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Abstract

Cytotoxic lymphocyte skill target cells by polarized release of the content of perforin-containing
granules. In natural killer cells, the binding of 3, integrin to its ligand ICAM-1 is sufficient to
promote not only adhesion but also lytic granule polarization. This provided a unique opportunity
to study polarization in the absence of degranulation, and 8, integrin signaling independently of
inside-out signals from other receptors. Using an unbiased proteomics approach we identified a
signaling network centered on an integrin-linked kinase (ILK)-Pyk2—-Paxillin core that was
required for granule polarization. Downstream of ILK, the highly conserved Cdc42—Par6 signaling
pathway that controls cell polarity was activated and required for granule polarization. These
results delineate two connected signaling networks induced upon {3, integrin engagement alone,
which are integrated to control polarization of the microtubule organizing center and associated
lytic granules toward the site of contact with target cells during cellular cytotoxicity.

INTRODUCTION

Integrins bind to extracellular matrix and other proteins to regulate interactions among cells.
They play an essential role in many processes, including cell adhesion, cell cycle, and cell
migration. The high affinity conformation of 1 and j3, integrins is dependent on inside-out
signals delivered by other receptors, which stimulate extension of the aff heterodimer and
exposure of the ligand binding site (1). In turn, integrin binding to ligand transduces outside-
in signals, which contribute tolymphocyte motility, polarity, and adhesion. The 3, (CD18)
family of integrins, present in leukocytes, includes four members associated with different o
chains. CD18 deficiency results in Leukocyte Adhesion Deficiency syndrome type 1 (LAD-
1), with severe abnormalities in adhesion-dependent functions of leukocytes (2). a, B,
(CD11a/CD18, LFA-1), which binds to ICAM-1 and other ICAM molecules, is present in
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lymphocytes. Natural Killer (NK) cells contain also, at a lower abundance, app, (CD11b/
CD18, Mac-1), which binds to ICAM-1 and other ligands.

In cytotoxic lymphocytes, including T cells and NK cells, LFA-1 is essential for firm
adhesion to target cells and for effective cytotoxicity. Adhesion of T cells to endothelial
cells, antigen presenting cells, and target cells relies on inside-out signals (1) from the T cell
receptor (TCR) or chemokine receptors. This dependence on signals from other receptors
has made it difficult to study outside-in signaling by integrins.

In contrast, LFA-1 on primary, resting NK cells binds to its ligands ICAM-1 and ICAM-2 in
the absence of inside-out signals from other receptors (3). Binding of LFA-1 on NK cells to
ICAM-1 provides not only adhesion but is also sufficient to promote the polarization of
perforin-containing granules to the site of contact with cells that carry ICAM-1 (3, 4).
Therefore, NK cells provide a unique opportunity to examine integrin signaling without
interference from signaling by other receptors.

Signals that induce degranulation and granule polarization are uncoupled in NK cells: o
integrin binding to ICAM-1 induces granule polarization, but not degranulation (4), whereas
binding of FcyRIlla (CD16) to 1gG results in Ca2* mobilization and degranulation without
polarization (4). Therefore, NK cells provide also the opportunity to define signals that
promote polarization of lytic granules, independently of degranulation.

We took advantage of these opportunities to study B, integrin signaling in the absence of
degranulation and of inside-out signals from other receptors, and used an unbiased mass
spectrometry approach to identify signaling components in primary NK cells stimulated by
purified ICAM-1. In a previous study, we had observed that stimulation of NK cells by
ICAM-1 resulted in a pattern of protein tyrosine phosphorylation that was surprisingly
similar to that obtained after stimulation by CD16, including phosphorylation of spleen
tyrosine kinase (Syk) and Phospholipase C-y (PLC-y) (5). Therefore, we analyzed NK cells
stimulated in parallel with ICAM-1 and human IgG1, and focused on signals that were
induced selectively by stimulation with ICAM-1. Proteins identified by this approach were
tested for their role in 3, integrin-dependent binding to ICAM-1 and in promoting granule
polarization toward ICAM-1 positive cells.

