
Immunoexpression Status and Prognostic Value of mTOR and
Hypoxia-induced Pathway Members in Primary and Metastatic
Clear Cell Renal Cell Carcinomas

Luciana Schultz, MD1,5, Alcides Chaux, MD1,5, Roula Albadine, MD1, Jessica Hicks, BS1,
Jenny J. Kim, MD3, Angelo M. De Marzo, MD, PhD1,2,3, Mohamad E. Allaf, MD2,3, Michael A.
Carducci, MD2,3, Ronald Rodriguez, MD2,3, Hans-Joerg Hammers, MD2,3, Pedram Argani,
MD1, Victor E. Reuter, MD4, and George J. Netto, MD1,2,3

1Department of Pathology, The Johns Hopkins Medical Institutions, Baltimore, MD
2Department of Urology, The Johns Hopkins Medical Institutions, Baltimore, MD
3Department of Oncology, The Johns Hopkins Medical Institutions, Baltimore, MD
4Department of Pathology, Memorial Sloan-Kettering Cancer Center, New York, NY

Abstract
The need for effective targeted therapies for renal cell carcinomas (RCC) has fueled the interest
for understanding molecular pathways involved in the oncogenesis of kidney tumors. Aiming to
analyze the expression status and prognostic significance of mTOR and hypoxia-induced pathway
members in patients with clear cell RCC (ccRCC) tissue microarrays were constructed from 135
primary and 41 metastatic ccRCC. Immunoexpression levels were compared and correlated with
clinicopathologic parameters and outcome. PTEN levels were significantly lower in primary and
metastatic ccRCC compared to benign tissues (P<0.001). Levels of phos-AKT, phos-S6, and
4EBP1 were higher in metastatic ccRCC (P≤0.001). For phos-S6 and 4EBP1, levels were higher
in primary ccRCC compared to benign tissues (P<0.001). c-MYC levels were higher in metastatic
ccRCC (P<0.0001) and incremental p27 levels were observed in benign, primary ccRCC, and
metastatic ccRCC (P<0.0001). HIF-1α levels were significantly higher in primary and metastatic
ccRCC compared to benign tissues (P<0.0001). In primary ccRCC, levels of all mTOR and
hypoxia-induced pathway members were significantly associated with pT stage (P≤0.036), p27
levels with Fuhrman grade (P=0.031), and 4EBP1, p27, and HIF-1α levels with tumor size
(P≤0.025). Tumor size, HIF-1α and phos-S6 levels were associated with disease-specific survival
(P≤0.032) and tumor progression (P≤0.043). In conclusion, both mTOR and hypoxia-induced
pathways were activated in primary and metastatic ccRCC. PTEN loss seems to be an early event
during tumorigenesis. Tumor size, HIF-1α and phos-S6 expression were found to be independent
predictors of both DSS and tumor progression in primary ccRCC.
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INTRODUCTION
Renal cell carcinoma (RCC) accounts for only 3–4% of adult malignancies yet its incidence
is rising steadily.20 Traditionally, RCC has been resistant to classic treatments
(chemotherapy and radiotherapy), with only a small percentage of patients benefiting from
cytokine therapy.39 Understanding the molecular pathways implicated in RCC oncogenesis
has led to the development of more effective therapies such as drugs that target the vascular
endothelial growth factor (VEGF) and the phosphatidylinositol 3-kinase/mammalian target
of Rapamycin (PI3K/mTOR) pathways; both groups of inhibitors are now considered
important first-line treatment options for patients with advanced RCC.18,25,36,41,49 In
addition, loss of VHL gene, although characteristic of hereditary RCC, is detected in up to
50–60% of sporadic clear cell RCC (ccRCC). Some studies have found that VHL mutation
and subsequent activation of hypoxia-inducible pathways is associated with tumor
aggressiveness and poor survival34,37 although other have failed to show such association22

