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Abstract 

Initiation of T cell receptor (TCR) signaling involves the activation of the tyrosine 

kinase LCK; however, it is currently unclear how LCK is recruited and activated. 

Here, we have identified the membrane protein CD146 as an essential member of the 

TCR network for LCK activation. CD146 deficiency in T cells substantially impaired 

thymocyte development and peripheral activation, both of which depend on TCR 

signaling. CD146 was found to directly interact with the SH3 domain of 

coreceptor-free LCK via its cytoplasmic domain. Interestingly, CD146 was found to 

be present in both monomeric and dimeric forms in T cells, with the dimerized form 

increasing after TCR ligation. Increased dimerized CD146 recruited LCK and 

promoted LCK autophosphorylation. In tumor models, CD146 deficiency 

dramatically impaired the anti-tumor response of T cells. Together, our data reveal a 

previously unrecognized LCK activation mechanism for TCR initiation. We also 

underscore a rational intervention based on CD146 for tumor immunotherapy. 
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Introduction 

T cell activation undergoes an orderly and complex process that critically relies on 

T cell antigen receptor (TCR) signaling, which requires an orchestrated interplay of 

receptors, receptor-associated factors, kinases, and transcription factors, together 

termed TCR signalosome(1). In the clinic, harnessing TCR signaling has been a 

popular area of study and has achieved exciting breakthroughs in immunotherapy for 

tumors and other immune disorders. Although the intracellular signaling cascade has 

been extensively studied, exactly how membrane TCR activation leads to intracellular 

signaling has remained elusive. 

Lymphocyte-specific protein tyrosine kinase (LCK), an Src kinase family member, 

is critical in transducing cell membrane signals that activate intracellular signaling 

cascades. Deficiency of LCK abolishes proximal TCR signaling and blocks T cell 

development and activation (2-4). Mounting evidence suggests that the 

phosphorylation of LCK at Y394 is essential for its activation (5). Crystallization 

studies reveal that LCK forms an asymmetrical head-to-tail dimer, with the Y394 

activation loop of one monomer in the other monomer's active site. 

Transautophosphorylation is believed to be crucial for the activation of LCK (6, 7); 

however, little is known about how this process is regulated. 

LCK has previously been reported to associate with the coreceptor CD4/CD8 in 

thymocytes (8, 9). There is evidence that CD4 forms a dimer that associates with two 

LCK proteins, resulting in LCK transautophosphorylation (10). However, 

co-receptor-deleted T cells have recently been shown to maintain enough signal to 

undergo clonal deletion in vivo (8, 11). These results suggest that coreceptors 

contribute to TCR signaling sensitivity, rather than the activation of T cells (12). Thus, 

the underlying molecular mechanism for LCK transautophosphorylation and 

activation remains elusive. 
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Several earlier studies suggest that the adhesion molecule CD146 (also known as 

MCAM, MUC18) is associated with the activation of T cells during immune cell 

responses. CD146 is a type I transmembrane glycoprotein consisting of 646 amino 

acids in humans (13). The cytoplasmic domain is composed of 63 amino acid residues 

and exhibits two putative PKC phosphorylation sites and a dileucine motif (14). Our 

previous studies and the work of other investigators have shown that CD146 plays 

multiple roles in a wide variety of cells (15-18). We identified a dimeric form of 

CD146 on the surface of endothelial cells that regulate endothelial cell activation and 

migration (19). These studies suggest that dimeric CD146 plays important roles in 

outside-in signaling transduction. 

CD146 expression was first reported on activated T cells in 1997 (20). Subsequent 

clinical studies have shown that in healthy individuals, CD146 is expressed on 

subpopulations of CD4 and CD8 T cells with effector/memory phenotype (21). In 

patients with autoimmune diseases, such as multiple sclerosis (22, 23), rheumatoid 

arthritis, and contact dermatitis (24), the percentage of CD146+ T cells is significantly 

increased, and importantly, CD146+ T cells show a pro-inflammatory phenotype with 

increased cytokine secretion. In addition, CD146 was found to be expressed on 

immature cortical thymocytes in humans (25). These studies suggest a potential role 

of CD146 in T cell development and activation. 

In the present study, we addressed this possibility utilizing various CD146-deficient 

mouse models. We found that CD146 is required for both T cell development and 

peripheral activation associated with disrupted proximal TCR signaling. Interestingly, 

the cytoplasmic tail of CD146 directly interacts with LCK, and dimeric CD146 

appears to act as a platform mediating LCK dimerization, autophosphorylation, and 

activation. Furthermore, CD146 deficiency in T cells compromises their function in 

tumor models. Therefore, our data suggest an important mechanism of dimeric 

CD146-mediated LCK activation for TCR initiation, which may have potential as an 

application in tumor immunotherapy. 
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Results 

Deletion of CD146 on thymocytes inhibits T cell development 

To investigate the role of CD146 in T cell development, we first isolated mouse 

thymocytes and tested CD146 expression on thymocytes of different developmental 

stages, including double negative (DN, CD4-CD8-), double-positive (DP, CD4+CD8+), 

and single-positive (CD4+ or CD8+ SP) stages (26). As shown in Figure 1A–B, 

CD146 expression was detected on thymocytes, especially on DP and CD4+CD8int 

subsets. During the DN stage, DN2 (CD4-CD8-CD44+CD25+) and DN3 

(CD4-CD8-CD44-CD25+) cells had higher levels of CD146 expression compared with 

that on DN1 (CD4-CD8-CD44+CD25-) and DN4 (CD4-CD8-CD44-CD25-) cells 

(Figure 1C). CD146 expression decreased as DP thymocytes became SP (Figure 1B). 

Together, these expression patterns suggest that CD146 may play a regulatory role 

during thymocyte development, both in DN and DP cells. 

To further clarify the role of T cell-derived CD146 during thymocyte development, 

we generated two conditional Cd146 knockout (KO) mouse strains by crossing 

Cd146flox/flox mice with mice expressing Cre downstream of the proximal Lck 

(CD146LCK-KO) or Cd4 (CD146CD4-KO) promoters, which are first activated in DN2 

and DP thymocytes, respectively. The genotypes were confirmed by PCR analysis 

(Supplemental Figure 1A). Both CD146LCK-KO and CD146CD4-KO mice exhibited 

Cd146 mRNA levels in T cells below the detection limit. Furthermore, CD146LCK-KO 

mice showed lower CD146 protein levels in DN, DP, and SP thymocytes, while 

CD146CD4-KO mice showed lower CD146 protein expression in DP and SP thymocytes 

(Supplemental Figure 1B, C). Compared with WT mice, CD146LCK-KO mice had 

much smaller thymuses than their control littermates (Supplemental Figure 1D). In 

addition, the thymic architecture was also altered in CD146LCK-KO mice, with a 

remarkably reduced medulla:cortex ratio (Figure 1D, E). The thymic size and 

medulla:cortex ratio were largely normal in CD146CD4-KO mice. In agreement with 

these results, the total number of thymocytes was reduced by ~35% in CD146LCK-KO 
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mice compared to WT controls, but less affected in CD146CD4-KO mice (Figure 1F). 

More specifically, while the percentages of DN and DP remained constant, those of 

CD4 SP and CD8 SP cells were reduced in both CD146LCK-KO and CD146CD4-KO mice 

(Figure 1G). The numbers of CD4 SP and CD8 SP cells were also remarkably 

reduced in both CD146LCK-KO and CD146CD4-KOmice (Figure 1H). In addition, the 

number of DP cells was lower in CD146LCK-KO mice than in CD146CD4-KO mice 

(Figure 1H), consistent with the earlier deletion of Cd146 in the former mouse strain. 

Together, these experiments suggest that T cell-derived CD146 plays important roles 

during both DN-DP and DP-SP transitions. 

