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Abstract

Several studies have shown that tRNAs can be enzymatically
cleaved to generate distinct classes of tRNA-derived fragments
(tRF). Here, we report that tRF/miR-1280, a 17-bp fragment
derived from tRNALeu and pre-miRNA, influences Notch sig-
naling pathways that support the function of cancer stem-like
cells (CSC) in colorectal cancer progression. tRF/miR-1280
expression was decreased in human specimens of colorectal
cancer. Ectopic expression of tRF/miR-1280 reduced cell pro-
liferation and colony formation, whereas its suppression
reversed these effects. Mechanistic investigations implicated
the Notch ligand JAG2 as a direct target of tRF/miR-1280
binding through which it reduced tumor formation and metas-

tasis. Notably, tRF/miR-1280–mediated inactivation of Notch
signaling suppressed CSC phenotypes, including by direct
transcriptional repression of the Gata1/3 and miR-200b genes.
These results were consistent with findings of decreased levels
of miR-200b and elevated levels of JAG2, Gata1, Gata3, Zeb1,
and Suz12 in colorectal cancer tissue specimens. Taken togeth-
er, our results established that tRF/miR-1280 suppresses colo-
rectal cancer growth and metastasis by repressing Notch sig-
naling pathways that support CSC phenotypes. Furthermore,
they provide evidence that functionally active miRNA can be
derived from tRNA, offering potential biomarker and thera-
peutic uses. Cancer Res; 77(12); 3194–206. �2017 AACR.

Introduction
Colorectal cancer, which is one of the most lethal diseases

and the third leading cause of cancer-related deaths, is a disease
caused by genetic and epigenetic alterations (1, 2). Approxi-
mately 40% to 50% of human colorectal cancer cases present
with metastasis at the time of diagnosis or develop distant
recurrence after therapy, and the median overall survival of
metastatic colorectal cancer is less than 2 years (3). Therefore,
new diagnostic markers and therapeutic targets are needed.

Small non–protein-coding RNAs (ncRNA; including miRNA,
piRNA, etc.) play important roles in regulating gene expression.

Transfer RNA-derived RNA fragments (tRF) belong to a family
of short noncoding RNAs (ncRNA) that are present in most
organisms (4). tRNA-derived fragments were first confirmed
in the 1970s (5). Recently, many studies have shown that
these tRNA-derived fragments can be produced by multiple
RNA enzymes and ribonuclease, which play important roles in
regulating translation, similar to miRNAs (6–9). Most miRNA
genes are intergenic or originate from an antisense to neigh-
bouring genes and are transcribed as independent units (10).
Maute and colleagues have reported that a tRNA-derived
miRNA named CU1276 is dicer dependently derived from
cleavage in the 30 T arm loop of tRNA (7). The stress-activated
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ribonuclease angiogenin can also cleave mature tRNA in the
anticodon loop to produce tRF/tiRNAs (8, 9). One recent study
showed that a novel class of tRFs suppresses the stability of
multiple oncogenic transcripts in breast cancer cells by displa-
cing their 30 untranslated regions (UTR) from the RNA-binding
protein YBX1 (11). Therefore, tRFs/tiRNA could be new diag-
nostic markers and therapeutic targets in cancer therapy.

Many recent studies have reported the expression and role of
"miR-1280" in various cancer types (12–17). In melanoma
cells, "miR-1280" displays antitumor activity by regulating the
proto-oncogene Src (12). "miR-1280" can inhibit invasion and
metastasis by targeting Rock1 in bladder cancer cells, and the
high-miR-1280 bladder cancer group had significantly higher
overall survival probability compared with the low-miR-1280
group (13). In medulloblastoma, the inhibition of "miR-1280"
increases JAG2 expression; thus, there may be a PDGFRb/c-
myc/miR-1280/JAG2 regulating axis, and higher JAG2 levels are
associated with high metastatic dissemination at diagnosis and
a poor outcome in medulloblastoma patients (14). However,
whether "miR-1280" can directly target JAG2 and regulate its
downstream signaling is still unclear. Meng and colleagues
found that "miR-1280" can suppress the proliferation and
invasion of thyroid carcinoma by targeting estrogen receptor
a (15). Interestingly, Xu and colleagues found a higher expres-
sion of "miR-1280" in 72 non–small cell lung cancer tissues
compared with distal normal tissues by RT-PCR (16). Another
group has reported that "miR-1280" is upregulated 2.1-fold in
colorectal cancer and downregulated 2.3-fold in pancreatic
cancer by microarray analysis (17). "miR-1280" shows antitu-
mor activity in most cancers. However, Schopman and collea-
gues proposed that the sequence annotated as miR-1280 is a
noncoding fragment of tRNALeu (18); therefore, miR-1280
was removed from the miRBase database. Thus, the source of
miR-1280 fragments is controversial. The actual sources, char-
acteristics, and functions of this small RNA fragment remain
largely unknown.

In this study, we used Northern blotting to demonstrate that
this small RNA is derived from both tRNALeu and pre-miRNA and
is therefore called tRF/miR-1280.We identified tRF/miR-1280 as a
critical regulator of cancer stem cell (CSC) growth and function
in colorectal cancer cells. Moreover, we determined that tRF/
miR-1280 suppressed Notch/Gata and miR-200b signaling
through a direct interaction with JAG2 30 UTR (untranslated
region). We propose that tRF/miR-1280 plays important roles in
colorectal cancer progression through the regulation of Notch/
Gata and the miR-200b axis.

Materials and Methods
Cell culture

HCT116, HCT15, HT29, Panc-1, and 293T cells were obtained
from the ATCC (2012) and were authenticated using short tan-
dem repeat profiling. All cell lines were passaged in our laboratory
for no more than 20 passages (or 4 months) after resuscitation.
Mycoplasma contamination was tested by PCR during culture.
HCT116, HCT15, and HT29 cells were cultured in RPMI1640
(Gibco) supplemented with 10% FBS (HyClone) and 1% peni-
cillin–streptomycin (Gibco). Panc-1 and 293T cells were cultured
in DMEM (Gibco) supplemented with 10% FBS (HyClone) and
1% penicillin–streptomycin (Gibco). All cells were cultured at
37�C in an atmosphere of 5% CO2 in air.

Patients and clinical tissue specimens
The collection of human colorectal cancer tissues consisted of

surgically resected primary colorectal cancer specimens, which
were obtained from the Shenzhen Second People's Hospital and
TianjinMedical University Cancer Institute andHospital (Tianjin,
China). Total RNA of fresh-frozen material was isolated using
TRIzol reagent (Invitrogen). Total RNA (2 mg) was used for the
synthesis of first-strand cDNA using M-MLV reverse transcriptase
(Invitrogen). qRT-PCR was performed using the SYBR Green Mix
(Roche).

