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Kidneys are the second most frequent site for chem-
ically induced cancers in rats. However, there is still
limited information on direct effects of carcinogens
on pathways involved in the development of kidney
tumors. Since transformed tumor cells have different
characteristics than their cell of origin, it was hypoth-
esized that healthy tissue and progressing stages of
preneoplastic lesions are differentially influenced by
chemical carcinogens. To elucidate this question,
TSC2�/� Eker rats were gavaged with genotoxic aris-
tolochic acid or nongenotoxic ochratoxin A for 3 and
6 months, respectively. Histopathology and cell pro-
liferation analysis demonstrated a compound- and
sex-specific onset of preneoplastic lesions. In con-
trast, comparable gene expression profiles of laser-
microdissected preneoplastic lesions from carcino-
gen-treated and control rats, including reduced
expression of genes involved in carcinogen uptake
and metabolism, point to a compound-independent
lesion progression. Gene expression profiles and ad-
ditional immunostaining suggested that clonal expan-
sion of renal lesions appears primarily driven by
disturbed mammalian target of rapamycin complex
1 and mammalian target of rapamycin complex 2
pathway regulation. Finally, prolonged carcinogen
exposure resulted in only marginal gene expression
changes in tubules with normal morphology, indicat-
ing that some tubules may have adapted to the treat-
ment. Taken together, these findings indicate that the
final outcome of in vivo carcinogenicity studies is
primarily determined by time-restricted initial events,
while lesion progression may be a compound-indepen-
dent process, involving deregulated mTOR signaling in
the Eker rat model. (Am J Pathol 2009, 175:1686–1698;
DOI: 10.2353/ajpath.2009.081071)

Renal tumors experimentally induced in rodent bioassays
following exposure to chemicals, hormones, viruses, and

radiation1–3 are phenotypically comparable with tumor
types observed in humans.4 Thus, it may be assumed
that the deregulation of some cellular pathways, eg, the
AKT-tuberous sclerosis complex 2-mammalian target of
rapamycin (AKT-TSC2-mTOR) pathway, appears critical
for renal tumor development in both humans and rats.5–7

Indeed, inactivating mutations of the TSC2 tumor sup-
pressor gene were shown in both rodent and human
renal tumors8,9 and were accompanied by activation of
the raptor containing mTOR complex 1 (TORC1) and its
downstream effectors involved in the control of the trans-
lational machinery.5,7 Proteins activated by TORC1 target
several processes involved in cancer such as cell growth
and proliferation, angiogenesis, and energy metabo-
lism.10,11 Recent findings suggest that mTOR can also
interact with rictor and SIN1 instead of raptor to form a
second complex (TORC2).12 This complex was previously
shown to function as an important regulator of the cytoskel-
eton,13,14 and to activate the proto-oncogene AKT by phos-
phorylating AKT at Ser473.15 However, the role of TSC2 in
TORC2-dependent signaling remains elusive.

Despite the gain of knowledge on pathways involved in
kidney cancer, their distinct participation in the onset
and/or progression of tumors is not well understood. Fur-
thermore, the interaction with pathways involved in the
development of renal tumors by genotoxic and nongeno-
toxic carcinogens remains elusive. Novel and sensitive
tools like gene expression profiling have been used to
study renal carcinogenesis and a number of recent pub-
lications have focused on the molecular classification of
the different subtypes of kidney cancers in humans.16–18

However, none of these studies have analyzed gene
expression profiles of early preneoplastic lesions and of
pathways involved in preneoplastic to neoplastic pro-
gression. In addition, chronic effects of genotoxic and
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nongenotoxic carcinogens in morphologically unaffected
tissue or tumor tissue have not been distinguished.

Using a novel protocol allowing microarray analyses of
microdissected renal preneoplastic lesions from carcin-
ogen-treated rats,19 it was hypothesized that unaffected
tissue as well as different stages of preneoplastic lesions
can be distinguished by their gene expression profiles,
therefore allowing to study pathways involved in the onset
and progression of preneoplastic lesions. In addition, it
was hypothesized that renal carcinogens, based on their
compound class-specific mode of action (genotoxic ver-
sus nongenotoxic), differentially affect pathways in pre-
neoplastic lesions (eg, the mTOR pathway).

To elucidate the above hypotheses, Eker rats, carrying
a heterozygous mutation in the TSC2 tumor suppressor
gene and thus predisposed for the early development of
renal lesions,20,21 appeared an ideal model. Their hered-
itary basophilic tumors are morphologically comparable
with chemically induced tumors in other rat strains as well
as to human basophilic epithelial adenomas and carcino-
mas.22 Moreover, Eker rat renal tumors have a hyperactive
TORC1 pathway,7 similar to the situation assumed to pre-
dominate in human renal tumors.23,24 More importantly,
Eker rats are highly susceptible toward genotoxic and non-
genotoxic renal carcinogens.25–27 This animal model thus
should allow the evaluation of the influence of genotoxic and
nongenotoxic carcinogens in the development and pro-
gression of preneoplastic and neoplastic renal lesions. Fur-
thermore, the Eker rat model helps to delineate the involve-
ment and importance of the TSC2-mTor pathway in different
stages of preneoplastic renal lesions.

Accordingly, male and female Eker rats were treated for
3 and 6 months with relatively low yet carcinogenic doses of
the genotoxic plant toxin aristolochic acid (AA), and the
nongenotoxic mycotoxin, ochratoxin A (OTA). Both com-
pounds are known potent renal carcinogens in rats.28–30

Furthermore, they are assumed to be involved in the etiol-
ogy of Balkan endemic nephropathy, associated with renal
fibrosis and urothelial tumors in humans.31–33

Compound-induced nonneoplastic and neoplastic re-
nal pathology, site-specific renal cell proliferation, inci-
dence, phenotype, and progression stage of preneoplas-
tic and neoplastic lesions were determined at the 3- and
6-months time point in both sexes. Finally, microdis-
sected preneoplastic lesions and healthy tissue of AA-
and OTA-treated as well as control male Eker rats were
analyzed using microarrays. Thus, pathways specific for
various progression stages of preneoplastic lesion and
gene expression changes specific for AA and OTA ex-
posure could be evaluated. Activation of TORC1 and
TORC2 pathways in carcinogen-treated and control rats
were visualized via immunohistochemical detection of
respective phosphorylated downstream targets.

