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A B S T R A C T

Circulating miRNA stability suggests potential utility of miRNA based biomarkers to

monitor tumor burden and/or progression, particularly in cancer types where serial biopsy

is impractical. Assessment of miRNA specificity and sensitivity is challenging within the

clinical setting. To address this, circulating miRNAs were examined in mice bearing human

SCLC tumor xenografts and SCLC patient derived circulating tumor cell explant models

(CDX). We identified 49 miRNAs using human TaqMan Low Density Arrays readily detect-

able in 10 ml tail vein plasma from mice carrying H526 SCLC xenografts that were low or

undetectable in non-tumor bearing controls. Circulating miR-95 measured serially in

mice bearing CDX was detected with tumor volumes as low as 10 mm3 and faithfully re-

ported subsequent tumor growth.

Having established assay sensitivity in mouse models, we identified 26 miRNAs that were

elevated in a stage dependent manner in a pilot study of plasma from SCLC patients

(n ¼ 16) compared to healthy controls (n ¼ 11) that were also elevated in the mouse models.

We selected a smaller panel of 10 previously reported miRNAs (miRs 95, 141, 200a, 200b,

200c, 210, 335#, 375, 429) that were consistently elevated in SCLC, some of which are re-

ported to be elevated in other cancer types. Using a multiplex qPCR assay, elevated levels

of miRNAs across the panel were also observed in a further 66 patients with non-small cell

lung, colorectal or pancreatic cancers. The utility of this circulating miRNA panel as an

early warning of tumor progression across several tumor types merits further evaluation

in larger studies.

ª 2015 The Authors. Published by Elsevier B.V. on behalf of Federation of European

Biochemical Societies. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations
cfDNA circulating cell-free DNA

CTC circulating tumor cell

CDX tumor xenografts derived from patient circu-

lating tumor cells

HNV healthy normal volunteers

SCLC small cell lung cancer

NSCLC non-small cell lung cancer

CRC colorectal cancer
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1. Introduction

Regularmonitoring of tumor burden and evolution is an impor-

tant component of personalized cancer treatment. Biomarkers

that have a high sensitivity and specificity to monitor changes

in disease status are required; but ideally these should be rela-

tively non-invasive and affordable allowing serial monitoring

of dynamic changes following therapy. MicroRNAs are small

(19e26 bp), non-coding RNAs important in the epigenetic con-

trol of translation and transcription. miRNAs can act as both

tumor suppressors and promoters (Ambros, 2004) and have

been associated with carcinogenesis, metastasis, and drug

resistance (Schwarzenbach et al., 2014). Analysis of miRNA

expression in tumors can help to identify the primary site of

origin in cancers with occult primaries (Ferracin et al., 2011),

and in a number of disease settings miRNAs have been shown

to have potential utility as diagnostic, prognostic, and predic-

tive biomarkers (Schwarzenbach et al., 2014).

miRNAs are released from the cell within membrane

bound particles (exosomes) or in conjunction with nucleotide

binding proteins, such as Argonaute proteins, that protect

them from degradation by circulating RNases (Arroyo et al.,

2011). Therefore it has been anticipated that miRNAs would

provide a stable circulating biomarker, which would provide

a specific and sensitive readout of tumor behavior

(Schwarzenbach et al., 2014). In support of this, miRNAs are

easily quantified in the circulation and different profiles are

seen between healthy controls and patients. Modeling based

on placental miRNAs suggested that as little as 0.3 g of tumor

tissue should be detectable in a 1 ml blood sample (Williams

et al., 2013), whilst abnormalities in the circulating profile

can be detected many years before the diagnosis of cancer

(Boeri et al., 2011; Sozzi et al., 2014). Levels of putative tumor

derived miRNAs have been found to correlate with the num-

ber of circulating tumor cells and levels of tumor derived pro-

teins (Madhavan et al., 2012; Roth et al., 2011).

However, a number of issues have arisen that have delayed

the implementation of these promising biomarkers into

routine clinical practice. Choice of sample matrix (i.e. plasma

or serum) and the assessment of the impact of variations in

sample processing are vital prior to qualification of a

biomarker (Greystoke et al., 2008; Wang et al., 2012). The pres-

ence in large amounts of miRNAs in normal components of

the blood, including platelets and red blood cells, mean that

the use of serum or hemolysis may unduly impact on subse-

quent analysis (Pritchard et al., 2012; Wang et al., 2012). Also
as qPCR based analysis of miRNAs is a quasi-quantitative

assay and there is no recognized ‘house-keeper’ circulating

miRNA, there have been problems with the normalization of

expression data and reproducibility between laboratories

(Leidner et al., 2013).

