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a b s t r a c t

MicroRNAs (miRs) dysregulation is a general feature of colorectal cancer (CRC) and other solid tumors,
and is associated cancer progression. In the current study, we demonstrate that microRNA-101 (miR-101)
inhibits CRC cells probably through down-regulating sphingosine kinase 1 (SphK1). Our results showed
that exogenously expressing miR-101 inhibited CRC cell (HT-29 and HCT-116 lines) growth in vitro. At the
molecular level, miR-101 dramatically down-regulated SphK1 mRNA and protein expression, causing
pro-apoptotic ceramide production in above CRC cells. On the other hand, inhibition of miR-101 through
expressing antagomiR-101 increased SphK1 expression to down-regulate ceramide level in HT-29 cells.
miR-101 expression increased the in vitro anti-CRC activity of conventional chemo-agents: paclitaxel and
doxorubicin. CRC cells with SphK1-shRNA knockdown showed similar phenotypes as the miR-101-
expressed CRC cells, presenting with elevated level of ceramide and high sensitivity to paclitaxel or
doxorubicin. In vivo, HCT-116 xenograft growth in severe combined immuno-deficient (SCID) mice was
dramatically inhibited by over-expressing miR-101. Further, miR-101 enhanced paclitaxel-induced anti-
HCT-116 activity in vivo. Together, these results indicate that miR-101 exerts its anti-CRC activities
probably through down-regulating SphK1.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Colorectal cancer (CRC) causes severe cancer-related mortalities
around the world [1e3]. Over the past decades, significant im-
provements have been achieved in surgery and/or chemotherapy
for CRC. However, the overall survival (OS) of CRC has not been
dramatically improved, especially for those patients with advanced
or metastatic CRCs [1e4]. One reason is molecular heterogeneity of
CRCs, which hinders the uniform application of specific
molecularly-targeted agents [1e3]. Further, the application of
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conventional and novel cancer chemotherapy is limited in CRC cells
exhibiting pre-existing and/or acquired resistances [5].

Sphingolipid metabolites have emerged as key players in a
number of cancerous processes [6]. Among them, sphingosine-1-
phosphate (S1P) is known to promote cell survival and prolifera-
tion, while ceramides and sphingosine could induce cell apoptosis
[6]. Sphingosine kinase 1 (SphK1) catalyzes the phosphorylation of
sphingosine to S1P, thus decreasing ceramide and sphingosine
while increasing S1P [6,7]. In vivo and in vitro studies show that
SphK1 regulates cancer cell survival, proliferation, transformation,
as well as apoptosis prevention, chemo-resistance and angiogen-
esis [6,7]. SphK1 is often over-expressed/over-activated in CRC [8]
and many other cancers [6,7]. On the other hand, inhibitors of
SphK1 lead to tumor suppression [6,7].

MicroRNAs (miRs) are shown to regulate gene expression either
at the translational or post-transcriptional levels [9,10]. These
19e24 nucleotide single-stranded noncoding RNAs could inhibit
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targeted mRNAs translation with partial complementarity in their
30 untranslated regions (UTRs) [9,10]. miRs dysregulation has been
recognized as a general feature of CRC [11,12], contributing to
cancer progression and/or oncogenic activities [13]. Our previous
study demonstrated that expression of microRNA-451 (miR-451) in
HT-29 CRC cells in-activated AMP-activated protein kinase (AMPK)
signaling, causing mTOR complex 1 (mTORC1) activation, and cell
migration/proliferation [14]. In the current study, we found that
miR-101-mediated inhibition of CRC cells is associated with SphK1
down-regulation.

2. Material and methods

2.1. Cell culture

Human CRC HT-29 cells and HCT-116 cells were maintained in
DMEM/RMPI medium (Sigma, St. Louis, MO), supplemented with a
10% FBS (Sigma), Penicillin/Streptomycin (1:100, Sigma) and 4 mM
L-glutamine (Sigma, St. Louis, MO), in a CO2 incubator at 37 �C [14].

2.2. Chemicals and reagents

Paclitaxel and doxorubicin were purchased from Sigma (St.
Louis, MO). All antibodies utilized in this study were obtained from
Cell Signaling Technology (Beverly, MA).

