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Abstract

A variety of different forms of cellular stress can cause protein misfolding and aggregation and 

proteotoxicity. The cytoprotective response to proteotoxicity is termed the integrated stress 

response and involves 4 distinct serine/threonine protein kinases that converge on the translation 

initiation factor eIF2α, resulting in phosphorylation at S51, cell cycle arrest, and a general 

inhibition of global protein synthesis. Phosphorylation of eIF2α also promotes translation of ATF4 

and the expression of ATF4 target genes that ameliorate proteotoxic stress but can also promote 

apoptosis. This mini review provides a general overview of these mechanisms and discusses how 

the inter-tumor heterogeneity that involves them affects sensitivity and resistance to proteasome 

inhibitors, a new class of cancer therapeutics that promotes tumor cell killing via proteotoxic 

stress.
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Introduction

Proteotoxic stress occurs when misfolded protein accumulation overwhelms cellular protein 

quality control mechanisms involving the proteasome and autophagy 1–3. Interest in defining 

the molecular mechanisms involved has increased over the past decade because of the 

recognition that protein aggregation plays critical roles in most neurodegenerative diseases4 

and because of the development of proteasome inhibitors for cancer therapy3. The overall 

goal of ongoing research is to exploit these mechanisms to enhance protein aggregate 

degradation to delay or prevent cytototoxicity in the former and to enhance proteotoxic 

stress to promote cytotoxicity in the latter.

Members of the HSP70 family are the first lines of defense in the cellular response to 

proteotoxic stress3. Distinct members of the family localize to the cytosol, mitochondria, and 

endoplasmic reticulum (ER)5–9. They interact with hydrophobic regions within their 
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clients10, promoting protein folding and transmembrane transport. Heavy metals, heat shock, 

and oxidative stress can damage proteins and cause exposure of these hydrophobic domains 

that are normally buried within their interiors, which makes them prone to aggregation3. 

Members of the HSP70 family therefore play crucial roles in preventing protein aggregation 

by binding tightly to these exposed hydrophobic regions in damaged proteins as soon as they 

emerge to promote refolding, and if proteotoxic stress becomes overwhelming, transporting 

damaged proteins and protein aggregates to the proteasome or autophagosomes for 

degradation3.

eIF2α kinases control the response to proteotoxic stress

Of the different types of proteotoxic stress, most information is available for the molecular 

mechanisms underlying the responses of cells to endoplasmic reticular (ER) stress11,12. 

When misfolded proteins accumulate with the ER-Golgi network, glucose-related protein 78 

(Grp78), a HSP70 family member that is localized to the ER, releases three constitutive 

client proteins (PERK, IRE1, and ATF6) that serve as upstream activators of a coordinated 

signal transduction system known as the unfolded protein response (UPR)13. PERK is a 

protein serine/threonine kinase whose only known substrate is eukaryotic translation 

initiation factor-2 alpha (eIF2α), which it phosphorylates on serine 51 (S52 in mice)13. This 

causes a near complete global shutdown of translation accompanied by a redirection of 

eIF2α to mRNA targets that encode proteins that alleviate ER stress, including protein 

chaperones and endoplasmic reticular structural proteins12. One protein that is particularly 

dependent on ongoing translation for its expression is cyclin D14, which functions as a 

critical regulator of the G1 to S transition. Consequently, eIF2α phosphorylation causes 

rapid cell cycle arrest14. PERK exerts these effects by promoting translation of the 

transcription factor, ATF4, which in turn promotes expression of another transcription factor, 

DDIT3 (also known as GADD153 or CHOP)15. In parallel, release of Grp78 from IRE1 

enables the latter to promote splicing and activation of the transcription factor XBP1, and 

release of Grp78 from the transcription factor ATF6 enables it to translocate to the Golgi, 

where it is proteolytically processed and activated13. In summary, the release of Grp78’s 

constitutive clients that is induced by its tight binding to misfolded proteins serves the 

general mechanism that initiates the entire UPR.

PERK is one of 4 related protein kinases that are activated by different upstream signals but 

all phosphorylate the same site on eIF2α3. Protein kinase R (PKR) is activated by double-

stranded RNA and plays a central role in the innate immune response to viruses16. General 

control nonderepressible 2 (GCN2) is activated by uncharged amino acids that accompany 

amino acid pool depletion17, and heme-related eIF2α kinase (HRI) is activated by heavy 

metals, heat shock, and proteasome inhibition18. By phosphorylating eIF2α, all of them 

attenuate proteotoxic stress by downregulating protein synthesis, thereby reducing the 

upstream input that would serve to increase protein aggregation19. Phosphorylation of eIF2a 

also promotes disposal of protein aggregates via autophagy20.