The use of murine models, harboring human tumors, al-

lows the identification of tumor derived miRNAs in the circu-

lation distinct from the background mouse miRNA (Mitchell

et al., 2008; Selth et al., 2012). For subcutaneous implants,

the models could demonstrate if circulating miRNAs accu-

rately reflect tumor growth (Waters et al., 2012). However,

given the importance of miRNAs in epigenetic control, many

miRNAs are highly conserved between species (Meunier

et al., 2013), and the extent to which human miRNAs can be

detected over the host background in the circulation of mice

bearing xenografts has yet to be determined. Therefore we

first set out to develop a robust protocol that allowed specific

profiling of human tumor miRNAs in microliters of tail vein

plasma. Having established base line sensitivities in the mu-

rine models, we then tested the methodology by applying it

to clinical samples from 82 patients with tumors that are chal-

lenging to biopsy and where minimally invasive biomarkers

are sought (SCLC, n ¼ 16, colorectal cancer, n ¼ 25, pancreatic

cancer, n ¼ 26, and NSCLC, n ¼ 15).
2. Material and methods

2.1. Xenograft models

All procedures were carried out in accordance with Home Of-

fice Regulations (UK) and the UK Coordinating Committee on

Cancer Research guidelines and by approved protocols (Home

Office Project license no. 40-3306). The CTC derived explants

(CDX) were established using 10 ml of blood from patients

with extensive SCLC. The sample was enriched for CTCs using

the RosetteSep Circulating Epithelial Cell cocktail and the

resulting cell suspension injected s.c. into one or both flanks

of 8e16 week old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ

(NSG) mice (Jackson Laboratories) as previously described

(Hodgkinson et al., 2014). Tumor growth was monitored along

with three-weekly tail bleeds (w20 ml) from prior to implanta-

tion to death including in mice where no CDX developed.

2.2. Subject recruitment

The study was carried out according to the Declaration of Hel-

sinki and International Conference for Harmonization of Good

Clinical Practice guidelines. Following ethical approval, pa-

tients who gave informed consent were recruited who were

receiving chemotherapy for SCLC, pancreatic cancer and colo-

rectal cancer or receiving radiotherapy for NSCLC (Christie

NHS Trust, Manchester and Clatterbridge Cancer Centre Liver-

pool, UK). Blood samples were taken immediately prior to

therapy and in the patients with NSCLC and CRC approxi-

mately 6 weeks after the initiation of therapy. Healthy volun-

teers were recruited to donate blood samples according to an

ethically approved protocol. The healthy individuals were age

matched with the colorectal cancer patients, and were a

mixture of male and female as for the patient cohort.

http://dx.doi.org/10.1016/j.molonc.2015.10.004
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Response was determined by a radiologist blinded to

biomarker data using the Response Evaluation Criteria in Solid

Tumours (RECIST).

2.3. Sample processing and microRNA extraction

Blood (6ml) was collected in EDTA tubes (BD Vacutainer�) and

processed within 4 h. Blood was centrifuged at 2000 � g for

10 min at 4 �C and the supernatant was centrifuged a second

time (2000 � g for 10 min at 4 �C) to obtain the final plasma

sample for storage (at �80 �C) and subsequent miRNA

extraction.

MicroRNA was routinely extracted from 200 ml plasma,

although up to 10 ml plasma was sufficient, using the miR-

Neasy kit (Qiagen) according to the manufacturer’s instruc-

tions for purification of total RNA, including miRNA. Briefly,

5 volumes of QIAzol Lysis Reagent were added to the plasma

samples (i.e. 1 ml QIAzol was added to 200 ml plasma), vor-

texed for 1 min and incubated at room temperature for

5 min. A synthetic plant (Arabidopsis thaliana, Life Technolo-

gies) aly-miR-159 ‘spike-in’ (12.5 pM) was added as an exoge-

nous control. Chloroform was then added an equal volume

to the starting material, (i.e. for 200 ml plasma, 200 ml chloro-

form) and vortexed thoroughly for 15 s to obtain a homoge-

nous mix. After incubation at room temperature for 3 min,

samples were centrifuged at 12,000 � g for 15 min at 4 �C.
The top, aqueous layer was transferred to a new collection

tube and 1.5 volumes of 100% ethanol added with thorough

mixing. The sample was applied to an RNeasy MinElute spin

column and centrifuged �8000 � g for 30 s and the flow-

through discarded. Thiswas followed by 3washes, with Buffer

RWT, Buffer RPE and 80% ethanol, using the above centrifuga-

tion parameters and discarding the flow-through each time.

