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Depletion of Csk preferentially 
reduces the protein level of LynA in 
a Cbl-dependent manner in cancer 
cells
Takahisa Kuga1 ✉, Yuka Yamane1, Soujirou Hayashi1, Masanari Taniguchi1, Naoto Yamaguchi2 
& Nobuyuki Yamagishi1

There are eight human Src-family tyrosine kinases (SFKs). SFK members c-Src, c-Yes, Fyn, and Lyn are 
expressed in various cancer cells. SFK kinase activity is negatively regulated by Csk tyrosine kinase. 
Reduced activity of Csk causes aberrant activation of SFKs, which can be degraded by a compensatory 
mechanism depending on Cbl-family ubiquitin ligases. We herein investigated whether all SFK members 
are similarly downregulated by Cbl-family ubiquitin ligases in cancer cells lacking Csk activity. We 
performed Western blotting of multiple cancer cells knocked down for Csk and found that the protein 
levels of the 56 kDa isoform of Lyn (LynA), 53 kDa isoform of Lyn (LynB), c-Src, and Fyn, but not of c-Yes, 
were reduced by Csk depletion. Induction of c-Cbl protein levels was also observed in Csk-depleted cells. 
The reduction of LynA accompanying the depletion of Csk was significantly reversed by the knockdown 
for Cbls, whereas such significant recovery of LynB, c-Src, and Fyn was not observed. These results 
suggested that LynA is selectively downregulated by Cbls in cancer cells lacking Csk activity.

The Src-family tyrosine kinases (SFKs) are composed of eight members in humans: c-Src, c-Yes, Fyn, Lyn, Lck, 
Fgr, Hck and Blk1. c-Src, c-Yes, Fyn and Lyn are widely expressed in a variety of cell types, whereas other members 
are primarily restricted to specific cell types2. The redundant expression of multiple members of SFKs is observed 
in almost all cell types1.

SFKs play important roles in various signalling pathways involved in various cellular events, including survival 
and proliferation, motility and invasion and angiogenesis1,3,4. The deregulated activation of SFKs promotes tum-
origenesis and cancer progression4,5. The activity of SFKs has been reported to be associated with poor clinical 
prognosis of cancer patients6,7.

The kinase activity of SFKs is controlled by their post-translational modifications by phosphorylation. The 
autophosphorylation of the conserved tyrosine residue in their activation loop changes the protein structure 
into a fully active conformation8,9. In contrast, the phosphorylation of another conserved tyrosine residue in 
the C-terminal negative regulatory tail changes the protein structure into an inactive conformation8,9. This 
C-terminal tyrosine is phosphorylated by the Csk or Chk tyrosine kinases10. The loss of Csk therefore leads to the 
aberrant activation of SFKs11,12. The reduced activity of Csk is observed in hepatocellular carcinoma13.

The ubiquitin-proteasome system is another mechanism that down-regulates SFKs14. The degradation of SFKs 
by the ubiquitin-proteasome system serves as a mechanism to prevent aberrantly activated SFKs from excessively 
transducing signals. The ubiquitination-dependent degradation of c-Src and Fyn was observed in mouse embry-
onic fibroblasts containing a targeted disruption of the Csk gene15. The inhibition of Csk in bone marrow-derived 
macrophages led to the ubiquitination-dependent degradation of Lyn, Hck and Fgr16. The Cbl-family ubiquitin 
ligases composed of c-Cbl, Cbl-b and Cbl-c17 are involved in the ubiquitination of SFKs. At least c-Src, Fyn, Lyn 
and Lck were reported to be substrates of Cbls18–23.

We are interested in the results that the 56-kDa isoform of Lyn (LynA) is preferentially ubiquitinated and 
degraded compared to the 53-kDa isoform of Lyn (LynB), Hck and Fgr upon the inhibition of Csk in mac-
rophages16. These results suggest that the ubiquitin-proteasome system functions with different selectivity against 
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different members or splicing isoforms of SFKs in macrophages lacking the activity of Csk. In the present study, 
we examined whether particular members or splicing isoforms of SFKs were preferentially down-regulated by 
the protein degradation system when the activity of Csk was reduced in cancer cells where a different set of SFKs 
is expressed compared in macrophages.

Results
LynA protein levels are preferentially reduced in Csk-depleted cancer cells.  In order to assess 
the effect of reduced activity of Csk on the protein levels of individual members of SFKs, we performed Western 
blotting of two types of cancer cells (HCT116 and HeLa S3 cells) transfected with small interfering RNA (siRNA) 
for Csk (siCsk_1, SASI_Hs02_00328637, and siCsk_2, SASI_Hs02_00328637) or control siRNA. HCT116 cells 
redundantly expressed c-Src, c-Yes, and Lyn [Fig. 1(a)]. In HCT116 cells, the depletion of Csk remarkably reduced 
LynA and mildly reduced c-Src (Fig. 1(a,b), Fig. S1a). The protein level of LynB was slightly reduced upon the 
depletion of Csk in HCT116 cells, although this reduction was not statistically significant (Fig. 1(a,b), Fig. S1a). 
The protein level of c-Yes was not altered by the depletion of Csk in HCT116 cells (Fig. 1(a,b), Fig. S1a). HeLa S3 
cells expressed c-Yes, Fyn, and Lyn [Fig. 1(c)]. HeLa S3 cells depleted of Csk exhibited reduced LynA, LynB, and 
Fyn levels (Fig. 1(c,d), Fig. S1b). The reduction level of LynA was higher than that of LynB (Fig. 1(d), Fig. S1b). 
Comparing the reduction level of Fyn with that of LynA or LynB was difficult because different reduction levels of 
Fyn were induced by two Csk siRNAs (Fig. 1(c,d), Fig. S1b). Csk depletion did not affect the c-Yes protein levels 
in HeLa S3 and HCT116 cells (Fig. 1(c,d), Fig. S1b). These results suggested that LynA protein levels are preferen-
tially repressed via Csk depletion in cancer cells.

