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Circulating microRNA profile predicts disease progression
in patients receiving second-line treatment of lapatinib
and capecitabine for metastatic pancreatic cancer
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Abstract. Patients exhibiting pancreatic cancer possess poor
rates of survival. Therefore, the identification of a biomarker that
can be measured non-invasively and be used to predict patient
outcomes is required for the successful treatment of pancre-
atic cancer. The present study evaluated serum microRNA
(miRNA/miR) profiles in patients exhibiting pancreatic cancer,
who were treated with lapatinib and capecitabine in a phase II
trial. Serum samples were collected for the measurement of
a panel of miRNAs (miR-21, miR-210, miR-221 and miR-7)
associated with the epidermal growth factor receptor (EGFR)1
and human epidermal growth factor receptor (HER)2 pathways.
Preclinically, human pancreatic cancer PANC-1, MIA PaCa-2
and BXCP-3 cell lines were utilized for miRNA and drug resis-
tance studies. In total, 6/17 patients treated experienced disease
progression following 2 cycles of treatment [non-responders
(NRS)], while another 6/17 patients exhibited a stable disease
state and received >4 cycles of treatment [responders (RS);
range, 4-22 cycles]. Five patients withdrew from the study due to
severe toxicity or mortality. The mean overall survival time was
6.5 vs. 10.4 months for NRS and RS, respectively. Significant
upregulation of serum miRNAs at earlier time points (3-6 weeks)
was observed in NRS. miRNA levels increased with cancer
progression, and lapatinib and 5-fluorouracil (5-FU; the active
form of capecitabine) treatment increased the miRNA levels
(specifically miR-210 and miR-221) in the treatment-resistant
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pancreatic cancer PANC-1 and MIA PaCa-2 cell lines. However,
lapatinib and 5-FU treatment did not increase the miRNA
levels in the treatment-sensitive BXPC-3 cell line. Inhibition
of miR-221 increased the sensitivity of the PANC-1 cells to
treatment. In conclusion, an increase in specific serum miRNAs
was associated with resistance to lapatinib and capecitabine
treatment. Additional investigation is required with regard
to the application of the miRNA panel investigated in the
present study as a potential predictor of patient responses to
anti-EGFR/HER?2 treatment.

Introduction

More than 37,000 individuals develop pancreatic adenocarci-
noma annually in the United States, and the majority of these
succumb to the disease due to its aggressive characteristics and
the fact that a large number of patients present with relatively
advanced disease. The 5-year survival rate of patients with
pancreatic adenocarcinoma is <5%, therefore, improved medical
intervention is required (1,2). Surgical resection offers the only
option for a cure, however, resectable disease is exhibited by
only 15-20% of patients at the time of the initial diagnosis; the
majority of patients present with locally advanced or metastatic
cancer (1,2). Effective systemic therapy is key for prolonging
the survival of patients exhibiting advanced pancreatic cancer.
Increased expression of the first member of the ErbB family
to be identified, epidermal growth factor receptor (EGFR), and
its ligand, epidermal growth factor (EGF), have been detected
in 40-60% of human pancreatic cancer cases. The co-expres-
sion of EGFR and its ligand has been identified as a predictor
of a poor prognosis (3). The targeting of EGFR with the tyro-
sine kinase inhibitor erlotinib demonstrated a marked survival
benefit when combined with gemcitabine treatment, compared
with gemcitabine treatment alone (4). Human epidermal
growth factor receptor 2 (HER2; ErbB2)-targeted therapy has
been demonstrated to significantly improve clinical outcomes
in breast and gastric cancer (5,6). A total of 20% of pancreatic
cancers demonstrate HER2 overexpression. When monoclonal
antibodies were utilized to target EGFR and HER2 synergisti-
cally in xenograft models, augmented inhibition of tumor
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progression was observed, compared with single monoclonal
antibody treatment (P=0.006) or no treatment (P=0.0004), and
a number of complete remissions were evident (7).

Lapatinib is a tyrosine kinase inhibitor, which binds EGFR
and HER2 (8). In an international phase III trial of HER2-posi-
tive breast cancers, treatment with lapatinib and capecitabine
[pro-drug of 5-fluorouracil (FU)] significantly improved the
time to progression, compared with capecitabine treatment
alone (9). Therefore, in the present study, a single-arm phase 11
study was conducted, in order to evaluate the combination of
lapatinib and capecitabine for the second-line treatment of
metastatic pancreatic cancer.

