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Abstract 29 

Background: Cytomegalovirus (CMV) is an opportunistic pathogen that causes severe 30 

complications in congenitally infected newborns and non-immunocompetent individuals. 31 

Developing an effective vaccine is a major public health priority and current drugs are fronting 32 

resistance and side effects on recipients. In the present study, with the aim of exploring new 33 

strategies to counteract CMV replication, several anti-CMV siRNAs targeting IE2 and DNA 34 

polymerase gene regions were characterized and used as in combinations for antiviral therapy.  35 

Methods: The rat embryo fibroblast (REF) cells were transfected with multi siRNA before 36 

infecting with CMV strain ALL-03. Viral growth inhibition was measured by TCID50, 37 

cytopathic effect (CPE) and droplet digital PCR (ddPCR) while IE2 and DNA polymerase gene 38 

knockdown was determined by real-time PCR. Ganciclovir was deployed as a control to 39 

benchmark the efficacy of antiviral activities of respective individual siRNAs.  40 

Results: There was no cytotoxicity encountered for all the combinations of siRNAs on REF cells 41 

analyzed by MTT colorimetric assay (P>0.05). Cytopathic effects (CPE) in cells infected by 42 

RCMV ALL-03 developed significantly less and at much slower rate compared to control group. 43 

The expression of targeted genes was downregulated successfully resulted in significant 44 

reduction (P<0.05) of viral mRNA and DNA copies (dpb+dpc: 79%, 68%; dpb+ie2b: 68%, 60%; 45 

dpb+dpc+ie2b: 48%, 42%). Flow cytometry analysis showed a greater percentage of viable and 46 

early apoptosis of combined siRNAs-treated cells compared to control group. Notably, the 47 

siRNAs targeting gene regions were sequenced and no any mutation was identified, thereby 48 

avoiding the formation of mutant with potential resistant viruses.  49 



Conclusions: In conclusion. The study demonstrated a tremendous promise of  innovative 50 

approach with the deployment of combined siRNAs targeting at several genes simultaneously 51 

with the aim to control CMV replication in host cells. 52 

Keywords: Cytomegalovirus, combinations, small interfering RNA, replication, gene expression 53 

Introduction 54 

CMV often considerate as silent public health burden usually does not produce any symptoms 55 

after the infection. The prime reason was due to the ability of virus to enter asymptomatic 56 

infection, once the virus replication was controlled by host immune system (1, 2). However, 57 

CMV can cause life-threatening condition in immunocompromised patients whom undergo 58 

transplant procedures, individuals diagnosed with AIDS and injured with third degree burn and 59 

elderly people to some extent (3-5). Sadly, immature immune system of unborn child is prone to 60 

CMV infection causing complications such as microcephaly, phytomotor retardation and hearing 61 

loss (6, 7). The term RNAi is generally understood as a mean of evolutionary conserved 62 

mechanism during post-transcriptional silencing triggered by double stranded RNAs, in wide 63 

range of eukaryotic organisms. This system was initially discovered in nematode Caenorhabditis 64 

elegans (8). Slowly, the usage of RNAi turned to be a broader wave of advance which has been 65 

employed as a treatment method for many infectious diseases, cancerous and nerve dysfunction 66 

disorders (9-15). Introducing synthetic 21 to 23 nucleotides of siRNA could specifically inhibit 67 

the cellular mRNA in order to control the gene expression (16). Up to date, various studies have 68 

been reported that delivering siRNA to inhibit the viral replication and gene expression of 69 

growing number of human infectious viruses were promising (12, 17). It was suggested that a 70 

greater focus on siRNA could produce interesting findings that account more for the siRNA 71 



utilization as antiviral strategy for future therapeutics. Growing research work proves that RNAi 72 

can inhibit or suppress most of the viruses despite RNA or DNA and whether single or double 73 

stranded structure. Combination of RNAi targeting different conserved regions is expected to 74 

function efficiently in reducing the chances of viral escape. For instance, in other mono-75 

therapies, sequence specific RNAi facing problem where the virus escapes due to the mutant in 76 

target region resulting growth of viral mutant (18-20). This statement validated by few studies 77 

such as polio, HIV and HCV where the viral activity of single siRNA reported to decrease in 78 

efficiency (21-23). Viruses evolve to escape from host RNAi by encoding “suppressors of RNAi 79 

silencing” (SRS) which is another disadvantage of single usage of siRNA. SiRNA cocktail 80 

targeting different region of viral genome lowers the chances of viral mutant formation and 81 

prevent viral escape (24-27). Nevertheless, besides virus infections, siRNAs can be utilized to 82 

silence multiple genes at a time which could benefit to treat brain tumorigenesis involving 83 

multiple genetic alterations and also targeting a suitable apoptotic gene as a treatment (28, 29). In 84 

addition, the availability to maintains the wide array of cells including islets of Langerhans could 85 

provide a strong foundation to use siRNAs for diabetic studies (30, 31). Therefore, exploring 86 

combinations of siRNAs as a potential therapeutic approach for Malaysia CMV isolate has gear 87 

up for the treatment destination (32). Interestingly, this local strain (RCMV ALL-03) has been 88 

identified crossing the placenta infecting the pups making it suitable for congenital infection 89 

animal model (33). The availability of the complete genome sequence of this virus add on more 90 

advantages for pathogenicity study and antiviral development (34, 35). Therefore, this study was 91 

conducted to screen combinations of siRNA for their cytotoxicity level and their effectiveness on 92 

inhibiting RCMV ALL-03 virus replication and gene expression. 93 

 94 



 95 

Material and methods 96 

Selection of siRNA combinations 97 

The siRNA combinations were selected based on the successive percentage of individual siRNA 98 

inhibiting RCMV ALL-03 replication and gene expression (data not shown). The tested siRNA 99 

combinations were dpb+dpc, dpb+ie2b, dpc+ie2b and dpb+dpc+ie2b where dpb and dpc siRNAs 100 

targeting DNA polymerase region while ie2b targeting Immediate early 2 region. The sequences 101 

of designed siRNAs were displayed in table 1. 102 

Table 1: Sequence of RCMV ALL-03 specific siRNAs and their location within the genome 103 

(Accession number KP967684.1). Sequence of the scrambled siRNA (negative control) used in 104 
this study was included below.  105 

siRNA Sequence (5’        3’) Position in 

genome Sense                                                   Antisense 

ie2b CCGAAGCACUGGACAAGUAtt UACUUGUCCAGUGCUUCGGat 149515 

dpb CUAUAAGGGUAGAAUAACAAtt UGUUAUUCUACCCUUAUAGtg 65041 

dpc GCCUGAUCGUACGUAUGAAtt UUCAUACGUACGAUCAGGCtg 66534 

negative control UUCUCCGAACGUGUCACGUtt ACGUGACACGUUCGGAGAAtt NA 

*NA: Not Applicable 106 

Cell culture, transfection and virus infection 107 

Rat embryo fibroblast cells were propagated in 10% fetal bovine serum supplemented with 108 

DMEM nutrient solution. The cells were maintained with at 5% CO2 and 37
o
C in an incubator. 109 

Prior to siRNA transfection, the cells were seeded on 6 well plates to achieve 70-80% of 110 

confluency level. After 24 hours, combination siRNAs were transfected together with 111 

lipofectamine 3000 transfection reagent (1.5 μl/well). In each well, siRNAs were mixed to 112 



produce a final concentration of 300 pmol/well. Appropriate controls for treatment and non-113 

treatment were included as well followed by twenty-four hours of incubation. Meanwhile, during 114 

the incubation, DMEM media without antibiotic was replaced at 6 hr post transfection to avoid 115 

any contamination.  Next, cells were infected with RCMV ALL-03 at MOI of 1. The plates were 116 

incubated for 1 hour and then the cells were washed with cold PBS followed by addition of fresh 117 

