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ABSTRACT 36 

Background: This study aimed to investigate the impact of miR-451 on the biological 37 

behaviours of colon cancer cells along with its targets interactions.  38 

Method:  The levels of miR-451 were tested in colon cancer cell lines (SW480 and SW48).  39 

Multiple functional and immunological assays were performed to analyse miR-451 induced 40 

growth changes in-vitro and downstream effects on target proteins.  41 

Results: Overexpression of miR-451 in colon cancer cells led to reduced cell proliferation, 42 

increased apoptosis and decrease accumulation of the cells at the G0/G1 phase of the cell 43 

cycle.  In addition, a significant increase in the number of the cells was noted in the G2-M 44 

phase of cell cycle.  Moreover, miR-451 reduced the expression of Oct-4, Sox-2 and Snail 45 

indicating its role in stem cell and epithelial-mesenchymal transition (EMT) regulation.   An 46 

inverse correlation between miR-451 and macrophage migration inhibitory protein (MIF) 47 

protein expression occurred in colon cancer cells.  Furthermore, restoration the level of miR-48 

451 in colon cancer cells inhibits tumour spheres formation. 49 

Conclusion: miR-451 has tumour suppressor effects in vitro, which can inhibit the cancer-50 

related signalling pathways in colon cancer. 51 

 52 

Keywords: colorectal carcinoma; stem cell, EMT; miR-451  53 
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Introduction 54 

 Colorectal cancer is a common and lethal disease.  This cancer develops due to many 55 

factors including genetic ones.   Studies reported significant impacts of miR-451 on different 56 

types of cancers including colorectal cancer (Table 1).  Downregulation of miR-451 in 57 

different types of cancers correlated significantly with tumour differentiation, invasion, 58 

angiogenesis, proliferation, cancer stem cells self-renewal and poor prognosis of patients with 59 

cancer.  miR-451 acts as a tumour suppresser gene in modulating different molecular 60 

pathways in cancers such as Pi3k/AKT, IL-6R-STAT3-VEGF and Ras-related protein 14 61 

signalling pathways {Li et al., 2013; Tian et al.,2012; Liu etal., 2016;  Wang et al., 2011}.  62 

To exert its cellular effects, miR-451 targets several genes such as Akt (actin-like protein), 63 

Bcl2 (B-cell CLL/lymphoma 2),  Myc (V-myc avian myelocytomatosis viral oncogene 64 

homolog),CCND1(cyclin D1), ATF2 (activating transcription factor 2) and MIF 65 

(macrophage migration inhibitory factor) {Wang et al., 2014; Li et al.,2013; Lv et al.,2014; 66 

Bitarte etal., 2011;  Bandres et al., 2009}. 67 

 MIF (macrophage migration inhibitory factor) is a proinflammatory cytokine that has 68 

the potential to target in human cancers including colorectal cancer because its expression 69 

correlates positively with the tumour aggressiveness and metastatic potential {Subbannayya 70 

et al., 2015; Gordon-Weekset al, 2015; Babu et al., 2012}.  Recently, we reported that MIF 71 

targeted downregulation of miR-451 as well as its clinical correlation with  recurrence of 72 

colorectal cancer {Mamoori et al., 2017}.  In this study, we further support the importance of 73 

miR-451 and its target MIF in colorectal cancer by in-depth study of the cellular implications, 74 

targets interaction as well as its effect on regulation of cancer stem cells. 75 

  76 
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Results 77 

Restoration of miR-451 expression and its tumour suppressor properties in-vitro 78 

Down-regulation of miR-451 occurred in the colon cancer cells (SW480 and SW48) 79 

when compared to non-neoplastic colonic epithelial cells (FHC).  Significant overexpression 80 

of miR-451 happened in the cancer cell lines after stable transfection with pCMV/miR- 451 81 

plasmid vector (Figure 1).  The proliferation of SW480 and SW48 cells transfected with 82 

pCMV/miR- 451 plasmid vectors reduced when compared to SW480 and SW48 control cells.  83 

The paired t-test showed that the proliferation was significantly different from that of control 84 

cells (p<0.05) (figure 2A).  Also, overexpression of miR-451 resulted in reduced clonogenic 85 

activity in SW480+miR-451 and SW48+miR-451 cells (p< 0.01) (Figure 2B).  Similarly, when 86 

compared to control cells, the wound healing assay revealed a slow migration of cancer cells 87 

in SW480+miR-451 and SW48+miR-451 cells.  A complete closure of the wound area was noted 88 

for the control cells on day 2 & day 3, while SW480+miR-451 and SW48+miR-451 cells continue 89 

to grow without complete closure on day 3 (p<0.05 and 0.01 respectively) (figure 3). 90 

