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1. INTRODUCTION

For decades, scientists have concentrated on determining how various environ-
mental pollutants affect organisms. The adverse effects of these chemicals on
health have been established, among others, in tumorigenesis, impairments in
immune system and reproduction, although investigations on the precise
mechanisms are still ongoing. Many of these contaminants were identified to act
as agonists of the aryl hydrocarbon receptor (AHR), which is widely expressed
in the organism. Upon ligand binding, AHR translocates to the nucleus and
modulates the expression of its target genes, including those responsible for the
degradation of these chemicals. Initially, AHR was considered to act solely as a
mediator of environmental stimuli. However, later studies using knockout models
have attributed AHR a role in cellular homeostasis clarifying that it is more than
a xenobiotic-interacting protein. To date, a large number of AHR modulators,
both exogenous and endogenous, has been identified. Importantly, published data
provide evidence that different ligands exert distinct effects in terms of gene
expression and this may additionally depend on cell type and model organism.
Apart from activity modulation, the expression of AHR itself is subject to various
signals. Although this has gained less attention, the need for research in this
specific field is evident, as overexpression of AHR has been observed in various
tumours. Hence, alteration of AHR expression, in addition to activity modulation,
has potential therapeutic value.

The role of AHR in female reproduction has been elucidated concerning
xenobiotic AHR agonists acting as endocrine disruptors. Ahr is also known to
modulate the expression of aromatase (Cypl9al) and follicle stimulating hormone
receptor (Fshr) in the ovarian granulosa cells (GCs) endogenously i.e. without
exogenous ligands. Importantly, Ahr expression itself is fluctuating largely in rat
granulosa cells during oestrous cycle, referring to the importance of Ahr
regulation. Considering this, the present thesis is focused on delineating the
mechanisms that control Ahr expression in mouse GCs. Both upregulation during
follicular maturation as well as downregulation following luteinising hormone
(LH) surge are addressed. Moreover, the interactions between Ahr and Fshr
promoter are characterised in detail.

The first part of the thesis demonstrates that Ahr is upregulated in vivo in GCs
during ovarian follicle maturation and this requires both FSH and LH signalling.
The increase of Ahr levels is intrinsic to large antral follicles. This involves
reduction of protein kinase A (PKA) signalling, as exemplified by decreased
p-Creb levels, and is regulated by chromatin remodelling. The second part
focuses on how Ahr is downregulated in preovulatory GCs following LH-surge.
The mechanism includes PKA dependent decrease of Ahr transcription resulting
from reduced chromatin accessibility. The third part concentrates on identifying
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the region of Fshr promoter that is responsive to Ahr. Binding of Ahr to the
E-box motif is determined. Further, Ahr interacts directly with Fshr promoter
rather than via other proteins, supported by the fact that its DNA binding ability
is crucial to activate Fshr promoter. Finally, evidence is provided that TCDD
regulates Fshr positively.
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2. LITERATURE OVERVIEW

2.1. Aryl hydrocarbon receptor

The ligand-dependent transcription factor — aryl hydrocarbon receptor (AHR) —
was initially identified as the mediator by which 2,3,7,8-tetrachlorodibenzo-para-
dioxin (TCDD), an environmental pollutant, exerts its toxic effects. In 1976 it
was established that TCDD, along with 23 another chemicals, induced the hepatic
CYP1AL1 activity through a protein, which was named aromatic/aryl hydrocarbon
receptor — AHR (Poland & Glover 1976). Since then, there are numerous publi-
cations investigating the toxicological role of AHR in various tissue and cell
types, including cancer. The identification of novel xenobiotic ligands as well as
investigations in their mode of action are still ongoing. Recent advances in the
field have expanded our knowledge on the role of AHR. The finding of endo-
genous AHR ligands has paved way in our understanding that AHR is more than
a xenobiotic interacting protein and it has essential roles in the organism without
activation by exogenous ligands. AHR has been shown to be important in normal
cellular homeostasis and aberrations in its signalling pathway are associated with
various health conditions.

To date, the expression of AHR has been determined in most cell types, sug-
gesting it has a central role in cellular processes. Apart from its role in the
induction of xenobiotic metabolizing enzymes such as classical targets CYP1A1
and CYP1B1, AHR has been shown to regulate numerous genes involved in
cellular homeostasis (e.g. p27, p16) but also interact with proteins like RB, E2F1,
NF«B etc. (Frauenstein et al. 2013; Ge & Elferink 1998; Marlowe et al. 2008;
Ray & Swanson 2004; Tian et al. 1999; Vogel et al. 2013). The importance of
AHR has been underscored in development as embryonic and hematopoietic stem
cells as well as and neural progenitors are affected by AHR activity (Boitano et
al. 2010; Ko et al. 2016; Latchney et al. 2011). Further publications have, among
others, described the role of AHR in female reproduction, liver homeostasis and
immune system (Baba et al. 2005; Barnett et al. 2007a; Lu et al. 2015; Quintana
et al. 2008). More importantly, latest advances in the field have emphasised the
modulation of AHR activity in cancer treatments involving immunomodulatory
checkpoint inhibitors.

2.2. The structure of AHR

Human AHR is located on the seventh chromosome (chromosome 12 in mouse).
It consists of 11 exons coding for a 6243 bp mRNA (5548 bp in mouse)
(Ensembl.org a, b). This mRNA is translated into 848 (805 in mouse) amino acid
residue protein with the approximate molecular weight of 96 kDa (~90 kDa in
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mouse) (Uniprot.org a, b). AHR belongs to the basic helix-loop-helix-PER/
ARNT/SIM (bHLH-PAS) family of proteins. The highly conserved N-terminus
contains nuclear localisation and export sequences (Figure 1) (Ikuta et al. 1998,
2000). The bHLH domain includes basic residues responsible for AHR inter-
action with DNA and a HLH motif required for dimerization with ARNT (Schulte
et al. 2017). Adjacent to these sequences are serine residues, which are targets of
protein kinase C (PKC). Phosphorylation of these amino acids has been reported
to inhibit AHR nuclear import (Ikuta et al. 2004). The PAS domain, also present
in PER, ARNT and SIM proteins, consists of two inverted repeats — PAS-A and
PAS-B. In general, PAS-A binds HSP90 in the cytoplasm. In the nucleus,
however, this domain is responsible for heterodimerisation with ARNT. PAS-B,
in turn, is essential for ligand binding and for interactions with its cytoplasmic
binding partners HSP90, AIP/XAP2/ARA9 (AHR-interacting protein/X-asso-
ciated protein 2/AHR-associated protein 9) and p23 (Bell & Poland 2000; Kaz-
lauskas et al. 1999; Perdew 1988). Next to PAS domains lies the inhibitory
domain (ID) that suppresses target gene activation (Ma et al. 1995). The C-terminus
of AHR varies among species accounting for differences in protein length. It
contains a glutamine rich domain responsible for transactivation of its target
genes as well as binding sites for various cofactors like p300, RIP140 and SMRT
(Kumar & Perdew 1999; Rushing & Denison 2002; Tohkin et al. 2000).

For a long time AHR was refractory to crystallisation. Thus, homology studies
were performed utilising the similarity with other proteins containing PAS
domains. Recently, however, there have been publications describing the AHR/
ARNT dimer in complex with DNA (Schulte et al. 2017; Seok et al. 2017). This
advancement allows identification of novel AHR agonists/antagonists as the need
for identification of novel AHR ligands is growing in both toxicological aspects
as well as therapy.

bHLH PAS-A PAS-B ID TAD

DNA binding

Figure 1. Schematic representation of AHR. The N-terminal bHLH domain harbours
nuclear localisation sequence (NLS), nuclear export sequence (NES) and DNA binding
sequence. PAS-A domain is responsible for heterodimerisation, whereas PAS-B contains
the ligand-binding pocket and interacts with HSP90. Next to the PAS domains lies the
inhibitory domain (ID), which suppresses target gene activation. The C-terminal
transactivation domain (TAD) is responsible for target gene activation and cofactor
binding.
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2.3. AHR signalling pathway

The unliganded or resting AHR resides in the cytoplasm in complex with AIP,
p23 and two molecules of HSP90. Activation of AHR by ligands results in
conformational changes exposing the nuclear localisation signal to importin 3
(Petrulis et al. 2003). Subsequently, AHR translocates to the nucleus where it is
freed from its cytoplasmic chaperones, which inhibit AHR binding to DNA (Heid
et al. 2000; Lees & Whitelaw 1999). HSP90 is displaced by ARNT forming a
heterodimer (McGuire et al. 1994; Soshilov & Denison 2008). This complex is
capable to recognise and bind specific sequences in the regulatory region of AHR
target genes. The AHR/ARNT dimer then recruits additional cofactors to modulate
target gene expression, followed by ubiquitination, nuclear export and degrada-
tion in 26S proteasome pathway (Figure 2) (Ma & Baldwin 2000). Apart from
this cascade of events, termed genomic AHR pathway, the existence of non-
genomic pathway has been described. Although it has gained less attention,
studies indicate that the non-genomic pathway includes elevated intracellular
calcium levels, release of the tyrosine kinase c-Src from the activated AHR, focal
adhesion kinase activation and subsequent increase in cell migration (Tomkiewicz
et al. 2013).

The classical consensus sequence for AHR/ARNT binding — XRE/DRE/AHRE
(xenobiotic/dioxin/AHR response element) — consists of the nucleotides 5°-
TNGCGTG-3’ (Denison et al. 1988). It has been shown that the TNGC half-site
is bound by AHR, whereas ARNT binds GTG. Additional publications have
emphasised the importance of adjacent nucleotides in the flanking regions of the
consensus binding site (Shen & Whitlock 1992). More precisely, A and T have
been shown to be important in target gene transactivation at positions +1 and +3
downstream of XRE, respectively as mutations in these positions rendered the
promoter uninducible by TCDD (Matikainen et al. 2001; Shen & Whitlock 1992).
In addition, recent publications have described novel AHR binding sites as genes
regulated by AHR lack the classical XRE motif. One study has provided evidence
that AHR binds directly a tetranucleotide motif 5’-GGGA-3" without ARNT
(Huang & Elferink 2012). It was later established that AHR heterodimerises with
the tumour suppressor Kruppel-Like Factor 6 (KLF6) expanding the list of
mechanisms by which AHR influences gene expression (Wilson et al. 2013).
Additional ChIP-Seq experiments have revealed that indeed AHR and ARNT
binding sites do not overlap completely, indicating that AHR influences target
gene activation independently (Lo & Matthews 2012). Apart from binding DNA
directly, AHR has also been demonstrated to influence target gene expression via
other proteins. It has been shown that AHR binds rat Cypla?2 enhancer via an
unknown protein (Sogawa et al. 2004). Supporting this, AHR/ARNT complex was
found to bind DNA motifs previously known as AZF1, FOXAT and SP1 response
elements possibly exerting its effect via these proteins (Lo & Matthews 2012).

14



Cytoplasm

Nucleus

CYP1A1, CYP1B1,

Figure 2. Genomic AHR signalling pathway. In an inactive state, the AHR is located
in the cytoplasm in complex with its molecular chaperones p23, AIP and two units of
HSP90 (1). Upon ligand (TCDD) binding, the AHR translocates to the nucleus, sheds its
chaperones (2) and dimerises with its nuclear partner ARNT (3). This heterodimer then
binds AHR response elements (AHRE) located in the regulatory regions of its target
genes (4), thereby inducing their expression (5). Subsequently the 26S proteasome
pathway degrades AHR (6). The AHR-induced CYP1A1 is responsible for degradation
of AHR ligands (7).

2.4. Regulation of AHR

Initially, the majority of studies regarding AHR concentrated on its activation by
various environmental chemicals having affinity to AHR. With the identification
of endogenous ligands, the role of AHR in the organism has expanded signi-
ficantly. However, this has also resulted in many contradicting findings as the
effects on target gene expression are often dependent on the specific ligand but
more importantly vary between distinct cell types and organisms. Apart from the
modulation of AHR activity, the expression of AHR itself, although ubiquitous,
varies in time and across tissues. High AHR expression has been determined,
among others, in lung, liver, placenta, thymus and kidney, ascribing it an
important role in cellular homeostasis (Manchester et al. 1987; Mason & Okey
1982).

The mechanisms regulating AHR signalling are highly dependent on cell type
and the modulator itself. However, the importance of AHR repressor (AHRR)
has been underscored in AHR-dependent gene expression. AHRR expression is
induced by AHR ligands like TCDD and 3-methylcholanthrene through direct,
although low-affinity, binding of AHR/ARNT to its response elements. The low
affinity was reported to be due to varying nucleotides flanking the XRE (Baba et
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al. 2001). The N-terminus of AHRR is comparable to AHR but it does not bind
ligands (Korkalainen et al. 2004; Mimura et al. 1999). Additionally, it was found
that the transactivation domain varies significantly, rendering AHRR unable to
activate target gene expression. AHRR competes with AHR for mutual cofactors
like ARNT, binds the XRE motif, inhibits AHR target gene expression and results
in nuclear export, ubiquitination and degradation of AHR via 26S proteasome
pathway (Ma & Baldwin 2000; Mimura et al. 1999). This mechanism, however,
is also tissue-specific, as AHRR induction has been reported to vary in different
cell types and its expression does not necessarily correlate with xenobiotic-induced
CYP1AL levels (Bernshausen et al. 2006).

Previous publications have reported that AHR expression was elevated in rat
and mouse liver, prostate and hepatocytes in vivo after TCDD administration,
although this tended to vary depending on the dose and duration of treatment
(Chang et al. 2005; Franc et al. 2001a,b; Sommer et al. 1999). On the other hand,
there are data that TCDD significantly reduces the amount of AHR protein e.g.
in mouse hepatoma cells and human keratinocytes invitro (Chen et al. 2005; Ray
& Swanson 2004). The downregulation of AHR protein was dependent on a
cycloheximide-sensitive factor, influencing the half-life of AHR (Ma et al. 2000).
It was later established that the TCDD-inducible poly(ADP-ribose) polymerase
(TiPARP) was responsible for the decline of AHR protein levels (MacPherson et
al. 2013). TiPARP expression is induced by activated AHR. It binds AHR directly
and enhances its proteolytic degradation thereby silencing AHR target gene
expression.

Apart from regulation of AHR by its ligands, there are data emphasising the
role of other factors modulating AHR expression. For example, TGF-f, a multi-
functional cytokine expressed in a variety of cells, has been shown to influence
AHR expression. More precisely, TGF-p-dependent downregulation of AHR in
lung carcinoma cells and upregulation in hepatoma cells by downstream SMAD
2, 3, 4 and TGIF were observed, respectively (Wolff et al. 2001). In addition,
IL-4, IL-13, lipopolysaccharides (LPS) and WNT/B-catenin have been shown to
induce AHR expression in B cells and prostate cancer, respectively (Chesire et
al. 2004; Marcus et al. 1998; Tanaka et al. 2005). A landmark phenotype resulting
in foetal TCDD exposure is cleft palate (Mimura et al. 2003). This, however, has
been shown to be reversed by TGF-B, which may be due to downregulation of
AHR expression and ablation of the toxic effect by its ligand TCDD (Thomae et
al. 2005). AHR expression has also been reported to decline during aging.
Published studies have indicated that AHR expression is downregulated in older
rat liver and prostate, compared to younger animals indicating that this may play
a role in diseases during aging (Mikhailova et al. 2005; Sommer et al. 1999).
Additional dynamic fluctuations in AHR expression have been observed by
Chaffin and colleagues in rat oestrous cycle (Chaffin et al. 2000). By analysing
ovarian AHR expression, they noticed initial upregulation during maturation of
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ovarian follicles followed by downregulation at later stages after luteinising
hormone (LH) surge. The latter downregulation was also evident in liver samples,
emphasising that the response to xenobiotics, their degradation and thus toxic
effects may severely depend on hormonal signalling.

Recent advances in investigating the regulation of AHR have identified that
its expression is regulated through epigenetic mechanisms. Mulero-Navarro and
colleagues identified that AHR promoter contains CpG islands that are targets of
DNA methylation (Mulero-Navarro et al. 2006). They found that AHR is down-
regulated in acute lymphoblastic leukaemia (ALL) and chronic myeloid
leukaemia (CML) cell lines and this was due to methylation of AHR promoter as
treatment with the DNA methyl transferase inhibitor 5-Aza-2’-deoxycytidine
restored AHR expression. Importantly, AHR was significantly methylated in
primary ALL similarly to tumour suppressors like p53, p16 and p73. Additional
mechanisms regulating AHR have been identified at the post-transcriptional
level. In addition to AHR regulating the expression of miRNAs, AHR itself has
been shown to be downregulated by miR-124 (Huang et al. 2011). AHR expres-
sion reversely correlated with the expression of miR-124 in neuroblastoma, one
of the most common solid tumours in children, and miR-124 was shown to
directly supress AHR expression by targeting its 3’-UTR. Inhibition of miR-124
resulted in cell differentiation, cell cycle arrest and apoptosis, suggesting a
potential AHR-dependent therapeutic avenue in neuroblastoma therapy as AHR
activation has additionally been shown to impair neuroblastoma progression and
metastasis (Wu et al. 2019). Efforts in uncovering the regulation of AHR have
discovered another post-transcriptional mechanism. The adenosine-to-inosine
RNA editing elicited by adenosine deaminase acting on RNA 1 (ADAR1) has
been shown to edit the 3’-UTR of AHR mRNA in hepatocellular carcinoma cells
(Nakano et al. 2016). This created a de novo binding site for miR-378, which
bound AHR mRNA resulting in downregulation of AHR protein levels.
Importantly, AHR protein and mRNA levels did not correlate positively in a panel
of human liver samples, whereas miR-378 showed an inverse correlation with
AHR protein levels.

Collectively, the evidence on the control of AHR expression underscores a
diversity in AHR regulation, depending on the cell type, experimental conditions
and the biological factors used. Thus, there seems to be no rigorous or unified
mechanism that governs AHR expression across the organism.