CD146 is required for β selection 

β selection and positive selection are important steps for T cell development. To 

further examine the role of CD146 on T cell development in more detail, we first 

analyzed the ratio of DN1-DN4 cells using flow cytometry. As shown in Figure 2A, 

the percentages of DN1 and DN2 subpopulations were essentially comparable among 

WT, CD146LCK-KO, and CD146CD4-KO mice. CD146LCK-KO mice exhibited an increased 

ratio of DN3 cells and a reduced ratio of DN4 cells compared to WT or CD146CD4-KO 

mice, suggesting that the CD146-deficiency interferes with DN3-to-DN4 transition (β 

selection) at an early stage. To confirm this, we stained intracellular TCRβ (icTCRβ), 

a marker for β selection. As shown in Figure 2B, the percentage of icTCRβ+ cells in 

DN3 cells was indeed significantly lower in CD146LCK-KO mice, while the expression 

level of membrane TCRβ was not disturbed (Supplemental Figure 2A). In addition, 

CD146 deficiency resulted in reduced BrdU incorporation in icTCRβ+ cells during an 

in vivo 2-h BrdU pulse labeling assay (Figure 2C), suggesting its effect on icTCRβ+ 

proliferation. The expression levels of CD69 and pan-T antigen CD5 at the DN3 stage 

were also reduced (Figure 2D, E). The cell survival issue is unlikely to be involved in 

the defect of DN3-DN4 transition, given that the two groups of DN3 cells had 

comparable apoptosis rates (Supplemental Figure 2B). Given that icTCRβ 

expression is essential for pre-TCR signaling (26), these data suggest that 
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CD146-deficient DN3 cells are defective in pre-TCR signaling and fail to proliferate 

during the DN3-DN4 transition; thus, deletion of CD146 blocks T cell development at 

the β selection stage. Interestingly, however, this block failed to initiate a shift in 

lineage commitment toward γδ T cells, as their absolute number was also markedly 

lower in CD146LCK-KO compared to that in WT mice (Figure 2F). This result 

indicates that CD146 may also be required for γδ T cell development. Therefore, 

CD146 appears to be required for pre-TCR signaling, which controls both αβ and γδ T 

cell development. 

CD146 is required for positive selection 

Mature TCR complexes are formed post-DN4, and DP cells require mature TCR 

signaling to proceed through positive selection and develop into mature SP cells. To 

evaluate whether CD146 is involved in thymocyte positive selection and SP cell 

maturation, we next examined thymocyte expression of both TCRβ and CD69 

(markers for successful TCR activation and positive selection) (27) in five distinct 

developmental subpopulations (Figure 3A). The number of immature CD69-TCRβ- 

cells (subpopulation 1, P1) was comparable between CD146LCK-KO mice and their 

wildtype littermates. However, all of the subsequent populations were significantly 

reduced in CD146LCK-KO mice, including subpopulations 2 (CD69-TCRβint, 

pre-selection DP cells; P2), 3 (CD69intTCRβint, cells undergoing positive selection; 

P3), 4 (CD69hiTCRβhi, post-positive selection; P4), and 5 (CD69loTCRβhi, mature SP 

cells; P5) (Figure 3B). By using CD146CD4-KO mice, we also found that cells in P3–

P5 were reduced in the absence of CD146 (Figure 3C). A remarkably reduced ratio 

of P3 to P2 in CD146LCK-KO and CD146CD4-KO mice further verified that positive 

selection was blocked in the absence of CD146 (Figure 3D). The blocked positive 

selection and maturation were also confirmed by CD69 and CD5 expression analysis 

(Figure 3E and Supplemental Figure 3A–B). Furthermore, the maturation of CD4+ 

and CD8+ SP thymocytes was substantially impaired, as shown by the lower ratios of 

mature CD4+ (CD24neg-loTCRβ+) to immature CD4+ (CD24hiTCRβ+) and mature 

CD8+ (CD24neg-loTCRβ+) to immature CD8+ (CD24hiTCRβ+) thymocytes (Figure 3F). 
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The defect in positive selection was unlikely to be due to apoptosis given that DP 

cells from WT and KO mice showed similar rates of apoptosis in vivo (Supplemental 

Figure 3C) and in vitro (Supplemental Figure 3D). Furthermore, the absence of 

CD146 did not affect the TCR-induced expression of Nur77, a critical regulator of 

TCR-induced cell death (28) (Supplemental Figure 3E). However, BrdU 

incorporation in DP cells was reduced in the absence of CD146 (Supplemental 

Figure 3F). These data suggest that the CD146 deficiency damaged the TCR-induced 

positive selection but did not affect the apoptosis of thymocytes. 

The compensatory changes in the TCR repertoire would mask the developmental 

defects associated with thymocyte selection. To limit such compensation, we 

introduced OT-II β TCR transgenes into CD146CD4-KO mice (Supplemental Figure 

3G). As shown in Figure 3G–I, OT-II thymocytes showed a substantial 

developmental defect in CD146-deficient mice compared to WT control mice. 

DP thymocyte commitment to CD4 or CD8 lineage requires down-regulation of 

CD8 expression and transition through the CD4+CD8int stage. To determine whether 

CD146 deficiency leads to defects during this process, we performed an in vitro 

two-stage differentiation assay (29). DP cells isolated from WT or KO mice were 

stimulated for 20 hours with the indicated concentrations of anti-TCRβ and anti-CD2 

antibodies. As shown in Figure 3J, down-regulation of CD8 was impaired, and the 

generation of CD4+CD8int cells was blocked in the recovery culture of KO DP cells. 

Together, these results strongly suggest that CD146 is required explicitly during 

thymocyte development at the positive selection stage. 

Cell-intrinsic role of CD146 in thymocyte development 

To determine the cell-intrinsic role of CD146 in T cell development, we next used a 

bone marrow chimeric mouse model. Briefly, bone marrows with a 1:1 ratio from 

CD45.1+ (WT) and CD45.2+CD45.1- CD146WT (mixed WT-WT), or CD146KO (mixed 

KO-WT) or CD146LCK-KO (mixed LCK-WT) or CD146CD4-KO (mixed CD4-WT) 

donors were transferred to lethally irradiated CD45.1+ host mice. After 8–12 weeks, 



9 
 

thymocytes were isolated, and both the CD45.1+ and CD45.2+ cells were analyzed by 

flow cytometry (Figure 4A). Among these four groups, mixed KO-WT and mixed 

LCK-WT mice exhibited similar abnormalities in T cell development, including 

reduced thymocyte numbers (Figure 4B, C), inhibited β selection (Figure 4D), 

positive selection of DP cells (Figure 4E, F), and SP maturation (Figure 4G). The 

thymus γδ T cells were also reduced in mixed KO-WT and mixed LCK-WT mice 

(Figure 4H). Mixed CD4-WT mice showed a defect in DP positive selection and SP 

maturation (Figure 4C, E-G). Together, these findings suggest that CD146 plays a 

thymocyte-intrinsic role in developmental regulation. 

CD146 deletion impairs TCR-mediated response in T cells 

After thymic maturation, T cells migrate to the periphery for immune surveillance and 

defense. CD146 deficiency reduces the peripheral T cell population in peripheral 

blood (PB) and spleen (Supplemental Figure 4A–B, and Figure 5A–B). Moreover, 

in CD146 KO mice, the proportion of naïve T cells (CD62hiCD44lo) in the spleen was 

lower, while the percentage of accumulated effector cells (CD62-CD44hi) was higher 

compared to that in WT mice (Figure 5C), probably due to T cell 

lymphopenia-induced T cell proliferation. To understand whether CD146 controls T 

cell activation at the early stage, we measured CD69+ cells in LN and PB from WT 

and KO mice. As shown in Supplemental Figure 4C and D, CD69+CD4 cells and 

CD69+CD8 cells were remarkably lower in KO mice, indicating that the early 

activation of T cells was defective in CD146 KO mice. To confirm this finding, we 

directly assessed naïve T cell activation using an in vitro anti-CD3/CD28 stimulation 

assay. As shown in Figure 5D and Supplemental Figure 4E, the percentages of 

CD69+ cells and the CD69 protein levels in stimulated naïve CD4 and CD8 cells 

increased with increasing concentration of anti-CD3/CD28. However, a substantial 

defect was found in CD146-KO T cells. These results were further confirmed using T 

cells from CD146LCK-KO or CD146CD4-KO mice (Supplemental Figure 4F–G). In 

addition, after stimulation with anti-CD3/CD28, the production of both IL-2 and 

IFN-γ was greatly reduced in CD146-deficient T cells (Figure 5E–F and 
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Supplemental Figure 4H). Granzyme B expression in CD8 cells was also reduced 

under anti-CD3/CD28 stimulation (Supplemental Figure 4I). Moreover, in an in 

vitro proliferation assay using the cytosolic dye CFSE, T cells from KO mice 

exhibited a much lower proliferation capacity in response to anti-CD3/CD28 

stimulation (Figure 5G), suggesting that CD146 is essential for TCR-driven 

activation of T cells; this was further confirmed in an OT-II antigen specific scenario 

(Figure 5H). 

