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Membrane transport proteins are involved in the absorption, disposition, efficacy, and/or toxicity of many drugs. Numerous
mechanisms (e.g., nuclear receptors, epigenetic gene regulation, microRNAs, alternative splicing, post-translational
modifications, and trafficking) regulate transport protein levels, localization, and function. Various factors associated with
disease, medications, and dietary constituents, for example, may alter the regulation and activity of transport proteins

in the intestine, liver, kidneys, brain, lungs, placenta, and other important sites, such as tumor tissue. This white paper
reviews key mechanisms and regulatory factors that alter the function of clinically relevant transport proteins involved in
drug disposition. Current considerations with in vitro and in vivo models that are used to investigate transporter regulation
are discussed, including strengths, limitations, and the inherent challenges in predicting the impact of changes due to
regulation of one transporter on compensatory pathways and overall drug disposition. In addition, translation and scaling
of in vitro observations to in vivo outcomes are considered. The importance of incorporating altered transporter regulation
in modeling and simulation approaches to predict the clinical impact on drug disposition is also discussed. Regulation

of transporters is highly complex and, therefore, identification of knowledge gaps will aid in directing future research to
expand our understanding of clinically relevant molecular mechanisms of transporter regulation. This information is critical
to the development of tools and approaches to improve therapeutic outcomes by predicting more accurately the impact of

regulation-mediated changes in transporter function on drug disposition and response.

Transport proteins of the solute carrier (SLC) and ATP-binding
cassette (ABC) superfamilies are widely recognized as key de-
terminants of the absorption, distribution, and excretion of
many endogenous compounds and xenobiotics, including
drugs, bile acids, hormones, and nutrients, which may thereby
directly or indirectly impact medication efficacy and/or safety.
Not surprisingly, intersubject variability in drug response
due to transporters has been attributed to altered transporter
function in organs, such as the intestine, liver, and kidneys.">
Mechanisms of alterations in drug transporter activity have
focused primarily on (i) differences in gene expression and/
or protein abundance due to genetic polymorphisms; and (ii)
drug-drug interactions (DDIs) predominantly involving direct

inhibition of transporters.' These factors have been reviewed
previously, as detailed in numerous International Transporter
Consortium White Papers (https://www.itc-transporter.org/
publications.html). Whereas incorporation of these factors into
drugdisposition predictions has been successful to some extent,
current knowledge of tissue protein levels and direct inhibi-
tory DDI mechanisms do not always adequately explain clin-
ically observed transporter-mediated DDIs, provide accurate
predictions of drug disposition 7z vive, or explain the extent of
intersubject variability in drug exposure and response. Possible
reasons for this may be due to alterations in mechanisms beyond
genetic polymorphisms that regulate transporter expression, lo-
calization, and/or function.
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Transport proteins are synthesized in the endoplasmic retic-
ulum, assembled in the Golgi apparatus, and translocated to the
apical or basolateral plasma domain of cells where they may be
localized directly in the plasma membrane or reside in intracel-
lular storage vesicles.’ Transporters stored in intracellular com-
partments may be recruited “on demand” to the membrane, and
cycle on and off membranes by exocytic insertion and endocytic
retrieval prior to lysosomal degradation.4 Recently, more complex
drug-transporter interactions and disease-related changes in trans-
porter expression, localization, and function® have emphasized the
need for a deeper understanding of the various factors that reg-
ulate the structural modifications and requisite localization for
transport activity.

For example, reduced systemic exposure of numerous organic
anion transporting polypeptide (OATP) 1B1 uptake transporter
substrates (e.g., rosuvastatin, pravastatin, pitavastatin, and copro-
porphyrin I) has been reported following multiple dose administra-
tion of the pregnane X receptor (PXR) activators rifampin and/or
carbamazepine (see detailed review by Zamek-Gliszczynski ez al).’
Although no consistent effect on SLCO1B1/OATP1B1 mRNA or
protein could be demonstrated iz vitro or in vivo, and PXR does
not regulate OATP1B, physiologically based pharmacokinetic
(PBPK) modecling suggested that increased OATP1B1 activity
could describe the clinical results. These data suggest that mech-
anisms other than PXR-mediated transcriptional activation of
SLCO1BI may be involved. Unexpected clinical DDIs with some
US Food and Drug Administration (FDA)-approved tyrosine ki-
nase inhibitors (TKIs) may be explained by the recent discovery
that OATPIBI function is regulated by tyrosine kinase-mediated
phosphorylation.8 Another intriguing example involves unex-
pected discrepancies between gene expression and protein levels
of intestinal MDR1 P-glycoprotein (P—gp), multidrug resistance-
associated protein (MRP) 2, and breast cancer resistance protein
(BCRP) after chronic treatment with the PXR ligands rifampin
and carbamazepine, which were associated with different expres-
sion patterns of regulatory microRNAs (miRNAs) correlating
with differential effects on protein amounts of these transporters in
the human intestine.” Thus, in addition to well-established genetic
and transcriptional regulation, epigenetic and post-transcriptional
factors also may contribute to variability and poor predictability of
pharmacokinetics, efficacy, as well as DDIs. '

Transporter regulation mechanisms also are important from a
drug safety standpoint. For example, accurate assessment of drug-
induced liver injury liability associated with bile salt export pump
(BSEP) inhibition is a widely recognized challenge in drug devel-
opment. BSEP inhibition is typically assessed in drug discovery
using 7 vitro screening tools that lack functional cellular regu-
latory machinery.11 Increased hepatic bile acids due to direct in-
hibition of BSEP activate nuclear receptors (NRs), most notably
farnesoid X receptor (FXR). FXR regulates compensatory mech-
anisms that control bile acid homeostasis, including bile acid syn-
thesis, qualitative and quantitative composition, and excretion by
other transporters (c.g., organic solute transporter a/p (OSTo/B),
MRP3, and MRP4). The interplay of these factors may contribute
to the low predictive accuracy for assessing drug-induced liver in-
jury liability when only measuring direct BSEP inhibition.!! These
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clinically relevant examples emphasize the importance of consider-
ing the regulation of transport proteins by intrinsic and/or extrin-
sic factors in drug development.

The science of understanding relevant underlying mechanisms
of transporter regulation is at an early stage and many of the pub-
lished studies have used iz vitro and animal models. Lack of in
vitro-to-in vivo correlations and species differences in transporters
and regulatory pathways may limit translation of data from these
systems.12 This white paper reviews important mechanisms that
can influence the activity of transporters that are relevant in drug
development with a focus on new information that may contribute
to intersubject variability in transporter expression and/or func-
tion. It further highlights experimental approaches to investigate
regulation mechanisms of drug transporters, including established
tools and emerging techniques, as well as modeling and simulation
approaches to predict the clinical impact of transporter regulation.

MECHANISMS OF TRANSPORTER REGULATION

Nuclear receptors

One of the most prominent mechanisms of transporter regulation
involves NRs, which act as transcription factors. Table 1 provides
a snapshot of the importance of NRs in transporter regulation.
After binding endogenous or exogenous ligands (e.g., drugs and
nutrients), NRs typically dimerize with another NR (usually reti-
noid X receptor) and subsequently bind to specific DNA sequences
(receptor-specific DNA-binding domains) to initiate transcrip-
tion of multiple detoxification genes (Figure la).13 Generally, NR
activation results in markedly increased expression and function
of drug transporters and metabolizing enzymes. Whereas this
mechanism is highly desirable from an evolutionary standpoint to
accelerate elimination of potentially harmful xenobiotics from the
human body, it causes challenges for pharmacotherapy with cer-
tain combinations of drugs. Co-administration of NR ligands (i.e.
potent inducers of drug transporter expression) such as rifampin,
hyperforin (the ingredient in St. John’s wort that activates PXR),
and carbamazepine with drug transporter substrates can result in
clinically relevant DDIs due to diminished systemic or tissue drug
exposure, which may reduce drug c:fficacy.l4 With respect to trans-
porter regulation, the NRs PXR, constitutive androstane recep-
tor (CAR) and FXR are of high relevance. Although it is known
that the activation of different NRs is associated with a receptor-
specific induction profile (e.g., PXR regulates P-gp, MRP2, and
cytochrome P-450 (CYP) 3A4/2C enzymes), knowledge of the
actual impact of NR agonists and antagonists on transporter
function in humans remains incomplete because studies have
been performed iz vitro or via indirect inference iz vivo. Direct
regulation of human drug transporters (nRNA and/or protein
abundance) was demonstrated in only a few studies for the human
intestine and focused on the ABC transporters P-gp and MRP2
after oral administration of PXR ligands.7’15 However, the under-
lying mechanism(s) cannot always be derived directly from such
rather descriptive studies. Although there is also functional evi-
dence from many pharmacokinetic DDI studies with NR ligands,
data interpretation is complex and does not allow discrimination
between transforter regulation in the intestine, liver, kidneys, or
other organs.1
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Table 1 Snapshot of mechanisms of regulation for drug transporters?

Transport Nuclear receptors/ Alternative
proteins Transcription factors Epigenetic miRNA splicing Post-translational Trafficking
MATEs
MATE1 Methylation (CL-K)
MATE2-K Methylation (CL-K)
OATs
OAT1 HNF1 (NC-K); HNF4 (CL-K) Methylation (PC-K) Phosphorylation (CL-K) Glycosylation
Glycosylation (CL) (CL)
Ubiquitination (CL-K) Ubiquitination
(CL-K)
OAT3 HNF1 (PC-K); HNF4 (NC-K) Methylation (PC-K) Phosphorylation (CL-K) Glycosylation
Glycosylation (CL) (CL) SUMOylation
SUMOylation (CL-K) (CL-K)
OATPs
OATP1B1 FXR (PC-H) Methylation (C-H) CL-H C-H Phosphorylation (CL-H) CL-H
LXRa (PC-H)
HNF4« (PC-H)
OATP1B3 FXR (PC-H) Methylation (C-H) CL-H Phosphorylation (PC-H) CL-H
HNFla (CL-H)
OATP2B1 HNF4« (CL-H) CL C-H, CL-H CL
TNFa (C-P) CL-B, NC-B C-l
C-H
OCTs
OCT1 HNF1a (CL, C-H) Methylation (C-H) Phosphorylation (CL-H)
HNF4« (CL-H)
0OCT2 HNF4 (NC-K) Methylation (PC-K) Phosphorylation (CL-K) Glycosylation
Acetylation (PC-K) Glycosylation (CL-K) (CL-K)
BCRP AhR (CL-l), PPARa/y (CL-I) CL Tyr-Phosphorylation (C-1) CL, CL-LU
PPAR« (CL-B) C-P
TNFa (CL-B, C-P)
EGF (PC-P)
HNF2 (C-P)
CAR (PC-H)
PXR (PC, C-H)
AhR (PC-H)
NRF2 (PC-H, CL-LU)
BSEP FXR (PC-H) Ubiquitination
CL-H
P-gp PXR (C-I) Methylation CL; C-l C-B, CL-B,  Phosphorylation (CL-K) CL-K, CL-LU
PXR (PC-H) (CL-B) CL-H, CLK
CAR (PC, C-H) C-P,
VDR (CL-B) CL-LU
MRPs
MRP1 NRF2 (CL-LU) NC-B, CL-LU CL-LU
CL-LU
MRP2 PXR (C-I) CL: CL-H, CL-LU
PXR (PC-H) CL-H
CAR (PC-H)
NRF2 (PC-H)

Not included are single nucleotide polymorphisms, disease-related, age, gender, race, or other intrinsic/extrinsic factors. Focus is on clinically relevant findings
and transporters highlighted by the ITC.2 Nonclinical data are only included if human-relevant data are not available. For references, the reader is referred to
Tables 2-4; Tables S1-S3.
B, brain; C, clinical; CL, cell line; H, hepatic; |, intestine; K, kidney; NC, nonclinical in vivo organ; P, placenta; PC, primary cell; LU, lung.

