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. Urothelial bladder carcinoma (UBC) is characterized by a large number of genetic alterations. DNA

. from urine is a promising source for liquid biopsy in urological malignancies. We aimed to assess the
availability of cell-free DNA (cfDNA) and exosomal DNA (exoDNA) in urine as a source for liquid biopsy

: inUBC.We included 9 patients who underwent surgery for UBC and performed genomic profiling of

. tumor samples and matched urinary cfDNA and exoDNA. For mutation analysis, deep sequencing

. was performed for 9 gene targets and shallow whole genome sequencing (sWGS) was used for the
detection of copy number variation (CNV). We analyzed whether genetic alteration in tumor samples

. was reflected in urinary cfDNA or exoDNA. To measure the similarity between copy number profiles
of tumor tissue and urinary DNA, the Pearson’s correlation coefficient was calculated. We found 17
somatic mutations in 6 patients. Of the 17 somatic mutations, 14 and 12 were identified by analysis of

: cfDNA and exoDNA with AFs of 56.2% and 65.6%, respectively. In CNV analysis using sSWGS, although

. the mean depth was 0.6X, we found amplification of MDM2, ERBB2, CCND1 and CCNE1, and deletion

: of CDKN2A, PTEN and RB1, all known to be frequently altered in UBC. CNV plots of cfDNA and exoDNA

. showed a similar pattern with those from the tumor samples. Pearson’s correlation coefficients of tumor

- vs. cfDNA (0.481) and tumor vs. exoDNA (0.412) were higher than that of tumor vs. normal (0.086). We

. successfully identified somatic mutations and CNV in UBC using urinary cfDNA and exoDNA. Urinary
exoDNA could be another source for liquid biopsy. Also, CNV analysis using sSWGS is an alternative
strategy for liquid biopsy, providing data from the whole genome at a low cost.

. Liquid biopsy is a minimally invasive method for identifying genetic alterations in tumors using plasma or other
. body fluids. There has been an increasing interest in the utility of liquid biopsy alternative to conventional solid
: biopsy. Liquid biopsy, owing to its less invasive sampling procedure, facilitates genetic profiling of tumors without
* limiting the frequency of sampling and tumor heterogeneity'2. With technological advances in DNA sequencing,
analysis of circulating tumor DNA provides homogenous representation of subclones and microenvironments
of tumors, and could serve as a marker for drug susceptibility, prognosis or disease progression in patients with
: malignancies®®. However, detection of tumor DNA from body fluid is challenging due to the short half-life and
- low purity of the DNA’-’. The analysis of circulating tumor DNA requires a highly sensitive method, and the clin-
- ical utility of circulating tumor DNA is usually focused on monitoring disease rather than diagnosing early state
disease, which has a low abundance of circulating tumor DNA with few genetic alterations.
Urine is an ideal body fluid for liquid biopsy as it could be collected in a truly non-invasive manner with a rel-
. atively reduced limit in volume. Previous studies have reported that cell-free DNA (cfDNA) in circulation passes
. through glomerular filtration which is known as “trans-renal DNA™'?. It could be used as a source for circulating
: tumor DNA and urinary biomarkers'"'2, Various studies have shown that genomic alteration of non-urological
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Patient Location | [ Tissue Normal | cfONA | exoDNA | exon number aa change Seq change COSMC HIT
BC2 41805478 p.T330T €.Co0T -
BC2 1: 7578392 pE48X c.G142T 14
BC2 17 7570472 pP33R €.C98G
BC2 X: 44920077 p.T726K Cc.C2177A
BC2 X: 44928931 p.Q677Q ¢ G2031A
BC3 1: 27058033 p.Q581X ¢ C1741T -
BC3 41803564 p.R248C cC742T 3
BC4 1349039146 p.V742fs ¢ 2225delT N
BCS 12 40427652 p.Q3612Q ¢.G10836A 1
BCS 12 40444545 pI942! ¢ C2826T 1
BCS 1249434074 p.G2493G ¢ G7479T -
BCS 12 40425078 p.P4170P ¢ A125106 1
BCS 17. 7579472 pP33R c.C9%8G 3
BC6 11: 534285 HRAS exon2 pG13v ¢.G38T 3
BC8 17: 7577556 P53 exon3 p.C110Y c.G320A 1
BCS X: 44928074 KDM6A exon17 p692_692del | c.2075_2076del -
BC8 X 123179107 exon? p.R216X c.c648T 1

Allele Frequency
synonymous 81-100%
nonsynonynous 61-80%
' 4160%
stopgain 2140%
frameshift 5-20%
04%

Figure 1. Somatic mutations identified in bladder cancer and genomic profiling in matched urinary cell free
DNA and exosomal DNA.

malignancies such as lung cancer, colorectal cancer or pancreatic cancer, can also be identified in urinary
cfDNA'*-!4, However, studies on urinary cfDNA are more extensively conducted in urologic malignancies and
the origin of urinary cfDNA in urologic malignancies could be both urinary tract cells and trans-renal cfDNA.

