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Abstract

Purpose—Merkel cell carcinoma (MCC) is an aggressive skin cancer with neuroendocrine
differentiation. There is an unmet need for MCC-specific blood-based surrogate biomarkers of
tumor burden; circulating cell-free micro(mi)RNA may serve this purpose.

Experimental design—Expression of miR-375 was quantified in 24 MCC and 23 non-MCC
cell lines, 67 MCC and 58 non-MCC tumor tissues, sera of two preclinical MCC models, sera of
109 MCC patients and 30 healthy controls by nCounter® human-v2-miRNA expression or
miR-375 specific real-time PCR assays. The patients’ sera consisted of two retrospective
(discovery and training) and two prospective (validation) cohorts.

Results—miR-375 expression was high in MCC cell lines and tissues compared to non-MCCs. It
was readily detected in MCC conditioned medium and sera of preclinical models bearing MCC
xenografts. miR-375 levels were higher in sera from tumor-bearing MCC patients than in tumor-
free patients or healthy controls (p<0.0005). Moreover, miR-375 serum levels correlated with
tumor stage in tumor-bearing (p=0.037) but not in tumor-free (p=0.372) MCC patients. miR-375
serum level showed high diagnostic accuracy to discriminate tumor-bearing and tumor-free MCC
patients as demonstrated by receiver operating characteristic curve analysis in the retrospective
cohorts (AUC=0.954 and 0.800) as well as in the prospective cohorts (AUC=0.929 and 0.959).
miR-375 serum level reflected dynamic changes in tumor burden of MCC patients during
therapeutic interventions.

Conclusions—Circulating cell-free miR-375 proved as a surrogate marker for tumor burden in
MCC without restriction to polyomavirus positivity, it thus appears to be useful for therapy
monitoring and the follow-up of MCC patients.

Keywords

Merkel cell carcinoma; biomarker; circulating cell-free miRNA; miR-375

INTRODUCTION

The knowledge and understanding of the biology and immunology of Merkel cell carcinoma
(MCC), a highly aggressive skin cancer with neuroendocrine features, expanded
dramatically over the past decade, allowing new therapeutic interventions for this previously
untreatable cancer (1). MCC carcinogenesis can be initiated either by the clonal integration
of the Merkel cell polyomavirus (MCPyV) into the host cell genome, or by UV-mediated
DNA damage. Either mechanism fosters the striking immunogenicity of MCC explaining
the strong therapeutic effect of immune checkpoint inhibitors. Inhibitors of the PD-1/PD-L1
checkpoint axis have been demonstrated to result in durable tumor responses (2—4). Notably,
the highest efficacy was observed in first-line therapy of patients with limited tumor burden,
stressing the need for reliable approaches for early detection of tumor recurrence in MCC
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patients who are tumor-free after surgery (2-4). Furthermore, 40-60% of cases do not
respond to checkpoint inhibition (2). Thus, a blood-based surrogate biomarker of tumor
burden, which can be serially assessed, could be a helpful tool for both early detection of
disease relapse and monitoring of treatment.

The American Joint Committee on Cancer (AJCC) incorporated several blood-based
biomarkers into their staging systems, e.g., prostate specific antigen for prostate cancer (5),
or a-fetoprotein and p-HCG for testicular cancer (6). Unfortunately, for the majority of solid
tumors no reliable blood-based biomarkers have yet been established. Advances in genomic
technologies have identified numbers of candidate markers based on circulating cell-free (cf)
DNA and RNA (7,8). Although cancer in general is associated with increased serum DNA
concentrations, most approaches using circulating cf DNA rely on tumor-specific DNA
mutations, such as EGFR mutations in non—small-cell lung cancer (9,10) or BRAF
mutations in melanoma (11). Due to the absence of specific hotspot mutations, this strategy
is not applicable for MCC.

