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1.1. Cellular detoxification mechanisq@ADME

Elimination of endo- and xenobiotic substances from the cell is essentially a-$tep
process based on the combination and coordination of metabolism and transport processes
(Doringand Petzinger, 2014). This concept is included under the acronym "ADME", which
stands for absorption, distribution, metabolism and elimination. Metabolism and
detoxification of xenobiotics requires the sequential biotransformation steps of phase | and
phase I (Williams, 1959), whereas xenobioti@nsport includes two transport steps of
phase 0 (Petzinger and Geyer, 2006) and phase Il (Ishikawa, 1992). Phase 0 entails uptake
membrane transporters that mediate passing of the compounds through the @shyal
membraneinto the cell phase | contains oxidoreductases and hydrolases that modify the
substance chemically by processes such as oxidation, reduction and hydrolysis or by the
removal and addition of an active group; phase Il entails the conjugatiardoug or a phase

| metabolite with a polar group to render it possible for excretion, ,esglphates and
glucuronide; finally, phase Il is mediated by efflux transporters that expel compounds out of
the cell, and they belong to ABC (ATP Binding Ga$smtd SLC (Solute Carggefamilies
(Goodman and Gilmanl994). Principal sites of metabolism in vertebrates are liver and
kidney and once the drug is rendered hydrophilic it can be easily excreted out by the bile and

urine without significant reabsgtion (Goodman and Gilmaii994.

For a long period it was believed that small rdrarged xenobiotic molecules may enter
cells by passive diffusion. The same was considered for all lipophilic organic and inorganic
molecules due to hydrophobic nature ofdltell membrane lipid bilayeAlthough evidence

for the carriermediated transport of xenobiotics culminated during the 1980s, it was not
before the first cloning of the drug transporter MDR4gRcoprotein (Rgp; ABCBJLfrom the

ABC family in 1985, thaan additional elimination step was recognized to describe the
excretion of drug metabolites by carrianediated efflux transport (Riordan et al., 1985).

2 KSNBla GKS GSNY WWLIKEFEAS LLLQQAS FFFANNFSR AY
mediateduptake from the blood or gut lumen into the metabolizing cell was not considered
until 2006, when Petzinger & Geyer termed that process the "phase 0 transport" (Petzinger
& Geyer, 2006). In the liver and kidney cells, phase 0 cangeliated uptake oaars at the
bloodfacing basolateral membrane and is spatially separated from the-fdiag

canalicular membrane and the uridacing tubule brush border membrane (Fig. 1). Thus,
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the sequence of the transport phases allows vectorial transcellular drmgfea(Doring and

Petzinger, 2014).

Phase 0: Uptake ! OATPs Phase Il Basolateral
OATs Export: membrane
NTCP AT MRPs
drug
Phasel: Oxidation CYPs 1/ % “
©
) s 5
oxid. drug Q-OH % 2
GSH g §
Phase ll: Conjugation | Transferases L’f:f" £~
conjugate Q)-O-gluc. l
AP
i MRP2 _J Luminal
Phase lll: Export il st O

BCRP

Figure 1. Sequential steps of elimination of xenobiotic substances by metabolism and

membrane transport (adapted from Doring and Petzinger, 2014).

1.2. Important barriers and role of transport proteins

Transcellularpermeation of chemicals has been viewed as the combination of passive
and/or transportermediated processes (Sugano et al., 2010). More recently, it has been
suggested that all drug transport is essentially carrier mediated, because of the large
number of transporters (any particular cell may express dozens of transporters) and the
broad substrate specificity of many transporters, as well as the energetically unfavorable
transbilayer permeation of small charged molecules (Kell et al., 2011). Human genome
sequencing yielded 833 putative transporter genes that, for the most part, belong to two
main superfamilies of human membrane transgos: ABQransporters, mediating mainly
cellular dflux, and the SLGnainly mediating cellular uptake of their substrates (Gaborik et

al., 2017).

Membrane transporters are well recognized determinants of drug disposition and effects
(Giacomini et al., 2010; Klaassen and Aleksunes, 2010; Zolk and Fromm,Ta@fidfpre,
they have attracted great attention and are &stas critical elements to consider when

evaluating druedrug interactions by US FDA (Giacomini et al., 2010; Morrissey et al., 2013).
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Membrane transporters can be divided into two groups based on theirlaellacation and
function: uptake transporters that mediate the entry of their substrates into the cell (phase

0 of ADME), and efflux transporters that mediate the excretion of compounds out of the cell
(phase 3 of ADME). Uptake transporters are mostly imers of SLC22/SIc22 (organic cation
transporters, OCTs; organic cation and zwitterion transporters, OCTNs; and organic anion
transporters, OATSs) and SLC21/SIc21 (organic anion transporting polypeptides, OATPS), while
efflux transporters are usually membeo$ ABCor MATE (multidrug and toxin compound

extrusion)families Considering function of these transporters, it is expected that they are

expressed at the barrier tissues.

1.2.1. Intestinal barrier

In mammals, intestine is the site of absorption of fradministered drugs. Main cellular
components of the intestinal barrier are enterocytes found in small intestine, which is
considered the most important site of absorption due to its large surface area and a
proximal position to stomach. However, as thetivity of metabolic enzymes is lower in the
colon, it is becoming an attractive site for absorption of controlled release drug formulations

(Lin et al., 1999). Transporters that are expressed in humdgrecytes are depicted in Fig.
2.

ASB] 0T o,
— Tu!hl =
s junction §
Enterocyte g ¢
>
: @) Wi T
(et ey

w2
7%?
O — .

Figure 2Transporters in human intesinal barrier (from Gaborik et al., 2017).
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1.2.2. Bloodbrain barrier

The two major interfaces connecting the blood and brain compartments in vertebrates are
the bloodbrain barrier (BBB) and the bloastrebrospinal fluid barrie(BCSFB). As the
surface area of BBB in mammals is approximately-fa@D larger than BCSFB and the
distance between neurons and brain capillaries is less than 20 nm in the BBB while the
distance between the brain ventricles and circumventricular organsi ithe order of
milimeters in the BCSFB, the BBB is considered as a far more important barrier (Pardridge,
2002). The barrier function at the BBB is provided by the microcapillary endothelial cells that
contain no fenestrations. Transporters that are exgsed in human enterocytes are

depicted in Fig. 3.

Apical / luminal membrane / blood

Human brain capillary endothelial cell

Basolateral / abluminal membrane / brain

Figure 3. Transporters in human blebchin barrier (from Gaborik et al., 2017).

1.2.3. Hepatic barrier

After the nutrients or drugs are absorbed by the gastrointestinal tract, they are taken up by

the part of the bloodstream called the hepatic portal system. This system is designed to take
digested foodstuffinto the liverwhere it can be processed@he main cellular components of

the hepatic barrier are hepatocytes. Hepatocytes make w85% of the lier's mass and are

the site of systemic absorption and excretion of most orally taken drugs and their

metabolites. Transporters that are expressed in the parenchymal cells (hepatocytes) are

depicted in Fig. 4.
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Basolateral/Sinusoidal Membrane

junction

Apical/Canalicular Membrane

Figure 4. Transporters in human hepdiarrier (from Gaborik et al., 2017).

1.2.4. Renal barrier

The main cellular components of renal secretory transport are the proximal tubule cells.
Uptake transporters (members of SLC22 family) with high expression levels in the plasma
membrane of renal thular epithelial cells are responsible for the substrate uptake from the
blood or the glomerular filtrate, after which the substrates are excreted back into urine or
blood by ABC transporters (Giacomini et al., 2010; Masereeuw and Russel, 2010; Morrissey

et al., 2013). All transporters expressed in the renal barrier are depicted in Fig. 5.

Tight —
junction

Renal proximal

tubule cell

Figure 5. Transporters in human renal barrier (from Gaborik et al., 2017).



Introduction

1.3. Uptake transporters of organic anions

Numerous endeand xenobiotics, including mamlyugs, are organic anions. Their disposition
and elimination from the body depend on the function of polyspecific drug transporters that
belong to two subfamilies: SLC21 and Z.Gubfamily of the SL@&@mily. They are
responsible for the uptake of variowhdogenous and xenobiotic compounds into the cell.
Despite their crucial role in toxicological response in mammals, research on their

ecotoxicological relevance and characteristics in-nmmmalian species is still scarce.

1.3.1. The SLC21 subfamily: @nic anion transporting polypeptides

Members of the OATP family (gene symi&iC2lor SLCQ transport large amphipatic
molecules across plasma membrane of eukaryotes and mediate transport of wide range of
endogenous (steroid hormones, bile salisrostaglandins) and exogenous compounds
(pharmaceuticals, natural toxins). So far, more than 160 OATP/Oatp proteins have been
identified at a genome level in at least 25 animal species, which have been classified into 6
subfamilies (OATP8) (Hagenbuch eal., 2004). Typical Oatp transporter is composed of
643-722 amino acids, with molecular mass of@8DkDa. High resolution crystallography has
revealed the structure of 12 transmembrane domanes (TMDs), with large extracellular loop
9 (LP9) between TMD 9 @rl0 (Hagenbuch et al., 2008). Mechanism of transport is not
completely solved, but it is assumed to be an anionic antiport. Majority of human OATPs,

including OATP1A2, OATP1B1 and OATP1B3 work as][at@iPorters (Satlin et al., 1997).

OATP family coprisesof 6 subfamilies in mammals, OATP/Oatpwith 11 transporters in

human, 15 in mouse and 16 in rat. OATP/Oatpl subfamily is the most studied due to its
connection with human diseases and cancer, therefore the knockout animal models have
been mostly created for members of this subfamily{Hagenbuch et al., 2008). OATP1
subfamily includes 4 human proteins: OATP1A2, OATP1B1, OATP1B3 and OATP1C1 (Hill et
al., 2005); 6in mouse (Oatplal, @la46, Oatplb2, Oatplcl) and ié rat (Oatplal,
Oatpla35, Oatpll2 and Oatplcl) (Hagenbuch et al., 201R)biquitously expressed
OATP1A2 transports physiologically important compounds such as conjugated steroid
hormones (estroneé-sulphate (E3S), dehydroepiandrostenedione sulfate (DHEAS) and
estradiokm T-@jlucuronide),thyroid hormones (T4, T3), bilirubin, bile salts (cholate (CH),
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taurocholate (TC), taurochenodeoxycholate (TCDC)), and prostaglandin E2 (PGE2). Rodent
Oatpla substrates overlap with human OATP1A2 (Hagenbuch et al., 2008). Apart from
physiological compound$DATP1A2 also transmits various drugs (Satlin et al., 1997). Unlike
OATP1AZ2, which is present in various tissues, OATP1B1 and OATP1B3, as well as Oatplb2
rodents, are specific to the liver (Kobayashi et al., 2003). Human and rodent OATP1B/1b
substrates a@ highly overlapping and include steroid hormone conjugates (E3S, DHEAS,
estradiolm T-glucuronide), bile salts (CH, TC, TCDC) and bilirubin and itsgatagu
(Hagenbuch et al.,, 2004).0ATP1B1hOATP1B3 andodent Oatplb2 have been most
intensively invesgated due to their large role in disposing of drugs and their elimination
through bile. OATP1C1, unlike other OATPs, has a narrow substrate range that mainly

involves thyroid hormones (T4, T3, reverse T3 and their conjugates) (Satlin et al., 1997).

outside

inside ¢,
fastuge
N oehe s
N-terminus "

‘e

Figure 6 (A Topology prediction for @ATP1BEhows 12 TMDsand a large extracellular

loop 9 (LP9) between TMD 9 and 10 that carries conserved cysteine residues (black dots); (B)
Homology model ohOATP1B1 which shows the protein from the extracellside (left) and

within the lipid bilayer (right) (Roth et al., 2012). Colors of the TMDs in the topology model
(A) match colors in the homology model (B) (Hagenbuch and Stieger, 2013).
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1.3.1.1. Zebrafish Oatpldl

Oatpld subfamily is only present in teled&h and our group has made the first detailed
characterization of Oatpldl protein in zebrafish (Popovic et al., 2013; Popovic et al., 2014).
Zebrafish Oatpld1l is similar to mammalian OATP1A/Oatpla and OATP1B/Oatplb and has a
major physiological role in @ansport and preservation of the balance of steroid hormones
(Leuthold et al., 2009; Popovic et al., 2013). Oatpld1l is ubiquitously expressed in zebrafish,
with the highest expression in liver and brain, it is present in dimeric and possibly oligomeric
form in the cell membrane, and the suggested mechanism of Oatpldl mediated transport is

bicarbonate exchange.

