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Background: We have previously shown that the HIV 
protease inhibitor lopinavir has selective toxicity against 
human papillomavirus (HPV)-positive cervical carcinoma 
cells via an unknown mechanism.
Methods: SiHa cervical carcinoma cells were stably 
transfected with the proteasome sensor vector pZsPro-
Sensor-1 to confirm lopinavir inhibits the proteasome 
in these cells. The Panorama Xpress profiler 725 anti-
body array was then used to analyse specific changes 
in protein expression in lopinavir-treated versus control 
untreated SiHa cells followed by PCR and western blot-
ting. Colorimetric growth assays of lopinavir-treated 
E6/E7 immortalised versus control human keratino-
cytes were performed. Targeted small interfering RNA 
gene silencing followed by growth assay comparison of 
lopinavir- treated/untreated SiHa cells was also used.
Results: Lopinavir induced an increase in the fluorescence 
of pZsProSensor-1 transfected SiHa cells, indicative of 

proteasomal inhibition. Ribonuclease L (RNASEL) protein 
was shown to be up-regulated in lopinavir-treated SiHa 
cells, which was confirmed by PCR and western blot. Tar-
geted silencing of RNASEL reduced the sensitivity of SiHa 
cells to lopinavir. Selective toxicity against E6/E7 immor-
talised keratinocytes versus control cells was also seen 
with lopinavir and was associated with up-regulated 
RNASEL expression.
Conclusions: These data are consistent with the toxicity 
of lopinavir against HPV-positive cervical carcinoma cells 
being related to its ability to block viral proteasome acti-
vation and induce an up-regulation of the antiviral protein 
RNASEL. This is supported by the drug’s selective toxic-
ity and up-regulation of RNASEL in E6/E7 immortalised 
keratinocytes combined with the increased resistance to 
lopinavir observed in SiHa cells following silencing of 
RNASEL gene expression.

Human papillomavirus (HPV) has been unequivocally 
implicated as a causative agent in the development of 
cervical cancer [1,2] with >490,000 women worldwide 
diagnosed every year and >273,000 deaths per annum. 
Although there are over 100 subtypes of HPV, 70% of 
cervical cancer cases are attributed to infection with 
just two high-risk types, 16 and 18 [3,4].

There are currently large differences in the incidence 
of this disease between developed and developing coun-
tries, mainly due to the implementation of effective 
screening strategies in the former [5]. For example, in 
the UK, cervical cancer now rates as the 11th most com-
mon women’s malignancy, whereas in Africa it remains 

the most prevalent. Lack of screening is not the only 
contributory factor here, as many African nations also 
carry the additional burden of HIV infection, which is 
known to predispose to HPV-related cervical neopla-
sia [6]. Whilst surgery remains the current treatment of 
choice for HPV-related pre-cancerous lesions, this is not 
generally advocated for low-grade disease for which a 
‘wait and see’ approach is usually adopted. Unfortu-
nately for HIV-positive women, surgery is far less effec-
tive and recurrence rates of cervical cancer are much 
higher in these women than those with a negative HIV 
status [7]. Surgical intervention for cervical cancer in 
HIV-positive women can also lead to a massive post-
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operative increase in vaginal fluid HIV titre, thereby 
greatly increasing the chances of sexual transmission of 
the virus [8,9].

The production of an HPV vaccine has prompted 
many developed countries to implement anti-HPV vac-
cination programmes which aim to target females prior 
to their first sexual exposure [10]. However, this will 
still leave large numbers of already infected women at 
risk, in addition to those infected with high-risk types 
of HPV not covered by the current vaccines. In devel-
oping areas like Africa the cost of such a vaccination 
programme, even with subsidies, is likely to be prohibi-
tively expensive. Furthermore, there is also evidence to 
indicate that vaccination will be less effective in HIV-
positive women [11,12].

For the foreseeable future it is clear that development 
of a non-surgical, preferably self-applied, treatment for 
HPV-related cervical dysplasia would be extremely val-
uable. This would have particular impact and benefit 
in low-resource settings where high levels of HIV infec-
tion can aggravate this condition.

We previously investigated the ability of HIV protease 
inhibitors to combat HPV infection and demonstrated 
that the antiretroviral drug lopinavir could stabilise 
the p53 protein and induce apoptosis of HPV-positive 
cervical carcinoma cells in vitro, albeit at higher doses 
than those achieved by oral administration [13]. These 
data indicated that lopinavir could potentially be used 
topically as an anti-HPV therapeutic. Prior to a clinical 
trial to test this new indication, we set out to further 
characterise how lopinavir works against HPV. In this 
regard we have used Fourier Transformation Infra Red 
spectroscopy to analyse the metabolic changes occur-
ring in lopinavir-treated cervical carcinoma cells [14] 
and direct Raman spectroscopic imaging to identify the 
site of action of the drug in cells [15]. We now provide 
evidence to further support our initial observations and 
present data on the specific molecular mechanisms by 
which lopinavir works against HPV.