Materials and Methods

Compounds

AA sodium salt mixture (AA I: 41% and AA II: 56%) was
purchased from Sigma-Aldrich Germany. OTA (�98%

purity) was provided by M. E. Stack (U.S. Food and Drug
Administration, Washington DC).

Animals

Eker rats were purchased at 6–8 weeks of age from the
University of Texas MD Anderson Cancer Center. Groups
of females and males were randomly assigned to dose
groups (10 rats per compound (or vehicle) and time
point) and acclimatized for 4 weeks.

Groups of 10 Eker rats per sex were gavaged with OTA
(210 �g/kg body weight) or AA (1 mg/kg body weight) at
5 days a week. Similar dose regimens have previously
been used to induce renal tumors in other non-Eker rat
strains (F344; Wistar).28,30 Time-matched controls were
gavaged with the vehicle 0.1 M NaHCO3. Five days be-
fore sacrifice 5 of 10 rats per dose group and sex were
s.c. implanted with osmotic ALZET pumps (model 2ML1;
Charles River Laboratories, Germany) containing 5-bro-
mo-2-deoxyuridine (BrdU; 20 mg/ml sterile saline; Sigma-
Aldrich, Germany) to allow postmortem immunohisto-
chemical analysis of cell proliferation. After 3 and 6
months of treatment, anesthetized rats were sacrificed
by retrograde PBS perfusion-induced exsanguination.
Kidneys were collected following retrograde perfusion.
An overview of the overall experimental design and
sample collection is given in supplemental Figure S1
on http://ajp.amjpathol.org.

Sample Collection

A freshly isolated kidney was cut in half. One half was
cross-sectioned to 5-mm slices, which were snap frozen
in liquid nitrogen and stored at �80°C for subsequent
cryosectioning. The other, half of the same kidney was
fixed in PBS-buffered fixative (2% paraformaldehyde and
1% glutaraldehyde) for subsequent paraffin embedding
and sectioning.

Histopathology

H&E-stained paraffin sections from 10 rats per group
were randomized for histopathological evaluation. Non-
neoplastic pathology was classified as none (0), very
mild (1), mild (2), moderate (3), pronounced (4), and
severe (5), whereas preneoplastic and neoplastic lesions
were classified according to the lesion type3 and quan-
tified (total number of each lesion type per section).

Immunohistochemistry

Cell proliferation was evaluated via BrdU immunohisto-
chemistry. Immunostaining was performed as previously
described,34 yet using a monoclonal mouse anti-BrdU
primary antibody (MU247-UC; Biogenex) diluted 1:100 in
Power Block (BioGenex) in an overnight application at
4°C. Cell proliferation was quantified on randomized sec-
tions. Twenty microscopic fields (�10 ocular, �40 objec-
tive) were randomly chosen within the area of the renal

1687



outer cortex and inner cortex/outer medulla. Proximal and
distal tubules and collecting ducts were counted sepa-
rately per field, distinguishing between negative and pos-
itive BrdU-stained nuclei. Nuclear labeling indices for
BrdU (LI%) (BrdU-positive nuclei/total number of nuclei
counted) were determined. For LI determination, at least
1000 nuclei were counted in proximal tubules of the outer
part and 1000 nuclei in the inner part of the corticomed-
ullary section. In addition, a total number of 500 nuclei in
distal tubules and 500 nuclei in collecting ducts were
counted. This approach of counting could also include
areas with regenerating tubules and earliest preneoplas-
tic lesions, however avoiding overtly morphologically
changed areas (tumors or chronic progressive nephrop-
athy) for counting. In an additional approach at least 500
BrdU-positive and -negative nuclei were counted specif-
ically only in morphologically unaffected proximal tu-
bules, in the outer as well as the inner cortex separately.

Immunohistochemistry of phospho-S6 ribosomal pro-
tein (pS6RP), phospho-Akt (pAKT), and FOXO1 in paraf-
fin sections was performed according to the manufacturer’s
instructions (Cell Signaling Technology). Briefly, primary
rabbit anti-pS6RP (Ser235/236) (catalog no. 2211) was
diluted 1:100, whereas rabbit anti-p-AKT (Ser473) (cata-
log no. 3787) was diluted 1:10. Rabbit anti-FOXO1
(FOXO1A, FKHR, Abcam ab39656) was diluted 1:200
in 5% normal goat serum. Antigen–antibody complexes
were visualized using the Super Sensitive (BioGenex)
alkaline phosphatase-labeled, biotin–streptavidin am-
plified detection system with Fast Red as chromogen.

Laser Microdissection and RNA Isolation

For microdissection of preneoplastic lesions from H&E-
stained renal cryosections, a laser microdissection and
pressure catapulting system (P.A.L.M. Microlaser Tech-
nologies, Germany) was used. Basophilic atypical tu-
bules (bAT), basophilic atypical hyperplasia (bAH), or
tubules with normal morphology (NT) were micodis-
sected, according to a previously established protocol.19

For this approach, preneoplastic lesions and NT were
isolated from male 6 months treated and control rats (N �
3). From each replicate rat per dose group bATs, bAHs,
and NT were separately pooled from the corticomedullary
section until an overall area of 2 mm2 was reached. RNA
isolation from pooled samples and subsequent Affymetrix
Rat Genome RAE_230A_2.0 chip hybridization was per-
formed as described previously.19