Oatpldl, like other Oatps, is a polyspecific transporter that mediates the uptake of wide
range of compounds. It transports endogenous compounds bka&jugated steroid
hormones and cortisol, as well as various xenobiotics like diclofenac,
perfluorooctanesulfonic acid (PFQSy 2y &f LIKSy 2t X  BtbingeskradNp 1 A f =
carbaryl, diazinon, caffeine and metolachlor. Strong inhibitors of Oatpldl1poahactivity

are perfluorooctanoic acid (PFOA), chlorpymiosthyl,S & § N2 vy S  o-é&stwadiol (E®).R ™M T |

1.3.2. The SLC22 subfamily

The solute carrier family 22 (SLC22) is a large family of organic ion transporters that belongs

to the major facilitator aperfamily (MFS) which is assigned as 2.A.1 in the Milton Saier
WYENF YaLR2NISN Of  aaAFAOFGARZ2Y aeaildisSYyQqQ o0asSsS
largest families of membrane transporters comprising uniporters, symporters, and
antiporters from bateria, lower eukaryotes, plants, tmammals in 18 families (Koepsell et

al., 2003; Wright and Dantzler, 2004). The first identified member of the SLC22 family, the

rat organic transporter Slc22ath(Od M0 X2 g1 & Of 2y SR AY wmMdpdpn o0& DI

Today it is known that members of the SLC22 family transport a variety of compounds
including drugs, environmental toxins, and endogenous metabolites across the cell
membrane (Koepsell et al., 2003; Wright and Dantzler, 2004). Most transporters of the
SLC2 family are polyspecific, i.e., they transport multiple structurally different substrates

and numerous additional compounds can act as high and/or low affinity inhibitors (Koepsell
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et al., 2007; Minuesa et al., 2009; Nies et al., 2010). MaEy2@enesare expressed in liver,
kidneys, and intestine where they play important roles in absorption and excretion of drugs
while they are also found in other organs such as brain and heart (Koepsell and Endou,
2004).The SLC22 proteitmve been predicted to have H -hélical TMDsa large extended
extracellular loop between TMDs 1/2 and a large intracatlidbop between TMDs 6/7 (Fig.

7). Extracellular LP1, located between TMD1 and TMD2, is important flanked
glycosylation of the protein and in some cases fts homcoligomerization (carries
conserved cysteine residues for the formation of disulfide cross bridges), while intracellular
LP6 is involved in posttranscriptional regulation (protein kinaseliated phosphorylation)
(Brast et al., 2012; Keller et.aRP011; Nigam et al., 2015). The family can be divided into
three subgroups according to substrate specificity and function: the organic cation
transporters (OCTs), the organic cation/carnitine transporters (OCTNSs), and the organic
anion transporters (OA) (Grundemann et al., 1994). Moreover, there are several members

of the SLC22 family with unidentified substrate specificity or function.

R440
F1600 2229218 G0 Gebas

1226 Q448

Figure 7 Predicted membrane topology of rat OCT1 with designated amino acids which
influence substrate affinityModeling was performed using the tertiary structure of LacY
(from Koepsell, 2013).
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1.3.2.1. Organic anion transporters (OATS)

Organic anion transporters (OATs in humans, Oats in other animal species) are a family of
transmembrane proteins able tdransport a variety of compounds including drugs,
environmental toxins and endogenous metabolites into the cell, playing an essential role in
their elimination from the body. They received a lot of attention recently because of their
role in transporting & common drugs (antibiotics, antivirals, diuretics, nonsteroidal -anti
inflammatory drugs), toxins (mercury, aristolochic acid), and nutrients (vitamins, flavonoids).
They share many structural characteristics with other MFS proteins (Nigam et al., 2015).
Although their crystal structure is not solved yet, several homology models based on the
related bacterial MFS protein glycer®phosphate transporter (GIpT) or lactose permease
O[FO, 0 6SNBE NBLRZ2NISRX Ay-Relicod (Pary 2t ali2R08). a G NHzC
Accordingly, OATs/Oats are composed of 8D amino acids, comjging 12 TMDshat

form the pore and are characterized by two large interconnecting loops (one extracellular
and one intracellular), similar to other bacterial and mammalian transpsrteopezNieto et

al., 1997).

Considering their tissue specific expression, although OATs/Oats were initially found in
kidney, they are expressed in almost all barrier epithelia of the body (kidney, liver, choroid
plexus, intestine, olfactory mucosa, lmaretina, placenta, even in muscle, bone and heart)
(Burckhardt, 2012; Mihaljevic et al., 2016). In terms of the transport mechanism,
prototypical OATs/Oats such as Oatl are secondary active transporters. OATs/Oats mediated
influx typically involves thexchange, or countertransport with another solute, in most cases
AYGNI OSft fdzt I NJ 2NBI yA O - kejodldayate (M -KGSfdr DAL, ORK3O | ND 2 |
OAT4, Oat6, Oat8; or succinate for OAT2) against negative membrane potential inside the
cell, and this transport requires the input of energy. The required intracellular to
extracellular dicarboxilate gradient is maintained by the*/Nigarboxylate cetransport
(approximately 60%) and by the intracellular production via metabolism (approximately
40%) Dantzler, 2002).

OATs/Oats are thought to be part of a-6d t f SR GG SNIAFNBE GNI yaLRl
organic anion transporter, the N&'-ATPase, and the sodiudicarboxylate cotransporter

(Nigam et al., 2015). They primarily transport organic asjobut are also capable of
transporting a variety of organic cationic drugs (e.g., cimetidine), as well as metabolites like

10
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creatinine, and possibly polyamines and carnitine (Ahn et al., 2009, 2011; Kusuhara et al.,
1999; Vallon et al., 2012). Their sutases are characterized by a small size (< 500 Da), a
hydrophobic region (optimally@ n ) Ay fSy3G4Koz yR | yS3IGAD
1988; Fritzsch et al., 1989), and are classified as "type I" organic anions (Wright et al., 2004,
Sekine etal, 2004). Complete transport through epithelial cells involves transporters at the
olaz2tlFraSNYf FYyR FLAOIFE &adzaNFI OSasx |yR Aad 27F(
OGN} YyaLR2NISNE YR ! ./ O64aSTTFtdzE£€ 0O (NI ¥iai LI2 NI S
basolateral Oatl and Oat3 uptake of organic anions is coupled to apically located efflux

transporters including ABCC2 and ABCC4 (Nigam et al., 2015).

1.3.2.1.1. Cellular and tissue distribution of OATs

The first organic anion transporter, named OAT1, was cloned in 1997 from a rat kidney cDNA
library (Sekine et al., 1997; Sweet et al., 1997). Human OAT1 (hOAT1) , rat Oatl (rOatl) and
mouse Oatl (mOatl) transcripts are expressed abundantly in kidney dowvet levels in

brain (Lopeieto et al., 1997; Sekine et al., 1997; Sweet et al., 1997; Lu et al., 1999; Race et
al., 1999).In situ hybridization demonstrated thatat oatl mRNA is expressed in renal
proximal tubules (Lopellieto et al., 1997; Sekine al., 1997). Immunohistochemistry has
shown that hOAT1, rOatl and mOatl are expressed at the basolateral membrane of renal
proximal tubule cells (Sekine et al., 1997; Sweet et al., 1997; Geng et al., 1999; Hosoyamada
et al., 1999). Recently, Hilgendorf at (2007) demonstrated by quantitative polymerase
chain reaction (qPCR) that hOAT1 has the highest expression of 36 drug transporters found
in human kidneyOatl mRNA expression was also seen in mouse and rat choroid plexus by
reverse transcriptas@olymerase chain reaction (RACR) analysis (Sweet et al., 2002).
SubsequentlyhOatl mRNA was also detected in human choroid plexus by Alebouyeh et al.
(2003), cerebral cortex and hippocampus (Bahn et al., 2005) and in the olfactory mucosa
(Monte et al., 2004) Usirg radiation hybrid mappinghOatl was localized d human
chromosome 11g13-2, roatl to rat chromosome 1g43, anchoatl to mouse chromosome

19 (LopezNieto et al., 1997; Hosoyamada et al., 1999).

Ratand humanOat2/oat2 mRNA are expressed predominantly in the liver, with lower levels

in kidney and other tissues (Sekine et al., 1998 &uwal., 2001). In contrastpoat2 mRNA is

11
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strongly expressed in kidney and weakly in liver, indicating that the expression pattern for
OAT2 is both species and tissue specific. Human OAT2 was immunolocalized in basolateral
membrane of proximal tubules (Enomoto et al., 2002a, 2002b), whereas in rats and mice
Oat2 was found at the apical membrane in late S3 segments of proximal tubulesjékjab

et al., 2007), as well as in cortical thick ascending limbs of Henle's loop and collecting ducts
(Kojima et al., 2002). OAT2/Oat2 in liver is presumed to be localized in the sinusoidal
membrane of hepatocytes (basolateral membrane) (Burckhardt, pO#®use Oat2 was
mapped to mouse chromosome 17C using fluoresdergitu hybridization analysis (FISH)

(Kobayashi et al. 2002).

hOat3mRNA is predominantly expressed in kidney, with low expression in brain and skeletal
muscle (Cha et al.,, 2001)yoat3 mRNA is mainly expressed in kidney, liver and brain
(Kobayashet al., 2002); whereasoat3 mRNA is abundantly expressed in the kidney, brain,
and eye tissues (Kobayaset al., 2004). Recentlj)Oat3 was also shown by gPCR to be
expressed in adrenal tissue and a human adrenal cell lineHR@IR) (Asif et al., 2005). In
the kidney, immunohistochersiry demonstrated that both hOat3 and roat3 are
predominantly expressed at the basolateral membranehaf tenal proximal tubule (Cha et

al., 2001; Hasegawa et al., 2002). Moreover, quantitative PCR analysis has shown that hOAT3
is highly expressed in kidnay second only to hOAT1 among the 36 drug transporters
assessed (Hilgendorf et al., 2Q00¥ choroidplexus (CP), Dat3 is expressed at the apical
membrane (Sweet et al., 2002), consistent with its physiological role in transport out of the
cerebrospinal fluid (CSF) into the epitheliuon éfflux into the bloodmoat3 was mapped to
chromosome 19, using rgjle-strand conformation polymorphisms analysis (Brady et al.,
1999). Radiation hybrid ahgis demonstrated that théhOat3 gene is on chromosome
11g11.7 (Cha et al., 2001).

