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Abstract 

The main focus of this study is exploring the effect and mechanism of two HIV-protease 

inhibitors (HIV-PIs): Ritonavir and Ritonavir-NO on in vitro growth of melanoma cell lines. Nitric 

oxide modification significantly improved the antitumor potential of Ritonavir, as the IC50 values 

of Ritonavir-NO were approximately two times lower than IC50 values of the parental compound. 

Our results showed for the first time, that both compounds induced senescence in primary and 

metastatic melanoma cell lines. This transformation was manifested as a change in cell 

morphology, enlargement of nuclei, increased cellular granulation, upregulation of β-

galactosidase activity, lipofuscin granules appearance, higher production of ROS and persistent 

inhibition of proliferation. The expression of p53, as one of the key regulators of senescence, 

was upregulated after 48 h of Ritonavir-NO treatment only in metastatic B16F10 cells, ranking it 

as a late-response event. The development of senescent phenotype was consistent with the 

alteration of the cytoskeleton- as we observed diminished expression of vinculin, α-actin and β-

tubulin. Permanent inhibition of S6 protein by Ritonavir-NO, but not Ritonavir, could be 

responsible for a stronger antiproliferative potential of the NO-modified compound. Taken 

together, induction of senescent phenotype may provide an excellent platform for developing 

therapeutic approaches based on selective killing of senescent cells. 



1. Introduction 

Melanoma incidence is rising over the past 20 years (SEER Cancer Stats Facts 2018, NIH, 

https://seer.cancer.gov/statfacts/html/melan.html).Therapeutic choices for melanomas are 

limited, and most treatments fail to improve the life quality of survived patients. Targeted 

therapies using MAP kinase pathway inhibitors, as well as immunotherapy using checkpoint 

inhibitors (CTLA4- blocking antibody, PD-1 blocking antibody), show promising results in 

improving the survival rates1. Nevertheless, the search for the most effective and tolerable drug 

or combination of drugs remains. 

HIV-protease inhibitors (HIV-PIs) are a class of anti-retroviral drugs initially designed to target 

viral protease, by mimicking the viral gag-pro polyprotein and thereby blocking the active site of 

HIV aspartyl proteases. This action prevents production of infectious viral particles2. Use of HIV-

PIs has coincided with a substantial reduction of incidence of HIV-associated malignant 

diseases including KS and some non-Hodgkin lymphoma3,4. Although HIV-PIs are not expected 

to cross-react with human proteases, preclinical data indicate that their anticancer effect may be 

attributed to inhibition of endopeptidases such as metalloproteinases and proteasomes5,6. 

Recent evidence demonstrate different anticancer effects of HIV-PIs both in vitro and in vivo, 

which are mediated through mechanisms that include: induction of apoptotic cell death, 

inhibition of angiogenesis, modulation of proteasome and cell cycle arrest 7-9. Numerous 

mammalian proteins are affected directly by HIV-PIs, or as a consequence of their action. As a 

result, various toxic events that often follow long-term treatment occur, such as gastrointestinal 

and hepatic adverse effects, nausea, vomiting, abdominal pain and diarrhoea10. Other common 

side effects include metabolic syndrome such as dyslipidemia, insulin resistance and 

lipodystrophy11. Different modifications of HIV-PIs are explored in order to reduce the side 

effects and to increase the potency of these drugs. One of the approaches used for that 

purposes is the attachment of nitric oxide (NO) moiety. Nitric oxide decreased drug toxicity in 

the gastrointestinal tract by mimicking the protective role of prostaglandins and therefore, 



keeping the mucosa from damage12. Apart from this, the most important feature of NO is its 

ability to inhibit cytochrome P450 or stimulate expression of P-gp13,14. Usually, like in the case of 

NSAID, NO hybridization leads to the formation of NO donating drugs. However, we have 

shown that  the modification of HIV-PI Saquinavir exhibited a different effect15. Saquinavir-NO 

had improved anticancer potential and lower toxicity than the parental compound, without 

significant NO release. On different tumor cell lines Saquinavir-NO showed authentic 

mechanism of action through an inhibition of proliferation and induction of differentiation or 

transdifferentiation16-19. Moreover, NO-modified Saquinavir sensitized tumor  cells to the natural 

antitumor immune response and chemotherapy20,21. It is known that the efficacy of Saquinavir is 

amplified in a combination with low doses of Ritonavir, through the ability of the later drug to 

inhibit cytochrome P450. Also, Ritonavir is a potent blocker, but not a substrate of ABC 

transporters, like other members of HIV-PIs family22,23. This feature, together with the potential 

to inhibit cytochrome P450, enables combining Ritonavir with the other drugs24. Accordingly, 

Ritonavir can be used as a booster for intestinal absorption of other HIV-PIs25 and in liver it 

decreases the drug decomposition. Ritonavir was also combined with chemotherapeutic drugs 

like docetaxel, but also with proteasome or histone deacetylase inhibitors26-30. However, several 

data also indicated its individual antitumor action. Ritonavir was efficient on different types of 

solid and haematological malignancies, primarily via the induction of apoptotic cell death. It was 

found that Ritonavir induced caspase-dependent apoptosis and suppressed NF-κB activity in 

primary effusion lymphoma, a type of a non-Hodgkin lymphoma31. In lung adenocarcinoma it 

induced G0/G1 arrest and apoptosis, by down-regulating cyclin-dependent kinases, cyclin D1, 

and retinoblastoma protein phosphorylation32. G1 arrest in response to treatment was also 

noted in cultures of ovarian, breast, lymphoblastoid B cells, human multiple myeloma cell lines 

etc.33-36. Moreover, Ritonavir treatment led to mitochondrial damage and ROS generation in SH-

SY5Y neuronal cell line37. In addition, Ritonavir efficacy was further confirmed in several in vivo 

models. This drug blocked the growth of lymphoma and leukemia in immunodeficient mice34,38. 



