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Endogenous Functions and Genetic Variation in SLC22 
Family Transporters 

James E. Shima 

 

Members of the Solute Carrier (SLC) 22 family of transporters have been studied 

extensively due to their well-known role in drug excretion and disposition.  However, 

numerous lines of evidence suggest that these transporters are likely to possess 

previously unrecognized roles in basal physiological processes.  These studies were 

undertaken to better delineate the potential physiological importance of 2 organic 

anion transporters (OATs) expressed on the apical membrane of the apical 

membrane of renal tubule cells, SLC22A11 (OAT4) and SLC22A12 (URAT1), the 

impact of genetic variants of these two transporters, and to create a humanized 

mouse model suitable for an additional physiological and drug disposition studies of 

another SLC22 transporter, SLC22A1 (OCT1). 

Of the 9 OAT4 nonsynonymous variants studied, the L29P, R48Stop, and H469R 

variants all displayed negligible uptake of 3 canonical, endogenous substrates 

(estrone sulfate, ochratoxin A, and uric acid) likely due to the absence of plasma 

membrane protein localization.  Extending this research to URAT1, 4 

nonsynonymous variants, G65W, I131V, W277R, and R342H, as well as a C-

terminal frameshift variant T542LysfX13, all displayed some reduction in uptake of 

uric acid, with the T542LysfX13 reduction likely due to the loss of a protein-binding 

motif and resultant plasma membrane localization.  Collectively, the presence of 

these variants provides mechanistic reasons for variability in reabsorption of solutes 

from the urine in the human population, potentially affecting metabolite homeostasis 

as well as drug pharmacokinetics. 
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Comparisons of the evolutionary, genetic, and molecular features of OAT4 and 

URAT1 demonstrated that both are under general purifying selection and that their 

evolution has diverged considerably within the mammalian lineage, with numerous 

species lacking clear orthologs for either transporter.  Likewise, expression of OAT4 

was also found in the epididymis, an embryonically related tissue to the kidney but 

involved in the maturation of spermatozoa. In addition, profiling of substrate 

preferences for these two transporters showed considerably divergent sets of 

interacting molecules, including the uptake of AMP and ADP by URAT1 and an 

apparent binding site size restriction difference. These results suggest that these 

transporters, while evolutionarily related, have diverged to accommodate specialized 

physiological roles in a subset of mammalian lineage. 

Finally, a mouse model expressing human OCT1 in the liver was created using the 

mouse albumin core promoter and distal enhancer to drive liver-specific expression.  

Absolute OCT1 transgene expression levels were 4 times higher in the transgenic 

line compared to the normal human liver and 20 times higher than any other mouse 

tissue.  While expression was not restricted to the liver as anticipated, this model can 

aid in the assessment of drug substrates of OCT1 and provide a flexible model to 

evaluate the physiological repercussions of human OCT1 in an intact animal model. 

This work demonstrates that while these transporters are important from a drug 

development standpoint, they also may be involved in specialized physiological 

processes, which may be modulated by naturally occurring genetic variants.  

Additional studies are required to better understand the full impact of these 

transporters on human physiology and the resultant impact on human health. 
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Chapter 1 

Physiological Roles of Organic Anion Transporters (OATs) 

Introduction 

Maintenance of physiological levels of metabolites and micronutrients is of critical 

importance in human health.  Disruption of physiological acceptable levels of 

these small molecules are known to result in numerous diseases ranging from 

gout (the accumulation of excess uric acid) to goiters (iodine deficiency) to a 

general failure to thrive (carnitine deficiency).  Membrane transporters act as the 

gatekeepers for entrance into and exit from the cellular cytoplasmic compartment 

for small molecules that cannot easily permeate the plasma membrane.  While 

the chemical milieu inside and outside of a cell is considerably complex, an 

equally complex system of transporters has evolved to handle a variety of tasks 

related to the movement these small molecules across membranes.  One of the 

most diverse and functionally varied sets of transporters belong to the Solute 

Carrier (SLC) family, which are known to transport a wide assortment of 

endogenous small molecules including neurotransmitters, micronutrients, amino 

acids, sulfates, phosphates, and heavy metals, in addition to well-studied roles in 

the uptake and excretion of a variety of xenobiotics. 

One branch of this transporter family encompasses the SLC22 transporters 

which are commonly cited as one of the major determinants of xenobiotic uptake 

and excretion in the kidney, liver, brain, placenta, and other excretory/barrier 

tissues.  There are approximately 19 members of this family in humans and are 
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further separated into 4 general classes based on substrate preference: organic 

cation transporters (OCTs), novel organic cation transporters (OCTNs), organic 

anion transporters (OATs), and orphan transporters whose primary substrates 

are currently unknown.  These transporters are commonly identified molecularly 

through overall protein similarity and the presence of 12 transmembrane 

domains, a major facilitator superfamily (MFS) functional domain, and a large 

extracellular domain between the first and second transmembrane domains1.  

Functionally, these transporters share common characteristics, namely the 

transport of compounds with a net negative charge at physiological pH into a cell 

coupled with an outwardly directed carboxylate gradient.  The delineation of 

these subgroups based on their molecular evolutionary history is depicted in 

Figure 1.1.  Considerable effort has been put toward determining how these 

“xenobiotic transporters” impact the response to and toxicities resulting from the 

treatment with pharmaceutical agents.  However, mounting evidence suggests 

that many of these transporters are involved in a multitude of physiological 

processes.   

The OATs are one of the more well-studied groups of transporters in the SLC22 

family.  This group of transporters is believed to have been derived from a single 

common ancestor and have undergone a number of lineage- and species-

specific gene duplication and deletion events2, 3 and there are currently 9 

established OATs in humans which display a wide array of molecular and 

physiological features.  These proteins are known to facilitate the transport of 

numerous endogenous substrates including uric acid, steroid sulfates, 
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prostaglandins, and a multitude of small carboxylate molecules4 with each 

member of the OAT family sharing common substrates and functionalities as well 

as their own preferential set of distinct substrates and transport mechanisms.  

Additionally, while many of the OATs are restricted in their expression to major 

excretory or metabolic tissues such as the kidney and liver, some members of 

the OAT family are also expressed in unique tissues such as the olfactory 

epithelium, brain, testis, and epididymis. 

The relatively recent divergence and promulgation of the OATs has provided a 

rich realm to investigate the role of transporters in basal physiological processes.  

In particular, the large number of OATs and their overlapping yet unique  

substrate specificities and tissue expression are indicative of transporter 

specialization.  While the reasons behind this expansion and specialization of 

OATs are not readily forthcoming, it could be due to the need for functional 

redundancy to ensure the physiological status quo or an adaptation to the 

increasingly complex physiological states present as the evolution of mammals 

proceeded.  The work presented herein focused on two different OATs, OAT4 

and URAT1, but was undertaken with the overriding idea that while important, 

OAT-mediated effects on drug disposition are likely only a small component of 

the full, and presently vastly understudied, functional roles of these transporters, 

mediated largely by the expansion of the OAT family, the tissue-specific 

regulation of OATs, and the genetic variability that occurs within the OAT family 

of transporters. 
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 Figure 1.1: Phylogram of known SL22 transporters in mammals.  
Bootstrapped phylogram of 167 complete protein sequences of known SLC22 
transporters from 11 mammalian species.  Numbers represent bootstrap 
values as determined using PHYLIP5.  Colors represent functional groupings:  
blue for cation transporters, yellow for cation/carnitine transporters, orange for 
anion transporters, and white for transporters with indeterminate substrate 
specificities (orphan transporters). 

 



5 
 

Physiological functions of OATs 

Renal elimination of anionic small molecules 

The kidney plays a significant role in both maintaining homeostasis of critical 

metabolites and in the elimination of potentially harmful xenobiotics and excess 

toxic metabolites via excretion in the urine.  Since the discovery of organic anion 

transporter expression in the kidney, significant work has been undertaken to 

better understand the role of these transporters at both of the critical junctures in 

the excretory process: across the basolateral membrane from the blood and into 

the urine after transport across the apical membrane.  A number of OATs are 

expressed in the kidney, including OAT1, OAT2, and OAT3 on the basolateral 

membrane and OAT4, OAT10, and URAT1 on the apical membrane.  These sets 

of transporters provide a simple route of elimination of anionic toxins, 

metabolites, and drugs; in particular, a number of studies have determined that 

OAT1 and OAT3 are responsible for the initial uptake of these compounds from 

the blood and are requisite for the renal excretion of a number of small 

molecules. 

Organic anion transporter 1 (OAT1) is a 550 amino acid protein that was initially 

identified through expression cloning from rat kidney in 19976, 7.  OAT1 functions 

as a Na+-independent organic anion-dicarboxylate exchanger as described by 

the groups responsible for its initial cloning6, 7.  This initial discovery provided the 

first evidence of a specific protein responsible for the movement of organic 

anions against their electrochemical gradient and their eventual excretion in the 
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urine.  OAT1 was localized to the basolateral membrane of renal proximal tubule 

cells8 and was recently found to be the highest expressed xenobiotic transporter 

(out of 36 examined) in the kidney9.  Similar to OAT1, organic anion transporter 3 

(OAT3) is a 542 amino acid protein originally cloned from rat brain in 199910 with 

the human ortholog cloned shortly thereafter11.  OAT3 is expressed at its highest 

level in the kidney12, with some expression in the brain, liver, and adrenal 

glands12, 13, and also functions in a similar fashion to OAT1 with its primary mode 

of transport being the exchange of organic anions for dicarboxylates following an 

indirectly coupled Na+ gradient14.  OAT3 was also determined to have renal 

expression levels only somewhat below that of OAT1, likely making significant 

contributions to renal function as a result9. 

Investigations into the physiological role of OAT1 and OAT3 have largely been 

limited to renal function but have uncovered a number of unique physiological 

features, albeit none that may directly lead to human disease.  The primary role 

of OAT1 and OAT3, as mentioned previously, is thus far believed to be the 

effective elimination of anionic metabolites and toxins by facilitating the initial 

transport step moving organic anions from the blood, across the basolateral 

membrane of renal tubular cells and into the urine.  This process is important for 

the effective protection of organs from accumulation of toxic endogenous 

metabolites as well as preventing exogenous toxins from reaching dangerous 

levels in critical organs.  Knockout mouse models of both Oat1 and Oat3 have 

substantiated this role; knockout mice lacking Oat1 expression were found to be 

viable, fertile, and grossly normal at both the whole body and renal level with the 
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only appreciable phenotype being the significant loss of in vitro renal uptake of p-

aminohippurate (PAH), a model anionic substrate for OATs, and the altered in 

vivo plasma and/or urine levels of PAH15.  Additionally, Oat1 knockout mice 

displayed significantly altered blood and/or urine levels of a number of 

endogenous metabolites including 4-hydroxyphenylpyruvate, benzoate, 4-

hydroxyphenyllactate, N-acetylaspartate, and 3-hydroxybutyrate.  Subsequent 

uptake experiments confirmed these interactions experimentally and provided 

strong evidence of both the breadth of Oat1 substrate interaction and the 

potential for modulation of levels of endogenous metabolites.  To fully discern the 

impact of OATs on renal function, an Oat3 knockout mouse model was also 

developed by the same research group16.  These mice, much like Oat1 knockout 

mice, were unremarkable and the only observable phenotype was a distinct lack 

of estrone sulfate and PAH uptake in renal tissue slices.  A lack of fluorescein 

transport in isolated choroid plexus samples was also observed suggestive of an 

additional role in protecting the central nervous system from toxic molecules 

present in the cerebrospinal fluid16.  In spite of these two models, organic anion 

excretion was not completely ablated in either.  It is believed that the substrate 

specificities of these two transporters overlap enough to compensate for the loss 

of a single transporter, thereby acting as redundant mechanism for renal 

excretion of small organic anions.Oat1 and OatT3 double knockout mice have 

been proposed17, 18 in order to more precisely investigate the potential 

physiological changes related to OAT1 but no reports of successfully produced 

Oat1/Oat3 double knockout mice have currently been published. 
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It is worth noting that in addition to renal excretion, the localization of OAT1 and 

OAT3 to the apical membrane in cells comprising the choroid plexus suggests 

alternative protective measures in other tissues.  This reversal of localization 

compared to the kidney is believed to function by necessity so that toxins and 

waste products flow away from the cerebrospinal fluid and into the blood for 

eventual excretion19.  Thus the OAT1/OAT3 pair may act, likely in concert with 

other transporters, in a protective fashion whereby potentially harmful 

metabolites or exogenous toxins are ultimately shuttled into the blood (and 

eventually excretion in the kidney) thus preventing accumulation of harmful 

substances in sensitive tissues. 

Genetic variants of these two transporters may also impact their normal function 

in the kidney.  Fujita, et al. found a number of variants in OAT1 in normal 

subjects and among these, one variant (R454Q) showed a dramatic loss of 

function in the transport of PAH, methotrexate, and ochratoxin B, suggestive of a 

possible source of inherent difference in renal clearance of anionic substrates.  

However, a subsequent clinical study examining the effect of this same variant 

on the renal clearance of adefovir failed to identify a substantial genotype-

phenotype link20.  Erdman, et al. also found three loss-of-function variants in 

OAT3 that failed to transport estrone sulfate or cimetidine21.  Like OAT1, the 

variants identified in OAT3 also occurred at a low frequency in healthy 

volunteers.  While this doesn’t preclude a genetic component in renal excretion 

based on OAT1 and OAT3, it does suggest that both of these genes are under 
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substantial selective pressure, likely a result of an important physiological activity 

that does not readily tolerate altered functionality. 

While it remains to be seen whether disruption of OAT1 and OAT3 function 

results in any significant physiological perturbation in humans, this may be due to 

built-in redundancies in the renal excretion of organic anions that are necessary 

to ensure that excess metabolic waste products and toxins are effectively 

eliminated. 

Uric acid homeostasis 

Uric acid is the end-product of purine degradation in most high-order primates, 

including humans, due to the genetic silencing of the Uricase gene.  Most 

commonly known for comprising the concretions responsible for gout, uric acid is 

also linked to a number of disease states including multiple sclerosis22, metabolic 

syndrome23, and cardiovascular events24, among others, when the blood levels 

of uric acid are dysregulated.  Normally, uric acid levels are high in the blood 

(between 200 and 500 µM) although until recently it was assumed that these high 

levels were the result of high rates of purine turnover.  Consequently, the 

discovery in 2002 of a high affinity transporter for uric acid changed this 

perception; the transporter URAT1 was cloned from human kidney and found to 

be a 555 amino acid long protein localized to the apical membrane of the renal 

proximal tubule25.  URAT1 functionality is similar to many other OATs, namely in 

that it is Na+-independent and appears to function predominantly as an 

exchanger with other small organic anions, namely nicotinate and lactate25, 26.  
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However, it was also observed that URAT1 transport activity is coupled with Cl- 

concentrations providing a distinct mechanism of transport for uric acid, possibly 

in cases where the normal physiological state of the kidney is perturbed. 

Other OATs are also known to transport uric acid, namely OAT1, OAT2, OAT3, 

OAT4, and OAT10.  While measurable and reproducible uptake has been 

identified in all of these transporters in regards to uric acid, both the rate of 

transport and the measured affinities for uric acid suggest that these transporters 

are unlikely to mediate drastic changes in uric acid levels, especially in 

comparison to URAT1.  Expression of OAT1 and OAT3 on the basolateral 

membrane of renal tubule cells implicated them in the transport of uric acid 

initially; however, their relatively modest rates of transport indicate they are likely 

involved in the excretory step of uric acid transport in the kidney11, 27, 28.  Analysis 

of knockout models for these two transporters also found that uric acid levels 

were altered (exemplified by an approximately 30% reduction in uric acid levels 

in the urine) when either protein was absent in the kidney29 and confirmed that 

these two transporters mediate the flow of uric acid into the urine rather than its 

reabsorption.  On the apical membrane of renal proximal tubule cells, OAT4 is 

capable of transporting uric acid at appreciable levels, albeit substantially lower 

than URAT1.  Its pairing with URAT1 on the apical membrane of renal proximal 

tubule cells is suggestive of a redundant mechanism to allow for continued uric 

acid reabsorption in the face of altered physiologic conditions.  In particular, the 

use of differing sets of anionic molecules during substrate transport and the 

coupling to slightly different ion gradients may allow for basal levels of uric acid 
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absorption to occur or for normal levels when physiological conditions are 

perturbed.  In consideration of the great degree of variability in the concentration 

of metabolites in the urine, alternative mechanisms of uric acid reabsorption in 

the kidney would be beneficial. 

High levels of uric acid are maintained through its continuous reabsorption from 

the urine via URAT1.  While the ultimate reason that humans and other primates 

evolved this mechanism for reclamation of uric acid remains unresolved, a 

number of possibilities can be put forth.  It is well accepted that uric acid has anti-

oxidant properties and can act as a free radical scavenger.  Proctor, et al. and 

others have proposed that elevated levels of uric acid act as a protective 

mechanism against neurodegeneration in the case of ischemic stroke30, 

something newly requisite with high order primates possessing more evolved 

brain functions.  Similarly, high levels of uric acid in the blood may also have 

evolved from the need to protect against free radicals encountered from the 

environment or in disease states.  It has been reported that uric acid improves 

endothelial cell function in patients with type 2 diabetes or who are chronic 

smokers thus underlining the potential for the beneficial effect of high uric acid 

levels31.  Conversely, high uric acid levels have also been associated with 

increased risk of death from cardiovascular events and adverse outcomes in 

cases of metabolic syndrome or when other risk factors are involved32.  

Ultimately the impact of URAT1 in these diseases is not known but as it is a key 

regulator or uric acid levels and thus may influence the development of states 

conducive or protective towards specific diseases. 



12 
 

Variation of transporters known to interact with uric acid also provide a distinct 

mechanism for the wide range of uric acid levels in the human population and in  

the risk of developing a number of disease states linked to uric acid levels.  A 

small number of variants identified in normal volunteers in URAT1 (Chapter 4), 

OAT4 (Chapter 3), and OAT10 (unpublished results) were found to transport uric 

acid with decreased efficiency.  However, the frequency of these variants in the 

general population is exceedingly low with the majority occurring as singletons in 

a single ethnic group.  In spite of this, numerous variants have been reported that 

occur with higher frequency in patients presenting with idiopathic renal 

hypouricemia25, 33-36.  These non-functional genetic variants of URAT1 were 

provide a definitive link between URAT1 and regulation of uric acid levels but 

further work will need to be performed to establish if these variants also 

predispose these individuals to a particular disease.  Furthermore, the presence 

of variants in URAT1 may occur in an ethnic specific fashion; currently few if any 

loss-of-function variants that result in hypouricemia have been observed in 

Caucasian subjects36.  The significance of this observation is debatable and may 

be due to the limited number of subjects examined to this point.  The presence of 

distinct uric acid reabsorption statuses between ethnic groups may however 

indicate differing environmental pressures or perhaps a requisite need for 

elevated uric acid levels in Caucasians that prevent deleterious mutations from 

propagating in the population.  

Finally, additional studies (Chapter 5) have found that URAT1 is capable of 

uptake of AMP and ADP under conditions similar to those used to characterize 
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uptake of uric acid.  While speculative, this observation is suggestive of a 

broader role of OATs, and in particular URAT1, in the reabsorption of 

endogenous adenine derivatives from the urine.  Interestingly, this appears to be 

a paired effect with OAT2 which preferentially transports guanine-derivatives37, 

although the net effect of the pairing of these two transporters may be negligible 

as they are expressed in differing membranes in the kidney.  

Transport of guanine and related nucleotides 

Nucleic acid derivatives play an integral role in numerous physiological 

responses throughout the body.  In addition to the previously detailed 

reclamation of uric acid, a number of related compounds, both exogenous and 

endogenous, have been identified as substrates of OATs.  Organic anion 

transporter 2 (OAT2) was one of the earliest SLC22 proteins isolated, originally 

cloned from rat liver in 1994 but not functionally characterized until 1998 where it 

was subsequently found to function in a manner similar to other OATs38, 39.  

Human OAT2 is a 556 amino acid protein (with a 558 amino acid non-functional 

isoform37) expressed predominantly in the liver (although the subcellular 

localization of human OAT2 in the liver is presently unclear) with lower 

expression in the basolateral membrane of proximal tubules in the kidney40, 41.  

Measurable levels of OAT2 are also found in a number of other tissues including 

placenta, brain, heart, intestine, and testis making its distribution fairly ubiquitous, 

especially in comparison to other OATs37.  Currently the mechanism of OAT2 

transport activity remains unclear but it has been suggested that both exchanger 

and facilitator transport mechanisms are potentially valid.  In particular, it has 
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been proposed that OAT2 acts as a NA+-independent organic 

anion/dimethylcarboxylate exchanger42.  Cropp, et al. also highlighted an 

alternative efflux transport mechanism wherein OAT2 acts as a bidirectional 

facilitative transporter when intracellular cGMP concentrations are high but 

dicarboxylate concentration gradients remain outwardly directed, further 

suggesting that transport via OAT2 is not strictly coupled to a dicarboxylate 

gradient37. 

The majority of the physiological relevance pertaining to OAT2 comes from its 

ability to transport cGMP with great affinity and in a bidirectional fashion37.  

cGMP is known to function as a secondary signaling molecule resulting from 

activation of a number of signaling pathways, predominantly the nitric oxide 

signaling pathway and the transduction of visual signals in the retina.  While it is 

known that much of the cGMP to GMP turnover is the result of 

phosphodiesterase activity, it has been postulated that compartmentalization, 

intracellularly or extracellularly, could also be an effective mechanism to regulate 

cellular signaling mediated by cGMP.  Recently, this effect has been evidenced 

in developing neurons wherein highly localized concentrations of cAMP and 

cGMP influence the development of axons and dendrites43.  Anecdotally, 

localized transport of cGMP by OAT2 may function in a similar capacity, although 

it’s unlikely to be responsible for such a highly specialized developmental effect.  

cGMP is also known to regulate the expression of numerous genes in vascular 

smooth muscle cells44.  OAT2 therefore may also contribute to the regulation of 

gene expression in tissues with active cGMP signaling. 
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In addition to cGMP, OAT2 also transports 2’-deoxyguanosine and GMP with 

high affinity and GDP, GTP, guanine, with more moderate affinity37.  Taken 

together, the collective uptake of a large number of guanine-derived molecules 

also suggests additional prospects for OAT2, functioning as either a recycling 

mechanism for guanine-based small molecules or the regulation of an as-yet-

unknown homeostatic process for guanine nucleotides.  As mentioned 

previously, URAT1 also demonstrated appreciable uptake of other adenine-

based small molecules lending further support to the idea that OATs may 

function in a general sense to maintain adequate or proper levels nucleic acids, 

nucleosides, and nucleotides.   

Hypotension 

Hypotension, or abnormally low blood pressure, occurs due to a variety of 

physiological and pharmacological reasons.  A link between hypotension and 

OATs was recently uncovered using the recently developed mouse knockout 

models for various OATs.  In mice deficient for Oat3, a 10-15% decrease in blood 

pressure was observed in knockout mice compared to wildtype whereas no 

significant difference was observed in either Oat1 or Urat1 knockout mice45.  

Importantly, no change in renal hemodynamics was observed suggesting that the 

reduced blood pressure is the result of a direct physiological consequence of the 

loss of organic anion transport by OAT3.  Subsequent metabolomics experiments 

found elevated levels of thymidine, an endogenous nucleoside, in the plasma 

with concordant decreased levels in the urine which was also shown to be a 

substrate of Oat3but not Oat1.  Interestingly, exogenous administration of 
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thymidine in Oat3 knockout mice produced a dose-dependent decrease in blood 

pressure45.  Additional experiments investigating other potential mechanisms of 

blood pressure regulation via Oat3 confirmed that the likely mechanism of action 

is based upon the transport of specific endogenous molecules, including but 

perhaps not limited to thymidine.  Some evidence suggests that the transport of 

prostaglandins and/or cyclic nucleotides (namely PGE2 and cGMP respectively) 

in vascular smooth muscle may also contribute to the observed blood pressure 

difference46, however the low levels of expression of OAT3 in smooth muscle and 

its low affinity for both of these substrates cast some doubt on this possibility.  

Given this evidence, however, it appears that the physiological significance of 

OATs is not limited to renal functions or the simple movement of small molecules 

into and out of cells.  Likewise, genetic variants leading to altered OAT3 function 

may allow for a duality of risk for cardiac events wherein loss-of-function variants 

would mimic the knockout state and lead to a generally hypotensive state 

whereas gain-of-function variants would have the opposite effect, potentially 

leading to increased blood pressure and a concomitant increased risk of cardiac 

events.  While no gain-of-function variants in OAT3 have been identified to date, 

the possibility remains that these variants could still exist either at an exceedingly 

low frequency or as substrate-specific effects that have been overlooked. 

“Remote sensing and signaling hypothesis” 

Given the exceedingly specific yet incredibly overlapping functions of members of 

the OAT family, including substrate specificities, transport mechanisms, and 

tissue expression, a more unified theory of the ultimate purpose of the OATs was 
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inevitable.  Proposed by Ahn and Nigam, the “remote sensing and signaling 

hypothesis” describes the theory that aside from simply transporting anionic 

molecules with little to no tissue or organismal impact, members of the OAT 

family act as a sensory and communication system within the body, receiving 

and sending signals in the form of circulating substrate concentrations47.  This 

theory touches on many of the topics mentioned previously, in particular, 

observations on the tissue localization of OATs point to potential networks of 

transporters in the brain, kidney, liver, and other tissues where substrates 

transported in one tissue are shuttled to another via another transporter which 

ultimately elicits a physiological response.  One such example of this is the 

OAT6-OAT1 olfactory pathway where volatile anionic compounds in the urine, 

mediated initially by transport into the renal epithelia by OAT1, are transported 

into the olfactory epithelium by OAT6 in a different organism where they 

eventually relate environmental cues to the brain.  Additionally, the near universal 

transport of certain small molecules by OATs, specifically 

carboxylates/dicarboxylates and uric acid, suggest something beyond a simple 

redundancy mechanism; it’s postulated that these redundancy mechanisms are 

in fact far more complicated systems where perturbations in homeostatic states 

are translated to changes in gene expression, post-translational modifications, 

and chemical gradients designed to restore homeostasis or prevent a 

catastrophic organ failure in the case of injury47.  While early and largely 

speculative, this theory intrinsically makes sense and points towards a significant 

role of OATs in mammals that has evolved over time and exemplifies a common 
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paradigm in biology: using the same available proteins in slightly different ways, 

with slightly different regulation, allowing for an infinitely redundant and ultimately 

robust physiology. 

 

Summary 

Aside from the well-characterized xenobiotic interactions that occur with 

members of the OAT family, a number of distinct physiological and 

pathophysiological roles have been demonstrated or hypothesized.  Based 

largely on unique substrate interaction or tissue expression, some of these roles 

potentially have great bearing on human health and further investigation could 

lead to both a greater understanding of transporter-influenced physiology as well 

as potential avenues to modulate said physiology. 

Within the family of SLC22 transporters, the OATs inhabit a unique functional 

niche, allowing for the transport of a diverse set of small molecules in numerous 

tissues and with an inordinate amount of physiological implications which are 

only now beginning to be studied with any fervor.  Renal excretion, the earliest 

identified OAT function, is increasingly recognized to be a multi-faceted process 

with OATs responsible for the initial transport of anionic compounds from the 

blood into a cell and additional OATs reclaiming these same substrates from the 

urine.  Maintenance of elevated uric acid concentrations, a unique feature 

amongst higher order primates, is believed to act as an antioxidant pool, 

potentially preventing numerous maladies including cardiovascular disease and 
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multiple sclerosis.  Cardiovascular health, intricately linked to the content and 

regulation of the small molecule content of the blood, is directly linked to OAT 

function and is only now beginning to be discovered, along with the numerous 

implications in everything from medical intervention in patients to new models of 

drug design to treat cardiovascular disease.  Transport of numerous nucleic acid-

based molecules provides a unique method to regulate signal transduction and 

maintain homeostasis of the molecules responsible for everything from DNA to 

the basic cellular energy source, ATP. 

With the increasing focus on preventative, personalized medicine, components of 

numerous physiological processes are being reevaluated to determine their 

worth as biomarkers, with the hope of providing earlier recognition of detrimental 

states of health or in identifying novel, specific targets for pharmacological 

intervention.  The OATs already benefit from being well-recognized drug 

transporters and further focus on their physiological functions will surely result in 

a better understanding of both the negative and positive effects of drug treatment 

as well as provide increasing insight into potential off-target effects, many of 

which may not have been previously attributed to transporter activity or inhibition.  

In line with this new approach, continued discovery and evaluation of genetic 

variants of OATs will also allow for an improved evaluation of the causes of 

variability in physiology commonly seen within and between human populations. 
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Chapter 2 

Organic Anion Transporter 4 is the Predominant Organic Anion 

Transporter in the Human Male Reproductive Tract 

Introduction 

Infertility affects nearly 10% of the reproductive-age population in the United 

States.  Of the many possible causes of infertility, nearly half can be ascribed to 

a male factor and roughly 20% are idiopathic1-3.  Of paramount importance in 

male fertility is the production and maturation of functionally competent 

spermatozoa and their transit through the male reproductive tract, outlined in 

Figure 2.1.  The sole site of gametogenesis in the male and primary focus in 

cases of male infertility is the testis, in which diploid spermatogonia undergo 

mitotic and meiotic divisions and produce haploid spermatozoa 

(spermatogenesis).  At the conclusion of spermatogenesis, spermatozoa are 

passively transported from the testis to the epididymis, the site of sperm 

concentration and maturation: human spermatozoa are immotile and incapable of 

independently fertilizing an ovum upon exiting the testis4.  While in transit through 

the epididymis, spermatozoa must retain their viability while gaining additional 

functional properties.  During transit through the length of the epididymis 

immature spermatozoa gain the requisite biochemical and morphological 

features commonly identified with sperm such as full motility, the loss of the 

majority of cytoplasmic volume, and the development of an enzymatically 

complete acrosome5.  There are many points in this complex process in which 
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altered physiological conditions, hormonal signaling, or toxicological exposure 

could result in a cessation of spermatogenesis or the loss of the carefully 

maintained environment conducive to sperm production, maturation, or survival 

which in turn can lead to sub- or infertility. 