Biomarkers that predict responses to anticancer therapy
have been sought in order to identify effective treatments
and understand the mechanisms of resistance. MicroRNAs
(miRNAs/miRs) are small (~22-nt), non-coding RNAs that
possess a significant role in the control of a wide range of
cellular processes, including apoptosis, cell proliferation, the
regulation of embryonic stem cell development and cancer cell
invasion (10). A number of studies have revealed that miRNA
signatures may be used for distinguishing between various
cancers, and additionally for defining the prognosis (11,12).
A previous study revealed that, unlike a number of other
biomarker types, circulating miRNAs are stable, making
them reliable and robust biomarkers for cancer (13). Specific
miRNAs (including miR-21, miR-221, miR-210 and miR-7)
have been implicated as downstream effectors of the EGFR and
HER?2 signaling pathways (12-17). The aim of the present study
was to investigate whether the levels of the aforementioned
miRNAC(s) in blood are able to predict the clinical outcome
for patients receiving lapatinib and capecitabine treatment,
and to evaluate how this group of miRNAs contribute to the
resistance to lapatinib and capecitabine treatment in patients.

Materials and methods

Patients and clinical study design. A total of 17 patients
with metastatic, gemcitabine-refractory pancreatic cancer
were recruited at the Lombardi Comphrensive Cancer Center
(Washington, USA) between March 2009 and September 2013.
The patient cohort included 13 males and 4 females, with a
mean age of 61 years (range, 52-73 years). All patients received
continuous treatment with lapatinib (1,250 mg, daily) and
capecitabine (1,000 mg/m?, twice daily) on days 1-14 of each
21-day cycle until disease progression occurred or the patients
were unable to tolerate chemotherapy. The primary endpoint
was median overall survival (OS). Serum samples were
collected at baseline (before treatment) and every 3 weeks
during the study for miRNA analysis. This study was approved
by the Institutional Review Board of Georgetown University
(Washington, USA) (IRB#CR00000441/ 2008-437) and
written informed consent was obtained from all patients.

Cell culture and pharmacological agents. Human pancre-
atic cancer PANC-1, MIA PaCa-2 and BXCP-3 cell lines
were purchased from the American Type Culture Collec-
tion (Manassas, VA, USA), and maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS)
(Gibco; Thermo Fisher Scientific Inc., Waltham, MA, USA).
All cells were cultured at 37°C in 5% CO,, with 100%
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humidity. The cells were treated with 4 yM lapatinib and
16 uM 5-FU, or with anti-miRNA oligonucleotides (AMOs)
or a vehicle control at various doses at 37°C, and analyzed
following 72 h of incubation. Lapatinib was purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) and 5-FU
was obtained from Sigma-Aldrich (St. Louis, MO, USA), and
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium was obtained from Promega
Corp. (Madison, WI, USA). The AMOs hsa-miR-221-3p
(MIMATO0000278) and hsa-miR-210 (MI10000286), and the
negative control (scrambled sequence) were purchased from
Thermo Fisher Scientific Inc.

Cell survival assay. The cells were seeded into 96-well plates
at a density of 1x10* cells/well in 50 ul RPMI 1640 medium
with 10% FBS (Gibco; Thermo Fisher Scientific Inc.), and
incubated for 24 h at 37°C. Subsequently, the cells were
exposed to lapatinib and/or 5-FU at increasing concentrations
(0.25, 1, 4 and 16 yuM) in an additional 50 xl medium. Cell
survival was assayed following 72 h of incubation using a
CellTiter 96® Aqueous One Solution Cell Proliferation Assay
kit (Promega Corp.). Measurements were performed in accor-
dance with the manufacturer's protocols. Assessment of cell
survival rate was recorded as the relative colorimetric change
measured at 570 nm using a VICTOR2 Multilabel Counter
(PerkinElmer Finland, Turku, Finland).

