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Crosstalk between integrin/FAK and Crk/Vps25
governs invasion of bovine mammary
epithelial cells by S. agalactiae

Zhixin Guo,"?* Yuze Ma,"* Zhibo Jia," Liping Wang,' Xinyue Lu," Yuhao Chen,'-® Yanfeng Wang,' Huifang Hao,’
Shuixing Yu,""* and Zhigang Wang'->*

SUMMARY

Streptococcus agalactiae (S. agalactiae) is a contagious obligate parasite of the udder in dairy cows. Here,
we examined S. agalactiae-host interactions in bovine mammary epithelial cells (BMECs) in vitro. We found
that S. agalactiae infected BMECs through laminin B2 and integrin. Crk, Vps25, and RhoA were differen-
tially expressed in S. agalactiae-infected cells. S. agalactiae infection activated FAK and Crk. FAK defi-
ciency decreased the number of intracellular S. agalactiae and Crk activation. Knockdown of Crk or
Vps25 increased the level of intracellular S. agalactiae, whereas its overexpression had the opposite ef-
fect. RhoA expression and actin cytoskeleton were altered in S. agalactiae-infected BMECs. Crk and
Vps25 interact in cells, and invaded S. agalactiae also activates Crk, allowing it to cooperate with
Vps25 to defend against intracellular infection by S. agalactiae. This study provides insights into the mech-
anism by which intracellular infection by S. agalactiae is regulated in BMECs.

INTRODUCTION

As one of the most common diseases in dairy cows, bovine mastitis affects milk production and composition, lowering milk yield and the
nutritional quality of milk.” Streptococcus agalactiae, also known as group B Streptococcus (GBS), is a contagious pathogen that causes intra-
mammary infections in dairy cows;” this bacterium can internalize into bovine mammary epithelial cells (BMECs).” S. agalactiae expresses
surface proteins (adhesins), such as fibrinogen (FBG)-binding protein A/B (FbsA/B), streptococcal fibronectin-binding protein A (SfbA),
and laminin-binding protein (Lmb), that bind to host extracellular matrix (ECM) proteins, including fibrinogen (FBG), fibronectin (Fn), and lam-
inin (Lm), which initiate the interaction of the bacteria with integrins on the surface of the host cell, allowing the bacteria to internalize into the
host cell.”” Integrins are the dominant receptors for ECM proteins and comprise & and B subunits.? Certain bacteria, including S. agalactiae,
bind integrins via ECM proteins and use the former as receptors for internalization into host cells.®'" The classical integrin pathway is critical
for this process.

Integrin-mediated uptake of microbial pathogens induces the formation of integrin-associated focal adhesions and their recruitment to
the sites of bacterial attachment, and focal adhesion kinase (FAK) becomes activated during the internalization of pathogen into host cells,
with subsequent reorganization of the actin cytoskeleton.''~'? Integrin/FAK signaling mediates the internalization of microbial pathogens into
host cells.” FAK is a nonreceptor tyrosine kinase that serves as a regulatory center for many signaling pathways,'* and it integrates extracellular
signals, such as integrins and mechanical pulling.''® The C-terminal focal adhesion targeting (FAT) domain of FAK binds to naked protein
(talin) and paxillin to localize FAK to integrin-enriched regions, altering the activity of Rho-GTPases'’ and rearranging the cytoskeleton.

During infection, dynamic host signaling pathways, gene expression, and signal molecules are stimulated to regulate pathogenic invasion
and intracellular clearance, involving Crk (the CT10 regulator of kinase), ESCRT (the endosomal sorting complex that is required for transport)
machinery, and RhoA-GTPase.'®?° Crk proteins, including Crkl, Crkll, and CrkL, are v-Crk homologs and are all classified as chaperone pro-
teins.”® These proteins were originally demonstrated to be involved in apoptosis, adhesion, and migration.”’** Crk is a canonical adaptor,
consisting of Src homologs 2 and 3 (SH2, SH3), and mediates several mechanisms of bacterial infection.”>** The phosphorylation of Crk at
Tyr221 leads to reduced activity of Crk signaling.””* The ESCRT machinery can be subdivided into three canonical subcomplexes and is asso-
ciated with cell division, autophagy, viral replication, and host-pathogen interactions’” and restricts bacterial growth.” Vps 25 (vacuolar pro-
tein sorting 25) is a subunit of ESCRT-II that is involved in activating this system and pathogenic infection.”>””*® Recent reports have shown
that Vps25 participates in responses to bacterial proliferation”” and viral replication.™
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Figure 1. S. agalactiae invades BMECs

S. agalactiae was stained with CFSE (green) and used to infect BMECs at an MOl of 100 for 2 h, and the S. agalactiae-infected BMECs were maintained in culture
medium with antibiotics and lysozyme to kill and lyse the extracellular bacteria. Nuclei were costained with DAPI (blue), and actin was stained with Alexa Fluor 594
Phalloidin (red), and cells were observed by laser scanning confocal microscopy. Scale bars represent 20 um n = 3 independent experiments.

The actin cytoskeleton is a highly regulated complex in which there is a dynamic equilibrium between globular actin (G-actin) and filamen-
tous actin (F-actin) that regulates such processes as phagocytosis, cell division, cell motility, and cell polariza‘[ion.31 The Rho family of small
GTPases controls these actin cytoskeletal dynamics.*” Actin cytoskeletal structures include cortical actin, stress fibers, lamellipodia, and mi-
crospikes, and RhoA induces actin stress fiber formation as a key regulator of actin cytoskeletal reorganization.*** Changes in RhoA activity
and synthesis are linked to reorganization of the actin cytoskeleton. RhoA proteins stimulate reorganization of the actin cytoskeleton through
Rho kinases (ROCKSs), which are major downstream effectors of RhoA.** Exploitation of a host cell’s actin cytoskeleton is pivotal for many mi-
crobial pathogens to enter cells,*” and the uptake of intracellular pathogens, including Salmonella and Shigella species, into nonphagocytic
gut epithelial cells depends on the activation of Rho-mediated actin rearrangement.*® Inhibition of integrin signaling effectors, such as pro-
tein tyrosine kinases—including focal adhesion kinase (FAK), Src, and RhoA—reduces intracellular invasion by Orientia tsutsugamushifr

By adhering to the extracellular matrix, bacteria activate receptors on the cell membrane (e.g., integrin), stimulate downstream signaling
pathways, and promote cytoskeletal rearrangement. The integrin/FAK pathway regulates this process, which mediates bacterial invasion of
host cells. However, it is unknown whether the integrin/FAK pathway, Crk, and Vps 25 govern bacterial invasion of BMECs, and the relation-
ship between these proteins is poorly understood. To determine the function and mechanism of the integrin/FAK pathway, Crk, and Vps 25 in
invasion of BMECs by S. agalactiae, we examined the interplay between integrin/FAK signaling and the Crk/Vps25 axis in controlling infec-
tions. The results of this study provide insights into the mechanism by which S. agalactiae invades BMECs.

RESULTS

S. agalactiae infects bovine mammary epithelial cells through laminin B2

To determine whether S. agalactiae invades BMECs, we infected BMECs with this bacterium for 2 h at various MOls: 10, 20, 40, 40, 80, and 100.
The infected cells were maintained in medium with antibiotics and lysozyme to kill and lyse the bacteria, and the bacteria were evaluated
intracellularly and extracellularly by bacterial colony count. Bacteria were present in the cell lysates but not culture medium, and the intracel-
lular bacteria levels rose with increasing MOI (Table S1)—approximately 2.22 x 10® CFU/mL in the cell lysates at MOI 100. To further demon-
strate the ability of S. agalactiae to invade BMECs, the bacteria, nucleus, and cytoskeleton were stained separately and observed under a laser
scanning confocal microscope. As a results, labeled S. agalactiae was observed in BMECs (Figure 1) and MAC-T cells (Figure STA). Thus, cells
were infected with S. agalactiae for 2 h at MOI 100 in subsequent experiments. Further, to confirm the intracellular S. agalactiae, the MAC-T
bovine mammary epithelial cells were infected with this bacterium, and S. agalactiae was also found in cytosolic vacuoles in MAC-T cells by
TEM (Figure S1B). To complement the data from staining of bacteria, trypan blue was used to quench the extracellular CFSE-labeled
S. agalactiae. By flow cytometry, compared with the control, trypan blue had no effect on the number of fluorescent cells in treatment group
(Figure S1C). These results indicate that S. agalactiae was internalized by BMECs and MAC-T cells in vitro.
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Figure 2. Laminin B2 mediates invasion of BMECs by S. agalactiae

(A) Intracellular bacterial count in LAMBP2-silenced BMECs infected with S. agalactiae for 2 h at MOI 100.

(B) Intracellular bacterial count in BMECs incubated with anti-laminin B2 and infected with S. agalactiae. *p < 0.05, one-way ANOVA followed by Tukey’s method.
n = 3 independent experiments. Error bar indicates SD.

To determine whether inhibition of phagocytosis was specifically restricted to the engulfment of S. agalactiae, BMECs were treated with
Cytochalasin B, an inhibitor of actin, and intracellular bacteria were detected. The results showed that the number of intracellular bacteria
were decreased in Cytochalasin B-treated cells (Figure S2A). To examine whether the bacterium proliferates in BMECs, we performed a
gentamicin protection assay, and the results showed that S. agalactiae proliferated in cells after intracellular infection (Figure S2B). These re-
sults indicate that S. agalactiae invades BMECs and proliferates in cells.

