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Long (27-nucleotides) small inhibitory RNAs targeting E6 protein eradicate effectively the cervical cancer cells harboring human papilloma virus
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Abstract
ObjectiveThis study was to identify small inhibitory RNAs (siRNAs) that are effective in inhibiting growth of cervical cancer cell lines harboring human papilloma virus (HPV) and to examine how siRNAs interact with interferon beta (IFN-β) and thimerosal.

MethodsThe HPV18-positive HeLa and C-4I cell lines were used. Four types of siRNAs were designed according to their target (both E6 and E7 vs. E6 only) and sizes (21- vs. 27-nucleotides); Ex-18E6/21, Ex-18E6/27, Sp-18E6/21, and Sp-18E6/27. Each siRNA-transfected cells were cultured with or without IFN-b and thimerosal and their viability was measured.

ResultsThe viabilities of HPV18-positive tumor cells were reduced by 21- and 27-nucleotide siRNAs in proportion to the siRNA concentrations. Of the two types of siRNAs, the 27-nucleotide siRNA constructs showed greater inhibitory efficacy. Sp-18E6 siRNAs, which selectively downregulates E6 protein only, were more effective than the E6- and E7-targeting Ex-18E6 siRNAs. siRNAs and IFN-β showed the synergistic effect to inhibit HeLa cell survival and the effect was proportional to both siRNA and IFN-β concentrations. Thimerosal in the presence of siRNA exerted a dose-dependent inhibition of C-4I cell survival. Finally, co-treatment with siRNA, IFN-β, and thimerosal induced the most profound decrease in the viability of both cell lines.

ConclusionLong (27-nucleotides) siRNAs targeting E6-E7 mRNAs effectively reduce the viability of HPV18-positive cervical cancer cells and show the synergistic effect in combination with IFN-b and thimerosal. It is necessary to find the rational design of siRNAs and effective co-factors to eradicate particular cervical cancer.
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Introduction
Human papilloma viruses (HPVs) are the etiological agents of cervical and other anogenital malignancies. Over 100 different types of HPVs have been identified to date, and all target epithelial tissues for infection. High-risk group HPVs is associated with the vast majority (99.7%) of patients with uterine cervical cancer, whereas low-risk group HPVs is a cause of genital warts as well as abnormal vaginal smear results [1]. HPVs infect metaplastic cells between the basal cells and the squamocolumnar cells in the cervix and can also infect glandular epithelial cells in the endocervix. Although HPVs exist in episomal forms, they become integrated into host cell DNA, thus increasing the opportunities for cell proliferation and deterioration in high-grade lesions [2]. If this condition persists for several years, transformation into tumor cells occurs. Khan et al. [3] reported that cervical intraepithelial neoplasia grade 3 or cervical cancer occurred in 20% and 15% of HPV16- and HPV18-positive females, respectively, within 120 months of the initial infection.
The HPV genome contains genetic information for at least six early proteins (E1, E2, E4-E7) necessary to reproduce their own DNAs in infected cells. E6 and E7 proteins are very important in the viral reproduction and interaction with host proteins. E7 proteins promote cell-cycle progression from G1 to S and this abnormality in cell differentiation is activated by E6 protein, as a result, cooperative actions of E6 and E7 proteins induce the immortality of host cells [4]. For this reason, these proteins have become primary targets of genetic treatments of HPV-positive cervical cancers. A lot of studies have been conducted to treat HPV infection; however, we have not still solved this problem effectively.
RNA interference (RNAi) is a method for inhibiting gene expression that relies on sequence homology between small double-stranded RNA (dsRNA) molecules. Small interfering RNAs (siRNAs), consisting of 21-25 nucleotides that inhibit posttranscriptional gene expression [5], were discovered in 2001 and have since been widely used as a means for downregulating specific targets. This can be applied to the development of drugs that target genes responsible for human diseases. However, diverse siRNAs exist for the same gene, and individual siRNAs exhibit wide variations in their ability to inhibit gene expression [6].
In this study, we applied RNAi technology to eradicate HPV infection in HPV18-positive cervical cancer cell lines. We also analyzed the interactions between siRNAs and the known cancer-inhibiting agents, interferon beta (IFN-β) and thimerosal (ethylmercurithiosalicylate), in relation to the viability of cancer cells.