To exclude the potential thymic developmental effect on peripheral T cell 

activation and to investigate the direct impact of CD146 deletion on peripheral T cell 

activation, we generated inducible KO mice as described in the methods. Tamoxifen 

treatment was found to inhibit CD146 expression on T cells (Supplemental Figure 

4J and K), and naïve T cells with inducible-KO of CD146 showed lower CD69 

expression in response to anti-CD3/CD28 stimulation (Figure 5I–J), as well as 

reduced expression of cytokines such as TNF-α, IFN-γ and IL-2 (Figure 5K, 

Supplemental Figure 4L). These data further confirmed that the peripheral activation 

defect in CD146 KO mice is mainly primary, rather than being secondary to a 

developmental defect. 

CD146 deletion damages proximal TCR signaling 

We next examined the mechanisms responsible for CD146 control of T cell activation. 

Splenic naïve T cells from WT and CD146 KO mice were stimulated with anti-CD3 

and anti-CD28 for 10 min or left unstimulated, and the activation status of various 

TCR signaling molecules were determined. After stimulation, the phosphorylation 

levels of LCK and Zap-70, the proximal events associated with TCR activation, were 

remarkably lower in CD146-deficient T cells compared to WT controls (Figure 6A). 

Interestingly, the levels of p-LCK(Y394) and p-ZAP70 were also significantly lower 

in CD146-deficient T cells, even without antibody stimulation, suggesting a role of 

CD146 in the resting T cell stage (Figure 6A–C). Consistent with the impaired LCK 

and ZAP70 activation, the activation of p38 and ERK1/2 and the downstream calcium 
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flux were also lower in the absence of CD146 (Figure 6B–C, Supplemental Figure 

5A). These data suggest that CD146 functions at the proximal signaling of TCR. This 

was also confirmed by in vitro OT-IItg T cell activation assay using OVA (329-337) 

peptide. As shown in Figure 6D, OVA-induced T cells showed defective LCK and 

ZAP70 activation in the absence of CD146. In addition, we performed a T cell 

activation assay using phorbol-12-myristate-13-acetate (PMA) and Ionomycin, a PKC 

activator, to bypass proximal TCR signaling. The results showed that upon 

PMA/Ionomycin stimulation, WT and KO T cells had similar levels of 

phosphorylated p38, ERK1/2, calcium flux, and CD69 expression (Supplemental 

Figure 5B–D), confirming that CD146 mainly mediated proximal TCR signaling. 

The impaired proximal TCR signaling defect and downstream effect was also found 

in CD146 KO thymocytes, as shown by reduced p-LCK(Y394), p-ZAP70, p-p38, 

p-ERK1/2, and downstream calcium flux (Figure 6E, F, Supplemental Figure 5E), 

suggesting a general function of CD146 in TCR activation. 

To avoid the potential developmental influence on T cell activation, we 

manipulated CD146 expression levels in Jurkat cells. CD146 protein was knocked 

down using CD146-shRNA or overexpressed using CD146-encoding plasmids 

(Supplemental Figure 5F). As shown in Figure 6G–H, significantly reduced p-LCK, 

p-ZAP70 and p-ERK levels were observed in CD146 knockdown cells, irrespective of 

whether they were at rest or following TCR stimulation. By contrast, CD146 

overexpression enhanced the activation of the aforementioned proteins. Together, 

these data suggest that CD146 is involved in proximal TCR signaling, independent of 

T cell development, and at both resting and activating status. 

CD146 interacts with LCK and acts as a platform to promote LCK activation 

We next proceeded to determine how CD146 regulates the proximal TCR 

signaling. We first tested whether CD146 may directly or indirectly interact with 

molecules associated with TCR signaling, such as CD3, CD4, ZAP70, LAT, PLCγ, 

FYN, and LCK. Using immunoprecipitation assays (IP), we observed no interactions 



12 
 

between CD146 and CD3, CD4, ZAP70, LAT, PLCγ, or FYN; however, we found an 

interaction between CD146 and LCK (Supplemental Figure 6A–B). Interestingly, 

the interaction between CD146 and LCK was already present in resting T cells and 

was further increased with prolonged stimulation of the TCR by using IP and 

three-dimensional structured illumination microscopy imaging (3D-SIM) (Figure 7A, 

Supplemental Figure 6C). Surprisingly, the interaction between CD146 and LCK 

was independent of coreceptors, such as CD4, suggesting that it is direct 

(Supplemental Figure 6B, D). To confirm these findings, we constructed two 

recombinants of the cytoplasmic segment of CD146 with the GST protein linked at 

either the C- or N- terminal (CD146-linker-GST or GST-linker-CD146, respectively, 

Figure 7B), which were used for pull-down experiments. As shown in Figure 7C, 

both cytoplasmic CD146 recombinants directly interacted with LCK. Thus, these data 

provide further evidence for the direct interaction between CD146 and LCK. 

To determine which residues of CD146 contribute to its interaction with LCK, we 

first generated three truncations of CD146, namely C19 (627AA), C37 (609AA), and 

C63 (583AA) (Figure 7D). We transfected these CD146 truncation-encoding 

plasmids into LCK stably transfected 293T cells. Immunoprecipitation experiments 

using the anti-CD146 antibody AA1 showed that C63 truncation but not C19 and C37 

impaired the interaction (Figure 7E–F), suggesting that the interaction site is located 

in cytoplasmic domain 584-609 AA. Our previous study showed that a conserved 

positively charged amino-acid cluster KKGK motif in the juxtamembrane region of 

the CD146 cytoplasmic tail served as the binding site for ERM proteins(30). 

Therefore, we hypothesized that this KKGK motif might be also used for the 

interaction with LCK. To test this, we generated the mutation plasmid KKGK-AAGA 

(Figure 7D) and transfected this mutant plasmid into 293T cells with stably 

transfected LCK-encoding plasmids. Immunoprecipitation experiments showed that 

the KKGK mutation comparably reduced LCK interaction, suggesting KKGK is 

indeed essential for LCK interaction. The mutation of another positively charged 

amino-acid cluster RRS motif, which is similar to the motif RRR in CD4 or CD44 for 
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their interaction with LCK(31), showed unimpaired interaction with LCK (Figure 7E, 

F). Thus, CD146 depends mainly on the KKGK motif for its interaction with LCK. 

To determine which LCK region interacts with the cytoplasmic CD146, we 

constructed three plasmids encoding domains SH2, SH3, and SH2-SH3 reported as 

LCK regulatory domains (6) (Figure 7G). Pull-down assays showed that the SH3 

domain interacts with CD146 (Figure 7H). This was further confirmed by 

immunoprecipitation using CD146-stably-transfected 293T cells, which were 

transiently transfected with a plasmid encoding SH2 or SH3-deleted LCK (Figure 7I). 

In addition, the CD146-LCK SH3 interaction may depend on the cation-π interaction 

of cationic sidechain (such as Lys, K) and an aromatic sidechain (such as Tyr, W), 

which is prevalent in protein-protein complexes(32). To confirm this, we generated 

plasmid encoding LCK form with a mutation in the SH3 domain, namely LCK 

(W97A). LCK (N114A) served as a control. Immunoprecipitation experiments 

showed that the LCK (W97) site is critical for the interaction of SH3 and CD146 

(Figure 7J). 

The active form of LCK (p-LCK(Y394)) is constitutively expressed in T cells at the 

resting stage, and TCR stimulation further enhances de novo phosphorylation of 

LCK(Y394) (5). The activation of LCK is believed to occur via 

transautophosphorylation of tyrosine in the activation loop (Y394). We previously 

reported that CD146 dimerizes in endothelial cells and showed that this form 

facilitates NFκB signaling (19). Therefore, we investigated whether CD146 dimerizes 

in T cells and whether dimeric CD146 contributes to LCK activation. Indeed, the 

dimerized form of CD146 was detected in Jurkat cells at resting status, as shown in 

Figure 7K. Upon anti-CD3/CD28 stimulation, increased CD146 clusters were 

observed (Supplemental Figure 6E) and the ratio of the dimer to monomer was also 

increased (Figure 7L). Concomitantly, activated LCK was increased with prolonged 

stimulation (Figure 7K, L), suggesting that CD146 dimerization may promote LCK 

activation. The CD146 C452 residue is reported to be essential for the dimerization of 
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CD146(19). To directly test this hypothesis, we constructed a mutant CD146 

monomer M(452C-A) (Figure 7M). WT or mutant monomer CD146 plasmids were 

transfected to LCK-stably-transfected 293T cells. As shown in Figure 7N, while the 

interacting LCK levels were similar in cells transfected with plasmids of WT dimeric 

CD146 or mutant monomeric CD146, activated LCK was markedly reduced in 

monomeric CD146-transfected cells compared to that in dimeric CD146-transfected 

cells. These results were further confirmed using dimerized CD146 plasmids, 

D(Δ367-399) and D(K398L/R399L) (Figure 7M–N), both of which were determined 

as important residues for CD146 dimerization by structural analysis(33). In addition, 

CD146 crosslinking by anti-CD146 antibody AA1 or AA98 (34) led to the activation 

of LCK, ZAP70, and ERK1/2 (Supplemental Figure 6F–G). These data suggest that 

dimerized CD146 may serve as a platform that brings LCK together and promotes its 

transautophosphorylation (proposed model, Supplemental Figure 6H). 