An alternative approach takes advantage of cf micro(mi)RNAs specifically overexpressed in
certain cancer types (12). Since miRNAs may be actively released from cancer cells and are
highly resistant to degradation, sera and/or plasma from cancer patients contain large
amounts of miRNAs derived from tumor cells (12). Indeed, cf miRNAs have already been
recognized as biomarkers for a variety of different cancer entities, e.g., miR-1290 in
colorectal cancer (13) or a miRNA panel in breast cancer (14). In the present study, we
describe the abundant expression and release of miR-375 in MCC tissues and MCC cell
lines respectively, and demonstrate miR-375 serum levels as a valid surrogate biomarker of
tumor burden in MCC patients. This approach is potentially useful both for detection of
early recurrence and monitoring response to therapy.

MATERIAL AND METHODS

Patients and clinical samples

For tumor tissue analysis, formalin-fixed and paraffin-embedded (FFPE) samples from 67
MCCs, 48 melanomas and 10 basal cell carcinomas were used. For serum analysis, a total of
438 serum samples from 139 individuals were used (30 healthy subjects and 109 MCC
patients including two retrospectively selected and two prospectively collected patients
sample cohorts) (Fig. 1). The patient cohorts and corresponding serum samples were
collected at the Medical University of Graz (Austria), University of Washington/Seattle
(USA), University Hospital Essen (Germany), and University of Melbourne (Australia).
Patients’ characteristics are given in Tables S3-S6. Serum samples were generated from
peripheral blood draws and cryopreserved following established SOPs (15). The study was
conducted in accordance with ethical guideline provided in the ‘Declaration of Helsinki’.
The investigational protocol was approved by the institutional review board/ethic committee
(17-7539-BO; Ethics Committee of the University Duisburg-Essen, haring of de-identified
samples was approved by the ethics committees in Graz, Melbourne and Seattle). Informed
consent was obtained from all individual participants prior to analyses.
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Cell Lines
The MCC and non-MCC cell lines have been described before in Tables S1 and S2.

NanoString nCounter analysis

miRNA expression in MCC cell lines was analyzed using the nCounter Human v2 miRNA
Expression Assay kit (NanoString, Seattle, WA) according to manufacturer’s instructions.
Data was extracted using the nCounter RCC Collector and analyzed in nSolver Analysis
Software.

MiRNA in situ hybridization

Six micron thick sections of FFPE tumor samples were used for miRNA in situ
hybridization. In brief, slides were deparaffinized and placed in Tecan Freedom Evo
automated hybridization instrument (Tecan, Méannedorf, Switzerland), using a previously
described protocol (16). Double-FAM-labeled miR-375 and scramble LNA probes (both at
40nM; Exiqon, Vedbaek, Denmark) were applied for hybridization at 57°C for 60 min. All
slides were dehydrated and then mounted with Eukitt medium (Electron Microscopy
Sciences, Hatfield, PA, USA).

Reverse transcription quantitative PCR (RT-gPCR) for miRNA

Applied Biosystems™ TagMan™ MicroRNA Assays (Thermo Fisher Scientific, Waltham,
USA) were applied to measure the respective miRNAs according to the manufacturer’s
instructions. Pre-designed TagMan microRNA assays for miR-182 (1D002334), miR-106b
(1D000442), miR-19b (ID000396), miR-200c (ID002300), miR-375 (ID000564) were used.
The quantification cycle threshold (Cq) values of target miRNAs were normalized to the
small nucleolar RNA RNUG6B (ID001093) or the spiked-in cel-miR-39 as indicated and
relative expression to the respective comparator was calculated using the 2724C method.

