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DISCLAIMER  

This document was prepared as an account of work sponsored by the United States 

Government. While this document is believed to contain correct information, neither the United 

States Government nor any agency thereof, nor the Regents of the University of California, nor 

any of their employees, makes any warranty, express or implied, or assumes any legal 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by its trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency thereof, or the 

Regents of the University of California. The views and opinions of authors expressed herein do 

not necessarily state or reflect those of the United States Government or any agency thereof or 

the Regents of the University of California. 
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ABBREVIATIONS 

LC/MS/MS, Liquid Chromatography-Tandem Mass Spectrometry;  

SILAC, Stable Isotope Labeling with Amino Acids in Cell Culture; 

miRNA, MicroRNAs; 

siRNA, Small Interfering RNAs; 

DAVID, Database for Annotation, Visualization, and Integrated Discovery; 

STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; 

KEGG, Kyoto Encyclopedia of Genes and Genomes; 
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SUMMARY 

RNA helicase DDX5 (also p68) is involved in all aspects of RNA metabolism and serves as a 

transcriptional co-regulator, but its functional role in breast cancer remains elusive. Here, we 

report an integrative biology study of DDX5 in breast cancer, encompassing quantitative 

proteomics, global MicroRNA profiling, and detailed biochemical characterization of cell lines 

and human tissues. We showed that protein expression of DDX5 increased progressively from 

the luminal to basal breast cancer cell lines, and correlated positively with that of CD44 in the 

basal subtypes. Through immunohistochemistry analyses of tissue microarrays containing over 

200 invasive human ductal carcinomas, we observed that DDX5 was upregulated in the majority 

of malignant tissues, and its expression correlated strongly with those of Ki67 and EGFR in the 

triple-negative tumors. We demonstrated that DDX5 regulated a subset of MicroRNAs including 

miR-21 and miR-182 in basal breast cancer cells. Knockdown of DDX5 resulted in 

reorganization of actin cytoskeleton and reduction of cellular proliferation. The effects were 

accompanied by upregulation of tumor suppressor PDCD4 (a known miR-21 target); as well as 

upregulation of cofilin and profilin, two key proteins involved in actin polymerization and 

cytoskeleton maintenance, as a consequence of miR-182 downregulation. Treatment with miR-

182 inhibitors resulted in morphologic phenotypes resembling those induced by DDX5 

knockdown. Using bioinformatics tools for pathway and network analyses, we confirmed that the 

network for regulation of actin cytoskeleton was predominantly enriched for the predicted 

downstream targets of miR-182. Our results reveal a new functional role of DDX5 in breast 

cancer via the DDX5→miR-182→actin cytoskeleton pathway, and suggest the potential clinical 

utility of DDX5 and its downstream MicroRNAs in the theranostics of breast cancer.  
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INTRODUCTION 

Tumor heterogeneity remains one of the biggest challenges in the diagnosis and therapy of 

breast cancer (1). Several molecular markers such as estrogen receptor (ER), progesterone 

receptor (PR), and ErbB2 (HER2/Neu) have been associated with the five major subtypes of 

breast cancer, defined by the gene-expression clustering as: basal-like, luminal A, luminal B, 

ErbB2+/ER-, and normal breast-like (2-4). However, molecular pathways leading to the 

heterogeneity in initiation, progression, prognosis, and clinical outcomes for different tumor 

subtypes remain elusive. Importantly, there is currently no specific targeted-treatment available 

against the triple-negative (ER-, PR-, ErbB2-) tumors that constitute the majority of basal-like 

breast cancers (5). Another major challenge in eradicating breast cancer is the drug resistance 

derived presumably from the “cancer stem cells”, identified as the CD44+CD24−/lowLin− 

subpopulation (6). However, strategies for specifically targeting cancer stem cells remain to be 

established. Therefore, identification of new molecular markers of breast cancer, optimally at the 

single cell level (7), is hotly pursued for its early diagnosis and targeted treatment.  

RNA helicase DDX5 (also p68) is a prototypic member of the DEAD (Asp-Glu-Ala-Asp) 

box family and locates at human chromosome 17q21. Interestingly, chromosome 17 contains 

multiple functionally-important genes in breast cancer including TP53 (17p13), ERBB2 (17q12), 

and BRCA1 (17q21). For example, BRCA1 deficiency and/or dysfunction have been associated 

with the triple-negative phenotype (5). DDX5 is upregulated in various cancers including breast 

cancer (8-12). In particular, DDX5 is overexpressed in prostate cancer and enhances AR-

regulated repression of CD44 splicing (10). However, the functional role of DDX5 in breast 

cancer remains elusive.  Because miRNAs are critically important in cancer (13-16), and DDX5 

is involved in miRNA processing and maturation (17, 18), we hypothesize that DDX5 regulates 
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miRNAs, either directly or indirectly (e.g., through its interactome), and thereby contributes to 

breast cancer initiation and progression.  

Herein, we describe an integrative biology study linking DDX5 to actin cytoskeleton 

dynamics via miRNAs in basal breast cancer cells. Our results suggest that targeting DDX5 and 

its downstream miRNAs might be a novel strategy for theranostics of triple-negative breast 

cancers.  
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EXPERIMENTAL PROCEDURES  

 

Cell Culture and SILAC Labeling 

All breast cancer cell lines were cultured as published (19). Isotopic labeling of breast cancer 

cells was performed using SILAC kits (Invitrogen) and verified as we published previously (20).  

