expected, and you must show evidence of having
consulted recent scientific publications in your answer. You are permitted to refer to

the ONE side of A4 notes (maximum of 200 words) that you made on the topic.

[SECTION B TOTAL: 75 marks]

END OF QUESTIONS
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Hypoxia plays a significant role in tumor progression and aggressiveness and implicated in resistance to radio-
therapy and chemotherapy. This study aims to characterize the changes in gene expression associated with
chronic hypoxia in MCF7 breast cancer cell line and identify a possible biomarker for hypoxia in breast cancer.
Breast cancer cells (MCF7) were exposed to 8-hour hypoxic episodes (<1% oxygen) three times a week for a
total of 38 episodes. Gene expression changes were profiled using RT- PCR array after 19 and 38 episodes of hyp-
oxia and compared to normoxic cells. Chemoresistance of hypoxic cells toward doxorubicin was assessed using
MTT cell proliferation assay. Marked gene expression changes were indentified after 19 and 38 episodes of hyp-
oxia. Only few changes were common in both stages with most genes rebounding at the level of 38 episodes. A
notable gene (HNF4A) has been up-regulated by 2 folds after 19 hypoxic shots and further up-regulated by 6.43
folds after 38 hypoxic shots. The half maximal inhibitory concentration (ICsg) of doxorubicin in MCF7 cells has
increased in a trend proportional to the number of hypoxic episodes then totally rebounded after incubation
under normoxia for 3 weeks. This study provides evidence that exposing cells to prolonged periods of hypoxia

Keywords:

Cancer biomarkers
Hepatocyte nuclear factor 4
Doxorubicin chemoresistance
Chronic hypoxia

(weeks) results in different expression changes than those induced by short-term hypoxia (less than 72 h).

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hypoxia is a common trait of most solid tumors [1]. Various types of
human solid tumors have been found to have a median pO2 of less than
15 mm Hg while contiguous normal cells have a median p0O2 of
35 mm Hg. Examples of cancers where hypoxia has been found are car-
cinoma of the uterine cervix, head and neck cancers, breast cancers, and
brain tumors [2-5]. Around 40% of all breast cancer and half of the local-
ly advanced breast cancers include regions affected by hypoxia [4,6].
Hypoxia triggers an intricate series of responses involving a plethora
of several molecular pathways. The hypoxia-inducible factor (HIF) path-
way with its many downstream targets is the main player in the hypoxic
response [7]. However, specific genetic changes involved in the adapta-
tion of tumors to hypoxia have not yet been fully understood [8]. Ac-
cordingly, identifying the modulated genes by hypoxia in cancer is of
great benefit [9].

Abbreviations: ADORA2B, Adenosine A2b receptor; BTG1, B-cell translocation gene 1,
antiproliferative; C;, Cycle threshold; DDIT4, DNA-damage-inducible transcript 4;
HIF, Hypoxia-inducible factor; HNF4A, Hepatocyte nuclear factor 4, alpha; ICs, Half
maximal inhibitory concentration; MCF7, Michigan cancer foundation-7; MTT, 3-
(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; PCR, Polymerase
chain reaction; PGF, Placental growth factor; PIM1, Pim-1 oncogene; ROS, Reactive
oxygen species; RT-PCR, Real-time PCR; TXNIP, Thioredoxin interacting protein.

* Corresponding author. Fax: +962 6 5356746.
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Immense inconsistencies can be found in literature investigating the
effects of chronic hypoxia in-vitro. Few studies included a cyclic hypoxic
pattern faithful to the in-vivo conditions [10]. Thus, this study was de-
signed to simulate real hypoxic conditions as much as possible with
the aim of characterizing the gene expression changes that occur in
breast cancer cells under chronic hypoxia. The main goal of this study
is to uncover new biomarkers in tumor hypoxia that might be applied
for prognosis and relapse prediction, hence helping in the clinical deci-
sion to use adjuvant chemotherapeutic agents in cancer patients. Addi-
tionally, we hope to find out whether prolonged duration of hypoxic
exposures leads to different changes than those reported in most avail-
able studies which generally expose cells to a maximum of 72 h of hyp-
oxia. Notable changes and differences may justify the need for
experiments involving prolonged duration of exposure to hypoxia.

