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ASC/inflammasome-independent pyroptosis
in ovarian cancer cells through translational
augmentation of caspase-1

Ozlem Calbay,1 Ravi Padia,1 Mahmuda Akter,1 Lei Sun,1 Bin Li,1 Nicole Qian,1 Jianhui Guo,1 Zheng Fu,2

Lingtao Jin,3 and Shuang Huang1,4,*

SUMMARY

Canonical pyroptosis is type of programmed cell death depending on active caspase-1, and the inflamma-
some carries out caspase-1 activation. Here,we showed that docosahexaenoic acid (DHA) induced ovarian
cancer cell deaths in caspase-1-dependent manner. DHA increased caspase-1 activity and led to inter-
leukin-1b secretion and gasdermin D cleavagewhile disulfiram inhibited DHA-induced cell death, suggest-
ing that DHA triggered pyroptosis. Intriguingly, ASC, the molecule recruiting caspase-1 to inflammasome
for activation, was dispensable for DHA-induced pyroptosis. Instead, we observed remarkable elevation
in caspase-1 abundance concurrent with the activation of caspase-1 in DHA-treated cells. As ectopically
overexpressing caspase-1 resulted in robust amount of active caspase-1, we reason that DHA activates
caspase-1 and pyroptosis through the generation of excessive amount of caspase-1 protein. Mechanisti-
cally, DHA increased caspase-1 by specifically accelerating caspase-1 protein synthesis via the p38MAPK/
Mnk1 signaling pathway. We have uncovered an unknown pyroptosis mechanism in which caspase-1-
dependent pyroptosis can occur without the participation of ASC/inflammasome.

INTRODUCTION

Pyroptosis is an inflammatory programmed cell death caused by microbial infection and executed by gasdermin family proteins. Upon the

activation of caspase-1/4/5, active caspases generate the N-terminal of gasdermins which forms pores across the cell membrane, resulting

in water influx and cell lysis accompanying the release of interleukin (IL) 1b and IL18.1 Pyroptosis can be divided into canonical inflammasome

and non-canonic inflammasome pathways, in which the former depends on caspase-1 activation whereas the latter is carried out by caspase-

4/5.2 Caspase-1, 4, and 5 are inactive monomer and require oligomerization to achieve catalytic competence. Caspase-1 activation is carried

out by themulti-protein complexes termed inflammasome, which contain a sensor (NOD-like receptor, e.g., NLRP3 andNLRC4), amember of

the HIN200/AIM2-like receptor family (AIM2), and a member of the TRIM family (Pyrin/TRIM20). Oligomerization of sensor proteins further

recruits CARDdomain-containing adaptor protein apoptosis associated speck like proteins (ASC). ASCbrings in caspase-1 to inflammasomes

for oligomerization, which leads to caspase-1 activation through the auto-cleavage.3,4 Contrarily, oligomerizations of caspase-4 and 5 are in-

flammasome-independent and initiated by direct binding to intracellular lipopolysaccharide (LPS) via CARD domain.5 Nevertheless, it is un-

known whether caspase-1 activation can occur without the participation of inflammasome.

Mechanistic studies on pyroptosis are almost exclusively done in immune cells. Although pyroptosis can take place in non-immune cells, it

is largely unknown whether it occurs in an identical or similar manner in immune cells. The presence of inflammasomes including NLRP3 has

been reported in non-immune cells such as lung epithelial,6 retinal pigment epithelial,7 and colon cancer epithelial cells.8 However, these

early studies merely focused on the involvement of inflammasome in inflammatory responses and epithelial-mesenchymal transition while

leaving its role in non-immune cell pyroptosis unaddressed. A recent study showed that forced expression of caspase-1 or caspase-11

p10/p20 activated domains was able to induce gasdermin D (GSDMD)-dependent pyroptosis in hepatocytes.9 It remains unclear whether

non-immune cells can respond to extracellular or intracellular stimuli to undergo pyroptosis in canonical or non-canonical inflammasome

mechanisms.

Long chain omega-3 polyunsaturated fatty acids (PUFAs) including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are be-

ing explored for their potential as anti-cancer agents because they possess potent anti-tumorigenic activities in diverse experimental

models.10 PUFAs can dose- and time-dependently induce cell death in a wide range of tumor cell types including colon,11 pancreatic,12
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breast,13 and prostate cancer.14 Almost all of these studies have suggested that apoptosis is the type of cell death induced by PUFA although

the pathways leading to apoptosis vary from cell to cell. For example, EPA induced apoptosis in pancreatic cancer cells through reactive ox-

ygen species (ROS) accumulation, caspase-8 activation, and autophagy induction12 whereas DHA triggered prostate cancer cell apoptosis

through syndecan-1 suppression of AKT signaling.14 Interestingly, DHA was reported to induce pyroptosis in breast cancer MDA-MB-231

cells15 and ferroptosis in fibrosarcoma HT1080 cells,16 while pertinent mechanism was not clearly defined. Two recent studies suggest the

therapeutic promise of DHA against ovarian cancer as it inhibited tumor growth and metastatic potential in preclinical ovarian cancer

models.17,18 Nevertheless, the exact mechanism underlying DHA suppression of ovarian cancer cell growth is elusive.

In this study, we demonstrate that DHA similarly suppressed ovarian cancer cell growth regardless whether the cells were epithelial or

mesenchymal-like in nature. DHA acted by triggering pyroptosis in a caspase-1-dependent manner, as evidenced by caspase-1 activation,

lactate dehydrogenase (LDH) release, IL1b secretion, andGSDMDcleavage. Surprisingly, ASC andNLRP3were dispensable for DHA-induced

pyroptosis, indicating that inflammasome is not involved in this DHA-induced event. Instead, we showed that DHA markedly increased the

abundance of caspase-1 by accelerating caspase-1 protein synthesis. As exogenously overexpressing caspase-1 is sufficient to provoke

caspase-1 activation and pyroptosis, we conclude that DHA induced ASC/inflammasome-independent pyroptosis in ovarian cancer cells

through the translational augmentation of caspase-1. Finally, we revealed that the p38MAPK/Mnk1 signaling pathway mediates DHA-led

caspase-1 protein synthesis and subsequent pyroptosis in ovarian cancer cells.

