
MOLECULAR MEDICINE REPORTS  18:  4138-4146,  20184138

Abstract. Bcl‑2‑associated athanogene (BAG) 3, is a member 
of the BAG protein family and a known co‑chaperone of heat 
shock protein (HSP) 70. BAG3 serves a role in regulating a 
variety of cellular functions, including cell growth, proliferation 
and cell death including apoptosis. BAG3 is a stress‑inducible 
protein, however the constitutive expression level of BAG3 
is increased in cancer cells compared with healthy cells. 
Recent proteomics technology combined with bioinformatics 
has revealed that BAG3 participates in an interactome with 

a number of proteins other than its typical partner HSP70. 
The functional types represented in the interactome included 
nucleic acid binding proteins and transcription factors, as well 
as chaperones, which indicated that overexpression of BAG3 
may contribute to proliferation and cell survival through the 
alteration of gene transcription. While an increasing number of 
studies have addressed the function of BAG3 as a co‑chaperone 
protein, BAG3‑dependent alteration of gene transcription has 
not been studied extensively. The present study established two 
BAG3 knockout human cervical cancer HeLa cell clones and 
addressed the role of BAG3 in cell proliferation and survival 
through gene transcription, using DNA microarray‑based 
transcriptome analysis and bioinformatics. The present study 
also identified two genetic networks associated with ‘cellular 
growth and proliferation’ and ‘cell death and survival’, which 
are dysregulated in the absence of BAG3, and may therefore 
be linked to BAG3 overexpression in cancer. These findings 
provide a molecular basis for understanding of BAG3‑dependent 
cell proliferation and survival from the aspect of alteration of 
gene expression.

Introduction

Bcl‑2 associated athanogene (BAG) 3 is a member of the human 
BAG family of co‑chaperone proteins (1). The BAG domain of 
BAG3 protein binds to heat shock protein (HSP) 70, a major 
chaperone protein involved in anti‑apoptosis through recovery 
of unfolded proteins as well as interference with pro‑apoptotic 
cytochrome c release from mitochondria (2). BAG3 is also known 
to bind to phospholipase C‑γ and Bcl‑2, which synergistically 
inhibit cell death  (3). In addition, BAG3 was reported to 
interact with dual‑specificity phosphatase 6, which is involved 
in extracellular signal‑regulated kinase de‑phosphorylation, 
resulting in the induction of cell proliferation  (4). BAG3 
possesses an N‑terminal WW domain and a C‑terminal PxxP 
domain that interact with partner proteins other than HSP70, 
resulting in modulation of various biological processes such as 
anti‑apoptosis, proliferation, cell adhesion, metastasis, invasion, 
and autophagy (3,5‑7).
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Under physiological conditions, constitutive expression 
levels of BAG3 are low in normal cells other than muscle cells. 
BAG3 expression is induced under stress conditions such as 
heavy metals, heat, oxidative stress, ultrasound, and starva-
tion (8‑13). The expression of BAG3 is reported to be regulated 
partially by the activation of heat shock transcription factor 1 
as in the cases of HSPs (14). In addition, BAG3 and some HSP 
family proteins are controlled by hypoxia‑induced factor 1, 
which is highly expressed under hypoxic conditions, such as 
in tumor microenvironments  (15). However, many studies 
have revealed that BAG3 expression is also elevated under 
normoxic conditions in numerous tumor cells including breast 
cancer, prostate cancer, ovarian cancer, colorectal cancer, 
melanoma, and osteosarcoma (3,6,16‑19). This is probably 
because BAG3 contributes to cell proliferation as well as cell 
survival through interaction with anti‑apoptotic proteins such 
as Bcl‑2, and myeloid leukemia cell differentiation protein 1 
that are overexpressed in cancer (20). Indeed, overexpression 
of BAG3 correlates with dismal prognosis in melanoma and 
several carcinomas (6,16,18).