Materials and methods
1. Cell culture
HPV18 genome-positive HeLa and C-4I cells, which are cell lines derived from human cervical cancers, were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and sub-cultured. The culture medium and cell culture reagents used were from GIBCO-BRL Life Technologies (Gaithersburg, MD, USA). Both cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, antibiotics (100 U/mL penicillin-G and 100 U/mL streptomycin), and GlutaMAX (100 U/mL) at 37℃ in a humidified 5% CO2 incubator.

2. Human interferon beta cloning and selection
Human IFN-β cDNAs were ligated into the corresponding sites of the pLEGFP-C1 vector (Clontech, Mountain View, CA, USA). After plating transformed bacteria, plasmid DNA from several randomly selected colonies was isolated. The resulting pLEGFPC1/hIFN-β expression plasmid was transfected into HEK293 (human embryonic kidney cell line) using lipofectamine (Invitrogen, Carlsbad, CA, USA) and stably transfected clones were selected. The supernatant of clones was collected, and IFN-β was obtained using anti-proliferation assays with the human breast cancer cell line, MDA-MB-468.

3. Production and transfection of small interfering RNAs
To inhibit the expression of both E6 and E7 proteins, we transfected 21-nucleotide (Ex-18E6/21) or 27-nucleotide (Ex-18E6/27) versions of E6-E7-specific siRNAs to HeLa and C-4I cells. The target areas of Ex-18E6 siRNA are common to both E6 and E7 mRNAs and E6*I-E7 mRNA splice variants. Effective inhibition of E6 only was achieved using 21-nucleotide (Sp-18E6/21) and 27-nucleotide (Sp-18E6/27) versions of Sp-18E6 siRNA, which targets a boundary area between the E6* splicing donor site and the intron. The following HPV E6 siRNAs, synthesized by Samchully Pharmaceutical Co. (Gwacheon, Korea), were used in this study: (1) Ex-18E6/21 siRNAs, (sense) 5'-CCU GUG UAU AUU GCA AGAC dTdT-3' and (antisense) 5'-GUC UUG CAA UAU ACA CAG GdTdT-3'; (2) Sp-18E6/21 siRNAs, (sense) 5'-GAG GUA UUU GAA UUU GCA UdTdT-3 and (antisense) 5'-AUG CAA AUU CAA AUA CCU CdTdT-3'; (3) Ex-18E6/27 siRNAs, (sense) 5'-CCU GUG UAU AUU GCA AGA CUU AAA GdTdT-3' and (antisense) 5'-CUU UAA GUC UUG CAA UAU ACA CAG GdTdT-3'; (4) Sp-18E6/27 siRNAs, (sense) 5'-GAG GUA UUU GAA UUU GCA UUU AAA GdTdT-3 and (antisense) 5'-CUU UAA AUG CAA AUU CAA AUA CCU CdTdT-3'. The siRNAs targeting GFP (green fluorescent protein) from IDT Co. (Coralville, IA, USA) were used as control. Sense and antisense RNA oligonucleotides were dissolved in 400 mL of RNase-free water, and annealed by incubating at 30℃ for 1 hour. Suspensions of HeLa and C-4I cells, prepared using 1X trypsin-EDTA, were plated in 24-well plates and transfected with mixtures of E6 siRNA (0, 1, 5, 10, 25, 50 nM) and lipofectamine. Human IFN-β (0, 1, 2, 5, 20 mM) and/or thimerosal (0, 0.2, 0.5 mM) (Sigma Chemicals, Perth, WA, USA) were added to siRNA-transfected or -untransfected cells.

