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Human immunodeﬁciency virus protease inhibitors reduce the
growth of human tumors via a proteasome-independent block
of angiogenesis and matrix metalloproteinases
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Human immunodeficiency virus protease inhibitors (HIV-PIs), such as indinavir and saquinavir, have been shown to block
angiogenesis and tumor cell invasion and to induce tumor cell apoptosis and growth arrest, respectively, both in vitro and
in vivo. These findings have suggested that HIV-PIs or their analogues can be used as antitumor drugs. To this regard,
indinavir and saquinavir were assessed for their ability to inhibit in vivo the growth of highly prevalent human tumors, such
as lung, breast, colon and hepatic adenocarcinomas. We show here that both HIV-PIs significantly inhibited the growth of all
adenocarcinomas tested in the mice model. This was not mediated by effects on proteasome-dependent cell growth arrest or
on apoptosis but by the block of angiogenesis and matrix metalloproteinase activity. Accordingly, therapeutic steadystate
concentrations of indinavir or saquinavir were highly effective in inhibiting invasion of tumor cells in vitro. In contrast, growth
arrest was induced only by high concentrations of saquinavir that are not reached or are only transiently present in plasma of
treated patients, likely through a proteasome-mediated mechanism. These data suggest that HIV-PIs or their analogues,
characterized by a better biodistribution and lower toxicity, may represent a new class of antitumor drugs capable of targeting
both matrix metalloproteinases and the proteasome for a most effective antitumor therapy.

The advent of the highly active antiretroviral therapy
(HAART) has lead to a reduced incidence and/or regression
of human immune deﬁciency virus (HIV)-associated tumors,
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particularly Kaposi’s sarcoma (KS), non-Hodgkin’s lymphomas, cervical cancer,1–6 and other tumors.7,8 Although HIV
suppression and restoration of the immune response on
HAART certainly play a key role in HIV-associated
tumors,9–12 several studies have indicated a lack of correlation of tumor incidence, regression and/or time-to-relapse
with either HIV load reduction or CD4 T cell gain.13–21 Furthermore, patients treated with HAART but failing in CD4 T
cell recovery still show a signiﬁcantly lower risk of nonHodgkin’s lymphomas or a lower rate of cervical intraepithelial neoplasia recurrence compared with CD4-matched
patients treated with other antiretroviral (non-HAART) regimens.17,22 These data have suggested that HAART exerts
direct antitumor actions.7,8,22
Recent studies have shown that non-nucleoside reverse
transcriptase inhibitors and HIV protease inhibitors (HIVPIs), two classes of antiretroviral drugs included in HAART,
exert several actions on cell targets and pathways that can
affect tumor growth. In particular, non-nucleoside reverse
transcriptase inhibitors inhibit tumor growth and aggressiveness by blocking endogenous reverse transcriptases involved
in cell proliferation and differentiation.23 On the other hand,
HIV-PIs block angiogenesis and tumor cell invasion,24,25 inhibit endothelial and tumor cell growth26–28 and induce
endoplasmic reticulum stress, autophagy and tumor cell apoptosis.26,28–30 In addition, they modulate inﬂammation and T
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was highly effective in inhibiting tumor growth and survival
in cultured tumor cells from the same tumors, but it required
drug concentrations similar to or above the therapeutic peak
drug concentrations present in plasma of treated patients,
indicating that may not be effective on the proteasome
in vivo. This suggests that HIV-PIs alone or combined with
conventional cytotoxic therapy may be effective in treating
aggressive tumors in HIV infected or uninfected individuals.

