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ABSTRACT

Accurate assessment of treatment response and
residual disease is indispensable for the evaluation
of cancer treatment efficacy. However, performing
tissue biopsies for longitudinal follow-up poses a
major challenge in the management of solid tumours
like neuroblastoma. In the present study, we eval-
uated whether circulating miRNAs are suitable to
monitor neuroblastoma tumour burden and whether
treatment-induced changes of miRNA abundance in
the tumour are detectable in serum. We performed
small RNA sequencing on longitudinally collected
serum samples from mice carrying orthotopic neu-
roblastoma xenografts that were exposed to treat-
ment with idasanutlin or temsirolimus. We identi-
fied 57 serum miRNAs to be differentially expressed
upon xenograft tumour manifestation, out of which
21 were also found specifically expressed in the
serum of human high-risk neuroblastoma patients.
The murine serum levels of these 57 miRNAs cor-
related with tumour tissue expression and tumour
volume, suggesting potential utility for monitoring
tumour burden. In addition, we describe serum miR-
NAs that dynamically respond to p53 activation fol-
lowing treatment of engrafted mice with idasanutlin.
We identified idasanutlin-induced serum miRNA ex-
pression changes upon one day and 11 days of treat-

ment. By limiting to miRNAs with a tumour-related
induction, we put forward hsa-miR-34a-5p as a poten-
tial pharmacodynamic biomarker of p53 activation in
serum.
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INTRODUCTION

The ongoing improvements in the field of genomic profil-
ing have enabled to study tumour biology in unprecedented
detail and to unveil the molecular composition of tumours.
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However, a hurdle to translate potentially relevant findings
into the clinical management of cancer patients is the need
for tissue biopsies. This holds especially true for the moni-
toring of disease activity and the response to treatment over
time, as longitudinal invasive sampling is difficult to jus-
tify. Novel, non-invasive biomarkers for assessing tumour
burden and treatment response are highly desirable for pa-
tients with solid tumours like neuroblastoma, a pediatric
malignant neoplasm originating from the developing sym-
pathetic nervous system (1). Several non-invasive method-
ological strategies are under investigation to achieve this
goal. Measurement of cell-free DNA for instance, using ei-
ther a genome-wide approach or quantification restricted to
neuroblastoma-associated genes or chromosomal regions,
has proven to faithfully recapitulate neuroblastoma tumour
biology (2-12).

MicroRNAs, a class of small, non-coding RNAs of-
ten found deregulated in numerous cancer types including
neuroblastoma (13-16), have recently emerged as promis-
ing circulating biomarkers (17-22). In neuroblastoma, re-
ports on miRNAs in circulation are rather scarce. Mur-
ray et al. found five miRNAs to be higher expressed in
the serum of high-risk neuroblastoma patients, the expres-
sion levels of which could be used to distinguish MYCN-
amplified neuroblastoma from other neuroblastoma tu-
mours (23). Ramraj et al. performed miRNome profiling
by RT-gPCR on serum collected from mouse models of
favorable and unfavorable neuroblastoma to identify miR-
NAs that can distinguish favorable from high-risk neurob-
lastoma (24). Zeka et al. found nine miRNAs in serum
samples strongly associated with tumour volume of murine
xenografts and neuroblastoma disease burden and treat-
ment response in metastatic neuroblastoma patients (25).
In the present study, we evaluated whether miRNAs are
suitable to monitor neuroblastoma tumour burden and
whether treatment-induced changes of miRNA abundance
in the tumour can be detected in the serum. In order to
do so, we performed small RNA sequencing on longitu-
dinally collected serum samples obtained from mice car-
rying orthotopic neuroblastoma xenografts that were ex-
posed to treatment with idasanutlin (RG7388) or tem-
sirolimus. The low frequency of TP53 mutations counter-
balanced by an augmented MDM2 activity renders neu-
roblastoma highly sensitive to MDM?2 antagonists such
as idasanutlin (26-32). The rapamycin-derived mTOR-
inhibitor temsirolimus has proven therapeutic efficacy in
neuroblastoma and is currently under clinical investigation
(33,34).

