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Abstract

Background: At leasy hall of the patients diagnosed with non=-muscle-invasive bladder
cancer [MMIBC) experience recummence and approximately 158 will develop progression to
mscle invasive of metastatic disease. Beomarkers for dizease surveillance are urgently
nieeded.

Offecrive; Development of assays for supveillance using genomic variants in cell-lree
tumaur DNA from plasma and urine.

Design, setting and participants: Retrospective pilot study of 377 samples from 12 patients
with recurrent or progressivefmetastatic disease. Three next-generation sequencing meth-
ods were applled amd somatic varants in DMA from umour, plasma, and uring wene
subsequently monitored by personalised assays wsing droplet digital polymerase chain
reaction [ddPCR ). Samples were collected from 1994 to 2015, with up o 20 yr of follow-up.
Outcome measuremends and statistical onalysis; Progression to muscle-imasive or met-
astatic bladder cancer; ¢ test for ddPCR data.

Results and fimdfations: We developed from one o six personalised assays per patient
Fatients with progressive dizease showed significantly higher levels of mour DNA in
plasma and urine before disease progression, compared with patients with recurrent discase
{p=0032 and 1.3 = 10" %, respectively). Interestingly, umour DNA was detected in plasma
and urine in patients with noninvagive disease, being no longer detectable in disease-free
patients A significant level of heterogeneity was observed for each patient; this could be dse
to tumour heterogensity of dssay performance,

Conclusions: Cell-free tumour DMA can be detected In plasma and urine, even in patients
with noninvasive disease, with high levels of tumour DNA detectable before progression,
especially in urine samples. Personalised assays of genomic wariants may be useful for
dizeate moniloning.

Patient sunmmary: Tumour DA can be detecved in bood and wrine in early and advanced
stages of bladder cancer. Measurement of these highly tumour-specific biomarkers may
represent 3 nowved diagnostic tool o indicate the presence of residual disease or 1o discover
aggresaive forms of bladder cancer early in the disease course.
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Bladder cancer (BCa] is the fifth most common cancer in the
Western world [1]. About 75% of patients with BCa are
diagnosed with non-muscle-invasive BCa (NMMIBC) and at
least half of the patients have a high recurrence amd
mderate progression rate {approximately 15%) to muscle-
invasive BCa within 5 yr [1,2], Major clinical challenges are
to identify patients at risk for recurrence, progression, and
metastasiz, and to moritor treatment response. Fromising
biomarkers have been identified in genomic [ 3], epigenetic
[4], transcriptomic [5,6], and proteomic studies | 7|. Further-
maore, several studies have focused on delineating diagnos-
tic biomarkers for BCa surveillance [2], Mone of the
biomarkers have yet reached the clinic because of limited
validation and relatively low sensitivity and specificity,

The mutational architecture of bladder tumsours has been
described by several groups [9-16). In a recent study, we
identified genomic wvariants in low-stage as well as
advanced, localised tumours and found that metachronous
tumaours shared 25-56% of high-impact mutations and
structural rearrangements, thus indicating that gepomic
changes may be used for BCa surveillance [15]. DNA is
continuously released into the blood circulation. In cancer
patients, the majority of plasma DMA originates from
healthy cells, whereas a minor fraction is tumour DNA
[17]. The circulating tumeour DA (ctDMA) contains tumour-
specific genomic variants that may be used as onigue
genetic signatures or biomarkers [18]. Mowvel technigues
identified these genomic variants in DMA from plasma
[18]. Genomic variants in cell-free tumour DNA were
detected in 75% of patients with advanced cancers in one
study [20]. Furthermore, monitoring of large chromosomal
rearrangements in plasma from colorectal or breast cancer
patients provided evidence that a molecular relapse by
ctDMA can be detected earlier than a clinical relapse based
on image diagnostics [21].