Proteasome inhibitors are commonly used to model proteotoxic stress. Most early studies 

focused on the effects of proteasome inhibitors on PERK activation and ER stress21,22, but it 

now appears that ER stress plays a major role mostly in cells with very high secretory 
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capacities, and that the other eIF2α kinases play more important roles in cells that do not. 

Cells with high secretory capacities are particularly prone to ER stress and require ongoing 

proteasome activity to remove the misfolded proteins that are produced as a normal 

byproduct of translation21. In these cells proteasome inhibitors cause robust PERK 

activation, and PERK mediates eIF2α phosphorylation and downstream effects21. Other cell 

types require basal proteasome activity to maintain amino acid pool levels, perhaps because 

they exhibit particularly high rates of global protein synthesis. In these cells proteasome 

inhibition activates GCN2, and GCN2 mediates eIF2α phosphorylation23. Finally, HRI 

appears to generally mediate eIF2α phosphorylation in response to cytosolic protein 

aggregation induced by heat shock24, and we have found that proteasome inhibitors are 

potent activators of HRI in most human cancer cell lines and that in these cells HRI mediates 

eIF2α phosphorylation (M. White, manuscript under revision). Therefore, any attempt to 

specifically modulate an eIF2α kinase to produce a desired biological effect in a given cell 

type would require some knowledge of the specific protein synthesis-related functions of 

that cell.

Mechanisms of proteotoxicity-associated cell death

Misfolded or denatured monomeric polypeptides are recognized by ubiquitin ligases and 

targeted to the proteasome for degradation25. However, the proteasome’s cap complex can 

only accommodate protein monomers that must be further unwound prior to insertion into its 

narrow catalytic core10, so larger protein aggregates must be redirected to autophagy for 

degradation3. When both systems are overwhelmed protein aggregates build up in the 

cytosol and/or within organelles, and the appearance of these protein aggregates is typically 

followed by cell death26. The molecular mechanisms involved have been under active 

investigation for over a decade, but they appear to be complex and highly cell type-

dependent.

Active mechanisms that mediate cell death

In addition to promoting expression of protein chaperones and other cytoprotective proteins, 

CHOP has also been shown to directly or indirectly induce the expression of canonical 

proapoptotic proteins, including death receptor-5 (DR5)27 and PUMA28, a proapoptotic 

BH3-only member of the BCL2 family. In addition, CHOP indirectly induces transcriptional 

activation of the BH3-only protein, NOXA, via translational activation of ATF529. PUMA is 

a broad spectrum BH3 protein that interacts with all of the anti-apoptotic members of the 

BCL2 family, whereas Noxa specifically interacts with and inhibits MCL130. Importantly, 

these effects may “prime” cells for apoptotic death30, but execution of apoptosis probably 

requires a more direct cytotoxic stimulus.

One of CHOP’s primary transcriptional targets is GADD34, a protein phosphatase that 

dephosphorylates S51 in eIF2α31. The physiological function of GADD34 induction is to 

restore protein translation after proteotoxic stress is resolved31. However, GADD34 

induction may also serve as a “timer” to initiate apoptosis if proteotoxic stress is not 

resolved quickly enough32. By restoring translation in the face of continuing proteotoxic 

stress, GADD34 induction exacerbates protein aggregation to promote cell death32. This 
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mechanism probably coordinates the active mechanisms described above with the passive 

mechanisms described below.

