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SUMMARY

Objective—RhoC a pro-metastatic oncogene is constitutively active in many head and neck 

squamous cell carcinomas. MicroRNA-138 which possesses a documented tumor suppressor 

function can bind to the 3′UTR of RhoC mRNA and inhibit its activity. We hypothesize that 

miR-138 can inhibit the function of RhoC and consequently the activation of downstream target 

molecules involve in the signaling cascade. For this reason we investigated the role of miR-138 in 

HNSCC.

Methods—In vitro studies were carried out to evaluate the role of miR-138 in HNSCC cell lines 

and in primary tumors obtained from HNSCC patients. Real time RT-PCR, Western blot, cell 

motility, invasion and colony formation assays were performed according to standard procedures.

Results—Data obtained by G-LISA and real time PCR shows an inverse correlation between 

RhoC expression and miR-138 in HNSCC cell lines. Additionally, we obtained a similar pattern of 

RhoC and miR-138 expression in primary tumors from HNSCC patients. Over expression of 

miR-138 in HNSCC lines showed down regulation of RhoC, as well as a decrease in cell motility, 

invasion colony and stress fiber formation. Furthermore, a significant down regulation was 

observed for FAK, Src and Erk1/2 upon miR-138 overexpression.

Conclusion—These findings strongly suggest that the inhibition of RhoC can be achieved by 

over expressing miR-138, which further attenuates the downstream signaling cascade leading to 

cancer progression and survival. Moreover, this study for the first time shows that down regulation 

of FAK, Src and Erk1/2 by miR-138 overexpression is due to inhibition of RhoC in HNSCC.
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Introduction

Head and neck cancer which includes cancer of the oral cavity, oropharynx, pharynx and 

larynx is the sixth leading cause of cancer related death worldwide [1,2]. The majority of 

head and neck cancers are squamous cell carcinomas [3]. As per the American Cancer 

Society about 45,000 new cases of head and neck squamous cell carcinoma (HNSCC) are 

expected to be diagnosed this year [4]. In spite of tremendous advancement in chemo-

radiation therapy and surgical procedures the survival rate has changed little in the past 30 

years in many countries [5]. More significantly, for the majority of patients the disease is 

highly malignant with a poor prognosis and low 5-year survival rate [4]. This high morbidity 

is due not only to the recurrence of the local tumor, but more importantly, due to metastasis 

to other vital organs of the body including lungs and bones [6,7]. Koester and Bergsma 

classified head and neck cancer as the most traumatic form of malignancy due to the obvious 

visibility of face distortion, trouble in breathing, speaking and swallowing [8]. Quality of 

life issues and psychosocial dysfunctions are the two major challenges that face head and 

neck cancer patients [9,10]. Therefore, there is an urgent need to identify the molecular 

mechanisms responsible for the development of head and neck cancer metastasis in order to 

design more effective treatment therapies that can prevent spread and recurrence.

RhoC, a pro-metastatic oncogene is constitutively active in a wide range of invasive 

carcinomas including HNSCC [11–16]. Significantly these studies have found a strong 

correlation between elevated RhoC expression and tumor progression, invasion and 

metastasis to distant body regions [17]. Moreover, RhoC has been shown to act as a 

transforming oncogene for human epithelial cells converting them into a highly motile and 

invasive phenotype [18,19].

Previous studies in our laboratory have shown that there is elevated RhoC expression in 

tumors of patients with HNSCC when compared to normal squamous cell epithelium [16]. 

More importantly, increased RhoC expression is strongly associated with lymph node 

metastasis and could also be used to identify metastatic phenotype even in primary tumors 

[16]. Further studies in our laboratory show that inhibition of RhoC using RNA interference 

methodology strongly reduces cell motility and invasion in vitro. In addition, there is a 

marked reduction in lung metastasis in RhoC knockout mice [20]. These studies strongly 

support the invasive behavior of RhoC in HNSCC. Therefore, elucidating the molecular 

mechanisms by which RhoC regulates cell behavior that transforms localized tumors to 

metastatic forms will be an important step towards the understanding and treatment of head 

and neck cancer.

