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Abstract
Intracellular adaptor proteins are indispensable for the transduction of receptor-
derived signals, as they recruit and connect essential downstream effectors. The SLy/
SASH1-adaptor family comprises three highly homologous proteins, all of them 
sharing conserved structural motifs. The initial characterization of the first member 
SLy1/SASH3 (SH3 protein expressed in lymphocytes 1) in 2001 was rapidly fol-
lowed by identification of SLy2/HACS1 (hematopoietic adaptor containing SH3 and 
SAM domains 1) and SASH1/SLy3 (SAM and SH3 domain containing 1). Based on 
their pronounced sequence similarity, they were subsequently classified as one fam-
ily of intracellular scaffold proteins. Despite their obvious homology, the three SLy/
SASH1-members fundamentally differ with regard to their expression and function 
in intracellular signaling. On the contrary, growing evidence clearly demonstrates 
an important role of all three proteins in human health and disease. In this review, 
we systematically summarize what is known about the SLy/SASH1-adaptors in the 
field of molecular cell biology and immunology. To this end, we recapitulate current 
research about SLy1/SASH3, SLy2/HACS1, and SASH1/SLy3, with an emphasis on 
their similarities and differences.
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1  |   INTRODUCTION

Signaling from outside of the cell usually starts with a 
ligand-induced activation of cell surface receptors, leading 
to their oligomerization, and subsequent phosphorylation 
of cytoplasmic receptor regions. Many growth factors such 
as insulin, ephrin, or epidermal growth factor (EGF) signal 
through receptor tyrosine kinases (RTK) with inherent enzy-
matic activity, enabling receptor autophosphorylation upon 
ligand-binding.1,2 By contrast, lymphocyte antigen-receptors 
apply intracellular non-receptor tyrosine kinases, which are 
recruited to the membrane after antigen-ligation.3 Aside from 
these differences in early phosphorylation events, all recep-
tors depend on the translation of the initial signal through 
downstream effectors, eventually resulting in reprograming 
of cell metabolism and gene transcription. These receptor-
associated signaling molecules encompass enzymes such as 
tyrosine or serine/threonine kinases and phospholipase Cᵧ 
(PLCᵧ), regulatory molecules such as the guanine nucleotide 
exchange factor Son of Sevenless (Sos) and adaptor proteins 
without any known catalytic activity, for example, growth 
factor receptor-binding protein 2 (Grb2).2-4

Adaptor proteins are a diverse group of signaling mol-
ecules, sharing conserved domains with well-defined 
biochemical properties. By the means of these domains, 
they serve as docking site for a range of effectors and me-
diate protein-protein interactions. Such proximal binding 
events are indispensable for the downstream transduction of 
receptor-derived signals. Some of the best-studied adaptor 
protein modules include phosphotyrosine-binding (PTB) and 
Src homology 2 (SH2) domains, both binding to phosphor-
ylated tyrosine residues; the Src homology 3 (SH3) domain, 
binding to proline-rich sequences with the consensus PXXP; 
and the pleckstrin homology (PH) domain, interacting with 
phospholipids.3,5 In addition, many cytoplasmic adaptor pro-
teins contain a sterile α motif (SAM), an interaction domain 
with various functions including homo- and heterotypic asso-
ciation as well as RNA-binding.6,7 For an in-depth discussion 
of the relevant adaptor protein modules, the reader is referred 
to previously published reviews.6,8-12

The SLy/SASH1-family of adaptor proteins consists of 
three highly homologous members, possessing a bipartite nu-
clear localization signal (NLS), a SH3, and a SAM domain, 
all of which enable their adaptor function. The first family 
member SLy1 (SH3 protein expressed in lymphocytes 1) was 
initially characterized by Beer et al in 2001, shortly followed 
by SLy2/HACS1 (hematopoietic adaptor containing SH3 
and SAM domains 1) and SASH1 (SAM and SH3 domain 
containing 1).13-15 Based on the pronounced structural ho-
mology and sequence similarity in their functional domains, 
SLy1, SLy2, and SASH1 were defined as one family of scaf-
folds.14,16 Figure 1 provides a structural overview of the most 
important domains of all three adaptors in humans. T
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Each of the three protein family members has its own ex-
pression pattern linked to diverse biological functions. What 
the SLy/SASH1-proteins have in common, is that they are 
frequently associated with proliferative disorders and can-
cer in humans, and SLy2 and SASH1 show a highly signifi-
cant positive association with overall survival in the TCGA 
pan-cancer data set from 45 089 patients (Figure 2). In this 
review, we systematically point out the unique features of 
SLy1, SLy2, and SASH1 and discuss their emerging and di-
verse roles in health and disease.

2  |   SLy1

SH3 protein expressed in lymphocytes 1, shortly termed 
SLy1 (alternatively SASH3) is the first member of the 
SLy-family of adaptor proteins and was described by Beer 
et al in 2001.13 The human and the murine SLy1 gene are 
both located on the X chromosome (Xq25-Xq26.3 and 
XA5 48,146,436-48,161,565, respectively). Interestingly, 
genes encoded in the same X chromosomal region are 
frequent subjects to mutations in lymphoid disorders, as 
for example CD40L and SH2D1A, associated with Hyper-
IgM-Syndrome and X-linked lymphoproliferative disease 
in humans, respectively.17,18 Murine SLy1 consists of 
381 amino acids (aa) and has a size of 55 kDa. There is a 
89% nucleotide sequence and a 94% aa sequence homol-
ogy between the human and the murine cDNA and protein 
(Table 1), respectively.13 SLy1 is comprised of a bipartite 
nuclear localization signal (NLS) at its N-terminus (aa 3-20 
NLS1, aa 74-91 NLS2), a central SH3 domain, located 
within aa 176 and 233, and a C-terminal SAM domain (aa 
249-316) (Figure  1).19 At position 27, SLy1 contains a 

serine (Ser-27), targeted by activated serine kinases.20 The 
SLy1 protein is exclusively expressed in lymphocytes and 
its mRNA can be detected in hematopoietic organs such 
as the bone marrow (BM), thymus, spleen, lymph nodes, 
and Peyer's patches. In the spleen, SLy1 is specifically 
restricted to the white pulp containing both, T and B cell 
areas, but is not expressed in the red pulp.19 Within the 
cell, SLy1 is found in the cytoplasm as well as inside the 
nucleus, indicating intracellular shuttling of the protein.

The first evidences unveiling a crucial role of SLy1 in im-
mune cell development and function were reported in 2005, 
when Beer and colleagues generated SLy1-mutant (SLy1d/d) 
mice, harboring a deletion within SLy1 from position 20 to 
100. These mice express a truncated version of SLy1, lack-
ing the Ser-27 phosphorylation site and the second part of 
the bipartite NLS. In contrast to wild-type (wt) SLy1, the 
mutant protein is exclusively located in the cytoplasm and 
no longer found inside the nucleus. Hence, cellular distri-
bution of the SLy1-protein must depend on at least one or 
both, a functional NLS and the Ser-27 phosphorylation site. 
In lymphocytes, SLy1-phosphorylation at Ser-27 is likely to 
occur through a phosphatidyl- inositol 3-kinase (PI3K)/pro-
tein kinase C (PKC)-dependent signaling pathway.19,20 As 
both, PI3K and PKC are important mediators during antigen 
receptor-induced signaling cascades this indicates a possible 
relevance of SLy1 during T- and B-cell receptor (TCR and 
BCR) signaling. Taking into account these findings, it stands 
to reason that SLy1 is phosphorylated in lymphocytes as a 
consequence of antigen-ligation and then translocates from 
the nucleus to the cytoplasm. In the latter, SLy1 is thought to 
be kept by binding to so called 14-3-3 proteins, which them-
selves serve as adaptor molecules and among others regulate 
conformation and localization of their targets.21

F I G U R E  1   Structural overview of the three SLy/SASH1-adaptor proteins in humans. All members of the SLy/SASH1-protein family contain 
a bipartite nuclear localization signal (NLS), a central Src homology 3 (SH3) domain and a sterile α motif (SAM) in their C-terminal region. In 
contrast to SLy1 and SLy2, SASH1 comprises additional features including an N-terminal coiled-coil (CC) domain and a second SAM domain. 
Human amino acid positions of the conserved adaptor domains are indicated. Murine amino acid positions are depicted in Table 1
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F I G U R E  2   Correlation of genomic alterations within the coding regions of the SLy/SASH1-adaptor proteins and overall survival rates of 
human cancer patients. The overall survival (OS) trends of cancer patients in correlation with genomic gains, amplifications, and heterozygous or 
homozygous deletions that localize to the encoding regions of SLy1, SLy2, and SASH1 are shown. Data were assessed using the TCGA database 
(cBioPortal) and is based on 180 nonredundant pan-cancer studies, including 45 089 patients (47 497 samples). A, SLy1: Heterozygous or 
homozygous deletions that localize to the SLy1-coding region are significantly associated with worse survival prognosis. B, SLy2: Both, genomic 
gains as well as genomic losses corresponding to the SLy2-coding regions are significantly associated with survival trends: gains are prognostic 
for increased; losses for decreased OS of patients. C, SASH1: While amplifications and gains in the SASH1-encoding region do not show any 
correlation with OS, the heterozygous or homozygous loss of SASH1 significantly associates with worse OS of patients. D, SLy/SASH1-family: 
The combined loss of all three adaptor family members is highly significantly associated with reduced OS of cancer patients.
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Strikingly, the size of various lymphoid organs such as 
thymus, spleen, peripheral lymph nodes, and Peyer's patches 
is dramatically reduced by up to 60% in SLy1d/d mice, as-
sociated with an overall reduction in lymphocyte counts. 
Concomitantly, the amount of macroscopically visible 
Peyer's patches is substantially lower in SLy1-mutant mice as 
compared to wt littermates. Reconstitution experiments using 
lethally irradiated congenic mice revealed that these effects 
most likely occur due to an impaired ability of hematopoietic 
cells to reconstitute lymphocyte populations in the absence 
of a functional SLy1-protein.19 Thus, these initial studies on 
SLy1d/d mice prove that an aberrant subcellular localization 
of SLy1 causes severe alterations within the lymphocyte im-
mune compartment.

