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Abstract 

Background  Human epidermal growth factor receptor 2-positive (HER2+) breast cancer (BC), which accounts 
for approximately one-fifth of all BCs, are highly invasive with a high rate of recurrence and a poor prognosis. Several 
studies have shown that growth factor receptor-bound protein 7 (GRB7) might be a potential therapeutic target 
for tumor diagnosis and prognosis. Nevertheless, the role of GRB7 in HER2+ BC and its underlying mechanisms have 
not been fully elucidated. The aim of this study was to investigate the biological function and regulatory mechanism 
of GRB7 in HER2+ BC.

Methods  Bioinformatics analysis was performed using the TCGA, GEO and CancerSEA databases to evaluate the clini-
cal significance of GRB7. RT quantitative PCR, western blot and immunofluorescence were conducted to assess 
the expression of GRB7 in BC cell lines and tissues. MTT, EdU, colony formation, wound healing, transwell, and xeno-
graft assays were adopted to explore the biological function of GRB7 in HER2+ BC. RNA sequencing was performed 
to analyze the signaling pathways associated with GRB7 in SK-BR-3 cells after the cells were transfected with GRB7 
siRNA. Chromatin immunoprecipitation analysis (ChIP) and luciferase reporter assay were employed to elucidate 
the potential molecular regulatory mechanisms of GRB7 in HER2+ BC.

Results  GRB7 was markedly upregulated and associated with poor prognosis in BC, especially in HER2+ BC. Overex-
pression of GRB7 increased the proliferation, migration, invasion, and colony formation of HER2+ BC cells, while deple-
tion of GRB7 had the opposite effects in HER2+ BC cells and inhibited xenograft growth. ChIP-PCR and luciferase 
reporter assay revealed that TCF12 directly bound to the promoter of the GRB7 gene to promote its transcription. 
GRB7 facilitated HER2+ BC epithelial-mesenchymal transition (EMT) progression by interacting with Notch1 to acti-
vate Wnt/β-catenin pathways and other signaling (i.e., AKT, ERK). Moreover, forced GRB7 overexpression activated 
Wnt/β-catenin to promote EMT progression, and partially rescued the inhibition of HER2+ BC proliferation, migration 
and invasion induced by TCF12 silencing.

Conclusions  Our work elucidates the oncogenic role of GRB7 in HER2+ BC, which could serve as a prognostic indica-
tor and promising therapeutic target.
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Introduction
Breast cancer (BC) has become the most common malig-
nant tumor worldwide due to the large number of new 
cases and high mortality rate [1]. BC is mainly divided 
into four subtypes by characterization of gene mutations 
and protein expression of estrogen receptor (ER), proges-
terone receptor (PR) and human epidermal growth factor 
receptor 2 (HER2): luminal A, luminal B, HER2-posi-
tive (HER2+) and triple-negative breast cancer (TNBC) 
[2]. HER2+ BC accounts for approximately 15% to 20% 
of all BCs and is characterized by poor differentiation, 
high aggressiveness and poor prognosis. Current treat-
ment for HER2+ BC is mainly based on chemotherapeu-
tic agents and targeted therapy [3]. However, more than 
30% of patients with recurrent metastatic HER2+ BC still 
present with brain, lung, or bone metastases after early 
initial treatment [4]. Therefore, exploring the molecu-
lar targets and mechanisms associated with metastatic 
progression could contribute to more comprehensive 
development of HER2+ BC-targeted therapies and better 
clinical outcomes.

Growth factor receptor-bound protein 7 (GRB7) is a 
member of the GRB family, which is an important fam-
ily of signal transduction proteins involved in cell prolif-
eration, differentiation, survival and migration [5]. GRB7 
comprises 554 amino acids and contains an N-terminal 
Src homology structural domain (SH2) and a C-terminal 
Src homology structural domain (SH3) [6]. These two 
structural domains enable GRB7 to interact with a diverse 
range of signal transduction proteins, thereby regulating 
cellular signaling pathways. It is known that GRB7 over-
expression is associated with the development and drug 
resistance of several tumors, including gastric, ovarian, 
cervical and BC, and significantly affects prognosis [7–
9]. Mechanistically, GRB7 regulates biological processes 
such as cell proliferation, migration and transformation 
by participating in signaling pathways containing EGFR, 
HER2, and PI3K/AKT in tumor cells [10–12]. It is sug-
gested that GRB7 might be a potential therapeutic target 
for the diagnosis and prognosis of tumors. However, the 
malignant process and mechanism of action of GRB7 in 
HER2+ BC are still unclear.

The precise regulation of gene expression is closely 
related to the development of organisms and the mainte-
nance of various physiological functions of cells, whereas 
disorders of gene expression affect many physiological 
and pathological processes [13, 14]. Transcription fac-
tors (TFs), accounting for approximately 8% of all human 
genes, are proteins that recognize and bind DNA in a 
sequence-specific manner and regulate transcription to 
form complex systems that direct genome expression 
[15]. Transcription factor 12 (TCF12) is the basic helix-
loop-helix (bHLH) E-protein family member, which can 

form homodimers or heterodimers with other family 
members to regulate cellular development and differen-
tiation in a wide variety of tissues, such as skeletal mus-
cle, neurons, mesenchymal tissues and lymphocytes [16, 
17]. Recently, TCF12 has been shown to function as an 
oncogene in tumor progression. For example, TCF12 
promoted tumorigenesis and metastasis in hepatocel-
lular carcinoma (HCC) through upregulation of C-X-C 
chemokine receptor type 4 (CXCR4) expression [18]. 
Moreover, TCF12 regulates RNA-binding protein DExH-
box helicase 9 (DHX9) signaling to promote glioma 
growth and tumor-associated macrophage (ATM) infil-
tration [19, 20]. In addition, TCF12 significantly affects 
chemoresistance in BC through epithelial-mesenchymal 
transition (EMT) progression or autophagy injury [21]. 
However, the action of TCF12 in HER2+ BC and its 
molecular mechanisms have not been reported until now.