DMEM medium supplemented with 10% serum. The cells were then monitored continuously for 118 

CPE occurrence and the cultured cells were collected for all the analysis at appropriate time 119 

points. Ganciclovir was used as positive control and scramble siRNA as negative control for 120 

treatment groups while untreated cells as positive control and uninfected cells as negative control 121 

for non-treatment groups. Each siRNA combination was duplicated and was performed twice 122 

independently.      123 

Cellular viability assay 124 

Cells with optimized density, 1 x 10
5
 were seeded in 96 wells plate supplemented with DMEM 125 

media with 10% FBS. The cells were incubated at 37
o
C for 24 hours. Once the cells are 126 

established for the treatment, the media was discarded, and the confluent cells were washed with 127 

cold PBS. The combination siRNAs was transfected and incubated at 37
o
C without the infection 128 

of the virus. The plates were removed from incubator at 24, 48 and 72 hours of time interval. 129 

Then, MTT assay was carried out to identify the cell viability. All the cells were washed twice 130 

with PBS followed by addition of (5mg/mL) MTT (tetrazolium dye, 3-[4, 5-dimethylthiazol-2-131 

yl]-2, 5-diphenyltetrazolium bromide) reagent and incubated for 4 hrs at 37 ºC. The MTT 132 

addition procedure was taken place in dark area and the plate was covered with aluminium foil 133 

during the 4 hr incubation due to the sensitivity of MTT towards light. Later on, the MTT 134 

reagent was discarded carefully, and 200μl of dimethyl sulfoxide was added to each well. Then, 135 



the plate was covered again with aluminium foil and leave for 20 min at room temperature. This 136 

is to make sure the formazon dye crystals to dissolve completely into purple color. Lastly, the 137 

results were obtained from the measured absorbance at 570 nm using a spectrophotometer 138 

microplate reader. Each assay was performed in triplicates and the cytotoxicity was calculated 139 

from an average of 3 replicates. The final results are presented as mean ± standard deviation. 140 

Titration of effective combination siRNAs via TCID 50 141 

TCID50 was conducted to investigate the effects of combination siRNAs on controlling RCMV 142 

ALL-03 titer at different time intervals of post infection (Day 10 and 18). Following the 143 

transfection of combination siRNAs, the REF monolayers were infected with MOI 1 RCMV 144 

ALL-03. TCID50 of each combination siRNAs transfected samples were analyzed and compared 145 

with TCID50 of non-transfected virus control group as previously reported by (36). All 146 

treatments were performed in triplicate and the results were expressed as Mean ± SE.   147 

Apoptosis analysis by Flow Cytometry 148 

Flow cytometry technique was employed to evaluate the percentage of viable cells, early 149 

apoptosis cells; late apoptosis cells and necrotic cells of combinations siRNA treated and control 150 

groups. The samples were prepared by Annexin V-FITC Apoptosis Detection Kit (Nacalai 151 

Tesque, Japan). First, the cells were washed twice using cold PBS followed by trypsinization to 152 

detach the cells from the culture plates. Briefly, 1 x 10
6 

cells/ml were resuspended in Annexin V 153 

Binding Solution (1x). Then, the 100 µL of suspension cells were incubated with 5 µL of 154 

Annexin V-FITC Conjugate and 5 µL of Propidium Iodide (PI) at room temperature. After 15 155 

minutes, 400 µL of Annexin V Binding Solution (1x) was added to the sample solution and were 156 

analyzed with a FACSCalibur flow cytometer (BD, Bioscience, USA).    157 



 158 

Droplet digital PCR 159 

Droplet digital PCR is an emerging third generation of nucleic acid detection methodology 160 

gaining an interest for absolute quantification of any target sequence without the needs of 161 

standard curve. Before the commencement of ddPCR experiment, primers and probe were 162 

designed targeting DNA poly region and were synthesized by IDT technologies following 163 

standard procedures. Selected primer sequences were CCGAAGTACCAGATTCAA (forward 164 

primer), GACGAGAGGGAGTATATT (reverse primer) and  FAM-165 

CGGACGGTGAACTCGTTTTT-TAMRA (Taqman probe). The experiment began with the 166 

preparation of reaction mix at 11µl per reaction. After that, 1.98µl of each forward and reverse 167 

primers are added into the reaction mix followed by 0.55µl of probe. The samples were labelled 168 

as shown in table 2. Then, 5.49µl of  DNase-free water was added. All components were then 169 

mixed up properly by pipetting up and down. Equally aliquot which was 21µl were dispensed 170 

into each reaction tube. Then, 1µl of DNA sample are added accordingly into the PCR tubes. The 171 

reaction were again mixed properly and be allowed to be equilibrated at room temperature for 172 

about 3 minutes. Once the reaction mixtures were ready, 20µl of the PCR reaction mixture were 173 

then loaded into the sample well of a DG8™ Cartridge as well as 70µl of Droplet Generation Oil 174 

into the oil wells. The cartridge loaded with sample was placed inside the Q×200 Droplet 175 

Generator to partition the sample hence generating the droplet for 2 minutes. Then, the obtained 176 

droplets were carefully transferred into a clean 96-well plate. The plate was then sealed with foil 177 

by using the P×1 PCR Plate Sealer. PCR thermal cycling was then proceeded, and the sealed 96-178 

well plate was placed in the Q×200 Droplet Reader in order to detect the positive and negative 179 

droplets. QuantaSoft™ Software was used to analyze the obtained results. 180 



 181 

Table 2: Samples used in ddPCR setup 182 

Labelling of the sample Type of siRNAs sample 

Sample 1 dpb+dpc 

Sample 2 dpb+ie2b 

Sample 3 dpc+ie2b 

Sample 4 dpb+dpc+ie2b 

Sample 5 GCV 

Sample 6 negative control 

Sample 7 untreated 

Sample 8 uninfected 

 183 

Cytopathic effect rate of RCMV ALL-03  184 

The replication of virus can be identified indirectly by physical appearance changes of normal 185 

cells. It is also known as cytopathic effect (CPE) monitoring. In order to determine the efficacy 186 

of combination siRNAs, the transfected wells were monitored for virus induced CPE out to 18 187 

days post infection by a using Nikon Eclipse TS100 Inverted Microscope (Nikon Instruments, 188 

Inc., New York,USA). All the images of combination siRNAs transfected as well other control 189 

groups were compared and recorded.   190 

Real time RT-PCR for treated samples 191 

Gene expression study of combination siRNAs treated samples were carried out using optimized 192 

custom designed Taqman probes via CFX96TM real time PCR detection system (Bio-Rad, 193 



USA). Since combination siRNAs having two different gene targets: IE2 and DNA poly, each 194 

combination siRNAs were analyzed for both genes’ expression. All the primers and probes have 195 

been optimized and appropriate standard curve have been generated (data not shown). RCMV 196 

ALL-03 mRNA was extracted from the control and siRNA treated samples following 197 

manufacturer instruction by using a GENEzol
TM

 TriRNA Pure kit (Geneaid, UK) with slight 198 

modifications. The RNA was finally eluted in 30µl of RNase-free water and was maintained on    199 

-70°C for further analysis. The quantity and quality of extracted RNA were assessed by 200 

spectrophotometry using the Nanodrop 1000 spectrophotometer (Thermo Scientific
TM

). Next, 201 

complementary DNA was synthesized using Tetro cDNA synthesis kit (Bioline, UK) on thermal 202 

cycler (BioRad, USA) following manufacturer’s instructions. The prepared cDNA was stored at -203 