Similarly, Ritonavir inhibited breast cancer xenograft development35. On the basis of this 

background and in agreement with the enhanced anticancer action we observed by NO-

hybridization of Saquinavir, we have decided to generate a NO-hybridized Ritonavir. In this 

study we evaluate the effects of the newly generated Ritonavir-NO in a head-to-head 

comparison with Ritonavir on in vitro growth of melanoma cell lines of different maturation status 

and different aggressiveness. Our results showed for the first time, that both compounds, and 

especially Ritonavir-NO induced senescence in primary and metastatic melanoma cell lines. 

Senescent cells are characterized as metabolically active, but they have lost the ability to 

proliferate39. This state of stabile growth arrest, can occur as a response to various stimuli, such 

as telomere shortening, activation of oncogenes, or treatment with chemotherapeutic drugs40-42. 

Since senescent cells remain viable and have the ability to secrete multitude of proteins with 

wide spectrum of diverse physiological functions, their existence in tumor  mass can have 

ambivalent outcome-from tumor regression to promotion. Production of cytokines, so called 

senescence-associated secretory phenotype (SASP) can reinforce senescence, stimulate the 

clearance of senescent cells by the immune system, but also, dangerously, stimulate the growth 

of nearby cells43-45. Parallel with establishment of proliferative inability, the development of 

senescence is often accompanied by terminal differentiation. Melanoma is a type of tumour 

prone to differentiate upon treatment with diverse naturally occurring, synthetic compounds, as 

well as with NO-modified HIV-PI Saquinavir16,46,47. Beside expected differentiation toward 

primary melanocytes, melanoma cells can obtain Schwann-like phenotype in the process called 

transdifferentation46. All things considered, the induction of senescence and favouring its 

antitumor course, can be a good platform for designing new therapeutic approaches.  

 

2. Materials and Methods 

2.1. Reagents and cells 



Fetal calf serum (FCS),  RPMI-1640 medium, phosphate buffer saline (PBS) , dimethyl sulfoxide 

(DMSO), carboxy-PTIO, chloroquine diphosphate, N-acetyl-L cystein were from Sigma (St 

Louis, MO, USA). 5-amino-3-(4-morpholinyl)-1,2,3-oxadiazolium chloride (SIN) and  N- 

(acetyoxy)-3-nitrosothiovaline (SNAP) were from Cayman chemical (Ann Arbor, MI, USA). 

Lopinavir, Lopinavir-NO, Ritonavir and Ritonavir- NO were purchased from Onconox. B16, 

B16F10 and A375 cell lines were purchased from American Type Culture Collection (Rockville, 

MD, USA). Cells were routinely maintained in HEPES-buffered RPMI-1640 medium 

supplemented with 10% FCS with 2 mM L-glutamine, 0.01% sodium pyruvate, 100 U/ml 

penicillin 100 μg/ml streptomycin, at 37°C in a humidified atmosphere with 5% CO2. 

2.2. Determination of cell viability by crystal violet and MTT assays 

3000 cells/well were seeded over night and treated with tested compounds for 48 hours. After 

fixation and staining with 1% crystal violet (Mol, Belgrade, Serbia) for 15 min at RT, cells were 

washed and dried. Cells were incubated  with acetic acid to dissolve crystal violet. Absorbance 

was measured at 540 nm. Mitochondrial dehydrogenase activity was determined by reduction of 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). In MTT assay, cells were 

incubated with 0.5 mg/mL MTT (Sigma, St Louis, MO, USA) at 37°C. Incubation ended with the 

change of colour from yellow MTT to brown formazan, which was dissolved in DMSO. 

Absorbance was measured at 540 nm. In both assays, cell viability was calculated as a 

percentage of control (untreated cells) that was arbitrarily set to 100%. 

2.3. Annexin V/ Propidium iodide staining 

Melanoma cells were incubated with mixture of 1 mg/mL Annexin V-FITC (BD Pharmingen, San 

Diego, CA, USA) and 1 mg/mL PI (Sigma, St Louis, MO, USA) for 15 minutes at RT in the dark, 

diluted by adding annexin binding buffer and analyzed by flow cytometry. 

2.4. Activation of caspases 



Cells were trypsinized, resuspended and incubated with pan-caspase inhibitor Apostat (R&D 

Systems, Minneapolis, MN, USA) for 30 minutes at 37°C, washed with PBS, resuspended, and 

analyzed by flow cytometry. 