Complementary, Reis et al generated a SLy1-knockout 
(Ko) mouse model in 2009, globally lacking the expression 
of SLy1. The reduced size of lymphatic organs initially ob-
served in SLy1d/d mice could be confirmed in SLy1Ko mice. 
Detailed investigation of SLy1Ko mice revealed various de-
fects in lymphocyte function and development.22 As SLy1 
fulfills specific roles within distinct lymphocyte subsets, 
these are separately described in the following parts.

2.1  |  SLy1 in B cells

SLy1d/d mice hold normal amounts of B-cell precursors in the 
bone marrow, follicular (FO) B cells in the spleen and innate 
B-1 cells in the peritoneum. However, the SLy1-truncation 
induces a strong reduction of the splenic marginal zone (MZ) 
B cell pool. In addition, the proliferation of purified MZ B 
cells in response to stimulation with anti-IgM and anti-CD40 
is impaired in SLy1d/d mice as compared to wt controls.19

MZ B cells represent a separate lineage of B lympho-
cytes, crucially involved in the rapid antibody response 
toward blood-borne pathogens such as encapsulated bac-
teria.23,24 Following maturation in the bone marrow, newly 
formed naive B cells enter the spleen and develop from tran-
sitional 1 (T1) into T2 cells, which then further develop into 
either follicular (FO) or MZ B cells. The decision whether 
a T2 cell undergoes FO or MZ B cell differentiation is de-
termined by multiple factors and among others depends on 
the Notch signaling pathway. Specifically, targeted deletions 
of the Notch signaling factors Notch2, recombination signal-
binding protein for immune globulin kappa J region (RBP-J), 
or Msx2-interacting nuclear target protein (MINT) were re-
ported to severely interfere with MZ B cell development.25-28 
In SLy1d/d mice, proportions of splenic T1, T2, FO, and 
pre-MZ B cells remain unaltered, indicating a partial block 
at the final step of cell differentiation from T2 cells to MZ B 
cells due to the SLy1-truncation. Consistently, the expression 
of RBP-J and respective target genes was found to be signifi-
cantly lowered in MZ B cells derived from SLy1d/d mice.29 

However, it is still to be investigated how the truncation of 
SLy1 may influence RBP-J expression levels. Since mutant 
SLy1 is solely placed in the cytoplasm but absent in the nu-
cleus, it is tempting to speculate that the presence of SLy1 in 
the nucleus may be required for the full expression of RBP-J 
in MZ B cells.29 Importantly, the significant reduction of the 
MZ B cell compartment could be confirmed in SLy1Ko mice 
a few years later, further supporting the hypothesis of SLy1 
as a regulator of MZ B cell immunity.22 Other aspects that 
regulate MZ B development include the strength of B cell 
receptor (BCR) signaling and cell homing, mediated by ad-
hesion molecules and chemokine receptors. However, neither 
BCR signaling nor chemokine receptor expression is affected 
in SLy1d/d mice.19,25-27

Considering the reduction of MZ B cells based on defec-
tive Notch signaling, it may not come as a surprise that mice 
harboring the SLy1 mutation display impaired natural and 
specific antibody production. Generally, the amounts of basal 
serum IgM and IgG1 are significantly lowered in SLy1d/d 
mice, whereas the mutation does not have any effects regard-
ing IgA, IgG2a, and IgG3.

19 As MZ B cells contribute to natu-
ral IgM titers under homeostatic conditions, the reduced MZ 
B cell pool of SLy1-mutant mice is likely to explain the lack 
in global serum IgM.23 Despite unaltered numbers of innate 
B-1 cells in the peritoneum, SLy1-mutant mice also lack peri-
toneal IgM, implicating an additional effect through B-1 cell 
functional impairments.19,30 Diminished IgG1 titers might be 
caused by defects within the T helper (Th) cell compartment, 
which will be discussed in detail in the next section.

Aside from homeostatic conditions, the expression of 
a truncated SLy1-protein also affects antigen-specific hu-
moral immune responses upon vaccination in vivo. For in-
stance, the amounts of IgM and IgG3 antibodies produced 
in response to the thymus-independent (TI) type 2 antigen 
TNP-Ficoll are significantly reduced in these mutants.19 
Additionally, SLy1d/d mice cannot mount adequate levels of 
IgM toward pneumococcal polysaccharides if compared to 
wt littermates.29 With regard to thymus-dependent (TD) anti-
gens such as TNP-CGG, similar results could be observed. In 
SLy1d/d mice, the production of specific IgG1 and IgG2a an-
tibodies upon immunization with TNP-CGG is substantially 
impaired.

In summary, it can be stated that functional translocation 
of SLy1 into the nucleus is a prerequisite for both, MZ B cell 
development and proper antibody responses toward TI and 
TD antigens.

2.2  |  SLy1 in thymocytes

In keeping with the severe reduction of thymus size observed 
in mice expressing the truncated SLy1-variant, a significantly 
lower absolute number of thymocytes was found in SLy1d/d 
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mice as compared to wt controls.19 Concomitantly, thymi of 
SLy1Ko mice show a 46% reduction in total cell number.

Assuming a specific role for SLy1 during thymocyte de-
velopment, the different stages of developing T cells in the 
SLy1Ko model were further investigated using flow cytom-
etry analysis. T cell development in the thymus is a com-
plex multistep process. Initially, hematopoietic precursors 
enter the thymus via the bloodstream, being CD4 and CD8 
double-negative (DN). DN cells are further subdivided into 
four different stages according to their surface expression of 
CD44 and Interleukin (IL)-2 receptor α-chain (CD25). Once 
passed through the stages DN1 (CD44+CD25–) and DN2 
(CD44+CD25+), the cells downregulate CD44 and get irre-
versibly committed to the T-cell lineage (DN3 stage). DN3 
cells pass through a complex selection process, characterized 
by TCR-gene rearrangement and eventually resulting in the 
expression of a pre-TCR (ß-selection). Cells that are subjected 
to programed cell death can be rescued by the expression of 
an intact pre-TCR, whereas cells failing to correctly rearrange 
their TCR-genes undergo apoptosis. During the last few years 
it became clear, that Notch-mediated signals are indispens-
able for the development of DN thymocytes. In conjunction 
with the pre-TCR, Notch ligand-engagement activates the 
mammalian target of rapamycin complex (mTORC), which 
in turn leads to the expression of nutrient receptors CD71 
and CD98. Notch ligation additionally triggers activation 
of Phosphatidylinositol-Kinase 1 (PDK-1) and important 
AGC-serine kinases, thereby allowing for extensive prolifer-
ation of selected T cells.31,32 After successfully passing the 
ß-selection checkpoint, the cells downregulate CD25 (DN4) 
and subsequently transit into the double-positive (DP) stage, 
hallmarked by simultaneous surface expression of CD4 and 
CD8. Finally, mature CD4 or CD8 single-positive (SP) T 
cells are able to exit the thymus.33-35

Both, counts of DP as well as SP T cells are significantly 
decreased in SLy1d/d and SLy1Ko mice.19,22 On the contrary, 
the percentage of DN cells in SLy1Ko thymi was found to 
be doubled as compared to wt controls, indicating that SLy1 
might be important for DN to DP cell transition. In line with 
this hypothesis, in vitro proliferation and upregulation of 
CD4 and CD8 in response to Notch ligand stimulation is sig-
nificantly impaired in SLy1d/d and SLy1Ko DN thymocytes. 
These alterations in responsiveness are accompanied by re-
duced levels of serine phosphorylation and dampened upreg-
ulation of CD71 and CD98. Moreover, when stimulated with 
the Notch ligand delta-like 1 (DL-1) expressed on OP9 cells, 
specifically pre-TCR+ DN3 thymocytes from SLy1d/d and 
SLy1Ko mice show a significant increase in overall induction 
of programed cell death, suggesting an anti-apoptotic role for 
SLy1 during DN3 development.22

Taken together, SLy1 is required for full activation of 
mTORC upon pre-TCR expression in DN T-cell precursors, 
thereby providing essential survival signals that eventually 

allow DN to DP transition. In other words, a functional 
SLy1-protein is important to protect DN3 thymocytes from 
programed cell death.

Further, novel observations strongly suggest that SLy1 
might be involved in signaling pathways essential for pre-TCR 
thymocyte development, namely Notch and IL-7 receptor

(IL-7R) signaling. SLy1Ko thymocytes show an increase 
in Notch1 and Notch3 expression, while RAG1Ko x SLy1Ko 
mice relying solely on Notch signaling for survival do not 
show the decrease in thymocytes mentioned above, when 
compared to their wt counterparts (unpublished data, S. 
Beer-Hammer). Thus, SLy1-involvement in Notch signaling 
in DN1 to DN3 thymocytes is likely but may not be the main 
mechanism for reduced cell numbers in SLy1Ko thymi.