CD146 on T cells enhances the anti-tumor activity 

T cells play important roles in the implementation of immune surveillance and 

immune defense. To elucidate the function of CD146 on T cells in tumor 

immunosurveillance, we established a diethylnitrosamine (DEN)-induced 

hepatocarcinoma (HCC) mouse model in CD146LCK-KO mice (Figure 8A). 

Twenty-two weeks post-induction, CD146LCK-KO mice developed more severe HCC 

compared to WT mice as demonstrated by the increased number and size of tumor 

nodules (Figure 8B). In addition, the percentages of CD4 and CD8 T cells infiltrated 

into the liver were markedly reduced in CD146LCK-KO HCC mice (Figure 8C), while 

other cells were slightly affected (Supplemental Figure 7A). These data suggest that 

T cell-derived CD146 is important in the anti-tumor response. 

To further determine the function of CD146 in T cell anti-tumor capacity, we 

established a xenograft melanoma model using CD146LCK-KO mice. In the 

transplanted melanoma model induced by subcutaneous injection of 1 ´ 106 B16F10 

cells, we observed accelerated tumor growth in CD146LCK-KO mice (Figure 8D, E). In 
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addition, less IL-2, IFN-γ, IL-17A and TNF-α were produced in CD146LCK-KO splenic 

T cells compared to control T cells from tumor-bearing mice (Figure 8F), suggesting 

that the absence of CD146 impairs the anti-tumor immunity of T cells. These data 

were further confirmed by using OVA-overexpression B16F10 (B16-OVA) 

tumor-bearing OT-IItg-CD146CD4-KO mice (Figure 8G, Supplemental Figure 7B). In 

addition, the tumor-infiltrating T cells were also dramatically reduced in 

OT-IItg-CD146CD4-KO mice (Figure 8H). To exclude the effect of a development 

defect, we performed T cell adoptively transfer experiments in a tumor 

immunotherapy model. As shown in Figure 8I and J, adoptively transferred CD8+ T 

cells had strong capacity to kill tumors in a dose-dependent manner, which was 

reduced by CD146-deficiency. These data suggest that CD146 is required for 

anti-tumor T cell response. 

Because CD146 on T cells has been reported to facilitate the transmigration of T 

cells (23, 35), to exclude this effect, we co-injected subcutaneously with B16-OVA 

cells and pre-activated T cells at a 1:10 ratio into nude mice and examined the tumor 

development. The result showed that mice co-injected with CD146-deficient T cells 

developed larger tumors than those injected with WT T cells (Supplemental Figure 

7C). To further confirm the anti-tumor activity of CD146+ T cells, we isolated splenic 

T cells at day 7 after inoculation, and cocultured T cells with B16-OVA cells in vitro 

(20:1 or 50:1). We found that less tumor cells were killed on day 3 by 

CD146-deficient T cells compared to that of WT T cells (Supplemental Figure 7D). 

Moreover, we found that CD146-deficient T cells had lower activation of LCK and 

ZAP70 than WT T cells (Supplemental Figure 7E). These data suggest that CD146 

expression on T cells enhances anti-tumor immunity. 

Tumor immunotherapy with anti-PD1 has shown great success in some solid 

tumors. To determine whether CD146 expression on T cells is required for anti-PD1 

immunotherapy, we established an MC38 tumor model with CD146LCK-KO or WT 

mice and treated the mice with or without anti-PD1 at day 8 post-tumor inoculation. 

As shown in Figure 8K–M, CD146LCK-KO mice developed larger tumors than WT 
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mice, which was consistent with the aforementioned results. Moreover, while 

anti-PD1 treatment inhibited the tumor growth in WT mice, it had less effect in 

CD146LCK-KO mice. Together, these data suggest that manipulating the T cell activity 

by CD146 may be helpful for tumor immunotherapy. 
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Discussion 

Here, we identified an essential role for CD146 in T cell development and activation. 

Our analysis of mouse models revealed that CD146 is expressed on thymocytes in a 

finely regulated dynamic pattern throughout T cell development. We found that 

CD146 is involved in the transition from DN to DP stage, a process that requires 

pre-TCR signaling. We also observed that CD146 regulates activation of peripheral T 

cells, which requires signaling through the mature TCR complex. Mechanistically, 

CD146 is directly involved in TCR signaling by interacting with LCK. Interestingly, 

CD146 was dimerized in T cells and appears to act as a platform for LCK 

autophosphorylation. Deficiency in CD146 disrupted the proximal events of TCR 

signaling both in vivo and in vitro. Importantly, mice with T cell specific CD146 

deletion showed markedly defective anti-tumor immunity compared to those with WT 

T cells. Thus, CD146 was discovered as an important membrane protein controlling 

TCR signaling during T cell development and function. 

Our study uncovered a previously unrecognized direct interaction between CD146 

and LCK. Cytoplasmic membrane LCK is usually considered associated with 

CD4/CD8 coreceptor (36-38). However, recent imaging study suggests that CD4 and 

LCK are localized in their separate clusters with limited interactions in the interfaces 

between them (9), indicating the presence of a significant amount of coreceptor-free 

LCK on the cell membrane. In our current study, we found an interaction between 

LCK and CD146 using immunoprecipitation assay in T cells at both resting and 

activating status. Moreover, the results of the in vitro pull-down experiment further 

showed that the intracellular component of CD146 has a direct interaction with LCK 

and revealed the interaction face residing mainly on the KKGK motif of the 

cytoplasmic domain 584-609 AA in CD146 and W97 AA of SH3 domain in LCK. 

These data also suggest that the interaction of LCK and CD146 is independent of 

coreceptors. 
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A significant amount of LCK is present in its active form in T cells at resting status 

and is further increased upon TCR stimulation (5, 39, 40). How this is maintained and 

regulated remains unknown. A previous study has suggested that CD4 dimerization 

mediates LCK transautophosphorylation (10). However, this study does not explain 

the presence of activated LCK in coreceptor negative thymocytes (39). In addition, 

coreceptors are only partially dispensable for T cell development and activation (41). 

Furthermore, a previous study has demonstrated a significant amount of 

coreceptor-free LCK on the cell membrane (9). These findings indicate that additional 

factors may exist controlling LCK activation. In our study, significant reduction of 

active LCK was found in CD146 deficient resting T cells, suggesting an important 

role of CD146 in maintaining constitutive LCK activation. This is likely mediated by 

CD146 dimerization (19). Indeed, dimerized CD146 was clearly detected in resting 

primary T cells and Jurkat T cells, and dimerized CD146, but not monomeric CD146, 

promoted LCK activation in 293T cells. These data suggest that CD146 functions as a 

platform for LCK dimerization and autophosphorylation. In addition, increased 

CD146 clustering and dimerization were observed upon TCR stimulation, which was 

accompanied by increased LCK activation. Thus, CD146 dimerization appears to 

mediate LCK autophosphorylation in both resting and activated T cells and is 

required for TCR signaling for T cell development and activation. 

How CD146 dimerization is regulated is still unknown. However, our data suggest 

that this might be related to the association between CD146 and lipid rafts. In resting 

T cells, although a fraction of CD146 is already located in the lipid rafts, protein 

palmitoylation modification has been reported to be able to steer proteins toward lipid 

rafts (42). In particular, a functional palmitoylation site at C590 has been reported in 

CD146, which might promote constitutive CD146 recruitment to lipid rafts (43). In 

activating T cells, the fraction of CD146 in lipid rafts is further increased, which may 

be due to the increased content of raft-associated lipids (44), which would further 

recruit CD146, leading to enhanced CD146 dimerization. Alternatively, CD146 

ligands/interacting partners on APCs may promote CD146 dimerization during 
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APC-T cell interaction and immunological synapse formation. However, this does not 

explain the effect of CD146 during anti-CD3/CD28 stimulation-induced T cell 

activation, when no synapse is formed. Therefore, the exact mechanism underlying 

CD146 dimerization remains to be studied in the future. 