2.3. Methyl thiazol tetrazolium (MTT) assay of cell viability

Cell viability was assessed using the MTT assay as described
[14e16].

2.4. Colonies formation assay

CRC cells with or without miR transfection (1*104) were sus-
pended in 1 ml of DMEM containing 0.25% agar (Sigma), 5% FBS.
The cell suspension was then added on the top of a pre-solidified
100 mm culture dish. After 10 days of incubation, the number of
colonies were fixed, stained and manually counted.

2.5. Histone-DNA enzyme-linked immunosorbent assay (ELISA)
assay

Cell apoptosis was examined by Histone-DNA ELISA PLUS kit
(Roche Applied Science, Shanghai, China) according to the manu-
facturer's protocol [14e16].

2.6. Cellular ceramide assay

The ceramide level was analyzed by the same method described
in Ref. [17], and was valued as fmol by nmol of phospholipid (PL).

2.7. Western blots

were performed as previously described [14e16]. All blots in
this study were subjected to different exposures: from 10 s to
10min. Blot intensity was quantified by ImageJ software (NIH) after
normalization to corresponding loading controls.

2.8. Constructs and transfection

MiR-101 precursor, with the sequence of:50-TGCCCTGGCTC
AGTTATCACAGTGCTGATGCTGTCTATTCTAAAGGTACAGTACTGTGA-
TAACTGAAGGATGGCA-3' [18] was sub-cloned into pSuper-puro-
GFP vector to generate miR-101 expression construct. AntagomiR-
101 and antagomiR-control were purchased from Ambion
(Shanghai, China). The human SphK1-shRNA-puromycin construct
was purchased from Santa Cruz Biotech (Santa Cruz, CA). For
transfection, cells were seeded in a 6-wells plate at 50% confluence.
After 24 h, CRC cells were transfected using Lipofectamine 2000
transfection reagent (Invitrogen, USA) according to the manufac-
turer's instructions (0.15 mg construct per transfection). After 12 h
of incubation at 37 �C, transfection mediumwas replaced with 2 ml
of complete medium containing 2% FBS. Puromycin (1.0 mg/ml,
Sigma) was added after transfection to select stable cells (6 days).
Afterward, cells were lysed for analyzing miR-101 or SphK1.

2.9. RNA extraction and real-time PCR

Total RNA was prepared using TRIzol reagent (Invitrogen) ac-
cording to the manufacturer's protocol. Real Time-PCR assay was
performed. Briefly,1 ml of diluted reverse transcription (RT) product
was utilized as template for a 10 ml PCR. The PCR reaction mixture
contains 1 � SYBR Master Mix (Applied Biosystem, Foster City, CA),
1 mg RNA and 200 nM primers. An ABI Prism 7500 Fast Real-Time
PCR system (Foster City, CA, USA) was used for PCR reactions. The
following primers were used: GAPDH, forward: 50- TGC ACC ACC
AAC TGC TTA-30; reverse: 50- GGA TGC AGG GAT GAT GTT C-30 [19].
MiR-101: forward: 50- CGG CGG TAC AGT ACT GTG ATA A-30,
reverse: 50- CTG GTG TCG TGG AGT CGG CAA TTC-3’ (Universal
stem-loop primer) [18]. SphK1, forward, 50-CGC CGC AGG GAA TGA
CAC C-30, and reverse, 50-GCC TGT CCC CCC AAA GCA TAA C-30 [20].
After amplification, melt curve analysis was performed to analyze
product melting temperature. GAPDH gene was chosen as the
reference gene for normalization, and the 2�DDCt method was
applied to quantify targeted mRNA change within samples.