The RNA (including the miRNA) was eluted in 14 ml of

RNase-free H2O and stored at �80 �C until further analysis.

2.4. Quantitative real-time polymerase chain reaction
(qRT-PCR) for individual miRNAs

Reverse transcription was performed using the individual

miRNA specific primers and the TaqMan miRNA Reverse

Transcription kit (Life Technologies), as per the manufac-

turer’s instructions. The relative levels of individual miRNAs

were assessed using quantitative real-time polymerase chain

reaction on the specific cDNA generated, using miRNA-

specific TaqMan primer-probes (Life Technologies), on an

ABI Prism 7900HT Sequence detection system using 2� Taq-

Man Universal Master Mix II, no Uracil N-glycosylase. The re-

actions were incubated at 95 �C for 10 min, followed by 40

cycles of 95 �C for 15 s and 60 �C for 1 min. Levels of the syn-

thetic spike-in, aly-miR-159, as well as the endogenous hsa/

mmu-miR-16, were used to assess the efficacy of extraction.

Levels of the 10-plex were reported as the geometric mean

of the 40-Ct values for the 10 miRNAs (Geomean10).

2.5. TaqMan low density arrays (TLDAs)

miRNAs were profiled by the TaqMan HumanMicroRNA array

Card Set v3.0 and MegaPlex chemistries (Life Technologies) as

per the manufacturer’s instructions. Briefly, 3 ml of RNA was
reverse transcribed, for each array, using the MegaPlex RT

kit and the TaqMan miRNA Reverse Transcription kit and

2.5 ml of the resultant cDNA was used in the pre-

amplification step. The pre-amplified product was diluted 1

in 4 in TriseEDTA buffer, and the levels of aly-miR-159 and

hsa/mmu-miR-16 were assessed, using the individual miRNA

assays (as described above), to determine the accuracy of

amplification. Of the diluted product, 9 ml of this was loaded

onto the TaqMan Low Density Arrays (TLDAs) plates A and

B, for relative quantitative PCR analysis. The qPCR was per-

formed on the 7900HT Sequence detection system. Initial

data output was in SDS software v2.4 (with a fixed threshold

setting of 0.2).

2.6. Quality control and validation

Prior to a clinical study, it was important to set steps to ensure

robust extraction and amplification and perform initial anal-

ysis on a data set, with technical replicates to validate the tech-

nique. With this in mind, two quality assessment points were

implemented prior to proceeding to TLDA analysis, with Step 1

testing miRNA extraction efficiency and Step 2 testing Mega-

Plex RT and PreAmp efficiencies (Supplementary material

Figure 1).

2.7. Normalization and statistical analysis

Normalization is a critical pre-analysis step for gene expres-

sion data analysis, particularly for high-throughput TLDA

data. Initially, any miRNAs with no evidence of any signifi-

cant expression in any subject’s samples (40-Ct < 4) were dis-

carded as having limited clinical utility. Results were

normalized to the geometric mean of all miRNAs and highly

expressed miRNAs (40-Ct > 10) to obtain the DCt value. Anal-

ysis of TLDA data including significance analysis of microar-

rays (SAM); hierarchal cluster analysis, and principle

component analysis was performed in MultiExperiment

Viewer (MeV, TM4.org). In order to reduce the possibility of

false positives and highlight miRNAs that were most likely

to be significantly elevated the SAM analysis was performed

with thresholds set for an estimated false discovery rate of

0. Principle component analysis was performed in MEV using

the recommended k-Nearest Neighbour algorithm optimized

for speed in median centering mode. Analysis of expression

of miRNAs assessed by qRT-PCR and receiver operating char-

acteristic curves were performed in GraphPad Prism v6.0

(GraphPad Software, San Diego California USA, www.graph-

pad.com) with probability values of P < 0.05 considered signif-

icant throughout.
3. Results

3.1. Establishment of a microscale plasma miRNA assay
and serial sampling of mouse tail vein blood

Initially, we determined theminimal volume required for reli-

able assessment of circulating miRNAs in mice in order to

assess the feasibility of serial blood sampling over time during

tumor growth. Tail vein blood collection can be used for

http://TM4.org
http://www.graphpad.com
http://www.graphpad.com
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weekly monitoring of mice harboring human tumors where

the volume of plasma available is typically only 10e30 ml.

