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Review

James Reinecke and Steve Caplan*

Endocytosis and the Src family of non-receptor 
tyrosine kinases

Abstract: The regulated intracellular transport of nutri-
ent, adhesion, and growth factor receptors is crucial for 
maintaining cell and tissue homeostasis. Endocytosis, 
or endocytic membrane trafficking, involves the steps 
of intracellular transport that include, but are not lim-
ited to, internalization from the plasma membrane, sort-
ing in early endosomes, transport to late endosomes/
lysosomes followed by degradation, and/or recycling 
back to the plasma membrane through tubular recycling 
endosomes. In addition to regulating the localization of 
transmembrane receptor proteins, the endocytic path-
way also controls the localization of non-receptor mol-
ecules. The non-receptor tyrosine kinase c-Src (Src) and 
its closely related family members Yes and Fyn represent 
three proteins whose localization and signaling activities 
are tightly regulated by endocytic trafficking. Here, we 
provide a brief overview of endocytosis, Src function and 
its biochemical regulation. We will then concentrate on 
recent advances in understanding how Src intracellular 
localization is regulated and how its subcellular localiza-
tion ultimately dictates downstream functioning. As Src 
kinases are hyperactive in many cancers, it is essential to 
decipher the spatiotemporal regulation of this important 
family of tyrosine kinases.
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Introduction
A eukaryotic cell is composed of many distinct subcellu-
lar compartments called organelles. George Palade, the 
1974 Nobel Prize winner in physiology or medicine, first 
observed that organelles such as the endoplasmic reticu-
lum and the Golgi, as well as the plasma membrane, may 
communicate through small membrane-bound vesicles 
and tubules (1). Nearly four decades later, James Rothman, 
Randy Schekman, and Thomas Sudhof were awarded the 
2013 Nobel Prize for their combined work in characteriz-
ing the genetic and biochemical basis of vesicular trans-
port. As shown in Figure 1A, communication between two 
intracellular organelles involves several steps. First, mem-
brane coat proteins and adaptor proteins at the donor 
organelle generate a membrane bud that contains the 
cargo destined for the acceptor organelle. A vesicle is then 
derived from the membrane bud by a process called fission 
through the action of ‘membrane pinchases’. The newly 
formed vesicle travels along the microtubule tracks, and 
arrives at the acceptor organelle and undergoes fusion, a 
process mediated by protein-protein interactions between 
the vesicle and target organelle. The precise coordina-
tion of membrane fusion/fission and vesicular transport 
is particularly important for the endocytosis or endocytic 
trafficking of transmembrane proteins to and from the 
plasma membrane.

Canonically, the endocytosis of a transmembrane 
receptor begins at the plasma membrane (Figure 1B) 
where ligand binding frequently induces its internaliza-
tion. While there are many routes through which recep-
tors are internalized (reviewed elsewhere; refs. 2, 3), most 
itineraries converge at the early or ‘sorting’ endosome, 
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Figure 1 Membrane dynamics and the endocytic pathway.
(A) Schematic diagram depicting the general process of membrane budding, membrane fission, vesicular transport along microtubules, and 
membrane fusion. (B) Schematic diagram showing the endocytic itinerary of a transmembrane receptor and its ligand (i.e., EGFR/EGF) and 
several key regulatory proteins involved in transport at each endocytic organelle.

where cargo-dependent sorting occurs. Cargo sorted 
into the tubular recycling endosome (TRE) compartment 
is typically returned to the plasma membrane, while 
cargo sorted to multivesicular bodies (MVBs) is usually 
degraded through the late endosome-lysosome pathway 
(4). As expected, such exquisite sorting requires tight 
control by regulatory proteins.

One important group of endocytic regulators is the 
Rab family proteins consisting of  > 60 small GTPases that 
control the sorting, recycling, or degradation of cargo pro-
teins by regulating membrane fission/fusion, cytoskeletal 
transport, phosphoinositide lipid content, and organelle 
targeting along the endocytic pathway (5). The localiza-
tion of a small subset of Rab GTPases is shown in Figure 
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1B (green notation). In their GTP-bound, membrane-asso-
ciated state, Rabs facilitate vesicular transport by recruit-
ing effector proteins (Figure 1B; red notation). In addition 
to Rab proteins, the C-terminal Eps15 homology domain 
protein family (EHD1–4; blue notation) and their binding 
partners (Figure 1B; i.e., Rabenosyn-5, FIPs and MICAL-
L1) also regulate important trafficking steps within the 
endocytic pathway (6). Interestingly, Rabs and EHDs are 
indirectly linked through mutual binding partners (7); 
however, the exact functional relevance of this linkage is 
not well understood.