We have provided evidence that CD146 is required for LCK dimerization and 

activation and is also required for downstream TCR signaling, such as ZAP70 

phosphorylation and ERK phosphorylation, and further downstream effector cytokine 

production and cell proliferation. The impaired LCK activation occurs at the point of 

early T cell development and remains throughout their peripheral homeostasis and 

activation. Therefore, it appears CD146 plays a universal role in LCK activation 

throughout the entire process of T cell development, homeostasis and response. 

Previous studies have suggested that CD146 associates with FYN, another member of 

the src-family kinases, in endothelial cells (45). However, in T cells, CD146 does not 

appear to function via FYN. Indeed, we observed no association between CD146 and 

Fyn in this study; this is probably due to cell type specific differences. 

Although remaining at low expression level in peripheral naïve T cells, CD146 

indeed plays an important role in the activation of LCK in naïve T cells. In addition, 

CD146 expression is upregulated upon TCR activation, and may further potentiate T 

cell activation. Moreover, as CD146 is highly expressed on effector/memory T cells, 

their reactivation during effector/restimulation phases may be also regulated by 

CD146. In fact, CD146high T cells were shown to be elevated in various autoimmune 

diseases and capable of producing several pro-inflammatory cytokines, including 

IFN-γ, IL-17 and TNF-α (46). Numerous studies have shown that CD146high T cells, 

especially CD146high Th17 cells, are encephalitogenic T cells (23, 47-50). Whether 

CD146 plays same important role for effector/memory T cells during T cell effector 

phase as during T cell development and priming activation remains an interesting 

question for further investigation. 
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T cell-mediated immunotherapy using chimeric antigen receptors (CARs) has 

achieved great success for tumor therapy and enhancing LCK phosphorylation is 

crucial for the activity of CARs. A recent paper showed that the binding of the LCK 

SH3 domain to the CD3e cytoplasmic tail resulted in local augmentation of LCK 

activity, providing the rational improvement of chimeric antigen receptor design for 

the treatment of cancer (51). Our findings suggest the important role of CD146+ T 

cells in tumor defense. In addition, the CD146-LCK interaction enhanced the T cell 

response both in vivo and in vitro. Therefore, manipulating LCK activation by CD146 

in T cells is a potential strategy for tumor therapy. It should be noted that, CD146 

expression has been found upregulated and positively correlated with poor tumor 

prognosis. In addition, CD146 is a biomarker for tumor angiogenesis (52) and is 

considered a potential target for blockade in most tumors for therapy (53). Thus, 

cell-type specific manipulation of CD146 signaling, instead of systemic targeting, is 

required. For instance, bi-specific antibodies may achieve tumor cell-specific CD146 

blockade or T cell-specific CD146 activation for enhanced tumor therapy. In addition, 

increasing CD146 expression on CAR-T cells by engineering may further enhance 

their efficacy. 

Taken together, this study provides the detailed evidence to show how the TCR is 

initiated by membrane CD146. A small fraction of dimerized CD146 is located in 

resting T cells and interacts with a few coreceptor-free LCK to maintain basic LCK 

activation. TCR engagement further promotes CD146 dimerization, resulting in 

recruiting more LCK to the local TCR synapse to activate LCK itself, and 

co-receptor-bound LCK might further enhance and/or stabilize TCR signaling. Our 

results demonstrate that CD146 is an integral membrane component mediating LCK 

activation, important for regulating proximal TCR signaling for both T cell 

development and activation. 
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Methods 

Mice: All animal experiments were performed in compliance with the guidelines for 

the care and use of laboratory animals and were approved by the institutional 

biomedical research ethics committee of the Institute of Biophysics, Chinese 

Academy of Sciences (permit number: SYXK2018-45). All mice were housed in a 

pathogen-free facility. 

Cd146flox/flox mice were generated at the Nanjing Biomedical Research Institute of 

Nanjing University. All knockout mice were generated using a Cre/loxp recombinase 

system and backcrossed onto a C57BL/6J background for a minimum of nine 

generations. Five-week-old female mice were used for phenotype analysis. EIIA-Cre, 

Lck-Cre and Cd4-Cre were purchased from the Nanjing Biomedical Research 

Institute of Nanjing University, China. Ly5.1(CD45.1+) mice and transgenic mice 

expressing OT-II (OT-IItg) were purchased from Jackson Laboratory. The 

5-6-week-old female C57BL/6J mice and BALB/c nude mice were obtained from the 

Department of Laboratory Animal Science, Peking University Health Science Center, 

China.  

For generating inducible CD146 knockdown mice, Cd146flox/flox mice were crossed 

with Ubc-Cre/Ert2 mice (a gift from professor Shuyang Yu, China Agricultural 

University). The F1 Ubccre/+Cd146flox/+ genotype was backcrossed with Cd146flox/flox 

mice to generate Ubccre/+Cd146flox/flox mice. Cd146flox/flox mice were used as control. 

Five-week-old mice were used for tamoxifen treatment. For preparing a tamoxifen 

working solution (10 mg/ml), tamoxifen was dissolved in 1 ml ethanol and the mix 

was shaken vigorously for one minute, and then 9 ml of corn oil was added, and the 

mixture was again shaken vigorously at room temperature for about 30 minutes while 

avoiding light. Tamoxifen was intraperitoneally injected for four consecutive days (1 

mg/kg). One week later, the treated mice were used for the experiment. 

Antibodies and reagents: The following anti-CD146 antibodies were used: AA1 and 

AA98 were generated in our laboratory(34). AA1 was used for immunoprecipitation 
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and immunoblotting; AA1 and AA98 were used for cross-linking. PE/Cy7-conjugated 

rat anti-mouse CD146 (clone: ME-9F1, Cat.134714, Biolegend) was used for flow 

cytometry; anti-CD146(Cat.ab75769) was used for immunoblotting. 

Other antibodies and reagents used are as follows: PerCP/Cy5.5 anti-mouse CD3ε 

(Cat.100327), Brilliant Violet 421TM anti-mouse NK-1.1 (Cat.108731), APC/Cy7 

anti-mouse CD25 (Cat.102025), PE/Cy7 anti-mouse CD5 (Cat.100621), APC 

Anti-mouse TCR γ/δ (Cat.118115), RBC Lysis Buffer (10X) (Cat.420301), Alexa 

Fluor 647 anti-mouse TCR β chain (Cat. 109217), Alexa Fluor 700 anti-mouse 

CD45.2 (Cat. 109822), PerCP/Cy5.5 anti-mouse IL-17A (Cat.506919), Brilliant 

Violet 421™ anti-human/mouse Granzyme B (Cat.396413), MojoSort Mouse CD3 T 

Cell Isolation Kit (Cat. 480023), MojoSort Mouse CD4 naïve T cell isolation kit (Cat. 

480040), MojoSort Mouse CD8 naïve T cell isolation kit (Cat. 480043) and MojoSort 

Mouse CD8 T cell isolation kit (Cat. 480008) were obtained from Biolegend. 

Anti-Mouse TCR β eFluor 450 (Cat. 48-5961-82), anti-Human/Mouse CD44 APC 

(Cat.17-0441-81), anti-Mouse CD45.1 FITC (Cat. 11-0453-82), Anti-Mouse F4/80 

Antigen eFluor 450 (Cat. 48-4801-82), Anti-Mouse Ly-6G (Gr-1) FITC (Cat. 

11-5931-82), Anti-Mouse CD11b PerCP-Cyanine5.5 (Cat. 45-0112-80), 

anti-Human/Mouse phospho-p38 MAPK (T180/Y182) APC (Cat.17-9078-41), 

anti-Human/Mouse phospho-Zap-70/SYK (Y319/Y352) PerCP-eFluor 710 

(Cat.46-9006-41), anti-Human/Mouse phospho-ERK1/2 (T202/Y204) PE-eFluor 610 

(Cat.61-9109-41), Anti-Mouse TNFa PE-Cyanine7  (Cat.25-7321-82), Anti-Mouse 

IFNg PE (Cat.12-7311-82), Anti-Mouse IL-2 APC (Cat.17-7021-82), Anti-Mouse 

CD11c APC (Cat.17-0114-81), Anti-Mouse CD2 Functional Grade Purified (Cat. 