While the testis is responsible for the creation of haploid gametes in the male, the 

epididymis is crucial in providing an adequate environment for recently released 

spermatozoa to biochemically and morphologically mature.  Of particular 

importance is the change in the fluid microenvironment as sperm exit the testis 

and enter the efferent ductules in the caput epididymis; within the epididymis and 

along its length, spermatozoa are subject to a unique microenvironment wherein 

the majority (~90%) of the testicular fluid is reabsorbed by epididymal epithelial 

cells and replaced with a smaller volume of fluid with a markedly different 

composition6.  Establishment and maintenance of the luminal microenvironment 

of the epididymis thus becomes crucial for spermatozoa survival and male 

fertility.  A number of solutes in the epididymal fluid have been identified thus far 

including carnitine7, glutamate and taurine8, myo-inositiol9, and a variety of 

androgenic and estrogenic hormones as well as a multitude of lipid and protein 

components6.  In spite of the efforts to characterize the components of 

epididymal fluid, a significant fraction of the total solutes remain unidentified as 

do the mechanisms of solute secretion into and reabsorption from the epididymal 

lumen10.  Previous work over the last two decades has shown that the 

epididymis, in particular the efferent ductules and caput epididymis, has an  
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 Figure 2.1: Schematic diagram of the human male reproductive tract. 
Representation of the major tissues involved in the production, maturation, 
and transit of spermatozoa. 

exceedingly high capacity for water and small molecule absorption11, 12 and that  

much of this interchange occurs via transporter-mediated mechanisms13, 14.  

However, the identity and functional roles of many of these transporter-mediated 

processes in the epididymis remain poorly understood and incompletely 

characterized. 

Whereas knowledge of the molecular routes for small molecules to enter or exit 

the epididymis is limited to only a small number of channels and transporters for 

a fraction of the total constituents of the epididymal luminal fluid, one prominent 

example of the consequences of a deficit in a single small molecule component 

of epididymal fluid is exemplified in the juvenile visceral steatosis (jvs) mouse 

line.  This spontaneous line resulted from the loss of proper carnitine transport 



28 
 

vis à vis a loss-of-function mutation in SLC22A5 (OCTN2), a member of the 

Solute Carrier (SLC) family of transport proteins and the widely recognized 

plasma membrane “carnitine transporter” in many tissues15, 16.  The jvs mouse 

model demonstrates an extreme epididymal phenotype wherein disruption of a 

single transport mechanism alters the levels of presumably a single constituent of 

the luminal fluid in the epididymis and results in obstruction of the proximal 

epididymis and consequentially male infertility17.  The complex milieu found in the 

luminal fluid would suggest that many transporters are involved in its 

maintenance and overall composition as well as the dramatic changes that occur 

in the transition from testicular to epididymal fluid in the proximal epididymis. 

The current study identified OAT4 (SLC22A11) in the human epididymis and 

found that it is expressed in abundance whereas prior to this work its expression 

was limited to the kidney and the placenta18.  OAT4 has previously been 

demonstrated to play a role in the transport of a number of endogenous 

compounds in both the kidney and placenta, most notably steroid conjugates 

such as estrone sulfate (ES) and dehydroepiandrosterone sulfate (DHEAS)18.  

Contemporary studies have suggested that OAT4 is responsible for the transport 

of steroid sulfates, in particular DHEAS and 16α-OH DHEAS, from the fetal 

compartment into the placenta, which in turn produces the majority of the 

placenta-derived estrogens found during pregnancy19.  However, a role for OAT4 

outside of traditional barrier or excretory tissues has not been described thus far. 

A more detailed investigation of the role of OAT4 in the epididymis could produce 

insights into the factors necessary for sperm maturation and survival, but also 
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provide further information regarding the potential causes of idiopathic male 

infertility and even a new target for treatment of infertility.  In particular, these 

studies may open up another avenue of research into male infertility based on 

the idea that some small molecules are requisite for normal fertility and have only 

one way in or out of the epididymal microenvironment – through a transporter. 

 

Materials and Methods 

Reagents 

Radiolabeled [3H]-estrone sulfate (ES) was purchased from Perkin Elmer Life 

Sciences (Waltham, MA, USA) and radiolabeled [3H]-AMP, [3H]-adenine, [3H]-

adenosine, and [3H]-cAMP were purchased from Moravek (Brea, CA, USA).  

Unlabeled (±)-carnitine, (±)-acetylcarnitine, and (±)-propionylcarnitine were 

purchased from Tocris Bioscience (Ellisville, MO, USA).  Other chemicals were 

purchased from Sigma (St. Louis, MO, USA).  All cell culture media and reagents 

were purchased from the University of California, San Francisco Cell Culture 

Facility (San Francisco, CA, USA). 

Quantitative reverse-transcriptase PCR 

Total RNA from normal, adult human tissues was obtained from commercial 

sources: brain, colon, kidney, liver, ovary, placenta, uterus, ductus deferens, and 

prostate from Clontech (Mountain View, CA, USA), ductus deferens from 

BioChain (Hayward, CA, USA), and epididymis and seminal vesicle from 
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Cytomyx (Lexington, MA, USA).  cDNA was synthesized from 1 µg of RNA from 

each sample using a SuperScript III® reverse transcriptase kit (Invitrogen, 

Carlsbad, CA, USA) following the manufacturer’s default procedure employing 

oligo dT primers.  The samples were diluted 1:5 in sterile water and used for 

quantitative reverse-transcriptase PCR (qRT-PCR).  qRT-PCR utilized Taqman® 

primers and probes (Applied Biosystems, Foster City, CA, USA) specific to each 

organic anion transporter examined (SLC22A6, SLC22A7, SLC22A8, SLC22A9, 

SLC22A10, SLC22A11, SLC22A12, and SLC22A13).  Measurements of mRNA 

levels were performed using 10 µL reaction volumes in a 384-well plate format 

with 2 µL of diluted cDNA and 0.5 µL of the gene-specific probe and primer 

reagent per well.  A standard curve was developed for each gene using a serial 

dilution of mammalian expression vectors containing a full-length cDNA of each 

respective transporter.  The results were normalized to GAPDH levels in each 

sample and were run in triplicate wells on each plate.  The results are expressed 

as the absolute number of copies per microgram of total RNA as determined 

using the standard curve. 

Immunohistochemistry 

Paraffin-embedded sections of adult human efferent ductules of the epididymis, 

kidney, and testis were obtained from a commercial source (BioChain).  Paraffin-

embedded sections from the caput, corpus, and cauda epididymis were kindly 

provided by Ms. Julie Dufresne and Dr. Daniel Cyr (INRS-Institut Armand-

Frappier, Laval, Québec, Canada).  Kidney sections were used as a positive 

control for OAT4 while testis sections were used as a negative control, based on 
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the presence and absence of SLC22A11 mRNA in those tissues respectively18.  

Tissue sections were deparaffinized in xylenes and rehydrated using a graded 

series of ethanol.  The sections were incubated in absolute methanol containing 

3% hydrogen peroxide for 10 minutes to quench any residual peroxidase activity.  

Each slide was subsequently incubated in citrate buffer (10 mM sodium citrate, 

0.05% Tween 20, pH 6.0) heated to 95°C for 20 minutes.  Detection of OAT4 

protein was attained using a polyclonal rabbit anti-human antibody (US 

Biological, Swampscott, MA, USA) at a concentration of 10 µg/mL for 20 minutes 

at room temperature.  Staining for OAT4 used the chromogen 3,3’-

diaminobenzidine (DAB) in conjunction with a rabbit immunohistochemistry kit 

employing a biotin-conjugated goat anti-rabbit secondary antibody and 

horseradish peroxidase coupled to streptavidin following the recommended 

protocol from the manufacturer (US Biological).  All slides were counterstained 

using VECTOR Hematoxylin QS® (Vector Laboratories, Burlingame, CA, USA) 

for 15 seconds at room temperature and were mounted using VectaMount® 

mounting medium (Vector Laboratories) and standard glass coverslips. 

Tissue procurement and metabolite isolation 

Whole human plasma from a single male donor was purchased from Innovative 

Research (Novi, MI, USA) and was stored at -80°C until used in experiments.  

Intact frozen bovine testes were procured from abattoirs and were a generous 

gift from Ms. Nada Cummings and Dr. Derek McLean (Washington State 

University, Pullman, WA, USA).  Tissues were stored at -80°C until used for 

metabolite extraction.  Bovine testes were used as a source of metabolites in 
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place of human tissue due to their easy availability and large amount of starting 

material. 

Polar small molecules were extracted from twelve 130-150 mg samples of whole 

bovine testes using the two-step with supplemental water method established 

and described by Wu, et al20.  The extracted polar fraction was dried under 

nitrogen at room temperature and stored at -20°C until use.  No extraction of 

human plasma was performed for these experiments. 

Metabolomic profiling 

Human embryonic kidney (HEK-293) cells overexpressing human OAT4 or 

transfected with empty vector were created as described elsewhere (J.E. Shima 

et al, manuscript in submission; Chapter 3).  Cells were grown on poly-D-lysine 

coated 30 mm cell culture dishes (BD Biosciences, San Jose, CA, USA) until 90-

95% confluent.  Cells were grown in a humidified cell culture incubator at 37°C 

and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM H-21) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 

streptomycin, and 100 µg/mL hygromycin B. 

Cells used for experiments were washed with warm chloride-free uptake buffer 

(125 mM sodium gluconate, 4.8 mM potassium gluconate, 1.2 mM K2HPO4, 1.2 

mM MgSO4, 1.3 mM calcium gluconate, and 25 mM HEPES/Tris; pH ≈ 7.4) and 

the residual buffer aspirated off after 5 minutes.   The cells then were incubated 

with either human plasma diluted 1:4 in chloride-free uptake buffer or a 1 mL 

aliquot of the extracted bovine testicular small molecule isolates resuspended in 
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12.5 mL of uptake buffer for 1 hour at 37°C.  The experiments were terminated 

by rapidly cooling the plates on ice and aspirating the buffer containing plasma or 

testicular isolates.  Each plate was subsequently washed three times with ice-

cold choline buffer (128 mM choline chloride, 4.73 mM KCl, 1.25 mM MgSO4, 

1.25 mM CaCl2, and 5 mM HEPES/Tris; pH ≈ 7.4) and any remaining buffer was 

aspirated prior to resuspension and lysis of the cells.  The cells were scraped off 

the plates on ice and resuspended using 1 mL of ice-cold phosphate-buffered 

saline (PBS).  Cell samples were then centrifuged at 3000 rpm for 4 minutes at 

1°C and the supernatant aspirated off.  The cell pellet was then resuspended in 

200 µL of absolute methanol and sonicated three times on ice in 5 second pulses 

on a low setting three separate times in the course of 15 minutes.  The lysed 

cells were then incubated on ice for an additional 10 minutes and then stored at 

-80°C overnight.  Following cold storage, the cell lysate was centrifuged at 

14,000 rpm for 5 minutes at 1°C.  The resulting supernatant was then collected 

for metabolomic analysis.  Six individual experimental samples were used for 

each condition (EV and OAT4 incubated with human plasma or bovine testicular 

lysate; 24 samples total).  All analyses were performed by the University of 

California, Davis Metabolomics Core Facility (Davis, CA, USA) using a Surveyor 

HPLC module (Thermo Scientific, Waltham, MA, USA) in combination with a 

Finnigan LTQ ion trap mass spectrometer (Thermo Scientific) following the 

guidelines and procedures outlined elsewhere21.  Metabolite profiling, 

identification, and statistical validation of potential hits were performed using 

MarkerView 1.1 software (Applied Biosystems). 
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Transport studies 

HEK-293 EV and OAT4 cell lines were seeded in 24 well poly-D-lysine coated 

cell culture plates (BD Biosciences) and grown in standard cell culture media 

until 90-95% confluent as described previously.  Uptake experiments 

commenced by removing the growth media and washing the cells with warm 

chloride-free uptake buffer (125 mM sodium gluconate, 4.8 mM potassium 

gluconate, 1.2 mM K2HPO4, 1.2 mM MgSO4, 1.3 mM calcium gluconate, and 25 

mM HEPES/Tris; pH ≈ 7.4) for 5 minutes.  Experiments were performed by 

incubating the cells with either 17 nM [3H]-estrone sulfate, 70 nM [3H]-AMP, 50 

nM [3H]-adenine, 50 nM [3H]-adenosine, or 50 nM [3H]-cAMP as indicated in the 

figure legends.  Inhibition of ES uptake was achieved by performing the uptake in 

the presence of 1.0 mM of (±)-carnitine, (±)-acetylcarnitine, or (±)-

propionylcarnitine.  Inhibition of endogenous equilibrative nucleoside transporter 

uptake was achieved by incubation with 10 µM 6-S-[(4-Nitrophenyl)methyl]-6-

thioinosine (NBMPR) in all experiments that examined uptake of adenine or 

adenine-derived compounds.  After 2 minutes, the uptake buffer was quickly 

removed and cells were immediately washed three times with ice-cold choline 

buffer (128 mM choline chloride, 4.73 mM KCl, 1.25 mM MgSO4, 1.25 mM CaCl2, 

and 5 mM HEPES/Tris; pH ≈ 7.4).  Residual choline buffer was aspirated and 1 

mL of warm lysis buffer (0.1% SDS/0.1 N NaOH) was added to the cells.  The 

cells were lysed for a minimum of 45 minutes at room temperature with shaking 

prior to determination of intracellular radioactivity by liquid scintillation counting.  

Levels of total protein were determined using a BCA assay (Pierce 



35 
 

Biotechnology, Rockford, IL, USA) and used to normalize the levels of 

radioactivity measured in each well.  Uptake experiments were performed in 

duplicate or triplicate as indicated in the figure legends.  Statistical significance 

was determined using a one-way ANOVA followed by a Dunnett’s post-hoc test 

using Graphpad Prism 5.1 (Graphpad, La Jolla, CA, USA) with a false discovery 

rate of 0.05. 

 

Results 

mRNA expression of SLC22A11 in human tissues 

Quantitative reverse transcriptase PCR (qRT-PCR) examining SLC22A11 

(OAT4) in 13 normal adult human tissues identified high expression levels in the 

kidney and placenta, as previously reported18, 19, 22.  In addition, SLC22A11 was 

expressed at very high levels in the epididymis, with the number of copies per 

microgram of total RNA exceeding that found in the kidney, as shown in Figure 

2.2A.  This is a novel finding previously unreported in the literature.  All other 

male and female reproductive tissues examined showed very low levels of 

SLC22A11 expression with the seminal vesicles displaying the next highest level 

after the epididymis and placenta, although only a fraction of the level in the 

epididymis. Evaluation of other organic anion transporters, specifically OAT1 

(SLC22A6), OAT2 (SLC22A7), OAT3 (SLC22A8), OAT5 (SLC22A10), OAT7 

(SLC22A9), OAT10 (SLC22A13), and URAT1 (SLC22A12) in the epididymis 

established that SLC22A11 is also the predominant epididymal  OAT with  levels 
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A 

 

B 

 

 Figure 2.2: mRNA expression of SLC22A11 and other organic anion 
transporters in human tissues.  A) mRNA expression levels of SLC22A11 
(OAT4) in a normal adult human tissue panel and B) expression levels of 
organic anion transporters (OATs) in the human epididymis.  Expression 
levels were determined using Taqman® assays specific to each OAT.  
Expression data were normalized to GAPDH expression and copy number 
was determined using a standard curve for each transporter.  Each bar 
represents the mean ± SD of three independent measurements of single 
RNA samples.  ND = none detected. 
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approximately 18-fold higher than the next highest expressed OAT, OAT7 

(SLC22A9) as indicated in Figure 2.2B.  Outside of the epididymis, other male 

reproductive tract tissues demonstrated similar OAT expression levels with the 

exception of the prostate; OAT2 and OAT3 were moderately expressed in the 

prostate but at a noticeably lower level than OAT4 expression in the epididymis 

(data not shown). 

OAT4 localization in the human epididymis 

Immunohistochemistry experiments to determine the localization of OAT4 protein 

in the epididymis used a poly-clonal antibody specific to human OAT4 and 

revealed high expression in the more proximal regions of the epididymis, in 

particular the efferent ductules (data not shown) and the caput and corpus 

epididymis as shown in Figure 2.3, panels A and B.  Expression of OAT4 was 

absent in the cauda epididymis (Figure 2.3, panel C) with staining similar to that 

found in testis sections used as a negative control (data not shown).  The quality 

of commercially available epididymal tissue sections, in particular those of the 

efferent ductules, was poor and precluded detailed evaluation of the cellular 

localization of OAT4 in the efferent ductules, however staining was evident and 

suggestive of high OAT4 expression in this region as well.  The greatest degree 

of staining occurred at the most luminal regions of the cells; in particular the 

staining of the stereocilia suggests that OAT4 is localized to the principal cells of 

the epididymis and expressed on the apical membrane.  This is most readily 

observed in panel B of Figure 2.3, which is representative of the corpus 

epididymis, and is indicated with the arrow in the figure. 
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 Figure 2.3: OAT4 is expressed in principal cells of the human epididymis.  
OAT4 was localized in various regions of the human epididymis using a 
polyclonal antibody specific to OAT4.  Staining is indicative of expression on 
the apical (luminal) membrane of the principal cells of the epididymis.  
Expression appears to be limited to the apical membrane and is at the highest 
level in the corpus epididymis and is absent from the cauda epididymis.  
Sections were counterstained with hematoxylin.  Kidney section is shown as an 
OAT4 positive control.  A: caput epididymis, 400X magnification; B: corpus 
epididymis, 400X magnification; C: cauda epididymis, 400X magnification; D: 
kidney, 200X magnification. 
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Metabolomic profiling for potential endogenous substrates of OAT4 

The high expression level of OAT4 in the epididymis would seem to be indicative 

of an important role in the epididymis, either in the reabsorption of components of 

the testicular fluid or in maintaining homeostasis of a particular anionic 

component of epididymal fluid required for normal sperm maturation.  

Metabolomic profiling of bovine testicular lysate was used in an attempt to 

identify potential endogenous substrates of OAT4, including those that may be in 

abundance in the male reproductive tract.  Bovine testicular lysate was used in 

this study, as opposed to the equivalent fluid or tissue from a human source, due 

to its ready availability and the large amount of starting material available from a 

single testis.  Complementary experiments using human plasma were also 

performed to both corroborate the findings from the bovine testicular lysate and 

provide alternative substrates for OAT4 that may not be present at relevant 

concentrations in the epididymis.  Furthermore, bovine epididymal samples were 

positive for bovine OAT4 expression as determined by qRT-PCR (data not 

shown).  The results from screening the bovine testicular lysate are outlined in 

Table 2.1 and the results from screening human plasma are outlined in Table 

2.2.  A number of statistically significant hits were identified as higher in the 

OAT4 expressing cells compared to empty vector cells in both samples, 

however, the majority were lipid and phospholipid derivatives which were unlikely 

to be true substrates of OAT4 as they are usually associated with cellular and 

plasma membranes.  The zwitterion propionylcarnitine was identified in both  
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Table 2.1: Small molecules present at higher levels in OAT4-
expressing HEK-293 cells vs. empty vector HEK-293 cells 
after incubation with polar isolates from bovine testes 

M/Z RT (min) Identification 
177.14 7.98 unknown 
218.21 15.12 propionylcarnitine 
348.06 27.38 adenosine monophosphate 
351.14 7.37 unknown (estrone sulfate) 
408.08 2.08 unknown 
482.23 14.47 LysoPC (15:0) 
496.24 13.96 LysoPC (16:0) 
522.24 13.75 LysoPC(18:1:0) 
524.21 13.66 LysoPC (18:0) 
603.42 13.69 Diacylglycerol(33:1) 
629.44 13.47 Diacylglycerol(37:5) 
703.24 12.87 Diacylglycerolphosphate(36:0) 
760.41 2.21 PE(38:8) 
786.41 2.86 PE(40:9) 
788.16 16.28 PS(36:2) 
861.43 13.64 PI (36:2) 
887.35 13.48 PI (38:3) 
M/Z: mass to charge ratio.  RT: retention time. 

  

 

 
 

Table 2.2: Small molecules present at higher levels in OAT4-
expressing HEK-293 cells vs. empty vector HEK-293 cells 
after incubation with human plasma 
 

M/Z RT (min) Identification 
177.14 7.96 unknown 
218.21 15.11 propionylcarnitine 
351.13 7.37 unknown (estrone sulfate) 
496.24 14.03 LysoPC (16:0) 
524.21 13.73 LysoPC (18:0) 
603.42 13.62 Diacylglycerol(33:1) 
760.41 2.8 PE(38:8) 
786.41 3.1 PE(40:9) 
M/Z: mass to charge ratio.  RT: retention time. 
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samples as were unknowns with M/Z ratios of 177.14 and 351.14 respectively.   

While the exact identity of the unknown metabolite with the M/Z ratio of 351.13 

was not apparent, it is possible that this is in fact ES, which has a predicted M/Z 

ratio of 351.126 and is a well-characterized substrate of OAT4, and has been 

found at high concentrations in the reproductive tract of a number of species23.  

Followup fragmentation experiments of the unknown with an M/Z ratio of 177.14 

predicted a homocysteine-like entity of unknown origin and identity.  Aside from 

these hits, adenosine monophosphate was also identified in the samples 

incubated with bovine testicular lysate and was one of only two non-lipid hits 

unique to the testis samples, the other being an additional unknown metabolite 

with an M/Z ratio of 408.08 and whose identity remains undetermined. 

Interaction between OAT4 and potential endogenous substrates identified using 

metabolomic profiling 

Followup experiments attempted to verify the interaction of the potential 

metabolomic hits with OAT4 using either direct radiolabeled uptake or inhibition 

of uptake of a radiolabeled probe for OAT4 ([3H]-ES).  As shown in Figure 2.4, 

neither (±)-carnitine nor its acyl derivatives (±)-acetylcarnitine and (±)-

propionylcarnitine inhibited [3H]-ES uptake by OAT4 when co-incubated at a 

concentration of 1.0 mM for 2 minutes suggesting that they are not likely to be 

substrates of OAT4, in contradiction to the results of the metabolomic profiling.  

The presence of adenosine monophosphate in the profiling results from the 

testicular sample suggested that purine-based molecules may also interact with 

OAT4.  Uptake of radiolabeled adenine-derived endogenous small molecules by  



42 
 

 

 

 Figure 2.4: Effect of carnitine and acyl carnitines on estrone sulfate 
uptake by OAT4.  Experiments were performed for 2 minutes at 37°C using 17 
nM [3H]-estrone sulfate (ES) alone or with coincubation of 1.0 mM unlabeled 
ES, (±)-carnitine (Carn), (±)-acetylcarnitine (AcCarn), or (±)-propionylcarnitine 
(PrCarn) using HEK-293 cells stably transfected with empty vector (white bar) 
or OAT4 (black bars).  Uptake values were normalized to the total protein in 
each well and are presented as the mean uptake ± SEM of three replicate 
samples. 

 

OAT4 is illustrated in Figure 2.5.  While OAT4 transported [3H]-ES to a great 

extent, no substantial uptake of 50-70 nM of [3H]-adenine and related derivatives 

was observed after 2 minutes of incubation in the presence of 10 µM of NBMPR, 

an equilibrative nucleoside transporter (ENT) inhibitor, to block the known 

interactions between ENTs and purine nucleobases and nucleosides.  Thus while 

OAT4 is capable of transporting ES as expected, it did not appear to interact with  
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any other of the potential candidates as determined using metabolomic profiling; 

however, not all the individual candidate compounds or classes of compounds 

were examined. 

 

 

 

 Figure 2.5:  Uptake of adenine and endogenous adenine derivatives by 
OAT4.  Uptake experiments using HEK-293 cells expressing OAT4 and empty 
vector cells were performed for 2 minutes at 37°C using 17 nM [3H]-estrone 
sulfate, 70 nM [3H]-AMP, or 50 nM of [3H]-adenine, [3H]-adenosine, or [3H]-
cAMP in the presence of 10 µM NBMPR.  Uptake values were normalized to 
the total protein in each well and each bar represents the mean uptake ± SEM 
of three independent replicate experiments. 
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Discussion 

The organic anion transporter OAT4 has been the subject of considerable 

investigation since its initial characterization in 2000 by Cha, et al18 and the 

recognition of its role as an apically expressed renal dicarboxylate exchanger 

capable of transporting steroid sulfates and other canonical OAT substrates in 

proximal tubule cells a few years later22.  Subsequent studies also revealed that 

OAT4 is capable of interacting with prostaglandins24, anti-inflammatory drugs25, 

and uric acid26 which furthered the understanding of its functional properties.  

While the molecular features of OAT4 have been characterized in some detail, 

the current understanding of the physiological significance of OAT4 remains 

poorly understood.  Studies have found genetic associations between SNPs in 

OAT4 and uric acid levels27, 28 and recent investigations have suggested that 

OAT4 may be important in the synthesis of placenta-derived estrogens19 and the 

development of glutaric acidurias29 but the evidence provided by these studies is 

more suggestive of a supporting or supplemental role for OAT4 rather than it 

acting as a primary transporter for a specific physiological process or a causative 

factor in the development of a disease. 

The discovery in the current study of significant OAT4 expression in the 

epididymis, a critical tissue in the maturation of spermatozoa and resultant male 

fertility, provides further information relevant to the endogenous role of OAT4.  Of 

particular significance, and in stark contrast to the kidney and placenta, OAT4 

appears to be the sole organic anion transporter in the SLC22 family that is 

expressed at a substantial level in the human epididymis.  This extends to the 
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majority of the male reproductive tract as well.  The significance of this remains 

indeterminate but it could be presumed that known and expected OAT4-

meditaed transport of substrates would be restricted largely to the epididymis and 

much more limited in the remainder of the reproductive tract.  The localization of 

OAT4 to the apical membrane of principal cells in the more proximal regions of 

the epididymis is also noteworthy and suggests that OAT4 plays a role in solute 

reabsorption in the epididymis.  Principal cells are widely acknowledged to be the 

primary cells responsible for the reabsorption of water and various solutes, as 

well as protein and lipid components, in the epididymis which tends to occur to 

the greatest extent in the more proximal regions6.  Likewise, the presence of 

OAT4 on the stereocilia of the principal cells further corroborates its role in the 

reabsorption of anionic solutes from the epididymal fluid microenvironment as 

these features follow the paradigm of a greater surface area resulting in greater 

flux across the membrane.  Previous experimental evidence has shown that the 

epididymis functions much like the proximal tubule of the kidney wherein an 

immense amount of fluid and solute reabsorption occurs, in the case of the 

epididymis, from the testicular fluid flowing into the proximal epididymis during 

the migration of spermatozoa11.  Reabsorption of water and luminal fluid 

components and maintenance of solute composition are the primary functions of 

the principal cells, and the presence of a high level of OAT4, a known 

reabsorptive transporter, in these cells is in agreement with the functional 

characteristics of OAT4 previously recognized in the kidney and placenta. 
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The presence of an abundance of OAT4 expressed in a region-specific manner 

in the epididymis indicates that it may perform a critical function in the 

maintenance of the fluid microenvironment in the proximal regions of the 

epididymis where net reabsorption is the highest.  Although it can be presumed 

that OAT4 likely functions in a reabsorptive fashion in the epididymis based on its 

characterized activity in cellular assays, the identity of its primary physiologically 

relevant substrates remains largely unknown.  By taking advantage of the high 

throughput methods developed with mass spectrometry, this study attempted to 

identify potential substrates of OAT4 from two biological sources (human plasma 

and bovine testis) using metabolomic profiling.  Metabolomic profiling produced a 

limited number of hits with several considered potential OAT4 substrates.  Of 

these hits, estrone sulfate (a previously identified OAT4 substrate), 

propionylcarnitine, and adenosine monophosphate were believed to be the most 

likely to interact with an OAT and were examined further. 

Results from metabolomic profiling suggest that the most likely endogenous 

substrate of OAT4 in testicular fluids, as well as from the plasma, is ES and by 

inference, other steroid sulfates such as DHEAS.  ES is the major form of 

estrogen in both men and women, occurring at concentrations 20-50 times higher 

than free estradiol in the blood30, 31.   ES has also been previously described as 

an excellent substrate of OAT4 in cellular uptake assays and likewise has been 

found to be subject to absorption and reabsorption in the placenta and kidney 

respectively18, 19, 32.  OAT4 has been shown to transport steroid sulfates to a 

considerable extent with Km values in the high nanomolar range18 while no 
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evidence has been produced thus far to show that free steroids interact 

appreciably with OAT4 or any other OAT.  This is of notable significance as 

steroid sulfates have generally been observed at substantially higher 

concentrations in the male reproductive tract compared to free, biologically active 

steroids33, akin to observations made in the blood.  This allows for the possibility 

that signaling events derived from steroids may be mediated through the sulfate 

conjugates of steroids present in the male reproductive tract. 

It is well recognized that the epididymis is reliant on steroid signaling for normal 

physiologic function and is regulated by both androgens (mainly testosterone and 

dihydrotestosterone) and estrogens (mainly estradiol), thus the regulation of the 

pools of these steroids is of critical importance.  The impact of steroid regulation 

on epididymal function is particularly evident in knockout models for the 

androgen receptor, which result in the complete absence of the epididymis34, 35, 

and estrogen receptor alpha in which significant functional anomalies have been 

observed specifically related to reabsorptive properties leading to infertility36, 37.    

Additionally, the epididymal epithelial cells are known to express the requisite 

enzymes needed to convert DHEAS and ES into active androgens and 

estrogens38, 39, in particular steroid sulfatase (STS).   Likewise, a precedent for 

this mechanism of steroid action has been observed in breast cancer40 and bone 

tissue41 wherein exposure to ES elicits similar effects compared to exposure to 

free estradiol, indicative of a strong likelihood that ES in particular is capable of 

eliciting steroid signaling when afforded the requisite enzymatic machinery and 

transport into a cell.  Thus it is reasonable to speculate that steroid sulfates can 
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act as major pools of steroids in the epididymis and may result in significant 

functional effects given the extent of transport that could be mediated by OAT4.  

As such, since OAT4 is the sole OAT expressed in the epididymis, it may be a 

significant modulator of steroid signaling based on the transport of steroid 

sulfates and their conversion intracellularly to active steroids as depicted in 

Figure 2.6. 

