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Abstract. A reduced incidence and decreased clinical progres-
sion of uterine cervical intraepithelial neoplasia (CIN) has 
been observed in women infected with human immunodefi-
ciency virus (HIV) treated with HIV‑protease inhibitors (PIs). 
The HIV‑PIs saquinavir (SQV) and ritonavir (RTV) have been 
demonstrated to efficiently inhibit invasion of human primary 
CIN cells by downregulating the expression of matrix metal-
loproteinase (MMP)‑9. The present study further investigated 
the molecular mechanisms underlying the activity of SQV 
and RTV in CIN. The results of the present study indicate 
that the treatment of human primary CIN cells with SQV or 
RTV directly impairs events leading to MMP‑9 expression, 
including the phosphorylation of AKT and the nuclear localisa-
tion of the Fos‑related antigen transcription factor. In addition, 
neither SQV nor RTV affected the expression of human papil-
loma virus proteins, such as E6 or E7. In view of the important 
role that the AKT/Fra‑1/MMP‑9 signalling pathway serves 
in CIN progression to invasive cervical carcinoma, these 
data further support the use of HIV‑PIs in the treatment of 
CIN in women infected with HIV and women who are not 
infected with HIV. Furthermore, the present study identified 
a molecular mechanism underlying the anti‑invasive effects of 
SQV/RTV, providing useful information for the development 
of SQV/RTV derivatives, which may be employed as novel 
anticancer drugs. 

Introduction

Infection of the uterine cervix by an oncogenic, high‑risk 
(HR)‑human papilloma virus (HPV) frequently results in 
low‑grade cervical intraepithelial neoplasia (CIN), a dysplastic 
lesion that may progress into high‑grade CIN and cervical 
carcinoma (1). The prevalence and persistence of HR‑HPV, the 
incidence of CIN and the risk of CIN progression are high 
in women infected with HR‑HPV and human immunodefi-
ciency virus (HIV) (1). In these patients, antiretroviral drugs, 
including HIV‑protease inhibitors (PIs), have reduced the rate 
of uterine CIN incidence and progression (2‑4).

The progression of CIN to invasive cervical carcinoma 
is initiated when HR‑HPV+ keratinocytes invade the base-
ment membrane at the stromal/epithelial junction of the 
lesion  (1). A previous study demonstrated that therapeutic 
concentrations of HIV‑PIs, such as saquinavir (SQV) and 
ritonavir (RTV), effectively inhibit the invasive capabilities 
of HR‑HPV+ human primary keratinocytes obtained from 
low‑grade CIN lesions (5). This inhibition of invasion was 
associated with the downregulation of the pro‑invasive, base-
ment membrane‑degrading enzyme matrix metalloproteinase 
(MMP)‑9 and, to a lesser extent, with the downregulation 
of MMP‑2 (5). As these results were obtained in an in vitro 
experimental model devoid of HIV or immune cells, they 
confirm preclinical and clinical work indicating that HIV‑PIs 
exert direct antitumour effects independently of their anti‑HIV 
and/or immune reconstituting activities (5‑14).

The capability of SQV and RTV to inhibit the expres-
sion of MMP‑9 has important implications, since MMP‑9 
serves a key role in the invasion and clinical progression of 
CIN (15‑18). A previous study identified that MMP‑9 expres-
sion is induced in CIN cells by epidermal growth factor 
(EGF) (5), which is a marker of CIN progression (19). Another 
study demonstrated that the induction of MMP‑9 expression 
by EGF in epithelial cells is preceded and/or accompanied by 
the phosphorylation and activation of signalling molecules, 
including the serine/threonine kinase AKT (20). EGF‑induced 
phosphorylation of AKT leads to the activation of members 
of the activator protein‑1 transcriptional complex, such as 
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Fos‑related antigen (Fra)‑1 (21), which is a potent activator 
of MMP‑9 gene expression  (22‑24). Notably, the E6 and 
E7 proteins of HR‑HPV have been shown to phosphorylate 
AKT (25,26) and to promote MMP‑9 expression (27,28). In 
view of the inhibitory effect of SQV/RTV on CIN cell invasion 
and MMP‑9 expression, the present study investigated whether 
therapeutic concentrations of these HIV‑PIs would affect the 
AKT/Fra‑1 signalling pathway or the expression of E6/E7 in 
HR‑HPV+ human primary CIN cells.

