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Abstract. The one gene-one enzyme hypothesis, first intro-
duced by Beadle and Tatum in the 1940s and based on their
genetic analysis and observation of phenotype changes in
Neurospora crassa challenged by various experimental condi-
tions, has witnessed significant advances in recent decades.
Much of our understanding of the association between genes
and their phenotype expression has benefited from the comple-
tion of the human genome project, and has shown continual
transformation guided by the effort directed at the annotation
and characterization of human genes. Similarly, the idea of
one drug-one primary disease indication that traditionally
has been the benchmark for the labeling and usage of drugs
has also undergone evident progressive refinements; in recent
years the science and practice of pharmaceutical develop-
ment has notable success in the strategy of drug repurposing.
Drug repurposing is an innovative approach where, instead
of de novo synthesis and discovery of new drugs with novel
indications, drug candidates with the desired usage are identi-
fied by a process of re-profiling using an open-source database
or knowledge of known or failed drugs already in existence.
In the present study, the repurposing drug strategy employing
open-access data portal drug-target interactome (DTome) is
applied to the uncovering of new clinical usage for probenecid.
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1. Introduction

Drug repositioning has become an increasingly attractive
alternative to traditional drug development. Two major
factors have contributed to this change, specifically cost and
time. Traditional drug development consists of three stages:
Discovery, preclinical and clinical testing. Each phase faces
unique challenges. The drug is first tested for efficacy using
in vitro or in silico modeling against specific targets in the
discovery stage. The drug is subsequently tested with animal
models in the preclinical stage, and human testing is conducted
in the first clinical stage. While certain drugs in development
may appear promising, there is no guarantee the drug will
be effective in humans (1). Approximately 60% of the new
oncology drugs under development throughout the 1990's have
successfully completed phase 2 programs and subsequently
failed in phase 3 clinical trials. Only 5% of all agents devel-
oped for oncology applications in this time period have ever
reached application (2).

The cost of drug development has ballooned within
the United States (US) over the past decade, rising from
$26 billion in 1998 to $50 billion in 2008 (3). The increase in
cost is due in part to the increase in time required to develop
a drug and secure approval from the US Food and Drug
Administration (FDA); since the 1990's this time period has
increased to 15 years (1). Further contributing to high develop-
ment costs is the increasingly strict regulatory environment
imposed by the FDA, resulting in high attrition rates for drugs
in development. Between 1999 and 2004, the probability of a
drug in the clinical stage reaching the market was only 16%.
The drug industry in general has become an increasingly
unmanageable environment (3).

In contrast to traditional drug development, the process
of repositioning, repurposing, redirecting or reprofiling of
existing approved drugs involves discovering uses beyond
their initial medical applications (4). Such an approach has
previously been commonly known as ‘off-label’ use, such as
when physicians make a decision to prescribe a particular drug
for unapproved indications, age groups, dosages or forms of
administration. Repositioning of existing and marketed drugs
reduces safety and pharmacokinetic uncertainty due to the
extensive pharmacokinetic and toxicological data already
available (5). Reliable information also exists in formulation,
bioactivities and pharmaceutical properties, such as absorption,
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distribution, metabolism, excretion and toxicity. As a result,
the development process can be reduced to just 3-12 years (4).
Knowledge of the traditional dosing and therapeutic profile of
the repositioned drugs can be readily integrated with current
scientific advances to provide a more informed framework on
how patients may benefit from these drugs and anticipation of
untoward side effects.

Another benefit of drug repositioning research and devel-
opment is that it can accurately predict new drug targets as
primary sites of action, and also identify off-targets and media-
tors of side effects (6). Campillos ez al (6) compared side-effect
information between unrelated drugs to infer common protein
targets. It was experimentally concluded that drugs sharing
a similar chemical structure and similar side effects likely
bind to associated targets, sometimes beyond the drug's
therapeutic indication. By contrast, Keiser ez al (7) predicted
new molecular targets of drugs by comparing the similarity
of the ligands targeted. The advantage of their method is its
ability to capture similarities between drugs that are otherwise
dissimilar in chemical structure. For example, Rescriptor was
indicated to bind the histamine H4 receptor, a target unrelated
to its therapeutic function as a reverse transcriptase inhibitor,
but was consistent with the painful rashes associated with the
use of Rescriptor.