The presence of ES in metabolomic profiling of OAT4 cell lines exposed to both 

bovine testicular lysate and human plasma and the fact that proper steroid 

signaling is of considerable importance in the epididymis strongly suggests that 

steroid sulfates may be the endogenous substrates for OAT4.  However, other 

potential substrates were identified in the screen.  These included 

propionylcarnitine, a zwitterionic carrier of acyl groups across the mitochondrial 

membrane, and adenosine monophosphate (AMP), an anionic nucleotide.  The 

possible interactions between carnitine or its ester derivatives and OAT4 were 

examined using inhibition of ES uptake but did not appear to alter uptake of a low 

concentration of ES.  Similarly, direct uptake of radiolabeled adenine, adenosine, 

AMP, and cAMP demonstrated no appreciable uptake in OAT4-expressing cells 

compared to empty vector transfected cells.  While both of these hits are 

intuitively plausible, they appear to not interact with OAT4 in a significant 

manner.  The reasons for these false positives are not entirely clear; the potential 

causes may be related to the differential expression of transporters capable of 

direct uptake of these compounds between OAT4 and empty vector cell lines 
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 Figure 2.6: Hypothetical function of OAT4 in steroid sulfate-mediated 
signaling in the epididymis.  Depiction of the potential role of OAT4 in 
androgen and estrogen signaling in epididymal epithelial cells (principal cells) 
wherein estrone sulfate (ES) or dehydroepiandrosterone sulfate (DHEAS) can 
be transported by OAT4 and converted to the active estrogens, estrone (E1) 
and estradiol (E2) or active androgens, testosterone (T) and 
dihydrotestosterone (DHT).  Blue ovals represent nuclei and green ovals 
represent the cytoplasmic droplets.  AR: androgen receptor.  ER: estrogen 
receptor.  STS: steroid sulfatase.  ARO: aromatase (CYP19A1).  17β-HSD: 
17β-hydroxysteroid dehydrogenase.  5α-RED: 5α-reductase.  Aspects of this 
figure were adapted from Hess, R.A.33. 
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such as other OATs or nucleoside transporters or the regulation of other cellular 

processes that may result in increased cellular accumulation of carnitine or 

purine based small molecules.  Alternatively, OAT4 has been previously 

described as capable of secreting metabolic intermediates such as α-

ketoglutarate and succinate due to its capacity for bidirectional exchange of 

dicarboxylates with organic anion substrates22, 29.  Thus the secretion of 

intracellular metabolic intermediates for an appreciable amount of time may 

produce an altered metabolic state in OAT4-expressing cells that would result in 

the observed increase in propionylcarnitine and AMP, both of which are markers 

for a depleted cellular energy state42, 43 and are consistent with both increased 

beta oxidation and alteration of the AMP:ATP ratio.  Finally, the methods utilized 

in this study may predispose the results to false positives due to either the 

duration of experimental incubation or biases in the small molecule purification 

procedures.  The consistency of the false positives between both biological 

samples would suggest that it is a systematic issue, perhaps due to global 

metabolic changes elicited by OAT4 overexpression, and not directly related to 

the source or composition of the biological samples used for OAT4 substrate 

discovery. 

This study demonstrated for the first time substantial expression of OAT4 in the 

male reproductive tract with the highest expression levels in the proximal regions 

of the epididymis.  The presence of OAT4 on the apical membrane of the 

principal cells suggests an important role in solute reabsorption, consistent with 

OAT4’s purported role in the kidney.  While the metabolomic methods utilized in 
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this study did not identify a novel substrate of OAT4 with potential implications in 

the fluid microenvironment of the epididymis, these studies revealed the 

previously known substrate ES as a potential key physiological substrate of 

OAT4 in the male reproductive tract.  The results from the current study suggest 

that OAT4 may function as a regulator of steroid signaling by mediating the 

transport of steroid sulfates and subsequent activation to free steroids in the 

epididymal epithelium. 

Clearly, a more refined approach or more stringent examination of the potential 

hits identified in this study may provide further insights into the role of OAT4 in 

the male reproductive tract and possibly illuminate more subtle roles in the 

epididymis in particular.  In addition it cannot be ruled out that OAT4 may have a 

significant role in the reabsorption of other as of yet unidentified epididymal fluid 

components and potentially facilitate typical sperm maturation by removing a 

specific anionic solute from the luminal space or by maintaining the epididymal 

epithelium in a state conducive to sperm maturation and survival.  Additional 

experiments are needed to assess the physiological significance of OAT4 

expression in the epididymis and address the fundamental questions of the 

impact of steroid sulfate-mediated signaling in the epididymis and whether the 

function of OAT4 in particular is critical to the maturation or survival of 

spermatozoa in the epididymis and resultant male fertility. 
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Chapter 3 

Genetic Variants of Human Organic Anion Transporter 4 

Demonstrate Altered Transport of Endogenous Substrates† 

Introduction 

Understanding the role of organic anion transporters (OATs) in the kidney has 

become increasingly important given their demonstrated roles in drug disposition, 

adverse drug interactions, and xenobiotic-induced toxicities1-3.  Currently, the 

majority of this research has focused on the basolateral membrane transporters 

OAT1 (SLC22A6) and OAT3 (SLC22A8), which mediate the initial uptake of 

xenobiotics from the blood into the proximal tubule cells in the process of renal 

secretion.  A number of studies have shown that these transporters can facilitate 

the uptake of numerous drugs and toxins4, likely providing a significant 

mechanism for renal toxicity, and that these transporters in particular respond to 

renal injury5.  While renal secretion of endogenous small molecules and 

xenobiotics is an important facet of the physiological and pharmacological 

functions of the kidney, the reabsorption of organic anions from the urine is also 

a substantial process that occurs in the kidney.  Passive and facilitated 

reabsorption can influence both the pharmacokinetic profile of a drug and the 

circulating levels of important metabolic  intermediates and precursors  in  the 

† This chapter has been published previously: Shima J.E., Komori T., Taylor T.R., Stryke D., 
Kawamoto M., Johns S.J., Carlson E.J., Ferrin T.E., Giacomini K.M.  “Genetic variants of human 
organic anion transporter 4 demonstrate altered transport of endogenous substrates.”  American 
Journal of Physiology – Renal Physiology 2010; 299(4):F767-775. doi: 10.1152/ajprenal.00312.
2010.  The Am Physiol Soc, used with permission. 
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blood6, 7.  To date, comparatively little has been done to evaluate and understand 

the potential impact of apical organic anion transporters that play a role in 

reabsorptive mechanisms of drugs and other xenobiotics in the renal proximal 

tubule. 

OAT4 (SLC22A11) is a solute carrier (SLC) family transporter which functions 

primarily as an organic anion/dicarboxylate exchanger8.  SLC22A11 transcripts 

are expressed at appreciable levels in the kidney, similar to OCT2 (SLC22A2) 

and OCTN2 (SLC22A5) but at a substantially lower level compared to OAT1 and 

OAT39, 10.  OAT4 has been localized to the apical membrane of renal proximal 

tubules, accordant with its function as a reabsorptive transporter in the kidney8.  

Previous studies have demonstrated that OAT4 is capable of transporting or 

interacting with both endogenous compounds and xenobiotics including steroid 

sulfates11, non-steroidal anti-inflammatory drugs12, angiotensin II and leukotriene 

receptor antagonists13, prostaglandins14, and uric acid6 and thus could affect 

homeostatic processes occurring in the kidney and the body as a whole as well 

as impact the efficacy or safety of commonly used drugs.  Similarly, OAT4 is 

expressed on the basolateral membrane of the syncytiotrophoblast of the 

placenta and is postulated to be important in the removal of steroid sulfates from 

the fetal compartment and thereby promoting appropriate steroid signaling and 

minimizing toxic effects for the developing fetus11, 15, 16.  Prior studies have also 

identified associations between genetic variants of OAT4 and the clearance of 

the loop diuretic torsemide17 as well as plasma uric acid levels18, 19 suggesting 

that function-altering variants of OAT4 may be responsible for differences 
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observed in the clearance of xenobiotics and the reabsorption of important 

endogenous metabolites. 

Previous studies have identified a number of genetic variants in OAT4, including 

multiple variants that result in a change in the amino acid sequence.  Variants 

have been described in studies that examined a small number of individuals from 

diverse ethnic groups20 and also in specific populations such as osteoporotic 

Korean women21, the latter of which identified a nonfunctional variant only in 

those suffering from osteoporosis.  A recent article by Zhou, et al has functionally 

characterized a number of previously described naturally occurring genetic 

variants of OAT420, however these variants were discovered by analyzing a 

limited number of DNA samples.  The current study analyzed a large sample of 

DNA samples (n=272) from four distinct ethnic groups to identify coding variants 

in OAT4 in healthy individuals.   A number of variants were identified and 

underwent subsequent functional assessments using model substrates of OAT4.  

Many of these variants demonstrated altered functionality and may significantly 

affect the renal excretion of a number of xenobiotics and anionic metabolites. 

 

Materials and Methods 

Reagents 

Radiolabeled [3H]-estrone sulfate was purchased from Perkin Elmer Life 

Sciences (Waltham, MA, USA).  Radiolabeled [3H]-ochratoxin A and [14C]-uric 

acid were purchased from Moravek (Brea, CA, USA).  All other chemicals were 
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purchased from Sigma (St. Louis, MO, USA).  All cell culture media and reagents 

were purchased from the University of California, San Francisco Cell Culture 

Facility (San Francisco, CA, USA). 

Identification of OAT4 SNPs 

Nonsynonymous variants of OAT4 were identified from submissions in the NCBI 

dbSNP database (http://www.ncbi.nlm.nih.gov/snp) or through resequencing of 

genomic DNA as part of the Studies of Pharmacogenetics in Ethnically Diverse 

Populations (SOPHIE) project.  DNA samples from the SOPHIE project were 

collected and analyzed in 68 healthy individuals from four ethnic groups: 

Caucasian, African American, Asian American, and Mexican American.  Variants 

in the coding and flanking intronic regions in OAT4 were identified following 

methodologies described previously22.  A complete list of OAT4 variants found in 

the SOPHIE project can be accessed at http://pharmacogenetics.ucsf.edu/.Use 

of genomic DNA from healthy volunteers was performed according to procedures 

reviewed and approved by the UCSF Committee on Human Research and 

informed consent was obtained from all subjects enrolled in the study. 

Computational Analysis 

All complete mammalian OAT4 sequences were downloaded from the 

ENSEMBL database (http://www.ensebml.org).  Alignments of OAT4 protein 

sequences were created using MUSCLE 3.623 and the resulting alignment was 

visualized using the BioEdit software suite.  Prediction of OAT4 SNP effects was 

done using pre-existing tools including SIFT24, PolyPhen25, PhD-SNP26, and 



61 
 

SNAP27, which use a variety of sequence and evolutionary analysis methods to 

predict whether a SNP would be potentially deleterious to the function of the 

protein. 

Cell Line Construction 

A full-length human OAT4 transcript (GenBank Accession # NM_018484) was 

PCR amplified from cDNA synthesized from a commercially available adult 

kidney RNA sample purchased from Clontech (Mountain View, CA, USA).  The 

reference OAT4 coding sequence was subcloned into the mammalian expression 

vector pcDNA5/FRT (Invitrogen, Carlsbad, CA, USA) and variants of OAT4 were 

created using site-directed mutagenesis utilizing Pfu Ultra® DNA polymerase 

(Stratagene, La Jolla, CA, USA) and the pcDNA5/FRT-OAT4 vector as a 

template.  All plasmid sequences were verified via direct sequencing of the 

complete open reading frame, including the variant locations.  Cell lines stably 

transfected with pcDNA5/FRT (empty vector control), reference OAT4, or its 

variants were created using FLP-In-293 cells (Invitrogen) as previously 

described28.  All stably transfected cell lines were grown in a humidified 37°C 

incubator with 5% CO2 and cultured in DMEM H-21 supplemented with 10% 

heat-inactivated FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 100 

µg/mL hygromycin B. 

RNA Isolation and qRT-PCR 

Stable cell lines expressing reference OAT4 or its variants were grown in 6-well 

poly-D-lysine coated plates (BD Biosciences, San Jose, CA, USA) until reaching 
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90-95% confluency.  Upon reaching confluency, cell culture media was aspirated 

and the cells were washed once with cold PBS.  After removal of the PBS wash, 

TRIzol® reagent (Invitrogen) was added to the cells and RNA was isolated 

following the manufacturer’s standard protocol.  RNA purity and quality was 

assessed spectrophotometrically and by examination of 28S and 18S bands via 

agarose gel electrophoresis.  cDNA was synthesized using a Superscript III® 

Reverse Transcription kit (Invitrogen) from 1 µg of purified total RNA samples 

following the manufacturer’s standard protocol.  The resulting cDNA was then 

diluted and used for quantitative determination of SLC22A11 mRNA levels. 

qRT-PCR was performed using Taqman® reagents and specific primer and probe 

sets for human SLC22A11 and GAPDH (Applied Biosystems, Foster City, CA, 

USA).  Reactions were performed in a 384 well plate with a 10 µL reaction 

volume using an ABI 7900HT Fast Real-time PCR system (Applied Biosystems) 

using the default instrument settings.  Expression levels were determined from 

three independent biological samples using the ∆∆Ct method after normalization 

to endogenous levels of GAPDH.  The results were expressed as a percentage 

of the mRNA level determined for the OAT4 reference cell line. 

Protein Isolation and Western Blotting 

Total protein was isolated from OAT4 expressing cells by culturing them to 90-

95% confluency in T75 flasks and lysing them using radio-immunoprecipitation 

assay buffer (Sigma) following the manufacturer’s standard protocol.  Plasma 

membrane protein was isolated using a cell surface biotinylation kit (Pierce 



63 
 

Biotechnology, Rockford, IL, USA) following the manufacturer’s standard protocol 

with slight modifications.  Briefly, stably transfected OAT4 reference and variant 

cells lines were grown in T75 cell culture flasks, washed with ice-cold PBS, and 

incubated with Sulfo-NHS-SS-Biotin (Pierce Biotechnology) for 60 minutes at 4°C 

with gentle shaking.  The cells were subsequently scraped off the flask, washed 

with ice-cold PBS supplemented with protease inhibitor cocktail (Pierce 

Biotechnology), and lysed.  Biotinylated protein was isolated by incubating the 

lysate with streptavidin-linked agarose for 60 minutes at room temperature and 

eluted using 50mM dithiothreitol in standard SDS-PAGE buffer.  Protein 

concentration was determined using a bicinchoninic acid (BCA) assay (Pierce 

Biotechnology). 

Comparable amounts of protein from each cell line were run on a 4-20% gradient 

Tris-HCl polyacrylamide gel and transferred to an Immobilon® polyvinylidene 

fluoride (PVDF) membrane (Millipore, Billerica, MA, USA).  The membranes were 

incubated in 5% nonfat milk in Tris-buffered saline with 0.05% Tween (TBST) for 

1 hour followed by incubation with 5 µg/mL of rabbit anti-human polyclonal OAT4 

antibody (US Biological, Swampscott, MA, USA) overnight at 4°C.  Membranes 

were subsequently washed with TBST buffer and incubated with a 1:2000 

dilution of a goat anti-rabbit IgG horseradish peroxidase-coupled secondary 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in 5% nonfat 

milk in TBST buffer for 1 hour at room temperature.  Following secondary 

antibody incubation, the membrane was washed with TBST buffer and protein 

detection was performed using ECL Plus® reagents (GE Healthcare, Piscataway, 
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NJ, USA).  The membranes were stripped for 45 minutes using a β-

mercaptoethanol based buffer and the procedure repeated using an antibody 

specific to the α-subunit of the Na+/K+ ATPase (US Biological) at a 1:1000 

dilution to assess gel loading. 

Uptake Studies 

Cellular uptake of canonical substrates by OAT4 and its variants was determined 

using [3H]-estrone sulfate, [3H]-ochratoxin A, and [14C]-uric acid.  Cells were 

seeded on 24 well poly-D-lysine coated cell culture plates (BD Biosciences) in 

standard cell culture media as described previously and experiments 

commenced 24 hours after cell seeding.  Uptakes were performed at 37°C for 2 

minutes (estrone sulfate and ochratoxin A) or 4 minutes (uric acid) and began 

after the media was removed and cells were washed with warm Cl-free uptake 

buffer (125 mM sodium gluconate, 4.8 mM potassium gluconate, 1.2 mM 

K2HPO4, 1.2 mM MgSO4, 1.3 mM calcium gluconate, and 25 mM HEPES/Tris; 

pH ≈ 7.4) for 3 minutes.  Experiments were initiated by incubating the cells with 

warm Cl-free uptake buffer containing radiolabeled compound as indicated in the 

figure legends.  At the completion of the incubation time period, cells were 

quickly washed with ice-cold choline buffer (128 mM choline chloride, 4.73 mM 

KCl, 1.25 mM MgSO4, 1.25 mM CaCl2, and 5 mM HEPES/Tris; pH ≈ 7.4) three 

times.  Any remaining buffer was aspirated and the cells were lysed with 1 mL of 

warm 0.1% SDS/0.1 N NaOH solution for a minimum of 45 minutes.  Intracellular 

levels of radioactive compound were determined using liquid scintillation 

counting.  All resulting levels of substrate uptake were normalized to the total 
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protein in each well using a BCA protein assay.  All uptake experiments were 

performed in triplicate and using empty vector transfected cell lines to establish 

background levels of uptake in HEK-293 cells.  Statistically significant differences 

in uptake were evaluated using Graphpad Prism 5.1 (Graphpad, La Jolla, CA, 

USA) using a one-way ANOVA followed by a Dunnett’s post-hoc test with a false 

discovery rate of 0.05. 

Kinetic studies were performed in a similar fashion with supplemental amounts of 

unlabeled substrates included in the uptake buffer to produce the final 

concentration of substrate.  At least three independent experiments were 

performed using empty vector transfected cells and OAT4 reference and variant 

cell lines.  Kinetic values (Km and Vmax) were determined using non-linear 

regression analysis in Graphpad Prism 5.1 (Graphpad) after subtracting the 

uptake observed in the empty vector cell line from the uptake in stably 

transfected OAT4 cell lines at each concentration.  Curves were fit to the 

Michaelis-Menten equation V = Vmax [S]/(Km+ [S]) where V is the rate of uptake, 

Vmax is the maximal uptake rate of the substrate, Km is the substrate 

concentration at half the Vmax, and [S] is the substrate concentration. 

 

Results 

Variant Identification 

Variants of OAT4 were identified for further study by both querying the dbSNP 

database and by resequencing 272 DNA samples from four distinct ethnic groups 
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within the SOPHIE project.  Resequencing of the ten exons and adjacent flanking 

regions of SLC22A11 within SOPHIE identified 27 variable positions which 

included seven nonsynonymous and six synonymous variants with the remaining 

14 variants occurring in intronic regions.  Two additional nonsynonymous 

variants were identified in the dbSNP database.  The majority of the  

 

A 

 

B 

 

 Figure 3.1: Location of nonsynonymous variants in human SLC22A11.  
A) Sites of nonsynonymous variants in the exonic structure of OAT4 
(SLC22A11).  Bold indicates variants that occur at a frequency of at least 1% 
in at least one ethnic group.  B) Location of nonsynonymous variants in 
SLC22A11 secondary structural elements based on predictions using 
MINNOU (http://minnou.cchmc.org/).  Red amino acids indicate the positions 
of SLC22A11 nonsynonymous variants. 
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nonsynonymous variants occurred in the first two exons of SLC22A11 as shown 

in Figure 3.1A.  Additionally, five of the nine amino acid altering variants were 

found in predicted transmembrane helix regions while two were found in the large 

extracellular loop occurring between the first two transmembrane domains.  The 

L491V variant occurred in the small loop region between the predicted 

transmembrane helix 11 and 12.The location of these variants is further detailed 

in Figure 3.1B and Table 3.1.Four of the nonsynonymous variants (R121C, 

R343L, H469R, and L491V) were previously unidentified while the remaining 

three (R48Stop, V155M, and V155G) have been identified in either independent 

resequencing efforts20 or as part of the HapMap and 1000 Genomes projects.  

The novel variant R121C occurred at a frequency of 2.3% in African Americans 

within the SOPHIE project.  Similarly, the R48Stop and V155M variants were 

present at higher frequencies (2.3 and 1.7% respectively) in the SOPHIE cohort 

than previously reported20.  However, the V155G variant, while a singleton in the 

Mexican American arm of SOPHIE, was found at 2.3% in the Han Chinese group 

within the HapMap genotyping project.  All other nonsynonymous variants were 

found as singletons.  All of the nonsynonymous variants identified in Mexican 

Americans were found as singletons while no nonsynonymous variants were 

found in the Asian American samples within SOPHIE; the majority of OAT4 

nonsynonymous variants were found in a single ethnic group.  A complete listing 

of the allele frequencies of these variants is shown in Table 3.2.  In spite of the 

apparent discrepancy in allele frequency between the SOPHIE results and other  
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Table 3.1: Nonsynonymous variants of human SLC22A11 

ID* Exon Genomic 
Position 

mRNA 
Position 

Base 
Change 

Protein 
Position 

Amino Acid 
Change 

rs11231819 1 64080133 460 T→C 29 Leu→Pro 
rs11231820 1 64080138 465 A→G 31 Ile→Val 
rs35008345 1 64080189 516 C→T 48 Arg→Stop 

PMT-2945 1 64080408 735 C→T 121 Arg→Cys 
rs61744144 2 64083252 837 G→A 155 Val→Met 
rs12785832 2 64083253 838 T→G 155 Val→Gly 

PMT-2917 6 64089355 1402 G→T 343 Arg→Leu 
PMT-2910 9 64093723 1780 A→G 469 His→Arg 
PMT-2911 9 64093788 1845 C→G 491 Leu→Val 

* indicates dbSNP or Pharmacogenetics of Membrane Transporters (PMT) IDs. 

 

genotyping projects, these results suggest that nonsynonymous variants of OAT4 

are not uncommon and may occur at higher frequencies than previously 

reported.  Two nonsynonymous variants were previously listed in dbSNP (L29P 

and I31V) and while these variants lacked allele frequency data they were 

reported by multiple sequencing groups suggesting that they are not sequencing 

artifacts.  However they were not found in any of the ethnic groups comprising 

SOPHIE or in the HapMap or 1000 Genomes projects.  Of note, OAT4 

possesses variants that result in two possible alternate amino acids at the same 

position and a nonsense change that produces a stop codon early in the protein 

sequence, both of which are considered rare events when examining variation 

within the SLC22 transporter family29. 
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Conservation of OAT4 and in silico Functional Assessment 

A large number of variants found to possess altered function have been shown to 

occur in evolutionarily conserved positions in membrane transporters29, 30.  When 

the OAT4 nonsynonymous variants were mapped to multiple alignments of 

available complete OAT4 sequences, including human, chimpanzee, macaque, 

bovine, and canine orthologs, only two variants occurred in positions of 

conservation (R343L and L491V).  However, and not without expectation, all of 

the variable positions are conserved when examining primate sequences only. 

Alignment of primate OATs expressed in the kidney (OAT4, OAT3, and OAT1) 

identified an additional position of conservation in OAT4 (L29P). 

Further analysis using various computational algorithms designed to predict the 

functional consequences of amino acid substitutions was undertaken as well; 

four different algorithms were used to predict potential functional effects of 

variants of OAT4.  These algorithms, which base their evaluations on 

calculations of protein stability, amino acid substitution matrices, and evolutionary 

constraints, largely predicted that most of the variants identified in OAT4 would 

result in a change in protein function.  The results of these predictions are shown 

in Table 3.3.  In fact, the only variants consistently predicted to have no 

functional consequences were I31V and L491V, at the extreme termini of OAT4.  

There was also a consensus among the four methods that the L29P, R121C, and 

R343L variants would cause a detrimental change in function.  The R48Stop 

variant was not included in these analyses as the accepted assumption is that a 

premature stop codon will undoubtedly cause a change in protein function due to  
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the truncation of the protein.  There was also no obvious correlation between the 

conservation status of the residue and the predicted effect of these variants; 

variants at both conserved and unconserved sites were predicted to be 

detrimental to the function of OAT4. 

Functional Effects of OAT4 Nonsynonymous Variants 

The functional consequences of nonsynonymous OAT4 variants were evaluated 

using stably transfected HEK-293 cells overexpressing either reference OAT4 or 

one of the coding variants.  The effect of all nine nonsynonymous variants was 

investigated using uptake assays with the canonical OAT4 substrates estrone 

sulfate, ochratoxin A, and uric acid.  Preliminary experiments demonstrated that 

the uptake of all three substrates was in the linear range up to 5 minutes (data 

not shown); all subsequent experiments were performed within this time frame of 

linear uptake.  Incubation with estrone sulfate for 2 minutes produced the highest 

level of intracellular substrate accumulation with 13.8 ± 1.59 fold greater levels in 

the OAT4 reference cell line compared to empty vector (EV) transfected cells (p 

≤ 0.001).  In comparison to the estrone sulfate uptake in the OAT4 reference cell 

line, the L29P, R48Stop, and H469R variant cell lines all demonstrated drastically 

reduced levels of uptake (p ≤ 0.001).  These levels were comparable to that in 

empty vector transfected cells, strongly suggesting that these variants result in 

the complete loss of function of OAT4 (Figure 3.2A).  Similar patterns of uptake  
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 Figure 3.2: Functional characterization of genetic variants of OAT4 
using uptake of canonical substrates.  OAT4 mediated uptake of A) 
estrone sulfate, B) ochratoxin, and C) uric acid.  Experiments were performed 
for 2 minutes (estrone sulfate and ochratoxin A) or 4 minutes (uric acid) at 
37°C using 17 nM [3H]-estrone sulfate, 200 μM [3H]-ochratoxin A, or 400 μM 
uric acid (100 μM[14C]-uric acid + 300 μM unlabeled uric acid). Uptake values 
are expressed as a percentage of OAT4 reference sequence uptake and 
were normalized to total protein in each well. Each bar represents the mean 
uptake ± SEM of three independent experiments.*** indicates p-value ≤ 
0.001, ** a p-value ≤ 0.01, and * a p-value ≤ 0.05 when compared to 
reference uptake levels using one-way ANOVA analysis and Dunnett’s post-
hoc test. 
 
 

were also observed in transiently transfected HEK-293 cells incubated with  

estrone sulfate (data not shown).  The remaining variants did not show a 

noticeable decrease in estrone sulfate uptake and were all comparable to the  

reference sequence level of uptake.  Uptake of ochratoxin A and uric acid, while  

not as extensive as that of estrone sulfate, consistently produced 2-3 fold greater 
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intracellular accumulation in reference cells than in EV cells after 2 minutes of 

substrate incubation.  The effect of the variants was similar to that observed in 

the estrone sulfate uptake experiments (Figure 3.2B and 3.2C).  Specifically, the 

L29P, R48Stop, and H469R variants all showed a complete loss of function and 

their levels of uptake were comparable to that observed in the EV cell line (p ≤ 

0.05 for ochratoxin A; p ≤ 0.001 for uric acid).  None of variants displayed 

differential uptake due to the substrate used which is suggestive that none of 

these variants cause a substrate selectivity change in OAT4. 

Four nonsynonymous variants in OAT4 were found with frequencies greater than 

1% in at least one ethnic group.  Of these variants, only the R48Stop variant was 

found to impair OAT4 uptake capacity.  Kinetic analysis of the remaining variants 

(R121C, V155G, and V155M) using estrone sulfate was performed to ascertain if 

there were subtle differences in function in these higher frequency variants that 

were not observable in uptake assays.  As shown in Figure 3.3 and Table 3.4, all 

of these high frequency variants showed altered kinetics compared to the 

reference cell line.  While all of the Km values were close to the reference cell line 

value of 5.65 µM, the R121C and V155G variants both had statistically significant 

decreases in their Vmax values with the V155G variant having a Vmax of 0.113 ± 

0.0138 pmol/µg protein/min and the R121C variant having a Vmax of 0.209 ± 

0.0264 pmol/µg protein/min compared to the reference value of 0.341 ± 0.0442 

pmol/µg protein/min (p ≤ 0.001 and p ≤ 0.05 respectively).  The ratios of Vmax to 

Km for all of the variants were not substantially different from the reference cell 

line however.  Kinetic values were not determined for the complete loss of 



76 
 

function variants due to the inability to measure any increase in uptake beyond 

that observed in the EV cell line. 

Effect of Variants on OAT4 mRNA and Protein Expression 

The underlying mechanism occurring in the loss of function variants and the 

kinetic variability observed in the most common OAT4 nonsynonymous variants 

was investigated initially using qRT-PCR.  The level of expression of SLC22A11 

in each of the cell lines was determined in relation to the expression of the 

control gene GAPDH.  The expression of SLC22A11 mRNA was routinely 

30,000-40,000 fold higher in the stably transfected cell lines than in the empty 

vector transfected cell lines.  While the I31V, R48Stop, and R121C variants 

showed slight decreases in mRNA levels compared to the reference cell line, 

only the R48Stop variant mRNA levels were significantly lower (p ≤ 0.05), as 

shown in Figure 3.4. The use of stable cell lines created using the Flp-In system 

ensured that any differences in mRNA levels would most likely not be due to 

multiple integration sites of the expression vector, positional effects from random 

integration in the genome, or variability in the amount of vector successfully 

transfected transiently. 

Plasma membrane protein levels resulting from each of the OAT4 variants were 

assessed using biotinylation of surface proteins in HEK-293 stably transfected 

cells expressing the reference and common variants forms of OAT4 followed by  
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 Figure 3.3: Saturable uptake of estrone sulfate in HEK-293-Flp cells 
overexpressing OAT4 and three high frequency nonsynonymous 
variants.  Experiments were performed for 2 minutes at 37°C using 20 nM 
[3H]-estrone sulfate and unlabeled estrone sulfate for the remainder. Uptake 
values were normalized to total protein and adjusted for the uptake of estrone 
sulfate in empty vector transfected cells.  Curves were generated using non-
linear regression with automatic removal of outliers in Graphpad Prism 5.1. 

 

 Table 3.4: Kinetic parameters of estrone sulfate uptake by common OAT4 
 nonsynonymous variants 

Variant Km 
(µM) 

Vmax 
(pmol/ug protein/min) 

Vmax:Km Ratio 
(pmol mg protein-1 

min-1/µM) 
REF 5.65 ± 2.02 0.341 ± 0.0442 60.4 ± 12.2 

R121C 5.07 ± 1.84 0.209 ± 0.0265* 41.2 ± 8.98 
V155G 3.52 ± 1.41 0.113 ± 0.0138† 31.6 ± 9.27 
V155M 5.01 ± 1.16 0.280 ± 0.0224 55.7 ± 10.7 

 * indicates p value < 0.05. † indicates p value < 0.001. 