20°C for subsequent analysis. Finally, gene expression study of combinations siRNAs treated 204 

samples were carried out using designed Taqman probes via CFX96
TM

 real time PCR detection 205 

system (Bio-Rad, USA). Specific primers and probe were used for each siRNA region as 206 

depicted in table 3. The reaction was set up with cDNA as template with 400nM concentration of 207 

each specific forward and reverse primers, 100nM of probe, 1x SensiFast probe Hi-Rox mix and 208 

appropriate nuclease free water. The cycling conditions was followed as for standard curve 209 

generation (data not shown) Mean quantitative cycle values (cq) were obtained from the 210 

triplicates and recorded using Bio-Rad, CFX manager software version 3.0 (Bio-Rad, USA). 211 

 212 

 213 

 214 

 215 



 216 

Table 3. Primers and probe sequences used for real-time PCR assay 217 

Target  Primer sequence Product size (bp) 

GAPDH Forward tctccaccactatcgcagaa 100 

 Reverse ttggcagcttggactatgct  

 Probe FAM-tccgttttggcagagaagatgcaa-TAMRA  

ie2b Forward gcgattttgatctacgtg 256 

 Reverse acagcgaacctatagaca  

 Probe FAM-caacggggggaggaaacaga-TAMRA  

dpb Forward aggacatcatcacgagaa 100 

 Reverse tcaaacaaagatagcggg  

 Probe FAM-agatcggtggggtatcagg-TAMRA  

dpc Forward ccgaagtaccagattcaa 102 

 Reverse gacgagagggagtatatt  

 Probe FAM-cggacggtgaactcgttttt-TAMRA  

 218 

Data Analysis for Quantification of Gene Expression 219 

Four combination siRNAs: dpb+dpc, dpb+ie2b, dpc+ie2b and dpb+dpc+ie2b were assessed for 220 

their effectiveness on inhibiting the IE2 and DNA poly gene expression of RCMV ALL-03. The 221 

relative fold change of the genes treated with siRNA were compared with untreated control 222 

group and the relative fold changes were calculated using   -      CT method. Bio-Rad, CFX 223 

manager software version 3.0 (Bio-Rad, USA) was used for the normalization of target region 224 

with house-keeping gene GAPDH and quantification of fold changes were calculated as 225 

described by Bustin et al., 2009.  226 



 227 

Calculating knockdown efficiencies 228 

The percentage of knockdown efficiency was calculated following -      CT method with slight 229 

modification (37). The levels of siRNA treated target expression was normalized to non-target 230 

GAPDH as reference gene (REF) within the same sample as equation below: 231 

    Ct= Ct(Target) – Ct (REF) 232 

Next, the      Ct for each biologically replicate was transformed exponentially to the     Ct 233 

expression followed by  determining the standard deviation. The equation as follows: 234 

     Ct expression = 2
-    Ct

 235 

Then, the mean was normalized to the expression of siRNA treated sample with non-targeting 236 

siRNA sample to find        Ct expression level. Percentage of knockdown was calculated as 237 

equation below:  238 

% Knock down = (1-        Ct (normalized expression)) x 100 239 

Resistance of RCMV ALL-03 to siRNA combination treatment 240 

Drug resistances are important issue to be addressed where virus has the capability of developing 241 

it. In this combination treatment, the ability of RCMV ALL-03 to develop drug resistance via 242 

mutation occurrence in target regions was investigated. After the siRNA combination 243 

transfection, RCMV ALL-03 was infected and the extracellular progeny virus was harvested 244 

after 14 days pi. The harvested virus was used to re-infect the REF cells after being transfected 245 

again with siRNA combinations. After 14 days pi, the virus was harvested, and this method was 246 

repeated up to 5 infections. The final harvested virus was subjected for nucleic acid extraction 247 



together with stock of virus. Upon confirmation, the PCR products were sent for sequencing and 248 

the obtained results were compared for sequence identity using Clustal Omega online software.     249 

Statistical Analysis 250 

All statistical analyses were performed using GraphPad Prism version 6 (GraphPad Software, 251 

USA). P values <0.05 were considered significant. Results are expressed as mean ± SD from a 252 

representative experiment performed in triplicate. 253 

Results 254 

Effects of combination siRNAs on cell viability 255 

Combinations of siRNAs were subjected for cell viability assay using MTT cell proliferation 256 

method. This is to make sure the obtained results were not due to the toxicity of combinations 257 

siRNA on REF cells which could directs to false positive results. Cytotoxicity analyses of tested 258 

siRNA combinations demonstrated that cell viability was almost unaffected at an optimized 259 

concentration of 300 pmol (Figure 1 and 2) at different time points. However, the triple 260 

combinations dpb+dpc+ie2b exhibit 50% toxicity level at 48 and 72 hours for 300 pmol. On the 261 

other hand, all the double siRNA combinations such as dpb+dpc, dpb+ie2b and dpc+ie2b 262 

showed more than 70% of cell viability at highest concentration 300 pmol. These findings 263 

clearly showed that designing siRNAs following proper validated conditions could yield least 264 

amount of toxicity on cell line for both individual and combinations. Scramble siRNA which 265 

does not target any genome region was used as negative control for treatment group category. 266 

This scramble siRNA displayed negligible level of toxicity on REF cells thus, proving their 267 

capability on non-targeting the host cells which can avoid unwanted side effects. Therefore, all 268 



the designed combinations siRNA showed better cell viability and were preceded with further 269 

experiments. All the cytotoxicity results were clearly portrayed in figure 1 to 3.            270 

 271 
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 284 

Figure 1: The cytotoxicity of combinations siRNA targeting RCMV ALL-03 in REF cells. 285 
Panel A shows combinations of dpb+dpc targeting DNA polymerase gene region while panel B 286 

shows dpb+ie2b siRNAs targeting DNA polymerase and IE2 gene region. Cells were transfected 287 
with lipofectamine 3000 and siRNA complex, which were prepared in final concentration of 300 288 

pmol of siRNA and incubated for 6 hours and an additional of 24/48/72 hours at 37℃. The 289 
cellular viability was measured by MTT assay. Each treatment was performed in triplicate and 290 
repeated in two independent experiments. Results represent Mean ± Standard deviation. 291 
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 294 

Figure 2: The cytotoxicity of combinations siRNA targeting RCMV ALL-03 in REF cells. 295 
Panel A shows combinations of dpc+ie2b while panel B shows triple combinations 296 

dpb+dpc+ie2b siRNAs targeting DNA polymerase and IE2 gene region. Cells were transfected 297 
with lipofectamine 3000 and siRNA complex, which were prepared in final concentration of 300 298 

pmol of siRNA and incubated for 6 hours and an additional of 24/48/72 hours at 37℃. The 299 
cellular viability was measured by MTT assay. Each treatment was performed in triplicate and 300 
repeated in two independent experiments. Results represent Mean ± Standard deviation. 301 
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 304 

Figure 3: Results of cytotoxicity screening of negative control siRNA (scrambled) targeting 305 
non RCMV ALL-03 in REF cells. Cells were transfected with lipofectamine 3000 and siRNA 306 
complex, which were prepared in concentrations of 300-3 pmol of siRNA and incubated for 6 307 

hours and an additional of 24/48/72 hours at 37℃. The cellular viability was measured by MTT 308 
assay. Each treatment was performed in triplicate and repeated in two independent experiments. 309 

Results represent Mean ± Standard deviation. 310 
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Virus quantification by TCID 50 318 

To test whether combinations siRNA can inhibit RCMV ALL-03 replication, REF cells were 319 

treated with designated combinations or negative control siRNA and then infected with virus at 320 

an MOI of 1. The reading of viral titer was recorded at two different days: 10 and 18 (Figure 4 321 

and 5). This is because no significant viral load was detected in all the treated and non-treated 322 

samples before day 10 and maximum growth of virus could be achieved at day 18 (Figure 5). 323 

Overall, different combinations siRNA showed different level of virus inhibiting capacity which 324 

siRNAs targeting DNA polymerase showed better RCMV ALL-03 inhibition rate. For example, 325 

dpb+dpc showed better viral inhibition rate at day 10 and 18 followed by dpb+ie2b and 326 

dpc+ie2b. All these combinations had lowered the viral titer compared to positive control GCV. 327 