Kinase activity of SFKs is required for the depletion of Csk to reduce the protein level of 
LynA.  The depletion of Csk leads to the activation of SFKs by preventing the phosphorylation of the tyrosine 
residue at their C-terminal regulatory tail8,9. To determine whether the activation of SFKs participated in the 
process by which the depletion of Csk reduced LynA, we examined whether an SFK inhibitor, PP224, was able to 
reverse the repressive effect of the depletion of Csk on the protein level of LynA. HCT116 cells were transfected 

Figure 1.  Depletion of Csk causes a preferential reduction of LynA. HCT116 (a,b) and HeLa S3 (c,d) cells were 
transfected with Csk siRNA or control siRNA and analyzed by Western blotting with antibodies against the 
indicated proteins. Two siRNAs for Csk with different nucleotide sequences were used. (b,d) show the average 
± SD of the relative intensity of the individual bands calculated from three sets of samples (see also Fig. S1). The 
p-value against the control was calculated by Dunnett’s test. The asterisks and NS indicate p < 0.05 and p > 0.1, 
respectively. Full-length blots for (a,c) are presented in Fig. S7.
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with siRNA for Csk or control siRNA, and 24 h after transfection, these cells were treated with 10 μM PP2 or 
dimethyl sulfoxide (DMSO; control) for 24 h. These cells were analysed by Western blotting (Fig. 2). We first tried 
to confirm whether treatment with PP2 repressed the kinase activity of SFKs. In cells treated with PP2, the tyros-
ine phosphorylation levels at the activation loop and the C-terminal negative regulatory tail were not correlated 
to the kinase activity of SFKs25; thus, the effect of PP2 on the kinase activity of SFKs was not assessed by Western 
blotting with antibodies against phosphorylation at the conserved tyrosine in the activation loop [anti-p-SFKs 
(A-loop) antibody; Fig. 2] or in the C-terminal negative regulatory tail (anti-p-Src Y530 and anti-p-Lyn Y508 
antibodies; Fig. 2). We therefore confirmed the effect of PP2 based on the reduction of the tyrosine phosphoryl-
ation of intracellular proteins detected by anti-phosphotyrosine (p-Tyr) antibody (Fig. 2, p-Tyr panel). In cells 
transfected with control siRNA, no influence of PP2 on the protein levels of SFKs was observed (Fig. 2, lanes 1 and 
2). In cells depleted of Csk, treatment with PP2 reversed the reduction of LynA and also c-Src, whereas the protein 
level of c-Yes was comparable irrespective of whether cells treated with PP2 (Fig. 2, lanes 3 and 4). These results 
suggest that the activation of SFKs accompanying the depletion of Csk triggers the reduction of LynA.

Constitutively active Src, v-Src, leads the reduction of LynA.  To further verify whether the acti-
vation of SFKs leads the reduction of LynA, we examined whether constitutively active Src, v-Src26, leads the 
reduction of LynA. For this examination, we used HeLa S3/v-Src cells introduced with a system for the doxycy-
cline (Dox)-inducible expression of v-Src27. HeLa S3/v-Src cells were treated or not with 2 ng/mL Dox for 6 h and 
analysed by Western blotting (Fig. 3). The Dox-induced expression of v-Src was confirmed using anti-Src and 

Figure 2.  An inhibitor of SFKs, PP2, prevents the reduction of LynA accompanying the depletion of Csk. 
HCT116 cells were transfected with siRNA for Csk or the control siRNA and then cultured for 48 h. During 
the last 24 h of the total 48 h culture, cells were incubated in medium containing 10 μM PP2 or DMSO (solvent 
control) and analysed by Western blotting with antibodies against the indicated proteins. The numbers on the 
right side of the p-Tyr panel indicate the electrophoretic positions of the molecular weight marker proteins. The 
letters ‘S and Y’ on the right side of the panels for p-SFKs (A-loop) and p-Src Y530 indicate the electrophoretic 
position of c-Src and c-Yes. Full-length blots are presented in Fig. S8.
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anti-p-SFKs (A-loop) antibodies. In cells expressing v-Src, the protein level of LynA was remarkably repressed. 
The protein levels of Fyn and LynB were mildly repressed. The protein level of c-Yes was not altered in cells 
expressing v-Src. Given that v-Src only slightly reduced the protein level of Csk, these results suggest that the 
aberrant activation of SFKs is sufficient to lead the reduction of LynA irrespective of whether Csk is depleted or 
not in cancer cells.