While the intricate molecular regulation of mem-
brane transport along the endocytic pathway is still 
under study, it is well known that endocytosis is an inte-
gral cellular process that regulates cell signaling and 
migration (8). Indeed, the internalization and traffick-
ing of receptor tyrosine kinases (RTKs) such as epider-
mal growth factor receptor (EGFR) and platelet-derived 
growth factor receptor (PDGFR) into MVBs by the endo-
somal sorting complexes required for transport (ESCRT) 
proteins is required for signal attenuation and receptor 
degradation. Disruption of RTK endocytosis can prolong 
signaling and lead to cancer by promoting uncon-
trolled cell growth and proliferation (9). It is noteworthy 
that localization of activated RTK to the cell surface or 
endosomes promotes differential signaling events, sug-
gesting that endosomes also act as signaling hubs (10). 
The function of cell adhesion receptors such as integrins 
is also regulated by endocytosis (11).

Endocytic trafficking can also modulate cell signal-
ing events by controlling the localization of non-receptor 
tyrosine kinases (NRTK). The NRTK Src family of kinases 
(SFK) act directly downstream of RTKs and thus regu-
late cell proliferation and migration. Src kinase activ-
ity is tightly modulated by biochemical events such as 
phosphorylation and protein-protein interactions (12). 
However, there is a growing consensus that endocytic 
trafficking is required for SFK function (13). Such a role 
for endocytic trafficking in SFK function is complicated by 
evidence that SFK phosphorylate and interact with several 
components of the endocytic pathway, in turn affecting 
endocytic events. In this review, we will first discuss the 
structure, biochemical regulation, and function of SFK. 
We will then detail how endocytic trafficking regulates 
SFK localization and function. Lastly, we will conclude by 
summarizing how SFK also modulate endocytic events. 
Understanding the complex relation between SFK and 
endocytosis is crucial, as Src and its endocytic regulatory 
components may provide novel therapeutic agents to treat 
Src-dependent tumors.

The Src family of kinases

Src function

In the early 20th century, Peyton Rous discovered that a 
filterable agent, which later became known as the Rous 
sarcoma virus, caused soft tissue tumors (sarcomas) 
in birds (14). The transformative agent, v-Src, is a trun-
cated form of a cellular protein kinase called c-Src (Src) 
(15). Src, one of the first proto-oncogenes, is the founding 
member of the SFK, a family of eight closely related NRTK 
(Src, Fyn, Yes, Lyn, Hck, Blk, Fgr, and Lck). Src is highly 
conserved among metazoans, and a Src ortholog is even 
expressed in unicellular choanoflagellates (16–19). Bio-
chemical analysis of unicellular Src has provided novel 
insight into the evolution of Src biochemical regulation 
in multicellular organisms (see below). In mammals, Src, 
Fyn, and Yes (SYF) are ubiquitously expressed, while the 
other family members display more restricted expression 
profiles. As tyrosine kinases, SFK phosphorylate proteins 
such as focal adhesion kinase (FAK), p190RhoGAP, and 
signal transducer and activator of transcription (STAT) to 
promote cell migration and proliferation. Given that SFK 
are overactive in a number of cancers, understanding Src 
regulatory mechanisms is a high priority for researchers 
(20).

SFK structure

SFK share a highly conserved protein domain architec-
ture (Figure 2A, reviewed in ref. 21). All SFK are myris-
toylated at the N-terminal Src homology (SH) 4 domain. 
Some family members, such as Yes and Fyn, are also pal-
mitoylated. N-terminal lipid modification is required for 
SFK membrane association and kinase activity in cells. 
The unique domain is the only domain that is not highly 
conserved between SFK members. The SH3 domain binds 
to PxxP proline-rich motifs (where x stands for any amino 
acid), while the SH2 domain binds to phosphotyrosine 
(pY) residues that are flanked by acidic residues such as 
glutamate and followed by isoleucine (pYEEI). A  type-II 
polyproline helix lies between the SH2 and kinase 
domains. The kinase domain, or SH1 domain, consists of 
two lobes (N and C). Between the N and C lobes is a helix 
containing a critical tyrosine residue (Y416 in chicken or 
Y419 in humans; ref. 22) that must be autophosphorylated 
in trans by an adjacent Src molecule to enable Src kinase 
activity.



