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Abstract

Upper tract urothelial carcinomas (UTUC) of the renal pelvis or ureter can be difficult to
detect and challenging to diagnose. Here, we report the development and application of
a non-invasive test for UTUC based on molecular analyses of DNA recovered from cells
shed into the urine. The test, called UroSEEK, incorporates assays for mutations in eleven
genes frequently mutated in urologic malignancies and for allelic imbalances on 39
chromosome arms. At least one genetic abnormality was detected in 75% of urinary cell
samples from 56 UTUC patients but in only 0.5% of 188 samples from healthy individuals.
The assay was considerably more sensitive than urine cytology, the current standard-of-
care. UroSEEK therefore has the potential to be used for screening or to aid in diagnosis
in patients at increased risk for UTUC, such as those exposed to herbal remedies

containing the carcinogen aristolochic acid.

Introduction
More than 400,000 new cases of urologic transitional cell carcinoma are diagnosed
worldwide each year (Antoni et al., 2017). Although most of these urothelial carcinomas
arise in the bladder in the lower urinary tract, 5-10% originate in the upper urinary tract in
the renal pelvis and/or ureter (Roupret et al., 2015; Soria et al.,, 2017). The annual
incidence of these upper tract urothelial carcinomas (UTUC) in Western countries is 1-2
cases per 100,000 (Roupret et al., 2015; Soria et al., 2017), but occurs at a much higher
rate in populations exposed to aristolochic acid (AA) (Chen et al., 2012; Grollman, 2013;

Lai et al., 2010; Taiwan Cancer Registry, 2017). AA is a carcinogenic and nephrotoxic
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nitrophenanthrene carboxylic acid produced by Aristolochia plants (Hsieh et al., 2008;
National Toxicology Program, 2011). An etiological link between AA exposure and UTUC
has been established in two distinct populations. The first resides in Balkan countries
where Aristolochia plants grow naturally in wheat fields (Jelakovic et al., 2012). The
second population is in Asia, where Aristolochia herbs are widely used in the practice of
Traditional Chinese Medicine (Grollman, 2013; National Toxicology Program, 2011). The
public health threat posed by the medicinal use of Aristolochia herbs is exemplified by
Taiwan, which has the highest incidence of UTUC in the world

(Chen et al., 2012; Yang et al., 2002). More than one-third of the adult population in
Taiwan has been prescribed herbal remedies containing AA (Hsieh et al., 2008), resulting
in an unusually high (37%) proportion of UTUC cases relative to all urothelial cancers

(Taiwan Cancer Registry, 2017).

Nephroureterectomy can be curative for patients with UTUC when it is detected at an
early stage (Li et al., 2008). However, these cancers are largely silent until the onset of
overt clinical symptoms, typically hematuria, and as a result, most patients are diagnosed
only at an advanced stage (Roupret et al., 2015). Diagnostic tests for the detection of
early-stage UTUC are not currently available. There is thus a need for clinical tools that
can be used to identify early UTUCs in populations at risk for developing this type of
malignancy. Relapse following surgery is also a concern, as UTUC can recur in the
contralateral upper urinary tract and/or in the bladder (Roupret et al., 2015; Soria et al.,
2017). Vigilant surveillance for signs of malignancy is therefore an essential part of follow-

up care in UTUC patients, and non-invasive tests for recurrent disease could substantially
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improve post-surgical management, particularly as urine cytology cannot detect the

majority of UTUCs (Baard et al., 2017).

As UTUCs are in direct contact with the urine, we hypothesized that genetic analyses of

exfoliated urinary cells could be used to detect upper urinary tract neoplasm in a

noninvasive fashion (Figure 1). In the current study, we tested this hypothesis through

the analysis of urinary cell DNA using assays that could identify a variety of genetic

abnormalities.

Somatic Mutations in Renal pelvic tumor
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Test for intragenic mutations in 10 genes
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Figure 1. Non-invasive detection of upper tract urothelial cancer (UTUC) through genetic analysis
of urinary cell DNA. Upper urinary tract tumors arise in the renal pelvis and/or ureter and are in
direct contact with urine. Urine contains a mixture of normal cells that are constitutively shed from
various sites along the urinary system, along with malignant cells when present (blue cells in
figure). The UroSEEK assay relies on mutational analyses of genes frequently mutated in urinary
cancers along with a determination of chromosome losses and gains.

