
Identification of miR-145 targets through an integrated omics 
analysis†

Tai-Chung Huanga, Santosh Renuseb, Sneha Pintob, Praveen Kumarb, Yi Yanga, 
Raghothama Chaerkadya, Brian Godseyc, Joshua T. Mendelld, Marc K. Halushkae, Curt I. 
Civinc, Luigi Marchionni‡,f, and Akhilesh Pandey§,a,e,f,g

aMcKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University School of Medicine, 
Baltimore, MD 21205, USA

bInstitute of Bioinformatics, Bangalore, India

cThe Center for Stem Cell Biology & Regenerative Medicine, Department of Pediatrics and 
Physiology, University of Maryland School of Medicine, Baltimore, MD 21201, USA

dDepartment of Molecular Biology, University of Texas Southwestern Medical Center, TX 75390, 
USA

eDepartment of Pathology, Johns Hopkins University School of Medicine, Baltimore, MD 21205, 
USA

fDepartment of Oncology, Johns Hopkins University School of Medicine, Baltimore, MD 21205, 
USA

gDepartment of Biological Chemistry, Johns Hopkins University School of Medicine, Baltimore, 
MD 21205, USA

Abstract

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression and protein 

synthesis. To characterize functions of miRNAs and to assess their potential applications, we 

carried out an integrated multi-omics analysis to study miR-145, a miRNA that has been shown to 

suppress tumor growth. We employed gene expression profiling, miRNA profiling and 

quantitative proteomic analysis of a pancreatic cancer cell line. In our transcriptomic analysis, 

overexpression of miR-145 was found to suppress the expression of genes that are implicated in 

development of cancer such as ITGA11 and MAGEA4 in addition to previously described targets 

such as FSCN1, YES1 and PODXL. Based on miRNA profiling, overexpression of miR-145 also 

upregulated other miRNAs including miR-124, miR-133b and miR-125a-3p, all of which are 

implicated in suppression of tumors and are generally co-regulated with miR-145 in other cancers. 

Using the SILAC system, we identified miR-145-induced downregulation of several oncoproteins/
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cancer biomarkers including SET, RPA1, MCM2, ABCC1, SPTBN1 and SPTLC1. Luciferase 

assay validation carried out on a subset of downregulated candidate targets confirmed them to be 

novel direct targets of miR-145. Overall, this multi-omics approach provided insights into 

miR-145-mediated tumor suppression and could be used as a general strategy to study the targets 

of individual miRNAs.

Introduction

MicroRNAs (miRNAs) are short (18–24 nt) non-coding RNAs that play roles in post-

transcriptional gene regulation. Mature miRNAs associate with the RNA-induced silencing 

complex and bind to the 3′-untranslated region (3′UTR) of mRNAs. This leads to repression 

of translation and/or degradation of transcripts, influencing diverse biological processes 

ranging from gametogenesis and embryonic development to tissue repair and aging.1–4 

Evidence for a link between miRNAs and development of cancers is accumulating.5,6 

Dysregulation of miRNAs has been associated with multiple hallmarks of cancer including 

proliferation, abnormal migration and aberrant angiogenesis.7–9 Depending on their effects 

on tumor growth, miRNAs can be categorized as oncogenic miRNAs or tumor suppressor 

miRNAs. Identifying targets of these miRNAs and unraveling their networks can improve 

our understanding of cancers and potentially lead to novel therapeutic strategies.

miR-145 has low to absent expression in several cancer types and is most abundant in cells 

of mesenchymal origin.10 Over-expressing miR-145 therapeutically has hindered tumor 

growth in model systems.11 For example, downregulation of miR-145 has been reported in 

leukemia, lymphoma, craniopharyngioma and various human solid tumors, including 

pancreatic, colon, esophageal, lung, breast, prostate, liver and bladder cancers.12–20 In some 

cancer cell lines, p53 can upregulate transcription and post-transcriptional maturation of 

miR-145 in response to DNA damage.21,22 In xenograft models, the reconstitution of 

miR-145 was demonstrated to inhibit tumor growth of pancreatic, hepatic and endometrial 

cancer.14,23,24 Given that miRNAs can exert their effects in biologic networks by regulating 

a large number of targets, it is necessary to identify miR-145 targets in a global fashion.