We identified 57 serum miR NAs to be differentially abun-
dant upon xenograft tumour manifestation, out of which 21
were also found specifically expressed in the serum of hu-
man high-risk neuroblastoma patients. The murine serum
levels of these 57 miRNAs correlated with both tumour
tissue expression and tumour volume, suggesting poten-
tial utility for monitoring of tumour burden. In addition,
we identified idasanutlin-induced serum miRNA expres-
sion changes both one day after the start of treatment and
upon 11 days of treatment. By limiting to miRNAs with a
tumour-related induction, we put forward hsa-miR-34a-5p
as a potential pharmacodynamic biomarker of p53 activa-
tion in serum.

MATERIALS AND METHODS
Orthotopic xenograft model

Orthotopic neuroblastoma xenografts were generated in
four to six week old female athymic immunodeficient NCr
nude mice as previously described (35). Briefly, 1 x 10 hu-
man luciferase-SH-SYSY neuroblastoma cells were surgi-
cally implanted beneath the renal capsule, towards the su-
perior pole of the kidney. The detailed workflow has been
described previously (36). This model closely resembles the
growth characteristics of primary adrenal neuroblastoma
tumours in humans. Tumour size was determined by lu-
ciferase imaging. Mice were peritoneally injected with lu-
ciferin and were sedated 15 min later using vaporized isoflu-
rane in an induction chamber and luciferase signal intensity
was measured. All animal work was approved by the Bay-
lor College of Medicine Institutional Animal Care and Use
Committee (IACUC) protocols (AN-3705 and AN-4810)
and carried out in accordance with the relevant guidelines
and regulations.

Treatment of mice

Mice were treated with 30 mg/kg idasanutlin (dissolved
in hydroxypropylcellulose/Tween-80) or 9 mg/kg tem-
sirolimus (dissolved in PBS/PEG /Tween-20) by oral gavage
on a daily basis, five times a week, for a total of 12 days.
Idasanutlin was kindly provided by Roche. Temsirolimus
was purchased from Sigma Aldrich (PZ0020). After 12 days
of treatment, mice were sacrificed and tumours were col-
lected, weighed and snap frozen in liquid nitrogen.

Blood collection and serum preparation

At five different time points—6 days before engraftment, 2
days after engraftment, 11 days after engraftment, 15 days
after engraftment and 25 days after engraftment (treatment
of the mice was started 14 days after engraftment)—100 .l
blood was collected by puncture of the jugular vein using
a 4 mm lancet and collected in a BD Vacutainer collection
tube with a gel separator. All blood samples were allowed
to clot at room temperature for 45 min and were then cen-
trifuged at 2000 x g for 15 min at 4°C using a fixed angle
rotor. The supernatant was collected and stored at —80°C.
For all serum samples, the degree of hemolysis was deter-
mined by measuring levels of free hemoglobin by spectral
analysis using the Nanodrop 1000 (ThermoScientific). Ab-
sorbance peaks at 414 nm are indicative of free hemoglobin.

Total RNA isolation

For serum samples, RNA was isolated using the miR Neasy
serum/plasma kit (Qiagen) according to the manufacturer’s
instructions. 50 pl of serum was used as input and total
RNA was eluted in 12 wl of RNase-free water. For tumour
samples, tumour material was denaturated using guani-
dinium thiocyanate and then lysed using the TissueLyser 11
(Qiagen) using stainless steel beads (5 mm) two times two
minutes at 20 Hz. RNA was isolated using the miR Neasy
mini kit (Qiagen), according to the manufacturer’s instruc-
tions, and total RNA was eluted in 12 pl of RNAse-free
water.