8AhR, aryl hydrocarbon receptor; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CAR, constitutive androstane receptor; EGF, epidermal
growth factor; FXR, farnesoid X receptor; HNF, hepatocyte nuclear factor; LXR, liver X receptor; MATE, multidrug and toxin extrusion; miRNA, microRNA; MRP,
multidrug resistance-associated protein; NRF2, nuclear factor-erythroid factor 2-related factor 2; OAT, organic anion transporter; OATP, organic anion transporting
polypeptide; OCT, organic cation transporter; P-gp, MDR1 P-glycoprotein; PPAR, peroxisome proliferator-activated receptors; PXR, pregnane X receptor; TNFa,
tumor necrosis factor alpha; Tyr, tyrosine; VDR, vitamin D receptor.
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(a) Nuclear receptors (NRs)

(b) DNA methylation and histone acetylation

(c) microRNAs
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(d) Alternative splicing: exon skipping
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Figure 1 Mechanisms of transporter regulation. (a) Nuclear receptors (NRs) bind ligands and attach to specific DNA sequences, often
dimerized with another NR, to initiate transcription. (b) DNA methylation can decrease gene expression by disturbing the binding of
transcription factors or co-activators. Histone acetylation can unfold chromatin leading to a decrease in the binding affinity between histones
and DNA, thereby resulting in an increase in gene expression. (¢) microRNAs (miRNAs) are small non-coding RNAs that can suppress (or
potentially activate) translation by binding to 3-UTR regions of mRNA or initiate mMRNA degradation through perfect complementarity with the
mRNA. (d) With alternative splicing, multiple mRNAs can be produced from one gene, which can then result in different proteins. In humans,
exon skipping is the most common form of alternative splicing. ORF, open reading frame; UTR, untranslated region.

Moreover, very little is known about the expression pattern of
NRs in different tissues, and the distinct tissue concentrations of
NR ligands, which are indispensable prerequisites to conclude that
transporter regulation occurs iz vivo. Tissue-specific NR expres-
sion profiles suggest profound differences in the induction poten-
tial of NR ligands in different organs depending on their binding
affinity to the various NRs and the respective abundance of NRs
and transporters.'® Based on current knowledge, PXR scems to play
an important role in the clinically relevant regulation of human in-
testinal drug transporters, whereas in the liver, CAR and to a lesser
extent PXR appear to be more relevant for DDIs involving hepatic
transporter 1'c:gulaltion.9‘17 Hence, the route of drug administration
(i.e., oral vs. intravenous) can have a profound impact on the extent
of DDIs for drugs undergoing significant NR-mediated regulation
(e.g., CYP3A4 metabolism and/or P-gp efflux).”

In addition to DDIs caused by drug-mediated activation of
NRs, interindividual differences in the plasma concentration of
endogenous NR ligands (e.g., hormones and bile acids) may con-
tribute to clinical variability in transporter expression and func-
tion. For example, in cholestatic liver diseases, intrahepatic bile
acid accumulation leads to FXR and PXR activation and to signif-
icant changes in hepatic transporter expression.’ Likewise, lifestyle
factors, including diet, alcohol consumption, and smoking, can
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affect transporter expression and function.'® However, for several
transport proteins, including BCRP, organic cation transporter
(OCT) 1, OCTS3, peptide transporter (PEPT) 1, and OATP2B1,
although some evidence for transcriptional regulation exists based
on results obtained in cell lines (Tables 1-4), the iz vivo regulation
by NRs remains uncertain and requires further research.

Epigenetic gene regulation

Epigenetics is defined as heritable variation of the expression
of a gene that is not caused by changes in the DNA sequence.
Epigenetic mechanisms, such as DNA methylation and histone
acetylation, are also known to regulate transporters (Figure 1b).
The process of DNA methylation causes the addition of methyl
groups to the DNA strands, and predominately occurs at the di-
nucleotide CpG sequences in the promoter region of a gene. As a
result, transcription of the corresponding gene may be inhibited."”
For example, the expression of the uptake transporter OCTNI
in acute myeloid leukemia cell lines and potentially in patients is
dependent on a DNA methylation-based mechanism that is sensi-
tive to modulation by hypomethylating agents such as cytarabine
(see reference 150 in Table S1). Histone acetylation and deacetyl-
ation primarily occur at lysine residues at the N-terminus of his-
tones that are enriched around the transcription start site and are
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associated with gene activation and inactivation, rcspcctivcly.zo
Histone deacetylation, in addition to DNA hypermethylation,
has been found to be relevant for repression of SLC22A42 (encod-
ing OCT2) in renal cell carcinoma (RCC).* This may be partic-
ularly relevant in the case of treatment of patients with platinum
compounds, such as the OCT?2 substrate oxaliplatin. In RCC cell
lines, the DNA methylation inhibitor decitabine and the histone
deacetylase inhibitor vorinostat increased OCT2 abundance,
which sensitized the cells to oxaliplatin.21

Post-transcriptional regulation by miRNAs

In addition to transcriptional regulation by NRs, post-
transcriptional regulation by miRNAs—a form of epigenetics—
may be another source of interindividual variability in the
expression and function of drug transporters (Table 1). The
miRNAs are small non-coding RNAs that bind to certain
mRNA molecules, thereby initiating their degradation or block-
ing subsequent translation processes (Figure 1c)."° One example
highlighting the potential relevance of miRNAs and drug trans-
porters relates to the differences in the protein abundance of P-
gp, PEPT1, and MRP3 along the length of the human intestine,
which correlated with the expression of regulatory miRNAs.>
Therefore, environmental factors that affect the expression pat-
tern of miRNAs, such as smoking, diet, and certain drugs, may
result in modified transporter protein abundance.'® Moreover,
pathological conditions, such as cancer or inflammatory diseases,
have been associated with changes in the expression pattern of
transporter-regulating miRNAs, and, in turn, with changes in
the mRNA expression and/or protein abundance of the respec-

23,24 Furthermore, the highly variable expression

tive transporters.
of NRs was attributed not only to genetic factors,”> but also to
miRNA rcgulation.9 Vice versa, NR ligands also demonstrated
significant induction of miRNA expression, indicating a complex
coordinated network between the different regulatory factors.2
This may also explain, in part, the observed differences in the in-
duction properties between different NR ligands (c.g., rifampin
vs. carbamazepine) that cause different induction patterns of reg-

ulatory miRNAs.”

Alternative splicing

RNA splicing refers to the editing process of precursor mRNA
transcripts to form mature mRNAs. Alternative splicing, the pro-
cess where differential splicing can produce multiple mRNAs from
one gene, results in proteins that potentially can have different func-
tions.?” In humans, the most prevalent form of alternative splicing is
exon skipping (Figure 1d, Table 1). For A/BCBI1 (encoding BSED),
patients with the ¢.1445A>G variant develop PFIC-2 due to the use
of a cryptic splice site in exon 14 resulting in the insertion of 14
new amino acids and a premature stop codon.?® Exon skipping or
aberrant splicing in ABCC2 (encoding MRP2) has been reported
to result in Dubin-Johnson syndrome.” For ABCBI (encoding P-
gp), alternative splicing in intron 27 resulted in significant 24-hour
oscillation in P-gp protein levels in human renal proximal tubular
epithelial cells and adenosine deaminase acting on RNA expression
correlated with the alternative splicing event.”’ Whether this effect
will translate to humans is not clear yet.

Alternative splicing in SLC transporters is common. In
SLC22A41 (encoding OCT1), multiple spliced isoforms generated
by exon skipping have been identified, several of which result in
the loss of transporter function or poor outcomes in patients with
cancer treated with imatinib or sorafenib.’' A study investigating
alternative splicing of the SLCOIBI gene (encoding OATP1B1)
asa function of age revealed that alternative splicing occurred com-
monly in pediatric liver tissue. Most of the splice variants, however,
were predicted to code for truncated forms that may lack trans-
porter activity or to translate into the same amino acid sequence as
the reference isoform of OATP1B1 (Table 3).* An interesting ex-
ample of alternative splicing resulting in a new transporter protein
is OATP1B3-1B7, which is the combination product of splicing
of exons encoding SLCOIB3 and the pseudo gene SLCO1B7>
The result is a protein with 12 transmembrane domains mostly
localized in the endoplasmic reticulum. Whether OATP1B3-1B7
is of clinical relevance remains to be tested in pharmacogenetic
studies.**

Nuclear factor kappa B (NF-kB) and inflammatory responses
Signaling pathways underlying stress-induced regulation of trans-
porters are complex and not well-understood. For instance, in
isolated rat blood-brain-barrier (BBB) capillaries, protein levels
of efflux transporters were upregulated in response to chronic in-
flammation, oxidative stress, DNA damage, and seizures.”> Each
of these stimuli activates distinct multistep signaling cascades
leading to activation of the transcription factor NF-kB resultingin
increased P-gp protein levels. Conversely, inhibition of NF-kB ac-
tivation or nuclear translocation can block increased P-gp activity
following exposure to pro-inflammatory cytokines, such as tumor
necrosis factor alpha. Interestingly, the effect of NF-kB-mediated
stimulation of P-gp expression in the rat brain is different from
the mouse liver, where inhibition of NF-kB was associated with an
attenuation of the endotoxin-mediated decrease in Abc and Slco
transporter cxprcssion.36 Although acute inflammation is known
to downregulate Pxr in mice, this does not seem to explain the
endotoxin-mediated downregulation of transporters.36 Whether
the effects of NF-kB are due to a direct or indirect effect on trans-
porter gene transcription is unclear. Of note, it is not known
whether the mechanistic studies conducted in rodent models to
understand the effect of stress and inflammation on transporters
translate to humans.