 91 

Altered cell cycle events and apoptotic changes bymiR-451 92 

Flow cytometry analysis of SW480+miR-451 and SW48+miR-451 cells indicated a reduced 93 

accumulation of the cells at G0/G1 phase when compared to control cells.  In addition, a 94 

significant increase of the cells in the G2-M phase occurred in the miR-451+colon cancer cells 95 

when compared to control cells (16.5 versus 6.93, 7.39) and (17.8 versus 9.01, 7.44) 96 

respectively (Figure 4).  On the other hand, the majority of the SW480+miR-451 and SW48+miR-97 

451 cells displayed apoptotic phenotypes by showing either shrinkage or fragmentation of the 98 

nucleus or/and disturbed cell membrane (late stage apoptotic changes) under a fluorescence 99 

microscope.  Both control cell groups showed no significant alteration in their nuclear or cell 100 

membrane morphology (Figure5A).  Using flow cytometry, we further confirmed the miR-101 
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451 induced morphological changes in cancer cell apoptosis by using Annexin-V staining.  A 102 

significant shift of SW480+miR-451 and SW48+miR-451 cells to both late and early apoptosis was 103 

noted compared to the control cells (p <0.05) (Figure 5B).     104 

 105 

Downstream effects of miR-451 and its role in regulating cancer stemness 106 

An inverse correlation between miR-451 (low) and MIF protein (high) expressions 107 

were noted in  colon cancer cells (Figure 6A &B).  In addition, following miR-451 108 

overexpression, SW480+miR-451 and SW48+miR-451 cells revealed significant downregulation of 109 

MIF protein expression when compared to control cells (Figure7).  Furthermore, immuno-110 

markers  to cancer stem cells and epithelial-mesenchymal transition (EMT) were tested to 111 

examine the regulatory roles of miR-451 in colon cancer stemness.  Both stem cell markers 112 

(Sox-2 and Oct-4) showed a significant reduction in their expressions following miR-451 113 

overexpression.  Among the EMT markers (Snail and Twist), the Snail protein also showed a 114 

significant low expression in SW480+miR-451 and SW48+miR-451 cells (figure7). 115 

To validate the role of miR-451 induced cancer stemness, a tumour sphere assay was 116 

carried out by assessing the colon cancer growth in 2D spheres via culturing them in serum-117 

free media.  A significant reduction in tumour spheres’ numbers and size were noted in 118 

SW480+miR-451 and SW48+miR-451 cells when compared to control cells (p<0.05) (Figure 8A).  119 

Also, a high expression of miR-451 levels occurred  in tumour spheres of miR-451 +colon 120 

cancer cells (Figure 8B). 121 

  122 
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Discussion 123 

In this study, we noted downregulation of miR-451 in colon cancer.  Downregulation 124 

of miR-451 was reported in different types of cancers including colon cancer {Wang et al., 125 

2011;  Lv et al., 2014; Bandres et al., 2009; Liet al., 2015; Xu et al., 2015; Li et al., 2013; 126 

Mamoori et al., 2017} which resulted from deregulation of several epigenetic and genetic 127 

factors controlling its expression.  For example, miR-451 can be silenced by DNA 128 

hypermethylation and or histone modification {Wang et al., 2011}.   In addition, its 129 

downregulation is due to deregulation of many genes like E2a (Transcription Factor 3) {Li et 130 

al., 2011}, Myc{Liu et al., 2012}, PAX 4 (Paired box gene 4){Zhang et al.,2015} and RUNX1 131 

(Runt Related Transcription Factor) {Kohrs et al., 2016}. 132 

MIF gene plays a significant role in development and progression of colorectal cancer 133 

by targeting several genes including COX2 (cyclooxygenase 2), VEGF (vascular endothelial 134 

growth factor) and MMP-9 (matrix metallopeptidase 9) {Bitarte et al., 2011; He et al., 2009}.  135 

Furthermore, miR-451 has tumour suppressor properties in vitro and in vivo in 136 

nasopharyngeal carcinomas by targeting MIF {Liu et al., 2013}.  Studies have shown that 137 

miR-451 expression could modulate MIF protein expression in colon cancer {Mamoori et al., 138 