1.3.2.1.2. Mechanism of transport

Firstin vitro studies using renal slices (Cross and Taggart, 1950) demonstrated that the
transport process is dependent upon metabolic energy and on the presence of sodium in the
extracellular space. They also showed that a number of metabolic intermediates stimulate

this transport. Nevertheless, the detailed mechanism of organic anion transport remained

12
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uncertain until the mid 1980s, when Burckhardt et al. (1987) and Pritchard (1988)
demonstrated, using isolated basolateral membrane vesicles from rat renal cortex, that
OATSs transport was driven by uptake across the basolateral membrane in exchange for
intracellular dicarboxylate (phyif 2 3 A GKG; f Reitchafd, 1990). The required
AYGNI OS¢t t dzf YNk SENINIACS/(f dX & NYHAYy Gl KehRhedo & YSR
cells across the basolateral membrane by'/Miaarboxylate cetransport (approximately
60%) and by intracellular production via metabolism (approximately 40%) (Dantzler 2002).
Finally, the inwardly directed Nagradient driving this process is the prarduof ATP
hydrolysis via the Na, -KTPase at the basolateral membrane (Shimada et al., 1987,
Pritchard, 1988, 1990; Pritchard and Miller, 1993; Schmitt and Burckhardt, 1993; Dantzler,
2002; Wright and Dantzler, 20p4Thus, as depicted in Fig, the overdl effect of these
transporters acting in concert is the net entry of sodium and organic anion into the cell,
energized by the hydrolysis of ATP. In contrast, the dicarboxylate celingey-EG, is
recycled and undergoes no net change in concentratioe. dlerall process may be termed
tertiary active transport, since the transport of the organic anion substrate is separated from
ATP hydrolysis by two intervening steps. Despite the complexity of this mechanism, it is very
effective, resulting in completel@arance of good substrates likegminohippurate (PAH)

from the renal plasma in a single pass through the kidney (Pritchard and Miller, 1993).
Subsequent work, discussed below, has led to cloning of the basolateral OATs and
demonstrated that the propertie of the cloned basolateral OATs match precisely with the

features of the overall process as defined by the membrane vesicle studies.

Lumen

Figure 8 Classical model of basolateral OAT transport system. (From Srimaroeng et al.,
2008).
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1.3.2.1.3. Substratspecificity

OAT1/Oatl is well known for its very broad substrate specificity as it interacts with several
endogenous and multitude of exogenous compounds, drugs and toxins of various chemical
structures. The prototypical test anion for OAT1/Oatl is rathelked paminohippurate with
RSGSNXY¥AYSR YSIYy YY @lFtdzS 2F uHyodp >a F2N Kdz
interaction with dicarboxylates depended on the length of the carbon chain separating the

two negatively charged carboxyl groups with a maximuhibition by dicarboxylates with

five or six carbons (Uwai et al., 1998). Known OAT1 substrates include nonsteroidal anti
inflammatory drugs (NSAIDs), antibiotics,daNBS (i A O & Z-KGTF&did tuSievtides,
prostaglandins, gut microbial metabolites, uremoxins, vitamins, dietary compounds, uric

acid, mercury conjugates, and other toxineviewed in Nigam et al., 2015).

OAT2/Oat2 has received relatively little attention when compared to other OATs/Oats and
solute carriers (Shen et al., 2016). Althoutghsubstrate specificity has not been extensively
examined, initial studies indicate that, like other OATs, OAT2 transports a variety of organic
anions (Sekine et al., 1998; Sun et al., 2001; Kimura et al., 2002; Kobayashi et al., 2002,
2005b; Burckhardend Burckhardt, 2003). In human and male rats, OAT2/Oat2 is mainly
expressed in liver, where it mediates hepatic excretion of endogenous substrates such as
glutamate, glutarate, urate,-ascorbate, cglic nucleotides, PE2 andPGF2, E3S, DHEAS and
h-KG abng with transport of xenobiotics such as salicylate, erythromycin, tetracycline,
ranitidine, 5fluorouracil, methotrexatgMTX) taxol, aflatoxin B1 and other drugs and toxins
(Nigam et al., 2015). Oat2 was also shown to interact with various drugsimglddiretics,
antibiotics, antiviral, antineoplastic and nonsteroidal anflammatory drugs (Burckhardt,
2012).

The substrates for OAT3/Oat3 are as diverse as those of OAT1/Oatl and substrate specificity
of Oat3 overlaps with Oatl. Nevertheless, theree asome substrates that clearly
preferentially interact with either OAT1/Oatl or OAT3/Oat3 (reviewed in Nigam et al., 2015).
Oat3 mediates the uptake of endogenous metabolites such as conjugates of signaling sex
steroids, as well as vitamins and other ghalerived metabolites (e.g., flavonoids) (Wu et al.,
2013). It also trasports PAHE3S DHEAS, &wsdiol glucuronide, MTXochrabxin A (OTA),
PGE2, T.(glutarate, cCAMP, urate, and a cationic compound, cimetidine (Kusuhara et al.,

1999; Cha et al., 200Bugiyama et al., 2001; Kimura et al., 2002; Sweet et al., 2002). In
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addition, Oat3 also transports aridtzhic acid and OTand is thus thought to be important

in the pathogenesis of Balkan Nephropathy (Xue et al, 2011). While the ability of Oatl to
trangport cations is quite restricted, Oat3 can bind and transport a number of cations, some
with 10-fold greater affinity than that seen with Oatl, even though it is, like Oatl,
predominantly an organic anion transporter (Ahn et al., 2013, Vallon et al.,, 2012)
Presumably, the ability of Oat3 to bind organic cations better than Oatl is reflected in the

nature of the ligand binding site, but this awaits thrédienensianal structural determination.

1.3.2.1.4. Structure and function

To date, more than 110 aminacids have been mutated in OATs from different species
(reviewed in Srimaroeng et al., 2008). Unfortunately, many of the mutant transporters
examined (>70%) have reduced surface expression, either from protein instability o
trafficking problemsFig 9. summarizes mutants that have been shown to cause functional

increases or decreases in substrate transport regardless of membrane expression levels

Q' R8oK
90H

R50H

R

o
"
4

-

Figure 9 Amino acids critical for transport of SLC22 substrates shown in 3Bgamentof

TMDs Dotted lines depict extracellular loops and solid lines represent cytoplasmic loops.
fOatlmutants are shown in purple, rOat3 mutants in blue, hOAT3 mutants in orange, hOAT1
mutants in black, and URAT1 mutants in red. 1, N39Q of mOatl; 2, residue also mutated to
F, which caused functional decreases; 3, residue also mutated to Y, which caustahhl
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decreases; 4, corresponds to Y353A/W/F and Y354A/W/F mutants in hOAT1, respectively; 5,
residue also mutated to S, which caused functional decreases; 6, corresponds to K394A
mutated in fOatl; 7, corresponds to F426 in hOAT3; 8, corresponds tdDR#d8ted in

fOatl and R466K mutated in hOAT1 (from Srimaroeng et al., 2008).

Two groups of amino acids, basic and aromatic, appeared to be dominant for transport
function of OATs. Conserved basic amino acids in OAT1/Oatl, OAT2/Oat2 and OAT3/Oat3
isoformsfrom several species are: histidine in TMD 1, lysine in TMD 8, and arginine in TMD
11. Conservation of mentioned amino acids guided researchers to create site specific
mutations at those residues. In result, mutations at H34 reduce PAH uptake by more than
50% in both ®at1(Wolff et al., 2001) and®AT1 (Hong et al., 2004). Atlohal experiments

in fOatl and ©at3 (K394A and K370A, respectively) described the contributions of the lysine
in TMD 8 to Oat function (Feng et al., 2001; Wolff et al., 2001). P&k$port was
significantly decreased in both isoforms. The importance of K394 in dicarboxylate interaction
and corformational changes indatl was also demonstrated (Feng et al., 2001; Wolff et al.,
2001). Further experimén on 10at3 (Feng et al., 200,1¥Oatl (Wolff et al., 2001) and
hOAT1 (Rizwan et al., 2007) demonstrated a requirement for the arginine in TMD 11 for
transport of Oat substrates and dicarboxylates. Decreases in PAH and glutarate uptake were
also demonstrated in @AT1 R466K mutant. Siarilto the lysine in TMD 8 and arginine in
TMD 11, the lysine in TMD 10 (K419) alters PAH transport. Glutarate is not transported by
this mutant, and PAH and glutarate uptake are not restored to control levels by the K419R

mutation (Astorga et al., 2007; Rg et al., 2007).

Among aromatic amino acids, tryptophan, tyrosine, and phenylalanine residues in TMD 7
and 8 have been examined to determine their contributidmsubstrate transport. In@at3
mutants, importance of the hydroxyl group of Y342, the iedoing of W334 and the
aromatic rings of Y335, Y341 and F362 were demonstrated for PAH and cimetidine transport
(Feng et al., 2002). Additional studies of resisliy353, Y354 and W346 i@AT1 (which
correspord to Y341, Y342 and W334 @at3) indicated tht transport by the Y353A mutant

is restored upon mutation to Y353F. However, the Y354F mutamdtisimilar to wildtype
(WT)hOATL in its transport. This finding implicates potential hydrogen bonding in substrate
interaction at Y354 for hOAT1 an®at3 (Hong et al 2007b). Two additional hOAT1 and
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hOAT3 aromatic residue mutants were reported (Y230A/Y218A, F438A/F426A) in TMD 5 and
10, respectively (Perry et al., 2006, 2007; Astorga et al., 2007). In these studies, kinetic

analysis showed a reduced Kaon cddofovir transport in the WAT1 F438 mutant.

Additional charged amino acids in loops were suggested to contribute to OAT/Oat function,
including: arginines in the extracellular loop between TMD 1 and 2 (R50H, R80K, R90H),
R149S in intracellular lodpetween TMD 2 and 3, and one charged E506 in ther@inus

(Yang et al., 2002; Bleashy et al., 2005; Erdman et al., 2006; Xu et al., 2006).

Computational models indicate that many of the aromatic and basic amino acids that alter
OAT/Oatl function, as desgbed in the previous section, appear to surround theghive
binding site (for ®AT1: R466, K382, Y353, YZb®] F374, as depicted in Fig.) 1Perry et

al., 2006).

Figure 10 Threedimensional structure of hOATL1, looking into the cytoplasnperoface.

The putative binding site is surrounded by aliphatic amino acids (marked in yellow), polar
amino acids (orange), positively charged amino acids (red; R466 and K370), and aromatic
aminoacids (green; Y230 and F438pih Srimaroeng et al., 2008).