Here, we identified that GRB7 expression is upregu-
lated in HER2+ BC and is inversely associated with the 
prognosis of the patients. We further revealed that GRB7 
is transcriptionally upregulated by TCF12, and promotes 
the proliferation, migration and invasion of HER2+ BC 
cells via activating Notch signaling. Our study suggests 
that GRB7 is a promising target for the development of 
alternative therapeutic strategies for the treatment of 
HER2+ BC patients.

Material and methods
Bioinformatics data analysis
GRB7 expression in different cancers and BC subtypes 
was analyzed by UALCAN (https://​ualcan.​path.​uab.​edu/) 
and TIMER (https://​cistr​ome.​shiny​apps.​io/​timer/). We 
downloaded GRB7 expression data for human HER2+ BC 
and non-HER2+ BC or normal tissue samples from the 
Gene Expression Omnibus database (GEO, https://​www.​
ncbi.​nlm.​nih.​gov/​geo/) and The Cancer Genome Atlas 
(TCGA, https://​cance​rgeno.​me.​nih.​gov/). BC patient 
prognosis was analyzed by Kaplan‒Meier Plotter (https://​
kmplot.​com/​analy​sis/). CancerSEA was used to analyze 
the biological function of GRB7. The cistrome was used 
to predict potential transcription factors. TIMER was 
used to analyze the correlation between genes.

Cell lines and culture
All human BC cell lines including ER+ BC cell lines 
MCF7  and T47D, HER2+ BC cell lines SK-BR-3, MDA-
MB-453, and TNBC cell lines MDA-MB-231 and MDA-
MB-468 and the immortalized mammary epithelial cell 
line MCF10A were purchased from the American Type 
Culture Collection (ATCC) (Manassas, VA, USA). These 
cell lines were authenticated by short tandem repeat 
(STR) profiling and tested for mycoplasma contamina-
tion. Cells were cultured in DMEM, RPMI-1640, L15 or 

https://ualcan.path.uab.edu/
https://cistrome.shinyapps.io/timer/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://cancergeno.me.nih.gov/
https://kmplot.com/analysis/
https://kmplot.com/analysis/
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Ham’s F-12 medium (Gibco, USA) supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin (Procell, 
Wuhan, China), and streptomycin at 37  °C in a 5% CO2 
humidified atmosphere.

RNA and plasmid transfection
For transient transfection, the indicated small interfering 
RNAs (siRNAs) (100  pM) or plasmid DNA (5  μg) were 
introduced into cells in the presence of Lipo8000 (Beyo-
time, Shanghai, China) and Opti-MEM (Gibco, USA) 
for 48  h according to the manufacturer’s instructions. 
Plasmids for GRB7 and TCF12 were from Sino Biologi-
cal Co., Ltd. (Beijing, China). The siRNAs for GRB7 and 
TCF12 were obtained from Tsingke Co., Ltd. (Beijing, 
China). The following GRB7 and TCF12 siRNAs were 
used: siGRB7#1, sense, 5′- CAG​AUG​UGA​ACG​AGU​
CCA​ATT-3′, antisense, 5′- UUG​GAC​UCG​UUC​ACA​
UCU​GTT-3′; siGRB7#2, sense, 5′- GGG​UGC​AGC​UGU​
ACA​AGA​ATT-3′, antisense, 5′- UUC​UUG​UAC​AGC​
UGC​ACC​CTT-3′; siGRB7#3, sense, 5′- GGU​UCA​GGA​
CGG​AAG​CUU​UTT-3′, antisense, 5′- AAA​GCU​UCC​
GUC​CUG​AAC​CTT-3′; siTCF12#1, sense, 5′- CAU​UCA​
GUC​CUG​UCU​AGU​ATT-3′, antisense, 5′- UAC​UAG​
GAC​UGA​AUGTT-3′; siTCF12#2, sense, 5′- CCG​UGA​
AUC​UCC​UAG​UUA​UTT-3′, antisense, 5′- AUA​ACU​
AGG​AGA​UUC​ACG​GTT-3′. Unless otherwise stated, 
a cocktail of GRB7 siRNA and TCF12 siRNA was used 
separately in each of the following experiments.

RT‒qPCR
Total RNA was extracted from cells using TRIzol reagent 
(Invitrogen, Waltham, United States) and subjected to 
reverse transcription in the presence of PrimeScript RT 
Master Mix (Takara, Japan). Quantitative PCR was per-
formed using SYBR Green reagent, and β-Actin was used 
as the internal control. The sequences of primers used are 
shown in Table 1.

Western blot analysis and immunoprecipitation
The cells were harvested and lysed in RIPA lysis buffer 
containing protease inhibitor cocktail (Beyotime, Shang-
hai China). Protein samples (30  μg) were separated by 
8%–12% SDS‒PAGE and transferred to PVDF mem-
branes for immunoblotting overnight at 4  °C with pri-
mary anti-GRB7 (1:1000, Proteintech, 10045-1-Ig), 
N-Cadherin (1:3000, Proteintech, 22018-1-AP), E-Cad-
herin (1:10,000, Proteintech, 20874-1-AP), Vimentin 
(1:5000, Proteintech, 10366-1-AP), Slug (1:1000, Protein-
tech, 12129-1-AP), Snail (1:500, Proteintech, 13099-1-
AP), β-Actin (1:5000, Santa, sc-56459), and anti-TCF12 
(#78,), Notch1 (#3608), Jagged1 (#70109), β-catenin 
(#8480), MMP2 (#40994), p-AKT (#4060), AKT (#4691), 
ERK1/2 (#9102) antibodies (all from Cell Signaling 

Technology) with 1:1000 dilution, followed by incuba-
tion with secondary antibody (1:5000, ZSBio, ZB-2301 
and ZB-5305) for 2 h at room temperature. Protein bands 
were visualized with a chemiluminescence imaging sys-
tem (Tanon, Shanghai, China) using ECL substrate. For 
immunoprecipitation, cell lysates were incubated with 
S-protein agarose or primary antibodies plus protein 
A/G agarose (Beyotime, Shanghai, China) and were then 
analyzed by western blot.

