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ABSTRACT

The Sub-Saharan countries, particularly South Africa has the largest number of people living with HIV,
accompanied by the largest antiretroviral treatment (ART) programme in the world. The Highly Active Anti-
retroviral Treatment (HAART) is the most effective regimen against HIV/AIDS and has improved the lifespan and
quality of life of HIV positive patients. HAART has also led to a decrease in the incidence of AIDS defining cancers
(ADCs) while there is an increased incidence of the non-AIDS Defining Cancers (NADCs), such as lung cancer in
the HAART era. The association between lung tumourigenesis and the use of HAART components such as the
dual protease inhibitor (PI) lopinavir/ritonavir (LPV/r) is poorly understood. Using cell and molecular biological
approaches, this study aimed at elucidating the effects of LPV/r on the regulation of the cell cycle related genes in
normal (MRC-5) and adenocarcinoma (A549) lung cells. Initially, the nuclear integrity of these cells in response
to LPV/r was determined using DAPI staining. The effect of LPV/r on cell cycle genes was evaluated through the
use of a RT2 PCR gene array of 84 genes related to the cell cycle signaling pathway. The PCR array data was
validated by Real-Time Quantification PCR (RT-qPCR). Ingenuity Pathway Analysis (IPA) bio-informatics tool
was employed to disclose the molecular mechanism/s observed at cellular and gene expression levels. Loss of
nuclear integrity and the upregulation of the p53 DNA damage response (DDR) pathway was revealed by DAPI
staining, differential gene expression and IPA core analysis. Furthermore, MAD2L2 and AURKB which also play a
role in the DDR pathway were shown to be differentially expressed. The activation of the CASP3 gene in response
to LPV/r in A549 cells was also observed. The findings of this study suggest genotoxic properties of LPV/r in
healthy normal lung fibroblasts cells and anti-tumour properties in the A549 cells.

1. Introduction

such as Kaposi sarcoma (KS) and non-Hodgkin lymphoma (NHL)
compared to the HAART associated increase in the incidence of

Since the advent of the Highly Active Antiretroviral Treatment
(HAART), the quality of life of HIV positive people has improved [1,2].
With over three million patients, the South African national public-
sector antiretroviral treatment (ART) programme is the largest in the
world [3]. People living with HIV are at an increased risk of developing
cancer compared to the general population [4]. This risk may be
attributed to viral and bacterial co-infections [5-7]. However, the as-
sociation between HAART exposure and cancer risk is complex and re-
mains to be elucidated. It is also undetermined yet whether this risk is
associated with immunosuppression [4]. This is in light of the HAART
associated reduction in the incidence of AIDS defining cancers (ADCs)

non-AIDS defining cancers (NADCs), such as lung cancer [2].

Protease inhibitors remain an integral part of HAART. Lopinavir/
Ritonavir (LPV/r) is a dual protease inhibitor (PI) [11]. PIs are essential
in HAART regimens and form part of the second line treatment ac-
cording to WHO [25] guidelines. This dual PI is a second generation PI,
which has been shown to have better pharmacological profiles, less se-
vere side effects and demonstrate improved resistance profiles against
the multidrug-resistant protease variants compared to first generation
PIs [12,13]. However, poor bioavailability and high toxicity are the
common disadvantages of PIs. There is therefore an increasing need for
the development of next- generation PIs with improved bioavailability
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and minimal cytotoxicity [27-29]. The cytotoxic effects of PIs has also
led to research into the repurposing of ARV drugs as anti-cancer drugs
[30]. For example, the cytotoxic effects of nelfinavir, ritonavir, and sa-
quinavir, atazanavir and lopinavir were shown to inhibit protein kinase
B (Akt/PKB) and induced caspase-dependent apoptosis [31]. In addi-
tion, nelfinavir is undergoing clinical trials as a treatment option against
solid tumours [32]. Recently, Mendez-Lopez et al. [33] demonstrated
the anti-cancer effects of nelfinavir against multiple myeloma [33].
Furthermore, Kushchayeva et al. [34] reportedthat nelfinavir down-
regulates “rearranged during transfection” (RET) signaling and induces
apoptosis in medullary thyroid cancer cells [34]. Rizza and Badley [35]
described the apoptotic effects of PIs In addition, Tricarico et al. [36]
demonstrated the apoptotic properties of LPV/r on neuroblastoma cells
(SH-SY5Y) by inducing mitochondrial damage, increase of heme oxy-
genase RNA expression levels and ROS generation, followed by
apoptosis [36]. Kim et al. [37] have also recently reported chemo-
therapy sensitizing and apoptotic effects of nelfinavir in KBV20C human
oral squamous carcinoma cells [37]. With regards to lung cancer, the
antitumor effect of nelfinavir on non-small-cell lung cancer (NSCLC) was
confirmed in vivo using a xenograft model [31,38].