Post-translational modifications
The most common post-translational modifications (PTMs)
involved in transporter regulation include phosphorylation, gly-
cosylation, ubiquitination, SUMOylation, acetylation, and pal-
mitoylation. A comprehensive review on this topic was published
rcccntiy.37 PTMs can modulate transporter function, expression,
efficiency, structure, and trafficking, as described below.
Phosphorylation without changes in membrane expression can
result in an on/off switch as has been demonstrated for OCT2.%
Clinically, this could be relevant in patients treated with cisplatin,
because TKIs, such as dasatinib, reduced OCT?2 function in both
cell lines and in kidney tissue.”’ As discussed later in this review,
TKIs also affect the function of other transporters.
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N-glycosylation of transporters occurs on extracellular asparagine
residues.’ Although the role of glycosylation is unclear in most cases,
evidence suggests that it affects resistance against proteases and,
therefore, protein stability. Interestingly, differential glycosylation of
MRP4 affected substrate specificity. % In OATPIBI, disruption of
all glycosylation sites resulted in lower protein stability with reduced
total protein levels. Non-glycosylated OATP1B1 was detected
in the endoplasmic reticulum and not in the plasma membrane.*!
N-glycosylation plays three roles in the functional expression of
SLC26A2 and SLC26A3 proteins: to retain misfolded proteins in
the endoplasmic reticulum, to stabilize the protein at the cell surface,
and to maintain the transport protein in a functional state.

Ubiquitination is a common mechanism resulting in degrada-
tion of SLC and ABC transporters, and the balance between ubig-
uitination and de-ubiquitination may regulate transporter activity
in the plasma membrane. For instance, ubiquitination has been im-
plied in P-gp degradation in cancer cell lines and this may lead to
reduced resistance to chemotherapeutic clrugs.43 Small ubiquitin-
like modifier (SUMO) is a small protein that, like ubiquitin, is
conjugated to a lysine residue. However, SUMO modification
does not cause degradation but rather internalization, and can even
result in elevated protein levels as was shown for the glucose trans-
porter (GLUT) 44 Mirp2 can also undergo SUMO modification,
which decreased expression, although it was not clear whether ex-
pression at the cell surface was altered. s

Palmitoylation can occur at cysteine residues close to the
protein-lipid interface and is highly dynamic. By association with
lipid rafts, it has been hypothesized that palmitoylation can result
in rapid endocytosis or increased transporter efficiency by trans-
porter clustcring.37 This mechanism has been described for SLC
and ABC transporters involved in the translocation of cholesterol,
but it is not clear whether this mechanism is relevant for drug
transporters.

Trafficking

Many mechanisms regulate the movement of mature transport
proteins from the site of synthesis to the plasma membrane, cy-
cling on and off the membrane, and storage in intracellular
compartments, in some cases for ready-response when needed.*
Misfolded proteins are retained in the endoplasmic reticulum
prior to undergoing degradation. Properly folded proteins are
transported from the endoplasmic reticulum to the Golgi appa-
ratus for further processing and covalent modification, followed
by packaging into secretory vesicles and transport to the plasma
membrane. N-linked glycosylation on asparagine residues in
the large extracellular loops of some organic anion transporters
(OATs) and OATPs,46 as well as sodium taurocholate cotrans-
porting polypeptide (NTCP)*” control membrane targeting.
However, N-linked glycosylation of asparagine 596 was not essen-
tial for routing of BCRP to the plasma membrane.”” In the case of
P-gp, N-glycosylation did not directly affect drug transport capac-
ity, but appeared to improve the routing or sorting efficiency of the
protein en route to the plasma membrane, or to affect the stability
of the protein, either by protection from proteolysis or by facili-
tating/stabilizing correct protein folding.48 In interpreting effects
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of glycosylation, it is important to distinguish between effects of
N-glycosylation on transport protein stability vs. proper routing,
Alterations in the Golgi complex by colchicine, a microtubule dis-
ruptor, or in the glycosylation status of transporters, can increase
intracellular localization of these proteins leading to decreased
transporter activity. For example, Western blot analysis revealed
that protein amounts of non-glycosylated OATP1B1, OATP1B3,
OATP2B1, NTCP, and MRP2, representing nonfunctional pro-
teins, were increased in liver tissue from patients with nonalco-
holic steatohepatitis.49 Phosphorylation of transporters (either
directly or indirectly) catalyzed by kinases, and dephosphoryla-
tion by protein phosphatases, can rapidly regulate transporter
function by causing internalization or reinsertion of protein into
the membrane.®” Protein kinase C (PKC) activation triggered
OAT1 and OATP2BI internalization from the surface of COS-7
cells to intracellular compartments and reduced transporter activ-
ity.so‘51 PKC often initiates cellular signaling that involves other
PTMs, as demonstrated for OAT1 where PKC-mediated internal-
ization occurred through 11bic111itination.37’50 Ubiquitination may
also serve as a sorting signal to modulate movement to endosomal
compartments, as shown for BSEP, and for lysosomal degradation
of internalized MRP2.>

Several molecular partners that interact directly or indirectly with
transporters clearly play a role in trafficking of some transporters,
which may impact function. For example, p38 mitogen—activated
protein kinase, protein kinase A (PKA), PKC, proto-oncogene
serine/threonine-protein kinase, and phosphoinositide 3-kinase
(PI3K) are important for ABC transporters, and specific inhibi-
tors of these kinases decreased protein levels of some ABC trans-
porters in the canalicular membrane of hcpatocytcs.53 In addition,
small GTPases, class V myosins, and adaptor proteins regulate can-
alicular ABC transporter endocytosis and recycling. Rabl1a and
myosin Vb regulate recycling of BSEP from the subapical com-
partment to the bile canalicular membrane, and disruption of the
actin cytoskeleton or microtubules can inhibit BSEP trafficking.53
Ezrin, radixin, and moesin are scaffolding proteins that attach actin
filaments to the plasma membrane and serve as anchors for trans-
porters. Cytoskeletal proteins are important regulators of hepatic
transporter function, as shown in radixin-knockout mice that de-
veloped conjugated hyferbilirubincmia and liver injury due to loss
of canalicular MrpZ.S Ezrin, radixin, and moesin proteins have
PDZ binding domains that play a role in stabilization, proper mem-
brane localization, and regulation of proteins, including MRP2 and
MRP4.>*

Mechanisms regulating transporter trafficking are, by nature,
complex and difficult to precisely evaluate 77 vivo. In part, this is due
to lack of specific activators or inhibitors of signaling pathways and
transporters. In addition, inhibition of these processes iz vivo may
result in toxicity. Direct inhibition of transporters by modulators,
and the compensatory mechanisms that influence overall disposi-
tion of transporter substrates, often confound data interpretation.
Recognizing potential alterations in transporter trafficking by drugs,
disease, and other intrinsic or extrinsic factors that regulate these
processes is imperative to understand the potential impact on drug
disposition.
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TRANSPORTER PROTEIN REGULATION IN ABSORPTION,
DISTRIBUTION, METABOLISM, AND EXCRETION ORGANS
Intestine

P-gp, MRP2, MRP3, BCRP, OATP2BI, PEPTI, and apical so-
dium bile acid transporter (ASBT) are functionally relevant in
the human intestine.” Examples of intestinal transporter regu-
lation are provided below with additional details summarized in
Tables 1 and 2; Table S1.

Transcriptional regulation. One of the best understood
mechanisms in terms of intestinal transporter regulation from a
clinical perspective involves NRs (Tables 1 and 2). Human small
intestinal tissue shows high expression of PXR followed by FXR,
but only traces of CAR." Although transporters are expected to
be inducible by respective ligands, PXR-regulated transporters
in the intestine (i.c., P-gp and MRP2) may be most likely to
cause clinically relevant DDIs after oral drug administration.™*
Similarly, bile acids regulate the expression of ASBT, OSTa/,
and MRP3 via FXR activation.

Several studies investigated transporter expression in intesti-
nal biopsies taken from the upper small intestine of healthy vol-
unteers after dosing with prototypical inducers such as rifampin
(PXR ligand), carbamazepine (PXR and CAR ligand), or efa-
virenz (CAR ligand). Potent induction of mRNA and protein
was demonstrated for intestinal P-gp and MRP2 after treatment
with rifampin for up to 9 days, resulting in a significant decrease in
the oral bioavailability of P-gp and MRP2 substrates (Table 2)5
Interestingly, intestinal BCRP abundance was not affected by ri-
fampin, carbamazepine, or efavirenz treatment, suggesting that it
was not regulated by cither intestinal PXR or CAR.”* Evidence
from expression and functional iz vitro studies suggests that aryl
hydrocarbon receptor (AAR), peroxisome proliferator-activated
receptor (PPAR) o and/or PPARY may be involved in the reg-
ulation of BCRP,””*® but significance in humans has not been
demonstrated.

Epigenetic/post-transcriptional regulation. Many miRNAs known
to regulate drug transporters are expressed in the intestine
and thus could affect proteins involved in drug absorption.24
However, there are limited i vivo and in vitro data characterizing
miRNA-mediated transporter regulation in intestine-derived
cells or tissue. Differences in miRNA levels in tissue samples
from multiple intestinal regions have been linked to regional
transporter protein levels.?* For example, miR-27a-3p and miR-
409-3p regulate ABCBI and their elevated expression in the colon
coincides with significantly lower P-gp protein levels compared
with the small intestine. Alternative polyadenylation, resulting
in different lengths of 3" UTR regions, as detected for ABCCI,
ABCC2, and ABCC3 in cell lines and tissues, could affect tissue-
dependent regulation: for example, ABCC2 with the shortest 3.
UTR was not regulated by miR-397, as shown in a luciferase gene
reporter assay in HepG2 cells.”? Similarly, in colorectal cancer,
ABCG2 3"-UTR length was shown to affect ABCG2 regulation
mediated by the interplay of miR-519c and RNA binding protein

human antigen R.