Drug repositioning studies can also compare gene
expression between drugs and disease states. Lamb et al (8)
illustrated the value of a large publicly available database
known as the ‘Connectivity Map’ that could be used to study
the associations between drugs, genes and disease. The
Connectivity Map can be applied without the use of exten-
sively precise experiments. Using this method, Sirota ef al (9)
hypothesized that a drug has a potential therapeutic use for
a disease state and a drug created opposite patterns of gene
expression. Cimetidine's primary therapeutic use was to treat
stomach acidity and peptic ulcers due to its antagonism of
the histamine H2 receptor; however, the Connectivity Map
showed that cimetidine could be used to treat lung adeno-
carcinoma. This was confirmed experimentally through
a statistically significant reduction in tumor size. Thus,
exploring gene expression to characterize disease and drug
signature is a viable method to reposition drugs. Given
the wealth of evidence showing that convergent signaling
pathways can elicit divergent downstream cellular events
in different diseased states, the potential for repurposing
existing drugs for novel therapeutic indications appears
immeasurable.

There are numerous examples of the success of drug
repositioning, but a notable example is the repurposing of
sildenafil. Sildenafil was developed by Pfizer to treat angina
via inhibition of phosphodiesterase-5 (4). Although silde-
nafil proved to be ineffective in treating angina, researchers
observed that inhibition of phosphodiesterase-5 resulted in
erections among male subjects (4). Following this discovery,
Pfizer repositioned and successfully remarketed sildenafil
under the brand name Viagra, as a treatment for erectile
dysfunction (4).

The present review focuses on the use of the drug-target
interactome (DTome) database to illustrate the developing
field of drug repositioning, as applied to probenecid,
previously known as Benemid. Probenecid was initially

introduced to slow the elimination of the antibiotic penicillin
via renal tubular secretion (10,11). In the 1950's and 1960's
the ‘Probenecid Test’ was used as a clinical tool to diagnose
depression and psychiatric disorders (10,11). Currently,
probenecid is primarily used as a long-term therapy for
patients with refractory gout or in patients who are unre-
sponsive to first-line treatments (12). It is also used in the
laboratory to investigate intracellular calcium within in vitro
cells (11). However, new evidence suggests that probenecid
may have other therapeutic potentials. The traditional thera-
peutic target of probenecid in the treatment of gout will first
be reviewed, followed by an overview on the potential for
repositioning probenecid as an anticancer and anti-viral drug
by exploring drug-protein and secondary protein-protein
interactions.

2. Gout

Gout is a metabolic disorder characterized by chronic eleva-
tion in uric acid levels >6.8 mg/dl. A sustained increase in
uric acid causes hyperuricemia and results in the formation
and deposition, preferentially in joints, of monosodium urate
monohydrate crystals, otherwise known as tophi (13). Upon
shedding, tophi are believed to cause intense pain by trig-
gering acute but self-limiting joint inflammation (14). It is
estimated that the prevalence of gout has risen to 3.9% from
2.7% between 1988 and 1994 based on the National Health and
Nutrition Examination Survey (15).

Gout has been proposed to progress in four stages
(Fig. 1) (16). Stage 1 is characterized by asymptomatic hyper-
uricemia that has the potential to develop into gout. Acute
gout flairs are classified as stage 2. In stage 3, periods are
susceptible to additional flairs and otherwise asymptomatic
hyperuricemia prevail, whereas establishment of stage 4 is
marked by the presence of chronic gout. The objective of
short-term therapy of gout is to manage acute episodes and
minimize the joint inflammation observed in stage 2. A
popular short-term treatment is colchicine, a non-selective
inhibitor of inflammasome activity and interleukin-1 produc-
tion in leukocytes and migration of leukocytes to affected
areas, as well as release of histamine from mast cells (14). In
contrast to short-term treatments, long-term therapy manages
patients in stages 3 and 4.