Next, to examine whether S. agalactiae invades BMECs through laminin B2, LAMBZ2, the laminin p2-encoding gene, was silenced by shRNA
in BMECs (Figure S3), and the cells were infected with S. agalactiae for 2 h at MOI 100. By colony count, the number of intracellular
S. agalactiae in infected cells declined significantly compared with control (Figure 2A) (p < 0.05). Further, to confirm that S. agalactiae invasion
was mediated by laminin B2, BMECs were incubated with an antibody to laminin 82 and infected with S. agalactiae. The number of intracellular
S. agalactiae in antibody-blocking cells decreased significantly versus the control (Figure 2B) (p < 0.05). These data indicate that laminin 2
mediates the invasion of BMECs by S. agalactiae.

S. agalactiae invasion and FAK activation are dependent on integrin in BMECs

To examine the function of integrin during internalization of S. agalactiae by BMECs, the integrin-specific inhibitor RGD was used to pretreat
BMECs for 24 h, after which they were infected by S. agalactiae. To exclude the effects of RGD on BMEC proliferation, we first performed MTT
assay to measure cell proliferation, showing that RGD treatment is harmless to BMECs at 2.5 uM-10 uM for 24 h (Figure S4) (p > 0.05). Thus, the
BMECs were pretreated with 5 uM RGD for 24 h and then infected by S. agalactiae for 2 h at MOI 100. The results showed that RGD decreased
the intracellular bacteria number compared with the control (Figure 3A) (p < 0.01). Further, to confirm the function of integrin, ITGB1, the gene
that encodes integrin subunit B1, was silenced by shRNA in BMECs (Figure S5). As a result, infection by S. agalactiae was impaired versus
control (Figure 3B) (p <0.01). These data indicate that integrin is vital in the invasion of BMECs by S. agalactiae.

Integrins are large, membrane-spanning, heterodimeric proteins, the ectodomains of which can interact with certain matrix proteins (re-
ceptors for pathogenic adhesion), whereas their cytoplasmic domains initiate the assembly of large signaling complexes that lead to the
recruitment and activation of FAK, constituting the integrin/FAK pathway.” To determine the function of integrin in FAK activation in
S. agalactiae-infected BMECs, BMECs were pretreated with 5 pM RGD for 24 h and then infected with S. agalactiae for 2 h. By western
blot, S. agalactiae infection enhanced FAK phosphorylation (Tyr397) (Figure 3C), suggesting that S. agalactiae-induced FAK activation de-
pends on integrin in BMECs.

Differential expression of invasion-related proteins in S. agalactiae-infected BMECs

To identify important proteins that are involved in the invasion of BMECs by S. agalactiae, a comparative proteomic analysis was performed.
BMECs were infected with S. agalactiae for 2 h at MOI 100. Then, protein extracts of the infected or uninfected BMECs were subjected to
proteomic analysis. Proteins with a log2 ratio >1 and FDR <0.01 were considered to be significant differentially expressed proteins
(DEPs). As a result, 170 DEPs were identified (uniprot database, https://www.uniprot.org/) (Table S2) and subjected to KEGG pathway anno-
tation (https://www.kegg.jp/) (Table S3; Figure Sé). By functional screening, the 170 DEPs were mainly distributed in MAPK signaling pathway,
metabolic pathways, and PI3K-Akt signaling pathway, of which 37 DEPs are closely associated with invasion of S. agalactiae and could be
analyzed by KEGG and GO, 16 DEPs were significantly upregulated, and 21 DEPs were significantly downregulated on S. agalactiae infection,
including upregulated Crk and downregulated vps25 and RhoA. Further analysis showed that Crk, vps25, and RhoA were related to the MAPK
pathway, endocytosis, and cytoskeletal rearrangement, respectively. Thus, Crk, Vps25 and RhoA were selected for further validation and sub-
sequent experiments. By western blot, Crk was upregulated in S. agalactiae-infected BMECs, whereas Vps25 and RhoA were downregulated
compared with control (Figure 4), and these patterns were also observed in S. agalactiae-infected MAC-T cells (Figure S7), consistent with the
proteomic analysis.
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Figure 3. Integrin mediates invasion of BMECs by S. agalactiae and FAK activation

(A) BMECs were pretreated with 5 uM RGD for 24 h and infected with S. agalactiae for 2 h at MOI 100.

(B) Silencing of ITGB1 impairs S. agalactiae infection.

(C) S. agalactiae infection enhances FAK phosphorylation (Tyr397), whereas RGD inhibits it. *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s method.
n = 3 independent experiments. Error bar indicates SD.

FAK mediates internalization of S. agalactiae and Crk phosphorylation in BMECs

Our data demonstrated that FAK is activated by S. agalactiae in BMECs (Figure 2C). Moreover, Crk was upregulated in the proteomic analysis.
Previous reports have shown that Crk is essential for the interaction between host cells and pathogens”?? and that the phosphorylation of
Crk at Tyr221 negatively regulates Crk signaling.””?* Thus, we hypothesized that FAK is important in the internalization of S. agalactiae and is
associated with Crk in BMECs.

To examine the functions of FAK in the internalization of S. agalactiae and Crk activation, BMECs were pretreated with TAE226, a specific
inhibitor of FAK, for 24 h and infected with S. agalactiae for 2 h at MOI 100. By colony count, the number of intracellular S. agalactiae declined
significantly compared with the control (Figure 5A) (p <0.01). Further, we examined the phosphorylation of FAK at Tyr397 and Crk and its
phosphorylation at Tyr221 by western blot. The results showed that FAK was inhibited by TAE226 and stimulated by S. agalactiae (Figure 5B),
whereas the phosphorylation of Crk at Tyr221 was stimulated by TAE226, whereas inhibited by the bacteria, and this phosphorylation at
Tyr221 was alleviated by TAE226 (Figure 5B). These data indicate that FAK and Crk were activated by S. agalactiae and FAK negatively reg-
ulates Crk phosphorylation at Tyr221 or that FAK positively regulates Crk activity. Further, RhoA expression upregulated in TAE226-treated
cells, while downregulated in S. agalactiae-invaded cells (Figure 5B), indicating the reorganization of actin cytoskeleton was arranged due to
the bacteria invasion.

To confirm these data, FAK was knocked down by shRNA in MCF-10A nonneoplastic breast epithelial cells (Figure S8). The number of
intracellular S. agalactiae in FAK-silenced cells decreased significantly versus control (Figure 6A) (p <0.05), and the phosphorylation of Crk
(Tyr221) was enhanced by shFAK, whereas inhibited by S. agalactiae (Figure 5B). Further, RhoA expression was upregulated by FAK silencing
but downregulated by S. agalactiae (Figure 6B). These data demonstrate that FAK mediates the internalization of S. agalactiae, positively
regulates Crk activation, and negatively regulates RhoA expression in mammary epithelial cells.

Crk cooperates with Vps25 to prevent S. agalactiae invasion and regulates the expression of RhoA

Based on the comparative proteomic analysis, Crk, Vps25, and RhoA are DEPs that are related to S. agalactiae infection in BMECs. The data
above also showed that S. agalactiae infection suppresses Crk (Tyr221) phosphorylation and indicated that Crk is activated by this bacterium
(Figures 4B and 5B). Thus, we hypothesized that Crk regulates the internalization of S. agalactiae by BMECs. We first knocked down Crk by
shRNA in BMECs (Figure S9) and infected them with S. agalactiae. The number of S. agalactiae increased significantly in Crk-silenced cells
compared with control (Figure 7A) (p < 0.01). Further, on overexpression of Crk in BMECs (Figure S10), the number of S. agalactiae fell signif-
icantly in the cells versus control (Figure 7B) (p < 0.01). These data indicate that Crk is a negative regulator during bacterial invasion.
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Figure 4. Verification of differential expressed proteins in S. agalactiae-infected BMECs identified by comparative proteomic analysis
Crk, Vps25, and RhoA were examined by western blot in S. agalactiae-infected BMECs. *p < 0.05, one-way ANOVA followed by Tukey’'s method. n = 3
independent experiments. Error bar indicates SD.

We then examined the function of Crk in the expression of Vps25 and RhoA in Crk-silenced and S. agalactiae-infected cells. The expression
of Vps25 and RhoA decreased in both cell types compared with control (Figure 7C), suggesting that Crk prevents S. agalactiae invasion and
regulates the expression of Vps25 and RhoA in BMECs.

Next, to determine the function of Vps25in S. agalactiae infection, a targeting shRNA was designed to silence Vps25 in BMECs (Figure S11),
after which the cells were infected with S. agalactiae. The number of S. agalactiae rose significantly in Vps25-silenced cells compared with
control (Figure 8A) (p < 0.01). On overexpression of Vps25 in BMECs (Figure 512), the number of S. agalactiae decreased significantly versus
control (Figure 8B) (p <0.05). These data indicate that Vps25 prevents S. agalactiae invasion. Further, by western blot, Vps25 was significantly
downregulated in Vps25-silenced and S. agalactiae-infected cells, and shVps25 and S. agalactiae infection altered the expression of RhoA
(Figure 8C). These data suggest that Vps25 opposes intracellular S. agalactiae. Furthermore, to eliminate the possibility of S. agalactiae adhe-
sion to affect the expression of FAK, p-Crk, and Vps25, we first examined adhesion of S. agalactiae to BMECs and found that the bacteria only
adhered to BMECs but failed to internalize within 15 min (Table S4). Next, BMECs were infected with S. agalactiae for 15 min at MOI 100, and
then the cells were cultured for 2 h in a medium with antibiotics and lysozyme. By Western blot, there was no significant difference between
the bacterial adhesion group and the control (Figure S13), indicating that S. agalactiae adhesion has no effect on the expression of FAK, p-Crk,
and Vps25.