Different approaches have been employed to identify miRNA targets such as gene 

expression microarrays, RNA cross-linking immunoprecipitation and bioinformatics-based 

prediction algorithms, among others. One of the major limitations of transcriptomics-based 

methodologies is that changes in protein abundance are missed. Bioinformatics approaches 

generate many false-positive predictions of miRNA targets. Given the known effects of 

miRNAs on translation, quantitative proteomics serves as a complementary technology to 

measure the impact of miRNAs on intracellular protein levels.25,26 To identify the targets of 

miR-145 and thus to identify the mechanisms of tumor suppression by miR-145, we carried 

out stable isotope labeling by amino acids in cell culture (SILAC)-based proteomic profiling 

along with transcriptomic analysis to quantify the global changes subsequent to miR-145 

overexpression in a pancreatic cancer cell line, MiaPaCa-2. Integrating the quantitative 

results from mRNA microarrays, miR microarrays and SILAC revealed previously 

unreported targets of miR-145 as well as provided novel insights into the tumor suppressive 

mechanisms of miR-145.
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Results and discussion

Impact of miR-145 on mRNAs

miRNA-mediated post-transcriptional regulation of gene expression can result in the 

destabilization of target mRNA transcripts and hence decreased transcript abundance. 

Identifying the number and extent of mRNA transcripts that are downregulated by a miRNA 

in this fashion provides a foundation to understand miRNA-gene networks. Unlike 

bioinformatic predictions of miRNA targets, which often predict hundreds of transcripts 

targeted by each miRNA, the extent of experimental transcriptomic changes caused by 

miRNA overexpression are commonly lower by an order of magnitude.27 To obtain a global 

view of transcriptomic changes, we carried out mRNA microarray analysis 48 hours after 

transfection of miR-145 into MiaPaCa-2 cells. Fold-changes of 18522 genes were quantified 

(Table S1, ESI†). Most of the detected transcripts did not change significantly (Fig. 1A). 

Expression of 73 genes was downregulated ≥1.5-fold after miR-145 transfection while that 

of 11 genes was upregulated ≥1.5-fold (false discovery rate (FDR) < 1%, Table S2, ESI†). 

Notably, of the 73 downregulated genes, 9 mRNAs were previously described as targets of 

miR-145 including PODXL, ABRACL (C6orf115), NDUFA4, FSCN1, GMFB, AP1G1, 

YES1, TMEM9B and CBFB.28–30 Among the genes identified as miR-145 targets in our 

analyses, there are some that could explain miR-145 tumor suppressive activity. For 

instance, podocalyxin-like 1 (PODXL), is a transmembrane glycoprotein which is 

functionally associated with multiple cancers including breast, colon and pancreatic 

cancers.31–33 Fascin 1 (FSCN1) is involved in the assembly of polymerized actin and forms 

filipodia critical for cell motility and cancer migration.34,35 In addition to these miR-145 

targets, we observed two mRNAs linked to cancer development that were downregulated by 

miR-145. Melanoma antigen family A 4 (MAGEA4) is a cancer/testis antigen whose germ-

line expression is reactivated in cancers and belongs to the family proteins that may block 

binding of p53 to DNA.36,37 Overexpression of MAGEA4 has been previously noted in 

hepatocellular carcinoma.38 Importantly, cytotoxic T cell-mediated immunotherapy against 

MAGEA4 has shown efficacy in treatment of Hodgkin lymphoma.39 The other molecule 

linked to cancer that was downregulated by miR-145 is integrin alpha 11 (ITGA11), which 

is overexpressed in non-small cell lung cancer and is known to enhance tumorigenicity by 

dysregulating tumor-stromal interaction.40

Regulation of miRNAs by miR-145

It is documented in various cancers that the expression of miR-145 changes in parallel with 

that of certain other miRNAs.13,20,28,41–46 To evaluate how miR-145 might act via other 

miRNAs as a tumor suppressor in pancreatic cancer, we carried out miRNA profiling using 

microarrays to analyze the global change of miRNAs 24 and 48 hours after miR-145 

transfection. The correlation between differential expression of miRNAs at 24 and 48 hours 

was high (r = 0.92); we focused on the analysis of the 48 hour experiment to integrate with 

other omics datasets that were all at the 48 hours. Totally, fold changes of 851 miRNAs 

were quantified, and the expression of 120 miRNAs changed significantly (FDR 5%, Fig. 

