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Fig. 6. lmmunohistochemical analysis of CYPLAL in rat liver. Just before DMBA ingestion, a large number of hepatocytes in the 7.5-pg group were positive
(AY for CYPLAL, but negative in the 250-ng group (B). At 2 days after DMBA administration, a large number of hepatocytes were positive in the 7.5-ug (C)
and 250-ng groups (D), and many hepatocytes were positive in the 2.5 ng (E) and vehicle groups (F). At 5 days afier administration, some hepatocytes were
positive in the 2.5-ng group ((3), but nons was positive in the vehicle group (H). At 20 days afier DMBA admiuisiration, some hepatoeytes were positive in the
7.5-ug group (1), and a few hepatocytes were positive in the 250-ng group {I). ABC method, Mayer's hematoxylin counterstain. Magnification 140,

old. Because the 7.5-ug group possessed a high level of
hepatic PCB126 residues (more than 3] times that of the
other groups) oo the day of DMBA ingestion, these CYP]
inductions were thought to be due to a complex induction by
PCB126 residues and ingested DMBA, while the Z50-ng
and 2.5-ng group revealed prolonged CYP! inductions
compared to that of the vehicle group. Because the 250-ng
and 2.5-ng groups showed a lower level of CYP! with
lower PCB126 residues at the time of DMBA ingestion (50
days old), it seems that prenatal exposure to PCB126
increases hepatocyte sensitivity in the rat for CYPI
induction by ingested DMBA.

The precise mechanism of the modulation of DMBA-
induced mammary carcinogenesis by PCB126 remains o
be explained, but one possible mechanism could be the

ability of CYPIA] and CYPIB! t¢ metabolize highly
oxidative DMBA because carcinogenesis was dominant in
the 250-ng group, while the concentration of PCRIZ6
residues due to prenatal exposure that induced 2 high level
of CYPIA! was highest in the 7.5-ug group. The
predominance of CYPIB1 in several human cancers,
including breast carcinomas (Eltom et al,, 1998; Merchant
ot al, 1993; Muray et al, 1997), has been reported. The
functional involvement of CYP1B1 in PAH metabolism has
been demonstrated by the fact that the metabolism of
DMBA by microsomes from MCF-7 cells is inhibited by
anti-CYP18B1 antibody, but not anti-CYPIAD antibody
(Christou ot al,, 1995 Although it is well known that
PCBs specifically induce CYPI (Angus et al, 1999;
Christon et al., 1987, Tritscher et al, 1992), it remains to
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Fig. 7. Immunchisiochemical analysis of CYPLEI in rat liver. Just before DMBA ingestion, some hepatocytes in the 7.5-ug group were positive for CYPIBL
{A) but negative in the 250-ng group (B). AL 2 days afler DMBA admioistration, a laige number of hepatocyles were positive in the 7.51g {C) and 250-ng
grougs {0}, and many hepatocyies were positive in the 2.5 ng (B) and vehiele group (F). At 5 days afier DMBA administration, some hepatocytes were positive
in the 2.5 ng group (G}, bul none was positive in the vehicle group (H). At 20 days afier DMBA administration, a fow hepatocytes were positive in the 7.5-ng
group (1), and some hepatocytes were positive in the 250-ng group (1). ABC methad, Mayer’s hematoxylin countersiain. Magnification x 140,

be determined why the 250-ng group showed higher
CYPIBI expression than the 7.5-ug group.

After DMBA was ingested to rats, previous studies have
described the maximum winary excretions of DMBA take
place during the peried ranging from 6 hto | day (Semin ot
al, 1976), and high levels of metabolite DMBA-DNA
adducts in liver are found on days 1 to 2 (Bi-Bayoumy et
al., 1992}, Then, the large amounts of DMBA-DNA adducts
in liver and mammary glands were remained to be observed at
12 days after DMBA Ingestion (Daniel and Joyee, 1984), but
their levels after that was unclear. Meanwhile, several
previous studies have described the induction of rat hepatic
CYPI mRNA and/or protein within | day of DMRBA
ingestion (Badawi ot al,, 2000; Bolognesi o al,, 1991;
Granberg et al., 2000; Heidel et al, 1998; Moon et al,
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1988: Rowlands et al, 2001). In our previous smdy,
following DMBA ingestion without PCB126 exposure, the
induction of hepatic CYPIAI was first observed at 12 b, was
revealed to peak on day 2 and decreased on day 5, and the
induction of hepatic CYP1B] was first observed on day 2 and
decreased on day 5 (Muto et al,, 2003), While present study
revealed that prenatal PCB126 exposure rats were induced
the prolongation of hepatic CYP! induction foliowing
DMBA ingestion, especially the longer persistence of
CYPIBI induction was apparently in the 250-ng group.
The implication of estradiol (E2) in breast mmorigenesis is
widely documented (Nandi et al.,, 1995; Weinberg, 1996). An
alternative mechanism of E2 carcinogenicity stems from the
metabolism of this hormone, which generates several
catechol derivatives from monohydroxylation reactions,
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Fig. 8. Western blots of CYP1AL CYPLBI, and AhR of rat liver following DMBA. ingestion afier prenatal exposure to PCB126. The protein conceniration was
deiermined with a bicinchonic acid protein assay reagent kit (Pierce) with bovine serum alburnin as a standard. Ten g of microsome samples were applied for
Western blotting analysis, and mmnunoreactive proteins were delected using the ECL Plus Western Bloiting Detection systemn {Amersham Biosciences,
Buckinghamshire, UK). The upper panels show the representative Wesiern blots bands of CYP1, ARR and j3-actin, and the lower panels show the density ntm
of CYP1, or AbR/P-actin; results are obiained by screening sample from five rats of each group. Vilues represent mean + SD (A) the 7.5 g group; (B) the 25

ng group () the 2.5 ng group; (D) the vehicle group.

aﬂd liver is the primary site of E2 metabolism (Beleh et al,,

995 Waalkes et al., 2004; Wang and Lishy, 1994). Thisisin
pamcular, the case of 4 hydroxylated E2, which is generated
mainly by CYP1B1, displays a strong genotoxicity (Cavalien
et al., 2002, Safe and Krishnan, 1995), On the other hand,
CYPIAT generates primarily 2-hydroxylated EZ2, which is

less toxic and has been considered as protective (Cavalier et
al., 2002; Lighr et al., 1995; Mobley etal., 1999; Schumacher
ot al, 1999 Yager and Lishr, 1998). Moreover, it has been
suggested that the induction of mouse hepatic CYPIAT is
primarily protective for toxicity of DMBA (Uno et al,, 2004).
Therefore, it is possible that the prolongation of hepatic
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CYPIBI induction has been observed in the 250-ng group
contributes to mammary carcinogenesis by bioactivation of
both exogenous pro-carcinogens, DMBA, and endogenous
E2.

A recent study showed clevated expression of AhR in the
endometrium and myometrium (Khorram et al, 2002). In
this study, the 250-ng group revealed elevated AhR
expression compared to the other groups. Notably high
levels of AhR in the liver of the 250-ng group suggest that
elevated AhR expression mediated, at least in part, the
increased expression of CYP1BI1. As previously suggested,
high levels of CYP1B] expression, like hyperexpression of
AhR, may represent a molecular marker for carcinogenesis
(Spiunk et al., 1998). Moreover, AbR-deficient cells exhibit a
decreased rate of cell proliferation because of a prolongation
of cells in G (Ma and Whitlock, 1996; Weiss et al., 1996).
The AhR also controls a number of genes whose products
may be involved in a number of cellular proliferation and
differentiation processes (Okey ot al., 1994). In this study,
because the 250-ng group showing enhancement of DMBA-
induced mammary carcinogenesis revealed significantly
higher AhR expression, AhR might mediate DMBA-
induced mammaty carcinogenesis through dysregulation
of the cell cycle. However, it was unclear why a
significantly lower induction of AhR was observed in the
7.5-pg group, which showed high-level PCB126 residues in
mammary carcinomas, than in the 250-ng group.
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Abstraet

Pharmacokinetic studies of the dnigs administered to subjects with mechanical cholestasis are scarce. The purpose of the present study was to
examine the effects of bile duct ligation of 3 days (peak of elevation of serum bile acids and bilirubin) on the systemic and renal PAH. clearance
and on the expression of cortical renal OAT1 and OAT3 in a rat model. PAH is the prototypical substrate of the renal organic anion transport
system. Male Wistar rats underwent a bile duct ligation (BDL rats). Pair-fed sham-operated rats served as controls. BDL raty displayed a
significantly lower systemic PAH clearance. Renal studies revealed a reduction in the renal clearance and in the excreted and secreted Joad of PAH
in BDL rats. The OAT1 protein expression in kidney homogenates was not modified, but it decreased in the basolateral membranes from BDL
rats. In contrast, OAT3 abundance in both kidney cortex homogenates and in basolateral membranes increased by 3 days after the ligation.
Immunocytochemical studies (light microscopic and confocal immunofluorescence microscopic analyses) confirmed the changes in the renal
expression of these transport proteins. The present study demonstrates the key role of QOAT1 expression in the impaired climination of PAH afler 3
days of obstructive cholestasis.
© 2006 Elsevier B.V. All rights reserved.