Hyperuricemia and gout can be attributed to the over-
production, underexcretion or increased intake of urate (16).
As shown in Table I, urate-lowering therapy (ULT) includes
administration of drugs that act to prevent uric acid formation,
e.g., allopurinol or febuxostat, or enhance its excretion, such as
probenecid, as well as changes in the diet and lifestyle. ULT
drugs are prescribed as necessary to achieve non-hyperuri-
cemic blood plasma levels (17).

Allopurinol, a purine analogue that lowers the production
of uric acid by competitively inhibiting the enzyme xanthine
oxidase is the ULT drug of choice (13,14,16,17). In patients
that experience Allopurinol Hypersensitivity Syndrome or
have a history of renal insufficiency, febuxostat, a xanthine
oxidase inhibitor lacking a purine core, is metabolized in the
liver (13,14,16,17) and can safely be used in patients with renal
impairment, is a low-cost second option for patients who are
contraindicated for allopurinol.
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Table I. Long-term therapies of gout.

Drug Target Effects Concerns
Allopurinol Purine analog xanthine Reduced production Allopurinol hypersensitivity syndrome,
oxidase inhibitor of uric acid renal impairment
Febuxostat Xanthine oxidase inhibitor Reduced production Liver impairment, cost
of uric acid
Probenecid Uricosuric effect via competitive Decreased reabsorption Urate crystal development in urinary

inhibition of URAT1* of urate tract, hypersensitivity

*URAT1 is an integral membrane protein localized to the apical (brush border) membrane of renal proximal tubular cells. URAT1 is a member of
the organic anion transporter family that has been shown to mediate the transport and reabsorption of uric acid, thereby exhibiting an important
role in the regulation of blood uric acid concentrations. URAT1, urate transporter 1.

STAGE 3
Asymptomatic
Gout with History
of Flairs

STAGE 4
Chronic Gout

STAGE 1 — STAGE 2 —

Asymptomatic Acute Gout
Hyperuricemia Flairs

Ny
v
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Identify underlying
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therapy using
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adjust diet and lifestyle to  treat with xanthine most common pathology
reduce urate intake, such  oxidase inhibitors in gout; treat with uricosuric
as by purine and fructose drugs such as Probenecid
consumption

Figure 1. Stages of gout. An illustration of the progression of gout, including characteristic features and clinical treatments. As stage 1 patients are asymptom-
atic, few physicians select urate lowering therapy (ULT). Although there is no absolute consensus, this scheme reflects a popular criteria for ULT initiation.

ULT can be subdivided into three pathological conditions, each with its own appropriate treatment.

3. Probenecid as a uricosuric drug

The process by which the human renal proximal tubule
extensively reabsorbs urate is blocked by uricosuric drugs,
including probenecid (12). It is estimated that 90% of
the daily load of urate is reabsorbed, and this process is
sustained by a family of organic anion transporters (OATs)
including the urate transporter 1 (URATI), which are
targeted and inhibited by uricosuric drugs (18) (Fig. 2).
URAT!1I is a sodium-independent exchanger of chloride and
organic anions including urate (19,20). Therefore, probenecid
can be used as a long-term therapy of gout by minimizing
post-secretory reabsorption of urate in hyperuricemic
patients. In addition to URATI, probenecid inhibits other
organic anion transporters, including OAT1, OAT2, OAT3
and OAT4, to varying degrees (19). While URAT1 transports
urate across the luminal membrane of the renal proximal
tubule, it is believed that OAT1 and OATS3 transport urate
across the basolateral membrane. For probenecid to have its
intended cis-inhibitory effect it must be excreted into the
renal tubule. Once it is in the lumen of the renal tubule, it can
interact with URAT1 (20).

According to the Four Component Hypothesis (12), trans-
port of urate begins with glomerular filtration, reabsorption of
filtered urate, secretion and post-secretory reabsorption (12,21).
In this mechanism, probenecid most likely reduces post-secre-
tory reabsorption by inhibiting URAT1. Notably, urinary urate
excretion was observed to increase by <84% in 47 patients
with chronic renal failure, suggesting loss of function of OATs
such as URATI that contribute to post-secretory reabsorption
of urate (21). The paradoxical effect mimics that of proben-
ecid, and therefore patients with chronic renal failure are
likely contraindicated for probenecid and may have a reduced
response to the drug.

