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Abstract

The disabled homolog 2 (DAB2) gene was recently identified as a tumor suppressor gene with its 

expression down-regulated in multiple cancer types. The role of DAB2 in lung tumorigenesis, 

however, is not fully characterized, and the mechanisms of DAB2 dysregulation in lung cancer are 

not defined. Here we show that low DAB2 levels in lung tumor specimens are significantly 

correlated with poor patient survival, and that DAB2 over-expression significantly inhibits cell 

growth in cultured lung cancer cells, indicating its potent tumor suppressor function. We next 

identify that microRNA miR-93 functions as a potent repressor of DAB2 expression by directly 

targeting the 3′UTR of the DAB2 mRNA. Using in vitro and in vivo approaches, we demonstrate 

that miR-93 over-expression plays an important role in promoting lung cancer cell growth, and 

that its oncogenic function is primarily mediated by down-regulating DAB2 expression. Our 

clinical investigations further indicate that high tumor levels of miR-93 are correlated with poor 

survival of lung cancer patients. The correlations of both low DAB2 and high miR-93 expression 

with poor patient survival strongly support the critical role of the miR-93/DAB2 pathway in 

determining lung cancer progression.
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INTRODUCTION

The disabled homolog 2 (DAB2) gene encodes a mitogen-responsive phosphoprotein. 

Recent studies have indicated that DAB2 is down-regulated in multiple cancer types and has 

tumor suppressor function (1–9). In the context of lung cancer, down-regulation of DAB2 

expression in lung tumor specimens relative to normal adjacent tissues has also been 

observed (10–12). In these studies, however, the function of DAB2 protein and the clinical 

significance of DAB2 down-regulation in lung cancer were not further investigated.

Given the increasing appreciation of DAB2 as an important tumor suppressor, the 

mechanisms underlying the down-regulation of DAB2 expression in cancer cells have been 

investigated. Hannigan, et al. showed that repressed expression of DAB2 in head and neck 

squamous-cell carcinoma (SCC) and vulval SCC involves hypermethylation of the DAB2 

promoter region (9). In breast cancer, however, DAB2 promoter methylation is not frequent 

(11%), although there is a frequent loss of Dab2 protein (74%), suggesting that mechanisms 

other than epigenetic modification contribute to the loss of DAB2 expression (5). The role of 

microRNAs (miRNAs) in regulating expression of DAB2 in cancer cells has also been 

investigated (5, 13, 14). Chao, et al. demonstrated that miR-187 plays an important role in 

down-regulating DAB2 expression in ovarian cancer (13). Another miRNA, miR-145, was 

shown to directly target the DAB2 3′UTR, and is responsible for the reduced expression of 

DAB2 in cardiac myocytes following TGFβ1 treatment (14). Additional miRNAs are 

predicted to target the DAB2 3′UTR — whether these miRNAs are responsible for the 

reduction of DAB2 expression in cancer cells has not been investigated.

In an effort to address this question, we identified miR-93 as potentially targeting the 3′UTR 

of the DAB2 mRNA. The oncogenic function of miR-93 has been demonstrated in previous 

studies (15–18), but the “targetome” that mediates its oncogenic function has not been fully 

defined. miR-93 expression is up-regulated in various types of cancers including lung cancer 

(19–21). Coupled with the reduced expression of DAB2 in lung cancers, we speculated that 

aberrant over-expression of miR-93 contributes to the repressed expression of DAB2, and 

that DAB2 is an important target that mediates the oncogenic function of miR-93 in lung 

cancer.

In this study, we characterized the function of DAB2 in lung cancer cells, investigated the 

role of miR-93 in regulating DAB2 expression, and defined the clinical consequences of the 

dysregulation of the miR-93/DAB2 pathway in lung cancer patients.
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RESULTS

Low levels of tumor DAB2 expression are correlated with poor patient survival in non-
small cell lung cancer (NSCLC)

Several studies have indicated that decreased DAB2 expression in cultured lung cancer cells 

and lung tumor specimens is common (11, 12). The clinical significance of the decrease, 

however, has not been examined. We therefore investigated the correlation between DAB2 

expression in lung tumor specimens and survival of NSCLC patients. As shown in Figure 

1A, the patients were classified into two groups (high and low) based on tumor DAB2 

mRNA levels. The average DAB2 mRNA levels of the two groups are significantly different 

(p < 0.0001). Kaplan-Meier survival analysis (Figure 1B–C) shows that patients with low 

tumor DAB2 levels have both shorter median overall survival (4.2 y) and shorter recurrence-

free survival (2.5 y) compared to patients with high DAB2 expression (>10.2 y, p < 0.01, 

and 7.5 y, p = 0.04, respectively). Supplementary Table 1 shows that there is no significant 

difference in the distribution of patients by tumor stage in these two groups; this indicates 

that DAB2 expression levels in lung tumor specimens are not significantly correlated with 

disease stage, excluding the possibility that the poorer survival of patients with low DAB2 

levels is caused by more advanced tumor stages in these patients. Overall, these results 

suggest that DAB2 is an independent marker for the aggressiveness of NSCLC.

