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Abstract

The present study reports an unbiased analysis of cytotoxic T cell serine-threonine
phosphoproteome using high resolution mass spectrometry. Approximately 2,000
phosphorylations were identified in CTLs of which approximately 450 were controlled by TCR
signaling. A significantly overrepresented group of molecules identified were transcription
activators, co-repressors and chromatin regulators. A focus on chromatin regulators revealed that
CTLs have high expression of histone deacetylase HDAC7 but continually phosphorylate and
export this transcriptional repressor from the nucleus. HDAC?7 dephosphorylation results in its
nuclear accumulation and suppressed expression of genes encoding key cytokines, cytokine
receptors and adhesion molecules that determine CTL function. The screening of CTL
phosphoproteome thus reveals intrinsic pathways of serine-threonine phosphorylation that target
chromatin regulators and determine the CTL functional program.

INTRODUCTION

Recent studies have shown that a network of signal transduction pathways controlled by
serine-threonine kinases such as mTOR (mammalian target of rapamycin), members of the
AMPK (AMP-activated protein kinase) family and Akt (protein kinase B, PKB) program
cytotoxic T lymphocyte (CTL) fate1-8. However, much of what we know about serine
kinases in CTLs is based on experiments that confirm or refute the existence of
evolutionarily conserved pathways of serine-threonine phosphorylation. For example, Akt
mediated phosphorylation of the transcription factors Foxol and Foxo3a results in their
nuclear exclusion and termination of Foxo-mediated gene transcription. This pathway of
Foxo regulation is conserved in CTLs and plays a key role to determine the repertoire of
chemokine and adhesion receptors expressed by these cells5,9.
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A strategy that focuses on conserved serine kinases and their substrates in CTLs is valuable
but limited in its potential to uncover novel protein phosphorylations in these important
cells. What is needed is an unbiased analysis of the full spectrum of protein
phosphorylations in CTLs. In particular defining the intrinsic basal network protein
phosphorylations in CTLs should reveal the signaling pathways that maintain the essential
epigenetic, transcriptional and metabolic programs that are permissive for CTL function.
One way to achieve a global analysis of the cell phosphoproteome is to use mass
spectrometry. In particular, Stable Isotope Labeling by Amino acids in cell Culture (SILAC)
in combination with phosphopeptide enrichment protocols and high resolution mass
spectrometry (MS) provide powerful technologies to probe the cellular phosphoproteome10.
The potential value of SILAC protocols is demonstrated by studies of T cell antigen receptor
signaling in the T leukemic cell line Jurkat11-13. The SILAC approach involves the
incorporation of amino acids with substituted stable isotopic nuclei (in this case

deuterium 2H, 13C, 15N) into cells. This strategy allows multiplexing of different conditions
and bypasses many of the errors in reproducibility caused by the complex protocols used to
purify phosphorylated peptides prior to mass spectrometry. Accordingly the object of the
present report was to use SILAC in combination with phosphoprotein enrichment protocols
to explore the cytotoxic T cell phosphoproteome. The current experiments identified more
than approximately 2,000 phosphorylated peptides in CTLs representative of more than 900
proteins either singly or multiply phosphorylated. Triggering of the TCR with cognate
peptide-major histocompatibility (MHC) complexes modulated phosphorylation of
approximately 20% of the serine-threonine phosphoproteome of CTLs. The complex
network of basal protein phosphorylation in CTLs prior to TCR engagement was striking
and afforded insights about links between serine-threonine kinases and chromatin regulators
that control the genes encoding important cytokines and cytokine receptors in CTLs.
Collectively the experiments reveal the power of unbiased phospho-proteomic analysis to
unravel the molecular mechanisms that control CTL fate.

Analysis of the basal and TCR regulated phosphoproteome in CTLs

SILAC labeling requires that cells undergo multiple cell doublings /n vitro. Accordingly for
SILAC experiments with CTLs we used a well-characterized /7 vitro model of CTL
differentiation based on the use of T cells from P14 TCR transgenic mice4,14,15. TCR
triggered P14 T cells cultured in interleukin 2 (IL-2) produce a homogenous population of
effector CTLs14,15. Moreover, this model reproduces the /n vivo situation where sustained
IL-2 signaling promotes the production of terminally differentiated effector cytotoxic T
cells16-18. For quantitative analysis of basal and TCR regulated phosphorylations of CTLs,
these cells were differentially labeled with one of two different isotope combination of
lysine (K) and arginine (R), ROKO0 and R10K8 (see schematic workflow in Supplementary
Fig. 1). CTLs were then either left unstimulated or triggered via their TCR with cognate
peptide. Tryptic peptides from total cellular extracts were then resolved by hydrophilic
liquid interaction chromatography (HILIC) followed by phosphopeptide enrichment with
immobilized metal ion affinity chromatography (IMAC). Peptides were subsequently
separated by high performance liquid chromatography (HPLC) that was coupled in line with
a Linear Trap Quadrupole (LTQ)-Orbitrap XL for mass spectrometry (MS) data collection.
All raw mass spectrometry data were processed using the MaxQuant software which
automatically performed peptide to protein assignment, SILAC-based quantification of
peptides and phosphorylation events as well as phosphorylation site localization in identified
phosphopeptides.

