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Abstract.

Hyperuricemia is currently recognized as a risk factor for cardiovascular diseases. It

has been reported that the angiotensin II-receptor blocker (ARB) losartan decreases serum uric
acid level. In this study, the effects of another ARB, irbesartan, on ['*Cluric acid-transport activity
of renal uric acid reabsorptive transporters URAT1 and URATv] were examined with Xenopus
oocytes expressing each transporter. The results showed that irbesartan (100 — 500 M) inhibited
the uptake of uric acid via both transporters. The inhibitory effects of irbesartan exceeded those of
losartan and other ARBs, and the results suggest that irbesartan can reduce serum uric acid level.

Keywords: angiotensin II-receptor blocker, transporter, uric acid

Hyperuricemia has been associated with hypertension.
Approximately 25% of patients with hypertension have
hyperuricemia (1), and approximately 30% of patients
with hyperuricemia or gout have hypertension (2).
Therefore the effects of antihypertensive drugs on serum
uric acid (SUA) level, especially angiotensin II-receptor
blockers (ARBs), have been scrutinized in recent years.
Losartan has been shown to increase urinary uric acid
(UA) excretion and decrease SUA level (3). In contrast,
other ARBs such as candesartan and valsartan do not
have uricosuric activity (4, 5). Thus, it seems that the
ability of each ARB to decrease SUA cannot be predicted
until the uricosuric activities of all ARBs are examined.
In the present study, we focused on another widely-used
ARB, irbesartan. One report showed a tendency for
irbesartan to decrease SUA level in hypertensive patients
with hyperuricemia (6). Therefore we examined the ef-
fect of irbesartan on UA transporters involved in regulat-
ing SUA level. The UA transporter URATT is involved
in lumen-to-cytosol reabsorption of UA along the proxi-
mal tubule (7). A sugar transport facilitator family
member protein GLUT9 (URATVI) functions as an ef-
flux transporter of UA from tubular cells (8) at the baso-
lateral membrane. Mutation of URATI or URATVI is
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associated with idiopathic renal hypouricemia (7, 9), in-
dicating URAT1 and URATVI play a dominant role in
UA reabsorption and controlling SUA levels. We used
Xenopus oocytes expressing URAT1 or URATYVI to ex-
amine the cis-inhibitory effects of irbesartan at various
concentrations.

Cloned human URAT1 and URATv] were expressed
in Xenopus oocytes as described previously (7, 8). In
brief, defolliculated oocytes were injected with 50 ng of
cRNA that was transcribed in vitro using T7 RNA poly-
merase in the presence of cap analog. After incubation of
oocytes in Barth’s buffer at 18°C for 2 — 3 days, uptake
studies were performed in ND 96 buffer (96 mM NaCl,
2mM KCI, 1.8 mM CaCl., | mM MgCl,, 5 mM HEPES,
pH 7.4) containing 20 uM [“'C]JUA and ARB:s at the in-
dicated concentrations; after 1 h incubation, oocytes were
lysed and dried at room temperature. Then the amount of
the [""CJUA uptake was measured in a scintillation
counter and the uptake rate was determined. For determi-
nation of the kinetic parameters, the concentrations of
urate were varied from 10 to 1500 4M., Kinetic parameters
were obtained by using the Eadie-Hofstee equation, The
experiments were performed using 8 — 10 oocytes per
experiment and repeated three times. All the data are
given as the mean + S.E.M. Student’s r-test was used to
determine significant differences. A value of P <0.05
was considered to be significant.

Figure 1 illustrates the chemical structures of ARBs
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examined in this study. In addition to irbesartan, we
tested losartan, telmisartan, candesartan, and valsartan.
Figure 2A shows that at concentrations of 300 — 500 uM,
all ARBs except candesartan significantly inhibited
URAT!-mediated [CJUA uptake. In the present study,
valsartan (500 #M) decreased UA uptake via URATI.
Since the administration of a standard dose of valsartan
(2 mg/kg) results in a mean plasma concentration of less
than 20 uM (10), it seemed unlikely that, clinically, it had
any effect on SUA level. Figure 2A also indicates that
irbesartan is more inhibitory than losartan. Figure 2B
shows the dependence of inhibition on irbesartan con-
centration. The percentage of UA uptake relative to the
control (no inhibitor) level decreased dose-dependently
from 30 to 500 4M, indicating the cis-inhibitory effect of
irbesartan on the UA uptake via URATI. Kinetic data
(Fig. 2: C and D) showed that the inhibition of irbesartan
was non-competitive against URAT1 since irbesartan
decreased Vi from 21.54 to 9.84 pmol-oocyte™-h™", but
did not change the K, (218.08 to 191.45 uM).

The uptake of URATvI-expressing oocytes is shown
in Fig. 3. Both irbesartan and telmisartan inhibited
URATVvI-mediated UA uptake to a similar extent. The
concentration dependence (in the range 30 — 500 #M) of
irbesartan-mediated inhibition (Fig. 3B) confirmed its
ability to block UA uptake by URATvI. The results
shown in Fig. 3, C and D demonstrate that irbesartan
effected an increase in the the K, value (325.1 to 721.43
uM) and a decrease in the Vi (357.66 to 202.52
pmol-oocyte™h™). Those kinetic parameters indicated

Valsartan

that irbesartan inhibited URATvI in both a competitive
manner and a non-competitive manner (mixed inhibi-
tion).

The present study has demonstrated, for the first time,

‘that irbesartan inhibits renal UA transporters in vitro.

Two UA transporters, URAT1 and URATvI involved in
the transport of UA at the apical and basolateral mem-
brane, respectively, were examined (7, 8), and the inhibi-
tory effects of several ARBs were compared with that of
irbesartan. As shown in Fig. 1, ARBs with a single an-
ionic group were the most effective UA transporter in-
hibitors; losartan, irbesartan, and telmisartan with one
anionic group but not candesartan and valsartan with two
anionic groups markedly decreased UA-uptake. Although
further examination is needed, the blocking ability of
irbesartan on UA transporters provides important infor-
mation about the substrate specificity of UA transpor-
ters.

Moreover, the inhibitory effect of irbesartan exceeded
that of losartan. A losartan concentration of 500 xM
seemed to be too small to inhibit URATvI (Fig. 3A),
which is in accordance with previous reports (1 mM) (8).
In contrast, irbesartan significantly decreased the UA-
uptake by URATI and URATVI at concentrations of
100 — 500 and 300 — 500 M, respectively (Figs. 2B and
3B). Since the clinically achievable mean plasma con-
centrations of losartan and irbesartan are 3 and 6 yuM (11,
12), respectively, neither drug can have any effect on
SUA level from the basolateral (blood) side of the renal
proximal tubules. Nevertheless, the urinary concentration

Candesartan

Fig. 1, Chemical structures of angiotensin-receptor blockers (ARBs). Dotted grey circles indicate anionic groups as described in

the text.
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Fig. 2. The cis-inhibitory effect of irbe-
sartan on URATI-mediated uric acid up-
take by URATI-expressing oocytes. A:
Uptake of [“Cluric acid (20 uM) by
URATI-cRNA injected oocytes was
measured in the presence or absence (no
inhibitor) of ARBs [500 uM, except for
telmisartan (300 4M)] for 1 h. B: Concen-
tration-dependence of inhibition of urate
uptake via URAT] by irbesartan (1 — 500
#M). The URAT1-mediated uptake is ex-
pressed as percentage of the no-inhibitor
control (absence of ARBs). C: The kinetic
curve of urate uptake with 0.2 mM irbe-
sartan, D: Eadie-Hofstee plot of URATI1-
mediated urate uptake with 0.2 mM irbe-
sartan. V/S. velocity per concentration of
substrate; V, pmol-oocyte™'-h™. Each data
point is the mean + S.E.M. from 3 inde-
pendent experiments using 8 — 10 oocytes.
*¥#%P <0.001, compared to the sample
with no inhibitor. NS, not significant.

Fig. 3. The cis-inhibitory effect of irbe-
sartan on URATvl-mediated uric acid
uptake by URATvI-expressing oocytes.
A: Uptake of ["Cluric acid (20 xM) by
URATvVI-cRNA injected oocytes was
measured in the presence or absence (no
inhibitor) of ARBs [500 xM, except for
telmisartan (300 uM)] for 1 h. B: Concen-
tration-dependence of inhibition of urate
uptake via URATv] by irbesartan (1 — 500
#M). The URATvI-mediated uptake is
expressed as percentage of the no-inhibitor
control (absence of ARBs). C: The kinetic
curve of urate uptake with 0.5 mM irbe-
sartan. D: Eadie-Hofstee plot of URATv1-
mediated urate uptake with 0.5 mM irbe-
sartan. V/S, velocity per concentration of
substrate; V, pmol-oocyte™ h™'. Each data
point is the mean = S.E.M. from 3 inde-
pendent experiments using 8 — 10 oocytes.
*¥*P <001, ***P<0.001, compared to
the sample with no inhibitor, NS, not
significant.
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of iibesartan was almost 2 #M and it was lower than that
of losartan (7 4M) (11, 12). This indicated that irbesartan
may decrease SUA level from the luminal (apical) side
because the drugs secreted into the tubular lumen will
accumulate within the renal tubular system reaching a
concentration exceeding that in plasma (13), Telmisartan,
the other positive control, inhibited URAT1 and URATvI
to the same extent as irbesartan did. However, there is no
indication that telmisartan enters the kidney (14) and
therefore inhibition of renal UA reabsorption from the
luminal side would seem to be unlikely. In addition,
clinical data has shown no significant change in SUA in
telmisartan-administered hypertensive patients (15), in-
dicating that the inhibitory effect observed in vitro may
not be relevant to in vivo UA transport in the kidney.
Therefore irbesartan is likely to be a clinically more ef-
fective blocker of the renal UA transporter than telmisar-
tan. In conclusion, our in vitro experiment demonstrated
strong interaction of irbesartan with UA transporters,
which exceeded that of losartan. Irbesartan could be used
in hyperuricemic patients to decrease SUA level,
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Homocysteine plays a key role in several pathophysiological conditions. To assess the
methionine-homocysteine kinetics by stable isotope methodology, we developed a simultaneous
quantification method of [2H;]methionine, [2H4]methionine, methionine, [2H4]homocysteine and
homocysteine in rat plasma by gas chromatography-mass spectrometry (GC-MS). ['3C|Methionine and
['3C]homocysteine were used as analytical internal standards to account for losses associated with the

lc(;ecyvl\\/:;ds: extraction, derivatization and chromatography. For labeled and non-labeled homocysteine measure-

Sta;le isotope ments, disulfide bonds between homocysteine and other thiols or proteins were reduced by dithiothreitol.
T The reduced homocysteine and methionine species were purified by cation-exchange chromatograph

Methionine p p y 8! phy

and derivatized with isobutyl chlorocarbonate in water-ethanol-pyridine. Quantification was carried
out by selected ion monitoring of the molecular-related ions of N(0,S)-isobutyloxycarbonyl ethyl ester
derivatives on the chemical ionization mode. The intra- and inter-day precision of the assay was less
than 6% for all labeled and non-labeled methionine and homocysteine species. The method is sensitive

Homocysteine
Pharmacokinetics

enough to determine pharmacokinetics of labeled methionine and homocysteine.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A moderate increase in plasma homocysteine concentration is a
risk factor for many pathologic conditions, including cardiovascular
disease, congenital abnormalities and neurological disorders [1-5].
However, it remains controversial as to whether the increased risk
is mediated directly by homocysteine or whether it may simply be
acting as a marker for another metabolite.