Non-invasive detection of UTUC
Page 4


https://doi.org/10.1101/203968
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/203968; this version posted October 16, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

94 Results

95 Cohort characteristics. Thirty-two females and twenty-four males ranging in age from

96 39-85 years participated in the study (summary in Table 1; individual data are in
97  Supplementary File 1). This gender distribution, atypical of UTUC patients in Western
98 countries where males predominate (Shariat et al., 2011), is consistent with previous
99 epidemiologic studies of Taiwanese individuals with known exposures to AA (Chen et al.,
100 2012). Tobacco use was reported by 18% of this cohort, all males. Based on estimated
101 glomerular filtration rate (eGFR) values, renal function was unimpaired (chronic kidney

102  disease (CKD) stage 0-2) in 45% of the subjects, while mild-to-
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102 moderate renal disease (CKD stage 3) or severe disease (CKD stages 4-5) was noted 103

for 43% and 12% of the cohort, respectively (Table 1).

Table 1. Demographic, clinical and genetic features of the UTUC cohort stratified by UroSEEK

results.
Ten-gene
o _ _'_I'ERT Aneuplpidy U.r(.)SEEK
multiplex positive positive positive
positive
All subjects 56 100% 64% 29% 39% 75%
Gender
Males 24 43% 71% 33% 54% 83%
Females 32 57% 59% 25% 28% 69%
CKD stage
0-2 25 45% 68% 36% 44% 76%
3A 14 25% 50% 21% 43% 71%
3B 10 18% 80% 20% 40% 80%
4 4 7% 25% 50% 0% 50%
5 3 5% 100% 0% 33% 100%
Tumor grade
Low 6 11% 67% 50% 17% 67%
High 50 89% 64% 26% 42% 76%
Tumor stage
Ta 11 20% 73% 55% 45% 82%
T1 8 14% 50% 0% 38% 75%
T2 10 18% 80% 20% 10% 80%
T3 24 43% 67% 33% 54% 79%
T4 3 5% 0% 0% 0% 0%
Upper urinary tract tumor site
Lower ureter 17 30% 76% 18% 35% 76%
Upper ureter 1 2% 100% 0% 0% 100%
Ureterovesical junction 2 4% 0% 0% 0% 0%
Lower ureter & upper ureter 2 4% 100% 50% 50% 100%
Renal pelvis 21 38% 57% 38% 38% 76%
Renal pelvis & lower ureter 4 7% 75% 25% 50% 100%
Renal pelvis & upper ureter 5 9% 40% 40% 60% 60%
Renal pelvis, lower ureter, upper 4 7% 75% 25% 50% 75%
ureter
Synchronous bladder cancer
Present 21 38% 52% 29% 33% 62%
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Absent 35 63% 71% 29% 43% 83%

UTUC risk factors

Aristolactam-DNA adducts present 54 96% 65% 30% 39% 74%
Smoking history 10 18% 70% 30% 60% 70%
104 CKD, chronic kidney disease.
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Tumors were confined to a single site along the upper urinary tract in the majority of cases
(38% renal pelvis; 39% ureter), while multifocal tumors affecting both renal pelvis and
ureter occurred in 23% of the patients. Synchronous bladder cancer (diagnosed within 3
months prior to nephroureterectomy) was present in 38%. Histologically, 89% of the
tumors were classified as high grade, with the majority categorized as muscle- invasive

(T2-T4, 66%) (Table 1).

Mutational analysis. We performed three separate tests for genetic abnormalities that

might be found in urinary cells derived from UTUCs (Figure 2, Supplementary Files 2-5).