The role of miRNAs in drug-mediated transporter induction
has been studied in human duodenal biopsy samples.9 A striking
disconnect between the induction of ABCBI and ABCC2 mRNA
but no significant increase in P-gp or MRP2 protein abundance
was reported after carbamazepine treatment. Levels of several
miRNAs were increased by rifampin and carbamazepine treat-
ment and inversely correlated with P-gp, MRP2, and BCRP
abundance or protein/mRNA ratios. It is hypothesized that post-
transcriptional regulation by miRNAs, which bind to ABCBI and
ABCC2 mRNA and block translation of the respective proteins,
may help explain this discrepancy and suggests the involvement of
NR-independent pathways in transcriptional regulation by some
NR ligands. Additional studies are needed to confirm these inter-
esting hypotheses and observations. Furthermore, epigenetics may
affect NR expression, in turn influencing NR-mediated regulation
of intestinal transporters.9

Post-translational regulation. Mutagenesis of asparagine residues
increased murine PEPT1 activity, indicating that N-glycosylation
canaffect the function of thisintestinal transporter. ! Mutagenesis
of the cysteine residues in OATP2BI also led to misprocessing and
intracellular accumulation in CHO-OATP2BI cells.® Similarly,
S-acylated ASBT, the predominant form in ileal brush border
membrane vesicles derived from human donor ileum, is important
for activity, plasma membrane localization, and protection from
df:gradation.63 Localization of transporters like P-gp and BCRP
in plasma membrane “lipid rafts” impacts efflux activity“; for
example, depletion of cellular cholesterol content by methyl-
beta-cyclodextrin caused a 40% decrease in BCRP activity in
MDCKII-BCRP cells.** The activation of PKC accelerated
OATP2BI internalization via the clathrin-dependent pathway
and subsequent lysosomal degradation in MDCKII-OATP2B1
and Caco-2 cell monolayers.ﬂ’é5

Taken together, transporter regulation via intestinal NR ac-
tivation has resulted in clinically relevant DDIs and intersubject
variability in the efficacy and safety of drugs. In contrast, whereas
exemplar studies show the effects of PTMs and localization on
intestinal drug transporter activity, these have been conducted
mostly iz vitro and, therefore, require further investigation to doc-
ument iz vivo relevance. Similarly, miRNA-mediated transporter
regulation has been demonstrated mostly iz vitro, but the limited
in vivo data may provide an explanation for the tissue specific ex-
pression of transporters.

Liver

Hepatic transport proteins of clinical relevance include OATP1BI,
OATP1B3, BCRP, P-gp, OCT1, OATP2B1, BSEP, and MRP2.
Examples of clinically relevant regulation of hepatic transporters
are discussed below with detailed information summarized in

Tables 1 and 3; Table S2.

Transcriptional regulation. The mRNA of hepatic transporters can
be induced by NRs, including liver X receptor (LXR) (SLCO1BI
and ABCC2), FXR (SLCOI1BI, SLCO1B3, ABCC2, ABCBII,
SLCI10A1, and SLCS1A/B), CAR (ABCBI, ABCG2, ABCC2,
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Table 2 Mechanisms of regulation for transporters in the intestine®

Transport
proteins Mechanism Model system Agonist/Causes mRNA Protein Activity Reference
BCRP PXR Duodenal biopsy Rifampin (600 mg, © <~ ND °
(N=12) 6 days)
PXR/CAR Duodenal biopsy Carbamazepine T <~ ND °
N=T7) (600 mg,
14-18 days)
AhR Caco-2 Various AhR ligands 1 1 Apical transport 57
of benzol[a]
pyrene-sulfate T
DNA methylation,  Colon carcinoma DNA ™ ND 1 119
miRNA (indirect) and adjacent methyltransferase
“normal” tissue, DNMT3b, siRNA
colon (cancer) cell  miRNA-203 (indirect)
lines
miRNA and RNA  S1 and S1M1-80, miRNA-519¢ l Ly Ly 60
binding protein  Caco-2, HT-29, and
SW-620 cells
Localization HT-29 and Caco-2  Uric acid (6 or 8 mg/ 0 T 0 120
dL)
Post-translational  Colon biopsy from Loss of tyrosine ND Ly ND 121
patients with phosphorylation
chronic low-grade (Janus kinase 3)
inflammation—
associated obesity
MRP2 PXR Duodenal biopsy Rifampin (600 mg, 0 1 ND 122
(N =16) 9 days)
PXR/CAR Duodenal biopsy Carbamazepine 11 o ND 9
N=T) (600 mg,
14-18 days)
OATP2B1 miRNA Caco-2 and miRNA-24 mimic ~ Caco-2: L { Caco2: || Caco-2: & 123
HEK-OATP2B1 HEK- HEK-OATP2B1: HEK-OATP2B1:
OATP2B1: L
A
Post- MDCKII-OATP2B1  Phorbol 12-myristate ND l l 51
translational, Caco-2 13-acetate induced
internalization PKC activation
Localization HEK-OATP2B1 Amiodarone ND Plasma 1 124
Caco-2 Rutin membrane T
Insulin (via Rab1) Total <>
P-gp PXR Duodenal biopsy Rifampin (600 mg, ND T 1 128
10 days)
PXR Duodenal biopsy Rifampin (600 mg, 0 T AUC/C,,, of 126
9 days) talinolol reduced
by 35%/38%; 1
PXR/CAR Duodenal biopsy Carbamazepine ™ < ND o
(N=17) (600 mg,
14-18 days)
miRNA Intestinal tissue, miRNA-27a-3p and ND l ND 22
luciferase reporter miRNA-409-3p

assay (HepG2)

T, < 2-fold increase; T T, > 2-fold increase; |, < 2-fold decrease; | |, > 2-fold decrease; <, no change; ND, not determined.

@AhR, aryl hydrocarbon receptor; AUC, area under the curve; BCRP, breast cancer resistance protein; Caco-2, human colorectal adenocarcinoma cell;

CAR, constitutive androstane receptor; C__ , maximum concentration; HEK, human embryonic kidney; HT-29, human colonic adenocarcinoma cell line; MDCK,
Madin-Darby canine kidney; miRNA, microRNA; MRP, multidrug resistance-associated protein; OATP, organic anion transporting polypeptide; P-gp, P-glycoprotein;
PKC, protein kinase C; PXR, pregnane X receptor; siRNA, small interfering RNA; S1, human colon cancer cell line S1; S1IM1-80, mitoxantrone resistant S1 cell line
derivative; SW-620, human colonic adenocarcinoma cell line.

and ABCC4), and PXR (4ABCG2, ABCBI, and ABCC2; Table 3,
Table S2). The induction of 4BCBII and SLCSIA/B, and

increased bile acid transport, have been reported in sandwich-

cultured human hepatocytes by the FXR agonist obeticholic acid,
at clinically relevant concentrations, and the endogenous bile acid
chenodeoxycholic acid.®®
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Table 3 Mechanisms of regulation for transporters in the liver®

Transport
proteins Mechanism Model system Agonist/Causes mRNA Protein Activity Reference
OATP1B1 HNF4a HH HNF4a siRNA il ND ND 27
LXRa Huh7 T0901317 11 Huh7, ND Huh7 68
HH GW3965 HH, Relative  (T0901317,
Increase GW3965),
™
HH
(TO91317),
™
PXR HH Rifampin <o 7 ND ND !
70
FXR Huh7 CDCA 11 HH, CDCA, Huh7, 1 68
HH GW4064 Fexaramine Relative HH, CDCA,
Increase ™
mMiRNA Huh7 mMiRNA-206 Ly l L:ND ™ additional
Human liver tissue miRNA-511 references in
Chang liver cells Table S2
Epigenetics ~ Human liver tissue Hypomethylated ND ND ND e
(DNA regions in liver were
methylation) identified around the
transcriptional start site
LYN kinase- HEK-OATP1B1 Nilotinib ND ND 1l 8
mediated
tyrosine
phosphorylation
PKC HEK-OATP1B1 Phorbol 12-myristate ND Plasma Ly 128
13-acetate membrane
\:
Alternative Postmortem Alternative splicing of ND ND ND 32
splicing human livers gene occurs frequently
in children
OATP1B3 FXR HH CDCA 11 ND ND 68 additional
HG2 references in
Huh7 Table S2
HNF1a HG2 Overexpression HNFla Promoter T 1 ND ND 129
PKC HH Phorbol 12-myristate < Phosphorylated il 76
13-acetate protein
Epigenetics HG2 5-aza-2"-deoxycytidine 11 ND ND 130
(methylation) (DNA methylation
inhibitor)
Alternative Tumor specific Lacking N-terminal 28 ND Abundance Il 3
splicing OATP1B3 variant amino acids in plasma
membrane |;
predominantly
cytoplasmic
expression
OATP2B1 HNF4o Huh7 Overexpression of Liver-enriched ND ND 131
HNF4o siRNA OATP2B1 mRNA
variant |
Post- MDCKII Phorbol 12-myristate ND Plasma ND 51
translational 13-acetate induced membrane
internalization PKC activation I
(Continued)
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Table 3 (Continued)

Transport
proteins Mechanism Model system Agonist/Causes mRNA Protein Activity Reference
miRNA Human liver miRNA-24 Human liver: Human liver: ND 2
HG2 expression level expression
HepaRG of miRNA-24 level of miRNA-
negatively correlated 24 negatively
with OATP2B1 mRNA correlated
HG2: promoter with OATP2B1
activity 4 {; protein
HG2 and HepaRG: HG2: ND
mRNA | | HepaRG: {1
0CT1 HNF4a HepaRG HNF4«x siRNA Ll ND ND 31 and
Table S2
HNF1lax HG2 In silico assay and Promoter activity; ND ND 132
Huh7 expression correlation correlation between
Human liver study HNF1 and OCT1
samples mMRNA expression
(correlation study) )
Epigenetic Human liver tissue Hepatocellular Relative decrease 1l ND 133
(methylation) biopsies carcinoma
YES1 kinase- HEK Dasatinib ND ND 1y 82
mediated Mouse liver
tyrosine
phosphorylation
BCRP CAR HH Phenobarbital 1 ND ND 69
PXR HH Rifampin ™ ND ND 7
Human liver Carbamazepine
biopsy
NRF2 HH Oltipraz In5/7 donors 11 ND ND 134
AhR HH TCDD 11 ND ND 69
BSEP FXR HH CDCA 11 Increase ND 135
HG2 OCA ™
Oxysterol 22(R)- ™
Hydroxycholesterol T1
GW4064
P-gp PXR HH Rifampin ™ T (HH only) ND !
Human liver slices
CAR HH Phenobarbital 11 11 (HH only) ND ’
Human liver slices
NRF2 HG2 Bajijiasu herb 1 11 1 136
Liver (mice) T1 ™ ND
NF-kB and AKT HG2 Deoxynivalenol 11 11 ND 187
dependent
MAPK
activation
miR-223 HCC cell lines miRNA 1l Relative down ~ miRNA-223 138
regulation over-
expression
increases
HCC cell
sensitivity to
doxorubicin
and
paclitaxel
MRP2 PXR HH Rifampin 11 ND ND 134
CAR HH Phenobarbital 7/7 donors 11 ND ND 134
NRF2 HH Oltipraz 5/7 donors 171 ND ND 134
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Table 3 (Continued)

Transport

proteins Mechanism Model system Agonist/Causes mRNA Protein Activity Reference
miRNA and HG2 miRNA-379 Longer 3-UTR ND ND 59
alternative variants |

polyadenylation

T, < 2-fold increase; T T, > 2-fold increase; |, < 2-fold decrease; | |, > 2-fold decrease; <>, no change; ND, not determined.

