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Regulated cell death (RCD) is a fundamental process common to nearly all living beings and essential for the

development and tissue homeostasis in animals and humans. A wide range of molecules can induce RCD

including a number of viral proteolytic enzymes. To date, numerous data indicate that picornaviral 3C proteases

can induce RCD. In most reported cases, these proteases induce classical caspase-dependent apoptosis. In

contrast, the human hepatitis A virus 3C protease (3Cpro) has recently been shown to cause caspase-independent

cell death accompanied by previously undescribed features.

In the current topic the results of the study where 3Cpro-induced cell death was characterized morphologically and

biochemically are presented. It was found that dead cells demonstrated necrosis-like morphological changes

including permeabilization of plasma membrane, loss of mitochondrial potential, as well as mitochondria and nuclei

swelling. Additionally, it was shown that 3Cpro-induced cell death was efficiently blocked by ferroptosis inhibitors

and was accompanied by intense lipid peroxidation. Taken together, these results indicate that 3Cpro induces

ferroptosis upon its individual expression in human cells. This is the first demonstration that a proteolytic enzyme

can induce ferroptosis, the recently discovered and actively studied type of RCD.
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1. Introduction

Regulated cell death (RCD) is a fundamental physiological process common to nearly all living beings . In

animals and humans, RCD is crucial for the development and tissue homeostasis, while abnormal RCD causes a

wide range of diseases . The mechanisms of cell death have been studied for more than 50 years, and today,

more than ten RCD types are discriminated according to their inducers, key meditators, and cell morphology during

and after death .

A wide range of molecules can induce RCD including certain viral proteolytic enzymes. Similar to other virus

proteins, viral proteases are multifunctional. In addition to the main function of processing viral proteins, they can

cleave cellular proteins. This can inhibit the transcription of cellular genes and cellular mRNA translation, block

nuclear transport, and suppress the antiviral immune response . Acting on cellular proteins, viral proteases can

trigger RCD.

To date, numerous data indicate the ability of picornaviral 3C proteases to induce RCD. In most reported cases,

these proteases induce classical caspase-dependent apoptosis . In contrast, the rhinovirus 3C protease

induces caspase-independent cell death; however, the underlying mechanism remains unclear . Previously, we
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demonstrated that hepatitis A virus 3C protease (3Cpro) induces cell death that is also independent of caspase

activity and features a unique cell morphology, specifically, the accumulation of cytoplasmic vacuoles with

previously undocumented features. This suggested that the 3Cpro-induced cell death proceeds by an unknown

pathway or is a new variant of a known RCD type .

2. Ectopic Expression of 3Cpro and Its Inactive Form 3Cmut
in Human Cells

Two genetic constructs were derived from the pCI vector: pCI-3C for the constitutive expression of active hepatitis

A virus 3C protease (3Cpro) and pCI-3Cmut expressing the mutant enzyme with no proteolytic activity due to the

Cys172-Ala substitution in the active site (3Cmut) (Figure 1A) . HEK293, HeLa, and A549 cells were

transfected with these genetic constructs, and 15 h post transfection (p.t.), the expression of the corresponding

genes was confirmed by immunoblotting with antibodies against 3Cmut (Figure 1B). The 3Cpro production in

HEK293 cells was higher compared to the other cell lines, since the 3Cpro level detected by immunoblotting  in

the lysate of a smaller number of cells was comparable to that in HeLa and A549 cells.

Figure 1. Expression of 3Cpro and its inactive form 3Cmut in human cells. (A) Expression cassettes in pCI-3C and

pCI-3Cmut. CMV enh/prom, cytomegalovirus immediate-early enhancer/promoter; Int, chimeric human b-

globin/IgG intron; 3Cpro/3Cmut, human hepatitis A virus 3C protease (intact or mutant, respectively) gene; SV40

p(A), late mRNA polyadenylation signal of SV40. (B) Analysis of 3Cpro and 3Cmut expression in HEK293, HeLa,

and A549 cells by immunoblotting 15 h p.t.; 3C/Mut, lysate of cells transfected with pCI-3C/pCI-3Cmut; K–, lysate

of non-transfected cells; K+, recombinant 3Cmut (1 ng). The lysates were prepared from 200,000 HEK293 or

500,000 HeLa/A549 cells. “Loading” shows the relative total protein per track estimated for each cell line using the

stain-free technology.

