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Abstract
Background  Breast cancer (BC) is a widespread and heterogeneous disease in which autophagy plays an essential 
role in tumor development and progression. It has been suggested that autophagy activation may prevent tumor 
development in the initial stages of the disease, while in more advanced stages, autophagy might activate survival 
mechanisms for cancer cells. Moreover, autophagy may be involved in developing therapies resistance and in 
forming metastases. Some Heat Shock Proteins (HSPs) play an important role in autophagy. The small HSPB8 draws 
attention because it is generally highly expressed in Estrogen Receptor positive (ER+) BC and its over-expression 
increases autophagic flux, proliferation, migration and survival of BC cells under stress conditions. HSPB8 mediates the 
autophagic degradation of client proteins via the chaperone-assisted selective autophagy (CASA) complex in which 
it binds the BAG cochaperone 3 (BAG3), the HSP70 and the E3-ubiquitin ligase STUB1. Similarly to HSPB8, BAG3 is also 
highly expressed in BC cells, and its unregulated expression is linked to a poor prognosis. In our previous studies, we 
showed that HSPB8 and BAG3 silencing reduces proliferation and migratory capacities of hormone-sensitive MCF-7 
BC cells.

Methods  Here, we analyzed the signal transduction mechanisms involved in HSPB8- and BAG3-mediated regulation 
of metastatic potential. We evaluated the function of protein tyrosine kinase 2 (PTK2 also known as FAK), known to 
activate several downstream signals controlling PI3K, AKT and MAP kinases.

Results  We demonstrated that HSPB8 and BAG3 downregulation correlated with a significant reduction in the 
phosphorylated and active form of FAK which, in a cascade mechanism, induces a decrease in the proliferative, 
migratory, and adhesive capacity of MCF-7 and T47D ER+ human BC cell lines. Furthermore, co-immunoprecipitation 
studies demonstrated a co-localization between BAG3 and FAK, also confirmed by Immunofluorescence staining in 
BC specimen sections.
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Introduction
 Breast cancer (BC) is the most common malignancy 
worldwide and the leading cause of cancer-related deaths 
in women [1]. The complexity of the molecular mecha-
nisms regulating tumor initiation and progression deter-
mines BC heterogeneity [2]. Based on several aspects 
such as histological type, tumor grade, lymph node sta-
tus, and the presence of predictive markers including 
Estrogen Receptor (ER), Progesterone Receptor (PR), and 
Human Epidermal Growth Factor Receptor 2 (HER2), 
BC is classified into five subtypes: luminal A, luminal B, 
HER2, basal, and Claudin-low. Each subtype has a differ-
ent prognosis and response to treatment [3]. The mecha-
nisms underlying the development of BC are complex, 
differing in their various forms and involving genetic and 
epigenetic alterations that modify the activity of signal-
ing pathways [4]. Numerous studies have demonstrated 
that endocrine factors play a critical role in the etiology 
and progression of human BC, and the effects are mainly 
mediated by their interaction with the α and β forms of 
the ER, a ligand-activated transcription factor. However, 
the estrogenic response is complex, both in terms of 
responsive genes, regulatory mechanisms, and molecules 
involved, as well as consequences for tumor growth [5].

Autophagy is a complex and multifaceted process in 
which a cell destroys old or defective cellular compo-
nents, recycling them to meet its metabolic needs [6, 
7]. During autophagy, cellular proteins and organelles 
undergo a catabolic process in which they are engulfed 
by autophagosomes, digested in lysosomes, and recycled 
to support cellular metabolism [7, 8]. In cancer cells, 
autophagy may have a suppressive role in the early stages 
of tumor growth, whereas in later stages, autophagy may 
increase tumor cell survival [9, 10]. Since autophagy plays 
a role in tumor suppression, its regulation may represent 
an important strategy for cancer treatment, and several 
autophagy modulators have been tested in preclinical and 
clinical trials [7, 11]. Several types of autophagy pathways 
have been described; among them, chaperone-assisted 
selective autophagy (CASA) is a peculiar form that exerts 
protective mechanisms against different human dis-
eases [12]. The major player in CASA is the small Heat 
Shock Protein B8 (HSPB8) which acts as a facilitator 
of autophagy [10, 13, 14]. A HSPB8 dimer binds to the 
BAG cochaperone 3 (BAG3), recognizing aberrant pro-
teins and interacting with the preformed heterodimer of 
Heath Shock Proteins 70 (HSP70) and STIP1 homology 
and U-box containing protein 1 (STUB1), forming the 

so-called CASA complex. Once the client is bound, the 
CASA complex guides it to autophagosomes for clear-
ance [10]. Clients include misfolded proteins, damaged 
proteins of the cytoskeleton, and actin during mitosis [12, 
15]. Therefore, HSPB8-BAG3 can mediate quality con-
trol mechanisms during different cell events, including 
mitotic processes activated in proliferating cells [10, 15].

Notably, HSPB8 is induced by estrogens and is a rate-
limiting component of the CASA complex; its expres-
sion in BC is associated with increased cell proliferation 
and migration, thus enhancing tumor aggressiveness [5, 
9, 16]. Indeed, HSPB8 is highly expressed in BC, both in 
ER+ and in hormone-resistant cell lines. On these bases, 
it has been suggested that HSPB8 may mediate the acqui-
sition of resistance to hormone therapy [5, 9], like for 
instance, the development of tamoxifen-resistance in BC 
[17]. Of note, BAG3 is expressed at high levels in several 
cancer cell lines and solid tumors, correlating with poor 
survival. Like HSPB8, BAG3 regulates cell proliferation 
and motility in several cancer cell lines, influencing the 
migratory phenotype through interaction with the SH3 
domain-containing proteins involved in focal adhesion 
formation [18]. BAG3 has also been reported to regulate 
epithelial-mesenchymal transition (EMT) and metastasis 
formation in a variety of tumor models [18].

Protein tyrosine kinase 2 (PTK2 also known as FAK) is 
a non-receptor tyrosine kinase acting as an adaptor pro-
tein that mediates and integrates signals from growth 
factors, integrins, and G protein-coupled receptors [19]. 
FAK is a protein complex central to mesenchymal cell 
migration. Integrin receptor cluster on the extracellular 
matrix (ECM) induces the formation of focal adhesion 
on the cytoplasmic side of the plasma membrane [20]. 
FAK activates downstream effectors, such as the phos-
phoinositide 3 kinase (PI3K)/ protein-kinase B (AKT)/
mammalian target of rapamycin (mTOR) complex and 
MAP kinases to regulate intracellular functions. Further-
more, several pieces of evidence showed that increased 
FAK expression characterizes many human tumors [21–
27], in which it exerts a key role in tumorigenesis [19]. 
FAK is expressed at low levels in normal or benign breast 
epithelium, while it is moderately or highly expressed 
in most malignant breast tissues, correlating with the 
metastatic process and with a lower survival. Generally, 
high FAK expression is found in ER-negative (ER−), PR-
negative (PR−) BCs, or in triple-negative BCs (TNBC). 
The high FAK levels in early metastatic tissues suggest 
its involvement in BC metastasis, and its expression 

Conclusion  Based on our results, we suggest that BAG3 associates with FAK and, together with HSPB8, modulates 
the signal transduction mechanisms controlling the survival of the hormone-sensitive human ER+, PR positive (PR+), 
HER2 negative (HER2−) BC cell lines MCF-7 and T47D.
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correlates with lower survival. Accordingly, FAK inhibi-
tion leads to loss of tumor cell adhesion and apoptosis 
[19].