@AhR, aryl hydrocarbon receptor; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CAR, constitutive androstane receptor; CDCA,
chenodeoxycholic acid; CHO, chinese hamster ovary cells; FXR, farnesoid X receptor; HCC, hepatocellular carcinoma; HEK, human embryonic kidney cells;
HepaRG, hepatic progenitor cell line; HG2, human hepatoma (HepG2) cells; HH, human hepatocytes; HL, HelLa cells; HNF, hepatocyte nuclear factor; Huh7, human
hepatocyte carcinoma derived cell line; LXR, liver X receptor; MAPK, mitogen-activated protein kinase; miRNA, microRNA; MDCK, Madin-Darby canine kidney
cells; MRP, multidrug resistance-associated protein; NRF2, nuclear factor-erythroid factor 2-related factor 2; NF-kB, nuclear factor kappa B; OATP, organic anion
transporting polypeptide; OCA, obeticholic acid; OCT, organic cation transporter; P-gp, P-glycoprotein; PKC, protein kinase C; PRL, prolactin; PXR, pregnane X
receptor; siRNA, small interfering RNA; TCCD, 2,3,7,8 -Tetrachlorodibenzo-p-dioxin; UTR, untranslated region.

Among examples of drug-mediated regulation of hepatic trans-
porters, induction of OATP1B by rifampin has received the most
attention 7z vitro and in clinical studies using OATP1B probe
substrates. As thoroughly reviewed,®” several clinical studies using
multiple-dose rifampin as an inducer and OATP1B1 probe sub-
strates as victim drugs support the potential induction of OATP1B1
activity,6 but the induction of SLCOIBI mRNA and OATP1B1
protein and transport function has not been demonstrated consis-
tently in human hepatocytes (Table 3). One major challenge with
mechanistic clinical studies on NR regulation is the fact that NRs
modulate gene networks; hence, it may be difficult to separate the
impact on OATPIB regulation from that of efflux transporters. To
address this challenge, a PBPK model incorporating transporter
induction and suppression was developed,®” which has potential to
dissect differential regulation and inhibition of various transport-
ers. Induction of hepatic transporters including SLCO1B1 by LXR
and FXR has been well-characterized.®® For drugs that are agonists
of LXR or FXR (e.g., obeticholic acid) in hepatocytes, it will be
important to understand whether they are inducers of transporter
activity in humans. Induction of ABCC2, ABCC3, ABCC4, and
ABCG2 by PXR, CAR, and aryl hydrocarbon receptor agonists
was reported in cultured human hepatocytes, but based on more

recent literature, clinical relevance likely is low.5>70

Epigenetic/post-transcriptional regulation. At the post-transcriptional
level, miRNAs were involved in downregulation of expression of
SLCOIBIL" SLCO2B1," and ABCC2.>’ Expression levels of miR-
206 and miR-24 were associated with expression of SLCOIBI" and
OATP2B1’? in the human liver, respectively. In cancer cell lines
and cancer tissues, an alternatively spliced variant of OATP1B3
lacking the N-terminal 28 amino acids present in wild-type
OATPIB3 was identified.”> The OATPIB3 variant was localized
predominantly intracellularly and had negligible transport activity
when overexpressed 77 vitro.” At the epigenetic level, there is evidence
that DNA methylation plays a role in the liver specific expression
of SLCOIBI and SLCOIB3.* Tissue-dependent hypomethylated
regions in liver DNA relative to kidney DNA were identified around
the transcriptional start site of SLCO1BI and SLCOIB3.

Post-translational regulation. Altered glycosylation of OATP1BI,
OATPI1B3, OATP2BI1, NTCP, and MRP2 has been implicated

L . .49,
in disease states, such as nonalcoholic steatohepatitis.*””>

Phosphorylated OATP1B1, OATP1B3, and OATP2BI has been
detected.””®”7 The OATPIBI variant ¢.521T>C (rs4149056;
p-174Val>Ala) had reduced transport activity iz vitro and this
variant showed a modest increase in phosphorylation status
compared with wild-type OATPI1BL.”® The causal relationship
between altered phosphorylation of the ¢.521T>C variant and
reduced transport function has yet to be demonstrated.

Short-term pre-incubation with inhibitors may reduce trans-
porter activity 7z vitro to a greater extent than simultaneous in-
cubation with the substrate, even after washing the cells. This
“pre-incubation-dependent inhibition” phenomenon has been
reported for several SLC transporters, including OATP1B1 and
OATPI1B3, OATP2B1, and OCT]1 in recombinant cell lines,38’79
and in sandwich-cultured primary human hepatocytes.80 For sev-
eral inhibitors, including cyclosporin A,79 the half-maximal in-
hibitory concentration values after inhibitor preincubation were
close to the estimated 7z vivo inhibition constant values. Many of
the reported inhibitors or modulators that show pre-incubation-
dependent inhibition of transporters are phosphorylation modu-
lators, including TKIs. ! Transporter-mediated DDIs involving
TKIs have received considerable attention due to the chronic use
of these drugs. Although multiple mechanisms have been proposed
to explain pre-incubation-dependent inhibition,”” inhibition of
LYN and YES1 kinase-mediated tyrosine phosphorylation was im-
plicated in reduced transport function of OATP1B1 and OCT],
respectively, following treatment with TKIs.* The clinical impli-
cation of altered transporter phosphorylation, as shown for TKIs,
warrants further investigation.

Kidneys

In the kidneys, transporters that are relevant to drug or endog-
enous compound disposition include multidrug and toxin ex-
trusion (MATE) 1, MATE2K, OCT2, OATI1, OAT2, OAT3,
OAT4, OATP4Cl1, PEPTI, PEPT2, P-gp, MRP2, and MRP4.>
Examples of regulation of clinically relevant kidney transport-
ers are summarized below, and additional details are included in
Tables 1 and 4; Table S1.

Transcriptional regulation. Despite the established overall protein
abundance profiles of kidney transporters, the regulatory factors
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contributing to modulation of transporter function in renal tissue
are understudied and, thus far, a significant role for NRs in gene
regulation has not been reported. However, various regulatory
mechanisms have been characterized in preclinical models. For
example, corticosteroids altered canine S/c2242/Oct2 expression
and activitys3 and murine $/c2242 mRNA expression fluctuated
based on circadian rhythm.84 Collectively, this suggests that
hormone and external signaling factors play a role in modulating
OCT?2 function, although, to date, no human data have been
reported to confirm these observations.

Epigenetic/post-transcriptional  regulation. The
epigenetics on the regulation of OCT2 activity is the most

impact of

established; promoter methylation and loss of histone acetylation
in human tissue samples were associated with a renal-specific
reduction in SLC22A42/OCT2 mRNA expression and protein
abundance in RCC.2"® Epigenetics also has been demonstrated
as a mechanism that regulates activity of the urate transporter 1,

OAT1 and OAT3 in vitro and in vivo (Figure 1, Table 4).

Post-translational regulation. Evidence continues to accumulate
that OCT?2 transport activity is dependent on various forms of
PTMs: (i) phosphorylation-dependent signaling has long been
reported to modulate OCT2-mediated transport. This was first
shown with pharmacological activators or inhibitors of PKA,
or phosphoinositide 3-kinase, which revealed that these kinases
reduce OCT2-dependent uptakc.86 However, the thesis that PKA
regulates OCT2 remains exclusively dependent on nonspecific
multi-kinase inhibitors or activators and has not been verified
directly with genetic strategies. Thus, it remains unknown which
kinases affect OCT?2 function or whether such kinases act directly
or indirectly on this transporter. (ii) I vitro genetic studies
showed the functional importance of a YESI-dependent tyrosine
phosphorylation event at tyrosine 362.% This site is located at the
substrate binding domain, according to predictive computational
modeling, and the negative charge of tyrosine phosphorylation is
expected to play a role in substrate binding. Support for this idea
came from a mutagenesis approach and a YES1 TKI that abolished
transport activity.39 The dependence of OCT?2 activity on tyrosine
phosphorylation and the sensitivity of OCT?2 activity to TKIs was
confirmedinrodentmodels;and (iii) inaddition to phosphorylation,
glycosylation statusalso is reported to be involved in OCT2 activity.
To date, data are limited to 772 vizro models, but loss of glycosylation
at N96 reduced substrate affinity, and N112 glycosylation played
a major role in OCT2 cell surface localization.” Protein kinase
signaling has been investigated in OAT1 and OAT3 regulation,
where PKA promotes phosphorylation of these transporters (alon
with SUMOylation of OAT3) and enhanced transport :1ctivity.8
PKC can also influence OAT1 transport through promotion of
ubiquitination, internalization, and degrad.ﬁttion.89 However, these
mechanisms have yet to be confirmed 77 vivo or in human tissues.
Furthermore, there is a plethora of data lacking for other renal
transporters regarding regulatory factors and their contribution to
in vivo transport function.