Keywords: p-aminohippurate; Cholestasis; Renal depuration: OAT1: QAT3

1. Imtroduction

Exirahepatic, mechanical cholestasis occurs in about 10% of all
patients suffering from cholelithiasis and in the majority of
neoplasms affecting the pancreas and the common bile duct {1].
Prolonged cholestasis may alter the liver function due to an impair-
ed uptake, changed biotransformation and secretion of compounds
as well as secondary abnormalities induced within the kidney {2.3].

Pharmacokinetic studies of drugs adminisiered to subjects
with mechanical cholestasis are scarce [4]. Moreover, the
obtained results are often conflicting, possibly due to the use of
different species and interindividual differences.

The kidney and the liver play the major role in the elimination
of numerous potentially toxic xenobiotics, including drugs, to-
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xins, and endogenous metabolites. In some cases, the loss of one
route of elimination can be compensated by the other {S]. It must
also be mentioned that the impairment of liver or kidney functions
can cause syndromes characterized by an injury of the alternative
elimination organ [6,7].

In human beings and rats, extrahepatic cholestasis has been
shown to render the kidney susceptible to a variety of nephrotoxic
agents [&]. The pathophysiological cause of renal damage in the
course of bile flow impairment is still not well understood, even
though several phenomena, such as increased access of various
constituents into the kidney (bilirubin and bile salts) have been
suggested [6,7].

An impairment of the kidney function produces modifica-
tions in the renal elimination of drugs mediated by alterations in
the blood flow to the kidney, glomerular filtration, active tubular
secretion and passive tubular reabsorption [§].

The renal organic anion transport plays a critical role in pro-
tecting against the toxic effects of anionic substances, whether of
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endogenous or environmental origin, by removing such sub-
stances from the blood principally via the organic anion trans-
porter mechanisms found in the apical and basolateral membrane
ofrenal epithelial cells. Several carrier proteins have been cloned
and are functionally characterized from both membrane domains
ofrat kidneys {9-11}. The organic anion transporter | (OAT1)and
the organic anion transporter 3 (OAT3) support the exchange
organic anion/dicarboxylate transport in the basolateral mem-
branes from the proximal tubule cells [12--15]. Two members of
the multidrug resistance protein (MRP) family are located at the
apical membranes from the proximal tubule cells, MRP2 and
MRP4{10,11,16,17}. The above mentioned four proteins mediate
the renal transport of several anionic substances, such as p-ami-
nohippurate (PAH), the prototypic organic anion commonly used
in experimental studies. An up-regulation ofrenal MRP2 has been
described at 1 and 3 days after bile duct ligation {18,19]. One day
of bile duct ligation is referred as an early stage of obstructive
cholestasis and 3 days of bile duct ligation is the period in which
serumn bile acids and bilirubin levels reach the peak of elevation
{18--20]. MRP4 decreases at 3 days after bile duct ligation {21].
An increase in the urinary excretion of PAH has been con-
comitantly demonstrated with an increase in the abundance
of OAT1 in the kidney homogenates in the early phase of an
obstructive cholestasis [22]

The purpose of the present study was thus to examine the
systernic and renal PAH clearance and the role of cortical renal
OAT1 and OAT3 inresponse to 3 days of biliary obstruction in rats.

2. Materials and methods
2.1. Experimental animals

Male Wistar rats aged from 110 to 130 days old were used throughout the study
(380410 g body weight). In order io perform surgical procedures the animals were
amaesthetized with sulfuric ether. After an upper abdominal incision was performed
under sterile condition, the common bile duct was isolated and double-ligated close
to the liver hilus immediately below the bifurcation and cut beiween the ligatures
(BDL group). The controls then underwent a sham operation that consisted of
exposure, but not a ligation, of the cororaon bile duct (Sham group). The abdominal
incision was then closed by single sutures. All studies were performed 3 days afler
surgery. All animals were allowed free access to a standard laboratory chow and tap
water, and housed in a constant temperature and humidity environment with regular
light cycles (12 h) during the experiment. All animals were cared for in accordance
with the principles and guidelines for the care and use of Jaboratory animals {231

2.2. Biochemical determinations

On the day of the experiment, blood was withdrawn from femoral artery of
Sham and BDL animals. The serum was separated by centritugation (3000 rpm,
3 min). These samples were used to measure total and direct bilirubin as parameters
indicative of hepatic function and urea serum levels as a parameter indicative of
global renal function. The above mentioned bjochemical analyses were performed
using optimized spectrophotometric techniques, while employing commercial kits
(Wiener Laboratory).

2.3. Pharmacokinetic studies

These studies were done in a manner similar to those previously described
{22.24]. At 3 days afier surgery, the animals were anaesthetized with sodium
thiopental (70 mg/kg b.w., i.p.). The femoral artery and the vein were both
catheterized to obtain samples and o administer test compound, respectively. A
single bolus of PAH (30 mg/kg b.w., agueous solution, t.v.) was administered.

Blood samples were obtained at 0—15 min range time after the administration of the
PAH solution. The volume of blood samples was 50 pL. Eight blood samples were
removed from each rat at different times befween 0 and 15 min. An equivalent
volume of isotonic saline solution was infused to restore the amount extracted in the
blood samples. Samples were centrifuged at 3000 rpm for 3 min, and the extracted
plasmas were frozen at —20 °C until analyzes.

At 15 min after PAH administration, a suprapubic incision was performed in
order to isolate the bladder. Both ureters and the urethra were ligated with exireme
care in order not to lose any wine. Thereafler, the bladder was removed and the
whole contents of urine were then obtained to measure the quantity of PAH.

The plasma concentration vs. time curves for PAH, for each individual animal,
were fitted with the PKCALC computer program [25}. The data were fitted to a
biexponential curve. The choice of the best fit was based on the determination of
coeflicient values (R%) and F test [25,261 Al fits had R? values >0.9. The following
equation was used to describe the biexponential concentration—time curves:

Cp=Ae™ + Be /i

where Cp is PAH plasma concentration (mg/ml) at time / (min) after
administration; constant o represents the distribution from the central compartment
and B is an equilibrium constant reflecting the dynamics between ky; and Ko and
the slopes of each of the adjusted curves give their values. 4 and B represent the
initial values of the distribution and eliminaiion components, respectively, extra-
polated from the y-axis intercept. The estimate parameters (a1, f, 4, B) were used io
solve the first-order rate constants of transfer from the central to peripheral
compartments (kj2. k) and the elimination rate constant from the central
compartment (K,,) with classical equations. Derived parameters: area under curve
{AUC), total volume of distribution (VdT), volume of the central compartment
(VdC), volume of the peripheral compartmeni (VdP), steady-stale volame of
distribution (Vdss), systemic clearance (Cls), elimination halflife (1, f) were
calcufated according to standard procedwres for the compartmental analysis. Cls
was calculated as the Dose/AUC. The formulas for calculating the different volume
of distribution were: VdT=Dose/[fx AUC], VdC=Dose/4+8, VdP=VdT
- VdC, Vdss=Cls x MDRT, MDRT (mean disposition residence time)= AUMC/
AUC, AUMC is the area under curve for the plot of the product of concentration
and iime vs. the time from iime zero to infinity. Concentraiion of PAH in plasma
and in urine was measured using the method described by Waugh and Beall [27.

2.4. Binding of PAH to plasma proteins
4 P J2

The binding of PAH to plasma proteins in Sham and BDL rats was
determined using an ultrafiltration apparatus (Centrifree, Amicon, Millipore
Corporation, Bedford, Mass) as previously described {247

2.5. Renal excretion studies

These studies were performed as previously described [24,28--31% Sham (n=4)
and BDL (#n=>5) rats were anacsthetized as described. Femoral vein and artery were
cannulated and a bladder catheter (3 mm i.d.) was inserted through a suprapubic
incision. A priming dose of inulin (30 mg/kg bw.) and PAH (30 mp/kg bw) in
1.5 mL of saline solution was administered through the venous catheter. Then, a
solution containing inulin (12 g/l), PAH (12 g/L) and saline solution (9 g/L) was
infised through the venous catheter employing a constant infusion pump (Pump 22;
Harvard Apparatus, USA) at a rate of | mL/W100 g bw. Afier equilibrating for
45 min, urine was collected during two 20-ruin periods. Blood from the femoral artery
was obtained at the midpoint of each clearance period. The arterial blood pressure was
estimated throughout the experiments with amanometer inserted inthe femoral ariery.
‘The glomerular filtration rate (GFR) was calculated from the clearance of inulin, in
order to determine filtered foad of PAH. The excreted, secreted and filtered loads of
PAH were calculated by conventional fonnulae for each animal. The PAH concen-
trations in the serum and urine were determined by the method of Waugh and Beall
{27} and the inulin concentrations were assayed by the procedure of Roe [32]. The
volume of urine was determined by gravimetry.