146      J. Reinecke and S. Caplan: Src and endocytosis

SH4 SH3 SH2 SH1/
Kinase

Y416
Y527

Kinase-Linker
Unique
domain

A

Domain Amino Acid Modification/Function

G2SH4
C3
C6

Myristoylation-Src
Palmitoylation-Fyn,Yes
Palmitolyation-Fyn

B

-required for membrane
binding and kinase activity in  
vivo

PxxP binding

pYEEI binding

W118SH3

R175SH2

Kinase Domain K295
Y416

ATP binding
Phosphorylation-stimulation
of kinase activity

Phosphorylation-down-
regulation of kinase activity

Y527C-terminal tail

Membrane MembraneC

Y
416

SH3
SH3

SH2
SH2

pY4

pY527

SH2

Y527

‘OFF’

Activation:
1)SH3 ligand
2)SH2 ligand
3) Y527 de-phosphorylation

‘ON’

416

Figure 2 Src structure and regulation.
(A) Schematic diagram of the linear domain arrangement of c-Src. (B) Table showing key amino acids within each domain, and the function 
or post-translational modification of these residues. (C) Model depicting the inactive, autoinhibitory conformation (‘OFF’) of Y527 C-terminal 
phosphorylated Src and the active, open conformation (‘ON’) of Y416 phosphorylated Src. Note that modular domain color coding is syn-
chronized with that shown in Figure 2A.

The C-terminus of SFK contains a regulatory tyrosine 
(Y527 in chicken and Y530 in humans) that is phospho-
rylated by a regulatory kinase known as C-terminal Src 
kinase (CSK) (23). In keeping with the historical chicken 
Src numbering system used, we will abide by this numeri-
cal designation for the remainder of the review, both for 
human Src and other Src family members, such as Hck. 
Accordingly, phosphorylation at Y527 is required for Src 
downregulation (24). The loss (as is the case with v-Src) 
or mutation of this tyrosine residue leads to constitutively 
active Src. A summary of critical amino acid residues 
in each Src modular domain and their functions can be 

found in Figure 2B. The domain architecture and phos-
phorylation of SFK is central to the regulation of their 
kinase activity.

It is noteworthy that CSK-mediated downregula-
tion of Src kinase activity appears to have evolved with 
metazoans (16–19). In an eloquent biochemical study, 
Segawa et al. compared and characterized the regulation 
of Src orthologs expressed in the unicellular choanoflag-
ellate Monosiga ovata and the multicellular primitive 
sponge Ephydatia fluviatilis (16). CSK phosphorylation 
was evident in M. ovata and in E. fluviatilis; however, 
M. ovata Src was still active after CSK phosphorylation. 
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In fact, ectopic expression of wild-type M. ovata Src in 
mammalian cells induced cellular transformation irre-
spective of CSK expression, indicating that exquisite Src 
regulation in multicellular organisms is crucial for tissue 
homeostasis.

Src regulation by phosphorylation 
and protein-protein interactions

As noted above, C-terminal phosphorylation of Src Y527 
by CSK is required to turn off Src catalytic activity. This 
phosphorylation promotes an intramolecular interaction 
with its SH2 domain (Figure 2B, ‘off’) (25). SH2-pY527 
binding causes the SH3 domain to bind to the polypro-
line helix SH2-kinase linker region. As a result, the SH3 
domain pushes against the backside of the N-lobe, which 
closes the cleft between the N and C lobes, thus burying 
Y416 and preventing ATP or substrate binding. Collec-
tively, the sequential steps of the Src intramolecular 
interaction are known as the ‘latch’ (SH2-pY527), ‘clamp’ 
(SH3-linker), and ‘switch’ (kinase domain conforma-
tion) (26). The intramolecular interactions between the 
Src modular domains are substantially weaker than Src 
intermolecular interactions, allowing for rapid induction 
of Src activation under certain conditions. For example, 
the SH2 domain preferentially binds to pYEEI; however, 
pY527 is followed by QPG, thus making it a weaker affin-
ity substrate. Similarly, the Src SH3 domain binds with 
higher affinity to PxxP proline-rich motifs than it does 
to the kinase-linker region, which contains a type II 
polyproline helix rather than a PxxP motif. Thus, alle-
viation of the Src intramolecular interaction and full 
kinase activity is accomplished by (i) dephosphoryla-
tion of pY527, (ii) pYEEI substrate binding to the SH2 
domain, or (ii) PxxP substrate binding to the SH3 domain 
(Figure 2B, ‘on’).

In cells, Src activation occurs downstream of 
activated RTKs and integrin receptors. RTK tyrosine 
autophosphorylation provides a high-affinity SH2 ligand 
for Src (27). Similarly, activation of integrin receptors 
induces autophosphorylation of FAK at Y397 and Src 
SH2-pY397 binding induces Src activation (28). Src then 
phosphorylates several tyrosine residues on FAK that 
are required for focal adhesion turnover and migration 
(29). pY527 can be dephosphorylated by phosphatases 
such as receptor protein tyrosine phosphatase-α (RPTP-
α) (30). Indeed, growth factor or integrin-induced Src 
activation is substantially reduced in RPTP-α knockout 
mice.