tRNA fragment depletion

tRNA halves were depleted from the RNA samples as de-
scribed previously (37). In short, 12 pl of RNA, 15 pl of
2x hybridization buffer (Supplementary file S1), 1 pl of
tRNA halves capture probes (at a final reaction concentra-
tion of 0.5 wM for each probe; Supplementary Table S1)
and 2 pl of RNase-free water were incubated at 80°C for
2 min to denature the RNA. The mixture was slow-cooled
to 22°C (at 0.1°C/min) and placed on ice to allow for ef-
ficient hybridization. Dynabeads Myone Streptavidin C1
(Life Technologies) were washed 3 times using a washing
buffer (Supplementary file S1). After washing, beads were
prepared for RNA manipulation by washing twice with so-
lution A and once with solution B (Supplementary file S1)
and suspended in 2x washing buffer to a final concentra-
tion of 5 wg/wl. Next, 30 wl of sample was added to 30 .l
of beads and the mixture was incubated for 10 minutes at
room temperature with gentle mixing. The mixture was then
placed on a magnet for 2 min after which the supernatant,
containing the depleted RNA, was collected. The depleted
RNA was purified by ethanol precipitation and suspended
in 7.5 pl RNase-free water.

Small RNA sequencing

For small RNA library preparation, we used the TruSeq
small RNA library preparation kit v2 (Illumina) following
manufacturer’s instructions with small modifications. After
PCR amplification, quality of libraries was assessed using
a high sensitivity DNA kit on a Bioanalyzer (Agilent) ac-
cording to manufacturer’s instructions. Size selection was
performed using 3% agarose dye-free marker H cassettes
on a Pippin Prep (Sage Science) following manufacturer’s
instructions with a specified collection size range of 125-
153 bp. Libraries were further purified and concentrated
by ethanol precipitation, resuspended in 10 pl of 10 mM
Tris—-HCI (pH 8.5) and quantified using qPCR (see further).
Based on the qPCR results, equimolar library pools were
prepared, quality was assessed as described above and the
library was further diluted to 4 nM using 10 mM Tris—HCI
(pH 8.5). The pooled library was then sequenced at a final
concentration of 1.2 pM on a NextSeq 500 using high out-
put v2 kits (single-end, 75 cycles, Illumina). Raw sequencing
data is available in the European Genome-Phenome archive
(EGAS00001006678).

For RT-qPCR quantification of sequencing libraries to
load equimolar concentrations, 1 wl of EtOH purified li-
brary was diluted 1:100 000. 2.5 w1 of SsoAdvanced univer-
sal SYBR green supermix (Bio-Rad Laboratories) and 0.25
wl of each primer (5 wM) (forward primer: AATGATAC
GGCGACCACCGA; reverse primer: CAAGCAGAAG
ACGGCATACGA) were combined with 2 pl of diluted li-
brary. Reactions were set up in duplicate and performed in
a LightCycler 480 (Roche) using the following protocol: en-
zyme activation at 95°C for 15 min, followed by 44 cycles of
95°C for 5's, 60°C for 30 s and 72°C for 1 s.

Sequencing data analysis

For the quantification of small RNAs, a dedicated small
RNA seq pipeline of Biogazelle (now a CellCarta com-
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pany) was used. Adaptor trimming was performed using
Cutadapt v1.8.1. Reads shorter than 15 bp and those in
which no adaptor was found, were discarded. For quality
control the FASTX-Toolkit (v0.0.14) was used, a minimum
quality score of 20 in at least 80% of bases was applied as a
cutoff. The reads were mapped with Bowtie (v1.1.2) with-
out allowing any mismatches. Mapped reads were anno-
tated by matching genomic coordinates of each read with
genomic locations of miRNAs (obtained from miR Base,
v21) and other small RNAs (obtained from UCSC (hu-
man: GRCh37/hgl9; mouse: GRCm38/mm10) and En-
sembl, v84). As publically available alternatives, we advise
the use of miRDeep2 and miRExpress. Further data analy-
sis was performed using RStudio (v0.99.486). Samples with
fewer than 0.5 million mapped miRNA reads were omitted.
Normalization of miRNA counts and differential expres-
sion analysis was performed using the R package DESeq?2
(v1.8.2). Species specificity was determined based on the
transcript sequence. In the case of perfect sequence conser-
vation between the human and murine transcript, the tran-
script is annotated with both the human and murine mature
miRNA name. Note that the presence of both perfectly con-
served and species-specific transcripts of the same mature
miRNA can result in multiple annotations.