2.5. AHR ligands

Initially, AHR was considered to interact solely with environmental contaminants.
Thus, early studies concentrated mainly on the toxicological aspects of AHR
activation. Later studies have established several phytochemicals and medical
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drugs as AHR ligands. The analyses of AHR-dependent gene expression as well
as the use of AHR knockout models also indicated existence of endogenous
ligands. The identification of these endogenous ligands enabled characterisation
and broadening of the AHR role in normal homeostasis as well as disease. In
addition to ligands acting as AHR agonists, there are data about antagonists —
compounds that have been determined to typically inhibit TCDD-dependent
AHR target gene activation. Importantly, the modulation of AHR activity is not
always straightforward, as distinct ligands may have different effects in terms of
target gene expression and this is dependent on the animal model as well as cell
type tested.

The best-characterised environmental contaminant AHR ligands belong to the
groups of halogenated aromatic hydrocarbons (HAHs) and polycyclic aromatic
hydrocarbons (PAHs) generated as side products in the chemical industry as well
as during combustion (Figure 3). HAHs that have affinity to AHR are dibenzo-
furans (e.g. 2.,3,7,8-tetrachlorobibenzofuran, TCDF), biphenyls (3,3’,4,4’,5-
pentachlorobiphenyl, PCB126) and dibenzo-p-dioxins, including TCDD, which
has the highest known affinity for AHR (Farrell et al. 1987; Jones & Anderson
1999; Poland & Glover 1976). PAHs comprise of a large group of chemicals
containing at least four benzene rings, including well-characterised AHR ligands
benzo[a]pyrene, 3-methylcholanthrene, 7,12-dimethylbenzanthracene (Jones &
Anderson 1999; Piskorska-Pliszczynska et al. 1986). Although activation of AHR
by its ligands results in induction of several xenobiotic degrading enzymes and
subsequent elimination from cells, the metabolised ligands are capable to produce
PAH-DNA adducts and are thus potent carcinogens. In addition, several drug
compounds in use and in clinical trials have been shown to modulate AHR
activity. The anti-allergy drug Tranilast and neuroimmunomodulator Laquinimod
activate AHR (Hu et al. 2013; Kaye et al. 2016; Ott et al. 2019). The anti-malarial
drug primaquine has been shown to activate AHR (Backlund & Ingelman-
Sundberg 2004). In contrast Vemurafenib, which is used to treat late-stage mela-
noma has been shown to antagonise AHR (Hawerkamp et al. 2019).

Apart from the anthropogenic chemicals, many natural and endogenous AHR
ligands have been determined to date. Indigo and indirubin, compounds that have
been historically used for colouring but also found in humans, are reported to
activate AHR (Adachi et al. 2001). The arachidonic acid metabolite lipoxin A4
as well as prostaglandin G2, heme metabolites bilirubin and biliverdin have been
shown to activate AHR (Phelan et al. 1998; Schaldach et al. 1999; Seidel et al.
2001). In addition, tryptophan metabolites are known to activate AHR. Ultraviolet
(UV) radiation has been shown to generate 6-formylindolo[3,2-b]carbazole
(FICZ), which bound AHR with high affinity (Fritsche et al. 2007). Another
tryptophan metabolite kynurenine (Kyn), generated by tryptophan-2,3-dioxy-
genase 2 (TDO2) and indoleamine-2,3-dioxygenase 1 (IDO1), has been found to
activate AHR and has recently gained much attention for its role in tumour
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promotion and immune escape (Mezrich et al. 2010; Opitz et al. 2011). In
addition, several metabolites of the downstream Kyn metabolism pathway, like
kynurenic acid, xanthurenic acid and cinnabarinic acid, act as AHR agonists
(DiNatale et al. 2010; Lowe et al. 2014). The dietary uptake of glucobrassicin,
abundant in cruciferous vegetables like broccoli and cauliflower, results in
production of indole-3-carbinol, indole-3-acetonitrile and downstream 3,3°di-
indolylmethane and indolo[3,2-b]carbazole (ICZ), all of which activate AHR
(Bjeldanes et al. 1991; Ito et al. 2007). Further, ITE (2-(19H-indole-39-carbonyl)-
thiazole-4-carboxylic acid methyl ester) has been identified to activate AHR
(Song et al. 2002). Although the origin of ITE, whether dietary, endogenous or a
by-product of its extraction, remains elusive, its potential as an anticancer drug
has been established in endometrial, ovarian and triple-negative breast cancer
(Bian et al. 2019; Piwarski et al. 2020; Wang et al. 2013).

A lot of effort has been put into identifying AHR antagonists, which inhibit
AHR nuclear import and target gene activation. Common methods for this are
inhibition of TCDD-induced CYP1Al induction and competitive binding to
TCDD-bound AHR. Although initial studies have determined a number of com-
pounds acting as antagonists, later reports have revealed that the actual mechanism
is much more complicated, as TCDD displacement and CYP1Al induction do not
completely reflect the AHR status. Studies have shown that AHR can be selectively
modulated i.e. it translocates to the nucleus and influences gene expression but
does not bind the canonical XRE or induce CYP1Al expression (Murray et al.
2010). Accordingly, the plant polyphenol resveratrol, abundant in grapes and red
wine, has been demonstrated to suppress TCDD-induced CYP1A1 expression,
although AHR translocated to the nucleus and bound XRE (Casper et al. 1999).
There is also data about the agonist-selectivity of AHR antagonists as CH223191
inhibited HAH-, but not PAH- or indirubin-dependent AHR signalling (Zhao et
al. 2010). Importantly, it was revealed that the known antagonists 3'-methoxy-4'-
nitroflavone and 6,2',4',-trimethoxyflavone also exhibit species-selectivity. In
contrast, the synthetic antagonist GNF351 has been reported to act as a complete
antagonist and silence the effects of various AHR ligands (Smith et al. 2011).
Additionally, StemRegenin 1 (SR1) has been shown to antagonise AHR and
promote hematopoietic stem cell proliferation in vitro (Boitano et al. 2010).

Collectively, the diverse repertoire of AHR ligands is broad and expanding
constantly. The agonistic and antagonistic effects that various compounds exert
on AHR signalling are complicated and thus need to be confirmed by versatile
experimental procedures in more detail. Considering the important role AHR
plays in health and disease, it is, however, important to continue identifying novel
AHR modulators, both exogenous as well as endogenous.
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- Dibenzo-p-dioxins (TCDD)
- Dibenzofurans (TCDF)
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Antagonists

Figure 3. Examples of classes of chemicals and specific compounds known to act as
AHR ligands.

2.6. AHR in cancer

As stated above, the repertoire of chemicals with AHR activity modulation
characteristics is broad. Since the identification of AHR as a target of environ-
mental contaminants with tumour-promoting potential, the role of AHR in cancer
has been studied extensively in various cancer types in both animal models as
well as humans. The constitutive activity of AHR has been reported to promote
hepatocarcinogenesis and induce stomach tumours (Andersson et al. 2002;
Moennikes et al. 2004). Despite, there seems to be no uniform role of AHR in
tumorigenesis as both pro- and anti-tumour effects have been reported. Thus,
AHR seems to have a dual role in carcinogenesis, which is highly dependent on
the ligand, cancer type, as well as conditions in which the function of AHR is
tested.

Breast cancer is one of the leading cancer types diagnosed in women. In
mammary tumours, the tumour suppressor gene BRCAL has often acquired
mutations or is downregulated(Wilson et al. 1999). In addition, several factors
like diet and environmental contaminants have been implicated in the onset of
breast cancer linking it to the environmental sensor AHR. Indeed, AHR has been
demonstrated to positively regulate the expression of tumour suppressor BRCA1
without xenobiotic AHR ligands (Hockings et al. 2006). AHR was shown to bind
DNA directly via XREs present in the promoter region and interact with ERa.
More importantly, the toxic AHR ligands TCDD and benzo(a)pyrene displaced
coactivators from BRCA1 promoter and reduced its expression. Interestingly,
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similar results were obtained when using an AHR antagonist, implying a diverse
ligand-dependent regulation of gene expression by AHR.

Skin cancer is one of the most common cancer types in Caucasians and the
incidence is increasing (Leiter et al. 2014). In addition to the established role of
ultraviolet (UV) radiation, various carcinogenic chemicals (e.g. PAHs) present in
particulate matter and ambient air pollution are reported to cause skin cancer
(Siddens et al. 2012). Many of these chemicals are shown to activate AHR,
implicating a role for AHR in skin cancer (Gualtieri et al. 2011; Matsumoto et al.
2007). Previous reports have shown that UVB radiation induces the expression
of AHR target genes CYP1A1/1B1 (Katiyar et al. 2000; Mukhtar et al. 1986).
The underlying mechanisms were characterised in a study showing UVB-
dependent formation of the tryptophan catabolite 6-formylindolo[3,2-b]carbazole
(FICZ), an AHR agonist, and subsequent AHR activation (Fritsche et al. 2007).
The activated AHR was further shown to downregulate the expression of the cell
cycle inhibitor p27, resulting in survival of UVB-damaged cells (Frauenstein et
al. 2013). In contrast, when AHR activity was inhibited, p27 expression increased
leading to apoptosis of damaged cells. Moreover, in a recent work it was estab-
lished that AHR activation represses the repair of mutagenic DNA photoproducts
induced by UVB radiation (Pollet et al. 2018). Silencing of AHR, in turn,
enhanced DNA repair coupled with an increase in DNA double-strand breaks and
apoptosis. Thus, it seems that AHR activation enhances UVB- and possibly PAH-
induced skin carcinogenesis. Inhibition of AHR activity, in turn, may have
therapeutic values.

Glioblastoma is a neurological cancer with limited treatment options and high
lethality. Although the aetiology of glioblastomas is unclear, the role of AHR in
this type of disorder has been characterised. One study identified two single
nucleotide polymorphisms in the AHR gene correlating with PAH-DNA adduct
formation contributing to the risk of glioblastoma (Gu et al. 2012). Consistent
with this, these SNPs also correlated with higher incidence of lung cancer in
tobacco smokers (Chen et al. 2009). Additionally, nuclear accumulation of AHR
has been detected in human glioblastomas in vivo and silencing of AHR signalling
resulted in reduced clonogenic survival and invasiveness (Gramatzki et al. 2009;
Guastella et al. 2018). Further investigations identified kynurenine (Kyn), a
tryptophan metabolite generated by the neuron- and liver-specific enzyme
tryptophan-2,3-dioxygenase (TDO), as a tumour-promoting AHR agonist (Opitz
etal. 2011). The Kyn-AHR pathway was active in glioblastomas and contributed
to tumour cell survival, motility and suppression of anti-tumour immune response.

The immunosuppression elicited by tumour cells via Kyn-AHR signalling has
been further elucidated in hepatocellular carcinoma (HCC). The IL-6-inducible
intestine-specific homeobox transcription factor (ISX), implicated in HCC, was
found to promote a feedforward mechanism thereby enhancing tumourigenicity
and evasion of immune cell surveillance (Wang et al. 2017). More specifically,
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ISX was found to induce the expression of indoleamine-2,3-dioxygenase 1 (IDO1)
and TDO2 resulting in elevated levels of Kyn and subsequent AHR activation,
which in turn enhanced ISX expression (Figure 4). Additionally, ISX elevated
the expression of programmed death ligand 1 (PD-L1) and programmed death 1
(PD-1) proteins in HCC. Accordingly, HCC patient samples with high ISX
expression also had enhanced expression of IDO1, TDO2, AHR and PD-LI1.
More importantly, high expression of these genes correlated with shorter survival
time of patients after surgical resection of HCC. PD-L1 and PD-1 interaction acts
as an “off switch” keeping cytotoxic T-lymphocytes (CTLs) from attacking other
cells in the body. Importantly, some cancers express high levels of PD-L1 thereby
enabling them to hide from immunosurveillance.

Cancer cell T-cell (CD3*CD8%)
Chronic inflammation
A) Cytokines B)
TNFa, IL6
. PD-L11 PD-1

NO

Figure 4. An established schematic model of Kyn-dependent immune escape of
cancer cells. A) ISX-IDO-Kyn-AHR positive feedforward mechanism in cancer cells,
resulting in PD-L1 upregulation. B) Kyn produced in cancer cells is transported into
CD3*CD8" immune cells via SLC36A4 and SLC7AS transporters, resulting in AHR-
dependent upregulation of PD-1, SLC36A4 and SLC7AS.

Recently, the Kyn-dependent crosstalk between tumour and immune cells has
been further elucidated. Liu and colleagues found, that CTLs stimulate tumour
cells to release high levels of Kyn, which was transported into CTLs via SLC7AS
(solute carrier family 7 member 8) and SLC36A4 (solute carrier family 36
member 4) transporters resulting in activation of AHR (Liu et al. 2018b). AHR
then bound to the regulatory regions of PD-1, SLC7A8 and SLC36A4 genes
thereby inducing their expression and resulting in suppression of immune
response on tumour cells (Figure 4). Conversely, inhibition of AHR activity
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downregulated these genes and enhanced the anti-tumour effect of CTLs. This
regulatory network was confirmed in both animal models and human lung, colon
and breast cancer patient samples providing evidence for future immunotherapy
strategies. The impact of Kyn signalling has also been implicated in pancreatic
cancer. [t was established, that nitric oxide, produced by nitric oxide synthase 2
(NOS2), regulated RUNX3 transcription factor (Wang et al. 2020). RUNX3 then
bound the promoter of IDO1 upregulating its expression resulting in elevated Kyn
levels. Kyn activated AHR thereby promoting cancer growth and invasiveness.
These results correlated well with poor patient survival and are in accordance
with a previous publication reporting NOS2-dependent enhancement of pancreatic
cancer progression (Wang et al. 2016).

2.7. AHR in stem cells

The function of AHR has been characterised, by using its ligands or knockout
models, in many cell types with high developmental potential i.e. stem cells. In
mouse, AHR is expressed already at 1-cell stage (Wu et al. 2002). At 2- and
8-cell stage AHR expression is silenced followed by upregulation in later stages
(Peters & Wiley 1995; Wu et al. 2002). The expression pattern of AHR was
further characterised by Ko and colleagues, who found that AHR is basically
absent in pluripotent mouse embryonic stem (mES) cells and its expression was
recovered during non-directed differentiation into embryonic bodies (EB) (Ko et
al. 2014). They uncovered that AHR is repressed by the core pluripotency factors
Oct4, Nanog and Sox2, which bound Ahr distal promoter thereby inhibiting gene
expression. Indeed it is known, that in ES cells, the transcription factors Oct4,
Nanog and Sox2 act on their target genes by promoting self-renewal and silencing
differentiation thus implicating a role of Ahr in differentiation (Boyer et al. 2005;
Loh et al. 2006). It was later established that AHR regulates pluripotency, cell
fate decision by restricting cardiogenesis and commitment towards neuroglia (Ko
et al. 2016). Additionally, AHR repression was found to promote mES cell
mitotic progression, thereby maintaining pluripotency.

Data about the role of AHR in pluripotent human embryonic stem (hES) cells
is scarce. A recent article reported that AHR is indeed expressed in hES cells
(Yamamoto et al. 2019). Moreover, they found that AHR is activated by its
endogenous ligand kynurenine (Kyn), a metabolite of tryptophan, produced by
indoleamine 2,3-dioxygenase 1 (IDO1). Inhibition of IDO1 activity and
tryptophan catabolism resulted in reduced proliferation but not differentiation.
Indeed it has been shown that tryptophan deprivation from cell culture media
results in inhibition of cell growth and decreased cell numbers (Shiraki et al.
2014). Importantly, they observed diminished AHR expression during neural
differentiation. Kyn levels and thus probably AHR activity were also reduced
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during ectodermal differentiation underscoring the role of AHR in hES cell
differentiation. Accordingly, in our experiments using the hES cell line H9, we
observed that AHR is indeed expressed (Teino et al., manuscript in preparation).
During non-directed differentiation into EBs, we observed downregulation of
AHR, demonstrating a profound difference in AHR expression pattern and thus
function between human and mouse ES cells. Further, during directed neural
differentiation, AHR expression is initially downregulated followed by upregu-
lation at later time points. Endodermal differentiation resulted in more profound
repression of AHR expression in all time points tested. Mesodermal cells, in turn,
seemed to lack AHR. This differential expression of AHR between lineages
emphasises that AHR indeed has an important and distinct role during hES cell
differentiation.

Nowadays, the therapeutic potential of pluripotent stem cells is widely accepted.
However, the use of hES cell lines has many disadvantages as they are not autolo-
gous and more importantly accumulate a burden of cancer-associated mutations
in the cell culture (Merkle et al. 2017). By whole exome sequencing of 140 hES
cell lines collected from laboratories around the world, mutations in TP53 were
identified that conferred selective advantage. Thus, there is a need for patient-
specific induced pluripotent stem (iPS) cells, generation of which, however, has
been expensive and relatively inefficient. The reprogramming of somatic cells to
pluripotency is under thorough investigation. Previously, the use of miRNAs has
been described in cellular reprogramming. More precisely, exogenous expression
of hES cell-specific miRNA cluster 302-367 resulted in efficient generation of
iPS cells (Anokye-Danso et al. 2011; Suh et al. 2004). The miRNA-302, however,
has been shown to be inducible by AHR (Hu et al. 2013). Activation of AHR by
an anti-allergy drug Tranilast as well as other AHR agonists facilitated the miR-
302-dependent reprogramming of mouse embryonic fibroblasts to pluripotency.
In accordance with this, we detected AHR binding in close proximity upstream
of miRNA-302 in hES cell genome by ChIP-Seq experiments (Teino et al.,
manuscript in preparation).

In addition to embryonic stem cells, the role of AHR has also been established
in adult stem cells with lower developmental potential. Hematopoietic stem cells
(HSC) are one of the best-characterised adult stem cells. Although they have high
therapeutic value, their expansion in vitro is limited. Advances in this field have
identified a small molecule compound StemRegenin 1 (SR1), which affects HSCs
(Boitano et al. 2010). It was uncovered that SR1 antagonises AHR, thereby pro-
moting proliferation and maintaining their undifferentiated status. Accordingly,
Musashi-2 (MSI2), an RNA binding protein, induced HSC self-renewal (Hope et
al. 2010). It was later established that MSI2 exerts its effect via attenuation of
AHR signalling with downregulation of CYP1BI1 being the key mechanism
(Rentas et al. 2016). Thus, the role of AHR in HSC is well established. To date,
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the SR1 expanded HSC (MGTA-456) are in clinical trials for patients undergoing
hematopoietic stem cell transplantation (ClinicalTrials.gov).