Based on the data above, we reasoned that Crk and Vps25 cooperate to resist the internalization of S. agalactiae. By coimmunoprecipi-
tation, Crk bound Vps25 (Figure 8D), suggesting that Crk interacts with Vps25 in BMECs. These data demonstrate that Crk cooperates with
Vps25 to prevent S. agalactiae invasion and regulates the expression of RhoA in BMECs.

DISCUSSION

Bovine mastitis is the most frequent disease in dairy cows™ and an economic burden for farmers and adversely affects the global dairy in-
dustry. Subclinical mastitis is characterized by increases in milk bacterial pathogens and somatic cell count (SCC) in response to bacterial in-
fections, decreasing milk yield and altering milk composition.*”*° However, the molecular mechanisms of subclinical mastitis remain un-
known, because the cause of chronic inflammation of the udder in cows is complex, in which many pathogens are involved. S. agalactiae
is a contagious obligate parasite of the bovine mammary gland,”’* and intramammary infections (IMls) that are caused by S. agalactiae pri-
marily induce subclinical mastitis and elevate the SCC in cows.’” S. agalactiae can parasitize the mammary tissue or be internalized by mam-
mary cells, such as mammary epithelial cells,”** when an intramammary infection occurs. The bacteria that invade these cells are more difficult
to be killed by drugs and for the hostimmune system to eliminate them, and they can colonize the cells, leading to chronic infection of the cow
udder. Recent reports have demonstrated important proteins that are related to the inflammatory response and the harmful effects of sub-
clinical mastitis due to intracellular S. agalactiae infection in dairy cows.**" In this study, we confirmed that S. agalactiae can internalize into
BMECs and identified significant DEPs that respond to bacterial infection, including Crk, vps25, and RhoA.

Pathogenic bacteria use surface-bound adhesins to enter into specific interactions with extracellular matrix proteins and membrane re-
ceptors of host cells to infect nonphagocytic cells, leading to cytoskeletal rearrangements that allow the bacteria to enter the cell.”® Integrins
are heterodimeric transmembrane proteins in mammals and are the dominant receptors for the ECM that are critical for pathogenic bacteria-
cell adhesion, mediating cellular internalization of the bacteria.”'' For example, integrins mediate the invasion of BMECs by Staphylococcus

aureus, another main pathogen of mastitis in dairy cows.”>*’ In fact, S. agalactiae also exploits integrins when invading human endothelial
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Figure 5. TAE226 inhibits S. agalactiae internalization and enhances Crk phosphorylation in BMECs

BMECs were pretreated with TAE226 for 24 h and infected with S. agalactiae for 2 h at MOI 100.

(A) Colony count of S. agalactiae.

(B) Western blot of phosphorylation of FAK at Tyr397 and Crk at Tyr221. *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s method. n = 3 independent
experiments. Error bar indicates SD.

cells,"®*? but it is unknown whether it uses them to internalize into BMECs. In this study, we confirmed that laminin B2 and integrin are vital in
the invasion of BMECs by S. agalactiae and mediate S. agalactiae-induced FAK activation in BMECs, as in S. agalactiae-infected human endo-
thelial cells™ and Staphylococcus aureus-infected murine osteoblasts.”" Integrin/FAK signaling has significant function during the infection of
BMECs by S. agalactiae.

FAK is an important modulator of integrin-dependent signaling and is stimulated by pathogenic infection, thus participating in remodel-
ing the actin cytoskeleton during the entry of invasive pathogens into nonphagocytic cells.”” FAK deficiency affects resistance to invasion by
S. agalactiae in human endothelial cells® and by S. aureus in murine osteoblasts.”' In the current study, we confirmed that FAK mediates the
internalization of S. agalactiae in BMECs, and the number of intracellular S. agalactiae in FAK-deficient cells is significantly decreased. In addi-
tion, the phosphorylation of Crk at Tyr221 was inhibited by S. agalactiae, which was alleviated by an FAK inhibitor. Notably, Crk Tyr221 phos-
phorylation induces an inhibitory state in Crk;** thus, suppression of Crk phosphorylation (Tyr221) means promoting its active state. FAK posi-
tively regulates Crk activity by impairing Crk phosphorylation (Tyr221). FAK is an activator of Crk during S. agalactiae infection in of BMECs.

Crk is closely related to bacterial invasion as an articulation protein, contributing to host cell and bacterial interactions,”* and Vps25 is an
important component of the ESCRTSs, which are associated with pathogenic infection.”” The interaction between Crk and Vps25 has not been
examined—only that Crk and an ESCRT Il component (EAP45) have increased levels in virus-infected cells'® and that Vps25 participates in
classical swine fever virus (CSFV) endocytosis.”® In our study, proteomic analysis and western blot have shown that the activity of Vps25
was inhibited during S. agalactiae infection. The intracellular number of S. agalactiae increased significantly in Vps25-silenced cells, while
the opposite in Vps25-overexpressed cells. S. agalactiae infection decreased Crk (Tyr221) phosphorylation (enhancing its activity), and Crk
positively regulates the expression of Vps25 in BMECs, indicating that Crk cooperates with Vps25 to defend against S. agalactiae infection
in BMECs. Earlier reports have implicated Crk in invasion by Salmonella, Shigella, and Yersinia.”"**>° The reasons for this difference between
species and hosts remain to be determined.

RhoA is a key regulator of reorganization of the actin cytoskeleton.*”** Changes in RhoA activity and synthesis lead to cytoskeletal reor-
ganization,” and alterations in RhoA and the cytoskeleton are exploited by pathogens to enter cells.?**”’ Integrin-binding ligand enhances
a5B1 integrin activation and initiates RhoA,”® and loss of laminin B1 (LAMB1) affects the dysregulation of actin.”” Integrins and their dominant
ECM ligands are associated with RhoA and cytoskeletal reorganization. FAK regulates actin polymerization during sperm capacitation via
ERK2/RhoA signaling.®® Crk associates with ERM (ezrin-radixin-moesin) proteins, activates RhoA, and promotes cell motility.®" In our study,
we found that the invasion of BMECs by S. agalactiae decreased the expression of RhoA, led to reorganization of the actin cytoskeleton, and
that deficiency of integrin, FAK, Crk, and Vps25 alters RhoA expression in BMECs. These data indicate that RhoA mediates the cytoskeletal
rearrangement during infection of BMECs by S. agalactiae.

In summary, S. agalactiae causes intracellular infections in BMECs in vitro, mediated by the ECM laminin 2 and membrane integrin, which
are the dominant receptors for the ECM proteins. The signaling adaptor Crk; an important component of ESCRT, Vps25; and RhoA, a key
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Figure 6. Knockdown of FAK decreases the number of intracellular S. agalactiae and enhances the phosphorylation of Crk in MCF-10-A cells

FAK was silenced by a targeting shRNA in MCF-10A nonneoplastic breast epithelial cells, and the cells were infected with S. agalactiae for 2 h at MOI 100.
(A) Knockdown of FAK decreases the number of S. agalactiae in MCF-10A cells compared with control.

(B) Knockdown of FAK enhances the phosphorylation of Crk at Tyr221 and alters the expression of RhoA in MCF-10A cells. *p < 0.05, **p < 0.01, one-way ANOVA
followed by Tukey’s method. n = 3 independent experiments. Error bar indicates SD.

regulator of actin cytoskeleton reorganization, are differentially expressed in S. agalactiae-infected cells. S. agalactiae infection induces in-
tegrin/FAK signaling, and FAK mediates the internalization of this pathogen into BMECs. FAK deficiency enhances Crk phosphorylation, lead-
ing to its inactive state. Crk acts as a negative regulator during bacterial internalization and positively regulates the expression of Vps25. Vps25
cooperates with Crk to defend against intracellular infection of BMECs by S. agalactiae. Integrin/FAK signaling is beneficial to S. agalactiae
infection, whereas Crk/Vps25 axis is an unfavorable effector for this bacterium infection in BMECs. Crosstalk between integrin/FAK signaling
and the Crk/Vps25 axis controls the internalization of S. agalactiae into BMECs in vitro. This study demonstrates synergy between Crk and
Vps25 to prevent bacterial infection, providing insights into the mechanism by which intracellular S. agalactiae infections are regulated in
BMECs.

Limitations of the study

Our work on the S. agalactiae-host interactions in bovine mammary epithelial cells (BMECs) illustrated the crosstalk between integrin/FAK
signaling, and Crk/Vps25 axis governs invasion of bovine mammary epithelial cells by S. agalactiae. S. agalactiae infected BMECs by ECM
laminin B2 and membrane integrin, and integrin/FAK signaling is beneficial to S. agalactiae infection, whereas Crk/Vps25 axis is an unfavor-
able effector for this bacterium infection in BMECs. However, this work has some limitations, including the use of other cell models, the design
of mouse model, and the limitation of experimental validation. Firstly, the role of Crk/Vps25 axis in invasion of nonlactating cells by
S. agalactiae is unknown. Secondly, data obtained from S. agalactiae-BMECs model need to be verified by animal model. Finally, further
studies are essential to testify the role of integrin/FAK signaling and Crk/Vps25 axis in internalization of BMECs by pathogens.
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Figure 7. Crk prevents S. agalactiae invasion and regulates the expression of Vps25 and RhoA in BMECs
Crk was silenced or overexpressed in BMECs, and the cells were infected with S. agalactiae for 2 h at MOI 100.
(A and B) (A) Knockdown of Crk increases the number of intracellular S. agalactiae in BMECs, whereas its overexpression decreases it compared with control (B).
(C) Knockdown of Crk downregulates Vps25 and RhoA. *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s method. n = 3independent experiments. Error
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control. *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s method. n = 3 independent experiments. Error bar indicates SD.