2.6. Preparation of basolateral membrane (BLM) from kidney cortex

The preparations of BL.M from Sham and BDL rats were done by a modifi-
cation of the method described by Jensen and Berndt {337 as previously reported by
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us 124,29, Kidney cortical tissues were placed in a Dounce homogenizer
containing 250 mM sucrose, S mM Tris-HEPES pH 7.40 at a ratio of 12.5 mL/g
corfex wet weight After four gentle strokes with the Joose fitting pestle, the
suspension was homogenized further with a motor-driven teflon pestle (600 pm/s
strokes) and spun down for 15 min at 1200~g. The supematant was aspirated and
spun for 1S min at 22,000%g. The flufly beige upper layer of the resulting pellet
(crude plasma mermbranes) was resuspended n about 1 ml of supematant and
added to 19 mL of buffered sucrose. The membrane suspension was homogenized
gently through a 16-gauge gavage ncedle followed by the addition of 3.7 L of
100% Percoll. The Percoll-membranes mixture was spun for 30 min at 39,250xg.
The top clear layer was discarded and the top-most dark band was removed. This
layer was composed primarily of basolateral membranes. BLM were brought up in
KClbuffer (85 mM KCl, 83 mM sucrose, 2 mM HEPES-Tris pH 7.40) ata ratio of
8 mi/g original cortex wet weighi. Next, BLM were pelleted at 30.000xg for
30 min and washed three times with the KCI buffer. Finally, BLM were
resuspended in 300 uL of 250 mM manitol, 10 M HEPES--Tris, pH 7.40.
Aliquots of the membranes were stored itnmediately at — 70 °C until use (no more
than 2 weeks afier membrane preparations). Each preparation represents cortical
tissue from towr animals. Four preparations were obtained for each experimental
group. Profein quaniification of saraples was petformed using the method of
Sedmak and Grossberg [34}.

2.7. Electrophoresis and immunoblotting

Homogenates and basolateral membranes were boiled for 3 min in the
presence of 1% Z-mercaptoethanol/2% SDS (Sediom Dodecy] Sulphate).
Samples were applied to a 8.5% polyacrilamide gel. separated by SDS-PAGE,
and then electroblotted to nitrocellulose membranes. Membranes were stained
with Ponceau Red to confirm equal protein loading and transfer between lanes as
previously described [21,22,28-301. The nitrocellulose membranes were
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Fig. 1. Mean plasma conceniraiion-time profile of PAH (A} and Systemic clearance
of PAH (B) in Sham (1= 7)and BDL (7= 8) rais following a single 30 mgrkg b.w., Lv.
dose of PAH. Results are expressed as the means=SEM. *P<0.05.
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Table 1
Pharmacokinetic parameters of PAH in Sham (1=7) and BDL (4= &) rats after a
single dose (30 mg/kg bow., Lv.)

Sham BDL

AUC (mg/min/mL) 0.88+0.04 1.34:0.15%
Cls (mL/min/100 g b.w.) 3.46+0.2] 2.4450.25%
A (mg/ml.) 0.2070.016 0.205=0.021
B (mg/ml) 0.095::0.016 0.0870.013
2 (i 1) 1.3520.11 0.82::0.07*
B (min™") 0.128::0.012 0.083+0.008*
Ky (min™ ") 0.345x0.017 0.234:+0.022%
keyz (min ) 0.6120.062 0.378=0.064*
Ky {min™ ") 0.523=0.086 0.289+0.024*
tyz (B) (min) 5.67+0.48 8.88:20.85*
VdT (mL/100 g b.w.) 28.43£2.79 31.1224.37
VdC (mL/100 g b.w.) 10.11£0.55 10.50::0.59
VdP (L7100 g bw.) 18.3232.52 20.61 +4.16
Vdss (mL/100 g bw.) 23.29:1.92 25.1653.47

The results are expressed as the means+SEM. (*) P<0.05.

AUC=arca under curve; Cls=systemic clearance; constant o represent the
distribution from the eentral compartment and £ is an equilibrium constant reflecting
the dynamics between koy and Koy A and B represent the initial values of the
distribution and elimination components, respectively; K;,=elimination constant
from the central compartment; £ (f)=elimination half-life {¢,,); Vd1'=tozal volume
of distribution; VdC=volume of the central compartment; VdP=volume of the
peripheral compartment, Vdss=steady-state volume of distbution,

incubated with 5% nonfat dry milk in phosphate-buffer saline containing 0.1%
Tween 20 (PBST) for 2 h. Afier being rinsed with PBST, the membranes were
then incubated overnight at 4 °C with a commercial rbbit polyclonal antibody
against rat OAT1 (1.25 pg/nl) and with commercial mouse monoclonal
antibody against human B-Aciin (1.25 pg/mL) or with non-commercial rabbit
polyclonal antibody against rat OAI3 (at a dilution of 1:1000) and with
commercial mouse monoclonal antibody against hurman S-Actin (1.25 ug/ml).
The specificity of OAT3 antibody has been described elsewhere {151
membeanes were incubated for 1 h with a peroxidase coupled goat anti-rabbit
1gG (Bio-Rad) or with a peroxidase coupled sheep anti mouse IgG (Amersham)
afler further washing with PBST. Blots were processed for detection using
commercial kit (Opti-4CN, Bio-Rad for OAT! and ECL enhanced chemiluni-
nescence system, Amersham for OAT3). To investigate the specificity of the
bands, an absorption test was performed. The OAT! peptide (1.25 pg/mk) or
OAT3 peptide (0.50 mg/mL) were added to the OAT1-antibody specific soluiion
or OAT3-antibody specific solution respectively and incubated for 2 h. Using
these preabsorbed antibodies, Western blot analyses were performed as deseribed
above. A densitometric quantification of the Western blot signal intensity of
niembranes was performed.

A

[N
£
ES

PAH in urine (mg)
w
&

Sham

Fig. 2. Amount of PAH in urine excreted during 1§ min following a single dose
of PAH (30 mg/kg b.w., .v.) in Sham (n=7) and BDL (#=8) animals. Results
are expressed as the means=SEM. *£<0,05.
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Fig. 3. Renal clearance of PAH in Sham (n=4) and BDL (#=5) rais. Results are
expressed as the means=SEM. *P<0.05.

2.8. Immunocylochemistyy microscopy

Kidneys from Sham and BDL rats were briefly perfused with saline. followed
by perfusion with periodate~lysine—paraformaldehyde solution (0.01 M MNalO,,
0.075 M lysine, 0.0375 M phosphate buffer, with 2% paraformaldehyde, pH:
6.20), through an abdominal canmula. The kidneys slices were immersed in
periodate—lysine—paraformaldehyde solution at 4 °C ovemight. The tissue was
embedded in paraffin. Paraffin seclions were cul. Afler deparaffining, ihe
sections were incubated with 3% H,0, for 15 min (to eliminate endogencus
peroxidase activity) and then with blocking serum for 30 min. The sections were
then incubated with non-commercial polyclonal antibodies against CAT!
{diluted 1:1000) or OAT3 (diluted 1:1000) ovemight at 4 °C. The specificity
of both antibodies has been described elsewhere [15]. The sections were ringsed
with PBST.

2.9. Light microscopic analysis

The sections were incubated with biotinylated secondary antibody against
rabbit Immunoglobulin for 1 h (biotinylated g Multi-Link Biogenex). After
being rinsed wilh PBST, the sections were incubaied for 30 min with horseradish
peroxidase (HRP)-conjugated streptavidin solution (Streptavidin/HRP complex
Multi-Link Biogenex). In order to detect HRT labeling a peroxidase substrate
solution with diaminobenzidine (0.05% diaminobenzidine in PBST with 0.05%
H,03) was used. The sections were counterstained with hematoxylin before
being examined under a light microscope.

2.10. Confocal microscopic analysis

The sections were incubated with Alexa 488 fluorochrome-conjugated goat
anti-rabbit lgG, 1:1000 (Molecular Probes, Eugene, OR) ovemight at 4 °C.

Table 2

Body weight, kidneys weight, kidney/body weight ratio, plasma PAH
concentrations (Ppayy), glomerular filteation mate (GFR), fillered, secreled and
excreted Joads of PAH (FlLeayi, Slpas;, ELpasy) in Sham (n=4) and BDL (n=3)rats

Sham BDL
Body weight {(g) 342418 36727
Kidneys weight (g) 2.3440.16 2.57:0.09
Kidney/Body weight matio (107 %) 6.84:£0.26 £99x0.16
Pp/\” (HM) 295128 376463
GFR (mL/min/100 g bow.) 0.858=0.074 0.515:0.058%
Flapan (tg/minv 100 g bw) 40x4 3545
SLpan (bg/min/ 100 g bow.) 169210 14056
Elpan (1g/min/100 g b.w) 209413 175410%

The results are expressed as the means=SEM.
* P=005.