Biochemical validation of the mass spectrometry results, imaging, and siRNA-mediated
silencing of signaling components demonstrated that an ILK, Pyk2, Paxillin, and RhoGEF7
pathway was required for polarization of the microtubule organizing center (MTOC) and
associated granules toward ICAM-1 positive cells. Distal signals, dependent on ILK, were
transmitted by the GTPase Cdc42 and the microtubular network regulators Par6, APC, and
CLIP-170. The results reveal how 3, integrin can signal on its own, using a highly
conserved signaling pathway that establishes polarity during cell migration, to stimulate
granule polarization in NK cells.
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Components of B, Integrin Outside-In Signaling Identified by Mass Spectrometry

To identify molecules involved in B, integrin signaling in NK cells, tyrosine-phosphorylated
proteins and associated proteins were isolated from lysates of primary NK cells that had
been left unstimulated, or stimulated for 20 min through either ICAM-1, a ligand of 3,
integrins LFA-1 and Mac-1, or human IgG1las a ligand for CD16. Immunoblots of proteins
eluted with phenylphosphate from anti-phosphotyrosine (p-Tyr) mAb pull-downs revealed
induction of tyrosine phosphorylation by both stimulations (Fig. 1A), as previously
described (5). Pooled eluates from several experiments were separated by gel
electrophoresis (fig. S1) and the entire protein content of each sample was analyzed by mass
spectrometry. The complete data set, including spectral counts, and heat maps is available in
Table S1.

Every one of the top 20 proteins, according to the number of spectral counts, in the isotype
control pull-down of NK cell lysates was a component of the actin cytoskeleton (Table S2).
Sequences in the 4G10 pull-down from lysates of IL-2 expanded, unstimulated NK cells
included several molecules expected to be constitutively phosphorylated: Src-family kinases
Lck, Lyn, and Fyn (6), c-Src tyrosine kinase Csk and its adapter Cbp (PAGI), and proteins
in the IL-2 signaling pathway: Janus kinases JAK1 and JAK3, and their substrate Signal
Transducer and Activator of Transcription (Stat5), and the p85 subunit of
Phosphoinositide-3-Kinase (PI-3K) (Table S3).

The samples stimulated by ICAM-1 and human IgG1 were compared, after subtraction of
proteins identified in the isotype control sample and in the 4G10 pull-down of NK cells
incubated on control plates (Fig. 1B). Fourty four proteins were scored as positive in the
ICAM-1 stimulated sample (Fig. 1C and Table S4), and 89 in the 1gG1 stimulated sample
(Table S5). Twenty five of those proteins were identified in both samples (Fig. 1B). This
large overlap was consistent with the phosphotyrosine immunoblots (Fig. 1A). A direct
comparison of samples stimulated with ICAM-1 and 1gG1 identified another 4 proteins
unique to ICAM-1 (Table S6), bringing the total number of proteins unique to the ICAM-1
stimulation to 23 (Fig. 1B). Phosphotyrosine protein complexes stimulated selectively
through CD16 included a number of expected proteins, including TCR  chain, tyrosine
kinase Zeta-chain Associated Protein Kinase of 70kDa (ZAP70), adapter Linker for
Activation of T cells (LAT), guanine exchange factor Vav3 (7), and Munc13-4, a protein
required for fusion of lytic granules with the plasma membrane, which is selectively
recruited to perforin-containing granules in NK cells stimulated by CD16 but not LFA-1 (8).
LAT is phosphorylated selectively after stimulation with CD16 and is not required for
integrin-dependent granule polarization (5). These results provided some confidence in our
approach.

Bioinformatics analysis of the 44 proteins in the ICAM-1 stimulated sample resulted in a
network of 26 proteins and left 18 orphan proteins (Fig. 1C). Analysis of the 23 proteins
unique to ICAM-1 stimulation revealed a much simpler network of 11 proteins and 12
orphan proteins (Fig. 1D). Paxillin (PXN), connected to 7 other proteins, formed the main
node in the network, followed by Pyk2 (PTKZB), with 4 connections. This result validated
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the approach, given that paxillin is required for 3, integrin-dependent granule polarization

).

