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Abstrakt: Cysteinové můstky hraj́ı významnou roli při sbalováńı protein̊u do
nativńı konformace, stejně jako v regulaci enzymové aktivity a účastńı se tak
mnoha intracelulárńıch, avšak i extracelulárńıch, děj̊u.

Sulfhydryl oxidáza QSOX1 pomáhá tyto můstky de novo vytvářet č́ımž ovlivňuje
aktivitu svých substrát̊u a př́ımo či nepř́ımo t́ım reguluje životně d̊uležité pro-
cesy v buňce. Ćılem této práce bylo prozkoumat roli QSOX1 v karcinogenzi a to
předevš́ım u buněk nádor̊u prsu (MCF7, MDA-MB-231) a slinivky břǐsńı (Panc-1)
a zároveň objasnit možnou spojitost mezi koncentraćı kysĺıku v rámci nádorového
mikroprostřed́ı a hladinou QSOX1 na proteinové i mRNA úrovni.

Vytvořeńım dvou typ̊u geneticky modifikovaných liníı (QSOX1 -overexprimuj́ıćı
a QSOX1 -knockout linie) byl pozorován pozitivńı vliv QSOX1 na proliferaci
trojnásobně negativńıch nádorových buněk MDA-MB-231. Buňky nevytvářej́ıćı
QSOX1 projevuj́ı nižš́ı tendenci k proliferaci, zat́ımco nadbytek tohoto proteinu
na tempo r̊ustu vliv zdá se nemá. Nedostatek QSOX1 má také za následek viditel-
nou změnu v morfologii buňky, kdy docháźı ke smrštěńı do kulovitěǰśıch útvar̊u
s méně znatelnými lamelipodii, či jejich naprostou absenćı, což je v souladu s
teoríı d̊uležitosti QSOX1 nejen pro proliferaci ale také pro migraci a invazivitu
nádorových buněk.

Zároveň byl sledován efekt hypoxického prostřed́ı o r̊uzné koncentraci kysĺıku
na čtyři buněčné linie (MCF10A, MCF7, MDA-MB-231 a Panc-1). Podle dos-
tupné literatury je QSOX1, obsahuj́ıćı hypoxia-responsive elements ve své DNA,
indukován sńıženým obsahem kysĺıku v atmosféře. V naš́ı práci jsme ukázali,
že hypoxie mı́rně zvyšuje expresi QSOX1, zvýšeńı hladiny proteinu QSOX1 v
buňkách byl minimálńı, ale docházelo k výrazné sekreci QSOX1 do média.

Na základě těchto výsledk̊u se QSOX1 jev́ı jako eventuálńı ćıl nádorových
terapíı a léčiv a hraje d̊uležitou roli při karcinogenezi.

Kĺıčová slova: QSOX1, rakovina, sulfhydryl oxidáza, proliferace, hypoxie
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Abstract: Disulfide bridges play a significant role in protein-folding as well as
enzyme activity and thus regulate many intra- and extracellular processes.

Sulfhydryl oxidase QSOX1 forms S-S bridges de novo, modulating the activity
of its substrates and thus directly or indirectly influences vital cellular processes.
The first part of this thesis focuses on characterization of the role of QSOX1 in
cancerogenesis, using breast cancer cell lines (MCF7, MDA-MB-231) and pancre-
atic cancer cell line (Panc-1), while the second part emphasizes the regulation of
QSOX1 expression by different oxygen concentrations.

To study the effect of QSOX1 on proliferation of triple-negative cancer cells
MDA-MB-231, two genetically modified cell lines – QSOX1 -overexpressing and
QSOX1 knockout cell lines – were constructed. While increased QSOX1 protein
levels do not have a significant effect, the absence of QSOX1 leads to a decreased
cellular growth. Lack of QSOX1 also results in visible change in cellular morphol-
ogy. QSOX1 knockout cells can be mostly characterized as more round-shaped
with less noticeable or completely missing lamellipodia. This finding is with
agreement with to-date literature suggesting that QSOX1 is important not only
for cellular proliferation but also for migration and invasiveness.

While authenticating the theory of QSOX1 being regulated by atmospheric
oxygen concentration via hypoxia-responsive elements included in QSOX1 pro-
moter, we found that tested cells responded to hypoxia by an increase at the level
of QSOX1 mRNA, there was almost no change on the protein level within the
cells, yet, the hypoxic conditions led to a significant secretion of QSOX1 into the
media.

These findings support the QSOX1 as a putative target for development of
anti-neoplastic drugs and confirms its important role in cancerogenesis.

Keywords: QSOX1, cancer, sulfhydryl oxidase, proliferation, hypoxia
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1. Introduction

1.1 Cancer
Cancer is the second leading cause of death worldwide (see Figure 1.1) - in total it is responsible
for approximately 1 in 6 deaths [World Health Organisation, 2018]. It has become one of the
most globally studied diseases and at the same time one of the most complex, due to its
variablity, distinct behavior and therefore different treatment responses.

Because of the overwhelming number of people affected by cancer and its major economic
impact (the total annual cost of cancer in 2010 was estimated at approximately US$ 1.16
trillion [Stewart et al., 2014]), it is very important to continue in the fundamental research that
could help in finding and developing novel anti-cancer treatments.

1.1.1 Breast cancer
As a leading cause of cancer-caused death in women [Global Cancer Observatory, 2018], breast
cancer has been studied extensively over the past decades [Cailleau et al., 1974,Simstein et al.,
2003, Griffiths and Olin, 2012]. Since it is not a single disease with one major cause, it was
very important to create an accurate grouping system of breast cancers according to their
immunohistochemical (IHC) markers such as estrogen receptor (ESR), progesterone receptor
(PR), human epidermal growth factor receptor 2 (HER2) as well as the proliferative marker
Ki67 [Vallejos et al., 2010]. Based on the expression of these markers, we can define three classes
(see Figure 1.2) - (1) luminal, (2) HER2 overexpressing and (3) triple negative phenotypic (TNP)
tumors [Dai et al., 2015].

Figure 1.1: Statistics from Global status report on noncommunicable diseases in
2012 A Statistics of all death causes; B Statistics of deaths due to noncommunicable diseases
(NCDs) (reproduced from [Organization et al., 2014])

In general, luminal subtypes make up the majority of breast cancer cases [Dai et al., 2015]
and carry a good prognosis for the patients [Sørlie et al., 2003] while HER2 positive and basal
tumors are associated with higher tumor grade and poor outcome [Brenton et al., 2005].
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Figure 1.2: Summary of the breast cancer molecular subtypes Luminal A and luminal
B subclasses falls into the luminal class whereas basal subclass is a part of TNP class. Normal-
like is a unique group of tumors with normal breast tissue profiling and similar IHC status with
the luminal A subtype (reproduced from [Dai et al., 2015])

During the treatment and therapy, patients are divided into distinct clinical groups accord-
ing to the expression of the IHC markers within the tumor - (1) ER+/HER2-, (2) ER+/HER2+,
(3) ER-/HER2+ and (4) ER-/HER2- [Prat and Perou, 2011]. These groups differ in distribu-
tion of patients from the intrinsic subtypes. Therefore, the ability to precisely and accurately
identify the breast cancer subtype and clinical group of the patient could lead to improvement
in treatment and better prognosis for the patient.

1.1.2 Pancreatic cancer
Another type of cancer with predicted poor outcome is pancreatic cancer. Even though the
incidence of pancreatic cancer is significantly lower compared to breast cancer, the parallel
between the incidence and mortality is very close making the pancreatic cancer highly lethal
[Siegel et al., 2014] - the five-year survival in patients with pancreatic cancer is as low as 6% in
the USA [Gillen et al., 2010]. This is generally attributed to the early recurrence, high grade of
metastasis and resistance to chemotherapy and radiotherapy [Kamisawa et al., 1995]. At the
same time, a very severe problem is the difficulty of early diagnosis of the disease leading to
late stage diagnoses and poorly treatable complications. Most of the patients do not manifest
any symptoms until the advanced stage of the disease [Gillen et al., 2010].

1.1.3 Molecular mechanisms of cancer
In 2000, Hanahan and Weinberg proposed six hallmarks of cancer (see Figure 1.3) that are
being recognized by the academic society ever since [Hanahan and Weinberg, 2000] (also see
an updated version [Hanahan and Weinberg, 2011]). To briefly summarize this comprehensive
work, the next few paragraphs will focus on the journey of normal cells becoming malignant
and creating neoplastic formations.

Cancer differs from non-malignant tissues predominantly in its enhanced capability of pro-
liferation and growth. While normal cells encounter many obstacles during their cell cycle, ma-
lignant cells have come to ways of evading such control mechanisms and can proliferate without
restraints. To be able to do that, cancer cells must primarily sustain the proliferative signal-
ing. While in normal cells, excess of growth-promoting signals can be fatal and promote cell
senescence, cancerous cells learned to exploit this feature to their benefit by deregulation of the
receptor levels displayed on the cell surface or modulation of the receptors themselves [Witsch
et al., 2010].

Whereas the mitogenic signaling promotes cell division and proliferation, growth suppres-
sors have the very opposite purpose. Under normal circumstances, pathways involved in growth

2



Figure 1.3: The hallmarks of cancer. Schematic representation of the six hallmarks of
cancer originally proposed by Hanahan and Weinberg in 2000 (reproduced from [Hanahan and
Weinberg, 2011])

suppression control cellular stress levels caused by either DNA damage, growth-promoting sig-
nals, glucose concentration as well as contact inhibition by neighbouring cells or other limiting
factors, and are capable of inducing cell cycle arrest or guiding cell to apoptosis. In case of
cancerous cells, one or more of these pathways can be defective, leading to dissemination of this
condition [Sherr and McCormick, 2002].

The apoptosis - a programmed cell death - is an indispensable tool in development of or-
ganisms and their tissues as well as a control mechanism securing safe removal of defective
cellular units. The balance of anti-apoptotic and pro-apoptotic factors is disrupted in tumor
cells, favoring the pro-survival pathways thus evading cellular death and overcoming the imag-
inary ”barrier to cancer” [Evan and Littlewood, 1998]. A very different stress-response that is,
unlike apoptosis, upregulated in cancerous cells is autophagy. Since the excessive proliferation
is a very costly process, cancerous cells often struggle with nutrient deficiency. To replenish
the intrinsic stocks of building material, tumor cells resort to breaking down their own cellular
organelles, recycling the catabolites for biosynthesis and energy metabolism [Levine and Kroe-
mer, 2008]. This interesting approach is recorded to be cytoprotective for cancer cells dealing
with stress in favorable way.

When normal healthy cells proliferate, they are capable of only a limited number of suc-
cessive cell growth-and-division cycles. However, this is not true for the tumor cells that are
known to have unlimited replicative potential. This transition to immortalization is linked to
induced expression of a specialized DNA polymerase termed telomerase. During the genome
replication in S phase of cell cycle, within each round, the telomeric hexanucleotide repeats
located at the end of chromosomal DNA shorten progressively in the non-immortalized cells.
When telomerase is present, it can actively renew the DNA ends thus preventing the shortening
and loss of important information and therefore overturn the otherwise inevitable senescence
or apoptosis [Blasco, 2005].

Besides the multiple ways of escaping death, tumor cells are also equipped with the in-
dispensable ability to induce formation of neovasculature. This new vascular system helps
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supplying the newly formed tumor masses with nutrients and oxygen and also functions as a
waste shaft for the metabolic waste and carbon dioxide. Similarly to apoptosis, neoangiogenesis
is triggered by a disruption of a balance between pro- and anti-angiogenic factors [Hanahan and
Folkman, 1996]. These newly-formed vessels are known to be extremely leaky, form microhe-
morrhages and display abnormal levels of endothelial cell proliferation and apoptosis [Baluk
et al., 2005] while enabling the tumor tissue to grow and prosper.

The last hallmark of cancer is also the most responsible one for the lethal nature of cancer.
Once the primary tumor is formed, a percentage of cancer cells frequently enter epithelial-
mesenchymal transition (EMT) which allows them to vanquish the barrier of basal lamina
surrounding the tumor and initiate the process of invasion and metastasis. When the cells
invade beyond the basal lamina and intravasate into the vascular and/or lymphatic system, the
invasion-metastatic cascade continues with extravasation in a suitable niche where it forms a
micrometastatic lesions growing into macroscopic tumors. The colonization of distant organs
usually leads to their failure and therefore might be fatal [Fidler, 2003].

In order to escape the primary locations, cancer cells have to be able to modify the ex-
tracellular space as well as its own morphology. There are various pathways involved in these
processes and some of the available literature suggests that disulfide bonds-forming enzymes
such as thioredoxins and sulfhydryl oxidases may play an important role [Arner and Holmgren,
2006, Cao et al., 2009, Moenner et al., 2007, Lake and Faigel, 2014] either in oxidative (modifi-
cation of ECM components) or degradative (activation of MMPs in ECM) manner. This way,
TRXs and SOXs presumably influence the invasiveness and metastatic potential of cancer.

1.2 Thioredoxin
Thioredoxin (TRX) is a well-studied protein present in multiple forms and variants across the
organisms. However, the following section will focus mainly on the TRX1 found in human tissues
that shares a significant portion of its DNA sequence with QSOX1 sulfhydryl oxidase [Coppock
et al., 1998].

This ubiquitously expressed enzyme has multiple functions that differ based on its subcel-
lular localization [Mahmood et al., 2013]. Even though its main working site is cytosol, under
certain circumstances it can be either secreted to the extracellular matrix (ECM) and act as a
chemokine [Bertini et al., 1999]) or it is transfered in a karyopherin-α-dependent manner into
the nucleus [Schroeder et al., 2007] in response to oxidative stress [Hirota et al., 1999] and/or
other unknown stimuli. Inside the nucleus, thioredoxin can bind to transcription factors, mod-
ulating their activity using the redox active cysteines [Schroeder et al., 2007]. For example, the
nuclearly localized bifunctional protein Ref1 (redox factor 1) is reduced by TRX1 which results
in activation of hypoxia inducible factor 1 (HIF1) [Ema et al., 1999], p53 [Ueno et al., 1999],
ESR [Hayashi et al., 1997] and others [Go and Jones, 2010,Mahmood et al., 2013].

TRX is an important element of the thioredoxin system consisting of the TRX, TRXR
(thioredoxin reductase), NADPH reducing equivalent and TRX inhibitor TXNIP (thioredoxin-
interacting protein).

The ancient fold of thioredoxin (see Figure 1.4), including a CxxC redox active motif, is
conserved over the last four billion years [Ingles-Prieto et al., 2013]. A small moiety of 100 AAs
constitutes a 12 kDa protein in cytosolic form (TRX1) and a slightly larger mitochondrial form
(TRX2, containing the mitochondrial transit signal peptide at the N-terminus) [Choi, 2012].
There is also a less known TRX3 (also called SpTRX) playing an important role in a newly
formed spermatozoa [Miranda-Vizuete et al., 2001].

A truncated version of TRX, the so-called TRX-80, was found in the plasma of patients
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with severe schistosomiasis [Dessein et al., 1984]. From the previous research it seems that
metalloproteinases ADAM10 and ADAM17 are responsible for the formation of this 10 kDa
peptide in the brain where it forms 30kDa aggregates [Gil-Bea et al., 2012]. It was found to
have a special function in activation of monocytes [Lemarechal et al., 2007] and in the release
of pro-inflamatory cytokines [Bertini et al., 1999] suggesting a role in immunity defense system.

