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Abstract

The survival rate for patients with oral squamous cell carcinoma (OSCC) has not seen marked 

improvement in recent decades despite enhanced efforts in prevention and the introduction of 

novel therapies. We have reported that pharmacological exacerbation of the unfolded protein 

response (UPR) is an effective approach to killing OSCC cells. The UPR is executed via distinct 

signaling cascades whereby an initial attempt to restore folding homeostasis in the endoplasmic 

reticulum during stress is complemented by an apoptotic response if the defect cannot be resolved. 

To identify novel small molecules able to overwhelm the adaptive capacity of the UPR in OSCC 

cells, we engineered a complementary cell-based assay to screen a broad spectrum of chemical 

matter. Stably transfected CHO-K1 cells that individually report (luciferase) on the PERK/eIF2α/

ATF4/CHOP (apoptotic) or the IRE1/XBP1 (adaptive) UPR pathways, were engineered [1]. The 

triterpenoids dihydrocelastrol and celastrol were identified as potent inducers of UPR signaling 

and cell death in a primary screen and confirmed in a panel of OSCC cells and other cancer cell 

lines. Biochemical and genetic assays using OSCC cells and modified murine embryonic 

fibroblasts demonstrated that intact PERK-eIF2–ATF4-CHOP signaling is required for pro-

apoptotic UPR and OSCC death following celastrol treatment.
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Introduction

A remarkable incidence of oral squamous cell carcinoma (OSCC) persists in the United 

States. Progress in durable patient responses has been only incremental since the 

introduction of cisplatin in 1978, and approximately 40,000 Americans will be newly 

diagnosed with oral cavity and oropharyngeal cancer this year [2]. In an attempt to improve 

the outcomes of conventional chemotherapy we have utilized a cell-based high throughput 

screening technique to identify novel small molecules that intensify the unfolded protein 

response (UPR) and selectively kill malignant cells [1].

The unfolded protein response (UPR) is a cell’s rejoinder to the accumulation of misfolded 

protein in the lumen of the endoplasmic reticulum (ER). Innositol-requiring enzyme 1 alpha 

(IRE1α), activating transcription factor 6 (ATF6), and protein kinase RNA-like endoplasmic 

reticulum kinase (PERK) are three ER transmembrane sensors that continuously monitor the 

status of luminal protein folding. Broadly, the UPR consists of genetically distinct pathways 

that are simultaneously activated to either adapt to a folding challenge or initiate cell death 

when a stress is particularly robust or protracted. The adaptive response is directed primarily 

through the un-conventional splicing of a 26 base intron from X-box binding protein (XBP1) 

mRNA by IRE1α Spliced XBP1 yields a potent transcription factor that increases the 

expression of foldases, chaperones and other heat shock factors and glucose-related proteins 

that return to the ER in an attempt to remedy the folding defect. Although the precise 

mechanism governing the switch from UPR-mediated adaptation toward cell death remains 

an incomplete story, it is clear, when the adaptive response becomes overwhelmed, that the 

activation of the PERK-eIF2α-axis induces ATF4 and CHOP expression prior to apoptosis 

[3].

Given the rapid growth rate and highly secretory nature of many solid and hematological 

tumors it is not surprising that many human cancers are characterized by increased 

expression of translation factors and high basal levels of UPR signaling and stress. Recent 

studies have revealed increased expression of eukaryotic initiation factors (eIFs) and UPR-

related chaperones in breast [4,5], bladder [6], lung [7], thyroid [8], lymphoma [9], 

colorectal [10], leukemia [11], larynx [12,13] and OSCC [11,14,15]. As malignant cell 

populations begin to grow and invade host tissue the extracellular tumor milieu becomes 

increasingly starved of oxygen, glucose and other nutrients as the rate of expansion outpaces 

the capacity of its vasculature. The cellular stress caused by these harsh conditions leads to 

IRE1α- and PERK (ATF4) -mediated angiogenesis and cell survival [16]. Importantly, 

Xbp1−/− fibroblasts and Xbp1 knockdown cells failed to form tumors in mice [17], and 

PERK −/− cells and xenografts are unable to tolerate hypoxia [18]. When considered 

together, the increased expression of translation factors and the demand for UPR-driven 
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angiogenesis in the tumor stroma strongly support the hypothesis that targeting the UPR 

with small molecules will be a productive therapeutic approach.

