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Background: Mutations in FGFR3 have been shown to occur in tumors of the upper urothelial
tract and may be indicative of a good prognosis. In bladder tumors, the combination of FGFR3
mutation status and Ki-67 level has been used to define a tumor’s molecular grade and predict
survival. Pathological evaluation of upper urothelial tumors is currently the best predictor of
prognosis, but suffers from variability in pathological assessments. This study investigated the
association with prognosis of FGFR3 mutations alone and in combination with Ki-67 in this
patient population.
Methods: Genomic DNA was isolated from tumor samples of 80 patients with upper urothelial
cancer. The presence of mutation in FGFR3 was evaluated using real-time polymerase chain reaction. Ki-67 protein expression was determined by immunohistochemistry. Kaplan–Meier survival
analysis evaluated the relationship of FGFR3 mutations and Ki-67 levels with survival.
Results: FGFR3 mutations were identified in 40% of tumors and were predominantly associated
with noninvasive tumors. Overall survival was higher in patients with FGFR3 mutant tumors
(P = 0.02) and in molecular grade 1 tumors as determined by FGFR3 and Ki-67 (P = 0.02).
Conclusion: In this study, we confirm the occurrence of FGFR3 mutations in tumors of the
upper urothelial tract and its association with a good prognosis. Both FGFR3 and molecular
grading are predictors of overall survival. Molecular grading can help to assess the prognosis
of patients with upper urinary tract cancer and may represent a new tool for managing this
population of patients.
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Urothelial cancer is the seventh leading cause of cancer in the US.1 The majority
of urothelial cancers occur in the bladder, with only about 5%–10% occurring in
the upper urinary tract.2,3 About 75% of upper urinary tract tumors are found in the
collecting system of the kidney, with the remainder being found in the ureter.4
Activating mutations in the fibroblast growth factor receptor 3 gene (FGFR3) are
one of the most frequent somatic mutations found in bladder cancer.5–7 Eight FGFR3
mutations in three exons (exons 7, 10, and 15) are associated with .90% of all known
mutant FGFR3-positive bladder cancers and are also common in upper urinary tract
cancers.8,9 FGFR3 mutations occur in about 50% of primary bladder and upper tract
tumors and are associated with low-stage tumors of the bladder and ureter.5–7,9–11 FGFR3
mutations are also associated with a milder disease course in both bladder and upper
urothelial cancers, as well as better survival in patients with invasive urothelial cancer
of the upper tract.9
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Pathological evaluation of upper urothelial tumors is
currently the best predictor of prognosis, but suffers from
variability in pathological assessments. 12–16 A number
of studies have now shown that for bladder tumors, the
combination of FGFR3 and Ki-67 staining can be used to
increase accuracy in grading and can be indicative of prognosis. Ki-67 is a nuclear protein that is highly expressed in
proliferating cells and has been shown to be associated with
long-term survival in tumors of the upper tract.17 In this study,
we used both FGFR3 mutational analysis and immunohistochemistry for the Ki-67 antigen to evaluate the prognosis
of patients with upper urothelial cancer.

Materials and methods
Experimental samples
Eighty formalin-fixed, paraffin-embedded archived patient
tissue samples of urothelial carcinoma from the upper urinary
tract were obtained from the UMass Cancer Center Tissue
Bank with institutional review board approval. Of these,
28 tumors were localized to the ureter and 52 were localized
to the renal pelvis. Each case was reviewed by a pathologist
to confirm stage and morphological grade. Baseline patient
demographics are shown in Table 1.

DNA isolation from urothelial
tumor samples

DNA was isolated from three pooled 5 µm sections of formalin-fixed, paraffin-embedded upper urothelial tumor tissue
using the Qiagen QIAamp DNA FFPE tissue kit (Qiagen,
Valencia, CA) as per the manufacturer’s instructions, except
for the following modifications. During removal of the paraffin, the samples were centrifuged for a further 10 minutes
Table 1 Baseline demographics and disease characteristics by
evidence of disease
Characteristics, n (%)
Gender
Male
Median age, years (range)
TNM staging
Ta
T1
T2
T3
T4
Grade
Low
High
Site
Ureter
Renal pelvis

66

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

n = 80
44 (55)
72 (43–84)
29 (36.3)
11 (13.8)
6 (7.5)
32 (40)
2 (2.5)
17 (21.3)
63 (78.8)
28 (35)
52 (65)

following treatment with xylene and 100% ethanol washes.
In addition, samples were incubated with proteinase K for
16 hours prior to processing further to ensure complete
digestion of tissue.