Figure 1.4: Thioredoxin fold. Active site cysteines (Cys32 and Cys35) and extra cysteines
(Cys62, Cys69, Cys73) are highlighted on a crystal structure representation of reduced human
TRX1, with their respective posttranslational modifications mentioned (reproduced from [Choi,
2012])

The cytosolic TRX1 mostly contributes to the cellular redox balance and cellular antioxidant
defense by removing reversible thiol modifications from proteins [Hanschmann et al., 2013] and
therefore changing their properties and functions. After the attack by a cysteine in the active
site to the disulfide bond, a mixed disulfide intermediate is formed for a brief moment, followed
by an oxidation of TRX and a reduction of the substrate. In order to be active, TRX is reduced
again by the flavoenzyme TRXR and NADPH (see Figure 1.5). By doing so, TRX indirectly
contributes to the maintenance of cellular redox balance as it reduces oxidized peroxiredoxins,
therefore reactivates them to scavenge the reactive oxygen species (ROS) [Chae et al., 1994].
Importantly, this process can be reversed and TRX can function as an oxidase - oxidizing the
substrate proteins while using H2O2 as an electron acceptor [Choi, 2012].

Figure 1.5: Schematic representation of TRX system. Oxidized Trx is reduced by
electrons from NADPH via thioredoxin reductase. Reduced TRX in turn reduces proteins with
disulfide bonds. The scheme also shows that TRX can indirectly scavenge free radicals by
reduction of peroxiredoxin which is one of the TRX substrates (reproduced from [Mahmood
et al., 2013]).

Another relevant aspect is the antiapoptotic property of TRX. Importantly, the redox
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status of caspase-3 is controlled by TRX [Mitchell and Marletta, 2005]. Furthermore, the
apoptosis signaling-regulating kinase 1 (ASK1), a major player in mitogen-activated protein
kinase pathway (MAPK), is a substrate of TRX. When the TRX is bound to the ASK1, it
inhibits its apoptotic activity [Saitoh et al., 1998].

Despite the vast literature on TRX, its role in cancer is still controversial. The TRX1 has
been unanimously reported to be elevated in most cancer cells but one part of the scientific
community attributes this to the result of significantly increased oxidative stress in the tumor
cells [Mahmood et al., 2013] and mentions the increased TXNIP expression in several cancers
(breast carcinoma [Cha et al., 2009], colorectal cancer [Raffel et al., 2003] and others). Mean-
while, different evidence points out to a role of TRX in the stimulation of cancer cell growth and
to enhancement of the sensitivity to other growth factors. It also plays a role in inhibition of
spontaneous apoptosis and decreased sensitivity to drug-induced apotosis [Skogastierna et al.,
2012] as well as to induction of HIF1, therefore the vascular endothelial growth factor (VEGF).
This can lead to tumor angiogenesis and drug resistance [Welsh et al., 2002]. Importantly,
TRX1-overexpressing transgenic mice did not show any increase in malignancies [Mitsui et al.,
2002].

1.3 Oxidases
In contrast to well-known oxygenases and dehydrogenases, oxidases require only molecular
oxygen as an electron acceptor, usually using tightly, but not covalently bound cofactors to
facilitate the process of electron transfer. These cofactors are either copper or iron ions in
different molecular configurations or flavin adenin dinucleotides (FAD)/flavin mononucleotides
(FMN) moieties. Only few examples of cofactor independent oxidases have been described,
commonly interpreted as a consequence of a very poor ability of amino acids (AAs) to mediate
redox reactions [Fetzner and Steiner, 2010].

Oxygenases and dehydrogenases, in order to be functional, need reducing equivalents (e.g.
nicotinamide adenine dinucletotide (phosphate) (NAD(P)H)) together with molecular oxygen,
and organic coenzymes (e.g. quinons or NAD+) as a final electron acceptor, respectively. Since
oxidases directly oxidize molecular oxygen, producing water, hydrogen peroxide, or even more
harmful O2

- superoxide as a byproduct, they contribute to ROS formation [Dijkman et al.,
2013].

This superfamily of enzymes participates in a wide variety of processes in living cells -
from maturation of proteins [Sevier and Kaiser, 2002] through metabolism of glucose [Dijkman
et al., 2013] to maintaining functional electron transport chain (ETC) [Ridge et al., 2008].
The member of this superfamily that will be discussed in this work belongs to the family of
sulfhydryl oxidases (SOXs) that introduces disulfide bonds into small molecules and proteins
while producing H2O2 [Kiermeier and Petz, 1967].

1.4 Sulfhydryl oxidases
Disulfides in proteins can be a result of either air oxidation [Anfinsen, 1973], a catalysis
of intercellular processes by thiol-disulfide-interchange-small-molecules (such as glutathione
(GSH/GSSG)) [Ahmed et al., 1975], enzymatic catalysis of thiol-disulfide interchange [Lars-
son et al., 1983] or enzymatic catalysis by sulfhydryl oxidases. Nevertheless, air oxidation is,
under physiological conditions, rather unlikely to occur, since the rate of this reaction is strongly
inhibited above 25°C [Anfinsen, 1973]. Glutathione or protein disulfide-isomerase (PDI) can act
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in physiological environments but are unable to form disulfides de novo, differentiating oxidases
from the rest of these oxidizing elements.

The reaction catalyzed by this particular group of enzymes is as follows:

2RSH + O2 −→ RSSR + H2O2

where R is either a cysteine residue of denatured globular proteins or a small monothiol/dithiol
molecule [Janolino and Swaisgood, 1975].

Sulfhydryl activity was reported in bovine, caprine, porcine, human and rat milk, as well as
in lactating rat mammary gland, kidney and pancreas. At the same time, it was not detected
in heart, liver, lung, spleen and thymus [Clare et al., 1984]. These discoveries lead in their time
to a suggestion that SOXs can play a role in intestinal tract of newborns [Isaacs et al., 1984].

The first mammalian sulfhydryl oxidase ever studied was discovered in 1975 by Janolino
and Swaisgood [Janolino and Swaisgood, 1975]. It is an iron-dependent sulfhydryl oxidase from
bovine milk, later found also in membrane vesicles of bovine kidney [Schmelzer et al., 1982] and
bovine pancreas [Clare et al., 1988].

Other metal-dependent sulfhydryl oxidases were found to be cuproproteins containing one
atom of copper per subunit of enzyme. These Cu-dependent proteins were isolated mainly
from rats (rat skin [Goldsmith, 1987], rat kidney [Ormstad et al., 1979], small-intestinal epithe-
lium [Lash and Jones, 1983]) or pigs [Lash and Jones, 1986]. There are only two hypotheses to
this date of their role in mammals. One is their possible function in assembly of immunoglob-
ulin M (IgM) pentamer in mice [Roth and Koshland, 1981] and the second one is regulation of
metabolites transport in and out of kidney or similar organs by altering the membrane thiol-
disulfide status. Since there is a difference between the thiol:disulfide ratio of intracellular and
extracellular proteins (the former are usually active in more reduced forms while the latter
favor more oxidized forms), the effect of sulfhydryl oxidases is likely to be different in various
proteins [Lash and Jones, 1986]. These metalloenzymes still remain poorly understood even
though they may play some role in mammalian disulfide bond generation. They will not be
further discussed in this work.

The last group in this family are flavoprotein sulfhydryl oxidases. Their research started
with sulfhydryl oxidase from chicken egg white, isolated for the first time in 1996 by Thorpe’s
laboratory [Hoober et al., 1996]. They stated that this homodimeric oxidase contains 1 FAD
molecule, two disulfide bridges and 1 free sulfhydryl group (which is noninteractive in native
oxidized enzyme) per subunit [Hoober et al., 1996].The first study of proteins as sulfhydryl oxi-
dase substrates (small monothiol and dithiol substrates were used before) was carried out by the
same group only three years later, testing several different proteins (see Figure 1.6) for kinetic
studies of chicken egg white sulfhydryl oxidase activity [Hoober et al., 1999b]. They concluded
that there seems to be no obvious restrictions as to molecular weight (Mr) or isoelectric point
for the substrates tested - all unfolded cytoplasmic proteins without native disulfide bridges
can be oxidized. It was also suggested that in order to help proteins to fold into their native
conformation properly, SOXs are likely to cooperate with PDI in the endoplasmic reticulum
(ER) [Hoober et al., 1999b].

The chicken egg white SOX is not the sole member of the newly formed quiescent sulfhydryl
oxidases family (QSOX). It contains also rat seminal vesicles SOX (SOX-2) [Ostrowski and
Kistler, 1980], bone-derived growth factor [Heckler et al., 2008], cell growth inhibitory factor
[Coppock and Thorpe, 2006], placental-derived prostate growth factor [Heckler et al., 2008],
SOX-3 [Musard et al., 2001] and quiescin 6 (QSOX1/QSCN6/Q6) [Coppock et al., 1993].
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Figure 1.6: Comparison of several substrates for the egg white sulfhydryl oxidase (reproduced
from [Hoober et al., 1999b])

All QSOX family members share the basic features of having one or more thioredoxin
domains and one flavin-binding domain called Erv/ALR which is an evolutionary outcome of
fusion of still existent Erv/ALR sulfhydryl oxidase and thioredoxin [Coppock et al., 1998].

This ”ancient” enzyme of augmenter of liver regeneration (ALR) is together with yeast
Erv1p, Erv2p, Ero1p and SOXs from fungal sources like Aspergillus niger [De La Motte and
Wagner, 1987] and Penicillium species [Kusakabe et al., 1982] the remaining member of FAD-
dependent sulfhydryl oxidases family.

1.4.1 ALR/ERV1
Augmenter of liver regeneration (ALR), also known as hepatic stimulatory substance (HSS),
hepatopoietin (HPO) or growth factor Erv-1 like (GFER), is a protein known for its specific
ability to stimulate liver regeneration [Gupta and Venugopal, 2018].

It is a FAD-linked sulfhydryl oxidase that is highly homologous to the yeast Erv family of
proteins involved in respiration and vegetative growth [Lisowsky, 1992] and therefore essential
for life of yeast. Its reduced form was reported to be 21 and 23 kDa (205 AAs) in size for the
longer variant and 15 kDa (125 AAs) for the shorter, secreted one. These two variants differ only
in an N-terminal leader sequence that is missing in the shorter protein. Under non-reducing
conditions however, available data suggests that ALR forms homodimers and heterodimers
within the different splicing variants, resulting in existence of various ALR complexes in human
liver tissue [Li et al., 2002].

ALR expression is ubiquitous throughout the human body, although it is highly increased
in liver and testis [Giorda et al., 1996] and most of the existing research focus on tissues
of this origin. On the cellular level, shorter ALR was found to be localized in nucleus and
cytoplasm, as well as secreted to the extracellular matrix while the longer form is restricted to
the mitochondrial intermembrane space (IMS) [Tury et al., 2005]. The soluble, shorter ALR
version, was reported to have its affiliated receptor that is highly specific for its ligand [Wang
et al., 1999] and plays an important role in the liver regeneration process [LaBrecque and Pesch,
1975].

Apart from this function, ERV1 is known to participate in cysteine-rich protein import
into mitochondrial IMS in cooperation with Mia40 [Grumbt et al., 2007], but also in protein
folding and electron transport system in mitochondria via its sulfhydryl oxidase activity (see
Figure 1.7) [Daithankar et al., 2009].

Any defect in ERv1-Mia40 system leads to mitochondrial iron overload [Rouault, 2016]
presumably due to its involvement in Fe-S cluster biogenesis and repair [Ferecatu et al., 2014].
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Figure 1.7: Schematic representation of the Mia40-Erv1 mitochondrial intermem-
brane assembly system. Unfolded protein is transported by translocase of the outer mem-
brane (TOM) into IMS where it is sequestered by Mia40 and folded in its native conformation
by introduction of disulfide bonds. Mia40 is then reoxidized and therefore reactivated by Erv1.
The electrons are further transferred to cytochrome c and to mitochondrial respiratory chain.
In an alternative pathway, marked by a gray dotted arrow, hydrogen peroxide generated by oxi-
dase activity serves as a net oxidant for cytochrome c peroxidase (reproduced from [Daithankar
et al., 2009])

Most interestingly, ALR was found to be upregulated in hematopoietic stem cells (HSC)
where it was reported to maintain quiescence via the JAB1/p27kip1 (see Figure 1.8) [Teng et al.,
2011] and CaMKIV-CREB-CBP pathways [Sankar and Means, 2011], as well as in murine em-
bryonic stem cells, sustaining pluripotency by downregulation of dynamin-related protein 1
(Drp1) mediated mitochondrial fission and therefore keeping mitochondria in primitive state.
However, this phenomenon is inherent to this very specific cell type since depletion of ALR in
more differentiated cells has not affected mitochondrial function and/or cell viability whatso-
ever [Todd et al., 2010].

Upregulation of ALR was also reported in several malignant cell lines where it was associated
with protective effect on the cancer cell survival [Nguyen et al., 2017]. In hepatic cancer
cells (HCC), - which are the most frequently studied cells in this particular field - ALR is
suggested to be connected with cancerogenesis. It was established that HepG2 and QGY
cell lines are stimulated by ALR in a dose-dependent manner while, no significant impact on
primary hepatocytes was found. This specific effect is suggested to be due to the presence of
different ALR receptors on hepatocytes and hepatocarcinoma cells [Liu et al., 2004]. In some
of the conducted studies, ALR suppression resulted in significant decrease of the carcinoma
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Figure 1.8: Schematic representation of proteasomal pathway regulation by ALR
in HSC in nucleus. A Jun activation domain-binding protein-1 (JAB1) binds to p27kip1

and inhibits nuclear export, ubiquitination and increased turnover of this cyclin-dependent
kinase inhibitor (CDKI) [Sankar and Means, 2011] by proteasomal degradation which leads to
overcoming of G1 arrest and transition into S-phase of cell cycle. B ALR sequesters JAB1 and
interacts with activator protein 1 (AP-1) transcription factor resulting in cell cycle arrest in G1
phase (reproduced from [Gupta and Venugopal, 2018])

growth [Tang et al., 2009]. This could be explained by its ”protection” of mitochondria and
reduction of cytochrome c release when under stress [Cao et al., 2009]. On the other hand,
depletion of JAB1 that is sequestered by ALR, was documented as inhibitory for cellular growth
and proliferation [Fukumoto et al., 2006]. It is clear, that additional studies to fully understand
the connection of ALR and cancer are required.

1.4.2 ERO1
Another known participant of ER disulfide relay is ER oxidoreductin 1 (ERO1), also named
ER oxidoreductin-like protein 1 (Ero1-L).

Similarly to ALR, ERO1 is a FAD-linked sulfhydryl oxidase with only one variant in yeast
(Ero1p) but two variants in higher eukaryotes - ERO1α and ERO1β [Pagani et al., 2000]. These
two isoforms are 468 and 467 AAs in length, respectively, resulting in molecular weight of about
54 kDa [UniProt, 2019]. They can form homodimers and heterodimers, and interact with PDI
in a redox-dependent manner [Dias-Gunasekara et al., 2005]. Even though their sequences are
very similar which suggests a possible evolutionary conservation in their function the proteins
are encoded by different genes [Pagani et al., 2000].

On the tissue expression level however, the similarity ends. ERO1α was reported to be
expressed ubiquitously throughout the body [Cabibbo et al., 2000], whereas the ERO1β is
predominantly enriched in highly secretory cells like pancreatic β cells [Dias-Gunasekara et al.,
2005] or antibody producing lymphocytes [Zito, 2015].

Even though ERO1 is missing the KDEL (PDI) or RDEL (ERp44) C-terminal sequence, it
is maintained exclusively in the ER [Pagani et al., 2000]. The general notion here is that ERO1
could be using a thiol-dependent association with either PDI [Otsu et al., 2006], endoplasmic
reticulum resident protein 44 (ERp44) [Anelli et al., 2003] or both, exploiting their localization
sequences for transportation into the ER. In yeast, Ero1p was reported to be a membrane-
associated protein [Pagani et al., 2001]. The human ERO1, however, lacks the C-terminal
tail that interacts with the membrane, rendering its position within the ER yet unknown so
far [Otsu et al., 2006].
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Since the lumen of the ER is a highly oxidative environment in comparison to cytosol (the
ratio of reduced and oxidized glutathione is 5:1 [Dixon et al., 2008], while in the cytosol it
ranges from 30:1 to 100:1 [Hwang et al., 1992]), it represents a perfect compartment for ERO1
activity: the formation of disulfide bonds. Similarly to ALR, ERO1 uses molecular oxygen
as a terminal acceptor of electrons [Gross et al., 2006] in order to introduce disulfides into
miscellaneous substrates. One of those is the above mentioned PDI which relies on ERO1 for
its reoxidation [Frand and Kaiser, 1999] after transferring disulfides to nascent polypeptides
(see Figure 1.9).