2.10. Tumor xenografts

As reported in our previous studies [21], male severe combined
immuno-deficient (SCID) mice were implanted s.c. with HCT-116
cells (2*106 cells) with or without miR-101 transfection. When
the xenografted tumors reached the average volume of 100 mm3,
the mice were treated with or without paclitaxel (1.5 mg/kg, i.v.),
with 8 mice per group. Paclitaxel was administered i.v. once daily,
for a total of 14 days. Tumor volume was recorded every 5 days,
calculated using the following formula: p/6 � larger
diameter � (smaller diameter)2. Mice body weight was also
recorded. After 30 days, HCT-116 xenografts were isolated through
surgery, and expression of miR-101 and SphK1 was analyzed
through the above methods. All studies were done in accordance
with the standards of ethical treatment approved by the Institu-
tional Animal Care and Use Committee (IACUC) and Association for
the Assessment and Accreditation of Laboratory Animal Care
(AAALAC).

2.11. Immunohistochemistry (IHC) staining

The staining was performed on cryostat sections (3 mm) of
xenograft tissues according to standard methods. We incubated
slides in the appropriate dilutions of primary antibody (anti-SphK1,
1:100) and subsequently stained themwith horseradish peroxidase
(HRP)-coupled secondary antibody (Santa Cruz). We visualized
peroxidase activity using 3-amino-9-ethyl-carbazol (AEC) and
counterstained tissues with MAYER'S hemalaun solution (Merck).

2.12. Statistical analysis

The values in the figures were expressed as the
means ± standard deviation (SD). Statistical analysis was
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performed by ANOVA (SPSS 16.0). Values of P < 0.05 were
considered as statistically different.

3. Results

3.1. MiR-101 inhibits CRC cell growth

We first tested the potential role of miR-101 on CRC cell growth.
Two well-established CRC cell lines, HT-29 and HCT-116, were
utilized. MiR-101 was introduced into above CRC cells through
transfection of the construct (seeMaterial andMethods), and stable
cells were selected through puromycin. As shown in Fig. 1A and B,
the expression level of miR-101 was dramatically elevated in stable
cells transfected with miR-101. In both cell lines, miR-101 over-
expression dramatically inhibited cancer cell growth, tested by
viable cell counting (Fig. 1C and D) and colonies formation assay
(Fig. 1E and F). In both cell lines, the effect of miR-101 was signifi-
cant, resulting in over 60% of growth inhibition (Fig. 1C and D). As
expected, the empty vector (pSuper-puro) had almost no effect on
growth of both lines (Fig. 1AeF). Thus, these results indicate that
miR-101 inhibits CRC cell growth.

3.2. MiR-101 down-regulates SphK1 and increases intracellular
ceramide level in CRC cells

SphK1 plays an important role in CRC progression [8], and is
important for CRC cell survival and growth [8]. Next, we tested the
Fig. 1. MiR-101 inhibits CRC cell growth-Stable HT-29 cells or HCT-116 cells, transfected with
cells, were subjected to real-time PCR assay for analyzing miR-101 expression (A and B). E
growth medium (with 10% FBS) for indicated time, cell number was counted every 2 days
colonies at day 5 and day 10 was counted manually (E and F). All experiments in this figure w
cells.
effect of miR-101 on SphK1 expression in CRC cells. Results from
the real-time PCR assay showed that miR-101 dramatically
decreased SphK1 mRNA expression in both HT-29 cells and HCT-
116 cells (Fig. 2A and B). Correspondingly, SphK1 protein was
also depleted by miR-101 in CRC cells (Fig. 2C and D). As expected,
SphK1 shRNA (shSphK1) also dramatically decreased SphK1mRNA
and protein expression in HT-29 cells and HCT-116 cells
(Fig. 2AeD). One important consequence of SphK1 depletion is
ceramide accumulation. Thus, we examined the intracellular cer-
amide level in above cells. Results showed that ceramide level was
elevated in stable CRC (HT-29 or HCT-116) cells transfected with
miR-101 or shSphK1 (Fig. 2E and F). The potential effect of
antagomiR-101, themiR-101 inhibitor [22], was also tested in colon
cancer cells. As shown in Fig. 2G, over-expression of antagomiR-
101 downregulated endogenous miR-101 expression in HT-29
cells. As a consequence, mRNA and protein expression of SphK1
was increased (Fig. 2)H and I, and the ceramide level was
decreased (Fig. 2J). Similar results were also observed in HCT-116
cells (Data not shown). These results indicate that miR-101
down-regulates SphK1 to facilitate ceramide accumulation in
CRC cells.

