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Abstract

:

Background: Hinokitiol (β-thujaplicin), isolated from the wood of Chamaecyparis taiwanensis, has a wide variety of biological properties including anti-inflammatory, anti-microbial, and anti-tumor effects. Therefore, hinokitiol has become a frequent additive in oral and other healthcare products. Objectives: Our goal was to determine the anti-tumor activity of hinokitiol on human papillomavirus (HPV) positive (n = 3) and negative (n = 2) cell lines derived from cervical or head and neck squamous cell carcinoma (HNSCC) and keratinocyte cell lines (n = 3) transformed spontaneously or with HPV16E6 and E7 oncogenes. Methods: The cell-lines were exposed to hinokitiol at different concentrations (0–200 µM) for 24 h. Cell metabolism, proliferation, and the cell cycle distribution were assessed by MTT- and 3H-thymidine incorporation and flow cytometry. Expressions of p21 and on HPV16E6 and E7 oncogenes were assessed by qPCR. Results: In all carcinoma cell lines, hinokitiol treatment declined the metabolic activity irrespective of the HPV status. This decline was statistically significant, however, only in HPV-positive cell lines CaSki and UD-SCC-2 when exposed to hinokitiol concentrations at 100 and 200 µM, respectively (p < 0.05). Immortalized cell lines, HMK and HPV-positive IHGK, were more sensitive as a similar metabolic effect was achieved at lower hinokitiol concentrations of 3.1, 6.25, and 50 µM, respectively. Hinokitiol blocked DNA synthesis of all carcinoma cell lines without evident association with HPV status. G1 cell cycle arrest and p21 upregulation was found in all cell lines after hinokitiol treatment at higher concentration. However, when the p21 results of all HPV-positive cells were pooled together, the increase in p21 expression was statistically significantly higher in HPV-positive than in HPV-negative cell lines (p = 0.03), but only at the highest hinokitiol concentration (200 µM). In HPV-positive cell lines hinokitiol declined the expression of HPV16E7 and E6 along the increase of p21 expression. The dose-dependent inverse correlation between p21 and E7 was statistically significant in SiHa cells (r = −0.975, p-value = 0.03) and borderline in UD-SCC-2 cells (r = −0.944, p-value = 0.06), in which p21 and E6 were also inversely correlated (r = −0.989). Conclusions: Our results indicate that hinokitiol might have potential in preventing the progress of immortalized cells toward malignancy and the growth of malignant lesions. Hinokitiol can also influence on the progression of HPV-associated lesions by downregulating the E6 and E7 expression.
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1. Introduction


In 1936, Japanese Professor Tetsuo Nozoe discovered a novel aromatic compound, tropolone monoterpenoid (hinokitiol), extracted from the wood of the Taiwanese ninoki tree (Chamaecyparis taiwanensis) [1]. Later, hinokitiol (2-Hydroxy-4-isopropyl-2,4,6-cycloheptatrien-1-one; C10H12O2), also known as beta-thujaplicin, was identified in several other cupressaceous plants [1,2,3]. Hinokitiol has been recognized as a multi-potential pharmaceutical agent, with anti-inflammatory, anti-bacterial, and anti-fungal activities [2,4,5,6,7,8].



Hinokitiol has also antiviral effects against both HIV and hepatitis B virus, inhibiting viral replication by blocking their RNAseH activity [9,10]. It also exerts antiviral effects against the influenza virus by inhibiting its replication and viral release, but also by inducing apoptosis of the infected cells [11]. Hinokitiol might also be a potential anti-cancer drug as it has been shown to suppress the growth and viability of several cancer cell lines in a dose-dependent manner [7,12,13,14,15,16,17].



Today human papillomaviruses (HPV) account for about 8% of all human cancers. High-risk HPVs (hr-HPV) have a significant role in the carcinogenesis of the uterine cervix and head and neck squamous cell carcinomas (HNSCC) [18,19]. Interestingly, the main molecular mechanisms of hinokitiol seems to be totally opposite to those found with hr-HPVs; hinokitiol induces apoptosis and blocks cell cycling while hr-HPV infection blocks apoptosis and dysregulates cell cycling. There are no previous studies designed specifically to address the antiviral effect of hinokitiol on HPV infection, as such. This might be because HPV cannot be cultured. However, we were able to identify two studies where HPV-positive HeLa cell lines were used, but without any specific note on HPV presence [16,20].



Thus, it was intriguing to study whether hinokitiol could exert HPV-specific anti-tumor effects. Accordingly, we analyzed the effect of hinokitiol on cell metabolism, proliferation, and cell cycling in both HPV-positive and HPV-negative carcinoma cell lines, as well as in transformed cell lines (immortalized either by HPV16 oncogenes E6/E7 or spontaneously). In addition, the expressions of p21 and HPV16E7 and E6 were analyzed because p21 is an important cell cycle inhibitor and anti-proliferative effector, and E6 and E7 are the main oncogenes resulting in cell cycle dysregulation in HPV-infected cells.