78 
 

Western blotting.  Figure 3.5 shows a representative blot of the nonfunctional  

variants of OAT4 with an expected band detected at approximately 90kDa.  The 

reference OAT4 band was the most intense whereas minimal to no OAT4 protein 

was detected in either the L29P or the R48Stop cell lines (lanes 3 and 4).  It 

should be noted that the OAT4 antibody is based on an epitope of the protein 

that occurs at the C-terminus of OAT4 thus making the R48Stop variant 

 

 

 

 Figure 3.4: mRNA expression levels of SLC22A11 and its variants in 
stably transfected HEK-293-Flp cells.  Total RNA was extracted from each 
cell line, reverse transcribed to cDNA, and subsequently used to determine 
mRNA levels of each variant of SLC22A11 using quantitative real-time PCR 
with a Taqman® assay specific to human SLC22A11.  Expression levels were 
normalized to endogenous expression of GAPDH and are shown as a 
percentage of reference SLC22A11 expression.  Bars represent the mean ± 
SEM from two independent experiments.  * indicates a p-value ≤ 0.05 
compared to expression in the reference cell line. 
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undetectable.  Repeat experiments using alternative antibodies derived from 

epitopes near the N-terminus were unsuccessful. OAT4 was detected in the 

H469R variant cell line, albeit at an apparently lower level than the reference cell 

line.  Similar results were also obtained in blots of total protein wherein no protein 

was detected in either the L29P or R48Stop variants and the H469R variant 

showed decreased levels compared to the reference cell line.  Reprobing the blot 

with an antibody specific for the Na+/K+ ATPase α-subunit revealed the 

abundance of membrane protein in the sample and approximately even loading 

of protein (Figure 3.5).  Additionally, reprobing of the blot with a β–actin antibody 

showed very faint to no bands in the plasma membrane fraction whereas 

abundant staining was present in the total protein blot, indicating that the 

membrane fraction was largely free of cytoplasmic protein (data not shown). 

 

 

 Figure 3.5: Levels of plasma membrane protein in HEK-293-Flp cells 
expressing reference and non-functional forms of OAT4.  Upper Panel: 
plasma membrane protein was isolated via biotinylation, separated using SDS-
PAGE and probed with an antibody specific to OAT4.  Lower Panel: the same 
membrane was stripped and reprobed with an antibody specific to the α-
subunit of the Na+/K+ ATPase. 
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Discussion 

Human OAT4 is present on the apical membrane of the renal proximal tubule 

and as such, is known or suspected to be an important factor in the disposition of 

a variety of drugs and biologically relevant metabolites.  Accordingly, several 

studies have focused on the identification and characterization of natural variants 

that occur in OAT420, 21.  Unlike these previous studies, however, this study used 

DNA samples from a large number of unrelated, ethnically diverse subjects to 

provide greater confidence in allele frequencies and to identify potential 

population specific variants in OAT4.  Overall, the variation in the amino acid 

sequence of OAT4 was low, limited to 12 total variable positions and resulting in 

only seven nonsynonymous variants, only four of which occur on more than one 

chromosome and none of which occur at frequencies greater than 3%.  While 

this is a low level of variability, these levels are similar to that observed in other 

renal SLC22 family transporters including OAT131 and OAT332.  The extent of 

amino acid conservation at variant positions was also relatively low with only two 

completely conserved variant locations when compared to multiple mammalian 

species (R343L and L491V) and only three sites when compared to other human 

OATs expressed in the kidney (L29P, R343L, and L491V).  Furthermore, the 

majority of OAT4 nonsynonymous variants were predicted to be deleterious 

based on four distinct prediction algorithms.  However, when examined using 

uptake of multiple substrates, the uptake results were concordant with only a 

third of the computational predictions.  Examination of the kinetic properties of 

the higher frequency variants, all predicted to be damaging to some extent, also 
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found slight reductions in Vmax, however reductions in Vmax values may reflect 

differences in surface expression of OAT4.  In spite of indications of intolerance 

to variation in OAT4 based on low variability and computational methodologies, 

neither the conservation of specific residues nor the change in physiochemical 

properties appeared to be strong predictors of functional consequences as 

evidenced by the R343L and L491V variants, which occurred at conserved sites 

yet retained complete functionality and the three most common variants which, in 

spite of a slight reduction in Vmax, were largely functional.  This suggests that the 

conservation of residues is important to the preservation of function among 

orthologous OAT4 proteins, but that the precise residues responsible for OAT4’s 

specific functional capacity are not fully defined nor understood.  Recent studies 

examining the role of histidine and glycine residues in OAT4 have made similar 

assessments and shed light on potentially critical regions for OAT4 function; 

systematic alteration of these residues produced distinct functional phenotypes 

related to membrane trafficking and substrate recognition33, 34. 

Of the nonsynonymous variants examined in this study, three resulted in a 

complete loss of function (L29P, R48Stop, and H469R) whereas the remainder 

demonstrated either no change in uptake (I31V, R343L, and L491V) of model 

substrates or only modest changes in the kinetic properties (R121C, V155G, and 

V155M) of estrone sulfate uptake.  This “all-or-nothing” phenotype is unique 

among the SLC22 transporters examined thus far in that there were no observed 

variants possessing intermediate function or altered substrate specificity. 
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It is interesting to note that one of the highest frequency nonsynonymous variants 

observed in this study is the replacement of an arginine with a stop codon at 

position 48 (R48Stop) immediately after the first transmembrane domain.  While 

the introduction of stop codons is an exceedingly rare event, and such nonsense 

variants are selected against for obvious reasons35, variants producing 

premature termination of an SLC22 membrane transporter have been observed 

in OAT332 and OCTN128.  In contrast, both of these variants were exceedingly 

low frequency, unlike the R48Stop variant in OAT4 which occurs at 2.3% in 

Caucasians and was also observed in the Mexican American group as a 

singleton.  Whole genome surveys of stop codons have recently found that while 

comprising an exceedingly small percentage of known variants, they do occur 

throughout the genome; these variants are believed to more often than not result 

in a severe truncation of the protein and some are readily identified as strongly 

causal alleles for certain diseases such as Legionnaires’ disease-induced 

pneumonia36.  Additionally, it is well recognized that premature termination 

variants such as R48Stop are subject to nonsense-mediated mRNA decay 

(NMD).  The fact that the mRNA of the R48Stop variant was reduced by nearly 

50% compared to the expression of reference OAT4 suggests that NMD may be 

a mechanism contributing to the observed decreased level of mRNA expression, 

though this was not specifically investigated in the current study.  The remaining 

mRNA that is translated would be expected to produce a severely truncated 

protein incapable of transporting any of the model substrates, consistent with the 

observed variant effect in Figure 3.2A-C.  Of note, a recent paper by Zhou, et al 
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described a R48Y variant occurring in OAT4 that results in a complete loss of 

function as well as a potentially altered glycosylation state37.  However, this 

variant was not identified in the larger SOPHIE, HapMap, or 1000 Genomes 

projects; rather a stop codon was identified at the 48 position of OAT4 in these 

and other smaller sequencing projects20.  While the impact in a clinical context of 

the premature termination codon resulting from the R48Stop variant is unknown, 

it would be expected that individuals possessing this variant would have altered 

reabsorption of small molecules such as estrone sulfate, uric acid, and renally 

eliminated drugs that are substrates of OAT4. 

The L29P variant is also of interest due to its complete loss of function.  This 

variant occurs within the first transmembrane domain of OAT4 and while it was 

not found in the SOPHIE or 1000 Genomes projects, it was identified prior to 

these efforts by two separate sequencing groups and was deposited in dbSNP.  

This position is not conserved in other mammalian OAT4 sequences but is 

conserved among other primate OATs including OAT1 and OAT3, suggesting 

that this position may be important for the translation of the protein, protein 

stability, or for localization to the plasma membrane in primates.  The mRNA 

expression of the L29P variant was similar to the reference but no plasma 

membrane protein was detected in the L29P cell line, which explains its loss of 

function.  The mechanism by which a leucine to proline change at this position 

results in a loss of protein expression on the plasma membrane may be related 

to general protein instability or a failure of the protein to be inserted in the 

membrane; extreme angles induced by proline residues in helical structures may 
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result in drastically unstable or significantly impaired proteins38.  Conversely, the 

presence of a leucine residue at this position may also confer protein stability 

based on the conserved nature of this N-terminal residue in other primate OATs.  

Further inquiry would be needed to determine whether this variant is detrimental 

due to the introduction of a proline residue or the loss of a leucine residue. 

Within the set of singleton variants, only the H469R variant elicited a complete 

loss of function phenotype.  Systematic replacement of histidine residues in 

OAT4 by Zhou, et al, however, did find that the conversion of these residues to 

alanine resulted in the preservation of comparable uptake activity of estrone 

sulfate in the majority of mutants compared to unmodified OAT433.  This 

suggests that histidine residues are not critical to the optimal function of OAT4.  

However, the presence of an arginine at this position resulted in a complete loss 

of function of OAT4 in the present study which can be partly explained by the 

loss of a significant fraction of OAT4 on the plasma membrane as shown in 

Figure 3.5.  This suggests that while this position may not be of critical 

importance to OAT4 function in general, the presence of a residue with the 

properties of arginine may be detrimental to protein stability or trafficking. 

Three common variants of OAT4 also displayed altered kinetic properties when 

tested with estrone sulfate.  While the Km values of each of these variants for 

estrone sulfate were all comparable to the reference value determined for OAT4, 

the Vmax for each of these variants was lower than that of the reference with the 

V155G variant demonstrating the greatest difference at ~33% of the reference 

value.  Consistent with the results of this study, Zhou, et al observed a reduction 
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in function of the V155G variant and a concomitant reduction in protein level37 

although the degree of decreased uptake was greater than in the current study.  

Each of these variants had frequencies above 2% in at least one ethnic group, 

suggesting that a number of individuals possessing these variants may also be 

subject to a lower absolute level of reabsorption of OAT4 substrates although the 

effect may not be readily observable in human subjects. 

The impact of transporters located on the apical membrane of proximal tubule 

cells has been demonstrated previously but is a growing area of interest with 

numerous implications in pharmacokinetics and pharmacogenetics.  The 

characterization of naturally occurring genetic variants of these transporters, 

such as OAT4, is a necessary and informative step to better define the potential 

genetic causes of drug-induced renal toxicities and perturbations in the urinary 

excretion of endogenous metabolites.  This study provides an extensive 

examination of variants found to occur naturally in 4 ethnically diverse 

populations and how these variants may affect the ability of OAT4 to control the 

levels of drug and metabolite substrates reabsorbed from the urine.  Three 

nonsynonymous variants of OAT4 demonstrated a complete loss of function in 

uptake experiments with multiple chemically diverse substrates while an 

additional three variants that occurred at a frequency of at least 2% displayed 

reduced Vmax values in the transport of estrone sulfate.  A loss of protein 

expression and/or localization to the plasma membrane was a hallmark of the 

loss of function variants and can explain, at least in part, the observed lack of 

function in cellular uptake studies.  Future studies examining the impact of 
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nonsynonymous variants on the pharmacokinetics of drug substrates of OAT4 in 

a clinical setting would be particularly interesting considering the high frequency 

of the loss of function variants and would provide useful information regarding the 

effect of transporters primarily involved in the reabsorption of small molecules in 

the body. 
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Chapter 4 

Molecular Effects of Nonsynonymous Polymorphisms in URAT1 

Introduction 

Purine degradation occurs as part of the normal metabolic processes in all 

animals during the turnover of DNA, both through the intake of purine-rich foods 

and via cell death.  In higher order primates, including humans, the lack of 

hepatic uricase activity results in uric acid being the primary purine metabolite 

and the major form excreted in the urine1.  Consequently, uric acid levels are 

particularly high in humans compared to other species with the range in healthy 

individuals between 200 µM and 500 µM2.  The reasons for and the effects of 

elevated uric acid levels are under continuous investigation; there is considerable 

evidence suggesting that uric acid is a proverbial “double-edged sword” wherein 

exceedingly low and high levels can have distinct consequences on human 

health.  For instance, low levels of uric acid have been strongly associated with a 

greater frequency and severity of relapses of multiple sclerosis3-5 as well as 

cases of exercise-induced renal failure6, 7 whereas elevated levels have been 

associated with the development of metabolic syndrome, gout, and 

hypertension8-10.  The mechanisms and factors influencing uric acid levels are 

thus of considerable interest in regard to the predisposition to and the potential 

exacerbation of human diseases. 

Recent studies have shed light on the network of transporters that function in the 

kidney to maintain uric acid homeostasis with key transporters located on both 
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the apical and basolateral membrane of cells comprising the renal proximal 

tubules11-14.  Among these uric acid transporters, the Solute Carrier (SLC) family 

transporter URAT1 (SLC22A12) was identified as the primary contributor to the 

net renal reabsorption of uric acid in the kidney13.  URAT1 is expressed on the 

apical membrane of the renal proximal tubule and uptake of uric acid via URAT1 

has been shown to be sensitive to a number of uricosuric agents such as 

benzbromarone and probenecid, providing an explanation for the hypouricemia 

observed with usage of these and other drugs13.  The direct control of uric acid 

levels by URAT1 was further substantiated by the observation that no uricosuric 

effect was elicited in patients with nonfunctional URAT1 mutations treated with 

benzbromarone15. 

A number of previously identified nonsynonymous variants in SLC22A12 have 

provided the first causal links between heritable variants of uric acid transporters 

and hypouricemia in humans.   In particular, the W258Stop variant, which 

occurred in 74% of Japanese subjects displaying severe idiopathic hypouricemia, 

produced a truncated form of URAT1 that completely lost the ability to transport 

uric acid13.  Likewise, a previous study reported the discovery of seven 

nonsynonymous variants in 24 hypouricemic Japanese individuals, three of 

which were associated with reduced uric acid levels in the blood, including the 

W258Stop variant12.  In fact, it has been estimated that 90% of Japanese 

hypouricemia patients have a mutation in SLC22A1211.  These studies have 

provided significant insight into the causes of reduced uric acid levels however 

limitations of the studies, primarily the identification of nonsynonymous variants 
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exclusively in hypouricemic individuals of Japanese descent, results in an 

incomplete picture of the extent of URAT1 variation and the potential impact in 

other ethnic groups.  Thus the occurrence of variants of URAT1 in healthy 

individuals and in a variety of ethnicities is of significant interest considering the 

higher rates of multiple sclerosis, gout, and metabolic syndrome in other ethnic 

groups compared to the Japanese and the association of these conditions with 

altered uric acid levels16-19.  To date, few studies have attempted to identify 

nonsynonymous variants in apparently healthy individuals; resequencing of 

control groups as part of the Japanese hypouricemia studies in fact identified no 

nonsynonymous variants in subjects that did not present with hypouricemia12.  

Similarly, it is widely recognized that uric acid levels vary considerably among 

ethnic groups20 and that these levels have a substantial genetic component21. 

Using subjects enrolled in the Study of Pharmacogenetics in Ethnically Diverse 

Populations (SOPHIE) project, the present study examined genetic variation in 

URAT1 by deep resequencing in 265 ethnically diverse individuals comprising 

four ethnic groups: African American, Asian American, Caucasian, and Mexican 

American.  Discovery of URAT1 variants that may modulate uric acid levels 

without leading to the extremes of uricemias could provide valuable information 

about factors that predispose individuals to disease states influenced by the level 

of circulating uric acid and potentially identify individuals with altered responses 

to uricosuric agents. 
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Materials and Methods 

Reagents 

Radiolabeled [14C]-uric acid was purchased from Moravek (Brea, CA, USA).  All 

other chemicals were purchased from Sigma (St. Louis, MO, USA).  All cell 

culture media and reagents were purchased from the University of California, 

San Francisco Cell Culture Facility (San Francisco, CA, USA). 

Variant Identification 

Nonsynonymous variants of SLC22A12 were identified from either searches of 

the NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/snp) or by resequencing 

subjects enrolled in the SOPHIE project.  All exons comprising SLC22A12, with 

the exception of exon seven, were resequenced as were the flanking intronic 

regions; amplification and subsequent direct sequencing of exon seven failed in 

multiple attempts and thus was excluded from this analysis.  The specific PCR 

procedures relevant to resequencing methodologies have been described in 

detail previously22.  The complete protocol and primer sequences as well as a 

complete listing of the SLC22A12 variants found as part of the SOPHIE project 

can be obtained via the Pharmacogenetics of Membrane Transporters (PMT) 

website (http://pharmacogenetics.ucsf.edu/). 

Cell Line Construction 

The full-length cDNA for SLC22A12 (GenBank Accession # NM_144585) was 

PCR amplified after reverse transcription from a commercially available RNA 
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sample obtained from adult human kidney (Clontech, Mountain View, CA, USA) 

and cloned into pcDNA5/FRT (Invitrogen, Carlsbad, CA, USA).  Nonsynonymous 

variants of SLC22A12 were created by site-directed mutagenesis with Pfu Ultra® 

DNA polymerase (Stratagene, La Jolla, CA, USA) and the pcDNA5/FRT-URAT1 

vector as a template.  The clonedSLC22A12 reading frame contained three 

synonymous variants which did not alter the amino acid sequence of the URAT1 

protein and were present in the reference and variant URAT1 constructs.  All 

plasmid sequences were verified by direct sequencing of the complete open 

reading frame and the variant locations to ensure that no spurious mutations 

were introduced.  Stable cell lines overexpressing reference URAT1, a 

nonsynonymous variant form of URAT1, or transfected with pcDNA5/FRT alone 

were created as previously described23.  Briefly, Flp-In-293® (HEK-293) 

(Invitrogen) cells grown at 37°C with 5% CO2 were simultaneously transfected 

with the respective pcDNA5/FRT or pcDNA5/FRT-URAT1 vector and 3-fold 

excess pOG44 vector, passaged 24 hours later, and selected for using 100 

µg/mL hygromycin B. 

Uptake Studies 

Uptake experiments using [14C]-uric acid were performed using cells seeded on 

24 well poly-D-lysine coated cell culture plates (BD Biosciences) in standard cell 

culture media described previously for 2 minutes at 37°C, within the time frame of 

linear uptake of uric acid by URAT1.  Uptake studies commenced with the 

additions of warm chloride-free uptake buffer (125 mM sodium gluconate, 4.8 

mM potassium gluconate, 1.2 mM K2HPO4, 1.2 mM MgSO4, 1.3 mM calcium 
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gluconate, and 25 mM HEPES/Tris; pH ≈ 7.4) containing 10 or 25 µM of 

radiolabeled uric acid as indicated in the figure legends.  The cells were quickly 

washed with ice-cold choline buffer (128 mM choline chloride, 4.73 mM KCl, 1.25 

mM MgSO4, 1.25 mM CaCl2, and 5 mM HEPES/Tris; pH ≈ 7.4) three successive 

times followed by the addition of 1 mL of warm lysis buffer (0.1% SDS/0.1 N 

NaOH).  Uptake values were determined using liquid scintillation counting and 

were normalized to the total protein in each well as determined using a 

bicinchoninic acid (BCA)  protein assay.  Determination of Km and Vmax values for 

uric acid transport by URAT1 and its nonsynonymous variant forms was 

performed in a similar fashion using supplemental unlabeled uric acid in the 

uptake buffer for any concentrations exceeding 10 µM.  Three independent 

experiments were performed using empty vector transfected and URAT1 

reference and nonsynonymous variant cell lines. 

RNA Isolation and qRT-PCR 

Stable cell lines expressing reference URAT1 or its nonsynonymous variants 

were grown in 6-well poly-D-lysine coated cell culture plates (BD Biosciences, 

San Jose, CA, USA) until reaching 90-95% confluency.  TRIzol® reagent 

(Invitrogen) was used to purify total RNA following the manufacturer’s standard 

protocol.  RNA purity and quality was assessed by spectrophotometry and by 

examination of 28S and 18S ribosomal band integrity.  cDNA was synthesized 

with a Superscript III® Reverse Transcription kit (Invitrogen) using 1 µg of total 

RNA following the manufacturer’s standard protocol.  The resultant cDNA was 
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diluted and used as template for qRT-PCR and the assessment of SLC22A12 

mRNA levels in each of the cell lines. 

qRT-PCR was performed using Taqman® reagents and specific primer and probe 

sets for human SLC22A12 and GAPDH (Applied Biosystems, Foster City, CA, 

USA).  Reactions were performed in a 384 well plate with a 10 µL reaction 

volume employing a 7900HT Fast Real-time PCR system (Applied Biosystems) 

using the default instrument settings.  SLC22A12 expression levels were 

determined using the ∆∆Ct method after normalization to endogenous levels of 

GAPDH. 

Protein Isolation and Western Blotting 

Total protein was isolated from cells stably expressing URAT1 or its 

nonsynonymous variants cultured in T75 flasks until 90-95% confluent.  The cells 

were lysed using radio-immunoprecipitation assay (RIPA) buffer (Sigma) 

following the manufacturer’s standard protocol.  Plasma membrane protein was 

purified using a cell surface biotinylation kit employing the amine-reactive 

labeling reagent Sulfo-NHS-SS-Biotin (Pierce Biotechnology, Rockford, IL, USA) 

following the manufacturer’s standard protocol with slight modifications.  Briefly, 

the cell lines stably expressing URAT1 or its nonsynonymous variants were 

grown in T75 cell culture flasks, washed with ice-cold PBS, and incubated with 

Sulfo-NHS-SS-Biotin for 60 minutes at 4°C with gentle shaking.  The cells were 

subsequently scraped off the flask and washed with ice-cold PBS supplemented 

with protease inhibitor cocktail (Pierce Biotechnology).  Following lysis of the 
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cells, the lysate was incubated with streptavidin-linked agarose for 60 minutes at 

room temperature and the biotinylated protein eluted using 50 mM dithiothreitol in 

standard SDS-PAGE buffer.  The protein concentration was determined using a 

BCA assay (Pierce Biotechnology) following the manufacturer’s standard 

protocol. 

Western blotting was performed using a 12-well 4-20% gradient Tris-HCl 

polyacrylamide gel and was subsequently transferred to an Immobilon® 

polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA).  The 

membranes were incubated in 5% nonfat milk in Tris-buffered saline buffer with 

0.05% Tween (TBST) for 1 hour followed by incubation with 3 µg/mL of a mouse 

anti-human monoclonal URAT1 antibody (Abnova, Taipei, Taiwan) overnight at 

4°C.  The membranes were subsequently washed with TBST buffer and 

incubated with a 1:6000 dilution of a goat anti-mouse IgG horseradish 

peroxidase-coupled secondary antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) diluted in 5% nonfat milk in TBST buffer for 1 hour at room 

temperature.  After rinsing the membrane, protein detection was performed using 

ECL Plus® reagents (GE Healthcare, Piscataway, NJ, USA) following the 

standard protocol.  Blotting with a 1:1000 dilution of a Na+/K+ ATPase α-subunit 

antibody (US Biological, Swampscott, MA, USA) using the same membrane was 

performed in a similar fashion to normalize plasma membrane protein levels.  

Densitometry measurements were performed using Adobe Photoshop® CS4 

(Adobe Systems, San Jose, CA, USA), calculated as a ratio of URAT1 to the 
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98kDa Na+/K ATPase band and expressed as a percentage of URAT1 reference 

protein levels. 

Sequence Conservation 

Complete mammalian URAT1 protein sequences were downloaded from the 

ENSEMBL database (http://www.ensembl.org).  Conservation was assessed 

using nine sequences representative of human, gorilla, chimpanzee, and 

macaque, dog, cow, horse, mouse, and rat URAT1.  Multiple alignments of 

URAT1 were performed using MUSCLE 3.624 and visualized using the TEXshade 

package25.  The membrane topology diagram was generated using the human 

reference sequence and the TEXtopo package26.  Residues were divided into 

three groups: 1) “invariable” residues were identical among all species, 2) 

“conserved” residues were identical among the majority of species, and 3) 

“similar” residues were chemically similar in the majority of species.  All other 

residues were considered to be unconserved. 

Population Genetics and Haplotype Analysis 

Population genetic statistics, namely pi (π), a measure of nucleotide diversity, 

were calculated for numerous regions of SLC22A12 as previously described22, 27.  

Calculations of π were performed following the methods described by Tajima28.  

SLC22A12 haplotypes were created using Haploview 4.229 with PHASED 

genotypes derived from the PMT resequencing results.  Haplotype variants were 

selected based on a minor allele frequency of at least 1% in at least one ethnic 

group and their occurrence in Hardy-Weinberg equilibrium.  No nonsynonymous 
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variants of URAT1 were used due to their low frequency, existence as an indel, 

or absence from the PMT sample set.  The resulting haplotypes were only 

considered if they occurred at a frequency of at least 1% in at least one ethnic 

group. 

Statistics 

A one-way ANOVA test followed by a Dunnett’s post-hoc test was performed 

using Graphpad Prism 5.1 (Graphpad, La Jolla, CA, USA) to determine 

statistically significant differences in uptake or mRNA and protein expression.  

The kinetic values Km and Vmax were determined by non-linear regression 

analysis in Graphpad Prism 5.1 (Graphpad) after subtracting the background 

uptake present in the empty vector cell line at each concentration from the 

uptake in the URAT1 expressing cell lines.  Curves were fit to the Michaelis-

Menten equation V = Vmax [S]/(Km + [S]) where V is the rate of uptake, Vmax is the 

maximal uptake rate of the substrate, Km is the substrate concentration at half the 

Vmax, and [S] is the substrate concentration. 

 

Results 

SLC22A12 Variant Identification 

Variants of SLC22A12 were identified by resequencing DNA samples from 265 

healthy individuals representing four distinct ethnic groups as part of the Studies 

of Pharmacogenetics of Membrane Transporters (SOPHIE) project and by 
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searching the dbSNP database (http://www.ncbi.nlm.nih.gov/snp).  These efforts 

identified three novel nonsynonymous variants (I131V, W277R, and R342H), one 

novel nonsynonymous insertion variant (T542LysfX13, henceforth known as 

T542INS), and six synonymous variants (two novel and four previously identified) 

within the SOPHIE cohort.  An additional nonsynonymous variant (G65W) was 

identified as part of the HapMap project and was included for further study.  The 

specific features of these variants are detailed in Table 4.1.  All of the 

nonsynonymous variants, with the exception of W277R, occurred in the 

extracellular and intracellular loops of URAT1 with a distinct absence of protein-

altering variants in the predicted transmembrane regions as depicted in Figure 

4.1.  The W277R variant is predicted to occur at the interface of the 6th 

transmembrane domain and a large intracellular loop that follows it.  As shown in 

Table 4.2, all of the nonsynonymous variants of URAT1 found in the SOPHIE 

cohort were rare with I131V, W277R, and R342H identified as singletons in the 

African American (I131V and W277R) and Asian American (R342H) samples 

whereas the T542INS variant occurred at a frequency of 1.5% in the African 

American sample.  In contrast, the G65W variant was found at a frequency of 

3.7% in the Japanese arm of the HapMap project and was also present in the 

Han Chinese group at a frequency of 1.2%; the G65W variant was also found as 

a singleton in both the Caucasian and Yoruban groups making this variant an 

infrequent example of a completely pan-ethnic nonsynonymous variant that 

occurs in a SLC22 transporter30.  Within SOPHIE, no nonsynonymous variants 

were identified in samples from either Caucasians or Mexican Americans. 
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Conservation and Genetic Analysis of URAT1 

URAT1 is highly conserved among mammalian species; as depicted in Figure 

4.1, 87% of the residues of URAT1 are conserved to some degree among nine 

URAT1 mammalian orthologs and nearly 60% of residues are invariable across 

all species examined.  In primates, the percentage of invariable residues 

increases to nearly 99%.  Within the secondary structure of URAT1, distinct 

regions of strong conservation are found; the immediate N-terminal region up to 

the second transmembrane domain displays a high degree of conservation as 

does the seventh through tenth transmembrane domains.  The converse is also 

true with noticeable portions of URAT1 lacking strong conservation in the third 

through fifth transmembrane domain and in the C-terminal region.  The 

nonsynonymous variants of URAT1 were largely found at positions displaying a 

high degree of conservation with the I131V, W277R, and R342H variants in 

positions considered to be conserved or invariable in mammalian orthologs.  The 

G65W variant, which did not occur at an invariable or largely conserved position, 

did arise at a position with chemically similar amino acids in mammalian 

orthologs.  The T542INS variant was also found in a position that showed no 

conservation among the species examined. 

Evaluation of the selective pressures on SLC22A12 was performed using 

population genetic statistics, namely average heterozygosity (π) which is 

representative of the genetic diversity in a gene31.  SLC22A12 had π values 

consistent with that observed in other SLC transporters30, 32 although the values 

of πCoding (representing the nucleotide diversity of the coding regions) and πS 



    

Ta
bl

e 
4.

2:
 A

lle
le

 fr
eq

ue
nc

ie
s 

of
 S

LC
22

A
12

 n
on

sy
no

ny
m

ou
s 

va
ria

nt
s 

  
  

H
ap

M
ap

 M
A

F 
PM

T 
M

A
F 

ID
†  

Va
ria

nt
 

C
EU

 
n=

10
8 

C
H

B
 

n=
86

 
JP

T 
n=

82
 

YR
I 

n=
10

8 
A

A
 

n=
13

2 
C

A
 

n=
13

4 
A

S 
n=

13
4 

M
E 

n=
13

0 
rs

12
80

04
50

 
G

ly
65

Tr
p 

0.
00

9 
0.

01
2 

0.
03

7 
0.

00
9 

N
A

 
N

A
 

N
A

 
N

A
 

PM
T-

55
19

 
Ile

13
1V

al
 

N
A

 
N

A
 

N
A

 
N

A
 

0.
00

8 
0.

00
0 

0.
00

0 
0.

00
0 

PM
T-

55
45

 
Tr

p2
77

Ar
g 

N
A

 
N

A
 

N
A

 
N

A
 

0.
00

8 
0.

00
0 

0.
00

0 
0.

00
0 

PM
T-

55
39

 
Ar

g3
42

H
is

 
N

A
 

N
A

 
N

A
 

N
A

 
0.

00
0 

0.
00

0 
0.

00
8 

0.
00

0 
PM

T-
55

50
 

Th
r5

42
Ly

sf
X

13
 

N
A

 
N

A
 

N
A

 
N

A
 

0.
01

5 
0.

00
0 

0.
00

0 
0.

00
0 

†:
 i

nd
ic

at
es

 e
ith

er
 d

bS
N

P 
or

 P
ha

rm
ac

og
en

et
ic

s 
of

 M
em

br
an

e 
Tr

an
sp

or
te

rs
 (

PM
T)

 I
D

s.
  

N
A:

 N
ot

 
id

en
tif

ie
d 

in
 t

he
 r

es
pe

ct
iv

e 
se

qu
en

ci
ng

 p
ro

je
ct

; 
n:

 n
um

be
r 

of
 c

hr
om

os
om

es
; 

M
AF

: 
M

in
or

 A
lle

le
 

Fr
eq

ue
nc

y;
 C

A:
 C

au
ca

si
an

; 
AA

: 
Af

ric
an

 A
m

er
ic

an
; 

AS
: 

As
ia

n 
A

m
er

ic
an

; 
M

E:
 M

ex
ic

an
 A

m
er

ic
an

; 
C

H
B:

 H
an

 C
hi

ne
se

 fr
om

 B
ei

jin
g,

 C
hi

na
; C

E
U

: N
or

th
er

n 
an

d 
W

es
te

rn
 E

ur
op

ea
n 

an
ce

st
ry

 fr
om

 U
ta

h;
 

JP
T:

 J
ap

an
es

e 
fro

m
 T

ok
yo

, J
ap

an
; Y

R
I: 

Yo
ru

ba
n 

fro
m

 Ib
ad

an
, N

ig
er

ia
. 