2017; Bandres et al., 2009; Bitarte et al., 2011}.  In this study, we investigated the effect of 139 

restoring the expression of miR-451 in both SW480 and SW48 cells on MIF expression by 140 

Western blot.  Our results agree with that of Bandres and his colleges who reported the ability 141 

of miR-451 to inhibit MIF protein in colon cancers by in vitro study {Bandres et al., 2009}.  142 

These findings support that miR-451 can target MIF and highlight its importance in the 143 

pathogenesis of colorectal cancer.  There is a MIF protein targeted clinical trials via a 144 

neutralising antibody (clinicaltrials.gov identifier, NCT01765790) for treatment of colon 145 

cancer.  Further research using miR-451 regulators would enhance the MIF based 146 

therapeutics in patients with colon cancer.  147 
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The present study has confirmed the growth inhibitory properties of colon cancer cells 148 

in-vitro following the overexpression of miR-451 indicating its tumour suppressor roles.  Liu 149 

et al. have demonstrated that miR-451 induced cell cycle changes in colon cancer cells 150 

supporting the inhibitory roles of this miRNA {Liu et al., 2014}.  miR-451 also reported to 151 

arrest the cell cycle and enhance apoptosis of osteosarcoma and hepatocellular carcinoma 152 

{Xu et al.,2014; Liu et al., 2014}.   In this study, miR-451 overexpression has led to arrest the 153 

cells during their transition from S phase to the G2/M phase of the cell cycle.  Accumulation 154 

of the cells in G2/M phase may make the cells vulnerable to the apoptotic changes 155 

{Shangguan et al., 2014}.  These findings of the cell cycle and apoptotic changes are in 156 

agreement with the findings of Li and colleagues {Li et al., 2015} who have revealed that 157 

miR-451 promoted apoptosis in colon cancer cells by targeting Ywhaz gene {Li et al., 2015}.  158 

Ywhaz is a prognostic factor for patients with cancer.  It has important roles in affecting 159 

proliferation and apoptosis in cancer cells {Watanabe et al., 2016}.  Thus, we postulate the 160 

role of miR-451 is to enhance apoptosis via targeting one or more of apoptotic-related genes 161 

in G2-M checkpoint, which  needs further investigations.  However, Wang et al. indicated 162 

that miR-451 has little or no effect on the cell cycle events of non-small cell lung carcinoma 163 

despite the significant apoptotic changes following miR-451 restoration {Wang et al., 2011}.  164 

The differences in these findings can attribute to the difference in downstream targets of this 165 

miRNA in different types of cancers. 166 

There is growing evidence supporting the role of miR-451 in the regulation of cancer 167 

stemness.   For example, transfection of glioblastoma stem cell with miR-451 mimics results 168 

in minimizing the size of glioblastoma neurospheres {Gal et al., 2008}.  Additionally, miR-169 

451 is one of the several miRNAs being downregulated to maintain the self-renewal capacity 170 

of bronchoalveolar stem cells.  This ultimately leads to initiate cancer stem cells of lung 171 

carcinoma {Qian et al., 2008}.  Irinotecan is a drug used in the treatment of colon 172 
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adenocarcinoma by blocking an enzyme that make the cancer cell cannot divide {Weeks et 173 

al., 2009; Weeks et al., 2010}.  Furthermore, overexpression of miR-451 in colon cancer stem 174 

cell spheres has led to a decline in self-renewal, tumorigenicity, and chemoresistance to 175 

irinotecan {Bitarte et al., 2011}.  In the present study, miR-451 induced a significant 176 

reduction of size and number of colon cancers sphere size.  Thus, the current results are in 177 

agreement with that of Bitarte et al. implying the regulation of miR-451 in the pathogenesis 178 

of colon carcinoma via altering the cancer stemness.  Bitarte et al. reported the involvement 179 

of the COX-2 protein in maintaining colon cancer spheres via regulating miR-451 targeted 180 

MIF pathways {Bitarte et al., 2011}.  Taken together, miR-451 play a crucial role in 181 

maintaining stemness in non-neoplastic colonic epithelium.  Deregulation of miR-451 results 182 

in the activation of multiple stem cell markers to initiate pathogenesis of colon carcinoma. 183 

Epithelial-mesenchymal transition (EMT) is a process by which epithelial cells lose 184 

their polarity and cell-to-cell adhesion leading to increased cell invasion, metastasis and 185 

chemotherapeutic resistance in cancer cells.  This process also plays a key role in the 186 

maintenance and differentiation of cancer stem cells {Qiao et al., 2012}.  Recent studies by 187 