Interestingly, gene expression can be negatively regulated by a new class of RNA molecules 

called micro-RNAs (miRNAs/miRs). These are small 19–22 nucleotide long non-coding 

RNA molecules with sequences that are complimentary to the mRNA of a specific gene 

whose expression they block by imperfect base pairing to the 3′-untranslated region (3′-

UTR) [21] of a cognate mRNA transcript resulting in either translational repression or 

degradation of the target mRNA [22]. Recent studies have demonstrated the role of miRs in 

carcinogenesis [23–26] and can act as both oncogenes and tumor suppressors. Moreover, 
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expression studies of miRs in many cancers show that they can be used as potential 

biomarkers for metastasis. More recent studies which compared miRNA expression patterns 

in different types of tumors ranging from non-invasive to invasive phenotype have shown 

that certain miRNAs exhibit a differential expression pattern and could be used to establish 

the metastatic potential of the disease. Ciafre et al. [27] identified miR-10b to be over-

expressed in glioblastoma multiforme (GBM). Interestingly, miR-10b is also found to be 

over-expressed in pancreatic adenocarcinoma [28] a very aggressive cancer that is often 

accompanied with widespread metastases and is associated with a generally poor prognosis. 

Another study by Tavazoie et al. [29] compared expression patterns of miRNAs between the 

parental MDA-MB-231 human breast cancer line and its variants that are highly metastatic 

to the bone or lungs and identified eight miRNAs that are down regulated. Moreover, their 

study also found that two of the miRNAs (miR-335 and miR-126) were associated with 

dramatically reduced metastasis-free survival [29]. In a previous study we reported the role 

of miR-107, a tumor suppressor microRNA which inhibits the expression of PKCε in head 

and neck cancer. We further demonstrated that over expression of miR-107 in HNSCC cell 

lines significantly down regulates cell invasion, proliferation and other metastatic related 

phenotypic parameters in vitro and reduced tumor growth in an ex vivo mouse model [30]. 

Another study by Kumar et al. on head and neck cancer cell lines reported the role of 

miR-34a as a tumor suppressor and that dysregulation of this miR promotes angiogenesis in 

their mouse model [31]. In a survey of the global miRNA expression patterns in pancreatic 

tumors, it has been found that over-expression of miR-21 is strongly associated with both a 

high Ki-67 proliferation index and the presence of liver metastasis [32]. It is worth noting 

that Ki-67 is also one of the strong biomarkers for HNSCC [33,34].

Using in silico analysis (TargetScan, PicTar and MiRanda databases), several putative 

miRNAs binding sites were identified in the 3′-UTR region of RhoC mRNA (Fig. 1). 

Among these was a binding site for miR-138 which has been identified as a tumor 

suppressor miR and regulator of RhoC expression in oral squamous cell carcinoma [35]. The 

role of miR-138 as a tumor suppressor has also been reported in various cancer types 

including thyroid cancer where it has been reported that the down regulation of miR-138 is 

associated with anaplastic thyroid carcinoma [36] and in ovarian carcinomas where miR-138 

can suppresses ovarian cancer by targeting SOX4 and HIF-1α [37].

Jiang et al. [35] reported the down regulation of ROCK2 and RhoC in miR-138 over-

expressing cell lines. However, they did not investigate the expression of downstream 

signaling molecules of RhoC. Consistent with this report, our data also show an inverse 

correlation between high RhoC expression and greatly reduced miR-138 both in HNSCC 

cell lines and in primary tumors of lymph node positive and negative patients tumors, 

suggesting RhoC is regulated by miR-138 in head and neck squamous cell carcinoma. In 

addition to this, we investigated the expression pattern of signaling molecules in miR-138 

over expressing HNSCC cell lines. We observed a significant down regulation of P-

FAKY397, P-SrcY416, and P-Erk1/2 in miR-138 over expressing HNSCC cell lines, 

suggesting miR-138 activity affects downstream signaling molecules of RhoC that are 

involved in cancer cell growth, invasion, progression and metastasis.
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In conclusion, the findings presented in this study demonstrate that reduced RhoC 

expression correlates with elevated miR-138 expression and this down regulates the FAK-

Src-Erk signaling pathways in HNSCC cell lines. Further, these finding suggests that miR 

therapy will be an important step towards a more specific treatment for aggressive HNSCC.