1.3.2.1.5. Regulation

1.3.2.1.5.1. Transcriptional regulation

Differences in transporter function that have been observed between individuals may be
caused through upor downregulation of OAT expression based on prior exposure to drugs
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and xenobioticsor on differences in hormonal status. A few hepatocyte nuclear factors

(HNFs) have been shown to initiate transcriptional regulation of OATs:-nHNF | OG A @ (G S
hOAT1 hOAT3and hOAT2 promoter activity (Ogasawara et al., 200igam et al., 2018;

Popowski etal., 2005). HNlmh | YRk 2NJ i = OFly Fftaz2z | O0ADI G
promoters (Saji et al., 2008). The hOAT3 promoter is activated by theiHINF K 2 Y2 RA Y S NJ
the HNFMi K2 Y2 RAYSNE" k Yy RKSEKSNRBEY S MNP IKE2vRRIEeIFS NI
less effective(Kikuchi et al., 2006). Kikuchi et al. (2006) also noted that multiple CpG
dinucleotides are present in the putative hOAT3 promoter region. Since these sites are a

likely target for DNA methylation, they explored the possibility of epigenetic control of
hOAT3 expression and function, and showed that hOAT3 promoter activity is abolished after
methylationin vitro. Finally, Ogasawara et al. (2006) showed that a cCAMP response element
(CRE) affects basal and inducible transcriptional activity of the hOAT®grand that the

hOAT3 promoter is activated by phosphorylation of ®RHEing protein (CRB1) and

activating transcription factor (ATF1).

Gender differences have also been seen for several OATs and they very likely reflect nuclear
transcription factorsignaling. For example, in adult rats Oatl expression is lower in female
rats than in male (Buist et al.,, 2002), with a correspondingly smaller PAH clearance in
females as well (Reyes et al., 1998; Cerrutti et al., 2001, 2002a, b). Moreover, androgen
seemsto up-regulate rOatl and rOat3 expressjamhereas estrogen reduced expressidm.

mice, the expression of mOatl was stronger in males, downregulated by castratidn
upregulated by testosterone treatment, while mOat3 expression showed an opposite
pattern, with lower expression in males, upregulated by castration and downregulated by
testosterone (Breljak et al., 2013)lowever, there are no gender differences in rbOatl and
rbOat3 expression and function (Groves et al., 2006)ohtrast to OAT1 and OA&TrOat2
showedandrogen inhibition and estrogen stimulation (Buist et al., 2ad@pojevic et al.,
2004). nDat2 showedan expression patterrsimilar to rOat2(Ljubojevic et al., 2007Pata

on gender differences irhe renal transportvere reviewedby Sabolic et al(2007).

1.3.2.1.5.2. Postranslational mechanisms

As mentioned above, several potential-gijcosylation sites have been predicted in
extracellular loop and a number of potential phosphorylation sites are present in

intracellular loops. Mlycosylation appears to play a critical role in membrane

18



Introduction

targeting/trafficking, protein folding and possibly regulation of OAT functiorhaess been
demonstrated for nOatl (Kuze et al., 1999), hOAT1 (Tanaka et al., 2004a), and hOAT4 (Zhou
et al., 2005), aliough the molecular basis for the changes in folding and trafficking are not

yet fully understood.

A variety of data suggest that phosphorylation of the large intracellular loop and interactions
of the OATs with protein partners can alter OAT function.@mple, it has been known
since 1990s that the conventional PKC (cPKC) is an important regulator of OAT1 and OAT3
function, as it's activation inhibits OARdediated PAH transport in various expression
systems (Uwai et al., 1998; Lu et al., 1999; Wadlf&le 2003; You et al., 2000), as well as
OAT3mediated uptake of ESTékeda et al., 2000)n addition, it has been demonstrated
that cPKC activation leads to inhibition of basolateral uptake of fluorescein, which is a
substrate for both OAT1 and OAT3 K et al., 1999; Shuprisha et al., 2000). Interestingly,
activation of cPKC does not lead to reduced OAT1 and OAT3 transport through
phosphorylation of transporter itself, but it appears to be mediated by retrieval of the
transporter from the membrane @0 et al., 2000; Wolff et al., 2003).

Epidermal growth factor (EGF), unlike cPKC, stimulates basolateral PAH vipt@ial in

rabbit tubules. This effect is mediated through a complex signaling pathway through
activation of mitogeractivated/extracellulassignal regulated kinase (MEK), extracellular
signairegulated kinase isoforms 1 and 2 (ERK1/2), and phospholipa@eLA2), resulting in
increased arachidonic acid (AA) release. Subsequently, AA is rietabdo PGEZia
cyclooxygenase | (COX I). In turn, PGE2 activates adenylate cyclase, leading to cAMP
production and activation of PKA and ultimately increased bas@atbOattmediated PAH
uptake (Sauvant et al., 2002, 2003, 2006; Dantzler and Wright, 2003). EGF also stimulates
OAT3mediated transport of ES and the signaling process is identical to that described for
OAT1 upregulation Soodvilai et al., 20045rimaioeng et al. (2008) have shown that that

both insulin and EGF are able to stimulate ES transport in rat renal cortical slices through the
activation of PKCwhich is downstream of PKA in the same signaling pathway identified by

Soodvilai et al. (2004) thugh PKA activation.

There are some other types of regulation that are known to alter function of transporters
but have not yet been evaluated for the OATSs, but these possibilities need to be explored

experimenglly (Srimaroeng et al., 2008).
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1.4. Studieson nonrmammalian uptake transporters

Despite their physiological importance and role in cellular detoxification, knowledge about
uptake transporters in nomammalian species is scarce, and the same is true for zebrafish

(Danio rerig as an increasinglynportant vertebrate model species.

To date, the onlyvell characterized noomammalian Oat is winter flounder Oat (fOat) (Wolff
et al., 1997; Aslamkhan et al., 200&ter called flounder OatIFlouder Oat has substantial
sequence homology to mammalian tllologs OAT1/Oatl and OAT3/Oat3, as well as

functional properties of both mammalian forms

There is a growing interest in zebrafish due to numerous advantages of this model organism
(explained in detail in the nect section), and finally a fully sequenesdrge. In addition,

the teleost specific whole genome duplication (WGD) provided the evolutionary driving force
in generating enormous number of newly functional genes, whose research can provide new
understanding of human gene changes linked to numerossasges. Nevertheless, the WGD

is the reason why zebrafish often has two paralogs that correspond to the single gene in
other vertebrate species, including humans (Ravi and Venkatesh, 2008). Despite the
additional round of the genome duplication in fishovirever, large portions of vertebrate
genes and cellular pathways are evolutionary conserved in vertebrates, and findings on

zebrafish can generally be translated to other vertebrapecies (Busby et al., 2010).

1.5. Zebrafish as a vertebrate model orgamn

Zebrafish is an important and and widely used model species in biomedical and
environmental research, as well as in other areas including genetic regulation of aging,
regeneration, animal behavior, vertebrate development and disease. The use of zebrafish as
a model organism began in the 1960s as it has been recognized to have many characteristics
that make it a valuable model for studying human genetics and diseaseafidbbs a
popular model because of the ease of laboratory maintenance, small size and low cost, the
ability to obtain hundreds of embryos on daily basis, and the accessibility, translucency, and

rapid early development (Holtzman et al., 2016).
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Zebrafishis a tropical species native to soudfast Asia, about 2.5 to 4 cm long. It has
transparent larval stages, and as it matures to an adult it develops blue stripes that run along
the length of the body. Males are slender and torpestaped usually with a pknor yellow

tinge. Females tend to be less pink than the males and are fattetaltiee eggs they carry

(Fig. 1). The complete genome sequence of the zebrafish was published in 2013 and is
1,505,581,940 base pairs in length and contains 26,247 prot®limg genes (Ensembl,

www.ensembl.ord (Holtzman et al., 2016).

Figure 11 Life stages of zebrafisBdnio rerig. A zebrafish embryo at the fowell stage (1

hr postfertilization (hpf)) has four cells at the aninpalle that sit atop a single yolk cell and

are formed through discoidal cleavage. By 25 hpf, the body axis of the embryo has formed.
Embryos at 48 hpf have rudiments of most major organs (e.g., note the heart tube just
ventral to the eyes). Zebrafish reaaldulthood at 34 months postfertilization. Adult males
have a streamlined shape and a yellow hue, while adult females are larger and have a whiter
hue. Lateral views with animal pole to the top (fexellstage embryo) or anterior to the left

and dorsal ¢ the top (all other images) (Adapted from Holtzman et al., 2016).
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Danio rerio(initially designatedBrachydanio reripwere first described by English physician

Sir Francis Hamilton in a book about fishes of the Ganges River (Hamilton, 1822). In,the wild
zebrafish are a tropical freshwater fish living in small rivers, streams, paddy fields, and
channels in South Asia, including India, Myanmar, Bangladesh, and Nepal (Engeszer et al.,
2007; Spence et al., 2008; Arunachalam et al. 2013). The natural emeints for breeding

are ponds that form during monsoons, are still and shallow with pebble, sand, or silt
substrata that likely protects the clear eggs from predation. The breeding is likely to
correspond to the more abundant availability of food during thensoon season (Spence et

al., 2006). Their diet in the wild consists mainly of insects, insect larvae, nematodes, and

small crustaceans.

In the laboratory, zebrafish are kept in clear, alkaline (pH ~ 8.0) water with temperatures
around 28.3C (they toleate 20 to 33C). They are fed artificial food that is typically
supplemented with live food such as brine shrimp or mealworms for a more balanced diet
(McClure et al., 2006; Spence et al., 2008). Because adult zebrafish are in average <3.5 cm in
length, many thousands can be kept in a confined laboratory space. Breeding in laboratories
includes the use of specially designed breeding tanks and is stimulated by light (break of
daylight triggers mating in wild zebrafish). They produce hundreds of offsprimgeaily
intervals providing scientists with an ample supply of embryos to study. Zebrafish embryos
grow at extremely fast rate, developing as much in a day as a human embryo develops in
one month and are nearly transparent up to 5 dpf which allows reseasche easily

examine the development of internal structures.

Many WT mutant, and transgenic strains of zebrafish are available through the Zebrafish

International Resource Center in Eugene, Oredip(/zebrafish.org/home/guide.php and

European Zebrafish Resource Centettps://www.ezrc.kit.edu)) at Karlsruhe Institute for

Technology (Germany). Excellent literature sources on zebrafish are availahidingcThe
Zebrafish Book (Westerfield, 2000), Zebrafish: A Practical Approach (Nuslleand and
Dahm, 2002), the Zebrafish Model Organism Database (http://zfin.org), and a

comprehensive review on zebrafish husbandry by Lawrence (2011).
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1.6. Genome eding in zebrafish¢ CRISPR/Cas9

The development of efficient and reliable ways to make precise, targeted changes to the
genome of living cells is a lostanding goal for life science researchers. Precise and efficient
genomeengineering technologies, inaing the custorrmade zindinger nucleases (ZFNs)
and transcription activatelike effectors (TALENS), have been successfully applied in a
variety of mammalian cells amtbn-mammalianmodel organisms, including zebrafish (Joung

et al., 2012). It has beetlemonstrated that genespecific alterations, including insertions or
deletions (indels), can be generated via Ammmologous engoining (NHEJ) induced by ZFN

or TALENNediated doublestranded breaks (DSBs). If a doubbe singlestranded DNA
donor is povided, precise nucleotide substitutions or insertions at or near the break site are
achieved via homologous recombination (HR) DNA repair in mammalian cells and in
zebrafish embryos, suggestimpssibleimprovement in targetspecific geneknockinand
knodout in vivo Precise insertion of a reporter gene or mutant loxP (mloxP) site is especially
important for investigating endogenous gene expression, or generating conditional gene
knockouts in model organisms such as zebrafish (Chang et al., 2013). Hoalédvaugh

ZFNs and TALENs enable researchers to generate permanent mutations, these approaches
are costly and timeonsuming, limiting their widespread use, particularly for large scale,

high-throughput studies.