MTT and EdU assays
3-(4,5)-Dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoli-
umromide (MTT) and 5‑ethynyl‑2′‑deoxyuridine (EdU) 
assays (Beyotime, Shanghai, China) were used to detect 
cell proliferation. For MTT assay, 2000–3000 cells were 
inoculated in 96-well plates, and 10 μL MTT solution 
was added at 24, 48, 72, 96, and 120  h after treatments 
as indicated. The absorbance was measured at 570  nm 
by a multiscan spectrophotometer. For EdU assay, 48  h 
after transfection, SK-BR-3 and MDA-MB-453 cells were 
incubated in the manufacturer’s recommended final con-
centration of 10 μM EdU solution for 2 h. Next, the cells 
were reacted with a fluorescent dye mixture, and images 
were acquired by fluorescence microscopy. Cell colony 
formation ability was assessed as described previously 
[22].

Wound healing assay
For the wound healing assay, after cells were inoculated in 
6-well plates and grown to 90% confluence, the cell layer 
was scraped with a 20 µL pipette tip, and a wound was 
formed. Images were obtained by electron microscopy 

Table 1  Sequences of the primers used in this study

GRB7 Growth factor receptor-bound protein 7, MMP2 Matrix metalloproteinase 
2, TCF12 Transcription factor 12

Primer Direction Sequences

GRB7 Forward 5’-CGG​GAC​ACC​CTC​CTACC-3’

Reverse 5’-TGG​CGT​CTG​AGC​AAG​AGA​-3’

E-Cadherin Forward 5’-GGG​GTT​AAG​CAC​AAC​AGC​AA-3’

Reverse 5’-CAA​AAT​CCA​AGC​CCG​TGG​TG-3’

N-Cadherin Forward 5’-ATG​GGA​AAT​GGA​AAC​TTG​ATGGC-3’

Reverse 5’-CAG​TTG​CTA​AAC​TTC​ACT​GAA​AGG​-3’

MMP2 Forward 5’-ATG​TTA​GGC​AAG​TGA​CTT​CTC​AGT​-3’

Reverse 5’-AGG​TGT​TCA​GGT​ATT​GCA​TGT-3’

Slug Forward 5’-CGA​ACT​GGA​CAC​ACA​TAC​AGT​GAT​-3’

Reverse 5’-CAC​ACA​GTG​ATG​GGG​CTG​TA-3’

TCF12 Forward 5’-CCA​GCA​GTT​CAC​CTT​ACG​TTGC-3’

Reverse 5’-GCC​TTT​CCA​AGT​GCA​TCA​CCTG-3’

β-Actin Forward 5’-CCT​GGC​ACC​CAG​CAC​AAT​-3’

Reverse 5’-GGG​CCG​GAC​TCG​TCA​TAC​-3’
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at the indicated time intervals, and wound closure rates 
were assessed using ImageJ software.

Migration and invasion assays
Cell migration and invasive activity were assessed by 
transwell plates with or without extracellular intersti-
tial gel coating, respectively. Briefly, the cells were des-
ignated treated and placed in FBS-free medium in the 
upper chamber, and fresh medium containing 10% FBS as 
a chemoattractant was placed in the lower chamber. The 
cells were incubated under the corresponding culture 
conditions for 48 h, fixed with 4% paraformaldehyde, and 
stained with 0.1% crystal violet. The membranes were 
further washed and scored for cell number after drying.

ChIP assay
ChIP analysis was performed using a chromatin immu-
noprecipitation kit (Cell Signaling Technology, USA) 
according to the manufacturer’s instructions as previ-
ously reported [23]. Briefly, SK-BR-3 cells were soaked 
in 1% formaldehyde for 15  min and then incubated in 
glycine for 5 min; cells that had been washed in PBS and 
incubated with protease inhibitors were collected and 
sonicated to produce genomic DNA fragments of approx-
imately 200 to 500 bp in length. Chromatin extracts were 
immunoprecipitated using an anti-TCF12 antibody (1:50, 
Cell Signaling Technology, #78245) at 4 °C. IgG was used 
as a negative control.

Luciferase reporter assay
Wild-type and mutant promoter binding region 
sequences were inserted into the luciferase system. In 
96-well plates, the indicated cells were transfected using 
Lipo8000 with reporter vectors with knockdown or over-
expression of GRB7 and TCF12 for 48 h. The luciferase 
reporter gene assay was performed using the Dual Lucif-
erase Reporter Assay System (Promega Corporation, 
Madison, WI, USA).

Animal experiments and treatments
Female NOD/scid-IL-2Rgamma(c)(null) (NSG) mice 
aged 4–5  weeks were obtained from Shanghai Model 
Organisms Center, Lnc (Shanghai, China) and main-
tained in a well-ventilated animal transit room with a 
12  h light/dark cycle, relative humidity of 60 ± 10%, and 
a controlled temperature of 22  °C. An orthotopic xeno-
graft model was established in NSG mice by implanting 
MDA-MB-453 cells (5 × 107 cells/60 μL) mixed with 20 
μL Matrigel into the mammary fat pad. Ten days later, the 
size of the xenograft tumor was measured every 2  days 
with a caliper. Tumor volume was calculated using the 
following formula: length × width2/2. After the xeno-
graft tumors grew to an appropriate volume, the nude 

mice were randomly divided into groups. As previously 
described [24], in vivo processing with siRNA in a mouse 
model was used to explore effects of GRB7 knockdown 
in  vivo. Specifically, cholesterol-modified siRNA target-
ing GRB7 or negative control (Tsingke, 5  nmol/kg) was 
dissolved in 25 μL sterile physiological saline, mixed 
with 5 μL in vivo transfection reagent (Engreen, Beijing, 
China) and then injected into the tumor every 2 days for 
2–3 weeks. For in vivo rescue assays, a cholesterol-mod-
ified siRNA targeting TCF12 combined with lentivirus 
containing GRB7 or pCDH was injected into tumor-
bearing NSG mice. The lentivirus containing GRB7 with 
a virus titer of 108/UI was injected into the tumor mass 
once every 5  days for 3  weeks. Animals were sacrificed 
with 3% sodium pentobarbital at an appropriate time, 
and then the orthotopic grafts were exfoliated for follow-
up examination. Protocols for animal use were reviewed 
and approved by the Animal Care and Use Committee of 
Chongqing Medical University in accordance with Insti-
tutional Animal Care and Use Committee guidelines.

