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NK cells are innate immune cells playing a criti-
cal role in protection against viruses and cancer 
cells (Raulet, 2003; Lanier, 2005; Bryceson and 
Long, 2008; Vivier et al., 2008). They also influ-
ence antigen-specific immune responses by reg-
ulating cells such as DCs and T cells. NK cell 
activation is controlled by stimulation of various 
activating and inhibitory receptors, which rec-
ognize ligands that may or may not be present 
on target cells. When activating signals predomi-
nate, NK cells kill target cells, primarily through 
natural cytotoxicity. They also secrete cytokines 
such as IFN-, which amplify the immune re-
sponse by activating other immune cells.

The signaling lymphocytic activation mol-
ecule (SLAM)–associated protein (SAP) family 
is a group of intracellular adaptor molecules 
made up almost exclusively of a Src homology 2 
(SH2) domain (Detre et al., 2010; Veillette, 2010; 
Cannons et al., 2011). In humans, it includes 

two members named SAP and Ewing’s sarcoma-
associated transcript 2 (EAT-2). A third mem-
ber, EAT-2–related transducer (ERT), exists in 
mice but not in humans (Roncagalli et al., 
2005). SAP is expressed in NK cells, T cells, and 
NK-T cells, whereas EAT-2 is found in NK cells 
and, at least in mice, DCs and macrophages. 
ERT is found only in mouse NK cells. The gene 
encoding SAP, SH2D1A, is mutated and inacti-
vated in X-linked lymphoproliferative (XLP) 
syndrome, a human immunodeficiency char-
acterized by an inability to cope with EBV in-
fection. NK cells and CD8+ T cells from XLP 
patients have defects in killing of EBV-infected 
B cells and activated immune cells, thereby 
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Ewing’s sarcoma-associated transcript 2 (EAT-2) is an Src homology 2 domain-containing 
intracellular adaptor related to signaling lymphocytic activation molecule (SLAM)–associated 
protein (SAP), the X-linked lymphoproliferative gene product. Both EAT-2 and SAP are 
expressed in natural killer (NK) cells, and their combined expression is essential for NK  
cells to kill abnormal hematopoietic cells. SAP mediates this function by coupling SLAM 
family receptors to the protein tyrosine kinase Fyn and the exchange factor Vav, thereby 
promoting conjugate formation between NK cells and target cells. We used a variety of 
genetic, biochemical, and imaging approaches to define the molecular and cellular mecha-
nisms by which EAT-2 controls NK cell activation. We found that EAT-2 mediates its 
effects in NK cells by linking SLAM family receptors to phospholipase C, calcium fluxes, 
and Erk kinase. These signals are triggered by one or two tyrosines located in the carboxyl-
terminal tail of EAT-2 but not found in SAP. Unlike SAP, EAT-2 does not enhance conju-
gate formation. Rather, it accelerates polarization and exocytosis of cytotoxic granules 
toward hematopoietic target cells. Hence, EAT-2 promotes NK cell activation by molecular 
and cellular mechanisms distinct from those of SAP. These findings explain the cooperative 
and essential function of these two adaptors in NK cell activation.
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Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six 
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fluxes, and Erk activation. They were mediated by one or two  
tyrosines located in the C-terminal tail of EAT-2 but not in 
SAP. Unlike the situation of SAP, the EAT-2–induced signals 
not only promoted the activating function of SLAM family re-
ceptors but also prevented their inhibitory function. Moreover, 
EAT-2 did not stabilize conjugate formation between NK cells 
and target cells. Rather, it accelerated polarization of cytotoxic 
granules toward the target cells, as well as granule exocytosis. 
The ability of EAT-2 to trigger signals and effects distinct from 
those of SAP provides an explanation for the essential and co-
operative function of these two adaptors in NK cell activation.

RESULTS
EAT-2 and SAP, but not ERT, are broadly expressed in NK cells
To help understand the relative contributions of SAP family 
members in NK cells, the expression patterns of the three 

causing severe lymphoproliferative illnesses and lymphomas 
in these individuals.

Through their SH2 domain, SAP family adaptors interact 
with phosphorylated tyrosine-based motifs in the cytoplasmic 
domain of SLAM family receptors, which include SLAM, 
2B4, Ly-9, CD84, NTB-A (NK-T-B-antigen; Ly108 in the 
mouse), and CD2-like receptor-activating cytotoxic cell 
(CRACC; Detre et al., 2010; Veillette, 2010; Cannons et al., 
2011). SLAM family receptors are exclusively expressed on 
hematopoietic cells. Most are self-ligands, with the exception 
of 2B4, which interacts with CD48, another hematopoietic 
cell–restricted receptor. All SLAM family receptors bind SAP 
and EAT-2, except for CRACC, which binds only EAT-2.

The interaction of SAP with SLAM family receptors  
dictates whether these receptors stimulate or inhibit immune 
cell functions (Detre et al., 2010; Dong and Veillette, 2010; 
Veillette, 2010; Cannons et al., 2011). In the presence of SAP, 
SLAM family receptors mediate activating effects through a 
dual molecular mechanism (Parolini et al., 2000; Bottino  
et al., 2001; Dong et al., 2009, 2012; Kageyama et al., 2012; 
Zhao et al., 2012). On the one hand, SAP couples SLAM 
family receptors to tyrosine phosphorylation signals as a result 
of its ability to bind and activate the Src family protein tyro-
sine kinase (PTK) Fyn. On the other hand, SAP prevents the 
coupling of SLAM family receptors to inhibitory signals in-
volving the lipid phosphatase SH2 domain–containing inosi-
tol phosphatase (SHIP) 1 and the protein tyrosine phosphatase 
SHP-1. At the cellular level, these two activities allow SAP to 
stabilize conjugate formation between the SAP-expressing 
lymphocytes and other hematopoietic cells (Qi et al., 2008; 
Dong et al., 2012). This feature likely explains why SAP is 
necessary for the ability of NK cells and CD8+ T cells to kill 
abnormal hematopoietic cells (Parolini et al., 2000; Bottino  
et al., 2001; Dupré et al., 2005; Dong et al., 2009, 2012; Hislop 
et al., 2010; Palendira et al., 2011, 2012; Zhao et al., 2012).

Both SAP and EAT-2 are expressed in NK cells (Roncagalli 
et al., 2005). Whereas NK cells lacking either SAP or EAT-2 
had partial defects in NK cell–mediated cytotoxicity toward 
abnormal hematopoietic cells, much more pronounced de-
fects existed in NK cells lacking both adaptors (Dong et al., 
2009, 2012). Hence, these two adaptors cooperate to promote 
NK cell–mediated killing. However, the mechanism by which 
EAT-2 mediates its function was not determined. It is unclear 
if EAT-2 triggers active biochemical signals during NK cell 
activation or if it functions solely by preventing the inhibitory 
function of SLAM family receptors. The mechanism by which 
EAT-2 generates the putative signals, as well as the nature 
of these signals, are also uncertain. Lastly, it is not established 
if EAT-2 enhances NK cell activation by promoting conju-
gate formation between NK cells and target cells, as is the case 
for SAP (Dong et al., 2012), or if it acts on another step of 
NK cell activation.

Herein, we elucidated these issues using a variety of genetic, 
biochemical, and imaging studies. We found that, in NK cells, 
EAT-2 induced signals and effects distinct from those evoked 
by SAP. These signals involved phospholipase C (PLC) , Ca2+ 

Figure 1.  Expression of SAP family adaptors in various NK cell pop-
ulations. (A) NKPs, iNK cells, and mNK cells were sorted from bone marrow 
of C57BL/6 mice by first gating on forward scatter channel (FSC)- and side 
scatter channel (SSC)-low cells and then on lineage (Lin) CD122+ cells. 
NKPs are NK1.1 CD49b, whereas iNK and mNK cells are NK1.1+, CD49b, 
and NK1.1+ CD49b+, respectively. (B) RNAs from purified NK cell populations 
in bone marrow, spleen mNK, and splenic NK cells from poly I:C–primed 
mice (poly I:C), LAK cells, and splenic B cells were subjected to reverse tran-
scription and real-time PCR with gene-specific primers for Sh2d1a (SAP), 
Sh2d1b1 (EAT-2), Sh2d1b2 (ERT), or Gapdh. Cross threshold (CT) values were 
normalized to Gapdh for each cell type and are relative to values for LAK 
cells. The resulting values (CT) are shown. Mean values with error bars and 
standard deviations of duplicates from a representative experiment are 
shown. Shown is a representative of 4 independent experiments. (C) Normal
ized RNA expression for Sh2d1a (SAP), Sh2d1b1 (EAT-2), and Sh2d1b2  
(ERT) in total, Ly49C/I+, Ly49C/I, Ly49H+, or Ly49H resting splenic NK cells, 
or in NK cells from mice infected for 1 (D1) or 7 (D7) days with mouse cyto-
megalovirus (MCMV), were obtained from the Immgen consortium. Values 
for splenic follicular B cells (B fo) are shown as control. Details on data 
generation are available at www.immgen.org.
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arginine is not present in EAT-2. Rather, EAT-2 possesses  
tyrosines in the region C-terminal to the SH2 domain, the so-
called tail, which can undergo phosphorylation (Roncagalli 
et al., 2005). In mice and most other nonprimate species, the 
tail bears two tyrosines, tyrosine 120 (Y120) and tyrosine 127 
(Y127; Fig. 2 A and not depicted). In contrast, in humans and 
other primates, it contains a single tyrosine, Y127.