Cbls are involved in Csk-mediated reduction of LynA.  A previous study showed that LynA was ubiq-
uitinated by c-Cbl and subsequently degraded by the proteasome when mast cells were stimulated by FcεRI22. We 
assessed whether Cbls are involved in the process through which the depletion of Csk reduces LynA in cancer 
cells. We first examined whether the depletion of Csk affected the protein levels of c-Cbl and Cbl-b. Western blot 
analysis of HCT116 or HeLa S3 cells transfected with Csk siRNA showed that the depletion of Csk increased 
the protein level of c-Cbl, whereas the protein level of Cbl-b was not affected (Fig. 4(a–d), Fig. S2a,b). We then 
examined whether the knockdown of Cbls was able to reverse the downregulation of LynA in Csk-depleted cells. 
In Fig. 4(e–h), HCT116 cells were cotransfected with siRNAs for Csk, c-Cbl, and Cbl-b in the indicated combi-
nations. The depletion of c-Cbl reversed the reduction of LynA (Fig. 4(e,g,h), Fig. S2c), whereas the depletion 
of Cbl-b did not cause a significant recovery of LynA (Fig. 4(f,h), Fig. S2c). The combined depletion of c-Cbl 
and Cbl-b strongly reversed the reduction of LynA compared to the single depletion of c-Cbl in HCT116 cells 
(Fig. 4(g,h), Fig. S2c; Tukey’s honestly significant difference [HSD] test; Fig. 4(h), LynA, lane 2 versus lane 4, p = 
0.062). In HeLa S3 cells, the combined depletion of c-Cbl and Cbl-b significantly reversed the reduction of LynA 
accompanying the depletion of Csk, although the single depletion of c-Cbl or Cbl-b did not significantly affect 
the LynA levels (Fig. 4(i,J), Fig. S2d). We were not able to detect the significant recovery effect of the depletion of 
Cbls on the reduction of LynB, c-Src, and Fyn in Csk-depleted HCT116 and HeLa S3 cells, as judged by Tukey’s 
HSD statistical test (Fig. 4(e–j), Figs. S2c,d). The c-Yes protein levels were not altered by the depletion of Cbls in 
Csk-depleted HCT116 and HeLa S3 cells (Fig. 4(e–j), Figs. S2c,d). These results suggested that Cbls preferentially 
target LynA in Csk-depleted cancer cells.

Figure 3.  Ectopic expression of v-Src preferentially reduces LynA. HeLa S3/v-Src cells were treated or not 
with 2 ng/mL Dox for 6 h and then analysed by Western blotting with antibodies against the indicated proteins. 
Antibodies against Src or p-SFKs (A-loop) were used to confirm the expression of v-Src. Full-length blots are 
presented in Fig. S9.
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Figure 4.  Cbls mediate the reduction of LynA accompanying the depletion of Csk. Western blot analysis with 
antibodies against the indicated proteins was conducted. HCT116 (a,b) or HeLa S3 (c,d) cells were transfected 
with siRNA for Csk or control siRNA and then cultured for 48 h. Two siRNAs for Csk with different nucleotide 
sequences were used. HCT116 (e–h) or HeLa S3 (i,j) cells were transfected with a combination of siRNAs for 
the indicated targets and cultured for 48 h. Control cells were transfected with control siRNA (e–g and i, each 
lane 1). Graphs (b), (d), (h), and (j) show the average ± SD of the relative intensity of the individual bands 
calculated from three sets of samples (see also Fig. S2). In graphs (b) and (d), the p-value against the control was 
calculated by Dunnett’s test, and the asterisks and NS indicate p < 0.05 and p > 0.1, respectively. In graphs (h) 
and (j), the p-values between all pairs of samples were calculated by Tukey’s HSD test. Significant differences (p 
< 0.05) were found only between the pairs indicated by the asterisks. Full-length blots are presented in Fig. S10.
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Induction of c-Cbl accompanying the depletion of Csk does not depend on the activation of 
SFKs.  As already described in Fig. 2, the reduction of LynA accompanying the depletion of Csk depended 
on the kinase activity of SFKs. To test whether the induction of c-Cbl accompanying the depletion of Csk also 
depends on the kinase activity of SFKs, we examined whether the induction of c-Cbl was reversed by treatment 
with PP2. Western blot analysis in Fig. 5a shows that the protein level of c-Cbl was comparably high irrespective 
of treatment with PP2 in HCT116 cells depleted of Csk. This result suggests that the activation of SFKs after the 
depletion of Csk is not required for the induction of c-Cbl. In HeLa S3 cells expressing v-Src, the protein levels of 
c-Cbl and Cbl-b were remarkably reduced (Fig. 5b); thus, the activation of SFKs seems to exert negative, rather 
than positive, impact on the protein levels of Cbls.