4. Measurement of cell proliferation
After culturing siRNA-transfected (or untransfected) HeLa and C-4I cells with or without thimerosal and/or human IFN-β for 3 days, supernatants were removed and the wells were washed. For crystal violet assays, 100 mL of 0.5% crystal violet (Sigma Chemicals) solution was added to each well, and then they were incubated for 20 minutes at room temperature. After lysing cells with 100% methanol, optical density was measured at a wavelength of 570 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

5. Statistical methods
We used the SPSS ver.13.0 (SPSS Inc., Chicago, IL, USA) for the statistical analysis. The Mann-Whitney U-test was used to compare differences of cell viabilities after treating targeting siRNAs and/or IFN-β and thimerosal.


Results
1. Decreases in the viability of tumor cells transfected with small interfering RNAs
Each siRNA (0, 1, 5, 10, 25, 50 nM) induced a concentration-dependent decrease in the viability of HeLa cells and C-4I cells. The differences in viabilities were appearing from the siRNA concentration of 5 nM and were clearly observed at 50 nM. In HeLa cells, the cell viabilities at siRNA concentration of 50 nM were 44.5% for Sp-18E6/21, 2.5% for Sp-18E6/27, 78.0% for Ex-18E6/21, and 23.5% for Ex-18E6/27 (Table 1). Similar results were obtained for C-4I cells; at an siRNA concentration of 50 nM, survival rates were 32.5% for Sp-18E6/21, 2.0% for Sp-18E6/27, 70.5% for Ex-18E6/21, and 22.0% for Ex-18E6/27 (Table 1). Statistical analyses showed significant differences according to each type of siRNAs from the concentration of 5 nM (P<0.05). Among four types of siRNAs, the cell viability decreased with the largest scale when Sp-18E6/27 siRNA was transfected.
[image: Table  ]Table 1
The viabilities of HeLa and C-4I cells transfected with different types and concentrations of siRNAssiRNA, small inhibitory RNA; GFP, green fluorescent protein; Sp-18E6/21, 21-nucleotide siRNA to inhibit the expression of E6 protein only; Sp-18E6/27, 27-nucleotide siRNA to inhibit the expression of E6 protein only; Ex-18E6/21, 21-nucleotide siRNA to inhibit the expression of both E6 and E7 proteins; Ex-18E6/27, 27-nucleotide siRNA to inhibit the expression of both E6 and E7 proteins.





2. Inhibitory effect of small interfering RNA and interferon beta on HeLa cell growth
Sp-18E6/27 siRNA-transfected (10, 25 nM) or -untransfected HeLa cells were incubated with or without IFN-β collected from MDA-MB-468 and evaluated for the viability. In the absence of added IFN-β, the viability of HeLa cells decreased in proportion to the increase in Sp-18E6/27 siRNA concentration (52.5% at 10 nM and 21.5% at 25 nM). Also, IFN-β alone induced a rapid and dose-dependent decrease in HeLa cell viability. Notably, as shown in Fig. 1, IFN-β of low concentrations (1 and 2 mM) in combination with Sp-18E6/27 siRNAs produced the synergistic inhibitory effect to HeLa cell growth.
[image: Figure F1 ]Fig. 1
Synergistic effect of small interfering RNA (siRNA) and interferon beta (IFN-β) to inhibit the growth of human papilloma viruse type 18-positive HeLa cells. The viability of HeLa cells decreased in proportion to the concentration of each Sp-18E6/27 siRNA and IFN-β. The combination of Sp-18E6/27 siRNAs and IFN-β produced the synergistic inhibitory effect to HeLa cell growth in low concentrations of IFN-β of 1 and 2 mM. *P<0.05.