Materials and methods

Cell culture

University of Michigan squamous cell carcinoma cell lines (UM-SCC)-1 and -47 are derived 

from the patients with T2N0 of floor of the mouth and T3N1 of the tongue respectively. 

These cell lines were well characterized by genotyping of the tumor comparing with non-

malignant sample of the same patients [38,39]. These lines were passage 7–10 times in our 

laboratory and were grown as described in our earlier published studies [40].

Determination of RhoC [GTP]

Expression level of active RhoC (RhoC[GTP]) in various UM-SCC cell lines was measured 

by G-LISA using G-LISA kit from Cytoskeleton, Denver, CO, USA with slight modification 

using RhoC primary antibody from cell signaling. Assay procedures were followed as per 

the manufacturer’s protocol.

Real time RT-PCR

Total RNA from UM-SCC cell lines was isolated according to the standard procedure using 

TRIzol reagent (Invitrogen, Carlsbad, CA). Quantitative reverse transcriptase polymerase 

chain reactions (qRT-PCR) were conducted using the Taqman probe system from Applied 

Biosystems (Foster City, CA). RhoC expression was normalized to G3PDH, while RNU44 

was used as normalizer for mature miR-138. Relative changes in gene expressions were 

calculated using the 2−(−Δ)C
T method [41].

Generation of transient miR-138 over-expressed cell lines

Overexpression of miR-138 and miR-control (whose sequence does not match with the 

3′UTR of any known mRNA) in UM-SCC-1 and -47 were achieved transiently using 

lipofectAMINE2000 in absence of antibiotic free DMEM supplemented with 10% FBS. 

Briefly, either miR-control or pre-miR-138 (50 nmol/l) were mixed with lipofectAMINE 

2000 and incubated 20 min at room temperature in presence of optiM. Mixtures were poured 

onto the monolayer (70–80%) confluent cells slowly and the cells allowed to grow for 24 h. 

Next, lipofectAMINE 2000 containing medium was aspirated and fresh DMEM was added 

to the growing cells. After 48 h cells were harvested for expression studies.

Western blot analysis

Total cell lysate was mixed with 4X Laemmli’s buffer [42] for 5 min at 97 °C and then 

separated on a 4–12% SDS–PAGE. After transferring the separated proteins onto pre-treated 

PVDF membranes, the membranes were blocked with 5% non-fat dry milk in Tris-buffered 

saline containing 0.1% tween-20 (TBST) for one h at room temperature. Then the 

membranes were incubated overnight with polyclonal RhoC, P-FAKY397, P-srcY416, and P-
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ERK½ primary antibodies or with Tubulin (as a loading control). Primary antibodies from 

cell signaling at a dilution of 1:1000 and 1:2000 (Tubulin) were used. After incubation with 

primary antibodies the membranes were blotted for one hour with secondary HRP-conjugate 

goat anti-rabbit antibody (1:2500). Next, the membranes were washed and proteins 

visualized using ECL-Plus detection system (Amersham Life Sciences, Piscataway, NJ, 

USA).

Cell motility assay

Cell motility assay was performed in 6 well plates. Cells were allowed to grow in complete 

media in the presence of miR-control and pre-miR-138. At about 80% confluence cells were 

washed with PBS and a fine scratch (wound) in the form of a groove was made with the help 

of a sterile pipette tip and immediately photographed. We designated this time as zero hour. 

