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BCKDK regulates breast cancer cell adhesion and tumor
metastasis by inhibiting TRIM21 ubiquitinate talin1
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Breast cancer is the most common malignant cancer in women worldwide. Cancer metastasis is the major cause of cancer-related
deaths. BCKDK is associated with various diseases, including proliferation, migration, and invasion in multiple types of human
cancers. However, the relevance of BCKDK to the development and progression of breast cancers and its function is unclear. This
study found that BCKDK was overexpressed in breast cancer, associated with poor prognosis, and implicated in tumor metastasis.
The downregulation of BCKDK expression inhibited the migration of human breast cancer cells in vitro and diminished lung
metastasis in vivo. BCKDK perturbed the cadherin-catenin complex at the adherens junctions (AJs) and assembled focal adhesions
(FAs) onto the extracellular matrix, thereby promoting the directed migration of breast cancer cells. We observed that BCKDK acted
as a conserved regulator of the ubiquitination of cytoskeletal protein talin1 and the activation of the FAK/MAPK pathway. Further
studies revealed that BCKDK inhibited the binding of talin1 to E3 ubiquitin ligase-TRIM21, leading to the decreased ubiquitination/
degradation of talin1. In conclusion, identifying BCKDK as a biomarker for breast cancer metastasis facilitated further research on
diagnostic biomarkers. Elucidating the mechanism by which BCKDK exerted its biological effect could provide a new theoretical
basis for developing new markers for breast cancer metastasis and contribute to developing new therapies for the clinical
treatment of breast cancer patients.
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INTRODUCTION
Breast cancer is the most common female malignancy. Localized
breast cancer has a 99% 5-year relative survival rate, which
dramatically drops to 28% in patients with distant metastasis [1].
Metastasis, a process of cancer cells spreading from the primary
tumor to distant organs, is the defining feature of malignant
tumor cells and the major contributor to mortality in cancer
patients [2, 3]. Breast cancer remains the leading cause of cancer
deaths globally despite the advances in screening, diagnosis, and
treatment [4].
Metastasis is a multistep sequential process in which cell

adhesion is essential [5]. Cell adhesion refers to those between
cells and those between cells and their extracellular matrix (ECM).
Cell adhesion is essential for numerous physiological processes,
such as embryonic development, cell migration, tissue remodel-
ing, and other dynamic equilibrium, which is the molecular basis
of neoplastic cells prone to invasion and metastasis, the biological
phenomenon through which a cell maintains its morphology and
function and, a way for cells to communicate [6, 7].
Branched-chain keto-acid dehydrogenase kinase (BCKDK) is the

rate-limiting enzyme in the metabolic pathway of branched-chain
amino acids (BCAAs), which phosphorylates the E1α subunit of
BCKDH (BCKDHA) to inhibit activity [8]. A dysfunction of BCKDK is

closely associated with various diseases, such as Huntington’s
disease (HD) [9], autism [10], and obesity [11].
Recently, the overexpression of BCKDK has been linked to

tumor progression in various cancers. BCKDK has been depicted to
induce constitutive MEK-ERK signaling cascade activation, promot-
ing multiple tumor cell proliferation, invasion, and migration,
including colorectal [12], liver [13], and ovarian cancer [14]. A
study reported that adhesion-associated signaling pathways are
downregulated after BCKDK knockdown and that BCKDK is closely
related to talin1. BCKDK was reported to be involved in
mtorc1 signal transduction, protein translation, and mitochondrial
function in triple-negative breast cancer (TNBC). The down-
regulation of BCKDK inhibits cell proliferation, prevents protein
synthesis, promotes apoptosis, and enhances DOX-mediated cell
death in TNBC [15]. However, as yet, the potential mechanisms of
action of BCKDK in cancer progression and metastasis are unclear.
Talin1 is a cytoskeletal protein and a key component of FA

complexes. It is essential for integrin activation and the formation
of focal adhesions. A loss of talin1 impairs EMT and decreases cell
motility [16], and its overexpression is associated with the
malignant biology of various human malignancies, including
colorectal cancer [17], prostate cancer [18], triple-negative breast
cancer [19], and glioblastoma [20].
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Adherens junctions (AJs) are required for the initiation and
maintenance of intercellular adhesion, which plays a central role in
regulating the pathway of the behaviors of epithelial cells,
including cell proliferation, migration, polarization, and survival
[21]. Focal adhesions (FAs) are a subcellular architecture that is
mainly located in the cell membrane and the extracellular matrix
and as a molecular scaffold coordinating different signaling
pathways and exerting traction forces on the ECM [22]. Many of
the essential components of FA are tyrosine kinase and its
substrates, where focal adhesion kinase (FAK) has been demon-
strated to participate mainly in FA dynamics and regulate the
process of the assembly and disassembly of FA complexes [23].
FAK regulates cell migration and invasion via its interaction with
SRC, integrin, and the growth factor receptor signaling pathway
and exerts oncogenic effects in multiple human cancers. Previous
studies have reported a significant correlation between the
activation of the FAK pathway and breast cancer metastasis
[24, 25].
This study determined the potential relationship between

