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ABSTRACT
Runt-related transcription factor 1(RUNX1), a key factor in hematopoiesis that
mediates specification and homeostasis of hematopoietic stem and progenitor cells
(HSPCs), is also overexpressed in several solid human cancers, and correlated with
tumor progression. However, the expression and function of RUNX1 in pancreatic
ductal adenocarcinoma were still unclear. Here, we show that RUNX1 is highly
expressed in pancreatic adenocarcinoma tissues and knocking down of RUNX1
attenuated aggressiveness in pancreatic cell lines. Moreover, we found that RUNX1
could negatively regulate the expression of miR-93. Bioinformatics method showed
that there are two binding sites in the the promotor region of miR-93 precursor
and through ChIP-qPCR and firefly luciferase reporter assay, we vertified that these
two binding sites each have transcriptive activity in one pancreatic cell lines. This
result supported our presumption that RUNX1 regulate miR-93 through binding to the
promotor region of miR-93. Besides, the expression and function of miR-93 is quite the
opposite, miR-93 overexpression suppresses migration and invasiveness in pancreatic
cell lines supporting that RUNX1 negatively regulated miR-93. Our findings provided
evidence regarding the role of RUNX1 as an oncogene through the inhibition of miR93. Targeting RUNX1 can be a potential therapeutic strategy in pancreatic cancer.

The RUNX (Runt-related transcription factor)
family of genes are significant regulators controlling
pancreatic cancer progression. It has been reported that
RUNX-2 was highly expressed in pancreatic tumor
cells, PanIN lesions and tumour-associated fibroblasts/
stellate cells, but showed weak to absent expression
in normal pancreatic tissues and RUNX2 has the
potential to regulate expression of extracellular matrix
modulators SPARC and MMP1, thus influencing tumor
microenvironment [6]. In addition, Runx3 plays dual
roles leading to enhanced migration and metastasis ability
while showing reduced proliferation in PDAC [7, 8].
However, the role RUNX1 played in the carcinogenesis
or progression of pancreatic cancer is largely unknown.
Altered expression of RUNX1 is associated with many
other cancers. Recently, mutations of transcription
factor CBFB and deletions of RUNX1 causing Runx1/

INTRODUCTION
Pancreatic ductal adenocarcinoma remains to
be one of the most lethal malignancies worldwide,
which ranks the fourth, fourth and sixth leading cause
of cancer-related deaths in the United States, European
Union and China, respectively [1–3]. Because of their
retroperitoneal location and no reliable early diagnostic
markers, over 80% patients have been in the advancedstage at diagnosis [4]. Unfortunately, multidisciplinary
approaches in pancreatic cancer management have yet to
result in a meaningful increase of 5-year survival [4, 5]. As
the majority of pancreatic cancer (85% of which are ductal
adenocarcinoma) present aggressive features, it is vital
to understand more about the basis for pancreatic ductal
adenocarcinoma (PDAC) progression and to develop more
effective treatment for this deadly disease.
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Cbfb complex loss of function in breast cancer has
been identified by whole-genome sequencing. RUNX1
mutation in breast cancer can predict poor outcome, all
indicating that defective RUNX1 function might also
act as an important factor in epithelial tumors, not only
in acute myeloid leukemia [9, 10]. In another study, upregulation of RUNX1 in endometrioid carcinoma (EEC)
was correlated with the initial myometrial infiltration
[11]. Similarly, upregulated RUNX1 was involved in the
establishment of an orthotopic endometrial cancer mouse
metastases model [12]. RUNX1 was also over expressed
in human and mouse neurofibroma-initiating cells with no
neurofibromatosis type 1(Nf1) context [13]. Those studies
suggest that RUNX1 contributes to cancer progression.
Although the biological effects of RUNX1 are clearly
established in multiple malignancies, the underlying
molecular mechanisms underlie remain unclear.
Here, we have defined an innovative oncogenic
pathway downstream of RUNX1 involving miR-93dependent regulation of HMGA2 in PDAC. Over-expressed
RUNX1 was related to poor prognosis. The mechanism
mediating this oncogenic effect was that RUNX1 negatively
regulated miR-93 by directly interacting with its promoter;
subsequently miR-93 induced degradation of miR-93 target
gene HMGA2 was abrogated. Further, we showed that
overexpression of miR-93 or knocking down of HMGA2
both can decrease the invasive ability of pancreatic cancer.
Together, these findings defined a novel potential axis
activated by the upregulated RUNX1 leading to pancreatic
cancer invasion that may help the design of future clinical
studies for this devastating disease as well as other diseases
with aberrant levels of RUNX1.

