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Colorectal carcinoma (CRC) is a common cause of cancer-related death worldwide. Indeed, treatment failures are triggered by
cancer stem cells (CSCs) that give rise to tumor repopulation upon initial remission. Thus, the role of the heat shock protein TRAP1
in stemness was investigated in CRC cell lines and human specimens, based on its involvement in colorectal carcinogenesis,
through regulation of apoptosis, protein homeostasis and bioenergetics. Strikingly, co-expression between TRAP1 and stem cell
markers was observed in stem cells located at the bottom of intestinal crypts and in CSCs sorted from CRC cell lines. Noteworthy,
TRAP1 knockdown reduced the expression of stem cell markers and impaired colony formation, being the CSC phenotype and the
anchorage-independent growth conserved in TRAP1-rich cancer cells. Consistently, the gene expression profiling of HCT116 cells
showed that TRAP1 silencing results in the loss of the stem-like signature with acquisition of a more-differentiated phenotype and
the downregulation of genes encoding for activating ligands and target proteins of Wnt/β-catenin pathway. Mechanistically, TRAP1
maintenance of stemness is mediated by the regulation of Wnt/β-catenin signaling, through the modulation of the expression of
frizzled receptor ligands and the control of β-catenin ubiquitination/phosphorylation. Remarkably, TRAP1 is associated with higher
expression of β-catenin and several Wnt/β-catenin target genes in human CRCs, thus supporting the relevance of TRAP1
regulation of β-catenin in human pathology. This study is the first demonstration that TRAP1 regulates stemness and
Wnt/β-catenin pathway in CRC and provides novel landmarks in cancer biology and therapeutics.
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Colorectal carcinoma (CRC) represents ~10% of the global
incidence of cancer,1 being the second cause of cancer death in
the United States and Europe.2 Despite significant improve-
ments in treatment strategies, its prognosis remains poor and
the main cause of treatment failure is drug resistance.3 Thus,
novel molecular targets are needed to improve patient out-
come. In such a context, main attention has been focused on
the role of cancer stem cells (CSCs), a subpopulation of cancer
cells with the exclusive ability to self-renew and drive tumor
growth. Indeed, CSCs are organized in a cellular hierarchy with
a pool of stem cells on the top of an organized system from
which tumor cells originate. CSCs are the only oneswith (i) self-
renewal ability, causing the initiation and the maintenance of
the tumor and (ii) the capacity to reversibly differentiate into
heterogeneous non-tumorigenic cancer cell types that consti-
tute the bulk of the tumor.4 In recent years, theCSC theory led to
the notion that CSCs are resistant to apoptosis and, thus, not
eradicated by current treatments and responsible for tumor
recurrence.5 Indeed,CSCsare functionally protected in a tissue

stem cell niche where they are quiescent but viable, and
therefore prepared to regenerate the tumor, even after long time
and distant from the primary site. The stem niche is a hypoxic
functional compartment, that induces a metabolic reprogram-
ming of CSCs toward glycolysis6 and favors the expression of
genes involved in protection from apoptosis,7 allowing them to
survive in a hostile environment and escape from anticancer
therapies.7

TRAP1 is a component of the HSP90 chaperone family, with
a prevalent mitochondrial localization, initially characterized
for its capacity to protect against oxidative stress and favor
mitochondria integrity8 and subsequently involved in several
other cellular processes critical for colorectal carcinogenesis.9

In fact, TRAP1 (i) belongs to a pro-survival signaling pathway
responsible for protection from apoptosis and drug
resistance;9–12 (ii) contributes to mitochondrial bioenergetics,
favoring a context-dependent reprogramming ofoxidativemeta-
bolism;13–15 (iii) controls proteostasis by a co-translational
regulation of protein synthesis/ubiquitination.11,16–18 It is worth
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noting that TRAP1 is upregulated in several human malig-
nancies and, among others, CRC and its levels correlate with a
drug-resistant phenotype,8,10 extensive lymph node dissemina-
tion and poor patient outcome.19

Therefore, given the complexity of the molecular mechan-
isms that control the biology of CSCs and the well-established
role of TRAP1 in regulating the plasticity of cancer cells,9 this
study was designed to address the hypothesis that TRAP1 is
involved in maintenance of stemness in CRC cells. Here, we
report, for the first time, that TRAP1 regulates the CSC
phenotype by modulating Wnt/β-catenin pathway.

Results

TRAP1 expression is enriched in stem cells of human
colon mucosa and CRC cell lines. TRAP1 is expressed,
although at low levels, in human normal colonic mucosa10,20

and intestinal stem cells are located in the basal portion of the
crypts;21 thus, TRAP1 and the stem cell marker CD166, widely
expressed in colon stem cells,22 were comparatively evaluated
in normal colonic mucosa. Interestingly, TRAP1 is co-
expressed with CD166 in cells located in the basal portion of
the crypts, whereas its expression is progressively reduced
from the transit-amplifying (TA) zone to the lumen (Figure 1a).
As TRAP1 is highly expressed in human CRCs and CRC cell
lines,10 the co-expression of TRAP1 and CSC surface markers
was further evaluated in human CRC cells by multidimensional
flow cytometry. To this purpose, we selected a panel of surface
CSC antigens, widely used for the phenotypic characterization

of human colorectal CSCs, that is, CD133, CD166 and
CD44.23 Interestingly, a striking correlation was observed
between the expression of all stem cell markers analyzed and
TRAP1 levels in HCT116 cells (Figure 1b). In order to analyze
the expression of TRAP1 in CSCs and its co-expression with
CSC markers, three subpopulations with increasing levels of
CD133, CD166 or CD44 were selected and a progressive
increase in TRAP1 expression was observed according to the
upregulation of CSC markers, being TRAP1 expression
significantly higher in CD133-, CD166- and CD44-bright cell
subpopulations (Supplementary Figure S1A). Of note, TRAP1
expression was also enriched in the CD166/CD44-double
positive HCT116 cell subpopulation (Figure 1c). A similar co-
expression was observed between CD166 and TRAP1 in CRC
COLO320, CaCo2 and HT29 cells (Figure 1d) and, consis-
tently, TRAP1 expression was significantly and constantly
higher in CD166-bright cell subpopulations (Supplementary
Figure S1B).
Among different available CRC cell lines, HCT116 cells

were selected for further studies, as they are characterized by
a stem-like phenotype with constitutive activation of Wnt/β-
catenin pathway, a key player in colon CSCs self-renewal.24

