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W

nt signaling plays a crucial role in the regulation of cellular
physiology, including cell proliferation, differentiation, survival, and self-renewal of stem cells (1). Abnormal activation of
the pathway by perturbation of the levels of Wnt ligands, as well as
altered activities of the pathway components, can result in defects
during embryonic development or contribute to diverse diseases,
including cancer, in adults (2, 3).
Wnt signaling regulates these diverse processes by promoting
the stabilization of ␤-catenin and the activation of ␤-catenin-dependent transcription (1). In the absence of Wnt activation, cytoplasmic ␤-catenin protein interacts with a scaffolding protein,
axin, which forms a complex with several other proteins, i.e., the
tumor suppressor adenomatous polyposis coli (APC), casein kinase 1␣ (CK1␣), and glycogen synthase kinase 3␤ (GSK3␤) (4).
CK1␣ and GSK3␤ sequentially phosphorylate the amino-terminal
region of ␤-catenin, generating a phosphodegron recognized by
the E3 ubiquitin ligase SCF␤-TRCP. ␤-Catenin is subsequently
ubiquitinated and undergoes proteasome-dependent degradation
(5, 6). This continual elimination of ␤-catenin prevents it from
accumulating in the nucleus and represses the transcription of
Wnt target genes (5).
In addition to kinases, protein phosphatase 2A (PP2A) has also
been reported to positively regulate Wnt signaling (7, 8). PP2A is
composed of a core catalytic subunit (PPP2CA), a structural subunit (PR65/A), and variable regulatory B subunits (9). Initially,
PP2A was shown to be required for dorsal development, and the
PP2A:B56ε complex was reported to function downstream of Wnt
ligand and upstream of Dishevelled (DVL) (10). Later studies also
suggested that PP2A can regulate Wnt signaling by directly regulating ␤-catenin. PR55␣, a regulatory subunit, is required for
PP2A to dephosphorylate ␤-catenin and positively activate the
Wnt pathway (7). Furthermore, it has been shown that phospho␤-catenin not associated with APC is dephosphorylated by PP2A
and is rescued from ubiquitination by SCF␤-TRCP (8). The coexis-
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tence of kinases and phosphatases in the ␤-catenin destruction
complex suggests that a phosphorylation-dephosphorylation balance has to be reached and that disturbance of this delicate balance
will possibly cause hyperactivation of ␤-catenin signaling.
Heat shock proteins are a highly conserved group of proteins
that, when first discovered, were characterized by upregulation in
response to stress induced by heat as well as chemical and physical
perturbations (11). Subsequently, heat shock proteins have been
identified as molecular chaperones that recognize and form complexes with proteins that are in nonnative conformations to (i)
minimize the aggregation of the nonnative protein, (ii) target it for
degradation and removal from the cell, (iii) assist in proper protein conformation, and (iv) assist in protein translocation across
membranes to organelles (12, 13). Interestingly, members of the
heat shock proteins have been shown to interact with kinases and
phosphatases and to regulate their activities (14, 15).
Here we show that heat shock protein 105 (HSP105), a member of the HSP70 superfamily, is a component of the ␤-catenin
degradation complex. The integrity of HSP105 in the ␤-catenin
degradation complex is required for Wnt3a-induced ␤-catenin accumulation and Wnt target gene transcription. Mechanistically,
HSP105 is required for recruiting the phosphatase PP2A to the
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The Wnt/␤-catenin pathway causes accumulation of ␤-catenin in the cytoplasm and its subsequent translocation into the nucleus to initiate the transcription of the target genes. Without Wnt stimulation, ␤-catenin forms a complex with axin (axis inhibitor), adenomatous polyposis coli (APC), casein kinase 1␣ (CK1␣), and glycogen synthase kinase 3␤ (GSK3␤) and undergoes
phosphorylation-dependent ubiquitination. Phosphatases, such as protein phosphatase 2A (PP2A), interestingly, also are components of this degradation complex; therefore, a balance must be reached between phosphorylation and dephosphorylation.
How this balance is regulated is largely unknown. Here we show that a heat shock protein, HSP105, is a previously unidentified
component of the ␤-catenin degradation complex. HSP105 is required for Wnt signaling, since depletion of HSP105 compromises ␤-catenin accumulation and target gene transcription upon Wnt stimulation. Mechanistically, HSP105 depletion disrupts
the integration of PP2A into the ␤-catenin degradation complex, favoring the hyperphosphorylation and degradation of
␤-catenin. HSP105 is overexpressed in many types of tumors, correlating with increased nuclear ␤-catenin protein levels and
Wnt target gene upregulation. Furthermore, overexpression of HSP105 is a prognostic biomarker that correlates with poor overall survival in breast cancer patients as well as melanoma patients participating in the BRIM2 clinical study.