Methods

Cell culture
HPV16-positive SiHa and CaSki cells derived from 
cervical carcinoma were obtained from the American 
Type Culture Collection (Manassas, VA, USA) and 
were cultured at 37°C in a humidified atmosphere 
containing 5% CO2 in RPMI-1640 medium (Invit-
rogen, Paisley, UK) supplemented with 10% fetal 
bovine serum (Sigma–Aldrich, Dorset, UK) and 2 mM 
L-glutamine (Sigma–Aldrich). Primary human fore-
skin keratinocytes (PHFKs) immortalised by retrovi-
rally transducing with HPV16 E6 and E7 genes were 
grown in serum-free keratinocyte medium as recently 
described [16].

Protease inhibitor
Lopinavir was provided as a kind gift by Abbott Lab-
oratories (Abbott Park, IL, USA). A 20 mM working 
stock solution of lopinavir was prepared in DMSO 
(Sigma–Aldrich).

Derivation and use of pZsProSensor-1 transfected 
SiHa cells
The pZsProSensor-1 proteasome sensor vector (Clontech, 
Mountain View, CA, USA) was used to assess the ability 
of lopinavir to induce proteasomal inhibition and thus 
alter cellular protein levels. Linearised vector was used 
to stably transfect SiHa cells using Lipofectamine-2000 
according to the manufacturer’s recommendations (Inv-
itrogen). Successfully transfected cells were selected using 
G-418-sulphate (Geneticin; Invitrogen).

pZsProSensor-1 transfected SiHa cells were seeded 
in duplicate wells of an eight-well slide flask (BD Bio-
sciences, Bedford, UK). At 70% confluency, the growth 
medium was aspirated and replaced with growth 
medium supplemented with the non-specific protea-
some inhibitor MG-132 as a positive control (Merck 
[Calbiochem], Nottingham, UK) at a final concentra-
tion of 10 µM for 4 h or lopinavir at a final concentra-
tion of 25 µM for 6 h. DMSO-treated control cells were 
also included. Following the incubation, cells were fixed 
in 2% paraformaldehyde and counter stained for 10 
min using Hoechst nuclear stain at 0.5 µg/ml (Sigma–
Aldrich). Expression of the green fluorescence reef coral 
protein (GFP) was detected through a standard FITC 
filter using an Olympus widefield microscope (Olym-
pus, Southend-on-Sea, UK). Images were acquired using 
the Metavue software package (Metavue, Downington, 
PA, USA).

Analysis of changes in protein expression using 
antibody microarrays
The Panorama XPRESS Profiler-725 antibody micro-
array was used according to the manufacturer’s instruc-
tions (Sigma–Aldrich; Additional file 1). In brief, HPV-
positive SiHa cells were grown to 80% confluency 
before being treated for 6 h with either 25 µM lopinavir 
or DMSO control. Cells were harvested and total pro-
tein extracts from lopinavir and control DMSO-treated 
SiHa cells were fluorescently labelled with Cy3 fluoro-
phore. The levels of expressed proteins were compared 
by immunoprobing duplicate antibody microarrays and 
scanning with a Perkin Elmer  ProScanArray fluorescent 
scanner (PerkinElmer, Waltham, MA, USA). Although 
Affymetrix full expression profile microarrays require 
multiple-comparison statistical analysis, the Panorama 
XPRESS Profiler-725 antibody microarray compares 
protein expression levels using duplicate antibody 
spots, combined with a variety of antibodies against 
house keeping protein for signal normalisation. The 
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accompanying PerkinElmer ProScanArray fluorescent 
scanner software was used to convert scan intensities 
into numerical values and treated versus control cell 
values plotted for each protein. This analysis produces 
a ratio rendering the data quantitative. More traditional 
protein quantitation techniques, such as western blot-
ting were used to validate antibody array results.

RT-PCR
All reverse transcription (RT)-PCR work was carried 
out using an Applied Biosystems GeneAmp PCR System 
2700 (Applied Biosystems, Carlsbad, CA, USA). The 
‘Cells-to-cDNA™ II Kit’ (Invitrogen) was used accord-
ing to the manufacturer’s recommendations to synthesise 
complementary DNA (cDNA) from SiHa cells treated 
with either lopinavir (6 h at 25 µM) or DMSO control 
as previously described [13]. PCR was carried out in a 20 
µl reaction volume containing 10 µl Biomix red (Bioline, 
London, UK), 0.5 µl each of ribonuclease L (RNASEL) 
forward primer (5′-AGC-AGA-CTC-TGG-AAG-CGT-
GTT-T-3′) and reverse primer (5′-TGC-CAG-GTG-
AGC-AGC-TTT-CTT-A-3′), and 2 µl cDNA sample. 
Cycle parameters were as follows: denaturing at 94°C 
for 5 min, followed by amplification for 32 cycles with 
denaturing at 94°C for 25 s, annealing at 53–57°C for 
25 s, extension at 72°C for 25 s for 33 cycles followed 
by a final extension period of 3 min at 72°C. HPV16 E6 
forward (5′-AAT-GTT-TCA-GGA-CCC-ACA-GG-3′) 
and reverse (5′-CAT-ACA-GCA-TAT-GGA-TT-CC-
C-3′) test primers were used and GAPDH control PCR 
was carried out using the forward primer (5′- CAT-
TGA-CCT-CAA-CTA-CAT-GGT-3′) and reverse primer 
(5′-TCG-CTC-GTG-GAA-GAT-GGT-GAT-3′).