Passive mechanisms that mediate cell death

There is abundant circumstantial evidence implicating protein aggregation as the most 

upstream cytotoxic mechanism in proteotoxicity-induced cell death. However, precisely how 

protein aggregates cause cell death is still not clear. One attractive possibility is that, by 

inhibiting flux through the proteasome and autophagy degradation pathways, proteotoxicity 

inhibits disposal of depolarized and damaged mitochondria, which are normally removed by 

a specialized form of autophagy known as “mitophagy”33. As a consequence, accumulation 

of these damaged mitochondria produce reactive oxygen species (ROS) and cause oxidative 

stress leading to cytochrome c release, caspase activation, and apoptosis. Consistent with 

this hypothesis, many studies have demonstrated that proteasome inhibitors induce early 

ROS production34,35 and that this ROS production is blocked by inhibiting protein synthesis 

(and therefore protein aggregation) with cycloheximide (M. White, manuscript under 

revision). Antioxidants such as N-acetyl cysteine (NAC) also block proteasome inhibitor-

induced ROS production and cell death34,35. In addition to inducing ROS, proteasome 

inhibitors also disrupt intracellular Ca2+ homeostasis22. Together, ROS and Ca2+ probably 

promote activation of the intrinsic pathway of apoptosis by inducing cytochrome c release 

and apoptosome formation36.

Suppressing apoptosis is usually an active process that requires ongoing expression of 

“survival proteins” that inhibit apoptosis37. Therefore, sustained inhibition of global 

translation will also contribute to passive cell death via this mechanism. These effects are 

probably exacerbated in GCN2-dependent cells by proteasome inhibition-associated amino 

acid pool depletion, which interferes with both survival protein translation and the synthesis 

of glutathione.

Initiator caspase activation

The presence of misfolded proteins is initially “sensed” by members of the HSP70 family. It 

would seem reasonable that persistent, overwhelming proteotoxic stress could also be 

“sensed” by some direct mechanism. So far there is no direct evidence for this, but it was 

reported that caspase-2 was activated rapidly and selectively by heat shock38,39, suggesting 

that it may be the most attractive candidate. Other studies implicated caspase-834,40 or 

caspase-4 (which resides in the ER)41, but the precise mechanisms involved in their 

activation in response to proteotoxic stress were not identified, and their relative importance 

in mediating apoptosis remains unclear. In particular, recent work demonstrating that 

caspases 4, 5 and 11 (in the mouse) function as specific innate immune receptors for 

lipopolysaccharide (LPS)42–44 has cast doubt on the relative importance of caspase-4 in ER 

stress-mediated apoptosis.
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Cancer heterogeneity and sensitivity to proteotoxic stress

As introduced above, proteasome inhibitors are now FDA approved for the treatment of 

patients with multiple myeloma45. They are also being evaluated in combination with 

conventional chemotherapy in patients with solid tumors. Sensitivity to proteasome 

inhibitors in preclinical models of cancer and in patients is highly heterogeneous, so there is 

strong interest in defining the molecular determinants of sensitivity so that biomarkers can 

be developed that can be used to identify the groups of patients who will obtain the most 

clinical benefit from them.

Our group has identified two independent mechanisms that appear to contribute to sensitivity 

or resistance. We observed that many human cancer cell lines constitutively contain high 

levels of eIF2α phosphorylation at baseline26 (M. White, manuscript under revision). In 

these cells proteasome inhibitors fail to stimulate a further increase in eIF2α 
phosphorylation26, and as a consequence, protein synthesis continues unabated and the cells 

rapidly accumulate protein aggregates. The molecular mechanisms that cause the high basal 

eIF2α phosphorylation probably vary according to cell type, but in our models knockdown 

of GCN2 decreased basal phosphorylation (M. White, manuscript under revision). 

Therefore, we suspect that amino acid pool “stress” may be involved, possibly secondary to 

high rates of anabolic metabolism, as is observed in cells with high Myc pathway 

activation46.

We have also identified an interesting pathway of resistance. We used whole genome mRNA 

expression profiling to compare and contrast patterns of gene expression in proteasome 

inhibitor-sensitive and–resistant human bladder cancer cell lines before and after exposure to 

the proteasome inhibitor, bortezomib (Velcade)47. One of the top most differentially 

expressed genes was inducible HSP70, which increased markedly in the proteasome 

inhibitor-resistant cells but did not increase at all in the proteasome inhibitor-sensitive 

cells47. Analyses of the molecular mechanisms involved demonstrated that proteasome 

inhibitors activated the upstream transcription factor, heat shock factor-1 (HSF-1), in both 

cell lines, strongly suggesting that the defect(s) were localized to the HSP70 gene itself47. 

Consistent with this hypothesis, methylation-specific PCR demonstrated that HSP70 was 

methylated in the resistant cells, strongly suggesting that DNA methylation was responsible 

for the silencing of the HSP70 gene in the sensitive cells. Whether or not HSP70 

methylation provides some growth advantage to the cancer cells is unclear.