First, we evaluated mutations in selected

exomic regions of ten genes (CDKN2A, URO
ERBB2, FGFR3, HRAS, KRAS, MET, MLL, 14
PIK3CA, TP53, and VHL) that are 9 9 4
frequently altered in urologic tumors 1

ANEU TERT
(Sfakianos et al., 2015). For this purpose, 3 2

we designed a specific set of multiplex

Figure 2. Venn diagram showing the
distribution of positive results for each of
the three UroSEEK assays.

primers that allowed us to detect mutations
in as few as 0.03% of urinary cells
(Supplementary File 6). The capacity to detect such low mutant fractions was a result of
the incorporation of molecular barcodes in each of the primers, thereby substantially

reducing the artifacts associated with massively parallel sequencing (Kinde et al, 2011).
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126  Second, we evaluated TERT promoter mutations, based on prior evidence that TERT
127  promoter mutations are often found in UTUCs (Kinde et al., 2013). A singleplex PCR was
128 used for this analysis because the unusually high GC-content of the TERT promoter
129  precluded its inclusion in the multiplex PCR design. Third, we evaluated the extent of
130 aneuploidy using a technique in which a single PCR is used to co-amplify ~38,000
131  members of a subfamily of long interspersed nucleotide element-1 (L1 retrotransposons)
132 (Kinde et al., 2012). L1 retrotransposons, like other human repeats, have spread
133  throughout the genome via retrotransposition and are found on all 39 non-acrocentric
134 autosomal arms (Ostertag & Kazazian, 2001).

135

136  The multiplex assay detected mutations in 36 of the 56 urinary cell samples from UTUC
137  patients (64%, 95% CI 51 % to 76% (Table 1 and Supplementary File 2)). A total of 57
138  mutations were detected in nine of the ten target genes (Figure 3). The median mutant
139  allele frequency (MAF) in the urinary cells was 5.6% and ranged from 0.3% to 80%. The
140 most commonly altered genes were TP53 (58% of the 57 mutations) and FGFR3 (16% of
141  the 57 mutations) (Figure 3). The distribution of mutant genes was roughly consistent
142 with expectations based on previous exome-wide sequencing studies of UTUCs (Moss et
143  al., 2017). None of the 188 urinary cell samples from healthy individuals had a detectable
144  mutation in any of the ten genes assayed (100% specificity, Cl 97.5% to

145 100%).
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Figure 3. Fraction of total mutations for each gene in the 10-gene panel used to analyze urinary

cell DNA from UTUC patients.
146

147  Mutations in the TERT promoter were detected in 16 of the 56 urinary cell samples from
148  UTUC patients (29%, 95% CIl 18% to 42%) (Table 1 and Supplementary File 3). The
149  median TERT MAF in the urinary cells was 2.22% and ranged from 0.59% to 46.3%. One
150 of the 188 urinary samples from healthy individuals harbored a mutation (TERT
151  @.1295250C>T with a MAF of 0.39%). Inthe UTUC urinary cell samples, mutations were
152  detected in three positions: 94% of the mutations were at hgl295228 (67%) and
153  hgl295250 (28%), which are 69 and 91 bp upstream of the transcription start site,
154  respectively. These positions have been previously shown to be critical for the
155  appropriate transcriptional regulation of TERT. In particular, the mutant alleles recruit the
156 GABPA/B1 transcription factor, resulting in the H3K4me2/3 mark of active chromatin and
157  reversing the epigenetic silencing present in normal cells (Stern et al., 2015).

158
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159  Aristolochic acid exposure. The activated metabolites of aristolochic acid bind covalently

160 to the exocyclic amino groups in purine bases, with a preference for dA, leading to
161  characteristic A>T transversions (Hollstein et al., 2013). To determine whether the
162 individuals in our cohort had been exposed to AA, we quantified renal cortical DNA
163  adducts using mass spectrometry (Yun et al., 2012). All but two of the 56 patients had
164  detectable aristolactam (AL)-DNA adducts (Table 1) with levels ranging from 0.4 to 68
165 dA-AL adducts per 108 nucleotides. Moreover, the A>T signature mutation (Hoang et al.,
166  2016) associated with AA was highly represented in the mutational spectra of TP53 (18/32
167  A>T) and HRAS (2/2 A>T) found in urinary cells (Supplementary File 3).

168

169  Aneuploidy. Aneuploidy was detected in 22 of the 56 urinary cell samples from UTUC
170  patients (39%, 95% CI 28% to 52%, Supplementary Files 4 and 5) but in none of the 188
171 urinary cell samples from healthy individuals. The most commonly altered arms were 1q,
172 7q, 8q, 17p, and 18g. Some of these arms harbor well-known tumor oncogenes or
173  suppressor genes that have been shown to undergo changes in copy numbers in many
174  cancers (Vogelstein et al., 2013).

