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PROGNOSTIC EFFECT OF NON-

PHOTOACTIVATED HYPERICIN IN HYPOXIA 

ON THE MIGRATORY POTENTIAL OF LUNG 

CARCINOMA CELLS  

 

 

 

Tamara Kovacsova, Viktoria Decmanova, Rastislav Jendzelovsky, Peter Fedorocko 

 

Pavol Jozef Safarik University in Kosice, Faculty of Science, Institute of biology and 

ecology, Srobarova 2, 041 54 Kosice, Slovakia 

 

Introduction  

Carcinomas, tumors of epithelial origin, represent the most numerous type of 

tumors and account for approximately 80 ï 90 % of all diagnosed malignancies. A key 

property of epithelial cancer cells is the ability to acquire migratory and invasive 

potential, which leads to tumor progression and metastasis to distant tissues. The process 

involved in acquiring these properties is the epithelial-mesenchymal transition (EMT), 

during which cells lose their epithelial characteristics and acquire a mesenchymal 

phenotype accompanied by increased motility, migration, invasion, and the ability to 

colonize distant sites. EMT is a dynamic and tightly regulated process in which several 

transcription factors (TF), mainly from the Snail, Twist, and Zeb families, participate. 

Among them, Snail1 plays a key role, acting as the main initiator of EMT. A significant 

factor influencing EMT is hypoxia, which is a characteristic feature of the 

microenvironment of solid tumors. Hypoxic conditions lead to the stabilization of 

hypoxia-inducible factors HIF-1Ŭ and HIF-2Ŭ, which regulate the expression of genes 

involved in cell adaptation to oxygen deficiency, but also genes encoding EMT-TFs, 

including Snail1, thereby contributing to a more aggressive phenotype of cancer cells. 

Currently, increasing attention is being paid to bioactive natural compounds as potential 

modulators of tumor processes. One such compound is hypericin, a secondary 

metabolite of plants of the genus Hypericum, known for its broad-spectrum biological 

effects. In addition to its use as a photosensitizer in photodynamic diagnosis and therapy, 

the effects of its non-photoactivated form, which exhibits anticancer properties 

independent of light activation, are also being investigated. It has been shown that 

hypericin under hypoxic conditions can modulate the levels of HIF-1Ŭ [1,2]. Moreover, 

hypericin has been shown to affect the properties of the SP population with a cancer 

stem cell phenotype, reducing its size [3], although the surviving SP cells exhibit 

increased migratory potential [2]. 

The aim of this study was therefore to investigate the effect of non-photoactivated 

hypericin under hypoxic conditions on the migratory potential of the entire A549 lung 
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cancer cell population, with a focus on HIF signaling and Snail1. A key aspect of this 

work was the evaluation of functional cell behaviour, particularly migratory ability, 

which is a critical factor contributing to the invasive and metastatic potential of cancer 

cells. At the same time, we investigated whether these effects depend on hypericin 

concentration and oxygen conditions (normoxia and hypoxia) in order to better 

understand its potential mechanisms of action in the tumor microenvironment and its 

possible use in anticancer therapy. 

 

Material and methods 

Cell cultivation.  

In our experiments, the human lung adenocarcinoma cell line A549 (ATCC) was used. 

Cells were cultured under standard conditions (37 °C, 20 % O2, 5 % CO2 and 75 % N2) 

in RPMI-1640 medium (Sigma-Aldrich) supplemented with 10 % fetal bovine serum 

(FBS; Biosera), antibiotics, and antimycotics. At the beginning of each experiment, cells 

were seeded at densities adjusted to reach 80 % confluence at the time of analysis for 

the methods described below. The initial density was 15,000 cells/cm2 for 16-hour 

incubation with hypericin and 10,000 cells/cm2 for 40-hour incubation with hypericin. 

Cells were cultured under standard (normoxic) or hypoxic conditions (37 °C, 1 % O2, 5 

% CO2, and 94 % N2) in a hypoxic chamber (Coy Laboratory Products). 

Reagents.  

A 2 mM stock solution of hypericin (Sigma-Aldrich) was prepared  

in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and stored at -80 °C. Working solutions 

of hypericin (1 and 5 ɛM) were diluted in culture medium containing 10 % FBS and 

added to the cells after 24 hours of hypoxic cultivation in the dark to prevent 

photoactivation. 

Western blot analysis.  

Cells were harvested 16 and 40 hours after hypericin treatment by scraping on ice, 

washed with cold PBS and lysed in cold lysis buffer supplemented with protease and 

phosphatase inhibitors. Protein concentration was determined using the Lowry method, 

and samples were adjusted to equal protein amounts. Proteins were separated by SDS-

PAGE (10 % gel) and transferred onto PVDF membranes (Bio-Rad). Membranes were 

blocked with 5 % milk and incubated overnight at 4 °C with primary antibodies. After 

washing, HRP-conjugated secondary antibodies were added to the membranes. Protein 

expression was detected using a chemiluminescent substrate (Pierce ECL, Thermo 

Scientific) and visualized on X-ray film (AGFA). Densitometric analysis was performed 

using ImageLab software (Bio-Rad), and protein levels were normalized to the reference 

protein ɓ-actin.  
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Migration analysis.  

Cell migration was assessed using a wound healing assay under normoxic and hypoxic 

conditions with either 16-hour preincubation or continuous incubation with hypericin. 

Cells (15,000 cells/cm2) were seeded into 96-well plates (Sartorius). After 24 hours, 

hypericin (1 and 5 ɛM) was added, and cells were incubated for 16 hours. The medium 

containing 10 % FBS was then replaced with medium containing 1 % FBS to inhibit cell 

proliferation. In the preincubation group, hypericin was removed, whereas in the 

continuous incubation group, hypericin was re-added with the medium containing 1 % 

FBS. After 24 hours of proliferation inhibition, a wound (scratch) was created in the cell 

monolayer using a WoundMaker (Essen BioScience). Cells were washed with sterile 

PBS and incubated in medium containing 1 % FBS with or without hypericin. Cell 

migration (wound closure rate) was monitored and quantified using IncuCyte ZOOM 

software at 3-hour intervals for 96 hours. 

Statistical analysis.  

Data are presented as mean ± standard deviation (SD). One-way ANOVA followed by 

Tukeyôs post-hoc test was used for multiple group comparisons. Two-way ANOVA 

followed by Bonferroniôs post-hoc test was used to evaluate the effects of hypericin 

treatment and experimental conditions (normoxia and hypoxia). Statistical significance 

is indicated in each figure and its caption. 

 

Results 

Effect of hypoxia and hypericin on HIF-1Ŭ protein levels 

 Since the study of Barliya et al. [1] demonstrated that non-photoactivated 

hypericin reduced the levels of HIF-1Ŭ protein, the aim of the initial experiment was to 

verify the effect of 5 ɛM hypericin on the level of this protein in A549 cells incubated 

under normoxic and hypoxic conditions.  

The increased level of HIF-1Ŭ in hypoxic control groups confirmed the correct 

induction of hypoxic conditions in our experiments (Fig. 1). Five ɛM hypericin 

significantly reduced HIF-1Ŭ protein levels after 16 hours of incubation under hypoxic 

conditions. A decrease was also observed after 40 hours of incubation; however, this 

decrease was not statistically significant. A decrease in HIF-1Ŭ levels was also observed 

after incubation with hypericin under normoxic conditions despite the low basal levels 

of HIF-1Ŭ, but without statistical significance (Fig. 1). 

Effect of hypoxia and hypericin on Snail1 protein levels 

HIF-1Ŭ is one of the main regulatory factors of the hypoxic response and is known 

to stimulate the expression of TF families associated with EMT. Based on this, we 

focused on the analysis of the TF Snail1, which is considered a key regulator of this 

process. 
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Figure 1. Effect of hypoxia and hypericin on HIF-1Ŭ. HIF-1Ŭ protein levels were analyzed by Western 

blotting at 16 and 40 hours of incubation of cells with hypericin in normoxia and hypoxia. Protein levels 

were normalized to ɓ-actin and relative to the control at 16 h in normoxia. Results are presented as mean 

± SD of three biological replicates. Statistical analysis was performed by two-way ANOVA for each 

analyzed time point (16 h and 40 h) separately with Bonferroni post-hoc test (* p < 0.05; ** p < 0.01; *** 

p < 0.001). 

 

 

Hypoxic conditions led to a significant increase in Snail1 protein levels, 

particularly after 16 hours of incubation with hypericin, compared to the normoxic 

control. At the later analyzed time point (40 h), we did not observe an increase in the 

level of Snail1 in hypoxia compared to normoxia (Fig. 2). 

We found that 5 ɛM hypericin significantly decreased Snail1 protein levels after 

16 hours of incubation under hypoxic conditions and after 40 hours of incubation under 

both normoxic and hypoxic conditions (Fig. 2). 

Modulation of cell migration by hypericin 

 Based on previous results showing that hypericin reduces Snail1 protein levels, 

we also investigated its effect on cell migration. A functional migration assay, known as 

the wound healing assay, was used to evaluate changes in cell migratory activity. 

The results showed that preincubation of cells with 1 or 5 ɛM hypericin did not 

affect their migration capacity under normoxic (Fig. 3A) and hypoxic conditions (Fig. 

3B). Conversely, continuous incubation of cells with hypericin (1 and 5 ɛM) resulted in 

a statistically significant reduction in their migratory ability both under normoxic (Fig. 

3A) and hypoxic conditions (Fig. 3B). 
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Figure 2. Effect of hypoxia and hypericin on Snail1. Snail1 protein level was analyzed by Western blotting 

after 16 and 40 hours of incubation of cells with hypericin in normoxia and hypoxia. Protein level was 

normalized to ɓ-actin protein level and relative to the control in normoxia 16 h. Results are presented as 

mean ± SD of three biological replicates. Statistical analysis was performed by two-way ANOVA for each 

analyzed time point (16 h and 40 h) separately with Bonferroni post-hoc test (* p < 0.05; ** p < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Changes in the migratory potential of cancer cells under the influence of hypericin. The graphs 

show the course of migration expressed as relative wound density (%) in A) normoxic and B) hypoxic 

conditions after 16-hour preincubation of cells with 1 and 5 ɛM hypericin and during continuous 

incubation of cells with 1 and 5 ɛM hypericin. The results are presented as mean Ñ SD of two biological 

replicates with two technical replicates. Statistical analysis was performed by one-way ANOVA with 

Tukeyôs post-test. Changes in the migratory activity of experimental groups were compared with the 

respective control (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Discussion 

 Barliya et al. [1] were the first to demonstrate that hypericin reduces HIF-1Ŭ 

protein levels. A later study using lower concentrations of hypericin (0.1, 0.5, 1 and 5 ɛM) 

observed the strongest reduction in HIF-1Ŭ levels after 16 hours of incubation with 5 

ɛM hypericin in hypoxia [2]. The elevated HIF-1Ŭ levels in hypoxic controls compared 

to normoxic controls confirmed the validity of hypoxia induction in our experimental 

setup. Consistent with previous findings, our results show that 5 ɛM hypericin 

significantly decreased HIF-1Ŭ protein levels, with the strongest effect detected at 16 h 

in hypoxia. The absence of a significant decrease in HIF-1Ŭ in the later phase of hypoxia 

may reflect an adaptive response of cells to hypoxia. It has been shown that the 

regulation of HIF factors during hypoxia is dynamic and varies depending on the 

duration of hypoxic exposure as well as the cell line tested [4, 5]. This time-dependent 

mechanism may lead to the attenuation of the effect of hypericin despite the persistently 

elevated levels of HIF-1Ŭ. 

 Given that Snail1 is considered one of the strongest inducers of EMT [6] and is 

regulated by HIF-1Ŭ [7], we next analyzed the expression of this protein. As expected, 

hypoxia significantly increased Snail1 levels at the earlier analyzed time (harvest at 16 

h), which confirmed its regulation by HIF-mediated signaling. However, a slight 

decrease in Snail1 levels in hypoxia at the later analyzed time (harvest at 40 h) may 

reflect the adaptive mechanisms of cells to long-term hypoxia, during which the stability 

of HIF-1Ŭ protein is disrupted [4]. This may lead to an alteration in its transcriptional 

activity and consequently to a weakened induction of its target genes, such as Snail1. 

Importantly, hypericin (5 ɛM) significantly reduced Snail1 levels at both time points in 

hypoxia, supporting the hypothesis that hypericin interferes with hypoxia-driven EMT, 

probably through inhibition of HIF signaling [1, 2]. 

 To assess the functional relevance of these molecular changes, we analyzed the 

migratory activity of the entire A549 cell population. In the experiment, cells were 

treated with 1 ɛM or 5 ɛM hypericin either by 16-hour preincubation or by continuous 

incubation throughout the analysis. The results showed that hypericin at both 

concentrations (1 ɛM and 5 ɛM) significantly reduced the migratory activity of cells, 

but only during continuous incubation, both under normoxic and hypoxic conditions. 

Notably, the antimigratory effect correlated with reduced Snail1 levels at 5 ɛM, 

supporting its role in migration control. However, migration was also inhibited at 1 ɛM, 

where no significant change in Snail1 expression was observed, indicating that 

additional mechanisms beyond Snail1 regulation likely contribute to the observed 

phenotype. In contrast, BuŎkov§ et al. (2023) demonstrated that a 16-hour preincubation 

of SP cells isolated from the same A549 cell population with 1 ɛM hypericin under 

hypoxic conditions led to an increase in their migratory activity. The authors report that 

the combination of hypericin and hypoxia reduced the size of this subpopulation, but the 

remaining surviving SP cells showed an increased migratory potential, suggesting the 
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selection of a more aggressive subpopulation of cells with a CSC phenotype [2]. These 

differences in the response of the SP subpopulation and the entire cell population to 

hypericin indicate a significant heterogeneity of the tumor population. While hypericin 

may have an antimigratory effect on the entire cell population, it may have a different, 

potentially adverse effect on a minority subpopulation with CSC properties. This aspect 

should also be taken into account in its therapeutic application, for example as a potential 

neoadjuvant drug aimed at reducing tumor invasiveness. Moreover, a clinical study of 

hypericin demonstrated that synthetic hypericin was well tolerated in patients with 

recurrent glioma and in some cases led to stabilization or even reduction in tumor size 

[8]. While that study focused primarily on clinical outcomes, our in vitro results further 

extend these findings and suggest that hypericin may represent a promising candidate 

for neoadjuvant therapeutic strategies aimed at limiting cancer cell migration and 

invasiveness, potentially reducing the risk of metastasis prior to surgery. 

 

Conclusion 

 Overall, it can be concluded that hypericin modulates hypoxia-regulated 

signaling pathways and affects the migratory potential of A549 cancer cells. Our results 

indicate that hypericin could represent a promising candidate for reducing cancer cell 

migration, thereby potentially limiting their ability to metastasize, particularly in 

neoadjuvant therapeutic strategies. 
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Introduction  

Eight percent. That is how many PDAC patients are still alive five years after 

diagnosis [1]. The number has barely moved in decades. Around 90% of patients arrive 

already past the point of surgery [1], and gemcitabine (GEM), one of the main 

treatments, loses its effect fairly quickly once tumour cells develop resistance [2]. 

Finding something that could keep it working longer, or make tumour cells more 

sensitive to it, would matter. 

Xanthohumol (XN) is a flavonoid from hop cones (Humulus lupulus) with 

published anticancer activity in several tumour types including pancreatic cancer [3]. 

Safety at relevant concentrations demonstrates a favourable safety profile . The main 

obstacle was cost. Commercial XN runs at around EUR 375 per 5 mg, and at that price 

running a proper multi-condition study gets expensive fast. So we extracted it from dried 

hops ourselves and compared it to the commercial product. We could not find this kind 

of direct comparison in a PDAC experiment in the literature. 

At the same time, we wanted to look at DNA methylation. In PDAC, genes like 

fibronectin 1 (FN1) and N-cadherin (CDH2) are often silenced by hypermethylation of 

their promoters [4]. Both play a role in how tumour cells invade and spread. Some 

flavonoids have been shown to interfere with the enzymes that control methylation [5]. 

Whether XN does anything similar in PDAC was not clear. 

The study had two main aims: to develop and cost-compare an in-house 

xanthohumol isolation method, and to test both the in-house material and the commercial 
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version, alone and combined with gemcitabine, in two PDAC cell lines, with DNA 

methylation and epigenetic enzyme expression measured alongside. 

Materials and Methods 

Cell lines.  

MIA PaCa-2 is derived from a primary tumour and is relatively sensitive to treatment. 

SU.86.86 came from a liver metastasis and is harder to affect with standard agents. Using 

both gave us a way to test whether results from the more sensitive line would hold up in 

a more resistant context 

Xanthohumol isolation.  

We developed a seven-step protocol from dried Humulus lupulus cones: milling, 

defatting with n-hexane, three rounds of ethanol extraction (96%), rotary evaporation at 

or below 35°C, liquid-liquid extraction with ethyl acetate, silica gel column 

chromatography with a hexane/EtOAc gradient, and crystallisation in ethanol/water at 

4°C. Purity was confirmed by TLC and HPLC. This preparation is called XI throughout. 

Commercial xanthohumol (XK; CAS No. 6754-58-1, Hangzhou Hyper Chemicals 

Limited, China) was run in parallel in every experiment. Costs for both were tracked. 

Cell viability.  

Cells (5,000ï8,000 per well in 96-well plates) were treated with XK or XI across a 

concentration range for 72 hours. Viability was measured with the CellTiter-Glo assay; 

IC50 values. For combination experiments, XI was added first for 72 hours, then 

gemcitabine (GEM) at 20 nM for three more days. Decitabine (DAC) was included as a 

reference compound. DMSO was kept at or below 0.1%. 

