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HSPA8 inhibitors augment cancer 
chemotherapeutic effectiveness via 
potentiating necroptosis

ABSTRACT Our recent work has uncovered a novel function of HSPA8 as an amyloidase, ca-
pable of dismantling the RHIM-containing protein fibrils to suppress necroptosis. However, the 
impact of HSPA8 inhibitors on cancer regression via necroptosis remains unexplored. In this 
study, we conducted a comprehensive investigation to assess the potential of HSPA8 inhibi-
tors in enhancing necroptosis both in vitro and in vivo. Our findings indicate that pharmaco-
logic inhibition of HSPA8, achieved either through VER (VER-155008) targeting the nucleotide 
binding domain or pifithrin-μ targeting the substrate binding domain of HSPA8, significantly 
potentiates necroptosis induced by diverse treatments in cellular assays. These inhibitors ef-
fectively disrupt the binding of HSPA8 to the RHIM protein, impeding its regulatory function 
on RHIM amyloid formation. Importantly, HSPA8 inhibitors significantly enhanced cancer cell 
sensitivity to microtubule-targeting agents (MTAs) in vitro, while reversing chemoresistance 
and facilitating tumor regression by augmenting necroptosis in vivo. Our findings suggest a 
promising therapeutic approach to cancer through necroptosis modulation via HSPA8 target-
ing, particularly in combination with MTA drugs for enhanced treatment efficacy.
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SIGNIFICANCE STATEMENT

• Background: RHIM-amyloids are required for necroptosis. HSPA8, a recently discovered amyloi-
dase, dismantles these fibrils to suppress necroptosis. How pharmacological inhibition of HSPA8 
contributes to chemo-induced cancer cell necroptosis is unknown.

• Key Results: This study demonstrates that pharmacologic inhibitors targeting HSPA8 significantly 
enhance necroptosis in cancer cells. By blocking HSPA8’s activity, these inhibitors potentiate the 
effects of cancer treatments, reversing chemoresistance and promoting tumor regression.

• Implications: Targeting HSPA8 through pharmacologic inhibitors offers a promising therapeutic 
strategy for cancer treatment. This approach could be particularly effective in combination with 
MTAs, leading to enhanced treatment efficacy.

Abbreviations used: DAI, DNA dependent activator of interferon regulatory fac-
tors; MTAs, microtubule-targeting agents; NBD, nucleotide binding domain; 
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INTRODUCTION
Cancer, a fatal disease marked by the unchecked multiplication of 
abnormal cells and their dissemination throughout the body, re-
mains a leading cause of mortality worldwide (2023). Traditional can-
cer chemotherapy regimens primarily rely on apoptosis, an immune-
silent mode of cell death triggered by therapeutic agents. However, 
due to the intratumor heterogeneity and tumor evolution, many 
cancers develop resistance to apoptosis, particularly among pa-
tients who have undergone multiple cycles of chemotherapy (Fanale 
et al., 2017). In the face of this apoptosis resistance, necroptosis has 
emerged as a crucial complementary treatment strategy. Necropto-
sis offers a promising approach to cancer therapy by combining cel-
lular suicide with the immune response, thereby enhancing the anti-
cancer response of organisms (Meier et  al., 2024). Unlocking 
necroptosis in cancer cells is a key research focus, as leveraging this 
process could yield more effective cancer treatments.

Necroptosis, a form of inflammatory cell death, is triggered by a 
diverse array of receptors, including TNFR1 embedded in cell mem-
branes, as well as pathogen recognition receptors such as TLR3/4 
and Z-DNA sensors like DAI (Sun and Wang, 2014; Pasparakis and 
Vandenabeele, 2015; Dondelinger et  al., 2016; Vanden Berghe 
et  al., 2016; Grootjans et  al., 2017; Ai et  al., 2024; Yuan and 
Ofengeim, 2024). These receptors trigger necroptosis by activating 
RIP3 (receptor-interacting protein kinase 3) through RHIM–RHIM 
interactions with upstream proteins that have RHIM domains, such 
as RIP1, DAI, and TRIF. These proteins integrate different signals of 
cell death from the upstream pathways (He et al., 2011; Upton et al., 
2012; Morgan and Kim 2022; Tummers and Green 2022). Once RIP3 
is activated, it undergoes autophosphorylation and subsequently 
activates its substrate MLKL (mixed lineage kinase domain-like pro-
tein) (Sun et al., 2012). The activated MLKL oligomerizes and trans-
locates to the cytomembrane, ultimately leading to membrane rup-
ture and necroptosis (Cai et al., 2014; Chen et al., 2014; Dondelinger 
et al., 2014; Hildebrand et al., 2014; Wang et al., 2014).

