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Introduction: Results from recent studies have suggested a role for protease inhibitors in altering mechanisms
involved in the initiation and proliferation of cancer cells. One such inhibitor, indinavir, may act as an anti-cancer
agent by modulating the alpha-7-nicotinic acetylcholine receptor, which is a pro-carcinogenic protein that has
been researched in conjunction with nicotine in lung cancer development. In our study, we compare indinavir's
binding affinity towards α7-nAchR and MMP-2, another promoter of malignancy, to determine what extracellular
effects the drug has before being internalized to inhibit HIV-1 protease.
Methods: A computer program, PyRx, was used to compare indinavir's binding affinity with digital models for α7-
nAchR, MMP-2 and HIV-1 protease, which were then compared to the results of in vitro binding assays for these
targets.
Results: PyRx testing predicted the highest binding affinity values for indinavir to MMP-2 (mean ¼ 8.77 kcal/mol,
S.D. ¼ 0.29), followed by the α7-nAchR (mean ¼ 8.53 kcal/mol, S.D. ¼ 0.15) and HIV-1 protease (mean ¼ 7.5
kcal/mol, S.D. ¼ 0.44). In vitro, indinavir's mean percent inhibition of control values were 103.2 for HIV-1
protease, 5.3 for MMP-2, and 7.7 for the α7-nAchR.
Conclusions: Binding affinity values for indinavir to MMP-2 and α7-nAchR were not significantly different. Using
PyRx to predict affinity compared with in vitro testing did not yield comparable results. However, indinavir was
shown to slightly inhibit both α7-nAchR and MMP-2, which may have ramifications in the drug's delivery to the
intracellularly located HIV-1 protease.
1. Introduction

With an estimated incidence of 18.1 million cases worldwide in 2018
[1], cancer is a pressing, global issue; in the US alone, among adults
between the ages of 40–79, cancer surpasses heart disease to hold the
title as the leading cause of death [2], and the American Cancer Society
estimates that in 2018, 1.7 million in the US will be newly diagnosed
with cancer [3]. The implications of these numbers to the cost to society
are paramount. Direct medical costs for cancer in the US were found to be
$80.2 billion in 2015 [3], and with a growing population, these costs are
projected to increase 34% from 2010 to 2020 [4]. In addition to its
economic burden, cancer will claim around 609,640 US lives in 2018 [3],
and the incidence of cancer will rise, though the rate of it is on the decline
[5, 6]. Lung cancer, the leading cause of cancer deaths [2], has a 5-year
ce.com (A. McMurtray).
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survival rate of 56% when diagnosed early. However, only 16% of pa-
tients are diagnosed prior to metastasis, leading to an overall 5-year
survival rate of 18% [3]. With such a bleak outlook, it is imperative
that we improve our understanding, and ultimately, treatments for a
disease that progressively continues to claim lives.

Cancer forms and spreads from its site of origin through a number of
processes, such as cell cycle dysregulation [7] and
epithelial-mesenchymal transition (EMT) [8, 9, 10, 11], respectively.
Exposure to nicotine, an IARC group 1 carcinogen [12], leads to
increased levels of VEGF, fibronectin, vimentin, Src, Raf-1 and other
factors important in cell growth and invasion, and these downstream
effects are initiated through the α7-nicotinic acetylcholine receptor
(α7-nAchR) [13, 14]. In non-small cell lung cancer, the α7-nAchR is more
highly expressed in smokers than nonsmokers [13], which provides a
eptember 2019
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mechanism through which we can explain a poorer prognosis and
increased metastasis for patients who smoke [15, 16, 17, 18, 19].
Antagonist compounds to α7-nAchR specifically, such as
alpha-cobratoxin and alpha-bungarotoxin, have been able to inhibit cell
growth in vitro and in mice [14], but additional compounds for safe, in
vivo use in humans have yet to be discovered.