Urinary exosomes are also a source of tumor DNA. Exosomes are released from cells and shed into various
body fluid including blood and urine. Exosomes are a subset of extracellular vesicles that are potential biomark-
ers in malignancies because they contain various proteins, lipids and nucleic acids'>. While most studies on the
utilization of nucleic acids in exosomes as biomarkers have focused on miRNAs or mRNAs, exosome contains
double-stranded DNA fragments, and genomic alterations in cancer have been identified in exosomal DNA
(exoDNA)'*-18, Circulating exosomes can be isolated from blood and various body fluids such as saliva, breast
milk, bile and urine®.

In this study, we investigated the availability of urinary cfDNA and exoDNA in liquid biopsy for urinary blad-
der cancer (UBC). UBC is the second most common urologic malignancy with a large number of genetic altera-
tions?. The genomic profiling was performed in 9 patients with UBC and matched urinary cfDNA and exoDNA.
To detect somatic mutations, we used targeted deep sequencing of 9 genes that are frequently mutated in UBC.
We also analyzed the copy number variation (CNV) in the whole genome region. For clinical applicability, we
performed shallow whole genome sequencing (sSWGS) and the genome coverage by sWGS was less than 1X in
all cases?!. To detect copy number aberrations, we used the QDNAseq algorithm, which provides high-quality
DNA copy number information from data produced by sWGS. This algorithms showed better performance than
previous approaches for sWGS analysis, especially in low-quality samples such as DNA from formalin-fixed spec-
imens?'. CfDNA is fragmented into small sizes and also characterized by low quality and quantity.

Results

Patient characteristics and DNA from urine.  This study included 9 patients who underwent radical cys-
tectomy for UBC. The clinicopathological characteristics of the patients are summarized in Supplement Table S2.
Urinary DNA was extracted in two ways. CfDNA was extracted from the supernatant of urine and exoDNA
was extracted from the urinary exosomes. CfDNA was extracted from 2-4 ml and exoDNA was extracted from
10 ml of urine except in one patient with 20 ml of urine. The concentrations of cfDNA and exoDNA were 17.6 ng/
ml and 7.9 ng/ml, respectively. In the sSWGS process, 92.1% and 92.6% of sequences from cfDNA and exoDNA
were mapped in the human genome, suggesting most urinary cfDNA and exoDNA is from the host genome.
(Supplement Table S3). While cfDNA was highly fragmented and mostly 150-180 bp in length, exoDNA con-
tained large fragmented DNA compared to the cfDNA (Supplementary Fig. S2).

Somatic mutation analysis with deep sequencing. For somatic mutation analysis, we performed tar-
get capture sequencing of 9 genes that are frequently mutated in UBC. Somatic mutations were identified by
tumor and normal matched analysis. We identified 17 somatic mutations in 6 patients (66.7%, 6/9). Seventeen
somatic mutation included 6 nonsynonymous SNVs, 3 stop-gain SNV, 2 frameshift deletions and 6 synonymous
SNVs, with a mean allele frequency of 53.6% (12.7-99.7). When we excluded 6 synonymous SNVs, TP53 was the
most frequently mutated gene with 3 nonsynonymous and 1 stop-gain SN'V.