Importantly, the RHIM proteins (the RHIM domain-containing pro-
teins) form functional amyloid fibrils, which are crucial for the necrop-
tosis signaling transduction (Li et  al., 2012; Sun, 2023). Through 
RHIM–RHIM interactions, the initiator RHIM proteins (RIP1, TRIF, and 
ZBP1) recruit the effector RHIM protein RIP3 to form hetero-RHIM 
fibrils, which serve as seeds for RIP3’s further self-assembly into 
homo-RHIM fibrils. This process promotes RIP3 kinase activity and 
subsequently recruits its substrate MLKL (Wu et al., 2014; Mompeán 
et al., 2018; Pham et al., 2019, Hu et al., 2021; Wu, Ma et al., 2021; 
Wu, Hu et al., 2021; Baker et al., 2022; Chen et al., 2022). The viral 
RHIM proteins, specifically M45 encoded by murine cytomegalovirus 
and ICP6 encoded by human herpes simplex virus 1 (HSV-1), are also 
capable of forming hetero-amyloids with RIP3 through a similar 
RHIM–RHIM interaction. However, they block the self-assembly of 
RIP3 into homo-fibrils, thereby hijacking necroptosis signaling (Pham 
et al., 2019; Baker et al., 2020; Shanmugam et al., 2021).

Purified RHIM proteins possess an intrinsic capability to sponta-
neously form fibrils in vitro. The question of how spontaneous fibril 
formation is prevented in living organisms has been unanswered for 
an extended period. Recently, our research has identified HSPA8 as 
an amyloidase that specifically targets a hydrophobic hexapeptide 
motif (N(X1)φ(X3)) of RHIM proteins. The HSPA8 protein is a member 
of the Hsp70 family, which measures 70 kilodaltons. Additionally, it 
is referred to as Hsc70, and it is continuously and significantly ex-
pressed in the cytoplasm. By constitutively binding to RHIM pro-
teins, HSPA8 inhibits their fibrillation and disassembles preformed 
RHIM fibrils; thus, in vivo, it effectively impedes the spontaneous 
initiation of necroptosis (Wu et al., 2023).

Despite the critical role of HSPA8 in necroptosis, the therapeutic 
potential of inhibiting HSPA8 to enhance tumor necroptosis remains 
unknown. The ATP-binding pocket in the nucleotide binding do-
main (NBD) and the peptide binding cavity in the substrate binding 
domain (SBD) are two potential inhibitor binding sites of HSPA8. 
The chemical VER-155008 (VER), an ATP-competitive inhibitor binds 
to NBD of HSPA8, preventing allosteric regulation of HSPA8 
(Williamson et al., 2009; Schlecht et al., 2013). The HSP70 inhibitor 
PES (2-phenylethynesulfonamide, also known as pifithrin-μ) was 
found to interact with SBD of HSPA8 (Leu et  al., 2011; Schlecht 
et al., 2013), inhibiting its protein-folding activity (Yang et al., 2021). 
Therefore, exploring combinations with other chemotherapeutic 
agents is necessary to achieve a more potent effect.

In this study, we demonstrate that chemical inhibition of HSPA8 
by VER or PES markedly enhances the necroptosis of cancer cells. 
Mechanistically, pharmacological inhibition of HSPA8 impairs its abil-
ity to recognize and interact with RHIM proteins, including RIP3, as 
well as its capacity to disassemble RHIM amyloids. Notably, inhibit-
ing HSPA8 alone has been reported to have limited efficacy in com-
promising cancer cell death (Schlecht et al., 2013). Here we found the 
combination of HSPA8 inhibitors with microtubule-targeting agents 
(MTAs), such as vincristine (VCR) and paclitaxel (PTX), significantly 
potentiates tumor regression in vivo. These findings highlight the 
therapeutic promise of targeting HSPA8 and suggest a novel chemo-
combination strategy involving MTA drugs and HSPA8 inhibitors for 
a significantly more effective approach to cancer treatment.