Small cell lung cancer (SCLC) cells show more frequent and dramatic reduction of DAB2 
expression than NSCLC cells

Previous studies have shown that DAB2 expression is reduced in lung tumors relative to 

normal lung tissues. No study, however, has examined the differential expression of DAB2 

in different types of lung cancer. Lung cancer is classified into two major types – NSCLC 

and SCLC – according to histology, with SCLC exhibiting a much more aggressive 

phenotype. We therefore compared DAB2 mRNA levels in a panel of different types of lung 

cell lines. As shown in Figure 2, the average DAB2 level in NSCLC cell lines is 

significantly lower than that in normal lung cell lines (p = 0.04), consistent with previous 

findings (10–12). Interestingly, we found that the average DAB2 level in SCLC cell lines is 

much lower than in NSCLC (p = 0.02) and normal lung (p < 0.0001) cell lines. In addition, 

93% of the SCLC cell lines (27 of 29) have DAB2 levels lower than the lowest value 

observed in normal lung cells, whereas only 28% of NSCLC cell lines (27 out of 96) show a 

similar decrease. This common and significant reduction of DAB2 expression in SCLC 

strongly suggests that loss of DAB2 expression contributes to the aggressive phenotype of 

SCLC.

DAB2 is a potent repressor of cell growth in lung cancer cells in vitro

The cellular function of Dab2 protein in lung cancer has not been investigated previously. 

We therefore investigated the effects of DAB2 over-expression and knockdown on cell 

proliferation in cultured NSCLC cell line H1993. Figures 3A and 3C show that Dab2 protein 

levels are significantly increased by transfection of a DAB2 expression construct, and are 

successfully reduced by transfection of specific shRNA constructs against DAB2. As shown 

in Figures 3B and 3D, DAB2 over-expression significantly reduces cell proliferation — as 

measured by bromodeoxyuridine (BrdU) incorporation into DNA synthesis — and 
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knockdown of DAB2 significantly promotes cell proliferation. Furthermore, knockdown of 

DAB2 expression leads to a reduction of the fraction of cells in the G1 and G2/M phases of 

the cell cycle (53.8% to 44.7% and 12.8% to 9.3%, respectively) and an increase in the 

fraction in the S phase (31.4% to 44.5%) (Figure 3E). These results indicate that Dab2 

protein inhibits growth of lung cancer cells by inducing cell arrest at the G1/S checkpoint of 

the cell cycle, which is consistent with previous findings in breast cancer cells (22).

miR-93 down-regulates DAB2 expression by targeting the 3′UTR of DAB2 and functions as 
an oncogene in lung cancer cells

Our above results suggest that reduced DAB2 expression contributes to aggressive lung 

cancer growth. Molecular pathways leading to the down-regulation of DAB2 expression are 

potentially important oncogenic mechanisms for lung cancer development. To determine 

whether miRNAs play a role in down-regulating DAB2 expression in lung cancer, we 

combined the TargetScan (23, 24) and miRmate (19, 25) programs to identify miRNAs that 

potentially target the DAB2 3′UTR. 9 miRNAs were identified (Table 1), including two 

miRNAs (miR-145 and miR-187) that have been previously shown to target the DAB2 

3′UTR (13, 14). In order to directly evaluate the potential clinical relevance of the identified 

miRNAs in regulating DAB2 expression, we examined the correlation of the miRNA levels 

with DAB2 expression in lung tumor specimens. Among these miRNAs, only the expression 

of miR-93 shows a significant negative correlation with DAB2 expression (Table 1), 

highlighting the potential clinical significance of miR-93 as a determinant of DAB2 

expression in lung cancer cells.

We and others have previously shown that miR-93 is over-expressed in lung cancers (19, 

26), further suggesting that aberrant over-expression of miR-93 contributes to the repression 

of DAB2 expression in lung cancer. We first examined the function of miR-93 in regulating 

lung cancer proliferation by over-expressing or knocking down miR-93 in lung cancer cells 

in vitro. Figure 4A–B shows that miR-93 over-expression increases cell proliferation, 

whereas miR-93 knockdown with either a miR-93 inhibitor (Dharmacon) or a miR-93 

sponge decreases cell proliferation. The results demonstrate the growth-promoting function 

of miR-93 in lung cancer cells. Figure 4C–D further shows that miR-93 over-expression in 

lung cancer cells significantly promotes long-term cell growth as measured by colony 

formation assay.