We already demonstrated that HSPB8 silencing inhib-
its proliferation and migration of the ER+ MCF-7 cell line 
[9]. Here, we investigated the role of HSPB8 and BAG3 
in promoting cancer cell adhesion in ER+/HER2- luminal 
BC. Using MCF-7 and T47D as an in vitro model of ER+/
HER2- luminal BC, we showed that HSPB8 and BAG3 
contribute to the regulation of proliferation, migration, 
and adhesion processes through FAK-mediated signal-
ling pathways. Supporting the existence of this crosstalk, 
we demonstrated a co-localization between BAG3 and 
FAK in BC cell models and their co-expression in patient-
derived BC histological analyses. Our observations were 
further corroborated by BC dataset analyses, revealing 
that BAG3 and FAK expression are significantly associ-
ated with poorer survival. Our results support the clinical 
relevance of the HSPB8–BAG3–FAK axis in Luminal dis-
ease and provide a rationale for therapeutic targeting of 
this pathway in appropriately selected patients.

Materials and methods
Public dataset analysis
RNA-seq expression data for HSPB8 and BAG3 of BC 
cell lines from Cancer Cell Lines was queried from Dep-
Map [28].

Gene expression data (Illumina HT-12 v3 microar-
ray) from primary BCs was queried from the META-
BRIC cohort [29]. Out of the 1980 patients, we retained 
1974 breast adenocarcinoma samples, excluding 6 cases 
diagnosed as phyllodes tumors or angiosarcoma. The 
molecular subtyping of the patients was inferred from 
the transcriptome with the SCMOD2-robust algorithm 
implemented in the “genefu” [30] package (version 2.4).

Difference in expression of HSPB8 and BAG3 across 
different molecular subtypes was assessed by ANOVA 
followed by Tukey post-hoc tests implemented in the 
“rstatix” package (version 0.7.2). Survival analysis was 
performed on ER+/HER2- patients (n = 1376) stratified 
over the median expression levels of FAK, BAG3 and 
HSPB8 and respective disease-specific survival was com-
puted through Kaplan-Meier estimation. Cox propor-
tional hazards models were employed to compute hazard 
ratios (HR) and confidence intervals (CI); significance 
was tested using the log-rank test. Kaplan-Meier estima-
tion and Cox model are both implemented in the “sur-
vival” R package (version 3.8).

Cell culture
MCF-7 and T47D ER+, PR+, HER2− cell lines were origi-
nally obtained from the American Type Culture Collec-
tion (Rockville, MD, USA). Cells were routinely grown 
in RPMI 1640 medium (ECB9006L, Euroclone, Pero, 

Italy), supplemented with 5% foetal bovine serum (FBS; 
10270106, Gibco, Life Technologies Waltham, MA, 
USA), L-glutamine 1mM (ECB3004D, Euroclone) and 
antibiotics penicillin G 100 U/ml (31749.04, SERVA, 
Electrophoresis GmbH, Heidelberg, Germany), strep-
tomycin 100 U/ml (S9137-25 G, Sigma-Aldrich-Merck 
Life Science, Waltham, MA, USA) in a humidified atmo-
sphere of 5% CO2, 95% air at 37°C.

Plasmid and siRNA
The pCMV-PTK2(human)-3xFLAG-Neo plasmid encod-
ing for human PTK2 (FAK) has been obtained by PTK2 
gene synthesis (Neo Biotech, Nanterre, France); an empty 
vector, pcDNA3.1 (EV) was used as control.

To silence endogenous HSPB8 and BAG3 expression, 
we used a custom siRNA duplex for HSPB8 (AGA GCA 
GUU UCA ACA ACG AUU, Dharmacon, Thermo Sci-
entific Life Sciences Research, Waltham, MA, USA); a 
custom siRNA duplex for BAG3 (GCA UGC CAG AAA 
CCA CUC AUU, Dharmacon). A non-targeting siRNA 
(Scramble - Scr) was used as negative control (UAG CGA 
CUA AAC ACA UCA A, D-001210-01-05, Dharmacon, 
Waltham, MA,USA).

All plasmids and siRNAs were transfected using Jet-
Prime Transfection Reagent and Jet-Prime Buffer (Kit 
Polyplus, Polyplus-transfection® SA New York, NY, USA), 
according to the manufacturer’s instructions.

Cell growth studies
Cell growth/viability was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. Briefly, culture medium was replaced with fresh 
medium containing MTT (1.5 mg/ml) and the cells were 
incubated at 37°C for 1 h; then, the medium was removed 
and 2-propanol (500  µl) was added to solubilize forma-
zan. The absorbance was read at 550 nm with an Enspire 
2300 Multimode Plate Reader (Perkin Elmer, Waltham, 
MA, USA).

To study the effect of HSPB8 and BAG3 silencing on 
MCF-7 and T47D, cells were seeded in 24-well plates at 
40,000 cells/well and transfected with siRNA-HSPB8 and 
siRNA-BAG3 for 48–72 h; cell viability was analyzed as 
described above.

Wound healing migration assay
To study cell migration abilities in conditions of HSPB8 
and BAG3 downregulation, a scratch wound healing 
assay was performed. The T47D cells were seeded into 
6-well plates at a density of 200,000 cells per well. 24  h 
post-transfection, a cross-shape scrape was made on the 
monolayer with a p-200 pipette tip; then, the medium 
was replaced. The wounded areas were marked for obser-
vation and photographed at the indicated time (0 and 
48 h) after scratch (magnification 100x). The micrographs 
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of the scratch wound healing assay are representative of 
three independent experiments (n = 3). The migrated cells 
were quantified by measuring wound closure areas after 
injury by ImageJ software (version 1,51k, National Insti-
tutes of Health); all cells were counted in this area. Each 
bar represents mean ± SD (n = 3). The results were shown 
relative to the Non-Targeting siRNA (Scramble) cells. 
*p < 0.05 vs. Scramble.

