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Preface 

This dissertation is divided into two main sections, each describing my work on two separate 

projects during my PhD studies in the period from August 2006 to July 2010. 

The aim of my main project, “Endometriosis and Type I Interferon”, was to investigate a possi-

ble role of type I interferons in the pathogenesis of endometriosis. The experimental work was done 

in the laboratory of Pia Møller Martensen, Department of Molecular Biology, Aarhus University, 

Denmark. Additional work has been done in the laboratory of Per Guldberg, The Danish Cancer 

Society, Copenhagen, Denmark, and also in the laboratory of Nigel McMillan, The Diamantina In-

stitute, Princess Alexandra Hospital, Brisbane, Australia. This part of the dissertation is based on 

two manuscripts, one published paper, and additional data. Manuscript I has been submitted to Hu-

man Reproduction, manuscript II is in preparation for submission to Fertility and Sterility, and pa-

per III has been published in Archives of Virology.  

Manuscript I 
Anna L. Vestergaard, Ulla B. Knudsen, Torben Munk, Hanne Rosbach, and Pia M. Martensen. 
Transcriptional expression of type I interferon response genes and stability of housekeeping 
genes in the human endometrium and endometriosis (2010), manuscript submitted to Human 
Reproduction. 

Manuscript II 
Anna L. Vestergaard, Katrine Thorup, Ulla B. Knudsen, Torben Munk, Hanne Rosbach, Per Guld-
berg, and Pia M. Martensen. Oncogenic events associated with endometrial and ovarian carci-
nomas are rare in endometriosis (2010), manuscript to be submitted to Fertility and Sterility. 

Paper III 
Anna L. Vestergaard, Ulla B. Knudsen, Torben Munk, Hanne Rosbach, Seweryn Bialasiewicz, 
Theo P. Sloots, Pia M. Martensen and Annika Antonsson. Low prevalence of DNA viruses in the 
human endometrium and endometriosis (2010), Archives of Virology, published in May 19 2010. 

The aim of my side project, “Characterization of a Mammalian Flippase”, was to set up an ex-

pression system for a mammalian flippase, member of the P4-type ATPases involved in flipping 

lipids across the membrane bilayer, and to conduct preliminary experiments to characterize its func-

tion. The experimental work was done in the laboratory of Pia Møller Martensen, Department of 

Molecular Biology, and in the laboratory of Bente Vilsen, Department of Physiology and Biophys-

ics, Aarhus University, Denmark, in collaboration with Janne Petersen of this laboratory and sup-

ported by the PUMPKIN Centre for Membrane Pumps in Cells and Disease. This part of the disser-

tation is based on the data obtained during my PhD studies. 
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Summary 

Endometriosis and Type I Interferon  

Endometriosis is a painful chronic disease in which endometrium-like lesions are located ectopical-

ly, frequently in the pelvic cavity but also in more distant sites. The pathogenesis of endometriosis 

is unclear and involves complex hormonal, genetic, environmental, malignant-like, and immunolog-

ical mechanisms. Evidence points towards a possible involvement of the type I interferons (IFNs).

 The expression of 84 genes related to the IFN-system were profiled using a specific qRT-PCR 

array on tissue samples of endometrium of healthy control women (C) and in eutopic endometrium 

(Eu) and ectopic endometriosis lesions (Ec) of women with endometriosis. The four genes BST2, 

COL16A1, ISG20 and HOXB2 appeared significantly differentially regulated between the groups. 

However, after a thorough investigation of appropriate reference genes for normalization, validation 

by qRT-PCR confirmed only that ISG20 and HOXB2 were significantly downregulated in the Ec 

group compared with the Eu and C groups. BST2 and COL16A1, as well as the highly IFN-

stimulated genes ISG12A and 6-16, displayed merely insignificant variation between the groups.  

 Endometriosis displays malignant-like features such as invasiveness and metastasis, and malig-

nant features of well-known proto-oncogenes and tumor suppressor genes in endometriosis lesions 

were therefore studied. Purified DNA from lesions displayed no promoter hypermethylation of the 

genes APC, CDKN2A, PYCARD, RARB, RASSF1, and ERα, when analyzed by bisulfate PCR and 

melting curve analysis. Also, no mutations of BRAF, HRAS, NRAS, CTNNB1, CDK4, FGFR3, 

PIK3CA, P53, and PTEN were detected by PCR denaturing gradient gel electrophoresis analysis. A 

well-known cancer-associated mutation in KRAS was detected in a single endometriosis lesion. 

Human papillomavirus (HPV) is the causative agent of cervix cancer, and DNA viruses might 

play a role in endometriosis. DNA purified from tissue samples were subjected to highly sensitive 

PCR tests detecting HPV types, the herpes family viruses HSV-1 and -2, CMV, and EBV, and the 

polyomaviruses SV40, JCV, BKV, KIV, WUV, and MCV. The prevalence of pathogenic DNA vi-

ruses in C and Eu groups was generally low (0–10%), and no viruses were identified in endometri-

otic lesions.  

The results obtained in this PhD project do not point towards a direct involvement of type I 

IFNs or DNA viruses in endometriosis, and the possible contribution by a number of malignant fea-

tures was eliminated. The established downregulation of ISG20 and HOXB2 transcription and the 

putative existence of other well-known malignant features should be studied further in the investi-

gation of pathogenic mechanisms of endometriosis.  
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Characterization of a Mammalian Flippase  

P-type ATPases transport specific substances across biological membranes at the cost of ATP hy-

drolysis. They are directly involved in essential physiological functions and are also implicated in a 

number of pathological conditions, such as Menkes, Wilson, and Byler disease, migraine, and par-

kinsonism. The P4-type ATPases, also named the flippases, translocate aminophospholipids rather 

than ions to the cytosolic side of the membrane bilayer and are allegedly crucial for the essential 

asymmetry of bilayered biological membranes. Members of the CDC50 protein family are believed 

to be chaperones or additional subunits to these enzymes. The molecular mechanism of the flippas-

es is currently unknown, and whereas studies of the yeast family members have provided some 

functional knowledge on the matter, the mammalian homologs are still fairly uncharacterized.  

The murine flippase Atp8a1 was cloned and expressed as a histidine-tagged recombinant protein 

in Sf9 insect cells in the baculovirus expression system. The murine Cdc50a and -b proteins were 

also cloned and expressed as hemagglutinin-tagged recombinant proteins. Cdc50a and -b co-

purified with Atp8a1 on a nickel resin, demonstrating a strong association between these proteins. 

Atp8a1 could be phosphorylated by [γ32P]-ATP in the presence of Mg2+. This phosphorylation was 

sensitive to hydroxylamine indicating the formation of the characteristic P-type ATPase acyl-

phosphate intermediate. An Atp8a1 mutant with a substitution of the active site aspartate residue for 

an asparagine was phosphorylated to a lesser degree and was less sensitive to hydroxylamine. The 

co-expression of Cdc50a or -b had no apparent effect on the degree of phosphorylation of neither 

wild-type nor mutant Atp8a1.  

Future studies characterizing the ATPase activity of Atp8a1 and the potential influence of the 

Cdc50 proteins should be conducted. The phospholipid substrate selectivity and the possible trans-

port of counter-substrates should also be addressed. These studies will increase the knowledge on 

the biological functions of the flippases and create an important basis for investigating their struc-

ture and function in order to better understand their roles in physiological and pathological mechan-

isms. 
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Endometriosis and Type I Interferon 
Introduction

Endometriosis 

Endometriosis is a common, chronic, estrogen-dependent disorder characterized by the growth of 

endometrial-like tissue outside the uterine cavity (Giudice and Kao 2004; Bulun 2009). The ectopic 

(abnormally situated) endometriotic lesions are located mainly in the pelvic cavity on the ovaries, 

the fallopian tubes, and the uterine surface and can also be found in sites like on the uterosacral li-

gaments, bowel, bladder, abdominal wall (Garai et al. 2006) (figure 1).  

 
Common symptoms of endometriosis include chronic pelvic pain, dysmenorrhoea (painful pe-

riods), dyspareunia (pain during sexual intercourse), and subfertility (Farquhar 2007; Bulun 2009). 

Estimates of the prevalence in women without symptoms are between 2 and 50%, and the incidence 

is 20-30% in women with subfertility and 40-60% in women with dysmenorrhoea (Farquhar 2007). 

The disease primarily affects women of reproductive age. Numerous efforts to identify valid bio-

markers for endometriosis have not yet been successful (May et al. 2010), and the diagnosis of en-

dometriosis is easily missed and at this point still requires invasive laparoscopy (Giudice and Kao 

2004; Engemise et al. 2010). A scoring system has been developed for classifying the severity of 

the disease (The American Fertility Society 1979). Severe disease in most cases results in extensive 

pelvic adhesions and distortion of pelvic anatomy, which can lead to subfertility or infertility 

(Giudice and Kao 2004). The primary treatment for severe endometriosis consists of surgical re-

moval of the lesions, but symptoms reoccur in up to 75% of women within two years, so the need 

 
 

Figure 1. Possible sites of endometriosis. En-
dometriosis is most often found on the ovaries 
but also in other locations including on the 
fallopian tubes, the uterine wall, ligaments 
supporting the uterus, in the lining of the pel-
vic cavity, and internal area between the vagi-
na and the rectum. Less common sites are the 
bladder, intestines, rectum, cervix, vagina, 
vulva, and in abdominal surgical scars. The 
most frequent endometriosis sites are boxed. 
Modified with courtesy of StayWell Custom 
Communications.  
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for repeated surgery is common. Medical treatment includes contraceptive steroids, progestagens, 

and agonists of gonadotropin-releasing hormone (GnRH), aiming to lower the level of circulating 

estradiol, as well as anti-inflammatory agents. A less invasive, efficient treatment for endometriosis 

with minimal side-effects has not yet been found, presumably because of the very limited scientific 

agreement on the pathogenesis and the lack of a clear target for development of therapeutics. 

The immune system is known to contribute to the pathogenesis of endometriosis, and there are 

indications that the cytokine family of type I interferons (IFNs) play a role in this process. The aim 

of this dissertation is to investigate the possible link between the two. Furthermore, endometriosis 

displays some features resembling malignancy, and the possible involvement of malignant-like 

processes in endometriosis will be addressed too. Connecting these two subjects, viruses stimulate 

interferon expression and can induce malignancy, and the possible involvement of DNA viruses in 

endometriosis is also examined in this thesis. First, we turn to a general exploration of the complex 

spectrum of features speculated to be involved in the pathogenesis.  

Pathogenesis of endometriosis 

The pathogenesis of endometriosis is controversial and much debated. The most widely accepted 

theory on how endometriosis originates was proposed by Sampson in 1927 and is termed retrograde 

menstruation, describing a reflux of endometrial tissue through the fallopian tubes into the perito-

neal cavity (Sampson 1927). However, retrograde menstruation occurs in 76-90% of women 

(D'Hooghe and Debrock 2002), and the demonstrated placement mechanism does not explain how 

and why the endometrial tissue is implanted in the misplaced sites and continues to survive and 

grow. Hence, disease progression following retrograde menstruation must be explained by addition-

al pathogenic mechanisms. In favor of the retrograde menstruation/transplantation theory, endome-

triosis arise only in species that menstruate, and it can be spontaneously induced in baboons by in-

creasing retrograde menstruation by means of obstruction of the menstrual flow through the cervix 

(D'Hooghe et al. 1994; Bulun 2009). Furthermore, blood in the peritoneal fluid is present signifi-

cantly more frequent in patients with endometriosis than in healthy women with patent (unob-

structed) fallopian tubes (Halme et al. 1984), and cells from peritoneal endometriotic lesions ex-

press an invasive phenotype in cell culture (Gaetje et al. 1995). In contrast, the metaplasia theory 

states that endometriosis lesions within the peritoneal cavity are formed from mesothelial cells 

through differentiation into endometrium-like tissue (Bulun 2009). The fact that cell-free menstrual 

debris can induce endometriosis in rabbits (Merrill 1966) supports this theory.  
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Regardless of the origin of the ectopic endometriosis lesions, metastasis of endometriosis le-

sions could, theoretically, give rise to other lesions in the pelvis as well as in more distant sites. Af-

ter ectopic placement of the endometrial-like tissue, the further pathogenesis of endometriosis is a 

complex process composed of numerous contributions by environmental, genetic, endocrine, or 

immunological factors. 

Environmental factors 

Briefly, exposure to radiation and toxins increases the risk and severity of endometriosis. For exam-

ple, 53% of female Rhesus monkeys exposed to whole-body doses of ionizing radiation develop 

endometriosis (Fanton and Golden 1991), and incidence of endometriosis in the same species is 

directly correlated with dioxin exposure and the severity related to the dose administered (Rier et al. 

1993). Regarding lifestyle, alcohol and caffeine consumption is associated with an increased risk of 

endometriosis, whereas cigarette smoking and regular exercise appears to decrease the risk 

(McLeod and Retzloff 2010). Still, environmental risk factors of endometriosis may be only sec-

ondary to the genetic factors. 

Genetic factors  

The eutopic (normally situated) endometrium of women with endometriosis is believed to be ab-

normal and predisposed to the development of endometriosis. First-degree relatives are around six 

times more likely to have surgically confirmed endometriosis (Simpson et al. 1980), and the raised 

risk concerns both close and more distant relatives through maternal and paternal inheritance 

(Stefansson et al. 2002). Furthermore, endometriosis that occurs in families tends to be more severe 

than isolated cases (Hansen and Eyster 2010). The genetics of endometriosis seem to be inherited in 

a polygenic/multifactorial manner, meaning that the phenotype is determined by a combination of 

multiple genes and environmental effects  

A number of polymorphisms found significantly specific for endometriosis patients are found in 

genes important in immunity and malignancy. These genes encode proteins such as the intercellular 

adhesion molecule-1 (ICAM-1) (Vigano et al. 2003), the inflammatory cytokine tumor necrosis 

factor α (TNFα) (Lee et al. 2008), tissue remodeling matrix metalloproteinases (MMPs) (Borghese 

et al. 2008), the detoxifying enzymes glutathione S-transferase M1 and T1 (Lin et al. 2003), the 

estrogen-producing enzyme aromatase (Vietri et al. 2009), and the estrogen and progesterone recep-

tors (Georgiou et al. 1999; Wieser et al. 2002). Moreover, endometriosis-related loss of heterozy-

gosity have been reported in the tumor suppressor gene PTEN (Sato et al. 2000) and in the onco-
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gene p53 (Bischoff et al. 2002). However, studies on endometriosis-associated candidate genes are 

often based on small sample sizes and frequently population-biased, and many fail to be confirmed 

in subsequent studies (Montgomery et al. 2008). Larger studies are needed to validate or dismiss the 

current findings for application of genetic profiling as a valuable diagnostic tool. Still, the multiplic-

ity of independent findings substantiates the hypothesis that many genes or variants with small ef-

fects are likely to account for the genetic risk.  

Bischoff and Simpson have proposed a multistep pathogenesis model, where endometriosis fol-

lowing retrograde menstruation arises as the result of a first hit consisting of an initial mutation that 

can be heritable or somatic, followed by a series of subsequent somatic mutations (Bischoff and 

Simpson 2004) (figure 2). An inherited first hit involves all cells of the body and therefore increases 

the probability for a second hit, leading to an inherited risk of the development and severity of en-

dometriosis. 

 
Figure 2. Multistep mutation pathogenesis model of endometriosis with retrograde menstruation. Following retro-
grade menstruation, endometriosis arises as result of an initial mutation or hit (heritable or somatic) followed by a 
series of subsequent somatic hits. The initial hit might involve genes that regulate cellular attachment, resulting in 
attachment of endometrial cells within the peritoneal cavity. If the first mutation (beige) is heritable, all the cells have 
the same mutation. If the initial hit is random, acquired and somatic it exists in one or few cells. Additional somatic 
mutations can arise as a second hit (shown by lines), involving inefficient metabolism of chemicals and/or toxins, with 
subsequent build-up of toxic intermediate by-products resulting in oxidative stress. Still further mutational events 
could involve tumor suppressor genes and/or oncogenes (e.g. BCL2, p53, RAS), resulting in endometriosis with inva-
sive and metastatic features. If the first hit is heritable, the likelihood of a second hit occurring is increased, resulting 
in inherited risk of developing endometriosis and of disease severity. Modified from (Bischoff and Simpson 2004). 
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Malignancy and apoptosis in endometriosis 

Endometriosis displays some features resembling malignancy such as local invasive growth and 

distant implantation. Women with endometriosis have been found to be more prone for malignan-

cies, for instance ovarian cancer and non-Hodgkin´s lymphoma (Melin et al. 2007), and endometri-

osis occasionally transforms into carcinomas in the pelvic cavity (Leiserowitz et al. 2003; Prowse et 

al. 2006; Nezhat et al. 2008). The malignant-like features of endometriosis are further addressed in 

manuscript II. 

A common feature of endometriosis and cancer is the decreased ability of cells to undergo apop-

tosis (programmed cell death). Ectopic endometrial cells display a decreased ability to undergo 

spontaneous apoptosis; a feature that may already be primed in the paired (from the same patient) 

eutopic endometrium (Dmowski et al. 1998; Gebel et al. 1998; Meresman et al. 2000; Béliard et al. 

2004). This harmful cell survival is believed to be caused by a dysregulated balance of apoptosis 

regulators. Transcription of the anti-apoptotic gene BCL2 is upregulated in both eutopic and ectopic 

endometrium of women with endometriosis, whereas the expression of pro-apoptotic genes such as 

BAX have been shown to be downregulated or even absent (Meresman et al. 2000; Johnson et al. 

2005; Agic et al. 2009). Bax mRNA and proteins levels are up-regulated in the endometrium in the 

secretory phase of the menstrual cycle, which in turn is regulated by the cyclic expression of ova-

rian hormones. These hormones also play important roles in the pathogenesis of endometriosis. 

Hormones in endometriosis  

Endometriosis is an estrogen-dependent disease, in which high levels of circulating estradiol (E2) is 

a contributing factor to disease progression (Bulun 2009; Rizner 2009).  Several enzymes metabo-

lizing estrogen are aberrantly expressed in ectopic endometrium, which can lead to high E2 biosyn-

thesis and local E2 inactivation, upon which excess local E2 results in further proliferation of the 

lesions. Aromatase, which produces E2 from its precursors, is upregulated in ectopic compared with 

eutopic endometrium of endometriosis patients and in eutopic endometrium of patients compared 

with healthy controls (Noble et al. 1996; Dassen et al. 2007; Bukulmez et al. 2008). Hence, aroma-

tase inhibitors, which prevent local formation of estrogens, successfully reduce endometriosis 

symptoms (Takayama et al. 1998; Verma and Konje 2009). Expression of 17β-hydrosteroid dehy-

drogenase type 2 (17β-HSD2), which metabolizes E2 to inactive estrone, has been reported to be 

suppressed in endometriosis lesions (Zeitoun et al. 1998; Dassen et al. 2007), which in turn increas-

es local E2 levels (figure 3). However, lack of significant downregulation, or even upregulation, 
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have also been reported (Carneiro et al. 2007; Smuc et al. 2007). The counteracting enzyme 17β-

hydrosteroid dehydrogenase type 1 (17β-HSD1) has likewise been reported both significantly up- 

and downregulated in ectopic versus eutopic endometrium (Zeitoun et al. 1998; Dassen et al. 2007; 

Smuc et al. 2007). Besides these main effectors, the expression of a number of other estrogen-

metabolizing enzymes has been reported as increased or decreased in endometriosis, including sev-

eral other hydrosteroid dehydrogenases, sulfatase, and sulfotransferase (Rizner 2009). 

 

E2 exerts its actions through the estrogen receptors ERα and ERβ, which classically act as li-

gand-dependent transcription factors by binding to estrogen response elements (ERE) in the promo-

ters of their target genes (Rizner 2009). In endometriotic versus endometrial stromal cells, ERβ ex-

pression is highly upregulated due to decreased promoter methylation (Xue et al. 2007). ERβ sup-

presses ERα expression, yielding an augmented ERβ/ERα ratio, which may cause a shift from E2 

stimulation to E2 inhibition of progesterone receptor (PR) expression (Bulun et al. 2010a) (figure 

3). Indeed, the level of progesterone receptor A (PR-A) and especially the longer isoform progeste-

rone receptor B (PR-B) is markedly lower in endometriosis compared with eutopic endometrium 

(Attia et al. 2000). Progesterone mediates the preparation of the endometrium for implantation and 

Figure 3. Model of altered estrogen 
and progesterone regulation in en-
dometriosis. In endometriosis, aroma-
tase is upregulated and 17β-
hydrosteroid dehydrogenase (17β-
HSD2) is downregulated, leading to 
enhanced estradiol (E2) levels. A de-
creased estrogen receptor ERα/ERβ 
ratio could inhibit ERα-induction of 
transcription of progesterone recep-
tors PR-A and -B, leading to low PR 
levels and in turn progesterone resis-
tance. Progesterone normally stimu-
lates 17β-HSD2 transcription indirectly 
through induction of other factors 
(dashed arrow), and abolished proge-
sterone signaling therefore further 
amplifies the rise in E2 levels, forming 
a positive feedback loop.  + and ÷ de-
note up- and down-regulation in en-
dometriosis, respectively. Bold arrows 
denote the alternative transcription 
start sites for PRA and -B, and brackets 
denote translated regions. 
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maintenance of pregnancy, and PR-B is believed to be the main PR of this process in the endome-

trium, since its levels are tightly regulated by E2 during the human menstrual cycle (Attia et al. 

2000; Bulun et al. 2010b). Progesterone counteracts the effects of E2, partly by stimulating 17β-

HSD2 transcription, and progesterone resistance due to abolished PR-B expression is believed to be 

a contributing pathogenic mechanism in endometriosis. 

Progestins are synthetic analogs of progesterone that are used alone or in combination with other 

steroids for birth control pills. Progestins administered in pharmacologic doses have been shown to 

directly inhibit endometrial stromal cell proliferation in vitro (Surrey and Halme 1992). In general, 

progestins and other forms of oral contraceptives are used as both primary therapy and as an adjunct 

to surgical treatment for endometriosis (Surrey 2006), and administration of long-term oral contra-

ceptive pills can effectively reduce and delay recurrence of endometriosis (Seracchioli et al. 2010). 

GnRH agonists efficiently suppress ovarian secretion of E2 and provide regression of endometriosis 

lesions, whereas restored E2 levels causes relapse of symptoms (Franssen et al. 1989; Sharpe et al. 

1991). However, in order to avoid bone loss and other side-effects of E2 deficiency, “add-back” 

hormone replacement therapy (HRT) consisting of low-dose of E2 and progesterin is advised 

(Franke et al. 2000). 

Another hormone-synthesizing enzyme, cyclooxygenase-2 (COX-2), is a main actor in the pa-

thogenesis of endometriosis. COX-2 is important in the synthesis of prostaglandin E2 (PGE2) from 

its precursor arachidonic acid. This enzyme is transcriptionally elevated in ectopic endometrium in 

patients with severe endometriosis compared with endometrium of controls, and the expression is 

correlated with the lesion size (Chishima et al. 2002; Cho et al. 2010). The use of COX-2-specific 

inhibitors reduces pelvic pain of endometriosis patients (Cobellis et al. 2004). The mechanism of 

the pathogenic effect in endometriosis of COX-2 is ascribed to its induction of aromatase expres-

sion via several transcription factors, yielding higher E2 levels (Attar et al. 2009). However, PGE2 

also induces reduced matrix metalloproteinase 9 (MMP-9) activity and thereby decreased phagocy-

totic ability of peritoneal fluid macrophages, presumably causing decreased clearing of endometrial 

tissue from retrograde menstruation (Wu et al. 2005). 

Immunology and inflammation in endometriosis 

Inflammation, characterized by activated lymphocytes, neutrophils, and macrophages, is a key fea-

ture of endometriosis tissue, associated with the overproduction of prostaglandins, metalloprotei-

nases, cytokines and chemokines (Lebovic et al. 2001; Kayisli et al. 2002; Bulun 2009). It is de-

bated whether the peritoneal inflammation is a consequence or a cause of endometriosis, or both. 
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The immune system is involved in the pathogenesis of endometriosis on multiple levels, and the 

most important features will be presented in this section.  

It is believed that defective immunosurveillance in women with endometriosis contributes to the 

attachment, persistence and progression of the ectopic endometrial tissue (Lebovic et al. 2001). Fol-

lowing retrograde menstruation, endometrial cells in the peritoneal cavity should be cleared by the 

immune system, and a number of potential mechanisms could explain why this fails in endometri-

osis. These mechanisms are summarized in figure 4 and will be addressed in the order of disease 

progression in the following sections. 

 
The persistent endometriosis-associated presence of viable peritoneal endometrial cells is partly 

ascribed to augmented retrograde menstruation, which can directly induce endometriosis (D'Hooghe 

et al. 1994), probably by overcoming the immune systems by simple outnumbering. Endometrial 

cell clearance is presumably also reduced by altered phagocytotic properties of peritoneal macro-

phages (Dmowski et al. 1998). Moreover, decreased cytotoxicity towards autologous endometrial 

cells by decreased natural killer (NK) cell activity is thought to be a key immune defect in endome-

triosis and is correlated with disease severity (Oosterlynck et al. 1991). The tightly regulated bal-

ance between T helper cells type 1 (Th1) and 2 (Th2) is altered towards higher Th2 activity in 

Figure 4. The role of the 
immune system in the 
development and main-
tenance of endometriosis. 
Following retrograde men-
struation, multiple altered 
actions of the immune sys-
tem influence step-wise 
disease progression. PF, 
peritoneal fluid; NK cells, 
natural killer cells. Simpli-
fied overview inspired by 
(Kyama et al. 2003). 
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women with endometriosis. These secrete IL-4 and -10, which are speculated to reduce NK and T-

cell cytotoxicity (Hsu et al. 1997; Harada et al. 1999), further reducing immune surveillance. 

The endometrial cells themselves also contribute to their survival. The transcriptional expression 

of ICAM-1 is upregulated in ectopic endometriosis lesions and is also expressed in paired eutopic 

endometrial cells, a fact that might contribute to early implantation of peritoneal endometriosis 

(Vigano et al. 1998; Wu et al. 2004). The inflammatory cytokines interferon γ (IFNγ) and interleu-

kin 1β (IL-1β) induce ICAM-1 protein expression and secretion of the soluble form of the protein, 

which competitively inhibits ICAM-mediated cytotoxicity, increasing survival. Furthermore, the 

retrograded endometrial cells have a decreased ability to undergo apoptosis, as described above. 

The immune system is believed to assist the adhesion of the viable endometrial cells. Increased 

peritoneal infiltration of leukocytes, especially macrophages, and an increased proportion of acti-

vated macrophages, is found in endometriosis patients (Halme et al. 1987; Hill et al. 1988). Perito-

neal macrophage depletion has been shown to effectively inhibit the initiation and growth of endo-

metriosis implants in rats (Haber et al. 2009), pointing towards a pathogenic effect of macrophages 

(figure 4). This inflammation is associated with elevated levels of inflammatory cytokines, growth 

factors and chemokines. 

The pleiotropic pro-inflammatory cytokine tumor necrosis factor α (TNFα) is mainly produced 

in monocytes and macrophages and stimulate the secretion of the interleukins IL-1, IL-6 and IL-8 

by endometriotic cells (Haider and Knöfler 2009). TNFα can either promote cell regeneration 

(through the Nuclear Factor κB (NFκB) pathway) or cell destruction (by initiating the caspase cas-

cade), depending on its local concentration, expression pattern of receptors, and abundance of inhi-

bitors. Peritoneal fluid (PF) macrophages from women with endometriosis secrete greater levels of 

TNFα than those from healthy women (Rana et al. 1996), and elevated PF levels of TNFα is de-

tected in women with endometriosis (Eisermann et al. 1988; Mori et al. 1991). The adherence of 

endometrial stromal cells to mesothelial cells is significantly increased by pretreatment of meso-

thelial cells with TNF-α in vitro, suggesting a role in facilitating pelvic adhesion (Zhang et al. 

1993). Moreover, TNFα stimulates the growth of both eutopic and ectopic endometrial stromal cells 

from women with endometriosis, whereas it inhibits growth of endometrial cells from healthy 

women, and the PF level of TNFα is correlated with disease severity (Harada et al. 1999; Braun et 

al. 2002). Anti-TNFα therapy effectively reduces endometriosis lesions in rats and baboons (Barrier 

et al. 2004; Falconer et al. 2006; Zulfikaroglu et al. 2010), revealing a potential future medical 

treatment for endometriosis. However, a placebo-controlled clinical trial of anti-TNFα treatment 
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failed to demonstrate significant decrease of pain associated with deep endometriosis (Koninckx et 

al. 2008). 

IL-1β is also a pro-inflammatory cytokine found elevated in the PF of women with endometri-

osis, and PF macrophages produce IL-1β in vitro in the absence of stimulants (Mori et al. 1991). 

Interleukin-6 (IL-6) expression is induced by IL-1 and TNFα, and the PF level of both cytokines 

have been correlated with endometriosis severity (Cheong et al. 2002). Endometrial stromal cells 

from eutopic endometrium of endometriosis patients secrete significantly higher levels of IL-6 than 

eutopic endometrial stromal cells, which in turn secrete significantly higher IL-6 levels than endo-

metrial stromal cells from healthy controls (Tseng et al. 1996). Both IL-1 variants α and β and IL-6 

are involved in the activation of T-lymphocytes and the differentiation of B-lymphocytes (Lebovic 

et al. 2001), thereby contributing to the increased peritoneal active immune state in endometriosis.  

In addition to these cytokines, a number of chemokines have been implicated in the pathogene-

sis of endometriosis, believed to contribute by recruiting and activating leukocytes to the inflamma-

tory sites, thereby assisting the adhesion process (figure 4). Yet another member of the interleukin 

family, IL-8 (also named CXCL-8), has been implicated in endometriosis. PF macrophages from 

women with endometriosis secrete greater levels of IL-8 than those from healthy women (Rana et 

al. 1996), which stimulates the growth of ectopic endometrial stromal cells (Harada et al. 1999). 

The level of IL-8 in eutopic and ectopic endometrial endothelial cell is elevated compared with that 

of healthy women (Ulukus et al. 2009), and importantly, IL-8 stimulates the adhesion of endometri-

al stromal cells to fibronectin (Garcia-Velasco and Arici 1999) and is therefore likely to contribute 

to the adhesion of endometrial cells in the pelvic cavity. 

The level of monocyte chemotactic protein-1 (MCP-1, also named CCL2) is one of the most po-

tent chemokines in attracting monocytes. Its expression is elevated in eutopic and ectopic endome-

trial endothelial cells compared with endometrial cells from healthy women (Ulukus et al. 2009). 

MCP-1 has been found elevated in both PF and serum of women with endometriosis, and in endo-

metrial glands the level varies according to disease stage (Jolicoeur et al. 1998). Moreover, E2 up-

regulates IL-1-induced MCP-1 expression, which may occur locally in the inflammatory site and 

contribute to peritoneal macrophage recruitment and activation (Akoum et al. 2000). 

The chemokine RANTES (regulated upon activation, normal T cell expressed and secreted, also 

named CCL5) plays an important role in recruiting several types of lymphocytes into the endome-

trium (Kayisli et al. 2002). It is secreted by stromal ectopic endometriosis lesions upon stimulation 

with TNFα, IFNγ, or IL-1β (Hornung et al. 1997; Fang et al. 2009). IL-1β treatment yields a higher 



Endometriosis and Type I Interferon                          Introduction 

11 

 

level of RANTES in ectopic compared with eutopic cells from endometriosis patients, which in turn 

display higher levels than normal endometrial cells, entailing increased monocyte chemotactic ac-

tivity. This is presumed to be a major contributor to leukocyte recruitment and inflammation in the 

pathogenesis of endometriosis. 

It should be noted that several of the findings involving specific cytokines and chemokines have 

been argued against by other studies finding no significant correlation. For instance, differences in 

PF levels of IL-1 and TNFα in women with and without endometriosis were found insignificant 

(Keenan et al. 1995), and TNFα, IL-6, and IL-8 did not promote of endometrial cell adhesion in an 

in vitro model (Debrock et al. 2006). However, accumulating evidence predominantly reports that 

both cytokines and chemokines through enhanced local inflammation and cellular adhesion contri-

bute to the pathogenesis of endometriosis. 

 Transforming growth factor β (TGF-β) PF levels are significantly higher in women with endo-

metriosis compared with healthy control women and increase with the severity of the disease (Pizzo 

et al. 2002). The adhesion of human endometrial cells to murine peritoneum is increased by treat-

ment with TGF-β (as well as with IL-1β, IL-6, and TNFα) (Béliard et al. 2003). The same could 

not be shown for human peritoneal mesothelial cells, but TGF-β enhances trans-mesothelial inva-

sion by primary and immortalized endometrial epithelial cell lines in vitro (Liu et al. 2009).  

TGF-β might not only facilitate adhesion but also implantation in endometriosis (figure 4). Its 

expression in the endometrium varies with the menstrual cycle, peaking at the time of menstruation 

(Omwandho et al. 2009). This expression pattern is roughly opposite to that of TNFα, and co-

expression with progesterone occurs in the secretory phase (figure 5). TGF-β has been shown to 

mediate progesterone-associated suppression of matrix metalloproteinase (MMP) expression in en-

dometrial tissue, and it is required for progesterone action in the prevention of experimental endo-

metriosis (Bruner et al. 1999). MMPs are important for the control of extracellular matrix turnover, 

and they are believed to influence the implantation of adhered ectopic endometrial cells in endome-

triosis (Kyama et al. 2003). The level of MMPs are upregulated and tissue inhibitors of matrix me-

talloproteinases (TIMPs) downregulated in PF from women with endometriosis compared with con-

trols (Szamatowicz et al. 2002; Laudanski et al. 2005). MMPs are upregulated in response to the 

inflammatory cytokines TNFα and IL-1 and are expressed during the menstrual and proliferative 

phases but suppressed by progesterone in the secretory phase (Osteen et al. 1999). In the absence of 

a normal progesterone response, which as described above is common in ectopic lesions of endome-
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triosis, sensitivity to TGF-β may be altered, resulting in a failure to downregulate MMPs and hence 

contributes to the implantation process.  

Following implantation, the growth and maintenance of endometriosis lesions is influenced by a 

number of factors (figure 4). First of all, the implanted tissue is in need of vascularization and in-

creases in the concentration of several angiogenic factors have been reported. IL-6 and IL-8, which 

as stated above are upregulated in endometriosis, both promote angiogenesis (Barcz et al. 2002). 

IL-1β, which is also elevated in PF of endometriosis patients, induce IL-6 and VEGF and an angi-

ogenic phenotype in ectopic but not eutopic endometrial stromal cells (Lebovic et al. 2000). Wom-

en with severe endometriosis have elevated PF levels of both IL-6 and vascular endothelial growth 

factor (VEGF) compared with both milder endometriosis and healthy controls (Mahnke et al. 2000), 

underlining that angiogenesis is a feature of disease exacerbation. Furthermore, high proliferative 

activity of endometriosis lesions is associated with increased levels of VEGF and its receptor as 

well as increased microvessel density (Bourlev et al. 2006). 

 

Figure 5. Levels of estrogen, 
progesterone, TGFβ, TNFα, 
and IFNα in the human en-
dometrium during men-
strual cycling. Numbers de-
note days after the first 
menstrual day. Dashed lines 
show levels following im-
plantation. There are indica-
tions that TNFα and IFNα  
levels are upregulated in 
early pregnancy. Schematic 
representation based on (Li 
et al. 2001; Haider and 
Knöfler 2009; Omwandho et 
al. 2009). 
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 A positive feedback of activated immune response contributes further to the maintenance of en-

dometriosis. The defective immune surveillance in endometriosis is believed to cause uptake of 

apoptotic cells by inappropriately activated antigen-presenting cells, which in turn triggers autoanti-

body production (Seery 2006). The reduced NK cell activity has been suggested to result in less 

effective killing of autologous dendritic cells (DCs) loaded with endometrial self-antigens. This 

would facilitate self-antigen presentation to autoreactive T cells and the subsequent production of 

autoantibodies (Matarese et al. 2003), pointing towards a pathogenic contribution by an autoim-

mune disease mechanism (figure 4). Indeed, the frequency of autoantibodies towards endometrial 

antigens is elevated in both serum and PF of women with endometriosis compared with normal 

women (Gorai et al. 1993). Activation of Th2 immune response in endometriosis and elevated B 

cell levels has been reported both systemically and locally in the ectopic lesions (Antsiferova et al. 

2005), supposedly causing sustained autoantibody production and continuous infiltration of immune 

cells, maintaining the immunological contribution to the pathogenesis of endometriosis. Further-

more, women with endometriosis have an increased risk of autoimmune diseases, e.g. rheumatoid 

arthritis (Sinaii et al. 2002). 

Type I interferons and endometriosis 

A key constituent of the immune system that has been only slightly investigated in relation to en-

dometriosis is the family of interferons (IFNs). IFNs are cytokines secreted from cells in response to 

viral challenge and various other stimuli. The human interferons are by structural homology classi-

fied into type I, which consists of IFNα (counting 13 subtypes), IFNβ, -ε, -κ, and -ω, type II, which 

is only IFNγ, and type III, the more recently discovered IFNλ (comprising 3 subtypes) (Pestka et al. 

2004; Platanias 2005). Ruminants furthermore express IFNτ, a type I IFN that, in addition to the 

classical antiviral activities, is involved in maternal recognition of pregnancy (Roberts 2007). Se-

creted IFNs bind to specific plasma membrane receptors, which initiate intracellular pathways (fig-

ure 6), leading to the transcription of hundreds of interferon stimulated genes (ISGs) (Platanias 

2005). In spite of their common signaling pathway, IFNα and -β display specific activity profiles. 
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Figure 6. Classical Type I & 
II interferon signaling 
pathways. Binding of type I 
IFN to the IFNAR1-IFNAR2 
heterodimer (1) activates 
the permanently bound 
Janus kinases (JAKs) Tyk2 
and Jak1, which autophos-
phorylate (2) and then 
phosphorylate tyrosine 
residues on the receptor 
(3). Signal transducer and 
activator of transcription 2 
(STAT2) then docks to the 
complex (4) and recruit 
STAT1 (5). These two pro-
teins are phosphorylated by 
the JAKs and then form a 
dimer, which is released (6). 
IFN regulatory factor 9 
(IRF9) binds to the STAT 
dimer, forming the IFN-
stimulated gene factor 3 
(ISGF3) (7), which migrates 
to the nucleus, binds to the 

IFN-stimulated response element (ISRE) in the promoter sequences of IFN-stimulated genes (ISGs), and activates their 
transcription (8). Dimers of IFNγ bind to the double IFNGR1-IFNGR2-dimer complex (9) and thereby activate the cross-
phosphorylation of downstream JAK1s and JAK2s (10). These phosphorylate IFNGR1, which then recruits STAT1 (11). 
Upon phosphorylation STAT1 forms homodimers, which migrate to the nucleus (12), where it binds to the IFN gamma 
activated sequence (GAS) in the promoters of responsive genes (13). The STAT1-activation by type I IFNs can cross-
activate GAS promoter elements (14). Additional transcription factors are involved, e.g. STAT3 and STAT5 can be acti-
vated by IFNα, -β or -γ and form homo- or heterodimers contributing to downstream signaling (15). Furthermore, IFNs 
utilize additional pathways, both independent of and integrated with the JAK-STAT pathway, including the phospha-
tidyl-inositol-3’OH kinase/Akt/nuclear factor κB (NFκB) and the Ras/Raf/mitogen activated protein kinase (MAPK) 
pathways (Pestka et al. 2004; Platanias 2005). 
 

Main biological activities resulting from IFN signaling are primarily antiviral but also anti-

proliferative, anti-angiogenic, and antigen-presenting immunomodulatory effects (Pestka et al. 

2004) and regulation of pro- and/or anti-apoptotic genes and proteins (Clemens 2003). The current 

state of the cells and complex balances of feedback mechanisms determine the overall outcome of 

the IFN response, e.g. survival vs. apoptosis (Pestka et al. 2004). Recombinant human IFNs (mainly 

IFNα and -β) are used as therapeutic agents against a variety of cancers, multiple sclerosis, and vir-

al diseases, such as hepatitis B and C. 

Type II IFN is produced only by activated T or NK cells and its primary role is to modulate the 

adaptive immune response, e.g. by contributing to activation of macrophages and T cell develop-

ment (Takaoka and Yanai 2006; Hall and Rosen 2010). Expression of the receptors of type III IFN 
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is primarily limited to epithelial and DCs, restricting their scope of action. This dissertation focuses 

on type I IFNs and their possible role in endometriosis.  

Type I IFNs are secreted rapidly in high levels by most cell types upon stimuli, and IFNα and -β 

are additionally produced in low constitutive levels, e.g. by fibroblasts, rendering cells in a “ready-

to-go” state for rapid and effective enhancement of a cellular immune response (Takaoka and Yanai 

2006). They have immunostimulatory effects on NK cells, macrophages and DCs, which are all 

essential effector cells in the innate immune system. Among the downstream targets of type I IFN 

signaling are the IFNs themselves as well as associated receptors, signal transducers and transcrip-

tion factors, enabling a strong feed-forward mechanism (Hall and Rosen 2010).  

It is strongly believed that type I IFNs are directly involved in the pathogenesis of autoimmune 

disease by enhancing the self-amplification of systemic autoimmunity (Hall and Rosen 2010). The 

aberrant antigen-presentation of debris from apoptotic cells and the resulting production of autoan-

tibodies in endometriosis could be speculated to give rise to a type I IFN-amplified autoimmune 

pathogenic mechanism. In autoimmunity, self antigens elicit an immune response that includes sub-

stantial production of type I IFNs. Upon DC presentation of endometrial autoantigens, type I IFN 

may then promote monocyte differentiation, DC survival and cytotoxic T cell activity, which may 

enhance killing of endometrial cells presenting autoantigens. Debris from dying cells is then taken 

up by DCs and presented for recognition by T cells in a self-amplifying loop. Type I IFNs also in-

duce the differentiation of B cells, which would promote autoantibody production. Immune com-

plexes of endometrial self antigens and autoantibodies would further amplify the IFN production, 

constituting yet another positive feedback loop (Hall and Rosen 2010). 

ISG12A and 6-16 of the ISG12 family are among the most highly IFN-stimulated genes. ISG12A 

and 6-16 mRNA levels are highly inducible by type I IFNα and ISG12A also slightly by type II 

IFNγ in a variety of cell lines (Gjermandsen et al. 2000). Transcriptional induction of the two other 

family members ISG12B and -C by type I IFNs has not been shown, despite the fact that interferon 

stimulated response elements (ISREs) are found in all human and mouse ISG12 promoter regions 

(Parker and Porter 2004). The promoter sequences of the ISG12 family members all contain numer-

ous additional transcription factor binding sites, including motifs potentially responsive to STAT1/-

3/-5/-6, IRF1/-2, NFκB, and importantly for estrogen and for 6-16 also progesterone receptors 

(Greibe 2005, unpublished data).  

All of the ISG12 proteins localize to the mitochondrial membrane, and ISG12A and 6-16 have 

been shown to exhibit pro- and anti-apoptotic mitochondria-mediated effects, respectively (Tahara 
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et al. 2005; Fredborg et al. 2008; Rosebeck and Leaman 2008). ISG12B and -C have also been 

shown to induce apoptosis in vitro and they furthermore display significant homology to well-

known pro-apoptotic Bcl2 family members (Fredborg 2008, unpublished data). It is thus speculated 

that, as for the Bcl2 protein family, the balance between the ISG12 family members and possibly 

other IFN-regulated proteins is involved in determining the final outcome for the cells upon IFN 

stimulation – survival or apoptosis (Rosebeck and Leaman 2008; Fredborg 2008, unpublished data). 

Ectopic endometriosis implants show elevated expression of the anti-apoptotic protein BCL2 

(Béliard et al. 2004), and there are strong indications that the ISG12 genes have a function in 

mammalian endometrial tissue. An endometrial BCL2-ISG12 redundancy could thus be proposed. 

ISG12A mRNA is among the most abundant transcripts in the human endometrium in prolifera-

tory and secretory phases (Borthwick et al. 2003). Gene expression of ISG12A and 6-16 is signifi-

cantly upregulated in the endometrium in the early pregnancy of ewes (female sheep) compared 

with non-pregnant animals. Moreover, a further expressional increase of these two ISG12 genes was 

observed in the early pregnancy of ewes when treated with the type I IFNτ (Gray et al. 2006). The 

mRNA levels of the rat homolog of ISG12A (IRG1, Isg12a) and of IFNα are highly upregulated in 

the rat uterus at the onset of implantation. The endometrial level of IFNα mRNA is also increased 

in the mid-secretory phase of the human menstrual cycle; the putative window of implantation (fig-

ure 5), and the ruminant type I IFNτ plays a significant role for receptivity of and implantation in 

the endometrium (Roberts 2007). Also, the transcriptional expression level of ISG12A is clearly 

induced by estrogen in human endometrial Ishikawa cells in vitro when transfected with an estrogen 

receptor-expressing plasmid (Li et al. 2001). IFNα also robustly induce the ISG12A mRNA levels 

in the same cells, and importantly, a combination of estrogen and IFNα elicits a strong synergistic 

response and boost the ISG12A mRNA levels to much higher level. In addition, the transcription of 

IFNα and also interferon α receptor 2 (IFNAR2) is highly upregulated in the endometrium of wom-

en suffering from endometriosis compared with healthy women (Kao et al. 2003). Moreover, JAK1, 

which has an important function in type I IFN signaling, is upregulated in ectopic endometriosis 

stromal cells compared with the eutopic endometrium (Matsuzaki et al. 2004). The sum of these 

findings suggests a role of type I IFN in the human endometrium and a possible dysregulation in 

endometriosis. The potential involvement of the ISG12 family members could be either direct or 

simply a marker of the type I IFN action. 