3. Inhibitory effects of small interfering RNA and thimerosal on C-4I cell growth
C-4I cells transfected with 5 nM Sp-18E6/27 siRNA and untransfected C-4I cells were cultured with different thimerosal concentrations and cell viability was determined. Compared to untreated controls (100% survival), thimerosal alone induced a dose-dependent inhibition of C-4I cell viability, decreasing the viability to 74.5% at 0.2 mM and 58.0% at 0.5 mM, respectively. As shown in Fig. 2, thimerosal decreased C-4I viability even more effectively in presence of Sp-18E6/27 siRNA, decreasing the viability to 12.5% and 4.0% at 0.2 mM and 0.5 mM, respectively.
[image: Figure F2 ]Fig. 2
Synergistic effect of small inhibitory RNA and thimerosal to inhibit the growth of human papilloma viruse type 18-positive C-4I cells. Thimerosal alone induced a dose-dependent inhibition of C-4I cell viability. Thimerosal decreased C-4I viability even more effectively in presence of 5nM Sp-18E6/27 siRNA. *P<0.05.



4. Synergic inhibitory effects of small interfering RNA, interferon beta, and thimerosal on HeLa and C-4I cell growth
To examine possible interactions among Sp-18E6/27 siRNA (5 nM), IFN-β (2 mM) and thimerosal (0.2 mM), we tested the effects of the three reagents in combination on the viability of HeLa and C-4I cells. Each cell type was divided into the following six experimental groups: control, 5 nM siRNAs targeting GFP; thimerosal only; thimerosal + IFN-β; siRNA + thimerosal; siRNA + IFN-β; and siRNA + thimerosal + IFN-β. In both HeLa cell and C-4I cell, the cell viability decreased significantly in group 3, 4, 5, and 6 compared to group 1 (control) (Fig. 3).
[image: Figure F3 ]Fig. 3
Synergistic effect of small inhibitory RNA (siRNA), interferon beta (IFN-β), and thimerosal to inhibit the growth of human papilloma virus type 18-positive HeLa and C-4I cells. (A) In HeLa cell, the viability decreased the most significantly when Sp-18E6/27 siRNA (5 nM), thimerosal (0.2 mM), and IFN-β (2 mM) were combined. (B) In C-4I cell, the viability decreased the most significantly when Sp-18E6/27 siRNA (5 nM), thimerosal (0.2 mM), and IFN-β (2 mM) were combined. *P<0.05.