RESULTS

DHA effectively induces ovarian cancer cell death

PUFA can induce cell death in diverse cell types, and apoptosis has been suggested as the responsivemechanism19 although other cell death

mechanisms have also been implicated.15,16 To explore the effect of PUFA on the growth of ovarian cancer cells, varying concentrations of

DHA, a PUFA containing 6 double bonds, were applied to a panel of established ovarian cancer cell lines for 3 days. MTT assay showed that

DHA dose-dependently inhibited the growth of all of these cell lines (Figure 1A). To identify the cause of DHA-led growth inhibition, we per-

formed propidium iodide (PI)-based flow cytometry to analyze cell cycle progression on ES2, SK-OV3, and OCC1 cells treated with vehicle or

DHA for 24 and 48 h.While there was an only negligible sub-G1 population in vehicle-treated cells (control) at either time point, we detected a

dramatic increase in sub-G1 population in cells treated with DHA at 24 h (Figure S1) and amuch greater sub-G1 population at 48 h (Figure 1B),

suggesting that DHA inhibits ovarian cancer cell growth by triggering cell death. Because the increase in the sub-G1 population (diminished

DNA content) can be attributed toDNAdamage/fragmentation, the hallmark of apoptosis, we further treated ES2 and SK-OV3 cells with DHA

or apoptosis inducer staurosporine (STS) and paclitaxel. Western blot analysis showed that cleaved PARP and caspase-3 were readily seen in

cells treated with STS or paclitaxel (Figures 1C and S2). Astonishingly, we failed to detect either PARP or caspase-3 cleavage in DHA-treated

cells (Figures 1C and S2). In addition, we treated cells with DEVD, a caspase-3 inhibitor, prior to DHA treatment.MTT assay showed that DEVD

exhibited a little protective effect on DHA-treated cells (Figure 1D). These results demonstrate that DHA is an effective ovarian cancer cell

death inducer. Most notably, these results indicate that apoptosis is not the cell death mechanism responsible for DHA-induced ovarian can-

cer cell death.

DHA induces pyroptosis independent of ASC/inflammasome in ovarian cancer cells

In addition to apoptosis, diminished DNA content may also be observed in cells undergoing pyroptosis and necroptosis.20,21 To characterize

the mechanism underlying DHA-induced cell death, we treated ovarian cancer ES2, SK-OV3, and OCC1 cells with necrostatin (a necroptosis

inhibitor) or YVAD (a caspase-1 inhibitor) followed by the addition of 100 mM DHA for 24 h. MTT assay showed that DHA-induced cell death

was blockedby YVADbut not necrostatin (Figure 2A). Consistently, themicroscopic examination also revealed that YVAD, but not necrostatin,

prevented DHA from killing cells (Figure S3).

Pyroptosis is a programmed cell death mediated by caspase-1.22 The observation that YVAD abrogated DHA-induced cell death promp-

ted us to hypothesize that DHA triggered pyroptosis in ovarian cancer cells. To test this hypothesis, we measured caspase-1 activity in cells

treated with vehicle or DHA and found that caspase-1 activity was approximately 100%, 65%, and 70% higher in DHA-treated ES2, SK-OV3,

and OCC1 cells, respectively, than their vehicle-treated cells (Figure 2B). In subsequent experiments, we compared the level of released LDH

activity in medium between vehicle and DHA-treated cells and found that DHA dose-dependently increased the amount of released LDH

activity in all three tested cell lines (Figure 2C). Consistent with IL1b being a substrate of caspase-1, we detected substantial increase in IL-

1b secretion in DHA-treated cells, as compared to the vehicle-treated control (Figure 2D). Also consistent with GSDMD as a caspase-1 sub-

strate, we showed that DHA led to the reduction of pro-GSDMD and the appearance of cleaved GSDMD in ES2 and SK-OV3 cells (Figure 2E).

To confirm the essence of cleavedGSDMD in DHA-induced cell death, cells were treatedwith DHA in the absence or presence of disulfiram, a

GSDMD pore formation blocker.23 MTT assay showed that disulfram lessened at least 50% of DHA-induced cell death (Figure 2F). Together,

these results suggest that DHA induced ovarian cancer cell death through caspase-1-dependent pyroptosis.

In immune cells, caspase-1 is activated through ASC-facilitated oligomerization on the inflammasome.22 To determine whether the same

mechanism was responsible for DHA-induced caspase-1 activation and subsequent pyroptosis in ovarian cancer cells, we lentivirally intro-

duced either scrambled sequence (control) or ASC short hairpin RNA (shRNA) into ES2, SK-OV3, and OCC1 cells to silence ASC1 (Figure S4).

There was little alteration in DHA-induced cell death and LDH release between control and ASC-knockdown cells (Figures 3A and 3B). More-

over, MCC950, an inhibitor of NLRP3 (main inflammasome sensor participating caspase-1 activation), did not prevent DHA-induced cell death

and LDH release (Figures 3C and 3D). During caspase-1-mediated pyroptosis, ASC has been reported to be present as a speck (oligomerized
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ASC) in immune cells.22 As would be expected, immunofluorescence staining with ASC monoclonal antibody (mAb) revealed ASC specks in

murine macrophages stimulated with ATP (Figure 3E), a commonly used pyroptosis inducer in macrophages. However, we were unable to

detect ASC speck in DHA-treated ovarian cancer cells (Figures 3F and S5). Taken together, these results suggest that, unlike pyroptosis in

immune cells, ASC/inflammasome is not involved in DHA-induced pyroptosis in ovarian cancer cells.

DHA induces pyroptosis by increasing the abundance of caspase-1 in ovarian cancer cells

Previous studies demonstrate that non-canonical inflammasome caspase-4/5/11 activation ensues through the oligomerization bridged by

LPS but not inflammasome.2 We hypothesized that oligomization of caspase-1 and subsequent caspase-1 activation might have occurred

Figure 1. DHA induces ovarian cancer cell death in a non-apoptotic mechanism

(A) Overnight cultured cells were treated with varying concentration of DHA for 48 h, followed by anMTT assay to determine cell viability. Data aremeansG SEM.

n = 3.

(B) ES2, SK-OV3, and OCC1 cells were treated with vehicle, 60 or 100 mMDHA for 48 h, followed by PI-based flow cytometry to determine cell cycle progression.

(C) ES2 and SK-OV3 cells were treated with vehicle, 60, 100 mM DHA or 10 mM staurosporin (STS) for 24 h, followed by western blotting to detect PARP, cleaved

caspase-3 (CASP3) and GAPDH with the respective antibodies.

(D) ES2, SK-OV3, and OCC1 cells were treated with vehicle or 100 mM DHA in the absence or presence of 10 mM DEVD for 24 h, followed by an MTT assay to

analyze cell viability. % of cell viability was calculated as [(Control – Treatment)/Control] x 100. Control: vehicle-treated; Treatment: DHA or DHA + DEVD.

Data are means G SEM. ns, no significance.
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if there was an excessive amount of caspase-1. To test this hypothesis, we transfected varying amount of caspase-1-expressing plasmid into

SK-OV3 cells. Western blot analysis showed that the level of caspase-1 gradually rose upon the increased amount of caspase-1-expressing

plasmid and cleaved caspase-1 (active caspase-1) became visible with 0.3 mg plasmid (Figure 4A). Analysis of the conditioned media of

caspase-1 plasmid-transfected SK-OV3 cells revealed a gradual rise in LDH release with the increased amount of plasmid (Figure 4B). These

results support our hypothesis that excessive amount of caspase-1 can activate caspase-1 and induce pyroptosis.

Figure 2. DHA induces pyroptosis in ovarian cancer cells

(A) ES2, SK-OV3, andOCC1 cells were treated with vehicle or 100 mMDHA in the absence or presence of 10 mMYVADor 10 mMnecrostatin for 24 h, followed by an

MTT assay to analyze cell viability. % of cell viability was calculated as [(Control – Treatment)/Control] x 100. Control: vehicle-treated; Treatment: DHA, DHA +

YVAD or DHA + necrostatin. Data are means G SEM. ***, p < 0.001; ****, p < 0.0001; ns, no significance.