The approved drug Intron A (human recombinant IFNα-2b) has been proposed as a possible 

immunomodulatory therapeutic against reoccurrence of endometriosis cysts after surgery. The hy-
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pothesis was that this could enhance the cytotoxic activity of macrophages and natural killer cells to 

reduce the growth of ectopic endometrial tissue (Ali et al. 2000; Acién et al. 2002). This drug has 

been found to suppress the growth of cultured endometriosis cells in vitro in a dose-dependent 

manner (Badawy et al. 2001). Rats with surgically induced endometriosis showed persistent signifi-

cant reductions in the implant sizes upon intraperitoneal or subcutaneous administration of human 

IFNα-2b (Ingelmo et al. 1999). Furthermore, a small clinical study has shown that the symptoms of 

pelvic endometriosis is decreased three months after intraperitoneal injection of IFNα-2b (Ali et al. 

2000). However, a larger clinical study has shown that intraperitoneal administration of IFNα-2b 

following surgical treatment for endometriosis raises the cyst reoccurrence rate significantly after 

21 months (Acién et al. 2002). Hence, the normal anti-proliferative effects of type I IFNs appear to 

be challenged in endometriosis. The possible involvement of type I IFNs in endometriosis is inves-

tigated here. 

  



Endometriosis and Type I Interferon                         Aim of Study 

18 

 

Aim of study 

This PhD project focuses on the possible involvement of type I interferons in the pathogenesis of 

endometriosis and also addresses the possible involvement of DNA viruses and the relation to ma-

lignant processes. 

Aim of background study: The ISG12 genes, type I interferons, and endometriosis 

The ISG12 genes are highly stimulated by type I IFNs and appear to play a role in the endometrium. 

Peritoneal fluid and blood serum from endometriosis patients display distinct molecular profiles. 

The aim of this study is to investigate the regulation of the ISG12 genes in response to type I IFNs 

and to body fluids from endometriosis patients compared with healthy controls. 

Aim of study 1: Type I interferon response genes in endometriosis 

A line of circumstantial evidence points towards a possible role of type I IFNs in the pathogenesis 

of endometriosis. The aim of this study is to investigate the expression of genes related to the type I 

IFN system in endometriosis using quantitative reverse transcriptase PCR (qRT-PCR). Accurate 

normalization of qRT-PCR data requires meticulous selection of reference genes that are stably ex-

pressed in the tissues studied. The work on this study is described in manuscript I, “Transcriptional 

expression of type I interferon response genes and stability of housekeeping genes in the human 

endometrium and endometriosis”. 

Aim of study 2: Malignancy and endometriosis 

The invasive and metastatic features of endometriosis resemble that of malignancies, and ovarian 

endometriosis occasionally transforms into cancer. The aim of this study is to investigate endome-

triosis lesions for promoter methylation and mutations that are common in endometrial and ovarian 

carcinomas. The work on this study is described in manuscript II, “Oncogenic events associated 

with endometrial and ovarian carcinomas are rare in endometriosis”. 

Aim of study 3: DNA viruses in endometriosis 

Interferons are secreted in response to viral stimulation, and DNA viruses like human papillomavi-

rus can induce malignancy resembling the invasiveness of endometriosis and could be speculated to 

be involved in the pathogenesis. The aim of this study is to determine the prevalence of common 

DNA viruses in endometriosis. The work on this study is described in paper III, “Low prevalence of 

DNA viruses in the human endometrium and endometriosis”. 
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Background study: The ISG12 genes, type I interferons, 
and endometriosis 

A series of experiments have been conducted in order to investigate the transcriptional regulation of 

the ISG12 genes by type I IFNs and their possible involvement in endometriosis. The experimental 

methods and results will be presented here.  

Materials and Methods 

Mammalian cell cultures 

The human cell lines HeLa (CCL-2, ATCC), Ishikawa, HEK293 and HT1080 were grown in T75 

flasks at 37°C and 5% CO2 in 20 mL DMEM (Dulbecco’s modified Eagle’s medium) type 039 

(Gibco BRL/Life Technology) with 10% FBS (foetal bovine serum) (Gibco BRL/Life Technology) 

and 1% antibiotics (100 U/mL Penicillin, 50 μg/mL Streptomycin). Approximately twice a week 

the cells were washed with PBS (phosphate buffered saline) and trypsinated with Trypsin-EDTA 

(GibcoTM) at 37ºC until detachment. The cells were diluted approximately 10 times in fresh medium 

for passage. Cells were grown in phenol-red free DMEM containing 1% antibiotics and 10% char-

coal-filtered (dextran coated charcoal, Sigma) FBS in order to avoid the presence of undesired ac-

tive compounds. All cell lines were tested negative for mycoplasma contamination, using the My-

coSensor PCR Assay Kit (Stratagene) as described by the manufacturer. The primers GPO3-

myco(+) and MGSO-myco(-) (FJ et al. 1994) (see appendix A) were used with Accupol DNA Po-

lymerase (Amplicon) under the standard conditions for this PCR reaction. 

Clinical samples 

Samples of peritoneal fluid and blood serum were taken from 31 women suffering from endometri-

osis (E), and from 21 women with no indications of endometriosis who requested sterilization and 

agreed to participate in the study as healthy controls (C). The diagnoses were done by laparoscopies 

and verified histologically and scored as American fertility score (AFS) stage 1-3 endometriosis. 

The samples were collected at Odense University Hospital, Denmark, under supervision by Chief 

Physician Ulla B. Knudsen (Department of Gynecology and Obstetrics, University Hospital of 

Odense) and stored at -80°C until utilized. Collection of clinical material was approved by the local 

ethics committee, and all of the women gave written informed consent. 
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mRNA isolations and Reverse Transcriptase PCR (RT-PCR) 

HeLa and Ishikawa cells were grown in 6-well dishes overnight and then treated with 1000 U/mL 

IFNα or -β (international unit standard ampoules Gb23-902-532 and Gb23-902-531, National Insti-

tutes of Health) or not treated. After 24 hours of incubation, the cells were harvested with a rubber 

policeman in 1 mL PBS, and aliquots of 104 cells were taken out for mRNA isolations using the 

Dynabeads mRNA DIRECTTM Micro kit (Dynal Biotech) according to the kit protocol. First strand 

cDNA was synthesized directly with M-MLV Reverse Transcriptase (Invitrogen) under the recom-

mended conditions using the Dynabead-mRNA complexes as template. The samples were incubated 

at 37°C for 1 hour. 

RT-PCR was performed using 0.04 U/µL Taq Polymerase (Invitrogen) in the appropriate buffer 

with 5 mM MgCl2 (Invitrogen), 0.2 mM dNTP mix (Invitrogen), 0.16 % DMSO, and 2.5 µM of 

each primer, in a total volume of 20 µL. All primers used are listed in appendix A. PCR cycles of 

94°C for 45 s, 50°C for 45 s, and 72°C for 1 minute was repeated 40 times, and the PCR products 

were visualized by electrophoresis on 1% agarose gels containing 0.5 µg EtBr (ethidium bromide) 

(Sigma-Aldrich), in TBE-buffer (0.1 M Tris, 90 mM Boric acid, 10 mM EDTA) (Invitrogen). 7 µL 

RT-PCR sample was mixed with 3 µL loading buffer (0,25% bromophenol blue, 15% Ficoll Type 

400 (Pharmacia) in ddH2O) and loaded on the gel, and 10 µL GeneRulerTM 100 bp or 1 kb DNA 

ladder size markers (Fermentas) were loaded. 

Purification of total RNA and Quantitative Reverse Transcriptase PCR (qRT-PCR) 

The RNAquous Micro Kit (Ambion) was used for purification of total RNA from cultured cells or 

from vabra or endometriosis cyst samples. HeLa cells were seeded in 12-well dishes, grown over-

night and then treated with 1000 U/mL IFNβ, 15% blood serum or 10% peritoneal fluid, or left un-

treated. After 24 hours of incubation, the cells were harvested with a rubber policeman in 1 mL 

PBS, and aliquots of 5*105 cells were taken out for the RNA isolations. For the tissue samples, ali-

quots of approximately 7 mg were dispersed with a rotor-stator-type homogenizer (Polytron PT 

1200E, Kinematica) in 400 µL of the supplied lysis buffer, and the kit protocol was followed, in-

cluding DNAse treatment. At this point, the RNA concentration was measured. 20 µg of total RNA 

was then used for cDNA synthesis with the M-MLV 1st-Strand cDNA Synthesis Kit (Epicentre) 

with oligo(dT)12-18 primers (Invitrogen) in total volumes of 50 µL.  

For qRT-PCR, primer sets were designed using CLC Workbench, preferentially spanning gene 

introns to exclude potential genomic DNA contaminations from the template pool. The reaction 
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conditions were optimized with regard to annealing temperature and primer concentration, and the 

reaction mixes were as follows: 1 x Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen), 

0.2% ROX Reference Dye, 250 nM of each primer, and 1 µL of template cDNA in total volumes of 

20 µL. The results were obtained with the Mx3005P System (Stratagene), running a thermal pro-

gram of 95°C for 10 minutes and then 40 cycles of [95°C for 10 s; 62°C for 20 s (at the end of 

which the SYBR green fluorescence was measured); and 72°C for 20 s]. After this, the samples 

were heated to 95°C for 1 minute and lastly cooled to 55°C, and dissociation curves were obtained 

by measuring the decay of SYBR green fluorescence when heating the samples from 55°C to 95°C.  

All obtained signal levels were normalized to the ROX reference dye levels for correction of er-

rors due to differences in plasticware transparency and reflectivity or aliquoting errors. Threshold 

fluorescence levels were determined with the default adaptive baseline method of the MxPro Soft-

ware, and the resulting threshold cycle (Ct) values were assumed to be directly correlated to the 

starting target concentrations of the samples. The relative expression of the amplified targets were 

then calculated as 2-∆Ct, where ∆Ct = Ctsample-Ctnormalizer. 

Results 

The ISG12 genes are regulated by type I interferons in vitro 

The transcriptional regulation of the ISG12 genes by IFNα and -β was analyzed by reverse tran-

scriptase polymerase chain reaction (RT-PCR) and quantitative RT-PCR (qRT-PCR) analysis of 

RNA isolates from cultured cells. The HeLa cell line is a human epithelial cervical carcinoma cell 

line and was chosen for its high multiplication rate and stable growth in culture. Ishikawa is a hu-

man endometrial adenocarcinoma cell line and therefore relevant when investigating endometriosis. 

PCR of the housekeeping gene GAPDH was included to control for comparable amounts of RNA in 

the samples.  

The RT-PCR results (figure 7) show that ISG12A mRNA is induced by both IFNα and -β, as is 

6-16 mRNA. In the absence of IFNs, ISG12A transcription is absent, whereas 6-16 mRNA is 

present in very small amounts. Both ISG12B and -C are constitutively expressed at the transcrip-

tional level and apparently not affected by IFNα and -β treatment. These results are identical for 

HeLa and Ishikawa cells. 
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Figure 7. ISG12A and 6-16 mRNA levels are highly induced by IFNα and -β, whereas ISG12B and -C are not, as shown 
by RT-PCR analysis. HeLa and Ishikawa cells were treated with 1000 U/mL IFNα (α), IFNβ (β), or left untreated (nt) 
until harvested after 24 hours, and mRNA was isolated and analyzed by RT-PCR. The PCR products were visualized on 
1% agarose gels. Panel A, HeLa cells; Panel B, Ishikawa cells. ISG12A, -B, -C, 6-16, and GAPDH above the gels denote 
the primer sets used. Arrows indicate the expected sizes of the PCR products: ISG12A (114 bp), ISG12B (208 bp), 
ISG12C (216 bp), 6-16 (374 bp) and GAPDH (239 bp). Arrowheads denote primer-dimer bands. (-) are negative PCR 
controls without template; M is DNA ladder size marker. 
 

When analyzing the regulation of the ISG12 genes in response to IFNβ by qRT-PCR, it shows 

that 6-16 is expressed at higher transcriptional levels than ISG12A in response to IFNβ (figure 8A). 

However, since ISG12A mRNA is not expressed in the absence of type I IFNs, whereas 6-16 

mRNA is very weakly expressed, the fold induction of ISG12A by IFNβ is much higher than that of 

6-16 (figure 8C). Furthermore, it is apparent that the low levels of ISG12B and -C mRNA are in fact 

weakly but significantly induced by IFNβ, though only 1.5- and 3-fold, respectively (figure 8B and 

8D). Some variation is seen among the repeated assays 1-3 in figure 8. This can be ascribed to small 

variations in cell confluence and thereby in growth rate at the time of treatment, resulting in a diffe-

rential degree of response to the IFN treatment. 
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Figure 8. ISG12A and 6-16 mRNA are highly induced by IFNβ, and ISG12B and -C are very weakly induced, as shown 
by quantitative RT-PCR analysis. HeLa cells were treated with 1000 U/mL IFNβ or not treated (nt) for 24 hours, har-
vested mechanically, and subjected to purification of total RNA, which was used directly as template for first strand 
cDNA synthesis with oligo(dT) primers. The levels of ISG12 gene family and GAPDH cDNAs were analyzed by optimized 
quantitative PCR using the SYBR green method. All signal levels were normalized to the included ROX reference dye 
levels for correction of errors due to differences in plasticware transparency and reflectivity or aliquoting errors. The 
primer sets (see app. A) were preferably designed spanning introns, and dissociations curves showed no product con-
taminations. Panel A and B show the cDNA levels of the ISG12 genes, normalized to GAPDH levels to enable compari-
son. All bars are means of triplicate measurements, and error bars denote standard deviations. The numbers 1-3 de-
note independent repeated assays. Panel C and D show the fold inductions of IFNβ treated samples compared with 
samples not treated, as mean values of the repeated assays from panel A and B, error bars showing the standard dev-
iations. 
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Analysis of body fluid samples from endometriosis patients and controls 

In order to investigate the putative role of type I IFNs and the ISG12 genes in endometriosis, clini-

cal samples have been collected from 31 women suffering from endometriosis (E) and from 21 

healthy women (C). The samples include blood serum and peritoneal fluid (located between the 

abdominal wall and internal organs). These body fluid samples were obtained to be able to search 

for active substances that could be contributing to the pathogenesis of endometriosis, primarily fo-

cusing on IFNs and the ISG12 genes. 

The potential influence of substances in the blood serum and peritoneal fluid samples on the 

transcription of the ISG12 genes was preliminarily investigated. HeLa cells were treated with 15% 

blood serum or 10% peritoneal fluid from patient and control samples for 24 hours, and the tran-

scription of the ISG12 genes was analyzed by qRT-PCR (figure 9). No significant differences in 

induction between C and E sample groups were observed in initial experiments, these trials were 

therefore not investigated further. Instead, the experimental work was focused on analysis of tissue 

samples of endometrium and endometriosis lesions, which is described in study 1-3. 

 
 

   
Figure 9. Blood serum and peritoneal fluid does not significantly affect the transcriptional levels of the ISG12 genes. 
HeLa cells were treated with 15% clinical sample serum (panel A) or 10% peritoneal fluid (panel B) from endometriosis 
patients (E) or controls (C) for 24 hours. The cells were harvested, and the levels of ISG12 gene family and GAPDH 
mRNA were analyzed by qRT-PCR as described for fig. 8. All bars are means of triplicate measurements, and error bars 
denote standard deviations.  
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Study 1: Type I interferon response genes in endometri-
osis  

Following the studies of regulation of the ISG12 genes in vitro, their expression in tissue samples 

from endometrium and endometriosis lesions of women with endometriosis and healthy controls 

was studied by qRT-PCR. Initial experiments did not point towards significantly differential ex-

pression levels of the ISG12 genes in endometrium of healthy women and eutopic end ectopic en-

dometrium of women with endometriosis. Therefore, the scope of the study was broadened out to 

investigate the expression of a number of genes related to the type I interferon system. The work on 

this study is described in manuscript I, “Transcriptional expression of type I interferon response 

genes and stability of housekeeping genes in the human endometrium and endometriosis”. 
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Abstract 

BACKGROUND: Endometriosis is the presence of endometrial tissue implants in ectopic locations, 

and type I interferons (IFNs) could be implicated in the pathogenesis. Stably expressed housekeep-

ing genes should be identified for valid normalization of real-time quantitative reverse transcriptase 

PCR (qRT-PCR) studies of the endometrium and endometriosis. 

METHODS: The expression of genes involved in the type I IFN immune response were profiled by 

a specific PCR Array of RNA obtained from ectopic and eutopic endometrium collected from 12 

endometriosis patients and 12 healthy control women. The endometrial cell lines HEC1A, HEC1B, 

Ishikawa, and RL95-2 were treated with IFNβ and harvested. Transcriptional expression levels of 

selected IFN-regulated genes and seven housekeeping genes were investigated by qRT-PCR, and 

housekeeping genes were evaluated for stability using the GeNorm and NormFinder software. 

RESULTS: A normalization factor based on HMBS, TBP, and YWHAZ expression was suitable for 

normalization of qRT-PCR studies of eutopic vs. ectopic endometrium. In endometrial cell lines, 

HMBS and HPRT1 were most stably expressed. The PCR Array indicated significantly different 

expression of the genes BST2, COL16A1, HOXB2, and ISG20 between the tissue types. However, 

by normalized qRT-PCR, levels of BST2, COL16A1, and the highly type I IFN-stimulated genes 

ISG12A and 6-16, displayed only insignificant variations. Conversely, HOXB2 and ISG20 transcrip-

tion was significantly reduced in endometriosis lesions compared with endometrium from endome-

triosis patients and healthy controls.  
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CONCLUSIONS: Appropriate housekeeping genes for normalization of qRT-PCR studies of endo-

metrium and endometriosis have been found. Abolished expression of ISG20 and HOX genes could 

be important in endometriosis. 

Key words: Endometrium / endometriosis / interferon / housekeeping / PCR 

Introduction 

Endometriosis and type I interferons 

Endometriosis is defined as the presence of endometria-like tissue outside the uterus, and is predo-

minantly targeting the pelvic organs (Giudice and Kao 2004; Bulun 2009). The most common 

symptoms are pelvic pain and infertility. The incidence is estimated to be 6-10%, and the pathoge-

nesis is much debated. Endometrial tissue is believed to enter the pelvic cavity by retrograde men-

struation, which occurs to some degree in most women. However, it remains to be elucidated how 

the misplaced tissue develops into endometriosis lesions. This harmful survival of endometrial tis-

sue outside the uterus is believed to be the result of a complex spectrum of contributing mechan-

isms. 

Women with endometriosis have an increased risk for generalized diseases related to the immune 

system, e.g. rheumatoid arthritis (Sinaii et al. 2002), and an accumulating body of evidence points 

towards a critical pathogenic role of the immune system (Lebovic et al. 2001; Kyama et al. 2003; 

Matarese et al. 2003). Here we focus on the putative implication of the important immune modulat-

ing cytokine family of type I interferons (IFNs), as a line of circumstantial evidence indicates that 

these could be involved. 

IFNs are a family of secreted cytokines, which are crucial in the amplification of an immune re-

sponse. They exert their biological activities by binding to specific membrane receptors to initiate 

intracellular signaling pathways resulting in transcriptional induction of more than 300 interferon 

stimulated genes (ISGs) (Der et al. 1998; Platanias 2005). Through the ISG expression, IFNs gener-

ate diverse functions involving antiviral, apoptotic, antiproliferative, and immunomodulatory activi-

ties. The human type I IFNs consist of IFNα (counting 13 subtypes), -β, -ε, -κ, and -ω (Platanias 

2005) and are secreted rapidly to high amounts by most cell types upon stimuli such as viral infec-

tion or other immune activators (Takaoka and Yanai 2006).  

Transcription of IFNα is up-regulated in the human endometrium in the window of implantation 

(Li et al. 2001) and the ruminant type I IFNτ plays a significant role for receptivity of and implanta-

tion in the endometrium (Roberts 2007). This points towards a function of type I IFNs in the human 
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endometrium. Furthermore, IFNα and its receptor IFNAR2 has been found highly upregulated in 

the window of implantation in the endometrium of women with vs. without endometriosis (Kao et 

al. 2003). The action or reaction of this fact in endometriosis has not yet been investigated.  

The approved drug Intron A (human recombinant IFNα-2b) has been proposed as a possible 

immunomodulatory therapeutic against reoccurrence of endometriosis cysts after surgery. The hy-

pothesis was that this could enhance the cytotoxic activity of macrophages and natural killer cells to 

reduce the growth of ectopic endometrial tissue (Ali et al. 2000; Acién et al. 2002). Intron A was 

found to suppress the growth of cultured endometriosis cells in vitro in a dose-dependent manner 

(Badawy et al. 2001). Supporting this study, surgically induced endometriosis showed persistent 

and significant reductions in the implant sizes upon intraperitoneal or subcutaneous administration 

of human IFNα-2b in rats (Ingelmo et al. 1999). A small clinical study has shown that the symp-

toms of pelvic endometriosis is decreased three months after intraperitoneal injection of IFNα-2b 

(Ali et al. 2000). However, a larger clinical study has shown that intraperitoneal administration of 

IFNα-2b following surgical treatment for endometriosis increases the cyst reoccurrence rate signifi-

cantly after 21 months (Acién et al. 2002). Hence, the normal anti-proliferative effects of type I 

IFNs seem to be challenged in endometriosis. The possible involvement of type I IFNs in endome-

triosis has not yet been further investigated. 

In this study, 84 genes related to the type I interferon response were screened for differential ex-

pression in eutopic and ectopic endometrium of endometriosis patients and healthy control women. 

The expression of the significantly dysregulated genes BST2, COL16A1, HOXB2, and ISG20 as 

well as the highly IFN-stimulated genes ISG12A and 6-16 was further investigated by quantitative 

reverse transcription PCR (qRT-PCR). 

The need for identification of stably expressed reference genes 

When studying the transcriptional expression of genes by qRT-PCR, accurate normalization of the 

measured expression level is absolutely crucial for the validity of the results. Applicable reference 

genes should be stably expressed across the studied tissues. However, even the most commonly 

used “housekeeping” genes (HKG) have been shown to vary considerably across samples and tis-

sues (Vandesompele et al. 2002; Andersen et al. 2004). It is therefore essential to identify the most 

appropriate reference genes of the specifically studied tissues. 

Stable reference genes of ectopic and eutopic human endometrium have not yet been identified. 

Previous studies of transcriptional levels in eutopic vs. ectopic endometrium have used a single ref-
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erence gene, such as GAPDH (Matsuzaki et al. 2006; Colette et al. 2009; Watanabe et al. 2009) and 

18S (Wu et al. 2006; Lee et al. 2010). In these studies, validation of the presumed stability of refer-

ence gene expression across the sample groups was not made. Here we investigate the expression of 

the commonly used reference genes GAPDH, HMBS, HPRT1, RPL13A, SDHA, TBP, and YMHAZ 

in ectopic and eutopic human endometrium. 18S, ACTB, and B2M were not included, since these 

genes have been shown to vary significantly with the menstrual cycle (Sahlin 1995; Ejskjaer et al. 

2009).  

Materials and Methods 

Subjects and samples 

Tissue samples were collected at Odense University Hospital, Denmark, by the three gynecologists 

UBK, TM, and HR. Samples were taken from the eutopic (Eu) and ectopic (Ec) endometrium from 

12 women suffering from endometriosis (E). Of these 12 women, one had endometriotic lesions 

rated at the revised American Fertility Score (rAFS) stage 1, six had rAFS stage 2, and five had 

rAFS stage 3, as confirmed by laparoscopies and verified histologically. Ectopic tissue samples (Ec) 

were obtained by biopsy forceps or scissor and came from one of the ovaries or from the perito-

neum. 12 women with no indication of endometriosis, who requested sterilization, accepted to par-

ticipate in the study as healthy controls (C). Samples from the endometrium were taken by curettage 

(vabra aspirator) both in the controls and the women with endometriosis. Cervical smears were 

tested negative for the presence of HPV, and all samples were tested negative for the presence of a 

series of common DNA viruses, as described previously (Vestergaard et al. 2010). Serum levels of 

17β-estradiol (E2) and progesterone were measured by the hospital laboratory. The mean age (±SD) 

of the participants was 32.5 (±6.9) years for the E group and 32.9 (±6.4) years for the C group. Col-

lection of clinical material was approved by the local ethics committee, and all of the women gave 

written informed consent. 

Mammalian cell cultures 

The mammalian endometrial carcinoma cell lines Ishikawa (European Collection of Cell Cultures, 

Sigma-Aldrich, Buchs, Switzerland), RL95-2, HEC1A, and HEC1B were grown at 37°C and 5% 

CO2. Ishikawa cells were grown in Dulbecco's Modified Eagle Medium (D-MEM) and all other cell 

lines in D-MEM/F-12 Media, both without Phenol Red (Gibco BRL/Life Technologies, Carlsbad, 
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CA, USA), with 10% Foetal Bovine Serum (Gibco) and 1% antibiotics (100 U/mL Penicillin, 50 

μg/mL Streptomycin) (Gibco).  

For experiments, cells were seeded in 12-well dishes, grown overnight, and then treated with 

1000 U/mL IFNβ or left untreated. After 24 hours of incubation, the cells were harvested with tryp-

sin-EDTA (Gibco). 

RNA purification and cDNA synthesis 

Frozen aliquots of 10 mg of tissue were dispersed with a rotor-stator-type homogenizer (Polytron 

PT 1200E, Kinematica, Lucerne, Switzerland) in 400 µL of the supplied lysis buffer and treated 

with proteinase K as described previously (Egyhazi et al. 2004). For in vitro experiments, aliquots 

of 500,000 cells were used directly. Total RNA from the entire resulting supernatant was purified 

using the RNAquous Micro Kit (Ambion, Foster City, CA, USA). The RNA kit protocol was fol-

lowed, including DNAse treatment. At this point, the RNA concentration was measured, and 1500 

ng were used for cDNA synthesis with the M-MLV 1st-Strand cDNA Synthesis Kit (Epicentre, 

Madison, WI, USA) with oligo(dT)12-18 primers (Invitrogen, Carlsbad, CA, USA) in a total volume 

of 50 µL. For cell lines, the RNA from three independent experiments was pooled prior to cDNA 

synthesis. For Eu and Ec tissue groups, sufficient RNA amounts were only obtained from 9 and 11 

out of the 12 samples, respectively.   

PCR Array 

The RNA quality was determined using NanoChips with an Agilent 2100 BioAnalyzer. For all 

RNA samples used for array analysis, OD260/280 ratio was in the range of 1.63-1.91, and the RNA 

Integrity Number (RIN) was in the range of 6.4-9.3.  

 The Human Interferon α, β Response PCR Array of the RT2 Profiler PCR Array System (SA-

Biosciences, Frederick, MD, USA) was used according to the supplier’s protocol. This array profiles 

the expression of genes involved in the type I IFN response, including signaling molecules, interfe-

ron-stimulated genes, and genes associated with interferon resistance. Purified total RNA was sub-

jected to genomic DNA elimination, and 1 µg was used for the first strand cDNA Synthesis. The 

real-time quantitative PCR was performed using a Stratagene Mx3005 instrument. The threshold 

values were determined automatically by the MxPro software (Stratagene, Agilent Technologies 

Inc., Santa Clara, CA, USA), and the average of the automatically calculated threshold values was 

used for all PCR array runs for extracting comparable threshold cycle (Ct) values. Dissociation 

curve analysis showed single melting peaks of all PCR products. 
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Quantitative reverse transcriptase PCR 

For quantitative reverse transcriptase PCR (qRT-PCR), primer sets (table I) were designed using 

CLC Workbench (CLC bio, Aarhus, Denmark), spanning gene introns to exclude potential genomic 

DNA contaminations from the template pool. Primer sequences for amplification of HMBS, 

HPRT1, RPL13A, SDHA, TBP, and YWHAZ were found in the literature (Vandesompele et al. 2002; 

Girault et al. 2003). The reaction conditions were optimized with regard to annealing temperature 

and primer concentration, and the reaction mixes were as follows: 1 x Platinum SYBR Green qPCR 

SuperMix-UDG (Invitrogen), 0.2% ROX Reference Dye, 300 nM of each primer, and 1 µL of tem-

plate cDNA in total volumes of 20 µL. The results were obtained with the Mx3005P System (Stra-

tagene), running a thermal program of 95°C for 10 minutes and then 40 cycles of [95°C for 10 

seconds; 58°C for 20 seconds (at the end of which the SYBR green fluorescence was measured); 

and 72°C for 20 seconds]. After this, the samples were heated to 95°C for 1 minute and lastly 

cooled to 55°C, and dissociation curves were obtained by measuring the decay of SYBR green fluo-

rescence when heating the samples from 55°C to 95°C. Accurate PCR product band sizes were veri-

fied by standard agarose gel electrophoresis, and melting curve analysis of all four PCR products 

displayed single melting peaks. 

All obtained signal levels were normalized to the ROX reference dye levels for correction of er-

rors due to differences in plasticware transparency and reflectivity or aliquoting errors. Overall thre-

shold fluorescence levels were determined with the default adaptive baseline method of the MxPro 

Software, and the resulting Ct values were converted to quantities using the comparative Ct method. 

This calculation incorporated the efficiencies of the reaction with each primer set, which were de-

termined as described previously (Pfaffl 2001) and are given in table I. All logarithmic regression 

coefficients r were in the range of 0.992-1.000. 

Gene stability analysis 

The relative HKG quantities (calculated from Ct values) were analyzed with the two freeware Mi-

crosoft Excel-based applications GeNorm (http://medgen.ugent.be/~jvdesomp/genorm/) 

(Vandesompele et al. 2002) and NormFinder (http://www.mdl.dk/publicationsnormfinder.htm) 

(Andersen et al. 2004) by following the software instructions. GeNorm tests for overall stability of 

the HKG sample set using a pairwise comparison method, whereas NormFinder uses a model-based 

approach to minimize both inter- and intragroup variation.  
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Results 

Array profile of interferon response genes in human endometrium and endometri-

osis 

To identify genes differentially expressed between tissue sample groups, the expression of 84 genes 

related to type I IFN-regulated molecular pathways were analyzed using the Human Interferon α, β 

Response RT2 Profiler PCR Array system. Four samples of each of the groups were analyzed, con-

trol endometrium (C), eutopic endometrium (Eu), and ectopic endometrium (Ec). The four genes 

displaying the highest and most significant difference of expression were chosen for further analy-

sis. BST2 and COL16A1 were significantly elevated in the Ec group compared with the Eu and C 

groups, whereas HOXB2 and ISG20 displayed the opposite pattern (figure 1). Both ISG12A and 6-

16, which are known to be highly upregulated by type I IFNs in a number of cell lines 

(Gjermandsen et al. 2000), were also included but did not display significantly different expression 

levels between the groups. 

The PCR array software normalizes the expression levels to a normalization factor based on the 

expression of B2M, HPRT1, RPL13A, GAPDH, and ACTB. However, stable expression of these 

housekeeping genes in the tissues studied here has not been confirmed. 

Gene expression stability analysis of candidate housekeeping genes in human endome-

trium and endometriosis 

In order to validate the PCR Array results using qRT-PCR, the transcriptional levels of seven can-

didate reference genes in the tissue samples were determined. The goal was to find one or more 

genes stably expressed across the sample groups for calculation of a normalization factor (NF) in 

order to be able to perform reliable normalization of qRT-PCR results in the studied tissue types. 

The genes GAPDH, HMBS, HPRT1, RPL13A, SDHA, TBP, and YMHAZ were chosen for this pur-

pose due to their common use as reference genes. All seven genes were confirmed to be expressed 

in the uterus by their EST profiles obtained from the UniGene Database (NCBI 2010). The com-

monly used genes ACTB, B2M and 18S were excluded due to their previously established cyclic 

variation (Sahlin 1995; Ejskjaer et al. 2009). 

 The expression level stability of the seven housekeeping genes were first evaluated using the 

GeNorm software, which calculates an average expression stability value M for all candidate genes, 

of which the genes with the lowest M values are considered to be the most stable (Vandesompele et 

al. 2002). The most stable gene pair was determined to be TBP and YWHAZ, after which sequential 
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inclusion of the next most stable genes in the normalization factor leads to an increased M value 

(figure 2A, table II). The software calculates the pairwise variation Vn/Vn+1 between the normaliza-

tion factors NFn and NFn+1, where n is the number of genes included in the NF, in order to deter-

mine the necessity of including an additional control gene for normalization (figure 2B). When 

Vn/Vn+1 is high, the addition of the next most stable gene will have a significant effect on NF, and a 

cut-off value of 0.15 for this significance was suggested by the authors as a general rule. In this 

case, the lowest Vn/Vn+1 value is 0.19 (for V5/6), which means that all seven genes should be in-

cluded according to this guideline. However, the inclusion of more genes must also be weighed 

against the increasing M value and the practical limitations such as limited amounts of RNA. Fur-

thermore, if the least stable genes are expressed in a non-stable manner, for instance by a variation 

correlated to the sample type, their significant effect on NF would not be preferred. The number of 

HKGs to include in the NF is therefore a subjective trade-off between the variables M, V, and other 

considerations. 

 The GeNorm software output parameters are calculated by pairwise comparison of the stability 

of each input gene compared with all the other input genes across the sample set, regardless of sam-

ple groups. We next evaluated the HKG stability using the NormFinder software, which apply a 

model-based approach to rank the genes according to a stability value based on estimation of mi-

nimal inter- and intragroup variations (Andersen et al. 2004) (figure 3). NormFinder identified 

YWHAZ as the most stable gene, whereas TBP and HMBS was given as the most stable combination 

of two genes (figure 3B, table II). In figure 3A it is seen that YWHAZ is indeed the gene with the 

smallest inter- and intragroup variation, whereas the combination of TBP and HMBS displays the 

advantage of roughly cancelling out the intergroup variations of each other. The authors suggest 

determining the optimal number of genes to be included in the NF by taking into account a number 

of considerations, including other algorithms, such as GeNorm, and possible co-regulation of the 

HKG between the sample groups. 

The stability ranking of the candidate HKG by the two algorithms are seen in table II, showing 

that the results of the two analyses display some similarities but are overall very different. If the two 

different kinds of tissue samples were instead analyzed separately using GeNorm, the stability rank-

ing changed dramatically (data not shown). For ectopic endometrium, TBP and YWHAZ was the 

best combination, followed by HPRT1, HMBS, SDHA, GAPDH and lastly RPL13A, whereas 

GAPDH and TBP were the most stable gene pair in eutopic endometrium (including both patients 

and controls), followed by HMBS, RPL13A, YWHAZ, SDHA, and finally HPRT1. This highlights 
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the disadvantage of the GeNorm algorithm of not taking into account the importance of comparing 

expression between sample groups. In contrast, NormFinder also gives a stability ranking of the 

genes separately, but in addition it recommends the best combination of two genes for normaliza-

tion of sample groups to be compared, which in this case is far from the best ranking genes. This 

leads to the conclusion that the NormFinder algorithm is more appropriate for analyzing the HKG 

stability of eutopic versus ectopic endometrium.  

 For calculation of the NF for normalization of the tissue sample data of this study, the two genes 

TBP and HMBS was first chosen, as they were identified by NormFinder to be the given best com-

bination of two genes. Secondly, the top ranking gene YWHAZ was included because of its low in-

ter- and intragroup variation and this gene was also in the top-ranking pair of the GeNorm analysis. 

The next most stable gene, HPRT1, was not included due to the large intragroup variation. The re-

sulting NF is shown in figure 4. 

Gene expression stability analysis of candidate housekeeping genes in endometrial cell 

lines 

The four endometrial cell lines HEC1A, HEC1B, Ishikawa, and RL95-2 were treated with IFNβ or 

not treated, and the stability of the seven housekeeping genes was analyzed and ranked (table II). 

Given that Andersen et al. recommends a minimum of eight samples per group, the four cell lines 

were not grouped separately but analyzed collectively.  

GeNorm analysis pointed out HMBS and RPL13A as the most stable pair with HPRT1 ranking 

third (figure 2C, table II), whereas NormFinder identified HPRT1 and then HMBS as most stable 

genes, placing RPL13A as the sixth most stable gene out of seven (figure 3C, table II). According to 

the recommended pairwise variation cut-off value of 0.15, GeNorm recommends the inclusion of 

the three best ranking genes, but RPL13A ranked poorly in the NormFinder analysis and should 

therefore not be included. A normalization factor based on HMBS and HPRT1 could seem like a 

good choice for normalization. However, the two genes displayed similar regulation patterns but 

very different values, which lead to high standard variation of the normalization factor. Instead, 

normalization to either one of these two genes yielded analogous results with acceptable standard 

deviations and is in this case more appropriate than the use of a normalization factor. HPRT1 was 

chosen for normalization of qRT-PCR analysis of gene expression in the endometrial cell lines. 
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Expression levels of selected interferon response genes in human endometrium and 

endometriosis 

The transcriptional expression of the four genes BST2, COL16A1, HOXB2, and ISG20 in the tissue 

samples were determined by qRT-PCR, and the expression levels were normalized to the deter-

mined optimal NF (figure 5). The expression levels of the known IFN-stimulated genes ISG12A and 

6-16 were also determined, and these were in concordance with the PCR array not significantly dif-

ferent between the groups. The expression levels of BST2 and COL16A1 also displayed some varia-

tion but no significant differences between the groups. The qRT-PCR did therefore not confirm the 

significant differences in BST2 and COL16A1 expression seen in the PCR array results. On the con-

trary, both ISG20 and HOXB2 displayed highly (P<0.01) and extremely (P<0.001) significant 

down-regulation in ectopic endometrium, thus confirming the PCR array results for these genes and 

for ISG20 even increasing in significance. None of the genes studied varied systematically accord-

ing to serum levels of 17β-estradiol or progesterone (data not shown). 

Transcriptional induction of selected interferon response genes by interferon β in hu-

man endometrial cell lines 

The expression of BST2, COL16A1, HOXB2, ISG20, ISG12A, and 6-16 in response to treatment 

with IFNβ was determined by qRT-PCR, and the levels were normalized to HPRT1 to obtain rela-

tive expression levels. As shown in figure 6, BST2 and COL16A1 were induced significantly by 

IFNβ in HEC1A and Ishikawa cell lines. In HEC1B and RL95-2 cells, BST2 was induced below 

significance, whereas COL16A1 expression was slightly reduced. HOXB2 and ISG20 were signifi-

cantly induced in HEC1A, Ishikawa and RL95-2 cells but only insignificantly in HEC1B cells. The 

expression of HOXB2 was generally very low, except in HEC1B cells (data not shown). ISG12A 

and 6-16 were significantly induced by IFNβ at in all four cell lines, and this induction was particu-

larly high in Ishikawa and RL95-2 cells.  

Discussion 

In this study, the expression stability of seven housekeeping genes in the eutopic and ectopic endo-

metrium of endometriosis patients and control women were analyzed. The algorithms GeNorm and 

NormFinder were applied, and the three genes TBP, HMBS and YWHAZ were identified as the best 

set of normalization genes for comparing eutopic and ectopic endometrium sample groups. To our 

knowledge, no variation of these genes with menstrual cycle has been reported, and TBP is further-
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more known to be stably expressed in ovarian cancer (Li et al. 2009). This is evidently the first 

study identifying stably expressed reference genes in eutopic and ectopic endometrial tissues. 

In endometrial cell lines, HPRT1 and HMBS were the most stably expressed genes in agreement 

between the GeNorm and NormFinder analyses. A normalization factor based on these two genes or 

normalization to either of the two is recommended, depending on whether the co-expression levels 

are similar or different. Identification of stably expressed reference genes in endometrial cell lines 

have not been reported previously.  

GAPDH is commonly used as a single normalization gene in qRT-PCR studies. Out of the seven 

reference genes analyzed here, GAPDH was the worst scoring candidate for normalization when 

comparing eutopic and ectopic endometrium sample groups. However, if only analyzing eutopic 

endometrium, GAPDH was one of the two top-ranking candidate genes. Still, caution should be 

made before using GAPDH as a single normalization gene in endometrial studies, given that it dis-

plays cyclic regulation in the bovine endometrium and is induced by the bovine type I IFN-tau 

(Hansen et al. 1997). HPRT1, RPL13A and SDHA were all intermediately scoring candidates. 

Out of 84 genes related to the type I IFN system, the four genes BST2, COL16A1, HOXB2, and 

ISG20 were found to vary most significantly between the sample groups in the PCR array results. 

These four genes were all induced by IFNβ in endometrial cell lines. However, in properly norma-

lized qRT-PCR experiments using higher sample numbers, only HOXB2 and ISG20 displayed sig-

nificant differential expression. This difference between the PCR array and the qRT-PCR results 

could be due to difference in sample group sizes. More importantly, it could also be caused by in-

appropriate normalization of the PCR array results, which were automatically normalized to B2M, 

HPRT1, RPL13A, GAPDH, and ACTB. B2M and ACTB levels have been shown to vary with the 

human menstrual cycle (Sahlin 1995; Ejskjaer et al. 2009), and HPRT1, RPL13A and GAPDH were 

among the least stable genes in the two tissue sample stability analyses. If the qRT-PCR results of 

this study are normalized to GAPDH instead of the calculated NF, BST2 and COL16A1 appears sig-

nificantly upregulated in the ectopic endometrium, which are presumably false positive results. The 

HOXB2 pattern is unchanged, while the significance of the differential ISG20 expression is reduced 

substantially, representing a false negative result. These inaccurately normalized results are very 

similar to the results of the PCR array. This information points towards the fact that the PCR array 

outcome is inaccurately normalized when applied to endometrial tissue samples. 

It could be speculated that the type I IFNs through their immunomodulatory effects are involved 

in the pathogenesis of endometriosis. However, when screening endometrial and endometriosis tis-
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sues using a specific PCR array only a few out of the 84 genes involved in the type I IFN response 

were significantly dysregulated, and only two of these significances were verified by qRT-PCR. 

The highly type I IFN-stimulated genes ISG12A (also called p27, IFI27) and 6-16 (also called IFI6, 

G1P3) were induced by IFNβ in all four endometrial cell lines tested. However, these were not sig-

nificantly differently expressed between the sample groups. This indicates that expression of type I 

IFN stimulated genes within the cells do not play a crucial role in the pathogenesis of endometri-

osis.  

The insignificantly increased values of the means of BST2 and COL16A1 of the Ec group appear 

to be caused by a few high-value outlier values (figure 5). The COL16A1 gene encodes collagen 

XVI, a component of extracellular fibrillar networks (Kassner et al. 2004), and it is not improbable 

that a few cases of ectopic endometriosis implants produce increased amounts of this structural pro-

tein. BST2 codes for bone marrow stromal cell antigen (BST2), a transmembrane glycoprotein 

(Ohtomo et al. 1999), which is upregulated by IFNα and inhibits the release of retroviral proteins 

by retention of formed virions on infected cell surfaces, a mechanism termed tethering (Neil et al. 

2008). The BST2 protein is believed to have other conserved important host functions (Tokarev et 

al. 2009) and is suggested to be involved in pre-B-cell growth (Ishikawa et al. 1995) as well as link-

ing adjacent lipid rafts within the plasma membrane (Kupzig et al. 2003). Furthermore, BST2 binds 

directly to the receptor immunoglobulin-like transcript 7 (ILT7) on the surface of plasmacytoid 

dendritic cells and strongly inhibit their substantial production of type I IFNs and IL-6 (Cao et al. 

2009). Importantly, BST2 is upregulated 5-fold in endometrial cancer compared with normal endo-

metrium (Wong et al. 2006). The ectopic endometrial outlier values displaying high BST2 expres-

sion could be caused by corresponding conditions. 

 The transcriptional expression of ISG20 (interferon-stimulated gene product of 20 kDa, also 

called HEM45 and CD25) was shown by valid qRT-PCR to be highly significantly downregulated 

in ectopic endometriosis lesions. ISG20 transcription is induced synergistically by type I and II 

IFNs (Sanda et al. 2006), induced by estrogen (Pentecost 1998a; Pentecost 1998b), and regulated in 

a progesterone-dependent manner in mice, especially in the mouse endometrium (Jeong et al. 2005; 

Pan et al. 2007). This gene codes for a 3′ to 5′ exonuclease with specificity for single-stranded RNA 

(and to a lesser extent for DNA) (Nguyen et al. 2001), which is localized in the nucleus and is asso-

ciated with promyelocytic leukemia (PML) protein nuclear bodies (Gongora et al. 1997; Zhong et 

al. 2000). The ISG20 protein mediates antiviral effects of interferons by a yet unestablished me-

chanism (Espert et al. 2003). The exonuclease has been proposed to downregulate the estrogen-
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dependent transcriptional response by degrading estrogen-induced mRNAs within PML oncogenic 

domains (PODs) (Nguyen et al. 2001). However, the subcellular localization of ISG20 in the nuc-

leus argues for its involvement in the maturation rather than in the degradation of RNAs (Degols et 

al. 2007). The potential involvement of abolished ISG20 expression in the pathogenesis of endome-

triosis should be further investigated. 

The extremely significant down-regulation of HOXB2 in ectopic endometrium group compared 

with eutopic endometrium of both endometriosis patients and control women is noteworthy. 

HOXB2 (also called HOMEOBOX B2, HOX2, and HOX2H) is part of the HOX gene family of regu-

latory genes coding for specific nuclear proteins that act as transcription factors involved mainly in 

embryonic development (Inamura et al. 2007). The HOX genes are dynamically expressed in the 

endometrium, where they are necessary for endometrial growth, differentiation, and implantation 

(Cakmak and Taylor 2010). Furthermore, Hox proteins are molecular mediators of the steroid hor-

mones during endometrial cell development (Gao et al. 2004).  