We identified 2 endogenous miRNAs (hsa/mmu-miR-16, -21)

with consistent expression in healthy volunteers and mice

to assess the reliability of extraction and amplification out-

lined in Table 1. BothmiR-16 andmiR-21 are highly conserved

with identical mature sequences in the mouse and human

(Supplementary material Table 1).

hsa/mmu-Mir-16 and hsa/mmu-miR-21 along with the

exogenous aly-miR-159 were used to monitor extraction effi-

ciencies and confirm the sensitivity of the assay developed

(Supplementary material Figure 1 Step 1). Efficient miRNA

extraction was seen down to 10 ml plasma input with an

average 26 � 9% change in DCt signal compared to 200 ml.

This allowed us to proceed to the MegaPlex chemistry for Taq-

Man Low Density Arrays (TLDAs), with reverse transcription

and pre-amplification primer pools ofw750 different miRNAs.

A second step (Supplementary material Figure 1 Step 2) was

performed to check the amplification efficiency; faithful

amplification and good reproducibility was seen with all 3

miRNAs (hsa/mmu-miR-16, hsa/mmu-miR-21 and aly-miR-

159) with an average 21 � 4% change in the DCt signal. The

final workflow is outlined in Supplementary material

Figure 1. To ensure our developed assays were compatibility

with routine analysis of small plasma volumes therefore all

further mouse miRNAs analysis was carried out with a start-

ing 10 ml plasma volume.

3.2. Identification of xenograft specific miRNAs

We assessed whether it was possible to detect circulating hu-

man miRNAs in the plasma of mice bearing s.c. SCLC xeno-

grafts. The profile of miRNAs in pooled plasma collected at

the time of sacrifice from 10 SCID-Beige mice bearing s.c.

H526 xenografts measuring between 700 and 1200 mm3 was

compared to plasma pooled from 5 non-tumor bearing ani-

mals. TLDA analysis was performed on 10 ml of plasma miR-

NAs extracted from 3 separate aliquots to assess technical

variability.

There was low variability in the plasma miRNA repli-

cates analyzed both from tumor bearing and non-tumor

bearing animals. Three hundred and ten miRNAs were

detectable in non-tumor bearing animals, presumed to be

murine miRNAs with sufficient homology to human
Table 1 e Expression and reproducibility of miR-16 and miR-21
chosen as endogenous miRNAs to confirm efficient extraction and
amplification prior to TaqMan Low Density Array analysis
(expression given as 40-Ct).

Average
expression

Inter-subject
variability

Intra-subject
reproducibility

Healthy volunteers (n ¼ 20)

hsa-miR-16 16.7 � 0.6 16.8% 13.2%

hsa-miR-21 10.4 � 0.6 24.4% 16.6%

Mice (n ¼ 16)

mmu-miR-16 22.4 � 0.2 4% 1%

mmu-miR-21 17.0 � 0.4 8.0% 5.1%
miRNAs to be detected by the TLDA, with an average CV

(defined as the standard deviation/mean for each individual

miRNA) of 22 � 1%. Four hundred and thirty one miRNAs

were detectable in mice bearing tumors with an average

CV of 27 � 1%. Sixty five miRNAs were upregulated signifi-

cantly (relative to non-tumor bearing animals, P < 0.05); of

these 49 were low or undetectable in non-tumor bearing an-

imals from two different strains of mouse (SCID-Beige and

NSG), suggesting human origin (Supplementary material

Table 2).

3.3. Serial monitoring of miRNAs in SCLC CDX models

We recently developed SCLC patient derived CTC explant

models that display similar histology to matched diagnostic

biopsies and faithfully recapitulate patient responses to

chemotherapy (Hodgkinson et al., 2014). We next asked

whether the miRNAs elevated in blood of mice bearing tradi-

tional SCLC cell line xenograft tumors were also detectable

in these CDX models. The circulating miRNA profiles from

4 CDX grown s.c in NSG mice were compared to miRNA pro-

files of 3 non-tumor bearing animals and mice bearing xeno-

grafts from a further 2 established SCLC cell-lines (H1048

and Cor-106). Principle component analysis suggested a

wide variability in miRNA profiles although profiles from

non-tumor bearing mice clustered together and separately

from those mice bearing CDX or cell line xenografts tumor

implants (Supplementary material Figure 2). Thirteen miR-

NAs were found to be significantly over-expressed in the

CDX models compared to non-tumor bearing mice

(Figure 1A).