Synergy analysis. 

 Synergy between XI and GEM was assessed using SynergyFinder version 3.0 [6] with 

four models: ZIP, HSA, Loewe, and Bliss. Scores above 10 indicate strong synergy. 

Statistical significance was assessed for all four models. 

DNA methylation.  

Genomic DNA was bisulfite-converted and FN1 and CDH2 promoter methylation was 

measured by pyrosequencing (PyroMark Q24). DAC served as positive control; we had 

used it in this cell system previously [4]. 

Gene expression.  

DNMT1 and TET1 mRNA levels were measured by RT-qPCR from total RNA, with 

HPRT1 as the reference gene.  

Ethical approval.  

As only established commercial cell lines were used and no patient material was 

involved, no ethics committee approval was required. 

 

Results 

Isolation of xanthohumol  

Starting from 10 g of dried hops, we obtained 20 mg of xanthohumol (0.2% yield, 92% 

purity by HPLC). The cost was about EUR 125 per 5 mg, compared to EUR 375 for the 

commercial product. 
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Single-agent cytotoxicity.  

Both XK and XI reduced viability in PDAC cells in a dose-dependent manner (Figure 

1). In MIA PaCa-2, XK IC50 was about 12 µM and XI about 19 µM. In SU.86.86 the 

gap was larger: XK was still active (IC50 roughly 22µM) but XI had almost no effect at 

25 µM (viability above 85%). Decitabine had modest effects in both lines (MIA PaCa-

2: 82ï95% viability; SU.86.86: 62ï81%). 

 

 

 

 
 

 

 

 

 

 

 

Figure 1. Relative cell viability in MIA PaCa-2 (left) and SU.86.86 (right) after 72-hour treatment with 

commercial xanthohumol (XK), in-house isolated xanthohumol (XI), and decitabine (DAC). Error bars 

represent standard deviation. 

 

 

Combination with gemcitabine. GEM at 20 nM left 97% of SU.86.86 cells alive, 

and XI alone at tested concentrations had little effect on this line. The combination 

brought viability down substantially in both lines (Figure 2). In SU.86.86, viability fell 

to 1.9% at the highest combination dose (XI 20 µM + GEM 20 nM). In MIA PaCa-2 the 

same dose reduced viability to 12%, compared to 31% with XI alone. Both experiments 

were performed in duplicates  . 

Synergy scores. MIA PaCa-2: ZIP 10.53, HSA 11.82, Loewe 10.70, Bliss 11.25. 

SU.86.86: ZIP 18.77, HSA 20.19, Loewe 15.18, Bliss 19.69. All values exceeded 10 and 

all were statistically significant at p < 0.001 (MIA PaCa-2: ZIP p = 4.68×10-7, HSA p 

= 4.96×10-6, Loewe p = 5.03×10-5, Bliss p = 4.64×10-6; SU.86.86: ZIP p = 7.38×10-4, 

HSA p = 5.26×10-4, Loewe p = 1.31×10-3, Bliss p = 7.10×10-4). Scores in SU.86.86 

were roughly double those in MIA PaCa-2. 
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Figure 2. Relative cell viability after combination treatment in MIA PaCa-2 (left) and SU.86.86 (right).  

Cells were pre-treated with XI for 72 hours followed by GEM at 20 nM for 72 hours. Combi 1: XI 10 µM 

+ GEM 20 nM; Combi 2: XI 15 µM + GEM 20 nM; Combi 3: XI 20 µM + GEM 20 nM. 

 

 

DNA methylation. XN did not reduce FN1 or CDH2 promoter methylation in 

either line. In MIA PaCa-2, both genes were heavily methylated at baseline (FN1 84%, 

CDH2 98%) and remained so after XN treatment. In SU.86.86, baseline methylation 

was already low (4ï5%). DAC reduced FN1 methylation to 43% and CDH2 to 47% in 

MIA PaCa-2, confirming the assay was working correctly. 

Gene expression of epigenetic regulators. In SU.86.86, both DNMT1 and TET1 

expression went down after XN treatment (Figure 3). In MIA PaCa-2 the changes were 

smaller and less consistent. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Relative normalized expression of DNMT1 and TET1 in MIA PaCa-2 (left) and SU.86.86 (right) 

after treatment with XK, XI, and DAC, measured by RT-qPCR. HPRT1 was used as the reference gene. 

Error bars represent standard deviation. 

 

Discussion 

The effect of combination therapy on SU.86.86 was the result we checked twice. 

GEM at 20 nM does nothing this cell lineós viability : 97% of cells survive monotherapy. 

XI alone at tested doses had little effect either. When both drugs were combined, 

viability fell below 2%. Synergy scores in SU.86.86 were roughly double those in MIA 
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PaCa-2, which is the opposite of what you would typically expect from a more resistant 

line.  

Palanisamy et al. [7] demonstrated synergistic anticancer activity of xanthohumol 

in combination with another phytochemical in PDAC models, including in vivo, but did 

not examine interactions with gemcitabine or behaviour in a resistant line. Our guess is 

that the resistance adaptations in SU.86.86 (possibly changes in nucleoside transport or 

metabolic enzyme expression) create a specific vulnerability that XN can use. To test 

that properly, we would need to measure transporter expression and intracellular GEM 

handling directly. 

XI worked well enough for this type of experiment. The IC50 difference in MIA 

PaCa-2 (19 µM vs. 12 µM for XK) most likely comes from the lower purity, and for 

precise pharmacology work XK is the better choice. For testing many conditions on 

a limited budget, XI at one-third of the cost is a reasonable option. 

XN did not demethylate the FN1 or CDH2 promoters. DAC did, under the same 

conditions, so the assay was working. These findings indicate that XN does not exert 

hypomethylating effects on the FN1 or CDH2 promoters under the tested conditions 

The DNMT1 and TET1 changes in SU.86.86 confirm the effect of XN on enzymes 

involved in DNA methylation regulation. Both went down after XN treatment. Since 

they work in opposite directions on methylation, losing both at once does not give 

a simple prediction of the net effect. Link et al. [5] noted that polyphenols can shift 

enzyme levels without producing consistent locus-specific changes, and our data fit that 

picture. In MIA PaCa-2 the pattern was different. This work has several limitations. Cell 

culture cannot capture the full complexity of a real tumour, and whether XN reaches the 

needed concentrations in actual tissue is not known. 

 

Conclusion 

XN and gemcitabine show strong synergy in PDAC cells, confirmed by four 

independent models with p-values well below 0.001 in both lines tested. The largest 

effect was in a drug-resistant metastatic line where neither agent does much on its own. 

In-house isolation from hop cones gave 92% purity material at about one-third of the 

commercial cost. XN did not demethylate FN1 or CDH2 promoters directly, but reduced 

DNMT1 and TET1 expression in SU.86.86, suggest a mechanism different from DAC. 

The precise mechanism behind the synergy is not yet clear.  
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Introduction  

Pancreatic ductal adenocarcinoma (PDAC) is a metastatic and chemo-refractory 

tumor with a 11 % 5-year survival rate [1], partly due to a subpopulation within the 

tumor known as cancer stem cells (CSCs). CSCs make up 2-5 % of the tumor mass and 

are responsible for tumor heterogeneity due to their self-renewal capacity and their 

intrinsic ability to differentiate into different cancer cell lineages. They are also believed 

to play an important role in the onset of tumor relapses and metastases, drug resistance 

and treatment failure [2]. This has inspired the design of innovative antitumoral 

strategies aimed at eliminating CSCs, for which it is necessary to locate them 

specifically. While there are validated cell surface markers to distinguish CSCs from 

other tumor cells, none have proven to be universal. Dr. Bruno Sainzôs laboratory 

discovered that CSCs of various epithelial tumors contain intracellular vesicles coated 

with the ATP transporter ABCG2, responsible for the accumulation of naturally 

fluorescent vitamin B2 (i.e., riboflavin) within these vesicles [3]. This allows for CSC 

identification and isolation based on their intrinsic autofluorescence (AF) using 

fluorescence-based techniques. 

Riboflavin is the precursor of flavin mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD), cofactors of numerous flavoenzymes involved in oxidative 

phosphorylation (OXPHOS). Indeed, CSCs of many tumor types, such as PDAC, 

preferentially rely on aerobic OXPHOS over anaerobic glycolysis, typical of regular 

cancer cells [4]. The role that this accumulated riboflavin plays in CSC physiology is 

unclear, but it is reasonable to predict that it may represent a limiting factor in OXPHOS 

metabolism and, therefore, an intrinsic susceptibility of CSCs. Given that riboflavin 

accumulation in CSCs is mediated by ABCG2-coated vesicles, they may also 

accumulate riboflavin analogs or derivatives, such as lumichrome, which could cause 

competitive interference with riboflavin-dependent metabolic pathways (e.g., 
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OXPHOS). Preliminary data from the laboratory showed that lumichrome 

administration to primary cultures of PDAC cells generated from patient-derived 

xenografts (PDX) resulted in a marked reduction in the AF-positive (AF+) CSC 

populations (unpublished data), suggesting that it is replacing riboflavin. However, it 

yielded a notable toxicity. 

Nanotechnology is emerging as a promising tool in the biomedical field. Miglyol® 

is a medium-chain triglyceride line frequently used in lipid nanoemulsion (NE) 

formulations due to its ability to dissolve hydrophobic drugs (e.g., lumichrome), 

enhancing drug loading capacity and stability. Furthermore, using Miglyol® would help 

augment lumichromeôs biocompatibility for future in vivo approaches. Thus, Miglyol®-

based NEs containing lumichrome could be a feasible therapeutic way of maintaining 

lumichromeôs effects while limiting its toxicity.  

Building on this strategy, additional approaches that further potentiate 

lumichromeôs activity are of particular interest. A recent study has shown that exposure 

to blue light can significantly potentiate antitumoral treatment by inducing oxidative 

stress and mitochondrial dysfunction, in a distincly effective way when combined with 

blue-absorbing photosensitizers like riboflavin [5]. Thus, given that CSCs are highly 

dependent on OXPHOS and display an increased intracellular accumulation of 

riboflavin, it is reasonable to think that blue light exposure could sensitize them to 

metabolic perturbations. Furthermore, assuming that lumichrome retained riboflavinôs 

photoreactive properties while displacing it, its effect could be combined with that of 

blue light exposure. That is, blue light could exacerbate mitochondrial vulnerabilities in 

lumichrome-loaded CSCs while maintaining low systemic toxicity, providing a novel 

strategy to target pancreatic CSCs. Once CSCs are depleted, standard-of-care 

chemotherapy (e.g., gemcitabine) should eliminate the remaining tumor cells, 

minimizing the risk of tumor relapse. 

 

Materials and methods 

Primary Human PDAC Cells.  

Human PDAC tumors were obtained from Dr. Manuel Hidalgo under a Material Trans-

fer Agreement with the Spanish National Cancer Research Centre (Ref. No. 

I409181220BSMH). Tumor samples were maintained by implantation into immuno-

compromised NOD/SCID and NU/NU mice, generating a library of PDAC PDXs. PDXs 

were generated in accordance with protocols approved by the Animal Care and Use 

Committee from Universidad Autónoma de Madrid (Ref. No. CEI-25-587) and Comun-

idad de Madrid (PROEX 294/19, 205.23). Cell cultures used in this work were derived 

from mechanical and enzymatic digestion of PDAC PDXs, and their use was approved 

by the Spanish National Research Council (CSIC) Ethical Committee (Ref. No. 

329/2024). Primary PDX-derived in vitro cultures are referred to by their patient number 

designation (A6L, 185). 185 scd refers to a culture derived from an AF-sorted single cell 

of the 185 parental human tumor sample; its culture exhibits a higher percentage of au-

tofluorescent CSCs. Cells were cultured in RPMI 1640 Medium (Corning, Cat. No. 10-

040-CV) supplemented with 10 % fetal bovine serum (FBS, Invitrogen, Cat. No. 

10270106), 0.4 % glutamine (Corning, Cat. No. 25-005-CI), 100 U/mL 
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penicillin/streptomycin (Invitrogen, Cat. No. 15140122) and 0.4 % fungizone (Invitro-

gen, Cat. No. 15290018). 

Reagents 

Lumichrome (Sigma-Aldrich, Cat. No. 103217) was dissolved in dimethyl sulfoxide 

(DMSO, Sigma-Aldrich, Cat. No. D2650) to a final concentration of 335 mM and stored 

at 4 °C. 

Lipid NE synthesis  

NEs compromising Miglyol®, sphingomyelin and lumichrome were formulated by the 

ethanol injection method previously outlined by collaborators (6). In short, Miglyol® 

812 N (oil) (IOI Oleo GmbH) and sphingomyelin (surfactant) (Lipoid E SM, Lipoid 

GmbH) were mixed in a 10:1 ratio and dissolved in 100 ɛL of 100 % ethanol, with or 

without lumichrome. Subsequently, NEs were generated by injecting the organic phase 

into 1 mL of ultrapure water at RT. 

Flow cytometry 

Human PDAC PDX-derived cell cultures were harvested with trypsin (Corning, Cat. 

No. 25-052-CI), washed with 1× PBS and resuspended in Flow buffer (1× PBS, 3% FBS 

(v/v) and 3 mM ethylenediaminetetraacetic acid (EDTA) (v/v)) with 2 Õg/mL of 4ǋ,6-

diamidino-2-phenylindole (DAPI) to differentiate dead cells. Cells were analyzed with 

4-laser Attune NxT Acoustic Cytometer (Thermo Fisher Scientific, Cat. No. A24858). 

AF+ populations were selected by exciting cells with 488 nm blue laser and gating the 

intersection with filters 530/40 (BL1) and 580/30 (BL2). Results were analyzed with 

FlowJo vX.0.7 software (Tree Star Inc.). 

Annexin V assay 

Both detached (presumably dead) and attached (presumably live) PDAC PDX-derived 

cells were recovered by collecting culture supernatant and harvesting attached cells after 

a 24 h-treatment. Cells were stained using Annexin V-CF®633 (Biotium, Cat. No. 

29008) according to the manufacturerôs protocol. Briefly, cells were centrifuged and cell 

pellets were resuspended in Binding buffer mixed with Annexin V-CF®633 on a 20:1 

ratio. Incubation took place protected from light for 20 min at RT. After incubation, 

samples were resuspended in Flow buffer with 2 µg/mL DAPI to be analyzed by flow 

cytometry. Cells were plotted with filters 440/50 (VL1) and 670/14 (RL1). Quadrant 

gating, performed within whole or AF+ populations, was used to distinguish viable cells 

(Annexin V DAPI ), early apoptotic cells (Annexin V DAPI ), late apoptotic cells 

(Annexin V DAPI ) and dead cells (Annexin V DAPI ).  

Colony formation assay 

PDAC PDX-derived cell cultures treated for 24 h were washed with 1× PBS and cells 

were harvested, counted and plated at a low density of 1 × 103 cells/well in 24-well cell 

culture plates (Thermo Fisher Scientific, Cat. No. 142475) and further treated to assess 

their clonogenic potential. After 7 days of growth, colonies were washed, fixed for 10 

min with 4 % paraformaldehyde, stained with a 2 % (w/v) crystal violet solution for 1 h 

and subsequently washed with ultrapure water. Remaining dry crystal violet was 

dissolved in 1 % sodium dodecyl sulfate (SDS, Sigma, Cat. No. L4509) before 
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measuring its absorbance at 562 nm (Abs562 nm) with Agilent BioTek Synergy HT 

Microplate Reader (Agilent BioTek) 

Cell metabolism assessment 

Oxygen consumption rate (OCR) and ATP production were measured with Seahorse 

XFp HS Mini Analyzer (Agilent Technologies, Cat. No. S7802A). PDAC PDX-derived 

7-day-old spheres were harvested with a 20 min trypsin incubation at 37 °C, plated in 

Seahorse XFp cell culture Miniplates (Agilent Technologies, Cat. No. 103722-100) at a 

density of 1.5 × 104 cells/ well and incubated overnight. Cells were then treated for 24 

h. After that, cells were incubated in Seahorse XF DMEM media (Agilent Technologies, 

Cat. No. 103575-100) supplemented with 2 mM glutamine (Agilent Technologies, Cat. 

No. 103579 100), 10 mM glucose (Agilent Technologies, Cat. No. 103577 100) and 1 

mM pyruvate (Agilent Technologies, Cat. No. 103578 100) for 1 h, following 

manufacturerôs instructions. Raw data from the Analyzer were normalized to total 

protein (µg) using PierceÊ BCA protein assay kit (Thermo Fisher Scientific, Cat. No. 

23225) following manufacturerôs protocol. 

Blue light and gemcitabine treatment regimen 

PDAC PDX-derived nearly confluent cell cultures treated with or without NEs, empty 

or loaded with lumichrome, and 10 µg/mL gemcitabine for 24 h were washed with 1× 

PBS and exposed to a blue LED strip (460-465 nm, JOYLIT, SMD 5050, 12 V and 3.5 

A input, 12 V and 2.2 A output) for 2 h at RT. The irradiation of cells was carried out in 

PBS. Another 1× PBS wash was performed before further treating with or without 10 

µg/mL gemcitabine for 24 h.  

Statistical analyses 

Statistical analyses were performed using GraphPad Prism v8.0.1 software (GraphPad 

Software Inc.). The ShapiroïWilk test was used to assess whether the data followed a 

normal distribution. When normality was confirmed, one- or two-way ANOVA and 

Tukey's multiple comparison test were applied as comparisons were always between 

three or more groups. 