IL-7R signaling in DN thymocytes is important for cell 
proliferation and survival. By ways of Jak1/3 activation 
and phosphorylation of the transcription factor Stat5, Bcl-2 
levels in the cell are increased.36 In SLy1Ko thymocytes, 
IL-7R expression is increased, together with Janus kinase 
(Jak) 1-phosphorylated signal transducer and activator of 
transcription (STAT) 5 and Bcl-2 (unpublished data, S. 
Beer-Hammer). Overexpression of these pro-proliferative 
signaling pathways in the context of decreased cell numbers 
in SLy1Ko thymi guides us to further research questions cur-
rently being explored along the lines of SLy1-involvement in 
these signaling cascades.

2.3  |  SLy1 in peripheral T cells

Beyond its role for thymocyte development, SLy1 has also been 
investigated in mature peripheral T cells. When stimulated with 
anti-CD3 in vitro, splenic T cells derived from SLy1d/d mice 
show an impaired proliferation rate, accompanied by reduced 
production of cytokines such as IL-2, IL-4, tumor necrosis fac-
tor (TNF), and interferon (IFN)-. These functional deficits can 
be compensated by the addition of exogenous IL-2, indicating 
that this effect is, at least in part, due to an impaired produc-
tion of IL-2 caused by the SLy1-mutation. Nevertheless, TCR 
signaling itself is functional in SLy1d/d mice, as determined 
by the measurement of calcium-influx and relevant signaling 
molecules such as Erk, Jnk, and p38. In the same study, SLy1-
mutant mice were shown to allow prolonged allograft survival 
of semi-allogenic heart transplants, indicating that the T-cell 
response is specifically impaired.19

A recent study focused on the formation of adaptive im-
mune responses in SLy1Ko mice upon infection with Listeria 
monocytogenes and revealed increased susceptibility toward 
bacterial challenge in the absence of SLy1.37 Both, the release 
of cytokines by innate immune cells as well as the TH1-driven 
differentiation of effector T cells upon infection are compara-
ble in SLy1Ko mice and wt controls. In contrast, counts of L 
monocytogenes-specific splenic T cells are significantly lower 
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in SLy1Ko mice at day 4 and 6 postinfection. In addition, the ex 
vivo proliferative capacity of CD4+ and CD8+ splenic effector 
T cells is significantly reduced in SLy1-targeted mice, accom-
panied by an increased burden of colony forming units (CFU) 
during infection with L monocytogenes. Interestingly, these 
differences are, at least in part, induced by enhanced expres-
sion of the cell-cycle inhibitors p130 and p27, which could 
be confirmed on mRNA and protein level.37 The expression 
of p130 and p27 is initiated by the Forkhead box protein O 
(FOXO) transcription factor family. Upon TCR engagement, 
FOXO is phosphorylated by Akt and gets translocated into 
the cytoplasm, allowing the T cells to continue cell cycle pro-
gression (Figure 3). Akt phosphorylation itself and the export 
of FOXO1 seem to be fully functional in purified splenic T 
cells from SLy1-deficient mice. However, after 60  minutes 

of anti-CD3/CD28 stimulation, the phosphorylation levels of 
FOXO1 are severely reduced in SLy1Ko cells, accompanied 
by significantly accelerated nuclear reimport of the transcrip-
tion factor as compared to wt cells. In line with these findings, 
Schäll and colleagues were able to demonstrate that the adap-
tor protein SLy1 shuttles from the nucleus into the cytoplasm 
upon TCR stimulation (Figure 3).37

Considering all these evidences, it is likely that SLy1 is part 
of a regulatory complex, mediating FOXO1-phosphorylation 
and inactivation by nuclear export as a response to TCR stim-
ulation. Moreover, SLy1 is needed for FOXO1 to retain in the 
cytoplasm, thereby allowing for cell cycle progression. In its 
absence, premature reactivation of FOXO1, and thus, expres-
sion of cell cycle inhibitors prevents the effector T cells of 
proper expansion in response to bacterial infection (Figure 3).

F I G U R E  3   Molecular role of SLy1 in peripheral T cells. Under homeostatic conditions, unphosphorylated SLy1-protein is present in both, the 
cytoplasmic as well as the nuclear cell compartment of peripheral T lymphocytes. Evidence suggest a regulatory role of nuclear SLy1 in the context 
of gene transcription, however, its molecular interaction partners and target genes remain to be identified. At the same time, the transcription factor 
Forkhead box protein O (FOXO) 1 promotes the expression of the cell cycle inhibitors p130 and p27, thus, being an important negative regulator 
of cell expansion. Upon T-cell activation in response to T-cell receptor (TCR)-engagement and co-stimulation, SLy1 gets phosphorylated in the 
cytoplasm most likely in a phosphatidylinositol 3-kinase (PI3K)/protein kinase C (PKC)-dependent manner. As a consequence, phospho-SLy1 is 
no longer able to shuttle into the nucleus as it is kept within the cytoplasm by binding to 14-3-3 proteins. In addition, T-cell stimulation induces 
the activation of the Akt-kinase, which in turn phosphorylates and thereby inactivates FOXO1. Phospho-FOXO1 is consequently translocated 
into the cytoplasm, where it is bound and kept by the phospho-SLy1 and 14-3-3 protein complex. These events allow cell cycle progression and 
proliferation of the activated T cell. As soon as the T-cell response has been completed, both SLy1 and FOXO1 get dephosphorylated, the protein 
complex is resolved and the proteins are able to re-translocate into the nucleus. In SLy1-deficient T cells, the nuclear reimport of FOXO1 is 
accelerated and causes premature induction of cell cycle inhibitors that interferes with proper T-cell expansion in response to bacterial infection. 
Thus, SLy1 is crucially involved in the regulation of FOXO1-mediated cell cycle control.



8 of 21  |      JAUFMANN et al.

2.4  |  SLy1 in Natural Killer (NK) cells

In addition to B and T lymphocytes, the adaptor protein SLy1 
is also expressed in mature peripheral Natural Killer (NK) 
cells.38 NK cells are well-known for their important role in 
detection and elimination of virally infected and malignantly 
transformed cells. By means of various specific receptors, 
they efficiently interact with other cells and sense altera-
tions in surface antigen expression.39 In 2016, Arefanian 
et al reported a positive correlation between robust NK cell 
function and increased resistance toward lung cancer cells in 
mice.38 Of interest, the NK cell-specific expression of SLy1 
was found to be significantly lower in mouse strains being 
susceptible toward cancer cells as compared to those that 
are resistant. Moreover, SLy1Ko mice hold fewer numbers 
of peripheral NK cells. Proceeding from these observations, 
Arefanian and colleagues investigated NK cell function in 
SLy1Ko as compared to wt control mice upon intravenous 
injection of RMA-S lymphoma and Lewis lung carcinoma 
(LLC) cells. Growth of both RMA-S and LLC cells is ac-
celerated in SLy1Ko mice, pointing to impaired NK cell func-
tion. Consistently, the in vitro clearance of malignant and 
nonmalignant NK cell targets is decreased in the absence of 
SLy1, accompanied by reduced degranulation activity and 
IFN- production of NK cells. Surprisingly, NK cell develop-
ment in the BM and maturation of peripheral NK cells are un-
affected by SLy1-deficiency. Nevertheless, isolated splenic 
NK cells from SLy1Ko mice display a severely altered activa-
tion status marked by reduced expression of activating sur-
face receptors such as NK1.1, Nkp46, Ly49H, and NKG2D. 
In vitro stimulation of isolated splenic NK cells with IL-2 
abrogates these differences. mRNA gene expression arrays 
of isolated NK cells revealed alterations in multiple path-
ways affecting NK metabolism, migration, and cytotoxicity 
in SLy1-targeted mice. Finally, SLy1-deficiency correlates 
with decreased percentages of viable NK cells in mice.38

Astonishingly, there is no fundamental difference within 
the signaling components of the activating NK cell receptor 
pathways in SLy1-deficient mice as compared to wt con-
trols. However, when going into further detail, Arefanian 
and colleagues detected multiple ribosomal subunits and 
proteins that co-immunoprecipitate with endogenous SLy1. 
Moreover, SLy1 co-localized with the 80S ribosomal com-
plex in activated NK cells and, in contrast to B and T lympho-
cytes, was solely placed in the cytoplasm (Figure 4). Mass 
spectroscopy further revealed an increase in multiple free 
ribosomal proteins specifically in SLy1Ko NK cells, includ-
ing small ribosomal protein 3 (RPS3) and large ribosomal 
protein 5 (RPL5). Nevertheless, despite ribosomal instability, 
SLy1Ko NK cells seem to have an equivalent amount of ma-
ture assembled ribosomes as wt NK cells.38

Ribosomal stress associated with an accumulation of free 
ribosomal proteins such as RPL5 is known to interfere with 

proper function of Murine double minute 2 (Mdm2). Mdm2 
itself is an E3 ubiquitin ligase that targets the pro-apoptotic 
factor p53 for sequestration under homeostatic conditions 
(Figure 4).40,41 Indeed, in NK cells deficient for SLy1, higher 
overall levels of unbound p53 were detected, indicating that 
the overabundance of RPL5 in SLy1Ko cells inhibits Mdm2-
mediated clearance of p53. p53 itself promotes apoptosis 
and downregulates several genes that are essential to NK 
cell function, including the master regulator Eomesodermin 
(EOMES), thus, leading to suppressed NK cell activating re-
ceptor expression.42,43 Hence, SLy1 crucially contributes to 
the maintenance of ribosomal stability. Its deletion causes 
an X-linked ribosomopathy, resulting in the accumulation of 
the apoptosis inducer p53, which in turn drives NK cell dys-
function, diminished NK cell viability, and impaired tumor 
clearance (Figure 4).38

Notably, viral clearance was comparable between SLy1Ko 
and wt littermate mice in a MCMV viral infection model. 
Additionally, abovementioned functional and phenotypical 
defects of NK cells from SLy1Ko mice could be compen-
sated by previous treatment of NK cells or mice with the pro-
inflammatory cytokine IL-2, as shown by in vitro killing of 
LLCs and in vivo tumor growth, respectively. These results 
allow speculating that the ribosomal instability and p53-
accumulation related to SLy1-deficiency might be negated 
under inflammatory conditions.38 Interestingly, as already 
discussed above, the addition of IL-2 could also restore func-
tional deficits of SLy1d/d T cells in vitro. This indicates a spe-
cial role of the pro-inflammatory cytokine for SLy1-mediated 
signaling, hence, should be subject to future studies.

