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ABSTRACT 

TRAP1 is a mitochondrial antiapoptotic heat shock protein. The information available on the 

TRAP1 pathway describes just a few well-characterized functions of this protein in mitochondria. 

However, our group's use of mass spectrometry analysis identified TBP7, an AAA-ATPase of the 

19S proteasomal subunit, as a putative TRAP1-interacting protein. Surprisingly, TRAP1 and TBP7 

co-localize in the endoplasmic reticulum (ER), as demonstrated by biochemical and 

confocal/electron microscopy analyses, and directly interact, as confirmed by FRET analysis. This 

is the first demonstration of TRAP1 presence in this cellular compartment. TRAP1 silencing by 

shRNAs, in cells exposed to thapsigargin-induced ER stress, correlates with up-regulation of BiP/ 

Grp78, thus suggesting a role of TRAP1 in the refolding of damaged proteins and in ER stress 

protection. Consistently, TRAP1 and/or TBP7 interference enhanced stress-induced cell death and 

increased intracellular protein ubiquitination. These experiments led us to hypothesize an 

involvement of TRAP1 in protein quality control for mistargeted/misfolded mitochondria-destined 

proteins, through interaction with the regulatory proteasome protein TBP7. Remarkably, the 

expression of specific mitochondrial proteins decreased upon TRAP1 interference as a consequence 

of increased ubiquitination. The proposed TRAP1 network has an impact in vivo, since it is 

conserved in human colorectal cancers, is controlled by ER-localized TRAP1 interacting with TBP7 

and provides a novel model of ER-mitochondria crosstalk. 
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INTRODUCTION 

Tumor necrosis factor receptor-associated protein 1 (TRAP1) was initially identified as TNF-

receptor-associated protein and is a member of the heat shock protein 90 (HSP90) chaperone family 

(1, 2). Through a mRNA-differential display analysis between oxidant-adapted and control 

osteosarcoma cells, our group identified, among other proteins, TRAP1 whose expression was 

highly induced upon oxidant adaptation (3). Furthermore, TRAP1 exhibited antioxidant and 

antiapoptotic functions (4), while an involvement of this mitochondrial chaperone in the multi-drug 

resistance of human colorectal carcinoma (CRC) cells was also established (5). 

Little is known about TRAP1 signal transduction: the first most important finding on TRAP1 

function came in studies by the Altieri’s group that identified TRAP1 as a member of a 

cytoprotective network selectively active in the mitochondria of tumor tissues (6). The same group 

has recently proposed TRAP1 as a novel molecular target in localized and metastatic prostate cancer 

(7) and is now involved in a promising preclinical characterization of mitochondria-targeted small 

molecule HSP90 inhibitors (8, 9). Besides some well-characterized TRAP1 functions in 

mitochondria, during preparation of this manuscript it was reported that HSP90 chaperones 

interference triggers an unfolded protein response (UPR) and activates autophagy in mitochondria 

of tumor cells (10). A putative role of TRAP1 in endoplasmic reticulum (ER) stress control was 

concomitantly suggested by Takemoto et al. (11), even though no evidence as to the mechanisms 

involved was provided in this study. 

A proteomic analysis of TRAP1 co-immunoprecipitation complexes was performed in our 

laboratory, in order to further characterize the TRAP1 network and evaluate protein interactors 

relevant for its roles. Among several other proteins, a novel mitochondrial isoform of Sorcin, a 

calcium-binding protein, was identified as a new TRAP1 “ligand” and a cytoprotective function 

against apoptosis induced by antiblastic agents was recently demonstrated for this protein by our 

group (12). In the present article, we characterize another new interaction of TRAP1 with 

TBP7/ATPase 4/Rpt3, a S6 ATPase protein of the proteasome regulatory subunit. TBP7 was firstly 



identified as a novel synphilin-1 interacting protein (13), so a functional role in Parkinson’s disease 

was proposed for this protein. However, not many novel results became available subsequently on 

TBP7 function. It is known that the 26S proteasome is an enzymatic complex that degrades 

ubiquitinated proteins in eukaryotic cells. It is composed of the 20S core particle (CP) and the 19S 

regulatory particle (RP). While the mechanism involved in the assembly of the CP is well 

investigated, that of the RP is poorly understood (14). 

Altogether, i) the absence of TBP7 in mitochondria, ii) its still uncharacterized function as a 

proteasome regulatory protein, and iii) its association with TRAP1 prompted us to analyze the sub-

cellular localization of TRAP1/TBP7 interaction and to investigate its functional role. Several 

studies have described a function of HSP in the control of gene expression (15, 16) and recent 

evidence demonstrated the importance of 19S ATPases in the transcription machinery, as well as 

their additional regulatory mechanisms in mammalian transcription (17). Therefore, we 

hypothesized that TRAP1/TBP7 interaction might play a role in protein-quality control and cellular 

ubiquitination. Moreover, the finding that the two proteins directly interact in the ER further 

supports our hypothesis, since it is known that misfolding of proteins either emerging from or 

entering into the ER is tightly controlled by a large number of molecular chaperones and, if the 

quality control fails, they are ubiquitinated and degraded by the proteasome (18). This paper, for the 

first time, describes the presence of TRAP1 on the outer side of the ER and shows the functional 

role that TRAP1 plays in the quality control of proteins destined to mitochondria, and in the 

regulation of intracellular protein ubiquitination, through the interaction with TBP7. 

 

RESULTS 

TRAP1 and TBP7 colocalize and dierctly interact in the ER 

The "fishing for partners" strategy combined with mass spectrometric procedures carried out to 

identify TRAP1 protein partners has already been described elsewhere (12).  



Among the putative TRAP1 binding partners, we focused our attention on a protein of about 50 kDa 

identified by our LC-MS/MS analysis as S6/TBP7/ATPase 4/Rpt3 (19). To confirm that this 

proteasome subunit was indeed a TRAP1 interacting protein we performed western blot (WB) and 

co-immunoprecipitation (co-IP) analyses in total extracts from HCT116 colon carcinoma cells 

(Figure 1, Panel A). Since TRAP1 is localized in mitochondria, a subfractionation of HCT116 

cellular extracts was performed. Surprisingly, WB analysis of sub-cellular compartments failed to 

demonstrate the presence of the proteasome regulatory protein in mitochondria, but identified TBP7 

both in the cytosol and microsomal fraction (Figure 1, Panel B). Co-IP analyses from ER fraction 

confirmed TRAP1/TBP7 interaction in the ER (Figure 1, Panel C). 

TRAP1/TBP7 molecular interaction was further investigated by using a fluorescence resonance 

energy transfer (FRET) approach in fixed cells (Figure 1, Panel D). Specifically we utilized the 

acceptor photobleaching technique where, upon irreversible photobleaching, the changes in the 

donor fluorescence were recorded (20). In cells co-expressing wild-types TRAP1 and TBP7 we 

found about 12% of FRET efficiency (Figure 1, panel D) indicating that TRAP1 and TBP7 are close 

enough to allow energy transfer. Interestingly we found FRET exclusively when we bleached ER 

regions, which we selected on the basis of their morphological features (one example in Figure 1, 

panel D, a-f).  Thus, these data indicate that TRAP1 and TBP7 directly interact with each other and 

this interaction occurs specifically in the ER compartments. Furthermore, according to biochemical 

data described below in the manuscript (Supplementary Figure 1 and Figure 4, Panel H ) we found 

no FRET between TRAP1 and a mutant form of TBP7 (Figure 1, panel D). 