 

Results 

Lumichrome NEs reduce cell AF without inducing global toxicity in vitro 

Lumichrome NEs were successfully generated using the ethanol injection method, 

yielding stable NEs composed of Miglyol® (as the oil phase) and sphingomyelin (as the 

surfactant) at a 10:1 ratio (Fig. 1A). Flow cytometric analyses of nearly confluent A6L, 

185 and 185 scd cell cultures after a 24 h-treatment with lumichrome, free or loaded in 

NEs, showed a marked reduction in the percentage of AF+ cells after lumichrome 

administration (Fig. 1B, C). 

Lumichrome NEs limit OXPHOS and ATP production in CSC-enriched PDAC cell 

cultures in vitro 

Following the hypothesis of this study, to evaluate whether administration of 

lumichrome affects CSC respiratory metabolism, various mitochondrial functional 

parameters were analyzed in sphere-derived 185 scd cells using the Seahorse XF HS 

Mini Analyzer (Agilent Technologies). After a 24 h-treatment with lumichrome NEs, 
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basal and maximal respiration and ATP production rates decreased significantly (Fig. 

2A). These data indicate that lumichrome administration may impair mitochondrial 

respiration in CSC-enriched PDAC PDX-derived cell cultures in vitro, supporting a 

specific effect towards CSC metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lumichrome NEs may be inducing apoptosis specifically in CSCs in vitro 

To assess whether the observed OXPHOS impairment led CSCs to death, we studied the 

apoptotic status of A6L and 185 scd PDAC PDX-derived cell cultures via an Annexin 
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V assay after a 24-h treatment with lumichrome NEs. Using phosphatidylserine-binding 

protein Annexin V and DAPI, this flow cytometry-based assay allows for the detection 

and stratification of apoptosis based on the percentage of cells that have flipped 

phosphatidylserine to their outer membrane and/or have intracellular DAPI. Cells were 

analyzed either as total populations or after stratification according to AF. While no 

drastic changes were detected in the apoptotic status of the bulk cell populations, a 

higher percentage of late-apoptotic cells was found within the AF+ (CSC) 

subpopulations after lumichrome treatment (Fig. 2B). These findings may indicate that 

lumichrome NEs can trigger apoptosis in CSCs from PDAC PDX-derived A6L and 185 

scd cells under the tested conditions. 
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Sustained lumichrome treatment impairs functional stemness in vitro 

Next, to study if the observed outcomes of lumichrome administration translated into a 

sustained impaired cancer stem cell function, the clonogenic capacity of 185 cells was 

assessed by evaluating proliferation from a very low initial cell seeding density through 

a colony formation assay (CFA). Cells were treated with empty or lumichrome NEs for 

24 h, washed and allowed to grow for 7 additional days under colony-promoting 

conditions, with or without sustained empty or lumichrome NEs treatment. Although no  

changes in 185 colony-forming capacity were observed after a single 24 h-treatment 

with lumichrome NEs, maintaining the treatment during the whole duration of the assay 

led to the elimination of CSCs capable of forming colonies (Fig. 2C). Taken together, 

these results suggest that sustained lumichrome treatment (i.e., sustained decreased AF) 

blocks functional stemness properties of the tested PDAC PDX-derived cells. 

Blue light exposure enhances the effects of lumichrome administration 

Building on the effects of lumichrome treatment on CSCs, we investigated whether blue 

light exposure could further potentiate them. Accordingly, 185 cells were treated with 

lumichrome NEs and gemcitabine for 24 h, exposed to a blue LED source (460-465 nm) 

for 2 h, and further treated with gemcitabine for 24 hours. The observed trend suggests 

that the combination of lumichrome and blue light enhances the effectiveness of 

PDACôs standard-of-care chemotherapy, gemcitabine, as the triple-therapy regimen led 

to the most powerful blocking of tumor cell growth across all conditions (Fig. 2D).  

 

Discussion 

PDAC remains one of the most lethal human malignancies. Its characteristic 

therapeutic resistance and high rate of relapse is partly attributed to a small stem-like 

subpopulation of CSCs which sustain tumor growth, evade cytotoxic therapies and 

display remarkable metabolic plasticity. In PDAC, CSCs are distinguished by their 

reliance on mitochondrial OXPHOS and by their capacity to accumulate riboflavin 

within specialized intracellular vesicles, causing a characteristic intrinsic AF. In this 

context, the present study explored a ñTrojan Horseò strategy in which riboflavin analog 

lumichrome is preferentially internalized by CSCs through their flavin-handling 

machinery, thereby perturbing mitochondrial metabolism from within. Our results 
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suggest that Miglyol®-based NEs loaded with lumichrome can can be taken up by CSC, 

readily alter CSC AF by displacing riboflavin and affect mitochondrial respiration. 

Lumichrome NEs treatment indeed led to an effective and rapid decrease in cell 

AF, as it had been noted for free-form lumichrome. Consistent with the hypothesis that 

displacement of the CSC riboflavin reservoir by lumichrome could affect OXPHOS 

CSC metabolism, we demonstrated that lumichrome-loaded NEs significantly reduced 

both mitochondrial respiration and ATP production in a CSC-enriched PDAC PDX-

derived culture in vitro. This could explain the fact that Annexin V assays pointed to 

a greater increase in late apoptosis within the AF+ (CSC) subpopulations compared to 

the bulk tumor cells after treatment with lumichrome NEs, as our approach would be 

targeting a specific CSC population. This hypothesis requires deeper investigation 

through repetition with other PDAC PDX-derived cell models. Moreover, sustained 

treatment with lumichrome NEs might provide a more robust effect. This may explain 

why 185 scd cells suffered a smaller effect compared to A6L, as 185 scd are enriched in 

AF+, likely requiring a more agressive treatment to effectively target the entire AF+ CSC 

population. 

Ultimately, functional stemness assays should provide a more reliable assessment 

of long-term stemness alterations mediated by lumichrome. In this study, the CFA 

performed revealed persistent reductions in clonogenic capacity not after a single 24 h-

lumichrome NEs treatment prior to sphere or colony seeding, but with sustained 

treatment during the whole duration of the assay. We wanted to see if the combination 

of blue light exposure and lumichrome NEs could make up for a shorter lumichrome 

treatment, as the photoactivation of riboflavin and blue-absorbing related flavins has 

been shown to exacerbate mitochondrial stress and redox imbalance, particularly in cells 

with high mitochondrial reliance (e.g., PDAC CSCs) [7]. Indeed, the combined blue 

light and lumichrome NEs regimen held a greater effect on tumor cell growth over 

lumichrome NEs alone. This effect seems to be stronger when combined with 

gemcitabine. The rapid loss of AF and subsequent metabolic priming of PDAC CSCs 

observed after lumichrome addition and blue light exposure suggests that, through this 

combination, we may be able to sensitize PDAC CSC populations to chemotherapeutic 

stress (e.g. gemcitabine). 

Although not part of this project, the potential extrapolation of this work to in vivo 

preclinical models is needed. Even if the blue light strategy explored here relies on 

external illumination rather than autonomous light generation, the successful in vivo 

implementation of self-illuminating nanosystems by our group supports the feasibility 

of exploiting flavin photoreactivity in deep-seated pancreatic tumors [8]. Besides, a 

comprehensive physicochemical characterization of lumichrome NEs is necessary. 

Parameters such as encapsulation efficiency, drug loading capacity, particle size 

distribution, polydispersity index, surface charge, and formulation stability over time 

were not exhaustively assessed in this study and will be essential for the rigorous 

interpretation of biological effects, especially when considering future in vivo 

applications. 
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Conclusion  

In conclusion, this study identifies a metabolic vulnerability of PDAC CSCs and 

proposes to target it using lumichrome NEs. We demonstrate that these formulations are 

effectively internalized by CSCs, displace intracellular riboflavin (reducing AF) and 

impair mitochondrial respiration and ATP production, leading to preferential induction 

of apoptosis within CSC-enriched (AF+) populations. Functionally, sustained exposure 

to lumichrome NEs reduces clonogenic capacity, while combination of lumichrome NEs 

with blue light enhances metabolic stress and potentiates antitumor effects in vitro, 

particularly in combination with chemotherapy. Together, these findings support 

lumichrome-loaded Miglyol® NEs as a promising approach to selectively target PDAC 

CSC metabolism and sensitize these resistant populations to conventional antitumoral 

treatment. 
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Introduction  

Nowadays, there is a high demand in radiation oncology for robust biomarkers to 

assess intrinsic radiosensitivity in patients undergoing radiotherapy. A promising 

approach in this area may be to irradiate patientsô cells ex vivo [1 ï 3]. In our view, this 

strategy can be improved by simulating partial exposure in the experiment. However, an 

accurate measurement of a non-uniform irradiation in terms of ñdose ï volumeò using 

any stand-alone radiation biomarker is very challenging [4].  

To address this limitation, this study explores a multiparametric approach 

combining DNA damage response, apoptosis, and chromosomal aberrations assays in 

human blood lymphocytes. We hypothesized that such a biomarker panel, if applied to 

an in vitro model of non-uniform irradiation, could improve the detection and 

quantification of heterogeneous irradiation and provide insight into individual cellular 

radiosensitivity. 

 

Materials and methods 

Blood samples collection.  

The study was conducted in accordance with the ethical standards of the Declaration of 

Helsinki and with the informed consent of the participants. Blood samples were 

collected by venipuncture in Vacutainers containing sodium heparin anticoagulant from 

4 healthy, non-smoking donors: 2 males (38 and 52 years old) and 2 females (30 years 

old each).  

Irradiation of cells.  

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood 

immediately after obtaining samples and exposed ex vivo to 2.73 Gy of 6 MV linac 

photons, which is the typical radiation dose-per-fraction used for radiotherapy of breast 

cancer. Irradiated samples were accompanied by respective sham-irradiated controls. 

Samples were transferred into 2 ml plastic cryovial tubes, which were inserted into 15 

ml centrifuge tubes. The latter were filled with water of ambient temperature and placed 
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into the improvised water-filled phantom for irradiation. During transportation and 

irradiation, the tubes were kept in thermostatic conditions at about +35-37 °C for 

apoptosis and cytogenetic assays and about 0 °C for the DNA damage response assay. 

Partial body irradiation (PBI) was simulated by mixing irradiated and unirradiated cells 

in a 1:1 ratio. DNA damage response (ɔ-H2AX foci) and radiation-induced lymphocyte 

apoptosis (RILA, Annexin V assay) were measured using flow cytometry. The number 

of cells undergoing apoptosis was assessed 30 min, 24 h, and 48 h after irradiation, while 

timepoints for ɔ-H2AX were 30 min and 24 h. The samples stained with respective 

fluorescent markers were analyzed on the FACSCanto II cytometer (BD Biosciences, 

Franklin Lakes, New Jersey, USA). 

Chromosome aberrations.  

Chromosome aberrations, namely dicentrics and centric rings (Dic+CR), were analyzed 

using the standard protocol [5]. After irradiation, samples were placed in an incubator at 

a temperature +37°C; 5% CO2; humidified atmosphere, for 2 h to allow completing of 

DNA repair. Subsequently, lymphocyte cultures were initiated by phytohemagglutinin. 

Colcemid was used for mitotic arrest. After 48-50 h culturing cells were fixed, dropped 

onto microscopy slides, and stained by the Fluorescence-plus-Giemsa (FPG) method. 

Slides were scanned on the automated computerized microscopy system Metafer 

5_v.3.11.7 (MetaSystems, Altlussheim, Germany) mounted on the AxioImager.Z2 

microscope (Carl Zeiss, Germany). In the TBI scenario, 300 metaphases were analyzed, 

in the PBI scenario 500 metaphases, and in the sham-irradiated controls (0 Gy) 1000 

metaphases. A metaphase was accepted for analysis only if it represented the first 

mitosis, distinguished by a uniform dark FPG-staining of both chromatids. 

 

Results 

The effects of radiation exposure are presented in the figures. 1, 2, and 3. The 

averaged values of measured parameters are given in Table 1. At 30 min post-exposure 

in TBI scenario, a massive accumulation of ɔ-H2AX-positive cells was observed. In PBI 

scenario a distinctive double-peak distribution occurred showing proportions of 50% 

irradiated and 50% non-irradiated fraction (Fig. 1). At 24 h after irradiation the DNA 

repair process was mostly completed, and PBI scenario became indistinguishable from 

TBI. However, enough ɔ-H2AX foci, representing unrepaired DNA damage, were still 

detectable at 24 h, providing a statistical increase above control, which was proportional 

to the irradiated fraction. 

The kinetics of RILA comprised a gradual time-dependent increase of the 

frequency of Annexin-positive cells (Fig. 2). However, at 24 h and 48 h this end-point 

became manifested much clearer in irradiated samples. At both time points the 

accumulation of RILA in TBI was more pronounced compared to that in PBI. However, 

the frequency of dead cells in PBI scenario after subtracting the control level (PBIinduced) 

appeared to be systematically higher than an expected half of the induced yield in TBI 

(1/2 TBIinduced).  
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Figure 1. ɔ-H2AX intensity measured by flow cytometry. P1 ï debris, dead cells, excluded from analysis; 

P2 ï ɔ-H2AX-negative cells (no DNA DSB); P3 ï ɔ-H2AX-positive cells (the presence of ɔ-H2AX foci 

indicates the ongoing DNA repair process); FITC-A ï channel, displaying the ɔ-H2AX signal, reflecting 

the presence of DSB; Count ï number of detected signals; 0 Gy ï the unirradiated control; PBI ï partial 

body irradiation; TBI ï total body irradiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2. Cell distribution according to Annexin V staining measured by flow cytometry. Q1-1 ï primarily 

necrotic cells; Q2-1 ï late apoptotic cells; Q3-1 ï viable cells; Q4-1 ï early apoptotic cells; PerCP-A ï 

channel, measuring the fluorescence of 7-AAD; FITC-A ï channel, representing the fluorescence of An-

nexin V-FITC; 0 Gy ï the unirradiated control; PBI ï partial body irradiation; TBI ï total body irradiation.  
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Cytogenetic damage also demonstrated an overall positive correlation with the size 

of irradiated fraction, however this parameter had mechanistically more complex 

dependence on the radiation dose and exposed volume because of the overlap between 

ChA formation and interphase cell death, which are mutually independent events (Fig. 

3). In cells of each donor the distribution of ChA per cell followed a Poisson distribution 

at 0 Gy and in the TBI scenario. Meanwhile, in the PBI simulation, the Dic+CR per cell 

distribution showed significant overdispersion compared to Poisson statistics (in the 

pooled dataset ů2/Y = 1.3652; u-value = 11.56 > 1.96), pointing at the non-uniform 

character of radiation exposure. Interphase cell death, calculated from cytogenetic 

parameters, was about 44 %. 
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Fig. 3. Schematic distribution of Dic+CR in different irradiation scenarios. Dic+CR ï Dicentrics plus 

Centric Rings; White squares ï cells with no Dic+CR; Light-gray squares ï cells with 1 Dic+CR; Me-
dium-grey squares ï cells with 2 Dic+CR; Dark-grey squares ï cells with Ó3 Dic+CR;  

Black squares ï cells, which underwent interphase death; 0 Gy ï the unirradiated control; PBI ï partial 

body irradiation; TBI ï total body irradiation; Y ï aberration yield; IF ï irradiated fraction; ICS ï inter-

phase cell survival; ICD ï interphase cell death.  

 

Table 1. Mean yields of radiation biomarkers in different exposure scenarios. 

End-

point 
ɔ-H2AX± SE, % RILA ± SE, % Dic+CR per 100 cells 

Scenario 30 min 24 h 24 h 48 h Ydr± SE Ycdr± SE 

0 Gy 2.15±1.25 9.13±2.22 20.00±2.50 39.45±0.80 0.10±0.05 0.10±0.05 

PBI 50.00±3.04 15.38±2.07 51.65±4.42 76.38±2.68 21.80±1.22 16.60±0.83 

TBI  93.10±2.25 22.13±3.22 70.10±3.27 88.25±4.40 60.42±2.23 46.17±1.44 

PBI ind 47.85±3.31 6.25±0.63 31.65±2.10 36.93±2.32 21.70±1.22 16.50±0.83 

½ TBI ind 45.48±1.67 6.50±0.74 25.05±0.58 24.40±2.06 30.16±1.58 23.03±1.72 

TBI ind 90.95±3.35 13.00±3.93 50.10±1.16 48.80±4.11 60.32±2.23 46.07±1.44 

SE ï standard error of the mean; PBIind ï obtained estimates with subtracting background level (0 Gy); 

TBI ind ï obtained estimates with subtracting background level (0 Gy); ½ TBIind ï expected estimates as 

half of TBIind. 
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Discussion 

Radiation exposure to a dose of 2.73 Gy with 6 MV linear accelerator X-ray 

photons leads to a significant increase in cellular radiomarkers in PBMC, including the 

accumulation of ɔ-H2AX foci, induction of apoptosis, and the formation of 

chromosomal aberrations. 

However, measuring DNA damage response using ɔ-H2AX foci has limited 

applicability over time due to a decrease in foci intensity to below control levels 24 hours 

after irradiation under both uniform and non-uniform irradiation conditions. Futhermore, 

RILA assay cannot be used as a standalone tes due to its unapplicability to represent a 

partial exposure model but can provide an additional, supporting estimate of the 

proportion of surviving cells. 