(B) ES2, SK-OV3, and OCC1 cells were treated with vehicle or 100 mMDHA for 24 h followed by analyzing caspase-1 activity. Control: vehicle. Data are meansG

SEM. **, p < 0.01; ***, p < 0.001.

(C) ES2, SK-OV3, andOCC1 cells were treatedwith vehicle (Control) or 100 mMDHA for varying times and conditionedmedia were then collected tomeasure LDH

activity. Data are means G SEM. n = 3. **, p < 0.01, ***, p < 0.001; ****, p < 0.0001 vs. Control.

(D) ES2, SK-OV3, and OCC1 cells were treated with vehicle (Control) or 100 mMDHA for 24 h and conditioned media were then collected to measure the level of

IL-1b. Data are means G SEM. *, p < 0.05; **, p < 0.01, ***, p < 0.001.

(E) ES2 and SK-OV3 cells were treated with varying concentrations of DHA for 24 h, followed by western blotting to detect gasdermin D (GSDMD) and GAPDH

with the respective antibodies.

(F) ES2, SK-OV3, andOCC1 cells were treatedwith vehicle or 100 mMDHA for 24 h in absence or presence of 10 mMdisulfiram for 24 h, followed by anMTT assay to

analyze cell viability. Data are means G SEM. **, p < 0.01; ***, p < 0.001.
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We next performed immunofluorescence staining to visualize caspase-1 in the vehicle and DHA-treated ES2, SK-OV3, and OCC1 cells. In

vehicle-treated cells (control), caspase-1 stainingwas seen in the entire cytoplasmof these cells but the intensity was generally low (Figure 4C).

Different fromwhat was described in pyroptotic immune cells in which caspase-1was present in the formof specks,24,25 caspase-1 remained in

a diffused pattern in the cytoplasm of DHA-treated cells (Figure 4C). However, we observed a remarkable increase in caspase-1 staining in

DHA-treated cells in comparison to controls (Figure 4C). In parallel, we treated cells with varying concentration of DHA for 24 h followed by

western blot analysis to detect caspase-1. DHA dose-dependently elevated the level of caspase-1 in all cell lines, and cleaved caspase-1

emerged in samples displaying marked caspase-1 induction (Figure 4D). To generalize our findings, we also treated OVCAR3 and

OVCAR4 cells, two well-characterized high-grade serous ovarian cancer (HGSOC) lines, with DHA. Similarly, DHA dose-dependently upregu-

lated the level of caspase-1 and cleaved caspase-1 was again detected in sample with significant induction of caspase-1 (Figure S6).

Figure 3. The inflammasome is not involved in DHA-induced pyroptosis

(A) To analyze cell viability, ES2 and SK-OV3 cells were lentivirally transduced with scramble or ASC shRNA for 3 days and then treated with vehicle or 100 mMDHA

for 24 h, followed by an MTT assay. Data are means G SEM. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01.

(B) ES2 and SK-OV3 cells were lentivirally transduced with scramble or ASC shRNA for 3 days and then treated with vehicle or 100 mMDHA for 24 h. Conditioned

media were collected to measure LDH activity. Data are means G SEM. ****, p < 0.0001.

(C) ES2, SK-OV3, and OCC1 cells were treated with vehicle or 100 mM DHA in the absence or presence of 10 mMMCC950 for 24 h, followed by an MTT assay to

analyze cell viability. Data are means G SEM. ****, p < 0.0001.

(D) ES2, SK-OV3, and OCC1 cells were treated with vehicle or 100 mM DHA in the absence or presence of 10 mMMCC950 for 24 h, and conditioned media were

collected to measure LDH activity. Data are means G SEM. ***, p < 0.001; ****, p < 0.0001.

(E) Murinemacrophages were treatedwith ATP for 1 h and then fixed for immunofluorescence staining with ASC antibody. DAPI was included for nuclear staining.

(F) ES2 cells were treated with 100 mMDHA for 24 h and then fixed for immunofluorescence staining with ASC antibody. DAPI was included for nuclear staining.
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Collectively, these results implicate that DHA triggers pyroptosis in ovarian cancer cells by inducing an excess amount of caspase-1 rather

than through ASC-facilitated caspase-1 oligomerization.

Recent studies showed that DHA was able to inhibit tumor growth in preclinical ovarian cancer models.17,18 To link anti-tumorigenic effect

of DHA to pyroptosis, female athymic nude mice were intraperitoneally injected with luciferase-expressing ES2 cells. One week after ES2 cell

injection, mice were intraperitoneally administrated with DHA or vehicle once a day. Weekly bioluminescence imaging showed rapid perito-

neal xenograft development in mice receiving only vehicle (Figures 5A and 5B). In contrast, administrating DHA hindered this process

(Figures 5A and 5B ). At the end of treatment, all mice were euthanized and tumor implants were collected. Average weight of tumor implant

was significantly less in DHA-treated mice than that in vehicle-treated ones (Figure 5C). Further immunohistochemistry staining showed little

caspase-1 but strong Ki67 staining in tumors excised from vehicle-treated mice (Figure 5D). In contrast, tumors derived from DHA-treated

Figure 4. Augmentation of caspase-1 is sufficient for caspase-1 activation

(A) SK-OV3 cells were transfected with varying amount of plasmid encoding caspase-1 for 24 h and then lysed for western blotting to detect caspase-1 (Casp1)

and GAPDH with the respective antibodies.

(B) SK-OV3 cells were transfected with varying amount of plasmid encoding caspase-1 for 24 h and conditioned media were then collected to measure LDH

activity. Data are means G SEM. n = 3.

(C) ES2, SK-OV3 and OCC1 cells were treated with vehicle (Control) or 100mM DHA and then fixed for immunofluorescence staining with caspase-1 antibody.

DAPI was included for nuclear staining.

(D) ES2, SK-OV3, and OCC1 cells were treated with varying concentration of DHA for 24 h followed by western blotting to detect caspase-1 and GAPDH with the

respective antibodies.
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mice displayed robust caspase-1 but greatly reduced Ki67 staining (Figure 5D). In addition, we were unable to detect cleaved caspase-3 stain-

ing in tumors derived from either vehicle or DHA-treated mice (Figure 5D). These results provide further evidence that DHA deters xenograft

development by inducing pytoptosis through elevating caspase-1 expression rather than triggering apoptosis.