or even had detected an inverse relationship, with VHL positive tumors having a better
cancer-related survival.48 Hypoxia-induced factor-1 (HIF-1) is a transcription factor that
mediates responses to tissue oxygenation levels26,27 and has been shown to be required for
the regulation of a number of proangiogenic factors, including VEGF receptors.11 As a
result of VHL tumor suppressor gene inactivation the HIF-1α subunit is constitutively
stabilized and highly expressed in VHL-related RCC.29,32,42 In addition, insulin-like growth
factor (IGF) induced HIF-1α synthesis is dependent on the mTOR and the mitogen-
activated protein kinase (MAPK) pathways14 and hypoxia itself modulates the mTOR
pathway through accumulation of HIF-1α.4 Dysregulation of the mTOR pathway has been
demonstrated in several types of malignancies, including RCC.33 Inactivation of PTEN
tumor suppressor gene triggers the PIK3/AKT/mTOR pathway.17,21 AKT activation by
phosphorylation (phos-AKT) promotes cell cycle progression through p27kip1 (p27)
depletion,44 cell proliferation through c-MYC up-regulation,9 and protein translation
through mTOR activation, which in turn regulates growth through its main downstream
effectors: phosphorylated S6 protein (phos-S6) and eukaryotic translation initiation factor
4E-binding protein-1 (4EBP1).35 The aim of the current study is to analyze the expression
status, reciprocal interplay, and prognostic significance of several members of mTOR
pathway and related markers as well as the hypoxia-induced pathway through HIF-1α in a
clinically well-characterized cohort of primary and metastatic ccRCC treated at a single
tertiary academic center.

MATERIALS AND METHODS
The present study includes tissue samples from 176 patients with ccRCC treated at the Johns
Hopkins Medical Institutions (Baltimore, MD). One-hundred and thirty-five cases
correspond to primary ccRCC and the remainder 41 to unrelated metastatic lesions. All
sections were retrieved and reviewed by two urologic pathologists (LS and GJN) for
confirmation of the original diagnosis and stage of each case, in compliance with the
American Joint Committee on Cancer 2002 Classification.2 Using a previously described
procedure13 three sets of tissue microarrays (TMA) were constructed: the first consisted of
69 selected samples of primary ccRCC patients treated by either partial (3 cases) or radical
(66 cases) nephrectomy between 1976 and 2002; the second consisted of 66 primary ccRCC
patients treated by either partial (64 cases) or total (2 cases) nephrectomy during 2005; and
the third one, included de novo metastatic ccRCC cases diagnosed between 2004 and 2006.
Primary and metastatic ccRCC cases were not matched and they corresponded to unrelated
patients. Triplicate tumor samples and paired benign kidney tissue were spotted from each
primary ccRCC specimen, as well as for the metastatic ccRCC cases. Follow-up length from
the moment of initial RCC diagnosis ranged from 3.5 to 208.5 months (mean 47.7 months,
median 38.2 months) in the primary ccRCC cohort and from 1.5 to 144 months (mean 61.8
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months, median 46 months) in the metastatic ccRCC group. In primary ccRCC cases pelvic
recurrence and metastatic disease to distant sites were considered as indicative of tumor
progression.

Immunohistochemistry
Standard immunohistochemistry (IHC) analysis was performed for the following mTOR
pathway members: PTEN, phos-AKT, phos-S6, and 4EBP1. IHC analysis was also
performed for AKT-regulated markers c-MYC and p27 and for the hypoxia-induced
pathway member HIF-1α. Immunostaining was performed on formalin-fixed paraffin-
embedded tissue sections using a Bond Max Leica autostainer (Leica Microsystems,
Bannockburn, IL). Sections were deparaffinized, rehydrated, and subjected to heat induced
antigen retrieval with a buffer solution using a steamer. Sections were then incubated with
appropriate primary antibody. Following the application of a secondary polyclonal rabbit
antibody (except for c-MYC, for which the Dako Catalyzed Signal Amplification System
Kit was used), slides were developed using 3–3′-diaminobenzidine chromogen and
counterstained with hematoxylin. Proper cell lines were used as external controls. For
HIF-1α the protocol described by Tickoo et al was used.43 Table 1 lists all pertinent markers
information.