for RUNX1 was done in 39 PDAC cases, each including
tumor and normal tissues in the same slide. Of the 39
pancreatic cancer tissues examined, the longest had 3
years of clinical follow-up. In normal pancreatic tissues,
RUNX1 expression was detected weak and focal. None of
the normal pancreatic tissues had a score higher than 1+
(Figure 1D). The majority (26/39, 66.7%) of pancreatic
cancers received scores of 2+ or above, while a minority
(13/39, 33.3%) of the pancreatic cancers had low level of
RUNX1 expression (Figure 1D). High level of RUNX1
expression showed no correlation with any clinicalpathological features (Supplementary Table 2). Increased
RUNX1 protein expression (>= 2+) was found to increase
the hazard ratio (HR) for death (HR=3.177, 0.083-1.126,
P =0.075). Besides, Age and positive margin also increase
the HR for death (HR=2.851, 0.099-1.187, P=0.091)
and (HR=1.989, 0.106-1.441, P =0.158), respectively
(Supplementary Table 3). Western blot of three paired
cancers and matched adjacent normal tissues also showed
a higher level of RUNX1 expression relative to normal
pancreatic tissues (Figure 1E).
The relationship between RUNX1 expression and
clinical outcome was then assessed by looking at overall survival in the 39 patients. Of 39 patients, the followup time was between 3 to 72 months. 17 had died by
the last follow-up and the median survival time was 9
months. Survival analyses showed difference between
RUNX1 low expression (mean of 34.7 months – 95%
confidence interval, 13.92-55.48 months) and RUNX1
high expression tumor cells (mean of 14.3 months – 95%
confidence interval, 9.43-19.23 months) (Figure 1F).
High RUNX1 level has a shorter overall survival time for
patients (Figure 1F).

RESULTS

RUNX1 promotes PDAC cells invasion

RUNX1 is upregulated in PDAC and high
RUNX1 expression showed reduced suvival time

Given these clinical links, we further investigated the
biological effect of RUNX1 on pancreatic cancer invasion.
We first knocked down RUNX1 through transfecting
pancreatic cell lines (PANC-1, MIA PaCa-2) with two
different siRNAs designed for RUNX1 (siRUNX1 I and
II), both of them could efficiently decrease the endogenous
expression of RUNX1 mRNA (Figure 2A). Firstly, wound
healing cell migration assay revealed the move ability
of PANC-1 cells was markedly decreased following
downregulation of RUNX1 (Figure 2C–2D). Consistently,
the invasive capacity was also drastically reduced following
RUNX1 downregulation using transwell assay (Figure
2E–2F). MIA PaCa -2 cells were abandoned of this wound
healing assay owing to its limited mobility.
In contrast, we further examined the role of RUNX1
by overexpression RUNX1 level using a pcDNA3.1RUNX1 expression vector, in two pancreatic tumor
cells (Figure 2B). 48 h later after transfection, RUNX1
mRNA level in both cells was noticeably increased; the
protein expression of RUNX1 in both cell lines was also

To screen pancreatic cancer gene expression profiles,
we selected two qualified gene expression microarray
datasets (GSE71989 and GSE28735), and identified genes
that were differentially expressed in pancreatic tumors and
non-tumor tissues (P<0.01) in both independent cohorts
(Figure 1A). Interestingly, RUNX1 was more highly
expressed in pancreatic tumors chips (Figure 1B), but its
expression in solid tumors is still unkown, especially in
pancreatic adenocarcinoma (PDAC).
To further validate these findings, quantitative
PCR was done in 76 pancreatic fresh samples, including
39 cancers and 37 matched adjacent normal tissues or
seperate normal tissues. In this analysis, 61.5% (24/39) of
pancreatic cancer samples had at least a 1.5-fold increase
in RUNX1 mRNA expression levels relative to normal
samples (P=0.001) (Figure 1C).
To evaluate whether RUNX1 protein expression is
also increased in pancreatic cancer, immunohistochemistry
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significantly upregulated compared with empty vector
groups (Figure 2B). Here, we examined the role of
RUNX1 gain of function using transwell system in both
cell lines. Transwell invasive assays showed that RUNX1
upregulation promoted cells invasion (Figure 2E–2F).
Taken together, these results indicate that RUNX1 may
contribute to pancreatic cancer progression through
regulating pancreatic cells migration and invasion.