Toxicological studies have provided evidence on adverse outcomes following
TCDD exposure in mesodermal differentiation. TCDD-dependent AHR signalling
resulted in impaired mesoderm formation as outlined by reduced mesoderm-
specific marker gene expression (Fu et al. 2019; Neri et al. 2011). It was also
found that TCDD disrupts differentiation embryonic stem cells into cardio-
myocytes, concordant with the adverse effects of dioxins on heart development
and function (Carreira et al. 2015; Humblet et al. 2008; Jokinen et al. 2003).
Interestingly, the derailment of mesoderm differentiation was evident only if hES
cells were treated with TCDD prior differentiation (Fu et al. 2019). This indicates
that activation of AHR may influence the epigenetic landscape of hES cells
consistent with its interaction with the nucleosome remodelling complex NuRD
(nucleosome remodelling and deacetylation) and modulation of gene methylation
(Gialitakis et al. 2017; Wu et al. 2004). The neurotoxic effects of TCDD have
been investigated for decades. Studies on laboratory animals have shown several
defects in brain development (Collins et al. 2008; Hays et al. 2002; Jiang et al.
2014; Mitsuhashi et al. 2010). Recently, it was found that TCDD treatment
influenced human neuronal differentiation from hES cells (Sarma et al. 2019).
More precisely, TCDD led to increased tyrosine hydroxylase-positive neuronal
cell differentiation with concomitant downregulation of endo- and mesoderm-
specific marker genes.

Collectively, the data emphasise that AHR has a crucial role in the regulation
of cells with high developmental potential. However, much more work needs to
be done in order to further elucidate the impact of AHR activity modulation
during cell differentiation, whether by endogenous or exogenous ligands.

2.8. AHR in ovarian granulosa cells

Initial studies identifying several environmental contaminants acting as endocrine
disrupting chemicals led to the investigation of the role of AHR in ovarian
homeostasis using known xenobiotic AHR ligands. With the establishment of
AHR knockout mouse models, the endogenous role of AHR was further charac-
terised ascribing it a central role in the development of ovary as well as regulation
of ovarian processes.

During embryonic development, the primordial germ cells proliferate rapidly
forming germ cell nests that are surrounded by somatic cells called pre-granulosa
cells (Figure 5) (Guigon & Magre 2006). Following mitotic arrest and meiotic
entry, the germ cells are called oocytes (McLaren 2000). Subsequently, approxi-
mately 70% of oocytes undergo apoptosis, which is thought to aid breakdown of
germ cell nest and formation of the surviving oocytes into primordial follicles
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(Pepling & Spradling 2001). These primordial follicles comprise of an oocyte
surrounded by a single layer of flattened granulosa cells and constitute the limited
reproductive pool of the female organism.

The next steps in follicle maturation are categorised as initial and cyclic
recruitments (McGee 2000). The initial recruitment is thought to be a continuous
process during life and comprises of different stages of follicle maturation. First,
a number of primordial follicles grow into primary follicles. This process encom-
passes growth of the oocyte, whereas the granulosa cells gain a cuboidal shape
(Makabe et al. 2006). During formation of the preantral follicle, granulosa cells
proliferate and the oocyte acquires zona pellucida— a ring of proteins secreted by
the oocyte. Additionally, stromal cells surround the follicle and form a flattened
layer of theca cells. The continuing growth of the follicle results in influx of fluids
forming the antrum and antral follicles. The primary pathway of these antral
follicles is to undergo degeneration, a process called atresia. However, after
pubertal onset, a number of follicles are saved from apoptosis and enter the cyclic
recruitment controlled by gonadotropins FSH (follicle stimulating hormone) and
LH (luteinising hormone). (McGee 2000)

During cyclic recruitment, the FSH is responsible for rescuing a number of
antral follicles from atresia. Among this cohort of growing follicles emerge the
dominant follicles (one in humans), which grow faster and are more sensitive to
FSH, due to increased Fsh receptor (Fshr) and Lhcgr expression (Bao et al. 1997,
Evans & Fortune 1997; Xu et al. 1995). The dominant follicles express higher
levels of oestradiol (E2) and inhibins, which downregulate pituitary-expressed
FSH, thereby suppressing the growth of the remaining antral follicles that
eventually undergo atresia (Chetkowski et al. 1986; Farnworth et al. 1988). By
the end of the growth, the follicles reach the preovulatory stage and are mature
for ovulation. Ovulation results from rapid increase in LH levels (termed LH
surge) secreted by the pituitary followed by breakdown of the follicle and release
of the oocyte and its surrounding cumulus granulosa cells. The remaining theca
and mural granulosa cells, which surrounded the antrum, constitute the corpus
luteum and express progesterone to primarily maintain pregnancy.

The maturation of ovarian follicles is under tight control of the hypothalamus-
pituitary-ovary axis. Gonadotropin releasing hormone (GnRH) is synthesised and
secreted in the hypothalamus. GnRH acts on gonadotroph cells located in the
anterior pituitary. These cells, upon GnRH stimulation, express and secrete the
gonadotropins FSH and LH. The secreted FSH and LH are transported to the
ovary where they bind their corresponding receptors FSH receptor (Fshr) and
LH/chorionic gonadotropin receptor (Lhcgr). Fshr expression is confined to
granulosa cells at all stages of follicular maturation. Lhcgr, in turn, is expressed
on granulosa cells of antral follicles and theca cells (Richards et al. 1976). The
theca cells form a layer surrounding the follicular granulosa cells and the oocyte.
These cells produce androgens, which diffuse into granulosa cells and are then
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converted into the major female sex hormone E2 by Cyp19al. The expression of
Cypl19al is controlled by FSH that, through regulating E2 levels, supports the
proliferation of granulosa cells and growth of follicles (Fitzpatrick & Richards
1991; Hsueh et al. 1984). Binding of FSH to its receptor Fshr activates adenylate
cyclase to elevate cAMP levels. This, in turn, results in activation of the protein
kinase A (PKA) pathway, subsequent phosphorylation of cAMP response element
binding protein (Creb) and modulation of gene expression (Mukherjee et al.
1996). Similar events take place during LH binding to Lhcgr following LH surge
prior to ovulation, although the outcome in terms of gene expression regulation
differs drastically.

Fragmented Primary Antral Preovulatory Ovulating Corpus
Oocyte nest  Primordial follicle Preantral follicle follicle follicle luteum
nest follicle follicle

Pre-granulosa Flattened
cells granulosa N
Oocyte  apoptotic  cells  Cuboidal PeIUCIda Theca Luteinised
oocyte granulosa cell layer Cumulus  Mural granulosa cells
cells granulosa granulosa
cells cells

Figure 5. Stages of ovarian follicle maturation.

The role of AHR in the ovary has been established in different cell types and
various developmental stages. AHR-KO mice, although fertile, had difficulties in
maintaining conceptuses and fewer pups (Abbott et al. 1999; Baba et al. 2005).
Additionally, it was found that significantly less pups survived lactation. During
early stages of follicle formation AHR is expressed and seems to be responsible
for inducing apoptosis. It has been found that foetal ovaries from AHR-KO mice
have increased numbers of non-apoptotic oocytes in germ cell nests (Robles et al.
2000). In accordance with this, the AHR-KO neonatal ovaries harboured more
primordial follicles compared to wild-type littermates (Benedict 2000; Robles et
al. 2000).

Several environmental contaminants are known to cause oocyte destruction,
ovarian failure and early menopause. Accordingly, the classical PAH and AHR
ligand dimethylbenz(a)anthracene, but not TCDD, was shown to induce apoptosis
of both mouse and human primordial follicles through induction of the pro-
apoptotic Bax gene expression (Matikainen et al. 2001, 2002). It has also been
reported that treatment with the Ahr agonist 3-methylcholanthrene results in
degradation of oocyte DNA, reduced numbers of follicles in each stage of matura-
tion and an Ahr antagonism can reverse this effect (Rhon-Calderon et al. 2016).

Further studies have broadened the role of AHR in follicular maturation.
Experiments using adult AHR-KO mice have found that the lack of AHR results
in slower growth and fewer number of antral follicles, but does not influence
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atresia, compared to their wild type littermates (Benedict 2000; Benedict et al.
2003). These findings were corroborated by Barnett and colleagues, who also
noted slower growth of AHR-KO follicles (Barnett et al. 2007b). This was
reported to be due to decreased granulosa cell proliferation, resulting from reduced
levels of cell cycle regulators cyclin-dependent kinase 4 (CDK4) and cyclin D2
(CCND2). CCND2 is known to be crucial for FSH-induced granulosa cell pro-
liferation, as disruption of this gene results in infertility (Sicinski et al. 1996).
Both CCND2 and CDK4 have, however, been shown to be influenced by AHR
(Barhoover et al. 2010; Jung et al. 2010).

In addition, the AHR-KO mice had reduced levels of E2, but not its precursor
testosterone, and treatment of these mice with E2 restored the growth comparable
to wild type mice (Baba et al. 2005; Barnett et al. 2007b). E2, which stimulates
granulosa cell proliferation, is synthesised by Cypl9al in the granulosa cells.
Cypl9al, in turn, has been shown to be directly regulated by AHR and is
decreased in AHR-KO mice (Baba et al. 2005). Similar results were obtained in
vitro using an Ahr antagonist (Bussmann et al. 2006). As proper E2 levels are
required for normal oestrous cycle, reduced levels of E2 seem to account for
follicular disturbances observed in AHR-KO mice (Baba et al. 2005). Further
investigations have attributed AHR a role in gonadotropin responsiveness. AHR-
KO mice had reduced ovarian weight, less corpora lutea and ovulated ova when
immature mice were induced to ovulate by the classical superovulation scheme
using pregnant mare serum gonadotropin (PMSG) and human chorionic
gonadotropin (hCG) (Barnett et al. 2007a). This was found to be due to decreased
expression of Fshr and Lhegr. Importantly, AHR was shown to bind the promoter
region of Fshr, but not Lhegr, implicating direct regulation.

Although many studies have concentrated on the role of Ahr in ovarian
processes, less attention has been paid on if and how Ahr itself is regulated. An
earlier study established that AHR is downregulated in ovaries of immature rats
following maternal TCDD exposure in vivo, probably accounting from one side
for the adverse effects of xenobiotic Ahr ligands on reproduction (Chaffin & Hutz
1997). Accordingly, ligand-dependent downregulation of Ahr protein levels was
observed in vitro in granulosa cells and this included the 26S proteasome pathway
(Bussmann & Barafiao 2006). More importantly, this study found that Ahr
expression is reduced in cultured granulosa cells following FSH and E2 treatment.
During the oestrous cycle, Ahr expression has been reported to fluctuate in the
ovary (Chaffin et al. 2000). The levels of AHR showed a positive increasing trend
as follicular maturation proceeded followed by downregulation at the time of LH
surge and ovulation. Interestingly, similar pattern was observed in hepatic Ahr
expression expanding the significance of Ahr regulation in organ homeostasis.
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3. AIMS OF THE STUDY

Initially the majority of studies investigating Ahr focused on its role in toxicity
by various environmental contaminants i.e. its ligands. Later, the importance of
Ahr was established in cancer as well as homeostasis of various cell and tissue
types, including reproductive tissue. To date, a variety of endogenous Ahr ligands
have been ascertained broadening our understanding on the role of Ahr in the
organism. In the face of numerous publications and ongoing research projects,
relatively little attention has been paid on how Ahr itself is regulated. One
previous study has delineated the differential expression of Ahr during the
maturation of rat granulosa cells in the ovarian follicle (Chaffin et al. 2000).
Another has implicated the regulation of Fshr expression by Ahr (Barnett et al.
2007a). Thus, we aimed to expand the knowledge about Ahr in the granulosa cells
of mice further. Considering this, the aims of this thesis were:
1. To determine the regulation of mouse Ahr during maturation of granulosa
cells and elucidate the possible mechanisms.
2. To investigate if and how Ahr is regulated during the preovulatory stage
following Lhegr stimulation.
3. To characterise the interplay between Ahr and Fshr promoter.
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4. RESULTS AND DISCUSSION

4.1. The upregulation of Ahr during follicular
maturation involves silencing of PKA signalling and
chromatin remodelling (1)

Although attention has been paid on the role of Ahr in the female reproductive
system, there is little data looking into the regulation of Ahr itself. Chaffin and
colleagues demonstrated that in normally cycling rats the expression of Ahr
fluctuates (Chaffin et al. 2000). More precisely, they observed a modest upregu-
lation of ovarian Ahr mRNA during granulosa cell (GC) differentiation. Regard-
ing this, we aimed to investigate, whether similar pattern can be observed in a
mouse model with the perspective of elucidating the underlying mechanisms.

4.1.1. Both FSH and LH are required for upregulation of Ahr

Pregnant mare serum gonadotropin (PMSGQG) is a known surrogate classically used
to induce maturation of high numbers ovarian follicles. PMSG has intrinsic FSH
activity, but additionally its residual LH activity has been reported (Combarnous
et al. 1984). In order to clarify, if PMSG has any effect on Ahr expression and
whether it is due to its FSH-like activity, we injected immature female mice with
5 IU PMSQG, 5 IU FSH or vehicle. After 48 h, ovaries were excised, granulosa
cells harvested and gene expression patterns analysed. Western blot analyses
showed that following PMSG treatment Ahr protein levels are significantly
elevated compared to vehicle treatment. Similar pattern was observed in Ahr
mRNA expression concordant with previously published data on rats (Chaffin et
al. 2000). Injection of FSH, however, failed to influence the amount of Ahr
protein in GCs. Interestingly, FSH was able to increase the expression of Ahr
mRNA significantly, though to a smaller extent compared to PMSG (I, Figure 1
a—c). This referred to the importance of LH signalling in Ahr regulation. Indeed,
it is known that LH is important in follicle maturation and its actions on GCs
differ from FSH (Ruman et al. 2005). We also assessed the effects of LH and
hCG (human chorionic gonadotropin — LH analogue) on Ahr expression but
observed none (I, Supplementary Figure S1 a). This was somewhat expected as
FSH is the main initiator of GC differentiation bringing about the upregulation of
Lhegr.

We next aimed to clarify, whether the different effects of PMSG and FSH on
Ahr mRNA and protein might be due to the short half-life of FSH or if the specific
activity of LH is required for Ahr upregulation. For this, we injected mice 4 times
every 12 h with FSH alone or in combination with LH. Western blot analysis
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indicated that FSH alone was again not able to influence Ahr protein levels.
However, we observed a slight but significant increase in Ahr mRNA expression.
Simultaneous injection of FSH and LH, in turn, resulted in significant upregu-
lation of both Ahr protein and mRNA indicating that both FSH and LH activities
are needed to influence Ahr in GCs (I, Figure 1 d—f). The results are concordant
with the fact that indeed both gonadotropins are known to be essential for the
maturation of ovarian GCs. It has been determined that FSH-treatment without
LH results in reduced number of large follicles and thus the follicular maturation
is disturbed (Ruman et al. 2005). By analysing Fshr, Cypl9al and Lhcgr
expression, we observed that these hallmark follicular maturation genes are
upregulated only when mice received both FSH and LH (I, Supplementary Figure
S1 c). The role of LH in influencing Ahr can additionally be attributed to its
ability to affect protein levels post-transcriptionally e.g. by miRNAs (Bahrami et
al. 2017; Khan et al. 2015). Additionally, miRNAs have been shown to control
Ahr protein level (Huang et al. 2011; Liu et al. 2018a; Nakano et al. 2016).

4.1.2. PMSG-dependent expression dynamics of Ahr and
follicle maturation marker genes

To understand the mechanism of how Ahr is regulated during follicular maturation
in GCs, we sought to determine the temporal pattern of Ahr expression. Mice
were injected with PMSG and granulosa cells harvested every 12 h up to 48 h
time point. Western blot analysis indicated that Ahr protein levels start to increase
24 h post-injection and continue to rise until 48 h after injection. We observed a
similar pattern in mRNA expression, though significant differences were apparent
36 h post-injection (I, Figure 2 a—c).

It has been described previously that Ahr regulates the expression of Fshr and
Cypl9al (Baba et al. 2005; Barnett et al. 2007a). We next determined the
temporal expression patterns of the aforementioned GC differentiation markers
and Lhcgr to validate our experimental setting of PMSG administration. More
importantly, we aimed to gain insight into the possible interplay between these
genes and Ahr. We observed a significant increase in Fshr expression 24 h post-
injection, coinciding with the expression of Ahr. The expression of Cypl9al and
Lhcgr, however, started to increase 12 h post-injection, earlier than Ahr (I, Figure
2 d-f). Considering that Ahr has been reported to regulate Cypl9al, this seems
contradicting. However, one should keep in mind that this superovulation
scheme, using relatively high doses of PMSG, might not exactly mimic the events
taking place in normally cycling adult mice and thus other proteins can fulfil the
function of Ahr. Supporting this, it has been shown that high amounts of PMSG
and hCG can rescue the ovarian phenotype common to Ahr-KO mice, as the
ovarian weight, number of corpora lutea and ovulated ova were comparable to
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that of wild-type mice (Barnett et al. 2007a). Another possibility is that the
regulation of Cypl9al by Ahr is dependent on the degree of GC differentiation.
Although initially induced by FSH signalling, the continued expression of
Cypl9al may indeed depend on Ahr as the follicular maturation proceeds.
Additionally, we cannot exclude the possibility that Ahr regulates Cyp19al on a
basal level, since both genes are expressed in immature follicles. The relatively
early upregulation of Lhcgr compared to Ahr, however, corroborates our notion
that it might be involved in the control of Ahr protein levels as determined above
(I, Figure 1).