An impressive recent study revealed functional categories 
of BAG3 partner proteins by using novel comprehensive 
proteome analysis, called quantitative immunoprecipitation 
combined with knockdown (QUICK) (21). Protein analysis 
through evolutionary relationships classification of the data 
obtained from QUICK demonstrated that the BAG3 interactome 
includes transcription factors, indicating that BAG3‑dependent 
cell proliferation and survival may be mediated by gene 
transcription, at least in part. Despite accumulating data on 
the functions of BAG3 and its protein‑protein interactions, 
neither the transcripts associated with BAG3 overexpression 
in cancer cells, nor their functions, are fully elucidated. 
Here, we performed DNA microarray‑based comprehensive 
transcriptome analysis and bioinformatics on two BAG3 
knockout (KO) HeLa cell clones established using the 
clustered regularly interspaced short palindromic repeats 
(CRISPR)‑Cas9 (CRISPR associated protein 9) genome editing 
system. Finally, we identified genetic networks of transcripts 
associated with proliferation and cell survival, which may be 
dependent on BAG3 expression.

Materials and methods

Cell culture. Human cervical cancer HeLa cells were newly 
obtained from the Human Science Research Resources 
Bank, Japan Health Sciences Foundation (Tokyo, Japan) 
for this experiment. Cells were cultured in E‑MEM (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan) supplemented 
10% fetal bovine serum (Equitech‑Bio, Inc., Kerrville, TX, 
USA) and 1% penicillin/streptomycin (Nacali Tesque, Inc., 
Kyoto, Japan).

Establishment of BAG3 KO HeLa cell clones. In the present 
study, the BAG3 gene was deleted using the CRISPR‑Cas9 
genome editing system as described below. For the expression 
of Cas9 protein and guide RNA targeting the BAG3 gene, 
pX362 vector (Addgene, Cambridge, MA, USA) was used as 
previously described (22). After the digestion of pX362 with 
BbsI, the oligonucleotides 5'‑cac​cGA​GAC​TCC​ATC​CTC​
TGC​CAA‑3' and 5'‑aaa​cTTG​GCA​GAG​GAT​GGA​GTC​TC‑3' 

(upper and lower case letters are protospacer sequence and 
additional sequence to clone into the BbsI site, respectively) 
corresponding to the single guide RNA target sequence in 
exon 1 of BAG3 were annealed and subcloned into the BbsI site 
of pX362. The constructed plasmid was transfected into HeLa 
cells with Effectene Transfection Reagent (Qiagen GmbH, 
Hilden, Germany) according to the manufacture's procedure. 
The DNA‑transfected HeLa cells were selected by treatment 
with 1 µg/ml of puromycin (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) for 48 h, followed by limited dilution 
to obtain the colonies. The grown colonies were picked up 
and expanded. After initial screening by immunoblotting 
with anti‑BAG3 antibody, genomic DNA from the HeLa cell 
clones was prepared and used for polymerase chain reaction 
to examine the sequence of the DNA fragment containing the 
target site. The forward and reverse primer sequences were 
5'‑CCA​GCC​TGT​GTT​TCT​CCA​CTT‑3' and 5'‑CTG​TCT​TTG​
CTG​GGT​GAC​CT‑3', respectively.

SDS‑PAGE and western blot analysis. Cells were dissolved 
in a lysis buffer (150 mM NaCl, 1% Nonidet P‑40 and 50 mM 
Tris‑HCl, pH 8.0) containing a protease inhibitor cocktail 
(Nacali Tesque, Inc.). SDS‑PAGE and Western blotting 
were carried out as described elsewhere (12). Proteins were 
detected using the following primary antibodies: Anti‑BAG3 
rabbit monoclonal antibody (GeneTex Inc., Irvine, CA, 
USA) and anti‑glyceraldehyde 3‑phosphate dehydroge-
nase (GAPDH) mouse monoclonal antibody (as a loading 
reference; Proteintech, Rosemont, IL, USA). Secondary fluo-
rescent‑conjugated anti‑mouse and anti‑rabbit IgGs (LI‑COR 
Bioscience, Lincoln, NE, USA) were also used. Protein 
expression levels and images were acquired using an Odyssey 
Infrared Imager (LI‑COR Biosciences).