To determine if the single C-terminal tyrosine of human 
EAT-2 was critical for its activating function, we generated 
polyclonal derivatives of the human NK cell line YT-S that 
expressed equivalent amounts of either WT or tyrosine 127-to-
phenylalanine 127 (Y127F) human EAT-2 (Fig. 2 B). Parental 
YT-S cells express endogenous SAP and SLAM family recep-
tor 2B4 but do not contain EAT-2 (Fig. 2, B and C). Cells 
were then tested for their capacity to mediate cytotoxicity  
toward HeLa or K562 target cells, expressing or not the ligand 
of 2B4, CD48 (Fig. 2, D and E). The ability of YT-S to kill 
targets expressing CD48 was greatly enhanced by expression 
of WT EAT-2. This effect was not seen when targets lacked 
CD48, implying that it was mediated by 2B4. It was also 
eliminated when Y127 of EAT-2 was mutated. Hence, the 
capacity of human EAT-2 to promote the activating function 
of 2B4 required the C-terminal tyrosine Y127.

Creation of mouse strain lacking C-terminal tyrosines of EAT-2
To ascertain the role of the two C-terminal tyrosines found in 
mouse EAT-2, we created a knock-in (KI) mouse in which Y120 
and Y127 were mutated to phenylalanines (Sh2d1b1Y120,127F  
mouse, hereafter called EAT-2 KI mouse). The vector depicted 

members in the mouse were analyzed in various NK cell 
populations (Fig. 1). Real-time PCR analyses of RNA ob-
tained from highly purified NK cell subsets showed that SAP 
(encoded by Sh2d1a) and EAT-2 (encoded by Sh2d1b1) were 
expressed at all stages of NK cell maturation, including NK cell 
precursors (NKPs), immature NK cells (iNK cells), and ma-
ture NK cells (mNK cells; Fig. 1, A and B). Lower levels of 
both adaptors were noted in NKPs, whereas higher amounts 
were observed in mNK cells. SAP and EAT-2 RNAs were 
also found in splenic NK cells from poly I:C–primed mice 
and lymphokine-activated killer (LAK) cells. In contrast, ERT 
(encoded by Sh2d1b2) was solely observed in LAK cells.

Complementary information was obtained from the  
ImmGen database (Fig. 1 C). Once again, SAP and EAT-2 RNAs 
were co-expressed in all NK cell subsets tested. The latter in-
cluded Ly49C/I+ and Ly49C/I cells, which are educated or 
not by class I major histocompatibility complex molecules, 
respectively. They also included NK cells isolated at different 
times after infection with mouse cytomegalovirus. In contrast, 
little or no ERT RNA was found in all NK cell populations. 
Thus, SAP and EAT-2 were co-expressed at all stages of  
NK cell maturation and in all NK cell subsets. ERT was ex-
clusively found in LAK cells.

Conserved C-terminal tyrosine is critical  
for activating function of human EAT-2
SAP mediates its activating signals via an arginine at position 
78 (R78) in the SH2 domain, which binds and activates the 
Fyn kinase (Latour et al., 2001, 2003; Chan et al., 2003). This 

Figure 2.  The unique C-terminal tyrosine of human EAT-2 
is required for enhancement of NK cell–mediated cytotox-
icity. (A) Sequence alignment of the C-terminal tail of mouse 
(Mus musculus) and human (Homo sapiens) EAT-2. The tail cor-
responds to residues 105 to 132 in the mouse protein. Identities 
are highlighted in blue, whereas similarities are highlighted in 
yellow. The positions of tyrosine 120 (Y120) and tyrosine 127 
(Y127) in the mouse sequence are indicated by asterisks. For 
maximal alignment, gaps were introduced in sequences and are 
shown by dots. (B–E) WT or tyrosine 127-to-phenylalanine 127 
(Y127F) human (h) EAT-2 was expressed in YT-S cells by retro
viral infection. Cells expressing GFP alone were used as control.  
(B) Expression of EAT-2 and SAP was determined by immuno
blotting of total cell lysates. Shown is a representative of at  
least 3 independent experiments. (C) Expression of 2B4 was de-
termined by flow cytometry with anti-2B4 (mAb C1.7) or isotype 
control antibodies. Shown is a representative of at least 3 inde-
pendent experiments. (D) Expression of CD48 on HeLa and K562 
target cells, expressing GFP alone or in the presence of CD48, 
was examined by flow cytometry. Shown is a representative of 
at least 3 independent experiments. (E) Natural cytotoxicity  
toward HeLa or K562 target cells, expressing CD48 or not, was 
examined by incubating YT-S derivatives (effectors) with  
51Cr-labeled targets at the indicated effector-to-target ratios. 
Data are represented as percentage of maximal lysis. Standard 
deviations of duplicates are shown by error bars. Shown is a 
representative of 9 independent experiments.
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to that seen in NK cells from EAT-2–deficient (EAT-2 KO) 
mice (Dong et al., 2009, 2012). Second, NK cells were assessed 
for their aptitude to produce IFN- in response to target cells, 
using intracellular staining with anti–IFN- antibodies (Fig. 4 B). 
Once again, in comparison to WT NK cells, EAT-2 KI  
NK cells exhibited reduced production of IFN- in response 
to RMA-S and YAC-1. This defect was similar to the one ob-
served in EAT-2 KO NK cells (Dong et al., 2009, 2012). How-
ever, there was no defect when cells were activated with PMA 
and ionomycin, which bypass NK cell receptors.

To address the function of SLAM family receptors, similar 
experiments were conducted using as targets the nonhemato-
poietic cell line B16 (melanoma), expressing or not ligands for 
individual SLAM family receptors (Fig. 4 C). When compared 
with WT NK cells, NK cells expressing the EAT-2 KI muta-
tion had dramatically compromised NK cell activation when 
SLAM family ligands were expressed on B16. This was true for 
cells expressing the ligands of 2B4 (that is, CD48), CRACC, 
CD84, and Ly-9. The defects were similar to those observed in 
EAT-2–deficient NK cells. However, neither the KI mutation 
nor EAT-2 deficiency had any impact on the capacity of  
NK cells to kill B16 lacking SLAM family ligands (B16-GFP).

in Fig. 3 A was used. Immunoblot analyses of lysates from bone 
marrow–derived DCs of these mice showed that the mutations 
did not destabilize the EAT-2 protein (Fig. 3 B). DCs were used 
for this study, as the amounts of protein needed for immuno
blotting could only be obtained with LAK cells and these cells 
also express ERT. The available anti–EAT-2 antibodies recog-
nize ERT. Mutation of the C-terminal tyrosines also did not 
affect the ability of EAT-2 to bind 2B4 (Fig. 3 C). Furthermore, 
it had no impact on NK cell development, as assessed by ex-
pression of CD27, CD11b, and various Ly49 receptors, or on 
the expression levels of SLAM family receptors CD48 and 
SAP (unpublished data), as reported for EAT-2 deficiency 
(Roncagalli et al., 2005; Dong et al., 2009, 2012).