Irradiation-induced cell death, which determines the biological estimate of the 

proportion of irradiated cells, increased across endpoints in the following order: 

interphase cell death as determined by cytogenetic analysis < G0 apoptosis after uniform 

irradiation < G0 apoptosis in non-uniformly irradiated cell populations. The difference 

between cytogenetic and RILA results can be explained by methodological peculiarities 

of the dicentric and Annexin V assays: cells for cytogenetic analysis were stimulated to 

proliferate, and they could have passed through the interphase to mitosis with two 

checkpoints for DNA repair, while cells in the RILA assay remained in G0 phase. The 

phenomenon of higher death processes in the PBI scenario by apoptosis probably could 

be resultant from a bystander effect, when irradiated cells excrete soluble signals 

reaching non-irradiated cells and initiating the apoptotic process in the latter [6]. 

 

Conclusion 

The combination of three endpoints provides a more accurate and reliable 

quantitative assessment of partial radiation exposure compared to any assay taken alone. 

The results obtained can make a valuable contribution to the theoretical foundations of 

radiobiology and provide a better understanding of the mechanisms underlying 

radiation-induced effects in normal human tissue cells. Furthermore, the obtained results 

can improve existing methodological approaches and assist in the development of 

practical radiobiological test-systems for radiation oncology and radiation protection. 
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Introduction  

Epithelialïmesenchymal transition (EMT) is a biological process through which 

cancer cells acquire properties associated with increased migration, invasiveness, and 

phenotypic plasticity [1]. At the regulatory level, EMT is controlled by several families 

of transcription factors, mainly Snail, Zeb, and Twist, which suppress the epithelial 

phenotype and support the acquisition of mesenchymal features [2]. 

The course of EMT can be influenced by conditions of the cancer 

microenvironment, including hypoxia. Hypoxia is a typical feature of solid tumours and 

develops mainly as a result of rapid cancer cell proliferation and insufficient oxygen 

supply. One of the key mediators of the cellular response to hypoxia is hypoxia-inducible 

factor 1-alpha (HIF-1Ŭ), which is stabilized under reduced oxygen availability and 

regulates several processes involved in cancer progression [3]. Hypoxia has also been 

associated with EMT activation and may therefore contribute to a more aggressive 

cancer cell phenotype [4].  

In this context, hypericin, a secondary metabolite derived from plants of the genus 

Hypericum, represents a compound of interest. Previous studies have shown that 

hypericin can contribute to HIF-1Ŭ degradation in hypoxic cancer cells, and this 

mechanism involves cathepsin B-dependent lysosomal degradation [5]. Hypericin has 

also been shown to act in hypoxic cancer cells and affect hypoxia-related cellular 

responses [6]. 

The aim of this study was to determine whether the effect of hypericin under 

hypoxic conditions is also reflected in the modulation of EMT regulation in cancer cells. 

We focused mainly on the classical EMT markers E-cadherin and vimentin, the EMT-

associated transcription factors Snai1 and Slug, and the possible relationship between 

HIF-1Ŭ and Snai1 after hypericin treatment. 

 

Materials and methods 

Human cancer cell lines  

A549 cells, derived from lung adenocarcinoma, and HT-29, derived from colorectal 

adenocarcinoma, were used in this study. Cells were cultured in RPMI-1640 medium 
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supplemented with 10% fetal bovine serum and an antibiotic-antimycotic mixture. 

Normoxic conditions were maintained at 21% O2, 5% CO2, and 37 °C. Hypoxic 

conditions were set to 1% O2, 5% CO2, 94% N2, and 37 °C. 

Cell exposure 

Hypericin was prepared as a 2 mM stock solution in sterile dimethyl sulfoxide (DMSO) 

and stored at -80 °C in the dark. Before treatment, hypericin was diluted in serum-

containing culture medium to a final working concentration of 5 ɛM. All manipulations 

with hypericin were performed in the dark to prevent its photoactivation. In experiments 

focused on the mechanism of hypericin action, the cathepsin B inhibitor CA-074 was 

used at a concentration of 100 ɛM. 

After seeding, cells were allowed to adhere for at least 2 hours under standard culture 

conditions. Subsequently, they were transferred to the hypoxic chamber or maintained 

under normoxic conditions. After 24 hours, hypericin was added to the cells, and 

samples were collected after 16 h and 40 h of hypericin treatment. 

In experiments with the cathepsin B inhibitor, CA-074 was added after 16 h or 

40 h of hypericin treatment, followed by an additional 6-hour incubation. Thus, the total 

treatment times were 22 h and 46 h after hypericin addition. 

Western blot 

Protein levels were analyzed by Western blot. Cells were lysed in lysis buffer 

supplemented with protease and phosphatase inhibitors. After determination of protein 

concentration, samples were separated by SDS-PAGE and transferred to a PVDF 

membrane. Membranes were incubated with primary and secondary antibodies, and the 

signal was detected by chemiluminescence. Densitometric analysis was performed using 

ImageLab software, and protein levels were normalized to ɓ-actin. 

Statistical analyses 

The results are presented as mean values ± standard deviation (SD) from at least two 

independent experiments. Comparisons between two experimental groups were 

analyzed using an unpaired t-test. For datasets with at least three biological replicates, 

two-way ANOVA with Bonferroniôs post hoc test was used to evaluate the effect of 

hypericin under normoxic and hypoxic conditions separately for each time point. 

Statistical significance is indicated in the legend of each figure.  

Ethical approval  

Ethical approval was not required, as only established commercially available human 

cancer cell lines were used. 

 

Results and discussion 

Hypoxia represents one of the important factors of the cancer microenvironment 

that can influence cancer cell plasticity and EMT regulation. In our experimental model, 

cultivation under hypoxic conditions increased HIF-1Ŭ levels, confirming the activation 

of hypoxic response in the analyzed cancer cells. Since HIF-1Ŭ is involved in the 

regulation of several adaptive mechanisms under reduced oxygen availability, including 

EMT-related processes, we further examined whether hypericin-mediated reduction of 

HIF-1Ŭ is reflected in EMT regulation. 
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The effect of hypoxia, hypericin, and their combination was first evaluated at the 

level of classical EMT markers. In A549 cells, E-cadherin and vimentin were analyzed, 

whereas in HT-29 cells only E-cadherin was evaluated, as vimentin was not detectable 

under these conditions. No clear changes in these markers were observed after hypoxia 

or hypericin treatment. Therefore, the effect of hypericin was not demonstrated at the 

level of classical EMT markers.  

We then focused on the EMT-associated transcription factors Snai1 and Slug. 

Hypericin showed  a more pronounced effect on Snai1 than on Slug. In A549 cells, 

hypoxia increased Snai1 levels, especially after 16 h, while hypericin reduced Snai1 

under both normoxic and hypoxic conditions. A similar decrease in Snai1 after hypericin 

treatment was also observed in HT-29 cells, mainly under hypoxic conditions (Figure 

1). These results suggest that hypericin affects EMT regulation rather than inducing clear 

changes in classical EMT markers under the conditions used. 

Since Snai1 followed a similar pattern as HIF-1Ŭ, we further examined whether 

its reduction after hypericin treatment could be associated with HIF-1Ŭ degradation. 

Hypericin reduced HIF-1Ŭ levels under hypoxia, which is consistent with previous 

studies describing hypericin-mediated HIF-1Ŭ degradation in cancer cells [5,6]. To 

verify the involvement of this mechanism, we used the cathepsin B inhibitor CA-074. 

In A549 cells, co-treatment with CA-074 restored HIF-1Ŭ levels after hypericin 

treatment and was accompanied by an increase in Snai1 levels (Figure 2). These results 

support the conclusion that, under hypoxic conditions, Snai1 is regulated by hypericin 

at least partly through HIF-1Ŭ. The fact that hypericin also reduced Snai1 under 

normoxia suggests that other regulatory mechanisms may also contribute to this effect. 

Together, these findings indicate that hypericin does not markedly affect classical 

EMT markers in the analyzed conditions, but it interferes with the regulatory level of 

EMT, mainly through Snai1. The restoration of both HIF-1Ŭ and Snai1 after cathepsin 

B inhibition supports the involvement of the HIF-1Ŭ/Snai1 axis in the response of 

hypoxic cancer cells to hypericin. 

 

Conclusion 

This study showed that hypericin reduced HIF-1Ŭ levels in hypoxic cancer cells 

and that this effect was accompanied by a decrease in Snai1. In contrast, changes in E-

cadherin and vimentin were not clearly demonstrated. 

The use of the cathepsin B inhibitor CA-074 restored both HIF-1Ŭ and Snai1 levels 

after hypericin treatment, supporting the conclusion that Snai1 is regulated by hypericin 

through HIF-1Ŭ under hypoxic conditions. These findings suggest that hypericin may 

affect the regulatory level of EMT in cancer cells and support further investigation of 

the HIF-1Ŭ/Snai1 axis in hypoxia-driven EMT regulation. 
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Figure 1. Effect of hypericin and/or hypoxia on EMT transcription factor protein levels. Snai1 and Slug 

protein levels were analyzed by Western blot after 16 and 40 hours of incubation with hypericin (5 ɛM) 

under normoxic and hypoxic conditions. (A) Relative Snai1 protein level in A549 cells (left) and HT-29 

cells (right). (B) Relative Slug protein level in A549 cells. Protein levels were normalized to ɓ-actin and 

related to the 16 h normoxic control. Snai1 results in A549 and HT-29 cells are presented as mean ± SD 

of three independent experiments and were analyzed by two-way ANOVA with Bonferroni post-hoc test 

(* p < 0.05; ** p < 0.01). Slug results in A549 cells are presented as mean ± SD of two independent 

experiments and were analyzed by t-test (p > 0.05). (C) Representative Western blot images of Snai1 and 

Slug protein levels are shown. 
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Figure 2. Effect of cathepsin B inhibition on HIF-1Ŭ and Snai1 protein levels after hypericin treatment. 

HIF-1Ŭ and Snai1 protein levels were analyzed by Western blot in A549 cells after 16 and 40 hours of 

incubation with hypericin (5 ɛM) and/or CA-074 (100 ɛM) under normoxic and hypoxic conditions. 

Protein levels were normalized to ɓ-actin and related to the 16 h normoxic control. Results are presented 

as mean ± SD of two biological replicates. Statistical analysis was performed by t-test. Experimental 

groups were compared with the 16 h normoxic control (ƺ p < 0.05; ƺƺƺ p < 0.001), the 16 h hypoxic 

control (ǒ p < 0.05; ǒǒ p < 0.01), or 16 h hypoxia + hypericin (ƴƴƴ p < 0.001). Representative Western 

blot images are shown. 
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Introduction  

Glioblastoma multiforme (GBM) is one of the most aggressive primary malignant 

brain tumors, observed mainly in older adults. In less than 3 months after diagnosis, the 

tumor more than doubles in volume. Due to its rapid growth over such a short period, 

the median overall survival of patients is less than 15 months despite treatment. [1].  

Tumor tissue biopsy represents a key diagnostic step in brain tumors; however, it 

does not allow for repeated sampling. Liquid biopsy is an alternative non-invasive 

method that could contribute not only to disease detection but also to monitoring 

treatment response and early detection of therapy resistance [2].  

Frequent regulators of gene expression are short molecules, approximately 22 

nucleotides in length, known as microRNAs (miRNAs) [3]. According to available 

studies, miRNAs are involved in the regulation of tumor growth, exhibiting oncogenic 

or tumor-suppressive roles [4] and are also associated with resistance to chemotherapy 

and/or radiation therapy (RT).  

Therefore, in our study, we used RT-qPCR to monitor the expression of candidate 

miRNAs in the peripheral blood of GBM patients before, during, and after treatment. As 

exposure to RT triggers DNA damage, we further aimed to assess patientôs response to 

ionizing radiation (IR). We used the cytokinesis-block micronucleus (CBMN) assay to 

detect micronuclei (MN) in the peripheral blood of GBM patients throughout therapy. 

MN are small, nucleus-like structures, which form as response to DNA damage. They 

contain chromosomal fragments or entire chromosomes, which fail to be incorporated 

into the main nucleus after cell division [5;6]. 

The results of this study could help improve the evaluation of treatment response 

in GBM patients and possibly improve personalized treatment strategies. 
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Materials and methods 

Design of the study  

Peripheral blood samples of 14 patients with GBM (35 ï 86 years old, mean age 59,4) 

and 9 healthy controls (28 ï 68 years old, mean age 50,2) were collected by qualified 

clinicians. All patients received standardized concomitant chemotherapy with 

temozolomide (TMZ) and RT according to the Stupp protocol. Patient samples were 

collected at four subsequent stages of therapy: i) diagnosis, ii) first stage therapy (one 

fraction of chemo-radiotherapy, 2 Gy dosage), iii) second stage therapy (six fractions of 

therapy, 12 Gy dosage), and iV) at the end of therapy (60 Gy dosage). Participants were 

separated into two cohorts; miRNA expression analysis and MN analysis. The selected 

miRNAs analyzed in this study were miR-10, miR-191, miR-195, miR-20, miR-21, 

miR-221, miR-223, miR-34 and miR-590.  

MicroRNA isolation 

In case of miRNA analysis, plasma was separated by centrifugation and pelet was 

suspended in RBC lysis buffer. After erythrocyte lysis, the leukocyte-enriched pellet 

was resuspended in 1,2 ml RNazolÈ RT and RNA was stabilized with 480 ɛl DEPC-

treated water and stored at -80ęC. Frozen samples were thawed and treated with 3 ɛl 4-

bromoanisole (BAN). Total RNA isolation was performed using 100% isopropanol 

precipitation and twice 75% ethanol washing at 1:1 ratio. Extracted total RNA was 

resuspended in 30 ɛl DEPC-treated water and stored at -70ęC. cDNA synthesis was 

performed using RevertAid reverse transcriptase. Real-time PCR analysis was 

conducted using TB Green® Premix Ex TaqÊ II according to manufacturer's protocol. 

PCR amplification was performed using AriaMX Real-Time PCR System (Agilent 

Technologies). Relative miRNA expression levels were normalized to reference genes 

SNORD66 and SNORD44.  

Micronucleus test 

As for MN analysis, a modified CBMN (cytokinesis-block micronucleus) assay using 

cytochalasin B was used. Participant samples after diagnosis were separated into two 

cohorts; controls and in vitro irradiated with a dosage 2 Gy using TrueBeam linear 

accelerator (Varian, Palo Alto, CA, USA). Samples from patients undergoing RT were 

monitored during treatment, without any additional in vitro irradiation. Lymphocyte 

suspension was stained with 4% Giemsa-Romanowski solution and analyzed using 

automated microscopy with Metafer_v.4 (MetaSystems Altlussheim, Germany) and 

AxioImager.Z2 (Carl Zeiss, Germany). Relative miRNA expression was calculated 

using the 2īȹȹCt method. Statistical analysis included the Mann-Witney test and a 

linear mixed-effects model (LMM). MN frequency was tested for normality using the 

Shapiro-Wilk test, followed by ANOVA analysis in GraphPad Prism 8.0 software (San 

Diego, CA, USA). Results were considered significant at p < 0,05. 

 

Results and Discussion 

We analyzed the expression of 9 miRNAs (miR-10, miR-191, miR-195, miR-20, 

miR-21, miR-221, miR-223, miR-34, and miR-590) in the peripheral blood of 14 GBM 

patients and 9 controls (Figures 1 and 2). At first, we compared miRNA expression 

levels between patients before therapy and healthy controls to assess whether these 
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changes could be used for GBM detection and the prediction of prognosis (Figure 1). 

The expression did not differ significantly between controls and patients before therapy, 

except for oncogenic miR-10, which showed significantly lower expression in patients 

(p = 0,0456). Although we initially expected oncogenic miRNAs to upregulated, several 

biological factors may have a role in this finding. One possible explanation is the 

selective blood-brain barrier (BBB), which regulates the transport of molecules between 

the central nervous system and peripheral blood. GBM is highly invasive and capable of 

infiltrating brain regions, where BBB remains intact ï this might explain, why tumor-

derived oncogenic miRNAs are not released into peripheral blood and why GBM can 

effectively escape therapy [7]. Reduced miR-10 levels were observed in patients whose 

overall survival (OS) was above 12 months, indicating less invasive tumor phenotype 

and improved prognosis [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Relative expression changes between healthy controls and glioblastoma patients before therapy. 

The graph shows relative expression (2īȹȹCt) of miR-10 in healthy controls (K, n = 9) and GBM patients 

at the time of diagnosis (GBM, n = 14). Data are presented as median with 95% CI (confidence interval). 

Statistical analysis was performed with Mann-Whitney, *p < 0,05. 

 

 

Next, we analyzed miRNA levels in patients throughout therapy across four 

therapy stages (collections 1 ï 4) to identify miRNAs with significant changes reflecting 

therapy response (Figure 2). Expression profiles differed between patients, although 

they remained relatively stable within individual patients during therapy. These results 

were not confirmed as statistically significant. Tumor-suppressive miR-34 showed 

decreased levels at collection 2, however, a significant increase was observed after 

collection 3 (p = 0,014518) and collection 4 (p = 0,00000316) in all patients. Increased 

expression of miR-34 disrupts tumor cell proliferation through the inhibition of 

oncogenes [9] and simultaneously enhances sensitivity to TMZ [10]. Since miR-34 is 

considered a tumor-suppressive miRNA, we assume that patients with a better 

therapeutic response will have higher miR-34 levels, although more studies are needed 

to further validate our claims. 
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Figure 2: miRNA expression in glioblastoma patients throughout therapy. The figure shows relative 

expression of 9 miRNAs (miR-10, miR-191, miR-195, miR-20, miR-21, miR-221, miR-223, miR-34 a 

miR-590) in GBM patients (n=14) throughout therapy (collection 1-4). Relative miRNA expression was 

calculated using the 2īȹȹCt method (log scale) and normalized to housekeeping genes SNORD66, 
SNORD44 and therapy stage 1 using LMM. miR-222 was excluded from the study. 