Adhesion assay
MCF-7 and T47D cells were seeded into 6-well plates 
at a density of 300,000 cells per well and transfected for 
48–72  h with siRNA-HSPB8 and siRNA-BAG3. After 
transfection, each plate, containing both silenced and 
non-silenced cells, was trypsinized, counted, resus-
pended in RPMI 1640 medium and seeded into the 
48-well flat-bottomed plastic plate pre-coated with 20 µg/
mL laminin (L2020, Sigma-Aldrich, Saint Louis, MI, 
USA) or 20 µg/mL fibronectin (ECM001, Sigma-Aldrich, 
Saint Louis, MI, USA) at 200,000 cells per well. Cells were 
let adhering for 4 h (MCF-7) or 5 h (T47D) at 37°C, based 
on our preliminary experiments we performed to set up 
the assay. At the end of the incubation, cells were fixed in 
methanol, and stained with Diffquik (Biomap, Italy); later, 
absorption was measured at 595  nm with an Enspire 
2300 Multimode Plate Reader (Perkin Elmer, Waltham, 
MA, USA).

mRNA expression analysis
For quantitative Polymerase Chain Reaction (qPCR) anal-
yses, MCF-7 and T47D cells were seeded in 6-well plates 
at 300,000 cells/well and transfected as described above. 
48 h after transfection, cells were collected and total RNA 
extracted using TRI Reagent® (T9424, Sigma-Aldrich, 
Saint Louis, MI, USA) and 1-bromo-3-chloropropane 
(B9673, Sigma-Aldrich, Saint Louis, MI, USA) follow-
ing the manufacturer’s instructions. RNA quantification 
was performed using a NanoDrop 2000 (Thermo Fisher 
Scientific). RNA samples (1 µg) were treated with DNase 
I (AMPD1, Sigma-Aldrich-Merck), and reverse tran-
scribed to cDNA with the High-Capacity cDNA Reverse 
Transcription Kit (4368814, Thermo Fisher Scientific 

Inc., Waltham, MA, USA). Subsequently, qPCR was per-
formed using the iTaq SYBR Green Supermix (1725124, 
Bio-Rad Laboratories, Hercules, CA, USA) in a total 
volume of 10 µL with 500 nmol primers. A CFX96 Real-
Time System (Bio-Rad Laboratories) was used accord-
ing to the following cycling conditions: 94°C for 10 min 
and 40 cycles at: 94°C for 15 s (40 cycles), 60°C for 1 min. 
Data were transformed using the Eq.  2− DDCt to give 
N-fold changes in gene expression; all statistical analyses 
were performed with DCt values. Primers for qPCR were 
synthesized by Eurofins Genomics (Ebersberg, Germany) 
with the sequences showed in Table 1.

Each sample was analyzed in triplicate (n = 3); HSPB8, 
BAG3, e-Cadherin, and Vimentin values were normalized 
with those of Ribosomal Protein Lateral Stalk Subunit P0 
(RPLP0).

Data Availability
The RNA expression and associated clinicopathologi-
cal data for the METABRIC cohort used in this study are 
available on cBioPortal. [http://www.cbioportal.org/].

The RNA expression of HSPB8 and BAG3 in cell lines 
and associated metadata are available on DepMap. 
[https://depmap.org/].

Western blotting analyses
For Western Blot (WB) analyses, MCF-7 and T47D cells 
were seeded in 6-well plates at 300,000 cells/well and 
transfected for 48–72  h with the specific siRNAs. After 
transfection, cells were harvested in RIPA buffer (150mM 
NaCl, 0.5% Na-deoxycholate, 100µM Na-orthovanadate, 
50mM NaF, 50mM M Tris-HCl pH 7.7, 10mM EDTA pH 
8, 0.08% SDS, 0.8% Triton X-100) added with cOmplete 
Protease Inhibitor Cocktail (4693116001, Sigma-Aldrich-
Merck) and centrifuged to remove the RIPA-insoluble 
pellet. Protein concentration was determined through 
bicinchoninic acid assay with QPRO BCA Kit Standard 
(PRTD1, Cyanagen Srl, Bologna, Italy), following the 
manufacturer’s instructions. Equal amounts of total pro-
teins (20 µg) were resolved on a 7, 10 and 12% SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). Proteins 
were transferred onto nitrocellulose 0.45-µm membranes 
using a Trans-Blot® Turbo™ Transfer System (Bio-Rad 
Laboratories, Hercules, CA, USA). The membranes were 
washed with 10mM Tris-HCl, 150mM NaCl, 0.1% Tween 
20 (TBS-T) for 30 min, blocked in TBS-T and 5% (w/v) 
dry skimmed milk, and then incubated with the primary 
antibody at 4°C o/n. Then, the membranes were washed 
and incubated for 1 h at room temperature (RT) with the 
secondary antibody conjugated with peroxidase. Primary 
and secondary antibodies are listed in Table 2. Immuno-
reactive bands were visualized using enhanced chemi-
luminescence detection kit reagents (Westar Cyanagen, 
Cyanagen Srl). Images were acquired using a ChemiDoc™ 

Table 1  Primers used in qPCR
Primers Forward (5’-3’) Reverse (5’-3’)
HSPB8 AGAGGAGTTGATGGTGAAGACC CTGCAG-

GAAGCTGGATTTTC

BAG3 GGGTGGAGGCAAAACACTAA AGACAGTGCA-
CAACCACAGC

e-Cadherin TGAAGGTGACAGAGCCTCTGGAT TGGGTGAATTC-
GGGCTTGTT

Vimentin AGGCAAAGCAGGAGTCCACTGA ATCTGGCGTTC-
CAGGGACTCAT

RPLP0 GTGGGAGCAGACAATGTGGG TGCGCATCATGGT-
GTTCTTG

http://www.cbioportal.org/
https://depmap.org/
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XRS+ System (Bio-Rad Laboratories), and optical den-
sity was analysed with Image Lab™ Software version 6.0.1 
(Bio-Rad Laboratories).

Co-immunoprecipitation (Co-IP)
MCF-7 and T47D cells were seeded in 6-well plates at 
300,000 cells/well. The next day, cells were harvested 
in RIPA buffer added with cOmplete Protease Inhibi-
tor Cocktail (4693116001, Sigma-Aldrich-Merck), incu-
bated on ice for 20 min, and centrifuged at 16,000 g for 
15 min at 4°C for clarification. For the immunoprecipita-
tion, 50 µL/sample DynaBeads Protein G Magnetic Beads 
(10004D, Invitrogen) were used, following the manufac-
turer’s instructions. Anti-BAG3, anti-FAK, anti-HSPB8, 
anti-AKT and anti-PI3Kp110α and p85 antibodies were 
used for Co-IP. After washing in PBS-Tween, immuno-
precipitated proteins were eluted from the beads with 
Laemmli Sample Buffer (1610737, Bio-Rad Laboratories) 
added with 5% β-mercaptoethanol by incubating samples 
for 10  min at 70°C. Immunoprecipitation, input, and 
output samples were then loaded onto 7.5–10% gels and 
analyzed through WB (see dedicated section). 2 control 

conditions have been tested: i) no IgG and ii) no whole 
cell lysate (WCL). No IgG is a sample in which the Co-IP 
was performed without the antibody against the protein 
of interest (MCF-7 cell lysate + Beads) to exclude the 
non-specific binding with the Beads or with the tubes; 
instead the no WCL sample indicates a Co-IP performed 
without cell lysate (Beads + Antibody), to recognize and 
exclude the signal related to the light and heavy chains of 
the denatured antibodies during the detection. We used 
an antibody (VeriBlot for IP secondary antibody HRP, 
cat. N. ab131366, Abcam) that specifically recognizes 
non-denatured IgG. This antibody allowed us to detect 
the target proteins by recognizing only the antibody used 
for immunodetection and avoiding the signal related to 
the binding to small and heavy chains of the antibodies 
used to perform the immunoprecipitation.