1B and Table S3, ESI†). Seven miRNAs increased > 2-fold while only let-7e decreased > 2-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c4mb00585f
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fold (FDR < 3.0 × 10−6, Table S4, ESI†). Upregulation of miR-124 (8.7-fold), miR-133b 

(5.2-fold) and miR-125a-3p (3.0-fold) might be related to the observed effect of miR-145 as 

a tumor suppressor, and their expression often changed concomitantly with that of miR-145 

in other cancers as discussed below (Table S4, ESI†). For instance, miR-124 is also known 

as a multifaceted tumor suppressor miRNA. In glioblastoma multiforme stem cells, miR-124 

has been shown to cause cell cycle arrest and induce differentiation.47 In 

cholangiocarcinoma, cancer cell migration and invasion were inhibited by miR-124 

overexpression.48 In esophageal squamous cell carcinoma, where miR-133b shares FSCN1 

as a target with miR-145, inhibition of cancer cell growth and invasion was observed in 

miR-133b overexpression.28 In non-small cell lung cancer and gastric cancer, 

downregulation of miR-125a-3p correlates with clinical cancer invasion in adjacent lymph 

nodes.49,50 This suggests a potential role of miR-125a-3p in inhibiting migration of cancer 

cells. Taken together, miR-145 upregulates an ensemble of miRNAs, including three that 

have previously been reported as tumor suppressors; adding to potential mechanisms 

contributing to the tumor suppressive properties of miR-145 in cancers.

Impact of miR-145 on the proteome

Another important mechanism for miRNA-mediated regulation of targets is to repress 

protein synthesis that can occur with or without alteration of mRNA transcript abundance.51 

In other words, measuring protein abundance not only reflects the ultimate impact of 

miRNAs on translation but also complements what transcriptomic analysis alone is not able 

to reveal. We decided to use quantitative proteomics to characterize proteome dynamics 

subsequent to miR-145 overexpression. The strategy for our SILAC proteomics study in the 

MiaPaCa-2 pancreatic cancer cell line is depicted in Fig. 2. The cells labeled with heavy 

amino acids were transfected with miR-145 while those cultured in the regular (light) 

medium were transfected with a scrambled RNA control. Forty-eight hours after trans-

fection, the cells were harvested and proteins were extracted. We mixed lysates from heavy 

and light samples and subjected the samples to four different fractionation methods — in-gel 

digestion, strong cation exchange, off-gel peptide fractionation and off-gel protein 

fractionation. Via liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis 

on an LTQ-Orbitrap Velos mass spectrometer, we identified ~ 20 000 peptides 

corresponding to 2905 proteins at a 1% FDR (Table S5 and Fig. S1, ESI†). Ninety percent 

(2605) of these proteins were quantifiable (Fig. 3A). Membranous and nuclear proteins 

comprised 13.3% and 15.0%, respectively, of the total. While the majority of the proteome 

remained unchanged, 160 (6.1%) proteins were down-regulated ≥ 1.5-fold and 43 (1.7%) 

proteins were upregulated ≥ 1.5-fold. The representative lists of the most regulated proteins 

are given in Table S6 (ESI†). Based on TarBase 6.0, a database of experimentally validated 

miRNA targets, six of the downregulated proteins had been previously identified as 

miR-145 targets including FSCN1, SWAP70, YES1, TPM3, AP1G1 and PODXL.28,52 In 

addition, based on SILAC quantitation, we identified several novel miR-145 targets where 

the mRNA 3′UTR sequences contained perfect complementarity to the miR-145 seed 

sequence. This included proteins encoded by the SET, RPA1, MCM2, ABCC1, SPTLC1, 

SPTBN1, EP300, HAT1, DIAPH1, PRPSAP2 and RBM22 genes. The protein SET (SET) 

binds and inhibits protein phosphatase 2A and is known as an oncoprotein which is 

overexpressed in multiple cancers such as pancreatic cancer, chronic lymphocytic leukemia, 
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B-cell non-Hodgkin lymphoma and Wilms’ tumor.53–55 Knockdown of SET inhibits tumor 

growth in these cancers cells.54,56 Replication protein A (RPA1) is a single-strand DNA 

binding protein, which is crucial for DNA replication. Expression of RPA1 is positively 