Jim
Typewritten Text

Jim
Typewritten Text

Jim
Typewritten Text
103



104 
 

 

 

 Figure 4.1: Location of human nonsynonymous URAT1 variants and 
conservation of URAT1 among mammals.  Depiction of the predicted 
membrane topology of URAT1 showing the conservation of residues among 
nine mammalian species using color-based classification: purple residues are 
invariable, blue residues are conserved (the residue is identical in most, but not 
all, species), and magenta residues are chemically similar across the species 
but not conserved.  Sites of human nonsynonymous variants are enlarged and 
indicated with a corresponding label.  

 

(representing the nucleotide diversity of the synonymous variant sites) were both 

noticeably higher compared to any other member of the organic anion transporter 

(OAT) family (shown in Table 4.3) or any other transporter examined 

previously30.  Likewise, and consistent with the majority of SLC transporters, the 

πS value far exceeded the value of πNS (representing the nucleotide diversity of 

the nonsynonymous variant sites), which suggested that SLC22A12 is 

undergoing significant negative selection.  In fact, the πNS to πS ratio of 0.003 is 
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the lowest observed in any SLC transporter examined so far by an order of 

magnitude.  Of note, however, the πCoding value of 11.2 x 104 is higher than the 

majority of other SLC transporters and suggests that though under negative 

selection, the amount of nucleotide variability within the coding regions of 

SLC22A12 is substantial. 

Analysis of the haplotypes in multiple ethnic groups gave further indication of the 

extent of genetic variability with SLC22A12.  A total of 18 haplotypes that 

occurred at a frequency of at least 1% were identified and are shown in Figure 

4.2, which illustrates the observed haplotypes in African Americans, Asian 

Americans, Caucasians, and Mexican Americans in the SOPHIE project.  The 

haplotypes were ordered and numbered based on both the evolutionary 

relationships among them and the frequency at which they occurred and were 

determined for each ethnic group.  The low frequency of the nonsynonymous  

 

Table 4.3: Population genetic statistics for members of the OAT family 

Gene Protein πCoding ( x 104) πNS ( x 104) πS ( x 104) πNS : πS 
SLC22A6 OAT1 1.24 ± 1.67 0.37 ± 1.00 3.85 ± 5.79 0.096 
SLC22A7 OAT2 8.10 ± 5.58 0.64 ± 1.37 28.4 ± 19.9 0.023 
SLC22A8 OAT3 4.40 ± 3.66 0.77 ± 1.49 15.7 ± 13.7 0.049 

SLC22A11 OAT4 3.04 ± 2.86 1.27 ± 1.95 8.29 ± 9.05 0.153 
SLC22A12 URAT1 11.2 ± 7.36 0.11 ± 0.57 43.3 ± 28.4 0.003 
Values of π are shown as the mean ± SEM.  πCoding is the nucleotide 
diversity in the entire coding region of each gene, πNS is the nucleotide 
diversity at nonsynonymous sites and πS is the nucleotide diversity at 
synonymous sites. 
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variants of SLC22A12precluded their inclusion in the haplotype analysis.  

Numerous SLC22A12 haplotypes were observed with African Americans 

possessing the greatest number of unique haplotypes (7) as well as the greatest 

number of total haplotypes (12).  In particular both the *1 and *3 haplotypes 

occurred at a frequency of approximately 20% in African Americans while six 

haplotypes occurred at a frequency of 5% or less.  Caucasians had the fewest 

number of haplotypes (5) with the *1 haplotype being the most common 

haplotype in both the Caucasian and Mexican American samples (60% and 54% 

in Caucasian and Mexican American groups respectively).  The Caucasian and 

Asian American samples also possessed two unique haplotypes (*2A and *3D in 

Asian Americans and *3B and *3C in Caucasians) found only in their respective 

ethnic groups albeit with frequencies much lower in comparison to the 

predominant haplotypes.  In contrast to the other ethnic groups, the *3A and *2 

haplotypes were predominant in the Asian American ethnic group, accounting for 

more than 50% of the haplotypes in those subjects.  Interestingly, Mexican 

Americans shared two haplotypes with only one other ethnic group: the *3A 

haplotype with Asian Americans (where it is the predominant haplotype) and the 

*5 haplotype with African Americans. 

Effect of Nonsynonymous Variants of URAT1 on Uric Acid Uptake 

The functional effects of all five nonsynonymous variants of URAT1 were 

examined using uric acid uptake in stably transfected HEK-293 cells expressing 

either the reference or a variant form of URAT1.  Uptake after 2 minutes using 25  
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 Figure 4.2: Major haplotypes of SLC22A12 in four ethnic groups.  
Haplotypes in the exonic and flanking intronic regions of SLC22A12 in four 
distinct ethnic groups comprising the PMT project were determined.  Variants 
and haplotypes that occurred at frequencies of less than 1% were omitted.  
The most common haplotype sequence is shown for each ethnic group.  Grey 
boxes indicate the presence of the common allele whereas the white boxes 
indicate the base change that occurs at the variable position in the haplotype. 
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µM of radiolabeled uric acid resulted in an increase of intracellular uric acid in the 

reference cell line of 22.5 ± 4.4 fold compared to the empty vector transfected 

cells (0.121 ± 0.017 pmol/µg protein/min vs. 0.00599 ± 0.00163 pmol/µg 

protein/min; p value ≤ 0.001).  Simultaneous experiments with the variant cell 

lines showed considerable uptake of uric acid by all the variants without any 

 

 

 

 Figure 4.3: Characterization of uric acid uptake by nonsynonymous 
variants of URAT1.  Experiments were performed for 2 minutes at 37°C using 
25 µM radiolabeled uric acid.  All uptakes used stably transfected HEK-293 
Flp-In cells. Uptake values were normalized to total protein per well and 
expressed as a percentage of URAT1 reference uric acid uptake (0.121 ± 
0.017 pmol/µg protein/min). Each bar represents the mean uptake ± SEM of 
three independent experiments.*** and * indicate a p-value ≤ 0.001 and 0.05 
respectively, compared to reference URAT1 using a one-way ANOVA analysis 
and a Dunnett’s post-hoc test. 
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 Figure 4.4: Saturable uptake of uric acid in stably transfected HEK-Flp 
cells expressing URAT1 or its nonsynonymous variants.  Experiments 
were performed for 2 minutes at 37°C using 10 µM radiolabeled uric acid and 
unlabeled uric acid for the remainder. Uptake values were normalized to total 
protein per well and adjusted for the uptake of uric acid in empty vector 
transfected cells.  Curves were generated using non-linear regression with 
automatic removal of outliers in Graphpad Prism 5.1.  Kinetic parameters are 
shown in Table 4.4. 

 

complete loss of function phenotype.  However, all the nonsynonymous variants 

demonstrated a slight, but not significant decrease in uric acid uptake with the 

exception of the T542INS variant, which resulted in a statistically significant (p 

value ≤ 0.05) reduction in uric acid uptake compared to the uptake in the URAT1 

reference expressing cell line as shown in Figure 4.3. 
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The kinetic parameters of uric acid interaction with each of the URAT1 variant 

transporters, as displayed in Figure 4.4, indicated differences compared to the 

reference.  As summarized in Table 4.4, the URAT1 reference cells produced a 

Km value for uric acid of approximately 300 µM which is close to the established 

literature value13.  Two variants, G65W and T542INS, resulted in significantly 

lower Km values for uric acid in comparison to the URAT1 reference (83.7 ± 29.8 

and 78.2 ± 19.2 µM respectively; p value ≤ 0.01) whereas the Km value of the 

W277R variant transporter was lower than the reference value but the difference 

was not significant.  The remaining variants resulted in Km values comparable to 

the reference value.  Additionally, the Vmax value for each of the nonsynonymous 

URAT1 variant transporters was significantly lower than that of the reference 

(4.08 ± 0.338 pmol/µg protein/min) with a reduction of at least 45% in all the 

variants; the T542INS variant had the lowest Vmax with a nearly 80% reduction.  

Normalization of the Vmax values to the plasma membrane protein level 

determined using Western blotting produced values for Vmax closer to the 

reference value of 3.84 ± 0.319 pmol/µg protein/min, although the values of the 

G65W and T542INS variants were still significantly reduced compared to the 

reference value (1.37 ± 0.155 pmol/µg protein/min and 2.22 ± 0.570 pmol/µg 

protein/min respectively; p value ≤ 0.01).  When the ratios of normalized Vmax to 

Km (a surrogate assessment of transport efficiency) were compared, however, 

only the T542INS variant demonstrated significantly altered transport efficiency 

compared to the reference ratio (28.3 ± 0.339 pmol/mg protein/min/µM 
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versus12.6 ± 0.580 pmol/mg protein/min/µM respectively; p value ≤ 0.01).  These 

results are also summarized in Table 4.4. 

Effect of URAT1 Nonsynonymous Variants on mRNA and Protein Expression 

Quantitative reverse transcriptase PCR (qRT-PCR) and Western blots were used 

to assess the molecular effects of nonsynonymous variants on 

SLC22A12expression thus providing potential mechanistic explanations behind 

the observed decrease in uric acid uptake observed in each of the variants.  

mRNA expression levels of SLC22A12 in the reference and variant cell lines 

verified that it was transcribed at a high level in all cell lines with approximately 

500-fold higher SLC22A12 expression in the reference cell line than in the empty 

vector transfected cell line.  As shown in Figure 4.5, the mRNA levels of all of the 

variants of SLC22A12 were similar to the reference expression levels with the 

exception of the R342H variant which was expressed at nearly 150% of the 

reference.  However, this difference was not statistically significant and did not 

appear to correspond to higher levels of the R342H variant protein reaching the 

plasma membrane. 

URAT1 protein levels, assessed using Western blotting of biotinylated surface 

protein, indicated that plasma membrane protein levels of URAT1 were largely 

decreased among all the variants.  As revealed in Figure 4.6A, band intensities of 

URAT1 were decreased in the cell lines expressing all of the nonsynonymous 

variant URAT1 transporters, except for the G65W variant.  When representative 
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 Figure 4.5: mRNA expression levels of SLC22A12 and its 
nonsynonymous variants in stably transfected HEK-293-Flp cells.  cDNA 
was synthesized from total RNA extracted from each cell line and used to 
determine mRNA levels SLC22A12 and each of its nonsynonymous variants 
using quantitative real-time PCR with a Taqman® assay specific to SLC22A12.  
Expression levels were normalized to endogenous expression of GAPDH and 
are shown as a percentage of reference SLC22A12 mRNA expression.  Bars 
represent the mean ± SEM from three independent experiments. 
 
 

blots were quantified using densitometry and normalized to endogenous levels of 

the α-subunit of the Na+/K+ ATPase present at approximately 98kDa, the levels of 

URAT1 on the plasma membrane in the variant cell lines were reduced between 

40% and 70% with the T542INS variant showing the greatest and only 

statistically significant decrease (Figure 4.6B).  Unlike the other rare variants, the 

more common G65W variant showed no significant change in plasma membrane 

URAT1 levels compared to the plasma  
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A 

 

B 

 

 Figure 4.6: Levels of plasma membrane protein in HEK-293 cells 
expressing URAT1 or its nonsynonymous variants.  A) Representative 
Western blots of plasma membrane protein isolated via biotinylation, 
separated using SDS-PAGE, and probed with an antibody specific to URAT1.  
The same membrane was stripped and reprobed with an antibody specific to 
the α-subunit of Na+/K+ ATPase.  B) Levels of URAT1 and the α-subunit of 
Na+/K+ ATPase found on the plasma membrane were quantified using 
densitometry, normalized to the approximately 98kDa band of Na+/K+ ATPase 
in each lane, and expressed as a percentage of the amount of URAT1 
present in the reference cell line using two separate protein measurements.  * 
indicates p value ≤ 0.05 compared to reference. 
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membrane level of URAT1 in the reference cell line.  Blots using total protein 

extracted from each cell line produced similar results (data not shown). 

 

Discussion 

Uric acid is a significant small molecule in human health and physiology and the 

maintenance of appropriate levels in the blood is of considerable importance.  

The development of a number of health conditions and the predisposition to a 

wide array of ailments has brought increasing attention to what genetic factors 

modulate uric acid levels and how changes in these levels can manifest 

themselves in otherwise healthy individuals.  The importance of URAT1 in this 

process has been previously recognized with a substantial amount of evidence 

pointing to genetic variants of SLC22A12 being the primary causal factor behind 

the development of hypouricemia in the Japanese and Korean populaces11-13, 33 

as well as being the primary target for several pharmacological agents used in 

the treatment of hyperuricemia, most prominently uricosuric agents such as 

probenecid13.  This study expands on the current knowledge of URAT1 

specifically through the characterization of nonsynonymous variants of URAT1 

that occur in healthy individuals from multiple ethnic groups, thus increasing the 

understanding of how uric acid levels may be modulated in those not presenting 

with obvious cases of uricemia. 

SLC22A12 is a highly conserved gene within human populations, reflecting its 

important role in uric acid homeostasis.  This is evident by the fact that this study 
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identified only four previously unknown nonsynonymous variants in the gene with 

only a single previously identified variant, G65W, occurring at an allele frequency 

greater than 2%.  The identification of only a few rare nonsynonymous variants in 

URAT1 in healthy populations is in agreement with previous studies in healthy 

control Japanese populations, which failed to identify any nonsynonymous 

variants in URAT111, 12.  The extent of the coding region conservation is further 

exemplified by the values of average heterozygosity (π) calculated in SLC22A12.  

The πNS to πS ratio of 0.003 was the lowest identified in multiple evaluations of 

SLC22 transporters and is indicative of a protein that performs a critical function 

and does not readily tolerate detrimental variants30, 32.  Furthermore and prior to 

this study, the only nonsynonymous variants of URAT1 characterized were in 

confirmed hypouricemic individuals where the decrease in URAT1 function is 

readily apparent11.  Paradoxically, a large number of haplotypes were identified in 

four ethnic groups with distinct haplotypes associated with each group, belying 

the incredibly conserved nature of the protein.  These observations are not 

necessarily mutually exclusive given the fact that the SLC22A12 haplotypes are 

largely derived from synonymous and intronic variants and further substantiates 

the effect of purifying selection on SLC22A12: a very diverse set of haplotypes 

without a corresponding diverse set of protein-altering variants. 

In contrast to the majority of URAT1 nonsynonymous variants identified in 

hypouricemic individuals, which clearly exhibited a near total loss of uric acid 

uptake11-13, the URAT1 variants in this study retained some uric acid uptake 

function.  The hallmarks of all the hypomorphic variants in this study are 
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significant changes in the kinetic properties Km and Vmax related to uric acid 

uptake.  Likewise, the majority of these variants resulted in noticeably lower 

levels of URAT1 protein on the plasma membrane while the mRNA levels 

remained largely unchanged implying that much of the reduced uric acid uptake 

may be the result of a reduction in the amount of URAT1 expressed on the cell 

surface.  Though not investigated in this study, reduced surface levels of URAT1 

may be due to errors in trafficking of the transporter. 

The T542INS variant, which resulted in the most extreme reduction in URAT1 

function, is noteworthy as it resulted in the change of a threonine residue to a 

lysine as well as the replacement of the C-terminus of URAT1 with 13 different 

amino acids before the occurrence of an alternate stop codon.  To date, 

frameshift mutations that have been characterized in other SLC22 transporters 

rarely result in proteins with any observable function30.  In URAT1 and the closely 

related paralog OAT4, the extreme C-terminal region contains a PDZ binding 

domain, which plays a role in the expression of these transporters on the plasma 

membrane.  In particular, loss of this domain resulted in a marked reduction in 

protein on the plasma membrane and resulting functional capacity34, 35.  Thus this 

variant represents a naturally occurring form of these same synthetic variants 

and likely interacts with little to no affinity with PDZ domain-containing scaffold 

proteins.  This mechanism provides a potential explanation for the observed 

decrease in function and is supported by the observed decrease in URAT1 

surface protein as seen in Figure 4.6. 
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The most frequent variant examined in the present study, G65W, produced a 

similar although less drastic reduction in uric acid uptake.  The G65W variant had 

a slightly decreased ability to transport uric acid and possessed significantly 

lower Km and Vmax values.  The level of plasma membrane protein measured in 

the G65W variant cells was similar to the reference suggesting that this variant 

alters a region that is not important for surface expression of URAT1, but that 

does alter its interaction with uric acid.  Variants in the large extracellular loop of 

related SLC transporters frequently result in a reduction of functional capacity 

similar to the G65W variant of URAT130.  Considering the highly conserved 

nature of URAT1, the retention of the majority of uric acid uptake activity in the 

G65W variant likely allowed for the highest allele frequency observed in the 

nonsynonymous variants identified in this study as well as its occurrence in all of 

the major ethnic groups examined.   

The assessment of the genetic variation of URAT1 is important due to the 

implications of uric acid levels in a wide variety of conditions affecting human 

health including multiple sclerosis, metabolic syndrome, heart disease, and gout 

among others3, 8, 9, 17.  While it has been definitively shown that loss of function 

variants in URAT1 can result in hypouricemia, the impact of less severe variants 

requires further examination.  This study provided an assessment of the degree 

of URAT1 conservation among multiple ethnic groups and characterized the 

functional consequences of variants that occurred in healthy individuals.  While 

the majority of these variants occurred at an exceedingly low frequency, thus 

limiting the ability to study them in human subjects, those examined displayed an 
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appreciable decrease, but not a total loss, in function.  Advancing these findings 

to a clinical setting may reveal important genetic factors controlling uric acid 

levels in healthy human populations and predisposition to diseases influenced by 

uric acid levels. 
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Chapter 5 

Genetic and Functional Divergence Between the Apical Renal 

Organic Anion Transporters OAT4 and URAT1 

Introduction 

Homeostasis of critical endogenous metabolites and micronutrients as well as 

the clearance of many therapeutic drugs is regulated to a considerable degree 

through reabsorptive processes that occur in the kidney.  It has been estimated 

that 99% of the solutes present in the filtered volume resulting from glomerular 

filtration is eventually reabsorbed to some extent; this includes solutes such as 

sodium, calcium, phosphates and sulfates, amino acids, glucose, and uric acid 

as well as variety of drugs such as antivirals, peptidomimetics, and antibiotics1.  

The majority of these filtrate constituents are subject to reabsorption by passive 

or active transport mechanisms mediated by membrane transporters.  Among 

these transporters, renally expressed members of the Solute Carrier (SLC) family 

of transporters include those that transport carnitine2, uric acid3, glucose4, lactic 

acid5, free inorganic sulfate6, and free inorganic phosphate7 among many others.  

The importance of these transporters in maintaining the appropriate physiological 

levels of metabolites and micronutrients is exemplified by deficiencies that 

develop when detrimental SNPs are found in the transporters responsible for 

their uptake in the kidney3, 6-9.  Furthermore, some studies have suggested that 

many reabsorptive processes in the kidney involve redundant transporters, such 

as those implicated in the transport of glucose10, 11, and that these systems 
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oftentimes involve evolutionarily related genes that arose through processes of 

gene duplication. 

In the renal proximal tubules, members of the organic anion transporter (OAT) 

family within the greater SLC22 family play a significant role in the excretion and 

reabsorption of a multitude of xenobiotics and endogenous small molecules.  

Recent studies have demonstrated that SLC22 transporters, and OATs in 

particular, followed a unique evolutionary path in mammals and are believed to 

have arisen from multiple gene duplication events, resulting in numerous sub-

families of genes with many commonalities at the genomic and functional 

levels12, 13.  Functional assessments of these transporters have also shown that 

conserved pairs of genes have similar functional characteristics10, 14, 15, however, 

it remains to be determined if these sets of transporters truly evolved incidentally 

as redundant mechanisms for the reabsorption of multiple constituents of the 

urine or if they perform similar, yet distinct roles in the kidney in support of 

separate physiological processes in spite of a closely linked evolutionary history. 

Of the OATs found in the human genome, only OAT4 (SLC22A11) and URAT1 

(SLC22A12) are predominantly expressed on the apical membrane of renal 

proximal tubule cells, which makes these transporters particularly relevant when 

considering renal reabsorption of small organic anions.  It has been postulated 

that this apical pair of transporters, along with the basolateral OAT1 (SLC22A6) 

and OAT3 (SLC22A8) pair comprise a major route of anion reabsorption and 

excretion in the kidney16.  OAT4 and URAT1 occur in tandem on human 

chromosome 11 and share the greatest level of amino acid identity among all of 
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the chromosomally paired OATs, a consequence of their recent and shared 

evolutionary history.  While these two transporters share certain functional 

properties such as Na+ independent transport and inhibition by traditional OAT 

inhibitors such as probenecid and bumetanide, the acute differences in substrate 

preference observed thus far suggest that their innate functional roles in the 

kidney have likely diverged substantially3, 17, 18.  In particular, URAT1 possesses 

a strong preference for uric acid3, the end product of purine catabolism in 

primates, with minimal to no interaction observed with steroid sulfate conjugates.  

In contrast, OAT4, while capable of transporting uric acid with low affinity, has 

shown a strong preference for sulfated steroid conjugates18.Additionally, while 

the physiological impact of loss-of-function mutations in URAT1 are quite 

apparent, most often resulting in extreme hypouricemia3, 19, no human disease 

associated with SNPs in OAT4 has been reported in the literature to this point, in 

spite of the higher frequency of nonsynonymous SNPs in OAT4found in several 

populations compared to URAT120, 21.  Taken together, these differences are 

indicative of an evolutionary history predicated on increasing specialization and 

substrate selectivity with divergent functional roles. 

Using phylogenetic analysis, comparative genomics, and cell uptake studies, the 

current study clarifies the evolutionary history and functional specialization of 

these two transporters and the OAT family as a whole and better defines the 

increased specialization occurring during the evolution of the OAT family of 

transporters in mammals.  Determination of the increasing functional 

specialization of OAT4 and URAT1, and in the context of the remaining members 
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of the other members of the OAT family, is significant as their high expression in 

the kidney provides a ready route of reabsorption that can significantly impact the 

renal elimination of drugs and toxins.  Likewise, a more detailed evaluation of the 

evolution of and functional differences between these two transporters would 

undoubtedly provide insight into possible endogenous metabolite salvage 

pathways in the kidney as well as better inform the evolution of renal function in 

mammals. 

 

Materials and Methods 

Reagents 

Radiolabeled [3H]-estrone sulfate and [3H]-dehydroepiandrosterone sulfate were 

purchased from Perkin-Elmer Life Sciences (Waltham, MA, USA).  Radiolabeled 

[3H]-adenine, [3H]-adenosine, [3H]-AMP, [3H]-cAMP, [3H]-guanine, [3H]-

guanosine, [3H]-allopurinol, [3H]-hypoxanthine, [3H]-inosine, [3H]-adefovir, and 

[14C]-uric acid were purchased from Moravek (Brea, CA, USA).  Radiolabeled 

[3H]-ADP was purchased from American Radiolabeled Chemicals (St. Louis, MO, 

USA).  All unlabeled chemicals were purchased from Sigma (St. Louis, MO, 

USA).  All cell culture media and reagents were purchased from the University of 

California, San Francisco Cell Culture Facility (San Francisco, CA, USA). 
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Evolutionary and genomic analysis 

All full-length mammalian and D. melanogaster SLC22 transporter protein 

sequences from completely sequenced genomes were downloaded from the 

Ensembl database (http://www.ensembl.org); incomplete sequences or those 

with unclear identity were omitted.  Alignments of all validated mammalian 

organic anion transporters (SLC22A6, SLC22A7, SLC22A8, SLC22A9, 

SLC22A10, SLC22A11, SLC22A12, SLC22A13, SLC22A20 and their orthologs) 

were performed using MUSCLE 3.622 and were manually adjusted as necessary.  

A total of 11 species (H. sapiens, B. taurus, C. familiaris, E. caballus, P. 

troglodytes, M. mulatta, M. musculus, R. norvegicus, S. scrufus, M. domestica, 

and A. melanoleuca) and 77 representative OAT protein sequences were used 

and an additional D. melanogasterSLC22-like sequence (CG3790) was used to 

root the phylograms.  Evolutionary evaluation of OATs was performed using 

phylograms generated from two distinct methods: boot-strapped maximum 

likelihood using FastTree 2.123 and Bayesian inference using MrBayes 3.124.   

The maximum likelihood phylogram used 1000 bootstrap replicates generated 

using SEQBOOT and a consensus tree was generated using CONSENSE, both 

part of the PHYLIP package25.  The default FastTree settings were employed 

including those designed for more accuracy as detailed on the authors’ website 

(http://www.microbesonline.org/fasttree/).  The Bayesian inference phylogram 

was generated using mixed amino acid models with 4 independent runs using 4 

chains with 1.5 million generations sampled every 1000 generations.  After 

convergence, 25% of the samples were discarded as “burn-in.”  Phylograms 
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were visualized using Treeview 1.6.226.  Representations of multiple alignments 

were generated using the TEXshade package27.  Comparisons of related OATs 

and searches of species-specific genomes were performed using protein 

databases of NCBI (http://www.ncbi.nlm.nih.gov) and Ensembl 

(http://www.ensembl.org) using the BlastP method. 

Measures of gene conservation based on the rate of non-synonymous (dN) and 

synonymous (dS) changes was performed using a maximum likelihood approach 

with a codon-based substitution model in PAML 4.4c28.  The dN/dS ratio is a 

measure of selective actions on a protein, with dN/dS> 1 signifying positive 

selection, dN/dS< 1 negative selection, and dN/dS = 1 neutral selection based on 

the occurrence of synonymous and non-synonymous sites in the coding regions 

of related genes.  The ratio was determined using the codeml package in PAML.  

Codon alignments used for this analysis were generated using the PAL2NAL 

server29 based on protein alignments generated as described for phylogram 

generation. 

Measures of amino acid similarity and identity were calculated using MatGat 

2.030 using a BLOSUM62 matrix based on alignments using MUSCLE 3.6.  

Transmembrane regions were predicted using the PRODIV-TMHMM algorithm31 

as implemented on the TOPCONS server (http://topcons.cbr.su.se/index.php). 

Real-time PCR expression profiling 

Total RNA from 10 normal adult human tissues (whole brain, kidney, colon, small 

intestine, prostate, liver, uterus, placenta, testis, epididymis, and ovary) was 
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purchased from Clontech (Mountain View, CA, USA).  Total RNA from normal 

epididymal tissue was purchased from Cytomyx (Lexington, MA, USA).  cDNA 

was synthesized using Superscript® III (Invitrogen, Carlsbad, CA, USA) with 

oligo-dT primers following the manufacturer’s standard protocol.  Quantitative 

reverse-transcriptase PCR was performed using Taqman® chemistries with 

probes specific to each transporter purchased from Applied Biosystems (Foster 

City, CA, USA).  Reactions were performed in 384 well plates in 10 µL total 

volume (2 µL diluted cDNA, 0.5 µL Taqman® probe, 5 µL Fast Universal PCR 

Master Mix, 2.5 µL sterile water) and quantified using a standard curve 

established using serial dilutions of cDNA containing expression vectors for 

OAT4 and URAT1.  Each sample was measured in triplicate and was normalized 

to GAPDH levels, which were approximately equal in all samples used in this 

study.  The results are expressed as the absolute number of copies of mRNA per 

microgram of total RNA. 

Uptake studies 

Stable HEK-293 cell lines expressing the reference forms of human OAT4 and 

URAT1 or transfected with pcDNA5/FRT alone (empty vector; EV) were 

developed as described elsewhere20 and in a similar fashion to methods 

described previously32.  Cells were maintained in a humidified 37° C incubator 

with 5% CO2 in Dulbecco’s-modified Eagle’s medium (DMEM) H-21 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 

streptomycin, and 100 µg/mL hygromycin B.  All uptake and inhibition studies 

were performed 24-36 hours after cell seeding using chloride-free uptake buffer 
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(125 mM sodium gluconate, 4.8 mM potassium gluconate, 1.2 mM K2HPO4, 1.2 

mM MgSO4, 1.3 mM calcium gluconate, and 25 mM HEPES/Tris; pH ≈ 7.4) at 

37° C in 24 or 48 well poly-D-lysine coated cell culture plates (BD Biosciences, 

San Jose, CA, USA) for 2 minutes.  Briefly, cells were initially washed with warm 

chloride-free uptake buffer for 5 minutes.  The buffer was removed and replaced 

with uptake buffer containing either 20 nM [3H]-estrone sulfate or [3H]-DHEAS, 10 

µM [14C]-uric acid, 70 nM [3H]-AMP, 50 nM [3H]-ADP, or 40 nM of the 

radiolabeled purine-based compounds as indicated in the figures and figure 

legends.  Following incubation with the radiolabeled test compounds, the cells 

were washed three times with ice-cold choline buffer (128 mM choline chloride, 

4.73 mM KCl, 1.25 mM MgSO4, 1.25 mM CaCl2, and 5 mM HEPES/Tris; pH ≈ 

7.4), the residual buffer was aspirated, and warm lysis buffer (0.1% SDS/0.1 N 

NaOH) was added to each well.  The cells were incubated for a minimum of 45 

minutes with shaking at room temperature prior to determination of the cellular 

uptake by liquid scintillation counting.  Cellular uptake experiments using purine-

based compounds was performed with inhibition of equilibrative nucleoside 

transporters (ENT) by co-incubation of the radiolabeled compound with 10 µM 6-

S-[(4-nitrophenyl)methyl]-6-thioinosine (NBMPR), a selective ENT inhibitor.   

Inhibition studies were performed similarly using either 20 nM radiolabeled 

estrone sulfate (OAT4) or 10 µM radiolabeled uric acid (URAT1) in the presence 

of 0.5 mM or 1.0 mM of unlabeled inhibitor for 5 minutes in 48 well poly-D-lysine 

coated cell culture plates (BD Biosciences); spironolactone and mifepristone 

inhibition was performed using 50 µM and 100 µM concentrations due to their 
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insolubility in uptake buffer at concentrations of 0.5 mM and above.  Inhibition of 

URAT1 uptake of [3H]-AMP and [3H]-ADP was achieved by co-incubation with 

500 µM of unlabeled uric acid. 