Cell counting assay. Ten thousand cells were seeded in 24‑well 
culture plates for cell counting. After trypsinization, the 
trypan blue dye exclusion test was performed, by mixing cell 
suspension with an equal amount of phosphate‑buffered saline 
containing 0.4% trypan blue. The number of cells excluding 
the dye was counted by using an EVE™ automatic cell counter 
(NanoEnTek, Inc., Seoul, Korea).

Cell cycle analysis. Fifty thousand cells were cultured in 
60 mm culture dishes two days before cell cycle analysis. For 
flow cytometry, cells were fixed with 70% ice cold ethanol for 
at least 1 h, and subsequently treated with 0.25 mg/ml RNase A 
(Nacali Tesque, Inc.) and SYTOX AADvanced (Thermo Fisher 
Scientific, Inc.) as described (23). The samples were finally 
analyzed by flow cytometry using a Novocyte flow cytometer 
(Novocyte, San Diego, CA, USA). A total of 10,000 cells per 
sample were analyzed in each experiment. Distribution of cells 
in each cell cycle phase was analyzed based on the Watson 
model (24).

RNA isolation. Total RNA was extracted from cells using a 
NucleoSpin® RNA isolation kit (Macherey‑Nagel GmbH & 
Co., Düren, Germany) and treated with DNase I for 20 min 
at room temperature to remove residual genomic DNA. The 
quality of the RNA was analyzed using a Bioanalyzer 2100 
and a RNA6000 Nano LabChip kit (Agilent Technologies, 
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Inc., Santa Clara, CA, USA). RNA samples with RNA integ-
rity number values above 9.5 were considered acceptable.

Gene expression analysis. Microarray and computational 
gene expression analyses were performed using a GeneChip® 
system with a Human Genome U133‑plus  2.0 array 
(Affymetrix, Inc., Santa Clara, CA, USA), which was spotted 
with ~55,000 probe sets, as previously described. Samples 
for array hybridization were prepared as described in the 
Affymetrix GeneChip® Expression Technical Manual. The 
scanned arrays were analyzed using the GeneChip Analysis 
Suite Software (Affymetrix, Inc.). The microarray data were 
deposited in the Gene Expression Omnibus: http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE103475.

For global normalization, microarray signals were 
processed using a standard MAS5.0 algorithm. The obtained 
hybridization intensity data and qualities were checked using 
the GeneSpring® software (Agilent Technologies, Inc.). 
Observed signals were normalized and genes that had no 
significant signals were ignored to reduce noise. In addition, 
probe sets targeting specific RefSeq transcripts, based on the 
RefDIC database, were extracted (25). Principal component 
analyses (PCA) were performed using R v3.2.1. Venn diagrams 
and hierarchical clustering from the obtained normalized 
intensity data were produced using GeneSpring® software. 
Ward's linkage and squared Euclidean distance were utilized 
in hierarchical clustering.

In order to examine the molecular functions of differen-
tially expressed genes and gene networks, data were analyzed 
using Ingenuity Pathways Analysis (IPA) tools (Ingenuity 
Systems, Mountain View, CA, USA), a web‑delivered 

application that enables the identification, visualization, and 
exploration of molecular interaction networks in gene expres-
sion data. The top five molecular functions were identified and 
the gene networks containing the molecules were visualized 
to provide information about interactions involving genes that 
were up‑ or downregulated by BAG3 deletion.

Sta t is t ica l  analys is.  Data a re  presented as  the 
mean  ±  standard deviation (SD). The statistical signifi-
cance of differences between data sets was analyzed using 
one‑way analysis of variance (ANOVA) with post‑hoc Tukey 
HSD tests (R v3.2.1). P<0.05 was considered to indicate a 
statistically significant difference. In microarray analysis, 
raw P‑values were adjusted by calculating false discovery 
rate using the Benjamini‑Hochberg method (GeneSpring® 
software; Agilent Technologies, Inc.).