Sections were washed with PBST and then mounted. Afierwards, they were
viewed on a Zeiss Axiophot microscope equipped with an epifluorescence
detector and a Bio-Rad MRC 1260 confocal imaging sysiem.

Controls using prefmmune serum, antiserum absorbed with excess synthetic
peptide {as described above), or omission of primary or secondary antibody
revealed no Jabeling.
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Fig. 4. Renal homogenates (50 ug proteins) (A ) and basolateral membranes (40 pg
proteins) (C) from kidneys of Sham and BDL 1ats were sepatated by sodium
docecyl solphate-polyaceylamide gel electrophoresis (8.5%) and blotied onto
nitrocellulose membranes. OAT1 was identified using commercial polyclonal
antibodies as described in Materials and methods. Densitometric quantification of
OAT1 Western immunoblotting from renal homogenates (B) and basolatetal
membranes (). The results are expressed as percentage, normaalized for the Bactin
density. The Sham levels were set at 100%. Each column represents the mean:
SEM fiom experiments carried oul in four different preparations for each
experimental group. *P<0.05.

— 506 —



A. Brandoni et al. / Biochimica e Biophvsica Acta 1762 (2008) 673-682 677

B.

Fig. 5. Immunocytochemistry for OATL. (A and B} Immunoperoxidase in the renal cortex of Sham {4) and BDL mis (B). Serial sections from each ra kidney were
stained using a non-commercial anti-rOAT] ansibody {crude immune serum). OAT! labeling was seen af the basolateral domaing of proximal tubule cells. In BDL rats,
it can be seen that OATI labeling in BLM is greatly reduced. These figures are representative of typical samples from four mats. Magnification x400. (C and B
Immunofiucrescence Jocalization of QAT inthe renal cortex of Sham () and BDL rats (1)), Serial sections from each rat kidney were stained using 2 non-commereial
anti-rOAT | aniibody {crude immune serum). In BDL rate, it can be seen OAT1 labeling throughout the cytoplasin in the proximal tubules, whereas the labeling of
BLM was greatly reduced. These {figures are representative of typical samples from four rats. Magnification x400.

2.11. Histopathological studies

Histopathology of kidneys was performed afier fixing in 10% neutral
buffered formaldehyde solution for 4 h and erobedding in paraliin, then 4 jum
thick sections were processed for routine staining with hematoxylin and eosin,
or stained with hematoxilin and PAS.

2.12. Mazerials

Chemicals were purchased from Sigma (St Louis, MO, USA) and were
anatytical grade pure. The polyclonal antibodies against OAT], monocional
anitbodies against S-actin and the OAT1 peptide for Western blotting were
purchased from Alpba Diagnostic International {San Antonio, TX, USA). The
palyclonal antibody against OAT1 for hmmunoceyiochemical studies and
polyclonal antibody against OAT3 and the OAT? peptide for both Westemn
and immmocytochemical studies were non-commercial {151

2.13. Statistical analysis

The statistical anelysis was performed using the unpaired Hest. When
variances were not homogeneous a Weleh's correction was emploved. P values
of less than 0.05 were considered significant. The values are expressed as the
means# standard error (SEM). For these analyses, a GraphPad software was
used. For densitometry of immunoblots, samples from kidneys of BDL rats were
run on each gel with corresponding Sham kidneys. The abundance of OAT] and
OAT?3 inthe samples from the experimental animals was caleulated as percentage
of the mean Sham conirol value for that gel.
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3. Resulis

Total bilirubin concentration in BDL rats increased o 71.34+
431 mgl from 251036 mg/L observed in Sham group,
whereas direct bilinbin level increased from 1.302:0.24 mg/L in
Sham animals t0 66.85+4.16 mp/L in BDL ones. Light microscopy
only showed significant renal morphological alierations in PAS
stained kidneys. In BDL rats, the kidney appears congestive,
predominantly in the medulla. The tubular epithelum is less il and
shows apical extrusions and its foldings are less conspicuous. The
cytoplasm presents a PAS (+) granularity. The tubules are mode-
rately dilated, containing intraluminal proteinaceous, eosinophilic
and acidophylic, materdal. These resulis are similar to those
described by Wojeicki et al. {41,

On the other hand, no significant difference in the urea serum
levels (g/L) was observed between the Sham-operated and BDL
animals (0.40+0.02 vs. 0.41+0.02 respectively).

The mean plasma concentration-time profiles for PAH in Sham
and BDL rats are shown in Fig. 1A. The higher plasma con-
centrations of PAH in BDL group were displayed during the
distribution and elimination phases. BDL rats displayed a
significant higher area under the curve and therefore a significant
lower systemie clearance for PAH (Fig. 1B). The constant o
(which represents the distribution from the ceniral compartment),
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the constant B (which is an equilibrium constant reflecting the
dynamics between &y and Kyyp), the rate constants of transfer
from central to peripheral compartnents (b5, 4y) and the
elimination rate constan{ from the central compartmment () were
all decreased in BDL rats, thus indicating the impairment in the
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Fig. 6. Renal homogenates (50 pg proieins) (A) and basolateral membranes
(40 ng proteins) {C) fom kidneys of Sham and BDL rats were separated by
sodiumn docecyl sulphate-polyacrylamide gel electrophoresis (8.5%) and blotied
onto nitrocellulose membranes. OAT3 was identified using non-commercial
polyclonal antibodies as described In Materials and methods. The densitometric
quantification of the OAT Western immunoblotting froni renal homogenates
(B) and basolateral merabranes (D). Results are expressed as percentage,
notmalized for the § actin density. The Sham levels were set ai 100%. Each
column represents the mocan<8EM from experiments carded out In four
different membrane preparations for each experimental group. *£<0.05.

rates of distribution and elimination of PAH (see Table 1). The
distribution volumes were not significantly different between the
Sham-operated and BDL animals as it is shown in Table 1.

A statistically significant decrease was observed in the
quantity of PAH excreted in urine during 15 min (Fig. 2).

The percentage of unbound PAH to plasma proteins was
higher in BDL rats than in the Sham ones (100£0.1 (n=4) vs.
93.3+1.4 (n=4), P<0.05, respectively). The values obiained
for the Sham rats are similar to those previously reported [24].

Renal studies showed a decrease in the renal clearance of PAH in
BDL rats as it is shown In Fig. 3, The excreted, seereted and filtered
toads of PAH were lower in BDL rats compared with Sham rats,
even though for the filtered load of PAH the difference did not reach
the level of significance (Table 2). The glomerular filiration rate
from jaundiced group was significantly lower in comparison with
Sham group as it is also shown in Table 2. As a result, excreted load
of PAH was lower in the BDL rats as consequence of the decrease
in the secreted load of this organic anion,

Kidney cortex homogenates and basolateral membranes from
Sham and BDL animals were subjected to immunoblot analyses
for OAT 1 protein. Fig. 4 shows no difference between the groups
in the homogenates OAT! expression. On the other hand, a
lower abundance of OAT! was observed in the basolateral
membranes from BDL rats in comparison to the Sham rats. The
QAT pretein disappeared when the antibody was preabsorbed
to the synthetic antigen peptide {data not shown).

Immunocytochemistry using horseradish peroxidase-conju-
gated secondary antibodies for light microscopy confirmed the
reduced OATL expression in basolateral plasma membranes
from BDL rats (Fig. 5B). The Sham rats showed an abundant
OAT1 labeling in basolateral domains (Fig. 5A). To further
characterize the distribution of OAT1 labeling in the proximal
tubule cells, immunofluorescence was used (Flg. 5C and D).
Confocal immunofluorescence studies also revealed a decrease
in GAT1 labeling in basolateral plasma membranes and allowed
a betier appreciation of a punctuate labeling for OAT1, which
was distributed widely throughout the cytoplasm in the kidneys
from the BDL rats demonstrating the cellular internalization of
this carrier protein.

