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Abstract.

BACKGROUND: The outcome of surgically resected, apparently localized, clear cell renal carcinoma (ccRCC) is uncertain.
OBJECTIVE: To evaluate if cell cycle progression (CCP) gene expression can predict future metastasis.

METHODS: Pathologic T2a-T3b tumors at University of lowa were reviewed. Patients with known or suspected metastasis,
lymph node involvement or who received neoadjuvant or adjuvant radiation, chemotherapy or immunotherapy were excluded.
Case and control cohorts were defined as those who did or did not develop metastatic disease within 5 years. Measured levels of
31 cell cycle genes and 15 control genes from the tumor were calculated as a CCP score. Additionally, gene expression data for
a separate ccRCC cohort was downloaded from The Cancer Genome Atlas (TCGA).

RESULTS: Univariate analysis of 26 cases and 38 controls revealed that the CCP score predicted progression to metastasis (OR
2.65, p = 0.0091). In multivariate logistic regression modeling, CCP expression remained a significant independent predictor
for progression (p = 0.026). The CCP score was also significantly associated with distant metastasis in the TCGA renal cancer
cohort in both univariate (p = 1.0 x 10~?) and multivariate (p = 5.6 x 10~%) analysis.

CONCLUSION: The CCP score has prognostic value in predicting metastatic progression after resection of organ-confined

ccRCC.
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1. Introduction

Kidney cancer accounts for approximately 2% of
all malignancies, and approximately 60% are local-
ized disease at the time of diagnosis [1i2]]. Unfortu-
nately, approximately 30% of clear cell renal cell carci-
nomas (ccRCC) develop metastatic disease following
surgical intervention with curative intent. Metastatic
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ccRCC is refractory to traditional chemoradiation and
historically the only effective systemic therapy was im-
munotherapy [3]. Newer therapies targeting the VEGF
pathway, such as bevacizumab, tyrosine kinase in-
hibitors (TKIs) and mammalian target of rapamycin
(mTOR) inhibitors, have emerged showing some ben-
efit.

Although clinical variables (tumor size, grade, stage)
provide useful information regarding the likelihood
of disease progression, effort to identify a biomarker
which identifies metastatic progression continues. Ex-
pression levels of cell cycle progression (CCP) genes
have been found to be predictive of relapse or disease
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aggressiveness, first in breast and subsequently in sev-
eral other types of cancers [4]]. This includes prostate
cancer patients after radical prostatectomy [Sl6], af-
ter prostate biopsy [7] and conservative management,
and after external beam radiation therapy [8]]. Though
prostate cancer and ccRCC are very different malig-
nancies, cell cycle progression aberrations are com-
mon in neoplastic processes; thus, CCP gene expres-
sion profiles may also have prognostic value in ccRCC.
Here we evaluated the prognostic utility of the CCP
score in predicting progression to metastatic ccRCC
after local resection of seemingly organ-confined dis-
ease. We performed an initial assessment of CCP ex-
pression in locally advanced renal cell carcinoma at
risk for metastasis in the hopes the results would be
hypothesis generating.

2. Methods
2.1. Ethics statement

This study was approved by the University of Iowa
Institutional Review Board. The Institutional Review
Board did not require written informed consent be-
cause this was a retrospective chart review. Patient
identifying information was not included in analyses.

2.2. Patients

For the Iowa cohort study, we identified patients un-
dergoing surgery between 1995, to maintain as mod-
ern a patient cohort as possible, and 2010, to allow
for 5 years’ follow-up. Two primary sources were
used to identify patients eligible for study. An exist-
ing database was utilized that included all patients un-
dergoing a partial nephrectomy or radical nephrectomy
for neoplastic or benign conditions at the University
of Towa between 2000 and 2010. In total 1,131 pa-
tient charts were reviewed using this database. To fur-
ther identify additional eligible patients between 1995—
2000 all pathology records at our institution were
searched using the search term “renal cell carcinoma”.
In total, 197 pathology records were reviewed for pa-
tients in this time period and a chart review was initi-
ated on patients with pathologic findings meeting the
criteria listed below. All patients with benign pathol-
ogy or malignancy other than clear cell renal cell car-
cinoma were excluded. Only patients with pathologic
T-stage T2a-T3b disease were included. Those with
known or suspected metastasis prior to tumor resec-

tion were excluded, as were those with lymph node in-
volvement found at the time of resection. Further, pa-
tients who received neoadjuvant or adjuvant radiation,
chemotherapy or immunotherapy were also excluded.
A positive surgical margin was an exclusion criteria for
the case cohort. Follow-up year was defined by round-
ing follow-up date to nearest year from anniversary of
surgery. The significant majority of the T2a-T3b pa-
tients did have evidence of metastatic disease at time of
surgery, a positive surgical margin or received neoadju-
vant or adjuvant therapy, leaving 68 patients (28 cases,
40 controls) who met all inclusion criteria.

