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Abstract: Src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristoylation
sites (SRMS) is a tyrosine kinase that was discovered in 1994. It is a member of a family of nonreceptor
tyrosine kinases that also includes Brk (PTK6) and Frk. Compared with other tyrosine kinases, there
is relatively little information about the structure, function, and regulation of SRMS. In this review,
we summarize the current state of knowledge regarding SRMS, including recent results aimed at
identifying downstream signaling partners. We also present a structural model for the enzyme and
discuss the potential involvement of SRMS in cancer cell signaling.

Keywords: tyrosine kinase; signal transduction; phosphorylation; SH3 domains; SH2 domains;
Src family kinases

1. Introduction

Src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristoylation sites
(SRMS) is a 53 kDa nonreceptor tyrosine kinase that was first discovered in mouse neural precursor
cells [1]. Studies of the expression pattern of SRMS mRNA showed that the highest levels were present
in lung, testes, and liver tissues. Full-length cDNA encoding SRMS was isolated from a murine lung
cDNA library, with the predicted SRMS protein containing all of the conserved amino acid residues
expected for a nonreceptor tyrosine kinase. Targeted disruption of the gene encoding SRMS did not
lead to any apparent phenotype, suggesting that the kinase may have functions that are redundant in
regard to other tyrosine kinases [1]. A few years later, the SRMS gene (designated PTK70) was isolated
from a neonatal murine skin library and was found to be most strongly expressed in normal epidermal
and keratinocyte cells [2].

While SRMS was initially considered to be a member of the Src family of nonreceptor tyrosine
kinases, analyses of the amino acid sequence and intron/exon structure placed SRMS in a separate
family, the Brk family [3,4]. This group of nonreceptor tyrosine kinases also includes the Fyn-related
kinase (Frk) and breast tumor kinase (Brk; also called PTK6) [3–5]. The human SRMS gene maps
to chromosome 20q13.3, which is only 1.5 kbp away from the Brk gene, suggesting that the two
genes may interact genetically [4,6]. The two genes also map together on chromosome 2 in mice [1,4].
Indeed, the two protein kinases interact biochemically; SRMS phosphorylates the C-terminus of Brk [7].
This portion of human chromosome 20 is a region of the genome that was found to be amplified in
breast cancers [8]. SRMS, like Brk, is highly expressed in most breast carcinoma cells compared to
normal mammary cell lines and tissues [9].

The goal of this review is to summarize past and recent findings regarding SRMS. Compared to other
nonreceptor tyrosine kinases, there is very little information available regarding the structure, function,
and regulation of SRMS. Herein, we review what is known about the substrates and downstream

Int. J. Mol. Sci. 2020, 21, 4233; doi:10.3390/ijms21124233 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://www.mdpi.com/1422-0067/21/12/4233?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21124233
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 4233 2 of 13

signaling partners of SRMS. Wherever possible, we compare SRMS to the well-characterized nonreceptor
tyrosine kinase Src. Our goal is to provide a foundation for future studies in the field.

2. Structure and Activity of SRMS

2.1. Domain Architecture

SRMS is a 488-amino acid nonreceptor tyrosine kinase containing three functional domains that
was first identified in Src family kinases (SFKs). From N-terminus to C-terminus, these are the Src
homology 3 (SH3), Src homology 2 (SH2), and kinase catalytic domains [1,3] (Figure 1). Within the SFKs,
this domain architecture is critical for mediating inter- and intramolecular interactions, downstream
signaling, and regulation [10–13]. The SH3–SH2-kinase domain arrangement is found in other Brk
family kinases, as. well as in the Src, Abl, Tec, and Csk families of nonreceptor tyrosine kinases, and was
conserved from unicellular eukaryotes to humans [14–16]. Brk family kinases appear to be absent from
the genomes of premetazoans. Brk-like kinases are found in Amphioxus and the cnidarian Nematostella
vectensis, suggesting that an SFK/Brk gene in a metazoan ancestor was duplicated, giving rise to SFKs
and Brk-family kinases [17]. SRMS itself is present only in vertebrates.