thus contributing to pancreatic cancer suppression [15–
17]; microRNAs were also reported to be regulated by
transcription factor (TF) because these microRNAs have
binding sites on their promotor [18]. Since RUNX1 was a
transcription factor, we want to dig deep on the mechanisms
on how RUNX1 works as an oncogene.
Using bioinformatics methods ChIPBase [19] and
GTRD [20] and review of the literature [21], we found that
there are two binding sites of the miR-93 promoter region
that can potentially act as a transcript site (name as Seq1
and Seq2) for RUNX1 (Figure 3C). We first overexpressed
and knock down RUNX1 in pancreatic cell lines (PANC1, MIA PaCa -2) to see whether the miR-93 level can be
altered. RT-PCR showed that when RUNX1 was knocked

RUNX1 negatively regulated miR-93
Our previous results indicate that microRNAs
could trigger key driver genes’ dysregulation such as
K-ras in pancreatic ductal adenocarcinoma (PDAC),

Figure 1: (A) Volcano plot showing relationship between magnitude of gene expression change (log2 of fold-change; y-axis) and statistical

significance of this change [-log10 of adjusted p value; x-axis] in a comparison of tumors and adjacent non-tumor tissues in GSE71989 (left)
and GSE28735 (right) cohorts. Red points represent differentially expressed genes (with cut-off FDR < 0.05) with magnitude of change ≥2.
(B) Gene expression of RUNX1 in two independent cohorts of PDAC. RUNX1 is increased in tumors compared with non-tumor tissues in
GSE71989 (left) and GSE28735 (right) cohorts. Box plots represent gene expression level with relative intensity (log2) of microarray data.
Bars indicate median value. Student t test. (C) Average relative RUNX1 expression level in PDAC compared with that in normal tissues.
Expression of RUNX1 was measured by qRT-PCR and normalized by GADPH. (D) Immunohistochemical staining for RUNX1 protein
in normal pancreas and PDAC tissues, brown granule in nucleus showed low or high expressed RUNX1 with lower magnification images
(5×, left) and its expanded views (20×, right). (E) Protein expression in 3 paired PDAC and the adjacent normal pancrea tissues. RUNX1
protein expression level was determined by immunoblotting with GADPH as a control. (F) Kaplan-Meier curves for OS in PDAC patients
with RUNX1 expession. Gene expression of RUNX1 is divided into high and low expression groups using a median cutoff. Log-rank P
value is indicated in the graphs.
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down, miR-93 expression was upregulated (Figure 3B).
While RUNX1 was overexpressed, miR-93 expression
was downregulated (Figure 3A). This result was shown
in two pancreatic cell lines, suggesting a negatively
regulated expression of RUNX1 and miR-93 expression
in pancreatic cells.

To further validate these findings, quantitative PCR
in fresh tissues was done in 24 cancers and 26 matched
adjacent normal tissues including 17 paired pancreatic
samples. However, RUNX1 and miR-93 expression in
pancreatic cancers and corresponding normal tissues was
positive correlated (P=0.04) (Figure 3E).