A cell-based high throughput screen was engineered using CHO cells transfected with 

luciferase reporters to specifically monitor XBP1 splicing or CHOP promoter activation [1]. 

A library of approximately 66,000 compounds was screened at the University of Michigan 

Center for Chemical Genomics and celastrol, a triterpenoid compound isolated from the 

plant family Celas-traceae [19], emerged as a hit that could activate both UPR reporters.

Although most studies have focused on the anti-inflammatory properties of celastrol, there 

are a growing number of reports highlighting its use as a promising anti-cancer compound in 

breast leukemia, melanoma, myeloma, pancreatic and prostate cell culture and xenograft 

models [20–24]. The anti-proliferative effects of celastrol have been attributed to 

mechanisms involving diverse signaling networks that include the inhibition of pro-survival 

NF-B signaling, proteasome inhibition and the up-regulation of pro-apoptotic Bcl-2 family 

members and down regulation of anti-apoptotic genes such as Bcl-2 and XIAP. Since 

celastrol has been shown to potently induce the expression of heat shock proteins [25] and 

was able to activate UPR luciferase reporters in our screen, we hypothesized that its ability 

to induce cell death and reduce xenograft tumor burden in several models might be 

dependent on its ability to activate the UPR.

Experimental procedures

Cell lines, reporters and reagents

Stably transfected CHO-K1 cells containing pathway-specific luciferase reporters for the 

PERK/eIF2α/CHOP pathway or the IRE1/XBP1 pathway were used for screening as 

described [1]. The human floor of mouth squamous cell carcinoma lines UMSCC1, 

UMSCC14A and laryngeal squamous cell carcinoma cell line UMSCC23 were kindly 

provided by Dr. Thomas Carey at the University of Michigan. The tongue carcinoma cell 

line CAL27 (CRL-2095), the salivary epidermoid carcinoma cell line A-253 (HTB-41) and 

the pharyngeal carcinoma cell line FaDu (HTB-43) were from ATCC (Manassas, VA). 

A549 BAX−/−/−/−, BAK−/− lung adenocarcinoma cells (CLLS1015) were from Sigma. All 

human cancer cell lines were cultured in DMEM supplemented with penicillin and 

streptomycin and 10% fetal bovine serum. Normal human epidermal keratinocytes (nHEK), 

associated medium, culture reagents and supplements were from Science Cell Research 

Laboratories (Carlsbad, CA). Celastrol was purchased from Enzo Life Sciences (San Diego, 

CA) and dihydrocelastrol was from Microsource Discovery Systems Inc. (Gaylordsville, 

CT).

PCR—Quantitative real time reverse-transcription PCR (RT-qPCR) and conventional 

reverse-transcription PCR (RT-PCR) were performed with cDNA prepared with Cells to 

CT™ (Life Technologies, Carlsbad, CA), as described [26]. Semi-quantitative RT-PCR 

analysis of spliced and un-spliced XBP1 was performed with a single human-specific primer 

pair ACA CGC TTG GGA ATG GAC AC (forward) and CCA TGG GAA GAT GTT CTG 

GG (reverse) [27]; amplicons were visualized with a Qiagen Qiaxcel automated nucleic acid 

fragment analyzer using a high resolution cartridge on the M500 setting using a 15 bp–1 kb 
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alignment marker and a 50 bp–800 bp size marker. qRT-PCR was performed with following 

Taqman primer/probe sets: CHOP/DDIT3 (Hs01090850_m1), 18S (Hs99999901_s1), 

GADD34 (Hs00169585_ m1), ATF3 (Hs00910173_m1), ATF4 (Hs00909569_g1), BiP/

GRP78 (Hs99999174_m1), HERPUD1 (Hs00206652_m1), DR5 (Hs00366278_ m1), TRB3 

(Hs00221754_m1), ERDJ4 (Hs00202448_m1), ERDJ5 (Hs00943467_m1), EDEM 

(Hs00976004_m1), p21WAF (Hs00355782_ m1), XBP1 (spliced) (Hs03929085_g1), Bim 

(Hs00708019_s1), Bid (Hs00609632_m1), NOXA (Hs00560402_m1), PUMA 

(Hs00248075_ m1) and NBK (Hs00154189_m1). All experiments were performed at least 

three times; representative experiments depict technical replicates also performed in 

triplicate.