Western blotting and antibodies used
Protein lysates were prepared from duplicate flasks 
treated with either lopinavir or DMSO control. Briefly, 
the growth medium was aspirated, and cells were 
washed with 1× phosphate-buffered saline (PBS) and 
detached from the culture flask using pre-warmed 
trypsin/EDTA (0.25%; Invitrogen) with incubation at 
37°C/5% CO2. Trypsin was then neutralised by addi-
tion of 10 ml complete RPMI-1640 medium containing 
fetal bovine serum. A cell count was carried out and 
5×105 cells were pelleted by centrifugation at 295 × g. 
Total protein from 5×105 cells, was lysed with 2× Lae-
mmli sample buffer, and separated by 12% SDS PAGE 
for 2 h. Following this, proteins were transferred onto 
Hybond C Extra nitrocellulose membranes (Amersham 
Biosciences, Buckinghamshire, UK) using a semi-dry 
blotter (Whatman Biometra, Goettingen, Germany). 
Immunoprobing was carried out as described previ-
ously [13], with the following primary antibodies, both 
supplied by Abcam (Cambridge, UK), polyclonal rabbit 
anti-RNASEL (ab32307) 1:500 in 1×PBS overnight at 

+4°C and mouse monoclonal anti-GAPDH (ab9484), 
1:1,500 in 1×PBS, 1.5 h at room temperature. This was 
followed by washing and incubation with appropriate 
horse radish peroxidase-conjugated secondary antibod-
ies at 1:2,000 in 5% milk powder in PBS for 2 h at 
room temperature. Swine anti-rabbit and rabbit anti-
mouse horse radish peroxidase conjugated secondary 
antibodies were obtained from Dako, Cambridge, UK. 
Proteins were visualised using ECL and exposure to 
hyperfilm (Amersham Biosciences).

Analysis of growth and RNASEL expression in lopinavir-
treated E6/E7 immortalised and control PHFKs
Stable E6/E7 immortalised PHFKs were treated with 
lopinavir at concentrations between 5 µM and 40 µM 
and cell growth assessed at 72 h by means of the 
CellTitre 96® AQueous One Solution Cell Proliferation 
Assay (AQ-96 assay; Promega, Southampton, UK). 
RNASEL protein levels were determined in lopinavir-
treated E6/E7 immortalised PHFKs by western blot-
ting as described.

siRNA silencing of RNASEL expression
Four different RNASEL-specific siRNA oligonuce-
otides (siRNA 1-4) plus AllStars and MAPK control 
oligonucleotides with no significant off-target homol-
ogy were designed and obtained from Qiagen (Flex-
itube siRNA system; West Sussex, UK; siRNA-1, 
5′-CCA-GAC-TAC-ACT-AGT-CCA-TAA-3′; siRNA-2, 
5′-CAA-GTG-GAC-GAC-TAA-GAT-TAA-3′; siR-
NA-3, 5′-CAG GAA-GTC-AAG-AGA-GAT-CTA-3′; 
siRNA-4, 5′-CCC-TAT-GAT-TGG-CAA-ACT-CAA-3′). 
These were transiently transfected into SiHa cells using 
Lipofectamine-2000 reagent according to the manufac-
turer’s instructions (Invitrogen). RNASEL down-regu-
lation was assessed by western blot 24 h post-transfec-
tion following 6 h of treatment with 25 µM lopinavir. 
SiHa cells were seeded in 96-well plates and trans-
fected with siRNA-1 or the AllStars negative control 
as described above. Twenty four h post-transfection the 
growth medium was aspirated and replaced with fresh 
medium and initial cell viability determined by means 
of the AQ-96 assay. Growth medium in the remaining 
wells was supplemented with lopinavir to final concen-
trations of 20 µM, 25 µM, 30 µM or DMSO control. 
AQ-96 assay was then used to assess cell viability at 
each lopinavir concentration at 24, 48 and 72 h. Every 
data point was the result of three separate assays from 
three separately transfected wells.

Results

Lopinavir inhibits proteasome activity
Our previous studies have shown that lopinavir-treated 
cervical cancer cell culture lysates have decreased 
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proteasome activity [13]. In order to verify this finding 
in vivo the SiHa HPV-positive cervical cancer cell line 
was stably transfected with the pZsProSensor-1 vector. 
This allows real-time monitoring of the proteasome in 
living cells, whereby addition of proteasome-inhibiting 
drugs results in accumulation of the fluorescent rapidly 
degraded proteasome target ZS-Green(GFP)/murine orni-
thine decarboxylase fusion protein encoded by the vector. 
The pZsProSensor-1 transfected SiHa cells were treated 
with lopinavir, the known proteasome inhibitor MG132 
or a DMSO control. Lopinavir and MG132 produced a 
marked increase in detectable GFP levels when compared 
to DMSO-treated cells (Figure 1), demonstrating that, in 
a similar fashion to MG132, lopinavir has the ability to 
inhibit proteasomal activity. As the proteasome is a major 
cellular mechanism for regulating the concentration of a 
wide range of proteins, it follows that treatment of SiHa 
cells with lopinavir will result in changes in the cellular 
protein expression profile. Antibody microarray screen-
ing was therefore utilised in order to assess the extent of 
these changes on a number of proteins.