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 2 of 13 

 

downstream signaling partners of SRMS. Wherever possible, we compare SRMS to the well-
characterized nonreceptor tyrosine kinase Src. Our goal is to provide a foundation for future studies 
in the field. 

2. Structure and Activity of SRMS 

2.1. Domain Architecture 

SRMS is a 488-amino acid nonreceptor tyrosine kinase containing three functional domains that 
was first identified in Src family kinases (SFKs). From N-terminus to C-terminus, these are the Src 
homology 3 (SH3), Src homology 2 (SH2), and kinase catalytic domains [1,3] (Figure 1). Within the 
SFKs, this domain architecture is critical for mediating inter- and intramolecular interactions, 
downstream signaling, and regulation [10–13]. The SH3–SH2-kinase domain arrangement is found 
in other Brk family kinases, as well as in the Src, Abl, Tec, and Csk families of nonreceptor tyrosine 
kinases, and was conserved from unicellular eukaryotes to humans [14–16]. Brk family kinases 
appear to be absent from the genomes of premetazoans. Brk-like kinases are found in Amphioxus and 
the cnidarian Nematostella vectensis, suggesting that an SFK/Brk gene in a metazoan ancestor was 
duplicated, giving rise to SFKs and Brk-family kinases [17]. SRMS itself is present only in vertebrates. 

 
Figure 1. Domain structures of Src kinase and SRMS (Src-related kinase lacking C-terminal regulatory 
tyrosine and N-terminal myristoylation sites). The major autophosphorylation sites are indicated in 
red. In Src, phosphorylation of Y527 stabilizes the autoinhibited conformation. SRMS lacks the N-
terminal myristoylation site found in Src. 

Src contains a 14-carbon bound myristoyl group on the N-terminus that is capable of interacting 
with the inner leaflet of the plasma membrane [10,18–20]. Protein N-myristoylation is a co- and post-
translational modification that requires removal of the N-terminal Met residue, and enzymatic 
myristoyl transfer to a conserved Gly residue. Myristoylation of Src allows the kinase to interact with 
a variety of extracellular receptors and to activate a variety of downstream signaling pathways that 
trigger cell transformation [19,21]. Myristoylation is important for the role of Src in prostate cancer 
development [22]. Unlike Src, SRMS lacks the myristoylation site and membrane anchoring signals 
(Figure 1). Therefore, SRMS is an intracellular protein (discussed in more detail below). The amino 
terminal region of SRMS contains a 51-amino acid sequence preceding the SH3 domain. In Src family 
kinases, this region is unique to each kinase and is involved in specific protein–protein interactions 
with signaling partners [23]. NMR and small-angle x-ray scattering (SAXS) experiments showed that 
an intrinsically disordered region within the c-Src unique domain forms a fuzzy intramolecular 
complex involving the SH3 domain [24]. For SRMS, removal of the N-terminal region results in a 
complete loss of kinase activity in transfected mammalian cells, indicating that the N-terminus plays 
an important role in maintaining kinase activity [9]. The N-terminal portion of the SRMS unique 
domain has the potential to form an amphipathic (or amphiphilic) alpha helix (Figure 2). These 
structures are often important in mediating protein–membrane or intermolecular interactions that 
regulate activity [25]. The unique domain of Frk shares this feature, suggesting that the N-termini of 
these two Brk family kinases might play similar roles. The C-terminal portion of the SRMS unique 

Figure 1. Domain structures of Src kinase and SRMS (Src-related kinase lacking C-terminal regulatory
tyrosine and N-terminal myristoylation sites). The major autophosphorylation sites are indicated in red.
In Src, phosphorylation of Y527 stabilizes the autoinhibited conformation. SRMS lacks the N-terminal
myristoylation site found in Src.