Thus, HCT116 cells were sorted according to CD166
expression and CD166-bright and CD166-low cell subpopula-
tions were isolated. As expected, the expression of the stem
cell markers CD166 and CD44 was highly enriched in CD166-
bright (right panels) compared with CD166-low (left panels)
HCT116 cells (Figure 2a). Interestingly, immunoblot analysis
of sorted cell subpopulations showed higher expression of
TRAP1 in CD166-bright cells (Figure 2b). In parallel

Figure 1 TRAP1 expression is enriched in stem cells of human colon mucosa and colorectal carcinoma cell lines. (a) Immunohistochemical analysis of TRAP1 and CD166
expression in normal colonic mucosa (original magnification, × 10). (b) Cytometric dot plot reporting CD133, CD166 and CD44 expression versus TRAP1 expression in HCT116
cells. (c) Cytometric dot plot (left panel) reporting CD44 expression versus CD166 expression in HCT116 cells and bar graph (right panel) reporting TRAP1 mean fluorescence
intensity (MFI) in three-gated subpopulations with increasing levels of both CD166 and CD44. P-values represent the statistical significance of TRAP1 expression levels according
to the gating strategy. Data represent mean + S.D. (d) Cytometric dot plot reporting CD166 expression versus TRAP1 expression in COLO320, CaCo2 and HT29 cells
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experiments, HCT116 cells were sorted according to TRAP1
expression and this resulted in two distinct cell subpopula-
tions, that is, TRAP1-low and TRAP1-bright cells (Figure 2c).
Of note, FACS analysis showed an enrichment in CD44,
CD166 and CD133 expression in TRAP1-bright HCT116 cells
(Figure 2d). These data suggest that TRAP1 is upregulated in
colon CSCs, being expressed at lower level in the remaining
tumor cell population.

TRAP1 modulates the clonogenic ability of colon carci-
noma cells. The co-expression between TRAP1 and CD166
was further evaluated in TRAP1 stably interfered HCT116
cells in comparison with scramble cells (Figure 3a) and in
three cell subpopulations with increasing TRAP1 levels gated
from both scramble and shTRAP1 HCT116 cells (Figure 3b).
Noteworthy, the downregulation of TRAP1 expression
(Figure 3a, insert) resulted in lower CD166 expression in
the whole cell population (Figure 3a), and CD166 expression
paralleled TRAP1 levels in selected subpopulations, being
significantly higher in TRAP1-bright cells from scramble
HCT116 cells (Figure 3b). In further experiments, we
questioned whether TRAP1 modulates the anchorage-
independent growth of HCT116 cells. Thus, scramble and
shTRAP1 HCT116 cells were compared for their clonogenic

ability, and, noteworthy, TRAP1 knocking down resulted in a
significant impairment in colony formation (Figure 3c), with a
1:4 ratio in colony numbers between shTRAP1 and scramble
HCT116 cells (Figure 3d). Intriguingly, TRAP1 expression was
re-evaluated in the few colonies collected from shTRAP1
HCT116 cells in comparison with colonies obtained from
scramble cells and no difference was observed in TRAP1
levels (Figure 3e). Consistently, HCT116 cells obtained from
colonies were subdivided in three cell subpopulations with
increasing TRAP1 levels and, differently from originating cell
lines (Figure 3b), no difference in TRAP1 and CD166
expression was observed between scramble and
shTRAP1 cells (Figure 3f).
In subsequent experiments, we evaluated whether the

upregulation of TRAP1 restores the stem cell phenotype in
shTRAP1 HCT116 cells. HCT116 shTRAP1 cells were
transfected with pMock or TRAP1 cDNA (Figure 4a, insert)
and the co-expression between TRAP1 and CD166 was
evaluated in the whole population (Figure 4a) and in sub-
populations with increasing TRAP1 levels (Figure 4b). Interest-
ingly, TRAP1 transfection rescued the CD166-low phenotype in
shTRAP1 HCT116 cells (Figure 4a) and, consistently, CD166
expression was maximal in TRAP1-bright cell subpopulation
obtained upon TRAP1 re-transfection (Figure 4b). These data

Figure 2 TRAP1 is upregulated in CD166-bright cell subpopulation sorted from colon carcinoma cells. (a) Cytometric dot plot reporting CD166 and CD44 expression levels in
sorted CD166-bright and CD166-low HCT116 cell subpopulations. Percentages of cells in the lower left quadrant are reported. (b) Total cell lysates from sorted CD166-bright and
CD166-low HCT116 cell subpopulations were separated by SDS-PAGE and immunoblotted with the indicated antibodies. (c) TRAP1 expression levels in sorted TRAP1-low and
TRAP1-bright HCT116 cell subpopulations. (d) Cytometric dot plot reporting CD166, CD133 and CD44 expression levels in sorted TRAP1-bright and TRAP1-low HCT116 cell
subpopulations. Percentages of cells in the lower left quadrant are reported
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suggest that TRAP1 and CSC markers are co-expressed in
CSCs and TRAP1 is responsible for the clonogenic ability of
CRC cells.