The Western blotting findings of the kidney cortex homo-
genates and BLM from Sham and BDL rats showed signals for
OAT3. In Fig. 6 it is possible to observe that the OAT3 abun-
dance significantly increased in the kidney cortex homogenates
and in the BLM from BDL rats in comparison to Sham ones.
These signals were not observed when the antibody was
preabsorbed with the OAT3 peptide {data not shown),

Immunocytochemistry studies showed staining for OAT3 in
many parts of the nephron such as the proximal tubule (81, §2
and 83), the distal and the collecting duct as it has been
previously deseribed {151, Sham rats showed OAT3 labeling in
basolateral merbrane domain and inside the cytoplasm of renal
tubular cells (Fig. 7A). Increased labeling was scen in the
basolateral membranes of the tubules from kidneys of BDL rats
(Fig. 7B). Immunofluorescence microscopy showed the baso-
lateral membrane localization of OAT3 and a better detection of
the intracellular localization {Fig. 7C). An important increase of
OAT3 in basolateral membranes was observed in the cortex from
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Fig. 7. Inmumocytochemistry for GATZ. (A and B) Immunoperoxidase in the renal cortex of Sham (A) and BDL rats (B). Serial sections from each rat kidney were
stained using a non-commercial anti-rOAT3 antibody. OATS labeling was seen at the basolateral domains of tubule cells and inside the cells. In BDL rats, it can be seen

an increased QAT

labeling in BLM. These figures are representative of typical samples from four rats. Magnification 400, {C and D) Immunofluorescence

localization of OATS in the renal cortex of the Sham (C) and BDL rats (D). Serial sections from each rat kidney were stained asing & non-commercial anti-tQAT3
anitbody. GATS labeling was seen at the basolaleral domains of tubude cells and inside the cells. In the BDL rats, it could be seen as an noreased OAT3 labeling in the
BLM of whular cells. These figures are representative of typical samples from four rats. Magnification %400,

kidneys of BDL rats (Fig, 7D). This pattern parallels the data
from an pmmunoblotting study.

4, Discussion

A large and diverse number of organic anions, or weak organie
acids that exist as anions at physiological pH, are secreted by
mammalian renal tubules. Substrates for the renal organic anion
transport system include weak acids that have a net negative
charge on carboxy! or sutfony! residues at physiological pH [9-
111 Although this system secretes a number of endogenous
compounds, it is generally accepted that is particularly important
in secreting numerous exogenous compounds, including phar-
macologically active substances, industrial and environmental
toxins, and plant and animal toxins {9111, The transport of these
substances across the basolateral membrane of renal epithelial
cells is energetically uphill [9~117. Molecular candidates for each
ofthe organic anion transport process have been cloned, including
OAT! and OAT3 that serve as organic anion/dicarboxylate
exchangers af the basolateral membrane of renal proximal tubule
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cells {913} An unexplored aspect of OATS regulation concerns
the body’s response to disease states. We have recently demons-
trated alterations in renal OAT1 and OAT?S expression in different
experimental models in rats such as bilateral ureteral o%immen
{28,29}, arterial calcinosis {31}, and chronic renal failure [30]
However, little is known about the regulation of these transposters
after the early phase of extrahepatic cholestasis.

Acute jaundice due to bile duct obstruction is defined as the
retention of bile and bile components. Biliary excretion of organic
anions 1s a critical physiclogic function of the liver. However, in
obstructive jaundice, in which the biliary transport is impaired,
adaptive mechanisms involving protein expression may permit
urinary excretion of those potentially toxic compounds [1,41
There are limited data on the pharmacokinetics of drugs in sub-

jects with biliary obstruction.

Performing bile duct ligation as s well-established mode] of
cholestasis, we have determined an increase in the systemic
clearance of PAH associated to an increase in the abundance of
OATI in renal cortex homogenates in rats at 21 b after bile duct
ligation {early phase of acute exirahepatic cholestasis) [22]. The
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aim of the present study was to examine the systemic and the
renal clearance of PAH and the expression of both OAT! and
OAT?3 in homogenates and basolateral membranes from rat renal
cortex after a period of 3 days of bile duct obstruction (it has been
well documented that serum bile salts and bilirubin levels reach
the peak of elevation after 3 days of ligation [18-20]).

The clearance of a drug may be defined in a general way as “a
proportionality constant describing the relationship between a
substance’s rate of transfer, in amount per unit time, and its
concentration, in an appropriate reference fluid” [35]. The current
study shows that rats at 3 days after bile duct ligation exhibit an
increase in the area under the PAH plasma concentration—time
curve and therefore, a statistically different decrease in the total
body clearance. Furthermore, the total body clearance can be
expressed as the product of the elimination rate microconstant
(K;.p) from the central compartment and the volume of such
compartment. This last parameter was not modified in rats with
extrahepaiic cholestasis. On the other hand, a decrease was
observed in Ky in bile duct ligated rats as compared with Sham
ones. Ko is influenced by variables that participate in the
climination of the drug from the central compartment, such as
metabolization, renal and biliary excretion. As PAH metaboliza-
tion and biliary excretion is negligible, the decrease of K4
observed in treated animals indicates a lower renal elimination of
this organic anion. In this connection, rats subjected to bile duct
ligation for 3 days showed a diminished renal PAH clearance. The
decrease in renal PAH elimination is accounted for the diminished
secreted load of the drug, since the filtered load of PAH was not
modified in the BDL group.

In this cholestatic model, the OAT1 expression significantly
decreased in the basolateral membranes from kidneys after 3 days
of bile duct ligation. In addition to immunoblotting, immunocy-
tochemical techniques corroborates the decrease in the basolateral
membranes expression of OAT! together with a significantly
enhanced immunocytochemical staining for OAT1 in the
cytoplasm of proximal tubule cells of BDL kidneys, which
might suggest an internalization of membrane transporters or an
inhibition in the recruitment of preformed transporters into the
membranes.

It has been demonstrated that OAT1, when heterologously
expressed in oocytes or mammalian cells, is inhibited by more or
less selective PKC activators [36,37]. In this connection, it was
demonstrated by WolfTet al. [38] that PKC induces human OAT1
down-regulation through carrier retrieval from the cell membrane
and it does not involve phosphorylation. It is well known that
angiotensin 1 [39] modulates the renal proximal tubule function
via activation of PKC. Although the role of the renin—angiotensin
system in the BDL model remains controversial {7], some
humeral factors including angiotensin II induced by the 3 days
BDL may induce the activation of PKC. Moreover, bile acids and
high bilirubin levels can activate PKC {40,41]. It has been de-
monstrated that 3 days of bile duct ligation is the period in which
serum bile acids and bilirubin levels reach the peak of elevation.
We therefore postulate that the peak of elevation of bile acids and
bilirubin can also trigger PKC activation. This PKC activation
may cause the phosphorylation of caveolin-2, which may induce
internalization of caveolae with OAT1 protein anchored with

caveolin as has been recently suggested by Kwak et. al. {421, This
OAT1 downregulation (30%) was associated with a concomitant
decrease of renal and systemic PAH clearance (40% and 30%
respectively). The medium PAH plasma concentrations reached
during the renal clearance infusion studies were 295 uM and
376 uM for the Sham and BDL rats respectively. The OATI
mediated uptake of PAH is saturable with apparent Michaelis
constants ranging 15 to 70 pM forrat OAT1 [13). Therefore, PAH
concentrations that we obtained in our “in vivo” experiments were
sufficiently higher than the reported Km of rat OAT1. The dimi-
nished secreted load of PAH measured under saturating con-
ditions was in part account for the lower number of OAT 1 protein
units observed, by immunoblot technique, in basclateral plasma
membranes from BDL kidneys. The opposite was observed in the
early phase of extrahepatic cholestasis where an increase of 30%
of OAT] abundance was associated with a similar increase in
PAH clearance {22}, The differences observed in OAT! abun-
dance between 21 and 72 h of bile duct ligation remain to be
explained. The increased OAT1 abundance observed in the early
phase of extrahepatic cholestasis suggests a transient up-regula-
tion similar to those described for renal OCT! in cholestatic rats
{43]. Maybe, different levels of various cytokines and growth
factors which may affect gene transcription might be involved
[441.

In contrast with OAT1, OAT3 expression increased both in
homeogenates and BLM from BDL kidneys. OAT3 is found in
various cells and in all parts of the nephron, whereas OAT1 is
confined to proximal tubules. The human and rat OAT3 transport
PAH with relatively high affinity (87 and 65 puM respectively)
[14.45], similarly to OATI1. On the contrary, estrone sulfate,
cholate, and taurocholate are substrates for OAT3 and not for
OAT]1 as it has been demonstrated using Xenopus laevis oocytes
[12,14,45,46], MDCK cells {47] and OAT3 knockout mice [48]. It
is therefore possible that the over-expression of QAT3 does not
compensate for the down-regulation of OATI regarding PAH
transport because in this pathology the high plasma levels of bile
acids might compete with PAH for OAT3 transport. Moreover,
bile acids have been shown to regulate the expression of several
genes involved in bile salt transport [49-51]. Tt is possible that
high bile acids levels up-regulate OAT3 expression without
affecting the OAT!1 expression, being this another example of
substrate specific regulation. The up-regulation of OAT3 protein
in rat kidney in the present study is thus consistent with the
adaptation to increased plasma bile acid levels that result from
obstructive cholestasis, thus providing an additional alternative
pathway for bile salt climination.