The focus of the present study was serine and threonine phosphorylations. We identified
2,081 distinct serine-threonine phosphopeptides in CTLs derived from 955 proteins (Fig. 1a,
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full list in Supplementary Table 1). 22% of all quantified phosphorylation sites were
regulated following TCR engagement. Triggering of the TCR with peptide-MHC complexes
thus led to changes in 450 phosphorylation sites of which 391 were up regulated and 59
downregulated (Supplementary Table 1). Importantly, these experiments captured
previously described TCR-regulated serine or threonine phosphorylations. For example,
TCR triggering induced dephosphorylation of the transcription factor NFAT (Nuclear Factor
of Activated T cells)19 and the actin remodeling protein Cofilin20 (Table 1). TCR triggering
also increased phosphorylation of the MAP kinases Erk1/2 and the microtubule stabilizing
protein Stathmin on residues S25 and S16, which are known to be substrate sites for Erk1/2
and the TCR-regulated calcium-calmodulin dependent kinase 1V21. Moreover, Ingenuity
Pathway Analysis (Ingenuity® Systems, http://www.ingenuity.com) independently
concluded that the identified TCR-regulated phosphoproteins were components of TCR
signal transduction pathways (Supplementary Fig. 2) and revealed that a significantly
overrepresented molecular function in all identified phosphoproteins was to control gene
transcription (Fig. 1b).

To determine the biological reproducibility of the results in Fig. 1 we repeated the
experiments four times including amino acid labeling switch. Collective analysis of pooled
data from multiple experiments confirmed that CTLs have high basal serine phosphorylation
and TCR triggering modifies approximately 20% of these serine phosphorylations. A full list
of the basal and TCR regulated serine-threonine phosphorylations identified in at least 3 out
of 4 experiments is shown in the supplementary data (see full list in Supplementary Table
2). We also used the Ingenuity program to perform a canonical pathway analysis and
molecular and cellular function pathway analysis on the 742 consistent phosphorylations on
473 proteins identified in the CTLs (Fig. 2a). This analysis indicated that the CTL phospho-
proteome was significantly overrepresented by proteins that control RNA post-
transcriptional modifications, protein synthesis, cell death, gene transcription and
polymerization of actin (listed by groups in Supplementary Fig. 3a,b). TCR triggering
consistently changed 94 phosphorylations on 81 proteins (including both upregulated and
downregulated phosphorylations), representing approximately 17% of all phosphorylated
proteins found in our screen (Tables 2, 3). Bioinformatics was used to assign the kinases
most likely to phosphorylate the CTL phosphoproteins (Fig. 2¢c and Table 4) and indicated
activity of a minimum of at least 18 serine-threonine kinases in CTLs.

Phosphorylated Chromatin regulators in CTLs

One challenge with any screen is how to choose targets for validation. However, in the
current experiments we initially focused on transcriptional regulators, as these were
significantly overrepresented in the phosphoproteomic screens (Fig. 2a). The full list of this
group (Supplementary Fig. 3b) includes transcription factors, coactivators, DNA helicases
and histone deacetylases. We noted however that a subset of this list included molecules
identified as regulators of chromatin (Table 5). In this context it is well known that the fate
of any cell is determined by epigenetic regulation of gene loci. However, the molecular
details of chromatin regulation in CTLs are poorly understood but clearly critical to
understand how CTLs maintain their effector status. We therefore considered all the
chromatin regulators found in the phosphoproteomic screens in CTLs. We did not focus
only on TCR-regulated phosphoproteins but also considered basally phosphorylated
chromatin regulators as these would be the molecules most likely to offer key insights about
the control of CTL differentiation. In this context, there was a consistent identification of the
class | histone deacetylases HDACL1 and 2 and the class lla histone deacetylase HDACT as
proteins that were constitutively phosphorylated in CTLs (Table 5). These data were striking
because the selective control of histone acetylation underpins epigenetic regulation in all
cells. In particular, histone acetylation destabilizes the nucleosome structure by neutralizing
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the positive charged lysine residues of the N-terminal tail domain of core histones22. The
level of histone acetylation is regulated by the antagonistic activity of two groups of
enzymes, histone acetyltranferases and histone deacetylases, where HDACs promote
chromatin condensation and transcriptional repression.

The identification of HDAC1 and HDACY as proteins that were constitutively
phosphorylated in CTLs was notable because HDAC1 phosphorylation controls its
enzymatic activity23 and HDAC7 phosphorylation controls its intracellular localization and
transcriptional repressor function24-31. Moreover, there has been considerable analysis of
HDACTY phosphorylation during thymus development and in the DT40 B lymphoma cell
line DT40 (refs.25-27,32). The current paradigm for HDACY regulation is that prior to
antigen receptor triggering, non-phosphorylated HDAC? localizes to the nucleus and
represses gene transcription33. HDACY can function independently of its own intrinsic
deacetylase activity and works by forming gene repressive complexes on chromatin34. In
contrast, phosphorylated HDACY is exported from the nucleus to the cytosol to dock with
14-3-3 proteins. The cytosolic retention of phosphorylated HDACT thus relieves the
repressive actions of this class Ila HDAC on chromatin25-28,35,36. It was not previously
appreciated that HDACY is expressed in CTLs and it was particular striking that our screen
identified HDACY as a CTL protein that is not antigen receptor regulated, rather it was
constitutively phosphorylated on S178, S204 and T342; phosphorylation sites known to
control nuclear cytoplasmic shuttling of this molecule25,28,36. These data raise the
possibility that HDAC?7 controls the CTL transcriptional program. We therefore opted to
design experimental strategies that would allow us to validate the HDAC7 phosphorylation
data and to probe the role of HDAC7 in CTLs.