Then, the mutational results of the 9 genes obtained from tumor samples were compared with those from
urinary cfDNA and exoDNA. We analyzed the targeted deep sequencing data from urinary cfDNA and exoDNA.
While mean depths were 632X and 404X for tumor and paired blood samples, respectively, the mean depths for
cfDNA and exoDNA were 1721X and 1648X, respectively (Supplementary Table S1). Of 17 somatic mutations,
14 and 12 were identified by analysis of cfDNA and exoDNA with AFs of 54.5% and 65.6%, respectively (Fig. 1).
When we did not exclude SN'Vs with AF less than 5% in the analysis of cfDNA and exoDNA, one stop-gain SNV
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Patient Location gene ( AIIeI::E::Sency) ( Alleleexfor Eq':‘JAency) exon number aa change Seq change | COSMIC
BC1 12: 49445351 KMT2D 0% 6.90% exon10 p.696_705del |c.2088_2114del -
BC2 1: 27022939 4.10% 6.20% exon1 p.16_16del ¢.46_48del -
BC3 1:27097801 | 5.00% 10.60% exon8 p.111301 ¢.C2632T 3
BC3 1: 27089676 ARD1A 5.40% 6.10% exon12 p.Q878X ¢.C3390T -
BC3 1: 27022939 ARD1A 5.70% 4.20% exon1 p.16_16del ¢.46_48del -
BC3 1: 27023615 ARD1A 5.20% 8.00% exon1 p.241_245del | ¢.722_735del -
BC3 3: 178936082 PIK3CA 10.00% 10.70% exon10 p.E542K c.G1624A 89
BC3 12: 49437700 KMT2D 11.90% 6.30% exon22 p.R1757Q c.G5270A -
BC4 17: 7576642 TP53 5.00% 3.90% exoné p.Q205E ¢.C613G -
BC6 | 13:49047515 14.70% 10.90% exon24 pE837X ¢.G2509T -
BC6 13: 48955524 RB1 12.70% 4.80% exon17 p.1547fs c.1641dupA -

synonymous Allele Frequency
nonsynonynous 11-15%
stopgain 5-10%
frameshift 0-4%
non-frameshift

Figure 2. Mutations only identified in urinary cell free DNA and exosomal DNA.
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Figure 3. CNV profiles of patients 5 (A) and copy number aberration plot of 9 patients with bladder cancer. Cell
free DNA and exosomal DNA samples present similar pattern of copy number aberration with tumor samples.

in ARID1A (C1714T) with a somatic mutation frequency of 16.8% (58/345) was identified in cfDNA with the
allele frequency of 1.8% (21/1177) and exoDNA with the AF of 3.4% (30/897). Also, nonsynonymous SNV in
FGFR3 (C742T) with somatic mutation AF of 20.8% (49/235) was identified in exoDNA with AF 1.2% (10/814)
(Supplementary Table S4).

We also identified 11 somatic mutations that were only identified in urinary DNA. CfDNA and exoDNA had
9 and 8 somatic mutation and 6 were identified both in cfDNA and exoDNA (Fig. 2). The mean AFs were 8.6%
and 7.2% in cfDNA and exoDNA, respectively. Of the 11 somatic mutations, 7 were clinically significant somatic
mutations that included 3 nonsynonymous SNVs, 2 frameshift indels and 2 stop-gain SNVs. Two were also seen
in the COSMIC database with frequencies of 3 and 89 (Supplementary Table S5).

Copy number analysis with SWGS. For copy number analysis from sWGS data, we used QDNAseq as
previously described?!. This method provides copy number analysis using less than 1X genome coverage. In
our experiments, the mean depth was 0.6X. Copy number aberrations in 9 tumor samples and matched urinary
cfDNA and exoDNA are summarized in Supplement Table S6. As shown in TCGA bladder data, we found ampli-
fication of MDM2, ERBB2, CCND1 and CCNEI, and deletion of CDKN2A, PTEN and RB1 in our samples.
While normal blood samples did not show any copy number aberration, cfDNA and exoDNA samples presented
a similar pattern of copy number aberrations with tumor samples, except for the BC1 patient (Fig. 3). We also sta-
tistically examined the copy number aberration similarity between samples. While the mean Pearson’s correlation
coeflicient between tumor and normal samples was 0.086, the correlation coefficients between tumor and cfDNA,
and tumor and exoDNA were 0.481 and 0.412, respectively (Fig. 4).

Discussion

In this study, we found that the genetic alterations in UBC were well reflected in both urinary ¢fDNA and
exoDNA. Somatic mutations were identified in urinary DNA by target deep sequencing. Although our study
mainly included advanced stage UBC, the mean AF of ¢fDNA in the analysis of somatic mutation was 54.5%,
indicating an enriched burden of tumor DNA in cfDNA. In addition, both exoDNA and cfDNA had a similar
pattern of CNVs with those of UBC tumor tissue, representing whole genomic DNA. While two patients showed
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Tumor vs ¢fDNA  Tumor vs exoDNA Tumor vs Normal

Pearson correlation coefficient
1) Tumor vs cfDNA: 0.481

2) Tumor vs exoDNA: 0.412
3) Tumor vs Normal: 0.086

Figure 4. Similarities of copy number aberration between samples. While a mean Pearson correlation
coeflicient between tumor and normal samples was 0.086, those between tumor and cfDNA, and tumor and
exoDNA, were 0.481 and 0.412, respectively.