Immunofluorescence (IF) and immunohistochemical (IHC) 
staining
A tissue microarray containing 159 BC pathological sam-
ples and normal breast tissue samples was provided by 
Shanghai Outdo Biotech Co., LTD. Immunofluorescence 
analysis was performed as described previously [25]. 
For IHC staining, all xenograft tumor specimens were 
immersed in formalin. Before staining, tissues were cut 
to 5  μm thickness and placed on slides. Sections were 
deparaffinized in xylene and graded alcohols and boiled 
in sodium citrate buffer (pH 6.0) for antigen recovery, fol-
lowed by blocking endogenous peroxidase activity with 
3% hydrogen peroxide. Treated sections were incubated 
with anti-GRB7 (1:200, Proteintech, 10045-1-Ig), anti-N-
cadherin (1:5000, Proteintech, 22018-1-AP), anti-E-cad-
herin (1:5000, Proteintech, 20874-1-AP), anti-vimentin 
(1:5000, Proteintech, 10366-1-AP), anti-slug (1:500, Pro-
teintech, 12129-1-AP), and anti-Ki67 (1:5000, Protein-
tech, 27309-1-AP) antibodies at 4 °C overnight. Next, the 
sections were incubated with biotinylated goat anti-rab-
bit IgG secondary antibody for 30 min at room tempera-
ture and visualized with a 3,5-diaminobenzidine (DAB) 
substrate kit, and microscopy images were produced by 
light microscopy.

Statistical analysis
All experiments were conducted in triplicate. All of the 
data were analyzed by GraphPad Prism v.9.0 and are pre-
sented as the mean ± standard deviation (SD). Differences 
between the indicated groups were calculated using Stu-
dent’s t test or ANOVA. p < 0.05 was considered statisti-
cally significant.
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Results
GRB7 expression is upregulated and inversely associated 
with the prognosis in BC, especially in HER2+ BC
We first compared mRNA levels of GRB7 between dif-
ferent types of tumors and their corresponding normal 
tissues using the TIMER2 database. The results showed 
that GRB7 expression was significantly upregulated in 
some tumors, including BC (Figure S1A). Based on the 
TCGA database, our analysis revealed that the expres-
sion level of GRB7 was significantly higher in BC than 
in normal breast tissue (Fig. 1A and Figure S1B). Moreo-
ver, the results from 33 BC cases paired with normal tis-
sues showed that GRB7 expression was also significantly 
upregulated in BC tissues compared with the paired nor-
mal tissues (Fig.  1B). We further evaluated the associa-
tion of GRB7 expression with clinicopathologic features 
and found that GRB7 expression was higher in stage 
II and III patients, as well as in patients with BC aged 
21–80  years (Figure S1C-D). Furthermore, BC patients 
with high GRB7 expression showed a worse prognosis 
(Fig. 1C). To comprehend the potential role of GRB7 in 
the chemotherapy response in BC patients, we retrieved 
the trend of GRB7 by ROC Plotter. The results showed 
that the expression of GRB7 was significantly upregulated 
in non-responders compared with responders to chemo-
therapy, with a 5-year predictive AUC of 0.562 (Figure 
S1E-F). These results suggested that GRB7 is closely asso-
ciated with BC, and the chemotherapy resistance.

BC is a highly heterogeneous disease in terms of his-
tological, epidemiological and molecular characteristics. 
Therefore, we analyzed GRB7 expression levels accord-
ing to the molecular type of BC. The results showed 
that both mRNA and protein levels of GRB7 were sig-
nificantly increased in HER2+ BC tissues compared 
with normal tissues, luminal A/B BC and TNBC sub-
types (Fig. 1D-E). Notably, GRB7 was among the top 25 
overexpressed genes in HER2+ BC (Fig.  1F). Then, we 
explored HER2+ highly expressed genes using data pub-
lished in GEO, which contained GRB7 (Fig. 1G). The high 
expression level of GRB7 was confirmed by analyzing 
9 other microarray datasets (Fig.  1H and Figure S2), all 
of which confirmed the high expression level of GRB7. 
Meanwhile, immunofluorescence revealed higher levels 
of GRB7 protein expression in HER2+ BC than in nor-
mal human breast tissue (Fig. 1I). Kaplan‒Meier survival 
curves showed that high GRB7 expression was associated 
with significant reductions in overall survival (OS) and 
disease-free survival (DFS) (Fig.  1J). Next, we detected 
the expression of GRB7 in different BC cell lines and 
normal human BC cell lines by RT‒qPCR and western 
blot. Compared with other cell lines, GRB7 mRNA and 
protein expression levels were higher in HER2+ cell line 

SK-BR3 and MDA-MB-453 cells than other types of BC 
cell lines (Fig. 1K).

GRB7 is critical for the viability of HER2+ BC cells
To explore the GRB7 biological function in HER2+ BC, 
we first analyzed the genes co-expressed with GRB7 by 
KEGG pathway enrichment, and found that these co-
expressed genes were widely enriched in signaling for 
cell growth and adhesion (Figure S3A). In addition, we 
found that GRB7 is associated with the cell cycle, EMT, 
and stemness in BC by single-cell databases (Figure S3B), 
as confirmed by several BC datasets (Figure S3C). Fur-
ther analysis by GSEA showed that GRB7 expression was 
significantly correlated with the cell cycle and apoptosis 
(Figure S3D). We evaluated the in vitro and in vivo effects 
of GRB7 knockdown or overexpression in HER2+ BC 
cells. To this end, GRB7 siRNA or negative control (NC) 
siRNA, or GRB7 plasmids or vector control were trans-
fected into SK-BR-3 and MDA-MB-453 cells, and the 
transfection efficiency was validated by RT‒qPCR and 
western blot analysis (Fig.  2A, B). MTT assays showed 
that knockdown of GRB7 in SK-BR-3 and MDA-MB-453 
cells significantly decreased cell viability, while GRB7 
overexpression promoted cell proliferation (Fig.  2C). 
Knockdown of GRB7 resulted in a significant decrease 
in cell colony forming ability, while GRB7 overexpression 
enhanced colony formation (Fig. 2D). EdU assay further 
confirmed that depletion of GRB7 inhibited HER2+ BC 
cell proliferation, while overexpression of GRB7 pro-
moted cell proliferation (Fig.  2E). Correspondingly, we 
constructed an orthotopic xenograft model of MDA-
MB-453 cells to probe GRB7 effect in HER2+ BC. As 
shown in Fig. 2F-H, the tumor volume and weight were 
significantly lower in the mice with GRB7 knockdown 
than those in the control group of mice. Furthermore, by 
IHC staining, the number of Ki67-positive cells was sig-
nificantly reduced in tumor tissue sections after knock-
down of GRB7 in xenograft tumors (Fig. 2I). Consistent 
results were also obtained with western blot analysis 
(Fig.  2J). These results suggest that the GRB7 is critical 
for viability of HER2+ BC cells.