Probenecid is highly lipid soluble and also strongly binds
plasma proteins such as albumin (10). Humans metabolize
probenecid by oxidation of alkyl side chains and to a lesser
extent by glucuronide conjugation; however the oxidized
metabolites have nearly equal uricosuric effects as proben-
ecid (10). Probenecid is eliminated from the human body by the
renal system, and its renal clearance is dependent on pH and
urine flow rate (10). Maximal renal clearance of probenecid is
established by alkaline urine and increasing urine flow rate.
Maintaining alkaline urine also minimizes the development of
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Figure 2. Renal proximal tubule epithelial cell transporters. Several transporters identified on the proximal renal tubule aid with the movement of the urate
anion across epithelial cells. Urate anion crosses the basolateral membrane using the organic anion transporter 1 (OAT1) and OAT3. Thereafter, it can cross
into the luminal space using the purine nucleoside transporter adenosine triphosphate-binding cassette (ABCG2) or the Na-dependent phosphate transporter
protein 1. The major mechanism by which uricosuric drugs, such as probenecid, function is by competitive inhibition of urate transporter 1 (URAT1I), effec-
tively blocking reabsorption of the urate anion from the apical membrane into the basolateral membrane and circulation. Facilitated glucose transporter 9 is
implicated in basolateral reabsorption of urate. This figure is a simplified illustration of the mechanisms involved in urate removal and reabsorption, and is not

comprehensive. Adapted from Terkeltaub (13).

urate crystals in the urinary tract when using probenecid (22).
Probenecid is preferentially administered orally, and use can
result in side effects, although severe side effects are rare. The
most severe side effect is probenecid hypersensitivity, which is
characterized by fever, rash, nausea, vomiting and vasomotor
collapse, which occurred in 8 subjects in a study observing
2,502 patients using probenecid (22). There was no observed
hepatic or renal toxicity observed, and to date no fatalities
have been caused by use of the compound. Gastrointestinal
problems, ranging from abdominal distress and vomiting
to diarrhea, appear to be the most common side effects
observed (22).

When comparing their effectiveness as urate lowering
drugs, there is no clear advantage of allopurinol over
probenecid (23). However, allopurinol is usually preferred by
physicians due to its reduced side-effect profile and higher
tolerability in comparison to probenecid. In a study of 31 gout
patients, it was shown that probenecid prescribed concomi-
tantly with allopurinol increased the overall hypouricemic
effect and reduced plasma urate levels by an additional 25%
in comparison to allopurinol alone (24). Notably, in addition
to urate, oxypurinol, the metabolite of allopurinol, is also
a substrate of URATI. Probenecid blocks post-secretory
uptake of oxypurinol and reduces the efficacy of allopurinol.
However, the uricosuric action of probenecid was observed to
compensate for this undesired effect (24).

Based on the above evidence, probenecid is a viable
option for the long-term management of gout. However,
xanthine oxidase inhibitors, such as allopurinol have a
smaller side-effect profile and an increased tolerability, and
thus maintain their position as the primary drug of choice for
gout. Thus, probenecid is generally only used in patients with
refractory gout or in patients who cannot tolerate allopurinol
or febuxostat. While it has been traditionally prescribed as a

itioning
use of
Probenecid

Figure 3. A proposed strategy for the repositioning use of probenecid

monotherapy, the future direction of probenecid may involve
increased concomitant use with other ULT medications, such
as xanthine oxidase inhibitors.