Northern blotting
RNA was extracted with the RNA Sample Loading Buffer

without Ethidium Bromide (Sigma) to the RNA sample at a
ratio of 2:1. Just before loading, the samples were heated to 65�C
for 10 minutes and chilled on ice. All appliances were treated by
0.1% DEPC water. RNAs were separated using 15% denaturing
polyacrylamide gel and electrophoretically transferred to Bright-
Star-Plus Positively Charged Nylon Membranes (Thermo).
Hybridization with 50 and 30-bioth–labeled DNA probes
(tRF/miR-1280 (probe 1): GGGTGGCAGCGGTGGGA; pre-
1280 (probe 2): GTGAGTGCTGATGCCTGG; tRNALeu (probe
3): GCCTTAGACCGCTCGGCCACGCTA; U6: ATATGGAACG-
CTTCACGAATT) was performed in PerfectHyb Plus hybridiza-
tion buffer (Sigma) at 42�C overnight. Membranes were then
washed, blocked, and incubated with an anti-bioth antibody.
The antibody–antigen complexes were washed and equilibrated
and then detected using the Chemiluminescent Nucleic Acid
Detection Module (Thermo Fisher Scientific) following the
manufacturer's protocol. tRF/miR-1280 mimics fragment: 50-
UCCCACCGCUGCCACCC-30 and mimics control: 50-UUGUA-
CACAAAAGUACUG-30 were used as controls.

30 UTR luciferase assays
The 30 UTR of gene of interest was amplified by PCR using

cDNA from HCT116 cells and cloned into a p-mirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega). The
tRF/miR-1280 or miR-200b precursor expression vector and
pmirGLO Dual-Luciferase 30 UTR vector were cotransfected into
293T cells using PEI transfection reagents. Cells were harvested
and lysed at 48 hours posttransfection. The interaction between
tRF/miR-1280 or miR-200b and target 30-UTR was measured by a
dual-luciferase assay system (Promega).

Oncosphere formation assays
Oncospheres were enriched from HCT116 and HCT15 cells

by culturing 200 to 1,000 cells/mL in serum-free DMEM-F12
medium (Gibco) supplemented with B27 (1:50, Invitrogen),
0.4% BSA (Sigma), 20 ng/mL EGF, bFGF, and 4 mg/mL insulin
(Invitrogen). Nontreated tissue culture flasks (Corning) were
used to reduce cell adherence and support growth as undiffer-
entiated tumor spheres. The medium was replaced or supple-
mented with fresh growth factors twice a week. Cells were
cultured for two weeks, and the numbers of oncospheres with
diameter more than 100 mm in each well were counted.

Flow cytometry
Antibodies for CD133 (AC133) were purchased from

Miltenyi Biotec. Briefly, 10 mL of the antibody was used to
mark 107 cells per 100 mL of buffer for 10 minutes in the dark
in the refrigerator (2�C–8�C), and the marker cells were
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analyzed (BD Accuri C6) or sorted (BD FACSCanto II) by flow
cytometry.

RNA isolation and qRT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen).

Total RNA (2 mg) was used for the synthesis of first-strand cDNA
using M-MLV reverse transcriptase (Invitrogen). qRT-PCR was
performed using the SYBR Green Mix (Newbio Industry). The
reactions were performed with a 7500 Fast Real-Time PCR
System. The fold changes were calculated using the 2�DDCt

method.

Western blotting
Antibodies for JAG2 (#2205), Notch1 (#3608), Notch2

(#5732), Gata1 (#3535), Gata3 (#5852), Zeb1 (#3396), Zo-1
(#8193), Snail (#3879), E-cadherin (#3195), and Suz12 (#3737)
were purchased from Cell Signaling Technology. The b-actin
antibody (KM9001) was purchased from Sungene. Whole-cell
lysates were prepared using RIPA lysis buffer in the presence of
protease inhibitors. Total cell lysates were separated using 8% to
12% SDS-PAGE, transferred to PVDF membranes, and then
detected using various primary antibodies. The antibody–antigen
complexes were detected using the Chemiluminescent HRP Sub-
strate (Millipore).

In vivo tumorigenicity and metastasis studies
All animal experiments were conducted in accordance with a

protocol approved by the Committee on the Use of Live Animals
in Teaching and Research of the Tianjin Medical University.
Athymic nude mice (BALB/c nu/nu; female, 6–8 weeks old)
were purchased from the Academy of Military Medical Science
(Beijing, China). To establish xenograft tumors, 1 � 107

HCT116 control and HCT116-tRF/miR-1280 cells (HCT15 con-
trol and HCT15-tRF/miR-1280 cells) were injected subcutane-
ously into nude mice (8 mice/group). Control-HCT116 or
HCT15 and tRF/miR-1280 sponge expressed cells (1� 107 cells)
were injected subcutaneously into nude mice (8 mice/group).
Tumor volumes were monitored once a week for 4 weeks accord-
ing to the following formula: TV ¼ (length) � (width)2/2.

For metastasis studies, a total of 1 � 106 HCT116 control and
HCT116-tRF/miR-1280 cells were injected into the spleens of
nude mice, followed by splenectomies the day after (n ¼ 8 mice/
group). After 5 weeks, all of the mice were sacrificed, and the liver
and lung metastasis were recorded and imaged.

ChIP
Cells for each genotype were crosslinked in 1% formalde-

hyde diluted in complete medium for 15 minutes at 37�C.
Then, glycine was added to the medium to stop the reaction to a
final concentration of 125 mmol/L for 5 minutes. Cells were
washed twice in cold PBS and scraped. The cells were resus-
pended in SDS lysis buffer (50 mmol/L Tris-HCl, pH 8.0,
5 mmol/L EDTA, 1% SDS supplemented with protease inhibi-
tors) and incubated for 10 minutes on ice. Next, the lysis was
sonicated to 200 to 500 bp fragment size in an ice–water slurry
for six 2-minute cycles using a Bioruptor sonicator. Sonicated
lysates were centrifuged at 12,000 rpm for 15 minutes and
diluted in chromatin immunoprecipitation (ChIP) dilution
buffer (2 mmol/L EDTA, 20 mmol/L Tris-HCl, pH 8.0, 150
mmol/L NaCl, 1% Triton X-100, supplemented with protease
inhibitors). Supernatants (100 mL) were saved as input. NICD1

antibody or control IgG was added to the grouped lysis over-
night at 4�C on a rotator. Beads (Protein G Magnetic Beads, Life
Technologies) were blocked overnight in 1% BSA in PBS. The
next day, the blocked beads were added to the immunopre-
cipitation reactions, and samples were incubated on the rotator
for 2 hours at 4�C. Beads were washed once in each of the
following washes for 10 minutes at 4�C on the rotator: low salt
wash buffer (2 mmol/L EDTA, 20 mmol/L Tris-HCl pH 8.0,
150 mmol/L NaCl, 0.1% SDS, 1% Triton X-100), high salt
wash buffer (2 mmol/L EDTA, 20 mmol/L Tris-HCl, pH 8.0,
500 mmol/L NaCl, 0.1% SDS, 1% Triton X-100), LiCl wash
buffer (1 mmol/L EDTA, 10 mmol/L Tris-HCl, pH 8.0,
0.25 mol/L LiCl, 1% NP-40, 1% Na deoxycholate), and TE
wash buffer (1 mmol/L EDTA, 10 mmol/L Tris-HCl, pH 8.0).
After completely removing any remaining liquid from the
washes, beads were resuspended in elution buffer (1% SDS,
100 mmol/L NaHCO3, 200 mmol/L NaCl) and incubated at
65�C for 15 minutes with frequent vortexing to prevent settl-
ing of beads. After elution, the beads were pelleted and the
supernatant was transferred to a new tube and incubated
overnight at 65�C to reverse the cross-linking. The next day,
samples were treated with RNase A for 1 hour at 37�C. The DNA
was purified using QIAamp DNA Mini Kit (Qiagen).