Dr. Xuan Wang and Ms. Xiaoyang Jia for their generous assistance in performing the laser scanning confocal microscopy and Ms. Guixiu Liu
for generously providing Chinese Holstein cow mammary tissue. The authors also acknowledge Blue Pencil Science (http://www.
bluepencilscience.com/) for editing an English draft of this manuscript.

AUTHOR CONTRIBUTIONS

Zhixin Guo: Writing—review & editing, Writing—original draft, Visualization, Methodology, Investigation, Formal analysis. Yuze Ma: Writing—
review & editing, Writing—original draft, Visualization, Methodology, Investigation, Formal analysis. Zhibo Jia: Visualization, Investigation,
Formal analysis. Liping Wang: Methodology, Investigation, Formal analysis. Xinyue Lu: Methodology, Investigation, Formal analysis. Yuhao
Chen: Visualization, Methodology, Investigation, Formal analysis. Yangfeng Wang: Writing—review & editing, Visualization. Huifang Hao:
Writing—review & editing, Visualization. Shuixing Yu: Writing—review & editing, Visualization, Validation, Supervision, Methodology,
Conceptualization. Zhigang Wang: Writing—review & editing, Validation, Supervision, Resources, Project administration, Conceptualization.

DECLARATION OF INTERESTS

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the
work reported in this paper.

Received: February 20, 2023
Revised: July 26, 2023
Accepted: September 7, 2023
Published: September 9, 2023

iScience 26, 107884, October 20, 2023 9


http://www.bluepencilscience.com/
http://www.bluepencilscience.com/

¢? CellPress

OPEN ACCESS

REFERENCES

1.

w

[ee]

10

Gomes, F., and Henrigues, M. (2016). Control
of Bovine Mastitis: Old and Recent
Therapeutic Approaches. Curr. Microbiol. 72,
377-382. https://doi.org/10.1007/s00284-
015-0958-8.

. Lin, L., Huang, X, Yang, H., He, Y., He, X,,

Huang, J., Li, S., Wang, X, Tang, S., Liu, G.,
and Pan, Z. (2021). Molecular epidemiology,
antimicrobial activity, and virulence gene
clustering of Streptococcus agalactiae
isolated from dairy cattle with mastitis in
China. J. Dairy Sci. 104, 4893-4903. https://
doi.org/10.3168/jds.2020-19139.

. Ma, F.,, Yang, S., Wang, G., Zhou, M., Zhang,

J., Deng, B., Yin, W., Wang, H., Lu, Y., and
Fan, H. (2022). Effect of multiplicity of
infection on the evasion of neutrophil killing
by Streptococcus agalactiae isolated from
clinical mastitis bovine. Vet. Microbiol. 270,
109450. https://doi.org/10.1016/j.vetmic.
2022.109450.

. Niy, H., Zhang, H., Wu, F., Xiong, B., Tong, J.,

and Jiang, L. (2021). Proteomics study on the
protective mechanism of soybean isoflavone
against inflammation injury of bovine
mammary epithelial cells induced by
Streptococcus agalactiae. Cell Stress
Chaperones 26, 91-101. https://doi.org/10.
1007/s12192-020-01158-1.

. Pietrocola, G., Schubert, A., Visai, L., Torti, M.,

Fitzgerald, J.R., Foster, T.J., Reinscheid, D.J.,
and Speziale, P. (2005). FbsA, a fibrinogen-
binding protein from Streptococcus
agalactiae, mediates platelet aggregation.
Blood 105, 1052-1059. https://doi.org/10.
1182/blood-2004-06-2149.

. Mu, R, Kim, B.J., Paco, C., Del Rosario, Y.,

Courtney, H.S., and Doran, K.S. (2014).
Identification of a group B streptococcal
fibronectin binding protein, SfbA, that
contributes to invasion of brain endothelium
and development of meningitis. Infect.
Immun. 82, 2276-2286. https://doi.org/10.
1128/1A1.01559-13.

. Tenenbaum, T., Spellerberg, B., Adam, R.,

Vogel, M., Kim, K.S., and Schroten, H. (2007).
Streptococcus agalactiae invasion of human
brain microvascular endothelial cells is
promoted by the laminin-binding protein
Lmb. Microbes Infect. 9, 714-720. https://doi.
org/10.1016/j.micinf.2007.02.015.

. Pietrocola, G., Arciola, C.R., Rindi, S.,

Montanaro, L., and Speziale, P. (2018).
Streptococcus agalactiae Non-Pilus, Cell
Wall-Anchored Proteins: Involvement in
Colonization and Pathogenesis and Potential
as Vaccine Candidates. Front. Immunol. 9,
602. https://doi.org/10.3389/fimmu.2018.
00602.

. Boehm, M., Krause-Gruszczynska, M., Rohde,

M., Tegtmeyer, N., Takahashi, S., Oyarzabal,
O.A., and Backert, S. (2011). Major host
factors involved in epithelial cell invasion of
Campylobacter jejuni: role of fibronectin,
integrin betal, FAK, Tiam-1, and DOCK180 in
activating Rho GTPase Rac1. Front. Cell.
Infect. Microbiol. 1, 17. https://doi.org/10.
3389/fcimb.2011.00017.

. Slanina, H., Hebling, S., Hauck, C.R., and

Schubert-Unkmeir, A. (2012). Cell invasion by
Neisseria meningitidis requires a functional
interplay between the focal adhesion kinase,
Src and cortactin. PLoS One 7, e39613.
https://doi.org/10.1371/journal.pone.
0039613.

. Borisova, M., Shi, Y., Buntru, A., Wérner, S.,

Ziegler, W.H., and Hauck, C.R. (2013).

iScience 26, 107884, October 20, 2023

20.

21.

22.

Integrin-mediated internalization of
Staphylococcus aureus does not require
vinculin. BMC Cell Biol. 14, 2. https://doi.org/
10.1186/1471-2121-14-2.

. Portillo, J.A.C., Muniz-Feliciano, L., Lopez

Corcino, Y., Lee, S.J., Van Grol, J., Parsons,
S.J., Schiemman, W.P., and Subauste, C.S.
(2017). Toxoplasma gondii induces FAK-Src-
STAT3 signaling during infection of host cells
that prevents parasite targeting by
autophagy. PLoS Pathog. 13, e1006671.
https://doi.org/10.1371/journal.ppat.
1006671.

. Yilmaz, O., Young, P.A., Lamont, R.J., and

Kenny, G.E. (2003). Gingival epithelial cell
signalling and cytoskeletal responses to
Porphyromonas gingivalis invasion.
Microbiology (Reading, England) 149, 2417-
2426. https://doi.org/10.1099/mic.0.26483-0.

. Zhou, J., Yi, Q., and Tang, L. (2019). The roles

of nuclear focal adhesion kinase (FAK) on
Cancer: a focused review. J. Exp. Clin. Cancer
Res. 38, 250. https://doi.org/10.1186/s13046-
019-1265-1.

. Roskoski, R., Jr. (2015). Src protein-tyrosine

kinase structure, mechanism, and small
molecule inhibitors. Pharmacol. Res. 94, 9-25.
https://doi.org/10.1016/.phrs.2015.01.003.

. Browe, D.M., and Baumgarten, C.M. (2003).

Stretch of beta 1 integrin activates an
outwardly rectifying chloride current via FAK
and Srcin rabbit ventricular myocytes. J. Gen.
Physiol. 122, 689-702. https://doi.org/10.
1085/jgp.200308899.

. Neerathilingam, M., Bairy, S.G., and Mysore,

S. (2016). Deciphering Mode of Action of
Functionally Important Regions in the
Intrinsically Disordered Paxillin (Residues
1-313) Using Its Interaction with FAT (Focal
Adhesion Targeting Domain of Focal
Adhesion Kinase). PLoS One 11, e0150153.
https://doi.org/10.1371/journal.pone.
0150153.

. Kumar, B., Dutta, D., Igbal, J., Ansari, M.A.,

Roy, A., Chikoti, L., Pisano, G., Veettil, M.V,
and Chandran, B. (2016). ESCRT-I Protein
Tsg101 Plays a Role in the Post-
macropinocytic Trafficking and Infection of
Endothelial Cells by Kaposi's Sarcoma-
Associated Herpesvirus. PLoS Pathog. 12,
e1005960. https://doi.org/10.1371/journal.
ppat.1005960.

. Kumar, B., Roy, A., Veettil, M.V., and

Chandran, B. (2018). Insight into the Roles of
E3 Ubiquitin Ligase c-Cbl, ESCRT Machinery,
and Host Cell Signaling in Kaposi's Sarcoma-
Associated Herpesvirus Entry and Trafficking.
J. Virol. 92, e01376-17. https://doi.org/10.
1128/JV1.01376-17.

Liu, D. (2014). The adaptor protein Crk in
immune response. Immunol. Cell Biol. 92,
80-89. https://doi.org/10.1038/icb.2013.64.
Glassman, R.H., Hempstead, B.L., Staiano-
Coico, L., Steiner, M.G., Hanafusa, H., and
Birge, R.B. (1997). v-Crk, an effector of the
nerve growth factor signaling pathway,
delays apoptotic cell death in neurotrophin-
deprived PC12 cells. Cell Death Differ. 4,
82-93. https://doi.org/10.1038/sj.cdd.
4400203.

