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Abstract

In oncology, liquid biopsy is applied to detect with high efficiency clinically relevant analytes, such as tumor cells,
cell-free nucleic acids, and exosomes in peripheral blood and other body fluids of cancer patients. Liquid biopsy
is considered one of the most advanced non-invasive diagnostic systems useful, in the next future, for enabling
personalized treatments in precision medicine. Medical actions include, but are not limited to, early diagnosis,
staging, prognosis, anticipation (lead time) and prediction of therapy responses, as well as follow up. Experimental
system for validation of the proposed liquid biopsy approaches is highly needed. In this review article we will
discuss the establishment of xenotransplanted mouse model systems for the validation of liquid biopsy protocols
aimed to identify changes in the miRNA plasma content. Human colon cancer HT-29 and LoVo cells have been
xenotransplanted and miR-221-3p and miR-222-3p have been comparatively analyzed in cultured HT-29 and LoVo
cells, xenotransplants and plasma samples.
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LIQUID BIOPSY: A NEW FRONTIER FOR CANCER DIAGNOSTICS

In the field of cancer diagnosis and treatment, liquid biopsy is a new diagnostic tool that investigates
circulating tumor cells (CTC) and/or cell-free nucleic acids in the peripheral blood [Figure 1A]. Liquid
biopsy is considered one of the most advanced non-invasive diagnostic systems. It provides key molecular
information relevant to important clinical decisions and, being “longitudinal” (it can be repeated as many
times as needed), it fits the idea of precision medicine possibly more than other “static” techniques based
on the analysis of tissue nucleic acids
are not limited to, early diagnosis, staging, prognosis, prediction of therapy response and follow up during

[1-5

|, Diagnostic actions made possible by liquid biopsy include, but

therapeutic intervention!*".

In addition to the use of CTCs"** and circulating tumor DNA (ctDNA)"*"*, other important targets for
liquid biopsy are circulating microRNAs (miRNAs)">, a family of small (19 to 25 nucleotides in length)
noncoding RNAs playing important roles in controlling post-transcriptional gene expression. Regulatory
miRNAs reduce protein synthesis through selective interactions with complementary sequences of target
messenger RNAs (mRNAs)?***. Single or multiple mRNAs can be targeted at their 3-UTR, CDS, 5-UTR
sequences, and it is calculated that more than 60% of human mRNAs are microRNA targets”". Dysregulation
of microRNAs has been associated with a variety of human pathologies, including cancer®*". In this case
miRNAs behave both as tumor promoters (oncomiRNAs and metastamiRNAs) and tumor suppressor
molecules”, depending on their mRNA targets (oncosuppressor mRNAs or mRNA coding oncoproteins,
respectively) with opposing activity on cancer cells. Based on this, it is not surprising that circulating cell-
free miRNAs have been actively investigated as liquid biopsy analytes. OncomiRNAs are abundant in
several extracellular body fluids, where they are protected and stabilized by exosome-like structures and
small intraluminal vesicles produced by a variety of cells (including cancer cells)®***. Hence, elevated levels
of several miRNAs (including miR-221, miR-222, miR-141, miR-92a, miR-21, miR-155, miR- 506, miR-4316,
miR-4772-3p, and miR-29a) are present in the blood from patients with colorectal carcinomas (CRC) and
may contribute to diagnosis and prognosis®>**?. Furthermore, is well established that miRNAs may help
in monitoring therapeutic approaches. For instance, Ogata-Kawata et al.”” reported that serum exosomal
miRNA levels (let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223, and miR-23a) were higher in CRC
patients than controls, were already detectable at early disease stages, and that they were significantly down-
regulated after surgical resection.