Filtering hemolysis-associated miRNAs and samples

To identify miR NAs that correlate with hemolysis we deter-
mined Pearson’s correlation coefficient for the abundance of
all miRNA transcripts with the optical density at 414 nm
(OD414). A correlation cut-off was determined based on
the average correlation coefficient of human-specific miR-
NAs (mean hsa coefficient + 3 x stdev hsa coefficient),
as these transcripts are not expected to be influenced by
hemolysis in a murine model system. All miRNA tran-
scripts above the correlation cut-off (n = 165) were excluded
from differential expression analyses (Supplementary Table
S2). In addition, all serum samples with an OD414 value
above 1.5 (n = 4) were excluded for further analysis (Sup-
plementary Table S3).

RT-qPCR of human serum samples

Serum pools were prepared by combining 40 wl of five in-
dividual serum samples, as described previously (25). Total
RNA was isolated using the miRNeasy serum/plasma kit
(Qiagen) according to the manufacturer’s instructions. 200
pl of serum was used as input and total RNA was eluted in
12 pl of RNase-free water. cDNA synthesis was performed
using the miScript II RT kit (Qiagen) following manufac-
turer’s instructions with 1.5 .l of RNA as input. cDNA was
pre-amplified using the miScript PreAMP PCR kit (Qiagen)
following manufacturer’s instruction with 10 amplification
cycles. For each reaction 5 pl of 11-fold diluted cDNA was
combined with 7 wl of RNAse-free water, 5 pl of 5x miS-
cript PreAmp Buffer, 2 .l of HotStarTaq DNA Polymerase,
1 w1l of miScript PreAmp Universal Primer (5 wM) and 5 w1
of miScript PreAmp Primer Mix (5 wM). Whole miRNome
RT-gPCR was performed using miScript miRNA PCR ar-
rays (Qiagen) and the miScript SYBR Green PCR kit (Qia-
gen). For each reaction 2 pl of 22-fold diluted pre-amplified
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cDNA was combined with 1 pl of RNase-free water, 5
wl of 2x QuantiTect SYBR Green PCR Master Mix, 1
wl of 10x Universal Primer (5 wM). Data were normal-
ized using the modified global mean, as implemented in
gbase+ qPCR data-analysis software (Biogazelle), and non-
detects imputed. All human work was approved by the Eth-
ical Committee of Ghent University Hospital (EC UZG
2012/035).

RESULTS

Differential abundance analysis reveals circulating miRNAs
released by tumour cells

In order to identify circulating miRNAs that can be asso-
ciated with tumour burden, we performed small RNA se-
quencing on serum samples of nude mice (n = 25) 6 days
before and 11 days after orthotopic engraftment of human
SH-SYS5Y cells. Concurrently collected serum samples of
mice (n = 8) not injected with neuroblastoma tumour cells
were used as a negative control (Figure 1). When compar-
ing the abundance profiles before and after tumour cell in-
jection, we found a total of 94 differentially expressed (DE)
miRNAs (fold change (FC) >2; P <0.05, Wald test, cor-
rected for multiple testing using Benjamin—Hochberg) (Fig-
ure 2A) while in the non-engrafted group we detected six
DE miRNAs (Supplementary Table S4A). When compar-
ing serum miRNA abundance between the tumour bear-
ing mice and the non-engrafted mice on both assessed time
points, we detected 12 DE miRNA and 61 DE miRNAs
(Figure 2B) (Supplementary Table S4B) before and after en-
graftment respectively. Of note, the serum samples collected
on day 2 in the non-engrafted group are grouped with the
samples collected on day —6 (Figure 1).

As we expect tumour-associated miRNAs to be both
differentially abundant after engraftment between non-
engrafted and engrafted mice, we determined the overlap
between the DE miRNAs of these respective comparisons.
This resulted in a set of 57 miRNAs that are convincingly
altered as a result of tumour manifestation (Figure 2C, Sup-
plementary Table S4C). As expected, we find this set of
miRNAs to be heavily enriched for human-specific miR-
NAs (P < 2.2 x 107!, Pearson’s chi-squared test). Out
of the 57 miRNAs, 54 miRNAs have a human specific se-
quence and three miRNAs have a sequence conserved be-
tween mice and humans. Considering human-specific miR -
NAs must have a tumour-cell origin, this must hold true for
these DE miRNAs as well.

