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ABSTRACT

Measurement of a tumor’s overall genomic instability has gathered recent interest over the identification
of specific genomic imbalances, as it may provide a more robust measure of tumor aggressiveness. Here
we demonstrate the association of tumor genomic instability in the prediction of disease recurrence in
patients with clinically localized clear cell renal cell carcinoma (ccRCC). Genomic copy number analysis
was performed using SNP-based microarrays on tumors from 103 ccRCC patients. The number of copy
number alterations (CNAs) for each tumor was calculated, and a genomic imbalance threshold (GIT)
associated with high stage and high-grade disease was determined. Cox proportional hazards regression
analyzes were performed to assess the effect of GIT on recurrence-free survival adjusting for known
confounders. In the cohort, copy number losses in chromosome arms 3p, 14q, 69, 9p, and 1p and gains
of 5g and 7p/q were common. CNA burden significantly increased with increasing stage (p < .001) and
grade (p < .001). The median CNA burden associated with patients presenting with advanced stage (IV)
and high-grade (lll/IV) tumors was =9, defining the GIT. On regression analysis, GIT was a superior
predictor of recurrence (Hazard Ratio 4.44 [Cl 1.36-14.48], p = .01) independent of stage, with similar
results adjusting for grade. These findings were confirmed using an alternative measure of genomic
instability, weighted Genomic Integrity Index. Our data support a key role for genomic instability in
ccRCC progression. More importantly, we have identified a GIT (= 9 CNAs) that is a superior and
independent predictor of disease recurrence in high-risk ccRCC patients.
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Introduction prediction in the clinic, mainly due to the lack of validation
and conflicting results across cohorts.>™

Genomic instability, defined as a global measure of geno-
mic alterations, has been postulated as a key driver in tumor-
igenesis with prognostic implications.” Genomic instability, as
a measure of disease prognosis, has seen a reemergence with
increasing studies showing its improved prognostication over
individual mutations.®”® In RCC, Ball et al.” first reported an
association between somatic copy number burden and recur-
rence-free survival (RFS) using data from The Cancer
Genome Atlas (TCGA)." Recently, the Tracking Renal Cell
Cancer Evolution through Therapy (TRACERx) Renal
Consortium,'’ which aimed to analyze the evolutionary tra-
jectories of advanced RCC, found that the most important
determinants of patient outcome are genomic diversity and
chromosome complexity. In patients with localized disease,
those presenting with high chromosomal complexity and low
tumor heterogeneity were more likely to have rapid disease
progression.

Here, we corroborate the value of genomic instability, as
measured by somatic copy number alteration (sSCNA) burden,

The management of patients with localized renal cell carci-
noma remains challenging due to the lack of robust and
generalizable predictors for disease recurrence. Currently,
tumor histological factors remain the basis of risk stratifica-
tion. Unfortunately, significant heterogeneity exists within
each histopathological category, limiting their ability to pro-
vide individualized predictions. Given the limitations of clin-
icopathological factors to accurately risk-stratify patients with
localized RCC, the focus has turned to identifying genomic
markers associated with cancer recurrence and survival.
Advances in genetic sequencing technology have shifted
the focus of molecular diagnostics to the identification of
specific mutations and disease pathways in the hope that
they might allow for more accurate disease risk prediction
and individualized treatment strategies.' In RCC, the genomic
revolution has provided the basis for the development of the
targeted agents widely utilized in the current treatment of
advanced disease. Unfortunately, these genomic advances
have not been able to be translated into individualized risk
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for the accurate selection of clear cell RCC (ccRCC) patients
at high risk of recurrence. We demonstrate this using two
independent measures of chromosomal complexity: the
weighted Genomic Integrity Index (wGII)'' and a novel geno-
mic instability threshold (GIT) calculated based on sCNA
burden observed in patients with advanced stage and high-
grade disease. Both measures were then assessed in a cohort of
patients with localized ccRCC for its association with disease
recurrence.