One HOX gene has been studied previously in relation to endometriosis. HOXA10 is normally 

upregulated in the endometrium during the window of implantation but this upregulation is ab-

olished in women with endometriosis (Taylor et al. 1999). The authors suggest that a HOX gene-

related defect in endometrial development exists in patients with endometriosis. In baboons with 

endometriosis, the endometrial transcription of HOXA10 decreases sequentially after onset of dis-

ease over 16 months, and a putative inhibitory role of HOXA10 in decidualization (adaption of 

the uterus to enable embryo implantation) has been suggested (Kim et al. 2007). Recently, a syste-

matic dysregulation of HOX genes in ectopic vs. eutopic endometrium has been demonstrated 

(Borghese et al. 2008), including down-regulation of HOX-B genes, correlating well with the find-

ings of this study. 

It has been reported that the HOXB2 protein binds to the interferon-induced protein p205 (Asefa 

et al. 2006), but HOXB2 is among the least studied HOX proteins, and not much is known about its 

specific function. In the endometrial carcinoma cell lines studied here, HOXB2 expression is in-

duced by IFNβ, but the levels of HOXB2 were very low in three out of four endometrial cell lines. It 

is known that HOXB2 transcription is down-regulated in IFNα-resistant melanoma cell lines 

(Spagnoli et al. 2000), and it could be suggested that abolished HOXB2 induction by type I IFNs is 

a common feature of endometriosis and endometrial carcinomas. Further studies are needed to de-

termine the mechanism and implications of the abolished HOXB2 expression in endometriosis le-
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sions. Moreover, it would be very interesting to investigate the expression of more genes of the 

HOX family in endometriosis.  

 In summary, we have identified suitable reference genes for normalization of qRT-PCR studies 

of eutopic and ectopic endometrial tissues. Type I IFNs do not seem to be directly involved in the 

pathogenesis of endometriosis, but the transcriptional expression of the genes ISG20 and HOXB2 is 

abolished in the ectopic endometrium of endometriosis patients, and further studies are need to elu-

cidate the mechanism and importance of this result. 
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Figure 1 

 

Figure 1. PCR array profile of BST2, COL16A1, HOXB2, ISG20, ISG12A, and 6-16 expression in endometrium of 
healthy control women (C), eutopic endometrium from endometriosis patients (Eu), and ectopic endometrium from 
endometriosis patients (Ec). Equal amounts of purified total RNA was subjected to PCR array analysis, and expression 
levels were calculated by the online software. Sample groups were compared pairwise using an unpaired two-tailed t-
test. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2 

 
 
Figure 2. Gene expression stability analysis of endometrial tissues and cell lines as analyzed by GeNorm. Left panels 
show the average expression stability values (M) of included control genes during stepwise inclusion of the most sta-
ble control gene in endometrial tissue samples (A) and cell lines (C), respectively. Right panels show the pairwise varia-
tion Vn/(n+1) analysis between the normalization factors NFn and NFn+1 to determine the optimal number of control 
genes required for accurate normalization in endometrial tissue samples (B) and cell lines (D), respectively. 
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Figure 3 

 
 
Figure 3. Gene expression stability analysis of endometrial tissues and cell lines as analyzed by NormFinder. A. Anal-
ysis of grouped tissue types: C, endometrium from healthy control women; Eu, eutopic endometrium from endome-
triosis patients; Ec, ectopic endometrium from endometriosis patients. The columns show the intergroup variation, 
whereas the error bars denote the intragroup variation. YWHAZ is the best gene because of the small overall variation, 
and TBP-HMBS is the best combination because their opposing intergroup variations minimize the overall intergroup 
variation. B. Overall stability value of ungrouped tissue types. C. Overall stability value of ungrouped cell lines. For 
panel B and C, error bars denote the standard error. 
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Figure 4 

 
 
Figure 4. Normalization factor NF of samples from endometrium of healthy control women (C), eutopic endome-
trium from endometriosis patients (Eu), and ectopic endometrium from endometriosis patients (Ec). cDNA of equal 
amounts of purified total RNA were subjected to qRT-PCR. NF was calculated as the geometric mean of the expression 
levels of the genes TBP, HMBS, and YWHAZ. Numbers denote individual patients or controls. Error bars denote the 
standard variation as calculated using the error propagation rules for independent variables.  
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Figure 5 

 
 
Figure 5. Expression of BST2, COL16A1, HOXB2, ISG20, ISG12A, and 6-16 in endometrium of healthy control women 
(C), eutopic endometrium from endometriosis patients (Eu), and ectopic endometrium from endometriosis patients 
(Ec). cDNA of equal amounts of purified total RNA were subjected to qRT-PCR, and expression levels were normalized 
to a normalization factor NF calculated from  the expression levels of HMBS, TBP, and YWHAZ. Sample groups were 
compared pairwise using an unpaired two-tailed t-test. ** p < 0.01, *** p < 0.001. 
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Figure 6 

 
 
Figure 6. Expression of BST2, COL16A1, HOXB2, ISG20, ISG12A, and 6-16 in endometrial cell lines. Cells were treated 
with 1000 U/mL IFNβ or left untreated and harvested after 24 hours. cDNA of equal amounts of purified total RNA 
were subjected to qRT-PCR, and expression levels were normalized to the expression levels of HPRT1. Induction was 
considered significant if more than two-fold and is marked with asterisks. 
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Table I 

Table I Genes and primer sequences 
Target 
gene 

Accession 
number 

Function Sequence (5'-3') Ampli-
con size 
(bp) 

Amplification 
efficiency 

BST2 NM_004335 Inhibition of retroviral protein release GGTGGAGCGACTGAGAAGA 
GCGAAAAGCCGAGCAGGA 

197 1.944 
 

COL16A1 NM_001856 Collagen in extracellular matrix ACCCAGCCCACGCGAAGA 
ACGTCCAGCCACACTCAGCA 

282 1.931 
 

HOXB2 NM_002145 Transcription factor in embryonic devel-
opment 

TCGGATCGCCTGCAGATG 
CCAGACTTTGACCTGCCTTT 

194 1.987 
 

ISG20 NM_002201 Exonuclease specific for single-stranded 
RNA with antiviral effects 

CGCAGAGGCAGGCAGCAT 
CATGACCCACCACCAGCTT 

307 1.989 

ISG12A NM_005532 
  

Mediation of pro-apoptotic effects of 
type I IFNs 

ATCGCCTCGTCCTCCATA 
TGGCATGGTTCTCTTCTCT 

228 2.047 

6-16 NM_002038 Mediation of anti-apoptotic effects of 
type I IFNs 

AGAGTGCAGTGGCTATTC 
TAGGTTGTTGGGGAGAGTG 

161 1.849 

GAPDH NM_002046 Oxidoreductase in glycolysis and gluco-
neogenesis 

GGTCGGAGTCAACGGATTT 
CCAGCATCGCCCCACTTG 
 

258 1.984 
 

HMBS NM_000190  
 

Heme synthesis, porphyrin synthase 
metabolism 

GGCAATGCGGCTGCAA 
GGGTACCCACGCGAATCAC 

64 1.977 
 

HPRT1 NM_000194  
 

Purine synthesis in salvage pathway TGACACTGGCAAAACAATGCA 
GGTCCTTTTCACCAGCAAGCT 

94 2.058 
 

RPL13A NM_012423  
 

Structural component of the large 60S 
ribosomal subunit 

CCTGGAGGAGAAGAGGAAAGAGA 
TTGAGGACCTCTGTGTATTTGTCAA 

126 2.000 
 

SDHA NM_004168  
 

Electron transporter in the TCA cycle and 
respiratory chain 

TGGGAACAAGAGGGCATCTG 
CCACCACTGCATCAAATTCATG 

86 1.999 
 

TBP NM_003194 General RNA polymerase II transcription 
factor 

TGCACAGGAGCCAAGAGTGAA 
CACATCACAGCTCCCCACCA 

132 2.086 
 

YWHAZ NM_003406   
 

Signal transduction by binding to phos-
phorylated serine residues on a variety 
polypeptide of signaling molecule 

ACTTTTGGTACATTGTGGCTTCAA 
CCGCCAGGACAAACCAGTAT 

94 2.045 

Forward primer sequences are given first and reverse primers underneath. 
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Table II 

Table II Ranking of reference genes for tissue samples 
 Rank GeNorm analysis NormFinder analysis 
 Gene Avg. M Gene Stability value 

Tissue 
samples 

Best pair TBP-YWHAZ 0.525 TBP-HMBS 0.149 
1   YWHAZ 0.234 
2   HPRT1 0.330 
3 SDHA 0.623 TBP 0.336 
4 RPL13A 0.798 SDHA 0.361 
5 HPRT1 0.926 HMBS 0.498 
6 HMBS 1.037 RPL13A 0.665 
7 GADPH 1.204 GADPH 0.845 

Cell lines Best pair HMBS-RPL13A 0.377   
 1 

  
HPRT1 0.143 

 2 HMBS 0.244 
 3 HPRT1 0.532 TBP 0.387 
 4 TBP 0.604 GAPDH 0.452 
 5 YWHAZ 0.654 YWHAZ 0.457 
 6 GAPDH 0.744 RPL13A 0.458 
 7 SDHA 0.927 SDHA 0.896 

GeNorm avg. M: Average overall expression stability measure of remaining reference genes as each successive lowest 
ranking (least stable) gene is eliminated in a stepwise fashion, starting with GAPDH for the tissue samples. The stability 
of remaining genes is recalculated, using GeNorm software. Low values indicate high stability. The two most stable 
genes cannot be further ranked. 
NormFinder stability value: Overall stability value determined by using C, Eu and Ec as independent grouping variable, 
or for the cell lines treating all samples as one group. Low values indicate high stability. The software algorithm also 
determines the best combination of two genes when analyzing more than one group in order to minimize inter-and 
intragroup variation. 
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Study 2: Malignancy and endometriosis 

In study 1 it was established that type I IFNs do not appear to directly influence the pathogenesis of 

endometriosis. Another pathogenic hypothesis is addressed here. The invasive and metastatic fea-

tures of endometriosis resemble that of malignancies, and ovarian endometriosis occasionally trans-

forms into cancer. In this study, ectopic endometriosis tissue samples were screened for DNA muta-

tions and promoter methylations that are common in endometrial and ovarian carcinomas. The work 

is described in manuscript II, “Oncogenic events associated with endometrial and ovarian carcino-

mas are rare in endometriosis”. 
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Oncogenic events associated with endometrial and 
ovarian carcinomas are rare in endometriosis 

Running title: Oncogenic events in endometriosis 
Anna L. Vestergaard1, Katrine Thorup2, Ulla B. Knudsen3, Torben Munk3, Hanne Rosbach3, 
Per Guldberg2, and Pia M. Martensen1,4  
1Aarhus University, Department of Molecular Biology, C. F. Moellers Allé 3, 8000 Aarhus C, Denmark 
2Institute of Cancer Biology, Danish Cancer Society, Strandboulevarden 49, 2100 Copenhagen, Denmark 
3Odense University Hospital, Gyncological-Obstetric Department, 5000 Odense C, Denmark 
4Correspondence address. Tel: +45 89 42 26 61; Fax: +45 86 19 65 00; E-mail: pmm@mb.au.dk 

Abstract 

Objective: To investigate the possible contribution of promoter hypermethylation and mutations of 

known malignant-transforming genes to the pathogenesis of endometriosis.  

Design: Clinical research study. 

Setting: University hospital. 

Patients: 24 endometriosis patients with revised American Fertility Score (rAFS) stage 1 (8%), 2 

(42%), 3 (46%), or 4 (4%) endometriosis.  

Interventions: Biopsies were obtained from ectopic endometriosis lesions. 

Main outcome measures: Following specific PCR, methylation patterns were investigated by 

melting curve analysis, and mutations were detected by denaturing gradient gel electrophoresis 

(DGGE).  

Results: Exons of genes often found to be mutated in endometrial and ovarian carcinomas were 

selected for analysis. No hypermethylation of the promoter regions of APC, CDKN2A, PYCARD, 

RARB, RASSF1, and ESR1 were detected in the endometriosis lesions. Within BRAF, HRAS, NRAS, 

CTNNB1, CDK4, FGFR3, PIK3CA, TP53 and PTEN, no mutagenic alterations were detected. A 

mutation in KRAS (p.G12C) was detected in a single lesion, which was not present in the eutopic 

endometrium or the blood from this patient. 

Conclusions: Promoter hypermethylation and malignant mutations of common malignant-

transforming genes do not appear to contribute to the pathogenesis of endometriosis. 

Key words: Endometriosis / endometrium / malignancy / mutation / methylation. 
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Introduction 

Endometriosis is defined as the presence of endometria-like tissue outside the uterus (Giudice and 

Kao 2004). It predominantly targets the pelvic organs and the most common symptoms are pelvic 

pain and infertility. The incidence is estimated to be 6-10% of women, and the pathogenesis is 

much debated. The endometrial tissue is believed to enter the pelvic cavity by retrograde 

menstruation, which occurs to some degree in most women. The subsequent pathogenic process of 

adhesion, implantation, and harmful growth is allegedly the result of numerous contributing 

mechanisms of hormonal, immunological, environmental, and also of genetic and epigenetic 

character.   

Endometriosis displays some features resembling malignancy such as local invasive growth and 

distant implantation, and women with endometriosis have been found to be more prone for 

malignancies such as ovarian cancer and breast cancer (Melin et al. 2007). Cells from ectopic 

endometriotic lesions have been shown to display reduced apoptosis compared with the eutopic 

endometrium of both endometriosis patients and healthy women (Béliard et al. 2004). There are 

indications that the type I IFNs, which are regulators of apoptosis, are also involved in the 

pathogenesis of endometriosis (Vestergaard et al. 2010). Furthermore, endometriosis occasionally 

transforms into cancer (Leiserowitz et al. 2003; Prowse et al. 2006; Nezhat et al. 2008). Hence, the 

search for malignant features of endometriosis is called for. 

Many genes are dysregulated in endometriosis, and transcription is in part regulated 

epigenetically by promoter DNA methylation (Guo 2009). Endometrial carcinogenesis is associated 

with aberrant methylation of specific genes, which does not occur in a normal endometrium 

(Muraki et al. 2009), and changes in methylation patterns have been speculated to contribute to the 

invasive features of endometriosis lesions. Aberrant DNA methylation patterns have been identified 

in endometriosis, for instance in the promoters of estrogen receptor 2 (ESR2) and PGR 

(progesterone receptor) (Wu et al. 2005; Wu et al. 2006; Xue et al. 2007; Guo 2009). These 

epigenetic alterations are strongly believed to contribute to the pathogenesis of endometriosis (Guo 

2009; Bulun et al. 2010). 

Malignant mutations are associated with the invasiveness of cancer. Mutations of known proto-

oncogenes, like KRAS, and tumor suppressor genes such as TP53 and PTEN, are frequent in 

endometriosis-associated carcinomas but not in the paired endometriosis tissues (Amemiya et al. 

2004; Catasús et al. 2004; Akahane et al. 2007), suggesting that certain mutations might be 
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associated with malignant transformation of endometriosis. The invasive features of endometriosis 

might be a pre-disposition to this malignant transformation by other malignant mutations. 

In this study we investigated the prevalence of mutations in malignant hotspots and the promoter 

methylation pattern of selected genes in ectopic endometriosis lesions. Genes commonly aberrantly 

methylated in endometrial and ovarian cancer were selected for promoter methylation analysis, and 

genes with the highest prevalence of mutations in endometrial and ovarian carcinomas (Forbes et al. 

2008) as well as other well-known cancer-mutated genes were chosen for mutation analysis. These 

genes were furthermore related to the type I interferon system, which potentially regulates apoptosis 

in endometriosis. 

Materials and methods 

Subjects and samples 

Tissue samples were collected at Odense University Hospital, Denmark, by the three gynecologists 

UBK, TM, and HR. Samples were taken from the eutopic and ectopic endometrium from 24 women 

suffering from endometriosis. According to the revised American Fertility Score (rAFS), 2 of these 

24 women had endometriotic lesions rated at stage 1, 10 had stage 2, 11 had stage 3, and 1 had 

stage 4, as confirmed by laparoscopies and histologically. Ectopic tissue samples (Ec) were 

obtained by biopsy forceps or scissor and came from one of the ovaries or from the 

peritoneum. Samples from the eutopic endometrium (Eu) were taken by curettage (vabra aspirator). 

Blood samples were taken at the day of surgery. Cervical smears were tested negative for the 

presence of human papillomavirus (HPV). The mean age (±S.D.) of the participants was 31.9 (±6.3) 

years. Collection of clinical material was approved by the local ethics committee, and all of the 

women gave written informed consent. 

DNA purification and verification of purity 

DNA was extracted from frozen 10 mg aliquots of endometrial or lesion tissue samples using 

DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol. DNA from blood 

was isolated from a single patient using the PAXgene Blood DNA System (PreAnalytix) according 

to the kit instructions. To confirm that no PCR-inhibiting agents were present in the DNA extracts, 

samples were subjected to PCR amplification of a fragment of the human L1 sequence, which is 

present in more than 105 copies in human cells (Deragon et al. 1990). PCR reactions of 25 µL were 

mixed containing 5 µL of template DNA, 1x ThermoPol Buffer (New England Biolabs) with 1.5 

mM MgCl2 (New England Biolabs), 0.2 mM of each deoxynucleotide (dNTP, Fisher Scientific), 0.8 
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µM of each L1 primer, and 1 U Taq DNA Polymerase (New England Biolabs). Sequences of all 

PCR primers are outlined in table I. The PCR product was initially denatured at 94°C for 4 min, 

followed by 35 amplification cycles of 94°C for 60 s, 45°C for 60 s, and 72°C for 60 s. All DNA 

samples gave rise to clear bands of the expected size by human L1 PCR amplification. 

Methylation-Specific Melting Curve Analysis 

Bisulphite treatment of the purified genomic DNA was carried out using the EZ DNA Methylation-

Gold kit (Zymo Research) according to the manufacturer’s protocol. CpGenome Universal 

Methylated DNA (Chemicon) was included as a positive methylated control and unmethylated 

DNA extracted from lymphocytes as a negative control.  

 Methylation-specific melting curve analysis (MS-MCA) was performed using the LightCycler 

FastStart DNA Master SYBR Green I kit (Roche) and LightCycler 2.0 (Roche). Primers were 

specific for bisulphite-converted DNA and did not discriminate between methylated and 

unmethylated sequences. Reaction mixtures of 10 µL contained PCR-grade water with 1 µL 

bisulphite-converted DNA, 1x Ready-to-use hot-start PCR reaction mix, 2 mM MgCl2, and 1 µM of 

each primer of primer pairs amplifying the promoter regions of APC, CDKN2A, PYCARD, RARB, 

RASSF1, and ESR1 (table I). The PCR product was initially denatured at 95°C for 10 min, followed 

by 35 amplification cycles of 95°C for 10 s, 63-65°C (table I) for 20 s, and 72°C for 30 s, except for 

APC, which was annealed for 15 s and elongated for 40 s. After amplification, the temperature was 

raised from 70°C to 98°C by 0.05°C/s, while the fluorescence was constantly measured. Melting 

curves were created by plotting –dF/dT vs. T using the LightCycler 2.0 software. 

Mutation analysis 

Selected exons of the genes BRAF, HRAS, KRAS, NRAS, CTNNB1, CDK4, FGFR3, PIK3CA, TP53 

and PTEN were scanned for mutations using a combination of PCR and denaturing gradient gel 

electrophoresis (DGGE). PCR primers contained GC-clamp anchors (see table I). PCR reactions 

were carried out in a final volume of 15 µl, containing 1x standard PCR buffer including 15 mM 

MgCl2 (Qiagen), 0.2 mM cresol red, 12% sucrose, 133 µM of each dNTP, 0.67 mM of each primer, 

50 ng of DNA, and 0.5 units of HotStart Taq Plus polymerase (Qiagen). 5% DMSO was added to 

reactions amplifying TP53 exons 5I, 5II, 6, 7, and 9, and 2% DMSO was added to the HRAS exon 1 

and 2 reactions. The standardized amplification protocol consisted of an initial denaturation step of 
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95°C, for 5 min, followed by 40 amplification cycles of 95°C for 10 s, 55-62°C (table I) for 10 s, 

and 72°C for 10 s, and a final incubation at 72°C for 10 min.  

The GC-clamped PCR products were analyzed by DGGE. Six µl of the PCR product were 

loaded onto polyacrylamide gels consisting of a linear polyacrylamide gradient ranging from 6-9% 

or 6-12% and a linear denaturing gradient ranging from 0-70% or 0.90% (100% denaturant is 7 M 

urea (42 g/100 mL) and if present 40% (v/v) formamide) (table II) in 1x TAE buffer (40 mM Tris-

acetate, 1 mM EDTA, pH 8.0). The gels were run at 170 V for 4.5-5.5 h in 1x TAE buffer and kept 

at a constant temperature of 56-60°C (table II). After electrophoresis, the gel was stained in 1x TAE 

buffer containing 2 μg/mL ethidium bromide and photographed by ultraviolet (UV) trans-

illumination. Direct sequencing in both directions of selected double-stranded PCR products was 

performed with 33P-end-labeled primer using the ThermoPrime Cycle Sequencing Kit (Amersham).  

Results 

Absence of hypermethylation of selected gene promoters in endometriosis 

DNA samples from endometriosis lesions were treated with sodium bisulphite that converts 

unmethylated cytosine residues to uracil, while methylated cytosine residues are not converted 

(Clark et al. 1994). Subsequently, selected gene promoter target regions were amplified with 

primers specific for the bisulphite-converted DNA, and melting curves were obtained in the 

presence of SYBR Green I dye. Methylated and unmethylated control samples gave rise to single 

peaks of distinguishable melting temperature (Tm) values, with the universally methylated DNA 

control displaying a higher Tm than the non-methylated lymphocyte DNA control sample. 

 The methylation status of promoter regions of APC, CDKN2A (INK4A, p16), PYCARD (TMS1, 

ASC), RARB (RARβ2), RASSF1 (RASSF1A), and estrogen receptor 1 (ESR1, ERα) was 

investigated. The promoter regions were all found to be unmethylated in all 24 samples of DNA 

from endometriosis lesions. 

Detection of malignant mutations in endometriosis 

DNA from endometriosis lesions was subjected to GC-clamping PCR with primers amplifying 

specific exons of BRAF, HRAS, KRAS, NRAS, CTNNB1 (beta-catenin), CDK4, FGFR3, PIK3CA, 

TP53 (p53) and PTEN. The PCR products were analyzed by DGGE, which separates PCR products 

according to DNA melting profile. Thus, a single base mutation and therefore altered DNA melting 

profile can be detected within the amplified sequences. DGGE analysis of KRAS exon 1 revealed 

one PCR product (representing one endometriosis lesion) exhibiting a band shift. Sequence analysis 
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of this PCR product revealed a GGT to TGT transition of codon 12 (NCBI Entrez GeneID 3845, 

protein accession NP_004976), leading to the substitution of a glycine residue with cysteine. This 

mutation has previously been described in several cancer tissues in the Catalogue of Somatic 

Mutations in Cancer (COSMIC) (Forbes et al. 2008) (mutation id 516). DNA from the eutopic 

endometrium and from blood from this patient was subsequently equally analyzed, but the mutation 

was not present within these samples. All other endometriosis lesion DNA samples consisted of 

wild type sequences within the examined gene exons (table I). 

Discussion 

In this study, we have investigated endometriosis lesions for promoter methylation and mutations of 

exons of genes, which are frequently abnormal in endometrial, ovarian, and other carcinomas. No 

hypermethylation of the promoter regions of APC, CDKN2A, PYCARD, RARB, RASSF1, and ESR1 

was present. In BRAF, HRAS, NRAS, CTNNB1, CDK4, FGFR3, PIK3CA, TP53 and PTEN, no 

mutations were detected. A mutation in KRAS exon 1 that changes the codon 12 glycine residue to 

cysteine was detected in a single lesion. This mutation was absent in the eutopic endometrium and 

blood from this patient and thus arose in cells in the ectopic endometrium. 

Aberrant promoter methylation of certain genes is associated with carcinogenesis (Baylin and 

Ohm 2006). Aberrant methylation of the promoters of APC, CDKN2A, RARB, and RASSF1 has 

been detected in endometrial and ovarian cancer and of PYCARD in ovarian cancer (Akahira et al. 

2004; Makarla et al. 2005; Yang et al. 2006; Barton et al. 2008; Pallarés et al. 2008; Ignatov et al. 

2009). These epigenetic changes are believed to contribute to malignant transformation of tissues, 

and promoter hypermethylation of these genes has been speculated to contribute to the malignant-

like features of endometriosis. However, absence of promoter methylation was detected for APC, 

CDKN2A, PYCARD, RARB, and RASSF1 within all endometriosis lesions. The absence of 

CDKN2A promoter methylation is in agreement with a previous study (Martini et al. 2002), where 

only one out of 46 endometriosis cases showed abnormal methylation. Promoter methylation of 

APC, PYCARD, RARB, and RASSF1 in endometriosis has not been studied previously. The results 

presented here suggest that promoter methylation of the six investigated genes does not contribute 

to the pathogenesis of endometriosis. 

Examination of the ESR1 promoter revealed absence of methylation in all endometriosis lesions.  

This is in concordance with the demonstrated low frequency of ESR1 hypermethylation in other 

endometrial diseases, including endometrial cancers (Hori et al. 2000). Contrary to this, the 
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estrogen receptor 2 (ESR2, ERβ) promoter is hypomethylated in endometriotic cells, accounting for 

its overexpression in endometriosis (Xue et al. 2007). Hypermethylation of the promoter region of 

progesterone receptor isoform PR-B has also been detected in eutopic (two out of five samples) and 

ectopic (six out of eight samples) endometrium from women with endometriosis compared with 

endometrium of healthy women (four samples) (Wu et al. 2006). This hypermethylation is 

associated with significant downregulation of PR-B expression in endometriosis lesions. 

Downregulated PR-B and upregulated ERβ expression is believed to contribute significantly to the 

hormonal dysregulation in endometriosis, presumably in part as a consequence of altered promoter 

methylation (Bulun et al. 2010). Conversely, ESR1 promoter methylation does not appear to be 

abnormal in endometriosis lesions based on the results obtained in this study. Therefore, ESR1 

promoter methylation is presumably not involved in the distorted balance of hormonal receptors in 

this disease. 

A GGT to TGT transition at codon 12 of the proto-oncogene KRAS was detected in 1 out of 24 

endometriosis lesions. KRAS has been implicated in the development of human malignancies, and 

mutations in KRAS codon 12 are frequent in several types of cancer (Smit et al. 1988; Forbes et al. 

2008; Karnoub and Weinberg 2008; Dobrzycka et al. 2009; Keller et al. 2009). However, this 

mutation was found only in one endometriosis lesion and not in the paired eutopic endometrium or 

blood DNA from this patient, which strongly indicates that its malignant nature does not contribute 

to the development of endometriosis. Instead, the KRAS mutation might contribute to the rare 

malignant transformation of endometriosis into cancer. In accordance to this, mutations in KRAS 

have been found in endometrioid carcinoma but not in endometriosis lesions proximal to the 

cancerous tissue (Amemiya et al. 2004).  

Except for the KRAS mutation, we found no mutations in human endometriosis lesions within 

BRAF, HRAS, NRAS, CTNNB1, CDK4, FGFR3, PIK3CA, TP53, and PTEN, all of which have been 

described to be implicated in malignancies. In previous studies, mutations of some of these genes 

have been associated with endometrial carcinogenesis, but mutations of the same genes are 

generally, as for KRAS, absent in endometriosis. TP53 mutations have been found in 63% of 

ovarian endometrioid adenocarcinomas (EC) (Okuda et al. 2003) and in 31% of endometriosis 

coexisting with ovarian clear cell carcinoma (OCCA), whereas no mutations were detected in 

endometriosis without associated carcinomas (Akahane et al. 2007). Furthermore, perturbations of 

the TP53 locus occur frequently in severe/late stage endometriosis (Bischoff et al. 2002). Loss of 

heterozygosity (LOH) at the tumor suppressor gene PTEN is more frequent in ovarian carcinoma 
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than in endometriosis (Ali-Fehmi et al. 2006), and mutations in PTEN and the oncogene CTNNB1 

are found more often in ovarian endometrioid carcinomas associated with endometriosis than in 

tumors without endometriosis (Catasús et al. 2004). It is possible that mutations in yet unidentified 

genes could be associated with the malignant transformation of endometriosis by constituting a pre-

disposition to its progression into cancer caused by these common malignant mutations. 

Based on the findings of this study, we hypothesize that endometriosis is not caused by 

malignant mutations or promoter hypermethylation of oncogenes and tumor suppressor genes per 

se. However, other studies strongly suggest that endometriosis lesions are prone to carcinogenesis 

induced by increasing numbers of malignant mutations. Additional proto-oncogenes and tumor 

suppressor genes should be screened for mutations and aberrant methylation pattern in order to 

identify the molecular basis of this susceptibility to malignant transformation of endometriosis.  
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Table I 

Table I Primer sequences and annealing temperatures of PCR 

Target gene Region Primer sequences (5'-3') Reference Annealing 
temperature 

L1 Repeat TGTGGAAGTCAGTGTGGCGA (Deragon et al. 1990) 45°C 
CCAATTTCATCCATGTCCCT 

APC Prom. TGGGAGGGGTTTTGTGTTTTATT (Worm et al. 2004) 65°C 
CCATTCTATCTCCAATAACACCCTAA 

CDKN2A Prom. GTTGTAGATTTTTTATTTATTTGG (Serizawa et al. 2010) 65°C 
AACCTTCCACTAACTAACTAACCAC 

PYCARD Prom. TTGGTGTAAGTTTAGAGATAAGTAGG  63°C 
CTCTAAATTAAAACCCCAAACC 

RARB Prom. GGTTTATTTTTTGTTAAAGGGG (Serizawa et al. 2010) 66°C 
AAAAATCCCAAATTCTCCTTC 

RASSF1 Prom. TAGTTTAATGAGTTTAGGTTTTTT  65°C 
TACACCCAAATTTCCATTAC 

ESR1 Prom. GTTTTGGGATTGTATTTGTTTT (Khan et al. 2006) 65°C 
AACCACCTAAAAAAAAAACACAA 

BRAF Exon 11 [GC1]TTGACTTTTTTACTGTTTTTATC  55°C 
[CGCCCGCC]ATGTCACCACATTACATACTTAC 

Exon 15 [GC1]TTTTCCTTTACTTACTACACCTC (Christensen and 
Guldberg 2005) 

56°C 
GGAAAAATAGCCTCAATTCT 

HRAS Exon 1 AGGAGCGATGACGGAATATAAG (Nedergaard et al. 1997) 58°C 
[GC2]GCTCACCTCTATAGTGGGGTCG 

Exon 2 [GC3]CAGGTGGTCATTGATGGGGAG (Nedergaard et al. 1997) 58°C 
ACACAGGAAGCCCTCCCCG 

KRAS Exon 1 GAAAATGACTGAATATAAACTTGTG (Nedergaard et al. 1997) 55°C 
[GC1]AATGCCTCTATTGTTGGATCATATTC 

Exon 2 [GC1]CCCTTCTCAGGATTCCTACA (Nedergaard et al. 1997) 55°C 
AGAAAGCCCTCCCCAGTCCT 

NRAS Exon 1 ATGACTGAGTACAAACTGGT (Nedergaard et al. 1997) 55°C 
[GC1]CTCTATGGTGGGATCATATT 

Exon 2 [GC1]CAAGTGGTTATAGATGGTGA (Nedergaard et al. 1997) 55°C 
AGGAAGCCTTCGCCTGTCCT 

CTNNB1 Exon 3 GTTTCGTATTTATAGCTGATTTG (Worm et al. 2004) 55°C 
  [GC1]TAAGGCAATGAAAAATAATACTC   
CDK4 Exon 2 [GC2]AAGCGACTTTTGGTGATAGGAG (Guldberg et al. 1997a) 58°C 

CCTCCTCCACCTCCTCCTCC 
FGFR3 Exon 7 CTGAGCGTCATCTGCCCCC  60°C 

[GC4]TGGGGCTGTGCGTCACTGTAC 
Exon 10 [GC5]CCTCAACGCCCATGTCTTTG 60°C 

GGGAGCCCAGGCCTTTCTTG 
Exon 15 [CGCG]AGGACCTGGCTGCCCGCAAT 60°C 

[GC6]AGGGCCGGGCTCACGTTGGT 
PIK3CA Exon 9 [CGCCCGCCGC]TTAAGGGAAAATGACAAAGA

ACA 
50°C 

 [GC7]CCATTTTAGCACTTACCTGTGAC 
 Exon 20 [GC7]AGATAAAACTGAGCAAGAGGCT 50°C 
 [CGCCGC]CATGCTGTTTAATTGTGTGGA 

Continued…  
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Table I continued Primer sequences and annealing temperatures of PCR 

Target gene Region Primer sequences (5'-3') Reference Annealing 
temperature 

TP53 Exon 5I [GC3]TTCAACTCTGTCTCCTTCCTCTTCC (Guldberg et al. 1997b) 62°C 
CAGCGCCTCACAACCTCCG 

Exon 5II CCGCGCCATGGCCATCTAC (Guldberg et al. 1997b) 62°C 
[GC3]GCTGGGGACCCTTTTTGGGCAACC 

Exon 6 [GC1]GTCCCCAGGCCTCTGATTCC (Guldberg et al. 1997b) 62°C 
CGGAGGGCCACTGACAACC 

Exon 7 [GC1]CAGGTCTCCCCAAGGCGCAC (Guldberg et al. 1997b) 62°C 
GCAAGCAGAGGCTGGGGCAC 

Exon 8 [GC1]ACTGCCTCTTGCTTCTCTTTTCC (Guldberg et al. 1997b) 62°C 
AATCTGAGGCATAACTGCACCC 

Exon 9 GGGTGCAGTTATGCCTCAGATT (Guldberg et al. 1997b) 62°C 
[GC1]CGGCATTTTGAGTGTTAGACTGG 

PTEN Exon 1 CCGTCCTCCTTTTTCTTCAGCCAC (Guldberg et al. 1997c) 55°C 
[GC1]GAAAGGTAAAGAGGAGCAGCC 

Exon 2 [GC1]TTAGTTTGATTGCTGCATATTTC (Guldberg et al. 1997c) 55°C 
CGGCGACATCAATATTTGAAATAGAAAAGC 

Exon 3 TGTTAATGGTGGCTTTTTG (Guldberg et al. 1997c) 55°C 
[GC1]GCAAGCATACAAATAAGAAAAC 

Exon 4 [GC1]TTCCTAAGTGCAAAAGATAAC (Guldberg et al. 1997c) 55°C 
TACAGTCTATCGGGTTTAAGT 

Exon 5I [GC1]TTTTTTCTTATTCTGAGGTTATC (Guldberg et al. 1997c) 55°C 
TCATTACACCAGTTCGTCC 

Exon 5II TCATGTTGCAGCAATTCAC (Guldberg et al. 1997c) 55°C 
[GC1]GAAGAGGAAAGGAAAAACATC 

Exon 6 [GC1]AGTGAAATAACTATAATGGAACA (Guldberg et al. 1997c) 55°C 
GAAGGATGAGAATTTCAAGC 

Exon 7 CGCGCCCGAATACTGGTATGTATTTAACCAT (Guldberg et al. 1997c) 55°C 
[GC1]TCTCCCAATGAAAGTAAAGTA 

Exon 8 GCCCGTTTTTAGGACAAAATGTTTCAC (Guldberg et al. 1997c) 55°C 
[GC1]CCCACAAAATGTTTAATTTAAC 

Exon 9 [GC1]CCCACAAAATGTTTAATTTAAC (Guldberg et al. 1997c) 55°C 
[GC1]TGGTGTTTTATCCCTCTTG 

Prom.; promoter. [] denotes non-annealing GC clamp sequences. Forward primer sequences are given first and 
reverse primers underneath. 
[GC1] = CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG 
[GC2] = CCCGCCGCCCGCCGCTCGCCCGCCGCGCCCCTGCCCGCCGCCCCCGCCCG 
[GC3] = CCCGCCGCCCGCCGCTCGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG 
[GC4] = GCGCGCGCCCGCCGCCCGCCGCCCCGCCTGCCGCCCGCCGCGCCCCTGCCCGCCGCCCCCGCCCGATTA 
[GC5] = CGCCCGCCGCCCGCCGCCCCGCCTGCCGCCCGCCGCGCCCCTGCCCGCCGCCCCCGCCCGATTA 
[GC6] = GCGCGCGCCCGCCGCCCGCCGCCCCGCCTGCCGCCCGCCGCGCCCCTGCCCGCCGCCCCCGCCCGATTATA 
[GC7] = CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGATTATA  
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Table II 

Table II  Gel gradients and electrophoresis conditions of DGGE 

Gene 
Polyacrylamide 
gradient 

Denaturant 
Denaturant 
gradient 

Electrophoresis conditions 

BRAF 6-12 % Urea 0-70 % 170 V, 5 h, 56°C 
HRAS 6-9 % Urea and formamide 0-90 % 170 V, 4.5 h, 58°C 
KRAS 6-12 % Urea 0-70 % 170 V, 4.5 h, 56°C 
NRAS 6-12 % Urea 0-70 % 170 V, 5 h, 56°C 
CTNNB1 6-12 % Urea 0-70 % 170 V, 5 h, 56°C 
CDK4 6-12 % Urea 0-70 % 170 V, 4.5 h, 56°C 
FGFR3 6-9 % Urea and formamide 0-90 % 170 V, 5 h, 60°C 
PIK3CA 6-12 % Urea 0-70 % 170 V, 5 h, 56°C 
TP53 6-9 % Urea and formamide 0-90 % 170 V, 5.5 h, 58°C 
PTEN 6-12 % Urea 0-70 % 170 V, 5 h, 56°C 

100% denaturant is an arbitrary standard defined as 7 M urea (42 g/100 mL) and if present 40% (v/v) formamide) (Guldberg et al. 
2002). 
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Study 3: DNA viruses in endometriosis  

In study 1 and 2 it was concluded that neither type I IFNs nor mutation or promoter methylation of 

known malignant-transforming genes appear to have a direct influence on the pathogenesis of en-

dometriosis. Considering that interferons can be secreted in response to viral stimulation and that 

DNA viruses like human papillomavirus can induce malignancy resembling the invasiveness of en-

dometriosis, viruses may be involved in the pathogenesis. In this study, the prevalence of common 

DNA viruses in endometriosis is determined. The work is described in paper III, “Low prevalence 

of DNA viruses in the human endometrium and endometriosis”. 
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Abstract The chronic female disease endometriosis

causes debilitating pain and lowered fertility. The aetiology

is unknown, but indications of an infectious agent are

present. This study investigates the possible involvement of

a pathogenic virus in endometriosis patients and controls.

DNA was purified from biopsies and subjected to highly

sensitive PCR tests detecting human papillomavirus (HPV)

types, the herpes family viruses HSV-1 and -2, CMV, and

EBV, and the polyomaviruses SV40, JCV, BKV, KIV,

WUV, and MCV. The prevalence of pathogenic DNA

viruses in the human endometrium was generally low

(0–10%). The virus prevalence was found to vary slightly

when comparing the endometrium of healthy women and

women with endometriosis. However, these were not sig-

nificant differences, and no viruses were identified in en-

dometriotic lesions. These results do not point towards any

evidence that endometriosis is caused by these viruses.

Introduction

Endometriosis is defined as the presence of endometria-like

tissue outside the uterus, and it predominantly targets the

pelvic organs. The most common symptoms are pelvic pain

and infertility. The incidence is estimated to be 6–10%, and

its pathogenesis is much debated. The endometrial tissue is

believed to enter the pelvic cavity by retrograde menstru-

ation, which occurs to some degree in most women [26].

However, it remains to be elucidated how the misplaced

tissue develops into endometriotic lesions. Additional

factors that increase susceptibility to endometriosis must

exist, and in that respect, immunological factors on their

own or together with viral infection might be involved.

Women with endometriosis have an increased risk for

generalized diseases related to the immune system, e.g.

rheumatoid arthritis [40, 41]. A broad spectrum of immu-

nological factors are involved in endometriosis [41].

Focusing on the important immune-modulating cytokine

family of interferons (IFNs), human recombinant IFNa-2b
has been shown to suppress the growth of cultured endo-

metriosis cells in vitro in a dose-dependent manner [7], and

clinical trials on intraperitoneal administration of IFNa-2b
following surgical removal of endometriotic lesions have

yielded ambiguous results regarding reoccurrence of

symptoms [1, 2].

Endometriosis has some features of malignancy, such as

local invasive growth and distant implantation, and women

with endometriosis have been found to be more prone for

malignancies such as ovarian cancer and non-Hodgkin’s

lymphoma [32]. Cells from ectopic endometriotic lesions

have been shown to display reduced apoptosis compared

with the eutopic endometrium of both endometriosis

patients and healthy women [9]. The implication of

malignant transformation and effects of interferons as well
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as other immune modulators in endometriosis leads to the

suggestion of a possible causal infectious agent.

During the last two decades, the large impact of a broad

spectrum of pathogenic DNA viruses has become obvious,

and a very significant example is the papillomaviruses.

More than 118 papillomaviruses have been fully described,

and new virus types are constantly emerging. Human

papillomavirus (HPV, of the family Papillomaviridae)

prevalence in cervical carcinomas is 99.7%, and specific

high-risk HPV types have been shown to cause the vast

majority of cervical cancers as well as a substantial pro-

portion of other anogenital cancers, head and neck cancers,

and certain cutaneous cancers [18, 43, 47]. HPV has not yet

been detected in intraperitoneal tissues, but HPV has been

detected in blood, including on the surface of peripheral

blood mononuclear cells, suggesting a potential alternative

route of transmission [13].

Closely related to the papillomaviruses are the members

of the family Polyomaviridae. The well-described human

polyomaviruses JC (JCV), BK (BKV) and simian virus 40

(SV40) are widely distributed. Thus, antibodies against

JCV and BKV have been found in more than 75% of the

human adult population, and up to 15% of healthy humans

are seropositive for SV40. These three small DNA viruses

have been found in many different tissues, such as BKV in

the kidney tubule epithelium, [20] the urethral epithelium,

[36] the uterine cervix, and the spleen [36] JCV in tongue

squamous cell epithelium, [30] urethral epithelium, [36]

and the spleen [12] and SV40 in the liver and the meso-

thelium [15]. Furthermore, all three polyomaviruses induce

tumors in animal models and malignantly transform cul-

tured human cells [33]. In 2007, two new human poly-

omaviruses, WU polyomavirus (WUV) [25] and KI

polyomavirus (KIV) [3] were discovered in respiratory

tract secretions and have subsequently been detected in

faeces, blood, and lymphoid tissue [34, 39]. The full

spectrum of their tissue tropism and their role in disease

has yet to be elucidated. More recently, yet another human

member of the family Polyomaviridae, Merkel cell poly-

omavirus (MCV), was described in apparent association

with Merkel cell carcinoma, an aggressive form of skin

cancer [22]. All of these viruses are members of the genus

Polyomavirus of the family Polyomaviridae.

Epstein–Barr virus (EBV, of the subfamily Gamma-

herpesvirinae, genus Lymphocryptovirus), cytomegalovirus

(CMV, of the subfamily Betaherpesvirinae, genus Cyto-

megalovirus, species Human herpesvirus 5), and herpes

simplex virus types 1 and 2 (HSV-1 and HSV-2, of the

subfamily Alphaherpesvirinae, genus Simplexvirus, species

Human herpesvirus 1 and Human herpesvirus 2) are all

members of the family Herpesviridae and found in many

human tissue types, such as the fallopian tubes (salpingitis)

[31, 37] and the endometrium [37]. These viruses are

commonly distributed as asymptomatic infectious agents,

but they are also all associated with diseases, such as

genital sores and various malignancies [11, 19, 46].

This study investigates the prevalence of a broad spec-

trum of pathogenic DNA viruses in women with endome-

triosis and healthy control women, using a series of specific

polymerase chain reaction (PCR) assays.

Materials and methods

Subjects and samples

Clinical samples from 52 Danish women were studied.

Tissue samples were collected at Odense University

Hospital, Denmark, by three gynecologists (UBK, TM, and

HR) and stored at -80�C until utilized. Endometriosis

samples (E) were obtained from 32 women who were

surgically confirmed as having American fertility score

(AFS) stage 1 (6/32), 2 (11/32), or 3 (13/32) endometriosis.

The diagnoses were done by laparoscopies and verified

histologically. Samples were taken from the eutopic

endometrium from all 32 women suffering from endome-

triosis (Eu), and ectopic endometriotic lesions (Ec) were

obtained from 27 of the same women by excision with

scissor or biopsy forceps. The ectopic tissue came from

either one of the ovaries or the peritoneum. Twenty women

with no indication of endometriosis who requested sterili-

zation agreed to participate in the study as healthy controls

(C). Samples from the endometrium were taken by curet-

tage (vabra aspirator) from both the controls and the

women with endometriosis. Cervical smears were tested

for the presence of HPV. The mean age (±SD) of the

participants was 31.72 (±6.29) years for the E group and

36.45 (±6.17) years for the C group. Collection of clinical

material was approved by the local ethics committee, and

all of the women gave written informed consent.

DNA was extracted from frozen 10-mg aliquots of

endometrial or lesion tissue samples using DNeasy Blood

and Tissue Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s protocol. The resulting DNA concentra-

tions were in the range of 9–180 ng/lL with a mean (±SD)

of 49.6 (±35.2) ng/lL as measured by OD260, and the

purity was measured by OD 260/280 ratio to be within the

range of 1.6–2.5.

PCR

To confirm that no PCR-inhibiting agents were present in

the DNA extracts, these were all subjected to PCR

amplification of a fragment of the human L1 sequence,

which is present in more than 105 copies in human cells

[18]. Twenty-five microliter PCR were mixed containing
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5 lL of template DNA, 19 ThermoPol Buffer with

1.5 mM MgCl2 (NEB, Ipswich, MA, USA), 0.2 mM of

each deoxynucleotide (dNTP, Fisher Scientific, Suwanee,

GA, USA), 0.8 lM of each of the primers Human L1-F and

-R, respectively, and 1 U Taq DNA polymerase (NEB).