Saleh, T., Jankowski, W., Sriram, G., Rossi, P.,
Shah, S., Lee, K.B., Cruz, LAA., Rodriguez, A.J.,
Birge, R.B., and Kalodimos, C.G. (2016).
Cyclophilin A promotes cell migration via the
Abl-Crk signaling pathway. Nat. Chem. Biol.
12, 117-123. https://doi.org/10.1038/
nchembio.1981.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

iScience

Birge, R.B., Kalodimos, C., Inagaki, F., and
Tanaka, S. (2009). Crk and CrkL adaptor
proteins: networks for physiological and
pathological signaling. Cell Commun. Signal.
7, 13. https://doi.org/10.1186/1478-811X-
7-13.

Martinez-Quiles, N., Feuerbacher, LA,
Benito-Ledn, M., and Hardwidge, P.R. (2014).
Contribution of Crk adaptor proteins to host
cell and bacteria interactions. BioMed Res.
Int. 2014, 372901. https://doi.org/10.1155/
2014/372901.

Vietri, M., Radulovic, M., and Stenmark, H.
(2020). The many functions of ESCRTs. Nat.
Rev. Mol. Cell Biol. 21, 25-42. https://doi.org/
10.1038/s41580-019-0177-4.

Philips, J.A., Porto, M.C., Wang, H., Rubin,
E.J., and Perrimon, N. (2008). ESCRT factors
restrict mycobacterial growth. Proc. Natl.
Acad. Sci. USA 105, 3070-3075. https://doi.
org/10.1073/pnas.0707206105.

Babst, M., Katzmann, D.J., Snyder, W.B.,
Wendland, B., and Emr, S.D. (2002).
Endosome-associated complex, ESCRT-II,
recruits transport machinery for protein
sorting at the multivesicular body. Dev. Cell 3,
283-289. https://doi.org/10.1016/s1534-
5807(02)00219-8.

Teo, H., Perisic, O., Gonzélez, B., and
Williams, R.L. (2004). ESCRT-II, an endosome-
associated complex required for protein
sorting: crystal structure and interactions with
ESCRT-Ill and membranes. Dev. Cell 7,
559-569. https://doi.org/10.1016/j.devcel.
2004.09.003.

Wei, J., Zhang, X., Li, Y., Ding, X., Zhang, Y.,
Jiang, X., Lai, H., and Shi, J. (2021). Novel
application of bergapten and quercetin with
anti-bacterial, osteogenesis-potentiating,
and anti-inflammation tri-effects. Acta
Biochim. Biophys. Sin. 53, 683-696. https://
doi.org/10.1093/abbs/gmab037.

Barnes, J., and Wilson, D.W. (2020). The
ESCRT-Il Subunit EAP20/VPS25 and the Bro1
Domain Proteins HD-PTP and BROX Are
Individually Dispensable for Herpes Simplex
Virus 1 Replication. J. Virol. 94, e01641-19.
https://doi.org/10.1128/JVI.01641-19.
Vézquez-Victorio, G., Gonzélez-Espinosa, C.,
Espinosa-Riquer, Z.P., and Macias-Silva, M.
(2016). GPCRs and actin-cytoskeleton
dynamics. Methods Cell Biol. 132, 165-188.
https://doi.org/10.1016/bs.mcb.2015.10.003.
Bravo-Cordero, J.J., Cordani, M., Soriano,
S.F., Diez, B., Mufoz-Agudo, C., Casanova-
Acebes, M., Boullosa, C., Guadamillas, M.C.,
Ezkurdia, |., Gonzélez-Pisano, D., et al. (2016).
A novel high-content analysis tool reveals
Rab8-driven cytoskeletal reorganization
through Rho GTPases, calpain and MT1-
MMP. J. Cell Sci. 129, 1734-1749. https://doi.
org/10.1242/jcs.174920.

Schratt, G., Philippar, U., Berger, J., Schwarz,
H., Heidenreich, O., and Nordheim, A. (2002).
Serum response factor is crucial for actin
cytoskeletal organization and focal adhesion
assembly in embryonic stem cells. J. Cell Biol.
156, 737-750. https://doi.org/10.1083/jcb.
200106008.

Shi, J., and Wei, L. (2022). Rho Kinases in
Embryonic Development and Stem Cell
Research. Arch. Immunol. Ther. Exp. 70, 4.
https://doi.org/10.1007/s00005-022-00642-z.
Rottner, K., Stradal, T.E.B., and Wehland, J.
(2005). Bacteria-host-cell interactions at the
plasma membrane: stories on actin


https://doi.org/10.1007/s00284-015-0958-8
https://doi.org/10.1007/s00284-015-0958-8
https://doi.org/10.3168/jds.2020-19139
https://doi.org/10.3168/jds.2020-19139
https://doi.org/10.1016/j.vetmic.2022.109450
https://doi.org/10.1016/j.vetmic.2022.109450
https://doi.org/10.1007/s12192-020-01158-1
https://doi.org/10.1007/s12192-020-01158-1
https://doi.org/10.1182/blood-2004-06-2149
https://doi.org/10.1182/blood-2004-06-2149
https://doi.org/10.1128/IAI.01559-13
https://doi.org/10.1128/IAI.01559-13
https://doi.org/10.1016/j.micinf.2007.02.015
https://doi.org/10.1016/j.micinf.2007.02.015
https://doi.org/10.3389/fimmu.2018.00602
https://doi.org/10.3389/fimmu.2018.00602
https://doi.org/10.3389/fcimb.2011.00017
https://doi.org/10.3389/fcimb.2011.00017
https://doi.org/10.1371/journal.pone.0039613
https://doi.org/10.1371/journal.pone.0039613
https://doi.org/10.1186/1471-2121-14-2
https://doi.org/10.1186/1471-2121-14-2
https://doi.org/10.1371/journal.ppat.1006671
https://doi.org/10.1371/journal.ppat.1006671
https://doi.org/10.1099/mic.0.26483-0
https://doi.org/10.1186/s13046-019-1265-1
https://doi.org/10.1186/s13046-019-1265-1
https://doi.org/10.1016/j.phrs.2015.01.003
https://doi.org/10.1085/jgp.200308899
https://doi.org/10.1085/jgp.200308899
https://doi.org/10.1371/journal.pone.0150153
https://doi.org/10.1371/journal.pone.0150153
https://doi.org/10.1371/journal.ppat.1005960
https://doi.org/10.1371/journal.ppat.1005960
https://doi.org/10.1128/JVI.01376-17
https://doi.org/10.1128/JVI.01376-17
https://doi.org/10.1038/icb.2013.64
https://doi.org/10.1038/sj.cdd.4400203
https://doi.org/10.1038/sj.cdd.4400203
https://doi.org/10.1038/nchembio.1981
https://doi.org/10.1038/nchembio.1981
https://doi.org/10.1186/1478-811X-7-13
https://doi.org/10.1186/1478-811X-7-13
https://doi.org/10.1155/2014/372901
https://doi.org/10.1155/2014/372901
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1073/pnas.0707206105
https://doi.org/10.1073/pnas.0707206105
https://doi.org/10.1016/s1534-5807(02)00219-8
https://doi.org/10.1016/s1534-5807(02)00219-8
https://doi.org/10.1016/j.devcel.2004.09.003
https://doi.org/10.1016/j.devcel.2004.09.003
https://doi.org/10.1093/abbs/gmab037
https://doi.org/10.1093/abbs/gmab037
https://doi.org/10.1128/JVI.01641-19
https://doi.org/10.1016/bs.mcb.2015.10.003
https://doi.org/10.1242/jcs.174920
https://doi.org/10.1242/jcs.174920
https://doi.org/10.1083/jcb.200106008
https://doi.org/10.1083/jcb.200106008
https://doi.org/10.1007/s00005-022-00642-z

iScience

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

cytoskeleton subversion. Dev. Cell 9, 3-17.
https://doi.org/10.1016/j.devcel.2005.06.002.
Stradal, T.E.B., and Schelhaas, M. (2018).
Actin dynamics in host-pathogen interaction.
FEBS Lett. 592, 3658-3669. https://doi.org/
10.1002/1873-3468.13173.

Cho, B.A., Cho, N.H., Seong, S.Y., Choi, M.S.,
and Kim, 1.S. (2010). Intracellular invasion by
Orientia tsutsugamushi is mediated by
integrin signaling and actin cytoskeleton
rearrangements. Infect. Immun. 78, 1915-
1923. https://doi.org/10.1128/IA1.01316-09.
Sharun, K., Dhama, K., Tiwari, R., Gugjoo,
M.B., Igbal Yatoo, M., Patel, S.K., Pathak, M.,
Karthik, K., Khurana, S.K., Singh, R., et al.
(2021). Advances in therapeutic and
managemental approaches of bovine
mastitis: a comprehensive review. Vet. Q. 47,
107-136. https://doi.org/10.1080/01652176.
2021.1882713.

Gongalves, J.L., Kamphuis, C., Vernooij, H.,
Aratjo, J.P., Jr., Grenfell, R.C., Juliano, L.,
Anderson, K.L., Hogeveen, H., and Dos
Santos, M.V. (2020). Pathogen effects on milk
yield and composition in chronic subclinical
mastitis in dairy cows. Vet. J. 262, 105473.
https://doi.org/10.1016/j.tvjl.2020.105473.
Martins, L., Barcelos, M.M., Cue, R.I.,
Anderson, K.L., Santos, M.V.D., and
Gongalves, J.L. (2020). Chronic subclinical
mastitis reduces milk and components yield
at the cow level. J. Dairy Res. 87, 298-305.
https://doi.org/10.1017/50022029920000321.
Keefe, G.P. (1997). Streptococcus agalactiae
mastitis: a review. Can. Vet. J. 38, 429-437.
Abd El-Razik, K.A.E.H., Arafa, A.A., Fouad,
E.A., Younes, AM., Almuzaini, AM., and
Abdou, A.M. (2021). Isolation, identification
and virulence determinants of Streptococcus
agalactiae from bovine subclinical mastitis in
Egypt. J. Infect. Dev. Ctries. 15, 1133-1138.
https://doi.org/10.3855/jidc.12668.