LynA reduction accompanying Csk depletion does not affect epithelial or mesenchymal marker 
protein levels.  LynA was reported to be a mediator of the epithelial–mesenchymal transition (EMT), 
decreasing and increasing epithelial and mesenchymal marker protein levels, respectively28,29. This knowledge 
led us to hypothesize that LynA reduction accompanying Csk depletion serves as a mechanism to protect cancer 
cells from undergoing EMT. In order to test this hypothesis, we performed Western blotting using antibodies 
against an epithelial marker protein, E-cadherin, and a mesenchymal marker protein, vimentin. Figure 6(a,b) 
show the Western blot analysis of HCT116 and HeLa S3 cells transfected with control siRNA, siRNA for Csk, or a 
combination of siRNAs for Csk, c-Cbl, and Cbl-b. In HCT116 cells, the protein levels of E-cadherin were almost 
comparable among the three samples [Fig. 6(a)], and vimentin was not detected in all three samples (data not 
shown). In HeLa S3 cells, the protein levels of vimentin were comparable among the three samples [Fig. 6(b)], 
and E-cadherin was not detected in all three samples (data not shown). These results suggested that the reduction 
of LynA accompanying the depletion of Csk does not affect the protein levels of E-cadherin and vimentin in 
HCT116 and HeLa S3 cells. We further performed similar experiments using DLD1 and RKO colorectal cancer 
cell lines and MDA-MB231 and MCF-7 breast cancer cell lines [Fig. 6(c–f)]. In DLD1, RKO, and MDA-MB231 
cell lines, we observed reduced LynA protein levels accompanying Csk depletion and recovery from LynA reduc-
tion upon the codepletion of c-Cbl and Cbl-b [Fig. 6(c–e)]. In DLD1 cells, E-cadherin was detected in all three 
samples [Fig. 6(c)], whereas vimentin was not detected in all three samples (data not shown). In RKO cells, both 
E-cadherin and vimentin were not detected in all three samples (data not shown). In MDA-MB231 cells, the 
protein levels of vimentin were comparable among the three samples [Fig. 6(e)], and E-cadherin was not detected 
in all three samples (data not shown). These results did not show a dynamic influence of LynA reduction and 
Csk depletion on EMT marker protein levels. In MCF-7 cells, we observed that Csk depletion enhanced c-Cbl 
protein levels but did not cause LynA reduction [Fig. 6(f)]. This result indicated that the upregulation of c-Cbl 
is not sufficient for Csk depletion to reduce LynA in MCF-7 cells. Taken together, our data suggested that LynA 
reduction accompanying Csk depletion does not serve as a mechanism to protect cancer cells from undergoing 
EMT. In future studies, we will try to elucidate the biological and physiological significance of LynA reduction in 
cancer cells lacking Csk activity.

Discussion
A previous study showed that LynA was preferentially degraded, compared to LynB, Hck and Fgr, when Csk was 
inhibited in macrophages16. In the present study, we examined the influence of the depletion of Csk on the protein 
levels of SFK members in cancer cells, which express a different set of SFK members compared to macrophages. 
We demonstrated that the aberrant activation of SFKs accompanying the depletion of Csk leads the preferen-
tial reduction of LynA, compared at least to c-Src, c-Yes and LynB, in a manner depending on Cbls in multiple 

Figure 5.  Activation of SFKs is not involved in the process by which the depletion of Csk increases the protein 
level of c-Cbl. Western blot analysis with antibodies against the indicated proteins. (a) Samples were prepared as 
described in Fig. 2(b). Samples were prepared as described in Fig. 3. Full-length blots are presented in Fig. S11.
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epithelial cancer cells. Given the knowledge that LynA drives migration and invasion in breast cancer cells30, our 
results may suggest that the preferential reduction of LynA is a feedback mechanism for preventing cancer pro-
gression in cancer cells lacking the activity of Csk.

The requirement of Cbls in depleted Csk-mediated reduction of LynA in cancer cells (Figs. 4 and 6) indicates 
the role of the ubiquitin–proteasome system in LynA reduction. In macrophages, the degradation of LynA accom-
panying the inhibition of Csk was demonstrated to be mediated by the ubiquitin–proteasome system, although 
the involvement of Cbls was not tested16. Previous reports showed that Cbls can bind to and ubiquitinate Lyn. In 
RBL-2H3 mast cells, the stimulation of the high-affinity IgE receptor (FcεRI) resulted in the association of Lyn 
with c-Cbl and Cbl-b and subsequent ubiquitination of Lyn22. The pull-down assay using GST-fused N-terminal 
regions of Lyn also supported the association of Lyn with c-Cbl31,32. Ubiquitination of Lyn was induced by the 
overexpression of c-Cbl in RBL-2H3 mast cells22. These previous studies suggested that LynA is ubiquitinated 
by Cbls and subsequently degraded by the proteasome in immune cells lacking Csk activity. Our results sug-
gested that this mechanism for reducing LynA in response to reduced Csk activity is commonly used not only in 
immune cells, but also in cancer cells, though not all cancer cells. At least in MCF-7 cells, the reduced protein level 

Figure 6.  No relationships between the protein level of LynA and that of E-cadherin or vimentin. HCT116 
(a), HeLa S3 (b), DLD1 (c), RKO (d), MDA-MB231 (e) and MCF-7 (f) cells were transfected with siRNA for 
Csk (lane 2), a combination of siRNAs for Csk, c-Cbl and Cbl-b (lane 3) or the control siRNA (lane 1) and then 
cultured for 48 h and analysed by Western blotting with antibodies against the indicated proteins. E-cadherin 
was not detected (N.D.) in HeLa S3, RKO and MDA-MB231 cells. Vimentin was N.D. in HCT116, DLD1, RKO 
and MCF-7 cells. Full-length blots are presented in Fig. S12.
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of LynA was not induced by the depletion of Csk [Fig. 6(f)]. We have not discerned the reason for the inability of 
MCF-7 cells to downregulate LynA after the depletion of Csk.

Freedman et al. posited the following reason for the observed preferential reduction of LynA compared to 
LynB: “LynA differs from LynB only in a 21 amino-acid insert in its unique region, and this unique insert con-
tains a predicted ubiquitination site (K40)”16. LynA is speculated to be more susceptible to ubiquitination and 
subsequent proteolysis compared to LynB. We further searched predicted ubiquitination sites in the SFK mem-
bers using the UbPred program33. The predicted ubiquitination sites were present in all SFK members showing 
reduced protein levels after Csk depletion, that is, LynA (Lys20 and Lys40), LynB (Lys20), c-Src (Lys40), and Fyn 
(Lys13), whereas no predicted ubiquitination site was detected in c-Yes whose protein level is not reduced after 
the depletion of Csk (Fig. 1). We speculated that the primary structure of c-Yes might not be targeted by ubiquitin 
ligases such as Cbls.

