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Tukey’s test was applied by using GraphPad Prism software (Graph-
Pad Software Inc., San Diego, CA). A P value of <0.05 was considered
statistically significant.

Results

Effects of Protease Inhibitors on the Accumulation
of Ubiquitinated OAT1. To determine the intracellular
degradation system for ubiquitinated OAT1, we treated
OAT1-expressing cells with proteasome inhibitors MG132 or
ALLN and lysosome inhibitors leupeptin or pepstatin A for
2 hours. The treated cells were lysed, and OAT1 was pulled
down by anti-Myc antibody (epitope Myc was tagged to OAT1
to facilitate immunodetection) or with mouse IgG (as negative
control), followed by immunoblotting (IB) with anti-ubiquitin
antibody (anti-Ub) to detect ubiquitinated OAT1. Our results
(Fig. 1, top panel) revealed that although incubation of the
cells with the lysosomal inhibitors leupeptin and pepstatin A was
without any effect, incubation with proteasomal inhibitors MG132
and ALLN both led to a substantial accumulation of ubiquitinated
OAT1, suggesting that ubiquitinated OAT1 degrades through
proteasomes rather than lysosomes. The change of ubiquitinated
OAT1 did not result from the difference of OAT1 immunopreci-
pitated because the amount of OAT1 pulled down was similar
among all samples (Fig. 1, bottom panel).

Effects of Proteasomal Inhibitors Bortezomib and
Carfilzomib on the Accumulation of Ubiquitinated
OAT1. Bortezomib and carfilzomib are Food and Drug
Administration—approved anticancer drugs acting as se-
lective proteasome inhibitors. We therefore examined the
effects of bortezomib and carfilzomib on the accumulation
of ubiquitinated OAT1. OAT1-expressing cells were trea-
ted with bortezomib or carfilzomib for 12 hours. The
treated cells were lysed, and OAT1 was pulled down by
anti-Myc antibody, followed by immunoblotting (IB) with
anti-Ub to detect ubiquitinated OAT1. Our results (Fig. 2,
top panel) revealed that incubation of the cells with
bortezomib or carfilzomib led to a substantial accumula-
tion of ubiquitinated OAT1. The change of ubiquitinated
OAT1 did not result from the difference of OAT1 immuno-
precipitated because the amount of OAT1 pulled down
was similar among all samples (Fig. 2, bottom panel; the
full blot is included in Supplemental Fig. 1).

Cis-Effect of Bortezomib or Carfilzomib on OAT1-Mediated
Uptake of [*H]p-Aminohippuric Acid. As OAT1isamulti-
substrate transporter, we examined whether bortezomib
and carfilzomib are inhibitors for OAT1 by carrying out
a cis-inhibition experiment (Fig. 3). We measured a 3-minute
uptake of [PHJPAH (20 uM) into OAT1-expressing cells with
20 pM probenecid, 3 wM bortezomib, or carfilzomib being present
in the same solution as PAH. Probenecid is a well-known
competitive inhibitor for OAT (Vallon et al., 2012; Wang et al.,
2014; Nigam et al., 2015). Under such conditions, probenecid
inhibited OAT1-mediated transport of FHIPAH by 41% [95% con-
fidence interval (CI): 36%—46%)], whereas bortezomib and carfil-
zomib were without any effect, suggesting that bortezomib and
carfilzomib are not inhibitors for OAT1. Therefore, bortezomib
and carfilzomib do not regulate OAT1 through its ability to
interfere with the transporter.

Effects of Bortezomib and Carfilzomib on OAT1-Mediated
Uptake of p-Aminohippuric Acid. OAT1-expressing cells
were treated with bortezomib and carfilzomib for 12 hours,
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Fig. 1. Effects of protease inhibitors on the accumulation of ubiquitinated
OAT1. Top panel: OAT1-expressing HEK293 cells were treated with
proteasome inhibitors MG132 (10 pM) or ALLN (100 pM) or lysosome
inhibitors leupeptin (10 wM) or pepstatin A (10 pM) for 2 hours. Treated
cells were then lysed, and OAT1 was immunoprecipitated with anti-Myc
antibody or with mouse IgG (as negative control, lane 6), followed by IB
with anti-Ub. Bottom panel: the same immunoblot from the top panel was
reprobed with anti-Myc antibody to determine the amount of OAT1
immunoprecipitated.