175

176  Comparison with primary tumors. Tumor samples from all 56 patients enrolled in this

177  study were available for comparison and were studied with the same three assays used
178 to analyze the urinary cell samples. This comparison served two purposes. First, it
179  allowed us to determine if the mutations identified in the urinary cells were derived from

180 the available tumor specimen from the same patient. There were a total of 39 UTUC
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181  cases in which a mutation could be identified in the urinary cells. In 35 (90%) of these 39
182  cases, at least one of the mutations identified in the urine sample (Supplementary Files 2
183  and 3) was also identified in the corresponding tumor DNA sample (Supplementary Files
184 6 and 7). When all 80 mutations identified in the urinary cells were considered, 63 (79%)
185  were identified in the corresponding tumor sample (Supplementary Files 6 and 7). In any
186  of the three assays, the discrepancies between urine and tumor samples might be
187  explained by the fact that we had access to only one tumor per patient, even though more
188  than one anatomically distinct tumor was often evident clinically (Table 1). Additionally,
189 DNA was extracted from only one piece of tissue from each tumor, and intratumoral
190 heterogeneity (McGranahan et al., 2015) could have been responsible for some of the
191  discrepancies.

192

193 The tumor data helped determine why 17 of the 56 urinary cell samples from UTUC
194  patients did not contain detectable mutations. The reason could either have been that
195 the primary tumors did not harbor a mutation present in our gene panel or that the primary
196 tumor did contain such a mutation but the fraction of neoplastic cells in the urine sample
197 was not high enough to allow its detection. From the evaluation of the primary tumor
198 samples, we found that four (24%) of the 17 urine samples without detectable mutations
199 were from patients whose tumors did not contain any of the queried mutations
200 (Supplementary Files 6 and 7). We conclude that the main reason for failure of the
201  mutation test was an insufficient number of cancer cells in the urine, and this accounted

202 for 13 (76%) of the 17 failures.
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205 There were 22 cases in which aneuploidy was observed in the urinary cell samples.

206  Overall, 96% of the chromosome gains or losses observed in the urinary cells were also
207 observed in the primary tumors (examples in Figure 4). Conversely there were 34 cases
208 in which aneuploidy was not observed in the urinary cell samples. Evaluation of the 56
209  tumors with the same assay showed that all but three were aneuploid, so as with

210 mutations, the main reason for failure of the aneuploidy assay was insufficient amounts

211 of neoplastic DNA in the urinary cells.

A Patient: SB 190 B Patient: SB 191
0 9 10 - 7 ]
51 5
—
s | ] N.S. N.S s | N.S. N.S.
& %7 3 0
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Figure 4. Comparison of copy number variations in matched tumor and urinary cell DNA samples from four individual UTUC patients.
Z-scores >3 or <-3 were considered as significant for chromosome gains or losses, respectively. N.S., not significant. Data for all 56
patients are provided in Supplementary File 5.

212

213 Biomarkers in combination. There are two factors that limit sensitivity for genetically214

based biomarkers. First, a sample can only be scored as positive for the biomarker if it
215  contains DNA from a sufficient number of neoplastic cells to be detected by the assay.
216  Second, the tumor from which the neoplastic cells were derived must harbor the genetic
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216 alteration that is queried. Combination assays can increase sensitivity by assessing more
217  genetic alterations, and are thereby more likely to detect at least one genetic alteration
218 present in the tumor. However, mutations in clinical samples often are present at low
219 allele frequencies (Supplementary Files 2 and 3), requiring high coverage of every base
220 queried. It would be prohibitively expensive to perform whole exome sequencing at
221 10,000x coverage, for example, so some compromise is needed. In our study, we
222  evaluated carefully selected regions of 11 genes (including TERT) together with copy
223  number analysis of 39 chromosome arms. Even if a tumor does not contain a genetic
224  alteration in one of the 11 genes assessed, it might still be aneuploid and detectable by
225 the urinary cell assay for aneuploidy. The sensitivity of aneuploidy detection is less than
226  that of the mutation assays. Simulations showed that DNA containing a minimum of 1%
227 neoplastic cells is required for reliable aneuploidy detection, while mutations present in
228 as few as 0.03% of the DNA templates can be detected by the mutation assays used in
229  our study (Kinde et al 2013; Bettegowda et al. 2014, , Wang et al., 2016). Nevertheless,
230 urinary cell samples that had relatively high fractions of neoplastic cells but did not contain
231 a detectable mutation in the 11 queried genes should still be detectable by virtue of their
232 aneuploidy because, as noted above,