We next investigated whether miR-93 directly regulates DAB2 expression. As shown in 

Figure 5A, miR-93 is predicted to interact with a specific sequence in the 3′UTR of DAB2. 

We confirmed this interaction by luciferase reporter assay (Figure 5B). We further examined 

whether miR-93 down-regulates Dab2 protein expression and inhibits its function. Zhoul, et 

al. showed that Dab2 directly binds and inhibits c-Src phosphorylation in prostate cancer, 

which subsequently leads to inhibition of Akt phosphorylation and cell proliferation (27), 

We therefore examined the biological function of the miR-93/DAB2 interaction by assessing 

the effect of miR-93 over-expression on Dab2-mediated inhibition of Akt phosphorylation 

and cell proliferation. As shown in Figure 6A–B, DAB2 over-expression by means of a 

DAB2-3′UTR expression construct dramatically decreases the levels of phosphorylated Akt 

(pAkt) and significantly inhibits cell proliferation. miR-93 over-expression increases pAkt 
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levels, and importantly, rescues the inhibitory effect of DAB2-3′UTR on Akt 

phosphorylation and on cell proliferation, but does not dramatically rescue the inhibitory 

effects of the DAB2 construct with no 3′UTR. These results indicate that miR-93 functions as 

a repressor of DAB2 expression by directly targeting the 3′UTR of DAB2, and suggest that 

DAB2 is the major target of miR-93 that mediates its growth-promoting function. Similar 

results were obtained with the SCLC cell line H524 (Figure 6C–D). Figure 6E–F shows that 

inhibiting Akt phosphorylation with an Akt1/2 kinase inhibitor (Sigma) significantly 

decreases cell viability in control H1993 cells, and that combination of DAB2 over-

expression and Akt inhibitor show an additive effect on inhibiting Akt phosphorylation and 

cell growth. These results further support an important role for Akt phosphorylation in 

promoting H1993 proliferation and demonstrate that the growth-inhibiting function of Dab2 

is mediated by its inhibition of Akt phosphorylation.

To determine whether miR-93 and its target DAB2 have a general effect on regulating lung 

cancer cell survival and growth, we examined the over-expression and knockdown of 

miR-93 and DAB2 in a panel of lung cancer cell lines with different genetic backgrounds, 

including both NSCLC and SCLC cell lines (Suppl. Table 2). As shown in Figures 6G–6J, 

both over-expression of DAB2 and knockdown of miR-93 decrease cell viability in the 

majority of the cell lines — although the response of the cell lines to such manipulations 

vary greatly — whereas both DAB2 knockdown and miR-93 over-expression increase cell 

survival in the majority of the cell lines.

DAB2 is the primary target that mediates the oncogenic function of miR-93 in lung cancer

miR-93 has been demonstrated to target multiple genes. Our in vitro investigation suggests 

that DAB2 is the major target that mediates the growth-promoting function of miR-93 in 

lung cancer cells (Figures 6A–D). In order to further examine the clinical significance of 

this regulatory pathway in lung cancers, we analyzed the correlation of miR-93 levels with 

DAB2 expression, as well as with expression of other previously identified targets of 

miR-93 (15, 17–19, 28–36), in a panel of 245 lung tumor specimens. As shown in Table 2, 

although expression levels of multiple target genes are negatively correlated with miR-93 

levels, only the correlations with DAB2 and FUS1 reach statistical significance (p < 0.05). 

However, further examination shows that FUS1 levels are not significantly correlated with 

survival in lung cancer patients (Supplementary Figure 1), suggesting the oncogenic 

function of miR-93 in lung cancer is primarily mediated by down-regulating expression of 

DAB2, and not of FUS1. To further examine whether the anti-correlation between miR-93 

and DAB2 expression is recapitulated in cultured lung cell lines, we measured the 

expression levels of miR-93 and DAB2 in a panel of 45 lung cell lines by expression array. 

As shown in Figure 7, miR-93 and DAB2 levels are negatively correlated (r = −0.15). 

However, the correlation does not reach statistical significance (p = 0.17), likely due to the 

small sample size. Future investigation in a larger panel of cell lines is warranted.

miR-93 over-expression promotes tumor growth in lung tumor xenografts

In order to further characterize the oncogenic function of miR-93 in vivo, we generated 

subcutaneous xenografts using H1993 cells stably transfected with either miR-93 or a 

control construct. As shown in Figures 8A–C, miR-93 over-expression significantly 
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promotes tumor growth compared to controls. Figures 8D–E show that miR-93 over-

expression increases tumor miR-93 levels, decreases the expression of Dab2 protein and 

increases expression of cell proliferation marker Ki67 in tumor cells. These results further 

demonstrate the strong growth-promoting function of miR-93 in lung cancer.