Since it had never been reported previously, we aimed to further confirm the novel localization of 

this mitochondrial chaperone in the ER through electron microscopy (EM) and confocal microscopy 

analyses (Figure 1, Panels E and F). To further evaluate whether TRAP1 is associated with the ER 

membranes, cells stably expressing TRAP-HA vectors were prepared for immuno-EM. Labeling 

with anti-HA antibody revealed significant amounts of TRAP1 in mitochondria (Figure 1, Panel E, 

a, b arrowheads), as has been previously reported (6). In addition, we found that TRAP1 was 



distributed throughout the elongated membrane profiles (Figure 1, Panel E, a, arrows) that on the 

basis of their ultrastructural features (such as attached ribosomes) can be attributed to the rough ER 

compartment. Moreover, gold particles - indicating TRAP1 molecules - were detected along the 

nuclear envelope (Figure 1, Panel E, b, arrows), considered to be part of the ER membrane network. 

A careful examination of the density of immuno-gold labeling (in arbitrary units; average±SD) over 

different intracellular membranes allowed us to demonstrate that indeed, TRAP1 was enriched in 

mitochondria (2.53±0.34) as it has been already reported. However significant labeling density was 

also calculated for ER membranes (1.02±0.22) as shown in Figure 1, Panel E. Taken together, the 

EM observations are in line with the above results showing association of TRAP1 with the ER 

(Figure 1, Panels A-C). Accordingly, immunofluorescence confocal microscopy analysis showed 

TBP7 co-localization with TRAP1 and with the ER protein calnexin, thus further confirming ER 

localization (Figure 1, Panel F).  

Altogether, these findings demonstrate that the interaction between TRAP1 and TBP7 occurs in the 

ER, but are unable to reveal a detailed localization in this context. To further evaluate the 

“topology” of TRAP1 and TBP7 in the ER, a biochemical assay based on protease digestion was 

performed. Figure 1, Panel G shows that both proteins are sensitive to a proteinase K digestion, 

while calnexin, a well-known ER-resident protein, is undigested. These approaches allowed us to 

demonstrate that TRAP1 and TBP7 are located on the outside of the ER. Moreover, alkaline 

treatment of ER fractions to remove peripheral membrane proteins allowed us to demonstrate that 

both TRAP1 and TBP7 are loosely associated to ER membranes (Figure 1 Panel H). 

TRAP1 interference sensitizes CRC cells to thapsigargin-induced ER stress 

We therefore investigated the functional role of TRAP1/TBP7 interaction. Several data suggests that 

ER stress, worsened by the high ROS concentrations in this sub-cellular compartment, is controlled 

by networks of molecular chaperones (21). Considering the previously described protective role of 

TRAP1 against several stresses, including oxidative stress through its antioxidant functions (4, 22), 

we hypothesized that TRAP1/TBP7 interaction constituted an additional control to check the 



state/folding of proteins damaged in the ER. In order to induce protein misfolding in the ER, we 

induced ER stress by thapsigargin (TG), a well-known agent that mobilizes Ca2+ from the ER (23). 

As a marker of ER stress, we analyzed the expression of BiP/Grp78, a major ER chaperone protein 

essential for protein quality control in the ER, as well as a central regulator of the UPR (24). Figure 

2 shows that BiP mRNA expression is strongly increased, upon TG treatment, in TRAP1-interfered 

cells, compared to the respective control (Panels A and B). Interestingly, a rescue of this phenotype 

is achieved upon TRAP1 re-addition (Panel B). These results demonstrate that TRAP1 knock down 

sensitizes cells to TG-induced ER stress, thus suggesting an involvement of this protein in ER stress 

response, as recently reported (10, 11). 

We and other groups have previously demonstrated the protective roles of TRAP1 against cell death 

induced by several agents (4, 6). Therefore, we addressed whether TRAP1-interfered cells become 

more sensitive to apoptosis, as a possible and expected consequence of increased ER stress, and if 

TBP7 might play a role in this process. Table 1 shows that TRAP1 and TBP7 interference sensitized 

HCT116 cells to TG-induced apoptosis. Noteworthy, a similar result was observed upon cell 

treatment with oxaliplatin, a genotoxic agent (Table 1). Taken together, all these observations 

confirm the well-known role of TRAP1 in the protection against stress-induced cell death and 

highlight a new role for regulatory proteasome proteins in apoptotic control. 

TRAP1/TBP7 control of intracellular protein ubiquitination 

We then hypothesized that if the level of protein damage upon ER stress is too severe to be 

counteracted/repaired by TRAP1 refolding, increased protein degradation might occur, and increased 

ubiquitination levels of intracellular proteins could be observed. Indeed, tight regulation of protein 

ubiquitination by TRAP1/TBP7 does occur: in fact, a low Ubiquitin (Ub) signal is observed in TRAP1 

containing cells, whereas TRAP1 interference strongly increases general protein ubiquitination levels 

(Figure 3). 

The control of intracellular proteins ubiquitination by TRAP1/TBP7 is a general phenomenon since it is 

present in total extracts (Figure 3, Panel A). Interestingly, both TRAP1 and TBP7 seem to play a critical 



role in the regulation of protein ubiquitination. In fact, upon the transfection of TRAP1 expression 

vectors in sh-TRAP1 stable transfectants a rescue of the high ubiquitin “phenotype” is observed (Figure 

3, Panel A). A sub-cellular fractionation allowed us to demonstrate that this regulatory role is more 

evident in the post-mitochondrial fraction (cytosol+microsomes), where TRAP1/TBP7 control is 

particularly necessary given the abundance of proteins translated, but often damaged. Conversely, the 

same regulation is not observed in mitochondrial extracts even after retransfection of TRAP1, likely 

because TBP7 is absent in these organelles (Figure 3, Panel B). These results confirm that TRAP1 

function in the regulation of protein ubiquitination requires the presence of TBP7. Additionally, 

increased cellular levels of ubiquitinated proteins, very similar to those obtained in cells transiently 

transfected with TRAP1 siRNAs, were observed upon TBP7 siRNA transfection (Figure 3, Panel C), 

thus confirming the role of TBP7 in this regulation. Altogether, these results demonstrated that 

TRAP1/TBP7 interaction is a useful and important check point in which these two proteins 

concomitantly work to judge whether a protein can be repaired and reach the final destination or, if the 

damage is too severe, it needs to be degraded. Furthermore, despite the block of proteasome activity by 

MG132 treatment, the experiments shown in Figure 3 demonstrate that the regulation of protein 

ubiquitination by TRAP1 is not due to inhibition of proteasome function, since it is observed also in the 

absence of the inhibitory drug (Figure 3, Panel A). Indeed, this finding was confirmed by assaying the 

proteasome’s activity in vitro using fluorescent substrates and extracts from scramble and TRAP1- or 

TBP7-interfered cells. The results shown in Figure 3, Panel D demonstrate that neither TRAP1 nor 

TBP7 interference inhibit the proteasome’s function. 