BCKDK overexpression in clinical breast tumor specimens and
metastasis. Through in vitro experiments, we found that BCKDK
profoundly promoted the activation of FAK in the breast cancer
cell lines and the changes in the cell adhesion and further
validated the BCKDK effects on forming FA complexes via the
regulating talin1. Using timsTOF Pro mass spectrometry, we
identified that TRIM21 was an E3 ubiquitin ligase that mediated
the talin1 ubiquitination. By affecting the talin1 binding to TRIM21,
BCKDK inhibited the talin1 ubiquitination and degradation,
promoting the activation of the FAK/MAPK signaling pathways
and the assembly of new FA structures, thereby enhancing the

tumor cell migration. Hence, this study revealed the mechanism of
BCKDK regulating cell adhesion and breast cancer metastasis.

RESULTS
High BCKDK expression correlated with poor prognosis of
breast cancer patients
We analyzed the mRNA expression of BCAAs catabolism enzymes
in the TCGA breast cancer RNA-seq dataset. We found significant
differences in BCAT, PP2C, BCKDK, and KLF15 at the mRNA level
and consistent with a previous study (Fig. 1A, B, Supplementary
Fig. S1A). Since the impact of BCKDK on TNBC metabolism and
proliferation was examined in prior studies, we focused on
studying the role of BCKDK in the adhesion and metastasis of
breast cancer cells. BCKDK exhibited a certain accuracy of
predictions for predicting tumor and normal outcomes (Fig. 1C).
To determine the relationship between the BCKDK expression and
the metastasis in breast cancer tissues, we obtained 10 tumor
specimens, matched adjacent tissues, and axillary lymph node
metastases, and assessed the BCKDK protein using IHC. Lymph
node metastases had significantly higher BCKDK levels than their
BRCA primaries, while the adjacent normal tissue was the tissue
with the lowest expression (Fig. 1D). To investigate BCKDK’s
specific role in different malignant breast cancer cells, we
examined the BCKDK protein expression of different breast cancer
cell lines by western blot. We found that the highly aggressive and
metastatic triple-negative breast cancer cell lines MDA-MB-231,
MDA-MB-468, and SUM159 possessed higher levels of the BCKDK
protein, but these levels were considerably lower in the MCF-7 cell
lines (Fig. 1E). Previous studies have reported MCF-7 and MDA-MB-

Fig. 1 BCKDK is upregulated in BRCA and associated with poor prognosis in BRCA patients. A The mRNA expression of BCKDK in normal
and tumor tissues in the TCGA database; the analysis was performed by the R project. Error bars represent the mean ± SD values. B The paired
differential gene expression between normal and BRCA tumor tissue. C The predictive power of BCKDK to predict tumor and normal
outcomes. The closer to 1 the AUC value, the better the predictive power (AUC= 0.811, CI= 0.782–0.839). D Immunohistochemical analysis of
BCKDK expression in breast cancer tumors. Representative BCKDK immunohistochemical staining images in serial sections from the same
tumor tissue samples and axillary lymph node metastases tissue, scale bar 100 μm. E BCKDK expression in the indicated four breast cancer cell
lines was analyzed by western blot.
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231 cell lines with low and high metastatic potentials, respectively
[26]. Accordingly, we chose the MDA-MB-231 and MCF-7 cell lines
for further study (Supplementary Fig. S1B). The abovementioned
results indicated that BCKDK was a valuable prognostic marker
that might play an important role in the development of breast
cancer.