Qi, M., Geng, H., Geng, N, Cui, Y., Qi, C,,
Cheng, G., Song, K., Hu, L., Liu, Y., Liu, J., and
Han, B. (2022). Streptococcus agalactiae-
induced autophagy of bovine mammary
epithelial cell via PI3K/AKT/mTOR pathway.
J. Dairy Res. 89, 178-184. https://doi.org/10.
1017/50022029922000243.

Tong, J., Sun, M., Zhang, H., Yang, D., Zhang,
Y., Xiong, B., and Jiang, L. (2020). Proteomic
analysis of bovine mammary epithelial cells
after in vitro incubation with S. agalactiae:
potential biomarkers. Vet. Res. 57, 98. https://
doi.org/10.1186/s13567-020-00808-7.
Niemann, H.H., Schubert, W.D., and Heinz,
D.W. (2004). Adhesins and invasins of
pathogenic bacteria: a structural view.
Microbes Infect. 6, 101-112. https://doi.org/
10.1016/j.micinf.2003.11.001.

Alva-Murillo, N., Ochoa-Zarzosa, A., and
Lépez-Meza, J.E. (2017). Sodium Octanoate
Modulates the Innate Immune Response of
Bovine Mammary Epithelial Cells through the
TLR2/P38/JNK/ERK1/2 Pathway: Implications
during Staphylococcus aureus Internalization.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Front. Cell. Infect. Microbiol. 7, 78. https://
doi.org/10.3389/fcimb.2017.00078.

Zhang, M., Che, Y., Zhao, S., Xia, X., Liu, H.,
Liu, J., Wang, Y., Han, W., Yang, Y., Zhou, C,,
and Lei, L. (2019). TGF-B1 promoted the
infection of bovine mammary epithelial cells
by Staphylococcus aureus through increasing
expression of cells’ fibronectin and integrin
B1. Vet. Microbiol. 237, 108420. https://doi.
org/10.1016/j.vetmic.2019.108420.

De Gaetano, G.V., Pietrocola, G., Romeo, L.,
Galbo, R, Lentini, G., Giardina, M., Biondo,
C., Midiri, A., Mancuso, G., Venza, M., et al.
(2018). The Streptococcus agalactiae cell
wall-anchored protein PbsP mediates
adhesion to and invasion of epithelial cells by
exploiting the host vitronectin/av integrin
axis. Mol. Microbiol. 110, 82-94. https://doi.
org/10.1111/mmi.14084.

Deshayes de Cambronne, R., Fouet, A.,
Picart, A., Bourrel, AS., Anjou, C., Bouvier, G.,
Candeias, C., Bouaboud, A., Costa, L.,
Boulay, A.C., et al. (2021). CC17 group B
Streptococcus exploits integrins for neonatal
meningitis development. J. Clin. Invest. 131,
e136737. https://doi.org/10.1172/JCI136737.
Shin, S., Paul-Satyaseela, M., Lee, J.S., Romer,
L.H., and Kim, K.S. (2006). Focal adhesion
kinase is involved in type Ill group B
streptococcal invasion of human brain
microvascular endothelial cells. Microb.
Pathog. 41, 168-173. https://doi.org/10.
1016/j.micpath.2006.07.003.

Ji,Z., Su, J., Hou, Y., Yao, Z,, Yu, B., and
Zhang, X. (2020). EGFR/FAK and ¢-Src
signalling pathways mediate the
internalisation of Staphylococcus aureus by
osteoblasts. Cell Microbiol. 22, e13240.
https://doi.org/10.1111/cmi.13240.

Agerer, F., Lux, S., Michel, A., Rohde, M.,
Ohlsen, K., and Hauck, C.R. (2005). Cellular
invasion by Staphylococcus aureus reveals a
functional link between focal adhesion kinase
and cortactin in integrin-mediated
internalisation. J. Cell Sci. 118, 2189-2200.
https://doi.org/10.1242/jcs.02328.

Liu, C.C., Liu, Y.Y., Zhou, J.F.,, Chen, X., Chen,
H., Hu, J.H., Chen, J., Zhang, J., Sun, R.C.,
Wei, J.C., et al. (2022). Cellular ESCRT
components are recruited to regulate the
endocytic trafficking and RNA replication
compartment assembly during classical swine
fever virus infection. PLoS Pathog. 18,
e1010294. https://doi.org/10.1371/journal.
ppat.1010294.

Bougneres, L., Girardin, S.E., Weed, S.A.,
Karginov, A.V., Olivo-Marin, J.C., Parsons,
J.T., Sansonetti, P.J., and Van Nhieu, G.T.
(2004). Cortactin and Crk cooperate to trigger
actin polymerization during Shigella invasion
of epithelial cells. J. Cell Biol. 166, 225-235.
https://doi.org/10.1083/jcb.20040207 3.
Weidow, C.L., Black, D.S., Bliska, J.B., and
Bouton, A.H. (2000). CAS/Crk signalling
mediates uptake of Yersinia into human
epithelial cells. Cell Microbiol. 2, 549-560.

56.

57.

58.

59.

60.

61.

62.

63.

64.

¢? CellPress

OPEN ACCESS

https://doi.org/10.1046/}.1462-5822.2000.
00079.x.

Sepp, K.J., and Auld, V.J. (2003). RhoA and
Rac1 GTPases mediate the dynamic
rearrangement of actin in peripheral glia.
Development (Cambridge, England) 130,
1825-1835. https://doi.org/10.1242/dev.
00413.

Guerra, L., Guidi, R,, Slot, I., Callegari, S.,
Sompallae, R., Pickett, C.L., Astrém, S., Eisele,
F., Wolf, D., Sjégren, C., et al. (2011). Bacterial
genotoxin triggers FEN1-dependent RhoA
activation, cytoskeleton remodeling and cell
survival. J. Cell Sci. 124, 2735-2742. https://
doi.org/10.1242/jcs.085845.

Yu, L., Hou, Y., Xie, W., Camacho, J.L.C.,
Cheng, C., Holle, A, Young, J., Trappmann,
B., Zhao, W., Melzig, M.F., et al. (2020). Ligand
Diffusion Enables Force-Independent Cell
Adhesion via Activating a5B1 Integrin and
Initiating Rac and RhoA Signaling. Adv.
Mater. 32, €2002566. https://doi.org/10.
1002/adma.202002566.

Li, Z.Z., Han, W.J., Sun, Z.C., Chen, Y., Sun,
J.Y., Cai, G.H,, Liu, W.N., Wang, T.Z,, Xie,
Y.D., Mao, H.H., et al. (2021). Extracellular
matrix protein laminin B1 regulates pain
sensitivity and anxiodepression-like
behaviors in mice. J. Clin. Invest. 137,
e146323. https://doi.org/10.1172/JCI146323.
Salgado-Lucio, M.L., Ramirez-Ramirez, D.,
Jorge-Cruz, C.Y., Roa-Espitia, A.L., and
Hernandez-Gonzélez, E.O. (2020). FAK
regulates actin polymerization during sperm
capacitation via the ERK2/GEF-H1/RhoA
signaling pathway. J. Cell Sci. 133, jcs239186.
https://doi.org/10.1242/jcs.239186.

Tsuda, M., Makino, Y., lwahara, T., Nishihara,
H., Sawa, H., Nagashima, K., Hanafusa, H.,
and Tanaka, S. (2004). Crk associates with
ERM proteins and promotes cell motility
toward hyaluronic acid. J. Biol. Chem. 279,
46843-46850. https://doi.org/10.1074/jbc.
M401476200.

Guo, Z., Zhao, K., Feng, X., Yan, D., Yao, R,,
Chen, Y., Bao, L., and Wang, Z. (2019).
mTORC2 Regulates Lipogenic Gene
Expression through PPARY to Control Lipid
Synthesis in Bovine Mammary Epithelial Cells.
BioMed Res. Int. 2019, 5196028. https://doi.
org/10.1155/2019/5196028.

Guo, Z., Cheng, X, Feng, X., Zhao, K., Zhang,
M., Yao, R., Chen, Y., Wang, Y., Hao, H., and
Wang, Z. (2019). The mTORC1/4EBP1/PPARYy
Axis Mediates Insulin-Induced Lipogenesis
by Regulating Lipogenic Gene Expression in
Bovine Mammary Epithelial Cells. J. Agric.
Food Chem. 67, 6007-6018. https://doi.org/
10.1021/acs.jafc.9b01411.