2.5. Detection of cell proliferation 

CFSE (carboxyfluorescein diacetate succinimidyl ester, Sigma, St Louis, MO, USA) was added 

to cells to a final concentration of 1 μM, incubated for 20 minutes at 37°C prior to treatment with 

HIV-protease inhibitors. Proliferation was analyzed by flow cytometry. 

2.6. Measurement of ROS/RNS generation 

Prior to treatment cells were incubated with DHR (Dihydrorhodamine 123, Thermo Fisher 

Scientific, Waltham, MA, USA) for 20 minutes at 37°C and seeded on the plate. After treatment 

cells were washed with PBS, trypsinized and analyzed by flow cytometry.  

2.7. Measurement of intracellular nitric oxide 

Intracellular NO levels were measured by staining with 2 μM DAF-FM (4-Amino-5-methylamino-

2’,7’-difluorofluorescein diacetate, Molecular probes, Eugen, OR, USA) for one hour at 37°C in 

phenol red free RPMI-1640 medium. The intensity of fluorescence was measures either by flow 

cytometry or a microplate reader.  

2.8. Detection of autophagy 

Staining with acridine orange (Lab Modena, Paris, France) in a concentration of 1 μg/ml was 

performed for 15 minutes at 37°C. The cells were washed, resuspended in PBS and analyzed 

by flow cytometry measuring green and red fluorescence. 

2.9. Tyrosinase activity and melanin production 

The rate of  L-DOPA  (3,4-dihydroxy-L-phenylalanine) (Sigma, St Louis, MO, USA) oxidation 

was used as an indicator of tyrosinase activity. In each sample, 1.5 million cells were incubated 

with 2 mg/ml L-DOPA for 15 min at 37°C. Supernatants were transferred into microtiter plates 

and the absorbance at 570 nm was measured. The cells were treated for 48 hours, then 



trypsinized, counted and adjusted to 1.5 million/sample. Sodium hydroxide was added to lyse 

the cells and incubated for one hour at 60°C. The absorbance at 492 nm was measured. 

2.10. Immunocytochemical detection 

Cells were cultivated on glass chamber slides, treated with HIV-protease inhibitors and the 

expression of  Myelin basic protein was detected by MBP specific antibody (#808401, 

Biolegend, San Diego, CA, USA). Biotinylated secondary antibody was added, followed by an 

incubated with extravidin peroxidase (Extravidin peroxidase staining kit, Sigma, St Louis, MO, 

USA) for 30 minutes. As a substrate, diaminobenzidine (Liquid plus substrate chromogen 

system, Agilent, Santa Clara, CA, USA) was used. Counterstaining was done with Mayer’s 

haematoxylin (Sigma, St Louis, MO, USA) and the slides were mounted with glycerine gel 

(Agilent, Santa Clara, CA, USA). 

2.11. Clonogenic assay 

Colony forming assay was used to determine the cytostatic effect of HIV-PIs. Melanoma cells 

were treated for 48h with Ritonavir and Ritonavir-NO, trypsinized and seeded in a  concentration 

1000 cells/ well. The formation of colonies was followed for 7 days. After that, cells were fixated, 

stained with crystal violet and counted using Image J program (version 1.50i, NIH, Bethesda, 

MD, USA). The fraction of cells that retained the capacity to produce colonies was calculated by 

dividing plating efficiency of treated cells with plating efficiency of control. 

2.12. β-galactosidase assay 

Melanoma cells were stained with β-galactosidase substrate FDG (Fluorescein digalactoside, 

Molecular probes, Eugene, OR, USA) to a final concentration of 1mM. After 1 min incubation at 

37oC, cells were analyzed by flow cytometry. 

2.13. Western blot 

Cell lysates (20 μg) were separated by 12% SDS-PAGE, electro blotted onto PVDF membrane 

(Merck, Burlington, MA, USA), blocked with 5%BSA in TBS-Tween (50 mM TrisHCl pH7.6, 150 

mM NaCl, 0.05% Tween 20), and probed with primary antibody over night at 4°C. After washing, 



membranes were incubated with horseradish peroxidase- conjugated secondary antibody 

(Santa Cruz Biotechnology, Dallas,TX, USA). Immunoreactive bands were identified by ECL 

chemiluminiscence detection system (GE Healthcare, Buckinghamshire, UK) according to 

manufacturer’s instructions. Following primary antibodies were used: phospho-P70S6K (Cell 

Signalling Technology #9205), P70S6K (Cell Signalling Technology #9202), phospho-S6 (Cell 

Signalling Technology #2215), S6 antibody (Cell Signalling Technology #2217), β-actin (Sigma 

#8254), Notch (Santa Cruz, sc-91703), Oct (Santa Cruz sc-9081), β-catenin (Santa Cruz, sc-

7199), vinculin (Sigma #V9131), α-tubulin (Cell Signalling Technology #2125), GAPDH (Abcam, 

ab9483).  

2.14. Lipofuscin  staining 

Cells were cultivated on glass chamber slides, treated with HIV-protease inhibitors for indicated 

time. At the end of the incubation period, cells were fixed, permeabilized with 3%H2O2 in 10 % 

methanol in PBS and stained with Sudan 3 dye as suggested by the manufacturer. Finally, 

glass slides were mounted and analyzed by Olympus BX50 microscope (Olympus, Tokyo, 

Japan) with Olympus DP70 camera, 1000x magnification. Slides were also used for calculation 

of nuclear/ cytoplasm (N/C) ratio using ImageJ. 