Scoring System
Internal controls were checked for negative and positive expression for validation of the
assay. Tumor and benign TMA spots stained with each marker were evaluated for pattern of
staining (nuclear vs. cytoplasmic), extent (percent of positive cells) and intensity (0 to 3+
score). PTEN positivity was evaluated as nuclear and/or cytoplasmic pattern while HIF-1α,
phos-AKT, c-MYC and p27 were evaluated as exclusively nuclear, and phos-S6 and 4EBP1
as exclusively cytoplasmic. In order to evaluate not only the percentage of positive cells but
also the staining intensity in the positive cells we devised an H-score, which was assigned to
each TMA spot as the sum of the products of the intensity (0 for negative, 1 for weakly
positive, 2 for moderately positive, and 3 for strongly positive) by the extent of
immunoexpression (0–100), obtaining a value from 0 to 300. Final H-scores for each case
were obtained as the average of all the individual H-scores of each TMA spot and these
were used during statistical analyses for all markers. For multivariate analysis the biomarker
expression was considered as positive (H-score>0) or negative (H-score=0) for all mTOR
and hypoxia-induced pathway members.

Statistical Analysis
H-score means were compared using the 1-way ANOVA test with the Bonferroni’s post-hoc
pairwise test when necessary. Cox regression models were constructed for multivariate
analysis of both clinicopathologic parameters and biomarkers expression in predicting
disease-specific survival (DSS) and tumor progression. Data was analyzed using the
software STATA Version 9.2 (StataCorp LP, College Station, TX).

RESULTS
Clinicopathologic features of all patients are shown in Table 2. In primary ccRCC, the DSS
and tumor progression rates were 75.4% and 29%, respectively. In metastatic ccRCC, the
DSS rate was 36.6%.

Marker Expression Status in Primary and Metastatic ccRCC and Benign Tissues
Patterns of immunoexpression are depicted in Figs 1. Overall, striking differences were
noted in the levels of all biomarkers depending on the evaluated tissue (Table 3). Figures 2

Schultz et al. Page 3

Am J Surg Pathol. Author manuscript; available in PMC 2012 November 25.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



and 3 depict the H-score levels of all biomarkers in benign tissues as well as in primary and
metastatic ccRCC. PTEN levels in primary and metastatic ccRCC were significantly lower
than in benign tissues. Levels of phos-AKT levels were significantly higher in metastatic
ccRCC when compared to primary ccRCC and benign tissues. In metastatic ccRCC levels of
phos-S6 were higher than in primary ccRCC and benign tissues. In addition, phos-S6 levels
were significantly higher in primary ccRCC when compared to benign tissues. The same
aforementioned pattern of expression was observed with 4EBP1, with significantly higher
levels in metastatic ccRCC when compared to primary ccRCC and benign tissues and higher
levels in primary ccRCC when compared to the latter. Levels of c-MYC in metastatic
ccRCC were significantly higher compared to primary ccRCC and benign tissues. Regarding
p27 H-score levels, a higher value was observed in metastatic ccRCC when compared to
benign tissues and also higher in the latter when compared to primary ccRCC. Finally, levels
of HIF-1α were significantly higher in primary and metastatic ccRCC when compared to
benign tissues.

Predictors of Outcome in Primary ccRCC
Univariate analysis—On univariate analysis, pathologic stage and tumor size
significantly predicted DSS and disease progression (Table 4). Fuhrman grade was of
borderline significance in predicting outcome but when categorized as high (>2) vs. low
(≤2) it significantly predicted both outcome parameters. All tested markers significantly
correlated with pathological stage at nephrectomy (P≤0.036). Loss of p27 correlated with
Fuhrman grade (P=0.031) and tumor size (P=0.0001). Additionally, higher levels of HIF-1α
and 4EBP1 also correlated with tumor size (P=0.009 and P=0.025, respectively). Levels of
p27, phos-S6, 4EBP1 and HIF-1α significantly correlated with disease progression
(P≤0.031) and DSS (P≤0.025). Levels of phos-AKT correlated with OS (P=0.0326) but not
with DSS.