New tool for genome editing recently ememe called CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats). CRISPR is a family of DNA sequences in bacteria and
archaea that contain snippets of DNA from viruses that have attacked them, and are used to
detect and destroy DNA from similairuses during subsequent attacks (Barrangou, 2015).
CKSNBEF2NB>Y /wL{tw LINBaSydta Fy FIRFLIGAGDSS AYYdzy
the rejection of new, returning and everpresent invading DNA molecules. It can be
reprogrammed to reject invadingDNA molecules that have not been previously
encountered. CRISPRs are separated by short spacer sequences that match bacteriophage or
plasmid sequences and specify the targets of interference. Typically, a repeat cluster is
LINSOSRSR o0& | sht ASriciRBgibk sevefljhdn8ngdn8se pairs long with
intraspecies (Jansen et al., 2002). A set of CRAS®RRiated dag genes immediately

precedes or follows the repeats. These genes are conserved, can be classified into different
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families and subtypg and encode the protein machinery respdesifor CRISPR activity
(Fig. 12 (Marraffini et al., 2010).

- HTHD D D D i

| I L |
Leader Repeat cas genes

Figure 12 Features of CRISPR loci. Clustered regularly interspaced short palindromic repeats
(CRISPRs, grey boxes) are preceded by a Isadaence (black box) that is Ai€h. Repeats

are separated by norepetitive spacers (colored boxes) that share sequence identity with
fragments of plasmids and bacteriophage genomes and specify the targets of CRISPR
interference. A set of CRISB&sociatd (cas) genes immediately precedes or follows the

repeats. (From Marraffini et al., 2010)

These repeats were initially discovered in the 1980E.iroli(Ishino et al., 1987), but their
function was unknown until 2007, when Barrangou and colleagues demonstrated that
Streptococcus thermophilicgn acquire resistance against a bacteriophage by integrating a
genome fragment of an infectious virus into itsISIRR locus (Barrangou et al., 2007). Three
types of CRISPR mechanisms have been identified, of which type Il is most studied. In type I
CRISPR system, invading DNA from viruses or plasmids is cut into small fragments and
incorporated into a CRISPR locusidst a series of short repeats (around 20 bps). The loci
are transcribed, and transcripts are then processed to generate small RNAs CERNEPR

RNA), which are used to guide effector endonucleases that target invading DNA based on
sequence complementay (Fig. 1) (Jinek et al., 2012). The type Il CRISPR mechanism is
unique compared to other CRISPR systems, as only one Cas protein (Cas9) is required for
gene silencing. To achieve sgipecific DNA recognition and cleavage, Cas9 must be
complexed withboth a crRNA and a separate traactivating crRNA (tracrRNA or trRNA),

that is partially complementary to the crRNA and is required for crRNA maturation (Jinek et
al., 2012). Several studies have demonstrated that Cas9 guided by gRNA is sufficient to

execute in vitro sequencespecific cleavage of target DNA (Jinek et al., 2012; Gasiunas et al.,
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2012), and sitespecific DNA cleavage in mammalian cells as reported most recently (Cong et

al., 2013; Mali et al., 2013).

Cas9 function relies on the presencetwb nuclease domains, a Rwike nuclease domain

located at the amino terminus and a HNike nuclease domain that resides in the mid

region of the protein (Sapranauskas et al., 2011). During the destruction of target DNA, the
HNH and Ruwike nucleasedomains cut both DNA strands, generating doufti@nded

breaks (DSBs) at sites defined by anB@leotide target sequence within an associated

crRNA transcript (Jinek et al., 2012). The HNH domain cleaves the complementary strand,
while the RuvC domain edves the noncomplementary strand. The doubieanded
endonuclease activity of Cas9 requires that a short conserved sequegbent&) known as
protospacesr 342 OA L 1SR Y20 AT 06t !-aftie crRNAicOndlamentdryy Y S R A
sequence (Swarts et ak012).

An important feature of Cas9, crucial for its use in genome editing, is its programmability. In
2012, Doudna and Charpentier developed a simple-¢tamponent system by combining
trRNA and crRNA into a single synthetic single guide RNA (sgRRIMA\psggrammed Cas9

was shown to be as effective as Cas9 programmed with separate trRNA and crRNA in guiding

targeted gene alterations (Fig. 13).
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Figure 13 Cas9n viva Bacterial Adaptive Immunity. In the acquisition phase, foreign DNA is
incorporatedinto the bacterial genome at the CRISPR loci. CRISPR loci is then transcribed
and processed into crRNA during crRNA biogenesis. During interference, Cas9 endonuclease
complexed with a crRNA and separate tracrRNA cleaves foreign DNA containing a 20
nucleoide crRNA complementary sequence adjacent to the PAM sequence (From Jinek et

al., 2012).
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Figure 14 Genome engineering with Cas9 nuclease. Cas9 nuclease site specifically cleaves

double-stranded DNA activating doub&trand break repair machinery. In tlasence of a

homologous repair template nehomologous end joining can result in indels disrupting the

target sequence. Alternatively, precise mutations and kAoskcan be made by providing a

homologous repair template and exploiting the homology dieelctepair pathway.
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1.7. Summary and aims

In summary, transporters of organic anions, which belong to two SLC/Slc families,
SLC21/Slc21 and SLC22/SIc22, are polyspecific transporters that mediate uptakasof
number of endogenous and exogenous compounds and play a crucial role in ADME
processes, as well as in physiological homeostasis of organic anions in humans and other
animals. Although their substrates partially overlap, the main difference betweesetheo
families of transporters is the size of their substrates. OATs/Oats mainly transport small
molecules (smaller than 500 Da), while OATPs/Oatps transport larger amphipathic

compounds.

Majority of knowledge on uptake transporters has been obtainedgishammalian research
models (mouse, rat, human), and studies on smammalian uptake transporters are still
scarce. The same is true for zebrafish as an increasingly important vertebrate model species
frequently used in both biomedical and environmentalsearch. Secondly, in spite of a
widely recognized and accepted role of uptake transporters in mammalian toxicology, their

putative ecotoxicological relevance is poorly understood and studied.

Taking into account the described deficiencies and gaps in lkdge, the main goal of this
study was identification and molecular characterizatioh Oatsfrom the Slc22 family in
zebrafish as an important model organism. Furthermore, based on the previous work of our
group on zebrafish Oatpldl, a member of Slc2lifathat has been well characterizeal

vitro, to fosterin vivoresearch directed to understanding of the role of uptake transporters
an additional aim of this doctoral thesis was directed to generation of the first zebrafish

Oatpldl knockout using stat#f-the-art CRISP/Cas9 gene editing approach.
To accomplish the described general goal, several specific goals were defined:

1) To establish phylogenetic relationships between zebrafish Oats and OATS/Oats in

other vertebrates;

2) To perform conserved synteny agsis in order to determine chromosomal locations
of Oat genes and determine level of gene order preservation among zebrafish,

human and other fisSiDAT/Oatgenes;
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3)

4)

5)

Introduction

To determine the tissue expression profile ©ft genes in zebrafish that would
enable identifing dominantly expressed genes in tissues that arepafticular

toxicological importance (liver, kidney, intestine and gills);

To perform functional characterization of zebrafish Oat transporters by identification
of novel fluorescent substrates, amdentification of their interactors among various
endogenous and xenobiotic compounds using transient and stable transfected cell

lines;

To generate the first zebrafish Oatpldl gekreockoutby implementing CRISPR/Cas9

gene editing technology.
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2.1. Materials

All fluorescent dyes were purchased from Sighidrich (Taufkirchen, Germany) except
ethidium bromide, which was purchased from Serva Electrophoresis GmbH (Heidelberg,
Germany). The other used chemicals were purchased from Sidanigh (Taufkirchen,

Germany) or Carl Roth GMBH (Karlsruhe, Germany).

Plasmids used in this study are listed in Table 2.1., enzymes are listed in Table 2.2.,
commercial kits in Table 2.3. and antibodies used for Western blotting analysis and
immunocytochemistry in Table 2.4. Primers used for cloning of full length amplgmmes

and for the quantitative PCR analysis are listed in Table 2.5. and 2.6., respectively.

C2NJ GKS LlzNlJ2 &S 2K colampdiektlc#lish (0fe Teahdologies,SCA,pUSA)
were used These cells were grown on agar plates (Sigwdaich, Taufkchen, Germany) or
in liquid LuriaBretani medium (Becton, Dickinson and Company, Sparks, USA),

adzLILX SYSY G SR g AdK mn rAldkichKTaUFKircBed, Gernfdnd). OA £ Ay 0 { A

Human EnbryonicKidney cells (HEK29B(ATCC, CRI573) were used in all experiments for

purpose of heterologous expression. This cell line was selected due to short duplication time

(<24 h) and high transfection efficiency (Tan al., 2008). The cells were cultivated in
DMEMFBS medium, whicis Dulbecco's modified Eagle medium (DMEM) with high glucose

(Life technologies, CA, USA) and 10% fetal bovine serum (FBS) (Lonza, Basel, Swazerland)
oTtc/ I v R mamtained &tmosphere. Transient transfection of HEK293 cells was
achieved using lanched polyethyleneimine (PEI) transfection reagent (Sigidach,
Taufkirchen, Germany) in 48St f LJX | 0 Sa ® ¢tKS NI yatTSOourazy ¢
encapsulate negatively charged plasmid DNA into positive particles, which interact with

negaively charged cell surface and enter the cell through endocytosis (Betis$if1995).

Protein concentrations wee determined with theBradford assay (Bradford, 1976). For that
purpose Bradford reagentwas madeby dissolving 100 mg Coomassie BrilliBhie G250
(SigmaAldrich, Taufkirchen, Germany) in 50 mL etha®6P6;Kemika, Zagreb). Afterwards,

100 mL of phosphorous acid was added to ethanol solution. Finally, 850 mL of mQ water was
added to the mixture and filtered througmembrane filter (pore di Y S G SNJ; iPPH X Y

Techno Plastic Products AG, Switzerland).
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Western blot analysis was perforemed using MMROTEAN 3 Cell electrophoresis chamber
(BioRad Laboratories, CA, USA) for polyacrylamide gel electrophoresis, together with
Multiphor Il Electrophoresis System (Pharmacia LKB Biotecgypoldppsala, Sweden) for
wet transfer to polyvinylidene difluoride membrane (Millipore, MA, U8Jotein size was

estimated by use of protein marker (ThermoFischer Scientific, MA, USA).