2.15. Statistical analysis 

Statistical Package for the Social Sciences (SPSS, IBM, Armonk, NY, USA) was used for data 

analysis. Student t-test and ANOVA (with post-hoc Tukey test) were performed as parametric 

tests, and Mann-Whitney and Kruskal-Wallis tests were performed as non-parametric. To 

examine if variables are normally distributed, the Kolmogorov Smirnov test was used. 

 

3. Results 

3.1. Ritonavir-NO affects viability of melanoma cells in vitro more potently than the 

original drug 



Human melanoma A375 cells, mouse solid melanoma B16 and its metastatic clone B16F10 

cells were treated with concentration range starting from 1.25 to 80 μM of Ritonavir and 

Ritonavir-NO for 48 h. Cell viability was estimated using crystal violet and MTT assays. As 

presented in Supplement S1, both compounds significantly diminished cell viability in a dose 

dependent manner. However, Ritonavir-NO was more effective than parental drug, having IC50 

values approximately two times lower in all three cell lines (Table 1). Results obtained by both 

tests were synchronized indicated that mitochondrial respiration as well as DNA/RNA content 

appropriately reflected number of viable cells. Importantly, while Ritonavir activity showed 

tendency to decline depending on the metastatic properties of cell lines, the efficacy of its NO 

modified counterpart was persistent. 

3.2. The antitumor activity of Ritonavir and Ritonavir- NO is based primarily on their 

cytostatic effect 

Cells were treated with IC50 dose of each compound for 48 h when the analyses of cellular 

proliferation and cell death were performed. Staining of B16 cells with CFSE revealed inhibition 

of cellular proliferation upon treatment with both compounds, while the capacity of NO modified 

compound was more profound (Figure 1A). Nevertheless, both drugs inhibited proliferation in 

approximately 60% of cells in metastatic melanoma cell line, indicating that those cells have a 

greater sensitivity towards used HIV-PIs. Since the IC50 of Ritonavir-NO is more than twice 

lower than original, it is obvious that applied chemical intervention augmented the original 

anticancer potential. In parallel, double staining with Annexin V/ PI did not show significant 

presence of apoptotic or necrotic cells (Figure 1B). Even in the absence of apoptosis, activation 

of caspases was detected in B16 melanoma cell line. Having in mind that apostat marks all 

activated caspases, enzymes with important role in many process apart from apoptosis, the 

observed data suggest their involvement in processes different from cell death  (Figure 1C). 

Nuclear staining with propidium iodide revealed majority of large euchromatic nuclei in HIV-PI 

treated samples. Only few segmented nuclei typical of apoptotic nuclear destruction were 



observed in same samples (Figure 1D) confirming previously stated minor apoptosis 

accompanied with cell division blockade. Further on, we followed the development of acridine 

orange positive autophagosomes as markers of autophagy by flow cytometry. The intensity of 

fluorescence slightly increased upon treatment with Ritonavir and Ritonavir-NO in B16 cell line: 

5.6% and 5.7% and in B16F10: 2.6% and 0.6% for  Ritonavir and Ritonavir-NO, respectively 

(data not shown), excluding autophagy as an effect of tested drugs. In summary, apoptosis is 

just a minor effect, indicating that inhibition of proliferation is mainly responsible for decreased 

cell viability.  

3.3. Tested HIV-PIs do not direct differentiation of melanoma cells toward melanocytes 

nor Schwann-like cells 

In vitro treatment with both Ritonavir and Ritonavir-NO was accompanied by morphological 

transformation of B16 and B16F10 cells. This effect was observed with light microscopy, 

accompanied by morphologic transformation, suggesting a possible differentiation process 

(Supplement S2). Namely, the cells obtained flatten rhomboid shape with elongated dendritic 

like extensions.  

Additionally, B16 and B16F10 cells treated with Ritonavir and Ritonavir-NO showed remarkable 

enhanced cell size (2.87; 5.4; 7.5 and 2.54; 5.7; 7.7, measured as pixels in control, Ritonavir 

and Ritonavir-NO, in B16 and B16F10, respectively). Calculation of nuclear/cytoplasmic ratio 

(N/C), by ImageJ analysis, confirmed that treated cells lost their malignant properties. While in 

control B16 cells N/C ratio was 0.54, it declined to 0.2 and 0.23 upon the exposure to Ritonavir 

and Ritonavir-NO. This effect was even more pronounced in metastatic clone (N/C ratio was 

0.58; 0.24; 0.17 in control, Ritonavir and Ritonavir-NO, respectively). 