Lopinavir induces specific changes in protein 
expression in SiHa cells
Of the 725 proteins on the antibody array representing 
a wide range of biological pathways, 38 showed altered 
expression levels after lopinavir treatment (Table 1). 
Only three showed a reduction in levels whilst the 
remaining proteins all showed a drug-induced increase. 
A detailed discussion of the potential significance of 
all of these changes is beyond the scope of this com-
munication. However, for information, we have tabu-
lated the main functions currently ascribed to these 
proteins based on published literature searches. Signifi-
cantly, several classical apoptosis-related proteins were 

up-regulated such as annexin 5, tumour necrosis factor, 
active caspase 3, Tp63 and Tp53. This finding was rel-
evant as it substantiated our previous work where we 
demonstrated apoptotic cell death in HPV-positive SiHa 
cells following lopinavir treatment. Of particular inter-
est, however, was the upregulation of the interferon-in-
duced RNASEL since it had previously been reported to 
have antiviral activity [17,18]. Figure 2A highlights the 
differential RNASEL antibody array protein signal we 
obtained from lopinavir versus control DMSO-treated 
SiHa cells. This was confirmed by immuno-probing a 
western blot of proteins isolated from these cells where 
a significant up-regulation of RNASEL was observed 
(Figure 2B). Since RT-PCR demonstrated no obvi-
ous difference in the RNASEL messenger RNA levels 
between replicate DMSO-treated control and lopinavir-
treated SiHa cells (Figure 2C) these data support the 
hypothesis that lopinavir inhibits proteasomal degrada-
tion of the RNASEL protein and this was prioritised for 
further study.

Lopinavir induces both dose- and time-dependent 
changes in RNASEL protein levels in SiHa cells but has 
no effect on CaSki cells
To further investigate the association between lopinavir 
treatment of SiHa cells and variations in RNASEL pro-
tein levels, both dose- and time-dependent effects were 
assessed. Lopinavir produced a clear dose-dependent 
increase in RNASEL levels over a range of concentra-
tions tested (Figure 3A). This was repeated on a sec-
ond HPV-positive cervical carcinoma cell line, CaSki, 
which we had previously reported as refractory to 
lopinavir treatment [13]. No evidence of RNASEL up-
regulation was observed in CaSki cells, which is inter-
esting in light of the fact that they express much higher 

No protease inhibition 10 µM MG-132/4 h 25 µM Lopinavir/6 h

Figure 1. Lopinavir inhibits the proteasome in SiHa cells

Fluorescent microscopy analysis of stable transfected SiHa cells expressing the proteasome sensor vector pZsProSensor-1. Cells were treated with either lopinavir 
or MG-132 at final concentrations of 25 µM and 10 µM, respectively. Control cells were treated with DMSO. Green fluorescent protein (GFP) was visualised using a 
fluorescein isothiocyanate filter on an Olympus Heinrich widefield microscope. MG-132- and lopinavir-treated cells demonstrated high levels of GFP when compared to 
control DMSO-treated transfected cells. 
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levels of HPVT16 E6 (Figure 3B). SiHa cells were then 
tested further by treating with a fixed concentration of 
lopinavir (25 µM) and RNASEL levels assessed at vari-
ous time points (Figure 3C). There was a clear time-
dependent increase of RNASEL protein over the 2 h 
intervals up to 12 h of treatment. This was followed 
by drop in level at 24 h. However, as the housekeeping 
GAPDH control signal also dropped at 24 h this was 

likely due to the previously reported toxic effects of 
25 µM lopinavir at this time point [13].

Lopinavir induces selective toxicity against E6/E7 
immortalised PHFKs with an associated up-regulation 
of RNASEL
The SiHa cervical carcinoma cell line has proved 
itself as a useful laboratory tool and has been used 