Microarray Data Processing and Analysis

Microarray quality control was performed as previously
described,35 and gene expression data were submitted
to the National Center for Biotechnology Information-
Gene Expression Omnibus (GEO) repository (GSE 10608).
For statistical analysis, Expressionist Analyst software
(Genedata AG, Switzerland) was used. Genes with sig-
nificantly increased or decreased expression values per
compound and lesion type when compared with the ex-
pression levels of NTs of control rats (NT(C)) were se-

lected by Student’s t-test with a P value cutoff of 0.005,
combined with a 2.0-fold deregulation threshold. Identi-
cal cut-offs were applied for comparing NTs from AA-
and OTA-treated rats with NTs from control rats. Heat-
maps were used to graphically display the relative
expression data after one-dimensional clustering of the
genes. On the basis of 284 individual comparisons, a
regression coefficient of 0.94 between the natural log
ratios for Affymetrix RAE230A arrays and quantitative
RT-PCR (TaqMan technology) data were previously ob-
tained in this laboratory (data not shown). The latter sup-
ports the assumption that expression profiles generated
with the Affymetrix platform, as presented here, can be
used for semiquantitative comparisons of gene expres-
sion changes and subsequent data interpretation.

For functional analysis, significantly deregulated genes
were characterized according to the biochemical role
of its encoded protein, using information from data-
bases, eg, NetAffx, SwissProt, Proteome, and PubMed.
Depending on their increased or decreased expres-
sion, genes were further assigned to pathophysiologi-
cal categories allowing the comparison of signaling
pathways within the different types of preneoplastic
lesions and NTs.

Statistical Analysis

Statistical analysis of histopathological and cell prolifer-
ation data were performed using GraphPad Prism 4.03.
Significant differences in nuclear labeling indices or total
number of lesions in treated and control rats were
analyzed by one-way analysis of variance followed by
Bonferroni’s test for multiple comparisons. Ranked
nonneoplastic pathology data were analyzed using the
nonparametric Kruskal-Wallis test followed by Dunn’s
Multiple Comparison Test.

Results

Nonneoplastic Pathology

OTA. Eker rats treated with OTA for 3 and 6 months
presented with significantly increased apoptosis, karyo-
megally, and peritubular fibrosis in the inner cortex (Figure
1, A–C; supplemental Table S1, http://ajp.amjpathol.org).
The severity of apoptosis and karyomegally was higher in
3-months-treated males than in females, but similar in
6-months-treated rats of both sexes. At the 6-months time
point, significantly increased necrosis was observed
within the inner cortex of both sexes and cytoplasmic
vacuolization in males. In addition, 6-months OTA-treated
males and females exhibited a marked (but not signifi-
cantly increased) severity and higher incidence of protein
casts, tubular dilatation, and regenerating tubules than
the respective controls.
AA. Treatment with AA resulted in weaker pathology com-
pared with OTA-treated rats (supplemental Table S1,
http://ajp.amjpathol.org). Although effects were not signif-
icant, 6 months of treatment with AA consistently ap-
peared to result in more pronounced and higher inci-
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dences of pathological changes, protein casts, dilated
tubules, and regeneration, than in the respective control
groups of both sexes. Pathological changes were primar-
ily observed in the corticomedullary section and in some
cases in the medulla and the papilla.

A time-dependent increase in chronic progressive ne-
phropathy was observed in treated and control groups
and was characterized by thickening of the glomerular
and proximal tubule basement membrane, increased re-
generation and infiltrating mononuclear cells (Figure 1D).

Cell Proliferation

Site-specific cell proliferation of proximal tubules, distal
tubules or collecting ducts, was assessed via BrdU im-
munostaining in deparaffinized renal sections (Figure 2,
A and B).

In general, female rats at the 6-months time point dem-
onstrated an approximately 2- to 3-fold higher basal cell
proliferation rate than males at all sites, whereas this was
not apparent at the 3-months time point.
OTA. Three months of OTA treatment significantly in-
creased cell proliferation rates 6.2- and 5.7-fold above
controls in the proximal tubules of the inner cortex of male
and female rats, respectively (Figure 2A). In contrast,
higher cell proliferation was observed following 6 months
of OTA treatment in the inner cortex of male rats (5.8-fold)
compared with females (3.0-fold) (Figure 2B). No signif-
icant changes were observed in the outer cortex of OTA-
treated rats.

AA. Three months of AA treatment did not change cell
proliferation rates in the proximal tubules of the inner or
the outer cortex in both male and female rats (Figure 2A).
However, at the 6-months time point, a 2.4- and 2.5-fold
increase in cell proliferation in proximal tubules of the
inner cortex was observed in both males and females,
respectively (Figure 2B).

When restricting cell proliferation analysis to proximal
tubules with a nonpathological phenotype, mean cell pro-
liferation rates were not significantly different in the outer
or inner cortex of control and treated rats of both sexes
(data not shown). Similarly, cell proliferation was not in-
creased in distal tubules or collecting ducts of either sex,
irrespective of the treatment (data not shown).

(Pre-)neoplastic Pathology

Preneoplastic (atypical tubule and atypical hyperplasia)
and neoplastic (adenoma and carcinoma) lesions ob-
served in kidneys of male and female Eker rats after 3 or
6 months of treatment were primarily of the basophilic
phenotype, i.e., bAT (Figure 1E) and bAH (Figure 1F).
Other lesion types, eg, oncocytic tubules and cysts, were
rare and thus not evaluated further.

