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According to the World Health Organization in 2022, 2.3 million women

were diagnosed with breast cancer. Investigating the interaction networks

between Bcl-2-associated athanogene (Bag)-1 and other chaperone proteins

may further the current understanding of the regulation of protein homeo-

stasis in breast cancer cells and contribute to the development of treatment

options. The present study aimed to determine the interactions between

Bag-1 and heat shock proteins (HSPs); namely, HSP90, HSP70 and

HSP27, to elucidate their role in promoting heat shock factor-1

(HSF1)-dependent survival of breast cancer cells. HER2-negative (MCF-7)

and HER2-positive (BT-474) cell lines were used to examine the impact of

Bag-1 expression on HSF1 and HSPs. We demonstrated that Bag-1 overex-

pression promoted HER2 expression in breast cancer cells, thereby result-

ing in the concurrent constitutive activation of the HSF1–HSP axis. The

activation of HSP results in the stabilization of several tumor-promoting

HSP clients such as AKT, mTOR and HSF1 itself, which substantially

accelerates tumor development. Our results suggest that Bag-1 can modu-

late the chaperone activity of HSPs, such as HSP27, by directly or indi-

rectly regulating the phosphorylation of HSF1. This modulation of

chaperone activity can influence the activation of genes involved in cellular

homeostasis, thereby protecting cells against stress.

Multiple co-chaperones, including the Bcl-2-associated

athanogene (BAG) family (BAG1–BAG6), aid chaper-

ones in numerous proteostatic activities [1]. Among

them, Bag-1, a co-chaperone of heat shock protein

(HSP)70, interacts with the ATPase domain of HSP70

via the specific BAG domain [2]. Bag-1 interacts with

several proteins, such as Raf-1, HSP70/HSP70, the

proteasome, nuclear hormone receptors, AKT, Bcl-2

and growth factor receptors, as well as DNA [3]. It

profoundly influences essential aspects of cancer,

including cell adhesion, cell survival, angiogenesis,

metastasis and control of proteostasis. The human

chaperone network comprises 88 primary chaperones

and 244 secondary co-chaperones, categorized into six

conserved classes based on their molecular weights.

Notably, these include HSP40s, chaperonin-like

HSP60, HSP70, HSP90, HSP100 and small HSPs [1,4].

Although chaperones play numerous roles in protein
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homeostasis, such as protein folding, refolding and

degradation of redundant or damaged proteins, a spe-

cific subset of chaperones evolved with the primary

function of safeguarding cells against proteotoxic stress

[5-7]. Activation of the transcriptional regulator heat

shock factor-1 (HSF1) is a prerequisite for initiating

the stress response, which ultimately leads to the syn-

thesis of molecular chaperones and other stress-

relieving proteins [8]. In the phosphoinositide 3-kinase

(PI3K)-AKT-mammalian target of rapamycin (mTOR)

signaling pathway, phosphorylation of HSF1 at

Ser326, a downstream component of the human epider-

mal growth factor receptor 2 (HER2) signaling path-

way, activates the heat shock protein transcriptional

regulator, HSF1 [9]. HSF1 activation enhances carcino-

genesis via promoting cell survival against diverse pro-

teotoxic stimuli. Recent evidence suggests that mTOR

phosphorylates HSF1 at Ser326, highlighting its role as

a downstream target of signaling through Ras/Raf/

mitogen-activated protein kinase/extracellular signal

regulated kinase kinase, Ras/PI3K, phosphatase and

tensin homolog, AKT and mTOR [10].

Alterations in the aforementioned pathways that dis-

rupt the balance between HSF1 phosphorylation and

dephosphorylation may impact the subsequent activa-

tion of HSF1 [11]. Thus, the present study aimed to

determine the interactions between Bag-1 and HSPs

(HSP90, HSP70 and HSP27) that contribute to HSF1

phosphorylation in breast cancer cells. To investigate

the effects of Bag-1 overexpression on HSF1 and

HSPs, we utilized MCF-7 (estrogen receptor/progester-

one receptor-positive and HER2-negative) and BT-474

(estrogen receptor/progesterone receptor/HER2-

positive) cell lines. Identifying the relationship for Bag-

1 and HSPs may further the current understanding of

protein folding, cell survival, cellular stress and drug

resistance processes.

