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a b s t r a c t

We evaluated the changes in CTC count and CTC-associated miRNAs during the course of chemotherapy
in patients with metastatic colorectal cancer. Blood samples were collected from 9 metastatic colorectal
cancer patients prior to chemotherapy and at every other chemotherapy session during the course of
treatment. CTCs were isolated and enumerated using a size-exclusion method (CellSievo, Singapore).
CTC-associated miRNAs were isolated using a paper-based, partitioning method, and analyzed using
reverse transcription quantitative real-time PCR (MiRXES, Singapore). CTC count trends generally
correlated with disease progression defined by radiological measurements and trends in carcinoem-
bryonic antigen (CEA) levels; hence CTC counts may be useful in cases where CEA is not elevated. CTC-
associated miRNAs identified were miR-15b, miR-16, miR-19a, miR-21, miR-25, miR-30d, miR-126, miR-
185, miR-221, miR-222, and miR-324e5p. The expression of CTC-associated miRNAs did not appear to
correlate with CTC count and exhibited inter-individual heterogeneity. This pilot study suggests that
analysis of CTC changes during the course of treatment may be useful in monitoring response to therapy
in metastatic colorectal cancer.

© 2018 Published by Elsevier B.V.
Introduction

Colorectal cancer is the third most common cancer and the
fourth most common cause of cancer-related death worldwide [1].
First-line chemotherapy for metastatic colorectal cancer includes
the combinations of 5-fluorouracil, leucovorin, and irinotecan
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(FOLFIRI), 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX),
capecitabine and oxaliplatin (XELOX), and the combination of 5-
fluorouracil, leucovorin, oxaliplatin, and irinotecan (FOLFOXIRI)
[2]. The use of these combination therapies for metastatic colo-
rectal cancer have led to response rates of >50% and median sur-
vival of up to 2 years [3,4]. However, practically all metastatic
colorectal cancers eventually become resistant to chemotherapy
[5]. Therefore, the development of biomarker assays to predict
resistance and the identification of alternative strategies to over-
come chemotherapeutic resistance are important in reducing the
morbidity and mortality. Candidate predictive biomarkers for
chemotherapy include mutant TP53, thymidylate synthase (TS)
expression, amplified ERCC1, microsatellite instability (MSI), CpG
island methylator phenotype (CIMP), and mutant BRAF [6]. How-
ever, none of these are recommended in clinical guidelines as
companion diagnostics for colorectal cancer treatment [7] and
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require further validation studies.
Recently, targeted biologic therapies such as bevacizumab tar-

geting the vascular endothelial growth factor (VEGF) and cetux-
imab and panitumumab targeting the endothelial growth factor
receptor (EGFR) have demonstrated significant survival benefits in
metastatic colorectal cancer alone or in combinationwith cytotoxic
chemotherapy [8,9]. However, patients respond differently with
respect to efficacy and toxicity, therefore it is important to identify
biological biomarkers that can predict response to therapy and
hence identify patients that would benefit from the therapy. KRAS
and NRAS mutation status are clinically useful to predict response
to anti-EGFR therapy [7]. Other molecular markers such as PIK3CA
and BRAF are not yet established for prediction of response to
therapy [7].

Circulating tumor cells (CTCs) are cancer cells dislodged from
the primary tumor or its metastases and disseminated in the blood
stream [10]. CTCs can be isolated directly from peripheral blood,
obviating the need for invasive tumor biopsies [11]. Many studies
have shown that CTCs may be used to predict disease progression
and survival in metastatic cancer [12,13]. Molecular profiles ob-
tained from isolated CTCs can be correlated with treatment out-
comes [14] and may reveal druggable candidates. Despite advances
in technology that have allowed the development of assays for
using CTCs as biomarkers of disease progression and therapeutic
response, the kinetics of the changes in numbers and molecular
characteristics of CTCs over time remain poorly understood [15].
Because of these limitations, despite much evidence for their
prognostic value, CTCs have not yet been recommended clinically
to guide decisions on therapy as data demonstrating the clinical
utility of CTC-based tests are lacking [7,16].