Figure 1.9: Schematic representation of catalytic mechanism of ERO1 electron
transfer after PDI reoxidation. ERO1 reoxidizes PDI, transfers the electrons from shuttle
cysteines (red) to active-site cysteines (black) and from there to the FAD cofactor (yellow).
Molecular oxygen serves as a terminal electron acceptor, creating molecule of H2O2 (reproduced
from [Sevier and Kaiser, 2007])

Upon PDI reactivation, reduced ERO1 is capable of intramolecular electron transfer via
the shuttle cysteines, towards the active site cysteines and afterwards to the FAD moiety. This
enables for de novo disulfide formation - a transfer of electrons without another thiol-disulfide
exchange [Tu et al., 2000].

Again, H2O2 is created as a byproduct of this catalytic activity. For each disulfide bond,
one molecule of H2O2 is formed during the protein folding [Tu and Weissman, 2004]. To
avoid hyperoxidation of ER, there are some putative hydrogen peroxide detoxification pathways
[Tavender et al., 2008] but pathways regulating the activity of ERO1 also exist and function as
a prevention to excessive oxidative stress.

As expected, in higher eukaryotes, the ERO1 ER stress defense system is redundant.
While in yeast ERO1 is essential [Pollard et al., 1998], it is compensated for in mammals
with Ero1-independent pathways, involving Prx4 (Peroxiredoxin 4) [Zito et al., 2010], GPx7/8
(Glutathione peroxidase 7/8) [Bulleid and Ellgaard, 2011] or the already mentioned ALR.

The posttranslational regulatory mechanism of Ero1 activity seems to be tightly tethered
to its two noncatalytic regulatory cysteine pairs and their isomerization or reduction [Sevier
et al., 2007]. When needed, ERO1 is activated by PDI itself, which leads to alteration of the
redox balance of its local environment and afterwards to reoxidation of its regulatory disulfides
and inactivation in a negative feedback manner (see Figure 1.10) [Tavender and Bulleid, 2010].

Any pharmacological or physiological disruptions of ER folding events that lead to accu-
mulation of unfolded proteins in the ER lumen and ER stress, induce unfolded protein response
(UPR) [Ron and Walter, 2007]. Such activation entails an increase of the ER folding capacity,
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Figure 1.10: Schematic representation of ERO1 regulation on protein level. Cat-
alytic cysteines are depicted in black ovals while regulatory cysteines in white ovals. When
regulatory cysteins are oxidized, non-helical loop of ERO1 containing shuttle cysteines is teth-
ered to the protein core and blocks mobility of shuttle cysteines, resulting in inactive protein.
When regulatory cysteines are reduced however, the non-helical loop is mobile and ERO1 is
active (reproduced from [Sevier and Kaiser, 2007])

augmentation of the complement of folding chaperones and modifying enzymes, and enhance-
ment of removal of irreparably misfolded proteins from the lumen by ER-associated degradation
process (ERAD). Any further defects that would cause the UPR to be ineffective direct the cell
towards apoptosis [Sevier and Kaiser, 2007].

To be able to regulate the process thoroughly, one of the transcription targets of UPR-
activated transcription factor CHOP (CCAAT-enhancer-binding protein homologous protein)
is ERO1α [Marciniak et al., 2004], while expression of ERO1β is also induced under UPR
[Pagani et al., 2000] only with a different, yet unknown, pathway [Tavender and Bulleid, 2010].
Interestingly, Ero1α was found to be upregulated also by hypoxia. The CpG islands in its
promoter region contain two copies of the most common active HIF1 binding consensus sequence
ACGTG [Gess et al., 2003].

In cancer, upregulation of ERO1 is associated with poor prognosis [Endoh et al., 2004].
Since some tumor cells are capable of survival, even proliferation, under hypoxic conditions,
which was reported to lead to increase of ERO1 expression, it is possible that Ero1 may play a
role in the cell viability. The exact mechanism is still to be elucidated but one study suggests
that ERO1 is involved in increased VEGF secretion and therefore better vascular supplemen-
tation to the tumor [May et al., 2005].

1.4.3 QSOX1
QSOX1, also called quiescin 6 (Q6/QSCN6) is another member of the sulfhydryl oxidase family
and is the main focus of this diploma thesis. Its name refers to the first discovery of this
protein by Coppock et al. [Coppock et al., 1993], upregulated in quiescent human embryonic
lung fibroblasts (WI38). Its putative human paralog QSOX2 (previously called SOXN) is
expressed at much lower levels in human tissues [Thorpe et al., 2002] and is not a main focus
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in this study.
According to Coppock et al., two proteins - ALR/Erv1 and TRX - underwent a gene fusion

event during metazoan evolution, resulting in a single gene QSOX1 [Coppock et al., 1998]. The
dedicated protein, QSOX1, contains two thioredoxin domains (TRX1, TRX2) with one CxxC
motif in the N-terminal and one Erv1/ALR domain with two CxxC motifs in the C-terminal
end. This latter domain also holds an ADP-binding motif interacting with the FAD prosthetic
group important for its function. This domain structure is more or less conserved in higher and
lower animals as well as in plants (see Figure 1.11).

Figure 1.11: Schematic representation of QSOX1 primary protein structure in
different models. Two human QSOXs with following structure: from N-terminal end - a
signal sequence for ER-retention (not shown); first thioredoxin domain (TRX1) with redox-
active CxxC motif; second, weaker thioredoxin domain (TRX2) with no CxxC motif; spacer;
Erv1/ALR domain with two CxxC motifs - catalytic site, and FAD-binding domain; spacer;
NEQEQPLGQWHLS peptide (not shown); spacer; transmembrane domain. The figure also
depicts one QSOX1 of four from Drosophila melanogaster, one of three from Caenorhabditis
elegans, one of two from Arabidopsis thaliana and a single QSOX1 from Trypanosoma brucei
(reproduced from [Coppock and Thorpe, 2006])

Similarily to ALR, QSOX1 has two protein isoforms - longer (QSOX1v1/QSOX1-L/QSOX1A)
and shorter (QSOX1v2/QSOX1-S/QSOX1B). These two versions are sequentially almost iden-
tical (except for two AAs - L603 and I604) only QSOX1v2 is missing the C-terminal tail of
104 AAs with the transmembrane region. Prior research suggests that this truncation is gen-
erated by alternative splicing [Benayoun et al., 2001] resulting in transmembrane and soluble
proteins that are capable of interacting with each other to form heterodimers [Rudolf et al.,
2013] and probably also homodimers, as would be expected from homology with other QSOX
oxidases [Coppock and Thorpe, 2006].

QSOX1 expression varies throughout the tissues of human body [Coppock and Thorpe,
2006], being upregulated generally in tissues involved in apocrine secretion such as plasma
cells, pituitary, prostate [Turi et al., 2001] or islets of Langerhans, parotid gland and apocrine
glands of the skin [Thorpe et al., 2002].

On the intracellular level, QSOX1v1 can be found predominantly bound to the membrane
of rough ER [Thorpe et al., 2002] or in the Golgi apparatus (GA) [Rudolf et al., 2013], while
the shorter version, QSOX1v2, is secreted out of the cell. Interestingly, the longer variant can
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undergo a proteolytic cleavage, leading to its release from the membrane and following secretion
to the ECM as well [Rudolf et al., 2013]. Both versions of QSOX1 can be therefore present in
the extracellular millieu.

Secreted QSOX1 probably has a very similar function to the one inside the cell. As it works
as a sulfhydryl oxidase by introducing disulfide bonds into native proteins, helping in oxidative
protein folding at the expense of molecular oxygen and forming H2O2 as a byproduct [Hoober
et al., 1999a], outside the cell it can play an important role in ECM remodeling and formation
[Ilani et al., 2013]. In the ER, QSOX1 cooperates very closely with PDI to fold a wide range of
proteins - surprisingly, PDI is not a substrate of QSOX1 but at the same time, neither of the
two are efficient in folding proteins independent of each other [Rancy and Thorpe, 2008].

The mechanism of QSOX1 catalysis is probably analogous to the one of ALR - the first
TRX domain (TRX1) oxidizes a dithiol substrate and transfers the reducing equivalents to the
active site C-terminal CxxC motif in Erv1/ALR domain. The electrons would then be shuttled
from one subunit of the QSOX1 dimer to another (from C-terminal CxxC motif to the central
one) and reduce the flavin. The last step of this disulfide relay is the reduction of molecular
oxygen and formation of H2O2 [Coppock and Thorpe, 2006].

To prevent hyperoxidation of the cell compartments, QSOX1 catalytic activity should be
tightly regulated. While Shi et al. suggest that QSOX1 expression is induced by HIF1 via
its hypoxia-response element (HRE) [Shi et al., 2013] in a similar way as Ero1 [Gess et al.,
2003], Tury et al. described regulation by estrogen in rats [Tury et al., 2004] similarly to the
SOX-3 oxidase [Musard et al., 2001]. Another possible regulation of QSOX1 could be managed
by proteolytic cleavage of membrane-bound QSOX1v1. In this scheme, QSOX1v1 is inactive
by tethering to the membrane which does not allow for the necessary conformational changes
in the protein. Once it is cleaved, it becomes soluble and active. At the same time, while
QSOX1v1 is bound to the membrane, it is thought to associate with a free QSOX1v2 and thus
sequester it [Rudolf et al., 2013].

Even though the role of QSOX1 is probably cell type dependent, it is safe to say that it
plays a role in tumorigenesis. It is highly overexpressed in tumor cells but not in adjacent
normal tissue [Katchman et al., 2011] even compared to the highly secretory cells such as islet
cells in the pancreas [Lake and Faigel, 2014]. In regards to its function in this thoroughly
examined process, the literature is contradictory. Pernodet et al. has reported that increased
expression of QSOX1 reduces the tumor formation rate and contributes to better prognosis for
breast cancer patients [Pernodet et al., 2012]. However, this study was found to be inadequate
by various sources [Das et al., 2013,Lake and Faigel, 2014] and subsequent studies were carried
out with completely opposite results [Ilani et al., 2013, Soloviev et al., 2013, Katchman et al.,
2013].

Katchman et al. has shown that increased QSOX1 expression in pancreatic [Katchman
et al., 2011] and breast [Katchman et al., 2013] cancer cells is associated with higher invasive
and metastatic phenotype as well as enhanced proliferation. This could be due to its puta-
tive posttranslational activation of metalloproteinases (MMPs) MMP-2 and MMP-9 inside or
outside the cells via a yet unknown mechanisms [Katchman et al., 2011]. These highly func-
tional gelatinases are secreted into the ECM in their inactive form where they can be activated
through an oxidation or isomerization, thus the QSOX1 seems a possible interacting partner
whether outside or inside the cell [Köhrmann et al., 2009]. Nonetheless, BT474 cells that do
not secrete detectable levels of MMP-2 or MMP-9 responded to QSOX1 deprivation with de-
creased invasivness [Katchman et al., 2013] suggesting that there is more than one pathway
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involved. Another possible explanation was proposed by Ilani et al. when this group reported
that QSOX1 plays a role in extracellular laminin incorporation into the ECM and overall cell
attachment to surfaces [Ilani et al., 2013]. As a suggestion for higher proliferation with upregu-
lated QSOX1, Morel et al. published a study about its protective effects against H2O2-induced
stress and apoptosis [Morel et al., 2007] and since QSOX1 is one of the producers of H2O2 in the
ER, the mechanism of cell protection would probably involve some kind of negative feedback
loop response.

In the light of these findings, QSOX1 seems as a promising antineoplastic target, meanwhile
it can be also considered a biomarker for cancer grade due to its correlation with poor prognosis
[Katchman et al., 2013] and a fact that a 16 AAs long peptide NEQEQPLGQWHLS, that can
be traced back to the longer variant of QSOX1, was found in plasma of 70% of pancreatic cancer
patients while it was missing in the plasma of all healthy patients [Antwi et al., 2009].

Over the past few years, our laboratory has studied on the differences in iron metabolism
of the so-called cancer stem-likes cells (CSCs) that represent the distinct population of cancer
cells that is resistant to commontly used chemotherapeutic drugs and very likely participates
on cancer relapse and secondary tumor formation [Rychtarcikova et al., 2017]. While working
on this project, a differential iron metabolism-related gene signature was identified, and, impor-
tantly QSOX1 was significantly upregulated in these cells at the mRNA as well as protein level.
Therefore, we decided to study the role of QSOX1 in cancerogenesis aiming to understand its
benefits for cancer cells.
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2. Aims
This thesis was focused on the role of QSOX1 in cancerogenesis and molecular mechanisms of
its regulation, and comprised several particular aims that are listed below:

• To compare the protein level of QSOX1 between non-malignant and malignant cells.

• To test the effect of QSOX1 overexpression on proliferation of cancer cells by using
inducible TetON3G system.

• To generate an experimental model that lacks QSOX1 via the CRISPR methodology
and test the effect of QSOX1 knockout on cell proliferation.

• To determine whether QSOX1 responds to hypoxia at the level of mRNA, protein and
secretion.

17



18



3. Materials and methods

3.1 Cell culture
Under normal conditions, cells were cultivated at 37 °C and in atmosphere of 21% O2 and
5% CO2 in humidified incubator. Two different media were used for growth of the cells (see
Table 3.1 for media and cell lines specifications) - complete medium containing:

• Dulbecco’s Modified Eagle Media (DMEM) (LONZA)

• Streptomycin (100 µg/ml)

• Penicillin (100 U/ml)

• L-glutamine (2mM)

• HEPES, pH 7.2 (10mM)

• Fetal bovine serum (FBS)

or MCF10A medium containing:

• DMEM (LONZA)

• Streptomycin (100 µg/ml)

• Penicillin (100 U/ml)

• HEPES, pH 7.2 (10mM)

• Horse serum (HS)

• rhEGF (20 ng/ml)

• Hydrocortisone (0.5 µg/ml)

• Cholera toxin (0.1 µg/ml)

• Insulin (10 µg/ml)

Under hypoxic conditions, cells were cultivated at 37 °C and in atmosphere of 0%, 0.1%,
0.5%, 1%, 2% or 5% O2 and 5% CO2 in humidified hypoxic chamber (McCoy) with the same
medium as specified before.

3.2 TetON3G-inducible system
MDA-MB-231 cells containing pTRE3G-BI-mCherry vector (see Fig 3.1) producing both pro-
tein variants QSOX1v1 (Cl12, Cl14) and QSOX1v2 (Cl41, Cl47) were supplied by my supervisor
Mgr. Jaroslav Truksa, PhD. The variants were cloned with restriction endonucleases BamHI
and NotI and verified by sequencing.