Src contains a 14-carbon bound myristoyl group on the N-terminus that is capable of interacting
with the inner leaflet of the plasma membrane [10,18–20]. Protein N-myristoylation is a co- and
post-translational modification that requires removal of the N-terminal Met residue, and enzymatic
myristoyl transfer to a conserved Gly residue. Myristoylation of Src allows the kinase to interact with
a variety of extracellular receptors and to activate a variety of downstream signaling pathways that
trigger cell transformation [19,21]. Myristoylation is important for the role of Src in prostate cancer
development [22]. Unlike Src, SRMS lacks the myristoylation site and membrane anchoring signals
(Figure 1). Therefore, SRMS is an intracellular protein (discussed in more detail below). The amino
terminal region of SRMS contains a 51-amino acid sequence preceding the SH3 domain. In Src family
kinases, this region is unique to each kinase and is involved in specific protein–protein interactions with
signaling partners [23]. NMR and small-angle x-ray scattering (SAXS) experiments showed that an
intrinsically disordered region within the c-Src unique domain forms a fuzzy intramolecular complex
involving the SH3 domain [24]. For SRMS, removal of the N-terminal region results in a complete loss
of kinase activity in transfected mammalian cells, indicating that the N-terminus plays an important
role in maintaining kinase activity [9]. The N-terminal portion of the SRMS unique domain has the
potential to form an amphipathic (or amphiphilic) alpha helix (Figure 2). These structures are often
important in mediating protein–membrane or intermolecular interactions that regulate activity [25].
The unique domain of Frk shares this feature, suggesting that the N-termini of these two Brk family
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kinases might play similar roles. The C-terminal portion of the SRMS unique domain is proline-rich,
which is consistent with the hypothesis that intrinsically disordered domains engage in intramolecular
interactions with adjacent SH3 domains [26]. Such an interaction could help to stabilize the active
conformation of SRMS, thereby explaining the essential role of the N-terminus in activity.
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Figure 2. N-terminal portion of the SRMS unique domain. Residues Pro3–Trp20 were plotted on a helical
wheel diagram using PEPWHEEL (www.bioinformatics.nl/cgi-bin/emboss/pepwheel). Hydrophobic
residues are shown in blue with boxes.

SH3 and SH2 domains are structurally and functionally conserved modules found in a wide
variety of signaling proteins [27,28]. They function by mediating protein–protein interactions, where
SH3 domains bind to proline-rich sequences within polyproline type II helices, and SH2 domains
bind to phosphotyrosine-containing sequences. In SFKs, these domains have positive and negative
roles in signal transduction. The positive role reflects the ability of the SH3 and SH2 domains
to facilitate protein-to-protein interactions, allowing the kinase to bind and phosphorylate cellular
substrates [10,29]. Their negative roles arise from intramolecular interactions that assemble SFKs into
autoinhibited conformations with low catalytic activity [10,30]. Abl and Tec family kinases are also
inhibited by intramolecular interactions involving the SH3 and SH2 domains [14]. These two families
of nonreceptor tyrosine kinases have additional domains that play roles in enzymatic regulation.
Disruption of SH3/SH2-mediated intramolecular interactions in SFKs leads to a pronounced increase
in kinase activity [14,23,31,32]. For Abl, mutations within the SH3 domain lead to enzyme activation
and cellular transformation, while SH2 domain deletion causes a complete loss of kinase activity [33].
We recently confirmed that the isolated SRMS SH2 domain is a functional pTyr-binding module
with binding affinities comparable to the Src SH2 domain (McClendon and Miller, SH2-dependent
phosphorylation of Cas by SRMS, manuscript in preparation). The importance of the SH3 and
SH2 domains of SRMS was tested by expressing wild type and domain-deleted forms of the kinase
in mammalian cells [9]. Deletion of the SH3 domain did not affect autophosphorylation activity,
as. assessed by anti-pTyr Western blotting. In contrast, deletion of the enzyme’s SH2 domain led to a
significant reduction in autophosphorylation [9].