Statistical analysis
A repeated measure ANOVA was used to compare the differ-

ences in the proliferation capabilities of cancer cells. Statistical
analysis of data was performed with the Student t test using
Microsoft Office Excel 2007 software. Spearman correlation
analysis was used to determine the relationship between the
indicated mRNAs and miRNAs. Differences were considered to
be statistically significant at P < 0.05.

Results
The sequence annotated as miR-1280/tRF-1280 is derived
from pre-miRNA and tRNALeu and is increased in colorectal
cancer tissues

Schopman and colleagues suggested that the sequence anno-
tated as miR-1280, which has been removed from the miRBase
database (http://www.mirbase.org/cgi-bin/mirna_entry.pl?
acc¼MI0006437), is a fragment of tRNALeu (18). Indeed, the
proposed secondary structures of the human pre-miR-1280 and
tRNALeu shared the mature sequence of this fragment, indicated
in red (Supplementary Fig. S1A and S1B). To confirm the source
of this fragment, we designed three DNA probes that can
separately detect the expression of this mature fragment, pre-
miR-1280 and tRNALeu (Supplementary Fig. S1A and S1B).
Northern blot analysis showed that HCT116 cells exhibited
lower levels of this mature fragment and pre-miR-1280 com-
pared with Panc-1 cells (Fig. 1A). However, tRNALeu levels
were similar between HCT116 and Panc-1 cells (Fig. 1A), which
suggested that this mature fragment was mainly derived
from pre-miRNA-1280. 293T cells that stably express approx-
imately 500 bp of pri-miRNA containing this mature sequence
have a higher level of mature fragment compared with 293T
cells transfected with vector control (Fig. 1B). Surprisingly, the
level of this mature fragment in 293T cells stably expressing
tRNALeu was higher than 293T cells transfected with vector
control (Fig. 1C). In the cytoplasm, the pre-miRNA hairpin is
cleaved by the RNase III enzyme Dicer to produce mature
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Figure 1.

The sequence annotated as miR-1280/tRF-1280 is derived from pre-miRNA and tRNALeu and suppresses colorectal cancer cell growth in vitro and in vivo.
A, Northern blot analysis of total RNA from HCT116 and Panc-1 cells, with indicated 50 and 30-bioth-labeled DNA probes. B, Northern blot analysis of total
RNA from 293T cells transiently transfected with empty vector or a vector expressing a pre-miRNA containing the mature tRF/miR-1280 sequence. C,
Northern blot analyses of 293T cells stably expressing tRNALeu or control (vector) with the indicated probes. D, RT-PCR analysis of the expression
levels of Dicer transfected with control siRNA (si-Control) or Dicer-targeting siRNA (si-Dicer). E, Northern blot analysis of the expression levels of
tRF/miR-1280 in 293T cells transfected with control siRNA (si-Control) or Dicer-targeting siRNA (si-Dicer). F, RT-PCR analysis of tRF/miR-1280 expression in
HCT116, HCT15, and HT29 colorectal cancer cells. G and H, RT-PCR analysis of tRF/miR-1280 fragment (G) and Dicer (H) levels in colorectal cancer
tissues and adjacent normal tissues; 30 paired patient samples were analyzed. I, RT-PCR analysis of tRF/miR-1280 fragment levels in HCT116 or HCT15
colorectal cancer cells stably expressing tRF/miR-1280. J, Colony formation of HCT116 or HCT15 cells stably expressing tRF/miR-1280 fragment and control
cells. Colonies were stained with Crystal violet and quantified from three independent experimental wells. K, The volume and weight of tumors derived from
HCT116 or HCT15 cells stably expressing tRF/miR-1280 fragment and control cells are shown, n ¼ 8. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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miRNA. As expected, knockdown of Dicer in 293T cells resulted
in decreased levels of this mature fragment compared with
scramble cells (Fig. 1D and E). Therefore, we named this mature
fragment as tRF/miR-1280, which is derived from both pre-
miRNA and tRNALeu. Colorectal cancer cell lines have different
levels of tRF/miR-1280 (Fig. 1F). We next examined the
expression of tRF/miR-1280 in 30 pairs of human colorectal
cancer tissues and matched adjacent normal tissues by RT-PCR
and found that tRF/miR-1280 levels were significantly
decreased in human colorectal cancer tissues compared with
adjacent normal tissues (Fig. 1G). We then examined the levels
of Dicer, pre-miR-1280, and tRNALeu in human colorectal
cancer tissues and found that human colorectal cancer tissues
have decreased level of Dicer compared with adjacent normal
tissues, but not pre-miR-1280 and tRNALeu (Fig. 1H; Supple-
mentary Fig. S1C and S1D), which suggested that the decreased
level of tRF/miR-1280 in human colorectal cancer tissues is
caused by impaired dicer expression.

tRF/miR-1280 suppresses colorectal cancer cell growth
in vitro and in vivo

To investigate biological roles of tRF/miR-1280 in colorectal
cancer cells, we stably expressed this fragment using a lentiviral
delivery system in the human colorectal cancer cell lines HCT116
and HCT15 (Fig. 1I) and found that colorectal cancer cells stably
expressing tRF/miR-1280 exhibited decreased cell proliferation
(Supplementary Fig. S2A). The ectopic expression of tRF/miR-
1280 significantly reduced colony formation in HCT116 and
HCT15 cells (Fig. 1J). Consistent with in vitro studies, the ectopic
expression of tRF/miR-1280 led to smaller tumors in a xenograft
model (Fig. 1K).

Having observed that tRF/miR-1280 overexpression in colo-
rectal cancer cells reduced cell proliferation and colony formation,
we questioned whether inhibiting this fragment in colorectal
cancer cells might result in increased cell proliferation and colony
formation. Therefore, we constructed a lentiviral vector expressing
a "sponge" to adsorb the tRF/miR-1280 fragment (Supplementary
Fig. S2B). As expected, the "sponge" decreased the tRF/miR-1280
level (Supplementary Fig. S2C), and the inhibition of tRF/miR-
1280 in colorectal cancer cells exhibited increased cell prolifera-
tion and colony formation (Supplementary Fig. S2D and S2E).
Consistent with the in vitro studies, tRF/miR-1280 knockdown
resulted in larger tumors in a xenograft model (Supplementary
Fig. S2F). These results demonstrate that the ectopic expression of
tRF/miR-1280 inhibits cell proliferation and tumor growth of
colorectal cancer cells. In contrast, the suppression of tRF/miR-
1280 promotes cell proliferation and tumor growth of colorectal
cancer cells.

tRF/miR-1280 directly targets JAG2
To select and identify the downstream targets of tRF/

miR-1280, we used mRNA target-predicting algorithms
(miRanda, TargetScan, and TargetRank) based on the presence
of binding sites in the 30 UTR. Of the 10 genes that overlapped
among these algorithms (Fig. 2A), we selected four genes
(JAG2, SMO, PMM2, and AGK) that are associated with cell
proliferation, cell cycle, migration, adhesion, invasion, apopto-
sis, and cell differentiation (Supplementary Fig. S3A).

