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T cell antigen receptor (TCR) signaling depends on three interacting adaptor proteins: SLP-76, Gads, and LAT.
Their mechanisms of signaling have been extensively explored, with the aid of fortuitously isolated LAT- and
SLP-76-deficient T cell lines, but no such tools were available for Gads, a Grb2-family adaptor that bridges the
TCR-inducible interaction between SLP-76 and LAT. TALEN-directed genome editing was applied to disrupt the
first coding exon of human Gads in the Jurkat T cell line. Gads was dispensable for TCR-induced phosphorylation
of SLP-76, but was a dose-dependent amplifier of TCR-induced CD69 expression. Gads conferred responsiveness
to weak TCR stimuli, leading to PLC-y1 phosphorylation and calcium flux. TALEN-derived, Gads-deficient T cell
lines provide a uniquely tractable genetic platform for exploring its regulatory features, such as Gads phosphor-
ylation at T262, which we observed by mass spectrometry. Upon mutation of this site, TCR responsiveness and
sensitivity to weak TCR stimuli were increased. This study demonstrates the feasibility of TALEN-based reverse
genetics in Jurkat T cells, while enriching our understanding of Gads as a regulated modulator of TCR sensitivity.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

A hallmark of antigen receptor signaling is the use of adaptors, spe-
cifically interacting non-enzymatic proteins that recruit, bridge and co-
ordinate the functions of multiple signaling elements. A prominent
example is the TCR signaling pathway, in which three hematopoietic-
specific adaptors, LAT, Gads and SLP-76, nucleate a complex that is abso-
lutely required for TCR signaling [reviewed in 1-3].

At the center of the complex lies LAT, a membrane-bound adaptor.
Upon TCR stimulation, LAT is phosphorylated at four or more tyrosines,
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triggering SH2 domain-mediated recruitment of multiple signaling ele-
ments, some of which bridge the recruitment of additional proteins to
the complex [3]. Three of the distal phosphorylated LAT tyrosines are
found within YXN muotifs, which bind specifically to the SH2 domain of
Grb2-family adaptors, discussed in more detail below [4-8]. A fourth
phospho-tyrosine binds to the N-terminal SH2 domain of Phospholi-
pase C-y1 (PLC-y1) [4-8]. PLC-y1 activation occurs within this LAT-
nucleated complex, generating the second messengers IP3 and DAG,
which are absolutely required for downstream responses, including
calcium flux, activation of the NFAT transcription factor, and cytokine
production [9].

The Grb2-family of adaptor proteins includes Grb2, Gads (also
known as Grap2, GrpL, Mona, GRID and Grf40), and Grap [1,10].
Composed of a central SH2 domain, surrounded by two SH3 domains,
Grb2-family adaptors are generally found in the cytoplasm, where
they bind stably to key signaling proteins through their SH3 domains.
Upon TCR-induced LAT phosphorylation, Grb2-family adaptors are re-
cruited to its phospho-YxN motifs, thereby bridging the recruitment of
their SH3 domain-binding partners into the complex. In this way,
Grb2 recruits SOS to LAT, where it can promote activation of the Ras
pathway. Gads acts analogously, but does not bind to SOS; rather,
the Gads C-terminal SH3 domain binds constitutively to a cytoplasmic
adaptor, known as SLP-76, via an unusual, high affinity interaction
[11,12], and thereby recruits SLP-76 into the LAT-nucleated complex
[13-15].

Both SLP-76 and LAT are required for TCR-induced activation of
PLC-v1, and subsequent downstream signaling events [16,17]. Upon
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TCR stimulation, SLP-76 is phosphorylated at three N-terminal tyrosines
[2,18], triggering its association with and activation of Itk [19], a Tec-
family tyrosine kinase. Itk subsequently phosphorylates SLP-76 at
Y173, and PLC-y1 at Y783, both sites required for PLC-y1 activation
[19-21]. Gads may facilitate these events, by bridging the interaction
between LAT-bound PLC-y1 and SLP-76-bound Itk.

Consistent with their signaling functions, mice deficient in LAT or
SLP-76 exhibit profoundly blocked thymocyte development, reflecting
impaired pre-TCR signaling [22-24]. A relatively milder block is ob-
served upon disruption of Gads [25,26] or upon disruption of the
Gads-binding site in SLP-76 [27,28]. The reason for this milder pheno-
type is not well understood, nor have the specific Gads-dependent
and -independent aspects of TCR signaling been well defined. These
mechanistic questions are difficult to pursue in a mouse model, as the
developmental defects observed in Gads-deficient mice substantially
hamper efforts to characterize the affected signaling pathways. A
number of fortuitously isolated, Jurkat-derived mutant cell lines, such
as the LAT-deficient cell line, J].Cam2, and the SLP-76-deficient cell line,
J14[16,17], have provided a complementary model system for studying
the biochemistry of TCR signaling; unfortunately, no such mutant cell
line was available for Gads.