MRP2 up-regulation has been described in the kidneys from rats
with bile duct obstruction of 1 and 3 days [18,19]. On the other
hand, renal MRP4 was down-regulated at 3 days after biliary
obstruction [21]. Therefore, the protein expression of the luminal
(MRP2 and MRP4) and basolateral organic anions renal trans-
porters (OAT! and OAT3), which all transport PAH, are differently
regulated in extrahepatic biliary obstruction, thus indicating that
different roles are played by these transporters in the pathogenesis
of cholestasis. Tubular secretion is a vectorial transcellular trangport
system consisting of basolateral entry into the epithelial cells and
secretion across the brush border membranes. Defects in either of
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these two processes should therefore influence the tubular secretion
of ionic drugs. In the present study, the tubular secretion of PAH
was markedly reduced, thus suggesting a predominant role of
OAT1 in this process.

It is important to mention that to predict the efficacy of a drug
in vivo, it is critical to account for plasma protein binding
because it determines the availability of the free drug, its half-
life, and its subsequent renal elimination. Bow et al. {32] recently
demonstrated that the degree of binding affinity for albumin to
substrate determines whether or not a compound is actively
secreted or reabsorbed by organic anion transporters. The
common high unbound fraction of PAH increased from 95% in
Sham rats to 100% in BDL rats. Since the bile acids and bilirubin
plasma levels significantly increased in this experimental model,
hence the binding sites on albumin for such hydrophobic anions
might thus be occupied in the jaundiced rat, thercby increasing
even more the unbound fraction of PAH.

The increase in the unbound fraction of PAH in BDL rats did
not modify the distribution volumes of this anion. Nevertheless,
in BDL rats there is a higher free concentration of PAH available
for organic anion transporters, the OAT1 downregulation leads
to a decrease in renal and systemic PAH clearance, thereby again
stressing the main role of OAT1 in PAH excretion.

The present study stresses, once more, the important role of
QAT expression in the renal elimination of PAH, indepen-
dently of renal OAT3 expression. In this connection, it has been
reported that a decrease of OAT1 abundance in BLM is
associated with a decrease in PAH renal elimination in chronic
renal failure [30], in obstructive nephropathy [28,29} and in
response to 3 days of bile duct ligation, as it is shown in the
present study. Meanwhile, OAT3 abundance in renal BLM has
not changed, decreased or increased, respectively, in these three
experimental models of pathologies [28-30]. Moreover, the
increased renal excretion of PAH and furosemide is concom-
itantly observed with an increase in OAT] and no changes in
OAT3 abundance in BLM from rats with an early stage of
extrahepatic cholestasis [22,531. Accordingly, Eraly et al. {54}
recently reported, using the OAT1 knock out mouse model, that
regardless of the potential contribution of OAT3, the bulk of
organic anion transport during the basolateral uptake step of the
classical pathway is mediated by OAT!.

As highly accumulated anionic drugs observed during
cholestasis may cause general body deterioration, the molecular
mechanisim(s) involved in the differential renal regulation of
MRP2, MRP4, OAT3 and OAT1 expression should therefore be
elucidated to prevent the occurrence of drug-induced toxicity
due to this pathology.
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The phospho-site adapter protein 14-3-3 binds to target proteins at amino acid sequences
matching the consensus motif Arg-X-X-Ser/Thr-X-Pro, where the serine or threonine
residue is phosphorylated and X is any amino acid. The dual-specificity phosphatase
CDC25B, which is invelved in cell cycle regulation, contains five 14-8-8 binding motifs,
but 14-3-3 preferentially binds to the motif at Ser309 in CDC25B1 (or Ser323 in CDC258B3).
In the present study, we demonstrate that amino acid residues C-terminal to the 14-3-3
binding motif strongly affect the efficiency of 14-3-8 binding. Alanine substitutions at
residues downstream of the Ser309 motif dramatically reduced 14-3-8 binding, although
phosphorylation of Ser309 was unaffected. We also observed that binding of endogenous
14-3-3 to mutant CDC25B occurred less efficiently than to the wild type. Mutants to
which 14-3-3 cannot bind efficiently tend to be located in the nucleus, although not as
specifically as the alanine substitution mutant of Ser309. These results indicate that
amino acid sequences C-terminal to the consensus binding site have an important
role in the efficient binding of 14-3-3 fo at least CDC25B, which may partly explain

why some consensus seguences are inactive as 14-3-3 binding sites.

Key words: 14-3-3, CDC25B, cell cycle, phosphorylation, subeellular localization.

Abbreviations: CDEK, cyclin-dependeont, kinase; GST, glutathione-S-iransferase; MAPKAP, mitogen-activated
protein kinase—activated protein; MK2, MAPKAP kinase 2; NLS, nuclear localization signal.

The eukaryotic cell eycle progresses through successive
cycles of activation and inactivation of cyclin-dependent
kinases (CDKs) that are complexed with cyclins. The
activities of these complexes are regulated via several
mechanisms, including inhibition of CDX by small proteins
(e.g., pl6, p21, and p27), inhibitory phosphorylation by
Weel/Mytl kinases at the ATP binding site of CDK, and
activation of dephosphorylation by CDC25 dual-specificity
phosphatases.

Three CDC25 phosphatases have been identified in
mammalian cells, CDC25A, CDC25B, and CDC25C (7).
The first CDC25 phosphatase gene to be identified was
that encoding CDC25C, which dephosphorylates phos-
pho-Tyr15 of CDK1 (previously phosphorylated by Weel
kinase) to promote the G2 to M phase transition (2, 3).
Studies using cultured mammalian cells have suggested
that CD(25A plays a role in the G1 to S phase transition
by activating CDK2/cyclin E (£, 5), and that CDC25B and
CDC25C function in M phase entry by activating and main-
taining CDK1:cyclin B activity during the M phase (6-9).
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Recent reports provided evidence that CDC2B5A also
plays an important role in the G2 to M phase transition,
thus indicating that CDC25A regulates all cell eycle stages
(10, 11). However, mice depleted of CDC25C by gene
targeting develop normally and become fertile adults
{12), and CDC25B knockout mice are born essentially
healthy, although the females are sterile because of a
defect in oogenesis {13). A recent report confirmed that
mice lacking both the CDC25B and CD(C25C genes are
born healthy and that cells derived from these mice not
only undergo normal entry to the M phase but also exhibit
no checkpoint defects (14). Therefore, CDC25B and
CDC25C are not essential for mouse development and
for DNA damage checkpoints.

CDC25 proteins are CDK activators and, as a result,
may comprise important cell eycle checkpoints (15-17).
When the cell eycle eheckpoint kinase CHK1 or CHK? is
activated by genotoxic stress, it phosphorvlates several
serine or threonine residues in CDC25A, which leads to
the ubiquitin-proteasome pathway-mediated degradation
of CDC25A that accompanies cell cycle arrest at the GI1,
G2, or intra-S phase (10, 17). CDC25B and CDC25C, as
well as CDC25A, are good substrates for CHK1 and CHK?2
in vitro (18-20). CDC25B overexpression overrides the G
checkpoint after ionizing radiation and other genotoxic
stresses, and overproduction of a nen-phosphorylated
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mutant form of CDC25C partially overrides the G2
checkpoint (21-24).

One of the phospho-site adapter proteins, 14-3-3,
appears to be centrally involved in the CDC25 function,
especially in terms of checkpoint funciion (15, 22-25).
CHK1 and CHK2 [and very recently mitogen-activated
protein kinase-activated protein (MAPKAP) kinase 2
{MK2)] have been shown to phosphorylate CDC25B and
CDC25C at phosphorylation sites containing the 14-3-3
consensus binding sequence (23, 24, 26). The binding of
14-3-3 to CDC25B or CDC25C may recruit these phospha-
tases to the eytoplasm from the nucleus and help to retain
them there, thus preventing CDK1 activation in the
nucleus (27-30). However, CDC25 phosphorylation by
CHK1 or CHK2 down-regulates its phosphatase activity,
in both 14-3-3 binding—dependent and -independent
manners (37-33). At this point, the precise role of
CDC25 binding to 14-3-3 in the normal cell cycle and its
checkpoints remains to be defined.

We previously reported that 14-3-3f and 14-3-3¢ can
bind to Ser309 phosphorylation site in CDC25B1, and
that the single phosphorylation at Ser309 is sufficient to
sustain the binding of the B and & 14-3-3 isoforms (30). In
the present study, we further examined the importance of
14-3-3 binding in the regulation of CDC25B. We studied
binding to CDC25B of other 14-3-3 isoforms, such as 14-3-
3y, n, 8, which is also called 1, and { and found that they
bind primarily to the Ser308 site. Furthermore, our results
reveal major roles not only for the amino acids in the
Ser309 consensus site but also for the amino acids sur-
rounding the consensus site in efficient 14-3-3 binding.