The cells were further grown in the presence of complete growth media in presence of miR 

control and pre-miR-138. Migration of cells from the edge of the groove towards the centre 

were monitored microscopically after 24 h to assess the extent of scratched area covered. 

The width of the scratch was measured at zero hour and after 24 h to calculate the 

percentage of the gap covered by the cells in this time period.

Invasion assay

Cell invasion assay was performed as described previously [20] in presence of either miR-

control or pre-miR-138 using the BD Bio-Coat Matrigel Invasion Chamber from BD 

Biosciences, Bedford, MA, USA. The procedure was followed according to manufacturer 

instructions.

Clonogenic survival assay

The clonogenic survival assay was performed according to Franken et al. [43]. Briefly, 500 

cells were allowed to grow in 60 mm Petri dishes for two weeks in presence of either miR-

control or pre-miR-138. At the termination of the assay, cells were carefully rinsed with 

PBS. Colonies formed were stained for 45 min with 0.5% (w/v) crystal violet prepared in 

0.6% (v/v) glutaraldehyde solution and finally rinsed with water and air dried.

Stress fiber formation

Stress fiber formation assay in miR-control and ectopically over expressed miR-138 in UM-

SCC-1 and -47 was performed as described earlier [40].

Analysis of primary HNSCC tissues

Eighteen primary tumors were collected at the time of surgical resection from head and neck 

cancer patients registered at the Ohio State University comprehensive cancer center between 

1997 and 2000. To comply with the institutional review board requirements, a written 

consent was obtained from each patient before the surgical procedure. All tissues were 

diagnosed as a head and neck squamous cell carcinoma by a board certified head and neck 

pathologist. Tissues were snap-frozen in liquid nitrogen and stored at −80 °C until used. 

Total RNA was isolated by the TRIzol methodology (Invitrogen). Real time RT PCR was 
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performed as described earlier using the Applied Biosystems 7900 Fast real time PCR 

system.

Statistical analysis

Results are shown as mean ± SEM. The data were analyzed using Student’s t-test. A p value 

less than 0.05 was considered to be significant.

Results

Putative microRNAs (miRs) that target 3′UTR of RhoC mRNA

In order to identify putative miRs that target RhoC and hence regulate its expression, we 

used three different bioinformatics software packages, namely TargetScan, PicTar, and 

MiRanda for analysis. The identified miRs were placed in a Venn diagram with centrally 

located miRs being those that were identified by all three programs (Fig. 1). Interestingly, 

miR-138 has been confirmed to regulate RhoC expression in oral squamous cell carcinoma 

by targeting 3′UTR of RhoC mRNA [35].

Inverse correlation between miR-138 and RhoC

Our analysis of miR-138 expression in five HNSCC cell lines show that it is strongly 

reduced in cell lines that have elevated active RhoC expression when compared to normal 

primary keratinocytes (Fig. 2A). As evident from Fig. 2A, in primary keratinocytes there is 

multifold high expression of miR-138 as compared to HNSCC cell lines. In contrast, the 

expression of miR-138 in these cell lines varies from negligible to very low, indicating a 

strong depletion of this tumor suppressor miR in HNSCC. Furthermore, when tested for the 

expression of active RhoC, a pro-metastatic oncogene in the same set of primary 

keratinocytes and HNSCC, we observed a dramatically high expression level of active RhoC 

in four out of five cell lines tested compared to the primary keratinocytes where its 

expression level is considerably lower (Fig. 2B). The inverse correlation observed in the 

expression of RhoC and miR-138 strongly supports and confirms previous findings that 

miR-138 is a tumor suppressor that down regulates RhoC expression. Our data is also in 

accordance with the findings reported earlier that showed the binding of miR-138 at 3′UTR 

of RhoC mRNA could impair its function in tongue squamous cell carcinoma [35]. Next, we 

investigated the expression pattern of miR-138 and RhoC in eighteen tumor samples 

obtained from HNSCC patients that were either lymph node positive or negative using real 

time RT-PCR. Our results show findings similar to those observed in HNSCC cell lines. As 