2.3. Sample preparation

Formalin-fixed paraffin-embedded (FFPE) blocks
containing kidney tissue following nephrectomy for se-
lected patients were pulled from the pathology reposi-
tory. Histologic analysis, including FNG, was indepen-
dently re-reviewed by a single pathologist. A total of
six unstained slides were prepared and sent to Myriad
Genetics, Inc. for analysis. The first slide was stained
with hematoxylin and eosin for evaluation of tumor
content and marking of tumor area as a guide for man-
ual macrodissection of the remaining five slides. Af-
ter macrodissection the tissue was placed in a micro-
centrifuge tube. Paraffin was removed using deparaf-
finization solution (Qiagen). Samples were treated for
2 h with proteinase K digestion at 58°C. Total RNA
was extracted using miRNeasy FFPE kit (Qiagen) as
described by the manufacturer.

2.4. Real-time PCR

Isolated total RNA was treated with DNase I (Sigma)
prior to cDNA synthesis. The high-capacity cDNA
Archive Kit (Applied Biosystems) was used to convert
total RNA into single stranded cDNA as described by
the manufacturer. Thirty-one cell cycle genes and 15
housekeeper control genes (HK genes) were selected
based on Myriad’s previous work. The sample cDNA
was pre-amplified with a pooled reaction containing
cell cycle and HK gene TagMan assays. Preamplifica-
tion reaction conditions were: 95°C (10 min), followed
by 14 cycles of 95°C (15 Section 60°C (4 min). Reac-
tions were diluted 1:20 using the 1XTE buffer prior to
loading on Tagman Low Density Arrays (TLDA, Ap-
plied Biosystems) to measure gene expression.

2.5. RNA sequencing

rRNA was depleted from total RNA by magnetic
beads (Ribo-Zero kit) that selectively bind to rRNA-
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biotinylated probe duplexes. Resulting total RNA was
converted to double stranded cDNA, then adaptor lig-
ated and PCR amplified using TruSeq stranded total
RNA sequencing kit per manufacturer recommenda-
tion. Normalized libraries were sequenced in Illumina
HiSeq sequencer to obtain a read size of 50 bp. The
average number of total reads per sample was 61,393,
064. The average number of reads aligning to the tran-
script corresponding to the 75" percentile in expres-
sion level was 20.

2.6. Cell cycle progression (CCP) score calculation

When adequate material was present, CCP scores
were derived from qRT-PCR and from next generation
RNA sequencing data. The qRT-PCR CCP score was
calculated, as previously described, from the expres-
sion of the data of the 31 CCP genes, which were nor-
malized to 15 housekeeper genes [5]. Each was ana-
lyzed in triplicate and averaged. The sequencing CCP
score was calculated as the mean of the normalized
counts for the 31 CCP genes. Normalization is per-
formed by taking the base 2 logarithm of the counts di-
vided by the 75" percentile for each sample and run.
Results with O counts are treated as missing.

2.7. Statistical analysis

2.7.1. Iowa cohort

Sex, age at surgery, TNM tumor stage, follow-up
since surgery/time to metastasis, tumor size, FNG,
lymphovascular invasion (LVI), smoking status and
CCP scores were available for each patient and in-
cluded in the analysis. This analysis evaluated the
association of CCP scores, clinical parameters, and
RNA expression levels of the entire transcriptome with
metastatic progression of the cancer modeled as the re-
sponse variable.

2.7.2. TCGA cohort

Cohort data was downloaded from the TCGA data
portal (https://tcga-data.nci.nih.gov/tcga/tcgaDownlo
ad.jsp). Gender, age at initial pathological diagnosis,
collection site, race, T-stage, lymph node status, distant
metastatic status and gene expression sequencing data
were available for each patient. We tested the associa-
tion of sequencing CCP score, RNA expression levels
of the entire tumor transcriptome and clinical covari-
ates with distant metastatic status.