correlated with tumor grade and survival in patients with astrocytic tumors.57 Higher 

expression of RPA1 is also linked to esophageal cancer and associated with lymph node 

metastasis.58 Minichromosome maintenance protein 2 (MCM2) is a subunit of the hetero-

hexameric DNA replication machinery, which is tightly regulated through cell cycle. It 

serves as a histopathological cancer bio-marker in pancreaticobiliary cancer, colon cancer, 

retinoblastoma and lung cancer.59–62 ATP-binding cassette subfamily C member 1 

(ABCC1), also known as multidrug resistance-associated protein 1, is a neutral and anion 

efflux pump on plasma membranes that confers chemoresistance in leukemias and solid 

cancers.63 Expression of ABCC1 is also increased in pancreatic cancer.64 Serine 

palmitoyltransferase 1 (SPLTC1) participates in sphingolipid metabolism, and its activity is 

elevated in endometrial cancer tissue.65 To validate these novel miR-145 candidate targets 

along with known targets, we employed luciferase-3′UTR assays to examine the effect of 

miR-145 overexpression on these targets, several of which showed significant repression 

(miR-145/control): FSCN1, DIAPH1, PRPSAP2, RPA1, RBM22, SET, SPTLC1 and 

SPTBN1 (Fig. 3B). Deleting the miR-145 seed sequence from some of these plasmids could 

rescue the luciferase activity. On the other hand, one of the proteins upregulated by miR-145 

was claudin-11, which is a critical component of tight junctions. We observed a 2.4-fold 

claudin-11 protein increase and postulated that miR-145 could inhibit invasiveness of cancer 

cells through the tumor suppressive network including upregulated claudin-11 and 

suppressed FSCN1 among others. We employed a matrigel invasion assays to functionally 

examine the effects of miR-145 on cell migration of MiaPaCa-2 pancreatic cancer cells. 

Forty-eight hours after transfection of miR-145/scrambled RNA control, we observed that 

miR-145-overexpressing pancreatic cancer cells were less capable of penetrating the 

matrigel membrane (Fig. 4).

Integration of transcriptome and proteome and effect of miR-145 target sites on mRNA/
protein levels

To elucidate miRNA-mediated regulation on gene expression, two molecular mechanisms 

have been proposed, including transcript destabilization and translational repression.66–68 In 

transcript destabilization, miRNAs and the RNA-induced silencing complex base-pair with 

mRNAs, leading to degradation of the regulated transcripts and subsequent downregulation 

of protein abundance. In translational repression, however, the engagement between 

miRNAs and mRNAs aborts translational initiation or halts translational elongation, causing 

decreased protein abundance without a concordant transcript degradation. To interrogate the 

contribution of each mechanism, we integrated the transcriptomic and proteomic changes 

caused by miRNA-145 and examined the correlation between these two datasets. There were 

2525 transcript/protein pairs in this study, and the overall correlation between transcript and 

protein fold changes was low (r = 0.21, p < 0.01) (Fig. 5). This level of correlation was close 

to other miRNA-transfection studies and lower than that reported by Schwanhausser et al. 

which was focused on unperturbed mammalian cells.66,68–70 Of these 2525 pairs were 13 

known miR-145 targets according to TarBase 6.0, and the concordant mRNA/protein fold-

changes were observed in 9 out of these 13 pairs: FSCN1, YES1, GMFB, APH1A, CBFB, 
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CLINT1, AP1G1, NIPSNAP1, PODXL. On the other hand, these 2525 transcript/protein 

pairs contained 1110 pairs that had discordant mRNA and protein changes, i.e. the transcript 

level was upregulated while the protein abundance was downregulated or vice versa. In all 

discordant pairs, we noticed enrichment of molecules in the EIF2 signaling and protein 

ubiquitylation pathways (p = 9.2 × 10−31 and 1.26 × 10−11, respectively) with the majority 

of these pathway components being suppressed at the protein level (Table S4 and S5, ESI†). 