GRB7 potentiates the migration and invasion of HER2+ BC 
cells
We then investigated the role of GRB7 in regulation 
of the migration and invasion of HER2+ BC cells. The 
wound healing assay results showed that knockdown of 
GRB7 expression significantly suppressed the cell migra-
tion, while overexpression of GRB7 enhanced the cell 
migration (Fig.  3A, B). In transwell assays, the number 
of migrating and invading cells was reduced after knock-
down of GRB7 in SK-BR-3 and MDA-MB-453, whereas 
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Fig. 1  GRB7 is overexpressed in HER2+ BC and associated with poor prognosis. A Expression of GRB7 in BC and normal breast tissue. B 
Expression of GRB7 in 33 pairs of BC tissues and normal adjacent tissues. C Kaplan‒Meier analysis of OS and DFS based on GRB7 expression in BC 
from the online Kaplan‒Meier plotter database. D, E GRB7 mRNA and protein expression in different subtypes of BC based on TCGA and CPTAC 
databases. F The top 25 differentially expressed genes between HER2+ BC and normal tissues were analyzed from the UALCAN database. G The 
Venn diagram shows the upregulated genes in HER2+ BC. H Expression of GRB7 in HER2+ samples from public microarray datasets (GSE86374, 
GSE1456 and GSE17907). I The results of immunofluorescence staining against GRB7 in clinical HER2+ BC samples. GRB7 protein is shown in green, 
and nuclei are shown in blue (stained with DAPI) (4× and 40x). J Kaplan‒Meier OS and DFS curves stratified by GRB7 expression in 120 patients 
with HER2+ BC. K Protein and mRNA expression of GRB7 in BC cell lines and MCF-10A cells. The relative quantification was calculated by the 2−ΔΔCt 
method and normalized based on β-actin. Nor, normal; Lum, luminal. Data are shown as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001
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the opposite was true for overexpression of GRB7 
(Fig. 3C, D). These results indicate that GRB7 potentiates 
the migration and invasion of HER2+ BC cells.

GRB7 promotes EMT of HER2+ BC cells
To explore the molecular mechanisms by which GRB7 
regulates HER2+ BC malignant progression, RNA-seq 
was used to probe potential targets and related signal-
ing pathways of GRB7 (Figure S4A). There was a total of 
862 differentially expressed genes (DEGs) in the GRB7 
knockdown group compared with the NC group, includ-
ing 285 upregulated genes (P < 0.05 and FC > 1) and 577 
downregulated genes (Figure S4B). These DEGs were 
further subjected to signal enrichment by GO, KEGG 
and protein network analysis (Figure S4C-E). Notably, 
the Wnt pathway was highly correlated in KEGG analy-
sis (Fig. 4A). The Wnt signaling pathway plays an impor-
tant role in embryonic development, tumorigenesis and 
metastasis, confirming that Wnt signaling can directly or 
indirectly induce the phenomenon of EMT in the early 
stage of tumor metastasis [26, 27]. we first confirmed 
the correlation of GRB7 with EMT-related proteins such 
as N-cadherin (CDH2), MMP2 and Slug (SNAI2) in 
HER2+ BC (Fig. 4B). We further examined the expression 
of EMT-related markers by western blot and RT‒qPCR 
after altering GRB7 expression. The results showed that 
depletion of GRB7 significantly decreased protein levels 
of N-cadherin, Vimentin, Snail, and Slug and increased 
E-cadherin expression levels in SK-BR-3 and MDA-
MB-453 cells, while overexpression of GRB7 had the 
opposite effect on those proteins (Fig.  4C and E), sug-
gesting that GRB7 regulates β-catenin/MMP2 signaling. 
The effects of knockdown or overexpression of GRB7 on 
mRNA levels of those molecules related to β-catenin/
MMP2 signaling were verified by RT-qPCR, and the 
results were consistent with the alterations in protein 
levels (Fig. 4D and F). Furthermore, EMT-associated pro-
teins were stained by IHC in orthotopic xenograft tumors 
of MDA-MB-453, and the results were consistent with 
those of western blot analysis (Fig.  4G). Together, these 
data suggest that GRB7 promotes EMT of HER2+ BC 
cells, thereby facilitating the migration and invasive 
capacity of tumor cells.

GRB7 promotes HER2+ BC via the Notch and other 
signaling
Notch signaling can lead to dysregulation and loss of 
control of cellular processes in proliferation, cell cycle 
inhibition, differentiation, and apoptosis, which results 
in transformation and malignancy, ultimately leading to 
the development of malignant tumors [28, 29]. Previous 
studies have shown that Notch signaling plays a crucial 
role in HER2+ BC [30, 31]. In the results of RNA-seq 
gene set enrichment analysis (GSEA) of SK-BR-3 cells 
with GRB7 knockdown, the altered genes were associ-
ated with gene sets of several signaling pathways (Figure 
S5A), especially the Notch signaling pathway (Fig.  5A). 
Notably, the expression level of GRB7 was strongly cor-
related with that of Notch1 (Fig. 5B). GRB7 and Notch1 
were found to interact by immunoprecipitation (IP) 
assay (Fig.  5C). In addition, knockdown of GRB7 in 
SKBR-3 and MDA-MB-453 cells significantly downregu-
lated the levels of Jagged1, p-AKT and ERK1/2 proteins 
(Fig. 5D). Conversely, overexpression of GRB7 increased 
the expression levels of these proteins (Fig. 5E). In addi-
tion, the expression levels of the related proteins in xeno-
grafts of MDA-MB-453 cells were verified (Fig. 5F), and 
the results were consistent with the in  vitro results. To 
clarify the role of Notch1 in GRB7-induced HER2+ BC 
progression, we applied a selective inhibitor of Notch 
signaling, FLI-06 (TargetMol, T3075, MA, USA), which 
prevents the early secretion of Notch signaling. Consist-
ent with the previous studies [32], FLI-06 downregulated 
Notch1 expression (Fig. 5G, H). As expected, FLI-06 sig-
nificantly impaired the proliferation, migration and inva-
sion induced by GRB7 overexpression in HER2+ BC cells 
(Fig. 5I–K).