Discussion
The HPV reproduce their DNAs in infected host cells through the cooperation of E6 and E7 proteins. Differences in E6 and E7 proteins between high-risk and low-risk group HPVs are mainly quantitative rather than qualitative [7]. All early HPV16 mRNAs, including those encoding E6 and E7, are transcribed by a promoter termed P97 present on the upper part of the E6 open reading frame. Eukaryocytic mRNA generally encodes genetic information for a single protein (monocistronic mRNA), however, E6 and E7 proteins are structurally generated by bicistronic E6-E7 mRNAs. With E6-E7 mRNAs, introns present in E6 open reading frames are cut to diverse sizes during the transcription process. As a result, complete E6-E7 mRNA and E6*E7 mRNA variants are formed [8]. E6 protein is formed by complete E6-E7 mRNAs, and E7 protein is formed by both complete E6-E7 mRNA and E6*E7 mRNA variants [9]. E6 and E7 proteins play different roles in the process of triggering cervical cancer, and their cooperation with each other is important in this regard. The association of E7 protein with retinoblastoma tumor-suppressor protein deactivates retinoblastoma through the inhibition of G1-S cell-cycle transition. When the abnormal proliferation is induced by E7 protein, in normal situations, the tumor suppressor protein p53 responds to cell stress by promoting cell-cycle arrest or triggering apoptosis. However, the E6 protein binds p53, and once bound, triggers ubiquitin/proteasome-mediated p53 degradation [7]. Through these actions, E6 and E7 proteins confer immortality on infected cells, thus creating opportunities for these cells to become transformed into malignant tumor cells.
Based on understanding the role of E6 and E7 proteins, researchers have made a number of attempts to genetically control the expression of these proteins as a strategy for treating HPV-related cancers. A representative method is selectively inhibiting E6/E7-encoding genes using siRNAs. The issue of applying siRNAs to cancer treatment is complicated by the fact that most tumor genes show no gross changes in their DNA sequence or minute changes, such as point mutations or translocation, during the cancer-forming process. However, the HPV genes that are a cause of cervical cancer do not have homology with human genes; thus, E6-E7 mRNAs can be specifically inhibited while minimizing adverse effects on host genes. There are numerous reports on the effects of siRNAs targeting E6-E7 mRNAs on tumor cell growth and apoptosis in HPV-positive tumors.
Jiang and Milner [10] reported that siRNA against HPV16 E6 was not sufficient to suppress cancer cell growth or compellingly inhibit apoptosis, whereas other studies reported remarkable suppression of growth and apoptosis [11]. The different outcomes of these studies likely reflects differences in the specific gene sequences targeted, methods used to inject siRNAs into nuclei, the degree of siRNA expression in nuclei, protein turnover, and the concentrations of siRNAs used. In our study, Ex-18E6 and Sp-18E6 siRNAs administered to HeLa and C-4I cell lines reduced survival rates, as described above. The inhibitory effect on survival was greater using the E6 mono-specific Sp-18E6 siRNA than using the E6-E7 specific Ex-18E6 siRNA. That is, the inhibitory effects on survival were greater in the group where only the E6 protein was selectively knocked down than in the group where both E6 and E7 proteins were inhibited. These results are consistent with the results of other studies indicating that, if E6 protein expression only is selectively inhibited and E7 protein expression is allowed to be maintained, p53 concentrations in cells can increase and induce apoptosis [12]. Initial attempts to apply dsRNAs to mammalian cells as a method for inhibiting gene expression failed owing to the fact that this strategy activated interferon pathway genes [13, 14]. Later, it was found that 21-nucleotide dsRNAs inhibited the expression of mammalian cell genes without inducing interferon reactions, with 21 base-pair dsRNAs containing 3' overhangs being the most effective in vitro [15]. Subsequently, most researchers have synthesized 19-21 base pair siRNAs with 3' overhangs consisting of two bases for use in mammalian cell RNAi strategies. However, Kim et al. [16] reported that 27-nucleotide siRNAs were more effective than the commonly used 21-nucleotide siRNAs, showing that 27-nucleotide siRNAs had higher efficacy and longer durations of action. Moreover, they were effective against target areas in which 21-nucleotide siRNAs elicited no response, and they did not activate interferon or protein kinase, as was the case for 21-nucleotide siRNAs. In this study, siRNAs of two lengths-21 nucleotides (Sp-18E6/21 and Ex-18E6/21) and 27 nucleotides (Sp-18E6/27 and Ex-18E6/27)-acting on the same areas were used and tumor cell survival rates were compared. On the basis of the results obtained, we conclude that Sp-18E6/27 and Ex-18E6/27 exerted a more profound inhibition of tumor cell survival than Sp-18E6/21 and Ex-18E6/21. Taken together, our results clearly indicate that inhibitory effects on tumor cell survival were optimal when 27-nucleotide, E6 monospecific siRNAs were used.
We also addressed the effects of siRNA in conjunction with the known anti-cancer agents, IFN-b and thimerosal, on tumor cell viabilities. IFN-b, like IFN-a, is classified as a type I interferon and can effectively inhibit tumor cell growth by inducing cell differentiation and accumulation of transformed cells in S-phase, thereby effectively inducing failure to progress to G2 and M and promoting apoptosis [17]. IFN-b, administered either alone or in combination with other agents as intramuscular injections, has been used for more than 10 years to treat HPVs [18]. In a meta-analysis, Yang et al. [19] reported that, of 1,445 cases of genital warts treated with IFN-b, 27.4% to 44.4% were completely cured; there are also reports that IFN-b is effective in treating CIN-related, recurrent HPV lesions [18]. Studies on the effects of siRNAs and IFN-b in HPV infection-related cancers have not been attempted. Thimerosal (or mercurothiolate), a compound containing organic mercury, is a disinfectant for vaccines used to prevent contamination by bacteria or pathogenic microorganisms. It is widely used in various kinds of vaccine products, particularly in opened, multi-dose vaccines. Thimerosal is being studied for its potential anticancer effects in various tumors, including neuroblastomas, leukemias, and osteosarcomas [20, 21]. In the current study, the inhibitory effects of IFN-b and thimerosal on tumor survival were first tested individually and these two reagents independently were effective in inhibiting the survival of HPV18-positive uterine cancer cell lines. Then, the inhibitory effects of siRNA, IFN-b and thimerosal were tested in five different combinations. The results showed that the use of all three reagents together produced the most potent inhibitory effects, demonstrating their potential for cervical cancer treatment. Importantly, combined treatment with the two reagents demonstrated a clear synergistic effect. If siRNAs can reduce the amount of drug used in anticancer chemotherapy, adverse effects associated with these chemical agents can be reduced and more effective treatment can be expected. As for the effect of RNAi on cisplatin, that is an anticancer agent commonly used in cervical cancer chemotherapy, contradictory results have been reported. Koivusalo et al. [22] suggested that the resistance of HeLa cells to cisplatin was increased by pretreatment with siRNA. In contrast, Putral et al. [23] proposed the opposite, reporting that sensitivity to cisplatin was increased by siRNA, allowing smaller doses of cisplatin to be used in cervical cancer treatment. Additional studies will be necessary to reconcile these apparent contradictions and confirm the dose-sparing effect of siRNAs.
In this study, 27-nucleotides siRNAs targeting E6-E7 mRNAs, but not E6*I-E7 mRNAs, was the most effective to inhibit the growth of HPV18-positive cervical cancer cells. Although the most effective design of siRNAs is identified, the efficient delivery of siRNAs into cells and maintenance with high concentrations are remained as unsolved problems. Nevertheless, the siRNA-based approach described in this study has the promise of making a substantial contribution to the treatment of HPV-induced cervical cancer. We suggest the necessities to find the rational design of siRNAs and effective co-factors to inhibit the growth of particular cervical cancer cells.
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[image: Figure F1 ]Figure 1