Collectively, whereas the information described above and in
Table 4 demonstrate some progress in clarifying factors that can

472

contribute to transport activity in the kidneys, it is evident that
more detailed investigations are needed, particularly in translating
findings from 77 vitro and animal models to the clinic to confirm
the contribution of each regulatory mechanism to drug disposition
and/or patient outcomes. Regarding use of animal models, the
species-specific expression profile of some transporters currently
considered important in the active tubular transport of drugs must
be emphasized. One example involves the expression of S/c2241/
SLC22A1, which is present in rodent kidneys, but not in monkey
and human kidneys.12 Nonetheless, data gathered particularly for
transporters involved in tubular uric acid handling and summa-
rized in the “urate transportosomc”90 support that novel methods
are required to translate mechanistic studies into human pheno-
types. Moreover, the studies on uric acid handling emphasize that
tubular transporters are part of networks, where regulatory mech-
anisms coordinately change expression of transporters and work in
concert to mediate tubular reabsorption and secretion.

Brain

Clinically relevant transporters for drugs and/or endogenous
compoundsin the brain are localized in the BBB, the blood-
cerebrospinal fluid-barrier, in glial cells, and/or at other brain bar-
riers. Transporters at the BBB, ranked based on currently available
abundance data, include glucose transporter 1 with the highest lev-
els, followed by BCRP, OAT?2, P-gp, OCT3, OCT1, OATP1A2,
OAT7, OAT1, OATP1B3, OATP2B1, OAT3, OATPICI, and
MRP4. However, there is still some controversy regarding the lo-
cation of brain transporters in polarized brain endothelial cells,
especially for the OATPs.”! Studies on underlying mechanisms
in patients with brain discases (e.g., Alzheimer’s, Parkinson’s, and
cpilepsy) have demonstrated that regulatory factorsand path-
ways contribute to modulation of transporter function in the brain
leading to changes in transporter expression and abundance’”
(Table S1). P-gp is the brain transporter that has been character-
ized best at different regulatory levels (Table 1, Table S1).

Lungs

The influence of transport proteins in the lungs (e.g., OCTs,
P-gp) on pulmonary drug disposition and toxicity is an emerging
area of research. Human-relevant data documenting transporter
regulation in the lungs are limited and are primarily based on
cells or lung tissue obtained from patients with pulmonary dis-
ease, or i vitro cell models (Table $3). The expression, subcellu-
lar localization, function, and regulation of OCT transporters in
lung tissue and cell lines has been reviewed.” Pulmonary discases
(e.g., asthma) increased ABCC2 mRNA.”* 4BCBI mRNA was
significantly lower in bronchoalveolar lavage cells from smokers
compared with nonsmokers.” Understanding how regulation of
pulmonary transporters may impact transporter function is crit-
ical in the development of medications for respiratory diseases.

Placenta

The placenta plays an important role in nutrient and waste ex-
change between mother and fetus and several transporters are
expressed in the apical and basolateral membranes of the syn-
cytiotrophoblast. The most abundant and clinically relevant
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Table 4 Mechanisms of regulation for transporters in the kidneys®

Transport
proteins Mechanism Model system Agonist/Causes mRNA Protein Activity Reference
MATE1 Promoter LS174T and HaCat cells Demethylation T ND ND 139
methylation 5-aza-2deoxycytidine
MATE2K Histone 769-P and 786-0 cells H3K4me3 enrichment il ND ND 140
methylation
OAT1 PKA activity OK cells Forskolin ND ND T 141
PKC activity OK cells Parathyroid hormone ND ND Il 141
(0.1 pMm)
MAPK pathway OK cells PD98059 ND ND T 141
activity
Ubiquitination and COS-7 cells USP8 overexpression ND 1 T 89
internalization
Ubiquitination and ~ Overexpressing HEK-293 Bortezomib ND 1 T 142
degradation cells Carfilzomib
OAT3 Promoter HepG2, Caco-2, and 5-aza-2deoxycytidine ND ™ ND 141
methylation HEK293 cells
PKA activity; Overexpressing COS-7 Bt2-cAMP ND Plasma 1T 143
SUMOylation 1 cells membrane 88
Ubiquitination | abundance T
Total
abundance <
0CT2 Unknown MDCK cells Dexamethasone T ND T 83
Hydrocortisone
Promoter Patient tissue, Renal Cell Demethylation ™ T ™ 85
methylation Carcinoma Cells, HEK- Decitabine
293 cells
Histone acetylation Patient tissue, Renal Cell Vorinostat ™ ™ ™ 21
Carcinoma Cells, HEK-
293 cells
PKA-mediated Overexpressing HEK-293 Forskolin ND ND ! 86
phosphorylation cells
PI3K-mediated Overexpressing HEK-293 Wortmannin ND ND T 86
phosphorylation cells
Tyrosine Overexpressing HEK-293 Dasatinib ND © il 39
phosphorylation cells, FVB mice siRNA
(YES1-mediated) Y362F mutant
Glycosylation Overexpressing CHO N96Q ND < Ll 87
cells
P-gp Post- SA7K cells (pseudo- ADAR1 mouse knockout I l ND 30
transcriptional/ immortalized primary
Alternative splicing RPTECs)
NRF2 activation HK-2 shKEAP1 (stable KEAP1 mouse knockout T ) T a4
KEAP1 knockdown)
Transcriptional Caki-1 5-aza-20-deoxycytidine l ND l 145
(decreased Src
signalling, JNK
activation)
Localization (lipid MDCK-MDR1 cells Methyl-p-cyclodextrin ND Plasma I 146
rafts) membrane
abundance |
PKC activation LLC-GA5 Col300 cell Phorbol 12,13-dibutyrate ~ ND ND T 47

(LLC-PK1-MDR1)

T, < 2-fold increase; T T, > 2-fold increase; |, < 2-fold decrease; | |, > 2-fold decrease; <>, no change; ND, not determined.

®ADAR, adenosine deaminase; Caki-1, human kidney clear cell carcinoma cell line; COS-2, cercopithecus aethiops kidney cell line; CHO, Chinese hamster ovaries
cell line; COS-7, CV-1 in origin with SV-40 genes cells; H3K4me3, trimethylation on histone H3; HaCat, immortalized human keratinocytes; HEPG2, human hepatoma
cell line; HK-2, human kidney proximal tubule cells; KEAP, Kelch-like ECH protein; LLC-PK1, Lilly Laboratories culture-porcine kidney cells; MDCK, Madin-Darby canine
kidney cells; MAPK, mitogen-activated protein kinase; MATE, multidrug and toxin extrusion; NRF2, nuclear factor-erythroid factor 2-related factor 2; OAT, organic
anion transporter; OCT, organic cation transporter; OK, opossum kidney cells; P-gp, MDR1 P-glycoprotein; PI3K, phosphoinositide 3-kinase; PK, protein kinase;
RPTECSs, renal proximal tubule epithelial cells; SA7K, human proximal tubule epithelial cell line; siRNA, small interfering RNA; USP, ubiquitin specific peptidase 8.
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placental drug trans6porters include BCRP, P-gp, OATP2BI,
OCTS3, and OAT4.”%%” These transporters prevent entry or fa-
cilitate efflux of potentially harmful endogenous and exogenous
substrates from the fetal compartment. While the placenta de-
velops and grows throughout pregnancy, abundance of the trans-
porters changes: BCRP and P-gp levels decrease while OAT4 and
OCT3 levels increase from the first or second trimester to term
(Table $1).”” Protein levels of both P-gp and BCRP decline al-
most two-fold near term, leaving the fetus more susceptible to po-

tentially harmful drugs.

Transcriptional regulation. In the placenta, steroid hormones, suchas
progesterone and estrogen, which physiologically fluctuate during
pregnancy or by treatment with glucocorticoids, regulate drug
transporter <3xpression.98‘99 Importantly, pathological conditions,
such as preeclampsia, gestational diabetes, growth restriction,
or infection, can lead to dysregulation of drug transporters.%
Transporter expression changed along with alterations in
transcript levels of cytokines and growth factors.”® Differences
in the extent or direction of mRNA vs. protein changes point to
involvement of both transcriptional and translational regulatory
pathways. Iz vitro studies in primary cultures of placental cells
and tissues have demonstrated that growth factors, hypoxia, and
pro-inflammatory cytokines can alter transporter levels and/or

... 100,101
activities. 00,10

However, the regulatory factors contributing to
modulation of placental transporters in health and disease are
relatively unknown. A better understanding of placental drug
transporter regulation in normal and pathological pregnancies
will aid in predicting fetal drug exposure and the development of

more targeted medication for the mother.

EXPERIMENTAL APPROACHES TO INVESTIGATE
REGULATION OF TRANSPORT PROTEINS

Knowledge of transporter protein regulation is relatively lim-
ited, and many questions still need to be addressed to better
understand and accurately predict the impact of alterations in
regulatory pathways on drug efficacy and toxicity. Considerable
advances have been made in the methods used to elucidate the
mechanisms and factors that regulate transporter activity.
Techniques that can be used to study transcriptional regula-
tion, epigenetic alterations, PTMs, and changes in trafficking,
transporter expression, and/or abundance are listed in Table 5.
Immunohistochemistry/immunocytochemistry and immuno-
fluorescence techniques applied to 7 vitro, nonclinical iz vivo, or
clinical samples can provide insight into tissue levels and, in some
cases, more detailed information regarding transporter localiza-
tion than cell fractionation or biotinylation methods. Protein
quantification can be obtained, for instance, by global or targeted
protcomics.102 Global proteomics provides a relative picture of all
the proteins in a given sample, but may lack precision relative to
targeted proteomics, which measures protein abundance of single
or selected proteins with higher reproducibility and sensitivity,
particularly for low abundance proteins. Both methods may be
able to detect PTMs. However, various forms of protein modi-
fications potentially can be difficult to measure simultancously.
In addition to protein analysis, nRNA expression assessment is
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possible in various tissues or cells using current sequencing tech-
nology. In fact, this analysis is useful in combination with bisul-
fite sequencing or chromatin immunoprecipitation to measure
epigenetic modifications or transcription factor binding. Each of
the procedures outlined are suitable to measure various factors
that regulate transporter activity. However, these approaches
often cannot be used simultancously due to sample preparation
differences or limited quantities of sample. As such, experiments
need to be carefully designed.