shown in Fig. 2C and D there is a dramatic decrease in miR-138 expression in the tumors 

from node positive patients compared to node negative patients. When we analyzed RhoC 

expression in the same samples, we obtained a reverse pattern; RhoC expression was high in 

tumors of lymph node positive patients and low in lymph node negative patients. These 

findings clearly show that down regulation of miR-138 results in elevated RhoC expression 

in tumor samples of HNSCC patients. This study extends our previous published work 

where we have shown a strong correlation between elevated RhoC expression and lymph 

node positivity [16]. In this study we have simultaneously investigated RhoC and miR-138 

expression in primary tumors and its correlation with lymph node positive or negative 

HNSCC patients. Strikingly, we discovered a strong correlation between increased RhoC 
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expression/lower miR-138 expression and positive lymph node status. We observed the 

opposite in lymph node negative patients. This novel finding, reported for the first time in 

this study, demonstrates the role of miR-138 in the regulation of RhoC expression in both 

cell lines and primary HNSCC tumors.

Functional analysis of miR-138 in HNSCC lines

As described above, analysis of miR-138 expression in our laboratory shows an inverse 

correlation between miR-138 and RhoC expression in HNSCC lines and tumor samples 

from patients (Fig. 2A–D). Next we ectopically over expressed miR-138 in two HNSCC cell 

lines (UM-SCC-1 and -47) and confirmed its expression by real time RT-PCR. As expected, 

there was a significant increase in miR-138 in ectopically over expressed cell lines (Fig. 3A 

and E) as compared to miR-control. A noticeable decrease (75% in UM-SCC-1 and 50% in 

UM-SCC-47) in RhoC protein expression as determined by Western blot can be seen in 

miR-138 over expressing cell lines (Fig. 3B and F). Furthermore, our cell motility assay 

shows a significant decrease in wound closing in ectopically over-expressed miR-138 in 

UM-SCC-1 (Fig. 3C) and in -47 (Fig. 3G). The width of the gap was measured at zero hours 

(at the time of making the wound) and after 24 h. As shown in Fig. 3D and H, the wound 

was completely closed after 24 h in the miR-control cells, while a significant gap was still 

present in miR-138 over expressed cell lines. The bar graph shows 55% gap remaining in 

UM-SCC-1 cells, and a 70% gap remaining in the UM-SCC-47 cell line 24 h after 

wounding. In addition, cell invasion assays performed using a matrigel invasion chamber 

with ectopically over-expressed miR-138 in UM-SCC-1 and -47 cell lines showed a 

significant reduction in the degree of cell invasion. A 50–80% decrease in cell invasion was 

determined by this assay in miR-138 over-expressing cell lines compared to the 

corresponding controls (Fig. 4A and D). Anchorage dependent colony formation assay is 

another hallmark of cancer cell survival. A significant decrease in colony formation was 

observed in miR-138 over-expressing cell lines when compared to miR-control (Fig. 4B and 

E). Corresponding bar graphs shown in Fig. 4C and F show approximately 75% reduction in 

colony formation in both miR-138 over expressing HNSCC cell lines. Stress fiber formation 

is one of the well established characteristic features of Rho family GTPases [44,45]. When 

miR-138 is over expressed in HNSCC cell lines a significant disruption in stress fiber 

formation was observed (Fig. 5). The formation of stress fibers in cancer cells have been 

shown to be regulated by RhoC GTPase. Our study has also shown that when RhoC activity 

is inhibited by HMG-CoA reductase inhibitor, stress fiber formation is strongly disrupted 

[40]. Together, these results suggest miR-138 can regulate RhoC expression in HNSCC cell 

lines.

miR-138 action on the downstream signaling molecules of RhoC

To elucidate the molecular mechanism of miR-138 action we investigated the downstream 

signaling molecules of RhoC in HNSCC cell lines. Phosphorylation of FAKY397 was 

decreased by 80% and 60% in UM-SCC-1 and -47 respectively. A similar decrease in 

phosphorylation of SrcY416 and Erk1/2 was also observed in UM-SCC-1 and -47 respectively 

upon miR-138 over expression in HNSCC cell lines (Fig. 6A–D). These molecules play a 

significant role in growth, progression and metastasis of cancer [46–49]. These data suggest 
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a crucial the role for RhoC in phosphorylation of these important cancer survival molecules 

whose activation can be attenuated by over-expressing miR-138 in HNSCC.