Multivariate Analysis—In a multivariate analysis model that included all four tested
clinicopathologic parameters (pT stage, Fuhrman grade, gender, and tumor size) both pT
stage and tumor size remained independent predictors of DSS and disease progression
(P<0.001). In a second multivariate analysis model that included the previous
clinicopathologic parameters and biomarkers that were significant prognosticators of
outcome in the univariate model (phos-S6, HIF-1α, p27, and 4EBP1), only tumor size and
levels of phos-S6 and HIF-1α remained independent predictors of DSS and progression
(Table 5).

Predictors of Outcome in Metastatic ccRCC
Expression levels of all analyzed markers failed to predict DSS in metastatic ccRCC on
univariate and multivariate regression analysis.

DISCUSSION
The PI3K/AKT/mTOR pathway plays a central role in regulating cell growth and
participates in the control of other numerous cellular processes, including mRNA initiation
and protein translation. PI3K, the first member of the pathway, can be directly activated by
tyrosine kinase receptors, leading to phosphorylation and consequent activation of AKT; in
turn, activation of AKT is negatively controlled by PTEN. Activated AKT (phos-AKT)
exerts its downstream effects by phosphorylation of either proteins related to the tuberous
sclerosus complex genes (TSC1/TSC2) or a proline-rich AKT substrate (PRAS40). A
rapamycin-sensitive raptor complex (mTORC1) is then phosphorylated by any of these
proteins, which in turns activates two downstream signaling pathways, S6 and 4EBP1.
Phosphorylated 4EBP1 dissociates from eIF4E, allowing the latter to form a complex that
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facilitates cap-dependant translation of cell cycle-related proteins, such as c-MYC and
cyclin D1, and hypoxia-induced factors, such as HIF-1α. On the other hand,
phosphorylation of S6 ultimately leads to ribosomal protein translation and ribosome
biogenesis. Figure 4 is a diagrammatic representation of the mTOR and hypoxia-induced
pathways considering the members we evaluated in the present study.

In our cohort, PTEN levels were markedly reduced in both primary and metastatic ccRCC
relative to benign controls, suggesting that, when present, PTEN loss may represent an early
step in ccRCC carcinogenesis. Our results are in agreement with previous studies which
have showed a marked reduction in PTEN levels in ccRCC.3,15,33 Recently, using data
mining in a set of ccRCC TMAs Dahinden et al demonstrated an adverse prognosis in
patients with loss of cytoplasmic PTEN staining and suggested a crucial role of PTEN and
p27 inactivation in tumor progression.6 All tested markers were significantly associated with
the pT stage at nephrectomy. Additionally, expression levels of 4EBP1, p27, and HIF-1α
were associated with tumor size, supporting the notion of a collaborative interplay between
mTOR, hypoxia-induced pathways and cell cycle-related proteins in regulating tumor
growth and local aggressiveness. We also observed significantly higher levels of phos-AKT,
phos-S6, and 4EBP1 in metastatic ccRCC when compared to primary lesions, indicating that
activation of the mTOR pathway might be associated with the acquisition of a more
aggressive phenotype. The overall expression levels of c-MYC were low in all the samples
but the higher levels we observed in metastatic tumors suggest that activation of this gene
may play a role in tumor progression. Activation of the c-MYC pathway has been described
previously in the majority of ccRCC,12,40 although other studies have failed in demonstrated
c-MYC upregulation in this subset of renal tumors.24,38,45