Constitutive 14-3-3 binding of HDAC7 in CTLs

The HDACT phosphorylations identified in the HILIC-IMAC SILAC analyses of CTLs
predict that HDACTY purified from CTLs would constitutively bind 14-3-3 proteins. To
explore this possibility we used 14-3-3 affinity purification and SILAC-mass spectrometry
analysis to accurately identify and quantify HDAC7-14-3-3 associations (see Supplementary
Methods and37). HDAC7 was consistently identified in the 14-3-3 complexes purified from
control and TCR-triggered CTLs; there was no effect of TCR triggering on the 14-3-3
binding of HDACTY (Table 6). We also did a peptide de novo synthesis of the acquired
pseudo MS3 spectra for the three HDAC?7 peptides purified on the 14-3-3 complexes;
KTVpS(178)EPNLK, KEpS(204)APPSLR and pT(342)RSEPLPPSATASPLLAPLQPR
(Fig. 3a). The acquired m/z values of the peptide fragments of the according parental ion
after collision induced fragmentation (CID) allowed the identification of the peptide
sequence and supported HDAC7 S178 and S204 as correctly assigned phosphorylation sites.
The data to support HDAC7 T342 phosphorylation were more equivocal. The bs* and the
y1g ion of TRSEPLPPSATASPLLAPLQPR (Fig. 3a) were identified indicating that the
phosphorylated site was N-terminal of the glutamic acid residue at position 4 of the peptide.
However, there was no fragment ion signal closer to the N-terminus than bs* and y1 g
making a phosphorylation of S344 and T342 equally likely. However, RS (arginine-serine)
sequences are known to be resistant to cleavage by trypsin arguing that the actual site of
phosphorylation would be S344 rather than T342. In this respect, previous studies have
identified S344 rather than T342 as a phosphorylation site in HDAC7 (refs.25,28).

Interestingly, one other class Ila histone deacetylase, HDAC4, was identified in the 14-3-3-
complexes purified from CTL lysates but was not found consistently in the phosphopeptide
enrichment protocols. One explanation for this discrepancy is that the peptide enrichment on
the 14-3-3 complexes enabled detection of less abundant proteins. Spectral counting, which
quantifies the total number of MS/MS spectra for peptides from a single protein, can be used
quantify the relative abundance of proteins38. There is thus a higher probability that
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peptides derived from an abundant protein will lead to a MS/MS event than those derived
from less abundant proteins. A spectral count accordingly provides a reliable quantitative
assessment of protein abundance. A spectral analysis of the MS/MS events for HDAC4 and
HDACTY from three independent 14-3-3 affinity purifications is shown in Fig. 3b. The data
show that HDAC7 was at least 10 times more abundant than HDAC4 in CTLs. Collectively
the data show that HDAC7 was the predominant class Il HDAC in CTLs and was
constitutively phosphorylated on serines 178, 204 and 344 and could constitutively dock
with 14-3-3 complexes.

HDACY7 is constitutively localized to the cytosol of CTLs

A distinctive feature of class Ila HDACs is their ability to shuttle between the nucleus and
the cytosol. Nucleocytoplasmic shuttling is controlled by interplay between an N-terminal
nuclear localization sequence and a C-terminal leucine-rich nuclear export signal, a putative
CRML1 recognition sequence30. What is relevant to the present data is that phosphorylation
of HDACY on the N-terminal sites identified herein directs HDAC7 nuclear export24. The
phosphorylation of HDACY on the residues identified in Fig. 3 would therefore be predicted
to cause HDACY to accumulate in the CTL cytosol. To probe the intracellular localization of
endogenous HDACY in CTLs we initially performed immunoblot analysis of cytosolic and
nuclear extracts of CTLs with a pan HDAC?7 antisera and a phospho-specific HDAC antisera
that can cross-react with HDAC7 molecules phosphorylated on serine 178. Endogenous
HDACY was constitutively phosphorylated on serine 178 and localized in the cytosol of
unstimulated and TCR or phorbol ester activated CTLs (Fig. 4a). To further investigate the
subcellular localization of HDAC7, we retrovirally transduced CTLs with a green
fluorescent protein (GFP)-tagged fusion protein of HDAC7 (GFP-HDACTY). Immunoblot
analysis indicated that GFP-tagged HDAC?7 was phosphorylated and localized to the cytosol
in CTLs and was able to constitutively bind to 14-3-3 complexes (Fig. 4b).

One question we considered was whether the pattern of HDAC7 localization in the P14 TCR
CTLs was universal. To address this issue we examined HDACTY subcellular localization in
other T cell populations. The data (Figure 4c) show that HDAC7 was restricted to the
cytosol of CTL expressing a TCR recognizing the ovalbumin-derived peptide SIINFEKL.
CTLs produced by polyclonal activation also express HDACTY in the cytosol (Fig. 4c).
Moreover the cytosolic localization of HDAC7 was not restricted to activated T cells: naive
CD4" and CD8™ T cell populations also localize HDACTY to the cytosol (Fig. 4d).

Importantly, the constitutive cytosol location of GFP-HDAC7 was confirmed by confocal
imaging analysis of CTLs (Fig. 4e). The nuclear export of phosphorylated class Il HDACs
can be regulated by the CRML1 transporter39. We therefore considered whether the cytosolic
localization of HDAC?7 in T cells was static or dynamic and caused by the constant export of
HDACTY from the nucleus. To discriminate between these two possibilities, GFP-HDAC7
expressing CTLs were treated with leptomycin B, which efficiently blocks CRM1
transporter function. Treatment of CTLs with leptomycin B caused a time-dependent nuclear
accumulation of HDACT7; within 3 hours of leptomycin B treatment, the entire pool of
HDACTY recycled from the cytosol to the nucleus (Fig. 4f). Hence HDAC7 cytoplasmic
retention in CTLs is dynamic, not static and is mediated by an active LMB-sensitive nuclear
export mechanism.

The role of HDACT7 nuclear exclusion in CTLs

How important is the nuclear exclusion of HDACY for the biology of CTLs? To explore this
issue we examined the impact of expressing an HDAC7 phosphorylation mutant (GFP-
HDACT7-AP) in CTLs25,28,35,39. This mutant has been used previously to probe the
HDACTY regulated transcriptional program36. Confocal imaging analysis revealed that GFP-
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HDACT-AP localizes to the nucleus of CTLs in contrast to the clear cytoplasmic
localization of the wild-type HDAC7 (Fig. 5a,b, compared with Fig. 4e,f). One initial insight
of the impact of returning HDACY to the nucleus came from flow cytometry experiments to
probe the infection efficiency of the viruses encoding GFP-HDACT7-AP constructs. CTLs
are normally large proliferating cells but analysis by flow cytometry of the FSC-H profile (a
relative estimate of cell size) revealed that CTLs expressing GFP-HDAC7-AP were smaller
(Fig. 5¢) as compared to cells expressing wild-type GFP-HDACY or to non-transduced cells
within the same culture. It also proved impossible to clonally expand CTLs transduced with
the mutant HDAC7. We therefore directly quantified the impact of expression of GFP-
HDACT7-AP on CTL proliferation. CTLs transduced with GFP-HDACT7-AP survived but did
not undergo normal IL-2 mediated proliferative expansion (Fig. 5d). Hence the nuclear
export of HDACTY is required to maintain CTL size and proliferative capacity.