Materials and methods

Reagents. SQV (Roche Diagnostics, Basel, Switzerland) and 
RTV (National Institutes of Health, Bethesda, MD, USA) 
were diluted and handled as previously described (5). Cell 
growth medium (DMEM/Ham's F12 enriched with NaHCO3, 
HEPES, HCl, penicillin and streptomycin), PBS and mono-
clonal antibodies raised against the E7 protein of HPV16 
(dilution, 1:200; catalog no. MA5‑15822) were purchased 
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
Sigma‑Aldrich (Merck Millipore, Darmstadt, Germany) was 
the source of growth media supplements (fetal bovine serum, 
hydrocortisone, adenine, insulin, transferrin, cholera entero-
toxin and 3,3',5‑triiodo‑L‑thyronine), anti β‑actin monoclonal 
antibodies (dilution, 1:1,000; catalog no. A5316), bovine serum 
albumin (BSA; fraction V) and the chemicals employed for 
protein extraction, which included Tris HCl, NaCl, MgCl2, 
KCl, Nonidet P (NP)‑40, sodium deoxycholate, phenyl-
methyl‑sulfonyl fluoride (PMSF), dithiothreitol (DTT), EDTA, 
glycerol, HEPES, leupeptin, aprotinin, or pepstatin. Mono-
clonal antibodies directed against the E6 protein of HPV16 
(dilution, 1:200; catalog no. sc‑460) or human C23 (nucleolin; 
dilution, 1:250; catalog no. sc‑515312) were obtained from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit 
monoclonal antibodies raised against Fra‑1 (dilution, 1:250; 
catalog no. 5281) or phosphorylated AKT (ser473; dilution, 
1:250; catalog no. 4060) were obtained from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). The primers and probes 
employed for RNA analyses were purchased from Applied 
Biosystems (Thermo Fisher Scientific, Inc.). Human recom-
binant EGF was purchased from BD Biosciences (Franklin 
Lakes, NJ, USA), and suspended in 0.1% BSA in PBS.

Cell culture. W12 (HPV16+) and CIN612‑7E (HPV31+) human 
primary keratinocyte cell lines, derived from low‑grade CIN 
in HIV‑negative women were obtained, characterised and 
cultured as previously described (29,30). In all experiments, 
cells were cultured for 96 h in the absence or presence of 
10 µM SQV or RTV, which were added to the growth medium 
on a daily basis (5). Subsequently, cells were exposed to EGF 
or its suspension buffer (0.1% BSA in PBS) for 15, 30, 60 or 
90 min, or 3, 6, 12 or 96 h, in the presence or absence of SQV 
or RTV.

Invasion assays and zymography. The effect of SQV and 
RTV on W12 cell invasion was assayed using the Boyden 
chambers  (5), as previously described. At the end of the 
assay, invaded cells were fixed in ethanol (Sigma‑Aldrich), 
stained with toluidine blue (Sigma‑Aldrich), and quantitated 
using light microscopy, counting 5 fields/filter  (5). With 

regard to zymography, W12 cells were cultured overnight in 
EGF‑supplemented, serum‑free medium, in the absence or 
presence of SQV or RTV. Cell supernatants were collected 
and concentrated with the use of Centricon centrifugal filter 
devices (Merck Millipore). Protein concentration was deter-
mined with Bradford reagent (Bio‑Rad, Hercules, CA, USA), 
using BSA as a standard. To detect collagenolytic activity, 
2 µg total proteins from concentrated supernatants were elec-
trophoresed using 9% SDS PAGE embedded with 1 mg/ml 
gelatin (Sigma‑Aldrich), as described (31). Following staining 
with Coomassie blue (Bio‑Rad), the decrease in staining of 
each band due to protease activity was quantified using densi-
tometry (5).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the cells, puri-
fied, and used to synthesize complementary DNA (cDNA), 
as previously described  (5). The reverse‑transcribed (RT) 
cDNA from repeated, independent experiments was used for 
quantitative (q)PCR analysis of MMP‑9 (Hs_MMP9_1_SG 
Quantitect Primer Assay; Qiagen, Inc., Valencia, CA, USA). 
The reaction was normalized by amplifying samples for 
glyceraldehyde‑3‑phosphate dehydrogenase as the reference 
gene (Hs_GAPDH_2_SG Quantitect Primer Assay; Qiagen). 
RT‑PCR was performed, and the data were analyzed, as 
reported previously (5).