We evaluated the prognostic value of CCP, clinical
variables, and transcriptome expression levels in terms
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Fig. 1. Distribution of all CCP scores.

of p-values, adjusted for multiple testing when neces-
sary, and odd-ratios from univariate and multivariate
logistic regression models. The test statistic was the
change in the likelihood deviance metric between the
full model and the appropriate reduced model. Odds
ratios were calculated to measure the risk of metastatic
cancer for a one-unit increase in the corresponding
variable. Statistical analyses were conducted using the
R software environment (version 2.14.1, December
2011, R Development Core Team) and SAS 9.2 (SAS
Institute, Cary NC). P-values were considered signifi-
cant at a two-sided significance level of 0.05.

3. Results

We initially studied the Iowa cohort. A total of 40
and 28 patients met all inclusion criteria for the control
and case groups, respectively, on initial screening. Four
additional patients were subsequently excluded from
further analysis. One case patient was excluded be-
cause further analysis revealed a positive margin, and
three patients were excluded due to pathology demon-
strating ccRCC with sarcomatoid differentiation. Sar-
comatoid differentiation was not a pre-specified ex-
clusion criteria, however, as sarcomatoid histology is
strongly associated with aggressive and metastatic dis-
ease, these patient samples were removed from cohort
comparison to avoid having undue influence on our
analysis of CCP score as a predictor of disease pro-
gression.

The remaining 64 patients, 26 cases and 38 con-
trols, were analyzed. CCP scores were calculated on
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Table 1
Patient characteristics
Cases Controls
Sex Female 7 (27%) 16 (42%)
Male 19 (73%) 22 (58%)
Age at Q1 55.85 50.22
surgery Median 61.03 59.31
(years) Mean 61.35 57.92
Q3 69.58 64.96
T stage I 6 (23%) 17 (45%)
1 20 (77%) 21 (55%)
Time to Ql 1.06
metastasis Median 1.68
(years) Mean 2.65
Q3 3.69
Last follow up  Ql 5.88
since Median 6.69
surgery Mean 7.76
(years) Q3 9.28
Surgery Partial nephrectomy 0(0%) 2 (5%)
Radical nephrectomy 26 (100%) 36 (95%)
Surgical Positive 0 (0%) 133 %)
Margins Not involved 26 (100%) 37 (97%)
Tumor Q1 7.5 6.4
size (cm) Median 9.75 8
Mean 9.48 7.84
Q3 11 9.5
Fuhrman nuclear Low grade (FNG I/IT) 7 (27%) 23 (61%)
grade (FNG) High grade (FNG III/IV) 19 (73%) 15 (39%)
Lymphovascular Present 17 (65%) 11 (29%)
invasion Not present 9 (35%) 27 (711%)
History of Yes 14 (54%) 21 (55%)
smoking No 12 (46%) 17 (45%)
CCP score Ql —0.49 —0.84
Median —0.11 —0.52
Mean 0.075 —0.50
Q3 0.76 —0.13

all specimens. Figure 1 shows the distribution of CCP
scores, which approximated a bell-shaped curve. De-
mographic data for this cohort is presented in Ta-
ble 1. Median age was 61.0 years (IQR 13.73) for the
case cohort and 59.3 years (IQR 14.74) for the con-
trol cohort. The case group tended to have a higher
TNM stage than the controls. Likewise, the case arm
tended to have larger tumors and higher grade histol-
ogy. The median time to metastasis in the case group
was 1.68 years (IQR 2.63). The median follow-up for
the control group was 6.69 years (IQR 3.4). Three con-
trol patients developed metastasis at 8.44, 8.61 and
9.28 years but were retained in the control group as the
initial study design was to identify if CCP score is a
predictor of metastasis within 5 years. One control pa-
tient was found to have a positive margin at the time
of surgical resection. However, the patient has never
developed disease progression and was included in the

Table 2
Univariate logistic regression model for clinical variables and CCP
score demonstrating differences between the control cohort and the
metastatic cohort

Variable Odds 95% CI P-value AUC

ratio (OR) for OR

Lymphovascular 4.64 (1.63, 14.082) 0.0050 0.68
invasion
(Yes vs. No)

CCP score 2.65 (1.34,5.89)  0.0091 0.68

Fuhrman nuclear 4.16 (1.46,12.97) 0.0099 0.67
grade
(High vs. Low)

Tumor size 1.19 (1.0075, 1.44)  0.052 0.66
TNM T-stage 2.69 (0.91,8.75)  0.081 0.61
(I vs. II)