2. Materials and Methods


2.1. Cell Lines and Reagents


The effect of hinokitiol on cell metabolism and proliferation was tested with nine cell lines as defined in Table 1 [21,22,23,24]. Of these cell lines, three and two were established from HPV16-positive and HPV-negative squamous cell carcinomas (SCC), respectively. HPV16-positive CaSki and SiHa cell lines originate from cervix uteri, while HPV16-positive UD-SCC-2, and HPV-negative UT-SCC-37 and UT SCC-54 were established from head and neck carcinomas (HNSCC) (Table 1). In addition, three non-tumorigenic cell lines, transformed either spontaneously (HMK and HaCaT) or with HPV16 E6/E7 (IHGK), were tested. Oral fibroblasts established from healthy gingiva were used as a control.



IHGK and HMK cell lines were grown in keratinocyte serum-free media (K-SFM) with low calcium (Thermo Fischer Scientific, Waltham, NJ, USA), supplemented with epidermal growth factor, EGF (0.2 ng/L), and bovine pituitary extract, BPE (20–30 µg/L). All other cell lines were grown in Dulbecco’s modified Eagle’s medium (D-MEM), supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (all from Thermo Fischer Scientific, Waltham, NJ, USA). All cell lines have been regularly tested for mycoplasma infection (Mycoplasma Plus PCR primer set, Stratagene, Merck KGaA, Darmstadt, Germany). We cultured different cell lines on separate occasions and did not process the cell lines at the same time to avoid cross-contamination. The cell lines used here also have a typical growth rate and some have phenotypic characteristics that were retained during the experiments. No additional authentication tests were done.



Hinokitiol (β-Thujaplicin, 99% purity) was purchased from Sigma-Aldrich, Merck Life Science, Finland, and dissolved in dimethyl sulfoxide (DMSO, Merck Life Science, Finland) at 0.2 mg/mL, and stored dark at −20 °C until use.




2.2. MTT-Assay for Cell Metabolic Activity and Cell Viability


The metabolic activity was assessed with a colorimetric MTT assay. MTT assay is generally referred to as cell viability assay, but it actually measures metabolic activity, not the viability of the cells. Thus, this is why we use the term “metabolic activity” throughout the manuscript. In total, 40,000–50,000 cells were seeded on 48-well plates (Nunc, Thermo Fischer Scientific, Waltham, NJ, USA) and grown as monolayers until confluence. Each culture well was washed once with phosphate buffered saline solution, PBS (NaCl 0.8%, KCl 0.02%, KH2PO4 0.02%, Na2HPO4 0.12%, pH 7.3), and then exposed to hinokitiol at concentrations of 0, 3.1, 6.25, 12.5, 25, 50, 100, and 200 µM in cell culture media for 24 h. We selected the 24 h exposure because it has been used in the majority of the previous published studies [7,14,16,25]. In the same experiments, additional cell growths were exposed either to the growth media only or to DMSO at the same final concentrations as present in hinokitiol exposures (varying from 0.0025 to 0.05%). All analyses were repeated twice and in case there was a discrepancy between the two experiment rounds the triplicate was then further done for the third time. After hinokitiol exposure, the cells were carefully washed with PBS to remove any residual activities of hinokitiol, followed by a 4 h incubation in a culture medium containing 0.5 mg mL−1 MTT (Acros Organics BVBA, Janssen Pharmaceutical, Geel, Belgium). After incubation, the growth medium was replaced by 250 µL (DMSO) for 1 h to lyse the cells and solubilize the colored formazan crystals. The inhibitory activity of hinokitiol was measured spectrophotometrically at wavelength 569 and 620 nm using a microplate reader (Multiscan FC, Thermo Fisher Scientific instruments Co., Ltd., Shanghai, China). The results of MTT-incorporation assay were given as % ±SD from control.




2.3. Thymidine Incorporation Assay for Cell Proliferation


The cell cultures were grown and exposed to different hinokitiol concentrations (0, 3.1, 6.125, 12.5, 25, 50, 100, and 200 µM) in 96-well plates (Corning Incorporated Costar, Kennebunk, NY, USA) (15,000 cells/well), as described above. After 24 h exposure with hinokitiol, the cell proliferation was measured by the incorporation of a radiolabeled DNA precursor, 3H-thymidine, into the replication strands of DNA produced during cell division. Shortly, 200 μL medium containing 0.075 × 4 μCi of 3H-thymidine (specific activity 3167.2 TBq/mmol ≅ 85.6 Ci/mmol, Amersham, UK) was added to each well 4 h before termination of the culture. The cells were then harvested using a multichannel automated harvester (FilterMate, Perkin Elmer, Downers Grove, IL, USA) and the filters were transferred to filter plates (96UniFilter-96 GF/C, Perkin Elmer, Waltham, IL, USA) and the counts per minute (cpm) were evaluated in a scintillation counter (Wallac 1450 MicroBeta, PerkinElmer, Turku, Finland). Each experiment was performed in triplicate.