Here, we established methods for noninvasive disease
surveillance in patients with NMIBC, using highly sensitive
and tumour-specific personalised plasma- and unine-based
assays, Using next-generation sequencing, we identified
somatic genomic vanants in fumour DMA from six patients
with recurment disease and six with progressive amd
metastatic disease. Although this is a retrospective study
with a relatively low number of patients, we demonstrate
that surveillance of BCa patients using plasma- or urine-
based personalised assays may be a promising approach for
detection of progression and metastatic disease. Impor-
tantly, we also showed that ctDNA levels were low, but
readily detectable, in plasma from patients without disease
progression, whereas they disappeared in disease-free
patients.

2. Patients and methods
L1 Potients and clinical samples

In total, 377 sampdes comprising blood, tumours, plasma, and urine from
six progressive patlents (FRO group) amd six mecurrent patients

(REC group) diagnosed with NMIBC were collected between 15661 amd
2015 ar Aarhus University Hospdiral, Aarhus, Denmark [Tabde 11 Patbenis
were Tollwsed according to national guidelines and detailed follow-up
data were avalable for all patients, Patients were selecied from our
hobank based on various critenia (Supplement 11 All patients provided
veritten infcrmed congent, and the sody was approved by The National
Commilties on Health Research Ethics,

22,  Biospecimen collection and [NA extraction

Fresh tissue samples were sioned ot -B0°C Medisn carcinoma oell
peToEnage was =B (Table 1 L EDTA { Ethylenediamirstetraaoetic acid)
biood was collected af each visit and cestriluged ot 3000 g for 10 min
Flasma was centrifuges at 3000 g for 5 min. DNA was exiracted from an
average of Z2ml plasma or 34Aml arime (Table I} using the

HAsympheny Circulating MA kit [(hagen. Hikden, Germany ) (Supple-
mens 11

23, Sequencing and variont colling

Thiree methods were applied to identify genomic variants in iumour and
matching germline DMNA: whole genome sequencing, whole exome
sequending, and mare-pair sequencing (Supplement 1; Supplementary
Fig. 1} Supplemsentary Tabbe 1a-1c)

24, Polymerase choin reaction velidetion of genomic varants

Gemomic variants were evaluated by palymerase chain reaction [PCR)

analysing tamowr-and matched germbine DNA [ Supplementary Table 1a=
1c), uwsing amplicons of §8=300 base pairs [Supplement 11

25, Development of persoralized ossoys

Ve preoritised gepomic variants in ocommon between ag least mwo
metachmonous tumours (methods 1 and 2} supported by most read
pairs or affecting locl harbouring Catalogue of Somatic Mutations in
Cancer [COSMIC) cancer genes |22] (method 3] We validated 4-48
pemomic variants by PCE, using tumour and matched germline DNAL
and the precise breakpoint at base=pair resolution was determined by
Sanger sequencing [Supplementary Fig 11 Breaks were considened
tumour specific if absent in matched germline DNA | Supplementary
Table 21

3. Results

We identified tumour-specific genomic varants to develop
specific personalised assays for disease surveillance, using
liquid biopsy specimens. A schematic overview is shown in
Figure 1.

I, Defiving genetic signehmres for individusl nomours

We sequenced 22 tumours and matched germline DMNA
from 12 pathents initially diagnosed with NMIBC (Table 1),
The PRO group (r=4&) included patients with larer
progression o muscle-invasive or metastatic disease
followed for 4-20 yr, The REC group (rR=6) included
patients with recurrence of NMIBC followed for 7-20 yr,
all of whom were alive at the time of analysis [Table 1).
We jdentified warying numbers of tumour-specific
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Tahble 1 = Clinical and histopathologic data from 12 patients inditally diagnosed with pon=muscle-invashve bladder canoer

Patient Sex’ Follow-up’, Age, Visit. Tumour Tumour Size, Carcinoma Hesection, *, Method Treatment M5 End
(1] i v omo stape!  grade’  em oeells X0 e B0, o, poiet ¥
1RO grosp
ol F &0 ™ 1 Ta [Tl <3 a5 1 1