Emerging genome editing techniques are transforming cell signaling
research, by enabling the creation of designer cell lines, bearing targeted
gene disruption at virtually any gene of interest [29]. One of these
techniques, transcription activator-like effector nucleases (TALEN),
entails transient expression of a pair of custom-designed, exquisitely
specific nucleases that bind “tail to tail” at closely spaced sites and
cleave a double strand break (DSB) in the intervening spacer region.
Cellular DNA repair mechanisms, such as non-homologous end joining
(NHE]), are harnessed to repair the DSB. This error-prone mechanism
restores chromosomal integrity, at the cost of small insertions or dele-
tions (indels) at the repaired DSB, often resulting in a frameshift that
disrupts expression of the targeted gene.

Here, we adapted and applied TALEN-directed mutagenesis to
disrupt the first coding exon of human Gads in the Jurkat T cell line,
creating a novel and robust experimental system for studying this
important T cell adaptor.

2. Materials and methods
2.1. Antibodies

A concentrated solution of the Jurkat TCR 3-chain-specific monoclonal
antibody C305 was prepared using a miniperm bioreactor (VivaScience,
Sartorius Group, Gottingen, Germany) and diluted 1:1000 to 1:100,000
for TCR stimulations. Monoclonal anti-AcV5 was from Sigma-Aldrich
(St Louis, MO). Anti-phosphotyrosine (4G10) was from Merck Millipore
(Billerica, MA). Polyclonal anti-PLC-y1 and mouse monoclonal anti-
Gads (UW40) were from Santa Cruz Biotechnology (Dallas, Texas).
Rabbit polyclonal anti-human SLP-76 was previously described [30].
Rabbit polyclonal anti-ZAP-70 was provided by Arthur Weiss (UCSF).
Polyclonal phospho-specific anti-PLC-y1 pY783 was from MBL Interna-
tional (Woburn, MA). Phosphospecific anti-human SLP-76 pY128 was
from BD Pharmingen (San Jose, CA). Polyclonal phospho-specific
antibodies to human SLP-76 pY173 were previously described [21].
Anti-CD69-PE-Cy5 (FN50) was from Dako, an Agilent Technologies
company (Glostrup, Denmark). Anti-human CD28 (Clone CD28.2) was
from BioLegend. Human IL-2 Standard ELISA Development Kit was
from Peprotech.

2.2. Expression plasmids

Retroviral infections were performed using the pMIGR vector [31],
into which we cloned untagged human Gads cDNA, or N-terminally
twin-strep-tagged or FLAG-tagged human SLP-76 cDNA, upstream of
an IRES-GFP expression cassette.

Human Gads cDNA was amplified by RT-PCR from total Jurkat cell
RNA, while adding 5’ BamHI and 3’ EcoRI cleavage sites, which were
used to clone the resulting Gads cDNA into the Bglll and EcoRI sites
PMIGR. The T262A mutation was introduced by using Phusion DNA po-
lymerase New England Biolabs (Beverly, MA) to amplify the entire plas-
mid, using two 5’ phosphorylated primers, one of which bears the
mutation, followed by ligation. All Gads constructs were verified by
sequencing the entire open reading frame. Murine YFP-Gads was pro-
vided by Larry Samelson (NIH).

2.3. TALEN constructs

The Golden Gate TALEN construction kit was obtained from Addgene
(Cambridge, MA). TALEN constructs were assembled as described [32],
using the NI, HD, NN and NG RVDs to recognize A, C, G and T, respective-
ly; except that pEF-TALAC, a golden gate-compatible TALEN backbone
plasmid suitable for use in mammalian cell lines, was used in the second
golden gate reaction. pEF-TALAC was constructed by cloning the TALEN
coding region from pTAL4 [32], isolated as a Bglll-Hpal fragment, into
the BamHI and EcoRV sites of pEF4/myc-His B (Invitrogen), thereby
placing TALEN expression under the control of the EF-1a promoter.
Subsequently, 162 amino acids were removed from the C-terminal
TALE domain, leaving a 65 amino acid C-terminal linker region, based
on evidence that this type of modification can increase TALEN
activity [33-35].

24. Cell line maintenance, transfection and infection

Jurkat-derived cell lines were transfected with plasmid vectors by
electroporation or infected with IRES-GFP-tagged retroviral vectors
as described [21]. Cells were sorted by FACS for homogeneous GFP
expression, approximately one week following infection.