DHA upsurges the abundance of caspase-1 at the level of protein synthesis

To elucidate the molecular mechanism underlying DHA-led elevation of caspase-1 protein, we treated ES2 and OCC1 cells with DHA at their

respective half maximal inhibitory concentration (IC50) for various times followed by western blotting and RT-qPCR to assess the levels of

caspase-1 protein and mRNA, respectively. While DHA increased the level of caspase-1 protein from as early as 4 h in both cell lines (Fig-

ure 6A), there was little change in the level of caspase-1 mRNA (Figure 6B), indicating that DHA enhances the amount of caspase-1 protein

on the level of protein. As the abundance of protein reflects the dynamic change between the rates of protein synthesis and protein

Figure 5. DHA suppresses peritoneal xenograft development

(A) Luciferase-expressing ES2 cells (106 cells/mouse) were intraperitoneally injected into female athymic nude mice. One week after tumor cell injection, mice

were divided into two groups: one was treated with vehicle (DMSO) (control) and the other with DHA (15 mg/kg). Xenograft development was monitored

weekly using the Xenogen IVIS-200 In Vivo bioluminescence imaging system. Data are means G SD. n = 5. **, p < 0.01.

(B) Bioluminescent images of the xenograft tumors at the start (week 1) and end of treatment (week 5). The image data are displayed in radiance (photons/sec/

cm2/steradian).

(C) Mice were sacrificed after 4 weeks of treatment and tumor implants for weight measurement. Data are means G SD. *, p < 0.05.

(D) Representative pictures of IHC staining on caspase-1 (CASP1), cleaved caspase-3 (cleaved CASP3), and Ki67 in tumor tissues.
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degradation,26 we first examined caspase-1 protein stability by cycloheximide chasing assay.Western blot with cell lysates collected from ES2

or OCC1 cells treated with vehicle (control) or IC50 of DHA for varying times showed that DHAmoderately prolonged the half-life of caspase-1

protein in ES2 (Figure 6C) but did not affect caspase-1 protein stability inOCC1 cells (Figure 6D).We next assayed caspase-1 protein synthesis

rate in the vehicle and DHA-treated cells by feedingmethionine-starved cells with L-Azidohomoalanine (AHA), a methionine analog, for vary-

ing times. Because all newly synthesized proteins contain AHA, the protein synthesis rate is thus proportional to the amount of AHA-contain-

ing proteins.27 By analyzing the amount of AHA-containing caspase-1, we found that caspase-1 protein synthesis was much faster in DHA-

treated cells than in vehicle-treated ones (control) (Figure 6E). Nevertheless, the protein synthesis rate of GAPDH and ERK was slower in

DHA-treated cells than that in control (Figure 6E). These results suggest that increased caspase-1 protein synthesis is the principal factor

for DHA-led caspase-1 protein elevation and subsequent pyroptosis in ovarian cancer cells. Moreover, selective acceleration of caspase-1

protein synthesis, but suppression of protein synthesis of GAPDH and ERK2 in DHA-treated cells, also indicates that DHA-led upsurge of

Figure 6. DHA enhances caspase-1 abundance by accelerating caspase-1 protein synthesis

(A) ES2 and OCC1 cells were treated with DHA at IC50 for varying times followed by western blotting to detect caspase-1 and GAPDH with the respective

antibodies.

(B) ES2 andOCC1 cells were treatedwith DHA at IC50 for varying times followed by RT-qPCR tomeasure the level of caspase-1mRNA. b-ActinmRNAwas used as

an internal control for standardization. Data are means G SEM.

(C and D) ES2 (C) and OCC1 (D) cells were treated with DHA at IC50 for 16 h, followed by the addition of 10 mg/ml cycloheximide. At varying times, cells were

harvested for western blotting to detect caspase-1 andGAPDHwith the respective antibodies. Intensities of both caspase-1 andGAPDH bands were quantitated

using a densitometer. The intensity of the caspase-1 band at each time point was normalized by the intensity of GAPDH at the corresponding time point.

(E) ES2 andOCC1 cells were cultured in amethione-freemedium for 2 h, and then fed with amedium containing AHA. At varying times, cells were lysed and AHA-

incorporated proteins were isolated for western blotting to detect caspase-1, GAPDH, and ERK with the respective antibodies.
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caspase-1 protein is likely to be mediated by cellular stress as cellular stresses including ROS often lead to diminished global protein

synthesis.28

DHA-led ROS accumulation is critical for an increased level of caspase-1 protein

Early studies have demonstrated that DHA possesses the ability to boost cellular ROS in diverse cell types.29,30 This raised the possibility that

DHA accelerated caspase-1 protein synthesis through the increase of cellular ROS in ovarian cancer cells. To test this possibility, we treated

ES2, SK-OV3, and OCC1 cells with the vehicle, H2O2, or DHA followed by DCFDA/H2DCFDA-based flow cytometry. As would be expected,

H2O2 elevated the level of ROS in comparison to vehicle control (Figure 7A). In all three cell lines, DHA increased the levels of ROS evenmore

than H2O2 (Figures 7A and 7B; results of time course are in Figures S7A and S7B). To investigate whether ROS is required for DHA-induced cell

death, we pretreated cells with N-acetyl-L-cysteine (NAC), an antioxidant, prior to DHA treatment. MTT assay showed that NAC impaired the

ability of DHA to reduce cell viability (Figure 7C). Moreover, NAC largely blocked DHA-induced caspase-1 upregulation and activation in all

tested cell lines (Figure 7D). These results suggest that ROS is at least one of the mediators of DHA for increasing caspase-1 protein abun-

dance and subsequent pyroptosis in ovarian cancer cells.

Figure 7. ROS is a mediator of DHA-induced surge in caspase-1 abundance

(A and B) ES2, SK-OV3, and OCC1 cells were treated with vehicle (Control), 100 mM DHA or H2O2 followed by flow cytometry to measure ROS fluorescence

intensity (A, flow cytometry; B, quantitation).

(C) ES2, SK-OV3, andOCC1 cells were treated with vehicle or 100 mMDHA in the absence or presence of 5mMNAC for 24 h, followed by anMTT assay to analyze

cell viability. % of cell viability was calculated as [(Control – Treatment)/Control] x 100. Control: vehicle-treated; Treatment: DHA or DHA + NAC. Data are

means G SEM. *, p < 0.05; **, p < 0.001.

(D) ES2, SK-OV3, and OCC1 cells were treated with 100 mM DHA in the absence or presence of 5mM NAC for 24 h followed by western blotting to detect

caspase-1 and GAPDH with the respective antibodies.

ll
OPEN ACCESS

iScience 26, 108408, December 15, 2023 9

iScience
Article



p38MAPK signaling participates in DHA-induced caspase-1 protein translation and pyroptosis

Three signaling pathways that control protein translation (synthesis) are PI3K/Akt/mTOR, MEK/Erk/Mnk1, and p38MAPK/Mnk1 (Figure 8A).31

To identify the pertinent signaling pathway critical for DHA-induced caspase-1 protein synthesis, we treated ES2 and SK-OV3 cells

with IC50 of DHA for 16 and 24 h followed by western blotting to assess the activation of these pathways. DHA increased the levels of

phosphor-p38MAPK, phosphor-Mnk1, and phosphor-eIF4E but not phosphor-Akt nor phosphor-Erk (Figure 8B), indicating that the

p38MAPK/Mnk1 signaling pathway is specifically involved in DHA-induced caspase-1 synthesis. In a parallel experiment, we pretreated

ES2 cells with specific inhibitors to p38MAPK (BIRB796), MEK (Trametinib), Akt (AZD5363), or mTORC1 (rapamycin) followed by DHA

Figure 8. DHA accelerates caspase-1 protein synthesis in a p38MAP-dependent manner

(A) Protein synthesis signaling diagram. Inhibitors for signaling components are denoted in red.