Gene Protein name Function/association Fold change

ANXA5 Annexin 5 Calcium-binding protein 2.15
CTBP1 (C-terminal)a C-Terminal binding protein 1 Transcription regulatory protein 1.87
CHEK2a CHK2 checkpoint homolog Serine/threonine kinase 1.84
RAB5A Ras related protein Rab 5A GTPase 1.84
RNASELa Ribonuclease L Ribonuclease 1.76
ACTR3 Actin related protein 3 Cytoskeletal protein 1.73
GRB2 Growth factor receptor bound protein 2 Adapter molecule 1.73
SYNPO Synaptopodin Cytoskeletal-associated protein 1.72
CASP3 Caspase 3 (active) Cysteine protease 1.69
EGF Epidermal growth factor Growth factor 1.68
TP63a Tumour protein p63 Transcription factor 1.68
BIRC5a Survivin Adapter molecule 1.67
ILKa Integrin-linked kinase Serine/threonine kinase 1.59
ERK2 Mitogen-activated protein kinase 1 Serine/threonine kinase 1.56
SYNPO Synaptopodin Cytoskeletal-associated protein 1.56
SNCA α-Synuclein Chaperone protein 1.56
PADI4 Peptidylarginine deiminase 4 Enzyme: hydrolase 1.52
CHEK1a Cell cycle checkpoint kinase Serine/threonine kinase 1.52
TUB Tubulin/tyrosine Cytoskeletal-associated protein 1.50
NOS1a Nitric oxide synthase 1 Enzyme: synthase 1.50
CTBP1 (N-terminal)a C-Terminal binding protein 1 Transcription regulatory protein 1.49
TNF Tumour necrosis factor-α Ligand 1.48
H2AFX H2A Histone Family, member X DNA binding protein 1.47
AKT1a Protein kinase B-alpha Serine/threonine kinase 1.47
CHEK2a CHK2 checkpoint homolog Serine/threonine kinase 1.47
FANCD2a Fanconi anemia, complementation group D2 Cell cycle control protein 1.47
DIABLOa SMAC protein Cell cycle control protein 1.46
PAWR PRKC, apoptosis, WT1, regulator Transcription regulatory protein 1.45
ILKa Integrin-linked kinase Serine/threonine kinase 1.45
MC3R Melanocortin 3 receptor Cell surface receptor 1.44
APP Amyloid precursor protein Receptor activity 1.43
MKI67a MKI67 (FHA domain) interacting nucleolar RNA-binding protein 1.43
 phosphoprotein
CFL2a Cofilin 2 Cytoskeletal-associated protein 1.38
DMDa Dystrophin Structural protein 1.37
CENPE Centromeric protein E DNA-binding protein 1.36
PTK2(pp125) Focal adhesion kinase 2 (pp125) Tyrosine kinase 1.35
TP53a Tumour protein p53 Transcription factor 1.28
DMDa Dystrophin Structural protein 1.25
TP53a Tumour protein p53 Transcription factor 1.18
GJA1a Connexin 43 Membrane transport protein 0.76
GFAP Glial fibrillary acidic protein Structural protein 0.63
GJA1a Connexin 43 Membrane transport protein 0.60

Table 1. Summary of proteins with altered expression levels following exposure of SiHa cells to lopinavir

Different antibodies against the same protein are represented more than once on the array. Since fold changes shown are based on duplicate data points, statistical 
significance has not yet been assigned. Thus, other than RNASEL, these results require immunoblot confirmation. aThese proteins are known to be subject to 
proteasomal degradation. 
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extensively by many groups over the last 40 years. It 
is, however, a fully transformed cell line and if lopi-
navir is to be used as a topical treatment for the pre-
cancerous target cells that are present in HPV-related 
cervical dysplasia, then cells more representative 
of the intended cell type should also be tested. For 
this reason it was decided to investigate the effects 
of lopinavir against HPV16 E6/E7 immortalised pri-
mary human foreskin keratinocytes (PHFKs) and con-
trol PHFKs which were treated over a 72 h period 
using a dose range of 5–40 µM (Figure 4A). This 
demonstrated greatly increased toxicity of lopinavir 
for E6/E7-expressing PHFKs when compared to nor-
mal (non-transduced) PHFKs. While the growth of 
normal PHFKs progressed relatively uninhibited up 
to concentrations of 25 µM, both SiHa and E6/E7 
PHFKs showed markedly reduced growth. Further-
more, RNASEL protein levels in E6/E7 transduced 
PHFKs also increased, albeit at a slower rate than 
was observed in SiHa cells (Figure 4B). While 25 µM 
lopinavir treatment caused a peak RNASEL signal 
in SiHa cells after 8 h and a subsequent drop after 

24 h (Figure 3B), E6/E7-expressing PHFKs peaked 
at 48 h followed by a subsequent drop after 72 h 
(Figure 4B).

siRNA-targeted silencing of RNASEL reduces the 
toxicity of lopinavir in SiHa cells
An extensive reduction in RNASEL protein level 
was seen following transfection with four different 
RNASEL targeting siRNAs and siRNA oligonucle-
otide 1 (siRNA-1) was found to be the most effec-
tive (Figure 5A) and was used in subsequent experi-
ments. The effects of transfection with siRNA-1, or 
the AllStar negative control on SiHa cell growth in 
the presence of DMSO control or different concen-
trations of lopinavir was assessed. Both AllStar and 
siRNA-1 transfected cells treated with DMSO control 
showed steady growth over the whole 72 h period 
(Figure 5B) although siRNA-1 transfected cells had 
a modest growth advantage. Exposure of identically 
transfected cells to 20, 25 and 30 µM concentrations 
of lopinavir demonstrated a dose-dependent inhibi-
tion of growth over 72 h (Figure 5C, 5D and 5E). 