It is known that the “seed sequence” of a miRNA, i.e. nucleotides 2–7 at the 5′ ends, is 

important for its targeting specificity.71 The seed sequence of a miRNA can base-pair with 

different regions of an mRNA (5′UTR, coding sequence (CDS) or 3′UTR) in different 

complementarity: such as “6mer”, “7mer-A1”, “7mer-m8” or “8mer” target site matches.72 

In our study, seed sequence matches were enriched in miR-145-downregulated mRNA 

transcripts (odds ratio 1.69, p = 4.2 × 10−10) and miR-145-downregulated proteins (odds 

ratio 1.25, p = 0.007). Therefore, to compare the global effects of miRNA-145 targeting 

different regions of transcripts, we examined miR-145-mediated transcriptomic and 

proteomic alterations by stratifying the analysis into these three mRNA regions. Overall, 

among the 2525 mRNA/protein pairs, there were 78 genes with miR-145 target sites in their 

5′UTRs, 1149 genes with miR-145 target sites in their coding regions (CDS) and 636 genes 

with miR-145 target sites in their 3′UTRs. 312 genes have miR-145 target sites both in CDS 

and 3′UTR. The presence of miR-145 target sites in CDS or 3′UTR is correlated with 

downregulation of transcript and protein levels (Table 1). Furthermore, we evaluated the 

transcriptomic and proteomic changes related to different types of miR-145 target sites in 

3′UTR, including 8mer, 7mer-m8, 7mer-A1, and 6mer sequences. We found that 8mer 

matching correlated with downregulation of transcript and protein levels (p = 4.7 × 10−12 

and 4.7 ×10−5, respectively) (Fig. 6) whereas other types of target sites only affected 

transcript levels but not protein levels (Table 1). The correlation between transcript and 

protein abundance in genes containing 8mer matches was slightly higher than that observed 

for all transcripts (r = 0.28, p < 0.01). More than 70% (69/95) of genes with 8mer target 

site(s) in their 3′UTRs exhibited downregulated protein levels, and two thirds (46/69) of 

them also had a coordinate down-regulation of transcript abundance, i.e. genes with 8mer 

target site(s) in their 3′UTR tended to have concordant downregulated mRNA/protein levels 

(p = 4.5 × 10−7). A similar trend has been reported by several other groups, corroborating 

that transcript destabilization plays an important role in 8mer matching.66–69

miR-145-regulated miRNAs and their targets: integration of omics datasets with 
computational predictions

Redundant networks among mRNA targets and the miRNAs that regulate them have been 

observed across different model systems.73–75 Each mRNA transcript can be targeted by 

multiple miRNAs simultaneously, and the extent of repression from different miRNAs 

might be variable. This complexity presents challenges for studying the interplay between 

miRNAs and the transcriptome/proteome. In our study, miR-145 caused alteration of other 

miRNAs, which could lead to repression of their targets. For example, miR-124 and 

miR-133b were significantly upregulated by miR-145 (see above), and they are also 

predicted to target the proteins we observed in SILAC results: SPTLC1 and SPTBN1 by 

miR-124; ABCC1 and SPTBN1 by miR-133b. This observation led us to suspect that at 

least a subset of the proteomic changes might result from changes in the expression of these 
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secondary miRNAs. To study how these miR-145-regulated miRNAs affected their targets, 

we obtained target predictions from TargetScan database and used TargetScan total context 

scores as a surrogate measure of miRNA effective binding.76 We chose the TargetScan 

database because it incorporates different types of target sites and its optimization of 

algorithms based on previous proteomics data along with inclusion of comparative genomics 

analysis. In principle, a lower TargetScan total context score predicts a higher miRNA 

binding efficacy. From the miRNA microarray results at a total FDR < 0.05, miRNAs 

regulated by miR-145 were divided into upregulated and downregulated groups (Fig. 7A). 

We correlated these miRNAs with their predicted mRNA/protein pairs, which exhibit a 

concordant change in our dataset. Interestingly, the mRNA/protein pairs targeted by the 

upregulated miRNAs had lower TargetScan total context scores than those targeted by 

downregulated miRNAs (p = 0.05, Fig. 7B). If only those pairs with protein fold change ≥ 

1.5 were considered, the p-value was < 0.01. In other words, miRNAs upregulated by 

miR-145 were predicted to repress their targets’ protein abundance, suggesting that the 

proteomic change unexplained by miR-145 transfection could result from alteration of levels 

of other miRNAs.