However, triple combinations dpb+dpc+ie2b displayed a lowest rate of viral inhibition compared 328 

to other combinations and GCV at both day 10 and 18. It was expected that more siRNA in the 329 

combinations could provide more inhibition of viral titer but, different pattern of results were 330 

observed. Double combinations of siRNA displayed better viral inhibition rate than triple siRNA 331 

combinations. Double combinations of siRNA are more potent than commercial drug GCV 332 

which are currently in use as treatment for CMV.   333 
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 340 

Figure 4: Results of a TCID50 assay to illustrate the effect of combinations siRNA on the 341 
yield of RCMV ALL-03 progeny virus in REF cells. The REF cells were transfected with 342 
combinations siRNAs at 300pmol concentration, negative control siRNA and positive control 343 
GCV. At day 10 p.i, the plates were removed from incubator to calculate the TCID50 and the 344 

data represent the mean ± SD of 2 independent experiments.    345 
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 352 

Figure 5: Results of a TCID50 assay to illustrate the effect of combinations siRNA on the 353 
yield of RCMV ALL-03 progeny virus in REF cells. The REF cells were transfected with 354 
combinations siRNAs at 300pmol concentration, negative control siRNA and positive control 355 
GCV. At day 18 p.i, the plates were removed from incubator to calculate the TCID50 and the 356 

data represent the mean ± SD of 2 independent experiments.    357 
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Annexin V Apoptosis study by Flow cytometry 363 

Analysis of RCMV ALL-03 infected cells undergoing apoptosis/necrosis upon combination 364 

siRNAs treatment were studied using flow cytometry. Annexin V and PI binding was used to 365 

monitor the control, early apoptotic, late apoptotic, necrotic and cell death of siRNAs treated and 366 

RCMV ALL-03 infected cells. Dot plot view illustration was used to interpret the results of REF 367 

cells with upper left quadrant and lower left denotes necrotic cells and viable cells respectively. 368 

Upper right quadrant populations represent late apoptosis cells while Lower right showed early 369 

apoptosis cells. As revealed in figure 6 to 8, the percentages of viable cells are lesser compared 370 

to early apoptotic cells for all the siRNAs and GCV treated groups. Compared to untreated 371 

control group, dpb+dpc has significant number of viable cells and early apoptotic cells 13.6% ± 372 

0.23 and 31.2% ± 0.17 respectively. On the other hand, higher number of cells in all the treated 373 

groups were found to be at lower right early apoptotic cells quadrant. The significant number of 374 

cells recorded in early apoptotic were all the combination siRNAs and GCV treated group where 375 

dpb+ie2b having the highest early apoptotic cells (53.4% ± 3.52). In addition, all the siRNAs and 376 

GCV treated groups showed least number of late apoptotic cells compared nc siRNA and 377 

untreated control groups. This clearly indicates that the combination siRNAs treated groups 378 

protecting the cells from entering late phase of apoptotic as shown in figure 9. Meanwhile, no 379 

many cells were observed for necrotic phase quadrant for all the treated groups including the 380 

control groups. Generally, negligible numbers of necrotic cells were encountered in all the 381 

siRNAs treated group since the assessment was recorded at day 14 pi and it can be observed at 382 

day 18 and more pi. These findings indicated that double combination siRNAs possess more 383 

protective capability of RCMV ALL-03 infected cells compared to triple combination siRNAs.     384 



       

 

Figure 6: Annexin V and PI assays of REF cells for combination siRNAs treated groups. The percentage of viable cells was 

represented by the lower left quadrant (Annexin-V−/PI−); the percentage of early apoptotic and necrotic/secondary necrotic cells were 

represented by the lower right (Annexin-V+/PI−) and upper (PI+) quadrants, respectively. Each data point represents the mean of 

three independent experiments ± SD.  

 

 

 



 

       

 

Figure 7: Annexin V and PI assays of REF cells for combination siRNAs treated groups. The percentage of viable cells was 

represented by the lower left quadrant (Annexin-V−/PI−); the percentage of early apoptotic and necrotic/secondary necrotic cells were 

represented by the lower right (Annexin-V+/PI−) and upper (PI+) quadrants, respectively. Each data point represents the mean of 

three independent experiments ± SD.  

 

 



       

 

 

Figure 8: Annexin V and PI assays of REF cells for combination siRNAs treated groups. The percentage of viable cells was 

represented by the lower left quadrant (Annexin-V−/PI−); the percentage of early apoptotic and necrotic/secondary necrotic cells were 

represented by the lower right (Annexin-V+/PI−) and upper (PI+) quadrants, respectively. Each data point represents the mean of 

three independent experiments ± SD.  



 

Figure 9: Percentage of various distribution of REF cell conditions. The percentage of 

viable, early apoptotic, late apoptotic and necrotic cells were analysed for all the siRNA treated 

group. Each data point represents the mean of three independent experiments ± SD. 

*significantly different from the control (p < 0.05). 
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Viral DNA Particles quantification by DDPCR  383 

Total number of droplets counted 384 

Before the commencement of PCR, droplets were initially generated by using eight channel DG8 385 

catridge, inserted into droplet generator. The individual droplet numbers were measured out of 386 

the total number of droplets produced from the generator. In order to have valid ddPCR 387 

experiment, the number of droplet formation need to be above 10,000 counts (Figure 10). The 388 

positive and negative droplets were confirmed from the emission of fluorescence signal. 389 

Fluorescence amplitude threshold was applied to separate the positive and negative droplets. The 390 

higher fluorescence signal indicated the droplets containing viral DNA which are positive 391 

droplets (Figure 11) while lower fluorescence signal indicated the absence of viral DNA (Figure 392 

12) which are negative droplets. Determining the number of positive and negative droplets  393 

confirming the reliability of experimental setup.  394 

 395 

Figure 10: Total sum of number of both positive and negative droplets 396 



 397 

Figure 11: Total number of positive droplet counts 398 

 399 

Figure 12: Total number of negative droplet counts 400 

Populations of droplet 401 

The generated droplets containing DNA copies of RCMV ALL-03 were determined using a 402 

specific primer and Taqman probe targeting the DNA polymerase b region. Figure 13 displays 403 

the frequency of droplets at specific FAM fluorescence amplitude for all the wells. In addition, 404 

the single peak from the histogram demonstrated that only one type of droplets population are 405 

present indicating the targets of single gene at a time. 406 

 407 

 408 



 409 

Figure 13: The frequency of droplets generated to identify single peak targeting single gene 410 
of RCMV ALL-03. 411 

Channel Data-Sample Count 412 

The graph visualized the data collected from each channel of selected wells. The horizontal grey 413 

line represents the threshold that was set at 1000 by using NTC as a cut off value across all the 414 

wells to separate blue color (positive droplets) and black color (negative droplets). The presences 415 

of two positive droplets in well 11 are assumed to be negligible as anything below 5 are not 416 

significant. The figure 14 shows that there are 2 different colors distribution which are blue 417 

representing as positive result confirming the presence of RCMV ALL-03 DNA and black as 418 

negative results indicating absence of RCMV ALL-03 DNA. 419 

 420 

 421 

 422 

 423 



 424 

 425 

Figure 14: 1D ddPCR analysis plot shows detection of RCMV ALL-03 DNA in siRNA 426 
treated and non-treated groups. Each sample was partitioned into an average of 10,000 427 

droplets per well and replicated in two wells. The droplet counts for positive (blue) and negative 428 
(gray) from all replicated wells were combined to yield a “merged” well. A fluorescence 429 

amplitude value >1176 (pink line) was considered to be a positive droplet. 430 

Quantification of DNA copies/µl 431 

The quantification of RCMV ALL-03 DNA copies were presented per µl in the 100-fold diluted 432 

sample. Therefore, the total viral DNA copies/µl from stock template was calculated and 433 

presented in table 4. The final results have revealed that out of four combination siRNAs , 434 

dpb+dpc has tremendously reduced the viral titre with 6,400 DNA copies/µl with 68% of 435 

reduction compared to untreated control group having 20,200 DNA copies/µl. As expected, both 436 

of these siRNAs targeting DNA polymerase gene region showed better viral inhibition rate 437 

compared to combination siRNAs targeting IE2 gene region. Next, dpb+ie2b followed by 438 



dpb+dpc+ie2b limits the virus particles with 60% and 42% rate effectiveness respectively 439 