Homocysteine is a sulfur non-protein amino acid produced
by de-methylation of methionine through the intermediates S-
adenosylmethionine and S-adenosylhomocysteine. Homocysteine
isthen either re-methylated by accepting methyl group from either
betaine or 5-methyltetrahydrofolate to form methionine or catab-
olized irreversibly to form cystathionine. In the absence of renal
impairment, hyperhomocysteinemia is caused either by genetic
defects in the enzymes involved in homocysteine metabolism or
nutritional deficiencies in vitamin cofactors [6]. To understand
the mechanisms of plasma homocysteine elevation, it is neces-
sary to quantitatively assess methionine transmethylation and

* Corresponding author. Tel.: +81 42 676 5699; fax: +81 42 676 5686.
E-mail address: sinohara@toyaku.ac.jp (Y. Shinohara).

1570-0232/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2009.12.020

homocysteine re-methylation and transsulfuration in hyperhomo-
cysteinemic patients.

Stable isotope methodology has provided a useful tool for
metabolic and pharmacokinetic investigations for endoge-
nous compounds [7-9]. We previously developed a gas
chromatography-mass spectrometry (GC-MS) method for deter-
mination of methionine and total homocysteine in plasma with
good accuracy and precision by using stable isotopically labeled
compounds as analytical internal standards [10]. Stable iso-
topically labeled methionine has been also used as a biological
internal standard to investigate the pharmacokinetic behav-
ior of exogenously administered methionine and the extent
of homocysteine re-methylation [11,12]. After administration
of [3,3,4,4,S-methyl-2H;|methionine ([2H;]methionine) to rats,
the plasma concentrations of the exogenously administered
methionine ([2H;]methionine), the de-methylated homocys-
teine ([2H4]homocysteine), and re-methylated methionine
([2H4]methionine) simultaneously with endogenous methionine
and homocysteine were determined by the double isotope dilution
method. The double isotope dilution method, however, required
a couple of plasma samples at each time obtained after dosing.
A known amount of either labeled or unlabeled compounds
(metabolite) was added to only one of the sample as analytical
internal standard, and was not added to another sample. Peak-area
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ratios of the two samples were then measured to calculate the
concentrations of endogenous and exogenous (labeled) com-
pounds in biological fluids [13-15] (Suppl. 1). The double isotope
dilution method is generally time-consuming and often leads to a
drawback in accurate quantification of low levels of unlabeled and
labeled substances in biological fluids.

The aimof the present study is to develop simultaneous quantifi-
cation method of [2H7]methionine, [2H4 Jmethionine, methionine,
[2H4]homocysteine and homocysteine in plasma by GC-MS using
[13C)methionine and ['3C; |homocystine as analytical internal stan-
dards.

2. Experimental
2.1. Chemicals and reagents

pL-[3,3,4,4-2H,]Methionine ([2H;|methionine; >99% atom 2H)
and DpL-[3,3,3,3'4,4,4 4 -2Hglhomocystine ({2Hg]homocystine;
97.9% atom 2H) were purchased from CDN isotopes (Quebec,
Canada). pL-[1-13C]Methionine ([!3C]methionine) was purchased
from Isotec (Miamisburg, OH, USA). L-[2H;]Methionine was
synthesized in our laboratory as described previously [15]. The
isotopic purity and the enantiomeric purity were 99.3% atom
2H and >99.8% enantiomeric excess, respectively. L-Methionine,
isobutyl chlorocarbonate and dithiothreitol were purchased from
Wako (Osaka, Japan). L-Homocystine was purchased from Nacalai
Tesque (Kyoto, Japan). A strong cation-exchange solid-phase
extraction column BondElut SCX (H* form, size 1 ml/100 mg) was
purchased from Varian (Harbor City, OH, USA). All other chemicals
and solvents were of analytical-reagent grade and were used
without further purification.

2.2. Synthesis of {1,1"-13C; Jhomocystine

To a solution of [13C]methionine (1.0g, 6.6mmol) in liquid
ammonia (ca. 100 ml) were added small pieces of metallic lithium
(180mg) at -78°C. The resulting blue solution was stirred at
—78°C with progress of the reaction being monitored by 'H
NMR as follows: aliquots of the solution (ca. 1 ml) were removed,
evaporated and re-dissolved in 0.1 M sodium deuteroxide in deu-
terium oxide, and the disappearance of the S-CH3 proton signal
(8 2.01 ppm) of unreacted pL-[1-13C]methionine was monitored.
Additional amounts of lithium were added in two portions (30 mg
each) at 2 h intervals. After being stirred for 6 h, ammonium chlo-
ride (1g) was added to the reaction mixture and the color of the
solution was discharged. The solution was allowed to stand at
room temperature to remove ammonia. The remaining off-white
residue was dissolved in water (30ml) and a continuous stream
of oxygen was bubbled into the solution for 1h. The pH of the
solution was adjusted with 1M HCI to pH 7 followed by stand-
ing overnight at 4°C. The precipitate was collected by filtration,
washed with cold H,0, and dried to obtain [1,1’-13C; ]homocystine
([13C3]homocystine) as a colorless solid (0.6 g, 32.8%). Elemental
analysis, Calculated for Cg'3CyH,N304S2: C, 35.54; H, 5.97; N,
10.36%. Found: C, 35.54; H, 5.90; N, 10.30%.

2.3. Gas chromatography-mass spectrometry-selected ion
monitoring (GC-MS-SIM)

GC-MS5-5IM analysis was made with a Shimadzu (Kyoto, Japan)
QP2010 quadrupole GC-MS equipped with a data-processing sys-
tem. A methylsilicone bonded-phase fused-silica capillary column
SPB-1(15m x 0.25 mmi.d.) witha 0.25 p.m film thickness (Supelco,
Bellefonte, PA, USA) was connected directly to the ion source.
Helium was used as the carrier gas at a column head pressure
100 kPa and total column flow-rate was maintained at 1.0 ml/min.

A split-splitless injection system Shimadzu SPL-G9 was oper-
ated in the splitless mode with a purge flow-rate of 3 ml/min
after 2 min. The initial column temperature was set 120°C. After
the sample injection, it was maintained for 2min, increased at
30°Cfmin to 270°C and held at 270°C for 1 min. The temper-
ature of the injector was 250°C, The mass spectrometer was
operated in chemical ionization mode with isobutane as the reac-
tant gas at an electron energy of 70eV and an emission current
of 60 A. The ion source temperature was 280°C. SIM was per-
formed on the protonated molecular ions at mjz 278, 279, 282
and 285 for the N(O,S)-isobutyloxycarbonyl! ethyl ester (IBC-OEt)
derivatives of methionine, ['3CJmethionine, [2H4methionine and
[2H;)methionine, respectively, and mjz 364, 365 and 368 for
the IBC-OEt derivatives of homocysteine, [12C]homocysteine and
[2H4homocysteine, respectively.

2.4. Preparation of standards

Stock solutions of methionine (1.53 mg/10 ml), ['*C]methionine
(3.66 mg/25ml), [2H4]methionine (1.57 mg/10ml),
[2H;]methionine (1.62mg/10ml), homocystine (2.63mg/10ml),
[13C;]homocystine  (2.73mg/10ml) and [2Hgz]homocystine
(10.02mg/10ml) were prepared in 25mM hydrochloric acid.
The stock solutions were further diluted with 25 mM hydrochloric
acid to prepare the standard solutions for calibration curve. Quality
control (QC) standard solutions were prepared in the same manner
as the calibration standard solutions. Storage of these solutions at
4°C did not result in any detectable decomposition for more than
3 months.

2.5. Sample preparation for GC-MS-SIM

The protocol was based on an analytical procedure developed
by our group [10]. To 50 ul of plasma were added 4.88 nmol of
[3C]methionine and 0.51 nmol of [13C; |homocystine as the inter-
nal standards dissolved in 0.2m! of 25mM hydrochloric acid.
Following addition of 0.1 M sodium hydroxide (0.1 m!) and 1%
dithiothreitol in acetonitrile (50 pl), the resulting solution was
kept at room temperature for 30 min. The sample was depro-
teinized with 10% trichloroacetic acid (0.2 ml). After centrifugation
at 1000 x g for 5min at 4°C, the supernatant was applied to a Bon-
dElut SCX cartridge, which was pre-washed and activated with 3 ml
of methanol, 3ml of a mixture of methanol-0.1 M hydrochloric
acid (1:1, v/v) and 3ml of 0.1 M hydrochloric acid. The car-
tridge was washed with 1 ml of water and 1ml of a mixture of
water-ethanol (2:1, v/v), and then eluted with 0.5 m! of a mixture
of water-ethanol-pyridine (30:16:4, v/v). To the eluent was added
isobutyl chlorocarbonate (50 1) and the solution was mixed on a
vortex for 105, The sample was extracted with 1 ml of chloroform.
After evaporating to dryness under a stream of nitrogen, the residue
was dissolved in 20 1 of ethyl acetate. A 0.2-2.0 .l portion of the
solution was subjected to GC-MS-SIM.