TRAP1 silencing results in the loss of the stem-like
phenotype and the downregulation of Wnt/β-catenin
pathway. As a recent study of gene expression classification
of human CRCs associated HCT116 cells to the stem-like
subtype, based on the constitutive activation of Wnt/β-catenin
signaling,24,25 we questioned whether TRAP1 silencing was
able to reprogram this gene signature. To address this issue
we took advantage from our recently published whole-
genome gene expression profiling of TRAP1-silenced
HCT116 cells.26 Thus, the concordance in the gene expres-
sion profiles between shTRAP1 HCT116 cells and the gene
signatures representative of the five different CRC subtypes24

was analyzed. Noteworthy, TRAP1 silencing resulted in loss
of the stem-like phenotype, being the shTRAP1 signature
discordant in 66.2% of genes compared with the stem-like
signature (Supplementary Tables S1 and S2). Indeed,
shTRAP1 HCT116 cells showed a higher degree of
concordance with the more-differentiated Enterocyte subtype
signature (Supplementary Tables S1 and S2). Consistently,

unsupervised analysis with Euclidean dendrogram showed
higher proximity of shTRAP1 HCT116 cell to Globet-like and
Enterocyte subtypes (Figure 4c). Furthermore, the analysis of
our data set showed that TRAP1 silencing induced the
reversion of the expression of specific genes responsible
for the stem-like signature (Figure 4d), most of them encoding
for ligands of the frizzled family receptors responsible for
activation of Wnt signaling27 or target proteins of Wnt/β-
catenin pathway.28

Thus, to investigate further the mechanism responsible for
TRAP1 regulation of stemness, we focused our attention on
Wnt/β-catenin pathway, which regulates colon CSCs self-
renewal.27 In preliminary experiments, the expressions of some
of these TRAP1-modulated Wnt-related genes (i.e., WNT3A,
WNT16, c-JUN, c-MYC, CCND1, AXIN2, SP5, NKD1)28 was
analyzed by quantitative PCR in TRAP1-silenced HCT116 and
HT29 (Figure 5a) cells; indeed, these genes were significantly
downregulated in both TRAP1-silenced CRC cell lines
(Figure 5a). The regulation of Wnt/β-catenin signaling by
TRAP1 was further evaluated, by immunoblot analysis, in
different CRC cell lines and the downregulation of WNT3Awas
confirmed in TRAP1-silencedHCT116 andCaco2 cells, aswell
as BIRC5 (SURVIVIN) was found downregulated in HCT116,

Figure 3 TRAP1 modulates the clonogenic ability of colon carcinoma cells. (a) TRAP1 and CD166 expression in scramble and shTRAP1 HCT116 cells. Percentages
reported in flow plots indicate the MFI of total populations. Insert: TRAP1 immunoblot analysis in scramble (1) and shTRAP1 (2) HCT116 cells. (b) Relative TRAP1/CD166
MFIs in three-gated subpopulations with increasing TRAP1 levels obtained from scramble and shTRAP1 HCT116 cells. Statistical significance compared with the respective
scramble control: *Po0.0001. Data represent mean + S.D. (c, d) Representative culture plates (c) and quantitative representation (d) of the clonogenic potential of scramble and
shTRAP1 HCT116 cells. Statistical significance compared with scramble cells: **Po0.001. Data represent mean + S.D. (e) Total cell lysates from colonies collected from
scramble and shTRAP1 HCT116 cells were separated by SDS-PAGE and immunoblotted with the indicated antibodies. (f) Relative TRAP1/CD166 MFIs in total population and
gated subpopulations with increasing TRAP1 levels obtained from scramble and shTRAP1 colonies. Data represent mean + S.D.
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HT29 and CaCo2 cells under TRAP1 silencing conditions
(Figures 5b and c). Notably, WNT3A was undetectable both at
mRNAand protein levels inHT29 andCOLO320 cells. As these
genes encode for ligands (i.e., WNT3A and WNT16) of the
frizzled family receptors27 or Wnt/β-catenin signaling target
genes (i.e., c-JUN, c-MYC, CCND1, AXIN2, SP5, NKD1),28 all
together these data support the hypothesis that TRAP1
modulates the expression of components of Wnt/β-catenin
pathway, and its silencing results in attenuation of Wnt/β-
catenin signaling.

TRAP1 regulates β-catenin ubiquitination/phosphoryla-
tion. We further evaluated TRAP1 regulation on β-catenin, a
subunit of the cadherin protein complex: β-catenin is an
intracellular signal transducer in Wnt signaling pathway, being
able to translocate to the nucleus and induce the transcription
of several target genes.29 The cellular level of β-catenin is
mostly controlled by its phosphorylation, which drives the
ubiquitination and the proteosomal degradation of the protein;
whereas the activation of Wnt pathway results in increase of
non-phosphorylated β-catenin active form, thus enabling its
transcriptional activity.27 Indeed, although mRNA levels of
CTNNB1 (β-catenin) were unchanged in TRAP1-silenced
cells (Figure 5a), a reduced expression of the active form of
β-catenin and, with less extent, of the whole protein was
observed in CRC cell lines (Figures 5b and c).
The hypothesis that TRAP1 regulates β-catenin ubiquitina-

tion/phosphorylation was further explored. Indeed, TRAP1

regulates the quality of its client proteins,20,26 being their
expression levels higher in a TRAP1-rich background,
whereas their ubiquitination increased upon disruption of
TRAP1 quality-control network.16,17,20,26 This TRAP1 function
is mediated by its interaction with the proteasome regulatory
particle TBP7;16 thus, in preliminary experiments we ques-
tioned whether β-catenin levels were downregulated upon
TBP7 interference, as observed under TRAP1 silencing
condition. Indeed, the active form of β-catenin was down-
regulated upon TBP7 silencing (Figure 6a), this suggesting
that its degradation is controlled by TRAP1/TBP7 network. In
parallel experiments, we questioned whether the reduced
protein levels of the active form of β-catenin observed in
TRAP1- and TBP7-interfered cells (Figures 5b and 6a) were
dependent on increased phosphorylation and ubiquitination.
Thus, β-catenin was immunoprecipitated from HCT116 cells
upon TRAP1 or TBP7 transient silencing and immunoblot
analysis of β-catenin immunoprecipitates showed increase of
its ubiquitination and phosphorylation in TRAP1- and TBP7-
interfered cells (Figure 6b). Finally, β-catenin ubiquitination/
phosphorylation levels were evaluated upon transfection of a
TBP7 deletion mutant unable to bind TRAP1, which behaves
as dominant negative over the TRAP1/TBP7 quality-control.16