Discussion

Over expressed RhoC, a pro-metastatic oncogene is one of the established biomarkers in 

head and neck cancer [16]. In addition to this, active RhoC has been attributed to a variety of 

invasive and metastatic cancers [11,50,51], making this a potent pro-metastatic gene, which 

converts non-invasive cells into a highly motile and invasive phenotype [11,52]. In our 

previous studies we have also shown the potential for metastatic behavior of RhoC in 

HNSCC [20,40].

In the current study we investigated the role of microRNA 138 on RhoC expression and 

consequently the molecular mechanism involved in the activation of cancer survival proteins 

in HNSCC. With the emerging importance of miRNAs in cancer metastasis, we 

hypothesized that RhoC expression can be regulated by miRNAs and play a crucial role in 

its activity in head and neck cancer patients by promoting metastasis. Using TargetScan, 

PicTar and MiRanda database, several putative miRNA binding sites were identified in the 

3′UTR region of RhoC mRNA (Fig. 1). Among these was a binding site for miR-138, a 

tumor suppressor miR, which we have shown in our current study is significantly down 

regulated in HNSCC cell lines and in lymph node positive primary tumors.

Our data show there is a dramatic down regulation of miR-138 in various UM-SCC-cell 

lines as compared to primary keratinocytes. Further, in the same experimental setup we have 

shown a significantly high level of active RhoC suggesting an inverse correlation between 

RhoC and miR-138 in HNSCC cell lines (Fig. 2A and B). In addition to the cell lines 

derived from head and neck cancer patients, we also investigated the expression of miR-138 

and RhoC simultaneously in the primary tumors of lymph node negative and positive 

HNSCC patients (Fig. 2C and D). Previous study of the role of miR-138 on Rho [GTP] 

expression was based on cell lines only [35]. However, in the current study, we have 

performed a similar set of experiments on primary tumors and show that over expression of 

RhoC could be due to down regulation of miR-138 in HNSCC. Our results show that in 

tumor samples with greatly elevated RhoC expression, there is much lower miR-138 

expression and this strongly correlates with lymph node metastasis. These results also show 

that this is a wider phenomenon and not just restricted to cancer cell lines but is also 

reflected in primary tumors of HNSCC patients. We can conclude from these findings that 

miR-138 is a tumor suppressor microRNA that plays a significant role in regulation of RhoC 

expression. These results suggest miR-138 is an important tumor suppressor that is needed 

to keep low expression levels of RhoC in the cells. Moreover, our in vitro expression 

analyses are in good agreement with the previous study on thyroid cancer where Mitomo et 

al. reported the down regulation of miR-138 resulted in over expressed telomerase reverse 

transcriptase protein which plays a significant role in the development of human anaplastic 

thyroid carcinoma [36] and also in ovarian cancer where down regulation of miR-138 results 

in enhanced cell invasion and metastasis [37].
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Further, to investigate the role of miR-138 in head and neck cancer, we ectopically over 

expressed this microRNA in UM-SCC-1 and -47 where RhoC is shown to be constitutively 

active. Interestingly, when miR-138 was ectopically over expressed, a strong reduction in 

cell motility, cell invasion and colony formation was observed. These results bear strong 

resemblance to those obtained in our previous published studies on functional analysis of 

RhoC in HNSCC where we inhibited only RhoC expression using RNAi [20]. In accordance 

with these similar results, we observed that this similar outcome is due to greatly reduced 

expression levels of RhoC in miR-138 over expressing HNSCC cell lines. This signifies a 

robust role for miR-138 which not only involves lowering the expression of RhoC, but also 

in disrupting various cancer phenotypes in HNSCC cell lines (Figs. 3 and 4). RhoC plays a 

significant role in the signaling process of cytoskeletal re-modeling and gene regulation 

[44]. The disruption of RhoC functions by miR-138 results in a severe interference in stress 

fiber formation in HNSCC. As shown in Fig. 5 a perceptible decrease in actin fiber 

formation was achieved in miR-138 over expressed UM-SCC cell lines.