4.1.3. PMSG-dependent upregulation of Ahr occurs in large antral
follicles and is caused by attenuation of PKA signalling

Until now, there was little data about the spatial expression of Ahr in murine
ovaries. Thus, our goal was to determine where Ahr is expressed in the ovary and
to clarify in which GCs the upregulation of Ahr occurs. Mice were primed with
PMSG or injected with vehicle. After 48 h, ovaries were excised and cryosections
subjected to immunofluorescence with an Ahr-specific antibody. We found that
PMSG treatment led to maturation of follicles, exemplified by the presence of
large antral follicles. Importantly, the upregulation of Ahr took place exclusively
in large antral follicles, more precisely in mural GCs, whereas the cumulus GCs
and smaller follicles showed little or no Ahr expression (I, Figure 3). Our results
are supported by a previously published study showing elevated Ahr mRNA
expression in mural GCs of large antral follicles (Wigglesworth et al. 2015).
Moreover, the same study showed higher Lhcgr expression in mural GCs
additionally supporting our idea about its role in Ahr regulation.

FSH initiates the maturation of ovarian follicles. It is known to activate
adenylate cyclase resulting in higher cAMP formation and subsequent PKA
activation (Ratoosh et al. 1987). PKA, in turn, phosphorylates Creb, making it a
good surrogate to evaluate PKA activity (McNulty et al. 1994; Puri et al. 2016).
In order to clarify if PKA might regulate Ahr, mice received PMSG and GCs
were extracted 24 h later, at the time when Ahr expression starts to increase. The
GCs were further cultured for 4 h in the presence of Forskolin, another known
activator of PKA signalling, or vehicle alone. Western blot analysis revealed a
robust downregulation of p-Creb protein levels in vehicle-treated cells. This was
somewhat expected, considering the absence of external stimuli (e.g. FSH)
present in vivo. Forskolin, in turn, increased the amount of p-Creb in cultured
GCs. In terms of Ahr, the lack of external stimuli had a positive effect on Ahr
protein levels. Forskolin treatment, however, influenced Ahr negatively (I, Figure
4 a—c). This negative correlation led us to the notion that PKA pathway
suppresses Ahr expression. Accordingly, FSH-dependent repression of Ahr
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expression in vitro has been demonstrated previously in rats (Bussmann &
Barafiao 2006). Additionally, we measured the expression of Fshr, Cyp19al and
Lhegr and observed a rapid downregulation of these genes following in vitro
culture, whereas Forskolin counteracted this effect indicating that in vitro culture
indeed lacked PKA activation (I, Supplementary Figure S3).

To assure further, that PKA signalling regulates Ahr, we next used the PKA
inhibitor H89. GCs were cultured with or without Forskolin in the presence or
absence of H89 for 4 h. We observed a significant Forskolin-dependent down-
regulation of Ahr expression. H89, however, abolished this effect efficiently,
allowing us to assume that PKA indeed downregulates the expression of Ahr
(I, Figure 4 d). Additional time course experiments revealed that Ahr expression
continues to increase at least up to 24 h in culture. Forskolin, in turn, repressed
Ahr in all corresponding time points tested (I, Supplementary Figure 4 a). In order
to determine whether PKA controls Ahr expression in vivo we assessed the
temporal pattern of p-Creb during 48 h of PMSG and vehicle treatment as
previously with Ahr (I, Figure 2 a—c). We observed that p-Creb is present in
vehicle-treated mice in every time point tested, indicating basal PKA activity and
its possible constitutive repressive effect on Ahr expression. Importantly, two
Creb response elements have been identified in the mouse Ahr promoter (Schmidt
et al. 1993). PMSG-treatment in turn resulted in downregulation of p-Creb
protein levels. More precisely, densitometry analysis revealed that p-Creb level
is significantly lower 24 h after PMSG injection, at the time when Ahr expression
starts to increase (I, Figure 4 e and f). This is in accordance with Maizels et al.
who showed a reduction of p-Creb levels at the 24 h time point in rat GCs
(Maizels et al. 2001). Although they observed decreased p-Creb protein levels
also 48 h after PMSG treatment, our results did not reveal a significant difference
in 36 and 48 h time points compared to vehicle treatment. More importantly, we
observed high variability in p-Creb levels, which may be caused by varying
numbers of maturing follicles in different mice. Collectively, these data indicate
that Ahr expression in ovarian GCs during follicular maturation is controlled by
PKA activity as shown by both in vitro as well as in vivo experiments.

4.1.4. PMSG regulates chromatin accessibility at Ahr promoter

To further characterise the regulation mechanisms of Ahr during follicular
maturation, we next aimed to elucidate, how Ahr expression is regulated at the
mRNA level. Gene expression can be influenced by both transcription rate and
mRNA degradation. We first measured the levels of heteronuclear RNA
(hnRNA), which is a surrogate method to evaluate transcription rate, in GCs of
mice treated with PMSG or vehicle alone at different time points. By using
specific primers complementary to the exon-intron junction and intron, we
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detected the nascent unspliced Ahr hnRNA. Further analysis revealed that
treatment of mice with PMSG increases the transcription rate of Ahr gene and
this is comparable to mRNA and protein expression observed earlier (I, Figure
5 a). Additionally, we examined whether PMSG might also affect Ahr mRNA
stability. For this, GCs from PMSG-primed mice were cultured in vitro in the
presence of PMSG or vehicle for 2 and 4 h. We found that PMSG led to increased
expression of Ahr compared to vehicle treatment. When GCs were treated with
the transcription inhibitor actinomycin D (ActD), we observed a robust decline
in Ahr mRNA detection. However, there was no difference between PMSG or
vehicle treatment (I, Figure 5 b). This led us to the conclusion that PMSG indeed
influences Ahr transcription rate and not mRNA stability in maturing ovarian
GCs.

It is known that regulatory elements responsible for gene expression can be
situated far from the transcriptional start site. However, previous studies charac-
terising Ahr promoter have defined a region necessary for its constitutive basal
activity. Additionally, it has been shown that Ahr promoter contains several
response elements for gonadotropin-dependent modulators (Fitzgerald et al. 1998;
Garrison & Denison 2000). Thus, we aimed to determine if PMSG influences Ahr
expression by modulating its promoter activity. GCs were transfected with a 1792
bp Ahr promoter-reporter vector, treated with PMSG or vehicle and luciferase
activity measured 48 h later. We were able to detect the activation of the reporter
construct compared to empty vector in vehicle-treated cells. PMSG, however, had
no effect on luciferase activity (I, Figure 5 c). This indicated that the regulatory
elements responsible for Ahr regulation by PMSG might be situated further up-
stream. Another possible explanation might be the context of chromatin, which
is not precisely mimicked by exogenous vectors.

There are studies presenting epigenetic control of gene expression in the ovary
and previous publications demonstrating epigenetic regulation of Ahr expression
(DeManno et al. 1999; Garrison et al. 2000; Salvador et al. 2001; Zhang et al.
1996). This led us to investigate whether PMSG-dependent upregulation of Ahr
expression might be controlled by changes in chromatin structure — i.e. relaxation
of chromatin — thus enabling accessibility to factors necessary for transcription.
For this, we used CHART-PCR (chromatin accessibility by real-time PCR),
which allows evaluation of chromatin condensation using nuclease digestion and
detection of undigested DNA by specific primers. We concentrated on Ahr
promoter region —176 to —77 bp upstream of transcriptional start site (TSS), as
the proximity of this region to the TSS makes it essential for the binding of
transcription machinery. Cypl19al and Pax7 were used as positive and negative
controls, respectively. Analysis of PMSG vs vehicle-treated GCs revealed that
chromatin at Cyp19al promoter is open following PMSG treatment, consistent
with its mRNA expression. There were no significant changes in case of Pax7, a
control gene not expressed in GCs (I, Supplementary Figure S5). Analysis of Ahr

34



promoter revealed a similar pattern to Cyp19al, indicating that the expression of
Ahr like Cypl9al is indeed regulated by chromatin remodelling at proximal
promoter (I, Figure 5 d). There are studies describing direct phosphorylation of
histones by FSH-PKA signalling, which resulted in decondensation of chromatin
(DeManno et al. 1999; Salvador et al. 2001). Contrarily to this, others have
provided evidence that PKA activity is required to maintain chromatin con-
densation and thus silencing of gene expression (Collas et al. 1999). Although it
is reasonable that both processes are simultaneous, the latter seems to be
responsible for regulation of Ahr in the ovarian GCs.

Taken together, we have provided evidence that PMSG induces Ahr
expression in large antral follicles during maturation of granulosa cells. This
effect is elicited by reduction in PKA signalling and involves decondensation of
chromatin at Ahr promoter (Figure 6).

Before PMSG FSH After PMSG PMSG
IE'I: Fshr/Lhcgr I:

> cAMP

v

Cytoplasm PEA Cytoplasm

p-Creb
Nucleus v Ahr Nucleus Ahr

FSK

Figure 6. Schematic representation PMSG-dependent upregulation of Ahr expression.
Ahr expression is repressed in GCs of immature ovarian follicles. Following PMSG
treatment, PKA signalling is transiently silenced (pictured in white), enabling up-
regulation of Ahr via opening of chromatin at its promoter.

4.2. Lhcgr signalling represses Ahr expression in
preovulatory granulosa cells by chromatin remodelling (I1)

Previously published data indicate that following LH surge Ahr is downregulated
in preovulatory stage of the rat reproductive cycle in vivo (Chaffin et al. 2000).
We sought to determine, whether this effect can be observed also in mouse
granulosa cells. Moreover, we aimed to characterise the molecular mechanisms
involved in Ahr downregulation.
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4.2.1. Ahr protein and mRNA expression are repressed by hCG

To determine the expression of Ahr in preovulatory GCs we used a classical
superovulation scheme. This includes administration of PMSG to immature
female mice, injection of hCG (LH analogue) or vehicle 48 h later followed by
excision of ovaries after 12 h and harvesting of GCs. Western blot analysis
revealed that hCG-treatment results in a robust downregulation of Ahr protein
levels compared to vehicle-treated cells. Additionally, gene expression analysis
revealed that Anr mRNA is upregulated following PMSG-treatment as determined
in Ref 1 but hCG injection renders Ahr mRNA to the levels of GCs from immature
mice. We also determined Ahr expression in whole ovaries and observed a
negative though statistically insignificant effect by hCG, which may be due to the
cells other than GCs in the ovary that lack Lhcgr and thus do not respond to this
stimulus (I, Figure 1 A and B). These results are in agreement with previous in
ViVO observations in rats, where downregulation of Ahr was evident prior to
ovulation (Chaffin et al. 2000).

Additional experiments revealed that Ahr expression continued to increase if
mice received vehicle after 48 h of PMSG treatment. Importantly, we observed a
similar pattern, including hCG-dependent downregulation, when the vehicle and
hCG treatments were performed in vitro, ascribing the downregulation of Ahr
specifically to Lhcgr signalling, rather than any possible secondary effects taking
place in vivo. It was our next objective to determine the temporal pattern of Ahr
in response to vehicle/hCG treatment. We again noted that Ahr expression
continues to increase following vehicle treatment. However, downregulation of
Ahr was evident 8 h and 12 h post hCG injection when compared to cells from
mice that received PMSG for 48 h. More importantly, the hCG-dependent
reduction of Ahr mRNA opposing the upregulation of vehicle treatment was
evident already 4 h after injection (II, Figure 1 C and D). Hence, the down-
regulation of Ahr expression is rapid and under control of Lhcgr signalling.

A previous publication has provided evidence that hCG and LH actions,
although both binding the same receptor Lhcgr, result in somewhat different
intracellular signalling pathways quantitatively and qualitatively (Casarini et al.
2012). Concerning this, we also assessed the effect of LH on Ahr expression and
observed similar outcomes compared to hCG (unpublished data). Therefore, we
concluded that Lhcgr signalling, irrespective of its activator, reduces Ahr
expression both invivo and in vitro and this effect occurs in a rather rapid manner.
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4.2.2. Downregulation of Ahr expression is dependent on PKA signalling
and does not involve de novo protein synthesis

It is known that Lhcgr signalling activates adenylate cyclase (AC) resulting in
elevation of cAMP levels, which in turn results in PKA activation. PKA has been
shown to modulate, among others, ERK1/2 (Extracellular Signal-Regulated
Kinase 1/2) and modify chromatin proteins (DeManno et al. 1999; Puri et al.
2016). In order to shed light on the possible mechanisms involved in hCG-
dependent downregulation of Ahr, GCs from PMSG-primed mice were cultured
invitro in various conditions. First, as seen previously, we observed a significant
downregulation of Anr mRNA when cell culture media was supplemented with
hCG. Forskolin, which is another activator of adenylate cyclase, showed similar
albeit more profound repressive effects on Ahr expression, consistent with previous
publication presenting cAMP-dependent downregulation of Ahr (Fitzgerald et al.
1996). Although we paid no attention to this, it may be caused by its direct action
on AC rather than intermediate Lhegr signalling by hCG. The activation of AC
and subsequent cAMP formation led us to hypothesise that PK A pathway may be
responsible for regulating Ahr. To test this, additional experiments using the PKA
inhibitor H89 revealed the importance of PKA as the downregulation of Ahr was
abolished. As PKA can also modulate ERK1/2 activity, we next aimed to test
whether ERK 1/2 participates in Ahr downregulation. Inhibition of ERK1/2 by its
inhibitor U0126, however, had no effect on hCG/Forskolin (FSK)-dependent
modulation of Ahr expression (II, Figure 2 A). Thus, Ahr seems to be under direct
control of PKA.

Since the onset of Ahr downregulation appeared rather fast (I, Figure 1 D),
we next aimed to determine, whether this occurs via direct signalling or requires
de novo protein synthesis. For this, GCs from PMSG-injected mice were cultured
invitro in the presence of vehicle or cycloheximide (CHX), a known inhibitor of
new protein synthesis. After 1 h pre-treatment, either hCG, FSK or vehicle were
added to the culture medium. Analysis of Alr mRNA expression indicated that
CHX treatment alone resulted in robust induction of gene expression. Although
the mechanisms remain unknown, it is possible that CHX treatment resulted in
elimination of inhibitory proteins tightly controlling Ahr expression. Concomitant
treatment of GCs with FSK and hCG, however, counteracted this effect
emphasising that repression of Ahr expression is independent of new protein
synthesis and may occur via signal transduction between proteins (II, Figure 2
B). Although we did not investigate this in detail, it is reasonable to argue that p-
Creb, a direct phosphorylation target of PKA, may be responsible for this in a
similar way as identified in Ref I.

Collectively, these results demonstrate that PKA pathway is involved in the
downregulation of Ahr expression in preovulatory GCs. Modulation of ERK1/2
activity, in turn, revealed that it does not participate in the repression of Ahr,
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referring that PKA influences Ahr directly rather than through other downstream
pathways. Moreover, we determined that CHX boosted Ahr expression
underscoring the repression of Ahr by de novo protein synthesis at basal level.
FSK/hCG counteracted the effects of CHX and therefore exerted their effect on
Ahr independent of new protein synthesis.

4.2.3. PKA represses Ahr expression by transcriptional silencing

To characterise how PKA exerts its effect on Ahr expression we next aimed to
elucidate, whether this occurs through reduced transcription rate or increased
mRNA degradation — the two fundamental processes regulating mRNA abundance
in cells. The results revealed that both hnRNA, indicative of transcription rate,
and mRNA levels are reduced in a similar pattern following hCG treatment of
PMSG-primed mice. This indicates that hCG indeed downregulates Ahr tran-
scription. Data on posttranscriptional regulation of Ahr is scarce. For example,
regulation of Ahr by miR-124 has been determined (Huang et al. 2011). Addi-
tionally, a recent study demonstrated A-to-I RNA editing with subsequent miR-
378-dependent reduction of Ahr mRNA (Nakano et al. 2016). To corroborate our
findings indicating reduced transcription rate rather than post-transcriptional
control of Ahr, we aimed to evaluate whether hCG might have an effect on Ahr
mRNA stability. For this, GCs from mice injected with PMSG were cultured in
vitro in the presence of hCG or vehicle followed by addition of the transcription
inhibitor actinomycin D (ActD). Analysis of the results revealed that there were
no differences between hCG or vehicle treatment when de novo RNA synthesis
was inhibited, eliminating the possibility of Ahr regulation by e.g. miRNAs (11,
Figure 3 B and C). This led us to conclude that hCG does not influence Ahr
mRNA stability and exerts its effect primarily through reduction of transcription.

4.2.4. Chromatin remodelling at proximal promoter is involved
in hCG-dependent downregulation of Ahr expression

Previous studies have described the promoter of Ahr and identified the region and
elements necessary for its expression (Fitzgerald et al. 1996; Garrison & Denison
2000). In order to clarify, whether hCG might exert its effect on Ahr expression
by some trans-acting factors, we used a reporter gene construct containing Ahr
promoter as described in Ref I. GCs from PMSG-primed mice were transiently
transfected with the reporter vector followed by hCG treatment. By analysing the
results, we found that the reporter gene was indeed functional, as induction of
luciferase expression was observed. When GCs were treated with hCG, however,
we did not see any changes in promoter activity (II, Figure 3 D). Additionally,
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we analysed the endogenous Ahr expression and noted downregulation as seen in
our previous experiments (unpublished data). Considering that exogenous vectors
do not precisely mimic the endogenous chromatin structure, we hypothesized that
hCG may exert its effect on Ahr expression through modifications at the level of
chromatin.

Histone acetylation and deacetylation, among others, are processes that are
responsible for open and closed chromatin structures, respectively. The use of
histone deacetylase (HDAC) inhibitor enables to investigate, whether gene expres-
sion is downregulated via closing of chromatin. By using the HDAC inhibitor
trichostatin A (TSA), we next aimed to elucidate the mechanisms behind hCG-
dependent downregulation of Ahr. GCs from PMSG-primed mice were cultured
invitro in the presence of TSA followed by addition of hCG/FSK. By quantifying
Ahr mRNA we observed that hCG as well as FSK again repressed Ahr expression.
Addition of TSA, however, reversed this effect indicating that chromatin
remodelling may be involved in the regulation of Ahr expression. This finding is
in accordance with previous studies, where inhibition of HDAC activity by TSA
and n-butyrate counteracted Ahr repression (Garrison et al. 2000; Zhang et al.
1996).