Signaling Components Required for Integrin-Dependent Granule Polarization

Proteins within the network of proteins that were unique to stimulation with ICAM-1 were
validated by immunoblotting, and tested for their role in NK cellbinding to ICAM-1 and
signaling for granule polarization aftergene silencing. ILKis a large scaffold protein and
forms a stable complex with Pinchl and one of the parvin molecules, which is called the IPP
complex (9). Pinchl (L/MSI) and y-parvin (PARVG) molecules were indeed present in our
analysis. y-parvin, which is presentin leukocytes, controls spreading on fibronectin and cell
polarity for migration (10). To validate the presence of ILK, NK cells were stimulated for 5
and 20 min on control plates and plates coated with ICAM-1 or human 1gG1, and lysates
were immunoprecipitated with 4G10. Samples eluted with phenyl-phosphate were
immunoblotted for ILK. The ILK band intensity was stronger in the ICAM-1 stimulated
sample than in the control stimulation and in the samples stimulated with human 1gG1 (Fig.
2A). This experiment confirmed the mass spectrometry results and provided additional
information. NK cells analyzed by mass spectsrometry had been stimulated for 20 min.
Here, we compared the signal intensity after stimulation for 5 and 20 min. The signal for
ILK after IgG1 stimulation was weaker than after ICAM-1 stimulation at both time points
(Fig. 2A). This result indicated that the difference seen between ICAM-1 and IgG1
stimulation at 20 min, as in the mass spectrometry analysis, was not due to a faster response
during stimulation of CD16, which could have decayed by the 20 min time point.

The role of ILK in the polarization of lytic granules induced by B, integrin was tested by
imaging, after silencing ILK with siRNA (Fig. 2B). As 3, integrin LFA-1 is essential for
adhesion with target cells, we determined if ILK silencing had an effect on the ability of NK
cells to bind to ICAM-1, before testing its effect on granule polarization. ILK silencing had
no effect on the ability of NK cells to form conjugates with insect S2 cells transfected with
ICAM-1 (S2-ICAM-1) (Fig. 2C). Polarization of the MTOC and of perforin-containing
granules toward untransfected S2 cells or S2-ICAM-1 cells was imaged after staining fixed
and permeabilized cells with Abs to perforin and p-tubulin (Fig. 2D). Polarization was
scored as positive only when both the MTOC and the bulk of perforin-containing granules
were in the first quarter of the NK cell diameter, closest to the target cell. Polarization was
abolished after ILK silencing but not after mock transfection or transfection with control
SiRNA (Fig. 2E). We concluded that ILK is either directly tyrosine phosphorylated or
recruited into phosphotyrosine protein complexes in NK cells stimulated through B, integrin,
more so than in NK cells stimulated by CD16, and that ILK is required in the signaling for
granule polarization.

The same approach was used to test the role of y-parvin, Pyk2, Leupaxin (LPXN), and
RhoGEF7 (ARHGEF7?) in B3, integrin-dependent functions. Biochemical validation of the
mass spectrometry data was performed exactly as described for ILK in Fig. 2A. All four
proteins were present in the 4G10 pull-downs after stimulation with ICAM-1 for 5 and 20
min (Fig. 3A). The band intensities were stronger than those in the CD16-stimulated cells at
each time point. After silencing with siRNA (Fig. 3B), conjugation with S2-ICAM-1 cells
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and polarization of MTOC and granules toward synapses formed with S2-ICAM-1 cells
were evaluated. Binding to S2-ICAM-1 cells was unaffected by the silencing of any of the
proteins, except for Pyk2, which caused a small but significant reduction in conjugate
formation (Fig. 3B). In contrast, silencing each of these four proteins significantly inhibited
MTOC and granule polarization toward S2-ICAM-1 cells (Fig. 3B). We concluded that
ILK, y-parvin, Pyk2, Leupaxin, and RhoGEF7 all contribute to the polarization of lytic
granules induced by B integrin upon binding to ICAM-1.

Silencing of Nsp3 (SHZD3C) had no effect on either binding to or granule polarization
toward S2-ICAM-1 cells, and silencing of CasL (NMEDDY) significantly reduced conjugation
with, but had no effect on granule polarization towardS2-ICAM-1 cells, among those NK
cells that had formed conjugates despite CasL silencing (Fig. 3B). These results do not
exclude a role of these proteins in B, integrin signaling. The importance of paxillin in
ICAM-1 stimulated granule polarization in NK cells has been demonstrated previously (5).
Silencing of CD148 (PTPR.J) had no effect on conjugate formation, and caused a small but
significant increase in granule polarization toward S2-ICAM-1 cells. As CD148 is a
receptor-type protein tyrosine phosphatase, which induces dephosphorylation of paxillin
(11), it may dampen paxillin-dependent signals for polarization. The remaining 2 proteins in
the network, Pinchl and Sgk269 (PEAKI) could not be evaluated due to inefficient
silencing with siRNA. Pinch1 may be required for granule polarization, as it is an obligate
member of the IPP complex, and provides IPP protein stability (9). Sgk269 is a pseudo-
kinase involved in the actin cytoskeleton and focal adhesion in migrating cells, via
regulation of paxillin signaling (12, 13). Our analysis has identified a signaling network,
centered around paxillin and ILK (Fig. 4A), which is required for granule polarization
induced by j, integrin.