Viability and caspase assays

Trypan blue-exclusion assay or the luminescent Cell Titer-Glo Cell Viability Assay (G7570) 

(Promega Corp., Madison, WI) were used. Caspase activation was measured with a 

luminescent Caspase-Glo 3/7 Assay (Promega, Madison, WI). For luminescent assays 

12,500 cells were seeded in 96 well white culture plates. Concentrations of celastrol above 5 

μM appeared to enhance luciferase activity and consistently provided false-positive 

proliferation data as validated with trypan blue exclusion assays (data not shown). For 

colony formation assay, 1000 cells were plated in 6 cm tissue culture dishes and exposed to 

celastrol for 1 h. Cultures were maintained until vehicle (DMSO) treated colonies reached 

50 cells. Cultures were washed, fixed with methanol and stained with bromophenol blue. 

The number of 50 cell colonies in celastrol treated wells were counted and reported as a 

percentage of the vehicle treated cells.

Western blot analysis

Whole-cell lysates were prepared in modified RIPA buffer with PMSF and protease 

inhibitors. 25–50 μg of lysate was resolved on 8 or 12% SDS-PAGE gels and transferred to 

PVDF membrane (Bio-Rad, Hercules, CA). Antibodies were from the following sources: 

Caspases 3 and 9, Cell Signaling (Beverly, MA); ATF-4, BAK, CHOP, and ubiquitin Santa 

Cruz (Santa Cruz, CA); GAPDH, Millipore (Billerica, MA)

Statistics—Statistic analyses were performed using Microsoft Excel 2013 (Redmond, 

WA) and consisted of descriptive statistics (means and standard deviations). Comparative 

tests included t-tests and 2 way ANOVA performed with GraphPad Prism version 6 for Mac 

(La Jolla, CA). All P-values are two-sided. P-values lower than 0.05 were considered 

statistically significant.

Results

Celastrol activates the unfolded protein response

The tripterine celastrol emerged as a hit in a high throughput screen to identify small 

molecule activators of the unfolded protein response (UPR). Confirmatory dose-response 

assays demonstrated activation of the CHOP- and XBP1-luciferase reporters used in the 

primary screen [1,28] (Fig. 1A). The closely related analog dihydrocelastrol was active only 

at substantially higher concentrations (data not shown). A panel of oral squamous cell 
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carcinoma (OSCC) cell lines exposed to celastrol displayed increased levels of UPR-related 

mRNA transcripts (Fig. 1B) and XBP1 splicing (Fig. 1C), confirming its ability to induce 

ER stress and activate the UPR. In general, higher concentrations of celastrol were required 

to activate UPR gene expression and XBP1 splicing in FaDu cells, which are known to 

harbor a SMAD4/TGFβR signaling defect. Celastrol has been reported to inhibit the 

chymotrypsin-like activity of the 26S proteasome in prostate cancer [29] and rat glioma cells 

[30], another well-characterized mechanism of UPR induction by our group and others [31–

33]. Fluorescent (Z-gly-gly-leu-AMC) 26S proteasome assay could detect only very modest 

reductions in proteasome function in UMSCC14A and UMSCC23 cells after 1, 3 or 6 h, and 

only at concentrations well above the observed IC50 values of celastrol (Fig. 1D). These 

data were confirmed in a concentration and time course study using a luminescent 26S 

chymotrypsin-like assay in UMSCC1 cell cultures (data not shown). Considered together, 

these data indicate that celastrol induces proteasome-inhibition-independent ER stress and 

the UPR in OSCC cells.

Celastrol inhibits proliferation of oral squamous cell carcinoma (OSCC) cells and 
increases apoptosis-related transcripts

ATP-based luminescent proliferation assays indicated that celastrol could potently inhibit 

growth in a panel of OSCC cell lines (Fig. 2A); significantly higher concentrations were 

again required to observe an effect in dihydrocelastrol treated cultures (data not shown). 