Lung cancer is categorised as non-small-cell lung cancer (NSCLC) and
small-cell lung cancer (SCLC), which comprise 85 % and 15 % of all
cases, respectively [8]. Deregulation of the cell-cycle and the cell-cycle
related components such as p53 and RB have been implicated in lung
cancer [9]. Furthermore, the deregulation of the pRB pathway through
p16 (CDKI) loss and overexpression of cyclin D1 during the G1 phase is a
crucial event during lung carcinogenesis, in both NSCLC and SCLC. The
deregulation of the p53 pathway, particularly during the S-phase also
plays a key role in lung carcinogenesis [10].

PIs have been reported to have cytotoxic effects [14]. This may
compromise genomic integrity, disrupting the cell cycle, causing mu-
tations and cytotoxicity, particularly in normal cells. To protect against
genotoxicity, cells initiate the DNA damage response (DDR). This in-
volves activation of signalling cascades, including ATM (ataxia telan-
giectasia mutated) and p53 signaling pathways [15]. Currently, little is
known about how LPV/r induced DNA damage leads to the activation of
the DDR signaling pathway. A better understanding of mechanisms
whereby this dual PI induces the DDR may lead to the development of
countermeasures effective in alleviating genome injury in normal
healthy cells. This study aimed at determining the effects of LPV/r on 84

MRC-5 cells stained with DAPI

A549 cells stained with DAPI
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cell cycle related genes in lung cancer. This was accompanied by the
evaluation of nuclear integrity in response to LPV/r. In-silico bioinfor-
matics analysis was further employed to gain insight to the gene
expression and phenotypic patterns observed. Interestingly, the p53
DDR pathway was induced in response to LPV/r. The loss in nuclear
integrity in response to LPV/r is attributed here to the upregulation of
DDR genes. Such LPV/r targeting of the p53 pathway during the S-phase
in lung cells may be key to lung tumourigenesis.

2. Results

2.1. Evaluation of nuclear morphology before and after LPV/r treatment,
using DAPI staining

DAPI staining indicated that DNA fragmentation and chromatin
condensation occurs in cells treated with LPV/r. Control (vehicle)
treated cells did not show signs of DNA fragmentation or chromatin
condensation, Fig. 1.

2.2. Profiling of the human cell cycle gene response to LPV/r treatment in
human non-small cell lung adenocarcinoma (NSCLC) cells

2.2.1. Human cell-cycle PCR arrays

Following on the aforementioned observations relating to loss of
nuclear integrity, a focused gene array panel was employed here to more
specifically probe changes in cell cycle related gene expression, in
response to LPV/r treatment.

2.3. LPV/r treatment modulate the expression of genes related to the cell
cycle in lung cancer cells (A549) and in normal lung cells (MRC-5) groups

Prior to treatment a significant number of genes were shown to be
dysregulated, either up or down (Fig. 2A). The upregulated genes
(Fig. 2B) included cyclin/CDK complexes, while the down-regulated
genes (Fig. 2C) included growth-arrest genes, such as p21 and GADD45A.