C-terminal tyrosines are needed for dual  
function of EAT-2 in NK cells
The impact of the EAT-2 KI mutation on NK cell activation 
was examined (Fig. 4). First, purified ex vivo NK cells were 
tested for their ability to kill hematopoietic target cells (Fig. 4 A). 
In comparison to WT NK cells, EAT-2 KI NK cells displayed 
a reduced ability to kill the hematopoietic cell lines RMA-S 
(lymphoma) and YAC-1 (thymoma). This defect was analogous 

Figure 3.  Generation of Sh2d1b1Y120,127F mouse. (A) The exon-intron structure of the WT EAT-2-encoding gene in the mouse (Sh2d1b1) is shown at 
the top. Tyrosine 120 (Y120) is encoded by exon 3, whereas tyrosine 127 (Y127) is encoded by exon 4. The STOP codon is also contained in exon 4. The 
targeting construct used to create the Sh2d1b1Y120,127F KI mouse is shown at the bottom. The 5 arm contains exons 2 and 3. The WT codon for Y120, TAT, 
was replaced by the mutated (MUT) codon TTT. The 3 arm bears exon 4. The WT codon for Y127, TAT, was replaced by TTC. An additional mutation, which 
does not change the amino-acid sequence, was created at codon 126 (GAG to GAA) to introduce a novel EcoRI site (GAATTC) for genomic screening.  
(B) Lysates of bone marrow–derived dendritic cells from WT, EAT-2–deficient (EAT-2 KO), and EAT-2 KI mice were probed by immunoblotting with the 
indicated antibodies. Shown is a representative of 3 independent experiments. (C) WT or Y120,127F (2YF) mouse EAT-2 was co-expressed with 2B4 in  
Cos-1 cells, in the absence or in the presence of an SH2 domain–deleted version (SH2) of Fyn. EAT-2 was immunoprecipitated and its association with 2B4 
was detected by immunoblotting. 2B4, EAT-2, and Fyn were detected in total cell lysates. Shown is a representative of 3 independent experiments.
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Tyrosines of EAT-2 trigger specific signals  
involving PLC, Ca2+, and Erk
Previous reports suggested that EAT-2 may couple SLAM fam-
ily receptors to a wide range of signals in NK cells involving 
Fyn, Lck, phosphatidyl inositol 3 kinase (PI3K), Akt, PLC, 
c-Cbl, and others (Morra et al., 2001; Tassi and Colonna, 2005; 
Calpe et al., 2006; Clarkson et al., 2007; Clarkson and Brown, 
2009). However, whether EAT-2 or other effectors were re-
sponsible for these signals was not addressed genetically.

To identify the signals mediated by EAT-2 in human  
NK cells, YT-S cells expressing WT EAT-2 or not were stim-
ulated with anti-2B4 antibodies. Then, a variety of biochem-
ical signals was analyzed (Fig. 5). Immunoblotting of total cell 
lysates with anti-phosphotyrosine antibodies showed that ex-
pression of WT EAT-2 had no impact on the overall pattern 
of protein tyrosine phosphorylation induced by 2B4 stimula-
tion (Fig. 5 A). WT EAT-2 also had no influence on tyrosine 
phosphorylation of 2B4 (Fig. 5 B). Likewise, it had no effect 
on tyrosine phosphorylation of Vav-1, a key target of SAP in 
NK cells (Fig. 5 C; Dong et al., 2012). Tyrosine phosphorylation 

SAP family adaptors enhance NK cell activation by a dual 
mechanism (Dong et al., 2009, 2012; Kageyama et al., 2012; 
Zhao et al., 2012). They promote the activating function of 
SLAM family receptors and prevent their inhibitory function. 
In the case of SAP, activation, but not prevention of inhibi-
tion, is dependent on the signaling motif, R78 (Dong et al., 
2012). To evaluate if this was also the case for EAT-2, we pre-
sented the data of Fig. 4 C in a different manner for a side- 
by-side comparison of the impact of engaging or not engaging 
2B4 in the different mice (Fig. 4 D). To show reproducibility, 
data from multiple independent experiments are represented 
in Fig. 4 E. Engagement of 2B4 by CD48 enhanced killing of 
B16 by WT NK cells. In contrast, it suppressed cytotoxicity 
by EAT-2 KO NK cells. Surprisingly, it was also the case for 
EAT-2 KI NK cells.

Thus, the C-terminal tyrosines were needed for the abil-
ity of mouse EAT-2 to promote NK cell activation by SLAM 
family receptors. Unlike the situation of SAP, this putative 
signaling motif of EAT-2 was also required to prevent the in-
hibitory function of SLAM family receptors.

Figure 4.  The C-terminal tyrosines are necessary for 
the dual function of mouse EAT-2 in NK cell activation. 
(A) Ex vivo splenic NK cells from poly I:C–primed mice were 
tested for their capacity to kill the hematopoietic target cells, 
RMA-S or YAC-1, at the indicated effector–to–target cell 
ratios. Data are represented as percentage of maximal lysis. 
Error bars show standard deviations of duplicates. Shown is 
a representative of 6 independent experiments. (B) Spleno-
cytes from poly I:C–primed mice were tested for their ability 
to produce IFN- in the presence of RMA-S or YAC-1. Un-
stimulated cells (Unst) or cells stimulated with phorbol my-
ristate acetate and ionomycin (P+I) were used as controls. 
NK cells were identified by gating on CD49b+ TCR- cells. 
Percentages of IFN-+ cells are shown. Representative dot 
plots are shown on the left, whereas a statistical analysis of 
duplicates is depicted on the right. Mean values with error 
bars and standard deviations of triplicates from a represen-
tative experiment are shown on the right. *, P < 0.05. Shown 
is a representative of 2 independent experiments. (C–E) Exper
iments were performed as in A, except that target cells were 
nonhematopoietic B16 cells expressing GFP alone or in com-
bination with different SLAM family ligands. (C) NK cells 
were tested for cytotoxicity against various B16 derivatives. 
Mean values with error bars and standard deviations of du-
plicates from a representative experiment are shown. Shown 
is a representative of at least 4 experiments. (D) Cytotoxicity 
toward B16 cells expressing GFP alone or in combination 
with CD48 was analyzed in NK cells from each mouse. 
Shown is a representative of at least 5 independent experi-
ments. (E) A graphic representation of cytotoxicity toward 
B16 cells expressing or not CD48 is shown for several inde-
pendent mice of each genotype (WT, n = 7; KO, n = 5; KI, n = 9). 
The 25:1 effector-to-target (E:T) ratio was analyzed. Indi-
vidual symbols represent individual mice. Mean values, stan-
dard deviations, and P-values are depicted. *, P < 0.02; **,  
P < 0.002. EAT-2 KO, EAT-2–deficient mice; EAT-2 KI, mice 
expressing Y120,127F EAT-2; NS, not significant (P > 0.3).
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Next, we ascertained whether EAT-2 was mediating similar 
signals in mouse NK cells (Fig. 6). To this end, WT, EAT-2 KI, 
and EAT-2 KO NK cells were stimulated with anti-2B4  
antibodies and tyrosine phosphorylation of Vav-1 and SHIP-1 
was first examined (Fig. 6 A). In keeping with the data with 
YT-S cells, EAT-2 KI or EAT-2 KO NK cells displayed no 
defect in the ability of 2B4 to enhance tyrosine phosphory
lation of these targets. This was unlike SAP deficiency, which 
abolished 2B4-triggered tyrosine phosphorylation of Vav-1  
(Dong et al., 2012). Surprisingly, no detectable tyrosine phos-
phorylation of PLC-2, the major isoform of PLC expressed  
in mouse NK cells (Tassi et al., 2005; Caraux et al., 2006; 
Regunathan et al., 2006), was seen upon engagement of 2B4. 
Moreover, triggering of 2B4 did not enhance tyrosine phos-
phorylation of PLC-2 in response to stimulation of CD16 
(Fig. 6 B). Likewise, stimulation of 2B4 alone failed to induce 
Ca2+ fluxes (Fig. 6 C). These findings indicated that the full 
spectrum of 2B4-triggered signals was not evoked in normal 

of SHIP-1 was also not affected. These observations sug-
gested that, unlike SAP (Dong et al., 2012), EAT-2 was not 
triggering activation of kinases such as Fyn or Lck. If this 
were the case, EAT-2 would likely cause a global enhance-
ment of 2B4-evoked protein tyrosine phosphorylation.

Nevertheless, WT EAT-2 caused a prominent augmentation 
(approximately fivefold) of 2B4-triggered PLC-1 tyrosine 
phosphorylation. PLC-1 is the predominant PLC isoform 
expressed in YT-S cells and is also highly expressed in normal 
human NK cells (Ting et al., 1992). It also provoked a small 
increase (less than twofold) in c-Cbl tyrosine phosphorylation. 
In keeping with the effect on PLC-1, cells expressing WT 
EAT-2 also displayed augmented 2B4-triggered Erk activation 
and Ca2+ fluxes, the two downstream effectors of PLC (Fig. 5, 
D and E). No effect was seen on activation of Akt, suggesting 
that PI3K was not activated (Fig. 5 D). Importantly, these vari-
ous effects of EAT-2 were completely eliminated by the Y127F 
mutation, implying that they were mediated by the C-terminal 
tyrosine (Fig. 5, C–E).