Results
Clinicopathological features

The analytic cohort included 103 ccRCC patients who under-
went tumor resection and had microarray analysis performed
on a tumor tissue sample. A summary of the cohort’s clin-
icopathological characteristics is presented in Table 1. The
median age of the cohort was 59 years (28-84 years), with
68% male and 95% of Caucasian ethnicity. All tumors were
ccRCC per selection criteria. The cohort was enriched with
high-risk pathology, with 69% of tumors characterized as
having high nuclear grades (III or IV), and 40% of the patients
presenting with advanced disease (Stage IV).

Genomic findings

As expected, loss of 3p was the most frequent finding, occur-
ring in 99 of 103 (96%) cases. Among tumors with 3p loss, 90
sustained deletions and 9 had either monosomy 3 or copy
neutral loss of heterozygosity (cnLOH) involving all or part of
chromosome 3. A total of 99 ccRCCs (96%) has loss of one
copy of the VHL gene, and 92 (89%) also exhibited loss of one
copy of tumor suppressor genes SETD2, BAPI and PBRM1I.
A total of 58 (56%) ccRCCs showed gains of all or, in most
(45) cases, part of chromosome arm 5q. The smallest region of
overlap (SRO) of 5q gains was 5q34q35.2. The stanniocalcin 2
gene, STC2, and the kidney and brain expressed gene,
WWCI/KIBRA, are two noteworthy candidates in this

Table 1. Cohort characteristics.

Characteristic N Percent
Age, years Median 59 Range 28-84
Gender

Female 33 32.0
Male 70 68.0
Race

White 98 95.1
Other 5 49
Grade

| 4 39
Il 28 27.2
1] 36 35.0
v 35 34.0
pStage

| 37 35.9
Il 7 6.8
1] 18 17.5
v 41 39.8
Yr Surg

2002-09 17 16.5
2010-11 21 20.4
2012-13 19 18.4
2014-15 28 27.2
2016-17 18 17.5
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chromosomal region. Only 2 of the 58 ccRCCs with 5q
gains did not overlap 5q35.3, the location of SQSTMI1 -
a gene previously implicated in ccRCC."

Losses of 14q were observed in 42 cases (41%), 39 of which
showed monosomy of chromosome 14, and 3 cases had inter-
stitial deletions. The SRO of chromosomal losses encom-
passed two candidate tumor suppressor genes, PTPDI and
SELIL. Two of the three cases with interstitial deletions over-
lapped a broader region that includes the location of HIFIA,
another gene implicated in ccRCC."

Losses affecting 9p were identified in 33 ccRCCs (32%). Most
of these tumors had monosomy 9 or, in one case, cnLOH of
chromosome 9. Another 3 cases had interstitial deletions of 9p,
with the SRO encompassing CDKN2A. A summary of the major
genomic findings is presented in Table 2.

Genomic imbalance threshold analysis

The median number of sSCNAs per tumor in the cohort was 6
(range, 1-33), with male patients having more sCNAs than
females (median = 7 vs. 4, p=0.043). No difference in sCNA
burden was seen with respect to age or ethnicity (Table 3).
CNA burden significantly increased with increasing stage
(median CNA = 3, 6, 7, and 10 for Stage I-IV, respectively;
p<0.001) and grade (median CNA = 2.5, 4.5, 7, and 10 for
Grades I-1V, respectively; p<0.001), as shown in Figure 1.
Median CNA burden for patients presenting with advanced
stage or high-grade disease was 9, defining the GIT. To assess
the robustness of this finding, we compared number of CNAs
with an alternative measure of genomic instability, the wGIIL.
For the full analytic cohort, the median wGII was 13.0%
(range: 1.9% to 95.3%; mean: 20.5%). The wGII was highly
correlated with CNA number as a measure of genomic
instability ~ (Spearman correlation = 0.93, p<0.001)
(Figure 2). The wGlIlI increased with stage and grade, consis-
tent with the CNA findings (Supplemental Table S1).