Preclinical in vivo models

For chicken chorioallantoic membrane (CAM) experiments, 2x 108 MCC cells in 50l
culture medium were mixed 1:1 in MatriGel (BD Biosciences, Heidelberg, Germany) and
placed on the CAM at day nine post-fertilization. For murine xenotransplantation
experiments, tumors were induced by s.c. injection of 5x 108 cells in 50ul mixed 1:1 with
MatriGel into the lateral flank of six-week old, female NOD.CB17-Prkdcscid/J mice
(Charles River Laboratories, Erkrath, Germany) housed under specific pathogen-free
conditions (17). Approximately 100ul of chicken or mouse blood was collected four days or
28 days, respectively, after MCC cell grafting and centrifuged at 3000 rpm for 10 minutes at
4°C. The obtained supernatant was centrifuged again at 12.000 rpm for 15 minutes to
remove all remaining debris. Animal studies were approved by the Austrian ministry of
education and science (BMWF-66.010/ 0151-11/3b/2012).

PET/CT imaging

PET/CT studies were performed on the Discovery LS PET/CT scanner (GE Medical
Systems, Milwaukee, WI, USA) and the image acquisition protocol was as described before
(18). Order-subset estimate maximization algorithm was applied to reconstruct images using

Clin Cancer Res. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fan et al.

Page 5

iterative reconstruction (18). Disease burden was determined using a segmentation algorithm
based on lesion intensity with operator interaction to exclude regions of non-pathological
uptake (MIM Encore™, MIM Software Inc., Cleveland, OH) and were expressed as a
metabolic tumor volume (MTV).

Statistical analysis

RESULTS

Statistical analyses were performed using GraphPad Prism 6.0 Software (GraphPad Software
Inc., San Diego, CA, USA) and R studio. Experiments containing two groups were analyzed
using Mann-Whitney U test. Experiments containing more than two groups were analyzed
using Kruskal-Wallis test, an unpaired non-parametric ANOVA. R studio was applied in
statistical analysis as indicated: “heatmap2” in gplots R package for differentiated
expression of miRNAs; pROC R package for ROC curve analysis (19) and ggpubr R
package for correlation analysis. A p-value smaller than 0.05 was considered significant; the
respective p-values are indicated in the figures as follows: *p < 0.05, **p < 0.01, ***p <
0.001. Receiver operating characteristic (ROC) curve analysis was performed for each
cohort independently, all four cohorts were combined to determine the correlation between
cf miR-375 level and MCC tumor staging.

miR-375 is highly expressed in MCC cell lines and tissues

The nCounter® Human v2 miRNA expression assay (NanoString Technology) was
performed in six well-established classical MCC cell lines demonstrating miR-375 as one of
the most abundant miRNAs in all MCC cell lines (Fig. 2A). This strong expression of
miR-375 in MCC was further substantiated in a larger panel of 21 classical MCC cell lines
by real-time PCR (Fig. 2B; Tab.S1). miR-375 expression was independent of the viral status
of the MCC cell lines; i.e. both MCPyV-positive and -negative cell lines showed high levels
of miR-375 (Fig. 2B). However, none of the three variant, MCPyV-negative MCC cell lines,
which are characterized by an adherent growth pattern expressed comparable amounts of
miR-375 (Fig. 2B; Tab. S1). It is important to note that the representativeness of these
variant MCC cell lines for MCC is controversially discussed (1,20). Next, the high
expression of miR-375 was confirmed in 67 MCC tumor lesions by RT-gPCR (Fig. 2C).
Again, miR-375 expression was largely independent of the MCPyV status. In contrast,
miR-375 expression was low in 23 non-MCC skin cancer cell lines and 58 non-MCC skin
cancer tissues (Fig. 2B, C; Tab. S2). miRNA /n situ hybridization demonstrated high
expression levels of miR-375 in MCC tissue (Fig. 2D).