More importantly we asked whether the control of protein ubiquitination by TRAP1/TBP7 requires 

TRAP1 mitochondrial localization. To address this issue we generated the Δ1-59 deletion mutant of 

TRAP1 (in which the first 59 aa containing the mitochondrial targeting sequences (MTS, 2) were 

removed from the N-terminus) yielding a TRAP1 mutant defective for mitochondrial import, but still 

able to bind TBP7 (Supplementary Figure 1 and Figure 4 Panels A-B). Interestingly, the transfection of 

this mutant in sh-TRAP1 stable clones rescued the heavy ubiquitin levels present in TRAP1-interfered 

cells (Figure 4 C). Conversely, another TRAP1 deletion mutant (Δ101-221) was generated that keeps the 



MTS (Supplementary Figure 1) and, thus, is able to localize into mitochondria, but is unable to bind 

TBP7 which, as previously shown, is absent in the mitochondrial fraction. The transfection of the Δ101-

221 mutant in sh-TRAP1 cells showed no changes in protein ubiquitination levels (Figure 4, Panels D-

F). These experiments provide a proof of concept that the relevant amount of TRAP1 present in the ER 

fractions (see EM quali/quantitative analyses shown in Figure 1E) is indeed involved in the regulation of 

protein ubiquitination through its binding to TBP7, whereas mitochondrial TRAP1 does not influence 

ubiquitin levels, according to the phenotype generated by the Δ101-221 TRAP1 deletion mutant. Finally, 

we demonstrated that the transfection of TRAP1 Δ1-59 mutant decreased BiP/Grp78 mRNA levels 

present in sh-TRAP1 clones upon thapsigargin-induced ER stress. Figure 4, Panel G shows that a rescue 

of BiP/Grp78 mRNA levels is obtained upon the transfection of Δ1-59 mutant, whereas the Δ101-221 

TRAP1 mutant with mitochondrial localization not only is unable to counteract ER stress, but even 

further increased BiP/Grp78 levels. 

Strikingly, a TBP7 deletion mutant (Supplementary Figure 1), unable to bind TRAP1 (Figure 4, Panel 

H), yields, upon transfection in HCT116 cells (scramble), a strong ubiquitin pattern undistinguishible 

from the phenotype of sh-TRAP1 stable transfectants (Figure 4, Panel I), likely acting as dominant 

negative over the endogenous TBP7 protein’s function. 

Quality control of specific mitochondrial-destined proteins by TRAP1/TBP7 

Once we demonstrated the contribution of TRAP1/TBP7 to the regulation of ER stress/apoptosis, 

with the consequent modulation of intracellular protein ubiquitination, we hypothesized that TRAP1 

could be involved in a general control of protein stability. To this aim, pulse-chase experiments 

were performed in scramble and sh-TRAP1 stable transfectants. However, a comparable pattern of 

degraded proteins is still observed 72 h after Met/Cys chase (Figure 5, Panel A). This unchanged 

overall protein stability led us to hypothesize that TRAP1 could be involved in the control of protein 

folding/stability for selective proteins, likely those directed to mitochondria. To evaluate this 

hypothesis, the levels of F1ATPase, a nuclear-encoded mitochondrial protein and a potential 

TRAP1 interactor as suggested by MS analysis (12), were analyzed in cells in which TRAP1 

expression was lowered by shRNA interference. Interestingly, protein levels decreased in TRAP1 



stably interfered cells (Figure 5, Panel B and Supplementary Figure 2), whereas a rescue was 

obtained upon readdition of Δ1-59 TRAP1 mutant, but not by Δ101-221 TRAP1 mutant 

(Supplementary Figure 3). These findings confirm that the regulation of the observed phenomena 

occurs in the cytosolic compartment and support our model. Accordingly, the protein levels of p18 

Sorcin, another mitochondrial protein, recently identified by our group as a novel mitochondrial 

Sorcin isoform interacting with TRAP1 (12), decreased upon TRAP1 interference (Figure 5, Panel 

B, arrow). Of note, in the same experimental conditions, no differences were observed in the protein 

levels of the higher mobility p22 Sorcin isoform, which shares high homology with the p18 Sorcin, 

but is not a mitochondrial protein, neither is a TRAP1 “partner” (Figure 5, Panel B, 12). Therefore, 

we hypothesize that the decreased expressions of F1ATPase and p18 Sorcin in mitochondria of 

TRAP1-interferred cells were dependent on increased ubiquitination. To this aim, the respective 

ubiquitination levels in scramble and TRAP1-inteferred cells were analyzed. Figure 5 (Panels C and 

D) shows that both proteins are more ubiquitinated in sh-TRAP1 transfectants. Accordingly, 

increased levels of ubiquitinated F1ATPase were induced upon TBP7 interference (Figure 5 , Panel 

E). 

Finally, we evaluated whether TRAP1/TBP7 interaction and the relative effects on protein levels 

would have an impact in vivo. To this aim, we analyzed our tissue collection of CRCs, previously 

characterized for TRAP1 and Sorcin expression by immunoblot analysis (12). We observed that all 

CRCs overexpressing 18kDa Sorcin isoform (11/59 cases) shared the concomitant up-regulation of 

TRAP1. Therefore, we analyzed for TRAP1, Sorcin, F1ATPase and TBP7 expression the 11 Sorcin-

ovexpressing tumors and, as controls, other 14 CRC specimens. Figure 6 reports the immunoblot 

analysis of the 4 proteins in 4 tumor samples representative of our tumor collection, whereas the 

expression profile of the 4 genes in 25 CRCs is reported in Supplementary Table 2. Remarkably, the 

majority of the p18 Sorcin- and TRAP1-positive tumors exhibited the up-regulation of TBP7 (9/11 

cases) and F1ATPase (8/11 cases). By contrast, among 8 tumors with low expression of TRAP1, all 

exhibited low levels of TBP7 and p18 Sorcin and 7/8 low expression of F1ATPase. Chi-square test 



demonstrated a positive statistical correlation between the expression levels of TRAP1 and those of 

Sorcin, F1ATPase and TBP7 (Supplementary Table 2). 

 

DISCUSSION 

TRAP1 was identified by our group as one of the proteins involved in and important for the 

homeostasis of osteosarcoma cells adapted to mild oxidative stress (4). The control of the protein 

folding environment in sub-cellular organelles, such as mitochondria, is important for adaptive 

homeostasis and may participate in human diseases, but the regulators of this process are still 

largely elusive. During the preparation of this manuscript, Altieri et al. (10) demonstrated that 

selective targeting of HSP90 chaperones in mitochondria of human tumor cells triggered 

compensatory autophagy, and an organelle UPR enhanced tumor cell apoptosis initiated by death 

receptor ligation, and inhibited tumor growth in mice without detectable toxicity. These results 

reveal a novel role of HSP90 chaperones in the regulation of the protein-folding environment in 

mitochondria of tumor cells. 

Starting from the above observations and in agreement with Altieri’s results, here we demonstrate 

an additional role of TRAP1 in protein quality control, acting on the outside of the ER. This TRAP1 

function requires TBP7, a protein of the 19S proteasome regulatory subunit. As demonstrated by 

mass spectra analysis, this AAA-ATPase is a novel TRAP1-interacting protein whose role is 

determinant in the quality control of proteins. In fact, the interference of either TRAP1 or TBP7 

proteins resulted both in the induction of apoptosis in response to both TG-induced ER stress or 

oxaliplatin treatment, and in increased intracellular protein ubiquitination, which was selectively 

rescued by the re-addition of TRAP1. Interestingly, TRAP1/TBP7 regulation of cellular 

ubiquitination is independent of modulation of proteasome function, since an in vitro assay of 

proteasome activity shows that TRAP1/TBP7 interference does not affect proteasome functionality. 

In contrast to current models of protein misfolding, where abnormal accumulation of ubiquitinated 

protein is prominent, cytosolic ubiquitin staining is dramatically reduced in Grp78 null Purkinje 



cells (25). A plausible explanation is that BiP/Grp78, which unlike TRAP1 is a typical ER luminal 

chaperone (26), is required for ER protein retrotranslocation to be ubiquitinated in the cytosol. In 

this light, the presence of an additional chaperone just outside the ER might contribute to the control 

of protein folding as a compensatory mechanism in some abnormal biological processes. 