The sequences of all PCR primers and probes used are

given in Table 1. The PCR was initially denatured at 94�C
for 4 min, followed by 35 amplification cycles of 94�C for

Table 1 Primer and probe sequences used in PCR and real-time PCR assays

Target Oligonucleotide Sequence (50–30) Amplicon

size (bp)

Reference

Human L1 Human L1-F TGTGGAAGTCAGTGTGGCGA 294 Deragon et al. [18]

Human L1-R CCAATTTCATCCATGTCCCT

HPV FAP59 TAACWGTIGGICAYVVWTATT 478 Forslund et al. [23]

FAP64 CCWATATCWVHCATITCICCATC

GP5? TTTGTTACTGTGGTAGATACTAC 150 de Roda Husman et al. [16]

GP6? GAAAAATAAACTGTAAATCATATTC

– HSV-GF GTGTTCGACTTTGCCAGCCTCTAC – Sahin et al. [38]

HSV-1/2 HSV-1-2R GACTGGCTCGCCATGCGAAAGC 223

EBV EBV-R ACTCGTGCACGTGCTTCTTTAC 176

CMV CMV-R TTGACACTCGCGCATGCATTC 242

Polyomavirus PM1? TCYTCTGGNNTAAARTCATGCTCC – Fedele et al. [21]

PM1- AAWTAGRTKCCAACCTATGGAAC

BKV BK? GAATGCTTTCTTCTATAGTATGGTATG 353

JCV JC? ATATTATGACCMCCAAAACCATG 189

SV40 SV? ATAATTTTTTTGTATAGTATAGTAGTGCA 135

– PM2- GGTAGAATACCCYAARGACTTTCC –

WUV WU-B-2729-F CTACTGTAAATTGATCTATTGCAACTCCTA 136 Bialasiewicz et al. [10]

WU-B-2808-R GGGCCTATAAACAGTGGTAAAACAACT

WU-B-2797-TM FAM-CCTTTCCTCCACAAAGGTCAAGTAAA- BHQ1

WU-C-4824-F GGCACGGCGCCAACT 115

WU-C-4898-R CCTGTTGTAGGCCTTACTTACCTGTA

WU-C-4861-TM FAM-TGCCATACCAACACAGCTGCTGAGC- BHQ1

KIV KI-A-141-F ACCTGATACCGGCGGAACT 95 Bialasiewicz et al. [10]

KI-A-200-R CGCAGGAAGCTGGCTCAC

KI-A-182-TM FAM-CCACACAATAGCTTTCACTCTTGGCGTGA-BHQ1

KI-B-4603-F GAATGCATTGGCATTCGTGA 114

KI-B-4668-R GCTGCAATAAGTTTAGATTAGTTGGTGC

KI-B-4632-TM FAM-TGTAGCCATGAATGCATACATCCCACTGC- BHQ1

MCV MCV-498-F AGGATTATATGCAAAGTGGATATAATGCT 84

MCV-527-R CGCACTTAGAATCTCTAAGTTGCTTAA

MCV-525-Prb HEX-TTTGCAGAGGTCCTGGGTGCATG-BHQ1

LT3-F TTGTCTCGCCAGCATTGTAG 309 Feng et al. [22]

LT3-R ATATAGGGGCCTCGTCAACC

VP1-F TTTGCCAGCTTACAGTGTGG 352

VP1-R TGGATCTAGGCCCTGATTTTT

HSV-1 HSV1UP CGGCCGTGTGACACTATCG 70 Weidmann et al. [45]

HSV1DP CTCGTAAAATGGCCCCTCC

HSV1P HEX-CCATACCGACCACACCGACGAACC-BHQ1

HSV-2 Watz-HSV2-F CGCCAAATACGCCTTAGCA 70 Watzinger et al. [43]

Watz-HSV2-R GAAGGTTCTTCCCGCGAAAT

Watz-HSV2-TM FAM-CTCGCTTAAGATGGCCGATCCCAATC-BHQ1

W = A,T; I = A,T G C; Y = C, T; V = A, C, G; H = A, C, T; N = A, T, G, C; R = A, G; K = G, T; M = A, C
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60 s, 45�C for 60 s, and 72�C for 60 s. Of the original 27

endometriotic lesion samples, two were not positive for

human L1 PCR and were therefore not included in this

study.

The degenerate FAP primer pair detects a broad spec-

trum of HPV types by PCR [23]. The 25-lL reaction

mixtures contained 19 GeneAmp PCR Buffer II (Roche,

Basel, Switzerland), 3.5 mM MgCl2 (Roche), 0.2% BSA

(NEB), 0.2 mM of each dNTP (Roche), 0.75 lM of each of

the primers FAP59 and FAP64, 0.625 U AmpliTaq Gold

Polymerase (Roche), and 5 lL clinical sample or control.

Both undiluted and ten-fold-diluted samples were tested to

ensure that the PCR was not inhibited by template over-

load. The PCR was incubated at 94�C for 10 min, followed

by 40 amplification cycles of 94�C for 90 s, 50�C for 90 s,

and 72�C for 90 s.

The GP? primer pair is designed for detecting a wide

range of mucosal HPV types by PCR [16]. The 25-lL
reaction mixtures contained 19 Standard Taq Reaction

Buffer with 1.5 mM MgCl2 (NEB), additional MgCl2
(Fermentas, Burlington, Ontario, Canada) to a final con-

centration of 3.5, 0.2 mM of each dNTP (Fisher), 1 lM
of each of the GP5? and GP6? primers, 1 U Taq DNA

polymerase (NEB), and 5 lL sample. The PCR was

initially denatured at 94�C for 4 min, followed by 40

amplification cycles of 94�C for 60 s, 40�C for 120 s,

and 72�C for 90 s. A final extension step of 72�C for

4 min was included to ensure complete extension. A

plasmid containing the entire HPV-18 genome was used

as a positive control for both the FAP and the

GP? PCRs.

A multiplex PCR was used for simultaneous detection of

the herpes virus family members HSV-1, HSV-2, CMV,

and EBV. The 25-lL mixtures contained 5 lL template,

19 Standard Taq Reaction Buffer containing 1.5 mM

MgCl2 (NEB), 0.1 mM of each dNTP (Fisher), 1.25 U Taq

DNA polymerase (NEB), and 0.5 lM of each of the

primers HSV-GF, HSV-1-2R, EBV-R, and CMV-R [38].

The template DNA was initially denatured at 94�C for

2 min. After this cycle, 39 thermocycles of 94�C for 30 s,

60�C for 45 s, and 72�C for 45 s were performed. The

reaction mixtures were further incubated at 72�C for

10 min. For positive controls, DNA extracts of human

tissue samples or cultured cell lines positive for HSV-1,

HSV-2, and CMV were used. DNA was extracted as

described above from EBV-positive cultured cells kindly

donated by Dr. Viviana Lutzky and Prof. Denis Moss from

Queensland Institute of Medical Research, Brisbane, QLD,

Australia.

For detection of the polyomaviruses JC, BK, and SV40,

a nested multiplex PCR was used. For the first amplifica-

tion, the 25-lL PCR mixtures contained 19 Standard Taq

Reaction Buffer with 1.5 mM MgCl2 (NEB), additional

MgCl2 (Fermentas) to a final concentration of 2.0, 0.2 mM

of each dNTP (Fisher), 1.25 U Taq DNA polymerase

(NEB), 5 lL sample, and 0.4 lM of each of the primers

PM1? and PM1- [21]. The PCR was initially denatured at

94�C for 2 min, followed by 40 thermocycles of 94�C for

30 s, 61�C for 60 s, and 72�C for 45 s. A final extension

step of 72�C for 5 min was conducted. For the nested

amplification, the same reaction conditions were used

except using only 1.5 mM MgCl2 and 1 lL of the first

amplification PCR as template. Also, 0.4 lM of the for-

ward primers BK?, JC?, SV?, and 0.5 lM of the reverse

PM2- primer were used [21]. The nested PCR was

initially denatured at 94�C for 2 min, followed by 30

thermocycles of 94�C for 30 s, 56�C for 60 s, and 72�C
for 30 s and a final extension step of 72�C for 5 min. For

positive controls, DNA extracts of human tissue samples or

cultured cell lines positive for BKV and JCV were used,

and DNA was extracted as described above from the SV40-

infected COS-1 cultured cell line (ATCC, Manassas, VA,

USA).

Sterile distilled H2O was used as a negative control

template for all reactions, and PCR master mixes were

made in a strictly DNA-free environment to avoid con-

tamination. Templates were added in a separate sterile

environment, and all PCRs were carried out using a

Thermo Hybaid P9E PCR machine. All PCR products

were analyzed using agarose gel electrophoresis made with

19 TAE buffer (Amresco, Solon, OH, USA) and stained

with 10 lg/mL ethidium bromide (Sigma–Aldrich, St.

Louis, MO, USA). 1.5% agarose (Bioline, Alexandria,

NSW, Australia) was used for standard PCR products and

2% for multiplex PCR products. The bands were visualized

under UV light and photographed using GelDoc software

(Bio-Rad, Hercules, CA, USA).

WUV and KIV were detected using previously pub-

lished real-time PCR (rtPCR) assays (WU-B & C, and

KI-A & B, respectively) [10]. MCV was also detected by

rtPCR, and positive results were confirmed by the previ-

ously described LT3 and VP1 assays [22] and visualized by

UV electrophoresis. Supplementary HSV-1 and -2 testing

was performed using a duplex of previously published

rtPCR assays for HSV-1 [45] and HSV-2 [43]. All rtPCR

assays used a common PCR mix and protocol. Briefly, the

rtPCR consisting of 12.5 ll Quantitect Probe PCR Mix

(Qiagen), 10 pmol of each primer, 4 pmol of each probe

and 2 ll of template in a 25-ll final reaction was per-

formed in either a Rotorgene 6000 (Qiagen) or a Light-

Cycler 480 (Roche) under the following conditions: a

15-minute incubation at 95�C, followed by 45 cycles of

95�C for 15 s and 60�C for 60 s. Clinical extracts were

used as positive controls for the WUV, KIV, HSV-1 and

HSV-2 assays, while synthetic oligonucleotides were used

as the controls for the MCV assays.
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Cloning and sequencing

Upon positive HPV detection, FAP and GP? PCR prod-

ucts were sequenced with one or both of the amplifying

primers by the Australian Genome Research Facility Ltd

(AGRF, Brisbane, QLD, Australia). If nonspecific back-

ground bands were present, the correctly sized bands were

excised from the agarose gels, and the DNA was purified

using a GelElute Extraction Kit (5 Prime, Gaithersburg,

MD, USA) prior to sequencing. If sequences were still

ambiguous, the PCR products were cloned into the

pCR2.1-TOPO vector using a TOPO TA Cloning Kit

(Invitrogen, Carlsbad, CA, USA) according to the manu-

facturer’s protocol. Bacterial colonies from LB plates

supplemented with ampicillin (1.5% LB plates with 50 lg/mL

ampicillin) were picked and boiled at 99�C for 10 min and

used as templates for check-insert PCR. PCR mixtures

(25 lL) were mixed as for the human L1 PCR, except that

each of the M13 forward and reverse primers that flank the

cloning site of the vector were used at a concentration of

1 lM. The PCRs were incubated at 94�C for 4 min, fol-

lowed by 35 amplification cycles of 94�C for 60 s, 45�C for

60 s, and 72�C for 60 s, and the products were analyzed by

agarose gel electrophoresis and then sequenced. CLC

Combined Workbench software (CLC Biotech, Aarhus,

Denmark) was used for DNA sequence analysis, and

BLAST analysis to identify HPV types.

Statistical analysis

Statistical analysis was performed using one-tailed Fisher’s

exact test, and a difference was considered significant if

P\ 0.05.

Results

Clinical samples of eutopic endometrial tissue from control

women without endometriosis (C; n = 20) and women

with endometriosis (Eu; n = 32) were tested for the pres-

ence of a broad spectrum of DNA viruses. Samples of

ectopic endometriotic lesions (Ec; n = 25) from the same

endometriosis patients were also tested. All samples

included in this study tested positive for human L1 DNA

by PCR, confirming that they all contained DNA from

human cells and that no PCR-inhibitory agents were

present in the samples.

Sensitivity of PCR assays

The sensitivity of all non-real-time PCRs used in this study

was previously shown to range from one to ten viral copies

per 50 lL [16, 21, 23, 38], and all positive controls were

successfully detected, except from HSV-1 and -2. The

limits of reliable detection for the HSV-1 and -2 rtPCR

assays were 100 and 10 viral copies per reaction, respec-

tively [43, 45]. Both assays were capable of detecting their

respective control samples, which suggests that unforeseen

detrimental primer interactions or sequence variation may

have impacted the sensitivity of the multiplex PCR HSV-1

and HSV-2 assays. The limit of detection in all WUV, KIV,

and MCV rtPCR assays was 10 viral copies per reaction.

HPV prevalence in endometriosis and controls

HPV DNA was detected using the primer pairs FAP [23]

and GP? [16], both designed for amplifying fragments of

the HPV L1 gene of DNA from a broad spectrum of HPV

types.

Of the 32 endometriosis patients, only one Eu sample

(3%) tested positive for HPV DNA, and HPV was detected

in the endometrium of two women from the C group (10%)

(Table 2). However, this difference in HPV DNA preva-

lence was not significantly different between the two study

groups (P = 0.33). No HPV was found in the Ec group

samples. There was no incidence of genital HPV infec-

tions, as investigated in cervical smears, in any of the

patients or controls. The cervical smears were reanalyzed

by the pathologist and did not show any sign of HPV

infection correlating to the positive HPV PCR results.

The detected HPV types were sequenced directly from

the PCR product or from subsequent cloning of the PCR

product. HPV-70 and -90 were detected in the same sample

by both PCR assays, whereas HPV-68 was detected only

by the FAP PCR and HPV-35 only by the GP? PCR.

HPV-35, -68 and -70 are all high-risk for mucosal lesions,

whereas HPV-90 is a low-risk mucosal type. All HPV

types identified were mucosal genital HPV types belonging

Table 2 DNA viruses detected

Virus

family

Tissue

group

Virus

prevalence

Subjects Viruses

detected

HPV Ec 0/25

Eu 1/32 4 HPV-68

C 2/20 10, 21 HPV-70 and HPV-90,

HPV-35

Herpes Ec 0/25

Eu 2/32 8, 16 EBV, CMV

C 0/20

Polyoma Ec 0/25

Eu 0/32

C 1/20 16 MCV

Ec ectopic endometriosis lesions from women with endometriosis,

Eu eutopic endometrium from women with endometriosis, C endo-

metrium from healthy control women

DNA viruses in the human endometrium and endometriosis
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to the genus Alphapapillomavirus [17]. There was no

incidence of genital HPV infections in any of the patients

or controls, or clinical correlation to the positive HPV PCR

results.

Prevalence of members of the herpes virus family

in endometriosis and controls

The prevalence of members of the herpes virus family was

analyzed using a multiplex PCR designed to detect the

presence of CMV, EBV, and HSV-1 and -2.

EBV and CMV were each found in one (3%) of the Eu

samples (Table 2), whereas the Ec and C samples all tested

negative by this multiplex PCR. This difference between

the Eu and C groups was not statistically significant

(P = 0.62).

Where CMV and EBV were easily detected in both

positive clinical and control samples, this multiplex PCR

unfortunately failed to detect HSV-1 and -2 from four

different control samples, and therefore, the prevalence of

HSV-1 and -2 could not be determined using this method.

The HSV-1 and -2 real-time PCR successfully detected the

control samples, but supplementary testing with the assays

did not identify any HSV-1 or -2 within any of the tissue

samples.

Polyomavirus prevalence in endometriosis and controls

When testing the nested multiplex polyomavirus PCR on

positive control samples, each of the viruses BKV, JCV,

and SV40 were clearly detected, and all clinical samples

were tested. No polyomaviruses were detected in the Eu

and Ec samples. Similarly, no WUV or KIV was detected

within either of the sample populations by rtPCR. MCV

was detected in one C group sample (5%), and this was

subsequently confirmed with both the LT3 and VP1 assays

(Table 2). The difference in prevalence to the Eu and Ec

groups with no identified MCV was not statistically sig-

nificant (P = 0.39).

Discussion

The malignant and immunological processes in endo-

metriosis could indicate the existence of a possible causal

infectious agent. This study has focused on investigating

the presence of the most common pathogenic DNA viruses

in the endometrium and endometriotic lesions from women

with endometriosis versus healthy women.

The prevalence of HPV in the tissue samples was

determined by combined FAP and GP? PCR analyses.

The prevalence of HPV in the endometrium of the Eu and

C groups was low and not significantly different between

the groups (P = 0.33). No HPV DNA was found in the

endometriotic lesions of the Ec group. All HPV types

detected in the endometrial tissues were genital types of the

alpha-papillomavirus genus, and both high- and low-risk

types were identified. The degenerate FAP and GP? pri-

mer pairs both detected HPV types that were not detected

by the other primer set, albeit with some overlap between

the two PCR assays. This demonstrates that the FAP and

GP? PCRs are good complementary assays for detection

of HPV in this type of sample.

Only one previous publication has addressed the prev-

alence of HPV in the endometrium as well as in endo-

metriosis. Oppelt et al. [35] have studied 56 German

endometriosis patients, out of which nine (16.1%) had been

diagnosed with cervical intraepithelial neoplasia (CIN) or

cervical, ovarian, or endometrial carcinoma. Sixty-six

endometriosis lesions from these women were studied, of

which 59 were classified as AFS stage 1–4, while seven

had no available AFS classification. The authors also

studied 13 women without endometriosis, of which 11

(81.8%) had CIN or cervical carcinoma. The control group

consisted of 30 non-endometriosis tissue samples, both

from endometriosis patients and from these non-endo-

metriosis subjects with a clinical bias for a previous HPV

infection.

Oppelt et al. [35] amplified the HPV L1 gene by PCR,

and the amplicons were detected by an ELISA method

using hybridization with probes that were specific for either

low-risk or high-risk HPV types. HPV-positive tissues

were also tested using the Invader 2.0 HPV High-Risk

Molecular Assay, which recognizes only the high-risk HPV

types. HPV DNA was identified in seven (11.3%) of 62

interpretable endometriosis lesions as well as in eight

(27.5%) of 29 control tissues. This is not surprising when

considering the high frequencies of CIN and genital car-

cinomas of these groups.

The sensitivity of the PCR-ELISA method used by

Oppelt et al. was 1.0 pg, corresponding to approximately

80,000 copies of the viral genome, whereas the FAP and

GP? primer sets used in this study can detect less than ten

viral copies [16, 23]. As the primer sequences used in the

PCR–ELISA were not noted, it is difficult to evaluate their

specificity, and the Invader method was less sensitive than

the PCR–ELISA method.

From the study by Oppelt et al., it was concluded that

certain high-risk HPV types can be found in endometriosis

lesions. However, as cervical intraepithelial neoplasias and

malignant carcinomas are well-known to frequently be

caused by HPV [42], the detected HPV types could originate

from these associated malignant transformations and might

not have any associationwith the diagnosis of endometriosis.

Furthermore, as the control groupwas biased, no conclusions

of a possible endometriosis-associated change in HPV
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prevalence can be made from the Oppelt et al. study. Thus,

their findings cannot be compared directly with the lowHPV

prevalence found in this study.

In another small clinical study, expression of human

endogenous retroviruses in endometriotic tissues was

detected, indicating that endogenous retrovirus expression

might be involved in endometriosis [28], but further

investigations are needed to determine the significance of

these results.

All clinical samples were tested by multiplex PCR for

the presence of the herpes viruses CMV and EBV. The Ec

lesions and the endometrial samples of the C group were all

negative for these herpes viruses, whereas a low prevalence

of CMV and EBV was detected in the Eu group of endo-

metrial samples. The multiplex PCR failed to detect posi-

tive HSV-1 and -2 control samples, but a supplementary

real-time PCR method successfully detected these positive

controls. None of the clinical samples were positive for

either HSV-1 or -2.

Finally, a nested multiplex PCR was used to test all

clinical samples for the presence of the polyomaviruses

JCV, BKV, and SV40, and rtPCR assays were used for

detection of WUV, KIV, and MCV. One C group sample

was positive for MCV, but no other polyomaviruses were

detected, suggesting an infrequent presence of polyom-

aviruses in the endometrium.

The determined prevalence of DNA viruses in the

endometrium of 0–10% is remarkably low compared with

the well-known high frequencies of infection with the

majority of these viruses. It is estimated that 75–80% of

sexually active individuals are infected with HPV during

their lifetime, with the highest rates in women younger

than 25 years of age [44]. However, as the mean age of the

enrolled women was between 32 and 36 years of age, most

HPV infections would have been cleared by the immune

system [6]. This correlates well with the fact that no

patients showed genital HPV infection in cervical smears.

The incidence of the recently discovered WUV, KIV, and

MCV remains to be elucidated, but the seroprevalence of

all other viruses tested for in this study lies within the range

of 15–95% [27, 33].

It can be speculated that the endometrium and endo-

metriotic tissue are an unfavorable environment for virus

progression, leading to a generally low prevalence in these

deeper tissues. It is possible that viruses infect the endo-

metrium transiently but are subsequently either shed with

the endometrial tissue during menstruation or are rapidly

cleared by an efficient immune response. In this way, stable

infections of the endometrium would not be frequent.

However, a pathogenic virus could theoretically initiate a

malignant cell process during a shorter infectious period

and then flee the scene. This ‘‘hit-and-run’’ strategy has

been shown previously for CMV in vitro [14, 24] and

indicated in clinical studies of both polyomaviruses and

papillomaviruses [4, 5, 8, 29]. This could explain that no

virus DNA was found in the lesions. To address this

hypothesis, it would be interesting to test for elevated

presence of serum antibodies against the viruses, which

would also show previous viral infections.

To further investigate the hypothesis of an infectious

agent as the cause of endometriosis, it would be interesting

to perform epidemiological studies on the incidence of

endometriosis compared with the use of immunosuppres-

sive drugs, e.g. in transplant patients. A correlating ele-

vated incidence would indicate a causal infectious agent. A

broad selection of the most common pathogenic DNA

viruses has been tested for in this study, but other viruses or

bacteria not yet tested for could be involved.

In conclusion, the prevalence of pathogenic DNA viru-

ses in the endometrium and endometriosis lesions is very

low and does not indicate a virological cause of endome-

triosis. However, the existence of an infectious causal

agent cannot be ruled out at this point. Further investiga-

tions are needed, and the search for the aetiology of

endometriosis continues.
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9. Béliard A, Noël A, Foidart J-M (2004) Reduction of apoptosis

and proliferation in endometriosis. Fertil Steril 82:80–85

10. Bialasiewicz S, Whiley DM, Lambert SB, Gould A, Nissen MD,

Sloots TP (2007) Development and evaluation of real-time PCR

assays for the detection of the newly identified KI and WU

polyomaviruses. J Clin Virol 40:9–14

11. Brown HL, Abernathy MP (1998) Cytomegalovirus infection.

Semin Perinatol 22:260–266

12. Caldarelli-Stefano R, Vago L, Omodeo-Zorini E, Mediati M,

Losciale L, Nebuloni M, Costanzi G, Ferrante P (1999) Detection

and typing of JC virus in autopsy brains and extraneural organs

of AIDS patients and non-immunocompromised individuals.

J Neurovirol 5:125–133

13. Chen AC, Keleher A, Kedda MA, Spurdle AB, McMillan NA,

Antonsson A (2009) Human papillomavirus DNA detected in

peripheral blood samples from healthy Australian male blood

donors. J Med Virol 81:1792–1796

14. Cinatl J Jr, Cinatl J, Vogel JU, Rabenau H, Kornhuber B, Doerr

HW (1996) Modulatory effects of human cytomegalovirus

infection on malignant properties of cancer cells. Intervirology

39:259–269

15. Comar M, Rizzardi C, de Zotti R, Melato M, Bovenzi M, Butel

JS, Campello C (2007) SV40 multiple tissue infection and

asbestos exposure in a hyperendemic area for malignant meso-

thelioma. Cancer Res 67:8456–8459

16. de Roda Husman A-M, Walboomers JMM, van den Brule AJC,

Meijer CJLM, Snijders PJF (1995) The use of general primers

GP5 and GP6 elongated at their 30 ends with adjacent highly

conserved sequences improves human papillomavirus detection

by PCR. J Gen Virol 76:1057–1062

17. de Villiers EM, Fauquet C, Broker TR, Bernard HU, zur Hausen

H (2004) Classification of papillomaviruses. Virology 324:17–27

18. Deragon JM, Sinnett D, Mitchell G, Potier M, Labuda D (1990)

Use of gamma irradiation to eliminate DNA contamination for

PCR. Nucleic Acids Res 18:6149

19. Dolcetti R, Masucci MG (2003) Epstein–Barr virus: induction

and control of cell transformation. J Cell Physiol 196:207–218

20. Dörries K (2002) Latent and persistent polyomavirus infection.

In: Kamel Khalili GLS (ed) Human polyomaviruses. Wiley-Liss,

Inc., Wilmington, pp 197–235

21. Fedele CG, Ciardi M, Delia S, Echevarria JM, Tenorio A (1999)

Multiplex polymerase chain reaction for the simultaneous

detection and typing of polyomavirus JC, BK and SV40 DNA in

clinical samples. J Virol Methods 82:137–144

22. Feng H, Shuda M, Chang Y, Moore PS (2008) Clonal integration

of a polyomavirus in human Merkel cell carcinoma. Science

319:1096–1100

23. Forslund O, Antonsson A, Nordin P, Stenquist B, Goran Hansson

B (1999) A broad range of human papillomavirus types detected

with a general PCR method suitable for analysis of cutaneous

tumours and normal skin. J Gen Virol 80:2437–2443

24. Galloway DA, McDougall JK (1983) The oncogenic potential of

herpes simplex viruses: evidence for a ‘hit-and-run’ mechanism.

Nature 302:21–24

25. Gaynor AM, Nissen MD, Whiley DM, Mackay IM, Lambert SB,

Wu G, Brennan DC, Storch GA, Sloots TP, Wang D (2007)

Identification of a novel polyomavirus from patients with acute

respiratory tract infections. PLoS Pathog 3:e64

26. Giudice LC, Kao LC (2004) Endometriosis. Lancet 364:1789–

1799

27. Gupta R, Warren T, Wald A (2007) Genital herpes. Lancet

370:2127–2137

28. Hu L, Hornung D, Kurek R, Ostman H, Blomberg J, Bergqvist A

(2006) Expression of human endogenous gammaretroviral

sequences in endometriosis and ovarian cancer. AIDS Res Hum

Retroviruses 22:551–557

29. Khalili K, Del Valle L, Otte J, Weaver M, Gordon J (2003)

Human neurotropic polyomavirus, JCV, and its role in carcino-

genesis. Oncogene 22:5181–5191

30. Kutsuna T, Zheng H, Abdel-Aziz HO, Murai Y, Tsuneyama K,

Furuta I, Takano Y (2008) High JC virus load in tongue carci-

nomas may be a risk factor for tongue tumorigenesis. Virchows

Arch 452:405–410

31. Lefrancq T, Orain I, Michalak S, Hourseau M, Fetissof F (1999)

Herpetic salpingitis and fallopian tube prolapse. Histopathology

34:548–550

32. Melin A, Sparen P, Bergqvist A (2007) The risk of cancer and the

role of parity among women with endometriosis. Hum Reprod

22:3021–3026

33. Moens U, Johannessen M (2008) Human polyomaviruses and

cancer: expanding repertoire. J Dtsch Dermatol Ges 6:704–708
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Discussion and future perspectives 

In this PhD project, aspects of the pathogenesis of endometriosis have been investigated, focusing 

on the possible involvement of the type I IFNs. The transcriptional expression levels of 84 genes 

related to the type I IFN system was analyzed by a specific PCR array in the endometrium of 

healthy control women (C), eutopic endometrium (Eu) and ectopic endometriosis lesions (Ec) of 

women with endometriosis. Only mRNA levels of the two genes ISG20 and HOXB2 were signifi-

cantly different between tissue groups, as their transcription was abolished in the endometriosis le-

sions. These two genes were induced by IFNβ in endometrial cell lines. The genes ISG12A and 6-16 

were highly stimulated by type I IFNs in vitro, whereas the closely related ISG12B and -C genes 

barely were. ISG12A and 6-16 mRNA levels varied between tissue samples but not significantly 

between the tissue groups. In a separate study, the promoter methylation status and prevalence of or 

malignant mutations of several well-known proto-oncogenes and tumor suppressor genes were ana-

lyzed in the endometriosis lesions. No promoter methylation or mutations were detected, except 

from a mutation in KRAS in a single lesion. In a third study, the prevalence of a series of common 

DNA viruses with malignant-transforming potential was analyzed by multiplex PCR. The virus 

prevalence was low in endometrial samples from both control women and endometriosis patients 

and absent in endometriosis lesions. The results obtained and described in this thesis will be dis-

cussed in this section. 

 The regulation of the ISG12 genes by type I IFNs was examined, since ISG12A appears to have 

a distinct role in the endometrium. Induction of all the ISG12 genes by type I IFNs were expected, 

since the promoters of all the ISG12 genes comprise several interferon stimulated response ele-

ments (ISREs). A strong transcriptional type I IFN induction of ISG12A and 6-16 was shown by 

both conventional and quantitative RT-PCR in vitro, whereas only a very weak induction of the two 

remaining ISG12 family members ISG12B and -C could be detected only by qRT-PCR. These find-

ings concur with a previous study, where ISG12A and 6-16 were strongly induced, whereas no in-

duction of ISG12B and -C was found in human HT1080 cells (Parker and Porter 2004). The lack of 

proper type I IFN induction of ISG12B and -C remains unexplained but could be speculated to in-

volve different specific spatial positioning of the ISRE elements, leading to differently favorable 

binding of the ISGF3 transcription factor complex. 

 The transcription of ISG12A and 6-16 was not significantly different between tissue groups of 

endometrium of healthy control women (C) and in eutopic endometrium (Eu) and ectopic endome-

triosis lesions (Ec). Furthermore, there was no difference in ISG12 gene expression when treating 
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endometrial cells with peritoneal fluid or blood serum from endometriosis patients or healthy con-

trols. Nonetheless, the fact that these transcripts were even present strongly suggests that they were 

induced by IFNs, since they are expressed in minimal amounts without IFN stimulation. This corre-

lates well with the fact that the transcription of IFNα and also interferon α receptor 2 (IFNAR2) is 

highly upregulated in the endometrium of women suffering from endometriosis compared with 

healthy women (Kao et al. 2003). However, as only two out of 84 genes of the type I IFN response 

was significantly dysregulated in endometriosis, the type I IFNs do not appear to be generally in-

volved in the pathogenesis of endometriosis. Yet, specific gene regulation involving type I IFNs 

could still play distinct roles in endometriosis. 

The expression of ISG20 and HOXB2 was found to be abolished in ectopic endometriosis le-

sions compared with eutopic endometrium from women with endometriosis and controls. As dis-

cussed in manuscript I, this very interesting finding and the expression of more HOX genes in en-

dometriosis should be investigated further in order to elucidate the possible role of the lack of the 

corresponding protein products in the pathogenesis of endometriosis.  

Expression of the genes HOXB2, ISG20, ISG12A, and 6-16 were induced by IFNβ in endometri-

al cell lines. The observed abolishment of ISG20 and HOXB2 expression in endometriosis lesions 

means that they fail to be induced by the present type I IFNs. Altered sensitivity of certain cell types 

to type I IFNs have been reported previously (Jackson et al. 2003), and HOXB2 fails to be induced 

by IFNα in melanoma cell lines classified as IFNα-resistant (Spagnoli et al. 2000). In study 1, it 

was evident that HOXB2 was expressed in very low levels in three out of four endometrial carcino-

ma cell lines in spite of treatment with IFNβ, suggesting that this gene specifically can display IFN 

resistance. The mechanism of IFN resistance is unclear but has been indicated to involve a lack of 

signaling pathway members or epigenetic silencing of a number of ISGs (Jackson et al. 2003; Naka 

et al. 2006). The Human Interferon α, β Response PCR Array did not show significant changes of 

type I IFN response pathway members or of many ISGs in the tissue samples. Epigenetic changes 

such as promoter hypermethylation of the ISG20 and HOXB2 genes are therefore more likely as a 

cause of their IFN resistance in endometriosis and should be investigated in endometriosis lesions 

and corresponding eutopic endometrium. 

The expression of HOXB2, ISG20, ISG12A, and 6-16 was not directly correlated to serum levels 

of E2 or progesterone in the endometrial tissue samples. Transcription of ISG20 and ISG12A is 

known to be upregulated by E2 (Rasmussen et al. 1993; Pentecost 1998), and these two genes as 

well as HOXB2 and 6-16 all comprise putative estrogen response elements in their promoter se-
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quences, as analyzed by the Patch online tool (BioBase 2010). As for type I IFNs, the observed ab-

olishment of ISG20 and HOXB2 expression in endometriosis lesions means that they fail to be in-

duced by estrogen. The altered ERα/ERβ ratio in endometriosis could be important in this mechan-

ism, and it would be interesting to investigate the response of these four genes to treatment with 

estrogen in vitro combined with knock-down of the two estrogen receptor variants in order to inves-

tigate this. 

 Dysregulation of a large number of hormones, cytokines, chemokines and growth factors is a 

feature of endometriosis. The abolished expression of HOXB2 and ISG20 in endometriosis could be 

influenced by a number of these factors, which regulate gene transcription via complex, overlapping 

mechanisms, possibly in combination with the action of estrogen and/or type I IFNs. The altered 

expression of a large number of genes has been reported in endometriosis (Kao et al. 2003; 

Matsuzaki et al. 2006; Wu et al. 2006; Mettler et al. 2007), an imbalance mediated by altered levels 

of a number of signaling molecules as well as by epigenetic alterations. 

Promoter hypermethylation of the genes APC, CDKN2A, PYCARD, RARB, RASSF1, and ESR1 

was not evident in endometriosis lesions, suggesting no significant epigenetic gene silencing of 

these genes in endometriosis. In the well-known malignant genes BRAF, HRAS, NRAS, CTNNB1, 

CDK4, FGFR3, PIK3CA, P53 and PTEN, no mutations were detected, whereas a previously charac-

terized oncogene mutation in the KRAS gene was identified in a single endometriosis lesion but not 

in the paired eutopic endometrium or blood DNA. The absence or low prevalence of oncogene mu-

tation indicates that these do not contribute to the development of endometriosis, as proposed by the 

multistep mutation pathogeneses model (Bischoff and Simpson 2004). The KRAS mutation and oth-

er malignant mutations of low prevalence could rather be speculated to contribute to the rare malig-

nant transformation of endometriosis into cancer, as discussed in manuscript II. 

The methodology of this project has been centered on variations of PCR and has therefore ex-

clusively addressed features of endometriosis on the DNA and RNA level. The major disadvantage 

of transcriptional studies is that they do not reflect post-translational regulatory events, and further 

investigations of ISG20 and HOX gene regulation in endometriosis should attend to the protein level 

as well. In general, a combination of in vitro studies using endometrial cell lines, studies of clinical 

samples of human endometriosis and endometrial tissue samples, and in vivo studies using animal 

models should be applied in order to obtain complementary results that can comprehend the com-

plexity of endometriosis.  
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In summary, the results obtained in this PhD project does not point towards a direct involvement 

of type I IFNs or DNA viruses in of endometriosis, and the possible contribution by a number of 

malignant features was eliminated. The established downregulation of ISG20 and HOXB2 transcrip-

tion and the putative existence of other well-known malignant features should be studied further in 

the investigation of pathogenic mechanisms of endometriosis. 
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Characterization of a Mammalian Flippase 
Introduction

P-type ATPases 

The P-type ATPases are multi-domain membrane pumps that transport specific substances across 

biological membranes at the cost of ATP hydrolysis (Glynn 1993; Kühlbrandt 2004; Toyoshima 

2009). Well-known class members include the mammalian Na+,K+-ATPase and Ca2+-ATPase, and 

the H+-ATPase of plants and fungi. These ATPases have been shown to form an aspartyl phospho-

rylated intermediate during the catalytic cycle, hence the name P-type (Pedersen and Carafoli 

1987). For several other family members the phosphorylated intermediate still needs to be observed, 

and their classification as P-type ATPases relies on sequence homology. P-type ATPases are direct-

ly involved in crucial physiological functions, such as establishment and maintenance of electro-

chemical membrane potentials, pH regulation, and secretion of hormones and neurotransmitters. 

They have been implicated in a number of pathological conditions, such as Byler, Darier, Menkes, 

and Wilson disease and also migraine and parkinsonism (Bull et al. 1993; Vulpe et al. 1993; Bull et 

al. 1998; de Fusco et al. 2003; Dhitavat et al. 2003; de Carvalho Aguiar et al. 2004). Ongoing ex-

tensive studies of the structures and biochemical properties of P-type ATPases aim to increase the 

existing knowledge of these membrane proteins and to investigate their roles as potential drug tar-

gets (Yatime et al. 2009).  

Whereas most P-type ATPases transport ions across the membranes, the P4 ATPases are be-

lieved to translocate phospholipids in biological membrane bilayers and are therefore also named 

flippases (Paulusma and Oude Elferink 2010). This fairly uncharacterized P4-type ATPase subfami-

ly is investigated in this PhD project. The mammalian flippase ATP8A1 has been cloned and ex-

pressed in order to increase the functional knowledge on this atypical P-type ATPase subfamily. In 

this introduction we first turn to the general understanding of the family of P-type ATPases. 

The atomic structures of three P-type ATPases, the Ca2+-ATPase, the Na+,K+-ATPase, and the 

H+-ATPase, are known from crystallography, and for the Ca2+-ATPase several conformational 

states have been analyzed at high resolution  (Toyoshima et al. 2000; Toyoshima et al. 2004; Morth 

et al. 2007; Olesen et al. 2007; Pedersen et al. 2007; Toyoshima 2009). The crystal structures show 

that the P-type ATPases undergo large conformational changes into specific enzyme states termed 

E1 and E2 when carrying out the transport (figure 10).  
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Figure 10. The catalytic cycle of P-type ATPases. The catalytic cycle of the P-type ATPases can roughly be described by 
the E1-E2 model (Glynn 1993; Kühlbrandt 2004; Toyoshima 2009). A P-type ATPase consists of a membrane domain 
(M, green), a phosphorylation domain (P, light blue), an actuator domain (A, dark blue), and a nucleotide-binding do-
main (N, purple) (Toyoshima et al. 2000). The ATPase in the E1 conformational state binds a substrate S1 (pink) from 
the cytosolic side of the membrane (orange) in a specific binding site in the M domain (1). Furthermore, substrate 
binding enables the binding of ATP in the N domain (2) and the subsequent pphhoosspphhoorryyllaattiioonn  ((yyeellllooww  PP)) of a conserved 
aspartate residue in the P domain, forming the E1-P intermediate. Formation of the E1-P state is coupled to occlusion 
of the bound substrate, which is now inaccessible from both sides of the membrane. ATP is now converted to ADP, 
which is then released, whereupon the ATPase undergoes large conformational changes and forms the E2-P confor-
mation (3). The E2 state has a much lower affinity for the S1 substrate than the E1 state, which therefore escapes to 
exoplasmic side of the membrane (4). A second substrate S2 (red) binds to the enzyme and its access point is concur-
rently occluded. This substrate binding triggers the hydrolysis of the phosphorylated aspartate residue, catalyzed by 
the A domain, releasing orthophosphate (5). Then the E2 enzyme shifts back to the E1 state (6). Finally, the second 
substrate is released to the cytosolic side of the membrane, leaving the enzyme ready to start a new catalytic cycle 
(7). S1 and S2 can be one, more or no substrates, since some P-type ATPases only transport one substrate one way. 
 

The P-Type ATPases are highly conserved and widely expressed in prokaryotes and eukaryotes 

including bacteria, yeast, plants, insects, and animals (Kühlbrandt 2004; Paulusma and Oude 

Elferink 2005). They are divided into five major types based on sequence homology and further into 

subfamilies that display different substrate specificities (figure 11). The P1-type ATPases transport 

primarily heavy-metal cations, such as Cu2+ and Ag+, whereas P2-type ATPases are widely distri-

buted in species and pump non-heavy metal cations (e.g. Ca2+, Na+, K+ and H+) (Kühlbrandt 2004). 

P3-type ATPases transport Mg2+ and H+ in plants and fungi. The P4-type ATPase flippases are 

found only in eukaryotes, and this subfamily deviates clearly from the other subfamilies regarding 

substrate specificity. Instead of (or possibly in addition to) cations, the flippases translocate amino-

phospholipids across the membrane bilayer. The P5-type ATPases are restricted to eukaryotes and 

are believed to function in the endoplasmic reticulum. Their substrates are presently unknown. 

Some of them might be flippases and other might transport ions or both (Sørensen et al. 2010). 
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The P-type ATPase active site aspartate residue is included in a highly conserved P-type AT-

Pase motif of the sequence DKTGT[L,I,V,M][T,I,S] (Kühlbrandt 2004). Another conserved motif, 

(T)GE(S), is involved in the phosphatase function of the P-type ATPases in the E2 state (Clausen et 

al. 2004). Most members of this ATPase family comprise six, eight, or ten transmembrane helices, 

five small exoplasmic turns, and two large cytoplasmic loops as well as cytoplasmic amino- and 

carboxyl-terminal ends. Two conserved aspartate residues together with other residues of the cata-

lytic site form a conserved Mg2+ binding site, and a number of post-translationally phosphorylated 

residues are also common features of the P-type ATPases. An alignment of six representative hu-

man P-type ATPase sequences showing these features is presented in figure 12, from which it can 

be seen that the general topology of the P4-type ATPase flippases is identical to that of the P2- and 

P5-type ATPases, whereas the P1-type ATPases miss the four most C-terminal transmembrane he-

lices (Thever and Saier 2009). The same alignment showing the amino acid residue sequences is 

displayed in appendix B. Whereas the first P-type ATPase was discovered in 1957 (Skou 1957) and 

many more family members such as Ca2+-ATPases and H+,K+-ATPase in the following years 

(Hasselbach and Makinose 1962; Sachs et al. 1976; Kühlbrandt 2004), the flippases were not dis-

covered until many years later. 

Figure 11. Phylogenetic tree of the P-type 
ATPase family. P-type ATPases are divided 
into the five branches (types I-V) based on 
sequence homology. Subfamilies cluster ac-
cording to substrate specificity: IA, bacterial 
Kdp-like K+-ATPases; IB, soft-transition-metal-
translocating ATPases; IIA, sarcoplasmic-
reticulum (SR) Ca2+-ATPases; IIB, plasma-
membrane Ca2+-ATPases; IIC, Na+/K+-ATPases 
and H+/K+-ATPases; IID, eukaryotic Na+-
ATPases; IIIA, H+-ATPases; IIIB, bacterial Mg2+-
ATPases; IV, lipid flippases; V, eukaryotic P-
type ATPases of unknown substrate specifici-
ty. Representative gene products are color 
coded by species: Green, Arabidopsis thalia-
na; orange, Caenorhabditis elegans; grey, 
Escherichia coli; dark blue, Homo sapiens; 
cyan, Methanobacterium thermoautotrophi-
cum; yyeellllooww,,  MMeetthhaannooccooccccuuss  jjaannnnaasscchhiiii; pur-
ple, Synechocystis PCC6803; red, Saccharo-
myces cerevisiae. An arrow denotes ATP8A1. 
Classification is according to (Axelsen and 
Palmgren 1998). Modified from (Kühlbrandt 
2004). 
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Figure 12. Alignment of selected P-type ATPases. Representative human P-type ATPase sequences were aligned using 
CLC Workbench. The Na+,K+-ATPase (accession number P05023), H+,K+-ATPase (P54707), and Ca2+-ATPase (P16615) are 
all P2-type ATPases, whereas the Cu2+-ATPase (Q04656) is a P1 ATPase, and ATP8A1 (Q9Y2Q0) and ATP10C (O60312) 
are P4 and P5 ATPases, respectively. For clarity, the large amino-terminal metal-binding domain of the Cu2+-ATPase is 
not included (//). Annotations denote features given in the sequence files at the NCBI database. Transmembrane seg-
ments (green), ppootteennttiiaall  pphhoosspphhoorryyllaattiioonn  ssiitteess  ((yyeellllooww)), ATP-binding segment (orange), and Mg2+ binding residues 
(grey) are shown. The conserved P-type ATPase motifs (T)GE(S) and DKTGT(L)T are marked in white, and the well-
characterized domains of the Ca2+-ATPase are annotated (Toyoshima et al. 2000) in dark blue (A domain), light blue (P 
domain), or purple (N domain). The conservation in % is shown below. 

The flippases of biological membranes 

In 1984, Seigneuret and Devaux identified an Mg2+-ATP-dependent translocation of spin-labeled 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) across erythrocyte membrane bilayers 

(Seigneuret and Devaux 1984). This activity was mediated by a specific membrane protein, which 

was sensitive to orthovanadate, a specific P-type ATPase inhibitor (Seigneuret and Devaux 1984; 

Zachowski et al. 1986). A mammalian protein with an apparent mass of 115-120 kDa exhibiting the 

same characteristics was later partially purified from bovine intracellular chromaffin granule mem-

branes (Moriyama and Nelson 1988) and human erythrocyte membranes (Morrot et al. 1990). In 

1996, Tang et al. cloned the aminophospholipid translocase ATP8A1 (then named ATPase II) from 

bovine chromaffin granules (Tang et al. 1996). The authors showed that the identified enzyme was 

homologous to the S. cerevisiae P-type ATPase Drs2p and that PS internalization was observed in 

// 
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wild-type but not in DRS2 null yeast mutants. Hence, the flippase P4 subfamily of the P-type AT-

Pases was defined (Halleck et al. 1998). 