Materials and methods

Cell culture

BT-474 (cat. no. HTB-20; American Type Culture Collec-

tion, Manassas, VA, USA) and MCF-7 (cat. no. HTB-22;

American Type Culture Collection) breast epithelial cells

were cultured in Dulbecco’s modified Eagle’s medium

(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,

USA), supplemented with 10% fetal bovine serum (Thermo

Fisher Scientific, Inc.), penicillin-G (10 U�mL�1; Gibco;

Thermo Fisher Scientific, Inc.) and streptomycin

(10 mg�mL�1; Gibco; Thermo Fisher Scientific, Inc.). Cells

were incubated in a humidified atmosphere of 5% CO2 at

37 °C, and cells were sub-cultured every 3 days.

Plasmid and antibodies

A tandem affinity purification tag encoding calmodulin

binding peptide, tobacco etch virus protease and protein A

was added to the N termini of the Bag-1 human cDNA

open reading frame (NM_001172415.2) clone by Capital

Biosciences (Gaithersburg, MD, USA) and introduced into

the pEZ-M02 vector following deletion of the stop codon

(Genscript, Piscataway, NJ, USA). Bag-1 (dilution 1 : 500,

cat. no. #3920; Cell Signaling Technology, Inc., Beverly,

MA, USA), vinculin (dilution 1 : 500, cat. no. #13901; Cell

Signaling Technology, Inc.), HER2 (dilution 1 : 500, cat.

no. #2165; Cell Signaling Technology, Inc.), AKT (dilution

1 : 500, cat. no. #4685; Cell Signaling Technology, Inc.),

phosphorylated (p)-AKT (Ser473) (dilution 1 : 500, cat. no.

#4060; Cell Signaling Technology, Inc.), PI3K (dilution

1 : 500, cat. no. #4257; Cell Signaling Technology, Inc.),

mTOR (dilution 1 : 500, cat. no. #2983; Cell Signaling

Technology, Inc.), p-mTOR (Ser2448) (dilution 1 : 500,

cat. no. #2971; Cell Signaling Technology, Inc.), HSF1

(dilution 1 : 500, cat. no. #4356; Cell Signaling Technology,

Inc.), p-HSF1 (Ser326) (dilution 1 : 500, cat. no.

#ab115702; Abcam, Cambridge, UK), HSP90 (dilution

1 : 500, cat. no. #4877; Cell Signaling Technology, Inc.),

HSP70 (dilution 1 : 500, cat. no. #4873; Cell Signaling

Technology, Inc.), HSP27 (dilution 1 : 500, cat. no.

#95357; Cell Signaling Technology, Inc.) and p-HSP27

(Ser78) (dilution 1 : 500, cat. no. #2405; Cell Signaling

Technology, Inc.) antibodies were used.

Transient transfection

When 70% confluence was reached in six-well plates, cells

were transfected with Bag-1 plasmid and small interfering

RNA (siRNA) (cat. no. sc-29 211; Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA, USA) using In-fect DNA trans-

fection reagent (Intron Biotechnology, Inc., Seongnam,

South Korea) or HiPerFect transfection reagent (Qiagen,

Inc., Hilden, Germany), respectively, in accordance with

the manufacturers’ instructions. Control siRNA (cat. no.

1022076; Qiagen, Inc.) and Mock plasmid were utilized as

the negative control. Cells were cultured for 48 h after plas-

mid or siRNA transfection.

MTT cell viability assay

In total, 1 9 104 cells per well were seeded in 96-well plates.

3-4,5-dimethyl-2,5-diphenyl-2H-tetrazolium bromide (MTT)

(Sigma-Aldrich, Merck KgaA, Burlington, MA, USA)

reagent was added to cells for 24, 48 or 72 h following tran-

sient transfection, and incubated 4 h at 37 °C with 5% CO2.

The produced formazan was then dissolved with dimethylulf-

oxide. Cell viability was analyzed at 655 and 570 nm using a

microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,

USA). Cell viability experiments were performed in triplicate.
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Western blot analysis

Cells were obtained from six-well culture plates and lysed

after 48 h on ice using a protein extraction kit (Mammalian

Cell & Tissue Extraction Kit, cat. no. K269; BioVision,

Inc., Milpitas, CA, USA), with the addition of a protease

inhibitor (Roche Diagnostics GmbH, Mannheim, Ger-

many). Cell lysates were centrifuged at 4 °C for 10 min at

10 000 g and then cell supernatants were isolated. Total

protein was quantified using a Bradford Assay (Fermentas;

Thermo Fisher Scientific, Inc.), and denatured proteins

(15 lg) were separated via 10% SDS/PAGE. Gels were

subsequently loaded into the iBlot transfer system (Invitro-

gen; Thermo Fisher Scientific, Inc.) using TransBlot nitro-

cellulose transfer stacks. Membranes were blocked using

5% milk with Tris-buffered saline with Tween 20 for 1 h at

room temperature. Following blocking, membranes were

incubated with primary antibodies (1 : 500) overnight at

4 °C. Following primary incubation, membranes were incu-

bated with anti-mouse/anti-rabbit IgG-horseradish peroxi-

dase secondary antibodies (dilution 1 : 5000) for 2 h at

room temperature. Following three washing steps using

Tris-buffered saline with Tween 20, protein bands were

visualized using Clarity ECL Western Blotting Substrate

(Bio-Rad Laboratories, Inc.) and the ChemiDoc Imaging

System (Bio-Rad Laboratories, Inc.).