Consistently, the disruption of TRAP1/TBP7 network resulted
in increased ubiquitination and phosphorylation of β-catenin
(Figure 6c). Altogether, these observations suggest that
TRAP1/TBP7 regulation of β-catenin ubiquitination occurs
concurrently with its phosphorylation and that the suppression

Figure 4 TRAP1 is responsible for the Stem-like phenotype of colon carcinoma cells. (a) TRAP1 and CD166 expression in Mock- and TRAP1-transfected shTRAP1 HCT116
cells. Values reported in flow plots indicate the percentages of MFI in the whole HCT116 cell population. Insert: TRAP1 immunoblot analysis in shTRAP1 HCT116 cells
transfected with pMock (1) or pTRAP1 (2) expression vectors. (b) Relative TRAP1/CD166 MFIs in three-gated subpopulations with increasing TRAP1 levels obtained from Mock-
and TRAP1-transfected shTRAP1 HCT116 cells. Statistical significance compared to the respective pMock control: *Po0.01; **Po0.0001. Data represent mean + S.D. (c) Heat
map and unsupervised analysis of shTRAP1 HCT116 cells and five CRC subtype signatures. Euclidean clustering shows distances and grouping of signatures. (d) Gene
expression analysis of selected genes responsible for the Stem-like phenotype of HCT116 cells. Bar graphs report the log2 (fold change) for each gene expression in shTRAP1
HCT116 cells respect to scramble cells. Data represent mean + S.D.
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of TRAP1 network results in increased β-catenin phosphor-
ylation and ubiquitination. As only the non-phosphorylated
active form of β-catenin migrates to the nucleus acting as a
transcription factor,29 we questioned whether TRAP1 regula-
tion of β-catenin yields reduced nuclear levels. Consistently
with the reduced expression of several β-catenin target genes,
TRAP1 silencing resulted in lower levels of the active form and
the whole protein in the nuclear fraction of HCT116 cells
(Figure 6d). Taken as a whole, these observations suggest
that β-catenin is among the genes whose ubiquitination is
enhanced in a TRAP1-low background, being its expression
higher in condition of TRAP1 upregulation.

β-catenin interacts with TRAP1 network proteins. The
hypothesis that TRAP1 and TBP7 interact with β-catenin
was evaluated by co-immunoprecipitation (co-ip) experi-
ments (Figures 7a and b). Indeed, β-catenin immunoblot
analysis of TRAP1 (Figure 7a) and TBP7 (Figure 7b)
co-immunoprecipitates detected a 90 kDa band, immuno-
reactive with β-catenin antibody. In parallel experiments,
confocal microscopy and in situ Proximity Ligation assay

were used to establish whether TRAP1 and β-catenin
colocalize and are components of an intracellular protein
complex. Indeed, double immunofluorescence staining
showed that β-catenin co-distributes to a great extent with
TRAP1 in HCT116 cells (Figure 7c) and direct protein–
protein interaction was observed between TRAP1 and β-
catenin upon in situ Proximity ligation assay (Figure 7d). The
specificity of these interactions was confirmed upon TRAP1
or TBP7 interference in HCT116 cells: of note, a significant
reduction of β-catenin co-ip was observed in parallel with
TRAP1 or TBP7 downregulation (Figure 7e).
As our data suggest that TRAP1 regulates β-catenin levels

and stemness, COLO320 cells were transfected with TRAP1
and evaluated for the expression of β-catenin (Figure 8a,
left panel) and stem cell markers (Figure 8a, right panel).
It is noteworthy that TRAP1 upregulation resulted in a
parallel upregulation of β-catenin and CD166 and CD44 levels
(Figure 8a). These evidences suggest that TRAP1 and
β-catenin are components of a multiprotein complex and that
TRAP1 modulates stemness through β-catenin post-
translational regulation.

Figure 5 TRAP1 regulates Wnt/β-catenin pathway in colon carcinoma cells. (a) Real-time PCR gene expression analysis of selected genes in TRAP1-silenced HCT116 and
HT29 cells compared with cells transfected with negative siRNA: *Po0.01; **Po0.001. Inserts: TRAP1 immunoblot analysis in control (1) and TRAP1-silenced (2) HCT116 and
HT29 cells. Data represent mean + S.D. (b, c) TRAP1, Wnt3A, β-catenin and survivin immunoblot analysis in total cell lysates from HCT116 cells transfected with control and two
TRAP1 independent siRNAs (b) and HT29, COLO320 and CaCo2 cells transfected with control or TRAP1 siRNAs (c)
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TRAP1 is co-expressed with β-catenin and Wnt/β-cate-
nin-related genes in human CRCs. The relevance of
TRAP1 regulation of β-catenin was further evaluated in human
CRCs: β-catenin protein expression was assessed in 59 CRCs
characterized for TRAP1 expression and subdivided in
TRAP1-positive (33 tumors) and TRAP1-negative (26 tumors;
Figure 8b). Interestingly, a statistically significant co-
expression between the two proteins was observed (χ2-test,
Po0.0001; Figure 8c and Supplementary Table S3), thus
suggesting that TRAP1 quality control on β-catenin is
conserved in human CRCs. In order to support further the
hypothesis that TRAP1 regulation of Wnt/β-catenin signaling is
relevant in vivo, we analyzed two published gene expression
data sets (GSE14333, GSE13294) derived from 387 primary
resected CRCs.24 The Spearman Rank test showed a
statistically significant correlation between TRAP1 mRNA
levels and the expression of several Wnt/β-catenin-related
genes (Figure 8d). These data support the notion that TRAP1
control on Wnt/β-catenin signaling pathway is relevant in
human colorectal carcinogenesis.