 

RNA Interference and MicroRNA Inhibition 

Small interfering RNAs (siRNAs) with 3’-dTdT overhangs for human DDX5, ERBB2, and 

AllStars negative control were obtained from Qiagen. The specific sequences for the sense strand 

for DDX5 and ERBB2 were: 5’-CCGCAACCAUUGACGCCAUTT-3’ and 5’-

CAAAGAAAUCUUAGACGAATT-3’, respectively. All siRNAs were annealed with 

complementary antisense strands with 3’-dTdT overhangs. Additionally, four FlexTube siRNAs 

targeting human DDX5 including Hs_DDX5_2, Hs_DDX5_10, Hs_DDX5_11, and 

Hs_DDX5_13 were ordered directly from Qiagen. Transfection was done with 20-50 nM 

siRNAs using HiPerFect reagents (Qiagen). Protein lysates were analyzed by Western blotting to 

confirm the knockdown efficiency. For cell proliferation assays, cells were seeded with a density 

of 5x104 cells per well on 12-well plates and transfected with desired siRNAs. For miRNA 

inhibitor treatments, miScript miRNA inhibitors including anti-has-miR-182 and negative 

control were obtained from Qiagen. Transfection was done with 100-200 nM miRNA inhibitors 

using HiPerFect reagents. To study cell morphology changes after different treatments, phase-

contrast microscopy was performed as described (20). 

 

Quantitative Reverse Transcription-PCR of Mature miRNAs 
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Total RNA was isolated using Trizol reagent (Invitrogen). For miRNA message analysis, the 

cDNA was synthesized using the miScript Reverse Transcription Kit (Qiagen). After cDNA 

conversion, the quantity of mature miR-182 and miR-21 was determined using specific TaqMan 

real-time PCR miScript primers for miR-182 and miR-21, respectively (Qiagen). Transcription 

level of endogenous U6 snRNA was used as the internal reference. Real-time PCR was done 

using miScript SYBR Green PCR Kit (Qiagen) and i-Cycler real-time PCR machine (Bio-Rad). 

Quantitative PCR was done under the following thermocycler conditions: 95°C for 15 min, and 

40 cycles of 94°C for 15s, 55°C for 30s, and 70°C for 30s. All PCR reactions were done in 

triplicate. Expression levels of mature mRNAs were evaluated using the comparative cycle-

threshold (CT) method (2-ΔΔCT), and results were expressed as relative quantitation (21). For 

comparison among different cell lines, miR-182 and miR-21 expressions were measured for 

randomly-selected luminal lines including T47D, BT483, SKBR3, and BT474; Basal A lines 

including MCF10A, HCC1954, HCC1569, and HCC1500; and Basal B lines including BT549, 

MDA-MB-231, HS578T, and SUM159T. Results were normalized to those of SUM159T. To 

determine the effects of DDX5 knockdown using DDX5 siRNAs, results were normalized to 

those of the siRNA control.  

 

Immunoblotting Analysis of Total Cell Lysates and Subcellular Fractions 

Immunoblotting analysis was performed as described (20). Cytoplasmic and nuclear 

components were isolated using a Qproteome nuclear subfractionation kit (Qiagen). Antibodies 

used included mouse anti-actin and anti-GAPDH (Chemicon); rabbit anti-p53, anti-p53(pSer15), 

anti-ErbB2(pTyr1248), anti-EGFR, anti-cofilin, and anti-profilin-1, and mouse anti-p21 (Cell 

Signaling); rabbit anti-DDX5 and anti-PDCD4 (Bethyl Laboratories); mouse anti-CD44H (R&D 
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Systems); rabbit anti-p16 and anti-ErbB2 (Santa Cruz Biotechnologies); mouse anti-E-Cadherin, 

anti-N-Cadherin, and anti-β Catenin (BD Biosciences); and mouse anti-Vimentin (Sigma). 

 

SILAC-based Proteomic Profiling and MicroRNA Profiling 

To determine the effects of DDX5 knockdown on global protein expression, we compared 

the proteome of MDA-MB-231 cells 2 days after transfection with DDX5 siRNA and control 

siRNA, respectively. Double-labeled (*Lys, *Arg) and non-labeled (Lys, Arg) cells were used 

for transfection with DDX5 siRNA and control siRNA, respectively. Detailed procedures for 

SILAC-labeling, cell lysis, trypsin digestion, LC/MS/MS, and data processing were performed as 

described (20, 22). Per MCP guidelines, following are detailed procedures for mass 

spectrometry: (a) A hybrid quadrupole/orthogonal time-of-flight mass spectrometer, Q-TOF API 

US mass spectrometer interfaced with a capillary liquid chromatography system (Waters Corp.) 

was used for all protein identifications and quantitation; (b) Mass spectra were processed using 

MassLynx 4.0 software, and proteins were identified using Protein Global Sever 2.0 software. 