Detection of FGFR3 mutations
Tumor genomic DNA was amplified in a multiplex, realtime polymerase chain reaction (PCR) with primers and
dual-labeled fluorescent probes specific for human FGFR3
exons 7, 10, and 15 using the Roche LightCycler 480
(Roche Applied Sciences, Indianapolis, IN) under standard
conditions and as previously described by us.18 PCR conditions were adjusted to account for a lower DNA yield and
DNA degradation due to formalin fixation. FastStart Taq
polymerase, dNTP mix, and reaction buffers were sourced
from Roche Applied Science. PCR products were purified using ExoSAP-IT (Affymetrix/USB, Cleveland, OH).
Oligonucleotide primers and fluorescently labeled probes
were designed using the Oligo 7.0 program (MBI Inc, Cascade, CO). All primers were synthesized by Integrated DNA
Technologies Inc (Coralville, IA).
A second multiplexed PCR was carried out to identify
FGFR3 mutations. This PCR reaction used primers that
encoded wild-type sequence with locked nucleic acid (LNA)
bases surrounding and including a known mutation site in
exon 7, 10, or 15 (exon 7 [R248C and S249C], exon 10
[G372C, S373C and Y375C], and exon 15 [K652E, K652M,
K652T and K652Q]), and real-time PCR primers specific for
each exon with dual-labeled fluorescent probes.18 Because the
LNA primers have a higher annealing affinity with wild-type
DNA than with mutant DNA, they promote amplification of
mutant DNA by inhibiting wild-type DNA amplification.
All PCR experiments were carried out in duplicate using the
Roche LightCycler 480.
As a control for the amount of DNA included in each
reaction, PCR amplification was performed in the absence
of LNA-containing primers. A ratio between the amplification cycles of positive controls (plasmids containing known
FGFR3 mutations) and negative controls (wild-type DNA)
were included in each assay to determine if a sample did or
did not contain a mutation. Both positive and negative control plasmids were diluted with human genomic DNA to a
final concentration of 1%. All samples were found to have
sufficient DNA for analysis.

Ki-67 immunohistochemistry

One adjacent 5 µm section of the formalin-fixed, paraffinembedded upper urothelial tumor tissue used for mutation
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detection was used to assess Ki-67 expression. Tumor tissues
were processed using Ki-67-specific monoclonal antibodies
(Ventana clone MM1) as per the manufacturer’s protocol on
a Ventana Benchmark XT Autostainer. Ki-67 level scores
were established from three independent fields of the highest level of staining per slide. Samples were classified as
high for Ki-67 if $25% cells per field were positive for
Ki-67 and as low if ,25% cells per field were positive for
Ki-67 staining.

Molecular grading
Molecular grade was defined as previously described.10,11
In brief, molecular grade 1 is defined as a sample that is
positive for an FGFR3 mutation and has low Ki-67 staining.
Molecular grade 2 is defined as samples that are positive
for an FGFR3 mutation but have high Ki-67 staining, or are
wild-type for FGFR3 and have low Ki-67 staining. Molecular
grade 3 is defined as a sample that has wild-type FGFR3 and
high Ki-67 staining.

Statistical analysis
Overall survival was measured from the date of first cancer
diagnosis to the date of death from any cause and was censored from the date of last follow-up for survivors. Overall
survival probability was estimated by the Kaplan–Meier
method for each patient group classified by the FGFR3
mutation status or classified according to the molecular
grade defined by the combination of FGFR3 and Ki-67.
Differences in survival probabilities among patient groups
were evaluated with use of the log-rank test. A two-sided P
value of less than 0.05 was considered to indicate statistical
significance. The Cox proportional hazard model was used
to assess the simultaneous contribution of the following
baseline covariates: age, gender, tumor stage, morphological
grade, site, FGFR3 mutation status, Ki-67, and molecular
grade. REMARK (REporting recommendations for tumour
MARKer prognostic studies) guidelines were used for this
study.19

Results
FGFR3 mutations in tumors
of upper urothelial origin
Although many studies have shown that FGFR3 mutations
are common in bladder cancer, only one other study has
shown that tumors of upper urothelial origin can also harbor
FGFR3 mutations. In this study, 80 tumors from patients
with upper urothelial cancer were analyzed for mutations
in FGFR3. Most tumors were of high morphological grade,
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and either stages Ta or T3, and were removed from the renal
pelvis region (Table 1). Of the 80 patients, 32 had tumors
with FGFR3 mutations, indicating a mutation frequency of
40% (Table 2). The frequency in the ureter and renal pelvis
was 50% and 34%, respectively. FGFR3 mutations were more
frequent in noninvasive tumors (53% [21/40]) compared
with 28% [21/40] in invasive tumors and were associated
with low-grade disease (71% [12/17] of low-grade tumors
carried mutations compared with 32% [20/63] of high-grade
tumors), regardless of tumor site and in contrast with previous studies.9

FGFR3 mutations and molecular grade
are associated with increased survival
Evaluating urothelial cancer prognosis by pathology stage
and grade has poor reproducibility and is a major concern
for clinicians. Morphological grade assessment may differ
in about 50% of cases.14,15,20 There is a clinical need for
developing assays that are useful both for diagnosing and
for assessing the prognosis of upper urinary tract cancer.
Therefore, we analyzed survival as a function of FGFR3
mutation status using Kaplan–Meier survival plots. Patients
whose tumors contained an FGFR3 mutation had better
overall survival than those whose tumors did not have a
mutation (Figure 1, P = 0.02), consistent with previous
findings.9 From Cox proportional hazard analysis, patients
with wild-type FGFR3 had approximately two times higher
mortality than patients with FGFR3 mutations (hazards ratio
1.95, 95% confidence interval 0.70–5.45) after adjusting
for stage and other covariates. The hazards ratio estimate
did not reach statistical significance (P = 0.20), and a larger
Table 2 Frequency of FGFR3 mutations and Ki-67 staining
FGFR3 mutations
All upper urothelial tract
(n = 80)
Ureter (n = 28)
Renal pelvis (n = 52)
Stage
Ta
T1
$T2
Pathology grade
Low
High
Ki-67
Low
High