Presence of circulating cell-free miR-375 in MCC conditioned medium and serum of MCC
xenograft-bearing preclinical models

Extracellular miRNAs may serve as means of communication between cells over short and
long distances (21). In line with this notion, circulating cf miRNA has been detected in
serum and plasma of cancer patients (22). Thus, we next tested if miR-375 was also present
as extracellular miRNA in cell culture supernatants of the miR-375 expressing MCC cell
line WaGa. Notably, while all miRNAs abundantly expressed in MCC cells, /.e., miR-375,
miR-200c, miR-182, miR-19b, and miR-106b, were detectable in MCC conditioned
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medium, miR-375 demonstrated by far the highest ratio of extracellular to cellular miRNA
(Fig. 2E and Fig. S1). The presence of extracellular miR-375 in MCC- conditioned medium
was confirmed in a larger series of classical MCC cell lines (Fig. 2F). As expected from the
lack of miR-375 expression in the variant MCC cell lines MCC13 and MCC26, the
conditioned media did not contain this miRNA. Next, we translated the /n vitrofindings into
an /in vivo setting taking advantage of two recently established preclinical models for MCC.
To this end, WaGa cells were xenografted either on the chorioallantoic membrane (CAM) of
chicken embryos (n=8, Fig. 2G) or into the flank of NOD.CB17-Prkdcscid/J mice (n=5, Fig.
2H). In both models, circulating cf miR-375 was detected at substantially higher levels in the
sera of xenograft-bearing animals compared to tumor-free control animals.

Circulating cell-free miR-375 serum levels differentiate MCC patients with or without
evidence of disease

Prompted by these encouraging preclinical results, we next measured the presence of
circulating cf miR-375 in sera of MCC patients utilizing the same real-time PCR-based
assay (study flow according to REMARK provided in Fig. 1). In the discovery cohort, we
analyzed 40 serum samples retrospectively selected from cryoconserved sera drawn from 29
MCC patients’ measurable disease or with no evidence of disease (NED). As depicted in
Fig. 3A, serum levels of circulating cf miR-375 were significantly higher in patients with
measurable disease as compared to patients with NED (p<0.001, Mann-Whitney U test).
Receiver operating characteristic (ROC) curve analysis was performed by plotting the
sensitivity against the specificity for different thresholds of circulating cf miR-375 in order
to discriminate between tumor-bearing and tumor-free patients. This analysis demonstrated a
miR-375 serum level of 2.299 as optimal cut-off with a specificity of 1.000 and a sensitivity
of 0.826 resulting in an AUC of 0.954 with a 95% confidence interval (Cl) of 0.89-1.00
(Fig. 3C).

We next analyzed a training cohort of 199 serum samples obtained from 33 MCC patients
over the course of their disease, revealing that serum cf miR-375 levels were significantly
higher in MCC patients with measurable disease as compared to NED patients (p<0.001,
Mann-Whitney U test; Fig. 3B). ROC curve analysis demonstrated a miR-375 serum level of
2.595 as optimal cut-off with a specificity of 0.810 and a sensitivity of 0.703 resulting in an
AUC of 0.800 (95% CI 0.73-0.86; Fig. 3D).

For validation, we analyzed two prospectively collected serum cohorts from Essen (77
serum samples from 21 MCC patients) and Melbourne (92 serum samples from 26 MCC
patients). In both cohorts, serum cf miR-375 levels were significantly higher in MCC
patients with measurable disease as compared to NED patients (p<0.001, Mann-Whitney U
test, Fig. 4A and B). ROC curve analysis revealed a miR-375 serum level of 3.693 as
optimal cut-off with a specificity 0.812 and a sensitivity of 0.893, resulting in an AUC of
0.929 (95% CI 0.87-0.98; Fig. 4C) for the Essen cohort, and a miR-375 serum level of 2.953
as optimal cut-off with a specificity of 0.917 and a sensitivity of 0.938 resulting in an AUC
of 0.959 (95% CI 0.91-1.00; Fig. 4D) for the Melbourne cohort.

