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Abstract: Accumulating evidence indicates that long noncoding RNAs (IncRNAs) are involved in diseases such as
cancer. However, little is known about the role of INCRNAs in gastrointestinal stromal tumors (GIST). In the present
study, we explored the biological function of the IncRNA coiled-coil domain-containing 26 (CCDC26) in imatinib re-
sistance of GIST. We found that human GIST-882 cells with lower CCDC26 expression were less sensitive to imatinib
compared with GIST-T1 cells with higher CCDC26 expression. CCDC26 expression decreased in a time-dependent
manner in the presence of imatinib. Moreover, small interfering RNA (siRNA) knockdown of CCDC26 increased
GIST cell sensitivity to imatinib. The RNA pull-down experiment showed that CCDC26 can interact with ¢-KIT and
that CCDC26 knockdown can upregulate c-KIT expression. We also found that inhibiting c-KIT induced resistance
to imatinib. Lastly, we proved that inhibiting c-KIT can reverse CCDC26 knockdown-mediated imatinib resistance
in GIST. We suggest that CCDC26 knockdown can induce imatinib resistance in GIST cells by downregulating c-KIT

expression. Our results provide a novel insight into imatinib resistance in GIST.
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Introduction

Gastrointestinal stromal tumors (GIST), a type
of mesenchymal tumor, are the most common
mesenchymal tumors in the gastrointestinal
tract [1]. GIST are identified immunohistochem-
ically via the CD34 and KIT proteins [2]. Most
(~75%) GIST carry gain-of-function KIT muta-
tions in exons 9, 11, 13, or 17, and about 5%
of GIST harbor platelet-derived growth factor
receptor alpha (PDGFRA) mutations in exons
12, 14, or 18 [3, 4]. The PDGFRA and KIT muta-
tion types are related to drug resistance in GIST
[5, 6].

Imatinib is a rationally designed oral signal
transduction inhibitor that antagonizes several
mutant forms of type Il tyrosine kinases such
as KIT, PDGFRA, and BCR/ABL [7]. Imatinib has

significant success in improving the clinical
outcome of patients with GIST. Imatinib has
become the first-line therapy for patients with
metastatic or end-stage GIST, where disease
control ranges 70-85%, and median progres-
sion-free survival and median overall survival
is 29 months and 57 months, respectively [8].
However, almost 50% of imatinib-treated pa-
tients with GIST acquire secondary resistance
in the first 2 years [9]. Despite the initial effica-
cy, drug resistance limits the long-term effect
of imatinib. Hence, there is an urgent need to
explore the potential mechanism underlying
imatinib resistance in GIST to enhance its effect
and improve patient survival.

Long noncoding RNAs (IncRNAs) are functional-
ly defined as transcripts that are >200 nucleo-
tides in length with no protein-coding potential
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[10]. Accumulating studies have demonstrated
that IncRNAs are involved in serial steps of can-
cer development. LncRNAs can interact with
DNA, RNA, protein, and/or their combinations,
and play a vital role in chromatin organization
and transcriptional and post-transcriptional re-
gulation [11, 12]. Abnormal IncRNA expression
correlates with tumor initiation, growth, and
metastasis [13]. The IncRNA coiled-coil domain-
containing 26 (CCDC26), located on chromo-
some 8024.21, was reported as a retinoic acid-
dependent modulator in glioblastoma [14]. Se-
veral studies have demonstrated that CCDC26
polymorphism is related to glioma risk [15-17].
CCDC26 also controls myeloid leukemia cell
growth by regulating KIT expression [18]. More-
over, CCDC26 is a novel oncogene in pancreat-
ic cancer and is responsible for cancer cell
growth and apoptosis by regulating proliferat-
ing cell nuclear antigen (PCNA) and Bcl-2
expression [19]. However, the biological func-
tion of CCDC26 in GIST remains unclear.

In the present study, we investigated the func-
tion of CCDC26 in GIST and reveal its role and
potential mechanisms in imatinib resistance.

Materials and methods
Cell culture

The human GIST cell lines GIST-882 and GIST-
T1 were purchased from the Chinese Academy
of Science Cell Bank (Shanghai, China). Both
cell lines were cultured in RPMI 1640 (Gibco,
Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco) at 37°C in 5%
CO,,
Cell transfection

c-KIT, CCDC26, and negative control small
interfering RNAs (siRNAs) were synthesized by
GenePharma (Shanghai, China). Transfection
was conducted using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

Cell viability assay

The GIST cells (4000 cells/well) were seeded in
96-well plates. After the cells had adhered
completely to the well, the culture medium was
replaced with medium containing 1% FBS for
24 h to synchronize the cells. Then, the cells
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were cultured under the different treatment
conditions at 37°C in a 5% CO, incubator for 48
h. Cell viability was measured using Cell
Counting Kit-8 (CCK-8, Dojindo Laboratories,
Kumamoto, Japan) at 2 h according to the man-
ufacturer’s instructions. An MRX Il microplate
reader (Dynex, Chantilly, VA, USA) was used to
measure the optical density (OD) value at 450
nm.