In addition, we performed small RNA sequencing on the
serum of the same mice, collected at later time points, being
15 days (tumour-bearing mice: n = 8; tumour-free mice: n
=7) and 25 days (tumour-bearing mice: n = 5; tumour-free
mice: n = 6) after engraftment (Figure 1). When we con-
sider the expression profiles of the 57 DE miRNAs in all
evaluated time points, we observe a gradual increase in ex-
pression in engrafted mice which was not observed in non-
engrafted mice, evidenced by an increase in fold change be-
tween tumour-bearing and non-engrafted mice over time
(Figure 2D). While we must note that the non-engrafted
mice at these time points have been treated with either
idasanutlin or temsirolimus, we do not expect these miR-
NAs to be influenced by the treatment as virtually all of

them are human-specific (and thus absent in non-engrafted
mice).

Serum miRNA abundance recapitulates tumour burden

As we observed a gradual increase in serum abundance of
the 57 DE miRNAs over time in tumour-carrying mice, we
speculated that the serum expression levels of these miR-
NAs would correlate with tumour size. Tumour size was
measured by luciferase imaging at two different time points
(14 days and 23 days post tumour cell injection respec-
tively; Figure 1). Pearson’s w-values ( = Pearson’s p x (-
log;o(P-value)); P-value corrected for multiple testing using
Benjamin—Hochberg) between miRNA expression levels in
serum (measured 15 days and 25 days after tumour cell in-
jection) and the size of the paired tumour (measured by lu-
ciferase imaging 14 days and 23 days post tumour cell injec-
tion) were calculated. We found all of the 57 DE miRNAs
to significantly correlate with tumour size (Pearson’s p >
0.3 and adj. P < 0.05) and that these 57 miRNAs correlate
significantly better with tumour size than other serum miR-
NAs (P < 2.2 x 1071, two-sample Kolmogorov—Smirnov
test) (Figure 3A, Supplementary Table S5). We found 334
miRNAs to be correlated with tumour size, out of which
278 are human-specific, 51 are conserved between mouse
and human and 5 are mouse-specific (Supplementary Ta-
ble S5). As we expect the 57 DE serum miRNAs to be also
expressed in tumour tissue, we performed small RNA se-
quencing on end-point tumour samples (n = 13) (Figure
1). When we rank all detected miRNAs according to their
mean expression in the tumour samples, we find that the 57
DE serum miRNAs are amongst the top expressed genes in
the tumour (Figure 3B). This indicates that miRNAs with a
high expression in the tumour are more likely to be detected
as differentially expressed in serum. Next, we compared the
expression of these miRNAs in paired tumour-serum sam-
ples to determine how faithfully serum expression recapit-
ulates expression in the tumour. In order to do so, we cal-
culated the Pearson mw-value between miRNA expression in
serum collected 25 days post tumour cell injection and the
weighted miRNA expression (tumour miRNA expression x
tumour size) in the paired tumour for all miRNAs detected
in serum. We found that the 57 DE miRNAs correlated sig-
nificantly stronger with weighted tumour expression than
other miRNAs (P < 2.2 x 107'°, two-sample Kolmogorov—
Smirnov test) (Figure 3C) (Supplementary Table S6).

DE miRNAs in serum of human neuroblastoma patients

Ideally, liquid biopsy biomarkers for tumour burden should
have a low (or absent) basal expression in healthy chil-
dren. We therefore determined and compared the expres-
sion levels of the 57 DE miRNAs in two serum pools
of high-risk neuroblastoma patients and one serum pool
of healthy children by RT-qPCR. In addition, to evaluate
whether these miRNAs are neuroblastoma or cancer spe-
cific, we included serum pools collected from children suf-
fering from sarcoma, rhabdomyosarcoma or nephroblas-
toma. We considered a miRNA to be upregulated in neu-
roblastoma if the fold change between neuroblastoma and
healthy expression was higher than 4 for all neuroblastoma
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the collection of tumour material, cameras represent luciferase imaging.