The mean of the optimal cut-off values for serum miR-375 of the retrospective discovery
and training cohorts was calculated as 2.42. When this mean cutoff value (2.42) as well as
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respective percentiles (increasing quartiles: 25M=1.00, 501=2.32, 75""=8.16 and 901'=100.0)
of cf miR-375 serum level calculated from the retrospective cohorts were applied to
distinguish tumor-bearing and tumor-free patients in the two prospective validation cohorts,
the tumor-bearing patients rate with miR-375 serum level below versus above this value
were 3.1% versus 61.4% in the Essen cohort (Fig. 4E) and 9.1% versus 88.2% in the
Melbourne cohort (Fig. 4F). These results were confirmed when calculating the respective
percentiles for the prospective cohorts (Fig. S3). Furthermore, combined miR-375 serum
data from 30 healthy donors and all MCC patients demonstrated that circulating cf miR-375
levels were significantly higher in MCC patients with measurable disease as compared to the
heathy donors (p<0.001, Mann-Whitney U test; Fig. S2). It should be noted, however, that in
some of the of the patients with NED the miR-375 level was even lower than in the control
patients. This observation may be caused by secondary diseases such as type 2 diabetes
mellitus in the control group or by the administered therapies in the NED group (e.g.
radiation, immune or chemotherapy) (23,24). Thus, the dynamics of miR-375 in sequential
serum samples of MCC patients appears to be more informative than single samples.

Circulating cell-free serum miR-375 correlates with the disease stage in tumor-bearing
MCC patients

To further assess the informative value of circulating cf miR-375, we next asked if the serum
level could discriminate different disease stages of MCC in tumor-bearing patients. To
address the challenge of limited cohort sizes in this rare disease (Fig. S4), we pooled all four
patient cohorts for this analysis; the respective cohorts were color coded. Indeed, there was a
significant correlation of circulating cf miR-375 serum levels and AJCC stage at the time of
the blood draw for patients with measurable disease (Fig. 5A; p=0.037, ggpubr R), but not
for patients with NED at the time of blood draw (Fig. 5B; p=0.372, ggpubr R). Moreover,
based on the exact MTV assessment performed by PET/CT scans within the Melbourne
cohort, we found a significant correlation between the c¢f miR-375 serum level and MCC
tumor volume (p=0.008, r=0.75, ggpubr R; Fig. 5C).

Circulating cell-free serum miR-375 allows MCC disease course monitoring

Availability of effective therapeutic options for advanced metastatic MCC emphasize the
need for closely monitoring treatment responses. The serum Kinetics, i.e. the short half-life,
of microRNA allowed serum levels of circulating cf miR-375 to be used to track dynamic
changes of MCC tumor burden during therapy (25). As depicted in Figure 5D-F, serum
levels of miR-375 were strongly correlated with metabolic tumor volume during the course
of therapy. For example, one MCC patient (Fig. 5D) with a large bulky tumor (405.8 ml)
presented with a high serum level of cf miR-375 (54.9), which decreased during radio-
chemotherapy to 15.8 in parallel with shrinkage of MTV on PET/CT (69.4 ml). When the
patient’s tumor progressed at six months following the onset of treatment, the cf miR-375
serum level rose accordingly (46.2). The patient subsequently received immune checkpoint
inhibition therapy leading to an almost complete response with MTV reduction to 2.4 ml,
reflected by a decrease in miR-375 serum level to 0.52. This strong correlation between
MCC tumor volume and amounts of circulating cf miR-375 could be confirmed in multiple
patients from whom serum samples were collected sequentially over time (Fig. 5E, F and
Fig. S5).
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DISCUSSION

Until recently, there was no effective treatment for metastatic MCC that was not amenable to
surgery and/or radiation. With the advent of immune-modulating therapies based on
checkpoint-inhibiting antibodies, this situation has changed dramatically (2—4). However,
not all patients respond to therapy and acquired resistance is an additional problem. Notably,
while first-line treatment results in objective responses in almost 2/3 of patients, response
decreases to 1/3 in the second-line setting (3,4). Thus, it appears that the efficient treatment
of MCC patients relies on the early detection of recurrence and/or progression, which can be
difficult using standard tissue biopsy techniques. Imaging approaches are relatively costly
and involve small but documented risks (26). Blood-based biomarkers as a surrogate of
tumor burden would be advantageous, since the non-invasive nature of these ‘liquid
biopsies’ allow them to be repeatedly applied to monitor the patient’s clinical course over
time, providing guidance on when imaging might be helpful in localizing disease (27).
Moreover, they integrated information on disease burden without the need to know exactly
where it may have arisen.