Hck SH3 binding to the HIV-1 protein Nef PQVP pro-
line-rich motif best demonstrates the activation of SFK 
through SH3 interaction (termed SH3 displacement) 
(31). Hck-Nef binding (Kd = 250 nm) represents one of the 
strongest known SH3 binding affinities and is required for 
HIV replication in peripheral mononuclear cells in vitro 
(32, 33). Hck-Nef binding also provides insight into the 
interplay between the three Src regulatory mechanisms. 
Mutation of Y527-QPG to YEEI greatly reduces Hck acti-
vation by locking its C-terminus to the SH2 domain. 
However, Nef binding to the Hck SH3 domain is able to 
induce Hck catalytic activity even in the presence of the 
high-affinity SH2-pY527 interaction (34), suggesting that 
(i) SH3 domain displacement from the linker region is 
sufficient to induce Hck activity and signaling, and (ii) 
differential activation of SFK activity by SH2-pY527 or 
SH3-PxxP interactions may specify downstream func-
tion. While SFK conformational change represents one 
means of modulating Src kinase activity, Src intracellu-
lar localization also dictates its downstream signaling 
events.

Endocytosis regulates SFK  
activation and function

Src localization

Src localization was assessed in chicken embryonic fibro-
blasts expressing v-Src (35). v-Src localized to both the 
plasma membrane and perinuclear region. Temperature-
sensitive mutants (ts) of v-Src that are inactive at restrictive 
temperatures and active at permissive temperatures dem-
onstrated that inactive v-Src localized in a soluble cytosolic 
pool, while active v-Src localized to insoluble plasma mem-
brane fractions (36). c-Src also displayed such dual locali-
zation and distribution to endosomal membrane fractions 
and the plasma membrane (37); however, the majority 
of c-Src localized to endosomal membranes, which is in 
agreement with biochemical data suggesting that most of 
c-Src is inactive under non-stimulated conditions (38).

Localization of active Src to focal adhesions requires 
the N-terminal myristolyation and the SH3 domain (39). 
However, Src localization to focal adhesions does not 
require its kinase activity, although expression of a kinase-
dead form of Src alters the focal adhesion morphology. 
Indeed, kinase-dead Src impairs focal adhesion turnover 
and cell migration (40). With growing evidence that Src 
activation and localization are tightly coupled, pertinent 
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questions arise about the nature of the molecular deter-
minants that control Src transport from the perinuclear 
region to the plasma membrane and focal adhesions. 
The majority of articles that address SFK trafficking are 
focused on Src; we will, however, highlight the differen-
tial trafficking of SFK members at the end of this section.

Regulation of Src activation and 
function by Rho GTPases, actin, and 
endosomes

In NIH 3T3 mouse fibroblasts, ts v-Src translocates to 
the plasma membrane upon temperature shift even in 
the absence of serum or other Src-activating factors and 
induces cell cycle progression and transformation (41). 
In Swiss 3T3 fibroblasts, however, ts v-Src is retained in 
the perinuclear region. Swiss 3T3 cells are unique in that 
their actin microfilaments are rapidly depolymerized 
upon serum starvation. This raised the notion that v-Src 
translocation depends on actin stress fibers. Indeed, 
serum-starved Swiss 3T3 cells injected with constitutively 
active RhoA (which induces stress fibers) caused v-Src 
translocation upon temperature shift (41). In support of 
these findings, disruption of the actin cytoskeleton in NIH 
3T3 fibroblasts with cytochalasin D also prevented v-Src 
translocation and inhibited v-Src-induced transformation 
(41). In addition to RhoA, other small GTPases such as Rac 
and CDC42 are required to recruit Src to membrane ruffles 
and filopodia, respectively (42). Collectively, these studies 
demonstrated that Src translocates to the cell periphery 
along the actin cytoskeleton in a Rho GTPase-dependent 
fashion.

Early work using biochemical fractionation and 
microscopy-based localization showed that Src localizes 
to endosomes (37). Inhibition of the phosphatidylino-
sitol-3-kinase VPS34, which disrupts early endosomal 
integrity, impaired Src translocation to focal adhesions, 
suggesting that Src translocation depends on endosomes 
(43). Sandilands et  al. provided the first direct evidence 
that endosomes directly mediate Src translocation. In this 
landmark study, they developed a novel Src-GFP fusion 
protein that retained the behavior of endogenous Src (44). 
Previous attempts to create tagged Src constructs resulted 
in overactive Src, presumably by affecting its intramolecu-
lar interaction. They discovered that Src-GFP is activated 
en route to the plasma membrane in response to growth 
factor or serum-stimulated cells.