Discussion

The activation of molecular pathways responsible for protec-
tion from environmental stress and regulation of cell biogen-
esis in response to extracellular stimuli is crucial for the
balance between self-renewal, stemness maintenance and
differentiation. Intriguingly, this ability of CSCs to adapt to
extracellular stressors represents the molecular basis for their
intrinsic resistance to cancer therapies and, thus, for tumor
repopulation upon initial response to treatments.3 Crucial are,
in this process, stem cell mitochondria that have important
roles in regulating the balance between stemness, differentia-
tion and survival, through a number of mechanisms, including
the modulation of oxidative stress, apoptosis and
biogenesis.30,31 In this perspective, the hypothesis that the
mitochondrial molecular chaperone TRAP1 is involved in
regulating CSC fate was tested in human CRC, based on its
well-established upregulation10 and its prognostic role19 in this
malignancy. Indeed, our data provide, to our knowledge, the
first evidence that (i) TRAP1 is preferentially expressed by
intestine stem cells and CSCs isolated from CRC cells, (ii) its

Figure 6 TRAP1 is responsible for regulation of β-catenin ubiquitination/phosphorylation. (a) Total lysates from HCT116 cells, transfected with control or TBP7 siRNAs, were
separated by SDS-PAGE and immunoblotted with indicated antibodies. (b, c) β-catenin immunoprecipitates were obtained from HCT116 cells transfected with TRAP1- or TBP7
siRNAs (b) or with a TBP7 delection mutant (c). Cells were incubated with 10 mmol/l MG132 for 2 h before cell lysis, separated by SDS-PAGE and immunoblotted with the
indicated antibodies. Densitometric band intensities represent ratios between ubiquitinated and total β-catenin bands in IPs. Neg Ab, total cellular extracts incubated with non-
specific antibody. (c) The arrow indicates the TBP7 deletion mutant band. (d) Total lysates and cytosolic and nuclear fractions were obtained from HCT116 cells transiently
silenced for TRAP1 by siRNAs. Equal amounts of proteins were separated by SDS-PAGE and immunoblotted with indicated antibodies
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expression enhances the anchorage-independent growth of
CRC cells and (iii) its knocking down induces the loss of the
stem-like signature with gain of a more-differentiated pheno-
type. Intriguingly, several features about TRAP1 role in cancer
are consistent with this novel function in maintaining stemness.
Indeed, TRAP1 has a prevalent mitochondrial localization8,16

and is responsible for mitochondrial integrity and regulation of
the apoptotic threshold of cancer cells, thereby, favoring drug
resistance.8,32 This TRAP1 cytoprotective function is particu-
larly relevant in adaptive responses of cancer cells against
different stress conditions, including oxidative stress.33 Further-
more, TRAP1 regulates organelle-compartmentalized protein
folding, especially in cancer cells with high demand for
mitochondrial biogenesis and energy production34 and is
relevant in the cross-talk between mitochondria and endoplas-
mic reticulum (ER), thus protecting from ER stress.34 In such a
context, ER-associated TRAP1 regulates proteostasis, having
a co-translational quality control on selective client proteins,
most of them key genes involved in cancer progression.16,20,26

Finally, TRAP1 modulates cancer cell metabolism, favoring the
switch from oxidative phosphorylation to aerobic glycolysis.13,14

Therefore, based on the knowledge that CSCs are functionally
protected in a hypoxic tissue stemcell niche,7 the above TRAP1
mitochondrial and extra-mitochondrial functions suggest that
its preferential expression in CSCs may be relevant in the
regulation of their plasticity, thus favoring protection from stress,
protein homeostasis and Warburg metabolism. Although some
of these issues deserve further investigation, they are
consistent with the evidence that TRAP1 is upregulated in
chemo-resistant cancer cells,10,11,20 a tumor subpopulation
characterized by a stem-like phenotype, self-renewal, tumor
initiating capacity and resistance to apoptosis.4

Clinically relevant is the observation that TRAP1 is co-
expressed with stem cell markers and Wnt/β-catenin-related
genes. Indeed, CD44 is a Wnt target gene, promoting cell
proliferation35 and its mRNA levels, together with CD133
levels, were correlated with synchronous liver metastases in
human CRC.36 CD166 is upregulated in human CRCs and its
expression correlates with shortened patient survival.37 In
such a context, TRAP1 is upregulated in ~ 60% of human
CRCs10 and its upregulation is associated with enhanced
lymph node metastases and shorter overall survival.19,38

Figure 7 TRAP1 and β-catenin are components of an intracellular protein complex. (a, b) TRAP1 (a) and TBP7 (b) immunoprecipitates were obtained from HCT116 cells,
separated by SDS-PAGE and immunoblotted with the indicated antibodies. (c) Representative immunofluorescence images (left panels) and close-up (right panels) showing
colocalization of β-catenin (red) with TRAP1 (green). Scale bar, 20 μm. (d) Representative fluorescence image (left panel) and close-up (right panel) showing proximity ligation
assay signals (red), detected after labeling HCT116 cells with anti-TRAP1 and anti- β-catenin antibodies. Nuclei were DAPI-labeled (blue). Scale bar, 20 μm. (e) TRAP1
immunoprecipitates were obtained from HCT116 cells transfected with control, TRAP1 or TBP7 siRNAs, separated by SDS-PAGE and immunoblotted with the indicated
antibodies. A, B and E. No Ab, Total cellular extracts loaded on Control Agarose Resin without antibody
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Thus, the co-expression of TRAP1 and stem cell markers
observed in vitro and in vivo and the gene expression profiling
data, which suggest that TRAP1 silencing favors the shift from
the Stem-like to the more-differentiated Enterocyte phenotype,
support the hypothesis that TRAP1 is responsible for the Stem-
like phenotype of CRCs, a subtype with poor prognosis.24