Several recent studies have shown promising results for HIV-protease
inhibitors (PIs) in their anti-cancer properties. PIs, which are typically
utilized in the treatment of HIV/AIDS, inhibit proteases that are neces-
sary to cleave viral precursors into active proteins [20]. However, an
alternative use for PIs in inhibiting invasion, angiogenesis, and in some
cases, preventing proliferation of cancerous cells, has been established
for several types of cancer [21, 22, 23]. More specifically, studies have
indicated that some PIs inhibit matrix metalloproteinase-2 (MMP-2) [22,
24]. Elevated MMP-2 levels have been correlated with metastasis [25]
and a worse prognosis [26]. Other mechanisms of action, including
endoplasmic reticulum (ER) stress [23], have been proposed for drugs
like nelfinavir, indicating that these drugs also possibly work through
apoptosis. Though reports are conflicting on whether some PIs affect cell
proliferation, indinavir has been reported to affect MMP-2 and MMP-9,
but not p21 [22], which emphasizes its importance in tumor metas-
tasis, rather than initiation, specifically.

Recently, indinavir was identified to be a positive allosteric modu-
lator (PAM) for the α7-nAchR when used at concentrations lower than 10
μM but an inhibitor when greater than 10 μM [27], potentially giving it
additional anti-cancerous properties. Given this finding, we further
explored indinavir's potential as an anti-cancer agent by evaluating its
binding affinity towards α7-nAchR and MMP-2 with a computerized
program, PyRx [28]. We also obtained in vitro data to compare it with the
data from PyRx. Finally, we sought to compare these values to indinavir's
binding affinity for HIV-1 protease, as the drug has an approved and
established use on this protease in HIV treatment.

2. Methods

2.1. Computer modeling

For the selection of our compounds to be used in computer modeling,
we used the 3D structures for the α7-nAchR andMMP-2 proteins from the
National Protein Data Bank at www.rcsb.org (3SH1 and 1CK7, respec-
tively) [29]; aplysia californica acetylcholine-binding protein
(Ac-AchBP), mutated to reflect the binding characteristics of the human
α7-nAchR [30], was used as a stand in structure for the receptor. The
molecular structure for indinavir was downloaded from drugbank.ca.gov
[31]. Using PyRx, a program available at http://pyrx.sourceforge.net
[28], we minimized the energy of indinavir's compound and ran the
program six times, as follows: three runs to obtain binding affinity values
between indinavir and α7-nAchR, and another three runs to obtain
binding affinity values between indinavir and MMP-2. Each run of the
program listed different binding affinities between the two compounds
that were obtained in the computer modeled analysis. We took the
highest binding affinity value from each of the three runs between the
two compounds, and obtained an average. We compared the average
between indinavir and α7-nAchR and the average between indinavir and
MMP-2 in our analysis.

Because HIV infection is the primary indication for indinavir usage,
we compared indinavir's binding affinities for the two extracellular
proteins versus indinavir's affinity for HIV-1 protease, an intracellular
enzyme that indinavir competitively inhibits. The structure of HIV-1
protease (3HVP) was also downloaded from the National Protein Data
Bank [29]. PyRx was then used to obtain binding affinity values between
indinavir and HIV-1 protease. In a similar fashion to the data obtained for
α7-nAchR and MMP-2, we ran 3HVP with indinavir three times, and also
averaged the three highest values from each run.
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2.2. In vitro testing

In vitro testing was accomplished through binding assays at Eurofins
Cerep. Indinavir was tested at 10μM with α7-nAchR, HIV-1 protease and
MMP-2 for percent inhibition of control values.

2.3. Data analysis

Mean and standard deviation values were calculated independently
for the binding affinities between Indinavir and each of the protein tar-
gets (i.e., indinavir and α7-nAchR; indinavir and MMP-2; indinavir and
HIV-1 protease). An analysis of variance (ANOVA) was used to determine
if significant differences existed between the groups, using a p-value of
less than 0.05 to indicate the presence of a significant difference. No
correction for multiple comparisons was made, since there were only
three groups. To identify differences in binding affinities between indi-
vidual proteins, as well as between the extracellular (MMP-2 and α7-
nAchR) and intracellular (HIV-1 protease) proteins, two-tailed t-tests
were used, assuming unequal variances and using a p-value of less than
0.05 to indicate the presence of a significant difference. Normal distri-
butions were assumed for all calculations. All calculations were per-
formed using Microsoft Excel, version 15.24.

3. Results

The highest binding affinity values were found between indinavir and
MMP-2 (1CK7), which were 9.1, 8.6, and 8.6 kcal/mol, (mean ¼ 8.77
kcal/mol, S.D. ¼ 0.29). The α7-nAchR (3SH1) bound to indinavir with
8.4, 8.7, and 8.5 kcal/mol, (mean ¼ 8.53 kcal/mol, S.D. ¼ 0.15). HIV-1
protease's (3HVP) binding affinity values to indinavir were 7.8, 7.7, and
7.0 kcal/mol, (mean ¼ 7.5 kcal/mol, S.D. ¼ 0.44).