Ty T T HG =3 o L] ] 1.3 - o
o4 M 103 &7 i Ta HG =3 a5 1 |

G & ird HEG =3 a5 22 1 4.2 1 ¥
(i M 237 63 2 Ta LG e | a0 g ki

T 1 Ta 4G ta | o5 211 23

&0 kL3 Ta HG £3 45 219 na

BD 3G T2 HG | Mk 213 %8 23 o
ar M ) 65 ] Ta LG =% na, 1 A

(= ¥ T2 HG =% 0 45 3 1.2 234 [+
1o M a5 ™ 1 Ta LG <3 50 1 [ * 8

B & m LG <3 0 T na

BE B m {f' £ | 65 ES 3

&3 7 T+ HG <3 na B na 13 1 [+
4 M Ll ES (] Ta LG »¥ 0 ] Ak

85 4 Ta e =3 BS 8 M

EE 12 13 WG =3 =0 45 3 ] 5 4]
REC group
oz M 124 L ] Ta [F =¥ Ll ] ]

(£ F Ta jie 3 a5 L:] ma

B8 3 i HG =3 05 18 ] I - DF
ol F 113 T4 1 Ta G 3 ] 1 1

TS 3 T HG £ | a5 i3 ]

5 5 Ta HG <3 Bl 58 na 1 = oF
o M 217 44 F Ta LG =¥ Ll ] 23

&7 B Ta LG <3 B0 a7 2

&0 12 Ta LG e | B0 &7 2

5z 14 Ta G =3 Bl g7 2

52 15 Ta LG =¥ 05 1m 2 - - DF
11 M a1 75 1 Ta [Tl 3 Bl 1 23

TE [ ] Ta NG e | B0 i} ] F - - DF
1z F &5 T3 1 Ta Te <3 100 1 3

TS 5 Ta LG =¥ as 23 i - - o
13 M &7 64 2 Ta LG <3 ED 4 3

65 T Ta LG ¥ a5 3 [ 1 - DF

D= death from disease; DF = disease free: ¥ = female; HG = high grade; LG = Jow grade; M = male: M5, = metastatic site; n.a. = oq applicable; NMIRC = non-
msicle-invasive

bladder cancer; PAD = progression; REC = recurmence.
" Al patients wese current o former smokers except patient 12

g WMHHHMuthlhﬂmhhmnm:ﬂuﬁﬁﬂnﬂhhﬁmﬂﬂwﬂmmmmﬂm
patients in the PRC group were already diagnosed with NMIBC before our sampling starfed: this period was ot taken ingo socount im Table 1, The reonrded time with
‘ladder cancer before sampling iy indicated in Figore 2. Average toral follow-sp Time wis 58.5 nao foe the PRO greop and 1235 mo for tke REC groug,

* Time ol ressction of the indicabed tumanr by trasmaretbral resection of the bladder; the first sampling (visst 1] comresponds 1o the firt month. The period with

Mhﬁn:ﬂﬁunﬂﬂmﬂnﬂmm

Sequencing and analyib method applied to these samphes [workilow methods 1-1 in Supplementany Fig. 11
¥ Treazmentz | = hacilles Calmetie-Guibring 2 = chemotheragnt 3 = inradiasion; 4 = cyspecinmy,

B 1 =lymph node: 2 = lung; 3 = liver: 4 = booes; 5 = cevebeal [ uspect )

W Patiests with erd point DF were still alive at the Lt reeceded visin B7-237 mo after diagnesis of NMISC with follow-ap still ongoing

genomic variants [ Supplementary Table 1a—1¢). Charac-
teristics of the three methods applied are described in
Supplement 1.

12 Developing clinfcally applicable sszays for the gemenic
Sigranmres

We designed one to six tumour-specific personalised assays
(46 total) (Supplement 1; Supplementary Table 2L The
assays had an average linearity of B =0.9988 and were
highly sensitive, detecting 1 copy in G000 background
copies (Supplementary Fig. 21

13 Comparizon betwern metochronous REmours

To validate assay performance and intrapatient heteroge-
neity, we initially analysed the tumours (Table 1) and
quantified the level of variant DNA within the total tumour
DA (Supplementary Fig. 3. All assays were 100E tumour
specific, as no signal was detected in matched germline
DMA, and all assays confirmed the patient-specific variants
in the tumour wsed for sequencing. These vanants were also
identified in tumours from additional visits. We observed a
slightly larger varation in samples from the FRO group,
indicating larger intertumour heterogeneity and suggesting
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Table 2 = Analysis of cell-free tumour DXNA from plasma and orine