All treatment and control groups presented with a
100% incidence of bATs. However, a time-, compound-,
and segment-dependent increase in total numbers of
bATs was observable in treated males and females,
when compared with the respective controls at both
time points (Figure 2, C and D). Furthermore, com-

Figure 1. Representative preneoplastic lesions as observed in H&E stained renal sections of OTA-treated rats apoptosis (white arrowheads) (A); karyomegally
(white arrowheads) and cytoplasmic vacuolization (black arrowheads) in OTA-treated rats (B), peritubular fibrosis in OTA-treated rats (C), representative
chronic progressive nephropathy observed in all treatment and control groups (D), bAT (E), and bAH (F).
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pound-specific induction of bATs in the outer or inner
cortex/outer medulla correlated well with a compound
and segment-specific induction of cell proliferation
(Figure 2, A–D).
OTA. Including all renal segments, a 3-months OTA treat-
ment induced a 3.3- and a 2.8-fold increase in total bAT
number in male and female rats, respectively (Figure 2E).
A similar increase in bAT number was also observed at
the 6-months time point, when compared with the respec-
tive controls, suggesting continued OTA-induced bAT
formation in all groups (Figure 2F). In males, total num-
bers of bAH increased approximately 3-fold over time,
whereas total numbers of bAH in OTA-treated females
remained at similar levels at both time points, indicat-
ing a higher formation of preneoplastic lesions in male
rats. This was confirmed by the 80% bAH incidence in
male rats compared with the 30% incidence in females
(Figure 2F).
AA. A significant 3.0- and 5.6-fold increase of the number
of bATs/rat was observed in female rats at the 3- and

6-months time points, whereas male Eker rats showed a
significant 3.5-fold increase of bAT number at the
6-months time point only (Figure 2F). Similarly, both male
and female rats presented with higher total numbers of
bAH following 3- and 6-months AA treatment when com-
pared with the corresponding controls. However, the
bAH/rat ratio was significantly higher at the 6-months time
point only in female rats. Sporadic adenomas or carcino-
mas could be observed in all dose groups. However, total
numbers or incidences were not significantly increased in
AA- or OTA-treated rats when compared with corre-
sponding control rats (data not shown).

Gene Expression Profiling

As preneoplastic lesions exhibited a similar basophilic
phenotype in both sexes, gene expression profile analy-
ses were restricted to preneoplastic lesions of male Eker
rats. Laser-microdissected preneoplastic lesions (bATs
and bAHs) and NTs of AA- and OTA-treated and control
males were analyzed using microarrays to investigate
gene expression profiles induced by AA and OTA as well
as to differentiate pathways specific for the progression
stage of the preneoplastic lesions.

Preneoplastic Lesions

Gene expression profiling of microdissected lesions re-
sulted in the differential expression of 570 annotated
nonredundant genes when compared with tubules with
normal morphology of control rats (NT(C)). Although dif-
ferent total numbers of genes appeared to be signifi-
cantly differentially expressed in various sample types
(Table 1), visualization of expression profiles of the union
of selected genes revealed a qualitatively similar expres-
sion profile in all preneoplastic lesions, irrespective of
treatment or lesion type (Figure 3).

Tubules with Normal Morphology

Gene expression profiles of microdissected NTs of
6-months AA- and OTA-treated rats were compared with
normal tubules of the respective control rats NT(C) to
evaluate possible effects of both compounds on patho-
logically unaffected tubules. Only seven and six genes
presented with significantly increased or decreased ex-
pression in NT of AA- and OTA-treated males, respec-
tively (supplemental Table S2, http://ajp.amjpathol.org).
However, none of those genes could be correlated with
known AA- or OTA-induced mechanisms.

Functional Analysis of Genes with Significantly
Changed Expression

Functional analysis of differentially expressed genes in
preneoplastic lesions from treated and control rats iden-
tified a number of pathophysiologically relevant end-
points. Table 1 specifies the criteria used to assign genes
with increased or decreased expression to these catego-

Figure 2. A and B: Mean numbers � SEM of BrdU S-phase labeling indices
(LI%) of Eker rats treated with AA or OTA. LI%, determined for proximal
tubules within randomly chosen fields of the outer (light gray) or inner cortex
(dark gray) after 3 months (A) and 6 months (B) of treatment. C and D: Mean
numbers � SEM of bATs in AA- and OTA-treated and control male and
female Eker rats after 3 (C) and 6 months (D) of treatment. Light gray bars,
outer cortex; dark gray bars, inner cortex. E and F: Mean total numbers �
SEM and incidences (inc.) of bATs and bAHs in carcinogen treated and
control rats of both sexes after 3- (E) and 6-months (F) of treatment. Striped
light gray bars, bATs; striped dark gray bars, bAHs. A–F: Significant differ-
ences compared with the respective controls were tested using a one-way
ANOVA followed by Bonferroni’s posttest for multiple comparisons and are
indicated as �P � 0.05, ��P � 0.01, and ���P � 0.001.
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Table 1. Numbers and Categories of Significantly Differentially Expressed Genes in Preneoplastic Lesions

End points

% of all significantly deregulated
annotated genes per group

Description
bAT bAT bAT bAH bAH bAH
C AA OTA C AA OTA

Reduced carcinogen
uptake and
biotransformation

0 3.9 2.3 6.5 2.7 2.4 Decreased expression of genes encoding solute carriers
including organic anion and organic cation transporters.
Decreased expression of genes involved in phase I and
phase II biotransformation

Oxidative stress 2.9 2.7 4.7 1.9 1.4 2.4 Increased expression of ARE target genes and other
genes known to be involved in oxidative stress
responses. Decreased expression of genes mediating
the cellular antioxidant defense

DNA damage
response

4.4 0.9 1.6 1.1 4.1 0 Increased expression of genes encoding p53 target genes
and genes coding for proteins involved in DNA damage
repair

Apoptosis 4.3 2.4 1.6 3.4 1.4 1.2 Increased expression of proapoptotic genes. Decreased
expression of antiapoptotic genes

Tumor and
metastasis
suppression

2.9 3.0 4.7 2.3 2.7 3.5 Increased expression of genes coding for tumor
suppressor genes. Increased expression of tissue
inhibitor of metalloproteinases or decreased expression
of genes facilitating metastasis

Cell cycle
progression

2.9 5.1 5.5 3.1 5.5 3.5 Increased expression of genes involved in DNA replication
cell cycle progression, mitotic spindle/cytokineses or
nucleosome formation