To explore the molecular basis for the role of HDAC?7 in CTLs, we used Affymetrix
microarray analysis to explore the impact of GFP-HDACT7-AP expression on the CTL
transcriptional profile. Approximately 12,000 annotated genes were expressed in CTLs, and
the impact of returning HDACTY to the nucleus was a decrease in the expression of less than
2.5% of these and an increase in the expression of another 6% (Fig. 5e). The inhibitory
effect of the HDAC7 mutant was thus quite selective and limited to a small subset of the T
cell transcriptome (Fig. 5e, Supplementary Table 3). However, one striking observation was
that GFP-HDACT-AP selectively repressed expression of mRNA encoding CD25, a key
subunit of the high-affinity receptor for IL-2 (Table 7). The selectivity of this effect of GFP-
HDACT7-AP mutant on the T cell transcriptome was demonstrated by the fact that it down-
regulated expression of CD25 mRNA without impacting on expression of mRNA encoding
other key cytokine receptors (Table 7). The effect of GFP-HDACT7-AP on the expression
CD25 was verified by quantitative PCR analysis (Fig. 6a). Moreover, flow cytometric
analysis of CD25 protein expression on GFP-HDACT7-AP expressing CTLs versus controls
cells (GFP-negative or expressing wild-type HDACT) revealed that expression of the
HDACY phospho-mutant causes a reduction in CD25 protein expression on CTLs (Fig.
6b,c).

The strength and duration of IL-2 signaling is known to determine CTL differentiation and
proliferation16,17 and the ability of antigen-primed CTLs to respond to IL-2 is dependent
on these cells expressing a high-affinity receptor for IL-2 comprising CD25, CD122 and the
gamma common chain. In particular, CD25 expression is rate-limiting for CTL
responsiveness to IL-2 (refs.16,17). The inability of GFP-HDAC7-AP expressing CTLs to
proliferate would thus be caused by the reduced expression of CD25. In this context it is
important to note that CD25 expression was not completely obliterated by GFP-HDAC7-
AP. In particular, CTLs expressing the mutant HDAC?7 had sufficient IL-2 signaling to
survive. The cells thus showed no increased expression of mMRNA encoding pro-apoptopic
molecules or loss of MRNA encoding survival molecules (Table 8).

High and prolonged expression of CD25 is required to maintain CTL effector function16,17.
Accordingly, CTLs with low CD25 expression did not produce the effector cytokine
interferon-y (IFN-vy) in response to antigen receptor triggering (Figs. 6d,e). Moreover,
increasing CD25 expression was accompanied by an increased ability to produce IFN-y in
response to antigen receptor triggering (Fig. 6d,e). These data raised the possibility that that
expression of HDAC7 phospho-mutant, which downregulated CD25 expression, might
impact on antigen receptor-mediated responses of CTLs. We therefore examined the impact
of HDACT nuclear localization on the ability of CTLs to respond to antigen. CTLs that
expressed GFP-HDACT7-AP failed to produce IFN-y when challenged by TCR triggering
with cognate peptide (Fig. 6f). Importantly, this effect was cell autonomous as the inhibitory
effect of the HDAC7 mutant was restricted to cells that expressed the mutant and there was
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no “cross” inhibition of wild-type CTLs, that is non virally transduced CTLs present in the
cell cultures. These data show that although HDACT7 phosphorylation and nuclear exclusion
is not controlled by the TCR, it is involved in a regulatory process that can dictate the ability
of T cells to mediate effector function in response to TCR triggering.

DISCUSSION

The present data report a high resolution mass spectrometry analysis of a cytotoxic T cell
serine-threonine phosphoproteome. The results reveal a complex network of protein
phosphorylation in CTLs prior to TCR engagement and show that TCR triggering perturbs
this network: both increasing and decreasing phosphorylation of proteins with diverse
functions in CTLs. One over-represented group of phosphoproteins found in the
phosphoproteomic screen was transcriptional regulators. This subset included chromatin
regulators notably the histone deacetylases HDAC1, 2, 4 and HDACT. In the present study
we focused on validating the HDAC7 data and established that CTLs have high expression
of this class 1la HDAC. Importantly, there is a constitutive signaling pathway maintaining
HDACTY phosphorylation in CTLs that was independent of TCR triggering. HDAC7
phosphorylation ensured constant induce nuclear export of this transcriptional repressor.
This process is essential to sustain high expression of CD25 in CTLs and hence is necessary
for IL-2-mediated cell growth and proliferation of CTLs. The nuclear export of HDAC7 is
also required for CTLs to respond to cognate antigen and produce the effector cytokine IFN-
. The present results thus show that pathways of protein phosphorylation that are organized
prior to TCR engagement can dictate the ability of T cells to mediate effector function in
response to TCR triggering. In particular, basal non-TCR regulated pathways of serine-
threonine phosphorylation target a key histone deacetylase in CTLs and control expression
of genes encoding cytokines, cytokine receptors and adhesion molecules that determine CTL
function.