LPV/r treatment of MRC-5 cells resulted in the upregulation of the
CDKN2B gene Fig. 3A and B and a decreased transcription level of cell-
cycle genes assayed (Fig. 3C). In contrast, LPV/r treatment of A549 cells
led to a significant dysregulation of the cell-cycle genes assayed. Most of
the upregulated genes here (Fig. 4A and B) include the DNA damage

Fig. 1. DAPI staining of MRC-5 and A549 cells
in response to LPV/r. Changes in morphology
were assessed in LPV/r drug treated relative to
control cells. A and D represent control cells, B
and E show 32uM LPV/r treated cells, while C
and F illustrate 80uM LPV/r treated cells. White
arrows point to changes in the nucleus, such as
DNA fragmentation and chromatin condensa-
tion in LPV/r drug treated (B and C, and E and
F), relative to vehicle control cells (A and D)
(Original Magnification, 63x).
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Fig. 2. The cell cycle gene expression profile in control A549 vs MRC-5 cells. A. The red and green colours in the heat map represent increasing and decreasing gene
expression in test group against control group, respectively. B. genes that increasedand C that decreased, with at least a two-fold differential expression in test against
the control group, as represented by the histograms.
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Fig. 3. The cell cycle gene expression profile of LPV/r treated MRC-5 cells. A. The red and green colours in the heat map represent increasing or decreasing gene
expression in test group against control group. Gene(s) that B, increased and C, that. decreased, with at least a two-fold differential expression in test (LPV/r treated)
against the control group, as demonstrated by the histograms.
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response genes ATM, p53 and GADD45A, while the downregulated
genes comprising members of the MCM gene family, MAD2L2 and
AURKB are shown in Fig. 4C.

2.4. Validation of gene of interest (GOI) using Real-Time quantitative
Polymerase Chain Reaction (RT-qPCR)

A number of candidate genes were shown to be differentially
expressed, Figs. 2-4. Based on their differential expression across test
and control groups, three differentially expressed genes, shown to be
either up or down-regulated, were selected, from the gene array studies.
The three genes selected were Mitotic Arrest Deficient-Like 2 (MAD2L2)
that functions at the cell-cycle checkpoint, Caspase 3 (CASP3) which is
apoptosis related and Aurora Kinase B (AURKB), a mitotic gene which
attaches the spindle to the centromere.

The transcription level of MAD2L2 was significantly higher in A549
cells as compared to MRC-5. However treatment of MRC-5 and A549
cells with LPV/r led to a significant decrease in the transcription level of
MAD2L2. Caspase 3 showed a significant decrease in transcription in
A549 cells compared to MRC-5 cells at both 24 and 48 h. LPV/r treat-
ment of MRC-5 treatment led to an increase in transcription of caspase 3
at 24 h, but remained unchanged at 48 h. Finally the transcription of
Caspase 3 in A549 cells was insignificantly increased following treat-
ment with LPV/r. The transcription levels of AURKB was higher in A549
cells as compared to MRC-5 cells, Fig. 5. Following treatment of these
cells with LPV/r, the transcription of AURKB decreased in both cell lines.

3. Discussion

Even though p53 expression was >2 fold in the tumour vs normal
cells, p53 downstream effectors such as CDKIs were significantly
downregulated, such as p21 at -72 fold. In addition, CASP3 was also
shown to be down-regulated. Furthermore, pro-survival genes such as
BCL-2 and BIRC-5 (survivin) were also upregulated here. Interestingly,
AURK isoforms as well as MAD2L2 (important in mitotic spindle-
checkpoint) were revealed as being upregulated, Fig. 6B.

Following lung cell exposure to LPV/r, p53 expression was triggered
by decreased levels of AURKB in A549 cells and this in-turn repressed
MAD2L2 expression. This was then followed by the activation of
downstream targets of p53, including p21, p27 and p16. A significant
down-regulation of cyclins A, B, D3, E and F was observed. CDK1 and 2
(except for CDK4) were also down-regulated. E2F1 transcription factor,
important for the transcription of S-phase genes was additionally down-
regulated. Furthermore, the MCM family of DNA synthesis genes was
significantly down-regulated. Survivin (BIRC5) was down-regulated,
while CASP3 was up-regulated. The unchanged expression of the BCL-
2 gene following LPV/r treatment is obscure here. Unfortunately in
this study as part of the array, only the predominant isoform of BCL-2
without a variety of its splice variants was interrogated. Warren et al.
[17] reviewed the precise roles of the BCL-2 family isoforms in apoptosis
and cancer and identified that there are gaps in the knowledge regarding
isoforms of the anti-apoptotic BCL-2 family.