Huang et al and Chen et al found that downregulation of miR-451 can induce EMT by 188 

targeting C-MYC/ERK/GSK-3B signalling pathway,   MMPs (matrix metalloproteinases) 189 

including MMP-9 and Snail activation in hepatocellular carcinoma and lung adenocarcinoma 190 

respectively {Huang et al., 2015; Chen et al., 2014}.  The regulatory role of miR-451 on other 191 

EMT proteins  also occurred  in bladder cancer {Zeng et al., 2014}.  Furthermore, MIF 192 

protein, a prominent downstream target of miR-451 was reported to have important roles in 193 

EMT of colorectal cancer {Hu et al., 2015} and identified to have direct control on MMP-9 194 

in carcinogenesis of colon cancer {He et al., 2009}.  The current study reported for the first 195 

time a significant regulation of EMT marker (Snail) and stem cell markers (Sox-2 & Oct-4) 196 

following miR-451 overexpression.   These results are in conjunction with the previous 197 
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findings imply that miR-451 control EMT and thereby stemness by targeting MIF/ MMP-9 or 198 

their downstream signalling pathways.   It need more studies to confirm this association.  199 

To conclude, this study found that miR-451 acts as a tumour suppressor in colon 200 

cancer by targeting its downstream signalling pathways, especially by MIF.  The miR-451 201 

induced growth suppression properties in-vitro and regulation of EMT/stemness in colon 202 

cancer cells.  This indicates the significance of miR-451 in cancer cell initiation, maintenance 203 

and progression in the colon.   Thus, miR-451 may act as a molecular target for regulating 204 

various signalling pathways primarily with MIF induced pathogenesis in colon cancer.   205 

 206 

  207 
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Materials and Methods 208 

Cell culture 209 

Two human colon carcinoma cell lines were used in this study; SW480 (stage 2 colon 210 

cancer, CCL-228™) and SW48 (stage 3 colon cancer, CCL-231™).  These cell lines were 211 

obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA).  A 212 

non-neoplastic colonic epithelial cell line (FHC) was used as a control.  Both SW480 and 213 

SW48 were cultured in Dulbecco's Modified Eagle Medium (DMEM) complete media 214 

(Sigma-Aldrich, St Louis, MO, USA) which contain DMEM high glucose medium with 215 

2mM L-glutamine, sodium pyruvate, and penicillin/streptomycin with 10 % v/v heat 216 

inactivated foetal bovine serum (FBS).  The base medium for FHC cell line is DMEM: F12-217 

Medium (ATCC®302006™).  We add extra 10 mM HEPES (4-(2-hydroxyethyl)-1-218 

piperazineethanesulfonic acid) buffer (final concentration of 25 mM), 10 ng/ml cholera toxin, 219 

0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml hydrocortisone, 220 

20 ng/mL human recombinant epidermal growth factor (EGF) (Thermo Fisher 221 

Scientific  PHG0311, Wilmington, MA, USA) and 10% FBS (ATCC ® 30-2020 ™).  The 222 

identity of the cell lines were confirmed by short tandem repeat (STR) profiling.   They were 223 

tested routinely for mycoplasma contamination. 224 

 225 

Cell Transfection 226 

   Permanent transfection of the colon cancer cells was done by using a pCMV/miR 227 

451 plasmid vector for knocking in miR- 451 (OriGene Technologies, Rockville, MD, USA).  228 

Transfection was done according to the manufacturer’s instructionsandoptimization was 229 

achieved by using 0.5μg of DNA plasmid in 96 well plates.  Neomycin in starting 230 

concentration of 500μg/ml was used as a selective agent for permanent transfection and then 231 
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the dose was adjusted to 375μg/ml.   Cells transfected with empty vector and non-transfected 232 

cells (mock) were used as controls. 233 

 234 

2.3. microRNA extraction and cDNA conversion 235 

Total RNA including miRNA was extracted from cells in SW480, SW48, and FHC 236 

cell before transfection.  After transfection, total RNA including miRNA was extracted from 237 

both SW480 and SW48 (treated and non-treated) cells.  Qiagen miRNeasy Mini Kit was used 238 

for purification the total RNA including miRNA from the cell lines (Qiagen, Hilden, North 239 