Kinetic studies of AMP and ADP uptake by URAT1 were performed similarly 

using supplemental amounts of unlabeled compound in the uptake buffer to 

produce the final concentration of substrate as indicated in the respective figures.  

Kinetic parameters, specifically Km and Vmax, were determined using non-linear 

regression with Graphpad Prism 5.1 (Graphpad) after subtracting the observed 

uptake in the empty vector cell line at each concentration from the uptake in the 

URAT1 cell line.  Curves were fit to the Michaelis-Menten equation V = Vmax 

[S]/(Km+ [S]) where V is the rate of uptake, Vmax is the maximal uptake rate of the 

substrate, Km is the substrate concentration at half the Vmax, and [S] is the 

substrate concentration. 

All uptake levels were normalized to the total protein in each well as determined 

using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA) and all 

experiments were performed on three separate occasions.  Experiments were 

performed in the linear range of uptake for both uric acid (URAT1) and estrone 

sulfate (OAT4) (data not shown).  Statistically significant differences were 

evaluated using Graphpad Prism 5.1 (Graphpad, La Jolla, CA, USA) utilizing a 

one-way ANOVA followed by a Dunnett’s post-hoc test with a false discovery rate 

of 0.05. 
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Results 

Phylogenetic analysis of organic anion transporters in mammals 

The evolutionary relationship between OAT4 and URAT1 has been surmised 

from their prominent sequence similarity and tandem chromosomal location13, but 

the circumstances of their evolution remained indeterminate.  The maximum 

likelihood phylogram based on a multiple sequence alignment of experimentally 

verified OATs is shown in Figure 5.1.  An additional phylogram generated using 

Bayesian inference techniques in MrBayes produced nearly identical results and 

were largely in agreement with the predicted evolution of mammalian OATs, with 

the lone exception being the ordering of the OAT5 and OAT7 divergence.  The 

phylogram results suggest that the unpaired OATs OAT10 (SLC22A13) and 

OAT2 (SLC22A7) appeared early in animal evolution with OAT10 predicted to be 

the most ancestral of the two.  Based on the phylograms, two distinct lineages 

emerged thereafter with OAT6 (SLC22A20)and the OAT1 (SLC22A6) and OAT3 

(SLC22A8) genomic pair forming one branch of the OAT family and OAT4 

(SLC22A11), URAT1 (SLC22A12), OAT5 (SLC22A10), and OAT7 (SLC22A9) 

forming another distinct branch.  OAT5 and OAT7 also appear to be a branch of 

the URAT1 lineage and are the most recently diverged set of OATs identified in 

this analysis.  Many of the more recent OAT homologs appear to be specific to 

the placental mammals and have likely been under some selective pressure as 

they are not definitively identifiable in all mammalian genomes.  Searches of 

public databases and comparisons of OATs using BlastP resulted in groupings of 
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 Figure 5.1: Evolutionary relationships between members of the organic 
anion transporter (OAT) family.  Phylogram was generated using a multiple 
alignment of 77 full-length protein sequences from 11 completely sequenced 
mammalian genomes using maximum likelihood methods as implemented in 
FastTree.  An additional OAT-like D. melanogaster ortholog was used as an 
outgroup.  Black squares represent nodes of divergence between OAT 
members.  Numbers adjacent to each node represent bootstrap values.  
Species abbreviations: Ap, A. melanoleuca; Bt, B. taurus; Cf, C. familiaris; Dm, 
D. melanogaster; Ec, E. caballus; Hs, H. sapiens; Mam, M. mulatta; Md, M. 
domestica; Mm, M. musculus; Pt, P. troglodytes; Rn, R. norvegicus; Ss, S. 
scrofus. 
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OATs into three major sets: an ancestral set comprised of unpaired OATs found 

in most vertebrate lineages (OAT10 and OAT2), a secondary expansion of OATs 

found in placental mammals and marsupials as well as some lower vertebrate 

species (OAT1, OAT3, and OAT6), and a tertiary group of OATs resulting from 

species-specific gene duplications found largely in placental mammals (OAT4, 

URAT1, OAT5, and OAT7).  Of note, URAT1 orthologs or potential orthologs 

were identified in opossum and platypus genomes.   This suggests that while the 

bulk of OAT expansion in this tertiary branch occurred around the divergence of 

eutherian and prototherian mammals approximately 220 million years ago, a 

number of specific selective pressures resulted in the retention of URAT1 and the 

presumed loss of OAT4.  Furthermore, OAT4, predicted to be the ancestral OAT 

in this group, is absent from numerous mammalian genomes suggesting that its 

function is specific to the species that still have an intact version in their genome.   

Alternatively, incomplete genome assemblies or highly divergent sequences may 

result in inaccurate assessment of orthologous OAT sequences in these species 

using simple Blast-based techniques.  These results are depicted in Figure 5.2. 

Selective pressures on orthologs in the OAT family 

Comparisons of the full-length amino acid sequences of primate OAT4 and 

URAT1, as shown in Figure 5.3, found that approximately 50% of the residues 

were completely conserved and 67% were similar between the two transporters.  

A number of areas of sequence divergence were observed in specific secondary 

structural elements however.  Notably, the large extracellular loop domain 
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 Figure 5.2: Species-specific OAT evolution.  Presence of orthologous 
OATs in animal species was determined using protein databases in NCBI 
and Ensembl using the BlastP algorithm.  The left dendogram depicts a 
species tree representative of the major vertebrate clades while the top 
dendogram is a reproduction of the maximum likelihood phylogram as shown 
in Figure 5.1.  Gray boxes indicate presence of a definitive OAT ortholog, 
white boxes a distinct absence of an OAT ortholog, and the mixed boxes 
represent a potential, but inconclusive, ortholog. 
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between the first and second transmembrane helices, common to all SLC22 

transporters, was highly conserved with 77% of the residues identical and 85% 

similar.  This is in contrast to the sum loop region conserved residues which 

occurred at only 55% identical and 67% similar.  Additionally, the predicted 

transmembrane domains (TMDs) throughout the proteins were noticeably less 

conserved with only 43% of residues completely conserved and only 56% 

displaying similarity.  The lack of conservation in the TMDs was observed equally 

throughout all 12 regions with no more than 55% of the residues being conserved 

in any membrane-spanning helix.  No significant differences were observed in 

specific species comparisons.  These results are summarized in Table 5.1.  In 

contrast, comparisons of these regions within orthologous OAT4 and URAT1 

sequences found very high levels of sequence identity (greater than 90%) in all 

three regions among all four primate species examined, as indicated in Table 

5.2. 

Based on the dN/dS ratios calculated using the maximum likelihood methods 

implemented in PAML, a number of departures from the neutral model of 

evolution can be observed as indicated in Table 5.3.  Specifically, when the 

human coding sequences were compared to the equivalent regions of canine 

orthologs the average dN/dS ratio of the OATs as a whole was 0.367.  The dN/dS 

ratios of OAT1, OAT4, URAT1, and OAT6 all showed much stronger levels of  

purifying selection (dN/dS ratios of 0.079, 0.209, 0.169, and 0.114 respectively) 

compared to the entire OAT family.  The very low ratio for OAT1 was particularly 

striking suggesting a conserved and important function of this transporter among 



  

Ta
bl

e 
5.

1:
 C

om
pa

ris
on

 o
f p

ar
al

og
ou

s 
to

po
lo

gi
ca

l r
eg

io
ns

 in
 p

rim
at

e 
O

A
T4

 a
nd

 U
R

A
T1

 

%
 Id

en
tit

y 
 

O
A

T4
/O

at
4 

 
%

 S
im

ila
rit

y 
 

O
A

T4
/O

at
4 

TM
D

 
 

H
s 

Pt
 

Pp
 

G
g 

 
TM

D
 

 
H

s 
Pt

 
Pp

 
G

g 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

41
.3

 
41

.3
 

40
.7

 
41

.3
 

 
U

R
A

T1
/ 

U
ra

t1
 

H
s 

56
.3

 
56

.3
 

56
.1

 
56

.3
 

Pt
 

41
.3

 
41

.3
 

40
.7

 
41

.3
 

 
Pt

 
56

.3
 

56
.3

 
56

.1
 

56
.3

 
Pp

 
41

.3
 

41
.3

 
40

.7
 

41
.3

 
 

Pp
 

56
.3

 
56

.3
 

56
.1

 
56

.3
 

G
g 

41
.3

 
41

.3
 

40
.7

 
41

.3
 

 
G

g 
56

.3
 

56
.3

 
56

.1
 

56
.3

 
EC

 
 

 
 

 
 

 
EC

 
 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

66
.7

 
66

.7
 

67
.4

 
61

.4
 

 
U

R
A

T1
/ 

U
ra

t1
 

H
s 

79
.5

 
78

.8
 

78
.8

 
75

.8
 

Pt
 

65
.9

 
65

.9
 

66
.7

 
60

.6
 

 
Pt

 
78

.8
 

78
.8

 
78

.8
 

75
.8

 
Pp

 
66

.7
 

66
.7

 
67

.4
 

61
.4

 
 

Pp
 

78
.0

 
78

.0
 

78
.0

 
75

.0
 

G
g 

65
.9

 
65

.9
 

66
.7

 
61

.4
 

 
G

g 
78

.8
 

78
.8

 
78

.8
 

75
.8

 
IC

 
 

 
 

 
 

 
IC

 
 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

49
.4

 
50

.0
 

47
.2

 
49

.4
 

 
U

R
A

T1
/ 

U
ra

t1
 

H
s 

66
.9

 
66

.9
 

65
.3

 
66

.9
 

Pt
 

48
.9

 
49

.4
 

46
.6

 
48

.9
 

 
Pt

 
66

.9
 

66
.9

 
65

.3
 

66
.9

 
Pp

 
49

.4
 

50
.0

 
47

.2
 

49
.4

 
 

Pp
 

67
.4

 
67

.4
 

65
.9

 
67

.4
 

G
g 

49
.4

 
50

.0
 

47
.2

 
49

.4
 

 
G

g 
67

.4
 

67
.4

 
65

.9
 

67
.4

 
To

ta
l 

 
 

 
 

 
 

To
ta

l 
 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

51
.8

 
51

.4
 

52
.0

 
51

.6
 

 
U

R
A

T1
/ 

U
ra

t1
 

H
s 

68
.2

 
68

.0
 

66
.9

 
67

.3
 

Pt
 

52
.0

 
51

.6
 

52
.2

 
51

.8
 

 
Pt

 
67

.8
 

67
.8

 
66

.7
 

67
.1

 
Pp

 
51

.3
 

50
.9

 
51

.4
 

51
.1

 
 

Pp
 

68
.0

 
68

.0
 

66
.9

 
67

.3
 

G
g 

50
.5

 
50

.2
 

50
.7

 
50

.5
 

 
G

g 
68

.0
 

68
.0

 
66

.9
 

67
.3

 
Pe

rc
en

t i
de

nt
ity

 a
nd

 s
im

ila
rit

y 
of

 O
AT

4 
an

d 
U

R
AT

1 
pa

ra
lo

gs
 fr

om
 H

. s
ap

ie
ns

 (
H

s)
, P

. t
ro

gl
od

yt
es

 (
P

t),
 

P
. 

py
gm

ae
us

 (
Pp

),a
nd

 G
. 

go
ril

la
 (

G
g)

. 
 T

M
D

: 
tra

ns
m

em
br

an
e 

do
m

ai
n;

 E
C

: 
ex

tra
ce

llu
la

r 
re

gi
on

s;
 I

C
: 

in
tra

ce
llu

la
r r

eg
io

ns
. 

 

Jim
Typewritten Text

Jim
Typewritten Text
137

Jim
Typewritten Text



  

Ta
bl

e 
5.

2:
 C

om
pa

ris
on

 o
f o

rt
ho

lo
go

us
 to

po
lo

gi
ca

l r
eg

io
ns

 in
 p

rim
at

e 
O

A
T4

 a
nd

 U
R

A
T1

 

%
 Id

en
tit

y 
 

O
A

T4
/O

at
4 

 
%

 Id
en

tit
y 

 
U

R
A

T1
/U

ra
t1

 
TM

D
 

 
H

s 
Pt

 
Pp

 
G

g 
 

TM
D

 
 

H
s 

Pt
 

Pp
 

G
g 

O
A

T4
/ 

O
at

4 

H
s 

10
0 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

10
0 

 
 

 
Pt

 
10

0 
10

0 
 

 
 

Pt
 

99
.6

 
10

0 
 

 
Pp

 
98

.8
 

98
.8

 
10

0 
 

 
Pp

 
97

.6
 

97
.2

 
10

0 
 

G
g 

10
0 

10
0 

98
.8

 
10

0 
 

G
g 

99
.2

 
99

.6
 

97
.6

 
10

0 
EC

 
 

 
 

 
 

 
EC

 
 

 
 

 
 

O
A

T4
/ 

O
at

4 

H
s 

10
0 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

10
0 

 
 

 
Pt

 
99

.2
 

10
0 

 
 

 
Pt

 
98

.5
 

10
0 

 
 

Pp
 

97
.6

 
97

.6
 

10
0 

 
 

Pp
 

97
.7

 
97

.7
 

10
0 

 
G

g 
91

.9
 

92
.7

 
90

.2
 

10
0 

 
G

g 
98

.5
 

98
.5

 
97

.7
 

10
0 

IC
 

 
 

 
 

 
 

IC
 

 
 

 
 

 

O
A

T4
/ 

O
at

4 

H
s 

10
0 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

10
0 

 
 

 
Pt

 
99

.4
 

10
0 

 
 

 
Pt

 
98

.8
 

10
0 

 
 

Pp
 

94
.3

 
93

.7
 

10
0 

 
 

Pp
 

94
.7

 
94

.7
 

10
0 

 
G

g 
10

0 
99

.4
 

94
.3

 
10

0 
 

G
g 

98
.8

 
98

.8
 

95
.9

 
10

0 
To

ta
l 

 
 

 
 

 
 

To
ta

l 
 

 
 

 
 

O
A

T4
/ 

O
at

4 

H
s 

10
0 

 
 

 
 

U
R

A
T1

/ 
U

ra
t1

 

H
s 

10
0 

 
 

 
Pt

 
99

.6
 

10
0 

 
 

 
Pt

 
99

.1
 

10
0 

 
 

Pp
 

97
.3

 
97

.1
 

10
0 

 
 

Pp
 

96
.7

 
96

.6
 

10
0 

 
G

g 
98

.2
 

98
.2

 
95

.6
 

10
0 

 
G

g 
98

.9
 

99
.1

 
97

.1
 

10
0 

Pe
rc

en
t i

de
nt

ity
 o

f O
AT

4 
an

d 
U

R
AT

1 
or

th
ol

og
s 

fro
m

 H
. s

ap
ie

ns
 (H

s)
, P

. t
ro

gl
od

yt
es

 (P
t),

 P
. p

yg
m

ae
us

 
(P

p)
,a

nd
 G

. 
go

ril
la

 (
G

g)
. 

 T
M

D
: 

tra
ns

m
em

br
an

e 
do

m
ai

n;
 E

C
: 

ex
tra

ce
llu

la
r 

re
gi

on
s;

 I
C

: 
in

tra
ce

llu
la

r 
re

gi
on

s.
 

 

Jim
Typewritten Text
138



139 
 

mammals.  Similarly, these ratios were also slightly lower than the overall ratios 

found in the renally expressed OAT subset and substantially lower than the 

hepatic subset.  Likewise, these ratios were comparable to that observed in 

housekeeping genes33, which are generally considered to be under strong 

purifying selection due to their critical functional roles.  While the dN/dS ratios do 

indicate purifying selection at work, positive selection cannot be ruled out in this 

analysis, only that purifying selection is a larger factor. 

When OAT4 and URAT1 are compared in more detail, as shown in Table 5.4, the 

dN/dS ratios show that URAT1 is generally subject to slightly greater negative 

selective pressures.  When the ratios for specific topological domain were 

compared, the extent of divergence becomes more apparent; in particular, the 

dN/dS ratios of the transmembrane and extracellular domains of URAT1 are 

approximately two-fold lower than that of OAT4.  The dN values, indicative of the 

number of amino acid differences between the species in the region, was also 

exceedingly low in URAT1 transmembrane and extracellular domains.  In 

contrast, the intracellular domain ratios of URAT1 and OAT4 were roughly 

equivalent at 0.375 and 0.326 respectively, which indicate only moderate and 

equivalent purifying selection. 
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 Figure 5.3: Conservation of primate OAT4 and URAT1.  Multiple alignment 
of full-length primate OAT4 and URAT1 protein sequences with top bars 
indicating the level of conservation at a given position.  Black shading indicates 
conservation of at least 75%, dark gray of conservation of at least 50%, light 
gray of a lack of conservation but the presence of chemically similar residues, 
while white shading indicates less than 50% conservation and no chemically 
similar residues.  The amino acid position numbering and transmembrane 
domain predictions are reflective of OAT4. 
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Table 5.3: Conservation of OATs as measured by 
dN/dS ratios between human and canine orthologs 

Gene  dN dS dN/dS 

SLC22A6  0.036 0.457 0.079 
SLC22A7  0.222 0.596 0.373 
SLC22A8  0.151 0.456 0.331 
SLC22A9  0.245 0.364 0.671 

SLC22A10  0.228 0.334 0.681 
SLC22A11  0.150 0.715 0.209 
SLC22A12  0.095 0.564 0.169 
SLC22A13  0.228 0.334 0.681 
SLC22A20  0.069 0.603 0.114 

     
OAT Avg.  0.158 0.492 0.367 

Renal Avg.  0.132 0.505 0.294 
Hepatic Avg.  0.231 0.432 0.575 

OATs consist of SLC22A1, SLC22A3, SLC22A11, 
SLC22A12, and SLC22A13; hepatic OATs consist of 
SLC22A7, SLC22A9,and SLC22A10. 

 

OAT4 and URAT1 gene expression in human tissues 

Quantitative reverse transcriptase PCR (qRT-PCR) using commercially available 

RNA from normal, adult human tissues identified overlapping and distinct  

patterns of gene expression of OAT4 and URAT1 as shown in Figure 5.4.  

Specifically, and as reported previously3, 34, both OAT4 and URAT1 exhibited 

high expression levels in the kidney, consistent with their documented functional 

roles.  Whereas URAT1 expression was limited to the kidney and showed nearly 

undetectable levels in the other ten tissues examined, OAT4 expression was also 

high in the placenta and in the epididymis.  While the expression of OAT4 in the  
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Table 5.4: Conservation of topological regions of 
OAT4 and URAT1 as measured by dN/dS ratios 
between human and canine orthologs 

 SLC22A11 SLC22A12 

     TMD   
dN 0.720 0.091 
dS 2.402 0.556 

dN/dS 0.300 0.164 

     EC   
dN 0.099 0.081 
dS 0.653 1.08 

dN/dS 0.152 0.075 

     IC   
dN 0.235 0.192 
dS 0.721 0.510 

dN/dS 0.326 0.375 

Total   
dN 0.150 0.095 
dS 0.715 0.564 

dN/dS 0.209 0.169 

TMD: transmembrane domains; EC: extracellular loops; 
IC: intracellular loops. 

 

placenta has been reported previously17, expression in the epididymis has not 

been found prior to studies presented in this dissertation. 

Substrate preferences in OAT4 and URAT1 

Given the recognized preferences for steroid sulfates and purine-like compounds 

by OAT4 and URAT1 respectively, uptake of a number of these chemicals was 

undertaken to better detail potential substrate overlap between these two 

transporters.  As shown in Figure 5.5A, OAT4 readily translocated both ES and 
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DHEAS with uptake between 8- and 18-fold more than in empty vector 

transfected cells, while URAT1 exhibited no uptake of either which is consistent 

with previous reports3, 17.  In contrast, and as shown in Figure 5.5B, no uptake 

was observed for any of the 13 purine-like compounds tested in OAT4 

transfected cells whereas URAT1 demonstrated high levels of uptake of uric acid 

and appreciable uptake of both AMP and ADP at approximately 3- and 2.5-fold 

respectively, both of which are newly discovered and novel substrates for URAT1 

and previously not considered substrates for any other SLC22 transporter. 

 

 

 Figure 5.4: Expression levels of mRNA transcripts of SLC22A11 and 
SLC22A12 in healthy adult human tissues.  mRNA expression levels of 
SLC22A11 (OAT4) and SLC22A12 (URAT1) in normal adult human tissues 
was determined using Taqman® assays specific to each transporter.  
Expression data were normalized to GAPDH expression and copy number was 
determined using a standard curve for each respective transporter.  Each bar 
represents the mean ± SD of three independent measurements of single RNA 
samples. 
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 Figure 5.5: Substrate preferences of OAT4 and URAT1 using 
representative substrates.  Uptake experiments were performed with stably 
transfeced 293-Flp-In® cells for 2 minutes at 37° C using 20 nM 3H-estrone 
sulfate (ES) and 3H-dehydroepiandrosterone (DHEAS), 25 µM 14C-uric acid, 
or approximately 40 nM of the other tested radiolabeled substrates as 
indicated in the figure.  All experiments were performed independently in 
triplicate and were normalized to total protein in each well as determined 
using a BCA assay.  Values are expressed as the fold over empty vector 
transfected cells incubated concurrently with the respective substrates. 
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However, no other purine-like compounds showed any appreciable uptake via 

URAT1.  Uptake of AMP and ADP by URAT1 was shown to be inhibitable by 

excess unlabeled uric acid as shown in Figure 5.6.  In addition, uptake of AMP  

 

 

 Figure 5.6: URAT1-mediated uptake of AMP and ADP.  Uptake experiments 
were performed for 2 minutes at 37° C using 70 nM radiolabeled AMP and 50 
nM radiolabeled ADP. All uptakes utilized stably transfected HEK-293 Flp-In 
cells. Uptake values were normalized to total protein per well and expressed as 
the total number of ρmol transported per µg of protein; each bar represents the 
mean ± SEM of three independent experiments.  Uric acid (500µM) was used 
to inhibit AMP or ADP transport by URAT1.  ** indicates p value ≤ 0.01; *** 
indicates p value ≤ 0.001 compared to URAT1 uptake as determined using a 
one-way ANOVA followed by a Dunnett’s post-hoc test. 
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and ADP was saturable with Km and Vmax values of 14.6 ± 5.42 µM and 0.169 ± 

0.0153 ρmol/µg protein/min for AMP and 2.94 ± 1.67 µM and 0.036 ± 0.00587 

ρmol/µg protein/min for ADP as detailed in Figure 5.7A and 5.7B, making these 

two substrates kinetically distinct from transport of the model substrate uric acid, 

which has a Km value for transport by URAT1 of approximately 300-400 µM3. 

Inhibition screening in OAT4 and URAT1 

A larger inhibition screen of steroid sulfate- and purine-like metabolites and drugs 

was undertaken to better define the chemical features that elicit interaction with 

OAT4 and/or URAT1.  Inhibition studies using various steroid sulfates and 

purine-based compounds, as well as previously noted OAT inhibitors and 

structurally similar compounds, identified broad chemical preferences and 

revealed subtle overlapping and specific interactions within these three groups.  

As expected, and illustrated in Figure 5.8, uptake of estrone sulfate (3.11 x 10-4 

ρmol/µg protein/min average uptake in reference vs. 3.04 x 10-5 ρmol/µg 

protein/min average uptake in empty vector) was completely abolished by co-

incubation with other steroid sulfates including estrone sulfate (ES), 

dehydroepiandrosterone sulfate (DHEAS), and pregnenolone sulfate (PS) while 

estradiol-3-sulfate resulted in only 40-60% inhibition.  Likewise, inhibition by the 

canonical OAT inhibitors diclofenac, losartan, and indomethacin was also 

virtually complete, while salicylate and phenytoin produced inhibition near 50%.  

Co-incubation with morin, a natural flavanol, and enoximone, a 

phosphodiesterase inhibitor, also resulted in near complete loss of estrone 

sulfate uptake by OAT4.  In contrast, inhibition of OAT4-mediated estrone sulfate  
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B 

 

 Figure 5.7: Concentration dependent uptake of AMP and ADP by 
URAT1.  Experiments were performed for 2 minutes at 37° C using A) 100 
nM radiolabeled AMP and unlabeled AMP for the remainder or B) 100 nM 
radiolabeled ADP and unlabeled ADP for the remainder as indicated in the 
figure.  Uptake values were normalized to total protein and adjusted for the 
uptake of AMP or ADP in empty vector transfected cells.  Curves were 
generated using non-linear regression with automatic removal of outliers in 
Graphpad Prism 5.1. 
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uptake showed minimal effect by co-incubation with purine-like chemicals with 

maximum inhibition (approximately 30-40%) by the adenine derivatives xanthine, 

theobromine, theophylline, and uric acid. 

As shown in Figure 5.9, inhibition of uric acid uptake by URAT1 (1.09 x 10-1 

ρmol/µg protein/min average uptake in reference vs. 6.21 x 10-3 ρmol/µg 

protein/min average uptake in empty vector) was not appreciably affected by co-

incubation of any steroid sulfates with the exception of PS which inhibited uric 

acid uptake approximately 50% whereas greater than 50% inhibition occurred 

with co-incubation of uric acid, xanthine, theophylline, hypoxanthine, and 

theobromine.  Similar to OAT4, URAT1-mediated uptake of uric acid was 

inhibited completely by diclofenac, indomethacin, and losartan, and morin.  In 

contrast to OAT4, very little inhibition was observed during co-incubation with 

steroid sulfates or similar synthetic steroid derivatives; PS exhibited the greatest 

degree of inhibition at roughly 50% with DHEAS at 30-40%.  Enoximone also had 

no effect on uric acid uptake by URAT1, in stark contrast to the complete loss of 

transport activity when co-incubated with radiolabeled estrone sulfate in OAT4-

transfected cells. 

 

Discussion 

Organic anion transporters perform a wide variety of functions in the mammalian 

kidney, facilitating both the reabsorption and excretion of innumerable  
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 Figure 5.8: Inhibition of OAT4 uptake of estrone sulfate by purines, 
steroid sulfates and derivatives, and selected OAT inhibitors.  Inhibition 
experiments were performed for 5 minutes at 37° C using 20 nM radiolabeled 
estrone sulfate and 0.5 mM (grey bars) and 1 mM (white bars) of unlabeled 
inhibitor (50 and 100 µM of spironolactone and mifepristone) dissolved in water 
or DMSO. All uptakes used stably transfected HEK-293 Flp-In® cells. Uptake 
values were normalized to total protein and expressed as a percentage of 
OAT4 reference uric acid uptake and each bar represents the mean ± SEM of 
three independent experiments. 
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 Figure 5.9: Inhibition of URAT1 uptake of uric acid by purines, steroid 
sulfates and derivatives, and selected OAT inhibitors.  Inhibition 
experiments were performed for 5 minutes at 37° C using 10 µM radiolabeled 
uric acid and 0.5 mM (grey bars) and 1 mM (white bars) of unlabeled inhibitor 
dissolved in water or DMSO. All uptakes used stably transfected HEK-293 Flp-
In cells. Uptake values were normalized to total protein and expressed as a 
percentage of URAT1 reference uric acid uptake and each bar represents the 
mean ± SEM of three independent experiments. 
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xenobiotics and endogenous metabolites.  While precise structure-activity  

relationships for these transporters are still ill-defined, a central feature within this 

family are sub-groups of OATs that evolved from gene duplication events that 

display overlapping, yet distinct, functional properties.  The recent cloning and 

characterization of a number of new members of the OAT family have allowed for 

the opportunity to investigate the ongoing adaptability and specialization that has 

occurred in this gene family during the evolution of mammals.  Comparison of the 

paired OATs, OAT4 and URAT1, is indicative of this phenomenon and acts as a 

primary example of the increasing functional specialization that is occurring in 

this gene family. 

OAT4 and URAT1 are expressed on the renal apical membrane and are believed 

to have evolved from a common ancestor.  Like other pairs of OATs examined 

thus far, these transporters share a high level of amino acid identity and occur in 

tandem on human chromosome 11 with approximately 20kb separating the 

coding regions of each of these genes.  In spite of their close proximity on the 

genome and the evidence supporting their evolution from a gene duplication 

event, OAT4 and URAT1 possess exceptionally divergent functional 

characteristics as detailed previously.  Based on the prior work of Wu et al12, it 

has been established that the OATs are undergoing substantial gene duplication 

in mammals, with numerous species-specific serial duplication occurring at the 

point of metatherian and eutherian speciation.  However, the impact of these 

duplications on overall OAT function was not ascertained, in large part due to the 

incomplete functional characterization of the majority of these OAT orthologs and 
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paralogs.    Phylogenetic analysis of the OAT family suggests that OAT-like 

proteins were present in early invertebrate animals such as D. melanogaster, but 

that subsequent speciation and gene divergence resulted in the presence of 

numerous additional OATs in the mammalian lineage.  OAT4 and URAT1 both 

appear in their present forms after the divergence of mammals from other 

animals including fish, birds, and amphibians.  Previous work has speculated that 

OAT4 expression in the placenta provides a unique mechanism for the regulation 

of steroid sulfates and in turn steroid activity35, which is known to be of critical 

importance in normal fetal development in mammals36 and can influence sex 

ratios in other non-placental amniotes37.  The emergence of OAT4 in placental 

mammals supports this role, however, OAT4 is absent from a number of 

mammalian species suggestive of either redundant or more recently evolved 

mechanisms that have supplanted OAT4 function in these species or a specific 

functional benefit in the species conferred by the retention of a functional OAT4.  

In contrast, URAT1 is found in a larger number of mammalian genomes, 

including in marsupials and potentially in monotremes.  While not definitive, the 

broader presence of URAT1 in mammals suggests that its role is more 

ubiquitous and potentially more critical than that of OAT4.  Recent investigations 

have found that loss of URAT1 function results in hypouricemia in humans which 

in turn leaves people more susceptible to exercise-induced renal failure38 and 

neurological diseases39.  The true impact of URAT1 in non-primate species, 

where uric acid is further metabolized to allantoin, is unclear but does leave the 

possibility that other important functions of URAT1 do exist, providing a selective 



153 
 

advantage to URAT1 retention in species without a clear benefit or need for high 

levels of uric acid transport.  Mice null for Rst1, the ortholog of human URAT1, 

did not present with any gross abnormalities aside from impaired uric acid 

reabsorption in the kidney although the known redundancy provided by GLUT9 

(SLC2A9) uric acid transport in the kidney may obfuscate any detrimental impact 

from the loss of uric acid reabsorption by URAT110.  Recent clinical and animal 

model studies have shown that loss-of-function mutations in GLUT9 result in 

hyperuricemia, the opposite effect of impaired URAT1 uric acid reabsorption, 

suggesting that while these two transporters may both strongly influence uric acid 

levels, they do so using alternate means and with differing physiological 

consequences40, 41.  Thus the role of URAT1 may not solely be the transport of 

uric acid, as indicated by the presence of alternate methods of uric acid uptake in 

spite of presence in most mammalian genomes. 

