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Table 1 Modified Truelove Witts severity index (MTWSI)'"®

Inflixmab for ulcerative colitis

Score 0 1 2 3 4 5
Bowel movement 0-2 3-4 5-6 7-9 =10

Nocturnal diarrhea No Yes

Visible blood in stool 0% <50% = 50% 100%

Abdominal tenderness None Mild Moderate Severe

Abdominal pain/cramping None Mild Moderate Severe

Need for antidiarrheals No Yes

General status Perfect Very good Good Average Poor Terrible
Fecal incontinence No Yes

Severe category: 10 or higher; remission category: 4 or less.

To our knowledge, however, there are no reports on the effect of
IFX as rescue therapy for patients with UC refractory to tacroli-
mus. We herein report the efficacy and safety of IFX therapy in
patients with steroid-refractory UC who failed tacrolimus therapy.

Methods

Patients

Between November 2005 and October 2009, 12 patients with
steroid-refractory UC who were also refractory to tacrolimus were
consecutively enrolled in this retrospective, observational, single-
center study, and all patients received IFX (Remicade: Centocor,
Malvern, PA, USA) therapy for the induction of remission. This
study was approved by the Institutional Review Board of Kyoto
University. Patients were informed about the potential risks and
benefits of IFX therapy and all provided informed written consent
to its use. In all cases, the diagnosis was established according to
standardized criteria by prior clinical assessment, radiology, endo-
scopy, and histology. Patients either did not respond or could not
tolerate tacrolimus therapy. Rescue therapy was defined as having
received IFX concomitant with tacrolimus or within 4 weeks of
discontinuing tacrolimus.

Definition of response

Disease activity was evaluated using a modified Truelove-Witts
severity index (MTWSI),'® details are shown in Table I. The
potential maximum (worst) score was 21 and the potential
minimum (best) score was 0. Clinical remission was retrospec-
tively defined as an estimated MTWSI score of 4 or less. Relapse
was defined as an increase in the MTWSI score to 5 or higher with
additional therapies required, including corticosteroids, thioprines,
cytapheresis, and surgery in patients who had initially achieved
clinical remission by IFX therapy.

Treatment

In all patients, IFX was given at a dose of 5 mg/kg body weight as
a 2-h intravenous infusion. Eight patients were hospitalized during
IFX infusion, and four received IFX as outpatients. Tacrolimus and
other drugs including thioprines were continued unless side-
effects such as impaired renal function or infectious disease were
observed. Tacrolimus whole-blood trough concentrations were
monitored and aimed to be maintained between 5 and 10 ng/mL.
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The disease course was evaluated clinically with routine labora-
tory tests, and patients were regularly interviewed about adverse
events on each visit.

Assessment and statistics

The primary endpoints of this study were the induction of remis-
sion and colectomy-free survival. The secondary endpoint was
treatment safety.

Proportions between two groups were compared by Fisher’s
exact test and continuous variables were compared by Mann—
Whitney U-test. Clinical scores in clinical courses were compared
by Wilcoxon signed-rank test. Colectomy-free survival was
assessed using the Kaplan-Meier method. A P-value of less than
0.05 was considered to be statistically significant.

Results

Patient characteristics

Patient characteristics at baseline are shown in Table 2. Of the 12
patients treated with IFX, four were male (33.3%) and eight were
female (66.7%), with a median age at IFX infusion of 57 years
(range, 18-69 years). The median disease duration prior to IFX
treatment was 56 months (range, 7-351 months). Six patients
(50.0%) had severe disease with the MTWSI score of 10 or more
at the start of treatment and the remaining six (50.0%) had mod-
erate disease with the MTWSI score of 7-9. Nine of the patients
(75.0%) had pancolitis and three (25.0%) had left-sided colitis.
None of the patients had proctitis. Of 12 patients, 10 patients
(83.4%) had steroid dependency, which was defined as either
chronic active UC for more than 6 months or more than once a
year, or at least three times every 2 years regardless of intensive
medical therapy, including corticosteroids.” One patient (8.3%)
was steroid-resistant, which was defined as having a lack of
response to a systemic daily dose of 30 mg or more of prednisone
per body over at least 2 weeks.® One patient (8.3%) was steroid-
naive. The total amount of administered corticosteroids prior to
IFX therapy in each patient was not available because most of the
enrolled patients were referred to our hospital from other hospitals
without data on this issue. Although 11 of 12 patients had a history
of steroid therapy, only one patient (8.3%) received corticosteroids
at the time of IFX infusion because corticosteroids could be with-
drawn with tacrolimus in the other 10 patients. Thioprines were
given concomitant with tacrolimus in three patients (25.0%). Two
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Table 2 Patient baseline characteristics
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Patient Age and Disease Disease duration at MTWSI at Response to Dose of predonisolone
sex site IFX infusion IFX infusion corticosteroids at IFX infusion
1 47 F Pancolitis 54 months 7 Dependent N.A.
2 64 M Pancolitis 105 months 14 Dependent N.A.
3 64 M Pancolitis 45 months 7 Dependent N.A.
4 34 F Pancolitis 7 months 11 Dependent N.A.
5 69 F Pancolitis 19 months 9 Dependent N.A.
6 20 F Pancolitis 73 months 8 Dependent 5 mg/day
7 18 F Pancolitis 32 months 10 Dependent N.A.
8 60 F Pancolitis 56 months 12 Dependent N.A.
9 67 F Left-sided 274 months 8 Dependent N.A.
10 54 M Left-sided 351 months 7 Dependent N.A.
11 36 M Left-sided 56 months 10 Resistant N.A.
12 61 F Pancolitis 349 months 12 Naive N.A.

F female: IFX, infliximab; M, male; MTWSI, modified Truelove-Witts severity index; N.A., not administered.

Table 3 Infusion of infliximab (IFX) therapy, cytomegalovirus reactivation during infliximab treatment, and outcome of treatment

Patient No. IFX infusions for CMV reactivation during Response Final outcome (end of Duration of
induction of remission IFX treatment to IFX follow up) follow up
1 1 No Remission Chronic active; FK, 6MP 41.4 months
2 2 Yes Not respond Colectomy 1.6 months
3 1 No Not respond Remission; 5ASA 37.8 months
4 1 Yes Remission Colectomy 5.0 months
5 1 No Not respond Colectomy 4.4 months
6 1 No Not respond Chronic active; FK, PSL 34.5 months
7 1 No Remission Remission; 6MP 34.3 months
8 1 Yes Not respond Colectomy 5.7 months
9 1 Yes Remission Remission; IFX 23.0 months
10 3 No Remission Remission; IFX, FK, AZA 17.0 months
1 3 No Remission Remission; IFX, 6MP 14.9 months
12 8 Yes Not respond Colectomy 3.1 months

5ASA, 5-aminosalitirate; BMP, 6-mercaptopurine; AZA, azathioprine; CMV, cytomegalovirus; FK, tacrolimus; PSL, predonisolone.

(16.7%) of 12 patients had been treated with cytapheresis. All
patients had been treated with either 5-aminosalicylic acid or sala-
zosulfapyridine. Six patients (50.0%) had no clinical response to
tacrolimus and four (33.3%) relapsed during tacrolimus therapy
for maintaining remission. Two patients (16.7%) terminated tac-
rolimus therapy before IFX administration. One patient discontin-
ued tacrolimus due to gingival infection and relapsed 2 weeks after
tacrolimus discontinuation, while the other patient stopped tacroli-
mus because of reactivation of cytomegalovirus during flare up of
ucC.

Induction of remission

Of the 12 patients, eight (66.7%) received a single infusion of IFX
and four (33.3%) received two or three infusions (Table 3). Imme-
diate outcome was assessed 15 days and 30 days after the first
infusion of IFX, based on the MTWSI score. Six (50.0%) of 12
patients achieved clinical remission within 30 days after IFX infu-
sion (Table 3). None of the patients underwent colectomy in the
30 days after the first infusion of IFX. Median MTWSI score
decreased from 9.5 at the time of the first [FX infusion to 5.5 at
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15 days and 5 at 30 days after the start of the treatment (Fig. 1).
MTWSI score at both 15 and 30 days was significantly lower than
that before IFX infusion (Wilcoxon signed rank test; P < 0.01).
Patient characteristics did not differ significantly between those
who responded to IFX therapy and those who did not (Table 4).