2.6. Calibration curves and quantification

Each standard solution containing known amounts of
methionine (0.51-3.06nmol/50 .1 25mM hydrochloric acid),
[2H4]methionine (0.011-5.288nmol/50ul 25mM hydrochlo-
ric acid), [2Hy]methionine (0.010-10.102nmol/50ul 25mM
hydrochloric acid), homocystine (0.101-0.404 nmol/50 p.l 25 mM
hydrochloric acid), [?HgJhomocystine (0.005-5.021 nmol/50 .l
25mM hydrochloric acid) was added to 50 .1 portions of rat blank
plasma containing endogenous methionine and homocysteine.
[13C)methionine (4.88 nmol) and [13C;]homocystine (0.51 nmol)
were added to the samples as internal standards. The samples
were purified, derivatized and analyzed as described above, After
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Fig. 1. Structures of N(0,S)-isobutyloxycarbonyl ethyl ester derivatives of methio-
nine (A) and homocysteine (B).

correcting the peak-area values with the values of mutual contri-
butions as shown Table 1, the peak-area ratios (m/z 278, m/z 282
and m/z 285 to m{z 279 for methionine species and m/z 364 and m/z
368 to mfz 365 for homocysteine species) were determined. The
curves were obtained by an unweighted least-squares linear fitting
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of the peak-area ratios versus the amounts added on each sample.
Plasma concentrations of labeled compounds were calculated
by comparing the peak-area ratios obtained from the unknown
samples with those obtained from the standard mixtures. The
concentrations of endogenous methionine and homocysteine
were calculated for dividing the y-intercept by the slope of the
calibration curves.

2.7. Accuracy and precision

QC samples were prepared by spiking the QC solution for
methionine (0.51, 1.03, 2.05nmol/50u] 25mM hydrochlo-
ric acid), [2H4]methionine (0.010, 0.103, 1.027nmol/50 pwl
25mM hydrochloric acid), [2H7]methionine (0.010, 0.101,
1.010nmol/50 nl 25mM hydrochloric acid), homocystine (0.10,
0.20,0.30 nmol/50 1 25 mM hydrochloric acid), [2Hg[homocystine
(0.005,0.050,0.501 nmol/50 125 mM hydrochloricacid)into 50 p.l
aliquot of rat pooled plasma containing endogenous methionine
and homocysteine. Following the addition of [13C]methionine
(4.88 nmol) and [13C;]homocystine (0.51 nmol) as internal stan-
dards, the samples were subjected to clean-up according to
the procedure described above. The samples were analyzed by
GC-MS-SIM and the peak-area ratios were measured.
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Fig. 2. Chemical ionization mass spectra of N(O,5)-isobutyloxycarbonyl ethyl ester derivatives of methionine, ['?Cjmethionine, [2H4}methionine, [2H; Jmethionine, homo-

cysteine, [17Clhomocysteine and [2H4 Jhomocysteine.
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Table1

Mutual contributions to ion intensity of various species in the channels monitored.
Compound mz278 m(z279 m/z 282 m/z285
Methionine 100 14918 0.117 0.023
['3C]Methionine 4.247 100 0.701 0.029
[?Hs]Methionine 0.052 0.145 100 0.803
[2H7]Methionine 0.025 0.149 0.961 100
Compound m(z 364 m(z 365 m/z368
Homocysteine 100 19.136 0.169
['*C]Homocysteine 2.348 100 1074
[2H4]Homocysteine 0.055 0.147 100

2.8. Dose experiment

After an overnight fast, male Sprague-Dawley rats (n=5) aged
8 weeks, weighing 240-330g, were anesthetized with pentobar-
bital (50 mg/kg body wt., i.p.). Each rat then received into the i.v.
bolus injection of [2H7 Jmethionine (30 wmol/kg weight) dissolved
in saline (12.5 mg of [2H; Jmethionine/ml). Heparinized blood sam-
ples (150 1) were obtained from the jugular vein at 5 min before
and 0.5, 1, 3,5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 240 and 300 min
after dosing. Plasma was separated and stored at —20°C until anal-
ysis.

3. Results and discussion

One of the unique advantages for use of a stable isotope-labeled
compound as a biological internal standard is that an endogenous
compound and its exogenous administered labeled analog can be
measured separately using GC-MS. The endogenous and exoge-
nous compounds and their metabolites in biological fluids are often
analyzed by using the double isotope dilution method. Since the
method requires a couple of plasma samples at each time after
the administration of labeled compound, it is necessary to collect
relatively large volume of blood. Consequently, it is difficult to per-
form pharmacokinetic studies in small laboratory animals without
complications of significant blood loss. This let us to use another
type of stable isotopically labeled methionine and homocysteine
as analytical internal standards for GC-MS-SIM.

A commercially available ['3C]methionine was chosen for
an analytical internal standard for determination of methion-
ine, [2H4]methionine and [2H;]methionine. [13C;]Homocystine
was prepared from ['3C|methionine, and was used for an
analytical standard for determination of homocysteine and
[2H4]homocysteine.

Homocysteine is a sulfur amino acid with a thiol group that
makes it susceptible to oxidation at physiological pH, thereby form-
ing disulfides with other thiols. In plasma, only 1-2% occurs as the
reduced form of homocysteine, leaving the remaining 98% in the
form of oxidized homocysteine, i.e. in the form of disulfides [16]. Of
these, about 75% is bound to protein (mainly albumin), the remain-
der occurs as non-protein bound disulfides. Moreover, it is known
that a redistribution of homocysteine moieties occurs during stor-
age of plasma [17].To avoid these problems, plasma homocysteine
has been measured after reduction of disulfide bonds. The total
homocysteine, therefore, is the sum of all forms of homocysteine
that exist in plasma [18]. In this study, after the reduction of the
disulfide bond with dithiothreitol, the liberated homocysteine and
[2H4]homocysteine were determined.

Following deproteinization with trichloroacetic acid and purifi-
cation by cation-exchange chromatography using a BondElut SCX
cartridge, the eluent in a mixture of water-ethanol-pyridine was
added to isobutyl chlorocarbonate to form the IBC-OEt derivatives
(Fig. 1) as described previously [10]. Fig. 2 shows the chemi-
cal ionization (CI) mass spectra of the derivatives of methionine,
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['3C]methionine, [2H4]methionine, [2H7]methionine, homocys-
teine, [*C]homocysteine and [2H4]homocysteine. Since IBC-OEt
derivatives of methionine, ['>C]methionine, [2H4]methionine and
[2H7]methionine gave strong protonated molecular ions [M+H]* at
m/z 278,279,282 and 285, respectively, we have chosen these ions
as the monitoring ions. The respective protonated molecular ion at
m/z 364, 365 and 368 for the IBC-OEt derivatives of homocysteine,
[13C]homocysteine and [2H,4Jhomocysteine were also observed in
the relatively high intensities and were chosen for quantification
by the SIM method.

It was expected that the IBC-OEt derivative of unlabeled
methionine would have a significant contribution to the [M+H] +1
(m/z 279) because of the natural abundance of 2H and 13C.
In addition, there is also the possibility that the deriva-
tive of [13C]methionine could contribute to the [M+H]-1
(mfz 278), [M+H]+3 (m/z 282) and/or [M+H]+6 (m/z 285)
peaks. The derivative of [2H4]methionine could contribute to
the m/z 278, 279 and/or 285 peaks, and the derivative of
[2H;|methionine could contribute to the m/z 278, 279 and/or
282 peaks. Similarly, the mutual contribution to ion intensi-
ties of various species in channels monitored (m/z 364, 365,
368) would be also expected for the derivatives of homocys-
teine, [13CJhomocysteine and [2H4]homocysteine. Pure sample of
methionine, [3C]methionine, [2H4|methionine, [2H;|methionine,
homocysteine, [13CJhomocysteine and [2H,4]Jhomocysteine were
analyzed by GC-MS-SIM and the relative peak intensities are
summarized in Table 1. [2H4]Methionine, [2H;]methionine and
[2H4]homocysteine possessed sufficiently high isotopic purity and
the contributions to the other ions were minor. ['3C]Methionine
and [13C]homocysteine contain 4.2% and 2.3% of unlabeled anal-
ogous, respectively. The contributions of [M+H]+1 peak to mass
spectra of unlabeled methionine and homocysteine are relatively
large, 14.9% and 19.1%, respectively. Peak intensities are corrected
using the values in Table 1 by the equations described previously
[19].

Several different calibration curves were prepared in order to
evaluate the amount of internal standards. When a little large
amount of [13C] compounds to unlabeled compounds was used,
good accuracy and precise were observed. Plasma levels of endoge-
nous methionine and total homocysteine were almost constant
(2.93-2.97 nmol/50 pl for methionine, 0.19-0.21 nmol/50 w1 for
total homocysteine) after a bolus intravenous administration of
[2H;]methionine (30 wmol/kg weight) into rats [11]. Therefore,
5nmol of ['3C] methionine and 0.5 nmol of [13C;] homocystine
per 50l of plasma were chosen for subsequent experiments.

methionine species

e

279/ I k 367
282 /X80 «* 365 L
285 368/%20 L___

miz m/z
45 46 47 48 49
Time (min)

homocysteine species

60 61 62 63
Time (min)

Fig. 3. Representative SIM profiles of rat plasma sample.
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Table 2

togr. B 878 (2010) 417-422 421

Intra- and inter-day precision (R.S.D.) and accuracy (R.E.) for the determination of [2H;]methionine, [2H4]methionine, methionine, [?H4Jhomocysteine and homocysteine

spiked to rat plasma.