HSP105 Regulates Wnt Signaling

␤-catenin degradation complex to antagonize the phosphorylation of ␤-catenin by GSK3␤, thus maintaining a phosphostatus
balance of the ␤-catenin protein, leading to its accumulation or
degradation based on the signaling cues.
MATERIALS AND METHODS
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Plasmids, antibodies, and reagents. Human HSP105-FLAG-Myc and
axin1-FLAG-Myc were obtained from OriGene. FLAG-tagged proteins
were detected with anti-FLAG antibody M2 from Sigma. Antibodies recognizing the following targets were obtained from commercial sources:
HSP105 (Santa Cruz Biotechnology and Novus Biologicals); axin1,
␤-catenin, actin, pS33S37T41-␤-catenin, CK1␣, cleaved poly(ADP-ribose)
polymerase (PARP), cleaved caspase-3, and HSP70 (Cell Signaling
Technology); PPP2CA, GSK3 (Millipore), and Myc (USBiological); and
axin1 (R&D Systems). Other reagents used were MG132 (Calbiochem)
and Wnt3a (R&D Systems).
Proteomics and MS. A total of 3 ⫻ 108 HEK293T cells transfected with
500 g of a control vector, DVL3-FLAG, axin1-FLAG, or HSP105-FLAG
for 48 h were lysed in 20 mM Tris-HCl (pH 7.8)–9 mM MgCl2–92 mM
NaCl– 0.1% Triton X-100. FLAG-tagged axin1 or HSP105 was affinity
purified with anti-FLAG antibody M2-conjugated beads (Sigma) and was
washed first in high-salt buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCl2,
420 mM NaCl, 0.2 mM EDTA, 25% glycerol) for 10 min and then in
low-salt buffer (20 mM Tris-HCl [pH 7.4], 300 mM NaCl, 0.2 mM EDTA,
20% glycerol, 0.1% NP-40) for 10 min (three repetitions) and given a final
wash overnight. Complexes were eluted with 500 g/ml 3⫻FLAG peptide
(Sigma), reduced, separated by SDS-PAGE, and stained with SimplyBlue
(Invitrogen). Protein bands were excised, destained, and subjected to ingel trypsin digestion. Dried gel pieces were rehydrated with 10 ng/l trypsin in 25 mM ammonium bicarbonate on ice for 1 h, and digestion was
performed at 37°C overnight. Peptides were extracted with 50% acetonitrile (ACN)– 0.1% trifluoroacetic acid (TFA) followed by 100% ACN and
were dried to completion. Dried peptides were resuspended in 2% ACN–
0.1% formic acid (FA) and were separated on a C18 reverse-phase column
followed by tandem mass spectrometric (MS-MS) analysis in a linear trap
quadrupole (LTQ) Orbitrap instrument (Thermo Fisher). Precursor ions
were analyzed in the Fourier transform mass spectrometer (FTMS) at a
resolution of 60,000; MS-MS was performed in the LTQ MS with the
instrument operated in data-dependent mode, where the top 8 or 15 most
abundant ions were subjected to fragmentation. MS-MS data were analyzed using the search algorithm Mascot (Matrix Science). Precursor and
fragment ion mass tolerances were set to 50 ppm and 0.8 Da, respectively.
Variable modifications included oxidized methionine (⫹15.9949 Da) and
an acrylamide (⫹71.04 Da) or carbamidomethyl (⫹57.0215) adduct for
cysteine residues. Peptide assignments were filtered at a false discovery
rate (FDR) of 1%, and data were summarized to the protein level using an
in-house program, Trestles (Genentech). Alternatively, data were compiled using Scaffold (Proteome Software).
Cell culture, transfection, and luciferase assays. 293T and 293 cells
stably transfected with a TOPbrite firefly luciferase Wnt reporter and
pRL-SV40 constitutively expressing Renilla luciferase (Promega) were
cultured in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal
bovine serum (FBS; Sigma). SW480, SW403, and LS1034 cells were cultured in RPMI 1640 medium with 10% FBS. Plasmids were transfected
with Fugene 6 (Promega) or Lipofectamine 2000 (Invitrogen). Small interfering RNAs (siRNAs; from Dharmacon or Ambion) were transfected
using Lipofectamine RNAiMax (Invitrogen).
RNA-Seq data processing. Both TCGA (The Cancer Genome Atlas)
and Genentech in-house Cancer Genome Project (CGP) samples were
used in the analysis. The raw transcriptome sequencing (RNA-Seq) data
(Illumina FASTQ sequencing files) were aligned using GSNAP software
(16). The expression of each gene was measured as total RNA-Seq reads
uniquely mapped to the gene-coding regions. Gene expression was then
normalized across samples using the Bioconductor DESeq package (17).
Gene expression levels, expressed as RPKMs (reads per kilobase transcript