Unexpectedly, the reduction of c-Src and Fyn after the depletion of Csk was not reversed by the depletion of 
Cbls in cancer cells [Fig. 4(g–j)]. This suggested that c-Src and Fyn, in contrast to LynA, are not under the con-
trol of Cbls in cancer cells depleted of Csk. On the other hand, it has been reported in a number of studies that 
c-Src and Fyn, as well as Lyn, can be targeted by Cbls for ubiquitination and subsequent degradation18–20,22,23; 
thus, selective targeting of Cbls to LynA may occur in limited situations, including under the condition in which 
Csk is depleted. Thus far, the mechanism of the reduction of c-Src and Fyn in cancer cells depleted of Csk is 
unclear. However, some questions still remain: (1) Is transcription or translation suppressed? (2) Is the degra-
dation dependent on or independent of the ubiquitin–proteasome system? In order to assess the involvement of 
the ubiquitin–proteasome system in this mechanism, we attempted to examine whether the reduction of c-Src 
and Fyn after the depletion of Csk was reversed by a proteasome inhibitor, MG132, in HCT116 or HeLa S3 cells; 
however, we were not able to obtain convincing results because treatment with MG132 led to severe cell damage 
and death (data not shown).

Our results suggest that, to reduce LynA, the depletion of Csk accelerates the functions of Cbls by two mech-
anisms. Figure 2 reveals that one of the two mechanisms depends on the activation of SFKs accompanying the 
depletion of Csk (Fig. 2). A number of reports have shown that the kinase activity of SFKs is required for their 
association with Cbls23,34 and their ubiquitination by Cbls18,21,23,34. Furthermore, SFKs have been suggested to 
phosphorylate Tyr371 of c-Cbl, which corresponds to Tyr363 of Cbl-b18. Phosphorylation at this conserved tyros-
ine has been suggested to increase the E3 activity of Cbls35,36. Crystal structural analyses of the N-terminal region 
of Cbls have revealed that phosphorylation at this conserved tyrosine changes the conformation of Cbls from a 
closed, inactive state into an open, active state37–39. Although we have speculated that the depletion of Csk induces 
phosphorylation at this conserved tyrosine of Cbls, we have not yet tested this possibility because there is no com-
mercially available antibody against Cbls that is phosphorylated at this conserved tyrosine.

Another mechanism by which the depletion of Csk accelerates the function of Cbls is the elevation of the 
protein level of c-Cbl (Figs. 4 and 6). Figure 5(a) suggests that this mechanism is not mediated by the activation 
of SFKs. Figure 5(b) suggests that the activation of SFKs rather decreases the protein level of c-Cbl. It has been 
suggested in previous studies that the activation of SFKs leads to not only the ubiquitination of SFKs, but also 
the self-ubiquitination and subsequent degradation of c-Cbl18,40. These results suggested that the depletion of 
Csk seems to promote intracellular activity to increase the protein level of c-Cbl that overcomes the activity 
of aberrantly activated SFKs to decrease c-Cbl. Thus far, we tested the involvement of protein kinase C (PKC) 
and transcription factor SP1 in this upregulation mechanism of c-Cbl, because previous studies indicated the 
involvement of these proteins in the regulation of the protein level of c-Cbl. Jeschke et al. showed that treatment 
of human preosteoclastic cells with a PKC activator, phorbol 12-myristate 13-acetate, enhanced the protein level 
of c-Cbl41. However, the involvement of PKC in the induction of c-Cbl accompanying the depletion of Csk may 
not be true, because the PKC inhibitor Gö698342 (1 μM) did not reverse the induction of c-Cbl (Fig. S3). Wei et 
al. showed that the inhibition or knockdown of HDACs induced the expression of c-Cbl, and this induction was 
prevented by an SP1 inhibitor, mithramycin A43. We tested whether 1 μM mithramycin A prevented the depletion 
of Csk from increasing the protein level of c-Cbl in HCT116 cells. Mithramycin A decreased the protein level of 
c-Cbl irrespective of the depletion of Csk (Fig. S4). Although this result may suggest the involvement of SP1 in 
the regulation of the protein level of c-Cbl, we cannot determine from this result whether the depletion of Csk 
promotes SP1 to increase the protein level of c-Cbl.

Although the expression of v-Src reduced LynA (Fig. 3), this result does not mean that the activation of c-Src 
reduced LynA. Overexpression of HA-tagged c-Src in HeLa S3 cells did not reduce LynA (Fig. S5). Knockdown 
of c-Src, c-Yes, or their combination did not prevent the reduction of LynA accompanying the depletion of Csk 
(Fig. S6). These results indicated that the activation of c-Src and c-Yes do not mediate the reduction of LynA in 
cells depleted of Csk. Activation of LynA itself may be required to trigger its own reduction after Csk depletion.