MicroRNAs (miRNAs) are short (18-22-nucleotides) RNA that
bind to complementary sequences in the 30 untranslated region of
multiple target messenger RNAs [17]. By either blocking translation
or inducing target mRNA degradation, miRNAs regulate multiple
biological processes, and are implicated in pathological processes
[17]. SpecificmiRNA expression patterns are associatedwith cancer,
and miRNAs have been suggested as diagnostic and predictive
clinical biomarkers [18]. Few studies have examined the expression
of miRNA in CTCs [13,19], and to the best of our knowledge, there is
currently no published study on longitudinal CTC-specific miRNA
expression in metastatic colorectal cancer.

We previously reported a paper-based method to efficiently
extract miRNAs from CTCs [20]. Using this digital-PCR inspired
method, background miRNA expression was excluded from
contaminating blood cells, and CTC-specific miRNA expression
profiles were derived [20]. In this study, we evaluated the changes
in CTC count and CTC-associated miRNAs during the course of
chemotherapy in patients with metastatic colorectal cancer by
comparing with CEA levels and imaging results. We hypothesized
that CTC count and miRNA expression changes during the course of
treatment reflect response to therapy andmay be used to assess the
efficacy of ongoing treatment.

Materials and methods

Patients

This prospective single-institution study enrolled patients with
the following inclusion criteria:

1. Histologically proven metastatic colorectal carcinoma where
XELOX/mFOLFOX-6/XELIRI/FOLFIRI/XELOX þ bevacizumab/
mFOLFOX-6 þ bevacizumab/XELIRI þ bevacizumab/
FOLFIRI þ bevacizumab regimen is indicated and planned for
chemotherapy;
2. Patient age �21 years;
3. Measurable disease according to RECIST criteria or evaluable

disease;
4. A life expectancy of at least 3 months;
5. Patient signed informed consent.

A patient meeting any of the following criteria was excluded:

1. Patients who had not recovered from major surgery;
2. Uncontrolled intercurrent illness including, but not limited to,

ongoing or active infection, other serious uncontrolled
concomitant disease, psychiatric illness/social situation that
would limit study compliance, at the discretion of the
investigator;

3. Known allergies to any component of the drug regime;
4. Known dihydropyrimidine dehydrogenase deficiency.

At least 10mL of peripheral blood samples were collected in
spray-coated K2-EDTA vacutainer tubes from the patients at base-
line, before the start of the first chemotherapy session, and before
every other chemotherapy session, over the course of chemo-
therapy, until clinical or radiological determination of disease
progression as determined by the attending oncologist or one year's
duration, whichever was earlier. Evaluation of the clinical response
was performed by computed tomography according to RECIST
version 1.1 criteria [21]. Information about the number and sites of
metastases, carcinoembryonic antigen (CEA) levels in serum, tumor
genetics (KRAS mutation status of the tumor); clinical, radiological
and pathological data were gathered from the clinical records. The
study protocol was approved by the local ethics review board (NHG
DSRB 2014/00713).

CTC detection

The blood was diluted 1:1 with PBS/5 g/L BSA/2mM EDTA and
the diluted blood was filtered using a 40 mm cell strainer (Becton
Dickinson, USA) directly into the funnel filtration system and
filtered through the microsieve (CellSievo, Singapore) at a flow rate
of 500 mL of blood per minute (min), as described previously [22].
Four 1-mLwashes with PBS/5 g/L BSA/2mM EDTAwere performed,
followed by a 30-min incubation with a 100-mL antibody mixture
containing 20 mL 100mg/mL 40,6-diamidino-2-phenylindole (DAPI)
(Thermo Fisher Scientific, USA), 20 mL AlexaFluor-488 conjugated
anti-CD45 antibody (catalogue number: MCA87A647, AbD Serotec,
UK), 20 mL PE-conjugated anti-EpCAM (catalogue number: 324206,
BioLegend, USA), and 20 mL PBS buffer. This was followed by four 1-
mL washes with EDTA-free PBS/5 g/L BSA. CTCs were eluted in
500 mL PBS/5 g/L BSA from the microsieve by reversing the flow of
the pump and collected in sterile 1.5-mL tubes (Eppendorf, Ger-
many). The eluate containing a mixture of RBCs, WBCs and CTCs
was centrifuged at 2000 rpm for 5min. Most of the supernatant
was removed. The cell pellet was resuspended in 5 mL PBS/5 g/L
BSA. The eluate was spotted onto the wells of a MicroWell™ Min-
itray (catalogue number: 452256; Nunc, Denmark) with 0.5 mL in
each well. Each well was examined under a BX61 fluorescence
microscope (Olympus, Japan). WBCs fluoresced blue (DAPI) and
green (AlexaFluor-488 conjugated anti/CD45). CTCs fluoresced blue
(DAPI) and occasionally red (EpCAM) but not green. Using this
method, we have previously shown that CTC counts are signifi-
cantly higher in breast and colorectal cancer patients but not
healthy controls [20].