per million reads), were calculated based on normalized read counts. The
expression values shown in Fig. 6A and B are on a log2 scale of normalized
counts, calculated as log2(count ⫹ 1).
Kaplan-Meier overall survival (OS) curve for breast cancer patients.
The normalized gene expression data of 159 breast cancer tissue samples
were imported from the GEO website (GSE1456). High and low expression levels of the HSP105 gene were defined based on ranking (the top
30% of samples have high expression, and the bottom 30% have low
expression). Survival analysis was then done using Kaplan-Meier curves,
and the P value was calculated based on the Cox proportional-hazards
model.
IHC. Immunohistochemistry (IHC) was performed on 4-m-thick
formalin-fixed, paraffin-embedded (FFPE) tissue sections mounted on
glass slides. All IHC steps were carried out on the Ventana Discovery XT
(Ventana Medical Systems, Tucson, AZ) autostainer platform. Pretreatment was carried out for the standard time with Cell Conditioner 1. The
primary antibody, anti-HSP105 (rabbit monoclonal antibody EPR4577;
Abcam, Cambridge, MA), was used at a concentration of 1.29 g/ml and
was incubated on slides for 60 min at room temperature. Then the slides
were incubated with a Ventana OmniMap horseradish peroxidase (HRP)conjugated anti-rabbit antibody (Ventana Medical Systems, Tucson, AZ).
Ventana diaminobenzidine (DAB) and hematoxylin II were used for
chromogenic detection and counterstaining.
In vivo and in vitro interaction assays. In most cases, whole-cell lysates
were cleared by centrifugation at 16,000 ⫻ g for 30 min. Protein A, protein
G, or anti-FLAG M2 beads were then incubated for 2 h with the soluble
lysate. Beads were washed 5 times with lysis buffer and were eluted in
SDS-PAGE LDS (lithium dodecyl sulfate) sample buffer with boiling.
Recombinant PPP2CA and HSP105 proteins were generated with an
SP6 high-yield wheat germ protein expression system (Promega). The
recombinant PPP2CA was mixed with recombinant axin1 from a baculoviral expression system in NP-40 buffer (1% NP-40, 120 mM NaCl, 50
mM Tris-HCl [pH 7.4], 1 mM EDTA) and was immunoprecipitated (IP)
with an anti-axin1 antibody (R&D Systems) overnight. Protein G-Sepharose (GE Healthcare) was used to pull down the complex.
Most Western blot experiments were performed as described previously (18). Cytosolic ␤-catenin levels were determined after depletion of
cadherin-associated ␤-catenin with concanavalin A (ConA)-Sepharose
(GE Healthcare). HRP-conjugated TrueBlot antibodies (eBioscience)
were used if the IP antibody and the primary antibody were from the same
species.
Cell proliferation assay. The cells were plated in 96-well plates overnight and were transfected with HSP105 siRNA (s21240; Ambion) or
control siRNA. The cells were transfected again after 3 days for a total of 6
days. The cells were permeabilized with 4% paraformaldehyde (50 l/
well) for 15 min and were stained with Syto 60 (1:5,000 dilution in PBS)
for 1 h at room temperature. The cells were washed 3 times with PBS after
each step. Finally, 50 l of water was added to each well, and plates were
read on the Li-Cor Odyssey scanner.
Patients and RNA analysis from tumor tissues. BRIM2 (NCT00949702)
was a single-arm phase 2 study in which patients with previously treated
metastatic melanoma carrying a BRAFV600E/K mutation received vemurafenib (19). The data cutoff used in the analyses here was February 2012.
Pretreatment (archival or baseline) tissue blocks were available from 64 of
132 (48%) patients from BRIM2. Tissue biopsy blocks taken on day 15 of
continuous vemurafenib treatment were available from 23 patients, and
tissue biopsy blocks taken after documented disease progression were
available from 19 patients. Patient consent was obtained for exploratory
research conducted on all tissues.
mRNA was prepared from FFPE sections of tumor tissues, and gene
expression was measured using NanoString software. Data were normalized to the geometric mean for all 800 genes measured. The effect of
baseline HSP105 expression was determined using a Cox proportionalhazards model.
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FIG 1 HSP105 is a component of the ␤-catenin destruction complex. (A) Proteins coimmunoprecipitated with axin1-FLAG from HEK293T cells and identified
by mass spectrometry. Numbers indicate the numbers of peptides detected in FLAG immunoprecipitates from cells transfected with a vector alone or with
axin1-FLAG. (B) Representative fragmentation spectrum of HSP105 identified by axin1 pulldown. (C) Western blot analysis of endogenous axin1 or HSP105
coimmunoprecipitated with ectopically expressed HSP105-FLAG or axin1-FLAG. 293T cells were transfected with HSP105-FLAG or axin1-FLAG for 48 h. WCL,
whole-cell lysates. (D) Proteins coimmunoprecipitated with HSP105-FLAG from HEK293T cells and identified by mass spectrometry. Numbers indicate the
numbers of peptides detected in FLAG immunoprecipitates from cells transfected with a vector alone or with HSP105-FLAG. (E) Western blot analysis of
endogenous APC, PPP2CA, GSK3␤, axin1, and CK1␣ coimmunoprecipitated with HSP105-FLAG in 293T cells transfected with a vector or with HSP105-FLAG
for 48 h. (F) 293T cells were transfected with control (Ctrl) or HSP105 siRNA for 72 h and were then treated with 100 ng/ml Wnt3a for the indicated times (in
minutes). Whole-cell lysates were immunoprecipitated with an anti-axin1 antibody and were immunoblotted with the indicated antibodies.