Previous studies suggested that LynA seems to contribute to the aggressive behaviour of some types of can-
cer28–30. Tornillo et al. reported that LynA promotes tumour cell invasion and that a high LynA/LynB isoform ratio 
is associated with poor prognosis of breast cancer patients30. Two previous studies from different groups showed 
that Lyn mediates EMT28,29. Although the authors of these two studies did not mention which contributes to the 
induction of EMT (whether LynA or LynB), at least one study showed results suggesting that the overexpression of 
LynA induced EMT28. Given these results, the reduction of LynA may serve as a mechanism preventing aggressive 
behaviours such as invasion of cancer cells when the functions of Csk are compromised. However, this hypothesis 
was not supported by our results that the reduction of LynA was not associated with the reduction of E-cadherin 
or the induction of vimentin in cells depleted of Csk (Fig. 6). We need further studies to demonstrate the physio-
logical importance of the preferential reduction of LynA in cancer cells lacking the activity of Csk.
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Methods
Cell culture and transfection.  HCT116 and RKO colorectal cancer cells and MDA-MB231 and MCF-7 
breast cancer cells were obtained from the American Type Culture Collection (Manassas, VA, USA). HeLa 
S3 cervical cancer cells were obtained from the Japanese Collection of Research Bioresources (Osaka, Japan). 
DLD1 colorectal cancer cells were obtained as described previously44. HeLa S3/v-Src cells capable of the induc-
ible expression of v-Src were previously generated27. HeLa S3/c-Src-HA cells capable of the inducible expres-
sion of C-terminal HA-tagged c-Src were previously generated45. All cell lines were cultured at 37 °C in 5% CO2 
in Iscove’s modified Dulbecco’s medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% foetal 
bovine serum (PAA Laboratories GmbH, Pasching, Austria). Dox (Sigma-Aldrich), PP2 (Calbiochem, La Jolla, 
CA, USA), Gö6983 (Cyman Chemical, Ann Arbor, MI, USA) and mithramycin A (Cyman Chemical) were pur-
chased from some vendors. Transfection with siRNAs was performed using Lipofectamine RNAiMAX (Life 
Technologies, Carlsbad, CA, USA). All siRNAs were purchased from Sigma-Aldrich: Mission SIC-001 as control 
siRNA, SASI_Hs02_00328637 (siCsk_1) and SASI_Hs02_00328637 (siCsk_2) for Csk, SASA_Hs01_00095408 
for c-Cbl, SASI_Hs02_00367566 for Cbl-b, SASI_Hs01_00115730 for c-Src, SASI_Hs01_00086923 for c-Yes and 
SASI_Hs02_00325236 for Lyn. Except for the cases especially mentioned, siCsk_1 was used for the knockdown 
for Csk.

Antibodies.  The following antibodies were used: anti-Src (05–184; Merck, Darmstadt, Germany), anti-Yes 
(610375; BD Biosciences, San Jose, CA, USA), anti-Lyn (sc-7274; Santa Cruz Biotechnology, Dallas, TX, USA), 
anti-Csk (610080; BD Biosciences), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (2275-PC-100; 
R&D Systems, Minneapolis, MN, USA), anti-p-Tyr (05–1050; Merck), anti-Src family phospho-Y418 (p-SFKs 
A-loop; ab40660; Abcam, Cambridge, UK), anti-p-Src Y530 (sc-166860; Santa Cruz Biotechnology), anti-p-Lyn 
Y508 (CSB-PA000691; Cusabio, Wuhan, China)), anti-Fyn (sc-434; Santa Cruz Biotechnology), anti-E-cadherin 
(#3195; Cell Signaling Technology, Danvers, MA, USA), anti-vimentin (V6630; Sigma-Aldrich), anti-Cbl-b 
(sc-8006; Santa Cruz Biotechnology) and anti-c-Cbl (sc-1651; Santa Cruz Biotechnology). Horseradish 
peroxidase-conjugated anti-mouse IgG (#7076; Cell Signaling Technology) and anti-rabbit IgG (711-035-152; 
Jackson Immunoresearch, West Grove, PA, USA) antibodies were used for Western blotting.

Protein extraction and Western blotting.  For protein extraction, cells were directly lysed in sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis sample buffer. Western blotting was performed using Clarity 
Western ECL Substrate (Bio-Rad, Hercules, CA, USA) or Chemi-Lumi One Ultra (Nacalai Tesque, Kyoto, Japan). 
Images were obtained with ChemiDoc MP (Bio-Rad) and processed with Photoshop CS5 (Adobe, San Jose, CA, 
USA). Quantitation of the band intensity was performed using the ImageJ software. Statistical analysis was per-
formed using the JMP software (SAS Institute Inc., Cary, NC, USA).

Received: 1 August 2019; Accepted: 20 April 2020;
Published: xx xx xxxx

References
	 1.	 Thomas, S. M. & Brugge, J. S. Cellular functions regulated by Src family kinases. Annu. Rev. Cell Dev. Biol. 13, 513–609 (1997).
	 2.	 Haskell, M. D., Slack, J. K., Parsons, J. T. & Parsons, S. J. c-Src tyrosine phosphorylation of epidermal growth factor receptor, P190 

RhoGAP, and focal adhesion kinase regulates diverse cellular processes. Chem. Rev. 101, 2425–2440 (2001).
	 3.	 Espada, J. & Martin-Perez, J. An Update on Src Family of Nonreceptor Tyrosine Kinases Biology. Int. Rev. Cell Mol. Biol. 331, 83–122 

(2017).
	 4.	 Guarino, M. Src signaling in cancer invasion. J. Cell. Physiol. 223, 14–26 (2010).
	 5.	 Sirvent, A., Benistant, C. & Roche, S. Oncogenic signaling by tyrosine kinases of the SRC family in advanced colorectal cancer. Am. 