RESULTS
Pharmacological inhibition targeting either the NBD or the 
SBD of HSPA8 promotes cancer cell necroptosis
VER and PES specifically target the NBD and SBDs of HSPA8, re-
spectively. Utilizing L929 cells, an immortalized mouse fibroblast 
cell line that exhibits sensitivity to necroptosis, we investigated the 
effects of VER and PES on necroptosis induction. At concentra-
tions lower than 3 μM, VER and PES did not exhibit noteworthy 
cytotoxic effects on L929 cells. Prior to the induction of necropto-
sis using TNF-α and z-VAD, L929 cells were exposed to different 
concentrations (1.5 μM or 3 μM) of HSPA8 inhibitors, VER and PES, 
for a duration of 2 h. Nec-1s, a particular inhibitor of necroptosis, 
acted via inhibiting the RIP1 kinase (Degterev et al., 2005; Teng 
et  al., 2005; Degterev et  al., 2008; Takahashi et  al., 2012). The 
vehicle control consisted of an equal volume of DMSO (Figure 1, 
A and B). This finding is further validated in an additional cancer 
cell line, specifically the RIP3-expressing HeLa cells (Figure 1, C 
and D). Our results demonstrated that both VER and PES potenti-
ated TNF-induced necroptosis in a dose-dependent manner 
(Figure 1). Overall, our data demonstrate that pharmacological 
inhibition targeting either the NBD or the SBD of HSPA8 promotes 
necroptosis.

HSPA8 inhibitors boost MTA-induced cancer cell necroptosis 
even with modest MTA effects alone
MTAs bind to microtubules and modulate their dynamic properties. 
These agents have been widely used as anticancer chemotherapy 
drugs, including VCR and PTX (Brown et al., 2023). MTA-induced 
microtubule disruption often leads to cell cycle arrest in rapidly di-
viding cells. Our previous study demonstrated that treatment with 
MTA family drugs in both dividing and nondividing cancer cells re-
sults in the accumulation of membrane TNF (memTNF) through the 
JNK/c-Jun axis, triggering adjacent cell death via TNFR signaling 
(Zhang et al., 2019).
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Here, we found that treatment with the HSPA8 inhibitor PES sig-
nificantly enhances MTA (VCR and PTX)-induced cell death, and this 
effect can be blocked by the necroptosis inhibitor Nec-1s (Figure 2, 
A and B). Furthermore, this enhancement is dose dependent, with 
higher concentrations of VCR or PTX resulting in more pronounced 
necroptosis. Through immunoblotting, we confirmed the necropto-
sis markers p-RIP3 and p-MLKL, thereby verifying that PES promotes 
MTA-induced necroptosis (Figure 2C). Our findings suggest that 
HSPA8 inhibitors can potentiate MTA-induced necroptosis in cancer 
cells, even when the effects of MTAs alone are comparably modest.

HSPA8 inhibitors block HSPA8-mediated RIP3 fibril 
disassembly
Similar to other hsp70 proteins, the SBD of HSPA8 interacts directly 
with its substrate, the RHIM proteins. Given that PES specifically 
targets the SBD of HSPA8, we aimed to investigate whether PES 

FIGURE 1: Pharmacological inhibition targeting either the NBD or the SBD of HSPA8 promotes 
necroptosis. (A and B) Impact of VER/PES on TNF-induced necroptosis in L929 cells. Cells were 
pretreated with varying concentrations of the HSPA8 inhibitor VER/PES for 2 h. Subsequently, 
necroptosis was triggered by treating the cells with TNF-α and Z-VAD-FMK (T/Z) for 3 h, with or 
without the addition of the necroptosis inhibitor Nec-1s at a concentration of 10 μM. The 
same-volume DMSO was used as the vehicle control. Cell viability was determined by measuring 
intracellular ATP levels. (C and D) Impact of VER/PES on TNF-induced necroptosis in Flag-RIP3–
expressing HeLa cells. Cells were pretreated with the HSPA8 inhibitor VER (3 μM) or PES (5 μM) 
for 2 h. Following that, necroptosis was induced by exposing the cells to TNF-α, Smac, and 
z-VAD-FMK (T/S/Z) for 8 h, either with or without the inclusion of the necroptosis inhibitor 
Nec-1s at a dosage of 10 μM. Cell viability was determined by measuring intracellular ATP levels. 
Necroptosis inducer T/Z: T, TNFα (20 ng/mL); Z, z-VAD (20 μM). A, C for VER; B, D for PES. Data 
are presented as mean ± SD (s.d.) of biological triplicates. Groups were compared using an 
unpaired two-sided Student’s t test. **, p < 0.01; ****, p < 0.0001.

disrupts the interaction between HSPA8 and 
the RHIM domain. To this end, we coex-
pressed HSPA8 and the RIP3-RHIM domain 
in 293T cells and assayed their interactions 
in the presence or absence of PES treat-
ment. Our results revealed that PES treat-
ment disrupts the recognition of the RIP3-
RHIM domain by HSPA8 (Figure 3A).