Conclusions

The advent of high-throughput technologies has expanded our ability to study complex 

biological systems. A multi-omics analysis enables even fuller characterization of biological 

intricacies. In this study, we took advantage of this systems approach to uncover novel 

aspects of miR-145-mediated pathway regulation. Through transcriptomic analysis in which 

we profiled mRNAs and miRNAs, we identified several unreported transcripts targeted by 

miR-145 along with a miRNA expression signature in multiple malignancies. To 

supplement bioinformatics and transcriptomic analysis, SILAC-based quantitative 

proteomics integrated into this study revealed novel miR-145 targets that were not revealed 

through transcriptomic analysis alone. In summary, novel targets and regulatory networks 

from this study help further our understanding about miR-145-mediated tumor suppression, 

and we believe this multi-omics analysis will advance biological research in other systems.

Experimental section

Cell culture, SILAC labeling and miRNA transfection

A pancreatic cancer cell line, MiaPaCa-2, was maintained in Dulbecco’s Modified Eagle’ 

Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with L-glutamine, 10% FBS, 

100 U ml−1 penicillin and 100 μg ml−1 streptomycin. Growth of these cells were incubated 

in 5% CO2 at 37 °C and adapted to the SILAC media as described earlier.77 The heavy 

medium was labeled with 13C6,15N2-lysine, 13C6,15N4-arginine. Cells grown in the heavy 

medium were transfected with 50 nM miR-145 mimic oligonucleotides while those grown in 

light medium were transfected with scrambled RNA control (Dharmacon, Lafayette, CO).

Protein extraction and in-gel digestion

Cells from scrambled RNA and miR-145 transfection were harvested in 2% SDS lysis 

buffer, homogenized and sonicated. Protein concentration was measured using Lowry assay. 
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Equal amount of protein from control and miR-145-transfected samples were mixed and ~ 

200 μg was loaded on SDS-PAGE. The gel was stained with colloidal Coomassie blue. The 

protein bands were excised and were subjected to in-gel digestion, as described 

previously.78 Briefly, proteins were reduced using 5 mM dithiothreitol in 40 mM 

ammonium bicarbonate in 40% acetonitrile at 60 °C for 20 minutes and alkylated using 20 

mM iodoacetamide in 40% acetonitrile. In-gel trypsin digestion was carried out at 1:20 

enzyme to protein ratio at 37 °C overnight.

Strong cation exchange chromatography (SCX) and OFFGEL fractionation

Protein were reduced and alkylated with 5 mM DTT and 10 mM iodoacetamide, 

respectively. In-solution trypsin digestion was carried out at 1: 20 enzyme to protein ratio 

overnight at 37 °C. The peptides were fractionated by SCX.79 SCX fractionation was carried 

out on a PolySULPHOETHYL A column (PolyLC, Columbia, MD, USA) using an Agilent 

1200 HPLC system containing a binary pump, UV detector and a fraction collector. 

Fractionation of peptides was carried out by a linear gradient between solvent A (10 mM 

KH2PO4, 25% Acetonitrile, pH 2.8) and solvent B (350 mM KCl in solvent A) from 8% to 

50% solvent B over 60 min. UV absorbance of eluted peptides were detected at 214 nm. The 

peptide fractions were pooled based on chromatography profile into 24 fractions, vacuum-

dried and stored at −20 °C. Peptides were reconstituted in 40 μl of 0.1% formic acid prior to 

LC-MS/MS analysis. Proteins as well as peptides were fractionated using OFFGEL 

fractionator (Agilent Technologies, Santa Clara, CA, USA). Briefly, around 100 μg of 

peptides/proteins in 2.4 ml of 5% glycerol buffer with 0.5% ampholytes (pH 3–10) was 

fractionated into 12 fractions in 24 h. Fractions were collected and stored at −20 °C.

Mass spectrometry

Peptide fractions were analyzed on an LTQ-Orbitrap Velos mass spectrometer coupled to 

Agilent 1200 series nano HPLC system. The MS1 scans were acquired in the m/z range of 

350–1800 while MS2 scans were acquired in 100–2000 m/z using higher-energy collisional 

dissociation (HCD). Top 15 precursor ions were chosen for MS2 analysis in each duty cycle. 

Precursor ions with singly charged and unknown charges were excluded for MS2 analyses. 