DMSO
control DMSO Lopinavir

25 µM
Lopinavir

RNASEL

GAPDH

RNASEL

GAPDH

80 kDa

37 kDa

A

B C

Low level High level

Signal strength

Figure 2. Lopinavir induces an up-regulation of the RNASEL protein in SiHa cells

(A) The antibody array Cy3 fluorophore signal obtained for ribonuclease L (RNASEL). Protein levels are colour coded from low expression in blue, through to high 
protein expression in white. The left and right panels represent the untreated and treated protein lysates, respectively. The red boxed pair, on each panel, represents 
an internal negative control in duplicate, whilst the green boxes represent the positive control. The yellow boxed pair of signals represents duplicate spots of the 
RNASEL antibody which have increased signals following lopinavir treatment. (B) Western blot of protein lysates prepared from duplicate lopinavir-treated and DMSO 
control SiHa cells as used for the antibody microarray. These were immunoprobed with rabbit anti-RNASEL using anti-GAPDH as loading control. Lopinavir treatment 
caused an increase in the levels of RNASEL protein, when compared to DMSO-treated control cells. (C) Agarose gel electrophoresis of RNASEL primer specific reverse 
transcription-PCR products derived from messenger RNA isolated from lopinavir or DMSO-treated SiHa cells. No significant increase in RNASEL messenger RNA was 
found following lopinavir treatment when compared to DMSO-treated control cells. 
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Figure 3. Lopinavir induces a dose- and time-dependent increase in levels of the RNASEL protein in SiHa but not CaSki cells

(A) Western blot and quantitative densitometry of proteins isolated from SiHa cells treated with increasing doses of lopinavir and immunoprobed with ribonuclease 
L (RNASEL) and GAPDH antibodies. Lopinavir produced a clear dose-dependent increase in RNASEL protein levels. (B) Western blot of proteins isolated from CaSki 
cells treated with increasing doses of lopinavir and immunoprobed with RNASEL and GAPDH antibodies. Lopinavir did not increase the levels of RNASEL in these cells. 
Reverse transcription-PCR analysis of T16 E6 and GAPDH expression showing much higher levels of E6 messenger RNA are present in CaSki than in SiHa cells. (C) 
Western blot and quantitative densitometry of SiHa cells treated with DMSO or lopinavir at a final concentration of 25 µM. Cells were harvested at the times indicated 
and immuno-probed with RNASEL and GAPDH antibodies. Lopinavir produced a time-dependent increase in RNASEL protein levels, with a peak occurring after 
approximately 12 h incubation with lopinavir. This peak was followed by a decrease in protein levels observed at 24 h. 
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At a 25 µM concentration of lopinavir, siRNA-1 
transfected cells showed a significant (P<0.05 at 
72 h) growth advantage over AllStar transfected cells 
(Figure 5D), whereas at 30 µM there was equivalent 
growth inhibition (Figure 5E). This finding is consist-
ent with the observed toxic effects of lopinavir on 
E6/E7 immortalised and control PHFKs shown in 
Figure 4A where the growth of normal PHFKs was 
unaffected at concentrations up to 25 µM lopinavir, 
whereas at 30 µM they were inhibited by this treat-
ment. The data from the RNASEL silencing experi-
ments thus provides strong evidence that this protein 
plays a role in the observed selective toxicity of lopi-
navir in HPV E6/E7 cells up to an optimum concen-
tration of 25 µM.

Discussion

Our data are the first to show that the HIV protease 
inhibitor lopinavir induces an increase in the levels 
of the RNASEL protein in HPV-positive cervical car-
cinoma cells and in stable HPV16 E6/E7 transfected 

human keratinocytes. Lopinavir was also shown to 
have enhanced toxicity against E6/E7 immortalised 
PHFKs when compared to normal PHFKs and our 
results are consistent with RNASEL contributing to 
this selective toxicity.

In agreement with the results shown in Figure 1, 
other groups have shown lopinavir can induce selective 
inhibition of the proteasome and this ability is thought 
to play a significant role in the anti-HIV effects of this, 
and other related compounds [19–22]. In addition to 
HIV, many viruses including HPV, have been shown 
to subvert/hijack the activity of the host proteasome in 
order to eliminate proteins that would be detrimental to 
viral persistence [23]. In HPV-infected cells the E6 and 
E7 oncoproteins are largely responsible for this activity, 
whereby they signal the destruction of selected cellular 
proteins (for example, p53 and Rb) in order to execute 
the viral life cycle [24].

Based on these observations, we opted to use anti-
body array screening of lopinavir-treated SiHa cells to 
analyse changes in protein expression following this 
treatment. This identified a whole range of cellular 
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proteins that were up-regulated (Table 1), including 
Tp53 which is consistent with our previously reported 
findings [13]. Indeed, as we have discussed, lopinavir 
induced changes in the levels of several other apopto-
sis-related proteins and it is also significant that the 
majority of the proteins listed in Table 1 are known 
to be regulated by proteasomal degradation. On this 
point, an interesting finding was the observed lopina-
vir-induced down-regulation of GFAP which is known 
to be capable of inhibiting the proteasome [25]. Since 
p53 is a target of high-risk HPV E6, we searched the 
Virus Molecular INTeraction (VirusMINT) data-
base [26] for any other known E6 and E7 targeted 
proteins which are affected by lopinavir treatment 
(Table 1). At this time, only Tp53 is a confirmed target 
of high-risk HPV.