It was then further recommended that studies focusing on under-
standing the variety of splice variants and isoforms and their biological
role in apoptosis is required for targets of the BCL-2 pathway to reach
their full potential [16]. Moreover, GADD45A was significantly
up-regulated (40 fold). Similarly in MRC-5 cells, insignificant (1.26 fold)
p53 activation led to pl5 activation, resulting in the inactivation of
cyclins/CDKs, deregulation of AURKB and MAD2L2 down-regulation,
and a repression in the expression of the MCM gene family, Fig. 6C.
LPV/r exhibited characteristics of anti-tumour agents. From this dataset,
it is evident that LPV/r induces DNA damage response (DDR) pathways.
Furthermore, Aurora kinases and MAD2L2, have previously been shown
to be frequently overexpressed in human tumours, causing aberrations
in the spindle assembly checkpoint, resulting in chromosomal
mis-segregation and centrosome amplification, leading to chromosomal
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instability and tumorigenesis [17]. Failure to arrest the cell-cycle and
repair the DNA damage, may lead to apoptosis. CASP3, an effector
caspase important in apoptotic-mediated cell death, was also shown
here to be differentially expressed in response to LPV/r drug treatment.
De-regulation of CASP3 underlies human diseases including cancer.

MAD2L2 gene also known as REV7 encodes the 211 amino acid
MAD2L2 protein and plays an important role in the prevention of the
onset of anaphase to permit the correct alignment of all chromosomes at
the metaphase plate [18]. MAD2L2 also plays important roles in
translesion DNA synthesis, mitotic control, and in repair pathway
choice during DNA double-strand breaks. Upon DNA damage, MAD2L2
isrecruited to DSB sites, but is not needed to initiate damage signalling.
Aurora B forms part of the Chromosome Passenger Complex (CPC) and
is partnered with Incenp, Survivin and Borealin. Chromosomal
bio-orientation prior to segregation is ensured by AURKB and the CPC.
AURKB destabilizes incorrectly attached microtubule (MT)-kineto-
chore connections via mitotic centromere associated kinesin (MCAK)
[19,20]. The phosphorylations (by AURKB) are removed by
protein-protein interactions (PPIs), once tension is established and the
outer kinetochore is separated from the centromeric Aurora B [21-23].
By generating unattached kinetochores during error correction, Aurora
B then affects the spindle assembly checkpoint (SAC) and prevents
activation of the anaphase promoting complex/cyclosome (APC/C).
Targeted gene expression of S-phase and mitotic checkpoints is
observed here. Although the identification of differentially expressed
genes is commonly used to explore molecular mechanisms of biological
conditions and provides a molecular foothold on biological questions of
interest [39]. Protein expression studies could corroborate findings. In
particular, the protein expression analysis of DDR components such as
MAD2L2 and AURKB whose precise role in DDR remains yet to be
elucidated would provide further insights. Additionally, CASP3 cleav-
age in response to LPV/r treatment would also be beneficial. Therefore,
future work may include immunoblot assays for the identified genes of
interest, comet assay to quantify genotoxicity, morphological studies of
cellsin response to LPV/r and posttranscriptional gene regulation, such
as miRNA to establish effects of LPV/r on posttranscriptional gene
regulation. To our knowledge, this is the first mechanistic study to show
the p53 induced DDR in lung cells.

4. Conclusion

It is evident in this study that the DDR genes are upregulated
following LPV/r exposure. In addition, the spindle assembly checkpoint
(SAC) seems to be targeted by this treatment. This is observed in both
normal lung fibroblast and tumour cells, suggesting the cytotoxic role of
this dual protease inhibitor not only in cancerous cells, but in healthy
cells as well. Although this second generation dual PI has been shown to
have improved resistance profiles against HIV, this perhaps warrants the
development of next generation PIs that would still be efficient therapies
against HIV, but less cytotoxic to normal healthy cells.

5. Experimental procedures
5.1. Drug

Both lopinavir and ritonavir (LPV/r) were purchased from Toronto
Research Chemicals (Toronto, Ontario, Canada) and were dissolved in
methanol in a 4:1 ratio. A thirty two to eight (32:8 pM) ratio was used as
per2019 WHO guidelines [24]. Lopinavir was developed by Abbott to
improve upon the properties of ritonavir and was the first dual protease
inhibitor available [40-43].