Chen, Y., Ma, Y., Ji, Q, Yang, X., Feng, X.,
Yao, R., Cheng, X., Li, T., Wang, Y., and Wang,
Z. (2021). Intracellular Staphylococcus aureus
Infection Decreases Milk Protein Synthesis by
Preventing Amino Acid Uptake in Bovine
Mammary Epithelial Cells. Front. Vet. Sci. 8,
756375. https://doi.org/10.3389/fvets.2021.
756375.

iScience 26, 107884, October 20, 2023 1"



https://doi.org/10.1016/j.devcel.2005.06.002
https://doi.org/10.1002/1873-3468.13173
https://doi.org/10.1002/1873-3468.13173
https://doi.org/10.1128/IAI.01316-09
https://doi.org/10.1080/01652176.2021.1882713
https://doi.org/10.1080/01652176.2021.1882713
https://doi.org/10.1016/j.tvjl.2020.105473
https://doi.org/10.1017/S0022029920000321
http://refhub.elsevier.com/S2589-0042(23)01961-2/sref41
http://refhub.elsevier.com/S2589-0042(23)01961-2/sref41
https://doi.org/10.3855/jidc.12668
https://doi.org/10.1017/S0022029922000243
https://doi.org/10.1017/S0022029922000243
https://doi.org/10.1186/s13567-020-00808-7
https://doi.org/10.1186/s13567-020-00808-7
https://doi.org/10.1016/j.micinf.2003.11.001
https://doi.org/10.1016/j.micinf.2003.11.001
https://doi.org/10.3389/fcimb.2017.00078
https://doi.org/10.3389/fcimb.2017.00078
https://doi.org/10.1016/j.vetmic.2019.108420
https://doi.org/10.1016/j.vetmic.2019.108420
https://doi.org/10.1111/mmi.14084
https://doi.org/10.1111/mmi.14084
https://doi.org/10.1172/JCI136737
https://doi.org/10.1016/j.micpath.2006.07.003
https://doi.org/10.1016/j.micpath.2006.07.003
https://doi.org/10.1111/cmi.13240
https://doi.org/10.1242/jcs.02328
https://doi.org/10.1371/journal.ppat.1010294
https://doi.org/10.1371/journal.ppat.1010294
https://doi.org/10.1083/jcb.200402073
https://doi.org/10.1046/j.1462-5822.2000.00079.x
https://doi.org/10.1046/j.1462-5822.2000.00079.x
https://doi.org/10.1242/dev.00413
https://doi.org/10.1242/dev.00413
https://doi.org/10.1242/jcs.085845
https://doi.org/10.1242/jcs.085845
https://doi.org/10.1002/adma.202002566
https://doi.org/10.1002/adma.202002566
https://doi.org/10.1172/JCI146323
https://doi.org/10.1242/jcs.239186
https://doi.org/10.1074/jbc.M401476200
https://doi.org/10.1074/jbc.M401476200
https://doi.org/10.1155/2019/5196028
https://doi.org/10.1155/2019/5196028
https://doi.org/10.1021/acs.jafc.9b01411
https://doi.org/10.1021/acs.jafc.9b01411
https://doi.org/10.3389/fvets.2021.756375
https://doi.org/10.3389/fvets.2021.756375

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Crk abcam Cat#ab45136; RRID: AB_881843
Rabbit anti-p-Crk (Tyr221) abcam Cat#ab76227; RRID: AB_2245325
Goat anti-Vps25 abcam Cat#ab42500; RRID: AB_778893
Rabbit anti-RhoA cst Cat#67B9

Rabbit anti-FAK Santa Catt#tsc-557; RRID: AB_2253252

Rabbit anti-p-FAK (Tyr397)
Mouse anti-B-actin

Rabbit anti-Goat IgG-HRP
Rabbit anti-Integrin beta 1
Rabbit anti-Laminin beta 2
FITC-conjugated anti-rabbit IgG
FITC-conjugated anti-mouse IgG

goat anti-rabbit secondary antibodidy

Becton Dickinson

Sigma-Aldrich

absin

abcam

abcam

Jackson Immuno Research Laboratories
Jackson Immuno Research Laboratories
Abcam

Cat#611806; RRID: AB_399286
Cat#A5441; RRID: AB_476744
Cat#Abs20005ss

Cat#ab179471; RRID: AB_2773020
Cat#ab91481; RRID: AB_10563652
Cat#115-095-003; RRID: AB_2338589
Cat#115-095-146; RRID: AB_2338599
Cati# ab136817

goat anti-mouse secondary antibodidy Abcam Cat# ab205719; RRID: AB_2755049
Bacterial and virus strains

Streptococcus agalactiae ATCC ATCC27956
Chemicals, peptides, and recombinant proteins

RGD Selleck Cat#99896-85-2
TAE226 MCE Cat#HY-13203
CFSE [5 (6)-carboxyfluorescein diacetate N-succinimidyl ester] MCE Cat#HY-D0938
progesterone Sigma-Aldrich Cat#V900699
L-Glutamine Sigma-Aldrich Cat#G8540
bovine insulin Sigma-Aldrich Cat#l6634
epidermal growth factor Sigma-Aldrich Cat#E4127
transferrin Sigma-Aldrich Cat#78158
Triton X-100 Triton X-100 Cat#T8787
Hydrocortisone Solarbio Cat#507A051
penicillin Solarbio Cat#A8180
Alexa Fluor™ 594 Phalloidin Invitrogen Cat#A12381
Lipofectamine™2000 Invitrogen Cat#11668500
DAPI Beyotime Cat#C1005
Trypsin TransGen Cat#FG301-01
4% paraformaldehyde Biosharp Cat#143174
Gentamicin N/A N/A

Lysozyme TIANGEN N/A
Experimental models: Cell lines

BMECs mammary tissue of Chinese Holstein cows N/A

MCF-10A ATCC ATCC number : CLR-10317™
MAC-T Shunran (Shanghai) Biotechnology Co., Ltd. N/A

12 iScience 26, 107884, October 20, 2023

(Continued on next page)



iScience ¢? CellPress
OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

shFAK : 5'-aaGCCCTCAACCAGGGATTATGATTCAAGAGA This paper pGPU6/GFP/Neo
TCATAATCCCTGGTTGAGGGCtt-3'

shCrk : 5'-aaGCAGGGTAGTGGAGTGATTCTTTCAAGAGAA This paper pGPU6/GFP/Neo
GAATCACTCCACTACCCTGCtt-3

shVps25 : 5'-aa GCCAGAACAACTCCGTGTTCATTCAAGAG This paper pGPU6/GFP/Neo
ATGAACACGGAGTTGTTCTGGCtt-3'

shITGB1 : 5-CACCGCTTAATATGTGGAGGAAATGTTCAAG This paper pGPH1/GFP/Neo
AGACATTTCCTCCACATATTAAGCTTTTTTG-3’

sh LAMB2:5'- aaCGCTACATCTCAAGCTGGTGTTCAAGAGA This paper PRNAT-U6.1/Neo

CACCAGCTTGAGATGTAGCtt-3

Software and algorithms

GraphPad Prism 8.0.2 Graphpad Software https://www.graphpad.com/
ImageJ NIH RRID:SCR_003070

FlowJo BD Biosciences https://www.flowjo.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhigang Wang
(Iswzg@imu.edu.cn).

Materials availability

Plasmids and cell lines generated in this study are available from the lead contact upon request.

Data and code availability
e This study did not generate new unique reagents, cell lines, or mouse lines.
e Data reported in this paper and any additional information required to reanalyze the data reported in this paper are available from the
lead contact upon request.
e Data from genomic and proteomic analyses mentioned in this paper are presented in the Supplementary file. Additional data reported
in this article will be shared.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ethics statement

All experimental procedures with animals were conducted according to the guidelines for the care and use of experimental animals per the
Inner Mongolia University Animal Care and Use Committee.

METHOD DETAILS
Cell culture

Primary BMECs were isolated from adherent cultures of mammary tissue of Chinese Holstein cows, after their slaughter on a commercial cattle
slaughter farm.®”*® Briefly, mammary tissue from slaughtered cows was surgically excised and placed in sterile, ice-cold phosphate-buffered
saline (PBS) that was spiked with 300 U/mL penicillin G and 100 mg/mL streptomycin (Sigma-Aldrich, Inc., USA) for immediate transport to the
laboratory. The mammary tissue was trimmed of visible fat and connective tissue and rinsed several times with PBS until the solution was clear
and milk-free. The mammary tissue was cut into small pieces (1x1x1 mm?), and primary cell cultures were established, from which BMECs
were isolated. Isolated and purified BMECs were maintained in DMEM/F12 (Hyclone Laboratories, Inc., Logan, UT, USA) with 10% fetal bovine
serum. Primary BMECs of second-generation (P2) and fourth-generation (P4) that were in the logarithmic growth phase were used for all as-
says. MCF-10A non-neoplastic breast epithelial cells were grown in DMEM/F12 (Hyclone Laboratories, Inc. Logan, UT, USA), supplemented
with 10% heat-inactivated fetal bovine serum. MAC-T bovine mammary epithelial cells were cultured in growth medium consisting of DMEM
(Hyclone Laboratories, Inc., Logan, UT, USA), which was supplemented with 10% fetal bovine serum. All cells were cultured in humidified air
with 5% CO, at 37°C.
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S. agalactiae infection of BMECs

BMECs were seeded in 6-well plates, incubated until 80% confluence, and infected with S. agalactiae for 2 h at MOI 100 in serum free medium;
the cells were cultured sequentially in medium that contained gentamicin (100 pg/mL) and lysozyme (1 mg/mL) for 2 h, or penicillin (5 mg/mL)
and lysozyme (1 mg/mL) for 2 h, to kill and lyse extracellular bacteria. Intracellularly infected cells were harvested with trypsin and centrifuged
to remove the supernatant.

Bacterial colony count

S. agalactiae (ATCC27956) was cultured to the logarithmic growth phase. The multiplicity of infection (MOI) was set to 10, 20, 40, 60, 80, and
100 for infecting cells. BMECs were infected with S. agalactiae for 2 h at the indicated MO, and extracellular bacteria were killed and lysed with
antibiotics and lysozyme. BMECs were collected and lysed, and the number of bacteria in the cells and culture medium was determined by
spread plate counting in Table S1.