Active Src localized to vesicular structures decorated 
by the small GTPase RhoB. GTP-bound RhoB localized to 
endosomes and lysosomes (45, 46). Interestingly, Src-GFP 
did not localize significantly to vesicular structures con-
taining the closely related RhoD (see below – Fyn and 
Lyn traffic in RhoD vesicles). Functionally, RhoB is nec-
essary for Src-GFP translocation and activation. In RhoB-
null fibroblasts, Src is retained in the perinuclear region 
in its inactive state even after growth factor stimulation. 
RhoB regulates early endosome motility along the actin 
cytoskeleton by recruiting mDia1, a formin protein that 
promotes actin coat formation along endosomes (47). In 
agreement with these two studies, mDia1 is also a regula-
tor of v-Src transport along the actin microfilaments (48). 
Intriguingly, RhoB motility is impaired by the loss of Src; 
thus, it is possible that Src regulates its own transport 
by stimulating RhoB activation, possibly by promoting 
mDia1 activation.

Recycling endosomes in Src 
transport and activation
The perinuclear region is a crowded area of the cell. 
Several organelles, including early endosomes, late 
endosomes, lysosomes, Golgi, and the endocytic recycling 
compartment (ERC), are all localized to the perinuclear 
area or move into this area upon maturation (as is the case 
with early endosomes). Thus, the broad characterization 
of Src as a perinuclear cargo protein implicates several 
distinct or possibly overlapping organelles, which can be 
difficult to distinguish from one another upon perturba-
tion of the endocytic pathway by genetic or pharmaco-
logic manipulation. Another point of consideration is that 
overexpression of proteins, either Src or endocytic regu-
latory proteins such as Rabs, can modulate the dynamics 
of the endocytic pathway by promoting abnormal fission/
fusion events.

While Src transport is regulated by early endosome 
motility and the actin cytoskeleton, Sandilands et al. also 
found that expression of dominant-negative Rab11, which 
inhibits recycling out of the perinuclear ERC, also impairs 
Src-GFP transport (44). These data support the notion that 
recycling endosomes are also crucial for Src translocation 
to the cell periphery.

Endocytic recycling from the ERC requires Rab11 and 
also EHD1 and its interacting partner, molecule interact-
ing with CasL-like1 (MICAL-L1) (49–51). In HeLa cervical 
cancer cells, MICAL-L1 and EHD1 localize to TRE emanat-
ing outward from the ERC. Current models suggest that 
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MICAL-L1 functions in both TRE biosynthesis by recruit-
ing membrane tubulators such as Syndapin-2 and EHD3, 
and TRE fission by recruiting membrane pinchases such 
as EHD1 (52, 53).

Recently, we demonstrated that endogenous Src deco-
rates MICAL-L1 tubules in HeLa cells, suggesting that Src 
is either a cargo or regulator of MICAL-L1-decorated TRE 
(54). Given that inactive Src overlaps in its localization 
with transferrin receptor, a bona fide cargo protein of the 
ERC, this suggests that Src is likely a cargo. In HeLa cells, 
EGF treatment causes Src to move out of the transferrin-
positive ERC to the cell periphery (i.e., to focal adhesions). 
This coincides with an increase in Src activation as meas-
ured by Src pY416, in agreement with previous findings 
(44). MICAL-L1 or EHD1 depletion caused Src to remain in 
the ERC after EGF treatment and also severely impaired 
Src activation (54). MICAL-L1 depletion in human fibro-
blasts decreased PDGF- and integrin-induced Src activa-
tion and also impaired Src-dependent processes such as 
PDGF-induced macropinocytosis, focal adhesion turno-
ver, cell spreading, and migration (54). Collectively, our 
data provide support for the idea that Src is an ERC cargo 
protein and that its localization, activation, and function 
are regulated by MICAL-L1 and EHD1.

Late endosomes, ESCRTs, and Src 
trafficking: what happens to Src 
after activation is complete?
While our data and studies from other laboratories clearly 
implicate recycling endosomes in regulating Src transport, 
there is also evidence that late endosomes and lysosomes 
regulate Src transport. In HeLa cells, overexpressed c-Src-
GFP rapidly shuttles back and forth from the plasma 
membrane to perinuclear regions that contain the lysoso-
mal hydrolase cathepsin D (55). Overexpression of Src in 
HeLa cells induces macropinosome formation (56). Given 
that Src localizes to macropinosomes that eventually fuse 
with lysosomes, it is not surprising that overexpressed 
Src localizes with the lysosomal compartment. Further-
more, the ESCRT complex component Tsg101 regulates 
v-Src trafficking from the plasma membrane to lysosomes 
(57). Using conditional Tsg101 deletion mouse embryonic 
fibroblasts, Tu et al. showed that early loss of Tsg101 (1–3 
days) induces higher levels of active v-Src compared with 
control cells. In contrast, chronic Tsg101 deletion caused 
a decrease in active v-Src to levels below those of control 
cells, but also increased Src protein stability.