2.5. Derivation of Gads-deficient cell lines

Jurkat cells were stably transfected with the ecotropic receptor for
retroviral infection as described [21], to derive ].Ecol. Gads-deficient
clones were derived from J.Ecol through TALEN-directed genome
editing. Briefly, ACV5-epitope tagged TALENS, specific for the G1 and
G3 sites shown in Fig. 1A were constructed in the pEF-TALAC backbone,
and 15 pg of each was transiently transfected into J.Eco1 cells by electro-
poration, followed by isolation of clonal populations by limiting
dilution. The resulting clonal populations were screened for Gads ex-
pression by western blotting.

2.6. Molecular characterization of TALEN-induced genomic mutations

Genomic DNA was prepared from a heterogenous pool of transiently
transfected cells or from individual clones, using the Nucleospin Tissue
Kit (Machery Nagel, Diiren, Germany). A 270 bp amplicon encompassing
the targeted exon of Gads was amplified by PCR using primers P1F:
GAGACATCCATCTGCCCACTCTCCTAG, and P1R:GACTGTCAGATTACTG
AGTAACTGAAAC. The conventional restriction enzyme Fokl was used
to detect TALEN-induced disruption of the conventional FokI site found
within the spacer region. For sequencing of TALEN-induced mutations,
the amplicon was subcloned into pGEM-T (Promega), followed by
sequencing of 6 to 10 isolates for each of the Gads-deficient clones.

2.7. Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC)

J14 cells, stably reconstituted with twin-strep-tagged SLP-76 or
FLAG-tagged SLP-76, were metabolically labeled for at least 7 genera-
tions in RPMI without lysine, arginine and tyrosine, supplemented
with 10% dialyzed fetal bovine serum, penicillin, streptomycin, and
glutamine, and further supplemented with 110 uM L-Tyrosine 3C{°N
(+10), 220 uM L-Lysine >C{°N, (+8), and 115 uM L-Arginine
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Fig. 1. TALEN-based targeting of Gads. (A) A portion of the first coding exon of human Grap2, the gene that encodes Gads. Binding sites of the G1 and G3 TALENSs used in this work are
labeled in blue, targeting DSB formation to the site marked by a jagged arrow. A conventional restriction site (GGATG) within the spacer is marked in green. (B) Preliminary validation
of the G1-G3 TALEN pair. Three days following transient transfection of TALENS, the targeted genomic region was amplified by PCR and the resulting amplicon was incubated (+) or
not (—) with a conventional restriction enzyme that cleaves the targeted spacer region. In a fraction of transiently transfected cells, TALEN-induced indels render the PCR product resistant
to cleavage, as indicated by white arrow. (C) Lysates from the parental .Eco1 cells (WT) or the Gads-targeted clones isolated in this work were probed by western blotting with anti-Gads,
or with anti-ZAP-70 as a loading control. (D) Sequence analysis of genomic DNA from the five clones shown in C. Mutant alleles are aligned to the wild-type Gads sequence, with TALEN-
binding sites in blue and indel mutations shown in red. The total number of base pairs inserted or deleted is given at right; those resulting in a frame-shift are marked by a red asterisk.

13C4°N, (+10), or with the corresponding light amino acids. Efficacy of
labeling with heavy amino acids was verified by mass spectrometry and
found to exceed 95%. Heavy amino acids were from Cambridge Isotope
Laboratories (Tewksbury, MA). Light amino acids, fetal calf serum, dia-
lyzed fetal bovine serum, and RPMI without arginine, lysine and tyro-
sine were from Biological Industries (Bet Haemek, Israel). SILAC-
labeled cells were mock-stimulated or stimulated with anti-TCR and
lyzed as described [19]. Twin-strep-tagged SLP-76 and its associated
proteins were affinity purified from the lysates using streptactin beads
(IBA, Gottingen, Germany ), according to manufacturer's instructions.
In some experiments, identically processed samples expressing FLAG-
tagged SLP-76 were used to control for non-specific binding to the
streptactin beads.

2.8. SILAC-based identification of SLP-76-associated proteins

Streptactin-associating proteins, isolated from the lysates of 50 million
cells expressing twin-strep-tagged SLP-76 (heavy label) or FLAG-tagged
SLP-76 (light label), were mixed together and separated by SDS-PAGE
(NuPAGE Novex 4-12%, Life Technologies). The lane was cut into 23
pieces, and the proteins were reduced with dithiothreitol, alkylated
with iodoacetamide, digested with the endoproteinase trypsin (SERVA
Electrophoresis GmbH, Heidelberg, Germany), and identified by

mass spectrometry on an LTQ Orbitrap XL (Thermo Fischer), coupled
to a nanoflow liquid chromatography system (Agilent 1100 series,
Agilent).