2.4. Cell Cycle Assay


For cell cycling we used flow cytometry, using fluorescent DNA-binding dyes to determine the distribution of cells in a population based on distinct nuclear phases. After the cells were exposed to hinokitiol (0, 2.5, 5, 50, and 200 µM) for 24 h, the medium was removed and cells were washed with PBS and detached by trypsinization. Detached cells were washed once with PBS and fixed with 66% ice-cold ethanol at 4 °C. Fixed cells were stained with FxCycle™ PI/RNase Staining Solution (Thermo Fisher Scientific, Waltham, NJ, USA) according to the manufacturer’s instructions. Cell cycle data were collected by flow cytometry (BD LSR Fortessa, Becton, Dickinson Biosciences, Becton Drive, Franklin Lakes, NJ, USA) and analyzed with the FlowJo analysis program v10 (Becton, Dickinson Biosciences, Becton Drive, Franklin Lakes, NJ, USA).




2.5. RNA Extraction and qPCR


Based on the results from MTT and cell proliferation assays we elected to use 0, 2.5, 50, and 200 µM hinokitiol concentrations for qPCR studies. The total RNA was extracted from the hinokitiol-exposed cells by TRIzol ™ reagent (Invitrogen/Thermo Fisher Scientific, Waltham, NJ, USA). Extracted RNA was stored at −70 °C until used. An aliquot of 1 µg was used for cDNA synthesis by a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). PCR reactions contained 50 ng of the RT products and were performed by fast-start DNA Green master kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. Duplicate reactions were performed from triplicate samples. The reaction conditions contained 10 min initial denaturation at 95 °C, and 40 cycles of amplification (95 °C for 10 s, 60 °C 20 s, 72 °C 10 s). PCR was performed by LightCycler® 96 (Roche, Basel, Switzerland). Primers used were as follows: HPV16E7: forward 5′-CAGCTCAGAGGAGGAGGATGAA-3′, reverse 5′-CACACTTGCAACAAAAGGTTACAATATT-3′, and HPV16E6: forward 5′-GAGAACTGCAATGTTTCAGGACC-3′ and reverse 5′-TGTATAGTTGTTTGCAGCTCTGTGC-3′ [26].



p21 and GAPDH primer pairs, HP101023 and HP100003, were acquired from Nordic BioSite, Täby, Sweden. The relative expression of target genes HPV16 E6, HPV16 E7, and p21 were normalized using GAPDH as a reference gene and calculated as dCt = Ct target gene—Ct ref gene. Fold change expression was further determined by 2 ^-(ddCt) where ddCt = dCt of the sample with hinokitiol—dCt of the sample without treatment [27].




2.6. Statistical Analyses


In MTT assay, all analyses were repeated twice and in case there was a discrepancy between the two experiment rounds the triplicate was then further done for a third time. The results were shown as % ±SD from control. The statistical analyses of the results between MTT incorporation in hinokitiol-treated and non-treated cells were done with a two-tail t-test.



Mean values of the triplicate-measured gene expression of p21 (all cell lines) and HPV16E7 (for HPV-positive cell lines) at baseline and the following three exposures of hinokitiol (2.5 µM, 50 µM, and 200 µM) by each cell line was calculated. The trend of gene expression for p21 and HPV16E7 was evaluated for each cell line separately. Correlation coefficients were calculated between the gene expression levels of p21, HPV16E7, and HPV16E7 among the HPV-positive cell lines. Comparisons on the gene expression levels of p21 in combined HPV-positive and HPV-negative cell lines was assessed. All statistical analyses were performed using Stata version 16.1 software (StataCorp, Lakeway Drive, College Station, TX, USA).