Immunofluorescence (IF) studies
Formalin-fixed, paraffin-embedded (FFPE) tissue 
Sect. (3 μm thick) from four patients were deparaffinized 
in 100% xylene, rinsed in ethanol, and rehydrated in dis-
tilled water. Antigen retrieval was performed by heat-
ing the sections at 95°C for 50 min in Tris-EDTA buffer 
(T9285, Sigma). Sections were then washed for 5 min in 
washing buffer (pH 7.4; 24.7 mM Trizma base, 0.149 M 
NaCl, 100 mM sucrose, 0.01% NaN₃, 0.02% Tween-20) 
and permeabilized with 0.5% Triton X-100 in PBS for 
30 min at RT. After blocking with 5% BSA in PBS for 1 h 
at RT, slides were incubated overnight at 4°C with pri-
mary antibodies diluted in antibody solution (2% BSA, 
0.05% NaN₃, 100 mM trehalose, TBS): FAK (1:200) and 
BAG3 (1:1000). The following day, sections were incu-
bated with the appropriate secondary antibodies and 
DAPI for nuclear counterstaining for 1 h at RT and then 
mounted using SlowFade Gold solution. Fluorescence 
images were acquired with a Leica SP8 confocal micro-
scope equipped with a 63×/1.4 NA oil-immersion objec-
tive (pixel size, 360 × 360  nm²). Images were processed 
using Fiji software. The images shown represent single 
confocal planes with optimized brightness and contrast 
and are representative of four independent patients 
(n = 4).

Statistical analysis
Unpaired t-test was used when two groups were present. 
Statistical analysis was performed by one-way ANOVA 
followed by Bonferroni or Tukey multiple comparison 
tests. A p-value of 0.05 or less (*) was considered sta-
tistically significant. All analyses were performed using 
GraphPad PRISM (version 8.0.2).

Table 2  List of antibodies used in this study
Antibody Host species Dilution Source
HSPB8 Mouse 

monoclonal
1:1,000 R&D System, 

MAB-4987

BAG3 Rabbit polyclonal 1:10,000 Abcam, ab47124

AKT Rabbit polyclonal 1:1,000 Cell Signalling, #9272

pAKT Rabbit polyclonal 1:1,000 Cell Signalling, #4060

FAK Mouse 
monoclonal

1:200 Santa Cruz Biotech-
nology, sc-271,126

pFAK Mouse 
monoclonal

1:200 Santa Cruz Biotech-
nology, sc-81,493

e-Cadherin Mouse 
monoclonal

1:200 Santa Cruz Biotech-
nology, sc-8426

Vimentin Rabbit polyclonal 1:200 Santa Cruz Biotech-
nology, sc-5565

PI3Kp110 Rabbit polyclonal 1:1,000 Cell Signalling, #4255

PI3Kp85 Rabbit polyclonal 1:1,000 Cell Signalling, #4292

mTOR Rabbit monoclonal 1:1,000 Cell Signalling, #2983

pmTOR Rabbit monoclonal 1:1,000 Cell Signalling, #5536

ERK Rabbit polyclonal 1:1,000 Santa Cruz Biotech-
nology, sc-94

pERK Mouse 
monoclonal

1:100 Santa Cruz Biotech-
nology, sc-7383

GAPDH Mouse 
monoclonal

1:5,000 Immunological Sci-
ences, MAB-10,578

II antibody
  anti-rabbit 
IgG-HRP

Goat 1:10,000 Jackson ImmunoRe-
search Laboratories, 
Inc., 111-035-003

  anti-mouse 
IgG-HRP

Goat 1:10,000 Jackson ImmunoRe-
search Laboratories, 
Inc., 115-035-003

  VeriBlot det. 
reagent

1:500 Abcam, ab131366
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Fig. 1 (See legend on next page.)
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Results
Effects of HSPB8 and BAG3 silencing on MCF-7 and T47D 
cell proliferation and adhesion
Given the high variability of HSPB8 and BAG3 expres-
sions in ER+/HER2- luminal models, we selected T47D 
and MCF-7 cell lines as representative of two cell sys-
tems showing low- or high-expression levels of these two 
CASA members (Fig. 1, panel A-B). To assess differences 
in HSPB8 and BAG3 regulation in ER+, PR+ HER2− BC 
cells, we initially compared their expression levels in 
MCF-7 and T47D tumour cells. The analysis performed 
by qPCR and WB, respectively (Fig. 1, panel C and D), 
showed that both mRNA and protein levels of HSPB8 and 
BAG3 are lower in T47D than in MCF-7 cells. Since we 
already found that HSPB8 silencing significantly reduced 
proliferation and migration of MCF-7 cells [9], we tested 
whether a similar effect was recapitulated in T47D cells. 
To this aim, T47D cells transfected with a siRNA-HSPB8 
were analyzed with MTT assay (Fig. 1, panel E) finding 
that HSPB8 downregulation for at least 48 h was cor-
related with a significant reduction in cell viability. Of 
note, the silencing of BAG3 recapitulated these findings, 
although after 72 h of downregulation (Fig. 1, panel E). 
To study T47D cell migration abilities after HSPB8 and 
BAG3 downregulation, a scratch wound healing assay 
was performed. As visible in Fig. 1, panel F-G, HSPB8 
and BAG3 silencing significantly reduced the migratory 
ability of T47D cells as compared to non-targeting siRNA 
(Scramble) cells. Next, we analyzed the effects of HSPB8 
and BAG3 silencing on cell adhesion on laminin or fibro-
nectin as alternative matrix substrates. Laminins are the 
major ECM protein components of the basal lamina. In 
general, laminins are heterotrimeric glycoproteins with 
binding regions for collagen, integrins, cellular domains, 
and proteoglycans. Laminin promotes adhesion, differen-
tiation, migration, and growth on many cells in vitro [31, 
32]. Fibronectin is an adhesion glycoprotein of the ECM 
involved in widespread interactions and functions, such 
as the attachment and migration of many cell types, cyto-
skeletal assembly, tyrosine phosphorylation, and metas-
tasis [33, 34]. Our previous results indicated that the 
adhesive capacity of both MCF-7 and T47D cell lines sig-
nificantly increases in the presence of laminin and fibro-
nectin as coating proteins, reason why we chose these 
conditions to perform our cell adhesion studies (Supple-
mentary Fig. 1, panel A-B). Therefore, after 48–72 h of 

HSPB8 or BAG3 downregulation, MCF-7 and T47D cells 
were seeded on laminin- or fibronectin-coated plates and 
the adherent vs. floating cell ratios were evaluated at 4 h 
(MCF-7) or at 5 h (T47D) after plating. We observed that 
cells transfected with siRNA-HSPB8 or siRNA-BAG3 
exhibited a decrease in the percentage of adherent cells 
on both laminin- and fibronectin–coated plates at all 
examined times points, compared to control and scram-
ble cells. Therefore, our results demonstrate that HSPB8 
or BAG3 depletion reduces the MCF-7 (Fig. 2, panel A 
and B) and T47D (Fig. 2, panel C and D) cell adhesion. 

Effect of HSPB8 and BAG3 silencing on e-Cadherin, 
vimentin and FAK expression
The outcome of the adhesion assay prompted us to inves-
tigate which proteins and pathways HSPB8 and BAG3 
interfere with, modulating the overall adhesive capacity 
in MCF-7 and T47D cells.