A Conserved Signaling Pathway for Cell Polarity is Used by B, Integrin to Induce Granule

Polarization

A candidate effector downstream of the paxillin—ILK network is the small GTPase Cdc42,
known as a master regulator of cell polarity (14). Potential connections with Cdc42 include
RhoGEF7, which is a direct Cdc42 activator, and Pyk2, which contributes indirectly to
Cdc4z2 activation by inhibition of a RhoGAP protein (15). Cdc42 activity at NK
immunological synapses oscillates, and this oscillation requires RnoGEF6 and RhoGEF7
(16). The Cdc42 pathway, which controls cell polarity during cell migration and cell
division, is conserved from C. elegansto man. It involves activation of CLIP-170, which
mediates attachment to microtubules (17, 18), and Par6-dependent activation of APC, which
promotes microtubule stability (19). Cdc42 is connected to CLIP-170 through IQGAP1 (Fig.
4A), a large scaffold protein, which contributes to granule polarization in NK cells, but not
in T cells (20). To test the involvement of this pathway (Fig. 4A) in controlling granule
polarization induced by B, integrin, we reduced the abundance of mRNA for Cdc42, Par6,
APC, and CLIP-170 by siRNA (Fig. 4B). Silencing of any one of the four genes had no
effect on conjugate formation with S2-ICAM-1 cells but strongly inhibited MTOC and
granule polarization (Fig. 4C). These results demonstrated that the Cdc42 pathway, known
to control polarity mostly during cell migration and cell division (14, 19), is triggered by o
integrin signaling to control polarization of NK cell granules toward target cells.
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We tested whether the ILK and Cdc42 pathways, required for granule polarization induced
by B, integrin alone, could be bypassed in NK cells that are bound to sensitive human target
cells, which present a multitude of ligands for NK cell receptors. Polarization of MTOC and
granules toward the MHC-I deficient cell line 721.221 was imaged after silencing ILK,
RhoGEF7, Cdc42, APC, and CLIP-170. In all cases, MTOC and granule polarization toward
721. 221 cells was greatly reduced (fig. S2). Therefore, components of the pathway
identified here that were required for polarization toward S2-ICAM-1 cells were also
required in the context of NK cell conjugates with NK-sensitive human cells.

The Cdc42 pathway relies on phosphorylation of kinase GSK3p on Ser® by an a typical
protein kinase C (aPKC), which inhibits GSK3p and reverses its inhibitory effect on APC
(14). Therefore, we tested whether binding of NK cells to ICAM-1 alone was sufficient to
induce GSK3p phosphorylation. Ser® phosphorylation of GSK3B was detected in NK cells
that had been stimulated for 5 or 20 min with ICAM-1 on plates (Fig. 4D). pSer®-GSK3p
was not detected in control cells and was weaker in NK cells stimulated with human 1gG1.
ILK silencing (Fig. 4E) resulted in diminished GSK3B phosphorylation on Ser® in primary
NK cells stimulated with ICAM-1 (Fig. 4, F and G). These data showed that the ILK
pathway controls GSK3pphosphorylation on Ser®.

Distinct Requirements for B- Integrin-Dependent MTOC Polarization and Granule
Convergence to the MTOC

Polarization of lytic granules to cytotoxic immunological synapses requires two distinct
steps: MTOC polarization toward the synapse, and convergence of lytic granules to the
MTOC (21, 22). To use a stringent definition of granule polarization, we have so far defined
it as the combined polarization of MTOC and of granules toward ICAM-1 positive cells. To
delineate the requirements for granule convergence to the MTOC, in the absence of MTOC
polarization, we used the NK cell line KHYG-1, in which granules are constitutively
retained near the MTOC (23). It was therefore possible to examine granule convergence to
the MTOC in KHYG-1 cells in the absence of conjugate formation with target cells.
Furthermore, the large size of KHYG-1 cells facilitated the quantitative measurements of
granule convergence to the MTOC (Fig. 5). Silencing of leupaxin, but not ILK, resulted in
diminished granule retention at the MTOC (Fig. 5, A and B). This result showed that
granule retention near the MTOC is an active process, which was disrupted in the absence of
leupaxin. The proteins required for MTOC and granule polarization in primary NK cells
were silenced in KHYG-1 cells to examine their role in granule convergence to the MTOC.
Leupaxin and Pyk2 silencing reduced the amount of perforin located near the MTOC, and
the fraction of KHYG-1 cells in which granules were retained near the MTOC (Fig. 5, B and
C). CLIP-170 silencing resulted in a significant reduction of perforin density near the
MTOC (Fig. 5, D and E). There was no change in granule retention near the MTOC after
Par6 and APC silencing, and a small but significant reduction after Cdc42 silencing (Fig.
5F). These results showed that Pyk2, leupaxin, Cdc42 and CLIP-170 are required for
granule retention near the MTOC in KHYG-1 cells.