Immunoprecipitation

Monoclonal anti-Bag-1, monoclonal anti-HSP70 and

monoclonal anti-HSP27 antibodies were attached to protein

G magnetic beads (Invitrogen; Thermo Fisher Scientific,

Inc.) in accordance with the manufacturer’s instructions. In

total, 0.5 mg�mL�1 protein was used for immunoprecipita-

tion. Bound proteins were obtained using elution buffer

(50 mM glycine, pH 2.8), incubated with 4X Laemmli

buffer at 70 °C for 10 min and subsequently loaded onto

an SDS/PAGE gel for western blot analysis. To ensure the

bindings are not a result of the non-specific binding of

the used beads, protein lysates were incubated with only

beads without the related antibodies and run on the gel as

negative control.

Immunocytochemistry

In total, 2.5 9 104 cells were seeded from poly-L-lysine-

coated 12-well plates and transfected with the Bag-1 plas-

mid, as described transient transfection. Cells were washed

twice with phosphate-buffered saline following 48 h of

growth medium removal. Cells were fixed in pre-chilled

methanol and incubated for 15 min at �20 °C. Cells were

subsequently washed with phosphate-buffered saline three

times. Non-specific binding was blocked following incuba-

tion in BSA blocking buffer (10% goat-serum, 10 mg�mL�1

BSA) for 1 h. Cells were incubated with HER2, HSF1,

Ser326 p-HSF1, HSP70, Ser78 p-HSP27 and HER2 pri-

mary antibodies (dilution 1 : 200) overnight at 4 °C. Fol-

lowing primary incubation and washing, cells were

incubated with Alexa Fluor� 647 or Alexa Fluor� 488 sec-

ondary antibodies (dilution 1 : 1000; Invitrogen; Thermo

Fisher Scientific, Inc.) for 1 h at 37 °C. Vectashield mount-

ing material containing 40,6-diamidino-2-phenylindole

(DAPI) was used to attach the coverslips to the slides fol-

lowing cleaning (Sigma-Aldrich; Merck KGaA). Cell

images were captured using the TCS SP2 SE confocal

imaging system (Leica Microsystems, Inc., Wetzlar, Ger-

many). For quantitative characterization of colocalization,

Pearson coefficient analysis was performed for green/red

images using COLOCALIZER PRO (https://colocalizer.com).

In silico predictions of protein–protein
interactions

Protein Interactions by Structural Matching (PRISM) was

used to predict interactions between Bag-1, HSP70 and

HSP27 [12,13]. The nucleotide binding domains (NBD),

PDB ID: 2Y15:A and 1UYM:B, and the substrate binding

domain (SBD), PDB ID: 3A8Y:A of HSP90 were obtained

from the PDB database, and used for HSP70 (PDB ID:

4PO2) and HSP27 (PDB ID: 4MJH). Predicted protein

complexes with a binding energy score (BES) > �10 were

excluded from the FiberDock analysis (https://doi.org/10.

1093/nar/gkq373). PYMOL (https://pymol.org/2) and STRING

(https://string-db.org) were used to investigate the potential

protein–protein interactions.

Statistical analysis

All experiments were carried out in triplicate. Statistical

analyses were carried out using PRISM, version 6 (GraphPad

Software Inc., San Diego, CA, USA). Unpaired Student’s

t-tests assuming unequal variances or one-way or two-way

Tukey’s test analysis of variance were used for statistical

analysis. P < 0.05 was considered statistically significant.

Results

Bag-1 expression triggers signaling pathways

that are downstream of HER2

MCF-7 and BT-474 breast cancer cells were trans-

fected with Bag-1 plasmid or Bag-1 siRNA to assess

the impact of Bag-1 on cell survival, with cell viability

monitored beyond a 72-h period (Fig. S1). The results

of the cell viability analysis demonstrated that Bag-1-

transfected cells exhibited a 25.25% higher prolifera-

tion rate compared to non-transfected cells following

72 h. Moreover, Bag-1 knockdown impacted the sur-

vival of cells. The results of the present study
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demonstrated that, following 72 h, the number of Bag-

1 knockdown cells accounted for 18.29% of the total

number of cells that had not been transfected. Similar

outcomes were observed in HER2-positive BT-474

breast cancer cells (Fig. S1). In cancer, activation of

HER2 downstream signaling pathways, including

PI3K, promotes cell survival and proliferation [14].