Mass spectrometry raw data were searched against Human RefSeq protein database (Release 

46) using Proteome Discoverer platform (Thermo, Bremen, Germany). We used Mascot and 

SEQUEST search algorithms with following search parameters: trypsin as a protease with 

maximum one allowed missed cleavage; carbamidomethylation of cysteine as a fixed 

modification; oxidation of methionine, acetylation of protein N-terminus and deamidation of 

glutamine. Mass tolerances at MS and MS/MS were set to 20 ppm and 0.1 Da, respectively. 

FDR of 1% was used for peptide validation. The proteomic datasets are accessible in the 

PRIDE Archive with the accession number: PXD001260.

Gene expression and miRNA microarray analysis

One μg total RNA was used on Agilent-014850 Whole Human Genome Microarray 

platform (4×44K G4112F). miR-145-transfected and control samples were analyzed in dye-

swap duplicates (Pearson correlation coefficients were 0.99 and 0.99, respectively). One-

hundred ng total RNA was used on Agilent’s-Human miRNA Microarray platform (V3). 
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Samples were collected 24 and 48 h after miRNA transfection and were analyzed in 

duplicate. Raw data were pre-processed using the R package “Limma”.80 Briefly, for the 

gene expression microarray experiments, normalization within arrays was carried out using 

“Loess” method and normalization between arrays was carried out using the “Scale” 

method. For the miRNA microarray experiments, normalization between arrays was carried 

out with the “Quantile” method. Both microarray analyses were performed using a 

generalized linear model approach, coupled with empirical Bayes shrinkage of standard 

errors.80 Adjustment for multiple testing was achieved using the Benjamini and Hochberg 

method.81 Raw data and analyses were uploaded to Gene Expression Omnibus at the 

National Center for Biotechnology Information with the accession numbers: GSE45245 for 

gene expression microarray and GSE45246 for miRNA microarray.

Luciferase assays

3′UTRs of candidate miR-145 target genes were cloned into the pLightSwitch-3UTR control 

vector (SwitchGear Genomics, Carlsbad, CA) which contains an upstream Renilla luciferase 

open reading frame. Twenty-four hours before co-transfection, 3 × 104 MiaPaCa-2 cells 

were seeded in each well of 48-well plates. For co-transfection, 10 ng of the 

pLightSwitch-3UTR vector and 100 ng of the firefly luciferase-based pGL3 control vector 

were mixed with either miR-145 mimic (40 nM) or scrambled RNA oligos, packaged with 

Lipofectamine 2000 reagent (Invitrogen) to enter MiaPaCa-2 cells. Luciferase assays were 

carried out using the Dual-Luciferase® Reporter Assay System (Promega, San Luis Obispo, 

CA). The miR-145 seed sequence in 3′UTR was deleted using QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent). Firefly luciferase activity was normalized to Renilla 

luciferase activity for each transfected well. For each experimental trial, cells were 

transfected in triplicate. For each 3′UTR construct, the ratio of miR-145 mimic to scrambled 

RNA oligos was calculated.

Invasion assays

Growth factor-reduced Matrigel invasion chambers (BD) were used according to the 

manufacturer’ instructions. Briefly, MiaPaCa-2 cells (5 × 104 ml−1 in DMEM + 0.1% FBS) 

in invasion chambers were transferred and exposed to the chemo-attractant DMEM + 5% 

FBS. Forty-eight hours later, noninvasive cells were wiped off using cotton swabs. Invasive 

cells were fixed in 10% formalin for 5 minutes, and then the Matrigel membranes were cut 

and mounted in DAPI to count cell nuclei.

Bioinformatics and statistical analysis

A web-based bioinformatics tool was developed in house for analyzing miRNA binding 

sites. All statistics analyses were performed in R 2.14 (64-bit). ANOVA and TukeyHSD 

multiple comparison tests were performed to compare effects of different target site 

matching on transcript and protein levels. To analyze luciferase assay results, Welch’s two 

sample t-test was used based on the different variance between control and miR-145-treated 

groups. The correlation between transcript and protein fold changes was calculated using 

Pearson’s product-moment correlation. To calculate the enrichment of miR-145 seed 

sequence in miR-145-downregulated transcripts/proteins, Fisher’s Exact tests were used in 
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the contingency table analysis. To calculate the enrichment of 8mer target site matching in 

3′UTRs, a Pearson’s Chi-squared test with Yate’s continuity correction was used. 