The flippases display a membrane (M) domain with ten transmembrane helices (TM) and the 

cytosolic phosphorylation (P), nucleotide-binding (N), and actuator (A) domains (figure 13).  

Figure 13. General topological model of mammalian ATP8A1 and CDC50A. Ten transmembrane helices (TM) (1-10) 
constitute the membrane domain (M, green) of ATP8A1, whereas a large cytosolic loop between TM 4 and 5 forms 
both the phosphorylation domain (P, light blue) and the nucleotide-binding domain (N, purple). The P domain contains 
the conserved P-type ATPase motif DKTGTLT, which harbors the acyl-phosphorylated aspartate residue, as well as two 
potential Mg2+ binding residues (grey spheres). The N-domain comprises three predicted ATP-binding residues. The 
actuator domain (A, dark blue) is composed of a cytosolic loop bordered by TM 2 and 3 as well as the cytosolic N-
terminus, and this domain presents the GE phosphatase motif. The N-terminal region features four ppootteennttiiaall  pphhooss--
pphhoorryyllaattiioonn  ssiitteess  ((yyeellllooww  PP  sspphheerreess)), and the C-terminal is also cytoplasmic. Mammalian isoforms of ATP8A1 display 
one of two 20 amino acid sequence motifs (isoform 1/2) in the A domain and are also distinguished by the presence or 
absence of a 15 amino acid sequence (isoform α/β) in the N domain, combining to a total of four distinctive isoforms. 
CDC50A consists of the short cytoplasmic N- and C-termini, two transmembrane helices (1-2), and an exoplasmic loop. 
The loop displays three potential glycosylation sites (Gl., red). This figure is based on sequence information (acc. 
Q9Y2Q0 and Q9NV96) (NCBI 2010) and on the structural information on the ATP8A1-homologous Ca2+ ATPase (acc. 
P16615) (Toyoshima et al. 2000). 
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At the positions where the cation-transporting P-type ATPases usually present anionic residues 

in the TM regions, the flippases display hydrophobic and polar uncharged residues in the membrane 

domain (Puts and Holthuis 2009). However, phospholipids are amphiphatic and much bigger than 

ions. How the flippases provide an opening large and diverse enough to comprise and coordinate 

these substrates is still unclear. This ability might be enabled by accessory proteins. Three members 

of the mammalian CDC50 (also named TMEM30) family (CDC50A, -B, and –C) have been identi-

fied as binding partners of the flippases (Katoh and Katoh 2004; Paulusma and Oude Elferink 

2010). These are membrane proteins of 50-60 kDa composed of two transmembrane helices and 

one presumably heavily glycosylated exoplasmic loop (figure 13). 

The flippases are embedded into the plasma membrane or organelle membranes of cells 

(Paulusma and Oude Elferink 2005; Lenoir et al. 2007). Biological membranes are mainly com-

posed of bilayers of a wide spectrum of phospholipids and glycerolipids, which are primarily syn-

thesized in the exoplasmic leaflet of the endoplasmatic reticulum (ER) membrane. The phospholi-

pids are asymmetrically distributed in the inner and outer leaflets of the membranes confining the 

cell, the nucleus, and other cellular compartments. Generally, the exoplasmic leaflet facing the 

extracellular compartment or the lumen of cellular organelles contains large amounts of phosphati-

dylcholine (PC) and a smaller amount of sphingomyelin (SM) and glycolipids, whereas the cytop-

lasmic leaflet predominantly contains the aminophospholipid phosphatidylethanolamine (PE) and to 

a lesser extent phosphatidylserine (PS), and minor amounts of phosphatidylinositol (Cooper 2000; 

Vance 2008) (figure 14). The membrane phospholipid composition is specific for different types of 

mammalian tissues, cells, and organelles. 
 

 

Figure 14. The asymmetrical 
distribution of phospholipids of 
biological membranes. Biologi-
cal membranes are mainly com-
posed of sphingomyelin (purple 
headgroups), phosphatidylcho-
line (pink), phosphatidylethano-
lamine    (green), phosphatidyl-
serine (light blue), phosphatidy-
linositol (blue), and glycolipids 
(red). Cholesterol (brown) is also 
embedded in the bilayer. Based 
on (Cooper 2000). 
 

 

The regulation of the asymmetric nature of biological membrane is physiologically crucial. Ex-

posure of PS and PE in the outer leaflet of the plasma membrane is observed in early phases of 
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apoptosis and is believed to be involved in recognition and uptake of the dying cells by phagocytes 

(Fadok et al. 1992; Martin et al. 1995; Emoto et al. 1997). Moreover, PS exposure on the cell sur-

face of activated platelets initiates the blood clotting cascade (Bevers et al. 1983; Schroit and Zwaal 

1991), and PS and PE become exposed on the outside of sperm cells during capacitation, a cascade 

of events that occurs in spermatozoa to prepare them for binding to and penetration of the extracel-

lular matrix surrounding the oocyte (de Vries et al. 2003).  

The essential membrane asymmetry is actively maintained by ATP-dependent translocation of 

membrane components, counteracting a slow spontaneous scrambling (equilibration of phospholi-

pid distribution) (Paulusma and Oude Elferink 2005; Lenoir et al. 2007). The asymmetry is directly 

mediated by flippases towards the cytoplasm and by floppases, such as the ATP-binding cassette 

(ABC) transporters, away from the cytoplasm. Scramblases, yet unidentified bi-directional phos-

pholipid carrier proteins with little specificity, are believed to facilitate rapid loss of lipid asymme-

try, e.g. in apoptosis (Bevers and Williamson 2010).  

The P4-ATPases have been pointed out as the primary flippase enzymes. The molecular me-

chanism of lipid flipping by the flippases is currently not known, and their exact substrate specifici-

ties of phospholipids and putative counter-transported substances have not yet been elucidated. 

They are believed to co-function with members of the CDC50 protein family, which are speculated 

to exert functions analogous to those of the β-subunit of the Na+,K+-ATPase (Saito et al. 2004; Puts 

and Holthuis 2009).  

Mammals express 14 flippases and three CDC50 proteins (Paulusma and Oude Elferink 2005). 

Mouse orthologs of all 14 human flippases and three CDC50 proteins have been identified, and the 

mammalian flippases are divided into classes based on sequence identity (Halleck et al. 1999) (fig-

ure 15, table I). Importantly, the yeast Saccharomyces cerevisiae expresses five flippases with spe-

cific homology to separate members of the mammalian flippase family as well as three CDC50 ho-

mologs. The nematode Caenorhabditis elegans expresses six flippases and at least three proteins 

with considerable homology to the CDC50 proteins (Paulusma and Oude Elferink 2010). As seen in 

figure 15A, flippase classes 1-Σ and 2 have orthologs in both C. elegans and S. Cerevisiae, whereas 

class 1-Φ and 5 are not represented in S. cerevisiae but possess C. elegans members. Class 3 and 4 

encompass only yeast members, whereas class 6 is strictly mammalian. The CDC50 proteins do not 

exhibit the same high conservation as the flippases, presenting a more diverse phylogenetic tree 

(figure 15B). 
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Several flippase family members have been implicated in human disease (Folmer et al. 2009) 

(table I). Mutations in the ATP8B1 gene cause intrahepatic cholestasis (severe liver disease) (Bull et 

al. 1998; Klomp et al. 2004) and a single-nucleotide polymorphisms (SNP) very close to the 

ATP8B4 gene is associated with Alzheimer’s disease (Li et al. 2008). Another example is ATP10A, 

which is implicated in insulin resistance and obesity in mice (Dhar et al. 2006). Association of flip-

pases with tumorigenesis, Angelman syndrome, and sperm capacitation anomalies has also been 

described. 
  

 
Figure 15. Phylogenetic trees of eukaryotic flippases 
(A) and CDC50 proteins (B). Protein sequences (acces-
sion numbers depicted in tables I-III) from Homo sa-
piens (blue), Mus musculus (green), C. elegans 
(orange), and S. cerevisiae (red) were aligned using 
the progressive alignment algorithm of CLC work-
bench (CLC bio 2007). Phylogenetic trees were con-
structed using the Neighbor Joining algorithm. Hori-
zontal branch lengths are proportional to the genetic 
distance, and numbers shown at branch point indicate 
bootstrap values. The data set was subjected to 100 
bootstrap replicates. Classes of the P4 ATPases are 
depicted with brackets. An arrow denotes mammalian 
ATP8A1. Protein nomenclature: human orthologs and 
ortholog groups comprising Homo sapiens members 
and other species are denoted by all capital letters. 
Only the first letter is capitalized for murine, yeast and 
nematode orthologs. 
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Table I. Mammalian flippases and CDC50 proteins 
Class Protein Accession 

number  
Size 
(aa) 

Tissue distribution Pathophysiology References 

1-Σ ATP8A1 Q9Y2Q0 
P70704 

1164 Ubiquitous; high in skeletal muscle, 
brain; not in liver, lung, testis 

 (Mouro et al. 1999) 

 ATP8A2 Q9NTI2 
P98200 

1148 High in testis and retina; low in heart, 
brain; not in liver, lung, kidney 

Tumorigenicity? (Halleck et al. 1999; Sun 
et al. 1999; Coleman et 
al. 2009) 

1-Φ ATP8B1 O43520 
Q148W0 

1251 Ubiquitous; high in small intestine, 
pancreas; low in brain 

Intrahepatic  
cholestasis 

(Bull et al. 1998; Klomp 
et al. 2004) 

 ATP8B2 P98198 
P98199 

1209 Ubiquitous; high in brain, bladder, 
uterus; not in kidney, skeletal muscle 

 (Harris and Arias 2003) 

 ATP8B3 O60423 
NP_080370 

1310 Testis Sperm capacitation 
anomalies 

(Harris and Arias 2003; 
Wang et al. 2004) 

 ATP8B4 Q8TF62 
NP_001074
413 

1192 Ubiquitous at moderate levels includ-
ing, brain, liver, kidney, testis 

Alzheimer’s  
disease? 

(Nagase et al. 2001; Li 
et al. 2008) 

2 ATP9A O75110 
O70228 

1047 Ubiquitous at moderate levels; not in 
spleen 

 (Ishikawa et al. 1998) 

 ATP9B O43861 
P98195 

1095 Ubiquitous; high in testis; not in 
spleen, muscle 

 (Halleck et al. 1998; 
Halleck et al. 1999) 

5 ATP10A 
 

O60312 
O54827 

1499 Ubiquitous; high in brain, kidney, 
lung, pancreas; not in small intestine 

Insulin resistance, obesi-
ty, Angelman syndrome? 

(Meguro et al. 2001; 
Dhar et al. 2006) 

 ATP10B O94823 
CAI26159 

1461 Low in brain and testis  (Nagase et al. 1998) 
 

 ATP10D Q9P241 
NP_700438 

1426 Ubiquitous, moderate in liver, kidney, 
spleen, ovary; low in brain 

Obesity? (Surwit et al. 1995; 
Flamant et al. 2003) 

6 ATP11A P98196 
P98197 

1134 Ubiquitous; moderate in liver, heart, 
kidney, muscle; low in brain, spleen 

 (Kikuno et al. 1999) 

 ATP11B Q9Y2G3 
XP_358349 

1177 Ubiquitous (low); moderate in kidney  (Nagase et al. 1999) 
 

 ATP11C NP_775965 
Q9QZW0 

1132 Ubiquitous; high in liver, pancreas, 
kidney; low in brain, skeletal muscle 

 (Andrew Nesbit et al. 
2004) 

 CDC50A Q9NV96 
Q8VEK0 

361 Ubiquitous (high)   

 CDC50B Q3MIR4 
Q8BHG3 

351 Widespread (moderate)   

 CDC50C A0ZSE6 
Q9D4D7 

113 Unknown   

Based on (Paulusma and Oude Elferink 2005; Folmer et al. 2009). CDC50 distribution is based on the EST profiles (NCBI 
2010). Mouse ortholog accession numbers are denoted in italics below the accession numbers of the human ortho-
logs. See app. C for alignment of the human flippases. 
 

The disease-implicated flippases are desirable drug targets. Elucidation of their roles in biologi-

cal and pathological mechanisms is necessary in order to develop drugs targeting the flippases. Stu-

dies of the 14 identified mammalian flippases are very limited. However, a substantial amount of 

research on yeast orthologs has resulted in several enlightening reports.  
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Saccharomyces cerevisiae flippases 

The budding yeast Saccharomyces cerevisiae expresses five flippases: Drs2p, Dnf1p, Dnf2p, 

Dnf3p, and Neo1p (Muthusamy et al. 2009) (figure 15A, table II). The flippase Neo1p is essential 

for a viable yeast phenotype, whereas concomitant deletion of all the four remaining family mem-

bers is required to obtain lethality as a result of flippase deficiency (Hua et al. 2002). The restora-

tion of any of the Drs2p and Dnf1p, -2p, -3p proteins can rescue the phenotype, indicating that these 

four flippases exert redundant functions. S. cerevisiae expresses three proteins of the CDC50 fami-

ly, which are all associated specifically with individual flippases (figure 15B, table II). The yeast 

flippases and CDC50 proteins differ in subcellular localization (table II). 

Table II. S. cerevisiae flippases and CDC50 proteins 
Protein Acces-

sion 
number  

Size 
(aa) 

Mammalian 
homologs 
(class) 

Associated 
with 

Localization Presumed  
function 

References 

Dnf1p 
 

P32660 1571 ATP10A, -B, 
and –D (3/5) 

Lem3p Plasma membrane, 
(endosomes, TGN) 

Flipping of PE, PS, and 
PC, endocytosis 

(Hua et al. 2002; Saito et 
al. 2004; Puts et al. 2009) 
 

Dnf2p 
 

Q12675 1612 ATP10A, -B, 
and –D (3/5) 

Lem3p Plasma membrane, 
(endosomes, TGN) 

Flipping of PE, PS, and 
PC, endocytosis 

(Hua et al. 2002; Pomorski 
et al. 2003; Noji et al. 
2006) 

Dnf3p 
 
 

Q12674 1656 None (4) Crf1p TGN, SV, endo-
somes 

Flipping of PE and PC (Alder-Baerens et al. 2006; 
Furuta et al. 2007; Puts et 
al. 2009) 

Drs2p 
 
 

P39524 1355 ATP8A1 and 
ATP8A2 (1-Σ) 

Cdc50p TGN, SVs, endo-
somes, plasma 
membrane 

Flipping of PE and PS, 
vesicle formation, phos-
phoinositide metabolism 

(Saito et al. 2004; Liu et al. 
2007; Puts et al. 2009) 

Neo1p P40527 1151 ATP9A and 
ATP9B (2) 

None ER, GA, endosomes GA-ER retrograde trans-
port, endocytosis, vacuo-
lar functions 

(Hua and Graham 2003; 
Saito et al. 2004; Wicky et 
al. 2004) 

Lem3p 
 
 

P42838 414 CDC50A-C Dnf1p and 
Dnf2p 

Plasma membrane ER exit of Dnf1p and 
Dnf2p 

(Kato et al. 2002; Noji et 
al. 2006) 

Crf1p 
 
 

P53740 393 CDC50C Dnf3p TGN, endosomes ER exit of Dnf3p (Saito et al. 2004; Furuta 
et al. 2007) 

Cdc50p P25656 391 CDC50A-C Drs2p TGN, endosomes Co-dependent ER exit 
with Drs2p 

(Saito et al. 2004; Chen et 
al. 2006; Furuta et al. 
2007) 

TGN, trans-Golgi network; ER, endoplasmatic reticulum; GA, Golgi apparatus; SVs, secretory vesicles. 
 
 

Dnf1p and Dnf2p primarily localize to the plasma membrane and are also present in early endo-

somes and trans-Golgi network (TGN), presumably cycling between these compartments (Hua et 

al. 2002; Pomorski et al. 2003). ATP-dependent transport of PE, PS, and PC labeled with NDB (7-

nitro-2-1,3-benzoxadiazol-4-yl, a fluorescent tag) from the outer to the inner plasma membrane 

leaflet is abolished in Dnf1p-Dnf2p double-deletion mutants, whereas sphingolipid transport is un-

affected (Pomorski et al. 2003). These two flippases are therefore believed to function as phospho-
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lipid-specific inward plasma membrane translocases. Furthermore, loss of Dnf1p, Dnf2p, and Drs2p 

causes a general defect in budding of endocytic vesicles, pointing towards a redundant function of 

these proteins in endocytosis. The Cdc50 protein Lem3p (previously named Ros3p) chaperones 

Dnf1p and Dnf2p out of the endoplasmatic reticulum (ER) (Saito et al. 2004; Furuta et al. 2007). 

Lem3p is essential for the internalization of NBD-labeled PE and PC across the plasma membrane 

(Kato et al. 2002).  

Dnf3p and Drs2p also flip phospholipids from the exoplasmic to the cytosolic membrane leaflet 

(Alder-Baerens et al. 2006). However, in contrast to Dnf1p and Dnf2p, Dnf3p and Drs2p reside 

primarily in the TGN and in yeast post-Golgi secretory vesicles (SVs). This indicates that amino-

phospholipid asymmetry is partially created during the flow of membranes through the TGN. Dnf3p 

is associated with the CDC50 protein Crf1p (also named YNR048W) (Furuta et al. 2007), whereas 

yeast Cdc50p is required for ER exit of Drs2p and vice versa (Saito et al. 2004). 

Drs2p translocates NBD-labeled PS and PE but not PC across membranes (Alder-Baerens et al. 

2006) and have been implicated in important functions in yeast cells. It is associated with the clath-

rin adaptor protein AP-1 and is required for clathrin-coated vesicle formation from the TGN (Liu et 

al. 2008). Furthermore, the three proteins specifically involved in phosphoinositide metabolism are 

binding partners of Drs2p, namely the PI4P phosphatase Sac1p, inositol 1-phosphate synthase 

(Ino1p), and the myo-inositol transporter (Itr1p) (Puts and Holthuis 2009). Interestingly, Drs2p and 

Sac1p display genetic interactions. Supporting a link between Drs2p and phosphoinositides, the es-

sential Drs2p-dependent flippase activity of NBD-PS across isolated TGN membranes requires the 

phosphoinositide phosphatidylinositol-4-phosphate (Natarajan et al. 2009). Drs2p-deficient yeast 

cells expose PS on the exoplasmic leaflet of the plasma membrane, presumably due to defective 

Drs2p-mediated protein trafficking to the plasma membrane (Chen et al. 2006). 

Neo1p localizes to the ER, Golgi apparatus (GA), and endosomes (Hua and Graham 2003; 

Wicky et al. 2004). Depletion of Neo1p causes defects in protein transport from the ER to the GA 

and also reduces Golgi-dependent glycosylation, which might be a consequence of defect retrograde 

transport from GA to ER (Hua and Graham 2003). Furthermore, temperature-sensitive Neo1 mu-

tants are defective in receptor-mediated endocytosis, vacuole biogenesis, and vacuolar protein sort-

ing (Wicky et al. 2004), indicating a role for Neo1p in these processes. This is supported by the fact 

that Neo1p complexes with the scaffolding protein Ysl2p in endosomes, which functions in mem-

brane budding from the TGN (Barbosa et al. 2010). Unlike the other yeast flippases, Neo1p does 
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not associate with any of the CDC50 proteins and is unaffected by their deletion (Saito et al. 2004; 

Barbosa et al. 2010). 

In summary, the yeast flippases exert partially overlapping functions in aminophospholipid 

translocation and vesicle budding. Four out of these five flippases are known to be dependent on 

specific members of the CDC50 protein family for transport out of the ER. Before turning to the 

mammalian flippases, the family members in the nematode C. elegans will now be addressed. 

Caenorhabditis elegans flippases  

C. elegans expresses six flippases named Tat1-6 (transbilayer amphipath transporter 1-6), and three 

CDC50-homologous proteins have been identified (Züllig et al. 2007; Paulusma and Oude Elferink 

2010) (figure 15, table III). No interactions between Tat1-6 and the CDC50 proteins have been de-

scribed yet.  

Table III. C. elegans flippases and CDC50 proteins 
Protein Accession 

number  
Size 
(aa) 

Mammalian 
homologs 
(class) 

Yeast 
homo-
log 

Subcellular and/or tissue 
localization 

Presumed  
function 

References 

Tat-1 NP_0010
22894 

1139 ATP8A1 and 
ATP8A2 (1-Σ) 

Drs2p Plasma membrane, endo-
somes, GA.  

Flipping of PS, 
endocytosis?, 
granulation? 

(Darland-Ransom et al. 
2008; Ruaud et al. 2009) 

Tat-2 NP_0010
23252 

1222 ATP8B2, ATP-
8B4 (1-Φ) 

(Drs2p) Intestine, uterus, sperma-
togenesis, pharyngeal 
gland, excretory system. 

Growth regula-
tion via intestine 

(Lyssenko et al. 2008; 
Seamen et al. 2009) 

Tat-3 NP_4993
63 

1335 ATP10A, -B, 
and –D (5) 

(Dnf1p, 
Dn2p) 

Intestine, uterus, sperma-
togenesis, steroidogenic 
tissues. 

 (Lyssenko et al. 2008) 

Tat-4 NP_4952
44 

1454 ATP10A, -B, 
and –D (5) 

(Dnf1p, 
Dn2p) 

Intestine, uterus, sperma-
togenesis. 

 (Lyssenko et al. 2008) 

Tat-5 NP_0010
21457 

1074 ATP9A and 
ATP9B (2) 

Neo1p Ubiquitous  (Lyssenko et al. 2008) 

Tat-6 NP_5038
58 

1064 ATP9A and 
ATP9B (2) 

Neo1p None  (Lyssenko et al. 2008) 

Cdc50p1 Q21844 348      
Cdc50p2 Q19635 361      
Cdc50p3 Q23151 352      
GA, Golgi apparatus. 
 

Tat-1 is localized primarily in the plasma membrane, where it is essential in preventing PS ex-

posure in the exoplasmic leaflet (Darland-Ransom et al. 2008). It is also present in endosomes and 

the GA and might play a role in endocytosis and storage granule formation (Ruaud et al. 2009). Tat-

2, -3, and -4 exhibit tissue-specific expression patterns (Lyssenko et al. 2008). Tat-2 and Tat-4 are 

strongly expressed in the C. elegans intestine, in the uterus, during spermatogenesis, and in the ful-

ly-formed spermatheca (a receptacle in the reproductive tracts of certain female invertebrates in 

which spermatozoa are received and stored until needed to fertilize the ova). These flippases are 
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essential for reproductive growth during sterol starvation. Interestingly, Tat-2 is the ortholog of the 

mammalian ATP8B1-4, of which ATP8B3 is expressed solely in testis and is involved in anomalies 

of sperm capacitation  (Folmer et al. 2009). Tat-2 is additionally expressed in the pharyngeal gland 

cells, the excretory system, and a few cells of the developing vulva (Lyssenko et al. 2008). A spe-

cific role of Tat-2 in growth regulation has been shown, mainly via its activity in intestinal epitheli-

al cells (Seamen et al. 2009). Tat-3 is expressed in steroidogenic tissues and in most cells of the 

pharynx, various tissues of the reproductive system, and in seam cells (Lyssenko et al. 2008). 

Individual deletion of Tat-1, -2, -3 or 4 has little or no effect in C. elegans (Lyssenko et al. 

2008). However, these flippases are believed to be only partly redundant and each responsible of 

separate metabolic functions, e.g. in sterol metabolism. Tat-5 is the ubiquitously expressed and has 

been suggested to be a housekeeping protein that generally translocates aminophospholipids 

(Lyssenko et al. 2008). Tat-6 is poorly transcribed and possibly a pseudogene of Tat-5. In summary, 

there is a noteworthy high degree of specialization of the C. elegans flippases. 

Arabidopsis thaliana ALA flippases  

The plant Arabidopsis thaliana expresses 12 flippases named ALA1-12 (aminophospholipid AT-

Pase 1-12) and five CDC50 homologs named ALIS1-5 (ALA-interacting subunit 1-5) (Paulusma 

and Oude Elferink 2010). Contrary to the yeast Cdc50p proteins, the ALIS proteins do not display 

preferences for specific ALA flippases and are not determinant for their subcellular localization and 

substrate specificity. The plant flippases will not be addressed further in this dissertation, as the fo-

cus of this project is the mammalian flippases. 

Mammalian flippases 

The mammalian flippases are fairly uncharacterized compared with their yeast homologs. The 

members of the classes 2, 5, and 6 (see table I) have generally not been biochemically characte-

rized. The most studied flippase of these classes is ATP10A (also named ATP10C). Deletions and 

mutations of this gene are associated with the nervous system disorder Angelman syndrome 

(Meguro et al. 2001). Moreover, mouse Atp10a has been implicated in obesity, type 2 diabetes, and 

non-alcoholic fatty liver disease (Dhar et al. 2004; Dhar et al. 2006). These effects are connected to 

glucose uptake mediated by the insulin-regulated glucose transporter GLUT4. ATP10A may play a 

role for the normal translocation and sequestration of GLUT4 (Dhar et al. 2006). Also ATP10D has 

been implicated in lipid metabolism and obesity (Flamant et al. 2003). However, these characteris-

tics remain to be demonstrated biochemically. 
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A single study has investigated mammalian ATP8A2, which was shown to localize to the outer 

segments of photoreceptor disc membranes in the retina and also in testis (Coleman et al. 2009). Its 

ATPase activity was stimulated highly by PS and moderately by PE but not by PC, and the authors 

suggest a role for ATP8A2 in the maintenance of PS asymmetry in the disc membranes of the pho-

toreceptor. The closely related flippase ATP8A1 will be described in detail in the final section of 

this introduction.  

ATP8B3 is expressed exclusively in testis (Gong et al. 2009; Xu et al. 2009). Knockout of this 

flippase in mice results in premature exposure of PS in the sperm cell head, prior to sperm capacita-

tion (Wang et al. 2004). An isoform of ATP8B3, FetA, can internalize NBD-PE and NBD-PC in 

the plasma membrane of yeast cells (Xu et al. 2009). There are no yeast orthologs of the ATP8B 

flippases (table II), whereas the C. elegans ortholog Tat-2 is interestingly expressed during sperma-

togenesis and in fully-formed spermatheca (table III). 

The ATP8B1 flippase is one of the more extensively studied flippases. It is expressed ubiquit-

ously and more specifically in the apical membrane of epithelial hepatocytes and enterocytes 

(Eppens et al. 2001; Van Mil et al. 2004). Mutations in the ATP8B1 gene cause the severe liver dis-

eases Progressive Familial Intrahepatic Cholestasis type 1 (PFIC1) and Benign Recurrent Intrahe-

patic Cholestasis type 1 (BRIC1) (Bull et al. 1998; Klomp et al. 2004). There are indications that 

ATP8B1 is essential for protecting the membrane lining the hepatocyte bile canaliculus (a thin tube 

that collects bile secreted by hepatocytes) towards solubilization by the bile salts (Paulusma et al. 

2006). The bile of Atp8b1-deficient mice was shown to contain PS, which should be restricted to 

the cytoplasmic membrane leaflet and was not present in the bile of wild-type mice. Presumably, 

Atp8b1 confines PS to the cytoplasmic side of the membrane, whereas its deficiency results in PS 

exoplasmic exposure and subsequent extraction by the bile salts. In addition to impaired bile flow, 

many PFIC1 patients suffer from hearing loss (Stapelbroek et al. 2009). This symptom has been 

shown to be directly linked to ATP8B1 deficiency in the stereocilia of cochlear hair cells and asso-

ciated with the progressive degeneration of these hair cells in both humans and mice (Stapelbroek et 

al. 2009). 

The ATP8B1 flippase has recently been confirmed to promote translocation of natural PS from 

the exoplasmic to the cytosolic leaflet of the plasma membrane in vitro (Paulusma et al. 2008). 

Moreover, this report was the first (and so far the only) to demonstrate an association between 

mammalian flippases and CDC50 proteins. Co-expression of human CDC50 proteins was necessary 

for proper localization of ATP8B1 to the plasma membrane in vitro. Furthermore, CDC50A and -B 
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stimulated ATP8B1-mediated internalization of NBD-PS. These proteins are speculated to be essen-

tial to the localization and/or function of several or all of the mammalian flippases. 

The CDC50 proteins 

The human CDC50 protein family consists of the three homologous proteins CDC50A, -B, and -C, 

and three homologs Cdc50a, -b, and -c have been identified in mice (Katoh and Katoh 2004) (table 

I). These are membrane proteins of 50-60 kDa composed of two transmembrane helices and a large 

exoplasmic loop (figure 13B). All mammalian and yeast CDC50 proteins display 1-7 expected N-

glycosylation sites in the exoplasmic loop (figure 16), which may be important in the determination 

of their subcellular localization (Paulusma and Oude Elferink 2010). Mammalian CDC50A and 

yeast Lem3p furthermore display a predicted phosphorylation residue in the cytoplasmic N-

terminus. CDC50C differs from the other mammalian family members by being shorter and dis-

playing only one transmembrane helix, whereas human and murine CDC50A and -B are clear or-

thologs (figure 15B, figure 16). 

 The topological structure of the CDC50 proteins remarkably resembles a fusion between the β- 

and γ-subunits of the Na+,K+-ATPase (Poulsen et al. 2008) (figure 17). The β subunit of the 

Na+,K+-ATPase is necessary for ER export and functional maturation of the α subunit (Geering 

2001). Equivalently, the Cdc50p proteins of S. cerevisiae were all shown to function as chaperones 

necessary for ER exit of the flippases (table II). The Na+,K+-ATPase β subunit furthermore contri-

butes to the substrate transport properties of the α-subunit and moreover stabilizes its E2 conforma-

tion (Puts and Holthuis 2009). Indicating a similar role of CDC50 proteins, separation of the yeast 

flippase Drs2p from its binding partner Cdc50p allegedly affects its ability to form the E1-E2-

transforming phosphoenzyme intermediate. The affinity between the flippases and CDC50 proteins 

appears to be highest in the E2-P conformation of the enzyme (Puts and Holthuis 2009). 
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Figure 16. Alignment of human, murine, and yeast CDC50 proteins. CDC50 protein sequences (as depicted in tables I-
III) from Homo sapiens (CDC50A-C), Mus musculus (Cdc50a-c), and S. cerevisiae (Cdc50p, Crf1p, Lemp3) were aligned 
using CLC Workbench. Annotations denote features given in the sequence files at the NCBI database. PPootteennttiiaall  pphhooss--
pphhoorryyllaattiioonn  ssiitteess  ((yyeellllooww)), transmembrane segments (green), and predicted glycosylation sites (red) are shown. The 
conservation in % is shown below. 

 
Figure 17. Model of the Na+,K+-ATPase αβγ 
complex and a flippase-CDC50 complex. The 
Na+,K+-ATPase is an α-subunit (composed of 
the domains A (dark blue), N (purple), P 
(light blue), and M (green)) complexing with 
a β-subunit (red) and a γ-subunit (cerise). 
The CDC50 protein (orange) topologically 
mimics a fusion of the β- and γ-subunits and 
are speculated to complex with the flippases 
in an analogous way. The enzymes are 
shown in the E2 conformation on the verge 
of E2-E1 transition and concomitant release 
of respectively two K+ ions (grey) or a phos-
pholipid (beige and yellow) to the cytoplas-
mic side. Based on figures from (Poulsen et 
al. 2008; Puts and Holthuis 2009). 
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The CDC50 proteins are also speculated to contribute to flippase-catalyzed phospholipid flip-

ping by assisting the conformational creation of a pathway for phospholipid translocation, either by 

inducing conformational changes of the flippase M domain or by participating in the pathway itself 

(Puts and Holthuis 2009). In this way, the CDC50 proteins might also contribute to the substrate 

selectivity of the flippases. This notion is supported by the fact that the specific flippase-Cdc50p 

complexes in yeast differ in substrate specificity: Drs2p is believed to preferentially flip PS and PE 

but not PC, whereas Dnfp3 should favorably translocate PC and PE but not PS (Alder-Baerens et al. 

2006). These two flippases co-localize in the TGN and SVs but interact specifically with Cdc50p 

and Crf1p, respectively (table II). Conversely, Dnf1p and Dnf2p both interact with Lem3p (Saito et 

al. 2004) and both exert the same substrate specificity for flipping of NBD-labeled PE, PS, and PC 

in the plasma membrane (Pomorski et al. 2003). 

In mammals, the 14 flippases greatly outnumber the three CDC50 proteins. Possibly, some 

CDC50 proteins bind to more than one flippase, or the flippase-CDC50 interaction is fully or par-

tially redundant, as in plants (Paulusma and Oude Elferink 2010). As mentioned, ATP8B1-mediated 

internalization of NBD-PS is stimulated by both CDC50A and -B (Paulusma et al. 2008), indicating 

overlapping function of these two CDC50 proteins. It is furthermore possible that some mammalian 

flippases (and Neo1p in yeast) simply function without CDC50 proteins or that they bind to other 

accessory proteins. The CDC50 proteins and their connection to the flippases are still an unsolved 

puzzle and are currently being investigated by several research groups. 

The ATP8A1 flippase 

Lastly in this introduction we turn to the protein studied in this PhD project, mammalian ATP8A1. 

This flippase has been biochemically characterized in several mammalian tissue types and is a well-

recognized candidate enzyme for exerting PS flippase activity (Ding et al. 2000). 

ATP8A1 was first cloned from bovine chromaffin granules (Tang et al. 1996) and later from a 

mouse teratocarcinoma cell line (Halleck et al. 1998). In 1999, Mouro et al. cloned the human ho-

molog and mapped the gene to the chromosomal location 4p14-p12 (Mouro et al. 1999). ATP8A1 

is expressed highly in skeletal muscle and generally ubiquitously, although not in liver, lung, testis, 

and placenta (Mouro et al. 1999) (table I).  

ATP8A1 has orthologs in other eukaryotes than mammals. The S. cerevisiae ortholog Drs2p 

flips PS and PE analogs in multiple subcellular membrane locations in yeast cells (table II). In C. 

elegans, the ATP8A1-orthologous PS-flippase Tat-1 is also widely expressed (table III) and has 
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been implicated in endocytosis and storage granule formation (Ruaud et al. 2009), consistent with 

the finding of mammalian ATP8A1 in bovine chromaffin granules (Tang et al. 1996). 

Bovine ATP8A1 has been purified from adrenal chromaffin granules by Ding et al., and the iso-

lated enzyme was shown to exert PS-stimulated and vanadate-sensitive ATPase activity (Ding et al. 

2000). The authors also identified four distinctive isoforms, differing in specific sequence motifs of 

the conserved flippase structure (figure 13A). ATP8A1 isoforms of different length are defined by 

the presence (α isoform) or absence (β isoform) of a 15 aa sequence motif situated in the N domain. 

Furthermore, one of two distinct signature sequences (20 aa) defining isoforms 1 and 2 is situated in 

the A domain. These differences presumably arise by alternative splicing, yielding a combination of 

four isoforms. Ding et al. cloned and His-tagged the four isoforms and expressed and semi-purified 

the recombinant proteins from Sf21 insect cells using the baculovirus expression system. When 

comparing the bovine brain isoforms α1, α2, β1, and β2, the longer α forms display a higher AT-

Pase activity than the shorter β forms, whereas the signature 1 forms displayed a higher selectivity 

for ATPase activity stimulation by PS over PE than did the signature 2 forms. PC did not stimulate 

the ATPase activity of any of the ATP8A1 isoforms. The authors stated that mutagenesis studies 

and identification of the phospholipid-binding domain were underway but has not published on the 

subject since (Ding et al. 2000). 

More recently, Paterson et al. cloned the murine homolog of ATP8A1, termed Atp8a1, and ex-

pressed it using the baculovirus expression system in Sf21 insect cells (Paterson et al. 2006). The 

ATPase activity of this murine flippase was highly stimulated by PS and very little by PE and phos-

phatidylglycerol (PG) but not by PC, phosphatidylinositol (PI), and phosphatidic acid (PA). The 

activation by PS was sensitive to vanadate and to the stereochemistry of PS, and substitution of the 

phospholipid functional groups indicated that both acyl chains and the glycerol backbone were re-

quired for enzyme activation. Murine Atp8a1 has also been identified as the flippase of the erythro-

cyte membrane (Soupene et al. 2008). Most recently, Levano et al. showed that murine Atp8a1 is 

indeed the plasma membrane aminophospholipid transporter of mouse neuroblastoma N18 cells but 

not of non-tumorigenic hippocampal neuron-derived HN2 cells (Levano et al. 2009). Furthermore, 

the expression of phosphorylation site mutants caused externalization of PS in N18 cells. In spite of 

many enlightening reports on mammalian flippase function, characterization of the specific interac-

tions between flippases and phospholipids has still not been conducted. 

Although the indications are piling up, the alleged phospholipid flippase activity of ATP8A1 

and its mammalian homologs has not yet been directly demonstrated, and the mechanism of this 
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enzyme is still uncharacterized. Whereas the mammalian homolog ATP8B1 has been shown to be 

stimulated by CDC50A or -B and dependent on either of these for correct subcellular localization 

(Paulusma et al. 2008), no association between ATP8A1 and CDC50 proteins has been reported so 

far. Interestingly, the purified murine and bovine homologs have shown functional ATPase activity 

without co-expression of mammalian CDC50 proteins (Ding et al. 2000; Paterson et al. 2006).  

Much remains to be elucidated about the mammalian flippases - a fact that founds the basis for this 

PhD project. 
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Aim of study 

Flippases are essential regulators of asymmetric phospholipid distribution across biological mem-

brane lipid bilayers. These enzymes have been characterized to some extent in yeast, nematodes, 

and plants, whereas the mammalian family members are still rather uncharacterized. The aim of this 

study is to clone and express the mammalian flippase ATP8A1 and its possible co-receptor proteins 

of the CDC50 family in insect cells using the baculovirus expression system. Purification and func-

tional studies of this mammalian protein will enable elucidation of the action and mechanism of the 

flippases in human health and disease.   
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Materials and Methods 

The Bac-to-Bac baculovirus expression system 

The Bac-to-Bac baculovirus expression system (Invitrogen) was used for expression of recombinant 

proteins in insect cells. In this system, the pFastBac1 plasmid transfer vector (see app. D) contains a 

strong polyhedron promoter from the Autographa californica Nuclear Polyhedrosis Virus 

(AcNPV). This promoter controls the expression of genes inserted into the multiple cloning site, 

which is followed by an SV40 poly(A) signal. These elements are flanked by the left and right arms 

of the Tn7 transposon, allowing transposition of the gene of interest into bacmid DNA (figure 18).  

 
Figure 18. The baculovirus expression system. After cloning the gene of interest into pFastBac1 (1), the recombinant 
plasmid is transformed into DH10Bac competent E. coli cells. (2), containing a parent AcNPV baculovirus shuttle vector 
called a bacmid. Site-specific transposition then occurs between the two plasmids (3) in the presence of transposition 
proteins provided by a helper plasmid, e.g. the Tn7 transposase. The gene of interest is inserted into the mini-attTn7 
recombination site in the LacZα gene of the parent bacmid, and successful transpositions can be recognized by disrup-
tion of LacZ gene expression, yielding white bacterial colonies in the presence of X-gal. The recombinant high molecu-
lar weight bacmid DNA is then isolated (4) and transfected into Sf9 (or Sf21) insect cells (5). After five days, recombi-
nant baculovirus can be isolated and titered by a plaque assay (6) or used for infection of insect cells (7) for viral am-
plification and gene expression (8) (Invitrogen 2004). 
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Molecular cloning of recombinant Atp8a1 and Cdc50 

CDNA clones of the Mammalian Gene Collection (MGC) were purchased (Geneservice), contain-

ing the coding sequences (CDS) of murine Atp8a1 transcript variant I (pmAtp8a1, acc. BC129872) 

and the human ATP8A1 isoform β1 CDS (phATP8A1, acc. BC109318). MGC clones encoding 

murine Cdc50a (pmCdc50a, acc. BC018367) and -b (pmCdc50b, acc. BD119224) and human 

CDC50A (phCDC50A, acc. BC009006) and -B (phCDC50B, acc. BC101726) were also purchased. 

For plasmid vector info, see appendix D.  

The cDNA clones were grown at 37°C at 200 rpm shaking in overnight cultures of 5 mL LB 

medium containing the appropriate selection antibiotic. The cultures were single colony isolated on 

LB agar plates containing the appropriate selection antibiotic, and single colonies were grown as 

overnight cultures as described. DNA plasmid minipreps were prepared using the GenEluteTM 

Plasmid Miniprep Kit (Sigma) according to the manufactures protocol, and products were eluted in 

100 µL ddH2O.  

Specific sequencing primers were designed using CLC Workbench (CLC bio), and these or 

standard commercial sequencing primers were used for sequence verification (see app. A). Se-

quencing was performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Bio-

systems). 10 µL reaction mixtures were prepared with 100 ng miniprep DNA template, 0.16 µM 

sequencing primer, and 1 x Terminator Ready Reaction Mix in the supplied buffer. After incubation 

at 96°C for 1 minute, the sequencing mixes were subjected to 25 cycles of 96°C for 10 s, 50°C for 5 

s, and 60°C for 4 minutes. 10 µL ddH2O was added and the samples were sent to the Sequencing 

Core Facility at MBI, AU, for sequence analysis. All sequences were verified, except for human 

CDC50A, which did not contain the desired sequence. Therefore, the murine proteins were chosen 

for cloning and expression.  

For molecular cloning of the murine Atp8a1 CDS into the pFastBac1 vector, the restriction en-

donucleases XbaI and HindIII (NEB) were used for restriction site digestion of pFastBac1 and 

pmAtp8a1 in the recommended buffers with 40 µg/mL DNA, 100 µg/mL BSA using 15 U of each 

enzyme in total volumes of 50 µL. The digestions were incubated at 37°C for 60 min, and 10 U calf 

intestinal phosphatase (CIP) (NEB) was added to the pFastBac1 digestion. The reactions were incu-

bated at 37 °C for 30 min in order to remove 5’ phosphates from cleaved DNA ends, thereby avoid-

ing vector re-ligation without insert. Parallel control reactions were made for each separate enzyme, 

ensuring that the digestion was complete. The products for ligation were purified with the GFXTM 

PCR DNA Purification kit (Amersham Biosciences), and all restriction endonuclease digestions 
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were visualized by electrophoresis on 0.8% agarose gels containing 10 µg/mL ethidium bromide 

(EtBr). 

T4 DNA Ligase (Fermentas) was used with the recommended standard conditions and incu-

bated for 4-6 hours at 22°C. 18 fmol of digested pmAtp8a1 and only 3 fmol of digested pFastBac1 

vector were used in 20 µL ligation mixes in order to reduce false positive colony counts. For trans-

formations, the ligation products were diluted in 1x KCM buffer (0.1 M KCl2, 0.03 M CaCl2, and 

0.05 M MgCl2 in ddH2O) in total volumes of 100 µL, chilled briefly on ice, and mixed with 100 µL 

super heat competent E. coli K803 cells, which had been thawed on ice from storage at -80°C. The 

transformation mixes were incubated on ice for 20 min and at room temperature (RT) for 10 min. 

800 µL LB medium (10.0 g/L peptone, 5.0 g/L yeast extract, and 5.0 g/L NaCl in ddH2O) was pre-

warmed at 37°C and added to the vials, which were then shaken horizontally at 200 rpm at 37°C for 

1 hour. Finally, aliquots of 100 µL of the transformation suspensions were spread on pre-warmed 

selective ampicillin LB plates (10.0 g/L peptone, 5.0 g/L yeast extract, 5.0 g/L NaCl, 15 g/L agar, 

and 100 μg/mL ampicillin in ddH2O) and incubated overnight at 37°C.  

PCR screening of colonies were done using 0.04 U/µL Taq Polymerase (Invitrogen) in the ap-

propriate buffer with 5 mM MgCl2 (Invitrogen), 0.2 mM dNTP mix (Invitrogen), 0.16% DMSO, 

and 2.5 µM of each primer, in total volumes of 20 µL. The primers mAtp8a1 Fwd8 (C-term) and 

pFastBac1 Seq Rev were used (see app. A), and colonies were picked as template. After 2 minutes 

of incubation at 94°C, PCR cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s was repeated 

32 times, and the PCR products were visualized by electrophoresis on 1% agarose gels with 10 

µg/mL EtBr. The picked colonies were single colony isolated on new LB-ampicillin plates and 

patched on LB-kanamycin plates for screening of false positives. The plates were incubated at 37°C 

overnight. 

For DNA plasmid minipreps, single colonies were picked and grown in 5 mL LB medium with 

ampicillin (1 µL/mL) at 37°C at 200 rpm shaking overnight. Minipreps were prepared using the 

GenEluteTM Plasmid Miniprep Kit (Sigma). The miniprep products were sequenced, and the suc-

cessful cloning of the murine Atp8a1 CDS into the pFastBac1 vector was validated. The new vector 

was termed pFB-mAtp8a1 (app. D). 

PCR primers amplifying the C-terminal end of murine Atp8a1 were designed, comprising re-

striction site anchors and an incorporated His-tag encoding six sequential histidine residues (app. 

A). PCR amplification of His-tagged sequences was performed using 2.5 U Accupol DNA polyme-
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rase (Amplicon) in the supplied buffer with 0.2 mM dNTP mix (Invitrogen), 150 pmol of each cho-

sen primer, and 30 ng template (pmAtp8a1) in 50 µL total volumes. Three initial PCR cycles of 

94°C for 30 s, 52°C for 30 s, and 72°C for 90 s were repeated 3 times, after which the annealing 

temperature was raised to 60°C and 25 additional cycles were run, followed by a final extension 

step of 72°C for 10 minutes. The restriction endonucleases XbaI and HindIII (NEB) were used for 

molecular cloning as described above. 25 µL of PCR products were digested. Cloned constructs 

were verified by complete CDS sequencing.  