The catalytic domain of SRMS is composed of ~258 amino acids with approximately 54% amino
acid identity to Src. Src contains a C-terminal tail with a conserved Tyr residue (Y527; chicken c-Src
numbering). Phosphorylation of Src Y527 by another tyrosine kinase (Csk) produces an intramolecular
interaction with the SH2 domain of Src, stabilizing the autoinhibited conformation [10,23]. Brk is
regulated in a similar manner [7,34]. The C-terminal regulatory tail found in Brk and Src does not exist
in SRMS, suggesting that the enzyme must be regulated by a different mechanism. Phosphorylation
may still play an important role; 15 phosphotyrosine sites within the SH2 and kinase domains were
identified via quantitative phosphoproteomics [35].

www.bioinformatics.nl/cgi-bin/emboss/pepwheel
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2.2. Structure of SRMS Kinase

There is currently no three-dimensional structure of SRMS kinase. We created a model of the
SH3–SH2-kinase domains of SRMS using a crystallographic structure of Src in a complex with a
quinazoline inhibitor (pdb code = 2H8H) [36]. The high degree of homology with Src (approximately
42% for SH3–SH2-kinase) [3] indicates that the overall architecture of SRMS is likely to be well
conserved (Figure 3). On the other hand, the unique N-terminal region of SRMS, which plays an
important role in enzyme regulation [9], is divergent from the Src N-terminus and was not included
in the modeling. SRMS contains a tyrosine residue (Y380) that is homologous with Src Y416, the
major autophosphorylation site [1]. Mutation of SRMS Y380 to Phe reduced the phosphorylation of
SRMS in human embryonic kidney (HEK) 293T cells, suggesting that this residue is also the major
autophosphorylation site in SRMS [9]. In the model, Y380 is present in the putative activation loop of
SRMS and the phenolic sidechain of Y380 is pointed toward the active site in a position compatible
with autophosphorylation (Figure 3).
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Figure 3. Model of the SH3–SH2-kinase domains of SRMS. The three-dimensional structure of human
SRMS was modeled on the known structure of chicken c-Src (Protein Data Bank pdb code: 2H8H)
using the homology detection program HHpred and MODELLER v. 9.22 from the Max Planck Institute
Bioinformatics Toolkit [37,38].

R147 of SRMS is in the enzyme’s SH2 domain and corresponds to R175 of Src, a conserved Arg
residue in the phosphotyrosine recognition pocket that makes critical electrostatic interactions with
pTyr [27]. In the structure of autoinhibited Src-family kinases, R175 interacts with the phosphorylated
C-terminal tyrosine (Src Y527) to stabilize the inhibited conformation [30,39]. An R147A mutation
was not shown to affect SRMS autophosphorylation activity in mammalian cells [9]. SRMS lacks the
C-terminal tyrosine and the tail sequence is predicted to be too short to reach the phosphotyrosine
recognition pocket of the SRMS SH2 domain (Figure 3). On the other hand, the relative positioning of
the SH2 and catalytic domains of SRMS is compatible with the ability of the enzyme to progressively
phosphorylate substrates containing nine or more pTyr residues away from the phosphorylatable
tyrosine (McClendon and Miller, SH2-dependent phosphorylation of Cas by SRMS, manuscript
in preparation).

Mutation of W223 to alanine abrogated SRMS kinase activity [9]. A tryptophan residue is
conserved at this position in Src-family kinases and plays an important regulatory role. In Src kinases,
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mutation of the corresponding tryptophan (W260) destabilizes the SH3–kinase interaction and increases
enzyme activity [40]. Similarly to Src, W223 is predicted to lie near the SH3–kinase interface of SMRS
(Figure 3). In addition to the essential role of the N-terminal region [9], this interface is presumed to be
intact for stabilization of the active form of SRMS.

2.3. In Vitro Activity of SRMS

Our laboratory previously reported the expression and purification of full-length murine SRMS
from Spodoptera frugiperda (Sf9) insect cells using a recombinant baculovirus vector [7]. The purified
enzyme demonstrated tyrosine kinase activity, as. measured by a continuous spectrophotometric assay
or by transfer of 32P from labeled ATP to synthetic substrates. SRMS displayed the expected velocity
vs. [enzyme] relationship up to at least 500 nM SRMS, although the specific activity was significantly
lower than that of Src. SRMS was inactive toward synthetic peptides containing recognition sequences
for other tyrosine kinases (e.g., Src, Abl, epidermal growth factor receptor, insulin receptor). In vitro
activity was only detectable against the random copolymer, poly(Glu, Tyr) (4:1); in this respect,
it resembles Csk kinase [7]. SRMS and Csk share a number of structural features. They both contain
the three functional domains (SH3, SH2, and kinase), but lack the N-terminal myristoylation site and
C-regulatory tail site; they are therefore incapable of SH2-dependent autoinhibition. Csk function is
regulated by binding to the transmembrane phosphoprotein Cbp/PAG1 and recruitment to the plasma
membrane [41]. No analogous regulatory protein was identified for SRMS.