2.9. SILAC-based kinetic analysis of Gads phosphorylation sites

Prior to lysis, J14 cells expressing twin-strep-tagged SLP-76 were
stimulated with anti-TCR (heavy label) or not stimulated (light-
label). Lyastes were mixed at a 1:1 ratio, followed by affinity purifi-
cation of twin-strep-tagged SLP-76 and its associated proteins with
streptactin beads, which were separated by SDS-PAGE, and stained
with coomassie. Phosphorylated peptides derived from Gads were
obtained after in-gel digestion with trypsin and subsequent enrichment
of the phosphopeptides with TiO2 exactly as described [36]. Enriched
phosphopeptides were analyzed on an LTQ Orbitrap Velos (Thermo
Fischer) mass spectrometer coupled to a nanoflow liquid chromatog-
raphy system (Agilent 1100 series, Agilent), as described [36].
Resulting raw files were processed with MaxQuant (v1.3.0.5) against a
UniProtKB/Swiss-Prot human database. For annotation of the spectrum,
MaxQuant Viewer expert annotation was used. The annotated spec-
trum was further modified with Illustrator (v5.1) for better legibility
and the indication of ions with neutral loss of H3POA4.
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2.10. Calcium

Cells were loaded with the fluorescent calcium indicator dye Indo1-
AM (eBioscience, San Diego, CA), washed three times and resuspended
in calcium buffer, consisting of 25 mM Hepes (pH 7.4), 1 mM CaCly,
125 mM Nacl, 5 mM KCl, 1 mM Na,HPO,, 0.5 mM MgCl,, 1 g/l glucose,
and 100 mg/ml bovine serum albumin. An LSR Fortessa (BD Biosciences)
was used for ratiometric, kinetic measurement of intracellular calcium,
with the temperature maintained at 37 °C and TCR stimulation per-
formed by addition of C305 at the 60 s time point. Excitation was at
355 nm and emission was measured using the bandpass filters 405/20
(Ca-bound indo1) and 485/22 (free indo1), with data presented as the
ratio between these two values.

3. Results
3.1. TALEN-based disruption of Gads in the Jurkat T cell line

We chose to target the first coding exon of human Grap2, the gene
that encodes Gads. Appropriate TALEN expression constructs were as-
sembled using a golden gate assembly system [32], which we modified
as described in Experimental procedures, and were targeted to a pair of
sites, designated G1 and G3, separated by an 18 bp spacer region
(Fig. 1A). TALEN-induced DSB formation within the spacer region, and
consequent repair by NHE], are expected to result in indels that may
disrupt the Gads open reading frame.

G1 and G3 TALEN expression was induced by electroporation, in the
absence of any selective pressure, resulting in transient expression of
the TALEN pair in a fraction of the population. One day following
transfection, TALEN expression was clearly detectable by western blot
(data not shown). Three days later, the expected indels were detectable,
by virtue of their tendency to disrupt a conventional restriction site
within the targeted spacer (Fig. 1A and B). The relatively weak signal
observed in this assay may reflect a low efficiency of electroporation,
potential toxicity of the TALEN pair, or inefficiency of the process of
TALEN-induced mutagenesis. Nevertheless, the population clearly
contained cells bearing mutations at the targeted site.

Clonal populations were then obtained by limiting dilution, and ap-
proximately 170 clones were screened for Gads expression by western
blotting. Gads expression was undetectable in three clones and reduced
in two others (Fig. 1C). The targeted genomic region of each of these
clones bore indel mutations at the expected site (Fig. 1D). Consistent
with their lack of detectable Gads expression, clones dG21 and dG32
harbored frame shift mutations in both Gads alleles. dG22 and dG13
harbored one frameshift allele and one allele bearing an indel that
preserves the reading frame. Only one mutant allele was identified for
clone dG84; nevertheless, no Gads protein nor wild type allele was
detected. In light of its uncertain genotype, dG84 was not included in
subsequent phenotypic analyses.

3.2. Gads bridges the inducible interaction of SLP-76 with PLC-y1

For phenotypic analysis, the Gads-deficient clones were stably
reconstituted with human Gads cDNA, using an IRES-GFP-marked retro-
viral vector, followed by sorting, to achieve homogenous Gads expres-
sion similar to the parental cell line (data not shown). The dG21 and
dG32 clones were broadly similar in all assays; here we present results
obtained in dG32.

As expected, TCR-induced recruitment of SLP-76 to LAT was mark-
edly reduced in the absence of Gads, and restored upon reconstitution
of Gads expression (Fig. 2A), confirming that Gads is the major protein
that recruits SLP-76 into the LAT-nucleated complex. The TCR-
inducible association of SLP-76 with PLC-y1 exhibited a similar depen-
dence on Gads (Fig. 2B), suggesting that this interaction is for
the most part indirect, and mediated by LAT, to which both Gads and
PLC-y1 are recruited.