Figure 2: (A) RUNX1 knocking down efficiency was measured by RT-qPCR assay in two cells (siRUNX1-1 and siRUNX1-2
are different siRNA fragments). ** P < 0.01. (B) Overexpression of RUNX1. Cells were transfected with pcDNA3.1-RUNX1 or
empty vector pcDNA3.1. Overexpression of RUNX1 was confirmed by RT-qPCR (Left) and Western blotting (Right) in two
cells, respectively. **P < 0.01, t test. (C, D) Wound healing assay. PANC-1 cell was transfected with Negative Control (NC)
and si-RUNX1. Optical images of wounded cell monolayers were taken after 0 h, 24 h, 48 h, and 72h. The remaining distance
was calculated as a percentage of the initial wound area. *P<0.05 or **P<0.01. (E, F) Two pancreatic cell lines transfected
with NC, si-RUNX1 and pcDNA3.1-RUNX1 cells were collected and induced to invade through Matrigel-coated transwell
membranes. The numbers of migrated cells were counted. ** P < 0.01.
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Figure 3: (A) miR-93 expression decreased in pcDNA3. 1-RUNX1 transefected PANC-1 and MIA PaCa-2 cells, compared
with pcDNA3.1 group. Data were normalized by U6. *P<0.05. (B) Relative miR-93 expression level measured by RT-qPCR.
Two cells were separately transfected with NC and two RUNX1 siRNA (siRUNX1-1, siRUNX1-2). Results were normalized
by U6. ** P < 0.01. (C) Schematic diagram of the pGL3 luciferase reporter constructs containing miR-93 precurser and
upstream two potential RUNX1 binding sites (-1333 and -4126). The black boxes indicate the two predicted RUNX1 binding
site in the promoter region of miR-93, respectively. The white box indicates miR-93 precurser. Seq1 and Seq2 refer to each
sequence long enough to cover binding sites for primers use or sequence insert). (D) The luciferase reporter constructs of the
truncated miR-93 promoters and corresponding mutates were introduced into PANC-1 and MIAPaCa-2 cells pretransfected
with pcDNA3.1-RUNX1 or empty. Luciferase activity was measured 48 h post transfection. (E) Expression of miR-93 was
positively correlated with that of RUNX1 (P=0.04) in clinical samples. (F) Fold-enrichment of RUNX1 binding at the miR93 promoter relative to background in PANC-1 and MIA PaCa-2 cells was measured by RT-qPCR. Normalized to GAPDH,
results were adjusted as n-fold compared to IgG. Data are presented as mean ± SEM. ** P<0.01. (G) Agarose gel analysis of
ChIP-PCR products.
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Dual luciferase reporter experiments was used based
on inserting sequence containing binding sites and the
corresponding mutated sites into pGL3-basic to test whether
the two potential binding sites of the promotor region
actually have transcript activity. We also designed primers
covering these two binding sites for ChIP-qPCR, results
showed that in PANC-1 cell lines, Seq 2 have transcript
activity (Figure 3F–3G) and transcription can be suppressed
compared with mutated group (Figure 3D), while in MIA
PaCa -2 cell lines, Seq 1 have transcript activity (Figure
3F–3G) and transcription can be suppressed compared
with mutated group (Figure 3D). Interstingly, RUNX1
overexpression group showed higher transcript activity in
two cell lines, especially in MIA PaCa -2 (Figure 3D). This
may due to the different binding ability of these two sites
and also indicated that these two binding sites actually work
in pancreatic cell lines and they may partially contribute to
the interaction between RUNX1 and miR-93.

93 target genes. Of these candidate genes, HMGA2 was
selected for its renowned EMT related function. First,
we analysed the relative MIR-93 levels in all pancreatic
cell lines (Figure 5A) and we choose PANC-1 as the tool
cells for protein degradation experiment. Western blot
of PANC-1 cells showed that miR-93 overexpression
significantly decreased HMGA2 protein expression
(Figure 5B). Next, we want to see whether the seed
regions (Figure 5C) predicted by TargetScan actually have
transcriptive activities. Reporter gene plasmids harboring
either the 3’-UTR region wild-type HMGA2 or a 3’-UTR
mutant (Figure 5C) and either miR-93 or NC were cotransfected into PANC-1. MiR-93 overexpression reduced
luciferase activity compared with the reporter gene
plasmid group containing the HMGA2 3’-UTR wildtype
sequence (40% reduction) (Figure 5D).

HMGA2 knock down suppress migration and
invasion in pancreatic cell lines

MiR-93 suppress migration, invasion and
epithelial and mesenchymal transformation in
pancreatic tumor cells

HMGA2 was up-regulated in poorly differentiated
PDAC tissues (Figure 6A). We could reproduce the
previously described HMGA2 is overexpressed in high
grade pancreatic ductal adenocarcinoma [24]. HMGA2
was all negative in normal pancreatic tissues (Figure 6A).
Besides, High HMGA2 expression in tumor cells correlate
with tumor differentiation P=0.007 (Supplementary Table
6). These indicated that HMGA2 play important roles in
tumor progression. Using wound healing cell migration
assay and transwell cell invasion assay, the mobility of
PANC-1 cells was significantly decreased following
HMGA2 downregulation (Figure 6B–6C). Consistently,
the invasive capacity was also drastically reduced
following HMGA2 downregulation (Figure 6D–6E). MIA
PaCa -2 cell line was also excluded from these assays
owing to its low endogenous HMGA2 level, as showed
in Figure 5A.
Quantitative PCR of miR-93 and HMGA2 were
done in fresh pancreatic samples of cancers and normal
tissues (Supplementary Figure 1), combining the opposite
result of miR-93 and HMGA2 expression and function,
we anticipated that miR-93 could work through regulating
HMGA2 in PANC1 cells.