TECHNOLOGIES FOR MICRORNA ANALYSIS

In order to quantify miRNAs in the plasma and other body fluids isolated from cancer patients, several
types of technologies for RNA analysis have been proposed". Quantitative real-time PCR (RT-qPCR)*?,
NGS RNA sequencing®™, miRNA microarray analysis®, and digital PCR"" are the most used [Table 1] and
can be employed not only for tissue or cells but also for highly diluted samples, such as body fluids. One
of the major limits of RT-qPCR and ddPCR is the limited number of miRNAs that can be quantified for
single run. This problem was partially solved by introduction of TagMan low density arrays, that allows to
quantify the content of a significant number of miRNAs (about 700 miRNAs) using PCR-based methods".
In addition to these methodologies, other technologies have been described for direct miRNA detection
from serum samples. For example, Chapin et al."””
the use of a universal adapter ligated to the targets captured on encoded gel microparticles. The system

proposed rolling circle amplification (RCA) based on

allows the multiplexed profiling of miRNA at sub-femtomolar concentration. Interestingly, Williams et al.®*
proposed a miRNA detection technique able to amplify miRNAs directly in body fluids, avoiding upstream
sample preparation. The technique, based on isothermal target amplification, has a sensitivity positioned in
the femtomolar range. Other conventional technologies normally proposed for miRNA detection in cells
, are not suitable for miRNA detection in body fluids, due to the low
sensitivity of the technology, requiring therefore large amounts of RNA. Other unconventional miRNA

or tissues, such as northern blotting™
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Figure 1. Flow chart describing the experimental /7 vivo model system. All the procedures have been performed according to Directive
2010/63/EU and ltalian Decree Law 26/2014. They were approved by the EU Research Executive Agency, the Intramural Regina Elena
Board for Animal Welfare, and the Italian Ministry of Health (700-2015-PR, dated July 17, 2015). Tumor xenotransplants were established
by inoculating 3 x 10° cells from the HT-29 and LoVo cell lines in the flank of 4-month old Nu/CD1 mice (Charles River Laboratories, Italy).
Xenotransplants were allowed to grow to two different sizes (300 and 1000 mm?, 6 mice per group for each of the two cell lines). Tumors
were taken at sacrifice along with blood. Frozen tissues were used as the source of miRNAs. Blood was collected in 6 mL BD Vacutainer
K2E tubes (BD, 368857) and centrifuged within 1 h at 2000 xg for 20 min at 4 °C. Plasma was recovered and further centrifuged at
16,000 xg for 10 min at 4 °C to remove cell debris, and stored at -80 °C until extraction

Table 1. Technologies applied to miRNA detection

Technologies Biological fluid Major results obtained Ref.
Real-time Plasma RNA was isolated from human plasma samples of healthy donor and the content of [52]
quantitative PCR three miRNAs chosen to represent moderate- to low-abundance plasma miRNAs
(miR-15b, miR-16, and miR-24) was evaluated using TagMan RT-gPCR assays
NGS RNA Serum A NGS RNA sequencing (Solexa sequencing) approach, followed by RT-qPCR data [53]
sequencing validation was employed to identify miRNAs able to predict prognosis of non-
small-cell lung cancer. Four miRNAs (miR-486, miR-30d, miR-1and miR-499) were
significantly associated with overall survival
MicroRNA Serum A global miRNA profiling was performed, using GeneChip miRNA Arrays [54]
microarray analysis (Affymetrix) in prostate adenocarcinoma transgenic mouse models identifying 46
miRNAs significantly altered compared to healthy controls
Droplet digital PCR Plasma Droplet digital PCR platform was used to assess levels of miRNAs (miR-221, miR- [55]
222 and miR-141) released into the culture supernatants of colorectal carcinoma
cell lines and mouse blood plasma obtained from xenograft models
MicroRNA low Plasma Circulating miRNAs profile was examined in mice bearing human small cell lung [56]
Density Arrays cancer tumor xenografts using human TagMan Low Density Array
The analysis allows to identify a panel of differentially expressed miRNAs, in a
stage dependent manner
Rolling circle Serum The rolling circle amplification of a universal adapter sequence selectively ligated [57]
amplification to targets captured on encoded gel microparticles is employed for multiplexed
profiling of mMiRNAs at sub-femtomolar concentration. The protocol was optimized
to cover a dynamic range of magnitude (300 aM to 40 pM). Moreover, miRNAs
can be directly detected in small quantities of unprocessed serum samples
avoiding RNA extraction or target-amplification steps
Isothermal Plasma Isothermal RAM allows the direct amplification of miRNAs without upstream [58]
ramification sample preparation. The presence of microRNA promotes base-stacking
amplification hybridization, and subsequent amplification between two universal strands, under
(RAM) isothermal conditions. A sensitivity in the range of femtomolar is provided
Northern blotting Tissues An highly efficient microRNAs detection method based on northern blot analysis [59]
was set-up using LNA (locked nucleic acid) probes able to increase the sensitivity
of at least 10-fold compared to conventional DNA probes
Bead-based flow Tissue/cell lines  Oligonucleotide-capture probes complementary to miRNAs of interest were [60]