The amyloidase activity of HSPA8 relies 
on its ATP hydrolysis to generate the nec-
essary energy, which enables HSPA8 to 
disassemble RHIM fibrils and thus suppress 
necroptosis (Wu et  al., 2023). VER is a 
competitive inhibitor of HSPA8’s ATPase 
activity, achieving this by competing with 
ATP and ADP for binding to the adenine 
pocket within the NBD of HSPA8 (William-
son et  al., 2009; Schlecht et  al., 2013). 
Subsequently, we conducted an in vitro 
RHIM amyloid disassembly assay to di-
rectly assess the impact of PES or VER on 
the amyloidase activity of HSPA8. In this 
assay, preformed RIP3 fibrils were incu-
bated with HSPA8. After centrifugation, 
the fibrils were pelleted, while the disas-
sembled RIP3 proteins remained in the su-
pernatant fraction. Our findings revealed 
that the amount of RIP3 monomers dis-
solved in the supernatant decreased in the 
presence of both VER and PES (Figure 3B). 
Specifically, Line #1 serves as a negative 
control where RIP3 fibrils were not incu-
bated with either HSPA8 or HSPA8 inhibi-
tors. Consequently, most of the RIP3 fibrils 
stayed in the P fraction, as evident in lane 
#5. For the positive control, shown in lanes 
#2 and #6, RIP3 fibrils were incubated with 
HSPA8. This led to the disassembly of RIP3 
fibrils, resulting in a decrease in the P frac-
tion (lane #6) and an increase in the super-
natant (S fraction, lane #2).

When the HSPA8-mediated disassembly 
assay was performed in the presence of 
HSPA8 inhibitors VER or PES, RIP3 fibrils 
failed to disassemble due to the inhibition 
of HSPA8. This was reflected in no increase 

in the S fraction (lanes #3, #4) and no decrease in the P fraction 
(lanes #7, #8).

In addition, we analyzed the disassembled status of RIP3 using 
native gel electrophoresis (Figure 3C). After incubation with HSPA8, 
RIP3 fibrils were disassembled into oligomers and monomers, visi-
ble as distinct upper bands on the gel (lane #2). However, the disas-
sembly process was inhibited in the presence of an HSPA8 inhibitor, 
as evidenced by the absence of these bands (lane #3). Together, 
these results demonstrate that both VER and PES effectively inhibit 
the RHIM amyloid disaggregating activity of HSPA8.

HSPA8 inhibitors overcome MTA chemoresistance to 
enhance tumor regression via necroptosis
MTAs have long reigned as the most successful chemotherapeutics 
on the market, but their clinical effectiveness is limited by side 
effects, including high systemic toxicity and the emergence of 
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FIGURE 2: HSPA8 inhibitor boost MTA drug-induced necroptosis. (A and B) Effect of HSPA8 
Inhibitor on MTA-induced necroptosis in L929 Cells. Cells were pretreated with various 
concentrations of the HSPA8 inhibitor PES for 2 h. Subsequently, necroptosis was triggered by 
treating the cells with VCR and PTX (VCR/PTX) for 24 h. The experiments were conducted with 
or without the addition of the necroptosis inhibitor Nec-1s at a concentration of 10 μM. c L929 
cells were treated with the HSPA8 inhibitor PES (5 μM). Necroptosis was triggered by treating 
the cells VCR (150 nM) for 24 h. The experiments were conducted with or without the addition 
of the necroptosis inhibitor Nec-1s at a concentration of 10 μM. The necroptosis molecular 
markers (p-RIP3 and p-MLKL) were analyzed with the indicated antibodies by immunoblotting. 
Cell viability was determined by measuring intracellular ATP levels. Necroptosis inducer: VCR, 
vincristine (150 nM); PTX, paclitaxel (400 nM). A for VCR; B for PTX. Data are presented as mean 
± SD (s.d.) of biological triplicates. Groups were compared using an unpaired two-sided 
Student’s t test (as shown in A and B). ***, p <0.005; ****, p <0.0001.

resistance. To mitigate these limitations and enhance treatment ef-
ficacy, combining MTAs with other anticancer agents has emerged 
as a promising strategy (Wordeman and Vicente, 2021).

We hypothesized that the integration of HSPA8 inhibitors with 
necroptosis-inducing chemotherapeutic agents could potentially 
revolutionize cancer chemotherapy. Previous studies have demon-
strated that MTAs can induce RIP3-MLKL–dependent necroptosis, 
leading to tumor shrinkage in L929 allografts (Zhang et al., 2019). 
However, when using low concentrations of MTAs (0.5 mg/kg), 
L929-fibrosarcoma tumors showed minimal shrinkage (Figure 4D). 
Conversely, increasing the MTA concentration to a tumor-responsive 
dose (2 mg/kg) led to significant drug toxicity, ultimately resulting in 
mouse mortality (Figure 4B and C). This paradox highlights the inher-
ent tension between efficacy and toxicity in most chemotherapeutics 
for patients. Notably, when combined with MTAs, HSPA8 inhibitors 

synergistically shrunk L929-fibrosarcoma tu-
mors at concentrations where neither agent 
alone was effective (Figure 4D). Impressively, 
the mice remained vital and survived multi-
ple injections, with constant tumor shrink-
age, which could be blocked by the necrop-
tosis inhibitor Nec-1s (Figure 4D).