 

 

To evaluate the genotoxic effects of RT in 4 GBM patients, we scored MN in 1000 

binucleated cells per sample (Figure 3A). A significantly higher frequency of MN was 

observed in therapy stage 4 compared to stage 2 (p = 0,0231), suggesting enhanced 

chromosomal damage caused by IR. To assess radiation-induced changes ex vivo, we 

analysed MN yield of GBM patients and healthy controls before therapy (0 Gy) as well 

as after exposure to 2 Gy (Figure 3B). Significant differences were observed among 

several groups, notably control 0 Gy and control 2 Gy (p = 0.0029) and GBM 0 Gy and 

GBM 2 Gy (p = 0.0025). Differences between controls and patients under the same 

conditions (0 Gy vs. 0 Gy; 2 Gy vs. 2 Gy) were not observed. This might suggest that 

both samples received the same in vitro irradiation dose of 2 Gy and that cells did not 

show increased MN formation in the absence of IR. These results indicate that IR 

exposure may contribute to genomic instability and induce changes in MN frequency, 

reflecting higher levels of DNA damage. 
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Figure 3: Micronuclei yield in glioblastoma patients in vivo and ex vivo. The graphs show micronuclei 

(MN) frequency with 95% CI (confidence interval) as a number of MN in 100 binucleated cells for each 

sample. (A) MN yield in peripheral blood cells of GBM patients (n=4) at 4 subsequent therapy stages. (B) 

MN yield in peripheral blood cells of GBM patients (n=4) and controls (n=3) before (0 Gy) after ex vivo 

irradiation (2 Gy). Statistical analysis was performed with ANOVA, *p < 0,05; ** p < 0,01). 

 

 

Conclusion  

Our analysis revealed significant downregulation of oncogenic miR-10 in GBM 

patients before therapy compared with controls; however, no other miRNAs were 

statistically significant despite noticeable differences in expression levels. We observed 

significant changes in miR-34 expression following treatment, suggesting its potential 

as a biomarker for therapy response. Our results further indicate that MN frequency 

changes throughout therapy, possibly reflecting IR-induced DNA damage. Significant 

differences between early and late collections suggest that MN frequency might serve 

as a biomarker for monitoring therapy response. However, more functional studies with 

larger cohorts are needed to validate these claims and assess the role of miR-10, miR-

34, and MN in GBM treatment. Overall, our results may help to monitor the efficacy of 

anti-cancer treatment in GBM patients and improving individualized patient care. 
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Introduction  

Modern experimental oncology is increasingly focused on the refinement and 

expansion of preclinical models capable of mimicking the heterogeneity of tumor tissue, 

the dynamics of cellular interactions, and the complexity of processes occurring within 

tumors. In vitro models represent a key tool in cancer research, as they enable the study 

of tumor cells under controlled conditions, the analysis of mechanisms of growth, 

invasion, and metastasis, as well as the testing of the efficacy of anticancer therapeutics. 

However, traditional 2D cell cultures are unable to adequately replicate the complexity 

and heterogeneity of the tumor microenvironment; therefore, it is essential to develop 

and optimize more advanced in vitro models, such as spheroids and organoids [1]. 

Spheroids, as an important type of 3D model, enable the growth of cells in multiple 

layers, thereby more faithfully mimicking the architecture of tumor tissue. The cells 

establish intercellular interactions and form gradients of nutrients, oxygen, and pH, 

including a hypoxic to necrotic core. Co-culture spheroids further expand this 

complexity by incorporating interactions between different cell types, more accurately 

reflecting tumor heterogeneity and enabling more precise prediction of treatment 

response. Despite these advantages, however, spheroids are still unable to fully 

reproduce the complex tumor microenvironment [2]. Tumor organoids are three-

dimensional structures derived from tissue-specific stem cells. They retain the key 

morphological and genetic characteristics of the original tumor, enabling comparison 

with benign or untreated tissue as well as the analysis of autologous immune responses. 

Their limitations include variable success rates in preparation and cultivation depending 

on the tissue type, as well as the need for specifically optimized culture conditions. 

Nevertheless, they represent a promising and one of the most advanced tools for studying 

tumor biology and developing personalized therapeutic strategies [3]. 

In the tumor microenvironment, carbonic anhydrase IX (CA IX) plays an 

important role, with its catalytic domain participating in the reversible hydration of CO  

into bicarbonate ions and protons. Bicarbonate reabsorption leads to extracellular proton 

accumulation, thereby enabling CA IX to contribute to the maintenance of physiological 
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intracellular pH while simultaneously promoting acidification of the extracellular 

environment. CA IX plays a key role in the adaptation of tumor cells to hypoxia and 

supports their migration and invasiveness. It is strongly associated with hypoxic tumors 

or tumors with inactive pVHL. CA IX is considered one of the most reliable markers of 

tumor hypoxia, and its expression is linked to an aggressive phenotype, metastatic 

potential, and poor response to treatment. CA IX expression is primarily activated by 

hypoxia through the hypoxia inducible factor 1 (HIF-1) signaling pathway [4]. 

Clear cell renal cell carcinoma (ccRCC) represents the most common type of renal 

cell carcinoma (RCC). ccRCC tumors are characterized by mutations associated with 

the loss of the short arm of chromosome 3p, which contains key tumor suppressor genes 

such as VHL, BAP1, PBRM1, and SETD2. In up to 90% of ccRCC cases, pVHL is 

inactivated, leading to stabilization of the alpha regulatory subunit  of HIF-1(HIF-1Ŭ) 

and subsequent oxygen-independent activation of HIF signaling. The result is a 

condition referred to as pseudohypoxia, which subsequently increases CA IX expression 

in ccRCC [5].  

In our experiments, we focus on optimizing the preparation and cultivation of 

advanced 3D in vitro models, including spheroids derived from commercial cell lines 

(both homotypic and heterotypic with fibroblasts) and organoids prepared from native 

patient tumor tissue. Using co-culture models with PBMCs (peripheral blood 

mononuclear cells), we investigate the interactions and infiltration of immune cells into 

3D structures. These models are also employed for testing novel potential therapeutics 

targeting CA IX in combination with standard therapy. The use of tumor tissue in in 

vitro analyses may significantly contribute to improved patient stratification for 

effective therapy. 

 

Materials and methods 

Cell culture and spheroid preparation.  

Commercially available cell lines SKRC-52, RCC4, and A498 (derived from RCC 

patient tumor tissue carrying a mutated VHL gene), as well as RCC4 VHL and A498 

VHL cell lines (containing a functional copy of the VHL gene), were cultured in DMEM 

growth medium (Biosera) supplemented with 10% fetal bovine serum (HyClone 

Laboratories) and 0.1% gentamicin (Biosera). HFK cells (human kidney fibroblasts) 

were cultured in FM Plus growth medium (Innoprot) supplemented with 10% fetal 

bovine serum (HyClone Laboratories), 0.1% gentamicin (Biosera), and Fibroblast 

Growth KitïSerum-Free growth factors (ATCC). Spheroids were prepared using ultra-

low attachment plates, with cells seeded at a density of 50 cells/µl for SKRC-52 cells 

and 100 cells/µl for the remaining cell lines. For the preparation of co-culture spheroids, 

renal tumor cells were seeded together with HFK cells at a 1:1 ratio. Spheroid growth 

was maintained for 5 days. In experiments involving treatment with Everolimus (50 

nM), either alone or in combination with CA9hu-2 (25 µg/ml), the incubation period 

lasted 3 days. PBS and DMSO, in which Everolimus was dissolved, were used as 

controls. 

Western blot  

Spheroids were lysed using RIPA lysis buffer (1 mM EDTA, 0.1% SDS, 50 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.05% sodium deoxycholate). Following 
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electrophoretic separation of proteins by SDS-PAGE and their transfer onto PVDF 

membranes (Macherey-Nagel), the membranes were blocked with 5% milk. 

Subsequently, the membranes were incubated with primary antibodies (HIF-2Ŭ 1:500, 

HIF-1Ŭ 1:250, CA IX 1:200, ɓ-actin 1:1000). After incubation, the membranes were 

washed and then incubated with secondary antibodies, anti-mouse IgG/HRP (Dako) or 

anti-rabbit IgG/HRP (Dako), diluted 1:5000 for 1 h. Following washing, the membranes 

were developed using a chemiluminescent substrate (ECL), and the signal was detected 

by exposure to X-ray films (FUJI). 

Immunofluorescence  

Spheroids and organoids were fixed with 4% paraformaldehyde and incubated with the 

primary antibody M75 (anti-CA IX) at 37 °C for 1 h. After washing, samples were 

incubated with the secondary antibody anti-mouse Alexa Fluor 555 diluted 1:1000 at 37 

°C for 1 h. For immunofluorescent staining of monolayers derived from patient 

organoids, fixation was performed using methanol, followed by incubation with primary 

antibodies at 37 °C for 1 h in the following order: anti-CA IX (mouse). After washing, 

cells were incubated with a primary anti-Ŭ-SMA antibody (rabbit) diluted 1:300. After 

further washing, cells were incubated with a mixture of secondary antibodies, anti-

mouse Alexa Fluor 555 and anti-rabbit Alexa Fluor 488, both diluted 1:1000 at 37 °C 

for 1 h. Cell nuclei were stained with Hoechst 33342 (Invitrogen H3570) diluted 1:1000 

for 10 min at 37 °C. Fluorescent signals were detected using a Cytation C10 imaging 

system (BioTek). 

Organoid preparation  

Patient tissue samples were first mechanically and then  enzymatically dissociated using 

1% collagenase. The resulting single-cell suspension was subsequently washed several 

times, cells were mixed with extracellular matrix (BME) and plated as droplets in 

suspension plates in the presence of optimized growth medium enriched with kidney-

specific growth factors. 

Immunohistochemistry  

On tissue sections, CA IX protein was detected using the Dako EnVision FLEX+ 

System, HRP. Sections were incubated for 1 h with the primary antibody M75 diluted 

1:100 in Antibody Diluent (Dako). After washing, incubation with a secondary anti-

mouse-HRP antibody (Dako) was performed for 30 min. Staining was visualized using 

3,3ǋ-diaminobenzidine (DAB) as the chromogenic substrate, with incubation for 1 min. 

After washing, nuclei were counterstained with hematoxylin (Dako) for 8 min. Slides 

were mounted using Aquatex mounting medium (Merck). Prepared slides were 

subsequently analyzed using a Leica DM4500B microscope equipped with a Leica 

DFC480 camera. 

Treatment and detection of apoptosis and necrosis in organoids  

After expansion, patient-derived organoids were incubated for 3 days with tyrosine 

kinase inhibitors (TKIs), Axitinib (5 µM) and Pazopanib HCl (10 µM), either alone or 

in combination with a humanized antibody against CA IX, CA9hu-2, which effectively 

inhibits the enzymatic activity of CA IX at a concentration of 25 µg/ml [6]. Organoids 

incubated with PBS served as controls. The level of apoptosis and necrosis was assessed 

using the Apoptosis/Necrosis Assay Kit (Abcam). Cell nuclei were stained with Hoechst 
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33342 (Invitrogen H3570) diluted 1:1000 for 10 min. Fluorescent signals were detected 

using a Cytation C10 imaging system (BioTek). 

 

Results and discussion 

 In our experiments, we prepared homotypic spheroids (renal tumor cells) as well 

as heterotypic spheroids (renal tumor cells + fibroblasts). The heterotypic spheroids 

exhibited higher compactness and density, more pronounced proliferative gradients, and 

the formation of a hypoxic to necrotic core, thereby more faithfully recapitulating tumor 

characteristics (Fig. 1). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Given the high expression of CA IX in ccRCC, we focused on evaluating the effect 

of its inhibition using the humanized antibody CA9hu-2 in combination with standard 

therapy. The mTOR inhibitor Everolimus (EVR), tested both alone and in combination 

with CA9hu-2, showed a more pronounced effect under combined treatment conditions. 

Western blot analysis revealed a reduction in the levels of HIF-1Ŭ, HIF-2Ŭ, and CA IX, 

although these are not direct targets of EVR (Fig. 2A). These findings were further 

validated by immunofluorescence analysis of SKRC-52 spheroids, where combined 

EVR and CA9hu-2 treatment resulted in the most pronounced decrease in CA IX 

expression. In addition, morphological changes in spheroids were also observed (Fig. 

2B). 

Organoids represent an advanced in vitro model for studying tumor biology. 

Organoids derived from ccRCC patients whose tumor tissues showed CA IX positivity 

by immunohistochemical staining retained this characteristic in vitro, as confirmed by 

immunofluorescence analysis. In contrast, benign tissues and organoids derived from 

them were CA IX-negative (Fig. 3A), indicating the preservation of key molecular 

characteristics of the original tissue in organoid models. 
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Patient-derived tumor organoids were incubated with Axitinib and Pazopanib 

alone, as well as in combination with CA9hu-2, and the levels of apoptosis and necrosis 

were assessed. In the first patient, induction of apoptosis was observed, with a more 

pronounced effect in the Axitinib plus CA9hu-2 combination than with Axitinib alone, 

while Pazopanib exhibited the strongest effect overall. In contrast, the second patient 

showed a high level of necrosis already in the control samples, which persisted after 

drug treatment without a significant induction of apoptosis, indicating a low therapeutic 

response (Fig. 4). Immunofluorescence analysis of monolayers derived from organoids 

confirmed marked cellular heterogeneity, with detection of CA IX-positive cells (red) 

and Ŭ-SMA-positive fibroblasts (green), as well as cell populations lacking detectable 
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signal (Fig. 3B). These findings demonstrate pronounced intratumoral and 

interindividual heterogeneity and highlight the importance and necessity of a 

personalized therapeutic approach. 

 

 

 

 

 

 

 

 

 

Conclusion 

In conclusion, there is a continuous need to improve experimental models to 

advance cancer research. Patient-derived organoids closely recapitulate the original 

tissue and represent one of the most physiologically relevant experimental systems, 

incorporating aspects of the tumor microenvironment. They provide a promising 

platform for testing new therapeutics and for personalized medicine approaches. Our 

results also suggest that CA IX is a promising therapeutic target in ccRCC. 
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Introduction  

Over the past decades, cisplatin-based chemotherapy has remarkably ameliorated 

clinical outcomes of patients with germ cell tumors (GCTs). Despite this, a subset of 

these patients is burdened with recurrent or chemorefractory tumors and often has a 

dismal prognosis. Effective therapeutic approaches for the treatment of chemoresistant 

GCTs are currently lacking [1]. Antibody-drug conjugates (ADCs) offer a promising 

strategy that has already been employed with success in several types of solid tumors. 

Through a chemical linker, these molecules combine the specificity of monoclonal 

antibodies with the potent antitumor effect of cytotoxic payloads. ADCs work by 

recognizing and binding target antigens overexpressed on the tumor cell surface. Upon 

binding, the conjugate is internalized into the cell through the process of endocytosis. 

Inside, the linker is degraded and the cytotoxic drug is released. This conjugated agent 

usually acts as a disruptor to either DNA or microtubules, thereby impeding essential 

processes of the cancer cell and ultimately leading to cell death [2]. Therefore, ADCs 

enable targeted delivery of cytotoxic drugs to tumor cells while minimizing off-target 

toxicity towards non-malignant cells. The main scope of our work aims to identify the 

presence of suitable antigens in GCTs that can be targeted with ADCs currently used in 

clinical practice. In this study, we focused on two target antigens ï folate receptor alpha 

(FRŬ) and human epidermal growth factor 2 (HER2). FRŬ is a receptor with a 

glycosylphosphatidylinositol anchor localized on the cell membrane, where it aids in the 

cellular uptake of folate. Its limited expression in normal tissues and overexpression in 

several types of cancer make it an ideal target for effective ADC therapy. This treatment 

strategy can be mediated by Mirvetuximab soravtansine (MIRV), an anti-FRŬ directed 

ADC, conjugated to a microtubule disruptor DM4. MIRV was recently approved for use 

in platinum-resistant ovarian, peritoneal and fallopian tube cancer. HER2, an EGFR 

membrane receptor that promotes cancer cell proliferation and invasion, is a target 

surface antigen for Trastuzumab deruxtecan (T-DXd), in which the conjugated payload, 

deruxtecan, inhibits topoisomerase I [3]. 
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Material and methods 

Cell lines 

In our experiments, we used a panel of parental and derived cisplatin-resistant (CisR) 

isogenic variants of GCT cell lines, including the following histological subtypes: 

seminoma, embryonal carcinoma, choriocarcinoma, yolk sac tumor (testicular/ovarian), 

and teratoma/teratocarcinoma. Additionally, cell lines originating from other types of 

cancers (breast cancer or uterine cancer) and cell lines of non-malignant origin were 

used as control samples for gene expression assays.  

Gene expression 

We determined mRNA expression profiles of the encoding genes of target antigens 

(FOLR1 and ERBB2, respectively) by RT-qPCR, using SYBR® Green technology 

(Promega) for FOLR1 and TaqMan Gene Expression Assay (Thermo Fisher Scientific; 

Inc.) for ERBB2. RNA was isolated using NucleoSpin RNA Mini Kit (Macherey-Nagel) 

and QIAwave RNA Mini Kit (Qiagen) and purity and concentration were determined on 

NanoDropÊ 1000 Spectrophotometer (Thermo Fisher Scientific, Inc.). RNA was 

transcribed to cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific, Inc.). 

Cell exposure 

To establish the sensitivity of GCT cell lines to ADC-based treatments using MIRV and 

T-DXd, cells were seeded in a 96-well plate at a seeding density of 5x104 cells per well. 