and then cytotoxicity and OAT1-mediated uptake of PAH were
measured. Both bortezomib and carfilzomib induced stimula-
tion of PAH uptake at 25—-100 nM for bortezomib (Fig. 4A) and
0.1-1 pM for carfilzomib (Fig. 4B) without cytotoxicity at
corresponding concentration (Fig. 5). The transport activity
of OAT1 was increased by 11% (95% CI: —7% to 30%) and
49% (95% CI. 31%—67%), respectively, at 5 and 25 nM
bortezomib. In contrast, 12 hours of treatment with lysosome
inhibitors leupeptin and pepstatin A did not affect the uptake
of PAH (Fig. 4C). Further study showed that, like MG132,
bortezomib and carfilzomib inhibited the 20S proteasome
activity after 2 hours of treatment (Fig. 6A). For bortezomib
at 1,5, and 25 nM with treatment for 12 hours, the proteasome
activity was inhibited by 8% (95% CI: 5%—12%), 29% (95% CI.:
26%—33%), and 87% (95% CI: 84%—-91%), respectively, which
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Fig. 2. Effects of proteasomal inhibitors bortezomib and carfilzomib on
the accumulation of ubiquitinated OAT1. Top panel: OAT1-expressing
HEK293 cells were treated with bortezomib (25 nM) or carfilzomib
(0.5 wM) for 12 hours. Treated cells were then lysed, and OAT1 was
immunoprecipitated with anti-Myc antibody or mouse IgG (as negative
control, lane 3 and 6), followed by IB with anti-Ub. Bottom panel: the same
immunoblot from the top panel was reprobed with anti-Myc antibody to
determine the amount of OAT1 immunoprecipitated.
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Fig. 3. Cis-effect of bortezomib or carfilzomib on OAT1-mediated uptake
of [P'HIPAH. The uptake of [PH]PAH (20 uM) in the presence of bortezomib
(3 pM), carfilzomib (3 pM), or probenecid (20 wM) for 3 minutes was
measured in OAT1-expressing HEK293 cells. Each data point represented
only carrier-mediated transport after subtraction of values from parental
cells. Uptake activity was expressed as the percentage of uptake measured
in control cells from three independent experiments. Values are means *
S.D. (n = 3). *P < 0.05; ns, not statistically significant.

showed a concentration-dependent inhibition of proteasome
activity at 1-25 nM bortezomib (Fig. 6B).

Effect of Bortezomib and Carfilzomib on OAT1
Expression. OAT1-expressing cells were treated with
bortezomib or carfilzomib, and OAT1 expression both at
the cell surface and in the total cell lysates was examined.
We showed that treatment with bortezomib or carfilzomib
led to an increase of OAT1 expression at the cell surface
(Fig. 7A, top panel, and Fig. 7B) and in total cell lysate
(Fig. 7C, top panel, Fig. 7D). Such a change in OAT1
expression was not due to the general perturbation of
cellular proteins, as the expression of cell surface membrane
protein marker E-Cadherin (Fig. 7A, bottom panel) and
cellular protein marker GAPDH (Fig. 7C, bottom panel) was
not affected under these conditions.
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Effect of Bortezomib and Carfilzomib on OAT1
Stability. The stability of cell surface OAT1 was subsequently
assessed based on a biotinylation approach. OAT1-expressing
cells were biotinylated with membrane-impermeable biotinyla-
tion reagent sulfo-NHS-SS-biotin. Labeled cells were treated
with or without bortezomib or carfilzomib for 12 hours.
Treated cells were then lysed, and cell surface proteins were
isolated using streptavidin-agarose resin, followed by immu-
noblotting with anti-Myc antibody. Our results (Fig. 8) showed
that the rate of OAT1 degradation decreased substantially
after 8 and 12 hours of treatment with bortezomib (Fig. 8, A
and B) or carfilzomib (Fig. 8, C and D) as compared with that of
control. These results indicate that bortezomib and carfilzo-
mib substantially increase OAT1 stability.