poor correlation between tumor and urinary DNA (patients 1 and 3), we found that tumor and urinary cfDNA
or exoDNA had a moderate correlation on average, and a strong correlation (Pearson correlation coeflicient
>0.7) was noted in 3 patients (patients 2, 5 and 9)*. This differs from the poor correlation observed between
tumor and normal blood (Pearson correlation coefficient <0.3). In addition, we produced copy number data
using QDNAseq algorithms and data from whole-genome sequencing were segmented by a bin size of 100 k in
our analysis; thus, the copy number data of each sample consisted of 24,579 values. The accuracy of the Pearson
correlation coeflicient increases with increasing data volume, suggesting that the relationship between tumor and
urinary cfDNA and exoDNA is significant despite the moderate correlation coefficient.

Urinary exoDNA could be another source for liquid biopsy to identify genetic alteration of tumors in UBC as
well as in other malignancies. There is controversy around whether DNA is present within exosomes or on the
surface of exosomes'®!82-2> Nevertheless, exosome-derived DNA provides information on genomic alterations
in the tumor and can be a useful source for liquid biopsy. In our study, urinary exosomes were isolated using
a commercial kit, although this method could have disadvantages with regard to the purity of the exosomes
compared to ultracentrifugation, the gold standard method for isolation of exosome. However, we proved the
presence of exosomes in our study. Also, detection of large fragments of DNA extracted from urinary exosomes
is consistent with results from previous studies'®'®2. Our results also demonstrated that the urinary exoDNA
contained the information on genomic alterations of the tumor and analysis of urinary exoDNA provided similar
results to that of urinary ¢fDNA. In addition, approximately 90% of urinary exoDNA matched the human refer-
ence genome, suggesting that exoDNA originates from host cells.

The QDNAseq algorithm is based on the depth of coverage method and is characterized by removing black-
listed regions and combined correction for sequence mapability and GC contents. Previous studies have demon-
strated that copy number profiling of cfDNA was successfully performed with sWGS*>*®. Matched reference
samples are not always necessary for CNV analysis using the QDNAseq algorithm, indicating that this method
could be properly utilized in liquid biopsy. While targeted deep sequencing provides limited information for the
targeted genomic lesions, sWGS provides a wide range of data based on whole genome profiling of the tumor at a
low cost. Therefore, sWGS may offer more chance to detect genomic alterations and analyze genomic character-
istics of tumors. In particular, UBC is characterized by a high mutation frequency?®, thus the target gene panel,
which includes large number of genomic regions, carries the burden of high cost. Also, a patient with somatic
mutations that rarely occur in UBC might be missed by a gene panel comprising a limited number of target
regions. CNV analysis could be an alternative strategy for liquid biopsy in patients with a malignancy that has
diverse mutation frequencies for multiple genes.

In our results, some mutations were identified only in urinary ¢fDNA or exoDNA (Fig. 2). This might be
attributable to false positivity due to sequencing errors. However, approximately 50% of these mutations were
clinically significant mutations identified in both cfDNA and exoDNA. Genomic discordance between primary
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tumor and cfDNA was also found in another study using digital PCR, a highly sensitive method for detect-
ing mutations with very low allele frequencies®. Multiple UBCs are often present and genetic heterogeneity has
been noted within and between tumors in same patients®. We speculate that these results are largely due to the
intratumoral heterogeneity reflected in urinary DNA. Liquid biopsy has potential advantages in overcoming the
limitations of conventional single-site biopsy. It also has important clinical implications in the field of precision
medicine, as it can reflect the overall genetic profiles of cancers with multiple sub-clones.