To examine the association of chromosomal complexity
with recurrence, we included 60 patients who presented with
localized disease (pStage I to III) treated through 2016. Of
these, 11 (18.3%) patients developed a recurrence (8 to lung, 1

Table 2. Most frequent genomic imbalances observed in 103 clear cell RCCs.

No. Cases Candidate
Chromosome with % of  Genes in
Region Genomic Location Imbalance Cases  Region
3p26.3-p24.3 3:7,674,135-20,889,848 99 96 VHL
3p26.3p21.1 3:81,668-52,705,865 92 89  VHL, SETD2,
BAP1,
PBRM1
5q34935.3 5:166,185,273-180,698,177 58 56 STC2,
Wwci,
SQSTM1
14921.1932.33  14:43,841,602-107,267,751 42 41 PTPDI,
SELTL,
HIF1A,
ARID4A
6024.3925.3 6:148,767,166-160,741,894 39 38 LATSI,
IGF2R
7922.2934 7:104,399,110-142,006,016 35 34 BRAF, MET
9p21.3 9:21,168,273-23,655,806 33 32 (CDKN2A
1p36.31p36.11 1:6,824,284-24,861,54 27 26  CASPY,
ARID1A
20g13.31qgter  20:36,195,833-48,266,697 19 18  SRC, MMP9
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Table 3. Association of number of genomic imbalances with patient and tumor
characteristics.

Number of Genomic Imbalances

Characteristic No. patients Mean StdDev Median Q1 Q3 p-value*
Age (yr) 0.36
28-49 19 57 4.6 4 2 8

50-59 36 8.7 7.1 6 4 105

60-69 34 8.1 74 55 3 12

70-84 14 74 4.1 6.5 5 9

Gender 0.043
Female 33 6.2 54 4 3 7

Male 70 8.7 7.0 7 4 12

Race 0.81
White 98 79 6.6 6 3 10

other 5 7.8 7.2 6 2 12

Grade <0.001
| 4 2.8 1.0 25 2 35

Il 28 44 33 4.5 2 5

N 36 8.2 6.7 7 3 115

\Y 35 10.9 74 10 5 14

pStage <0.001
| 37 45 34 3 2 5

Il 7 6.9 25 6 5 8

Nl 18 8.2 6.2 7 3 12

\% 1 1 8.0 10 6 13

nephrectomy bed, 1 pancreas, and 1 liver) at a median follow-
up of 13.6 months. The median sCNA burden and wGII
for those who experienced a recurrence was (7 and 18.4%)
vs. (4 and 8.0%) for those who did not (p=0.007; p=0.005).
There were 15 patients with recurrence or death, including 11
patients with recurrence (5 of these patients had died), and 4
patients who died without documented recurrence.

Using the GIT threshold, those presenting with >9 CNAs
were found to be significantly more likely to develop
arecurrence (unadjusted Hazard Ratio (HR) 6.69 [CI 2.15-20.8],
p=0.001); RES at 24 months was 93.7% (95%CI = 81.6%-97.9%)
for those with <9 CNAs compared to only 46.7% (95%
CI = 11.5-76.5%) for those with =9 (Figure 3). With adjustment
for stage, size, and grade (in separate models due to small
number of events), GIT remained statistically significantly asso-
ciated with recurrence (Table 4). The previously established
threshold of 29 CNA was further confirmed as the best discri-
minatory threshold for prediction of disease recurrence in the
cohort using recursive partitioning analyses (Figure S1).

Using the wGII threshold of 32.8%, as defined by Turajlic
et al,,'” RFS differed significantly by wGII-T groups (p<0.001,
Figure 4). The wGII-T threshold was strongly associated with
RES (HR = 7.50, 95% CI = 2.18-25.7, p=0.001), which
remained significant with adjustment for stage or grade. In

30

20

Number of CNAs

==
b e
| I " v
Grade
N 4 28 36 35
Median 25 4.5 7 10

comparing the predictive utility of GIT (CNA <9 vs. 29) with
wGII-T (wGII<32.8 vs. =32.8) for the recurrence outcome,
Harrell’s concordance statistic was similar for the two thresh-
olds. For GIT, Harrell’s C was 0.67 (95% CI 0.54-0.79), and
for wGII-T, Harrell’s C was 0.63 (95% CI 0.51-0.75) (Table
S3). The overlapping confidence intervals indicate the predic-
tive utilities do not differ for this cohort.