OSCC cell lines with known SMAD4/TGFβR signaling defects displayed 2–7 fold higher 

IC50 values than cell lines with intact SMAD4/TGFβR signaling (Fig. 2B). Concentration- 

and time-dependent experiments with normal human epidermal keratinocytes revealed an 

IC50 of ~4.0 μM at 16 and 24 h (Fig. 2C), indicating a 5+ fold decrease in sensitivity 

compared to the OSCC cell lines with intact SMAD4/TGFβR signaling. Clonogenic survival 

assays to measure the long-term cytostatic/cytotoxic effects of celastrol revealed that<1.0 

μM celastrol for one hour (prior to washout) could inhibit the ability of ≥50% of cultures to 

grow to 50-cell colonies after 10–14 days, compared to DMSO (vehicle) controls (Fig. 2D). 

RT-qPCR interrogation of cDNA’s generated from celastrol treated UMSCC1, UMSCC14A 

and FaDu cells demonstrated increased mRNA transcripts of the apoptotic BH3-only BCL2 

family members NOXA and PUMA and for the UPR-associated death genes TRB3 and 

GADD45β (Fig. 2E). The observation that NOXA and PUMA transcripts were only slightly 

induced in the resistant FaDu cells suggests that the accumulation of BH3-only family 

members might be required for celastrol to modulate cancer cell proliferation and cell death. 

Celastrol IC50 values for the neuroblastoma cell lines SH-SY5Y and SH-BE were similar to 

OSCC cells with intact TGFβR/SMAD4 (data not shown), indicating that the ability of 

celastrol to inhibit cancer cell proliferation is not a phenomenon unique to OSCC.

Celastrol leads to increased accumulation of polyubiquitinated proteins and apoptosis in 
OSCC

Having observed increased apoptosis-related mRNA transcripts we sought to determine the 

extent to which programed cell death might be governing the ability of celastrol to reduce 

proliferation. Luminescent Caspase3/7 assays revealed increased enzyme activity by eight 

hours in UMSCC1 but not celastrol-resistant FaDu cells, even at a ten-fold higher 

concentration (Fig. 3A). Immunoblot analysis of whole cell lysates further demonstrated 
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celastrol treatment reduced the pro-form of caspase 9 and led to the accumulation of active 

caspase 3 (Fig. 3B), consistent with the observations of others [34–36]. Increased 

accumulation of pro-apoptotic BAK was also observed following celastrol treatment (Fig. 

3C), a finding that has not been previously reported. Neither caspase activation nor BAK 

accumulation was evident in celastrol-resistant FaDu cells. (Fig. 3B and C). Human DLD1 

colorectal adenocarcinoma cells doubly deficient for BAX and BAK were significantly 

resistant to celastrol (Fig. 3D); and electrophoretic resolution of genomic DNA from 

celastrol treated cells revealed laddering only in celastrol-sensitive OSCC cell lines (Fig. 

3E). These data confirm a role for the intrinsic (mitochondrial) apoptotic pathway in 

celastrol-mediated cancer cell death and extend previous observations that it can induce 

apoptosis in cultured cells [29,34,37]. The ability of celastrol to induce ubiquitination (Ub) 

in whole cell lysates has been reported in different cancer subtypes [20,36,37]. Immunoblot 

analysis revealed that celastrol-resistant cell lines (CAL27 and FaDu) accumulated Ub 

proteins much more slowly than celastrol-sensitive UMSCC23 cells (Fig. 3F). These data 

indicated that apoptosis is a key feature in celastrol-mediated reductions in OSCC 

proliferation, and suggested that reduced accumulation of Ub proteins might be a feature of 

celastrol-resistance.

The ability of celastrol to induce apoptosis is UPR-dependent

Cultures of murine embryonic fibroblasts (MEF) bearing mutations in key UPR genes were 

employed to study the link between celastrol-mediated apoptosis and the UPR. Trypan blue-

exclusion assays demonstrated eIF2α Ser51Ala mutant (A/A) MEF experienced greater cell 

death than wildtype (S/S) littermate controls, a key feature of ER stress-inducing compounds 

[38]. After 6 h exposure to increasing concentrations of celastrol A/A MEF’s displayed only 

trace accumulation of Atf4, no Chop, and a pronounced decrease of pro-caspase 9 and 

increased cleaved caspase 3 (Fig. 4A). A/A cells accumulated Ub proteins much more 

rapidly than the more resistant S/S cells (Fig. 4A). Atf4-null MEF’s were significantly 

resistant to celastrol, demonstrated only modest accumulation of Chop and the apoptotic 

fragments of caspases 9 and 3 and displayed fewer Ub proteins, that wildtype (Fig. 4B). 