In order to determine the course of differentiation, three basic functional tests were preformed: 

measurement of melanin levels, the tyrosinase activity and expression of MBP (Schwann-like 

cell marker). As shown in Figure 2A, melanin levels and tyrosinase activity were unaltered in 

treated vs. control cells. Surprisingly, HIV-PI treatment did not lead to a significant elevation of 



MBP expression in B16 and B16F10 cells (Figure 2B), suggesting that cells didn’t acquire 

melanocytic or Schwann like phenotype. Observed change in cell morphology is typical for 

senescent phenotype even in the absence of the markers of terminal differentiation. In 

concordance, flow cytometric analysis discovered an increase in SSC, a parameter of cell 

granularity, confirming that cells upon the treatment with HIV-PIs entered the senescent state 

(Supplement S3). Previously noticed difference in Ritonavir/Ritonavir-NO behaviour in primary 

vs. metastatic cell line was reflected in the aspect of cellular granularity. While in B16 cell line 

Ritonavir-NO triggered more intensive granularity in comparison to maternal drug, in invasive 

counterpart both drugs were capable to introduce cells in senescent phenotype.  

3.4. Senescence is the main mechanism of Ritonavir and Ritonavir-NO action 

β-galactosidase activity is a gold standard for evaluation of cellular senescence. In presented 

experimental setting, the activity of β-galactosidase significantly increased in HIV-PI treated 

primary and metastatic melanoma (Figure 3A), indicating that a mode of action of tested drugs 

was initiated by differentiation, and guided toward senescent phenotype with reduced 

proliferation capacity. It has been demonstrated that lipofuscin aggregates, formed from 

oxidised proteins, co-localized with β-galactosidase  in senescent cells48. The treatment with 

both compounds elevated the presence of lipofuscin granules in both B16 and B16F10 cells, 

confirming once more the induction of senescence as a response to HIV-protease inhibitors 

treatment (Figure 3B). Having in mind that senescent phenotype might be a transitory state, 

influenced by the drugs presence. Further on, we investigated the persistence of this effect on 

melanoma cells by performing a clonogenic assay. A decrease in a number and size of colonies 

in comparison to untreated B16 cells was detected after exposure to both HIV-PIs. On the other 

hand, we noticed a reduction in the colony surface only in metastatic clone (Figure 3C). Both 

findings strongly suggest that loss of dividing potential, as a consequence of treatment, was 

stable even in the absence of drugs. Having in mind that p53 is a central player in senescence 

establishment, and that this process is followed by the alteration of the cytoskeleton, the 



influence of HIV-PIs on their expression was evaluated. While the expression of vinculin, α-

tubulin and β-actin was down-regulated by both NO-modified and the original drug, the 

expression of p53 stabilized form (phosphorylation of Ser 20) was significantly enhanced in 

invasive F10 clone of B16 cells only upon Ritonavir-NO treatment (Supplement 4). Taken 

together, development of senescence in response to the treatment was not dependent on the 

type of HIV-PIs or the maturity of B16 cells. 

3.5. Ritonavir-NO does not release nitric oxide 

Intracellular NO was detected by the DAF-FM diacetate. Our data suggest that Ritonavir-NO, as 

a potential donor, did not release nitric oxide (Figure 4A). Further on, we investigated the 

possible generation of reactive oxygen and nitrogen species in Ritonavir-NO treated cells, by 

measuring intracellular DHR123 fluorescence. The intracellular production of ROS/RNS was 

markedly elevated for both HIV-PIs in primary and metastatic melanoma (Figure 4B). 

Neutralization by the antioxidant N-acetylcystein did not improve the viability of treated cells, 

indicating that production of  ROS is an additional manifestation of senescence (Supplement 

S5).  

3.6. Ritonavir and Ritonavir-NO intracellular signalling 

Finally, we investigated signalling pathways involved in a cellular decision to self-renew or to 

differentiate, by following the expression of Notch-1, Oct3/4 transcription factor, β-catenin, 

p70S6 kinase and S6 protein. Notch-1 expression was transiently downregulated in B16 cell 

line, while in B16F10, in cells treated with Ritonavir-NO there is a temporary upregulation, 

suggesting that only NO-modified compound  is equally potent to inhibit Notch-1 in primary and 

metastatic melanoma (Figure 5). The expression of Oct3/4 after 48h was down regulated upon 

treatment with both compounds, but with a more profound effect in an invasive F10 subclone 

(Figure 5). The expression of β-catenin was less affected by NO-modified drug in both cell lines. 

Namely, a strong decline in β-catenin expression observed in B16 cells was weakened by NO 

addition to the drug. In parallel, in B16F10 cells, the potential of Ritonavir to inhibit β-catenin  



after chemical intervention was converted into its potentiation (Figure 5). This could be ascribed 

to progenitor features of invasive subclone. On the other hand, Ritonavir induced permanent 

inhibition of p70S6K in both cell lines (Figure 6). This inhibition was not accompanied with 

inhibited expression of S6 protein. Moreover of transient but strong upregulation of S6 protein 

was observed. Oppositely, NO-modified drug showed diverse effect on p70S6K expression in 

two melanoma cell lines. In B16 cells, upregulation of this protein was detected after the 

treatment, while in low differentiated counterpart its expression was suppressed (Figure 6). 

Phosphorylation of downstream target of p70S6K, S6 protein was decreased in both cell lines 

upon the treatment with Ritonavir-NO. Having in mind that this protein is directly responsible for 

proliferative response of cells to different mitogenic stimuli49, its permanent inhibition by 

Ritonavir-NO but not Ritonavir can explain stronger antiproliferative potential of newly designed 

compound.  