High levels of miR-93 are correlated with poor patient survival

Our above results not only demonstrate that over-expression of miR-93 is an important 

mechanism down-regulating DAB2 expression in lung cancer cells, but reciprocally, they 

indicate that DAB2 is the primary target of miR-93 that mediates its oncogenic function. To 

further evaluate the clinical relevance of the miR-93/DAB2 regulatory pathway, we assessed 

the correlation between miR-93 levels and survival of NSCLC patients. Patients were 

classified into two groups based on tumor miR-93 levels (Figure 9A). Kaplan-Meier survival 

analysis (Figures 9B–C) shows that patients with high miR-93 levels have both shorter 

median overall survival (4.3 y) and shorter median recurrence-free survival (3.4 y) 

compared to patients with low miR-93 expression (>10.2 y, p = 0.04 and, 8.9 y, p = 0.64, 

respectively), although the difference in recurrence-free survival does not reach statistical 

significance. Supplementary Table 1 shows that there is no significant difference in the 

distribution of patients by tumor stage in these two groups, excluding the possibility that the 

poorer survival of patients with high miR-93 levels is driven by more advanced tumor 

stages. These results, coupled with our findings that low levels of DAB2 in lung tumors are 

correlated with poor patient survival, strongly support a critical role for miR-93-directed 

down-regulation of DAB2 expression in determining the prognosis of lung cancer patients.

DISCUSSION

The role of DAB2 in oncogenesis has been investigated in several cancer types (1–9). Loss 

of DAB2 expression has been observed in lung cancers (10–12). However, no study has 

been conducted to define the cellular function of DAB2 and to evaluate the clinical 

significance of loss of DAB2 expression in lung cancer. Here we provide the first integrated 

investigation of the function of DAB2 in lung cancer at both cellular and clinical levels, and 

demonstrate that DAB2 functions as a potent repressor of cell proliferation in lung cancer 

and that down-regulation of DAB2 expression in lung cancer is associated with poor 

prognosis of lung cancer patients.

Another important finding of our study is that SCLC cells show a much more frequent and 

dramatic reduction of DAB2 expression than NSCLC. This is of interest because SCLC is 

the most aggressive form of lung cancer (37, 38) and progresses much more rapidly than 

NSCLC. Although this in vitro finding needs to be validated in a clinical context, the much 

more common and dramatic reduction of DAB2 expression in SCLC cells strongly suggests 

that loss of DAB2 may be a critical mechanism that contributes to the aggressive phenotype 

of SCLC. Further studies are certainly needed to determine the specific role of DAB2 in 

SCLC tumorigenesis.

The down-regulation of DAB2 expression in cancer cells can be caused by multiple 

mechanisms, including hypermethylation of the DAB2 promoter (9) and, as we show here, 

through miRNA regulation. We found that miR-93 inhibits DAB2 expression by directly 
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targeting the 3′UTR of the DAB2 mRNA. We further demonstrated that miR-93 levels in 

lung tumor specimens are significantly anti-correlated with DAB2 levels. Multiple miRNAs 

are predicted to target the DAB2 3′UTR, and miR-145 and miR-187 have been shown to 

down-regulate DAB2 expression in other cancers (13, 14). However, our investigation in 

lung tumor specimens shows that expression levels of these miRNAs are not significantly 

correlated with DAB2 levels (Table 1). This indicates that, among the miRNAs that regulate 

DAB2 expression, miR-93 plays the primary role in determining DAB2 expression in lung 

cancer.

Another important finding of our study is that DAB2 is the primary target that mediates the 

oncogenic function of miR-93 in lung cancers. Previous studies have identified multiple 

miR-93 targets that mediate its oncogenic function in several different cancer types (17, 18, 

20, 21, 28, 29). However, our analysis of lung tumor specimens shows that only expression 

of DAB2 and FUS1 are significantly negatively correlated with miR-93 levels. Our previous 

work in lung cancer showed that miR-93 targets the 3′UTR of tumor suppressor gene FUS1 

(19). The present study further revealed a significant anti-correlation between FUS1 and 

miR-93 levels in lung tumor specimens, confirming the role of miR-93 in regulating FUS1 

expression in lung cancer. Previous studies have shown that loss of Fus1 protein expression 

in lung cancer is associated with poor patient survival (39). In the current study, however, 

the correlation between FUS1 expression and patient survival does not reach statistical 

significance, possibly due to the small sample size, although low levels of FUS1 appear to 

be associated with poor recurrence-free survival. Even with this small sample size, the 

correlations of DAB2 with patient survival still reach statistical significance. This further 

highlights that, among the many targets of miR-93, DAB2 is the major target that mediates 

the oncogenic function of miR-93. Altogether, our study defines miR-93/DAB2 as the 

central element in the miR-93/DAB2-associated miRNA:target interaction network that 

contributes to lung tumorigenesis (Figure 10). The associations of both DAB2 and miR-93 

levels with patient survival further demonstrate the relevance of the miR-93/DAB2 pathway 

in lung tumorigenesis. For recurrence-free survival, however, although the median survival 

time in the high miR-93 group is lower than that in the low miR-93 group (3.4 y vs. 8.9 y) — 

a trend consistent with the association of DAB2 levels with survival — the association 

between miR-93 levels and recurrence-free survival does not reach statistical significance. 