By recruiting SLP-76 to LAT, Gads may bring SLP-76-bound Itk into
the vicinity of LAT-bound PLC-y1, thereby facilitating the phosphoryla-
tion of PLC-y1 by Itk. Consistent with this model, TCR-induced tyrosine
phosphorylation of PLC-y1 at Y783, an Itk-targeted site, was markedly
reduced in the absence of Gads and restored upon reconstitution with
wild type Gads (Fig. 2C).

3.3. Gads-independent aspects of signaling through SLP-76

In marked contrast to its effect on PLC-y1, Gads did not influence the
tyrosine phosphorylation of SLP-76. Upon TCR stimulation, SLP-76 is
phosphorylated by ZAP-70 at three N-terminal sites (Y113, Y128 and
Y145) [18,37], enabling it to bind and activate Itk [19,38], which then
phosphorylates SLP-76 at Y173 [21] and PLC-y1 at Y783 [19]. SLP-76
tyrosine phosphorylation at all four sites was independent of Gads
(Fig. 2D and data not shown), suggesting that the functional interac-
tions of SLP-76 with both ZAP-70 and Itk can occur outside of the LAT-
nucleated complex.

Intact phosphorylation of SLP-76 Y173, in the absence of Gads, sug-
gests that SLP-76-mediated activation of Itk is not impaired; nevertheless,
phosphorylation of PLC-y1 at Y783, an Itk-targeted site, was reduced
(compare Fig. 2C and D). To reconcile these differences, we conducted a
kinetic analysis of PLC-y1 phosphorylation, revealing that Gads affected
the extent of PLC-y1 phosphorylation, without altering its time course
(Fig. 2E). Taken together, our results are consistent with the notion that
Itk activation is independent of Gads; however, its intrinsic interaction
with PLC-y1 is weak, and may be facilitated by Gads-mediated recruit-
ment of SLP-76-bound Itk into the vicinity of LAT-bound PLC-y1.

To better understand the Gads-independent aspects of SLP-76
signaling, we searched for additional proteins that, like Gads, may
interact constitutively with SLP-76. A SILAC-based analysis of the basal
SLP-76 interactome revealed a clear interaction of SLP-76 with both
Gads and Grb2 (Fig. 3A), which we subsequently confirmed by conven-
tional co-immunoprecipitation (Fig. 3B). Since Grb2 binds inducibly to
LAT upon TCR stimulation [3], it may bridge the weak, residual recruit-
ment of SLP-76 to phospho-LAT, observed in the absence of Gads
(See Fig. 2A).

3.4. Gads expression level modulates TCR responsiveness

We next examined the effect of Gads on TCR-induced expression of
(D69, a cell surface activation marker. This response depends on SLP-76
and LAT [16,17], two adaptors whose TCR-inducible interaction is
bridged by Gads [13-15]. TCR-induced expression of CD69 was marked-
ly reduced in the absence of Gads, whereas phorbol myristate acetate
(PMA)-induced expression, which bypasses the requirement for SLP-
76 [17], was Gads-independent (Fig. 4A). When normalized to the
level induced by PMA, median TCR-induced CD69 expression was sig-
nificantly reduced in the Gads-deficient clones (Fig. 4B).

Unexpectedly, TCR responsiveness in this assay was exquisitely sen-
sitive to the level of Gads expression within cells. Thus, dG22, a clone
that retains one expressed allele of Gads (See Fig. 1C and D), exhibited
a phenotype intermediate between the Gads-deficient dG21 and the
wild-type parental cells (Fig. 4C, red lines). Further, upon transient
reconstitution of Gads-deficient cells with YFP-tagged Gads, TCR-
induced CD69 expression was tightly correlated to the level of Gads
expression (Fig. 4C), suggesting that the amount of Gads available
for signaling can constitute a limiting factor that modulates TCR
responsiveness.