serum pools. Doing so, we found 21 of the 57 DE miR-
NAs to be upregulated in serum of human neuroblastoma.
Some of these miRNAs are putative neuroblastoma specific
serum biomarkers (hsa-miR-1269a, hsa-miR-330-3p, hsa-
miR-424-3p, hsa-miR-769-5p), while others may be general
cancer serum biomarkers (hsa-miR-483-5p) (Figure 4). De-
tails on the serum pooling and clinical characteristics of
the patients included in this study were described previously
(25).

Circulating miRNAs reflect idasanutlin treatment

As we have demonstrated that tumoural miRNA abun-
dance is, to a certain degree, reflected in the serum, we won-
dered whether treatment-induced changes in serum miRNA
abundance recapitulate expression changes in the tumour
as well. Small RNA sequencing was performed on serum
collected from tumour-bearing mice 3 days before, 1 day af-
ter and 11 days after start of treatment with 30 mg/kg/day
idasanutlin, 9 mg/kg/day temsirolimus or vehicle control
(n=29,9 and 5 for idasanutlin respectively; n = 8, 8 and

3 for temsirolimus respectively; n = 8, 8 and 5 for control
respectively; see Figure 1). To identify miRNAs with a dif-
ferential treatment effect, we performed Wald tests on the
difference of the control/treatment expression ratio 3 days
before treatment and 1 day and 11 days after start of treat-
ment.

After 1 day of idasanutlin treatment, we identified 50 DE
miRNAs and after 11 days of treatment 20 DE miRNAs
(fold change (FC) >2; P <0.05, Wald test, corrected for
multiple testing using Benjamin—Hochberg) (Supplemen-
tary Table S7). We did not find any DE miRNASs upon tem-
sirolimus treatment, in line with a previous report that did
not identify any miRNA expression alterations upon tem-
sirolimus monotherapy in melanoma (38). Next, we filtered
out murine-specific miRNAs, as they are unlikely to reflect
expression changes inside the tumour and only kept miR-
NAs that have a human annotation. We further filtered re-
sults to only keep miRNAs with a significant expression dif-
ference both between control and treated samples and be-
fore and after treatment (Wald test, P < 0.05, corrected for
multiple testing using Benjamin—Hochberg). This resulted
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serum miRNAs among the top 10% expressed tumour miRNAs. (C) Cumulative fraction of serum miRNAs by Pearson w-value of the correlation between
miRNA serum expression and weighted tumour expression (tumour size x tumour expression). The 57 differentially expressed miRNAs (black) correlate
significantly better with weighted tumour expression than other serum miRNAs (orange) (P < 2.2 x 10716, Kolmogorov—Smirnov test).

in a total of 31 DE miRNAs (29 up, 2 down) after 1 day of
treatment and six DE miRNAs (three up, three down) after
11 days of treatment (Figure 5). It may be possible that the
smaller number of detected DE miRNAs after 11 days of
treatment (compared to 1 day after treatment) is due to less
statistical power as a result of a smaller number of mice in
each group.

When examining the expression profiles of these miRNAs
in time, we can distinguish some distinctive expression pat-
terns (Figure 5). Amongst the top DE miRNAs after 1 day
of idasanutlin treatment are miRNAs of the known p53-
regulated miR-143/145 cluster (39,40). Interestingly, this
cluster of miRNAs is strongly induced 1 day after treatment
but is no longer found differentially expressed 11 days after
treatment. On the other hand, after 11 days of idasanutlin
treatment, one of the DE miRNAs is miR-34a-5p, a key p53
effector miRNA (41,42).