The expression levels of HER2, PI3K, AKT,

AKTSer473, mTOR and mTORSer2448 were investigated

in MCF-7 and BT-474 cells using western blot analysis

(Fig. 1). The results demonstrated that Bag-1 overex-

pression significantly increased HER2 expression.

Fig. 1. HER2 and PI3K pathways are upregulated by Bag-1 expression. (A) MCF-7 and (B) BT-474 cells were transfected with the Bag-1L

vector and Bag-1 siRNA for 48 h. Total protein was analyzed by immunoblotting with specific antibodies against HER2, PI3K, AKT, phospho-

AKTSer473, mTOR and phospho-mTORS2448. The all data are presented as the mean � SD from three biological independent

experiments. Expression levels were analyzed with a t-test after normalization to vinculin. The t-test was used to calculate P values

(*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).
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Notably, Bag-1 overexpression exerted minimal impact

on total PI3K and AKT levels. In addition, Bag-1

overexpression significantly increased the phosphoryla-

tion of AKT at Ser473 and mTOR at Ser2448. Thus,

the results of the present study demonstrated that

PI3K signaling pathways were activated in breast can-

cer cells overexpressing Bag-1. On the other hand,

Bag-1 knockdown exerted the decreasing effect for

AKT phosphorylation in only BT474 cells (Fig. 1B).

Bag-1 increases the activity of HSF1 to promote

HSP expression levels

HSF1 is a major transcription factor for HSPs [15].

HSF1 activation requires phosphorylation at the

Ser326 residue by both mTOR and AKT [10].

The results of the present study demonstrated that

Bag-1 overexpression increased HSF1 protein expres-

sion and HSF1 phosphorylation at Ser326 in both

MCF-7 and BT-474 cells (Fig. 2 and Fig. S2). Subse-

quently, phosphorylation of HSP27 was investigated in

the present study following the transfection of MCF-7

and BT-474 cells with Bag-1 plasmid or Bag-1 siRNA

(Fig. 2). The results demonstrated that Bag-1 overex-

pression significantly elevated HSP27 phosphorylation

at Ser78, whereas Bag-1 knockdown markedly reduced

Ser78 phosphorylation. Moreover, Bag-1 protein

expression impacted Hsp70 expression levels, suggest-

ing a potential role of Bag-1 in the transcription of

Hsp70 and protein homeostasis (Fig. 2). In addition,

immunostaining of breast cancer cells provided

insights into the cellular distribution of Bag-1, and its

interaction partners HSP70 (Fig. S3) and HSP27, as

well as the phosphorylation mediator HER2 (Fig. 3).

Notably, Bag-1 was localized to both the cytoplasm

and nucleus in MCF-7 and BT-474 cells (Fig. 3 and

Fig. S4). Thus, the results of the present study revealed

that Bag-1 overexpression promoted the phosphoryla-

tion of HSF1, implying the transcriptional regulation

by HSPs.

Bag-1 interacts with HSP70 and HSP27

The results of a previous study demonstrated the direct

interaction between HSP70 and Bag-1 [16].

Co-immunoprecipitation was performed using Bag-1,

HSP70 and HSP27 antibodies to identify the potential

interactions in BT-474 cells (Fig. 4A). The results of

the present study revealed that Bag-1 interacted with

both HSP70 and HSP27, whereas no direct interaction

was observed between Bag-1 and the HSF1 transcrip-

tion factor. Based on STRING data, there is no direct

interaction between HSF1 Bag-1 and (Fig. 4B). In

addition, there was no interaction between HSP70 and

HSP27. However, our co-immunoprecipitation results

showed that HSF1 interacts with HSP70 (consistent

with the literature) and HSP27 [17]. To gain insights

into the molecular interactions, the protein–protein
interaction prediction tool, PRIAM, was used to

model the interactions of Bag-1 with other proteins

(Fig. 4C). The results of the PRISM analysis indicated

potential interactions between Bag-1 and HSF1, as

well as Bag-1 and HSP90, through the BAG domain,

and these were highlighted using predicted binding

energy values above the threshold (BES, �10). Nota-

bly, the potential interaction between HSF1 and Bag-1

was analyzed, and results of the PRISM analysis

revealed that there was no interaction between HSF1

and the BAG domain (Table 1). Moreover, the pre-

dicted interactions between HSP90 and Bag-1 exhib-

ited fiberdock energy levels of �25.37 from HSP90A

and �30.15 from HSP90B (Fig. 4C). The results of the

PRISM analysis also predicted notable binding predic-

tions between HSP70 and Bag-1, with fiberdock energy

levels of �84.41 from NBD and � 31.14 from the

HSP70 SBD (Fig. 4C). In addition, the interactions

between Bag-1 and HSP27 demonstrated favorable

energy levels of �11.75 (Fig. 4C).