Spiked (nmol) Expected (nmol/ml) Found (mean £ S.D.) (nmol/ml) RS.D. (%) RE. (%)
Intra-day (n=3)

[2H7]Methionine

0.01 0.20 0.21 = 0.01 435 5.73
0.10 2.02 2,08 +0.04 2.10 3.16
1.01 20.21 19.72 + 1.36 6.89 -241
[2H4]Methionine

0.01 0.21 0.20 + 0.01 345 -1.15
0.10 2.05 2.06 +0.10 4.67 0.19
1.03 20.54 20.33 +0.28 1.36 -1.00
Methionine

- - 41.87 £ 0.70 1.67 -
0.51 51.54 5125 +0.14 0.27 -0.56
1.03 61.80 61.07 + 0.37 0.61 -1.18
2.05 82.34 82.70 £ 0.71 0.86 044
[2Hs]Homocysteine

0.01 0.20 0.20 + 0.01 348 0.58
0.10 2.00 2.00 £ 0.05 231 -041
1.00 20.03 20.30 £ 0.16 0.81 133
Homocysteine

- - 7.88 + 0.05 0.63 -
0.20 11.74 11.63 + 0.05 043 -0.93
039 15.66 15.64 + 0.14 0.90 -0.14
0.59 19.79 19.74 £ 0.20 1.01 0.80
Inter-day (n=3)

[2H7]Methionine

0.01 0.20 0.20 + 0.01 487 0.51
0.10 2.02 2.10 + 0.07 3.19 3.84
1.01 20.21 20.52 +0.23 1.1 1.57
[2H4]Methionine

0.01 0.21 0.21 £ 0.00 1.93 0.87
0.10 2.05 2.07 £ 0.02 0.72 099
1.03 20.54 20.43 + 0.08 0.41 -0.53
Methionine

- - 41.88 + 1.04 248 -
051 51.54 51.19 + 0.05 0.10 -0.67
1.03 61.80 61.48 = 0.35 0.57 -0.53
2.05 8234 83.11 £ 0.41 0.57 0.94
[2H4]Homocysteine

0.01 0.20 0.20 + 0.01 2.53 -1.09
0.10 2.00 1.99 + 0.03 1.56 -0.70
1.00 20.03 20.10 £ 039 1.94 0.36
Homocysteine

- - 7.74 £ 0.15 1.94 -
0.20 11.74 11.59 + 0.04 035 -1.28
039 15.66 15.58 + 0.13 0.83 -0.51
0.59 19.58 19.74 £ 0.19 0.96 0.82

Calibration curves were prepared from a series of samples
containing various amounts of methionine, [2H4] methionine,
[2H7]methionine, homocysteine and [2H4]homocysteine. When
the peak-area ratios were plotted against the amounts added, lin-
earity was excellent over the respective calibration ranges, with
corresponding correlation coefficients (R2) consistently >0.99 for
all compounds.

The lower limit of quantification (LOQ) for the present method
was determined by spiking 50wl aliquots rat plasma with
[2H7]methionine, [2H4]methionine and [2Hg]homocystine. When
a relative standard deviation of 10% or greater was used as
a criterion for an LOQ [19], the values for [2H;]methionine,
[2H4]methionine and [2H4 Jhomocysteine were around 0.085,0.085
and 0.080 nmol/ml plasma, respectively. The precision and accu-
racy of the assay were determined by spiking 50 pl-aliquots of
blank rat plasma with the QC solutions. The results are presented
in Table 2. The estimated amounts were in good agreement with

the actual amounts added. The intra- and inter-day precision of
the assay was less than 6% for each amino acid at all concentra-
tions. The results demonstrated an excellent reproducibility. In the
previously developed double isotope dilution method, the intra-
day precisions of 2nmol/ml plasma were 10.2%, 7.3% and 11.9%
for [2H;]methionine, [2H4]methionine and [2H4]homocysteine,
respectively (unpublished data). The values of 0.2 nmol/ml plasma
were greater than 20% for each amino acid. The present method
uses a lower blood sample volume and shows lower variation than
the double isotope dilution method.

The present GC-MS-SIM method was applied for the quantifica-
tion of plasma concentration of [2H7 Jmethionine, [2H4 Jmethionine,
methionine, total [2H4]homocysteine and total homocysteine
after intravenous administration of [2H;|methionine (30 p.mol/kg
weight) to Sprague-Dawley male rats. Representative SIM profiles
of plasma samples are shown in Fig. 3. There was no interfer-
ence from endogenous compounds in the vicinity of the peaks of



422

Y. Shinohara et al. / J. Chr

1000

100

3

S ik

E oo & © & o 0]

: -

] 7

g 1 g [

8 x

g 55 % X Z

S A

o X

0.1

0.01 T T
0 60 120 180 240 300 360

Time (min)

Fig. 4. Semi-logarithmic plots of plasma concentration versus time curves
of [2Hy]methionine (M), [2H4]methionine (a), methionine (®), total
[2H4]homaocysteine (O0) and total homocysteine {O) in rats (n=5) after an
intravenous administration of [2H; ]methionine (30 wmol/kg weight).

analyses in the SIM. Plasma concentrations of [2H;]methionine,
[2H4]}methionine and total [2H4]homocysteine with endogenous
methionine and total homocysteine could be followed up to
5h (Fig. 4). Pharmacokinetic studies of [2H;]methionine or
[2H4)methionine are now in progress and will be described in
detail.

4. Conclusions

By using [}C]methionine and [13C;]homocystine as analyti-
cal internal standards, the present method provides a sensitive
and reliable technique for the simultaneous determination of
[2H7|methionine, [2H4]methionine and [2H4]Jhomocysteine with

B 878 (2010) 417-422

endogenous methionine and homocysteine in plasma with good
accuracy and precision. The method can be applied to pharma-
cokinetic and metabolic studies with a particular interest in the
re-methylation of homocysteine to methionine.
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ABSTRACT:

In a previous report, we identified the receptor for activated C-
kinase 1 (RACK1) as a positive regulator of the cellular localization
and expression of ATP-binding cassette B4, a phosphatidylcholine
translocator expressed on the bile canalicular membrane. In the
present study, we focused on the role of RACK1 on ATP-binding
cassette G2 (ABCG2), which is responsible for the cellular extru-
sion of compounds including antitumor drugs. Protein expression
of ABCG2 was up-regulated by RACK1 overexpression, although
mRNA expression of ABCG2 was not dependent on RACK1. The
effect of RACK1 on the expression of ABCG2 on the cell surface
was confirmed by the uptake of [*H]estrone sulfate, an ABCG2
substrate, into isolated membrane vesicles. The expression of
RACK1 affected cellular resistance to mitoxantrone, an anticancer

drug excreted by ABCG2, and this effect of RACK1 was abolished
in the presence of fumitremorgin C, a selective ABCG2 inhibitor.
These results suggest that RACK1 has functional significance as a
regulatory cofactor of ABCG2 and is indispensable for the cell
surface expression and excretion function of ABCG2. The precise
mechanism for RACK1-dependent expression of ABCG2 remains
to be clarified, because the results of N-benzoyloxycarbonyl (2)-
Leu-Leu-leucinal (MG132) and chloroquine treatment and those of
metabolic labeling experiments did not give us clear evidence
whether the reduction of ABCG2 expression in RACK1-knocked
down cells may be caused by the suppression of ABCG2 protein
synthesis or by acceleration of its degradation.

Introduction

Several lines of evidence suggest that the cellular localization and
expression of ATP-binding cassette (ABC) transporters are regulated
by several cofactors (Ortiz et al., 2004; Minami et al., 2009). In a
previous report, we used yeast two-hybrid screening to show that the
receptor for activated C-kinase 1 (RACKI1) is a novel binding partner
of ABCB4, which is responsible for the biliary excretion of phospho-
lipids (Tkebuchi et al., 2009). We found that down-regulation of
endogenous RACK1 expression in HeLa cells by small interfering
RNA (siRNA) resulted in the localization of ABCB4 in the cytosolic
compartment and reduced protein expression of ABCB4. Conse-
quently, ABCB4-mediated phosphatidylcholine translocation activity
decreased significantly when endogenous RACKI1 expression was

This work was supported in part by the Ministry of Education, Science
and Culture of Japan [Grant-in-Aid 17081006 for Scientific Research on Priority
Areas].

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.110.034603.

[S]The online version of this article (available at http://dmd.aspetjournals.org)
contains supplemental material.

suppressed in HeLa cells. These results suggested that RACK1 has
functional significance as a regulatory cofactor of ABCB4.

RACKI is a scaffold protein with seven WD-40 repeats and was
originally identified based on its ability to bind to the activated protein
kinase C (PKC) isoforms, particularly PKC-BIT (Mochly-Rosen et al.,
1991). RACKI stabilizes activated PKC-BII and facilitates its traf-
ficking within the cells to regulate the phosphorylation state of target
proteins. Previous studies have also shown that RACK 1 interacts with
a range of different cellular proteins and, consequently, may be
involved in diverse cellular processes, including signal transduction,
cell growth, differentiation, and protein synthesis (McCahill et al.,
2002). In addition, it has been established that cell surface expression
of several transmembrane proteins such as cystic fibrosis transmem-
brane conductance regulator (CFTR/ABCC?7) may be positively reg-
ulated by RACKI1 in a direct or an indirect manner (Liedtke et al.,
2002). In the present study, we also examined whether the cellular
localization and expression of other ABC transporters are affected by
the suppression of endogenous RACK1. ABCG2 was identified as a
candidate transporter.