RESULTS

HSP105 is a component of the ␤-catenin destruction complex.
To identify targets of Wnt signaling that could potentially be inhibited with drugs, we characterized the proteins interacting with
axin1, a key scaffolding protein of the ␤-catenin degradation complex. FLAG-tagged axin1 was overexpressed in HEK293T cells and
was purified by anti-FLAG immunoprecipitation. The purified
proteins were digested with trypsin and were analyzed by liquid
chromatography (LC)–MS-MS. In addition to some previously
identified interacting proteins, such as ␤-catenin, GSK3␣, GSK3␤,
and phosphatase 2A regulatory subunit A isoform ␣ (PPP2R1A)
(Fig. 1A), we also identified a heat shock protein, HSP105, that
specifically interacted with axin1 (Fig. 1A and B). Endogenous
HSP105 or axin1 also coimmunoprecipitated with ectopically expressed axin1-FLAG or HSP105-FLAG, respectively (Fig. 1C).
These data suggest that HSP105 may be a novel component of the
␤-catenin degradation complex.
In agreement with this concept, mass spectrometry analysis
suggested that overexpressed HSP105-FLAG in HEK293T cells
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pulled down endogenous APC, GSK3␤, and casein kinase 1␣
(CK1␣), all of which are essential components of the ␤-catenin
degradation complex (Fig. 1D). This was confirmed by a
coimmunoprecipitation experiment showing that endogenous
APC, GSK3␤, axin1, and CK1␣ associated with ectopically expressed HSP105-FLAG (Fig. 1E). Furthermore, endogenous
axin1 also interacted with HSP105 (Fig. 1F). Taken together,
these data suggest that HSP105 is a component of the ␤-catenin
degradation complex.
Interestingly, in the HSP105 immunoprecipitation/mass spectrometry experiment, we also identified peptides from the catalytic subunit (PPP2CA) and several regulatory subunits of phosphatase PP2A (Fig. 1D). This is consistent with the observation
that components of PP2A also interacted with axin1 (Fig. 1A).
Indeed, PPP2CA, the catalytic subunit of PP2A, was confirmed to
interact with HSP105 by the coimmunoprecipitation experiment
(Fig. 1E).
HSP105 is required for canonical Wnt signaling. Wnt signaling stabilizes cytosolic ␤-catenin, driving its nuclear translocation

Molecular and Cellular Biology

April 2015 Volume 35 Number 8

Downloaded from http://mcb.asm.org/ on July 30, 2017 by MONASH UNIVERSITY

624.51

40

AXIN1
8
7
6
5
3

D

720.58

100

Relative Abundance

Gene ID
2931
1499
2932
5518
10808

10
5

5-

F
HSP70-1 HSP70-2 HSP105
+

1.0

HSP105

0.5
Actin
0.0

Ctrl

HSP105 HSP70 siRNA

-

+

-

+

siRNA

HSP70

4

6

3

4

2

2

1

0

Ctrl

HSP105
GAD1

4

0

2

AXIN2
-Wnt3a
+ Wnt3a

-

Ctrl

HSP105 siRNA

AXIN2

-Wnt3a
+ Wnt3a

1

2
1
0

+ siHSP105
HSP105
Actin

3

Wnt3a
β-catenin

GAD1

8

+

siHSP70
HSP70
Actin

Ctrl

HSP70

0

Ctrl

HSP70

siRNA

IP

G
Input

rl
Ig
AX G
IN
1

Actin

-

β-catenin

Ct

Wnt3a (5h)

Relative mRNA levels

- +

HSP105

+

siRNA

+ Wnt3a (5h)

1.5

Relative mRNA levels

+

β-catenin

-

-

+

10

HSP105
siRNA
Vector siRNAr-HSP105

-

-

H

E

+

+

SP

SP

D
Ctrl

2.0

-

HSP105

HSP105

Actin

HSP70
AXIN1

FIG 2 HSP105 is required for Wnt signaling. (A) Expression of a TOPbrite luciferase reporter in HEK293 cells transfected with 2 siRNAs against HSP105 for 67
h, followed by treatment with 100 ng/ml Wnt3a for 5 h. Error bars represent standard errors of the means for three individual experiments. (B) Expression of
AXIN2 in HEK293T cells transfected with siRNAs against HSP105 or HSP70 for 66 h, followed by treatment with 100 ng/ml Wnt3a for 10 h. Error bars represent
standard errors of the means of triplicate measurements. (C) ␤-Catenin protein abundance in HEK293T cells transfected with 2 siRNAs against HSP105 for 67
h, followed by treatment with 100 ng/ml Wnt3a for 5 h. (D) HEK293T cells transfected with control (Ctrl) or HSP105 siRNA for 16 h, followed by transfection
of a vector or siRNA-resistant HSP105 (siRNAr-HSP105) for 48 h. Membrane ␤-catenin-depleted whole-cell lysates were immunoblotted with the indicated
antibodies. (E) Relative expression of GAD1 and AXIN2 in PA-1 cells transfected with control or HSP105 siRNA for 60 h, followed by treatment with 100 ng/ml
Wnt3a for 16 h. Relative mRNA levels were determined by TaqMan reverse transcription-quantitative PCR. Error bars represent standard errors of the means of
triplicate measurements. (F) ␤-Catenin protein levels in HEK293T cells transfected with siRNAs against HSP70 or HSP105 for 67 h, followed by treatment with
100 ng/ml Wnt3a for 5 h. (G) Western blot analysis of endogenous HSP105 and HSP70 coimmunoprecipitated with axin1 in 293T cells.