miRNA extraction

CTC-containing wells were pooled together for miRNA
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extraction using the Flinders Technology Associates (FTA®) Elute
card (GE Healthcare Life Sciences, UK), along with an equal number
of CTC-null wells to serve as background control, as described
previously [20]. A small piece of the FTA® Elute card
(5 mm� 5 mm) was pressed against the bottom of the microwell
with moderate force for 5 s (s) to soak up and lyse the cells. The
discs were transferred to fresh 1.5-mL Eppendorf tubes (Germany)
and washed in 500 mL 70% ethanol for 5min before drying. The
dried discs were soaked in 12e20 mL of diethyl pyrocarbonate
(DEPC)-treated water. miRNAs were eluted at 95 �C for 30min.
During the process, different forceps were used to handle the CTC-
containing and CTC-null samples respectively to avoid cross-
contamination.

CTC-associated miRNA analysis by RT-qPCR

Twenty-four miRNAs were analyzed in the CTC samples. These
were selected based on miRNA expression profiling in oxaliplatin-
resistant versus oxaliplatin-sensitive colorectal cancer cells [21]
and literature search for their roles in colorectal cancer (Table 1).
Reverse transcription (RT) was performed using stem-loop primers
(MiRXES, Singapore) [20,22] in three multiplexed reactions (group
A: miR-16, miR-21, miR-34, miR-93, miR-106a, miR-200c; group B:
miR-221, miR-222; group C: miR-15b, miR-19a, miR-25, miR-30a,
miR-30d, miR-100, miR-125b, miR-126, miR-185, miR-192, miR-
196b, miR-202, miR-215, miR-324e5p, miR-744, miR-601). 2 mL of
total miRNAs extracted from the FTA® elute card was used along
with 100 nM of each primer for each reaction in a total volume of
10 mL. The RT reaction was conducted at 42 �C for 30min, followed
by 95 �C for 5min using a thermal cycler (Eppendorf, Germany).
Real-time qPCR was performed on the 7900HT real-time PCR in-
strument (Thermo Fisher Scientific, USA) using IDEAL miRNA as-
says (MiRXES, Singapore). 2.5 mL of each 1:10 diluted cDNA sample
was subjected to qPCR in a total volume of 10 mL in 5X IDEALmiRNA
qPCR Master Mix with 1X miRNA-specific qPCR assays (MiRXES,
Singapore). Thermocycling of cDNAs was performed with 10min of
initial denaturation at 95 �C and 5min at 40 �C, followed by 40
cycles of 10 s denaturation at 95 �C and 30 s annealing/extension at
60 �C.