(B) ES2 and SK-OV3 cells were treated with DHA at IC50 for 16 or 24 h, followed by western blotting to detect phosphor-p38MAPK, p38MAPK, phosphor-Akt, Akt,

phosphor-Mnk1, Mnk1, phosphor-Erk, Erk, phosphor-eIF4E, and eIF4E with the respective antibodies.

(C) ES2 cells were treated with DHA in the absence or presence of AZD5383, Trametinib, BIRB796, or Rapamycin for 24 h, followed by western blotting to detect

caspase-1 and GAPDH with the respective antibodies.

(D) ES2 and SK-OV3 cells were cultured in a methionine-free medium for 2 h, and then fed with a medium containing AHA in the absence or presence of BIRB796

for 16 h. Cells were lysed and AHA-incorporated proteins were isolated for western blotting to detect caspase-1 with caspase-1 antibody. Cell lysates before

isolating AHA-incorporated proteins were also subjected to western blotting to detect GAPDH to ensure equal loading.

(E) ES2, SK-OV3, and OCC1 cells were treated with vehicle or 100 mM DHA in the absence or presence of AZD5363, Trametinib, Rapamycin, BIRB796, or 796

CPG57380 for 24 h followed by MTT assay to analyze cell viability. % of cell viability was calculated as [(Control – Treatment)/Control] x 100. Control: vehicle-

treated; Treatment: DHA or DHA + inhibitors. Data are means G SEM. ***, p < 0.001.
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treatment. Western blot analysis showed that p38MAPK inhibitor BIRB796 blocked DHA-induced caspase-1 upregulation whereas inhibitors

to Akt and mTROC1 were unable to interfere with DHA-led caspase-1 surge (Figure 8C). MEK inhibitor (Trametinib) alone increased the

level of caspase-1 but did not appear to disable DHA to enhance caspase-1 abundance (Figure 8C). In addition, AHA-based de novo

protein synthesis assay showed that p38MAPK inhibitor BIRB786 abrogated DHA-induced caspase-1 synthesis in both ES2 and SK-OV3 cells

(Figure 8D). These results suggest that the p38MAPK signaling pathway mediates DHA-induced caspase-1 protein synthesis in ovarian can-

cer cells.

To link p38MAPK regulation of DHA-induced caspase-1 protein synthesis to pyroptosis, we treated ES2, SK-OV3, and OCC1 cells with DHA

in the absence or presence of rapamycin, trametinib, BIRB796, or CPG57380 for 24 h followedby crystal violet staining to evaluate cell viability.

BIR8796 and CPG57380 abolished DHA-induced cell death whereas other inhibitors were ineffective (Figure 8E). Consistently, BIR8796 and

CPG57380 blocked DHA-induced IL-1b secretion and LDH release (Figures S8A and S8B). These results suggest that DHA, through the in-

duction of ROS and the activation of the p38MAP/Mnk1 signaling pathway, accelerates caspase-1 protein synthesis, which in turn results in

pyroptosis in ovarian cancer cells.

DISCUSSION

PUFAs, including DHA, induce cell death through a mechanism of apoptosis in a wide spectrum of cancer cell types.10 Intriguingly, this study

showed that DHA killed ovarian cancer cells through caspase-1-mediated pyrotosis but not apoptosis. Different from canonic inflammasome

pyroptosis, ASC/NLRP3 inflammasome was not involved in DHA-led caspase-1 activation. Instead, we found that DHA markedly increased

abundance of caspase-1 protein. Since forced expression of caspase-1 was sufficient to induce pyroptosis, we conclude that DHA induces

pyroptosis by massively increasing the amount of caspase-1 protein. Mechanistically, we showed that DHA amassed caspase-1 protein by

accelerating caspase-1 protein synthesis via the p38MAPK/Mnk1 signaling pathway.

In immune cells, caspase-1 activation is accomplished through ASC-mediated pro-caspase-1 recruitment to the inflammasome and the

subsequent oligomerization.3 Targeting various inflammasome subunits including ASC and NLRP3 through inhibitors or depletion can effec-

tively abolish pyroptosis.32,33 Our initial hypothesis was that DHA initiated ovarian cancer cell pyroptosis in a similar manner. Quite in the con-

trary, we found that depletion of ASC or inhibiting NLRP3 with MCC950 exhibited little effect on DHA-induced caspase-1 activation and cell

death, indicating that DHA-led caspase-1 activation and pyroptosis occur in a mechanism not involving in ASC or NLRP3. Two recent studies

reported that DHA inhibits inflammasome activation in immune cells,34,35 which actually argue the participating of inflammasome in DHA-led

caspase-1 activation.

An early study showed that anthrax lethal toxin (LeTx) was able to activate caspase-1 through NLRP1b inflammasome in ASC-null macro-

phages.36 However, NLRP1b inflammasome apparently only served as an alternative mechanism because LeTx induced ASC speck and acti-

vated caspase-1 in an ASC-dependent manner in wild-typemacrophages. In contrast, DHA failed to induce ASC speck but strongly activated

caspase-1 even ASC was readily detected in ovarian cancer cells. Such stark difference indicates that DHA is unlikely to act through NLRP1b.

To elucidatemolecularmechanism underlyingDHA-led caspase-1 activation, we found that DHAmassively accumulated caspase-1 protein in

ovarian cancer cells and active caspase-1 could be detected in samples with greatly elevated level of caspase-1. Since the oligomerization of

caspase-1 is a necessity for caspase-1 activation,4 we envisaged that overproduction of caspase-1 might be sufficient for caspase-1 oligomer-

ization and subsequent caspase-1 activation. To support this possibility, we showed that transfection of expression plasmid encoding

caspase-1 resulted in caspase-1 activation and pyroptosis. Our results are consistent with an early report in which forced expression of

caspase-1 induced GSDMD-dependent pyroptosis in hepatocytes although this study did not examine the potential involvement of inflam-

masome.9 Taken together, we reason that DHA-led caspase-1 activation results from greatly upregulated caspase-1 abundance. To our

knowledge, our study is the first one demonstrating that caspase-1 activation and caspase-1-mediated pyroptosis can occur independent

of ASC/inflammasome in cells expressing ASC.