and interaction with the TCF (T cell factor)/LEF (lymphoid-enhancing factor) transcription factors to promote target gene
transcription (20–22). Since HSP105 interacted with components
of the ␤-catenin destruction complex, we investigated whether
HSP105 also plays a role in canonical Wnt signaling. Using
HEK293 cells that harbor a Wnt-dependent TOPbrite luciferase
reporter (23, 24), we found that knockdown of HSP105 by two
siRNAs drastically decreased Wnt-dependent luciferase activity
(Fig. 2A). Depletion of HSP105, but not depletion of another
chaperone, HSP70, also blocked Wnt3a-induced upregulation
of AXIN2 transcription (Fig. 2B). This is likely because HSP105
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knockdown caused 293T cells to have decreased cytosolic
␤-catenin accumulation upon Wnt3a treatment (Fig. 2C). Importantly, when siRNA-resistant HSP105 was cotransfected, the
Wnt3a-induced accumulation of ␤-catenin was recovered (Fig.
2D). In addition, in human PA-1 teratocarcinoma cells, knockdown of HSP105, but not knockdown of HSP70, significantly
compromised Wnt3a-induced transcriptional upregulation of
Wnt target genes, such as AXIN2 and GAD1 (24) (Fig. 2E).
HSP105 has been shown to interact with HSP70 (25). However,
the regulation of Wnt signaling by HSP105 seemed to be independent of HSP70, since depletion of HSP70 did not affect Wnt3a-

Molecular and Cellular Biology

mcb.asm.org

1393

Downloaded from http://mcb.asm.org/ on July 30, 2017 by MONASH UNIVERSITY

H

siRNA

2

1

Ctrl

5-

0

-Wnt3a
+ Wnt3a

P=0.0006

HS
P1
0

Relative mRNA levels

-Wnt3a
+ Wnt3a

15

Ctrl

51
Ctrl

20

-

C

P>0.05

HS
P1
0

B

10

A

Relative luciferase activity

AXIN2

52

HSP105 Regulates Wnt Signaling

Yu et al.

A

B
Vector RIPK4-Myc
- + - + siHSP105

Ctrl-shRNA
0

0.5

1

2

C

HSP105-shRNA
3

0

0.5

1

2

3 Wnt3a (h)

Ctrl
- +

APC
-

siRNA
+ siHSP105

β-catenin

β-catenin

β-catenin

Actin

p-Ser1490-LRP6

Actin
APC

Myc (RIPK4)

LRP6
HSP105

HSP105

Actin

Relative mRNA

G

AXIN2
1.0
0.5
0.0
Control

HSP105 siRNA

Relative mRNA

HSP105

F

CTNNB1

H

1

2

4

8

0

1

2

4

8

CHX (h)

β-catenin

0.5
0.0

HSP105 siRNA

Ctrl siRNA
0

1.0

HSP105
Control

HSP105 siRNA

Actin

GAD1
Relative mRNA

SW480 COLO205 LS1034
- +
- + + siHSP105
β-catenin

1.0
0.5
0.0
Control

HSP105 siRNA

FIG 3 Knockdown of HSP105 decreases ␤-catenin accumulation. (A) 293T cells were transfected with control or HSP105 siRNA for 16 h, followed by

transfection of a vector or RIPK4-Myc for 48 h. Membrane ␤-catenin-depleted whole-cell lysates were immunoblotted with the indicated antibodies. (B) 293T
cells were transfected with control (Ctrl) or HSP105 siRNA for 72 h and were then treated with 100 ng/ml Wnt3a for the indicated times. Whole-cell lysates were
immunoblotted with the indicated antibodies. (C) 293T cells were transfected with control or APC siRNA in the absence or presence of HSP105 siRNA for 72 h.
Membrane ␤-catenin-depleted whole-cell lysates were immunoblotted with the indicated antibodies. (D) SW480, COLO205, or LS1034 cells were transfected
with control or HSP105 siRNA for 72 h. Membrane ␤-catenin-depleted whole-cell lysates were immunoblotted with the indicated antibodies. (E) CTNNB1 gene
expression in SW480 cells transfected with HSP105 siRNA for 72 h. (F) SW480 cells were first transfected with control (Ctrl) siRNA or HSP105 siRNA for 72 h,
then treated with 10 g/ml cycloheximide (CHX), and finally harvested at the indicated times. Membrane ␤-catenin-depleted whole-cell lysates were immunoblotted with the indicated antibodies. (G and H) Relative expression of AXIN2 (G) and GAD1 (H) in SW480 cells transfected with control or HSP105 siRNA
for 72 h. Levels are expressed relative to those in control siRNA-transfected cells. Error bars represent standard errors of the means of triplicate measurements.