The protein identities were further confirmed by Mascot (http://www.matrixscience.com) 

(Version 2.2) using the MS/MS peak lists exported from MassLynx. The mass tolerance for 

precursor ions and fragment ions was 0.5 Da and the charge states (+2, +3, +4) were considered 

for precursor ions; (c) The Swiss-Prot database (Release 2010_9 with 519,348 entries) with 

species restricted to Homo sapiens (human) were used for the search.  For proteins with only one 

peptide sequenced, three criteria were used in the final identification following manual 

interpretation of the MS/MS data: Mascot score is more than 30, a minimum of four consecutive 

b or y ions present in the MS/MS spectra, and the relative protein mobility on SDS-PAGE gels 

fits its theoretical molecular weight; (d) The enzyme specificity considered was trypsin only and 

the maximum missed-cleavage permitted was 1; (e) Protein modifications considered included 
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carbamidomethylation of cysteine (fixed), N-terminal acetylation, N-terminal Gln to pyroGlu, 

oxidation of methionine, and phosphorylation of serine, threonine, and tyrosine; (f) For SILAC 

quantitation, the light (Lys and Arg) and heavy (*Lys and *Arg) pair of the tryptic peptides were 

identified by Mascot using the option: SILAC K+6 R+10 [MD]. The relative expression of the 

light/heavy peptide pairs was determined by peak intensity ratios extracted from the LC-MS 

spectra with both peptides presented. The average and standard deviation (STDEV) of the 

relative expression for corresponding protein pairs were calculated using the values from their 

confirmed peptide pairs (minimum of 2). Relative quantitation for selected proteins was further 

confirmed by Western blotting analyses as described above.   

To detect changes in global miRNA expression after DDX5 knockdown, we performed 

miRNA profiling using miRCURYTM LNA Array (5th version, Exiqon). Total RNA was isolated 

from MDA-MB-231 cells after transfection with DDX5 siRNA, control siRNA, and negative 

control (transfection mix only), respectively, using the miRCURYTM RNA isolation kit.  The 

quality of total RNA was verified by an Agilent 2100 Bioanalyzer. Total RNA from the three 

individual samples and reference (common reference pool of the three samples) was labeled with 

Hy3™ and Hy5™ fluorescent labels, respectively, using the miRCURY™ LNA Array power 

labeling kit (Exiqon). The Hy3™-labeled samples and a Hy5™-labeled reference RNA sample 

were mixed pair-wise and hybridized to the miRCURY™ LNA Array, which contains capture 

probes targeting all miRNAs for human, mouse or rat registered in the miRBASE version 15.0 at 

the Sanger Institute. The hybridization was performed according to the miRCURY™ LNA array 

manual using a Tecan HS4800 hybridization station (Tecan, Austria). The microarray slides were 

scanned using the Agilent G2565BA Microarray Scanner System and the image analysis was 

carried out using the ImaGene 8.0 software (BioDiscovery Inc.). The quantified signals were 
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background-corrected (Normexp with offset value 10) (23) and normalized using the global 

Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm. The unsupervised 

hierarchical clustering was performed on log2(Hy3/Hy5) ratios, which passed the filtering 

criteria on variation across samples.  

 

Immunohistochemistry for Tissue Microarrays of Primary Human Breast Tumors  

Tissue microarrays BRC1501, 1502, and 1503 containing primary human breast tumors were 

obtained from Pantomics. The EDTA buffer/pressure cooker method was used for antigen 

retrieval following standard protocols. We optimized the staining conditions for DDX5 using 

universal IHC/ISH control tissue arrays (UNC241). For single staining of BRC1501, 1502, and 

1503, the rabbit polyclonal anti-DDX5 antibody (Bethyl Laboratories) and a polymer-based 

detection system were used. For double-staining of BRC1501, a MultiVision Polymer Detection 

System (Thermo Scientific) was used. The primary antibodies used were (1) rabbit polyclonal 

anti-DDX5 antibody, detected in blue; and (2) mouse monoclonal anti-ERBB2 antibody c-erbB-

2 [CB11] (Biocare Medical), detected in red. Rabbit polyclonal anti-pan cytokeratin (Z0622, 

DAKO) and normal rabbit sera (X0902, DAKO) were used as the positive and negative controls, 

respectively. Staining intensities were manually scored by pathologists and assigned a score in 

the range between 0 and 3.5 with an increment of 0.5. 

 

Statistical Analysis and Bioinformatics 

ANOVA test was performed to examine the DDX5 protein expression among different 

subtypes (Lu, BaA, and BaB) of breast cancer cell lines. Pearson’s correlation test was 

performed to examine the relationship between the protein expression of DDX5 and those of 

other markers including CD44 in breast cancer cell lines. Continuity Correction Chi-Square tests 
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were performed to examine the DDX5 positive staining (≥2.0) among benign and malignant 

human breast tissues. Kendall's Tau_b test was performed to examine the relationship between 

DDX5 and other clinical characteristics, including age, tumor grade and stage, ER, PR, ERBB2, 

p53, EGFR, and Ki67 status, for human primary breast tumors. Standard deviation (s.d.) was 

calculated for triplicate experiments. Student’s t-test was performed to confirm specific 

differences between treatment conditions (p<0.05, n=3). A two-tailed p-value of less than 0.05 

was considered to indicate statistical significance. All analyses were performed using SPSS 

11.5.0 for Windows and Microsoft Excel. 

Bioinformatics was performed using public databases. Protein-protein interaction network for 

DDX5 was generated using STRING. Targets of miR-182 were predicted using TargetScan. 