Furthermore, another chaperone and TRAP1 homolog, Grp94, is present in the ER, and its most 

important activity is to direct the folding and/or assembly of secreted and membrane proteins (27). 

The regulatory networks that control the protein folding machinery in mitochondria are still largely 

elusive. In this regard, the demonstration that regulation of protein quality control by TRAP1 is 

directed toward mitochondrial proteins, expands the currently rather limited list of mitochondrial 

proteasome targets. It is reasonable to hypothesize that multiple chaperone networks control the 

misfolding of proteins addressed to different sub-cellular compartments. In this study, an additional 

“pre”-screening for proteins directed to mitochondria is characterized: if the protein is highly 

damaged and not successfully refolded by the chaperone machineries inside or outside the ER, 

including TRAP1, it will be identified by the regulatory proteosome protein, and targeted for 

degradation. TRAP1-containing supramolecular complexes might be present just outside the 

mitochondria, and in the cellular compartment of the tight ER-mitochondria interface (28 and Figure 

1 Panel E), where proteasomes have also been identified (29) and ensure that among all the proteins 

translated in the ER, only undamaged proteins could enter into the mitochondria. Very recently, 

Takemoto et al. suggested that mitochondrial chaperone TRAP1 regulates the UPR in the ER, even 

though its presence in the ER has not been reported (11). Therefore, the demonstration that TRAP1 

is present also on the external side of the ER is an important achievement strongly supporting its 

role in protection against stress. 

The 26S proteasome is an enzymatic complex that degrades ubiquitinated proteins in eukaryotic 

cells. It is made up of the 20S CP and the 19S RP. The latter is further divided into the lid and base 

sub-complexes. While the mechanism involved in the assembly of the CP is well investigated, that 

of the RP is poorly understood. Some data report that proteasome base assembly is facilitated by 



multiple proteasome-dedicated chaperones (14, 30). Even though we cannot exclude TRAP1 

involvement in the regulation of proteasome assembly, our data suggest that proteasome activity is 

not affected by TRAP1 interference. 

A still unsolved question is the mechanistic link between TRAP1-dependent mitochondrial adaptive 

response to stress and regulation of gene expression. Interestingly, some analyses have 

demonstrated the importance of 19S ATPases in the assembly of transcription machinery and 

provided additional insight into the regulatory mechanisms of the 19S proteasome in mammalian 

transcription (17). This hypothesis, although very attractive, requires further studies aimed to 

evaluate whether TBP7 could directly collaborate with TRAP1 in the regulation of gene expression. 

Alternatively, it could be hypothesized that mitochondrial chaperones may regulate gene expression 

by modulating ER stress. In support of this hypothesis, our results suggest that TRAP1 may be 

involved in the ER stress response. Furthermore, an interaction between TRAP1 and Sorcin, a 

calcium-binding protein, was characterized by our group (12), which might contribute to a 

regulatory role of TRAP1 and TRAP1-interacting proteins in ER stress induced by perturbation of 

calcium homeostasis (Maddalena et al, manuscript submitted) and protein quality control. 

We did not observe any strong differences in mitochondrial protein ubiquitination upon modulation 

of TRAP1 levels. Quality control of mitochondrial proteins must be monitored by molecular 

chaperones (31). Only very small numbers of mitochondrial proteins are currently known to be 

degraded in a proteasome-dependent fashion (32), so a more focused effort to identify such 

additional substrates might dramatically expand the list of mitochondrial proteasome targets. Our 

results demonstrate that the expression of p18 Sorcin and F1-ATPase is decreased upon TRAP1 

interference as a consequence of their increased ubiquitination. The identification of TRAP1/TBP7 

specific “substrates” strongly contributes to the complex study of mitochondrial protein quality 

control. One reason for ubiquitination of mitochondrial proteins may be that when mitochondria-

destined proteins are mistargeted or misfolded, they are identified as aberrant and recognized by the 

Ubiquitin Proteasome System (UPS) for removal. This may even support a role of the cytosolic UPS 



in controlling levels and/or quality of proteins destined for mitochondria. In addition, the presence 

of TRAP1 on the outer side of ER and the absence of TBP7 in mitochondria suggest that TRAP1 

functions in these latter organelles are not directly linked to ubiquitination control, whereas this 

control is present in a different compartment and requires interaction with TBP7. In support of this 

model are the results of transfection experiments with newly generated TRAP1 mutants, either able 

to interact with TBP7 and localized in the ER/cytosol fractions (Δ1−59) or unable to bind TBP7, but 

imported into mitochondria (Δ101-221). Indeed, only the mitochondrial import-defective Δ1−59 

mutant, and not the mitochondrial Δ101-221 deletion mutant, rescues the strong ubiquitin levels in 

sh-TRAP1 interfered cells. These findings provide a proof of concept that protein quality control 

depends on the cytosolic interaction between TRAP1 and TBP7. Consistent with these results is the 

observation that again only the Δ1−59 TRAP1 mutant rescues the decreased levels of TRAP1-

regulated proteins (Supplementary Figure 3), as well as the levels of BiP/Grp78 mRNA upon 

thapsigargin-induced ER stress (Figure 4, Panel G). All these observations are in agreement with 

still unidentified proteasome members in mitochondria, even though several proteases, ATPases and 

ubiquitin ligases have been identified (33). Furthermore, a functional interplay between 

mitochondrial and proteasome activity has been demonstrated, thus suggesting that both systems are 

interdependent (34). 

Remarkably, the finding that the proposed TRAP1 network is conserved in CRCs is consistent with 

our model and provides new insights into the quality control/stability/ubiquitination of proteins in 

human cancer, a still highly debated issue. Indeed, the proteotoxic stress generated by accumulation 

of misfolded proteins and the consequent heat shock response is currently under evaluation as a 

potential anticancer treatment target, since many tumor cells display constitutive proteotoxic stress 

and dependence on heat shock response due to their rapid rates of proliferation and translation (35). 

The induction of proteotoxic stress via stimulation of protein misfolding (hyperthermia, 

radiofrequency ablation), inhibition of proteasomes (by bortezomib) or inhibition of HSP90 (by 

geldanamycin) have all been evaluated or used for cancer treatment. Interestingly, bortezomib, a 



reversible inhibitor of the 26S proteasome, is at present a valuable option for the first-line treatment 

of multiple myeloma (36). Thus, the characterization of TRAP1, a chaperone up-regulated in about 

60% of human CRCs (5), as a protein involved in quality control and in protection against apoptosis 

in cancer cells provides a strong rationale for considering this network as a novel molecular target 

for the treatment of human CRC. 

In summary, a new crosstalk between ER and mitochondria is suggested and summarized in the 

working model, as shown in Figure 7. Our study demonstrates for the first time that TRAP1 is also 

present in the ER of cancer cells where it is involved in the quality control and intracellular protein 

ubiquitination of mitochondria-destined proteins, through a direct interaction (as demonstrated by 

the FRET analysis shown in Figure 1, Panel D) with TBP7, one of the proteins present in the 

regulatory proteasome subunit. Thus, a “customs office” could be hypothesized at the 

ER/mitochondria interface, with TRAP1 and TBP7 being the officers at this important check point. 

These two officers, each with independent but related functions, help to judge whether a protein can 

be repaired and reach its final mitochondrial destination or, if the damage is too severe, it needs to 

be degraded. 