We further examined the role of MIR-93 in PDAC
cells by overexpressing miR-93 using MIR-93 mimics.
Wound healing assay in PANC-1and transwell invasive
assays in PANC-1and MIA PaCa-2 showed that enhanced
expression of MIR-93 suppressed cell invasion in both
PANC-1 and MIA PaCa-2 PDAC cells (Figure 4B and 4D).
Epithelial-mesenchymal transition (EMT) is an early
event migration of cancer, also indicating an invasive
potential of tumor cells, here, we found that in PANC1 cell lines, epithelial marker E-cadherin was greatly
increased and mesenchymal markers vimentin, N-cadherin
were drasticlly decreased after MIR-93 transfection on
both protein and mRNA level (Figure 4E–4F), suggesting
an EMT suppression status. However, MIA PaCa-2 cell
lines were not as susceptible and didn’t change as much
(Figure 4E–4F). This may be due to the indolent behaviour
of MIA PaCa-2, which were spindle and morphologically
showed a mesenchymal phenotype. They lack adhesion
and showed a lower E-cadherin expression (Figure 4E)
than PANC-1 cell lines.
Other EMT related transcription factor in PANC-1
after MIR-93 transfection were also tested. β-catenin and
ZEB1 expession decreased, while snail, slug didn’t show
obvious changes. (Figure 4G–4H). We also added K-ras,
it doesn’t change either.
Taken together, these results all indicate that
overexpression of MIR-93 suppress migration and
invasiveness of PDAC cells.

DISCUSSION
In this study, we confirmed that the transcription
factor, RUNX1, is upregulated in PDAC and plays many
roles supporting tumor progression. In accordance with the
microarray gene-expression (GSE71989 and GSE28735)
results, RT–qPCR in fresh tissues also showed that
RUNX1 levels were relatively higher in PDAC than in
non-tumor pancreatic samples.
Using bioinformatics methods, we found that miR-93
is a potential target of RUNX1. MiR-93 does not have its
own promoter and is localized in an intron of the MCM7

MiR-93 target HMGA2
We examined TargetScan [22], miRanda, CLIP-Seq
[23] and miRDB and found almost 100 potential miRwww.impactjournals.com/oncotarget
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gene [25]. So an independent transcription factor can be
an important regulator of miR-93 expression. This showed
a possible TF-miRNA interaction rather than TF-gene
interaction.
RUNX1 is a core transcription factor in hematopoiesis
and functioning through specification and homeostasis
of hematopoietic stem and progenitor cells (HSPCs)

[26, 27], functioning as a DNA-binding transcription
factor. RUNX1 can regulate miR27a, which itself also
shown to regulate RUNX1, thereby forming a feed back
loop during megakaryopoiesis [28]. MiR144/451 cluster
can also be suppressed by RUNX1 through binding to the
miR144/451 promotor, and RUNX1 controls a large number
of hematopoietic related microRNAs during hematopoietic

Figure 4: (A, B) Representative photos of wound healing assay of PANC-1 at 0 h, 24 h, and 48 h after wound scratch. The remaining
distance was calculated as a percentage of the initial wound area. *P < 0.05. (C, D) Representative images of cells that migrated through
transwell inserts with matrigel. Data are presented as means±SEM based on three independent experiments in triplicate. (E) E-cadherin,
vimentin and N-cadherin expression in PANC-1 and MIA PaCa-2 cells after transfecting with NC or miR-93 mimic, respectively. Western
blot analysis with β-actin as the internal control. (F) mRNA level of EMT markers in PANC-1 and MIA PaCa-2 cells after transfecting
NC or miR-93 mimic, respectively. RT-qPCR analyses were presented, separately. Data were means ± SEM of triplicates. *P < 0.05,
**
P<0.01. NC, Negative control microRNA. (G) Snail, Slug, Zeb1 and β-catenin, K-ras expression after transfecting NC and miR-93 mimic
was detected by western blot analysis with β-actin used as the internal control. (H) mRNA levels of EMT regulators (Snail, Slug, Zeb1,
β-catenin) in PANC-1 cells after transfecting NC and miR-93 mimic. RT-qPCR analyses were presented as means ± SD of triplicates. *P<
0.05, **P<0.01.
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Figure 5: (A) RT–qPCR analysis of HMGA2 expression in four PDAC cell lines (BxPC-3, AsPC-1, PANC-1 and MIA PaCa-2). Transcript
levels were normalized to GAPDH expression. (B) Western blot analysis of HMGA2 level in PANC-1 cells after transfecting NC and miR93 mimic Cell protein was harvested 48h posttransfection and used for western blot analysis. (C) The binding region between wild-type
HMGA2 3’UTR (base sequence in pale bule) and candidate microRNA (has-miR-93) (base sequence in red), and the mutated sites of
HMGA2 3’UTR (base sequence in navy blue). (D) PANC-1 cells were co-transfected with miR-93 mimic and with either Wild-Type or
MUT HMGA2 3’UTR reporter vector. Luciferase activities were tested 48h after transfection.