3.2.1 Fluorescent microscopy
Fluorescent images were taken on fluorescent microscope (Nikon) using Leica400 software.
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Figure 3.1: Vector map of pTRE3G-BI-mCherry vector (Clontech) and the multi-
ple clonning site.
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Cells Medium Additives
BJ complete none

BT474 complete none
MCF10A MCF10A none
MCF7 complete none
MDA-MB-231 complete none
MDA-MB-231 Cl5 complete none
MDA-MB-231 Cl16 complete none
MDA-MB-231 Cl17 complete none
MDA-MB-231 Cl29 complete none
MDA-MB-231 Cl33 complete none
MDA-MB-231 CRISPR/Cas9 Cl16 1A4 complete none
MDA-MB-231 CRISPR/Cas9 Cl16 1C9 complete none
MDA-MB-231 CRISPR/Cas9 Cl16 1F4 complete none
MDA-MB-231 CRISPR/Cas9 Cl16 2C8 complete none
MDA-MB-231 CRISPR/Cas9 Cl16 2D10 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 1E2 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 2D1 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 2D8 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 2E4 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 2E9 complete none
MDA-MB-231 CRISPR/Cas9 Cl7 2F12 complete none
MDA-MB-231 CRISPR/Cas9 C33 1B4 complete none
MDA-MB-231 CRISPR/Cas9 C33 1D1 complete none
MDA-MB-231 CRISPR/Cas9 C33 1E11 complete none
MDA-MB-231 CRISPR/Cas9 C33 1E4 complete none
MDA-MB-231 CRISPR/Cas9 C33 1G11 complete none
MDA-MB-231 TetON 3G BI-mCherry EV5 complete puromycine, geneticine
MDA-MB-231 TetON 3G BI-mCherry Cl12 complete puromycine, geneticine
MDA-MB-231 TetON 3G BI-mCherry Cl14 complete puromycine, geneticine
MDA-MB-231 TetON 3G BI-mCherry Cl41 complete puromycine, geneticine
MDA-MB-231 TetON 3G BI-mCherry Cl47 complete puromycine, geneticine
Panc-1 complete none
PaTu-892 complete none
T47D complete none

Table 3.1: List of cell lines, their derivatives and appropriate medium and additives used

3.3 CRISPR/Cas9 system
CRISPR/Cas9 vector plasmid (see Figure 3.2) with cloned sgRNA targeting QSOX1 exon 6
was a kind gift from my colleague Mgr. Sandra Lettlová, PhD. The primers used for sgRNA
assembly are listed in Table 3.2. These primers were annealed and cloned into the LentiCRISPR
vector (pXPR 001) cut with BcmBI restriction enzyme, leading to insertion of the following
sequence 5’-CAGAGCCATTCCGGAACAGC-3’.

Gene Manufacturer Primer
QSOX1 seq Generi Biotech F 5’-CACCGCAGAGCCATTCCGGAACAGC-3’

R 5’-AAACGCTGTTCCGGAATGGCTCTGC-3’

Table 3.2: List of primers for sgRNA assembly.

This system was used to knockout (KO) the gene completely, using one double-stranded
nick in the recipient DNA resulting in altered DNA, ideally leading to non-functional mRNA
or protein resulting in lack of expression of the normal, active protein.

Cells were transfected two times - for the first time, only heterozygotes with one altered allele
were obtained (Cl5, Cl16, Cl17, Cl29 and Cl33). These KO cells were afterwards transfected
once again using the same protocol as before and full knockouts were obtained and sequenced.
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Figure 3.2: Vector map of LentiCRISPR vector (GeCKO)

3.3.1 Lipofectamine transfection
MDA-MB-231 cells were transfected using Lipofectamine™ 3000 Reagent (Invitrogen).

Cells were plated in 6-well plates (Thermo Scientific) so they would reach 70-90% confluence
on the day of transfection.

Lipofectamine™ LTX was diluted in Opti-MEM™ medium (serum-free without antibiotics)
in two different concentrations (3% and 6%). 5 µg of DNA was diluted in 250 µl of the same
medium in another tube and 10 µl of P3000™ Reagent was added and the mixture was vortexed
thoroughly.

125 µl of the DNA solution was added to each of the Lipofectamine™ 3000 tubes and
incubated for 15 minutes at room temperature.

250 µl of two differently concentrated DNA-lipid complex solutions was added to different
wells in 6-well plate.

One day after transfection, puromycine was added to cells and they were incubated for
another 3 days at 37 °C.

3.4 Flow cytometry
Flow cytometry was used for single-cell sorting in order to obtain clones for knockout and
overexpressing cells, originating from one cell. The procedure was carried out by Imaging
Methods Core Facility in Biocev, Vestec.

3.5 Harvesting medium
Medium was harvested from cells right before the cells were lysed for protein or RNA isolation.
The tubes with medium were spun for 5 minutes at 300 xg, supernatant was aspirated and
transferred to new tubes.

Medium was stored at -80 °C.

3.6 Whole cell protein lysate preparation

3.6.1 Normal conditions
Medium was aspirated and cells washed twice with 1xPBS. Remaining PBS was removed care-
fully so the samples were diluted as little as possible and the cells were lysed by lysis buffer
containing following (final concentration indicated in brackets):

• NaCl (150mM)

• Tris pH=8 (50mM)
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• NP-40 substitute (1%)

• SDS (0.1%)

• EDTA (1mM)

• Na-Deoxycholate (0.5%)

• H2O

Samples were transferred on ice and incubated for 15 minutes, then scraped with cell
scraper, collected into cold tubes and incubated for another 20 minutes while vortexing after
10 minutes.

Samples were spun down at 15000 xg for 5 minutes, 4 °C and supernatant transferred to
new tubes.

Protein samples were stored at -80 °C.

3.6.2 Hypoxic conditions
Medium was aspirated and cells washed twice with 1xPBS stored in the hypoxic chamber.
Remaining PBS was removed carefully so the samples were diluted as little as possible and the
cells were immediately transferred on dry ice where the same lysis buffer, described in previous
section, was added. Afterwards, the procedure was the same as in the previous section.

3.7 Protein concentration measurement
Protein concentration of samples was measured using Pierce™ bicinchoninic acid (BCA) protein
assay kit (ThermoFisher Scientific), measuring the total protein concentration, using serial
dilution of bovine serum albumine (BSA) as a calibration standard curve.

The samples were prepared according to the manufacturer’s instructions. After 30 minutes
of incubation at 37 °C, the absorbance at wavelenght of 562 nm was measured using InfiniteM200

TECAN and the concentration was calculated in Excel, using the BSA standard curve as a
reference.

Note: medium samples were not measured for protein concentration.

3.8 Sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE)

3.8.1 Gel preparation
All gels were prepared manually according to the following protocol (giving final concentrations
of the constituents in brackets):

Separation gel

– TRIS-HCl, pH 8.8 (375mM)

– SDS (0.1%)

– Acrylamide/bisacrylamide (4%)

– TEMED (0.1%)
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– APS (0.05%)

– dH2O

Stacking gel

– TRIS-HCl, pH 6.8 (125mM)

– SDS (0.1%)

– Acrylamide/bisacrylamide (4%)

– TEMED (0.1%)

– Ammonium persulfate (APS) (0.05%)

– dH2O

For all SDS-PAGE experiments, 8% acrylamide gels were used. For hypoxia samples, the
thicker gels (1.5 mm) were used, the thinner gels ( 1mm) for the rest.

3.8.2 SDS-PAGE
Samples were mixed with lysis buffer to obtain the desired protein concentration (different
volumes of protein were used since we have tried to load as much protein as possible with
variously diluted samples) and 4x sample loading buffer (4xSLB), containing following:

• Glycerol (100%)

• TRIS-HCl. pH 6.8 (1M)

• SDS (0.27M)

• 2-mercaptoethanol (1M)

• Blue bromphenol (1.5mM)

• dH2O

Note: medium samples were mixed only with 4xSLB in following order - 15 µl of medium
and 5 µl of 4xSLB.

All samples were boiled for 5 minutes at 95°C to ensure denaturation and afterwards,
together with 5 µl of protein ladder (Spectra™ Multicolor Broad Range protein ladder), loaded
onto the SDS-PAGE gel with 1x running buffer containing following:

• TRIS (25mM)

• Glycine (192mM)

• SDS (1%)

• dH2O

The gels were run at room temperature on the following program:

• 80 V 15 minutes

• 120 V until the end
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3.9 Western blot (WB)
Sponges and membranes were submerged for approximately 30 minutes before using them, in
1x transfer buffer, containing following:

• TRIS (25mM)

• Glycine (192mM)

• Methanol (100%)

• dH2O

Polyvinylidene difluoride (PVDF) membranes, that were used for blots with more than
two visualized proteins, or when stripping of the membranes was necessary, were activated
by methanol prior to use. After SDS-PAGE, gels were transferred onto the sponge with thick
paper on it, covered with membrane, thin paper and another sponge and locked into the blotting
apparatus (all wet with transfer buffer). The side chambers of the blotting apparatus were filled
with ice and ice-cold water and the WB was run at 4 °C either for 2 hours using the Mini blot
module (Thermo Scientific):

• 200 mA/gel (max)

• 30 V (constant)

• 25 W

or overnight:

• 100 mA/gel (max)

• 20 V (constant)

• 25 W

Membranes were stained with 0.05% ponceau S in 5% acetic acid directly after blotting,
and scanned for future reference. Afterwards, the membranes were washed for 10 minutes with
1x tris buffer saline (TBS)/Tween, containing following:

• TRIS (20mM)

• NaCl (150mM)

• Tween 20 (0.05%)

• dH2O

After washing away the remaining ponceau S, membranes were blocked with 5ml of 5% skim
milk (SERVA) for 1 hour at RT. Membranes were washed again with 1xTBS/Tween buffer three
times for 10 minutes and incubated with primary antibody, diluted (according to the antibody’s
manufacturer’s instructions, see Table 3.3) in 5% BSA (Sigma) overnight.

The following day, membranes were washed three times with 1xTBS/Tween for 10 minutes
and incubated with secondary antibody diluted 1:10000 in 1% skim milk for 1 hour.

The membranes were washed three times for 10 minutes with 1xTBS/Tween afterwards
and proteins were visualized by using chemiluminescent substrates WesternBright™ Sirius (Ad-
vansta) or Clarity™ western ECL (BIO-RAD). The chemiluminescent signal was detected by
Azure c600 (Azure Biosystems).
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Antibody Manufacturer Catalogue # Host Dilution Note
CA9 Thermo Scientific PA1-16592 rabbit 1:2500 polyclonal

CA9 Santa Cruz Biotechnology sc-365900 mouse 1:2500 monoclonal
HIF1α SIGMA PLA0081 rabbit 1:2500 affinity purified
HIF2α Santa Cruz Biotechnology sc-46691 mouse 1:1000 monoclonal
mCherry
DsRed Santa Cruz Biotechnology sc-390909 mouse 1:1000 monoclonal
QSOX1 Thermo Scientific PA5-66006 rabbit 1:2500 polyclonal
β-Actin Santa Cruz Biotechnology sc-47778 HRP mouse 1:10000 monoclonal, HRP-conjugated
α-Tubulin abcam ab40742 mouse 1:10000 monoclonal, HRP-conjugated
anti-mouse Invitrogen 31439 goat 1:10000 polyclonal, HRP-conjugated

anti-rabbit MERCK/SIGMA AP132P goat 1:10000 polyclonal, HRP-conjugated

Table 3.3: List of antibodies.

3.10 RNA isolation
Medium was aspirated and cells were washed twice with 1xPBS. Appropriate volume of RNazol®

(Molecular Research Center, Inc.) was added (1ml per 107 cells) and cells were resuspended
several times in a 1000 µl tip to ensure proper homogenization of the sample. 200 µl of sterile
RNase-free water per 500 µl of RNazol® was added and samples were votexed for 15 seconds,
then incubated for 10 minutes at room temperature and spun for 15 minutes at 12500 xg, room
temperature.

Supernatant was aspirated and transferred to new tubes with 2 µl of glycogen (10mg/ml,
SERVA) and 3 µl of 4-bromoanisol (BAN, Molecular Research Center, Inc.). Samples were
vortexed for 10 seconds and incubated at room temperature for 5 minutes at 12500 xg, room
temperature.

Supernatant was aspirated and transferred to new tubes and mixed with 600 µl of ice-cold
isopropanol (SERVA). The samples were incubated for 1-24 hours at -20 °C to precipitate the
RNA.

The samples were spun for 15 minutes at 14000 xg, 4 °C. Supernatant was aspirated and
discarded, the pellet was washed twice with ice-cold 80% ethanol and dried at 55 °C on a heated
block for 1-2 minutes until the pellet was completely dry. Then it was dissolved in 10 - 35 µl of
sterile RNase-free water and incubated at 55 °C for 10 minutes. Subsequently it was vortexed,
spun quickly and incubated for another 10 minutes at room temperature.

The concentration of total RNA was measured at 260 nm, using absorbance reader InfiniteM200

(TECAN).
RNA was stored at -80 °C.

3.11 Reverse transcription
The First Strand cDNA Synthesis Kit (ThermoScientific) was used. 1 µl of random hexamer
primers (50µM) was mixed with 750 ng of total RNA and nuclease-free water was added to a
final volume of 6 µl. To ensure disruption of secondary structures on RNA strands, samples
were incubated at 65 °C for 5 minutes and subsequently cooled down to 4 °C.

4 µl of mastermix, containing 0.525 µl of RevertAid Reverse Transcriptase (200 U/µl), 0.525
µl of RiboLock RNase inhibitor (20 U/µl), 2.1 µl of 5x reaction buffer (250mM Tris-HCl, pH
8.3; 250mM KCl; 20mM MgCl2; 50mM DTT) and 1.05 µl of 10mM dNTP mix, was added and
the samples were incubated in T100™ Thermal Cycler (BIO-RAD) or Biometra TAdvanced
(Analytik Jena), using the following program:

• 45 °C 60 minutes
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• 75 °C 5 minutes

• 10 °C indefinitely

The complementary DNA (cDNA) was stored at -20 °C and diluted with 177,5 µl of
nuclease-free water to final concentration of 4ng/µl before use.

3.12 qPCR
5x HOT FIREPol® EvaGreen® qPCR Mix (Solis BioDyne) was used with specific primers (see
Table 3.4) and nuclease-free water according to manufacturer’s instructions. 5 µl of mastermix
were pipetted into 48- or 384-well plates (Illumina or BIO-RAD, respectively), the plates were
spun quickly and 2.5 µl of cDNA (4ng/µl) was added. Plates were spun quickly again, sealed
with Microseal® PCR plate sealing film optical tape, mixed by inverting up and down and spun
again quickly.

Samples were incubated in qPCR Eco Real-Time PCR system (Illumina, 48-well plates)
or CFX384 Touch™ Real-Time PCR detection system (BIO-RAD, 384-well plate), using the
following program:

• 95 °C 12 minutes (initial denaturation)

38x

• 95 °C 10 seconds (denaturation)

• 60 °C 20 seconds (annealing)

• 72 °C 20 seconds (extension and measurement in the SYBR/FAM channel)

The results were analyzed using Excel and GenEx software.

Gene Manufacturer Primer
CA9 Sigma F 5’-CCTTTGCCAGAGTTGACGAG-3’

R 5’-TTCTTCCAAGCGAGACAGCA-3’
HMOX1 Metabion F 5’-AGGAGGTGCACACCCAGGCA-3’

R 5’-ACAGGGGCGAAGACTGGGCT-3’
QSOX1 Invitrogen F 5’-AGTCCCATCATGACACGTGGC-3’

R 5’-GCCAGGTACTCTTCGTTATTTCTCGC-3’
18S Metabion F 5’-GTAACCCGTTGAACCCCATT-3’

R 5’-CCATCCAATCGGTAGTAGCG-3’
IPO8 Invitrogen F 5’-GGCTGAGAGGGTCAAAAGAAA-3’

R 5’-CGAAGTAAACTGGGGGCAAAA-3’
RPLP0 Invitrogen F 5’-ATCACAGAGGAAACTCTGCATTCTCG-3’

R 5’-GATAGAATGGGGTACTGATGCAACAGTT-3’

Table 3.4: List of primers for qPCR.

3.13 genomic DNA (gDNA) isolation
Cells were trypsinized, resuspended in medium and spun down for 5 minutes at 300 xg. Super-
natant was aspirated and discarded, pellets were resuspended with 1xPBS, spun for 5 minutes
at 300 xg and supernatant was discarded (this step was repeated twice).