TCF12 directly regulates GRB7 expression
TFs are involved in a great amount of human diseases, 
and dysregulation of TFs can lead to the development 
of cancer cells and tumor progression[33, 34]. We ana-
lyzed TFs from the Cistrome DB database that might 
regulate GRB7 expression (Fig.  6A). Based on the pre-
dicted results, the correlation between the top 10 TFs 
and GRB7 expression in HER2+ BC was further analyzed 
in the TIMER database (Figure S6). The results showed 

(See figure on next page.)
Fig. 2  GRB7 facilitates HER2+ cell survival and proliferation in vitro and in vivo. A RT‒qPCR was used to verify the efficiency of GRB7 
knockdown and overexpression in SK-BR-3 and MDA-MB-453 cells. B western blot was adopted to validate the efficiency of GRB7 knockdown 
and overexpression in SK-BR-3 and MDA-MB-453 cells. The cell survival or proliferation of SK-BR-3 and MDA-MB-453 cells transfected with GRB7 
siRNAs or GRB7 plasmid was detected by C MTT assay, D colony-forming ability, and E EdU assays. Data are shown as the mean ± SD, N ≥ 3. F 
siGRB7 was administered for 18 days, and tumor volume was measured with a sliding caliper every 2 days (n = 4). G Images of dissected orthotopic 
xenografted tumors (n = 4). H Tumor weights were measured after mouse sacrifice (n = 4). I Representative images of GRB7 and Ki67 expression 
evaluated by IHC in xenografted tumor tissues. J Western blot was used to detect the protein expression level of GRB7 in xenografts. Three different 
visual fields were randomly selected for each slice. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2  (See legend on previous page.)
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that TCF12 was most correlated with GRB7 expression 
(Fig.  6B). We then performed bioinformatics to analyze 
the TCF12-binding motifs and found that the GRB7 pro-
moter contains four binding motifs in a relatively con-
centrated and overlapping region (Fig.  6C). To confirm 

TCF12 binding to the GRB7 promoter region, we per-
formed ChIP-PCR in SK-BR-3 cells. The result showed 
that the fragment 1 (nt-304 to nt-294) and fragment 6 
(nt-1211 to nt-1201) of the GRB7 promoter was enriched 
by anti-TCF12 (Fig. 6D-E), indicating that TCF12 bound 

Fig. 3  GRB7 promotes HER2+ cell migration and invasion in vitro. A, B The migration of SK-BR-3 and MDA-MB-453 cells was assessed by wound 
healing assays at 0 h, 24 h and 48 h after knockdown or overexpression of GRB7. C, D Representative images of migration and invasion of GRB7 
knockdown or overexpression SK-BR-3 and MDA-MB-453 cells. Data are shown as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4  GRB7 enhances EMT progression and promotes related protein expression. A GSEA enrichment analysis after knockdown of GRB7. B 
Correlation analysis of GRB7 with N-cadherin (CDH2), MMP2 and Slug (SNAI2) in HER2+ BC from the TIMER database. C, D Western blot and RT‒
qPCR were used to detect the protein and mRNA levels of EMT biomarkers in SK-BR-3 and MDA-MB-453 cells following GRB7 knockdown. 
E, F Western blot and RT‒qPCR were used to detect the protein and mRNA levels of EMT biomarkers in SK-BR-3 and MDA-MB-453 cells 
following GRB7 overexpression. G Representative images of EMT biomarker expression evaluated by IHC in xenograft tumor tissues. Data are shown 
as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001
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to those regions. In addition, the luciferase reporter 
gene assay showed that transfection of TCF12 expres-
sion vector increased the luciferase activity of the GRB7 
reporter gene (Fig.  6F). Next, the expression levels of 
GRB7 in HER2+ cells with TCF12 silencing or overex-
pression were measured by RT‒qPCR and western blot. 
The results showed that knockdown of TCF12 signifi-
cantly decreased GRB7 expression levels (Fig. 6G), while 
overexpression of TCF12 increased GRB7 expression lev-
els (Fig.  6H). Taken together, our results demonstrated 
that TCF12 could bind to the GRB7 promoter region to 
enhance GRB7 expression.

Forced GRB7 overexpression partially reverses 
the inhibition of HER2+ BC progression caused by TCF12 
knockdown
Several studies have demonstrated that TCF12 is 
involved in regulation of cell development and differen-
tiation, thus promoting malignant tumor progression [18, 
19]. To test whether TCF12 is involved in the function of 
GRB7 in HER2+ BC, we investigated the role of TCF12 
on proliferation, migration and invasion in SK-BR-3 
and MDA-MB-453 cells by inhibiting TCF12 expres-
sion through siRNA. The results showed that viability of 
SK-BR-3 and MDA-MB-453 cells was significantly inhib-
ited after TCF12 knockdown (Fig. 7A). Colony formation 
and EdU assays also showed that knockdown of TCF12 
significantly inhibited cell proliferation (Fig.  7B, C), but 
forced GRB7 overexpression could partially reverse the 
reduction in cell viability and proliferation caused by 
TCF12 knockdown (Fig.  7D and Figure S7A). Further-
more, forced GRB7 overexpression partially rescued the 
reduction in migration and invasion caused by TCF12 
knockdown (Fig. 7E, F and Figure S7B-C). These results 
suggested that GRB7 was a key target of TCF12 to regu-
late HER2+ BC progression.