Colectomy-free survival

Patients were followed for a median of 16.0 months (range, 1.6—
41.4 months) after the initiation of IFX therapy. Within a median
follow-up of 16.0 months, five patients (41.7%) underwent colec-
tomy between 1.6 and 5.7 months following the first infusion of
IFX (Table 3). Eleven patients were free from corticosteroids.
Based on Kaplan—Meier survival analysis, the overall cumulative
colectomy-free survival was estimated to be 58.3% at 41.4 months
(Fig. 2). Clinical characteristics of patients who underwent colec-
tomy and of those who avoided colectomy are summarized in
Table 5. In patients who avoided colectomy, the MTWSI score at
the time of the first infusion of IFX was significantly lower than
that in the five patients who underwent colectomy. With the excep-
tion of the MTWST score, no other patient characteristics were
significantly associated with colectomy.
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Adverse effects

None of the patients reported severe adverse events and all adverse
events were controlled by conservative therapy. Only one patient
(8.3%) experienced a mild infusion reaction, and there were no
severe infusion reactions that required discontinuation of treat-
ment. One patient (8.3%) experienced a mild elevation of liver
enzymes. No mortality occurred during this treatment.
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Figure 1 Changes in Modified Truelove Witts severity index (MTWSI)
scores during infliximab (IFX) treatment (n= 12). The MTWSI decreased
significantly at 15 days and 30 days after the initiation of IFX treatment
(Wilcoxon signed rank test). The interquartile range (IQR) is represented
by the box, with the median MTWSI value indicated by the line within
the box. *P-value < 0.01.
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Discussion

The management of patients with steroid-refractory UC who fail
second-line therapies, including cyclosporine, tacrolimus, and
IFX, remains challenging. Most of these patients eventually
undergo colectomy, but the quality of life is not always satisfactory
for these patients compared with those who respond to medical
therapy.'” Therefore, establishing rescue therapies for patients with
steroid-refractory UC who do not respond to IFX or calcineurin
inhibitors, including cyclosporine and tacrolimus, is very impor-
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Figure 2 Proportion of patients that avoided colectomy (n=12). The
overall cumulative colectomy-free survival was estimated to be 58.3%
at 41.4 months, based on Kaplan-Meier survival analysis.

Table 4 Clinical characteristics of patients who responded to infliximab (IFX) and those who did not

Variable Responders Non-responders P-value
(n=6) (n=6)
Age at onset of the disease (years, median) 325 52 0.1720
Age at first IFX infusion (years, median) 415 62.5 0.1488
Sex (male/female) 2/4 2/4 1.0000
Disease type (pancolitis/left-sided colitis) 3/3 6/0 0.1818
Disease duration at first IFX infusion (months, median) 55 89 0.4704
MTWSI score at first IFX infusion (median) 9 10.5 0.2920
IFX infusion (single infusion/two or more infusions) 4/2 4/2 1.0000
MTWSI, modified Truelove-Witts severity index.
Table 5 Clinical characteristics of patients who underwent colectomy and those who avoided colectomy
Variable Not-colectomized Colectomy P-value
patients (n=7) patients (n = 5)
Age at onset of the disease (years, median) 31 49 0.1923
Age at first IFX infusion (years, median) 47 61 0.2548
Sex (male/female) 3/4 1/4 0.5758
Disease type (pancolitis/left-sided colitis) 4/3 5/0 0.2045
Disease duration at first IFX infusion (months, median) 56 105 0.7449
MTWSI score at first IFX infusion (median) 8 12 0.0108
IFX infusion (single infusion/two or more infusions) 5/2 3/2 1.0000
IFX, infliximab; MTWSI, modified Truelove-Witts severity index.
Journal of Gastroenterology and Hepatology 25 (2010) 886-891 889
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tant. To our knowledge, the present case series is the first to
demonstrate the effects and safety of IFX in patients with UC
refractory to tacrolimus.

First, we evaluated the effects of IFX therapy in the induction of
remission. Of 12 patients who did not achieve remission with
tacrolimus or relapsed despite tacrolimus therapy, six (50.0%)
achieved clinical remission within 30 days after the first IFX infu-
sion. IFX therapy is reported to be effective for patients with
steroid-refractory UC who did not respond to cyclosporine as a
second-line of medical therapy.'* In that study, four (40%) of 10
patients achieved remission and two (20%) responded to IFX
therapy. These findings suggested that IFX, which has been
already used as a second-line medical therapy for patients with
steroid-refractory UC, could be useful as a third-line medical
therapy for patients with steroid-refractory UC who did not
respond to calcineurin inhibitors.

One of the most important clinical outcomes in refractory UC is
colectomy-free survival rate over the medium- to long-term after
IFX induction therapy. There are several reports on the long-term
efficacy of IFX therapy for patients with UC refractory to corti-
costeroids, demonstrating a survival rate free from colectomy of
53% to 89% during a median follow-up period of approximately
1-3 years.'®° One study' reported that of 10 patients with UC
refractory to cyclosporine that received IFX, six (60%) avoided
colectomy or death during an average follow-up period of
7.8 months. The other study'® demonstrated that 10 (62.5%) of 16
patients avoided colectomy during median follow up from the first
IEX infusion of 195 days.

Similarly, in our series, seven (58.3%) of 12 patients avoided
colectomy during a median follow-up period of 16.0 months.
These findings suggested that most of the patients who responded
to third-line medical therapy using IFX for steroid-refractory UC
might avoid surgery over the medium-term, or for approximately
1 year.

Univariate analysis in our study showed that a higher MTWSI
score at the time of the initiation of IFX therapy was significantly
associated with eventual colectomy (Table 4). Some studies inves-
tigated predictive factors for colectomy in IFX therapy as second-
line medical therapy in steroid-refractory UC. Kohn et al.'®
reported that early colectomy rates were higher in patients receiv-
ing one infusion compared with those receiving two or more
infusions. Jakobovits et al.?® demonstrated that patients diagnosed
with UC at a younger age were at higher risk for colectomy. In
these studies, however, there was no significant association
between disease activity at the time of the first infusion and colec-
tomy. Jarnerot ef al.?' reported a significant reduction in the 30-day
colectomy rate in a cohort with moderate to severe UC (charac-
terized by the Seo index), but no significant difference in the
cohort with more severe UC (characterized by the Sweden Index),
similar to our series. In this regard, further evaluation is required to
elucidate predictive factors for the outcome of IFX therapy.

An important question in the treatment of patients with
corticosteroid-refractory UC is whether IFX should be given ini-
tially or after failing to respond to therapies using calcineurin
inhibitors, including cyclosporine and tacrolimus. Our case series
did not include UC patients who received tacrolimus after failure
of IFX treatment. Maser ez al."* demonstrated a similar remission
induction rate and colectomy-free survival in IFX therapy for
cyclosporine-refractory UC and cyclosporine therapy for
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IFX-refractory UC. It may be reasonable that calcineurin inhibi-
tors should be given initially as Maser et al. stated,' because an
elimination half-life of these agents (tacrolimus: 12 h,” cyclospo-
rine: 6 h®) is much shorter than that of IFX (18.5 days*). To
elucidate this clinical issue, however, a clinical randomized con-
trolled trial on the outcome of IFX administration after failure of
calcineurin inhibitors, and vice versa, is necessary.

Because the immunosuppressive mechanism of tacrolimus
differs from that of IFX, concomitant use of these drugs might
increase the risk of opportunistic infections. In the case series on
third-line medical therapy for steroid refractory UC, one patient
died of Gram-negative sepsis at 2 weeks after the initiation of
third-line therapy using IFX in the report by Maser et al.,' and one
severe infectious complication was noticed in that by Mafiosa
et al.” Of note, infectious disease was not observed in our series,
although the number of enrolled patients was small. The immuno-
suppressive effect of tacrolimus is 30-100 times greater in vitro
and 10-20 times greater in vivo than that of cyclosporine,” and
remission rate by tacrolimus therapy in UC in our hospital was
77.8%," which is comparable to that by cyclosporine reported
previously.??” Recent studies demonstrated that the use of corti-
costeroids is associated with serious infections in patients with
inflammatory bowel disease,”®* and in our series, only one patient
received concomitant corticosteroid administration. Considering
these facts, the reason why adverse effects in our patients were
smaller compared with those in patients who received IFX after
cyclosporine''> may be that fewer numbers of patients have used
corticosteroids during IFX therapy. Therefore, tapering corticos-
teroids might be necessary to avoid serious infectious disease
during third-line medical therapy for refractory UC.