Rhine-Westphalia, Germany).  RNA quality was assessed by using a Nano Drop ND.1000 240 

spectrophotometer (Thermo Fisher Scientific).  The purity of RNA was obtained by checking 241 

the optical density (OD) 260/280 ratio and concentration of RNA was noted in ng/µl. 242 

 Reverse transcription reactions were performed using 1μg total RNA in a final 243 

reaction volume of 20µl.  RNA was converted to cDNA using miScript Reverse 244 

Transcription Kit (Qiagen) according to the manufacturer’s instructions.   Each cDNA sample 245 

was diluted to 1.5ng/µl in order to provide a uniform concentrated sample for miRNA 246 

quantitative real-time polymerase chain reaction.  The sample was stored at -20oC until the 247 

polymerase chain reaction (PCR) analysis. 248 

 249 

Quantitative Real-time PCR 250 

An IQ5 Multicolour real-time polymerase chain reaction (PCR) detection system 251 

(Bio-Rad, Hercules, CA, USA) was used to analyse the miR-451 expression changes.   PCR 252 

was performed in a total volume of 20 µl reaction mixture containing 10µl 2x QuantiTect 253 

SYBR Green PCR Master Mix, 2µl 10x miScript Universal Primer, 2µl 10x miScript Primer 254 

Assay (Hs_miR-451) (Qiagen) and 4µl of cDNA template at 1.5ng/µl concentration.  RNU6B 255 

RNA (Hs_RNU6B_2 miScript Primer Assay) (Qiagen) was used for normalizing the amount 256 
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of target miRNA.   All the samples were run in triplicates technically.  The fold change in the 257 

target gene for the results of quantitative amplification was calculated for each sample using 258 

2-ΔΔCT method as previously reported {Ebrahimi et al., 2014; Gopalan et al., 2014; Gopalan et 259 

al.,  2015}.  A fold change of more than 2 was considered as high miR-451expression and a 260 

fold change of less than 1 was regarded as low expression for miR-451.  Also, the inverse 261 

ratio of miR-451 versus RNU6B (control miRNA) [expression ratio] was used to represent 262 

the miRNA expression in relative to control samples.  263 

 264 

Western blot analysis  265 

Cells were harvested and lysed with NP40 (ThermoFisher Scientific) buffer enriched 266 

with complete protease inhibitor cocktail (Sigma-Aldrich) and then incubated on ice for 30 267 

minutes with regular vortexing every five minutes before centrifuging at 14,000 rpm (11,481 268 

G-force) at 4°C for 15 minutes.  Protein concentration was determined by using protein 269 

quantification assay kit (Macherey-Nagel, Düren, Germany).   The protein samples were 270 

boiled in 1x sodium dodecyl sulfate (SDS) sample buffer for 5 minutes for complete 271 

denaturation and were resolved on a 4 to 15% TGX-polyacrylamide gel according to the 272 

manufacturer protocol.  After electrophoresis, proteins were transferred onto polyvinyl 273 

difluoride (PVDF) membrane, which was blocked with 5% non-fat dry milk in 1x PBS-T 274 

(phosphate buffered saline with 0.1% Tween-20) and incubated with a rabbit anti-human MIF 275 

polyclonal antibody (FL-115, 1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, 276 

USA).   Oct 4 polyclonal antibody (Sc-86291, Santa Cruz Biotechnology), Sox-2 polyclonal 277 

antibody (Sc-17320, Santa Cruz Biotechnology), Snail polyclonal antibody (sc-10432, Santa 278 

Cruz Biotechnology), and Twist polyclonal antibody (sc-15393, Santa Cruz Biotechnology) 279 

were used to study the effect of miR-451 on stemness and epithelial-mesenchymal transition 280 

in colon carcinoma.  Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a 281 
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control.   Each sample was then incubated with the appropriate secondary antibody.   Finally, 282 

Western blot images were developed using VersaDoc-MP imaging system (Bio-Rad) with 283 

enhanced chemiluminescence (ECL) reagents.  284 

 285 

Clonogenic assay 286 

To assess the effect of miR-451  on clonogenic ability of colon cancer cells, all the 287 

treated/control cells were seeded in a 6-well plates (200 cells/well).   After two weeks, cells 288 

were fixed with 70% cold ethanol for 10 minutes.   Following fixation, 5% crystal violet 289 

solution (Sigma-Aldrich) was added and incubated at room temperature for 2 hours.  Then, 290 