 

Materials and methods 

Cell culture, plasmids generation and transfection procedures 

HCT116 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) in 

standard conditions. Full-length TRAP1 and Sorcin expression vectors were obtanined as previously 

described (12). 

Mutant Δ1-59-Myc was generated with the following primers: Δ1-59-myc, forward 5'-

ATTAGAATTCATGAGCACGCAGACCGCCGAGG-3'; reverse 3'-

ATTACTCGAGGTGTCGCTCCAGGGCCTTGA-5'. PCR-amplified fragments were gel-purified and 

cloned in frame into pcDNA 3.1 plasmid (Invitrogen, San Giuliano Milanese, Italy) at the Eco-RI 

and XhoI restriction sites. 



Mutant Δ101-221- HA was generated using the following primers: TRAP1-HA, forward 5’-atta 

GCGGCCGCGCAGCCAACATGGCGCGCGAGCCTGCGGG-3’; reverse 

5’attaTCTAGATTAAGCGTAATCTGGAACATCATATGGGTATCAGTGTCGCTCCAGGGCCTTGA-

3’; Δ101-221-HA, forward 5‘-attaCCGCGGTCGGCAGCCCCGGGGAGCCT-3’; reverse 5’-

attaCCGCGGAAACACCTCTTTTTCTGAGT-3’. The PCR products obtained with the primers 

TRAP1-HA forward and Δ101-221-HA reverse were cloned in pRc-CMV vector (Invitrogen, San 

Giuliano Milanese, Italy); the PCR product obtained with the primers ΔATPase-HA forward and 

TRAP1-HA reverse was subcloned in the same plasmid. All clones were sequenced to confirm 

identity and PCR fidelity.The plasmid pCMV5L/S6 (TBP7-HA) was a kind gift of Dr. Simon 

Dawson, University of Nottingham.  

Mutant ΔTBP7-FLAG was generated by excising a fragment from the full-length TBP7 expression 

vector using EcoRI and BamHI restriction endonucleases. The fragment was gel-purified and cloned 

into the corresponding sites of the expression vector p3x-FLAG. 

Transient transfection of DNA plasmids was performed with Polyfect Transfection reagent (Qiagen, 

Milan, Italy). siRNAs of TRAP1 and TBP7 were purchased from Qiagen, Milan, Italy (Cat. No. 

S100301469 for TBP7, SI00115150 for TRAP1). For knockdown experiments, siRNAs were 

diluted to a final concentration of 20 nmol/L and transfected according to the manufacturer's 

protocol. For control experiments, cells were transfected with a similar amount of scrambled RNA 

(Qiagen, Milan, Italy, Cat. No. SI03650318). Transient transfections of siRNAs were performed by 

using HiPerFect Transfection Reagent (Qiagen, Milan, Italy). TRAP1-stable interference was 

achieved by transfecting HCT116 cells with TRAP1 

(TGCTGTTGACAGTGAGCGACCCGGTCCCTGTACTCAGAAATAGTGAAGCCACAGATGT

ATTTCTGAGTACAGGGACCGGGCTGCCTACTGCCTCGGA) or scrambled (sequence 

containing no homology to known mammalian genes) short hairpin RNAs (shRNA) (Open 

Biosystems, Huntsville, AL, USA). 

Cell extracts, purification and treatments 



Total cell lysates were obtained by homogenization of cell pellets and tumor specimens in cold lysis 

buffer (20mM Tris, pH 7.5 containing 300mM sucrose, 60mM KC1, 15mM NaC1, 5% (v/v) 

glycerol, 2mM EDTA, 1% (v/v) Triton X-100, 1mM PMSF, 2 mg/ml aprotinin, 2 mg/ml leupeptin 

and 0.2% (w/v) deoxycholate) for 1 min at 4°C and further sonication for 30 sec at 4°C. For ER 

stress induction, cells were treated overnight with 1μM thapsigargin (Sigma-Aldrich, Milan, Italy) 

before harvesting. 

Mitochondria and ER were purified using the Qproteome Mitochondria Isolation Kit (Qiagen, 

Milan, Italy) according to the manufacturer’s protocol and as elsewhere described (12). Briefly, 

HCT116 cells were washed and suspended in lysis buffer, which selectively disrupts the plasma 

membrane without solubilizing it, resulting in the isolation of cytosolic proteins. Plasma membranes 

and compartmentalized organelles, such as nuclei, mitochondria, and ER, remained intact and were 

pelleted by centrifugation. The resulting pellet was resuspended in disruption buffer, repeatedly 

passed through a narrow-gauge needle (to ensure complete cell disruption), and centrifuged to pellet 

nuclei, cell debris, and unbroken cells. The supernatant (containing mitochondria and the 

microsomal fraction) was recentrifuged to pellet mitochondria. The resulting supernatant 

(microsomal fraction) was treated with proteinase K for 20 min on ice ± NP40 (Igepal, Sigma-

Aldrich, Milan, Italy) according to Hassink et al. (37). or with 0.1 M Na2CO3 pH  11.3 for 30 min 

to remove peripheral ER membrane  proteins (38) 

Western blot analysis and antibodies 

Equal amounts of protein from cell lysates and tumor specimens were subjected to 10% (v/v) SDS-

PAGE and transferred to a PVDF membrane (Millipore, Temecula, CA, USA). The membrane was 

blocked with 5% (w/v) skim milk and incubated with primary antibody, followed by incubation with 

an HRP-conjugated secondary antibody. Proteins were visualized with an ECL detection system 

(GE Healthcare, Waukesha, Wisconsin, USA). The following antibodies from Santa Cruz 

Biotechnology, Segrate, Italy were used for WB analysis and immunoprecipitation: anti-TRAP1 (sc-

13557), anti-Sorcin (sc-100859), anti-TBP7 (sc-166003), anti-cMyc (sc-40), CypD (sc-82570), 



VDAC (sc-8830), HSP60 (sc-1052), anti-ubiquitin (sc-8017), anti-COX4 (sc-58348), anti-

F1ATPase (ATP5B subunit, sc-58619), anti-tubulin (sc-8035), anti-HA (sc-805), and anti–

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; sc-69778). Rabbit polyclonal anti-calnexin 

antibody (BD Biosciences, Milan, Italy), were also used. 

RNA extraction and semiquantitative and Real Time RT-PCR analysis. 

Total RNA from cell pellets and tumor specimens was extracted using the TRIzol Reagent 

(Invitrogen, San Giuliano Milanese, Italy). For the first strand synthesis of cDNA, 3μg of RNA 

were used in a 20 μl reaction mixture utilizing a cDNA Superscript II (Invitrogen, San Giuliano 

Milanese, Italy). For Real Time PCR analysis, 1 μl of cDNA sample was amplified using the 

Platinum SYBR Green qPCR Supermix UDG (Invitrogen, San Giuliano Milanese, Italy) in an 

iCycler iQ Real Time Detection System (BioRad Laboratories GmbH, Segrate, Italy). The following 

primers were utilized: BiP/Grp78, forward 5’-CGTGGATGACCCGTCTGTG-3’, reverse 5’-

CTGCCGTAGGCTCGTTGATG-3’ (PCR product 308  bp); GAPDH, forward 5’-

CAAGGCTGAGAACGGGAA-3’, reverse 5’-GCATCGCCCCACTTGATTTT-3’ (PCR product 90 

bp). Primers were designed to be intron spanning. Reaction conditions were 50° C for 2 min, 95°C 

for 2 min, followed by 45 cycles of 15 s at 95°C, 30 s at 60°C, 30 s at 72°C. GAPDH was chosen as 

an internal control. 