(Figure 15). However, dpc+ie2b showed to have least effectivity rate 13% with 17,600 DNA 440 

copies/µl. In comparison with other siRNA treated groups, commercial drug GCV treatment was 441 

found to be median effective rate in reducing the viral DNA copies (12,200 copies/µl) with 40% 442 

of efficiency.  Only 2% of difference in DNA copies reduction percentage was encountered 443 

between dpb+dpc+ie2b and GCV treatment groups. Overall, the percentage of viral reduction 444 

was apparently moderate for double and triple combination siRNAs and interestingly, triple 445 

siRNAs combination displayed lesser inhibition rate than double combination (dpb+dpc and 446 

dpb+ie2b). On the other hand, untreated control group having high number of viral particles 447 

(20,200 copies/µl) due to the absence of any form of treatment. The information of viral DNA 448 

copies/µl and the percentage of viral DNA reduction were presented in figure 16.          449 

 450 

 451 

 452 

 453 

 454 

     455 

 456 



              457 

 458 

 459 

Figure 15: Visual representation of RCMV ALL-03 DNA copies/µl detected in all the 460 
siRNA treated and untreated groups by ddPCR. (A) Concentration (copies/µl) of individual 461 
sample replicates was shown while (B) represent the mean concentration (copies/µl) of RCMV 462 

ALL-03 DNA in merged wells for each sample type. The concentration and Poisson confidence 463 
intervals for each “merged” well were computed using the QuantaSoft Software. Error bars 464 
indicate the Poisson 95% confidence intervals for each measurement. 465 
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Table 4: Total amount of DNA copies in stock template  471 

Sample Viral DNA 

copies in ddPCR 

mixture 

Viral DNA copies 

per  µl (100 fold 

diluted) 

Total viral DNA 

copies/ µl from stock 

template   

Percentage of viral 

DNA copies reduction 

 

dpb+dpc 3.2 64 6,400 68% 

dpb+ie2b 4 80 8,000 60% 

dpc+ie2b 8.8 176 17,600 13% 

dpb+dpc+ie2b 5.9 118 11,800 42% 

gcv 6.1 122 12,200 40% 

nc siRNA 9 180 18,000 10% 

Untreated 10.1 202 20,200 0 

Uninfected 0 0 0 0 

 472 

 473 

 474 

 475 
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 477 

Figure 16: Results of RCMV ALL-03 absolute viral load quantification by droplet digital PCR. (A) The RCMV ALL-03 viral 478 
load (DNA copies/µl) in all the treatment groups (P<0.0001). (B) The percentage of RCMV ALL-03 DNA copies reduction compared 479 
to untreated control group. 480 
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Antiviral screening using CPE rate development 482 

To study the CPE rate of RCMV ALL-03 in combination siRNAs treated and non-treated 483 

groups, REF cells were transfected with 300 pmol combination siRNAs followed by viral 484 

infection, subsequently the cells were monitored for morphological changes at day 14. 485 

Cytopathic effect is a reliable method to monitor the structural changes of host cells resulted 486 

from CMV invasion and propagation. There are distinct differences between CMV infected and 487 

non-infected groups. Normal cells retain their fibroblast shape, no plaque formation and tightly 488 

stuck to the plate up to day 14 (figure 20B). In contrast, the cells infected with RCMV ALL-03 489 

exhibited evident morphological changes, starting from cell ballooning, cytoplasmic extension, 490 

shape changed to more elongated and finally forming plaque by detaching from flask. The 491 

continuation of plaque expands and achieves advanced CPE where most of the cells died and 492 

detach from the flask as shown in figure 20A. In order to assess the effectivity of combination 493 

siRNAs, all the treated cells were examined at day 14 and the rate of CPE development was 494 

recorded. As expected, all the combination siRNAs showed to protecting cells from RCMV 495 

ALL-03, however, the protection degree was differing from one and another. Out of four 496 

combinations, dpb+dpc shown to be most potent combination siRNAs where least rate of CPE 497 

was recorded (figure 17A). At day 14, 300 pmol of dpb+dpc was found to starting CPE with cell 498 

ballooning indication as showed in same figure. In comparison, negative control siRNA and 499 

virus control cells started to exhibit significant advanced CPE formation at day 14. Followed by 500 

dpb+dpc, dpb+ie2b and dpb+dpc+ie2b showed a good inhibition of CPE at day 14 (figure 17 and 501 

18). Contrary to expectations, the results did not show a constant finding in all the siRNAs where 502 

dpc+ie2b siRNAs are less effective and displayed similar rate of CPE development with negative 503 

control siRNA and virus control cells proving their incapability in providing protection for host 504 



cells against RCMV ALL-03. These findings showed that triple combination siRNAs are not 505 

effective as double combination to inhibit the CPE rate. Thus, this proves the misconception 506 

theory of conveying more siRNAs combination providing better viral inhibition rate. The 507 

difference in results may be explained by the fact that siRNAs targeting different region of 508 

genome having different rate of CPE inhibition effectiveness. Taking into consideration as 509 

positive treatment control group, commercial drug GCV exhibited better rate of CPE inhibition 510 

(figure 19) compared to other combination siRNAs but lesser efficient than dpc+ie2b siRNAs. 511 

Once again, this result may explain by the fact that different treatment have different rate of 512 

capability to target the virus and to protect the host cells, hence, it is crucial to identify the potent 513 

treatment to control the disease occurrence.     514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 



                                                     522 

                              523 

Figure 17: REF cells were transfected with dpb+dpc (A) and dpb+ie2b (B) combination siRNAs followed by RCMV ALL-03 524 
infection. The virus induces specific CPE characterized by rounding of the cells, shrinkage, ballooning and destruction and 525 

detachment of cell layers. The cells were visualized at day 14 using an inverted microscope at 10x magnification.     526 

 527 
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                        530 

 531 

Figure 18: REF cells were transfected with dpc+ie2b (A) and dpb+dpc+ie2b (B) combination siRNAs followed by RCMV 532 
ALL-03 infection. The virus induces specific CPE characterized by rounding of the cells, shrinkage, ballooning and destruction and 533 

detachment of cell layers. The cells were visualized at day 14 using an inverted microscope at 10x magnification.     534 

 535 
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                     538 

Figure 19: REF cells were transfected with GCV (A) and negative control siRNA (B) treated followed by RCMV ALL-03 539 
infection. The virus induces specific CPE characterized by rounding of the cells, shrinkage, ballooning and destruction and 540 

detachment of cell layers. The cells were visualized at day 14 using an inverted microscope at 10x magnification.     541 

 542 
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            544 

Figure 20: REF cells were transfected with untreated (A) and uninfected (B) followed by RCMV ALL-03 infection. The virus 545 
induces specific CPE characterized by rounding of the cells, shrinkage, ballooning and destruction and detachment of cell layers. The 546 

cells were visualized at day 14 using an inverted microscope at 10x magnification.     547 

 548 
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Real time gene expression analysis 551 