3. 3Cpro Expression Induces Caspase-Independent Cell
Death with Cytoplasmic Vacuolization

The cytotoxic effect after the transfection with pCI-3C/pCI-3Cmut was analyzed. The expression of mutant

protease 3Cmut induced no cytotoxic effect (Figure 2A; solid lines). At the same time, the proportion of living cells
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in cultures expressing active 3Cpro decreased 15 h p.t. to reach the minimum 18 h p.t. (about 25% for HEK293

and less than 5% for HeLa and A549) and remained stable up to the end of the observation period (24 h p.t.)

(Figure 2A; dashed lines).

Figure 2. Effects of ectopic 3Cpro expression in HEK293, HeLa, and A549 cells. (A) Cytotoxic effect induced by

3Cpro expression. Results are expressed as the percentage of viable cells relative to non-transfected cells. (B)

Representative flow cytometry images of non-transfected HeLa cells (Ctrl) and those transfected with pCI-3C and

pCI-3Cmut, or incubated with 1 µM staurosporine (STS) and stained with FITC-conjugated caspase inhibitor (FITC-

VAD-fmk). SSC, side scatter. (C) Caspase activation analysis using FITC-VAD-fmk in non-transfected cells (Ctrl)

and those transfected with pCI-3C/pCI-3Cmut or incubated with STS. (D) Vacuolization of cells expressing 3Cpro.

HEK293 cells were co-transfected with pCI-3Cmut (left) or pCI-3C (right) together with pCI-EGFP (1:1 by weight)

and analyzed by fluorescence microscopy 24 h p.t. Yellow arrows indicate cells with vacuoles. All values are

represented as mean ± SD of two independent experiments with triplicates (n = 6).

The involvement of caspases in the 3Cpro-induced cell death was evaluated using the fluorescent caspase

inhibitor FITC-VAD-fmk (Figure 2B). The proportion of cells with active caspases was about 15% after the

transfection with either pCI-3C or pCI-3Cmut as demonstrated by flow cytometry (Figure 2C). At the same time, a

considerable fraction of control cells treated with staurosporine (STS, a protein kinase C inhibitor, a well
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characterized inductor of caspase-dependent apoptosis ), showed the activation of caspases, which

demonstrates that all the cell lines used are prone to caspase-dependent apoptosis. Thus, the data obtained

confirm that the cytotoxic effect of 3Cpro depends on the proteolytic activity and the cell death is not accompanied

by the activation of caspases.

We have also confirmed that 3Cpro-induced cell death is accompanied by cytoplasmic vacuolization as previously

demonstrated . Thus, a considerable fraction of HEK293 cells co-transfected with pCI-3C/pCI-3Cmut and pCI-

EGFP (expressing the enhanced green fluorescent protein) showed green fluorescence 24 h p.t. as well as

cytoplasmic vacuolization (Figure 2D; right). Nearly no cells were demonstrating green fluorescence 48 h p.t. At

the same time, no cytoplasmic vacuolization was observed after co-transfection with pCI-3Cmut and pCI-EGFP,

and cells remained attached to the substrate and emitted green fluorescence up to the end of the observation

period (72 h p.t.) (Figure 2D; left). In the case of HeLa and A549, most cells transfected with pCI-3C/pCI-EGFP

died 24 h p.t., and individual survived cells demonstrated green fluorescence but no cytoplasmic vacuolization. The

data obtained likely indicate a higher susceptibility of HeLa and A549 cells to 3Cpro-induced cell death compared

to HEK293. However, these data do not allow concluding about the cytoplasmic vacuolization in HeLa and A549

cells, since the vacuoles can be visualized only in EGFP-contrasted cytoplasm, while cells seem to die before they

accumulate sufficient quantity of EGFP.

Thus, the effect of 3Cpro on human cells in the pCI-based expression system in vitro is similar to that previously

reported by us .