DISCUSSION
In this study, we demonstrated that HSPA8 
inhibitors promote MTA-induced and TNF-
induced necroptosis by suppressing HSPA8 
amyloidase activity. Crucially, in vivo ex-
periments revealed that combining HSPA8 
inhibitors with MTAs effectively reduced 
the antitumor dosing requirement of MTAs, 
thereby minimizing their associated side 
effects. This finding suggests that HSPA8 
inhibitors hold promising potential as anti-
cancer agents especially for the necropto-
sis-sensitive cancers.

In practical clinical settings, MTAs typi-
cally require high concentrations to achieve 
optimal tumor cell killing. However, high 
doses of these chemotherapeutic agents in-
evitably result in toxicity to normal cells, 
manifesting as toxicities such as myelosup-
pression, gastrointestinal tract damage, and 
hair loss (Dominguez-Brauer et  al., 2015). 
Our findings indicate that inhibiting HSPA8 
can enhance the tumoricidal activity of 
MTAs. By doing so, we were able to de-
crease the concentration of MTAs required 
to achieve therapeutic efficacy in a mouse 
fibrosarcoma model, thus avoiding their 
toxic side effects. Nevertheless, the impact 
of this combined therapy on patients with 
cancer remains to be fully elucidated.

VER and PES are small-molecule inhibi-
tors that primarily target HSPA8. However, 
recent studies have identified additional tar-
gets for these inhibitors. Specifically, it has 
been reported that VER and PES interact 
with heat-inducible Hsp70 (HSPA1). This 
protein is marginally expressed in nontrans-
formed cells but significantly overexpressed 
in tumor cells. Notably, silencing HSPA1 is 

cytotoxic to tumor cells but not to normal cells (Balaburski et al., 
2013; Schlecht et al., 2013; Yang et al., 2021). Nonetheless, based 
on our previous findings, HSPA1 does not play a role in suppressing 
necroptosis (Wu et  al., 2023). Considering this, targeting HSPA8 
with VER/PES appears to be a promising anticancer clinical applica-
tion, particularly for necroptosis-sensitive cancers that express RIP3. 
To fully realize the potential of these inhibitors, it is important to 
separate their targeting capabilities for HSPA1 and HSPA8, as they 
may have different applications in various cancer scenarios. For in-
stance, HSPA1 inhibitors could be effective in RIP3-low cancers, 
while HSPA8 inhibitors may be more suitable for RIP3-high cancers. 
Moving forward, the design and screening of specific inhibitors that 
exclusively target each HSP70 member represents a significant area 
of future research. This approach could pave the way for more tar-
geted and effective cancer therapies.
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FIGURE 3: HSPA8 inhibitors block HSPA8-mediated RIP3 fibril disassembly. (A) Assessment of the impact of PES 
treatment on the interaction between HSPA8 and the RIP3-RHIM domain. Flag-tagged truncated RIP3 (amino acids 
432-518) and Myc-tagged HSPA8 cDNAs were co-transfected into 293FT cells. Subsequently, the cells were treated 
with PES at a concentration of 3 mM. Following a 24-h transfection period, whole-cell lysates were prepared and 
immunoprecipitated using anti-Myc beads. The immunoprecipitates were then immunoblotted with the indicated 
antibodies to detect the interaction between HSPA8 and the RIP3-RHIM domain. (B) Test the inhibition of HSPA8-
mediated disassembly of RIP3 amyloids by VER and PES. RIP3 monomer proteins were incubated at 37°C for 48 h to 
induce the formation of RIP3 amyloids. Subsequently, preformed RIP3 amyloids (5 μM) were incubated with HSPA8 
(5 μM) in the presence or absence of VER or PES at 30°C for 120 min. Following incubation, the soluble RIP3 proteins 
and insoluble fibrils were separated by centrifugation at 12,000 × g for 10 min. The separated fractions were then 
analyzed by immunoblotting using anti-RIP3 antibodies. Left: Assay design for analyzing disassembled RIP3 through 
centrifugation. RIP3 fibrils were disassembled by incubating them with vehicle, HSPA8, or HSPA8+PES for 2 h at 30°C. 
Following the disassembly reaction, the RIP3 fragments in the supernatant were separated via centrifugation and run on 
a native gel (protein samples and gel processed without β-mercaptoethanol and SDS). Subsequently, immunoblotting 
was performed using the indicated antibodies (as shown in the right panels). All results are reported from one 
representative experiment from at least three independent repeats.
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FIGURE 4: HSPA8 inhibitors promote MTA-induced tumor regression through enhancing necroptosis. (A) Schematic 
experimental design for HSPA8 inhibitor administration on tumor-bearing mice. Details are described in the Materials 
and Methods. (B) Impact of HSPA8 inhibitor on tumor shrinkage induced by high-dose MTA drugs. An allograft model 
using mouse L929 fibrosarcoma was established as outlined in the Materials and Methods section. Athymic nude mice 
bearing tumors approximately 300 mm3 in size were randomly assigned to five different groups. Mice in each group 
were intraperitoneally (i.p.) injected with the specified compound combinations every 2 days. VCR: 2 mg/kg; PES: 12 
mg/kg; Nec-1s: 5 mg/kg. The tumor volumes were measured on day 4. n ≥ 4 for each group. p values were determined 
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Importantly, PES has been found to promote cell cycle arrest by 
inhibiting the APC/C, thereby inducing G2/M arrest (Budina-Kolom-
ets et al., 2014). Therefore, it is essential to consider ways of de-
creasing cytotoxicity toward normal cells while enhancing the inhibi-
tor’s efficacy.