To confirm a direct relationship between tRF/miR-1280 and
the predicted target genes, we cloned the 30 UTR of key target
genes into a dual-luciferase UTR vector (Fig. 2B). Notably, we

found that tRF/miR-1280 uniquely suppressed the 30 UTR
of JAG2 (Fig. 2B). At the protein level, we found that tRF/
miR-1280 significantly decreased JAG2 in HCT116, HCT15,
and Panc-1 cells (Fig. 2C). In contrast, tRF/miR-1280 loss of
function in colorectal cancer cells increased JAG2 levels (Fig.
2D). Evaluation of the 30 UTR sequence of JAG2 revealed five
binding sites with perfect match sequences for tRF/miR-1280
(Fig. 2E; Supplementary Fig. S3B). We next generated muta-
tions in the binding site to abrogate the tRF/miR-1280-JAG2 30

UTR interaction (Fig. 2E). As expected, while a reporter with an
intact JAG2 30 UTR was effectively suppressed by tRF/miR-1280,
the JAG2 30 UTR carrying a mutated binding site was resistant to
suppression by tRF/miR-1280 (Fig. 2F). Not surprisingly, there
was a negative correlation between the protein level of JAG2
and the level of tRF/miR-1280 in colorectal cancer cell lines
(Figs. 1F and 2G). Taken together, these results indicate that
tRF/miR-1280 directly regulates JAG2 expression through the
binding site in the 30 UTR.

tRF/miR-1280 suppresses Notch signaling and the CSC-like
phenotype

JAG2 acts as a Delta-like Notch ligand that connects the
Notch1 and Notch2 receptors (19). We therefore hypothesized
that tRF/miR-1280–mediated targeting of JAG2 may lead to the
inactivation of Notch signaling. To test this hypothesis, we
evaluated the activation levels of Notch 1 and Notch2 in
colorectal cancer cells stably expressing tRF/miR-1280 and
control cells. Colorectal cancer cells stably expressing tRF/
miR-1280 had decreased levels of activated (cleaved) intracel-
lular forms of these 2 Notch family members (Fig. 3A), whereas
tRF/miR-1280 loss of function in colorectal cancer cells resulted
in the increased expression of activated Notch1 and Notch2
(Supplementary Fig. S4A). Notch signaling pathways not only
control cell fate and signal integration in development but also
play important roles in regulating stem cell function (19–21).
We therefore hypothesized that tRF/miR-1280–mediated tar-
geting of JAG2 may regulate self-renewal capacity and the
colorectal cancer stem cell–like phenotype. Indeed, the ectopic
expression of tRF/miR-1280 severely impaired the clonal
expansion of HCT116 oncospheres (Fig. 3B). We then sorted
HCT116 cells into CD133þ and CD133� fractions by flow
cytometry (Supplementary Fig. S4B), and the expression levels
of tRF/miR-1280 and JAG2 were detected by RT-PCR. As
expected, the CD133þ cell fraction had a significantly lower
expression of tRF/miR-1280 but a higher expression of JAG2
and the activated (cleaved) intracellular forms of Notch1
and Notch2 (Fig. 3C). We also evaluated the proportion of
CD133þ cells in colorectal cancer cells and found that colo-
rectal cancer cells stably expressing tRF/miR-1280 had a
decreased proportion of CD133þ cells (Fig. 3D), whereas
tRF/miR-1280 loss of function in colorectal cancer cells
increased the proportion of CD133þ cells (Supplementary Fig.
S4C and S4D), indicating that tRF/miR-1280 is a regulator for
stem-like phenotype.

The Notch signaling is activated in the CD133þ cell fraction
(Fig. 3E). To further examine the role of JAG2 as a regulator of
the stem cell–like phenotype, we investigated the proportion of
CD133þ cells. JAG2-knockdown colorectal cancer cells had a
significant decrease in the activated (cleaved) intracellular
forms of Notch1 (Fig. 3F). JAG2 knockdown severely impaired
the clonal expansion of HCT116 oncospheres (Fig. 3G), and
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the proportion of CD133þ cells was notably decreased in
JAG2-knockdown colorectal cancer cells (Fig. 3H), indicating
that JAG2 is required for tRF/miR-1280–mediated regulation of
the stem-like phenotype. Taken together, these results indicate
that tRF/miR-1280 suppresses the stem cell–like phenotype of
colorectal cancer through the inhibition of Notch signaling
pathways.

tRF/miR-1280 inhibits premetastatic features of colorectal
cancer cells

Tumor metastasis is dependent on the formation of the
premetastatic niche (PMN), and the stepwise progression of
PMN formation is initiated with local changes, such as the

induction of vasculogenesis (angiogenesis) and remodeling
of stroma and extracellular matrix (22). CD31, MMP-2, and
MMP-9 play important roles in angiogenesis and extracellular
matrix degradation (23). The strong association of the expres-
sion relationship of tRF/miR-1280 and Notch signaling
prompted us to investigate the impact of tRF/miR-1280 on
metastasis-relevant traits. As expected, tRF/miR-1280 overex-
pression induced a significant decrease in motility and migra-
tion (Fig. 4A; Supplementary Fig. S5A), along with decreased
expression of CD31, MMP-2, and MMP-9 (Fig. 4B). To confirm
the role of tRF/miR-1280 in migration, we deleted JAG2 in
HCT116 cells and found that JAG2 knockdown in HCT116 cells
led to a stronger decrease in motility, proliferation, and colony

Figure 2.

tRF/miR-1280 regulates JAG2 expression. A, Potential target genes of the tRF/miR-1280 fragment as predicted by TargetScan, miRanda, and TargetRank.
B, Dual-luciferase assays of candidate target genes of the tRF/miR-1280 fragment from six independent experimental wells. C, Western blot analysis
of JAG2 in control cells and tRF/miR-1280–overexpressing cells (HCT116, HCT15, and Panc-1 cells). D, Western blot analysis of JAG2 in control cells and
cells stably expressing tRF/miR-1280 sponge (HCT116 and HCT15 cells). E, Sequences of tRF/miR-1280 and the potential tRF/miR-1280 binding site at
the 30 UTR of JAG2, and nucleotides mutated in the JAG2 30 UTR. F, Dual-luciferase assays showing the tRF/miR-1280 fragment repression of wild-type
UTR (JAG2-UTR) or mutant UTR (JAG2-UTR-mut). G, Western blot analysis of JAG2 in the indicated cell lines. �� , P < 0.01.

tRF/miR-1280 Represses Colorectal Cancer via Notch Signaling

www.aacrjournals.org Cancer Res; 77(12) June 15, 2017 3199

on November 7, 2019. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 26, 2017; DOI: 10.1158/0008-5472.CAN-16-3146 

http://cancerres.aacrjournals.org/


formation (Fig. 4C; Supplementary Fig. S5B–S5D). As expected,
the expression levels of CD31, MMP-2, and MMP-9 were
markedly decreased in JAG2-knockdown HCT116 cells (Fig.
4D). We further explored the tRF/miR-1280–dependent regu-

lation of cell migration through the intrasplenic inoculation of
colorectal cancer cells. The liver and lung metastases burden in
nude mice of tRF/miR-1280–overexpressing HCT116 cells
nearly died out (Fig. 4E and F). Taken together, these results

Figure 3.