4. Cells Expressing 3Cpro Acquire Necrotic Morphology and
Are Characterized by Nuclei and Mitochondria Swelling

The morphology of HEK293, HeLa, and A549 cells transfected with pCI-3C or pCI-3Cmut was analyzed by staining

with 1,1′,3,3,3′,3′-hexamethylindodicarbo-cyanine iodide (DiIC1(5)) and propidium iodide (PI) at different times p.t.

to evaluate the mitochondrial metabolic activity and the plasma membrane integrity, respectively (Figure 3A). The

vast majority of the cells expressing inactive 3Cmut at all time points had active mitochondria and intact plasma

membrane, which are indicative of living cells (Figure 3B; 3Cmut). As active 3Cpro was expressed in culture, the

proportion of living cells gradually decreased, and the proportion of cells with functionally inactive mitochondria and

disrupted plasma membrane (i.e., with necrotic morphology) proportionally increased; at the same time, the

proportions of other cell populations remained largely unaltered (Figure 3B; 3Cpro).
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Figure 3. Flow cytometry analysis of morphology of 3Cpro expressing cells. (A) Representative dot plots of A549

cells stained with mitochondrial membrane potential sensitive dye 1,1′,3,3,3′,3′-hexamethylindodicarbo-cyanine

iodide (DiIC1(5)) and propidium iodide (PI) 12 (left), 15 (middle), and 18 (right) h p.t. with pCI-3C. (B)

Morphological changes in cell cultures expressing 3Cmut or 3Cpro. The proportions of different cell subpopulations

discriminated on the basis of DiIC1(5) and PI staining are shown. All values are represented as mean ± SD of two

independent experiments with triplicates (n = 6).

The morphology of nuclei and mitochondria in the 3Cpro-expressing cells was analyzed using fluorescence

microscopy (representative pictures are presented for HeLa cells in Figure 4). For this purpose, DNA was stained

with Hoechst 33342. Since the results of the experiment shown in Figure 3 indicated that 3Cpro-expressing cells

lose mitochondrial membrane potential, mitochondria were visualized by immunostaining with anti-AIF and

fluorescently labeled antibodies. Cells expressing inactive 3Cmut demonstrated normal nuclear and mitochondrial

morphology (Figure 4, 3Cmut), whereas those expressing 3Cpro demonstrated partial chromatin condensation, as

well as hypertrophy and rounding of their nuclei and mitochondria, indicating their swelling (Figure 4, 3Cpro).
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Figure 4. Analysis of nuclear and mitochondrial morphology in cells expressing 3Cpro. HeLa cells 18 h p.t. with

pCI-3Cmut (3Cmut) or pCI-3C (3Cpro) were fixed and the mitochondrial protein AIF was visualized using

AlexaFluor 568-labelled antibodies (AIF), while the nuclei were stained with Hoechst 33342 (Nuclei) as described

in the Materials and Methods section. Arrows indicate aggregates of swollen mitochondria.

5. 3Cpro-Induced Cell Death Is Effectively Blocked by
Ferroptosis Inhibitors and Is Accompinied by Lipid
Peroxidation

The necrotic morphology acquired by 3Cpro-expressing cells is typical of several RCD types: necroptosis,

parthanatos, MPT-associated death, and ferroptosis. We examined the effect of their inhibitors on the cytotoxic

effect of 3Cpro by analyzing the mitochondrial potential in transfected cell cultures, which is correlated with plasma

membrane integrity according to the results shown in Figure 3. The presence of necrostatin-1 (Nec1, necroptosis

inhibitor ), PJ34 (parthanatos inhibitor ), and cyclosporin A (CsA, inhibitor of MPT-associated death ) had

no effect on the survival of 3Cpro-expressing cells (Figure 5A–C, Nec1, PJ34, and CsA). On the contrary, lipophilic

antioxidant ferrostatin-1 (Fer1) and iron chelator desferrioxamine (DFO), common ferroptosis inhibitors ,

efficiently blocked the death of cells transfected with pCI-3C (Figure 5A–C, Fer1 and DFO), as well as those

exposed to 50 µM erastin (Figure 5D)—the well-known ferroptosis inducer .
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Figure 5. Effect of RCD inhibitors on 3Cpro-induced cell death. HEK293 (A), HeLa (B), and A549 (C) cells were

transfected with pCI-3Cmut, or pCI-3C, or transfected with pCI-3C and exposed to different concentrations of

necrostatin-1 (Nec1, 5000–0.5 μM), PJ34 (50–0.005 μM), cyclosporin A (CsA, 1000–0.1 μM), ferrostatin-1 (Fer1,

200–0.02 μM), and desferrioxamine (DFO, 10,000–1 μM). The viability of cells was analyzed 18 h p.t. as described

in the Materials and Methods section, and the results were presented as the percentage of viable cells relatively to

non-transfected cells. (D) Ferroptosis induction in the cell lines used. Cells were exposed to erastin (Era) alone or

together with Fer1 (Era + Fer1) or DFO (Era + DFO). All values are represented as mean ± SD of two independent

experiments with triplicates. Statistically significant differences between cells treated with indicated inhibitors and

untreated cells (A–C), or between cells treated with Era alone and with Fer1/DFO (D) are marked with asterisks

(Mann–Whitney U-test, n = 6, * p < 0.01, ** p < 0.05).