Transfection with hsa-miR. Transfection of the cells with
hsa-miR was performed using Lipofectamine® RNAIMAX
reagent (Invitrogen; Thermo Fisher Scientific Inc.) according
to the manufacturer's transfection protocol. Briefly, the cells
were seeded into 6-well (2x10° cells/well) plates prior to trans-
fection. Following 24 h of incubation, hsa-miR or scrambled
sequence were diluted in serum-free medium, and incubated
with Lipofectamine RNAiMAX reagent for 10 min at room
temperature. Complexes were added dropwise onto cells. Cell
survival was assayed 72 h after transfection. Knockdown
of miRNA levels was determined using quantitative poly-
merase chain reaction (QPCR). Briefly, total RNA enriched
in miRNA was prepared from cell pellets (~10° cells) using
the miRNAeasy Mini Kit (Qiagen, Inc., Valencia, CA, USA).
miRNA levels were determined following conversion of RNA
to cDNA using a RT? miRNA first strand kit (Qiagen, Inc.).
cDNA was amplified using the Applied Biosystems 7900HT
Fast Real-Time PCR system (Thermo Fisher Scientific Inc.),
SYBR gPCR reaction mixture and miRNA specific primers
(Qiagen, Inc.). PCR was performed under the following
conditions: Initial denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for
30 sec (18,19). U6 spliceosomal RNA served as an internal
control, and data was quantified using the comparative Cq
method (20).

In order to determine the effects of hsa-miR pretreatment
on cell sensitivity to lapatinib and 5-FU, the PANC-1 cells were
seeded in 100-mm dishes at an initial density of 5x10° cells and
transfected with hsa-miR or scramble sequence for 24 h. The
cells were subsequently collected and transferred to a 96-well
plate (1x10* cells/well). Lapatinib (4 M) and 5-FU (16 uM)
were added in a combined concentration following 24 h of
incubation, with 5 replicate plate columns per treatment.
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Figure 1. Heat maps demonstrating the differential expression of circulating miRNAs between responders and non-responders. The miRNA expression
analysis was performed for miR-21, miR-210, mir-221 and miR-7 using quantitative polymerase chain reaction. (A) miRNA expression data at all time points
expressed as PCA. (B) Representation of miRNA expression data at early time point only. Data from progressive and stable groups are represented by red and
blue symbols, respectively. (C) Principal component analysis with measurements of circulating miRNA at all time points. Data from progressive and stable
groups are represented by red and blue symbols, respectively. miRNA/miR, microRNA; PCA, principal component analysis.

Following 72 h of treatment, cell survival was determined
using the CellTiter 96® Aqueous One Solution Cell Prolifera-
tion Assay kit (Promega Corp.), as described above.

Reverse transcription-gPCR of miRNA. Total RNA was
isolated from the serum of patients or cells using the QLA zol™
reagent (Qiagen, Inc.) as previously described (18,19). The
miRNA expression analysis was performed using qPCR
analysis as previously reported (18,19). Briefly, serum samples
were mixed at a ratio of 1:10 with QIAzol™ lysis reagent and
vortexed for 1 min using a mini vortexer (Thermo Fisher
Scientific, Inc). Cell pellets (~10° cells) were mixed with 1 ml
QIAzol™ reagent (Qiagen, Inc.). The lysates were extracted
using CHCI; and the aqueous phase was further processed,

removing phenol and other contaminants, to obtain total
RNA enriched in miRNA using the miRNAeasy Mini Kit
(Qiagen, Inc.). miRNA levels were determined following
conversion of RNA to ¢cDNA using the RT? miRNA first
strand kit (Qiagen, Inc.) followed by amplification of cDNA
in the Applied Biosystems 7900HT Fast Real-Time PCR
system (Thermo Fisher Scientific, Inc.) using SYBR qPCR
reaction mixture and miRNA specific primers (Qiagen, Inc.).
Amplification of cDNA was performed under the following
conditions: Initial denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for
30 sec (18,19). U6 spliceosomal RNA served as an internal
control, and data was quantified using the comparative Cq
method (20).
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Figure 2. Sensitivities of the BXCP-3, MIA PaCa-2 and PANC-1 human pancreatic cancer cell lines to lapatinib and 5-FU as (A) single agents or (B) in
combination. The change in the (C) miR-210 and (D) miR-221 levels in human pancreatic cancer cells treated with a lapatinib + 5-FU combination (lapatinib,

4 uM; 5-FU, 16 uM). "P<0.05. 5-FU, 5-fluorouracil; miR, microRNA.
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Figure 3. Cell transfection. (A) Levels of miR-221 and miR-210 in PANC-1 cells following transfection with scramble sequence control or anti-miR-221/210
(100 nM). (B) Viability of pancreatic cancer cells when the levels of miR-221 or miR-220 were suppressed alone, or in combination with chemotherapy
treatment. Drug treatment, anti-miR transfection, survival assay and miRNA expression analysis were performed as described in the Materials and methods.
Results are presented as the mean + standard deviation. "P<0.05. miRNA/miR, microRNA.