Discussion

The transport activity of OAT1 is critically dependent on
its expression level at the cell surface. We previously
demonstrated that post-translational modification of OAT1
by ubiquitination leads to OAT1 internalization from the cell
surface and subsequent degradation in proteolytic systems
(Zhang et al., 2008, 2013; Xu et al., 2017). In the current
study, we identified the proteolytic system in which the
ubiquitinated OAT1 is degraded and revealed a new strategy
of reversing ubiquitination-dependent OAT1 degradation.

HEK293 cells, a heterologous cell system, was used in our
current studies, as they have been widely used for research in
the regulation of the cloned organic anion transporters and
other renal transporters (Rodiger et al., 2010; Xue et al., 2011;
Zeng et al., 2012; El-Sheikh et al., 2013). The fact that these
cells do not express endogenous OATS is particularly advan-
tageous because expression of OAT1 in these cells will permit
us to analyze the transport properties of OAT1 without being
disturbed by other organic anion transporters. Our studies in
HEK293 cells will pave the path for the upcoming work

* * *
I I I *
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Fig. 4. Effect of bortezomib, carfilzomib,
and lysosome inhibitors on OAT1 activity.
OAT1-expressing HEK293 cells were treated
with bortezomib (A) or with carfilzomib
(B) at indicated concentrations or lyso-
some inhibitors leupeptin (10 pM) or
pepstatin A (10 nM) (C) for 12 hours. The
uptake of [*HJPAH (20 wM) for 3 minutes
was then performed. Each data point
represented only carrier-mediated transport
after subtraction of values from parental
cells. Uptake activity was expressed as the
percentage of uptake measured in control
cells from three independent experiments.
Values are means = S.D. (n = 3). *P < 0.05.
ns, not statistically significant.

Carfilzomib
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focusing on validating whether the same mechanisms exist in
primary epithelia.

Our current study unveiled a key role for proteasomes in the
regulation of OAT1 expression and transport activity. Treat-
ment of OAT1-expressing cells with proteasomal inhibitors
MG132 and ALLN led to an accumulation of ubiquitinated
OAT1, whereas treatment of cells with lysosomal inhibitors
leupeptin and pepstatin A were without any effect (Fig. 1). The
degradation of cell surface OAT1 through proteasomes con-
trasted with most of the plasma membrane proteins, for which
the canonical degradation pathway is through lysosomes (Piper
and Luzio, 2007; Varghese et al., 2008). This finding opens the
door for new strategies in modulating OAT1 function through
controlling proteasomal activity.

Proteasomal inhibition has been developed for antitumor
activities. The proteasomal inhibitors used in our current
studies, bortezomib and carfilzomib, are two Food and Drug
Administration—approved antitumor drugs with the ability to
inhibit proteasomes. Bortezomib administration caused a de-
crease of 20S proteasome activity in the white blood cells,
liver, colon, muscle, and prostate (Adams et al., 1999; Bross
et al., 2004). Inhibition of the 20S proteasome activity after
carfilzomib administration was observed in blood, adrenal,
heart, lung, spleen, bone marrow, and kidney (Nooka et al.,
2013). Both drugs have also been shown to affect kidney
function. Bortezomib can attenuate renal impairment in
patients with multiple myeloma, renal fibrosis, and lupus
nephritis (Hainz et al., 2012; Ward et al., 2012; Zeniya
et al., 2017; Zhanget al., 2017; Cohen et al., 2015; Dimopoulos
et al.,, 2016). Carfilzomib inhibited the chymotrypsin-like
activity of the 20S proteasome in the kidney by 50%-60% in
rats (https://www.accessdata.fda.gov/drugsatfda_docs/nda/2012/
2027140rig1s000PharmR.pdf). Recent studies showed that
bortezomib can affect the activities of copper transporter 1,

A B

)
]
-
o
S

=)
S

20S proteasome activity
(% of control)
3
208 proteasome activity
(% of control)
g

20 * 20
* *

0 | - —-— 0

Control MG132 Bortezomib  Carfilzomib Control

Positive Negative 0.1 pM

Fig. 5. Cytotoxicity of bortezomib and car-
filzomib on OAT1-expressing HEK293 cells.
OAT1-expressing HEK293 cells were treated
with bortezomib (A) or with carfilzomib (B) at
indicated concentrations for 12 hours. The
LDH released in supernatant was then per-
formed. Cells treated or not treated with
10% Triton X-100 were used as positive control
and negative control, respectively.
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ATP-binding cassette transporter A1 and ATP-binding cas-
sette transporter G1, metal transporter Zrt/IRT-like protein
14, and organic anion transporting polypeptide 1B3 (Jandial
et al., 2009; Ogura et al., 2011; Zhao et al., 2014; Alam et al.,
2017). However, the potential of these antitumor drugs to
modulate OAT1 activity has not been explored. By inhibiting
the proteasomal activity, these drugs gained a new role in the
regulation of OAT1 activity.