Together with antibodes listed in Table 2.4., for the immunofluorescence localizadia
nuclei stainingwe used 4',6-diamidino2-phenylindole (DAPI) (Sigafddrich, Taufkirchen,
Germany). Finally, prepared samples on coverslips were mounted on microscope slides using

Fluoomount medium (Sigmd&ldrich, Taufkirchen, Germany).

Table 2.1Plasmids used in the study.

Plasmid Description Producer

pJET 1.2 AmR blunt cloningE. coliexpression Life Technologies, CA, U¢
pcDNA3 AmpP, CMV promoter, mammalian cells expression Life Technologies, CA, U¢
pcDNA3.IHis(+) Amp} CMV promoter, mammalian cells expression Life Technologies, CA, U¢
pcDNA/LacZ Amp? CMV promoter -galactosidase expression Life Technologies, CA, U¢
pPEGFMN Kan/Ned&, SV40 promoter, mammalian cellexpression, Takara, Shiga, Japan

green fluorescence

pT7-gRNA AmpR, T7 promoter, CRISPR, zebrafish expression Addgene, MA, USA

Table 2.2Enzymes and markers used in the study.

Enzyme/Marker Producer

Taqg DNA polymerase Life Technologies, CA, USA
Phusion proof reading polymerase Thermoscientific, MA, USA
Reverse transcriptase Life Technologies, CA, USA

FastDigest restriction enzymes: Kpnl, Notl, Xbal, Xht Life Technologies, CA, USA

Dnase | Life Technologies, CA, USA
T4 DNA ligase Life Technologies, CA, USA
GeneRuler DNA ladder mix Thermoscientific, MA, USA
Precision plus protein ladder Bio-Rad Laboratories, CA, USA
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Table 2.3Commercial kits used in the study.

Commercial kit Producer

Rneasy Mini Kit Qiagen, Hilden, Germany
MinElute Gel Extraction Kit Qiagen, Hilden, Germany
QIAquick PCR Purification Kit Qiagen, Hilden, Germany
QIAprep Spin Miniprep Kit Qiagen, Hilden, Germany
Plasmid MIDI Kit Qiagen, Hilden, Germany

High Capacity cDNA Reverse Transcription Kit Life Technologies, CA, USA

Table 2.4 Antibodies used in the study.

Antibody Host Producer Cat.No.
Mouse 1gGe-6xHis monoclonal primary ab mouse Bio-Rad Laboratories, CA, USA 6200203
Mouse IgG@-Xpress monoclonal primary ab mouse Life Technologies, CA, USA R910625
Mouse IgG-Na,kATPase monoclonal primaayp mouse SantaCruz Biotechnology, CA,U: s¢48345
Mouse IgGHRP secondary ab goat Bio-Rad Laboratories, CA, USA 1706516
Mouse IgGFITC secondary ab goat SantaCruz Biotechnology, CA,U: s¢2010
MouselgGCy3secondary ab goat SantaCruz Biotechnology, CA,U: s¢166894

Table 2.5Primers used for cloning of zebrafi€atgenes. Primers were purchased from Life

Technologies (Carlsbad, CA, USA).

Protein name  Primer sequence 5> 3'

Oatl F GCGGCCGCGAGCTCATGGGCTTTGCGGATCTTTT(
R TTAGGTACCTCTAGACTTGAGTTGAGGAGAACTGG
Oat3 F TTAGCGGCCGCAAGCTTTCATGGCGTTCTCCGACCTC
R GGTACCCTCGAGAACAGACTCTTTCAGGAGGA
Oat2a F TTAGCGGCCGCAAGCTTTCATGAGGTTCGAGGACGT
R TTAGGTACCTCTAGACTTTATGAGCCCTTCTCTTGTA
Oat2b F TTAGCGGCCGCAAGCTTTCATGAGATTTGAAGATC
R TTAGGTACCTCTAGACTAGTGTTCTGCACAATTAAA
Oat2c F GAATTCATGAAGTTTGAAGATCTAATTAC
R GCGGCCGCGGTACCCTGGGGTTCATTCATTGCAA
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Oat2d F GAATTCATGAAGTTTGAAGATCTAATTAC
R GCGGCCGCGGTACCCTGGGGTTCATTCATTGCAA
Oat2e F TTAGCGGCCGCAAGCTTTCATGAAGTTTGAGAACC
R TTAGGTACCTCTAGACTTCATTTTGTCTCCTTGAAG

Table 2.6.Primers used in the quantitative Real time RGRCR)Primerswere purchased
from Life Technologies (Carlsbad, CA, USA).

Genename t NA YSNJ a4 §j deXy OS p T. Final conc(nM) Efficiency (%)

drOatl F TGCTGTTCTGATCTTGGACGA 62 300 92
R TGCTATTAAACCAGCGATGAC 60 300
drOat3 F GGGTCAGCATTTACCTCATCCA 60 300 105
R GATGGCCGTCGTCCTAACAT 58 300
drOat2a F TCGCCATTGCAAGAACCTTAT 58 300 92
R AAGGTGCGATGCTTAACATCTG 58 300
drOat2b F  GATTGTAAGTGTTCCAGCACAAGA 58 300 101
R TGAGCTGCTGGACGAGTTTATC 58 300
drOat2c F GCACTTTGATAACAGCACCTTCAT 58 300 95
R GAAGAAGATGGTGGTTGTCAATTT 59 300
drOat2d F ACAGTATGGCATGGGCTGTT 60 300 100
R AAGGTGAAGTGACAGCCACT 60 300
drOat2e F  GGTGTTATGATCAGTTTGGATT 60 300 95
R TTGGAGCAGTTACTGTGAGG 58 300

Table2.7.Buffers used in the study.

Buffer Composition pH

Phosphatebuffered saline 1.37 M NacCl, 27 mM KCI, 100 mMeNBQ, 18 mM KEPO 7.4

Transport buffer 145 mM NaCl, 3 mM KCI, 1 mM GaGl5 mM MgG| 5 mM Dglucose 7.4
and 5 MMHEPES

RIPA buffer 150mM NaCl, 1 mM EDTA, 25 mM Tris, 0.8%0IP -

Blocking solution 5% low fat milk, 50 mM Tris, 150 mM NacCl, 0.05% Tween 20 -
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2.2. Methods

2.2.1. Phylogenetiand syntenyanalysis

Nucleotide and protein sequences were retrieved from the following NCBI
(http://www.ncbi.nlm.nih.gov/) and ENSEMBL (http://www.ensembl.org/index.html)
databases, respectivelBlastx algorithm was useéollowing species were included in the
phylogenetic aalysis: mammalg human Homo sapiensand mouseNlus musculus bird g
chicken Gallus galluy reptile ¢ anole lizard Anolis carolinensjsamphibiang frog Xenopus
laevis actinopterygian or rajyinned fishes; zebrafish Danio rerig, pufferfishesq Japanese
pufferfish [Takifugu rubripesand green spotted pufferfisir étraodon nigroviridis Atlantic
cod Gadus morhup stickleback Gastrosteus aculeatugind medaka Qryzas latipesand

tunicate sea squirt§iona intestinalis

Sequences were considl to be part of the SLC22/Slc22 family if there was blastx hit with
threshold value of e = 1B. False positive results were excluded based on the phylogenetic
analysis. Sequences were aligned with MUSCLE algorithm (Edgar, 2004) and phylogenetic
tree wasconstructed using Maximum Likelihood method in PhyML 3.0.1 software (Guindon
and Gascuel, 2003). Confidence of nodes was estimated by approximate likelihood ratio test
(aLRT) (Anisimova and Gascuel, 2006).

Orthology predictions usingonserved synteny aatysis between zebrafish and other teleost

genes of inerest were made using Genomicughttp://www.genomicus.biologie.

ens.fr/genomicu} a conserved synteny browser synchronized with genomes fthe

Ensembl database (Louis et al., 2013).

2.2.2. Tissuespecific gene expression analysis

Adult zebrafish of both genderstrain ABwere obtained from European Zebrafish Resource

Center https://www.ezrc.kit.edu)) at Karlsruhe Institute for Technology (Germargnd

sacrificedby immersion in ice cold water for 30 mior the collection of tissues. In order to
obtain sufficient amount of material for RNA isolation, six tissues (brais, lgitr, intestine
kidneyand gonads) from five specimens of the same gender were pooled together, with one

pool representing one sample. Three independent pools were collected. In the case of RNA
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isolation from kidney, 14 specimens were pooled togetbee to small size of zebrafish
kidneys. In that way, -8 samples for each tissue were collected to conduct tissunl
genderspecific expression analysis. After isolation, tissues were stored in RNA later for long
time storage at-H ng / ® C2 NJ wigsues wete shdrmogehiz2d/ Using a rostator
homogenizer at 10,000 rpm for 20 s. Total RNA isolation from each tissue was carried out
with RNeasy Mini Kit (Qiagen, Hilden, GermaRNA was quantified using B8pec Nano
spectrophotometer (Shimadzu Con@dion, Kyoto, Japan), and the integrity of RNA was
determined by gel electrophoresis. Genomic DNA digestion was carried out usingfiRi¢ase
5blasS {SG o6vAlIaSysS |1 AftRSYZ DSNXIYy@0Ud t dzNRA FA
total RNA) using Higha@acity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied
Biosystems, Foster City, CA, USA).

The primers(Table 2.6.)were designed using Primer express 3.0 Software (Applied
Biosystems, CA, USA) and adjusted manually if necessary. Targetoamplico0120 bp

were amplified and cloned using the pGHMWector System | (Promega, Medison, WI, USA).
Plasmids were purified by QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany), and

F YL AO2ya 6SNB OSNATASR o0& a%IpNaSSemideyzagreb,i (1 K S
Croatia). Primer efficiencies were determined for each gene using the recombinant plasmid

as a template (Table 2.6.). Primer concentrations were optimized combining three primer
concentrations: 300, 600 and 900 nM. The concentratioesulting in the highest
fluorescence signal at the lowest Ct number were chosen &éismap Quantification of the

oat genes was performed using the gPCR relative quantification method (Qgene method)

and normalized to the housekeeping geméla 6 St 2y A GA 2y FlF OG2NJ mh
described (Muller et al., 2002; Loncar et al., 2010). The relative quantification method is

described with equatiorfl):
Mab9 I 069NBFO n/ INBFZIYSIYO kK 0606901 N

where, MNE stands for mean normalizedpesssion; Eref is housekeeping gene efficiency;

Etarget is target gene efficiency; Ctref, mean is mean Ct value for the housekeeping gene;

and Cttarget, mean stands for mean Ct value of the target gene. Data are presented as gene

of interest expression rative to the housekeeping gene expression multiplied by the factor

2F mManZnnnd® 9f 2y 3l (A 2 yithehduseke@phg gere Giveh the factthiat OK 2 a
its expression was similar across all analysed tissues. Expression was considered to be high
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for MNE > 600*105 (Ct < 22), moderate for MNE 20*1680*105 (Ct = 226) and low for
MNE < 20*105 (Ct >27).

gPCR was performed using the ABI PRISM 7000 Sequence Detection System using Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CAPG®Areaction mix

gl & LINBLI NSBR (2 LOZFAWIAYAF2INAZYPD w2 DNB/SYE YI 4GS
2F SIFOK LINAYSNI 02F 2PRJAYISYLIOR i 6S 6 imNILafAaxyad 3 L
Ultrapure Dnase/Rnase free distilled water (MolecularpBoolucts, San Diego, CA, USA).