Pellets containing the cells were resuspended in 1 ml of DNazol® (Molecular Research
Center) and left at 4 °C for 1-2 days to allow degradation of contaminating RNA.
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500 µl of absolute ethanol were added and the tubes with samples were placed on a rotating
platform for 30 minutes and spun afterwards for 10 minutes at 10000 xg.

Supernatant was discarded and the precipitate was washed twice with 70% ethanol. The
precipitate was left to dry at 55 °C for several minutes and dissolved in 100-200 µl of 8mM
NaOH and left to incubate for 15 minutes at 55 °C with occasional mixing and vortexing.

Concentration of gDNA was measured at 260 nm, using absorbance reader InfiniteM200

(TECAN).
gDNA was stored at 4 °C.

3.14 Polymerase chain reaction (PCR)
DNA was mixed with 5x HOT FIREPol® Blend Master Mix Ready to Load (Solis BioDyne)
and appropriate primers (see Table 3.5) to gain 1x Master Mix with the template and primers
and subsequently amplified by following PCR reaction:

Gene Manufacturer Primer
QSOX1 seq Generi Biotech F 5’-TCACAGGTCACCGAGCTGGGACC-3’

R 5’-AGACAGCAGACTGCAGCTTCTCC-3’

Table 3.5: List of primers for PCR and sequencing.

• 98 °C 2 minutes

• 95 °C 12 minutes

35x

• 98 °C 2 seconds

• 60 °C 30 seconds

• 72 °C 1 minutes

• 72 °C 5 minutes

• 10 °C indefinitely

3.15 Agarose gel electrophoresis
For DNA agarose gel electrophoresis, 2% agarose gel with Gel Red dye was used - agarose
(Sigma) dissolved in 1x tris-acetate-EDTA (1xTAE), containing:

• 40mM Tris free base (2.2mM)

• 1mM Disodium EDTA (55mM)

• 20mM Glacial acetic acid (2.3mM)

• dH2O

As a molecular weight ladder, following solution was used:

• 2-log DNA ladder (30µg/ml, New England BioLabs)
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• 50x TAE

• 10x Fast digest buffer (Thermo Scientific)

• 6x DNA loading dye (New England BioLabs)

• dH2O

The gel was run as long as needed on constant voltage of 80 V. Bands were visualized using
CCD camera.

3.16 Sequencing

3.16.1 DNA isolation from an agarose gel
DNA was isolated from agarose gel using NucleoSpin®Gel and PCR Clean-up kit.

Bands were extracted from agarose gel using UV lamp and a gel cutting tool.
Gel pieces were weighed, appropriate volume of NTI buffer was added (400 µl of NTI buffer

per each 100 mg of gel) and the mixture was incubated for 10 minutes at 50 °C while vortexing
every 2 minutes.

Samples were loaded onto Clean-up Columns and spun down for 30 seconds at 11000 xg,
room temperature (this step was repeated in case of larger volume of the solution). The silica
membrane in Clean-up Columns was washed two times by addition of 700 µl of NT3 buffer and
spinning down for 30 seconds at 11000 xg, room temperature.

Columns were dried completely by one additional spinning for 1 minute at 11000 xg and the
DNA was eluted using NE buffer and incubation for 1 minute at room temperature. Afterwards,
the samples were spun down for 1 minute at 11000 xg and collected.

DNA concentration was measured using InfiniteM200 (TECAN) and the samples were stored
at 4 °C.

3.16.2 Sequencing
The purified PCR product (5 µl of 80ng/µl sample) was mixed with appropriate primers (5 µl
of 5 pmol/µl of primers, see Table 3.5) and sent for sequencing to GATC Biotech company.

3.17 Crystal violet staining
This experiment was carried out using 96-well plates (Thermo Scientific) during 5 days (where
day 1 is the day of seeding cells and day 5 is the day of staining them).

Medium was aspirated and discarded and cells were fixed with 100 µl of 4% paraformalde-
hyde (4%PAF) for 30 minutes at room temperature.

Plates were washed with 1xPBS three times and after the last wash, they were placed on
37 °C heated block for 5 - 10 minutes to dry completely.

50 µl of crystal violet (Sigma) was added and the samples were incubated for 1-2 hours at
room temperature or overnight at 4 °C.

Plates were washed again three times with 1xPBS and dried completely, followed by addition
of 100 µl of 1% SDS and incubated for 1 hour on a rocking platform until the suspension reached
complete homogeneity.

Absorbance was measured at 595 nm, using absorbance reader InfiniteM200 (TECAN) and
data were analysed in Excel.
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3.18 Proliferation assays

3.18.1 Ju-Li Live Cell Analysis
Cells were seeded one day prior to the experiment in order to allow the cells attach completely.

6 · 104 cells/60mm petri dish was seeded and let attach to the surface. Doxycycline was
added directly before the experiment was started.

Experiments were carried out on JuLi™ Live cell analyser (NanoEnTek), capturing bright-
field and fluorescent images of growing cell culture.

Data were analysed using affiliated JuLi™ software and Excel.

3.18.2 xCelligence Real Time Cell Analysis
Cells were seeded one day prior to the experiment in order to allow the cells attach completely.

The instrument was blanked before usage by measurement of plates with medium without
cells.

103 cells/well in the xCelligence plate was seeded and let attach to the surface. If any
compound was added, it was done so by diluting it in medium and adding such medium to the
wells directly before the experiment was started.

The whole experiment was carried out on xCelligence Real Time Cell Analysis Instrument
(RTCA, ACEA Biosciences, Inc.), kindly lent to us by Laboratory of Cancer Cell Invasion and
data were analysed using affiliated software and GraphPad Prism software.

3.18.3 IncuCyte Live Cell Analysis
Cells were seeded one day prior to the experiment in order to allow the cells attach completely.

103 cells/well in the 96-well plate (TPP) was seeded and let attach to the surface. If any
compound was added, it was done so by diluting it in medium and adding such medium to the
wells directly before the experiment was started.

The whole experiment was carried out on IncuCyte® automated live-cell imaging instru-
ment (Sartorius) in cooperation with group of prof. MUDr. Karel Smetana, DrSc. (Charles
University).

Obtained data were analysed using GraphPad Prism software.

3.18.4 Statistics
Statistical significance was assessed by means of GraphPad PRISM software using different
statistical tests (t-test, one-way ANOVA or two-way ANOVA). The minimal significance refers
to p value lower or equal to 0.05. No sign/Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001
and **** < 0.0001.
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4. Results

4.1 Basal expression of QSOX1
We have assessed the basal QSOX1 protein expression and secretion out of the cell in various
cell lines ranging from non-malignant MCF10A breast cells through breast cancer cell lines
such as MCF7, MDA-MB-231, T47D and BT474 to pancreatic cancer cell lines Panc-1 and
Patu-8902 and healthy fibroblast cell line BJ (see Figure 4.1).

Figure 4.1: A 60 µg of total protein from cell lysate was separated by reducing SDS-PAGE
followed by Western blotting, β-actin was used as a loading control; B 20 µl of centrifuged cell
medium was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was
used as a loading control. M1 refers to MCF10A medium without cells, M2 refers to complete
medium without cells.

The QSOX1 expression was the highest in the triple negative MDA-MB-231 breast can-
cer cells, referred to as highly proliferative and aggressive cell line, while in T47D, BT474 or
PaTu-8902, the level of QSOX1 was significantly lower. MDA-MB-231 also showed the high-
est secretion of QSOX1 into the medium. Interestingly, even though the intrinsic expression
of QSOX1 in MCF10A is not significantly higher, the secretion seems to be increased when
compared to other cell lines. Similar effect can be seen in the healthy fibroblasts where it was
originally found and characterized by Coppock and his group [Coppock et al., 1993].

4.2 Proliferation

4.2.1 QSOX1 overexpression
For better understanding of QSOX1 function we have prepared QSOX1 overexpressing clones
with TetON3G inducible system and mCherry fluorescent control using the triple negative
breast cancer cell line MDA-MB-231.

The cells were transfected with the pTRE3G-BI-mCherry vector plasmid with cloned
QSOX1v1 or QSOX1v2 DNA with pTREG promoter, by electroporation performed by my
colleagues. After 24 hour incubation with DOX, the surviving cells were sorted via single cell
sorting with flow cytometer and obtained clones tested for QSOX1v1/QSOX1v2 and mCherry
mRNA expression (see Figure 4.2) as well as by visualization of mCherry fluorescent protein
representing the overexpression of QSOX1 (see Figure 4.4).
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Clones with the highest mRNA induction (Cl12, Cl14, Cl41, Cl47) were selected and tested
for the intracellular QSOX1 protein levels in the cell lysate (see Figure 4.3A) and the secreted
QSOX1 in the medium (see Figure 4.3B). The QSOX1 protein induction in all selected clones
was very high, rendering the basal expression of clones not incubated with DOX, as well as
controls, undetectable. The phenotype of the cells and mCherry fluorescence is depicted in
Figure 4.4.

Figure 4.2: Relative mRNA expression of QSOX1 -overexpressing clones after 24-
hour incubation with 250ng/µl DOX. QSOX1 expression was normalized via GenEx soft-
ware to IPO8 and RPLP0. Statistical significance was assessed by two-way ANOVA test by
means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and
**** < 0.0001. Data are shown as geomean ± SEM (n=3). Only selected clones are shown.
Cells were incubated with 250 ng/ul of DOX for 24 hours.

Figure 4.3: QSOX1 protein level in QSOX1 -overexpressing clones. A 23 µg of total
protein from cell lysate was separated by reducing SDS-PAGE followed by Western blotting,
β-actin was used as a loading control; B 20 µl of centrifuged cell medium was separated by
reducing SDS-PAGE followed by Western blotting, ponceau S was used as a loading control.
Cells treated with DOX were incubated with 250 ng/ul of DOX for 24 hours; Ctrl refers to not
treated MDA-MB-231 cells, M refers to free complete medium without cells.
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To determine the extent of the QSOX1 induction by doxycycline with time, we performed a
time-dependent experiment with all four selected clones.

The cells were seeded in equal number on seven separate petri dishes dedicated to specific
time-points. DOX was added retrospectively (120 hours before harvest in dish labeled 120H and
2 hours before harvest in dish 2H) into appropriate dishes which were afterwards all screened
and harvested at the same time after 120 hours of incubation, ensuring similar confluence of
the cells.

The induction begins to manifest already after 6 hours of incubation with DOX (see Fig-
ure 4.5). However, full induction is not visible until the 24-hour time-point and reaches the
peak at 96 hours. Since the half-life of doxycycline is 24 hours, it is only logical that its effect
will decline in time - after 96 hours in the case of Cl12 (see Figure 4.5D) and Cl47 (Figure S3)
and after 120 hours with Cl14 (Figure S1) and Cl41 (Figure S2).

Since all of the experiments had very similar outcomes, we show here only the data for Cl12 -
the rest of the data is accessible in supplementary material (Figures S1-S3).

To assess the effect of QSOX1 induction and the effect of doxycycline alone on the cellular
proliferation, we performed a crystal violet viability assay (see Figure 4.6). Cells were cultivated
with 250 ng/µl DOX that was added at the beginning of the experiment. Control cells were
incubated completely without DOX.

Neither DOX alone nor the QSOX1 induction resulted in a significant change in the number
of viable cells, showing that high level of QSOX1 does not influence cellular viability and
proliferation.
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Figure 4.4: Fluorescent control of mCherry protein induction as a substitute for
QSOX1 protein induction. Pictures were taken with fluorescent microscope Leica400 after
24 hours of incubation with or without 250 ng/ml of DOX and modified in Photoshop software.
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Figure 4.5: QSOX1 induction in QSOX1-overexpressing clone Cl12. A Merged im-
ages of fluorescent and brightfield pictures of mCherry expression in different time-points during
DOX incubation as a substitute for QSOX1 protein induction. Pictures were taken with flu-
orescent microscope Leica400 after 120 hours of incubation with (2H-120H) or without (ctrl)
250 ng/ml of DOX, and modified in Photoshop software; B QSOX1 protein induction after
DOX addition in cell lysate. 50 µg of total protein from cell lysate was separated by reducing
SDS-PAGE followed by Western blotting, β-actin was used as a loading control; C QSOX1
protein induction after DOX addition in conditioned medium. 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as a
loading control; D densitometry of QSOX1 and mCherry protein induction after DOX addition
in cell lysate; E densitometry of QSOX1 and mCherry protein induction after DOX addition
in conditioned medium.
Cells were seeded with the same starting confluence (3.33 · 103 cells/cm2) on petri dishes and
250 ng/ml of DOX was added in appropriate time-points to appropriate dishes. ctrl refers to
not treated MDA-MB-231 cells, M refers to free complete medium without cells. Statistical
significance in d) and e) was assessed by two-way ANOVA test by means of GraphPad PRISM
software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown
as geomean ± SEM (n=3 for all samples except for 120 hours where n=1).
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Figure 4.6: The effect of QSOX1 induction by DOX on cellular viabilitty by the
crystal violet assay. Cells were seeded in 96-well plates in low confluence (3 · 103 cells/cm2),
incubated for 120 hours and stained with crystal violet. DOX refers to cells cultivated with
DOX for the 120 hours of the experiment while ctrl refers to cells cultivated without DOX
completely. Statistical significance was assessed by two-way ANOVA test by means of GraphPad
PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data
are shown as mean ± SEM (n=2).
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4.2.2 QSOX1 knockdown and knockout
To define the effect of loss of QSOX1, we have engineered QSOX1 knockdown (QSOX1+/−)
and QSOX1 knockout (QSOX1−/−) clones based on the MDA-MB-231 cell line.

We have transfected the MDA-MB-231 cells with LentiCRISPR (pXPR 001) vector plasmid
with cloned sgRNA targeting exon 6 of QSOX1 using lipofectamine transfection and sorted the
surviving cells via single cell sorting with flow cytometer. We have obtained numerous clones
that were afterwards tested for QSOX1 expression on mRNA level (see Figure 4.7A) and clones
with the lowest expression (Cl5, Cl16, Cl17, Cl29 and Cl33) were selected for further testing on
protein level (see Figure 4.7C and 4.7D). All of our selected clones showed significantly lower
QSOX1 protein level on western blots or diminished secretion, however none of them was a
complete knockout (although some of them showed diminished secretion into medium - Cl17,
Cl29 and Cl33). With this in mind, we further refer to these clones as knockdown clones.

In order to obtain a complete QSOX1 knockout cell line, we have repeated the transfection
on three of the QSOX1 knockdown clones (Cl16, Cl17, Cl33). The obtained clones (named
after the original knockdown clone and appropriate plate and well number, see Table 3.1) were
also tested with qPCR (see Figure 4.8A) and potential knockouts were further tested on protein
level (see Figure 4.8).

The second transfection yielded six possible knockout clones - 2D8, 1B4, 1D1, 1E11, 1E4
and 1G11 that all showed diminished QSOX1 protein level on western blots from cell lysates
as well as its secreted form from the conditioned medium.

DNA of all subsequently used clones, as well as a control MDA-MB-231 cell line, was iso-
lated, run on agarose gels (see Figures 4.7 and 4.8) and sequenced for QSOX1 exon 6 by a con-
tractor company GATC Biotech. Importantly, not only the knockdown cell lines (Figure 4.7B)
but also some of the knockout (Figure 4.8B) ones were found to have two size-different alleles
that were sequenced separately.