There are some limitations to our study, including a small
sample size and therapeutic protocol. Although our sample size
was small, the efficacy of [FX therapy as a third-line therapy was
promising. Clinical trials with a large number of patients with
refractory UC are required to confirm these preliminary results. In
the present study, a single infusion of IFX was performed as an
induction therapy in most enrolled patients. In the ACT 1 and 2
trials,'? three infusions of IFX at 0, 2, and 8 weeks were performed
for an induction regimen.’'*? The favorable effect of a single
infusion of IFX on patients with refractory UC, however, has been
reported.?'*** In addition, to date there have been no controlled
studies comparing the therapeutic effect of a single infusion of IFX
with that of three infusions in UC patients. Further evaluation is
required to optimize the induction regimen for IFX therapy.

In conclusion, the administration of IFX in patients with
corticosteroid-refractory UC who did not respond to tacrolimus is
effective and well-tolerated. Further studies are required to eluci-
date whether calcineurin inhibitors or [FX should be given first in
patients with corticosteroid-refractory UC.
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Nishihara K, Masuda S, Nakagawa S, Yonezawa A, Ichimura
T, Bonventre JV, Inui K. Impact of Cyclin B2 and Cell division
cycle 2 on tubular hyperplasia in progressive chronic renal failure rats.
Am J Physiol Renal Physiol 298: F923-F934, 2010. First published
January 13, 2010; doi:10.1152/ajprenal.00567.2009.—To clarify the
specific molecular events of progressive tubular damage in chronic
renal failure (CRF), we conducted microarray analyses using isolated
proximal tubules from subtotally nephrectomized (Nx) rats as a model
of CRF. Our results clearly demonstrated time-dependent changes in
gene expression profiles localized to proximal tubules. The expression
of mitosis-specific genes Cyclin B2 and Cell division cycle 2 (Cdc2)
was significantly and selectively increased in the proximal tubules
during the compensated period but decreased to basal level in the
end-stage period. Administration of everolimus, a potent inhibitor of
mammalian target of rapamycin, markedly reduced compensatory
hypertrophy and hyperplasia of epithelial cells, which was accompa-
nied by complete abolishment of the expression of Cyclin B2 and
Cdc2 enhancement; renal function was then severely decreased. Treat-
ment with the Cdc2 inhibitor 2-cyanoethyl alsterpaullone clearly
decreased epithelial cell hyperplasia, based on staining of phosphor-
ylated histone H3 and Ki-67, while hypertrophy was not inhibited. In
conclusion, we have demonstrated roles of Cyclin B2 and Cdc?2 in the
epithelial hyperplasia in response to Nx. These results advance the
knowledge of the contribution of cell cycle regulators, especially M
phase, in pathophysiology of tubular restoration and/or degeneration,
and these two molecules are suggested to be a marker for the
proliferation of proximal tubular cells in CRF.

proximal tubule; microarray; cell cycle; G»-M; hypertrophy

IN ADDITION to glomerular filtration, renal tubular cells are
important for the reabsorption and secretion of various com-
pounds to maintain the homeostasis of body fluid. In chronic
renal failure (CRF), loss of nephron mass results in compen-
sating responses with respect to the function and structure of
the kidney for minimizing the reduction in the total glomerular
filtration rate (GFR); the hyperreactivity of the residual
nephron results in irreversible glomerular sclerosis, tubular
atrophy, and subsequent tubulointerstitial fibrosis (11, 13, 35).
Previous studies have demonstrated that the decline in GFR is
not associated with a decline in tubular function (13) and that
the renal epithelium is intrinsically susceptible to injury be-
cause it concentrates many toxins (1). These findings suggest
the importance of understanding the pathogenesis of dysfunc-
tion of tubular cells in CRF.

The subtotally nephrectomized (Nx) rat is a well-established
model for understanding the pathological changes in CRF (15).
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With the use of this model, the effects on proximal tubular
functions were examined. Several studies, including ours,
have previously demonstrated the expressional and functional
changes of membrane transporters in the compensated remnant
kidneys and the effect of transporter levels on renal handling of
ionic drugs in progressive CRF (14, 17, 20, 29, 30, 38). However,
these changes were studied from a phenomenological perspec-
tive, and therefore there is only limited information on the
basic molecular mechanisms and/or networks involved in the
progression of tubular damage in CRF. Some candidate genes
responsible for progressive renal injury were identified by
microarray analysis using whole kidney samples; however,
reproducibility of this strategy has been poor (40, 44).

To overcome these problems and find the responsible genes
affecting tubular pathological changes in compensative CRF,
we conducted a microarray analysis with isolated proximal
tubules at several time points after Nx and found the expression
of the mitosis-specific genes Cyclin B2 and Cell division cycle
2 (Cdc2), which are M-phase regulators, to be transiently
upregulated in the proximal tubules of the compensatory kid-
ney. Although cell cycle regulation has been demonstrated to
play important roles in renal pathophysiology, these reports
mainly focused on the molecules that played roles in G;-S
phase among the four stages of the cell cycle, Gy, S, G2, and M
(23, 31, 33, 42). Therefore, it remains unclear which molecules
and/or regulators are critical in the progress and restoration of
tubular damage in CRF. On the basis of these findings, we
focused on the M-phase regulators and then examined in vivo
effects of a specific inhibitor for Cdc2 on their expression and
renal function. The time-dependent expression profile of Cyclin
B2-Cdc2 has been suggested to explain, in part, the balance of
epithelial hypertrophy and hyperplasia in the remnant proximal
tubules in progressive CRF.

MATERIALS AND METHODS

Animals. Male Wistar/ST rats (180—200 g) were subtotally nephrec-
tomzed as described previously (17, 38). In brief, the right kidney was
removed, and the posterior and anterior apical segmental branches of the
left renal artery were individually ligated. Sham-operated rats at 2 wk
after surgery were used as controls. Everolimus (LC Laboratories,
Wobumn, MA; 2 mg/kg body weight, E+), 2-cyanoethyl alsterpaullone
[CE-ALP; Calbiochem, Darmstadt, Germany; 0.5 mg/kg body wt, dis-
solved in Cremophor-EtOH-DMSO-saline (12.5:12.5:5:70 vol/vol/vol/
vol), A+], or vehicle (E— or A—) was subcutaneously administered to
Nx rats every day for 2 wk after surgery. The animals were allowed free
access to water and standard chow. To examine renal function, the levels
of blood urea nitrogen (BUN) and plasma creatinine (PCr) and urine
creatinine were determined. For measurements, we used an assay kit from
‘Wako Pure Chemical Industries (Osaka, Japan). The urinary concentra-
tion of albumin was measured with an enzyme-linked immunosorbent
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assay (ELISA) kit (Nephrat II, Exocell, Philadelphia, PA). For histolog-
ical examinations, the kidney was stained with periodic acid Schiff (PAS)
reagent by Sapporo General Pathology Laboratory (Hokkaido, Japan).
The glomerular diameter and the height of epithelial cells were deter-
mined as mean values from 30 glomeruli and 20 proximal tubules in 3
rats, respectively. All protocols had been approved previously by the
Animal Research Committee, Graduate School of Medicine, Kyoto
University.

Isolation of proximal tubules by microdissection. To obtain renal
proximal tubules, the rat nephron was microdissected as described
previously (26). In brief, the left kidney was perfused and re-
moved, and slices of the kidney were cut along the medullary axis
and incubated with collagenase; the renal proximal tubules were
then microdissected and isolated with sharp needles under a light
microscope. After microdissection, the tubules (20 mm) were
transferred into a microtube to isolate total RNA with the RNeasy
mini kit (Qiagen, Hilden, Germany). The quality of total RNA was
validated with a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). To examine the purity of isolated proximal tubules,
RT-PCR and microarray analysis were performed with isolated
proximal tubules and whole kidney specimens from normal rats
(Supplemental Fig. S1).!