Cytometry

coupled to carboxylated 5- micron polystyrene Beads impregnated with variable
mixtures of two fluorescent dyes each representing a single miRNA

After the reverse transcription miRNAs are amplified by polymerase chain reaction
and hybridized to the capture beads, beads were then analysed using a flow
cytometer capable of measuring bead colour
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detection techniques have been proposed in recent years such as bead-based flow cytometry®” but at the
moment they are employed only for miRNA detection in tissues or cellular samples.

EXPERIMENTAL MODEL SYSTEMS FOR LIQUID BIOPSY

Given the fast pace of technological evolution and the clinical complexity of human cancers, there is an
increasing need for experimental in vivo systems and associated validation technologies. A robust analysis
of bio-fluids must acknowledge the fact that liquid biopsy is a complex strategy requiring the achievements
of several key points, including pre-analytical steps, post-analytical optimization, and careful selection of
optimal analytes for specific biological queries. In vivo model systems might be very useful to address and
isolate these many individual variables (that are both technical and biological), and validate complex multi-
step approaches. It is surprising, in this respect, that only few reports are available focusing on the use of
animal models. In vivo model systems for the detection of circulating tumor cells and DNA have been
proposed® . These include injection of cancer cells into their orthotopic site of origin (e.g., a “recap” of
natural tumor onset), injection of tumor cells directly into the bloodstream of the animal (to recap distant
seeding), genetically engineered mouse and mice xenografted with patient-derived tumors®* (to mimic
“true” tumors). As to the analysis of circulating miRNAs in these experimental settings, several reports are
available®®>****7*7 [Table 2].

Mice xenografted with human tumor cell lines or patient-derived tumor

The pattern of circulating miRNAs has been extensively studied in mice xenografted with tumor cells and
patient-derived tumors. Different independent studies firmly demonstrated that miRNAs released in the
circulation by the tumor xenograft are distinct from the “background” mouse miRNAs pattern. This is a key
point, since pre-existing miRNAs present in the mouse body fluids are identical in sequence to most human
miRNAs and hence they might be a powerful confounding parameter, possibly altering conclusions and
implications of any circulating miRNA signature. In this respect, the use of laboratory mouse strains has
the advantage that its “background” mouse miRNA pattern is stable and easily quantifiable. Mitchell et al.*”
demonstrated that several miRNAs originating from xenografted human prostate cancer cells are present
in the mouse circulation (one of the most interesting being miR-141), and are readily measured in plasma,
allowing a clear distinction between tumor xenografted and control tumor-free mice. Waters et al.”
observed a complex miRNAs dysregulation in the circulation of athymic nude mice subcutaneously injected
with MDA-MB-231 cells. Some miRNAs (such as miR-10b) were undetectable in the circulation, others (miR-
195 and miR-497) were significantly decreased, miR-221 content did not change, and a positive correlation
was observed between miR-497 and miR-195. This study highlighted distinct roles of miRNA subsets in
the circulation and in disease dissemination and progression, all of which may be candidates as molecular
targets for diagnosis as well as design of systemic therapy. Gasparello et al.*¥ studied liquid biopsy in mice
bearing CRC xenografts, demonstrating gateways regulating the levels of circulating tumor-derived miRNAs
(ctmiRNAs), e.g., cell-specific roadblocks that determine whether a given cell xenotransplants releases or
retains a specific miRNA. These roadblocks are often not present in cultured cells, and build “barriers” to
detection in a liquid biopsy format.