Our study is not devoid of limitations. We used a commercial kit for isolation of exosome and exosome purity
is not as high as that obtained when ultracentrifuge is used for isolation. ExoDNA extracted by our protocol could
originate from other materials in the exosome pellet. Various methods have been examined to identify the best
protocol for isolation of urinary exosomes***!. However, these studies have mainly focused on miRNA or mRNA.
Further studies are needed to determine how we can improve the method to extract host or tumor DNA from
urinary exosomes. While we performed a pilot study on advanced cases due to higher burden of tumor DNA, it
is also important to demonstrate our results in early-stage cases to develop the liquid biopsy with diagnostic pur-
pose. In early-stage cancer, a large sample volume, a large amount of sequence data, and an ultrasensitive method
are required to detect the extremely low quantity of tumor DNA%>%. With the decreasing cost of sequencing and
the development of computational analysis for low frequency mutations, these limitations can be overcome. At
the same time, it is necessary to develop a method to increase the proportion of tumor DNA in liquid biopsies.
Extracellular vesicles with specific proteins or sizes may provide more tumor genetic information®**. In addition,
we included patients with UBC and a large amount of urinary cfDNA or exosomes might come directly from
bladder tumor cells in the genitourinary tract. Genomic profiling of urinary cfDNA or exoDNA in other solid
tumors can be helpful in determining whether urinary cfDNA or exoDNA from circulation could be utilized in
liquid biopsy. Considering the instability and low quantity of cfDNA, exoDNA might be a more ideal source for
liquid biopsy with urine in other solid tumors than cfDNA.

In conclusion, our proof-of-concept study demonstrated that both urinary cfDNA and exoDNA were repre-
sentative of the entire human genome and allowed genomic profiling of UBC. Using cfDNA and exoDNA, we
successfully identified somatic mutations and CNVs of UBC and we demonstrated that urinary exoDNA could
be another source of liquid biopsy. In addition, CNV analysis using sSWGS could be another strategy for liquid
biopsy, providing data for whole genome regions at a low cost.

Materials and Methods

Study population and sample collection. We prospectively collected clinical information, tissue,
blood and urine samples from patients undergoing surgical treatment for UBC. This study was approved by
the Institutional Review Board of Ewha Medical Center (IRB No. 2017-02-030-001) and all patients provided
informed consent for tissue banking and genetic testing. All study protocol was carried out in accordance with
the Declaration of Helsinki Guidelines. Blood and urine samples were collected prior to surgery and tumor tissue
was stored as fresh frozen after surgery. Donated tumor tissues were reviewed by a genitourinary pathologist (S.H.
Park) and analyzed for tumor characteristics and tumor contents. Tumor samples with a tumor content greater
than 60% were considered suitable for genetic analysis. Samples consisted of 9 tumor tissues and 9 matched blood
samples and 9 urine samples. Urine samples were divided into two aliquots for extraction of cfDNA and exoDNA
in each patient.

Urinary exosome isolation and exoDNA extraction. For the isolation of urinary exosomes, we used a
commercial exosome precipitation reagent, ExoQuick-TC (System Biosciences, Mountain View, CA). Exosomes
were isolated from 10-20 ml of urine according to the manufacturer’s instructions. Briefly, the urine samples were
centrifuged at 2,000 x g at 4°C for 15 minutes to remove cells and the corresponding amount of reagents were
added. The mixtures were incubated at 4 °C overnight, then centrifuged at 1,500 x g for 30 minutes. After aspi-
ration of supernatants, residuals were spin down at 1,500 x g for 5minutes. Pellets were resuspended in 200 pl of
phosphate-buffered saline.

To determine the size distribution of exosome pellets, a Nanosight LM 10 system (Nanosight, Amesbury, UK)
was used with Nanoparticle Tracking Analysis (NTA) software (ver 3.0 0064). Microscopic imaging was also
performed to characterize the pellets with electron microscopy. For electron microscopy, samples were placed
on 200 mesh Formvar-coated copper grids treated with poly-L-lysine for 1 hour. Excess samples were blotted
with filter paper and then negatively stained with Millipore paper-filtered aqueous 1% uranyl acetate for 2 min-
utes. The stain was blotted dry from the grids with filter paper, and samples were allowed to dry. Samples were
then examined with a H-7650 transmission electron microscope (HITACHI, Ibaraki-ken, Japan) at an acceler-
ating voltage of 80kV. Digital images were obtained using the soft imaging system GmbH (Munster, Germany).
To validate the presence of exosomes, Western blot analysis was performed using Alix and TSG101, common
exosomal markers. Prepared exosomes were lysed with RIPA buffer [50 mM Tris-HCI (pH 8.0), 150 mM NaCl,
0.1% SDS, 0.5% deoxycholate, 1% NP-40, and protease/phosphatase inhibitors (Sigma-Aldrich)]. Lysates were
separated by SDS-PAGE, transferred onto a PVDF membrane, and then incubated with anti-Alix (Millipore
#ABC40) and anti-TSG101 (Abcam #ab83) antibodies and horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Cell Signaling Technology). Protein bands were visualized with PicoEPD (Enhanced Peroxidase
Detection) Western Reagent Kit (Elpis-Biotech, Daejeon, Korea). The size distribution graph showed the presence
of exosome-sized vesicles and electron microscopy confirmed the presence of exosomes. Alix and TSG101 were
also confirmed in the Western blot analysis (Supplementary Fig. S1).