HSPA8, also known as Hsc70, is a member of the extensive 
HSP70 family and exhibits high expression levels in numerous can-
cer cells (Stricher et al., 2014). Given its ubiquitous overexpression 
in most malignancies, HSPA8 has emerged as a potential alternative 
target for cancer therapy (Ying et al., 2022). Theoretically, targeting 
HSPA8 with small-molecule inhibitors appears to be a promising ap-
proach for treating both cancer and autoimmune diseases. How-
ever, previous studies have encountered significant challenges due 
to the toxicity of HSPA8 inhibitors toward normal tissues (Mi et al., 
2021).

Our findings reveal that the use of lower concentrations of 
HSPA8 inhibitors that synergistically enhance the effects of MTAs at 
nontoxic concentrations appears to be a promising avenue for clini-
cal exploration. This strategy could potentially lead to the develop-
ment of more effective and safer cancer therapeutics. Future studies 
are needed to explore the efficacy and safety of combining HSPA8 
inhibitors with MTAs in patients with cancer, to evaluate their thera-
peutic potential in clinical settings.

The necroptosis-inhibition function of HSPA8 is achieved by in-
terfering with the formation of RHIM-amyloid structures (Wu et al., 
2023). RHIM proteins assemble into supramolecular structures 
through inter-RHIM interactions, playing a crucial role in the necrop-
tosis signaling pathway, while also exhibiting other functions 
unrelated to cell death. It is well established that overexpression of 
RHIM proteins can activate NF-κB signaling in cells, and this activa-
tion can be suppressed through mutations in the RHIM domain that 
disrupt protein–protein interactions (Meylan et  al., 2004; Kaiser 
et al., 2008). In the context of RNA virus infection in MLKL knockout 
cells, RIP1 binds with RIP3 and further recruits DRP1, forming the 
RIP1–RIP3–DRP1 complex. This complex activates the NLRP3 in-
flammasome, promoting an antiviral immune response (Wang et al., 
2014). However, the specific role of HSPA8 in these RHIM-mediated 
signaling pathways remains elusive. Given the potential of HSPA8 
inhibitors to modulate NF-κB and NLRP3 inflammasome signaling 
in the tumor microenvironment, further exploration of their applica-
tion in immunity is warranted. This could lead to the development of 
novel therapeutic strategies that harness the immunomodulatory 
properties of HSPA8 inhibitors to enhance antitumor immune 
responses.

In this investigation, we found that HSPA8 inhibitors increase tu-
mor death by promoting necroptosis in cancer cells expressing 
RIP3. Nevertheless, the presence of RIP3 is lacking in certain types 
of malignancies, primarily due to chromosomal methylation and the 
control exerted by oncogenes like AXL and BRAF (Koo et al., 2015; 
Green et al., 2018). While RIP3 expression has been identified and 
documented in specific cancer types, including breast cancer, 

colorectal cancer, melanoma, and pancreatic cancer (Gong et al., 
2019). Therefore, the presence of RIP3 could be considered as a 
biomarker for using HSPA8 inhibitor to eliminate cancer, serving as 
a signal for therapeutic guidance. HSPA8 inhibitors may offer en-
hanced therapeutic benefits in tumors that express RIPK3.