Figure 6: (A) Immunohistochemical staining for HMGA2 protein in normal, well- and poorly differnetiated PDAC (HMGA2 antibody,

hematoxylin counterstain) with lower magnification images (5×, left) and its expanded views (20×, right). (B, C) Wound healing assay.
PANC-1 cell was transfected with Negative Control (NC) and si-HMGA2. Optical images of wounded cell monolayers were taken after 0
h, 24 h and 48h. The remaining distance was calculated as a percentage of the initial wound area. The data presented were mean ± SEM of
three independent experiments performed separately; *P<0.05 or **P<0.01. (D, E) PANC1 cells transfected NC and si-HMGA2 cells were
induced to invade through Matrigel-coated transwell membranes. The number of migrated cells was counted. ** P < 0.01.
www.impactjournals.com/oncotarget
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erythroid/megakaryocytic differentiation [29]. In gastric
cancer, RUNX1 could reduce the aggressive function of
miR-215, thus acting as a tumor suppressor [30]. In prostate
cancer mouse model, RUNX-targeted miRNAs such as
miR-23b, miR-205, miR-221 contribute to prostate cancer
progression [31]. Here, we demonstrated that RUNX1 can
regulate miR-93 in pancreatic cancers.
First, we identified a potential negative correlation
of function between RUNX1 and miR-93 in pancreatic
cells. RUNX1 overexpression promoted cell migration
and invasion, while overexpression of miR-93 expression
resulted in reduced cell migration and invasion.
Overexpression of RUNX1 reduced miR-93 expression,
whereas RUNX1 downregulation resulted in a marked
increased miR-93 level, indicating that miR-93 is inhibited
by RUNX1. But our relative expression of mRNA in
pancreatic tissues showed a positive correlation between
miR-93 and RUNX1, this may be due to lower amount of
samples. MiR-93 expression in normal pancreas is higher
than that in pancreatic cancer tissues.
Moreover, restoration of miR-93 expression results
in suppressing EMT process. This phenomenon was more
obvious in PANC-1 cells that have higher endogenous
E-cadherin and HMGA2 expression; this also explains
MIA PaCa -2 didn’t show the same behavior as pobblelike cell typed PANC-1. MiR-93 was once reported to slow
cell proliferation and migration through direct degradation
of p21 and CCNB1 in colon cancer, thus arresting the cell
cycle in G2 stage [32]. In triple negative breast cancer cells
in vitro, miR-93 overexpression also inhibit the invasive
ability [33]. MiR-93 has also been found to inhibit EMT
process of breast cancer cells through regulating MKL1 and STAT3 [34]. Besides, miR-93 was showed to play
important roles in promoting mesenchymal-epithelial
(re-)transition (MET) in normal and malignant breast
stem cells [35]. Despite these experimentally testified
oncogenic protein-coding target genes regulated by miR93, our study found that miR-93 also targets HMGA2.
HMGA2 was also an oncogene in tumorigenesis.
HMGA2 expression was high in low differentiated
pancreatic cancer and seldom in normal and high
differentiated pancreatic cancer, suggesting an important
role in tumor progression. HMGA2 also promoted the
EMT process in pancreatic cancer [36]. This possible
axis of RUNX1-miR-93-HMGA2 was never reported
except for one article HMGA2 was directly regulated by
RUNX1 during expansion of myeloid progenitors in mice
in a cell type-dependent manner instead of binding to the
HMGA2 promotor [37]. This study didn’t mention miR93 and didn’t show TF-miRNA interaction or a TF-gene
interaction. However, whether RUNX1 can diectly regulate
the expression of HMGA2 in pancreatic cancer is still not
clear, and we plan to testify this axis in the future in vivo.
Additionally, our data added deeper evidence that
RUNX1 regulates miR-93 by directly binding to the
DNA-binding sites in the miR-93 promotor. Our results
www.impactjournals.com/oncotarget