I FOSNI GKS AYAGALFE RSYFOGdzNF GA2Yy |G dpe/ F2NI
GAGK RSYIlFGdzN> GA2Y G dpe/ F2NI mp aSO0Z FyySlhf
followed by the melting curve analgsi Data were analysed with ABI PRISM Sequence
Detection Software 1.4 (Applied Biosystems, Foster City, CA, USA) and GraphPad Prism

Software version 5.00.

2.2.3. Cloning and heterologous expression

In order to amplify fulength zebrafishoat (oatl, oat2ae, cat3) genes, specific primers

were designed based on known sequences of zebraf&hgenes. Genes were atified

from zebrafish cDNA by polymerase chain reaction (PCR) using high fidelity Phusion DNA
polymerase (Thermo Scientific, MA, USA), using specific forward and reverse primers, with
introduced cloning sites foNotl and Hindll restriction enzynes onforward primes and

Kpnl and Xblaon reverse primers Amplified DNA fragments were separated using agarose

gel electrophoresis and specific gene bands were purified with commercially available kit
(Table 2.3. Afterwards,since Phusion DNA polymerase produces amplieatis blunt ends,

we performed bluntend ligation of the amplicons with previously prepared lineed pJET

2.0 vector. pJEDAt O2 Y A 1 NHzOG a 6 SNB { Ng: ydi dopeders RellsA y (i 2
(Invitrogen, Carlsbad, CA, USA). The presence of ampicilin resistance gen in pJET vector
Fff26SR GKS 3INRSGK 27F G NI-selachive hgarplatessovepnight OS £ 2
Fd oTe/ ® DNRBgy 0ol Ol 8d\dr presen® affinBeyteddaitigengsubidy & O NS
PCR with Taqg DNA polymerase and specific prif@reach gene.To obtain sufficient

amount of plasmid, transformed cells were grown in liquid cultures with ampwdiective

LuriaBretani medium. Recombinant plasmid witinserted gene was purified using
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commercial plasmid isolation kit (Table 2.3Vlinimum of three positive clones were verified

o0& 5b! 4S1jdz2SyOAay3a i GKS wdzSSNJ . 20120406 L
Sequenced genes of each clone were compared &ré#ported gene sequences from the

NCBI and ENSEMBL databases. If sequence of one clone differed from the sequences of two
other clones in one or more base pairs, the sequences of two identical clones were

considered to be validand one of these two clorsawas chosen for further investigation.

After the sequence confirmation, each gene was cloned into the pcDNA3.1 and
pcDNAS3.1/Hiwector, with gene promoter suitable for higlevel heterologous expression in

the manmalian cell lines. Zebrafisbat2a-e genes were also cloned into the vectors for
expression and visualization of a protein of interest fusedh® green fluorescent protein
(EGFP). The cloning was performed using pAmsgrted restriction sites, whh allowed
digestion ofoat/pJET vectorconstructs with restriction enzymes and excision of inserted
genes. Excised inserts were separated with agarose gel electrophoresis and purified with
commercial gel extraction kit. Destination vectors, pcDNA®d pcDNA3.1/Hiswere also
digested using tb same combination of restriction enzymesd linearized vectors were
purified using commercial PCR purification kit. Sticky ends of purified gene inserts and
linearized vectors were ligated using T4 DNA ligase (Tahle Pt ligation mixtures were
useR FT2NJ NI YAT2NXIGA2Y 2F 51 ph O2YLISGSyd OS
plates. Positive transformants were screened using PCR and multiplied by cultivation of
liquid cultures. For purpose of heterologous expression, the greater volumes wd lig

cultures wee cultivated and plasmid purification MIDI kit was used (Tablg.2.3

2.2.3.1.Transient transfection

Transient transfection method was based on previously described method by Tom et al.
(2008, with some modificationsTo reach 90%onfluence, HEK293 cells were seeded in the

48-well plates 48 hours prior to transfection at cell density of 2.P*¢6lls/cn?, with final

volume of 0.25 mL per well. The transfection mixture consisted of recombinant plasmid with
inserted gene and PElréayy & Ay (GKS wmYmM NFrGA2 gA0GK GKS TFA
for 48-well plate. PEI and plasmid solutions were prepared in phosphate buffered saline

0dzFFSN) 6t . {0 |4 oTc/ ® {2fdzirAzyad 6SNBE YAESR
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room tempeNJ (G dzZNB F2NJ mp YAydziSad ! FGSNI GKS Ay Odzo
I RRSR (2 SIOK ¢Sttt G6AGK HHp >[ 2F 5a9a YSRAC
oTc/ | yRoumhourd later, the medium with transfection mistuwvas replaced with

2pn >[ -PESpéravell The transfected cells were left to grow in standard conditions

for 24 hoursand after that period the cells were ready for transfection efficiency evaluation

and the conduction of transport assay3o evaluate transfection efficrey, separate cells

were transfected with pcDNA3.1/His/LacZ plasmid and transfection efficiency was evaluated

24 h after transfection with the LacZ staining protocol (Sambrook et al., 19B8)assay is
oFaSR 2y (KS I -gafadtosidade, cddeby §at2 geneSto catalyzegd (5
bromo-4-chloro-3-indolyH -D-galactopyranoside) into the bluproduct 5,5*dibromo-4,4-
dichloroindigo. Adherent HEK293 cells transfected with pcDNA3.1/His/LacZ were washed
twice with PBS, followed by fixation in 0.%flataraldehyde (in PBS), and; 24 h incubation

01 G o7 c fgdl soltibn (i NG Xal, 40 mM ferricyanide, 40 mM ferrocyanide, 2 mM

MgCkin PBS).

2.2.3.2.Stable transfection

Stable transfection was conducted using-Fp" Systemwhich usepcDNA/FRTexpression

vector. pcDNA/FRTplasmidcontains CMV promoter for high leiexpression in mammalian
cells,ten unique regriction sites for easy cloning,LP Recombination Target (FRT) site for Flp
recombinasemediated integration of the vector intohe Flpin host cell ling and
hygromycin resistance gene for selection of stable cell limemnsfection protocol is similar

to that descrbed for transient transfectio asit also uses PEI reagent, but in combination

with two plasmids: pcDNA-RT and pOG44 (Flp recombinase expression vettooyderto

reach 90% confluence, HEK-FP" cells were seeded in@ell plates 48 h prior transfection

at cell density of 3*1®cells/cn?, with final volume of 2.5 mL per well. The transfection
mixture consisted ofn ® o T pcombithant plasmid pcDNART with inserted gene.375

> HOFA4 plasmid ando @ 1 p REI reagen(l:1 ratio withpcDNAS/Frt + pG44). PEI and
plasmid solutions we prepared in PBSpkitions were mixed and briefly vortexed (3 )3

and incubated at room temperature for 15 minutes. After the incubatiop 1 >[ 2 F LJO5 b
FRTpOG44PEI mixturewas added to each well with25 mL of DMEM medium without FBS
FYR AyOdzol GSR F2NJ n K FaeNdourslldier, the médiunt witR  p:2
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transfection mixture was replaced with 2.5 IMDMEMFBS per well. The transfected cells
were left to grav in standard conditions for 48ours scrapedoff, transfered to 25 cracel
culture flask and left to adhereovernight. The next morningafter the cells adhered to the
flask bottom,m n 1 >hygeovhjcin B was addeand the cells were kept in DMEMBS +
hygromycin B for 2025 days with DMEMFBSchange every -3 days After that period, only
transfected cells @. hygromycin resistant) surviveghdstarted to grow. The cellserethen
tested for uptake of fluorescent substrates of selected (3atind later used for transport

activity assays.

2.2.4. Transporactivity assays

Transfected cells that showed more than 70% of transfection efficiency were fased

transport activity assays. DMEMBS was removed from cells grown inw@l plates and

OStta 6SNB LINBAYyOdzoml 4G4SR AY Hnn >[ 2FesdiKS (N
transport and dosNB aLl2yasSa 2F TFfdzz2NBaOSyd &ddzmaiNIGaSa
fluorescent substrates was added to the preincubation medium and incubated 5 to 15
YAYydziSa 40 oT1c/ X RSLISYRAY3I 2y (GKS siwe®a (NI § S
gl AKSR (62 UGAYSAOBAUKSRPp@mNI>Y A PFFNILINBSRA dzY |y
0.1% sodium dodecyl sulphate (SDS) for 30 minutes. Lysed cells were transferred te the 96

well black plates and the fluorescence was measwrsithgthe microplatereader (Infinite

M200, Tecan, Salzburg, Austria). The transport rates were determined by subtracting the
measured fluorescence of transfected cells with the fluorescence oftramsfected control

cells (mock cells) and by normalization of the obtainedriégscence unit calibration curves

for each substrate and protein content. Calibration curves for fluorescent dyes were
generated in the 0.1% SDS and in the cell matrix dissolved in the 0.1% SDS. Total protein
concentration was measured using Bradford as@madford, 1976). Using the calibration

curves and total protein content, uptake of the fluorescent substrates fivadly expressed

as nM of substrates per mg of protein.

After the determination of transport kinetics for fluorescent dyes, they were usethe
inhibition assays. Inhibition measurements were based o®qumsure of transfected cells

and nontransfected control with determined model substrate and potential interactor. The
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cells were preincubated for 10 minutes in transport medium, and fbisdconds with test
compounds, followed by 5 to 15 minutes incubation with model substatteoncentration

that showed to be in the linear segment thfe determined dse response curvéhe initial

interaction screenings were performed with one concentrat of the tested compounds

omMnn >al0 YR F2N) 4KS AyiSNIOG2NBR (KI{i aKz2g¢S
response experiments were performed and the respective IC50 values determined.
Compounds with IC5@alues in nanomolar and low micromolaryfdS o6fp >al &
considered to be very strong interactors, compounds with Kiefisn >a @ SNB RS&aA 3
as strong interactors, whereas Ki of 2 n n > aatedi rifoReka@ interaction and IC50
F62@3S mnn >aX Sl AYGSNIOlA2y ®

2.2.5. Western blot analysis

Cells were collected from 2 wells of ar@ll microplate 48 h after transfection and lysed in
RIPA buffer (NaCl 150 mM, EDTA 1 mM, Tris 25 mMONP8%) witithe AEBSPBrotease
inhibitors cocktail (Sigmaldrich, Taufkirchen, Germany) for 30 min on ice. After the lysis,
cells were subjected through 3 freeze/thaw cycles, briefly sonicated and centrifuged at 1,000
gF2NJ Mmn YAY |G nc/ @& t NP (e YTCL) ®as dBaguieddusing 2y A
Bradford assay (Bradford, 1976). Twenty micrograms of protein per lane was separated by
electrophoresis in 1% sodium dodecyl sulphate polyacrylamide gel. The proteins were then
transferred to the polyvinylidene difluoride memdme (Millipore, MA, US) by wdidlotting.
Blocking was performed in blocking solution. Subsequently, membranes were washed and
incubated for 1 h with antKpress, or 2 h with antiis antibody (1:500). Goat antimouse
IgGHRP (1:600) was used as seconglaantibody Bio-Rad Laboratories, CA, USAhe
proteins were visualized by chemiluminescence (Abcam, Cambridge, UK). Protein size was

estimated by use of protein marker (ThermoFischer Scientific, MA, USA).