Results

Establishment and characterization of BAG3 KO HeLa cell 
clones. To confirm the role of BAG3 in cell proliferation and 
survival in HeLa cells, we constructed BAG3 KO HeLa cell 
clones using a CRISPR‑Cas9 genome editing system. Among 
isolated clones, two clones, designated as KO1 and KO2, were 
selected as BAG3 KO candidates. This selection was based 
on the result of initial screening by western blotting using 
anti‑BAG3 antibody, since it is possible that translation can 
be initiated from an in‑frame ATG in nonsense mutation near 
the 5' region of an open reading frame (26). After the initial 
screening, we confirmed the sequence of exon 1 of the BAG3 
gene and found that two clones contained a 14 or 1 bp deletion 

Figure 1. Establishment of BAG3 KO HeLa cell clones. (A) Genomic DNA sequence of a part of the human BAG3 exon 1 and deduced amino acid sequence 
of human BAG3 in BAG3 WT HeLa cells and BAG3 KO HeLa cell clones, KO1 and KO2. (B) Western blot analysis of BAG3 protein from WT cells and two 
established BAG3 KO clones. An anti‑BAG3 antibody was used as primary antibody. The experiment was performed twice. (C) The cell number after plating. 
Cells were counted 7 days after plating in 24‑well plates. Data are presented as the mean ± standard deviation (n=4). *P<0.05, **P<0.01. KO, knockout; WT, 
wild‑type; BAG3, Bcl‑2‑associated athanogene; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.
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in exon 1 of both alleles, respectively, resulting in a frame‑shift 
and premature termination of BAG3 translation (Fig. 1A). We 
confirmed that BAG3 protein expression was diminished as a 
result of the deletions in the BAG3 gene by repeated western blot 
analysis (Fig. 1B). The two selected BAG3 KO clones and the 
wild‑type (WT) control cells were cultured for 7 days to assess 
whether BAG3 deletion affected the number of viable cells in 
culture conditions. As a result of BAG3 deletion, the number of 
viable cells was significantly decreased in both clones (Fig. 1C). 
This result is consistent with involvement of BAG3 with cell 
proliferation and/or cell survival even under culture conditions 
without exogenous cytotoxic stimulation (e.g., heat or oxidative 
stress).

Cell cycle distribution in BAG3 KO HeLa cell clones. 
Established BAG3 KO HeLa cell clones showed decreased 
numbers of viable cells, indicating that BAG3 deletion led to cell 
cycle delay and/or cell death. To examine the effect of BAG3 on 
cell cycle progression and cell survival during cell culture, we 
performed cell cycle analysis using flow cytometry. Cell cycle 
analysis revealed that the populations of cells in Sub G1 and 
G2/M phase were increased in both BAG3 KO clones (Fig. 2), 
indicating that BAG3 is involved in both cell cycle progression 
and anti‑apoptosis under normal culture conditions in HeLa 
cells.

Global gene expression analysis in BAG3 KO HeLa cell clones. 
In order to analyze gene expression associated with BAG3, 
we performed microarray analysis in WT and two BAG3 KO 
HeLa cell clones. After normalization of obtained intensities 
using the MAS5.0 algorithm, we performed PCA on gene 
expression data. This revealed that the gene expression patterns 
in WT cells were markedly distinct from those in BAG3 KO 
cells (Fig. 3A). However, the gene expression pattern in clone 
KO1 was also distinct from that in KO2, which we assumed was 
due to normal/stochastic heterogeneity between isolated clones. 

Therefore, we attempted to identify common up‑ or downregu-
lated genes between two established clones to narrow down the 
potential BAG3‑target genes. Of the 54,675 probe sets analyzed, 
28,719 reliable probe sets were extracted using RefDIC data-
base, since the probes on this type of array include unreliable 
probes that were designed based on a classical database. Among 
them, 5,436 probe sets were defined as statistically significant 
based on one‑way ANOVA with post‑hoc Tukey HSD and 
Benjamini‑Hochberg procedure. Furthermore, we identified 
1,274 probe sets that were differentially expressed by a factor 
of 2.0 or greater in either WT cells or BAG3 KO clones. Among 
them, 102 and 284 probe sets were commonly up‑ or downregu-
lated in BAG3 KO clones, respectively (Fig. 3B).