To further confirm the role of TCF12 in the regulation 
of GRB7 in  vivo, MDA-MB-453 cells were orthotopi-
cally inoculated into NSG mice to form the xenograft. 
As shown in Fig.  8A–C the tumor size and weight in 
the cholesterol-modified siTCF12 group were signifi-
cantly lower than those in the control group. Moreover, 

lentivirus-mediated GRB7 overexpression significantly 
attenuated the inhibitory effect of TCF12 knockdown on 
tumor growth. We further verified the expression of Ki67 
and EMT markers by immunohistochemistry (Fig.  8D, 
E), further supporting that TCF12 promotes HER2+ BC 
progression via GRB7 in vivo.

Discussion
HER2+ BC is an aggressive malignancy more prone to 
recurrence than luminal A and luminal B BC subtypes. 
BC patients with HER2 overexpression show worse prog-
nosis and shorter OS [35, 36]. HER2 overexpression is 
involved in maintaining cell proliferation, avoiding apop-
tosis, promoting cell spreading and metastasis formation 
[37, 38]. HER2+ BC patients frequently develop brain, 
liver and lung metastases [39]. The prognosis of patients 
with the HER2+ subtype of BC remains unsatisfactory 
despite standard methods of treatment. Because the bio-
logical behavior of HER2+ BC is extremely complex, the 
molecular mechanisms and signaling pathways remain 
largely unknown despite extensive research. Therefore, 
there is a need to identify new molecules and explore dif-
ferent molecular mechanisms for guiding the diagnosis, 
prognosis estimation, and targeted therapies for patients 
with HER2+ BC. In this study, based on our results and 
TCGA data, we consistently verified that GRB7 expres-
sion was upregulated in HER2+ BC and correlated with 
poor prognosis. In addition, we observed increased 
expression of GRB7 in chemotherapy non-responders, 
indicating a feasible role for GRB7 in chemotherapy 
resistance. Functional studies showed that GRB7 pro-
moted the proliferation, migration and invasion of 
HER2+ BC, consistent with the previous findings [40, 41]. 
These results suggest that GRB7 plays an oncogenic role 
in HER2+ BC and further motivate us to deeply explore 
the molecular mechanism of GRB7 action.

Increasing evidence suggests that GRB7 causes tumor 
progression through cascade signaling or signal trans-
duction. For example, GRB7 could regulate mitogen-
activated protein kinases (MAPKs), such as JNK or 
ERK signaling, to promote cancer cell motility, and con-
versely, knockdown or inhibition of GRB7 expression or 

Fig. 5  GRB7 binds to Notch1 and activates the Jagged1/AKT/ERK1/2 signaling pathway to promote HER2+ BC progression. A GSEA of differentially 
expressed genes after GRB7 knockdown. B Correlation analysis between GRB7 and Notch1. C The interaction between GRB7 and Notch1 
was detected by immunoprecipitation (IP). D, E After GRB7 knockdown and overexpression treatment, whole cell lysates were prepared 
and analyzed by immunoblotting. F Western blot was used to detect the protein expression levels of pathway-related genes after in vivo 
knockdown of GRB7. G The effect of SK-BR-3 cells treated with FLI-06 (5, 10, and 20 μM) for 24 h on Notch1 and GRB7 was verified by western blot. 
H The effect of SK-BR-3 cells on Notch1 after transfection with GRB7 plasmid for 48 h or FLI-06 (10 μM) treatment for 24 h was detected by western 
blot. β-Actin was used as a loading control. I Colony-forming ability was detected after transfected with GRB7 or GRB7 plasmid and FLI-06 (10 μM). 
The migration and invasion of SK-BR-3 and MDA-MB-453 cells was assessed by J wound healing assays, K transwell assays after transfected 
with GRB7 or GRB7 plasmid and FLI-06 (10 μM). Data are shown as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 5  (See legend on previous page.)



Page 13 of 19Wang et al. Journal of Translational Medicine          (2024) 22:745 	

Fig. 6  TCF12 binds to the GRB7 promoter and promotes GRB7 expression. A Prediction of TFs that may regulate GRB7 expression by the Cistrome 
DB database. B The correlation between the expression of TCF12 and GRB7. C The potential binding sites of GRB7 were analyzed by JASPAR. 
D Agarose electrophoresis was used for chromatin immunoprecipitation (ChIP) analysis of TCF12 binding to the GRB7 promoter in SK-BR-3 
cells. E Detailed fragments of TCF12 bound to the GRB7 promoter in SK-BR-3 cells were analyzed by ChIP. F Dual-luciferase reporter assays 
of the corresponding luciferase activities in SK-BR-3 cells. G Western blot and RT‒qPCR were used to analyze the mRNA and protein levels of TCF12 
and GRB7 in SK-BR-3 and MDA-MB-453 cells after TCF12 knockdown. H Western blot and RT-qPCR were used to analyze the mRNA and protein 
levels of TCF12 and GRB7 in SK-BR-3 and MDA-MB-453 cells after TCF12 overexpression. Data are shown as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, 
***p < 0.001. ns no significant difference
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Fig. 7  GRB7 partially rescues the effect of downregulation of TCF12 in HER2+ cells. A MTT assay, B colony formation assay and C EdU assay showed 
that GRB7 could partially reverse the inhibitory effect of TCF12 knockdown on cell proliferation. D Wound healing assays and E Transwell assays 
indicated that overexpression of GRB7 partially restored the inhibitory effect of TCF12 downregulation on cell migration and invasion. Data are 
shown as the mean ± SD, N ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001
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GRB7-mediated downstream signaling by specific kinase 
activity abrogates GRB7-mediated cancer migration [42]. 
Accordingly, our results indicated that GRB7 promoted 
HER2+ BC progression by activating AKT and increasing 
ERK levels. GRB7 is one of the most important media-
tors in oncogenic ERBB family-mediated signaling and 
can promote anchored anchorage-independent growth 
of tumor cells through interaction with phosphotyros-
ine-related signaling molecules [43, 44]. Notably, we first 
demonstrated that GRB7 was able to bind to Notch1, 
subsequently increasing the enrichment of its ligand 
Jagged1, further activating the Wnt/β-catenin signal-
ing pathway, and promoting the progression of EMT 
in HER2+ BC. Our results showed that GRB7 bound 
to Notch1 to activate Notch signaling and other signal-
ing (i.e. AK and ERK) therefore promoting HER2+ BC 
cell proliferation and metastasis. Our study suggests 
that GRB7 might be a potential therapeutic target for 
HER2+ BC. For this reason, the development of targeted 
inhibitors for GRB7 and natural or synthetic bioactives is 
particularly important. Studies have shown that the cell-
penetrating non-phosphorylated peptide (G7-18NATE) 
binds to the SH2 domain of GRB7 and inhibits its bind-
ing to several different tyrosine kinases, including ERBB 
family members and FAK [45, 46], thereby inhibiting 
the ability of TNBC cells to migrate, invade, form colo-
nies in 3D cultures[46], and significantly inhibit pancre-
atic cancer metastasis [47]. Moreover, this highly specific 
peptide does not interfere with other closely related SH2-
containing adaptor proteins, including GRB2, GRB10, 
and GRB14 [45, 47]. So far, studies on biologically active 
inhibitors against GRB7 in HER2+ BC have not yet been 
reported, which opens up more potential possibilities for 
future development of targeted drugs against GRB7.