Given that SiHa cells are a fully malignant cell type, 
we opted to investigate the toxicity of lopinavir against 
E6/E7 immortalised and normal control PHFKs. This 
showed that at a concentration of 25 µM, lopinavir up-
regulated RNASEL expression in the E6/E7 cells which 
were much more susceptible to lopinavir-induced cell 
death than control PHFKs. At higher concentrations of 
drug, this selectivity was lost and these data indicate 
that lopinavir has a good therapeutic index for E6/E7 
PHFKs at concentrations up to 25 µM. Since these cells 
are not transformed it is most likely that this is due to 
the ability of lopinavir to activate apoptotic antiviral 
systems which are suppressed by E6/E7.

Curiously, it is known that HIV patients receiving 
oral lopinavir as part of HAART do not show enhanced 
clearance of HPV-related lesions [27]. On this point, it 
is noteworthy that the concentration of lopinavir found 
in the vaginal fluid of HIV patients taking oral Kaletra 
is <2 µM [28], which has been discussed in our previous 
study [13].

In order to address the issue of whether the observed 
HPV-specific toxicity of lopinavir is related to its abil-
ity to block RNASEL degradation by E6/E7, siRNA 
RNASEL gene silencing experiments were carried 
out in lopinavir-treated SiHa cells. These experiments 
showed that, at the optimum therapeutic dose range of 
25 µM, lopinavir had much reduced toxicity in RNA-
SEL siRNA transfected SiHa cells when compared to 
the same cells transfected with AllStar control siRNA. 
These results support the hypothesis that the selective 
toxicity of lopinavir in HPV E6/E7 expressing cells is at 
least in part mediated by up-regulated expression of the 
RNASEL protein.

It is also notable that our results support the conclu-
sion that HPV can compromise the antiviral activity of 
RNASEL. The observation that CaSki cells are insensi-
tive to lopinavir [13] and do not up-regulate RNASEL is 
significant since CaSki cells express much higher levels 
of E6 than do SiHa (Figure 3B). Indeed, investigation of 

the effects of E6 on RNASEL toxicity is the subject of 
our continued work.

Thus, the logical conclusion from these  observations 
is that inactivation of the RNASEL response by HPV 
infection of the cervix could lower host antiviral 
defences and increase the likelihood of infection with 
other viruses. This is highly significant when consid-
ered with the previously discussed findings that genital 
HPV infections can predispose to increased risk of HIV 
transmission in both men and women [29,30].

In conclusion, our data support the potential use 
of lopinavir as a topical, self-administered treatment 
for HPV-related cervical dysplasia. If successful, this 
treatment would be particularly useful in low-resource 
countries which lack cytology screening and surgical 
services, and where HIV infection is often a significant 
additional complication. With current pricing strate-
gies, anti-HPV vaccines are not an option in such set-
tings, and as previously discussed, they will most likely 
have reduced efficacy in HIV-positive women. Further-
more, in view of the observation that infection with 
HPV can enhance the sexual transmission of HIV in 
both men and women [29,30], this clearly indicates 
that a simple, non-surgical treatment for HPV-related 
precancerous lesions may not only reduce the burden 
of cervical cancer but may also reduce the chances of 
HIV transmission.

Acknowledgements

This work was primarily funded by the Humane Research 
Trust, Stockport, UK. Work in the Gynaecological Oncol-
ogy labs is also supported by the Cancer Prevention 
Research Trust and the Caring Cancer Research Trust. 
AO is the Humane Research Trust Monica Lumsden post 
doctoral fellow. The IZ laboratories are funded by the 
National Science and Engineering Council Canada. AWO 
and IZ both contributed equally to this work.

Disclosure statement

The authors declare no competing interests. 

Additional file

Additional file 1: An antibody array schematic can 
be found at http://www.intmedpress.com/uploads/
documents/AVT-10-OA-1889_Batman_Add_file1.pdf

References
1. zur Hausen H. Papillomavirus infections – a major cause of 

human cancers. Biochim Biophys Acta 1996; 1288:F55–F78. 

2. Walboomers JM, Jacobs MV, Manos MM, et al. Human 
papillomavirus is a necessary cause of invasive cervical 
cancer worldwide. J Pathol 1999; 189:12–19. 



Lopinavir up-regulates ribonuclease L in HPV-positive cells

Antiviral Therapy 16.4  525

3. Castellsagué X. Natural history and epidemiology of 
HPV infection and cervical cancer. Gynecol Oncol 2008; 
110:S4–S7. 

4. Muñoz N, Bosch FX, de Sanjose S, et al. Epidemiologic 
classification of human papillomavirus types associated with 
cervical cancer. N Engl J Med 2003; 348:518–527. 

5. Peto J, Gilham C, Fletcher O, Matthews FE. The cervical 
cancer epidemic that screening has prevented in the UK. 
Lancet 2004; 364:249–256. 

6. Ellerbrock TV, Chiasson MA, Bush TJ, et al. Incidence of 
cervical squamous intraepithelial lesions in HIV-infected 
women. JAMA 2000; 283:1031–1037. 

7. Lima MI, Tafuri A, Araujo AC, de Miranda Lima L, 
Melo VH. Cervical intraepithelial neoplasia recurrence after 
conization in HIV-positive and HIV-negative women. Int J 
Gynaecol Obstet 2009; 104:100–104. 

8. Heard I, Palefsky JM, Kazatchkine MD. The impact of HIV 
antiviral therapy on human papillomavirus (HPV) infections 
and HPV-related diseases. Antivir Ther 2004; 9:13–22. 