Figure 5.  EAT-2 induces specific signals in NK 
cells. YT-S derivatives expressing GFP alone or in 
combination with WT or tyrosine 127-to-phenylalanine 
127 (Y127F) human (h) EAT-2 were stimulated with 
anti–human 2B4 mAb C1.7 followed by the relevant 
secondary antibody. (A) Total cell lysates were probed 
by immunoblotting with anti-phosphotyrosine (pTyr) 
antibodies. Cells were stimulated for the indicated 
times with anti-2B4. Shown is a representative of 5 
experiments. (B) 2B4 was recovered by immuno
precipitation and probed by immunoblotting with 
anti-pTyr antibodies, as specified in Materials and 
methods. Cells were stimulated for 5 min. ns: non
specific cross-reactive protein. Shown is a repre-
sentative of 3 experiments. (C) The indicated 
substrates were recovered by immunoprecipitation  
with substrate-specific antibodies and probed by 
anti-pTyr immunoblotting. Cells were stimulated for 
2 min. Shown is a representative of at least 4 experi-
ments. (D) Total cell lysates were probed by immuno
blotting with antibodies recognizing Erk phosphorylated 
at threonine 202 and tyrosine 204 (pErk), or Akt 
phosphorylated at serine 473 (pAkt). Cells were stim-
ulated for the indicated times. Shown is a representa-
tive of at least 5 experiments. (E) Cells were loaded 
with Indo-1 and Ca2+ fluxes were monitored over 
time by flow cytometry. Free intracellular Ca2+ was 
determined by the FL4/FL5 fluorescence ratio. Iono-
mycin was used as control. Arrows indicate time of 
addition of anti-2B4 or ionomycin. Shown is a repre-
sentative of 8 experiments.
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of data from three independent experiments is depicted in 
Fig. 6 D. All cells responded equally to ionomycin (Fig. 6 E).

PLC-2 is critical for the activating function of multiple 
NK cell receptors, including SLAM family receptors (Tassi  
et al., 2005; Caraux et al., 2006; Regunathan et al., 2006; 
Dong et al., 2012). To determine which downstream effectors 
of PLC were critical for the function of EAT-2, we analyzed 
the impact of prevention of Ca2+ fluxes, Erk activation, or 
both (Fig. 7 A). YT-S cells were incubated with the chelator 

mouse NK cells, in comparison with the human NK cell line 
YT-S. This may not be surprising, as the functional impact of 
engagement of activating receptors in primary immune cells 
is frequently weaker than in cell lines. This presumably reflects 
constraints on the signals emanating from activating recep-
tors in primary cells. Nonetheless, stimulation of 2B4 on WT  
NK cells potentiated Ca2+ fluxes induced by the activating 
receptor CD16. Importantly, this enhancement was severely 
attenuated in EAT-KO and EAT-2 KI NK cells. A quantitation 

Figure 6.  2B4 signaling in Sh2d1b1Y120,127F 
mouse. (A) IL-2–expanded NK cells from the 
indicated mice were stimulated or not for  
2 min with anti–mouse 2B4 mAb 2B4 and the 
relevant secondary antibody. Tyrosine phos-
phorylation of the indicated substrates was 
examined as detailed for Fig. 5 C. Shown is a 
representative of 2–6 experiments. (B) NK cells 
from WT mice were stimulated or not for  
2.5 min with antibodies against 2B4, CD16, or 
both. Tyrosine phosphorylation of PLC-2 
was analyzed as detailed for A. (C–E) NK cells 
from the indicated mice were loaded with 
Indo-1 and stimulated with anti-2B4 alone, 
anti-CD16 alone, or a combination of anti-
2B4 and anti-CD16. Ca2+ fluxes were exam-
ined as detailed for Fig. 5 E. A representative 
experiment is shown in C. Arrowheads indi-
cate time of addition of antibodies. The ratios 
of increased Ca2+ levels over baseline for 
anti-CD16 + anti-2B4 over anti-CD16 alone 
were calculated at 2.5 min. Mean values with 
error bars and standard deviations from three 
independent experiments are shown in D.  
*, P < 0.05. NK cells were also stimulated with 
ionomycin and Ca2+ fluxes were examined (E). 
Arrowheads indicate time of addition of ion-
omycin. EAT-2 KO, EAT-2–deficient mice; 
EAT-2 KI, mice expressing Y120,127F EAT-2. 
Shown is a representative of 3 experiments.

Figure 7.  Role of calcium fluxes and Erk activation 
in EAT-2–mediated function. YT-S cells expressing GFP 
alone or in the presence of WT human (h) EAT-2 were 
preincubated for 30 min with BAPTA-AM (BAPTA), 
PD98059, or both. Cells exposed to DMSO alone were 
used as control. (A) Cytotoxicity toward K562 cells ex-
pressing CD48 was examined. Shown is a representative 
of 2 experiments. (B) 2B4-triggered Ca2+ fluxes were 
evaluated, as detailed for Fig. 5 E. Shown is a representa-
tive of 2 experiments. (C) 2B4-induced Erk activation was 
ascertained, as outlined for Fig. 5 D. Shown is a represen-
tative of 2 experiments.
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As expected, BAPTA-AM also fully prevented 2B4-
evoked Ca2+ fluxes (Fig. 7 B). Surprisingly, it also abolished 
2B4-triggered Erk activation (Fig. 7 C). In contrast, PD98059 
had only a small inhibitory impact on 2B4-induced Erk acti-
vation. The latter two findings suggested that Ca2+ fluxes, rather 
than MEK1, were primarily responsible for Erk activation in 
response to 2B4.

Therefore, unlike earlier proposals that EAT-2 triggers a 
broad range of signals in NK cells, EAT-2 induced a specific 

of Ca2+ BAPTA-AM (1,2-bis(2-aminophenoxy)ethane-
N,N,N,N-tetraacetic acid tetrakis(acetoxymethyl ester)), 
the MEK1 inhibitor PD98059, or both. BAPTA-AM or 
PD98059 alone resulted in a partial inhibition of cytotoxicity 
toward K562 cells expressing CD48. A more pronounced  
effect was seen when BAPTA-AM and PD98059 were com-
bined. These effects were seen whether YT-S expressed EAT-2 
or not, in keeping with the idea that multiple activating recep-
tors are using these effectors.

Figure 8.  Phosphorylated tyrosine 127 of 
EAT-2 binds the N-terminal SH2 domain 
of PLC. (A) Mouse EAT-2 was co-expressed 
in Cos-1 cells in the presence of the indicated 
PTKs. EAT-2 was recovered by immunoprecipi-
tation and probed by anti-phosphotyrosine 
(pTyr) immunoblotting. ns: nonspecific cross-
reactive protein. Shown is a representative of 
3 independent experiments. (B) Mouse EAT-2 
was co-expressed with PLC-1 in Cos-1 cells, 
in the absence or in the presence of an SH2 
domain–deleted version (SH2) of Fyn. EAT-2 
was immunoprecipitated and its association 
with PLC-1 was detected by immuno
blotting. Shown is a representative of 2 inde-
pendent experiments. (C) The experiment was 
performed as detailed for B, except that a 
variant of mouse EAT-2 carrying an inactivat-
ing mutation in the SH2 domain (arginine 54-
to-leucine 54; R54L), in the absence or the 
presence of additional tyrosine 120-to- 
phenylalanine 120 (Y120F) or tyrosine 127-to-
phenylalanine 127 (Y127F) mutations, was 
used. Shown is a representative of 2 indepen-
dent experiments. (D) Immobilized synthetic 
peptides corresponding to the C-terminal tail 
of mouse or human EAT-2, phosphorylated or 
not at Y120, Y127, or both, were incubated 
with lysates from LAK cells or YT-S cells. Bind-
ing to PLC-2 or PLC-1 was detected by 
immunoblotting. Shown is a representative of 
4 independent experiments. (E) Glutathione-
S-transferase (GST) fusion proteins encom-
passing the indicated domains were incubated 
with lysates of HeLa cells expressing a FLAG-
tagged version of EAT-2 in the presence of an 
SH2 domain–deleted version (SH2) of Fyn. 
Binding to EAT-2 was detected by immuno
blotting with anti-FLAG antibodies. Note that 
in the first lane, the GST protein cross-reacts 
with the anti-FLAG antibody. Shown is a rep-
resentative of 2 experiments. (F) Immobilized 
EAT-2 peptides corresponding to the C-terminal 
tail of mouse or human EAT-2, phosphory-
lated or not at Y120, Y127, or both, were in-
cubated with bacterial lysates expressing GST 
alone or in combination with the N-terminal 
SH2 domain (N-SH2) of PLC-1. After extensive 
washes, binding was detected by immuno
blotting with anti-GST antibodies. Shown is  
a representative of 2 experiments.
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Lastly, we tested the capacity of immobilized human or 
mouse EAT-2 peptides, phosphorylated or not at the C-terminal 
tyrosines, to bind the SH2 domain of PLC-1 (Fig. 8 F). 

subset of signals in response to 2B4 engagement. In YT-S cells, 
these signals included tyrosine phosphorylation of PLC, 
Ca2+ fluxes, and Erk activation. In mouse NK cells, they were 
limited to an enhancement of Ca2+ fluxes triggered by CD16. 
All these responses were strictly dependent on the C-terminal 
tyrosines of EAT-2.