Cell growth/survival/
proliferation

10.1 8.3 8.6 6.9 6.8 10.6 Increased expression of genes encoding growth and
survival factors, (IGF)-PI3K-AKT and the mTOR/S6K
pathway components, antiapoptotic genes, oncogenes.
Decreased expression of tumor suppressor genes

Tumorigenesis 1.4 0.9 1.6 1.1 2.7 1.2 Increased or decreased expression of genes with unclear
biochemical function, however, for which a similar
direction of expression has been reported previously in
different types of cancer

Cytoskeleton
rearrangement

7.2 7.1 7.8 10.7 6.8 7.1 Increased expression of genes coding for Rho-GTPases,
other proteins involved in positive regulation of actin
polymerization, actin remodeling, stress fiber formation,
or microtubule dynamics

Enhanced cell
adhesion

1.4 1.2 0.8 0.8 4.1 2.4 Increased expression of genes coding for cell adhesion
molecules

Angiogenesis 2.9 4.5 5.5 1.9 4.1 4.7 Increased expression of genes of the VEGF pathway and
functioning in growth and survival of endothelial cells,
vascular development and remodeling

Metastasis 1.4 2.7 2.3 3.4 2.7 1.2 Increased expression of genes coding for serin
proteinases involved in ECM degradation. Decreased
expression of genes coding for cell adhesion molecules
or gap junction proteins

Dedifferentiation 0 2.6 1.6 1.2 0 3.5 Decreased expression of genes mediating the
physiological homeostasis of the cell and/or organ

Stromatogenesis 2.9 4.5 6.3 7.7 5.5 12.9 Increased expression of genes encoding ECM
components and components involved in stroma-cell
interaction like integrins or integrin binding proteins

Immune response 10.1 15.5 15.6 19.2 15.1 15.3 Increased expression of genes encoding components of
the acute phase response, inflammation, innate or
adaptive immunity, complement system, TNF/cytokine
pathway, or increased expression genes coding for
proteins involved in antigen presentation

Lysosomal
degradation

1.4 2.7 2.3 1.9 1.4 2.4 Increased expression of genes coding for lysosomal
enzymes and proteins of the lysosomal membrane

Energy provision 5.8 4.5 2.3 2.7 4.1 1.2 Increased expression of genes coding for proteins
supporting uptake of glucose, lipids and amino acids
into the cell, as well as for proteins supporting
glycogenolysis, glycolysis, gluconeogenesis, citrate
cycle, and glutaminolysis

Precursor provision 5.8 8.0 8.6 8.8 5.5 5.9 Increased expression of genes coding for proteins
involved in fatty acid synthesis, lipid storage, cholesterol
uptake, cholesterol metabolism and
phospholipid/glycolipid synthesis. Decreased expression
of genes involved in �-oxidation fatty acids and amino
acid degradation

(table continues)
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ries. The most prominent categories, containing the ma-
jority of differentially expressed genes, were similar in all
lesion types. Importantly, all preneoplastic lesions of con-
trol and treated animals demonstrated a broadly de-
creased expression of genes encoding transporters and
metabolic enzymes involved in the uptake and biotrans-
formation of carcinogens, among them enzymes and
transporters previously shown to be involved in AA- and
OTA-mediated toxicity and carcinogenicity (ie, OATP1,
OAT1, CYP1A1, NQO1, NQO2),36–38 (Table 1; supple-
mental Table S2, http://ajp.amjpathol.org).

Moreover, many differentially expressed genes of
these categories could be directly associated with acti-
vated AKT, TORC1, and/or TORC2 pathways (supple-
mental Table S2, http://ajp.amjpathol.org and below) and
may result from a functional loss of the TSC2 gene in
preneoplastic lesions, ie, genes involved in cell cycle
progression (increased expression of CDC2, CCNB1,
CCNB2, AURKB; decreased expression of NUP50); cell
growth, survival, and proliferation (increased expression
of CTGF, POSTN, ITGB4, PINK, IGFBP1, and PIK3AP1;
decreased expression of FOXOA1); protein synthesis (in-
creased expression of RPS15A); increased expression of
hypoxia-inducible factor-1� (HIF1�) target genes in-
volved in angiogenesis (PAI1, CXCR4) and glucose up-
take and glycolysis (PFKM, PFKC, ENO2, PGAM2, and
GLUT2); and cytoskeleton rearrangement (increased ex-
pression of genes coding for Rac/Rho/Cdc42 signal
transduction proteins, eg, RHOQ, RAC2, PAK3, IQGAP1,
CDC42SE1, CDC42EP1, ELMO2, DOCK6, RAC2, and
PLEKHG2; increased expression of protein kinase C�
substrates MARCKS and AKAP12). PubMed IDs for ref-
erences, suggesting a direct or indirect involvement of

the genes presented here in either TORC1 and/or
TORC2-dependent pathways, are given in supplemental
Table S2 (see http://ajp.amjpathol.org).

Moreover, a possible correlation between functional
loss of TSC2 in preneoplastic lesions and active c-myc
oncogene is indicated by the increased expression of
C-MYC itself and its target genes EMP1 and EMP3.

TORC1 and TORC2 Pathway Activation in
Preneoplastic Lesions

The observed changes in gene expression profiles point
to a concomitant activation of AKT, TORC1, and/or
TORC2 pathways. To prove this, immunostaining of phos-
phorylated ribosomal protein S6 at Ser235/236 (pS6RP)
was used as an indicator of TORC1 activity.7 Staining of
AKT phosphorylated at Ser473 (pAKT) provided confir-
mation of active TORC2 since active TORC2 was shown
to directly phosphorylate AKT at Ser473.15

Comparable pS6RP staining was observed within
bATs and bAHs of AA, OTA, and control male and female
Eker rats (Figure 4, A and B). Sporadic preneoplastic
tubules were negative for pS6RP staining in the carcino-
gen-treated and the control group (a maximum of six
bATs in the 6-month AA treatment group). Positive pS6RP
staining was also present in adenomas, carcinomas, and
oncocytic cysts of all rats examined. pS6RP-positive im-
munostaining of preneoplastic lesions and tumors may
thus be interpreted as corroborative evidence for activa-
tion of the TORC1/S6K/S6RP pathway.