Microarray analysis using isolated proximal tubules. Digoxigenin
(DIG)-UTP-labeled complementary (c)RNA was generated from the
proximal tubular total RNA of four control rats (sham-operated rats at
2 wk after surgery) and Nx rats (1, 2, 4, and 8 wk after surgery) with
Applied Biosystems Chemiluminescent RT-IVT Labeling Kit v2.0
(Applied Biosystems, Foster City, CA). Array hybridization, chemi-

! The online version of this article contains supplemental material.
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luminescence detection, and image acquisition were performed ac-
cording to the manufacturer’s directions. In brief, 10 pg of cCRNA was
hybridized to Rat Genome Survey Microarrays (Applied Biosystems)
at 55°C for 16 h. After the arrays were washed, anti-DIG-alkaline
phosphatase (DIG-AP; Roche Diagnostic, Mannheim, Germany) was
hybridized at room temperature for 20 min. Enhanced chemilumines-
cence signals were generated by adding the substrate solution and
scanned with the ABI 1700 Chemiluminescent Microarray Analyzer
(Applied Biosystems). The results of the microarray assay were
analyzed with Spotfire software (TIBCO Software, Palo Alto, CA).
After the bad spots were flagged, the assay signals were normalized
across the experiments with each median. Furthermore, detectable
signals were selected with a signal-to-noise (S/N) threshold (a gene
with an S/N threshold >3 in 3 or 4 assays was considered to be
detectable). The ratio of the signal from the Nx rat assay to the control
signal was calculated, and a profile ANOVA was performed. Genes
with a P value <0.01 and a ratio >2 or <0.5 were considered to be
significantly upregulated or downregulated, respectively. Finally,
these genes were classified with MetaCore Software (GeneGo, St.
Joseph, MI) according to their function. A filled column in Fig. 1
indicates that the false discovery rate was <0.01.

Real-time PCR. Whole kidney total RNA was extracted with the
MagNA Pure LC RNA Isolation Kit II (Roche Diagnostic). Total
RNA was reverse transcribed with a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and subjected to digestion
with RNase H (Invitrogen, Carlsbad, CA). Real-time PCR was
performed with the ABI PRISM 7900 Sequence Detection System
(Applied Biosystems). The primer-probe set used for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and other genes were
Predeveloped TagMan Assay Reagents (Applied Biosystems) and
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in the microarray analysis. To assess the results of the mi- . e
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Table 1. Biochemical parameters in sham-operated and subtotally nephrectomized rats

Nx

Sham (n = 10) lwk(n=7) 2wk (n = 13) 4wk (n=11) 8wk (n=29)
Body weight, g 264.1 £ 6.2 210.7 = 6.0 231.5 £5.9* 288.4 = 7.7 323.9 = 12.2¢
Urine volume, ml/day 69 * 1.0 24.8 * 1.9% 23.6 = 1.7 26.4 = 1.8F 25.3 * 3.4¢%
BUN, mg/dl 13.5*+0.5 44.1 £ 6.5 574 * 6.5 71.0 = 12.0F 85.0 = 15.37
PCr, mg/dl 0.52 = 0.02 1.22 = 0.18* 1.23 £ 0.10* 1.26 = 0.15* 1.96 + 0.327
CCr, ml-min~'-kg™! 442 +0.23 2.70 = 0.36F 231 £ 0.221 246 = 0.28t 1.69 * 0.301
Albumin excretion, mg/day 0.5*0.1 35+03 21547 67.4 = 4.5% 128.6 + 45.2%

Data represent means *+ SE for n rats. Sham, sham-operated rats at 2 wk after surgery; Nx, 5/6 nephrectomized rats; BUN, blood urea nitrogen; PCr, plasma
creatinine; CCr, creatinine clearance. Multiple comparison was performed with Dunnett’s 2-tailed test after a 1-way ANOVA. *P < 0.05, 1P < 0.01, significantly

different from Sham.

Premade TagMan Assay Reagents, respectively. GAPDH mRNA
expression was measured as an internal control.

Measurement of Cdc2 activity in kidney. The activities of Cdc2 in
the kidney were examined with the MESACUP cdc2 Kinase Assay
Kit (MBL, Nagoya, Japan) according to the manufacturer’s instruc-
tions with slight modification. The kidney was homogenized in lysis
buffer [in mM: 50 Tris - HCI pH 7.5, 150 NaCl, 10 NaF, 1 Na4P-0,
and 100 Na3VO,, with 1% NP-40, 1% protease inhibitor cocktail
(Nacalai Tesque, Kyoto, Japan), and phosphatase inhibitor (PhosSTOP;
Roche Diagnostic)]. The tissue lysate was clarified by centrifugation,
and protein concentrations were determined with the Bradford protein
assay. The phosphorylation reaction was performed with the lysate
(50 pg) in the presence of 0.1 mM ATP at 30°C for 5 min. The
phosphorylated substrates were detected by ELISA.

In situ hybridization. Fixed paraffin-embedded blocks and sections
of rat kidney for in situ hybridization were obtained from Genostaff
(Tokyo, Japan). After dewaxing and rehydration, the sections (6 pm)
were fixed with 4% paraformaldehyde. The sections were treated with
proteinase K, washed with PBS, and placed in 0.2 N HCI for 10 min.
After washing, the sections were acetylated by incubation in 0.1 M
triethanolamine-HCl and 0.25% acetic anhydride for 10 min. Hybrid-
ization was performed with probes specific for Cyclin B2 and Cdc2
(300 ng/ml) at 60°C for 16 h. The sections were then washed in
HybriWash (Genostaff) before being subjected to RNase treatment.
After treatment with 0.5% blocking reagent (Roche Diagnostic), the
sections were incubated with anti-DIG-AP conjugate (Roche Diag-
nostic) for 2 h. Coloring reactions were performed with nitro blue
tetrazolium chloride-5-bromo-4-chloro-3-indolyl phosphatase (NBT-
BCIP; Sigma-Aldrich, St. Louis, MO) overnight. They were then
counterstained with Kernechtrot stain solution.

Immunofluorescent analysis. The fixed tissue sections were pre-
pared and immunofluorescent analysis was performed as described
previously with slight modification (29, 30). The animals were anes-
thetized, and the kidneys were perfused via the abdominal aorta, first
with saline containing 50 U/ml of heparin and then with 4% parafor-
maldehyde in PBS. Fixed tissues were embedded in Tissue-Tek OCT
compound (Sakura Finetek, Tokyo, Japan) and frozen rapidly in liquid

Table 2. Number of genes in microarray analysis

1 wk 2 wk 4 wk 8 wk
Total number 239 161 278 389
Up/down 191/48 79/82 176/102 268/117
Unique number 103 37 121 246
Up/down 98/5 24/13 97/24 206/40
Common number 36
Up/down 3/33

Sham-operated rats at 2 wk after surgery were used as controls. Genes were
selected when the ratio to control was >2 or <0.5 and the P value was <0.01.
Unique and common imply that the genes specifically changed in each week
and throughout the experimental period, respectively.

nitrogen. Sections (5 wm thick) were cut and covered with 5% BSA
and 0.3% Triton X-100 in PBS for Ki-67, rabbit serum (Invitrogen)
for Cyclin B2, and SuperBlock Blocking Buffer (Thermo Fisher
Scientific, Waltham, MA) for Cdc2 at 37°C for 60 min. The covered

100
80

60
40

20

Positive nuclei/ field

Fig. 2. Expression of Ki-67 in the kidney. Immunofiuorescent labeling of Ki-67
in sham-operated and Nx rats at 1, 2, 4, and 8 wk after surgery is shown. Red
signals for Ki-67 merged with green signals for phalloidin and with blue
signals for 4',6-diamidino-2-phenylindole (DAPI). *, Glomeruli. Scale bars
100 pwm. Stained nuclei in the proximal tubules were counted in 3 independent
regions at 100-fold magnification. s, Sham-operated rats; 1, 2, 4, and 8, Nx rats
at 1, 2, 4, and 8 wk after surgery. Multiple comparisons were performed with
Dunnett’s 2-tailed test after a 1-way ANOVA. **P < 0.01, significantly
different from sham-operated rats.
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sections were incubated with antiserum specific for Ki-67 (1:500;
Abcam, Cambridge, UK), Cyclin B2 (1:200, Abcam), and Cdc2
(1:200, Cell Signaling Technology, Danvers, MA) at 4°C overnight.
After further washing, the sections were incubated with Alexa Fluor
546-labeled goat anti-rabbit IgG or Alexa Fluor 488-labeled anti-
mouse IgG, Alexa Fluor 488-labeled phalloidin or Alexa Fluor 594-
labeled phalloidin (Invitrogen), and 4',6-diamidino-2-phenylindole
(DAPI; Wako) at 37°C for 60 min.