It has been reported that down regulation of miR-138 can be attributed to several cellular 

processes which are related to initiation of various cancer types including HNSCC. These 

changes are cell migration, cell cycle progression, reduction in E-cadherin and enhancement 

of vimentin expression resulting in EMT transition. These changes are due to miR-138 

target genes that include RhoC and ROCK2 suggesting a robust role of miR-138 in EMT 

transition [53–55]. However, recently we have shown a more global role of RhoC in head 

and neck cancer stem cell modulation by enhancing the expression of stem cell 

transcriptional factors through the regulation of phosphorylated STAT3 via IL-6 signaling 

pathway.

To elucidate the molecular mechanism by which miR-138 regulates various cellular 

processes leading to aggressive and invasive carcinoma by modulation of RhoC expression 

in HNSCC we investigated the expression of downstream target molecules of RhoC. 

Golubovskaya et al. have reported a decrease in cancer cell invasion and sensitivity to 

chemotherapy by down regulation of FAK by miR-138 [56]. Yao et al. observed a dramatic 

down regulation in focal adhesion related protein expression upon RhoC inhibition [57]. 

Furthermore, the aggressive and invasive nature of RhoC is mainly due to the formation of 

actin fiber and over expression of focal adhesion kinase (FAK) [11]. In this study we found 

not only reduced actin fiber formation but also a significant decrease in phosphorylation of 

FAK when miR-138 was over expressed in two HNSCC cell lines (Fig. 6A and B). In 

conclusion, a down regulation of FAK activation can be achieved by over expressing 

miR-138, which also causes a reduction in active RhoC level in HNSCC. Additionally, we 

have shown that the phosphorylation levels of Src and Erk1/2 are considerably depleted in 

miR-138 over-expressed and consequently active RhoC down regulated HNSCC cell lines 

(Fig. 6C and D). The role of Src and Erk½ activation in lung cancer proliferation has been 

reported earlier [58]. In addition to this, the phosphorylation of Src is one of the key events 

in the subsequent phosphorylation of Erk via EGF activation for cancer cell survival [59]. 

Our results show the down regulation of both Src and Erk½ upon RhoC inactivation, 

signifying the role of RhoC in promoting the activation of cancer cell survival proteins in 

HNSCC. These results further support our hypothesis that miR-138 regulates RhoC 

function. A schema describing how miR-138 attenuates the activation of various onco-
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proteins is given in Fig. 7. Beside the role of miR-138 in lowering the expression of RhoC 

and consequently down regulating the activation of downstream RhoC target proteins in the 

signaling cascade, its important role in cardiac and in dendritic spine morphogenesis has 

also been reported [60,61].

The implication of this study opens a new and fertile area of future research to elucidate the 

molecular mechanism as to why miR-138 is down regulated in various invasive and 

metastatic cancers which then promotes up-regulation of pro-oncogenes including RhoC in 

HNSCC. There are two prevalent possibilities for down regulation of miR-138. The first 

could be loss of heterozygosity (LOH), a form of allelic imbalance that can result in the 

complete loss of an allele or from an increase in copy number of one allele relative to the 

other, and is an important mechanism by which there is loss of expression of tumor 

suppressor genes. Recent studies using SNP array technology show that in addition to solid 

tumors, hematologic malignancies also have a high frequency of LOH due to genomic 

deletions or gains [62,63].