Different approaches have been investigated to establish an MCC-specific blood-based
biomarker. While neuron-specific enolase (NSE) and chromogranin A (CGA) are reliable
biomarkers for some neuroendocrine tumors like small cell lung cancer (SCLC) (28), neither
NSE nor CGA were effective to distinguish between MCC patients with or without tumor
burden (29). Based on the strong association of MCC with MCPyV, antibodies against
MCPyV encoded oncoproteins, /.e., the transforming early genes, were tested for their use as
surrogate markers for active MCC disease (30-32). Indeed, antibody titers correlated with
tumor burden as they cleared in patients during remission and reoccurred at high titers in the
case of recurrence. Consequently, the NCCN guidelines list oncoprotein antibodies as a
legitimate and useful approach to follow-up MCC patients. To this end, the ROC analysis
demonstrated very similar results when antibodies to MCPyV oncoproteins and miR-375
serum levels were established in the same samples (Fig. S6). Notably, however, patients with
UV-associated MCPyV -negative MCCs produce no antibodies to MCPyV oncoproteins, so
that in such patients the miR-375 approach would currently be the only applicable surrogate
marker of tumor burden. Moreover, oncoprotein antibodies are not useful in an ongoing way
for patients who do not produce these antibodies at baseline even if suffering from virus-
associated MCC, which constitute about half of the patients. Thus, if no baseline draw is
done, it is impossible later to determine if the patient initially produced antibodies at time of
diagnosis (32).

miR-375 was initially described as a pancreas-specific miRNA regulating insulin secretion
and pancreatic islet development (33). Soon thereafter, aberrant miR-375 expression was
detected in prostate cancer (34), lung cancer with neuroendocrine differentiation (35), and
MCC (36,37). Consistent with these reports, we here confirmed the strong expression of
miR-375 in MCC in vitro, in vivoand in situ in the largest series reported to date. Notably,
miR-375 was consistently over-expressed in both virus- and UV-associated (i.e. virus-
negative) MCC. Furthermore, in contrast to other miRNAs abundant in MCC cells
(miR-200c, miR-19b, miR-182, miR-106b), miR-375 was the only one detected at
substantial levels as extracellular miRNA. This latter finding can be explained by the known
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function of miR-375 as an exosomal shuttle miRNA participating in the active genetic
exchange between cells (38). Indeed, we found evidence that miR-375 is enriched in the
exosomal fraction derived from the conditioned media (data not shown). Since miR-375 is
not present in circulating blood cells (39), 7.e., it is not expressed in lymphocytes, red blood
cells or platelets (40), comparison of miRNA spectrums between serum and plasma revealed
that miR-375 is not differentially expressed (41).

In summary, based on the abundant expression of miR-375 in MCC cell lines and tissues,
and its extracellular presence in MCC cell culture supernatants as well as sera of tumor-
bearing preclinical animal models, we suspected and subsequently demonstrated cf miR-375
can serve as a surrogate marker of tumor burden to follow MCC patients. Notably, our
results indicate that cf miR-375 not only discriminates patients with or without evidence of
disease, but also correlates with the burden of disease and can be a useful tool to monitor the
response to therapy and thus may allow a more aimed indication of PET/CT imaging. An
appropriate next step will be to validate the use of miR-375 as a surrogate marker of MCC
tumor burden in patient samples serially collected as part of clinical trials that are
increasingly being carried out for MCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