233 53/56 UTUCs studied here were aneuploid. Additionally, some of the mutations in the 11
234 genes queried, such as large insertions or deletions or complex changes, might be
235 undetectable by mutation-based assays but a sample with such an undetectable

236  mutation could still score positive in a test for aneuploidy.

237
238 To determine whether these theoretical arguments made a difference in practice, we

239 evaluated biomarker performance with the combined approaches, collectively called
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240 UroSEEK. As noted above, the ten-gene multiplex assay, the TERT singleplex assay,
241 and the aneuploidy assays yielded 64, 29%, and 39% sensitivities, respectively, when
242  used separately (Table 1). Twenty-three samples without TERT promoter mutations
243  tested positive for mutations in one of the other ten genes (Venn diagram in Figure 2).
244  Conversely, three samples without detectable mutations with the multiplex assay scored
245  positive for TERT promoter mutations (Figure 2). And, three of the urinary cell samples
246  without any detectable mutations were positive for aneuploidy (Figure 2). Thus, when the
247  three assays were used together, and a positive result in any one assay was sufficient to
248  score a sample as positive, the sensitivity rose to 75% (95% CI 62.2% to

249 84.6%). Only one of the 188 samples from healthy individuals scored positive in the
250 UroSEEK test (specificity 99.5%, Cl 97.5 to 100%).

251

252  To determine the basis for the increased sensitivity afforded by the combination assays,
253 we evaluated data from the primary tumors of the three patients whose urinary cell
254 samples exhibited aneuploidy but did not harbor detectable mutations. We found that
255 these three tumors did not contain any mutations in the 11 queried genes, explaining why
256 these same assays were negative when applied to urinary cell DNA. As noted above,
257 these three tumors were aneuploid, thus affording the opportunity to detect these copy
258 number variations in the urinary cell samples.

259
260 Correlation with clinical features. One of the most important properties of a cancer

261 biomarker is that it be able to detect tumors at an early stage, enabling surgical removal
262  of the lesions prior to widespread metastasis. Fortunately, UroSEEK appeared to be as
263  sensitive for detecting both early and late tumors. It scored positive in 15 (79%) of 19

Non-invasive detection of UTUC
Page 16


https://doi.org/10.1101/203968
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/203968; this version posted October 16, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

264  patients with stage Ta or T1 tumors and in 27 (73%) of 37 patients with stage T2-T4
265 tumors (Table 1). Ten-year cancer specific survival rates show that 91% of UTUC patients
266  with stage T1 malignancies are expected to be cured by surgery, compared to only 78%,
267 34% and 0% of patients with stage 2, 3, or 4 tumors, respectively (Li et al., 2008).

268

269  UroSEEK sensitivity was independent of a variety of clinical parameters other than tumor
270 stage, including gender, CKD stage, tumor grade, tumor location and risk factors for
271 developing UTUC (Table 1), indicating that the assay should be suitable for evaluation of
272 diverse patient populations. Furthermore, UroSEEK was considerably more sensitive
273 than urine cytology in this cohort. Cytology was available in 42 cases, and of these only
274  four (9.5%) were diagnosed as carcinoma cytologically. Even if samples scored as
275  “suspicious for malignancy” by cytology were considered as positive, the sensitivity was
276  only 26% (including the four scored as positive and seven scored as suspicious).
277 UroSEEK detected all four cases scored as positive by cytology, five of the seven cases
278  scored as suspicious for malignancy, and 22 of the 31 samples scored by cytology as
279 inconclusive or negative.