This information, obtained with KHYG-1 cells, suggested that the established role of Pyk2,
leupaxin, Cdc42, and CLIP-170 in granule polarization in primary NK cells bound to

Sci Signal. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 7

ICAM-1 positive cells could be due mainly to their role in granule convergence to the
MTOC, rather than in MTOC polarization. Therefore, we tested whether the inhibition of
granule polarization toward S2-ICAM-1 cells observed after siRNA silencing of these 4
proteins in primary NK cells involved a direct inhibition of MTOC polarization. Pyk2,
leupaxin, Cdc42, and CLIP-170 silencing in primary NK cells resulted in strong inhibition
of MTOC polarization (Fig. 6A). We concluded that these four proteins contribute to both
granule convergence to the MTOC and MTOC polarization.

The fraction of NK cells conjugated with S2-ICAM-1 cells in which the MTOC was
polarized (75% + 6%) was greater than that of NK cells in which granules had converged to
the MTOC (39% = 6%). To test whether this was due top referential signaling by f, integrin
for MTOC polarization, or to an intrinsic property of granule polarization, we examined the
contribution of CD16 to these two processes by mixing NK cells with S2 cells coated with
anti-S2 rabbit serum. Stimulation of CD16 with rabbit 1gG on S2 cells induced MTOC
polarization in a smaller fraction of NK cells (33% % 7%) than stimulation by S2-ICAM-1
cells (75 % =+ 6), and rabbit IgG did not enhance MTOC polarization toward S2-ICAM-1
cells (Fig. 6B). Furthermore, CD16 stimulation with rabbit 1gG induced granule
convergence to the MTOC in 46% + 8% of NK cells, and enhanced granule convergence to
S2-1ICAM-1 cells from 39% + 6% to 76% * 12% of NK cells (Fig. 6B). Therefore, signaling
by B, integrin is sufficient for strong MTOC polarization, and for partial granule
convergence to the MTOC. We conclude that granule convergence to the MTOC and
MTOC polarization have overlapping but distinct signaling requirements, that 3, integrin
contributes to both processes, and that 3, integrin signaling is sufficient for strong MTOC
polarization.

B2 Integrin—-ILK Complexes at the Synapse with ICAM-1 Positive Cells

ILK has been linked to §1 and B3, but not 3, integrin (9). Recruitment of ILK to synapses
formed by NK cells bound to S2-ICAM-1 cells was tested by immunofluorescence with
fixed and permeabilized cell conjugates. Accumulation of ILK at the synapse, where LFA-1
was also accumulated was evident in most of the synapses (fig. S3). To test whether ILK
was recruited to close proximity with p, integrin, proximity ligation assays (PLA) were
performed, using a rabbit polyclonal serum to the cytoplasmic tail of CD18 in combination
with mAbs to other molecules. PLA give positive signals if two DNA strands, each one
attached to a different secondary Ab, are within 30 nm of each other (24). Two proteins
within this range are either confined in the same tight space or associated to the same
molecular complex. As positive control for the PLA, association of the B, integrin tail with
talin (25) was examined. PLA signals were evident in NK cells mixed with untransfected S2
cells, and were not polarized toward S2 cells (Fig. 7, A and B). A greater number of PLA
signals were detected in NK cells mixed with S2-ICAM-1 cells, and 64% of them were
polarized toward the synapse (Fig. 7, A and B). Therefore, this assay detected the
constitutive association of talin with the p, cytoplasmic tail, and showed an enhanced
association when 3, integrin bound to ICAM-1. PLA with a mAb to ILK showed a few
signals in NK cells mixed with S2 cells, and a greater number of signals in NK cells mixed
with S2-ICAM-1 cells, 76% of which were polarized to the synapse (Fig. 7, A and B).
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These results suggested that ILK was actively recruited to close proximity of 3, integrin
when NK cells bound to ICAM-1.