To determine the potential sensitivity of miRNAs for tumor

monitoring, the relationship between tumor burden and

circulating miRNAs was assessed in our preclinical models.

For this purpose, levels of circulating hsa-miR-95 was chosen

as this miRNA was undetectable in non-tumor bearing mice,

has no close murine homologue and was significantly

elevated in all xenograft models (Figure 1A) and previously re-

ported to be present in resected tumors from patients with

SCLC (Miko et al., 2009).

In the fast growing H526 xenograft model used to initially

screen for SCLC miRNAs (doubling time 4 days), circulating

miRNA could be detected by day 4 post implant with an

average tumor size of 60 mm3. Circulating hsa-miR-95 was

also able to monitor tumor growth in tumor models with

different growth kinetics. In the CDX models, where tumors

took from 2.4 to 4.4 months to become palpable (doubling

times from 5 to 21 days), circulating hsa-miR-95 was detect-

able shortly before or after measurable tumors were observed.

In CDX1 and CDX2, hsa-miR-95 plasma levels increased prior

to detection of palpable tumor (Figure 1B and 1C); in CDX3,

hsa-miR-95 was detected as the tumor reached 150 mm3

(Figure 1D) and in CDX4 bearing the most rapidly growing tu-

mor, the kinetics of increasing hsa-miR-95 levels mirrored

those of tumor volume (Figure 1E). Linear regression of Log-

hsa-miR-95 expression vs Log tumor volume in all mouse

models evaluated, showed a significant correlation and sug-

gested that the lower limit of detection of hsa-miR-95 was at

approximately 10 mm3 of tumor (95% CI 6e15 mm3)

(Figure 1F).

http://dx.doi.org/10.1016/j.molonc.2015.10.004
http://dx.doi.org/10.1016/j.molonc.2015.10.004
http://dx.doi.org/10.1016/j.molonc.2015.10.004


Figure 1 e miRNA analysis of 10 ml plasma samples using TaqMan Low Density. A. Heat-map of the circulating levels of the 13 miRNAs

significantly upregulated in bearing NOD scid gamma (NSG) mice bearing explants derived from human SCLC circulating tumor cells (CDX

explants; n [ 4) compared to non-tumor bearing animals (n [ 3). B to E. Changes following implantation in the individual expression of

circulating hsa-miR-95 in 10 ml of plasma from tail vein bleeds from 4 mice bearing explants derived from human SCLC circulating tumor cells

compared to estimated tumor volume (measured with calipers). F. Correlation of circulating hsa-miR-95 in 10 ml of plasma compared to tumor

volume across SCLC xenograft models (4 CTC explants and H526 cell line). miRNA levels were assessed using TaqMan Low Density Arrays

(Human Pool A and B) and normalized to global expression of miRNA.
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3.4. Identification of SCLC clinically relevant miRNAs

Having verified the ability of our protocol to identify miRNAs

that accurately monitored tumor burden in mice bearing

CDX, we analyzed blood samples donated by patients with

SCLC prior to the initiation of chemotherapy. TLDA analysis

was performed on 200 ml of plasma donated from 16 patients

with SCLC (4 limited stage disease, LD; 12 extensive stage dis-

ease, ED). The circulatingmiRNA profile was compared to that

observed in 200 ml of plasma from 11 healthy volunteers. Prin-

ciple component analysis of the circulating miRNA profiles

suggested extensive patient to patient variability amongst

the 16 SCLC patients but with the 11 healthy volunteers clus-

tering separately (Figure 2). The 4 LD patients also clustered

together and tended to be closer to the profiles of healthy vol-

unteers than ED patients. In order to determine which miR-

NAs distinguished between healthy volunteers, patients

with LD and patients with ED; SAM analysis was performed

with an estimated FDR of 0. This identified 29miRNAs deregu-

lated in a stage dependent manner (3 down regulated and 26

upregulated; Figure 3). The 26 upregulated miRNAs were also
found to be significantly elevated in the 7 SCLCmousemodels

(xenografts and CDX) compared to non-tumor bearing ani-

mals (Two-way ANOVA; P < 0.0001).