This is reasonable, given the fact that multiple mechanisms are involved in regulating DAB2 

expression (5, 9, 13, 14). We speculate that it is the combination of these multiple 

mechanisms of regulation that contribute to patient survival, explaining the weaker 

correlation of miR-93 with patient survival compared to DAB2.

The mechanisms underlying aberrant over-expression of miR-93 in cancer cells remain to be 

determined. miR-93 is intragenic, located in the intron of the MCM7 gene and is part of a 

cluster containing two other miRNAs (miR-25 and miR-106b). miR-93 levels are highly 

correlated with levels of these miRNAs, but are correlated with levels of its host gene 

MCM7 to a much lesser extent (Supplementary Table 3). These results suggest that over-

expression of the miRNA cluster may be partially driven by mechanisms independent of 

those driving MCM7 expression. One possibility is that this miRNA cluster is a target of a 

transcription factor (TF) independent of its host gene. We looked for potential TF binding 
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sites near these miRNAs and identified 58 TFs predicted to regulate their transcription, 

among which 10 TFs have expression levels positively correlated with their expression 

(Supplementary Table 4). Among these TFs, MYC exhibits significant correlation with the 

miRNA cluster, but not with MCM7. This suggests that MYC might drive transcription of 

the miRNA cluster independent from that of the host gene, and that increased MYC activity 

in lung cancer cells might be the mechanism that leads to aberrant over-expression of 

miR-93. Further investigations are certainly warranted to test this hypothesis.

In summary, our study defines a novel oncogenic pathway in lung cancer that is mediated by 

miR-93-directed down-regulation of DAB2. Our clinical investigations show that aberrant 

expression of both elements in this pathway is associated with poor patient survival, 

highlighting the critical role of this pathway in lung tumorigenesis. Furthermore, our 

comprehensive analyses show that, in the miR-93/DAB2-associated miRNA:target 

regulatory network (Figure 10), miR-93-directed DAB2 down-regulation stands out as the 

most important element that contributes to lung tumorigenesis. Given the increasing 

appreciation of the clinical value of miRNAs in cancer therapeutics and diagnostics, this 

novel miRNA-directed oncogenic pathway clearly warrants further investigation, in order to 

determine whether therapeutic tools targeting this pathway can be developed for lung cancer 

treatment and whether this pathway provides one or more prognostic biomarkers for lung 

cancer patient survival.

MATERIALS AND METHODS

Cell culture

Cell lines were obtained from the Hamon Center for Therapeutic Oncology Research at UT 

Southwestern Medical Center at Dallas. Lung cancer cells were grown in RPMI-1640 

medium (Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum 

(Atlanta Biologicals Inc., Lawrenceville, GA). Normal lung epithelial cell lines were grown 

in GIBCO® KSFM medium supplemented with bovine pituitary extract and recombinant 

human epidermal growth factor (Life Technologies).

Animal experiments

Six- to eight-week-old female athymic nude Foxn1nu (nu/nu) mice were purchased from 

Harlan-Sprague-Dawley (Indianapolis, IN). To induce tumor formation, 2 × 106 cells in 200 

μl PBS were injected subcutaneously into the right flanks of the mice. Tumors volumes were 

measured using calipers every 3 days. At the end of the study, tumor samples were snap 

frozen in liquid nitrogen and stored at −80°C. For measuring tumor miR-93 levels, RNA 

was isolated from tumor samples using the mirVana™ miRNA Isolation Kit (Ambion) and 

miR-93 levels were measured by qRT-PCR. For measuring tumor protein levels, tumors 

were lysed using RIPA buffer. Lysates from each treatment group were pooled and proteins 

were detected by western blot using specific antibodies. Animal protocols were approved by 

the Institutional Animal Care and Use Committee of the University of Texas Health Science 

Center at San Antonio.
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Construction of the pcDNA3.1-DAB2-3′UTR and pcDNA3.1-DAB2 expression vectors

The coding region of the DAB2 mRNA with and without the 3′UTR was amplified by PCR 

from human genomic DNA and a DAB2 human cDNA clone (Origene, Rockville, MD), 

respectively. The amplified sequences were inserted into the EcoRI and XhoI restriction 

sites of the multiple cloning site of expression vector pcDNA3.1 and verified by sequencing.