In human fibroblasts, transient depletion of several 
ESCRT components resulted in the retention of endog-
enous active c-Src in enlarged early endosomes containing 
β1 integrins (58). Functionally, the ESCRT complex is best 
characterized for its role in the transport of endocytic cargo 
to MVBs; examples of such cargo include ubiquitinated 
RTK and β1 integrins (59, 60). Interestingly, Src ubiquitina-
tion is required for its degradation, and both Src ubiquit-
ination and degradation depend on its activation (61, 62). 
Lastly, constitutively active Src phosphorylates the ESCRT 
component Hrs and localizes with Hrs to enlarged early 
endosome structures, suggesting that Src may act directly 
on the ESCRT complex to mediate its own downstream 
trafficking (63). Indeed, loss of ESCRT function results in 
sequestration of Src in enlarged endosomes. The signaling 
consequences of this phenomenon remain to be explored, 
although, as Tu et al. show, the chronic sequestration of 
active v-Src in enlarged endosomes may impair its function 
in mediating cell migration (57). Accordingly, we hypoth-
esize that active Src may be ubiquitinated and transported 
from the plasma membrane to endosomes (or macropino-
somes) and to the late endosomal-lysosomal compartment 
for degradation in an ESCRT-dependent manner.

Role of N-terminal lipid modifica-
tion in differential trafficking of SFK
Despite the high level of structural and functional overlap 
between Src and other SFK members, important differ-
ences impart distinct regulation by trafficking. All SFK are 
myristolyated at the N-terminus, specifically, a glycine at 
position 2. However, SFK such as Fyn, Lyn, and Yes are 
also mono- or di-palmitoylated at nearby cysteine resi-
dues. As noted above, wild-type Src-GFP preferentially 
localizes to RhoB-containing vesicles when expressed in 
SYF-/- fibroblasts, although a small subset of Src-GFP also 
localizes to RhoD-containing endosomes (44). In contrast, 
Fyn-GFP expressed in SYF-/- cells localizes primarily to 
RhoD vesicles (64).

To test if differential lipid modifications specify RhoB 
vs. RhoD localization, Sandilands et  al. constructed 
an Src-GFP mutant that is palmitoylated and inversely 
created non-palmitoylated Fyn-GFP mutants (64). 
Indeed, palmitoylated Src localized to RhoD-containing 
early endosomes, while non-palmitoylated Fyn behaved 
more like wild-type Src and localized to RhoB vesicles. 
These localization studies were confirmed using a combi-
nation of RhoB-/- mouse embryonic fibroblasts and siRNA 
to deplete endogenous RhoD in SFY cells. In RhoB-/- cells, 



150      J. Reinecke and S. Caplan: Src and endocytosis

wild-type Src-GFP was sequestered in the perinuclear 
region. However, the palmitoylated Src mutant and wild-
type Fyn-GFP were able to translocate from the perinu-
clear region to the plasma membrane (64). Conversely, 
while wild-type Src and non-palmitoylated Fyn translo-
cated to the plasma membrane after RhoD depletion in 
SYF-/-, both the palmitoylated Src mutant and wild-type 
Fyn were retained in the perinuclear region (64). Yato 
et al. similarly found that differential lipid modifications 
of SFK dictate subcellular localization (65). The modes of 
transport for non-palmitoylated Src and palmitoylated 
SFK such as Fyn and Yes likely specify their distinct down-
stream functions. This is supported by the fact that while 
Src, Yes, and Fyn have some overlapping functions (i.e., 
the loss of all three results in mouse embryonic lethality; 
see ref. 66), the loss of Src alone causes bone thickening 
(osteopetrosis) indicative of abnormal osteoclast func-
tioning while loss of Fyn or Yes alone results in impaired 
thymocyte signaling and immunoglobulin receptor traf-
ficking, respectively (67–69).

Regulation of endocytosis by SFK 
members
While SFK require endocytic trafficking for their activa-
tion and downstream function, they can also modulate 
the endocytic pathway. As noted earlier, overexpressed 
Src induces macropinocytosis or bulk fluid uptake in HeLa 
cells. v-Src also affects late endosome-lysosome fusion and 
biogenesis (70). The effect of overexpressed Src on the lys-
osomal degradative compartment likely reflects its physio-
logic role in resorptive processes during bone remodeling. 
While Src and other SFK have been implicated in regulat-
ing the endocytic transport of several cargo, we will focus 
on how Src specifically regulates fibroblast growth factor 
receptor (FGFR) and integrin internalization.