Cell proliferation assay

GIST cell proliferation was assayed using a
Click-iT EdU Imaging Kit (Invitrogen) according
to the manufacturer’s protocol. GIST cells treat-
ed with CCDC26 siRNA, c-KIT siRNA, or Nega-
tive siRNA were plated at 1x10° cells per well.
Hoechst® 33342 solution was used to stain
the nuclei. 5-Ethynyl-2’-deoxyuridine (EdU)-
stained cells were mounted and imaged using
fluorescence microscopy.

Apoptosis assay

GIST cell apoptosis was assayed using an
annexin V/propidium iodide (PI) kit (Invitrogen).
GIST cells (1x108) were treated with CCDC26
siRNA or c-KIT siRNA for 48 h, harvested, and
washed with phosphate-buffered saline (PBS)
three times. The cells were resuspended in
binding buffer and stained with annexin V and
Pl according to the manufacturer’s protocol,
and detected and quantified using fluores-
cence-activated cell sorting (FACS). The cells in
the Q2 and Q3 quadrants were considered
apoptotic cells.

Western blotting

Proteins were collected in radioimmunopre-
cipation assay (RIPA) lysis buffer (Beyotime,
Shanghai, China) supplemented with a phe-
nylmethanesulfonyl fluoride (PMSF) inhibitor
(Beyotime), and quantitatively analyzed using a
bicinchoninic acid (BCA) kit (Thermo Scientific,
Waltham, MA, USA). Total protein (30 ug) was
run on sodium dodecyl! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to
a polyvinylidene fluoride (PVDF) membrane,
and blocked in 5% non-fat dry milk in Tris-
buffered saline (TBS)-Tween (PBS and 0.05%
Tween 20). The primary antibodies against c-
KIT (1:1000) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 1:1000), and the sec-
ondary antibody (1:2000), were from Abcam
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Figure 1. CCDC26 expression in GIST cells and its relationship with imatinib

R R reaction and washed. The
Imatinib{1M) associated proteins were
resolved by SDS-PAGE.

GIST-T1

Statistical analysis

SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA) was
used for the statistical
analysis. The experimental
data are expressed as
mean + SD and were asse-
ssed using a two-tailed Stu-
dent t-test. Statistical sig-
nificance was accepted if

sensitivity. A. Real-time PCR detection of CCDC26 expression in GIST cell lines. P<0.05.
B. CCK-8 assay of GIST cell viability in the presence of imatinib (O, 20, 40, 60,

80 pM). C, D. GIST cell viability in the presence of IC50 of imatinib (GIST-882,
56.06 uM; GIST-T1, 41.08 uM) for O h, 6 h, 24 h, and 48 h (**P<0.01).

(Cambridge, MA, USA). Anti-GAPDH antibody
was used as the loading control. After incuba-
tion with the antibodies, the samples were visu-
alized on film using an enhanced chemilumi-
nescence (ECL) kit (GE Healthcare, Diegem,
Belgium).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen)
according to the manufacturer’s instructions.
Total RNA (0.5 ug) was reversed-transcribed to
complementary DNA (cDNA). SYBR Green PCR
Master mix (Takara, Shiga, Japan) was used to
determine the CCDC26 and c-KIT RNA levels.
All reactions were performed in triplicate. The
relative expression of CCDC26 and c-KIT was
normalized to the internal reference GAPDH.
Data were analyzed using the comparative
threshold cycle (222¢Y) method.

RNA pull-down assay

The biotin-labeled CCDC26 was transcribed
using Biotin RNA Labeling Mix (Roche, Pleasan-
ton, CA, USA) and T7 RNA polymerase (Roche),
treated with RNase-free DNase | (Roche), and
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Results

The GIST cell line with low
CCDC26 expression was more resistant to
imatinib

To investigate the function of CCDC26 on the
sensitivity of GIST cells to imatinib, we first
examined CCDC26 expression in two GIST cell
lines using gRT-PCR, and found that GIST-T1
cells had higher CCDC26 expression than GIST-
882 cells (Figure 1A). Then, we used the CCK-8
assay to detect the viability of the two GIST cell
lines under different concentrations of ima-
tinib, and found that GIST-882 cells had better
viability than the GIST-T1 cells (Figure 1B). We
further examined CCDC26 expression at differ-
ent time points in the two cell lines cultured
with their respective median inhibitory concen-
trations (IC50) of imatinib. CCDC26 expression
in both cell lines decreased in a time-depen-
dent manner in the presence of imatinib (Figure
1C, 1D).