Material and Methods
Cell cultures

A549 (lung carcinoma), SW480 (colon carcinoma), MDAMB-468 (breast carcinoma) and SK-HEP-1 (liver carcinoma)
human tumor cell lines were obtained from American Type
Culture Collection (Manassas, VA). SW480 and MDA-MB468 cells were grown in DMEM medium (Invitrogen, Paisley,
United Kingdom) supplemented with 10% fetal bovine serum
(FBS) (Euroclone, Paignton, United Kingdom), 100 U/mL
penicillin (Invitrogen), 100 lg/mL streptomycin (Invitrogen)
and 2 mM L-glutamine (Invitrogen); SK-HEP-1 cells were
cultured in MEM with Earl’s BSS (Invitrogen), 1% nonessential amino acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 2 mM L-glutamine, antibiotics and 10% FBS; A549
cells were maintained in Ham’s F12 medium (Invitrogen)
supplemented with 10% FBS, 2 mM glutamine, 1.5 g/L
sodium bicarbonate (Invitrogen) and antibiotics.
Induction and treatment of tumors in vivo

Nude mice (5–6 weeks old female Balb/c nu/nu from Charles
River, Calco, Italy; 5 animals per group) were treated with
the same indinavir (Merck Sharp & Dohme, Ldt., Haarlem,
The Netherlands) or saquinavir (Roche, Hertfordshire, Great
Britain) formulations and doses administered to patients with
AIDS (indinavir, 70 mg/Kg/die; saquinavir, 36 mg/Kg/die)56 or
with saline solution. HIV-PIs were dissolved in 0.4 ml of saline
solution and administered by intragastric gavage, starting 2
days (A549 cell injected mice) or 3 days (MDA-MB-468,
SK-HEP-1 and SW480 cell injected mice) before tumor cell
inoculation. Mice received 400-Rad total body irradiation and
24 hr later were inoculated subcutaneously into the right and
left lower back, with A549 cells (4  106 cells/site), MDA-MB468 cells (5  106 cells/site), SW480 cells or SK-HEP-1 cells
(both at 3  106 cells/site), as described.57 Animals were
observed twice a week and size of tumors developing at the
injection site were evaluated daily by caliper measurement (longest perpendicular length and width). Animals were sacriﬁced
68, 94, 38 and 85 days after A549, MDA-MB-468, SW480 and
SK-HEP-1 cell injection, respectively. The care and use of mice
were in accordance with the European Community guidelines.
Histological and immunohistochemical
evaluation of tumors

At sacriﬁce, tumors were ﬁxed in 10% neutral buffered formalin (Sigma) and blocked in parafﬁn or frozen in OCT
compound (Tissue Tek, Sakura Finetek Europe, The
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cell-mediated cytotoxic responses.28,31–38 These effects of
HIV-PIs have been related to a few mechanisms of action
that have been observed at different drug concentrations. In
particular, at low concentrations, similar to the steady-state
(Cmin) drug plasma level present in HIV-infected patients
treated with HAART, HIV-PIs inhibit activation of matrix
metalloproteinase (MMP)-2 and production of MMP-7,
which are both required for angiogenesis and/or tumor invasion and growth.7,8,25 In contrast, at high concentrations,
similar to or above the peak drug plasma level (Cmax), HIVPIs inhibit the proteasome, causing tumor cell growth arrest
and apoptosis.26–28,30,31,35,39 In addition, HIV-PIs perturb cellular signalling pathways, including the signal transducers
and activators of transcription (STAT) 3 and the Akt pathways.29,40–43 These are effects that can also be observed
through proteasomal inhibition.44 Because of these actions,
HIV-PIs inhibit the growth of human tumor cell types in
mice, including prostate and liver adenocarcinoma, squamous
cell carcinoma, T-cell leukemia, KS, thymoma and breast and
non-small cell lung carcinoma.24,26,28,29,42,43,45 Moreover, they
increase the effectiveness of radiotherapy (ritonavir and nelﬁnavir)44,46–49 or chemotherapy (ritonavir and nelﬁnavir)46,47
against several types of tumors by blocking Akt signaling and
downregulating HIF-1a and VEGF expression, without, at
least in some models, substantially affecting tumor growth.
The testing of different proteasome inhibitors in preclinical studies and the recent success of the proteasome inhibitor
Bortezomib in Phases II and III trials against multiple myeloma, identify the proteasome as a promising tumor target.50,51 On the other hand, the failure of large, controlled
clinical trials for treatment of tumors with synthetic MMP
inhibitors (MMPI)52,53 has lead to renewed efforts for the
identiﬁcation of speciﬁc MMP, which can be considered as
validated tumor targets.54 In particular, several recent studies
indicate that some MMPs can exert protective effects against
tumors, thus acting as therapeutic ‘‘antitargets’’ rather then
tumor targets.54 Accordingly, third generation MMPI should
be selective against validated MMP targets, which include
MMP-1, MMP-2 and MMP-3, but should spare MMP validated antitargets (namely, MMP-3, MMP-8 and MMP-9).54
Noteworthy, HIV-PIs indinavir and saquinavir have been
shown to target MMP-2 and MMP-7 but not the antitarget
MMP-9 that can be considered either target or antitarget
depending on the tumor type.25,54,55
Thus, considering the capacity of HIV-PIs to target both the
proteasome and validated MMP targets, we decided to explore
both the effectiveness of HIV-PIs against human tumors with a
high prevalence and incidence, and the role of MMPs versus
proteasome inhibition in their antineoplastic activity.
Here, we report that therapeutic doses of indinavir and
saquinavir inhibit the growth of human colon, breast, lung,
and liver carcinomas in nude mice. We have demonstrated
that these effects are due to a reduction of angiogenesis and
MMP proteolytic activity but not to proteasome-mediated inhibition of cell proliferation or survival. Saquinavir, however,
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Figure 1. Indinavir or saquinavir inhibit the growth of all tumors induced by the inoculation of human lung, breast, colon or hepatic
carcinoma cells in nude mice. The mean of external tumor area measured in untreated (black symbols), indinavir- (white symbols) or
saquinavir- (gray symbols) treated mice injected subcutaneously with the indicated tumor cells was plotted as a function of time from
tumor cell injection. The treatment with indinavir or saquinavir significantly reduced the growth of xenograft tumors compared with salinetreated mice (p < 0.01). In breast and hepatic tumors, indinavir resulted significantly more effective compared with saquinavir in inhibiting
tumor growth (p < 0.05).