ABCG?2 is responsible for multidrug resistance to a broad range of
anticancer drugs, including mitoxantrone, topotecan, and 7-ethyl-10-

ABBREVIATIONS: ABC, ATP-binding cassette; RACK1, receptor for activated C-kinase 1; siRNA, small interfering RNA; PKC, protein kinase C;
SN-38, 7-ethyl-10-hydroxycamptothecin; E,S, estrone sulfate; FTC, fumitremorgin C; LAMP1, lysosomal-associated membrane protein; PCR,
polymerase chain reaction; MEM, minimum essential medium; FBS, fetal bovine serum; EGFP, enhanced green fluorescent protein; PBS,
phosphate-buffered saline; miRNA, microRNA; RIPA, radicimmunoprecipitation assay; MG132, N-benzoyloxycarbony! (2)-Leu-Leu-leucinal; MTT,

3-(4,5-dimethylthiazol-2-yl)-2,5, diphenyltetrazolium bromide.
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hydroxycamptothecin (SN-38) (Doyle et al.,, 1998; Haimeur et al.,
2004). Knockout mice studies have shown that ABCG2 which is
expressed in normal tissues, such as the gastrointestinal tract, liver,
and mammary gland, and the blood-brain barrier, functions in the
regulation of the disposition of exogenous compounds (Breedveld et
al., 2005; Merino et al., 2005). In humans, ABCG2 gene expression is
associated with a poor response to remission-induction therapy in
patients with acute myeloid leukemia treated with mitoxantrone
(Steinbach et al., 2002). In addition, single nucleotide polymorphisms
in the ABCG2 gene affect its expression level and functional activity
(Kondo et al., 2004) and, consequently, the clinical outcomes or the
risk of adverse effects of treatment with anticancer drugs (Noguchi et
al., 2009). Several factors involved in transcriptional regulation, in-
cluding sex hormones (Imai et al., 2005), hypoxia (Krishnamurthy et
al., 2004), and peroxisome proliferator-activated receptor -y (Szatmari
et al., 2006) have been reported to regulate the transcription of
ABCG?2 (Robey et al., 2009). In addition, cytokines such as tumor
necrosis factor-a and growth factors have been reported to affect the
transcription of ABCG2, although the precise molecular mechanism
has not been established (Evseenko et al.,, 2007). Compared with
transcriptional regulation, information on post-transcriptional regula-
tion of ABCG?2 is limited. Mogi et al. (2003) reported that Akt-1 is
involved in the surface expression of ABCG2 in hematopoietic stem
cells and contributes to the formation of a side population (Mogi et al.,
2003). In addition, we reported that phosphorylation of ABCG2
mediated by the phosphatidylinositol 3-kinase-Akt/protein kinase B
pathway increases the apical surface expression of ABCG2 in LLC-
PK1 cells (Takada et al., 2005a). In the present study, we examined
the role of RACKI in the post-transcriptional regulation of ABCG2.

Materials and Methods

Materials. [**S]Methionine/cysteine cell labeling mix (NEG-772) and
[*H]estrone sulfate (E,S) were purchased from PerkinElmer Life and Analyt-
ical Sciences (Waltham, MA). Mitoxantrone dihydrochloride was purchased
from LKT Laboratories (St. Paul, MN). Fumitremorgin C (FTC) was pur-
chased from Calbiochem (Darmstadt, Germany). Anti-ABCG?2 rat monoclonal
antibody (BXP-53) and anti-o-tubulin rabbit polyclonal antibody (abl5246)
were purchased from Abcam Inc. (Cambridge, MA). Anti-ABCG2 mouse
monoclonal antibody (5D3) was purchased from eBioscience (San Diego, CA).
Anti-RACK1 mouse monoclonal IgM was purchased from Transduction Lab-
oratories (San Jose, CA). Anti-Na*/K*-ATPase a rabbit polyclonal antibody
(H-300), anti-calnexin goat polyclonal antibody (C-20), and anti-Rab5a rabbit
polyclonal antibody (S-19) were purchased from Santa Cruz Biotechnology
Inc. (Heidelberg, Germany). Anti-LAMP1 rabbit monoclonal antibody was
purchased from Sigma-Aldrich (St. Louis, MO). BODIPY TR-labeled cer-
amide and Alexa 633-conjugated transferrin were purchased from Invitrogen
(Tokyo, Japan). All other chemicals used were commercially available and of
reagent grade.

Plasmid Construction. The human ABCG2 ¢DNA (GenBank accession
number NM_004827) was constructed as described previously (Takada et
al., 2005b). The full-length coding sequence of RACK1 cDNA (GenBank
accession number NM_006098) was amplified by polymerase chain reac-
tion (PCR) and the myc tag sequence (EQKLISEEDL) was added to the
5'-end, followed by subcloning into a pcDNA3.1 vector plasmid (Invitro-
gen). The sequences of all constructs were confirmed using an automatic
DNA sequencer (ABI PRISM 377 DNA Sequencer; Applied Biosystems,
Foster City, CA).

Cell Culture. HeLa cells (RTKEN, Ibaraki, Japan) were maintained in
Eagle’s minimum essential medium (MEM) (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum (FBS) (Biological Industries,
Haemek, Israel), 100 units/m] penicillin and streptomycin (Invitrogen), and 1%
nonessential amino acid (Invitrogen) at 37°C in a humidified atmosphere
supplemented with 5% CO,.

Transient Suppression of RACK1 Expression via RNA Interference.
Suppression of RACK|1 expression was accomplished using an siRNA duplex
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targeted to RACK1 mRNA (siRACK]1) sequences. The siRACK1 sequences
were 5'-CCAUCAAGCUAUGGAAUACTT-3’ (sense) and 5'-GUAUUCCA-
UAGCUUGAUGGTT-3’ (antisense) (Kiely et al., 2006). The negative control
siRNA (siPerfect Negative Control; siControl) was designed not to affect the
expression of any genes. These siRNAs were purchased from Sigma-Aldrich.

To examine the effect of siRNAs on the expression of RACK1, HeLa cells
were seeded at a density of 1.0 X 10° cells per 12-well plates (0.25 X 10°
cells/em?) and, simultaneously, siRACK]1 or siControl was transfected into
these cells using Lipofectamine RNAIMAX reagent (Invitrogen) according to
the method recommended by the manufacturer. Seventy-two hours after
siRNA transfection, RNA was isolated using RNA-Solv Reagent (Omega
Bio-tek, Doraville, GA) according to the manufacturer’s instructions, and then
reverse transcription was performed by ReverTra Ace-n- (Toyobo, Tokyo,
Japan). To quantify the mRNA expression levels, real-time gquantitative PCR
was performed using Brilliant SYBR Green QPCR Master Mix (Stratagene, La
Jolla, CA) and the Chromo4 real-time PCR analysis system (Bio-Rad Labo-
ratories, Hercules, CA) at 95°C for 10 min followed by 40 cycles at 95°C for
15 s, 50°C for 30 s, and 72°C for 40 s. The primers used for the quantification
were as follows: 5'-GGAATACCCTGGGTGTGTGC-3' (RACK], sense) and
5'-GTTGAGATCCCATAACATGG-3' (RACK], antisense), 5'-GCATTC-
CACGATATGGATT-3' (ABCG2, sense) and 5'-TCAGGTAGGCAATTGT-
GAG-3' (ABCG2, antisense), and 5'-TTCAACACCCCAGCCATGTAGG-3’
(B-actin, sense) and 5'-GTGGTGGTGAAGCTGTAGCC-3' (B-actin, anti-
sense). The mRNA expression levels of RACK1 and ABCG2 were normalized
by that of B-actin.

Immunohistochemical Staining. To identify the cellular localization of
exogenous ABCG2, HeLa cells were seeded on glass-based 35-mm dishes at
a density of 2 X 10° cells (0.22 X 10° cells/cm®) and transfected with siRNAs
against RACK1 using Lipofectamine RNAIMAX reagent. Then 24 h after
siRNA transfection, these cells were transfected with enhanced green fluores-
cent protein (EGFP)-ABCG2 using FuGENES6 (Roche Applied Science, Indi-
anapolis, IN). Cells were fixed with 100% methanol at —20°C for 10 min and
washed three times with ice-cold phosphate-buffered saline (PBS). Each
organellar marker was immunostained with the following primary antibodies:
anti-calnexin antibody (100-fold diluted) as an endoplasmic reticulum marker,
anti-LAMP1 antibody (200-fold diluted) as a lysosome marker, and anti-Rab5a
antibody (100-fold diluted) as an early endosome marker. After cells were
washed three times with PBS, they were incubated with the corresponding
Alexa-conjugated secondary antibodies (Invitrogen) diluted 250-fold in PBS
containing 0.1% bovine serum albumin at 37°C for 1 h. To stain the nucleus,
cells were pretreated with 0.2 mg/ml RNaseA (Sigma-Aldrich) in PBS at room
temperature for 10 min and incubated with TO-PRO-3 iodide (Invitrogen)
diluted 250-fold in PBS at room temperature for 20 min. After cells were
washing three times with PBS, they were mounted in Vectashield Mounting
Medium (Vector Laboratories, Burlingame, CA). In addition, the Golgi appa-
ratus and recycling endosome were stained with BODIPY TR-labeled cer-
amide and Alexa 633-conjugated transferrin following the manufacturer’s
instructions.

To examine the intracellular localization of endogenous ABCG2, cells were
fixed with 4% paraformaldehyde at room temperature for 10 min with or
without permeabilization treatment by 0.1% Triton X-100 at room temperature
for 5 min. Endogenous ABCG2 was immunostained with two kinds of anti-
ABCG2 primary antibodies, BXP-53 (50-fold diluted) and 5D3 (10-fold di-
luted), and the corresponding secondary antibodies. The cellular localization of
the targeted proteins was visualized by confocal laser scanning microscopy
(FV1000; Olympus, Tokyo, Japan).

Construction of Stable Cell Lines. Construction of stably knocked down
Hela cells was performed using lentivirus vectors as indicated by the manu-
facturer. In brief, lentiviruses carrying microRNA (miRNA) sequences were
constructed using a BLOCK-T Pol IT RNAi Expression Vector Kit {Invitro-
gen) and a ViraPower Promoterless Lentiviral Expression System (Invitrogen).
The following sequences were used as the targeting miRNA sequence: 5'-
GTCTCCACGCGCAGTACATTT-3' (miControl), 5'-CACTCCCACTTT-
GTTAGTGAT-3' (miRACK1*1), 5'-TCAACGAAGGCAAACAC-
CTTT-3' (miRACK1*2), and 5'-CTCCTTCTGTCATCAACTCAG-3'
(miABCG2). Infected HeLa cells were selected using 3 pg/ml blasticidin
(Invitrogen). The surviving cells were used as control cells (miControl cells),
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stably RACKI-knocked down cells (miRACK] cells) or stably ABCG2-
knocked down cells (miABCG2 cells).

HeLa cells were transfected with myc-tagged RACK1 cDNA or pcDNA3.1
using FuGENES to construct RACK1 stably expressing and control HeLa
cells, respectively, and cultured for 48 h, The prepared cells were cultured in
MEM medium supplemented with 10% FBS, 100 units/ml penicillin and
streptomycin, 1% nonessential amino acids, and 1 mg/ml G418 sulfate (Na-
calai Tesque) for 2 weeks. Selected cells were isolated and their expression
levels of RACK1 were confirmed by Western blotting.