4. Repositioning of probenecid using DTome analysis

The observed pronounced effects probenecid exerts on OATs,
coupled with the fact that OATs have a vital role in the distribu-
tion and excretion of several widely prescribed drugs prompted
us to query whether probenecid may have novel targets and uses.
Our approach was to use the DTome (25) database to investi-
gate drug-drug, drug-protein and second level protein-protein
interactions for probenecid (Fig. 3). These interactions were
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Figure 4. Drug-target interactome-based probenecid protein interactions. URAT], urate transporter 1; OAT, organic anion transporter; PANXI, protein pan-
nexin 1; HNF1B, hepatocyte nuclear factor 1 homeobox B; RRP1B, ribosomal RNA processing 1 homolog B; CAV3, caveolin-3; NHERF, Na*/H* exchanger
regulatory factor; APPBP2, amyloid (3 precursor protein binding protein 2; P2RX7, P2X purinoreceptor 7.

subsequently visualized using Cytoscape (26), a program for
network analysis (Fig. 4). The network generated from the
DTome results was further expanded using Cytoscape tools,
which query public interaction databases. The aim was to
develop a network centered on the off-target interactions of
probenecid with genes involved with carcinogenesis, or altered
in cancers, as well as targets that may have an anti-viral effect.
Results from the DTome database showed multiple proteins
for which probenecid had direct interactions. As expected,
there is a direct interaction between probenecid and URAT]I,
a member of the SLC22 family of genes. This interaction has
already been discussed as a path by which probenecid can
treat gout. Additionally, there were interactions with OAT]I,
3 and 4, all members of the SLC22 family of genes, as well
as a fourth protein pannexin 1 (PANXI1), a protein that is a
structural component of gap junctions.

5. Repositioning of probenecid as an antiviral drug

As mentioned earlier, probenecid was used in the past to
increase the plasma concentrations of medications such as
penicillin when such treatments were in limited supply. There
is a renewed interest in using probenecid to increase the effi-
cacy of medications for hard to treat conditions such as human
immunodeficiency virus (HIV) infection, in addition to other
viral infections. While probenecid targets several different
organic anion transporters, two of primary interest are
SLC22A6/0AT1 and SLC22A8/OAT3 (19). In a randomized,
two-way crossover study of 12 healthy subjects, probenecid
was observed to competitively inhibit the reabsorption of
ciprofloxacin, a quinolone antimicrobial agent. It was suggested
that ciprofloxacin was competitively blocked from OAT1 by
the actions of probenecid, although no conclusions could be
made regarding which transporters were involved (27). While
they share a degree of homology, OATs also have unexpected
differences in substrate binding and transport. For example,
adefovir, tenofovir, cidofovir and acyclovir all have strong
affinities for OAT1 and complementary weak affinities for

OAT3 (28). Several antivirals are substrates of either OAT1
or OAT3, and thus have the potential to be manipulated by
probenecid.

In addition to being in the proximal tubule of the renal
system, OAT1 and OAT3 have also been localized to the modi-
fied cuboidal epithelial cells of the choroid plexus (CP) (29,30).
Notably, OAT3 is a sodium-dependent transporter, and has
been further localized to the apical side of CP epithelial
cells (31). These transporters function as an efflux mechanism
to remove organic anions from the cerebral spinal fluid (CSF)
into the blood. For example, the first nucleoside used in
acquired immune deficiency syndrome therapy zidovudine
(AZT) is rapidly removed from the CSF. This process is medi-
ated by OATs, including OAT1 and OAT3, although the exact
contributions of each OAT remain unknown (32).

Probenecid can be used to increase antiretroviral retention
and alter their pharmacokinetic behavior. With the above newly
discovered OATs, probenecid can achieve this by reducing
loss of antivirals from the plasma into the renal system and
reducing efflux of antivirals from the CSF. When combined
with probenecid, blood plasma and CSF concentrations of
AZT significantly increased (33). However, a previous study
has suggested that severely immunodeficient patients, such as
HIV patients, are more likely to experience side effects with
probenecid, limiting the dose that can be safely administered.
In 8 HIV patients prescribed probenecid concomitantly with
AZT, 6 experienced rashes, and 3 of those 6 had severe rashes.
These patients were prescribed 500 mg probenecid every
8 h (34).