To expand our knowledge about the role of p53-
accumulation in the context of SLy1-deficiency, we are 
currently investigating the effects of a NK cell-specific p53-
deletion using a murine Cre/loxP-system. Novel findings in-
deed indicate a compensation of the SLy1Ko-induced deficits 
by p53-deletion (work in progress).

Taking all the information together, the expression of a 
functional SLy1-protein is essential for B, T, and NK cell 
immune responses. Thereby, functions of SLy1 are highly 
unique in each of the lymphocyte subsets and so far involve 
the regulation of Notch signaling in T and B cells, nucleocy-
toplasmic transport of the transcriptional regulator FOXO1 
in T cells (Figure 3) and stabilization of ribosomal compart-
ments in mature resting NK cells (Figure 4).

3  |   SLy2

The second member of the SLy-protein family, SH3 pro-
tein expressed in lymphocytes 2 (SLy2), also termed 
HACS1 (hematopoietic adaptor containing SH3 and SAM 
domains 1) or SAMSN1 (SAM domain, SH3 domain, 
and NLS 1), was initially described in 2001 by Claudio 
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et al in hematopoietic progenitors and patient-derived my-
eloma cells.14 Simultaneously, Uchida and colleagues re-
ported the expression of a novel adaptor termed NASH1 (a 
NLS, SAM, and SH3 containing protein 1) in mast cells, most 
likely representing an alternative splicing form of SLy2.44

In humans, SLy2 is encoded on chromosome 21q11.2, a 
region frequently disrupted by translocation events in hema-
topoietic disorders.45 In contrast, murine SLy2 localizes to 
chromosome 16 and has an 87% overall similarity to human 
SLy2 on the protein level (Table 1). It is constituted of 372 
aa with a molecular weight of 48 kDa. Structurally, SLy2 ex-
hibits extensive homology to SLy1, with them sharing 50% 
aa identity.13,14,16,44,46 Besides a central SH3 domain (aa 166-
223), SLy2 also holds one SAM domain at its C-terminal part 
(239-305) and two NLS at its N-terminus (aa 4-21 NLS1, 
aa 65-82 NLS2) (Figure 1).47 In addition, SLy2 contains a 
specific phosphorylation site at position serine 23 (Ser-23).47 
In contrast to SLy1, the SLy2-protein displays a broad ex-
pression pattern. It is particularly highly expressed in homeo-
static and malignantly transformed hematopoietic cells, but 

can also be found at lower expression levels in endothelial 
cells, muscle tissue, heart, brain, lung, and pancreas.14 Just 
like SLy1, SLy2 shuttles between the cytoplasmic and the 
nuclear cell compartment and interacts with 14-3-3 proteins 
in the cytoplasm.47 In 2010, Brandt et al demonstrated the di-
rect interaction of Ser-23-phosphorylated SLy2 with 14-3-3 
and interestingly, co-transfection of 14-3-3ß into HEK293T 
cells stably expressing SLy2 drastically reduces the propor-
tion of nuclear SLy2. Thus, it is reasonable to hypothesize 
that 14-3-3 proteins bind to phosphorylated SLy2, in order 
to regulate its subcellular distribution and prevent its nuclear 
translocation (Figure 5).

Once inside the nucleus, SLy2 was found to interact with 
Sin3A-associated polypeptide 30 (SAP30) and histone deacety-
lase (HDAC) 1, both of which are conserved members of the 
Sin3A-HDAC gene repressor complex (Figure  5).47,48 While 
SAP30 was shown to directly bind DNA, Sin3A serves as an 
adaptor for several transcription factors and enzymes, thereby en-
abling the assembly of a large multi-protein.48 Hyperacetylation 
of histone residues is an epigenetic modification that facilitates 

F I G U R E  4   SLy1-dependent regulation of ribosomal stability in NK cells. In NK cells, SLy1 is solely placed in the cytoplasm where it co-
localizes with and stabilizes the ribosomal compartment. Ribosomal stability is of high importance to the viability and functionality of NK cells, 
as free ribosomal proteins such as large ribosomal protein 5 (RPL5) cause cellular stress and promote p53-mediated cell death. More precisely, 
under homeostatic conditions, p53-protein levels are tightly controlled by the E3 ubiquitin ligase Murine double minute 2 (Mdm2). Through poly-
ubiquitinylation, Mdm2 marks p53 for degradation. However, the presence of excessive RPL5 in the cytoplasm interferes with Mdm2-function and 
results in an accumulation of p53, eventually leading to the induction of apoptosis. As a consequence of ribosomal instability, both viability and 
tumor killing activity of SLy1-deficient NK cells are impaired, accompanied by a severely altered receptor expression profile. The mechanisms 
leading to the decreased expression levels of the activating surface receptors NKG2D, NKp46, and Ly49H on SLy1-deficient NK cells remain 
elusive.
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the access of the transcriptional machinery; deacetylation 
through HDACs, on the contrary, usually represses gene tran-
scription.49,50 In keeping with the ternary complex formation 
between SLy2, SAP30, and HDAC1, the presence of SLy2 
markedly increases HDAC1-activity in transfected HEK293T 
cells, identifying SLy2 as a novel putative member of the 
Sin3A-HDAC gene repressor complex (Figure 5).47

Investigation of SLy2 in a variety of research models 
including immortalized cell lines and genetically modified 
mouse strains demonstrated a pivotal role of the adaptor for 
several cellular processes. The following sections separately 
sum up, what we know until today.

3.1  |  SLy2 in cytoskeletal reorganization

Experiments on transfected HeLa cells by our group in 2011 
revealed that SLy2 is crucially involved in the regulation of 

cell spreading and actin dynamics, strikingly similar to the 
third family member SASH1.51,52 More precisely, ectopic 
expression of SLy2 triggers the emergence of actin-rich 
membrane ruffles in transfected cells and interestingly, SLy2 
regionally co-localizes with filamentous (F)-actin in these 
structures. Further examination revealed that SLy2 interacts 
with cortactin, a key regulator of membrane dynamics and 
cytoskeletal remodeling, to promote Rac1-dependent mem-
brane reorganization.51 Of note, by making use of a SH3-
domain-deficient SLy2-mutant (SLy2-ΔSH3), we were able 
to confirm that all these effects require a functional SH3 
domain. Herewith, SLy2 was identified as an adaptor that 
acts in concert with cortactin, which in turn is an F-actin-
binding protein that regulates nucleation and branching 
of actin networks (Figure  5).51,53,54 Actin reorganization is 
necessary for cell spreading in response to internal and ex-
ternal stimuli. Consistent with this, SLy2-wt but not SLy2-
ΔSH3 transfected HeLa cells display significantly reinforced 

F I G U R E  5   Molecular role of SLy2 in B cells. In resting B cells, the intrinsic expression of the SLy2-protein was found to be on a low level. 
However, upon B-cell activation through B-cell receptor (BCR)-engagement and/ or stimulation with Interleukin-4 (IL-4), SLy2-expression 
is significantly induced in a phosphatidylinositol 3-kinase (PI3K)/ protein kinase C (PKC)-dependent manner. IL-4-induced upregulation of 
SLy2 further involves the signaling molecules Signal transducer and activator of transcription (STAT) 6 and nuclear factor (NF) ĸB. The 
precise mechanisms of how SLy2-transcription is initiated remain to be solved. Inside the nucleus, SLy2 associates with Sin3A-associated 
polypeptide 30 (SAP30) and Histone deacetylase (HDAC) 1, both of which are part of a huge protein complex suppressing gene transcription. 
Although responsible kinases and phosphatases remain to be identified, it is known that the subcellular distribution of SLy2 is controlled in a 
phosphorylation-dependent manner. Specifically, phospho-SLy2 is restricted to the cytoplasm, where it is bound and kept by 14-3-3 proteins as 
already seen for its homolog SLy1. Within the cytoplasmic cell compartment, SLy2 binds to the immunoreceptor tyrosine-based inhibition motif 
(ITIM) of the inhibitory B-cell co-receptor paired immunoglobulin-like receptor B (PIR-B), and therefore, participates in the negative regulation of 
the B-cell response. Additionally, SLy2 co-localizes with filamentous (F-)actin and directly binds to the master regulator of actin dynamics, named 
cortactin. Thus, SLy2 is an adaptor protein that is implicated in B-cell signaling pathways and cytoskeletal reorganization.
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polarization and spreading associated with markedly reduced 
cell proliferation as compared to control transfected cells.51 
Thus, we can state that SLy2 is a regulator of actin dynamics 
and cell spreading behavior by direct interaction with cortac-
tin. However, precise mechanisms remain to be solved.