In other experiments, cDNA was used for PCR analysis of 
HPV‑E6 or HPV‑E7, according the TaqMan technique. 
Specifically, 2X TaqMan gene expression master mix (Thermo 
Fisher Scientific) was employed, while primers or probes were 
used at 0.9 or 0.2 µM, respectively. The following primers 
were used for qPCR: HPV16‑E6 forward (F), 5'‑AAT​GTT​TC 
A​GGA​CCC​ACA​GG‑3' and reverse (R), 5'‑TTG​TTT​GCA​GCT​
CTG​TGC​AT‑3'; HPV16‑E7 F, 5'‑CAA​GTG​TGA​CTC​TAC​GC 
T​TCG​G‑3' and R, 5'‑GTG​GCC​CAT​TAA​CAG​GT​CTT​C 
CA​A‑3'; HPV31‑E6 F, 5'‑ATT​CCA​CAA​CAT​AGG​AGG​AA 
G​GT‑3' and R, 5'‑CAC​TTG​GGT​TTC​AGT​ACG​AGG​TCT‑3'; 
HPV31‑E7 F, 5'‑GGC​AAC​TGA​CCT​CCA​CTG​TT‑3' and R, 
5'‑ATT​GGA​TGT​GTC​CGG​TTC​TG‑3'; and β actin F, 5'‑AAG​
AGC​TAC​GAG​CTG​CCT​GA 3' and R, 5'‑TGG​AGT​TGA​AGG​
TAG​TTT​CGT​G‑3'. The probes used were as follows: 
HPV16‑E6, 5'‑AGC​GAC​CCA​GAA​AGT​TAC​CA‑3'; 
HPV16‑E7, 5'‑TGC​GTA​CAA​AGC​ACA​CAC​GTA​GAC​ATT​
CGT‑3'; HPV31‑E6, 5'‑ACA​GGA​CGT​TGC​ATA​GCA​TGT​
TGGA‑3'; HPV31‑E7, 5'‑ATG​AGC​AAT​TAC​CCG​ACA​GC‑3'; 
and β actin, 5'‑CAT​CAC​CAT​TGG​CAA​TGA​GCG​GT‑3'.

In order to visualize the probes, these were conjugated 
to tetramethyl‑rhodamine (Thermo Fisher Scientific, Inc.). 
qPCR thermocycling conditions were as follows: 45 cycles of 
20 sec at 50˚C, 10 min at 95˚C and 15 sec at 95˚C, followed 
by 1 min at 58˚C. PCR data were analyzed using the 7500 
Fast System SDS software (version 2.0.5; Applied Biosystems, 
Thermo Fisher Scientific, Inc.), and the results were normal-
ized to β‑actin. The complexes formed by PCR products and 
associated probes were quantified by employing the 2‑∆∆Cq 
method (32).

Western blot analysis., To extract total proteins, W12 
or CIN612‑7E cells were lysed in 50  mM Tris (pH  7.5), 
150 mM NaCl, 1% NP‑40, 0.25/sodium deoxycholate, 1 mM 
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PMSF, 2 mM ethyleneglycol‑bis (β‑aminoethyl ether)‑N,N, 
N'‑tetraacetic acid, 30 µg/ml leupeptin and 10 µg/ml aprotinin. 
To evaluate phosphorylated AKT levels, W12 or CIN612‑7E 
cells were lysed in 40 mM Tris (pH 8.0), 120 mM NaCl and 
0.1% NP‑40, and kept in ice for 30 min. Cellular lysate was 
centrifuged at 13,000 x g for 15 min at 4˚C, and the cleared 
supernatant was then collected. To obtain nuclear protein, 
W12 or CIN612‑7E cells were lysed in 10 mM HEPES pH 7.9, 
1.5 mM MgCl2, 10 mM KCl, 0.5 mM PMSF, 0.5 DTT, 0.1% 
NP‑40, 10 µg/ml leupeptin, 10 µg/ml pepstatin and 5 µg/ml 
aprotinin. Nuclei were separated by centrifugation (13,000 x g 
for 15 min at 4˚C), suspended in 20 mM HEPES (pH 7.9), 
0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 
0.5 mM PMSF, 0.5 mM DTT, 10 µg/ml leupeptin, 10 µg/ml 
pepstatin and 5 µg/ml aprotinin, and kept in ice for 60 min. 
Nuclear lysate was sonicated, centrifuged at 13,000 x g for 
15 min at 4˚C and the cleared supernatant was then collected.