The F-statistic value for ANOVA was 13.79, with p ¼ 0.0057. This
prompted us to run individual t-tests. Binding affinity values for MMP-2
and HIV-1 protease were significantly different, with p ¼ 0.025. The p
values for both α7-nAchR vs HIV-1 protease and for MMP-2 vs α7-nAchR
were 0.061 and 0.304, respectively, suggesting no significant difference.
Extracellular protein (both MMP-2 and α7-nAchR) binding affinity values
collectively were also significantly different from intracellular (HIV-1
protease) values, with p ¼ 0.024.

In vitro, indinavir's mean percent inhibition of control values were
103.2% for HIV-1 protease, 5.3% for MMP-2, and 7.7% for the α7-nAchR,
suggesting the highest affinity between indinavir and HIV-1 protease in
vitro.

4. Discussion

Cancer's grim outlook applies globally. By discovering the precise
mechanism of its formation and spread, healthcare providers can tailor a
patient's treatment to work more effectively and successfully. Chemo-
therapy and radiation broadly target replicating cells, and patients
experience a myriad of debilitating side effects, such as nausea and
vomiting, loss of appetite, and fatigue [32]. Conversely, indinavir and
other HIV PIs have been discovered to potentially target specific
pro-oncogenic agents, such as MMP-2 [22,24]. PIs inhibit invasion and
some proliferation of cancerous cells, but the exact series of events
through which it exerts its effects is unknown. Recently, indinavir was
found to have characteristics that allow it to bind to the α7-nAchR [27], a
receptor that plays a role in some types of cancer. We have now compared
the binding affinities of two extracellular proteins, the α7-nAchR binding
domain and MMP-2, to indinavir. Essentially, we are asking if the drug,
prior to entering the cell, is more likely to work through its effects on
MMP-2, α7-nAchR, or a combination of both.

Through PyRx, we found that differences between indinavir's affinity
towards the extracellular proteins, MMP-2 and the α7-nAchR, were not
statistically significant. In vitro testing of these two compounds also
yielded similar results. Consequently, there may be different responses to

http://www.rcsb.org
http://drugbank.ca.gov
http://pyrx.sourceforge.net


A. Lee et al. Heliyon 5 (2019) e02526
indinavir in tissues where the concentration of these two extracellular
proteins vary. For example, α7-nAchR expression is upregulated in
smokers and in some malignant tissues, such squamous cell carcinoma
lung cancer [13, 33]; the downstream effects of α7-nAchR activation lead
to cell proliferation, especially in tissues where tumors were already
formed [14]. In these cases, indinavir may be exerting more of its action
as an inhibitor of the α7-nAchR, regardless of a similar binding affinity. In
other tissues with similar MMP-2 and α7-nAchR concentrations, indina-
vir could have additive or synergistic anti-cancerous effects from inter-
action with both proteins. Further work would be necessary to determine
the different clinical presentations and treatment outcomes among tis-
sues of varying MMP-2 and α7-nAchR concentrations and to address any
potential for synergy.

Alternatively, indinavir's affinity for these extracellular proteins may
prove to be less beneficial outside the realm of cancer treatment. Indin-
avir is most commonly used in HIV/AIDS treatment, where it inhibits
HIV-1 protease [34], an intracellular enzyme necessary for viral repli-
cation and survival [35]. In our analysis of computer model results, both
extracellular proteins (MMP2- and α7-nAchR) collectively had signifi-
cantly higher predicted binding affinities to indinavir than did HIV-1
protease. However, indinavir had a much higher percent inhibition
with HIV-1 protease in vitro, though binding affinities, albeit lower, were
still shown to exist for MMP-2 and α7-nAchR. The drug is characterized
by a low plasma concentration and short time of action in vivo, and it
requires frequent dosing (800 mg every 8 h) [36]. Because the latter two
proteins are extracellular in vivo, there may still be significant ramifica-
tions on indinavir's delivery to HIV-1 protease, as it must enter the cell
after encountering the two extracellular proteins. When treating HIV, a
considerable amount of the drug may be complexed to either MMP-2 or
α7-nAchR and unable to enter the cell to inhibit HIV-1 protease. Future
studies could attempt to develop a structural analog of indinavir with a
much lower or nonexistent binding affinity to MMP-2 and the α7-nAchR,
which could overcome these hurdles and become more effective in
reaching and acting on HIV-1 protease in HIV/AIDS affected individuals.
High doses of indinavir, which is excreted by the kidney, may lead to
nephrotoxicity [37, 38], and decreasing the dose has been associated
with improved kidney function [39]. By allowing a larger proportion of
the drug to enter the cell, lower doses could be administered, thereby
potentially alleviating some of the negative side effects associated with
higher doses of indinavir. However, nephrotoxicity still remains as a
limitation for using indinavir in cancer treatment.