10% foetal bovine serum (FBS) containing media was added and pipetted properly to wash 291 

off the cells.   Plates were allowed to dry and clones were counted under a microscope. 292 

 293 

Cell Proliferation Assay 294 

The role of miR-451 in proliferation of colon cancer cells was detected by using 3-(4, 295 

5-dimethylthiazol-2-yl) - 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt 296 

(MTS) (Catalogue number 03285) (Sigma-Aldrich).  Both transfected and control cells were 297 

seeded in flat-bottom 96-well plates with 1 x104 cells/well in quadruplicate.  The cells were 298 

incubated for 0 hours, 48 hours, 72 hours and 96 hours for proliferation assay reading.  Then, 299 

10 µl cell counting Kit 8 (CCK8) per 100 µl media (Sigma-Aldrich) was added to each well 300 

and cells were incubated at 37 °C for 1 hour.  Absorbance was determined by fluorescence 301 

polarisation microplate reader POLARstar Omega (BMG Tabtech, Ortenberg, Germany) 302 

using a wavelength of 450 nm. 303 

 304 

  305 
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Apoptotic morphology by DAPI staining 306 

SW480 and SW48-miR-451-transfected cells, SW480 and SW48 control cells were 307 

used for assessing the miR-451 directed apoptotic changes.   The cells were stained with 4, 6-308 

diamidino-2-phenylindole (DAPI) (EC-No.: 249-186-7, Sigma-Aldrich) and those with 309 

fragmented or condensed nuclei under the fluorescent microscope were noted as apoptotic 310 

cells. 311 

 312 

Cell cycle analysis 313 

To determine the effect of miR-451 on cell cycle regulation, miR-451 transfected cells 314 

and control cells of both SW480 and SW48 cells were collected by trypsinization and fixed in 315 

phosphate buffered saline (PBS) with 70% ethanol.   After one hour of incubation with 316 

RNase A, 400 µl of propidium iodide (Invitrogen, Carlsbad, CA, USA) was added directly to 317 

cells containing RNase A solution.   Finally, the analysis was performed with a flow 318 

cytometer (Becton Dickinson Bioscience FACSCalibur™ flow cytometer, Franklin, NJ, 319 

USA) after incubation in a dark room for 5 to10 minutes. 320 

 321 

Annexin-V staining 322 

Annexin V-FITC (fluorescein isothiocyanate) conjugated apoptosis detection kit 323 

(Invitrogen, Carlsbad, CA, USA) was used to assess miR-451 induced apoptosis in colon 324 

cancer cells.   The experiment was done according to the manufacturer’s instructions.  325 

Briefly, all the treated/control cells were washed with PBS and resuspended in binding buffer 326 

containing Annexin V and propidium iodide (PI).   Fluorescence intensity was measured 327 

using flow cytometry with a FACS CaliburTM flow cytometer (Becton Dickinson Bioscience). 328 

 329 

  330 
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Wound healing assay 331 

 In vitro wound healing assay was performed to examine the migration of SW480 and 332 

SW48 transfected with miR-451 when compared to the control cells.   Briefly, the cells were 333 

grown on 6-well plates with their respective culture media.  After reaching 90% confluence, 334 

wounds were made by a single scratch on the monolayer using a yellow pipette (200ul) 335 

tipand the wounded layers were washed with phosphate buffered saline (PBS) to remove cell 336 

debris.  Measurement of the closure or filling of the wounds at 0, 24, 48 and 72 hours was 337 

done under contrast microscope.  All the experiments were performed in triplicates. 338 

 339 

Tumour sphere formation assays: 340 

Treated and non-treated cells were seeded to assess the effect of miR-451 on the 341 

ability of cancer cells to grow in sphere-media condition.  Briefly, the cells were harvested 342 

after growing in their required media.   Approximately, 1500 cells are seeded in 12 ultra-low 343 

attachment well plates in Dulbecco's modified Eagle medium/nutrient mixture F-12 344 

(DMEM/F-12) (Sigma-Aldrich) containing 20 ng/ml human fibroblastic growth factor 345 

(FGF)-2 (Miltenyi Biotec,Bergisch Gladbach, Germany), 20 ng/mL EGF (epidermal growth 346 

factor) (Life Technologies, Carlsbad, CA, USA), 5 μg/mL insulin, B-27 supplement (1:50 347 

dilution, Life Technologies), and penicillin/streptomycin.  The cells were cultured at 37°C, 348 