2. Materials and methods
2.1. Cell culture conditions

MCF7 breast cancer cells were obtained from the American Type
Culture Collection (ATCC; Manassas, USA). The cells were grown in
vented 75 cm? cell culture flasks (Membrane Solutions; North Bend,
USA) in RPMI 1640 media (HyClone; Logan, USA). The media was sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(HyClone; Logan, USA), antibiotics (100U/ml penicillin and 100 pg/ml
streptomycin) (HyClone; Logan, USA), 2 mM L-glutamine in addition
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to 25 uM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(HyClone; Logan, USA). The cells were incubated under an atmosphere
containing 5% C0,/95% air (normoxic conditions) at 37 °Cin a cell cul-
ture incubator (Nuaire; Plymouth, USA).

2.2. Cell culture passaging

Passaging of cells was performed twice a week by standardizing
the split of cells so that they reach 80% confluency on specific days
of the week (Sunday and Wednesday). This was done to standardize
the conditions where hypoxic cells get their respective shots as much
as possible. Based on this standardization, the first hypoxic shot of
the week was administered directly after passaging when cells are
not yet attached to the surface of the cell culture flask, the second
shot after 2 days of passaging and the third shot after 1 day and
hence so forth. Control cells were always split alongside their hypox-
ic counterparts and were subjected to the same conditions except for
the hypoxic episodes. Same number of cells was cultured for both
control and hypoxic cells (1.2 x 10° cells on Sunday and 0.8 x 10°
cells on Wednesday). Cellular viability was assessed using the
Trypan blue method (Sigma-Aldrich, Irvine, UK) and the doubling
time of both, control and hypoxic cells was calculated and compared
on weekly basis. The cells were subcultured for 3 months, during the
last of which the doubling time of cells (both hypoxic and control)
slightly decreased. Consequently, the number of cultured cells was
reduced to (1 x 106 cells on Sunday and 0.6 x 10° cells on Wednesday)
to maintain same density and conditions.

2.3. Exposure to hypoxia

An anaerobic atmosphere generating system, AnaeroGen Compact
(Oxoid; Hampshire, UK) was used to create hypoxic conditions. The sys-
tem is composed of a tightly sealed bag and a gas-generating sachet. The
active ingredients in the sachet (ascorbic acid and activated carbon)
react promptly upon contact with air and consume oxygen thus reduc-
ing its concentration to less than 1% inside the bag. The vented culture
flasks were placed inside the plastic pouches and the paper sachets
opened and placed inside the bag, which was then sealed. MCF7 hypoxic
cells were exposed to an 8 hour hypoxic shot using the aforementioned
system three times a week. Apart from these signified shots, cells were
incubated alongside their normoxic counterparts under normoxia. Over
a period of three months, cells were subjected to 38 shots of hypoxia.

24. Cell proliferation assay

CellTiter Non-Radioactive Cell Proliferation Assay Kit® (Promega;
Madison, USA) was used to determine the effects of hypoxia on
drug resistance. A heavily-used drug in cytotoxic regimens in sys-
temic treatment of breast cancer was chosen for this assay, namely
doxorubicin (Ebewe; Unterach, Austria). The MTT proliferation assay
was performed after the 19th and 35th hypoxic shots. Additionally,
the hypoxic cells were incubated under normoxic conditions after the
38th episode without any hypoxic shots for 3 weeks and the MTT cell
proliferation assay was carried out for one more time to check the re-
versibility of resistance.

2.5. RNA extraction

RNA extraction was achieved by using the RNeasy® Mini kit
(Qiagen; Hilden, Germany) according to the manufacturer's instruc-
tions. RNA samples were marked as hypoxic cells which have been ex-
posed to 19 episodes of hypoxia (stage 1), 38 episodes of hypoxia (stage
2) and cells which had no hypoxic shots (normoxic cells). Extraction of
RNA was performed after incubation in normoxia for 48 h after last hyp-
oxic shot.