MATERIALS AND METHODS
Cell culture
The L929 and 293FT cells were cultivated in DMEM, which was en-
riched with 10% FBS and 100 units/ml penicillin/streptomycin. All 
cells were maintained at a temperature of 37°C in a humidified incu-
bator containing 5% CO2. Additionally, all cell lines underwent rig-
orous testing to confirm their Mycoplasma-negative status using the 
standard PCR method.

Plasmids
For transient expression in 293FT cells, Myc-hHSPA8 and Flag-
RIP3(432-518) were cloned into pLIBIN plasmid. The hHSPA8, and 
hRIP3(388-518) constructs were subcloned into the pE-SUMO vector 
with a 6 × His-Sumo tag. All proteins were expressed in Escherichia 
coli (E. coli) BL21 (DE3) and were purified by Ni-affinity and gel filtra-
tion chromatography.

Antibodies and reagents
For immunoblotting, antibodies were sourced from Sigma-Aldrich, 
including anti-Flag-HRP (catalog no.: A8592) and anti-Myc-HRP 
(catalog no.: 16-213). Additionally, anti-HSPA8 antibodies were ob-
tained from ABclonal (catalog no.: A10898). The anti-human RIP3 
antibodies were specifically purified in our own laboratory.

The recombinant mouse TNF used in our experiments was puri-
fied within our laboratory facilities and the endotoxins or lipopoly-
saccharides was removed by Endotoxin Removal Kit (catalog no.: 
Beyotime, catalog no. C0268S). PTX (catalog no.: #S1150) and VCR 
(catalog no.: #S1241) were purchased from Selleck Chemicals. 
Other inhibitors and reagents, including z-VAD-FMK (catalog no.: 
HY-16658B), VER-155008 (catalog no.: HY-10941), and Pifithrin-μ 
(catalog no.: HY-10940), were acquired from MedChemExpress.

For protein pull-down experiments, Myc beads (catalog 
no.: #E6654) were purchased from Sigma-Aldrich. Nec-1 (catalog no.: 
#N9037) was also obtained from Sigma, while Nec-1s (catalog no.: 
#2263) was purchased from BioVision.

All reagents were stored and handled according to the manufac-
turer’s instructions to ensure optimal performance in our experiments.

TNF-induced cell death assay
L929 cells were seeded into a 96-well plate at a density of 8000 cells 
per well and incubated for 12 h to facilitate their adherence and 
readiness for subsequent treatments. Prior to TNF-α stimulation, the 
cells were pretreated with various concentrations of the HSPA8 in-
hibitor PES or VER for 2 h. Subsequently, the cells were exposed to 
TNF-α (20 ng/mL) in combination with z-VAD (20 μM) to induce 

by the two-way ANOVA test; ns: not significant; ***, p < 0.001. ****, p < 0.0001. (C) Kaplan–Meier survival curve of the 
tumor-bearing mice after three injections of HSPA8 inhibitor PES with high dose VCR (2 mg/kg). n = 6 for each group. 
(D) Impact of HSPA8 inhibitor on tumor shrinkage induced by low-dose MTA drugs. An allograft model using mouse 
L929 fibrosarcoma was established as outlined in the Methods section. Athymic nude mice bearing tumors 
approximately 300 mm3 in size were randomly assigned to five different groups. Mice in each group were 
intraperitoneally (i.p.) injected with the specified compound combinations every 2 days. VCR: 0.5 mg/kg; PES: 
12 mg/kg; Nec-1s: 5 mg/kg. The tumor volumes were measured on day 4 and on day 6. n = 6 for each group. p values 
were determined by the two-way ANOVA test; ns: not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. All 
experiments were repeated independently for three times.
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necroptosis. To investigate the involvement of necroptosis, some 
cells were also treated with Nec-1 (10 μM) in the presence or 
absence of TNF-α and Z-VAD. The cells were maintained under 
these conditions for 3 h to assess the effects of the various treat-
ments on cell death.

MTA-induced cell death assay
L929 cells were seeded into a 96-well plate at a density of 5000 
cells per well and incubated for 12 h to ensure their adherence and 
readiness for subsequent treatments. Prior to MTA exposure, the 
cells were pretreated with various concentrations of the HSPA8 
inhibitor PES for 2 h. Subsequently, the cells were treated with 
either 150 nM VCR or 400 nM PTX in the presence or absence of 
10 μM Nec-1. The cells were maintained under these conditions for 
an additional 24 h to assess the effects of the MTA agents and 
Nec-1 on cell death.