J. Cancer Res. 2, 357–371 (2012).
	 6.	 Han, N. M., Curley, S. A. & Gallick, G. E. Differential activation of pp60 (c-src) and pp62 (c-yes) in human colorectal carcinoma liver 

metastases. Clin. Cancer Res. 2, 1397–1404 (1996).
	 7.	 Aligayer, H. et al. Activation of Src kinase in primary colorectal carcinoma: an indicator of poor clinical prognosis. Cancer 94, 

344–351 (2002).
	 8.	 Engen, J. R. et al. Structure and dynamic regulation of Src-family kinases. Cell. Mol. Life Sci. 65, 3058–3073 (2008).
	 9.	 Roskoski, R. Jr. Src protein-tyrosine kinase structure and regulation. Biochem. Biophys. Res. Commun. 324, 1155–1164 (2004).
	10.	 Okada, M. Regulation of the SRC family kinases by Csk. Int. J. Biol. Sci. 8, 1385–1397 (2012).
	11.	 Imamoto, A. & Soriano, P. Disruption of the csk gene, encoding a negative regulator of Src family tyrosine kinases, leads to neural 

tube defects and embryonic lethality in mice. Cell 73, 1117–1124 (1993).
	12.	 Nada, S. et al. Constitutive activation of Src family kinases in mouse embryos that lack Csk. Cell 73, 1125–1135 (1993).
	13.	 Masaki, T. et al. Reduced C-terminal Src kinase (Csk) activities in hepatocellular carcinoma. Hepatology 29, 379–384 (1999).
	14.	 Harris, K. F. et al. Ubiquitin-mediated degradation of active Src tyrosine kinase. Proc. Natl. Acad. Sci. USA 96, 13738–13743 (1999).
	15.	 Hakak, Y. & Martin, G. S. Ubiquitin-dependent degradation of active Src. Curr. Biol. 9, 1039–1042 (1999).
	16.	 Freedman, T. S. et al. LynA regulates an inflammation-sensitive signaling checkpoint in macrophages. elife 4, e09183, https://doi.

org/10.7554/eLife.09183 (2015).
	17.	 Mohapatra, B. et al. Protein tyrosine kinase regulation by ubiquitination: critical roles of Cbl-family ubiquitin ligases. Biophys. Acta 

1833, 122–139 (2013).
	18.	 Yokouchi, M. et al. Src-catalyzed phosphorylation of c-Cbl leads to the interdependent ubiquitination of both proteins. J. Biol. Chem. 

276, 35185–35193 (2001).
	19.	 Andoniou, C. E. et al. The Cbl proto-oncogene product negatively regulates the Src-family tyrosine kinase Fyn by enhancing its 

degradation. Mol. Cell. Biol. 20, 851–867 (2000).
	20.	 Rao, N. et al. An essential role of ubiquitination in Cbl-mediated negative regulation of the Src-family kinase Fyn. Signal Transduct. 

2, 29–39 (2002).
	21.	 Rao, N. et al. Negative regulation of Lck by Cbl ubiquitin ligase. Proc. Natl. Acad. Sci. USA 99, 3794–3799 (2002).
	22.	 Kyo, S. et al. Negative regulation of Lyn protein-tyrosine kinase by c-Cbl ubiquitin-protein ligase in Fc epsilon RI-mediated mast cell 

activation. Genes Cells 8, 825–836 (2003).
	23.	 Kim, M., Tezuka, T., Tanaka, K. & Yamamoto, T. Cbl-c suppresses v-Src-induced transformation through ubiquitin-dependent 

protein degradation. Oncogene 23, 1645–1655 (2004).

https://doi.org/10.1038/s41598-020-64624-x
https://doi.org/10.7554/eLife.09183
https://doi.org/10.7554/eLife.09183


1 0Scientific Reports |         (2020) 10:7621  | https://doi.org/10.1038/s41598-020-64624-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

	24.	 Hanke, J. H. et al. Discovery of a novel, potent, and Src family-selective tyrosine kinase inhibitor. Study of Lck- and FynT-dependent 
T cell activation. J. Biol. Chem. 271, 695–701 (1996).

	25.	 Wu, S. S., Yamauchi, K. & Rozengurt, E. Bombesin and angiotensin II rapidly stimulate Src phosphorylation at Tyr-418 in fibroblasts 
and intestinal epithelial cells through a PP2-insensitive pathway. Cell. Signal. 17, 93–102 (2005).

	26.	 Frame, M. C., Fincham, V. J., Carragher, N. O. & Wyke, J. A. v-Src’s hold over actin and cell adhesions. Nat. Rev. Mol. Cell Biol. 3, 
233–245 (2002).

	27.	 Soeda, S. et al. v-Src causes delocalization of Mklp1, Aurora B, and INCENP from the spindle midzone during cytokinesis failure. 
Exp. Cell Res. 319, 1382–1397 (2013).