demonstrated that in PANC-1, the far binding sites (Seq2)
have more enrichment and in MIA PaCa -2 cells, the nearer
binding sites (Seq1) have more enrichment. This may
be due to the different phenotype of the two cells, which
have different ancestors. As for the elevated transcriptive
activity of RUNX1 overexpressed group verses empty
group, testified through dual luciferase reporter assay,
we thought this may be because of the different levels
of endogenous RUNX1, MIA PaCa-2 cells has a higher
endogenous RUNX1 level, but the transfection efficiency
of pcDNA3.1-RUNX1 is not as high as that of PANC-1, so
RUNX1 transfected group of PANC-1 didn’t show much of
an increase in transcriptive activity than MIA PaCa -2 cells.
Our study also identified that increased RUNX1
level is responsible, at least in part, for the decreased level
of miR-93, explaining the downregulation of miR-93
in pancreatic cancer tissues. MiR-93 is a new potential
downstream pathway of RUNX1.
In summary, we identified that the transcription
factor RUNX1 is overexpressed in PDAC tissues. RUNX1
promoted cell migration and invasion suggesting that it
plays important roles in PDAC progression. RUNX1
directly regulated miR-93 through suppressing expression
and function of miR-93, miR-93 functions as a suppress
gene in pancreatic cancer and regulates its target such as
HMGA2. This possible repression of miR-93 and HMGA2
interpreted TF-miRNA interaction and miRNA-gene
interaction and provide us with insights into mechanisms
underlying high levels of RUNX1 in PDAC progression.
RUNX1 could be a promosing target in pancreatic cancer.

MATERIALS AND METHODS
Clinical samples and follow-up
We reviewed pancreatic surgical records of 2011 to
2013 in Peking Union Medical College Hospital and their
hematoxylin-eosin-stained histological slices, and then
selected 39 PDAC paraffin tissue blocks. All enrolled
patients met the following inclusion criteria: pancreatic
primary tumor; no chemotherapy or other treatments were
given before surgery; resected samples were identified
by pathological examination; pancreas cancer staging
was determined in accordance with the 7th edition of the
American Joint Committee on Cancer pancreatic TNM
classification [14]. Residual PDAC and adjacent nontumor pancreatic tissues were collected immediately
after pancreaticoduodenectomy (Whipple procedure) or
pancreatectomy, and stored in liquid nitrogen. Clinicalpathological data of all cases enrolled in this study were
listed in Supplementary Table 1. The Ethics Committee
of Peking Union Medical College Hospital approved
this study and all participants provided written informed
consent.
Patients were followed up through checking medical
records every 2 months during the first postoperative year
99575
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and at least every 3~4 months thereafter. Overall survival
(OS) was defined as the time of surgery to death.

or 50 nM miRNAs using the Lipofectamine RNAiMAX
(Invitrogen) following manufacturer’s recommended
protocol. The sequences of the RNA used in transfection
are indicated in Supplementary Table 5.

Cell lines
Human pancreatic cancer cell lines PANC-1, MIA
PaCa-2, AsPC-1 and BxPC-3 were aquired from American
Type Culture Collection. PANC-1 and MIA PaCa-2 were
cultured in DMEM containing 10% FBS, while AsPC-1 and
BxPC-3 were cultured in RPMI with 10% FBS. All cells
were maintained at 37°C in a humidified atmosphere with
5% CO2.

Plasmid construction and transfection
Full length of RUNX1 was inserted into the
pcDNA3.1 (+) expression vector (Invitrogen) to overexpress
this gene in pancreatic cancer cells. 3’ untranslated region
of HMGA2 covering whole seed regions as well as mutate
seed regions as controls were all cloned into pmirGLO
(Promega), generating the plasmid pmirGLO-HMGA23’UTR WT or MUT. Seq1 and Seq1, Seq2 (sequence of
miR-93 promoter containing RUNX1 binding sites) and
Mut1, Mut2 (sequence of miR-93 promoter containing
mutated RUNX1 binding sites) (Figure 3C) were cloned
into pGL3-basic named as pGL3-miR93 Seq1-WT or
pGL3-miR93 Seq1-Mut1. All Plasmids were verified by
DNA sequencing. Lipofectamine 2000 Reagent (Invitrogen)
was used for plasmids transfection.