Discussion

The large number of structural abnormalities present in can-
cer genomes is largely attributed to genomic instability, which
is defined by DNA alterations, encompassing single nucleo-
tide to whole chromosome changes.'* Various causes of geno-
mic instability have been proposed ranging from DNA
damage-induced stress and telomere dysfunction to mitotic
checkpoint failure.”” While these proposals vary in their sup-
position, what has been clear is that increasing level of geno-
mic instability is associated with poor prognosis.””” Our data
support the vital role that genomic instability plays in ccRCC
progression, based on two independent measures of genomic
instability/chromosomal complexity. Moreover, we have iden-
tified a simple and generalizable measure of such instability/
complexity, dubbed GIT, which we proposed as a novel prog-
nostic marker of ccRCC disease recurrence/progression, and
which was validated by another known measure of chromo-
somal complexity - the wGIL

In our 103 ccRCC cohort, we noted a significant correla-
tion between genomic complexity (CNA burden or wGIII)
and tumor stage (p<.001) and nuclear grade (<0.001), demon-
strating the impact that genomic instability has on disease
progression. These results are consistent with the karyotypic
findings of Kardas et al.,'® who performed cytogenetic analysis
on 75 patients with ccRCC and noted that metastasizing
tumors exhibited a significantly higher number of chromo-
some alterations than those that did not metastasize (5.5 vs.
2.9 aberrations per tumor, respectively). Furthermore, sarco-
matoid differentiation (sRCC), a histological variant asso-
ciated with advanced disease, were found to be enriched for
genomic imbalances compared to other RCC histologies
(mean sCNA: sRCC, 18; ccRCC, 5.5; chromophobe RCC,
7.2; papillary RCC, 6.5; p<0.001)."”

With regard to the risk of recurrence, our results demon-
strate that increasing genomic instability (GIT: stage-adj HR

30

Number of CNAs
N
(=]

=)

0
I I m v
pStage
N 37 7 18 41
Median 3 6 7 10

Figure 1. Copy number alterations stratified by nuclear grade (left) and pathological stage (right) in the 103 ccRCC cohort.
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Figure 2. Scatter plot showing correlation of number of CNAs and wGll for each of the 103 ccRCC samples, identified by pathological stage.
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Figure 3. Kaplan-Meier survival curves of recurrence-free survival of 60 patients with localized ccRCC as a function of the Genomic Imbalance Threshold (GIT).

444 [CI 1.36-14.5], p=0.01 and wGIl: HR = 7.50, 95%
CI = 2.18-25.7, p =0.001) is significantly associated with
RFS independent of stage, grade and size (Table 4). These
results are consistent with those of Ball et al.,” in their assess-
ment of TCGA data in which somatic copy number burden
was associated with RFS (HR 3.13 [CI 1.20-8.10], p=0.02).
More importantly, our identification of a GIT, defined as

a sCNA burden of 29, was found to be highly correlated
with the more complex measure of genomic instability, wGII
(Figure 3).

The use of genomic alterations as predictors of RCC
survival outcomes has been conflicting, and it has mostly
focused on the identification of a specific individual
SCNA>*!12181% or 3 combination of recurrent sCNA.*
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Table 4. Results of Cox proportional hazards models assessing the association between time to recurrence or death and number of genomic imbalances, CNA

included as either a categorical or continuous variable.