3.2  |  SLy2 in immune responses

The importance of SLy2 for B cells was first demonstrated 
by Zhu and colleagues in 2004.16 While levels of SLy2 were 
found to be relatively low in naïve B cells, its expression is 
greatly upregulated in B220+ murine splenocytes and CD19+ 
peripheral human B cells upon in vitro treatment with stimu-
lants such as IL-4 and CD40L. IL-4-induced upregulation of 
SLy2 was shown to involve PI3K-/PKC-dependent signaling, 
which is of high interest, since the same enzymes have been 
previously shown to mediate SLy1-phosphorylation (see sec-
tions above). Moreover, this upregulation of SLy2 depends 
on both, the STAT6 and nuclear factor (NF) ĸB transcription 
factors (Figure 5).16

Anti-IgM stimulation of B cells leads to endogenous as-
sociation of SLy2 with several tyrosine-phosphorylated pro-
teins, indicating a potential role of the adaptor downstream of 
the BCR. A putative-binding partner identified in this study 
was the paired immunoglobulin-like receptor B (PIR-B), an 
inhibitor of the BCR-associated kinases Syk and Btk, which 
negatively affects B-cell responses.55 Interestingly, a recent 
publication by Kwan et al verified the molecular interaction 
between SLy2 and PIR-B by using a variety of pull-down 
and protein-binding assays. Specifically, SLy2 was shown 
to directly associate with the intracellular immunoreceptor 
tyrosine-based inhibition motif (ITIM) of PIR-B in a SH3 
domain-dependent manner (Figure  5).56 Accordingly, over-
expression of SLy2 in murine splenic B cells strongly inhibits 
IL-4 and CD40L-dependent proliferation of B cells.16 Also 
worth mentioning, SLy2-overexpressing B cells are severely 
defective in spreading on anti-IgM coated cover slips as com-
pared to wt controls.51 Inspired by these in vitro findings, 
subsequent studies focused on genetically modified mice, 
either being deficient for SLy2 (SLy2Ko) or specifically over-
expressing the adaptor in T and B cells (SLy2-Tg).

SLy2Ko mice have normal numbers of B-cell progenitors in 
the BM as well as splenic mature and transitional B-cell pop-
ulations. However, isolated splenic B cells from SLy2Ko mice 
display enhanced proliferation toward B cell stimulants such 
as IL-4, anti-IgM, and CD40L. Of importance, two studies 
independently reported alterations within the natural B-1 cell 
compartment of SLy2-deficient mice. These include a signif-
icant increase in peritoneal IgM+CD5+ or B220+CD5+ B-1a 
cells and increased rates of BM-resident CD19+CD43+CD5- 
B-1b cells.46,57 B-1 cells are a unique subset of innate-like 
B cells that constitutively produce protective antibody 

and rapidly respond toward invading pathogens such as 
Streptococcus pneumoniae.30,58,59 In line with that, we found 
natural IgM levels being significantly increased in the serum 
of SLy2Ko mice at steady state.57 Complementary, the anti-
body responses toward immunization with TI and TD an-
tigens are enhanced in these mice, as seen for TNP-Ficoll, 
TNP-KLH, and pneumococcal vaccine (Pneumovax23 and 
Prevenar13). Elevated levels of Pneumococcus-specific IgM 
and IgG2 antibodies after immunization point to a role of 
SLy2 for immune responses toward Streptococcus pneumo-
niae.57 Notably, upon ex vivo stimulation of SLy2Ko T cells, 
an overall increase in proliferation rate and cytokine produc-
tion (IL-4 and IFN-) was observed. Thus, it cannot be ex-
cluded that the improved adaptive immunity seen in SLy2Ko 
mice partly relies on strengthened T cell responses.46

When it comes to bacterial infection, increased levels 
of S. pneumoniae-specific antibodies in SLy2Ko mice were 
not sufficient to provide survival advantages in the course 
of acute pneumococcal pneumonia.57 However, humoral im-
munity is especially important in the context of septicemia, 
while nasopharyngeal clearance of S. pneumoniae has been 
shown to require CD4+ T helper cells.60 As a consequence, 
the role of SLy2 should be additionally investigated in the 
context of pneumococcal sepsis, where the disease outcome 
mainly depends on antibody-mediated mechanisms.60,61

Investigation of SLy2-Tg mice in our group further high-
lighted the role of SLy2 for B-1 cells.62 Not surprisingly, the 
overexpression of SLy2 in lymphocytes impairs proper B-1 
cell function by lowering the percentage of peritoneal B-1 
cells and levels of global serum IgM. Upon immunization 
with pure pneumococcal vaccine, SLy2-Tg mice show sig-
nificant deficits regarding their specific antibody responses. 
Moreover, the IL-5-dependent IgM production in purified 
splenic B cells from SLy2-Tg mice is significantly decreased, 
accompanied by attenuated expression levels of IL5Rα on 
B-1a cells. IL-5/IL-5Rα-signaling is essential for survival, 
proliferation, and differentiation of B-1 cells and is promoted 
by the transcription factor OCT2.63,64 Hence, one hypothesis 
is that SLy2 might negatively modulate IL-5-dependent dif-
ferentiation of B-1 cells by suppressing OCT2-transcription or 
activity, resulting in decreased antibody formation. However, 
a physical interaction between SLy2 and OCT2 could not be 
shown, suggesting an indirect effect of the adaptor protein 
that remains to be solved.62

Intriguingly, SLy2 belongs into a group of nine genes sig-
nificantly amplified in Down syndrome (DS) patients.65 These 
patients are highly susceptible toward infectious diseases and 
suffer from several immunodeficiencies. Alterations in the 
immune system of DS patients involve the lack of mature B 
cells, decreased natural serum IgM and IgG2 as well as di-
minished responsiveness toward several vaccines.62,65,66 Of 
interest, infectious pneumonia is one of the leading causes of 
death in DS patients.66 Based on the severely impaired B-1 
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cell responses in SLy2-Tg mice, it is reasonable to hypothe-
size that the SLy2-overexpression in DS patients, at least in 
part, contributes to their strong susceptibility toward pneu-
mococcal antigens.62

Fittingly, novel research findings have revealed drasti-
cally reduced counts of B cell progenitors within the BM 
of SLy2-overexpressing mice.67 These observations apply 
to several developmental stages, including pro-B, pre-B, 
and immature B cells. This is of high interest, since vari-
ous studies have reported defects in early development and 
expansion of B cells in DS children during their first year 
of life.68-70

Conclusively, SLy2 is involved in the regulation of both, 
innate and adaptive B cell responses toward B cell stimula-
tory signaling molecules and TI and TD antigens.

3.3  |  SLy2 in cancer

In clinical terms, SLy2 has not only been associated with the 
immunodeficiency that is linked to DS, but is also frequently 
mentioned in connection with several types of cancers. Our 
own analysis shows that chromosomal gains of SLy2 are sig-
nificantly associated with better postoperative overall sur-
vival in the TCGA pan-cancer data set, whereas shallow or 
deep deletions (i.e., heterozygous or homozygous genomic 
losses) of the SLy2 gene are highly significantly associated 
with decreased overall survival (Figure 2).

More specifically, SLy2 expression was shown to be sig-
nificantly lower in malignant tissue derived from hepatocel-
lular carcinoma (HCC) patients as compared to noncancerous 
tissue probes. In these cases, decreased mRNA levels go 
ahead with hypermethylation of the SLy2 promoter and pro-
portionally decreased protein amounts, indicating defects in 
the regulation of SLy2 gene transcription. The loss of SLy2 
further correlates with shorter overall survival and tumor re-
currence in HCC patients.71 Similar results were obtained in 
gastric cancer (GC), where diminished expression of SLy2 in 
GC tissues was associated with larger tumor size and shorter 
disease free survival times of patients.72 SLy2 was further 
identified as an independent prognostic factor for HCC and 
GC progression, indicating a putative role of the adaptor as 
tumor suppressor.71,72 Additionally, several transcriptome 
studies revealed differential expression of SLy2 in the con-
text of malignant transformations, including lung cancer and 
ulcerative colitis-associated colorectal cancer.73,74

Aside from solid tumors, SLy2 is also of relevance to 
the development of multiple myeloma (MM). MM is a he-
matopoietic disease that is characterized by a malignant 
transformation of plasma cells, which infiltrate and damage 
the BM of patients. It is frequently associated with genetic 
abnormalities such as chromosomal loss and translocation 
events.75,76 In a Malaysian study in 2012, SLy2 was identified 

as a gene located within a chromosomal aberration region 
in 105 MM patients.77 Subsequently, Amend and colleagues 
reported a large chromosome deletion in MM patients af-
fecting the complete SLy2-coding gene section and probably 
leading to a total loss of SLy2.78 Further, SLy2 is homozy-
gously deleted in KaLwRij mice, a murine strain sponta-
neously developing MM-like disease.78 Complementary, 
the expression of SLy2 is reduced in human myeloma cell 
lines as well as MM patient-derived CD138+ plasma cells as 
compared to healthy controls.79 Intriguingly, novel findings 
of our group revealed significantly decreased rates and abso-
lute numbers of BM-resident CD138+TACI+ plasmablasts in 
SLy2-overexpressing mice.67 In conjunction, these data allow 
speculating that SLy2 might serve as a negative regulator of 
plasma cell differentiation/ proliferation. Inspired by these 
results, SLy2 should be examined in the context of signaling 
pathways related to master regulators of plasma cell differen-
tiation such as Blimp-1 and XBP-1.80