Computational analysis of genes responsive to BAG3 deletion 
and gene network analysis. Venn diagrams of differentially 
expressed probes showed that 102 and 284 genes were up‑ and 
downregulated by BAG3 deletion, respectively. In the present 
study, we further performed a bioinformatics analysis to identify 
the molecular/cellular functions, and the genetic networks of 
differentially expressed genes, in order to elucidate the mecha-
nisms underlying cell death and cell cycle delay in response to 
BAG3 deletion. From the analysis of molecular and cellular 
function based on IPA knowledge base, we found that ‘cell death 
and cell survival’ and ‘cellular growth and proliferation’ were 
among the top five functions for up‑ and downregulated genes, 
respectively (Table I).

In order to elucidate the interactions between the up‑ or 
downregulated genes, we performed a gene network analysis. 
The analysis identified an upregulated gene network (Network 
up) containing 12 genes, including cyclin D1 (CCND1), matrix 
metalloproteinase 2 (MMP2), platelet derived growth factor C 
(PDGFC), runt‑related transcription factor 2 (RUNX2), peroxi-
some proliferator‑activated receptor γ (PPARG) and coagulation 
factor II thrombin receptor (F2R) (Fig. 4A and Table II). The 
downregulated gene network (Network down) contained 

Figure 2. Cell cycle analysis of BAG3 KO HeLa cell clones. Distribution of cells in the (A) SubG1, (B) G0/G1, (C) S and (D) G2/M phases in BAG3 WT Hela 
cells and BAG3 KO HeLa cell clones. Data are presented as the mean ± standard deviation (n=3). *P<0.05, **P<0.01. KO, knockout; WT, wild‑type; BAG3, 
Bcl‑2‑associated athanogene.



MOLECULAR MEDICINE REPORTS  18:  4138-4146,  20184142

15 genes, including TIMP metallopeptidase inhibitor 3 (TIMP3), 
Krupper like factor 4 (KLF4), epithelial cell adhesion molecule 
(EPCAM), erb‑b2 receptor tyrosine kinase 4 (ERBB4), and 
bone morphogenetic protein 2 (BMP2) (Fig. 4B and Table II). 
Among them, BAG3 has already been reported to interact with 
MMP2 and PDGFC (6,21), but not with other genes. In addi-
tion, the BioGRID database, a depository of interaction datasets 
including the results of recent interactome analyses, also did not 
report interaction between BAG3 and the genes in the networks 

we identified, other than MMP2 and PDGFC, suggesting that 
the expression changes of most transcripts identified here may 
have been independent of BAG3 interaction with proteins coded 
by these genes.

Discussion

The DNA microarray has been a standard technology for 
elucidating genome‑wide gene expression signatures in life 

Table I. Top five molecular and cellular functions in up‑ and downregulated genes.

A, Upregulated

Molecular and cellular function	 P‑value	 Numbers of molecules

Cell morphology	 1.45E‑02‑3.31E‑08	 71
Cellular development	 1.45E‑02‑4.67E‑06	 70
Cellular growth and proliferation	 1.29E‑02‑4.67E‑06	 55
Cellular assembly and organization	 1.23E‑02‑4.81E‑06	 44
Cellular function and maintenance	 1.29E‑02‑4.81E‑06	 47

B, Downregulated

Molecular and cellular function	 P‑value	 Numbers of molecules

Cell‑to‑cell signaling and interaction	 1.25E‑02‑2.12E‑07	 22
Cellular movement	 1.16E‑02‑9.03E‑07	 27
Cell death and survival	 1.25E‑02‑4.49E‑06	 30
Cell morphology	 1.25E‑02‑2.97E‑05	 21
Cellular development	 1.21E‑02‑4.05E‑05	 31