3. Results


3.1. Hinokitiol and the Metabolic Activity of the Cells


The effect of hinokitiol on cell metabolic activity was assessed with colorimetric MTT-assay and the results of HPV16 negative and HPV16 positive cell lines expressed as % ±SD from control are given in Figure 1a,b, respectively. As shown in the Figure 1a, hinokitiol did not alter the metabolic activity of the normal fibroblasts (HGF-1), even at the higher concentrations. In HaCat cells, hinokitiol at concentrations from 50 µM to 200 µM increased the metabolic activity, being totally different from that found in any other cell lines tested. In all carcinoma cell lines, hinokitiol treatment declined the metabolic activity irrespective of the HPV status. However, the difference in MTT incorporation between the treated and non-treated cells was significant in both HPV-positive CaSki cells at the concentrations of 100 µM, 200 µM, and UD-SCC-2 at 200 µM (p < 0.05, two-tail t-test). In HPV-negative carcinoma cell line UT-SCC-54A, hinokitiol at the concentrations of 100 µM and 200 µM declined the metabolic activity at the borderline statistical significance (p = 0.052 and 0.055, respectively), but not in UT-SCC-37 (p = 0.088 and 0.140, respectively). The effect of hinokitiol on transformed cell lines differed from that found in carcinoma cell lines (Figure 1, HMK and HPV16 + IHGK). Hinokitiol, already at 6.25 µM concentration, suppressed the cell viability of IHGK and HMK by 35% and 80–50%, respectively. Interestingly, hinokitiol at a concentration of 25 µM had no effect on metabolic activity of either cell line, while the treatment of HMK and IHGK with 100 µM hinokitiol inhibited once again the cell viability by 50%. MTT incorporation after hinokitiol treatments of HMK at 3.1, 6.25, and 200 µM and of IHGK at 50, 100, and 200 µM was significantly different from color corporation in non-treated cells (p < 0.05, two-tail t-test).



This indicates that immortalized cell lines (except HaCat, which is closest to normal cells) are more vulnerable to hinokitiol exposure than carcinoma cell lines. Furthermore, the HMK cell line is more sensitive to lower hinokitiol concentrations than HPV16-positive IHGK. We also controlled that the final concentrations (0.0025–0.05%) of DMSO, which were used to dissolve hinokitiol, had no effect on the cell viability of any tested cells (data not shown). Thus, we can conclude that hinokitiol reduces the metabolic activity of immortalized and carcinoma cell lines irrespective of their HPV status, but immortalized cells might be more sensitive to hinokitiol than the carcinoma cell lines, especially the HPV-negative ones.




3.2. Hinokitiol and DNA Synthesis


To assess the effect of hinokitiol on DNA synthesis, the cells were pulse-labeled with [3H] thymidine incorporation. In all cell lines, hinokitiol suppressed DNA synthesis in a dose-dependent manner up to 100 µM, after which the effect on DNA synthesis becomes relatively stable (Figure 2a, HPV16 negative cell lines and Figure 2b HPV16 positive cell lines). Interestingly, in spontaneously immortalized HMK cells, 6.25 µM hinokitiol was already able to nearly stop the DNA synthesis, while none of the higher hinokitiol concentrations reached the same level of suppression in DNA synthesis. The pattern was similar to that found with the MTT metabolic activity assay. The suppressive patterns of DNA synthesis after hinokitiol exposure were similar in both HPV-positive and -negative cell lines. Among the HPV-positive cell lines, the suppressive pattern of DNA synthesis was similar in both the cervical carcinoma cell lines (CaSki and SiHa), similarly as found in the MTT assay (Figure 2b). The pattern of DNA synthesis in HPV-positive UD-SCC-2 head and neck carcinoma cell lines was identical to that found in the HPV-positive immortalized cell line IHGK, also originating from the mouth. However, IHGK was more sensitive to hinokitiol when assessed by MTT assay. In fibroblasts, hinokitiol has only a minor effect even at higher concentrations. To conclude, hinokitiol suppressed DNA synthesis in all cell lines and more at concentrations of under 100 µM than at 100–200 µM.




3.3. Hinokitiol and Cell Cycling


We further studied the effect of hinokitiol on cell cycle progression by flow cytometry analysis. The results of the cell cycle distribution in HPV16-negative and HPV16-positive cell lines after hinokitiol exposure at various concentrations are given in Figure 3a,b, respectively). In the normal fibroblasts, hinokitiol treatment increases the percentage of cell population at G1 phase from 80 to 91% in a dose-dependent manner. In HaCaT cell-lines, a similar pattern of increase in cells at the G1 phase was found as in fibroblasts, but only after exposure with higher hinokitiol concentrations (50 µM and 200 µM). The cell cycle distribution of HMK after hinokitiol exposure differs from that found in all other cell lines, as hinokitiol increased the proportion of cells at the S-phase. Only at the highest concentration was hinokitiol able to induce cell cycle arrest at the G1 phase. In the HPV-negative HNSCC cell lines, hinokitiol exposure did not result in nearly any effect at the lower concentration (2.5–5 µM), but concentrations of 50 µM and 200 µM increased the number of cells in the G1 phase at the expense of the cells in the G2 phase. Among the HPV-positive cell lines, hinokitiol treatment resulted in similar cell cycling distribution in CaSki and UD-SCC-2 cell lines as found in both the HPV-negative carcinoma cell lines. For the other two HPV-positive cell lines, an increased arrest of cell population at the G1 phase was found only after hinokitiol exposure at 200 µM. To conclude, the increase in the G1 cell population was mostly at the expense of the G2/M after exposure with the two highest concentrations of hinokitiol. No clear difference in the effect of hinokitiol on cell cycle distribution according to HPV status could be found.