While OAT1, OAT3, and OAT4 have all been shown to transport uric acid at 

modest levels, URAT1 does so with exceedingly high rates of transport, which is 

a specific feature within SLC transporters known to be expressed on the apical 

membrane of the renal proximal tubule and in SLC22 transporters as a whole.  

Thus the function of URAT1 may be in response to an increased need for purine 

reabsorption from the urine for metabolic or, as reasoned by Maxwell et al., for 

reasons related to oxidative stress42 that could not be accomplished with OATs 

that existed at that stage of evolution, predicating the evolution of the novel 

functions of URAT1.Examination of the major classes of compounds transported 

by OAT4 and URAT1, primarily purines and steroid sulfates, also identified 
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divergent and somewhat specialized functions.  In particular, URAT1-mediated 

uric acid uptake was inhibited appreciably by most purine-based molecules.  

Likewise, URAT1 was also capable of transporting AMP and ADP which was 

inhibitable by excess uric acid.  While other transporters, namely OAT2 and the 

concentrative (SLC28) and equilibrative nucleoside (SLC29) transporters, are 

known to transport a wide variety of nucleic acid-based compounds, uptake of 

AMP and ADP has not been demonstrated.  The only SLC transporter previously 

reported to transport AMP and ADP with any noticeable affinity is SLC25A42, a 

member of the mitochondrial uptake transporter family43 and while the level of 

transport of AMP and ADP surpasses that of URAT1, its expression is limited to 

the inner mitochondrial membrane thereby precluding its involvement in renal 

reabsorption processes.  The affinity of these two metabolites for URAT1 was 

also up to 100 fold greater than that of uric acid, implicating a class of molecules, 

rather than solely uric acid, as the major substrates of URAT1.  As the levels of 

AMP and ADP in the blood are approximately 10 and 160 µM respectively, 

whereas their concentration in urine is almost undetectable, the expected 

reabsorptive action of URAT1 may contribute to the reclamation pathway for 

these purine nucleotides, in addition to the well-documented reabsorption of uric 

acid.   

OAT4 also demonstrates distinct substrate specificity in comparison to URAT1.  

In particular, only a slight inhibition of OAT4 by purine-like molecules was 

observed.  OAT4 seems to prefer steroid sulfates as indicated by its high uptake 

of estrone sulfate and a strong inhibitory effect of coincubation with all steroid 
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sulfates examined.  Further, the transporter interacts with a wide variety of 

chemically unique compounds such as phenytoin, and enoximone (Figure 5.8).  

These compounds possess similar 5-member nitrogen substituted ring structures 

as uric acid but also include large heterogeneous lipophilic groups.  Together, 

these results indicate that OAT4 is capable of interacting with a wider range of 

compounds, including those with larger and more lipophilic regions, and that 

while base interactions are shared between these two transporters, their 

mechanisms of substrate restriction have diverged considerably, at least in the 

context of this common structural framework. 

Sequence comparisons of OAT4 and URAT1 identified potential regions 

responsible for the differential substrate and inhibitor preferences.  In particular, 

multiple alignments of primate OAT4 and URAT1 identified high levels of 

conservation between the two transporters in the loop regions while the 

transmembrane domains were largely unconserved as a whole.  In particular, the 

extracellular regions demonstrated a high level of amino acid identity.  This is in 

distinct contrast to the high level of conservation of all of these regions between 

orthologous sequences.  While individual changes in these regions cannot be 

excluded as causative factors in the differences in substrate preference, it is also 

possible that a set of changes resulting in the comparatively unconserved 

transmembrane regions could be responsible for the divergent substrate class 

preferences observed between OAT4 and URAT1.  Previous evidence for this 

occurrence has been found with point mutations in rat Oat3.  Specifically, 

replacement of a lysine at position 370 with alanine and an arginine at position 
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454 with aspartate resulted in the ablation of anion transport capacity and the 

new ability to transport cationic substrates44.  Both of these residues occurred in 

C-terminal transmembrane regions, indicating that these regions can have strong 

influences on both transport efficiency and substrate selectivity.  While the lack of 

conservation in these regions may result in a change in functional capacity, the 

regional differences between OAT4 and URAT1 may also be inconsequential 

due to the preponderance of changes in residues that are not important for 

transport function.  However, evaluation of these regions using dN/dS ratios, 

calculated using the human and canine orthologs, found that while purifying 

selection was present in all regions, a nearly 2-fold greater level of purifying 

selection was observed in URAT1 in both the extracellular and transmembrane 

regions compared to OAT4.  This is suggestive of specific amino acids in URAT1 

present in these regions that are preserved throughout evolution and strongly 

suggests a conserved function.  In contrast, the intracellular loop regions in 

OAT4 and URAT1 have similar ratios indicating that changes in these regions 

are not likely to have elicited the change in substrate preference observed in 

these two transporters.  The selective pressures on the transmembrane and 

extracellular regions of URAT1 may be due to the requisite physiological 

functions it is now responsible for, namely the reabsorption of uric acid, after 

other selective pressures caused the initial divergence and functional 

specialization between the two genes. 

While increased specialization can manifest itself through divergent functional 

attributes, altered regulation of transporters could also result in differential 
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functions.  In particular, OAT10 is found in a number of tissues aside from the 

site of its highest expression in the kidney including the brain, heart, small 

intestine, and colon at roughly equivalent levels45, suggestive of a common 

function in these tissues.  Similarly, OAT2, while considered to be a liver-specific 

OAT, is in fact expressed at relatively high levels in a number of non-hepatic 

tissues such as kidney, pancreas, and testis46.  However, as the evolution of the 

OAT family progresses, more specific expression is observed.  When the 

expression patterns of OAT4 and URAT1 were examined using qRT-PCR, it was 

found that OAT4, the more ancestral of the two, was expressed in wider range of 

tissues, with particularly high expression in the epididymis.  This is of note as the 

kidney and the epididymis are derived from the same embryonic tissue, the 

mesonephros47.  While purely observational at this stage, this would seem to 

indicate both that OAT4 is indeed ancestral and that its method of gene 

regulation is less finely controlled compared to URAT1.  In fact, as URAT1 is 

expressed at an appreciable level only in the kidney, without any noticeable 

levels in the epididymis, would seem to indicate that its regulatory mechanisms 

have also evolved to accommodate a more specific functional role, one that is 

unnecessary in the male reproductive tract but important in the kidney.  Similar 

observations of functional specialization have been observed in other transporter 

families such as the glucose transporters (SLC2), which display unique functional 

properties and are expressed in a tissue-specific manner while retaining a 

substantial level of sequence identity48.  Likewise, OCTN2 (SLC22A5) displays a 

similar pattern of restricted expression and highly specialized function.  In 
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particular, high levels of OCTN2 expression are largely limited to the kidney and 

placenta, two tissues with critical roles in maintaining appropriate physiological 

levels of carnitine49; while OCTN2 is known to transport other small molecules, 

much like URAT1, its uptake of carnitine is substantial and has significant 

repercussions in the form of primary carnitine deficiency. 

In the kidney, redundancy and specificity of function results in both overlapping 

mechanisms for transporting a variety of small molecules and those that 

transport very explicit compounds in a tightly controlled manner.  This paradigm 

has previously been suggested to be a hallmark of renal development in 

mammals50 but the question remains:  did the expansion of OATs in mammals 

occur by chance gene duplication events and result in redundant function or were 

there selective pressures that caused duplicated genes to evolve towards a 

specific, non-redundant function in the kidney?  Examination of OAT4 and 

URAT1 in the present study revealed that within primates and other mammals, 

distinct selective processes are at work leading to divergent functional properties 

between these two transporters, which can also be observed in other members 

of the OAT family.  The uptake of purine derivatives, primarily uric acid but also 

others such as AMP and ADP, would appear to be a specific reclamation 

pathway unique to URAT1 that has evolved concomitantly with the evolution of 

placental mammals and is strongly indicative of OAT evolution steered towards 

more specialization of function rather than the creation of redundant and broad 

transport mechanisms.  Likewise, the recent expansion of OAT genes may be in 

response to the need for more specific transport mechanisms for definite 
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substrates rather than redundant mechanisms for more promiscuous functions.   

By addressing the potential differences in the genetics and function of OAT4 and 

URAT1, the results presented herein provide an increased understanding of not 

only how these two transporters contribute to reabsorption of a variety of diverse 

solutes in the urine but also how pairs of transporters can evolve distinct roles in 

the kidney in spite of their recent divergence and overall genetic similarities. 
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Chapter 6 

Generation and Validation of a Transgenic Mouse Model 

Expressing Human Organic Cation Transporter 1 in the Liver 

Introduction 

The development of effective pharmaceuticals is dependent upon an 

understanding of the pharmacokinetic properties of candidate small molecules in 

order to select lead compounds with optimal absorption, distribution and 

elimination properties.  While studies to characterize these properties in human 

subjects are ultimately requisite for all new drugs, experiments using animal 

models provide invaluable preliminary results needed to gauge the 

pharmacokinetic properties of these drugs as well as allowing for more complex 

pharmacological experiments to be performed that would be impractical or 

unethical in human subjects. 

With the advent of gene targeting and transgenic strategies, better animal 

models have been created to simulate the impact of important pharmacologically 

relevant genes on drug disposition and pharmacokinetics.  Currently these 

models are largely relegated to the loss of function variety wherein an 

orthologous mouse gene has been knocked out, allowing for a comparative 

investigation between mice lacking a particular gene and its wild-type 

counterpart.  While knockout models do provide immensely valuable information, 

by design they are not inherently useful when studying genes that may exhibit 

different characteristics between mammalian species, especially between mouse 
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and human.  In particular, distinct differences in the molecular and physiological 

properties of orthologous genes related to drug metabolism and transport have 

been noted between rodents and humans1-3.  Thus the creation of humanized 

mouse models for drug metabolizing enzymes and transporters is of particular 

importance when considering the relevancy of pre-clinical data in mouse models 

that are intended to inform the potential effects, beneficial and deleterious, of 

pharmaceuticals in human subjects.  In the quest to produce a model more 

reflective of human pharmacokinetic properties, humanized mouse models are 

becoming the ideal model for pre-clinical investigations of the efficacy and toxicity 

of new drugs.  A number of humanized mouse models have been developed to 

better characterize the impact of a variety of pharmacologically relevant genes 

including a multitude of cytochrome P450 enzymes (CYPs) such as CYP3A44 

and CYP2D65 and xenobiotic receptors including AHR6, PXR7, and CAR8 (both 

reviewed by Gonzalez, et al.9).  However, humanized mouse models designed to 

study the impact of human versions of membrane transporters in 

pharmacological and pharmacokinetic studies are lacking in breadth and 

availability with models currently for only the folate carrier SLC19A110, ABCA111, 

OATP1B112, ENT113, OCTN214, and the vitamin C transporter SLC23A215.  Thus, 

there is a clear need for additional such models considering the emerging 

importance of many xenobiotic transporters in the absorption and elimination of a 

multitude of drugs and their role in a growing number of physiologic processes. 

To provide a better model for the function and impact of the xenobiotic 

transporter organic cation transporter 1 (OCT1; SLC22A1), a humanized mouse 
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model was generated that expresses OCT1 at a high level in the liver, its primary 

site of expression in humans.  OCT1 is a noteworthy transporter of xenobiotics 

due to its high expression in the liver, a major site of drug metabolism and a 

target tissue in its own right, and the numerous documented interactions between 

it and clinically relevant cationic small molecule drugs, including 

chemotherapeutic and anti-diabetic agents.  In particular, OCT1 has been found 

to be a significant contributor to the pharmacokinetics of the biguanide anti-

diabetic drug metformin16, 17 and impacts its efficacy in the treatment of 

diabetes18, 19.  Similarly, OCT1 has been implicated in the action of the platinum-

based chemotherepeutics oxaliplatin and picoplatin20, 21 and the neurotoxic 

effects of MPTP exposure22.  Recent unpublished studies (Chen, L; personal 

communication) have also revealed further functional differences between 

human OCT1 and mouse Oct1 in the transport of endogenous neurotransmitters, 

suggesting that a humanized mouse model for OCT1 may in fact prove beneficial 

in the understanding of the pharmacological and physiological role of OCT1 in 

the context of human beings.  Further, mouse Oct1 has a distinct pattern of 

expression in comparison to the human ortholog; expression levels in the mouse 

liver are similar to that found in human liver while substantial expression is also 

found in the mouse kidney whereas negligible expression is observed in the 

human kidney.  Thus a rodent model that more closely reflects the expression 

patterns of OCT1 in humans would be far more useful in probing 

pharmacokinetic and pharmacodynamic effects influenced by OCT1 in humans.  

Ultimately, the use of a mouse model for OCT1 with functional and expression 
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features more comparable to those encountered in humans could greatly benefit 

the understanding of the pharmacokinetics of drugs such as metformin when 

studies require the flexibility of animal models.  Likewise, a humanized mouse 

model for OCT1 could provide an invaluable platform to effectively translate 

physiological studies of OCT1 from rodent models to humans. 

 

Materials and Methods 

Creation of the Transgenic Mouse Line 

The construct controlling the desired expression profile of the hOCT1 transgene 

was based on the vector initially designed and utilized by Pinkert, et al.23, which 

employed the then recently identified promoter elements controlling the specific 

and abundant expression of albumin normally found in the mouse liver.  These 

elements, specifically a single enhancer region and the proximal promoter, were 

identified functionally via restriction enzyme-mediated promoter mapping.  To 

create the pAlb-hOCT1 transgene construct (human OCT1 expression controlled 

by the mouse albumin promoter and enhancer), a 2.2kb enhancer element 

located approximately 10kb upstream of the transcription start site and the 400bp 

mouse albumin proximal promoter were inserted upstream of a human OCT1 

cDNA in the expression vector pcDNA3.1(+)-hygro (Invitrogen, Carlsbad, CA, 

USA).  The full-length human OCT1 cDNA used for this construct was cloned 

and functionally characterized previously24.  The enhancer and promoter 

sequences were PCR-amplified from a BAC vector containing the entire mouse 
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Table 6.1: Primer sequences for transgene construction 

Primer Name Primer Sequence Product 
Size 

Mouse albumin 
enhancer 

F: 5’-
gatcggtaccATACCCGAAGATGATCTGTTCCT
TTCTT-3’ 2200bp R: 5’- 
gatcggatccTGTGACAGTCTTACGGCATGAG
AAG-3’ 

Mouse albumin 
promoter 

F: 5’-
cgatatttaaatTTGGGATGAACAACCTATGCAA
TTC-3’ 403bp R: 5’-
cgatgcggccgcGGGTTGATAGGAAAGGTGAT
CTGTG-3’ 

SacI mutagenesis 

F: 5’-
GAAAGAACCAGCTGGAGCTCTAGGGGGTA
TC-3’ N/A R: 5’-
CTTTCTTGGTCGACCTCGAGATCCCCCATA
G-3’ 

Lowercase bases indicate introduced restriction enzyme sites used for 
cloning purposes. 

 

Table 6.2: Primer sequences for transgene detection and genotyping 

Primer Name Primer Sequence Product 
Size 

Transgenic hOCT1 

F: 5’-
CTCCAGCTTGGGATCCACTAGTCC-3’ 

1711bp R: 5’-
CCGAGCCAACAAATTCTGTGATTAG-
3’ 

Endogenous mOCT1 

F: 5’-
CGCTTGAGTGGTTCTCTTCTGAGAC-
3’ 1135bp R: 5’-
ACAGGAGAACGACAGCCATCTTGTA-
3’ 

Transgene Southern 
Probe 

F: 5’-TGCTCAAATGGGAGACAAAGAG-
3’ 607bp R: 5’-TGGTTCCAGTCCACTTCATAGC-
3’ 
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Albumin coding and 5’ intergenic/promoter sequence (Clone # RP23-301A23; 

CHORI, Oakland, CA, USA) using primers detailed in Table 6.1.  A SacI 

restriction enzyme site was introduced downstream of the bovine growth 

hormone (bGH) polyadenylation sequence in the pcDNA3.1(+)-hygro vector in 

order to effectively excise the transgene while including the polyadenylation 

sequence.  This was accomplished using site-directed mutagenesis with the 

primers listed in Table 6.1.  The introduction of the mutation allowed for the 

efficient excision of the transgene using a single enzyme (SacI).  The entire 

transgene vector sequence was approximately 9.75kb in length and was 

confirmed by direct sequencing.  A schematic diagram of the final pAlb-hOCT1 

vector is presented in Figure 6.1. 

The transgene fragment was excised from the vector by overnight digestion 

using the restriction enzymes SacI, KpnI, and PmlI at 37°C which produced a 

transgene fragment approximately 4.5kb in length.  The use of these enzymes 

liberated the transgene from the remaining vector backbone and further reduced 

the size of the vector backbone fragments to effectively separate them from the 

transgene during the subsequent purification steps.  The 4.5kb digestion product 

was gel purified using a QIAquick® Gel Extraction Kit (Qiagen, Valencia, CA, 

USA) with endotoxin-free water.  The concentration of the transgene fragment 

was determined spectrophotometrically and its identity verified using an 

analytical restriction enzyme digest prior to use in the generation of transgenic  
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 Figure 6.1: Schematic representation of the pAlb-hOCT1 transgene 
construct.  mAlb Enhancer and mAlb Prom represent the mouse albumin 
enhancer and proximal promoter regions respectively.  KpnI, SphI, and SacI 
indicate the relative positions of the respective restriction enzyme sites.  F 
indicates the forward primer location while R indicates the reverse primer 
location for the genotyping PCR.  “Southern” indicates the approximate 
location and size of the probe used for Southern blot analyses to detect the 
transgene.  bGH pA represents the bovine growth hormone polyadenylation 
sequence, CMV Prom represents a CMV constitutive promoter element, AmpR 
indicates an ampicillin resistance cassette, and HygroR indicates a hygromycin 
resistance cassette, all of which were derived from the pcDNA 3.1(+)-hygro 
vector (Invitrogen). 
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animals.  The 4.5kb gel-purified transgene fragment was used in pronuclear 

microinjection procedures to introduce human OCT1 cDNA construct into 

fertilized oocytes from FVB/N mice which were subsequently implanted into 

pseudopregnant female mice.  These procedures were performed by the UCSF 

Comprehensive Cancer Center Transgenic Core Facility.  All work performed 

with mice was approved by the UCSF Institutional Animal Care and Use 

Committee and followed standard procedures governing the handling and care of 

vertebrate animals. 

Chimeric transgenic founder animals were screened using Southern blotting with 

genomic DNA isolated from tail segments with a Wizard® Genomic DNA 

purification kit (Promega, Madison, WI, USA) following the manufacturer’s default 

protocol.  Briefly, 10 µg of genomic DNA was digested with an excess of NotI 

overnight at 37°C and electrophoretically separated on a 0.7% agarose gel 

running at 40V in 1X TAE buffer.  Copy number standards were treated similarly 

and used to gauge the approximate number of transgene copies in the founder 

animals.  The DNA was transferred to an Immobilon-Ny+® nylon membrane 

(Millipore, Billerica, MA, USA) using standard Southern blotting and transfer 

procedures.  The resulting membrane was probed using a biotinylated DNA 

probe specific to the transgene sequence.  The probe was labeled using PCR 

with primers detailed in Table 6.2.  The final reaction conditions to synthesize the 

probe were as follows: 1X iProof High Fidelity PCR buffer (Bio-Rad, Hercules, 

CA, USA), 2.75 mM MgCl2, 200 µM dNTP mixture (200 µM of dATP, dGTP, and 

dTTP, and 50 µM of dCTP plus 150 µM of biotin-11-dCTP [Perkin Elmer Life 
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Sciences, Waltham, MA, USA]), 250 nM of each primer, 0.05 U/µL iProof DNA 

polymerase (Bio-Rad), and approximately 50 ng of pAlb-OCT1 vector as 

template.  The reactions were run using an Applied Biosystems 9700 thermal 

cycler (Foster City, CA, USA) utilizing the following cycling conditions: 98°C for 

30 seconds, 98°C for 10 seconds, 58°C for 20 seconds, and 72°C for 1 minute 

for a total of 40 cycles, followed by a 72°C hold for 10 minutes.   The location of 

the Southern probe in relation to the transgene construct is shown in Figure 6.1.  

The membrane was UV cross-linked with a Stratalinker 1800 (Stratagene, Santa 

Clara, CA, USA) using the default settings and was pre-hybridized at 42°C for 1 

hour in formamide hybridization buffer (KPL, Gaithersburg, MD, USA) 

supplemented with 200 ng/mL denatured, fragmented salmon sperm DNA.  

Following pre-hybridization, the membrane was hybridized with 50 ng of heat 

denatured probe and 200 ng/mL denatured, fragmented salmon sperm DNA in 

formamide hybridization buffer overnight at 45°C.  The membrane was 

subsequently washed and detection of the probe achieved using an alkaline 

phosphatase-linked chemiluminescent detection system (KPL) following the 

manufacturer’s default procedures.  High stringency washes were performed at 

approximately 64°C with 0.1X SSPE/0.1% SDS buffer.  Development of the 

Southern blot followed the manufacturer’s standard protocol.  Subsequent 

Southern blotting of confirmed transgenic animals followed the same procedures 

with the exception that all DNA samples were digested with SphI overnight at 

37°C.  Upon detection of positive founder mice, they were crossed to a mouse 

OCT1 knockout line in the FVB/N background previously developed by Shu, et 
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al.19.  These lines were genotyped using primers for the Neo cassette as 

described elsewhere19 and were propagated as mouse OCT1-null lines in 

addition to being positive for human OCT1.  Mice were backcrossed at least two 

generations and the stability of transgene inheritance was established using 

these Southern blotting procedures described previously prior to any further 

characterization of the lines.  However, further backcrosses are necessary in 

order to adequately characterize the mouse model and ensure that the transgene 

is stable and that it elicits the desired phenotype. 

Genotyping of Transgenic Mice 

Genomic DNA was extracted from tail sections from each mouse using the 

Wizard® Genomic DNA purification kit (Promega) following the manufacturer’s 

standard protocol.  DNA concentrations were determined spectrophotometrically 

and diluted in Tris-EDTA buffer as necessary for PCR.  PCR genotyping for the 

transgene and the endogenous mouse Slc22a1 gene was performed in duplex 

reactions in a 50 µL volume using a Taq PCR Core kit (Qiagen) under the 

following conditions: 1X Taq PCR buffer, 3.5 mM MgCl2, 0.6 mg/mL bovine 

serum albumin (BSA), 200 µM dNTP mixture (consisting of equal concentrations 

of dATP, dCTP, dGTP, and dTTP), 150 nM of each primer, 0.1 U/µL Taq 

polymerase, and approximately 100-500 ng of genomic DNA as a template.  The 

reactions were run using an Applied Biosystems 9700 thermal cycler utilizing the 

following cycling conditions: 94°C for 3 minutes, 94°C for 30 seconds, 68°C for 

20 seconds, and 72°C for 1 minute for a total of 40 cycles, followed by a 72°C  
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hold for 10 minutes.  The forward and reverse primers used for transgene  

genotyping are shown in Figure 6.1 as “F” and “R” respectively and the details of 

the primers are shown in Table 6.2.  The resulting amplicons were visualized on 

a 1% agarose gel stained with ethidium bromide.  Figure 6.2 shows the expected 

 

 

 Figure 6.2: PCR controls for genotyping hOCT1 transgenic mice.  Bands 
were amplified from the endogenous mouse Slc22a1 gene (approximately 
1.7kb) and the human OCT1 transgene (approximately 1.1kb) and were 
resolved on a 1.0% agarose gel and stained with ethidium bromide.  Reactions 
used either 1 ρg of pAlb-OCT1 vector, 500 ng of genomic DNA from C57BL/6J 
mice, or both as template with duplex primer mixes as described in the 
Materials and Methods section. 
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PCR genotyping bands.  Genotyping for the presence of the Neo cassette 

(indicative of the presence of the null allele in the OCT1 knockout mouse line) 

was performed using primers and methods referenced previously. 

RNA Isolation and Quantitative RT-PCR 

Tissue samples from mouse brain, colon, heart, kidney, liver, lung, skeletal 

muscle, small intestine, spleen, and gonads (testis and ovary) were collected 

from 8-10 week old animals.  Tissues were immediately placed in cold TRIzol 

reagent (Invitrogen) and purified using the standard RNA purification protocol.  

RNA concentration and quality was assessed using the presence of intact 28S 

and 18S ribosomal RNA bands and the ratio of absorbance at 260 nm and 280 

nm.  Total RNA from human brain, colon, kidney, liver, small intestine, and testis 

was purchased from Clontech (Mountain View, CA, USA).  cDNA was 

synthesized from 1 µg of RNA from each sample using a SuperScript III® reverse 

transcriptase kit (Invitrogen) with oligo-dT primers following the manufacturer’s 

default procedure.  The samples were diluted 1:5 in sterile water and used for 

quantitative reverse-transcriptase PCR (qRT-PCR).  qRT-PCR utilized Taqman® 

primers and probes (Applied Biosystems, Foster City, CA, USA) specific to 

human SLC22A1; qRT-PCR was also performed using a primer and probe set 

specific to mouse Slc22a1 to verify the genotyping results.  Measurements of 

mRNA levels were performed using 10 µL reaction volumes in a 384-well plate 

format with 2 µL of diluted cDNA and 0.5 µL of the gene-specific probe and 

primer reagent per well.  A standard curve using the pAlb-hOCT1 vector was 

developed and all absolute levels of human SLC22A1 mRNA were normalized to 
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the resulting curve.  The number of copies detected in each sample were 

normalized to corresponding mouse Gapdh levels and were run in triplicate wells 

on each plate.  The results are expressed as the absolute number of copies of 

human SLC22A1 mRNA per microgram of total RNA. 

 

Results 

Generation of Humanized Transgenic OCT1 Mice 

Pronuclear microinjection procedures produced 55 potential transgenic founder 

animals expected to express human OCT1 under the control of the mouse 

albumin promoter.  Initial Southern blot screening, as shown in Figure 6.3, 

identified nine mice potentially expressing the transgene which was verified using 

PCR genotyping; the genotype of two of the founder mice was indeterminant 

resulting in approximately 17% of the mice presenting with positive transgene 

integration in the genome.  No transgene signal was detected in the Southern 

blot in DNA from mice with negative PCR results (Figure 6.3) or in wild-type 

mouse DNA in PCR genotyping (data not shown).  The founder mice displayed 

noticeable variability in the transgene copy number ranging from less than 2 to 

possibly 50 or more copies in a hemizygous genome, although some of this 

variability may be due to multiple transgene integration sites in the genome.  All 

of the founder animals appeared normal with no obvious differences compared to 

wild-type animals in behavior, weight, or overall appearance.  However, one of 

the animals died prematurely at approximately 7 weeks of age, three 
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demonstrated a lack of fertility and were unsuccessfully propagated after 

repeated attempts at crossing with animals from the Oct1 knockout background, 

 

 

 

 Figure 6.3: Screening of OCT1 transgenic founder mice using Southern 
blotting.  A membrane with 10 µg of genomic DNA from each founder animal 
was digested with NotI and probed for the OCT1 transgene.  Numbers indicate 
the ID of the transgenic founder animal.  Copy standards were included to 
estimate the number of copies inserted into the genome of each animal. 
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A 

 

B 

 
 Figure 6.4: Expression of the human OCT1 transgene mRNA in male 

and female mouse tissues and SLC22A1 in reference human tissues.   
A) mRNA expression of levels of human SLC22A1 mRNA in mouse tissues 
from male and female F3 and F4 generation mice.  Each bar is representative 
of the mean ± SD from two individual mice of each sex.  The “Gonad” tissue 
is male or female specific and refers to either the testis or ovary respectively.  
B)  mRNA expression of levels of human SLC22A1 mRNA in select human 
tissues.  Each bar represents the mean from a single sample.  qRT-PCR was 
performed using a Taqman® probe specific to human SLC22A1 and 
normalized to GAPDH expression levels.  A standard curve using intact pAlb-
hOCT1 was used to determine copy number. 
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and an additional animal demonstrated a lack of germ-line transmission of the 

transgene with no subsequent progeny testing positive for the transgene.  

Examination of transgene expression in tissues collected from F2 generation 

mice from each of the four remaining transgenic lines demonstrated a lack of 

elevated and/or specific liver expression of the transgene in all but one line 

(#609; data not shown).  Out of 53 initial founder animals successfully 

genotyped, only this single line produced the requisite high expression of OCT1 

in the liver and comparatively low expression in other tissues for a final rate of 

success of transgenic development at less than 2%.  However, this line appeared 

to possess the necessary phenotype and was further propagated and examined 

as the desired humanized OCT1 mouse model.  This line was subsequently 

crossed with the Oct1 knockout line in the FVB/N background created 

previously19, to produce and propagate a fully humanized mouse model for 

human OCT1 lacking any endogenous expression of the mouse ortholog for 

OCT1.   

Characterization of the Humanized Transgenic OCT1 Mouse Model 

Once identified as a viable humanized model for OCT1, the line was examined 

for any gross morphological or anatomical phenotypes; no readily apparent 

abnormalities were observed and the mice appeared morphologically normal with 

no change in fecundity, behavior, or life span compared to other wild-type FVB/N 

mice.  Likewise, no obvious differences were identified in internal organ size, 

condition, or orientation.  At this early stage, the potential physiological or 

biochemical differences between this line and wild-type FVB/N mice were not 
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examined although determination of these differences would be both informative 

and necessary in the complete characterization of this mouse model. 

Upon verification of elevated expression of the OCT1 transgene in the liver of the 

humanized mouse line, transgene expression was evaluated in ten tissues from 

male and female mice from the F3 and F4 generation.  As shown in Figure 6.4A, 

expression of the transgene was remarkably high in the livers from both male 

and female mice with expression levels between 50,000 and 200,000 copies per 

microgram of total RNA.  This is in comparison to the normal expression of OCT1 

in the human liver which is approximately 40,000 to 50,000 copies per microgram 

of total RNA as depicted in Figure 6.4B.  Transgene expression in other tissues 

was also elevated, specifically in the colon, with slightly lower levels in the kidney 

and lung.  Thus while the humanized OCT1 transgenic mouse line expresses 

human OCT1 between 1.2 and 4-fold higher than in normal human livers, it also 

spuriously expresses the transgene in other tissues that do not normally express 

OCT1.  In these other tissues the expression levels of OCT1 are between 50-fold 

higher (kidney) and several thousand-fold higher (colon) than the normal 

expression levels found in human tissues but are still substantially lower than the 

expression levels in both mouse and human liver. 