3.3. MiR-101 expression increases the activity of paclitaxel and
doxorubicin in vitro

Ceramide could significantly augment the anti-tumor activity of
conventional chemotherapeutic agents [23,24]. For example, C6
miR-101 construct or the empty vector (pSuper-puro, Vector), as well as their parental
xactly same number (20,000) of above HT-29 cells or HCT-116 cells were cultured in
(C and D). Above cells were also subjected to colonies formation assay, and number of
ere repeated five times, and similar results were always obtained. *P < 0.05 vs. parental



Fig. 2. MiR-101 down-regulates SphK1 and increases intracellular ceramide level in CRC cells-Stable HT-29 cells or HCT-116 cells transfected with miR-101 construct, SphK1-
shRNA construct (shSphK1), or the empty vector (pSuper-puro, Vector), as well as their parental cells, were subjected to real-time PCR assay (AeB) or Western blot assay
(CeD) to test mRNA or protein expression of SphK1. For both assay, GAPDH was utilized as an internal control (AeD). The intracellular ceramide level in above cells was also
analyzed as described (E and F). Levels of miR-101 (G), SphK1 mRNA (H), SphK1 protein (I) and ceramide (J) in HT-29 cells expressing antagomiR-101 or antagomiR-control
(antagomiR-C) were shown. GAPDH was utilized as an internal control (GeI). Quantitative results were normalized to the value of parental cells (for A-F), or the antagomiR-C
expressing cells (For G-J). All panels in figure were repeated three times, and similar results were always obtained. *P < 0.05 vs. parental cells (for A-F), or antagomiR-C
expressing cells (For G-J).
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ceramide, a short chain cell permeable ceramide, dramatically
enhanced the activity of multiple anti-cancer drugs, including
paclitaxel [25], doxorubicin [26] and histone deacetylase inhibitors
(HDACi) [27]. Thus, we tested the effect of miR-101 on paclitaxel- or
doxorubicin-induced activity in human CRC cells. Results showed
thatmiR-101-transfected stable HT-29 cells were significantlymore
sensitive to paclitaxel or doxorubicin than the parental cells (Fig. 3A
and B). Paclitaxel or doxorubicin induced substantial viability
reduction (Fig. 3A, tested by MTT assay) and apoptosis (Fig. 3B,
tested by Histone-DNA ELISA assay) in stable HT-29 cells with
miR-101 over-expression. Further, stable HT-29 cells with shSphK1
showed similar phenotypes as miR-101-expressed cells, and
were hyper-sensitive to paclitaxel or doxorubicin (Fig. 3A and B).
Similar results were also observed in HCT-116 cells (Data not
shown). Together, these results indicate that miR-101 down-regu-
lates SphK1 to increase the sensitivity of conventional chemo-drugs
(paclitaxel or doxorubicin) in vitro.

3.4. MiR-101 inhibits HCT-116 growth and increases paclitaxel
activity in vivo

At last, we tested the role of miR-101 in vivo. Mice HCT-116
xenograft model was applied [21]. Tumor growth curve results in
Fig. 4A showed that in vivo growth of stable HCT-116 cells trans-
fected with miR-101 was slower than the parental HCT-116 cells
(P < 0.05). More importantly, paclitaxel-induced anti-HCT-116 ac-
tivity in vivo was dramatically enhanced by miR-101 over-expres-
sion (Fig. 4A). Note that no significant mice body weight change



Fig. 3. MiR-101 expression increases the activity of paclitaxel and doxorubicin in cultured CRC cells-Same number of stable HT-29 cells transfected with miR-101 construct,
SphK1-shRNA construct (shSphK1), or the empty vector (pSuper-puro, Vector), as well as their parental cells were stimulated with paclitaxel (Taxol, 0.5 mg/ml), doxorubicin
(0.25 mg/ml) or vehicle control (Veh, 0.1% DMSO), cell viability was analyzed by MTT assay (A, 72 h), and cell apoptosis was tested by Histone-DNA apoptosis ELISA plus assay (B,
48 h). All experiments in this figure were repeated five times, and similar results were always obtained. *P < 0.05 vs. parental cells.