16-0031-82), Anti-Mouse TCR β Functional Grade Purified (Cat. 16-5961-82), 

Anti-Mouse CD28 Functional Grade Purified (Cat. 16- 0281-82), Anti-Mouse CD3e 

Functional Grade Purified (Cat. 16-0281-82), Cell Stimulation Cocktail (plus protein 

transport inhibitors) (500´) (Cat. 00-4975-03), Cell Stimulation Cocktail (500´) (Cat. 

00-4970-93), BrdU Staining Buffer Set for Flow Cytometry Kit (Cat. 00-5525-00), 

Mouse IFN-γ ELISA Ready-SET-Go! (Cat. 88-7314-22), Mouse IL-2 ELISA 
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Ready-SET-Go! (Cat. 88-7024-77), Permeabilization Buffer (10´) (Cat. 00-8333-56) 

and IC Fixation Buffer (Cat.00-8222-49), were purchased from eBioscience. Fluo-4 

(Cat.F14201) was purchased from Invitrogen. FcR Blocking Reagent, mouse (Cat. 

130-092-575) was purchased from Miltenyi. Anti-CD24 APC (Cat.M30241-11A), 

CD4-FITC (Cat.M10041-02B), CD8-PE (Cat.M10083-09B), CD69-FITC (Cat. 

M30691-02B), CD4-APC (Cat. M10043-11A), CD62L-PE (Cat. M10621-09B), 

CD19-PE (Cat.M10191-09D), anti-GST (Cat.KM8005), Annexin V-FITC/7-AAD 

Cell Apoptosis Analysis Kit (Cat. AO2001-02A-H) were purchased from Tianjin 

SUNGENE BIOTECH Ltd, China. Anti-LCK (ab32149), anti-ZAP70 (phosphor 

Y319) (Cat.ab194792), anti-CD4 (Cat.ab133616),  anti-CD3d(Cat.ab103573), 

anti-CD3x (Cat.ab190728), anti-FYN (Cat.ab184276) and anti-CD3g (Cat.ab134096) 

were purchased from Abcam. Anti-ZAP70 (Cat.A2195), anti-LCK (phospho Y394) 

(Cat.AP0182), anti-ACTIN (Cat.AC028), anti-GAPDH(Cat.AC033), anti-His tag 

(Cat.AE003) , anti-MBP (Cat.AE016) were purchased from ABclonal.  Antibodies 

against phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (Cat.4370S), p44/42 

MAPK (ERK1/2)(Cat.4695S), phospho- p38 MAPK (Thr180/Tyr182) (Cat.4511S), 

p38α MAPK (L53F8) (Cat.9228S) , PLCg (Cat.2822S), LAT(Cat.9166S) were 

purchased from CST. Mouse IgG2a (Cat. M5409), IgG2b (Cat. M1395), anti-FLAG 

(Cat. Fl804), BrdU (Cat.B5002), Diethylnitrosamine (DEN) (Cat.73861) were 

obtained from Sigma. The OVA-I-Ab tetramer (TS-M710-1) was purchased from 

MBL. Sangon Biotech Co., Ltd synthesized OVA(323-339) peptide. In Vivo Mab 

anti-mouse PD-1 (CD279) (BE0146-25MG) and rat IgG2a control (BE0089) was 

purchased from Bioxcell. 

Cells and plasmids: Cell lines, including Jurkat, B16F10 and MC38, were purchased 

from ATCC. B16-OVA cell line was a gift from Prof. Yang-Xin Fu (University of 

Texas Southwestern Medical Center). Knockdown of CD146 was performed using 

CD146shRNA (Table S1) constructed in the lentivirus vector GV248. Overexpression 

of CD146 was performed using pEGFP-N1-hCD146 plasmid or pHS-AVC (for 

mouse CD146). All CD146 mutants were constructed in a pECMV-3´FLAG-N 
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vector. All human LCK cytoplasmic truncations were constructed in 

pIRES2-DsRed-Express vector. Transfection of plasmids in Jurkat cells was 

performed using the Lonza AMAXA 4D Nucleofector (Germany). 

Generation of bone marrow chimeric models: Bone marrow cells collected from 

CD45.1+ mice were mixed at a ratio of 1:1 with bone marrow cells from CD146WT or 

different versions of CD146KO (CD45.2+) mice and the mixture (5 × 106) was injected 

into irradiated CD45.1+ mice (7.5 gray). Mice were analyzed 8–12 weeks after bone 

marrow transfer was completed. 

BrdU labeling: Labeling was performed as previously described(54). Briefly, for 

detection of thymocytes, mice were injected i.p. with 1 mg BrdU 2 h before being 

sacrificed. BrdU incorporation were analyzed by flow cytometry using a BrdU Flow 

Kit (Biolegend). 

DP-to-CD4+CD8int development in vitro: The DP-to-CD4+CD8int development 

assay was performed as described previously(29). Briefly, DP cells were isolated 

from WT and KO thymocytes by FACS sorting and were then resuspended in 

RPMI-1640-medium to adjust the concentration to 2.5 × 107 /ml. 100 µl of cells were 

incubated overnight with 2.5 µg/ml or 5 µg/ml plate-bound anti-TCRβ and anti-CD2 

antibodies. Incubated cells were then washed and stained against CD4 and CD8 and 

finally analyzed for CD4+CD8int cells using flow cytometry (Stimulatory) or cultured 

for another 24 h in the same medium before analysis (Recovery). 

Ca2+ flux: Cell suspensions of thymocytes or splenocytes were first labeled for 1 h at 

37°C with 4 µg/ml Fluo-4 (Invitrogen), before being washed with ice-cold PBS and 

resuspended in PBS. Cells (3 × 106) were surface-labeled for 30 min on ice with 

APC-conjugated anti-CD4 and PE-conjugated anti-CD8, before being warmed for 20 

min to room temperature and stimulated with 3 µg/ml anti-CD3 antibody (for 

thymocytes) or anti-CD3/CD28 antibodies (for splenocytes) or PMA/ionomycin 

immediately before flow cytometry. Mean fluorescence ratios were plotted after 

analysis with FlowJo software (TreeStar). 
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Splenocyte CD69-upregulation assay: Splenic naïve T cells isolated from CD146WT, 

CD146KO, or CD146LCK-KO mice were stimulated with the indicated concentrations of 

plate-bound anti-CD3 and anti-CD28 antibodies or PMA/ionomycin for 5 h at 37°C. 

Cells were collected and stained with FITC-CD69 and analyzed by flow cytometry. 

OVA (329-337) specific T cell induction: Splenocytes isolated from OT-IItgCD146 

CD4-WT and -KO mice were stimulated with OVA (329-337) peptide (1 µg/ml) for 

72 h. OVA-I-Ab tetramer was used to detect the OVA (329-337) specific T cells. 

Real-time fluorescence quantitative PCR (RT-qPCR): The cells were washed twice 

with 1 × PBS, and the total RNA was isolated using Trizol reagent (Cat. 15596026, 

Invitrogen). The mRNA served as a template, and reverse-transcription PCR was 

performed according to standard protocols. Quantitative real-time PCR was 

performed by using SYBR Premix Ex TaqII (Cat. RR820A, Takara) and the ViiA 7 

Real-Time PCR system. The primers used are listed in Table S2. 

Pull-down assay for CD146 and LCK proteins: CD146 intracellular-linker-GST 

protein (K0130) were produced by prokaryotic expression system. Recombinant 

LCK-His protein (Cat. ab82185) was purchased from Abcam. Recombinant CD146 

protein was ligated on GST beads. After washing the conjugates for three times, 

recombinant LCK-His protein was added and incubated in 4°C for 1 h. After being 

washed three times with PBS/lysis buffer (9:1), samples were resolved in 1 × SDS 

reduced sample buffer for SDS-PAGE gels (10%), and then blotted using anti-GST 

and anti-LCK antibodies. 

Recombinant LCK SH2-linker-MBP, SH3-linker-MBP, and SH3-SH2-linker-MBP 

were produced by prokaryotic expression system. All the recombinant proteins were 

used for the pull-down assay. 