Strikingly, HDAC-inhibitors applied as anti-cancer drugs 
efficiently induce apoptosis in MM-derived plasma cells 
and show promising effects in MM patients.81 These ben-
efits have been shown to partly rely on inverse regulation 
of the MM plasma cell marker CD38, thereby increasing 
the sensitivity of malignant plasma cells toward therapeu-
tic treatments.82 Another crucial function of HDACs is the 
transcriptional regulation of cell cycle proteins such as p27 
and p53, thereby modulating cell survival and apoptotic 
events.83 Keeping in mind the physical interaction of SLy2 
with HDAC1 discussed in the section above, it is likely that 
loss of SLy2 could result in deregulation of HDAC-activity, 
thereby contributing to malignant cell transformation in MM. 
Surprisingly, upon stimulation with IL-6 and a proliferation-
inducing ligand (APRIL), SLy2 is significantly upregulated 
in the human MM cell line RPMI 8226, accompanied by a re-
gression in overall HDAC-activity and alterations in HDAC-
target gene expression.84 However, the precise mechanism of 
how SLy2 is associated with the development of MM is left 
to be investigated.

In summary, SLy2 is an inhibitory adaptor protein cru-
cially involved in cytoskeletal actin remodeling, the formation 
of B cell responses and cancerous diseases. To date, known 
molecular interaction partners of SLy2 are the actin modula-
tor cortactin, the Sin3A-HDAC gene repressor polypeptide, 
14-3-3 proteins, and the PIR-B co-receptor. Nevertheless, the 
exact underlying signaling pathways remain to be identified.

4  |   SASH1/SLy3

The third member of the SLy-protein family, SAM and 
SH3 Domain Containing 1 (SASH1), was first described 
in 2003 as a candidate tumor suppressor in breast cancer.15 
The human SASH1 gene is located on chromosome 6q24.3, 
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has a size of 201 kb and consists of 20 exons, which un-
dergo alternative splicing to generate two different SASH1 
transcripts, differing in their 3ʹ-untranslated region.15,85 As 
already seen for the first two SLy-proteins, a high degree of 
homology (85%) between the human and murine genes sug-
gests an evolutionary conservation between species (Table 
1). Human SASH1 comprises 1247 amino acids, thus, being 
the largest member of this protein family (Figure 1).85 The 
central conserved protein region of SASH1 corresponds to 
SLy1 and SLy2 and includes the SH3 (aa 554-615) and 
the first SAM domain (aa 633-697).52 In contrast to SLy1 
and SLy2, SASH1 additionally features long N- and C-
terminal stretches with a predicted coiled-coil sequence 
near the N-terminus, a proline-rich region and a second 
SAM domain in the C-terminal part (aa 1177-1241).15,52,86 
SASH1 also contains two bipartite NLS at its N-terminus 
(NLS1: aa 259-275; NLS2: aa 452-468), which have both 
been demonstrated experimentally to mediate nuclear lo-
calization of the adaptor protein.87 A C-terminal deletion 
construct of SASH1 accumulates in the nucleus of several 
cell types, and genetic invalidation of either the first or the 
second NLS inhibits its nuclear uptake. Thus, it is likely 
that SASH1 also plays a functional role in the nucleus, by 
contribution to the regulation of gene transcription.52,87 In 
contrast, deletion of the single predicted NES sequence did 
not result in any observable alterations of the intracellular 
localization of SASH1 (unpublished data). So far, no spe-
cific stimuli were identified that would control its nuclear 
import or export in different cell types.

SASH1 shows a broad tissue expression with the ex-
ception of lymphocytes, especially T cells, which appear 
to be devoid of SASH1 expression.15 Several potential 
protein-protein interaction partners of SASH1 have been 
described. As already seen for SLy2, SASH1 has been 
shown to be associated with the F-actin cytoskeleton, most 
likely by a physical association with cortactin.52 We have 
recently demonstrated by several orthogonal methods, in-
cluding co-immunoprecipitation, yeast two-hybrid screen 
and dynamic mass redistribution-based quantitative mea-
surements, that SASH1 interacts with the signal adaptor 
V-Crk Avian Sarcoma Virus CT10 Oncogene Homolog 
(Like) protein (CRKL) through a specific proline-rich 
motif in its C-terminal part, which is lacking in SLy1 and 
SLy2.87,88 CRKL is the first interaction partner of SASH1 
for which the binding affinity has been determined, bind-
ing to a proline-rich motif of SASH1 via its N-terminal 
SH3 domain. By binding and competitively inhibiting this 
domain of CRKL, SASH1 counteracts CRKL-mediated 
SRC/ FAK signaling, and thus, epithelial-mesenchymal 
transition (EMT) and metastasis formation in the context 
of colorectal cancer (Figure  6).87,88 Further, SASH1 was 
recently described as scaffold protein in endothelial Toll-
like receptor (TLR) 4 signaling, promoting LPS-induced 

activation of the pro-inflammatory factors NFκB, JNK, and 
p38. SASH1 was reported to bind TNF receptor-associated 
factor (TRAF) 6 through a specific TRAF6-binding motif, 
which is in a region not conserved in the other two SLy-
family members, as well as IκB kinase α and IκB kinase 
β (Figure 6).89 The interaction with IκB kinase β was re-
cently also verified independently by our own group in a 
yeast two-hybrid screen.87 Concerning a potential physi-
ological function, SASH1 was shown to bind β-arrestin 
1, mediating Akt activation and nitric oxide formation 
downstream of TLR4 signaling in endothelial cells. Nitric 
oxide then may act on alveolar epithelial cells to promote 
maturation of lung parenchyma and induce the expression 
of surfactant-associated genes.90 Further groups reported 
an association with MAP2K2, IQGAP1 and/or guanine 
nucleotide-binding protein subunit-alpha isoforms.91-93 It 
is still unknown whether SASH1 associates with its various 
potential interaction partners simultaneously, especially 
since the specific binding sites are unknown for most inter-
actions. While its exact physiological role is still not fully 
understood, there exists sound evidence demonstrating an 
involvement of SASH1 in cancer and several other patholo-
gies, which will be discussed in detail below.

4.1  |  SASH1 in cytoskeletal 
reorganization and integrin-mediated 
cell adhesion

In 2011, we have reported for the first time the subcellular 
localization of endogenous SASH1, and noted that SASH1 
is strongly enriched at F-actin rich lamellipodia in human 
CaCO2 colon cancer cells, as well as in murine CT26 rec-
tal cancer cells.52 This observation was confirmed by in 
vitro experiments on HEK293 and HeLa cells revealing 
that ectopically expressed SASH1, very similar to SLy2, 
is involved in regulation of the microfilament system and 
controls cell adhesion and migration.51 As demonstrated 
by live-cell video microscopy and immunofluorescence 
microscopy, the expression of tagged versions of full-
length human SASH1-induced membrane ruffling activity, 
lamellipodia protrusions and elongated, spindle-like cell 
shapes in HeLa cells, as well as enhanced actin polymeri-
zation.52 Further, SASH1 co-localizes and co-precipitates 
with cortactin, a crucial regulator of membrane dynamics 
and cytoskeletal remodeling, highly similar to SLy2 and 
indicating an evolutionarily conserved role of the SLy 
protein family in the control of the actin cytoskeleton 
(Figure 6).51,52 Of note, by making use of a series of de-
letion constructs, we could confirm that the central SH3-
SAM1 domain of SASH1 is both necessary and sufficient 
to induce the actin-related effects on cell morphology, 
migration, adhesion, and induction of lamellipodia and 
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ruffles. Thus, the conserved sequence module in SASH1, 
which is also highly conserved among all three members of 
the protein-family, shows a high degree of functional over-
lap with SLy2. In contrast, the long sequence extensions 
unique to SASH1 may have divergent functions not seen 
in either SLy1 or SLy2. As stated earlier, our recent data 
indicate that SASH1 binds to the N-terminal SH3 domain 
of CRKL primarily through a PXXPXK motif (aa 984-989) 
with an affinity in the low micromolar range.87 Through 
this interaction, SASH1 is crucially involved in the control 
of integrin-mediated signaling pathways that mediate cell 
motility and cell-matrix adhesion in cancer cells from dif-
ferent solid tumor entities.87,88 Thus, the adaptor protein 
SASH1 is a regulator of actin cytoskeleton dynamics in ep-
ithelial cells and controls cellular adhesive and migratory 

behavior by direct interaction with cortactin and CRKL, 
and interference with SRC/FAK-signaling pathways.