Statistical analysis. miRNA levels in the cells or patient
specimens and survival data were tested by a one-way
analysis of variance test using GraphPad Prism Software
version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results are presented as the mean + standard deviation. OS
and progression free survival curves were estimated using the
Kaplan-Meier method. OS and progression free survival are
presented as the median + 95% confidence interval. Principal
component analysis was used to analyze the association
between serum miRNA levels and drug response. P<0.05 was
considered to indicate a statistically significant difference.

Results

Analysis of miRNA levels in patient serum. A total of 17 patients
presenting with advanced pancreatic cancer, who demon-
strated cancer progression following first-line chemotherapy,
were enrolled in an institutional review board (IRB)-approved
phase II clinical trial (IRB# CR00000441/2008-437; Clinical
Trials.gov identifier, NCT00881621), and were administered
1,250 mg lapatinib daily and 1,000 mg/m? capecitabine twice
daily, on days 1-14 of a 21-day cycle. A total of 8 patients,
including 3 non-responders (NRS; defined as demonstrating
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disease progression following 2 cycles of treatment) and
5 responders (RS; defined as demonstrating stable disease
following 2 cycles of treatment), underwent serial serum
sample collection at baseline, and at 3 and 6 weeks. The
expression profile of a panel of miRNAs (miR-21, miR-210,
miR-221 and miR-7), which are associated with EGFR1 and
HER?2 signaling pathways, was analyzed for fold-changes in
expression (compared with baseline).

Heat chart analysis of the miRNA expression profiles clearly
demonstrated varying expression profiles between patient
numbers 6, 12 and 15 (NRS) and patient numbers 7,9, 10, 14 and
16 (RS) (Fig. 1A). Most significantly, heat chart analysis at early
time points in treatment predicted the subsequent prognosis
of the patients as RS or NRS (Fig. 1B). Principal component
analysis of the data clearly separated RS from NRS utilizing all
data, or data for only early time points (Fig. 1C).

miR-221 and miR-210 levels increase in chemoresistant pancre-
atic cancer cells treated with lapatinib and 5-FU in vitro, and
suppression of miR-221 increases the sensitivity of cancer cells
to treatment. In order to confirm the observation that the panel
of miRNAs identified as being significant for the prediction
of patient responses to therapy were indeed associated with
prognosis, 3 pancreatic cancer cell lines (PANC-1, MIA PaCa-2
and BXCP-3) with varying levels of sensitivity to lapatinib
and 5-FU were selected in order to study the role of miRNA
in treatment resistance. The cell viability assay demonstrated
that the PANC-1 and MIA PaCa-2 cells possessed increased
resistance to lapatinib alone or in combination with 5-FU
treatment, compared with the BXCP-3 cells (Fig. 2A and B).
The miRNA analysis revealed significant upregulation
of miR-210 in the PANC-1 (1.65+0.42-fold; P<0.05) and
MIA PaCa-2 (3.85+0.45-fold; P<0.01) cells, however, no such
upregulation was observed in the BXCP-3 cells (0.73+0.12-fold;
BXPC-3 + drug vs. PANC-1 + drug) (Fig. 2C). Following
treatment with lapatinib and 5-FU, the levels of miR-221 were
observed to be increased in the PANC-1 and MIA PaCa-2 cells
by 2.81+0.32-fold and 2.79+0.32-fold, respectively (P<0.01),
however, no such increase was observed in the BXCP-3 cells
(0.98 +£0.12 fold; BXPC-3 + drug vs. PANC-1 + drug; P=0.0026)
(Fig. 2D). There were no significant alterations observed in the
expression of miR-7 and miR-21 in all 3 pancreatic cancer cell
lines investigated (data not shown).