Immunoprecipitation and immunoblot analysis: Cells were lysed in Cell Lysis 

Reagent (Sigma). Cell lysates were pre-cleared with Protein A/G Sepharose beads and 

then the supernatants were immunoprecipitated overnight at 4°C with the appropriate 

antibodies. Protein A/G Sepharose beads were added, and the samples were incubated 
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for additional 2 h. After being washed three times with PBS/lysis buffer (9:1), 

samples were resolved in 1 × SDS reduced sample buffer for SDS-PAGE gels (10%) 

and blotted, or in 1 × SDS non-reduced sample buffer (no 2-Mercapto-ethanol) for 

dimer detection. For immunoblot analysis, cells were lysed in SDS sample buffer by 

the addition of 1/4 volume of 5 × SDS sample buffer directly into cell suspensions. 

Samples were then boiled for 5 min and separated by (10%) SDS-PAGE. 

Simple western immunoblots were performed using PeggySue (ProteinSimple, 

USA) using the Size Separation Master Kit with Split Buffer (12–230 kDa) according 

to the manufacturer’s instructions, using the following antibodies: anti-pZAP70, 

anti-ZAP70, anti-pLCK(Y394), and anti-LCK. The Compass software (ProteinSimple, 

version 2.7.1) was used to program the PeggySue-robot and to quantify the peak 

values of the western Immunoblots. Output data are displayed from the 

software-calculated average of seven exposures (5–480 s). 

Adoptively transferred T cells in B16-OVA tumor model: Splenic CD8+ T cells were 

isolated from OT-IItgCD146CD4-WT and OT-IItgCD146CD4-KO mice bearing B16-OVA 

tumors for 8 days. BALB/c nude mice were injected subcutaneously with 2 × 106 

B16-OVA cells and adoptively transferred 2–5 × 106 isolated CD8+ T cells on day 7. 

The tumor volumes were measured every 2 days. 

Statistical analysis: GraphPad Prism software was used for statistical analysis. All bar 

graphs show the mean ± SEM. Differences between groups were examined by 

Student's t-test or ANOVA for comparison of means, as indicated in each legend. P 

values of less than 0.05 were considered statistically significant. 

Study approval: This study conformed to approvals granted by the institutional 

biomedical research ethics committee of the Institute of Biophysics, Chinese 

Academy of Sciences. All experimental procedures involving vertebrate animals were 

conducted in accordance with the approval SYXK2018-45. 
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Figure legends 

 