BCKDK could induce cell migration, FAs assembly, and AJs
dissociation in breast cancer cell lines
To explore whether BCKDK could promote the malignant
biological behaviors of breast cancer cells, we obtained MDA-
MB-231 cells with a stable reduction in the BCKDK expression by
using short hairpin RNA (shRNA) lentiviral constructs (shBCKDK(#1/
#2)) (Fig. 2A). Concurrently, we generated MCF-7 cells, which
stably overexpressed BCKDK (Fig. 2B). Wound healing assays and
transwell assays indicated that the knockdown of BCKDK
significantly inhibited cell migration (Fig. 2C, Supplementary Fig.
S2A). In contrast, it promoted the migration of BCKDK, over-
expressing the MCF-7 cells (Fig. 2D, Supplementary Fig. S2B).
Previous studies have reported that BCKDK promotes epithelial-to-
mesenchymal transition (EMT) in colorectal cancer [27], which is
related to the promotion of cancer cell adhesion and its motility.
We found that BCKDK can also upregulate the expression of EMT-
related molecular markers in breast cancer (Supplementary Fig.
S2C, D). The disintegration of the intercellular junctions is also a
sign of EMT. An overexpression of BCKDK disrupted the cell AJs of
MCF-7 cells while following the knockdown of the BCKDK-
enhanced cell junction formation (Fig. 2E, F). Concurrently, we
found that the number of FAs was positively correlated with the
level of BCKDK expression (Fig. 2G, H). Some studies have reported
that the FAK and MAPK signaling pathway activation contributes
to the promotion of cell migration and motility [28]. BCKDHA is a
known substrate of BCKDK, and p-BCKDHA (S293) was detected by
western blot to reflect the activity of BCKDK. Consistent with
previous reports, we treated C57BL/6 female mice with BT2 (a
small-molecule inhibitor of BCKDK) for 1 week, which increased
liver BCKDH enzyme activity and decreased plasma BCAA levels
(Supplementary Fig. S2E, F). In addition, the concentration of BCAA
decreased in cell supernatant collection after BCKDK knockdown
and increased after overexpressing BCKDK levels (Supplementary
Fig. S2G, H). The BCKDK overexpression led to increased FAK
(Y397), MAPK kinase (MEK1/2), and ERK1/2 phosphorylation
(Fig. 2I, J). These results indicated that BCKDK weakened the AJs
and increased the number of FAs and their migration capacity for
breast cancer cells.

Expression of BCKDK affects the talin1 expression levels in
breast cancer cells
A BCKDK overexpression correlated with the formation of FA and
increased EMT activation. To further investigate the mechanism by
which BCKDK promotes the dissociation of AJs, the formation of
FAs, and the migration of breast cancer cells, we carefully
measured the protein levels of talin1 and talin2 when over-
expressing BCKDK by western blotting and found that the BCKDK
expression levels were significantly upregulated and that the
knockdown of BCKDK decreased talin1 (Fig. 3A, B). This indicated a
positive regulatory relationship between BCKDK and talin1. There
is no significant difference in talin2. Immunofluorescence experi-
ments demonstrated that BCKDK and talin1 were co-localized in
the cell cytoplasm and the cell membrane (Fig. 3C). When the
MCF-7 and MDA-MB-231 cells were lysed and processed for
immunoprecipitation (IP) with anti-talin1 antibodies respectively,
we saw the co-immunoprecipitation (CO-IP) of BCKDK, indicating
that talin1 and BCKDK interacted endogenously (Fig. 3D, E). In
addition, talin1-Myc and BCKDK-HA were transfected individually
or together into the HEK293T cells. Following transfection, the
anti-HA or anti-Myc antibodies were used to perform CO-IP from
the lysates of the transfected HEK293T cells. The results suggested

that the talin1 co-precipitated with BCKDK (Fig. 3F). These results
indicated that BCKDK interacted with talin1 in breast cancer cells.
Next, we investigated whether BCKDK affected the stability of the
talin1 proteins. We found that the BCKDK overexpression
increased the talin1 ubiquitination (Fig. 3G).

BCKDK competitively interacted with talin1 to disrupt the
TRIM21 binding to talin1 and inhibited the talin1
ubiquitination degradation
The ubiquitination-mediated degradation of talin1 required specific
E3 ubiquitin ligases. We speculated that BCKDK affected the
expression of talin1 by affecting its E3 ubiquitin ligase. To identify
the potential E3 ubiquitin ligase of talin1, we screened out TRIM21 as
the highest-score E3 ligase of talin1 immunoprecipitations by using
the timsTOF Pro mass spectrometry techniques (Supplementary Fig.
S3A). To evaluate whether TRIM21 led to the ubiquitination of talin1,
we overexpressed exogenous TRIM21-Flag in the HEK293T cells and
treated the cells with MG132 to prevent protein degradation before
performing a ubiquitination assay. The results demonstrated the
downregulation of the talin1 protein level (Fig. 4A). Similarly, the
overexpression of TRIM21 in the MDA-MB-231 cells led to a decrease
in talin1 (Fig. 4B). As the TRIM21 overexpression-mediated down-
regulation of the talin1 protein level seemed to occur through the
proteasomal degradation pathway, we examined whether the two
proteins combined. Immunoprecipitation experiments of the exo-
genous talin1-Myc and TRIM21-Flag proteins co-expressed in
HEK293T cells were performed, and the anti-Myc pulled down the
Flag, indicating that talin1 and the TRIM21 protein interacted with
each other (Fig. 4C). We treated the cells with the protein synthesis
inhibitor CHX, and then, measured the talin1 levels at various time
points by western blotting. the talin1 protein half-life was shortened
by the TRIM21 overexpression (Fig. 4D). Next, we validated that
TRIM21 enhanced the ubiquitination of talin1 (Fig. 4E). These data
suggested that TRIM21 might induce ubiquitination with the
subsequent proteasomal degradation of talin1. After that, we
wondered whether BCKDK affected the expression levels of TRIM21
and thereby influenced the talin1 expression. The results revealed
that the BCKDK overexpression did not affect the TRIM21 expression
(Supplementary Fig. S3B), but the TRIM21-mediated ubiquitination of
talin1 was significantly inhibited (Fig. 4F). Therefore, we considered
that BCKDK might affect the TRIM21-mediated ubiquitination of
talin1. As both BCKDK and TRIM21 could bind to talin1. In the
immunoprecipitation experiments, we found that the BCKDK over-
expression could weaken the interaction of TRIM21 with talin1 (Fig.
4G). However, in order to exclude the influence of trim21, we
detected the expression of AKT, p-AKT, and JAK2 after altering
BCKDK and found no significant differences in this pathway
(Supplementary Fig. S3C, D). These results indicated that BCKDK
upregulated talin1 by blocking the TRIM21-mediated ubiquitination.