Each cDNA samplewas run in duplicates for the qPCR stage. Raw
threshold cycle (Cq) values were calculated using the 7500 software
v2.0.5 (Thermo Fisher Scientific, USA) with automatic baseline and
threshold settings. Only Cq values below 35 were used, without
modification; Cq values that were above 35 were taken as 35 for
calculation. The difference in Cq values was calculated for the two
fractions (DCq¼ Cq of CTC-containing wells - Cq of CTC-null wells).
Normalization was performed by calculating the mean DCq of all
miRNAs detected for each sample at each time-point and normal-
izing all miRNAs to the mean DCq (DDCq). Fold difference was ob-
tained (2-DDCq) and this value indicates the extent of miRNA
expression due to CTCs only. Using this method, we have previously
shown that CTC-associated miRNA expressions are significantly
higher in breast and colorectal cancer patients but not in healthy
controls [20]. A threshold for miRNA detection was set at the fold
difference of 2.30 (corresponding to DCq¼ -1.2), as previously
determined [20].

Results

Clinical characteristics of patients

All patients were diagnosed with colorectal cancer at clinical
stage IV with distant metastases and were treated with oxaliplatin-
based chemotherapy. A summary of the clinical characteristics of
the patients is shown in Table 2. Three patients had partial
response, four patients had stable disease and two patients had
progressive disease as determined by Response Evaluation Criteria
In Solid Tumors (RECIST) criteria [23].

Longitudinal monitoring of CTCs

Wemeasured CTC counts and CTC-associatedmiRNA expression
in patients during successive cycles of chemotherapy at every other
cycle. We compared CTC counts with CEA levels and patient
response to chemotherapy based on RECIST criteria. The changes in
CTC counts reflected the disease progression and/or response to
chemotherapy and correlated well with changes in CEA levels
(Fig.1). For case 1, the CTC counts remained stable while CT imaging
of the liver and lung metastases showed stable disease, then
increased significantly before the CT imaging showed progressive
disease (Fig. 1). In case 2, the CTC counts decreased as CT imaging
showed partial response of the liver metastases and colonic mass,
then increased before the CT imaging showed progressive disease
(Fig. 1). Similarly for case 3, the CTC counts decreased as the CT
imaging of the liver metastases showed partial response, then
remained relatively stable while the CT imaging showed stable
disease (Fig. 1). In cases 4, 6, 7 and 8, CTC counts decreased as CT
imaging showed decrease in size of metastases (partial response)
(Fig. 1). For cases 5 and 9, CTC counts were relatively stable
throughout the course of chemotherapy, while CT imaging showed
stable disease (Fig. 1). On the whole, the trend of CTC counts
increased together with CEA at times when there was progressive
disease (PD) clinically (cases 1, 2) and decreased when there was
partial response (PR) clinically (cases 2, 3, 6) and remained rela-
tively stable when there was stable disease (SD) clinically (cases 1,
3, 5, 9). These results suggest that trending CTC counts during the
course of chemotherapy in colorectal cancer may be useful to
monitor patient response and disease progression, especially in
cases where CEA levels may be uninformative (cases 4, 7 and 8).

CTC-associated miRNA expression

The expression of all 24 miRNAs screened in all 9 patients at all
time-points is shown in Fig. 2. CTC-associated miRNAs that were
expressed in majority of the patients across multiple time-points
include miR-15b, miR-16, miR-19a, miR-21, miR-25, miR-30d,
miR-126, miR-185, miR-221, miR-222, and miR-324e5p (Fig. 2). For
most patients, the expression of CTC-associated miRNAs appeared
transient and fluctuating during the course of chemotherapy
(Fig. 2). High levels of CTC-associated miRNA expression could be
observed when CTC counts were low, e.g., case 3, after 4th and 8th
cycle (Figs. 1 and 2), suggesting that few CTCs may have very high
levels of miRNA expressed.

Baseline CTC-associated miRNA expression did not appear to
correlate with initial tumor volume of metastases, baseline CTC
levels, or baseline CEA levels. The expression of CTC-associated
miRNAs longitudinally over the course of chemotherapy did not
appear to correlate with CTC count and exhibited inter-individual
heterogeneity.