Pathway and network analyses for the predicted miR-182 target gene list were performed using 

DAVID. Pathway information was generated using KEGG.  
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RESULTS 

 

DDX5 protein expression is distinct among different subtypes of breast cancer cells  

We measured the protein expression pattern of DDX5 for a panel (N=45) of breast cancer 

cell lines. Figure 1a shows the Western blots of DDX5 and p53 for 38 cell lines, along with 

those of ESR1, ErbB2, EGFR, and CD44 published previously (19). The relative DDX5 

expression in each cell line was normalized to that in MCF12A, and clustered according to the 

three subtypes classified previously: luminal (Lu), basal A (BaA), and basal B (BaB) (19). There 

was significant difference among the three groups (ANOVA, p=0.002) (Figure 1b). In particular, 

the average relative expression of DDX5 increased progressively from luminal to basal subtypes 

with basal B cell lines having the highest value (mean=0.66, 0.93, and 1.17 for Lu, BaA, and 

BaB, respectively). We investigated whether there was a correlation between DDX5 and other 

key markers in Figure 1a. Strikingly, we observed a positive correlation between DDX5 and 

CD44 for the cell lines (N=10) showing detectable CD44 expression (Figure 1c, Pearson’s 

correlation, r=0.6925, p<0.05, two-tailed). Furthermore, all of these CD44+ lines belong to the 

basal subtypes. Therefore, DDX5 is one of the molecular markers manifesting the breast cancer 

heterogeneity: (1) its expression pattern is distinct among different subtypes; (2) its high 

expression is associated predominantly with the more aggressive basal subtypes; and (3) its 

expression correlates strongly to that of CD44 for the basal subtypes, presumably as a result of 

the enhanced repression of CD44 splicing (10).  

 

DDX5 is upregulated in invasive human breast cancers and correlates to Ki67 and EGFR 

in triple-negative tumors 
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To understand the in vivo role of DDX5 in breast cancer, we determined DDX5 protein 

expression in over 200 human breast tumors using tissue microarrays. A comprehensive database 

of age, sex, histology, tumor grade and stage, along with other pathological factors including ER, 

PR, ErbB2, p53, EGFR and Ki67, evaluated by immunohistochemistry, was available for these 

tumors. We observed weak to strong nuclear staining of DDX5 in epithelial cells in the majority 

of benign and malignant breast tissues (Figure 2a). Weak to moderate nuclear staining was also 

observed in most of the stromal cells. Strong nuclear staining of DDX5 (intensity=2.0 and 

above) was observed in 79.4% (54/68) of the malignant breast tumors; in contrast, only one 

fibroadenoma among the five normal/benign conditions of the breast showed the medium nuclear 

staining (intensity=1.5) (Figure 2b). Consistently, the DDX5 positive rate (intensity=2.0 and 

above) was significantly higher in malignant (79.4%) than in benign (0%) tissues (Continuity 

Correction Chi-Square Tests, p=0.001). 

We next determined whether there was any correlation between DDX5 and ER, PR, ErbB2, 

EGFR, p53, and Ki67 in tumors. Typically, triple-negative (i.e., basal-like) and ErbB2+ tumors 

account for ~15% and ~20%-30% of breast carcinomas, respectively. To have a better 

representation of the triple-negative tumors, we performed immunohistochemistry of DDX5 and 

other markers for a total of ~205 invasive ductal carcinomas, among which 24 (~12%) were 

triple-negative (Table 1). Strikingly, DDX5 correlated strongly with Ki67 among all tumors 

(r=0.357, p<0.001) as well as triple-negative tumors (r=0.491, p=0.003). We observed a positive 

correlation between DDX5 and ErbB2 among all tumors (r=0.143, p=0.009), consistent with 

what had been reported before (11). We observed positive correlations between DDX5 and p53, 

and between DDX5 and ER, but not between DDX5 and age, or between DDX5 and PR. This is 

consistent with previous studies showing that DDX5 is a potent transcriptional coactivator of 
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ESR1 (24) and p53 (25). For triple-negative tumors, we observed EGFR expression in ~50% 

cases, and furthermore, there is a positive correlation between DDX5 and EGFR (r=0.395, 

p=0.019, n=24). Consistently, EGFR protein expression was reported in 54% of basal-like breast 

cancers and associated with the poor survival independent of nodal status and size (26). 

Somewhat surprisingly, we observed an inverse correlation between DDX5 and tumor stage 

among all tumors (r=-0.174, p=0.002, n=205) and triple-negative tumors (r=-0.459, p=0.007, 

n=24). Therefore, DDX5 is upregulated in invasive breast cancers and correlates to key clinical 

markers such as Ki67 and EGFR. 