BCKDK activates FAK/MAPK signaling pathway through talin1
To further validate the role of the BCKDK/talin1 axis in the FAK/
MAPK signaling, we overexpressed talin1 in the MCF-7 cells. As
expected, talin1 could induce the phosphorylation of FAK
(Y397), MEK1/2, and ERK1/2 (Fig. 5A). Based on the BCKDK
knockdown, the overexpression of talin1 restored the phos-
phorylation level of FAK (Y397), MEK1/2, and ERK1/2 partially in
the MDA-MB-231 cells (Fig. 5B). The transwell assay and the
immunofluorescence experiment depicted that the talin1 over-
expression could abolish the effect of the BCKDK knockdown on
the cell migration capacity, AJ integrity, and assembly of FAs
(Fig. 5C–E). In summary, the BCKDK/talin1 axis led to the
dissociation of AJs, and the formation of FAs increased because
of the activation of the FAK/MAPK signaling pathway, which
further promoted breast cancer cell migration. In addition, we
found that BCKDK promoted the talin1 combination with β1-
integrin, while the BCKDK knockdown attenuated the binding
(Supplementary Fig. S4A, B).
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Fig. 2 BCKDK was able to promote dissociation of AJs, FA formation, and cell migration in breast cancer cell lines through inducing FAK/
MAPK signal pathway. A BCKDK was overexpressed in MCF-7 cell lines. B BCKDK was knocked down in MDA-MB-231 cell lines. C, D The
migration capability of MCF-7 and MDA-MB-231 cells was detected by transwell assay; data were represented as means ± SD of triplicate
experiments. *, means P < 0. 05, **, means P < 0. 01, ***, means P < 0. 001. Scale bar: 100 μm. E, F The integrity of AJs was visualized by IF assay in
both cells. AJs were visualized by E-cadherin (green) and β-catenin (red). Nuclei were counterstained with DAPI (blue). Scale bar: 20 μm.
G, H The number of focal adhesions in both cells was visualized by the IF assay. FAs were visualized by Vinculin (red) and talin1 (green). Nuclei
were counterstained with DAPI (blue). Scale bar: 20 μm. I, J The expression of FAK/MAPK signal pathway markers was detected by
western blot.
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BCKDK promotes breast cancer metastasis in vivo
Finally, to validate the metastatic potential of BCKDK in vivo, we
performed the tail vein injection of the control and BCKDK
knockdown Luciferase-labeled MDA-MB-231 (MDA-MB-231-Luci-
ferase) cells in nude mice (10 animals). These in vivo results were
consistent with those of the in vitro experiments. BCKDK
knockdown decreased the metastatic potential of the tumor cells
to a certain degree. We found that the BCKDK knockdown
significantly decreased the metastases of tumor cells to the lung
after the tail vein injection compared to the control; metastatic
nodules were counted by visual observation (Fig. 6A). The lungs
were harvested and stained with hematoxylin and eosin (H&E) to
identify the metastatic nodules (Fig. 6B). The lung tissues were
analyzed by immunohistochemistry, and the results revealed that
the BCKDK knockdown reduced the p-FAK (Y397) and p-ERK1/2
protein levels (Fig. 6C, D). Together, these mouse models strongly
indicated a metastasis-promoting role for BCKDK in breast cancer.
Taken together, our findings indicated that BCKDK inhibited the

talin1 ubiquitination and degradation by blocking the binding of
the E3 ubiquitin ligase to talin1. The BCKDK/talin1 axis, through
the activation of the FAK/MAPK signaling pathways, perturbed the
AJs and regulated the formation and maturation of FAs, thereby
inducing EMT and promoting breast cancer metastasis (Fig. 6E).