The high basal phosphorylation and nuclear exclusion of HDAC7 in CTLs, in particular the
absence of any TCR regulation of HDACY in CTLs, is strikingly different to what is known
about HDACY regulation in the thymus. In these immature cells, HDAC7 phosphorylation
and nuclear exclusion is controlled by the TCR25. The phosphorylation of HDAC7 is
mediated by the balanced activity of kinases and phosphatases. HDAC kinases include
protein kinase C delta, protein kinase Ds, calcium-calmodulin dependent kinases and the
AMPK family kinase Mark2 (ref.40). On the other hand, myosin phosphatase and protein
phosphatases 2A have been characterized as HDACT7 phosphatases41,42. The constitutive
phosphorylation of HDAC7 in CTLs is thus a strong indication that CTLs have high basal
activity of one or more of the HDAC kinases and low activity of the phosphatases. In this
respect, AMPK family kinases are active in CTLs and important for CTL function as
indicated by the fact that deletion of LKB1, which phosphorylates and activates AMP family
kinases such as Mark?2, causes CTLs to atrophy and die43. Other important insights about
potential HDACTY kinases in CTLs came from using bioinformatics to predict what kinases
are active in CTLs. In this analysis, the known substrate specificities of serine-threonine
kinases were used to assign the kinase most likely to phosphorylate the sites identified in the
CTL mass spectrometry experiments. This modeling concludes that at least 18 different
serine-threonine kinases are active in CTLs, including AGC family kinases such as protein
kinase A or PKB. This conclusion was reassuring because it is known that PKB is active in
CTLs and has a key role to control effector function of these cells5. Similarily, the cytokine-
induced protein kinases PIM1/2 were predicted to be active in CTLs, which is consistent
with the known pattern of expression of these cytokine-induced protein kinases that function
to control cell survival in T cells44. In the context of HDAC7, the modeling indicates that
CTLs have high basal activity of calcium-calmodulin dependent kinases and PKD, both of
which can phosphorylate class I HDACs45.
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The present study focused on chromatin regulators but there were other novel insights about
how protein phosphorylation might control T cell biology. For example, the realization that
major targets of serine-threonine kinases in T cells were proteins that control RNA stability,
RNA cap methylation and protein synthesis was insightful because the ability of CTLs to
maintain high-level protein synthesis will be core to the maintenance of CTL effector
function. The present study focused on a phosphorylation pathway in CTLs that was not
TCR-regulated. However, within the data set there were novel insights about how the TCR
acts as an on/off switch to control CTL function. Hence major targets for TCR regulated
serine-threonine kinases are proteins that control the actin and microtubule cytoskeleton
such as cofilin and stathmin20,21. The present data also show that triggering of the TCR in
CTLs causes rapid dephosphorylation of NFATc2; a process known to cause NFAT to
translocate to the nucleus where it controls expression of cytokine genes19. In terms of more
novel perceptions the data show that CTLs express the transcription coregulator TRIM28
molecules phosphorylated on Serine 473. Moreover, TCR triggering reproducibly increased
phosphorylation of TRIM28 Ser473. TRIM28 controls gene expression and chromatin
remodeling at specific loci by association with members of the heterochromatin protein 1
(HP21) family and various other chromatin factors. In embryonic stem cells TRIM28
phosphorylation controls pluripotency46 and importantly, the phosphorylation of Ser473 in
TRIM28 has been shown to inhibit HP-1 binding and the co-repressor function of TRIM28
(ref.47). The ability of the TCR to direct phosphorylation of TRIM28 on Ser473 thus gives
some new ideas as to how the TCR might control gene transcription in CTLS.

In summary, the present study has identified a large number of phosphorylations in CTLs
and reveal how phosphoproteomic analysis can direct targeted hypothesis driven
experiments that inform about the molecular mechanisms that control T cell function. It
should be emphasized that although the present experiments have identified several
thousand previously unknown phosphopeptides in a CTL population this is probably not a
complete coverage of the CTL phosphoproteome. Hence, tryptic phosphopeptides that are
not stable or of the appropriate mass to be identified by mass spectrometry will be missed.
Moreover, mass spectrometry favors the identification of either abundant proteins or
proteins phosphorylated at high stoichiometry. However, despite this proviso the current
experiments have unmasked the complexity of the T cell phosphoproteome and revealed
how a basal network of protein phosphorylation maintains transcriptional programs that are
permissive for T cell function. The current focus was on CTLs but the concepts will be more
generally applicable and indicative of the complexity of the phosphoproteome of all
lymphocyte subpopulations. Indeed, a future challenge will be to compare the
phosphoproteomes of different lymphocyte subsets to gain insights about the intrinsic and
TCR regulated signaling pathways that control T cell function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

METHODS

Mice and SILAC cell culture

P14-LCMV TCR transgenic, OT1-TCR transgenic and C57BL/6 (wild-type) mice were bred
and maintained in the WTB/RUTG, University of Dundee in compliance with UK Home
Office Animals (Scientific Procedures) Act 1986 guidelines.

P14-LCMYV CTL were generated as described5,15 and cultured in SILAC medium (Dundee
Cell Products) after 48h of gp33-41 LCMV. The following arginine and lysine isotopes were
used:

ROKO:L-[12Cg, 1*Ny]arginine (RO) and L-[12Cg, 14N,]lysine (KO0)
R6K4:L-[13Cg,14N ]arginine (R6) and L-[12Cq, 2Hy, 14N,]lysine (K4)
R10K8: L-[13Cg, 1°NyJarginine (R10) and L-[13Cg, 1°N,]lysine (K8)

After 4 days cells were stimulated with gp33-41 peptide. Cells were combined, lysed and
used for 14-3-3 purifications or phosphopeptide enrichment. Details of the materials and
methods used can be found in Supplementary Methods.

OT1 and polyclonal CTLs spleens were generated and cultured as the P14-LCMV CTLs,
using SIINFEKL peptide for the initial activation of OT1-TCR transgenic cells, or anti-CD3
(2C11) to activate polyclonal, non-TCR transgenic cells.