Phosphorylated Y127 of EAT-2 interacts  
with the N-terminal SH2 domain of PLC
Next, the molecular mechanism by which EAT-2 coupled to 
PLC was evaluated. First, we ascertained which PTK was 
mediating tyrosine phosphorylation of EAT-2 (Fig. 8 A).  
Co-transfection experiments in Cos-1 cells showed that only 
the Src family kinases Fyn and, to a lesser extent, Lck, Src, and 
Lyn were able to induce tyrosine phosphorylation of EAT-2. 
Then, we tested whether EAT-2 was able to associate with 
full-length PLC in intact cells (Fig. 8, B and C). cDNAs en-
coding mouse EAT-2, PLC-1, and Fyn were co-transfected 
in cells (Fig. 8 B). When Fyn was expressed, there was promi-
nent co-immunoprecipitation of EAT-2 with PLC-1.  
A much less extensive association was observed when Fyn was 
not expressed, implying that the interaction was mediated by 
Fyn-dependent tyrosine phosphorylation. To ensure that the 
interaction was due to binding of phosphorylated EAT-2 to 
PLC-1, rather than binding of EAT-2 to phosphorylated 
PLC-1, similar experiments were performed using EAT-2 
polypeptides mutated at a residue critical for phosphotyro-
sine binding by the SH2 domain (arginine 54-to-leucine 54; 
R54L mutation; Morra et al., 2001) in the absence or the 
presence of additional mutations of the C-terminal tyrosines 
(Fig. 8 C). Y127 of EAT-2, but not Y120 or an intact SH2 do-
main, was required for the EAT-2–PLC-1 interaction.

To show directly that binding was dependent on phos-
phorylation of Y127, synthetic peptides corresponding to the 
C terminus of mouse EAT-2, phosphorylated or not at Y120, 
Y127, or both, were incubated with lysates from mouse LAK 
cells (Fig. 8 D). EAT-2 peptides phosphorylated at Y127, alone 
or in combination with Y120, bound to PLC-2. However, 
peptides phosphorylated at Y120 alone or not phosphorylated 
did not bind. A peptide encompassing the C-terminal tail of 
human EAT-2 phosphorylated at Y127, but not a nonphos-
phorylated version, also bound to PLC-1, as reported previ-
ously (Clarkson and Brown, 2009).

We also analyzed the ability of immobilized fusion pro-
teins bearing the N-terminal or C-terminal SH2 domain of 
PLC-1 to bind mouse EAT-2, which was expressed in cells 
in combination with Fyn to enable phosphorylation of EAT-2 
(Fig. 8 E). Unfortunately, the N-terminal domain from PLC-2 
was not soluble when produced in bacteria (unpublished 
data). As controls, SH2 domains of Fyn, Lck, Hck, Csk, Vav-1, 
SHIP-1, and Grb-2, as well as combined SH3 and SH2 do-
mains of Fyn and Hck, were tested. Only the N-terminal 
SH2 domain of PLC-1 interacted with EAT-2. Unlike pre-
viously reported (Clarkson et al., 2007), there was no binding 
of the Fyn SH2 domain to EAT-2.

Figure 9.  EAT-2 does not promote conjugate formation. (A) IL-2– 
expanded NK cells from WT, EAT-2–deficient (EAT-2 KO), or SAP-deficient 
(SAP KO) mice were labeled with PE-Cy7-conjugated anti-NK1.1 and incu-
bated with RMA-S cells expressing GFP for the indicated times at 37°C. 
Conjugate formation was analyzed by flow cytometry. A representative ex-
periment is shown on the left. Percentages of conjugate formation are shown 
at the bottom left of each dot plot. Mean values with error bars and standard 
deviations of duplicates from a representative experiment are shown on the 
right. Shown is a representative of 3 experiments. (B) YT-S cells expressing 
GFP alone or in the presence of EAT-2 WT or Y127F were labeled with Alexa 
Fluor 647–coupled anti-CD335 (NKp46). They were then incubated for the 
indicated times with K562 cells expressing CD48 (bottom) or not (top) and 
labeled with PE-coupled anti-CD71. Conjugate formation was analyzed as 
detailed for A. Percentages of conjugates are shown at the top left of each 
dot plot. Mean values with error bars and standard deviations of duplicates 
from a representative experiment are shown on the right. Shown is a repre-
sentative of 3 experiments. (C) YT-S cells expressing mouse CRACC and EAT-2 
were incubated with K562 cells expressing GFP alone or with mouse CRACC. 
Conjugate formation was analyzed as detailed for B. Mean values with error 
bars and standard deviations of duplicates from a representative experiment 
are shown below. Shown is a representative of 3 experiments.
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chosen for these studies, as they are more homogeneous and 
easier to analyze by confocal microscopy. Phalloidin staining 
highlighted polymerized actin, whereas staining with anti- 
tubulin or anti-perforin antibodies identified MTOCs and 
cytotoxic granules, respectively (Fig. 10 A). Using this approach, 
various stages in the effector phase were identified (Fig. 10 B). 
Stage 0 corresponds to conjugates in which actin is not poly
merized, and MTOC and granules are not polarized toward 
the synapse. Stage 1 represents conjugates in which polymer-
ized actin, but not MTOC and granules, accumulates at the 
synapse. Stage 2 indicates conjugates where MTOC and 
granules have partially migrated toward the synapse. And  
stage 3 shows conjugates in which the MTOC and granules 
have fully migrated toward the synapse.

Comparison of YT-S cells expressing WT EAT-2 or not 
showed that EAT-2 augmented the proportions of conju
gates exhibiting fully polarized (stage 3) or partially polarized 
(stage 2) MTOC and granules (Fig. 10 C). Conversely, it 
reduced the proportions of conjugates lacking MTOC or 
granule polarization (stage 1), or devoid of actin polymerization 
(stage 0). Such effects were not seen in YT-S cells expressing 
Y127F EAT-2. These data were statistically validated by corre-
lation coefficient (r) analysis. Importantly, the enhancement of 
polarization by WT EAT-2 was seen even after a correction was 
made for the reduction of conjugate formation (Fig. 10 D). This 
implied that the increase in stages 2 and 3 conjugates was not 
simply due to a reduction of the stability of stages 0 and 1 conju-
gates but rather reflected a true acceleration of polarization.

To determine which downstream effectors of EAT-2  
were mediating these effects, the impact of BAPTA-AM and 
PD98059 was examined (Fig. 10 E). BAPTA-AM alone, but 
not PD98059 alone, caused a marked increase in stage 0 con-
jugates, coupled to a decrease in stage 1, 2, and 3 conjugates. 
The combination of BAPTA-AM and PD98059 had effects 
similar to those of BAPTA-AM alone. Of note, these effects 
were seen not only in YT-S cells expressing WT EAT-2 but 
also in those expressing GFP alone. This finding indicated that 
Ca2+ fluxes were generally required for granule polarization, 
even in the absence of EAT-2.

Although microscopic analyses of primary mouse NK cells 
are challenging, we wanted to obtain support for the idea that 
EAT-2 signaling also promoted granule polarization in the 
mouse system (Fig. 10 F). To this end, we analyzed CD107a 
externalization, a consequence of degranulation, in NK cells 
from WT, EAT-2 KO, or EAT-2 KI mice. Compared with WT 
NK cells, NK cells from EAT-2 KO or EAT-2 KI mice dis-
played reduced exposure of CD107a in response to RMA-S 
targets. However, CD107a exposure in response to PMA and 
ionomycin was not affected. Therefore, EAT-2 promoted 
MTOC and granule polarization toward the NK cell synapse. 
This effect required Y127 and was mediated by the ability of 
EAT-2 to enhance Ca2+ fluxes.

DISCUSSION
To gain insight into the respective roles of EAT-2 and SAP  
in NK cells, their expression patterns in various NK cell 

Phosphorylated EAT-2 peptides from human or mouse, but 
not unphosphorylated peptides, interacted with the SH2 do-
main of PLC-1. No interaction was seen with GST alone.

These data implied that, upon phosphorylation by Src 
family kinases, EAT-2 directly associated with PLC. This asso-
ciation was mediated by Y127 of EAT-2 and the N-terminal 
SH2 domain of PLC.