We initially measured the expression levels of e-Cad-
herin and Vimentin, two proteins highly expressed in 
the early stages of tumor formation. As reported in WB 
(Fig. 3, panel A, lines 1 and 2), the intensity of the immu-
noreactive bands of e-Cadherin and Vimentin remained 
similar in all conditions, including those in which HSPB8 
and BAG3 were downregulated in MCF-7 cells (see also 
quantification in Fig.  3, panel B). As expected from the 
protein levels analysis, no changes in the mRNA levels 
of both e-Cadherin and Vimentin were observed in all 
conditions tested (Fig.  3, panel C). As for MCF-7 cells, 
also T47D cells exhibited no variations in e-Cadherin 
and Vimentin protein (Fig. 4, panel A, lines 1 and 2, and 
quantification in panel B) nor mRNA (Fig.  4, panels C) 
levels in all conditions analyzed. Thus, we then focused 
on FAK, a protein complex essential for cell adhesion and 
migration and investigated whether HSPB8 and BAG3 
exert a modulatory effect on this protein complex. To 
this aim, BC cells transfected with the HSPB8 or BAG3 
siRNAs were analyzed for FAK protein levels and phos-
phorylation to the active form pFAK. As shown in Fig. 3, 
panel A, control non-transfected and Scramble-trans-
fected MCF-7 cells exhibited comparable levels of pFAK 
and FAK; instead, MCF-7 cells in which HSPB8 or BAG3 
were downregulated displayed reduced pFAK levels at 
all time points considered (see also quantifications in 
panel B). No changes were observed for total FAK pro-
tein levels in all conditions examined (Fig.  3, panel B). 

(See figure on previous page.)
Fig. 1  Effect of HSPB8 and BAG3 silencing on T47D cell proliferation and migration. A HSPB8 (Left) and BAG3 (Right) expression in cell lines from Cancer 
Cell Line Encyclopedia/DepMap (n = 68) and (B) patients from the METABRIC cohort (n = 1974). HSPB8 and BAG3 mRNA and protein levels were measured 
by RT-qPCR analysis (C) and WB analysis (D) in MCF-7 and T47D BC cell lines. E T47D cells were transfected with siRNA-HSPB8, siRNA-BAG3 or NT-siRNA and 
the analyses were performed 24-48-72 h after transfection. Cellular proliferation was evaluated by MTT assay. F T47D cells were transfected with siRNA-
HSPB8, siRNA-BAG3 or NT-siRNA and the analyses were performed 0–48 h after scratch. Cellular migration was evaluated by wound healing scratch test 
assay. Unpaired t test was used when two groups were present. Statistical analysis was performed by one-way ANOVA followed by Bonferroni or Tuckey 
multiple comparison tests in the presence of 3 or more groups. *p < 0.05 vs. Scramble. Values represent the means of three independent experiments 
(n=3). Non-Targeting siRNA (Scramble)
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A similar pattern was found in T47D cells. Indeed, as 
reported in Fig.  4 panel A, the total FAK protein levels 
were unaffected, while the phosphorylated form pFAK 
was significantly decreased in case of either HSPB8 or 
BAG3 downregulation. To strengthen the causal link 
between HSPB8, BAG3 and FAK activation, MCF-7 and 
T47D cells were transfected with pCMV-PTK2(human)-
3xFLAG-Neo (FAK) plasmid, siRNA-HSPB8, siRNA-
BAG3 or NT-siRNA and the analyses were performed 
48  h after transfection. Our results indicate that FAK 
overexpression was effective, producing a significant 
increase in FAK levels in both BC cell lines. However, 
HSPB8 and BAG3 silencing effectively counteracted FAK 
overexpression in MCF7 and T47D cells, thus confirming 

their efficacy not only on endogenous but also on induced 
levels of FAK (Supplementary Fig.  2). The observed 
reduction in pFAK protein levels upon HSPB8 or BAG3 
silencing led to the hypothesis that these two proteins 
are essential for the activation of FAK in our ER+ BC cell 
lines. The efficiency of the siRNA was confirmed in all 
experiments measuring HSPB8 and BAG3 protein levels 
in WB analysis (Figs. 3 and 4, panel A, lines 5 and 6).

Effect of HSPB8 and BAG3 silencing on the PI3K, AKT and 
mTOR pathway
FAK activates downstream effectors, such as the PI3K/
AKT/mTOR pathway that are crucial in many physiologi-
cal processes like cell cycle progression, differentiation, 

Fig. 2  Effect of HSPB8 and BAG3 silencing on MCF-7 and T47D cell adhesion. Effects of HSPB8 and BAG3 silencing on the adhesive capacity of MCF-7 
(A-B) and T47D (C-D) cells in the presence of laminin and fibronectin. The adhesive capacity was evaluated on MCF-7 and T47D cells, transfected for 48-72 
h with specific siRNAs, using the Cell Adhesion Test. The data collected represent the percentage change in the number of adherent cells compared to 
control and scramble cells. Statistical analysis was performed by one-way ANOVA followed by Bonferroni multiple comparison tests. *p<0.05 vs control, 
non-transfected cells were considered statistically significant. Values represent the means of three independent experiments (n=3). Non-Targeting siRNA 
(Scramble), siRNA-HSPB8, siRNA-BAG3
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apoptosis, cell motility and metabolism [35]). This repre-
sents one of the main molecular pathways involved in cell 
survival, which is deregulated in many malignant tumors 
and, if altered, can contribute to both tumor pathogen-
esis and resistance to therapies. Thus, we investigated 

this signaling pathway starting from PI3Kp110 catalytic 
and PI3Kp85 regulatory subunits in MCF-7 and T47D 
cell lines in which HSPB8 and BAG3 levels were down-
regulated as described above. By WB analyses, we found 

Fig. 4  Effect of HSPB8 and BAG3 silencing on e-Cadherin, Vimentin and 
FAK expression in T47D cells. A T47D cells were transfected with siRNA-
HSPB8, siRNA-BAG3 or NT-siRNA and the analyses were performed 48-72 h 
after transfection. e-Cadherin, Vimentin, pFAK, FAK, HSPB8 and BAG3 pro-
tein levels were measured by WB analysis. B e-Cadherin, Vimentin, pFAK, 
FAK, HSPB8 and BAG3 WB analysis quantification on T47D cells (C) e-Cad-
herin and Vimentin mRNA levels were measured by qPCR analysis 48-72 h 
after transfection. Statistical analysis was performed by one-way ANOVA 
followed by Bonferroni multiple comparison tests. *p<0.05 vs control, non-
transfected cells. Values represent the mean of three independent experi-
ments (n=3). Non-Targeting siRNA (Scramble), siRNA-HSPB8, siRNA-BAG3

 