The introduction of new therapies for advanced Merkel cell carcinoma being effective in
approximately half of the patients created the need for blood-based surrogate biomarkers
of tumor burden. Currently, serum reactivity to Merkel cell polyomavirus is used for this
purpose but is restricted to virus-positive tumors only. Here, we demonstrate that
circulating cell-free miR-375 discriminates tumor-bearing and tumor-free patients in four
independent cohorts from Australia, Europe and the US. Moreover, repeated
guantification of miR-375 during therapeutic interventions showed a precise reflection of
the dynamic change in tumor burden in correlation to radiologic imaging. Our data
indicate, that serum miR-375 may serve as a surrogate marker of tumor burden in MCC
patients regardless of their virus status, and may be particularly useful in therapy
monitoring.
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139 Individuals (438 draws)

Healthy controls

30 Individuals (30 draws) 109 Individuals (408 draws)

MCC patients
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Graz (retrospective)
29 patients (40 draws)

Training cohort:
Seattle (retrospective)
33 patients (199 draws)

1 draw of 1
patient excluded:
-equivocal clinical

data

Tumor/NED ROC
analysis:
28 patients (39 draws)
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105 patients (369 draws)

Fig. 1:

Study flow diagram of serum analysis for circulating cell-free miR-375, including two
retrospective and two prospective MCC patient cohorts.
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Fig. 2:

Tr?e highly expressed miR-375 in MCC cell lines and tissues is also present as cell-free
miRNA in MCC-conditioned media as well as in sera of MCC-bearing preclinical models.
A: Heat map depicting the relative expression of the 30 most abundant miRNAs in six MCC
cell lines. Data obtained by nCounter® Human v2 miRNA Expression Assay (NanoString
Technology). B: miR-375 expression in 24 MCC cell lines (21 classical MCPyV positive
[n=14, red] or negative [n=7, gray], and three variant MCC cell lines [blue]; details in S.
Tab. 1) as well as 23 non-MCC skin cancer (melanoma, squamous cell carcinoma), lung
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cancer, kidney, and fibroblast cell lines (details in S. Tab. 2) was quantified by RT-gPCR in
triplicates. The relative expression of miR-375 was normalized to U6 and is depicted relative
to 293T cells as calculated by the 2-AACq method. C: miR-375 expression in 58 non-MCC
skin cancer tissue samples (48 melanomas and ten basal cell carcinomas) as well as 67 MCC
tissue samples (49 MCPyV positive [red] and 18 MCPyV negative [gray]) was determined
by RT-gPCR in triplicate. The expression level of miR-375 was normalized to U6 and is
depicted relative to one randomly selected melanoma sample as calculated by the 2-AACq
method. D: In situ hybridization (ISH) for miR-375 in a representative MCC tissue. Intense
miR-375 ISH signal (right), and background staining for the scrambled control (left). Scale
bar, 10 um. E: The presence of miR-375, miR-200c, miR-182, miR-19b and miR-106b in
200pl of conditioned medium from the MCC cell line WaGa (48 hours culture of 106 cells
per ml) and in the cells themselves was determined by RT-qPCR in triplicate. The ratio of
respective miRNA calculated by the 2-AACq method in conditioned medium to the cells is
depicted. F: miR-375 presence in conditioned medium from seven different MCC cell lines
was determined in triplicate. The expression level of miR-375 was normalized to spiked-in
cel-mir-39 and is depicted relative to MCC13-conditioned medium as calculated by the 2-
AACq method. G: Circulating cell-free (cf) miR-375 in sera of chicken embryos bearing 4-
day-old xenotransplants of WaGa MCC cells on the chorioallantoic membrane was
determined by RT-gPCR in triplicate. The expression level of miR-375 was normalized to
spiked-in cel-mir-39 and is depicted relative to the serum of an untreated chicken embryo as
calculated by the 2-AACq method. H: cf miR-375 in sera of NOD.CB17-Prkdcscid/J mice
with or without subcutaneous WaGa MCC xenografts was determined by RT-qPCR in
triplicate. The expression level of miR-375 was normalized to spiked-in cel-mir-39 and is
depicted relative to the sera of tumor-free NOD.CB17-Prkdcscid/J control mice as calculated
by the 2-AACq method. Mann-Whitney U test were performed as described in Statistical
analysis; p*<0.05, p**<0.005, p***<0.001.
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Fig. 3:

Circulating cell-free miR-375 in serum discriminates MCC patients with and without
presence of disease: The retrospective discovery and training cohorts.