Very interestingly, the sequencing results indicate that a similar sequence was inserted into
the cleavage site (see Figure 4.9).
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Figure 4.7: First CRISPR/Cas9-edited cells testing for loss of QSOX1. A Relative
QSOX1 mRNA expression of CRISPR/Cas9 edited cells. QSOX1 expression was normalized via
GenEx software to IPO8. Statistical significance was assessed by t-test by means of GraphPad
PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001.
Data are shown as geomean ± SEM (n=4). Only selected clones are shown; B QSOX1 exon 6
PCR product from QSOX1+/− clones analysis on an agarose gel; C QSOX1 protein level in the
lysates. 50 µl of total protein from cell lysate was separated by reducing SDS-PAGE followed
by Western blotting, β-actin was used as a loading control; D QSOX1 protein level in the
conditioned medium. 20 µl of centrifuged cell medium was separated by reducing SDS-PAGE
followed by Western blotting, ponceau S was used as a loading control. DNA of clones marked
with a star was sequenced.
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Figure 4.8: Second CRISPR/Cas9-edited cells testing for loss of QSOX1. A Relative
QSOX1 mRNA expression of CRISPR/Cas9 edited cells. QSOX1 expression was normalized via
GenEx software to IPO8. Statistical significance was assessed by t-test by means of GraphPad
PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001.
Data are shown as geomean ± SEM (n=3). Only selected clones are shown; B QSOX1 exon 6
PCR product from QSOX1−/− clones analysis on an agarose gel; C QSOX1 protein level in the
lysates. 45 µl of total protein from cell lysate was separated by reducing SDS-PAGE followed
by Western blotting, β-actin was used as a loading control; D QSOX1 protein level in the
conditioned medium. 20 µl of centrifuged cell medium was separated by reducing SDS-PAGE
followed by Western blotting, ponceau S was used as a loading control. DNA of clones marked
with a star was sequenced.

39



Figure 4.9: QSOX1 knockout sequence alignment. DNA of selected knockdown and
knockout cell lines was sequenced for QSOX1 exon 6 which served as a cleavage site for
CRISPR/Cas9 editing. up and down refer to the position of DNA band isolated from agarose
gel before sequencing; original refers to an original sequence available at ensembl.org; ctrl
refers to sequenced MDA-MB-231 sequence from our cells.
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4.2.3 Proliferation
As the main focus of this thesis is the effect of QSOX1 sulfhydryl oxidase on cancer cells,
we have assessed the effect of QSOX1 on proliferation of cancer cells either overexpressing or
knocking out QSOX1.

For the QSOX1 -overexpressing clones, we have used an xCelligence monitoring system of
cell proliferation based on measuring the impedance. When electric current passes through the
plate well, the impedance between the electrodes is affected by the presence of cells. When
the cells grow and multiply, the total impedance of the circuit increases appropriately and is
used for the subsequent cell index calculation (see Figure 4.10A and Figures S4-S6; cell index is
defined as (Zn-Zb)/15, where Zn and Zb are the impedance values in the presence and absence of
cells, respectively). No significant change in proliferation of the QSOX1 -overexpressing clones
(Cl12, Cl14, Cl41 or Cl47) was recorded and there is no difference in the slope (representing
the rate of cellular proliferation, calculated by means of GraphPad PRISM) and doubling
time (calculated either by means of xCelligence software or online on http://www.doubling-
time.com/compute.php webpage) of cells treated and not treated with DOX (see Figure 4.10A).

The QSOX1 -overexpressing cells were also analyzed via the comparison of the visual images
obtained from JuLi live cell movie analyzer (see Figure 4.11A and Figures S7-S9). The built-
in software of this appliance is able to recognize the cell periphery from the background and
therefore calculate the confluence of the scanned location, measuring the space taken up by the
cells. This approach had similar results to the previous one and did not show any significant
difference in the proliferation of neither of the overexpressing clones when comparing the slope
and doubling time of cells treated and not treated with DOX (see Figure 4.11A).

As a high-throughput procedure measuring cellular proliferation, we have used the IncuCyte
instrument capable of scanning 60 wells at the same time and providing us with data illustrating
the cellular confluence of two locations of the same well in time, measuring the cell confluence
similartly to JuLi. After careful manual analysis of the data, the results seem to be the most
trustworthy and reproducible method since all cells are seeded and grown under identical con-
ditions at the same time, limiting the variables commonly encountered during analysis of many
experiments performed separately.

While some of the overexpressing clones showed a certain significance in proliferation change
when compared to the control MDA-MB-231 cells, similar trend could be seen in the empty
vector clones (EV) treated and not treated with DOX (see Figures 4.12-4.13). This result
leads to a conclusion that the observed change in proliferation rate is rather due to presence
of doxycycline alone than due to overexpression of QSOX1. On the other hand, depletion
of QSOX1 in the MDA-MB-231 cells leads to a significant decrease in cellular proliferation
(see Figure 4.14). The role of QSOX1 in this phenomenon was confirmed by obtaining the
same result when treating the MDA-MB-231 with ebselen, a documented inhibitor of QSOX1
activity [Hanavan et al., 2015].

Except for the change in cellular growth and proliferation, we have noticed a quite inter-
esting tendency of the CRISPR clones to change their morphology when compared to control
MDA-MB-231 cells. This can be visible mainly in the early phase of cellular growth, approx-
imately at 5-25% of confluence (see Figure 4.15). The cells are usually more round with less
visible or completely diminished lamellipodia suggesting a possible involvement of QSOX1 in
migration and invasion.
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Figure 4.10: Effect of QSOX1v1 induction on cellular proliferation (Cl12) - xCel-
ligence. A Growth curves comparison of Cl12 obtained from xCelligence; B slopes of shown
curves representing their steepness, calculated by xCelligence software; C graph representing
the time needed for the cell population to double, calculated by xCelligence software. Cells
were incubated with or without 250 ng/ml of DOX for 120 hours. Statistical significance were
assessed by t-test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤
0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=4).
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Figure 4.11: Effect of QSOX1v1 induction on cellular proliferation (Cl12) - JuLi.
(a) Growth curves comparison of Cl14 obtained from JuLi; (b) slopes of shown curves represent-
ing their steepness, calculated in GraphPad PRISM; (c) graph representing the time needed for
the cell population to double, calculated online (http://www.doubling-time.com/compute.php).
Cells were incubated with or without 250 ng/ml of DOX for 120 hours. Statistical significance
was assessed by t-test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤
0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=4).
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Figure 4.12: Effect of QSOX1v1 induction on cellular proliferation - IncuCyte.
A Growth curve comparison of control cells (not treated MDA-MB-231) with QSOX1v1 -
overexpressing cells; B slopes of shown curves representing their steepness, claculated in Graph-
Pad PRISM; C graph representing the time needed for the cell population to double, calculated
online (http://www.doubling-time.com/compute.php). Statistical significance was assessed by
one-way ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤
0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=4).
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Figure 4.13: Effect of QSOX1v2 induction on cellular proliferation - IncuCyte
A Growth curve comparison of control cells (not treated MDA-MB-231) with QSOX1v2-
overexpressing cells); B slopes of shown curves representing their steepness, claculated in
GraphPad PRISM; C graph representing the time needed for the cell population to double,
calculated online (http://www.doubling-time.com/compute.php). Statistical significance was
assessed by one-way ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤
0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=4).
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Figure 4.14: Effect of putative QSOX1−/− clones on cellular proliferation - In-
cuCyte. A Growth curve comparison of control cells (not treated MDA-MB-231) with QSOX1
knockout cells (QSOX1−/−); B slopes of shown curves representing their steepness, claculated
in GraphPad PRISM; C graph representing the time needed for the cell population to double,
calculated online (http://www.doubling-time.com/compute.php). Statistical significance was
assessed by one-way ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤
0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=4).
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Figure 4.15: Phenotype of QSOX1−/− clones in different confluence. Images were
taken during the incucyte experiment during 120 hour incubation. We were unable to obtain
images of clone 1G11 in 50% and higher confluence.
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4.3 Hypoxia
As already mentioned in the introduction, some literature states that QSOX1 is regulated by
partial oxygen pressure due to the hypoxia-response elements in its DNA sequence [Shi et al.,
2013].

In the following section, we test whether protein level and also secretion of QSOX1 to
extracellular space is regulated by hypoxia using several hypoxia-mimicking strategies such as
deferoxamine (DFO, an iron chelator), CoCl2 (capable of exchanging the iron in iron-dependent
enzymes for cobalt thus mimicking iron deprivation) [Guo et al., 2006] and a hypoxic chamber.

4.3.1 Hypoxia and hypoxia-mimicking conditions
To assess the effect of hypoxia or hypoxia-mimicking conditions on the specific cell lines we
used a panel of cell lines consisting of breast (MCF10A, MCF7, MDA-MB-231) and pancreatic
origin (Panc-1). Every cell line was incubated for 48 hours with either 100µM DFO, 100µM
CoCl2 or in the hypoxic chamber with 0.1 % of O2. Since it was also reported that QSOX1
can be induced upon trypsinization or scraping of the cells manually [Coppock et al., 1993], the
cells were harvested after instant deep freezing with dry ice.

To be certain that our treatments induced hypoxia or hypoxia mimicking conditions, we
assessed the mRNA expression of the known hypoxic markers – carbonic anhydrase 9 (CA9 )
and heme oxygenase 1 (HMOX1 ) by qPCR (see Figure 4.16). While with the CA9 we can see
a considerable increase in expression under decreased oxygen concentration and also with DFO
and CoCl2 (see Figure 4.16A), the change in the relative expression of HMOX1 upon hypoxia
is significant only with the MCF10A cell line and not significant in the remaining cell lines,
although a similar increasing trend could be seen for DFO and 0.1% O2 (see Figure 4.16B).

At the same time, we also determined the relative mRNA expression of QSOX1 under the
already described conditions (see Figure 4.16C), leading to a conclusion that all cell lines respond
to DFO and 0.1% O2 in a noticeable way with increased relative QSOX1 mRNA expression
that correlates to the one of CA9. However, in the case of MDA-MB-231, the response was not
statistically significant.

To determine the situation at the protein level we isolated protein samples from cells in-
cubated under the same conditions and carried out SDS-PAGE followed by Western blotting.
To determine whether our treatment induced hypoxia in the cells, we have assessed the protein
level of CA9, HMOX1, HIF1α as well as HIF2α all of which are induced by hypoxic condi-
tions (see Figure 4.17 - 4.19). We have performed a densitometry measurement of the bands,
normalized to appropriate β-actin bands to get a normalized response (see Figure 4.18-4.20).

As expected, the carbonic anhydrase on a protein level responds on a very similar manner
as it does at the mRNA level (see Figure 4.18C)– a considerable, at least 5-fold, 10-fold and
30-fold increase in MCF10As treated by CoCl2, DFO and decreased oxygen, respectively. The
same trend is visible with the remaining cell lines. Panc-1 cells show a response only in hypoxia
but not with DFO and CoCl2.

Very interestingly, HMOX1 is almost non-detectable on the Western blots for MCF10A,
MCF7 as well as MDA-MB-231 whilst there is a significant difference in the Panc-1 cell line (see
Figure 4.17). It seems that the basal expression of HMOX1 in Panc-1 is significantly increased
when compared to other cell lines in our study which is in agreement with the literature [Han
et al., 2018,Berberat et al., 2005].

When detecting HIF1α we had some difficulties since the protein is degraded rapidly in
normoxia. However, after several attempts, we succeeded in its isolation and visualization even
though we obtained two visible bands instead of one (see Figure 4.17). Nonetheless, only the
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Figure 4.16: Relative mRNA expression of CA9, HMOX1 and QSOX1 in
MCF10A, MCF7, MDA-MB-231 and Panc-1 cells. A; CA9 ; B HMOX1 ; C QSOX1 ;
normalized via GenEx software to 18S. Statistical significance was assessed by one-way ANOVA
test (each cell line separately) by means of GraphPad PRISM software. No sign: p > 0.05, *:
≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=3,
except for the MCF10A DFO sample where n=2). Cells were incubated with the reagents or
under different O2 concentrations for 48 hours, then harvested.

upper band is upregulated by hypoxia and corresponds to the predicted size of 120 kDa. The
identity of the lower band remains to be determined.

Nonetheless, HIF1α seems to be mostly upregulated in samples treated with DFO (see Fig-
ure 4.18A). The same result applies with HIF2α and MCF7 cells while in the case of MCF10A,
MDA-MB-231 and Panc-1, the strongest inducer of HIF2α seems to be the hypoxic chamber
(see Figure 4.18B).

The quantification of relative expression of QSOX1 itself did not show any visible trend
in QSOX1 protein-induction upon either chemically- or physically-induced hypoxia. The only
cell line that showed any induction was MCF7, where the protein level increased upon DFO
treatment almost 4-fold (see Figure 4.18E).

Since QSOX1 is also secreted to the medium, we carried out an experiment determining
whether the hypoxia or hypoxia-mimicking conditions affect the secretion of QSOX1. Before
harvesting cells for protein isolation, small amount of medium was removed from the cells,
centrifuged and assessed by reducing SDS-PAGE followed by Western blotting.

A slight change in the QSOX1 secretion occurs when the malignant cell lines such as MCF7,
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MDA-MB-231 and Panc-1 are subjected to the hypoxic environment, while no change is visible
with the non-malignant MCF10A cells (see Figure 4.19, 4.20). To address the excessively high
error bars in this experiment, we reffer to the appendix (see Figure S10 where we show both
western blots used for this densitometry.

Figure 4.17: Protein levels of HIF1α, QSOX1, HIF2α, CA9 and HMOX1 in hypoxic
or hypoxia-mimicking conditions in MCF10A, MCF7, MDA-MB-231 and Panc-1
cells. 80 µg of total protein from cell lysate was separated by reducing SDS-PAGE followed by
Western blotting, β-actin was used as a loading control. Cells were incubated with the reagents
or under different O2 concentrations for 48 hours, then harvested.

While the QSOX1 -knockout cells showed a different phenotype from the control MDA-MB-
231 cell line, the four tested cell lines (MCF10A, MCF7, MDA-MB-231 and Panc-1) either under
the hypoxia-mimicking conditions or in the hypoxic atmosphere (0.1% O2) did not undergo any
phenotypical change (see Figure 4.21).
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Figure 4.18: Densitometry of HIF1α, HIF2αm CA9, HMOX1 and QSOX1 in hy-
poxic and hypoxia-mimicking conditions in MCF10A, MCF7, MDA-MB-231 and
Panc-1 cells (see Figure 4.17). A HIF1α; B HIF2α; C CA9; D HMOX1; E QSOX1. Sta-
tistical significance was assessed by one-way ANOVA test (each cell line separately) by means
of GraphPad PRISM software. No sign: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and ****
< 0.0001. Data are shown as mean ± SEM (n=3).
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Figure 4.19: Secreted QSOX1 protein level in hypoxic and hypoxia-mimicking
conditions in MCF10A, MCF7, MDA-MB-231 and Panc-1 cells. 20 µl of centrifuged
cell medium was separated by reducing SDS-PAGE followed by Western blotting, ponceau S
was used as a loading control. Cells were incubated with the reagents or under different O2
concentrations for 48 hours, then the medium was harvested.
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Figure 4.20: Densitometry of secreted QSOX1 protein level in MCF10A, MCF7,
MDA-MB-231 and Panc-1 cells under hypoxia or hypoxia-mimicking conditions(see
Figures 4.19). Statistical significance was assessed by one-way ANOVA test (each cell line
separately) by means of GraphPad PRISM software. No sign: p > 0.05, *: ≤ 0.05, **: ≤ 0.01,
*** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=2).

Figure 4.21: Phenotype of MCF10A, MCF7, MDA-MB-231 and Panc-1 cells in
various hypoxia-inducing and hypoxia-mimicking treatments. Cells were incubated
with the reagents or under 0.1% O2 concentration for 48 hours, pictures were taken before the
harvest.
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4.3.2 Hypoxia titration
For further understanding of how normal and malignant cells respond to hypoxia, we have
carried out an oxygen titration assay. The cells were incubated for 48 hours in environments
with different oxygen concentrations and harvested using the same procedure as mentioned in
chapter Hypoxia control.

The relative mRNA expression of CA9 shows a very apparent trend when the expression
significantly increases up to 1000-fold in MCF10A in 0% O2 and decreasing gradually, with
5% of O2 showing the effect similar to normoxic environment for the malignant cell lines (see
Figure 4.22A).