Table 1. Continued

End points

% of all significantly deregulated
annotated genes per group

Description
bAT bAT bAT bAH bAH bAH
C AA OTA C AA OTA

Protein synthesis and
trafficking

4.3 1.2 3.1 3.4 2.7 3.5 Increased expression of genes involved in protein sorting,
vesicular transport or endo-/exocytosis. Increased
expression of genes involved in translation or protein
folding in the endoplasmatic reticulum

Protein degradation 4.3 3.3 0 0.4 0 0 Increased expression of genes coding for components of
the ubiquitin-dependent protein catabolism

Neuronal
differentiation

2.9 3.3 3.1 2.7 5.5 2.4 Increased expression of genes involved in neuronal signal
transmission or neuronal differentiation

Cellular stress 4.3 2.7 1.6 3.1 8.2 3.5 Increased expression of genes involved in the NF-�B, or
HIF pathways or other stress related pathways involved
in hypoxia, acidosis or tubular damage. Decreased
expression of genes encoding inhibitors of these
pathways and end points

Osmotic stress 7.2 1.5 2.3 1.1 1.4 1.2 Increased expression of genes involved in water and
sodium absorption, decreased expression of genes
mediating cell volume homeostasis. Increased
expression of genes involved in hyperosmotic response

Unknown end point 10.1 7.7 6.3 5.0 5.5 8.2 Genes with known biochemical function, but whose
increased or decreased expression could not be given a
specific meaning, due to the lack of information from
literature

ARE, antioxidant-responsive element; IGF-PI3K-AKT, insulin growth factor- phosphoinositol-triphosphate kinase-AKT; mTOR/S6K, mammalian target
of rapamycin-ribosomal S6 kinase; VEGF, vascular endothelial growth factor; ECM, extracellular matrix; TNF, tumour necrosis factor; NF-�B, nuclear
transcription factor B.
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pAKT immunostaining of bAT and bAH and tumors
resulted in a weak but specific cytoplasmatic and spo-
radic nuclear staining in treated and control male rats
(Figure 4, C and D). However, as pAKT staining ap-
peared faint, additional immunostaining of AKT target
FOXO1 was used. FOXO1 shuttles from the nucleus to
cytoplasm for degradation when phosphorylated by
active AKT.39 FOXO1 and FOXO3 phosphorylation was
strongly reduced in embryonic fibroblasts derived from
mice deficient in SIN1, which are unable to form a
functional TORC2 complex.12 Accordingly, cytoplas-
matic localization of FOXO1 can be indicative for a
TORC2-dependent AKT activation. Tubules with NT
presented primarily with nuclear FOXO1 staining. In
contrast, strong cytoplasmic and nuclear staining in
bATs and bAHs was detected, as expected for dereg-
ulated FOXO1 activation and/or half-life (Figure 4, E
and F). Thus, the FOXO1 staining pattern further sup-
ports activation of the TORC2-AKT pathway in preneo-
plastic renal lesions. Additional images of pS6RP,
pAKT, and FOXO1 stainings are provided in supple-
mental Figure S2 (see http://ajp.amjpathol.org).

Discussion

Nephrotoxicity and Accompanying Cell
Proliferation Is Critical for the Formation of
Preneoplastic Lesions but not for Lesion
Progression in AA- and OTA-Treated Eker Rats

Three and six months of treatment of male and female
Eker rats with OTA resulted in tubular degeneration and
apoptosis accompanied with an increased cell prolifera-
tion and the occurrence of karyomegally and peritubular
fibrosis in the inner cortex (Figure 1, A–C; Table S1, see
http://ajp.amjpathol.org). Comparable findings were de-
scribed in F344 rats treated with the same dose regi-
men,28,29,40 thus confirming comparable sensitivity of
Eker rats to OTA nephrotoxicity.

Unlike OTA, no significant nephrotoxic effects were
observed in AA-treated male or female Eker rats. How-
ever, at the 6-months time point, both sexes appeared to
develop more pronounced cytoplasmatic vacuolization,
protein casts, dilated tubules, regeneration, and chronic
progressive nephropathy in the corticomedullary section,
when compared with the respective control rats (supple-
mental Table S1, see http://ajp.amjpathol.org). These find-
ings agree with reports on nephrotoxic effects in male
Wistar rats that were orally treated with single doses of
AA (10 to 100 mg/kg body weight).41 Similar nephrotoxic
effects were observed in female Sprague-Dawley rats 3
or 6 months after treatment with a single oral dose of 50
mg/kg/day AAI.42

BrdU staining of S-phase nuclei revealed that AA- and
OTA-induced cell proliferation correlated well with the
segment-specific and time-dependent increases of
nephrotoxic damage in both sexes, suggesting tubular
regeneration of damaged areas. Indeed, by distin-
guishing different nephron segments and segments
with normal or pathologically altered morphology,
above data demonstrated that AA- and OTA-induced
cell proliferation is restricted to pathologically altered
proximal tubules.

Numerous studies show that nephrotoxcity and regen-
erative cell proliferation can be directly associated with
renal cancer. Specifically, increased cell proliferation
may favor tumor development, eg, by the fixation of mu-
tations as well as by survival and promotion of initiated
cells.3,43,44 It was therefore hypothesized that AA- or
OTA-induced cell proliferation corresponds to increased
numbers and/or progression rates of preneoplastic le-
sions in a compound-, sex-, and tubular segment-spe-
cific manner. Indeed, the 2-fold higher cell proliferation in
the inner cortex of OTA-treated males compared with
females at the 6-months time point corresponded well
with the 1.7-fold higher increase in the number of bATs in
males than in females (Figure 2, A–D).