Conclusions

Proteotoxic stress appears to contribute to cell killing in neurodegenerative diseases, heavy 

metal toxicity, and proteasome inhibitor-induced apoptosis in cancer cells. The eIF2α 
kinases are attractive candidate targets for new therapies aimed at inhibiting proteotoxicity in 

neurodegenerative disease and promoting proteotoxicity in cancer. However, differences in 

baseline “wiring” of the integrated stress response in cancer cells makes the development of 

these drugs very challenging. In addition, on-target toxicity in normal cells may dramatically 

limit the utility of eIF2α kinase inhibitors in cancer48. However, it seems likely that by 

focusing on basic mechanisms, opportunities to exploit our growing understanding of the 
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integrated stress response will produce effective therapies for neurodegenerative diseases, 

cancer, and other disorders in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

References

1. Hightower LE. Heat shock, stress proteins, chaperones, and proteotoxicity. Cell. 1991; 66(2):191–
197. [PubMed: 1855252] 

2. Morimoto RI. Cells in stress: transcriptional activation of heat shock genes. Science. 1993; 
259(5100):1409–1410. [PubMed: 8451637] 

3. McConkey DJ, White M, Yan W. HDAC inhibitor modulation of proteotoxicity as a therapeutic 
approach in cancer. Adv Cancer Res. 2012; 116:131–163. [PubMed: 23088870] 

4. Tabas I, Ron D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. 
Nat Cell Biol. 2011; 13(3):184–190. [PubMed: 21364565] 

5. Ahn SG, Kim SA, Yoon JH, Vacratsis P. Heat-shock cognate 70 is required for the activation of 
heat-shock factor 1 in mammalian cells. Biochem J. 2005; 392(Pt 1):145–152. [PubMed: 16050811] 

6. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP and ER 
stress transducers in the unfolded-protein response. Nat Cell Biol. 2000; 2(6):326–332. [PubMed: 
10854322] 

7. Daugaard M, Rohde M, Jaattela M. The heat shock protein 70 family: Highly homologous proteins 
with overlapping and distinct functions. FEBS Lett. 2007; 581(19):3702–3710. [PubMed: 
17544402] 

8. Kaser M, Langer T. Protein degradation in mitochondria. Semin Cell Dev Biol. 2000; 11(3):181–
190. [PubMed: 10906275] 

9. Shi Y, Mosser DD, Morimoto RI. Molecular chaperones as HSF1-specific transcriptional repressors. 
Genes Dev. 1998; 12(5):654–666. [PubMed: 9499401] 

10. Goldberg AL. Protein degradation and protection against misfolded or damaged proteins. Nature. 
2003; 426(6968):895–899. [PubMed: 14685250] 

11. Lee AS, Hendershot LM. ER stress and cancer. Cancer Biol Ther. 2006; 5(7):721–722. [PubMed: 
16880733] 

12. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic regulation. 
Science. 2011; 334(6059):1081–1086. [PubMed: 22116877] 

13. Szegezdi E, Logue SE, Gorman AM, Samali A. Mediators of endoplasmic reticulum stress-induced 
apoptosis. EMBO Rep. 2006; 7(9):880–885. [PubMed: 16953201] 

14. Hamanaka RB, Bennett BS, Cullinan SB, Diehl JA. PERK and GCN2 contribute to eIF2alpha 
phosphorylation and cell cycle arrest after activation of the unfolded protein response pathway. 
Mol Biol Cell. 2005; 16(12):5493–5501. [PubMed: 16176978] 

15. Harding HP, Novoa I, Zhang Y, et al. Regulated translation initiation controls stressinduced gene 
expression in mammalian cells. Mol Cell. 2000; 6(5):1099–1108. [PubMed: 11106749] 

16. Meurs E, Chong K, Galabru J, et al. Molecular cloning and characterization of the human double-
stranded RNA-activated protein kinase induced by interferon. Cell. 1990; 62(2):379–390. 
[PubMed: 1695551] 

17. Sood R, Porter AC, Olsen DA, Cavener DR, Wek RC. A mammalian homologue of GCN2 protein 
kinase important for translational control by phosphorylation of eukaryotic initiation factor-2alpha. 
Genetics. 2000; 154(2):787–801. [PubMed: 10655230] 