EXPERIMENTAL PROCEDURES

Cell Culture and Transformation—HEK293, Cos-7, and
Hela cells {American Type Culture Collection strains
CRL-1573, CRL-1651, and CCL-2, respectively) were
grown in Dulbecce’s Modified Eagle's Medium supplemen-
ted with 10% fetal bovine serum, 100 ug/ml penicillin,
100 Ufml streptomycin, and 50 pg/ml M-Plasmocin

8. Uchida et al.

under a humidified atmosphere of 5% CO,. Fetal bovine
serum, penicillin, and streptomycin were from Sigma
(St. Louis, MO, USA), and M-Plasmocin from Invivogen
(San Diego, CA, USA). For the transformation of
HEK-298 and Cos-7 cells, appropriate amounts of DNA
were transfected with FuGENES (Roche Diagnostics,
Indianapolis, IN, USA). Hel.a cells were transfected
with LipofectAMINEZ2000 (Invitrogen, Carlsbad, CA,
USA) aceording to the manufacturer’s recommendation.

Plasmid Construction—Plasmids encoding N-terminal
double FLAG-tagged CDC25B1, and N-terminal double
mye-tagged 14-3-38, ¢, and ¢ were constructed as deseribed
previously (30). For the isolation of the other 14-3-3 sub-
types, the coding regions were amplified by PCR using
specific primers for 14-3-3y, n, 0, and {. Each awmplified
fragment was subcloned into a modified pEF6-mycHisB
vector (Invitrogen) such that a double Mye-tag was
encoded at each N-terminus. The sequences of these pri-
mers are shown in Table 1. Human CHK1 and CHK2 were
provided by Steve Elledge of Harvard Medical School.
Human MK2 ¢DNA was purchased from Open Biogystems
(Huntsville, AL, USA). All were amplified with specific
primers (Table 1} and subcloned into wmodified pEFS-
mycHisB such that a double HA tag was encoded at the
N- or C-terminus and a 6xHis tag was encoded at the
J-terminus. The GST-CDC25B peptide expression plasmid
was constructed by PCR amplification of the CDC25B gene,
digestion of the PCR product with Ncol and Xhol, and
ligation into the pGEX-KG vector (34). The primers used
to amplify CDC25B are shown in Table 1.

Site-Directed Mutagenesis—PCR-based site-directed
mutagenesis with complementary oligonucleotide pairs
was used to insert alanine point mutations in CDC25B,
and to place a BamHI restriction site between Leu319
and Lys320 of CDC25B. The sequence of one strand of
each primer pair is shown in Table 2.

Antibodies—Antisera against a phospho-Ser309 peptide
{23) and the FLAG tag (35) were raised as described and
affinity purified. Anti-myc and anti-HA antibodies were
from Cell Signaling (Beverly, MA, USA), anti-GST

Table 1. PCR primers used for amplification and construction of tagged proteins.

Gene Primer DNA sequence (5'--3)
14-3-3y Forward AGCCCCGGATCCATGGTGGACCGCGAGCAACTGGTG
Reverse TCCCCTGAATTCTTAATTGTTGCCTTCGCCGCCATC
14-3-3n Forward CCGAGCCGGATCCCATATGGGGGACCGGGAGCAGCTGCTG
Reverse CCTGAAGAATTCTCAGTTGCCTTCTCCTGCTTCTTC
14-3-30 Forward CCCGCGGGATCCATGGAGAAGACTGAGCTGATCCAG
Reverse ACACCCGAATTCGATTTAGTTTTCAGCCCCTTCTGC
14-3-3( Forward GAACATGGATCCATGGATAAAAAATGAGCTGGTTCAG
Reverse AAGTTGGAATTCCGGTTAATTTTCCCCTCCTTICTTIC
CHK1 Forward CTCGGTCTAGACATGGCAGTGCCCTTTGTG
Reverse GCCGATGGTGATATCATGTGGCAGGAAGCC
CHK2 Forward GCTCACGGTACCGCCATGTCTCGGGAGTCG
Reverse TTCAAACCACGGGATATCCAACACAGCAGC
MEK?2 Forward TCCCCGGGTACCATGCTGTCCAACTCCCAGGGCCAG
Reverse CGCGGTGATATCGTGGGCCAGAGCCGCAGCCTCCAGGG
MKK6 Forward AAGGGGCATATGTCTCAGTCGAAAGGCAAGAAGCGAAACCCTGGC
Reverse GTCCACGATATCTTAGTCTCCAAGAATCAGTTTTACAAAAGATGC
GST-CDC25B8 Forward GTTCCCCCAGCCATGGAGAGTCTCATTAGT
Reverse TGATTTTGACTCGAGCTAGCGGGCTTTAGG

J. Biochem.
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Teble 2. Beauences of primer pairs used for PCR-based
site~directed muiagenesis of CDCE5B.

Mutation Forward primer sequence (5§ —3)
Teu304Ala AAGTGUCAGCGGGCUTTCCRCTOTCCG
Arg3064Ala CAGCGGCTCTTCGCCTOTCCOTUCATG
Ser309Ala CTCTTCCGCTCTCCGGOCATGUCCTCCAGS
Met310Ala CGOTCTCCATCCGCCCCOTGCAGCATG
Pro31lala TCTCCGTCCATGGUCTGCAGCATCATC
Cys3124Ala CCOTCCATGCCCGCCAGCGTGATCCOGH
Ser313Ala TCCATGCCCTGOGCCETEATCCGGLCC
Val3i4Ala ATGCCCTGCAGCCGCCATCCGGCCCATS
Nle31BAla SCCTGCAGCETIGOCCCGGCCCATCOTC
Arg3164la TGCAGCGTGATCGCTCCCATCCTCAAG
Pro317Als AGCGTGATCCGGGCCATCCTCAAGAGG
le318Ala GTGATCCGGCCCOCCCTCAAGAGGOTG
Leud194la ATCCGGCCCATCOGCCAAGAGGOTGRAG

319/BamHl/320  CGGCCCATCCTCGUGATCCAAGAGGOTORAC

serumn from Amersham Biosciences (Piscataway, N,
USA), and anti-FLAG M2-beads from Sigma.

Preparation of Cell Exiracts, Immunoprecipitation, end
Immunoblotting—Crude cell extracts were prepared as
deseribed previcusly (30). Cells were collected by seraping,
washed in ice-cold phosphate-buffered saline (PBS), and
lysed with immumoprecipitation (IP) buffer (50 mM
Trie-HClL, pH 75, 1580 mM NaCl, 0.5% NP-40, 5 mM
EGTA, and 1 mM EDTA) supplemented with protease
and phosphatase inhibitor mixes as described previcusly
{30}. Cell extracts were centrifuged at 15,000 xg for 10 min
at 4°C, the supernatani fractions were collected, and the
protein concentrations were determined by the Bradford
methed (Bic-Rad, Richmond, CA, USA) (36). For immuno-
precipitation, typically 500 pg of protein was mixed with
anti-FLAG M2-agarose beads or 2 pg of anti-mve mono-
clonal antibodies followed by protein (-Sepharose beads
{Amersham Bicsciences). Crude cell extracts or immuno-
precipitates were subjected to immunoblotting using rabbit
polyelonal anti-FLAG antibodies (for CDC25B) mouse
monoelonal anti-mye antibodies (for 14-3-8), or mouse
monoelonal anti-HA antibodies (for kinases).

FProtein Purification—Frotein kinases were prepared
from c¢DNA-transfected Cos-7 cells. Typically, 8 x 10°
Cos-7 cells in a G-om dish received 4 ug of plasmid DNA
with FuGENEG. After 24 h, the cells were collected,
washed with PBS, and lysed with EDTA-free [P buffer
supplemented with a 1:100 dilution of FOCUS Protease
Arvest (EMD Biosciences, San Diego, CA, UBA), 20 mM
p-nitrophenyl phosphate, 20 mM Na¥, and 20 mM §-
glveerophosphate. To pwify the kinases, Ni**-charged
immobilized metal-chelating Sepharose beads (Amersham
Biosciences) were added to the cell exiraets containing
1.5 mg protein, and the protein-bound beads were used
directly in kinase assays. GST-tagged proteins were
expressed in Kscherichia coli BL21 (DE3) cells transformed
with the appropriate cDNA  plasmid  constructs.
Expression was induced with 0.4 mM isopropyl-B-p-
thiogalactopyrancside, and proteins were purified with
ghlatathione-Sepharose beads (Amersham Biosciences),

Indirect  Immuncfluorescence  Microscopy-—indirect
immunoffusrescence analysis was performed as described
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Fig. 1. Binding of 14-8-3 subtypes to CDC25B. HEK293 cells
(1.4 x 10°% cells per 35-mm plate) were transfected with 3 ug of
FLAG-tagged CDC25B DNA and 0.8 pg of myc-tagged 14-3-8
DNA. The cells were collected 24 b after trausfection, and cell
exiracts were prepared. The cell extracts were cither subjected
to Western hlotting to visualize protein expression or further pro-
cessed for immunoprecipitation with anti-FLAG or anti-myc anti-
bodies to analyze binding. Upper panel: 1P with anti-mye (14-3-3),
followed by 1B with anti-FLAG (CDC25B); second panel: IP with
anti-FLAG (CDC258), followed by 1B with anti-mye (14-3-3),

previously (30, 37). Transfected HEK293 cells were fixed
with 3.7% formaldehyde and then permeabilized with 0.5%
Triton X-100. Expressed CDUC25B proteins were detected
with rabbit palyelonal anti-FLAG antibodies, followed by
AlexaFluor 584~ or 488%-conjugated goat anti-rabbit IsG
{Molecular Probes, Bugene, OR, USA), and expressed 14-
3-3 was detected with mouse moneclonal anti-Mye antibo-
dies and AlexaFluor 488-conjugated goat anti-mouse IpGc
Nuclel were stained with 4 6-diamine-2-phenylindole
{Sigma).