Lipid peroxidation is one of the key markers of ferroptosis. We analyzed this process in cells using BODIPY

581⁄591 C11 reagent which fluorescence, upon oxidation, shifts from red to green, providing a robust indication of

lipid peroxidation. We found that both non-transfected cells and those transfected with pCI-3Cmut demonstrated

predominantly red fluorescence, thus indicating the preponderance of the reduced form of BODIPY (Figure 6, Ctrl

and 3Cmut, respectively). At the same time, cells expressing 3Cpro were characterized by the significant shift

toward green fluorescence similar to the cells with induced lipid peroxidation due to cumene hydroperoxide

exposure. These data indicate that 3Cpro-induced cell death is accompanied by intense lipid peroxidation.
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Figure 6. Lipid peroxidation upon 3Cpro/3Cmut expression. Non-transfected HEK293, HeLa, and A549 cells (Ctrl),

transfected with pCI-3Cmut (3Cmut) or pCI-3C (3Cpro), and exposed to cumene hydroperoxide (K+) were

incubated with BODIPY 581/591 C11 reagent, and analyzed using flow cytometry. For each cell in the population,

the ratio of the fluorescence intensities of reduced (red) to oxidized (green) forms of BODIPY 581/591 C11 reagent

were calculated. Values are represented as mean ± SD of two independent experiments with triplicates (n = 6).

Taken together, the results obtained indicate that 3Cpro-induced cell death is caused by active lipid peroxidation,

and iron ions contribute to its progression. In turn, this allows us to conclude that the 3Cpro-induced cell death

represents a form of ferroptosis. In general, the morphology of the cells died due to 3Cpro action is
consistent with the ferroptotic one. Recent studies have shown that cells undergoing ferroptosis are
usually characterized by necrosis-like morphological changes, including loss of plasma membrane
integrity, cytoplasmic swelling (oncosis), swelling of cytoplasmic organelles and moderate chromatin
condensation (reviewed in ). All these features have been found in cells expressing 3Cpro both in
the current and in previous studies .

To date, numerous data indicate that different proteases can induce RCD; however, 3Cpro is the first
reported proteolytic enzyme inducing ferroptosis. Moreover, all currently known specific ferroptosis
inducers are synthetic low-molecular-weight compounds . The found 3Cpro ability suggests this
protease as a promising genetic ferroptosis-inducing agent, e.g., in cancer gene therapy. A wide
range of cancer cells proved sensitive to ferroptosis; in particular, prostate, liver, lung, mammary
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gland, pancreas cancer as well as glioblastoma, acute myeloid leukemia, and diffuse B-cell
lymphoma (reviewed in detail in ).

However, the data obtained are not enough to establish the biological role of 3Cpro as a ferroptosis inducer. It is

common knowledge that human hepatitis A virus has no direct cytopathic effect on hepatocytes, although the liver

is the primary locus of virus replication. In vivo the main factor that damages the liver is the death of infected

hepatocytes mainly due to the activity of cytotoxic T cells and natural killer cells . Moreover, the intracellular

level of 3Cpro is apparently much lower during the infection compared to that in our experimental system. In this

context, it is likely that 3Cpro affects certain cell substrates to maintain viral replication in vivo, while ferroptosis

induction is a side effect of 3Cpro action. Apparently, low cellular levels of 3Cpro have no such side effect, while

higher protease levels in our experimental system can induce it. A detailed analysis of the molecular mechanism of

3Cpro-induced cell death is needed to reveal the relationship between the ability of 3Cpro to induce ferroptosis and

the viral life cycle. In the first place, the cellular targets of 3Cpro should be identified. This information can also

extend our knowledge about the mechanism and biological role of ferroptosis.
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