Age 1.037 (0.98,1.097) 0.18 0.60

Sex (Male 1.97 (0.68,6.08) 0.22 0.58
vs. Female)

Smoking 0.94 (0.34,2.59) 0091 0.51
(Yes vs. No)

Table 3

Multivariate logistic regression model with age, tumor size, CCP
score, lymphovascular invasion, TNM T-stage, Fuhrman nuclear
grade, and smoking as covariates demonstrating differences between
the control cohort and the metastatic cohort

Variable Odds 95% CI P-value
ratio (OR) for OR

Age 1.12 (1.04,1.23)  0.0045

Tumor size 1.34 (1.06,1.78)  0.022

CCP score 3.40 (1.24,11.27)  0.026

Lymphovascular 3.13 (0.68, 15.55) 0.14
invasion (Yes vs. No)

Sex (Male vs. Female) 3.15 (0.61,20.82) 0.19

Stage (III vs. II) 2.48 (0.49, 13.61) 0.27

Fuhrman nuclear 1.76 (0.36,8.78)  0.47
grade (High vs. Low)

Smoking (Yes vs. No) 0.65 (0.14,2.85)  0.57

Table 4

Multivariate logistic regression modeling using step-wise variable
selection. The covariates retained in the model are age, CCP score,
tumor size and lymphovascular invasion

Variable Odds 95% CI P-value
ratio (OR) for OR

Age 1.11 (1.03, 1.19)  0.0057

CCP score 3.89 (1.44,10.47) 0.0072

Tumor size 1.26 (1.003, 1.56)  0.047

Lymphovascular 4.46 (1.24,16.03)  0.022

invasion (Yes vs. No)

control arm for statistical comparison. The mean CCP
score for the case group was 0.075 compared to —0.50
for the control arm.

In univariate logistic regression modeling, only LVI,
CCP score and FNG were statistically significant pre-
dictors for development of metastasis (Table 2). Odds
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Table 5
41 genes associated with metastatic disease in TCGA cohort. CCP genes are in bolded
IL20RB BIRC5 PCK1 TROAP GTSE1 CDC20 ACVR2A TSHZ1 PRCKE
CTSG TMEMI150C TGF2BP3 SKAl MIIP CCNB2 UBE2C KIF18B RGS17
CENPA PTTG1 HJURP APOL2 TSPAN7 NCAPG CDCA3 RADS4L KIF2C
ENPP5 PBX1 SHE MOV10 CEPS5 ARHGAP24 LOC100128191 MYBL2 PT-PRB
INHBE C220rf9 PARPI12 ITPKA KIF20A

ratio was greatest for LVI at 4.64 (95% CI 1.63-
14.082). Tumor size, T-stage, age, gender and smoking
were not statistically significant in this analysis.

In multivariate logistic regression modeling, only
age, tumor size and CCP score were significantly asso-
ciated with progression to metastatic disease (Table 3).
Odds ratio was greatest for CCP score at 3.40 (95% CI
1.24-11.27). LVI, gender, T-stage, FNG and smoking
status were not statistically significant. We used step-
wise variable selection to build the best model which
ultimately included patient age, CCP score, tumor size
and LVI (Table 4). An AUC of 0.84 was obtained with
these variables, which decreased to 0.78 if CCP score
was excluded.

The three patients with sarcomatoid differentiation
were excluded from the above statistical comparisons.
However, these specimens with sarcomatoid differenti-
ation did have very high CCP scores, including the two
highest scores observed in this study (2.45 and 2.41).
The CCP score of the third patient was also relatively
high at 1.03, consistent with the hypothesis that CCP
score might identify aggressive malignant transforma-
tion.

To determine if other genes were associated with
eventual development of metastatic disease, we eval-
uated the RNA expression levels of the entire tumor
transcriptome from the patients in Iowa case/control
series using RNA sequencing protocols on ‘next gen-
eration’ sequencing platforms. The CCP scores calcu-
lated from sequencing data were highly correlated with
the scores derived from qRT-PCR (Pearson correlation
coefficient 0.91). With the exception of the CCP genes
(p-value for CCP score = 0.0016), no other genes were
significantly associated with disease outcome.