Synergistic effect of small interfering RNA (siRNA) and interferon beta (IFN-β) to inhibit the growth of human papilloma viruse type 18-positive HeLa cells. The viability of HeLa cells decreased in proportion to the concentration of each Sp-18E6/27 siRNA and IFN-β. The combination of Sp-18E6/27 siRNAs and IFN-β produced the synergistic inhibitory effect to HeLa cell growth in low concentrations of IFN-β of 1 and 2 mM. *P<0.05.
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[image: Figure F2 ]Figure 2

Synergistic effect of small inhibitory RNA and thimerosal to inhibit the growth of human papilloma viruse type 18-positive C-4I cells. Thimerosal alone induced a dose-dependent inhibition of C-4I cell viability. Thimerosal decreased C-4I viability even more effectively in presence of 5nM Sp-18E6/27 siRNA. *P<0.05.
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[image: Figure F3 ]Figure 3

Synergistic effect of small inhibitory RNA (siRNA), interferon beta (IFN-β), and thimerosal to inhibit the growth of human papilloma virus type 18-positive HeLa and C-4I cells. (A) In HeLa cell, the viability decreased the most significantly when Sp-18E6/27 siRNA (5 nM), thimerosal (0.2 mM), and IFN-β (2 mM) were combined. (B) In C-4I cell, the viability decreased the most significantly when Sp-18E6/27 siRNA (5 nM), thimerosal (0.2 mM), and IFN-β (2 mM) were combined. *P<0.05.
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[image: Table  ]Table 1

The viabilities of HeLa and C-4I cells transfected with different types and concentrations of siRNAssiRNA, small inhibitory RNA; GFP, green fluorescent protein; Sp-18E6/21, 21-nucleotide siRNA to inhibit the expression of E6 protein only; Sp-18E6/27, 27-nucleotide siRNA to inhibit the expression of E6 protein only; Ex-18E6/21, 21-nucleotide siRNA to inhibit the expression of both E6 and E7 proteins; Ex-18E6/27, 27-nucleotide siRNA to inhibit the expression of both E6 and E7 proteins.
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