SRMS was inhibited by the Src/Abl ATP-competitive inhibitor dasatinib, but not by the small molecule
kinase inhibitors imatinib, nilotinib, sorafenib, VX680, or BIRB796 [7]. Other small molecules that showed
activity against SRMS include a pyrazolopyridine compound [42] and a pyrrolo pyrimidine [43], both of
which would be predicted to bind at the ATP site. Both of these inhibitors are also active against
the Src family kinase Lck, suggesting that the SRMS active site may share features with this enzyme.
An unexplored avenue for inhibitor development is the disruption of interactions involving the essential
N-terminal region.

3. Substrates of SRMS

Src family kinase-mediated phosphorylation of cellular substrates is important for mitosis,
cell spreading, adhesion, motility, cell death, survival, and differentiation [23,44,45]. In many cases,
recognition of key substrates by SFKs is well characterized. In contrast, relatively few physiological
substrates are reported for SRMS. In the following section, we discuss the current identified substrates
of SRMS. The majority of these candidate substrates were identified through important proteomic
experiments carried out by Lukong and colleagues [35,46].

The first bona fide SRMS substrate to be identified was docking protein 1 (Dok1). Dok1 is an
adaptor protein that is a negative regulator of several signaling pathways and can act as a tumor
suppressor. For example, Dok1 protein expression is lost in gastric tumor cells compared to normal
gastric tissue [47]. Dok1 serves as a substrate for many tyrosine kinases, including SFKs, and was
initially identified as a potential SRMS substrate in a proteomic study [48]. Dok1 and SRMS were
subsequently shown to interact in HEK293T cells. SRMS binds to Dok1 via its SH3 and SH2 domains;
in the latter case, binding requires prior phosphorylation of Dok1 [9]. Expression of SRMS increases
Dok1 tyrosine phosphorylation, and in vitro reactions confirmed that Dok1 is a direct substrate of the
kinase [9]. SRMS-mediated phosphorylation might modulate the function of Dok1, as. observed in
cases of other tyrosine kinases [49,50].

Brk kinase is another protein that was demonstrated to serve as a direct substrate for SRMS.
In contrast to Src family kinases, the C-terminal inhibitory tyrosine of Brk (Y447) is not phosphorylated
by Csk [7]. Given the close linkage of Brk and SRMS on human chromosome 20, the two kinases were
co-expressed in Src/Yes/Fyn triple knock-out fibroblasts to examine a possible physical interaction.
Brk (or a kinase-dead version) was phosphorylated upon SRMS co-expression. Mass spectrometry
experiments identified Brk Y447 as the primary site of SRMS-mediated phosphorylation on BRK [7].
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SRMS-mediated phosphorylation of Y447 did not directly inhibit Brk, however; it appears that SRMS
acts in tandem with protein tyrosine phosphatase 1B to modulate Brk [7].

Goel et al. used proteomic analyses to pinpoint prospective binding partners of SRMS. A label-free
quantitative phosphoproteomic study was performed to profile tyrosine-phosphorylated proteins
in HEK293 cells expressing SRMS [35]. Total cell proteins were trypsin-digested, and tyrosine-
phosphorylated peptides were enriched by immunoaffinity purification. LC-MS/MS results revealed
over 1100 tyrosine-phosphorylated peptides in SRMS-overexpressing cells. These peptides were
derived from 663 proteins with roles in RNA processing, cell cycle, protein ubiquitination, and signal
transduction [35]. Importantly, peptides derived from Dok1 and the Y380 autophosphorylation
site of SRMS were identified in lysates from SRMS-expressing cells, validating previous findings.
Motif analyses of the tyrosine phosphorylated peptides indicated that many sequences contained a
lysine residue at the −2 or −4 position N-terminal to tyrosine. A different set of primary sequence
determinants for SRMS was identified using a peptide library approach, i.e., XIYX and YXXV, where
X = any amino acid [51].