18. Chen JJ, Throop MS, Gehrke L, et al. Cloning of the cDNA of the heme-regulated eukaryotic 
initiation factor 2 alpha (eIF-2 alpha) kinase of rabbit reticulocytes: homology to yeast GCN2 
protein kinase and human double-stranded-RNA-dependent eIF-2 alpha kinase. Proc Natl Acad 
Sci U S A. 1991; 88(17):7729–7733. [PubMed: 1679235] 

McConkey Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for translational regulation 
and cell survival during the unfolded protein response. Mol Cell. 2000; 5(5):897–904. [PubMed: 
10882126] 

20. Talloczy Z, Jiang W, Virgin HWt, et al. Regulation of starvation- and virus-induced autophagy by 
the eIF2alpha kinase signaling pathway. Proc Natl Acad Sci U S A. 2002; 99(1):190–195. 
[PubMed: 11756670] 

21. Obeng EA, Carlson LM, Gutman DM, Harrington WJ Jr, Lee KP, Boise LH. Proteasome inhibitors 
induce a terminal unfolded protein response in multiple myeloma cells. Blood. 2006; 107(12):
4907–4916. [PubMed: 16507771] 

22. Nawrocki ST, Carew JS, Pino MS, et al. Bortezomib sensitizes pancreatic cancer cells to 
endoplasmic reticulum stress-mediated apoptosis. Cancer Res. 2005; 65(24):11658–11666. 
[PubMed: 16357177] 

23. Jiang HY, Wek RC. Phosphorylation of the alpha-subunit of the eukaryotic initiation factor-2 
(eIF2alpha) reduces protein synthesis and enhances apoptosis in response to proteasome inhibition. 
J Biol Chem. 2005; 280(14):14189–14202. [PubMed: 15684420] 

24. Hinnebusch AG. The eIF-2 alpha kinases: regulators of protein synthesis in starvation and stress. 
Semin Cell Biol. 1994; 5(6):417–426. [PubMed: 7711290] 

25. Petroski MD, Deshaies RJ. Function and regulation of cullin-RING ubiquitin ligases. Nat Rev Mol 
Cell Biol. 2005; 6(1):9–20. [PubMed: 15688063] 

26. Zhu K, Dunner K Jr, McConkey DJ. Proteasome inhibitors activate autophagy as a cytoprotective 
response in human prostate cancer cells. Oncogene. 2010; 29(3):451–462. [PubMed: 19881538] 

27. Yoshida T, Shiraishi T, Nakata S, et al. Proteasome inhibitor MG132 induces death receptor 5 
through CCAAT/enhancer-binding protein homologous protein. Cancer Res. 2005; 65(13):5662–
5667. [PubMed: 15994939] 

28. Chauhan D, Tian Z, Zhou B, et al. In vitro and in vivo selective antitumor activity of a novel orally 
bioavailable proteasome inhibitor MLN9708 against multiple myeloma cells. Clin Cancer Res. 
2011; 17(16):5311–5321. [PubMed: 21724551] 

29. Teske BF, Fusakio ME, Zhou D, et al. CHOP induces activating transcription factor 5 (ATF5) to 
trigger apoptosis in response to perturbations in protein homeostasis. Mol Biol Cell. 2013; 24(15):
2477–2490. [PubMed: 23761072] 

30. Certo M, Del Gaizo Moore V, Nishino M, et al. Mitochondria primed by death signals determine 
cellular addiction to antiapoptotic BCL-2 family members. Cancer Cell. 2006; 9(5):351–365. 
[PubMed: 16697956] 

31. Novoa I, Zeng H, Harding HP, Ron D. Feedback inhibition of the unfolded protein response by 
GADD34-mediated dephosphorylation of eIF2alpha. J Cell Biol. 2001; 153(5):1011–1022. 
[PubMed: 11381086] 

32. Marciniak SJ, Yun CY, Oyadomari S, et al. CHOP induces death by promoting protein synthesis 
and oxidation in the stressed endoplasmic reticulum. Genes Dev. 2004; 18(24):3066–3077. 
[PubMed: 15601821] 

33. Sun N, Youle RJ, Finkel T. The Mitochondrial Basis of Aging. Mol Cell. 2016; 61(5):654–666. 
[PubMed: 26942670] 

34. Miller CP, Ban K, Dujka ME, et al. NPI-0052, a novel proteasome inhibitor, induces caspase-8 and 
ROS-dependent apoptosis alone and in combination with HDAC inhibitors in leukemia cells. 
Blood. 2007; 110(1):267–277. [PubMed: 17356134] 