Discussion

HER2 plays a crucial role in determining the treat-

ment approach for 20–25% of breast cancer cases [18].

The results of the present study demonstrated that

Bag-1 expression upregulates the expression of HER2

in both BT-474 and MCF-7 cells, with MCF-7 exhibit-

ing low levels of HER-2. Previous studies demon-

strated that the cMYC oncogene activates HER2

expression in breast cancer cells [19]. Our previous

studies findings revealed that Bag-1 increases cMYC

expression, which may explain the elevated levels of

HER2 in cells overexpressing Bag-1 [20]. Bag-1 has

been reported to enhance the intracellular expression

levels of the cMYC oncogene, which in turn triggers

various cellular mechanisms to inhibit apoptosis and

promote cell survival [21,22]. Given the association

between Bag-1 overexpression and HER2 upregula-

tion, Bag-1 may also regulate PI3K, which directs the

PI3K/AKT/mTOR pathway and promotes cell sur-

vival [23,24]. The results of the present study demon-

strated increased levels of HER2 and PI3K following

Bag-1 overexpression. Bag-1 plays a crucial role in reg-

ulating AKT phosphorylation, which is an essential

component of the PI3K pathway [21,25]. In addition,

mTOR is a serine/threonine kinase directly activated

by AKT [25]. Our findings demonstrated that Bag-1
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overexpression leads to Ser2448 phosphorylation of

mTOR. It is well-known that mTOR Ser2448 phos-

phorylation is important for the intracellular expres-

sion levels of HSPs [26]. Activation of the PI3K

pathway also results in an increased level of phosphor-

ylated HSF1, which is a major transcription factor for

HSPs [27]. HSF1 is targeted by both mTOR and AKT

at the Ser326 residue for subsequent activation [28].

Our study revealed that Bag-1 overexpression pro-

moted the increased expression of HSF1. Notably, fol-

lowing Bag-1 knockdown, HSF1 expression decreased.

These results suggested that the presence of Bag-1 is

Fig. 2. Expression of Bag-1 increases the expression of heat shock proteins by affecting HSF1. Immunoblot analysis of total heat shock

protein levels in cell lysates from Bag-1 overexpressed, Bag-1-silenced and untransfected (A) MCF-7 and (B) BT-474 cells. Total protein was

analyzed by immunoblotting with specific antibodies against HSF-1, phospho-HSF1Ser32 6, HSP90, HSP70, HSP27 and phospho-HSPSer78.

The all data are presented as the mean � SD from three biological independent experiments. Expression levels were analyzed with a t-test

after normalization to vinculin. The t-test was used to calculate P values (*P < 0.05; ***P < 0.001 and ****P < 0.0001).
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required for HSF1. However, overexpression of Bag-1

is sufficient in elevating HSF1 levels. In addition, the

results of the western blot analysis revealed a signifi-

cant increase in HSF1 phosphorylation associated with

Bag-1 expression. The increased and excessive phos-

phorylation of HSF1 mediated by Bag-1 may exert an

impact on HSPs at the transcription level, suggesting a

potential role for Bag-1 in regulating the expression

levels of HSPs. Bag-1 is a nucleotide exchange factor

of HSP70, and interacts with HSP70 in protein folding

and regulation [29]. Bag-1 contains a BAG domain,

which is required for interacting with HSP70, and a

ubiquitin-like domain that facilitates substrate target-

ing for proteasomal degradation [30]. The association

between Bag-1 and the proteasome, as well as its inter-

action with HSP70, may be crucial for the survival of

breast cancer cells [31].

HSF1 typically associates with small HSPs, such as

HSP70 and HSP90 [17]. Under stress conditions, HSF1

dissociates from the aforementioned complex and

translocate to the nucleus, where it binds to the heat

shock element. Our results demonstrated that Bag-1

overexpression-mediated increased HSF1 phosphoryla-

tion leads to elevated intracellular levels of HSP70, con-

tributing to cell survival. However, HSP90 was not

affected by changes in Bag-1 expression, suggesting that

Bag-1 primarily influences HSP70 expression and regu-

lation, rather than HSP90. The phosphorylation status

of HSP27 impacts the associated oligomerization

because phosphorylation at serine residues leads to the

timely dissociation of these oligomers [32,33]. Phosphor-

ylation of three serine residues in HSP27 facilitates the

redistribution of large oligomers into smaller ones.