Western Blot Analysis. Cells were lysed with RIPA buffer (0.1% SDS,
0.5% sodium deoxycholate, 1% Nonidet P-40, 2 mM phenylmethylsulfonyl
fluoride, 5 pg/ml leupeptin, 1 pg/ml pepstatin, and 5 pg/ml aprotinin) at 4°C
for 20 min. After centrifugation at 20,000¢ for 20 min, the supernatant was
obtained, and the protein concentrations were determined by the method of
Lowry et al. (1951). The specimens were subjected to Western blot analysis.
The primary antibodies were anti-RACK1 antibody (500-fold diluted), anti-
ABCG?2 antibody (200-fold diluted), and anti-a-tubulin antibody (1000-fold
diluted). Finally, the membranes were allowed to bind to horseradish peroxi-
dase-labeled secondary antibodies (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK} and detected with an ECL Plus Western Blotting Detection
System (GE Healthcare) using a luminescent image analyzer (Bio-Rad Labo-
ratories). The data are expressed as the mean * S.D. of triplicate preparations.

Cell Surface Biotinylation Assay. ABCG2 expression on the plasma
membrane was assessed using a biotinylation method described previously
(Hayashi et al., 2005). In brief, cells were seeded at a density of 2.0 X 10° cells
per six-well plates (0.25 X 10° cells/em?) 72 h before the assay. The prepared
cells were washed twice with ice-cold PBS containing 0.1 mM CaCl, and 1
mM MgCl, (PBS-Ca/Mg) and incubated with 1 mg/ml NHS-SS-biotin (Pierce
Biotechnology, Rockford, IL) at 4°C for 30 min. After removing the NHS-
SS-biotin, the cells were washed with PBS-Ca/Mg containing 100 mM glycine
and incubated at 4°C for 15 min, then disrupted with 250 ) of RTPA buffer at
4°C for 30 min. After centrifugation at 20,000g for 20 min, the supernatant was
obtained and streptavidin-agarose beads (Pierce Biotechnology) were added to
the lysate, followed by incubation at 4°C for 2 h with continuous gentle
shaking. The beads were washed five times with RIPA buffer. The biotinylated
proteins were eluted with 20 ul of SDS loading buffer at 60°C for 15 min. The
biotinylated proteins and whole-cell lysate were subjected to Western blot
analysis.

ABCG2 Protein Stability. In each assessment, miControl cells and
miRACK 1 cells were seeded 48 h before the assay at a density of 2 X 10° cells
per six-well plates (0.22 X 10° cells/em?), Cycloheximide (Sigma-Aldrich), an
inhibitor of protein translation, was added (100 pM), and cells were collected
after 0, 10, 30, 60, 120, and 240 min. N-Benzoyloxycarbonyl (Z)-Leu-Leu-
leucinal (MG132) (Calbiochem), a proteasomal degradation inhibitor, was
added (5 pM) 48 h after cell seeding, and the cells were cultured for an
additional 24 h. Chioroquine diphosphate (Nacalai Tesque), a lysosomal deg-
radation inhibitor, was added (250 M) 48 h after cell seeding, and the cells
were cultured for an additional 6 h, The protein expression levels of endoge-
nous ABCG?2 in each specimen were examined by Western blot analysis as
described above.

Metabolic Labeling of ABCG2. miControl cells and miRACK]1 cells were
incubated in methionine/cysteine-free MEM (Invitrogen) for 1 h just before the
experiment, The cells were incubated in the labeling medium containing 100
pCi/ml [35S]methionine/cysteine cell labeling mix and collected at 0, 10, 20,
30, 60, and 90 min. The cells were lysed with RIPA buffer and 0.5 pg of
anti-ABCG2 monoclonal antibody (BXP-53) was added to immunoprecipi-
tate endogenous ABCG2. The mixture was incubated overnight at 4°C with
continuous gentle shaking. Inmunoprecipitation was performed using mag-
netic beads coated with protein G (Ademtech, Pessac, France), and the
immunoprecipitate was washed five times with RTPA buffer. Proteins
bound to the protein G beads were eluted with 2X SDS loading buffer
containing 50 mM dithiothreitol at 37°C for 1 h. The eluted specimens were
separated by SDS-polyacrylamide gel electrophoresis and exposed to a
Super Resolution PhosphorImager (PerkinElmer Life and Analytical Sci-
ences). The radioactivity was detected using a Cyclone Phosphorlmager
(PerkinElmer Life and Analytical Sciences). ABCG2 expression was quan-
tified and normalized by the expression level of total ABCG2 in miControl
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cells observed at 1 h. The results are given as the mean * S.D. of triplicate
determinations.

Preparation of Membrane Vesicles. Membrane vesicles were prepared
from HeLa cells according to a method described previously (Kondo et al.,
2004). In brief, the harvested cells were diluted 40-fold with hypotonic buffer
(1 mM Tris-HCl and 0.1 mM EDTA, pH 7.4, at 4°C) and stirred gently for 1 h
on ice in the presence of 2 mM phenylmethylsulfonyl fluoride, 5 pg/ml
leupeptin, 1 pg/ml pepstatin, and 5 pg/ml aprotinin. The cell lysate was
centrifuged at 100,000g for 30 min at 4°C, and the resulting pellet was
suspended in 10 m of isotonic TS buffer (10 mM Tris-HCl, pH 7.4, at4°C, and
250 mM sucrose) and homogenized using a Dounce B homogenizer (glass/
glass, tight pestle, 30 strokes). The crude membrane fraction was layered on
top of a 38% (w/v) sucrose solution in 5 mM Tris-HEPES (pH 7.4 at 4°C) and
centrifuged in a Beckman SW41 rotor at 280,000¢ for 45 min at 4°C. The
turbid layer at the interface was collected, diluted to 23 ml with TS buffer, and
centrifuged at 100,000g for 30 min at 4°C. The resulting pellet was suspended
in 400 pl of TS buffer. Vesicles were formed by passing the suspension 30
times through a 25-gauge needle with a syringe. The membrane vesicles were
finally frozen in liquid nitrogen and stored at —80°C until use.

Transport Study Using Membrane Vesicles. The transport study was
performed using a rapid filtration technique, as described previously (Kondo et
al., 2004). In brief, 16 pl of transport medium (10 mM Tris, 250 mM sacrose,
10 mM MgCl,, 10 mM creatine phosphate, 100 mg/ml creatine phosphokinase,
and 5 mM ATP or AMP, pH 7.4, at 37°C) containing a tracer concentration
(550 nM) of [*H]E,S was preincubated at 37°C and then rapidly mixed with 4
11 of membrane vesicle suspension containing 5 pg of membrane protein. The
transport reaction was stopped by the addition of 1 ml of ice-cold buffer
containing 250 mM sucrose, 0.1 M NaCl, and 10 mM Tris-HCI (pH 7.4 at
4°C). The stopped reaction mixture was passed through a 0.45-um HAWP
filter (Millipore Corporation, Billerica, MA) and then washed twice with 5 ml
of stop solution. The radioactivity retained on the filter was measured using a
liquid scintillation counter.

Cytotoxicity Assay. Cytotoxicity was assessed by the 3-(4,5-dimethylthia-
zo0l-2-y1)-2,5-diphenyltetrazolium bromide (MTT) method described previ-
ously (Lemos et al., 2008) with minor modifications. Cells were seeded at a
density of 1.5 X 10° cells per 96-well plates (5.0 X 10° cells’cm®) and
incubated in antibiotic-free MEM medium supplemented with 10% FBS and
100 units/ml penicillin and streptomycin for 24 h. The cells were exposed to
various concentrations of mitoxantrone dihydrochloride in the presence or
absence of 5 uM FTC and cultured for additional 72 h. The drug-containing
medium was discarded, 0.5 mg/ml MTT solution diluted by phenol red-free
MEM medium (Invitrogen) was added, and the cells were incubated for an
additional 4 h in the dark. The formazan crystals that had developed were
dissolved in isopropyl alcohol supplemented with 0.4 N HCI at room
temperature in the dark overnight. The absorbance at 540 nm was detected
using a Multiskan JX microplate reader (Thermo Fisher Scientific,
Waltham, MA).

Results

Effect of siRACK1 on the Cellular Localization of ABCG2.
We first examined whether ABC transporters located on the bile
canalicular membrane other than ABCB4 are regulated post-transcrip-
tionally by RACKI1. For this purpose, the cellular localization of
exogenously expressed EGFP-tagged transporters in HeLa cells was
examined. The expression of EGFP-ABCG2, which can be used to
directly monitor ABCG2 expression and localization in living cells
(Orbén et al., 2008), was affected by RACK1. As shown in the left
panel of Fig. 1A, EGFP-fused ABCG?2 localized predominantly on the
plasma membrane of HeLa cells in the control conditions (Fig. 1A,
left panel). In contrast, EGFP-ABCG2 localized intracellularly in
almost all cells transfected with siRNA against RACKI, as observed
for ABCB4 as shown in the right panel of Fig. 1A, In RACKI1-
suppressed HeLa cells, EGFP-ABCG?2 localized intracellularly and
colocalized partially with fluorescence-labeled ceramide, which is
known to accumulate in the trans-Golgi region (Fig. 1B) (Lipsky and
Pagano, 1985). In contrast, colocalization was not observed with
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calnexin, LAMPI1, Rab5a, or transferrin, organellar markers of the
endoplasmic reticulum, lysosomes, early endosomes, and recycling
endosomes, respectively (Fig. 1, C-F). These results suggest that
RACKI plays an important role in the post-trans-Golgi modification
and localization of ABCG?2 on the plasma membrane in HeLa cells.
To confirm the effect of RACKI1 suppression on the cell surface
expression of EGFP-ABCG2, we performed a biotinylation assay and
detected the amount of EGFP-ABCG2 on the plasma membrane (Fig.
1G). The efficacy of biotinylation with membrane proteins was vali-
dated by the expression levels of Na“/K"-ATPase « and e-tubulin,
which are marker proteins of cell surface and cytoplasm, respectively.
As indicated in the upper panel of Fig. 1G, cell surface expression of
EGFP-ABCG2 was reduced by siRACKI treatment, which may be
consistent with the observation of EGFP-ABCG2 localization by
confocal microscopy (Fig. 1A).