In order to understand more on the role of each combination siRNAs during RCMV ALL-03 552 

infection, all the four combination siRNAs targeting different regions were analyzed individually 553 

with specific primers. The mRNA expressions of each combination siRNAs target sites were 554 

measured using Taqman probe based real time PCR assay. To normalize the expression analysis, 555 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as housekeeping gene which 556 

served as internal control to quantify the mRNA expression in all the combination siRNAs 557 

treated and non-treated samples. Overall, the results revealed that each combination siRNAs 558 

showed different degree of mRNA reduction with dpb+dpc, dpb+ie2b and dpc+ie2b showed a 559 

greater reduction compared to virus control group (figure 21). SiRNA dpb+dpc found to be very 560 

effective by reducing the mRNA expression of DNA polymerase up to 79% (p<0.05), however 561 

39% for IE2 gene region. This is mainly due to the siRNAs itself where both siRNAs targeting 562 

only DNA polymerase and not IE2. Obvious differences were identified for the expressions of 563 

both IE2 and DNA polymerase for all the combination siRNAs. Fascinatingly, between the two 564 

genes, siRNAs targeting DNA polymerase found to have relatively lower mRNA expression 565 

compared to IE2. However, if compared to commercial drug GCV, the combination siRNAs 566 

were found to be less potent on inhibiting the IE2 and DNA polymerase expressions as shown in 567 

figure 21. In comparison, triple siRNAs combination showed less mRNA inhibition ability on 568 

reducing the gene expressions compared to double siRNAs combinations.  569 

Knocking down efficiency 570 

The silencing effects of siRNAs combination were further transformed to determine the 571 

percentage of knockdown efficiency as shown in table 5 and figure 22. Since the combinations 572 



are made up from different siRNAs targeting different regions, each combination were assessed 573 

for both IE2 and DNA polymerase genes knock down separately. For IE2 gene region, dpb+ie2b 574 

and dpc+ie2b combinations showed better knocking down efficiencies 63-68% compared to 575 

dpb+dpc and triple combination dpb+dpc+ie2b (33-48%) respectively. On the other hand, for 576 

DNA poly gene region, all the double siRNAs combination showed better knocking down 577 

percentage compared to IE2 region where the range percentage range were between 51-79%. The 578 

dpb+dpc combination targeting DNA polymerase alone showed best level of knocking down 579 

among siRNAs followed by dpc+ie2b and dpb+ie2b. This clearly shows that the designed 580 

siRNAs were found to working best on inhibiting DNA polymerase mRNA expression compared 581 

to IE2. Noticeably, triple combinations having 2 DNA poly siRNAs and one IE2 siRNA 582 

(dpb+dpc+ie2b) possess lesser potent on reducing the mRNA expression thus having a moderate 583 

knocking down efficiency compared to double siRNAs combination. Similar findings were also 584 

observed for viral quantification as well CPE rate observation. Therefore, these findings have 585 

proven again that more siRNAs in a combination not necessarily possess better knocking down 586 

efficiencies of a certain gene. Besides that, GCV still considered as better option in knocking 587 

down the both DNA polymerase and IE2 gene regions compared to rest of the siRNAs 588 

combination (table 5). Another important finding was the knockdown efficiency of negative 589 

control siRNA. It was found to be zero percent of knocking down efficiency which are similar 590 

with virus control group, thus proving its nature as non-target control, which do not carry any 591 

impact on virus and host cells. In conclusion, each combinations siRNA hold different degree of 592 

gene knock down efficiency with dpb+dpc found to be high potent to knock down DNA 593 

polymerase gene while dpb+ie2b for IE2 gene.  594 

 595 



Table 5: Percentage knockdown of IE2 and DNA polymerase gene expression. All the 596 
experiments were conducted twice independently in triplicates were presented as results ± SEM. 597 
The results were calculated using delta delta Ct method and normalized to housekeeping gene, 598 

GAPDH mRNA. (A) IE2 and (B) DNA polymerase. 599 

A 600 

Treatment Ct expression      Ct Expression % Knock Down 

dpb+dpc 0.094 ± 0.014 0.660 ± 0.104 33.90 

dpb+ie2b 0.045 ± 0.001 0.318 ± 0.008 68.12 

dpc+ie2b 0.051 ± 0.006 0.363 ± 0.046 63.67 

dpb+dpc+ie2b 0.073 ± 0.008 0.518 ± 0.058 48.16 

GCV 0.038 ± 0.001 0.270± 0.006 72.95 

nc sirna 0.107 ± 0.014 1 ± 0.100 0 

Virus control 0.142 ± 0.074 1 ± 0.518 0 

 601 

B 602 

Treatment Ct expression      Ct Expression % Knock Down 

dpb+dpc 0.029 ± 0.005 0.208 ± 0.041 79.11 

dpb+ie2b 0.069 ± 0.013 0.485 ± 0.097 51.46 

dpc+ie2b 0.044 ± 0.011 0.315 ± 0.078 68.41 

dpb+dpc+ie2b 0.073 ± 0.014 0.518 ± 0.103 48.14 

GCV 0.038 ± 0.001 0.270 ± 0.006 72.95 

nc sirna 0.107 ± 0.014 1 ± 0.100 0 

Virus control 0.142 ± 0.074 1 ± 0.518 0 



 603 

Figure 21: Quantification of mRNA expression levels of different treatment groups. The data shown are representative of  three 604 

independent experiments at p<0.05.  605 
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 608 

 609 

Figure 22: The percentage of knockdown efficiency among siRNA treated and non-treated groups.   610 
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Sequence identity for resistance of RCMV ALL-03 to siRNA combination treatment 611 

It is common for viruses to develop resistance against treatment that subjected continuously over 612 

a certain period of time. To investigate the tendency to develop resistance via mutation by 613 

combination siRNAs treated RCMV ALL-0 were harvested. Then, the extracellular progeny 614 

virus was infected repeatedly up to 5 times on combination siRNAs treated REF cells. The final 615 

progeny virus was harvested and subjected for DNA extraction. The entire extracted DNA were 616 

sequenced by Sanger sequencer platform to identify any possible mutation occurrence and 617 

compared with stock RCMV ALL-03 solution using Clustal Omega online software system. For 618 

every combination siRNAs treatment, every region involved by the particular individual siRNA 619 

was sequenced to obtain all the possible occurrence of mutation. Remarkably, no any mutation 620 

was observed for all the siRNAs treated regions thus, proving the ability of designed siRNAs to 621 

not developing or delayed the development of siRNAs resistance by RCMV ALL-03. Currently, 622 

5 passages of siRNA treated RCMV ALL-03 were sequenced and more passages needed to be 623 

sequenced in future to identify any possible mutations. Since RCMV ALL-03 is double stranded 624 

DNA virus, it was expected that the rate of mutation occurrence is extremely lower than RNA 625 

viruses which having higher rate of mutation incidence. This statement was supported by 626 

findings of this study where siRNAs treated RCMV ALL-03 having 100% sequence homology 627 

with stock of virus (progeny virus without siRNAs treated) proving the lower rate of mutation 628 

existence. The detailed information of aligned sequences for each siRNA treated regions 629 

compared with stock viruses were portrayed in figure 23 – 26.               630 

 631 

 632 



dpb 633 

 634 

dpc 635 

 636 

Figure 23: Alignment of DNA sequences from dpb+dpc siRNAs treated group with stock 637 
virus for mutation identification. The siRNAs treated RCMV ALL-03 DNA was extracted and 638 

subjected for Sanger sequencing. The obtained results were aligned using online clustal omega 639 

software. The synthesized siRNA sequences was highlighted in blue.   640 
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 650 

Figure 24: Alignment of DNA sequences from dpb+ie2b siRNAs treated group with stock 651 
virus for mutation identification. The siRNAs treated RCMV ALL-03 DNA was extracted and 652 

subjected for Sanger sequencing. The obtained results were aligned using online clustal omega 653 

software. The synthesized siRNA sequences was highlighted in blue.   654 
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 664 