3.5. Modulation of Gads activity by its tonic phosphorylation at T262

We next considered the possibility that Gads activity, or its availability
for TCR signaling, may be modulated by post-translational modifications.
To explore this idea, SLP-76-associated Gads was purified from TCR-
stimulated cells and phosphorylation sites were identified by mass
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Fig. 2. Gads bridges the functional interaction between SLP-76 and PLC-y1. dG32 cells were stably reconstituted with wild type Gads cDNA, and sorted for homogenous expression
(dG32+ Gads). The indicated cell types were stimulated with anti-TCR (C305), at a dilution of 1:1000, and lyzed as described [19]. Unless otherwise indicated, stimulation time was
1 min. Anti-SLP-76 immune complexes or total cell lysates were probed with the indicated antibodies. All results are representative of at least three experiments. (A) Gads bridges the
TCR-inducible interaction of SLP-76 with phospho-LAT. (B) The inducible interaction of SLP-76 with PLC-y1 is bridged by Gads. (C) Gads is required for optimal TCR-induced phosphor-
ylation of PLC-y1. (D) SLP-76 tyrosine phosphorylation proceeds independently of Gads. (E) Time course of PLC-y1 phosphorylation in the presence and absence of Gads.
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Fig. 3. Basal interaction of SLP-76 with Grb2-family members. (A) A SILAC approach was
used to detect proteins that stably associate with SLP-76 in the absence of TCR stimulation.
The high H/L ratio of SLP76, Gads and GRB2 (marked in red) indicates a specific interaction
of Gads and Grb2 with SLP-76. (B). J14 cells, stably reconstituted with twin-strep-tagged
SLP-76 or FLAG-tagged SLP-76, were lyzed and proteins were affinity purified with
streptactin beads and probed for associated Gads and Grb2. Flag-tagged SLP-76 served
as a negative control.

spectrometry. Among the Gads phosphorylation sites that we consistently
identified was threonine 262 (Fig. 5A).

We explored the kinetics of Gads T262 phosphorylation using a
SILAC approach. Phosphorylation was detected at every time point
assessed, with a less than two-fold increase noted over a 10 minute
time course of TCR stimulation (Fig. 5B). These data suggest tonic phos-
phorylation of T262, which can be somewhat augmented by TCR stimu-
lation; however, the precise environmental cues that determine its
basal level of phosphorylation remain to be identified.

Human Gads T262 corresponds to murine Gads T254, a proposed
negative regulatory site that may promote detachment of Gads from
the LAT-nucleated signaling complex [39]. Functional assessment of
this site was previously performed by overexpression of murine Gads
T254A, in the presence of endogenous wild-type Gads [39]. The Gads-
deficient cell lines described here provided an opportunity to study
this site in a cleaner genetic background. We therefore tested the effect
of the T262A mutation on three distal responses to TCR stimulation:
CD69 upregulation, NFAT activation and IL-2 production.

TCR-induced CD69 expression was measured in dG32 cells, stably
expressing wild type or T262A Gads from a GFP-marked retroviral vec-
tor. The level of Gads expression varied widely in this heterogeneous,


image of Fig.�2
image of Fig.�3

130 J. Lugassy et al. / Cellular Signalling 27 (2015) 125-134

J.Eco1l

Normalized To Mode

dG21

Normaized To Mode

dG32

Normalized To Mode

JEcol “

CD69’PE'Cy5 ( GadS +/+ )400

FIPI PP N

- &

a
=

o

g% 10
83
g
o 25 I J.Ecol
g 20 % 7dG21
15 d
E % ‘ 0de32
2

YFP-Gads
expression

—  low

- med
] high

Cell Count

CD69-PE-Cy5

Fig. 4. Dose-dependent effect of Gads on TCR-induced CD69 expression. (A) The indicated cell lines were mock stimulated (dotted line), or stimulated overnight with soluble anti-TCR (bold line)
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unsorted population (Fig. 5C, top panel). Consistent with our results in
transiently transfected cells (compare with Fig. 4C), TCR-induced CD69
expression increased markedly with increasing Gads, and at the highest
levels surpassed the response exhibited by the wild type parental cells
(Fig. 5C, bottom panel). At every Gads expression level, responsiveness
was further increased upon reconstitution with Gads T262A, with the
difference reaching statistical significance at an intermediate expression
level (Fig. 5C). Taken together, these curves suggest that Gads is a limit-
ing factor for TCR responsiveness in this assay, and that T262 phosphor-
ylation may reduce the availability of Gads for TCR signaling.

To test this idea further, cells were sorted for an equal level of Gads
expression, and additional downstream responses were measured.
TCR-induced NFAT activation was significantly reduced in the absence
of Gads, restored upon reconstitution of wild type Gads expression,
and further augmented upon expression of Gads T262A (Fig. 5D). In
this assay, the difference between wild type and T262A Gads was repro-
ducible, but did not reach statistical significance.

Further evidence for the regulatory effect of Gads T262 was seen
when measuring IL-2 production induced by a combination of TCR
and CD28 costimulation (Fig. 5E). This response was significantly re-
duced in the absence of Gads, reconstituted by wild type Gads, and sub-
stantially augmented upon reconstitution with Gads T262A. Taken
together, these data provide support for the idea that tonic phosphory-
lation of Gads at T262 reduces its activity or availability for participating
in the LAT signaling complex.