As a follow-up to the proteomic experiments, immobilized peptide arrays were used with lysates
from SRMS-expressing HEK293 cells to confirm phosphorylation of a subset of the peptides. Based on
these findings, the authors carried out directed experiments to confirm that two proteins, vimentin and
Sam68, are direct substrates of SRMS [35]. Vimentin is an intermediate filament protein that is modified
by serine/threonine and tyrosine phosphorylation, as. well as numerous other post-translational
modifications [52]. Phosphorylation of vimentin is believed to promote the protein’s pro-migratory
properties. Mice lacking vimentin displayed impaired wound healing due to defects in fibroblast
migration [53]. Src associated in mitosis 68 (Sam68) is a major RNA-binding protein implicated in
cellular RNA-metabolic processes such as mRNA splicing and stability [54]. Overexpression of Sam68
mammalian cells inhibits cell cycle progression and cell proliferation and induced apoptosis [54].
Interestingly, Sam68 was the first in vivo substrate identified for the closely related Brk kinase [55].
Tyrosine phosphorylation of Sam68 by Brk reduces the ability of Sam68 to bind RNA. SRMS could
similarly be involved in the regulation of Sam68; SRMS was found to be critical in the epidermal
growth factor (EGF) stimulated phosphorylation of Sam68 [35].

A second proteomic study from the Lukong laboratory took a complementary approach, specifically,
the authors used TiO2-based enrichment of peptides from SRMS-expressing HEK293T cell lysates [46].
This study focused on the identification of pSer/pThr-containing proteins, i.e., not direct SRMS
substrates, but rather proteins whose phosphorylation was indirectly regulated by expression of
SRMS. Sixty SRMS-dependent phosphoproteins were identified, and analysis of the phosphorylation
motifs identified 25 candidate Ser/Thr kinases that could lie downstream of SRMS. Casein kinase 2
alpha was predicted to target the largest number of phosphorylation sites in the SRMS-dependent
phosphoproteome, suggesting that this kinase might represent a downstream target for SRMS
regulation [46].

4. Subcellular Localization of SRMS

Plasma membrane localization of Src family kinases is critical to their function [10,44]. Removal
of the N-terminal myristoylation signal from v-Src, the transforming oncoprotein encoded by Rous
sarcoma virus, blocks its ability to transform mammalian cells in culture [19]. Abl kinase has two
splice variant proteins, referred to as 1a and 1b. The latter contains a N-terminal myristoylation site
similar to that in Src-family PTKs, which enables interaction with the cell membrane. However, the
shorter 1a variant lacks the myristoylation modification. The lack of N-myristoylation in SRMS reduces
the likelihood of plasma membrane association. Indeed, endogenous SRMS was found to localize to
distinct punctate cytoplasmic structures in three breast cancer cell lines (MDA-MB-231, AU565, and
SKBR3) and in the cervical cancer cell line HeLa [9]. Ectopically expressed GFP-SRMS displayed a
similar punctate cytoplasmic localization. Subcellular fractionation experiments in MDA-MB-231,
HeLa, and HBL-100 cells confirmed that SRMS was localized in the cytoplasm and not in the nucleus or
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plasma membrane [9]. These findings suggest that the presence or absence of N-terminal myristoylation
is a major distinguishing feature in the function of Src family kinases vs. SRMS. The cytoplasmic
localization of SRMS contrasts with the closely related Brk kinase, which is found both in the nucleus and
cytoplasm in a variety of cell types. Brk is nuclear in normal prostate epithelial cells but cytoplasmic in
poorly differentiated tumors, suggesting that its localization may play a role in oncogenic signaling [56].