Increased amount of caspase-1 protein may be regulated at the level of mRNA (transcription and post-transcription) or protein (protein

stability and translation). We showed that DHA accelerated caspase-1 protein synthesis. Interestingly, we perceived that increased caspase-1

protein synthesis concurredwith suppressedGAPDH and ERK2 protein synthesis uponDHA treatment, suggesting that DHA specifically aug-

ments caspase-1 protein synthesis while shutting down others. Cellular stresses including oxidative stress have been shown to turn on the

translational machinery of specific genes while suppressing the global protein translation.28,37 Our observations that DHA elevated cellular

level of ROS and NAC constrained DHA-induced caspase-1 upregulation in ovarian cancer cells suggest that DHA induces severe oxidative

stress, which specifically augments caspase-1 protein synthesis and induces pyroptosis. ROS can activate Akt,38,39 Erk,39,40 and p38MAPK,41 3

major signaling pathways involved in protein translation.42–44 Surprisingly, we found that DHA only activated the p38MAPK-Mnk1 signaling

pathway. ROS is a common name for diverse chemical species.37 Sole activation of p38MAPK signaling pathway by DHA implicates that a

particular ROSmay only activate certain signaling pathway(s) and ROSgenerated byDHA is specific for the activation of p38MAPK. Collectively,

we conclude that DHA-led oxidative stress activates the p38MAPK-Mnk1 signaling pathway, leading to a specific translational augmentation of

caspase-1 protein and subsequent pyroptosis in ovarian cancer cells.

Preclinical effects of DHA have been investigated in various cancer types. With limited number of nude mice, we showed that DHA was

able to suppress intraperitoneal xenograft development. Although our in vivo study needs to be further expanded to confirm our findings, we

did detect elevated caspase-1 staining in tumor implants recovered from mice receiving DHA and thus indicating the occurrence of pyrop-

tosis in DHA-treated tumors. Our observation that DHA induces pyroptosis in ovarian cancer cells holds a particular promise to ovarian cancer

immunotherapy given the fact that ovarian cancer, especially HGSOC, is generally unresponsive to immunotherapy.45 Occurrence of
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pyroptosis in ovarian cancer is expected to release cellular antigens, damage-associated molecular patterns (DAMPs), and cytokines, which

are all capable of reversing immunosuppression of the tumormicroenvironment and enhance tumor antigen presentation by dendritic cells.46

A recent study showed that induction of pyroptosis by nanoparticle-delivered active GSDMDgreatly sensitized mammary tumors to anti-PD1

therapy.47 More significantly, pyroptosis of less than 15% of tumor cells was revealed to be sufficient to clear entire tumor grafts by anti-PD1

therapy.47 Another study showed that initiating GSDMB-dependent pyroptosis of tumor cells led to robust cytotoxic lymphocyte-mediated

cell killing, turning a ‘‘cold’’ tumor to a ‘‘hot’’ one.48 Therefore, we reckon that, while DHA triggers pyroptosis in ovarian cancer cells, the event

of pyroptosis can also simultaneously convert non-immunogenic ovarian cancer to immunogenic one. In future study, we will investigate the

effect of DHA or other unsaturated fatty acids on antitumor immunity in ovarian cancer models including patient-derived organoids and

immunocompetent mouse. Especially, we will determine the potential of using DHA to boost anti-PD1 and anti-PD-L1 therapies in ovarian

cancer models.

In summary, our study has uncovered a previously unknown pyroptosis mechanism that is caspase-1-dependent but ASC/inflammasome-

independent. Moreover, our experimental evidences demonstrate that this novel pyroptosis mechanism relies on the augmentation of

caspase-1 protein translation.

Limitations of the study

DHA induces apoptosis in various cancer cell types including lung and colon cancer. However, we found that DHA triggered caspase-1-

dependent pyroptosis in ovarian cancer cells. It is currently unclear whether DHA can also kill cells through pyroptosis besides ovarian cancer

cells. We also showed that DHA accelerates caspase-1 protein synthesis in ovarian cancer cells via the p38MAPK/Mnk1 signaling pathway, but

exact sequence motifs in caspase-1 mRNA and involved factors for this process awaits to be identified. In future studies, we hope to address

aforementioned aspects, and thus identify ways to specifically/effectively kills ovarian cancer cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Akt Rabbit polyclonal Cell Signaling #9272

ASC (clone 2EI-7) Mouse monoclonal EMD, Sigma-Aldrich #04-147

Caspase1 Rabbit polyclonal Proteintech #22915-1-AP

Caspase3 Rabbit polyclonal Cell Signaling #9662

eIF4E Rabbit polyclonal Cell Signaling #9742S

GAPDH Rabbit monoclonal Cell Signaling #2118

GSDMD Mouse monoclonal Proteintech #66387-1-Ig

Mnk1 (C4C1) Mouse monoclonal Cell Signaling #2195S

p38 MAPK Rabbit polyclonal Cell Signaling #9212S

p44/42 MAPK (Erk1/2) Rabbit polyclonal Cell Signaling #9102S

PARP (46D11) Rabbit monoclonal Cell Signaling #9532

Phospho-Akt (Ser473) (D9E) Rabbit monoclonal Cell Signaling #4060S

Phospho-eIF4E (Ser209) Rabbit polyclonal Cell Signaling #9741S

Phospho-Mnk1 (Thr197/202) Rabbit polyclonal Cell Signaling #2111

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Thr204)

Rabbit polyclonal

Cell Signaling #9101S

Phospho–p38 (Thr180/Thr182) (D3F9) Rabbit monoclonal Cell Signaling #4511S

Chemicals, peptides, and recombinant proteins

Adenosine 50-triphosphate (ATP) Sigma-Aldrich #A2383

Click-IT� AHA (L-Azidohomoalanine) Invitrogen� #C10102

AZD5363 Selleckchem #S8019

Biotin-PEG4-alkyne Sigma-Aldrich #764213

BIRB796 Selleckchem #S1574

Chloroquine Sigma-Aldrich #1118000

CPG57380 Selleckhem #S7421

Complete�, Mini, EDTA-free Protease Inhibitor Cocktail Roche #11836170001

Click-iT� Protein Reaction Buffer Kit Invitrogen� #C10276

Crystal violet solution 1% Sigma-Aldrich # 548-62-9

Cycloheximide (CHX) Sigma-Aldrich #C4859

CM-H2DCFDA (General Oxidative Stress Indicator) Invitrogen� #C6827

Disulfiram Tocris #3807

Dimethyl Sulfoxide (DMSO) Fisher Scientific #D1391

DNase I (RNase-free) New England Biolabs #M0303L

Fetal Bovine Serum, Tet system approved,

USDA-approved regions

Gibco� #A4736401

Filter (small) 10 mm pore size MoBiTec GmbH #M2110

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 488

Invitrogen #A-11008

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 594

Invitrogen #A-11032

Hoechst 33342 Solution (20 mM) Thermo Scientific� #62249

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact author, Shuang

Huang (shuanghuang@ufl.edu).