Unlike SAP, EAT-2 does not promote conjugate formation
NK cell–mediated cytotoxicity involves several steps (Orange, 
2008). The initiation phase enables formation of stable conju-
gates between NK cells and target cells. SAP plays a key role 
during this phase (Dong et al., 2012). This is followed by the 
effector phase, which sequentially involves: (1) actin polymer-
ization at the area of contact between NK cells and target 
cells, at the so-called NK cell synapse, (2) polarization of micro
tubule-organizing center (MTOC) and cytotoxic granules 
toward the NK cell synapse, (3) release of cytotoxic granules 
toward target cells, and (4) target cell killing.

To test if EAT-2 promoted the initiation phase, conjugate 
formation was evaluated using mouse NK cells lacking EAT-2 
(Fig. 9 A). NK cells from WT, EAT-2 KO, or SAP KO mice 
were incubated with RMA-S cells, and conjugate formation 
was monitored. Whereas SAP deficiency resulted in compro-
mised conjugate formation, loss of EAT-2 had no impact on 
this response. The impact of EAT-2 on conjugate formation 
was also ascertained in the YT-S system (Fig. 9 B). Compared 
with YT-S cells lacking EAT-2, cells expressing EAT-2 did not 
exhibit enhanced conjugate formation with K562 cells  
expressing CD48. In fact, even though EAT-2 promoted 
NK cell cytotoxicity (Fig. 2 E), it caused a reduction of con-
jugate formation with these targets (Fig. 9 B). This was seen at 
multiple time points (unpublished data). This effect was not 
seen in NK cells expressing EAT-2 Y127F. The latter finding 
implied that this effect was not simply a result of displace-
ment of SAP from 2B4 due to EAT-2 overexpression but 
perhaps related to an inhibitory effect of EAT-2 signaling  
on adhesion.

We also examined the impact of CRACC on conjugate 
formation (Fig. 9 C). CRACC is a member of the SLAM family 
that interacts with EAT-2 but not SAP (Tassi and Colonna, 
2005; Cruz-Munoz et al., 2009). Being a self-ligand, it is trig-
gered when CRACC is expressed on target cells. When 
CRACC was expressed with EAT-2 in YT-S cells, it did not 
augment conjugate formation with K562 cells expressing 
CRACC. This was despite the fact that CRACC augmented 
killing of K562 cells expressing CRACC (Cruz-Munoz et al., 
2009). We concluded that, unlike SAP, EAT-2 did not en-
hance conjugate formation with target cells.

EAT-2 stimulates granule polarization  
by way of Y127 and Ca2+ fluxes
To ascertain whether EAT-2 was promoting the effector 
phase, events occurring in conjugates of YT-S cells with K562 
cells expressing CD48 were visualized by confocal micro
scopy (Fig. 10). YT-S, rather than primary NK cells, were 
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in most other species including mice, the tail encompasses 
two tyrosines, Y120 and Y127.

Overexpression studies of EAT-2 previously indicated that 
the tyrosines of EAT-2 were required for EAT-2 to suppress 
NK cell activation (Roncagalli et al., 2005). However, sub
sequent studies demonstrated that EAT-2 exhibits distinct 
functions whether target cells were hematopoietic or nonhema
topoietic in origin. In the presence of hematopoietic target 
cells, EAT-2 is a positive regulator of NK cell activation (Dong 
et al., 2009, 2012). This correlates with the fact that only hema-
topoietic cells express ligands for SLAM family receptors, and 
is the predominant function of EAT-2 in NK cells.

To address the roles of the C-terminal tyrosines in this 
function, human and mouse EAT-2 polypeptides carrying or 
lacking these tyrosines were expressed in NK cells. Expression 
of human EAT-2 in the NK cell line YT-S showed that Y127 
was absolutely needed for the capacity of human EAT-2 to 

populations were examined in the mouse. These studies 
showed that EAT-2 and SAP were co-expressed at all stages  
of NK cell differentiation and in all mNK cells. They also im-
plied that EAT-2 and SAP might need to complement each 
other in all subsets of NK cells. In contrast, the third SAP 
family adaptor in the mouse, ERT, was detected only in LAK 
cells. It was not found in any freshly isolated NK cell popula-
tion. The latter finding was in agreement with earlier studies 
showing that ex vivo NK cells from mice lacking ERT had 
no appreciable defect (Wang et al., 2010).

To elucidate the mechanism by which EAT-2 cooperates 
with SAP to promote NK cell activation, we focused on its 
C-terminal tyrosines. These tyrosines are not present in SAP 
and can undergo phosphorylation in NK cells (Roncagalli  
et al., 2005). Comparison of the EAT-2 sequence from sev-
eral species showed that, in humans and other primates, the 
C-terminal tail contains only one tyrosine, Y127. In contrast, 

Figure 10.  EAT-2 enhances granule polarization and exo-
cytosis. (A) YT-S cells and CellTrace violet–loaded K562 cells 
were stained with phalloidin (actin), anti-perforin, and anti-
tubulin. Conjugates were then analyzed by confocal microscopy. 
Individual stainings for a representative conjugate are shown. 
Scale bars are shown in B. Shown is a representative of 4 experi-
ments. (B) Stained conjugates were categorized into different 
stages to describe progression of cytotoxicity, as detailed in the 
Methods section. Conjugates representative of each stage are 
shown. Bars, 5 µm. (C) YT-S cells expressing GFP alone or in 
combination with WT EAT-2 or tyrosine 127-to-phenylalanine 
127 (Y127F) EAT-2 were incubated for 10 min with K562 cells 
expressing CD48. They were then stained as described for A and 
percentages of YT-S cells (NK cells) at each stage of cytotoxicity 
were determined. At least 100 conjugates were analyzed for 
each cell type. A bar graph representation of one experiment is 
shown on the left. A correlation coefficient (r) analysis between 
YT-S GFP cells and YT-S cells expressing WT or Y127F EAT-2 for  
2 independent experiments is shown on the right. Mean values 
with standard deviations are shown. Shown is a representative 
of 2 experiments. (D) Data from C were corrected after assuming 
that the reduced conjugate formation in cells expressing EAT-2 
observed in Fig. 9 B occurred only for stage 0 and 1 conjugates. 
Mean values with error bars and standard deviations of four 
independent experiments are shown. *, P < 0.05. (E) This experi-
ment was performed as detailed for C, except that cells were 
preincubated with BAPTA-AM (BAPTA), PD98059, or both. Cells 
exposed to DMSO alone were used as control. Shown is a repre-
sentative of 2 independent experiments. (F) Splenocytes from 
poly I:C–primed mice were incubated in the presence of RMA-S 
and tested by flow cytometry for their ability to up-regulate 
CD107a expression at the surface. Unstimulated cells (Unst) or 
cells stimulated with phorbol myristate acetate and ionomycin 
(P/I) were used as controls. NK cells were identified by gating on 
NK1.1+ TCR- cells. Representative dot plots are shown on the 
left, whereas a statistical analysis of three experiments is de-
picted on the right. On the left, percentages of CD107a+ cells are 
shown. On the right, values for unstimulated cells are subtracted 
from those of stimulated cells. Mean values with standard  
deviations are shown. *, P ≤ 0.02. Shown is a representative of  
3 independent experiments. EAT-2 KO, EAT-2–deficient mice;  
EAT-2 KI, mice expressing Y120,127F EAT-2.
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Although Y127 played a pivotal role in the function of 
EAT-2, it is noteworthy that, in mice and other nonprimate 
species, EAT-2 contains an additional tyrosine in the tail, Y120. 
This tyrosine is located in a conserved sequence (pYENT in 
the mouse, where N is asparagine and T is threonine), which 
represents a typical binding site for signaling molecules like 
Grb-2 and 3BP2 (Songyang et al., 1994b). Hence, in these 
species, EAT-2 may mediate additional signals via Y120. It is 
also possible that, in species lacking Y120, EAT-2 couples to 
these effectors via another sequence. Additional studies are 
needed to examine these possibilities.

One surprising observation was that treatment of NK cells 
with the Ca2+ chelator, BAPTA-AM, resulted in prominent 
decrease in 2B4-evoked Erk activation. In contrast, the MEK1 
inhibitor PD98059 caused a minimal compromise in Erk  
activation. Combined, these data suggested that Ca2+, rather 
than MEK1, was primarily responsible for activation of Erk  
in response to PLC activation. These findings were remi-
niscent of results recently obtained in B cells (Limnander  
et al., 2011). In immature B cells, PLC-dependent Ca2+ fluxes 
led to Erk activation via a PKC (protein kinase C)- and 
Ras-GRP (guanyl nucleotide-releasing protein)-1–dependent 
mechanism. An analogous mechanism may underlie the role of 
Ca2+ in 2B4-triggered Erk activation in NK cells.