Figure 25: Alignment of DNA sequences from dpc+ie2b siRNAs treated group with stock 665 
virus for mutation identification. The siRNAs treated RCMV ALL-03 DNA was extracted and 666 

subjected for Sanger sequencing. The obtained results were aligned using online clustal omega 667 

software. The synthesized siRNA sequences was highlighted in blue.   668 
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 680 

Figure 26: Alignment of DNA sequences from dpb+dpc+ie2b siRNAs treated group with 681 
stock virus for mutation identification. The siRNAs treated RCMV ALL-03 DNA was 682 
extracted and subjected for Sanger sequencing. The obtained results were aligned using online 683 

clustal omega software. The synthesized siRNA sequences was highlighted in blue.   684 

 685 

 686 



Discussion 687 

While no approved vaccine or effective therapeutic treatment for CMV, great efforts on research 688 

are being made to treat the virus infection by different strategies (38-40). The effort of making 689 

suitable vaccine for CMV started on early 2000 as reported by current National Academy of 690 

Medicine United States on the publication of a vaccine priority document (41). Fascinatingly, 691 

CMV was given highest priority on the list and many strategies were implied to develop a 692 

suitable one by many biotechnology companies (42, 43). Unfortunately, effective vaccines are 693 

still lacking and haven’t approved any by FDA. During the search of effective treatment for 694 

CMV, idea of controlling the disease by means of inhibiting virus replication and gene 695 

expression by combinations of two and more siRNAs had been explored in this study. 696 

Combination therapies have been tested before targeting other viral infections such as influenza, 697 

coronavirus, respiratory syncytial virus, hepatitis B&C, vaccinia virus (25, 27, 44-47). It was 698 

hypothesized that targeting two different genes simultaneously could silence the expression of 699 

crucial viral genes thus; act as an antiviral therapy against CMV. There are many reasons to pick 700 

siRNA as a choice of potential treatment against CMV. First, they are easy to design and cheap 701 

to be produced (48). Next, they are highly specific which can target almost any viral or cellular 702 

gene, and their stability can be increased by lyophilization (49). An additional advantage was 703 

they can be delivered in combinations with many siRNAs or with other drugs targeting distinct 704 

regions in the same or different genes (47). Undoubtedly, the mode of treatment action can be 705 

expanded by limiting the emergence of treatment resistance candidates (27). Therefore, all these 706 

factors fueling up siRNA research and their successive clinical trials had increased remarkably in 707 

recent years (50-52).  708 



Most of the treatments works fine on early stages found to be ineffective over certain period of 709 

time. This is due to the capability of viruses to develop resistance in order to escape the attack 710 

from antiviral therapies (53). To resolve this, combination of siRNAs targeting similar or 711 

different gene region became popular approach of gene therapy. In detail, they could cleave 712 

multiple sites of mRNA which are troublesome for the target to get repaired. Silencing different 713 

crucial gene regions at a same time was expected to prevent the emergence of resistant viruses by 714 

lowering the possibilities of multiple mutation occurrences (12). The effects of siRNAs could be 715 

enhanced by producing combinations pattern which can open a new window on gene 716 

therapeutics field.  Therefore, the primary aim of this study is to investigate the suitability of 717 

combination of siRNAs acting as anti-CMV therapy in a proof of concept study. Although 718 

siRNA possess many advantages, unfortunately, the issue of siRNA’s off target effects still 719 

remain to be addressed and to deal with. Cytotoxicity assay was performed to rule out any 720 

combinations that having detrimental effects on the REF cell viability. This is because 721 

introducing foreign particles could elevate the level of cytotoxicity of cells which may end up in 722 

cell death. Unhealthy or dead cells are not able to sustain the virus production thus, can affects 723 

the results of siRNA effectivity (32). Therefore, before the commencement of combinations 724 

siRNA effectivity assay, the cytotoxicity levels of the combinations were determined. The results 725 

displayed that these combinations siRNA except dpb+dpc+ie2b do not seem to induce a 726 

significant cytotoxicity level (p<0.05) even at high concentration (300 pmol) in different time 727 

points. However, the cell viability for all the siRNAs was found to be constantly decreasing 728 

slightly over time. Two siRNA combinations (dpb+dpc, dpb+ie2b and dpc+ie2b) with each 150 729 

pmol were found to be safe where cell viability was more than 70% at 72 hours at high 730 

concentration (final 300 pmol). As expected, lower concentration starts from 25 pmol (each 12.5 731 



pmol) to 3 pmol (each 1.5 pmol) was observed to have more than 90% of cell viability at 24, 48 732 

and 72 hours. However, quite high yet tolerable cytotoxicity level of three siRNA combination 733 

(dpb+dpc+ie2b) with each 100 pmol was encountered with cell viability of 50% at 300 pmol. 734 

Since 50% of cytotoxicity level is within the tolerable range, the three-siRNA combination 735 

(dpb+dpc+ie2b) was included in the subsequent siRNA experiments.  736 

In the present study, combination of siRNAs targeting IE2 and DNA poly gene regions were 737 

proven to suppressing the viral gene expression and inhibiting the replication of virus. The four 738 

combinations of siRNA targeting same or different target regions of RCMV ALL-03 displayed 739 

effective inhibition of viral replication compared to scrambled siRNA, negative control non-740 

targeting siRNA sample. Compared to GCV, a positive control of treatment group, combinations 741 

of duplex siRNAs : dpb+dpc, dpb+ie2b and dpc+ie2b showed better viral inhibition on day 10 742 

and 18. However, combination of triple siRNAs: dpb+dpc+ie2b displayed lesser effective on 743 

controlling the viral replication compared to other group of treatments. The obtained results are 744 

in agreement with the relative quantification of gene expression by qPCR and also the rate of 745 

CPE formation.   746 

 747 

Droplet digital PCR was employed to quantify the virus particles present in the treatment groups. 748 

Although it has the same role as real-time PCR, but this novel technology is a splendid 749 

adaptation of the current PCR being more convenient to be used as it is highly precise and 750 

sensitive, hence making results more reliable and easier to reproduce (54, 55). More importantly, 751 

standard curve is not needed, and the results are interpreted directly by quantifying the droplets 752 

having the viral DNA particles. The quantification results revealed that least number of virus 753 



particles was observed for dpb+dpc treatment group followed by dpb+dpc, and dpb+dpc+ie2b, 754 

however, higher number was observed for dpc+ie2 treatment group. About 60% of viral DNA 755 

copies reduction was observed for dpb+dpc and dpb+ie2b while 42% for dpb+dpc+ie2b 756 

treatment group. Sadly, only 13% of viral DNA copies were reduced for dpc+ie2b presenting the 757 

least effective treatment group. From the detailed analysis, combination of siRNAs having dpb 758 

siRNA was found to perform better on virus inhibition rate compared to dpc and ie2b. The 759 

obtained results were proving the capability of dpb siRNA on inhibiting viral replication, which 760 

established as best siRNA candidate compared to others on individual assessment section 761 

previously. Except dpc+ie2b, other combination of siRNAs portrayed better inhibition on RCMV 762 

ALL-03 DNA compared to commercial drug GCV, which served as a positive control for 763 

treatment group. Thus, this justifies the need of alternate gene therapy treatment to control the 764 