4.2  |  SASH1 in apoptosis

Similar to SLy1, SASH1 was reported to play a role in 
cell survival and apoptotic cell death. Several studies sug-
gest that the expression level of SASH1 is associated with 
the promotion of apoptosis. Overexpression of SASH1 in 
human glioma cells, lung cancer cells, or osteosarcoma re-
sults in an increased rate of apoptotic cells and higher pro-
tein levels of activated caspase-3 or other related proteins 
like cyclin D and MMP-9/2.94-96 Moreover, SASH1 was 
found to be cleaved directly by caspase-3, and a resulting 

F I G U R E  6   Molecular role of SASH1 in cell signaling. As already seen for the first two SLy-family members, the SASH1-protein is able to 
shuttle between the cytoplasmic and the nuclear cell compartment. Although molecular mechanisms underlying the subcellular transport of SASH1 
remain to be identified, novel data strongly points to a direct interaction of SASH1 with 14-3-3 proteins. Based on what is already known in the 
context of SLy1 and SLy2, we hypothesize that phosphorylated SASH1 might be bound and kept by 14-3-3 proteins in the cytoplasm in order to 
prevent its nuclear translocation. In response to lipopolysaccharide (LPS)-sensing, SASH1 functions as an adaptor protein downstream of Toll-like 
receptor (TLR) 4 in endothelial cells, as it assembles with the pro-inflammatory factors TNF receptor-associated factor (TRAF) 6 and Inhibitor of 
nuclear factor (NF) ĸB kinase subunit ß (IKKB). Eventually, this signaling cascade leads to an activation of NFĸB and corresponding alterations 
in gene expression. Besides, SASH1 binds the master regulator of actin dynamics cortactin, and is implicated in the control of cell morphology and 
actin remodeling. Another important interaction partner of SASH1 is the signal adaptor V-Crk Avian Sarcoma Virus CT10 Oncogene Homolog 
(Like) protein (CRKL). More precisely, SASH1 interferes with CRKL-mediated, SRC/ FAK-induced epithelial-mesenchymal transition (EMT) 
and epithelial cell metastasis. At the same time, EMT-induction was shown to downregulate SASH1 transcription, indicating a reciprocal negative 
regulatory relationship between SASH1 and EMT. Accordingly, deletion of SASH1 is associated with increased invasiveness and reduced patient 
survival in the context of various cancer entities. Thus, SASH1 is a tumor suppressor that is crucially involved in integrin-mediated cell adhesion 
and metastasis formation.
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large C-terminal cleavage product of SASH1 was reported 
to translocate into the nucleus where it is proposed to acti-
vate NFκB and eventually apoptosis.97 Conversely, SASH1 
downregulation increases cell proliferation in human skin 
squamous cell carcinoma cells.98 The upregulation of 
SASH1 was also seen in apoptosis induced through exter-
nal stimuli, such as treatment with chemicals like chlorop-
yramine and 4-hydroxytamoxifen, whereas UV irradiation 
of breast cancer cells induces cleavage and nuclear trans-
location of SASH1.99,100 However, the contribution of 
SASH1-related cell apoptosis to tumor suppression is still 
controversial. A study using a stable melanoma cell line 
overexpressing SASH1 demonstrated that tumor suppres-
sive effects of SASH1 occurred because of the G2/M ar-
rest of cells rather than apoptosis.101 SASH1 has not been 
linked to other types of cell death, including necroptosis, 
pyroptosis, and ferroptosis. Further, SASH1 was reported 
as direct target of microRNAs.102,103 Inhibition of these mi-
croRNAs lead to lower cell proliferation and higher apop-
totic rates as well as an increase in the protein expression 
of SASH1 in several cell lines, as shown recently.104,105

4.3  |  SASH1 in cancer

SASH1 has been extensively studied in the context of human 
cancer. In 2003, SASH1 was found to be frequently lost or 
downregulated in breast cancer. Loss of heterozygosity of 
this region occurs in 30% of primary breast cancers and is 
associated with poor survival and increased tumor size. 
Correspondingly, SASH1 expression is reduced in the ma-
jority of breast tumors. Strikingly, sequencing of the entire 
SASH1-coding region from 66 human breast cancer samples 
revealed no inactivating mutations, indicating regulation 
events on the epigenetic level.15 A multi-tissue tumor sup-
pressor gene locus has been suspected at chromosome 6q24 
for a long time, since the genomic region around 6q24.3 is 
frequently lost in various cancer entities, including B-cell 
non-Hodgkin's lymphoma, ovarian cancer, prostate cancer, 
endocrine pancreatic tumors, uterine cervical adenocarci-
noma, and colorectal cancer.106-111 Since its initial discov-
ery in breast cancer, many studies demonstrated a clinical 
relevance for SASH1 in several types of tumors, including 
breast, colorectal and gastric cancer, glioma, and osteosar-
coma as well as head and neck squamous cell carcinoma 
(HNSCC).15,96,99,106,112-116 Our own analysis in the TCGA 
pan-cancer data set, based on more than 45,000 patients, 
shows that shallow or deep deletions (i.e., heterozygous or 
homozygous genomic losses) of the SASH1 gene locus are 
highly significantly associated with decreased overall sur-
vival (Figure  2). In primary colon cancer and liver metas-
tases, SASH1 expression is strongly reduced on mRNA and 
protein level.112 We have shown earlier that downregulation 

of SASH1 is specifically associated with the formation of 
metachronous metastases and poor survival in colorectal 
cancer, highlighting SASH1 as an independent prognostic 
factor.112,113 This was also observed independently in stage 
III colon cancer: in a cohort of 84 patients we could show that 
SASH1 expression is a valuable biomarker in stage III colon 
cancer as it significantly predicts distant metastasis occur-
rence and its expression is significantly associated with the 
expression of the canonical WNT-pathway surrogate marker 
osteopontin. In an earlier study, SASH1 expression in this 
stage III collective was significantly reduced as compared to 
a cohort of stage II colon cancer, however, a subgroup of 
patients in the stage III cohort showed increased distant me-
tastasis occurrence risk although expressing relatively high 
levels of intratumoral SASH1.117 While a similar correla-
tion was also found in breast cancer, a recent study suggests 
subtype-specific differences, in which high SASH1 expres-
sion was associated with poor survival in a group of patients 
receiving multimodal therapy.99 These subtype-specific al-
terations depending on the type of cancer entity can also be 
observed for SLy2 (see sections above).

In vitro, recombinant expression of SASH1 was demon-
strated to counteract cell proliferation, viability, migration, 
and invasion in cell lines of several tumor entities, provid-
ing insights into how SASH1 might act as tumor suppres-
sor.94-96,99,101,118 Nevertheless, the underlying molecular 
mechanisms are somewhat controversially discussed. Several 
signaling pathways that may mediate the inhibitory function of 
SASH1 have been suggested, for example, PI3K/Akt, Notch1, 
or FAK signaling.118-121 Several studies, including from our 
own group, further demonstrated a negative regulatory role 
of SASH1 in EMT, independent of the EMT-inducing stimu-
lus.87,118,120,122 EMT is a trans-differentiation process during 
which epithelial cells lose their epithelial characteristics and 
acquire a mesenchymal phenotype, increasing invasiveness, 
and promoting metastasis formation.123,124 Indeed, loss of 
SASH1 induces a bona fide EMT with decreased epithe-
lial and increased mesenchymal marker expression, as well 
as strongly pronounced migratory and invasive phenotypes, 
thus, produces highly metastatic cells in an orthotopic xe-
nograft mouse model for colon cancer.87 Therefore, based 
on these in vivo data, SASH1 should indeed be considered 
as a tumor suppressor, or more specifically, a suppressor of 
metastasis. Mechanistically, we further demonstrated within 
this study that SASH1 binds the signal adaptor CRKL, inhib-
iting CRKL-mediated SRC activation and EMT-induction to 
counteract metastasis formation, shown in vitro, as well as 
in vivo in mouse models (Figure 6). Accordingly, the highly 
aggressive, chemo-resistant, and pro-metastatic phenotype of 
SASH1-deficient cells is completely dependent on the pres-
ence of its interaction partner CRKL.87 Data obtained on pa-
tient samples of colorectal cancer show a direct correlation 
of CRK family genes with the EMT master regulator ZEB1, 
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highlighting their role in EMT also in patients.88 While loss 
of SASH1 is sufficient to induce EMT, SASH1 transcription is 
downregulated upon EMT-induction through various stimuli 
such as TNF, suggesting a reciprocal negative regulatory rela-
tionship between SASH1 and EMT (Figure 6).87,120,122

Interestingly, Burgess et al recently demonstrated that 
increasing SASH1-protein levels by addition of chloropy-
ramine is inhibiting the proliferation of lung cancer cells in 
a SASH1-dependent manner.125 Moreover, this observation 
was accompanied by increased sensitivity of cancer cells to-
ward cisplatin treatment. Therefore, the drug-mediated ele-
vation of SASH1 concentrations should be considered as a 
potential future tool in anticancer therapy.125

In summary, SASH1 should be considered as a multi-
tissue tumor suppressor with clinical relevance in a wide 
variety of cancerous diseases. SASH1 downregulation is as-
sociated with reduced patient survival and increased metas-
tasis formation, probably due to its pro-apoptotic properties 
and its ability to inhibit EMT through interfering with the 
adapter protein CRKL. Several pivotal cancer-related path-
ways have been shown to be involved in the suppressive 
action of SASH1. Nevertheless, it remains to be addressed 
which of these pathways are actually involved in cancer for-
mation and if they are interconnected by SASH1, acting as an 
integrating scaffold protein.