Construction of viral expression vectors and virus production

The miR-93 expression construct was made as described previously (19), and then 

subcloned into lentiviral shuttle vector pLenti6/V5 (Invitrogen). The shuttle vector was co-

transfected with Virapower packaging mix into 293FT cells to produce lentivirus. Retroviral 

DAB2-shRNA expression constructs were generated using pGFP-V-RS (Origene). The 

pGFP-V-RS-DAB2-shRNA and pGFP-V-RS constructs were co-transfected with pAmpho 

(Clontech) and psPAX2 (Addgene, Cambridge, MA)(40) into 293FT cells (Invitrogen/Life 

Technologies). Virus-containing media was collected, filtered and added to target cells for 

infection in the presence of polybrene. The target sequences for shRNA1 and shRNA2 are 

GTTGTAATGATGACTATCC and AGGCAGAAGGACTGCTAA, respectively.

Construction of the miR-93 sponge

A miR-93 sponge expression vector was constructed to knock down endogenous expression 

of miR-93 using a protocol modified from Kluiver, et al. (41). Briefly, six repeats of a 

sequence antisense to miR-93 (CTACCTGCACGGGTCGCACTTTG) were cloned into 

pLenti6/V5. Lentivirus was then generated as above.

Transfection/infection and selection of cells with stably integrated expression constructs

Cells were transfected with the specified expression vector using Lipofectamine 2000 

(Invitrogen/Life Technologies) or infected with virus. After 48 h, antibiotic (G418 at 800 

ng/ml for pcDNA3.1; puromycin at 2.5 μg/ml for pGFP-V-RS; blasticidin at 10 μg/ml for 

pLenti6/V5) was added to select cells with stably integrated expression constructs. Stable 

cell lines were established within 3–4 weeks.

Colony formation assay

1000 cells were seeded on each 10 cm dish. After 14 days, colonies were visualized by 

staining with 1% crystal violet. Colonies were counted using ImageJ (NIH, Bethesda, MD) 

and differences were assessed by two-tailed t-test.

BrdU incorporation assay

Cell were seeded in 96-well plates and treated as indicated. After culturing for 72 h, cells 

were incubated with 10 μM BrdU (Roche, Indianapolis, IN), and then fixed with FixDenat 

solution. Anti-BrdU-POD was added to fixed cells and substrate solution containing 

tetramethylbenzidine was used to detect and quantify the amount of BrdU incorporation.

Du et al. Page 9

Oncogene. Author manuscript; available in PMC 2015 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell viability assay

Cells were plated in 96-well format and treated as indicated. After culturing for 72 h, cell 

viability was determined using the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega).

Cell cycle analysis

Cells were detached and collected by centrifuging at 1000 rpm for 5 min. Cells were then 

washed with 1X PBS and fixed with 1X PBS containing 70% ethanol at 4°C. After 1 h, cells 

were harvested and treated with 50 μg/ml propidium iodide and 100 μg/ml RNase A in 1X 

PBS for 40 min at 37°C. Cell cycle data were collected on a BD FACSCanto II flow 

cytometer (BD Biosciences, San Jose, CA). Data were analyzed using FlowJo version 9.1 

(TreeStar Inc., Ashland, OR).

Quantitative RT-PCR (qRT-PCR)

miR-93 expression was measured on an ABI PRISM 7900 Sequence Detection System 

using TaqMan® microRNA Assays (Life Technologies) with RNU19 RNA expression as a 

loading control.

Western blots

Cell lysates were prepared using RIPA buffer. Protein concentration was determined using 

the Pierce BCA assay (Thermo Fisher, Rockford, IL). Equal amounts of cell lysate were 

resolved by SDS-PAGE and transferred to Immun-Blot PVDF membranes (Bio-Rad 

Hercules, CA). Membranes were blocked and probed with the following antibodies: mouse 

anti-DAB2 (BD Biosciences), rabbit anti-Akt (Cell Signaling, Danvers, MA), rabbit anti-

phospho-Akt (Santa Cruz, Dallas, TX), rabbit anti-Ki67 (Millipore, Billerica, MA) or mouse 

anti-β-actin (Sigma, St. Louis). Bound antibodies were detected with secondary HRP-

conjugated antibodies (Santa Cruz) and visualized by enhanced chemiluminescent (ECL) 

substrate (Pierce).