Because endogenous expression of ABCG2 was readily detected
and relatively high compared with other cell lines tested (Supplemen-
tal Fig. A), we also examined the effect of RACK1 suppression on the
cellular localization of endogenous ABCG?2 in HeLa cells using two
kinds of anti-ABCG?2 antibodies, BXP-53 and 5D3 (Fig. 2). BXP-53
reacts with an internal epitope of ABCG2, whereas 5D3 reacts with an
external epitope of ABCG2. As shown in Fig. 2, endogenous ABCG2
on the plasma membrane could be detected by 5D3 in HeLa cells
without permeabilization but not by BXP-53. On the other hand, both
BXP-53 and 5D3 could react with endogenous ABCG2 after the
permeabilization treatment. Under control conditions, endogenous
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Fic. 1. Effect of RACK1 suppression on ABCG2 localization.
A, cellular localization of EGFP-ABCG?2 in HeLa cells. HeLa cells
were transfected with EGFP-ABCG2 24 h after transfection with
siRNAs and then cultured for an additional 48 h. Cells were fixed in
methanol at —20°C, and the intracellular localization of EGFP-
ABCG2 was observed using confocal microscopy. B to F, coimmu-
nostaining of EGFP-ABCG2 with each organellar marker under the
RACK1-knocked down conditions. Scale bar, 10 m. G, membrane
surface expression of EGFP-ABCG?2 in HeLa cells. The amounts of
EGFP-ABCG2, RACKI1, Na“/K*-ATPase «, and a-tubulin ex-
pressed on the plasma membrane were determined using a biotiny-
lation assay.

ABCG?2 localized on the plasma membrane in almost all cells,
whereas it localized in intracellular compartments in HeLa cells
transfected with siRNA against RACKI1 (Fig. 2). In addition, the
amount of cell surface ABCG2, which was confirmed by 5D3 without
permeabilization, was decreased by siRACKI1 treatment. These results
suggest that RACK1 regulates the intracellular localization of ABCG2
on the plasma membrane, and RACK1 suppression leads to the
decrease of cell surface expression of endogenous ABCG2 in HeLa
cells.

Positive Correlation between the Expression Levels of RACK1
and ABCG2. As shown in Fig. 2, the fluorescence intensity of
endogenous ABCG?2 decreased in RACK1-knocked down HeLa cells.
This result suggests that RACKT1 also regulates the protein expression
of ABCG2. To examine this possibility, we constructed two kinds of
HeLa cell lines whose RACKI is knocked down, referred to as
miRACK1#*1 and miRACK*2, and HeLa cell lines stably overex-
pressing RACK, referred to as RACK1*1 and RACK1%*2, Compared
with the miControl cells, endogenous RACKI protein expression
decreased to 54 and 56% in miRACKI1*1 and miRACK1*2 cells,
respectively, and endogenous ABCG2 protein expression also de-
clined to approximately 50% (Fig. 3A). In contrast, in RACK1*1 and
RACKI1*2 cells, the increase in total expression of RACK]1 protein,
which is given as the sum of endogenous and exogenous myc-tagged
RACKI observed at 34 and 38 kDa, respectively, was associated with
an increase in endogenous ABCG?2 expression (Fig. 3A). These re-
sults indicate that the protein expression levels of ABCG2 and
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Fig. 2. Immunostaining of endogenous ABCG2 in HelLa cells. Hela cells were
fixed with paraformaldehyde with or without permeabilization treatment. Endoge-
nous ABCG2 was visualized with anti-ABCG2 monoclonal antibody (BXP-53,
green; 5D3, red) and the corresponding secondary antibody. The nucleus was
stained with TO-PRO-3 iodide (blue). Scale bar, 10 um.

RACKI are positively related (Fig. 3B). ABCG2 mRNA expression
was not affected by suppression or overexpression of RACKI1 (Fig.
3C), suggesting that RACK1 regulates endogenous ABCG2 protein
expression in a post-transcriptional manner.

We also used a biotinylation method to examine the cell surface
expression level of endogenous ABCG2. As shown in Fig. 3D, com-
pared with the expression level in the control cells, the cell surface
expression of ABCG2 decreased in miRACKI1 cells but increased in
RACK1-overexpressing cells. These results are consistent with the
results shown in Fig. 1.

Effect of RACKI1 on the Stability of ABCG2 Protein. We have
shown previously that RACKT1 positively regulates the protein trans-
lation rate of ABCB4 but does not accelerate its degradation. Based on
these findings, we examined whether the degradation of ABCG2
protein is affected by the suppression of endogenous RACKI. To
examine this possibility, we tried to determine the half-lives of
ABCG?2 proteins in the presence of cycloheximide, a protein transla
tion inhibitor. However, significant degradation of fully glycosylated
ABCG?2 (75 kDa) was not observed in either miControl or miRACK1
cells at 4 h, suggesting that the half-life of ABCG2 cannot be deter-
mined by this method (Fig. 4A). In addition, because of the very weak
band density, we could not conclude whether the degradation rate of
60 kDa precursor protein, which may belong to immature forms of
ABCG2, is different between miControl and miRACK1 cells. Fur-
thermore, we also confirmed the effect of inhibitors (MGI132, a
proteasomal degradation inhibitor, and chloroquine, a lysosomal deg-
radation inhibitor) for major protein degradation pathways. In many
cases, protein degradation can be explained by these two degradation
pathways. In the presence of MG132, the expression of immature
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ABCG?2 (lower 60 kDa) was increased and showed almost the same
level in miControl and miRACKI cells, but this treatment did not
affect the expression level of another immature (upper 60 kDa) and a
mature fully glycosylated (75kDa) forms of ABCG2 (Fig. 4B). It was
considered that the two immature ABCG2 bands located around lower
and upper 60 kDa represented the nonglycosylated form and the core
glycosylated form, respectively (Mohrmann et al., 2005). On the other
hand, treatment with chloroquine did not affect the expression level of
endogenous ABCG2 (Fig. 4C). We reasoned that, if RACK1 suppres-
sion enhances the degradation of ABCG2 via the proteasomal or
lysosomal degradation pathway and it results in the suppression of
endogenous ABCG?2 expression, the protein expression level of en-
dogenous ABCG?2 in miRACK1 cells should be restored to almost the
same level as that in miControl cells by MG132 or chloroquine
treatments. However, this was not the case. These results suggest that
the reduced expression of ABCG2 protein under the RACK1-knocked
down conditions is not caused by the accelerated degradation of
ABCG?2 protein.

We next examined the involvement of RACK]1 in the translational
regulation of ABCG2 by monitoring ABCG?2 protein synthesis using
[*3S]methionine/cysteine. After initiation of metabolic labeling, two
immature forms of ABCG2 appeared immediately, as observed pre-
viously (Imai et al.,, 2005). These nonglycosylated and core-
glycosylated forms of ABCG2 shifted to the mature fully glycosylated
form in both the miControl cells and miRACKI cells in a time-
dependent manner, although the proportion of mature form to imma-
ture form tend to be affected by RACKT1 suppression (Fig. 4D, upper
panel). In addition, the amount of newly synthesized ABCG2 in
miRACKT cells was not largely different from that in miControl cells.
These results suggest that the reduction in the steady-state ABCG2
protein levels under RACK1-suppressed conditions (54-56% of mi-
Control) (Fig. 3A) may not be absolutely ascribed to the suppressed
protein synthesis.

[*H]E,S Transport Activity. To examine the functional activity of
ABCG2 in RACKI-knocked down and -overexpressing cells, we
prepared isolated membrane vesicles from these cells and assessed the
uptake of [*H]E,S, a well known ABCG2 substrate. Reflecting the
amount of ABCG2, the ATP-dependent transport activities differed
between these cells (Fig. 5). ['H]E,S uptake was reduced to 63.1 *
4.4 and 57.3 = 8.1% of the control values in the isolated membrane
vesicle prepared from miRACKI1*1 and miRACK1*2 cells, respec-
tively. In contrast, the transport activity in the isolated membrane
vesicles from RACK1*1 and RACK1*2 cells increased to 134 = 9
and 177 = 3% of the control values, respectively. These results
suggest that RACK1 regulates the cell surface expression of ABCG2
and consequently its functional activity.

ABCG2-Mediated Drug Resistance. We also used mitoxantrone to
examine the effect of RACK1 expression on the anticancer drug resis-
tance mediated by expression of ABCG2 (Scheffer et al.,, 2000). Al-
though mitoxantrone is a dual substrate for ABCG2 and ABCBI1, we
assumed that we can examine the effect of RACKI1 expression on the
cellular function of ABCB2, because we have previously found that
neither the expression level nor cellular localization of ABCB1 was
affected by siRACK1 treatment in HeLa cells (Tkebuchi et al., 2009).
HeLa cells whose RACK1 was knocked down stably and HeLa cells
whose RACK1 was overexpressed stably were exposed to various con-
centrations of mitoxantrone and then subjected to the MTT assay (Fig. 6,
A and B). We also constructed HeLa cells whose ABCG2 was
knocked down stably, which are referred to as miABCG2 cells.
The protein expression of endogenous ABCG2 in miABCG?2 cells
was almost the same as that in miRACKI1 cells (data not shown).
miRACK1*1, miRACKI1*2, and miABCG?2 cells showed higher
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sensitivity to mitoxantrone than did miControl cells (Fig. 6A). In
contrast, RACK1*1 and RACK1*2 cells showed lower sensitivity
to mitoxantrone and survived in the presence of a higher concen-
tration of mitoxantrone (Fig. 6B).

To test the hypothesis that the difference in sensitivity to mitox-
antrone between these cells is dependent on the expression level of
ABCG2, we examined the effect of FTC, a selective inhibitor of
ABCG?2 (Fig. 6, C and D); in fact, 5 uM FTC inhibited the function
of ABCG2 but not that of ABCB1 (Rabindran et al., 2000). If the
difference in sensitivity to mitoxantrone is explained mainly by the
different expression levels of ABCG2, the difference in the sensitivity
should disappear with inhibition of ABCG2. miControl cells and
miRACK1*2 cells showed almost the same sensitivity to mitox-
antrone in the presence of FTC (Fig. 6C). In the same manner, the
difference in cell viability with mitoxantrone between pcDNA3.1
control cells and RACK1*2 cells disappeared in the presence of FTC
(Fig. 6D). In addition, the suppression or overexpression of RACKI1
did not affect the endogenous expression of ABCB1 (data not shown),
which is that of a drug transporter with a capacity for mitoxantrone
secretion. These results suggest that RACK1 regulates both the pro-
tein expression and cellular localization of ABCG2, which are accom-
panied by changes in transport function as well as resistance to
mitoxantrone.