For spheroid cultures, an U-bottom 96-well plate was used and cells were seeded at a 

density of 1x105 cells per well. At assay endpoints ï day 3 after treatment for 2D cells 

and day 4 after treatment for 3D cells ï cell viability was determined using luminescent 

cell viability assay CellTiter-Glo® (Promega) and measured with GloMax® Discover 

Microplate Reader (Promega). 

 

Results 

Prior to our experiments, we conducted a small in silico analysis of the public 

databases cBioPortal (https://www.cbioportal.org/) and GEPIA2 (http://gepia2.cancer-

pku.cn/) to gain an insight into the gene expression of the encoding genes in testicular 

germ cell tumors (TGCTs). In the case of FOLR1, it was significantly upregulated in 

patient tumor tissue compared to healthy tissue. ERBB2 did not show a significant 

upregulation in TGCTs in comparison to healthy samples, however, most of the patient 

samples had substantial levels of ERBB2 expression.  

Within our TGCT cell line panel, we confirmed high expression of FOLR1 in 

several of the parental and cisplatin-resistant variants of GCT cell lines, especially in 

seminoma, choriocarcinoma and teratoma. Additionally, we confirmed that FOLR1 is 

minimally expressed in non-malignant cells (Fig. 1A). At the same time, a moderate 

expression of ERBB2 was identified in some of the cell lines (Fig. 1B). Interestingly, 

expression of both genes had a tendency to be upregulated in cisplatin-resistant variants 

of GCTs, with notable differences primarily in ERBB2 (Fig. 1). 
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Figure 1: Relative gene expression of FOLR1 gene (A) and ERBB2 gene (B) evaluated in a panel of GCT 

cancer cell lines, other types of cancers or in non-malignant cells. Data are expressed as fold change in 

expression ± SD, evaluated with the 2-ȹȹCt method. 

 

For initial analyses, we tested the efficacy of anti-FRŬ ADC compound MIRV 

only on resistant variants of the lines, as the primary aim is to treat refractory tumors. In 

adherent 2D cell cultures, we observed a significant decrease in proliferation in most 

lines even at lower concentrations (Fig. 2A). In contrast, in 3D spheroids, observable 

cell inhibition by MIRV was limited to only a few cell lines, namely chemoresistant 

embryonal carcinoma cell line, NT2 CisR, and choriocarcinoma cells JEG-3 CisR and 

JAR CisR (Fig. 2B), which correlated well with their higher FOLR1 expression (Fig. 

1A). 
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Figure 2: Antiproliferative effects of MIRV in (A) 2D adherent and (B) 3D spheroid cell cultures. Values 

were determined by luminescent viability assay and are reported as mean values ± SD of quadruplicates. 

EC ï embryonal carcinoma, ChC ï choriocarcinoma, oYST ï ovarian yolk sac tumor, SE ï seminoma, 

TNBC ï triple negative breast cancer 

 

In our preliminary experiments, T-DXd targeted towards HER2, demonstrated 

potent cytotoxicity in teratoma, represented by SuSa cell line as well as embryonal 

carcinomas NEC-8 or NT2 or male yolk sac tumor line NCR-G1 (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Antiproliferative effects of T-DXd. Values were determined by luminescent viability assay and 

are reported as mean values ± SD of triplicates. 
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Discussion 

The exploration of various targets for ADCs in solid tumors, including TGCTs, is 

becoming more advantageous especially in light of increasing therapeutic resistance. 

Effective treatment in TGCTs following refractoriness to first-line therapy is a highly 

unmet medical need [4]. Expression levels of the cell surface markers that could be 

targeted with ADCs are largely unexplored in TGCTs. One of the recently explored 

tumor antigens in TGCTs is Claudin 6 (CLDN6), a tight junction protein overexpressed 

in several types of solid tumors and with minimal activity in healthy tissues. In patients 

with refractory tumors in a pan-cancer setting, a partial response was observed in one of 

the three testicular cancer patients with an ADC targeting CLDN6 in an ongoing clinical 

trial [5]. This highlights the rationale for use of ADCs in TGCTs, particularly in 

refractory disease. Previously, an ADC targeting the CD30 marker, brentuximab 

vedotin, was also evaluated in TGCT patients in two clinical trials with variable, albeit 

a few observable antitumor responses [6], warranting further research regarding CD30 

as a target for ADCs in this disease. Another clinical trial investigating the efficacy of 

enfortumab vedotin, an ADC targeted at Nectin-4, is currently underway and will 

include testicular cancer patients [4]. In our study, detectable mRNA levels of encoding 

genes of both FRŬ and HER2 were measured in most TGCT cell lines, with considerable 

heterogeneity observed between different subtypes and different cell lineages (Fig. 1). 

Intertumoral heterogeneity as well as heterogeneity in expression levels between 

different histologies were also observed in patient samples accessed through cBioPortal 

(data not shown). At the same time, we noticed that cisplatin-resistant cells often showed 

higher mRNA levels of the encoding genes compared to parental variants, particularly 

in ERRB2 (HER2) (Fig. 1B). This observation is in agreement with published literature, 

where cisplatin-resistant gastric and bladder cancer cells showed upregulation of 

ERBB2/HER2 at mRNA and protein levels compared to parental cells [7, 8]. We also 

observed a potent anti-tumor effect exerted by both MIRV and T-DXd in several 

cisplatin-resistant GCTs, highlighting the potential for their use in the refractory subset 

of patients. Recently, treatment with T-DXd was proven to be effective in pre-treated 

metastatic breast cancer patients even with low HER2 expression [9], which further 

potentiates the use of this ADC compound in low-expressing TGCT patients after 

treatment failure. 

 

Conclusion 

Our results indicate that ADC-mediated treatment targeting FRŬ and HER2 

antigens could particularly provide clinical benefit to patients with chemorefractory 

TGCTs. Further validation of the suitability of the studied targets for ADC-mediated 

treatment in TGCTs is required, including flow cytometry to confirm surface expression 

of FRŬ and HER2 and in vivo confirmation of the efficacy of the aforementioned ADC 

compounds. Furthermore, determination of tumor sensitivity to the conjugated payload, 

deruxtecan, could provide additional information regarding cell sensitivity to T-DXd in 

TGCTs. Overall, our study supports the rationale for employing ADCs as an alternative 

to the current salvage chemotherapy in refractory TGCTs. 
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Introduction  

Solid tumours arise within a hostile microenvironment characterized by chronic 

hypoxia and extracellular acidosis, two closely interconnected stressors that profoundly 

shape tumour progression, metabolic plasticity and therapeutic resistance. In contrast to 

normal cells, tumour cells preserve a relatively alkaline intracellular pH despite the 

acidic extracellular milieu, thereby maintaining conditions favourable for proliferation, 

invasion, and survival. Because intracellular pH critically affects the activity of 

metabolic enzymes and signaling networks, maintenance of acidïbase balance 

represents a fundamental adaptive mechanism in tumour cells. This adaptation is 

orchestrated through tightly interconnected pathways linking angiogenesis, metabolic 

reprogramming and pH regulation. A key regulator of these processes is HIF-1Ŭ, which 

controls the expression of genes associated with hypoxic adaptation, including vascular 

endothelial growth factor A (VEGF-A) and multiple mediators of metabolic and pH 

homeostasis [1]. 

Hyperforin (HF), a polyprenylated acylphloroglucinol derived from Hypericum 

perforatum L., has attracted considerable attention because of its pleiotropic anticancer 

effects. While higher HF concentrations (10ï20 µM) exert anti-proliferative, pro-

apoptotic and anti-angiogenic effects in multiple tumour models, lower subcytotoxic 

concentrations may induce distinct adaptive responses. In colorectal cancer cells, HF 

exposure at 1ï5 µM has been associated with increased expression of VEGF-A and other 

pro-angiogenic factors [2]. Importantly, HF also acts as a protonophore capable of 

disrupting transmembrane proton gradients, suggesting a possible association with 

intracellular pH regulation and hypoxia-related cellular processes. 

Despite these observations, the early molecular mechanisms underlying the 

cellular response to low-dose HF exposure under hypoxic conditions remain 

insufficiently understood. Therefore, the aim of this study was to investigate the early 

adaptive responses induced by subcytotoxic HF concentrations (1ï5 µM) in HT-29 and 
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HCT 116 colorectal cancer cells cultured under normoxic and hypoxic conditions, with 

particular emphasis on signaling pathways associated with hypoxic adaptation, 

intracellular pH regulation and tumour cell persistence. 

 

Materials and methods 

Reagents  

Hyperforin dicyclohexylammonium salt (Hyperforin-DCHA; CAS No.: 238074-03-8; 

HPLC grade, Saint-Louis, Missouri, USA) was used in this study. A stock solution of 

HF was prepared in dimethyl sulfoxide (DMSO) at a concentration of 5 mM. The stock 

solution was stored long-term at ī80 ÁC in the dark and diluted to the desired working 

concentrations immediately prior to application to the respective experimental groups. 

The final concentration of DMSO in all samples did not exceed 0.1%. Control cells were 

treated with serum-supplemented medium only. 

Cell lines and culture conditions.  

Human cancer cell lines HT-29 (colorectal adenocarcinoma) and HCT 116 (colorectal 

carcinoma) were used in this study. Cells were routinely maintained at 37 °C in a 

humidified incubator with 5% CO  in RPMI-1640 medium (HT-29; Sigma-Aldrich) or 

McCoyôs 5A medium (HCT 116; PAN-Biotech GmbH, Aidenbach, Germany), 

supplemented with 10% fetal bovine serum (FBS) and antibiotics. 

Cell exposure 

Following seeding, cells were cultured for 24 h in a controlled atmosphere workstation 

(Coy Laboratory Products) under either hypoxic conditions (1% O , 5% CO , 37 ÁC) or 

normoxic conditions (20% O , 5% CO , 37 ÁC). Subsequently, HF was added at 

concentrations of 1 and 5 µM for Western blot analysis and 0.5ï25 µM for the MTT 

assay (0.5, 0.75, 1, 2.5, 5, and 25 µM). Cells were then incubated in the dark for an 

additional 0.5, 2, or 24 h. 

HF treatment, cell culture under HF exposure, and all subsequent processing steps were 

performed under strictly limited light conditions. 

Cell metabolic activity (MTT assay)  

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 0.5 mg/mL), 

which is metabolized by viable cells into purple-colored crystalline formazan, was added 

to the cells at 24, 48, and 72 h following HF treatment. After a 4 h incubation, a 10% 

sodium dodecyl sulfate (SDS) solution was added to achieve a final concentration of 

3.3%, thereby terminating MTT metabolism and solubilizing the formed formazan 

crystals. The absorbance of the dissolved formazan was measured the following day 

using a FluoStar Optima spectrofluorometer (BMG Labtech GmbH, Offenburg, 

Germany) at a wavelength of 585 nm. 

Real-time monitoring of cell proliferation  

To evaluate the effect of HF on cell proliferation, real-time analysis was performed using 

the IncuCyteÊ ZOOM live-cell imaging system (IncuCyteÊ ZOOM 2016B). The 

proliferation of HT-29 and HCT 116 cells was assessed by monitoring cell confluence 

following HF treatment. Images were acquired every 2 h over a total period of 72 h, and 

changes in proliferative kinetics were analyzed based on confluence measurements. 
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Western blot analysis 

Cells were harvested by scraping on ice, washed with PBS, and lysed in lysis buffer (100 

mM Tris-HCl, pH 7.4; 1% SDS; 10% glycerol) supplemented with protease and 

phosphatase inhibitors. Cell lysates were sonicated, and protein concentration was 

determined using the Lowry method. Samples (30 µg of protein per lane) were separated 

on a 10% SDSïpolyacrylamide gel and transferred onto a PVDF membrane. After 

blocking, membranes were incubated overnight at 4 °C with primary antibodies against 

HIF-1Ŭ, phospho-Akt (Ser473), MCT4, and ɓ-actin. Subsequently, appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibodies were applied. 

Following washing, antibody reactivity was visualized using a chemiluminescent 

detection kit. Protein band intensities were quantified by densitometric analysis using 

Image Lab software (Bio-Rad). 

Statistical Analysis  

The results are expressed as the mean values ± standard deviation (SD) of at least two 

independent experiments. The data were analyzed using one-way ANOVA with Tukeyôs 

post-test. The groups treated with HF were compared with the untreated control (* p < 

0.05, ** p < 0.01, *** p < 0.001). 

 

Results and Discussion 

Integrated in vitro analyses revealed a complex and context-dependent response 

of colorectal cancer cells to HF exposure. In our experimental setting, MTT analysis 

demonstrated a concentration-dependent reduction in metabolic activity in HT-29 and 

HCT 116 cells following 24 h HF exposure under normoxic conditions. More 

pronounced suppression was observed at intermediate HF concentrations, particularly in 

HCT 116 cells, indicating higher sensitivity of this cell line to HF treatment. 

Under hypoxic conditions, prolonged HF exposure (24ï72 h) progressively 

reduced metabolic activity at lower and intermediate concentrations in both cell lines. 

Interestingly, treatment with 25 µM HF induced partial restoration of metabolic activity 

, particularly after prolonged incubation and predominantly in HCT 116 cells, whereas 

HT-29 cells retained a comparatively more resistant phenotype throughout the 

experiment. Since MTT reduction primarily reflects mitochondrial and cellular redox 

activity rather than direct cell number, the partial restoration of metabolic activity 

detected at higher HF concentrations may indicate altered metabolic adaptation rather 

than improved cell survival. 

These findings partially correspond with previously published observations by 

Majerník et al., who described time-dependent suppression of metabolic activity 

following prolonged HF exposure under normoxic conditions in HT-29, HCT 116 and 

CT26.WT colorectal cancer models. Their study further demonstrated substantially 

higher resistance of 3D spheroid cultures compared with conventional 2D models, 

highlighting the importance of tumour architecture and microenvironmental adaptation 

in determining cellular sensitivity to HF treatment [2]. Comparable HF-induced anti-

tumour effects under normoxic conditions have also been reported in several other 

malignancies, including hepatocellular, bladder, and melanoma models. In HepG2 

hepatocellular carcinoma cells, 48 h HF exposure resulted in an IC50 value of 
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approximately 19.87 µM [3], while TSGH-8301 bladder carcinoma cells responded to 

HF concentrations ranging between 10ï30 µM following 24 h and 48 h treatment [4]. 

Notably, A375 melanoma cells appeared particularly sensitive to HF, exhibiting 

biological responses already at low micromolar concentrations with reported EC50 

values ranging between 2ï4 µM [5]. Together, these findings indicate that cellular 

sensitivity to HF is highly context-dependent and strongly influenced by tumour type, 

metabolic phenotype, and microenvironmental conditions. 

Since MTT reduction does not necessarily directly reflect proliferative activity, 

the impact of HF on real-time growth dynamics was subsequently investigated using 

IncuCyte live-cell imaging analysis. Continuous real-time monitoring further revealed a 

pronounced anti-proliferative effect of HF under normoxic conditions, providing 

additional insight into the complex biological response induced by HF exposure. While 

lower HF concentrations exerted only modest effects on proliferative kinetics, treatment 

with 2.5ï25 µM HF markedly suppressed cell confluence in both colorectal cancer cell 

lines throughout the entire 72 h monitoring period. In agreement with the MTT data, 

HCT 116 cells consistently displayed higher sensitivity to HF treatment compared with 

the more resistant HT-29 phenotype. Interestingly, proliferative behaviour did not fully 

correlate with the metabolic profiles observed in the MTT assay. Despite the partial 

restoration of MTT signal intensity detected following exposure to 25 µM HF, IncuCyte 

analysis demonstrated persistent suppression of cell proliferation at this concentration, 

suggesting that the elevated MTT signal more likely reflected altered mitochondrial and 

metabolic activity rather than enhanced proliferation or improved cell viability. These 

observations are in line with previously reported antiproliferative effects of HF in 

leukemia, murine colorectal carcinoma C-26, and HT-1080 fibrosarcoma models 

exposed to micromolar HF concentrations ranging approximately between 0.5 and 15 

µM [6,7]. 

To further elucidate the molecular mechanisms underlying the complex cellular 

response induced by HF exposure, subsequent western blot analyses focused on proteins 

associated with hypoxic adaptation, stress-responsive signaling and regulation of 

tumour-associated pH homeostasis. Under hypoxic conditions, HF treatment increased 

Akt phosphorylation (Ser473) in both HT-29 and HCT 116 cells, suggesting activation 

of compensatory pro-survival signaling pathways in response to cellular stress (Figure 

1). Interestingly, the kinetics of this response differed between the investigated cell lines. 

In HCT 116 cells, significantly increased Akt phosphorylation was detected already after 

0.5 h exposure to 5 µM HF, whereas in HT-29 cells significant Akt activation became 

more pronounced after 2 h treatment. These findings suggest that Akt phosphorylation 

represents an early stress-associated response to HF exposure, with faster activation 

kinetics in HCT 116 cells. The biological effects of HF on Akt signaling appear to be 

strongly dependent on both cellular context and HF concentration. Similar increases in 

Akt phosphorylation have previously been observed following exposure to low 

micromolar HF concentrations in neuronal cellular systems. In PC12 cells, 1 µM HF 

activated Akt/GSK-3ɓ signaling and exerted predominantly neuroprotective effects 

[10], supporting the possibility that subcytotoxic HF concentrations may induce adaptive 

rather than directly cytotoxic cellular responses.  
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Figure 1. Effect of hyperforin (HF) on HIF-1Ŭ, phospho-Akt (Ser473) and MCT4 protein expression in 

HT-29 and HCT 116 colorectal cancer cells under hypoxic conditions. Cells were treated with 1 and 5 

ÕM HF for 0.5, 2 and 24 h under hypoxia (1% O ). Protein expression was analyzed by western blotting. 