Luciferase reporter assay

The segment of the wildtype DAB2 3′UTR (DAB2-3′UTR) containing the predicted miR-93 

target site was cloned from human genomic DNA. The mutant construct (DAB2-

mut-3′UTR), with the part of the target site corresponding to the seed sequence of miR-93 

(GCACUUU) replaced by AGCUCUA, was made using the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene, Santa Clara, CA). The 3′UTRs were cloned downstream of the 

firefly luciferase CDS into the pmirGLO dual-luciferase reporter construct (Promega), a 

vector that contains both firefly and Renilla luciferase cDNAs under the control of separate 

promoter/terminator systems. The firefly luciferase was used as the primary reporter to 

monitor miRNA regulation of the target 3′UTR, with decreased firefly luciferase activity 

indicating that the miRNA interacts specifically with the cloned 3′UTR. The Renilla 

luciferase served as an internal control for normalizing transfection efficiency and cell 

viability. H1993 cells were co-transfected with equal concentrations of the luciferase 

reporter vectors and miR-93 expression vector (0.8ng/ul). Firefly and Renilla luciferase 

activities were measured after 72 h, using the Dual-Glo® Luciferase Assay System 
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(Promega). Firefly luciferase activity was normalized to Renilla luciferase activity to 

evaluate the effect of miR-93.

mRNA and miRNA expression profiling of tumor specimens

10–20 μm thick serial sections of surgically resected NSCLC specimens were obtained using 

a Leica cryostat and homogenized using an Omni TH homogenizer (Omni International, 

Kennesaw, GA). Total RNA was isolated using TRIzol Reagent (Life Technologies). 

miRNA expression profiling was conducted as described previously (25). mRNA expression 

profiling was done using the Illumina mRNA WG-6 v3 microarray platform (Illumina Inc., 

San Diego, CA).

Kaplan-Meier survival analysis

To examine whether tumor DAB2 mRNA levels are associated with lung cancer patient 

survival, we stratified patients by tumor DAB2 mRNA levels. The high and low DAB2 

groups were defined to include patients with tumor DAB2 levels ranking in the top and 

bottom quintiles of the population (n=50 per group). The statistical significance of the 

difference in tumor DAB2 levels between the two groups was assessed by Student’s t-test. 

Overall and recurrence-free survival curves were plotted using GraphPad Prism 5, and 

statistical significance was assessed by Mantel-Cox log-rank test. The associations of tumor 

miR-93 and FUS1 mRNA levels with patient survival were examined using the same 

approach as that used for DAB2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decreased tumor DAB2 expression levels are correlated with poor survival of NSCLC 
patients
A, Patients with DAB2 mRNA levels in the highest and lowest quintiles were selected from 

the 245 NSCLC patients, defining the high and low DAB2 expression groups (n=50/group). 

The mean DAB2 mRNA levels are significantly different between the two patient groups. 

****, p < 0.0001. B, Kaplan-Meier overall survival curves for the two groups of NSCLC 

patients. Median overall survival times in the low (green) and high DAB2 (red) groups were 

4.2 y and > 10.2 y, respectively, with a hazard ratio of 0.36 (95% CI 0.16–0.69), and p < 

0.01. C, Recurrence-free survival curves for the two groups. Median recurrence-free 

survival times in the low and high DAB2 groups were 2.5 y and > 7.5 y, respectively, with a 

hazard ratio of 0.53 (95% CI 0.29–0.96), and p = 0.04. Statistical significance was assessed 

by Mantel-Cox log-rank test.
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Figure 2. DAB2 is differentially expressed in different types of lung cell lines
Expression levels of DAB2 mRNA levels were measured using Illumina Human WG-6 V3 

expression arrays in three groups of cell lines – SCLC (n=29), NSCLC (n=96), and 

immortalized normal lung cells (n=59) which include normal human bronchial epithelial 

cells (HBECs) and human small airway epithelial cells (HSAECs). After background 

subtraction and normalization of the raw intensity data, the DAB2 mRNA expression levels 

were calculated as relative signal intensity. Statistical significance was assessed by student 

t-test. *, p < 0.05; ****, p < 0.0001.
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Figure 3. DAB2 potently represses lung cancer cell growth by inducing G1/S arrest in vitro
A, H1993 cells were stably transfected with either pcDNA3.1 vector containing DAB2 or a 

null pcDNA3.1 vector without a DAB2 insert. Expression levels of Dab2 protein were 

detected by western blot using an anti-Dab2 antibody, with β-actin levels used as a loading 

control. B, BrdU incorporation assay as a function of DAB2 over-expression. C, Retroviral 

pGFP-V-RA-DAB2-shRNA expression constructs were used to knock down endogenous 

DAB2 expression. H1993 cell lines with stably integrated DAB2-shRNA expression or 

control shRNA constructs were generated as described in the Materials and Methods. 

Expression levels of Dab2 protein were detected as above. D, BrdU incorporation as a 

function of DAB2 knockdown. E, Cell cycle analysis as a function of DAB2 knockdown. 