Another study compared the efficacy and safety of a
reduced dose probenecid combined with Cidofovir, an acyclic
nucleotide analog of cytosine used to treat cytomegalovirus,
an opportunistic infection identified in severely immunosup-
pressed patients, such as HIV patients. In this randomized,
open-label comparison of the normal and reduced regimens
of probenecid, the lower dose of probenecid combined with
cidofovir delivered cidofovir without a significant change
in its pharmacokinetics. The lower dose also reduced the
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likelihood of side effects (35). Based on this evidence, the
pattern, timing and dose in which probenecid is adminis-
tered significantly influence the tolerability and likelihood
of side effects occurring. The present standard regimen of
probenecid should be restructured in severely immunosup-
pressed patients to improve the efficacy of concomitantly
prescribed drugs and minimize the occurrence of side effects.
Furthermore, inhibition of an OAT, such as OAT3, by proben-
ecid may not result in chronic symptoms, as OAT3-knockout
mice did not have clear developmental defects in major organ
systems (30).

Probenecid can also be used concomitantly with medica-
tions used to treat more common viral infections. Probenecid
can be combined with oseltamivir, an antiviral used to treat
influenza. When probenecid was prescribed four times daily,
there was a significant decrease in renal excretion of oselta-
mivir, such that the dose of the antiviral could be decreased
without compromising its efficacy (36). However, prescribing
probenecid four times daily poses several challenges, including
increasing the likelihood of the patient to develop side effects.
Notably, in another study it was discovered that probenecid
inhibits the gene expression of OAT3. The classical inhibition
of OAT3 by probenecid significantly reduced the virus load
of influenza A (37). It is hypothesized that by competitively
inhibiting OAT3 and reducing its gene expression, probenecid
attenuates the transport of certain viral factors required for
infection. When probenecid was combined with oseltamivir,
the virus load of influenza A was further reduced compared to
probenecid alone (37).

6. Repositioning of probenecid as an anticancer agent

Disruptions of the PANX1 gene have been associated with
melanoma tumor progression (38). The tumor progression
associated with alterations in the PANX1 gene may be due
to direct factors, or may be due to interaction with another
protein, P2X purinoceptor 7 (P2RX7). It has been shown that
P2RX7 is an activator of PANXI1 (39); however, the two may
also interact in other ways. P2RX7 has been shown to activate
tumor necrosis factor-a (TNF-a), and may mediate apoptosis
through that pathway (40).

Querying public databases using Cytoscape, a possible
interaction was identified from a proteomics study in
mice, using codetermination techniques, between URAT1
and another protein, YWHAZ. YWHAZ, also known as
14-3-3 protein /9, is a protein that mediates signal transduc-
tion by binding to phosphoserine-containing proteins (41).
Modulation of signal transduction via binding to phosopho-
serine-containing proteins suggests that it can have a major
role in modulating survival kinases. In addition to interaction
with survival kinases, such as Akt (42), studies have shown
that this gene interacts with the critical pS3 tumor suppressor
gene (43) as well as numerous other genes associated with
carcinogenesis. The expression and activity of the YWHAZ
protein are altered in numerous cancer cell lines. There has
been little research surrounding the URAT1-YWHAZ interac-
tion, and no research has been conducted for human cell lines.
This interaction may be extremely important in identifying
the off-target, chemotherapeutic properties of probenecid and
could be an important area for future study.

Additional interactions that may be involved with devel-
opment of cancers reported for the SLC22 family of proteins
(OAT1, OAT3, OAT4 and URAT]I) include CAV3, PDZKI1,
RRP1B, HNF1B, APPBP29 and NHERF (44). CAV3 belongs
to the caveolin family of proteins serving as scaffolds for
the organization of the caveolae plasma membranes, which
act as reception and interface sites for signaling molecules
in mammalian cells. CAV3 has also been shown to interact
with EGFR to initiate events impinging on the regulation of
survival kinases suggesting a significant chemotherapeutic
role (45). CAV3 reportedly interacts with OAT4; however,
structural domains and specific amino acid details on their
interaction remain to be determined. Future studies on the
molecular nature of CAV3:0AT4 binding could reveal
insights on probenecid as a potential chemotherapeutic agent.
Similarly, PDZK1 has been shown to bind to URATI and
OAT4, while NHREF has been shown to bind with OAT4.
Studies have shown that this association increases the activity
of OAT4 and possibly URAT1 (44). Of clinical relevance is
the observation that PDZK1 has a role in the regulation of
breast cancer resistance proteins (46). Molecular connec-
tivity reported to exist between RRP1B and OAT4 and other
members of the SLC22 family, respectively, HNF1B with
OAT3 and OAT1 with APPBP29, all point to their partici-
patory role in carcinogenesis (25) and provide the rationale
for considering the repurposing of probenecid as a drug with
anticancer activities.