Most studies to date have used iz vitro models, such as cell lines,
cells overexpressing transport proteins of interest, or primary cells,
to assess transporter regulation. Key considerations in selection
of in vitro models include: (i) the need for adequate transporter
or regulatory protein expression (i.e., NRs); (ii) cell-, organ-, or
species-specific differences in transporter expression, membrane
localization (i.e., apical vs. basolateral), and/or regulatory path-
ways; and (iii) laboratory- or culture-specific conditions (e.g., cell
source, passage number, media content). It is reasonable to expect
that epigenetic- or transcription factor-mediated control of gene
promoter activity (if expressed at sufficient levels) would be con-
sistent across #z vitro, in vivo, or clinical conditions. However,
the impact of disease or exposure to potential modifiers on these
regulatory mechanisms in various human tissues remains to be in-
vestigated. This need is similarly essential for RNA and proteomic
quantification of transporters in various tissues or disease states.
Gene expression and protein abundance using RNA sequencing
and proteomics is well-established in cell lines and tissues involved
in drug disposition in both animal models and humans. However,
these techniques have not been applied robustly to assess changes
or variability in mRNA or protein levels throughout development,
disease states, gender, or race, which can vary markedly from ob-
servations in cell lines or animal models. Additionally, RNA se-
quencingand proteomics can be applied to clarify changes in splice
variant expression, which is understudied, particularly in human
tissues where expression may differ significantly from that observed
in vitro. Likewise, the approaches used to assess changes in PTMs
by intrinsic and extrinsic factors, and the impact on transporter
localization and activity can be highly dependent on intracellular
signaling. These signaling events can differ based on distinct pro-
tein abundance among iz vitro cell models or primary tissues, and
also could be changed following drug exposure. Such events, along
with regulatory protein expression and activity may differ among
species. Thus, care needs to be taken when translating data from
animal models to humans, particularly with proteins that are not
well-conserved. Therefore, given the lack of characterization in hu-
mans, use of primary tissues or clinical samples should be the major
focus of future investigations. Method standardization is required
to validate cellular models as surrogates for iz vivo studies, includ-
ing consistent use of drug and modulator concentrations, exposure
times, and culture conditions (e.g., media and additives) for valid
comparisons across investigations.

Various clinical approaches may be used to investigate trans-
porter regulation, including use of exogenous transporter sub-
strate probes, endogenous biomarkers, and tissue and liquid
biopsies. Exogenous transporter substrate probe cocktails, with
multiple transporter and metabolic enzyme substrates, have
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been used successfully in numerous clinical studies to charac-
terize DDIs or the effect of disease on transporter activity.'*%*
Although this approach is informative for identification of DDIs,
experimental execution is complex and requires administration
of multiple drugs. In contrast, endogenous transporter substrate
biomarkers'” overcome some of these challenges. More specifi-
cally, transporter biomarkers do not require additional compound
administration, can easily assess baseline characteristics, can be
measured over longer periods of time, and require a low volume of
blood. However, use of biomarkers to assess transporter regulation
has some limitations. For example, synthesis of these endogenous
compounds needs to be stable during assessment, and the profile
of transporters and/or metabolic enzymes that recognize these
molecules must be well-defined.'® Similar to exogenous probes,
changes in systemic biomarker concentrations do not provide
mechanistic insight into regulatory alterations caused by DDIs.
Liquid biopsies are an emerging technique that may overcome
the lack of such mechanistic insights into transporter regulation.
Liquid biopsies allow for the collection of circulating exosomes
isolated from human plasma that originate from various cells.'””
Following isolation, protein levels can be measured. Theoretically,
PTMs can be measured as well, although this strategy has not
been reported to date. Current methods require large volumes of
plasma to isolate sufficient exosomes,'”” and it remains unknown
whether abundance or modifications reflect transport activity at
the moment of extraction.

PHARMACOKINETIC MODELING FOR TRANSPORTER
INDUCTION AND SUPPRESSION

With the growing understanding that drugs and other xenobiot-
ics can cause clinical DDIs via transporter induction®'**1% and
suppression,'” it is imperative to incorporate such complexity
into physiologically based mathematical models to accurately pre-
dict DDI risks (Table 6). To date, the dynamics of NR-mediated
transporter regulation has not been systematically studied, and
a widely accepted predictive mathematical and/or biology-based
model evaluating the dynamics of transporter induction after
NR activation and the effects of post-transcriptional or post-
translational modifications is not available. Hence, it is chal-
lenging to build suitable mechanistic models for DDIs involving
transporter regulation due to induction/suppression. Besides an
empirical model that uses a fixed relative scalar,"'™"* the turn-
over model that was established for induction/suppression mod-
cling of CYPs and UGTs,'™ can be applied to transporters,®’
because transporters are regulated through mechanisms likely
similar to CYP enzymes (Figure 1). Iz vivo transporter levels
are governed by the rates of de zovo protein synthesis and deg-
radation, defined as the protein turnover half-life. The current
lack of in wvivo turnover halflife values for human transport-
ers places a significant limitation on the accurate prediction of
changes in drug concentration-time profiles associated with in-
teractions involving transporter induction. Protein turnover is
the only system data (i.c., population information) required for
the turnover model, besides the baseline protein level (Figure 2),
but only sparse data are available for transporter turnover. P-gp is
inducible and relevant for clinical DDIs, whereas the induction

of OATPIB is more controversial as discussed above. The turn-
over number for P-gp is ~ 0.054/hour based on a meta-analysis
of 13 independent published studies from seven laboratories,
and the turnover number for OATPIBI is ~ 0.031/hour based
on two independent studies (author S.N., personal communi-
cation). However, robust turnover numbers are still lacking for
most transporters. In addition, clinical data for validation of
turnover numbers are sparse. In most clinical studies, the concen-
tration of the perpetrator is not reported. For example, only a few
concentration-time profiles with low doses of rifampin are avail-
able to validate the maximum fold induction/suppression over
vehicle control (IndC, ). Although the turnover model is semi-
mechanistic, it does not link the underlying induction process
to the change in the protein level. This requires more detailed
in vitro experimental design and mathematical models, such as

o 11
quantitative systems pharmacology models."®

CONCLUSIONS AND FUTURE PERSPECTIVE
The preclinical and clinical evidence presented in this white paper
clearly demonstrates that regulation of transporters is highly
orchestrated (Table 1), and that the net effect of various regula-
tion mechanisms contributes to variability in drug response in
healthy individuals and in patients with various stages of disease.
In contrast to the well-established role of NRs, the importance
of regulation involving epigenetic, post-transcriptional and post-
translational mechanisms, and effects on transporter expression,
membrane localization, and function is still fragmented and re-
quires more systematic rescarch to establish to what extent these
various mechanisms affect drug response in the clinic. In addition,
the effect of food and the intestinal microbiome on transporter
regulation is an area where further studies are needed. Currently,
the number of drug transporters for which clinically significant
regulatory mechanisms have been demonstrated is relatively small
(Tables 2—4). Studying transporter regulation in human subjects
in the various organs, tissues, and epithelial barriers where mem-
brane transporters play a critical role (including organs not cov-
ered in this white paper such as heart, skeletal muscle, and testes)
is challenging and, in most cases, based on current experimental
methods with limitations, requires invasive procedures to ob-
tain tissue. Thus, there is an urgent need for biorelevant iz vitro
models, such as primary cells and microphysiological systems that
possess similar regulatory plasticity to that 7z vive. Studying regu-
lation in immortalized cell lines can be hypothesis generating, but
results obtained in such cells should be interpreted with caution
and confirmed in physiologically relevant models. In addition,
continued efforts to understand the translatability of endogenous
biomarkers and endpoints that can be quantified in liquid biop-
sies will be valuable. This is also true for analytical advances en-
abling the highly sensitive and tissue specific analysis of gene and
miRNA expression as well as protein abundance of transporters
and NRs from liquid biopsies."®

Although the role of NRs in the induction of intestinal P-gp
and MRP2 is well-established, there are still gaps in understand-
ing which organs are most significantly impacted by transporter
induction. Current data indicate that PXR-regulated transporters

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 3 | September 2022 477



WHITE PAPER

(penupuoy)

llwedelap
|ojouljel
aulpiuind
quede|Q
jogaxoleN
aulpawap|eN
uxog81g
a1e|(1xa19
uenegiqeq
Jaraweled san|ea qiunoziy
wsAs S|y} ul 82UBPIU0D BYY J8YSIY By} ‘43Y dwes sy} (10 40/pue ™' ‘wy) erep onauiy qluiinsog
UM palewnsa A|1091109 9¢ ued jey} spunodwod aiow ay | Jayiodsuel] pajapowl 0J3IA Ul Pasn qlunnigeleoy
- aA0Qe se swes a|dwig uidweyry qljooewaqy d3-d |eunsaiy|
|ojouljel
san|ea auIpuind
(10 4o/pue **“'r ‘wy)) erep onauiy uxogiq
Jayiodsuely pajopow 0J43IA Ul pasn a1e|(1xa10
— aA0Qe se swes a|dwis urdweyry uenesiqeq d38-d |eunsayu|
|opow 8y1 ul papn|oul 10U S| 9SIN0D
uolssaiddns/uononpul Juspuadop-uol}esiuaduod ayj e
(sl199 1¥7/TS1
pue ‘08TST ‘se1fooleday “*3'9) 93ueyod-p|o} d|qesedwod
pa1i0dal 1.y} SWaISAS 04314 Ul BWOS aJe 919yl ‘I9NOMOH
“J191oweled a|qe|iee A|jeJauag e jou si siy] “salsdolq Z-00e)
OAJA Ul WOJ) SBM anjeA Y] ‘ased SIyl ul {pajesauagd aq wioJy *®¥r/wy uasedde jo asn dg8-d (oneday
—_— 0} SP9dU O0AIA U] 93UueYD-P|0) WNWIXEW Pa}0adxd Uy e a|dwis uidweyry uixogig pue) [eunsalu|
Yiomawely dgd-JAIAI Ue ulyim Suljeds 4yy 4o 434
Xuew jenul
3yl 01 pappe aq ued payoipaid Ajpoal
-109 S| 1ey} punodwod Auy "Xiyew
paysi|geisa ue Jo uoneoldde ay|
(popaau ase eyep A30|oi1sAyd
pue [opow |euolippe ou) a|dwiS auljdazeweq.ie) d1vO onedaH
60T aA0Qe se awes spunodwod YXd 40 Xien unngely JIANQS0J0S d3-d |eunsaiy|
aulsjjed
apiweinq|oL
X1J}ew 8y} Ul papn|oul 8104919y} pue pajewi1sa we|ozepiN
A|InJss990ns aq ued spunodwod aiow ay) agejueape (papaau aJe erep A3ojoisAyd u1e1SeANSoY
ue 0} 93ueyd [|Im UoieHWI| SIY} ‘49ASMOY ‘Saljuleliaoun pue [spow [euonippe ou) a|dwis uneiseneld d1vO onedaH
- UMO S,}1 s3ulIq X1i3ew ay} 0} punodwod |euolyippe yoe3 spunodwod YxXd 40 Xuenw uidwelry uesesigeq d38-d |eunsaiu|
jopow |eouidw3
ERIEYETEN] suoneywi] sagejueapy lossaiddns alensqns (uoneoo|
/1aanpu| /layodsuelny)
uoneslddy