ATP assay
Cell viabilities were determined using the CellTiter-Glo Luminescent 
Cell Viability Assay Kit (Promega), following the manufacturer’s in-
structions precisely. This assay quantifies the amount of ATP present 
in the cells, which is a direct indicator of cell viability. To specifically 
assess necroptosis, the cell viability measured after treatment was 
subtracted from the initial total cell viability.

Co-immunoprecipitation assay
Cells were collected, gently washed with PBS, and resuspended in 
lysis buffer containing 1% Triton X-100, 150 mM NaCl, 20 mM Tris/
HCl (pH 7.4), and 5% glycerol. To ensure the integrity of proteins 
and phosphorylation states, the lysis buffer was supplemented with 
proteinase inhibitor (Roche, catalog no. 16829800) and phospha-
tase inhibitor (Thermo Fisher Scientific, catalog no. A32957). The 
cell suspension was incubated on ice for 30 min to allow for efficient 
lysis and protein extraction.

Subsequently, the lysate was centrifuged at 13,000 × g at 4°C 
for 10 min to pellet insoluble debris and separate the cleared 
lysate. The protein concentration in the supernatant was accu-
rately measured using the Bradford Protein Assay Kit (Sangon 
Biotech, catalog no. C503031) to ensure consistent loading for 
immunoprecipitation.

For immunoprecipitation, 2 mg of whole-cell lysate proteins from 
each sample were incubated with anti-Myc beads, which specifically 
bind to the Myc tag. This allowed for the isolation of Myc-tagged 
proteins and their interacting partners. Following incubation, the 
beads were washed to remove unbound proteins and then sub-
jected to immunoblotting using the indicated antibodies.

Recombinant protein purification
Plasmids were transformed into BL21 (DE3) competent E. coli cells. 
All proteins were purified as previously described (Wu et al., 2023). 
Protein expression was induced by adding 0.5 mM IPTG (AMRESCO, 
catalog no. 0487) at OD600 = 0.8. Cells were cultured at 16°C over-
night. The harvested cells were lysed by lysis buffer containing 
300 mM NaCl, 50 mM Tris-HCl pH 8.0, 200 μg/ml PMSF, and 0.2 mM 
β-mercaptoethanol) and sonicated. The supernatant was incubated 
with Ni-NTA agarose at 4°C for 1 h, respectively. The Ni-NTA 
agarose was subsequently washed and then eluted with 500 mM 
imidazole. The eluted protein was further purified by gel filtration 
chromatography using the Superdex 200 10/300 GL column (GE 
Healthcare) at 4°C in an ÄKTA FPLC system (GE Healthcare). Protein 
concentrations were determined by the Bradford assay using BSA 
as a standard.

Amyloid disassembly assay
Fresh RIP3 amyloid fibrils were prepared by incubating the protein 
at 37°C for 48 h to promote fibril formation. Subsequently, pre-
formed RIP3 fibrils (5 μM monomer concentration) were incubated 
at 30°C with HSPA8 (5 μM) for 120 min to assess the disassembly 
process. In reactions containing MgCl2 (20 mM), ATP (5 mM), and 
DTT (2 mM) were also included to evaluate their potential effects on 
amyloid disassembly.

After the incubation period, the soluble disaggregation products 
were separated from insoluble fibrils by centrifugation at 12,000 × g 
for 10 min. The supernatant containing the soluble proteins was 
then collected and analyzed via western blot to detect the presence 
and identity of RIP3 protein fragments resulting from the disassem-
bly process.

L929 fibrosarcoma model
L929 fibrosarcoma cells (1 × 106) were subcutaneously injected into 
the dorsal area of athymic nude mice to establish the tumor model. 
Tumor growth was monitored by regularly measuring the tumor 
volume, which was calculated using the formula: a × b2 × 0.5 (where 
a represents the maximum diameter and b represents the minimum 
diameter). Once the tumor volume reached approximately 300 mm3, 
the tumor-bearing mice were randomly divided into five treatment 
groups.

Each group received a specific treatment combination delivered 
through intraperitoneal injection every 2 days. The treatment groups 
comprised the following: vehicle control, PES (an HSPA8 inhibitor), 
VCR, PES+VCR, and PES+VCR+Nec-1s. This allowed for the evalua-
tion of the therapeutic effects of the different treatment combina-
tions on tumor growth.

Tumor size was carefully monitored and measured every 2 days 
to assess the response to treatment. This experimental setup 
enabled a comprehensive analysis of the antitumor activity of the 
various treatments in the L929 fibrosarcoma mouse model.

Data availability
The original data used to support the findings of this study are avail-
able from the corresponding author upon request.
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