Again, we cannot confirm this correlation with HMOX1 (see Figure 4.22B). The expression
increases slightly in 0% in all cell lines but fluctuates under the remaining oxygen concentrations.

Very similar results were obtained for the QSOX1 mRNA (see Figure 4.22C) where it seems
to respond to hypoxic conditions in MCF10A and MDA-MB-231 cells by increasing up to 4-fold
in case of concentrations lower than 1% of oxygen, but the changes in other cell lines are only
slightly increased.

As expected, on the protein level we can see a very similar trend with CA9 expression
(see Figures 4.23 and4.24C) – steep increase in 0% O2 decreasing gradually with higher oxygen
concentrations with the only difference Panc-1 being the cell line where the CA9 expression
increases 10-fold with 0% O2 and stays increased until 5% O2.

The HIF1α and HIF2α react to the changes of O2 concentration very differently (see Fig-
ures 4.23, 4.24A and 4.24B). Both proteins increase in expression when O2 decreases to 0%
but while HIF1α starts to decrease gradually with higher O2 concentrations, HIF2α remains
upregulated even in 5%, suggesting that HIF1α is more of an acute hypoxia response factor,
whilst HIF2α probably reacts already to less radical changes.

Very importantly, when we assessed the influence of change of oxygen concentrations on
QSOX1 protein level within the cell in this experiment, our results suggest that MCF7 and
MDA-MB-231 cell lines seem to be influenced by oxygen tension and upregulate QSOX1, while
MCF10A do not respond much and Panc-1 cells even seem to have lower amounts of QSOX1
concentrations below 1% O2 compared to control and this conclusion is extremely significant
according to one way ANOVA test by GraphPad PRISM (see Figure 4.24D).

On the other hand, all cells show a tendency to secrete QSOX1 into the medium when
exposed to low oxygen tension below 1% (see Figures 4.25 and 4.26). The massive excretion
could be seen in Panc-1 cells, suggesting that the above mentioned lower levels of cellular
QSOX1 might be because of the excessive secretion into the medium. This is potentially a very
important information as a link between secretion of QSOX1 and hypoxia has not been studied
and described so far.
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Figure 4.22: Relative mRNA expression of CA9, HMOX1 and QSOX1 in
MCF10A, MCF7, MDA-MB-231 and Panc-1 cells. A CA9 ; B HMOX1 ; C QSOX1 ; nor-
malized via GenEx software to IPO8. Statistical significance was assessed by one-way ANOVA
test (each cell line separately) by means of GraphPad PRISM software. No sign: p > 0.05, *:
≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=3).
Cells were incubated in hypoxic chamber for 48 hours under different O2 concentrations, then
harvested.
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Figure 4.23: Protein levels of HIF1α, HIF2α, CA9, HMOX1 and QSOX1 in re-
sponse to 0-5% O2 in MCF10A, MCF7, MDA-MB-231 and Panc-1 cells. 60 µg of
total protein from cell lysate was separated by reducing SDS-PAGE followed by Western blot-
ting, β-actin was used as a loading control. Cells were incubated in hypoxic chamber for 48
hours under different O2 concentrations, then harvested.

57



Figure 4.24: Densitometry of HIF1α, HIF2α, CA9 and QSOX1 protein levels un-
der 0-5% O2 in MCF10A, MCF7, MDA-MB-231 and Panc-1 cells’ lysate (see Fig-
ure 4.23). A HIF1α; B HIF2α; C CA9; D QSOX1. Statistical significance was assessed by
one-way ANOVA test (each cell line separately) by means of GraphPad PRISM software. No
sign: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as
mean ± SEM (n=3). Cells were incubated in hypoxic chamber for 48 hours under different O2
concentrations, then harvested.
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Figure 4.25: Secreted QSOX1 protein level in conditioned medium in MCF10A,
MCF7, MDA-MB-231 and Panc-1 cells under 0-5% O2. 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as
a loading control. Cells were incubated in hypoxic chamber for 48 hours under different O2
concentrations, then the medium was harvested and analysed.
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Figure 4.26: Densitometry of secreted QSOX1 protein level in conditioned medium
under 0-5% O2 in MCF10A, MCF7, MDA-MB-231 and Panc-1 cells (see Fig-
ure 4.25). Statistical significance was assessed by one-way ANOVA test (each cell line sep-
arately) by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***
≤ 0.001 and **** < 0.0001. Data are shown as mean ± SEM (n=3). Cells were incubated in
hypoxic chamber for 48 hours under different O2 concentrations, then harvested.
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5. Discussion
QSOX1 is a sulfhydryl oxidase playing an important role in intracellular, as well as extracellular
processes, such as oxidative protein folding or extracellular matrix (ECM) remodeling and
formation [Hoober et al., 1999b,Ilani et al., 2013]. Its two forms can be found on the membrane
of rough endoplasmatic reticulum (ER) [Thorpe et al., 2002], in the Golgi apparatus (GA) and
in the ECM [Rudolf et al., 2013] where it is actively secreted by almost every cell type.

Due to the possible involvement in extracellular matrix transformation and concurrent
upregulation in several types of cancer including cancer stem-like cells [Antwi et al., 2009,
Baek et al., 2018, Katchman et al., 2013, Soloviev et al., 2013, Rychtarcikova et al., 2017],
QSOX1 represents an attractive target for antineoplastic treatment and therapy. However, our
understanding of QSOX1 characteristics, mechanism of action, interaction partners as well as
substrates or a way of regulation, is far from complete, requiring further research.

Generally, it was proposed that patients suffering from different types of cancer with in-
creased levels of QSOX1 in the malignant tissues face poor prognosis. This suggestion was
based on several studies indicating the role of QSOX1 in cancer cells proliferation, migration
and invasion leading to enhanced ability of the cells to form metastases [Katchman et al.,
2013,Baek et al., 2018] and therefore to underwhelming outcomes for the patients. The molec-
ular mechanisms of QSOX1 affecting cancer cells are poorly understood so far and warrants
further elucidation.

While QSOX1 catalyzes formation of disulfide bonds in order to aid the substrate proteins to
reach the native conformation, it also produces hydrogen peroxide. Although H2O2, together
with other ROS, is useful in defense against pathogens, it is also known to be toxic to cells
due to its reactivity with nucleic acids, proteins and lipids and following disruption of normal
gene expression. This can lead to vast number of possible outcomes including senescence or
apoptosis. At the same time, some of the ROS molecules can operate as signal transducers
and, according to literature and our results on cancer stem-like cells, promote cell invasion and
metastatic spread in a more complex manner [Pani et al., 2010,Rychtarcikova et al., 2017].

To address the effect of QSOX1 overexpression or knockout on cancer cells, we constructed three
functional experimental models using the triple negative MDA-MB-231 breast cancer cell line
- (1) QSOX1v1 - and QSOX1v2 -overexpressing cell lines based on TetON3G-inducible system,
enabling a full control over the protein induction via direct activation of the pTRE3G promoter
by addition of tetracycline-derivative doxycycline. The pTRE3G-BI-mCherry vector used for
this purpose contains a bidirectional pTRE3G promoter, one inducing the gene of interest
while the other controls fluorescent mCherry protein induction; (2) stable QSOX1 knockdown
cell lines constructed using CRISPR/Cas9 system and (3) stable QSOX1 knockout cell lines
created by repeated transfection of the already generated cells that show diminished expression
of QSOX1.

All of our overexpressing clones showed significant induction of fluorescent protein mCherry
after DOX addition (see Figure 4.4). Similarly, QSOX1 protein was highly induced so that the
basal expression in controls (ctrl), as well as in empty vector (EV) and non-induced cells was
in fact non-detectable. Interestingly, the western blot of total protein from cell lysate showed
multiple bands in the area of predicted and reported size (see Figure 4.3A) for both longer and
shorter variant of QSOX1. Since the bands were visible exclusively in the lines of cells with
DOX, it is not likely the result of non-specific binding of the QSOX1 antibody and probably
reflects posttranstlational modification, such as glycosylation at ASN130 and ADN243 that
have been reported [Horowitz et al., 2018].
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Besides the QSOX1 protein level within the cell, we also assayed its secretion outside the
cell. The medium was collected shortly before the cell harvest, centrifuged and transported to
new tubes to avoid contamination with floating cells. According to our results (see Figure 4.3B),
the secretion of QSOX1 into medium correlates with its mRNA expression and protein levels
inside the cells. Moreover, in accordance with published literature, both variants of QSOX1
seem to be secreted to the medium, even though in our case this can be due to the fact that
we have reached unnaturally high QSOX1 levels.

Neither of the clones showed any cell morphology changes after DOX addition (data not
shown), most of the cells in the colonies had an elongated phenotype with well visible lamel-
lipodia suggesting their continual movement.

In order to define the role of QSOX1 -overexpression on the viability and proliferation of cancer
cells, we first determined an induction curve for DOX-dependent QSOX1 -overexpression. This
allowed us to detect when the protein is actually induced and how stable it is in our model.
According to our findings, significantly higher levels of QSOX1 protein were induced after 24
hours of incubation with DOX in all clones irrespective of the isoform expressed (see Figure 4.5
and Figures S1-S3). It is important to realize that the graph plots relative band intensity of
QSOX1 -overexpressing clones, meaning that the signal obtained from the western blots was
too strong to enable proper basal expression quantification and thus 0 band intensity does not
necessarily mean null overall QSOX1 level.

Thus we have prepared a useful model of cell lines that exhibits very high protein level of
QSOX1v1 or QSOX1v2 upon doxycycline addition.

As the objective of this project was to help clarify the role of QSOX1 in cancerogenesis, we have
focused our work towards the proliferation of cancerous cells and an influence of QSOX1 on this
cellular process. In several earlier academic works, the results indicate that depletion of QSOX1
via shRNA/RNAi has a significant effect on cell cycle of multiple cancer cell lines including
pancreatic Panc-1 or mammary MCF7, BT549 or BT474 cells [Lake et al., 2016, Knutsvik
et al., 2016] resulting in decreased cellular growth in vitro and in vivo. In our model none of
the overexpressing clones showed a significant effect on the proliferation rate, although there
was a tendency towards slower growth, yet this could be attributed to the effect of addition of
doxycycline as a similar trend could be seen in the empty vector clones (see Figure 4.14.

Our second and third experimental models were prepared using CRISPR/Cas9 technology. We
have designed a vector introducing a double-strand nick into the exon 6 of QSOX1 coding
sequence. The double-strand is randomly ligated back together by either homology directed re-
pair (HDR) or non-homologous end joining (NHEJ), ideally resulting in a cell line with mutated
QSOX1 gene that has lost QSOX1 protein expression.

After our first attempt at transfecting the cells with our vector, we have obtained only cells
with partially inactivated QSOX1 with downregulated mRNA expression and decreased protein
level (see Figures 4.7A and 4.7C). We have explained this results as a possibility that only one
allele was affected and the generated clones represented heterozygotes. On the other hand, it
is also possible that the introduced change in QSOX1 gene leads to translation of QSOX1 in a
defective form, probably unable to fold into its native conformation but still persisting in the
cell. This explanation is supported by the fact that even though, there are bands visible on
western blot of total cell lysate (see Figure 4.7C), there are either none or much weaker bands
of QSOX1 present on the western blots from cell medium (see Figure 4.7D), suggesting that the
formed protein is unable to be secreted from the cell (or secreted at much lower level), likely
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due to genomic modification introduced by the CRISPR nuclease.
Since our goal was to obtain a knock-out cell lines, we have repeated the transfection of

the prepared CRISPR/Cas9 constructs. We have used the already knocked-down cells for these
purposes in order to knock out the remaining functional allele. The result showed we have
obtained the desired knockout cells all of which originated from the parental Cl17 and Cl33
(see Figure 4.8C). On the other hand, clones originated from parental Cl16 still contained
QSOX1 protein. After carefull analysis of the sequencing results (see Figure 4.9), we came to
a conclusion that clone 16 has a deletion of a TTC triplet coding for the F242 but otherwise it
is identical to the wild type allele and produces QSOX1 protein, therefore this clone was edited
by CRISPR but the resulting allele is not a knockout and produces a modified protein which
probably has different turnover and is less secreted into the medium.

To verify that the resulting QSOX1−/− clones are indeed knockouts, genomic DNA of the
selected clones, as well as the control cells was isolated and sequenced for the QSOX1 gene
exon 6. The enthralling result of this work is depicted in Figure 4.9 as a sequence alignment
scheme which reveals a confounding finding. An identical short sequence was inserted in place
of the introduced double-stranded nick in several of our clones. This indicates a possibility of
a certain similarity between our target site and an unknown genomic sequence. However, we
were unable to acquire any significant hit when running the sequence using the commonly used
open-access internet tool Blastn, therefore this question awaits future studies, but we could use
the knockout QSOX1−/− clones for further experiments, as these have edited DNA and produce
no QSOX1.

In order to see whether QSOX1 has any effect on cellular viability and proliferation rate,
we utilized our QSOX1 -overexpressing MDA-MB-231 cells. Unfortunately, induction of high
protein levels of QSOX1v1 and QSOX1v2 did not show a statistically significant effect on the
number of proliferating cells as could be seen on Figure 4.6 and thus we see that high levels of
QSOX1 in cancer cells do not lead to a cell cycle arrest and quiescence as in normal fibroblasts
and, similarly, high expression of QSOX1 does not seem to have a significant effect on the
proliferation rate of our model cell line MDA-MB-231 (see Figures 4.12 and 4.13). Yet, it is
possible that since MDA-MB-231 cells, in comparison to other cell lines, express relatively high
level of QSOX1, pushing the amount even higher did not result in any stronger effect. The
other possible explanation is that the overexpression induces such high levels that they are not
physiologic and the protein may not be functioning similarly to the normal situation.

Since no effect was seen in the cells with high levels of QSOX1, we moved forward and
tested the effect of loss of QSOX1 using CRISPR/Cas9 knockout cells that according to our
data lack production of normal functional QSOX1 in any isoform and do not secrete it in the
medium either (see Figure 4.8).

Importantly, in our experiments, QSOX1 -knockout cells showed a significant decrease in
proliferation while when compared to a designated control (see Figures 4.14-4.13). This finding
was confirmed by inhibiting QSOX1 activity in original MDA-MB-231 cells by an inhibitory
compound ebselen, leading to the very same results, pointing towards an assumption that this
phenotype is indeed induced by loss of QSOX1 and not a consequence of potential intrinsic
changes accompanying the CRISPR/Cas9 editing process.

The fact that we see a reduction in cell growth after QSOX1 knockout is not consistent with
data published by Hellebrekers et al.. The difference may be a repercussion of using a different
cell type for purposes of our assays, since Hellebrekers et al. were using human umbilical vein
endothelial cells while in our experiments, MDA-MB-231 epithelial mammary cancer cell line
was used. On the other hand, Pernodet et al., who associate QSOX1 -overexpression with
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decreased tumor growth, performed their experiments (among other cell lines) on MDA-MB-
231 as well, interpreting the outcomes contradictory to ours as well as to data of Katchman
et al. [Pernodet et al., 2012, Katchman et al., 2011]. This difference in experimental work was
already addressed by Lake and Faigle in 2014, referring to Pernodet’s work as “very hard to
interpret” and favoring the study of Katchman’s group [Katchman et al., 2011,Lake and Faigel,
2014].

While part of the academic community disputes over the role of QSOX1 in tumor proliferation
and invasiveness, Morel et al. introduces another possible point of view on QSOX1 involvement
in tumor biology. Despite the fact, that QSOX1 actively participates on intracellular ROS
formation in form of hydrogen peroxide, the insights of Morel’s group suggest that overexpres-
sion of QSOX1 significantly contributes to protection of a cell against oxidative-stress induced
apoptosis [Morel et al., 2007]. In Morel’s work, QSOX1 is upregulated upon treatment with
H2O2 which seems as striking since the only explanation for this peculiar behavior would be a
positive feedback loop in which H2O2 induces QSOX1 expression, producing even more H2O2

as a consequence.