CNA as Categorical, at GIT

CNA as Continuous

Hazard Ratio for 9+ vs 1-8 alterations

Hazard Ratio for difference of 1 CNA

Cox Model HR LCL UcL p-value HR LCL UcL p-value
Without covariates 6.69 215 20.79 0.001 1.25 1.13 1.37 <0.001
Adjusted for Stage 4.44 1.36 14.48 0.014 1.1 0.98 1.25 0.100
Adjusted for Grade 3.91 1.14 13.42 0.030 1.1 0.98 1.25 0.107
Adjusted for Tumor Size >5cm 12.54 3.35 46.96 <0.001 1.20 1.07 1.36 0.003
Recurrence Free Survival
1.8 E—0—|_'_l_| + Censored
# =l Logrank p <.0001
0.8 -
2
e 06-
2
e
o
8
= 04
2
S
n
0.2
0.0
LE 32.8 53 46 43 39 29 23 20
gt 32.8 7 4 1 1 1 0
0 10 20 30 40 50 60

Months from Surgery to Recurrence or Death

wGll

LE 32.8 gt 32.8

Figure 4. Kaplan-Meier survival curves of recurrence-free survival of patients with localized ccRCC as a function of the Weighted Genomic Integrity Index, split at
32.8% of genome involvement, the threshold determined by Turaljic et al. (2018A)."°

Loss of 9p has been the most well documented genomic
alteration associated with RCC survival.>'® The critical
locus in 9p is CDKN2A, which encodes p16INK4a and
p14ARF, components of the RB and p53 pathways, respec-
tively. Loss of 14g,'>'” and gains of 8q,> potentially dysre-
gulating the HIFIA and MYC genes residing in those
respective chromosome arms, have also been associated
with a decreased CSS and shorter overall survival (OS). In
a recent multi-center prospective study and validation
cohorts of matched primary metastasis biopsies from 101
patients with ccRCC, loss of 9p and gains of 14q were found
to be a highly selected drivers of ccRCC-related metastasis
and mortality; however, no single sCNA had the compara-
tive predictive ability of the overall chromosome complexity
threshold.'® The inability to validate the predictive value of
specific genomic imbalances across different cohorts
remains the main limitation on the implementation of such
information in the clinical setting. Some have argued that
focusing on specific chromosomal imbalances neglects the

interplay between different genomic alterations, and thus
favor a global alteration assessment.

A total of 58 (56%) ccRCCs showed gains of all or, in most (45)
cases, part of chromosome arm 5q. The smallest region of overlap
(SRO) of 5q gains was 5q34q35.2. The stanniocalcin 2 gene, STC2,
and the kidney and brain expressed gene, WWC1/KIBRA, are two
noteworthy candidates in this chromosomal region. Only 2 of the
58 ccRCCs with 5q gains did not overlap 5q35.3, the location of
SQSTMI - a gene strongly implicated in ccRCC."?

With regard to the frequent gains of distal 5q, Dondeti et a
have reported that the STC2 is overexpressed and acts as an
oncogene in about 30% of ccRCCs. Notably, stanniocalcins are
a family of hormones that regulate calcium-phosphate home-
ostasis, but how overexpression of STC2 contributes mechan-
istically to kidney oncogenesis is currently uncertain. The
SQSTM1 gene product, p62, is a multifunctional protein that
plays a role in regulating NRF2, NF-kB, and mTOR, as well as
having a ubiquitin-like role in facilitating the degradation of
specific proteins by autophagy."

1‘21



As regards the biologic roles of genes involved in the CNAs
that are not well currently well studied in ccRCC LATSI at
chromosome 6q25.1, which is frequently deleted in ccRCCs is
noteworthy. LATS kinases are known modulate the functions
of various oncogenic or tumor suppressive effectors, including
the canonical Hippo effectors YAP/TAZ, the Aurora mitotic
kinases, estrogen receptor signaling, and the tumor suppres-
sive transcription factor p53.> Another notable finding was
the recurrent loss of both PTPD1 (chromosome 14q31.3) and
SRC (20q11.23), as previous work has shown that the tyrosine
phosphatase PTPD1 is a positive regulator of Src-epidermal
growth factor signaling. PTPD1 is stably complexed with
actin, Src tyrosine kinase, and focal adhesion kinase (FAK)
at adhesion plaques. PTPD1 has been shown to modulate Src-
FAK signaling at adhesion sites to promote cell adhesion and
migration.”> Thus, how losses of LATS1 and PTPDI might
play a role in the pathogenesis of some ccRCCs is worthy of
future investigation.