induced upregulation of target genes (Fig. 2B and E) or accumulation of ␤-catenin (Fig. 2F). Furthermore, HSP105, but not
HSP70, interacted with axin1 (Fig. 2G). Collectively, these data
suggest that HSP105 is an effector required for canonical Wnt
signal transduction.
Knockdown of HSP105 compromises ␤-catenin accumulation in APC mutant CRC cell lines. To investigate how HSP105
regulates Wnt signaling, we monitored the accumulation of cytosolic ␤-catenin after perturbations that activate the Wnt pathway
in the absence or presence of HSP105. Receptor-interacting serine/threonine protein kinase 4 (RIPK4) has been shown to
activate the Wnt pathway by phosphorylating DVL proteins and
facilitating DVL signalosome formation (24). Knockdown of
HSP105 drastically attenuated RIPK4-induced ␤-catenin accumulation (Fig. 3A). Similarly, knockdown of HSP105 also blocked
␤-catenin accumulation induced by overexpression of LRP6 (lowdensity lipoprotein receptor-related protein 6) or DVL2 proteins
(data not shown). In addition, knockdown of HSP105 did not
affect the phosphorylation of LRP6 upon Wnt3a stimulation (Fig.
3B), suggesting that HSP105 functions at a level downstream of
receptors. APC is an essential component of the ␤-catenin degradation complex, and loss of function of APC causes the activation
of Wnt signaling and the accumulation of cytosolic ␤-catenin
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(26). Indeed, APC knockdown induced robust accumulation of
␤-catenin in 293T cells, which was abrogated when HSP105 was
absent (Fig. 3C), suggesting that HSP105 functions either at the
same level as APC or downstream of APC. These results suggest
that HSP105 plays a role in maintaining ␤-catenin protein levels
even when the ␤-catenin degradation complex is disrupted,
prompting us to investigate if knockdown of HSP105 could decrease ␤-catenin protein levels and therefore impair proliferation
in colorectal cancer (CRC) cell lines with mutated APC and high
levels of active ␤-catenin.
We used SW480, COLO205, and LS1034 colon cancer cell
lines, all of which have a mutant APC gene and constitutive
␤-catenin accumulation (27). Indeed, depletion of HSP105 significantly reduced the ␤-catenin protein levels in all cell lines tested
(Fig. 3D). The decrease in ␤-catenin protein was unlikely to be at
the transcription level, since the mRNA level of CTNNB1 did not
change when HSP105 was knocked down (Fig. 3E). Furthermore,
although ␤-catenin is fairly stable in SW480 cells, knockdown of
HSP105 decreased the half-life of ␤-catenin to ⬃2 h (Fig. 3F),
which correlated with reductions in the mRNA levels of Wnt target genes, such as AXIN2 and GAD1 (Fig. 3G and H; also data not
shown).
Dominant negative TCF1/TCF4 or depletion of ␤-catenin
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slowed down cell proliferation in long-term assays and inhibited
tumor formation in xenograft models (28, 29). Similarly, knockdown of HSP105 compromised the proliferation of SW480 cells,
as measured by a Syto 60 proliferation assay, relative to that with a
nontargeting control siRNA (Fig. 4A). This was likely due to apoptosis induced by knockdown of HSP105, as shown by increased
numbers of cells staining positive for annexin V (Fig. 4B). Furthermore, depletion of either HSP105 or ␤-catenin, but not
HSP70 depletion, caused cleavage of PARP and caspase-3 (Fig. 4C
and D). Importantly, the cleavage of PARP and caspase-3 induced
by HSP105 depletion could be blocked by the transfection of nondegradable ⌬N-␤-catenin (Fig. 4C), suggesting that the apoptotic
effect likely occurs by reducing ␤-catenin protein levels. These
data are consistent with a previous study showing that HSP105
knockdown compromised cancer cell proliferation and induced
apoptosis (30).
HSP105 is required for PP2A to interact with the ␤-catenin
degradation complex. Previous studies have documented that
␤-catenin is sequentially phosphorylated by CK1␣ and GSK3␤ to
generate a phosphodegron and undergo ubiquitination-dependent degradation (31, 32). The data mentioned above, showing
that HSP105 knockdown decreased ␤-catenin protein levels but
not CTNNB1 gene transcript levels, suggest that HSP105 may regulate the phosphorylation of ␤-catenin. Indeed, in the SW480 cell
line, which has stable ␤-catenin due to defective APC, HSP105
depletion significantly decreased ␤-catenin levels (Fig. 3D and F),
a decrease that could be reversed when the cells were treated with
MG132, a proteasome inhibitor, to block ␤-catenin degradation
(Fig. 5A). Importantly, MG132 treatment also significantly increased phospho-␤-catenin levels, which were negligible when the
cells were transfected with control siRNA (Fig. 5A), suggesting
that HSP105 loss induced the phosphorylation of ␤-catenin and
its ensuing degradation. This was further confirmed in 293T cells:
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although there was less ␤-catenin in whole-cell lysates when
HSP105 was depleted, there was much more phospho-␤-catenin
interacting with axin1 (Fig. 5B). Interestingly, we also detected
more pSer9-GSK3␤ interacting with axin1 (Fig. 5B), suggesting
that other components of the ␤-catenin complex could also be
phosphorylated at higher levels when HSP105 is depleted.
Under basal conditions, ␤-catenin is subject to a delicate balance of phosphorylation and dephosphorylation by CK1␣,
GSK3␤, and PP2A (4). Since HSP105 is also a component of the
␤-catenin degradation complex (Fig. 1) and HSP105 interacts
with PPP2CA (Fig. 1E), potential explanations for the increased
phosphorylation of the ␤-catenin complex upon HSP105 depletion could be that (i) HSP105 is required for PP2A to interact with
the ␤-catenin degradation complex or (ii) HSP105 is required for
PP2A to be active. In the above-described experiment, we found
that HSP105 knockdown also caused PPP2CA, the catalytic subunit of PP2A, to dissociate from axin1 (Fig. 5B). This was not
restricted to 293T cells, since knockdown of HSP105 also caused
PPP2CA to dissociate from axin1 in the SW480, SW403, and
LS1034 colon cancer cell lines (Fig. 5C), suggesting that HSP105
likely behaves as a bridging molecule for PPP2CA to associate
with the ␤-catenin degradation complex to dephosphorylate
␤-catenin. Indeed, using recombinant purified proteins, we found
that both axin1 and PPP2CA interacted with HSP105 (Fig. 5D).
Importantly, HSP105 seemed to be required for the association
between PPP2CA and axin1, since in an in vitro interaction assay,
we found that although recombinant axin1 and PPP2CA proteins
weakly interacted with each other, the addition of HSP105 protein
drastically increased this interaction (Fig. 5E). Furthermore, ectopically expressed PPP2CA could override the effect of HSP105
depletion in 293T cells, causing ␤-catenin to be dephosphorylated
even when HSP105 was knocked down (Fig. 5F). Finally, although
HSP105 depletion significantly reduced the half-life of ␤-catenin
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cells were transfected with control or HSP105 siRNA for 72 h. Whole-cell lysates were immunoprecipitated with an anti-axin1 antibody, and Western blots for