Figure 3. Microarray‑based global gene expression analysis of BAG3 KO HeLa cell clones. (A) PCA on the comprehensive gene expression analysis data. 
PCA was performed using Gene Spring Software. (B) Venn‑diagrams of 2.0‑fold up‑ or downregulated genes in the two established BAG3 KO clones. PCA, 
principal component analysis; KO, knockout; BAG3, Bcl‑2‑associated athanogene.
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science research fields. In this study, we addressed the role of 
BAG3 in gene transcription by combining transcriptome and 
computational analysis in two stable BAG3 KO HeLa cell clones. 
Currently, more than 400 BAG3 partner proteins are listed in 
public and commercial databases. Among them, we identified 
MMP2 and PDGFC as transcriptionally upregulated by BAG3 
deletion. MMP2 is known to contribute to tumor cell apoptosis, 
probably through the degradation of poly (ADP‑ribose) 
polymerase, which repairs DNA single‑strand breaks (27,28). 
In contrast, PDGFC shows anti‑apoptotic effect and promotes 
cell proliferation (29,30). These genes seem to compete with 
each other at the level of transcription and probably also at the 

post‑translational level by interacting with BAG3. Interestingly, 
only these two genes were identified as BAG3‑related genes in 
our gene networks. It is possible that the upregulation of MMP2 
and PDGFC transcripts resulted from destabilization of MMP2 
and PDGFC (negative feedback through protein degradation) 
in the absence of BAG3. Also of note, we found that the 
transcription factors RUNX2 and PPARG, not previously 
reported to interact with BAG3, were markedly upregulated by 
BAG3 deletion in two BAG3 KO clones established in this study. 
RUNX2 was reported to be involved in cell proliferation under 
normal conditions as well as cell survival under conditions 
of stress (31,32). PPARG was overexpressed in cancer but its 

Table II. Genes in two identified genetic networks.

A, Upregulated (network up)

	 Fold change (vs. WT)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene symbol	 KO1 	 KO2	 Gene title

MMP2	 3.41 	 5.28 	 Matrix metallopeptidase 2
SCG5	 7.03 	 5.12 	 Secretogranin V
F2R	 2.93 	 3.29 	 Coagulation factor II thrombin receptor
NOV	 2.47 	 6.06 	 Nephroblastoma overexpressed
PTHLH	 3.85 	 2.68 	 Parathyroid hormone like hormone
IL11	 3.00 	 3.76 	 Interleukin 11
PPARG	 2.97 	 3.02 	 Peroxisome proliferator activated receptor γ
CCND1	 5.87 	 5.00 	 Cyclin D1
MEF2C	 2.20 	 2.55 	 Myocyte enhancer factor 2C
PDGFC	 4.09 	 2.58 	 Platelet derived growth factor C
GNG2	 3.48 	 3.03 	 G protein subunit γ 2
RUNX2	 14.4 	 6.96 	 Runt related transcription factor 2

B, Downregulated (network down)

	 Fold change (vs. WT)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene symbol	 KO1 	 KO2	 Gene title

TIMP3	 0.49 	 0.28 	 TIMP metallopeptidase inhibitor 3
EGR1	 0.11 	 0.32 	 Early growth response 1
EPCAM	 0.07 	 0.16 	 Epithelial cell adhesion molecule
CRABP2	 0.09 	 0.27 	 Cellular retinoic acid binding protein 2
HPGD	 0.10 	 0.26 	 15‑hydroxyprostaglandin dehydrogenase
AREG	 0.22 	 0.43 	 Amphiregulin
BMP2	 0.18 	 0.45 	 Bone morphogenetic protein 2
NR4A3	 0.15 	 0.35 	 Nuclear receptor subfamily 4 group A member 3
UCP2	 0.27 	 0.32 	 Uncoupling protein 2
DCN	 0.30 	 0.20 	 Decorin
CCNE2	 0.49 	 0.46 	 Cyclin E2
ERBB4	 0.18 	 0.26 	 Erb‑b2 receptor tyrosine kinase 4
CCL2	 0.24 	 0.16 	 C‑C motif chemokine ligand 2
KLF4	 0.44 	 0.49 	 Kruppel like factor 4
HEY1	 0.20 	 0.45 	 Hes related family bHLH transcription factor with YRPW motif 1