 

4. Discussion 

Strategies for antitumor therapy are constantly changing and improving. A big breakthrough was 

initiated when apoptosis was used as novel anticancer approach. However, the discovery of 

apoptosis-induced proliferation, which results in tumor repopulation, made way for a better 

characterization of compensatory mechanisms50,51. During the last 10 years, a pro-senescent 

therapy, or senescence-inducing therapy has emerged as another tumor deifying strategy40,41. 

Once the cells obtain the senescent phenotype, they remain viable and metabolically active but 

with permanent growth arrest39. Blockage at the G1 or G2/M phases of the cell cycle hinders 

cells to proceed with division even after mitogen stimulation. It is known that senescencent 

melanocytes in human skin nevi, remain indolent for years52. Nevertheless, senescent cells can 

be cleared in vivo by an immune system45,53. 

Here we present a novel mechanism of two HIV-protease inhibitors, Ritonavir and its NO-

derivative. These compounds induce development of a senescent phenotype. HIV-protease 



inhibitors are  established as antitumor agents with broad spectrum of mechanisms in different 

cancer types54. NO-modification significantly improved antitumor potential of Ritonavir. Viability 

assays clearly evidence that IC50 values of Ritonavir-NO are approximately two times lower than 

IC50 values of parental compound. These results are concordant to previous studies on NO-

modified Saquinavir  and Lopinavir16,19,55. Covalently attaching NO to mentioned HIV-PIs 

increased the efficacy and reduced the toxicity of the compounds. Interestingly, the efficacy of 

Ritonavir-NO is stable independently of the invasive and metastatic properties of tested cell 

lines, thus presenting the advantage of modified drug to original one and underlining again that 

NO attachment to HIV-PIs is a useful approach for improvement of this class of compounds. 

One of the main modes of HIV-PIs action is the induction of cell death, mediated by caspase 

activity. In this study, we have detected an increase in the activation of caspases only in less 

aggressive melanoma cell line, indicating a different mechanism in high- and low-differentiated 

melanomas. Activation of caspases was not followed by apoptosis, namely, apoptosis was a 

minor effect in both cell lines. Different to Ritonavir and Ritonavir-NO, Saquinavir and its NO 

derivate induced a strong apoptosis in PC-3 cells and leukaemia cells18,55. These data reveal 

that protease inhibitors do not provoke a single type of response in cancer cells, but a whole 

range of different mechanisms are activated, depending on the cancer type, differentiation 

status and metastatic potential. 

Inhibition of proliferation is another hallmark of anticancer action of HIV-PIs. This study confirms 

that Ritonavir and Ritonavir-NO exhibit a stronger antiproliferative potential in metastatic 

melanoma. Previous studies postulate a significant potential for proliferation inhibition of 

Saquinavir16,17. Inhibition of proliferation can be accompanied by a cell differentiation, since 

these two processes are inversely regulated56. Therefore, we investigated the effect of tested 

compounds on melanoma cell differentiation. Melanoma can differentiate further to melanocytes 

or to a glial phenotype, characterized by a loss of melanogenesis, a change in cell morphology 

and the expression of  early Schwann cell markers, such as myelin basic protein (MBP) and 



protein zero (P0) 57-61. In this study, testing for  differentiation into melanocytes and Schwann-

like cells was negative, and in addition, -galactosidase and 

lipofuscin granules48,62, we observed senescent cells after 48h treatment with Ritonavir and 

Ritonavir-NO. It was previously found that Ritonavir in a combination with Lopinavir induces 

osteoblast senescence and alter adypocyte differentiation in bone marrow MSCs63. Cultured in 

vitro, senescent cells develop a distinct and recognizable flattened and enlarged morphology 

with a prominent nucleus and increased cytoplasmic granularity42,64,65. The senescent 

morphology was confirmed by a flow cytometry as an increase in side scatter parameter. 

Recent findings link autophagy to cellular senescence. During the cell transition from mitotic to 

senescent, an extensive cell remodelling occurs, which consequently activates autophagy66. In 

our study, autophagy was detected at a very low level, excluding its contribution to senescence. 

Goehe et al. reported that in breast and colon carcinoma cells senescence was independent of 

autophagy and occurred even when autophagy was suppressed67. The most important fact, for 

unravelling the basic mechanism of Ritonavir and Ritonavir-NO triggered senescence is the 

ability of these drugs to inhibit proteasome activity in mammalian cells9,68. Namely, oxidized and 

cross-linked protein aggregates such as lipofuscin, age pigments etc. that are key markers of 

aging and senescence, accumulated due to disturbed proteosomal degradation69. 

Production of reactive oxygen species is another characteristic of senescent cells, and we 

investigated the possible generation of ROS/RNS  in Ritonavir and Ritonavir-NO treated cells, 

by using intracellular fluorophore DHR 123. Indeed, the production of ROS/RNS was increased, 

indicating that reactive oxygen and nitrogen species could play a role in the induction and 

maintenance of cell senescence, as shown in previous studies70,71. Incubation of B16 cells with 

an antioxidant N-acetylcistein validated that oxidative stress is not responsible for a decrease of 

cell viability, and that it is probably a manifestation of senescence. Moreover, we detect just 

slight intracellular nitric oxide in response to both treatments indicating that Ritonavir-NO didn’t 



function as NO donating drug. In the family of NO-modified HIV-PIs, Saquinavir-NO showed 

similar feature, suggesting that chemical intervention generated qualitatively new drug16,17. 