3.5. Establishment of a rapid sensitive clinical miRNA
assay

TLDA analysis is not amenable for routine clinical use due to

cost and slow singleplexed throughput. The qRT-PCR protocol

we established (described above), allows simultaneous

assessment of 7 miRNAs across multiple clinical samples

(2 ml of sample in a 15 ml RT reaction, containing enzyme,

buffer, dNTPs and the 7 miRNA RT primers, followed by

qRT-PCR on 1 ml of the RT reaction, containing cDNA, in dupli-

cate). The inclusion of both endogenous (hsa-miR-16) and

exogenous controls (aly-miR-159) allowed assessment of 5

disease related miRNAs in each multiplexed assay. We

decided on performing 2 multiplex assays for each clinical

sample with each assay assessing 5 disease related miRNAs

and the 2 reference miRNAs, allowing cheap and quick anal-

ysis on 10 miRNAs of interest.

http://dx.doi.org/10.1016/j.molonc.2015.10.004
http://dx.doi.org/10.1016/j.molonc.2015.10.004
http://dx.doi.org/10.1016/j.molonc.2015.10.004


Figure 2 e Principle component analysis of 754 miRNA levels in patient

plasma. For each donor 200 ml of plasma was used for miRNA

isolation. Samples shown are from patients with SCLC (4 with

limited disease, 12 with extensive disease) and HNV controls

(n [ 11). miRNA levels were assessed using TaqMan Low Density

Arrays (Human Pool A and B) and normalized to global expression of

miRNA.
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We chose 10 miRNAs that we had either identified in the

preclinical models or identified in patients’ profiles and that

had previously been reported as elevated either in SCLC tu-

mors or cell-lines (Supplementary material Figure 3 and

Supplementarymaterial Table 2). This included all 5 members

of the hsa-miR-200 family (miR-200a, miR-200b, miR-200c,

miR-141, and miR-429) and also hsa-miR-95, hsa-miR-210,

hsa-miR-335#, and hsa-miR-375.

Some of the miRNAs we had identified in this miRNA 10-

plex had been reported as elevated in the circulation of pa-

tients with other malignancies including CRC (Cazzoli et al.,

2013; Chen et al., 2014, Chen et al., 2013; Cheng et al., 2013;

Li et al., 2010; Madhavan et al., 2012; Toiyama et al., 2014).

We hypothesized that these miRNAs might reflect disease

burden in a range of patients with epithelial tumors. To

explore this possibility, the miRNA 10-plex was measured in

plasma samples taken from 66 patients with pancreatic can-

cer, NSCLC and colorectal cancer, prior to therapy. This anal-

ysis confirmed similar elevation of these miRNAs across a

number of diseases (Figure 4A and Supplementary material

Table 3). In keepingwith the potential tomonitoring of disease

burden, the 10-plex was elevated in a stage specific manner in

patients with colorectal cancer; patients with resected stage 3

cancer had significantly lower levels (geometric mean of 10-

plex expression Geomean10 6.0 � 0.5) than patients with met-

astatic disease (Geomean10 9.1 � 0.6) although still
significantly higher than in healthy volunteers (Geomean10

0.9 � 0.1) (P < 0.0003; Figure 4B).

The use of the 10-plex improved the accuracy of the assay

to distinguish between healthy volunteers and patients with

low disease burden, and between these patients and those

with stage 4 disease over the analysis of any single miRNA

within the 10-plex (Supplementary material Table 4). The 10-

plex has a sensitivity of 98% at a 100% specificity to distinguish

patients with stage 4 cancer from healthy volunteers (AUC for

the ROC 0.99 � 0.1; P < 0.0001) and 82% sensitivity at a 100%

specificity to detect patients with stage 3 disease from healthy

volunteers (AUC for ROC 0.97 � 0.03; P < 0.0001). The 10-plex

was able to distinguish between patients with stage 3 and

stage 4 disease with a sensitivity of 73% at a specificity of

100% (AUC for ROC 0.88 � 0.04; P < 0.0001).