Extraction and characterization of DNA. DNA from tissue and blood samples was extracted using
QIAamp DNA Minikit (Qiagen, Valencia, CA). ExoDNA was extracted from urinary exosome using the same
DNA extraction kit. The extraction of cfDNA from urine was performed using a MagMax Cell-Free DNA
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Isolation Kit (Thermo Fisher Scientific), which uses magnetic bead technology. CfDNA was extracted from
2-4ml of urine according to manufacturer’ instruction. The concentration and integrity of the extracted cfDNA
and exoDNA from urine were determined using the Agilent 2200 TapeStation (Agilent Technologies, Santa Clara,
CA) and the associated High Sensitivity D1K ScreenTape (Agilent Technologies, Santa Clara, CA).

Library preparation and sequencing. DNA from tissue and blood was sheared into 300-bp fragments on
average with a Bioruptor® Pico (Diagenode diagnostics, Belgium). EXoDNA was sheared into 180-bp fragments,
which was similar to the size of cfDNA. The fragmentation step was not performed in cfDNA samples. A sequenc-
ing library was constructed with Celemics library preparation kit and the prepped libraries were enriched with
Mlumina index primers and KAPA HiFi HotStart PCR kit. Target gene capture was performed with customized
capture probes and a Celemics target capture kit. For the target capture kit, we selected 9 genes, which were fre-
quently mutated in UBC, based on previous studies**=*’. These genes included ARID1A, PIK3CA, FGFR3, HRAS,
KMT2D, RBI1, TP53, KDM6A and STAG2. The captured libraries were enriched with KAPA HiFi HotStart PCR
kit (Kapa Biosystems, Boston, USA). Next-generation sequencing was performed using the Illumina NextSeq.
500 platform (Illumina, San Diego, CA) with 2 x 150 bp paired-end run. For sWGS, the libraries were directly
sequenced by Illumina HiSeq. 2500 platform (Illumina, San Diego, CA). For target capture sequencing, we
performed deep sequencing on urinary cfDNA and exoDNA. However, sWGS was performed with a similar
sequencing depth through all samples. Sequencing depth and coverage are described in Supplement Table S1.
Sequencing data are accessible in the Sequence Read Archive (accession number [SRR139143]).

Alignment and somatic variant calling. Burrows-Wheeler aligner (BWA; version 0.7.10) was used to
align reads to the UCSC human genome (GRCh37/hg19). The sequence alignment map (SAM) file was converted
to BAM format using SAMtools (version 1.1). The Picard tool (version 1.115) was used to sort and remove dupli-
cations. GATK-Lite (version 2.3.9) was used to perform indel realigning and base quality score re-calibration. For
targeted sequencing data, SAMtools mpileup was used to create an mpileup file with a minimum base-quality of
17 and Varscan (version 2.4.0) was used for mutation and indel call. The threshold of allele frequency (AF) less
than a 5% was used to filter out false-positive mutations. Mutation or indel calls in tumor samples without a call
in the matched normal blood sample was defined as a somatic mutation. For somatic mutation calls of germline
heterozygosity, AF of 20% greater than those of normal blood sample was defined as a mutation. False-positive
indels were removed by manually reviewing each indel with the Integrated Genome Viewer (IGV version 2.3.0.).
Nonsynonymous, stop-gain SNV and frameshift indel were considered clinically actionable mutations.

Detection of copy number variation. CNV was analyzed by QDNAseq (version 1.12.0) after alignment
of sSWGS data®!. Briefly, we used 100kb bins for allocation of sequence reads. Correction for GC-mapability and
exclusion of problematic regions was subsequently performed to obtain high-quality copy number information
from the sWGS data. The median-normalized log,-transformed read count was calculated and CNV calls with
>0.3 or <-0.3 log, values were considered to indicate significant amplification or deletion, respectively.

Data analysis and statistics. We analyzed whether genetic alterations in tumor samples were detected
in urinary cfDNA or exoDNA. For somatic mutation analysis, we also investigated the false positivity, which
indicates somatic mutation that is only identified in ¢fDNA or exoDNA. To measure similarity between copy
number profiles of tumor tissue and urinary cfDNA or exoDNA, the Pearson’s correlation efficient was calculated.
Statistical analysis was performed using R, version 3.2.5 (http://www.r-project.org).