Next, we analyzed The Cancer Genome Atlas
(TCGA) cohort. We attempted to identify prognostic
RNAs in the publically available expression data from
TCGA consortium. The clinical characteristics of this
cohort have been described previously [9]. Using dis-
tant metastasis as the endpoint (N = 466, 72 events)
in a case/control study design, we found that CCP
score was highly prognostic (OR = 2.27 95%CI (1.73,
2.35), p = 1.0 x 10~?). This association remained sig-
nificant after adjusting for clinical variables including

CCP scores of patients with tumor size less than 7 cm - lowa Renal Cohort

Tumor Size
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Fig. 2. CCP scores of patients with < 7 cm tumors. Cases are red and
controls are blue. The points are staggered to avoid overlap. (Colours
are visible in the online version of the article; http://dx.doi.org/10.
3233/CBM-150530)

pathologic stage, nodal status, and patient age (OR =
1.6495%CI (1.17,3.03), p = 5.6 x 10~3). This analy-
sis was also adjusted for collection site since we found
this variable to be associated with outcome (p-value for
site = 0.0093). Finally, we looked for other prognos-
tic genes in this data set. After adjusting for multiple
testing (and collection site), we found significant as-
sociations for 41 genes (Table 5). Interestingly, 18 of
these genes are CCP genes. None of the 41 genes re-
mained significantly associated with metastatic disease
after adjusting for the CCP score.

Lastly, we made an initial assessment of the poten-
tial utility of CCP score as prognostic biomarker test
for small renal masses in the University of lowa cohort,
we identified and compared all 17 (16 pathologic stage
T3aand 1 pathologic stage T3b) tumors less than 7 cm,
5 cases and 12 control patients. All 5 (100%) cases and
4 of 12 (33%) control patients had CCP scores of —0.5
or greater (Fig. 2).

4. Discussion

The CCP score, derived from a prespecified and
commercially available assay, was predictive of metas-
tasis development within 5 years in a cohort consist-
ing of pathologic stage T2a-T3b patients treated by
nephrectomy for localized ccRCC at the University of



866 E.J. Askeland et al. / Cell cycle progression score predicts metastatic progression of ccRCC after resection

Iowa. The CCP score also had prognostic utility in a
second TCGA renal cancer cohort with metastatic dis-
ease (M1) at time of surgery [9]]. In neither cohort were
we able to identify genes significantly associated with
outcome after adjusting for CCP score and other clin-
ical variables. This suggests that CCP gene expression
appears to be a dominant factor in determining disease
aggressiveness, but because the cohorts in this study
were relatively small, it remains possible that other
genes besides CCP genes could contribute meaningful
prognostic information. Because the assay used here
was originally derived and tested in prostate cancer, the
ideal gene set for ccRCC may be somewhat different
from the genes evaluated in this study.

Other cell cycle based markers, including KI-67,
p53, p21, MCM2, spermine and cyclin D1, have been
studied in ccRCC [10-13]]. Other researchers have de-
veloped combinations of markers and expression ar-
rays [14-17]. While the prognostic performance of
these gene panels was generally better than individual
makers, they have, to date, not made significant clini-
cal impact due to lack of validation or apparent added
value beyond traditional clinicopathologic features.

Because histologic tumor features and clinical char-
acteristics are unable to completely predict progres-
sion to metastatic disease in ccRCC patients, CCP gene
testing may have clinical benefit. It might aid clinicians
in identifying high-risk patients at risk for metastasis
after surgical resection and further could guide choice
of administration of medical therapies for high-risk pa-
tients.

The current CCP score may also have the potential
to be a future useful biomarker for patients consider-
ing active surveillance, which is now considered even
in select patients with clinical T1b and clinical T2 tu-
mors [18I19]]. While tumor size, histology, grade and
growth kinetics have been the key features used to best
predict risk for metastasis of patients on active surveil-
lance, there remains some concern regarding intraob-
server and interobserver reproducibility.

This study has several limitations, including its ret-
rospective nature and the small number of Iowa co-
hort patients. The former was due to our decision to
study pathologic T2a-T3b tumor patients, the major-
ity of which had evidence or suspicion for metastasis
on imaging preoperatively, had node positive disease
or positive surgical margins, had received neoadjuvant
or adjuvant chemoradiotherapy or immunotherapy or
were lost to follow-up within five years. The latter was
in part due to our center’s rural location and travel dis-
tance for many patients who elected to transfer their
care.

In summary, this study provides evidence that the
CCP score may be useful for evaluating the metastatic
potential of large or locally extensive renal masses
after surgical resection. However, given the recent
paradigm shift toward surveillance of small renal
masses, future assessment of the potential utility of
CCP score in this clinical space is also warranted.
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