Matched plasma samples were available from 6 weeks af-

ter the initiation of therapy in the patients with CRC and

NSCLC. In the patients with CRC levels fell significantly 6

weeks following treatment with chemotherapy (mean change

in Geomean10 e 1.7 � 0.6; P < 0.01) towards levels seen in pa-

tients with stage 3 disease (Figure 4B). Larger decreases in

miRNAs were seen in patients who derived clinical benefit

from therapy (mean change in Geomean10 e 2.0 � 0.6) whilst

levels remained relatively static in patients with progressive

disease (mean change in Geomean10 e þ0.2 � 0.6) at this 6

week time-point; although in this small substudy this was

not a significant change, it is provocative andwarrants further

investigation in a larger cohort. Less marked changes were

seen in the patients with NSCLC treated with radiotherapy

(mean change Geomean10 in patients with clinical benefit of

�0.4 � 0.4 compared to progressive disease þ0.6 � 0.3).
4. Discussion

We have developed and begun to evaluate a circulating

miRNA panel intended asminimally invasive epithelial tumor

monitoring tool; this was performed in a stepwise fashion

building evidence from preclinical models and translating

data to a pilot study in cancer patients. A number of studies

have shown differences in circulatingmiRNAprofiles between

patients with cancer and healthy controls, but the clinical util-

ity to monitor an individual patient course once diagnosed

with cancer is not certain. In particular, the relative contribu-

tions to the miRNA profile from the tumor and from the host

are unclear. Mice bearing human SCLC tumors supported

our identification of tumor associated miRNAs in the circula-

tion and demonstrated the close relationship between circu-

lating miRNAs and tumor volume. The sensitivity of this

approach is strongest evaluating miRNAs where the human

sequence differs from the murine homolog.

Concern has been raised about analytical variability in

measurement of miRNAs (Duttagupta et al., 2011; Pritchard

et al., 2012; Wang et al., 2012). We identified quality controls

that can be routinely used to assess robustness of extraction

and amplification prior to expensive and time-consuming

TLDA analysis. When using appropriate quality controls, we

showed that technical variability is small (similar to other

studies such as Stratz et al., 2012) and able to pick out changes

in an individual patient course.
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Figure 3 e Heat-map of the circulating levels of 29 miRNAs showing significant differences in expression between SCLC and HNV samples. miRNA

levels assessed using TaqMan Low Density Arrays (Human Pool A and B) and normalized to global expression of miRNA. miRNAs subsequently

selected for inclusion in the 10-plex are underlined.

Figure 4 e Combined expression of a 10 miRNA panel across a range of cancer types. A. Geometric mean of the selected miRNA panel in patients prior

to therapy with SCLC (n [ 12), NSCLC (n [ 15), CRC (n [ 24), pancreas cancer (n [ 26) compared to HNV controls (n [ 11). B. Geometric

mean of the selected miRNA panel in Early CRC patients following resection for stage 3 cancer (n [ 7) compared to patients with colorectal

cancer prior to and following 6 weeks of cytotoxic chemotherapy (N [ 24) and healthy volunteers (n [ 11). For all samples described miRNA

preparations were made from 200 ml plasma and a portion subjected to RT qPCR of for a panel of 10 miRNAs consisting of: miR-200a, miR-200b,

miR-200c, miR-141 miR-429, hsa-miR-95, hsa-miR-210, hsa-miR-335#, and hsa-miR-375 (see text for details). For each sample the geometric

mean of all 10 miRNAs was calculated and *** indicates any clinical group significantly elevated compared to HNV controls (ANOVA;

P < 0.0001).
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In addition we have shown that this technology can be

used robustly with as little sample volume as 10 ml plasma.

This is lower than previous studies assessing miRNAs in

mouse models (range 50e100 ml) (LaConti et al., 2011;

Mitchell et al., 2008; Selth et al., 2012; Waters et al., 2012)

and is more readily allows serial analysis in bloods taken

from preclinical studies. Applications here include testing

new therapeutics in preclinical models and identification of

potential predictive or response miRNA biomarkers.

Previous models have identified tumor related miRNAs in

xenograft models but have either not confirmed their utility

in the patient population, or struggled to link tumor burden

with circulating miRNA levels (Mitchell et al., 2008; Selth

et al., 2012; Waters et al., 2012). We were able to measure

circulating tumor miRNAs in mouse blood that were associ-

ated with tumor and detectable at the time when s.c. tumors

became palpable. Our sensitivity for miRNA detection was

higher than that reported for human circulating free DNA in

a xenograft model (10 mm3 cf. to 60 mm3 e see Gorges et al.,

2012).

miRNAs within the tumor are expressed in a tissue specific

manner (Ferracin et al., 2011), but it is not certain whether

miRNAswithin the circulation differ according to tumor origin

and histology. Unsurprisingly, different miRNA profiles are

seen between the circulation and tumor (Waters et al., 2012);

however several studies including the work presented here

suggest that the circulating profile is at least in part tumor

derived (LaConti et al., 2011). We have identified a small panel

of circulating tumor miRNAs initially in SCLC using both clin-

ical and preclinical models, which proved to also be elevated

in patients with pancreatic, NSCLC, and colorectal cancers.