One possibility to assess the state of chromatin is using CHART-PCR. In our
experiments we focused on the promoter region —176 to —77 bp relative to TSS
and the first intron far downstream (II, Figure 4 A). PMSG-primed mice were
injected with hCG or vehicle and harvested GCs were subjected to CHART-PCR.
We found that hCG did not influence the state of chromatin in the first intron as
the amount of recovered DNA was the same as in vehicle treated GCs. This
indicates that chromatin at the first intron is constantly open. Analysis of the
promoter region, however, clearly demonstrated that hCG causes chromatin
condensation as the recovered DNA was more abundant compared to vehicle
treatment (IT Figure 4 B). Thus, we concluded that following hCG surge, Ahr is
downregulated by condensation of promoter chromatin. Indeed, comparable
results have been obtained previously, where Cypl9al expression was reported
to be controlled by similar mechanisms post-hCG stimulation (Nimz et al. 2010).

Collectively, we demonstrated that Lhcgr signalling downregulates Ahr
expression in preovulatory granulosa cells both in vitro and in vivo. This involves
activation of PKA, but not ERK1/2 pathways, with subsequent reduction in Ahr
transcription rate but not mRNA stability. Finally, we observed that the decrease
in Ahr mRNA abundance was due to closing of chromatin at Ahr promoter
thereby disabling the access of transcription factors necessary for gene expression
(Figure 7).
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Figure 7. Schematic representation of hCG/LH-dependent Ahr repression. LH/hCG
stimulation results in PKA-dependent downregulation of Ahr expression via closing of
chromatin at Ahr promoter.
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4.3. Ahr activates Fshr promoter via direct interaction
with E-Box binding site (1l1)

Previous experiments exploring the role of Ahr in female reproductive system
have observed that the environmental contaminant and most potent Ahr ligand
TCDD has negative effects on Fshr expression (Hirakawa 2000). On the contrary,
experiments with Ahr knockout mice indicate that Ahr influences Fshr expression
positively, as lack of Ahr resulted in reduced Fshr mRNA levels. Additionally,
binding of Ahr on Fshr promoter was identified without exogenous ligands by
chromatin immunoprecipitation (Barnett et al. 2007a). Therefore, we aimed to
shed light on the interplay between Ahr and Fshr and elucidate the possible
mechanisms behind this.

4.3.1. Ahr and Arnt overexpression enhances
Fshr reporter gene induction

To clarify the mechanisms by which Ahr exerts its effect on Fshr expression we
used a constitutively active Ahr (CA-AHR) expression vector. CA-AHR lacks
ligand binding ability thereby resulting in constitutive transcriptional activity
(McGuire et al. 2001). This allowed us to study the endogenous role of Ahr i.e.
without exogenous ligands such as TCDD, which has been shown to inhibit Fshr
expression. Additionally we were able to avoid any possible Ahr-independent
adverse effects the Ahr ligands could exert on granulosa cells. First, we transiently
transfected the murine granulosa cell line KK-1 with CA-AHR and ARNT
expression vectors together with the luciferase reporter gene containing a 1553bp
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Fshr promoter. We found that CA-AHR indeed was functional and able to induce
the promoter activity of Fshr (III, Figure 1 A).

The consensus motif XRE bound by Ahr/Arnt dimer consists of the sequence
5’-TNGCGTG-3’, where TNGC and GTG are recognised by Ahr and Amt,
respectively. We next searched for transcription factor binding sites in the Fshr
proximal promoter and identified a putative XRE site — TTGCCTG — differing
from the consensus sequence by one nucleotide (underlined). Additionally, we
identified AP-1 and E-box motifs. Previous studies have determined that Arnt
homodimers are capable to bind E-box motifs and regulate gene expression
(Arpiainen et al. 2007; Huffman et al. 2001). Thus, we next aimed to clarify
whether Arnt homodimers rather than Ahr/Arnt complex might regulate Fshr
promoter activity. For this, KK-1 cells were co-transfected with Fshr reporter
vector and CA-AHR or Arnt expression vectors alone or their combination. We
found that Arnt alone had no effect on Fshr promoter activity. Ectopic expression
of CA-AHR modestly but statistically significantly activated Fshr promoter
suggesting the possibility that endogenous Arnt may be the limiting factor in
supporting the action of CA-AHR. Indeed, when CA-AHR and Arnt were co-
transfected, we observed a robust induction of Fshr promoter reporter gene (II1,
Figure 1 B).

These results provide evidence that the constructed CA-AHR was functional
i.e localised in the nucleus and induced target gene expression. Moreover,
CA-AHR was capable to activate Fshr promoter and this was further enhanced
with Arnt co-transfection. This indicates that Ahr/Arnt heterodimers, rather than
Arnt homodimers, as shown previously, drive Fshr expression (Arpiainen et al.
2007). The modest induction of Fshr reporter gene transfected with CA-AHR
alone is probably due to endogenous Arnt expressed in these cells, although
dimerization of Ahr with other proteins cannot be excluded. For example
dimerization of Ahr with KLF6 has been reported (Wilson et al. 2013). However,
the extensive induction of Fshr promoter activity by CA-AHR and Arnt co-
transfection indicates that indeed the Ahr/Arnt heterodimer is responsible for
modulating Fshr expression. Considering this, all subsequent transfection
experiments always included Arnt expression vector.

4.3.2. Ahr regulates Fshr activity through an E-box motif

It has been reported that the region necessary for Fshr promoter activity lies
between —555 to —99 bp upstream of translational start site (Levallet et al. 2001).
Considering this, we next aimed to specify the region essential for Ahr-dependent
regulation. In addition to the 1553bp promoter reporter used in our previous
experiments, we generated a series of reporter vectors harbouring 562bp, 209bp
and 99bp of Fshr promoter. These constructs, together with CA-AHR and Armt,

41



were transiently transfected into KK-1 and primary granulosa cells isolated from
PMSG-primed mice. We observed that CA-AHR was able to induce the reporter
genes containing 1553bp, 562bp or 209bp Fshr promoter constructs. However,
the 99bp construct was unresponsive to CA-AHR (III, Figure 2). Thus, we
identified that the region where Ahr exerts its effect on Fshr promoter lies within
—209 to —99 bp upstream of translational start site. This is in accordance with a
previous study, where binding of Ahr on the Fshr promoter in the same region
was identified by chromatin immunoprecipitation (Barnett et al. 2007a).

Barnett and colleagues stated that the Fshr proximal promoter contains Ahr
response elements (Barnett et al. 2007a). As discussed above, our transcription
factor binding site search resulted in only two motifs in the aforementioned
region — AP-1 and E-box — similar to that found previously (Levallet et al. 2001).
Additionally, a putative XRE site was present, differing only by one nucleotide —
GCCTG (III, Figure 3 A). We next aimed to clarify, which of these regulatory
elements may be important for Fshr promoter activation by Ahr. For this,
mutations were introduced into each of the three sites in the 209bp reporter
construct. The mutated vectors were then transfected into KK-1 cells as well as
GCs together with CA-AHR and Arnt expression vectors. Further analysis of
luciferase expression revealed that mutations in the putative XRE or AP-1 sites
had no effect on CA-AHR-dependent Fshr promoter activity. The disruption of
E-box, however, rendered the luciferase levels comparable to transfections
without CA-AHR (11, Figure 3 B).

We identified the minimal region of Fshr promoter responsive to Ahr-
dependent activation. To date, several varying binding sites for Ahr have been
identified. Thus, it would not be surprising to discover that Ahr could interact
with DNA distinct from its classical XRE sequence. Our results indicate that the
putative XRE site indeed is irrelevant in Ahr-dependent activation of Fshr
promoter as shown by site-directed mutagenesis. More importantly, Ahr seems
to exert its effect via binding to E-box element. Strengthening this notion, a
previous report has suggested interactions of Ahr and E-box element on the
promoter of IL17 in Th17 cells, thereby activating its expression (Cui et al. 2011).

4.3.3. Ahr interacts with the E-box motif on Fshr promoter

The E-box motif is a binding site for various transcription factors. Among others,
c-Myc/Max dimers are known to bind to E-box (Blackwell et al. 1993). More-
over, Usfl has been identified to bind the E-box and regulate mouse Fshr
expression (Hermann et al. 2008). To further characterise the interplay between
Ahr and Fshr promoter, we next used DNA affinity precipitation assay (DAPA)
to clarify whether Ahr binds E-box directly or may this be facilitated by other
proteins e.g. Usfl. DAPA relies on the precipitation of nuclear protein and
labelled DNA probe complexes, thus we first needed to determine the localisation
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of Ahr in KK-1 and GCs. Cell fractionation and subsequent Western blot analysis
revealed that in KK-1 cells Ahr is in an inactive form located in the cytoplasm
and the nuclear fraction lacked Ahr. When cells were treated with TCDD, the
highest affinity ligand, we observed a robust nuclear accumulation of Ahr. GC
fractionation indicated that Ahr is mainly located in the cytoplasm. However,
nuclear Ahr was also detected, indicating that GCs might produce endogenous
Ahr ligands. Accordingly, the tryptophan metabolite kynurenine has been reported
to be present in GCs (Dahiya et al. 2019). Interestingly, TCDD treatment resulted
only in modest nuclear import of Ahr (III, Figure 4 A). Considering this, KK-1
cells were pre-treated with TCDD in our next experiments. GCs from PMSG-
primed mice, in turn, were used without prior treatment to avoid possible side-
effects of TCDD.

For DAPA experiments, we used biotinylated oligonucleotides harbouring the
identified wild type or mutated transcription factor binding sites and flanking
regions. AP-1 and E-box motifs were overlapping, thus on the same probe. First,
DAPA experiments were performed with KK-1 cells. Nuclear lysates were
incubated with biotinylated probes containing the E-box/AP-1 and putative XRE
sites of Fshr promoter. Probes harbouring mutated binding sites served as controls.
Analysis of precipitated proteins by Western blot revealed that both Ahr and Usf1
bound the wild type E-box/AP-1 probe, whereas no binding was detected when
E-box was mutated. Disruption of the AP-1 sequence did not abolish the binding
of Ahr or Usf1 to the probe. We did not detect any Ahr or Usfl protein when the
putative XRE or its mutated probes were used indicating that this indeed is not a
functional binding site for Ahr. To determine if Ahr binds to E-box via inter-
actions with Usf1 or vice versa, unlabelled competitor probes with Usf1l and XRE
consensus sequence were used in 10-fold excess. The use of competitor containing
the consensus XRE sequence abolished precipitation of Ahr with E-box probe.
However, we still detected Usfl indicating that Usfl does not require Ahr for
binding to E-box. Usfl competitor abrogated the binding of Usfl to the E-box
probe, whereas it did not affect the binding of Ahr, indicating that Usfl does not
facilitate the binding of Ahr to the E-box probe containing Fshr promoter
sequence (III, Figure 4 B). Similar experiments were performed with GCs. Again,
we observed that both Ahr and Usf1 bound the intact E-box/AP-1 probe. The use
of mutated E-box probe abrogated Ahr and Usfl detection, whereas AP-1
mutation resulted in no changes. Additionally, Usfl competitor again displaced
Usfl1 but had no effect on the binding of Ahr to the wild type E-box probe (11,
Figure 4 C). These results are in line with our previous experiments using mutated
Fshr promoter constructs, where disruption of E-box sequence abolished the Ahr-
dependent activation of the reporter gene.

At first, the interplay between Ahr and Usfl on binding to E-box seems some-
what contradicting. Especially when using the Usfl competitor, that contains the
core E-box sequence CACGTG. This, however, can be explained by different
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flanking nucleotides in the E-box probe vs Usfl competitor, where A-to-G and
T-to-C substitutions were introduced at +1 and +3 positions downstream of
CACGTG, respectively. Indeed, previous publications have underscored the
importance of these nucleotides in binding of Ahr to DNA (Matikainen et al. 2001;
Shen & Whitlock 1992). In addition, the importance of flanking nucleotides has
been emphasised in the binding of Amt homodimers to the E-box element
(Swanson & Yang 1999). Considering that Arnt without Ahr had no effect on Fshr
promoter activity, we concluded that Ahr/Arnt heterodimer seems to interact with
the E-box motif directly rather than via Usf1.

4.3.4. Ahr DNA binding is necessary for transactivation
of Fshr promoter

Two previously published studies have described that specific mutations in Ahr
sequence render it unable to bind DNA (Bunger et al. 2008; Levine et al. 2000).
More precisely, insertion of glycine and serine between arginine-39 and aspartic
acid-40 (AHR DBD) and a substitution of alanine-78 to aspartic acid
(AHR_A78D) rendered Ahr incapable to bind DNA. By exploiting this, we aimed
to determine whether Ahr interacts with the E-box motif on Fshr promoter directly
or via other proteins. We constructed two mutant CA-AHR expression vectors
(CA-AHR_A78D and CA-AHR DBD), transfected them into KK-1 cells and
performed DAPA experiments. Following Western blot, we again observed that
CA-AHR was binding the E-box probe, this did not require Usfl as shown by
Usfl competitor, and mutation of the E-box motif abolished the binding of both
proteins. When KK-1 cells were transfected with CA-AHR A78D or CA-
AHR _DBD, no binding to the E-box probe was detected (III, Figure 5 A). This,
however, did not influence the binding of Usfl to the intact E-box probe
indicating that Ahr and Usfl interact independently with the E-box motif.
Further reporter gene experiments using CA-AHR, CA-AHR A78D and CA-
AHR_DBD were undertaken to ensure our notion that the DNA binding ability
of Ahr is indeed obligatory for Fshr promoter activation. For this, GCs and
KK-1 cells were transiently transfected with the respective expression vector and
Fshr reporter gene. Analysis of luciferase expression revealed that CA-AHR
again induced Fshr promoter activity in both cell types. When CA-AHR_A78D
or CA-AHR DBD were ectopically expressed, we observed a considerable
reduction in Fshr promoter activity compared to CA-AHR, demonstrating that
DNA binding of Ahr is essential for the induction of Fshr promoter (III,
Figure 5 B). In GCs but not KK-1 cells, we observed a modest increase in Fshr
promoter activation by mutant Ahr compared to empty vector transfection. This,
however, can be explained by the activity of endogenous Ahr, as observed in
fractionation experiments (I, Figure 4 A). Additionally, we cannot completely
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exclude the option that CA-AHR _A78D or CA-AHR DBD may have disturbed
binding potencies with other proteins necessary for Fshr transcription. However,
the results obtained from DAPA experiments with Usfl competitors still strongly
indicate that the binding and thus transactivation of Fshr promoter rely on the
direct interaction between Ahr and E-box motif.

A previous publication has emphasised that TCDD — the most potent ligand
of Ahr — negatively regulates Fshr mRNA expression in cultured rat GC (Hirakawa
2000). Barnett and colleagues and our data herein, however, ascribe an opposite
function to Ahr in regard of mouse Fshr expression (Barnett et al. 2007b,a). Thus,
we next aimed to clarify, whether this is due to species-specificity or due to
different activation of Ahr i.e. endogenous/constitutive activity vs exogenous
ligand (TCDD). For this, GCs from PMSG primed mice were transfected with
Fshr promoter reporter constructs and wild type Ahr expression vector or
respective controls. Analysis of luciferase expression revealed that TCDD alone
significantly although to a small extent activates Fshr promoter (III, Figure 6).
This seems to be in line with our experiments showing TCDD-dependent
accumulation of endogenous Ahr in GCs (IlI, Figure 4 A). Small changes in
reporter gene activity were observed when Ahr was overexpressed without
TCDD treatment, indicating activation of Ahr by an endogenous ligand. How-
ever, when GCs were transfected with Ahr and received additionally TCDD, we
observed a robust transactivation of Fshr promoter. Considering that ectopic
overexpression of Ahr and subsequent activation by TCDD probably results in
ubiquitous nuclear accumulation of Ahr, this was not surprising. Moreover, the
TCDD-responsiveness of Fshr promoter is reinforced by the fact that it harbours
A and T at positions +1 and +3 downstream E-box motif, respectively. These
nucleotides have been shown to be essential for TCDD-induced target gene
activation (Matikainen et al. 2001).

Our results from reporter gene experiments differ from previously published
data in rats. There is a slight possibility that these contradicting results stem from
the differences in model organisms. However, the reason might also lie within
different experimental protocols, as Hirakawa observed TCDD-dependent down-
regulation of Fshr expression in vitro in GCs derived from diethylstilbestrol
(DES)-treated immature rats (Hirakawa 2000). As FSH/LH activities are needed
to upregulate Ahr in GCs (I, Figure 1), it is reasonable to argue that DES-
treatment does not increase Ahr protein levels. Supporting this, oestradiol did not
influence Ahr expression in rats (Chaffin et al. 2000). Thus, it is possible that the
reduction in Fshr expression results from TCDD-induced silencing of Ahr
signalling via Tiparp and/or Ahrr, rather than direct inhibitory action of Ahr. In
our experiments with PMSG-primed mice, the Ahr levels are relatively high and
potentially superior to these inhibitory signals. Our findings are supported by
Barnett and colleagues, who also ascribed a positive role for Ahr in regulating
Fshr expression (Barnett et al. 2007a).
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Conclusively, published data indicate that Ahr has an important role in
granulosa cells, as knockout mice have disordered oestrous cyclicity, reduced
expression of Fshr, Cypl9al and decreased oestradiol levels (Baba et al. 2005;
Barnett et al. 2007a,b). We, herein, provide evidence that Ahr regulates Fshr
expression positively via direct interaction with the E-box motif (Figure 8).
Although the effects various environmental pollutants, like TCDD, exert on
reproduction may seem somewhat contradicting, future studies will shed light in
this matter, as toxicological studies are still ongoing.