tRF/miR-1280 inhibits Notch pathways and suppresses CSC-like phenotype. A, Western blot analysis of activated Notch isoforms, and b-actin in HCT116
and HCT15 cells infected with the tRF/miR-1280 expression or control vector. B, Number and size of mammospheres/1,000 cells in HCT116 cells
infected with the tRF/miR-1280 expression or control vector. Scale bars, 150 mm. C, RT-PCR analysis of tRF/miR-1280 and JAG2 expression levels in
CD133� and CD133þ population of HCT116 cells. D, Representative results of CD133þ cell quantification by flow cytometry in HCT116 and HCT15 cells
infected with the tRF/miR-1280 expression or control vector. E, Western blot analysis of JAG2, Notch1, Notch2, and b-actin in CD133� and CD133þ

population of HCT116 cells. F, Western blot analysis of JAG2, activated Notch isoforms, and b-actin in JAG2-knockdown cells and scramble HCT116 or
HCT15 cells. G, Number and size of mammospheres/1,000 cells after JAG2 knockdown in HCT116 cells and scramble cells. Scale bars, 150 mm. H,
Representative results of CD133þ cell quantification by flow cytometry after JAG2 knockdown in HCT116 cells. �� , P < 0.01.
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indicate that tRF/miR-1280 can significantly inhibit metastatic-
related features of colorectal cancer cells.

tRF/miR-1280 reduces Gata1/3 expression
In a previous study, ChIP analysis of mouse mammary stem

cells revealed endogenous Notch1 intracellular domain
(NICD1) binding to the Hey2 and Gata3 promoters (21).
Consistent with this result, JAG2-depleted lung cancer cells
had decreased expression of multiple members of the Gata
family of transcription factors, including Gata1 and Gata3 (24).
ChIP analysis demonstrated that the endogenous NICD1 is
bound to the promoter regions of the target genes Gata1, Gata3,
and hey2 in HCT116 and HCT15 cells (Fig. 5A; Supplementary
Fig. S6A). To explore the role of tRF/miR-1280 in the regulation
of multiple Gata factors, we detected the expression levels of

Gata1, Gata2, and Gata3 in HCT116 or HCT15 cells stably
expressing tRF/miR-1280 and found that the expression levels
of Gata1 and Gata3 decreased after tRF/miR-1280 overexpres-
sion (Fig. 5B; Supplementary Fig. S6B). Western blotting results
also showed that tRF/miR-1280 downregulated Gata1 and
Gata3 expression through Notch pathways (Fig. 5C; Supple-
mentary Fig. S6C). As expected, after JAG2 depletion, Gata1
and Gata3 decreased at the mRNA and protein levels in
HCT116 and HCT15 cells (Fig. 5D and E; Supplementary Fig.
S6D and S6E). The CD133þ cell fraction showed a significant-
ly higher expression of Gata1 and Gata3 compared with the
CD133� cell fraction, and the expression level of Gata1 was
notably higher than that of Gata3 (Fig. 5F). These data suggest
that tRF/miR-1280 reduces the expression of Gata1 and Gata3
through the regulation of NICD1.

Figure 4.

tRF/miR-1280 inhibits premetastatic features of colorectal cancer cells. A, Transwell cell migration assay in HCT116 cells infected with tRF/miR-1280
expression or control vector. Scale bars, 150 mm. B, mRNA expression of C-myc, CD31, MMP-2, and MMP-9 in HCT116 and HCT15 cells with
tRF/miR-1280 expression or control vector. C, Cell migration. HCT116 JAG2-knockdown cells and scramble HCT116 cells. D, mRNA expression of
C-myc, CD31, MMP-2, and MMP-9 in JAG2-knockdown or scramble HCT116 cells. E, The number of liver metastases after intrasplenic injection with
HCT1116 cells infected with tRF/miR-1280 expression or control vector. F, Representative hematoxylin and eosin stain of liver and lung metastasis after
intrasplenic injection with HCT1116 cells infected with tRF/miR-1280 expression or control vector. Scale bars, 100 mm. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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tRF/miR-1280 increases the expression level of miR-200b
through the inhibition of Gata1 and reduces epithelial–
mesenchymal transition markers

Gata factors are zinc finger DNA-binding proteins that control
the development of diverse tissues through the activation or re-
pression of transcription. It has been reported that Gata factors,
especially Gata1, play important roles in multiple cancers
(25–27). GATA3 inhibits tumor formation in the breast, but
promotes carcinogenesis in lymphoid precursor cells and lung
cancer cells (24, 28, 29). To further address the biologic signif-
icance of Gata factors in colorectal cancer cells, we deleted Gata1
and Gata3 in HCT116 cells and found that knockdown of Gata1

and Gata3 inhibited cell growth and colony formation (Fig. 5G;
Supplementary Fig. S6F and S6G). Unexpectedly, knockdown of
Gata1 in HCT116 cells almost completely blocked cell prolifer-
ation (Fig. 5G; Supplementary Fig. S6G). It has been shown that
Gata factors can bind upstream of the transcription start site of
miR-200 family members, including miR-200a and miR-200c,
and repress transcription initiation (24, 30, 31). We found that
Gata1 can bind to the promoter region of miR-200b, and the
expression level of miR-200b was higher in Gata1- or Gata3-
knockdown HCT116 cells compared with scramble cells (Figs. 5H
and 6A). However, Gata1-knockdown HCT116 cells had a higher
expression level of miR-200b than Gata3-knockdown HCT116

Figure 5.

tRF/miR-1280 reduces Gata1/3 expression. A, ChIP-PCR demonstrates the percent (%) input of NICD1 at the indicated locations upstream of Gata1
and Gata3 in HCT116 and HCT15 cells. IgG was used as a control. B and C, RT-PCR (B) and Western blot analysis (C) of Gata1/2/3 levels of HCT116
cells stably expressing tRF/miR-1280 or control as indicated. D and E, RT-PCR (D) and Western blot analysis (E) of Gata1/2/3 levels of HCT116
cells stably expressing JAG2-shRNA or scramble-shRNA as indicated. F, mRNA expression of Gata1, Gata2, and Gata3 in CD133� and CD133þ

population of HCT116 cells. G, Cell proliferation of HCT116 cells stably expressing Gata1-shRNA, Gata3-shRNA, or scramble-shRNA. Cells were counted
every alternate day and the numbers are plotted from three independent experimental wells. H, RT-PCR analysis of miR-200b expression in HCT116
cells stably expressing Gata1-shRNA, Gata3-shRNA, or scramble-shRNA. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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cells (Fig. 5H). Collectively, these findings suggest that tRF/miR-
1280 upregulates miR-200b expression through the inhibition of
Gata factors, mainly Gata1.

miR-200 family members are powerful master regulators of
differentiation and cancer (32–35). To confirm the regulatory
relationship between tRF/miR-1280 and miR-200b, we detected
miR-200b expression after the overexpression of tRF/miR-1280 or
the inhibition of JAG2 in HCT116 cells. As expected, miR-200b
expression was significantly higher in cells stably expressing
tRF/miR-1280 or JAG2-shRNA (Fig. 6B and C). We also found

that the CD133þ cell fraction had significantly lower miR-
200b expression compared with the CD133� cell fraction (Sup-
plementary Fig. S7A). We confirmed that miR-200b suppressed
the 30 UTR of Zeb1 and Suz12 (Supplementary Fig. S7B; refs. 33,
34). Transiently transfected with miR-200b mimics in HCT116
cells decreased mRNA and protein levels of Zeb1 and Szu12
(Supplementary Fig. S7C and S7D). At the protein level, JAG2
knockdown in HCT116 or HCT15 cells led to a significant
decrease in the level of Zeb1 and Suz12 (Fig. 6D). Moreover, the
introduction of JAG2-shRNA into HCT116 or HCT15 cells