Discussion

CTCs have been represented as “liquid biopsies” of solid tumors
and may potentially be used as biomarkers to assess the patient's
disease progression and response to therapy [10,11]. In order to
validate CTCs as biomarkers of prognostic significance, we inves-
tigated how CTC counts and CTC-associated miRNAs correlate with
established clinical parameters over the course of chemotherapy in
metastatic colorectal cancer patients. In this study we observed
that the changes in CTC counts reflected the disease progression



Table 1
Panel of 24 miRNAs analyzed and their roles in colorectal cancer.

miRNA Role(s) in colorectal cancer References

miR-15b Increased plasma miR-15b in metastatic CRC patients; Predicts metastasis in colorectal cancer [34] [35];
miR-16 Predicts relapse and poor survival in colorectal cancer [36]
miR-19a Promotes colorectal cancer proliferation; Associated with lymph node metastasis; Predicts resistance to FOLFOX chemotherapy [31] [32]

[37];
miR-21 Potential prognostic marker in colorectal cancer; Increased expression in colorectal cancer [30] [38]

[67];
miR-25 Upregulated in oxaliplatin-resistant HCT-116 cells; Increased expression in colorectal adenocarcinomas and metastases [21] [29];
miR-30a Downregulated in colorectal cancer [39] [40];
miR-30d Increased in 5-fluorouracil (5-FU) resistant colorectal cancer cells [41]
miR-34 Inhibits epithelial-to-mesenchymal transition (EMT); Downregulated in colorectal cancer [42] [43];
miR-93 Downregulated in oxaliplatin-resistant HCT-8 cells; Downregulation predicts poor prognosis in colorectal cancer; Increased expression in

colorectal cancer
[44] [45]
[46];

miR-100 Downregulation predicts poor prognosis [47]
miR-106a Initiates migration and invasion in colorectal cancer; Suggested fecal biomarker for colorectal cancer [48] [49];
miR-125b Prognostic marker in colorectal cancer; Confers resistance to 5-FU; Promotes metastasis [50] [51]

[52];
miR-126 Downregulation predicts poor prognosis [53]
miR-185 High expression associates with poor survival and metastasis; Inhibits proliferation of colorectal cancer cells [54] [55];
miR-192 Reduced expression in metastatic colorectal cancer cells; Downregulation predicts poor survival [56] [57];
miR-196b High expression correlates with poor prognosis [58] [59]

[60];
miR-200c High expression in metastatic colorectal cancer [60] [61]

[62];
miR-202 Upregulated in oxaliplatin-resistant HCT-116 cells; May predict response to neoadjuvant chemotherapy [21]] [63];
miR-215 Downregulation predicts poor survival; High levels predict poor survival [57] [64];
miR-221 Promotes colorectal cancer metastasis; Increased expression in colorectal cancer; Suggested fecal biomarker for colorectal cancer [65] [66]

[67];
miR-222 Upregulated in oxaliplatin-resistant HCT-116 cells; Downregulated in 5-FU resistant HCT-8 and HCT-116 cells [21] [44];
miR-324-

5p
Upregulated in oxaliplatin-resistant HCT-116 cells [21]

miR-601 Upregulated in oxaliplatin-resistant HCT-116 cells; Decreased plasma miR-601 in colorectal cancer [21] [68];
miR-744 Upregulated in oxaliplatin-resistant HCT-116 cells [21]

Table 2
Clinical characteristics of metastatic colorectal cancer patients. Baseline CTC and CEA values were obtained before the start of chemotherapy.

Case Gender Age Primary
Tumor

Metastases
(organs)

Total initial metastases
volume (mm)

Baseline CEA
(mg/L)*

Baseline CTC (count/
7.5 ml blood)*

KRAS Chemotherapy Response

1 Male 69 Rectosigmoid
colon

Lungs, liver 103 960 12 MUT XELOX Progressive
disease

2 Female 65 Ascending
colon

Lungs, liver 230 216.8 30 MUT XELOX Progressive
disease

3 Female 55 Sigmoid colon Liver 113 221.6 33 WT FOLFOX þ panitumumab Stable disease
4 Female 30 Rectum Lungs 16 0.9 49 WT XELOX Partial