Clonogenic assay provides the proof of the irreversible proliferation arrest after a period of 

compound-free growth post-treatment. Saquinavir reduced clonogenicity of HeLa cells after 96h 

of treatment68. In this study, clonogenic effect was observed after 48 h of treatment, and 5 days 

of cell cultivation without Ritonavir and Ritonavir-NO, evidencing a long-lasting effect of these 

compounds on colony formation. 

The expression of p53, as one of the key regulators of senescence, was upregulated after 48 h 

of Ritonavir-NO treatment only in metastatic B16F10 cells, ranking it as a late-response event. 

Phosphorylation of Ser20 is important for stabilization of p53 and enhancement of its 

transcriptional activity72. Xue et al. reported that p53 activation in murine liver carcinoma 

induced cellular senescence program, and that p53 loss is a characteristic of aggressive 

carcinomas73. B16 and B16F10 cell lines used in this study have p53 wt status74 despite the 

differentiation status. However, recently it was demonstrated that cellular senescence is 

possible even without p53 involvement. The development of senescent phenotype was 

supported by the alteration of cellular skeleton. Independent of the drug type or the cell line 

used, we observed diminished vinculin, α-actin and β-tubulin expression. Similarly, the 

development of senescence in human fibroblasts correlated with down regulation of actin and 

tubulin expression76. On the other hand, it has been reported that the expression, but not the 

distribution of vinculin, was not changed in senescent fibroblasts in response to the hydrogen 

peroxide77. In detail, edge accumulated form of vinculin was replaced with randomly and 

sporadically expressed throughout senescent phenotype. Decreased vinculin presence 

determined in this study can be connected to abrogated malignancy of melanoma cells since it 

was found that vinculin regulates mechanical properties like: contractility, adhesion strength, 

stiffness and the ability of cells to invade and metastasize78. The analysis of Notch-1, Oct3/4 

and β-catenin expression revealed that in B16 cells treatment both compounds negatively 



regulated all tested proteins. Having in mind that intensified Notch-1 expression is found in early 

neoplastic lesions and it is considered to be important for tumor progression79, inhibited 

expression of this protein by HIV-PIs, can be a valuable effect. Interestingly, the expression 

pattern of analysed proteins in invasive form of melanoma was quite different. While Notch-1 

was transiently down regulated, inhibition of Oct3/4 was persistent and time dependent. 

However, β-catenin was not affected by the treatment with modified drug. Moreover, the 

dynamic of change of its expression was inversely regulated in comparison to Notch-1. It was 

recently published that in progenitor cells, such as low differentiated B16F10, β-catenin protein 

is negatively regulated by Notch80. Potentiated amount of β-catenin in Ritonavir-NO treated cells 

can explain its strong antiproliferative potential since it was found that β-catenin is responsible 

for G2M arrest in normal as well as in transformed cells81. Strong, persistent inhibition of Oct3/4 

in invasive subclone of F10 can be responsible for vinculin abolishment, since it was found that 

this protein regulates vinculin expression in highly aggressive cancer of neuroectodermal 

origin82. Finally, while p70S6K activity was strongly suppressed by both compounds in invasive 

clone, its expression in less aggressive cell line was even potentiated, indicating the relevance 

of the cell specificity on drugs action. Similar inhibition of p70S6K was found in haematological 

cell lines upon Saquinavir-NO exposure, indicating it as a potential target for NO-hybridized 

HIV-PIs55. In this study,  p70S6 was oppositely regulated in low and high invasive cells, while its 

downstream target S6 protein was down regulated in a similar manner in both cell lines, 

suggesting that S6 is a direct target of the drug. It is known that S6 protein is initially included in 

protein synthesis and response to mitogens, therefore, obtained result could be an explanation 

of a strong anti-proliferative capacity of Ritonavir-NO49. Moreover, the rpS6 regulated actin 

cytoskeleton so its inhibition might be related to observed change in cellular morphology83,84. 

Finally, the inhibition of mTOR pathway is implicated in the senescence establishment upon 

chronic radiation85. Different regulation of S6 protein by Ritonavir and Ritonavir-NO, with 

remarkably higher potency of modified drug to down-regulate S6 expression, can be accounted 



for enhanced antitumor efficacy of Ritonavir- NO, and even more, can explain why modified  

Ritonavir possesses a persistent ability to downregulate metastatic cell growth in vitro while in 

parallel, Ritonavir was weaker.  To summarize, in the study presented here, we provide 

evidence for an in vitro senescence induced by Ritonavir and Ritonavir-NO, in a treatment of 

primary and metastatic melanoma cell lines. The development of senescent-like phenotype 

accompanied by a permanent loss of dividing potential, may provide an excellent platform for 

the increment of  therapeutic approaches based on selective killing of senescent cells. 

Having in mind that Ritonavir can elevate the efficacy of numerous drugs due to the inhibition of 

cytochrome P450 or P-gp86, an additional aspect of future studies is combining a treatment of 

novel drugs with conventional therapy. Finally, two modified HIV-PIs, Saquinavir and Lopinavir, 

were found to be efficient in several in vivo tumor models, creating a good platform for further 

investigation of antitumor properties of members of this class of compounds, such as Ritonavir-

NO16,17,87-89. 
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Figure legends: 

Table 1: IC50 values of Ritonavir and NO-modified Ritonavir. Data are presented as mean± 

SEM of three independent experiments.   