Another unexpected finding was that, in mouse NK cells, 
the C-terminal tyrosines were needed not only to promote 
the activating effect of 2B4 but also to prevent the inhibitory 
impact of 2B4. Because the C-terminal tyrosines were not 
needed for EAT-2 to associate with 2B4, these findings im-
plied that the signals mediated by the C-terminal tyrosines 
were responsible for prevention of inhibition. This is unlike 
the situation with SAP, in which the signaling motif (R78) 
was not needed for prevention of inhibition (Dong et al., 
2012). Such a disparity suggests that SAP and EAT-2 prevent 
the inhibitory function of SLAM family receptors by distinct 
mechanisms. SAP may physically interfere with coupling of 
SLAM family receptors to inhibitory effectors through a nat-
ural blocking effect, as previously suggested (Sayos et al., 1998; 
Dong et al., 2012). In contrast, EAT-2 may mediate signals 
that inactivate or antagonize the inhibitory effectors of SLAM 
family receptors.

SAP stimulates NK cell activation by promoting conju-
gate formation between NK cells and target cells (Dong et al., 
2012). We observed herein that EAT-2 did not augment con-
jugate formation. This was seen both in mouse NK cells and 
in YT-S cells. The lack of a stimulating effect of EAT-2 on 
conjugate formation was in agreement with the absence of 
effect on Vav-1, which likely mediates the effect of SAP on 
conjugate formation (Dong et al., 2012). Confocal micro
scopy studies provided indication that EAT-2 accelerated  
the effector phase of NK cell activation. Indeed, in YT-S  
cells, EAT-2 enhanced the proportions of conjugates having 
MTOCs and granules polarized toward the NK cell synapse. 
Fewer conjugates exhibited nonpolarized MTOCs or gran-
ules, or had a lack of polymerized actin at the NK cell syn-
apse. This effect was absolutely dependent on Y127. It was also 

promote NK cell–mediated cytotoxicity in response to target 
cells expressing the ligand of 2B4. Likewise, creation of a KI 
mouse mutant expressing Y120,127F EAT-2 revealed that the 
tyrosines were required for the ability of mouse EAT-2 to aug-
ment NK cell cytotoxicity and IFN- production in response 
to targets expressing the ligand of 2B4, Ly-9, CD84, or CRACC. 
The loss of function caused by the tyrosine mutations was not 
due to reduced expression of EAT-2 or diminished association 
with SLAM family receptors. Rather, it was related to a com-
promised ability to mediate activating signals.

Biochemical studies in YT-S cells showed that human 
EAT-2 coupled 2B4 to specific signals involving PLC and its 
downstream effectors, Ca2+ fluxes and Erk. These signals were 
strictly reliant on Y127. There was no impact on other char-
acterized 2B4-triggered tyrosine phosphorylation substrates, 
including 2B4 itself, Vav-1, and SHIP-1 (Chen et al., 2004). 
Moreover, there was no influence on Akt activation. A small 
increase in c-Cbl tyrosine phosphorylation was seen, although 
its mechanism and functional impact remain to be clarified. 
As c-Cbl is a ubiquitin ligase involved in signal termination 
(Thien and Langdon, 2005), c-Cbl tyrosine phosphorylation 
might be part of a negative feedback mechanism aimed at 
terminating the function of EAT-2.

Analyses of NK cells from EAT-2–deficient mice showed 
that, unlike SAP (Dong et al., 2012), EAT-2 did not promote 
tyrosine phosphorylation of Vav-1. However, in keeping with 
the effects of human EAT-2 in YT-S cells, mouse EAT-2 aug-
mented the ability of 2B4 to enhance CD16-triggered Ca2+ 
fluxes. This effect was diminished when the C-terminal tyro-
sines were mutated. Although we were unable to detect tyro-
sine phosphorylation of PLC in mouse NK cells, these 
observations supported the idea that, by way of the C-terminal 
tyrosines, mouse EAT-2 was also coupling SLAM family re-
ceptors to the PLC pathway. It is possible that PLC was ac-
tivated upon 2B4 triggering in mouse NK cells, but was not 
undergoing tyrosine phosphorylation. Alternatively, it is plau-
sible that the extent of tyrosine phosphorylation of PLC in 
response to 2B4 stimulation in mouse NK cells was not suffi-
ciently marked for detection in our assays.

Transfection experiments provided evidence that Src fam-
ily kinases, in particular Fyn, were responsible for phosphory-
lation of the C-terminal tyrosines of EAT-2. This notion  
was also consistent with the fact that the tyrosines are located 
in typical consensus sequences for phosphorylation by Src  
kinases (Songyang et al., 1994a, 1995). Co-immunoprecipita-
tion experiments and in vitro binding studies also supported 
the idea that the interaction between the C-terminal tyro-
sines of EAT-2 and PLC was direct. Moreover, it was de-
pendent on phosphorylation of Y127, which bound to the 
N-terminal SH2 domain of PLC. The sequence surround-
ing phosphorylated Y127, pYVDV (where pY is phospho
tyrosine, V is valine, and D is aspartic acid), is a typical binding 
site for the PLC SH2 domain (consensus sequence pY[V/I/
L][E/D][L/I/V], where I is isoleucine, L is leucine, and E is 
glutamic acid; Songyang et al., 1993).
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obtained from The Jackson Laboratory. Animal experimentation was approved 
by the Animal Care Committee of IRCM and performed in accordance with 
the guidelines of the Canadian Council of Animal Care.

cDNAs and plasmids. cDNAs coding for human EAT-2 (WT or Y127F), 
mouse EAT-2 (WT; Y120F; Y127F; Y120,127F; R54L; R54L,Y120F; and 
R54L,Y127F), FLAG-tagged mouse EAT-2, human CD48, and PLC-1 
were generated by PCR and verified by sequencing. Those encoding mouse 
2B4, mouse CRACC, various PTKs, and an SH2 domain–deleted variant  
of Fyn were reported previously (Cao et al., 1998; Chen et al., 2006; Cruz-
Munoz et al., 2009). For expression in YT-S, K562, and HeLa, cDNAs were 
usually cloned in the retroviral vector pFB-GFP, which also encodes GFP. For 
expression in Cos-1 cells, cDNAs were cloned in the vector pXM319.

Cells. For real-time PCR analyses, cells were purified by cell sorting. In brief, 
NKPs (Lin, CD122+, NK1.1, and CD49b), iNK cells (Lin, CD122+, 
NK1.1+, and CD49b), and mNK cells (Lin, CD122+, NK1.1+, and CD49b+) 
were obtained from bone marrow of C57BL/6 mice using antibodies directed 
against CD19, Ter-119, B220, CD122, NK1.1, and CD49b, as described else-
where (Ramirez et al., 2012). Splenic mNK cells were isolated by staining with 
antibodies against CD122, NK.1.1, and CD49b, whereas splenic B cells were 
obtained by staining with antibodies directed against B220 and CD19. In all 
cases, cell purity was >90%. Freshly isolated splenic NK cells from poly I:C–
primed mice and spleen-derived LAK cells were generated as outlined else-
where (Dong et al., 2009). RMA-S (lymphoma), YAC-1 (thymoma), and B16 
(melanoma) expressing or not SLAM family ligands were described elsewhere 
(Dong et al., 2009, 2012). Control B16 cells expressed GFP alone. YT-S, K562, 
HeLa, and Cos-1 cells were reported elsewhere (Chen et al., 2006; Cruz-
Munoz et al., 2009). YT-S cells expressing GFP alone or in combination with 
WT or Y127F human EAT-2 were generated by retroviral infection, using the 
retroviral vector pFB-GFP. Transduced cells were sorted for expression of GFP. 
K562 or HeLa derivatives expressing human CD48 or mouse CRACC were 
generated in a similar way. Cos-1 cell transfections were performed as outlined 
previously (Latour et al., 1997).