3.6. Gads augments sensitivity to weak TCR signals

An important consequence of PLC-y1 phosphorylation is increased
intracellular calcium, required for activation of the NFAT transcription

factor, a key driver of TCR-induced cytokine production. We used a
FACS-based approach to measure intracellular calcium at the single
cell level, under varied stimulation conditions. Upon stimulation of
wild type cells with a high concentration of anti-TCR, intracellular
calcium rose above the baseline level, and remained high for the rest
of the time course (Fig. 6A, top left). As the concentration of stimulant
was reduced by 10- or 100-fold, we observed a bifurcation of the popu-
lation into responding and non-responding cells, with the latter main-
taining baseline-levels of intracellular calcium after stimulation
(Fig. 6A, top). At every dose of stimulant tested, the frequency of
responding cells was lower in Gads-deficient cells, as compared to the
wild type parental cell line (Fig. 6A and B), suggesting that Gads helps
to set a threshold for TCR responsiveness. Consistent with this interpre-
tation, the calcium response to weak stimuli was rescued upon stable
reconstitution with wild-type Gads, and was further augmented upon
reconstitution with Gads T262A (Fig. 6C). These results suggest that
T262 phosphorylation exerts its influence at a proximal stage of the
TCR pathway, prior to calcium flux. To test this idea, we examined the
effect of the T262A mutation on PLC-y1 phosphorylation. Augmentation
of PLC-y1 phosphorylation by Gads T262A, was rather mild under our
usual stimulation conditions, but became more prominent as the
strength of stimulation was reduced (Fig. 6D). Taken together, these
results provide strong support for negative regulation of Gads by its
phosphorylation at T262, and support a view of Gads as a regulated
modulator of cellular sensitivity to TCR signaling.

4. Discussion

Despite the remarkable potential of genome editing techniques, they
are not yet part of the standard arsenal for cell signaling research. Here
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Fig. 5. Negative regulation of Gads by tonic phosphorylation at T262. (A) Identification of Gads threonine phosphorylation at position T262. Shown is the MS/MS spectrum of the tryptic
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upon TCR stimulation. Shown is the average of 2 to 3 independent experiments for each time point; error bars indicate the standard deviation. The data are expressed as Log, of the fold
change in T262 phosphorylation, relative to unstimulated cells. (C) Top: dG32 was stably infected with wild type (dashed line) or T262A-mutated (dotted line) Gads or vector alone
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(D,E) The reconstituted cells shown in C were sorted for homogenous Gads expression, prior to these functional assays (D) TCR-induced activation of an NFAT luciferase reporter plasmid
was measured as described [21]. Firefly luciferase activity was normalized to the renilla luciferase activity measured in the same well and expressed relative to the normalized activity in
TCR-stimulated ].Eco1 cells from the same experiment. Results are the average of three experiments; error bars indicate the standard deviation. Asterisks indicate statistically significant
difference from TCR-stimulated J.Eco1 cells as determined by a two-tailed, paired Student's T test (*, p < 0.05). (E) Cells were stimulated overnight, where indicated, using plate-bound
anti-TCR in the presence or absence of 10 pg/ml of anti-CD28. The concentration of IL-2 in the cell supernatant was determined by ELISA (Peprotech), and expressed relative to the con-
centration observed in TCR + CD28-stimulated J.Eco1 cells from the same experiment. Results are the average of three experiments; error bars indicated the standard deviation. Asterisks
indicated statistically significant differences between the indicated pairs, as determined by a two-tailed, paired Student's T test (*, p < 0.05).

we demonstrate TALEN-mediated disruption of the Gads coding region, The methods employed here are broadly generalizable to nearly any
creating a robust and tractable genetic system for studying its function gene of interest, at a fraction of the cost and time required for creating
and regulation. The resultant clones exhibited the expected reductions and maintaining a mouse model system. These techniques should com-

in TCR responsiveness: abrogated recruitment of SLP-76 into the LAT- plement murine genetic approaches by enabling researchers to more
nucleated complex and consequently reduced downstream responses, rapidly explore a wider variety of hypotheses.
all of which were restored upon reconstitution of Gads expression. The phenotype of Gads-deficient T cells was somewhat milder than

These observations are broadly consistent with the phenotype of that of SLP-76- or LAT-deficient T cells [ 16,17], as TCR-induced CD69 in-
Gads-deficient mice [25,26], and support the usefulness of Jurkat- duction, PLC-y1 phosphorylation, calcium flux and NFAT activation,
derived Gads-deficient clones for exploring Gads-dependent regulatory were only partially reduced in the absence of Gads. In contrast, the
events. recruitment of SLP-76 to LAT was almost completely abrogated,
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suggesting that SLP-76-mediated signaling can occur, to some degree,
outside of the LAT-nucleated complex. This possibility is supported
by previous observations in mast cells [40] and platelets [41], but
has not been extensively explored in T cells. We observed Gads-
independent phosphorylation of SLP-76 Y173, providing further
evidence for this concept, and suggesting that SLP-76-mediated
activation of Itk can occur outside of the LAT-nucleated signaling
complex. Once activated, Itk may dock, albeit inefficiently, onto the
C-terminal SH2 domain of PLC-y1, an interaction that can facilitate
its phosphorylation of this target [42]. Nevertheless, Gads markedly
augmented PLC-y1 phosphorylation, most likely by bridging a
more efficient interaction between SLP-76-bound Itk and LAT-
bound PLC-y1.