Regulation of FGFR internalization 
by Src
Treatment of fibroblasts with FGF results in the activa-
tion and translocation of Src to the plasma membrane 
where it co-localizes with phosphorylated-FGFR (71). 
FGFR internalization and activation are impaired in SYF-/-  
cells and in RhoB-/- cells where inactive Src is retained in 
the perinuclear region. Inhibition of Src also modulates 
FGFR downstream signaling (71). In wild-type cells, short 

pulses of FGF result in the phosphorylation of Akt and 
ERK. Inhibition of Src (or in SYF-/- cells) impairs Akt acti-
vation. However, while Src inhibition initially attenuates 
ERK phosphorylation, Src inhibition results in sustained 
ERK phosphorylation after long pulses of FGF ( > 1  h),  
suggesting that Src also attenuates some signaling path-
ways (71).

How does Src regulate FGFR internalization? FGFR 
is internalized through clathrin-coated pits; indeed, FGF 
treatment increases the recruitment of clathrin to the 
plasma membrane, allowing for clathrin-coated pit for-
mation and FGFR internalization (72). Clathrin is recruited 
to activated FGFR by epsin8. Interestingly, Src phospho-
rylates epsin8. Auciello et al. found that inhibition of Src 
in FGF-treated cells resulted in decreased epsin8 phos-
phorylation, decreased clathrin recruitment, and thus 
decreased FGFR internalization (72).

FGFR and/or FGF are overexpressed in many cancers 
(73). Given that Src is required for FGFR internalization and 
signaling, and that overactive Src induces ligand-inde-
pendent FGFR activation, Src may be a viable therapeutic 
target in FGFR-expressing cancers. Likewise, inhibition of 
Src by means of disrupting its trafficking (knockdown of 
RhoB, MICAL-L1, or EHD1) may also impede FGFR signal-
ing events in cancer cells.

Role of Src in focal adhesion 
turnover and integrin 
internalization
Cell migration on an extracellular matrix requires highly 
dynamic focal adhesions (74). Focal adhesions represent 
the punctate attachment points of cells to an extracellular 
matrix. Integrin receptors, composed of α/β heterodimers, 
bind to matrix molecules such as fibronectin, collagen, 
and laminin through their extracellular domain. Integrin 
engagement with the extracellular matrix causes the intra-
cellular recruitment of proteins to the integrin cytoplasmic 
tail, namely proteins such as vinculin, talin, paxillin, and 
FAK (75). Through these proteins, integrins are attached to 
the actin cytoskeletal network. During directional migra-
tion, focal adhesions must continually be assembled and 
disassembled at the cell front and disassembled at the cell 
rear, and Src is central to focal adhesion disassembly (76).

Src-/- cells form focal adhesions that are highly stable 
(76). A similar phenotype is seen in FAK-/- cells (77), indi-
cating that focal adhesions can form in the absence of 
Src and FAK but these two proteins are required for focal 
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adhesion turnover. As noted above, recruitment of FAK to 
focal adhesions leads to FAK autophosphorylation at Y397. 
pY397 FAK serves as a binding substrate for Src, allowing 
for Src activation. Src then phosphorylates FAK on several 
tyrosine residues, most significantly Y925 (29). Prevention 
of FAK Y925 phosphorylation by inhibiting Src or muta-
tion of FAK Y925F results in impaired focal adhesion disas-
sembly and cell migration (78). The study of Ezratty et al., 
using a nocodazole-induced focal adhesion disassembly 
assay (79), was one of the first to directly implicate endo-
cytic proteins in focal adhesion disassembly, showing that 
siRNA-mediated clathrin depletion impaired focal adhe-
sion disassembly (80). However, the significance of the 
link between the biochemical changes in FAK and Src and 
the altered integrin localization induced by focal adhe-
sion turnover are not yet understood.

McNiven and colleagues provided an important new 
link when they found that Src phosphorylates the large 
GTPase dynamin2 (81), the protein responsible for the 
fission of clathrin-coated pits at the plasma membrane (as 
well as non-clathrin invaginations). Src phosphorylation 
of dynamin2 Y231 results in a direct interaction between 
FAK and dynamin2. Src phosphorylation at this residue 
is critical for focal adhesion turnover, as dynamin2 Y231F 
mutants display increased focal adhesion stability and 
impaired turnover. As a result, dynamin2-depleted cells or 
cells expressing a dynamin2 mutant incapable of under-
going phosphorylation have increased surface levels of β1 
integrins due to impaired internalization (81). It should be 
noted that Src phosphorylation of dynamin2 is not specific 
to focal adhesion turnover. Src-mediated phosphorylation 
of dynamin2 is also required for constitutive transferrin 
internalization and EGFR internalization (82, 83). Taken 
together, it is clear that Src modulates the internalization 
and trafficking of RTKs such as FGFR and adhesion recep-
tors such as integrins.