WT, wild‑type; KO, knockout.
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excessive activation led to growth inhibition and apoptosis (33). 
Neither transcription factor has yet been reported to interact 
with BAG3, but both are known to enhance the expression 
of MMP2, indicating that BAG3 may be indirectly involved 
in RUNX2‑ and PPARG‑dependent transcription of MMP2. 
BAG3 deletion also upregulated expression of CCND1, known 
to be a downstream target of RUNX2 and PPARG (34,35). 
CCND1 is well known as a G1 cyclin, and degradation of this 
protein results in G1 arrest. However, overexpression of CCND1 
perturbs normal replication and induces DNA damage (36), 
resulting in apoptotic cell death. Parathyroid hormone like 
hormone (PTHLH) is positive regulator of CCND1 transcription 
through RhoA/ROCK signaling (37). F2R is also known to 
promote CCND1 expression through the transcription factor 
c‑Fos (38). Nephroblastoma overexpressed (NOV) inhibits cell 
proliferation when overexpressed in Ewing's sarcoma cells (39). 
It is conceivable that BAG3 indirectly suppresses transcription 
of the genes in the Network up to promote cell cycle progression 
and cell survival in HeLa cells.

In contrast to genes identified in the Network up, some genes 
were downregulated by BAG3 deletion. Among downregu-
lated genes, ERBB4, TIMP3, KLF4, and BMP2 were located 
in the central region of the Network down. ERBB4 encodes 

HER4, a tyrosine kinase receptor belonging to the epidermal 
growth factor receptor family. ERBB4 is overexpressed in 
Ewing's sarcoma cells and activates the PI3K‑Akt cascade, 
resulting in the promotion of cell growth and survival (40). In 
addition, ERBB4 is known to enhance the expression of down-
stream molecules such as early growth response 1 (EGR1) and 
TIMP3 (41). EGR1 is a transcription factor that plays a critical 
role in cell growth and survival (42,43). TIMP3 acts as a tissue 
inhibitor of MMP2 (44). Thus, downregulation of ERBB4 and 
TIMP3 may lead to the activation of overexpressed MMP2 in 
BAG3 KO HeLa cells. TIMP3 also regulates the expression 
of KLF4. KLF4 is a transcription factor linked to tumor cell 
growth by a study showing that its downregulation inhibits the 
proliferation of cancer cells (45). Mutation of KLF4 leads to a 
decrease in the level of EPCAM (46), high expression of which 
in gastric cancer is linked to proliferation (47). BMP2 inhibits 
apoptosis through the activation of BMP receptor 2  (48). 
Furthermore, BMP2 was reported to upregulate expression of 
TIMP3 and KLF4 (49). The BMP2‑TIMP3 and BMP2‑KLF4 
signaling axes may also contribute to proliferation and cell 
survival through BAG3‑dependent transcription.

In this study, we identified two BAG3‑dependent genetic 
networks associated with cellular growth and proliferation as 

Figure 4. Genetic networks of genes up‑ or downregulated by BAG3 deletion in HeLa cell clones. (A) A genetic network of genes upregulated in BAG3 
knockout HeLa cell clones (Network up). (B) A genetic network of genes dominantly expressed in wild‑type HeLa cells. The network is represented graphically 
with nodes (genes) and edges (the biological associations between the nodes). BAG3, Bcl‑2‑associated athanogene.
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well as cell death and survival. These findings will provide a 
molecular basis for understanding BAG3‑dependent transcrip-
tional regulation of genes in cancer cells. Further investigation 
is needed to identify the BAG3‑binding, up‑stream transcrip-
tional regulators of the genes listed in the genetic networks we 
identified.
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