References
1. Gerlinger, M. et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. ]. Med. 366,
883-892 (2012).
2. Huang, A. et al. Detecting Circulating Tumor DNA in Hepatocellular Carcinoma Patients Using Droplet Digital PCR Is Feasible and
Reflects Intratumoral Heterogeneity. J. Cancer 7, 1907-1914 (2016).
3. Forshew, T. et al. Noninvasive identification and monitoring of cancer mutations by targeted deep sequencing of plasmaDNA. Sci.
Transl. Med. 4, 136ral68-136ral68 (2012).
4. Dawson, S. et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J. Med. 368, 1199-1209 (2013).
5. Bettegowda, C. et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 6,
224ra224-224ra224 (2014).
6. Christensen, E. et al. Liquid Biopsy Analysis of FGFR3 and PIK3CA Hotspot Mutations for Disease Surveillance in Bladder Cancer.
Eur. Urol. 71, 961-969 (2017).
7. Diehl, E et al. Circulating mutant DNA to assess tumor dynamics. Nat. Med. 14, 985-990 (2008).
8. Harismendy, O. et al. Detection of low prevalence somatic mutations in solid tumors with ultra-deep targeted sequencing. Genome
Biol. 12, R124-R124 (2011).
9. Wagle, N. et al. High-throughput detection of actionable genomic alterations in clinical tumor samples by targeted, massively
parallel sequencing. Cancer Discov. 2, 82-93 (2012).
10. Botezatu, . et al. Genetic analysis of DNA excreted in urine: a new approach for detecting specific genomic DNA sequences from
cells dying in an organism. Clin. Chem. 46, 1078-1084 (2000).
11. Su, Y. et al. Human urine contains small, 150 to 250 nucleotide-sized, soluble DNA derived from the circulation and may be useful
in the detection of colorectal cancer. The journal of molecular diagnostics 6, 101-107 (2004).
12. Melkonyan, H. S. et al. Transrenal nucleic acids: from proof of principle to clinical tests. Ann. N. Y. Acad. Sci. 1137, 73-81 (2008).
13. Wang, X. et al. Investigation of transrenal KRAS mutation in late stage NSCLC patients correlates to disease progression. Biomarkers
22, 654-660 (2017).
14. Lin, C., Huang, W., Wei, E, Su, W. & Wong, D. T. Emerging platforms using liquid biopsy to detect EGFR mutations in lung cancer.
Expert Rev. Mol. Diagn. 15, 1427-1440 (2015).
15. Kahlert, C. & Kalluri, R. Exosomes in tumor microenvironment influence cancer progression and metastasis. J. Mol. Med. 91,
431-437 (2013).

SCIENTIFICREPORTS| (2018) 8:14707 | DOI:10.1038/s41598-018-32900-6 6


http://www.r-project.org

www.nature.com/scientificreports/

16. Kahlert, C. et al. Identification of double-stranded genomic DNA spanning all chromosomes with mutated KRAS and p53 DNA in
the serum exosomes of patients with pancreatic cancer. J. Biol. Chem. 289, 3869-3875 (2014).

17. Cai, J. et al. Extracellular vesicle-mediated transfer of donor genomic DNA to recipient cells is a novel mechanism for genetic
influence between cells. J. Mol. Cell Biol 5, 227-238 (2013).

18. Thakur, B. K. et al. Double-stranded DNA in exosomes: a novel biomarker in cancer detection. Cell Res. 24, 766-769 (2014).

19. Raposo, G. & Stoorvogel, W. Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200, 373-383 (2013).

20. Lawrence, M. S. et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 499, 214-218
(2013).

21. Scheinin, L. et al. DNA copy number analysis of fresh and formalin-fixed specimens by shallow whole-genome sequencing with
identification and exclusion of problematic regions in the genome assembly. Genome Res. 24, 2022-2032 (2014).

22. Hazra, A. & Gogtay, N. Biostatistics Series Module 6: Correlation and Linear Regression. Indian J. Dermatol. 61, 593-601 (2016).

23. Bryzgunova, O. E. et al. Comparative Study of Extracellular Vesicles from the Urine of Healthy Individuals and Prostate Cancer
Patients. PLoS One 11, €0157566-e0157566 (2016).

24. Jin, Y. et al. DNA in serum extracellular vesicles is stable under different storage conditions. BMC Cancer 16, 753-753 (2016).