Materials availability

This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IGEPAL� CA-630 Sigma-Aldrich #9002-93-1

DMEM, high glucose, no glutamine, no methionine,

no cystine

Gibco� #21013024

MCC950 Selleckchem #S7809

M-MLV Reverse Transcriptase (200 U/mL) Invitrogen� #28025013

MTT (3- [4,5-dimethylthiazol-2-yl]-2,5 diphenyl

tetrazolium bromide)

Sigma-Aldrich #M2128

N-acetyl cysteine (NAC) Sigma-Aldrich #A7250

Necrostatin Tocris #2324/10

Paraformaldehyde, 4% in PBS Thermo Scientific # AAJ61899AK

PD MiniTrap G-25 Cytiva #28918007

Puromycine Gibco #A1113803

Pierce� Bovine Serum Albumin Standard Ampules, 2 mg/mL Thermo Scientific� #23209

Pierce� ECL Western Blotting Substrate Thermo Scientific� #32106

Pierce� BCA Protein Assay Kit Thermo Scientific� #23225

Rapamycine Selleckhem #S1039

SDS-PAGE Protein Loading Buffer 5X (Reducing) Boster #SKU:AR1112

Streptavidin�Agarose from Streptomyces avidinii Millipore #S1638

Trametinib Selleckchem #S2673

Trizol Thermo Fisher #15596018

Triton� X-100 Sigma-Aldrich #X100

Z-DEVD-FMK Selleckchem #S7312

Z-YVAD-FMK Selleckchem #S8507

ProLong� Glass Antifade Mountant Invitrogen #P36980

Critical commercial assays

Propidium Iodide Flow Cytometry Kit Abcam #ab139418

Caspase-1/ICE Colorimetric Assay Kit R&D system #BF15100

Human IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D system #DLB50

Pierce LDH Cytotoxicity Assay Kit Thermo Scientific #88953

Oligonucleotides

Caspase1 forward GCTTTCTGCTCTTCCACACCA reverse AAATGAAAATCGAACCTTGCGGA

BetaActin forward CCAGCTCACCATGGATGATG reverse ATGCCGGAGCCGTTGTC

Software and algorithms

GraphPad Prism Software 8

Flow Jo Software 10.4

ImageJ Software National Institute of Health

NIS Element Viewer Software Nikon
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Data and code availability

� This paper did not generate any omics dataset. All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Nine established human ovarian cancer cell lines were used in this study. They are CaOV3, ES2, HEY, IGROV1, OCC1, OVCAR3, OVCAR4,

OVCAR5 and SK-OV3. CaOV3, ES2, HEY, OVCAR3 and SK-OV3 were purchased from American Tissue Culture Collection (Manassas, VA).

IGROV1 was obtained fromMilliporeSigma (Burlington, MA). OCC1, OVCAR4 andOVCAR5were provided by Dr. Yan Xu (Indiana University).

All cell lines were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS (Gibco, Cat#A4736401) under humidified

conditions at 37�C and 5% CO2. The authenticities of these cell lines are verified once a year by the JH-Nucleic Acid Technologies, Johns

Hopkins University (Baltimore, MD) using PowerPex 180 Kit.

Mouse xenograft models, imaging, and drug administration

ES2 cells containing luciferase gene were intraperitoneally injected into 5–6-week-old nude female mice (13 106 cells/mouse) (Jackson Lab,

Bar Harbor, ME) and intraperitoneal xenograft development was monitored weekly by measuring fluorescence in Xenogen IVIS-200 In Vivo

Bioluminescence imaging system (PerkinElmer Inc,Waltham,MA). After 1 week of tumor cell injection,micewere randomized into two groups

(5 per group) and intraperitoneally injectedwith vehicle (DMSO) or DHAdaily (15mg/Kg). At week 5, mice were sacrificed, and visible implants

were collected from peritoneal cavities. Collected implants were weighed and aliquot of implants were also sent to UF Pathology core for

immunohistochemistry staining of caspase-1, cleaved caspase-3 and Ki67. Animal studies and these procedures were approved by the Insti-

tution Animal Care Committee at University of Florida.

METHOD DETAILS

Cell viability assay and IC50 determination

Cells were seeded overnight at a density of 10,000 cells per well in 24-well plates and then exposed to varying concentrations of DHA for 24 or

48 hours. Cell viability was assessed by adding MTT (Sigma, Cat # M2128) to the cells followed by incubation at 37�C for 1 hour. The MTT

formazan crystals generated were dissolved in DMSO, and optical density was measured at 570 nm using a Bio-Rad plate reader. The IC50

value of DHA was determined by GraphPad software 8.0 (San Diego, USA).

Cell cycle analysis

ES2, SKOV3, and OCC1 cells (1.53105cells/well) were seeded in 6-well plates overnight and exposed to DHA (0, 60, 100 mM) at 37�C for 24 or

48 hours. After several washes, cells were detached, fixed in cold ethanol, and stained with propidium iodide (PI) in accordance with the man-

ufacturer’s guidelines (Abcam, Cat #ab139418). Cell cycle analysis was performed using a flow cytometer (BD Accuri C6 Plus) and analyzed by

Flow Jo software.

Inhibitor treatments

To investigate the mechanism underlying DHA-induced cell death, cells were seeded overnight at a density of 10,000 cells per well in 24-well

plates. Cells were next pretreatedwith 20 mMof Z-DEVD-FMK, 20 mMof Z-YVAD-FMKor 1 mMof necrostatin for 2 hours before incubationwith

DHA or vehicle for another 24 hours. Cell viability was assessed by MTT assay.

To examine the role of Gasdermin D in DHA-induced cell death, cells were seeded at a density of 1.5x105 cells per well in 6-well plates and

treated with DHA in the absence or presence of 1 mMdisulfiram for another 24 hours. Cells were fixed with 4% paraformaldehyde and stained

with 0.1% crystal violet. Stained cells were visualized using phase-contrast microscopy (Carl Zeiss Vision, LSM510), and the crystal violet dye

was quantified at 595 nm using a Bio-Rad plate reader.

To investigate the signaling pathways involved in DHA-induced cell death, cells cultured overnight (1.53105 cells per well in 6-well plates)

were pretreatedwith 10 mMTrametinib, 10 mMAZD5363, 10 mMCPG57380, or 10 mMBIRB796 for 2 hours prior to DHA treatment. Cell viability

was evaluated using both MTT and crystal violet staining after 24 hours. The involvement of NLRP3 in pyroptosis was analyzed by seeding

mouse macrophages (43105 cells per well in 6-well plates) or ovarian cancer cells overnight, followed by treatment with respective 5 mM

ATP or DHAwith or without 5 mMMCC950 (30min for ATP treatment in macrophages and 24 hours for DHA treatment in ovarian cancer cells).

Cell viability was determined by crystal violet staining.

Caspase-1 activity assay, IL-1b ELISA, and LDH release assay

ES2, SKOV3 and OCC1 cells were seeded at a density of 1.53105 cells per well in 6-well plate and treated with either DHA or vehicle for 24

hours. Cells were pelleted to measure caspase-1 activity using colorimetric caspase-1 activity assay kit (R&D system, Cat # BF15100), and cell
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culture media were collected for detection of IL-1b using IL-1b ELISA detection kit (R&D system, Cat # DLB50) and LDH release using LDH

activity kit (Thermo Fisher, Cat # 88953), according to the manufacturer’s instructions.