3.4. Hinokitiol, p21 and HPV16E6 and E7


To determine whether p21 is involved in the G1 arrest because of hinokitiol exposure, we quantitated p21 expression by qPCR. The results of HPV16 negative and HPV-positive cell lines are summarized in Figure 4a,b, respectively. In all HPV-positive carcinoma cell lines, p21 expression increased, most clearly in CaSki and SiHa cells-lines and less in HPV16E6 and E7 immortalized IHGK. However, the dose-dependent increase of p21 expression was not significant in any of the individual HPV-positive cell lines as compared with the p21 levels in the non-treated cells. When the results of all HPV-positive cells were pooled together, a statistically significant increase in p21 expression was found, but only at the highest hinokitiol concentration of 200 µM (p = 0.03) (data not shown). Hinokitiol exposure on HPV-negative carcinoma cell lines resulted in two different effects on p21 expression, either a twofold increase (UT-SSC-37) or decline (UT-SCC 54A). In the HaCat cell line, hinokitiol did not have any effect on p21 expression, while p21 expression declined in fibroblast with the two highest concentrations.



Because of the changes found in p21 expression, we analyzed HPV16E6 and E7 gene expression with respect to hinokitiol exposure. As evident from Figure 4c, the expression of HPV16E7 declined nearly dose-dependent in CaSki-, SiHa-, and IHGK-cell lines but the change between hinokitiol-treated and -untreated cell lines remained statistically nonsignificant. The expression of HPV16E6 also declined after hinokitiol treatment, similarly as found with HPV16E7 expression except that hinokitiol resulted in upregulation of HPV16E6 in the SiHa and UD-SCC-2 cell lines, but only at the lowest concentration of 2.5 µM. We also found that the HPVE7 gene was inversely related to the p21 expression in SiHa and CaSki, but not in IHGK. However, only in SiHa cell lines was this inverse dose-dependent correlation statistically significant (r = −0.975, p-value = 0.03) (CaSki: r = −0.788, p-value = 0.21; IHGK: r = −0.596, p-value = 0.40). In the UD-SCC-2 cell line, there was a borderline and significant inverse dose-dependent correlation between p21 and E7 (r = −0.944, p-value = 0.06) and between p21 and E6 (r = −0.989), respectively. Only, in the CaSki cell line, the HPV16E6 and E7 mRNA levels correlated with each other in a dose-dependent matter after hinokitiol treatment (r = 0.9964, p = 0.04). We also analyzed the sensitivity of hinokitiol to decline HPVE6 and E7 mRNA expression by pooling all results from HPV-positive cell lines. Hinokitiol at lower concentration was more sensitive to induce a significant downregulation of E7 (25 µM p = 0.013; 50 µM and 200 µM p = 0.000) than of E6 (50 µM p = 0.002, 200 µM p = 0.001).





4. Discussion


Several in vitro studies exist on the anti-tumor effects of hinokitiol [7,12,13,14,15,16,17,28], but only one of these studies has used oral carcinoma cell lines [7]. Two previous studies have used HeLa cells but without making any note on the presence of HPV18 in this cell line [16,20]. This is the first study to our knowledge to assess the effects of hinokitiol on both HPV-negative and HPV16-positive cell lines, both immortalized or carcinoma cell lines, to identify HPV-specific effects, if any.



At the molecular level, viral oncoproteins E6 and E7 of hr-HPVs are the key players in cancer progression dysregulating cell cycling, inhibiting apoptosis and interfering with several other host proteins leading to accumulation of DNA damage [29,30]. Thus, one important anti-viral and anti-tumor effect of hinokitiol could be the downregulation of HPVE6 and E7 oncogene expression in HPV-positive cell lines. Our experiments showed that hinokitiol was able to upregulate p21 expression significantly more effectively in HPV-positive than in HPV-negative cell lines when pooled results were compared. Furthermore, p21 expression was inversely related to downregulation of HPV16E6 and E7 expression. Hinokitiol at lower concentration was more sensitive to induce a significant downregulation of E7 than of E6. However, we also found differences among the cell lines exposed to hinokitiol, whether HPV-positive or -negative ones.