Immunohistochemistry of phospho-histone H3 at serine 10. The
sections of immunohistochemistry were obtained from Genostaff.
After deparaffinization and rehydration, the sections (5 wm) were
treated with proteinase K and 0.3% hydrogen peroxide. The sections
were blocked with Protein Block (Dako) and the Avidin/Biotin
Blocking Kit (Vector Laboratories, Burlingame, CA) followed by
incubation with anti-phospho-histone H3 (serine 10) (p-histone H3)
antibody (Abcam) at 4°C overnight. After washing, the sections were
incubated with biotinylated goat anti-rabbit IgG (Dako). After further
washes, the sections were incubated with an avidin-biotinylated horse-
radish peroxidase complex (Nichirei Biosciences, Tokyo, Japan).
Coloring reactions were performed with hydrogen peroxide contain-

A

Cyclin A2

Fold increase

Fig. 3. Expression levels of cell cycle-related
genes and the activities of Cell division cycle

TUBULAR CYCLIN B2 AND CDC2 IN PROGRESSIVE CRF

ing 3,3'-diaminobenzidine (DAB-H,0,). The sections were then
counterstained with hematoxylin stain solution.

Image analysis. The images of in situ hybridization and immuno-
fluorescent and immunohistochemical analysis were captured and
examined with BZ-9000 (Keyence, Osaka, Japan). To evaluate the
levels of Ki-67, Cyclin B2, Cdc2, and p-histone H3, three or six
independent photographs in the renal cortex were taken at 100-fold
magnification (each total area 1.58 wm?), and the stained nuclei in the
proximal tubules were counted.

Statistical analysis. All data are expressed as means + SE. Com-
parisons were performed with the unpaired #-test. Multiple comparisons
were performed with a one-way ANOVA. Probability values of <0.05
were considered statistically significant.

RESULTS

Gene expression profile of renal proximal tubules in CRF
rats. Before microarray analyses were performed with the
isolated proximal tubules, the purity of the proximal tubules
was examined by RT-RCR (Supplemental Fig. S1A). The band

Cyclin B2 Cyclin D1 Cyclin E2

2 (Cdc2) in the remnant kidney. A: mRNA  Microarray - 22
levels of Cyclin A2, Cyclin B2, Cyclin DI,
Cyclin E2, Cdc2, Cyclin-dependent kinase

Cdc2

(Cdk)2, Cdk4, and Cdk6. An equal amount of
c¢DNA was pooled from the remnant kidney
of each rat, and the expressional changes of
mRNA were measured by real-time PCR and
analyzed by the AAC, method (where C, is
threshold cycle). Numbers below each col-
umn show the fold change in the microarray
analysis; — indicates that expressional change
was not significant in the microarray analysis.
Open columns represent levels in sham-oper-
ated rats; black and gray columns represent
results of the microarray analysis validated by

Fold increase

real-time PCR analysis or not, respectively.
B: kinase activities of Cdc2. Multiple compari-

sons were performed with Dunnett’s 2-tailed
test after a 1-way ANOVA. *P < 0.05, **P <
0.01, significantly different from sham-operated

rats. B

Microarray

Cdc2 Activity
% of Sham rats
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for Na*-glucose cotransporter (SGLT)2, a marker for proximal
tubules (46), was clearly found in the proximal tubules, while
those for podocin, Na*-K*-Cl~ cotransporter (NKCC)2, and
aquaporin (AQP)-2, markers for glomeruli (18), thick ascend-
ing limbs (8), and collecting ducts (7), respectively, were not
amplified in the proximal tubules, whereas all bands were
found in the whole kidney. Simultaneously, the expressional
profiles in the isolated proximal tubules and whole kidney were
compared by microarray analysis (Supplemental Fig. S1B).
Consistent with the results of RT-PCR, the intensity of SGLT2
in the proximal tubules was much higher than in whole kidney.
On the other hand, the genes that were not contained in the
proximal tubules such as hemoglobin showed low intensity in
the proximal tubules. Consequently, the purity of the isolated
proximal tubules was well confirmed.

After Nx, urine volume and PCr significantly increased,
BUN and urinary albumin excretion time-dependently in-
creased, and creatinine clearance (CCr) markedly decreased
compared with sham-operated rats (Table 1). Therefore, marked
renal insufficiency and its progression were confirmed in Nx
rats. Next, microarray analyses were performed with isolated
renal proximal tubules of these sham-operated and Nx rats. To
- establish distinctive expressional profiles of proximal tubules
in progressive CRF, genes were selected according to the
criteria described in MATERIALS AND METHODS. The numbers of
selected genes after statistical analysis are summarized in
Table 2. Among these, the total numbers of genes whose
expression was significantly changed more than twofold com-
pared with control at 1, 2, 4, and 8 wk after surgery were 239,
161, 278, and 389, respectively. On the basis of the total
number of genes, we classified them according to their Gene
Ontology, using MetaCore software to identify the biological
function involved in the progression of CRF in the proximal
tubules. The results revealed that the cell cycle- or cytoskele-
ton-related genes were significantly altered at 1 and 2 wk after
Nx (Fig. 1). On the other hand, inflammation-related genes
were frequently detected at 8 wk after Nx.

Validation of microarray analysis revealed activation of
mitosis-specific genes in remnant kidney immediately after Nx.
To examine whether renal epithelial cells entered into the cell
cycle immediately after Nx, the expression of Ki-67, a prolif-
eration marker (9), was examined. Comparable to the results of
microarray analysis, the proximal tubules of Nx rats at 1, 2, and
4 wk after surgery showed abundant staining for Ki-67 com-
pared with those in the sham-operated rats; however, the
number of stained nuclei in the proximal tubules was markedly

Fig. 4. Detection of Cyclin B2 and Cdc2 in the kidney by real-time PCR and
in situ hybridization analysis. A and B: mRNA levels of Cyclin B2 (A) and
Cdc2 (B) were measured by real-time PCR. s, Sham-operated rats; 1 and 2, Nx
rats at 1 and 2 wk after surgery. Multiple comparisons were performed with
Dunnett’s 2-tailed test after a 1-way ANOVA. **#*P < 0.001, significantly
different from sham-operated rats. C: in situ hybridization of Cyclin B2 (left)
and Cdc2 (right). *, Glomeruli. Magnification X200. D and E: Cyclin B2 (D)-
and Cdc2 (E)-positive nuclei in the renal cortex were counted. *P < 0.05,
**pP < 0.01, significantly different from sham-operated rats. F: correlation
between mRNA levels of Cyclin B2 and Cdc2. Linear regression analysis was
performed, and the correlation coefficient (r) was calculated. G: in situ
hybridization analysis of Cyclin B2 and Cdc2 with serial sections in Nx rats
was carried out. Arrows, positive staining for both Cyclin B2 and Cdc2; open
arrowhead, positive staining for Cyclin B2 without Cdc2; filled arrowhead,
positive staining for Cdc2 without Cyclin B2.

F927

decreased to approximately control level at 8 wk after surgery
(Fig. 2). Furthermore, the mRNA levels of some cell cycle
regulators were examined by real-time PCR using cDNA of the
remnant kidney to confirm whether the expression of these
genes was also detected in whole kidney samples. Among eight
cell cycle-related genes such as Cyclins (Cyclin A2, B2, D1,
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Fig. 5. Immunofiuorescent analysis of Cyclin B2 and Cdc2 in the kidney. The kidney was perfused, fixed, and then embedded. Sections (5 wm) were stained
with a specific antibody for Cyclin B2 (A and C, red) or Cdc2 (B and D, green), phalloidin (A and C, green; B and D, red), and DAPI (blue). A and B: series
of sections from sham-operated rat kidney. C and D: series of sections from Nx rat kidney at 2 wk after surgery. Arrows, aggregation of signals for Cyclin B2

or Cdc2; *, glomeruli. Magnification X200 and X400.

and E2) and Cyclin-dependent kinases (Cdk; Cdk2, 4, 6 and
Cdc2), the changes in the levels of Cyclin B2 and Cdc2 at 1
and 2 wk after Nx corresponded well with the results of the
microarray analysis (Fig. 3A). The activities of Cdc2 were
significantly increased in Nx rats at 1 wk after surgery com-
pared with sham-operated rats, and the increased activity was
retained at 2 wk after Nx (Fig. 3B). Furthermore, Cdc2
activity was decreased almost to the sham-operated level
with the progression of CRF.