Immunohistochemistry and scoring
All representive blocks were routinely fixed,
embedded and sliced in paraffin. Immunohistochemical
stainings were done using anti-RUNX1 (Cat. No.
ab35962, polyclonal, dilution: 1:500, Abcam), and antiHMGA2 (Cat. No. 8179, clone: D1A7, dilution: 1:400,
Cell Signaling) antibodies, according to the manufacturers’
recommended staining protocols.
For HMGA2 and RUNX1, positive signals were
located only in the nucleus. The results were analysed with
a four-tiered system: 0 = negative; 1+ =< 10%; 2+ =10–
50%; 3+ =>50% [11]. Tumors with scores of 0/1+ were
regarded as low expression, and those scored 2+/3+ were
regarded as high expression. All cases were independently
scored by two pathologists (Yin Cheng and Shuangni Yu),
with additional independent review by a third pathologist
(Zhaohui Lu) in case of disagreement.

Cell migration and invasion assay
Wound-healing assay was used to assess cell
migration ability. An artificial wound was created by 10μL
pipette 72 hours posttransfection on the confluent cell layer.
To observe the distance of cells migrated, photos were
captured from the same area after 0, 24, 48, and 72 hours.
Invasion assay was completed by counting the number
of cells transferring through Matrigel-coated membrane
matrix insert (BD Biosciences). 2×105cells suspended with
serum free DMEM were seeded into an insert 72 hours
posttransfection. The lower chamber contained DMEM with
few FBS. 48 hours later, the inserts were fixed, stained with
hematoxylin (Zhongshan) and counted.

RNA isolation, cDNA synthesis and qPCR
Total RNA of tissues or cell lines was extracted with
TRizol (Life Technologies). For mRNA detection, first
strand cDNA was synthesized from 1 μg total RNA templet
using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). For the detection of miRNAs, 40
ng of total RNA templet was reverse transcribed using a
TaqMan MicroRNA Reverse Transcription Kit (Applied
Biosystems) with specific stem-loop reverse transcription
(RT) primers (RiboBio, Guangzhou, China). cDNA was
then 1:10 diluted for qPCR using SYBR green PCR
master mix (Applied Biosystems) with specific primers.
All real-time reactions were done in a 7500 Real Time
PCR system (Applied Biosystems). GAPDH or U6 was
used as an internal control. The sequences of primers used
are listed in Supplementary Table 4.

Western blot analysis
Whole cell lysate was lysised with RIPA
buffer (Applygene Technologies Inc, Beijing, China)
supplementing with Halt Protease Inhibitor Cocktail
(Thermo Scientific, Rockford, USA). Protein
concentration was calculated in accordance with a BCA
reagent curve (Pierce Biotechnology, Rockford, IL). Equal
amounts of protein (15 μg) were loaded on 8-12% SDSPAGE gel and then transferred to PVDF membranes (BioRad), which were incubated overnight at 4°C with primary
antibodies against RUNX1 (1:1000), E-cadherin (1:400),
Vimentin (1:1000), Snail (1:1000), Slug (1:2000), β-actin
or GAPDH (1:1000), ZEB1 (1:400), K-ras (1:1000) or
β-catenin (1:1000) respectively. The membranes were
then incubated with the corresponding Peroxidase-linked
secondary antibody for 1 h regularly, and the specific
protein bands were visualized using ECL Western Blotting
Substrate (Thermo Scientific).

siRNA and miRNA transfection
For knocking down of RUNX1, two different
siRNAs for depletion of RUNX1 were generated by
Genepharma (Suzhou, Jiangsu, China). MiRNA mimics
(for miR-93) were also synthesized and purified by
Genepharma. Cells were transfected with 20 nM siRNAs
www.impactjournals.com/oncotarget
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Luciferase assay

and 30973470), CAMS Innovation Fund for Medical
Sciences (2016-I2M-1-001), the project of basic scientific
research of Central Public Welfare Research of CAMS
(2016ZX310176-4) and Special Fund of CAMS Molecular
Pathology Center.

The promotor region of miR-93 covering the
binding sites were each cloned in between KpnI and BagI
of pGL3 basic vector (Promega). Mutated binding sites
were created by PCR using Fast Mutagenesis System
(Transgene). Cells with 80% confluence were transfected
with pGL3-prom-miR93 (800ng per well), pRL-TK vector
(200 ng per well) and pcDNA3.1 construct (RUNX1 or
empty). PRL-TK vector serves as control. 48h later,
luciferase activities were measured by Modulus™ II
Detector (Sino Zhongyuan). The activity of each promoter
was aquired by ratio of firefly to renilla.
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