Flasma Urine

ciDNA ciNA s TIA Tumour ucflINA
REC gromp Patsencs” O, 03, 11, 12, 13 Fatients 02, 073, 06, 11, 12, 13
Wiean volume, ml [rasge) 2.3 [E-4.0) 34 [2-4.5)
Amalyses, no 44 145 a4 125
Wian no. cophesfmi [range) JRET (-5 18) 11 (D-1207] 2018 [0-38500) 31 (D-B12)
PRD growp Patienes 01, 04, 07, 14 Patients 01, 04, 05, 07, 10, 14
Wiean volume. ml [rasge) 23 [1.5-4.0) X1 (E-4.5]
Asalyses, o ] 13 48 139
Mean no. copiesfmi [range) J0dS (AI8-a710) 138 (D-5384) 37 256 |D-ESEETI ) 1242 (0=25194]
[ 1est, p value’ T3 x 10 32 =107 58 = 107 13 = 107

d".‘ﬂ.l = eell-froe DNA: cIDNA = circulating temour DNA: PR = progresses; KEC = recwrmence; oolDNA = cell-fres DMA in urine,

* Patient 05 [PRO] with fumour DNA desected in only one plasma sample and patiens 10 (PRI and patient 06 [REC] with no tumour D84 detectable in the
wtilurme of plamid used hete wene excloded,

" Compartson of the PRO growp and the REC group {exclusively samples obtained before diagnests of clinical progression). Samples obtaimed ar or after clinical
peognmaion (o musdle-invasie of metastatic bladder cancer were excluded from analysh.

the use of several assays per patent 1o increase the  significant difference was observed for total circulating
probability of detecting tumour DNA during survelllance, DMA between the PRO and REC groups (I test, p=0,104],

Applying personalised assays, tumour DNA was detectable
T4, Mominvasive monitoring of ciinfonl outcomes; pluma in plasma in 3% (10 of 12) of the patients, In 67X (four of
anatysis six} of the PRO-group patients, tumour DNA was detected

several months before clinical progression (Fig. 2; Supple-
We analysed DNA from 115 plasma samples obtained mentary Fig 4 and 5), Mo wmour DNA was derectable
at several wisits (Table 2; Suqull:ml:n'tar]r Table 3). No in plasma from two patients (REC-group patient 06 and

o~ T
| 1 DEFINING genatic signatures
DHA soquancing Twmur-lpl-:m:glnm:vmm
Tumour biopay — Tumour DHA . —
o II-_?_- el I
Blood draw g —I'ﬂnmmm"’?
I CNMEI e
« 2. DEVELOPING chinically applicable assays
l Pergorsliped M3aye Digital droplet PCR analkysis
_» [N T
B poerd bl 8o
e | =3
-_ F‘Cl"lll_ﬂ__nﬂ?ﬂ . -
...'J-l.- =9 g
3. MONITORING clinical outcomes by liquid biopsies
Plasma —» mew m o® o® - = - = iE
i : o .I_r
ERIR 0 0 1 ) cotsmonna |- ,.f\ |
I.Ul‘lﬂll P e——— = = ‘l:*li-_‘:l:‘- o
Fig. 1 = S5chemuatic overview of the personalised . Tumsoud DA and mabched A were and T specific

thMﬁl@dﬂMhmhﬂHhWﬂMlﬂuﬁlmm over several

years, by droplet digital PORL
CTX = [mperchromosamal trasslocstions: DEL = deletionac INS = msertiona; [NV = inversions: ITX = infrachromosomal Eranslocations; PCH = polymerase
chain rractionn,
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Fig. 2 - Analyiis of cell-Trer DNA Prom plasma and wrine, Qoastifcation of geaomic varsnts from patients with peopressive (patiengs 81, &7, 04, 05, 10)
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B = bacilles Calmenie-Caérin; NMIBC = non-mescie-invasive bladder cancer; pt = patient.
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PRO-group patient 10, The average tumour DNA level was
significantly higher in the PRD group when analysing
samples from all visits during the disease course [average
154 vs 11 copies/ml, respectively;  test, p=54 = 10°%)
[Supplementary Table 3L This was also observed for
samples exclusively obtained before diagnosis of progres-
sion o muscle-invasive disease (average 138 vs 11 coples|
mil; [ test, p=00032) (Table 2},