2.6. Real-time PCR

A 96-well PCR array, RT? Profiler PCR array (PAHS-032Z, Human
Hypoxia Signaling Pathway PCR Array, Qiagen; Valencia, USA) was
used to study the effects of hypoxia on the gene expression of MCF7
breast cancer cell line according to manufacturers' instructions. The
AACt method (delta delta cycle threshold) was used to calculate the
folds by which the genes were up-regulated or down-regulated as rec-
ommended by the manufacturer.

3. Results
3.1. Morphology and proliferation rate

No morphological changes in the hypoxic cell line were observed
at any time when compared with their normoxic counterparts. The
proliferation rate of both cell lines (normoxic and hypoxic) was com-
parable throughout the experiment. The doubling time of hypoxic
and control cell lines was 27 h in the first two months followed by
a decrease to 25.33 h in the last month. However, the changes were
analogous in both cell lines and numbers of nonviable cells in both
cell lines were similar (4-6%).

3.2. Resistance to doxorubicin

Given the lack of discernible changes in the hypoxic cell line, re-
sistance to a commonly used chemotherapeutic agent, doxorubicin,
was checked to assure the development of the hypoxic phenotype.
The half maximal inhibitory concentration (ICso) was measured
using the MTT cell proliferation assay. The ICs¢ was found to be in-
creased by 1.62 fold after 19 hypoxic episodes compared to the
normoxic cells, rising from 368 nM (£ 121) to 595 nM (4-43). After
35 hypoxic episodes, the ICsq of the cells evidently increased by ap-
proximately 4 folds compared to the normoxic cells, increasing to
an astounding 1228 nM (+232) compared to 352 nM (415).
When chemo-resistance toward doxorubicin was checked after the
cells were incubated for 3 weeks under normoxia after the 38 epi-
sodes, the ICso was found to be drop significantly to 369 nM (£31)
which equal to the ICsq in normoxic cells, 370 (4 2.6).

3.3. Gene expression changes after 38 hypoxic episodes

An arbitrarary cut-off point of 2 folds was chosen to indicate sub-
stantial change. Upon comparing the cells which were exposed to 38
episodes of 8-hour hypoxia to comparable passage-age normoxic
cells, 7 genes were profoundly down-regulated (Table 1) and 3
were profoundly up-regulated. Hepatocyte nuclear factor 4, alpha
(HNF4A) was the most conspicuously up-regulated gene by 6.43
folds. In addition two genes were up-regulated by approximately
two folds, namely, thioredoxin interacting protein (TXNIP) and
solute carrier family 2 (facilitated glucose transporter), member 3
(SLC2A3).

3.4. Gene expression changes after 19 hypoxic episodes

To take a closer look at the hypoxic cell, the gene expression changes
in MCF7 cells that were only exposed to 19 shots of 8-hour hypoxia
were measured using the PCR array. Comparing cells after 19 hypoxic
episodes to normoxic cells, 15 genes were notably changed including
5 genes that were also altered at the end of the experiment though
not necessarily in the same trend. More often than not, genes were sig-
nificantly up- or down- regulated halfway through the experiment to be
normalized at the end of it. PGF which was down-regulated by 4.1 folds
at the end of the experiment was even less expressed in 19 episodes
hypoxic cells by 5.93 folds. Lysyl oxidase (LOX) was profoundly down-
regulated by 3.97 folds while it failed to maintain substantial down-
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Table 1

Genes profoundly down-regulated in hypoxic cells after 38 episodes compared to normoxic cells.

Gene symbol Gene description

Fold regulation Gene function (Qiagen, USA)

PGF Placental growth factor
DDIT4 DNA-damage-inducible transcript 4

ADORA2B Adenosine A2b receptor

DNAJC5 DnaJ (Hsp40) homolog, subfamily C, member 5

HMOX1 Heme oxygenase (decycling) 1

0oDC1 Ornithine decarboxylase 1

SLC2A1 Solute carrier family 2 (facilitated glucose transporter), member 1

—4.10 Angiogenesis; regulation of cell proliferation
—2.58 Metabolism; regulation of apoptosis

—2.34 Angiogenesis

—2.11 Hypoxia responsive gene

—2.07 Angiogenesis

—2.02 Regulation of cell proliferation

—2.00 Metabolism; transporters, channels and receptors

regulation after 38 episodes. Two genes were down-regulated by ap-
proximately two folds, namely, ADORA2B which maintained such inhi-
bition at the end of the experiment and matrix metallopeptidase 9
(MMP9) which, on the other hand, failed to maintain such an inhibition.