Figure 6.

tRF/miR-1280 increases miR-200b expression through the inhibition of Gata1 and inhibits an EMT marker. A, ChIP-PCR demonstrates the percent (%) input
of Gata1 at the indicated locations upstream of miR-200b in HCT116 cells. IgG was used as a control. B and C, RT-PCR analysis of miR-200b expression
in HCT116 or HCT15 cells treated as indicated. D, HCT116 or HCT15 cells stably expressing JAG2-shRNA and scramble-shRNA were analyzed using
immunoblotting with the indicated antibodies. E, Proposed working model. Schematic summarizing our proposed model for tRF/miR-1280 fragment
inhibition of the Notch pathway in colorectal cancer cells. tRF/miR-1280 fragment binds to the JAG2 mRNA 30 UTR and induces its degradation, leading to
decreased JAG2 protein, which inhibits the activation of the Notch pathway in colorectal cancer cells. Activation of the Notch pathway leads to higher
expression levels of Gata3, which directly binds to the promoter of miR-200b and represses its transcription, which leads to increased EMT and CSC markers.
� , P < 0.05; ��, P < 0.01.
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sharply decreased the mesenchymal markers Snail1 and
increased the level of ZO-1 and E-cadherin (Fig. 6D). Suz12, a
catalytic subunit of PRC2, is responsible for the di- and trimethy-
lation of lysine 27 on histone H3, resulting in gene repression
(36). We found that the CD133þ HCT116 cell fraction had a
significantly higher expression of Suz12 compared with the
CD133� cell fraction (Supplementary Fig. S7E). These data sug-
gested that tRF/miR-1280 could activate miR-200b expression
through the inhibition of Gata1.

Negative expression correlation of tRF/miR-1280/JAG2,
Gata1/miR-200b/Zeb1, and Suz12 in human primary
colorectal cancer tissues

To determine the levels of tRF/miR-1280, JAG2, Gata1, Gata3,
miR-200b, Zeb1, and Suz12 in human colorectal cancer clinical
samples,we examined their expression levels in30pairs of human
colorectal cancer tissues and matched normal adjacent tissues by

RT-PCR. Indeed, human colorectal cancer tissues displayed sig-
nificantly decreased expression ofmiR-200b but elevated levels of
JAG2, Gata1, Gata3, Zeb1, and Suz12 compared with matched
normal adjacent tissues (Fig. 7A). In agreement with previous
results, we detected a negative correlation between tRF/miR-1280
levels and JAG2 expression (Fig. 7B) and a positive association of
tRF/miR-1280 and miR-200b expression (Fig. 7B). Moreover,
miR-200b expression negatively correlated with JAG2, Gata1,
Zeb1, and Suz12 but not Gata3 (Fig. 7B). In summary, these
results show that the expression levels of tRF/miR-1280 and
miR-200b were decreased in primary human colorectal cancer
cells, and levels of JAG2, Gata1, Zeb1, and Suz12 were
increased in primary human colorectal cancer cells.

Discussion
Here, we identified a human-specific tRF/miR fragment that

represses the Notch signaling pathway and suppresses growth

Figure 7.

Expression and correlations of the tRF/miR-1280/Notch/Gata/miR-200b regulatory pathway in human primary colorectal cancer tumors. A and B,
Correlative analysis of the indicated mRNAs, tRFs, and miRNAs in paired human colorectal cancer tumors, n ¼ 30. A, Expression of mRNAs and
mature miR-200b were determined by RT-PCR. Significance was calculated using Student t test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. B, Spearman
correlation coefficient with the respective significance is indicated.
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and premetastatic features through the inhibition of the JAG2-
supported CSC-like phenotype. In addition, our study reveals
how the JAG2–Notch pathway exerts its cancer-promoting
effects in colorectal cancer cells. Mutations and amplifications
in Notch signaling components are rarely detected in solid
tumors, even though the significance of the Notch pathway in
cancer progression has been documented for many cancer
types. Our results provide an additional explanation of how
aberrant Notch signaling generated and influenced colorectal
cancer cells.

Notch signaling is known to be important for key cancer
cell capability, including proliferation, metastasis, and the
stem cell–like phenotype (37–39). In mammalian cells, at
least five distinct ligands (JAG1, JAG2, DLL-1, DLL-3, and
DLL-4) initiate Notch signaling by binding to the Notch
receptors. JAG2, an important Notch ligand, has been shown
to interact with Notch1 and Notch2 (40, 41). More impor-
tantly, it has been revealed that JAG2 plays key roles in tumor
initiation and tumor maintenance (24, 42). Recent studies
have indicated that JAG2 promotes cancer metastasis through
the regulation of colorectal cancer self-renewal (24, 43). We
identified that JAG2 mRNA is a predominant binding target
for tRF/miR-1280 in colorectal cancer cells. tRF/miR-1280
significantly inhibits colorectal cancer cell survival and met-
astatic-related features through the inhibition of JAG2-sup-
ported stem cell–like phenotype. tRF/miR-1280 overexpres-
sion or JAG2 knockdown in colorectal cancer cells suppresses
the stem cell–like phenotype marker CD133, with a decreased
number and size of mammospheres. In addition, tRF/miR-
1280 overexpression and JAG2 knockdown in colorectal can-
cer cells also inhibit colorectal cancer cell migration in vitro
and in vivo.

The findings presented here indicate the existence of the
reciprocal activation of Notch signaling and epithelial–mesen-
chymal transition (EMT) regulated by tRF/miR-1280 or JAG2.
We therefore propose the following model (Fig. 6E). JAG2,
which is targeted and inhibited by tRF/miR-1280, activates
Notch signaling, shifting the balance toward high levels of
Gata1 and Gata3 in colorectal cancer cells. Then, Gata1 and
Gata3 exert their transcriptional repression activity on
miR-200b in colorectal cancer cells. tRF/miR-1280 overexpres-
sion or JAG2 knockdown in colorectal cancer cells results in
significantly decreased levels of Gata1 but modest reductions
in Gata3 protein. Furthermore, Gata1 deletion leads to com-
plete growth arrest. The expression level of Gata1 is almost
100-fold higher than Gata3 in HCT116 cells. These findings
suggest that Gata1 functions as a master intermediate
between JAG2 and miR-200b in colorectal cancer cells, differ-
ent from lung cancer cells (24). The miR-200 family is believed
to play an essential role in tumor suppression by inhibiting the
EMT (32, 35, 44). Park and colleagues found that miR-200b
directly targets the mRNA of the E-cadherin transcriptional
repressors Zeb1 (TCF8/dEF1) and Zeb2 [SMAD-interacting
protein 1 (SIP1)/ZFXH1B] and determines the epithelial phe-
notype of cancer cells (32). Conversely, the miR-200b promoter
contains multiple highly conserved E-boxes, which are occu-
pied by ZEB1, leading to transcriptional repression (45, 46).
miR-200b and Zeb1 negatively regulate the expression of each
other, indicating that there is a double-negative self-enforcing
feedback loop between miR-200b and Zeb1. We also validated
this regulatory relationship of miR-200b and Zeb1 in colorectal

cancer cells. Indeed, miR-200b directly targets the mRNA of the
E-cadherin transcriptional repressor Zeb1 (TCF8/dEF1),
through which miR-1280 downregulates the expression levels
of Zeb1 and Snail and increases E-cadherin and ZO-1 expres-
sion in colorectal cancer cells. miR-200b also targets the Bmi1
subunit of the PRC1 complex (47) and the Suz12 subunit of the
PRC2 complex through a direct interaction with a perfectly
homologous and highly conserved region of the Suz12 30 UTR
(33). Here, we found that miR-200b targets the Suz12 subunit
of the PRC2 complex, through which tRF/miR-1280 or JAG2
influences the formation and maintenance of CSCs in colorec-
tal cancer cells. Interestingly, the CD133þ fraction of HCT116
cells showed decreased levels of miR-200b but higher levels of
Suz12, indicating that miR-200b and Suz12 play key roles in
regulating the stem cell–like phenotype.