Here, we provide such an assessment, which we dub GIT,
found to be predictive of recurrence in a cohort of ccRCC
patients. The CNA burden used in the GIT is much simpler to
determine than the weighed wGII, which is based on the
proportion of each chromosome involved. In our cohort,
predictive discrimination of the GIT is comparable to that of
the wGII-T, suggesting this CNA-based tool may prove useful,
particularly in a routine clinical setting. While the threshold
will require validation in independent and larger cohorts, it
provides a global and simple assessment of the genomic
instability of a tumor in question.

The inclusion of genomic information into current predic-
tion models have proposed but seldomly adopted in clinical
practice. Klatte and colleagues introduced a recurrence nomo-
gram with the inclusion of the 9p deletion to add a biological
component to other histological factors.” Rini et al. recently
introduced the recurrence score, a 16-gene panel consisting of
genes associated with vasculogenesis, cell growth and division,
immune response and inflammation, from nearly 1,000
nephrectomy patients.** The recurrence score was noted to
be an independent predictor of recurrence (HR 3.37 [CI 2-23-
5-08], p<0-001) after stratification by stage and adjustment for
tumor size, grade, or Leibovich score. The inclusion of genetic
information into the current prediction models is essential,
given the significant prediction limitations with the currently
available models. A recent validation on the eight most com-
monly utilized RCC prediction models on the ASSURE popu-
lation showed that these models are no better than TNM
staging for the prediction of recurrence.”

There are several limitations that should be noted, how-
ever. The SNP-based microarray analysis reported here was
performed based on several conditional criteria, i.e., tumors
with high-risk features and those presenting with multifocal
disease, possibly introducing a degree of selection bias in the
cohort analyzed. This selection bias was evident in the analysis
of the cohort, which was heavily skewed toward patients with
advanced stage (III: 15.9% and IV: 39.4%) and high-grade
disease (67.3%). One might argue that this population of
patients provides an ideal cohort for this analysis, as it allows
for the identification of a clear genomic imbalance threshold,
as well as then validating its predictive ability in a population
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at high risk of recurrence. Another limitation of the study is
the assumption that tumors are homogeneous entities, and
that the genomic information obtained from a representative
section of the tumors represents the biology of the whole
malignancy. In our study, we selected tissue for analysis
from the highest-grade portion of the tumor identified during
histopathological examination, hoping to at least account for
its most aggressive biology. Lastly, is the limited number
of patients used for the recurrence analysis (60 patients).
While our cohort is comparable to other single institution
cohorts,”*'>'®1? it is much smaller than reports using the
TCGA database which has genomic information from
approximately 500 patients.”*® Despite this, our cohort pro-
vides an excellent discovery set, as it provides a high-risk
patient population that is comparable to those used in adju-
vant trials. Moreover, long-term follow-up data (=2 years
from surgery) was available in more than 80% of our cohort,
allowing for an accurate assessment of disease recurrence.

In conclusion, we have validated the role of genomic
instability in the progression of ccRCC. More importantly,
we have identified a genomic instability threshold (=9
sCNAs), which was found to be a superior and independent
predictor of disease recurrence in a cohort of patients with
high-risk localized ccRCC. The robustness of our findings
were validated by comparing them with an alternative and
established measure of genomic instability, the wGIL.