280

281
282 Discussion

283  The National Health Insurance database indicates that one-third of the adult population
284 in Taiwan had been prescribed Aristolochia herbs between 1997 and 2003 (Hsieh et al.,
285 2008). Additional people in Taiwan are exposed to Aristolochia herbs through
286  nonprescribed, herbal medicines. It has been estimated that 100 million people in China
287 are atrisk for UTUC as a result of exposure to this carcinogen (Grollman, 2013; Hu et al.,
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288  2004). Non-invasive methods to screen the large numbers of at-risk individuals for UTUC
289 in such populations are thus clearly desirable. Currently, no such screening methods are
290 available. Urine cytology requires highly trained individuals and even in expert hands is
291 not particularly sensitive for urothelial carcinoma (Lotan & Roehrborn, 2003; Netto & Tafe,
292  2016; Zhang et al., 2016). In addition, although urine cytology has value for the detection
293  of high-grade neoplasms, it is unable to detect the vast majority of low-grade tumors. A
294 large number of tests yield ‘atypical cells”, which are uninterpretable with respect to
295 malignancy (Barkan et al., 2016). Radiologic tests, such MRI or CT-scans, are not well
296  suited for screening and the latter confers significant radiation exposure. Ureteroscopy
297 is often definitive, but in addition to being invasive, requires highly skilled clinicians and is
298 also ill-suited as a screening tool (Golan et al., 2015).

299

300 Liquid biopsy has recently gained attention as a non-invasive approach for cancer
301 detection. Although this concept often refers to blood samples, it can be applied to other
302  body fluids, such as urine (Patel et al., 2017; Sidransky et al., 1991; Togneri et al.,

303 2016), which contains DNA from several sources including (i) glomerular filtration of
304 circulating free DNA (Botezatu et al., 2000) released by normal and tumor cells from sites
305 throughout the body; (ii) DNA released directly into urine by normal and tumor cells of the
306 urinary tract; and (iii) intact normal or malignant cells of the urinary tract exfoliated into
307 urine (Bettegowda et al., 2014; Dawson et al., 2013; Dressman et al., 2003;

308 Forshew et al., 2012; Haber & Velculescu, 2014; Kinde, Bettegowda, et al., 2013;
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309 Springer et al., 2015; Vogelstein & Kinzler, 1999; Wang, Springer, Mulvey, et al., 2015;
310 Wang, Springer, Zhang, et al., 2015; Wang et al., 2016). We chose the latter option for
311 the current study to increase the sensitivity and specificity of our biomarker assay.

312

313  While optimizing conditions for the current study, we compared the relative performance
314 of mutation assays in matched plasma and urine samples obtained from 14 UTUC
315 patients. In each case, a TERT or TP53 mutation was first identified in the primary tumor,
316 then that particular mutation was queried in DNA from the urine or plasma using a
317 singleplex assay. Mutations were detected in 93% (13/14) of the urinary cell DNA
318 samples compared to 36% (5/14) of the plasma samples. Importantly, the plasma test
319 failed to identify any of the six non-muscle-invasive cancers (Ta/T1), while all six (100%)
320 were identified in the matched urinary cell DNA samples. The superior performance in
321 urinary cells was likely due to a substantial enrichment for mutated DNA in these cells
322 compared to plasma: the median MAF in plasma when a mutation was detectable was
323  only 0.3% compared to 15% in the urinary cells.

324

325 Although the approach described here has significant potential for screening purposes,
326 we emphasize that the current study demonstrates proof-of-principle rather than clinical
327 applicability. Accordingly, there are several caveats to the study that are worthy of
328 attention. First, we only evaluated 56 patients. Second, the study was in essence
329 retrospective rather than prospective. Another "caveat” is that our assays on urinary cells
330 cannot distinguish between UTUC and bladder tumors, and the UroSEEK test could in
331 theory also detect kidney cancer. We consider this a strength rather than a weakness,
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332 because the detection of bladder or kidney cancer is as important as the detection of
333 UTUC. Bladder cancers are more common than UTUC in the general population (Roupret
334 et al., 2015), and patients exposed to AA are at risk for bladder cancer and renal cell
335 carcinoma as well as for UTUC (Hoang et al., 2016; Lai et al., 2010).