Figure 1: Tested HIV-PIs induce inhibition of proliferation, with minor apoptosis in both 

cell lines. B16 and B16F10 cells were treated with IC50  values of tested compounds for 48 h, 



and then subjected to: (A) CFSE, (B) Annexin/propidium iodide and (C) Apostat staining. Cells 

were analyzed by flow cytometry. One representative experiment out of three is shown. (D) cells 

were stained with propidium iodide and observed under a fluorescent microscope, 250X 

magnification.  

Figure 2: Treatment with Ritonavir and its derivative does not induce differentiation 

towards melanocytes nor Schwann-like cells. (A) Melanin production and tyrosinase activity 

were measured as markers of melanocyte differentiation. Data are presented as mean± SEM of 

three independent experiments. (B) Immunocytochemical staining of myelin basic protein. One 

representative staining out of three is shown, magnification 1000X.  

Figure 3: Ritonavir and Ritonavir-NO promote melanoma senescence and persistent 

proliferation inhibition. (A) β-galactosidase activity was measured in samples treated with IC50 

doses of  HIV-PIs. One representative experiment out of three is shown. (B) Melanoma cells 

were treated with Ritonavir and Ritonavir-NO for 48 h and the presence of lipofuscin granules 

was evaluated by histochemistry (magnification 1000X). (C)Melanoma cells were treated with  

Ritonavir and Ritonavir-NO for 48 h. After treatment, cells were seeded in a concentration 2000 

cells/ well in a medium without HIV-PIs and colony formation was followed for five consecutive 

days. The data are presented as the percentage of control ± SEM from three independent 

experiments. *p<0.05, **p<0.01, ***p<0.001 refers to untreated cultures, calculated by ANOVA. 

Figure 4: Tested compounds provoke ROS/RNS production, but not an intracellular NO 

release. After treatment with IC50 doses of Ritonavir and Ritonavir-NO for 48 h, cells were 

subjected to (A) DAF-FM staining or (B) DHR staining and analyzed by flow cytometry. One 

representative experiment out of three is shown.  

Figure 5: Progenitor signaling pathways in responce to HIV-PIs. B16 and B16F10 

melanoma were treated with HIV-PIs for the  indicated time points. The expression was 



analyzed by western blot. Densitometric analysis of data is presented as fold change obtained 

by normalization to GAPDH and then normalization to control. One representative experiment 

out of three is shown. 

Figure 6: Downstream members of mTOR signaling pathway in responce to HIV-PIs. B16 

and B16F10 melanoma were treated with Ritonavir and Ritonavir-NO for the indicated time 

points. The expression was analyzed by western blot. Densitometric analysis of data is 

presented as fold change obtained by normalization to an unphosphorylated proteins and then 

normalization to control. One representative experiment out of three is shown. 

Supplement 1: Ritonavir and Ritonavir-NO reduced the viability of melanoma cell lines in 

a dose-dependent manner. Mouse primary melanoma (B16), mouse metastatic melanoma 

(B16F10) and human melanoma (A375) cell lines were treated with Ritonavir and Ritonavir-NO 

in doses from 0 to 80 µM for 48 h. Cell viability was determined by MTT and CV assay. The data 

are presented as percentage of control ± SD from one representative experiment out of three. 

*p<0.05 refers to untreated cultures.    

Supplement 2: Ritonavir and Ritonavir-NO induce a morphological change of melanoma 

cell lines. Mouse primary melanoma (B16) and metastatic melanoma (B16F10) cell lines were 

treated with IC50 concentrations of Ritonavir and Ritonavir-NO for 48 h and observed under a 

light microscope Nikon TS 100 (Nikon, Tokyo, Japan), 100X magnification.  

Supplement 3: Ritonavir and Ritonavir-NO increase cell granularity. Mouse primary 

melanoma (B16) and metastatic melanoma cell line (B16F10) were treated with IC50 

concentrations of Ritonavir and Ritonavir-NO for 48 h and analysed by flow cytometry. One 

representative experiment out of three is shown. 



Supplement 4: Cytoskeletal proteins and p53 in responce to HIV-PIs. B16 and B16F10 

melanoma were treated with 16 µM Ritonavir and 8 µM Ritonavir-NO for the indicated time 

points. The expression was analyzed by western blot. Densitometric analysis of data is 

presented as fold change obtained by normalization to GAPDH and then normalization to 

control. One representative experiment out of three is shown. 

Supplement 5: Ritonavir and Ritonavir-NO induce oxidative stress which does not reduce 

the viability of melanoma cells. B16 and B16F10 cell lines were treated with IC50 

concentrations of Ritonavir and Ritonavir-NO (HIV-PI) in combination with antioxidant N-

acetylcysteine (N-ac, 2.5 μM) for 48 h and stained with crystal violet. The data are presented as 

a percentage of control± SEM from three independent experiments. Bars not sharing a common 

letter are significantly different, p<0.05, calculated using Kruskal Wallis test. 
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