Among these residues, phosphorylation at Ser78 is asso-

ciated with HER2 and lymph node positivity in breast

cancer [34]. The results of the present study revealed

that Bag-1 overexpression impacted HSP27 protein

expression and increased the levels of phosphorylation

of HSP27 at Ser78. Notably, the aforementioned phos-

phorylation event is associated with enhanced cell

Fig. 3. Subcellular localization of Bag-1 and other proteins in breast cancer cells. Immunocytochemical detection of Bag-1 and its chaperone

partners in (A) MCF-7 and (B) BT-474 cells. Bag-1 was stained with AlexaFlour647 goat anti-mouse (green). HER2, HSF1, phospho-

HSF1Ser336, HSP70 and phospho-HSP27Ser78 were stained with AlexaFlour488 goat anti-rabbit (red). Nuclei were stained with DAPI

(blue). Magnification: 639.
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survival and drug resistance, particularly in cancerous

cells. Immunoprecipitation analyses demonstrated a

physical or functional association between Bag-1 and

HSP27 within the same complex. This interaction plays

a significant role in the positive and negative regulation

of intracellular HSP expression. This interaction

revealed within the present study may directly impact

protein stabilization and cell survival. The results of the

Fig. 4. Bag-1 interacts with HSP70 and HSP27 in BT-474 cells. (A) Immunoprecipitated (IP) BT-474 cell lysates with anti-Bag-1, anti-HSP70

and anti-HSP27 antibodies were analyzed by immunoblots with Bag-1, HSP70, HSP27 and HSF1 antibodies. (B) STRING predictions for the

complexes between Bag-1 and its interaction partners, and models for their cell stress response mechanisms (HSP90AA1: HSP90, HSPA4:

HSP70, HSPB1: HSP27). (C) Structural predictions for the surfaces of Bag-1 (BAG domain, PDB ID: 1HXB), HSF1 (PDB ID: 5HDG), HSP90

(PDB ID: 2YI5:A, 1UYM:B), HSP70 (PDB ID: NBD: 3A8Y, SBD:4PO2) and HSP27 (PDB ID: 4MJH) proteins using crystal structures in the

PDB database were analyzed by the PRISM algorithm. Interaction of the BAG domain of Bag-1 (turquoise) with the nucleotide binding and

substrate binding domain of HSP70 (pink), the HSP90 alfa protein (magenta), the HSP90 beta protein (purple) and the HSP27 protein (blue).

BES, binding energy score.
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PRISM analysis demonstrated the potential interaction

between Bag-1 and HSP27, suggesting that the cell may

engage with BAG domains based on its specific require-

ments. Collectively, the results of the present study

highlighted that Bag-1 overexpression in HER2+ breast

cancer cells, specifically BT-474 cells, may regulate the

expression of HSPs through promoting HSF1 phos-

phorylation at Ser326, through the PI3K/AKT/mTOR

pathway. Although no significant changes were

observed in HSP90 expression levels, altered Bag-1

expression significantly regulated both HSP70 and

HSP27. Identifying the relation of the Bag-1 and HSPs

may provide valuable insights into their roles in protein

folding, cell survival, cell stress and drug resistance

mechanisms. By using advanced techniques of previ-

ously undefined interaction, it will be possible to

develop new target molecules and explain the structural.

Acknowledgements

TUBITAK (Grant number 115Z169) and Istanbul

University Scientific Research Projects (BAP Project

number: FYL-201 7-24755) funded the present study.

Conflicts of interest

The authors declare that they have no conflicts of

interest.

Peer review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/2211-5463.13843.

Data availability statement

The datasets used and analyzed during this study are

available from the corresponding author upon reason-

able request.

Author contributions

TK, CO and NDC performed the experiments and

analyzed the data. TK wrote the manuscript. TK,

GDD and EOU designed the research, evaluated the

results, analyzed the data and wrote the manuscript.

All authors read and approved the final version of the

manuscript submitted for publication.

References

1 BrehmeM, Voisine C, Rolland T, Wachi S, Soper JH, Zhu

Y, Orton K, Villella A, Garza D, Vidal M et al. (2014) A

chaperome subnetwork safeguards proteostasis in aging

and neurodegenerative disease. Cell Rep 9, 1135–1150.
2 Kabbage M and Dickman MB (2008) The BAG

proteins: a ubiquitous family of chaperone regulators.