Expert opinion
Endocytic proteins such as RhoB, Rab11, MICAL-L1, 
and EHD1 tightly control c-Src subcellular localization 
(Figure 3; ‘ERC to PM pathway’). Depletion of any of these 
proteins, or disruption of the actin cytoskeleton, inhibits 
Src movement to the cell periphery upon growth factor 
or adhesion receptor stimulation. Src retained inside the 
cell at the perinuclear ERC is unable to coordinate down-
stream signaling events that allow for cell migration 
and proliferation. While the mechanisms that control 
Src movement to the cell periphery have been recently 
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Figure 3 Schematic diagram describing Src regulation by 
trafficking.
While the regulatory components of the Src ERC-PM pathway 
are partially understood, the endocytic fate of Src at the plasma 
membrane is less clear. Src may be recycled through the PM-ERC 
pathway and/or degraded through the PM to lysosome pathway 
depending on the cellular context (see section ‘Expert Opinion’ for 
details).

highlighted, the endocytic fate of Src after activation is 
unknown.

We predict that Src, much like other endocytic cargo, 
may be either degraded or recycled subsequent to its 
activation. In the case of v-Src, it is likely degraded in a 
ubiquitin-dependent manner. Several lines of evidence 
support this notion: (i) v-Src is highly ubiquitinated com-
pared with c-Src, although this ubiquitination is depend-
ent on v-Src kinase activity; (ii) ubiquitinated v-Src is 
degraded in lysosomes; and (iii) while chronic TSG-101 
depletion impairs v-Src activity, it also increases v-Src 
protein stability (57, 61, 62). This suggests that the fate of 
ubiquitinated v-Src may be analogous to that of ubiquit-
inated RTKs such as EGFR.

c-Src stability is significantly decreased in CSK-/- cell 
lines (62). This raises the idea that the fate of c-Src may 
be dictated by its conformational state. For example, v-Src 
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is constitutively active and therefore constitutively ‘open’. 
However, phosphorylation of c-Src by CSK promotes an 
intramolecular interaction between its C-terminal tail 
with its SH2 domain; accordingly, depletion of CSK likely 
renders c-Src mostly in the ‘open’ conformation.

These observations support the notion that CSK 
expression leads to Src C-terminal phosphorylation and 
recycling to the ERC (Figure 3; ‘PM to ERC’ pathway). 
However, we predict that v-Src (or c-Src in CSK null 
cells) undergoes ubiquitination-dependent degradation 
through the ESCRT complex (Figure 3; ‘PM to lysosome’ 
pathway). This is further supported by the fact that in 
v-Src-expressing fibroblasts, expression of the E3 ligase 
Cbl-c inhibits cellular transformation (84). Alternatively, 
new lines of evidence suggest that the late endosome/lys-
osome acts as a signaling platform, much like that of the 
early endosome and recycling endosomes. Indeed, locali-
zation of the mammalian target of rapamycin protein to 
lysosomes is critical for its downstream functions (85, 86). 
Therefore, v-Src may promote differential signaling activi-
ties through its interactions with the lysosome that are 
important during cellular transformation.

While Src signaling and function relies heavily on the 
endosomal system, Src also modulates components of 
the endocytic pathway by controlling the internalization 
and trafficking of the very receptors that activate it (EGFR, 
FGFR, integrins). Src promotes endocytosis by phospho-
rylating endocytic proteins such as dynamin2 and Eps8. 
Moreover, Src can also be regulated by autophagy (87). In 
FAK-/- null mouse squamous carcinoma cells, the loss of 
FAK may represent cellular stress that induces autophagy, 
and Src localizes to autophagocytic vesicles in FAK-deleted 
mouse carcinoma cells. This targeting of Src requires Cbl, 

further supporting the notion that overactive Src promotes 
differential signaling activities that are important for cel-
lular transformation and cancer cell survival. Indeed, 
in FAK-/- cancer cell lines, pharmacologic disruption of 
autophagy by 3-methyladenine or genetic disruption of 
autophagy by Atg5 or Atg7 depletion restored Src to focal 
adhesions but decreased cell viability and colony forma-
tion on soft agar. Lastly, Src also regulates the autophagic 
degradation of the RTK Ret in these FAK-/- cancer cell lines, 
which is also required for cell survival (88). Thus, target-
ing the autophagic pathway in some cancer cells with 
overactive Src may represent a novel therapeutic avenue.

In conclusion, this is an exciting time for the rapidly 
merging fields of cellular signaling and membrane traf-
ficking. In this review, we have highlighted the complex 
relation between the crucial Src family of cellular tyros-
ine kinases and the process of endocytic transport. 
While several facets of the Src trafficking pathway have 
been uncovered, it is clear that much remains to be 
delineated. Understanding how Src is trafficked in both 
normal and cancer cells has huge implications for poten-
tial treatment options in cancers in which uncontrolled 
Src activity promotes metastasis and decreased patient 
survival.
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