These miRNAs have also been reported as elevated in the cir-

culation in patients with a wider range of malignancies

including NSCLC, ovarian, prostate, and breast cancer

(Cazzoli et al., 2013; Chen et al., 2013; Cheng et al., 2013; Li

et al., 2010; Madhavan et al., 2012; Toiyama et al., 2014). Of

note, hsa-miR-200a, hsa-miR-200b, hsa-miR-200c, hsa-miR-

210 and hsa-miR-375 correlated with CTC count (using the

CellSearch platform) in breast cancer (Madhavan et al., 2012).

The miR-200 family are important in the control of EMT,

and are involved in a negative feedback loop with Zinc finger

E-box-binding homeobox (ZEB) 1 and 2 (Hill et al., 2013). In

spite of the fact that miR-200 suppresses EMT (Zhu et al.,

2012), elevated miR-200 actually leads to increased levels of

metastases in animal models (Korpal et al., 2011) suggesting

that the miR-200 family may be important in tumor EMT plas-

ticity that is vital for metastasis (Hill et al., 2013). MiR-210 is a

hypoxia-induced miRNA, a target of HIF-1a, which is over-

expressed in the majority of solid tumors (Devlin et al.,

2011). Circulating hsa-miR-210 has been reported to be

elevated in patients with a number of malignancies including

prostate cancer, CRC, and pancreatic cancer (Chen et al., 2014;

Cheng et al., 2013; LaConti et al., 2011). In CRC, levels of hsa-

miR-210 normalize following surgery or chemotherapy and

then increase again with progression of the disease (Chen

et al., 2014). Relatively little is known about hsa-miR-95 but

it has been shown to be associated with proliferation and dif-

ferentiation in a number of preclinical models (Huang et al.,

2011; Li et al., 2012a) and elevated in SCLC tumors (Miko

et al., 2009). The other miRNAs identified in the panel (hsa-
miR-195, hsa-miR-335#, hsa-miR-375) were unexpected as

they had previously been reported as a tumor-suppressor

miRNAs. Levels of hsa-miR-375 have been found to be

decreased in a number of tumors particularly those related

to smoking including NSCLC, head and neck, and esophageal

cancers (Li et al., 2012b; Siow et al., 2013; Wu et al., 2013) and

a recent report details lower levels of circulating hsa-miR-

375 in patients with NSCLC (Yu et al., 2014). However, hsa-

miR-375 has been also reported to be elevated in a number

of tumor types including SCLC (Miko et al., 2009). In pancreatic

cancer where levels were decreased in tumor compared to

both premalignant lesions and normal pancreas, hsa-miR-

375 levels were elevated in the circulation and fell following

chemotherapy (LaConti et al., 2011). Similarly the tumor sup-

pressor miR-195 has been associated with the development

of chemotherapy resistance (Dai et al., 2011; Ujifuku et al.,

2010) and elevated circulating hsa-miR-195 has been reported

in prostate cancer and breast cancer (Heneghan et al., 2010;

Mahn et al., 2011).

The finding thatmiRNAs can be used tomonitor tumor vol-

ume in murine models has immediate utility with the

increasing development of patient derived orthotopic tumors,

particularly where the primary tumor cells are difficult to label

for intra-vital imaging. A simple method of monitoring ortho-

topic tumor growth to determine the optimum time for drug

dosing would be beneficial in this setting and could be per-

formed by serial sampling of tail veins and miRNA analysis.

In the clinical setting circulating miRNAs may be particu-

larly useful in low disease volume settings, if miRNA sensi-

tivity is proven superior to detectable circulating tumor cells,

proteins, and cfDNA. This could include identifying patients

who have had potentially curative resections who would

benefit from adjuvant therapy, or on the completion of pallia-

tive chemotherapy highlighting patients most likely to benefit

from maintenance therapy. The potential of circulating miR-

NAs in this low tumor volume setting was recently shown

by the added benefit of serum miRNAs over low dose CT in

screening high-risk patients for lung cancer (Sozzi et al.,

2014). The potential of miRNA to monitor the tumor during

therapy is less clear. The effects of chemotherapy on miRNA

expression are complicated (Svoboda et al., 2008; Zhang

et al., 2012), and even in non-tumor bearing mice changes in

possible biomarkers of disease burden can be seen (LaConti

et al., 2011).

In summary, we have identified a panel of 10 circulating

miRNAs that are elevated in patients with cancer. The identi-

fication of potential biomarkers with overlap in both preclini-

cal and the clinical setting provides additional evidence for

the potential uses of miRNAs. The pilot clinical substudy

now warrants further evaluation of the panel of miRNAs as

a measure of tumor progression in larger patient cohorts.
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