RNA isolation and RT-qPCR

Total RNA was extracted using Trizol, then treated with DNase I and used for cDNA synthesis using M-MLV reverse transcriptase. The gener-

ated cDNAwas subjected to qPCR to measure levels of Caspase-1 and b-Actin mRNA. The level of b-Actin was used as an internal control for

standardization. The primer sequences for Caspase-1 mRNA are forward GCTTTCTGCTCTTCCACACCA and reverse AAATGAA

AATCGAACCTTGCGGA. The primer sequences for b-Actin mRNA are forward CCAGCTCACCATGGATGATG and reverse ATGCCG

GAGCCGTTGTC.

Protein stability assay

ES2, SKOV3 and OCC1 cells (1.53105 cells per well in 6-well plates) were cultured overnight and then treated with DHA for 24 hours followed

by adding 10mg/ml cycloheximide. At varying time, cells were lysed and cell lysates were subjected to western blot to detect caspase-1 and

GAPDH using respective antibodies. The amount of caspase-1 or GAPDH protein was quantified by measuring the intensity of each band

using Image J software.

Protein translation assay

We measure protein synthesis rate using a click chemistry-based protocol developed by Belda-Palazón et al.27 ES2, SKOV3, and OCC1 cells

(1.53105 cells per well in 6-well plates) were grown in regular medium until sub-confluent, then starved for 1 hour with DMEM-Met medium

(Gibco, Cat#21013024) at 37 �C. Cells were treated with vehicle or DHA in DMEM-Met medium containing 50 mMof methionine biorthogonal

L-Azidohomoalanine (AHA) (Invitrogen, cat #C10102) and harvested at varying times (0, 2, 4, 8, and 16 h). After washing cells with cold PBS, cell

pellets were stored at �80�C.
AHA-labeled proteins were extracted from cell pellets using Protein Extraction Buffer (PEB), and protein concentration was determined by

BCA assay (Thermo Scientific�, Cat#23225). Subsequently, 200 mg of protein was incubated with click-IT reaction buffer (Invitrogen�,

Cat#C10276) in the presence of biotin-PEG4 alkyne (Sigma-Aldrich, #764213) followed by removing excessive biotin-PEG4 alkyne usingMini-

trap G25 columns (Cytiva, Cat#28918007). Streptavidin-Agarose beads (Millipore, Cat#S1638) were added to elute and further subjected to

affinity purificationwith 10 mmpore size filters (MoBiTecGmbH,Cat#M2110). The final elutewas boiled in Laemmli buffer and further analyzed

by western blot to detect caspase-1 and GAPDH using the respective antibodies (see the schematic diagram in Figure S9). This assay selec-

tively pulls down AHA-containing proteins (newly synthesized proteins) and thus be used to assess protein synthesis rate.

Western blot analysis

Cells were lysed with RIPA buffer (50 mM Tris-Cl, pH 7.4, 150 mMNaCl, 1% Triton, 0.1% SDS, 0.5% Sodium deoxycholate, 2 mM EDTA and a

cocktail of protease inhibitors). The amount of protein was measured using the BCA assay (Thermo Scientific�, Cat#23225) according to the

manufacturer’s instructions. Cell lysates were then boiled in protein loading buffer (Boster, Cat# SKU: AR1112) and separated on an 8-12%

SDS–polyacrylamide gel. The separated proteins were transferred to nitrocellulose membranes using wet electronic transfer apparatus for

90 minutes. The membranes were blocked with 5% nonfat dry milk for 1 hour at room temperature and then probed with primary antibodies

overnight. After several washes, themembranes were incubated with secondary antibody conjugated to horseradish peroxidase at a 1:20,000

dilution, developed using ECL (Thermo Scientific� Cat#32106), and imaged on GE/Amersham Imager 680.

Immunofluorescence staining

Ovarian cancer cells were seeded on coverslips overnight and then treated with DHA or vehicle for 24 hours followed by fixation using 4%

paraformaldehyde. Fixed cells were permeabilized with 1% Triton X-100, blocked with 1%BSA and incubated with anti-Casp1 polyclonal anti-

body (1:100 dilution) or anti-ASC mAb (1:200 dilution). Subsequently, coverslips were incubated with a secondary antibody (Alexa Fluor 488

goat anti-rabbit (Invitrogen, Cat#A-11008) or Alexa 594 goat anti-mouse antibody (Invitrogen, Cat#A-11032),) followed by mounting on glass

slides using an Anti-Fade mount containing DAPI (Thermo Fisher). The slides were viewed using confocal microscopy (Nikon Eclipse Ti,

N-Storm). For mouse macrophage cells, cells were seeded on coverslips overnight and then treated with 5mM ATP before immunofluores-

cence staining as described for ovarian cancer cells.

Lentivirus packaging and caspase-1 transfection

Lentiviral vector (pLKO.1) containing PYCARD (ASC) shRNA were obtained from Sigma-Aldrich TRC collection (TRCN0000059073 and

TRCN0000059075) (Burlington, MA) and used to generate lentivirus according to a protocol developed by Elegheert et al.49 To silence

ASC, ES2, SK-OV3 andOCC1 cells were infected with the lentivirus for 2 days and subsequently selected with puromycin (2mg/ml) for an addi-

tional 2 days before conducting any further experiments.
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Reactive oxygen species (ROS) analysis

Cells were treated with DHA for 1, 3, 6 and 12 h or H2O2 for 2 hours and detached by trypsinization. Detached cells were resuspended, in PBS

containing 2mMCM-H2DCFDA (Cat # C6827, Thermo Fisher) for 15 min at 37 �C followed by flow cytometer (BD Accuri C6 Plus) at a 488 nm

channel. For each sample, 10,000 cells were analyzed. Data analysis was performed using FlowJo 10.4 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the meanG SEM of triplicate experiments. Statistical significance was calculated using one way ANOVA and student t

test. P < 0.05 was considered statistically significant. All statistical analyses were conducted with the aid of GraphPad Prism 8.0 or Microsoft

Excel.

ll
OPEN ACCESS

iScience 26, 108408, December 15, 2023 19

iScience
Article


	ISCI108408_proof_v26i12.pdf
	ASC/inflammasome-independent pyroptosis in ovarian cancer cells through translational augmentation of caspase-1
	Introduction
	Results
	DHA effectively induces ovarian cancer cell death
	DHA induces pyroptosis independent of ASC/inflammasome in ovarian cancer cells
	DHA induces pyroptosis by increasing the abundance of caspase-1 in ovarian cancer cells
	DHA upsurges the abundance of caspase-1 at the level of protein synthesis
	DHA-led ROS accumulation is critical for an increased level of caspase-1 protein
	p38MAPK signaling participates in DHA-induced caspase-1 protein translation and pyroptosis

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Cell culture
	Mouse xenograft models, imaging, and drug administration

	Method details
	Cell viability assay and IC50 determination
	Cell cycle analysis
	Inhibitor treatments
	Caspase-1 activity assay, IL-1β ELISA, and LDH release assay
	RNA isolation and RT-qPCR
	Protein stability assay
	Protein translation assay
	Western blot analysis
	Immunofluorescence staining
	Lentivirus packaging and caspase-1 transfection
	Reactive oxygen species (ROS) analysis

	Quantification and statistical analysis