A, B: cf miR-375 in sera of MCC patients was determined by RT-qPCR in duplicate, and
normalized to spiked-in cel-mir-39. Values were calculated relative to the serum of a MCC
patient with no evidence of disease (Graz cohort) by the 2-AACq method. Results are
depicted in Cleveland dot plots categorized in patients with no (NED) or with evidence of
disease. C, D: Receiver operating characteristic (ROC) curves showing the sensitivity and
specificity of miR-375 serum levels to discriminate tumor-bearing versus NED patients. The
areas under the curve (AUC), optimal cut-off values and their sensitivity and specificity are
given. A, C: Graz cohort; B, D: Seattle cohort. Patients’ characteristics are given in S. Tab. 3
and 4. The horizontal line indicates the median, Mann-Whitney U test and pROC R were
performed as described in Statistical analysis; p***<0.001
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Circulating cell-free miR-375 in serum discriminates MCC patients with and without
presence of disease: The prospective validation cohorts.
A, B: cf miR-375 in sera of MCC patients was determined by RT-gPCR in duplicate, and
normalized to spiked-in cel-mir-39. Values were calculated relative to the serum of an MCC
patient with no evidence of disease (Graz cohort) by the 2-AACq method. Results are
depicted in Cleveland dot plots categorized in patients with no (NED) or with evidence of
disease. C, D: Receiver operating characteristic (ROC) curves showing the sensitivity and
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specificity of miR-375 serum levels to discriminate tumor-bearing versus NED patients. The
areas under the curve (AUC), optimal cut-off values and their sensitivity and specificity are
given. E, F: The mean optimal miR-375 serum level cut-off was calculated from the optimal
cut-off values of the retrospective discovery and validation cohorts as 2.42. Proportions of
MCC patients of the prospective cohorts with (red) or without (blue) tumor burden below or
above this mean optimal cut-off are depicted. Percentages of MCC patients with tumor
burden within each group are given. A, C and E: Essen cohort, B, D and F: Melbourne
cohort. Patients’ characteristics are given in S. Tab. 3—4. The horizontal line indicates the
median, Mann-Whitney U test and pROC R were performed as described in Statistical
analysis; p*<0.05, p**<0.005, p***<0.001.
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Fig. 5:
Circulating cell-free miR-375 serum levels correlate with disease stage and tumor burden of
MCC patients

cf miR-375 in sera of MCC patients was determined by RT-gPCR in duplicate, and
normalized to spiked-in cel-mir-39. Values were calculated relative to the serum of an MCC
patient with no evidence of disease (Graz cohort) by the 2-AACq method. A, B: Results are
depicted in Cleveland dot plots combined for all four cohorts categorized by AJCC stage at
the time of blood draw for patients with (A) or without (B) evidence of disease; to discern
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from which cohorts the samples were derived, the data points were color-coded: Graz -
green, Seattle - yellow, Essen - dark red, Melbourne - purple. Correlation analysis between
cf miR-375 serum levels and MCC tumor stages was performed in R using the “ggpubr”
package, the horizontal line indicates the median. C: Correlation analysis for cf miR-375
serum level and MCC tumor burden as quantified by PET/CT scan for the Melbourne cohort
was performed in R using the “ggpubr” package. D, E and F: cf miR-375 serum levels are
plotted over the course of disease together with the tumor volume which was calculated
from PET/CT scans depicted above the respective graphs for three exemplary patients from
the Melbourne cohort (D: p_#16, E: p_#6 and F: p_#10). The numbers circled indicate the
different therapies: (DRadiation therapy, @Chemotherapy and @Immunotherapy. The
clinical course of patient D is described in Results; patient E showed disease progression
during chemotherapy; patient F showed a complete response to checkpoint inhibition.
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