Primers were designed to amplify the murine Cdc50a and -b CDSs fusioned with a C-terminal 

hemagglutinin (HA) tag and anchored restriction sites (see app. A). The PCR was performed as de-

scribed for the His-tagged sequences, except from the annealing steps, which were first 52°C and 

then 54°C for 45 s. The PCR fragments were cloned into the pFastBac1 vector as described above 

using the XbaI and HindIII restriction enzymes, yielding the pFB-HA-mCdc50a and pFB-HA-

mCdc50b plasmids (app. D). The cloned constructs were verified by complete sequencing. 

CLC Combined Workbench was applied for all bioinformatics, including restriction site analysis 

and sequencing assembly and evaluation. 

Site-directed mutagenesis 

A mutation of the active site aspartate residue termed D406N was introduced directly into the pFB-

mAtp8a1 plasmid using the QuickChange Site-Directed Mutagenesis kit (Stratagene) according to 

the manufacturer’s protocol. Mutation primers were designed using the online QuikChange® Pri-

mer Design Program (Stratagene 2010). Primer sequences are given in app. A. 

Insect cell cultures  

Spodoptera frugiperda suspension (Sf9) cells were grown at 28°C in 1L roller bottles (Biotech 

Line) in BD BaculoGold Max XP Insect Cell Medium (BD Biosciences) supplied with 5% Fetal 

Bovine Calf Serum (FBS, Gibco BRL / Life Technologies) and 1% Pen/Strep (100 U/mL penicillin, 

50 g/mL streptomycin, Gibco BRL / Life Technologies). The cells were split 1:10 approximately 

twice a week at a density of ∼ 2*106 cells/mL.  

Generation of recombinant bacmids  

The cloned pFastBac constructs were transformed into competent DH10Bac cells (Invitrogen) ac-

cording to the manufacturer’s protocol. White transposition-positive colonies were picked and 
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grown in the recommended selection media, and recombinant bacmid DNA was isolated using the 

S.N.A.P. MidiPrep Kit (Invitrogen). 

Production and amplification of recombinant baculovirus 

1.2*106 Sf9 cells were seeded in 6-well plates (Nunc) in 2 mL media and left at RT for 15-30 min 

for adherence. 6 µL Lipofectamin (Invitrogen) and 1 µg bacmid DNA was mixed with 200 µL 

transfection media (Grace’s Insect Cell Culture Medium, Invitrogen, containing no serum and anti-

biotics) and incubated for 30-40 min. The adhered cells were washed in 1 mL transfection media, 

and 2 mL transfection media was added, followed by the transfection mixture. The cells were incu-

bated at 27°C for five days after which the first virus amplification was recovered. 

For further baculovirus amplification, 6*106 Sf9 cells were seeded in 10 mL media in p10 dishes 

(Nunc) and left at RT for 15-30 min for adherence. The media was removed, and the cells were in-

cubated in 1 mL of the first virus amplification for 1h. The virus media was removed, and the dishes 

were grown in 10 mL fresh media for five days, after which the media was centrifuged at 1400 rpm 

at 4°C for 10 min, and the supernatant, termed the second virus amplification, was recovered. 

A titration assay was performed to establish the viral titers. 1.4*106 Sf9 cells were seeded in 2 

mL media in 6-well plate wells and allowed to adhere for 15-30 min at RT. The media was re-

moved, and 150 µL of 10-4, 10-5, and 10-6 dilutions of the second virus amplification was added to 

the wells in dublicate. Negative controls of media and positive controls of 10-2 diluted virus were 

included. The plates were incubated at RT in sealed boxes for 1h, whereupon the virus media was 

removed and 2 mL of baculo-agar (1% AgarPlaque Plus Agarose (BD Pharmingen) in 67% insect 

cell media and 33% 0.1M HEPES (pH 6.0)) was added. 1 mL media was added on top of the solidi-

fied agar. The cells were incubated at 28°C for four days and then stained. 1 mL 5% neutral red 

(Sigma) in phosphate buffered saline (PBS, 150 mM NaCl, 1.5 mM KH2PO4, 6.5 mM Na2HPO4, pH 

7.2) was added to each well, and the inverted plates were incubated at 28°C for 2h. Subsequently, 

the liquid was removed, and the plates were left at RT in darkness for two days. White plaques of 

cells killed by viruses were counted, and the virus titers were calculated from a chosen dilution us-

ing the following formula: titer = # plaque forming units (pfu) / (0.150 mL * dilution) = x pfu/mL. 

To produce high-titer virus stocks, 50 mL of 0.5*106 Sf9 cells/mL were seeded in roller bottles 

and grown for 3 days at 28°C, at which time the cells were counted and infected with a 0.1 pfu/cell 

multitude of infection (MOI) of virus. The cell suspensions were harvested after 6 days of incuba-
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tion at 28°C, and the high-titer viral stock supernatants were recovered by centrifugation at 1400 

rpm at 4°C for 10 min. The high-titer stocks were titrated as described above. 

Verification of recombinant baculovirus DNA 

For verification of correct recombinant baculovirus DNA, 0.125% SDS was added to 0.5 mL of 

high-titer stock solution to lyze the viral particles (McCarthy and Romanowski 2008). In order to 

upconcentrate the DNA, the samples were applied to 10K Nanosep columns (Pall) and centrifuged 

at 5,000 x g for 20 min to a final volume of 20 µL. Selected regions of the coding sequence was 

amplified by PCR using 5 µL of bacmid DNA with 0.04 U/µL Taq Polymerase (Invitrogen) in the 

appropriate buffer with 5 mM MgCl2 (Invitrogen), 0.2 mM dNTP mix (Invitrogen), 0.16 % DMSO, 

and 2.5 µM of each primer in total volumes of 20 µL. After 10 minutes of incubation at 94°C, PCR 

cycles of 94°C for 45 s, 52°C for 45 s, and 72°C for 120 s was repeated 40 times, and the PCR 

products were applied to 1% agarose gel electrophoresis with 10 µg/mL EtBr. The amplified bacu-

lovirus DNA was excised from the gel, purified with the GFXTM PCR DNA Purification kit (Amer-

sham Biosciences), and sequenced using the matching primers (app. A). 

Expression of proteins in the baculovirus expression system 

0.5*106 Sf9 cells/mL was seeded in 50 mL media in roller bottles and grown at 28°C for three days. 

The cells were then counted and infected with high-titer viral stocks at MOI 10 pfu/cell, grown for 

another three days, and then harvested by centrifugation at 1400 rpm at 4°C for 10 min. 

Purification of proteins 

The cell pellets were resuspended in 4.8 mL buffer A (50 mM Tris-HCl (pH 7.5, Sigma), 0.1 mM 

NaCl (Merck), 2 mM DTT (Sigma), 10% glycerol (Sigma), and 1 µg/mL Leupeptin (Sigma)) and 

lysed by sonication for 3*10 sec. The lysates were ultracentrifuged at 100,000 g at 4°C for 1h, and 

the cytosolic supernatants were discarded. Pellets were dissolved in 4.8 mL detergent-containing 

buffer D (buffer A with 1.2% C12E9 (Sigma) and rotated at 4°C overnight. Insoluble materials were 

separated from the membrane fractions by ultracentrifugation at 4°C at 100,000 g for 1h and dis-

carded. The recovered membrane fractions were mixed with 8 mL 50% Ni-NTA Superflow (Qia-

gen), which had been pre-washed twice in 8 mL buffer A by spinning at 1000 rpm at 4°C for 10 

min. The resin is designed to capture His-tagged proteins and consists of magnetic agarose beads 
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with metal-chelating nitrilotriacetic acid (NTA) groups covalently bound to their surfaces, which 

are pre-charged with nickel.  

The mixture was rotated at 4°C for 2h and centrifuged at 1000 rpm at 4°C for 10 min, and the 

supernatant was discarded. The protein-bound resin was dissolved in 2*10 mL buffer A and trans-

ferred to a 20 mL Econo-Pac Chromatography Column (Bio-Rad), where the resin was washed with 

30 mL buffer W1 (buffer A with 0.75 mM NaCl) and then with 30 mL buffer W2 (buffer A with 10 

mM imidazole (Sigma)). The proteins were eluted with 10 mL buffer E (buffer A with 100 mM im-

idazole) in fractions of 1 mL and stored at -80°C. The resin was washed in 8 mL 0.5M NaOH for 30 

min prior to storage in an equal volume of 70% EtOH and reused. 

Immunoblotting 

Samples were mixed with 6x sodium dodecyl sulfate (SDS) sample buffer (0.35 M Tris-HCl (pH 

6.8), 10% SDS, 30% glycerol, 9.3% dithiothreitol, 0.6% bromophenol blue), heated at 95°C for 5 

min, and applied to 8% SDS polyacrylamide gels (Stacking gel: 5% acrylamide/bisacrylamide, 0.2 

M Tris-HCl (pH 6.8), 0.1% SDS, 0.08% ammonium persulfate (APS), 0.08% N,N,N,N-

tetramethylenediamine (TEMED, Sigma). Separation gel: 8% acrylamide/bisacrylamide, 0.38 M 

Tris-HCl (pH 8.8), 0.1% SDS, 0.06% APS, 0.06% TEMED). PageRulerTM Prestained Protein Lad-

der (Fermentas) was used as a molecular marker. The gels were electrophoresed at 80-100V for 2-3 

hours in polyacrylamide gel electrophoresis (PAGE) buffer (25 mM Tris-HCl (pH 8.0), 0.25 M gly-

cine, 0.1% SDS). The proteins were transferred to a polyvinyldiene fluoride membrane (Millipore) 

by electro-blotting in ∼4°C cold transfer buffer (26 mM Tris-HCl (pH 8.3), 192 mM glycine, 20% 

EtOH) at 120V for 1h. Membranes were blocked in 20 mL 5% skimed milk in phosphate-buffered 

saline with detergent (PBS-T, 137 mM NaCl, 3 mM KCl, 2 mM KH2PO4, 7 mM Na2HPO4, 0.1% 

Tween20) at RT for 1h with agitation. Membranes were incubated with primary anti-His antibody 

(Genscript, diluted 1:5000) at 4°C ON, washed in PBS-T at RT for 3*5 min, incubated with sec-

ondary Horse Radish Peroxidase (HRP)-linked anti-mouse IgG antibody (Amersham Biosciences, 

diluted 1:5000) at RT for 1h, and washed in PBS-T at RT for 3*5 min and in water for 5 min. Pro-

teins were then visualized with the ECL+ Western Blotting Detection System (GE Healthcare) ac-

cording to the manufacturer’s protocol.  

Following visualization of His-tagged proteins, membranes were stripped with 25 mL stripping 

buffer (62.5mM Tris-HCl (pH 6.7), 100 mM β-mercaptoethanol, 2% SDS) at 50°C for 30 min, 
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washed in PBS-T at RT for 3*5 min, and immunoblotted as described above from the blotting step, 

except incubation in primary anti-HA antibody (Roche, diluted 1:5000) at RT for 2h. 

Protein staining 

Following electrophoresis in 8% SDS polyacrylamide gels, the gels were stained by the Coomassie 

Brilliant Blue (CBB) and silver staining method. For CBB staining, the gels were washed in ddH2O 

for 5 min, incubated in the CBB-based solution Instant Blue (Expedeon) for 30-60 min, and des-

tained in ddH2O for 1-3h. For silver staining, the SilverQuest Silver Staining Kit (Invitrogen) was 

used according to the manufacturer’s protocol.  

Phosphorylation and dephosphorylation assay 

Phosphorylation of purified Atp8a1-6H with or without co-expressed HA-Ccd50a or -b was carried 

out at 0°C or RT for 40 s in total volumes of 9.5 µL containing 1 µM [γ-32P]ATP (PerkinElmer), 46 

mM Tris (pH 7.4) (Merck), 24 mM NaCl (Merck), 1.8 mM DTT (Sigma), 5.3% glycerol (Sigma), 

0.8 mM EGTA (Sigma), 53 mM imidazole (Sigma), and 2.4-2.6 mM MgCl2 (Merck). In some cas-

es, MgCl2 concentration were varied to 0.8-4.8 mM or substituted with CaCl2 (Merck) or 2.4-2.6 

mM EDTA (Sigma). Na+,K+-ATPase purified from pig kidney as described previously (Jorgensen 

and Anner 1979) was used as a positive control. For dephosphorylation experiments, 1 mM ATP 

(PerkinElmer) was added, and the samples were incubated at given time intervals before addition of 

quenching reagents. The reaction was quenched by addition of 10 µL SDS denaturation buffer (5 

mM NaH2PO4, 10% SDS, 2% β-mercaptoethanol, 0.4% bromophenol blue). In some cases, the 

reaction was instead quenched with 5% trichloroacetic acid (TCA) (Sigma) or 0.5 M Na2PO4 

(Merck). The protein was kept at acid pH during further processing for analysis to ensure stability 

of the acyl-phosphate bonds. In some cases, 2 µL of 5M hydroxylamine-HCl (Sigma) in 33.3 mM 

trisodium citrate (pH 6.0) was added, and the samples were then incubated at RT for 15 min. At this 

point, 4 µl of 100% glycerol and 4 µL of SDS denaturation buffer was added to the samples. Vo-

lumes of 27 µL of the 29.5 total samples volumes were subjected to electrophoresis in 5% acid 

SDS-polyacrylamide gels (1 x WO buffer [100 mM NaH2PO4, 0.1% SDS], 5% acryla-

mide/bisacrylamide (BIORAD), 0.15% ammonium persulfate (APS), 0.375% N,N,N,N-

tetramethylenediamine (TEMED), pH 6.0) in 1 x WO buffer at 35V for ~4h with cooling. PageRu-

lerTM Prestained Protein Ladder (Fermentas) was used as a molecular marker. The bottom of the gel 

(at approx. 60 kDa) containing excess [γ-32P]ATP was discarded, and the remaining gel was fixated 
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in 10% CH3COOH for 10 min. The gel was subsequently dried on Whatman No. 1 paper for 1 hour 

at 80°C under vacuum on a gel dryer. The molecular marker bands were marked with 0.3 µL of 

1:1000 [γ-32P]ATP, and the radioactivity was visualized with the Cyclone Plus Storage Phosphor 

System (Perkin-Elmer). 

Mass spectrometry analysis 

In order to upconcentrate the proteins, 300 µL of purified Atp8a1-6H and Atp8a1-6H-D406N were 

applied to 10K Nanosep columns (Pall) and centrifuged at 5,000 x g for 20-30 min to a final vo-

lume of 30 µL. Samples were subjected to electrophoresis in 8% polyacrylamide gels as described 

for immunoblotting, and proteins were visualized with Coomassie Brilliant Blue or Silver stained. 

A band corresponding to the size of immunoblotted Atp8a1-6H was excised from the Coomassie-

stained gel and subjected to in-gel digestion with trypsin as described previously (Sanggaard et al. 

2005). The extracted peptides were subjected to analysis by high performance liquid chromatogra-

phy nanoelectrospray mass spectrometry and identified by querying the Swiss-Prot and MSDB 

databases using the Mascot program (Matrix Sciences) as described previously (Karring et al. 

2005). The mass spectrometry analysis was performed by Ida B. Thøgersen, Laboratory for Prote-

ome Analysis and Protein Characterization, Department of Molecular Biology, Aarhus University, 

Denmark. 
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Results 

The mammalian flippase ATP8A1 was selected for cloning and expression because of its broad ex-

pression in mammalian tissues. The enzyme was to be expressed using the baculovirus expression 

system, as carried out previously for murine and bovine homologs (Ding et al. 2000; Paterson et al. 

2006). Co-expression of CDC50 proteins was planned, as these may be required for proper localiza-

tion in the plasma membrane, ATPase activity, and flippase functionality. CDSs of the human and 

murine orthologs of ATP8A1 were obtained. For both human and murine homologs, CDC50A is 

expressed in most tissue types in high amounts, whereas CDC50B is expressed in lower amounts 

and only in some tissues, according to the EST profiles of the UniGene database (NCBI 2010). 

CDC50C is expressed only in a few tissue types and in low levels. Therefore, CDC50A and -B were 

selected for co-expression with ATP8A1. 

Cloning into a baculovirus expression vector 

CDNA clones containing the coding sequences of human and murine ATP8A1 were verified by 

DNA sequencing. The CDS of both human ATP8A1 and murine Atp8a1 were cloned directly from 

the obtained plasmids (phATP8A1 and pmAtp8a1) into the pFastBac1 expression vector using the 

restriction enzymes XbaI and HindIII, yielding the expression vectors pFB-hATP8A1 and pFB-

mAtp8a1. After ligation, transformation, and single-colony isolation, plasmid minipreps of the 

clones were made, and selected clones were sequenced completely, which verified the correct se-

quence of the flippase CDS. 

An epitope tag fused to ATP8A1 was desirable for detection, isolation, and purification in 

downstream applications. Two variations of a histidine tag were designed: a tag encoding six se-

quential histidine residues (6H) and a tag encoding eight sequential histidine residues with a preced-

ing cleavage site (LVPRGS) specific for the protease thrombin (Tb8H) (figure 19). The 6H tag was 

designed to create the smallest possible effective tag to avoid influencing the properties of the pro-

tein, whereas the Tb8H tag would enable proteolytic cleavage of the tag after affinity purification. It 

was verified by in silico sequence analysis that none of the ATP8A1 protein sequences contain the 

classical thrombin cleavage consensus sequence LVPRG. However, a possible sub-optimal throm-

bin cleavage site consisting simply of a proline-arginine pair was later discovered in the first trans-

membrane helix of mammalian ATP8A1. Whether or not this site would be cleaved by thrombin 

depends on its exposure in the unknown three-dimensional structure of the flippase and cannot be 

predicted. 
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The C-terminal of ATP8A1 was selected for his-tagging as the mammalian homolog ATP8B1 

has been tagged C-terminally without obstruction of its function (Paulusma et al. 2008). Primers 

specifically annealing to the 5-6 last codons of the ATPase CDS were designed (app. A), compris-

ing anchors encoding the desired tags, the thrombin cleavage site, and a HindIII restriction site for 

cloning into the pFB-Atp8a1 vectors (figure 19). The tagged C-terminal ends of both murine and 

human ATPase sequences were successfully amplified by PCR with the most C-terminal ATPase 

sequencing forward primer and the two reverse tagging primers. The tagged PCR products were 

cloned into the murine and human pFB-ATPase vectors, using the restriction endonucleases HindIII 

and XmaI or NdeI, respectively, and the resulting plasmids were sequenced fully through the CDSs, 

confirming the successful molecular clonings.   
 

Figure 19. Encoding protein tags. The 
coding sequence elements of the de-
signed primers are shown, including the 
C- and N-terminal end of the Atp8a1 and 
Cdc50 CDS, respectively, the thrombin 
cleavage site (Tb), the 6H and 8H histidine 
and HA tags, and HindIII and XbaI restric-
tions site for cloning. Three to six random 
nucleotides have been added to the 3’ 
end to enable endonuclease activity of 
the PCR product. The encoded protein 
sequence is shown (Translation) in stan-
dard one-letter amino acid residue code; 
* denotes the stop codon. For primer 
sequences, see app. A. 

 
 

The CDS of human and murine CDC50A and -B were to be cloned into the pFastBac1 vector 

for co-expression with the ATPases in the Baculovirus System. CDNA clones were purchased and 

verified by DNA sequencing, except human CDC50A, which did not contain the expected CDS. 

The murine flippase and Cdc50a and -b were therefore chosen for the further process. An N-

terminal fusion tag was designed for Cdc50a and -b, encoding a hemagglutinin antigen (HA) epi-

tope tag (YPYDVPDYA). This tag has previously been successfully applied to the N-terminal of 

CDC50 (Paulusma et al. 2008), whereas a C-terminally tagged yeast Cdc50 protein Lem3p is not 

fully functional (Saito et al. 2004). Primers specifically annealing to the 6 first codons of the Cdc50 

CDS were designed, comprising an anchor encoding the HA-tags and an XbaI restriction site for 

cloning. Reverse primers encoding a HindIII restriction site were also made. Successfully amplified 

PCR products were cloned into the pFastBac1 vector and the sequences of the resulting cloned con-

structs were verified.  
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Production of recombinant baculovirus and protein expression 

The murine constructs pFB-mAtp8a1-6H, pFB-mAtp8a1-Tb8H, and pFB-HA-mCdc50a and -b 

were transfected into DH10Bac E. coli cells for transposition, and recombinant bacmids were se-

lected, produced, isolated, and transfected into Sf9 insect cells. High-titer baculoviral stocks were 

made and used for infection of Sf9 cells for protein expression. The cloned flippase with the short-

est tag, Atp8a1-6H, was chosen for expression to avoid the possibly unnecessary thrombin cleavage 

step. 

Purification of Atp8a1-6H and co-purification of HA-Cdc50a and -b 

Sf9 cells were infected with recombinant baculovirus encoding mAtp8a1-6H alone or co-infected 

with virus expressing HA-mCdc50a or -b. The infected cells were harvested and lysed, and the 

membrane fraction was solubilized using detergent C12E9 and recovered by ultracentrifugation. The 

recombinant proteins were recovered from the membrane fraction on Ni-NTA resin that captures 

His-tagged proteins and eluted in fractions of 1 mL. An immunoblot visualizing the eluted His-

tagged proteins showed that mAtp8a1-6H was eluted mainly in fractions 3-6 (figure 20A-C). Two 

main protein bands were seen, the upper band corresponding to the 132.1 kDa theoretical molecular 

weight of the recombinant protein. The lower band had an apparent molecular weight of 110 kDa 

and may represent degraded proteins. 

Visualization of HA-tagged proteins showed that HA-mCdc50a and -b had co-purified with 

mAtp8a1-6H (figure 20E-F), indicating a strong association between these proteins. The apparent 

molecular weights of 52 kDa and 50 kDa are somewhat higher than the theoretical weights of 42.4 

kDa and 40.5 kDa, respectively. This increase in weight is presumably due to post-translational gly-

cosylation, as their sequences both comprise two potential glycosylation sites (figure 16). HA-

mCdc50a is expressed in excess amounts and therefore elutes in all fractions (figure 20E), and a 

small amount of protein degradation is seen. Additional bands of an apparent molecular weight of 

105 kDa are observed, possibly corresponding to a dimer of the excessively expressed protein. HA-

mCdc50b elutes only in the flippase-containing fractions in smaller amounts, apparently due to sub-

stantial degradation (figure 20F). Coomassie Brilliant Blue stainings showed that the eluted frac-

tions contain many background proteins, and clear recombinant protein bands are difficult to identi-

fy (figure 20G-I). 
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Figure 20. Purification of Atp8a1-6H and co-purification of HA-Cdc50a and -b. Cells were lysed by sonication, and 
the membrane fraction (MF) was recovered by overnight incubation with C12E9 detergent followed by ultracentrifu-
gation. Ni-NTA resin was added and after 2h incubation washed twice (W1-2), whereupon the proteins were eluted 
in 10 fractions (1-10). Proteins were visualized by immunoblotting using anti-His antibodies (panel A-C) or anti-HA 
antibodies (panel D-E) or stained with Coomassie Brilliant Blue (panel G-I). Arrows indicate the position of expressed 
proteins and arrowheads degraded proteins. An asterisk appoints possible protein dimers. 
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Site-directed mutagenesis of the active site aspartate residue 

In order to produce a non-functional Atp8a1-6H mutant, the catalytic aspartate residue was changed 

into an asparagine residue by site-directed mutagenesis of the pFB-mAtp8a1-6H construct. Aspara-

gine was chosen for its structural similarity to aspartate. Recombinant baculovirus encoding the mu-

tant D406N was made, and baculovirus DNA was isolated from the high-titer virus media. A region 

containing the D406N codon was amplified by PCR and sequenced, which validated the correct 

CDS of the mutant. The Atp8a1-6H D406N mutant protein was then expressed and purified alone 

or in combination with HA-Cdc50a in parallel with the wildtype (WT). The flippases of this batch 

purification eluted as strong bands of the correct molecular weight, although a minor rate of protein 

degradation was seen (figure 21A-C). HA-mCdc50a co-eluted with Atp8a1-6H (figure 21F), re-

gardless of the mutation. CBB staining still failed to show clear recombinant protein bands (figure 

21D-E), whereas bands corresponding to the size of mAtp8a1-6H and HA-Cdc50a could be ob-

served by silver staining (figure 21G-I).   
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Figure 21. Purification of Atp8a1-6H WT and D406N, and co-purification of HA-Cdc50a. Proteins were purified as 
described for figure 20 and visualized by immunoblotting using anti-His antibodies (panel A-C) or anti-HA antibodies 
(panel F) or stained with Coomassie Brilliant Blue (panel D-E) or Silver Stained (panel G-I). Arrows indicate the position 
of expressed proteins and arrowheads degraded proteins. Purification of mAtp8a1-6H WT + HA-Cdc50a exhibited 
patterns identical to purification of mAtp8a1-6H D406N + HA-Cdc50a (not shown). 



Characterization of a Mammalian Flippase                                       Results 

114 

 

Verification of Atp8a1-6H identity by mass spectrometry analysis 

To ensure that the observed bands in fact did represent Atp8a1-6H WT and D406N, respectively, 

the proteins were upconcentrated and bands corresponding to the size of the visualized His-tagged 

proteins were excised from a Coomassie Brilliant Blue-stained polyacrylamide gel (figure 22). The 

proteins were subjected to tryptic in-gel digestion and nanoelectrospray mass spectrometry (MS) 

analysis, and bands from batches of both Atp8a1-6H WT and D406N were clearly identified as 

Atp8a1. Unfortunately, the mutation site of the D406N mutant gave rise to a tryptic peptide of only 

6 amino acid residues and could not be identified specifically by the MS analysis of either protein. 
 

Figure 22. Verification of Atp8a1 identity. Puri-
fied Atp8a1-6H WT and D406N were subjected to 
electrophoresis in 8% polyacrylamide gels with 
protein ladder markers (M), and stained with 
Coomassie Brilliant Blue (A) or Silver stained (B). 
Two bands of ∼130 kDa (arrows) were excised 
from the Coomassie-stained gel and verified as 
Atp8a1 by mass spectrometry analysis.  
 
 
 
 
 
 
 

 

Phosphorylation of Atp8a1-6H ± HA-Cdc50 

The two fractions displaying the highest immunoblot signal (fraction 4 and 5 in figure 20) of the 

protein eluates were pooled and used for phosphorylation studies. Aliquots of purified protein were 

incubated with [γ-32P]ATP at RT in the presence of Mg2+, which is believed to be essential for flip-

pase function, or EDTA to chelate any trace amounts of Mg2+ as a negative control. EGTA was 

added to all samples in order to exclude influence by Ca2+. A phosphorylated band of ~130 kDa was 

seen in the presence of Mg2+ but not in the presence of EDTA, indicating that the purified flippase 

could be phosphorylated in the presence but not in the absence of Mg2+ (figure 23). This band cor-

responds to the theoretical molecular weight of Atp8a1-6H of 132 kDa. An additional band migrat-

ing higher than the 200 kDa (>200 kDa) marker band was also observed and could represent aggre-

gated protein. The co-expression of HA-Cdc50a or -b had no apparent effect on the level of phos-

phorylated Atp8a1.  
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Figure 23. Phosphorylation of Atp8a1-6H in the 
presence or absence of HA-Cdc50a or -b. Purified 
Atp8a1-6H with or without co-expressed HA-Cdc50a 
or -b was phosphorylated with [γ-32P]ATP at RT for 20 
s in the presence of 2.6 mM MgCl2 or 2.6 mM EDTA. 
The samples were then quenched with SDS denatura-
tion buffer and subjected to electrophoresis in 6.8% 
acid SDS-polyacrylamide gels at 40V for ∼2.5h. The 

gel was dried and the radioactivity was visualized. Arrows denote two phosphorylated bands. 
 

The phosphorylation experiment was optimized by testing phosphorylation times of 20-60 s 

(figure 24). An optimal phosphorylation time of 40 s was determined, as shorter time yielded a 

weaker signal, whereas longer phosphorylation time resulted in the appearance of a background 

band of approximately 90 kDa. Regardless of phosphorylation time, the co-expression of HA-

Cdc50a or -b had no effect on the level of phosphorylated Atp8a1-6H (data not shown).  

Figure 24. Optimizing phosphorylation time 
for Atp8a1-6H+HA-Cdc50a. Purified Atp8a1-
6H with co-expressed HA-Cdc50b was phos-
phorylated with [γ-32P]ATP at RT for 20, 40, or 
60 s in the presence of 2.6 mM MgCl2 or 2.6 
mM EDTA. The samples were then quenched 
with SDS denaturation buffer and subjected 
to electrophoresis in 6.8% acid SDS-

polyacrylamide gels at 40V for ∼2.5h. The gel was dried and the radioactivity was visualized. Arrows denote the two 
phosphorylated bands, and an asterisk shows the lower background band. 
 

The quenching with various agents after phosphorylation of Atp8a1-6H at 0°C for 40 s and the 

subsequent dephosphorylation with non-radioactive ATP was analyzed (figure 25). Quenching with 

SDS denaturation buffer yielded a dominating lower band of ~130 kDa, whereas phosphorylation 

reactions quenched with 5% trichloroacetic acid (TCA) resulted in equal amounts of the ~130 kDa 

band and the higher >200 kDa band (see lanes with 0 s dephosphorylation). Quenching with 

Na2PO4 only gave rise to the higher band. The difference in gel mobility of these variously 

quenched samples could represent different degrees of aggregation of the flippase. Alternatively, 

the >200 kDa band could represent a contaminating phosphorylated protein, and the phosphoryla-

tion of the flippase and the contaminating protein could be differentially sensitive to the various 

quenching agents. 
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Figure 25. Quenching with various agents and dephosphorylation of phosphorylated Atp8a1-6H+HA-Cdc50a. Puri-
fied Atp8a1-6H with co-expressed HA-Cdc50a was phosphorylated with [γ-32P]ATP at 0°C for 40 s in the presence of 
2.6 mM MgCl2 or 2.6 mM EDTA. For dephosphorylation, excess ATP was added, and the samples were incubated at 
the given time intervals, before the samples were quenched with SDS denaturation buffer, 5% trichloroacetic acid 
(TCA) or 0.5 M Na2PO4 and subjected to electrophoresis in 6.8% acid SDS-polyacrylamide gels at 40V for ∼3h. The gel 
was dried and the radioactivity was visualized. Arrows denote two phosphorylated bands. 
 

The decay of 32P-phosphoenzyme as a result of chase with non-radioactive ATP was investi-

gated (figure 25). The ~130 kDa band was partially dephosphorylated after 10-60 s of chase and 

nearly disappeared after 180 s, indicating that the flippase phosphorylation was reversible. The 

>200 kDa band was only vaguely dephosphorylated, which happened only after 60 s.  

To confirm the P-type ATPase nature of the phosphorylated band, the sensitivity of the phos-

phorylation to the reducing agent hydroxylamine was investigated, since this sensitivity is characte-

ristic for all P-type ATPase acyl phosphate intermediates (Post and Kume 1973). Hydroxylamine 

cleaves acyl phosphate but leaves phosphoester bonds intact (Barnabei et al. 1973). Purified 

NA+,K+-ATPase was used as a positive control. Atp8a1-6H could be phosphorylated in the pres-

ence of various Mg2+ concentrations (figure 26). A lower band of approximately 90 kDa appeared 

with increasing Mg2+ concentration. The optimal Mg2+ concentration for clear phosphorylation with 

minimal of this background band was 2.4 mM. The phosphorylation of both the low and high but 

not background bands was sensitive to hydroxylamine regardless of low or high Mg2+ concentra-

tion. 

Figure 26. Sensitivity of Atp8a1-6H-phosphorylation to 
hydroxylamine and Mg2+ concentration. Purified 
Atp8a1-6H and Na+,K+-ATPase (PK) were phosphory-
lated at 0°C for 40 s in the presence of the indicated 
Mg2+ concentrations, subsequently treated with hy-
droxylamine (Hy.) or not treated (-), and subjected to 
electrophoresis in 5% acid SDS-polyacrylamide gels at 
35V for ∼4h. Arrows denote the two phosphorylated 
bands, and an asterisk shows the lower background 
band.  
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The ability of the flippase to be phosphorylated in the presence of Ca2+ rather than Mg2+ was in-

vestigated (figure 27). Phosphorylation with substitution of Mg2+ for Ca2+ was almost absent.  

Figure 27. Phosphorylation of Atp8a1-6H with Mg2+ vs. Ca2+. Purified 
Atp8a1-6H was phosphorylated at 0°C for 40 s without EGTA but in the 
presence of 2.4 mM Mg2+ or 2.4 mM Ca2+, subsequently treated with 
hydroxylamine (Hy.) or not treated (-), and subjected to electrophoresis 
in 5% acid SDS-polyacrylamide gels at 35V for ∼4h. Arrows denote the 
two phosphorylated bands. 
 

 
 

Phosphorylation of Atp8a1-D406N ± HA-Cdc50 

The ability of the mutant Atp8a1-6H-D406N to be phosphorylated was investigated at 0°C and at 

RT (figure 28). Surprisingly, the D406N mutant yielded a ~130 kDa phosphorylation band at both 

temperatures and regardless of co-expression with HA-Cdc50a. However, it appeared that this 

phosphorylation was less sensitive to hydroxylamine than that of the WT, indicating that some kind 

of background phosphorylation was present. The ∼90 kDa background band appeared at RT but not 

at 0°C. 

Figure 28. Phosphorylation of Atp8a1-6H WT and 
D406N ± HA-Cdc50 and sensitivity to hydroxyla-
mine. Purified Atp8a1-6H with or without co-
expressed HA-Cdc50a were phosphorylated at RT 
or 0°C in the presence of 2.4 mM Mg2+, subse-
quently treated with hydroxylamine (Hy.) or not 
treated (-), and subjected to electrophoresis in 5% 
acid SDS-polyacrylamide gels at 35V for ∼4h. WT, 
Atp8a1-6H WT; D406N, Atp8a1-6H D406N; PK, 
purified Na+,K+-ATPase. Arrows denote the two 
phosphorylated bands, and an asterisk shows the 
lower background band. 
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To ensure that the lower phosphorylation band corresponded to Atp8a1-6H, an immunoblot of 

the protein in the acidic polyacrylamide gel was made (figure 29). The electrophoretic mobility of 

His-tagged Atp8a1 in the acidic gel corresponded well to the lower phosphorylated band, substan-

tiating that this phosphorylated protein is indeed Atp8a1-6H. The phosphorylated >200 kDa is not 

observed by immunoblotting and could represent a contaminating phosphorylated protein or an ag-

gregate of Ap8a1-6H with the His-tag hidden in an inaccessible location. The ratio of the intensity 

of the upper vs. lower band varies through the phosphorylation experiments (figures 23-29). If the 

upper band represents aggregated Atp8a1-6H, this changing ratio could be due to fluctuations in the 

room and gel temperature, which could influence the electrophoresis in the sensitive acid polyacry-

lamide gels. 

Figure 29. Size verification of phosphorylated Atp8a1-6H. 
Purified Atp8a1-6H WT and D406N was subjected to elec-
trophoresis in 5% acid SDS-polyacrylamide gels at 35V for 
∼4h and visualized by immunoblotting with anti-His antibo-
dies (A). Atp8a1-6H WT was phosphorylated as described 
for figure 27 (B). Sizes of bands in the protein ladder mark-
ers are denoted, and arrows indicate the position of 
Atp8a1-6H. 
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Discussion and future perspectives 

The aim of this PhD project was to clone and express the mammalian flippase ATP8A1 and its 

possible co-receptor proteins of the CDC50 family. The murine flippase Atp8a1 and murine Cdc50a 

and -b were successfully cloned and expressed as recombinant affinity-tagged proteins in insect 

cells using the baculovirus expression system. Affinity purification on nickel resin yielded enrich-

ment of his-tagged Atp8a1, and HA-Cdc50a and -b co-purified with the flippase. Atp8a1-6H could 

be phosphorylated by [γ-32P]ATP in a Mg2+- and hydroxylamine-sensitive manner, regardless of 

HA-Cdc50a or -b co-expression. An active site mutant, Atp8a1-6H D406N, could also be phospho-

rylated, although in a less hydroxylamine-sensitive manner.  

The baculovirus expression system using insect cells was chosen for expression of the murine 

flippase Atp8a1 and Cdc50 proteins. Advantages of the baculovirus expression system as compared 

with expression in E. coli include good protein folding, efficient cleavage of signal peptide, and 

correct generation of the majority of the posttranslational modifications found in mammalian cells, 

including disulfide bonds (Brondyk et al. 2009). A big advantage compared with expression in 

mammalian cells is high-scale protein production. The major drawback of the system is that N-

linked glycosylation occurs but is different from the mammalian process, which will be addresses 

further, later in this discussion.  

Recombinant baculoviruses encoding murine Atp8a1-6H and HA-Cdc50a and -b were success-

fully produced, and the recombinant proteins were expressed in Sf9 insect cells. Purification of de-

tergent-treated cell lysates on nickel resin resulted in protein eluates containing Atp8a1-6H and HA-

Cdc50a and -b clearly visible by immunoblotting. By Coomassie Brilliant Blue and silver staining, 

however, it was difficult to distinguish the recombinant proteins from a substantial amount of back-

ground proteins. For future studies, the nickel-resin purification will be optimized by including an 

extra washing step with an optimized concentration of imidazole. For additional purifications, sub-

sequent ion exchange chromatography could be applied to dispose of background proteins with dif-

ferent pI values. However, the Cdc50 proteins might not co-purify with the flippase in this type of 

purification. Alternatively, gel filtration could be applied, which is known to leave protein com-

plexes intact. Although this would discard smaller contaminating proteins, potential background 

levels of contaminating P-type ATPases of molecular weight similar to the flippase would remain. 

Lastly, affinity purification on anti-HA agarose beads could be useful for getting rid of contaminat-

ing proteins in nickel-purified protein batches containing complexes of Atp8a1-6H and HA-
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Cdc50a/b, as Paulusma et al. have successfully done when co-purifying ATP8B1 with HA-tagged 

CDC50A and -B (Paulusma et al. 2008). 

The ability of P-type ATPases to be phosphorylated was examined. During the E1-E2 catalytic 

cycle, specific substrates S1 are first bound to the ATPase from the cytoplasmic side of the mem-

brane, triggering the formation of an acylphosphate intermediate. Following exoplasmic release of 

S1, enzyme dephosphorylation is activated by the binding of exoplasmic substrates S2 (Axelsen and 

Palmgren 1998; Kühlbrandt 2004; Niggli and Sigel 2008). The substrate identity has been well-

characterized for the Na+,K+-ATPase, the gastric H+,K+-ATPase, and the plasma membrane and 

sarcoplasmatic reticulum Ca2+-ATPases (which counter-transport H+). Conversely, the plant H+-

ATPase has been shown to comprise built-in counter-ion-imitating arginine residue that simulates 

ligand binding, thus removing the structural requirement for counter transport (Pedersen et al. 

2007). The potential substrate counter-transport by many other P-type ATPases, such as the Cu2+-

ATPases and the flippases, has not yet been clarified. In the case of the flippases, phospholipid 

binding from the exoplasmic should trigger dephosphorylation of the pump, as shown previously 

for Atp8a1 (Ding et al. 2000), whereas binding from the cytoplasmic side of another substrate 

should initiate the phosphorylation process. This potential S1 substrate could be speculated to be 

either absent, as in the plant H+ ATPase, or to be H+ or Na+, which were both present in the phos-

phorylation studies presented here.  

In phosphorylation experiments, Atp8a1-6H could be phosphorylated by [γ-32P]-ATP in the 

presence of Mg2+, which could not be substituted by Ca2+. The successful detection of the phos-

phoenzyme demonstrates that the phosphorylation reaction was faster than the dephosphorylation. 

The phosphoenzyme decayed in the presence of excess ATP and was sensitive to hydroxylamine, 

confirming the P-type ATPase nature of the flippase. A mutant of the Atp8a1-6H-encoding baculo-

virus was made, encoding an asparagine residue instead of the conserved D406 aspartate residue, 

which is the target of the acyl-phosphorylation in the P-type ATPase intermediate. Mysteriously, 

Atp8a1-6H D406N was phosphorylated at levels comparable to the WT, although this phosphoen-

zyme appeared less sensitive to degradation by hydroxylamine. 

There is a possibility that the retention of phosphorylation ability by the D406N mutant could be 

due to deamidation of asparagine to aspartate, leading to the regeneration of wild-type ATPase. 

Spontaneous deamidation of asparagine residues has been well documented previously, the rate of 

which is influenced by the conditions of pH, temperature, and ionic strength, which can change 

drastically during protein purification (Wright and Urry 1991; Paradisi et al. 2005). Residues in cat-



Characterization of a Mammalian Flippase                  Discussion and future perspectives 

 

121 

 

alytic sites could be particularly prone to deamidation, since other residues located in the active site 

might contribute catalytically to the deamidation reaction (Paradisi et al. 2005). Moreover, deami-

dation could be exerted as a post-translational modification taking place in the insect cells, as shown 

in Drosophila Melanogaster (Chavous et al. 2001). It has been shown that the deamidation rate also 

depends on the peptide sequence immediately surrounding the asparagine residue and on higher 

order structure of the protein, and the mutant asparagine of Atp8a1 is proceeded by the residue se-

rine, which have been shown to increase deamidation rates (Wright and Urry 1991). The potential 

deamidation of Atp8a1-6H D406N was attempted established by mass spectrometry analysis, but 

unfortunately the nature of this particular residue could not be detected. For future experiments, a 

D406A mutant should be made to exclude that the phosphorylation of D406N is due to deamida-

tion-mediated relapse to WT. 

A hydroxylamine-resistant background phosphorylation was observed for both Atp8a1-6H WT 

and D406N. [γ-32P]ATP-phosphorylation of the yeast flippase Drs2p displayed a similar significant 

background vanadate-resistant signal (Lenoir et al. 2009). This could represent phosphorylation of 

serine or threonine residues in Atp8a1-6H by one or more contaminating protein kinases. Mamma-

lian Atp8a1 comprise four potential phosphorylation sites (three serine residues and one threonine 

residue) in its N-terminal cytoplasmic domain (figure 13). Kinase phosphorylation have been de-

scribed in several P-type ATPases, including the eukaryotic Na+,K+-ATPase (Beguin et al. 1994), 

the plant H+-ATPase (Suzuki et al. 1992), and the mammalian copper ATPases involved in Menkes 

and Wilson disease (Voskoboinik et al. 2003; Pilankatta et al. 2009). Moreover, two putative flip-

pase-activating kinases have been identified in yeast (Nakano et al. 2008), and a yeast flippase-

regulating protein kinase network has recently been discovered (Roelants et al. 2010). It would be 

interesting to detect the potential alkaline-resistant phosphorylation of Atp8a1-6H, as described for 

the copper ATPases (Voskoboinik et al. 2003; Pilankatta et al. 2009). This could represent an im-

portant regulatory function of the flippase, and mutational studies of the potential serine/threonine 

phosphorylation sites and ATPase activity assays (Bagniski and Zak 1960) could provide valuable 

insight into this subject. 

To our knowledge, only a two out of many published studies on flippases have presented expe-

rimental results on flippase phosphorylation. Ding et al. presented the formation of a phosphoen-

zyme intermediate of murine Atp8a1 but provided no evidence of the acylphosphate nature of the 

phosphorylation (Ding et al. 2000), and the [γ-32P]ATP-phosphorylation of the yeast flippase Drs2p 

presented by Lenoir et al. was partially vanadate-resistant, indicating the presence of a phosphoryla-
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tion different from the P-type ATPase acylphosphate (Lenoir et al. 2009). Several studies have stu-

died the ATPase activity of flippases without addressing enzyme phosphorylation (Paterson et al. 

2006; Paulusma et al. 2008; Coleman et al. 2009), and the sparse results on the formation of flip-

pase phosphoenzyme intermediates indicate that this is an experimentally problematic manner, 

making it difficult to present clear results. 

As presented above, HA-Cdc50a and -b co-purified with Atp8a1-6H, demonstrating that the af-

finity tags of the recombinant proteins do not interfere with their mutual association. This notion 

agrees with a previous study in which C-terminally eGFP-tagged ATP8B1 co-purified with N-

terminally HA-tagged CDC50A and -B (Paulusma et al. 2008). The tags of mammalian ATP8B1 

and CDC50A and -B in the chosen positions did not interfere with the activity of the flippase. Con-

versely, Drs2p with a C-terminal tag including a calmodulin-binding peptide has been shown to be 

catalytically inactive when reconstituted in proteoliposomes in vitro, whereas Drs2p with an N-

terminal tag containing a polyhistidine instead of the calmodulin-binding peptide allowed purifica-

tion of enzymatically active Drs2p (Zhou and Graham 2009). However, both Drs2 proteins were 

functional in vivo. It is uncertain whether the loss of C-terminally tagged Drs2p activity in vitro re-

sulted from the position of the tag or from the calmodulin-binding peptide versus the polyhistidine 

module. In other studies, C-terminal affinity tagging of Drs2p and Dnf1p did not interfere with their 

flippase function (Saito et al. 2004; Puts et al. 2009). Regarding tagging of CDC50 proteins, neither 

N- nor C-terminal tagging have interfered with their association to the flippases (Saito et al. 2004; 

Puts et al. 2009). However, a C-terminal HA-tag of Lem3p obstructed the plasma membrane locali-

zation and function of Dnf1p-Lem3p complex in yeast (Saito et al. 2004). Conversely, N-terminally 

tagged HA-CDC50 proteins successfully chaperone ATP8B1 to the plasma membrane in mamma-

lian cells in vitro (Paulusma et al. 2008), pointing towards that this tag does not interfere with the 

function of the CDC50 proteins.   