Frequency, n (%)

95% CI

32/80 (40)

29–52

14/28 (50)
18/52 (34)

31–69
22–49

16/29 (55)
5/11 (45)
11/40 (27)

36–74
17–77
15–44

12/17 (71)
20/63 (32)

44–90
21–45

58/80 (73)
22/80 (27)

61–81
18–39

Abbreviation: CI, confidence interval.
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Figure 1 Kaplan–Meier analysis for survival estimates by FGFR3 mutational status,
where 0 is mutant and 1 is wild-type.
Notes: Statistical significance was determined by log-rank test. FGFR3 was associated
with improved overall survival (P = 0.02).

Figure 2 Kaplan–Meier analysis for survival estimates by molecular grade, where 0
is molecular grade 1, 1 is molecular grade 2 and 2 is molecular grade 3.
Notes: Statistical significance was determined by log-rank test. Molecular grade was
associated with improved overall survival (P = 0.02).

set of samples would be needed to confirm if FGFR3 is an
independent predictor of overall survival.
In addition, we explored whether the combination of
FGFR3 and Ki-67 might be a better predictor of prognosis
than pathological grade alone. The molecular grade established by FGFR3 and Ki-67 was defined as described in
previous studies.10,11 Table 3 describes the distribution of
molecular grade based on the combination of FGFR3 and
Ki-67. Although Ki-67 levels showed some association
with survival, the log-rank test results were not significant
(data not shown). However, patients with molecular grade 1
tumors had significantly better survival estimates than those
with molecular grade 2 or 3 tumors (P = 0.02, Figure 2).
The results of the log-rank test demonstrate that molecular
grade is a predictor of survival. Molecular grade 1 tumors
(as assessed by FGFR3 and Ki-67) are associated with better
survival compared with wild-type FGFR3 and/or increased
Ki-67 expression.

of the upper urinary tract, while increased Ki67 levels have
been associated with a poor prognosis.9,17 Other studies
have shown that the combination of FGFR3 and Ki67 can
be used to determine the “molecular grade” of bladder
cancer tumors.10 In this study, we confirm the association
of FGFR3 mutations with improved prognosis in a cohort
of both invasive and noninvasive urothelial tumors of the
upper urinary tract and apply the use of molecular grade
to determine whether this approach can be indicative of a
good prognosis. The results of our FGFR3 mutation assay
are consistent with other methods reported to have similar
analytical sensitivity.8 Molecular grading provides an objective method for determining tumor grade and eliminates the
variability of pathological evaluation.
Both FGFR3 mutation and low molecular grade were
associated with improved survival. Interestingly, of the
29 tumors in the molecular grade 1 group, 19 had previously
been classified as “high grade”. Of these, 14 (74%) were
alive as of the date of this study, ie, an average of 2000 days
(5.7 years) post diagnosis and treatment, whereas the 5-year
survival of high morphological grade tumors has been
shown to be as low as 28%.21 These results support the use
of molecular grading of tumors of the upper urinary tract to
grade tumors more accurately and predict prognosis. These
findings are consistent with prior results that found that the
combination of FGFR3 and Ki-67 were good predictors of
bladder cancer prognosis.10,11
Given its known association with bladder cancer, the
FGFR3 mutation detection assay has been developed as a
diagnostic tool for both molecular grading of bladder cancer
tissues and for urine-based assays used in the evaluation of
patients with hematuria or for cancer recurrence in patients

Discussion
Previous studies have shown that FGFR3 mutations are
associated with an improved prognosis in invasive tumors
Table 3 Distribution by molecular grade
MG1
Low Ki-67/mutant FGFR3
MG2
Low Ki-67/wild-type FGFR3
High Ki-67/mutant FGFR3
MG3
High Ki-67/wild-type FGFR3

Frequency, n (%)

95% CI

29/80 (36)

26–48

29/80 (36)
3/80 (4)

26–48
1–10

19/80 (24)

15–35

Abbreviations: MG, molecular grade; CI, confidence interval.
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who had been previously treated for bladder cancer.18,22 In the
urine-based assay, FGFR3 has been shown to have very high
specificity (.95%) and a positive predictive value.18 It is possible that detection of FGFR3 mutations in urine may also be
useful in diagnosing cancer of the upper urinary tract. In fact,
a recent report showed that in a community-based clinical
setting, FGFR3 mutation analysis was used to diagnose an
upper urothelial carcinoma in a patient in whom standard
diagnostic methods were inconclusive.23
The results of this study are consistent with previous
findings that FGFR3 mutations are present in tumors of the
upper urinary tract, and are indicative of a good prognosis.
We further demonstrate that molecular grading using FGFR3
and Ki-67 can accurately grade tumors and may represent a
new, powerful tool for managing this population of patients.
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