DISCUSSION
During the process of cell migration, its morphology and
molecular changes occur to obtain mesenchymal phenotypes,
including loss of intercellular connections, recombination of actin

cytoskeleton, reprogramming of gene expression, and separation
from surrounding cells and ECM [29]. The structures that form and
maintain the cell–cell contacts include adherens junctions (AJs)
and tight junctions (TJs). AJs are required for the initiation and
maintenance of intercellular adhesion, which plays a central role in
regulating the pathway of the behaviors of epithelial cells,
including cell proliferation, migration, polarization, and survival.
Within the AJ complex, the E-cadherin extracellular repeat domain
forms calcium-dependent trans interactions between two adja-
cent cells, and the cytosolic tail of E-cadherin is linked to the actin
cytoskeleton through bound catenin proteins (α-, β-, and p120-
catenin). AJ is the major cell–cell adhesion form with remarkable
plasticity in epithelial cells, and epithelial E-cadherin continuously
turns over and undergoes a cycle of endocytosis, sorting, and
recycling back to the plasma membrane, which is a prerequisite
for tissue structure and morphogenesis [30]. Epithelial polarity
mechanisms, particularly Par3 apical scaffolds, control the
reversible assembly and disassembly of E-cadherin-based adhe-
sion junction complexes to regulate the AJs’ localization, size, and
strength [31]. E-cadherin and p120-catenin are two major
components of AJs, and their downregulation is a frequent
hallmark of cancer, leading to a loss of cell polarity and increased
epithelial proliferation, invasion, and metastasis. In addition, the
phosphorylation of the components of the AJ complex can affect
the stability of the AJ. Previous studies have depicted that
activated ERK1/2 phosphorylates p120-catenin through TGF-β
action, thereby promoting p120-catenin binding to E3 ubiquitin
ligase SMurf1, leading to AJ complex dissociation, TJ dissociation,
and cytoskeletal rearrangement of tumor cells, EMT, and
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Fig. 3 Expression of BCKDK affects the talin1 expression levels in breast cancer cells. A, B The expression of talin1 and talin2 were detected
by western blot in cells of BCKDK overexpression or knockdown. C IF assay showed the colocalization of talin1 and BCKDK in MCF-7 cells. Cells
were stained for BCKDK (red) and talin1 (green). Scale bar, 50 μm. D, E BCKDK was coimmunoprecipitated with talin1 in MCF-7 and MDA-MB-
231 cells. F Exogenous Talin1 coimmunoprecipitated with BCKDK in HEK293T cells. G The ubiquitination of talin1 was examined by western
blot in HEK293T cells.
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promotion of breast cancer metastasis [32]. Cancer cells are
required to perform these rearrangements of actin, cytoskeleton,
and E-cadherin-based AJs to obtain favorable epithelial/mesench-
ymal phenotypes and partial migration phenotypes generated by
EMT for plasticity [33]. FAs involving integrins or mechanical forces
exerted at the cells establish a link between ECM and the actin
cytoskeleton and exert traction forces on the ECM, leading to the
generation of the net pushing force to push the cells forward [22].
The dysregulation of adhesion complexes contributes to various
diseases, such as cancer, diabetes, and cardiovascular disease.
Extracellular matrix-associated adhesins and intercellular adhesins
play crucial roles in regulating the different stages of cancer cell
metastasis and determining cancer cell invasiveness [34, 35].
Tumor aggressiveness depends on the balance between E-
cadherin-mediated AJs and integrin-mediated cell-ECM adhesion
[36]. Studies have revealed that a dynamic cycle of FA assembly,
cytoskeleton remodeling, and FA dissociation, known as focal
adhesion turnover, enables cells to achieve motility [37], and FA
dysregulation is a critical step in tumor invasion and metastasis.
BCAT1 and BCKDK are key enzymes in the BCAA catabolic

pathway. BCAT1 is overexpressed in multiple cancer types, causing
malignant phenotypes and a poor prognosis. Overexpression of
BCAT1 in lung cancer cells led to a dramatic downregulation of α-
KG and resulted in activation of SOX2 [38]. BCAT1 could promote
gastric cancer cell invasion, proliferation, and angiogenesis