To further ensure a tumour-driven expression change, we
compared miRNA expression levels in end-point tumour
samples collected from mice treated with idasanutlin (n =
5) and mice treated with vehicle-control (n = 5). We find
one miRNA to be differentially expressed in serum after
11 days of treatment (fold change (FC) >1.5; P <0.05,
Wald test, corrected for multiple testing using Benjamin—
Hochberg) and also upregulated in the tumour of the re-
spective idasanutlin-treated mice (fold change (FC) > 1.5;
P < 0.05, Wald test): hsa-miR-34a-5p/mmu-miR-34a-5p
(Figure 6). Interestingly, hsa-miR-34a-5p/mmu-miR-34a-
Sp was also found upregulated after 1 day of treatment al-
though not significantly (P = 0.59). These findings encour-
age further investigation of hsa-miR-34a-5p/mmu-miR-
34a-5p as circulating pharmacodynamic biomarker for p53
activation in neuroblastoma.

DISCUSSION

Novel methods to monitor neuroblastoma progression and
response to treatment are highly desired. To this purpose,
we longitudinally assessed miRNA abundance in the serum
of mice carrying orthotopic xenografts of neuroblastoma
and exposed to treatment regimens of idasanutlin and tem-
sirolimus, two clinically relevant small molecule drugs.
Regarding miRNAs associated with tumour burden, we
found 57 serum miRNAs to be differentially expressed 10
days after tumour engraftment. Serum abundance of these
miRNAs was found to strongly correlate with tumour size,
with these miRNAs to be among the top expressed in the
tumour, and to also correlate positively with tumoural ex-
pression. When evaluating the expression of these miR-
NAs in the serum of human neuroblastoma patients, we
found 21 of these miRINAs to be higher expressed in serum
from high-risk neuroblastoma patients compared to chil-
dren without cancer. A detailed discussion concerning the
importance of each of these miRNAs is beyond the scope
of this manuscript; we do however like to mention that
several of these miRNAs have been described in the con-
text of neuroblastoma. hsa-miR-16-2-3p was found upregu-
lated in MYCN-amplified neuroblastoma tumours as com-
pared to neuroblastoma without MYCN amplification (43).
Hsa-miR-92b-3p, hsa-miR-1307-3p, hsa-miR-330-3p and
hsa-miR-345-5p for instance are known target genes of the
MYCN oncogene often found overexpressed in high-risk
neuroblastoma (44,45). Consistent with our observations,
miR-191-3p, miR-345-5p, miR-92b-3p, miR-339-3p, miR-
483-3p and miR-483-5p have all been reported upregulated
in metastatic neuroblastoma compared to primary neurob-
lastoma (46). Of note, detection of tumoural miRNAs may
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Figure 4. miRNA abundance in human serum. miRNA expression levels in serum pools of high-risk neuroblastoma patients (NB HR), healthy children
(H), sarcoma patients (S), nephroblastoma patients (N) and rabdomyosarcoma patients (R) of miRNAs both differentially expressed in the serum of mice
carrying orthotopic neuroblastoma xenografts and upregulated in both serum pools of high-risk neuroblastoma patients as compared to healthy serum.
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Figure 5. Serum miRNAs responsive to idasanutlin treatment. (A) Differentially expressed miRNAs in serum of mice carrying orthotopic xenograft tu-
mours of SH-SY5Y cells after 1 or 11 days of treatment with idasanutlin (30 mg/kg per day), temsirolimus (9 mg/kg/day) or vehicle control (P < 0.05
and FC > 2, Wald test, corrected for multiple testing using Benjamin—-Hochberg). (B) Scaled log, expression levels of idasanutlin-responsive miRNAs in
serum of mice treated with idasanutlin or vehicle control. Time points: —6 = 6 days before engraftment; 10 = 10 days after engraftment and 3 days before
treatment; 15 = 15 days after engraftment and 1 day after start treatment; 25 = 25 days after engraftment and 11 days after start treatment.