Netherlands).25,57 For histological examination, parafﬁn-embedded tumors were sectioned (4 lM) and stained with hematoxylin and eosin.
For immunohistochemical analysis, frozen tissue sections
of representative tumors (6 tumors/group) were ﬁxed with
cold acetone and stained with a rat anti-mouse CD31 monoclonal Ab (1:1000 dilution; BD Biosciences, Bedford, MA),
mouse anti-human Ki67 monoclonal Ab (1:50 dilution;
Dako, Glostrup; Denmark) or mouse anti-human p21 monoclonal Ab (1:25 dilution; Dako) as described.25,57,58 Digital
images (200 magniﬁcation) of the whole histologic sections
(about 0.15 mm2/ﬁeld) were captured by a color CCD camera (Carl Zeiss, Jena, Germany). CD31, Ki67 or p21 staining
were quantiﬁed by using the KS300 image analysis software
(Zeiss) and expressed as the percentage of positive area over
the total tissue area. Tumor apoptosis was evaluated by the
TdT-mediated dUTP nick end labeling in situ cell death
detection kit (Roche, Germany) according to the manufacturer’s instruction.

Analysis of MMP activity in tumors

In situ zymography was performed as described previously.59
Brieﬂy, acetone-ﬁxed tumor cryostat sections (8-lM thick)

were air dried for 10 min and covered with a mixture of DQgelatin (1 mg/mL) containing DAPI (1.0 lg/mL; Enz-Chek;
Molecular Probes, Eugene, OR). After agar gelling at 4 C,
slides were incubated for 1 hr at RT. Fluorescence of FITC
and DAPI was detected using a Axioskop 2 plus microscope
(Zeiss) using AxioVision 3.06 software (Zeiss) under 20
original magniﬁcation. To ascertain the enzymatic nature of
the appearance of ﬂuorescence and its speciﬁc localization
patterns, the sections were ﬁxed with 4% paraformaldehyde
for 10 min as a negative control. For combined localization
of gelatinolytic activity and MMP-2 protein in the same section, immunohistochemical analysis was performed by using
the ARK (Animal Research Kit) Peroxidase system (Dako),
with a mouse anti-human MMP-2 monoclonal antibody
(1:25 dilution; Calbiochem, Darmstadt, Germany), as previously described,25,57,58 followed by in situ zymography.