The individual domains of SRMS play varying roles in directing subcellular localization [9].
GFP-SRMS was found in punctate cytoplasmic structures in over 90% of transfected HEK293 cells.
In contrast, for a GFP-tagged variant lacking the N-terminal region, approximately 30% of the cells
showed localization in these puncta, with the remaining 70% giving a diffuse cytoplasmic localization.
The N-terminal region contains the putative amphipathic alpha helical region (Figure 2), which
could mediate self-association or formation of liquid-separated phases, potentially contributing to
the observed punctate structures. In the case of c-Src, the N-terminal region plays a role in clustering
(although, in this case, membrane localization is also an important component) [57–59].

A mutant lacking the SH3 domain localized to puncta in 80% of cells, while a mutant lacking the
SH2 domain exhibited a diffuse localization pattern in 90% of the transfected cells. A kinase-dead
mutant of SRMS (K258M) showed a diffuse localization pattern of over 80% of transfected cells,
implying that SRMS activity has a significant impact on subcellular localization. For example, based on
the results with the SH2-deleted mutant, SRMS-mediated phosphorylation could produce a stable
interaction with substrates residing in the punctate structures. In this way, the SRMS-substrate complex
could generate a spatially localized signal. The identification of SRMS substrates provided additional
clues to the intracellular localization of the kinase. In some cases, SRMS substrates co-localize with
specific cytoplasmic structures. Two such potential substrates are Sam68 and vimentin; confocal
microscopy experiments confirmed that SRMS co-localizes with these proteins within the cytoplasm
of HEK293 cells. In the case of vimentin, SRMS was found in intermediate filaments rather than the
cytoplasmic puncta, suggesting that vimentin recruits SRMS to these structures [35]. Dok1 and SRMS
were shown to be co-expressed in several breast cancer cell lines, including HBL100 [9]. On the other
hand, no significant co-localization with SRMS was observed; Dok1 was predominantly nuclear in
these cells, with a small amount of cytoplasmic localization. Thus, the interaction between Dok1 and
SRMS might be regulated rather than constitutive. Phosphorylation of Dok1 by SRMS might sequester
Dok1 in the cytoplasm to promote downstream signaling.

5. Function of SRMS in Normal Cells

The understanding of SRMS function is still in its very early stages, particularly compared to
the well-studied Src family kinases. Functional characterizations of the other Brk family kinases
(Frk and Brk) are even further described. Numerous substrates for these kinases were identified,
with both growth-promoting and growth-suppressing signaling roles depending on the cell and
tissue context [4,5]. Brk is expressed primarily in epithelial cells within the gastrointestinal tract,
skin, and prostate, where it plays a role in cell differentiation. SRMS is expressed widely in normal
mammalian tissue samples and in several cancer cell lines. No apparent defects were present in
SRMS-deficient mice, suggesting that SRMS might have roles that are normally redundant with other
tyrosine kinases [1]. Knockdown of SRMS expression with siRNA was used to shed light on the normal
functions of the kinase. In MDA-MB-231 cells, SRMS was shown to be necessary for EGF-stimulated
tyrosine phosphorylation of Sam68 [35]. Knockdown of SRMS in U2OS human osteosarcoma cells led
to a depletion of LC3 (microtubule-associated protein 1 light chain 3 alpha), indicative of an increase
in autophagic flux. Thus, SRMS could play a role as an inhibitor of autophagy [60]. As noted above,
the identification of SRMS substrates provided important clues to the function of the kinase. Using
bioinformatics approaches, the available proteomic data was recently incorporated into an interaction
database to elucidate the SRMS signaling network [61]. We performed a STRING analysis [62] to
identify protein–protein interactions involving SRMS (Figure 4). The known and predicted SRMS
interactions show potential connections to a number of other signaling proteins, including Ser/Thr
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kinase 31, sorting nexin 8, SHC-transforming protein 4, and the target of rapamycin complex 2 subunit
MAPKAP1 (Figure 4).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 13 
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represent predicted interactions from textmining, and black lines represent predicted interactions
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6. Function of SRMS in Human Disease