For the PRO group, we observed high levels of tumour
DNA in the plasma of patient 01 throughout the disease
course and an increase of DNA over time in patient 07, For
patient 14, rumour DNA was detectable in plasma from all
visits, showing different types of vanants released into
circulation. Remarkably, no tumour DNA was detectable
6.5 y1 after surgery in patient 04, who experienced relapse
after cystectomy followed by complete remission after
systemic therapy (Supplementary Fig. 4} Importantly, no or
very low levels of tumour DNA (<80 copies/ml) were
detected for the five patients from the REC group with
detectable tumour DNA at previous visits, Supplementary
Table 4 gives a detailed overview of the type and numbser of
samples analysed for each patient,

35 Moninvasive monitoring of clinicel outcomes: urinary
anatysis

Cell-free urine contains highly fragmented DMA derived
from urothelial cells, inflammatory cells, or transrenal DNA
fragments cleared from circulation [23 . We analysed 101 of
116 urine samples, using personalised assays (Supplemen-
tary Table 3L We detected tumour DNA in 96.5% (55 ol 57)
of the urine samples from the PRO-group patients, but in
only 50% {22 of 44) of those from the REC group [Table 2;
Fige. 2; Supplementary Fig. 6 and 7). Impartantly, all FRO-
group patients showed high levels of tumour DMA; in five of
six patients, incleding those with very low or no detectable
tumour DNA in plasma, =500 copies/ml were present in
urine. Patients 02 and 03 in the REC group had high levels of
tumour DNA in their urine early in the disease cowurse,
probably originating from the patients’ T1 tumours (Fig. 2;
Supplementary Fig. 7} The average tumour DNA levels were
significantly higher in the PRO-group patients than in the
REC-group patients, when analysing all urine samples
during the disease course [average 1282 copiesiml vs
31 copies/ml, respectively; ¢ test, p = 0,007 ) Supplementary
Table 3). Furthermore, we found a highly significant
difference in the tumour DNA level in urine samples
obtained at visits before diagnosis of progression to muscle-
invasive disease exclusively (average 1242 copies/ml vs
31 copiesfml; ¢ test, p=1.3 x 10°%) (Table 2). Overall, high
levels of umour DNA were found in urine samples of B3% of
patients from the PRO group several months before clinical
progression o muscle-invasive disease (12-169 ma). In
conclusion, the analysis of genomic variants in DNA from
urine provides an efficient diagnostic tool for noninvasive,
frequent monitoring of patients with BCa.

Tumour-specific genomic variants were detected in DNA
from urine pellets without a significant difference between
the groups (p=0.763) (data not shown),

4, Discussion

The use of next-generation sequencing has fuelled individ-
ualised medicine, In this retrospective pilot study, we
developed mumour-specific, personalised assays  for
12 patients with BCa and analysed DNA from 377 samples
taken throughout the patients’ disease courses, Significant-
Iy higher levels of rumour DNA in liguid biopsy specimens
were detected before disease progression occurred, High
levels of tumour DNA were detected in urine samples from
all patients with progressive disease, including those
without detectable tumour DNA in the plasma, whereas
only low levels were detected throughout the disease
course of patients with recurrent disease,

For patient OF in the PRO group, tumour DNA was already
detectable about 1 yr before progression and increased
fivefold over time, High tumour DMA levels | = 2000 copies/mi
plasma) were detected 8 mo after systemic therapy,
comelating with relapse and disease progression. Mo tumour
DA was detectable in the plasma from beo patients, Patient
06 in the REC group, who had recurrent stage Ta tumours, was
followed for 20 yr and was disease free for 2.5 yr. We assume
that the plasma may have contained only a few copies of
tumour DMA and 20 it was below the assay detection limit. No
tumour DA was detectable in the plasma from patient 10in
the FRO group, despite the use of six personalised assays.
Analysis of consecutive tumour biopsies from  patient
10 showed a large interiumour heterogeneity, with only
1 of 48 genomic variants found to be of chonal origin It is
uncertain whether bone metastases were derived from the
urothelial tumour in the bladder or a muscle-invasive
urothelial tumour evolved in the prostatic urethra with a
potentially different genomic profile. It has been shown that
the level of varianis detectable in plasma reflects the clonal
hierarchy [24]. We cannot exclude that other genomic
wvariants than those analysed may have been released into
circulation, due tea shift incell populations. Ina recent study,
ni tumaour DA was debectable in about 10 of patients with
metastatic colorectal cancer |25[, suggesting that some
patients may not release tumour DMA into circulation, or they
may have a high renal clearance,