Genetically engineered mouse model systems

Genetically engineered mouse models (GEMMs) manipulate target oncogene or tumor suppressor expression
in mice in order to promote tumor development. Transgenic and knockout GEMM:s have provided important
models for identifying tumor-associated and metastasis-associated genes that can lead to tumor formation
and disease progression. In addition, GEMM:s have been applied to the development of liquid biopsy methods
based on the analysis of circulating microRNAs. Selth et al.® performed a global miRNA profiling and
identified a set of miRNAs exhibiting significantly altered serum levels in transgenic mice models of prostate
cancer (i.e., Transgenic Adenocarcinoma of Mouse Prostate mice). Global miRNA profiling identified 46
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Table 2. Examples of experimental systems to study miRNA content in liquid biopsy
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Experimental mouse system miRNA studied Major results obtained Ref.
Mouse models of prostate cancer miR-141-3p MicroRNAs derived from human prostate cancer [52]
xenografted with 22Rv1 human xenografts are readily measured in plasma of mouse
prostate cancer- derived cells models allowing a clear distinction between tumor-
xenografted mice and controls
Transgenic mouse model of miR-141-3p miR-375 miR-  Global miRNA profiling allows to identified a set of ten [54]
prostate cancer 298 miR-346 miRNAs significantly altered in serum of transgenic mice
compared to healthy controls
Mice bearing colorectal carcinoma  miR-141-3p miR-221-3p Evidences of gateways regulating the levels of circulating [55]
cell lines xenografts miR-222-3p miRNA
Mouse models bearing human miR-95 miR-141-3p miR- A panel of 10 miRNAs are dysregulated in tumor bearing [56]
small cell lung cancer (SCLC) 200a-3p miR-200b-3p mouse models. The same miRNAs were also confirmed to
tumor xenografts miR-200c-3p miR-210- be altered in stage dependent manner in plasma isolated
3p miR-335-3p miR-375 from SCLC patients
miR-429
Mouse models of breast cancer miR-10b-5p miR-195-5p A complex miRNA dysregulation in the circulation athymic ~ [70]
xenografted with MDA-MB-231 miR-497-5p miR-221-3p nude xenografted mice was detected compared to tumor-
cells free controls
miR-200c-3p miR-141-3p  Despite levels of miR-200c and miR-141 were found to [71]

Foxp3 heterozy%ous Scurfy
mutant (Fo><p3S /+) female mice.
The loss of Foxp3 expression, due
to the frameshift mutation leads

to the spontaneous development

be lower in Foxp3® * tumor cells than in normal breast
epithelial cells, plasma levels of miR- 200c and miR-141in
the Fo><p3S * miceincreased during tumor progression
and metastasis

of breast cancer and lung
metastases.

miRNAs at significantly altered levels in the serum of mice with advanced prostate cancer compared to
healthy mice used as controls. Interestingly, four miRNAs altered in mice (mmu-miR-141, mmu-miR-298,
mmu-miR-346 and mmu-miR-375) were also found to be expressed at higher levels in the serum of patients
with metastatic prostate cancer compared with control subjects. Moreover, three of these (hsa-miR-141,
hsa-miR-298 and hsa-miR-375) were upregulated in prostate tumors compared with normal prostate tissue,
suggesting that they are directly released from the tumor into the blood as disease progresses. This study was
the first to demonstrate that specific serum miRNAs (miR-141, miR-298 and miR-375) are common between
human prostate cancer and a mouse model of the disease, highlighting the potential of such models for the
discovery of novel biomarkers.

Zhang et al.”" investigated FOXP3-inducible breast cancer cells, Foxp3 heterozygous Scurfy mutant (Foxp3
sf/+) female mice, and patients with breast cancer for characterization of the formation and regulation of the
miR-200 family in breast cancer cells and circulation. While levels of miR-200¢ and miR-141 were lower in
Foxp3 sf/+ tumor cells than in normal breast epithelial cells, plasma levels of miR-200c and miR-141 in the
Foxp3 sf/+ mice increased during tumor progression and metastasis. Interestingly, the levels of miR-200c
and miR-141 were higher in plasma from patients with metastatic breast cancer than in plasma from those
with localized breast cancer, with benign breast tumors, with a family history of breast cancer, or from
healthy controls. The conclusion of the work reported by Zhang et al.”” supports the concept that miR-200¢
and miR-141 are regulated by a FOXP3-KAT2B axis in breast cancer cells, and circulating levels of miR-200¢
and miR-141 are potential biomarkers for early detection of breast cancer metastasis. Moreover, they highlight
the idea that roadblocks evolve during the natural history of tumors.