the indicated proteins are shown. (C) HEK293T, SW403, SW480, and LS1034 cells were transfected with control or HSP105 siRNA for 72 h. Whole-cell lysates
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in HEK293T cells, ␤-catenin was stabilized to a level comparable to that with control siRNA when PPP2CA was overexpressed (Fig. 5G).
HSP105 is associated with a poor prognosis for cancer patients. Abnormal activation of Wnt signaling is found in various
types of human cancers (3, 33, 34). This is especially relevant for
colorectal cancer patients, the majority of whom have genetic disorders on APC (⬃80%) or ␤-catenin itself (⬃10%), or translocation of the R-spondin gene (3, 34). Since HSP105 is required for
cytosolic ␤-catenin accumulation and Wnt target gene transcription upon Wnt stimulation (Fig. 2), we examined human tumors
for overexpression of HSP105. The RNA-sequencing data reviewed showed that mRNA levels of HSP105 but not HSP70 were
increased in many colon and rectum tumors (Fig. 6A and B). To
confirm this, HSP105 expression in human colorectal adenocarcinomas was investigated by immunoblotting, and all samples
contained more HSP105 protein than normal cells, correlating
with significantly upregulated cytosolic ␤-catenin protein levels;
␤-catenin is less abundant, and HSP105 is barely detectable, in
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most noncancerous tissues (Fig. 6C). To exclude the possibility of
contamination from noncancer cells, we performed immunohistochemical (IHC) staining of additional colon adenocarcinoma
samples (n ⫽ 66). The IHC results also showed that increased
HSP105 levels correlated with increases in nuclear/cytosolic but
not membrane ␤-catenin levels in tumor samples. (P ⬍ 0.001)
(Fig. 6D). Furthermore, we demonstrated that in colon cancer
samples, the expression of HSP105 but not HSP70 was significantly correlated with mRNA levels of AXIN2 (Spearman’s rank
correlation coefficient, 0.41; P, ⬍2.2 ⫻ 10⫺16), MET (Spearman’s
rank correlation coefficient, 0.3; P, 4.8 ⫻ 10⫺9), and SALL4
(Spearman’s rank correlation coefficient, 0.42; P, ⬍2.2 ⫻ 10⫺16),
all of which are Wnt target genes (Fig. 6E and F) (35, 36).
Interrogation of public expression databases showed that elevated HSP105 mRNA levels in tumors were significantly associated with a poor prognosis for patients with breast cancer. Patients
expressing lower HSP105 mRNA levels had a significantly better
relapse-free survival (RFS) (P ⫽ 0.05), or overall survival (OS)
(P ⫽ 0.007) rate (Fig. 6G). Furthermore, in BRIM2, a study of the
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BRAF inhibitor vemurafenib in metastatic melanoma (19), higher
baseline mRNA expression of the HSP105 gene was associated
with a shorter duration of progression-free survival (PFS) (P ⫽
0.002), with a hazard ratio (HR) of 2.58 (95% confidence interval,
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[95% CI],1.42 to 4.8; P ⬍ 0.002) (Fig. 6H). Interestingly, HSP105
mRNA expression was lower in tumor biopsy specimens taken
while patients were on vemurafenib treatment and rebounded at
the disease progression (PD) stage (Fig. 6I). Taken together, our
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findings indicate that the expression of HSP105 is of prognostic
relevance for several human cancers.
DISCUSSION
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PP2A has been shown to dephosphorylate and stabilize ␤-catenin
and therefore to positively regulate Wnt signaling (7, 8). Here we
show that this regulation of ␤-catenin by PP2A is also dependent
on HSP105. HSP105 is a component of the ␤-catenin degradation
complex by virtue of its direct association with axin (Fig. 1 and 5).
Importantly, this interaction is indispensable for the association
of PP2A with the degradation complex and the dephosphorylation of ␤-catenin, facilitating a fine balance between the phosphorylation and dephosphorylation of ␤-catenin. When HSP105
is depleted, PPP2CA, the catalytic subunit of PP2A, falls off from
the ␤-catenin degradation complex, and the balance is skewed to
the phosphorylation of ␤-catenin; thus, more ␤-catenin is degraded (Fig. 5). This function of HSP105 is important not only for
normal Wnt signaling but also in cancer cell models, since knockdown of HSP105 impairs ␤-catenin transcriptional activities in
both settings (Fig. 2 and 3). Furthermore, HSP105 seems to regulate the phosphorylation of other proteins in the ␤-catenin complex as well, since more GSK3␤ was phosphorylated when HSP105
was knocked down (Fig. 5B and data not shown). Interestingly,
the phosphorylation of GSK3 decreases its kinase activity, whereas
we still detected more phospho-␤-catenin upon HSP105 depletion. This may be because phosphorylation only attenuates, but
does not abrogate, the kinase activity of GSK3. Therefore, any
phosphorylated ␤-catenin will still be quickly degraded if it is not
dephosphorylated by PP2A. How HSP105 regulates the interaction of PP2A with axin1 is still unknown. Heat shock proteins
interact with a large group of substrate proteins, or “clients,” promoting their correct folding and function (12). It is possible that
HSP105 regulates the proper conformation of PP2A in order for
PP2A to associate with axin1. This has been demonstrated for the
small heat shock protein HSP20, which interacts with protein
phosphatase 1 (PP1) and enhances sarcoplasmic reticulum calcium cycling (14). Furthermore, HSP105 could simply behave as
an adaptor protein in order for PP2A to bind with axin1.
Heat shock proteins are highly expressed in a wide range of
human cancer cells and are essential for those tumor cells to proliferate and differentiate (37–39). Though seldom treated as informative predictive diagnostic biomarkers, the expression levels of
heat shock proteins are useful prognostic biomarkers for tumorigenesis in some cancers (38, 39). For example, the expression level
of HSP27 is associated with a poor prognosis in gastric, liver, and
prostate carcinomas (40–42). It has also been shown that HSP105
is one of the most highly upregulated proteins in melanoma and
colon cancer patients, an upregulation that is correlated with hyperactivation of Wnt signaling (43–45). However, it was not completely clear what benefit tumor cells might gain from overexpression of HSP105. Here we provide an explanation of a potential
benefit for those tumors. We found that overexpression of
HSP105 is correlated with upregulated ␤-catenin protein levels
and transcription of Wnt target genes (Fig. 6). Importantly, this
upregulation of ␤-catenin is independent of transcription (Fig.
3E). Furthermore, only nuclear/cytosolic ␤-catenin levels, not
membrane ␤-catenin levels, correlate with HSP105 expression
levels in colorectal tumor samples (Fig. 6D). Correspondingly, the
transcription of Wnt target genes is downregulated in cell line
models upon HSP105 depletion (Fig. 2) and is upregulated upon