through PI3K/AKT/mTOR signaling pathway [39]. In breast cancer,
BCAT1 activated mTORC1 signaling, increased mitochondrial
biogenesis, and thereby promoted cell growth [40]. The over-
expression of BCKDK causes an excessive accumulation of BCAA,
which has previously been reported to be associated with early
events in pancreatic cancer development [41]. BCKDK as a
relevant metabolic regulator through its actions on BCAA and
citric acid, affects glycolysis and oxidative phosphorylation,
thereby affecting the malignant progression of non-small-cell
lung cancer [42]. Studies have reported that BCAT1 enhances
autophagy mediated by mTOR via Leu metabolism, leading to
decreased cisplatin sensitivity [43]. In addition, it has been
reported that inhibition of BCKDK may synergize or potentiate
cytotoxic effects of DOX-treated TNBC patients [15]. BCAT1 and
BCKDK regulate the BCAA metabolism and cancer progression and
have been identified as a marker for cancer prognosis. While it is
not clear if BCKDK has been proposed to be involved in breast
cancer cell metastasis via regulation of BCAT1 activity, it is of great
interest to further investigate the relationship between BCKDK
and BCAT1 in breast cancer development.
Previous studies have reported that BCKDK participates in the

malignant progression of various tumors by activating the MAPK
signaling pathway. However, the specific mechanism of BCKDK in
the development of breast cancer remains unclear. In this study,
we demonstrated that BCKDK was overexpressed in both clinical

Fig. 4 BCKDK competitively interacts with talin1 to disrupt TRIM21 binding to talin1 and inhibit talin1 ubiquitination degradation. A The
expression of talin1 was examined by western blot in HEK293T cells. B The expression of talin1 was examined by western blot in MDA-MB-231
cells. C Exogenous talin1 coimmunoprecipitated with TRIM21 in HEK293T cells. D The degradation protein level of talin1 detected in M231/Ctrl
and M231/TRIM21 cells with CHX treatment (100 μg/mL) for indicated time intervals. E Co-IP shows that HA-ubiquitin is pulled down by talin1
in HEK293T cells. HEK293T cells were transfected with Myc-tagged talin1 and HA-ubiquitin, plus Flag-tagged TRIM21 or the vector controls. At
48 h post-transfection, cells were treated with MG132 for 4 h, and then lysates of these cells were subjected to IP with anti-Myc-conjugated
beads. Immunoprecipitates were subjected to IB analysis for ubiquitinated talin1 with anti-ubiquitin or for indicated proteins. F HEK293T cells
were transfected with Myc-tagged talin1 and HA-ubiquitin, plus Flag-tagged TRIM21, Flag-tagged BCKDK or their vector controls. At 48 h post-
transfection, cells were lysed and subjected to IP with anti-Myc-conjugated beads. The immunoprecipitates were subjected to IB analysis for
ubiquitinated talin1 with anti-ubiquitin or for indicated proteins. G IP analysis using anti-Myc antibody followed by IB analysis to detect HA-
BCKDK and Flag-TRIM21 expression in HEK293T cells.
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breast cancer specimens and breast cancer cell lines and that its
expression was higher in triple-negative breast cancer with a high
degree of malignancy and metastasis. Our findings demonstrated
that BCKDK induced the FAK/MAPK pathway activation in breast
cancer cell lines by upregulating talin1, leading to the dissociation
of AJs, FA assembly, and increased cell migration. Based on the
timsTOF Pro mass spectrometry results, we hypothesized that
TRIM21 was an E3 ubiquitin ligase leading to the ubiquitination
degradation of talin1. Further experiments proved that BCKDK
inhibited the ubiquitination degradation of talin1 by inhibiting the
binding of talin1 to TRIM21. The talin1 overexpression after
silencing BCKDK restored the reduced FAs and the cell migration
induced by the BCKDK knockdown. These findings revealed the
role of a new signaling axis, BCKDK/talin1/FAK/MAPK, in regulating
cell adhesion and migration, providing new insights into how
BCKDK contributed to malignant tumor development. Therefore,
interfering with this signaling axis might be an effective way to
inhibit the invasion and metastasis of breast cancer cells.
Recent studies have demonstrated that the upregulation of the

talin1 expression in triple-negative breast cancer specimens is
associated with tumor metastasis and poor prognosis. Silencing
talin1 can significantly inhibit tumor cell migration by interfering
with the dynamic formation of the adhesion foci, thereby