Interestingly, tumour DNA was detected in plasma from
patients with noninvasive disease. This finding was striking,
a5 Ta tumours should have an intact basal membrane. It has
been suggested that the tumour interstitial Awid may play a
role as a possible source of biomarkers [26] in which
exos0mes may support the transcapillary transport of DNA
into the circulation [27],

In wrine, high levels of tumour DMA were detected in all
patients with progressive disease, compared with low levels
in samples from patients with recurrent disease. We
observed significantly higher levels of tumour DNA in urine
from patients with invasive/metastatic disease than in
patients with recurrent, superficial tumours, indicating that
the levels of cell-free tumour DNA are reflecting the
invasiveness rather than simply ftumours present in the
bladder. Interestingly, patients 02 and 03 in the REC group
had high levels of tumour DMA associated with diagnosis of
high-risk T1 tumours, but after bacillus Calmette-Guérin
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instillation, no tumour DNA was detectable, suggesting a
potential application to monitor response. Remarkably, in
patient 07, the tumour DNA in urine sampled at the initial
visit already contained the five gepomic variants identified
in the muscle-invasive tumour resected 4.5 yr Later. amd
patient 14 in the PROD group had high lévels of tumour DNA
already at the diagnosis of NMIBC, with increasing levels
over time. For both patients, routine urine analyses may
have been a good supplement o conventional cysioscopy,

Although the number of patients was Hmited, this is the
first study (o suggest that the level of tumour DNA in plasma
and uringe may be a useful tool for disease surveillamce,
Analyses of larger cohorts of patients are needed 1o define a
staristical significant molecular threshold to discriminate
high= and low-risk patients, Our stedy provides evidence
that cell-free tumour DNA is already detectable in plasma
and urine at the diagnosis of NMIBC, as well as in
consecutive samples obtalned at several visits over time.

The personalised assays may provide clinicians with a
measure of dizease aggressiveness and early signs of
progression and invasion. For clinical application, patients
could be classified by progression markers, for example
[6], Genomic variants could be identified in a tumour blopsy
specimen from high-risk patients, followed by design of
personalised assays and detection of tumour DNA in liquid
biopsy samples. Another strategy may be (o apply prede-
signed assays for detecting activating mutations in FGFR3,
TERT, or PIK3CA. Targeted sequencing of circulating tumaour
DHA identified mutations from metastatic colon and breast
cancer patients [2E]. This method allows tracking of tumaur
evolution over time [29,30], thereby eliminating erroneous
analysis of variants absent In circulation, [n the future, a
potential application might be monitoring response to
chemotherapy to provide clues about the clonal population
developing over time and thus monitoring therapeutic
response |25) or offering the possibility to customise
systemic therapy approaches [31], Additional stedies are
needed o address whether targeted sequencing is applica-
ble to patients diagnosed with WNMIBC, or whether the
targeted approach should be restricied to advanced disease,
where higher levels of tumour DMA are expecied.

5 Conclusions

The present study points bo several clinical perspectives for
the future use of personalised genomic biomarkers, Early
detection of progression and identification of disease-free
patients may improve disease surveillance and patient
outcome, Liquid biopsy specimens are under investigation
in several trials [ 19]. However, affordable and time-saving
methods are needed and the use of liquid biopsy biomarkers
have to be validated in prospective and sufficiently powered
multicentre studies to determine feasibility and thresholds
of cell-free DNA levels for discriminating between low- and
high-risk patients.
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