We showed that treatment of OAT1-expressing cells with
bortezomib and carfilzomib led to a substantial accumulation
of the ubiquitinated OAT1 (Fig. 2), which correlated well with
an enhanced OAT1 transport activity and an enhanced OAT1
expression at the cell surface (Figs. 4 and 7). The molecular
weight of ubiquitinated OAT1 was more than 180 kDa,
~100 kDa larger than unubiquitinated OAT1 (~80 kDa). Since
ubiquitin is an 8-kDa polypeptide, OAT1 may be poly- or
multiubiquitinated (Figs. 1 and 2).

The increase of surface OAT1 can be attributed to reduced
internalization, increased recycling, or decreased degrada-
tion. As internalization and recycling are rapid processes, the
alteration of internalization or recycling may be the mecha-
nisms in acute regulation of OAT1 during the short term
(<30 minutes), whereas the alteration of degradation may be
the mechanism in chronic regulation of OAT1 during the long
term (several hours) (Zhang et al., 2008, 2012, 2013; Xu et al.,
2017; Wang et al., 2019). Bortezomib and carfilzomib en-
hanced the surface expression and transport activity of OAT1
with 12 hours of treatment and did not stimulate the transport
activity in short-term treatment, suggesting that reduced
internalization or increased recycling were not involved in
OAT1 regulation. Further exploring the underlying mecha-
nism, we found that the degradation rate of OAT1 was
decelerated after treatment with bortezomib and carfilzomib
(Fig. 8). The drug target of bortezomib and carfilzomib is 20S

Fig. 6. Effect of bortezomib and carfilzo-

mib on the 20S proteasome activity. (A)

* OAT1-expressing HEK293 cells were treated

with MG132 (10 p.M), bortezomib (25 nM), or

* carfilzomib (0.5 nM) for 2 hours. (B) OAT1-

expressing HEK293 cells were treated with

bortezomib (1, 5, and 25 nM) for 12 hours.

The 208 proteasome activity of cells was then

performed. The 20S proteasome activity was

expressed as the percentage of control cells

from three independent experiments. Values
are means = S.D. (n = 3). *P < 0.05.

*
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proteasome. Our results showed that bortezomib and carfilzo-
mib inhibited 20S proteasome activity (Fig. 6A), and there was
a correlation between the degree of proteasomal inhibition
and increase of OAT1 transporter function at 5 and 25 nM
bortezomib (Fig. 4A; Fig. 6B). Therefore, bortezomib- and
carfilzomib-stimulated OAT1 expression and transport
activity was mainly due to proteasome inhibition and the
subsequent deceleration rate of OAT1 degradation.