Cell Mol Life Sci 65, 1390–1402.
3 Cutress RI, Townsend PA, Sharp A, Maison A, Wood

L, Lee R, Brimmell M, Mullee MA, Johnson PW,

Royle GT et al. (2003) The nuclear BAG-1 isoform,

BAG-1L, enhances oestrogen-dependent transcription.

Oncogene 22, 4973–4982.
4 Schopf FH, Biebl MM and Buchner J (2017) The

HSP90 chaperone machinery. Nat Rev Mol Cell Biol 18,

345–360.
5 Mor�an Luengo T, Mayer MP and R€udiger SGD (2019)

The HSP70-HSP90 chaperone cascade in protein

folding. Trends Cell Biol 29, 164–177.
6 Rosenzweig R, Nillegoda NB, Mayer MP and Bukau B

(2019) The HSP70 chaperone network. Nat Rev Mol

Cell Biol 20, 665–680.
7 Arrigo AP (2018) Analysis of HSPB1 (HSP27)

Oligomerization and Phosphorylation Patterns and its

Interaction with Specific Client Polypeptides. In

Chaperonespp. 163–178. Humana Press, New York,

NY.

8 Poulsen EG, Kampmeyer C, Kriegenburg F, Johansen

JV, Hofmann K, Holmberg C and Hartmann-Petersen

R (2017) UBL/BAG-domain co-chaperones cause

cellular stress upon overexpression through

constitutive activation of Hsf1. Cell Stress Chaperones

22, 143–154.
9 Schulz R, Streller F, Scheel AH, R€uschoff J, Reinert MC,

Dobbelstein M, Marchenko ND and Moll UM (2014)

HER2/ErbB2 activates HSF1 and thereby controls HSP90

clients including MIF in HER2-overexpressing breast

cancer. Cell Death Dis 5, e980.

10 Chou SD, Prince T, Gong J and Calderwood SK (2012)

mTOR is essential for the proteotoxic stress response,

HSF1 activation and heat shock protein synthesis.

PLoS One 7, e39679.

11 Vydra N, Toma A and Widlak W (2014) Pleiotropic

role of HSF1 in neoplastic transformation. Curr Cancer

Drug Targets 14, 144–155.

Table 1. Binding energy scores and interface scores of the

predicted dual structures. NBD, nucleotide binding domain; NI, no

interaction found; SBD, substrate binding domain.

Target 1 Target 2

Template

interface

PRISM binding

energy score

BAG domain HSF1 – NI

HSP70A NBD 3ldqAB �84.41

HSP70A SBD 2np3AB �31.14

HSP90A 1z00AB �25.37

HSP90B 1wr6AB �30.15

HSPB1 (Hsp27) 3hieCD �11.75

1567FEBS Open Bio 14 (2024) 1559–1569 ª 2024 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

T. Kizilboga et al. Bag-1 regulates HSF1 phosphorylation

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13843


12 Aytuna AS, Gursoy A and Keskin O (2005) Prediction

of protein-protein interactions by combining structure

and sequence conservation in protein interfaces.

Bioinformatics 21, 2850–2855.
13 Baspinar A, Cukuroglu E, Nussinov R, Keskin O and

Gursoy A (2014) PRISM: a web server and repository

for prediction of protein-protein interactions and

modeling their 3D complexes. Nucleic Acids Res 42

(W1), W285–W289.

14 He Y, Sun MM, Zhang GG, Yang J, Chen KS, Xu

WW and Li B (2021) Targeting PI3K/Akt signal

transduction for cancer therapy. Signal Transduct

Target Ther 6, 425.

15 Hayashida N, Fujimoto M and Nakai A (2011)

Transcription factor cooperativity with heat shock

factor 1. Transcription 2, 91–94.
16 Takayama S, Bimston DN, Matsuzawa S, Freeman BC,

Aime-Sempe C, Xie Z, Morimoto RI and Reed JC

(1997) BAG-1 modulates the chaperone activity of

HSP70/Hsc70. EMBO J 16, 4887–4896.
17 Peffer S, Gonc�alves D and Morano KA (2019)

Regulation of the Hsf1-dependent transcriptome via

conserved bipartite contacts with HSP70 promotes

survival in yeast. J Biol Chem 294, 12191–12202.
18 Siegel RL, Miller KD and Jemal A (2020) Cancer

statistics. CA Cancer J Clin 70, 7–30.
19 Risom T, Wang X, Liang J, Zhang X, Pelz C,

Campbell LG, Eng J, Chin K, Farrington C, Narla G

et al. (2020) Deregulating MYC in a model of HER2+
breast cancer mimics human intertumoral heterogeneity.