depend on the injected cell line, as some microRNAs define
distinct human neuroblastoma cell types, such as the adren-
ergic (e.g. SH-SY5Y) or mesenchymal cells (47). It is cur-
rently unknown whether the differentially abundant miR-
NAs in our study are specific to adrenergic-type neuroblas-
toma cells or rather reflect the generic neuroblastoma tran-
scriptome irrespective of the cell state. It is of interest to fur-
ther study this given the link between the mesenchymal cell
phenotype and treatment resistance and relapse (48,49). An
important issue regarding the use of circulating miRNAs
as blood-based biomarkers concerns the cell of origin. As
we used small RNA sequencing to quantify miRNA expres-
sion levels, we were able to accurately distinguish between

murine and human miRNA sequences. As such, we found
the majority of upregulated miRNAs to be human-specific,
suggesting they are most likely derived from tumour cells.
Whether they are actively released by the tumour or enter
circulation as a result of breakdown of apoptotic or necrotic
tumour cells remains unclear. Unfortunately miRNA pro-
filing of pure extracellular vesicles or exosomes, actively re-
leased by tumour cells, is not yet feasible on minute amounts
of serum or plasma, as such an approach could allow to
more selectively detect tumour-secreted miRNAs.

Besides serum miRNASs associated with tumour burden,
an important aim of this study was to identify serum miR-
NAs that are responsive to treatment. Non-invasive assess-
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Figure 6. Serum and tumour expression levels of miR-34a-5p. (A) Serum expression levels of miR-34a-5p at different time points before and after treatment
with idasanutlin (orange) or vehicle control (black). Serum was collected 6 days before engraftment (—6), 11 days after engraftment (11), one day after start
of treatment (15) and 11 days after start of treatment (25). Solid lines represent mice carrying orthotopic xenograft tumours of SH-SY5Y cells; dashed
lines represent non-engrafted, tumour-free mice. Error bars represent the standard error of the mean. (B) Boxplots of the expression levels of miR-34a-5p
in tumours collected from mice treated for 11 days with idasanutlin or vehicle control.

ment of drug-induced molecular pathway activation could
have clinical utility for patient follow-up. In clinical trials
of RG7112, an idasanutlin predecessor, the measurement
of serum levels of MIC-1, a secreted p53-inducible protein,
has successfully been used in estimating p53 activation (50—
52). Given p53 is a known modulator of miRNA expres-
sion (40,53,54), assessing p53 activation trough circulating
miRNA abundance seemed a plausible scenario. Here, we
describe for the first time serum miRNAs that dynamically
respond to p53 activation following treatment of engrafted
mice with idasanutlin. After only 24 hours of treatment
we were able to detect significant induction of expression
for 31 miRNAs, including known p53 transcriptional tar-
gets such as the miR-143/miR-145 cluster. After 11 days
of treatment, we detected six DE miRNAs, including miR-
34a-5p, another bona fide p53 response mediator. By com-
paring treatment-induced changes in serum expression in
mice carrying tumours to changes in tumour-free mice and
by associating expression changes in serum with changes in
the tumour we restricted our analyses to miRNAs of which
abundance changes in serum are likely to reflect expres-
sion changes in the tumour. This resulted in one miRNA
that could potentially function as biomarker for p53 ac-
tivation, hsa-miR-34a-5p. miR-34a-5p is a known p53-
regulated miRNA with potent anti-tumour effects. This
miRNA is often found lower expressed in unfavourable neu-
roblastoma and it has been reported that in neuroblastoma
targeted activation of p53 can lead to a potent induction
of miR-34a expression in vitro (41,55,56). Interestingly, tar-
geted delivery of miR-34a using anti-GD2 coated nanopar-
ticles has potent anti-tumour effects in vivo in neuroblas-
toma (57). Whether the same holds true for innately cir-
culating miR-34a-5p, or by extension other p53-regulated
miRNAs in circulation, would form an interesting subject
of further investigation.

In conclusion, we identified circulating miRNAs that are
associated with both human neuroblastoma and murine
neuroblastoma xenograft tumour burden and uncovered
one miRNA that could potentially be used as non-invasive
biomarker for p53 pathway activation. Our findings demon-
strate that it is feasible to monitor both tumour burden and
treatment response by measuring the levels of circulating
miRNAs in serum and that expression changes in the tu-
mour are reflected in serum. The identification of treatment-
induced alterations of circulating tumour-related miRNAs
is an unprecedented finding that holds promise for liquid
biopsies as a tool for miRNA-based monitoring of treat-
ment response in cancer patients.
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