LIQUID BIOPSY IN MICE BEARING COLORECTAL CARCINOMA XENOGRAFTS OBTAINED

AFTER IMPLANTATION OF HT-29 AND LOVO CARCINOMA CELLS
Analysis of miRNA content has been recently performed in mice xenografted with colon cancer cell lines"?.
Among the different xenografted models the one based on the implantation of the HT-29 and LoVo CRC
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cells was found the most efficient for miRNA detection. The HT-29 cells were derived from a KRAS-WT,
differentiated colorectal adenocarcinoma””!, while LoVo cells (originally described as Dukes’ type C, grade

IV) harbor a heterozygous KRAS ¢.38G>A mutation (G13D)"™.

TUMOR XENOGRAFTS AND PLASMA PREPARATION

Figure 1B shows the study workflow based on the tumor xenografts as models for liquid biopsy to assess
plasma levels of circulating miRNAs. In this study workflow, miRNAs are compared considering (1) in vitro
cultured tumor cells; (2) tumor xenografts; and (3) blood plasma samples. The HT-29 and LoVo cell lines were
selected as proxies of clinically evident cancers and sources of soluble analytes. MicroRNAs were extracted
from both cell lines, matched tumor tissue and blood plasma samples and were then subjected to ddPCR
and RT-qPCR analysis. Tumor xenotransplants were established by inoculating HT-29 and LoVo cells in the
flank of 4-month old Nu/CD1 mice. Tumors were taken at sacrifice along with blood. Frozen tissues were
used as the source of miRNAs. For the analysis of ctmiRNA, blood plasma was treated to disrupt exosomes
and denature miRNA-binding proteins with QIAzol Lysis Reagent. After the addition of 400 amoles of cel-
miR-39-3p (an equalizer), total RNA was purified and reverse transcribed. Finally, droplet digital PCR (RT-
ddPCR) assays for microRNA content analysis were performed to quantify the levels of miR-221-3p
miR-222-3p". Droplets were analyzed using the QX200 Droplet Reader, and data analysis was performed
with QuantaSoft version 1.7.4 (Bio-Rad, Hercules, CA, USA).

[37,75]

and

TUMOR XENOGRAFTS AND PLASMA PREPARATION: MAJOR RESULTS

The main point of this study is focused on determining whether the pattern of plasma miRNA content
recapitulates HT-29 and LoVo cells and xenografted tumors. A representative example of miR-222-3p
content is shown in Figure 2A and all the quantitative data for miR-221-3p and miR-222-3p are presented in
Figure 2B. The miRNA levels were independently assessed by RT-qPCR and ddPCR results, obtaining similar

&3l Of course, in the quantitative analysis shown in Figure 2B and concerning

results, as reported elsewhere
the plasma miRNA quantitation, we have taken into account the fact that cross-species miRNA homology
might influence our in vivo results. Accordingly, we quantitated baseline, endogenous miR-221-3p and
miR-222-3p levels in tumor-free, healthy nude mice. As expected (the sequences of mouse miR-221-3p and
miR-222-3p are identical to those found in human cells) both RT-ddPCR and RT-qPCR demonstrated that
circulating miRNAs were detectable even in the absence of tumor growth. However, the differences between
tumor-bearing and tumor-free mice were clearly appreciable for both miRNAs. Figure 2B shows that the
miR-222-3p content is higher than miR-221-3p content in HT-29 and LoVo cells, and in tumor and plasma
samples isolated from HT-29 and LoVo xenografted mice, despite the miR-222/miR-221 ratio is much higher
in plasma in comparison with cell and tumors. This is consistent with the “gateway” effect mentioned above
and discussed in deep in Gasparello et al®”. This issue is particularly of interest, since detailed knowledge of
the molecular mechanisms underlying the release of circulating analytes is still lacking. Alternatively, the in
vivo response of xenotransplanted mice to tumor cell injection might contribute to the reported unbalanced
content of miR-222/miR-221. The proposed system is expected to help in verifying the underlying cellular
mechanisms.