At present, SRMS is not linked conclusively to any human disease state. The possibility that
SRMS is overexpressed or dysregulated in various malignancies was explored previously, showing
that SRMS was overexpressed in six of eight breast cancer cell lines tested, exhibiting the highest levels
of expression in HBL-100 and the lowest expression in MDA-MB-468 and AU565 cells [9]. SRMS
expression was much lower in the normal mammary cell line 184B5. Using immunohistochemistry,
Lukong and colleagues showed strong expression of SRMS in human invasive ductal carcinomas
compared to adjacent normal breast tissue [9]. Furthermore, the levels of SRMS expression correlated
with the grade and severity of the tumor. The other members of the Brk family also play a role in the
development and progression of breast cancer. Brk was originally discovered in a screen for tyrosine
kinases expressed in human metastatic breast tumors [63]. Brk expression was low or undetectable in
normal mammary tissues or in benign lesions, but overexpressed in a significant fraction of breast
tumors [64]. Brk is co-amplified and co-expressed with the receptor tyrosine kinase ErbB2/HER2 in
human breast cancers and cooperates with ErbB2 to stimulate downstream signaling [65].

https://string-db.org
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The involvement of SRMS in other cancers was also studied. In a recent proteomic study of
serum samples from gastric cancer patients, SRMS was the only kinase found to be differentially
expressed in cancer samples compared to normal controls [66]. Machida et al. [67] profiled lysates
from human lung cancer cell lines by measuring binding of their tyrosine-phosphorylated proteins
to a series of SH2 domain probes. The SRMS SH2 domain showed significant binding in a number
of the cell lines. Moreover, higher levels of SRMS SH2 binding correlated with cell lines harboring
mutant forms of epidermal growth factor receptor (EGFR), cell lines that were more sensitive to
the EGFR inhibitor erlotinib, and cells in which EGFR and MET receptors were both activated [67].
A bioinformatics analysis of phosphopeptides from clear cell renal cell carcinoma identified SRMS as a
potential upstream kinase [68].

Numerous copy number gains and missense mutations involving SRMS were identified in breast
cancer and other cancers (e.g., [69]), but the functional effects are not presently characterized. In addition
to mutations that activate or inactivate a tyrosine kinase, mutations can alter kinase signaling pathways
or “rewire” the signaling network downstream of a particular kinase. Using a bioinformatics approach,
Creixell et al. analyzed cancer somatic mutations to identify those with the highest potential to rewire
downstream signaling. For SRMS, the somatic mutations most likely to display altered specificity
were (in order of decreasing specificity score) D378N, Y299H, A353T, T302M, F230L, E418K, V366A,
W249L, A394V, E396D/K, P467T, V409A, A474T, and A256V [70]. The effects of these mutations on
SRMS function await experimental testing.

7. Summary

The contribution of SRMS to normal cellular function has yet to be firmly established. It is
particularly important to confirm the identities of additional upstream and downstream signaling
partners and substrates of SRMS and to assess their impact on cellular phenotypes. Because of the lack
of a clear phenotype in SRMS-deficient mice, it may be necessary to produce cellular or animal models
in which SRMS is silenced along with other nonreceptor tyrosine kinases to eliminate redundancy.
In particular, it is not clear whether SRMS plays unique or overlapping roles with other Brk family
kinases (and/or Src family kinases) and whether any differences might be manifested in a cell- or
tissue-specific manner. It is also not yet known whether SRMS functions as a bona fide driver in cancer
cells. Additional studies are warranted in order to clarify the functions of SRMS and to determine
whether SRMS and its signaling networks represent potential drug targets for cancer therapy.
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ATP Adenosine triphosphate
Brk Breast tumor kinase
Dok1 Docking protein 1
EGF Epidermal growth factor
Frk Fyn-related kinase
GFP Green fluorescent protein
HEK Human embryonic kidney
LC-MS Liquid chromatography-mass spectrometry
PTK6 Protein tyrosine kinase 6
SFK Src family kinase
SH2 Src homology 2
SH3 Src homology 3
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siRNA Small interfering RNA
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