50
R.ACK(l‘zn tein expression

%

miRACK1*2, pcDNA3.1, RACK1*1, and
RACK1*2 cells were prepared, and the expres-
sion levels of ABCG2 and endogenous and exog-
enous RACKI1 were examined by Western blot-
ting. The expression levels were normalized by
those of miControl cells. [J, protein expression of
ABCG?2; W, protein expression of RACK1. The
protein expression level of RACK1 was calcu-
lated as the sum of endogenous and exogenous
RACKL. *, p < 0.05; #¥, p < 0.01; %%, p <
0.001, significantly different from the control
cells by Student’s # test. B, correlation of protein
expression levels. Expression levels of ABCG2
(vertical axis) and RACK1, which is given as the
sum of endogenous and exogenous myc-tagged
RACK1 (horizontal axis), were plotted. Data were
taken from Fig. 3A. Each value was normalized
by that of miControl cells. C, mRNA levels of
endogenous ABCG2 and RACK1. [, mRNA
expression of ABCG2 (endogenous); ll, mRNA
expression of RACK]1. D, membrane surface ex-
pression of ABCG2. The amount of ABCG2 ex-
pressed on the plasma membrane was determined
using a biotinylation assay. The total cell lysate and
cell membrane surface expression of ABCG2 were
normalized by those of miControl cells. **¥, p <
0.001, significantly different from the control cells
by Student’s ¢ test. The results are expressed as the
mean * S.D. of triplicate determinations.
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Discussion

It is well established that ABCG2 excretes many kinds of antican-
cer drugs and plays an important role in multidrug resistance (Doyle
et al., 1998; Haimeur et al., 2004). ABCG? is up-regulated in several
tumor tissues and affects the prognosis of patients with acute myeloid
leukemia (Steinbach et al., 2002), although the precise regulatory
mechanism is not understood fully. The estrogen receptor « regulates
ABCG2 expression in a transcriptional manner (Imai et al., 2005),
although there is little information on the post-transcriptional regula-
tion of ABCG2.

In the present study, we examined whether RACK1 is involved
in the regulation of the intracellular localization of ABCG2. We
found that exogenous and endogenous ABCG2, which localized on
the plasma membrane under basal conditions, localized intracellu-
larly when the expression of RACK1 was suppressed by siRNA
(Figs. 1A and 2). The effect of RACK1 suppression on ABCG2
localization was also confirmed by the biotinylation assay (Figs.
1G and 3D). ABCG2 is known to form a homodimer at the
endoplasmic reticulum, and this dimer is translocated to the plasma
membrane after glycosylation at the Golgi apparatus (Kage et al.,
2002). It is possible that RACK1 mediates the dimerization or
glycosylation of ABCG2 and consequently regulates the cell sur-
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by RACKI. A, effect of RACK]1 suppression on
the degradation of ABCG2. Cycloheximide (100
pM) was added to the medium, and miControl
cells and miRACK1*2 cells were collected at the
times indicated. The protein levels of ABCG2
(top panels) and a-tubulin (bottom panels) were
measured. B, effect of MG132 on the degradation
of ABCG2. MG132 (5 uM) or vehicle (dimethyl
sulfoxide) was added to the medium, and the cells
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for 6 h. The protein expression levels of ABCG2
and a-tubulin in each specimen were determined
by Western blot analysis. D, effect of RACK1
suppression on protein synthesis of ABCG2. Af-
ter preincubation in methionine/cysteine-free me-
dium for 60 min, [**S]-labeled methionine/cys-
teine was added for metabolic labeling. The cells
were harvested at the times indicated to chase the
expression level of ABCG2. The cells were lysed,
and ABCG2 was immunoprecipitated using anti-
ABCG2 rat monoclonal antibody (BXP-53). The
proteins were separated by SDS-polyacrylamide gel
electrophoresis and detected using a Phosphor-
Imager. The band densities (mature form and imma-
ture form) were quantified and normalized by those
in miControl cells at 90 min. @, protein expression
of ABCG2 in miControl (con) cells; B, protein ex-
pression of ABCG2 in miRACK1 (mi) cells. The
results are given as the mean = S.D. of triplicate
determinations. *, p < 0.05; **, p < 001, signifi-
cantly different from the control cells by Student’s #
test.

Fic. 5. [*HIE,S transport assay. The uptake of
[PHIE,S by membrane vesicles isolated from miControl,
miRACK]1, pcDNA3.1, and RACK1 cells was exam-
ined. Membrane vesicles (5 ug) were incubated in
transport buffer (10 mM Tris, 250 mM sucrose, and
10 mM MgCl,, pH 7.4, at 37°C) containing 550 nM
[*H]E,S, 10 mM creatine phosphate, 100 mg/ml cre-
atine phosphokinase, and 5 mM AMP or ATP at 37°C
for 1 min. [J, amount of [*H]E,S taken up by the
isolated membrane vesicles in the absence of ATP; H,
amount of [*H]E,S taken up by the isolated mem-
brane vesicles in the presence of ATP, The results are
given as the mean *= S.D. of triplicate determina-
tions. **, p < 0.01; ***, p < 0.001, significantly
different from the control cells by Student’s 7 test.

(Fig. 1, B and C). This observation suggested that the reduced
RACK]1 expression does not affect homodimer formation at the
endoplasmic reticulum. Regarding the latter possibility, the pro-
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portion of the mature to immature form of ABCG?2, which indi-
cates the extent of glycosylation of ABCG?2 at the Golgi apparatus,
tends to be affected by RACK1 suppression (Fig. 4D). From this
result, it could be indicated that RACK1 regulates the glycosyla-
tion and maturation of ABCG?2 at the Golgi. As an alternative, it is
also possible that RACK]1 is involved in the trafficking process of
ABCG?2 from the Golgi apparatus to the plasma membrane.
Together with the altered intracellular localization of ABCG2, we
found a positive correlation between the protein expression levels of
RACK]1 and ABCG?2 (Fig. 3, A and B). The lack of effect of RACK]
suppression or overexpression (Fig. 3C) on mRNA expression of
endogenous ABCG2 suggests that RACK1 regulates ABCG2 protein
expression in a post-transcriptional manner. The homodimer of
ABCG?2 is stabilized by intra- and intermolecular disulfide bonding
and N-glycosylation at several amino acid residues (Wakabayashi-
Nakao et al., 2009). A defect in these post-transcriptional modifica-
tions causes protein misfolding and subsequent degradation by the
endoplasmic reticulum-associated degradation pathway, which is sen-
sitive to MG132. Another study showed that the expression level of
the ABCG2 C592G/C608G mutant, which lacks the intramolecular
disulfide bond, was increased by MG132 treatment, whereas that of
the wild type was not affected (Wakabayashi et al., 2007). In addition,
it has been indicated that RACKI1 is involved in the degradation
pathway of several proteins by modifying the ubiquitination state
(Ruan et al., 2009). RACK1 has been recently identified as a novel
interacting partner of CLEC-2, a C-type lectin-like receptor, and this
interaction regulates the stability of CLEC-2 through modifying its
ubiquitin-proteasome degradation pathway. Therefore, it is possible
that RACK1 suppression enhanced ABCG2 degradation and conse-
quently caused the decrease in ABCG2 protein expression. However,
we found that the inhibitor of proteasomal degradation, MG132, could
not recover the expression level of the mature form of ABCG2 (Fig.
4B) under RACK1-knocked down conditions, although the immature,
nonglycosylated form of ABCG2 was increased by this treatment in
miControl and miRACKI1 cells. These results suggest that the de-
creased expression of ABCG2 may not be caused by its accelerated
degradation. Furthermore, it was indicated from the metabolic label-

ing experiment that reduced protein synthesis rate was not the sole
mechanism of reduced protein expression of ABCG2 in miRACKI1
cells. Although the precise mechanism for RACK1-dependent expres-
sion of ABCG2 remains to be clarified, the present results show the
possibility that RACK1 may play multiple roles in the regulation of
ABCG2 expression such as protein synthesis, maturation, and other
unidentified process(es).

We also examined the function of ABCG2 under RACKI1-sup-
pressed conditions. Our results indicated that RACKI regulates the
cell surface expression of ABCG2 and consequently affects drug
resistance. It has been well established that ABCG2 excretes a wide
range of anticancer drugs and its expression is significantly associated
with response and progression-free survival in patients with small cell
lung cancer treated with platinum-based chemotherapy (Kim et al.,
2009). In addition, it has been recently shown that elevated RACK1
expression is not only closely related to in vitro cell proliferation and
invasion (Berns et al., 2000) but also linked to in vivo growth and
metastasis of pulmonary adenocarcinomas and breast carcinomas
(Cao et al., 2010; Nagashio et al., 2010). From these observations, it
is possible that RACK1 can be attributed to tumor genesis and the
multidrug resistance phenotype through the positive regulation of
ABCG?2. In contrast to ABCG2, ABCB1 and ABCC1 expression was
not affected by RACKI1 suppression (data not shown).

RACKI is also involved in the acquisition of cellular drug resis-
tance by affecting other mechanisms. For example, RACK1-overex-
pressing MCF-7 cells exhibit resistance to paclitaxel (Zhang et al.,
2008). We confirmed these observations by Zhang et al. (2008) using
established HeLa cell lines; in our experiments, RACK1*1 and
RACK1#2 cells showed reduced sensitivity against paclitaxel, do-
cetaxel, and vincristine, whereas miRACK1*1 and miRACK1*2
showed higher sensitivity to these anticancer drugs (data not shown).
However, these phenomena may be independent of ABCG2 because
the sensitivity to these drugs was not affected in miABCG?2 cells (data
not shown), and these drugs are poor substrates of ABCG?2 (Litman et
al., 2000). Although these drugs are substrates for ABCB1, the effect
of RACK1 on drug resistance may not be mediated by ABCBI
because the localization and expression of ABCB1 were not affected