ɓ-actin was used as a loading control. Representative blots are shown. The groups treated with HF were 

compared with the untreated hypoxic control (* p < 0.05, ** p < 0.01, *** p < 0.001). 

 

Conversely, higher micromolar HF doses have been associated with opposite 

effects on Akt signaling in several tumour models. In acute myeloid leukemia cells, 

exposure to approximately 2.5ï15 µM HF suppressed PI3K/Akt signaling while 

simultaneously promoting mitochondrial dysfunction and activation of apoptotic 

pathways [8]. 

Similar effects were observed in colorectal cancer models, where HF treatment at 

concentrations 5-20 µM suppressed Akt, ERK1/2 and STAT3 phosphorylation while 

reducing migratory and invasive capacity and promoting apoptotic cell death [9]. 

Thus, the present findings indicate that under metabolically stressful hypoxic 

conditions, lower subcytotoxic HF concentrations may preferentially activate adaptive 

stress-associated pathways rather than directly inducing cytotoxic responses. 

Interestingly, prolonged HF exposure resulted in substantially different responses 

between the investigated colorectal cancer cell lines. Under hypoxic conditions, HCT 

116 cells exhibited significantly increased MCT4 expression following 24 h exposure to 

5 µM HF together with sustained Akt activation. 

In contrast, HT-29 cells displayed a distinct temporal pattern, with significantly 

reduced HIF-1Ŭ protein levels after 24 h of HF exposure, whereas MCT4 expression 

tended to decrease but did not reach statistical significance. Importantly, no parallel 

increase in MCT4 expression was observed in HT-29 cells, in contrast to the response 

detected in HCT 116 cells. These findings indicate a cell line-dependent pattern of HF-

induced adaptation and suggest that MCT4 regulation may not uniformly follow 

canonical HIF-1Ŭ-dependent control in colorectal cancer cells. Interestingly, reduced 

HIF-1Ŭ expression has previously been described predominantly for hypericin, another 

biologically active secondary metabolite of Hypericum perforatum L., whereas 

comparable effects of HF remain insufficiently characterized. The present findings 
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therefore suggest that HF may also alter hypoxia-associated pathways, potentially 

through indirect metabolic and pH-related mechanisms. 

Persistent Akt activation together with delayed MCT4 upregulation in HCT 116 

cells may therefore represent compensatory mechanisms attempting to preserve 

intracellular pH homeostasis and metabolic stability following prolonged HF-induced 

protonophoric stress. In contrast, the absence of significant MCT4 induction 

accompanied by reduced HIF-1Ŭ protein levels in HT-29 cells may indicate a less 

efficient adaptive response to prolonged metabolic stress induced by HF exposure. 

 

Conclusion 

Altogether, the present findings suggest that under hypoxic conditions, 

subcytotoxic HF concentrations may trigger adaptive rather than directly cytotoxic 

responses in colorectal cancer cells. The observed interplay between Akt activation, 

MCT4 regulation and altered hypoxia-associated signaling highlights the potential 

involvement of HF in modulation of metabolic and pH-associated adaptation pathways. 

These effects appear to be strongly dependent on tumour cell phenotype and 

microenvironmental context, emphasizing the complexity of HF-mediated responses in 

colorectal cancer cells. Better understanding of these context-dependent mechanisms 

may provide further insight into the potential therapeutic relevance of HF in modulation 

of tumour adaptation to hypoxic and metabolic stress. 
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Introduction  

Chronic lymphocytic leukemia (CLL) is one of the most common hematological 

malignancies in adults in Western countries. Despite the continuously expanding 

therapeutic options, CLL remains an incurable disease, highlighting the need to identify 

novel therapeutic targets [1]. One of potential therapeutic targets may be the SLAMF 

(signaling lymphocytic activation molecule family) receptors. The SLAMF family 

consists of nine surface receptors predominantly expressed on hematopoietic cells. 

These receptors are involved in the regulation of immune cell activation, cytotoxicity, 

and intercellular communication. Aberrant expression of SLAMF receptors in 

hematological malignancies suggests their role in disease pathogenesis as well as their 

potential therapeutic applicability [3,5]. Elotuzumab is a humanized anti-SLAMF7 

monoclonal antibody approved for the treatment of multiple myeloma, whose principal 

mechanism of action involves the activation of NK cells and the induction of antibody-

dependent cellular cytotoxicity (ADCC). The aim of this study was to evaluate the ability 

of elotuzumab to induce antibody-dependent cellular cytotoxicity (ADCC) in CLL cell 

lines. 

 

Materials and methods 

The study included six CLL cell lines: MEC-1, MEC-2, CI, HG-3, PGA-1, and WA-

OSEL. The cell lines were first immunophenotypically characterized, and the expression 

of SLAMF receptors was quantitatively determined using the stain index (SI). ADCC 

was evaluated using a flow cytometryïbased assay employing CFSE staining of target 

cells and detection of dead cells with 7-AAD. Peripheral blood mononuclear cells 
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(PBMCs), isolated from the peripheral blood of healthy volunteers by density gradient 

centrifugation, or immunomagnetically isolated unstimulated NK cells were used as 

effector cells. Effector and target cells were co-cultured at an effector-to-target ratio of 

8:1 in the presence of elotuzumab (100 ɛg/mL), rituximab (100 ɛg/mL), or their 

combination for 4 hours. The percentage of ADCC was calculated as the difference 

between the proportion of CFSE+/7-AAD+ target cells in the presence of the antibody 

and spontaneous cell death in the absence of the antibody. For statistical analyses, SPSS 

software was used, and statistical significance was evaluated using the MannïWhitney 

U test and paired Studentôs t-test. 

 

Results 

Immunophenotypic analysis confirmed that all analyzed cell lines reproduced the 

typical immunophenotypic features of CLL. The expression of SLAMF receptors was 

heterogeneous among the individual cell lines. The highest SLAMF7 expression was 

observed in the MEC-1 and MEC-2 cell lines, whereas the CI, HG-3, PGA-1, and WA-

OSEL cell lines exhibited approx. 3-times lower levels of expression in terms of SI 

(Figure 1). 

 

 

 

Figure 1: Expression of the SLAMF7 receptor in CLL cell lines. Grey dots: control unstained; red dots: 

cells stained with an anti-human SLAMF7-PE antibody 
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When PBMCs were used as effector cells, elotuzumab induced statistically 

significant ADCC in the MEC-1, MEC-2, HG-3, and WA-OSEL cell lines. The highest 

activity was observed in MEC-1 (14.6 ± 8.1%) and MEC-2 (10.5 ± 7.0%) cells. In 

contrast, the CI and PGA-1 cell lines exhibited minimal sensitivity to elotuzumab. 

Rituximab induced higher cytotoxicity in all analyzed cell lines except MEC-1, with 

ADCC values ranging from 9.2% to 18.0%. The combination of elotuzumab and 

rituximab did not result in a significant increase in cytotoxicity. When unstimulated NK 

cells were used as effector cells, a higher intensity of ADCC was observed compared 

with PBMCs. Elotuzumab achieved the highest activity in MEC-1 (27.3 ± 4.7%) and CI 

(17.2 ± 8.6%). Rituximab induced marked cytotoxicity particularly in the MEC-1, MEC-

2, CI  and HG-3 cell lines, where ADCC values exceeded 20%. Overall, NK cells proved 

to be more stronger effector cells for the induction of ADCC. The results of the ADCC 

analysis are summarized in Table 1. 

 

Table 1: ADCC induced by elotuzumab, rituximab, and their combinations in CLL cell 

lines 

 
Cell line 

PBMC NK cells 

E R E + R E R E + R 

MEC-1 
14.6 ± 8.1 12.1 ± 7.2 6.7 ± 5.4 27.3 ± 4.7 22.5 ± 14.0 26.8 ± 9.2 

p < 0.01   p < 0.01 p < 0.05 p = 0.01 NS   p < 0.05 

MEC-2 
10.5 ± 7.0 15.4 ± 9.1 14.7 ± 12.2 13.7 ± 5.5 22.6 ± 6.9 25.9 ± 12.9 

p < 0.05 p < 0.05 NS p < 0.05 p < 0.01 p < 0.05 

CI 
1.8 ± 2.2 14.1 ± 8.9 5.1 ± 2.0 17.2 ± 8.6 27.5 ± 13.6 29.0 ± 16.2 

NS p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 

HG-3 
4.2 ± 2.5 18.0 ± 6.9 9.6 ± 3.9 12.2 ± 8.5 24.6 ± 7.2 24.2 ± 12.3 

p < 0.05 p < 0.01 p < 0.05 NS p < 0.01 p < 0.05 

PGA-1 
1.3 ± 1.2 9.2 ± 4.6 7.6 ± 3.9 1.8 ± 3.7 5.1 ± 4.3 11.4 ± 9.5 

NS p < 0.01 p < 0.05 NS NS NS 

WA-OSEL 
9.9 ± 2.7 16.6 ± 9.4 11.8 ± 7.0 8.8 ± 10.4 18.4 ± 5.1 16. 4 ± 8.6 

p < 0.001 p < 0.05 p < 0.05 NS p < 0.01 p < 0.05 

Results are expressed as mean % ADCC ± SD. E, elotuzumab; R, rituximab; E + R, the combination of 

elotuzumab with rituximab. Statistically significant differences in the number of dead cells between 

control (target cells + effector cells) vs. treatment (target cells + effector cells + antibody/ies): p < 0.001; 

p < 0.01; p < 0.05; NS, non-significant. 

 

Cell lines with higher SLAMF7 expression (MEC-1, MEC-2) showed stronger 

ADCC effect then cell lines with lower expression. In addition, cell lines carrying 
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chromosome 17p deletion (MEC-1, MEC-2, WA-OSEL) exhibited higher SLAMF7 

expression compared with cell lines lacking this chromosome abnormality (Figure 2). 

However, a direct association between the 17p deletion and the intensity of ADCC was 

not observed. These findings suggest that the expression of the target antigen represents 

an important factor influencing the efficacy of elotuzumab. 

 

 
Figure 2: Relationships observed between SLAMF7 expression and % ADCC and the presence of 17p 

deletion 

 

Discussion 

In this study, we analyzed the ability of elotuzumab to induce ADCC against CLL 

cell lines. First, we comprehensively characterized all six cell lines in terms of their 

immunophenotype and SLAMF receptor expression. The expression of the 

imunophenotypic markers typical of CLL was generally consistent with previously 

published findings [1,2]. The immunophenotype of all six cell lines was generally 

compatible with the typical CLL phenotype. Compared with our previous results 

obtained in patients with CLL [3], the cell lines exhibited stronger expression of 

SLAMF1 and SLAMF7 and weaker expression of SLAMF5. An interesting finding was 

also the weak expression of SLAMF9 in the MEC-1, MEC-2, and WA-OSEL cell lines, 

which has not yet been described in the literature. Moderate to strong SLAMF7 

expression provided the rationale for testing elotuzumab as a potential therapeutic agent 

in CLL. To evaluate ADCC, we employed a flow cytometryïbased assay using PBMCs 

or immunomagnetically isolated unstimulated NK cells as effector cells. Elotuzumab 

induced significant ADCC against 5 out of 6 CLL cell lines (4.2ï27.3% depending on 

the type of effector cells). The extent of ADCC was comparable to results reported in 

multiple myeloma models [4,5], although the maximal values were lower than those 

observed in MM cells with very high SLAMF7 expression. The MEC-1 and MEC-2 cell 

lines, which exhibited higher receptor expression, were more sensitive to elotuzumab-

mediated ADCC than the CI, HG-3, PGA-1, and WA-OSEL cell lines with lower 

expression levels. A similar relationship between target antigen expression and the 
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efficacy of monoclonal antibodies has also been described for CD20 and rituximab [6,7]. 

In contrast, the expression of the adaptor proteins SAP and EAT-2 did not correlate with 

the intensity of ADCC. Another interesting observation was that cell lines carrying the 

17p deletion exhibited higher SLAMF7/CD319 expression, which may suggest a role of 

p53 dysregulation in the regulation of SLAMF7 expression. Despite the lower 

expression of SLAMF receptors on CLL cells compared with MM cells, ADCC was still 

observed. This effect may be explained by another mechanisms of action of elotuzumab 

independent of CD16. Collins et al. [4] demonstrated that elotuzumab is capable of 

directly activating NK cells through binding to SLAMF7 receptors on their surface while 

simultaneously promoting interactions between NK cells and tumor cells. Generally, NK 

cells were stronger ADCC inducers than PBMCs, which is consistent with the findings 

of Beum et al. [8], who confirmed that NK cells represent the principal effector cells 

mediating ADCC within the PBMC population. The higher cytotoxicity of isolated NK 

cells is therefore likely related to their higher proportion among effector cells, whereas 

NK cells represent only a minor subset within PBMC populations when the same total 

number of effector cells is used. 

The higher cytotoxicity of isolated NK cells is therefore likely related to the 

absence of other cellular populations present within PBMCs. 

 

Conclusion 

Elotuzumab induced ADCC in the majority of the tested CLL cell lines, with the 

intensity of the effect depending on SLAMF7 receptor expression and the type of 

effector cells used. NK cells exhibited higher cytotoxic activity than PBMCs. Although 

the effect of elotuzumab was generally weaker than that of rituximab, the results support 

the hypothesis that SLAMF7 may represent a potential therapeutic target in CLL. 
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Introduction  

 According to the International Agency on Cancer (IARC), in year 2020 breast 

cancer was the most commonly diagnosed type of cancer with 2,26 million cases 

worldwide; in 2022 the number of diagnosed cases rose to 2,31 million. Despite crucial 

breakthroughs in prevention, diagnostics and therapeutics of breast cancer, 5 15% of 

patients present with metastases at initial diagnosis, while 20-30% develop metastases 

along the course of the disease [1]. To execute invasive- metastatic cascade, epithelial 

cells need to detach from the primary tumor, invade the local tissue, intravasate into the 

peripheral circulation, survive during the hematogenous transit, extravasate at distant 

tissues and create micrometastatic colonies which eventually grow into new metastatic 

lesions [2]. Multiple types of cancer cells undergo the process of epithelial- 

mesenchymal transfer, in which the epithelial cells upregulate gene patterns typical for 

a mesenchymal phenotype, while downregulating genes typically associated with an 

epithelial phenotype. According to a study by Mego et al., 2019 which included 427 

patients with primary breast cancer, disease free survival was significantly longer in 

patients without detectable CTC EMTs in peripheral blood based on an RT-qPCR 

expression analysis of EMT transcription factors [3]. Based on these findings, the 

occurrence of CTCs with an EMT phenotype was identified as a marker with prognostic 

value in early breast cancer. Furthermore, the study conducted by Zhang et al. in 2019 

exploring the role of chromogranin A in neuroblastoma development concluded that 

striking alterations were observed after chromogranin A depletion in vitro with a marked 

phenotypic shift towards a mesenchymal phenotype and upregulation of mesenchymal 

markers (VIM and Ŭ-SMA) as well as ECM markers (FN and COL4A1) in 

neuroblastoma [4]. These findings further substantiate our hypothesis, which claims that 

there is a mechanistic link between chromogranin A and the epithelial-mesenchymal 

transfer (EMT) in breast cancer. The connection between CHGA and cancer was 

investigated in other types of cancer as well. Safarpour et al., 2024 used a holistic 

approach to finding connections between chromogranin A and colorectal carcinoma 

(CRC). Trough transcriptome and differential gene expression analyses several 
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candidate genes were identified, with downregulated CHGA being highlighted as 

notable in CRC development. A resultant RT-qPCR analysis confirmed CHGA 

downregulation in CRC tissues, matching the differential analysis findings and 

strengthening the hypothesis of its role in CRC development and aggressiveness. In the 

concluding remarks of this study, CHGA was described as a key gene in CRC 

development, describing it not only as a potential diagnostic marker, but also a hopeful 

therapeutic target [5]. 

 

Materials and Methods 

 For this study, we have a unique cohort of early breast cancer patient samples 

with complete clinical and pathological annotations in the biobank of the Translational 

Research Unit. The median monitoring time of these samples is 100 months. We utilized 

a diverse cell line panel for this study, consisting of the following lines; JIMT-1 (DSMZ 

id: ACC 589), BT20 (ATCC id: HTB-19), SK-BR-3 (ATCC id: HTB-30), T47-D 

(ATCC id: HTB-133), SUM149PT (CVCL id: 3422), MDA-MB-231 (ATCC id: HTB-

26), MCF-7 (ATCC id: HTB 22) and MDA-MB-469 (ATCC id: HTB-132). The panel 

also includes circulating tumor cell lines CTC3 and LMC3 with an increased migration 

potential and altered gene expression profiles, derived from a triple-negative breast 

cancer cell line MDA-MB-231 [6]. Detection of biomarker gene expression was carried 

out using quantitative real-time PCR (RT-qPCR) using gene-specific TaqMan probes 

(TaqManÊ Gene Expression Assay, ThermoFisher Scientific, NY, USA; cat 

#4331182). The expression of CHGA was inhibited using short hairpin RNA (shRNA). 

shRNA was inserted into the cells trough lentiviral transduction using Chr-A shRNA (h) 

Lentiviral Particles: sc-37212-V (Santa Cruz Biotechnology, TX, USA). As a control of 

this reaction, we used Control shRNA Lentiviral Particles-A: sc-108080 (Santa Cruz 

Biotechnology, TX, USA) containing an shRNA sequence which doesnôt lead to any 

known specific mRNA sequence degradation. Cells were transduced, expanded and 

selected by puromycin. 