35. Pei XY, Dai Y, Grant S. Synergistic induction of oxidative injury and apoptosis in human multiple 
myeloma cells by the proteasome inhibitor bortezomib and histone deacetylase inhibitors. Clin 
Cancer Res. 2004; 10(11):3839–3852. [PubMed: 15173093] 

36. Almond JB, Snowden RT, Hunter A, Dinsdale D, Cain K, Cohen GM. Proteasome inhibitor-
induced apoptosis of B-chronic lymphocytic leukaemia cells involves cytochrome c release and 
caspase activation, accompanied by formation of an approximately 700 kDa Apaf-1 containing 
apoptosome complex. Leukemia. 2001; 15(9):1388–1397. [PubMed: 11516099] 

37. Raff MC. Social controls on cell survival and cell death. Nature. 1992; 356(6368):397–400. 
[PubMed: 1557121] 

McConkey Page 7

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Bouchier-Hayes L, Oberst A, McStay GP, et al. Characterization of cytoplasmic caspase-2 
activation by induced proximity. Mol Cell. 2009; 35(6):830–840. [PubMed: 19782032] 

39. Tu S, McStay GP, Boucher LM, Mak T, Beere HM, Green DR. In situ trapping of activated 
initiator caspases reveals a role for caspase-2 in heat shock-induced apoptosis. Nat Cell Biol. 2006; 
8(1):72–77. [PubMed: 16362053] 

40. Chauhan D, Catley L, Li G, et al. A novel orally active proteasome inhibitor induces apoptosis in 
multiple myeloma cells with mechanisms distinct from Bortezomib. Cancer Cell. 2005; 8(5):407–
419. [PubMed: 16286248] 

41. Nawrocki ST, Carew JS, Dunner K Jr, et al. Bortezomib inhibits PKR-like endoplasmic reticulum 
(ER) kinase and induces apoptosis via ER stress in human pancreatic cancer cells. Cancer Res. 
2005; 65(24):11510–11519. [PubMed: 16357160] 

42. Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD by inflammatory caspases determines 
pyroptotic cell death. Nature. 2015; 526(7575):660–665. [PubMed: 26375003] 

43. Shi J, Zhao Y, Wang Y, et al. Inflammatory caspases are innate immune receptors for intracellular 
LPS. Nature. 2014; 514(7521):187–192. [PubMed: 25119034] 

44. Kayagaki N, Warming S, Lamkanfi M, et al. Non-canonical inflammasome activation targets 
caspase-11. Nature. 2011; 479(7371):117–121. [PubMed: 22002608] 

45. Twombly R. First proteasome inhibitor approved for multiple myeloma. J Natl Cancer Inst. 2003; 
95(12):845. [PubMed: 12813164] 

46. Nawrocki ST, Carew JS, Maclean KH, et al. Myc regulates aggresome formation, the induction of 
Noxa, and apoptosis in response to the combination of bortezomib and SAHA. Blood. 2008; 
112(7):2917–2926. [PubMed: 18641367] 

47. Qi W, White MC, Choi W, et al. Inhibition of inducible heat shock protein-70 (hsp72) enhances 
bortezomib-induced cell death in human bladder cancer cells. PLoS One. 2013; 8(7):e69509. 
[PubMed: 23874968] 

48. Yu Q, Zhao B, Gui J, et al. Type I interferons mediate pancreatic toxicities of PERK inhibition. 
Proc Natl Acad Sci U S A. 2015; 112(50):15420–15425. [PubMed: 26627716] 

McConkey Page 8

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Kinases that phosphorylate the translation initiation factor eIF2α play central 

roles in the responses of cells to proteotoxic stress

• Different kinases play dominant roles in different cell types based on the 

metabolic “wiring” of the cells

• Phosphorylation of eIF2α is initially cytoprotective but can promote apoptosis 

if proteotoxic stress becomes overwhelming

• Apoptosis induced by proteotoxic stress is mediated by reactive oxygen 

species and alterations in intracellular Ca2+ homeostasis

• Some cancers constitutively express high levels of eIF2α phosphorylation, 

and these cancers may be particularly vulnerable to proteotoxic stress
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