After intravenous administration of the first 1.3-mg/m? dose to
multiple myeloma patients, the mean maximum plasma concen-
tration (C,,,) of bortezomib was 291 nM (112 ng/ml) (Reece et al.,
2011). For carfilzomib, the mean C,,,, values after a 2- to 10-minute
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Fig. 7. Effect of bortezomib and carfilzo-
mib on OAT1 expression. (A) Top panel:
OAT1-expressing HEK293 cells were trea-
ted with bortezomib (25 nM) or carfilzomib
(0.5 uM) for 12 hours. Cell surface bio-
tinylation was performed. Biotinylated
(cell surface) proteins were separated with
using streptavidin-agarose resin and an-
alyzed by IB with an anti-Myc antibody.
Bottom panel: the same blot from the top
panel was reprobed with an anti-E-Cadherin
antibody. E-Cadherin is an integral mem-
brane protein marker. (B) Densitometry
plot of results from (A), top panel, as well
as from other experiments. Values are
means = S.D. (n = 3). *P < 0.05. (C) Top
panel: OAT1-expressing HEK293 cells
were treated with bortezomib (25 nM) or
carfilzomib (0.5 pM) for 12 hours. Cells
were then lysed, followed by IB with anti-
Myec antibody. Bottom panel: the same blot
from the top panel was reprobed with an
anti-GAPDH antibody. GAPDH is a cellular
protein marker. (D) Densitometry plot of
results from (C), top panel, as well as from
other experiments. Values are means *
S.D. (n =3). *P < 0.05.
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intravenous infusion of a 27-mg/m? dose or a 30-minute infusion of
a 56-mg/m? dose were 5.9 (4232 ng/ml) and 2.9 .M (2079 ng/ml),
respectively (https:/www.accessdata.fda.gov/drugsatfda_docs/
1abel/2018/20271450191bl.pdf). The concentration of bortezomib
(5-100 nM) and carfilzomin (0.1-1 pM) we selected in the cell
model has a clinical relevance. Besides, the influence of other
proteasome inhibitors, such as ixazomib (approved), marizomib,
oprozomib, and delanzomib (in clinical trials), on the kidney
OAT1 should be given attention. In this study, we reported the
cellular mechanisms, and an in vivo study is currently underway
in our laboratory to validate the roles of bortezomib or carfilzomib
in OTA1 ubiquitination, expression, and renal clearance of drugs.
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Fig. 8. Effect of bortezomib or carfilzomib on OAT1 stability. (A) OAT1-expressing HEK293 cells were biotinylated with membrane-impermeable
biotinylation reagent sulfo-NHS-SS-biotin. Labeled cells were then treated with bortezomib (25 nM) at 37°C for 4, 8, and 12 hours, respectively. Treated
cells were lysed, and cell surface proteins were isolated using streptavidin-agarose resin, followed by IB with anti-Myc antibody. (B) Densitometry plot of
results from (A) as well as from other experiments. Values are means *+ S.D. (n = 3). *P < 0.05. (C) OAT1-expressing HEK293 cells were biotinylated with
membrane-impermeable biotinylation reagent sulfo-NHS-SS-biotin. Labeled cells were then treated with carfilzomib (0.5 pM) at 37°C for 4, 8, 12 hours,
respectively. Treated cells were lysed, and cell surface proteins were isolated using streptavidin-agarose resin, followed by IB with anti-Myc antibody.
(D) Densitometry plot of results from (C) as well as from other experiments. Values are means = S.D. (n = 3). *P < 0.05; ns, not statistically significant.
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Like proteasomes, several deubiquitinases may also regu-
late the OAT function. These deubiquitinases are associated
with the 19S regulatory particles of proteasome (D’Arcy
et al., 2015). Recently, it has been revealed that inhibition of
proteasome-associated deubiquitinase activity is an alterna-
tive strategy to 20S proteasome inhibitors for cancer treat-
ment (Chen et al., 2017; Mofers et al., 2017). Therefore, it is
interesting to explore whether proteasome-associated deubi-
quitinase is a novel target for OAT1 regulation.

Our studies showing that proteasome inhibitors, e.g., borte-
zomib and carfilzomib, can stimulate the transport activity of
OAT1 has physiologic implications. When drugs are overdose
or endogenous/exogenous metabolites, uremic/environmental
toxins are increased in blood, and we can use this method
to accelerate their clearance to avoid systemic toxicity and
maintain the body’s homeostasis. It can also be used to reverse
the decreased expression under disease conditions.

In conclusion, our study demonstrated for the first time that
ubiquitinated cell surface OAT1 degrades through proteasome
instead of lysosome, and anticancer drugs bortezomib and
carfilzomib have a novel role in regulating OAT1 expression
and transport activity, indicating their potential influence on
the OAT1-mediated renal excretion of drugs during cancer
and comorbidity therapies.
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Supplemental Figure 1. Full blot for Fig 2: immunoprecipitated OAT1. OAT1-expressing
HEK293 cells were treated with bortezomib (25 nM) or carfilzomib (0.5 pM) for 12 h. Treated cells
were then lysed, and OAT1 was immunoprecipitated with anti-Myc antibody or with mouse 1gG
(as negative control, lane 3 and 6), followed by immunoblotting (IB) with anti-Myc antibody to
determine the amount of OAT1 immunoprecipitated.