Fig. 4. MiR-101 inhibits HCT-116 growth and increases paclitaxel activity in vivo-The growth curve of stable miR-101-expressed HCT-116 cells or control parental HCT-116 cells in
SCID mice administrated with or without Paclitaxel (Taxol, 1.5 mg/kg, i.v., daily, 14 days) was shown (A, every 5 days), mice body weight was also recorded (B, every 5 days). At day
25, HCT-116 xenografts were isolated through surgery, and expressions of miR-101 and SphK1 mRNA in fresh tumor xenografts were tested by real-time PCR (C and D), and SphK1
protein expression was tested by Western blots (E) or IHC staining (F). In vivo experiments were repeated twice, and similar results were obtained. Bar ¼ 20 mm (F) *p < 0.05 vs.
parental cells.

M.-B. Chen et al. / Biochemical and Biophysical Research Communications 463 (2015) 954e960958
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was observed between groups over the experiment duration
(Fig. 4B), nor apparent toxicity was noticed. Results in Fig. 4C
confirmed miR-101 over-expression in corresponding xenografts.
Accordingly, the SphK1 mRNA and protein expressions were
reduced in above xenografts (Fig. 4D and E). IHC images in Fig. 4F
further confirmed SphK1 downregulation by miR-101 in isolated
tumors. Note that paclitaxel by itself had no effect on miR-101 or
SphK1 expression (Fig. 4CeF). Together, these in vivo studies further
confirm the effect of miR-101 on SphK1 expression and paclitaxel-
induced activity against CRC cells.

4. Discussions

Studies from different groups have showed the important roles
of SphK1 in promoting cancer progression, including proliferation,
transformation, as well as metastasis, chemo-resistance and
angiogenesis [6,7]. Meanwhile, it has been shown that SphK1 is
over-expressed in CRCs, which is associated with poor prognosis
[8,28]. SphK1 inhibitors, alone or in combinationwith conventional
anti-cancer agents, were tested in several CRC models both in vivo
and in vitro, and showed promising results [8,28]. MiR-101, on the
other hand, was found to be downregulated in CRCs [29]. Based on
these information and the results of this study, we speculate that
over-expression of SphK1 in human CRCs could be a consequence of
miR-101 downregulation, and miR-101-mediated anti-CRC activity
could be due to its effect on SphK1.

MiR-101 has been shown to act as an important tumor sup-
pressor in various human cancers including prostate cancers, liver
cancers and CRCs. It level is often downregulated in various cancers.
Several pro-cancer proteins (“oncogenes”) have been identified
thus far as miR-101-targeted genes [18,29e31]. For example,
Chiang et al., show that miR-101 decreases expression of enhancer
of zeste homolog 2 (EZH2) and EED, two subunits of PRC2 complex,
in human HepG2 hepatoma cells [18]. Further, genomic loss of miR-
101 leads to overexpression of histone methyltransferase EZH2 in
several human cancers [32]. In CRCs, miR-101 downregulation
promotes Wnt/b-catenin signaling pathway activation and cancer
malignancy [33].

In the current study, we provided evidence to support that
SphK1 could be an important target protein of miR-101. We found
that exogenously expressing miR-101 dramatically down-regulated
SphK1mRNA and protein expression in CRC cells. Further, ceramide
level in miR-101-expressed cells was increased. On the other hand,
inhibition of miR-101 through antagomiR-101 increased SphK1
expression, but reduced ceramide accumulation in HT-29 cells.
Importantly, CRC cells with SphK1 shRNA knockdown showed
similar phenotypes as the miR-101-expressed CRC cells. Both ma-
nipulations dramatically increased the chemo-sensitivity of pacli-
taxel or doxorubicin against CRC cells. In summary, the results of
this study showed that miR-101 exerts its anti-CRC activities
probably through down-regulating SphK1, and reduced miR-101
observed in CRCs might be an important cause of chemo-
resistance and other cancerous behaviors.
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