Comparison of transgene expression in the livers of male and female mice 

identified potential sex-specific expression patterns with OCT1 expression in the 

male liver approximately double that observed in the female liver (Figure 6.4A).  

Due to the random nature of transgene integration, however, the zygosity of this 

line remains indeterminate.  Similarly, the chromosomal location of the transgene 
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also needs to be determined as does the determination of possible multiple 

integration sites of the transgene.  The requisite experiments to make these 

determinations were undertaken but currently have not been completed.  Thus, 

while all of the mice examined in this study were positive for the transgene as 

determined through PCR genotyping, it was unknown whether they were 

hemizygous or homozygous for the transgene due to the unidentified 

chromosomal location.  While the expression of the OCT1 transgene in three of 

the four highest expressing tissues was 50% or less in females compared to 

males, this may have been the result of a difference in zygosity rather than a true 

effect of sex on expression of the transgene.  Likewise, the unknown zygosity of 

these mice suggests that the average expression levels of the transgene 

achieved in Figure 6.4A may actually increase once homozygosity of the 

transgene is achieved. 

 

Discussion 

Much of the knowledge of the pharmacokinetics and pharmacological 

effectiveness of nearly all drugs currently on the market was initially produced 

using experiments in animals with the intent to simulate the human genetic and 

physiological circumstances in which these drugs would eventually be used.  

Various rodent species are the most common animal models in pre-clinical drug 

evaluation, and while they are not a perfect substitute for a living human subject, 

they do allow for straightforward genetic manipulation which enables a greater 
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degree of freedom in the experimental characterization of the efficacy, side 

effects, and pharmacokinetic properties of drugs.  In particular, knockout models 

for specific mouse orthologs of human disease or pharmacologically relevant 

genes have provided immense amounts of information about the impact of these 

genes on the efficacy and toxicity of specific drugs and other xenobiotics.  As an 

alternative yet complementary approach to knockout models, humanized 

transgenic mouse models provide the ability to assess the function of the human 

form of a gene in an intact, easy to manipulate physiological system. 

The recent creation of knockout models for OCT119, 25 have produced a greater 

understanding of its impact on the accumulation of organic cations in the liver25 

and the efficacy of drugs that modulate hepatic function such as metformin19, 26.  

These studies have validated the importance of OCT1 in liver-mediated drug 

disposition but have not allowed for the ability to assess the role of human OCT1 

in these same controlled in vivo experimental conditions.  Comparison of the 

orthologous sequences of OCT1 in rodents and humans indicates that while 

highly conserved overall (approximately 78% amino acid identity between 

orthologous mouse and human sequences), there are distinct functional 

attributes present in each isoform.  In particular, and detailed in Table 6.3, a 

number of substrates and inhibitors of rodent and human OCT1 interact with 

dramatically different affinities.  Specifically, important drugs such as metformin 

and endogenous small molecules such as choline and corticosterone all show 

dramatically different affinities between species with the rodent orthologs 

possessing a generally greater affinity for these cations with up to a 400-fold 
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difference in affinity in the case of choline.  In addition, Dresser, et al. 

demonstrated that human OCT1 does not interact as strongly with n-

tetraalkylammonium (nTAA) species compared to the rodent orthologs whereas 

human OCT1 had a significantly higher turnover rate of larger nTAA species 

compared to rodent OCT1 orthologs1.  Thus while the overlap of substrates is 

significant, there exists substantial functional differences between rodent and 

human OCT1 which not only preclude direct comparisons in many cases, but 

also create difficulties in the interpretation of pre-clinical data from rodent species 

using OCT1 substrates and inhibitors.  The creation of a humanized OCT1 

mouse model will allow for further investigation by potentially eliminating cryptic 

differences in xenobiotic interaction between mouse and human OCT1 and in 

any endogenous roles that may differ between these two species. 

Table 6.3: Disparate transport/inhibition constants between 
hOCT1 and rodent Oct1 orthologs 

Compound  Human OCT1 Rodent Oct1 Ref 

TMA 12,400 2040a 1 

n-Methylnicotinamide 7,700 384b 27, 28 

Metformin 1,470 377b 17, 29 

Corticosterone 7 160b 27, 28 

Choline 16,700 42a 30, 31 

Vecuronium 120 4.3b 28, 32 

Values are in µM and represent either Ki or Km determinations; bold 
indicates Km values.  a: mouse Oct1  b: rat Oct1. 
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In spite of the use of a previously published and well-documented set of promoter 

elements designed to drive both high expression levels and liver-specific 

expression patterns, the pAlb-hOCT1 construct achieved only one of these 

features when integrated into the mouse genome.  At the onset, only nine of the 

55 initial founder animals were positive for the transgene and after 

characterization of these nine humanized OCT1 mouse lines by qRT-PCR, only a 

single line displayed the requisite high transgene expression in the liver.  

However, the expression of the transgene in this line was abundant with levels 

similar and even surpassing that found in the normal human liver.  This 

expression level, albeit only observed in mRNA at this stage, should provide 

more than adequate amounts of OCT1 in hepatocytes and be sufficient for 

inquiries into OCT1 function.  Contrary to the desired high hepatic expression of 

the OCT1 transgene, significant expression of the transgene was observed in a 

number of other tissues.  While not expected or especially advantageous for the 

model, this issue has been encountered previously when using the promoter 

elements in this construct.  Specifically, the initial use of these promoter elements 

resulted in a number of lines with some expression of the transgene in the 

kidney23.  Similarly, later mouse models derived using a similar vector construct 

produced founder animals with an appreciable expression of the transgene in the 

testis in addition to the liver33.  However, this issue appears to have been 

overcome previously by screening large numbers of founder animals and 

identifying lines with only expression in the liver.  In spite of the large number of 

initial OCT1 transgenic founder animals, only a single line demonstrated the 
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requisite high expression of human OCT1 in the liver, in part due to large number 

of founder lines displaying infertility or a lack of germ line transmission of the 

transgene.  While the presence of OCT1 in other mouse tissues does not 

necessarily make the model any less useful in the study of liver-based 

phenotypes and functions, it does introduce an additional factor when interpreting 

the data derived from experiments using this model.  However, the impact of the 

spurious transgenic OCT1 expression on these experiments remains to be 

determined; mice normally express Oct1 in the kidney which, in combination with 

the humanized OCT1 mouse model, may allow for better cross-species 

comparisons of OCT1 function. 

The exact cause of transgene expression outside of the liver is unclear; the 

random nature of transgene integration into the genome could allow for the 

presence of the transgene adjacent to promoter elements driving ubiquitous 

expression which may modulate the high level of expression driven by the 

albumin enhancer element.  Alternatively, the mouse albumin promoter elements 

used in the pAlb-hOCT1 construct may not function optimally with the OCT1 

cDNA and bGH polyadenylation sequence when lacking intronic or insulator 

sequences.  A number of studies have shown that incorporation of an intron or 

the use of insulator sequences increases transgene expression and can aid in 

the specificity of transgene expression34, 35 but these were not routinely used in 

many of the previous studies attempting to drive specific expression in the liver of 

mice.  Likewise, in the initial characterization of these elements, 15 positive 

transgenic founder mice were screened in order to identify only a few mice 
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possessing the desired phenotype23 suggesting that it is not the most efficient 

vector design when attempting to achieve highly abundant liver-specific 

expression.  Many humanized transgenic mouse models attempt to use a BAC or 

YAC vector to introduce the complete promoter and exon-intron structure of a 

gene to avoid issues with fragmented and altered promoter elements.  However, 

this strategy is also not without issues as illustrated by the inexact tissue 

expression pattern observed in the CYP3A4 humanized mouse model which 

lacked expression in the liver, a tissue it is normally expressed in at a high level4.  

Use of a BAC in the creation of the humanized OCT1 mouse model was 

impractical due to the lack of BAC vectors containing both the entire coding 

region of SLC22A1 and sufficient promoter sequence while also excluding 

additional genes or gene fragments (including those of the homologous genes 

SLC22A2 and SLC22A3) which may inadvertently introduce a phenotype not 

related to the gene of interest. 

No prior studies have identified sex-specific expression patterns of albumin in 

humans or rodents, suggesting that the observed differences in expression of the 

transgene are due to 1) unrecognized factors related to the random nature of 

transgene insertion, such as adjacent sex-dependent transcriptional elements, 2) 

post-transcriptional regulation of the OCT1 mRNA that differs between male and 

female mice, or 3) unequal zygosity between the male and female mice used in 

the study.  The non-specific transgene expression observed in the tissue panel 

could be explained by positional effects in the chromosomal site of integration, it 

could be argued that the most likely cause of the observed sex-dependent 
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differences in expression are due to indeterminate zygosity as it would be 

unlikely that expression would be reduced by approximately 50% in multiple 

distinct tissues subject to different regulatory mechanisms of gene transcription.  

This being the case, once full homozygosity of the transgene is achieved, 

expression of the transgene should remain high and in fact, is likely to rise on 

average although the sex-specific differences in expression may disappear or at 

least be attenuated. 

While the use of humanized mouse models to study the effects of drugs and 

toxins is not the perfect solution for assuring relevancy in the conversion of in 

vivo animal data to human beings, their use does minimize the primary 

confounding factor: functional differences between human genes and their model 

animal orthologs.  This humanized OCT1 mouse model does not entirely 

recapitulate the endogenous expression pattern of OCT1 in human tissues, but 

the expression attained in mouse tissues does provide for an excellent model of 

high expression in the liver with comparatively lower level of expression in other 

tissues.  Similarly, in spite of the presence of a high level of human OCT1 in the 

mouse liver, limitations still exist in that it is only one gene out of thousands 

present in the mouse genome that can potentially impact pharmacokinetic and 

pharmacodynamic measurements and data produced using the humanized 

OCT1 mouse model are unlikely to be directly transferable or quantitative in 

nature when comparisons are made between mice and humans.  However, in 

spite of these limitations, use of this model will undoubtedly aid in characterizing 

candidate and existing drugs that may interact with OCT1 and in the 
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characterization of the rapidly expanding innate physiological role of OCT1 using 

the humanized mouse model as a surrogate for human subjects. 
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Chapter 7 

Summary and Future Considerations 

 

Membrane transporters have shown ever-increasing importance in a number of 

processes relevant to human health and physiology.  In particular, members of 

the Solute Carrier (SLC) 22 family of transporters, colloquially known as 

xenobiotic transporters, have been thoroughly implicated in the uptake of drugs, 

toxins, and other synthetic and endogenous chemicals into the hepatic and renal 

compartments, and subsequent reabsorptive and excretory processes therein1, 2. 

Recently, however, numerous studies have illuminated a variety of specific and 

unique effects on basal physiologic processes dependent upon or strongly 

influenced by members of the SLC22 family3-5.  These discoveries hint at a 

greater role of this family of transporters other than incidentally providing entry 

and exit mechanisms for various drugs and endogenous small molecules.  While 

these transporters continue to understandably garner extensive interest in the 

drug development field, considerable interest is being shifted towards the 

inherent and oftentimes obscured endogenous roles of transporters previously 

known primarily for uptake of clinically relevant drugs.  As an added layer of 

complexity, extensive genetic variability in these transporters has been 

uncovered, providing discrete evidence for the genetic basis of differential drug 

response6.  While the impact of these genetic variants have largely been limited 

to studies of a pharmacogenetic nature, these same variants could also equally 

impact physiological processes and provide explanations for differences in basic 
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bodily functions in the general populace or prove to be a contributing factor in 

complex disorders and diseases with obfuscated and complex underlying 

causes. 

The studies presented within this dissertation were undertaken with the intent of 

investigating the more basal functional roles and genetic features of members of 

the organic anion transporter (OAT) and organic cation transporter (OCT) 

families (both being subsets of the broader SLC22 family) with the supposition 

that while drug disposition and xenobiotic handling are important facets of these 

proteins, there are likely to be other presently undocumented and potentially 

significant functions unrelated to their predominantly ascribed role of small 

molecule drug transport. 

 

Summary of Dissertation Research 

While the major barrier and metabolically active tissues, namely the liver, kidney, 

brain, and placenta, are known to express a multitude of SLC22 transporters, the 

expression of and physiological implications in other tissues has not been 

examined with anywhere near as much interest or depth.  This poses unique 

opportunities for the discovery of basal transporter functions separate from the 

comparatively well-characterized implications in drug efficacy and toxicity.  Using 

an expression screen for SLC22 transporter expression in the major male and 

female reproductive tract tissues, SLC22A11 (OAT4) was found to be present in 

the epididymis and absent from any other reproductive tissues examined.  OAT4 
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expression in the epididymis was an intriguing occurrence as this tissue 

comprises a significant portion of the male reproductive tract and is largely 

responsible for the maturation, concentration, and storage of spermatozoa after 

their production in the testes.  Furthermore, OAT4 was previously only identified 

in the kidney and placenta7, where it was speculated to be involved in steroid 

sulfate homeostasis between the fetal and maternal compartments8, implicating it 

in steroid signaling which is an important facet of all reproductive tissues.  In light 

of this finding, the work comprising Chapter 2 was undertaken to investigate the 

role of OAT4 in the epididymis and examine the potential underlying 

consequences in male fertility.  Further characterization of OAT4 expression 

found levels comparable to that observed in the kidney and identified OAT4 as 

the sole OAT expressed in the epididymis, suggestive of a specific and 

potentially critical role in establishing or maintaining a microenvironment suitable 

for the maturation of spermatozoa.  Additional immunohistochemistry studies 

established OAT4 expression primarily on the apical membrane of the principal 

cells of the caput epididymis, with the highest expression in the efferent ductules, 

a region well-established to have substantial reabsorptive properties9.  However, 

the question remained as to whether the uptake of a particular small molecule in 

the epididymal fluid by OAT4 could impact male fertility.  Using metabolomic 

techniques, samples of bovine testicular lysate and human plasma were 

incubated with OAT4 and empty vector stably transfected cell lines to identify 

potential endogenous substrates present in the epididymal microenvironment 

and eventually ascertain if these substrates could have an impact on epididymal 
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function, sperm survival and/or maturation, and thus impact male fertility.  A 

number of potential substrates were identified however, only estrone sulfate, a 

previously known substrate of OAT4, was confirmed.  Based on these results, it 

is plausible that estrone sulfate is the primary metabolite substrate for OAT4 in 

the epididymal microenvironment and its transport and conversion to active 

estrogens in the epididymal epithelium could significantly impact epididymal 

function.  Previous studies have identified active estrogen signaling pathways in 

the epididymis and loss of estrogen receptors leads to infertility in knockout 

mice10.  Thus, while no novel substrates were identified in these experiments, the 

potential impact of OAT4 on epididymal function and male reproductive capacity 

may be akin to its speculated role in the placenta; however the full impact of 

OAT4 in the epididymis remains unclear and worthy of future investigations. 

Given the high expression of OAT4 in the epididymis, placenta, and kidney and 

the potential to provide critical transport mechanisms for a variety of endogenous 

substrates in these tissues, nine non-synonymous variants of OAT4 were 

characterized experimentally to evaluate their potential impact on OAT4 function.  

As detailed in Chapter 3, genetic variants found in healthy human subjects from 

multiple ethnic groups were evaluated using uptake of three endogenous 

substrates: estrone sulfate, ochratoxin A, and uric acid.  Of the nine variants 

examined, three resulted in a complete loss-of-function phenotype with all three 

substrates tested (L29P, R48Stop, and H469R).  These three variants occurred 

at a very low allele frequency, with the exception of R48Stop which was identified 

at a slightly higher frequency of approximately 2.3% in Caucasians.  Subsequent 
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mechanistic investigation of these variants found the likely explanation for the 

loss of function was a drastic reduction in the amount of protein on the plasma 

membrane, suggestive of membrane trafficking issues arising from the presence 

of these altered amino acid residues or in the case of the R48Stop variant, a 

severely truncated or non-existent protein.  Interestingly, the remaining variants 

with allele frequencies greater than 1% (R121C, V155G, and V155M), while not 

showing any change in substrate uptake, did show differences in the kinetic 

properties of estrone sulfate uptake, with generally lower Vmax values and 

approximately equivalent Km values.  The presence of these nonfunctional 

variants suggest that an appreciable number of individuals could have reduced, 

or absent, OAT4 function while the higher frequency variants characterized 

herein indicate that other variants may impact OAT4 function in a more subtle 

manner. 

In addition to SLC22A11, five non-synonymous genetic variants in healthy 

individuals were also discovered in its closely related paralog SLC22A12 

(URAT1) and were characterized in the work comprising Chapter 4.  In contrast 

to OAT4, coding variants in URAT1 have previously been recognized as 

significant factors in uric acid homeostasis, with a number of rare mutations 

resulting in the severe loss of uric acid reabsorption in the kidney, the primary 

site of URAT1 expression, and the development of hypouricemia.   The variants 

identified in this chapter were relatively rare with only the G65W and 

T542LysfX13 variants found in multiple individuals.  The rarity of these variants, 

and the overall extreme conservation of coding regions of URAT1, was 
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juxtaposed by the large number of observed haplotypes found in all four ethnic 

groups examined, suggestive of a high degree of selection occurring in this gene, 

presumably to conserve uric acid reabsorption.  These variants resulted in little 

overall change in uric acid uptake, with only the T542LysfX13 indel displaying a 

statistically significant reduction in uric acid uptake.  In contrast, all of the variants 

were kinetically altered with substantial reductions in both Vmax and Km values for 

uric acid uptake indicating that while the net uptake of uric acid remains an 

efficient process overall, there are subtle differences in protein function when 

these variants are present.  Subsequent investigation into the mechanism of 

these functionally reduced variants identified a distinct reduction in protein on the 

plasma membrane with the T542LysfX13 variant present at less than 50% of the 

reference protein in spite of comparable mRNA levels.   Previous work from a 

number of groups has identified a number of rare variants directly responsible for 

hypouricemia, most often resulting from a single point-mutation that results in a 

complete loss of uric acid reabsorption in the kidney and result in hypouricemia4, 

11, 12.  In this case, however, protein- and function-altering variants were found in 

DNA from presumably healthy individuals.  While people with these variants are 

unlikely to present with hypouricemia, the altered function produced by these 

variants could influence the degree of renal uric acid reabsorption and thus 

predisposition to certain uric acid-modulated diseases such as metabolic 

syndrome and multiple sclerosis13, 14, as well as the response to commonly used 

uricosuric drugs known to interact directly with URAT1. 
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In spite of their close evolutionary history, OAT4 and URAT1 possess unique 

functional characteristics and genomic features.  While functionally comparable 

and similar in many ways to other members of the OAT family, these two 

transporters in particular exhibit features of divergent evolution and functional 

specialization.  As detailed in Chapter 5, phylogenetic analysis found that OAT4 

is the ancestral OAT from which URAT1, as well as OAT5 and OAT7, evolved 

suggesting that OAT4 also possesses the ancestral functional properties and 

genomic features of this branch of the OATs.  This is further substantiated by an 

amino acid identity of approximately 50% between these two transporters and a 

high level of conservation between both orthologous and paralogous proteins.  

Examination of the patterns of conservation, both within and between species, 

suggests that amino acid differences that occur in the transmembrane regions 

are likely to elicit many of these functional differences.  However, in spite of these 

high level of conservation, OAT4 and URAT1 display distinctive patterns of tissue 

distribution and substrate preferences.  Specifically, while OAT4 has been 

detected in the kidney, placenta, and epididymis with low-level expression in a 

number of additional tissues, expression of URAT1 is largely restricted to the 

kidney.  In consideration of the predicted evolutionary features of these proteins, 

the restriction of URAT1 tissue expression is significant and indicative of its 

substantial role in the kidney in the reabsorption of uric acid.  Furthermore, it 

could be speculated that expression of these OATs was initially broad but as the 

role of URAT1 became more specialized, so did its expression pattern.  Similar to 

the increasing specificity of gene expression observed with URAT1, when these 
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two substrate classes were examined further, OAT4 was confirmed to interact 

with a variety of steroid-sulfate conjugates as well as a wider range of small 

molecule inhibitors, including losartan, salicylate, and enoximone, whereas 

URAT1 demonstrated noticeable interactions with a wide range of purine-like 

compounds but with narrower range of interactions with the same subset of 

known and unknown small molecule inhibitors, somewhat predicated on size as 

exemplified by the lack of an observable interaction with enoximone.  This 

functional divergence is further emphasized by the discovery that URAT1 is an 

effective transporter for both AMP and ADP while OAT4 displayed no interaction 

with either compound, further substantiating the specific functional capacity of 

URAT1 that has evolved separately from OAT4 and is not limited solely or 

incidentally to uric acid.  Taken together, these finding suggest that while a 

product of the same common ancestral gene and in spite of a high level of amino 

acid identity, these two OATs have diverged substantially, with unique roles in 

specific tissues.  The conservation and functional evolution of these transporters 

hints at conserved and specialized physiological roles, however, the full extent of 

these differences remains to be seen as does the full scope of the potential 

impact on the physiological capacity of tissues expressing OAT4 and/or URAT1. 

While the creation of in vivo models for altered OAT4 and URAT1 function would 

be an ideal and logical continuation of the preceding studies of OAT4 and 

URAT1, limitations in potential rodent models, namely the lack of an identifiable 

ortholog (OAT4) and the increased complexity and redundancy in uric acid 

disposition (URAT1)15, precluded their creation and utilization for studies aiming 
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to uncover novel basal physiological functions of these transporters.  However, 

recent studies of OCT1 (SLC22A1), another member of the SLC22 transporter 

family, have found significant effects on the excretion of cationic small 

molecules16 as well as the development of fatty liver disease17.  Knockout models 

for the orthologous SLC22A1 gene in mice have been well characterized and 

have provided substantial insights into the impact of OCT1 on mammalian 

physiology and disease predisposition and treatment.  However, translating the 

altered physiological responses from rodent to primate species has proven 

difficult due to the inherent differences between these species and due to the 

slight but significant functional differences observed in between the mouse and 

human OCT1 proteins.  Considering these circumstances, the work in Chapter 6 

describes the efforts invested in the creation of a transgenic mouse model that 

expresses the human OCT1 in the mouse liver.  Transgenic mouse lines 

anticipated to express OCT1 in a liver-specific fashion were created by injecting 

the OCT1 transgene, comprised of the mouse albumin gene proximal promoter 

and distal enhancer regions, as described by Pinkert, et al18, the human OCT1 

full-length cDNA, and a bovine growth hormone poly-adenylation sequence.  The 

majority of the resultant lines displayed varying OCT1 expression levels, with 

most lacking any appreciable expression in any tissue examined.  However, a 

single line was found to express human OCT1 at an extremely high level, 

approximately 1.2 to 4-fold higher than in normal human liver, and was 

subsequently backcrossed into an Oct1 knockout mouse line to create the final 

humanized OCT1 transgenic mouse model.  This transgenic line also expressed 
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OCT1 at elevated levels in other tissues, primarily the colon, kidney and lung, but 

at substantially lower levels than in the liver.  In spite of this spurious tissue 

expression, the levels detected in the liver should allow for more accurate 

assessments of the impact of OCT1 in human physiology and disease while 

maintaining the ability to conduct these investigations in an intact mammalian 

model organism. 

 

Future Considerations 

Since the completion of the first draft of the human genome more than ten years 

ago, avenues of scientific inquiry have expanded dramatically with increasing 

emphasis being given to both the construction of and the variability in the human 

genome. The discoveries made possible through advances in sequencing 

throughput and computational power have unveiled innumerable associations 

between genotype and phenotype far beyond what was attainable using 

traditional, largely Mendelian approaches, and in fact has created entirely new 

scientific disciplines devoted to uncovering these associations.  A substantial 

portion of funding and research interest has specifically been vested into work 

related to the variability of the human genome and has resulted in a greater 

understanding as to how minute changes in DNA can result in the plethora of 

physical traits observed in vertebrate animals19-21 while also illuminating many of 

the factors behind the development of multitudinous diseases22-24.  While the 

promises of a “genomic revolution” in medical care professed by the initial 
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genomics pioneers have yet to be fully realized, considerable efforts are currently 

being made to develop and implement facets of the field of personalized 

medicine, wherein the course of medical treatment is determined by a person’s 

individual physiological makeup, driven largely by their own unique DNA. 

Two major components are key to the implementation of truly genomics-based 

medicine: 1) the identification and characterization of variants in numerous 

human populations and 2) the methodologies and infrastructure to accurately and 

completely interpret the impact of these variants in an individual.  The former was 

initially limited by the inability to produce high-quality sequence data cheaply and 

quickly; sequencing the first draft composite human genome was done at a cost 

of nearly $3 billion and took 10 years to complete.  Advances in both scalability 

and the science of DNA sequencing since then has resulting in an explosion of 

personal genomics data with estimates of thousands of genomes being 

sequenced yearly.  These advances have also resulted in the creation of 

immense data resources such as HapMap25 and the 1000 Genomes Project26 

which are now maturing and providing an incredibly detailed map of human 

genetic variation in numerous ethnically diverse populations.  However, the 

precise impact of these variants, especially outside of an in vitro laboratory-

based setting, lags far behind the pace of their discovery.  Ultimately, this is the 

paradox of the current genomics age – the relative ease in identifying variable 

regions of DNA contrasted with the difficulty in determining the impact of these 

variants.  Numerous small-scale efforts have been undertaken to illuminate the 

effects of naturally occurring genetic variants and these have met with some 
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success, as evidenced by increasing number of well-studied and clinically 

validated pharmacogenetic variants recognized by the FDA.  Efforts such as 

those presented in this dissertation provide and additional, incremental step 

toward a greater understanding of how simple nucleotide polymorphisms in 

xenobiotic transporters in the SLC22A family can impact basal physiological 

processes in the kidney or epididymis as well as potentially lead to the discovery 

of clinically-relevant pharmacogenetic relationships, an important facet of 

personalized medicine.  However, a more concerted and ultimately broader scale 

approach will be needed in order to make full use of the data currently being 

generated.  This most certainly is an oversimplification of a daunting task 

considering a recent study that found ~442,000 previously unreported variants, 

including ~3,000 nonsense or frameshift variants (with a high likelihood of 

negatively impacting the function of a protein) occurring in the average 

genome27, but will be necessary if we are to effectively transition from the 

discovery to the application phase of personalized medicine. 

Recently dubbed the “interpretome”28, providing complete variant interpretation to 

researchers, clinicians, and patients in a timely and easily interpretable manner is 

potentially the last true technical hurdle in moving genomic data to the clinic 

where it can directly impact medical treatment.  In conjunction with the limited 

availability of effect data for variants, the other major issue currently facing 

movement of this data to the clinic is the scope of the conditions where both 

variant and phenotype information are available.  Nearly 20,000 entries currently 

exist in the Online Mendelian Inheritance in Man (OMIM) database that relate a 
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particular variant to a disease condition, however, these variants by and large are 

exceedingly rare and generally result in severe phenotypes where relatively little 

medical intervention is currently possible.  While the focus on Mendelian 

disorders is understandable and has produced some substantial results, in 

particular the identification of new causative variants that result in Miller’s 

syndrome29 and Kabuki syndrome1 to name a few, the majority of patients that 

could benefit from personalized medicine will not be suffering from these rare 

disorders.  Thus while this information is important to those suffering from these 

rare and debilitating diseases, and can have important implications in genetic 

counseling of carriers, wider use of this information in the clinic would be 

achieved through the determination of the impact of more frequently occurring 

variants and those that arise in genes known to be involved in more common 

maladies, such as diabetes, cardiovascular disease, asthma, and cancer.  

Effective utilization of this data will therefore require a more thorough attempt at 

identifying genes and variants that influence the development of complex 

disorders and phenotypes.  But taking these more common, and in some cases 

non-Mendelian, variants to this level of predictive power also requires many other 

considerations, namely accounting for more subtle interactions between multiple 

variants in multiple genes, compound heterozygosity, gene-environment 

interactions, and the mode of inheritance, in addition to the complexities of 

pharmaceutical interactions in the body. 

Pharmacogenetics in particular is well situated to identify and characterize 

potentially harmful variants and then apply this knowledge to a clinical setting 
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where it can immediately impact patients.  Currently, more than 100 drugs have 

pharmacogenetics information included in their labels, informing clinicians and 

patients alike of how a variant allele can impact the use of this particular drug30.  

Pharmacogenetics studies have transformed the usage of a number of drugs, 

namely the anti-coagulant warfarin31 and the anti-neoplastic agents irinotecan, 

azathioprine, and 6-mercaptopurine32, allowing these drugs to be used more 

safely and more effectively than previously possible.  Instances of beneficial 

applications of pharmacogenetics data are sure to increase as more research is 

performed to determine the factors relevant to drug response and the pace of 

targeted therapy development increases as well. 

Additionally, the comparatively small number of genes involved in drug 

disposition, largely limited to drug targets (predominantly consisting of ion 

channels, G-protein receptors, nuclear receptors, and kinases), membrane 

transporters, and cytochrome P450 enzymes, allows for a more thorough and 

focused approach to relating a variant to a drug response phenotype; 

pharmacogenetics benefits from this “narrower” view of the genome and as a 

result is able to avoid the pitfalls of complex diseases where oftentimes the 

causative genetic factors are multitudinous and obscured.  These efforts have 

proven fruitful with variants identified in 1150 genes and interactions found with 

more than 370 clinically relevant drugs as described in the Pharmacogenetics 

Knowledge Base (PharmGKB)33.  Further activity aimed at the interpretation of 

impactful pharmacogenetic variants would undoubtedly aid in the movement of 

the sequencing data to the clinic as its application to pharmaceutics is 
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immediately actionable and can both prevent adverse drug events and optimize 

medication usage, aiding in both the treatment of severe diseases and in the 

overall safety and efficacy of medications in general use.   

With the precipitous drop in cost for whole genome sequencing and the 

converging interests from both industry and the public to provide in-depth genetic 

information for patients, the next big leap in the utilization of genomic data will 

undoubtedly be in the realm of interpretation.  This will likely encompass a leap 

forward in our understanding of complex diseases, increased ability to evaluate 

variant effect in a high-throughput fashion, and a substantial improvement in the 

computational and engineering side to aid in our ability to generate, capture, 

store, and transmit vast stores of genetic data.  In short, while incredible 

achievements are being made in personalized medicine, the application of 

genomic sequencing data to patient care will unquestionably require many more 

advancements in scale and accuracy of variant identification in addition to an 

increased emphasis on determining and/or predicting adverse effects resulting 

from variants in a patient’s DNA, in the form of disease or drug response. 
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