Cyclin B2 and Cdc2 were specifically expressed and upregu-
lated in renal proximal tubules of CRF rats. On the basis of the
validation of microarray analysis and the enhancement of Cdc2
activity in the remnant kidney, we focused on Cyclin B2 and
Cdc2 and further confirmed the expression of these genes in
individual sham-operated and early-stage Nx rats. The mRNA
levels of Cyclin B2 and Cdc2 were significantly increased in
the remnant kidney at 1 and 2 wk after Nx compared with the
sham-operated rats (Fig. 4, A and B). On the basis of the in situ
hybridization analysis, the mRNAs of Cyclin B2 and Cdc2
were specifically visualized in a portion of the epithelial cells
in the proximal tubules in sham-operated rats, and their ex-
pression levels were markedly increased in the proximal tu-
bules of Nx rats at 2 wk after surgery (Fig. 4C, arrows). The
number of stained nuclei in the proximal tubules of renal cortex
significantly increased to approximately threefold in the Nx
rats, which was consistent with the results of real-time PCR
(Fig. 4, D and E). We examined the relationship between the
levels of Cyclin B2 and Cdc2 because both proteins function as
heterodimers in the mitotic phase (16). The mRNA level of
Cyclin B2 correlated well with that of Cdc2 (coefficient of
correlation 7 = 0.80, P < 0.0001) (Fig. 4F). Furthermore,
most of the signals for Cyclin B2 and Cdc2 were simulta-

AJP-Renal Physiol « VOL 298

neously observed in the proximal tubular cells (Fig. 4G, arrows),
and a portion of them were independently detected (Fig. 4G, open
and filled arrowheads).

On immunofluorescent analysis with serial sections, Cyclin
B2 and Cdc2 signals were slightly detected in the proximal
tubules, but no signals were observed at the glomeruli or other
tubular segments in the sham-operated rats (Fig. 5, A and B). In
Nx rats, Cyclin B2 and Cdc2 signals were markedly increased
and aggregated in the proximal tubules (Fig. 5, C and D). As
indicated by in situ hybridization, the localization of Cyclin B2
and Cdc2 was identified in the same epithelial cells (Fig. 5, C
and D, arrows).

Effects of mammalian target of rapamycin inhibitor in CRF
rats. Next, we examined the effects of the mammalian target of
rapamycin (mTOR) inhibitor everolimus on the expression
levels of Cyclin B2 and Cdc2 and renal function of Nx rats at
2 wk after surgery. Everolimus markedly reduced the mRNA
expression of Cyclin B2 and Cdc2 in Nx rats to levels similar
to those in sham-operated rats (Fig. 6, A and B, vs. Fig. 4, A and
B). Immunofluorescent analysis revealed that Ki-67-positive
proximal tubular epithelial cells were decreased to 20% in
everolimus-treated (E+) rats compared with those in vehicle-
treated (E—) rats (Fig. 6, C and D). As shown in Fig. 6F,
compensatory renal hypertrophy was significantly inhibited by
the administration of everolimus. Correspondingly, the kidney-
to-body weight ratio was significantly decreased by everolimus
treatment, although the body weight of these rats was markedly
decreased compared with that of the vehicle-treated rats (Table 3, E—
vs. E+). Histological examination of the remnant kidneys also
showed inhibition of glomerular and tubular hypertrophy in
E+ rats (Fig. 6F). Moreover, the glomerular diameter and
height of epithelial cells were significantly decreased in E+
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Fig. 6. Effects of administration of everolimus in Nx rats. Nx rats were
subcutaneously treated with vehicle (E—) or everolimus (E+, 2 mg/kg) for 14
days immediately after Nx. A and B: detection of mRNA of cyclin B2 (A) and
Cdc2 (B) by real-time PCR. C: immunofluorescent analysis of Ki-67.
D: numbers of stained nuclei for Ki-67 in the proximal tubules were counted
in 3 independent regions at 100-fold magnification. E: appearance of remnant
kidney. F: representative photographs of periodic acid Schiff (PAS) staining of
the remnant kidney. G and H: measurement of glomerular diameter (G) and the
height of epithelial cells (H). *, Glomeruli. Scale bars 100 pm. **P < 0.01,
***p < (0.001, significantly different from vehicle-treated (E—) rats.
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rats (Fig. 6, G and H). At this time, administration of everoli-
mus markedly increased the level of BUN and PCr and de-
creased the level of CCr (Table 3). However, urinary excretion
of albumin was lowered in the E+ rats to ~30% of that in the
E— rats.

Effect of Cdc2 inhibitor in CRF rats. A Cdc2-specific
inhibitor, CE-ALP, was administered to Nx rats to obtain more
direct information about the significance of cell cycle-related
molecules during the compensative period. The mRNA levels
of Cyclin B2 and Cdc2 showed no difference with or without
administration of the inhibitor (Fig. 7, A and B). However,
administration of CE-ALP significantly decreased the number
of nuclei with positive signals for Ki-67 to ~60% in the
proximal tubules (Fig. 7, C and D). CE-ALP also deteriorated
renal function of Nx rats, although the effects were less than
those of everolimus. The level of BUN was significantly
increased, the urine volume and PCr were also increased, and
CCr was decreased in the CE-ALP-treated rats (Table 3, A—
vs. A+). The excretion of albumin tended to be high, suggest-
ing that the kidney was further damaged by Cdc2 inhibition.
Histological examination of the remnant kidneys revealed that
the glomerular diameter was not affected, but the height of
epithelial cells was significantly increased by the treatment
with CE-ALP (Fig. 7, E-G).

Effects of everolimus and CE-ALP on expression of p-histone H3
and activity of Cdc2. To examine whether renal proximal tubular
cells underwent mitosis in compensative CRF, the levels of
p-histone H3, a mitosis marker (12), were examined and the
positive nuclei were counted (Fig. 8, A and B). p-Histone H3
staining in the proximal tubular nuclei was abundantly ob-
served in Nx rats compared with sham-operated rats. Administra-
tion of everolimus abolished the level of p-histone H3 almost to the
level of the sham-operated rats. In addition, treatment with
CE-ALP clearly decreased the level of p-histone H3 to ~50%
in Nx rats. Consistent with the immunohistochemical analysis
of p-histone H3, the activities of Cdc2 after the administration
of everolimus and CE-ALP were significantly decreased com-
pared with those of the vehicle-treated Nx rats (Fig. 8C).