regulating the β-AKT signaling and EMT [19]. CDK5 has been
reported to phosphorylate the talin1 head (TH) and inhibit its
binding to Smurf1, thereby preventing the ubiquitination
degradation of TH, leading to extensive adhesion flipping and
ultimately controlling cell migration [44]. TRIM21 is a ubiquitin E3
ligase that contains the ring finger domain and plays an important
role in cancer progression [45, 46]. In our study, we found that
TRIM21 could interact with talin1 and promote talin1 ubiquitina-
tion degradation, suggesting that TRIM21 was the E3 ubiquitin
ligase responsible for talin1 ubiquitination. In addition, we found
that BCKDK significantly inhibited the TRIM21-mediated ubiquiti-
nation of talin1 and that BCKDK competitively inhibited the talin1
binding to TRIM21. It has been reported that ORAI2 promotes the
dissociation of FAs at the posterior margin of gastric cancer cells
by inducing FAK-mediated MEK/ERK activation and enhancing the
metastatic ability of gastric cancer cells [47]. The FAK/SRC/ERK
signaling pathway is essential for cell adhesion and the regulation
of cell motility and migration [23, 48]. In addition, there is
evidence that talin1 regulates cadherin-mediated intercellular
adhesion in a β1-integrin-independent manner [49, 50]. Therefore,
BCKDK might regulate the talin1 expression, activate the FAK/
MAPK signaling pathway, promote FA aggregation and AJs
dissociation, and then promote tumor metastasis.

Fig. 5 BCKDK activates FAK/MAPK pathway through talin1. A, B The expression of FAK/MAPK signal pathway markers was detected by
western blot in these cell lines. C The migration capability of MDA-MB-231 cells was detected by transwell assay; data were represented as
means ± SD of triplicate experiments. *, means P < 0. 05, **, means P < 0. 01, ***, means P < 0. 001. Scale bar: 100 μm. D The integrity of AJs was
visualized by IF assay in MDA-MB-231 cells. AJs were visualized by E-cadherin (green) and β-catenin (red). Nuclei were counterstained with
DAPI (blue). Scale bar: 20 μm. E The number of focal adhesions in MDA-MB-231 cells was visualized by IF assay. FAs were visualized by Vinculin
(red) and talin1 (green). Nuclei were counterstained with DAPI (blue). Scale bar: 20 μm.

C. Xu et al.

7

Cell Death and Disease          (2023) 14:445 



The TH domain has been reported to bind to the cytoplasmic
tail of the integrin beta subunit and regulate integrin activation
[51]. ATG9B has been reported to be transported to the cell
edge with the assistance of MYH9. ATG9B promotes colorectal
cancer metastasis by mediating the interaction between β1-
integrin and talin1, accelerating the FAs aggregation and
promoting the β1-integrin activation [52]. In addition, talin1
phosphorylation promotes the bone metastasis of prostate
cancer through the activation of the β1-integrin signaling
pathway [53]. Recent studies have depicted that a small-
molecule inhibitor (C67399) that blocks the interaction between
talin1 and β1-integrin inhibits the tumor size and lung
metastasis in vivo by interfering with the FA formation and
migration in vitro may be a potential target for tumor therapy
[19]. Our findings suggested that BCKDK regulated the talin1
binding to β1-integrin, but the molecular mechanism of how
BCKDK regulated this process remains to be explored. BCKDK

inhibitors may become future drug candidates for treating
metabolic diseases and cancers caused by elevated branched-
chain amino acid concentrations [54].

MATERIALS AND METHODS
Patients samples and immunohistochemistry (IHC)
Ten patient samples were obtained from Xiangan Hospital of Xiamen
University. The IHC staining analysis was performed using corresponding
antibodies. The immunostaining intensity was graded following the Remmele
scoring method. Representative images were obtained by magnification
(×100, ×200, and ×400) with an Olympus Imaging System Microscope.

Cell culture and transfection
Human breast cancer cell lines MDA-MB-231 and MCF-7 and human
embryonic kidney cell line HEK293T were purchased from American Type
Culture Collection (ATCC), cultured in Dulbecco’s modified Eagles’ medium
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(DMEM, Gibco, Grand Island, NY) supplemented with 10% FBS and 1%
penicillin/streptomycin (KeyGEN). All of the cells applied in this study were
cultured at 37 °C in a humidified 5% CO2 atmosphere. Routine detection of
mycoplasma ensures that all cells are not contaminated by mycoplasma.
All the cells used in the experiment were within 15 passages, and the cells
were resuscitated and passed at least three times before being used.
Plasmids were transfected using Lipofectamine 2000 (Invitrogen, USA)

according to the manufacturer’s protocols. Puromycin and Hygromycin B
(Spark Jade) were applied to screen the knockdown and overexpression of
stable cell lines screening, respectively.

Plasmids and shRNAs
The plasmids of pLKO.1-shBCKDK (#1-#2) were gifts from Prof. Feng Zhu. A
scrambled siRNA with a sequence lacking significant homology to the
human genome database was used as the control siRNA (shMOCK).
pCMV3-BCKDK-HA and pCMV3-TRIM21-Flag were purchased from Sino
Biological. pCMV3-BCKDK-Flag was constructed by our laboratory.
pReceiver-Lv202-TLN1-Myc was customized at GeneCopoeia. An empty
vector was used as the negative control.