5.2. Cell culture

Cell lines were obtained from the American Type Culture Collection
(ATCC) (Manassas, Virginia, United States) and cultured at 37°Cina 5 %
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CO, incubator. The MRC-5 (ATCC CCL171) and the A549 (ATCC
CCL185) cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) (Millipore-Sigma, Burlington, Massachusetts, USA) supple-
mented with 10 % foetal bovine serum (FBS) (Millipore-Sigma, Bur-
lington, Massachusetts, USA) and 1 % penicillin/streptomycin (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). For cell cycle Path-
wayFinder R2 PCR Array (Qiagen, Frederick, Maryland, USA) analysis,
the MRC-5 and A549 cells when growing exponentially, were
synchronised in the cell cycle by serum starvation and then treated with
32uM LPV/r for 48 h. For the validation study, the control group
(vehicle control) was included.

5.3. DNA staining using 4, 6-diamidino-2-phenylindole (DAPI)

DAPI staining was used to assess morphological and nuclear changes
such as DNA fragmentation and chromatin condensation in MRC-5 and
A549 cells in response to LPV/r. MRC-5 and A549 cells were first fixed
by 4 % paraformaldehyde (Millipore-Sigma, Burlington, Massachusetts,
USA) in the microfluidic channels at room temperature for 10 min,
washed with phosphate buffered saline (PBS) (Millipore-Sigma, Bur-
lington, Massachusetts, USA) three times, permeabilized with 0.3 %
Triton X-100 (Millipore-Sigma, Burlington, Massachusetts, USA) for 10
min, washed with PBS (Millipore-Sigma, Burlington, Massachusetts,
USA) again three times, and finally stained with 4',6-diamidino-2-
phenylindole (DAPI) for 15 min. The cells were viewed on the Zeiss LSM
780 confocal microscope (Jena, Germany) at 63x magnification.

5.4. RNA isolation, quality control and performance of RT2 qPCR array
analysis

RNA isolation was done using an RNeasy Mini kit (Qiagen, Frederick,
Maryland, USA) following the manufacturer’s instructions. RNA pellets
were re-suspended in 30 pl of double distilled H;O (ddH20). RNA yield
was quantified using a NanoDrop spectrophotometer (Thermo Fisher,
Scientific, Waltham, Massachusetts, USA). For cDNA synthesis, a reverse
transcription kit (RT2 First Strand Kit; Qiagen, Frederick, Maryland,
USA) was used. The cDNA synthesis reaction was combined with an RT2
SYBR Green qPCR Mastermix (Qiagen, Frederick, Maryland, USA) for
loading onto a qPCR array plate. All qPCR array results were obtained
using a human cell cycle signaling pathway RT2 Profiler PCR Array of 84
genes (96-well format; PAHS-020Z, Qiagen, Frederick, Maryland, USA).

A gPCR components mix, containing RT2 First Strand Synthesis reaction
and RT2 SYBR Green Mastermix, was loaded into the array plates with
the pre-dispensed primers. The qPCR reactions were performed in a
7500 ABI (Foster City, California, USA) real-time cycler at [10 min at 95
°C, 40 cycles (15 s at 95 °C; 1 min at 60 °C)]. The results of each RT2
Profiler PCR Plate were quality checked by analysing CT values for
genomic DNA contamination (GDC), as well as a reverse transcription
control (RTC) and positive PCR control (PPC) following the manufac-
turer’s instructions. Each RT2 Profiler PCR Array contains five house-
keeping genes (ACTB, B2M, GAPDH, HPRT1, and RPLPQ). The
geometric mean of the CT values for the five housekeeping genes was
calculated and subtracted from the CT value of each gene of interest to
obtain ACT values. AACT values were calculated by subtracting the
average ACT of the control samples from the average ACT of the test
(LPV/r-treated) samples. Fold changes of gene expression and heatmaps
were analyzed and generated by using RT2 PCR array data analysis web
portal [25]. Those genes from the 32uM LPV/r treatment groups that
had expression fold changes of more than two compared against control
groups were considered significant. The candidate genes/ genes of in-
terest (GOI) were chosen to be validated by RT-qPCR.