Phosphopeptide enrichement

Lysates were precipitated with 10% v/v final trichloracetic acid. LysC endopeptidase was
added for 4h, followed by trypsin incubation at 30 °C/12h. The proteolytic digests were
desalted on C1g SepPak cartridges, fractionated by HILIC and fractions collected were
enriched using IMAC resin (Phos-Select, Sigma) as described48.

14-3-3 Affinity Purification and proteolytic digestion of proteins ‘in gel’

14-3-3 purifications were performed as described37. S.cerevisiae 14-3-3 isoforms BMH1
and BMH2 were coupled to Activated CH-Sepharose 4B (Roche). Lysates and 14-3-3 beads
were incubated 1h/4°C. 14-3-3 affinity enriched proteins were separated on a SDS-PAGE
and stained with Colloidal Coomassie blue (Invitrogen).

Liquid Chromatography — Mass Spectrometry (LC-MS)

The peptide mixture was separated by nanoscale Cqg reverse-phase liquid chromatography
(Ultimate 3000 nLC (Dionex)) coupled to LTQ-Orbitrap mass spectrometer (LTQ-Orbitrap
XL for experiments 1, 2, 3 and LTQ-Orbitrap Velos for experiment 4; Thermo Fisher
Scientific).

Mass Spectrometric Data Analysis by MaxQuant

MaxQuant version 1.0.13.1349 was used to process Raw MS spectra. The derived peak list
was searched with Mascot demon v.2.2.2 in the Mascot search engine (Matrix Science)
against the International Protein Index mouse protein decoy database v.3.52.
Phosphopeptide identifications suggested by Mascot were filtered in MaxQuant by applying
thresholds on peptide length, mass error, SILAC state, and Mascot score. Ingenuity Pathway
Analysis (Ingenuity® Systems, http://www.ingenuity.com) was used to gather information
about molecular/ cellular functions.
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Cell fractionation, immunoprecipitations and immunoblot analysis

Standard immunoblotting protocols were used5. Cells were washed in cold PBS and
resuspended in hypotonic lysis buffer (10 mM HEPES pH 7.9, 15 mM KCI, 4 mM MgCly,
0.1 mM EDTA, 10 mM NaF, 0.15% NP40, 1 mM PMSF, 1 mM Na3zVO,4, 1 mM DTT),
30x10° cells/ml and centrifuged for 1 min/10000g. Cytosolic fraction was removed and
nuclear/membrane fraction was resuspended in nuclear lysis buffer comprising 10 mM Tris
pH 7.05, 50 mM NacCl, 3 0mM Na-pyrophosphate, 50 mM NaF, 5 mM ZnCl,, 10% Glycerol
and 0.5% Triton X100. When indicated, cytosolic fractions were immunoprecipitated with
GFP antibodies (4E12/8, Cancer Research UK antibody facility) and protein-G-sepharose
beads (GEHealthcare). Blots were probed with specific antibodies for HDAC7 (H-273,
Santa Cruz Biotechnology), phospho Erk1/2 (E-10, Cell Signalling), IxBa (C-21, Santa
Cruz Biotechnology), SCM1 (A300-055A, Bethyl) or GFP (3E1, CRUK antibody facility).

Generation of phospho-specific HDAC7 antibody

Phosphopeptide corresponding to pS251 in mHDACS (conserved in mHDAC7 pS178)
PLRKTApPSEPNLKYV was synthesized, coupled to KLH and used to generate a rabbit
antibody specific for anti-phospho-HDAC?7 using standard immunization techniques. The
resulting antisera were screened for antigen reactivity by ELISA and immunoblot analysis
(see Supplementary Figure 4 and data not shown).

Purification of naive T cells

Spleens and lymph nodes were harvested, disaggregated and pooled. CD4*, CD8* or total T
cells were purified by negative selection using, respectively, CD4*-, CD8*- and Pan-T Cell
Isolation kit by magnetic cell sorting (AutoMacs, Miltenyi Biotec).

Retrovirus production and CTL transduction

GFP-HDAC732 was subcloned in to pBMN-Z retroviral vector (Addgene). GFP-HDAC7-
AP triple mutant S178A/S344A/S479A was obtained from the College of Life Sciences
Cloning Service using QuickChange mutagenesis kit (Stratagene) and subcloned in pPBMN
vector. Constructs were verified by sequencing. Retrovirus production and CTL transduction
was performed as described5.

Confocal microscopy

Cells were adhered to poly-L-Lysine (Sigma-Aldrich) coated coverslips, fixed with 4%
paraformaldehyde for 30 min/25°C. When indicated, cells were stained with DAPI
(Invitrogen). Confocal microscopy was performed in Zeiss LSM700 confocal microscope
using an alpha Plan-Fluar 100x objective (numerical aperture 1.45).

Flow cytometry analysis

Cells were stained as described5. CD25-FITC (7D4), CD25-PE (PC61), CD2-PE (RM2-5),
CD69 (H1.2F3), CD5-PE (53-7.3) and IFN-y-APC (XMG1.2) were from BD Pharmingen.
For IFN-vy intracellular staining, cells were TCR stimulated for 4 h in presence of BD-
Golgi-Plug (BD Biosciences), and processed using IC Fixation and Permeabilization buffers
(eBiosciences) following manufacture’s instructions. Data were acquired on a FACSCalibur
(Becton Dickinson) flow cytometer and analyzed using FlowJo software (Treestar).