RESULTS

All SBeven Isoforms of 14-3-8 Bind to CDC25B—We
previously showed that 14-3-8 isoforms §, &, and o bind
efficiently to CDC2EB, with the § and ¢ isoforms binding
preferentially to the 14-3-8 binding motif at Ser30S
(308 site), and the ¢ isoform binding preferentially to
the motif at Ser218 (216 site) (30). In the present study,
we analyzed the binding properties of fowr additionsal
isoforms of 14-3-3. The genes for the v, 1, 8, and { isoforms
were amplified by PCR and expressed in HEK293 celle.
Each 14-3-83 isoform was co-expressed with CDC258,
isolated, and anealyzed as to its intermetion with
CDC25B. As shown in Fig. 1, all thel4-8-8 isoforms were
able to interact with CDC2EB. CDC25B was detected in
immunoprecipitates of all the 14-3-3 isoforms (Fig. 1, upper
panel), and all the 14-3-3 iscforms were recovered in the
CDC25E co-immunoprecipitates (Fig. 1, second panel).
Taking the proteln expression levels into account, the
14-3-8¢, o, and { isoforms appeared to bind more weakly
to CDC25B than did the other 14-3-8 isoforms (Fig. 1,
second and fourth panels).

As we veported previously (30), CDC25E has five
14-3-3 consensus binding motifs (Fig. 2A). Here, we exam-
ined the CDC25B binding site preference of each 14-3-8
isoform using co-transfection with plasmids encoding
various CDO25B mutants. Five of these mutants contained
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Fig. 2. CDC2EB binding site preferences of 14-3-3 subtypes.
FLAG-tagged CDC25B mutants with Ser--Ala substilutions af
possible 14-3-3 binding sites (30) weare co-transfected with each
14-8-3 subtype, as described in Fig. 1. Cell extracts were prepared
24 b after fransfection and then immunoprecipitated with anti-
FLAG-agarose beads to recover the CDC25B mutant proteins.
Recovered CDO25B and co-immunoprecipitated 14-3-3 were
detected by Western blotting. A: Possible 14-3-3 consensus binding
sites and their amino acid sequences. B: Isoforms of 14-3-3 recovered
with anti-FLAG-agarese beads. The bottom panpel indicates a
typical result of expression of co-transfected CDCZEB mutants.

single-site Ser—Ala substitutions in one 14-3-3 binding
motif (e.g., muiant Ber30%Ala). In addition, the 309Ser
mutant contained Ser—Ala substitutions at all possible
binding sites except site 308, and the BSerAla mutant
contained Ser—Ala substitutions at all five putative bind-
ing sites.

CDC25B immunoprecipitates were recovered from cells
co-transfected with the 74-3-3 and mutant CDC25 genes,
and 14-8-8 was detected on Western blets. All 14-3-3 izse-
forms exeept 14-3-8a were found to bind preferentially to
site 309 (Fig. 2B), as shown previously (30). Although sub-
stantial binding of 14-3-38 to the Ser308Ala mutant did
oceur, comparison with the other single-site mudations
revealed that 14-3-38 bound preferentially to site 309,
These vesults are summarized in Fig. 2C.

We examined the effect of co-transfection with 14-3-8
isoforms on the subeellnlar loeslization of CDC25B.
Proviously, we found that the binding of 14-3-83 at site
309 caused CDC25B o move from the nucleus to the
eytoplasm (30). In the present study, we found that
14-8-3 isoforms that preferentially bound at site 309
caused CDC2EB o be exported from the nuclsus to the
cytoplasm, and that isoforms that bound weakly or non-
preferentially to site 308 did net have such an effect

non

14~3-33  14-3-57 14-3-3¢  14-3-3n 14-3-30 14-3-38 14-3-3¢

(. Summary of the results shown in 8. ++, strong signal; +, moderate
signal; &, discernible after long exposare; —, no signal. D. Subeellular
localization of wild-type CDC25B upon co-expression with
14-8-83 subtypes. Cover slips in 35-mum plates were seeded with
2 » 10° HEK293 cells. Afier 2 days, the cells were transfected
with mye-tagged 14-3-3 subtypes in combination with FLAG-tagged
wild-type CDC25B. The cells were fized 24 b after transiection, and
the subcellular localization of CDC25R was determined by staining
with anti-FLAG antibodies. More than 200 cells were examined.
The data shown are the averages of three independent experiments.
Bars = standard deviation.

(Fig. 2D). The 14-3-38 isoform, which binds preferentially
to site 309, exhibited a mobilizing effect on the 309Ser
mutant (data not shown), consistent with the results of
the binding analysis above.

Mutations Near Ser809 of CDC25R Interfere with 14-2-3
binding—The effocts of eo-transfection with 14-3-3 on the
cytoplasmic distribution of CDC25R indicated that 14-3-3
binding at site 809 may have masked the nuclear localiza-
tion signal (NLS) sequence of CDC25B, which begins about
ten residues downstream of the binding site (Fig. 34).
We therefore conducted experiments to determins the
effect of an increased distance between Ser809 and ths
NLEB sequence. Liys320 is the first residue of the bipartite
MLS sequence in CDC2BB. To enable the in-frame
insertion of additional amino acids, we initially used muta-
genesis to introduce a BomHI site between residues
319 and 320. The BamHI recognition sequence resulted
in the insertion of Gly-Ser (GS) dipeptide immediately
before Lys320 (Fig. 34). We found, however, that this
GS insertion abolished 14-3-8 binding to CDC25B, despile
the faet that phosphorylation at site 309 was detected with
phospho-8er309 antibodies (Fig. 3B).

These results were intriguing because there have been
no previous reports that amine acid sequences C-terminal
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Fig. 3. Binding of 14.3-33 to
CBC258  mutants with  sub.
stitutions near Serl08. CDC25R

mutants containing point
substifutions near Ser309 were
co-transfected with 14-3-38, and

CDC258 mutant proteins were iso-
lated with anti-FLAG-agarose beade
as  described i Pz 2
CDCIsB-bound 14-3-3f was menmw
fled with an anti-mye antibodv. A.
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which jg indicated by an arrow. Bold
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binding, the results of which are
depicted i (O} and (D). Asterisks
indicate the bydrophebic amino acid
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to the 14-3-3 binding site affect the interaction between
14-3-3 and its target p"otemw We further examined this
phenomenon by miroduvmg single alanine point mutations
at residues 304 to 319 of CDC25B, and then co-transfecting
the resulting mutants and 14-3-38 (indicated by bold italic
letters in Fig. 3A), Surprisingly, all of the tested point
mutations except Cys312Ala and Leu31%Ala caused 2
diminished interaction with 14-3-3 (Fig. 30). The results
clearly demonsirate that the hydrophobic amino acid
region from Val315 o I1le818 seems to be important for
14-3-3 binding (Fig. 3D and depicted by asterisks in
Fig. 3A). Pro811 of CDCZEE, which is part of the 14-3-3
hinding consensus sequence, also appeared o be important
for 14-8-3 binding. Thus, alierations in the amino acids
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in (D). The data shown are the
averages of three independent
experiments. Bars = standard
deviation.

1318A
L318A

near the core consensus sequence of site 309 of CDCYER
negatively affected its ability to bind to 14-3-3.

Serd309  Phosphoryvlotion by Several Candidute
Kinases—To study the in vive phospherviation of 8e2308
in these mutants, we transfected some of the mutant
CDC25B genes, and the mutant proteins were recoversd
and assayed for phospharylation at Ser309. As shown in
Fig. 4A, phosphorylation of Ser308 cccurred in all of the
mutants expressed in HEK29Z cells, except for the
Pro317Ala mutant expressed in Cos-7 cells.

Several kinases that phosphorylate Ser309 of CDO25B1
(or Ber328 of CDC25B3) have been reported. We atiempted
to determine which kinases could phosphorylate the
CDU258 mutants. We oxpressed candidaie kinases
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