For semiquantitative RT-PCR, RNA obtained by scramble and sh-TRAP1 HCT116 cells was retro-

transcribed and amplified with specific primers for Bip/Grp78 and GAPDH using the Superscript 

III-One STEP Kit (Invitrogen, San Giuliano Milanese, Italy), according to the manufacturer’s 

instructions. The following primers were used to amplify the corresponding transcripts: GAPDH, 

forward 5′-GAA GGT GAA GGT CGG AGT C-3′, reverse 5′-GAA GAT GGT GAT GGG ATT TC-3′, 

BiP/Grp78, forward 5’-CTG GGT ACA TTT GAT CTG ACT GG-3’, reverse 5’-GCA TCC TGG TGG 

CTT TCC AGC CAT TC-3’. The primers of BiP/Grp78 were a kind gift from Prof. P. Remondelli, 

University of Salerno, Italy. 

Apoptosis assay 



HCT116 cells were subjected to downregulation of TRAP1 and TBP7 expression by siRNA 

transfection. Apoptosis was evaluated by cytofluorimetric analysis of annexin V and 7-amino-

actinomycin D (7-AAD) positive cells using the FITC-Annexin V/7-AAD Kit (Beckman Coulter, 

Cassina De' Pecchi – Milan, Italy). Stained cells were analyzed by the “EPICS XL” Flow Cytometer 

(Beckman Coulter, Cassina De' Pecchi – Milan, Italy). Ten thousand events were collected per 

sample. Positive staining for annexin V, as well as double staining for annexin V and 7-AAD were 

interpreted as signs of, respectively, early and late phases of apoptosis (39). Experiments were 

performed three times using three replicates for each experimental condition. 

Immunofluorescence, confocal-microcopy and EM analysis 

HCT116 cells were fixed with 0.1M phosphate buffer containing 4% (w/v) paraformaldehyde for 15 

minutes, then blocked and permeabilized with 5% (w/v) BSA, 0.1% (v/v) Triton X-100, 10% (v/v) 

FBS in PBS for 20 min at RT before staining with primary antibodies (for TRAP1, CALNEXIN and 

TBP7) and corresponding secondary TEXAS RED/FITC-conjugated antibodies. The analysis of 

immunofluorescence was performed with a confocal laser scanner microscopy Zeiss 510 LSM (Carl 

Zeiss Microimaging, Göttingen, Germany), equipped with Argon ionic laser (Carl Zeiss 

Microimaging, Göttingen, Germany) whose λ was set up to 488 nm, a HeNe laser whose λ was set 

up to 546 nm, and an immersion oil objective, 63 ×/1.4 f. For the immuno-EM analysis, cells were 

fixed with a mixture of 4% (v/v) paraformaldehyde and 0.05% (v/v) glutaraldehyde, labeled with a 

monoclonal antibody against HA using the gold-enhance protocol, embedded in Epon-812, and cut 

as described previously (40). EM images were acquired from thin sections using an FEI Tecnai-12 

electron microscope equipped with an ULTRA VIEW CCD digital camera (FEI, Eindhoven, The 

Netherlands). Thin sections were also used for quantification of gold particles residing within 

mitochondria using the AnalySIS software (Soft Imaging Systems GmbH, Munster, Germany). 

FRET experiments 

FRET was measured by using the acceptor photo-bleaching technique (20) where, upon irreversible 

photo-bleaching, the donor fluorescence increase was recorded. Cells on coverslips were fixed, 



immuno-stained with specific anti-TBP7 and anti-TRAP1 antibodies and secondary antibodies 

conjugated respectively with Cy3 and Cy5 and mounted in PBS/Glycerol (1:1). Images were 

collected using a laser scanning confocal microscope (Zeiss LSM 510 Meta) equipped with a 

planapo 63x oil-immersion (NA 1.4) objective lens. Laser lines at 543 nm and 633 were used to 

excite respectively the fluorophores Cy3 and Cy5. For Cy5 bleaching, the 633 nm HeNe laser light 

with 100% of output power was used and pinhole diameters were set to have 1.0 um optical slices. 

FRET measurements were performed using the LSM software (LSM Zeiss, Germany) after photo-

bleaching of a selected square ROI of 6 µm2. We calculated the FRET efficiency on the basis of the 

following equation: E = (fluorescence intensity Cy3 post-bleaching - fluorescence intensity Cy3 pre-

bleaching)/ fluorescence intensity Cy3 post-bleaching (20). 

As control we measured FRET on cells expressing TBP7 alone labelled with Cy3 in order to ensure 

that photo-bleaching per se does not affect the fluorescence of the donor and that photo-conversion 

does not occur during the photo-bleaching analysis. We calculated the background raised by the 

photobleaching per se by bleaching Cy5 in cells negative for this fluorophore. The background 

value was subtracted from all samples. 

Pulse-chase assay 

Pulse-chase analysis was performed as described elsewhere (41). In brief, HCT116 cells were 

incubated in cysteine/methionine-free medium (Sigma-Aldrich, Milan, Italy) for 1 h followed by 

incubation in cysteine/methionine-free medium containing 50 μCi/mL 35S-labeled 

cysteine/methionine (GE-Healthcare, Waukesha, Wisconsin, USA) for 1 h. After labelling, cells 

were washed once with culture medium containing 10-fold excess of unlabeled methionine and 

cysteine (5mM each) and incubated further in the same medium for the indicated times. Cells were 

collected at the indicated time points, and separated on 10% SDS–PAGE. Proteins were transferred 

onto a PVDF membrane (Millipore, Temecula, CA, USA) and probed by WB analysis. 

Patients 



Between May 2008 and May 2011, specimens from both tumor and normal, non-infiltrated 

peritumoral mucosa were obtained from 59 patients with CRC during surgical removal of the 

neoplasm. Samples were divided into 125 mm3 pieces, one specimen was fixed in formalin and used 

for the histopathological diagnosis, while the others were immediately frozen in liquid nitrogen and 

stored at –80°C for immunoblot analysis. Samples were analyzed within 30 days after collection and 

were thawed only once. Express written informed consent to use biological specimens for 

investigational procedures was obtained from all patients. 

Statistical Analysis.  

Chi-square test was used to establish the statistical correlation between the expression levels of 

TRAP1 and those of Sorcin, F1ATPase and TBP7 in human colorectal carcinomas. Statistically 

significant values (p<0.05) are reported in the Results. 
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Titles and Legends to Figures 

Figure 1: TRAP1 and TBP7 interact and colocalize in the endoplasmic reticulum (ER) 

A) Total HCT116 lysates were harvested and immunoprecipitated with anti-TRAP1 and anti-TBP7 

antibodies as described in Materials and Methods, separated by SDS-PAGE and immunoblotted 

with the indicated mouse-monoclonal anti-TRAP1 and mouse-monoclonal anti-TBP7 antibodies. 

No Ab, total cellular extracts incubated with A/G plus agarose beads without antibody; IP, 

immunoprecipitation with the corresponding antibodies. 

B) Total HCT116 lysates were fractionated into mitochondrial (MITO), cytosolic (CYTO) and 

microsomal (ER) fractions as described in Materials and Methods, separated by SDS-PAGE and 

immunoblotted with mouse monoclonal anti-TRAP1 and mouse monoclonal anti-TBP7 antibodies. 

The purity of the fractions was assessed by using mouse monoclonal anti-tubulin, goat polyclonal 

anti-CypD, rabbit polyclonal anti-Calnexin antibodies specific for the single subcellular 

compartments. 