7. Conclusion

Drug repositioning is becoming an increasingly attrac-
tive choice over traditional drug development as a result of
sky-rocketing cost and time of development. Three major
methodologies exist for drug repositioning: Exploring
drug-protein and secondary protein-protein interactions, indi-
rect and downstream drug-ligand interactions, or drug-gene
interactions using a ‘Connectivity Map’. This review explored
the efficacy of drug repositioning by testing drug-protein and
secondary protein-protein interactions of probenecid using
the DTome database. Probenecid was chosen as the focus of
the present study due to decades of publicly available research
and data.

The drug-protein interactions of probenecid were analyzed
using DTome, and secondary protein-protein interactions
were probed thereafter. The primary drug-protein interac-
tions discovered included URATI1, OAT1, OAT3, OAT4 and
PANXI1. The accuracy of this methodology was supported by
the presence of URATI in the results, which determined that
a sodium-independent exchanger is involved in the post-secre-
tory reabsorption of urate. Extensive study has proven that
probenecid can block URAT1 and therefore be used as a treat-
ment for gout.

While URATI is the primary target of probenecid for
the treatment of gout, its other targets have been attributed
with its side effects. These targets, including the OATs
and PANX1, were further explored as possible avenues for
drug repositioning. First, probenecid had distinct drug-drug
interactions due to its interaction with OAT1 and OAT3.
Specifically, it blocked reabsorption of antivirals and anti-
microbials, supporting its use as an adjuvant in hard to
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Table II. Hypothesized associations between targets of proben-
ecid and potentially-related diseases.

Primary target™’ Associated disease process

URAT1* Gout

OAT1 and 3° General antiviral adjuvant
CNS infections adjuvant
Independent antiviral effects
via OAT3

PANXI® Melanomas

URAT1-PDZK1;
OAT4-PDZK1¢

URAT1-YWHAZ®

OAT4-CAV3f
OAT4-RRP1Bf

OAT3-HNF1Bf
OAT1-APPBP2f

Breast cancer resistance

Carcinogenesis

“URAT1 is as explained in Table I. "OAT1 and 3 are OAT trans-
membrane proteins actively expressed in the basolateral membrane
of proximal tubular cells of the kidney. They mediate the uptake of
organic anions, xenobiotics and drugs from plasma into the cytoplasm
of the proximal tubular cells, and their transport into the lumen of
the nephrons of the kidney for excretion. PANX1 is a member of a
protein family that comprise the structural component of the gap junc-
tions. “URAT1-PDZK1 and OAT4-PDZK1 refer to the protein-protein
interactions occurring between URAT1 and its adaptor protein PDZK 1
(PDZ refers to postsynaptic density 95/disc-large/zona occludens
domain), and between OAT4 and PDZKI1. The URATI1-PDZK1
and OAT4-PDZK1 complexes have been reported to regulate the
expression of breast cancer resistance protein. ‘URAT1-YWHAZ is
a complex predicted by DTome. YWHAZ denotes an adaptor protein
implicated in the regulation of a plethora of general and special-
ized signaling pathways, through the ability of YWHAZ to bind to
protein partners via a phosphoserine or phosphothreonine motif.
'OAT4-CAV3, OAT4-RRP1B, OAT3-HNF1B and OAT1-APPBP2
refer to protein complexes that presumably form between the respec-
tive OATs and their putative protein partners. The formed complex
may have implications in carcinogenesis. CAV3 belongs to the
caveolin family of proteins serving as scaffolds for the organiza-
tion of the caveolae plasma membranes, which act as reception and
interface sites for signaling molecules in mammalian cells. CAV3 has
also been shown to interact with EGFR to initiate events impinging
on the regulation of survival kinases suggesting a significant che-
motherapeutic role. RRP1B was identified as a gene with profound
effects on global gene transcription patterns and significant correlation
with susceptibility to metastasis and prognostication for breast car-
cinogenesis. HNFI1B is a liver-specific transcription factor harboring
the homeobox-containing basic helix-turn-helic motif and having role
in the transcriptional activation or suppression of genes. APPBP2 is
a microtubule-interacting protein functionally linked to the transport
and/or processing of the 3-amyloid precursor protein and notably, also
is overexpressed in breast cancer. URAT1, urate transporter 1; OAT,
organic anion transporter; PANXT1, protein pannexin 1; HNF1B, hepa-
tocyte nuclear factor 1 homeobox B; DTome, drug-target interactome;
RRP1B, ribosomal RNA processing 1 homolog B.