Transwell migration assay
Transwell plates (24-well, pore size 8 μm, Corning) were used for the
transwell assay. For the migration assay, 1 × 105 cells were harvested in
100 μL of a serum-free culture medium and added into the upper
chamber. Next, 600 μL of 20% fetal bovine serum medium was added to
the lower chamber as the chemo-attractant. After 24 h culture, the cells
that crossed the inserts were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet. The migrated cells were photographed and
counted via an inverted microscope.

Immunofluorescence assay
Cells grown on glass coverslips were washed three times with PBS, fixed with
4% paraformaldehyde, permeabilized with 0.25% Triton X-100 and blocked
with 1% bovine serum albumin. These cells were then stained using the
indicated primary and appropriately fluorescently conjugated secondary
antibodies. Images were obtained using a Zeiss LSM 880 confocal microscope
with the ZEN software (Carl Zeiss GmbH, Jena, Germany).

Western blot assay and immunoprecipitation (IP)
The cells were lysed in the RIPA lysis buffer (lot: R0010, Solarbio, Inc.,
Beijing, CHN) containing a protease inhibitor (MedChemExpress, New
Jersey, USA) and a phosphatase inhibitor (MedChemExpress, New Jersey,
USA). Then, proteins were separated using 8–10% SDS-PAGE, followed by a
transfer to the polyvinylidene difluoride membranes (PVDF) (Millipore,
Billerica, MA, USA). Finally, the membranes were blocked with 5% non-fat
milk and blotted with the corresponding primary antibodies at 4 °C
overnight and detected using an enhanced chemiluminescence reagent
(Thermo Fisher Scientific, MA, USA) with C300 (Azure Biosystems, CA, USA).
For CO-IP assays, an IP buffer (Thermo Fisher Scientific, MA, USA) was

used to acquire the IP samples. After sonication and centrifugation, the
supernatant fractions containing equal amounts of protein were immu-
noprecipitated by the corresponding antibody and then subjected to
western blot.

Antibodies and reagents
The BCKDK (E-12) (1:1000, sc-374425) antibodies were purchased from Santa
Cruz Technology. Flag tag and talin-1 (#4021) antibodies were purchased from
Sigma-Aldrich. All the following antibodies were purchased from Cell
Signaling Technology: ERK1/2 (#4695), p-ERK1/2 (Thr202/Tyr204) (#4649),
MEK1/2 (8727s), p-MEK1/2 (S221) (2338s), β1-integrin (D6S1W), TRIM21
(#92043), AKT (#4060), p-AKT (S473) (#13038), HA tag antibody (#3724),
β-actin mouse monoclonal antibody (#3700), Anti-rabbit IgG (Alexa Fluor#488
Conjugate) (4412), Anti-mouse IgG (Alexa Fluor#594 Conjugate) (8890),
secondary antibody against mouse and rabbit. The FAK (A11131), pY397-
FAK (AP0302), talin-2 (A19810), and BCAT2 (A7426) antibodies were purchased
from ABclonal. The vinculin (ab129002), BCKDHA (ab305168), p-BCKDHA
(S293) (ab302504) antibodies were purchased from Abcam. All antibodies
were used following the manufacturer’s instructions.

Animal studies
All animals were purchased from and housed in the Laboratory Animal
Center of Xiamen University (China) in a facility with 12-h light/12-h dark

cycles under pathogen-free conditions. The animal studies were performed
according to the guidelines approved by the Institute of Biomedical
Sciences, Xiamen University. For the metastasis model, MDA-MB-231-
Luciferase cells (1 × 106) were intravenously injected into the tail veins of
the female BALB/c athymic nude mice (6–8 weeks). The mice were
sacrificed 21 days after injection, lung metastasis was monitored by the
bioluminescence, and the number of lung metastasis colonies was
counted. For the BCKDK inhibition study, C57BL/6 female mice (6–8 weeks)
were administered the small-molecule BCKDK inhibitor (BT2, MCE) daily at
a dose of 20mg/kg dissolved in 200 µL of sterile dimethylsulfoxide by i.p.
injection for 7 days (10 animals). The control group was administered an
equal volume of dimethylsulfoxide each day.

BCKDH activity assay
Tissue BCKDH activity was measured according to the manufacturer’s
instructions (GENMED).

Quantification of BCAA concentration
BCAA concentration in plasma and supernatant of cultured cells were
determined using a BCAA kit (Sigma, MAK003) according to the
manufacturer’s instructions.

Statistical analysis
One-way analysis of variance (ANOVA) was used to assess the values
among different experimental groups by using the GraphPad Prism
program version 8. 0. 1. P < 0.05 was considered statistically significant.
*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. All values were
presented as mean ± SD of at least triplicate experiments except for the
animal experiments.

DATA AVAILABILITY
All data are available upon request.
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