Fig. 3  Effect of HSPB8 and BAG3 silencing on e-Cadherin, Vimentin and 
FAK expression in MCF-7 cells. A MCF-7 cells were transfected with siRNA-
HSPB8, siRNA-BAG3 or NT-siRNA and the analyses were performed 48-72 h 
after transfection. e-Cadherin, Vimentin, pFAK, FAK, HSPB8 and BAG3 pro-
tein levels were measured by WB analysis. B e-Cadherin, Vimentin pFAK, 
FAK, HSPB8 and BAG3 WB analysis quantification on MCF-7 cells. C e-Cad-
herin and Vimentin mRNA levels were measured by qPCR analysis 48-72 h 
after transfection. Statistical analysis was performed by one-way ANOVA 
followed by Bonferroni multiple comparison tests. *p<0.05 vs control, non-
transfected cells. Values represent the mean of three independent experi-
ments (n=3). Non-Targeting siRNA (Scramble), siRNA-HSPB8, siRNA-BAG3
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no changes in the protein levels of PI3K p110 or p85 sub-
units at 48–72 h post-transfection in MCF-7 cells (Fig. 5, 
panel A, lanes 1 and 2) or in T47D cells (Fig. 6, panel A, 
lines 1 and 2). Next, we examined the levels of total AKT 
and those of its activated phosphorylated form (pAKT), 
distinguishable based on their slightly different molecu-
lar weight in SDS-PAGE (due to the upshift associated 
with the phosphate residues). As shown in Fig. 5, panel A 
and B, WB results from MCF-7 cell line demonstrate that 
pAKT levels were similar in control and Scramble groups, 
while HSPB8 or BAG3 silencing caused pAKT level 
reduction at all times considered (Fig. 5, panel A, line 3). 
Remarkably, AKT remained equally present in all groups 
examined (Fig. 5, panel A, line 4). As seen in pFAK, also 
in this case a similar cell response was observed in T47D 
cells. In fact, pAKT levels were stable in all control cells, 
but largely decreased when HSPB8 or BAG3 were down-
regulated in T47D cells at all-time points considered (Fig. 
6 panel A, line 3). Also, in the case of T47D cells, total 
AKT levels remained unchanged in all conditions tested 
(Fig. 6, panel A, line 4).

Therefore, we concluded that HSPB8 and BAG3 down-
regulation reduced FAK phosphorylation, which in 
turn reduces the levels of the active AKT protein form 
(pAKT), without interfering with the de novo synthesis 
or the clearance of the non-phosphorylated proteins. In 
fact, FAK overexpression in HSPB8 and BAG3 depleted 
cells, prevented pAKT reduction supporting that HSPB8 
and BAG3 mediate AKT activation via FAK (Supplemen-
tary Fig. 2).

Following the same pathway, we next focused on 
mTOR, a highly conserved, atypical 289 kDa serine-thre-
onine kinase of the PI3K-related kinase family involved 
in the regulation of cell growth and proliferation and cell 
cycle progression. Here, we analyzed the effect of HSPB8 
and BAG3 downregulation on total mTOR protein levels 
and its phosphorylated form (p-mTOR) both in MCF-7 
and T47D cells under the same conditions previously 
tested. The data in MCF-7 (Fig. 5, panel A, lane 5 and 6) 
and in T47D (Fig. 6, panel A, lane 5 and 6) cells indicate 
that neither mTOR phosphorylation, nor mTOR total 
protein levels are influenced by HSPB8 or BAG3 silenc-
ing. Thus, these results support the hypothesis that in 
both cell types AKT is activated in basal conditions and 
may exert its activity in an mTOR-independent manner. 
Therefore, the effects of HSPB8 and BAG3 depletion on 
adhesion properties of MCF-7 and T47D cells may be 
linked to a decrease in AKT phosphorylation.

Effect of HSPB8 and BAG3 silencing on ERK activation
As previously mentioned, FAK also activates downstream 
signaling molecules such as MAP kinases to regulate sev-
eral intracellular functions. To clarify whether HSPB8 
and BAG3 silencing was also able to modify ERK1/2 

activation in BC cells, we analyzed the levels of total 
ERK1/2 protein and its phosphorylated form pERK1/2 
using the same experimental paradigms described above. 
Despite we observed that ERK1/2 was already activated 
in control cells, we did not detect changes on ERK1/2 
protein levels for both cell types and all time considered 
(Fig.  7, panels A-D). Instead, as for pFAK and pAKT, a 
decrease in ERK1/2 phosphorylation was observed after 
HSPB8 or BAG3 downregulation in both cell types and 
time analysed, although this decrease was non statisti-
cally significant in MCF-7 cells at 72 h post-transfection. 
Therefore, FAK overexpression in HSPB8 and BAG3 
depleted cells, prevented pERK1/2 reduction supporting 
that HSPB8 and BAG3 mediate ERK1/2 activation via 
FAK (Supplementary Fig. 2).

Overall, our results show that in MCF-7 and T47D 
cells both ERK1/2 and FAK are activated under basal 
conditions. Moreover, the effects of HSPB8 and BAG3 
silencing on proliferation and migration of MCF-7 and 
T47D cells may be linked to a decrease in FAK, AKT and 
ERK1/2 phosphorylation.

BC cell lines and patient-derived samples confirm a 
crosstalk between BAG3 and FAK
To finally assess whether HSPB8 and BAG3 affect the 
investigated pathways by direct interaction with the 
target proteins analyzed, we performed Co-IP assays. 
Figure  8, panel A shows that FAK specifically interacts 
with BAG3. In fact, by pulling down BAG3 with a spe-
cific antibody from total cell lysates of MCF-7 or T47D 
cells, we were able to detect an immunoreactive band for 
FAK. In Fig. 8, panel B shows that HSPB8 does not inter-
act with AKT. In fact, we were unable to detect a band 
for HSPB8 by pulling down AKT with a specific antibody 
from total cell lysates of MCF-7 or T47D cells. This sup-
ports the notion that HSPB8 and possibly BAG3, that is 
normally bound to HSPB8, do not directly interfere with 
the AKT protein, despite HSPB8 silencing correlates with 
a reduction of pAKT levels. Similar results were obtained 
pulling down the PI3K subunits p110 and p85. As previ-
ously seen with AKT, also in this case we were unable to 
detect any immunoreactive HSPB8 band in the immuno-
precipitated samples for each of these subunits, namely 
the p110 (p110 in Fig. 8, panel C; p85 in Fig. 8, panel D). 
Consequently, Co-IP results showed that BAG3 may con-
tribute to the regulation of proliferation, migration and 
adhesion of ER+ BC cell lines through the association 
with the FAK protein. This co-localization between FAK 
and BAG3 was also confirmed by IF staining of FAK and 
BAG3 in breast tumor sections (Fig. 8, panel E). To dem-
onstrate the clinical relevance of the HSPB8–BAG3–FAK 
axis in real-world patients, we leveraged the METABRIC 
cohort. As shown in Fig.  8, panel F-G-H, we stratified 
ER+/HER2- patients based on the expression levels of 
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Fig. 5  Effect of HSPB8 and BAG3 silencing on PI3K, AKT and mTOR pathway in MCF-7 cells. A MCF-7 cells were transfected with siRNA-HSPB8, siRNA-BAG3 
or NT-siRNA and the analyses were performed 48-72 h after transfection. PI3K, AKT and mTOR protein levels were measured by WB analysis. B PI3K, AKT 
and mTOR WB quantification analysis on MCF-7 cells. Statistical analysis was performed by one-way ANOVA followed by Bonferroni multiple comparison 
tests. *p<0.05 vs Control, non-transfected cells. Values represent the mean of three independent experiments (n=3). Non-Targeting siRNA (Scramble), 
siRNA-HSPB8, siRNA-BAG3
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Fig. 6  Effect of HSPB8 and BAG3 silencing on PI3K, AKT and mTOR pathway in T47D cells. A T47D cells were transfected with siRNA-HSPB8, siRNA-BAG3 
or NT-siRNA and the analyses were performed 48-72 h after transfection. PI3K, AKT and mTOR protein levels were measured by WB analysis. B PI3K, AKT 
and mTOR WB quantification analysis on T47D cells. Statistical analysis was performed by one-way ANOVA followed by Bonferroni multiple comparison 
tests. *p<0.05 vs Control, non-transfected cells. Values represent the mean of three independent experiments (n=3). Non-Targeting siRNA (Scramble), 
siRNA-HSPB8, siRNA-BAG3
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FAK, BAG3 and HSPB8, and evaluated the different dis-
ease-specific survival. Although HSPB8 showed no statis-
tically significant correlation with survival, higher BAG3 
and FAK expression were significantly associated with 
poorer survival.