treat infections, such as with HIV. The use of probenecid
can also be extended to the central nervous system as an
adjuvant to maintain antimicrobial and antiviral drug CSF
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concentrations, which are normally rapidly depleted as a
result of OAT1 and OATS3. Notably, while probenecid can
be used as an adjuvant, studies have indicated that proben-
ecid itself reduces the viral load by attenuating viral factor
uptake via OAT3. Further studies are necessary to evaluate
the efficacy and safety of probenecid in patients, particularly
severely immunosuppressed patients.

Thus, probenecid has an significant future as a potential
antiviral medication. While it can improve the efficacy and
tolerability of other antivirals, probenecid itself can also
contribute to antiviral treatments by blocking theorized viral
factor uptake by OAT3. On a similar note, another study has
discovered that multidrug-resistance protein 1 (MRP1) is
localized to microglia and may contribute to the adenosine
triphosphate-dependent efflux of antivirals from the CSF (47).
MRPI is another protein that can interact with probenecid,
and may be another avenue for the repositioning of probenecid
as an antiviral drug. However, further study is required to
elucidate the contribution that channels and transporters make
to the process of viral infection.

Probenecid also had several drug-protein and
protein-protein interactions that prompted exploration of its
use as an anticancer agent. A primary interaction with PANX1
suggested the use of probenecid in treatment of melanoma.
PANXI1 may contribute to cancer progression itself or by the
TNF-o mediated pathway via its interaction with P2RX7.
Notably, URATI also shows an interaction with YWHAZ,
a signal transduction protein that interacts with survival
kinases, such as Akt as well as the p53 tumor suppressor
gene. While Akt and p53 are crucial to tumor progres-
sion, the URAT1-YWHAZ pathway involves several more
proteins associated with carcinogenesis and collectively may
be a gateway to manipulating and managing tumor growth
and progression. Finally, the SLC22 family of proteins,
including the OATs, have protein-protein interactions that
are significant cancer pathways. The interaction of OAT4
with CAV3 is involved in downregulation of survival kinases.
PDZK1 interacts with OAT4 and URATI, and is involved
with the regulation of breast cancer resistance protein. This
multitude of interactions involves unique pathways among
the different targets of probenecid, and in certain instances
involves overlap of its targets as with the case of PDZKI.
This network suggests that the diverse set of cancer-related
targets of probenecid may combine synergistically in the
clinical setting. However, limited clinical studies have been
performed to test these pathways and more investigations are
required.

The DTome analysis of the protein targets of probenecid
prompted the study on the possibility of repositioning the
drug as an antiviral or anticancer medication. The results were
numerous and promising; not only by identifying additional
targets previously considered to cause side effects such as
the OATS, but also pathways already used for therapeutic use
such as URAT1 showing the potential for novel clinical use
through new target pathways (Table II). Repositioning is best
reserved for older and perhaps outdated medicines, such as
probenecid due to its ability to take maximum advantage of
a wealth of readily available study and data, thus providing
a good set of tools for a rapid and less expensive approach to
drug development.
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