For patients with access to highly active antiretroviral therapy
(HAART), including PIs, HIV is now a more manageable condition.
However, almost half of virally suppressed HIV/AIDS patients using
HAART medications experience mild cognitive dysfunction [40, 41],
which raises the issue of the potential neurotoxicity of antiretroviral
therapy [42]. A possible mechanism, through indinavir's inhibitory ef-
fects on the α7-nAchR, has been suggested, and this undesired conse-
quence contradicts its beneficial response in cancer treatment. Therefore,
further investigation would be required to determine a balanced dosage
at which indinavir could work as a successful, anti-cancer agent without
significant cognitive impairments; alternatively, concomitant medica-
tions, such as NMDA receptor antagonists, may be administered to offset
this side-effect [27]. On the other hand, indinavir may be exerting ad-
vantageous effects through its actions on MMP-2. Studies have shown
MMP-2 to be elevated in the central nervous system of patients with HIV
related neurodegeneration [43, 44, 45], and by inhibiting MMP-2, in-
dinavir may have a useful impact. This finding warrants further explo-
ration of its effects in vivo.

Matrix metalloproteinase 9 (MMP-9) is another marker that has been
widely referenced in studies of cancer, due to its ability to promote tumor
invasion and metastasis. Higher levels of MMP-9 have been discovered in
various types of cancer, which has led to its potential role as a biomarker
in giant-cell tumor of the bone, non-small cell lung cancer and cervical
cancer, among others [46]. Studies have shown lower levels of proteo-
lytic activity for MMP-9 with use of indinavir, namely in cervical cancer
3

[47, 48]. Additionally, indinavir decreased expression of MMP-9 from
certain cell types [49]. These findings suggest that while indinavir's in-
hibition onMMP-9 has been well established, it may also have more of an
indirect role in attenuating MMP-9's effects. In future studies, we believe
that MMP-9, along with the two markers used in our study, MMP-2 and
α7-nAchR, would be important targets in evaluating indinavir's potential
as an anti-cancer agent.

Furthermore, PyRx and other similar programs may be useful in the
development of pharmaceutical drugs. A recent study estimated a single
drug's research and development costs to be $2.8 billion [50], and the
combination of computational and in vitro approaches may improve the
efficiency of drug discovery. This could not only lower R&D expendi-
tures, but also avoid some undesired and serious side effects. However, it
is worth noting that our PyRx results did not align with our in vitro
testing, and thus may be limited in its practical use.

Though our PyRx results did not align with our in vitro testing, our
study may have been limited in that the proteins we selected from the
National Protein Data Bank may not have been the most representative
model of its in vivo counterpart. Our study was also limited to just a few
proteins in the extracellular space, as we only investigated MMP-2 and
the α7-nAchR binding regions. Future efforts in determining indinavir's
potential in cancer treatment should include testing of cancer cell lines,
as well as including a wider range of concentration for in vitro testing of
indinavir, rather than the 10 μM used in our study. Additionally, indin-
avir was selected as our protease inhibitor of choice for the study, based
on previous data that showed its potential to inhibit the α7-nAchR [27].
Subsequent studies should evaluate other protease inhibitors' capabilities
as anti-cancer agents.

5. Conclusion

In conclusion, our study explored using the PI, indinavir, against two
potential extracellular binding targets (MMP-2 and α7-nAchR) for use in
cancer treatment, and measured their binding values against that of HIV-
1 protease, an intracellular target for indinavir in HIV/AIDS treatment.
We compared the predicted binding and experimental inhibition from
computational and in vitro data, respectively, and discussed how the
method we used could benefit large-scale drug development projects.
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