Luoissaiddns Jo uononpui 193i0dsues) ssasse 0} s|opow [edlewayiew paseq AjjeaiSojoisAyd 9 ajqel

VOLUME 112 NUMBER 3 | September 2022 | www.cpt-journal.com

478



WHITE PAPER

*1010B} UoISSaldxa dAlR|a) ‘4TY f1010.) AlIAIOR BAR|a) vy ‘A8ojooewleyd swalsAs aAneluenb ‘s (101dadal X aueudaid ‘YXd ‘u19104dook|8-d THAW ‘d8-d ‘sonaupjooewleyd paseq AjjeaidojoisAyd
‘Ndgd ‘epndadAjod Suniodsuesy uolue d1uegio ‘d1yo ‘u1910id paleIoosse-aouelsisal SNIPINW ‘dY A JUBISUOD SI|DRYDIIA ‘WY JUBISUOD 91kl Jap.Io-1sil) e Ag pauljep ‘uonepeldap Jo aiel .w%x ‘podsuely Jo

alel wnwixew

xew

[ ‘sonaupjoorwieyd paseq A|eoigojoisAyd payull uonejodellxe 0AA Ul-03-043A Ul “Ydgad-IAIA

J3U0D B[OIYBA J9A0 UOISSalddns/uononpul pjoy wnwixew

XEUpy) fuoissaiddns,/uonanpul

Jewixew-jjey spoddns jey} UoIelusou0d punodwod 3sa) ‘*Sgpuy ‘uonoesaiul Bnip-8nip ‘|ad ‘0Sd dWOIY01AO ‘dAD ‘| ULAydiodoidod ‘T-dO ‘eouelealo 19 |90 BLIOUIIBI0USPE (21081000 UBWNY ‘Z-008D,

d3-d
gIX099|99 pue deUSJO[JIP 10} S|opoW |opow 8y} ul papn|oul 8q ued q1X0998[9) pue T9Td1VO
05T U] Ul palen|eAd uaa( 10U dABY suollelalje Japodsuel| d3-d4 pue T9Td1v0 dneday ul saguey) uidweyry oeu8j0|01g onedaH
dso
96 =""puj
pue WA Gz'0 = ““ppuj ue Buisn
sasop uidweyl jo a8uel e ssoloe
pPaJan0Dal 1S9 aJom s|dd dYL e
suewny ul
uidweyl Agq uononpui d3-d4 |eunsalul
|opow 10 10edwl |BOIUID By} 91B|NWIS 01
9y} JO A}|1IN By} WIIJUOD 0} SOSOP Uldwe)ld JUdIBMIP YHM jopow |eoi3ojoisAyd onsiueyosw a1e|1xa1e
(uonesiunWwod S9IpN1S |BOIUID JBY10 1Sulee palilian 9g 01 SPaau |[apow -lwas e oju| pajesodiodul alom uenegiqeq
|euositad ‘NS) ay1 ‘Buideinoous aJe synsal Aeuiwijald asayy ysnoyyy Janouiny dg-d JO sanjeA paJnsSes|y e uidweyry uixogig d3-d |eunsa|
S9IpPN1S |BOIUIID BY] JO 9ZIS
a|dwes ||ews ay3 0} anp PaAISSgo A}ljIgelIeA Y} JO SWOS
0} 91nq1I1U0D Aew pue uonegisaAul iUl Ul passasse jou
sem swsiydiowA|od Jo 109440 8yl Suipuelsiapun ‘snyj
*SaIpN1s [eO1UlD BY) WOJ) d|ge|leAe SeM UOIIBW.IOLUI suawigal Suisop Jo a3uel e ssoloe
adAjousad ou pue Jayiodsues olydiowA|od e si TGTd1IVO suone|nwis ul uidweyls 1oy papnjoul sem
SUOIOIPaIdIaA0 B} 9ONPAJ pINOM U/TT€00 40 TATdLVO 10} Py e pue
anjea %99pu| ue Jo uoisn[oul JaylBYM pue (Se1ensqns (£72) anjea **“pu| uononpul TYT4LVO
TATd1VO pue sasop uidweyl Jualayip 3uisn a°1) anjea ue Uaym ||am A|qeuoseal palanodal
(uonesunWWwod ““pu| TETdLVO 0414 Uf UIdWeL PaALIBP B} JO AlpI[eA ay) 9q p|nod s|gqg ‘|epow Janouiny 797d1V0
|euositad ‘NS) SS9SSe 0] palinbal ale elep pue suolegiISaAul Jayning uonionpul Jayodsues ayy 3uisn uidweyry apluldeday oledaH
elep Jalaweled uoniqyul
uidweyls uieyqo 01 pasn |ad I-dO
CddIA 0 uoniqiyul I-dO
Ayjeonoeid mo - pue 80C¢dAD pue gTd1v0 jo uon apiu3eday CdYdN ‘gTdLvO
’9 pasn weigoid 0} anp 9UOAISGAS 0} 9|qISSDII. 10U [9PON -onpul pajelodiodul [apow Yddd SIUL e uidwelry apluejouaqln onedaH
[9POW Ydad-3AIAI U UILLIM [SpoW Jsaouiny
auleseq |-d9 ewseld ul Alljiqeliea
aujjaseq 3ulouanjjul s1oyoey |enpiAIpulIaul 8sned 0} Ajay1| 10U
‘|-dD 10 JoAOUIN) PUB SISOYIUAS UO UOIIBWIOJUI POYIWIT e aJe 9yejul pooy 10 WYlAyJ uelpedll) e
paliodal usaq sSey UBWOM Ul SISBYLUAS |-dD paonpay e (%G8 <) 1odsuen
auljeseq 9Td1VO BIA UOBUIWID JO 93N0J UBIN e wsiydiowAjod
|-dD J811e Aew ‘sisAjoway Jo elwaue Aq palagd3iil sise elep auln pue ewse|d 90T2ZS T9TdLIVO T9Td1IVO
60T ‘BYT -uagoway ‘suoneinw ZdyIN 91| S1010e) snouagopul e Ul S|9AS| J9XJBWOIQ SAIHSUDS JO 89S ‘uidweyry I-dD oledsH
ERIEYETEY| suoneywiI] sagejueapy Jossaiddns ajesisqns (uoneao|
/199anpu| /layodsuely)
uonesyddy

(panunuo) 9 sjqeL

479

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 3 | September 2022



WHITE PAPER

(1+ Indslope X [I]t) OR | |1+

(Indpay - 1) x ([11)"
(IndCs)" + ([I])"

|

!

= Kgeg X To X Induction Factor - Kyeq X Ty

P IS I

Compound + -
Data ) OF
|
dT;
System Protein turnover
Data

rate constant

Transporter level

Relative change of
transporter level with
respect to baseline

Baseline = 1

Figure 2 The turnover model as applied to drug-drug interactions. The dynamics of transporter regulation via induction/suppression is
represented by a turnover model*** in which the amount of transporter at equilibrium reflects the balance between its rate of synthesis and
its rate of degradation, defined by a first-order rate constant (kdeg). The required perpetrator data are either: (1) maximum fold induction/

suppression over vehicle control (Ind

max’

Ind ., < 1indicates suppression, Ind__ > 1 indicates induction); (2) The slope of the fold induction/

suppression versus transporter inhibitor concentration ([I],) plot when induction/suppression is linear within the range of perpetrator

concentrations (Ind
with Ind

slope
slope*

in uM'l); or (3) perpetrator concentration that supports half-maximal induction/suppression (IndCg, in uM) together
This option will link the perpetrator concentration over a range of concentrations directly to induction/suppression and hence

will best translate to changes in protein levels. For the IndC,, determination, the fraction of unbound drug in the in vitro incubation (fu,.)

inc

also should be considered. Required system data (population information) are: baseline protein level (T,) and kdeg. T, is the state variable
describing the relative change in the transporter level with respect to baseline because of induction/suppression. Without induction/

suppression T, = 1.

(i.e., P-gp and MRP2) are inducible by respective ligands and may
cause clinically relevant DDIs after oral drug :1dministration,14
whereas ligands of CAR do not induce intestinal P-gp or other
CAR-regulated enzymes or transporters.g’56 To what extent this
translates to other PXR activators and NRs is less clear. To increase
knowledge in this area, the route of administration (intravenous vs.
oral) of a perpetrator drug should be considered carefully to allow a
mechanistic interpretation of DDI results.

The role of miRNAs in transporter regulation also is emerging.
The correlation of miRNAs with downregulation of transport ac-
tivity is implied based on data obtained in the intestine and liver.
Currently, no systematic data are available to identify the func-
tional significance of miRNAs, and methods to identify miRNA
binding sites are indirect and time consuming. To address this
gap, application of the chimeric-eCLIP assay recently described
to map the hepatocyte miRNA-mRNA interactome'!” should be
explored to identify miRNAs binding to transporter mRNAs in
hepatocytes and cells in other organs. Another class of regulatory
RNAs that is understudied are the IncRNAs. Evidence suggests
that IncRNAs may be involved in transporter regulation in mul-
tidrug resistant tumor cells by either interacting with NRs or with
mRNAs encoding ABC transportcrs,118 but their role in healthy
tissue is unclear.

The impact of PTMs and altered protein trafficking on trans-
porter localization and function remains poorly understood
und understudied. More focus on the use of human-based iz
vitro and ex vivo models with intact regulatory machinery is
needed. Proteomic methods used to quantify transporters must
distinguish functional from inactive proteins, for example, due
to PTMs that affect activity. Transporter localization in the rel-
evant membrane, and appropriate corrections for loss during
sample preparation, must be considered when using quantitative
cell or tissue abundance data to predict iz vivo drug disposition.

480

In summary, based on the evidence presented in this white
paper, regulation of transport proteins is highly complex and can
occur at multiple levels to impact transporter function and drug
disposition. Preclinical and clinical research advances are needed
to close knowledge gaps in this field and support the development
of improved PBPK and quantitative systems pharmacology mod-
els to predict drug response and interpatient variability. As such,
these investigations are anticipated among the next frontiers in
transporter research.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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