Eleven genes were profoundly up-regulated after 19 episodes
(Table 2) although many of them rebounded or reversed after 38 hyp-
oxic episodes. The most notable of these genes is the TXNIP which
was up-regulated by 6.05 folds and suffered substantial rebound to
merely 2 fold of up-regulation after 38 episodes. Pim-1 oncogene
(PIM1) was up-regulated by 3.11 folds after 19 experiments while it
was not substantially down-regulated at the end of the experiment.
DDIT4 was up-regulated after 19 episodes by 2.42 folds to be down-
regulated by approximately 2 folds after 38 episodes. HNF4A was upreg-
ulated by 2 folds in the middle of the experiment to be highly over-
expressed at the end of the experiment.

4. Discussion

With the purpose of finding a biomarker for hypoxia in cancer, we
have exposed MCF7 breast cancer cells to 8-hour episodes of hypoxia
three times a week for up to three months. Chemo-resistance toward
doxorubicin was measured using MTT proliferation assay at different
stages through the experiment. Furthermore, gene expression profil-
ing was performed half way through the study (after 19 episodes of
hypoxia/stage 1) and at the end of the experiment (after 38 episodes
of hypoxia/stage 2). The resultant findings confirm that hypoxia
plays a significant role in the development of a chemo-resistant phe-
notype in MCF7 breast cancer cell line. Most prominently, distinct
differences in gene expression profiling were found in cells exposed
to 38 episodes of hypoxia compared to their normoxic counterparts.
In addition notable differences were measured in cells exposed to 19
episodes of hypoxia with some common features with those exposed
to 38 episodes.

We have succeeded in inducing chemo-resistance toward doxo-
rubicin after exposing MCF7 cells to 19 episodes of 8-hour hypoxia.
This was demonstrated by a conspicuous increase in the concentra-
tion required to kill 50% of the cells (ICso) compared to the normoxic
cells by around 1.5 folds in the MTT assay. These results support the
conclusions of other studies that have demonstrated that hypoxia in-
duces chemo-resistance [11-14]. One of the speculated mechanisms

Table 2

Genes profoundly up-regulated in hypoxic cells after 19 episodes compared to normoxic cells.

by which hypoxia induces chemo-resistance is by decreasing cell prolif-
eration rate as most chemotoxic drugs depend on the rapid prolifera-
tion rate of cancer cells [15]. Such theory does not apply to our study
as the proliferation cell rate has been equal to that of comparable age
normoxic cells. The lack of change in proliferation rate can be attributed
to the relatively mild harshness of the thrice weekly 8-hour hypoxic
episodes. This implicates that the cause of chemo-resistance in our ex-
periment is most probably due to changes brought on by hypoxia on
the genomic and proteomic level of the cell. Inadvertently, we have
found that a gene implicated with chemo-resistance is profoundly up-
regulated at stage 1. PIM1 was found to be up-regulated by 3.11 folds
and is involved in sabotaging chemotoxic-induced apoptosis thus pro-
moting cell survival [16]. Other genes that are associated with apoptosis
and notably up-regulated in stage 1 cells are—cell translocation gene 1,
antiproliferative (BTG1) and DDIT4. While BTG1 is known to be induced
by hypoxia and have a promoting effect of apoptosis and thus most
probably is not a player in chemo-resistance induction, DDIT4 helps
the cells evade apoptosis through ROS reduction [17,18]. DDIT4 has
been reported to be induced by hypoxia through hypoxia inducible fac-
tor 1o (HIF-1at) dependent and independent pathways and protects
cells from apoptosis in human prostate carcinoma cells [19]. In MCF7,
DDIT4 rendered cells resistant to hypoxia-induced apoptosis [18]. It
has also been demonstrated that DDIT4 up-regulation protects
human ovarian epithelial cell lines from apoptosis [20]. Accordingly,
further studies are needed to investigate if DDIT4 plays a significant
role in protecting cells from hypoxia-induced apoptosis and possibly
chemotoxic-induced apoptosis.