Attempts to predict survival in renal cell carcinoma have traditionally relied on standard
clinicopathologic variables such as performance status and other clinical variables, tumor
histologic type, pTNM stage, Fuhrman grade, and size.28,31 In agreement with previous
studies,7 in our cohort of patients with primary ccRCC, pT stage and tumor size were
significant predictors of outcome when only clinicopathologic variables were considered;
Fuhrman grade also showed a significant association with prognosis when categorized as
low (Fuhrman 1 and 2) and high (Fuhrman 3 and 4) grades. However, when biomarkers
were included into the multivariate model, pT stage and Fuhrman grade lost significance as
prognosticators of DSS and tumor progression. Additional studies, preferably in prospective
cohorts, are needed to support our current observation on the role of expression levels of
mTOR and hypoxia-induced pathway members as predictors of outcome independent of pT
stage or Fuhrman grade alone. It would also be of great interest to evaluate the predictive
performance of these biomarkers in nonmetastatic RCC against prognostic tools currently in
use such as the UCLA Integrated Staging System (UISS) or the Mayo Clinic’s SSIGN,
among others.46 Finally, the design of nomograms considering clinicopathological features
as well as expression levels of these biomarkers could be of value following confirmation of
our findings in prospective series of cases.

In our cohort of primary ccRCC higher levels of phos-S6 predicted better outcome. Our
results are consistent with those published by Pantuck et al33 who investigated 375 RCC,
including 323 ccRCC, and found higher phos-S6 levels to be predictors of DSS. They also
identified loss of PTEN and phos-AKT expression as significant prognosticators but only
phos-S6 remained an independent predictor in their multivariate model. In our series,
HIF-1α and 4EBP1 levels were also predictors of outcome in primary ccRCC. 4EBP1 has
shown association with malignant progression and adverse prognosis in breast, ovarian,
endometrial and prostate carcinomas1 yet there are no reports on its expression or prognostic
significance in RCC. On the other hand, previous studies have shown that HIF-1α
expression is an adverse prognostic marker in ccRCC.8,10,19,23,30 This is of particular
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interest since inactivation of the VHL tumor suppressor gene results in stabilization of the
HIF-1α subunit.16 Furthermore, HIF-1α is thought to downregulate the mTOR pathway
independent of a hypoxic microenvironment.47 Accordingly, both HIF-1α and phos-S6 were
found to be independent predictors of DSS and tumor progression. Additionally, HIF-1α
expression levels were elevated to a similar extent in both primary and metastatic ccRCC
while metastatic tumors demonstrated significantly higher levels of phos-S6 compared to
primary lesions. This finding may provide additional evidence for the importance of the
interaction between the hypoxia-induced and the mTOR pathways in tumor progression of
ccRCC.

A possible weakness of the present study includes the use of nonmatched tissue for primary
and metastatic tumors. Metastatic ccRCC might had different tumor grades and stages in
their primary setting compared to the ones observed in the evaluated primary ccRCC of our
series, and this could have influenced the distribution of the biomarker levels of expression.
However, we still deem worthwhile to evaluate the mTOR and hypoxia-inducible pathways
in nonmatched metastatic ccRCC, especially considering that mTOR inhibitors, such as
temsirolimus, have been recently FDA-approved for the treatment of advanced RCC.25 The
fact that the expression levels of the analyzed biomarkers were not predictors of outcome in
metastatic ccRCC suggest that the prognostic value of these might be limited to the
evaluation of nonmetastatic ccRCC. Nevertheless, given the retrospective design of the
current series, these findings require further prospective confirmation. Another potential
limitation of the present study is the use of TMA sampling. Given the staining heterogeneity
of some markers, the use of TMA instead of whole sections could have some impact on the
detected expression levels. However, several studies have supported the high throughput
value of the TMA usage and the adequate representation of the overall expression levels
using multiple TMA spots.5