Affimetrix GeneChip mouse genome array

CTLs retrovirally transduced with GFP-HDACT-AP vector were sorted using a FACS
Vantage (Becton Dickinson) cell sorter to obtain GFP— (control cells) and GFP+ (GFP-
HDACT-AP). Cell sorting was performed in three independent replicates, RNA was
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extracted as described below and microarray analysis was performed by the Finnish DNA
Microarray Centre at the Centre for Biotechnology, Turku, Finland, using GeneChip mouse
genome 430_2.0 array (Affimetrix). Affymetrix Expression Console v1.1 (Affimetrix) was
used to normalise the data. MAS5 normalization was used to select the probes present in at
least one sample and RMA was used to normalize data. Further statistical analysis was
performed using Multiple Experiment Viewer v4.3 (www.TM4.org). 2 fold or more
differences in GFP+ vs GFP- cells were identified with the SAM algorithm50, setting the
90t percentile false discovery rate to 5%. Identification of the annotated genes was
performed using the Database for Annotation, Visualization and Integrated Discovery
(DAVID v6.7)51. The data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus52 and are accessible through GEO Series accession number
GSE27092 (http://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27092).

Quantitative real-time PCR

RNA was extracted using RNeasy Mini kit (QIAGEN) and reverse-transcribed using gScript
cDNA synthesis kit (Quanta BioSciences) according to manufacturer’s protocol.
Quantitative PCR was performed in 96-well plate using iQ SYBR Green based detection on
a Bio-Rad iCycler (Bio-Rad Laboratories). 185 mRNA abundance was used for
normalization and derived values averaged. Primers: 18s-forward: 5'-
ATCAGATACCGTCGTAGTTCCG-3’, 18s-reverse:5’-
TCCGTCAATTCCTTTAAGTTTCAGC-3’, CD25-forward: 5’-
TTTCCTTCTGATCCCTGGGTTTC-3’, CD25-reverse: 5
GATAGAGTTGCTGTTATGTCCTGTG-3’.
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Figure 1.

Analysis of the basal and TCR regulated phosphoproteome in CTLs. P14 LCMV CTLs
differentially labeled in SILAC media were either left unstimulated or triggered via their
TCR with cognate peptide for 1 h. Cells were lysed and phosphopeptide purification using
HILIC/IMAC enrichment was performed as described in Supplementary Methods. The
resulting peptides were analyzed and identified using a LTQ-Orbitrap XL via MaxQuant v.
1.0.13.13. (a) Graphic shows the ratio/ intensity plot of 2,078 phosphopeptides identified in
T cell lysates. TCR downregulated and upregulated phosphorylations are indicated as black
dots. Selected proteins that have been previously shown to change phosphorylation after
TCR stimulation are indicated. (b) All 955 identified phosphoproteins were subjected
Ingenuity Pathway Analysis. The result of the molecular and cellular function analysis is
shown.
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Figure2.

Ingenuity Pathway Analysis of consistent phosphorylations in CTLs. SILAC and HILIC/
IMAC purification protocols were independently performed four times, including amino
acid labeling switch. The isotope combination (unstimulated/stimulated) was as follows:
experiment 1, R10K8/ROKO (Fig. 1), experiment 2, ROKO/R6K®6, experiment 3 and 4,
ROKO/R6KS6 (not shown). CTLs were stimulated for 1 h with cognate peptide in experiments
1, 2 and 3 and for 10 min in experiment 4. Reproducible phosphorylations in three out of
four experiments were considered for analysis. (a) Ingenuity Pathway Analysis of 742
phosphorylations on 473 different proteins found in at least three of the four conducted
SILAC experiments. (b) Ingenuity Pathway Analysis of TCR-regulated 94 phosphorylations
on 78 different proteins consistently found in our screening using 1.5 fold as threshold for
regulation. (c) Representation of the frequency of kinases predicted to be active in CTL
using MaxQuant software analysis. MaxQuant uses a sequence window * 6 amino acids
around the identified phosphorylation site to determine the kinase that could phosphorylate
this motif.
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Figure 3.

Phosphorylated chromatin regulators in CTLs: class 11 histone deacetylase 7 (HDAC?7). (a)
De novo synthesis of the acquired pseudo MS? spectra in one of the four experiments
performed for the three peptides KTVpSEPNLK, KEpSAPPSLR and
pTRSEPLPPSATASPLLAPLQPR. *iny and b ion series indicates loss of phosphate. (b)
Spectral counting of the two detected class 1la HDACs in CTLs, HDAC7 and HDAC4
separately calculated for phosphopeptide enrichment and 14-3-3 affinity purification
screens. Graph represents the averaged spectral counts of the four SILAC experiments +
SEM.
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Figure4.

Subcellular distribution of HDAC7 in CTLs. (a) Immunoblot analysis of CTLs cytosolic and
nuclear extracts treated with peptide (TCR), PDBu (PD) or untreated (=) for 30 min. Anti-
IxBa and anti-SCM1 were included as controls for fraction purity and anti-p-Erk as
activation control. Representative of 3 experiments. (b) Immunoblot analysis of CTLs
retrovirally transduced with GFP-HDACT. (Top) cytosolic and nuclear extracts from GFP-
HDACT transduced (+) or non-transduced (-) were immunoprecipitated and immunoblotted
with anti-GFP. (Middle, bottom), GFP-HDACY transduced CTLs were stimulated with
PDBu (PD), peptide (TCR) or unstimulated (=) for 2h. In middle panel, cytosolic extracts
were immunoprecipitated with anti-GFP and immunoblotted with anti-p-HDACY. In bottom
panel, cytosolic extracts were affinity purified with 14-3-3-sepharose and immunoblotted
with anti-GFP. Data are representative of two experiments. (¢) Immunoblot analysis of
HDACT expression in cytosolic and nuclear extracts of CTLs obtained from OT1 and two
sets of polyclonal, non-TCR-Tg mice (WT). Representative of 2 experiments. (d)
Immunoblot analysis of HDAC7 expression in cytosolic and nuclear extracts of different
populations of naive T cells: CD8* cells from TCR-Tg OT1 mice, polyclonal CD4" and
total T cells from non-TCR-Tg (WT). Representative of 2 experiments. (€) P14-LCMV
CTLs retrovirally transduced with a vector encoding GFP-HDACY chimeric protein were
analyzed by confocal microscopy. Images are representative of ten independent
experiments. (f) GFP-HDACT expressing P14-LCMV CTLs were left untreated (U) or
treated with leptomycin B (L) and stained with DAPI. Images are representative of 3h of
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LMB treatment. First graph represents the percentage of cells with nuclear GFP-HDAC7 at

different time points of LMB treatment. Second graph represents average + SEM after 3h of
LMB (7=7). At least 100 cells were counted in each experiment and time point.