Fotopoulous and coworkers [20] found that hinokitiol at the concentration of 28 µM was able to achieve 50% growth inhibition (Gl50 value) of HeLa cells, while in our study, the growth inhibition in HPV16-positive carcinoma cell lines varied between 20 and 30% at maximum, which was achieved at the concentration of 50 µM. However, we exposed these cells only for 24 h while the other study used a 48 h exposure. We selected the 24 h exposure because it has been used in a majority of the previous published studies [7,14,16,25].



Interestingly, although hinokitiol was growth-inhibitory at low concentrations (6.25 µM) in both of our immortalized cell lines (IHGK and HMK), it exhibits a paradoxical effect (reversal of growth inhibition) at higher concentrations, as also reported earlier [7]. The mechanism remains unknown but one possible explanation, at least from our study, could be that IHGK and HMK cell lines were grown in keratinocyte serum-free media supplemented with epidermal growth factor (EGF 0.2 ng/L). It has been shown before that the stimulatory effect of EGF on cell growth and cell migration can be blocked by hinokitiol [16], possibly by proteasome-mediated degradation of EGFR [31]. However, in the HPV-positive immortalized IHGK cell line, we found this paradoxical effect only on cell viability, but not on DNA synthesis as found in the HPV-negative HMK cell line. In flow cytometry analyses, we found that hinokitiol treatment at lower concentrations (2.5–50 µM) increased the proportion of HMK cells at the S phase.



Wang and coworkers in 2020 [16] reported that hinokitiol treatment inhibited HeLa cell proliferation by inducing cell cycle arrest at the G1 phase, senescence, and autophagy. The latter is a p53-independent DNA damage response, while mitochondrial-dependent apoptosis might be the hinokitiol-induced pathway in HPV-negative carcinoma cell lines [17,32,33]. In our experiments, we found that hinokitiol at the two highest concentrations declined cell metabolism statistically significantly only in HPV-positive cell lines CaSki and UD-SCC-2. Importantly, we also found that immortalized cell lines might be more sensitive, irrespective of the HPV status. The effect of hinokitiol on the HPV-positive and HPV-negative carcinoma cell lines was rather similar, as revealed by the 3H-thymidine incorporation assay. Using flow cytometry, we could confirm that hinokitiol (at the highest concentration of 200 µM) was able to induce G1 arrest in all cell lines. Wang et al., 2020 [16] reported that the treatment of HeLa cells with 40 µM hinokitiol increased the proportion of cells at the G1 phase by 13% (from 56 to 69%). In our experiments, hinokitiol treatment with 50 µM increased the proportion of cells at the G1 phase from 52 to 59%, and from 46 to 76% in Caski and UD-SCC-2 cell lines, respectively. In Siha cells, the proportion of cells at the G1 phase (over 70%) remained stable after treatment with the two lowest hinokitiol concentrations, while the concentration of 50 µM decreased the number of cells at the G1 phase to 63% and the highest hinokitiol concentration (200 µM) most effectively blocked the cells at the G1 phase (from 72 to 84%). As will be discussed later, hinokitiol resulted in dose-dependent inverse correlation between p21 and E7, which would explain the effective blocking of the SiHa cells at the G1 phase. Our results also indicate that the efficacy of hinokitiol to arrest the cells at the G1 phase is cell-line-specific, which precludes direct comparisons between different studies.



Li and coworkers [32] found that hinokitiol treatment of malignant melanoma cells was associated with G1 arrest, increased the levels of p53 and p21, and concomitantly reduced the expression of cell cycle regulatory proteins, including cyclin D and cyclin E. This mechanism could explain why HPV-positive cells were not more resistant to hinokitiol exposure than the HPV-negative cell lines. Generally, the overexpression of the E6 and E7 oncoproteins in HPV-infected cells will lead to a DNA-synthesis-competent state [18,29,30,34]. The binding of E6 to p53 in the presence of the cellular E6-associated protein (E6AP) will result in p53 degradation. E7 results in cell proliferation by binding to RB protein, which releases E2F transcription factor, leading to transition of the cell cycle from the G1 to S phase. However, when the expression of p21 is high and E7 expression is low, the cell cycle progression is arrested as a result of E7 binding with p21 and cyclin E/Cdk [18,34]. In our experiments, p21 expression increased after hinokitiol treatment, while E7 expression was downregulated. This inverse correlation was significant in a dose-dependent manner only seen with SiHa cells. Downregulation of E7 expression with concomitant upregulation of p21 was more prominent in CaSki than in SiHa cells, which might partly explain that the increase of cells at the G1 phase was found in CaSki cells already after lower hinokitiol treatment (50 µM) than in SiHa cells (200 µM). Furthermore, we found that in the CaSki cells, the dose-dependent downregulated E6 and E7 levels correlated significantly with each other (r = 0.996, p = 0.04).