CMV disease more effectively.  765 

Apoptosis analysis revealed that combination siRNAs treated group shows a good number of 766 

early apoptosis compared to late apoptosis and necrosis cells of untreated control group. Out of 767 

four combinations of siRNAs, dpb+dpc have significant number of viable and early apoptotic 768 

cells compared to late apoptotic cells. Targeting DNA polymerase, dpb+dpc combination has 769 

successfully inhibiting the virus replication, thus blocking its capacity to suppress the apoptosis 770 

pathway. On the other hand, the other three combination siRNAs groups have similar pattern of 771 

results where most of the cells are accumulated on early apoptotic cells. No cells were identified 772 

on necrotic phase. As expected, majority of cells were observed under late apoptotic phase for 773 

negative control siRNA and untreated groups. Therefore, the combinations treatment proving the 774 

effectivity to suppresses the growth of RCMV ALL-03 which indirectly suppresses the apoptosis 775 



blocking pathway (56, 57). Probably, combination siRNAs have good synergetic effect on 776 

maintaining the health of host cells.  777 

Few observations were noticed where combination of siRNAs containing ie2b showed reduce 778 

level of IE2 gene expression compared to DNA poly. On the other hand, siRNAs containing dpb 779 

and dpc have better mRNA reduction level of DNA poly gene expression compared to IE2. For 780 

instance, dpb+dpc have high knockdown efficiency on DNA poly gene (79%) compared to IE2 781 

(33%) since both candidates are targeting the same gene region. Our combination of siRNAs 782 

treatment are in agreement with the findings of individual siRNA where siRNAs targeting DNA 783 

poly gene region showed good reduction of mRNA level especially dpb and dpc siRNAs. Next, 784 

combination of triple siRNAs: dpb+dpc+ie2b showed much lower mRNA level (46-48%) 785 

reduction for both IE2 and DNA poly regions. This clearly showed that duplex siRNA 786 

combinations portrayed better inhibition rate of gene expression compared to triple siRNAs 787 

combination. The concept of more siRNAs targeting different regions could effectively inhibit 788 

virus replication and gene expression seems to be unworkable in our experiments targeting 789 

RCMV ALL-03.  790 

Replication of virus in cell culture can be identified from distinctive morphologic changes of 791 

REF cell line designated as cytopathic effect also known as CPE (32). Cytopathic action is 792 

commonly giving us a clue whether the infectivity of virus is related to synthesis of infectious or 793 

noninfectious of virus particles. Thus, this can be a preliminary indicator for the RCMV ALL-03 794 

identification purpose. The CPE analysis was carried out on day 14 pi. This is because 795 

approximately, it takes 8 to 10 days for CPE to starts and 90% CPE can be observed by day 14, 796 

as an agreement with CMV cell culture observation Loh et al. (2003). Lesser CPE rate was 797 

observed for dpb+dpc siRNAs treated group. The cells were started to enlarge, called as 798 



ballooning, which are very much better than the CPE conditions of GCV, negative control and 799 

untreated groups. Next, dpb+ie2b and dpc+ie2b combinations were displayed similar pattern of 800 

CPE with GCV control group, where plaques can be seen clearly due to the de-attachment of the 801 

REF cells caused by RCMV ALL-03 growth progression. Nevertheless, dpb+dpc+ie2b 802 

combinations showed to be less prominent to inhibit viral CPE rate where majority of the cells 803 

were infected, and the plaques are expanding bigger. Surprisingly, the CPE rate was about 804 

similar with untreated control group.  805 

Achieving an effective antiviral therapy is much depended on low probability of drug resistance 806 

mutant development by an organism (58). To identify the effects of custom designed 807 

combination of siRNAs effects on RCMV ALL-3 genome, the targeted region was sequenced 808 

and compared with stock virus. Remarkably, at 5 round of multiple siRNAs treatment, no any 809 

significant mutation was observed compared to original stock. This experiment does convey an 810 

important message regarding the importance of siRNA design approach. Specific siRNAs 811 

targeting highly conserved regions are capable to prevent or reduce the occurrence of mutant 812 

which can turn off the inhibitory effect of introduced siRNAs. Besides that, RCMV ALL-03 813 

replication have been reduced by combination siRNAs treatment which indirectly limiting the 814 

likelihood of mutation occurrence by inhibiting the growth of virus population carrying the 815 

mutated gene for infection. In addition, CMV is double stranded DNA virus where the rate of 816 

mutation occurrence is low compared to other RNA viruses. Therefore, future studies on 817 

mutation identification need to be carried out at higher multiple round of siRNAs treatment. 818 

In terms of performance, combination siRNAs containing IE2b especially dpb+ie2b and 819 

dpc+ie2b combinations displayed less efficient than dpb+dpc on inhibiting RCMV ALL-03 820 

replication and gene expression. IE is the first ever gene to be transcribed after CMV infection. 821 



The IE products generated by differential splicing subsequently, will transactivate early genes. 822 

Initially, it was expected that silencing IE gene region particularly IE2 could stop the activation 823 

of other genes. Unfortunately, different scenario was observed where minimal expression of IE 824 

may adequate to turn on other genes, hence, progressing towards viral replication. This statement 825 

was supported by qPCR where high percentage of IE2 knockdown siRNAs yet expressing DNA 826 

polymerase and producing viral progeny.    827 

Overall, according to the results obtained, combination of siRNAs found to possess antiviral 828 

activity against RCMV ALL-03, however, less impressive compared to highly efficient 829 

individual siRNAs when applied at same total concentration at 300 pmol. Unfortunately, the 830 

synergistic effects of combination siRNAs could not compete with the effectiveness of individual 831 

siRNAs from all the gathered results of virus titration, virus particles quantification, mRNA level 832 

investigation, CPE rate analysis and status of cell viabilities. The exact answer for the obtained 833 

results are unclear however, there are few reasons to explain the situation. First, there are higher 834 

chances for the siRNAs to compete each other for the association with RISC protein, which 835 

might have negative effects on each other’s synergistic activity (59). Second, the proportion of 836 

each siRNA to get delivered into the cells is yet unclear even though the siRNAs were mixed at 837 

equal concentration. May one can get transported into the cells more often compared to other 838 

which could lead for the failure of synergistic effects. Next, the properties of siRNAs are varying 839 

among one another due to the different sequence composition, GC content, stability and affinity 840 

to bind the RISC protein (60). More successful binding can direct the RISC to target so that more 841 

frequent cleavage to occur at particular target. On the other hand, least successful siRNAs 842 

binding to RISC would have lesser cleavage frequency in turn having lesser effectiveness. Thus, 843 



the individual characteristics of siRNA could be superior to another which the stronger siRNA 844 

have more silencing effects compared to weaker one (61).   845 

Some studies have tried combination siRNAs for the purpose of silencing viral gene target and 846 

cellular host factor which support the virus replication. For example, another study has been 847 

conducted and proved that HCV replication was inhibited pronouncedly by introducing siRNAs 848 

which are targeting RNA dependent RNA polymerase viral gene as well La autoantigen of 849 

cellular factor (25). Therefore, similar perspective of experiment can be conducted for RCMV 850 

ALL-03 in future to maximize the efficiency of combination siRNAs on inhibiting the virus 851 

replication and gene expression. However, one needs to be more careful on choosing the cellular 852 

factor where the effects of silencing don’t bring any detrimental harm for the host. (62). Taken 853 

all these together, combinations siRNAs application found to be beneficial in inhibiting the virus 854 

replication and more research need to be conducted to enhance the efficiency. Despite human 855 

viruses, this system can be utilized for animal viruses which having an unbearable impact on 856 

poultry industries due to virus infections (61, 63). Apart from that, this combinatorial siRNAs 857 

approach could replace as an alternate treatment especially for plant-based vaccines which 858 

encountering difficulties during production (64).     859 

Conclusion 860 

This is the first study initiated to investigate the effectiveness of siRNA combinations to inhibit 861 

Malaysian isolate CMV. The combinations were formulated based on the individual performance 862 

on inhibiting RCMV ALL-03. The results markedly inhibited by viral genomic DNA, gene 863 

expression and CMV replication in vitro, however, the findings are varying according to the 864 

combinations. The siRNA combinations containing dpb siRNA showed better rate of viral 865 



inhibition, as similar with the individual characteristics. Overall, combinations having two 866 

siRNAs showed promising results that the triple siRNA combination. Interestingly, no any 867 

mutation occurrence was encountered among the treated groups thus highlighting its feasibility 868 

to be used as treatment option in future. 869 
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