The fractions of cells in G1, S and G2 phases were estimated using the Watson pragmatic 

model. Similar results were obtained from three independent experiments. *, p < 0.05; **, p 

< 0.01.
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Figure 4. Over-expression of miR-93 promotes lung cancer cell proliferation in vitro
H1993 cells were transfected with either the miR-93 expression construct, miR-93 inhibitor, 

miR-93 sponge vector, or corresponding controls. A, Expression levels of miR-93 measured 

by qRT-PCR. B, BrdU incorporation as a function of miR-93 over-expression or 

knockdown. C–D, Colony formation and quantification of colonies as function of miR-93 

over-expression. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 5. miR-93 down-regulates DAB2 expression by directly targeting the 3′UTR of the DAB2 
mRNA
A, The predicted interaction of miR-93 and the candidate target site in the DAB2 3′UTR 

with the predicted free energy of hybridization. The seed sequence is highlighted in red. B, 
H1993 cells were co-transfected with the indicated vectors. After 48 h of transfection, cells 

were lysed and luciferase activity was measured. Shown are normalized luciferase activities 

of different treatment groups. Differences in luciferase activity were assessed by two-tailed 

t-test. ***, p < 0.001.
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Figure 6. miR-93 over-expression abrogates the inhibitory effect of DAB2-3′UTR on AKT 
phosphorylation and on cell proliferation
A, H1993 cells were transiently transfected with equal amounts of either control pcDNA3.1 

vectors, pcDNA3.1-DAB2-3′UTR, pCMV6-miR-93, pcDNA3.1-DAB2-3′UTR/pCMV6-

miR-93, or pcDNA3.1-DAB2/pCMV6-miR-93 as indicated. Cell lysates were harvested after 

48 hrs. Protein expression levels of Dab2, total Akt, and pAkt were measured by western 

blot, with β-actin as a loading control. B, H1993 cells were transfected as above. After 48 

hrs, cell proliferation was measured by BrdU incorporation assay. C–D, Effect of miR-93 

and DAB2 over-expression on Dab2 and Akt protein expression (C) and on cell proliferation 

(D) in SCLC cell line H524, as above. E, Effect of Akt kinase inhibitor and DAB2 over-

expression on Dab2 and Akt protein expression. F, Effect of Akt kinase inhibitor and DAB2 

over-expression on cell proliferation in H1993 cells. G–H, Effect of DAB2 over-expression 

(F) or knockdown (G) on cell viability in a panel of lung cancer cell lines. I–J, Effect of 

miR-93 over-expression (I) or knockdown (J) on cell viability in a panel lung cancer cell 

lines. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 7. Correlation of DAB2 mRNA levels with miR-93 levels in lung cell lines
Heatmap presentation of the expression of miR-93 and DAB2 mRNA in 45 cell lines, with 

blue indicating relative under-expression and yellow indicating relative over-expression. 

The correlation between miR-93 and DAB2 mRNA levels was assessed by Pearson 

correlation.
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Figure 8. miR-93 over-expression promotes tumor growth in mouse tumor xenografts
A, Mice injected with H1993 cells stably over-expressing miR-93 or control H1993 cells 

with stably integrated empty vector. Images were taken at the end point of the experiment. 

B, Tumors in each group. C, Time-dependent tumor growth curves of the different treatment 

groups. D, Tumor levels of miR-93, measured by qRT-PCR. E, Tumor levels of Dab2 and 

Ki67 proteins, measured by western blot. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001.
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Figure 9. High levels of miR-93 correlate with poor patient survival
A, Patients were stratified by miR-93 levels, with the top and bottom quintiles of the 245 

NSCLC patients defining the high and low miR-93 expression groups (n=50 per group). The 

mean miR-93 levels are significantly different between the two groups, assessed by two-

tailed t-test. ****, p < 0.0001. B, Overall survival curves for the two groups. Median overall 

survival times in the low (green) and high miR-93 (red) groups were > 10.2 y and 4.3 y, 

respectively, with a hazard ratio of 2.00 (95% CI 1.03–3.91), and p = 0.04. C, Recurrence-

free survival curves for the two groups. Median recurrence-free survival times in the low 

and high miR-93 groups were 8.9 y and 3.4 y, respectively, with a hazard ratio of 1.16 (95% 

CI 0.62–2.15), and p = 0.64. Statistical significance was assessed by Mantel-Cox log-rank 

test.
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Figure 10. Model for the role of the miR-93/DAB2-associated miRNA:target interaction network 
in lung tumorigenesis
miR-93 targets multiple genes and DAB2 is a target of multiple miRNAs. Among the 

miRNAs that target DAB2, miR-93 plays the major role in down-regulating DAB2 

expression in lung cancer cells. Reciprocally, DAB2 is the primary target that mediates the 

growth-promoting function of miR-93 in lung cancer cells. †, predicted interactions that 

have not been experimentally validated.
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