C) TRAP1 and TBP7 co-immunoprecipitation analysis on the microsomal fraction (ER), obtained 

as described in Materials and Methods. Western blot of immunoprecipitates was performed with the 

indicated antibodies. 



D) TRAP1/TBP7 direct interaction 

FRET was measured by using the acceptor photo-bleaching technique as described in Materials and 

Methods. The pictures show the signal of TBP7 (red) and TRAP1 (green), before (a, b, c) and after 

photo-bleaching (d, e, f). The selected ROI for bleaching was indicated. Energy transfer efficiency 

was measured in cells transiently co-transfected with TRAP1 and either TBP7 or its mutant form 

(ΔTBP7-Flag) and was expressed in % as mean of 3 independent experiments. Error bars, ± SD. 

*p<0,0001. 

E) ER Distribution of TRAP in HCT116 cells (EM microscopy) 

Cells expressing TRAP-HA vector were fixed and prepared for immuno-EM (see Materials and 

Methods). Labeling with anti-HA antibody revealed significant amount of TRAP1 in mitochondria 

(a, b arrowheads). In addition, TRAP1 was distributed throughout the elongated membrane profiles 

(a, arrows) that on the basis of their ultrastructural features (such as attached ribosomes) can be 

attributed to the rough ER compartment, and detected along the nuclear envelope (b, arrows). The 

density of immuno-gold labeling (in arbitrary units; average±SD) in mitochondria (MITO), 

endoplasmic reticulum (ER) and endosomes (as a negative control) is reported in the lower 

histogram. 

F) ER TRAP1/TBP7 colocalization (confocal microscopy) 
Immunofluorescence shows TBP7 co-localization with TRAP1 and with the ER protein calnexin. In 

Panel 1, a double immunofluorescent staining is shown for TRAP1 (green) and TBP7 (red). In Panel 

2, a double immunofluorescent staining is shown for calnexin (green) and TBP7 (red). In cells 

expressing the Myc-tagged TRAP1 construct (red) the protein co-distributes to a large extent with 

endogenous calnexin (green, Panel 3). 

G and H) Biochemical characterization of TRAP1/TBP7 “topology” in the ER .  

Western blot of HCT116 microsomal fractions treated with 0.4 µg/ml or 4 µg/ml proteinase K (pt 

K) ± 1% NP40 for 20 min on ice (Panel G) or with 100 mM Na2CO3 (pH 11.3) for 30 min (Panel H) 



as described in Materials and Methods. Specific proteins were revealed with the indicated 

antibodies. Panel G: S, supernatant; P, pellet. 

 

Figure 2: BiP mRNA levels in sh-TRAP1 stable clones.  

A) Semiquantitative RT-PCR analysis of BiP/Grp78 mRNA expression in sh-TRAP1 stable clones  

respect to scrambled transfectants after 12 h treatment with 1μM thapsigargin (TG). As control, the 

levels of GAPDH transcript were analyzed. 

B) Real Time RT-PCR analysis of BiP/Grp78 mRNA expression in scrambled and sh-TRAP1 

HCT116 cells exposed to 1μM TG for 12 and in sh-TRAP1 HCT116 cells transfected with TRAP1 

cDNA before treatment with TG. P values indicate the statistical significance between different 

Bip/Grp78 levels in the indicated conditions. 

 

Figure 3: Ubiquitin levels in HCT116 cells.  

A) Total cell lysates from sh-TRAP1 and scrambled HCT116 stable clones were transfected with 

either a HA-tagged ubiquitin vector (Ub-HA) or with TRAP1 expression vectors, treated with 1µM 

MG132 for 24 h, harvested 48 h after transfection and subjected to immunoblot with rabbit 

polyclonal anti-HA antibodies. The same filter was re-probed with mouse monoclonal anti-GAPDH 

antibodies for the normalization of cell lysates. Three independent experiments were performed 

with similar results. 

B) Subfractionation of total lysates were obtained from sh-TRAP1 and scrambled HCT116 stable 

transfectants treated as described in A. The extracts from post-mitochondrial fraction 

(microsomes+cytosolic fraction) and mitochondria (MITO, see Materials and Methods) were 

separated by SDS-PAGE and immunoblotted with rabbit polyclonal anti-HA antibody to detect 

ubiquitin levels. The purity of fractions was verified with mouse-monoclonal anti-COX IV, or 

mouse monoclonal anti-GAPDH antibodies. Three independent experiments were performed with 

similar results. 



C) HCT116 cells were co-transfected with an Ub-HA vector and siRNA negative control 

(scramble), or with siRNAs specific for TRAP1, TBP7, or both (as indicated) and total cell lysates 

harvested after 48 h from transfection. Total lysates were subjected to SDS-PAGE and 

immunoblotted with rabbit polyclonal anti-HA antibodies to detect total ubiquitin levels. The same 

filter was re-probed with mouse monoclonal anti-GAPDH antibodies for the normalization of cell 

lysates, and with mouse monoclonal anti-TRAP1, and mouse monoclonal anti-TBP7 antibodies. 

D) Proteasome activity is not affected by TRAP1 and TBP7 silencing.  

Total cellular extracts were prepared after 48 h transfection with specific siRNA for TRAP1, TBP7 

or Sorcin, as control, or with siRNA negative control (scramble) and incubated in the presence of 

assay buffer and the fluorogenic substrate Suc-LLVY-AMC, as described in Materials and Methods. 

Samples were analyzed in triplicate using an excitation wavelength of 360 nm and an emission 

wavelength of 450 nm to detect chymotryptic proteasome activity. Data represent the mean of three 

independent experiments. 

 

Figure 4: TRAP1/TBP7 interaction in ER is required for the control of protein ubiquitination 

and ER stress. 

A and D)  Subcellular localization of Δ1-59-Myc/Δ101-221-HA mutants 

HCT116 cells were transfected with Δ1-59-Myc (Panel A) or Δ101-221-HA (Panel D) TRAP1 

mutants, subfractionated into mitochondrial (MITO), cytosolic (CYTO) and microsomal (ER) 

fractions (Panel A) or mitochondrial (MITO) and post-mitochondrial (PM, cytosol+microsomes) 

fractions (Panel D), as described in Materials and Methods, separated by SDS-PAGE and 

immunoblotted with the indicated antibodies to verify the expression of mutants and the purity of 

fractions. For the details of mutant’s generation procedures see Materials and Methods. 

B and E) Interaction between Δ1-59-Myc/Δ101-221-HA mutants and TBP7 

HCT116 cells were transfected with Δ1-59-Myc (Panel B) or Δ101-221-HA (Panel E) TRAP1 

mutants, harvested and immunoprecipitated with anti-Myc or anti-HA antibodies as described in 



Materials and Methods. Immunoprecipitates were separated by SDS-PAGE and immunoblotted 

with the indicated antibodies. No Ab, total cellular extracts incubated with A/G plus agarose beads 

without antibody; IP, immunoprecipitation with the corresponding antibodies. Three independent 

experiments were performed with similar results. 

C) Ubiquitination levels upon transfection of Δ1-59-Myc TRAP1 deletion mutant 

Total lysates from HCT116 scrambled, sh-TRAP1 stable clones and sh-TRAP1 cells transfected 

with Δ1-59-Myc TRAP1 mutant were subjected to immunoblot analysis with mouse monoclonal 

anti-Ubiquitin antibodies to detect total ubiquitination levels and with anti-GAPDH antibody for the 

normalization of cell lysates. Three independent experiments were performed with similar results. 