TargetScan Release 6.2 (http://www.targetscan.org/) was used for analysis of miRNA 

targeting context scores. TarBase 6.0 (http://www.microrna.gr/tarbase) was used as a 

curated database of known miR-145 targets. To obtain pathway enrichment analysis, we 

employed IPA® Core Analysis (Ingenuity System Inc. USA) and its embedded Fisher’s 

exact test (right-tailed).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
miR-145-mediated transcriptomic alterations. (A) Fold change distribution of 18 522 

transcripts 48 h after miR-145 transfection in pancreatic cancer cell line MiaPaCa-2. (B) 

Fold change distribution of 851 miRNAs 48 h after miR-145 transfection in pancreatic 

cancer cell line MiaPaCa-2. As shown in A and B, majority of the transcriptome do not 

change significantly after miR-145 transfection.
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Fig. 2. 
Strategy of proteomic analysis for identifying miR-145 targets. miR-145 mimic was 

transfected into MiaPaCa-2 cells that were labeled with heavy amino acids while scrambled 

RNAs were transfected into unlabeled cells. Proteins from both groups of cells were 

extracted 48 hours after transfection and fractionated through four methods: in-gel digestion, 

strong cation exchange chromatography, off-gel peptide and protein pI-based separations. 

Fractionated peptides were then analyzed on an LTQ-Orbitrap Velos mass spectrometer.
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Fig. 3. 
miR-145-mediated proteomic changes and luciferase assays for novel miR-145 targets. (A) 

SILAC quantitation of proteomic changes induced by miR-145 overexpression. (B) 

Luciferase assays to evaluate the effect of miR-145 overexpression on protein targets 

identified from proteomic experiments. Error bars represent the standard error.
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Fig. 4. 
Decreased invasiveness of pancreatic cancer cells mediated by miR-145 in matrigel invasion 

assays. Cell nuclei of MiaPaCa-2 were stained with DAPI and are visualized as light purple 

dots by fluorescence microscopy. (A) Forty-eight hours after scrambled RNA transfection. 

(B) Forty-eight hours after miR-145 transfection. (C) Quantitation of invasive cancer cells 

depicted as a box-dot plot.
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Fig. 5. 
Integrated transcriptomic and proteomic analysis for miR-145 effect in pancreatic cancer 

cells. Quantitation results from mRNA gene expression microarrays and SILAC were 

intersected to show that “8mer” type of miR-145 binding predominantly caused 

downregulation of transcript and protein levels. All other types did not show any obvious 

pattern.
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Fig. 6. 
Different types of miR-145 targeting in 3′ untranslated regions (3′UTRs) of transcripts and 

their impact on protein and mRNA fold changes. (A) Relationship between protein fold 

changes and 8mer binding sites in 3′UTRs. (B) Relationship between protein fold changes 

and all types of binding in 3′UTR. (C) Relationship between mRNA fold changes and 8mer 

binding in 3′UTR. (D) Relationship between mRNA fold change and all types of binding in 

3′UTRs. Types of binding in 3′UTR include 8mer, 7mer-A1, 7mer-m8 and 6mer. Overall, 

8mer binding of miR-145 in the 3′UTR correlates better with downregulation of protein and 

transcript levels that other types.
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Fig. 7. 
Impact of differentially regulated miRNAs on target binding. Transfection of miR-145 

caused changes of other miRNAs that were assayed by miRNA microarrays. Through 

bioinformatics analysis, those upregulated miRNAs (red) were found to have target binding 

with lower TargetScan context scores (i.e. stronger binding to their targets). (A) Fold-change 

of miRNAs after miR-145 transfection. Only miRNAs targeting mRNA/protein pairs that 

showed concordant changes are depicted. (B) Upregulated miRNAs by miRNA-145 were 

predicted to possess stronger target binding than downregulated ones.
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Table 1

Locations and types of miR-145 target sites and downregulation of transcripts/proteins

Location of miR-145 target site ANOVA F test P value

mRNA downregulation Protein downregulation

5′-Untranslated region   0.55 0.82

Coding sequence   9.26×10−5* 1.06×10−3*

3′-Untranslated region <2.00×10−16* 4.17×10−5*

8mer   4.71×10−12* 4.73×10−5*

7mer-m8   1.24×10−7* 0.15

7mer-A1 <2.00×10−16* 0.26

6mer   3.65×10−7* 0.23

ANOVA: analysis of variance.

*
Statistical significance.
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