5% carbon dioxide (CO2).  The experiment runs in quadruplicate.   After one week of 349 

incubation, we counted the number of tumour spheres under a phase-contrast microscope 350 

using the 20-x magnification lens.  Results presented as a percentage of the number of tumour 351 

spheres divided by the initial number of the cells seeded. 352 

 353 

  354 
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Statistical analysis 355 

Statistical analysis was performed using the Statistical Package for Social Sciences 356 

for Windows (version 25.0, IBM SPSS Inc., New York, NY, USA).  All the categorical data 357 

were obtained as mean ± SD (standard deviation).  The statistical analysis for single 358 

comparison was performed using the Student’s t-test.  The criterion for statistical significance 359 

was *, ** and*** as P < 0.05, 0.01 and 0.001 respectively. 360 
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Figure legends 
Figure 1: Expression pattern miR-451 in colorectal cancer cell lines. 
Downregulation of miR-451 occurred in SW480 and SW48 colon cancer cells when 
compared to the non-neoplastic colonic epithelial cells (FHC).  There is more downregulation 
noted in SW480.  Significant upregulation (p<0.01) of miR-451 was obtained in SW480 and 
SW48 transfected with pCMV/miR-451 plasmid vector (fold change compared to FHC cells). 
These data were obtained by qRT-PCR.  
 
Figure 2:  Proliferation assay and colony formation of colon cancer cells.   
The figure shows decreased proliferation of both SW48 and SW480 cells transfected with 
pCMV/miR- 451 plasmid vector when compared to mock and control cells after 48 hours of 
the transfection (p<0.05) (A). SW480 and SW48 cells which were transfected with miR-451 
have less ability to form colonies when compared to non-transfected cells and cells 
transfected with empty vector (p<0.01) (B). 
 
Figure 3:  The effect of miR-451 on colon cancer cell migration was determined by 
wound healing assay in SW480 and SW48 cell lines.   
Photos show the migration of transfected and non-transfected cells towards the wound area, 
cells transfected with miR-451 have less ability to migrate when compared to control and 
mock cells.  The level of cells migration was detected by measuring the wound area after 
seeding the cells for 4 consecutive days.  The results show that miR-451 significantly inhibit 
the cell migration (p<0.05). 
 
Figure 4:  miR-451 induces changes in colorectal cancer cell cycle events:   
Flow cytometry analysis revealed decreased accumulation of SW480 and SW48 cells 
transfected with miR-451 in G0-G1 phase and significant increase accumulation in G2-M 
phase when compared to control and non-transfected cells (p<0.05). 
 
Figure 5:  miR-451 induces apoptosis in colon cancer cells:   
SW480 and SW48 cells transfected with miR-451 and stained by DAPI staining to show 
apoptotic changes when compared to non-transfected cells and cells transfected with empty 
vector.  Apoptotic changes include both pyknotic nuclei (head arrow) and fragmented nuclei 
(arrow) (A).  Annexin-V staining shows that SW480 and SW48 cells transfected with miR-
451 have significant apoptotic changes when compared to both mock and control cells 
(p<0.05). 
 
Figure 6:  Downstream regulation of MIF protein.  
MIF protein shows upregulation in both SW480 and SW48 cells when compared to non-
neoplastic FHC cells as detected by Western blot before transfection of these cells with 
pCMV/miR 451plasmid vector (A).  There is a significant inverse correlation between miR-
451 expression (data is obtained by qRT-PCR) and its target protein MIF (data is obtained by 
Western blot analysis) in colon cancer cell lines (p<0.01) (B).  
 
Figure 7:  The effect of miR-451 on MIF and several stem cell and epithelial-
mesenchymal transition factors (Western blot analysis).  MIF is significantly 
downregulated in SW480 and SW48 cells transfected with miR-451 when compared to both 
control and mock cells (p<0.05).  miR-451 significantly downregulates Oct-4,Sox-2 and Snail 
in cells from SW480 and SW48 (p<0.05).  GAPDH was used as a control.  
 
  



18 
 

Figure 8: miR-451 inhibits the sphere formation in both SW480 and SW48. SW480 and 
SW48 cells transfected with miR-451 showed a significant decrease in the number of spheres 
in serum-free media when compared to control (p <0.05) (A).  Upregulation of miR-451 in 
the colon spheres obtained from the cells transfected with miR-451 when compared to those 
taken from non- transfected cell was confirmedby qRT-PCR (B). 
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