5.5. Quantitative reverse transcription PCR (RT-gPCR) to validate the
PCR array results

Real-Time quantitative Polymerase Chain Reaction (RT-qPCR), was
used to assess and confirm the relative gene expression levels of genes of
interest (GOI) from the cell-cycle arrays. Total RNA was isolated from
MRC-5 and A549 cells using RNeasy Mini kit (Qiagen, Frederick,
Maryland, USA)

following the manufacturer’s instructions. cDNA was synthesized
using the Maxima First Strand cDNA synthesis kit for RT-qPCR with
dsDNase (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
following the manufacturer’s instructions in an ABI 7500 System (Foster
City, California, USA). The thermal profile for qPCR was 30 s pre-
incubation at 95 °C for one cycle, followed by 40 cycles of 95 °C for 5
s and 60 °C for 34 s. The fold changes amplification for targeted genes
was normalized to the housekeeping gene GAPDH by the 2-AACT
method [26]. Fold changes were calculated using Qiagen’s web portal
and then exported to GraphPad Prism 5, for further statistical analysis,
plotting test against control, for all three selected target genes. Results
are represented as fold changes in histograms. The following primers
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Fig. 6. Ingenuity pathway analysis (IPA) of differential gene
expression in response to LPV/r. A. Canonical pathway analysis
of gene targets in cells treated with 32 uM LPV/r vs untreated
cells. B. IPA p53 signalling pathway in control A549 vs MRC-5
cells. The green and red colours represent down and up-
regulation. The orange boxes encompass most of the activity in
this pathway. C. IPA p53-signalling pathway in A549 cells
treated with 32 pM LPV/r. The green and the red colours signify
down and up- regulation, respectively. The over expression of
growth arrest molecules such as p21, Cyclin G and GADD45 in
response to the activated p53 is represented here.
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were designed by Primer 3 tool (http://primer3.wi.mit.edu/), synthe-
sized by Integrated DNA Technologies (IDT) (Whitehead Scientific,
Johannesburg, Gauteng, SA) and were used:

MAD2L2 (NM_006341),

Fwd- CGAGTTCCTGGAGGTGGCTGTGCATC and Rv- CTTGACG-
CAGTGCAGCGTGTCCTGGATA; CASP3 (NM_004346),

Fwd- GCTCATACCTGTGGCTGTGTA and Rv- ATGAGAATGGGG
GAAGAGGCA; AURKB (NM_004217),

Fwd- AGCAGCGAACAGCCACG and Rv- GCCGAAGTCAGCAATCT
TCA GAPDH (NM_002046),

Fwd- TGCACCACCAACTGCTTAGC and Rv- GGCATGGACTGTG
GTCATGAG.

5.6. Ingenuity pathway analysis (IPA)

Qiagen’ s (Frederick, Maryland, USA) Ingenuity Pathways Analysis
(IPA) is a web-based bioinformatics application that allows researchers
to upload data from gene array analysis for functional analysis, inte-
gration, and further understanding. In this study, the IPA canonical
pathway analysis and core analysis functions were used. The canonical
pathway analysis provides insights into data by determining the most
significantly affected pathways. The IPA canonical pathway analysis
was used to reveal significantly affected pathways other than the cell
cycle in response to LPV/r drug treatment. To achieve this, the z core
was primarily used to indicate the degree of expression levels, with
positive z score denoting upregulation, negative z core representing
downregulation, while zero (0) z core illustrates relatively unchanged
gene expression. The core analysis function was used to help build a
more complete regulatory picture to better elucidate the biology un-
derlying the studied gene expression profiles in response to LPV/r.

5.7. Statistical analysis

Fold changes of the transcriptional profiling of the 84 genes
expression and heatmaps were calculated and generated by using the
RT2 PCR array data analysis web portal. Although the RT2 PCR array
was performed once per sample, the arrays were validated by a quality
check according to the manufacturer’s instructions. Genes of the test
group (LPV/r treated) compared to control group with differences
greater than 2-fold (and p < 0.05) were considered significant, as
calculated by the RT2 PCR array data analysis web portal. When
comparing more than two conditions, data was analyzed by one-way
ANOVA, followed by Tukey’s post hoc test using Graph Pad Prism 5.
Values were presented as +S.E.M for at least three independent ex-
periments. The statistical significance of p < 0.05 was considered
significant.
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