9. Wright TC, Jr., Subbarao S, Ellerbrock TV, et al. Human 
immunodeficiency virus 1 expression in the female genital 
tract in association with cervical inflammation and 
ulceration. Am J Obstet Gynecol 2001; 184:279–285. 

10. Garland SM, Smith JS. Human papillomavirus vaccines: 
current status and future prospects. Drugs 2010; 
70:1079–1098. 

11. Ali-Risasi C, Praet M, Van Renterghem L, et al. [Human 
papillomavirus genotype profile in Kinshasa, Democratic 
Republic of the Congo: implications for vaccination]. Med 
Trop (Mars) 2008; 68:617–620. French.

12. McKenzie ND, Kobetz EN, Hnatyszyn J, Twiggs LB, 
Lucci JA, III. Women with HIV are more commonly 
infected with non-16 and -18 high-risk HPV types. Gynecol 
Oncol 2010; 116:572–577. 

13. Hampson L, Kitchener HC, Hampson IN. Specific HIV 
protease inhibitors inhibit the ability of HPV16 E6 to 
degrade p53 and selectively kill E6-dependent cervical 
carcinoma cells in vitro. Antivir Ther 2006; 11:813–825. 

14. Kim DH, Jarvis RM, Xu Y, et al. Combining metabolic 
fingerprinting and footprinting to understand the 
phenotypic response of HPV16 E6 expressing cervical 
carcinoma cells exposed to the HIV anti-viral drug 
lopinavir. Analyst 2010; 135:1235–1244. 

15. Kim DH, Jarvis RM, Allwood JW, et al. Raman chemical 
mapping reveals site of action of HIV protease inhibitors 
in HPV16 E6 expressing cervical carcinoma cells. Anal 
Bioanal Chem 2010; 398:3051–3061. 

16. Richard C, Lanner C, Naryzhny SN, et al. The immortalizing 
and transforming ability of two common human 
papillomavirus 16 E6 variants with different prevalences in 
cervical cancer. Oncogene 2010; 29:3435–3445. 

17. Bisbal C, Silverman RH. Diverse functions of RNase L and 
implications in pathology. Biochimie 2007; 89:789–798. 

18. Sadler AJ, Williams BR. Interferon-inducible antiviral 
effectors. Nat Rev Immunol 2008; 8:559–568. 

19. Piccinini M, Rinaudo MT, Chiapello N, et al. The human 
26S proteasome is a target of antiretroviral agents. AIDS 
2002; 16:693–700. 

20. Klinger PP, Schubert U. The ubiquitin-proteasome system in 
HIV replication: potential targets for antiretroviral therapy. 
Expert Rev Anti Infect Ther 2005; 3:61–79. 

21. Piccinini M, Rinaudo MT, Anselmino A, et al. The HIV 
protease inhibitors nelfinavir and saquinavir, but not a 
variety of HIV reverse transcriptase inhibitors, adversely 
affect human proteasome function. Antivir Ther 2005; 
10:215–223. 

22. Parker RA, Flint OP, Mulvey R, et al. Endoplasmic 
reticulum stress links dyslipidemia to inhibition of 
proteasome activity and glucose transport by HIV protease 
inhibitors. Mol Pharmacol 2005; 67:1909–1919. 

23. Banks L, Pim D, Thomas M. Viruses and the 26S 
proteasome: hacking into destruction. Trends Biochem Sci 
2003; 28:452–459. 

24. Moody CA, Laimins LA. Human papillomavirus 
oncoproteins: pathways to transformation. Nat Rev Cancer 
2010; 10:550–560. 

25. Tang G, Perng MD, Wilk S, Quinlan R, Goldman JE. 
Oligomers of mutant glial fibrillary acidic protein (GFAP) 
inhibit the proteasome system in alexander disease 
astrocytes, and the small heat shock protein alphaB-
crystallin reverses the inhibition. J Biol Chem 2010; 
285:10527–10537. 

26. Chatr-aryamontri A, Ceol A, Peluso D, et al. VirusMINT: a 
viral protein interaction database. Nucleic Acids Res 2009; 
37:D669–D673. 

27. De Vuyst H, Lillo F, Broutet N, Smith JS. HIV, human 
papillomavirus, and cervical neoplasia and cancer in the era 
of highly active antiretroviral therapy. Eur J Cancer Prev 
2008; 17:545–554. 

28. Kwara A, Delong A, Rezk N, et al. Antiretroviral drug 
concentrations and HIV RNA in the genital tract of 
HIV-infected women receiving long-term highly active 
antiretroviral therapy. Clin Infect Dis 2008; 46:719–725. 

29. Smith-McCune KK, Shiboski S, Chirenje MZ, et al. 
Type-specific cervico-vaginal human papillomavirus 
infection increases risk of HIV acquisition independent of 
other sexually transmitted infections. PLoS ONE 2010; 
5:e10094. 

30. Smith JS, Moses S, Hudgens MG, et al. Increased risk 
of HIV acquisition among Kenyan men with human 
papillomavirus infection. J Infect Dis 2010; 201:1677–1685.

Accepted 19 January 2011; published online 3 May 2011