Cell invasion assay

Tumor cells were cultured for 5 days in the presence of
indinavir or saquinavir (a kind gift of Merck Sharp and
Dohme and Roche) (0.1–10 lM) or drug resuspension
buffer. Tumor cells were then harvested, resuspended in serum-free medium containing 0.1% BSA and seeded in
C 2010 UICC
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Figure 2. Drug-mediated inhibition of tumor angiogenesis in nude mice injected with tumor cells. Representative microphotographs of
tumor cross-sections stained for CD31 expression (magnification, 100) from mice bearing lung (panels a, b and c), breast (panels d, e, f),
colon (panels g, h and i) or hepatic (panels j, k and l) human tumor xenografts, respectively, and treated daily with saline solution (left
panels) or HIV-therapeutic doses of indinavir (middle panels) or saquinavir (right panels), respectively, are shown. Tumor-associated
angiogenesis was evaluated by immunohistochemical analysis of tumor cross-sections using the endothelial cell marker CD31. The
decrease of CD31 expression (mean with 95% confidence interval) was statistically significant (*p < 0.05; **p < 0.001) in all tumors from
HIV-PI-treated animals compared with controls (b).

duplicate in the presence of indinavir, saquinavir or buffer
(1.5  105 cells/chamber for A549 cell line or 2.5  105
cells/chamber for MDA-MB-468, SW480 and SK-HEP-1 cell
lines) in the upper compartment of Boyden chambers separated from the lower compartment containing basic ﬁbroblast growth factor (bFGF; 50 ng/mL) (Roche Diagnostic,
Mannheim, Germany) by polycarbonate ﬁlters (12-l pore
ﬁlters for A549 cells or with 8-l pore ﬁlters for MDA-MB-
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468, SW480 and SK-HEP-1 cells; Nucleopore; Whatman,
Clifton, NJ) coated with matrigel (25 lg/50 lL) (BD Biosciences). After 6 hr, noninvaded cells present on the upper
surface of the ﬁlters were mechanically removed, whereas
cells that had migrated to the lower surface were ﬁxed in
ethanol and stained with toluidine blue (Sigma). The number of invaded cells/ﬁeld was evaluated and expressed as
described previously.25,60
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Figure 3. Indinavir and saquinavir decrease MMP activity in vivo. (a) The in situ zymography (upper panels) and the correspondent MMP-2
staining (lower panels) in lung, breast, colon and hepatic carcinoma tissues, respectively. Green fluorescence in tumor section marks the
areas of MMP-2 and/or MMP-9 activity (see Material and Methods). Cell nuclei are stained in blue color. Immunohistochemical MMP-2
staining has been performed on the same section analyzed with in situ zymography. The inhibition of gelatinolytic activity induced by
indinavir and saquinavir is superimposable with the decrease of MMP-2 staining in breast and colon carcinoma tissues (a). MMP activity
was evaluated in situ zymography analysis of tumor cross-sections using DQ-gelatin as substrate. Quantification of the fluorescent areas in
the tumor tissues was performed using the KS300 image analysis software (Zeiss). The decrease of fluorescent area in breast, colon and
hepatic tumors from HIV-PI-treated animals (mean with 95% confidence interval) is statistically significant (*p < 0.05; **p < 0.001) (b).