 

Results and Discussion 

 To validate our hypothesis, we started by selecting cell lines suitable for gene 

silencing based on their CHGA expression. Based on the RT-qPCR cell line screen we 

selected BT20, MCF-7 and SK-BR-3 for further experiments. Consequently, gene 

silencing was performed using lentiviral shRNA-mediated RNA interference, creating 

CHGA knock-down cell lines. The knock-down was validated using RT-qPCR at gene 

expression level and western blot at protein level. In order to test the effect of CHGA 

knock-down on EMT, we assessed the expression of EMT-associated transcription 

factors (TWIST1, SNAI2) and genes (CDH1, CDH2, VIM) using RT-qPCR and 

comparing expression results to control shRNA transduced cells. The results support our 

hypothesis, as mesenchymal markers (VIM, CDH2) were upregulated in all tested cell 

lines, while CDH1 as an epithelial marker was consistently downregulated. 

Transcription factors were deregulated on a somewhat non-consistent basis, which is a 

common occurrence in EMT, as transcription factors are redundant and interchangeable 

[7] Differences between knock-down cells and controls were also seen on a 

morphological level (Figure 1).  
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Figure 1. Morphology of knock-down BT20 cells (left) compared to control BT20 cells (right). 

 

 

We then created an initial immunocompromised orthotopic mouse model using 

knock-down cells, in which tumor growth in the knock-down group significantly 

outperformed the control wild-type cell group (Figure 2). The bone marrow extracted 

from the models contained tumor cells, which also differed in morphology between the 

knock-down and control cells (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Total tumor burden of tested immunocompromised models. 
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Figure 3. Cells extracted from the bone marrow of immunocompromised models. BT20 knock-down cells 

(left) exhibit a different morphology compared to the controls (right). 

Conclusion 

 In conclusion, our experiments show that CHGA inhibition in breast cancer cell 

lines leads to a shift in cell morphology towards a mesenchymal phenotype. These 

findings suggest a role for CHGA in complex EMT regulation, although further 

experimental validation is required to support these claims. 
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Introduction  

Colorectal cancer (CRC) is the second most common cancer worldwide [1]. 

Beyond the challenges of current treatments, there is a critical need to identify novel 

biomarkers to predict disease onset, progression, and therapeutic response. Our team has 

long been focused on the aldehyde dehydrogenase 1 (ALDH1) family, especially on 1A1 

and 1A3 isoforms, a group of enzymes involved in several key cellular processes, 

including retinoic acid metabolism, aldehyde detoxification, and stem cell maintenance 

[2]. Derivation of the chemoresistant HT-29/EGP/FUR line from HT-29 resulted in a 

switch in the expression of ALDH1A1/1A3 isoforms, with ALDH1A3 being linked with 

increased chemoresistance and metastasis formation [3]. Next, we observed that 

ALDH1A1-knockout is associated with increased invasive capacity and metastatic 

potential [4]. 

Epigallocatechin 3-gallate (EGCG) is a natural compound found in green tea 

leaves, characterised by high accessibility, a favourable safety profile, and a long history 

of dietary exposure [5]. EGCG exerts antitumour effects through multiple mechanisms, 

including modulation of oxidative stress, induction of apoptosis, as well as regulation of 

signalling and epigenetic pathways [6]. For instance, it can influence DNA methylation, 

leading to global or locus-specific DNA hypomethylation [7]. 

In this study, we aimed to elucidate the role of EGCG in regulating ALDH1 

expression and its impact on redox homeostasis, stem cell-like properties, and 

therapeutic sensitivity in CRC cells. The partial objectives of the work were to 

characterise the effect of EGCG on ALDH1 expression in CRC cells, to analyse the 

potential epigenetic mechanisms of ALDH1A3 regulation after EGCG exposure, to 

evaluate the anti- and pro-oxidant effects of EGCG in relation to ALDH1A3 expression, 

and to elucidate the potential role of ALDH1A3 in the response to EGCG. 
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Materials and methods 

Cell lines and treatment 

 Cell lines pts80 [4] and HT-29 were used to monitor ALDH1A1 expression after EGCG 

treatment. ALDH1A3 expression was analysed in HCT 116, HT-29/EGFP/FUR [3] 

(referred to as FUR), and SW480 cell lines. To investigate the biological role of 

ALDH1A3 in antioxidant mechanisms and in the cellular response to EGCG, an 

ALDH1A3 knockout cell line (FUR/1A3-KO) was used. The cell line transduced with 

the empty vector (FUR/EV) served as a control. Cell cultures were treated with low 

doses (2 and 5 µg/ml) of Epicatechin gallate (EGCG, Sigma-Aldrich, Germany).  

Methods.  

The non-toxic concentrations of EGCG were determined by CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega Corporation, USA). The antioxidant 

capacity of EGCG was assessed using a 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay. 

The expression of ALDH1A1, ALDH1A3 and genes involved in DNA methylation was 

analysed by RT-qPCR Bio-Rad CFX96 real-time PCR detection system (Bio-Rad, 

USA), and the expression of ALDH1A3 at the protein level was detected by Western 

blot. To assess changes in DNA methylation, genome-wide methylation profiling was 

performed using the InfiniumÊ MethylationEPIC v2.0 BeadChip (Illumina, USA). 

Subsequently, methylation of the ALDH1A3 promoter region was analysed by 

pyrosequencing. The antioxidant status of the cells was assessed using the Total 

Antioxidant Status (TAS) test (Randox, Antrim, United Kingdom) and by measuring 

reactive oxygen species (ROS) levels with the ROS-GloÊ H O  Assay (Promega 

Corporation, USA). Statistical analysis was performed by using GraphPad Prism. Data 

are represented as mean ± SD. 

 

Results 

First, we determined sub-toxic concentrations of EGCG and measured its 

antioxidant activity. Low concentrations of EGCG (2 and 5 µg/ml) were selected for 

subsequent experiments. Treatment with low-dose EGCG does not affect ALDH1A1 

expression (Figure 1A1, 1A2). In contrast, a transient increase in ALDH1A3 mRNA 

(Figure 1B1, 1B2) and protein (Figure 1C) expression was detected, followed by a 

gradual decrease over time. 

Based on these findings, we aimed to investigate the epigenetic mechanisms that 

may regulate ALDH1A3 expression following EGCG treatment. Genome-wide 

methylation profiling confirmed the global hypomethylating activity of EGCG and 

identified approximately 5% hypomethylation within the ALDH1A3 promoter region 

(Figure 2A, 2B). Next, we further analysed the expression of genes associated with 

methylation (DNA methyltransferases, DNMTs) and DNA demethylation (Ten-eleven 

translocases, TETs). Results showed variable responses in the analysed cell lines. In 

parallel, analysis of ALDH1A3 promoter methylation also did not show significant 

methylation alterations (Figure 2C). 
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Figure 1: Effect of EGCG on the expression of A1: ALDH1A1, c(EGCG) = 2 (µg/ml) A2: ALDH1A1, 

c(EGCG) = 5 (µg/ml) and B1: ALDH1A3, c(EGCG) = 2 (µg/ml); B2: ALDH1A3, c(EGCG) = 5 (µg/ml) 

in CRC cells. Y-axis: Relative normalised expression; X-axis: Time (hours). C: ALDH1A3 protein 

expression after EGCG treatment. 

 

 

 

 

 

 

 

 

Figure 2: A: Violin plots illustrating ɓ values of differently methylated probes (DMPs; adjusted p-value 

< 0.05). Y axis: ɓ values; X axis: EGCG-treated vs control FUR cells, B:  Heatmap illustrating global 

methylation patterns EGCG-treated versus control FUR cell line (CpGs with |ȹɓ| > 0.05 and adjusted 

p < 0.05, excluding those located in open sea regions). C: ALDH1A3 promoter methylation in FUR and 
HCT 116 cells (control vs EGCG-treated). Y-axis: ALDH1A3 promoter methylation (%); X-axis: Time 

(hours). 
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To further investigate the role of ALDH1A3 in cellular responses to EGCG, we 

evaluated its antioxidant effect in cells with high ALDH1A3 expression compared to 

their ALDH1A3 knockout counterparts. EGCG treatment did not influence total 

antioxidant activity in both parental and ALDH1A3-deficient cells (Figure 3A). 

However, cells lacking ALDH1A3 showed significantly reduced total antioxidant 

activity (Figure 3A). Following EGCG treatment, increased production of ROS was 

observed predominantly in ALDH1A3 knockout cells, whereas parental cells did not 

exhibit ROS accumulation (Figure 3B). 

 

 

 

 

 

 

 

 

 

Figure 3: A: Total antioxidant activity of FUR parental and ALDH1A3 knockout cells. Y-axis: Total 

antioxidant activity (TAA) (mmol/prot); X-axis: EGCG (µg/ml). B: Intracellular ROS production after 

EGCG treatment. Y-axis: Average relative luminescence (RLU); X-axis: EGCG (µg/ml).   

 

Discussion 

The present study focused on the role and regulation of ALDH1A3 in the context 

of EGCG treatment, with particular emphasis on epigenetic and antioxidant-related 

mechanisms. Our findings demonstrated that pharmacologically achievable low 

concentrations of EGCG [8] selectively modulated ALDH1A3 expression, whereas 

ALDH1A1 remained unaffected, suggesting that they are regulated by distinct 

mechanisms. Based on these observations, we hypothesised that EGCG may modulate 

ALDH1A3 expression indirectly through epigenetic mechanisms. EGCG is known as a 

DNA demethylation agent [7]. We aimed to investigate whether this effect could be 

related to the altered ALDH1A3 expression. Genome-wide methylation analysis 

confirmed a 5% global hypomethylation effect of EGCG, consistent with its previously 

published epigenetic activity [9]. Since increased gene expression can be associated with 

reduced methylation of promoter regions, we hypothesised that upregulation of 

ALDH1A3 might be associated with hypomethylation of its promoter. However, 

subsequent analysis of gene expression associated with DNA methylation and 

demethylation yields heterogeneous results across individual cell lines. In parallel, 

pyrosequencing analysis of ALDH1A3 promoter methylation did not detect significant 

changes after EGCG exposure. Our findings suggest that EGCG-mediated regulation of 

ALDH1A3 expression is unlikely to occur through direct hypomethylation. However, 

the possibility of indirect epigenetic regulation remains, as EGCG is known to be a 

competitive inhibitor of DNMT enzymes [7,9], and its epigenetic effects may also be 
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mediated by other pathways. Further studies are needed to clarify the molecular 

mechanisms responsible for EGCG-mediated regulation of ALDH1A3. 

Interesting results were observed in the analysis of antioxidant mechanisms. 

ALDH1A3 knockout cells showed significantly reduced total antioxidant activity 

compared to parental cells. At the same time, low EGCG concentrations in these cells 

led to increased ROS production. EGCG can act as a pro-oxidant by generating ROS 

through auto-oxidation [10]. These observations suggest that ALDH1A3 plays an 

important role in maintaining redox homeostasis and protecting tumour cells against 

oxidative stress. Based on this, we suggest that cells expressing ALDH1A3 eliminate 

ROS more effectively, whereas cells deficient in ALDH1A3 have impaired antioxidant 

defense mechanisms. Overall, these observations indicate that high ALDH1A3 

expression may be associated with reduced sensitivity of CRC cells to EGCG. 

 

Conclusion 

The aim of this study was to determine whether EGCG, a natural bioactive 

compound, can regulate ALDH1A3 expression by epigenetic mechanisms, particularly 

DNA methylation. We revealed that EGCG modulates ALDH1A3 expression in a time-

dependent manner and induces global DNA hypomethylation. We showed that EGCG 

acts as a pro-oxidant in ALDH1A3 knockout cells. In summary, this study highlights the 

possible role of ALDH1A3 in the cellular response to EGCG treatment and also supports 

the therapeutic potential of natural compounds, which are generally cost-accessible and 

exhibit low toxicity toward non-tumour cells, where they primarily act as antioxidants.  
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Introduction  

Hypoxic tumor cells frequently rely on glycolytic metabolism, resulting in the 

accumulation of acidic intracellular metabolites. In response to hypoxia, the expression 

of carbonic anhydrase IX (CAIX) is induced to maintain intracellular pH homeostasis 

[1]. Elevated CAIX expression is localized at the invadopodia of invasive tumor cells, 

thereby promoting intravasation during the metastatic cascade [2]. Through permeable 

and unstable neovasculature, tumor cells can enter the bloodstream either as single cells 

or heterogeneous clusters originating from hypoxic tumor regions [3]. These circulating 

tumor cells (CTCs) are associated with poor patient prognosis, and CAIX expression 

has been detected in CTCs derived from patients with renal and breast cancer [4-5]. 

We hypothesized that P-selectin may represent a novel interaction partner for 

CAIX due to its unique proteoglycan-like domain. Interaction of CAIX-positive CTCs 

with platelet P-selectin may promote their survival in the bloodstream. 

 

Materials and methods 

In silico analysis 

A dataset consisting of 67 highly expressed surface proteins of human platelets was 

compiled [6]. Predicted three-dimensional structures of these proteins were obtained 

from the AlphaFold Protein Structure Database [7]. Protein structural models were 

subsequently modified using UCSF Chimera (University of California, San Francisco), 

and only the extracellular domains of the proteins were included in the simulations. The 

modified structural models of platelet proteins were subsequently uploaded to the 

HDOCK Server [8], where blind docking simulations were performed. The software 

evaluated potential interaction sites between the modified structural models of platelet 

proteins and the structural model of human CAIX without predefined binding sites. 

Cell Culture 

The tumor cell lines C33 (derived from cervical carcinoma) and HCT116 (derived from 

colorectal carcinoma), as well as the CA9-stably transfected cell lines C33-FLCAIX, 
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C33-dPG, C33-dCA, and HCT116-FLCAIX, were used in this study. Tumor cell lines 

were cultured in dishes containing Dulbeccoôs Modified Eagle Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and 0.1% gentamicin under standard 

culture conditions (21% O , 5% CO , 37 ÁC). 

Flow Cytometry 

To assess the presence of selectin ligands on tumor cells, chimeric P-selectin fused to 

the Fc region of human IgG was used (provided by Dr. Borsig). Pre-complexes of 

selectin chimera were prepared by pre-incubating P-selectin chimera (10 ɛg/mL) with 

goat anti-human antibody conjugated with Alexa FluorÊ 488 (Thermo Fisher 

Scientific) to a final concentration of 15 ɛg/mL in 1% BSA in Hanksô balanced salt 

solution (HBSS) for 1 h at 4 °C on a rotator before addition to the cell suspension. C33 

tumor cells in suspension were counted, kept on ice, and incubated with pre-complexed 

selectin chimeras for 1 h at 4 °C on a rotator. Following incubation, cells were washed 

with HBSS and subsequently stained for 15 min at 4 °C with primary anti-CAIX 

antibodies (M75 and Ab10) diluted 1:1000 in HBSS containing 1% BSA. Cells were 

then washed with HBSS and incubated with donkey anti-mouse antibody conjugated 

with Alexa FluorÊ 647 for 15 min at 4 °C (1:1000 dilution in HBSS containing 1% 

BSA). After the final wash with HBSS, labeled samples were analyzed using a 

NovoCyte Advanteon flow cytometer (Agilent Technologies). 

Immunofluorescence and Confocal Microscopy 

C33 cells grown on glass coverslips were fixed in 4% PFA solution at 20 °C for 10 min. 

Nonspecific binding was blocked with PBS containing 3% BSA for 30 min at 37 °C. 

Cells were subsequently incubated for 1 h with pre-complexes prepared in the same 

manner as for flow cytometry using P-selectin chimera (10 µg/mL). The cells were then 

washed three times with HBSS. Alexa FluorÊ 647-conjugated anti-CAIX antibody 

Ab10 diluted in 1% BSA-HBSS was subsequently added and incubated for 1 h at 37 °C. 

After three 10 min washes with HBSS, nuclei were stained with DAPI (1:1000 in PBS), 

followed by three additional washes with PBS. Finally, the samples were mounted onto 

slides using Fluorescent Mounting Medium and analyzed by confocal microscopy using 

the Zeiss LSM 900. 

 

Results and discussion 

For the in silico analysis pipeline, a total of 67 highly expressed platelet surface 

proteins were selected. Their corresponding structures were downloaded in PDB format 

and processed to retain only the extracellular domains. These prepared protein structures 

were subsequently used for CAIX interaction simulations performed using the HDOCK 

server (Fig. 1A). For each analyzed protein, the HDOCK server generated the top 10 

interaction models ranked according to the HDOCK score, which estimates the 

theoretical binding affinity between two proteins. For comparison, 25 proteins with 

representative HDOCK scores were selected and visualized in a heatmap. Proteins such 

as integrin Ŭ2, integrin ɓ1, and integrin Ŭ2b achieved HDOCK scores ranging from ī250 

to ī300, indicating a predicted strong to very strong binding affinity (Fig. 1B). Since 

interactions between these proteins and CAIX have already been experimentally 

validated, they are considered established biological interaction partners of CAIX [9]. 
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The presence of these proteins in the dataset, therefore, served as an internal validation 

of the simulation approach.  Based on HDOCK score results remaining proteins, P-

selectin was selected for further analysis because its predicted interaction models 

reached HDOCK scores comparable to those observed for integrins Ŭ2 and ɓ1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ability of P-selectin to bind CAIX-positive tumor cells was evaluated using 

chimeric P-selectin precomplexes. C33-FLCAIX cells preferentially bound higher 










































































