	28.	 Thaper, D. et al. Targeting Lyn regulates Snail family shuttling and inhibits metastasis. Oncogene 36, 3964–3975 (2017).
	29.	 Choi, Y. L. et al. LYN is a mediator of epithelial-mesenchymal transition and a target of dasatinib in breast cancer. Cancer Res. 70, 

2296–2306 (2010).
	30.	 Tornillo, G. et al. Dual Mechanisms of LYN Kinase Dysregulation Drive Aggressive Behavior in Breast Cancer Cells. Cell Rep. 25, 

3674–3692 e3610, https://doi.org/10.1016/j.celrep.2018.11.103 (2018).
	31.	 Tanaka, S., Neff, L., Baron, R. & Levy, J. B. Tyrosine phosphorylation and translocation of the c-cbl protein after activation of tyrosine 

kinase signaling pathways. J. Biol. Chem. 270, 14347–14351 (1995).
	32.	 Hunter, S., Burton, E. A., Wu, S. C. & Anderson, S. M. Fyn associates with Cbl and phosphorylates tyrosine 731 in Cbl, a binding site 

for phosphatidylinositol 3-kinase. J. Biol. Chem. 274, 2097–2106 (1999).
	33.	 Radivojac, P. et al. Identification, analysis, and prediction of protein ubiquitination sites. Proteins 78, 365–380 (2010).
	34.	 Ghosh, A. K. et al. Biochemical basis for the requirement of kinase activity for Cbl-dependent ubiquitinylation and degradation of 

a target tyrosine kinase. J. Biol. Chem. 279, 36132–36141 (2004).
	35.	 Levkowitz, G. et al. Ubiquitin ligase activity and tyrosine phosphorylation underlie suppression of growth factor signaling by c-Cbl/

Sli-1. Mol. Cell 4, 1029–1040 (1999).
	36.	 Kassenbrock, C. K. & Anderson, S. M. Regulation of ubiquitin protein ligase activity in c-Cbl by phosphorylation-induced 

conformational change and constitutive activation by tyrosine to glutamate point mutations. J. Biol. Chem. 279, 28017–28027 
(2004).

	37.	 Dou, H. et al. Structural basis for autoinhibition and phosphorylation-dependent activation of c-Cbl. Nat. Struct. Mol. Biol. 19, 
184–192 (2012).

	38.	 Kobashigawa, Y. et al. Autoinhibition and phosphorylation-induced activation mechanisms of human cancer and autoimmune 
disease-related E3 protein Cbl-b. Proc. Natl. Acad. Sci. USA 108, 20579–20584 (2011).

	39.	 Kales, S. C., Ryan, P. E. & Lipkowitz, S. Cbl exposes its RING finger. Nat. Struct. Mol. Biol. 19, 131–133 (2012).
	40.	 Bao, J., Gur, G. & Yarden, Y. Src promotes destruction of c-Cbl: implications for oncogenic synergy between Src and growth factor 

receptors. Proc. Natl. Acad. Sci. USA 100, 2438–2443 (2003).
	41.	 Jeschke, M., Brandi, M. L. & Susa, M. Expression of Src family kinases and their putative substrates in the human preosteoclastic cell 

line FLG 29.1. J. Bone Miner. Res. 13, 1880–1889 (1998).
	42.	 Gschwendt, M. et al. Inhibition of protein kinase C mu by various inhibitors. Differentiation from protein kinase c isoenzymes. FEBS 

Lett. 392, 77–80 (1996).
	43.	 Wei, T. T. et al. Induction of c-Cbl contributes to anti-cancer effects of HDAC inhibitor in lung cancer. Oncotarget 6, 12481–12492 

(2015).
	44.	 Kuga, T., Nozaki, N., Matsushita, K., Nomura, F. & Tomonaga, T. Phosphorylation statuses at different residues of lamin B2, B1 and 

A/C dynamically and independently change throughout the cell cycle. Exp. Cell Res. 316, 2301–2312 (2010).
	45.	 Nakayama, Y. et al. c-Src but not Fyn promotes proper spindle orientation in early prometaphase. J. Biol. Chem. 287, 24905–24915 

(2012).

Acknowledgements
This work was supported by the JSPS KAKENHI (grant number 17K08293).

Author contributions
T.K. designed this study, performed a large part of the experiments and wrote the manuscript. Y.Y. and S.H. 
performed some experiments. N. Yamaguchi generated cell lines introduced with an inducible expression system 
of v-Src or c-Src. M.T. and N. Yamagishi designed this study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64624-x.
Correspondence and requests for materials should be addressed to T.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-64624-x
https://doi.org/10.1016/j.celrep.2018.11.103
https://doi.org/10.1038/s41598-020-64624-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Depletion of Csk preferentially reduces the protein level of LynA in a Cbl-dependent manner in cancer cells

	Results

	LynA protein levels are preferentially reduced in Csk-depleted cancer cells. 
	Kinase activity of SFKs is required for the depletion of Csk to reduce the protein level of LynA. 
	Constitutively active Src, v-Src, leads the reduction of LynA. 
	Cbls are involved in Csk-mediated reduction of LynA. 
	Induction of c-Cbl accompanying the depletion of Csk does not depend on the activation of SFKs. 
	LynA reduction accompanying Csk depletion does not affect epithelial or mesenchymal marker protein levels. 

	Discussion

	Methods

	Cell culture and transfection. 
	Antibodies. 
	Protein extraction and Western blotting. 

	Acknowledgements

	Figure 1 Depletion of Csk causes a preferential reduction of LynA.
	Figure 2 An inhibitor of SFKs, PP2, prevents the reduction of LynA accompanying the depletion of Csk.
	Figure 3 Ectopic expression of v-Src preferentially reduces LynA.
	Figure 4 Cbls mediate the reduction of LynA accompanying the depletion of Csk.
	Figure 5 Activation of SFKs is not involved in the process by which the depletion of Csk increases the protein level of c-Cbl.
	Figure 6 No relationships between the protein level of LynA and that of E-cadherin or vimentin.