response
5 Male 71 Sigmoid colon Lungs, liver,

brain
88.6 24.7 26 MUT FOLFOX Stable disease

6 Female 62 Sigmoid colon Liver 82 90.1 29 WT FOLFOX þ bevacizumab Partial
response

7 Male 73 Caecum Lungs, liver 13 3.6 16 MUT FOLFOX Stable disease
8 Male 58 Rectum Lungs, liver 66 17.2 41 MUT FOLFOX þ bevacizumab Partial

response
9 Male 54 Sigmoid colon Peritoneum 40 136.9 14 WT FOLFOX þ cetuximab Stable disease
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and/or response to chemotherapy and correlatedwell with changes
in CEA levels (Fig. 1). This suggests that CTC monitoring may be
useful to monitor the disease progression and response to
chemotherapy in metastatic colorectal cancer patients, together
with CEA levels. In this study we used a sievemethod that allows us
to obtain viable cells for miRNA isolation [20,24]. CTCs found in the
circulation may have undergone epidermal-to-mesenchymal
transition (EMT), a process in which CTCs lose their epithelial
markers such as CK and EpCAM [11,25]; and EMT has been sug-
gested to play a role in the metastatic process performed by CTCs
[25]. Therefore we included EpCAM-negative CTCs in the CTC
counts in order to capture CTCs that have undergone EMT and
CD45-negative, DAPI-positive cells regardless of EpCAM status
were all considered as CTCs [20]. It would be of interest to deter-
mine whether CTCs enumerated using other methodologies, such
as EpCAM-based antibody isolation [12,13], would show similar
changes that reflect disease progression and response to
chemotherapy.

The morphology of the CTCs may also reflect disease progres-
sion and response to chemotherapy. CTC clusters or circulating
tumor microemboli, groups of two or more CTCs that are present
together in blood, have been shown to increase distal metastases
[26]. In this study several CTC clusters were observed in addition to
single CTCs, however, because the aim was to rapidly enumerate



Fig. 1. Longitudinal monitoring of CTC count and CEA levels over the course of chemotherapy. CTC counts (open boxes) are normalized to CTCs per 7.5ml of blood. CEA levels (closed
boxes) are expressed in mg/L. PR¼ partial response, SD¼ stable disease, PD¼ progressive disease.

Fig. 2. Heatmap of CTC-associated miRNA expression in metastatic colorectal cancer patients over the course of oxaliplatin-based chemotherapy. Empty squares indicate no
expression of the miRNA. Shaded squares indicate expression of the miRNA in the patient at the particular time-point. Darker shade indicates higher miRNA expression. PR¼ partial
response, SD¼ stable disease, PD¼ progressive disease. The time-points are indicated as pre¼ baseline, before chemotherapy, 2nd¼ after 2nd cycle of chemotherapy, 4th¼ after
4th cycle of chemotherapy, 6th¼ after 6th cycle of chemotherapy, 8th¼ after 8th cycle of chemotherapy, 10th¼ after 10th cycle of chemotherapy, and post¼ post chemotherapy.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the CTCs to ensure viable cells for RNA extraction, the morphology
of the CTCs were not analyzed in detail. It would be of significance
to determine whether the presence of CTC clusters versus single
CTCs may influence disease progression, response to chemo-
therapy, or miRNA expression. Vimentin-positive CTCs detected by
a size-based platform have been shown to predict worse prognosis
in advanced colorectal cancer patients during chemotherapy [27]. It
would also be of interest to examine whether vimentin-positive
CTCs behave differently from vimentin-negative CTCs.

In this study, CTC-associated miRNA expression did not appear
to correlate with CTC count and exhibited inter-individual hetero-
geneity. We observed very high levels of miRNA expression by CTCs
at certain time-points and no miRNA expression at other time-
points (Fig. 2). This observation suggests that the expression of
miRNAs by CTCs may be a transient phenomenon, possibly due to
rapid synthesis and/or degradation of miRNA. Although the
observed transient expression of CTC-associatedmiRNAsmaymake
them unsuitable biomarkers for monitoring disease progression
and/or response to therapy in the clinical setting, we have identi-
fied certain miRNAs that are highly expressed by CTCs at certain
time-points (Fig. 2). This informationmay be useful to shed light on
the function of these miRNAs in the biology of cancer and
metastasis.