Cell proliferation assay

Tumor cells were seeded in triplicate in 12-well plates (8 
104 cells/well for A549, SW480 and SK-HEP-1 cell lines and
1  105 cells/well for the MDA-MB-468 cell line) and cultured in the presence of 0.1, 1, 10 and 25 lM indinavir or
saquinavir or drug resuspension buffer for 5 days. The drugs
were added to the cell culture every other day. Cell proliferation was determined by the cell counting method as
described previously.25,60
IjBa expression

Tumor cells were grown in the presence of indinavir or
saquinavir (1 and 25 lM) or drug resuspension buffer for 4
days or in the presence of epoxomicin (10 lM) for 6 hr.
TNFa (10 ng/mL) was then added to the medium for 20

min, and cells were lysed in a buffer containing 50 nM
TrisHCl, pH 7.5, 150 nM NaCl, 1% Triton X-100, 2.5 mM
EGTA, 2.5 mM EDTA, 1.5 mM MgCl2, 1 mM Na orthovanadate, 5 mM NaF, 5 mM N-ethyl-maleimide and a protease
inhibitor mixture (Sigma, St. Louis, MO). Equal amounts of
total proteins were separated by SDS-PAGE followed by immunoblotting with a puriﬁed rabbit polyclonal serum against
IjBa (Santa Cruz, CA), incubation with a horseradish peroxidase-conjugated secondary antibodies (Amersham, Pharmacia
Biotech), and detection by the ECL system (Amersham Pharmacia Biotech).
The p21 immunocytochemical analysis

Cells were grown on chamber slides for 4 days in the presence of indinavir or saquinavir (1 and 25 lM), drug
C 2010 UICC
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Statistical methods

Regression model for correlated data (Generalized Estimating
Equations for repeated measures) was applied to detect differences among treatment groups (Indinavir, Saquinavir, Saline); when data were not normally distributed, geometric
mean was used.
All statistical tests were carried out at two sided with a
5% signiﬁcance level. Statistical analyses and data processing
were performed using SAS software (SAS Institute, Cary,
NC).

Results

Figure 4. Indinavir and saquinavir effects on p21, Ki67 and cell
apoptosis in vivo. (a) Representative microphotographs of breast
carcinoma xenograft cross-sections analyzed for p21, Ki67
expression and the TUNEL assay, respectively (magnification,
’400). Left panels: saline; middle panels: indinavir; right panels:
saquinavir. (b) Quantification of the expression of p21, Ki67 and
apoptosis in tumor tissues are expressed as geometric mean with
95% confidence interval, respectively (*p < 0.05; **p < 0.01;
***p < 0.001, respectively).

resuspension buffer or epoxomicin (10 lM) (Biomol, PA).
The cells were then ﬁxed in cold acetone and stained with a
monoclonal Ab against p21 (1:25 dilution; Dako). After
washing with PBS, the slides were incubated with a biotinylated anti-mouse Ab (Vector Laboratories, Burlingame, CA),
and p21 was detected by the ABC method (Vector Laboratories) followed by PBS washing and incubation with 3,39-diaminobenzidine substrate (Dako). Cells were counterstained
with hematoxylin, visualized using the Axioskop 2 plus
microscope (Zeiss), and images were captured and processed
using the Axiocam camera (Zeiss) under 40 original magniﬁcation. The p21-positive cells were quantiﬁed as the
percentage of total cells by using the KS 300 software
(version 3.2).
C 2010 UICC
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Our previous work indicated that either indinavir or saquinavir inhibit KS-tumor growth and angiogenesis in nude
mice.25 Others showed that indinavir has a similar effect on
human liver cancer cells.24
To determine the effectiveness of HIV-PIs in inhibiting
the growth of aggressive and prevalent human tumors, nude
mice were inoculated subcutaneously with human cell lines
from lung carcinoma (A549 cells), breast carcinoma (MDAMB-468 cells), colon carcinoma (SW480 cells) and hepatic
carcinoma (SK-Hep-1 cells), respectively. These are experimental models of tumor outgrowth that are widely used for
testing the effectiveness of antiangiogenic and antitumor
drugs.57 Animals were treated by intragastric gavage for 2 to
3 days with doses of indinavir or saquinavir comparable
with those used in HIV-infected patients or with saline solution as control and then injected subcutaneously with the
human tumor cells.25 Treatment with HIV-PI or saline was
continued daily until sacriﬁce. The growth of all tumors was
signiﬁcantly inhibited by either indinavir or saquinavir (Fig. 1).
All tumors, in fact, remained signiﬁcantly smaller in treated
animals compared with saline-treated mice throughout the
entire treatment period (p < 0.01), and at sacriﬁce, the
mean external size of tumor xenografts from treated mice
was up to 2.3-fold smaller compared with controls (Fig. 1).
The comparison of the two different treatments indicated
that indinavir was signiﬁcantly more effective than saquinavir
at inhibiting breast and hepatic tumor growth (p < 0.05)
(Fig. 1).
Finally, in established angiogenic tumor models,25 indinavir and saquinavir were capable of inhibiting colon tumor
xenograft development (induced by the same cell line and
injection modalities) also when administered after tumor
appearance (data not shown). These ﬁndings indicate that
HIV-PI can promote tumor regression also when administered after tumor formation.
Indinavir and saquinavir block tumor growth by inhibiting
angiogenesis and MMP activity