Protein content in cell lysates was assayed with Brad-
ford reagent (Bio‑Rad). Proteins from each sample were 
separated onto 10 or 12% SDS‑PAGE and transferred onto 
Hybond nitrocellulose membrane filters (GE Healthcare 
Life Sciences, Pittsburgh, PA, USA), which were probed 
with primary antibodies and the corresponding secondary 
horseradish peroxidase‑conjugated antibodies, as previously 
described (33). Bands were visualised using LiteAblot® PLUS 
Enhanced Chemiluminescent Substrate (Euroclone SpA, 
Milan, Italy), and the intensity of the bands was quantified rela-
tive to β‑actin using the ChemiDoc XRS+ system (Bio‑Rad 
Laboratories S.r.l., Segrate, Italy).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation from three independent experiments. Statistical 
analysis was performed using the SPSS 15.0 software (SPSS 

Inc., Chicago, IL, USA). P‑values were determined with 
Student's t‑test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results 

Prior research indicated that EGF triggers the invasion of 
HR‑HPV31+ CIN cells through inducing MMP‑9 expression, 
and that this effect is strongly inhibited by exposure of CIN 
cells to 10 µM SQV or RTV for 72‑96 h (5). This concentration 
of SQV/RTV corresponds to the drugs' peak plasma levels in 
treated individuals (5). In the present study, initial experiments 
investigated the molecular mechanisms underlying the inhibi-
tory effect exerted by SQV/RTV on MMP‑9 expression. These 
experiments were conducted in HR‑HPV31+ human primary 
CIN612‑7E cells.

Consistent with previous data obtained in cells of epithelial 
origin (20), the present study identified that EGF promoted 
AKT phosphorylation in CIN cells (Fig.  1A). This effect 
was demonstrated to be dose and time dependent, with AKT 
phosphorylation peaking at 30 min in the presence of 50 ng/
ml EGF (data not shown). Since SQV and RTV impair AKT 
phosphorylation  (12,13), the impact of these HIV‑PIs on 
EGF‑induced AKT phosphorylation was assessed. A concen-
tration of 10 µM SQV/RTV, a therapeutic concentration that 
inhibits EGF‑induced CIN cell invasion and MMP‑9 expres-
sion (5), significantly reduced the phosphorylation of AKT 
in CIN612‑7E cells compared with the control group (SQV, 
P=0.047; RTV, P=0.024; Fig. 1A).

In agreement with a previous study in epithelial cells (21), 
50 ng/ml EGF was observed to augment Fra‑1 protein levels 
in CIN cell nuclei (Fig. 1B). This effect was time dependent, 
peaking at 6 h and declining thereafter (data not shown). 