336

337 The current study establishes the conceptual and molecular biological foundation for two
338 clinical trials that are now being planned. The first is a prospective screening study of
339 urinary cells obtained from individuals in Taiwan with microscopic hematuria, many of
340 whom are at risk of developing UTUC due to past exposure to AA. The purpose of this
341  study will be to determine whether UTUC or bladder cancer can be detected by UroSEEK
342  prior to the advent of hematuria. The second is a prospective study of patients with UTUCs
343  that have been surgically removed. Recurrence of disease in the bladder occurs in 22 to
344 47% of UTUC cases, presumably from cells seeded from the upper urinary tract, while
345 tumors in the contralateral tract appear in an additional 2 to 6% of patients (Roupret et
346 al.,, 2015). The purpose of this trial is to determine whether the analysis of urinary cell
347 DNA can reveal recurrent or new disease earlier than conventional clinical, cytologic, or
348 radiologic methods.

349

350 Methods

351 Cohort studied. Sequential patients with UTUC scheduled to undergo a radical unilateral

352  nephroureterectomy at National Taiwan University Hospital in 2012-2016 were asked to
353  participate in the study. All patients provided informed consent using the consent form
354 and study design reviewed and approved by the Institutional Review Boards at National
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355  Taiwan University and Stony Brook University. A total of 56 UTUC patients were enrolled
356 in the study after excluding four patients with gross hematuria and one patient with a
357 tumor-urine DNA mismatch by identity testing (see below). Urinary cell DNA from

358 188 urine samples donated by healthy individuals in the U.S. of average age 40, range
359 19to 60 years old, was used to assess the specificity of the UroSEEK test. White blood
360 cell (WBC) DNA from 94 normal individuals from the U.S. was used to evaluate the
361 technical specificity of the PCR analysis.

362

363 Biological samples. Patients provided urine samples one day prior to surgery. Urinary

364 cells were isolated by centrifugation at 581g for 10 min at room temperature, washed
365 thrice in saline using the same centrifugation conditions, and stored frozen until DNA was
366 isolated using a Qiagen kit #937255 (Germantown, MD). DNA was purified from fresh-
367 frozen resected samples of upper tract tumors and renal cortex by standard phenol-
368 chloroform extraction procedures (Chen et al., 2012; Jelakovic et al., 2012). One upper
369 urinary tract tumor per patient was analyzed; for cases with tumors at multiple sites, renal
370 pelvic tumors were preferentially selected whenever available. Formalinfixed, paraffin-
371 embedded tumor samples were staged and graded by a urologic pathologist, and the
372 presence of one or more upper tract urothelial carcinomas was confirmed by
373  histopathology for each enrolled subject. Pertinent clinical and demographic data were
374 obtained by a chart review of each subject. eGFR was calculated by the MDRD equation
375 (Levey et al., 2006) and used to determine CKD stage(Levey et al., 2005).

376
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377 DNA adduct analysis. AL-DNA adduct (7-(deoxyadenosin-N°6-yl) aristolactam |; dA-AL-l)

378 levels in 2 ug of DNA from the normal renal cortex of UTUC patients were quantified by
379 ultra-performance liquid chromatography—electrospray ionization/multistage mass

380 spectrometry (UPLC-ESI/MS") with a linear quadrupole ion trap mass spectrometer

381 (LTQ Velos Pro, Thermo Fisher Scientific, San Jose, CA) as described previously(Yun
382 etal., 2012).

383

384  Mutation analysis. Three separate assays were used to search for abnormalities in urinary

385 cell DNA. First, a multiplex PCR was used to detect mutations in regions of ten genes
386 commonly mutated in urologic malignancies CDKN2A, ERBB2, FGFR3, HRAS,

387 KRAS, MET, MLL, PIK3CA, TP53, and VHL (Cancer Genome Atlas Research, 2014;
388 Linetal., 2010; Mo et al., 2007; Netto, 2011, Sarkis et al., 1995; Sarkis et al., 1994; Sarkis
389 etal., 1993; Wu, 2005). The 57 primer pairs used for this multiplex PCR were divided in
390 a total of three multiplex reactions, each containing non-overlapping amplicons
391  (Supplementary File 6) These primers were used to amplify DNA in 25 uL reactions as
392  previously described (Kinde et al., 2011) except that 15 cycles were used for the initial
393 amplification. Second, the TERT promoter region was evaluated. A single amplification
394 primer pair was used to amplify a 73-bp segment containing the region of the TERT
395 promoter known to harbor mutations in BC (Kinde, Munatri, et al., 2013). The conditions
396 used to amplify it were the same as used in the multiplex reactions described above
397 except that Phusion GC Buffer (Thermo-Fisher) instead of HF buffer was used and 20
398 cycles were used for the initial amplification. Note that the TERT promoter region could