25. Kalluri, R. & LeBleu, V. S. Discovery of Double-Stranded Genomic DNA in Circulating Exosomes. Cold Spring Harbor Symposia on
Quantitative Biology: Proceedings 81, 275-280 (2016).

26. San Lucas, E A. et al. Minimally invasive genomic and transcriptomic profiling of visceral cancers by next-generation sequencing of
circulating exosomes. Ann. Oncol. 27, 635-641 (2016).

27. Patel, K. M. et al. Association Of Plasma And Urinary Mutant DNA With Clinical Outcomes In Muscle Invasive Bladder Cancer.
Scientific Reports (Nature Publisher Group) 7, 5554 (2017).

28. Van Roy, N. et al. Shallow Whole Genome Sequencing on Circulating Cell-Free DNA Allows Reliable Noninvasive Copy-Number
Profiling in Neuroblastoma Patients. Clin. Cancer Res. 23, 6305-6314 (2017).

29. Gerlinger, M. et al. Intratumour heterogeneity in urologic cancers: from molecular evidence to clinical implications. Eur. Urol. 67,
729-737 (2015).

30. Gheinani, A. H. et al. Improved isolation strategies to increase the yield and purity of human urinary exosomes for biomarker
discovery. Scientific Reports (Nature Publisher Group) 8, 3945 (2018).

31. Alvarez, M. L., Khosroheidari, M., Kanchi Ravi, R. & DiStefano, J. K. Comparison of protein, microRNA, and mRNA yields using
different methods of urinary exosome isolation for the discovery of kidney disease biomarkers. Kidney Int. 82, 1024-1032 (2012).

32. Newman, A. M. et al. An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat. Med. 20,
548-554 (2014).

33. Stahlberg, A. et al. Simple multiplexed PCR-based barcoding of DNA for ultrasensitive mutation detection by next-generation
sequencing. Nat. Protoc. 12, 664-682 (2017).

34. Melo, S. A. et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 523, 177-182 (2015).

35. Minciacchi, V. R. et al. MYC Mediates Large Oncosome-Induced Fibroblast Reprogramming in Prostate Cancer. Cancer Res. 77,
23062317 (2017).

36. Cancer Genome Atlas Research, N. Comprehensive molecular characterization of urothelial bladder carcinoma. Nature 507,
315-322 (2014).

37. Gui, Y. et al. Frequent mutations of chromatin remodeling genes in transitional cell carcinoma of the bladder. Nat. Genet. 43,
875-878 (2011).

38. Kim, P. H. et al. Genomic predictors of survival in patients with high-grade urothelial carcinoma of the bladder. Eur. Urol. 67,
198-201 (2015).

39. Ahn, J. et al. Target sequencing and CRISPR/Cas editing reveal simultaneous loss of UTX and UTY in urothelial bladder cancer.
Oncotarget 7, 63252-63260 (2016).

Acknowledgements
This work was supported by Basic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (2015R1D1A1A01057246).

Author Contributions

Study concept and design: K.H. Kim. Acquisition of data: D.H. Lee, H. Yoon, K.H. Kim. Experiments: S. Park, J.S.
Kim, Y.H. Ahn, K. Kwon. Analysis of sequencing data: K.H. Kim, D. Lee. Drafting of the manuscript: D.H. Lee,
K.H. Kim. Critical revision of the manuscript for important intellectual content: H. Yoon, K.H. Kim.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32900-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14707 | DOI:10.1038/s41598-018-32900-6 7


http://dx.doi.org/10.1038/s41598-018-32900-6
http://creativecommons.org/licenses/by/4.0/

	Urinary Exosomal and cell-free DNA Detects Somatic Mutation and Copy Number Alteration in Urothelial Carcinoma of Bladder

	Results

	Patient characteristics and DNA from urine. 
	Somatic mutation analysis with deep sequencing. 
	Copy number analysis with sWGS. 

	Discussion

	Materials and Methods

	Study population and sample collection. 
	Urinary exosome isolation and exoDNA extraction. 
	Extraction and characterization of DNA. 
	Library preparation and sequencing. 
	Alignment and somatic variant calling. 
	Detection of copy number variation. 
	Data analysis and statistics. 

	Acknowledgements

	Figure 1 Somatic mutations identified in bladder cancer and genomic profiling in matched urinary cell free DNA and exosomal DNA.
	Figure 2 Mutations only identified in urinary cell free DNA and exosomal DNA.
	Figure 3 CNV profiles of patients 5 (A) and copy number aberration plot of 9 patients with bladder cancer.
	Figure 4 Similarities of copy number aberration between samples.