Figure 8. Regulation of Fshr expression by Ahr. Ahr and Arnt directly interact with
an E-box motif located in the promoter region of Fshr.
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SUMMARY

Initially, the aryl hydrocarbon receptor was studied in regard of its role in
toxicology. Additionally, the Ahr gene was characterised, including its promoter
and regulatory elements therein. Today, the majority of research investigating
Ahr focuses on elucidating its role in normal physiology as well as disease,
identifying its novel ligands and exploiting them to counteract health disorders.
However, little attention is paid on how Ahr itself is regulated. Thus, the research
presented in the current thesis aimed to delineate the mechanisms that regulate
Ahr expression. Moreover, we intended to clarify how Ahr regulates its target
gene devoid of the consensus response element in the regulatory region. For this,
we used ovarian granulosa cells from mice, as fluctuations in Ahr levels and
regulation of Fshr have been reported in these cells previously.

In the first part of the thesis, we ascertained that Ahr is upregulated as
follicular maturation of granulosa cells proceeds and this requires both FSH and
LH activity. Moreover, Ahr protein levels increased in mural rather than cumulus
GCs of large antral follicles. The temporal pattern of Ahr expression indicated
that its upregulation coincides with Fshr, a gene reported to be regulated by Ahr.
Cyp19al, another Ahr target gene, however, was induced prior to changes in Ahr
expression. Additional experiments revealed that PKA pathway inhibits Ahr
expression. This was determined in vitro, as the use of PKA inhibitor recovered
Ahr expression, and in vivo, where Ahr induction was observed when p-Creb
levels decreased. We provide evidence that Ahr is upregulated via increased tran-
scription rate and not by changes in mRNA stability. This in turn appeared to be
the result of the opening of chromatin at the Ahr promoter as revealed by
CHART-PCR.

In the second part of this thesis we determined that the upregulation of Ahr
expression during follicular maturation is reversed in the preovulatory phase
following LH surge. By using the LH analogue hCG, we observed a rapid
decrease in Ahr expression at both mRNA and protein levels in vitro and in vivo.
This effect was elicited directly by PKA, as de novo protein synthesis was not
required and PKA inhibition abolished the downregulation of Ahr. Investigation
into the possible mechanisms revealed that Ahr decrease is the result of reduced
transcription rate and did not involve changes in mRNA stability. Additional
experiments using the HDAC inhibitor exposed the importance of epigenetic
modifications in the regulation of Ahr. In accordance with this, we provide
evidence that Lhcgr signalling results in chromatin remodelling i.e. reduced
accessibility at Ahr promoter but not in the first intron, as shown by CHART-
PCR experiments.

The third part of the current thesis reveals that Ahr transactivates Fshr
expression in GCs by direct binding to DNA at the E-box motif located in the
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proximal promoter region. We first constructed a CA-AHR expression vector and
verified its functionality. Deletion constructs of Fshr promoter reporter gene
indicated that Ahr exerts its effect on Fshr promoter activity in the region —209
to —99 bp relative to translational start site. Mutations of the transcription factor
binding sites in this region underscored the importance of E-box motif but not
AP-1 or a putative XRE. Further DAPA experiments indicated that Ahr binds
E-box directly rather than via USF1. This was later confirmed with CA-AHR
mutants incapable of DNA binding in both DAPA experiments as well as reporter
gene assay where Fshr promoter activation was abolished. Finally, we established
that TCDD-activated Ahr stimulates Fshr promoter induction, rather than inhibits
its expression as observed previously.

The upregulation of Ahr expression has been reported in cancer. Considering
that the majority of recent studies regarding Ahr focus on the modulation of its
activity, the results herein provide another means in disrupting its signalling, i.e.
activation of PKA pathway, and thus adverse outcomes in disease. Additionally,
the establishment of the E-box regulatory element as an Ahr binding site enables
to identify novel Ahr target genes, thereby expanding our understanding of this
controversial protein.
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SUMMARY IN ESTONIAN

Ariitlsusivesinike retseptor hiire munasarja granuloosarakkudes

On teada, et paljud keskkonnas levinud saasteained, sealhulgas dioksiinid (nt
TCDD) mdjutavad oluliselt inimese tervist, pohjustades muuhulgas vihki ja
héireid immuunsiisteemis ning reproduktsioonis. Seetottu on pikka aega uuritud
nende ksenobiootiliste kemikaalide toimemehhanisme ning leitud, et mitmed
neist avaldavad moju 14bi artiiilsiisivesinike retseptori (AHR). AHR on transkript-
sioonifaktor, mis ligandi poolt aktiveerituna liigub raku tuuma ning aktiveerib
mitmete maérklaudgeenide transkriptsiooni. Nende hulka kuuluvad ka kseno-
biootikume lagundavate ensiilimide geenid. Kui algselt arvati, et AHR-i pea-
miseks funktsiooniks on nende saasteainete metabolism, siis hilisemad uuringud
on toestanud, et AHR-il on ka oluline endogeenne ehk ksenobiootikumidest
soltumatu roll. Lisaks on tidnaseks tuvastatud hulgaliselt AHR-i agoniste ning
antagoniste, mida siinteesitakse organismis vOi omastatakse toiduga. Seejuures
on oluline mérkida, et erinevad ligandid vdivad mojutada geenide ekspressiooni
erinevalt ning samuti v3ib see olla sdltuv rakutiiiibist ja mudelorganismist. Kuigi
eelkdige on AHR-iga seotud uurimistodde pdhifookuseks olnud AHR-i aktiiv-
suse muutumine, on teada, et ka selle ekspressioon voib varieeruda. Niiteks on
tuvastatud korge AHR-i tase mitmetes véhitiitipides. Seega on AHR-i ekspres-
siooni moduleerimisel potentsiaalne terapeutiline véartus.

Mitmed keskkonnakemikaalid, mis avaldavad oma toimet libi AHR-i,
kutsuvad esile hiireid reproduktiivsiisteemis. Teisest kiiljest on Ahr-il ka oluline
endogeenne funktsioon, indutseerides aromataasi (Cypl9al) ja folliikuleid
stimuleeriva hormooni retseptori (Fshr) ekspressiooni granuloosarakkudes.
Samuti on teada, et Ahr-i ekspressiooni diinaamika muutub emase roti munasarjas
reproduktiivtsiikli jooksul, viidates Ahr-i regulatsiooni olulisusele. Sellest tule-
nevalt oli kdesoleva doktoritod eesmérgiks selgitada, millised mehhanismid
mojutavad Ahr-i ekspressiooni hiire munasarja granuloosarakkude kiipsemisel
enne ja pdrast ovulatsiooni stimuleerimist. Lisaks kirjeldati, milliste inter-
aktsioonide kaudu mdjutab Ahr Fshr-i promootori aktiivsust.

Kéesoleva doktoritoé esimene osa keskendus Ahr-i ekspressiooni regulat-
sioonile granuloosarakkudes folliikulite kiipsemise kéigus. Esmalt tehti kindlaks,
et sarnaselt rotis tdheldatule, suureneb Ahr-i ekspressioon granuloosarakkude
diferentseerumise kdigus ning see on soltuv nii folliikuleid stimuleeriva hormooni
(FSH) kui ka luteiniseeriva hormooni (LH) signaliseerimisest. Korge Ahr-i tase
oli omane eelkdige suurte antraalsete folliikulite granuloosarakkudele. Ahr-i
ekspressiooni diinaamikat vaadeldes selgus, et see on ajaliselt vorreldav Fshr-i
ekspressiooni suurenemisega, mis on kooskolas viimase regulatsiooniga Ahr-i
poolt. See-eest teise Ahr-i mérklaudgeeni — Cyp19al — ekspressioon indutseeriti
ajaliselt varem. Jargnevalt selgitati, milline signaalirada vdiks mdjutada Ahr-i
ekspressiooni. Kasutades proteiinkinaas A (PKA) inhibiitorit in vitro, selgus, et
PKA represseerib Ahr-i geeni avaldumist. Antud tulemust kinnitasid in vivo
katsed, kus tdheldati PKA maérklaudvalgu fosforiileeritud vormi vdhenemist
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samaaegse Ahr-i induktsiooniga. Lisaks tehti kindlaks, et Ahr-i ekspressiooni
suurenemine on tingitud mRNA siinteesi aktiivsuse suurenemisest, kuid mitte
muutunud mRNA stabiilsusest. Viimaks selgitati, et antud efekt on pShjustatud
Ahr-i promootorala kromatiini avanemisest.

Doktoritd6 teises osas kontsentreeruti Ahr-i regulatsioonimehhanismidele
granuloosarakkudes pdrast LH analoogi hCG (inimese koorini gonadotropiin)
manustamist hiirtele. Selgus, et hCG mojul viheneb Ahr-i ekspressioon kiirelt nii
mRNA kui valgu tasemel. See oli tingitud otseselt PKA signaliseerimisest, mida
tdoendasid de novo valgusiinteesi ja PKA inhibiitori katsed. Lisaks méératleti, et
Ahr-i ekspressiooni vdhenemine on pohjustatud mRNA siinteesi aktiivsuse
langusest ja mitte mRNA stabiilsuse kahanemisest. Edasised katsed néitasid, et
antud efekt on omakorda tingitud kromatiini struktuuri timberkorraldustest. Nimelt
leiti, et hCG mojul sulgub kromatiin Ahr-i promootoralal, kuid mitte geenisiseselt.

Antud doktorit66 kolmandas osas keskenduti Ahr-i ja Fshri-i promootorala
interaktsioonide kirjeldamisele. Esmalt konstrueeriti konstitutiivselt aktiivse
Ahr-i (CA-AHR) ekspressioonivektor ning valideeriti selle funktsionaalsus.
Jargnevalt médratleti reportergeeni analiiiisil, et Ahr-sdltuvaks Fshr-i promootori
aktivatsiooniks on oluline piirkond, mis paikneb vahemikus —209 kuni —99 alus-
paari translatsiooni alguspunktist iilesvoolu. Antud piirkonnas paiknevaid
transkriptsioonifaktorite seondumiskohti muteerides selgus, et Ahr-i toime avaldub
14bi E-box motiivi. Seda kinnitasid ka DNA afiinsus-sadestamise meetodil saadud
tulemused, mis osundasid, et Ahr seondub E-box motiivile pigem otseselt. Kinni-
tamaks, kas Ahr interakteerub otseselt DNA-ga voi siiski mone tuvastamata valgu
vahendusel, konstrueeriti jargnevalt vektorid, millelt ekspresseeritakse Ahr-i
variante, mis pole voimelised DNA-le seonduma. Edasistest katsetest selgus, et
muteeritud Ahr valgud polnud vdimelised Fshr-i promootorile seonduma ning
seda aktiveerima. Seega jéreldati, et Ahr seondub E-box motiivil otseselt DNA-
ga. Viimaseks uuriti TCDD m&ju Fshr-i promootori aktiivsusele. Vastupidiselt
varasemalt publitseeritule, kus tdheldati Fshr-i ekspressiooni langust TCDD
mojul, ilmnes, et TCDD indutseerib Ahr-soltuvalt Fshr-i promootori aktivatsiooni.

Kéesoleva doktoritod uurimistulemuste pohjal voib iildistavalt viita, et PKA
signaliseerimine represseerib Ahr-i ekspressiooni hiire munasarja granuloosa-
rakkudes. Arvestades, et kdrget AHR-i valgu taset on tdheldatud mitmetes véhi-
tiilipides, on sellel leiul ka potentsiaalne rakenduslik viljund meditsiinis, kus
PKA aktivatsiooni muutmine vdiks olla liheks terapeutiliseks sihtmaérgiks. Lisaks
aitab antud doktorit6d kéigus selgunud teadmine, et Ahr on vdimeline inter-
akteeruma E-box motiiviga, tuvastada uusi Ahr-i mérklaudgeene ning seelibi
laiendada arusaama selle valgu funktsioonidest organismis.

63



ACKNOWLEDGEMENTS

It has been quite a long journey with many accomplishments and also failures.
During these years, I have met countless people who have influenced me in one
way or another, both in Estonia as well as abroad on conferences. First, [ would
like to thank my bachelor’s and master’s thesis supervisor Tarmo. Thank you for
taking me in and guiding me in taking first steps in the scientific world. I am very
thankful to Toivo for supervising my doctoral studies and allowing me to work
on the topic I wanted. I have learned a lot from you that will help me in the
future — how things work (both inside and outside academia), how to write research
grants etc. Thanks for enabling me to attend numerous conferences abroad and for
the warm attitude and supportive conversations. Thank you, Arnold, for helping
me when I had problems with my experiments and for the joyful conversations.

I am grateful to my fellow lab mates, who have worked alongside me for years.
Allan, thank you for the conversations and instructions. Antti, I thank you for all
the years we have worked together, for the conversations on various topics and
scientific discussion. Martin, thank you for helping me delve into the world of
stem cells. You have been always there, answered my questions and helped me
in countless ways, thank you. Thank you, Annika, for taking care of stem cells
and Dmitri for the help with flow cytometry.

I am thankful to my students Helen, Keyt, Laura and Inge who have worked
alongside with me. I know I have made the most of you cry during the stressful
time of writing your thesis, but considering the outcome, I think it was worth it©.

I would like to thank Sulev K. for helping me with animal experiments and
for the warm talks. I am grateful to Teele, Tiiu and Janika for helping me survive
the bureaucracy and always having time for me.

Throughout my years in the chair of cell biology, there have been many people
who have helped me in various ways. Thank you Viljar, Sulev 1., Lilian, Kersti,
Signe, Kadri, Kristiina, Mariliis, Artjom, Kristina, Marko, Valmar, Egle, Henel,
Janeli...

I am also thankful to Archimedes Foundation, Doctoral School of Bio-
medicine and Biotechnology, University of Tartu Foundation for the financial
support, which has allowed me to attend conferences around the world.

Many thanks to Toivo, Arnold and Martin for proofreading this thesis and for
good suggestions. | also thank Ants Kurg for reviewing this dissertation.

Greatest thanks to my family, relatives and friends for the understanding and
endless support. Thank you Kaari, Isabel and Jasper for lifting me up when I was
down and always supporting me. I thank my parents, my brother and his family.
The easiest part is over now.

Farewell, my “professional childhood”!

64



PUBLICATIONS



Name:
Date of birth:
Contact:

E-mail:

CURRICULUM VITAE

Indrek Teino

08. December 1985

Chair of Cell Biology, Institute of Molecular and Cell Biology,
University of Tartu, Riia Street 23, 51010, Tartu, Estonia
indrek.teino@gmail.com

Education and professional employment:

2018-

2011-

2009-2011
2004-2009
2001-2004

University of Tartu, Institute of Molecular and Cell Biology,
national coordinator of ERA-NET project HEPAMUT (Mutated
neo-antigens in hepatocellular carcinoma)

University of Tartu, PhD studies (Molecular and Cell Biology);
laboratory assistant

University of Tartu, MSc in Natural Sciences (Gene Technology)
University of Tartu, BSc in Natural Sciences (Gene Technology)
Hugo Treffner Gymnasium

Scientific work:

- The main research is focused on aryl hydrocarbon receptor in mouse ovarian
granulosa cells and human embryonic stem cells.

- Supervised three BSc and one MSc dissertations, co-supervised two BSc and
two MSc dissertations

Special courses:

2019 International Federation for Adipose Therapeutics and Science annual
meeting, France, Marseille

2018 International Society for Stem Cell Research annual meeting, Australia,
Melbourne

2018 AHR Meeting 2018, France, Paris

2017 International Society for Stem Cell Research annual meeting, USA, Boston

2016 International Society for Stem Cell Research annual meeting, USA, San
Francisco

2015 International Society for Stem Cell Research annual meeting, Sweden,
Stockholm

2014 International Conference on Gonadotropins & Receptors, France, Tours

2014 International Society for Stem Cell Research annual meeting, Canada,
Vancouver

2014 Practical course “Laboratory Animal Science I, Estonia, Tartu

117



Fellowships:
2018 Doctoral School of Biomedicine and Biotechnology, grant for foreign

visits

2018 Kristjan Jaak grant for foreign visits, Archimedes Foundation

2018 Olev and Talvi Maimets scholarship, University of Tartu Foundation
2017 Kristjan Jaak grant for foreign visits, Archimedes Foundation

2016 Kristjan Jaak grant for foreign visits, Archimedes Foundation

2016 Olev and Talvi Maimets scholarship, University of Tartu Foundation
2015 Doctoral School of Biomedicine and Biotechnology, grant for foreign

visits

2014 Doctoral School of Biomedicine and Biotechnology, grant for foreign

visits

2014 Kristjan Jaak grant for foreign visits, Archimedes Foundation
2013 Olev and Talvi Maimets scholarship, University of Tartu Foundation

List of publications:

1.

Matvere, A., Teino, 1., Varik, 1., Kuuse, S., Tiido, T., Kristjuhan, A., &
Maimets, T. (2019). FSH/LH-Dependent Upregulation of Ahr in Murine
Granulosa Cells Is Controlled by PKA Signaling and Involves Epigenetic
Regulation. Int. J. Mol. Sci. 20(12):3068

. Ervin, E. H., Pook, M., Teino, I, Kasuk, V., Trei, A., Pooga, M., & Maimets, T.

(2019). Targeted gene silencing in human embryonic stem cells using cell-
penetrating peptide PepFect. Stem Cell Res. Ther. 10(1):43

. Ounpuu, L., Klepinin, A., Pook, M., Teino, 1., Peet, N., Paju, K., Tepp, K.,

Chekulayev, V., Shevchuk, 1., Koks, S., Maimets, T., & Kaambre, T. (2017).
2102Ep embryonal carcinoma cells have compromised respiration and shifted
bioenergetic profile distinct from H9 human embryonic stem cells. Biochim.
Biophys. Acta Gen. Subj. 1861(8): 21462154

. Pook, M., Teino, 1., Kallas, A., Maimets, T., Ingerpuu, S., & Jaks, V. (2015).