399 not be included in the multiplex PCR because of the high GC content of the former. PCR
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400 products were purified with AMPure XP beads (Beckman Coulter, PA, USA) and 0.25%
401  of the purified PCR products (multiplex) or 0.0125% of the PCR products (TERT
402  singleplex) were then amplified in a second round of PCR, as described in (Wang et al.
403 2015). The PCR products from the second round of amplification were then purified with
404  AMPure and sequenced on an lllumina instrument. For each mutation identified, the
405 mutant allele frequency (MAF) was determined by dividing the number of uniquely
406 identified reads with mutations (Kinde et al., 2011) by the total number of uniquely
407 identified reads. Each DNA sample was assessed in two independent PCRs, for both the
408 TERT promoter and multiplex assays, and samples were scored as positive only if both
409 PCRs showed the same mutation. The mutant allele frequencies and number of unique
410 templates analyzed listed in the Supplementary Files refer to the average of the two
411 independent assays.

412

413 To evaluate the statistical significance of putative mutations, we assessed DNA from
414 WBCs of 188 unrelated normal individuals. A variant observed in the samples from
415  cancer patients was only scored as a mutation if it was observed at a much higher MAF
416  than observed in the normal WBCs used as controls. Specifically, the classification of a
417 sample’s DNA status was based on two complementary criteria applied to each mutation:
418 1) the difference between the average MAF in the sample of interest and the
419  corresponding maximum MAF observed for that same mutation in a set of controls, and
420 2) the Stouffer’'s Z-score obtained by comparing the MAF in the sample of interest to a
421  distribution of normal controls. To calculate the Z-score, the MAF in the sample of interest
422 was first normalized based on the mutation-specific distributions of MAFs observed
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423  among all controls. Following this mutation-specific normalization, a P-value was obtained
424 by comparing the MAF of each mutation in each well with a reference distribution of MAFs
425  built from normal controls where all mutations were included. The Stouffer’'s Z-score was
426  then calculated from the p-values of two wells, weighted by their number of UIDs. The
427  sample was classified as positive if either the difference or the Stouffer’'s Z-score of its
428 mutations was above the thresholds determined from the normal WBCs. The threshold
429 for the difference parameter was defined by the highest MAF observed in any normal
430 WBCs. The threshold for the Stouffer's Z-score was chosen to allow one false positive
431  among the 188 normal urine samples studied.

432

433  Analysis of aneuploidy. Aneuploidy was assessed with FastSegS, which uses a single

434  primer pair to amplify ~38,000 loci scattered throughout the genome (Kinde et al., 2012).
435  After massively parallel sequencing, gains or losses of each of the 39 chromosome arms
436 covered by the assay were determined using a bespoke statistical learning method
437 described elsewhere (Deauville et al., in preparation). A support vector machine (SVM)
438  was used to discriminate between aneuploid and euploid samples. The

439  SVM was trained using 3150 low neoplastic cell fraction synthetic aneuploid samples and
440 677 euploid peripheral white blood cell (WBC) samples. Samples were scored as positive
441  when the genome-wide aneuploidy score was >0.7 and there was at least one gain or
442  loss of a chromosome arm.

443

444  |dentity checks. A multiplex reaction containing 26 primers detecting 31 common SNPs

445  on chromosomes 10 and 20 was performed using the amplification conditions described
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446  above for the multiplex PCR. The 26 primers used for this identity evaluation are listed in
447  Supplementary File 9.
448

449  Statistical analysis. Performance characteristics of urine cytology, UroSEEK and its three

450 components were calculated using using MedCalc statistical software, online version
451  (https://www.medcalc.org/calc/diagnostic_test.php). Confidence intervals (95%) were
452 determined with an online GraphPad Software Inc. statistical calculator
453  (https://www.graphpad.com/quickcalcs/confintervall/) using the modified Wald method.
454
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