TCF12 is a key transcription factor that finely regulates 
a wide range of effector proteins and thus plays a crucial 
role in different types of cancer, including melanoma, 
glioma and oral squamous cell carcinoma [19, 48, 49]. In 
addition, the high expression of TCF12 in ovarian can-
cer is associated with its histologic grading and metas-
tasis and significantly promotes the growth, migration, 
and invasion of ovarian cancer cells, which may provide 
a new strategy for targeting ovarian cancer [50, 51]. In 
the present study, we identified in the public ChIP-Seq 
dataset that TCF12 might be recruited and bound to 

the promoter region of GRB7 and that the expression 
levels of both showed a significant positive correlation 
in HER2+ BC tissues. Moreover, we found that knock-
ing down TCF12 expression significantly inhibited the 
proliferation, migration and invasion of HER2+ BC cells 
in  vitro as well as tumor growth in  vivo, while overex-
pression of GRB7 partially mitigated the effects of TCF12 
inhibition. Furthermore, depletion of TCF12 inhib-
ited the Wnt/β-catenin signaling pathway and blocked 
HER2+ BC EMT progression, which is consistent with 
previous studies confirming that TCF12 is a key regula-
tor in promoting the EMT process [52]. Accordingly, 
TCF12 could expedite HER2+ BC progression by regu-
lating GRB7 transcriptional activity. Nonetheless, GRB7 
may not be the only mediator of TCF12 transcriptional 
regulation. Previous studies have shown that TCF12 
directly binds to the CXCR4 promoter to regulate its 
expression, promoting tumorigenesis and progression of 
HCC by activating the MAPK/ERK and PI3K/AKT sign-
aling pathways [18]. Furthermore, TCF12 directly binds 
to the promoter region of CSF1 to regulate and regulate 
TAMs infiltration, thereby promoting glioma progres-
sion [19]. In addition, TGFB2 was identified as a direct 
downstream target of TCF12, and depletion of TCF12 
confers melanoma sensitive to BRAF inhibition in  vitro 
and in vivo, making it a potential therapeutic target [53]. 
Overall, we first reported that TCF12 could bind to the 
promoter region of GRB7 and increase its expression, 
thereby promoting HER2+ BC progression, providing a 
theoretical basis for further targeting the TCF12/GRB7 
axis for the treatment of HER2+ BC.

EMT is a crucial biological phenomenon involved in 
embryonic development, exhibiting loss of cell polarity 
or intercellular adhesion by epithelial cells, which then 
acquire migratory and invasive features to become mes-
enchymal cells [54, 55]. EMT is characterized by cellular 
and molecular changes, including decreased epithelial 
markers, such as E-cadherin, and increased mesenchy-
mal markers, such as vimentin and N-cadherin [56]. In 
recent years, EMT has been considered a pivotal link in 
the invasion and metastasis of several cancers [57]. Sev-
eral studies have demonstrated that EMT is associated 
with HER2+ BC progression [58, 59]. Our results showed 
that GRB7 significantly increased N-cadherin/Vimentin/
β-Catenin expression levels and decreased E-cadherin 

(See figure on next page.)
Fig. 8  GRB7 promotes HER2 progression in vivo by increasing TCF12-induced EMT reduction. A Tumor growth curve of xenograft tumors 
from the indicated groups. B Representative images of xenograft tumors from the indicated groups. C Tumor weights from the indicated 
groups. D, E EMT-related protein expression was analyzed by IHC and western blot in tumor samples from the indicated groups. Data are shown 
as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001. F Schematic of the molecular mechanism by which GRB7 is transcriptionally regulated by TCF12 
to regulate HER2+ BC progression through the Notch/AKT/ERK axis
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levels, suggesting an enhanced HER2+ BC cell mesenchy-
mal cell-like feature. Conversely, knockdown of GRB7 or 
its upstream transcription factor TCF12 reduced the pro-
liferative capacity of HER2+ BC cells in vitro and in vivo. 
Moreover, overexpression of GRB7 partially rescued the 
reduction in proliferation, migration and invasion ability 
of HER2+ BC cells induced by TCF12 inhibition. Thus, 
targeting the TCF12/GRB7 might be a promising strategy 
for developing antimetastatic drugs against HER2+ BC.

Conclusions
In summary, we illustrated that GRB7 is highly expressed in 
HER2+ BC and is introvertedly corelated with the patient’s 
prognosis. Functionally, GRB7 facilitates HER2+ BC cell 
proliferation, migration and invasion. Mechanistically, 
GRB7 is transcriptionally regulated by TCF12, interacts 
with Notch1, and promotes EMT progression and prolifer-
ation by activating Wnt/β-catenin pathways and other sign-
aling (i.e., AKT, ERK) in HER2+ BC cells (Fig.  8F). Taken 
together, our findings elucidate the oncogenic role of GRB7 
in HER2+ BC, providing a novel molecular mechanism and 
therapeutic target for the development of HER2+ BC./>
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