Finally, our data suggest that TRAP1 maintenance of
stemness is mediated by its regulation on Wnt/β-catenin
pathway, and this likely occurs through the modulation of the
expression of specific frizzled receptor ligands and the
regulation of β-catenin ubiquitination/phosphorylation. Indeed,
β-catenin is an intracellular signal transducer in Wnt signaling
pathway and acts as a transcriptional factor upon translocation
into the nucleus.27 In physiological conditions, Wnt/β-catenin
activity depends on the amount of β-catenin located in the
cytoplasm, and in the absence of a Wnt ligand, a ‘destruction
complex’ phosphorylates cytosolic β-catenin, which is subse-
quently degraded by the ubiquitin-proteasome system.29 By
contrast, Wnt/β-catenin signaling is constitutively active in
~ 90% of CRCs,27 and β-catenin is the main regulatory
pathway of stemness in this malignancy.29 It is, thus, intriguing
that (i) TRAP1 interacts with β-catenin and both proteins are
components of an intracellular protein complex, (ii) high levels
of β-catenin are present in TRAP1-rich CRC cell lines and
human CRCs, (iii) TRAP1 is co-expressed with several Wnt/β-

catenin target genes in human CRCs. By contrast, β-catenin
phosphorylation and ubiquitination are enhanced upon
suppression of TRAP1 network, this resulting in reduced
nuclear β-catenin and downregulation of a number of Wnt
target genes. These observations provide the first evidence
that TRAP1 network regulates Wnt/β-catenin pathway and
that this regulation occurs at level of β-catenin ubiquitination
and phosphorylation, a process involved in the modulation of
β-catenin degradation.29 This observation is consistent with
the general view that TRAP1, together with the proteasome
regulatory protein TBP7, exerts a quality-control regulation on
specific client proteins.20,26 In such a context, the evidence
that the disruption of TRAP1/TBP7 quality-control network
enhances the phosphorylation and the ubiquitination of β-
catenin and that β-catenin interacts with both TRAP1 and
TBP7 suggests that TRAP1/TBP7 regulation of β-catenin
ubiquitination/phosphorylation occurs in close association
with the β-catenin degradation pathway. Intriguingly, this
hypothesis provides the molecular basis to decipher the
mechanism used by TRAP1 in maintenance of stemness, and
further highlights the relevance of TRAP1 quality-control
network in colon carcinogenesis. Indeed, we recently reported
that (i) TRAP1 regulates BRAF synthesis and modulates its
downstream pathway in CRC cells,26 (ii) BRAF phosphor-
ylates TRAP1 to enhance the apoptotic threshold of cancer

Figure 8 TRAP1 is co-expressed with β-catenin and Wnt/β-catenin-related genes in human colorectal carcinomas. (a) TRAP1 and β-catenin immunoblot analysis (left panel)
and CD166/CD44 expression levels in HCT116 cells transfected with pMock and pTRAP1. (b) Total cell lysates from eight representative human CRCs (T) and respective
peritumoral non-infiltrated mucosas (M) were separated by SDS-PAGE and immunoblotted with the indicated antibodies. (c) Distribution of TRAP1 and β-catenin protein levels in
our series of 59 colorectal carcinomas (Po0.0001). (d) Dot plots representing the correlation between TRAP1 and specific Wnt/β-catenin target genes expression levels
obtained from two public data sets of 387 human CRCs
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cells39 and (iii) TRAP1 targeting is a valuable strategy to target
BRAF-driven human CRC cells.26,39 Taken in a whole, these
observations indicate that TRAP1 upregulation is a key event
in colorectal tumorigenesis and support the concept that
TRAP1 inhibition deserves to be evaluated as a strategy to
target CRC cells with stem cell traits.

Materials and Methods
Cell lines and constructs. CRC k-ras G13D HCT116, b-raf V600E HT29,
ras and raf wild-type COLO320 and CaCo2 cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were routinely
monitored in our laboratory by microscopic morphology, whereas cell line
authentication was verified by STR profiling in July 2013, according to ATCC
product description. HT29, CaCo2, COLO320 cells were cultured in DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS), 1.5 mM glutamine and
100 U/ml penicillin and streptomycin, HCT116 cells in McCoy’s medium
supplemented with 10% (v/v) FBS, 0.75 mM glutamine and 10 U/ml penicillin and
streptomycin. TRAP1 stably interfered HCT116 cells, TRAP1 transient silencing,
full-length TRAP1 transfection and the TBP7 delection mutant, ΔTBP7-FLAG
construct, were obtained as previously described.12,16–18 Two independent siRNAs
of TRAP1 were used (Qiagen, Hilden, Germany, Cat. no. SI00115150 and no.
SI00115164). Unless otherwise specified, reagents were purchased from Sigma-
Aldrich (Saint Louis, MO, USA).