2.2.6. Immunofluorescence

For immunofluorescencdocalization of proteins expressed by transiently transfected

plasmids, HEK293T cells were grown on glass coverslipsarlRdulture plates. Fixation of
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transiently transfected cells was performed with 3.7% formaldehyde in PBS during 25 min
incubation. Cells were washed three times in 100 mM glycin/PBS, permeabilized with
methanol br 15 min and washed 3 times HBS. Antigen retreaval was done in 1% SDS/PBS

for 5 minutes. Cells were then blocked in 5% low fat milk for 30 min with gentle agitation at

room temperature. Subsequently, coverslips were transferred on microscope slides and
AyOdzoF SR gA0GK - LINBaa FydAoz2zRe omYmMnnd Ay @
chamber, washed and incubated with secondary FITC antibody (fluorescein isothy@yyanat
omMYmMnno Ay o0ft201Ay3 az2fdziazy F2NI m K Fd ot
incubation with FITC, blocking was done in 5% low fat milk for 30 min with gentle agitation,
followed by incubation with Na;ATPase arinouse primary antibody for Bours (1:150),

washing, and 1 hour incubation with Cg8njugated antimouse Ig&HRP (Cyanine3) as a
ASO2YRIFNE [YyGAO2Re OMYHANNO® bdzOft SA 6SNB ail j
After mounting the samples in Fluoromount medium, immunofluoreseewas detected

using confocal microscope Leica TCS SP2 AOBS (Leica Microsystems, Wetzlar, Germany).

2.2.7. Creating gene knoduts using CRISPR/Casgtem

A search for the gene of interest was made using ENSMBL gene/transcript annotation
("target protein-coding genes"). Targets wereidentified using CRISPRscan

(http://www.crisprscan.org), and thosewith high CRISPRscan score and withoutasfiets

were chosenPrimers weredesigned (forward: TAGGN18yvezse: AAACN18) arttle two
oligosannealed usindg 9 . dZFFSNM o 06bSg 9y Twol>lyfrdm eadh200 | 6 & =
>a aG201 Ay n IR b9 O@EFZSUSMA2d On 6 SNB Ay Odzo | i
YAYS NIYLSR R2¢6y (2 pnohcliFTaRMmhk ¥3YS X WRIz
Y2NXYIFf NI YL aNe8$SeR wasaonirg odeStépodigestion/ligation) and the

annealed oligos were ligated to pTZgRNA vector  (http://www.
addgeneorg/46759) o0& YAEAY 3 (KS T 2df andedlddypiyos(PBOvhglafy Sy i &
GSOG2ARXE mnE b9 LAF FTHMNE o&n mf »PIFA S & YdLRABFINED on dp
noa2® {FL2E GwpSk! A3l ASST I lyBgestion@®Ngatioz | Gz
were performed in a single step ia thermal cycler with the following program: 3 cycles of

Hn YAY G otc/ kmp YAY i wmMcc/ 3 F2tift26SR o8

y nc/ 0 2Thkiligaion Iprbdiicbwathen used to transform DH5competentcellsand
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grow them on LB/Amplatesovernight Two colonies weréhen sequenced with M13FZ1)

primer to confirm the clones.

For making gRNAhe plasmidwasdigested with BamHI anthe linearized plasmid wagel
purified. In vitro transcription was performed using the MEGAshortscript T7 kit
(Ambion/Invitrogen) with 108100 ng of purified linearized DNA following the

manufacrurer's instructions.

For making nigCasthls RNAfemplate DNAwas linearizedby Notl andthe template was
gel purified. Capped nisCa8-nls RNA was synthesized using mMMESSAGE mMACHINE SP6
(https://www. thermofisher.com/order/catalog/product/AM1340

Findyym x[ LIKSy2f NBR o6nonps: [/ F0ZI Iwb! mrednn y3Ixk
and 1 nLof the mix directlyinjected into the cell ofthe one-cell stage zebrafish embrgo

After 48 h,15 embryoswere collected for DNA extraction and genotyping thegeéderation

For control,5 WTembryos at the same developmental stagere used.DNA extraction was

done inthe embryo digestion buffer (THEI 10 mM, 50 mM KCI, Twe20 30%) and

proteinase K.Genotyping was performed usin§S LJh y St f d&ime PGRS Byistem
(https://www.thermofisher.com/order/

catalog/product4376600) andthe High Resolution Melt AnalysifHRMA) software
(https://www.thermofisher.combrder/catalog/product/A30150)

2.2.8. Data analysis

All assays were performed in 24 independent experiments run in triplicates. Data
represents meam, standard errorof mean(SE) or standard deviations (SD). All calculations
were performed using GraphPad Prism 6 for Windows as described below. Thi kinet

parameters, Km and Vm values were calculated using the Mickdehsen equation(2):

V= Vi X [S]

(2) S+ Knm

where, V is velocity (nanomoles of substrate per milligram of proteins per minute), Vm is
maximal velocity, [S] is substrate concentration and Km is the Michaelis Menten constant.

The uptake into vectetransfected HEK293 cells was subtracted to obtain trangport
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specific uptake. For the purpose of Ki calculations data were fitted to the sigmoidal four

parameters doseresponse model (variable slop@)):

(Vmax b Vmin)

1 + 10(logkbAN)

V= \hin +
3)

whereV is response, Vmin represents minimum of response, Vmax represents maximum of
response, h is Hill slope parameter, Ki is the concentration of inhibitor that corresponds to

50% of maximal effect and A is concentration of tested compound.
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Results

3.1. fhylogenetic analysis

To elucidate phylogenetic relationships of zebrafSht genes within the Slc22 family, we
constructed a phylogenetic treeAmong fourteen genes initiallyidentified inside the
zebrafish Slc22 family (Popovic et al., 2014), seven of tilsm®?2a6,slc22a7a,dc22a,
dc22a, slc22a7d, k22a% and sic22a8 belong to subgroup of organic anion transporters
(Oatl, Oat2a, Oat2b, Oat2c, Oat2d, Oat2e and O&t&re are 8 organic anion transporters
in human (OAT1, OAT2, OAT3, OAT4, OAT6, OAT7, OAT10 and URAT1), 8 in mouse (Oatl,
Oat2, Oat3, Oat5, Oat6, Oat9, 0@ and Uratl) and Oat8 in rat.Oatl and Oat3are
conserved withinall analyzed vertebrate groups, excepirds @atl and oat3 ortholog
absent inGallus gallus Gg) (Fig. 1. Zebrafishoat2 includes 5 cebrthologs:oat2a, oat2b,
oat2c, oat2d and oat2e. oat2a ortholog was found only in zebrafish and green spotted
pufferfish (Tetraodon nigroviridisand it had the closest phylogetic relationship with
human QGat2 and other mammaliaroat2, indicating its direct orthology with mammalian
Oat2 oat2b is present only in zebrafish, sticklebadkaétrosteus aculeatlisand green
spotted pufferfish. Out of all five zebrafish eorthologs, the closest phylogenetic
relationship was observed betweerat2c and oat2d, and they were present also in green
spotted pufferfish and Japanese pufferfisiiakifugu rubripes oat2e was present only in

zebrafish and medak#@fyzas latipes

Phylogenetic analysis revealed specific teltisg of vertebrateOat/ oat genes. Zebrafishats
primarily clustered with otherfish oats. Zebrafishoatl clustered with other fistpatl, but
was quite distanfrom mammalianOatl/oatl. However fish oat3 clustered closer together
with mammalian Oatl/oatl comparing to fish oatl, indicating closer phylogenetic
relationshipof mammalianOatl/oatl and fishoat3 than fishoatl. Oat2/oat2 was present
with only one gene in reptiles, bischnd mammals, while in fish there were principally more

than one orthologs.
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Figure 15Phylogenetic tree borganic anion transportegenes(OATSDat9 in vertebrates.
Species abreviations: humaAd@mo sapiens mouse Kus musculus chicken Gallus gallug
anole lizard Anolis carolinens)s frog Kenopus laev)s zebrafish Danio rerig, Japanese
pufferfish Takifugu rubripels green spotted pufferfishTetraodon nigroviridis Atlantic cod

(Gadus morhup sticklebackGastrosteus aculeatiismedaka Qryzas latipes
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3.2. Synteny analysis

Zebrafishoat2 genes are localized on two chromosomes, 11 and 17. éat@rco-orthologs,
oat2b (slc22a7 (1 of many)),oat2c (slc22a7b2®, oat2d (slc22b3, oat2e (slc22b), are
localized within the cluster with reversed orientation on chromosome 17 at 21.99 Mbp (Fig.
1). Neighboring genes near tluat2 cluster on chromosome 17 show syntenic relationship
with two oat2 orthologs in stickleback, cave fish and tetraodon2b, actn2band slc16a9a
are localized upstream afat2b ortholog in sticklebackand determine syntenic relationship
with zebrafish ortholog. Two downstream neighboring gertdsk1b and slc8alb and an
upstream neighboring generip3, showed syntenic relationship with the secomt2
ortholog in sticklebackpat2e. oat2a (slc22a73 on chromosome 11 and its neighboring
genes, show syntenic relationship witrat2a orthologs in cave fish and tetrdon. oat2
genes are also present in medaka and cod. However, the2 ortholog does not show
syntenic relationship with zebrafish orthologs. Opnat2 ortholog in medaka and cod,
respectively, show synteny witbat2 ortholog in stickleback, and with theelarafish oat2

cluster on chromosome 1(Fig. 16.
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Figure 16 Conserved synteny analysis of teleost &tR2a7genes. Numbers next to the
gene names represent megabase pair (Mbp) of particular gene location on the chromosome.
Species names: zebrafisBanio rerig green spotted puffer,Tetraodon nigroviridiscod,
Gadus morhuacave fishAstyanax mexicanystickeback,Gasterosteus aculeatusmedaka,

Oryzias latipeshuman,Homo sapiens
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Zebrafishoatl and oat3 genes are both localized on chromosome 21. Neighboring genes
near theoatl (oatx) cluster show syntenic relationship with orthologs in cave fish, medaka
and tetraodon.arsib ndufa2 and FO704810.%are localized upstream afatl ortholog in
cave fish, and determine syntenic relationship with zebrafish orthaholyfa2 is localized
downstream ofoatl ortholog in medakanrxn2aand pygmaare localized upstream afat3
orthologs in cave fish, medaka and tetraodon and determine syntenic relationship with
zebrafish ortholog. Two downstream neighboring gemeg2a and puraa showed syntenic
relationship withoat3 ortholog in medaka and tetraodon, while omlyg2ais downstream of

cave fishoat3 ortholog (Fig. 17)

Figure 17. Conserved synteny analysis of teleostdi@h and oat3 genes. Numbers next to
the gene names represent megabaseirp@Mbp) of particular gene location on the
chromosome. Species names: zebrafiflgnio rerio green spotted puffer,Tetraodon
nigroviridis cod, cave fishAstyanax mexicanyusmedaka,Oryzias latipeshuman, Homo

sapiens
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