Nat Immunol. Author manuscript; available in PMC 2011 October 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Navarro et al.

Page 19

Trasmitted light GFP-HDAC7-AP b Trasmitted light GFP-HDAC7-AP

DAPI Merge

d
. GFP-HDAC7-AP 20-
0 ‘ —e— GFP-HDAG7

—o— GFP-HDAC7-AP

a
o
1

2
=)
1

cells (x10°)

o
1

T T T T
0 200 400 600 B0 1000

FSC >

T T T T 1
3 4 5 6 7
Time in culture (d)

o

(n=728)

=)

[normalized signal]) _

Signal intensity value

(log,|

=]

-5 0 5
Intensity ratio (log,[fold change])

Figureb.

HDACT nuclear exclusion is required for normal CTL function. P14-LCMV CTLs were
retrovirally transduced with GFP-HDACT7-AP or GFP-HDACTY. In (a) and (b) subcellular
distribution of GFP-HDAC7-AP was analyzed by microscopy. In (b), DAPI staining was
included. Images are representative of 4 experiments. (¢) GFP-HDAC7 and GFP-HDACT7-
AP transduced CTLs were analyzed by flow cytometry. Plots representative of 10
experiments. (d) Cell numbers and GFP expression were assessed daily and represented as
cell number over time. Graph represents average number = SEM of 3 experiments. (€) GFP-
HDACT-AP transduced CTLs were sorted based on GFP expression, and microarray
analysis was performed using Affymetrix GeneChip mouse genome 430_2.0 array
comparing expression profile of GFP-HDAC7-AP (GFP*) and control (GFP~) cells. Graph
shows the distribution of the intensity ratio (log2 fold change, GFP-HDACT7-AP relative to
control) plotted by the average of the normalized intensity values for 23,653 probes
identified as present in at least one sample. Probes with 2 fold change or higher are
represented by black dots (1,457 probes, 993 annotated genes). Grey dots represent probes
with no significant change or fold change below 2 fold (22,196 probes, 11,148 annotated
genes). Using a 2-fold cut, 265 genes show decreased expression in GFP-HDAC7-AP cells,
and 728 genes shown increased expression. Data are accessible through GEO Series
accession humber GSE27092 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE27092).
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Figure6.

HDACT nuclear exclusion is required for expression of the high affinity IL2 receptor. (a)
Relative expression of CD25 mRNA in sorted GFP negative (GFP-) and GFP-HDACT7-AP.
Data shown are an average of three different experiments + SEM (*AU= arbitrary units). (b)
GFP-HDACT7-AP transduced P14-LCMV CTLs were stained for CD25 and analyzed by
flow cytometry. GFP positive and negative cells were electronically gated to compare CD25
expression in both populations. (c) GFP-HDAC7 and GFP-HDACT7-AP transduced P14-
LCMV-CTLs were stained for CD25 and analyzed by flow cytometry. Histograms in b and
c are representative of three independently performed experiments. (d,e) P14-LCMV CTLs
were stimulated with cognate peptide for 4h before assessing surface CD25 and intracellular
IFN-y expression by flow cytometry. (€) Expression of CD25 was electronically gated as in
(d) to compare IFN-y expression. The percentage of IFN-y positive cells in both
populations is represented as an averaged value of four experiments = SEM. (f) IFN-y
production was assessed by intracellular staining in P14-LCMV CTLs expressing GFP-
HDACT-AP or GFP alone after stimulation with peptide for 4h. Data are representative of
three experiments.
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List of kinases predicted to be active and number of sites found consistently (found in at least 3 out of 4

Table 4

Page 26

experiments) phosphorylated in CTL using MaxQuant software analysis. MaxQuant uses a sequence window
+ 6 amino acids around the identified phosphorylation site to determine the kinase that could phosphorylate

this motif.

Kinase Sites
AURORA 8
AURORA-A 19
CAMK2 56
CDK1 21
CDK2 40
CHK1 3
CHK1/2 27
CK1 53
CK2 63
ERK/MAPK 23
GSK3 11
NEKG6 16
NIMA 7
PIM1/2 6
PKA 101
PKA/AKT 67
PKC 3
PKD 14
PLK 3
PLK1 3
Unspecified 198

742
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Table 7

Page 30

Fold change of GFP-HDACT7-AP expressing cells relative to control (GFP negative cells) of selected genes

with cytokine receptor function found in the microarray analysis. *ns= non-significant change.

Gene Symbol Genename Fold change
112ra interleukin 2 receptor, alpha chain;CD25 0.19
Ccls chemokine (C-C motif) ligand 5; RANTES 0.52
Ccl4 chemokine (C-C motif) ligand 4; MIP-1B 0.52
Cd27 CD27 antigen; Tnfrsf7 1.45
116st interleukin 6 signal transducer; CD130 1.86
112rg interleukin 2 receptor, gamma chain; CD132 1.94
112rb interleukin 2 receptor, beta chain; CD122 ns
1l4ra interleukin 4 receptor, alpha; CD124 ns
1l6ra interleukin 6 receptor, alpha; CD126 ns
17r interleukin 7 receptor; CD127 ns
1112rb1 interleukin 12 receptor, beta 1; CD212 ns
1112rb2 interleukin 12 receptor, beta 2 ns
1115ra interleukin 15 receptor, alpha chain ns
Ifngrl interferon gamma receptor 1; CD119 ns
I1fngr2 interferon gamma receptor 2 ns
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