While Gads is the major adaptor bridging SLP-76 to LAT; additional
signaling proteins such as PLC-y1 or Grb2, which bind weakly to SLP-
76 and inducibly to LAT, may partially compensate for the absence of
Gads. Basal interactions of SLP-76 with the SH3 domains of PLC-y1
and Grb2 have been reported [43,44], but are of low affinity under

physiologic conditions, in contrast to the high affinity interaction
between Gads and SLP-76 [4,11-15]. Here we detected a constitutive
interaction of SLP-76 with Grb2, albeit our data do not allow us to
judge its affinity or stoichiometry. In the absence of Gads, this
interaction may support residual recruitment of SLP-76 to LAT,
allowing a low level of signaling to occur. When combined with the
partial LAT-independence of SLP-76 signaling, described above, this
effect may explain the relatively mild phenotype of Gads-deficient
cells.

The extent of TCR-induced CD69 expression increased markedly
with increasing Gads expression, suggesting that Gads is a limiting fac-
tor for amplifying this response. We speculate that this relationship may
reflect competition between Gads and other Grb2 family members for a
limited number of binding sites on LAT. By virtue of their similar SH2
domains, Grb2, Gads and most likely also Grap can bind with similar af-
finity to three pYxN motifs on LAT, at Y171, Y191 and Y226 [4]. In intact
cells, evidence suggests that Gads binds to the first two sites, whereas
Grb2 uses all three [5,7,8]. Whereas Gads recruits SLP-76 to LAT, Grb2
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primarily recruits SOS [14,15]. The relative abundance of Gads and Grb2
may therefore determine the balance between SLP-76 and SOS-
mediated signaling events. In addition, by binding to LAT, Gads may
competitively inhibit the recruitment of negative regulators of TCR
signaling, such as the Grb2 family member, Grap [45]; as well as ¢-Cbl
and Themis, negative regulators that may be recruited to LAT by
Grb2 [3,46].

In contrast to CD69 expression, the calcium response exhibited a bi-
nary (on or off) pattern, characterized by a bifurcation into responding
and non-responding cells. This type of digital response was previously
described in the Ras-MAPK branch [47,48], but not to our knowledge
in the calcium branch of the TCR pathway. It appears likely that Gads,
by amplifying TCR-induced phosphorylation of PLC-y1, while also
competitively inhibiting the recruitment of negative regulators to LAT,
can promote TCR responsiveness and increase cellular sensitivity to
weak TCR signals. Further investigation will be required to test this
model.

In addition to its expression level, Gads availability for signaling may
be regulated by post-translational modifications, such as caspase-
mediated cleavage [49,50] or its phosphorylation at T262 [39]. Both
mechanisms have been suggested to promote the release of SLP-76
from the LAT nucleated complex. We explored the latter mechanism
by reconstituting Gads-deficient cells with a T262A mutant. In the
CD69 assay, elimination of this negative regulatory site shifted the
dose response curve to the left, suggesting that a higher proportion of
Gads was available for signaling. This mutation likewise increased
PLC-y1 phosphorylation and the proportion of responding cells
in a calcium assay, especially under conditions of limiting TCR
stimulation, and also increased the subsequent production of IL-2.
Taken together, these results are consistent with the notion that
Gads functions as a dose-dependent modulator of the LAT nucleated
complex, the sensitivity of which may be regulated by the level and
phosphorylation status of Gads, thereby influencing the threshold
for TCR responsiveness.

5. Conclusions

A trio of adaptor proteins, LAT, SLP-76 and Gads, mediates and
regulates T cell responses to foreign antigens. The mechanisms
regulating Gads activity have been difficult to study, due to the lack of
a tractable cell-based genetic system. We applied TALEN-directed ge-
nome editing to derive Gads-deficient T cell lines, which we used to re-
veal its role in modulating TCR responsiveness. We detected tonic
phosphorylation of Gads at T262, which appears to modulate cellular
sensitivity to weak TCR stimuli, thereby enforcing a threshold for TCR
responsiveness.
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