Discussion
In this study, we analyzed how two major components of 
the CASA complex modulate the adhesion properties of 
two BC cell models. Our main aim was to better under-
stand the molecular mechanisms that control one of 
the most common cancers among women and the lead-
ing cause of death from cancer in females [1]. Our study 
is based on our previous data [9] showing that HSPB8 
silencing reduces proliferation and migration of MCF-7 
cells. These cells express HSPB8 and BAG3 mRNA and 
protein at higher levels compared to the T47D cell line. 
Therefore, we evaluated if similar effects were present in 
T47D cells after HSPB8 and BAG3 silencing. MTT anal-
yses demonstrated a decrease in cell viability in T47D 
cells following HSPB8 and BAG3 silencing, with a maxi-
mum effect at 72 h after transfection. In the same way, 
the scratch wound healing assay showed that HSPB8 and 
BAG3 downregulation significantly reduced the migra-
tory ability of T47D cells, confirming the data previously 
obtained in the MCF-7 cell line. Cell adhesion studies 

on laminin or fibronectin matrix substrates showed that 
HSPB8 or BAG3 silencing correlated with a decreased 
capability of MCF-7 and T47D cells to adhere to plates 
coated with both substrates. Our results corroborate and 
extend those reported by Shields and colleagues on dif-
ferent TNBC cell lines, who demonstrated that BAG3 
silencing reduced the invasive capabilities of these cells 
[18]. Similarly, using human epithelial cancer cell lines, 
Iwasaki and colleagues showed that BAG3 overexpres-
sion increased cell motility while BAG3 silencing had the 
opposite effects [36].

E-Cadherin is a glycoprotein that mediates cell adhe-
sion in the presence of calcium ions in epithelial tissues. 
Being localized at the level of adherent junctions, it plays 
a crucial role in tumor development and progression. 
Tumor cells are characterized by reduced intercellular 
adhesion, loss of normal morphology, and a consequent 
increase in cell mobility. In tumors, the loss of adhesion 
mediated by e-Cadherin causes the loss of epithelial mor-
phology and the acquisition of metastatic potential [37].

Vimentin is a highly conserved protein expressed in 
functional mesenchymal cells, and it is known to main-
tain cellular integrity and provide resistance to stress [38]. 
Increased expression of Vimentin has been reported in 
various epithelial tumors. At the cellular level, Vimentin 
participates in cell migration, proliferation, adhesion, and 

Fig. 7  Effect of HSPB8 and BAG3 silencing on ERK1/2 activation. A-C MCF-7 and T47D cells were transfected with siRNA-HSPB8, siRNA-BAG3 or NT-siRNA 
and the analyses were performed 48-72 h after transfection. pERK1/2 and ERK1/2 protein levels were measured by WB analysis. B-D pERK1/2 and ERK1/2 
WB quantification analysis on MCF-7 and T47D cells respectively. Statistical analysis was performed by one-way ANOVA followed by Bonferroni multiple 
comparison tests. *p<0.05 vs Control, non-transfected cells. Values represent the mean of three independent experiments (n=3). Non-Targeting siRNA 
(Scramble), siRNA-HSPB8, siRNA-BAG3
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Fig. 8  BC cell lines and patient-derived samples confirm a crosstalk between BAG3 and FAK. WB analysis of protein lysates (INPUT) and Co-IP samples (IP) 
from MCF-7 and T47D cells, using an antibody (A) anti-BAG3; (B) anti-AKT; (C) anti-PI3Kp110; (D) anti-PI3Kp85. No IgG is a sample in which the Co-IP was 
performed without the antibody against the protein of interest (MCF-7 cell lysate + Beads) to exclude the non-specific binding with the Beads or with 
the tubes; instead, the no whole cell lysate (WCL) sample indicates a Co-IP performed without cell lysate (Beads + Antibody), to recognize and exclude 
the signal related to the light and heavy chains of the denatured antibodies during the detection. The Co-IP assays were repeated three times (n=3), each 
always showing the same results. E IF staining of FAK (red) and BAG3 (pseudocolored green) with DAPI nuclear staining (blue) in breast tumor sections. 
Scale bar, 50 µm. Arrowheads indicate FAK/BAG3-colocalizing cells. Boxed regions are shown at higher magnification below (Mag., scale bar, 10 µm). F-H 
Survival analysis was performed on ER+/HER2- patients (n = 1376) stratified over the median expression levels of FAK (F), BAG3 (G) and HSPB8 (H) and re-
spective disease-specific survival was computed through Kaplan-Meier estimation. Cox proportional hazards models were employed to compute hazard 
ratios (HR) and confidence intervals (CI); significance was tested using the log-rank test. Kaplan-Meier estimation and Cox model are both implemented 
in the “survival” R package (version 3.8)
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invasion. The expression levels of Vimentin are closely 
related to tumor progression. It has been reported that 
the positive expression rate of Vimentin in patients with 
early BC was higher than in patients with benign BC [39]. 
To establish whether HSPB8 and BAG3 silencing have 
an antitumor effect also acting on these two proteins, we 
evaluated possible variations in e-Cadherin and Vimentin 
expression after HSPB8 and BAG3 downregulation, but 
the levels of both transcripts and of their coded proteins 
were not altered in both BC cells considered, exclud-
ing the role of the CASA in the EMT in our ER+ BC cell 
lines. It might be possible that HSPB8 and BAG3 down-
regulation reduces proliferation, adhesion and migration 
of MCF-7 and T47D cells using different mechanisms 
(pFAK-pAKT-pERK reduction), which probably precede 
the EMT normally occurring during the metastatic evo-
lution of BC. For these reasons, both e-Cadherin and 
Vimentin are likely not modulated in these conditions by 
the CASA complex. The outcome of the adhesion assay 
prompted us to investigate the potential mechanisms by 
which HSPB8 and BAG3 exert their anti-cancer activity 
in MCF-7 and T47D BC cell lines. Hence, we analyzed 
FAK, a multifunctional tyrosine kinase protein, which 
is activated in most malignant breast tissue cancers and 
with an important role in promoting BC metastasis 
[40–43]. We found that HSPB8 or BAG3 downregula-
tion correlates with a strong reduction in the phosphory-
lated active pFAK form, without affecting the total FAK 
protein levels. The decrease in pFAK levels suggests that 
these two CASA components are relevant for FAK acti-
vation in BC cell lines.