Experiments with paired Chop-null and wildtype MEF indicated intact Chop signaling was 

necessary for efficient celastrol-mediated cell killing and accumulation of Atf4 was the same 

in wildtype and Chop null cells (Fig. 4C). However, immunoblot analysis unexpectedly 

revealed the kinetics of caspase 9 and −3 activation to be very similar. We hypothesized this 

result was reflective of the narrow window where the significant difference between the two 

cell lines became apparent in 6 h dose-response analysis (i.e. only at 1.25 μM). An 

enzymatic caspase 3/7 assay demonstrated significantly more caspase activity in wildtype 

MEF at four and 8 h in a dose-dependent fashion (Fig. 4D). Considered together, these data 

indicate that the ability of celastrol to induce apoptosis is impaired in MEF with UPR 

mutations downstream of eIF2α and that increased ubiquitination is a feature of celastrol-

sensitive MEF.

Discussion

The recent surge of publications delineating molecular mechanisms by which natural 

products act as anticancer agents is reflective of a world-wide desire to identify novel cost-
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effective therapies from the biota. Many natural products including celastrol have been used 

in traditional culture-specific medical practices for hundreds of years and offer tremendous 

promise in that their ability to be administered and tolerated in humans is largely known. 

Celastrol is derived from Tripteryguim wilfordii and is recognized to have potent anti-

inflammatory and anticancer properties [39]. A high throughput screen of small molecules 

and natural extracts identified the ability of celastrol and its close analog dihydrocelastrol to 

activate the UPR. The present study demonstrates through the use of biochemical and 

genetic models that celastrol induces stress in the endoplasmic reticulum (ER) and activates 

a terminal UPR in a panel of OSCC, other cancer cell lines and MEF.

Recently, celastrol has been studied as an anticancer agent in a variety of in vitro and 

xenograft models, and has been reported to activate the heat shock response [40], the UPR 

[36,41], inhibit NK-κB [15,42,43] and interfere with angiogenesis via VEGF suppression 

[44]. The mechanisms by which these compounds mete out their cytotoxic effects have also 

been well studied. Our finding that celastrol leads to accumulation of the pro-apoptotic 

BCL2 family member Bak, furthers previous observations that Bax and NOXA were 

induced in glioma [30] and prostate cancer cells [42], respectively. The death inducing effect 

of these transcripts is very likely bolstered by the fact that celastrol can simultaneously 

inhibit anti-apoptotic BCL2 and XIAP [30] prior to caspase activation. The work of many 

others has reported the activation of caspases -3, -8 and -9 and cleavage of PARP prior to 

celastrol-mediated cell death [30,35,37,42], consistent with our findings. This is the first 

report to the best of our knowledge however, that celastrol can induce apoptosis-related 

BAK, Puma and Trb3 expression prior to cell death.

The current study demonstrated that celastrol could induce the UPR, activate the intrinsic 

apoptosis cascade and inhibit growth in a panel of seven OSCC cell lines. It was recently 

reported that similar doses of celastrol led to the accumulation of the ER resident chaperone 

BiP/Grp78 in HeLa cells [45], and it is known that celastrol can induce CHOP [34] and 

GADD34 [46]. These data support the conclusion that ER stress might be a primary 

mechanism by which celastrol exerts is cytotoxic effects. Using MEF we show that an intact 

Perk-eIF2α-Atf4-Chop arm of the UPR is required for efficient cell death. Important 

mechanistic insight can be gleaned from murine fibroblasts even though they may not 

exactly recapitulate human cancer cell signaling. Human cancer cell models of ATF4 and 

CHOP knockdown/knockout using siRNA, TALENs or CRISPRs have been problematic in 

that the culture media require the addition of antioxidants and other supplements that 

confound studies with oxidative stressors such as celastrol (unpublished observation). Our 

study demonstrated that eIF2α Ser51Ala mutant (A/A) MEF, which cannot undergo the 

translational pause required to mount a productive UPR [38], experienced significantly 

greater caspase activation and chop-independent cell death. In cells that could undergo the 

protective pause in translation (i.e. express wildtype eIF2α) deletion of Atf4, which reduced 

Chop, or the deletion of Chop alone, was sufficient to significantly attenuate the cytotoxic 

effect of celastrol; see model (Fig. 5). Although these effects are likely mediated, at least in 

part, by Perk it is possible that more than one eIF2α kinase might be activated by celastrol. 