Based on observations from the cell lines and patients,
we hypothesized that an increase in miR-221 or miR-210
contributed to the resistance of cancer cells to lapatinib and
capecitabine treatment. In order to evaluate the effect of
miR-221 or miR-210 inhibition on the response of pancreatic
cancer cells to lapatinib and 5-FU treatment, anti-miR-221
or anti-miR-210 were transfected into the PANC-1 cells. This
transfection resulted in a 4.9-fold decrease in miR-221 and
a 4.2-fold decrease in miR-210 compared with a scramble
sequence-transfected group (P=0.001; Fig. 3A). The cell
viability assay demonstrated that anti-miR-221 transfection
into the PANC-1 cells induced the sensitivity of the cells to
lapatinib and 5-FU treatment in a dose-dependent manner,
compared with no change in sensitivity to treatment in the
control cells transfected with scramble sequence (scrambled
sequence control + drug vs. anti-miR-221 + drug; P=0.001;
Fig. 3B). By contrast, decreasing the levels of miR-210 did not
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alter the sensitivity of the PANC-1 cells to lapatinib and 5-FU
treatment (Fig. 3B).

Discussion

Chemoresistance is a significant cause of treatment failure
in pancreatic cancer (21,22). The dual inhibition of EGFR
and HER?2 has been proposed as a potential treatment for
pancreatic adenocarcinoma based on the observed increased
levels of EGFR/HER?2 heterodimers present in pancreatic
cancer cells (23). The present investigation therefore consisted
of a single-arm phase II study to evaluate the combination
of lapatinib and capecitabine for the second-line treatment
of metastatic pancreatic cancer. Notably, a subset of patients
existed (6/17) that responded to lapatinib and capecitabine
treatment with a mean overall survival time of 10.4 months
(median, 8.3 months). In the search for a biomarker to differ-
entiate patients who responded to lapatinib and capecitabine
treatment from patients who were resistant to this treatment,
the present study identified that the increase in circulating
miRNAs from a targeted panel (associated with EGFR and
HER?2 signaling pathways) that had been observed to be linked
with a poor prognosis and a lack of response to lapatinib and
capecitabine treatment. Similar pathway-specific patterns in
circulating miRNAs between NRS and RS have been observed
in a previous study involving the treatment of colon cancer
patients with an antiangiogenic agent (24).

In order to determine whether miRNAs serve purely as
a biomarker, or additionally contribute to the resistance of
pancreatic cancer cells to lapatinib and capecitabine treat-
ment, the present study performed additional experiments
in 3 pancreatic cancer cell lines that possessed various
levels of sensitivity to lapatinib and 5-FU (the active form of
capecitabine) in vitro. The present study identified that the
levels of miR-210 and miR-221 were increased in response
to drug treatment in the resistant cells (PANC-1), compared
with the levels in sensitive cells (BXCP-3), which was in
keeping with results obtained from the patient serum samples
of the NRS and RS groups. Unlike miR-210 or miR-221,
the expression of miR-7 and miR-21 in the pancreatic cell
lines did not alter in the same way as it did in patient serum
samples. This may be attributed to the differential response
of other cell types (including fibroblasts and lymphocytes) to
treatment with anticancer drugs. The potential significance
of this response with regard to patient outcomes may not
be explained using the present experimental model. The
current study subsequently demonstrated that blocking
of the increase in miR-221 levels, but not miR-210 levels,
sensitized the pancreatic cancer cells to lapatinib and 5-FU
treatment. This observation supported the hypothesis that
miR-221 may possess a significant role in the chemore-
sistance to lapatinib treatment. The results of the present
study support the idea that miR-221 may have potential
as a prognostic marker and potential target for therapeutic
interventions in pancreatic cancer (25,26). It is notable to
consider the reported ability of certain natural compounds
to downregulate miR-221 in pancreatic cancer cells in
preclinical studies (27,28). If proven safe to administer to
patients, these agents require evaluation for their ability to
downregulate miR-221 in clinical studies.
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The present study demonstrated that a subset of pancreatic
cancer patients received benefits from lapatinib, a treatment
that induces the combined inhibition of the EGFR and HER2
signaling pathways. An increase in miR-221 levels in the
blood, detected 3 weeks after the beginning of lapatinib and
capecitabine treatment, may predict treatment failure and a
lack of clinical benefit in patients exhibiting pancreatic cancer.
The results of the present study require the performance of
future studies in order to evaluate the role of miR-221 in the
prediction of lapatinib treatment failure, as well as the effect
of a combined lapatinib and anti-miR-221 agent on the patient
response to treatment.
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