Changes in Laminin Expression Pattern during Early Differentiation of
Human Embryonic Stem Cells. PLoS ONE. 10(9): e0138346

. Teino, 1., Matvere, A., Kuuse, S., Ingerpuu, S., Maimets, T., Kristjuhan, A.,

& Tiido, T. (2014). Transcriptional repression of the Ahr gene by LHCGR
signaling in preovulatory granulosa cells is controlled by chromatin
accessibility. Mol. Cell. Endocrinol. 382(1):292-301

. Teino, L., Kuuse, S., Ingerpuu, S., Maimets, T., & Tiido, T. (2012). The Aryl

Hydrocarbon Receptor Regulates Mouse Fshr Promoter Activity Through an
E-Box Binding Site. Biol. Reprod. 86(3):77

118



ELULOOKIRJELDUS

Nimi: Indrek Teino

Siinniaeg: 08. detsember 1985

Aadress:  Rakubioloogia Oppetool, Molekulaar- ja rakubioloogia instituut,
Tartu Ulikool, Riia 23, 51010, Tartu, Eesti

E-post: indrek.teino@gmail.com

Haridus- ja teenistuskiiik:

2018- Tartu Ulikool, Molekulaar- ja rakubioloogia instituut, ERA-NET
projekti HEPAMUT (Muteeritud neoantigeenid hepatotsellulaarses
kartsinoomis) koordinaator

2011- Tartu Ulikool, doktoridpe (molekulaar- ja rakubioloogia); Tartu
Ulikool, Molekulaar- ja rakubioloogia instituut, laborant

20092011 Tartu Ulikool, loodusteaduste MSc (geenitehnoloogia)

2004-2009 Tartu Ulikool, loodusteaduste BSc (geenitehnoloogia)

2001-2004 Hugo Treffneri Glimnaasium

Teadustegevus:

- Peamiseks uurimisteemaks on ariiiilsiisivesinike retseptor hiire munasarja
granuloosarakkudes ja inimese embriionaalsetes tiivirakkudes.

- Kolme bakalaureuse- ja ithe magistritdd juhendaja ning kaasjuhendaja kahes
bakalaureuse- ja kahes magistritdos.

Erialane enesetiiendus:

2019 International Federation for Adipose Therapeutics and Science aasta-
konverents, Prantsusmaa, Marseille

2018 AHR Meeting 2018, Prantsusmaa, Pariis

2018 International Society for Stem Cell Research aastakonverents, Austraalia,

Melbourne

2017 International Society for Stem Cell Research aastakonverents, USA,
Boston

2016 International Society for Stem Cell Research aastakonverents, USA, San
Francisco

2015 International Society for Stem Cell Research aastakonverents, Rootsi,
Stockholm

2014 International Conference on Gonadotropins & Receptors, Prantsusmaa,
Tours

2014 International Society for Stem Cell Research aastakonverents, Kanada,
Vancouver

2014 Koolitus “Katseloomateadus I”’, Eesti, Tartu

119



Stipendiumid:

2018 Biomeditsiini ja biotehnoloogia doktorikool, vélisldhetuse toetus
2018 Kiristjan Jaagu viélisldhetuse stipendium, SA Archimedes

2018 Olev ja Talvi Maimetsa stipendium

2017 Kristjan Jaagu vilisldhetuse stipendium, SA Archimedes

2016 Kristjan Jaagu vélisldhetuse stipendium, SA Archimedes

2016  Olev ja Talvi Maimetsa stipendium

2015 Biomeditsiini ja biotehnoloogia doktorikool, vilisldhetuse toetus
2014 Biomeditsiini ja biotehnoloogia doktorikool, vilisldhetuse toetus
2014  Kristjan Jaagu vilisldhetuse stipendium, SA Archimedes

2013  Olev ja Talvi Maimetsa stipendium

Teaduspublikatsioonid:

1.

Matvere, A., Teino, 1., Varik, 1., Kuuse, S., Tiido, T., Kristjuhan, A., &
Maimets, T. (2019). FSH/LH-Dependent Upregulation of Ahr in Murine
Granulosa Cells Is Controlled by PKA Signaling and Involves Epigenetic
Regulation. Int. J. Mol. Sci. 20(12):3068

. Ervin, E. H., Pook, M., Teino, 1., Kasuk, V., Trei, A., Pooga, M., &

Maimets, T. (2019). Targeted gene silencing in human embryonic stem cells
using cell-penetrating peptide PepFect. Stem Cell Res. Ther. 10(1):43

. Ounpuuy, L., Klepinin, A., Pook, M., Teino, 1., Peet, N., Paju, K., Tepp, K.,

Chekulayev, V., Shevchuk, I., Koks, S., Maimets, T., & Kaambre, T. (2017).
2102Ep embryonal carcinoma cells have compromised respiration and shifted
bioenergetic profile distinct from H9 human embryonic stem cells. Biochim.
Biophys. Acta Gen. Subj. 1861(8): 2146-2154

. Pook, M., Teino, 1., Kallas, A., Maimets, T., Ingerpuu, S., & Jaks, V. (2015).

Changes in Laminin Expression Pattern during Early Differentiation of
Human Embryonic Stem Cells. PLoS ONE. 10(9): e0138346

. Teino, I., Matvere, A., Kuuse, S., Ingerpuu, S., Maimets, T., Kristjuhan, A.,

& Tiido, T. (2014). Transcriptional repression of the Ahr gene by LHCGR
signaling in preovulatory granulosa cells is controlled by chromatin
accessibility. Mol. Cell. Endocrinol. 382(1):292-301

. Teino, L., Kuuse, S., Ingerpuu, S., Maimets, T., & Tiido, T. (2012). The Aryl

Hydrocarbon Receptor Regulates Mouse Fshr Promoter Activity Through an
E-Box Binding Site. Biol. Reprod. 86(3):77

120



p—

11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion trans-

port and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiiiitsete makrosamblike védrtus Shu saastuse indi-

kaatoritena Hamar-Dobani boreaalsetes méagimetsades. Tartu, 1992, 131 1k.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli

ribosome. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.
Lilian Jérvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

121



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.
36.

37.

38.

39.

40.

41.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor
transcription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle Olli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus PotentillaL. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

. Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,

galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of
tumor suppressor protein p53. Tartu, 1998, 86 p.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

122



42.

43.

44,

45.

46.

47.

48.

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in en-
vironmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum spp. populations in Estonia and Denmark. Tartu, 1998, 104 p.
Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

. Juan Jose Cantero. Plant community diversity and habitat relationships in

central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kéks. Cholecystokinin (CCK) — induced anxiety in rats: influence of
environmental stimuli and involvement of endopioid mechanisms and
serotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O3 and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and trans-
lational strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus
E2 protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XyIS. Tartu,
2000, 88 p.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu, 2000, 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu, 2000, 122 p.

123



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

&3.

Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu, 2000, 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000, 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000, 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu, 2001,
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu, 2001, 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu, 2001, 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu, 2001, 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002, 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas putida. Tartu, 2002, 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002, 74 p.

Kroot Aasamaa. Shoot hydraulic conductance and stomatal conductance
of six temperate deciduous tree species. Tartu, 2002, 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002,
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligonucleo-
tide microarrays. Tartu, 2002, 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003, 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003, 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003, 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003, 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation
to productivity. Tartu, 2003, 159 p

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003, 89 p.

Andres Miénnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003,
109 p.

124



&4.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104

105

Ivika Ostonen. Fine root structure, dynamics and proportion in net primary
production of Norway spruce forest ecosystem in relation to site conditions.
Tartu, 2003, 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003, 199 p.

Ulo Viili. The greater spotted eagle Aquila clanga and the lesser spotted eagle
A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004, 159 p.
Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004, 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004, 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004, 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004, 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004, 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004, 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004, 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004, 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004, 128 p.
Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004, 105 p.

Ulo Maiviili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004, 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004, 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004, 167 p.
Ilmar Tonno. The impact of nitrogen and phosphorus concentration and
N/P ratio on cyanobacterial dominance and N> fixation in some Estonian
lakes. Tartu, 2004, 111 p.

Lauri Saks. Immune function, parasites, and carotenoid-based ornaments
in greenfinches. Tartu, 2004, 144 p.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004, 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation pheBA
operon in Pseudomonas putida. Tartu, 2005, 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast
Hansenula polymorpha. Tartu, 2005, 100 p.

125



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005, 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005,
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occurrence
in the Gulf of Finland. Tartu, 2005, 156 p.

Krista Kaasik. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005, 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005, 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005, 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005, 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005, 106 p.

Mait Metspalu. Through the course of prehistory in India: tracing the
mtDNA trail. Tartu, 2005, 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006, 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006, 126 p.

Heili Tlves. Stress-induced transposition of Tn4652 in Pseudomonas Putida.
Tartu, 2006, 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006, 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006, 90 p.

Lea Tummeleht. Physiological condition and immune function in great tits
(Parus major 1.): Sources of variation and trade-offs in relation to growth.
Tartu, 2006, 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006, 186 p.

Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.
Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida albi-
cans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007,
123 p.

Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007, 143 p.

126



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.

Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007, 89 p.

Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007, 233 p.

Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007, 135 p.

Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007, 109 p.

Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007, 79 p.

Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007, 171 p.

Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007, 112 p.

Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007, 172 p.

Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007, 96 p.
Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007, 129 p.

Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007, 95 p.

Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008,
128 p.

Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008, 125 p.

Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008, 99 p.

Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008, 133 p.
Reidar Andreson. Methods and software for predicting PCR failure rate in
large genomes. Tartu, 2008, 105 p.

Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008, 175 p.
Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

127



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

Eve Eensalu. Acclimation of stomatal structure and function in tree canopy:
effect of light and CO, concentration. Tartu, 2008, 108 p.

Janne Pullat. Design, functionlization and application of an in Situ synthe-
sized oligonucleotide microarray. Tartu, 2008, 108 p.

Marta Putrin$. Responses of Pseudomonas putida to phenol-induced meta-
bolic and stress signals. Tartu, 2008, 142 p.

Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

Marge Starast. Influence of cultivation techniques on productivity and fruit
quality of some Vaccinium and Rubustaxa. Tartu, 2008, 154 p.

Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

Tsipe Aavik. Plant species richness, composition and functional trait pattern
in agricultural landscapes — the role of land use intensity and landscape
structure. Tartu, 2009, 112 p.

Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

Jaana Salujée. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

Ele Vahtmie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

128



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Pille Siailik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

Lea Hallik. Generality and specificity in light harvesting, carbon gain capa-
city and shade tolerance among plant functional groups. Tartu, 2009, 99 p.
Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

Signe Altmie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
Kaarel KrjutSkov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.

Egle Koster. Morphological and genetical variation within species complexes:
Anthyllisvulnerariass. 1. and Alchemilla vulgaris(coll.). Tartu, 2010, 101 p.
Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:
Geometridae). Tartu, 2010, 111 p.

Merike Joesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

Maria Pollupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

129



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

205.

206.

Virve Séber. The role of biotic interactions in plant reproductive per-
formance. Tartu, 2010, 92 p.

Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.

Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

Helen Tammert. Ecological role of physiological and phylogenetic diver-
sity in aquatic bacterial communities. Tartu, 2010, 140 p.

Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.

Siim Sober. Blood pressure genetics: from candidate genes to genome-wide
association studies. Tartu, 2011, 120 p.

Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect. Tartu,
2011, 134 p.

Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and neural
function. Tartu, 2011, 110 p.

Helin Réaidgel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

Arno Pollumiie. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.

Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.
Kessy Abarenkov. PlutoF — cloud database and computing services sup-
porting biological research. Tartu, 2011, 125 p.

130



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a wild
passerine. Tartu, 2011, 105 p.

Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

Pauli Saag. Natural variation in plumage bacterial assemblages in two wild
breeding passerines. Tartu, 2012, 113 p.

Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein sub-
strate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

Mari Jirve. Different genetic perspectives on human history in Europe and
the Caucasus: the stories told by uniparental and autosomal markers. Tartu,
2012, 119 p.

Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.
Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

Triinu Koéressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.
Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

Katrin Miinnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general popu-
lation. Tartu, 2012, 171 p.

Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringae pv. tomato DC3000: heterologous expression, biochemical charac-
terization, mutational analysis and spectrum of polymerization products.
Tartu, 2012, 160 p.

Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

131



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

Tonu Esko. Novel applications of SNP array data in the analysis of the ge-
netic structure of Europeans and in genetic association studies. Tartu, 2012,
149 p.

Timo Arula. Ecology of early life-history stages of herring Clupea haren-
gus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.

Inga Hiiesalu. Belowground plant diversity and coexistence patterns in
grassland ecosystems. Tartu, 2012, 130 p.

Kadri Koorem. The influence of abiotic and biotic factors on small-scale
plant community patterns and regeneration in boreonemoral forest. Tartu,
2012, 114 p.

Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria.
Tartu, 2012, 122 p.

Kaupo Kohv. The direct and indirect effects of management on boreal
forest structure and field layer vegetation. Tartu, 2012, 124 p.

Mart Jiissi. Living on an edge: landlocked seals in changing climate. Tartu,
2012, 114 p.

Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p.
Rauno Veeroja. Effects of winter weather, population density and timing
of reproduction on life-history traits and population dynamics of moose
(Alces alces) in Estonia. Tartu, 2012, 92 p.

Marju Keis. Brown bear (Ursus arctos) phylogeography in northern Eura-
sia. Tartu, 2013, 142 p.

Sergei P6lme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi — from regional to global scale. Tartu, 2013, 90 p.

Liis Uuskiila. Placental gene expression in normal and complicated
pregnancy. Tartu, 2013, 173 p.

Marko Ldoke. Studies on DNA replication initiation in Saccharomyces
cerevisiae. Tartu, 2013, 112 p.

Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.
Heidi Tamm. Comprehending phylogenetic diversity — case studies in three
groups of ascomycetes. Tartu, 2013, 136 p.

Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photosynthetic
Bacteria. Tartu, 2013, 150 p.

Margus Leppik. Substrate specificity of the multisite specific pseudo-
uridine synthase RluD. Tartu, 2013, 111 p.

Lauris Kaplinski. The application of oligonucleotide hybridization model
for PCR and microarray optimization. Tartu, 2013, 103 p.

Merli Pédrnoja. Patterns of macrophyte distribution and productivity in
coastal ecosystems: effect of abiotic and biotic forcing. Tartu, 2013, 155 p.
Tonu Margus. Distribution and phylogeny of the bacterial translational
GTPases and the Mqsr/YgiT regulatory system. Tartu, 2013, 126 p.

Pille Mind. Light use capacity and carbon and nitrogen budget of plants:
remote assessment and physiological determinants. Tartu, 2013, 128 p.

132



246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Mario Plaas. Animal model of Wolfram Syndrome in mice: behavioural,
biochemical and psychopharmacological characterization. Tartu, 2013,
144 p.

Georgi Hudjasov. Maps of mitochondrial DNA, Y-chromosome and tyro-
sinase variation in Eurasian and Oceanian populations. Tartu, 2013, 115 p.
Mari Lepik. Plasticity to light in herbaceous plants and its importance for
community structure and diversity. Tartu, 2013, 102 p.

Ede Leppik. Diversity of lichens in semi-natural habitats of Estonia. Tartu,
2013, 151 p.

Ulle Saks. Arbuscular mycorrhizal fungal diversity patterns in boreo-
nemoral forest ecosystems. Tartu, 2013, 151 p.

Eneli Oitmaa. Development of arrayed primer extension microarray assays
for molecular diagnostic applications. Tartu, 2013, 147 p.

Jekaterina Jutkina. The horizontal gene pool for aromatics degradation:
bacterial catabolic plasmids of the Baltic Sea aquatic system. Tartu, 2013,
121 p.

Helen Vellau. Reaction norms for size and age at maturity in insects: rules
and exceptions. Tartu, 2014, 132 p.

Randel Kreitsberg. Using biomarkers in assessment of environmental
contamination in fish — new perspectives. Tartu, 2014, 107 p.

Krista Takkis. Changes in plant species richness and population per-
formance in response to habitat loss and fragmentation.Tartu, 2014, 141 p.
Liina Nagirnaja. Global and fine-scale genetic determinants of recurrent
pregnancy loss. Tartu, 2014, 211 p.

Triin Triisberg. Factors influencing the re-vegetation of abandoned
extracted peatlands in Estonia. Tartu, 2014, 133 p.

Villu Soon. A phylogenetic revision of the Chrysis ignita species group
(Hymenoptera: Chrysididae) with emphasis on the northern European fauna.
Tartu, 2014, 211 p.

259. Andrei Nikonov. RNA-Dependent RNA Polymerase Activity as a Basis for

260.

261.

262.

263.

264.

the Detection of Positive-Strand RNA Viruses by Vertebrate Host Cells.
Tartu, 2014, 207 p.

Eele Ounapuu-Pikas. Spatio-temporal variability of leaf hydraulic conduc-
tance in woody plants: ecophysiological consequences. Tartu, 2014, 135 p.
Marju Minniste. Physiological ecology of greenfinches: information con-
tent of feathers in relation to immune function and behavior. Tartu, 2014,
121 p.

Katre Kets. Effects of elevated concentrations of CO; and Os on leaf photo-
synthetic parameters in Populus tremuloides: diurnal, seasonal and inter-
annual patterns. Tartu, 2014, 115 p.

Kiilli Lokko. Seasonal and spatial variability of zoopsammon communities
in relation to environmental parameters. Tartu, 2014, 129 p.

Olga Zilina. Chromosomal microarray analysis as diagnostic tool: Estonian
experience. Tartu, 2014, 152 p.

133



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Kertu Lohmus. Colonisation ecology of forest-dwelling vascular plants and
the conservation value of rural manor parks. Tartu, 2014, 111 p.

Anu Aun. Mitochondria as integral modulators of cellular signaling. Tartu,
2014, 167 p.

Chandana Basu Mallick. Genetics of adaptive traits and gender-specific
demographic processes in South Asian populations. Tartu, 2014, 160 p.
Riin Tamme. The relationship between small-scale environmental hetero-
geneity and plant species diversity. Tartu, 2014, 130 p.

Liina Remm. Impacts of forest drainage on biodiversity and habitat quality:
implications for sustainable management and conservation. Tartu, 2015,
126 p.