In summary, we identified a tRNALeu and homologous pre-
miRNA–derived fragment named tRF/miR-1280. Further studies
have demonstrated that tRF/miR-1280 can directly inhibit
Notch signaling by targeting JAG2, leading to the decreased
activity of Notch pathway components and Notch signaling.
These results could explain how aberrant Notch signaling acti-
vation, driven by ncRNA fragments, is molecularly connected to
cancer initiation and progression, including the maintenance
of CSCs and the proliferation and drug resistance of cancer
cells. Taken together, our findings identify tRF/miR-1280 as a
powerful master regulator of Notch signaling and EMT in
colorectal cancer cells and suggest that introducing tRF/miR-
1280 into cancer cells may be a novel approach for reversing
tumor progression.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: B. Huang, Y. Da, L. Qiao, P. Zhao, R. Zhang
Development of methodology: B. Huang, H. Yang, D. Wang, W. Shen, Y. Da,
L. Liu, L. Qiao
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): B. Huang, X. Cheng, D. Wang, S. Fu, L. Zhang, Z. Li,
Z. Yao
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): B. Huang, X. Cheng, D. Wang, Q. Zhang, L. Zhang,
Q. Yang, Y. Kong, P. Zhao, M. Li
Writing, review, and/or revision of the manuscript: B. Huang, Y. Li, L. Qiao,
R. Zhang
Administrative, technical, or material support (i.e., reporting or organiz-
ing data, constructing databases): B. Huang, D. Wang, Z. Xue, Y. Li, Y. Da,
L. Liu
Study supervision: Y. Da, L. Qiao, R. Zhang

Grant Support
This work was supported by the National Natural Science Foundation of

China through grants 81272317, 81302568, 81301026, 91029705, and
81172864 and the Ministry of Science and Technology of China through grant
2012CB932503.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received November 23, 2016; revised April 5, 2017; accepted April 18, 2017;
published OnlineFirst April 26, 2017.

tRF/miR-1280 Represses Colorectal Cancer via Notch Signaling

www.aacrjournals.org Cancer Res; 77(12) June 15, 2017 3205

on November 7, 2019. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 26, 2017; DOI: 10.1158/0008-5472.CAN-16-3146 

http://cancerres.aacrjournals.org/


References
1. Fearon ER. Molecular genetics of colorectal cancer. Annu Rev Pathol

2011;6:479–507.
2. Goel A, Boland CR. Epigenetics of colorectal cancer. Gastroenterology

2012;143:1442–60.
3. Davies JM, Goldberg RM. Treatment of metastatic colorectal cancer. Semin

Oncol 2011;38:552–60.
4. Lund E, Dahlberg J. Substrate selectivity of exportin 5 and Dicer in the

biogenesis of microRNAs. Cold Spring Harb Symp Quant Biol 2006;
71:59–66.

5. Borek E, Baliga B, Gehrke CW, Kuo C, Belman S, Troll W, et al. High
turnover rate of transfer RNA in tumor tissue. Cancer Res 1977;37:3362–6.

6. Green D, Fraser WD, Dalmay T. Transfer RNA-derived small RNAs in the
cancer transcriptome. Pflugers Archiv 2016;468:1041–7.

7. Maute RL, Schneider C, Sumazin P, Holmes A, Califano A, Basso K, et al.
tRNA-derived microRNA modulates proliferation and the DNA damage
response and is down-regulated in B cell lymphoma. Proc Natl Acad Sci
2013;110:1404–9.

8. Ivanov P, Emara MM, Villen J, Gygi SP, Anderson P. Angiogenin-induced
tRNA fragments inhibit translation initiation. Mol Cell 2011;43:613–23.

9. Goncalves KA, Silberstein L, Li S, Severe N, Hu MG, Yang H, et al.
Angiogenin promotes hematopoietic regeneration by dichotomously
regulating quiescence of stem and progenitor cells. Cell 2016;166:
894–906.

10. Lau NC, Lim LP, Weinstein EG, Bartel DP. An abundant class of tiny RNAs
with probable regulatory roles in Caenorhabditis elegans. Science
2001;294:858–62.

11. Goodarzi H, Liu X, Nguyen HC, Zhang S, Fish L, Tavazoie SF. Endogenous
tRNA-derived fragments suppress breast cancer progression via YBX1
displacement. Cell 2015;161:790–802.

12. Sun V, Zhou WB, Nosrati M, Majid S, Thummala S, de Semir D, et al.
Antitumor activity of miR-1280 in melanoma by regulation of Src. Mol
Ther 2015;23:71–8.

13. Majid S, Dar AA, Saini S, Shahryari V, Arora S, ZamanMS, et al. MicroRNA-
1280 inhibits invasion and metastasis by targeting ROCK1 in bladder
cancer. PLoS One 2012;7:e46743.

14. Wang F, Remke M, Bhat K, Wong ET, Zhou S, Ramaswamy V, et al. A
microRNA-1280/JAG2 network comprises a novel biological target in
high-risk medulloblastoma. Oncotarget 2015;6:2709–24.

15. Meng D, Li Z, Ma X, Fu L, Qin G. MicroRNA-1280 modulates cell growth
and invasion of thyroid carcinoma through targeting estrogen receptor a.
Cell Mol Biol (Noisy-le-Grand, France) 2015;62:1–6.

16. Xu L-M, Li L-Q, Li J, Li H-W, ShenQ-B, Ping J-L, et al. Upregulation of miR-
1280 expression in non-small cell lung cancer tissues. Chin Med J
2015;128:670–3.

17. Piepoli A, Tavano F, Copetti M, Mazza T, PalumboO, Panza A, et al. Mirna
expression profiles identify drivers in colorectal and pancreatic cancers.
PLoS One 2012;7:e33663.

18. Schopman NCT, Heynen S, Haasnoot J, Berkhout B. A miRNA-tRNA mix-
up: tRNA origin of proposed miRNA. RNA Biol 2014;7:573–6.

19. Van de Walle I, De Smet G, Gartner M, De Smedt M, Waegemans E,
Vandekerckhove B, et al. Jagged2 acts as a Delta-like Notch ligand during
early hematopoietic cell fate decisions. Blood 2011;117:4449–59.

20. Artavanis-Tsakonas S. Notch signaling: cell fate control and signal inte-
gration in development. Science 1999;284:770–6.

21. Bouras T, Pal B, Vaillant F, Harburg G, Asselin-Labat ML, Oakes SR, et al.
Notch signaling regulates mammary stem cell function and luminal cell-
fate commitment. Cell Stem Cell 2008;3:429–41.

22. PeinadoH,ZhangH,Matei IR, Costa-Silva B,HoshinoA, RodriguesG, et al.
Pre-metastatic niches: organ-specific homes formetastases. Nat Rev Cancer
2017;17:302–17.