CaSki and UD-SCC-2 cells have approximately 600 viral copies, while SiHa cells have only two HPV copies. Interestingly, Wang-Johanning et al., 2002 [35] were able to show that even if there is such a great difference in HPV copy numbers between these two cell lines, RNA copy numbers of E6 or E7 in both cell lines were not appreciably different from each other. The RNA copy number per ng RNA in SiHa cells was 1.5 times greater (for E6) and 2.15 times greater (for E7) than these copy numbers in CaSki cells. We only made a relative quantification of HPV16 E6 and E7 RNA expressions, but not the absolute measurements. Thus, we are not able the analyze the changes in E6 and E7 RNA copy numbers caused by hinokitiol at different concentrations, which would be the optimal method to assess the anti-viral effect. Although we found that hinokitiol can upregulate p21 in all cell lines (except in UD-SSC-54A and fibroblasts), the difference between non-treated and treated cells was statistically significant only in HPV-positive cells (pooled results). The p21 is a well-known tumor suppressor; it can also be an oncogenic protein and its induction has been shown to be crucial for promoting cancer cell motility and tumorigenesis [36,37,38]. Because p53 is usually wild-type in HPV-positive carcinoma cell lines, one could argue that hinokitiol is beneficial in HPV-infected cells by increasing the expression of p21 and downregulating HPV16 E6 and E7 expression. With the wild-type p53, p21 acts as a guardian of the genome, whereas in the absence of p53 or with the deficient p53, p21 activity causes genomic instability [36,37,38].



In the present study, we were also interested in analyzing HPV-positive and -negative cell lines from the head and neck region. Even though HPV is the main etiological agent of cervical carcinoma, it also has a role in a subgroup of head and neck carcinomas. Our earlier studies based on cDNA arrays have shown some interesting similarities between HPV-positive cervical and head and neck carcinoma cell lines (CaSki, UT-DEC-1, IHGK, and UD-SCC-2), but also with the HPV-negative cell-line UT-SCC-54A derived originally from an oral lichen planus lesion. In all these cell lines, 13 genes were identified with similar downregulation [22,39]. Our data also indicated that different etiological backgrounds of head and neck carcinoma cell lines might be distinguished by their different global gene expression patterns. Interestingly, we also found in the present study that the effect of hinokitiol on the cell cycle profile was similar in Caski cell lines as found in the HPV-negative UT-SCC-54A and HPV-positive D-SCC-2.



Importantly, we also identified that the hinokitiol declined metabolic activity more effectively in transformed than carcinoma cell lines, which might be important to prevent the immortalized cells from progressing toward malignancy. Finally, we were able to show that hinokitiol has only slight effects on oral fibroblasts, which is in alignment with the earlier reports showing that hinokitiol did not induce DNA damage, apoptosis, or significant levels of autophagy in human stromal fibroblasts [32,33].



Even the highest concentration of hinokitiol (200 µM) was not able to cause any significant effects in any of the parameters that we analyzed. Thus, in further studies, the use of higher hinokitiol concentrations might be more informative than the low doses tested in our experiments. Furthermore, the higher hinokitiol concentrations are more effective for blocking HPV16E6 and E7 oncogene expressions. The use of higher concentrations is also warranted by the fact that several studies have suggested the use of hinokitiol as a therapeutic agent and, thereby, basically the safety (LD50 mouse, 85 mg/kg) and solubility of hinokitiol are the limitations. Hinokitiol has been used, for example, in gels for mouth cleaning in concentration of 2% (appr 12 mM) [40]. Thus, concentrations (µM scale) used in our study fit in these limitations and allow also the use of higher concentrations in further studies. In addition, the use of only one hinokitiol exposure time (24 h) is a noted limitation of the current study.



One limitation of our study was that we have not analyzed the protein expression data of cell cycle-related proteins—neither the proteins nor RNAs that can interact with HPV16E6 and E7 proteins. However, our main aim in this study was to identify virus-specific effects of hinokitiol on HPV, similarly as found earlier on hepatitis B, HIV, and influenza viruses. Here we found that hinokitiol downregulates HPVE6 and E7 expression, which warrants more detailed studies on the mechanisms as these HPV oncogenes are able to exert their effects in the cell by affecting multiple cellular pathways. E6 and E7 proteins are able to do so, aside from the well-known targets p53 and pRb. Thus, the deep understanding of the cellular pathways induced by HPV after hinokitiol treatment needs further studies on several genes and proteins targeted by E6 and E7.