In support of this notion, it was reported that celastrol-mediated death could be prevented in 

breast adenocarcinoma cultures with the addition of the general ROS scavenging antioxidant 
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N-acetyl cysteine [34]. The superoxide-specific scavengers tempol and tiron could not 

provide any protection (unpublished observation). Regardless, it is possible that free radical 

induction by celastrol might activate other eIF2α kinases (e.g. HRI), which might serve to 

enhance or prolong the UPR and lead to cell death. How other eIF2α kinases might regulate 

celastrol-induced cell death was not the focus of the current study and is not currently clear.

Although reliable reports have indicated that concentrations of celastrol similar to those used 

in the current study could inhibit the chymotrypsin-like activity of the 26S proteasome 

[37,42], a mechanism known induce the UPR, we could only detect modest inhibition (and 

only in one of two different assays) prior to the induction of UPR markers or death. This 

may be partially explained by the fact that we observed convincing UPR induction by six 

hours and other work analyzed proteasome activity after 12 h [37]. This group also observed 

an accumulation of polyubiquitinated proteins after only 4 h, consistent with other reports 

[36,45,47] and likely indicates an attempt by the cell to clear client peptides through ERAD. 

The accumulation of polyubiquitinated proteins alone is not a surrogate measure of 

proteasome function [47]. Our group and others have demonstrated that proteasome 

inhibition can induce ER stress and the UPR in a variety of cancer cell types [32,48–50]; 

however, celastrol does not appear to utilize this mechanism in OSCC.

Currently, there is tremendous interest in identifying the mechanism/s by which spontaneous 

tumors develop in Smad4 −/− mice and why TGFβR- and SMAD4-deficient OSCC’s are 

particularly resistant to chemotherapy in the clinic. Our studies unexpectedly revealed that 

FaDu, A253 and Cal27, three OSCC cell lines known to have impaired TGFβR- and SMAD4 

signaling, displayed IC50 values 3–5 times higher than cells without these defects. Although 

they were less sensitive to celastrol, the IC50 values were still <10 μM, suggesting the 

possibility of a therapeutic benefit even for tumors bearing TGFβR and SMAD4 signaling 

defects. Further studies with additional cell lines harboring these mutations are necessary to 

validate this hypothesis.

There is significant interest in the discovery and development of small molecules and natural 

products that modulate the UPR for a variety of human diseases where there is a paucity of 

treatments or none at all. In the current study we demonstrate that the natural product 

celastrol induces ER stress and a terminal UPR in OSCC cells. This study provides an 

example of the power of a productive high throughput screen to identify small molecules 

that target specific sub-cellular pathways involved in UPR signaling and malignancy.
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Fig. 1. 
Celastrol induces unfolded protein response. A. Stable CHO-K1 cells containing UPR-

luciferase reporters were treated with tunicamycin (Tm), celastrol (Cel) or dihydrocelastrol 

(DH Cel) for 8 h. B. RT-qPCR analysis of UPR-associated genes in a panel of OSCC treated 

with Tm or increasing doses of celastrol for 6 h. For RT-qPCR 18 s ribosomal RNA was 

used as internal control and fold changes were determined using the delta delta CT 

calculation; error bars represent standard deviation of technical replicates. C. cDNA was 

generated with the same RNA used in B (above) and conventional RT-PCR was performed 

with a single primer pair to appreciate relative levels of unspliced (XBP1u) and spliced 

(XBP1s) mRNA. D. Fluorescent (Z-gly-gly-leu-AMC) 26S proteasome assay with celastrol 

treated UMSCC14A and UMSCC23 cells after 1, 3 and 6 h. To control for cell death, which 

might artificially reduce assay signal, an ATP-based proliferation was performed on 

identically treated cells at for each data point on the same 96 well plate (right Y- axis, line 

graph). PS-341 (bortezomib) is a potent and selective inhibitor of the chymotrypsin-like 

activity of the 26S proteasome.
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Fig. 2. 
Celastrol reduces proliferation of OSCC cells and induces apoptotic mRNA transcripts. A. 