A second mechanism by which gene expression can be silenced is DNA methylation. In this 

biological phenomenon, a region of the genome where a tumor suppressor gene is located is 

transcriptionally repressed due to methylation of cytosine residues [64–66]. Our preliminary 

analyses have identified several cytosine-guanine dinucleotides islands (CGIs) 100 bp 

upstream of miR-138 which is located on chromosome 3p and upon treatment with 5-aza-2′-

deoxycitidine (5-aza-dc, a DNA hypomethylating agent) increases the expression of 

miR-138 in a HNSCC cell line (unpublished data). This implies that DNA methylation could 

also be a potential reason for low expression of miR-138 leading to an increase in RhoC 

expression. A detailed study is warranted to dissect the molecular mechanisms that cause the 

suppression of miR-138 expression in HNSCC.

In summary, we show that expression of miR-138, a tumor suppressor microRNA is 

inversely related to RhoC expression in HNSCC cell lines as well as in primary head and 

neck tumors. MicroRNA-138 over-expressing cell lines showed reduced cell motility, 

colony and stress fiber formation and matrigel cell invasion. In addition to this, over 

expressing miR-138 attenuates FAKY397, SrcY416, and Erk1/2 activation. In conclusion, 

microRNA-138 may represent a valuable therapeutic tool for use as part of miR therapy for 

head and neck cancer patients.
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Figure 1. 
In silico analysis using TargetScan, PicTar and MiRanda database showing several putative 

microRNA binding site at the 3′-UTR region of RhoC mRNA. Notice centrally located miRs 

were identified by all three databases.
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Figure 2. 
Inverse correlation between miR-138 and RhoC. (A) Real time RT-PCR showing the 

expression of miR-138 in primary keratinocyte and five different HNSCC cell lines. (B) G-

LISA showing the active RhoC in same set of samples. (C) Real time RT-PCR showing the 

expression of miR-138 in primary tumors obtained from lymph node negative and positive 

patient’s samples. (D) RhoC mRNA expression in the same set of primary tumors. A 

significant inverse correlation can be seen between miR-138 and RhoC expression level in 

HNSCC.
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Figure 3. 
Ectopically over-expressed miR-138 in HNSCC. (A and E) Real time RT-PCR showing 

multifold increments in miR-138 over expressed cell lines as compared to miR-control. (B 

and F) RhoC protein level was down regulated upon miR-138 over expression and (C and 

G). Cell motility was also significantly reduced in miR-138 over expressed cell lines (D and 

H). Columns of bar graph showing 55% and 70% decrease in cell motility in UM-SCC-1 

and -47 respectively upon miR-138 over expression (p ≤ 0.05).
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Figure 4. 
Phenotypic changes upon miR-138 over expression. (A and D) Cell invasion assay of miR-

control and miR-138 (magnification 40×). (B and E) clonogenic survival assay. (C and F) 

graphical presentation of the number of colonies formed in miR-control and miR-138 over 

expressed UM-SCC-1 and -47 respectively. A significant decrease in phenotypic parameters 

can be seen upon miR-138 over expression in HNSCC cell lines.
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Figure 5. 
Stress fiber formation assay. Fluorescence microscopy showing stress fiber formation in 

miR-control (top panels) and miR-138 over expressed (bottom panels) in UM-SCC-1 and 

-47 respectively. Stress fiber formation was severely disrupted in miR-138 over expressing 

cell lines, but is prominent in miR-control.
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Figure 6. 
Target proteins of RhoC are down regulated in miR-138 over expressing cell lines. (A and 

B) about 60–80% inhibition in p-FAKY416 expression was observed in UM-SCC-1 and -47 

respectively upon miR-138 over expression. (C) About 50–80% decrease in p-SrcY418 

expression was detected in UM-SCC-1 and -47. (D) p-Erk1/2 showing about 80% and 60% 

down regulation upon miR-138 over expression in UM-SCC-1 and -47 respectively.
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Figure 7. 
Schematic diagram representing the steps involved in down regulation of the cancer survivor 

proteins including RhoC upon miR-138 over expression in HNSCC.
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