overexpression of HSP105 in cancer patients (Fig. 6). Abnormally
activated Wnt signaling may cause cancer, providing an explanation of a possible mechanism of action for overexpression of
HSP105.
The implication of heat shock proteins in tumorigenesis has led to
the development of successful inhibitors for cancer therapy. For example, the involvement of HSP90 in multiple oncogenic pathways
makes it an ideal target for anticancer agents. Geldanamycin, a benzoquinone ansamycin antibiotic that inhibits the function of HSP90
by fitting into the ADP/ATP-binding pocket of the protein, induces
the degradation of proteins that are mutated in tumor cells, such as
BCR-ABL and p53 (46, 47), both of which are crucial players in many
tumors, supporting further research into the development of novel
HSP90 inhibitors (48). Here we show that knockdown of HSP105
downregulates cytosolic/nuclear ␤-catenin protein levels, even when
APC is depleted or mutated (Fig. 3C and D). Furthermore, siRNA
knockdown of HSP105 inhibits cell proliferation in multiple colon
cancer cell lines that harbor APC mutations (Fig. 4 and data not
shown). These data establish HSP105 as a potential target for the
treatment of colon cancer patients, the majority of whom have APC
mutations and active ␤-catenin signaling (3). Furthermore, like
many other heat shock proteins, HSP105 has an ATPase domain at its
N terminus (49, 50). It will be interesting to see if the weak ATPase
activity of HSP105 is required for its regulation of Wnt signaling and
therefore has potential as a novel target for anticancer therapy.
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