Staining of bacteria and BMECs

Bacteria and BMECs were stained with Alexa Fluor® 594 Phalloidin.** Briefly, BMECs were placed on slides and incubated overnight.
S. agalactiae were washed with PBS and stained with CFSE at room temperature for 20 min. These stained bacteria were then used to infect
BMECs at an MOI of 100 for 2 h, and the BMECs were maintained in culture medium with antibiotics and lysozyme to kill and lyse extracellular
bacteria. Next, the BMECs were washed 3 times with PBS and fixed with 4% paraformaldehyde for 20 min. The BMECs were then permea-
bilized with 1% Triton X-100, stained with Alexa Fluor 594 Phalloidin for 1 h in the dark, washed 3 times with PBS, and stained with DAPI for
3 min to assess nuclear morphology. The stained cells were analyzed and imaged by laser scanning confocal microscopy (LSCM) (NIKON AIR,
Nikon Corp., Tokyo, Japan).

Gentamicin protection assay

BMECs were seeded in 12-well plates, incubated until 80% confluence. Cells were infected with S. agalactiae at MOI of 100 for 2 h, and the
cells were washed 3 times with PBS and cultured in media containing 200 pg/mL gentamicin for 3 h, 4 h and 5 h after infection, respectively.
The cells were harvested with trypsin and washed 3 times with PBS, and lysed. The number of bacteria in the cells was determined by spread
plate counting.

Transmission electron microscopy (TEM)

MAC-T bovine mammary epithelial cells were infected by bacteria (S. agalactiae) for 2 h at an MOI of 100, and the extracellular bacteria were
lysed by gentamicin and lysozyme. Briefly, the infected MAC-T cells were washed with PBS 3 times centrifuged for 10 min at 3000x g at 4°C,
and fixed with 2.5% glutaraldehyde overnight. Finally, the cells were embedded in 4% AGAR and fixed with 2.5% glutaraldehyde overnight.
The samples were examined by TEM (Hitachi HT7700, Hitachi, Ltd., Tokyo, Japan) to detect intracellular bacteria.®*

Trypan blue staining assay
MAC-T cells were infected with S. agalactiae for 2 h at an MOI of 100, and the cells were maintained in culture medium with gentamicin and
lysozyme for 2 h to kill and lyse extracellular bacteria. Next, the cells were washed 3 times with PBS and stained with trypan blue for 3 min. Next,

the trypan blue-stained cells and control were analyzed by flow cytometry (BD LSRFortessa, Biosciences, Becton, Dickinson and Company,
New Jersey, USA).

Cytochalasin B treatment

BMECs were treated with 10 pg/mL Cytochalasin B for 30 min, and then cells were infected with S. agalactiae for 2 h at an MOl of 100. The cells
were placed on ice and washing the cultures three times to remove non-internalized bacteria. The extracellular bacteria were killed and lysed
by gentamicin and lysozyme. BMECs were lysed, and the number of intracellular bacteria was determined by spread plate method.

Anti- laminin B2 blocking assay

BMECs were seeded in 6-well plates and incubated until 80% confluence. The cells were then pretreated with anti-laminin B2 for 1 h, infected
with S. agalactiae for 2 h at MOI 100, and cultured sequentially in medium that contained gentamicin and lysozyme for 2 h to kill and lyse
extracellular bacteria. The number of intracellular bacteria was determined by spread plate counting.

Adhesion assays

Adhesion assay of S. agalactiae was achieved in two phases. First, BMECs were infected with S. agalactiae at MOI 100 for 15, 30 and 60 min,
respectively. End of infection, BMECs were continued and maintained for 2 h in medium with gentamicin and lysozyme. After incubation, cells
were harvested with trypsin and washed three times with PBS to remove extracellular dead bacteria, and then lysed. The number of intracel-
lular bacteria was determined by spread plate counting in Table S4. Second, BMECs were infected with S. agalactiae for 15 min at MOI 100,
and then the cells were cultured for 2 h in a medium with gentamicin and lysozyme. After incubation, BMECs were harvested with trypsin and
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washed three times with PBS to remove non-adherent bacteria, and then lysed using lysis buffer. The expression of p-Crk, Vps25 and FAK was
detected by western blot.

Comparative proteomic analysis

Three groups of BMECs were independently infected by bacteria (S. agalactiae) for 2 h at an MOI of 100, and the extracellular bacteria were
killed and lysed with antibiotics and lysozyme. The control cells and infected BMECs were washed with PBS 3 times and centrifuged for 10 min
at 3000xg and 4°C. Total proteins were extracted from control and S. agalactiae-infected BMECs separately. Then, proteins from infected
and uninfected BMECs were extracted and mixed respectively and were subjected to proteomic analysis. Protein concentration was
measured and SDS-PAGE was performed to ensure that the quality of the samples conformed to iTRAQ assay standards. The abundance
of proteins in the control group was compared with that in the bacteria-infected group to generate a control: infection ratio. Proteins
were considered to be differentially expressed if they met the following criteria: log2 ratio >1 and FDR <0.01. Differentially expressed pro-
teins and KEGG pathway annotation were analyzed in Tables S2 and S3.

Western blot analysis

Proteins and phosphorylated proteins were examined by western blot.>*” Briefly, control and bacteria-infected BMECs were collected with
trypsin and lysed in cell lysis buffer. Equal quantities (40 ug) of proteins were subjected to electrophoresis and transferred to polyvinylidene
fluoride membrane, which was then incubated with primary antibodies. Signals were detected with peroxidase-conjugated secondary anti-
body and enhanced chemiluminescence (ECL) reagent using the Western Blotting System (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA).
The bands were quantified on a Gel-Pro Analyzer 4.0 (Media Cybernetics, USA).

MTT

BMECs were seeded into 96-well plates at 6 x 10° cells per well 24 h before drug treatment. Then cells were incubated with and treated with
various concentrations of RGD (Arg-Gly-Asp peptides) for 24 h to evaluate the inhibitory efficiency of RGD on cell metabolic activity and for-
mazan accumulation in cells. The different volumes of the DMSO were added to the corresponding control group media, and the concen-
tration of DMSQO in the final solution did not exceed 0.5% (v/v). The medium with RGD was absorbed, and fresh medium was added. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml, Sigma-Aldrich, Inc. St. Louis, MO, USA) was added to each well and
incubated for 4 h at 37°C. The solution was absorbed, and formazan product was dissolved by adding 100 uL DMSO to each well and incu-
bating it for 10 min at 37°C. MTT absorbance was measured at 490/630 nm with a spectrophotometer set (Thermo, Multiskan SX 353, USA).
This assay was used to evaluate the efficacy of RGD against cell proliferation.

Transfection in vitro

The pRNAT-U6.1/Neo-shLAMB2, pGPH1/GFP/Neo-shITGB1, pGPU6/GFP/Neo-shCrk, pGPU6/GFP/Neo-shVps25, pIRES2-EGFP-Crk, and
pIRES2-EGFP-Vps25 plasmids were transfected into BMECs using Lipofectamine TM2000 (Invitrogen, Carlsbad, New Mexico, USA) per
the manufacturer's instructions, whereas pGPU6/GFP/Neo-shFAK was transfected into MCF-10A cells. Transfectants were selected with
G418 (Hyclone Laboratories, Inc. Logan, UT, USA) for 48 h and imaged under a ZEISS AX10 fluorescence microscope (Carl Zeiss Microscopy,
LLC One Zeiss Drive, Thornwood, NY 10594 USA).

RT-qPCR
RT-gPCR was performed to measure LAMB2, ITGB1, Crk, and Vps25in BMECs and FAK in MCF-10A cells. Cells (6x10° cells/well in a 6-well
plate) were transfected with vectors for RNA interference or overexpression. Total RNA was extracted using RNAiso Plus per the manufac-
turer’s instructions (9109, TaKaRa Co. Ltd., Dalian, China). Briefly, the cells were washed with PBS and lysed in RNAiso Plus, and chloroform
was added to the cell lysates for homogenization; the top aqueous layer was transferred to a new tube after centrifugation, and isopropanol
was added to the supernatant and mixed well. Total RNA was precipitated by centrifugation, and the pellet was dissolved in RNase-free water.
Total RNA was reversed-transcribed using the EasyScript one-step gDNA Removal and cDNA Synthesis SuperMix kit according the man-
ufacturer’s instructions (Code#AE311-03, Transgen Co. Ltd., China). gPCR was performed with the KAPA SYBR FAST gPCR Kit Optimized for
LightCycler 480 (KAPA BIOSYSTEMS, Inc., Boston, MA, USA). gPCR primers for LAMB2, ITGB1, FAK, Crk, and Vps25 were designed according
to the sequences in GenBank (The primer sequences in Table S5). ACTB was selected as the internal control gene. 27447
lated to determine expression levels. Three independent experiments were performed, and the results were analyzed by student’s t-test.

values were calcu-

Coimmunoprecipitation

BMECs were collected, washed 3 times with cold PBS, and dissolved in cell lysis buffer. Then, equivalent amounts of protein lysate were incu-
bated with anti-Vps25 (1:50) or anti-His (1:50) (negative control) and inactive resin (negative control) using the Co-Immunoprecipitation Kit per
the manufacturer’s protocols (Cat# 17-500, Millipore, Billerica, MD, USA). Equivalent amounts of protein lysate were also evaluated by western
blot as a positive control for Vps25 and Crk, as reported.®®

iScience 26, 107884, October 20, 2023 15




¢? CellPress iScience
OPEN ACCESS

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analyses were conducted using SPSS PASW Statistics for Windows, v18.0 (SPSS Inc.: Chicago, IL, USA). Data were analyzed using
standard parametric statistics and one-way ANOVA, followed by Tukey’s method. Data are expressed as mean + SD. The results are pre-
sented as the average of at least 3 independent experiments. Western blot results were quantified on a Gel-Pro Analyzer 4.0 (Media Cyber-
netics, USA). Statistical significance was accepted when p < 0.05.
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