4.4  |  SASH1 in atherosclerosis

Besides its role as a tumor suppressor gene, SASH1 has been 
associated independently with atherosclerosis in humans. 
Atherosclerosis is a chronic pathological condition that 
evolves asymptomatically throughout aging, with atheroscle-
rotic plaques accumulating in the arteries. These lipid-rich 
plaques can rupture in late stages of the pathology, leading 
to thrombosis, which can cause a variety of complications, 
including life-threatening events like stroke or myocardial 
infarction.126 SASH1 is ubiquitously expressed in human ar-
terial walls, and its mRNA expression is increased in carotid 
plaques of smokers.127 Furthermore, SASH1 mRNA expres-
sion in circulating monocytes was found to be highly asso-
ciated with smoking and plaque formation in carotid artery 
walls.128 SASH1 negatively regulates human aortic endothe-
lial cell migration, proliferation, and angiogenesis, indicating 
an inhibitory effect on these mechanisms also in atheroscle-
rosis. Thus, upregulation of SASH1 in smokers could be a 
cellular defense mechanism, specifically directed against the 
cigarette smoke-induced migration and proliferation of en-
dothelial and myeloid cells.127 Due to an observed revers-
ibility of the effects in ex-smokers, it has been hypothesized 
that the variation in SASH1 expression could be due to differ-
ential epigenetic modification of the SASH1 promoter.127,129 
Indeed, a putative smoking-associated, hypermethylated 

region was identified, causing increased expression of SASH1 
mRNA.130 In accordance, data from the cancer field showed 
that the SASH1 promoter is methylated in breast cancer and 
hepatocellular carcinoma. Using methylation microarrays, 
several methylation sites in the predicted SASH1 promoter 
region were found to be increasingly methylated in tumors 
than in normal tissues.131,132

Taken together, SASH1 expression is likely upregulated in 
circulating monocytes and in the arterial wall of smokers due 
to reversible hypermethylation. This may lead to an inhibi-
tion of migration, proliferation, and angiogenesis, suggesting 
a defense mechanism against the noxious agents of cigarette 
smoke.

4.5  |  SASH1 in dermatological pathologies

The first report on an involvement of SASH1 in dermato-
logical diseases was a study on Dyschromatosis Universalis 
Hereditaria (DUH) and Dyschromatosis Symmetrica 
Hereditaria (DSH), pathologies resulting in abnormal reparti-
tion of skin melanocytes, in which patients exhibit hyper- and 
hypopigmented macules (lentigines) covering face, trunk, 
and extremities. Here, the pigmentation phenotype of three 
non-consanguineous family members was associated with 
three heterozygous mutations encoding amino acid substi-
tutions within SASH1 in the affected individuals. Skin sec-
tions in one of these patients revealed a higher amount of 
melanocytes in basal and suprabasal layers of the epidermis 
compared to normal skin, indicating an increased migratory 
behavior of melanocytes into the epidermis.91 In accordance, 
further germline point mutations in the SASH1 gene locus 
were found to be associated with similar phenotypes such as 
genodermatoses and pigmentation disorders like DSH and 
DUH. Interestingly, eight out of nine mutations described 
in case studies are found in the conserved central region 
common to all SLy-family members.91,133-136 Nevertheless, 
Courcet and colleagues described patients with a homozy-
gous SASH1 point mutation which is not localized in its cen-
tral “SLy domain” but causes pigmentation disorders with 
additional alopecia, palmoplantar keratoderma, brittle teeth, 
and multiple recurrent spinocellular carcinoma of the skin 
(SCC).137 This cancer entity, which is derived from squamous 
epithelia, is probably also under the influence of SASH1 and 
its known tumor suppressive function. One study refers to the 
influence of SASH1 on Akt signaling as an mechanistic ap-
proach to tumor suppression and shows a negative correlation 
of SASH1 overexpression and Akt suppression.98 The exact 
mechanisms behind these observations still remain unclear, 
although different approaches and findings are discussed, in-
cluding a higher number and migration of melanocytes and 
increased epidermal cell proliferation. As a model for these 
complex processes in pigmentation and melanocyte biology, 
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melanoma cell lines such as A375 cells were used to inves-
tigate these mechanisms. The increased migration of A375 
cells could be due to alterations in the Gαs-SASH1-IQGAP1-
E-Cadherin pathway, resulting in the loss of E-Cadherin.91,133 
Furthermore, a p53-POMC-Gαs-SASH1 autoregulatory 
feedback loop has been described, in which point mutated 
SASH1 leads to higher amounts of POMC and might, there-
fore, cause pigmentation disorders, as well as a SASH1/
MAP2K2 crosstalk regulating the ERK1/2/CREB cascade 
through p53.92,93 Another mechanism described propagates 
the inactivation of TGF-β1 via the downregulation of THSB1 
due to mutated SASH1 resulting in altered melanocyte migra-
tion and melanin synthesis in PIG1 cells.138 In addition, an in 
vivo approach tried to investigate the function of SASH1 in 
melanogenesis by expressing a known human point mutation 
in the SASH1 gene (Y551D) in BALB/cJ mice. This mutation 
is known to cause DUH in humans and was inserted into fer-
tilized oocytes using a murine SASH1 vector under the con-
trol of its promoter. The authors conclude that SASH1 might 
induce accumulation of the transcription factor MITF in the 
nucleus, to regulate the signaling pathway of melanogenesis 
in vivo and in vitro.139 Unpublished observations from our 
group indicate a central role of SASH1 in pigmentation in 
mouse models and human melanoma cells, although no al-
tered migratory behavior of melanocytes could be detected. In 
addition, a recent investigation of six Japanese patients with 
lentigines identified five novel heterozygous mutations in the 
SASH1 locus by using next-generation sequencing.140 Thus, 
point mutations in SASH1 cause autosomal-recessive or dom-
inant genodermatoses, pigmentation disorders, and skin can-
cer, and therefore, underline the function of SASH1 in basic 
cellular and molecular processes.137 Further studies are re-
quired to clarify whether gain-of-function or loss-of-function 
phenotypes are caused by the specific point mutations, and to 
identify the key pathways that mediate pigmentation defects 
upon SASH1 mutation.

In conclusion, SASH1 is involved in maintenance of cell 
and tissue homeostasis and counteracts tumor progression by 
regulating a variety of cellular signaling pathways.

(Epi-)genetic modifications or mutations of the SASH1 
gene are associated with cancer, atherosclerosis, and derma-
tological alterations in humans. Therefore, a precise identifi-
cation of its cellular and tissue-specific functions should be 
the effort of future studies.

5  |   CONCLUSIONS AND 
PERSPECTIVE

Although the members of the SLy/SASH1-protein family 
each fulfill a unique function by means of specific inter-
actions and expression patterns, they all share conserved 

functional properties. Most importantly, we can state that 
the cytoplasmic-nuclear shuttling is a common feature of 
all three proteins. While the subcellular transport is likely 
to be controlled by 14-3-3 proteins in case of SLy1 and 
SLy2, the associated mechanisms for SASH1 remain to be 
identified. Impressively, recent findings gained from mass 
spectrometry analyses demonstrate a direct protein-protein 
interaction of SASH1 with all existing isoforms of 14-3-3 
in colon cancer cells, suggesting a similar mechanism for 
the third SLy/SASH1-member and further emphasizing the 
conserved relationship within this protein family (unpub-
lished data, F. C. Franke and K.-P. Janssen). Dependent 
on their localization, SLy/SASH1-proteins specifically 
participate in cell signaling. Both, SLy1 and SASH1 are 
functionally implicated in p53-mediated signaling, dem-
onstrating that the adaptors control cell survival and pro-
gramed cell death. Of interest, the importance of SLy1 
for ribosomal stability in NK cells seems to be a function 
that is exclusive to the first member of the protein family. 
Beyond, both SLy2 and SASH1 have been shown to bind 
cortactin, a master regulator of actin dynamics and remod-
eling. Based on our current knowledge, we propose that 
SLy2 and SASH1 are essential to the homeostatic function-
ality of the cytoskeleton. As discussed above, this hypoth-
esis is strongly supported by the fact that loss of SLy2 and 
SASH1 induces cytoskeletal abnormalities and promotes 
metastatic cell activity, respectively. Nevertheless, addi-
tional studies are needed to define a broader spectrum of 
interaction partners, such as CRKL, and to unveil the exact 
contribution of the SLy/SASH1-adaptor proteins to certain 
pathways.

Speaking of intranuclear mechanisms, no evidence of 
direct DNA-binding by SLy/SASH1-proteins exists to date. 
More probable, they indirectly contribute to gene regu-
lation by stabilization of transcriptional machineries, as 
seen for SLy2 and the Sin3A-HDAC gene repressor com-
plex. Also worth keeping in mind, SAM domains are able 
to bind RNA molecules, thereby regulating gene activity 
on a posttranscriptional level.7 However, the role of the 
SLy/SASH1-specific SAM domain remains largely un-
known and uncovering its function should be aim to future 
research.

In clinical terms, the most common ground of the three 
protein family members is their frequent association with the 
development and progression of various types of cancers. 
These include both, malignant transformations of the hema-
topoietic system and solid tumors. In this regard, the mem-
bers of the SLy/SASH1-family are emerging as important 
tumor suppressors and valuable prognostic factors to estimate 
the risk and outcome of human disease. Expanding our un-
derstanding of the underlying mechanisms will pave the way 
to the development of novel therapeutic approaches.
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