Figure 1. SQV and RTV inhibit AKT phosphorylation and reduce nuclear Fra‑1 protein levels in EGF‑stimulated CIN612‑7E cells. CIN612‑7E cells were 
cultured for 96 h in the presence of 10 µM SQV or RTV. CIN612‑7E cells cultured without SQV/RTV were employed as the control. Cells were subsequently 
exposed to 50 ng/ml human recombinant EGF, or to its suspension buffer (0.1% bovine serum albumin in phosphate‑buffered saline). (A) Cells were lysed 
following a 30‑min exposure to EGF, and their total protein content was analysed by western blotting, followed by quantification of pAKT protein expression 
(relative to β‑actin) by densitometry. (B) Cells were lysed following a 6‑h exposure to EGF, and their nuclear protein content was analysed via western blot-
ting, followed by quantification of nuclear Fra‑1 protein levels (relative to C23) by densitometry. Results are presented as the mean ± standard deviation from 
three experiments. *P<0.05 vs. the control group. SQV, saquinavir; RTV, ritonavir; Fra‑1, Fos‑related antigen 1; CR, control; EGF, epidermal growth factor; p, 
phosphorylated.
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SQV/RTV significantly reduced Fra‑1 content in the nuclei of 
EGF‑stimulated CIN612‑7E cells compared with the control 
group (SQV, P=0.048; RTV, P=0.035; Fig. 1B). The E6 or E7 
proteins of HR‑HPV are known to phosphorylate AKT and 
promote MMP‑9 expression (25‑28). Thus, experiments were 
performed in order to evaluate whether the inhibitory effect 
that SQV/RTV exert on AKT phosphorylation and MMP‑9 
expression paralleled a reduction in E6/E7 protein levels in 
CIN612‑7E cells. However, this was not assessed, as anti-
bodies directed against the E6 or E7 proteins of HPV31 were 
not commercially available, and antibodies raised against the 
E6 or E7 proteins of HPV16 did not recognise the HPV31 E6 
or E7 proteins expressed by CIN612‑7E cells.

Further experiments employing W12 cells, HPV16+ 
human primary keratinocytes derived from low‑grade CIN 
lesions  (29), were performed. Confirmatory experiments 
indicated that, as for HPV31+ CIN cells (5), a 96‑h exposure 
to 10 µM SQV or RTV significantly inhibited cell invasion 
compared with the control group (SQV, P=0.008; RTV, 
P=0.006; Fig.  2A), markedly reduced MMP‑9 proteolytic 
activity (Fig. 2B) and significantly downregulated MMP‑9 
expression (SQV, P=0.008; RTV, P=0.010; Fig. 2C). Notably, 

SQV and RTV produced these effects in low‑passage, but 
not in high‑passage, W12 cells (data not shown). Additional 
experiments demonstrated that, compared with control cells, 
SQV and RTV notably reduced EGF‑induced AKT phos-
phorylation in W12 cells (Fig. 2D). Furthermore, SQV/RTV 
reduced Fra‑1 content in the nuclei of EGF‑stimulated W12 
cells (Fig. 2E), similarly to the results obtained with HPV31+ 
CIN612‑7E cells.

Assays using antibodies raised against the E6 and E7 
proteins of HPV16 demonstrated that SQV/RTV did not 
modify the content of these proteins in W12 cells (Fig. 3A 
and B). In addition, neither of the HIV‑PIs tested altered 
the messenger RNA (mRNA) levels of HPV16 E6 or E7 in 
W12 cells (Fig. 3C). Similarly, SQV/RTV did not affect the 
mRNA expression of HPV31 E6 (Fig. 3C) or E7 (Fig. 3D) in 
CIN612‑7E cells.

Discussion

It has previously been demonstrated that SQV/RTV, at concen-
trations present in the plasma of treated patients, efficiently 
inhibit EGF‑induced invasion of HR‑HPV31+ CIN cells via 