The co-purification of both HA-Cdc50a and -b with Atp8a1-6H shown in this project is the first 

report on association of mammalian Atp8a1 with any of the CDC50 proteins. The function of the 

CDC50 proteins in co-action with the flippases is currently being intensively studied in several 

groups (Lenoir et al. 2009; Zhou and Graham 2009; Lopez-Marques et al. 2010; Paulusma and 

Oude Elferink 2010). Whereas association between the yeast flippases and the Cdc50p family has 

been comprehensively described (table II), so far only the one study already mentioned above has 

demonstrated an association of CDC50 proteins with a mammalian flippase (Paulusma et al. 2008). 

Paulusma et al. showed that ATP8B1 required CDC50A or -B for ER exit and delivery to the plas-
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ma membrane in UPS-1 cells, a CHO-K1 cell line with a defect in non-endocytic uptake of the 

NBD-PS. This demonstrated a chaperone function of mammalian CDC50 proteins. Furthermore, the 

co-expression of CDC50A or -B with ATP8B1 increased internalization of both NBD-PS and en-

dogenous PS, implying a contribution to the catalytic cycle of mammalian flippases by the CDC50 

proteins   

Recently, a yeast study by Lenoir et al. indicated that the association of Cdc50p with Drs2p, the 

yeast homolog of ATP8A1, fluctuates during the E1-E2 reaction cycle of the flippase, displaying 

the strongest association in the E2-P form. The authors also demonstrated that Cdc50p significantly 

increased the phosphoenzyme formation by Drs2p (Lenoir et al. 2009). Conversely, co-expression 

of HA-Cdc50a or -b did not affect the phosphorylation of Atp8a1-6H in the results presented here. 

This leads to the speculation that perhaps only a fraction of the purified Atp8a1-6H is associated 

with HA-Cdc50a or -b after the nickel affinity purification, as in the Lenoir study, where only ∼10% 

of affinity-purified His-Drs2p was associated with co-expressed Cdc50p (Lenoir et al. 2009). Puri-

fication of the nickel-purified flippase-Cdc50 batch on anti-HA agarose beads should enable the 

isolation of Atp8a1-6H associated fully with HA-Cdc50a and -B for future phosphorylation experi-

ments. 

Alternatively, the lack of Cdc50-mediated influence on Atp8a1-6H phosphorylation could be 

caused by a potential problem of protein functionality embedded in the expression system used in 

this study. Baculovirus-infected insect cells are capable of glycosylation of the same sites in recom-

binant proteins as those that are used for native protein N-glycosylation in mammalian cells 

(Harrison et al. 2006). However, the generated glycosylations are predominantly simple N-glycans 

with terminal mannose residues, whereas mammalian cells produce more complex N-glycans con-

taining terminal sialic acids, presumably due to lack of specific glycosyltransferases. Correct glyco-

sylation can play important roles in correct protein folding, enzyme activity, and specificity of pro-

tein-protein interactions. The Cdc50 proteins comprise several potential N-glycosylation sites, and 

by immunoblotting they displayed a molecular mass apparently increased by 10 kDa compared with 

their theoretical size, strongly indicating that they had been glycosylated. It could be speculated that 

the lack of influence of the HA-Cdc50 proteins on Atp8a1-6H phosphorylation is due to present but 

incorrect glycosylation. This potential problem could be addressed by expression of the proteins in 

the commercially available transgenic Sf9 insect line named Mimic (Invitrogen), which expresses 

several glycosyltransferases and produces N-linked glycans containing biantennary, sialylated struc-

tures (Brondyk et al. 2009). Alternatively, development of a method to purify non-recombinant 
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mammalian flippases from mammalian tissues would enable correct glycosylation and would also 

evade potentially disturbing effects of the currently used affinity tags. Specific antibodies against 

mammalian ATP8A1 are currently being developed (Santa Cruz Biotechnology), and antibodies 

towards mammalian CDC50A and -B are commercially available, enabling specific identification of 

co-purified flippases and CDC50 proteins. 

The specificity of the flippase-CDC50 association in mammals is still an open question. Whe-

reas the yeast flippases display high specificity for certain Cdc50p family binding partners, the plant 

ALA flippases do not display preferences for specific CDC50 family ALIS proteins (Paulusma and 

Oude Elferink 2010). In the study described here, both murine HA-Cdc50a and -b co-purified with 

Atp8a1-6H, consistent with the fact that the only previously confirmed CDC50-binding mammalian 

flippase, human ATP8B1, can co-purify with both HA-CDC50A and -B. This indicates a redundant 

function of these two mammalian CDC50 proteins. Interestingly, murine Atp8a1 produced with the 

baculovirus system in Sf21 cells have been shown to display functional PS-stimulated ATPase ac-

tivity without co-expression of CDC50 proteins (Ding et al. 2000; Paterson et al. 2006). As flippas-

es are widely expressed also in insects, it is possible that CDC50 homologs of the Sf9 and Sf21 cell 

lines could substitute for the missing mammalian protein, enabling the potentially CDC50-

dependant flippase function. In preliminary expression experiments of this project, Atp8a1-6H was 

attempted expressed in both Sf9 and High Five (derived from the moth Trichoplusia ni), but expres-

sion levels in High Five cells was very low (data not shown). This could be explained by a lack of 

applicable CDC50 proteins in this cell line, and it would be interesting to see if co-expression of 

murine Cdc50 proteins could rescue the unsuccessful flippase expression. 

It is debated whether CDC50 proteins, additionally to their presumed chaperone function, are 

part of the catalytic mechanism of the flippases (Lenoir et al. 2009; Puts and Holthuis 2009; 

Paulusma and Oude Elferink 2010). They might assist the flippases in resolving “the giant substrate 

problem”, designating the mystery of how the flippases can encompass their phospholipid sub-

strates, which are very large compare with the small ions transported by the other P-type ATPases 

(Puts and Holthuis 2009). It is possible that the CDC50 proteins contribute structurally to the path-

way for phospholipid translocation, and they might influence the substrate specificity of the com-

plex. Overexpression of CDC50A in human epidermal carcinoma KB cells increased the uptake of 

the anticancer alkylphospholipid perifosine with 70%, whereas siRNA silencing of CDC50A ex-

pression reduced the uptake of the drug to 50% (Muñoz-Martínez et al. 2010). Interestingly, in-

creasing or reducing CDC50B expression had no effect on perifosine uptake, indicating an influ-
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ence of the CDC50 proteins on the substrate specificity of the flippases. Smaller differences be-

tween the effect of changed expression of CDC50A and -B on uptake of NBD-PS and NBD-PE 

were also observed.  

The substrate specificity of the flippases is also still an open question. Do the 14 mammalian 

display differential substrate specificity, like their yeast homologs (Alder-Baerens et al. 2006)? And 

do the flippases exert counter-transport of another yet unidentified substrate? In future experiments, 

the effect of stimulation by various phospholipids on the ATPase activity and dephosphorylation 

rate of Atp8a1-6H in the presence or absence of HA-Cdc50a and -b will be investigated. Obtaining 

a better understanding of the contribution by the mammalian CDC50 proteins as presumed co-

factors of the flippases might hold the key to many questions and should be highly prioritized in the 

ongoing research on the mechanism of the flippases. 

In conclusion, it was shown that the recombinant murine flippase Atp8a1-6H associates with 

HA-Cdc50a and -b. The successful formation of a P-type ATPase-characteristic acyl-phosphate in-

termediate of Atp8a1-6H was interestingly not influenced by the co-expression of HA-Cdc50a or    

-b, and future experiments have been laid out to further characterize the mammalian flippase and 

the influence of its binding partners of the CDC50 protein family. In general, there are still more 

questions than answers about the flippases, and future research is needed to elucidate the mechan-

ism of these enzymes in the physiologically crucial establishment and maintenance of the asymme-

try of biological membranes.  

 



References 

127 

 

References 

Acién, P., F. Quereda, A. Campos, M.-J. Gomez-Torres, I. Velasco and M. Gutierrez (2002). "Use of 
intraperitoneal interferon α-2b therapy after conservative surgery for endometriosis and postoperative 
medical treatment with depot gonadotropin-releasing hormone analog: a randomized clinical trial." Fertil 
Steril 78(4): 705-711. 

Agic, A., S. Djalali, K. Diedrich and D. Hornung (2009). "Apoptosis in Endometriosis." Gynecol Obstet 
Invest 68(4): 217-223. 

Akoum, A., C. Jolicoeur and A. Boucher (2000). "Estradiol Amplifies Interleukin-1-Induced Monocyte 
Chemotactic Protein-1 Expression by Ectopic Endometrial Cells of Women with Endometriosis." J Clin 
Endocrinol Metab 85(2): 896-904. 

Alder-Baerens, N., Q. Lisman, L. Luong, T. Pomorski and J. C. M. Holthuis (2006). "Loss of P4 ATPases 
Drs2p and Dnf3p Disrupts Aminophospholipid Transport and Asymmetry in Yeast Post-Golgi Secretory 
Vesicles." Mol Biol Cell 17(4): 1632-1642. 

Ali, A. F. M., B. Fateen, A. Ezzet, H. Badawy, A. Ramadan and A. El-tobge (2000). "Laparoscopic 
intraperitoneal injection of human interferon-α2b in the treatment of pelvic endometriosis: a new 
modality." Obstet Gynecol 95(4, Supplement 1): S47-S48. 

Andrew Nesbit, M., M. R. Bowl, B. Harding, D. Schlessinger, M. P. Whyte and R. V. Thakker (2004). "X-
linked hypoparathyroidism region on Xq27 is evolutionarily conserved with regions on 3q26 and 13q34 
and contains a novel P-type ATPase." Genomics 84(6): 1060-1070. 

Antsiferova, Y. S., N. Y. Sotnikova, L. V. Posiseeva and A. L. Shor (2005). "Changes in the T-helper 
cytokine profile and in lymphocyte activation at the systemic and local levels in women with 
endometriosis." Fertil Steril 84(6): 1705-1711. 

Attar, E., H. Tokunaga, G. Imir, M. B. Yilmaz, D. Redwine, M. Putman, B. Gurates, R. Attar, N. Yaegashi, 
D. B. Hales and S. E. Bulun (2009). "Prostaglandin E2 Via Steroidogenic Factor-1 Coordinately 
Regulates Transcription of Steroidogenic Genes Necessary for Estrogen Synthesis in Endometriosis." J 
Clin Endocrinol Metab 94(2): 623-631. 

Attia, G. R., K. Zeitoun, D. Edwards, A. Johns, B. R. Carr and S. E. Bulun (2000). "Progesterone Receptor 
Isoform A But Not B Is Expressed in Endometriosis." J Clin Endocrinol Metab 85(8): 2897-2902. 

Axelsen, K. B. and M. G. Palmgren (1998). "Evolution of substrate specificities in the P-type ATPase 
superfamily." J Mol Evol 46(1): 84-101. 

Badawy, S. Z. A., A. Etman, V. Cuenca, A. Montante and L. Kaufman (2001). "Effect of interferon α-2b on 
endometrioma cells in vitro." Obstet Gynecol 98(3): 417-420. 

Bagniski, E. and B. Zak (1960). "Micro-determination of serum phosphate and phospholipids." Clin Chim 
Acta 5(6): 834-838. 

Barbosa, S., D. Pratte, H. Schwarz, R. Pipkorn and B. Singer-Krüger (2010). "Oligomeric Dop1p is Part of 
the Endosomal Neo1p-Ysl2p-Arl1p Membrane Remodeling Complex." Traffic 11(8): 1092-1106. 

Barcz, E., E. S. Rózewska, P. Kaminski, U. Demkow, K. Bobrowska and L. Marianowski (2002). 
"Angiogenic activity and IL-8 concentrations in peritoneal fluid and sera in endometriosis." Int J 
Gynaecol Obstet 79(3): 229-235. 

Barnabei, O., P. Luly, V. Tomasi, A. Trevisani and E. Tria (1973). "A study of the hormonal control in vitro 
of Na+-K+ activated ATPase of isolated liver plasma membrane." Adv Enzyme Regul 11: 273-290. 

Barrier, B. F., G. W. Bates, M. M. Leland, D. A. Leach, R. D. Robinson and A. M. Propst (2004). "Efficacy 
of anti-tumor necrosis factor therapy in the treatment of spontaneous endometriosis in baboons." Fertil 
Steril 81(Supplement 1): 775-779. 

Beguin, P., A. T. Beggah, A. V. Chibalin, P. Burgener-Kairuz, F. Jaisser, P. M. Mathews, B. C. Rossier, S. 
Cotecchia and K. Geering (1994). "Phosphorylation of the Na,K-ATPase α-subunit by protein kinase A 
and C in vitro and in intact cells. Identification of a novel motif for PKC-mediated phosphorylation." J 
Biol Chem 269(39): 24437-24445. 

Béliard, A., A. Noël and J.-M. Foidart (2004). "Reduction of apoptosis and proliferation in endometriosis." 
Fertil Steril 82(1): 80-85. 



References 

128 

 

Béliard, A., A. Noël, F. Goffin, F. Frankenne and J.-M. Foidart (2003). "Adhesion of endometrial cells 
labeled with 111Indium-tropolonate to peritoneum: a novel in vitro model to study endometriosis." Fertil 
Steril 79(Supplement 1): 724-729. 

Bevers, E. M., P. Comfurius and R. F. A. Zwaal (1983). "Changes in membrane phospholipid distribution 
during platelet activation." Biochim Biophys Acta 736(1): 57-66. 

Bevers, E. M. and P. L. Williamson (2010). "Phospholipid scramblase: An update." FEBS Letters 584(13): 
2724-2730. 

BioBase (2010). "Patch." from http://www.gene-regulation.com/cgi-bin/pub/programs/patch/bin/patch.cgi. 
Bischoff, F. and J. L. Simpson (2004). "Genetics of endometriosis: heritability and candidate genes." Best 

Pract Res Clin Obstet Gynaecol 18(2): 219-232. 
Bischoff, F. Z., M. Heard and J. L. Simpson (2002). "Somatic DNA alterations in endometriosis: high 

frequency of chromosome 17 and p53 loss in late-stage endometriosis." J Reprod Immunol 55(1-2): 49-
64. 

Borghese, B., J.-D. Chiche, D. Vernerey, C. Chenot, O. Mir, G. Bijaoui, C. Bonaiti-Pellie and C. Chapron 
(2008). "Genetic polymorphisms of matrix metalloproteinase 12 and 13 genes are implicated in 
endometriosis progression." Hum Reprod 23(5): 1207-1213. 

Borthwick, J. M., D. S. Charnock-Jones, B. D. Tom, M. L. Hull, R. Teirney, S. C. Phillips and S. K. Smith 
(2003). "Determination of the transcript profile of human endometrium." Mol Hum Reprod 9(1): 19-33. 

Bourlev, V., N. Volkov, S. Pavlovitch, N. Lets, A. Larsson and M. Olovsson (2006). "The relationship 
between microvessel density, proliferative activity and expression of vascular endothelial growth factor-A 
and its receptors in eutopic endometrium and endometriotic lesions." Reproduction 132(3): 501-509. 

Braun, D. P., J. Ding and W. P. Dmowski (2002). "Peritoneal fluid-mediated enhancement of eutopic and 
ectopic endometrial cell proliferation is dependent on tumor necrosis factor-α in women with 
endometriosis." Fertil Steril 78(4): 727-732. 

Brondyk, W. H., R. B. Richard and P. D. Murray (2009). "Selecting an Appropriate Method for Expressing a 
Recombinant Protein." Methods Enzymol 463: 131-147. 

Bruner, K. L., E. Eisenberg, F. Gorstein and K. G. Osteen (1999). "Progesterone and transforming growth 
factor-β coordinately regulate suppression of endometrial matrix metalloproteinases in a model of 
experimental endometriosis." Steroids 64(9): 648-653. 

Bukulmez, O., D. B. Hardy, B. R. Carr, R. A. Word and C. R. Mendelson (2008). "Inflammatory Status 
Influences Aromatase and Steroid Receptor Expression in Endometriosis." Endocrinology 149(3): 1190-
1204. 

Bull, L. N., M. J. T. van Eijk, L. Pawlikowska, J. A. DeYoung, J. A. Juijn, M. Liao, L. W. J. Klomp, N. 
Lomri, R. Berger, B. R. Scharschmidt, A. S. Knisely, R. H. J. Houwen and N. B. Freimer (1998). "A gene 
encoding a P-type ATPase mutated in two forms of hereditary cholestasis." Nat Genet 18(3): 219-224. 

Bull, P. C., G. R. Thomas, J. M. Rommens, J. R. Forbes and D. W. Cox (1993). "The Wilson disease gene is 
a putative copper transporting P-type ATPase similar to the Menkes gene." Nat Genet 5(4): 327-337. 

Bulun, S. E. (2009). "Endometriosis." N Engl J Med 360(3): 268-279. 
Bulun, S. E., Y.-H. Cheng, M. E. Pavone, Q. Xue, E. Attar, E. Trukhacheva, H. Tokunaga, H. Utsunomiya, 

P. Yin, X. Luo, Z. Lin, G. Imir, S. Thung, E. J. Su and J. J. Kim (2010a). "Estrogen Receptor-β , Estrogen 
Receptor-α, and Progesterone Resistance in Endometriosis." Semin Reprod Med 28(01): 036-043. 

Bulun, S. E., Y.-H. Cheng, M. E. Pavone, P. Yin, G. Imir, H. Utsunomiya, S. Thung, Q. Xue, E. E. Marsh, 
H. Tokunaga, H. Ishikawa, T. Kurita and E. J. Su (2010b). "17β-Hydroxysteroid Dehydrogenase-2 
Deficiency and Progesterone Resistance in Endometriosis." Semin Reprod Med 28(01): 044-050. 

Carneiro, M. r. M., D. b. M. Morsch, A. F. Camargos, P. M. Spritzer and F. M. Reis (2007). "Expression of 
17β-hydroxysteroid dehydrogenase type 2 in pelvic endometriosis." Gynecol Endocrinol 23(4): 188-192. 

Chavous, D. A., F. R. Jackson and C. M. O'Connor (2001). "Extension of the Drosophila lifespan by 
overexpression of a protein repair methyltransferase." Proc Natl Acad Sci U S A 98(26): 14814-8. 

Chen, S., J. Wang, B.-P. Muthusamy, K. Liu, S. Zare, R. J. Andersen and T. R. Graham (2006). "Roles for 
the Drs2p-Cdc50p Complex in Protein Transport and Phosphatidylserine Asymmetry of the Yeast Plasma 
Membrane." Traffic 7(11): 1503-1517. 



References 

129 

 

Cheong, Y. C., J. B. Shelton, S. M. Laird, M. Richmond, G. Kudesia, T. C. Li and W. L. Ledger (2002). "IL-
1, IL-6 and TNF-α concentrations in the peritoneal fluid of women with pelvic adhesions." Hum Reprod 
17(1): 69-75. 

Chishima, F., S. Hayakawa, K. Sugita, N. Kinukawa, S. Aleemuzzaman, N. Nemoto, T. Yamamoto and M. 
Honda (2002). "Increased Expression of Cyclooxygenase-2 in Local Lesions of Endometriosis Patients." 
Am J Reprod Immunol 48(1): 50-56. 

Cho, S., S. H. Park, Y. S. Choi, S. K. Seo, H. Y. Kim, K. H. Park, D. J. Cho and B. S. Lee (2010). 
"Expression of Cyclooxygenase-2 in Eutopic Endometrium and Ovarian Endometriotic Tissue in Women 
with Severe Endometriosis." Gynecol Obstet Invest 69(2): 93-100. 

Clausen, J. D., B. Vilsen, D. B. McIntosh, A. P. Einholm and J. P. Andersen (2004). "Glutamate-183 in the 
conserved TGES motif of domain A of sarcoplasmic reticulum Ca2+-ATPase assists in catalysis of 
E2/E2P partial reactions." Proc Natl Acad Sci U S A 101(9): 2776-2781. 

CLC bio (2007). "White paper on Alignment speed and quality." 2010, from 
http://www.clcbio.com/files/whitepapers/wp_alignmentspeed_A4.pdf. 

Clemens, M. J. (2003). "Interferons and apoptosis." J Interferon Cytokine Res 23(6): 277-92. 
Cobellis, L., S. Razzi, S. De Simone, A. Sartini, A. Fava, S. Danero, W. Gioffrè, M. Mazzini and F. Petraglia 

(2004). "The treatment with a COX-2 specific inhibitor is effective in the management of pain related to 
endometriosis." Eur J Obstet Gynecol Reprod Biol 116(1): 100-102. 

Coleman, J. A., M. C. M. Kwok and R. S. Molday (2009). "Localization, Purification, and Functional 
Reconstitution of the P4-ATPase Atp8a2, a Phosphatidylserine Flippase in Photoreceptor Disc 
Membranes." J Biol Chem 284(47): 32670-32679. 

Cooper, G. M. (2000). "The Cell". Sunderland (MA), Sinauer Associates. 
D'Hooghe, T. M., C. S. Bambra, M. A. Suleman, G. A. Dunselman, H. L. Evers and P. R. Koninckx (1994). 

"Development of a model of retrograde menstruation in baboons (Papio anubis)." Fertil Steril 62(3): 635-
8. 

D'Hooghe, T. M. and S. Debrock (2002). "Endometriosis, retrograde menstruation and peritoneal 
inflammation in women and in baboons." Hum Reprod Update 8(1): 84-88. 

Darland-Ransom, M., X. Wang, C.-L. Sun, J. Mapes, K. Gengyo-Ando, S. Mitani and D. Xue (2008). "Role 
of C. elegans TAT-1 Protein in Maintaining Plasma Membrane Phosphatidylserine Asymmetry." Science 
320(5875): 528-531. 

Dassen, H., C. Punyadeera, R. Kamps, B. Delvoux, A. Van Langendonckt, J. Donnez, B. Husen, H. Thole, 
G. Dunselman and P. Groothuis (2007). "Estrogen metabolizing enzymes in endometrium and 
endometriosis." Hum Reprod 22(12): 3148-3158. 

de Carvalho Aguiar, P., K. J. Sweadner, J. T. Penniston, J. Zaremba, L. Liu, M. Caton, G. Linazasoro, M. 
Borg, M. A. J. Tijssen, S. B. Bressman, W. B. Dobyns, A. Brashear and L. J. Ozelius (2004). "Mutations 
in the Na+/K+-ATPase α3 Gene ATP1A3 Are Associated with Rapid-Onset Dystonia Parkinsonism." 
Neuron 43(2): 169-175. 

de Fusco, M., R. Marconi, L. Silvestri, L. Atorino, L. Rampoldi, L. Morgante, A. Ballabio, P. Aridon and G. 
Casari (2003). "Haploinsufficiency of ATP1A2 encoding the Na+/K+ pump α2 subunit associated with 
familial hemiplegic migraine type 2." Nat Genet 33(2): 192-196. 

de Vries, K. J., T. Wiedmer, P. J. Sims and B. M. Gadella (2003). "Caspase-Independent Exposure of 
Aminophospholipids and Tyrosine Phosphorylation in Bicarbonate Responsive Human Sperm Cells." 
Biol Reprod 68(6): 2122-2134. 

Debrock, S., B. De Strooper, S. V. Perre, J. A. Hill and T. M. D'Hooghe (2006). "Tumour necrosis factor-α, 
interleukin-6 and interleukin-8 do not promote adhesion of human endometrial epithelial cells to 
mesothelial cells in a quantitative in vitro model." Hum Reprod 21(3): 605-609. 

Dhar, M. S., C. S. Sommardahl, T. Kirkland, S. Nelson, R. Donnell, D. K. Johnson and L. W. Castellani 
(2004). "Mice heterozygous for Atp10c, a putative amphipath, represent a novel model of obesity and 
type 2 diabetes." J Nutr 134(4): 799-805. 

Dhar, M. S., J. S. Yuan, S. B. Elliott and C. Sommardahl (2006). "A type IV P-type ATPase affects insulin-
mediated glucose uptake in adipose tissue and skeletal muscle in mice." J Nutr Biochem 17(12): 811-820. 



References 

130 

 

Dhitavat, J., L. Dode, N. Leslie, A. Sakuntabhai, G. Lorette and A. Hovnanian (2003). "Mutations in the 
Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase Isoform Cause Darier's Disease." J Investig Dermatol 
121(3): 486-489. 

Ding, J., Z. Wu, B. P. Crider, Y. Ma, X. Li, C. Slaughter, L. Gong and X. S. Xie (2000). "Identification and 
functional expression of four isoforms of ATPase II, the putative aminophospholipid translocase. Effect 
of isoform variation on the ATPase activity and phospholipid specificity." J Biol Chem 275(30): 23378-
86. 

Dmowski, W., H. Gebel and D. Braun (1998). "Decreased apoptosis and sensitivity to macrophage mediated 
cytolysis of endometrial cells in endometriosis." Hum Reprod Update 4(5): 696-701. 

Eisermann, J., M. J. Gast, J. Pineda, R. R. Odem and J. L. Collins (1988). "Tumor necrosis factor in 
peritoneal fluid of women undergoing laparoscopic surgery." Fertil Steril 50(4): 573-9. 

Emoto, K., N. Toyama-Sorimachi, H. Karasuyama, K. Inoue and M. Umeda (1997). "Exposure of 
Phosphatidylethanolamine on the Surface of Apoptotic Cells." Exp Cell Res 232(2): 430-434. 

Engemise, S., C. Gordon and J. C. Konje (2010). "Endometriosis." BMJ 340: c2168. 
Eppens, E. F., S. W. C. van Mil, J. M. L. de Vree, K. S. Mok, J. A. Juijn, R. P. J. Oude Elferink, R. Berger, 

R. H. J. Houwen and L. W. J. Klomp (2001). "FIC1, the protein affected in two forms of hereditary 
cholestasis, is localized in the cholangiocyte and the canalicular membrane of the hepatocyte." J Hepatol 
35(4): 436-443. 

Fadok, V., D. Voelker, P. Campbell, J. Cohen, D. Bratton and P. Henson (1992). "Exposure of 
phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and removal by 
macrophages." J Immunol 148(7): 2207-2216. 

Falconer, H., J. M. Mwenda, D. C. Chai, C. Wagner, X. Y. Song, A. Mihalyi, P. Simsa, C. Kyama, F. J. 
Cornillie, A. Bergqvist, G. Fried and T. M. D'Hooghe (2006). "Treatment with anti-TNF monoclonal 
antibody (c5N) reduces the extent of induced endometriosis in the baboon." Hum Reprod 21(7): 1856-
1862. 

Fang, C.-L., S.-P. Han, S.-L. Fu, W. Wang, N. Kong and X.-L. Wang (2009). "Ectopic, autologous eutopic 
and normal endometrial stromal cells have altered expression and chemotactic activity of RANTES." Eur 
J Obstet Gynecol Reprod Biol 143(1): 55-60. 

Fanton, J. W. and J. G. Golden (1991). "Radiation-Induced Endometriosis in Macaca mulatta." Radiat Res 
126(2): 141-146. 

Farquhar, C. (2007). "Endometriosis." BMJ 334(7587): 249-253. 
FJ, v. K., J. KE, G. JM, K. J, B. G, v. d. L. JT and M. WJ. (1994). "Detection of Mycoplasma Contamination 

in Cell Cultures by a Mycoplasma Group-Specific PCR." Appl Environ Microbiol 60(1): 149-152. 
Flamant, S., P. Pescher, B. Lemercier, M. Clément-Ziza, F. Képès, M. Fellous, G. Milon, G. Marchal and C. 

Besmond (2003). "Characterization of a putative type IV aminophospholipid transporter P-type ATPase." 
Mamm Genome 14(1): 21-30. 

Folmer, D. E., R. P. J. Oude Elferink and C. C. Paulusma (2009). "P4 ATPases - Lipid flippases and their 
role in disease." Biochim Biophys Acta 1791(7): 628-635. 

Franke, H. R., P. H. M. van de Weijer, T. M. M. Pennings and M. J. van der Mooren (2000). "Gonadotropin-
releasing hormone agonist plus "add-back" hormone replacement therapy for treatment of endometriosis: 
a prospective, randomized, placebo-controlled, double-blind trial." Fertil Steril 74(3): 534-539. 

Franssen, A. M., F. M. Kauer, D. R. Chadha, J. A. Zijlstra and R. Rolland (1989). "Endometriosis: treatment 
with gonadotropin-releasing hormone agonist Buserelin." Fertil Steril 51(3): 401-8. 

Fredborg, M. (2008, unpublished data). "Characterization of the Apoptotic Properties of ISG12B and 
ISG12C - Members of a Novel BH3-only Like Family of Proteins." Department of Molecular Biology, 
Aarhus University. Master's Thesis. 

Fredborg, M., A. C. M. Kristensen, L. Markert, N. McMillan, E. I. Christensen and P. M. Martensen (2008). 
"Apoptotic properties of the type 1 interferon induced family of mitochondrial membrane ISG12 proteins 
- novel members of the BH3-only-like family of proteins." APMIS 116(5): 435-436. 

Furuta, N., K. Fujimura-Kamada, K. Saito, T. Yamamoto and K. Tanaka (2007). "Endocytic Recycling in 
Yeast Is Regulated by Putative Phospholipid Translocases and the Ypt31p/32p-Rcy1p Pathway." Mol 
Biol Cell 18(1): 295-312. 



References 

131 

 

Gaetje, R., R. Baumann, G. Herrmann, S. Kotzian and A. Starzinski-Powitz (1995). "Invasiveness of 
endometriotic cells in vitro." The Lancet 346(8988): 1463-1464. 

Garai, J., V. Molnar, T. Varga, M. Koppan, A. Torok and J. Bodis (2006). "Endometriosis: harmful survival 
of an ectopic tissue." Front Biosci 11: 595-619. 

Garcia-Velasco, J. A. and A. Arici (1999). "Interleukin-8 stimulates the adhesion of endometrial stromal 
cells to fibronectin." Fertil Steril 72(2): 336-340. 

Gebel, H. M., D. P. Braun, A. Tambur, D. Frame, N. Rana and W. P. Dmowski (1998). "Spontaneous 
Apoptosis of Endometrial Tissue is Impaired in Women with Endometriosis." Fertil Steril 69(6): 1042-
1047. 

Geering, K. (2001). "The Functional Role of β Subunits in Oligomeric P-Type ATPases." J Bioenerg 
Biomembr 33(5): 425-438. 

Georgiou, I., M. Syrrou, I. Bouba, N. Dalkalitsis, M. Paschopoulos, I. Navrozoglou and D. Lolis (1999). 
"Association of estrogen receptor gene polymorphisms with endometriosis." Fertil Steril 72(1): 164-166. 

Giudice, L. C. and L. C. Kao (2004). "Endometriosis." The Lancet 364(9447): 1789-1799. 
Gjermandsen, I. M., J. Justesen and P. M. Martensen (2000). "The interferon-induced gene ISG12 is 

regulated by various cytokines as the gene 6-16 in human cell lines." Cytokine 12(3): 233-238. 
Glynn, I. M. (1993). "Annual review prize lecture. 'All hands to the sodium pump'." J Pathol 462(1): 1-30. 
Gong, E.-Y., E. Park, H. J. Lee and K. Lee (2009). "Expression of Atp8b3 in murine testis and its 

characterization as a testis specific P-type ATPase." Reproduction 137(2): 345-351. 
Gorai, I., M. Ishikawa, R. Onose, F. Hirahara and H. Minaguchi (1993). "Antiendometrial autoantibodies are 

generated in patients with endometriosis." Am J Reprod Immunol 29(2): 116-23. 
Gray, C. A., C. A. Abbey, P. D. Beremand, Y. Choi, J. L. Farmer, D. L. Adelson, T. L. Thomas, F. W. Bazer 

and T. E. Spencer (2006). "Identification of Endometrial Genes Regulated by Early Pregnancy, 
Progesterone, and Interferon Tau in the Ovine Uterus." Biol Reprod 74(2): 383-394. 

Greibe, E. (2005, unpublished data). "Molecular Biology Project: The effect of Type I Interferon and Folic 
Acid on the expression of ISG12A, ISG12B, ISG12C and 6-16." MBI. 

Haber, E., H. D. Danenberg, N. Koroukhov, R. Ron-El, G. Golomb and M. Schachter (2009). "Peritoneal 
macrophage depletion by liposomal bisphosphonate attenuates endometriosis in the rat model." Hum 
Reprod 24(2): 398-407. 

Haider, S. and M. Knöfler (2009). "Human Tumour Necrosis Factor: Physiological and Pathological Roles in 
Placenta and Endometrium." Placenta 30(2): 111-123. 

Hall, J. C. and A. Rosen (2010). "Type I interferons: crucial participants in disease amplification in 
autoimmunity." Nat Rev Rheumatol 6(1): 40-49. 

Halleck, M. S., J. J. Lawler, S. Blackshaw, L. Gao, P. Nagarajan, C. Hacker, S. Pyle, J. T. Newman, Y. 
Nakanishi, H. Ando, D. Weinstock, P. Williamson and R. A. Schlegel (1999). "Differential expression of 
putative transbilayer amphipath transporters." Physiol Genomics 1(3): 139-50. 

Halleck, M. S., D. Pradhan, C. Blackman, C. Berkes, P. Williamson and R. A. Schlegel (1998). "Multiple 
Members of a Third Subfamily of P-Type ATPases Identified by Genomic Sequences and ESTs." 
Genome Res 8(4): 354-361. 

Halme, J., S. Becker and S. Haskill (1987). "Altered maturation and function of peritoneal macrophages: 
possible role in pathogenesis of endometriosis." Am J Obstet Gynecol 156(4): 783-9. 

Halme, J., M. G. Hammond, J. F. Hulka, S. G. Raj and L. M. Talbert (1984). "Retrograde Menstruation in 
Healthy Women and in Patients With Endometriosis." Obstet Gynecol 64(2): 151-154. 

Hansen, K. A. M. and K. M. P. Eyster (2010). "Genetics and Genomics of Endometriosis." Clin Obstet 
Gynecol 53(2): 403-412. 

Harada, T., A. Enatsu, M. Mitsunari, Y. Nagano, M. Ito, T. Tsudo, F. Taniguchi, T. Iwabe, M. Tanikawa and 
N. Terakawa (1999). "Role of Cytokines in Progression of Endometriosis." Gynecol Obstet Invest 
47(Suppl. 1): 34-40. 

Harris, M. J. and I. M. Arias (2003). "FIC1, a P-type ATPase linked to cholestatic liver disease, has 
homologues (ATP8B2 and ATP8B3) expressed throughout the body." Biochim Biophys Acta 1633(2): 
127-131. 



References 

132 

 

Harrison, R. L., D. L. Jarvis, K. M. Bryony C. Bonning and J. S. Aaron (2006). "Protein N-Glycosylation in 
the Baculovirus-Insect Cell Expression System and Engineering of Insect Cells to Produce 
"Mammalianized" Recombinant Glycoproteins." Adv Virus Res 68: 159-191. 

Hasselbach, W. and M. Makinose (1962). "ATP and active transport." Biochem Biophys Res Commun 7: 
132-6. 

Hill, J. A., H. M. Faris, I. Schiff and D. J. Anderson (1988). "Characterization of leukocyte subpopulations in 
the peritoneal fluid of women with endometriosis." Fertil Steril 50(2): 216-22. 

Hornung, D., I. P. Ryan, V. A. Chao, J.-L. Vigne, E. D. Schriock and R. N. Taylor (1997). 
"Immunolocalization and Regulation of the Chemokine RANTES in Human Endometrial and 
Endometriosis Tissues and Cells." J Clin Endocrinol Metab 82(5): 1621-1628. 

Hsu, C.-C., B.-C. Yang, M.-H. Wu and K.-E. Huang (1997). "Enhanced interleukin-4 expression in patients 
with endometriosis." Fertil Steril 67(6): 1059-1064. 

Hua, Z., P. Fatheddin and T. R. Graham (2002). "An Essential Subfamily of Drs2p-related P-Type ATPases 
Is Required for Protein Trafficking between Golgi Complex and Endosomal/Vacuolar System." Mol Biol 
Cell 13(9): 3162-3177. 

Hua, Z. and T. R. Graham (2003). "Requirement for Neo1p in Retrograde Transport from the Golgi Complex 
to the Endoplasmic Reticulum." Mol Biol Cell 14(12): 4971-4983. 

Ingelmo, J. M., F. Quereda and P. Acien (1999). "Intraperitoneal and subcutaneous treatment of 
experimental endometriosis with recombinant human interferon-α-2b in a murine model." Fertil Steril 
71(5): 907-11. 

Invitrogen (2004). "Bac-to-Bac Baculovirus Expression System." from www.invitrogen.com. 
Ishikawa, K.-i., T. Nagase, M. Suyama, N. Miyajima, A. Tanaka, H. Kotani, N. Nomura and O. Ohara 

(1998). "Prediction of the Coding Sequences of Unidentified Human Genes. X. The Complete Sequences 
of 100 New cDNA Clones from Brain Which Can Code for Large Proteins in vitro." DNA Res 5(3): 169-
176. 

Jackson, D. P. a., D. b. Watling, N. C. b. Rogers, R. E. a. Banks, I. M. b. Kerr, P. J. a. Selby and P. M. a. 
Patel (2003). "The JAK/STAT pathway is not sufficient to sustain the antiproliferative response in an 
interferon-resistant human melanoma cell line.". 

Johnson, M. C., M. Torres, A. Alves, K. Bacallao, A. Fuentes, M. Vega and M. A. Boric (2005). 
"Augmented cell survival in eutopic endometrium from women with endometriosis: Expression of c-myc, 
TGF-β1 and bax genes." Reprod Biol Endocrinol 3(1): 45. 

Jolicoeur, C., M. Boutouil, R. Drouin, I. Paradis, A. Lemay and A. Akoum (1998). "Increased expression of 
monocyte chemotactic protein-1 in the endometrium of women with endometriosis." Am J Pathol 152(1): 
125-33. 

Jorgensen, P. L. and B. M. Anner (1979). "Purification and characterization of (Na+ + K+)-ATPase. VIII. 
Altered Na+ : K+ transport ratio in vesicles reconstituted with purified (Na+ + K+)-ATPase that has been 
selectively modified with trypsin in presence of NaCl." Biochim Biophys Acta 555(3): 485-92. 

Kao, L. C., A. Germeyer, S. Tulac, S. Lobo, J. P. Yang, R. N. Taylor, K. Osteen, B. A. Lessey and L. C. 
Giudice (2003). "Expression profiling of endometrium from women with endometriosis reveals candidate 
genes for disease-based implantation failure and infertility." Endocrinology 144(7): 2870-81. 

Karring, H., I. B. ThÃ¸gersen, G. K. Klintworth, T. MÃ¸ller-Pedersen and J. J. Enghild (2005). "A Dataset of 
Human Cornea Proteins Identified by Peptide Mass Fingerprinting and Tandem Mass Spectrometry." Mol 
Cell Proteomics 4(9): 1406-1408. 

Kato, U., K. Emoto, C. Fredriksson, H. Nakamura, A. Ohta, T. Kobayashi, K. Murakami-Murofushi, T. 
Kobayashi and M. Umeda (2002). "A Novel Membrane Protein, Ros3p, Is Required for Phospholipid 
Translocation across the Plasma Membrane in Saccharomyces cerevisiae." J Biol Chem 277(40): 37855-
37862. 

Katoh, Y. and M. Katoh (2004). "Identification and characterization of CDC50A, CDC50B and CDC50C 
genes in silico." Oncol Rep 12(4): 939-43. 

Kayisli, U. A., N. G. Mahutte and A. Arici (2002). "Uterine Chemokines in Reproductive Physiology and 
Pathology." Am J Reprod Immunol 47(4): 213-221. 



References 

133 

 

Keenan, J. A., T. T. Chen, N. L. Chadwell, D. S. Torry and M. R. Caudle (1995). "IL-1β, TNF-α, and IL-2 in 
peritoneal fluid and macrophage-conditioned media of women with endometriosis." Am J Reprod 
Immunol 34(6): 381-5. 

Kikuno, R., T. Nagase, K.-i. Ishikawa, M. Hirosawa, N. Miyajima, A. Tanaka, H. Kotani, N. Nomura and O. 
Ohara (1999). "Prediction of the Coding Sequences of Unidentified Human Genes. XIV. The Complete 
Sequences of 100 New cDNA Clones from Brain Which Code for Large Proteins in vitro." DNA Res 6(3): 
197-205. 

Klomp, L. W. J., J. C. Vargas, S. W. C. v. Mil, L. Pawlikowska, S. S. Strautnieks, M. J. T. v. Eijk, J. A. 
Juijn, C. Pabón-Peña, L. B. Smith, J. A. DeYoung, J. A. Byrne, J. Gombert, G. v. d. Brugge, R. Berger, I. 
Jankowska, J. Pawlowska, E. Villa, A. S. Knisely, R. J. Thompson, N. B. Freimer, R. H. J. Houwen and 
L. N. Bull (2004). "Characterization of mutations in ATP8B1 associated with hereditary cholestasis." 
Hepatology 40(1): 27-38. 

Koninckx, P. R., M. Craessaerts, D. Timmerman, F. Cornillie and S. Kennedy (2008). "Anti-TNF-α 
treatment for deep endometriosis-associated pain: a randomized placebo-controlled trial." Hum Reprod 
23(9): 2017-2023. 

Kyama, C. M., S. Debrock, J. M. Mwenda and T. M. D'Hooghe (2003). "Potential involvement of the 
immune system in the development of endometriosis." Reprod Biol Endocrinol 1: 123. 

Kühlbrandt, W. (2004). "Biology, structure and mechanism of P-type ATPases." Nat Rev Mol Cell Biol 5(4): 
282-95. 

Laudanski, P., J. Szamatowicz and P. Ramel (2005). "Matrix metalloproteinase-13 and membrane type-1 
matrix metalloproteinase in peritoneal fluid of women with endometriosis." Gynecol Endocrinol 21(2): 
106-110. 

Lebovic, D. I., F. Bentzien, V. A. Chao, E. N. Garrett, Y. G. Meng and R. N. Taylor (2000). "Induction of an 
angiogenic phenotype in endometriotic stromal cell cultures by interleukin-1β." Mol Hum Reprod 6(3): 
269-275. 

Lebovic, D. I., M. D. Mueller and R. N. Taylor (2001). "Immunobiology of endometriosis." Fertil Steril 
75(1): 1-10. 

Lee, G. H., Y. M. Choi, S. H. Kim, M. A. Hong, S. T. Oh, Y. T. Lim and S. Y. Moon (2008). "Association of 
tumor necrosis factor-α gene polymorphisms with advanced stage endometriosis." Hum Reprod 23(4): 
977-981. 

Leiserowitz, G. S., J. L. Gumbs, R. Oi, J. L. Dalrymple, L. H. Smith, J. Ryu, S. Scudder and A. H. Russell 
(2003). "Endometriosis-related malignancies." Int J Gynecol Cancer 13(4): 466-471. 

Lenoir, G., P. Williamson and J. C. M. Holthuis (2007). "On the origin of lipid asymmetry: the flip side of 
ion transport." Curr Opin Chem Biol 11(6): 654-661. 

Lenoir, G., P. Williamson, C. F. Puts and J. C. M. Holthuis (2009). "Cdc50p Plays a Vital Role in the 
ATPase Reaction Cycle of the Putative Aminophospholipid Transporter DRS2P." J Biol Chem: 
M109.013722. 

Levano, K., T. Sobocki, F. Jayman, P. Debata, M. Sobocka and P. Banerjee (2009). "A genetic strategy 
involving a glycosyltransferase promoter and a lipid translocating enzyme to eliminate cancer cells." 
Glycoconj J. 

Li, H., S. Wetten, L. Li, P. L. St. Jean, R. Upmanyu, L. Surh, D. Hosford, M. R. Barnes, J. D. Briley, M. 
Borrie, N. Coletta, R. Delisle, D. Dhalla, M. G. Ehm, H. H. Feldman, L. Fornazzari, S. Gauthier, N. 
Goodgame, D. Guzman, S. Hammond, P. Hollingworth, G.-Y. Hsiung, J. Johnson, D. D. Kelly, R. Keren, 
A. Kertesz, K. S. King, S. Lovestone, I. Loy-English, P. M. Matthews, M. J. Owen, M. Plumpton, W. 
Pryse-Phillips, R. K. Prinjha, J. C. Richardson, A. Saunders, A. J. Slater, P. H. St. George-Hyslop, S. W. 
Stinnett, J. E. Swartz, R. L. Taylor, J. Wherrett, J. Williams, D. P. Yarnall, R. A. Gibson, M. C. Irizarry, 
L. T. Middleton and A. D. Roses (2008). "Candidate Single-Nucleotide Polymorphisms From a 
Genomewide Association Study of Alzheimer Disease." Arch Neurol 65(1): 45-53. 

Li, Q., M. Zhang, S. Kumar, L. J. Zhu, D. Chen, M. K. Bagchi and I. C. Bagchi (2001). "Identification and 
implantation stage-specific expression of an interferon-α-regulated gene in human and rat endometrium." 
Endocrinology 142(6): 2390-400. 



References 

134 

 

Lin, J., X. Zhang, Y. Qian, Y. Ye, Y. Shi, K. Xu and J. Xu (2003). "Glutathione S-transferase M1 and T1 
genotypes and endometriosis risk: a case-controlled study." Chin Med J (Engl) 116(5): 777-80. 

Liu, K., Z. Hua, J. A. Nepute and T. R. Graham (2007). "Yeast P4-ATPases Drs2p and Dnf1p Are Essential 
Cargos of the NPFXD/Sla1p Endocytic Pathway." Mol Biol Cell 18(2): 487-500. 

Liu, K., K. Surendhran, S. F. Nothwehr and T. R. Graham (2008). "P4-ATPase Requirement for AP-
1/Clathrin Function in Protein Transport from the trans-Golgi Network and Early Endosomes." Mol Biol 
Cell 19(8): 3526-3535. 