CCDC26 knockdown enhanced imatinib resis-
tance in GIST cells

We used siRNA knockdown of CCDC26 to

explore the function of CCDC26 in GIST. Cells in
which CCDC26 had been knocked down had
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Figure 2. Effect of CCDC26 on GIST cell viability, proliferation, and apoptosis in vitro. A, B. CCK-8 assay of the viability
of GIST cells treated with CCDC26 siRNA or control siRNA in the presence of imatinib (0, 20, 40, 60, 80 uM). C, D.
EdU assay of cell proliferation rate under IC50 of imatinib in GIST cells treated with CCDC26 siRNA or control siRNA.
The number of EdU-positive cells was counted. E. Flow cytometry analysis of apoptosis in GIST cells transfected with
control siRNA or CCDC26 siRNA (*P<0.05).
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Figure 3. The relationship between CCDC26 and c-KIT. A. Western blot determination of c-KIT expression levels fol-
lowing RNA pull-down assay in CCDC26 RNA group (Target), control RNA group (Untreated), and blank group (None).
(L, total protein; FT, flow-through; E, eluate). B, C. The effect of CCDC26 siRNA on c-KIT mRNA expression in GIST

cells; GAPDH was the internal control (**P<0.01, ***P<0.001).

better viability than the Negative siRNA in the
presence of imatinib (Figure 2A, 2B). The EdU
assay showed that cells with CCDC26 knock-
down had a higher proliferation rate than the
control (Figure 2C, 2D). Moreover, cells treated
with both CCDC26 siRNA and imatinib had a
lower rate of apoptosis compared to cells treat-
ed with imatinib and Negative siRNA (Figure
2E). These results indicate that negative regu-
lation of CCDC26 correlates with decreased
sensitivity of GIST cells to imatinib.

CCDC26 interacted with c-KIT and regulated its
expression

Many IncRNAs play a role by interacting with
proteins, and we therefore wondered whether
CCDC26 has a possible protein partner, which
might reveal the molecular mechanisms by
which CCDC26 exerts its effects. Considering
the vital role of c-KIT in imatinib resistance, we
hypothesized that c-KIT may be a partner of
CCDC26.

We performed an RNA pull-down experiment
using CCDC26-specific DNA probes to pull
down c-KIT and analyzed the interaction
between CCDC26 and c-KIT via western blot-
ting. The group treated with CCDC26 probes
(Treated) showed c-Kit enrichment in the final
eluted fluid, and the groups with the control
probes (Unrelated) and the blank (None)
showed c-KIT enrichment in the filtrated fluid
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(Figure 3A). This result indicates that CCDC26
can interact with c-KIT. Next, we explored the
effect of CCDC26 on c-KIT expression, and
found that CCDC26 knockdown upregulated
c-KIT mRNA levels in the GIST cells (Figure 3B).

c-KIT inhibition enhanced GIST cell sensitivity
to imatinib

We explored the role of c-KIT on GIST cell viabil-
ity, proliferation, and apoptosis via siRNA trans-
fection. Figure 4A and 4B show that c-KIT
siRNA transfection reduced cell viability mark-
edly in the presence of imatinib, and markedly
reduced the cell proliferation rate (Figure 4C,
4D). Figure 4E shows that there were ~11.42%
and 11.87% apoptotic GIST-882 and GIST-T1
cells, respectively, in the control group. How-
ever, there were ~19.37% and ~20.1% apop-
totic GIST-882 and GIST-T1 cells, respectively,
in the c-KIT siRNA group. Hence, our results
indicate that c-KIT knockdown can increase
imatinib sensitivity, playing an opposite role to
that of CCDC26 knockdown.

c-KIT knockdown reversed the imatinib resis-
tance mediated by CCDC26 inhibition

To verify whether CCDC26 knockdown enhan-
ced GIST cell resistance to imatinib by regulat-
ing c-KIT expression, we co-transfected GIST
cells with siRNA against c-KIT and CCDC26,
and examined the cell viability in the presence

Am J Transl Res 2018;10(1):274-282
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Negative siRNA, or Control in
the presence of imatinib (O,
20, 40, 60, 80 uM). C, D. EdU
assay of cell proliferation rate
under IC50 of imatinib in GIST
cells treated with c-KIT siRNA
or control siRNA. The num-
ber of EDU-positive cells was
counted. E. Flow cytometry
analysis of apoptosis in GIST
cells transfected with con-
trol siRNA or CCDC26 siRNA
(*P<0.05).

of imatinib. Western blot-
ting confirmed the interfer-
ence efficiency of the c-KIT
siRNA (Figure 5A). The via-
bility of GIST cells co-trans-
fected with c-KIT siRNA and
CCDC26 siRNA was the
same as that of cells trans-
fected with c-KIT siRNA
alone, indicating that c-KIT
knockdown can reverse
CCDC26 inhibition-mediat-
ed imatinib resistance (Fi-
gure 5B, 5C).