DISCUSSION

The kidney is a heterogeneous organ with many types of
cells; therefore, it is difficult to clarify the cell-specific changes
in molecular events in CRF. Almost no microarray analyses
have been undertaken with nephron segment-selective sam-
ples. In statistical analyses of microarray experiments, strong
expression signals derived from other segments often disturb
the detection of responses in intact proximal tubular epithelial
cells. Previous gene expression profiles focusing on tubular
cells were obtained with rat primary proximal tubular cells (36,
41) or human proximal tubule-derived HK-2 cells (22) to study
the responses to nephrotoxic drugs or hypoxia. Therefore, these
previous reports could not explain the pathophysiology of
progressive CRF in vivo. The present study was designed to
investigate these issues by continuously isolating viable prox-
imal tubules during CRF progression. The histology of the
remnant kidneys showed severe glomerular sclerosis, tubular
dilation, and interstitial fibrosis at 4—8 wk after Nx (Supple-
mental Fig. S2A). The accumulation of ED1 (a marker of
infiltrated macrophage) and a-smooth muscle actin (a fibrotic
marker) was also observed in the later phase of Nx rats
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Table 3. Effects of administration of everolimus and Cdc2 inhibitor on renal function in Nx rats

Everolimus 2-Cyanoethyl Alsterpaulione

E—(n=28) E+ (n = 6) A—-(n=11) A+ (n=9
Body weight, g 226.1 =53 171.9 + 4.5% 2425 * 3.6 2227 = 8.8*
Kidney weight/body weight, % 0.26 * 0.01 0.22 £ 0.011 0.24 = 0.01 0.24 = 0.01
Urine volume, ml/day 154+ 1.8 17.7 + 39 253 %20 29.1£23
BUN, mg/dl 419 +£438 68.1 = 5.0F 39.2+20 542 £ 7.2%
PCr, mg/dl 0.90 + 0.07 1.17 + 0.08t 1.07 £ 0.05 1.22 = 0.01
CCr, ml-min~!-kg~' 2.83 x0.17 141 + 0.16% 2.69 £ 0.19 244 + 0.27
Albumin excretion, mg/day 8445 24* 1.0 57+15 11.8 =39

Data represent means + SE for n rats. E~ and A—, Nx rats administered vehicle; E+ and A+, Nx rats daily administered everolimus (2 mg/kg) and
2-cyanoethyl alsterpaullone (0.5 mg/kg) for 14 days, respectively. *P < 0.05, tP < 0.01, £P < 0.001, significantly different from vehicle-treated rats.

(Supplemental Fig. S2, D and E). However, the molecules
related to the fibrotic response, such as transforming growth
factor-B or connective tissue growth factor (2, 5), were not
increased in the microarray analysis of proximal tubules even
8 wk after Nx. Furthermore, interleukin-1@ and tumor necrosis
factor-a were also undetectable, although they were reported to
be increased in Nx rats in a study using whole kidney samples
(37). Therefore the present microarray data may be considered
to accurately reflect the responses to CRF in the proximal
tubules, avoiding contamination from other nephron segments
and infiltrating immune cells.

Immediately after Nx, significant changes were found in the
expression of cell cycle-related genes (Fig. 1). The mammalian
cell cycle is positively regulated by complexes of cell cycle
proteins consisting of a catalytic subunit (called Cdk) and a
regulatory subunit (called cyclin). In addition, the cyclin-Cdk
complexes are negatively regulated by proteins called Cdk
inhibitors (10). Several studies showed that cell cycle regula-
tors are involved in renal pathophysiology. In acute renal
injury, it is considered that cell cycle activation focusing on
Cdk2 and Cdk inhibitor p21WAFVCiPl contributes to both cel-
lular life and death in the renal tubules (31). Megyesi et al. (27)
reported that p21WAFYCP1_knockout mice did not develop CRF
such as glomerular sclerosis and systemic hypertension. How-
ever, there is no clear difference in renal function between the
presence and absence of p21WAFVCIPl immediately after renal
ablation. In the present study, the increase in expression of
p21WAFICipl was found in both microarray analysis and real-
time PCR and the enhancements were retained throughout the
experimental period (Supplemental Fig. S3). Furthermore,
p21WAFI/Cipl affects several phases of the cell cycle through
the inhibition and interaction of Cdks (43). On the basis of
these results and reports, further study might be needed to
clarify the specific contribution of p21WAF/Cip! to compensa-
tive CRF.

It is reported that the renal hypertrophy is modulated by a
cell cycle-dependent mechanism whereby Cyclin D-Cdk4/6 is
activated without subsequent Cyclin E-Cdk2 involvement; thus
the cell cycle is arrested in late Gy, resulting in cellular
hypertrophy (23, 33). Other studies have demonstrated that the
induction and accumulation of Cdk inhibitor p27X"®! play
pivotal roles in the arrest in G, by using an in vitro model of
hypertrophy (42). Considering the expression profiles, the
levels of D-type cyclins, E-type cyclins, Cdk2, Cdk4, Cdk®6, as
well as p27%iP! were not definitively changed in the compen-
satory period in Nx rats because of the lowered fold changes or
S/N threshold. In contrast, the expression of Cyclin B2 and

Cdc2, which mediated the M-phase transition, was signifi-
cantly upregulated and the activities of Cdc2 were increased in
the remnant kidney, especially at early stages (Fig. 3). Further-
more, the two were colocalized to the same epithelial cells in
Nx rats (Figs. 4G and 5, C and D). It is known that two B-type
cyclins (Bl and B2) are able to bind and activate Cdc2. We
also examined the level of Cyclin Bl, although statistically
significant changes were not observed in the microarray anal-
ysis (Supplemental Fig. S4). Interestingly, the expression pat-
tern after Nx and response to everolimus in Cyclin B1 was
quite similar to those in Cyclin B2 and Cdc2. These results
clearly indicated the coordination of their functions and the
activation of a state of M phase in the epithelial cells in the Nx
rat kidneys.

Among five Cdks, only disruption of Cdc2 caused embry-
onic lethality in the studies with gene knockout mice, indicat-
ing that the G,-M regulator is a crucial factor in embryonic
development (32). We confirmed that the mRNA levels of
Cdc2 as well as Cyclin B1 and B2 were high during renal
development and decreased with growth (Supplemental Fig. S5,
A-C). Furthermore, the activities of Cdc2 were well correlated
with the mRNA levels of Cdc2 (* = 0.86, P < 0.0001),
suggesting that the mRNA level might reflect the activity of
Cdc2 (Supplemental Fig. S5D). Thus the M-phase regulator
Cdc2, in association with Cyclin B, is essential for the promo-
tion of the cell cycle, and we suggest that these regulators are
responsible for compensative proliferation of the proximal
tubular epithelium itself. On the contrary, the expression levels
of Cyclin B2 and Cdc2 and the activity of Cdc2 in the remnant
kidney were reduced almost to the sham-operated level, and
the Ki-67-positive tubules were markedly decreased at 8 wk
after surgery. These phenomena might be associated with the
expression profile of Cyclin B-Cdc2 in that the epithelial cells
in the fibrotic period could not proliferate because of the lack
of M-phase cyclins. Several reports demonstrated that the
mitotic cyclins were mainly regulated at the level of transcrip-
tion by some transcriptional factors such as B-MYB, E2F,
FOXM1, and NF-Y (6). In the present study, the expression of
these transcriptional factors was not significantly changed by
Nx treatment in the microarray analysis, and therefore further
examinations would be needed to clarify the molecular mecha-
nisms of the increase in Cyclin B2-Cdc2 after Nx.

The mTOR pathway has been demonstrated to contribute to
the tissue hypertrophy (21) and pathophysiology of several
kidney diseases such as diabetic nephropathy (24, 45) and
polycystic kidney disease (34, 39). Treatment with the mTOR
inhibitor rapamycin (sirolimus) was reported to attenuate renal
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Fig. 7. Effects of administration of 2-cyanoethyl alsterpaullone (CE-ALP) in
Nx rats. Nx rats were subcutaneously treated with vehicle (A—) or CE-ALP
(A+, 0.5 mg/kg) for 14 days immediately after Nx. A and B: measurement of
mRNA levels of Cyclin B2 (A) and Cdc2 (B) by real-time PCR. C: immuno-
fluorescent analysis of Ki-67. D: numbers of stained nuclei in the proximal
tubules were counted in 6 independent regions at 100-fold magnification.
E: representative photographs of PAS staining of the remnant kidney. F and
G: measurement of glomerular diameter (F) and height of epithelial cells (G).
* Glomeruli. Scale bars 100 pm. **P < 0.01, significantly different from
vehicle-treated (A—) rats.
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hypertrophy in unilaterally nephrectomized mice by modulat-
ing RNA and protein synthesis (3). Most recently, it was
demonstrated that S6 kinase 1 (S6K1), a downstream effector
of mTOR, plays a major role in the development of compen-
satory renal hypertrophy in the same model using S6KI1-
knockout mice (4). Thus the molecular mechanisms of renal
hypertrophy on the mTOR signaling pathway have been elu-
cidated in detail. In this study, the increased expression in
Cyclin B2 and Cdc2 was completely abolished, and the signals
for Ki-67 and p-histone H3 in the epithelial cells were clearly
decreased by treatment with everolimus in the Nx rats (Figs. 6
and 8). Therefore it can be inferred that everolimus inhibited
both cellular hypertrophy and hyperplasia by modulating RNA
and protein synthesis and enhanced cell division arrest by
reducing the levels of Cyclin B-Cdc2, resulting in severe renal
damage in compensative CRF.