Another cellular process, described for the first time on the massively proliferating tumor
cells, dealing with a reduction of a risk of ROS-induced apoptosis is a well-studied Warburg
effect, that pushes cancerous cells towards an aerobic glycolysis. According to the literature,
Warburg effect is, among others, caused by activation of HIFs, stabilization of which is initi-
ated during significant pO2 decrease in tumor and other tissues [Denko, 2008]. Furthermore,
hydrogen peroxide can indirectly promote HIF stabilization by removing catalytic iron from
prolyl-hydroxylases (PHDs) that under normal circumstances drives HIF towards proteasomal
degradation, thus inhibiting their activity [Gerald et al., 2004]. A different downstream target
of HIF transcriptional activity is supposedly our gene of interest, QSOX1. Therefore, the al-
leged conclusion made by Morel et al. that QSOX1 is induced by higher H2O2 concentration
may be correct but in a more indirect way than previously proposed. Instead of direct influ-
ence on QSOX1 expression (the aforementioned positive feedback loop), H2O2 triggers HIF
stabilization, followed by induction of its downstream targets (together with QSOX1 ) and en-
hances the Warburg effect, that is afterwards inherently leading to increased protection against
ROS-induced apoptosis.

The findings that QSOX1 is a hypoxia-inducible transcription factor target can be at-
tributed to Shi et al. who in 2013 stated that HIF1 contributes to hypoxia-induced pancreatic
cancer cells invasion via promoting QSOX1 expression [Shi et al., 2013]. This idea is not alto-
gether that revolutionary - the closely related Ero1α oxidase is known to be a hypoxia inducible
protein, which can lead us to an assumption that QSOX1 may be regulated in a similar manner.
According to Shi et al., the QSOX1 gene contains two HRE segments on which stabilized HIF1
binds upon hypoxic conditions and promotes QSOX1 transcription. In order to see whether
this regulation takes place also in normal cells and is valid not only in the used Panc-1 cells, we
performed a set of experiments that induce hypoxia-mimicking conditions via chemical treat-
ment with CoCl2 and DFO or, by using a hypoxia chamber, expose the cells to real gradual
loss of oxygen. In our experiments, we did see an induction of QSOX1 transcription but were
unable to detect an increased level of protein within the cell as reported by Shi et al., using an
identical cell line Panc-1 (see Figures 4.17-4.18 and 4.23-4.24). We have shown that all tested
cells do respond to decreased oxygen concentrations by moderately increasing QSOX1 tran-
scription (see Figure 4.22C), there was a slight increase in protein levels within the cells as well
(see Figure 4.24D) but the biggest change was in the amount of secreted QSOX1 in the medium,
which increased in all tested cell lines when oxygen tension was very low (see Figures 4.19-4.20

64



and 4.25-4.26). Our findings suggest that the trancription of QSOX1 is induced by hypoxia
and also by addition of DFO. The produced protein is then secreted into the extracellular space
while at the same time the actual protein content within the cell does not change significantly.
This is a new and very important finding that has not been observed and described so far.
Although we can only speculate at this point, it is possible that some HIF1-responsive protease
such as furin protease could be activated and shed the QSOX1 from cell surface [McMahon
et al., 2005]. This is yet to be confirmed by further experiments.

Importantly, while QSOX1 seems to be regulated by hypoxia in some types of cancer, hy-
poxia itself is often associated with invasive and metastatic phenotype [Cannito et al., 2008].
Not only that it actively affects surrounding epithelial cells to proliferate and form new blood-
stream vessels that are usually leaky (which is ideal for cancer cell intravasation followed by
transfer of the cells to the secondary tumor sites). It also leads to lowering extracellular pH
due to the activation of carbonic anhydrases (see Figures 4.22A and 4.23), favoring matrix
degradation by MMPs and cathepsins [Rofstad et al., 2006].

Altogether, the information available to date lead us to the conclusion that QSOX1 is highly
expressed in various cancer tissues and plays a role in enhancement of cellular growth and
migratory abilities. Possibly, when the tumor mass reaches size that does not allow for sufficient
amounts of oxygen to reach the tissue equally, the hypoxic environment results in even higher
levels of QSOX1 in cancerous cells and secretion into extracellular space while the tumor-
supporting fibroblasts are depleted of QSOX1 as Ilani et al. suggest in their research [Ilani et al.,
2013]. This enables the tumor cells to detach from their surroundings and escape from hypoxia-
induced oxidative stress. This could be facilitated by secreted QSOX1, which indirectly activates
the MMPs leading to ECM degradation and rapid cancer cell migration and dissemination.

As the growing body of evidence suggest the most important role of QSOX1 in cancer lays in
its notable ability to induce cellular migration and invasiveness. Sadly, due to technical problems
we have encountered, as well as for time reasons, we were unable to perform experiments
concerning this matter and we are planning on proceeding with that in the near future.

Since metastases represent the leading cause of death by cancer due to failure of the col-
onized organs [Steeg, 2006], it is considered an eminent part of contemporary cancer biology.
For cells to be able to detach and leave the place of primary tumor mass, they have to undergo
a very specific and demanding conversion that is characterized as an epithelial-mesenchymal
transition (EMT). Apart for loss of polarity and detachment from surrounding cells, the cells
are forced to increase their interactions with the extracellular matrix but also migrate through
the ECM towards blood and lymphatic vessels to use this already existing stream to establish
secondary tumors in distant sites of the body [Steeg, 2006].

Very interestingly, QSOX1 was found to have a certain role in all aforementioned processes
[Lake and Faigel, 2014, Katchman et al., 2011] needed for successful transition, however, it is
rather disputable whether its role is vital or if it is redundant so that other proteins can take
its place during this particularly important part of initiation of tumor dissemination.

Nonetheless, it is becoming clear that after QSOX1 is secreted to the ECM, it continues in
its dedicated work of a sulfhydryl oxidase by formation of disulfide bonds within its substrate
range. This activity was described in 2013 by Ilani et al. as means of incorporation of laminin
into ECM [Ilani et al., 2013] and in 2011 by Katchman et al. as an indirect activation of matrix
metalloproteinases 2 and 9 [Katchman et al., 2011] - proteins commonly present in the ECM
in an inactive state. While RNAi-induced depletion of QSOX1 in stromal fibroblasts results in
inability of ECM to provide a sufficient cell-matrix adhesion leading to detached but still viable
cells [Ilani et al., 2013], activation of MMPs is associated with ECM degradation and therefore

65



easier progression of migrating cancer cells.
Other reports mention a correlation between angiogenesis and silencing of QSOX1 where

knockout of tumor epithelial cells leads to an increase in growth [Hellebrekers et al., 2007]. As a
reaction to this claim, Lake and Faigel [Lake and Faigel, 2014] in their latest review on emerging
role of QSOX1 in cancer propose that “QSOX1 may help the tumor cells to invade through
the basement membrane and gain access to the bloodstream, but once circulating tumor cells
intravasate back into a tissue and begin to grow at a metastatic site, QSOX1 is no longer
required and so its expression is turned off, enabling an angiogenic phenotype to emerge”.
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6. Conclusions
Conclusions reached within this study can be summarized in following points:

• We assessed QSOX1 protein level in non-malignant MCF10A and malignant MCF7,
MDA-MB-231, BT474, T47D breast cancer cell lines as well as pancreatic cancer cell
lines Panc-1 and PaTu-8902 and non-malignant fibroblasts cells BJ, finding the highest
level in MDA-MB-231 and Panc-1 cells. Moreover, MDA-MB-231 cells showed also the
highest secretion of QSOX1 into the medium.

• We have set up an experimental model of MDA-MB-231 cells inducibly overexpressing
both variants of QSOX1 and observed no significant effect of QSOX1 overexpresion on
proliferation of MDA-MB-231 breast cancer cells.

• We have successfully generated QSOX1−/− knockout MDA-MB-231 breast cancer cell
line using CRISPR/Cas9 technology. Importantly, QSOX1−/− cells exhibit significant
attenuation of cellular growth and proliferation, supporting the important role of QSOX1
in cancerogenesis.

• We have observed a modest increase in QSOX1 expression in MCF10A, MCF7, MDA-
MB-231 and Panc-1 cell lines under decreased oxygen levels and we consistently observe
enhanced secretion of QSOX1 into the extracellular space rather than its accumulation
within the cells, suggesting that hypoxia regulates not only its transcription but also its
secretion.

In the near future, our work on QSOX1 characterization will focus on its role in migration
and invasiveness in cancer cells, its interaction partners like MMPs, the possibility of regulation
by estrogen and the effect of QSOX1 on spheres.
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Figure S1: QSOX1 induction in QSOX1 -overexpressing clone Cl14. A Merged im-
ages of fluorescent and brightfield pictures of mCherry expression in different time-points during
DOX incubation as a substitute for QSOX1 protein induction. Pictures were taken with flu-
orescent microscope Leica400 after 120 hours of incubation with (2H-120H) or without (ctrl)
250 ng/ml of DOX, and modified in Photoshop software; B QSOX1 protein induction after
DOX addition in cell lysate. 50 µg of total protein from cell lysate was separated by reducing
SDS-PAGE followed by Western blotting, β-actin was used as a loading control; C QSOX1
protein induction after DOX addition in conditioned medium. 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as a
loading control; densitometry of QSOX1 and mCherry protein induction after DOX addition
in cell lysate D and conditioned media E. Cells were seeded with the same starting confluence
(3.33 · 103 cells/cm2) on petri dishes and 250 ng/ml of DOX was added in appropriate time-
points to appropriate dishes. ctrl refers to not treated MDA-MB-231 cells, M refers to free
complete medium without cells. Statistical significance in D and E was assessed by two-way
ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***
≤ 0.001 and **** < 0.0001. Data are shown as geomean ± SEM (n=3 for all samples except
for 120 hours where n=1).
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Figure S2: QSOX1 induction in QSOX1 -overexpressing clone Cl41. A Merged im-
ages of fluorescent and brightfield pictures of mCherry expression in different time-points during
DOX incubation as a substitute for QSOX1 protein induction. Pictures were taken with flu-
orescent microscope Leica400 after 120 hours of incubation with (2H-120H) or without (ctrl)
250 ng/ml of DOX, and modified in Photoshop software; B QSOX1 protein induction after
DOX addition in cell lysate. 50 µg of total protein from cell lysate was separated by reducing
SDS-PAGE followed by Western blotting, β-actin was used as a loading control; C QSOX1
protein induction after DOX addition in conditioned medium. 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as a
loading control; densitometry of QSOX1 and mCherry protein induction after DOX addition
in cell lysate D and conditioned media E. Cells were seeded with the same starting confluence
(3.33 · 103 cells/cm2) on petri dishes and 250 ng/ml of DOX was added in appropriate time-
points to appropriate dishes. ctrl refers to not treated MDA-MB-231 cells, M refers to free
complete medium without cells. Statistical significance in d) and e) was assessed by two-way
ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***
≤ 0.001 and **** < 0.0001. Data are shown as geomean ± SEM (n=3 for all samples except
for 120 hours where n=1). 84



Figure S3: QSOX1 induction in QSOX1 -overexpressing clone Cl47. A Merged im-
ages of fluorescent and brightfield pictures of mCherry expression in different time-points during
DOX incubation as a substitute for QSOX1 protein induction. Pictures were taken with flu-
orescent microscope Leica400 after 120 hours of incubation with (2H-120H) or without (ctrl)
250 ng/ml of DOX, and modified in Photoshop software; B QSOX1 protein induction after
DOX addition in cell lysate. 50 µg of total protein from cell lysate was separated by reducing
SDS-PAGE followed by Western blotting, β-actin was used as a loading control; C QSOX1
protein induction after DOX addition in conditioned medium. 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as a
loading control; densitometry of QSOX1 and mCherry protein induction after DOX addition
in cell lysate D and conditioned media E. Cells were seeded with the same starting confluence
(3.33 · 103 cells/cm2) on petri dishes and 250 ng/ml of DOX was added in appropriate time-
points to appropriate dishes. ctrl refers to not treated MDA-MB-231 cells, M refers to free
complete medium without cells. Statistical significance in d) and e) was assessed by two-way
ANOVA test by means of GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***
≤ 0.001 and **** < 0.0001. Data are shown as geomean ± SEM (n=3 for all samples except
for 120 hours where n=1). 85



Figure S4: Proliferation of Cl14 - xCelligence. A growth curves comparison of Cl14
obtained from xCelligence; B slopes of shown curves representing their steepness, calculated
by xCelligence software; C graph representing the time needed for the cell population to dou-
ble,calculated by xCelligence software. Cells were incubated with or without 250 ng/ml of DOX
for 120 hours. Statistical significance was assessed by t-test by means of GraphPad PRISM soft-
ware. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown as
mean ± SEM (n=4).
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Figure S5: Proliferation of Cl41 - xCelligence. A growth curves comparison of Cl14
obtained from xCelligence; B slopes of shown curves representing their steepness, calculated by
xCelligence software; C graph representing the time needed for the cell population to double,
calculated by xCelligence software. Cells were incubated with or without 250 ng/ml of DOX
for 120 hours. Statistical significance was assessed by t-test by means of GraphPad PRISM
software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown
as mean ± SEM (n=4).
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Figure S6: Proliferation of Cl47 - xCelligence. A growth curves comparison of Cl14
obtained from xCelligence; B slopes of shown curves representing their steepness, calculated by
xCelligence software; C graph representing the time needed for the cell population to double,
calculated by xCelligence software. Cells were incubated with or without 250 ng/ml of DOX
for 120 hours. Statistical significance was assessed by t-test by means of GraphPad PRISM
software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** < 0.0001. Data are shown
as mean ± SEM (n=4).
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Figure S7: Proliferation of Cl14 - JuLi. A growth curves comparison of Cl14 obtained
from JuLi; B slopes of shown curves representing their steepness, calculated in GraphPad
PRISM; C graph representing the time needed for the cell population to double, calculated
online (http://www.doubling-time.com/compute.php). Cells were incubated with or without
250 ng/ml of DOX for 120 hours. Statistical significance was assessed by t-test by means of
GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** <
0.0001. Data are shown as mean ± SEM (n=4).
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Figure S8: Proliferation of Cl41 - JuLi. A growth curves comparison of Cl41 obtained
from JuLi; B slopes of shown curves representing their steepness, calculated in GraphPad
PRISM; C graph representing the time needed for the cell population to double, calculated
online (http://www.doubling-time.com/compute.php). Cells were incubated with or without
250 ng/ml of DOX for 120 hours. Statistical significance was assessed by t-test by means of
GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** <
0.0001. Data are shown as mean ± SEM (n=1).
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Figure S9: Proliferation of Cl47 - JuLi. A growth curves comparison of Cl47 obtained
from JuLi; B slopes of shown curves representing their steepness, calculated in GraphPad
PRISM; C graph representing the time needed for the cell population to double, calculated
online (http://www.doubling-time.com/compute.php). Cells were incubated with or without
250 ng/ml of DOX for 120 hours. Statistical significance was assessed by t-test by means of
GraphPad PRISM software. Ns: p > 0.05, *: ≤ 0.05, **: ≤ 0.01, *** ≤ 0.001 and **** <
0.0001. Data are shown as mean ± SEM (n=2).
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Figure S10: QSOX1 protein level conditioned medium of MCF10A cells under
different hypoxia-mimicking conditions. A First western blot ;B Second western blot;
figure showing the possible technical problem we have occured during the protein secretion
measurement causing high standard deviations in Figure 4.20; 20 µl of centrifuged cell medium
was separated by reducing SDS-PAGE followed by Western blotting, ponceau S was used as a
loading control. Cells were incubated with the reagents or under different O2 concentrations
for 48 hours, then the medium was harvested.
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