Discussion

Accumulating evidence has
revealed that IncRNAs mi-
ght perform a vital function
in cancer by regulating a
series of critical biological
functions, including cell pro-
liferation, apoptosis, and
drug resistance [20, 21].
Uncovering the mecha-
nisms of IncRNAs in drug
resistance would aid im-
provement of the long-term
survival of patients with
cancer [22]. In the present
study, we investigated the
relationship between CCD-
C26 expression and ima-
tinib resistance in GIST. Our
data first highlight the criti-
cal role of CCDC26 in the
imatinib resistance of GIST.

LncRNAs play an essential
role in many important bio-
logical processes, including

Am J Transl Res 2018;10(1):274-282
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Figure 5. c-KIT knockdown reversed CCDC26 inhibi-
tion-mediated imatinib resistance. A. Western blot-
ting validation of the interference efficiency of c-KIT
siRNA. B, C. CCK-8 assay of the viability of GIST cells
treated with c-KIT siRNA or both c-KIT siRNA and
CCDC26 siRNA in the presence of imatinib (O, 20,
40, 60, 80 uM).

epigenetic gene expression regulation and
transcriptional and post-transcriptional regula-
tion [23]. Aberrant INcRNA expression has been
found widely in many cancers [24-27]. Resear-
chers increasingly believe that these aberrant
IncRNAs are specifically related to cancer
development and progression [28, 29]. Some
well-researched IncRNAs, including H19, HO-
TAIR (HOX transcript antisense RNA), MALAT-1
(metastasis associated lung adenocarcinoma
transcript 1 [non-protein coding]), and HULC
(hepatocellular carcinoma upregulated INCRNA),
have been proven to act as oncogenes or tumor
suppressor genes and correlate with drug resis-
tance [30-33]. However, little is known about
the function of IncRNAs in GIST progression
and drug resistance. To date, there has been
no study on CCDC26 in GIST. In the present
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study, we first prove that CCDC26 knockdown
can induce imatinib resistance in GIST. Our
results provide a novel insight into the mecha-
nism underlying imatinib resistance in GIST.
Treatments aimed at upregulating CCDC26 ex-
pression in GIST may improve the effect of ima-
tinib therapy and benefit long-term survival.

Imatinib is the first-line treatment for patients
with metastatic and end-stage GIST, and has
completely changed the management and pro-
longed the survival of patients with GIST [34].
However, imatinib resistance, including primary
and secondary resistance, remains a major
obstacle to better clinical outcomes [35]. In a
phase lll trial of imatinib, 12% of patients devel-
oped primary resistance to imatinib. Moreover,
more than 40% of patients developed second-
ary resistance after a median follow-up of 25
months [36]. PDGFRA D842V and c¢-KIT exon 9
mutation, as well as the wild-type genotype,
lead to primary resistance to imatinib [37, 38].
During imatinib treatment, secondary resis-
tance is often acquired because of secondary
c-KIT or PDGFRA mutations that block drug
binding [39, 40]. c-KIT gene amplification also
induces imatinib resistance in GIST [41]. How-
ever, the causes for imatinib resistance, espe-
cially secondary resistance, remain largely
unknown. In our study, we prove that c-KIT
knockdown can enhance sensitivity to imatinib,
which provides evidence that c-KIT gene ampli-
fication can induce imatinib resistance in GIST.
Moreover, we demonstrate that CCDC26 can
pull down c-KIT in GIST and that CCDC26 can
regulate c-KIT transcription. Finally, we prove
that CCDC26 knockdown mediation of imatinib
resistance may be due to c-KIT upregulation.
These results consequently provide novel
mechanisms for understanding imatinib resis-
tance and novel clues for overcoming imatinib
resistance in GIST.

In conclusion, our study provides key evidence
that CCDC26 knockdown is functionally related
to imatinib resistance in GIST. Moreover, we
prove that CCDC26 can interact with c¢-KIT and
regulate c-KIT transcription; CCDC26 knock-
down-mediated imatinib resistance may be due
to c-KIT upregulation. Understanding the pre-
cise function of CCDC26 in GIST imatinib resis-
tance would improve the effect of imatinib and
prolong the survival of patients with GIST.

Am J Transl Res 2018;10(1):274-282
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