J Clin Invest 130, 231–246.
20 Ozfiliz P, Kizilboga T, Demir S, Alkurt G, Palavan-

Unsal N, Arisan ED and Dinler-Doganay G (2015)

Bag-1 promotes cell survival through c-Myc-mediated

ODC upregulation that is not preferred under

apoptotic stimuli in MCF-7 cells. Cell Biochem Funct

33, 293–307.
21 Cutress RI, Townsend PA, Brimmell M, Bateman AC,

Hague A and Packham G (2002) BAG-1 expression

and function in human cancer. Br J Cancer 87, 834–
839.

22 Kizilboga T, Baskale EA, Yildiz J, Akcay IM, Zemheri

E, Can ND, Ozden C, Demir S, Ezberci F and Dinler-

Doganay G (2019) Bag-1 stimulates bad

phosphorylation through activation of AKT and Raf

kinases to mediate cell survival in breast cancer. BMC

Cancer 19, 1254.

23 Porta C, Paglino C and Mosca A (2014) Targeting

PI3K/AKT/mTOR signaling in cancer. Front Oncol 4,

64.

24 Kilbas PO, Can ND, Kizilboga T, Ezberci F, Doganay

HL, Arisan ED and Dinler Doganay G (2022)

Crispr/Cas9-mediated bag-1 knockout increased

mesenchymal characteristics of MCF-7 cells via AKT

hyperactivation-mediated Actin cytoskeleton

remodeling. PLoS One 17, e0261062.

25 Papadakis E, Robson N, Yeomans A, Bailey S,

Laversin S, Beers S, Sayan AE, Ashton-Key M,

Schwaiger S, Stuppner H et al. (2016) A combination

of trastuzumab and BAG-1 inhibition synergistically

targets HER2 positive breast cancer cells. Oncotarget 7,

18851–18864.
26 Follo MY, Mongiorgi S, Bosi C, Cappellini A, Finelli

C, Chiarini F, Papa V, Libra M, Martinelli G, Cocco L

et al. (2007) The AKT/mammalian target of rapamycin

signal transduction pathway is activated in high-risk

myelodysplastic syndromes and influences cell survival

and proliferation. Cancer Res 67, 4287–4294.
27 Conn CS and Qian SB (2011) mTOR signaling in

protein homeostasis: less is more? Cell Cycle 10, 1940–
1947.

28 Yasuda K, Hirohashi Y, Mariya T, Murai A, Tabuchi

Y, Kuroda T, Kusumoto H, Takaya A, Yamamoto E,

Kubo T et al. (2017) Phosphorylation of HSF1 at

serine 326 residue is related to the maintenance of

gynecologic cancer stem cells through expression

of HSP27. Oncotarget 8, 31540–31553.
29 Alberti S, Esser C and H€ohfeld J (2003) BAG-1–a

nucleotide exchange factor of Hsc70 with multiple

cellular functions. Cell Stress Chaperones 8, 225–231.
30 Mayer MP and Bukau B (2005) HSP70 chaperones:

cellular functions and molecular mechanism. Cell Mol

Life Sci 62, 670–684.
31 Can ND, Basturk E, Kizilboga T, Akcay IM,

Dingiloglu B, Tatli O, Acar S, Ozfiliz Kilbas P, Elbeyli

E, Muratcioglu S et al. (2021) Interactome analysis of

bag-1 isoforms reveals novel interaction partners in

endoplasmic reticulum-associated degradation. PLoS

One 16, e0256640.

32 Katsogiannou M, Andrieu C and Rocchi P (2014)

Heat shock protein 27 phosphorylation state is

associated with cancer progression. Front Genet 5,

346.

33 €Onay Uc�ar E and S�engelen A (2019) Resveratrol and

siRNA in combination reduces HSP27 expression and

induces caspase-3 activity in human glioblastoma cells.

Cell Stress Chaperones 24, 763–775.
34 Zhang D, Wong LL and Koay ES (2007)

Phosphorylation of Ser78 of HSP27 correlated with

HER-2/neu status and lymph node positivity in breast

cancer. Mol Cancer 6, 52.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. An increase in Bag-1 promotes cell survival.
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Fig. S2. Quantitative analysis of Phospho-HSF1Ser336

relative to total protein HSF1 ratio in both cells.

Fig. S3. Immunocytochemical detection of Bag-1 and

Phospho-HSF1Ser336, Hsp70 in MCF-7 cells.

Fig. S4. Quantitative analysis of subcellular localiza-

tion of Bag-1 compared to HER2, HSF1, pHSF1,

Hsp70 and pHsp27 proteins in MCF-7 and BT-474

breast cancer cells.
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