 

Knockdown of DDX5 induces reorganization of actin cytoskeleton in basal breast cancer 

cells 

To directly assess the functional role of DDX5 in breast cancer cells, we knocked down 

DDX5 in two representative basal B cell lines: Hs578T and MDA-MB-231. We achieved 

knockdown of ~76% and ~85%, for Hs578T and MDA-MB-231, respectively (Figure 3c). We 

observed clear morphological changes, indicating cytoskeletal reorganization, after DDX5 

knockdown (Figure 3a). Cells became more rounded and less spindle-like. These phenotypes 

resembled those of mesenchymal-to-epithelial transition (MET), the reverse process of 

epithelial-to-mesenchymal transition (EMT) that induces cytoskeletal reorganization and 

promotes cancer invasion and metastasis (27). On the other hand, we didn’t observe clear 

morphological changes after DDX5 knockdown in luminal cell lines such as MCF7 and SKBR3 

(data not shown). However, knockdown of DDX5 didn’t alter the expression of N-cadherin, E-

cadherin, vimentin or β-catenin for the cell lines tested above (data not shown), suggesting that 

the cytoskeletal reorganization after DDX5 knockdown was not due to MET (28). We reasoned 
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that instead actin dynamics might contribute to the observed morphological changes. Indeed, we 

observed a significant increase of nuclear but not cytoplasmic actin after DDX5 knockdown in 

MDA-MB-231 cells (Figure 3b). 

To confirm that the cytoskeletal changes after DDX5 knockdown was not due to any off-

target effects, we knocked down DDX5 in MDA-MB-231 cells using four additional siRNAs 

targeting different regions of the DDX5 sequence, respectively. As shown in Suppl. Figure 1a, 

transfection of the five siRNAs individually resulted in different degrees of DDX5 knockdown 

under identical conditions. In particular, our customarily-designed one (p68 siRNA) and 

Hs_DDX5_10 achieved similar and the most efficient knockdowns, with ~53% and ~51%, 

respectively. Because p68 siRNA and Hs_DDX5_10 targeted two completely distinct regions of 

DDX5, 231nt-249nt and 1622nt-1642nt, respectively, we next determined whether they induced 

the same cytoskeletal changes in MDA-MB-231 cells. As shown in Suppl. Figure 2, cells 

became more rounded and less spindle-like two days after transfection of both siRNAs, 

respectively. Therefore, our results strongly suggest that reduction of DDX5 protein expression 

contributes to the cytoskeletal reorganization in MDA-MB-231 cells.   

To gain mechanistic insights into the cytoskeletal reorganization after DDX5 knockdown, we 

performed large-scale SILAC-based proteomic analyses of MDA-MB-231 cells. We focused on 

key components of the cytoskeleton such as actin and actin-related proteins. Strikingly, we 

observed significant increases in both cytoplasmic profilin and cofilin after DDX5 knockdown 

(Table 2). Figure 3c (i) shows a representative MS spectrum for the light/heavy pair of a tryptic 

peptide (aa92-aa105) from human profilin-1: (92)STGGAPTFNVTVTK(105). On average, we 

detected a 2.2- and 2.3-fold increase for profilin and cofilin, respectively, after DDX5 

knockdown (Figure 3c (ii)).  The increases were confirmed by the Western blotting analysis for 
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both Hs578T and MDA-MB-231 (Figure 3c (iii)). We also confirmed on average 2.5-fold 

increase of nuclear (monomeric) actin after DDX5 knockdown in the nuclear fraction of MDA-

MB-231 cells; in comparison, no significant changes were observed for other representative 

nuclear proteins such as DNA-PKcs and Top2A, or the nuclear fraction of annexin A2 and 

cofilin (Figure 3d and Table 2). Cofilin and profilin are important in actin polymerization and 

stabilization, and thus, cytoskeleton maintenance. Therefore, the cytoskeletal reorganization and 

nuclear shuffling of monomeric actin after DDX5 knockdown might arise from the upregulation 

of cofilin and profilin.  

 

MiR-182 is responsible for the cytoskeletal reorganization after DDX5 knockdown  

To understand the mechanism underlying the cytoskeletal reorganization, we performed 

global miRNA profiling of MDA-MB-231 cells. As shown in Figure 4a, the dominant change 

after DDX5 knockdown was the downregulation of a subset of miRNAs, including miR-21 and 

multiple Let-7s (Let-7a, Let-7d, Let-7f, Let-7g, and Let-7i). We confirmed that these changes 

were not due to cell cycle arrest because we didn’t observe corresponding changes in protein 

expressions of either p21 or p16 (two key markers for cell cycle arrest and cellular senescence 

(20)) (data not shown). Indeed, DDX5 directly unwinds the human Let-7 miRNA precursor 

duplex (29). Therefore, DDX5 knockdown would reduce Let-7s processing and maturation. 

Since miR-21 is crucial for tumorigenesis and metastasis, and tumor suppressor gene PDCD4 is 

a confirmed miR-21 target both in vitro (30, 31) and in vivo (32), we examined whether PDCD4 

was upregulated after DDX5 knockdown. As expected, PDCD4 was significantly upregulated in 

both basal B cell lines (Figure 4b), in agreement with the miR-21 downregulation.  
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Using the TargetScanHuman 5.1 (http://www.targetscan.org), we searched for other gene 

targets for each miRNA regulated by DDX5 knockdown, as well as potential miRNAs 

specifically targeting cofilin and/or profilin. Interestingly, we identified miR-182 as a good 

match. The predicted consequential pairing of the target region and miR-182 sequence shows 

that cofilin has a 8mer pairing, while profilin has a 7mer-1A pairing (data not shown). The only 

other predicted miRNAs with consequential pairing to both cofilin and profilin are miR-96/1271. 

However, they have 7mer-1A pairings for both genes, and were not regulated by DDX5 

knockdown (Figure 4a).  