23. Mook OR, Frederiks WM, Van Noorden CJ. The role of gelatinases in
colorectal cancer progression and metastasis. Biochim Biophys Acta
2004;1705:69–89.

24. Yang Y, Ahn YH, Gibbons DL, Zang Y, Lin W, Thilaganathan N, et al. The
Notch ligand Jagged2 promotes lung adenocarcinoma metastasis
through a miR-200-dependent pathway in mice. J Clin Invest 2011;121:
1373–85.

25. Gregory T, Yu C, Ma A, Orkin SH, Blobel GA, Weiss MJ. GATA-1 and
erythropoietin cooperate to promote erythroid cell survival by regulating
bcl-xL expression. Blood 1999;94:87–96.

26. Bartu�n�ek P, Kralova J, Blendinger G, Dvo�r�ak M, Zenke M. GATA-1 and c-
myb crosstalk during red blood cell differentiation through GATA-1
binding sites in the c-myb promoter. Oncogene 2003;22:1927–35.

27. Figueiredo JC, Hsu L, Hutter CM, Lin Y, Campbell PT, Baron JA, et al.
Genome-wide diet-gene interaction analyses for risk of colorectal cancer.
PLoS Genet 2014;10:e1004228.

28. Mehra R, Varambally S, Ding L, Shen R, Sabel MS, Ghosh D, et al.
Identification of GATA3 as a breast cancer prognostic marker by global
gene expression meta-analysis. Cancer Res 2005;65:11259–64.

29. Nawijn MC, Ferreira R, Dingjan GM, Kahre O, Drabek D, Karis A, et al.
Enforced expression of GATA-3 during T cell development inhibits mat-
uration of CD8 single-positive cells and induces thymic lymphoma in
transgenic mice. J Immunol 2001;167:715–23.

30. Amsen D, Antov A, Jankovic D, Sher A, Radtke F, Souabni A, et al. Direct
regulation of Gata3 expression determines the T helper differentiation
potential of Notch. Immunity 2007;27:89–99.

31. Fang TC, Yashiro-Ohtani Y,Del BiancoC, KnoblockDM,BlacklowSC, Pear
WS. Notch directly regulates Gata3 expression during T helper 2 cell
differentiation. Immunity 2007;27:100–10.

32. Park S-M, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines
the epithelial phenotype of cancer cells by targeting the E-cadherin repres-
sors ZEB1 and ZEB2. Genes Dev 2008;22:894–907.

33. Iliopoulos D, Lindahl-Allen M, Polytarchou C, Hirsch HA, Tsichlis PN,
Struhl K. Loss ofmiR-200 inhibitionof Suz12 leads to polycomb-mediated
repression required for the formation and maintenance of cancer stem
cells. Mol Cell 2010;39:761–72.

34. Brabletz S, Bajdak K, Meidhof S, Burk U, Niedermann G, Firat E, et al. The
ZEB1/miR-200 feedback loop controls Notch signalling in cancer cells.
EMBO J 2011;30:770–82.

35. Davalos V, Moutinho C, Villanueva A, Boque R, Silva P, Carneiro F, et al.
Dynamic epigenetic regulation of the microRNA-200 family mediates
epithelial and mesenchymal transitions in human tumorigenesis. Onco-
gene 2012;31:2062–74.

36. Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee TI, et al.
Polycomb complexes repress developmental regulators in murine embry-
onic stem cells. Nature 2006;441:349–53.

37. Purow BW,Haque RM, NoelMW, SuQ, BurdickMJ, Lee J, et al. Expression
of Notch-1 and its ligands, Delta-like-1 and Jagged-1, is critical for glioma
cell survival and proliferation. Cancer Res 2005;65:2353–63.

38. Zhang P, Yang Y, Zweidler-McKay PA, Hughes DP. Critical role of notch
signaling in osteosarcoma invasion and metastasis. Clin Cancer Res
2008;14:2962–9.

39. Pannuti A, Foreman K, Rizzo P, Osipo C, Golde T, Osborne B, et al.
Targeting Notch to target cancer stem cells. Clin Cancer Res 2010;16:
3141–52.

40. Casey LM, Lan Y, Cho ES, Maltby KM, Gridley T, Jiang R. Jag2-Notch1
signaling regulates oral epithelial differentiation and palate development.
Dev Dyn 2006;235:1830–44.

41. Shimizu K, Chiba S, Hosoya N, Kumano K, Saito T, Kurokawa M, et al.
Binding of Delta1, Jagged1, and Jagged2 to Notch2 rapidly induces
cleavage, nuclear translocation, and hyperphosphorylation of Notch2.
Mol Cell Biol 2000;20:6913–22.

42. Mullendore ME, Koorstra JB, Li YM, Offerhaus GJ, Fan X, Henderson
CM, et al. Ligand-dependent Notch signaling is involved in tumor
initiation and tumor maintenance in pancreatic cancer. Clin Cancer
Res 2009;15:2291–301.

43. Xing F, Okuda H, Watabe M, Kobayashi A, Pai SK, Liu W, et al. Hypoxia-
induced Jagged2 promotes breast cancer metastasis and self-renewal of
cancer stem-like cells. Oncogene 2011;30:4075–86.

44. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transi-
tion by targeting ZEB1 and SIP1. Nat Cell Biol 2008;10:593–601.

45. Brabletz S, Brabletz T. The ZEB/miR200 feedback loop—amotor of cellular
plasticity in development and cancer? EMBO Rep 2010;11:670–7.

46. BurkU, Schubert J,WellnerU, SchmalhoferO, Vincan E, Spaderna S, et al. A
reciprocal repression between ZEB1 and members of the miR200 family
promotes EMT and invasion in cancer cells. EMBO Rep 2008;9:582–9.

47. Shimono Y, Zabala M, Cho RW, Lobo N, Dalerba P, Qian D, et al.
Downregulation ofmiRNA-200c links breast cancer stem cells with normal
stem cells. Cell 2009;138:592–603.

Cancer Res; 77(12) June 15, 2017 Cancer Research3206

Huang et al.

on November 7, 2019. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 26, 2017; DOI: 10.1158/0008-5472.CAN-16-3146 

http://cancerres.aacrjournals.org/


2017;77:3194-3206. Published OnlineFirst April 26, 2017.Cancer Res 
  
Bingqing Huang, Huipeng Yang, Xixi Cheng, et al. 
  
Colorectal Cancer

like Cells and Metastasis in−tRF/miR-1280 Suppresses Stem Cell

  
Updated version

  
 10.1158/0008-5472.CAN-16-3146doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2017/04/26/0008-5472.CAN-16-3146.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/77/12/3194.full#ref-list-1

This article cites 47 articles, 18 of which you can access for free at:

  
Citing articles

  
 http://cancerres.aacrjournals.org/content/77/12/3194.full#related-urls

This article has been cited by 1 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/77/12/3194
To request permission to re-use all or part of this article, use this link

on November 7, 2019. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 26, 2017; DOI: 10.1158/0008-5472.CAN-16-3146 

http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-16-3146
http://cancerres.aacrjournals.org/content/suppl/2017/04/26/0008-5472.CAN-16-3146.DC1
http://cancerres.aacrjournals.org/content/77/12/3194.full#ref-list-1
http://cancerres.aacrjournals.org/content/77/12/3194.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/77/12/3194
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