Since FAK activates the PI3K/AKT/mTOR signaling 
cascade, which is crucial in many physiological processes 
(e.g.: cell cycle progression, differentiation, apoptosis, cell 
motility and metabolism [44, 45]) and dysregulated in 
several malignant tumors, we investigated this pathway. 
We initially evaluated the involvement of the PI3Kp110 
catalytic subunit, often mutated and amplified in many 
tumors [46], and its PI3Kp85 regulatory subunits, but 
our analyses excluded their contribution in mediating the 
effects of HSPB8 and BAG3 in BC cells.

Therefore, we focused on AKT, a serine/threonine 
kinase essential in many processes that influence cell sur-
vival and differentiation, another candidate target of FAK. 
Notably, we found that, not only pFAK, but also pAKT 
is reduced in BC cells depleted of HSPB8 or BAG3, sug-
gesting the existence of a link between the two phenom-
ena. In addition, we performed FAK rescue experiments 
to see if some of the downstream effects (PI3K-AKT 
and MAPK pathways) returned to be active. Notably, we 
found that FAK overexpression with HSPB8 and BAG3 
knockdown activated pERK and pAKT, confirming that 
the decrease in FAK phosphorylation, seen with HSPB8 

and BAG3 silencing, is the cause of the decrease in ERK 
and AKT activation.

Our results are in part in line with previous data 
obtained on TNBC cell lines, which also found altera-
tions in activation of both the AKT and FAK pathways 
induced by BAG3 silencing [18].

To consolidate the research strategy described above, 
we also tested a possible mTOR involvement in medi-
ating the HSPB8/BAG3 effects on BC cells; in fact, this 
kinase plays a central role in the regulation of cell growth 
and proliferation and cell cycle progression. Importantly, 
we excluded that this serine-threonine kinase medi-
ates the effects of HSPB8 or BAG3 downregulation in 
BC cells. In fact, the total mTOR levels and those of its 
phosphorylated form remained unchanged in all condi-
tions tested in this study. Therefore, all together these 
data suggest that in both MCF-7 and T47D cells, AKT is 
normally hyperactivated, but HSPB8 and BAG3 silenc-
ing decreases AKT phosphorylation along with the 
capability of cells to adhere to substrate and to remain 
viable. These data differ from those collected in other 
cancer cell lines. For example, Matsushima-Nishiwaki 
and colleagues suggested that the migration of human 
hepatocellular carcinoma cells (HCC) stimulated by the 
transforming growth factor-α (TGF-α) or by the hepa-
tocyte growth factor (HGF) significantly increase after 
HSPB8 silencing. This altered migratory behavior was 
accompanied by enhanced TGF-α- or HGF-induced 
AKT phosphorylation. Inhibitors of the PI3K/AKT path-
way, which suppress migration induced by TGF-α, sig-
nificantly reduced amplitude by HSPB8 silencing. Thus, 
HSPB8 may reduce the migratory capacity of HCC cells 
through the downregulation of the PI3K/AKT signaling 
pathway [47]. Although these observations seem conflict-
ing, they underline the diverse roles exerted by HSPB8 
and possibly BAG3 in different human tumours (see [10] 
for details).

As mentioned above, FAK is implicated in BC cell cycle 
progression through several mechanisms, including the 
activation of signal transduction pathways, such as the 
MAP kinases, starting from FAK phosphorylation medi-
ated by integrin receptors [35]. In BC, the MAP kinases 
pathway is aberrantly activated and the ERK protein is 
overexpressed, even in the absence of genomic muta-
tions [48]. Remarkably, the MAP kinase pathway is fre-
quently activated especially in tumors in which growth 
factor receptors such as EGFR and HER2 are overex-
pressed. ERK hyper-phosphorylation is associated with a 
low response to tamoxifen in metastatic BC [35] and the 
increased phosphorylation of ERK has also been identi-
fied in the TNBC cancer cell line MDA-MB-231 [48]. 
Here, we found that ERK1/2 is already activated in both 
our control ER+ BC cell lines but, similarly to FAK and 
AKT, its phosphorylation status is significantly reduced 
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when HSPB8 and BAG3 are silenced; again, no modula-
tion of ERK1/2 total protein levels was observed in all 
samples analyzed. Our data agree with results obtained 
on ER+ and TNBC cell lines [18, 49], reinforcing the 
notion that in ER+ BC cells, ERK1/2, AKT and FAK are 
all already active in basal conditions, but much less in 
the absence of HSPB8 or BAG3. This also suggests that 
HSPB8 and BAG3 effects on proliferation, migration, and 
adhesion of BC cell lines may be linked to a decrease of 
ERK1/2, AKT and FAK phosphorylation.

In a study by Kassis and colleagues performed on 
the TNBC MDA-MB-435 cell line, a direct interaction 
between BAG3 and FAK was excluded, and the authors 
suggested that BAG3 modulated FAK signalling remotely 
from the cytoplasm [50]. Conversely, using Co-IP, we 
found a co-localization between BAG3 and FAK, also 
confirmed by IF staining of FAK and BAG3 in breast 
tumor sections, while the HSPB8 protein was not pulled 
down neither with PI3K (p85 and p110 subunits) nor 
with AKT. The discrepancy between these two studies 
might be attributed to different BC cell models, specifi-
cally an ER- cell line in the Kassis study, while ER+ cell 
lines in our investigation. These results are also partially 
in contrast with those obtained in HCC-derived HuH-7 
cells in which HSPB8 was found to directly interacts with 
PI3K, but not with AKT [47], thus reinforcing the notion 
of a cell specific response of the CASA components in 
different tumour cells. To expand the clinical implica-
tions of targeting the CASA pathway in ER+ BC, we uti-
lize the METABRIC cohort, demonstrating that higher 
BAG3 and FAK expression were significantly associated 
with poorer survival, supporting the clinical relevance of 
the HSPB8–BAG3–FAK axis in Luminal disease and pro-
vide a rationale for therapeutic targeting of this pathway 
in appropriately selected patients. It remains to be deter-
mine if the co-localization of BAG3 and FAK observed by 
IF studies in specimens from patients and also by Co-IP 
studies from BC cell lysates are also related to a direct 
interaction between these two factors or are mediated by 
other proteins relevant in tumorigenesis.

In conclusion, our data demonstrate that HSPB8 and 
BAG3 proteins interacte at FAK level with the signal 

transduction mechanism we analyzed and suggeste that 
BAG3 together with HSPB8 may be involved in FAK-
mediated signal transduction mechanisms (Fig. 9). This 
also indicates that the two CASA components may par-
ticipate in the main molecular pathways involved in 
the survival of the ER+ human BC cell lines MCF-7 and 
T47D.
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