We next examined whether there was a direct correlation between the DDX5 protein 

expression and the level of miR-182 and miR-21 among 12 representative breast cancer cell lines 

(3 of Lu, BaA, and BaB each). We didn’t observe a clear correlation between DDX5 and miR-21, 

or between DDX5 and miR-182, suggesting that DDX5 was not the sole factor regulating these 

miRNAs. This is due to the fact that multiple factors are involved in miRNA processing and 

maturation. However, we observed a positive correlation between miR-182 and miR-21 (r=0.77, 

p=0.003) (Figure 4c), consistent with an earlier study showing that miR-21 and miR-182 are 

overexpressed and correlated in cancer cell lines (33).  

Using qRT-PCR, we further confirmed that miR-182 was downregulated after DDX5 

knockdown in MDA-MB-231 cells, with a concurrent reduction in cell proliferation (Figure 4d). 

Again, we confirmed that this was a direct effect of DDX5 knockdown because transfection of 

p68 siRNA and Hs_DDX5_10 respectively induced similar reduction of miR-182 in MDA-MB-

231 cells (Suppl. Figure 1b). To validate whether miR-182 was responsible for the increase of 

cofilin and profilin after DDX5 knockdown, we performed miRNA inhibitor experiments. 

Inhibition of miR-182 induced observable morphological changes in both MDA-MB-231 and 
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Hs578T cells (Figure 4e), resembling those induced by the DDX5 knockdown (Figure 3a). 

Consistently, inhibition of miR-182 significantly increased the protein expressions of cofilin and 

profilin, without altering those of DDX5 and p53 (Figure 4f).  

 

The network for regulation of actin cytoskeleton is predominantly enriched for the 

predicted downstream targets of miR-182 

To directly link DDX5 with actin cytoskeleton dynamics via miR-182, we performed 

bioinformatics analysis of pathways and networks for miR-182 targets. Among the networks 

regulated by the predicted miR-182 targets, the top 2 hits were: 1) regulation of actin 

cytoskeleton (24 counts, p-value=3.7E-5) (Figure 5), and 2) pathways in cancer (29 counts, p-

value=3.0E-4). The former contains cofilin (CFN) and profilin (PFN), both of which were 

identified as the potential direct targets of miR-182 by our SILAC-proteomics and functional 

studies described above. On the other hand, pathways in cancer, but not regulation of actin 

cytoskeleton, was also one of the top-hit pathways for the predicted miR-21 targets (10 counts, p 

value=0.02).  
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DISCUSSION 

RNA helicase DDX5 is essential for early organ development and maturation, and its 

knockout in mice results in embryonic lethality (34). DDX5 is multifunctional and involved in a 

diverse array of biological processes including cell proliferation, differentiation, and apoptosis 

(35). However, the exact role of DDX5 in breast cancer has not been elucidated. We propose a 

working model based on this study (Figure 5): DDX5 serves as a master regulator for a subset of 

miRNAs, which modulate their respective downstream targets (e.g., PDCD4 via miR-21, cofilin 

and profiling via miR-182) at transcriptional and/or translational levels (36), and consequently, 

contributes to breast cancer initiation and progression; the process depends on cellular contexts, 

particularly the interaction between DDX5 and other key players in tumor biology, including 

ESR1, TP53, HDAC1, and EP300, i.e., the DDX5 interactome (35); furthermore, the DDX5 

interactome is fine-tuned by its posttranslational modifications (“PTMs”), such as 

phosphorylation (37), acetylation (38), ubiquitination (8), and sumoylation (39), which 

collectively regulate DDX5 stability, intracellular location, and ATPase and/or helicase activity. 

Our results shed new light on how DDX5 contributes to the basal phenotype of breast cancer. 

We show that DDX5 correlates positively with p53 and EGFR; and more strongly with Ki67, a 

nuclear marker for cellular proliferation indicating poor prognosis and invasiveness of tumors 

(40, 41), as well as a high risk of relapse and a worse survival in patients with early breast cancer 

(42). Indeed, basal-like breast cancers usually have high expression of p53 (43), EGFR (26, 44), 

and Ki67 (45). This presumably provides the cellular context for DDX5 interactome in basal (but 

not luminal) breast cancer cells. We show an inverse correlation between DDX5 and the tumor 

stage. Although this is counterintuitive, tumors in the early stage (i.e., smaller sizes) might have 

a higher percentage of "cancer stem cells", and therefore, higher DDX5 expression. This agrees 
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with our observation that in basal cells DDX5 strongly correlates with CD44, a presumed marker 

for “cancer stem cells”. Consistently, DDX5 was shown to be one of the only two drug resistance 

genes, out of the nearly 1,000 proteins monitored in individual lung cancer H1299 cells (46). 