Flow cytometry and cell sorting. Cell suspensions were reconstituted to a
final concentration of 1.0 × 106 cells/ml in phosphate buffer saline (PBS) containing
0.1% (w/v) NaN3 and 5% (v/v) FBS. As a preliminary step, intrinsic cell fluorescence
was analyzed, using unlabeled samples. For specific staining, 100 μl of each cell
suspension were incubated with 10 μl of each primary antibody for 20 min at 4 °C.
The following primary antibodies were used: mouse monoclonal anti-CD166 (PE)
(555749) and mouse monoclonal anti-CD44 (APC) (559942) from Becton Dickinson
(San Jose, CA, USA), rabbit polyclonal anti-TRAP1 (FITC) (ABIN686654) from
Antibodies-online GmbH (Aachen, Germany), mouse monoclonal anti-CD133/1
(PE) (130-080-801) from Miltenyi Biotec (Bergisch Gladbach, Germany). For
TRAP1 staining, given its predominant mitochondrial localization, cells were
permeabilized with Fix & Perm Kit (Life Technologies, Carlsbad, CA, USA), before
incubation with anti-TRAP1 antibody. Cells were finally analyzed by flow cytometry
with FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA). For cell sorting,
cells were incubated with anti-CD166 or anti-TRAP1 antibody for 20 min at 4 °C.
After washing with PBS, cells were FACS sorted with a MoFlo Astrios (Beckman
Coulter, Brea, CA, USA).

Colony-forming assay. In total, 1.25 × 104 cells were suspended in pre-
warmed (40 °C) 0.7% (w/v) agarose solution containing 10% (v/v) FBS DMEM,
seeded on the top of a bottom layer of a 0.8% (w/v) agar gel containing 10% (v/v)
FBS DMEM, and left growing for 15 days with medium changes every 3 days.
Finally, colonies were fixed with methanol/acetic acid solution (1:7) and colored with
crystal violet.39 Density of transformation colonies were compared by cell counts
and represented as mean± S.D.

Real-time RT-PCR analysis. Total RNA was extracted from cell pellets using
the TRIzol Reagent (Life Technologies). For first strand synthesis of cDNA, 1 μg of
RNA was used in a 20-μl reaction mixture utilizing a Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim, Germany). For Real-time PCR analysis, 0.5 ng of
cDNA samples were amplified using the LightCycler 480 SYBR Green I Master
(Roche) in a LightCycler 480 (Roche). The following primers were used: WNT3A
forward 5′-CTGCAGGAACTACGTGGAGATC-3′, reverse 5′-GCAATGGCGTGGAC
AAAG-3′ (PCR product 183 bp); WNT16 forward 5′-CTTTGGCTACGAGCTGA
GC-3′, reverse 5′-CATGCCATACTGGACATCATC-3′ (PCR product 205 bp); c-MYC
forward 5′-TTCGGGTAGTGGAAAACCAG-3′, reverse 5′-CAGCAGCTCGA
ATTTCTTCC-3′ (PCR product 203 bp); CCND1 forward 5′-CTACTACCGCCT
CACACGCTT-3′, reverse 5′-AGCCCTGGAGTCAAGCC-3′ (PCR product 198 bp);
c-JUN forward 5′-CTACGCAAACCTCAGCAACTTC-3′, reverse 5′-GTCT
GAGGCTCCTCCTTCAG-3′ (PCR product 186 bp); CTNNB1 forward 5′-GCA
ATGACTCGAGCTCAGAG-3′, reverse 5′-GCAAGTTCTGCATCATCTTG-3′ (PCR
product 188 bp); NKD1 forward 5′-TGTATGACTTTGACAACAACG-3′, reverse
5′-TGATTGA

CAAGGACGCTC-3′ (PCR product 181 bp); SP5 forward 5′-TTTCTC
CAGGACCGCAC-3′, reverse 5′-GAAGAGCCTGGAGGGTGA-3′ (PCR product
168 bp); AXIN2 forward 5′-AGGTTCTGGCTATGTCTTTG-3′, reverse 5′-AAATG
AGGTAGAGACACTTGG-3′ (PCR product 201 bp); TRAP1 forward 5′-CGC
AGCATCTTCTACGTGC-3′, reverse 5′-CTGATGAGTGCGCTCTCC-3′ (PCR pro-
duct 200 bp); β-ACTIN forward 5′-CGCAAAGACCTGTACGC-3′, reverse 5′-CACA
CGGAGTACTTGCGC-3′ (PCR product 152 bp). Primers were designed to be intron
spanning. PCR reaction conditions were as follows: pre-incubation at 95 °C for
5 min, followed by 45 cycles of 10 s at 95 °C, 10 s at 60 °C, 10 s at 72 °C. β-ACTIN
was chosen as an internal control.

Immunoblot analysis. Total cell lysates were obtained by homogenization of
cell pellets and tissue samples in a cold lysis buffer (20 mM Tris, pH 7.5 containing
300 mM sucrose, 60 mM KCl, 15 mM NaCl, 5% (v/v) glycerol, 2 mM EDTA, 1%
(v/v) Triton X-100, 1 mM PMSF, 2 mg/ml aprotinin, 2 mg/ml leupetin and 0.2%
(w/v) deoxycholate) for 2 min at 4 °C and further sonication for 30 s on ice.
Immunoblot analysis was performed as previously reported.20 Cytosolic and nuclear
fractions were purified by the Qproteome Mitochondria Isolation kit (Qiagen Venlo,
Limburgo, the Netherlands) according to the manufacturer's protocol. Protein
immunoprecipitation was carried out starting from 1 mg of total protein extracts.
Lysates were pre-cleared by incubating with protein A/G-Agarose (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA) for 1 h at 4 °C and then incubated with
gentle shaking for 18 h at 4 °C with specific antibodies, after which samples were
further incubated for 1 h at 4 °C with fresh beads. Beads were collected by
centrifugation and washed twice in lysis buffer. Co-ip experiments were carried out
by using Pierce CO-Immunoprecipitation kit (Thermo Scientific, Waltham, MA,
USA) by covalently coupling antibodies onto an amine-reactive resin, according
to the manufacturer's instructions. The following antibodies were used:
mouse monoclonal anti-HSP75 (sc-73604), mouse monoclonal anti-PSMC4 (TBP7)
(sc-166003), mouse monoclonal anti-Ubiquitin (sc-8017), mouse monoclonal
anti-GAPDH (sc-47724) and mouse monoclonal anti-β-Actin (sc-47778) from Santa
Cruz Biotechnology, rabbit monoclonal anti-Histone H3 (#4499), rabbit monoclonal
anti-active-β-catenin (#8814), rabbit polyclonal anti-phospho-β-catenin (#9561), and
rabbit polyclonal anti-β-catenin (#9562), rabbit monoclonal anti-Survivin (#2808)
from Cell Signaling Technology (Boston, MA, USA), rabbit monoclonal anti-WNT3A
(ab172612) from Abcam (Cambridge, UK), rabbit polyclonal anti-Survivin
(NB 500-201H) from Novus Biologicals (Littleton, CO, USA). Protein levels were
quantified by densitometric analysis using the ImageJ software and normalized
according to the expression of the housekeeping gene.