In summary, we found evidence of activation of both the mTOR and the hypoxia-induced
pathways in primary and metastatic ccRCC. PTEN loss seems to be an early event during
tumorigenesis. In addition, tumor size, HIF-1α and phos-S6 expression were found to be
independent predictors of both DSS and tumor progression in primary ccRCC. Our results
suggest that immunohistochemical evaluation of mTOR and hypoxia-induced pathway
members might be useful in predicting the outcome of patients with primary ccRCC,
complementing the information provided by routine gross pathologic and microscopic
analysis.
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Figure 1. Patterns of immunoexpression in mTOR and hypoxia-induced pathway members
A) Moderate nuclear c-MYC expression. B) Strong nuclear and focal cytoplasmic p27
expression. C) Diffuse strong nuclear HIF-1α expression. D) Absent PTEN expression. E)
Moderate to strong nuclear phos-AKT expression. F) Diffuse cytoplasmic 4EBP1
expression. G & H) Diffuse and strong cytoplasmic and membranous phos-S6 expression.
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Figure 2.
Mean H-scores and 95% confidence intervals (CI) for mTOR pathway (PTEN, phos-AKT,
phos-S6, and 4EBP1) and related (c-MYC and p27) members in benign renal tissue and in
primary and metastatic clear cell renal cell carcinomas. Arrows are used to provide the P-
value (Bonferroni’s post-hoc test) between the H-score means.
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Figure 3.
Mean H-scores and 95% confidence intervals (CI) for HIF-1α in benign renal tissue and in
primary and metastatic clear cell renal cell carcinomas. Arrows are used to provide the P-
value (Bonferroni’s post-hoc test) between the H-score means.
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Figure 4.
Diagrammatic representation of the mTOR and hypoxia-induced pathways. In tumors with
activation of the mTOR pathway the use of mTOR inhibitors, such as sirolimus
(Rapamycin) and derived drugs, may be beneficial. Blunt-ended arrows indicate inhibitory
effects in the targeted molecule.
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TABLE 1

Summary of Antibodies used for Immunohistochemical Analysis

Vendor Clone Pre-treatment Dilution

PTEN Cell Signaling D4.3 EDTA, 45 min 1:50

c-MYC Epitomics Y69 EDTA, 45 min 1:300

p27 Transduction Lab 57 Citrate, 25 min 1:4000

phos-AKT Cell Signaling 736E11* EDTA, 45 min 1:50

phos-S6 Cell Signaling Polyclonal** EDTA, 45 min 1:200

4EBP-1 ProSci Polyclonal Citrate, 25 min 1:250

HIF-1α Novus Biologicals NB100–123 Heat (oven) at 62C, 60 min 1:1600

*
Phosphorylation site at Ser473;

**
Phosphorylation site at Ser235/236
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TABLE 2

Demographic and clinicopathological characteristics of 135 patients with primary ccRCC treated by
nephrectomy

Parameter No cases (%)

Age at nephrectomy (years)

 Mean 58.6

 Median 59

 Range 22–87

Ethnicity

 African-American 17 (13)

 Caucasian 110 (81)

 Other 8 (6)

Gender

 Female 41 (30)

 Male 94 (70)

Pathologic Stage at Nephrectomy*

 pT1 67 (51.9)

 pT2 8 (6.2)

 pT3 50 (38.8)

 pT4 4 (3.1)

*
6 cases were not staged due to lack of information regarding gross findings;

ccRCC: clear cell renal cell carcinoma
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TABLE 5

Multivariate Analysis Model including Clinicopathologic Parameters and Biomarker Expression Levels as
Prognosticators of Outcome in Primary ccRCC

Clinicopathologic Parameters Outcome

DSS Progression

pT Stage NS NS

Fuhrman Grade NS NS

Gender NS NS

Tumor Size 0.005 0.043

Biomarkers Expression

PTEN NS NS

phos-AKT NS NS

phos-S6 0.006 0.004

4EBP1 NS NS

c-MYC NS NS

p27 NS NS

HIF-1α 0.032 0.008

ccRCC: clear cell renal cell carcinoma; DSS: Disease-Specific Survival; NS: nonsignificant (P>0.05)
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