Importantly, we demonstrate that DDX5 upregulates a subset of miRNAs including miR-21 and 

miR-182. Interestingly, miR-21 locates at human chromosome 17q23.2, adjacent to 17q21 where 

DDX5 locates. Furthermore, miR-21 is an oncogene in vivo (32, 47). MiR-182 is broadly 

conserved in vertebrates and has also been linked to cancer. For example, it is upregulated in 

human melanoma and promotes metastasis (48). It regulates FOXO1 in breast cancer cells (49), 

is overexpressed in lung primary tumors (50), and serves as a prognostic marker for glioma 

progression and patient survival (51). Furthermore, miR-182 is one of the miRNAs regulated in 

HCT116 cells after DOX treatment (18). In this study, we show mechanistically that miR-182 is 

regulated by DDX5, and that miR-182 may directly control the expression of cofilin and profilin, 

both of which modulate actin cytoskeleton and contribute to cancer cell proliferation and 

invasion (52, 53). Therefore, DDX5 may promote drug resistance and invasion of breast cancer 

cells by diminishing cofilin- and profilin-dependent actin polymerization via miR-182. Very 

recently, while our manuscript was in preparation, Moskwa et al showed that miR-182 

downregulates BRCA1 in basal breast cancer cells and impacts DNA repair and sensitivity to 

PARP inhibitors (54). This is consistent with our data showing that DDX5 expresses 

predominantly at high levels in basal breast cancer cells and upregulates miR-182. Furthermore, 

this suggests an intriguing possibility that DDX5 downregulates BRCA1 indirectly via miR-182, 

i.e., through the DDX5 →miR-182 →BRCA1 pathway, thus confirming the critical importance 

of DDX5 in breast cancer. Future work is clearly warranted to test whether miR-182 promotes 

tumorigenesis and metastasis in vivo.  
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Our study has implications for breast cancer treatment. Currently, there is no effective 

targeted therapy for triple-negative tumors. We demonstrate that DDX5 upregulates miRNAs 

such as miR-21 and miR-182. Therefore, targeting DDX5 and/or its downstream miRNAs might 

be a novel strategy for treating this tumor subtype. ERBB2 is overexpressed in 20%~30% of 

invasive breast tumors. We observed a positive correlation between DDX5 and ErbB2 in 

invasive breast cancers. However, knockdown of ErbB2 in ErbB2+ breast cancer cell lines didn’t 

affect DDX5 protein expression, and vice versa (data not shown). ERBB2 signaling upregulates 

miR-21 and promotes cell invasion (55). We show that DDX5 also upregulates miR-21. 

Therefore, DDX5 and ErbB2 might work cooperatively to control miR-21 levels in vivo in a 

context-dependent manner, e.g., according to the tumor ERBB2 status and tissue 

microenvironment. Because breast tumors are highly heterogeneous, a subpopulation of 

ErbB2low/DDX5high cells may exist even within the ERBB2+ tumors. Presumably, the DDX5high 

cells possess the above-mentioned “stem-cell like” properties which confer invasiveness and 

drug resistance. Therefore, it is tempting to speculate that a subpopulation of ErbB2low/DDX5high 

cells confers the resistance of ErbB2+ breast tumors to ErbB2-targeting drugs such as Lapatinib 

and Herceptin (trastuzumab). If this proves to be the case, then a combination therapy targeting 

ErbB2 plus DDX5 may be more efficient for treating ErbB2+ breast cancers. Indeed, DDX5 is 

druggable and serve as a direct target of (−)-Epigallocatechin-3-gallate in green tea, in 

suppressing the growth of human gastric cancer cells (56).  

In summary, we have described a new functional role of RNA helicase DDX5 in basal breast 

cancer cells. Future work will elucidate mechanistically how DDX5 regulates specific miRNAs, 

validate the in vivo direct targets of miR-182 such as cofilin and profilin, and test the utility of 

DDX5 in serving as a new molecular marker for breast cancer theranostics.  
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FIGURE LEGENDS 
 

Figure 1. DDX5 protein expression in human breast cancer cell lines. (A) Western blotting 

analysis of ESR1, ErbB2, EGFR, CD44, DDX5, and TP53 in a panel of breast cancer cell lines. 

Corresponding known subtypes (Lu, BaA, and BaB) were labeled for each cell line. Actin was 

used as the loading control. SKBR3 and MCF12A (underlined with “Ref”) were used as the 

reference cell lines for normalization between different blots. (B) Quantitation and clustering of 

the relative expression of DDX5 among the three subtypes (ANOVA test, p<0.01). (C) 

Correlation between the relative expression of DDX5 and CD44 in the 10 basal cell lines 

showing detectable CD44 expression in (A) (Pearson’s correlation, p<0.05).  

 

Figure 2. DDX5 protein expression in human breast cancer tissues. (A) Immunohistochemistry 

images of tissue microarrays, showing representative strong (S) and weak (W) nuclear staining 

of DDX5 in primary human breast tissues. (B) Quantitation of DDX5 staining intensity on a 

tissue microarray containing 5 normal/benign fibroadenoma and 68 malignant tumors (b-i), and 

the corresponding statistical analysis of DDX5 staining in benign and malignant tissues (b-ii) 

(Continuity Correction Chi-Square Tests, p=0.001). DDX5 intensity scored at 2.0 or above was 

defined as the positive staining (+).  

 

Figure 3.  Effects of DDX5 knockdown on actin cytoskeleton in basal breast cancer cell lines. 