Materials and methods
Patient selection

A total of 103 ccRCC patients undergoing tumor resection
underwent SNP-based microarray analysis between
January 2002 and March 2017. Inclusion criteria was per
institutional protocol, which selected tumors with high-risk
features (pStage, tumor grade, evidence of nodal or metastatic
disease) or those presenting with multifocal disease. In those
with multifocal tumors, the lesion with the higher stage or
grade was selected for microarray analysis. All resected
tumors were examined by experienced oncological patholo-
gists, and tissue used for microarrays was reviewed for histo-
logical identity and tumor percentage on frozen section. All
tumors were reevaluated by a single pathologist (T.A.-S.) to
confirm the original diagnoses. Given histological heteroge-
neity within the tumor, tissue for microarray analysis was
sampled from the section with the highest tumor grade.
Clinical data were extracted from a prospectively maintained
database that included patient age at time and date of surgery,
gender, clinical and pathological stage, nuclear grade, histol-
ogy, recurrence dates, and disease and vital status at last
known follow-up. All patients provided written consent for
inclusion in the prospectively collected, institutional review
board-approved kidney cancer database.

Snp-array analysis

Tumors were classified pathologically according to the system
proposed by the International Society of Urological Pathology
and later adopted by the WHO in 2016.° Pathological review
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of H&E-stained tissue directly adjacent to the area used for
the single-nucleotide polymorphism (SNP) array was per-
formed to ensure that tumor region used was phenotypically
homogeneous to maximize the percentage of malignant cells.
The median percentage of tumor cells present in tissue sam-
ples was 90% (range: 50-100%). Total genomic DNA was
extracted, and microarray analysis was performed as
described.””*®

Samples obtained prior to November 2010 (n = 17) were
analyzed using Affymetrix Genome-wide Human SNP array
6.0. Samples obtained between November 2010 and
March 2012 were analyzed using Cytogenetics 2.7M arrays
(Affymetrix), and samples examined after April 2012 were
analyzed using Affymetrix CytoScan HD arrays. All samples
were processed for clinical purposes; therefore, extensive vali-
dation was performed to ensure uniformity between all ana-
Iytic platforms to conform with CLIA standards.

Statistical analysis

The number of CNAs for each sample was determined by the
same cytogeneticist (J.R.T.). The wGIL" calculated as the
average across autosomal chromosomes of the percentage of
gained/lost genomic material, was calculated for each sample
(detailed in Appendix 1). The GIT was defined as the median
CNA burden associated with advanced stage (Stage IV) and
high-grade disease (Fuhrman grades III/IV). Spearman’s cor-
relation was used to assess the association between CNAs and
wGIL

Recurrence was defined as any recurrence (local or dis-
tant) following complete resection of localized disease. For
survival analyzes, outcome was calculated from the time of
surgery to the time of recurrence or death, with patients
alive without recurrence being censored at the date of their
last follow-up visit or contact. All patients who died from
kidney cancer-related causes had local or distant recurrence
prior to death. Patients treated as of 12/31/2016 were
included in the recurrence analytic cohort. The wGII and
sCNA burdens were evaluated as continuous and dichoto-
mous variables. For wGII, the proposed threshold of 32.8%
by Trujalic et al.'® was used. For our novel GIT measure,
a threshold of sCNA = 29 was employed. The threshold was
obtained using the Kruskal-Wallis test, based on differences
in clinicopathological characteristics (stage and grade).
Recurrence-free survival probabilities were estimated for
the wGII and GIT groups using the Kaplan-Meier method,
and compared with log rank tests. The GIT threshold was
further validated with recursive partitioning analyzes using
conditional inference trees to identify the threshold value
associated with decreased RFS. This was done using the
cTree implementation in the PARTY package in R (3.4.0).

Cox proportional hazards regression was used to estimate
HR on time to recurrence or death from RCC and chromo-
somal complexity, adjusting for risk factors. In these analyzes,
sCNA burden was defined in two forms: wGII groups
(WGII<38.2% vs. wGII=238.2%) and GIT groups (sCNA>9 vs.
CNA<9). Risk factors, including age, grade, and stage, race
and gender, were assessed individually for association with
recurrence outcome. Factors that were associated at a level of

significance of p<0.10 were included in multivariable analyzes,
with each selected factor added in a separate model, due to the
low number of events. Except as noted, analyzes were per-
formed using SAS version 9.4 (Cary, NC), with p-values of
<0.05 considered significant.
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