Nevertheless, the IC5q of doxorubicin was more than doubled after
35 episodes of hypoxia compared to 19 episodes and nearly quadrupled
when compared to normoxic cells. This suggests that chemo-resistance
increases as the cells are exposed to more shots of hypoxia. However,
most of the changes in gene expression that were noticed after 19 epi-
sodes of hypoxia were normalized after 38 episodes. It can be speculat-
ed that the hypoxic breast cancer cell has opted for alternative ways of
response when irrevocably exposed to hypoxia (for more than two
months). A plausible explanation can be the modulation of the cell on
the proteomic level rather than the genomic level in agreement with
other studies which demonstrated that protein levels of hypoxia re-
sponsive genes tend to be up-regulated instead of their messenger
RNAs under chronic hypoxic conditions (more than 24 h but less than

Gene symbol Gene description Fold regulation Gene function (Qiagen, USA)

TXNIP Thioredoxin interacting protein 6.05 Regulation of cell proliferation

PIM-1 Pim-1 oncogene 3.11 Regulation of cell proliferation; regulation of apoptosis
EDN1 Endothelin 1 2.99 Angiogenesis

BTG1 B-cell translocation gene 1, anti-proliferative 2.88 Angiogenesis; regulation of apoptosis; regulation of cell proliferation
CCNG2 Cyclin G2 2.46 Regulation of cell proliferation

DDIT4 DNA-damage-inducible transcript 4 242 Metabolism; regulation of apoptosis

NDRG1 N-myc downstream regulated 1 2.26 DNA damage signaling & repair

VEGFA Vascular endothelial growth factor 2.04 Angiogenesis

EGR1 Early growth response 1 2.01 Angiogenesis; regulation of cell proliferation

EIFAEBP1 Eukaryotic translation initiation factor 4E binding protein 1 2.00 Hypoxia responsive gene

HNF4A Hepatocyte nuclear factor 4, alpha 2.00 HIF1 & co-transcription factors
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72 h) [8,21]. We also propose that this reversal might be due to the fact
that other effectors take over when a stressful situation goes on beyond
a specific point. Further studies involving protein level investigation are
needed to explore the so far elusive mechanism of hypoxia-induced
chemo-resistance and find a target to reverse this big hurdle in cancer
management.

It must be noted that the induced resistance has totally been re-
versed when the cells were incubated for 3 weeks under normoxia
after the 38 hypoxic episodes. We suggest that this illustrates the
ability of the cell to switch off the mechanisms initiated when
there is no more need for it. This is in accord with Wohlkoenig
et al. [22] who succeeded in inducing reversible chemo-resistance
toward cisplatin, a DNA-damaging agent, in lung cancer cells
through hypoxia (exposing cells for 3 days of constitutive 1% oxy-
gen). Further studies concerning the reversibility of hypoxia-
induced chemo-resistance are needed.

The most prominent of our results is concerned with the consis-
tent up-regulation of hepatocyte nuclear factor 4o« (HNF4A). The
mRNA of HNF4A has been one of the most intensely up-regulated
genes in stage 2 when compared to control cells with 6.43 folds. It
has also been up-regulated after 19 hypoxic shots for about 2 folds
compared to control cells. Unlike every other gene in the hypoxia-
signaling pathway PCR array, HNF4A was up-regulated halfway
through the experiment to be even more expressed at the end of it.
This marked increase that is proportional to the number of hypoxic
shots in addition to chemo-resistance proposes HNF4A as a potential
biomarker for hypoxia in breast cancer cells. HNF4A is a transcription
factor that binds to the enhancer of the 3’ of erythropoeitin gene, a
hormone that regulates erythrocyte proliferation under hypoxic
conditions [23,24]. Zhang et al. [25] have suggested that HNF4 inter-
acts with HIF-p under normoxic condition. Under hypoxia, this inter-
action is switched to a bond between HNF4 and HIF-1a. This
interaction seems to be important in the activation of erythropoietin
and its sabotage diminishes the activating effect of hypoxia on eryth-
ropoietin. The same team has suggested after a few years that this in-
teraction may have a stabilizing effect on the HIF-1« protein [24].
We speculate that at a certain point in chronic hypoxia, and given
the trend of HNF4A up-regulation, cells tend to stabilize HIF-1 not
by gene expression but by stabilization of HIF-1 protein through
many mechanisms that may include interaction with HNF4. HIF-1a
was a member of our gene panel but was very marginally changed
throughout the experiment which is not surprising given the chronic
intermittent pattern in this study. Irrespective of the role of HNF4, it
seems to be a promising candidate as a biomarker and further studies
must be performed to investigate its role in hypoxia and validate its
use as a biomarker in hypoxia in cancer.