The critical role of compound-induced cytotoxicity and
accompanying cell proliferation for the onset of preneo-
plastic lesion formation is corroborated by the findings in
the AA treatment groups. The 2-fold higher cell prolifer-
ation in female than in male rats after 3 months of AA
treatment corresponded to the 2-fold higher number of

Figure 3. Heat map comparing gene expression changes of microdissected
bATs and bAHs of AA-, OTA-, and vehicle-treated Eker rats and microdis-
sected healthy tubule from AA- and OTA-treated rats. Expression profiles
were compared with microdissected NT of control rats. Gene expression
ratios are indicated by the color scale: red, increased expression; green,
decreased expression.
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bAT lesions in females at the same time point. Moreover,
a similar sex-dependent trend for cell proliferation and
bAT development, although not as pronounced, was also
observed at the 6-months time point (Figure 2). However,
a significant increase of cell proliferation was only de-
tected in the inner but not in the outer renal cortex of
AA-treated rats, whereas bATs were found in both areas
of the cortex. This discrepancy suggests that a low cell
turnover within the outer cortex may already allow the
fixation of AA-induced mutations and thus formation of
preneoplastic lesions. Thus, the results presented here
indicate that nephrotoxicity and accompanying regener-
ative cell proliferation is an augmenting but not the sole
contributor to renal carcinogenesis in AA- and OTA-
treated Eker rats.

Decreasing ratios of bATs/rat to bAHs/rat were sug-
gested to be indicative for lesion progression.45 The re-
sults presented here show that higher numbers of bATs
are also accompanied by higher numbers of bAHs,
thereby resulting in similar bAT to bAH ratios in all dose
groups examined. The latter may indicate that AA or OTA
exposure has only a limited influence on the progression
of preneoplastic lesions. Taken together, these findings
suggest that compound-dependent regenerative cell
proliferation most likely supports the fixation of AA- and
OTA-induced mutations, which may originate from AA-
induced DNA adducts46 or OTA-induced oxidative stress
and subsequent DNA damage.47,48 However, subse-
quent to the initial formation of preneoplastic lesions,
compound treatment does not appear to influence lesion
progression. These findings therefore corroborate the
above assumption that regenerative cell proliferation is

critically involved in the development of kidney cancer. In
Eker rats, already carrying a first hit mutation within the
TSC2 tumor suppressor, regenerative cell proliferation
may contribute to a facilitated fixation of the second hit
mutation and hence to a much earlier development of
preneoplastic lesions than in wild-type strains.

Adaptation to Prolonged Carcinogen Treatment

Gene expression analysis of preneoplastic lesions dem-
onstrated that bATs and bAHs of control, AA-, and OTA-
treated male rats are qualitatively indistinguishable (Fig-
ure 3), thus corroborating the above observation that
once initiated in a compound- and sex-dependent man-
ner, clonal expansion of preneoplastic lesions is com-
pound independent. The general insensitivity of preneo-
plastic lesions toward AA and OTA treatment may be
explained by broadly decreased expression of transport-
ers and metabolic enzymes in preneoplastic lesions. This
would also suggest a dedifferentiation of specialized cell
functions in favor of increased cell proliferation during
lesion progression. Importantly, some of these transport-
ers and metabolic enzymes were previously demon-
strated to be involved in AA- and OTA-mediated toxicity
and carcinogenicity.36–38,49 Decreased expression of
these essential transporters and metabolic enzymes
could therefore result in a reduced toxin uptake or bio-
activation. A similar phenomenon is already known in the
form of multidrug resistance where cancer cells have the
ability to become resistant to chemotherapeutics.50 An
additional explanation for the general insensitivity of pre-

Figure 4. Proof of principle staining for concurrent TORC1 and TORC2 activation in preneoplastic lesions. Serial sectioned bAT with positive pS6RP (A), pAKT
(C) and cytoplasmatic accumulation of FOXO1 (E). Representative images of bAH immunopositive for pS6RP (B), p-AKT (D), and FOXO1 (F). Additional images
of pS6RP, p-AKT and FOXO1 are shown in Supplemental Figure 2 available at http://ajp.amjpathol.org.
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neoplastic lesions toward AA and OTA treatment may be
that a temporarily reduced blood supply in fast-growing
preneoplastic foci could reduce the amount of carcino-
gen reaching the cells, at least until angiogenesis is
initiated.

Surprisingly, only marginal gene expression changes
were observed in microdissected NTs following 6-months
AA and OTA treatment (Figure 3). This finding stands in
contrast to previous findings where 14 days of AA and
OTA treatment of Eker and corresponding wild-type rats
resulted in substantial gene expression changes in the
renal cortex, eg, genes involved in response to oxidative
stress and DNA damage.34 An explanation for this dis-
crepancy may be that recurring cycles of AA- or OTA-
induced damage and subsequent regeneration facilitate
the positive selection of tubule cells toward carcinogen-
insensitive cells with no obvious phenotypical abnormal-
ities. However, to date it cannot be excluded that an
increased extrarenal detoxification and/or excretion of
both compounds may also contribute to the observed
carcinogen adaptation following chronic administration.

In summary, prolonged compound exposure may
add little to the formation of additional preneoplastic

lesions. This suggests the existence of a critical, albeit
compound-specific period of exposure for genotoxic or
nongenotoxic carcinogens, where normal renal tissue
is not yet adapted (Figure 5B). In this critical period,
normal renal tissue cells are still sensitive toward car-
cinogen treatment and appear incapable of sufficiently
repairing compound-induced damage despite active
regenerative cell proliferation, thus providing the pos-
sibility for fixation of mutations and thereby formation of
preneoplastic lesions (Figure 5A). In Eker rats, this
critical period of exposure could be sufficient for a
broad range of compounds to induce the formation of
preneoplastic lesions, because only one additional
(spontaneous or compound induced) mutation would
be necessary to receive a complete loss of tumor
suppression. In wild-type rats, the critical period might
be too short for some compounds to induce the fixation
of both mutational hits, which could explain why only a
limited number of nephrotoxins caused tumors in the
2-year rodent bioassay.