To investigate the effects of indinavir and saquinavir on the
angiogenesis and MMPs and on the proteasome, tumor
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Figure 5. Inhibition of tumor cell invasion and cell growth/viability by indinavir and/or saquinavir. Data are expressed as the mean number
(with 95% confidence interval) of invading cells in response to bFGF for cells treated with indinavir, saquinavir and HIV-PI-resuspension
buffer (C). The decrease of bFGF-induced cell invasion by indinavir or saquinavir was statistically significant at all drug concentrations in all
tumor cell lines (p < 0.0001) (a). Tumor cells cultured in the presence or absence of indinavir or saquinavir and viable cells were counted
after 5 days (b). Data are expressed as the mean number of cells grown (with 95% confidence interval) in the presence of indinavir or
saquinavir compared with control cultures (*p < 0.02).

xenografts were assessed for microvascular density through
CD31 expression,25 gelatinase activity by in situ zymography59 and expression of cell proliferation, apoptosis and cell
cycle markers, including Ki67 and p21, respectively.

Treatment with either saquinavir or indinavir signiﬁcantly
inhibited angiogenesis in all tumors, reducing microvascular
density by 40 to 65% (p < 0.05; p < 0.001), respectively (Fig.
2a,b).
C 2010 UICC
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Figure 6. High concentrations of saquinavir, but not indinavir,
block IjBa degradation. Tumor cells were cultured in the presence
or absence of indinavir (IND) or saquinavir (SAQ) (1 or 25 lM), or
epoxomicin (10 lM) (EPO) and analyzed for IjBa expression.
Saquinavir (25 mM) blocked TNFa-induced IjBa degradation in
breast and hepatic tumor cells but not in lung and colon tumor
cells (data not shown).

Furthermore, the in situ zymographic analyses indicated
that indinavir and saquinavir signiﬁcantly reduced MMP activity in breast, colon and hepatic tumors (Fig. 3a,b). Immunohistochemical staining (Fig. 3a, lower panel) performed in
parallel on the same slides analyzed for the gelatinolytic activity demonstrated that a reduction of MMP activity by indinavir and saquinavir was mostly associated with a lower
expression of MMP-2, although an effect on MMP-9 activity
could not be excluded by these assays (Fig. 3b).
In addition, we did not observe a signiﬁcant difference either of the expression of p21 or of cell apoptosis in tumors
from treated mice, with the exception of the colon tissues
from mice treated with saquinavir (Fig. 4a,b). However, an
increase of Ki67 expression was detected in most tumor tissues following either indinavir or saquinavir treatment (Fig.
4b). Altogether these data suggest that indinavir and saquinavir do not block cell cycle progression, proliferation or apoptosis but rather they reduce the tumor mass in vivo mostly
through the inhibition of angiogenesis and MMP-2 activity.
Effects of indinavir and saquinavir on cultured tumor cells