Figure 2. SQV and RTV counteract EGF‑induced cell invasion, MMP‑9 expression, AKT phosphorylation and nuclear Fra‑1 protein expression in W12 
cells. W12 cells were cultured for 96 h in the presence of 10 µM SQV or RTV, or in their absence (control). (A) Cells were stimulated to invade a reconsti-
tuted basement membrane in response to 20 ng/ml human recombinant EGF, or to its suspension buffer (0.1% bovine serum albumin in phosphate‑buffered 
saline, indicated here as EGF 0 ng/ml). Results are expressed as the mean ± standard deviation from 3 experiments, each performed in duplicate chambers. 
(B) Representative zymography of EGF‑supplemented, serum‑free supernatants. The de‑stained areas indicate gelatinolytic activity corresponding to MMP‑9 
(92 kDa) released by the cells. (C) Reverse transcription‑quantitative polymerase chain reaction analysis of MMP‑9 messenger RNA levels (relative to GADPH) 
in cells cultured in EGF‑supplemented growth medium, in the absence or presence of 10 µM SQV/RTV. Results are expressed as the mean ± standard deviation 
from 3 experiments. (D) Representative western blot analysis and quantification by densitometry of pAKT protein levels (relative to β‑actin) in W12 cells 
lysed following a 30‑min exposure to EGF. (E) Representative western blot analysis and quantification by densitometry of nuclear Fra‑1 protein levels (relative 
to C23) in W12 cells lysed following a 6‑h exposure to EGF. *P<0.05 vs. the control group. SQV, saquinavir; RTV, ritonavir; Fra‑1, Fos‑related antigen 1;  
CR, control; p, phosphorylated; MMP, matrix metalloproteinase; EGF, epidermal growth factor.
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reducing MMP‑9 expression (5). This explains the results of 
clinical studies that observed HIV‑PI efficacy against uterine 
CIN  (2‑4). The present study confirmed the anti‑invasive 
activities of SQV/RTV in HPV16+ CIN cells. In addition, to 
the best of our knowledge, the present study demonstrated for 
the first time that, in HPV16+ and HPV31+ CIN cells, inhibition 
of EGF‑induced MMP‑9 expression by SQV/RTV is preceded 
by a reduction in AKT phosphorylation. This is consistent with 
previous results obtained in other models, which indicated that 
HIV‑PIs can counteract AKT phosphorylation (12,13), and that 
compounds abrogating EGF‑induced AKT phosphorylation 
inhibit MMP‑9 expression and cell invasion (20).

Indeed, the capability of SQV/RTV to impair AKT phos-
phorylation in CIN cells may have clinical relevance. Levels 
of phosphorylated AKT in epithelial cells change during the 
different stages of cervical carcinogenesis. Specifically, phos-
phorylated AKT is absent in the normal uterine cervix, while 
it is present in CIN biopsies and further increased in cervical 
carcinoma (34,35). In agreement with previous studies that 
observed that Fra‑1 silencing reduces MMP‑9 expression and 
cell invasion (22), the present study demonstrated that inhibi-
tion of MMP‑9 expression by RTV/SQV is associated with a 

reduction in nuclear, transcriptionally active Fra‑1 protein in 
CIN cells.

The current study identified that the inhibitory effect of 
RTV/SQV on MMP‑9 expression is not accompanied with the 
downregulation of E6 or E7, two HPV oncogenes that trigger 
AKT phosphorylation and MMP‑9 expression in infected 
cells (25‑28). Nevertheless, the present and previous results (5) 
suggest that the effectiveness of RTV/SQV against uterine 
CIN is influenced by HPV, in particular by its integration into 
the host cell genome. Specifically, the present study demon-
strated that SQV and RTV downregulate MMP‑9 expression 
in low‑passage, but not in high‑passage, W12 cells. In this 
regard, it must be highlighted that W12 cells retain HPV16 in 
an episomic (not integrated) form during early passages, while 
long‑term in vitro cultivation of the cells leads to spontaneous 
loss of episomes and selection of cells containing only inte-
grated HPV16 (29).

It has previously been identified that SQV and RTV reduce 
MMP‑9 expression in CIN612 cells independently of their 
passage status, while having little or no effect on cell lines 
derived from late‑stage carcinoma of the uterine cervix (5). 
CIN612 cells permanently maintain HPV31 DNA in an 
episomic form (30), while cervical carcinoma cells possess 
integrated HPV genomes  (36). Since HPV episomes are 
present in low‑grade CIN, while integrated HPV is character-
istic of invasive cervical carcinomas (37), these results indicate 
that SQV and RTV could be effective therapeutic agents for 
the treatment of CIN, but may be less effective against cervical 
carcinoma. Although this hypothesis is supported by previous 
clinical observations  (4,38), further study is required to 
verify it.

In conclusion, in view of the high incidence of CIN in 
HIV‑infected women  (1), the results of the present study 
support the continued employment of HIV‑PIs in HIV treat-
ment regimens. In addition, considering the key role that 
MMP‑9 serves in CIN progression to invasive cervical carci-
noma (15‑18), the results of the current study support the use 
of SQV, RTV or their derivatives for the treatment of CIN in 
HIV‑negative women. These recommendations are supported 
by the low toxicity of SQV/RTV and the large quantity of data 
available regarding their pharmacokinetics (39).
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