Tiina Talve. Genetic diversity and taxonomy within the genus Rhinanthus.
Tartu, 2015, 106 p.

Mehis Rohtla. Otolith sclerochronological studies on migrations, spawning
habitat preferences and age of freshwater fishes inhabiting the Baltic Sea.
Tartu, 2015, 137 p.

Alexey Reshchikov. The world fauna of the genus Lathrolestes (Hymenop-
tera, Ichneumonidae). Tartu, 2015, 247 p.

Martin Pook. Studies on artificial and extracellular matrix protein-rich
surfaces as regulators of cell growth and differentiation. Tartu, 2015, 142 p.
Mai Kukumigi. Factors affecting soil respiration and its components in
silver birch and Norway spruce stands. Tartu, 2015, 155 p.

Helen Karu. Development of ecosystems under human activity in the
North-East Estonian industrial region: forests on post-mining sites and bogs.
Tartu, 2015, 152 p.

Hedi Peterson. Exploiting high-throughput data for establishing relation-
ships between genes. Tartu, 2015, 186 p.

Priit Adler. Analysis and visualisation of large scale microarray data, Tartu,
2015, 126 p.

Aigar Niglas. Effects of environmental factors on gas exchange in deci-
duous trees: focus on photosynthetic water-use efficiency. Tartu, 2015, 152 p.
Silja Laht. Classification and identification of conopeptides using profile
hidden Markov models and position-specific scoring matrices. Tartu, 2015,
100 p.

Martin Kesler. Biological characteristics and restoration of Atlantic salmon
Salmo salar populations in the Rivers of Northern Estonia. Tartu, 2015, 97 p.
Pratyush Kumar Das. Biochemical perspective on alphaviral nonstructural
protein 2: a tale from multiple domains to enzymatic profiling. Tartu, 2015,
205 p

Priit Palta. Computational methods for DNA copy number detection. Tartu,
2015, 130 p.

Julia Sidorenko. Combating DNA damage and maintenance of genome
integrity in pseudomonads. Tartu, 2015, 174 p.

Anastasiia Kovtun-Kante. Charophytes of Estonian inland and coastal
waters: distribution and environmental preferences. Tartu, 2015, 97 p.

134



285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

Ly Lindman. The ecology of protected butterfly species in Estonia. Tartu,
2015, 171 p.

Jaanis Lodjak. Association of Insulin-like Growth Factor I and Corti-
costerone with Nestling Growth and Fledging Success in Wild Passerines.
Tartu, 2016, 113 p.

Ann Kraut. Conservation of Wood-Inhabiting Biodiversity — Semi-Natural
Forests as an Opportunity. Tartu, 2016, 141 p.

Tiit Ord. Functions and regulation of the mammalian pseudokinase TRIB3.
Tartu, 2016, 182. p.

Kairi Kiiro. Biological Quality According to Macroinvertebrates in Streams
of Estonia (Baltic Ecoregion of Europe): Effects of Human-induced
Hydromorphological Changes. Tartu, 2016, 126 p.

Leidi Laurimaa. Echinococcus multilocularis and other zoonotic parasites
in Estonian canids. Tartu, 2016, 144 p.

Helerin Margus. Characterization of cell-penetrating peptide/nucleic acid
nanocomplexes and their cell-entry mechanisms. Tartu, 2016, 173 p.
Kadri Runnel. Fungal targets and tools for forest conservation. Tartu, 2016,
157 p.

Urmo Vésa. MicroRNAs in disease and health: aberrant regulation in lung
cancer and association with genomic variation. Tartu, 2016, 163 p.
Kristina Méemets-Allas. Studies on cell growth promoting AKT signaling
pathway — a promising anti-cancer drug target. Tartu, 2016, 146 p.

Janeli Viil. Studies on cellular and molecular mechanisms that drive normal
and regenerative processes in the liver and pathological processes in
Dupuytren’s contracture. Tartu, 2016, 175 p.

Ene Kook. Genetic diversity and evolution of Pulmonaria angustifolia L.
and Myosotis laxa sensu lato (Boraginaceae). Tartu, 2016, 106 p.

Kadri Peil. RNA polymerase II-dependent transcription elongation in
Saccharomyces cerevisiae. Tartu, 2016, 113 p.

Katrin Ruisu. The role of RIC8A in mouse development and its function
in cell-matrix adhesion and actin cytoskeletal organisation. Tartu, 2016,
129 p.

Janely Pae. Translocation of cell-penetrating peptides across biological
membranes and interactions with plasma membrane constituents. Tartu,
2016, 126 p.

Argo Ronk. Plant diversity patterns across Europe: observed and dark
diversity. Tartu, 2016, 153 p.

Kristiina Mark. Diversification and species delimitation of lichenized
fungi in selected groups of the family Parmeliaceae (Ascomycota). Tartu,
2016, 181 p.

Jaak-Albert Metsoja. Vegetation dynamics in floodplain meadows:
influence of mowing and sediment application. Tartu, 2016, 140 p.

Hedvig Tamman. The GraTA toxin-antitoxin system of Pseudomonas
putida: regulation and role in stress tolerance. Tartu, 2016, 154 p.

135



304.

305.

306.

307.

308.
309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

Kadri Pirtel. Application of ultrastructural and molecular data in the
taxonomy of helotialean fungi. Tartu, 2016, 183 p.

Maris Hindrikson. Grey wolf (Canis lupus) populations in Estonia and
Europe: genetic diversity, population structure and -processes, and hybridi-
zation between wolves and dogs. Tartu, 2016, 121 p.

Polina Degtjarenko. Impacts of alkaline dust pollution on biodiversity of
plants and lichens: from communities to genetic diversity. Tartu, 2016,
126 p.

Liina Pajusalu. The effect of CO;, enrichment on net photosynthesis of
macrophytes in a brackish water environment. Tartu, 2016, 126 p.

Stoyan Tankov. Random walks in the stringent response. Tartu, 2016, 94 p.
Liis Leitsalu. Communicating genomic research results to population-based
biobank participants. Tartu, 2016, 158 p.

Richard Meitern. Redox physiology of wild birds: validation and appli-
cation of techniques for detecting oxidative stress. Tartu, 2016, 134 p.
Kaie Lokk. Comparative genome-wide DNA methylation studies of healthy
human tissues and non-small cell lung cancer tissue. Tartu, 2016, 127 p.
Mihhail Kurasin. Processivity of cellulases and chitinases. Tartu, 2017,
132 p.

Carmen Tali. Scavenger receptors as a target for nucleic acid delivery with
peptide vectors. Tartu, 2017, 155 p.

Katarina Oganjan. Distribution, feeding and habitat of benthic suspension
feeders in a shallow coastal sea. Tartu, 2017, 132 p.

Taavi Paal. Immigration limitation of forest plants into wooded landscape
corridors. Tartu, 2017, 145 p.

Kadri Ounap. The Williams-Beuren syndrome chromosome region protein
WBSCR22 is a ribosome biogenesis factor. Tartu, 2017, 135 p.

Riin Tamm. In-depth analysis of factors affecting variability in thiopurine
methyltransferase activity. Tartu, 2017, 170 p.

Keiu Kask. The role of RIC8A in the development and regulation of mouse
nervous system. Tartu, 2017, 184 p.

Tiia Moller. Mapping and modelling of the spatial distribution of benthic
macrovegetation in the NE Baltic Sea with a special focus on the eelgrass
Zostera marina Linnaeus, 1753. Tartu, 2017, 162 p.

Silva Kasela. Genetic regulation of gene expression: detection of tissue- and
cell type-specific effects. Tartu, 2017, 150 p.

Karmen Siild. Food habits, parasites and space use of the raccoon dog
Nyctereutes procyonoides: the role of an alien species as a predator and
vector of zoonotic diseases in Estonia. Tartu, 2017, p.

Ragne Oja. Consequences of supplementary feeding of wild boar — concern
for ground-nesting birds and endoparasite infection. Tartu, 2017, 141 p.

Riin Kont. The acquisition of cellulose chain by a processive cellobio-
hydrolase. Tartu, 2017, 117 p.

Liis Kasari. Plant diversity of semi-natural grasslands: drivers, current
status and conservation challenges. Tartu, 2017, 141 p.

136



325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

Sirgi Saar. Belowground interactions: the roles of plant genetic relatedness,
root exudation and soil legacies. Tartu, 2017, 113 p.

Sten Anslan. Molecular identification of Collembola and their fungal
associates. Tartu, 2017, 125 p.

Imre Taal. Causes of variation in littoral fish communities of the Eastern
Baltic Sea: from community structure to individual life histories. Tartu,
2017, 118 p.

Jiirgen Jalak. Dissecting the Mechanism of Enzymatic Degradation of
Cellulose Using Low Molecular Weight Model Substrates. Tartu, 2017,
137 p.

Kairi Kiik. Reproduction and behaviour of the endangered European mink
(Mustela lutreola) in captivity. Tartu, 2018, 112 p.

Ivan Kuprijanov. Habitat use and trophic interactions of native and
invasive predatory macroinvertebrates in the northern Baltic Sea. Tartu,
2018, 117 p.

Hendrik Meister. Evolutionary ecology of insect growth: from geographic
patterns to biochemical trade-offs. Tartu, 2018, 147 p.

Ilja GaidutSik. Irc3 is a mitochondrial branch migration enzyme in
Saccharomyces cerevisiae. Tartu, 2018, 161 p.

Lena Neuenkamp. The dynamics of plant and arbuscular mycorrhizal fungal
communities in grasslands under changing land use. Tartu, 2018, 241 p.
Laura Kasak. Genome structural variation modulating the placenta and
pregnancy maintenance. Tartu, 2018, 181 p.

Kersti Riibak. Importance of dispersal limitation in determining dark
diversity of plants across spatial scales. Tartu, 2018, 133 p.

Liina Saar. Dynamics of grassland plant diversity in changing landscapes.
Tartu, 2018, 206 p.

Hanna Ainelo. Fis regulates Pseudomonas putida biofilm formation by
controlling the expression of lapA. Tartu, 2018, 143 p.

Natalia Pervjakova. Genomic imprinting in complex traits. Tartu, 2018,
176 p.

Andrio Lahesaare. The role of global regulator Fis in regulating the
expression of lapF and the hydrophobicity of soil bacterium Pseudomonas
putida. Tartu, 2018, 124 p.

Mirt Roosaare. K-mer based methods for the identification of bacteria and
plasmids. Tartu, 2018, 117 p.

Maria Abakumova. The relationship between competitive behaviour and
the frequency and identity of neighbours in temperate grassland plants.
Tartu, 2018, 104 p.

Margus Vilbas. Biotic interactions affecting habitat use of myrmecophilous
butterflies in Northern Europe. Tartu, 2018, 142 p.

Liina Kinkar. Global patterns of genetic diversity and phylogeography of
Echinococcus granulosus sensu stricto — a tapeworm species of significant
public health concern. Tartu, 2018, 147 p.

137



344.

345.

346.

347.

348.

349.
350.

351.

352.

353.

354.

355.

356.

357.

358.

3509.

360.

361.

362.

363.

Teivi Laurimée. Taxonomy and genetic diversity of zoonotic tapeworms in
the species complex of Echinococcus granulosus sensu lato. Tartu, 2018,
143 p.

Tatjana Jatsenko. Role of translesion DNA polymerases in mutagenesis
and DNA damage tolerance in Pseudomonads. Tartu, 2018, 216 p.

Katrin Viigand. Utilization of a-glucosidic sugars by Ogataea (Hansenula)
polymorpha. Tartu, 2018, 148 p.

Andres Ainelo. Physiological effects of the Pseudomonas putida toxin grat.
Tartu, 2018, 146 p.

Killu Timm. Effects of two genes (DRD4 and SERT) on great tit (Parus
major) behaviour and reproductive traits. Tartu, 2018, 117 p.

Petr Kohout. Ecology of ericoid mycorrhizal fungi. Tartu, 2018, 184 p.
Gristin Rohula-Okunev. Effects of endogenous and environmental factors
on night-time water flux in deciduous woody tree species. Tartu, 2018, 184 p.
Jane Oja. Temporal and spatial patterns of orchid mycorrhizal fungi in
forest and grassland ecosystems. Tartu, 2018, 102 p.

Janek Urvik. Multidimensionality of aging in a long-lived seabird. Tartu,
2018, 135 p.

Lisanna Schmidt. Phenotypic and genetic differentiation in the hybridizing
species pair Carex flava and C. viridula in geographically different regions.
Tartu, 2018, 133 p.

Monika Karmin. Perspectives from human Y chromosome — phylogeny,
population dynamics and founder events. Tartu, 2018, 168 p.

Maris Alver. Value of genomics for atherosclerotic cardiovascular disease
risk prediction. Tartu, 2019, 148 p.

Lehti Saag. The prehistory of Estonia from a genetic perspective: new
insights from ancient DNA. Tartu, 2019, 171 p.

Mari-Liis Viljur. Local and landscape effects on butterfly assemblages in
managed forests. Tartu, 2019, 115 p.

Ivan Kisly. The pleiotropic functions of ribosomal proteins eL.19 and e.24
in the budding yeast ribosome. Tartu, 2019, 170 p.

Mikk Puustusmaa. On the origin of papillomavirus proteins. Tartu, 2019,
152 p.

Anneliis Peterson. Benthic biodiversity in the north-eastern Baltic Sea:
mapping methods, spatial patterns, and relations to environmental gradients.
Tartu, 2019, 159 p.

Erwan Pennarun. Meandering along the mtDNA phylogeny; causerie and
digression about what it can tell us about human migrations. Tartu, 2019,
162 p.

Karin Ernits. Levansucrase Lsc3 and endo-levanase BT1760: characteri-
zation and application for the synthesis of novel prebiotics. Tartu, 2019,
217 p.

Sille Holm. Comparative ecology of geometrid moths: in search of contrasts
between a temperate and a tropical forest. Tartu, 2019, 135 p.

138



364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.
375.

Anne-Mai Ilumée. Genetic history of the Uralic-speaking peoples as seen
through the paternal haplogroup N and autosomal variation of northern
Eurasians. Tartu, 2019, 172 p.

Anu Lepik. Plant competitive behaviour: relationships with functional traits
and soil processes. Tartu, 2019, 152 p.

Kunter Tétte. Towards an integrated view of escape decisions in birds
under variable levels of predation risk. Tartu, 2020, 172 p.

Kaarin Parts. The impact of climate change on fine roots and root-associated
microbial communities in birch and spruce forests. Tartu, 2020, 143 p.
Viktorija KukuSkina. Understanding the mechanisms of endometrial
receptivity through integration of ‘omics’ data layers. Tartu, 2020, 169 p.
Martti Vasar. Developing a bioinformatics pipeline gDAT to analyse
arbuscular mycorrhizal fungal communities using sequence data from
different marker regions. Tartu, 2020, 193 p.

Ott Kangur. Nocturnal water relations and predawn water potential disequi-
librium in temperate deciduous tree species. Tartu, 2020, 126 p.

Helen Post. Overview of the phylogeny and phylogeography of the
Y-chromosomal haplogroup N in northern Eurasia and case studies of two
linguistically exceptional populations of Europe — Hungarians and Kalmyks.
Tartu, 2020, 143 p.

Kristi Krebs. Exploring the genetics of adverse events in pharmacotherapy
using Biobanks and Electronic Health Records. Tartu, 2020, 151 p.

Kirt Ukkivi. Mutagenic effect of transcription and transcription-coupled
repair factors in Pseudomonas putida. Tartu, 2020, 154 p.

Elin Soomets. Focal species in wetland restoration. Tartu, 2020, 137 p.
Kadi Tilk. Signals and responses of ColRS two-component system in
Pseudomonas putida. Tartu, 2020, 133 p.



	Ref I - Matvere 2019 - FSH-LH-Dependent Upregulation of Ahr in Murine Granulosa Cells is Controlled by PKA Signaling and Involves Epigenetic Regulation.pdf
	Introduction 
	Results 
	The Upregulation of Ahr in GCs during Follicular Maturation Requires both FSH and LH Activity 
	The Effect of PMSG on The Expression Dynamics of Ahr and Follicle Maturation Marker Genes 
	Ahr Is Upregulated in Large Antral Follicles in Response to PMSG 
	Ahr Is Downregulated by Protein Kinase A Signaling Pathway 
	The Increased Transcription of Ahr in Response to PMSG is Regulated by Chromatin Accessibility 

	Discussion 
	Materials and Methods 
	Medium, Chemicals, and Antibodies 
	Ethics 
	Animals and Granulosa Cell Isolation 
	Western Blotting 
	Isolation of RNA and mRNA/hnRNA Measurement by RT-qPCR 
	Immunofluorescence 
	Plasmids, Transient Transfection and Reporter Gene Assay 
	Chromatin Accessibility by Real-Time PCR (CHART-PCR) 
	Statistical Analysis 

	References

	Ref II - Teino 2014 - Transcriptional repression of the Ahr gene by LHCGR signaling in preovulatory granulosa cells is controlled by chromatin accessibility.pdf
	Transcriptional repression of the Ahr gene by LHCGR signaling  in preovulatory granulosa cells is controlled by chromatin accessibility
	1 Introduction
	2 Materials and methods
	2.1 Medium, chemicals and antibodies
	2.2 Ethics
	2.3 Animals and isolation of GCs
	2.4 Plasmids, transient transfection and reporter gene assay
	2.5 Isolation of RNA and measurement of mRNA or hnRNA by real-time quantitative PCR
	2.6 Western immunoblotting
	2.7 Chromatin accessibility by real-time PCR (CHART-PCR)
	2.8 Statistical analysis

	3 Results
	3.1 hCG inhibits Ahr protein and mRNA expression in murine GCs
	3.2 hCG-dependent decrease in Ahr mRNA levels involves PKA activation but not ongoing protein synthesis
	3.3 The expression of Ahr is controlled by transcription rate but not mRNA stability
	3.4 hCG-dependent repression of Ahr transcription is caused by chromatin remodeling

	4 Discussion
	5 Conclusions
	Acknowledgment
	References