To validate the specificity of the method, we examined association of the 3, cytoplasmic tail
with other molecules. PLA with a mAb to Cdc42 gave almost no signal in NK cells mixed
with S2 or S2-ICAM-1 cells, indicating that the rabbit polyclonal serum to the cytoplasmic
tail of CD18 did not give spurious PLA signals with mouse 1gG (Fig. 7, A and B). As a
positive control for the mAb to Cdc42, PLA was performed with a rabbit polyclonal serum
to the Wiscott-Aldrich Syndrome protein (WASp). Cdc42-GTP binds to WASp after
activation of T cells through the TCR (26). NK cells were also stimulated through CD16 by
rabbit anti-S2 cell serum. First, we showed that rabbit IgG at the surface of S2 cells did not
result in PLA signals when combined with a mAb to intracellular Cdc42 (Fig. 7B and fig.
S4). Interestingly, PLA signals for Cdc42-WASp interaction were detected after stimulation
of NK cells through CD16 but not 3, integrin alone (Fig. 7, A and B). Furthermore, the
presence of ICAM-1 did not enhance the Cdc42-WASp association induced by CD16 (Fig.
7, A and B). This result provided the positive control we were seeking for the mAb to
Cdc42, and suggested that the role of Cdc42 in the granule polarization induced in NK cells
bound to ICAM-1 did not require Cdc42-WASp association. It also confirmed that signals
through B, integrin (leading to granule polarization) and through CD16 (resulting in
degranulation) are clearly distinct in NK cells (4). These results showed that ILK is actively
recruited to immunological synapses formed by NK cells bound to ICAM-1, as part of a 5,
integrin outside-in signaling complex.

We showed previously that granule polarization and paxillin phosphorylation induced by o
integrin binding to ICAM-1 were blocked by an inhibitor of tyrosine kinase Syk (5). We
tested whether ILK recruitment to B, integrin was proximal or distal to Syk activity. The
proximity of ILK and B, integrin was tested after Syk inhibition and Syk silencing using
SiRNA. PLA signals for 3, integrin and ILK in NK cells bound to S2-ICAM-1 cells were
completely blocked by the Syk inhibitor, and partially but significantly blocked by siRNA-
mediated Syk silencing (Fig. 7C). These results showed that the B, integrin—ILK pathway is
dependent on tyrosine kinase Syk.

DISCUSSION

To study ligand-induced signaling by an integrin, without the complication of inside-out
signals from other receptors, we took advantage of the ability of human NK cells to bind
ICAM-1 directly via B, integrin. As this interaction controls polarization of lytic granules,
we had an opportunity to determine signals required for this polarization. We performed an
unbiased mass spectrometry analysis of proteins that were tyrosine phosphorylated or
associated with tyrosine phosphorylated proteins in primary NK cells bound to ICAM-1.
The impetus behind this approach was that B, integrin binding to ICAM-1 induces strong
overall protein tyrosine phosphorylation in primary NK cells, similar to that induced by
binding to human 1gG1, a ligand for CD16 (5). This similarity is surprising, given that
binding to IgG1 leads to degranulation but not granule polarization (4). To narrow the focus
on proteins that are unique to 3, integrin signaling, proteins identified in unstimulated NK
cells, as well as in NK cells stimulated through CD16, were subtracted from the proteins

Sci Signal. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 9

identified in the ICAM-1 stimulated sample. A signaling network emerged from a
bioinformatics analysis.

Six proteins (ILK, Paxillin, Pyk2, y-parvin, Leupaxin, and RhoGEF7) in the network clearly
contributed to polarization, while silencing of others (e. g. CasL, Nsp3, and CD148) did not
impair polarization. Except for CasL, silencing each one of these proteins had no effect on
ICAM-1 dependent adhesion, ruling out defective adhesion as a cause of impaired
polarization. The presence of Pyk2 and RhoGEF7 pointed to the conserved Cdc42—-Par6
pathway for cell polarity as a potential downstream effector (27, 28). All four of the tested
components of this pathway (Cdc42, Par6, APC, and CLIP-170) were required for
polarization. In addition, GSK3p phosphorylation on Ser®, which results in APC activation
in the Cdc42—-Par6 pathway, occurred in NK cells bound to ICAM-1, and was dependent on
ILK. Thus, we have identified and connected two pathways required for granule polarization
induced by B, integrin. The strengths of this study are the specific focus on independent
signaling by an integrin, the reliance on an unbiased proteomics approach, and the
integration of several protein networks into two connected pathways. Several studies have
implicated a number of individual proteins in granule polarization in cytotoxic lymphocytes,
but not in the specific context of integrin-dependent signals (20, 29). It is remarkable that
engagement of an integrin by its ligand is sufficient to trigger an entire program for granule
convergence to the MTOC, followed by MTOC relocation to the site of integrin
engagement.