HIV-PIs have been previously shown to promote tumor cell
growth arrest and/or apoptosis via the functional impairment
of the cellular proteasome.26,28,30,31 Thus, to assess the effects
of indinavir and saquinavir on cell invasion and cell growth/
viability, tumor cells were cultured in the presence or absence
of drugs at concentrations ranging from the steadystate to
the peak drug levels present in plasma from treated patients
(0.1 and 10 lM, respectively)61–63 or higher (25 lM).
The results indicated that both indinavir and saquinavir
decreased or completely blocked cell invasion in response to
bFGF25 in all tumor cell lines at all therapeutic drug concentrations (p < 0.0001) (Fig. 5a). No effects were observed on
the noninduced cell motility by either drug (data not shown).
In contrast, cell growth/viability was signiﬁcantly inhibited
only at peak drug concentrations which are comparable with
C 2010 UICC
Int. J. Cancer: 128, 82–93 (2011) V

those observed in plasma. Statistically signiﬁcant inhibition
was evident in all cell lines treated with saquinavir and, for
indinavir, only in lung carcinoma cells treated with drug concentrations above the HIV therapeutic peak level (Fig. 5b)
(p < 0.02). Tumor cells were then cultured in the presence
of low (1 lM) or high (25 lM) drug concentrations or in the
presence of the proteasome inhibitor epoxomicin64 and analyzed for IjBa and p21 expression, which are known target
of cellular proteasome proteolytic activity.65 To induce proteasome-mediated IjBa degradation, cells were exposed to
TNFa.65 High concentrations of saquinavir, but not indinavir,
blocked TNFa-induced degradation of IjBa in both breast
and hepatic tumor cells to levels similar to epoxomicin (Fig. 6).
In addition, high concentrations of saquinavir induced a
signiﬁcant p21 nuclear accumulation in lung, breast and hepatic carcinoma cells (p < 0.001) (Fig. 7a,b). By contrast,
indinavir induced a statistically signiﬁcant p21 accumulation
only in hepatic tumor cells treated with a high drug concentration (25 lM), which is above the HIV therapeutic drug
peak level (Fig. 7a,b). Altogether these results indicated that
high concentrations of saquinavir, but not indinavir, are able
to reduce the degradation of IjBa induced by TNFa and to
promote a consistent accumulation of p21, thus acting on the
cellular proteasome activity.

Discussion
Our present data show that HIV-PIs are effective in inhibiting the in vivo growth of aggressive tumors that have a high
incidence rate in humans. This has been proved in animal
models that are free of viruses and T cells and which detect
direct antitumor effects of HIV-PIs that are independent of
drug-mediated HIV suppression and immune reconstitution.
We have examined the effectiveness of two different HIVPIs, indinavir and saquinavir, against lung, breast, colon and
hepatic adenocarcinoma.
In accordance with previous data obtained by us and
others,24,25 we have observed that the growth of all tumors
was signiﬁcantly inhibited in vivo by both indinavir and
saquinavir. The tumors, in fact, remained signiﬁcantly smaller
in treated animals compared with control mice throughout
the entire treatment period.
Previous studies have shown that HIV-PIs can affect several steps and host responses involved in tumor initiation,
development and/or outgrowth (reviewed in Monini et al.7).
These include angiogenesis, tumor cell invasion, tumor cell
survival and/or proliferation, inﬂammation and cytotoxic T
lymphocyte responses. Most of these pathways are inhibited
or modulated by HIV-PIs through actions on two main targets: MMPs and the proteasome (reviewed in Monini et al.7).
MMPs and the proteasome are also the targets of novel
‘‘pathogenetically oriented’’ antitumor therapies that are currently under clinical evaluation.
Herein, we have demonstrated that therapeutic doses of
both HIV-PIs inhibit these tumors by blocking angiogenesis
and tumor invasion mostly through targeting of MMP
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Figure 7. High concentrations of saquinavir, but not indinavir, block p21 degradation. The human lung, breast, colon and hepatic
carcinoma cells treated with different doses of indinavir and saquinavir (1 and 25 lM) or resuspension buffer for 4 days were then
analyzed for p21 expression by immunohistochemical analysis. A consistent accumulation of p21 was observed in the nucleus of cells
treated with high doses of saquinavir or with epoxomicin (a). The amount of the tumor cells positive for p21 expression was quantified
using the KS300 image analysis software (Zeiss). p21 expression was significantly increased in lung, breast and hepatic tumor cells treated
with saquinavir and in the hepatic tumor cells treated with 25mM indinavir (*p < 0.05; **p < 0.001) (b).