miR-25 showed the highest expression in cases 2, 6 and 8 at
time-points when the CTC counts increased (Fig. 2). miR-25 belongs
to the miR-92a family of highly conserved miRNAs with three
paralog clusters, miR-17-92, miR-106a-363, and miR-106b-25,
known for their roles in tumorigenesis and metastasis [28].
Increased miR-25 expression has been found in other studies to be
increased in colorectal cancer and associated with poor prognosis
[29]. miR-21 was also highly elevated in case 2 when CTC counts
increased before clinical confirmation of progressive disease (Figs.1
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and 2). miR-21 is a well-known oncomiRNA and has been reviewed
to be a promising biomarker in the diagnosis and prognosis of
colorectal cancer [30,38]. miR-19a also showed very high expres-
sion in case 2 (after chemotherapy) and case 4 (before chemo-
therapy) (Figs.1 and 2). miR-19a belongs to themiR-17-92 cluster of
the miR-92a family [28] and has been shown to be associated with
colorectal cancer proliferation [31] and metastasis [32]. miR-
324e5p was observed to be highly expressed in case 1 when CTC
count increased (Figs. 1 and 2). miR-324 has been less well studied
in cancer, with one report that miR-324e5p reduced growth and
invasion of colorectal cancer [33]. miR-34 [43], miR-93 [44] and
miR-100 [47] have been reported to be downregulated in meta-
static colorectal cancer; these miRNAs were not highly expressed in
the CTCs of most patients (Fig. 2). Downregulation of miR-126 has
been associatedwith poor prognosis [53]. In our studymiR-126was
expressed in CTCs from patients with partial response or stable
disease but not from patients with progressive disease (Fig. 2).
Functional studies need to be performed in order to understand the
molecular mechanisms and dynamism of expression of these
miRNAs in chemotherapy response/disease progression in meta-
static colorectal cancer.

There have been only a few studies on miRNAs expressed by
CTCs [13,19]. Sieuwerts and colleagues identified 28 miRNAs to be
measured with more than 10-fold higher expression in CTCs from
metastatic breast cancer patients relative to leukocytes [13]. Some
of these miRNAs included miR-100, miR-125b, miR-200c, and miR-
34a [13]. In this study, these same 4 miRNAs did not appear to be
very highly expressed at most time-points in the CTCs from the
metastatic colorectal cancer patients (Fig. 2), suggesting that the
miRNAs expressed by breast and colorectal cancer CTCs may be
different. Markou and colleagues found miR-21, miR-146a, miR-
200c and miR-210 to be expressed in CTCs from breast cancer pa-
tients, however none of themiRNAs correlatedwith overall survival
[19]. Taken together, these and our present study suggest that
cancer-related miRNAs are expressed in CTCs and may differ for
different cancer types.

An advantage of our study is that we have measured CTC
changes over multiple time-points over the course of chemo-
therapy, thus allowing better resolution of dynamism exhibited in
CTC count over the treatment duration. To our knowledge, this is
the first study demonstrating longitudinal monitoring of CTC-
associated miRNA expression in colorectal cancer. A limitation of
this study is that due to limited patient CTC sample, wewere unable
to perform technical replication and validation of miRNA analyses.
Another limitation is that this is a small study, with only 9 patients;
therefore our results need to be replicated in larger studies.
Although we have studied only 9 patients, the quality of data from
each patient obtained by longitudinal monitoring at multiple time-
points helps to derive better resolution of the dynamism of CTC and
CTC-related molecular changes involved, which may have impli-
cations for diagnosis and treatment [15].

Conclusion

In this pilot study, we have studied the changes in CTC counts
and CTC-associated miRNAs over the course of chemotherapy in 9
metastatic colorectal cancer patients. Our results suggest that
longitudinal monitoring of the dynamic CTC changes over the
course of the disease and treatment in metastatic colorectal cancer
may be useful in predicting patient response and disease progres-
sion. These results need to be validated in larger studies.
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