Importantly, this hypothesis would also suggest that
the incidence and number of veritable tumors is primarily
driven by the number of preneoplastic lesions formed

Figure 5. A: Schematic overview over the postulated processes (incl. activated mTOR, cell clone survival and expansion) involved in the formation of
preneoplastic lesions. B: Postulated time curve of tissue adaptation versus formation of preneoplastic lesions. C: Suggested mechanistic involvement of TORC1-
and TORC2-dependent mTOR pathways in renal carcinogenesis. Blue, pathways and processes implicated by gene expression analysis. Red, protein expression
or phosphorylation verified by immunostaining.
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during a critical period of exposure. This interpretation is
supported by a study from Wolf et al27 who reported an
indistinguishable number of preneoplastic lesions and
tumors in Eker rats treated with 500 ppm of sodium
barbital in feed for 4.5 months and sacrificed at 12
months and Eker rats treated with 500 ppm of sodium
barbital in feed for the whole 12 months.

The Balance of TORC1 and TORC2 Pathways
May Determine Preneoplastic Lesion
Progression

Because carcinogen treatment may mainly affect early
tumor formation in a compound- and sex-specific man-
ner, similar gene expression profiles in preneoplastic
lesions of AA, OTA, and control Eker rats may point to a
central pathway involved in lesion progression. Func-
tional analysis of differentially expressed genes in bATs
and bAHs as well as immunohistochemical staining of
TORC1 downstream target pS6RP and TORC2 down-
stream targets pAKT and FOXO1 in bATs and bAHs of
control, AA-, and OTA-treated Eker rats may suggest that
both downstream pathways of TORC1 and TORC2 were
activated. The latter may result from a functional loss of
the TSC2 gene in preneoplastic lesions either via loss of
heterozygosity20 or additional mutations up- or down-
stream of the TSC2/TSC1 complex, eg, in the c-myc
oncogene (Figure 5A). Eker rat preneoplastic lesion anal-
ysis demonstrated an increased expression of several
HIF1� target genes and numerous additional genes in-
volved in downstream responses of HIF1�, eg, angiogen-
esis and energy provision. The latter findings correspond
well with a potential modulation of several cell growth
regulators by activated TORC1; for instance, stabilization
of the transcription factor HIF1� by TORC151 would
thereby provide sufficient oxygen and energy supply for
proliferating cells, eg, via increased angiogenesis and
glycolysis.52 Under physiological conditions, activated
S6K leads to phosphorylation and degradation of insulin
receptor substrate proteins53,54 and consequently to re-
duced downstream phosphatidylinositol 3-kinase-AKT-
TSC1/2 activation in mammalian cells. Because intact
S6K-dependent negative feedback inhibition and limited
oncogenic phosphatidylinositol 3-kinase-AKT signaling
was still present in growth-limited benign hamartomas,55

continued and uncontrolled activation of both S6K and
AKT could be a critical trigger in the progression of
benign to rapidly growing malignant lesions.

The concomitant activation of TORC1 and TORC2 (Fig-
ures 4 and 5C) and therefore likely lack of feedback
inhibition of mTOR-AKT signaling appears important for
the survival and clonal expansion of preneoplastic le-
sions. Facilitated AKT activation due to TORC2-depen-
dent Ser473 phosphorylation56 would not only further
enhance the AKT-TSC2-TORC1 pathway but also influ-
ence other targets of the oncogenic AKT leading to re-
duced apoptosis and increased cell cycle progression
(Table 1 and supplemental Table S2, see http://ajp.
amjpathol.org). Moreover, preneoplastic lesion gene ex-
pression profiles support the previously shown function of

TORC2 as an important regulator of the cytoskeleton
through members of the Rho small GTPase family and
phosphorylation of protein kinase C�,13,14 which were
discussed to play a role in cell proliferation, transforma-
tion, and metastasis.57 TORC2-dependent AKT phos-
phorylation and increased expression of members of the
Rho small GTPase family, however, also suggest that
TORC2 may be important for the initial formation of pre-
neoplastic lesions. Indeed, Kenerson et al58 demon-
strated that rapamycin inhibited renal preneoplastic pro-
gression to veritable renal tumors in Eker rats but not the
formation of earliest preneoplastic lesions, suggesting
that the balance between rapamycin-sensitive TORC1
and the insensitive TORC2 may be critical for preneo-
plastic lesion survival and clonal expansion. Rapamycin
treatment may only inhibit the TORC1/HIF1�-dependent
supply of energy and oxygen, which is essential for rapid
clonal expansion of larger preneoplastic renal lesions to
veritable tumors. In contrast, TORC2/AKT-dependent cell
cycle progression and apoptosis inhibition may be im-
portant for the survival and proliferation of initiated cells
and earliest preneoplastic lesions.

Overall Summary and Future Perspectives

The findings presented here suggest that AA- and OTA-
specific nephrotoxic damage correlates well with the oc-
currence of regenerative cell proliferation and the forma-
tion of early preneoplastic lesions but not with their
progression. In Eker rats, bAT to bAH progression is
rather the result of compound-independent clonal expan-
sion, most likely driven by a deregulated TORC1 and
TORC2 pathway. The observed adaptation to carcinogen
treatment also implies the existence of a specific time
window where healthy tubules are still sensitive toward
carcinogen treatment. Thus, the number of preneoplastic
lesions formed during this critical period can determine
the incidence and number of veritable tumors at later
stages. In TSC2 mutant Eker rats, this critical period may
be sufficient for a broad range of nephrotoxins and
carcinogens to induce preneoplastic renal lesions. In
wild-type strains, tissue adaptation and time-depen-
dent differences in sensitivity toward nephrotoxins and
carcinogens could be an additional factor that needs to
be considered when predicting the carcinogenic poten-
tial of test compounds. Further research should clarify
whether the suggested time-restricted sensitivity toward
chemical exposure could also allow to dramatically re-
duce the period of exposure in the rodent bioassay while
maintaining its predictive capacity.
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