Liu, Y.-g., R. R. Tekmal, P. A. Binkley, H. B. Nair, R. S. Schenken and N. B. Kirma (2009). "Induction of 
endometrial epithelial cell invasion and c-fms expression by transforming growth factor β." Mol Hum 
Reprod 15(10): 665-673. 

Lopez-Marques, R. L., L. R. Poulsen, S. Hanisch, K. Meffert, M. J. Buch-Pedersen, M. K. Jakobsen, T. G. 
Pomorski and M. G. Palmgren (2010). "Intracellular Targeting Signals and Lipid Specificity 
Determinants of the ALA/ALIS P4-ATPase Complex Reside in the Catalytic ALA α-Subunit." Mol Biol 
Cell 21(5): 791-801. 

Lyssenko, N., Y. Miteva, S. Gilroy, W. Hanna-Rose and R. Schlegel (2008). "An unexpectedly high degree 
of specialization and a widespread involvement in sterol metabolism among the C. elegans putative 
aminophospholipid translocases." BMC Dev Biol 8(1): 96. 

Mahnke, J. L., M. Yusoff Dawood and J.-C. Huang (2000). "Vascular endothelial growth factor and 
interleukin-6 in peritoneal fluid of women with endometriosis." Fertil Steril 73(1): 166-170. 

Martin, S. J., C. P. Reutelingsperger, A. J. McGahon, J. A. Rader, R. C. van Schie, D. M. LaFace and D. R. 
Green (1995). "Early redistribution of plasma membrane phosphatidylserine is a general feature of 
apoptosis regardless of the initiating stimulus: inhibition by overexpression of Bcl-2 and Abl." J Exp Med 
182(5): 1545-56. 

Matarese, G., G. De Placido, Y. Nikas and C. Alviggi (2003). "Pathogenesis of endometriosis: natural 
immunity dysfunction or autoimmune disease?" Trends Mol Med 9(5): 223-228. 

Matsuzaki, S., M. Canis, J.-L. Pouly, R. Botchorishvili, P. J. Déchelotte and G. Mage (2006). "Differential 
expression of genes in eutopic and ectopic endometrium from patients with ovarian endometriosis." Fertil 
Steril 86(3): 548-553. 

Matsuzaki, S., M. Canis, C. Vaurs-Barriere, J. L. Pouly, O. Boespflug-Tanguy, F. Penault-Llorca, P. 
Dechelotte, B. Dastugue, K. Okamura and G. Mage (2004). "DNA microarray analysis of gene expression 
profiles in deep endometriosis using laser capture microdissection." Mol Hum Reprod 10(10): 719-28. 

May, K. E., S. A. Conduit-Hulbert, J. Villar, S. Kirtley, S. H. Kennedy and C. M. Becker (2010). "Peripheral 
biomarkers of endometriosis: a systematic review." Hum Reprod Update. 

McCarthy, C. B. and V. Romanowski (2008). "A simplified method for the extraction of baculoviral DNA 
for PCR analysis: A practical application." J Virol Methods 148(1-2): 286-290. 

McLeod, B. S. M. and M. G. M. Retzloff (2010). "Epidemiology of Endometriosis:: An Assessment of Risk 
Factors." Clin Obstet Gynecol 53(2): 389-396. 

Meguro, M., A. Kashiwagi, K. Mitsuya, M. Nakao, I. Kondo, S. Saitoh and M. Oshimura (2001). "A novel 
maternally expressed gene, ATP10C, encodes a putative aminophospholipid translocase associated with 
Angelman syndrome." Nat Genet 28(1): 19-20. 

Melin, A., P. Sparen and A. Bergqvist (2007). "The risk of cancer and the role of parity among women with 
endometriosis." Hum Reprod 22(11): 3021-3026. 

Meresman, G. F., S. Vighi, R. A. Buquet, O. Contreras-Ortiz, M. Tesone and L. S. Rumi (2000). "Apoptosis 
and expression of Bcl-2 and Bax in eutopic endometrium from women with endometriosis." Fertil Steril 
74(4): 760-766. 

Merrill, J. A. (1966). "Endometrial induction of endometriosis across Millipore filters." Am J Obstet Gynecol 
94(6): 780-90. 

Mettler, L., A. Salmassi, T. Schollmeyer, A. G. Schmutzler, F. Pungel and W. Jonat (2007). "Comparison of 
c-DNA microarray analysis of gene expression between eutopic endometrium and ectopic endometrium 
(endometriosis)." J Assist Reprod Genet 24(6): 249-58. 



References 

135 

 

Montgomery, G. W., D. R. Nyholt, Z. Z. Zhao, S. A. Treloar, J. N. Painter, S. A. Missmer, S. H. Kennedy 
and K. T. Zondervan (2008). "The search for genes contributing to endometriosis risk." Hum Reprod 
Update 14(5): 447-457. 

Mori, H., M. Sawairi, M. Nakagawa, N. Itoh, K. Wada and T. Tamaya (1991). "Peritoneal fluid interleukin-
1β and tumor necrosis factor in patients with benign gynecologic disease." Am J Reprod Immunol 26(2): 
62-7. 

Moriyama, Y. and N. Nelson (1988). "Purification and properties of a vanadate- and N-ethylmaleimide-
sensitive ATPase from chromaffin granule membranes." J Biol Chem 263(17): 8521-8527. 

Morrot, G., A. Zachowski and P. F. Devaux (1990). "Partial purification and characterization of the human 
erythrocyte Mg2+-ATPase A candidate aminophospholipid translocase." FEBS Letters 266(1-2): 29-32. 

Morth, J. P., B. P. Pedersen, M. S. Toustrup-Jensen, T. L. M. Sorensen, J. Petersen, J. P. Andersen, B. Vilsen 
and P. Nissen (2007). "Crystal structure of the sodium-potassium pump." Nature 450(7172): 1043-1049. 

Mouro, I., M. S. Halleck, R. A. Schlegel, M. G. Mattei, P. Williamson, A. Zachowski, P. Devaux, J. P. 
Cartron and Y. Colin (1999). "Cloning, expression, and chromosomal mapping of a human ATPase II 
gene, member of the third subfamily of P-type ATPases and orthologous to the presumed bovine and 
murine aminophospholipid translocase." Biochem Biophys Res Commun 257(2): 333-9. 

Muñoz-Martínez, F., C. Torres, S. Castanys and F. Gamarro (2010). "CDC50A plays a key role in the uptake 
of the anticancer drug perifosine in human carcinoma cells." Biochem Pharmacol 80(6): 793-800. 

Muthusamy, B.-P., P. Natarajan, X. Zhou and T. R. Graham (2009). "Linking phospholipid flippases to 
vesicle-mediated protein transport." Biochim Biophys Acta 1791(7): 612-9. 

Nagase, T., K.-i. Ishikawa, M. Suyama, R. Kikuno, M. Hirosawa, N. Miyajima, A. Tanaka, H. Kotani, N. 
Nomura and O. Ohara (1999). "Prediction of the Coding Sequences of Unidentified Human Genes. XIII. 
The Complete Sequences of 100 New cDNA Clones from Brain Which Code for Large Proteins in vitro." 
DNA Res 6(1): 63-70. 

Nagase, T., K.-i. Ishikawa, M. Suyama, R. Kikuno, N. Miyajima, A. Tanaka, H. Kotani, N. Nomura and O. 
Ohara (1998). "Prediction of the Coding Sequences of Unidentified Human Genes. XI. The Complete 
Sequences of 100 New cDNA Clones from Brain Which Code for Large Proteins in vitro." DNA Res 5(5): 
277-286. 

Nagase, T., R. Kikuno and O. Ohara (2001). "Prediction of the Coding Sequences of Unidentified Human 
Genes. XXII. The Complete Sequences of 50 New cDNA Clones Which Code for Large Proteins." DNA 
Res 8(6): 319-327. 

Naka, K., K.-i. Abe, K. Takemoto, H. Dansako, M. Ikeda, K. Shimotohno and N. Kato (2006). "Epigenetic 
silencing of interferon-inducible genes is implicated in interferon resistance of hepatitis C virus replicon-
harboring cells." J Hepatol 44(5): 869-878. 

Nakano, K., T. Yamamoto, T. Kishimoto, T. Noji and K. Tanaka (2008). "Protein Kinases Fpk1p and Fpk2p 
are Novel Regulators of Phospholipid Asymmetry." Mol Biol Cell 19(4): 1783-1797. 

Natarajan, P., K. Liu, D. V. Patil, V. A. Sciorra, C. L. Jackson and T. R. Graham (2009). "Regulation of a 
Golgi flippase by phosphoinositides and an ArfGEF." Nat Cell Biol 11(12): 1421-1426. 

NCBI (2010). "National Center for Biotechnology Information (NCBI) Database." from 
www.ncbi.nlm.nih.gov. 

Nezhat, F., M. S. Datta, V. Hanson, T. Pejovic, C. Nezhat and C. Nezhat (2008). "The relationship of 
endometriosis and ovarian malignancy: a review." Fertil Steril 90(5): 1559-1570. 

Niggli, V. and E. Sigel (2008). "Anticipating antiport in P-type ATPases." Trends Biochem Sci 33(4): 156-
160. 

Noble, L., E. Simpson, A. Johns and S. Bulun (1996). "Aromatase expression in endometriosis." J Clin 
Endocrinol Metab 81(1): 174-179. 

Noji, T., T. Yamamoto, K. Saito, K. Fujimura-Kamada, S. Kondo and K. Tanaka (2006). "Mutational 
analysis of the Lem3p-Dnf1p putative phospholipid-translocating P-type ATPase reveals novel regulatory 
roles for Lem3p and a carboxyl-terminal region of Dnf1p independent of the phospholipid-translocating 
activity of Dnf1p in yeast." Biochem Biophys Res Commun 344(1): 323-331. 

Olesen, C., M. Picard, A.-M. L. Winther, C. Gyrup, J. P. Morth, C. Oxvig, J. V. Moller and P. Nissen (2007). 
"The structural basis of calcium transport by the calcium pump." Nature 450(7172): 1036-1042. 



References 

136 

 

Omwandho, C. O. A., L. Konrad, G. Halis, F. Oehmke and H.-R. Tinneberg (2009). "Role of TGF-βs in 
normal human endometrium and endometriosis." Hum Reprod 25(1): 101-109. 

Oosterlynck, D. J., F. J. Cornillie, M. Waer, M. Vandeputte and P. R. Koninckx (1991). "Women with 
endometriosis show a defect in natural killer activity resulting in a decreased cytotoxicity to autologous 
endometrium." Fertil Steril 56(1): 45-51. 

Osteen, K. G., N. R. Keller, F. A. Feltus and M. H. Melner (1999). "Paracrine Regulation of Matrix 
Metalloproteinase Expression in the Normal Human Endometrium." Gynecol Obstet Invest 48(Suppl. 1): 
2-13. 

Paradisi, F., J. L. E. Dean, K. F. Geoghegan and P. C. Engel (2005). "Spontaneous Chemical Reversion of an 
Active Site Mutation: Deamidation of an Asparagine Residue Replacing the Catalytic Aspartic Acid of 
Glutamate Dehydrogenase." Biochemistry 44(9): 3636-3643. 

Parker, N. and A. C. Porter (2004). "Identification of a novel gene family that includes the interferon-
inducible human genes 6-16 and ISG12." BMC Genomics 5(1): 8. 

Paterson, J. K., K. Renkema, L. Burden, M. S. Halleck, R. A. Schlegel, P. Williamson and D. L. Daleke 
(2006). "Lipid specific activation of the murine P4-ATPase Atp8a1 (ATPase II)." Biochemistry 45(16): 
5367-76. 

Paulusma, C. C., D. E. Folmer, K. S. H.-M. D., R. d. Waart, P. M. Hilarius, A. J. Verhoeven and R. P. J. 
Oude Elferink (2008). "ATP8B1 requires an accessory protein for endoplasmic reticulum exit and plasma 
membrane lipid flippase activity." Hepatology 47(1): 268-278. 

Paulusma, C. C., A. Groen, C. Kunne, K. S. Ho-Mok, A. L. Spijkerboer, D. R. d. Waart, F. J. Hoek, H. 
Vreeling, K. A. Hoeben, J. v. Marle, L. Pawlikowska, L. N. Bull, A. F. Hofmann, A. S. Knisely and R. P. 
J. Oude Elferink (2006). "Atp8b1 deficiency in mice reduces resistance of the canalicular membrane to 
hydrophobic bile salts and impairs bile salt transport." Hepatology 44(1): 195-204. 

Paulusma, C. C. and R. P. J. Oude Elferink (2005). "The type 4 subfamily of P-type ATPases, putative 
aminophospholipid translocases with a role in human disease." Biochim Biophys Acta 1741(1-2): 11-24. 

Paulusma, C. C. and R. P. J. Oude Elferink (2010). "P4 ATPases - The physiological relevance of lipid 
flipping transporters." FEBS Letters 584(13): 2708-2716. 

Pedersen, B. P., M. J. Buch-Pedersen, J. Preben Morth, M. G. Palmgren and P. Nissen (2007). "Crystal 
structure of the plasma membrane proton pump." Nature 450(7172): 1111-1114. 

Pedersen, P. L. and E. Carafoli (1987). "Ion motive ATPases. I. Ubiquity, properties, and significance to cell 
function." Trends Biochem Sci 12: 146-150. 

Pentecost, B. T. (1998). "Expression and Estrogen Regulation of the HEM45 mRNA in Human Tumor Lines 
and in the Rat Uterus." J Steroid Biochem Mol Biol 64(1-2): 25-33. 

Pestka, S., C. D. Krause and M. R. Walter (2004). "Interferons, interferon-like cytokines, and their 
receptors." Immunol Rev 202: 8-32. 

Pilankatta, R., D. Lewis, C. M. Adams and G. Inesi (2009). "High Yield Heterologous Expression of Wild-
type and Mutant Cu+-ATPase (ATP7B, Wilson Disease Protein) for Functional Characterization of 
Catalytic Activity and Serine Residues Undergoing Copper-dependent Phosphorylation." J Biol Chem 
284(32): 21307-21316. 

Pizzo, A., F. M. Salmeri, F. V. Ardita, V. Sofo, M. Tripepi and S. Marsico (2002). "Behaviour of Cytokine 
Levels in Serum and Peritoneal Fluid of Women with Endometriosis." Gynecol Obstet Invest 54(2): 82-
87. 

Platanias, L. C. (2005). "Mechanisms of type-I- and type-II-interferon-mediated signalling." Nat Rev 
Immunol 5(5): 375-386. 

Pomorski, T., R. Lombardi, H. Riezman, P. F. Devaux, G. van Meer and J. C. M. Holthuis (2003). "Drs2p-
related P-type ATPases Dnf1p and Dnf2p Are Required for Phospholipid Translocation across the Yeast 
Plasma Membrane and Serve a Role in Endocytosis." Mol Biol Cell 14(3): 1240-1254. 

Post, R. L. and S. Kume (1973). "Evidence for an Aspartyl Phosphate Residue at the Active Site of Sodium 
and Potassium Ion Transport Adenosine Triphosphatase." J Biol Chem 248(20): 6993-7000. 

Poulsen, L. R., R. L. Lopez-Marques, S. C. McDowell, J. Okkeri, D. Licht, A. Schulz, T. Pomorski, J. F. 
Harper and M. G. Palmgren (2008). "The Arabidopsis P4-ATPase ALA3 Localizes to the Golgi and 



References 

137 

 

Requires a β-Subunit to Function in Lipid Translocation and Secretory Vesicle Formation." Plant Cell 
20(3): 658-676. 

Prowse, A. H., S. Manek, R. Varma, J. Liu, A. K. Godwin, E. R. Maher, I. P. Tomlinson and S. H. Kennedy 
(2006). "Molecular genetic evidence that endometriosis is a precursor of ovarian cancer." Int J Cancer 
119(3): 556-62. 

Puts, C. F. and J. C. M. Holthuis (2009). "Mechanism and significance of P4 ATPase-catalyzed lipid 
transport: Lessons from a Na+/K+-pump." Biochim Biophys Acta 1791(1791(7b ): 603-11. 

Puts, C. F., G. Lenoir, J. Krijgsveld, P. Williamson and J. C. M. Holthuis (2009). "A P4-ATPase Protein 
Interaction Network Reveals a Link between Aminophospholipid Transport and Phosphoinositide 
Metabolism." J Proteome Res 9(2): 833-842. 

Rana, N., D. P. Braun, R. House, H. Gebel, C. Rotman and W. P. Dmowski (1996). "Basal and stimulated 
secretion of cytokines by peritoneal macrophages in women with endometriosis." Fertil Steril 65(5): 925-
30. 

Rasmussen, U. B., C. Wolf, M.-G. Mattei, M.-P. Chenard, J.-P. Bellocq, P. Chambon, M.-C. Rio and P. 
Basset (1993). "Identification of a New Interferon-α-inducible Gene (p27) on Human Chromosome 
14q32 and Its Expression in Breast Carcinoma." Cancer Res 53(17): 4096-4101. 

Rier, S. E., D. C. Martin, R. E. Bowman, W. P. Dmowski and J. L. Becker (1993). "Endometriosis in Rhesus 
Monkeys (Macaca mulatta) Following Chronic Exposure to 2,3,7,8-Tetrachlorodibenzo-p-dioxin." 
Fundam Appl Toxicol 21(4): 433-441. 

Rizner, T. L. (2009). "Estrogen metabolism and action in endometriosis." Mol Cell Endocrinol 307(1-2): 8-
18. 

Roberts, R. M. (2007). "Interferon-tau, a Type 1 interferon involved in maternal recognition of pregnancy." 
Cytokine Growth Factor Rev 18(5-6): 403-408. 

Roelants, F. o. M., A. G. Baltz, A. E. Trott, S. Fereres and J. Thorner (2010). "A protein kinase network 
regulates the function of aminophospholipid flippases." Proc Natl Acad Sci U S A 107(1): 34-39. 

Rosebeck, S. and D. Leaman (2008). "Mitochondrial localization and pro-apoptotic effects of the interferon-
inducible protein ISG12a." Apoptosis 13(4): 562-572. 

Ruaud, A.-F., L. Nilsson, F. Richard, M. K. Larsen, J.-L. Bessereau and S. Tuck (2009). "The C. elegans P4-
ATPase TAT-1 Regulates Lysosome Biogenesis and Endocytosis." Traffic 10(1): 88-100. 

Sachs, G., H. H. Chang, E. Rabon, R. Schackman, M. Lewin and G. Saccomani (1976). "A nonelectrogenic 
H+ pump in plasma membranes of hog stomach." J Biol Chem 251(23): 7690-8. 

Saito, K., K. Fujimura-Kamada, N. Furuta, U. Kato, M. Umeda and K. Tanaka (2004). "Cdc50p, a protein 
required for polarized growth, associates with the Drs2p P-type ATPase implicated in phospholipid 
translocation in Saccharomyces cerevisiae." Mol Biol Cell 15(7): 3418-32. 

Sampson, J. A. (1927). "Peritoneal endometriosis due to menstrual dissemination of endometrial tissue into 
the peritoneal cavity. ." Am J Obstet Gynecol 14: 422-69. 

Sanggaard, K. W., H. Karring, Z. Valnickova, I. B. Thøgersen and J. J. Enghild (2005). "The TSG-6 and IαI 
Interaction Promotes a Transesterification Cleaving the Protein-Glycosaminoglycan-Protein (PGP) Cross-
link." J Biol Chem 280(12): 11936-11942. 

Sato, N., H. Tsunoda, M. Nishida, Y. Morishita, Y. Takimoto, T. Kubo and M. Noguchi (2000). "Loss of 
Heterozygosity on 10q23.3 and Mutation of the Tumor Suppressor Gene PTEN in Benign Endometrial 
Cyst of the Ovary: Possible Sequence Progression from Benign Endometrial Cyst to Endometrioid 
Carcinoma and Clear Cell Carcinoma of the Ovary." Cancer Res 60(24): 7052-7056. 

Schroit, A. J. and R. F. A. Zwaal (1991). "Transbilayer movement of phospholipids in red cell and platelet 
membranes." Biochim Biophys Acta 1071(3): 313-329. 

Seamen, E., J. M. Blanchette and M. Han (2009). "P-Type ATPase TAT-2 Negatively Regulates 
Monomethyl Branched-Chain Fatty Acid Mediated Function in Post-Embryonic Growth and 
Development in C. elegans." PLoS Genet 5(8): e1000589. 

Seery, J. P. (2006). "Endometriosis associated with defective handling of apoptotic cells in the female genital 
tract is a major cause of autoimmune disease in women." Med Hypotheses 66(5): 945-949. 



References 

138 

 

Seigneuret, M. and P. F. Devaux (1984). "ATP-dependent asymmetric distribution of spin-labeled 
phospholipids in the erythrocyte membrane: relation to shape changes." Proc Natl Acad Sci U S A 81(12): 
3751-5. 

Seracchioli, R., M. Mabrouk, C. Frascà, L. Manuzzi, G. Montanari, A. Keramyda and S. Venturoli (2010). 
"Long-term cyclic and continuous oral contraceptive therapy and endometrioma recurrence: a randomized 
controlled trial." Fertil Steril 93(1): 52-56. 

Sharpe, K. L., M. C. Bertero, K. N. Muse and M. W. Vernon (1991). "Spontaneous and steroid-induced 
recurrence of endometriosis after suppression by a gonadotropin-releasing hormone antagonist in the rat." 
Am J Obstet Gynecol 164(1 Pt 1): 187-94. 

Simpson, J. L., S. Elias, L. R. Malinak and V. C. Buttram, Jr. (1980). "Heritable aspects of endometriosis. I. 
Genetic studies." Am J Obstet Gynecol 137(3): 327-31. 

Sinaii, N., S. D. Cleary, M. L. Ballweg, L. K. Nieman and P. Stratton (2002). "High rates of autoimmune and 
endocrine disorders, fibromyalgia, chronic fatigue syndrome and atopic diseases among women with 
endometriosis: a survey analysis." Hum Reprod 17(10): 2715-2724. 

Skou, J. C. (1957). "The influence of some cations on an adenosine triphosphatase from peripheral nerves." 
Biochim Biophys Acta 23(2): 394-401. 

Smuc, T., M. R. Pucelj, J. Sinkovec, B. Husen, H. Thole and T. Lanisnik Rizner (2007). "Expression analysis 
of the genes involved in estradiol and progesterone action in human ovarian endometriosis." Gynecol 
Endocrinol 23(2): 105-11. 

Soupene, E., D. U. Kemaladewi and F. A. Kuypers (2008). "ATP8A1 activity and phosphatidylserine 
transbilayer movement." J Receptor Ligand Channel Res 1: 1-10. 

Spagnoli, G. C., U. Certa, E. Padovan, M. Adamina, F. Harder and M. Heberer (2000). "Interferon-alpha 
sensitivity in melanoma cells: a microchips cDNA analysis." J Am Coll Surg 191(4, Supplement 1): S87-
S88. 

Stapelbroek, J. M., T. A. Peters, D. H. A. van Beurden, J. H. A. J. Curfs, A. Joosten, A. J. Beynon, B. M. van 
Leeuwen, L. M. van der Velden, L. Bull, R. P. Oude Elferink, B. A. van Zanten, L. W. J. Klomp and R. 
H. J. Houwen (2009). "ATP8B1 is essential for maintaining normal hearing." Proc Natl Acad Sci U S A 
106(24): 9709-9714. 

Stefansson, H., R. T. Geirsson, V. Steinthorsdottir, H. Jonsson, A. Manolescu, A. Kong, G. Ingadottir, J. 
Gulcher and K. Stefansson (2002). "Genetic factors contribute to the risk of developing endometriosis." 
Hum Reprod 17(3): 555-559. 

Stratagene (2010). "QuikChange® Primer Design Program." from http://www.stratagene.com/sdmdesigner. 
Sun, X. L., D. Li, J. Fang, I. Noyes, B. Casto, K. Theil, C. Shuler and G. E. Milo (1999). "Changes in levels 

of normal ML-1 gene transcripts associated with the conversion of human nontumorigenic to tumorigenic 
phenotypes." Gene Expr 8(2): 129-39. 

Surrey, E. S. (2006). "The role of progestins in treating the pain of endometriosis." J Minim Invasive Gynecol 
13(6): 528-534. 

Surrey, E. S. and J. Halme (1992). "Direct effects of medroxyprogesterone acetate, danazol, and leuprolide 
acetate on endometrial stromal cell proliferation in vitro." Fertil Steril 58(2): 273-8. 

Surwit, R. S., M. N. Feinglos, J. Rodin, A. Sutherland, A. E. Petro, E. C. Opara, C. M. Kuhn and M. 
Rebuffe-Scrive (1995). "Differential effects of fat and sucrose on the development of obesity and diabetes 
in C57BL/6J and A/J mice." Metabolism 44(5): 645-651. 

Suzuki, Y. S., Y. Wang and J. Y. Takemoto (1992). "Syringomycin-Stimulated Phosphorylation of the 
Plasma Membrane H+-ATPase from Red Beet Storage Tissue." Plant Physiol 99(4): 1314-1320. 

Szamatowicz, J., P. Laudanski and I. Tomaszewska (2002). "Matrix metalloproteinase-9 and tissue inhibitor 
of matrix metalloproteinase-1: a possible role in the pathogenesis of endometriosis." Hum Reprod 17(2): 
284-288. 

Sørensen, D. M., M. J. Buch-Pedersen and M. G. Palmgren (2010). "Structural divergence between the two 
subgroups of P5 ATPases." Biochim Biophys Acta 1797(6-7): 846-855. 

Tahara, E., H. Tahara, M. Kanno, K. Naka, Y. Takeda, T. Matsuzaki, R. Yamazaki, H. Ishihara, W. Yasui, J. 
C. Barrett, T. Ide and E. Tahara (2005). "G1P3, an interferon inducible gene 6-16, is expressed in gastric 
cancers and inhibits mitochondrial-mediated apoptosis in gastric cancer cell line TMK-1 cell." Cancer 
Immunol Immunother 54(8): 729-740. 



References 

139 

 

Takaoka, A. and H. Yanai (2006). "Interferon signalling network in innate defence." Cell Microbiol 8(6): 
907-22. 

Takayama, K., K. Zeitoun, R. T. Gunby, H. Sasano, B. R. Carr and S. E. Bulun (1998). "Treatment of Severe 
Postmenopausal Endometriosis With an Aromatase Inhibitor." Fertil Steril 69(4): 709-713. 

Tang, X., M. S. Halleck, R. A. Schlegel and P. Williamson (1996). "A subfamily of P-type ATPases with 
aminophospholipid transporting activity." Science 272(5267): 1495-7. 

The American Fertility Society (1979). "Classification of endometriosis. The American Fertility Society." 
Fertil Steril 32(6): 633-4. 

Thever, M. D. and M. H. Saier, Jr. (2009). "Bioinformatic characterization of p-type ATPases encoded 
within the fully sequenced genomes of 26 eukaryotes." J Membr Biol 229(3): 115-30. 

Toyoshima, C. (2009). "How Ca2+-ATPase pumps ions across the sarcoplasmic reticulum membrane." 
Biochim Biophys Acta 1793(6): 941-946. 

Toyoshima, C., M. Nakasako, H. Nomura and H. Ogawa (2000). "Crystal structure of the calcium pump of 
sarcoplasmic reticulum at 2.6 Å resolution." Nature 405(6787): 647-655. 

Toyoshima, C., H. Nomura and T. Tsuda (2004). "Lumenal gating mechanism revealed in calcium pump 
crystal structures with phosphate analogues." Nature 432(7015): 361-368. 

Tseng, J., I. Ryan, T. Milam, J. Murai, E. Schriock, D. Landers and R. Taylor (1996). "Interleukin-6 
secretion in vitro is up-regulated in ectopic and eutopic endometrial stromal cells from women with 
endometriosis." J Clin Endocrinol Metab 81(3): 1118-1122. 

Ulukus, M., E. C. Ulukus, E. N. Tavmergen Goker, E. Tavmergen, W. Zheng and A. Arici (2009). 
"Expression of interleukin-8 and monocyte chemotactic protein 1 in women with endometriosis." Fertil 
Steril 91(3): 687-693. 

Van Mil, S. W. C., M. M. Van Oort, I. E. T. Van Den Berg, R. Berger, R. H. J. Houwen and L. W. J. Klomp 
(2004). "Fic1 Is Expressed at Apical Membranes of Different Epithelial Cells in the Digestive Tract and 
Is Induced in the Small Intestine During Postnatal Development of Mice." Pediatr Res 56(6): 981-987. 

Vance, J. E. (2008). "Phosphatidylserine and phosphatidylethanolamine in mammalian cells: two 
metabolically related aminophospholipids." J Lipid Res 49(7): 1377-1387. 

Verma, A. and J. C. Konje (2009). "Successful treatment of refractory endometriosis-related chronic pelvic 
pain with aromatase inhibitors in premenopausal patients." Eur J Obstet Gynecol Reprod Biol 143(2): 
112-115. 

Vietri, M. T., M. Cioffi, M. Sessa, S. Simeone, P. Bontempo, E. Trabucco, M. Ardovino, N. Colacurci, A. 
M. Molinari and L. Cobellis (2009). "CYP17 and CYP19 gene polymorphisms in women affected with 
endometriosis." Fertil Steril 92(5): 1532-1535. 

Vigano, P., B. Gaffuri, E. Somigliana, M. Busacca, A. Di Blasio and M. Vignali (1998). "Expression of 
intercellular adhesion molecule (ICAM)-1 mRNA and protein is enhanced in endometriosis versus 
endometrial stromal cells in culture." Mol Hum Reprod 4(12): 1150-1156. 

Vigano, P., M. Infantino, D. Lattuada, R. Lauletta, E. Ponti, E. Somigliana, M. Vignali and A. M. DiBlasio 
(2003). "Intercellular adhesion molecule-1 (ICAM-1) gene polymorphisms in endometriosis." Mol Hum 
Reprod 9(1): 47-52. 

Voskoboinik, I., R. Fernando, N. Veldhuis, K. M. Hannan, N. Marmy-Conus, R. B. Pearson and J. 
Camakaris (2003). "Protein kinase-dependent phosphorylation of the Menkes copper P-type ATPase." 
Biochem Biophys Res Commun 303(1): 337-342. 

Vulpe, C., B. Levinson, S. Whitney, S. Packman and J. Gitschier (1993). "Isolation of a candidate gene for 
Menkes disease and evidence that it encodes a copper-transporting ATPase." Nat Genet 3(1): 7-13. 

Wang, L., C. Beserra and D. L. Garbers (2004). "A novel aminophospholipid transporter exclusively 
expressed in spermatozoa is required for membrane lipid asymmetry and normal fertilization." Dev Biol 
267(1): 203-15. 

Wicky, S., H. Schwarz and B. Singer-Kruger (2004). "Molecular Interactions of Yeast Neo1p, an Essential 
Member of the Drs2 Family of Aminophospholipid Translocases, and Its Role in Membrane Trafficking 
within the Endomembrane System." Mol Cell Biol 24(17): 7402-7418. 

Wieser, F., C. Schneeberger, D. Tong, C. Tempfer, J. C. Huber and R. Wenzl (2002). "PROGINS receptor 
gene polymorphism is associated with endometriosis." Fertil Steril 77(2): 309-312. 



References 

140 

 

Wright, H. T. and D. W. Urry (1991). "Nonenzymatic Deamidation of Asparaginyl and Glutaminyl Residues 
in Protein." Crit Rev Biochem Mol Biol 26(1): 1-52. 

Wu, M.-H., Y. Shoji, M.-C. Wu, P.-C. Chuang, C.-C. Lin, M.-F. Huang and S.-J. Tsai (2005). "Suppression 
of Matrix Metalloproteinase-9 by Prostaglandin E2 in Peritoneal Macrophage Is Associated with Severity 
of Endometriosis." Am J Pathol 167(4): 1061-1069. 

Wu, M.-H., B.-C. Yang, Y.-C. Lee, P.-L. Wu and C.-C. Hsu (2004). "The Differential Expression of 
Intercellular Adhesion Molecule-1 (ICAM-1) and Regulation by Interferon-γ during the Pathogenesis of 
Endometriosis." Am J Reprod Immunol 51(5): 373-380. 

Wu, Y., A. Kajdacsy-Balla, E. Strawn, Z. Basir, G. Halverson, P. Jailwala, Y. Wang, X. Wang, S. Ghosh and 
S.-W. Guo (2006). "Transcriptional Characterizations of Differences between Eutopic and Ectopic 
Endometrium." Endocrinology 147(1): 232-246. 

Xu, P., J. Okkeri, S. Hanisch, R.-Y. Hu, Q. Xu, T. G. Pomorski and X.-Y. Ding (2009). "Identification of a 
novel mouse P4-ATPase family member highly expressed during spermatogenesis." J Cell Sci 122(16): 
2866-2876. 

Xue, Q., Z. Lin, Y.-H. Cheng, C.-C. Huang, E. Marsh, P. Yin, M. P. Milad, E. Confino, S. Reierstad, J. Innes 
and S. E. Bulun (2007). "Promoter Methylation Regulates Estrogen Receptor 2 in Human Endometrium 
and Endometriosis." Biol Reprod 77(4): 681-687. 

Yatime, L., M. J. Buch-Pedersen, M. Musgaard, J. P. Morth, A.-M. L. Winther, B. P. Pedersen, C. Olesen, J. 
P. Andersen, B. Vilsen, B. Schiøtt, M. G. Palmgren, J. V. Møller, P. Nissen and N. Fedosova (2009). "P-
type ATPases as drug targets: Tools for medicine and science." Biochim Biophys Acta 1787(4): 207-220. 

Zachowski, A., E. Favre, S. Cribier, P. Herve and P. F. Devaux (1986). "Outside-inside translocation of 
aminophospholipids in the human erythrocyte membrane is mediated by a specific enzyme." Biochemistry 
25(9): 2585-2590. 

Zeitoun, K., K. Takayama, H. Sasano, T. Suzuki, N. Moghrabi, S. Andersson, A. Johns, L. Meng, M. 
Putman, B. Carr and S. E. Bulun (1998). "Deficient 17β-Hydroxysteroid Dehydrogenase Type 2 
Expression in Endometriosis: Failure to Metabolize 17β-Estradiol." J Clin Endocrinol Metab 83(12): 
4474-4480. 

Zhang, R. J., R. A. Wild and J. M. Ojago (1993). "Effect of tumor necrosis factor-α on adhesion of human 
endometrial stromal cells to peritoneal mesothelial cells: an in vitro system." Fertil Steril 59(6): 1196-
201. 

Zhou, X. and T. R. Graham (2009). "Reconstitution of phospholipid translocase activity with purified Drs2p, 
a type-IV P-type ATPase from budding yeast." Proc Natl Acad Sci U S A 106(39): 16586-16591. 

Zulfikaroglu, E., S. Kılıc, M. Islimye, M. Aydin, S. Zergeroglu and S. Batioglu (2010). "Efficacy of anti-
tumor necrosis factor therapy on endometriosis in an experimental rat model." Arch Gynecol Obstet. 

Züllig, S., L. J. Neukomm, M. Jovanovic, S. J. Charette, Nicholas N. Lyssenko, M. S. Halleck, Chris P. M. 
Reutelingsperger, R. A. Schlegel and M. O. Hengartner (2007). "Aminophospholipid Translocase TAT-1 
Promotes Phosphatidylserine Exposure during C. elegans Apoptosis." Curr Biol 17(11): 994-999. 

 



Appendix A: PCR primers 

141 

 

Appendix A: PCR primers 
Application Name Sequence  

(5’-3’) 
Fragment 
size (bp) 

Fragment Tm 
(°C)* 

ISG12  
qRT-PCR 

12A RT For  ATCGCCTCGTCCTCCATA 
228 86 

12A RT Rev  TGGCATGGTTCTCTTCTCT 
12B RT For ACTCTCCACATCATCCAAC 

195 82 
12B RT Rev GCATGTGACCTTTATTCCTC 
12C For RT TTATCGGGGGCTTTGCTG 

162 84 
12C Rev RT GTTTTGGGAGTAGGAGACTTG 
6-16 RT For AGAGTGCAGTGGCTATTC 

161 81 
6-16 RT Rev TAGGTTGTTGGGGAGAGTG 
GAPDH RT For GGTCGGAGTCAACGGATTT 

258 81 
GAPDH RT Rev CCAGCATCGCCCCACTTG 

ISG12    
RT-PCR 

RT-ISG12A-For CCAGGATTGCTACAGTTGT 
114 

  
RT-ISG12A-Rev  ATAGCAGCCAAGATGATGT   
RT-ISG12B-For TCACCATGATGAAACGGGCAGC 

208 
  

RT-ISG12B-Rev GCCCCCACGGACTGCAGAGTA   
RT-ISG12C-For ACTCAGGCAGGGCTGCTGTAG 

217 
  

RT-ISG12C-Rev  GAGAGTCCAGCTGCCCCCACT   
RT-6-16-For ATGCGGCAGAAGGCGGTAT 

393 
  

RT-6-16-Rev CTACTCCTCATCCTCCTCA   
Mycoplasma 
test 

GPO3-myco(+) GGGAGCAAACAGGATTAGATACCCT  
280 

  
MGSO-myco(-) TGCACCATCTGTCACTCTGTTAACCTC   

*Calculated with the online tool http://www.promega.com/biomath/calc11.htm (Basic Tm). 
Continued…   
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Application Name Sequence  
(5’-3’) 

ATP8A1 cloning 
and sequencing 
 

mAtp8a1 Fwd2 TTCCTCTATTCTCAGTTCC 
  mAtp8a1 Fwd3 TCCAAACCGACATCTCTAC 
  mAtp8a1 Fwd4 TCTGAATGAGGAACTTGG 
  mAtp8a1 Fwd5 CAGAGACCTCAAAGTACA 
  mAtp8a1 Fwd6 CCTCAAATATGCCTTAACCT 
  mAtp8a1 Fwd7 GTTGAAGTATCCTGAGTTGT 
  mAtp8a1 Fwd8 (C-term) GTGGATGAAGTTCAGGAG 
  mAtp8a1 Rev (N-term) TGGTTGATGAAGATGGTT 
  hATP8A1 Fwd2 GGGAAAAGGTAAATGTTGG 
  hATP8A1 Fwd3 TCCACCACTTAAGCTCTC 
  hATP8A1 Fwd5 GCTACAGAAGGGTTAAGA 
  hATP8A1 Fwd7 CCTCTTCCACTCAGTTATT 
  pFastBac1 Seq Fwd ACCATCTCGCAAATAAATAAG 
  pFastBac1 Seq Rev GAGGTGTGGGAGGTTTTTTA 
  T7 Seq TAATACGACTCACTATAGGG 
  pcDNA3 Seq Rev TAGGAAAGGACAGTGGGA 
  pCR-BluntII-TOPO Seq Fwd GCTCGGATCCACTAGTAA 
  Sp6 Seq CGATTTAGGTGACAC 
  mAtp8a1 6His-HindIII Rev GCATGCAAGCTTTTAGTGATGGTGGTGATGGTGCAACCACT-
CATCGGGCCTCT 

mAtp8a1 Tb-8His-HindIII Rev GCATGCAAGCTTTTAGTGATGGTGATGGTGATGGTGGTGAC-
TACCGCGTG-GCACCAACCACTCATCGGGCCTCT 

CDC50 cloning 
and sequencing 

h&mCDC50A Seq CTAGTGCTTTGCTTAATCC 
M13 Rev CAGGAAACAGCTATGAC 
XbaI-HA-hCDC50A Fwd TGCTCTAGAATGTACCCATACGATGTTCCAGAT-

TACGCTATGGCGATGAACTATAACG 
HindIII-hCDC50A Rev CTCAAGCTTAGGGAAGAAGCAAACAAC 
XbaI-HA-mCdc50a Fwd TGCTCTAGAATGTACCCATACGATGTTCCAGAT-

TACGCTATGGCGATGAACTATAGC 
HindIII-mCdc50a Rev CTCAAGCTTTAGGTTGAACAGGACTGG 
XbaI-HA-hCDC50B Fwd TGCTCTAGAATGTACCCATACGATGTTCCAGATTACGCTAT-

GACCTGGAGCGCCACG 

HindIII-hCDC50B Rev CTCAAGCTTACGGGCGAGGAGGAGATG 
XbaI-HA-mCdc50b Fwd TGCTCTAGAATGTACCCATACGATGTTCCAGATTACGCTAT-

GACCTGGAGCGCCACG 
HindIII-mCdc50b Rev CTCAAGCTTACCAGGCCCATCTTCCAC 

Site-directed 
mutagenesis 

mAtp8a1-D406N Fwd CTTGGCCAGGTTAAATACATATTTTCTAACAAAACTGGGACC 

mAtp8a1-D406N Rev GGTCCCAGTTTTGTTAGAAAATATGTATTTAACCTGGCCAAG 

All primers were purchased at TAG Copenhagen or MWG Biosciences. 
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Appendix B: Alignment of selected P-type ATPases 

Representative human P-type ATPase sequences were aligned using CLC Workbench. The Na+,K+-

ATPase (accession number P05023), H+,K+-ATPase (P54707), and Ca2+-ATPase (P16615) are all 

P2-type ATPases, whereas the Cu2+-ATPase (Q04656) is a P1 ATPase, and ATP8A1 (Q9Y2Q0) 

and ATP10C (O60312) are P4 and P5 ATPases, respectively. For clarity, the large amino-terminal 

metal-binding domain of the Cu2+-ATPase is not included (//). Annotations denote features given in 

the sequence files at the NCBI database. Transmembrane segments are marked in green, ppootteennttiiaall  

pphhoosspphhoorryyllaattiioonn  ssiitteess  iinn  yyeellllooww, ATP-binding segment in orange, and Mg2+ binding residues in 

grey. The conserved P-type ATPase motifs (T)GE(S) and DKTGT(L)T are marked in white, and the 

well-characterized domains of the Ca2+-ATPase are annotated (Toyoshima et al. 2000) in dark blue 

(A domain), light blue (P domain), or purple (N domain). The conservation in % is shown below. 

Single-letter codes based on International Union of Pure and Applied Chemistry (UIPAC). 
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Appendix C: Alignment of human flippases 

 

 
The 14 human flippases of the P4-type ATPase family were aligned as described in appendix B. Sequence accession 
numbers are given in table I and figure 12.  
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Appendix D: Vector maps and information 

pFastBac1 

 
 

 

 

Sequence element Bases 
ff11  oorriiggiinn  11....445566  
Ampicillin resistance gene 588..1448 
ppUUCC  oorriiggiinn  11559933....22226666  
Tn7 right recombination site 2510..2734 
Gentamicin resistance gene 2801..3334 (complementary strand) 
Polyhedrin Promoter 3903..4031 
SV40 polyadenylation signal 4159..4399 
Tn7 left recombination site 4428..4593 
Selected restriction sites are marked with white triangles 

 



Appendix D: Vector maps and information 

153 

 

pmAtp8a1 

 
 

 

 

Sequence element Bases 
Murine Atp8a1 CDS 342..3827 (complementary strand) 
Kanamycin resistance gene 4590..5522 
Zeocin resistance gene 5729..6103 
pUC origin of replication 6215..6888 
Selected restriction sites are marked with white triangles 
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pFB-mAtp8a1 

 
 

 

 

Sequence element Bases 
f1 origin 1..456 
Ampicillin resistance gene 588..1448 
pUC origin 1593..2266 
Tn7 right recombination site 2510..2734 
Gentamicin resistance gene 2801..3334 (complementary strand) 
Polyhedrin Promoter 3903..4031 
Murine mAtp8a1 CDS 4165..7650 
SV40 polyadenylation signal 7737..7977 
Tn7 left recombination site 8006..8171 
Selected restriction sites are marked with white triangles 
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pFB-mAtp8a1-6H 

 
 

 

 

Sequence element Bases 
f1 origin 1..456 
Ampicillin resistance gene 588..1448 
pUC origin 1593..2266 
Tn7 right recombination site 2510..2734 
Gentamicin resistance gene 2801..3334 (complementary strand) 
Polyhedrin Promoter 3903..4031 
Murine mAtp8a1-6H CDS 4165..7671 
6xHis-tag CDS 7651..7668 
SV40 polyadenylation signal 7695..7935 
Tn7 left recombination site 7964..8129 
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pmCdc50a 

 
 

 

 

Sequence element Bases 
Murine Cdc50a CDS 1271..2365 
pUC origin of replication 3440..4525 
Ampicillin resistance gene 5588..6448 
Cloning primers are annotated with grey arrows 
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pmCdc50b 

 
 

 

 

Sequence element Bases 
Murine Cdc50b CDS 1078..2139 (complementary strand) 
Kanamycin resistance gene 2915..3847 
Ampicillin resistance gene 4097..5054 (complementary strand) 
pUC origin of replication 5055..5728 
Cloning primers are annotated with grey arrows 
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pFB-HA-mCdc50a 

 
 

 

 

Sequence element Bases 
f1 origin 1..456 
Ampicillin resistance gene 588..1448 
pUC origin 1593..2266 
Tn7 right recombination site 2510..2734 
Gentamicin resistance gene 2801..3334 (complementary strand) 
Polyhedrin Promoter 3903..4031 
Murine HA-mCdc50a CDS 4109..5233 
HA-Tag CDS 4109..4138 
SV40 polyadenylation signal 5316..5556 
Tn7 left recombination site 5585..5750 
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pFB-HA-mCdc50b 

 
 

 

 

Sequence element Bases 
f1 origin 1..456 
Ampicillin resistance gene 588..1448 
pUC origin 1593..2266 
Tn7 right recombination site 2510..2734 
Gentamicin resistance gene 2801..3334 (complementary strand) 
Polyhedrin Promoter 3903..4031 
Murine HA-mCdc50a CDS 4109..5200 
HA-Tag CDS 4109..4138 
SV40 polyadenylation signal 5336..5576 
Tn7 left recombination site 5605..5770 
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