Figure 1. Deletion of CD146 on thymocytes inhibits the T cell development. (A) 
Surface staining of CD146 (antibody clone AA1) on total thymocytes. (B) Surface 
staining of CD146 on DN, DP, CD4+CD8int, and SP cells. Right, mean fluorescence 
intensity (MFI) of CD146 on DN, DP, CD4, and CD8 subpopulations of thymocytes 
from CD146WT mice (n = 5). (C) Surface staining of CD146 on DN1-DN4 cells. 
Right, MFI of CD146 on DN1-DN4 cells (n = 5). (D) Thymus sections from 
CD146LCK-WT (n = 5), CD146LCK-KO mice (n = 5) and CD146CD4-KO mice (n = 3), 
stained with hematoxylin and eosin; the darker area constitutes the cortex (C), and the 
lighter area constitutes the medulla (M). Original magnification, ×4. Scale bar: 1 mm. 
(E) The ratio of areas of M and C. (F) Total cell numbers in thymuses from WT (n = 
7), CD146LCK-KO(n = 6), and CD146CD4-KO (n = 6) mice. (G) Surface staining of CD4 
and CD8 on thymocytes. Right, percentages of DN, DP, and SP subpopulations (n = 
5). (H) Cell numbers of DN, DP, CD4SP, and CD8SP subpopulations  (n = 7 for WT 
or 6 for KO). Each symbol represents an individual mouse; the short horizontal lines 
indicate the mean ± SEM. One-way ANOVA followed by Bonferroni’s correction 
was performed (B,C,E,F,G and H). n.s, not significant; *p<0.05, **p<0.01, 
***p<0.001. 
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Figure 2. CD146 is required for β selection. (A) Surface staining of CD44 and 
CD25 (left) on DN thymocytes from WT, CD146LCK-KO or CD146CD4-KO mice. Middle, 
a schematic diagram of the left graph; Right, percentages of DN1-DN4 
subpopulations (n = 5). Numbers adjacent to outlined areas indicate percent cells in 
each gate. (B) Intracellular staining of TCRβ in DN or DN3 cells. Right, percentages 
of intracellular TCRβ+ (icTCRβ+) at DN or DN3 (n = 5). (C) Intracellular staining of 
Brdu in CD25-icTCRβ+ and CD25+icTCRβ+ cells. Right, the percentages of Brdu+ 
cells in each subpopulation. Numbers adjacent to outlined areas indicate percent cells 
in each gate (n = 5). (D–E) MFI of CD69 (D) and CD5 (E) in DN3 (n = 5). (F) 
Surface staining of TCRγδ (Left) in thymocytes from CD146LCK-WT and CD146LCK-KO 
mice. Right, percentages of γδ T cells. Numbers in the outlined areas indicate percent 
cells in each gate (n = 5). Each symbol represents an individual mouse; the short 
horizontal lines indicate the mean ± SEM. One-way ANOVA followed by 
Bonferroni's correction (A–C) or two-tailed t-test (D–F) were performed. *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 3. CD146 is required for positive selection. (A) Surface staining of CD69 
and TCRβ on thymocytes from CD146LCK-WT and CD146LCK-KO mice. Numbers in 
outlined areas on the left indicate subpopulations gated, which is further analyzed and 
shown individually on the right, and numbers in parentheses above plots on the right 
indicate percent thymocytes in each subpopulation. (B–C) The numbers in 
subpopulations 1–5 of CD146 LCK-WT (n = 10) and CD146LCK-KO (n = 7) (B) or 
CD146CD4-WT (n = 3) and CD146CD4-KO (n = 4) mice   (C). (D) The ratio of 
subpopulation 3 to 2 from CD146WT, CD146LCK-KO, or CD146CD4-KO mice. (E) 
Surface staining of CD69 on gated CD4+CD8int and DP thymocytes from WT, 
CD146LCK-KO or CD146CD4-KO mice. Right, the quantification of CD69 MFI (n = 5). 
(F) Surface staining of CD24 and TCRβ in CD4 (top) or CD8 (bottom) thymocytes 
from CD146WT, CD146LCK-KO, or CD146CD4-KO mice. The outlined areas indicate 
mature cells (TCRβ+CD24neg-lo). Right, the ratio of mature cells (CD24neg-lo) to 
immature cells (CD24hi) in CD4 or CD8 from WT, CD146LCK-KO or CD146CD4-KO 
mice (n = 5). (G) Thymuses from OTIItgCD146CD4-WT and OTIItgCD146CD4-KO mice 
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(representative of n = 3). (H) Surface staining of CD4 and CD8 on thymocytes from 
OTIItgCD146CD4-WT and OTIItgCD146CD4-KO mice. Right, the percentage of CD4+ 
thymocytes. (I) Cell numbers of DN, DP, CD4SP, and CD8SP subpopulations (n = 3). 
(J) Surface staining of CD4 and CD8 on sorted and developmental DP cells from WT 
and KO mice. Right, the percentages of CD4+CD8int cells from DP cells stimulated as 
described (n = 4). Each symbol represents an individual mouse; the short horizontal 
lines indicate the mean ± SEM. One-way ANOVA followed by Bonferroni's 
correction (B, C, E, F, I and J) or two-tailed t-test (D and H) were performed. 
*p<0.05, **p<0.01, ***p<0.001.  
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Figure 4. Cell-intrinsic role of CD146 in thymocyte development. (A) Schematic 
representation of the bone marrow chimeric model. (B-C) Ratio of CD45.1- to 
CD45.1+ cells in thymocytes (B) and DN, DP, CD4 and CD8 subpopulations (C) (n = 
5); (D) Ratio of CD45.1- to CD45.1+ cells among intracellular TCRβ+ cells in the DN3 
subpopulation (n = 5); (E) Ratio of CD45.1- to CD45.1+ cells among CD69+ cells (n = 
5); (F) MFI of CD69 in DP and CD4+CD8int subpopulations (n = 5); (G) Ratio of 
CD45.1- to CD45.1+ cells in mature CD4 or CD8 subpopulations (n = 5). (H) Ratio of 
CD45.1- to CD45.1+ cells in γδT cell populations (n = 5). Each symbol represents an 
individual mouse. One-way ANOVA followed by Bonferroni's correction was 
performed. Data are shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001; n.s, not 
significant. 
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Figure 5. CD146 deletion impairs the TCR-mediated response of T cells. (A) CD4 
and CD8 expression on splenic cells. Right, percentage of cell populations (n = 8). (B) 
Cell numbers of splenic CD4 and CD8 populations (n = 8). (C) CD44 and CD62L 
expression on splenic CD4 and CD8 cells. Right, percentage of naïve T 
(CD62L+CD44-) and memory T cells (CD62L-CD44+) in CD4 or CD8 population (n 
= 5). (D) CD69 expression on naïve CD4+ T cells left stimulated for 5 h. Right top 
panel, quantification of CD69+ cells. Right bottom panel, quantification of CD69 MFI 
(n = 3). (E–F) IL-2+ or IFNγ+ cells of splenic naïve T cells after stimulation for 3 d in 
vitro (n = 5). (G) CFSE dilution in splenic naïve T cells stimulated for 4 d. Red, the 
non-proliferated cells; pink, the proliferating cells. Right, division index (n = 6). (H) 
Staining of CD4 and OVA-MHC-II tetramer on splenic CD4 T cells left stimulated 
with OVA (323-339) peptide for 72 h. Right, percentage of tetramer+ populations (n = 
6). (I) CD69 expression on naïve CD4+ T cells from tamoxifen-treated mice left 
stimulated for 5 h. Right, percentages of CD69+ cells (n = 4). (J) The histogram and 
MFI of CD69 (n = 4). (K) Analysis of TNF-α, IFN-γ and IL-2 in tamoxifen-treated 
splenic naïve T cells after stimulation for 72 h (representative of n = 3). Each symbol 
represents an individual mouse. One-way ANOVA (A–D, and G) or two-tailed t-test 
(H–J) or two-way ANOVA with multiple-comparison test (F) were performed. Data 
are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 6. CD146 deletion damages proximal TCR signaling. (A) Western 
immunoblot (WB) analysis of p-LCK(394), LCK, p-ZAP70 (319), and ZAP70 in 
splenic naïve T cells stimulated with or without anti-CD3 and CD28 antibodies (1 
µg/ml) for 10 min. Total LCK and ZAP70 proteins were included as loading controls. 
Middle and right panels, quantification of p-LCK(394)/LCK or p-ZAP70/ZAP70 (n = 
3). (B) Staining of p-ZAP70, p-p38, and p-ERK1/2 in splenic naïve T cells stimulated 
with or without antibodies (1 µg/ml) for indicated time. (C) MFI of p-ZAP70, 
p-ERK1/2, and p-p38 in the cells described above (n = 3). (D) WB showing the 
expression of CD146, p-LCK(Y394) and p-ZAP70 (Y319) in isolated CD3+ T cells 
from OTIItgCD146CD4-WT or OTIItgCD146CD4-KO mice; total LCK, ZAP70, and actin 
proteins were used as loading controls. Right, quantification of p-LCK(394)/LCK or 
p-ZAP70/ZAP70 (n = 3). (E) WB analysis of p-LCK(394) and LCK in thymocytes 
stimulated with or without anti-CD3/CD28 antibodies (1µg/ml) for indicated time. 
Total LCK protein was included as the loading control. Right, the quantification of 
p-LCK(394)/LCK (n = 3). (F) MFI of p-ZAP70, p-p38 and p-ERK1/2 in thymocytes 
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stimulated as above (n = 3). (G) WB showing p-LCK, p-ZAP70 and p-ERK1/2 
protein levels in Jurkat cells with CD146 knockdown (CD146 KD) or wildtype (CTR) 
or CD146 overexpression (CD146 OE) left stimulated with or without 
anti-CD3/CD28 antibodies (1µg/ml) for 5 min. Total LCK, ZAP70, GAPDH and 
ERK1/2 proteins were used as loading controls. (H) The quantifications of 
p-LCK(394)/LCK, p-ZAP70/ZAP70 and p-ERK1/2/ERK1/2 (n = 3). Each symbol 
represents an individual mouse (C,D and F) or one experiment (A, B, E and H). Data 
are representatives of three independent experiments. One-way ANOVA (A, C–F) or 
two-way ANOVA with multiple-comparison test (H) were performed. Data are shown 
as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 7. CD146 interacts with LCK, and its dimerization promotes LCK 
activation. (A) Immunoblot analysis (IB) of CD146 and LCK in Jurkat cells 
immunoprecipitated (IP) with anti-CD146 (AA1) or isotype IgG stimulated for the 
times indicated. (B) Schematic representations of recombinant CD146 intracellular 
proteins. (C) Pull-down assay of recombinant CD146 intracellular proteins and 
LCK-His protein. (D) Schematic representations of CD146 intracellular mutants. (E) 
IP with AA1 to detect the interaction of CD146 intracellular mutants and LCK in 
293T cells. (F) Quantification of the LCK and CD146 ratio (n = 3). (G) Schematic 
representation of the SH2, SH3, and SH3-SH2 domains of LCK. (H) Pull-down assay 
of recombinant CD146 intracellular proteins and LCK domain-MBP protein. (I) 
Immunoblot analysis of CD146 and LCK in 293T cells transfected with LCK or 
LCK-deletion SH2 or SH3 domain plasmid and then immunoprecipitated (IP) with 
anti-CD146 (AA1) or isotype IgG. (J) Immunoblot analysis of CD146 and Flag in 
293T cells transfected with Flag-LCK mutant plasmid and then immunoprecipitated 
(IP) with anti-CD146 (AA1). (K) Immunoblot analysis of CD146 dimer and LCK in 
Jurkat cells immunoprecipitated with anti-CD146 (AA1) or isotype IgG upon 
anti-CD3/CD28 stimulation for the times indicated. The arrowhead indicates the 
corresponding proteins. (L) The relative ratio of either CD146 dimer to monomer or 
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LCK(Y394) to total LCK (n = 3). (M) Schematic representation of the CD146 
monomer, WT, and dimer mutants. (N) IB of LCK and LCK(Y394) in 293T cells 
transfected with CD146 monomer, WT or dimer, and LCK plasmids and 
immunoprecipitated with anti-CD146 (AA1). The number below each band represents 
the relative ratio to WT. Each symbol represents one experiment. One-way ANOVA 
followed by Bonferroni's correction (F, L) was performed. Data are representatives of 
three independent experiments. Data are shown as mean ± SEM. *p < 0.05, **p<0.01, 
***p<0.001. 
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Figure 8. CD146 on T cells enhances the anti-tumor activity. (A) Schematic 
representation of DEN-induced HCC mouse model. (B) DEN-induced liver tumors in 
CD146 LCK-WT (n = 15) and CD146 LCK-KO (n = 7) mice. Right, surface tumors 
quantification. Scale bar, 1 cm. (C) Percentage of infiltrated T cells in liver CD45+ 
cells from DEN-induced HCC mice (n = 7). (D, E) The volume (D) and weight (E) of 
B16 tumor growth in CD146 LCK-WT (n = 8) and CD146 LCK-KO mice (n = 9). (F) 
Intracellular staining of IL-2, IFN-γ, TNF-α, and IL-17 in CD3+ T cells from 
tumor-bearing mice. Right panel, percentages of IL-2+, IFNγ+, TNFα+, and IL-17+ 
cells in CD3+ T cells (n = 7). (G) Weight of B16-OVA tumors (n = 7 for WT or 6 for 
KO). (H) Percentage of infiltrated CD3+ T cells in tumor CD45+ cells from B16-OVA 
tumor-bearing mice (n = 6). (I–J) Tumor growth (I) and tumor weights (J) in 
adoptively transferred CD8 T cells in B16-OVA tumor models (n = 6). (K–L) Tumor 
growth (K) and tumor weight (L) in CD146 LCK-WT or KO mice treated with 
anti-PD-l antibody or isotype IgG (200 µg per mouse) (n = 5 or 6). (M) Tumor 
inhibition analysis between CD146 LCK-WT and KO mice with or without anti-PD1 
treatment (n = 5 or 6). Each symbol represents an individual mouse. Two-tailed t-test 
(B, E, G, and H) or one-way ANOVA followed by Bonferroni's correction (C, F, J, 
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and L) or two-way ANOVA with multiple-comparison test (D and M) or two-way 
RM ANOVA with Tukey’s test (I and K) were performed. Data are shown as mean ± 
SEM. *p < 0.05, **p < 0.01, ***p<0.001. 
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