activity and cell motility. In fact, a signiﬁcant reduction of
both the tumor mass and the microvascular density was
observed in all types of tumor xenografts from HIV-PItreated mice compared with untreated animals. By contrast,
we found an increase of tumor cell Ki67 labeling in vivo that
does not correlate with the reduction of the intratumoral
microvessel density. Similar results have been previously
observed in others studies on breast carcinomas and nonsmall-cell lung carcinomas66–69 and suggest that tumor cell

proliferation and capillary growth and/or density might be
regulated by different mechanisms. Furthermore, our in situ
zymographic analyses have demonstrated that therapeutic
concentrations of both indinavir and saquinavir induce a signiﬁcant reduction of MMP activity in our tumor models.
Consistently with this, we have also observed that both HIVPIs, at all therapeutic drug concentrations, efﬁciently block
tumor cell invasion, which is strongly inﬂuenced by MMPs.70
By contrast, in the in vitro experiments, tumor cell growth
C 2010 UICC
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was affected only by peak drug concentrations of saquinavir
(Fig. 5b). These ﬁndings indicate that therapeutic concentrations of HIV-PIs may block tumor growth principally by
decreasing MMP-dependent tumor cell invasion rather than
acting on the cell cycle and are consistent with previous
reports indicating that cell migration and DNA synthesis do
not necessarily occur simultaneously 71,72 Cell migration and
proliferation are required for wound healing, embryonic development and angiogenesis. However, during these processes, cells can either migrate in the absence of proliferation
or proliferate without migrating, and this has been explained
through the existence of signaling pathways that distinguish
between these two responses.71–74 Signaling molecules, such
as the Shc family of adaptor proteins, may be crucial for
DNA synthesis or cell migration depending whether their
activation is induced by growth factors or integrin receptors
ligation, respectively.75
Our ongoing experiments indicate that the decrease of
MMP activity by HIV-PIs might not be due to a direct effect
of the drugs on MMP-2, but rather an effect on avb3, the
integrin receptor involved in the process of MMP-2 activation (unpublished observations and Bjorklund et al.76), thus
contributing to the reduction of tumor invasion and
angiogenesis.
Previous studies have shown that tumor cell growth arrest
and/or apoptosis caused by high concentrations of ritonavir
and saquinavir in lymphoma, KS and prostate cancer cell
lines are associated with the accumulation of IjBa and p21
due to proteasome inhibition.26,28,30 Consistent with this, our
in vitro experiments have demonstrated that although saquinavir upregulated p21, rescued TNFa-induced degradation of
IjBa and inhibited the growth and/or viability of cultured
tumor cells due to effects on the proteasome, this required
high drug concentrations that most likely were not reached

for prolonged time periods in mice treated with HIV-PI therapeutic doses. This is further suggested by the lack of Ki67
downregulation, p21 upregulation and induction of tumor
cell apoptosis in tumor xenografts from treated animals, and
it is in agreement with other data indicating that ritonavir
can block glioma growth in vitro but not in vivo due to the
very low drug concentration achieved across the blood-brain
barrier.77
In conclusion, this study provides evidence that HIV-PIs
may be considered promising new tools to treat cancer particularly because of their antineoplastic potential associated
also with the absence of complications due to prolonged
treatment, as previously observed in other preclinical models
and in HIV-1 negative KS patients treated with indinavir.25,78 Angiogenesis, cell proliferation and apoptosis represent important mechanisms involved in malignant growth,
and inhibition of tumor growth by low concentrations of
indinavir and saquinavir was most likely mediated through
a blockade of tumor angiogenesis and cell invasion, without
signiﬁcantly affecting cell cycle, cell apoptosis and/or proteasome activity. Clearly, the therapeutic potential of a combined approach using an antiangiogenic agent with conventional cytotoxic therapy might greatly improve the
antitumor efﬁcacy. To this goal, we have recently started a
Phase II clinical trial in HIV-1 negative advanced KS
patients, which are treated with indinavir in combination
with a debulking chemotherapy.
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