Another prominent gene in our study is PGF which is the most mark-
edly down-regulated gene at both stages of the experiment. Although
somewhat up-regulated when comparing stage 2 with stage 1, the
gene keeps being more than 4 times down-regulated compared to
normoxic cells. PGF is a member of the pro-angiogenic family of the vas-
cular endothelial growth factor [26]. PGF is believed to play a regulatory
role in inflammation, tumor progression and stromal expansion [27].
The role of PGF in the tumor microenvironment is complex and dynamic
[28]. Proangiogenic properties in addition to a promoting effect in can-
cer progression have been attributed to PGF in many studies [29-31],
while many other studies have also found that over-expression of PGF
inhibits angiogenesis and tumor progression [28,32,33]. Available stud-
ies do not satisfyingly explain the perplexing relationship between hyp-
oxia and PGF expression [34]. Our results contrast with some studies
that have reported the induction of PGF by hypoxia in various human
tissues such as the lung and the heart [35-37]. However, it agrees
with Khaliq et al. [38] and Ahmed et al. [39] that hypoxia down-
regulates PGF expression. Nevertheless, our results cannot be perceived
alone but as part of a big controversy concerning the role of PGF in can-
cer biology (reviewed in [40]).

MCF7 cell line has been chosen as a model for hypoxia in this study
for many reasons. Firstly, there is a handful of studies [9,21,41-43] in-
vestigating hypoxia-induced gene expression changes in MCF7 cells
which provide opportunity for comparison and extrapolation.

Many of the changes in these studies, which also included the
proteomic aspect, occurred at the proteomic level but not on the ge-
nomic level. One of the limitations of this study is that it has focused
on changes on the genomic level and did not extend to the equally, if
not more important, proteomic aspect. Though many chronic chang-
es would have occurred at the genetic and epigenetic levels due to
the long time course of this experiment, it is also highly probable
that many changes would occur too transiently without correspond-
ing heritable changes. Secondly, hypoxia-induced doxorubicin resis-
tance which has been chosen in this study to confirm the hypoxic
phenotype of the cells has been well studied in MCF7 cell line [14,
44)]. Finally, as MCF7 cells are metastatic, it is heavily used to study
the effects of hypoxia which is thought to encourage metastasis.
Consequently, further studies should be performed on other cell
lines to prove that results can be generalized in breast cancer cells.

It must be noted that the atmosphere generating system used to
simulate hypoxic conditions exposed the cells in this experiment to
slightly higher concentrations of carbon dioxide. This might be a two-
edged sword as increased carbon dioxide may slightly affect the envi-
ronment and thus the gene expression of cells, but it also faithfully sim-
ulates the change in pH that occurs under hypoxic conditions. A big
limitation to this study is its inability to ensure the absence of subpopu-
lations formed within the hypoxic cells which can be done through
flow-cytometry.

5. Conclusions

In conclusion, we have been able to provide evidence that the overall
view of gene expression changes in chronic hypoxia is actually clearly
different than that in the available literature where cells are exposed
to short-term hypoxia. In addition, we have confirmed that chronic hyp-
oxia induces chemo-resistance toward doxorubicin in MCF7 breast can-
cer cell line and that this resistance increases as cells are further exposed
to hypoxic conditions. Finally, we have proposed HNF4A as a potential
biomarker in tumor hypoxia and a major player in MCF7 breast cancer
cell response to chronic hypoxia.
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