CONCLUSION

Circulating miRNAs have been recently used as biological markers for early diagnosis, prognosis, prediction
of response to therapy and clinical outcome, particularly in a liquid biopsy setting" """, Liquid biopsy is
a powerful tool applicable to all or most human cancers, including colorectal, lung, melanoma, and breast
neoplasms"*>*"). From a more general viewpoint, tumor-xenotransplanted mice and other in vivo models may
have an important role because they resolve biological variables from technical variables (such as handling
and storage of biological fluids, pre-analytical processing, as well as DNA and RNA isolation protocols) that
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Figure 2. Content of microRNA miR-221-3p and miR-222-3p in HT-29 and LoVo cells, HT-29 and LoVo tumors and plasma isolated from
HT-29 and LoVo xenotransplanted mice. A: representative Reverse Transcription droplet digital PCR plots performed using RNA isolated
from tumor cells, plasma from tumor-free mice, and plasma from xenografted mice; B, C: content of miR-221-3p and miR-222-3p in cells,
xenotransplanted tumors and plasma. RNA was extracted from frozen cell (5 x 10°) pellets by the TRI-Reagent (Sigma-Aldrich, St.Louis,
MO, USA), the procedure is described in Gasparello et a/.*>. All RNAs were stored at -80 °C until the use. Reverse Transcription droplet
digital PCR assays for microRNA expression analysis were performed to quantify the levels of miR-221-3p and miR-222-3p. 300 ng of
total RNA (from cells and tissues) and the RNA isolated from 150 uL of plasma were reverse transcribed and analyzed for miR-221-3p and
miR-222-3p as described by Gasparello et a/.*!

might affect efficient marker detection by liquid biopsy®*>*. Liquid biopsy of cancer is mainly based on the
analysis of circulating tumor cells and/or cell-free nucleic acids in the peripheral blood of cancer patients, as
well as in other body fluids suitable for diagnostic assessment. Among these, cerebrospinal fluid for tumors
of the central nervous system, saliva for tumors affecting the head and neck, pleural effusion in the case
of respiratory tract cancers and urine for urinary tract cancers. We propose that in vivo xenotransplant
models monitoring miRNAs may find application in all the body fluids, contributing to assess the relevance
of clinical liquid biopsy. The importance of in vivo model systems adds to the established role of liquid
biopsy in complementing key limitations of surgical tissue biopsy. These include, but are not limited to: (1)
invasiveness and inherent patient compliance; (2) a static representation of the tumor pathology strictly
limited to the tumor tissue sampling; (3) ethical and practical issues preventing repeated tissue biopsy,
particularly at unaccessible (or difficult to access) body sites; (4) tumor heterogeneity, especially during
progression and metastatic dissemination (making multiple sampling necessary); (5) easier and real-time
patient monitoring by non-invasive liquid biopsy. Therefore, although liquid biopsy approach still suffers
from important drawbacks (fragmentation of cfDNA, instability of RNA, low yield of isolated samples to
be analyzed and variable presence of normal DNA and RNA), this approach is generally deemed of great
potential interest for future applications, patent development, and clinical trials, and mouse xenotransplants
may be an important “shortcut” to application and technical streamlining.

Among possible application of mouse models we suggest: (1) studies on the relationship between the tumor
size and the plasma miRNAs content (e.g., miR-222/miR-221 ratios); (2) analysis of the “gateway” hypothesis
involved in the selection of released microRNAs (e.g., miR-221 and miR-222); (3) studies concerning the
possible local and systemic responses of normal cells and tissues to xenotransplant procedure (tumor
seeding); (4) analysis of the effects on miRNA plasma content on the susceptibility to experimental treatment
of xenografted mice with physical and/or chemotherapeutic agents; (5) verification of the selectivity of the
effects on plasma miRNA content of miRNA targeting and relative delivery approaches; (6) usage as key
tools for the comparison of different analytical strategies including, among others, different PCR/RT-qPCR
and NGS platforms, instruments and protocols, as well as PCR-free methods"****. Among possible limits of
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the mouse xenograft model systems here presented are the differences between man and mouse with respect
to ctDNA and microRNA dinamics in respect to their vasculature. Therefore we should carefully consider
the sharply different ratios between the dimension of implanted tumors, the mouse body weight and the
blood volume on one hand and those related the same parameters (i.e., tumor weight, body weight and blood
total volume) in CRC patients. In this respect the analysis of the miRNome in liquid biopsy obtained when
tumors of different dimensions are employed in mouse xenograft model systems might clarify whether the
ratio between tumor size and mouse body weight or blood volume might affect the results. This might also
be of interest for developing algorithms in human clinical settings.
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