F) Ubiquitination levels upon transfection of Δ101-221-HA TRAP1 deletion mutant 

HCT116 scramble, sh-TRAP1 and sh-TRAP1 cells transfected with Δ101-221-HA TRAP1 mutant 

were subfractionated in post-mitochondrial (microsomes+cytosolic fraction) and mitochondrial 

(MITO) fractions as described in Materials and Methods. Total lysates from the same cells were 

used as controls (left panel). Protein lysates were subjected to immunoblot analysis with mouse 

monoclonal anti-Ubiquitin antibodies to detect total ubiquitination levels. The purity of fractions 

was verified with mouse monoclonal anti-GAPDH (left and right panels), and mouse-monoclonal 

anti-COX IV (middle panel) antibodies. Three independent experiments were performed with 

similar results. 

G) Real Time RT-PCR analysis of BiP/Grp78 mRNA expression in scrambled and sh-TRAP1 

HCT116 cells exposed to 1μM TG for 12 h (same as in Figure 2B) and in sh-TRAP1 HCT116 cells 

transfected with Δ1-59-Myc or Δ101-221-HA TRAP1 mutants, as indicated, before treatment with 

TG. P values indicate the statistical significance between different Bip/Grp78 levels in the indicated 

conditions. 

H) Interaction between TRAP1 and ΔTBP7-Flag deletion mutant 

HCT116 cells were transfected with ΔTBP7-Flag deletion mutant, harvested and 

immunoprecipitated with anti-TRAP1 antibodies as described in Materials and Methods. 



Immunoprecipitates were separated by SDS-PAGE and immunoblotted with the indicated 

antibodies. No Ab, total cellular extracts incubated with A/G plus agarose beads without antibody; 

IP, immunoprecipitation with the corresponding antibodies. Three independent experiments were 

performed with similar results. Arrow indicates the ΔTBP7-Flag mutant band.  

I) Ubiquitination levels upon transfection of ΔTBP7-Flag deletion mutant 

Total lysates from HCT116 scrambled cells transfected with ΔTBP7-Flag mutant were subjected to 

immunoblot analysis with mouse monoclonal anti-Ubiquitin antibodies to detect total ubiquitination 

levels and with mouse monoclonal anti-HSP60 antibodies for the normalization of cell lysates. 

Three independent experiments were performed with similar results. 

 

Figure 5: Control of intracellular protein stability and ubiquitination pattern of p18 Sorcin 

and F1ATPase 

A)  Pulse-chase analysis of total lysates of scrambled and sh-TRAP1 HCT116 cells. HCT116 cells 

were incubated in cysteine/methionine-free medium for 1 h followed by incubation in 

cysteine/methionine-free medium containing 50 μCi/mL 35S-labeled cysteine/methionine  (35S 

Met/35S Cys) for 1 h. After labelling, cells were washed once with culture medium containing 10-

fold excess of unlabeled methionine and cysteine (5mM each) and incubated further in the same 

medium for the indicated times. Cells were collected at the indicated time points, and total lysates 

subjected to SDS-PAGE were analyzed by autoradiography. 

B) Total lysates of scrambled and sh-TRAP1 HCT116 cells were subjected to SDS-PAGE and 

immunoblotted with rabbit polyclonal anti-Sorcin, mouse monoclonal anti-TRAP1, goat polyclonal 

anti-F1ATPase antibodies. The same filter was re-probed with mouse monoclonal anti-GAPDH 

antibodies for the normalization of cell lysates. Arrow indicates the mitochondrial 18kDa Sorcin 

isoform band. 

C) Scrambled and sh-TRAP1 HCT116 clones were transfected with an expression vector containing 

the cDNA of p18 sorcin fused to C-Myc epitope at C-terminus (Sorcin-Myc) and treated with 1µM 



MG132 for 24 h before harvesting. Lysates were immunoprecipitated with mouse monoclonal anti-

Myc antibodies, and analyzed by immunoblot analysis with mouse monoclonal anti-Ubiquitin 

antibodies. The membrane was re-probed with anti-Myc antibody to control transfection efficiency. 

D) Scrambled and sh-TRAP1 HCT116 clones were treated with 1µM MG132 for 24 h before 

harvesting, immunoprecipitated with anti-F1ATPase antibody, subjected to SDS-PAGE and 

immunoblotted with mouse monoclonal anti-Ubiquitin and goat polyclonal anti-F1ATPase 

antibodies. Three independent experiments were performed with similar results. 

E) HCT116 cells were co-transfected with a Ub-HA vector and siRNA negative control (scramble), 

or with siRNAs specific for TBP7, treated with 1µM MG132 for 24 h before harvesting, 

immunoprecipitated with goat polyclonal anti-F1ATPase antibody, subjected to SDS-PAGE and 

immunoblotted with mouse monoclonal anti-Ubiquitin and goat polyclonal anti-F1ATPase 

antibodies. Three independent experiments were performed with similar results. 

 

Figure 6: TRAP1, TBP7, F1ATPase and Sorcin expression in human colorectal carcinomas.  

Total cell lysates from 4 human colorectal carcinomas (T) and the respective non-infiltrated 

peritumoral mucosas (M) were separated by SDS–PAGE and immunoblotted with rabbit polyclonal 

anti-Sorcin, mouse monoclonal anti-TRAP1, mouse monoclonal anti-TBP7, goat polyclonal anti-

F1ATPase. The same filter was re-probed with mouse monoclonal anti-GAPDH antibodies for the 

normalization of cell lysates. Case numbers are refereed to Supplementary Figure 1. 

 

Figure 7: Crosstalk between ER and mitochondria and mitochondrial protein quality control. 

TRAP1 form a supramolecular complex with TBP7 on the outside of the ER, in a cellular 

compartment of tight ER-mitochondria contact sites, where proteasomes are also present. This 

TRAP1/TBP7 complex is involved in the control of protein stability and intracellular protein 

ubiquitination of mitochondria-destined proteins. These two proteins, each with independent but 



related functions, help to judge whether a protein can be repaired and reach the final mitochondrial 

destination or, if damaged, needs to be degraded through the ubiquitin-proteasome system. 

 









































Table 1. Rates of apoptotic cell death in colorectal carcinoma HCT116 cells treated with 1μM 

thapsigargin (TG) for 24h or with 10μM oxaliplatin (l-OHP) for 48 h upon transient (siRNA) or 

stable (shRNA) down-regulation of TRAP1 or TBP7. Ratios are calculated between rates of 

apoptosis in drug- and vehicle-treated cells. P-values indicate the statistical significance between 

the ratios of apoptosis in siRNA-transfected cells and the respective scramble controls. 

 

 Apoptosis 
(%±SD) 

Ratio 
(±SD) 

p-value 

Vehicle 

Scramble 
   Vehicle 
   TG 
   l-OHP 

 
3.5±0.3 
5.0±0.2 
11.2±0.4 

 
 

1.4±0.2 
3.2±0.4 

 
 
 

siRNA TRAP1 
   Vehicle 
   TG 
   l-OHP 

 
4.7±0.2 

21.5±.0.4 
55.5±0.6 

 
 

4.6±0.3 
11.8±0.7

 
 

<0.0001 
<0.0001 

shRNA TRAP1 
   Vehicle 
   TG 
   l-OHP 

 
3.5±0.4 

24.2±.0.5 
31.8±0.4

 
 

6.9±1.1 
9.1±1.3

 
 

0.001 
0.002 

siRNA TBP7 
   Vehicle 
   TG 
   l-OHP 

 
5.2±0.2 
15.7±0.3 
55.1±0.6 

 
 

3.0±0.2 
10.6±0.5

 
 

<0.0001 
<0.0001 
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