Because the mTOR pathway affects both hypertrophy and
hyperplasia, it is difficult to evaluate the specific contribution
of the upregulation of Cyclin B-Cdc2 to the epithelial prolif-
eration. Treatment with CE-ALP, a specific inhibitor of Cyclin
B-Cdc2 with an ICsq value of 0.23 nM (19), resulted in further
deterioration of renal function, as indicated by the significant
increase of BUN, the moderate increase in PCr and albumin-
uria, and the decreased CCr (Table 3). Moreover, the prolifer-
ation of epithelial cells in CE-ALP-treated rats assessed by
Ki-67-positive nuclei as well as immunohistochemistry of
p-histone H3 was decreased to 50—60% of that of vehicle-
treated rats (Figs. 7 and 8). These results indicated that the
enhanced expression of Cyclin B2-Cdc2 actually acted as an
M-phase regulator to retain the renal tubular function in rat
kidney. On the other hand, the height of epithelial cells was
significantly increased by the treatment with CE-ALP (Fig. 7G). Two
recent studies revealed that cell cycle polarity protein kinase,
which is an upstream molecule of Cdc2, serves as a sensor for
cellular length to regulate mitotic entry in the fission yeast (25,
28). Although further investigation of a precise molecular
mechanism is required in mammalian cells, the inhibition of
Cdc2 by CE-ALP in the compensative period might associate
with the growth of epithelium size in proximal tubules.

In the present study, molecular events specific to the renal
proximal tubules have been clearly observed in Nx rats with
CREF progression. On the basis of these transcriptome data and
subsequent examinations, Cyclin B2-Cdc2 was revealed to be
important to the proliferative response of proximal tubular cells
in the compensated kidney. Therefore, the present results
advance the knowledge of the contribution of cell cycle regu-
lators to pathophysiology of tubular restoration and/or degen-
eration in progressive CRF. The hypothesized molecular mech-
anisms of proliferation inhibitors and proximal tubular hyper-
plasia and hypertrophy in CRF are summarized in Fig. 9. In the
normal kidney, a portion of epithelial cells in the proximal
tubules was positive for Cyclin B-Cdc2 (Fig. 9B). After renal
ablation, hyperplasia via the induction of the M-phase regula-
tor Cyclin B-Cdc2 and hypertrophy occur simultaneously in an
attempt to recover the reduction in nephron mass in early-stage
CRF (Fig. 9C). However, in end-stage CRF, the enhancement
of Cyclin B-Cdc2 was reduced. The remnant viable tubules
may lose the ability to regenerate new cells at the fibrotic stage,
and thus further tubular atrophy and degeneration occur (Fig.
9D). The severe renal deterioration caused by treatment with
the mTOR inhibitor might be mediated by inhibition of both
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Fig. 8. Effects of everolimus and CE-ALP on expres-
sion of phospho (p)-histone H3 and activities of Cdc2
in the kidney. A: representative photograph of kidney
stained with p-histone H3 in sham-operated rats, Nx
rats, and Nx rats treated with everolimus (E+) or
CE-ALP (A+) at 2 wk after surgery. Dotted circles,
glomeruli. Scale bars 100 wm. B: numbers of nuclei
stained for p-histone H3 in the proximal tubules were
counted at 100-fold magnification. C: activities of
Cdc?2 after administration of everolimus and CE-ALP.
Multiple comparisons were performed with Bonferroni’s
test after a 1-way ANOVA. *P < 0.05, **P < 0.01,
**%kp < 0.001, significantly different.
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hyperplasia and hypertrophy because the mTOR pathway af-
fects various factors involved in the cell cycle, RNA modula-
tion, and protein synthesis (Fig. 9E). Administration of a
specific inhibitor for Cdc2 selectively inhibited hyperplasia of
epithelial cells, resulting in a moderate reduction in renal
function (Fig. 9F).

Considering the time-dependent changes in the gene expres-
sion profile of Cyclin B2 and Cdc2 after Nx and the balance
between tubular hyperplasia and hypertrophy, the temporal
induction of Cyclin B2 and Cdc2 was suggested to be a marker
and one of the crucial mechanisms for proliferating proximal
tubular cells in early-stage CRF. If we can discover another
specific inhibitor of hypertrophy without effects on Cyclin
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B-Cdc2, it may be a potential regenerative agent that acceler-
ates compensative hyperplasia in the early stage of ablation of
nephron mass.
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Supplementary Figure 1

GAPDH SGLT2 podocm NKCC2 AQP2

. Slcba2 (SGLT2)

. Slc7a7 (y*'LAT1)

. Slc15a1 (PEPT1)

. Slc22a8 (OAT3)

. Slc22a5 (OCTN2)

. Slc22a1 (OCT1)

. Hba-a1 (hemoglobin alpha adult chain 1)
. Hbb (hemoglobin beta)

Log, (RATIO), Proximal tubule/whole kidney

-4 ~4 2 4 6 ] 1 14

Log, (INTENSITY), Proximal tubule

Supplementary Figure 1. Examination of the purity of the isolated proximal tubules. The expression of
SGLT2, podocin, NKCC2 and AQP2 was examined by RT-PCR using the cDNA from isolated proximal tubules
(1) or whole kidney (2) (A). The expression of SGLT2, Podocin, NKCC2 and AQP2 was used as a marker for
proximal tubules, glomeruli, thick ascending limbs and collecting ducts, respectively. Microarray analysis was
performed using the isolated proximal tubules and whole kidney spedimens from normal rats (B). The ratio of
the intensity of proximal tubules to whole kidney were calculated. The genes that were reported to be
expressed at the proximal tubules showed high ratio (1-6), while the genes that were not contained in the
proximal tubules showed low value (7 and 8). SGLT, Na*/glucose cotransporter; NKCC, Na*-K*-CI-
cotransportery; AQP, aquaporin; y*LAT, y(+)L-type amino acid transporter; PEPT, H*/peptide transporter; OAT,
organic anion transporter; OCTN, organic cation/carnitine transporter; OCT, organic cation transporter.
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Supplementary Figure 2
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Supplementary Figure 2. Evaluation of progressive renal failure in Nx rats. The kidney was fixed in ethyl
Carnoy'’s solution and stained with periodic acid-Schiff's reagent (A). *, glomeruli. Scale bar; 100 um.
Measurement of glomerular diameter in sham-operated and Nx rats at 1, 2, 4 and 8 weeks after surgery (B).
The glomerular diameter was not changed at 1 week after Nx compared to sham-operated rats, and it was
significantly increased in Nx rats at 2, 4 and 8 weeks after surgery with time after surgery. Multiple comparisons
were performed with Dunnett’s two-tailed test after a one-way ANOVA. ** P < 0.01, significantly different from
sham-operated rats. The height of epithelial cells were measured (C). It was tended to increase in 1 and 2
weeks after Nx, but it was significantly decreased in 4 and 8 weeks after Nx. Immunofluorescent analysis of
ED1 (D). No signal was observed in sham-operated rats. The signals were gradually increased in
tubulointerstitial space in Nx rats at 1 and 2 weeks after surgery. Strong signals for ED1 in the glomeruli and
tubulointerstitial space were observed in Nx rats at 4 and 8 weeks after surgery. Immunoblotting of alpha-SMA
in sham-operated and Nx rats (E). The levels of alpha-SMA were comparable between sham-operated and Nx
rats in 1 and 2 weeks after Nx, while those were markedly increased in 4 and 8 weeks after Nx.
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Supplementary Figure 3
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Supplementary Figure 3. Expression profile of cyclin-dependent kinase inhibitor 1a (Cdkn1a/p21WAF1/Cip1),
An equal amount of cDNA was pooled from the remnant kidney of each rat, and the expressional changes of
mRNA were measured by real-time PCR and analyzed by the delta-delta Ct method. The numbers below each
column show the fold change in the microarray analysis. s, sham-operated rats; 1,2, 4, and 8, Nxrats at 1, 2, 4,
and 8 weeks after surgery. Multiple comparisons were performed with Dunnett's two-tailed test after a one-way
ANOVA. ** P < 0.01, significantly different from sham-operated rats.

— 117 —