Immunohistochemistry. Normal colon tissues were obtained from surgical
intestinal excisions for benign pathology. Five-μm serial sections from formalin-fixed
and paraffin-embedded blocks were cut and mounted on poly-L-lysine-coated glass
slides. Immunohistochemical analysis was performed using a Benchmark
autostainer (Ventana Medical Systems, Tucson, AZ, USA). Sections were incubated
with mouse monoclonal anti-TRAP1 (sc-73604, Santa Cruz Biotechnology) and
anti-CD166 (sc-74558, Santa Cruz Biotechnology) antibodies (1:750 dilution).
Negative controls were performed omitting primary antibody. Sections were
counterstained with type-II-Gill’s haematoxylin, dehydrated with ethanol and
permanently coverslipped. The sections were scanned at high magnification to
assess the positivity of staining.

Confocal microscopy and proximity ligation assay.
Cells were seeded on coverslips and, after 48 h, fixed with 4% (w/v) para-
formaldehyde in PBS for 20 min. Cells were blocked and permeabilized with 0.4%
(w/v) BSA, 0.1% (v/v) Triton X-100, 5% (v/v) FBS in PBS for 15 min at RT before
staining over night with indicated primary antibodies. For colocalization experiments,
the corresponding secondary Cy3/Cy5-conjugated antibodies were used, whereas
for proximity ligation assay, the Duolink In Situ Red Starter Kit Mouse/Rabbit from
Sigma-Aldrich (DUO92101) was used, according to the manufacturer’s instructions.
Image acquisition was performed by confocal laser-scanning microscopy using
Zeiss 510 LSM from Carl Zeiss Microimaging (Oberkochen, Germany).

Colon carcinoma cell lines subclassification. CRC subtype signature
reported by Sadanandam et al. (Supplementary Tables S1 and S2)24 was used for
this analysis. This signature, defined by a list of 758 differentially expressed
genes (up, down or unchanged), produced five colorectal cancer subtypes, that is,
Inflammatory, Goblet-like, Enterocyte, TA and Stem-like. The concordance between
CRC subtype signatures and the previously reported expression profile of shTRAP1

TRAP1 regulates colon cancer stem cell phenotype
G Lettini et al

1801

Cell Death and Differentiation



HCT 116 (ref. 26) was calculated. To this purpose, logFC of these data was used to
generate a heat map with Euclidean distance and average linkage method.
Furthermore, we defined a cutoff of logFC± 0.1 to define differentially regulated
genes. Genes with a logFC 40.1 or o− 0.1 were, respectively, classified as up-
or downregulated, whereas all other genes were classified as unchanged
(Supplementary Table S1). Genes that agreed for being up, down or unchanged
compared to CRC subtype signatures were defined as concordant genes, all the
others were defined as discordant (Supplementary Table S2).

Tumor specimens. Specimens from 59 human CRCs and corresponding
normal, non-infiltrated, peritumoral mucosa were obtained from the General Surgery
Unit of the University of Foggia. Express written informed consent to use biologic
specimens for investigational procedures was obtained from all patients. In order to
compare levels of TRAP1 and β-catenin in different tumor specimens, protein levels
were quantified by densitometric analysis using the Quantity One 4.5.0 software
(BioRad Laboratories GmbH, Hercules, CA, USA) and expressed as time increase/
decrease in tumors compared with the respective peritumoral non-infiltrated mucosa
(Supplementary Table S3). TRAP1 expression levels were regarded as being
upregulated if they had increased at least threefold in comparison to the
corresponding non-infiltrated peritumoral mucosa, whereas β-catenin levels were
regarded as upregulated if they had increased at least twofold compared to the
corresponding non-infiltrated peritumoral mucosa.

Co-expression between TRAP1 and Wnt/β-catenin target genes
in human CRCs. Public data sets (GSE13294 and GSE14333) were used to
analyze the co-expression between TRAP1 and selected genes responsible for the
Stem-like signature or target genes of Wnt/β-catenin pathway. Data sets were pre-
processed and combined using RMA method (bioconductor library; affy) as reported
by Sadanandam et al.24 (http://www.nature.com/protocolexchange/protocols/2053#/
procedure). RMA processed gene expression profile data were further analyzed to
establish the co-expression with TRAP1 mRNA levels. Spearman rank-order
correlation method was used to calculate correlation coefficients and P-values.
Results are graphically reported as dot plots with regression lines.

Statistical analysis. Two-sided ANOVA test was used to establish statistical
differences in antigen expression between CRC cell lines; two-sided paired t-test to
establish statistical differences in gene expression between TRAP1-modulated and
control cells; χ2-test to establish statistical significance of TRAP1 and β-catenin co-
expression in human CRCs; Spearman rank-order correlation method to calculate
correlation coefficients and P-values of TRAP1 and Wnt/β-catenin genes.
Statistically significant values are reported in Figure Legends. All experiments
were independently performed at least three times and three technical replicates
were used for statistical analysis. Data represent mean+S.D.
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