Luminescent ATP-based proliferation assays performed with OSCC cell lines after 24 h 

exposure to celastrol (IC50 0.44–0.77). B. Luminescent ATP-based proliferation assays 

performed in TGFβ/SMAD-mutant OSCC cell lines after 24 h exposure to celastrol (IC50 

2.10–9.01). C. Normal human epidermal keratinocytes treated as indicated (IC50 values >5 

μM (8 h), 3.9 μM (16 h) and 3.70 μM (24 h)). D. Colony forming assays performed with 

OSCC cell lines treated with celastrol for 1 h (prior to washout) and allowed to grow until 

vehicle (DMSO) treated colonies reached 50 cells. The number of colonies in celastrol-

treated wells is expressed as a percentage of the vehicle. For proliferation and colony 

forming assays error bars represent standard deviation of biological replicates. E. RT-qPCR 
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analysis of apoptotic genes in celastrol treated (6 h) OSCC cultures. For RT-qPCR 18 s 

ribosomal RNA was used as internal control and fold changes were determined using the 

delta delta CT method, error bars represent standard deviation of technical replicates.
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Fig. 3. 
Celastrol induces apoptosis in OSCC cells. A. Luminescent caspase 3/7 assays performed 

with celastrol-sensitive (UMSCC1) and celastrol-resistant (FaDu) cells; error bars represent 

standard deviation of biological replicates. B. Immunoblot analysis of whole-cell lysates 

from celastrol-treated OSCC cells with polyclonal antibodies for Caspases-9 and -3. C. 

Immunoblot analysis of whole-cell lysates from OSCC cells with polyclonal antibody for 

Bak; NS=non-specific band present in all OSCC and DLD1 cells, including Bak−/−. D. 

Proliferation of wildtype or zinc finger deleted DLD1 Bax−/−/Bak−/− colorectal 

adenocarcinoma cells treated for 24 h (Two-way ANOVA, P value <0.0001 for dose and 

interaction). E. Electrophoretic resolution of genomic DNA harvested from OSCC cultures 

to appreciate DNA laddering following celastrol exposure. F. Immunoblot analysis of 

ubiquitinated (total) proteins in whole cell lysates after 24 h (left); accumulation of 
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ubiquitinated proteins in UMSCC23 cells preceded Bak accumulation (right). For 

Immunoblot analysis, each membrane was stripped and re-probed with monoclonal 

GAPDH.
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Fig. 4. 
Intact UPR signaling is required for efficient celastrol-mediated apoptosis. A. Trypan blue 

exclusion assay performed with wildtype (S/S) and eIF2α ser51ala mutant (A/A) MEF 

treated with celastrol for 16 h (left) (Two-way ANOVA, P value <0.0001 for dose and 

0.0060 for interaction); and immunoblot analysis of whole cell lysates with polyclonal 

antibodies for UPR and apoptotic protein transcripts (middle); and for Ubiquitin (Ub), as 

indicated. B. Trypan blue exclusion assay performed with wildtype and Atf4 −/− MEF (left) 

(Two-way ANOVA, P value <0.0001 for dose and for interaction); and immunoblot analysis 

of whole cell lysates with polyclonal antibodies for UPR and apoptotic protein transcripts 

(middle); and for Ubiquitin (Ub), as indicated. C. Trypan blue exclusion assay performed 

with wildtype and Chop −/− MEF treated with celastrol for 16 h (left) (Two-way ANOVA, 

P value <0.0001 for dose and interaction); and immunoblot analysis of whole cell lysates 

with polyclonal antibodies for UPR and apoptotic protein transcripts (right) D. Luminescent 

dose-response Caspase 3/7 enzymatic assay at four (left) and eight hours (right). All 

experiments were performed at least three times with triplicate samples; error bars represent 

standard deviation of biological replicates. For immunoblot analysis all membranes were 

stripped and re-probed with a monoclonal antibody for GAPDH.
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Fig. 5. 
Model of cell death pathways in different UPR knockout murine embryonic fibroblasts. 

Death occurs if the eIF2α-mediated pause in translation does not occur or if CHOP 

accumulates following prolonged stress.
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