(A) Phase-contrast images showing morphological changes of Hs578T and MDA-MB-231 cells, 

2 days after transfection with DDX5 and control siRNAs, respectively. Scale bar: 200 μm. (B) 

Western blotting analysis of actin and DDX5 in the cytoplasmic and nuclear fractions of MDA-

MB-231 cells, 2 days after transfection with DDX5 and control siRNAs, respectively (b-i); also 
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shown is the corresponding Coomassie blue-stained gel image (b-ii).  Cyto: cytoplasm; Nu: 

nuclei; C: control siRNA. (C) (c-i) Mass spectrum of the SILAC light/heavy pair for the peptide 

aa92-aa105 from human profilin-1, obtained from the 1:1 mix of light (+DDX5 siRNA) and 

heavy (+control siRNA) total cell lysates of MDA-MB-231 cells; (c-ii) SILAC quantitation of 

profilin and cofilin for MDA-MB-231 cells after transfection with DDX5 siRNA relative to 

control siRNA; and (c-iii) Western blotting analysis of DDX5, cofilin, and profilin in Hs578T 

and MDA-MB-231 cells, 2 days after transfection with DDX5 and control siRNAs, respectively. 

(D) SILAC quantitation of annexin A2, cofilin, actin, DNA-PKcs, and Top2A in the nuclei, 

obtained from the 1:1 mix of light (+DDX5 siRNA) and heavy (+control siRNA) nuclear 

fractions of MDA-MB-231 cells. Error bars: s.d. (n=3).  

 

Figure 4. Effects of DDX5 knockdown on miRNA expression in basal breast cancer cell lines. 

(A) miRNA profiling and cluster analysis of miRNAs from MDA-MB-231 cells transfected with 

negative control (N, transfection mix only), control siRNA (C), and DDX5 siRNA (p68), 

respectively. Heat-map shows up- and downregulation (red vs. blue). The clustering was 

performed on log2 (Hy3/Hy5) ratios which passed the filtering criteria on variation across 

samples. (B) Western blotting analysis of PDCD4 after DDX5 knockdown in Hs578T and MDA-

MB-231 cells, respectively. (C) Correlation between miR-21 and miR-182 relative expressions 

in a panel of 12 cell lines (4 Lu, 4 BaA, and 4 BaB), as quantified by qRT-PCR (Pearson’s 

correlation, p<0.05). (D) Relative expression of miR-182 in MDA-MB-231 cells, 2 days after 

transfection with DDX5 and control siRNAs, respectively. Also shown are the corresponding 

relative cell numbers 4 days after the transfection. Error bars: s.d. (n=3); * and Δ: Student’s t-test 

(p<0.05, n=3). (E) Phase-contrast images showing morphological changes of Hs578T and MDA-
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MB-231 cells, 2 days after transfection with miScript inhibitors for miR-182 and negative 

control, respectively. Scale bar: 200 μm. (F) Western blotting analysis of DDX5, p53, cofilin, 

and profilin in Hs578T and MDA-MB-231 cells, 2 days after transfection with miScript 

inhibitors for miR-182 (+) and negative control (C), respectively. Actin and GAPDH were used 

as the loading control.  

 

Figure 5. A scheme showing how DDX5 regulates actin cytoskeleton via miR-182. DDX5 

directly regulates expression of a subset of miRNAs including miR-182, which in turn regulates 

the actin cytoskeleton dynamics through its predicted downstream targets (labeled with red stars), 

such as cofilin (CFN, circled with blue dots) and profilin (PFN, circled with pink dots). The 

process is modulated by the interactome and posttranslational modifications (“PTMs”) of DDX5. 

Pathways and networks were generated using DAVID, KEGG, and STRING. 
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Table 1. Correlation between DDX5 protein expression and other clinical features for 
invasive human primary breast cancers 

 
Tumors n Kendall's 

tau_b Test Ki67 EGFR  TP53  ERBB2 PR  ER  Stage  Grade  

R Value 0.491 0.395 0.344 − − − -0.459 -0.224 Triple- 
negative 24 

p Value 0.003** 0.019* 0.043* − − − 0.007** 0.196 
 
           

R Value 0.357 0.016 0.180 0.143 0.029 0.129 -0.174 -0.134 
All tumors 205 

p Value 0.000** 0.788 0.002** 0.009** 0.616 0.020* 0.002** 0.021* 
 
*p<0.05, **p<0.01, two-tailed 
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Table 2. MS identification and quantitation of selected proteins in MDA-MB-231 cells  
 

Protein 
name 

Swiss-Prot 
accession 

No. 
 

Subcellular 
location 

measured in 
this study 

Number of 
unique 

peptides 
identified 

by MS/MS 

Sequence 
coverage 

Number of 
unique 

peptides 
used for 

quantitation 

Ratio: 
DDX5/Control 

siRNA STDEV 

 
Profilin 

 
P07737 

 
Cytoplasmic 

 
6 

 
63% 

 
4 

 
2.16 

 
0.35 

 
Cofilin 

 
P23528 Cytoplasmic 9 64% 3 

 
2.34 0.30 

 
Cofilin 

 
P23528 Nuclear 4 38% 2 

 
1.04 0.14 

 
Annexin A2 

 
P07355 Nuclear 20 68% 7 

 
1.05 0.26 

 
Actin 

 
P60709 Nuclear 13 58% 5 

 
2.52 0.32 

 
DNA-PKcs 

 
P78527 Nuclear 18 6% 4 

 
1.13 0.05 

 
TOP2a 

 
P11388 

 
Nuclear 

 
9 

 
6% 

 
2 

 
1.11 

 
0.03 
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