5. Conclusions


Hinokitiol is more toxic to immortalized cell lines than to carcinoma cell lines, and concentrations up to 200 µM induce only minor effects on normal fibroblasts and HaCat cell lines. Hinokitiol was able to induce cell cycle arrest at the G1 phase by upregulating p21 expression in all cell lines expect UD-SCC54 and fibroblasts. The increase in p21 expression was significantly higher in HPV-positive than in HPV-negative cell lines (comparison between pooled results according to HPV status). Importantly, we found that hinokitiol exerted an inverse effect on p21 and HPV16E6 and E7 expression, which was dose dependent in SiHa cells and UD-SCC-2. These results warrant further studies to investigate the effects of hinokitiol, even at higher concentrations, particularly on those key proteins interacting with HPV oncoproteins in inducing malignant progression and permitting tumor growth.
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Figure 1. MTT incorporation assay. The effect of hinokitiol on cell metabolic activity was assessed with colorimetric MTT-assay. (a) HPV16 negative and (b) HPV16 positive cell lines. Cells were exposed to hinokitiol at various concentrations (0, 3.1, 6.25, 12.5, 25, 50, 100, and 200 µM) for 24 h. After exposure, the cells were washed and incubated with MTT. The precipitated MTT was dissolved in DMSO, and the amount measured spectrophotometrically. All analyses were repeated twice and in case there was a discrepancy between the two experiment rounds the triplicate was then further done for the third time. The results are shown as % ±SD from control. MTT incorporation after hinokitiol treatments of HMK at 3.1, 6.25, and 200 µM, of CaSki at 100 and 200 µM, of IHGK at 50, 100, and 200 µM and of UD-SCC-2 at 200 µM were significantly different from color corporation in non-treated cells (p < 0.05, two-tail t-test). 
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Figure 2. Cell proliferation. The cells were exposed to different hinokitiol concentrations (3.1, 6.125, 12.5, 25, 50, 100, and 200 µM) in 96-well plates for 24 h and the cell proliferation was measured by the incorporation of a radiolabeled DNA precursor, 3H-thymidine. Counts per minute (cpm) were evaluated in a scintillation counter. (a) HPV16 negative and (b) HPV16 positive cell lines. Each experiment was performed in triplicate. The results are expressed in logarithmic scale on the x-axis. 
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Figure 3. The effect of hinokitiol on the cell cycle of (a) HPV-negative and (b) HPV-positive cell lines. The cells were exposed to different hinokitiol concentrations (0, 2.5, 5, 50, and 200 µM) for 24 h and stained with propidium iodide for cell cycle analysis by flow cytometry. The data represents percentages (mean of three independent experiments) of cells in each stage of the cell cycle. 
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Figure 4. Relative gene expression of p21 and HPV16E6 and HPV16E7. The cells were exposed to different hinokitiol concentrations (0, 2.5, 50, and 200 µM) for 24 h and the p21 expression in (a) HPV16 negative and (b) HPV16 positive cell lines and (c) HPV16 E6, and HPV16E7 expressions were measured by qPCR. The relative expression of target genes HPV16 E6, HPV16 E7, and p21 were normalized using GAPDH as a reference gene. 
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Table 1. The human papillomavirus positive (CaSki, SiHa and UD-SCC-2) and negative (UT-SCC-37 and UT-SCC-54A) carcinoma and immortalized cell lines (IHGK, HMK, and HaCat) were used in the present study. Normal fibroblasts established from gingiva (HGF-1) served as the controls.
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	Cell Line
	Origin
	Organ
	HPV Status HPV

Copies/Cell
	Acquired from or Reference





	CaSki
	Cervical carcinoma
	uteri
	HPV16 600 copies
	ATCC (CRL-1550)



	SiHa
	Squamous cell carcinoma
	cervix uteri
	HPV16 2 copies
	ATCC (HTB-35)



	UD-SCC-2
	Squamous cell carcinoma
	hypopharynx
	HPV16 600 copies
	Ballo et al., 1999 [21]



	UT-SCC-37
	Squamous cell carcinoma
	gingiva
	HPV negative
	Gift from Prof. R. Grenman. Turku University Hospital, Turku, Finland Ruutu et al., 2005 [22]



	UT-SCC-54A
	Squamous cell carcinoma
	buccal mucosa
	HPV negative
	Gift from Prof. R. Grenman. Turku University Hospital, Finland Ruutu et al., 2005 [22]



	IHGK
	Keratinocyte
	gingiva
	transformed with HPV16 E6/E7
	Oda 1996 [23]



	HMK
	Spontaneously immortalized keratinocyte
	gingiva
	HPV negative
	Mäkelä 1999 [24]



	HaCat
	Spontaneously immortalized keratinocyte
	skin
	HPV negative
	ATCC



	HGF-1
	Fibroblast
	gingiva
	HPV negative
	Institute of Dentistry, University of Turku, Finland
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