Antibodies. Antibodies recognizing CD19 (mAb 1D3), Ter-119 (mAb Ter119), 
B220 (mAb RA3-6B2), CD122 (mAb TM-b1), NK1.1 (mAb PK136), CD49b 
(mAb DX5), human 2B4 (mAb C1.7), human CD48 (mAb TÜ145), mouse 
2B4 (mAb 2B4), mouse CD48 (mAb HM48-1), CD3 (mAb 145-2C11), 
CD11b (mAb M1/70), CD27 (LG.7F9), IFN- (mAb XMG1.2), CD107a 
(mAb eBio 1D4B), CD16 (mAb 2.4G2), Ly49D (mAb 4E5), Ly49H (mAb 
3D10), and Ly49C/I/F/H (mAb 14B11), as well as isotype controls, were 
purchased from eBioscience or BD. Anti–phospho-Erk (pT202pY204; mAb 
E10), anti–phospho-Akt (pS473; mAb 193H12), and anti-Akt were obtained 
from Cell Signaling Technology, and antibodies directed against phospho
tyrosine (mAb 4G10) or Erk were from Millipore. Anti-FLAG mAb M2 was 
obtained from Sigma-Aldrich. Antibodies against mouse EAT-2 (mAb 8F12), 
SAP (mAb 1A9), mouse Ly-9, mouse Ly108, mouse CD84, mouse SLAM, 
and mouse CRACC were produced in our laboratories (Roncagalli et al., 
2005; Veillette et al., 2008; Zhong and Veillette, 2008; Cruz-Munoz et al., 
2009). Monoclonal antibodies against human EAT-2 (mAb 10F7) were 
generated by immunizing mice with the full-length human EAT-2 protein 
(COVALAB). Polyclonal rabbit antibodies against human 2B4 were provided 
by E. Long (National Institutes of Health, Rockville, MD). Those against Fyn, 
Vav-1, SHIP-1, and c-Cbl were described elsewhere (Chen et al., 2006).  
Antibodies against PLC-1 and PLC-2 were purchased from Santa Cruz 
Biotechnology, Inc.

Quantitative real-time PCR. RNA was purified with the RNeasy micro 
kit (QIAGEN), and reverse transcribed using the SensiScript kit (QIAGEN) 
and oligo (dT) primers (Ambion). PCR reactions were performed using 
single-stranded cDNAs, gene-specific primers, and the PerfeCTa SYBR 
Green Supermix (Quanta), according to the manufacturer’s instructions. 
Real-time PCR was performed in duplicates, and fluorometric data were 
collected at the annealing step of each cycle, using the ViiA Real-Time PCR 

consistent with the impact of EAT-2 in mouse NK cells, in 
which WT EAT-2, but not EAT-2 Y120,127F, enhanced 
CD107a exposure. Moreover, experiments with pharmaco-
logical inhibitors suggested that it was mediated by the ability 
of EAT-2 to promote Ca2+ fluxes. However, an effect of the 
Erk pathway was possible, given that inhibition of Ca2+ fluxes 
also prevented Erk activation.

In summary, our data showed that EAT-2 promotes NK cell 
activation by molecular and cellular mechanisms distinct from 
those used by SAP. EAT-2 functions through Y127-dependent 
recruitment of PLC, which evokes Ca2+ fluxes and Erk acti-
vation. These signals enable faster polarization of MTOCs 
and cytotoxic granules toward the NK cell synapse. This ability 
of EAT-2 and SAP to couple SLAM family receptors to dif-
ferent signaling pathways and cellular effects likely explains their 
complementary roles in NK cell activation. It permits SLAM 
family receptors to mediate a broader range of signals and ef-
fects, and to be more efficient at activating NK cells.

Given that EAT-2 strengthens the activating function of 
SLAM family receptors in NK cells, it may be intriguing that 
other lymphocytes expressing SAP, in particular T cells, do 
not express EAT-2 (Roncagalli et al., 2005). Perhaps this dis-
tinction reflects the fact that, in T cells, activation is primarily 
driven by the antigen receptor and the co-receptors CD4 and 
CD8. In this context, SLAM family receptors may not need 
to mediate strong signals. In fact, the presence of EAT-2 could 
have deleterious consequences in T cells, perhaps by enabling 
antigen receptor-independent signals that were too strong. 
Nonetheless, it is worth pointing out that some T cells, in-
cluding activated V5+ intraepithelial lymphocytes, may ex-
press high levels of EAT-2 (www.immgen.org). The possibility 
that EAT-2 contributes to the innate-like characteristics of 
these T cells deserves consideration.

MATERIALS AND METHODS
Mice. To generate a mouse strain in which Y120 and Y127 of EAT-2 were 
replaced by phenylalanines (Sh2d1b1Y120,127F mouse), the targeting vector 
depicted in Fig. 3 A was created. In brief, this construct contained a 4.5-kb 
5 arm that replaced the codon for Y120 (TAT) by TTT, which codes for 
phenylalanine. This codon is located in exon 3. The construct also possessed 
a 3-kb 3 arm that changed the codon for Y127 (TAT) to TTC, which also 
codes for phenylalanine. The codon for Y127 is in exon 4. In addition, a 
silent mutation creating an EcoRI site (GAATTC) for screening was intro-
duced at this site. The construct also encompassed the neomycin resistance 
(neo) marker, which was flanked by frt sites. After linearization with NotI, 
the construct was transfected in C57BL/6-derived Bruce 4 embryonic stem 
cells. Cells were selected in the presence of G418 and clones showing homol-
ogous recombination were identified by Southern blotting. Clones contain-
ing both the Y120F and the Y127F mutations were identified by sequencing 
of PCR-generated fragments containing exons 3 and 4. They were then 
injected into blastocysts and chimeric mice were used for germ line trans-
mission. The neo marker was eliminated by breeding mice with a transgenic 
mouse expressing the Flpe recombinase (B6.SJL-Tg(ACTFLPe)9205Dym/J; 
The Jackson Laboratory; Rodríguez et al., 2000). Mice were then screened 
by PCR, using oligonucleotide primers at the positions depicted in Fig. 3 A. 
C57BL/6 mice lacking EAT-2 or SAP were described previously (Al-Alem  
et al., 2005; Dong et al., 2012). SAP-deficient mice were provided by  
L. Yin (International Agency for Research on Cancer, Lyon, France). In all 
experiments, littermates were used as WT controls. WT C57BL/6 mice were  
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a similar way, using PE-conjugated anti–human CD71 mAb CY1G4 (Bio-
Legend). After washing the unbound antibodies, cells were resuspended at a 
concentration of 2 × 106 cells per ml and conjugate formation was analyzed 
as previously described (Dong et al., 2012).

Confocal microscopy. K562 cells were first stained with the Cell Tracker 
Violet dye (Life Technologies), according to the manufacturer’s instructions. After 
washing, cells were allowed to recover by incubation in culture medium for at 
least 10 min. YT-S cells and K562 cells were then mixed at a 2:1 ratio in serum-
free culture medium and incubated for 10 min at 37°C to allow conjugate for-
mation. The suspension was subsequently transferred to poly-l-lysine–coated 
coverslips and incubated an additional 5 min at 37°C for attachment. Cells were 
then fixed and permeabilized in PBS containing 4% formaldehyde and 0.1% sa-
ponin. After that, they were washed twice with PBS containing 0.1% saponin 
and blocked for 30 min in PBS supplemented with 5% mouse serum. They were 
washed again and incubated for 1 h with biotinylated anti-tubulin mAb 236–
10501 (Life Technologies). After further washing, cells were incubated for 1 h 
with Alexa Fluor 647–coupled anti-perforin mAb dG9 (BioLegend), Brilliant 
violet 605–coupled streptavidin (BioLegend), and Alexa Fluor 546–coupled 
phalloidin (Invitrogen). After an additional wash, coverslips were mounted over 
glass slides using fluorescent mounting medium (Dako). Data were acquired 
using a laser-scanning microscope LSM-710 (Carl Zeiss). Only conjugates in 
which one YT-S cell was coupled to one K562 cell were analyzed. At least 100 
different conjugates were analyzed for each cell type or condition. Conjugate 
stages were defined as: 0, conjugates lacking actin polymerization, and MTOC 
and granule polarization; 1, conjugates with polymerized actin, but devoid of 
MTOC and granule polarization; 2, conjugates where MTOC and granules 
have partially migrated toward the synapse; and 3, conjugates where MTOC and 
granules have fully migrated toward the synapse.

CD107a exposure. To measure induction of CD107a expression at the  
cell surface, splenocytes (2 × 106) from poly I:C–primed mice were cultured 
with the same number of RMA-S cells, GolgiStop (BD), and Alexa Fluor 
488–conjugated anti-CD107a antibody. After 6 h, cells were harvested and 
analyzed by flow cytometry. NK cells were identified by gating on 
NK1.1+CD3 cells. As control, cells were stimulated with a combination of 
PMA plus ionomycin.

Statistical analyses. For statistical analyses of cytotoxicity and IFN- pro-
duction, paired Student’s t tests (two-tailed) were performed. For statistical 
comparison of the relative distribution of YT-S:K562 conjugates in the vari-
ous stages of cytotoxicity, data for individual cell populations were compared 
using the Pearson correlation coefficient (r). All statistics were calculated using 
Prism 6 (GraphPad Software).
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