Despite its name, ILK was not an obvious candidate for signaling by B, integrin. It has been
linked to 1 and B3 integrin, and to the associated kindlin-2, but not to B, integrin or to the
associated kindlin-3 (9, 25). ILK is a pseudokinase and a large scaffold protein that regulates
several integrin-dependent processes, from cell attachment in C. elegans to polarity of
mammary epithelial cells (9, 30). Here, we provide evidence for Syk-dependent ILK
recruitment to f3, integrin upon binding to ICAM-1 and for a functional role of ILK in 3,
integrin-dependent granule polarization in human NK cells.

MTOC polarization in T cells requires Cdc42 activity and it is well established that activated
Cdc42 binds WASP to regulate actin remodeling in T cells (31). However, in NK cells, the
contribution of Cdc42 to B, integrin signaling for polarization may not occur through
WASD, as a Cdc42-WASp association was detected only after stimulation with CD16, and
not with B, integrin. Paxillin is a cytoskeletal scaffold protein with multiple interaction
domains, which contributes to 3, integrin-dependent granule polarization in NK cells (5). In
T cells, paxillin localizes to the peripheral region of the immunological synapse, binds to
microtubules, and contributes to MTOC reorientation (32). Therefore, paxillin may also
provide a connection with the microtubular network in NK cells stimulated by B, integrin.

Pyk2 phosphorylation in NK cellsis induced by engagement of 3, integrin, but not CD16 (5,
33), and Pyk2 contributes to MTOC polarization in NK cells stimulated by sensitive target
cells (33, 34). We show here that Pyk2 is also required for granule polarization induced by
[, integrin on its own. Little is known about leupaxin function, besides suppression of
paxillin phosphorylation in fibronectin-induced focal adhesions (35) and negative regulation
of BCR signaling and adhesion in B cells (36). These negative regulatory roles of leupaxin
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are in contrast to the combined requirement of paxillin and leupaxin for 3, integrin
dependent granule polarization in NK cells.

Our study has also contributed to the understanding of granule convergence to the MTOC,
the requirements for which differ in NK cells and T cells. Stronger TCR signals are required
for granule convergence than for MTOC relocation to the immunological synapse (37, 38).
In contrast, in NK cells, convergence occurs rapidly and precedes MTOC polarization (39).
This convergence is dependent on Src-family kinase activity and LFA-1 (39). Here we show
that Pyk2, leupaxin, and CLIP-170 are also required for integrin-dependent granule
convergence. While convergence is induced by signals from either CD16 or B, integrin, it is
clearly enhanced when both receptors are engaged. In contrast, B, integrin signaling is
sufficient to promote maximal MTOC polarization, independently of CD16.

TCR signaling induces granule polarization through the classical Lck, ZAP70, LAT and
SLP-76 pathway (40). TCR signaling provides also strong inside-out signals to LFA-1, and
co-engagement of LFA-1 with TCR enhances granule polarization (41, 42). However, it is
not known whether LFA-1 receives TCR inside-out signals merely to promote adhesion, or
provides essential signals for polarization, as it is difficult to disentangle inside-out signals
to LFA-1 from outside-in signals for polarization. The unique ability of LFA-1 to stimulate
granule polarization in NK cells but not in T cells may be due simply to its independence
from inside-out signals. Alternatively, LFA-1 may be connected to different signaling
complexes in NK cells and in T cells. The data presented here provide a framework to begin
to address this question. Towards this end, NK cells have proven useful in the analysis of
outside-in signaling by LFA-1 independently of other signals. In conclusion, this work has
revealed a greater signaling capacity of 8, integrin than previously appreciated, and
identified two connected signaling networks that control integrin-dependent granule
polarization in NK cells.

MATERIALS AND METHODS

Cells

Primary human NK cells were isolated and expanded as described (5) with minor
modification. Briefly, NK cells isolated from peripheral blood using negative NK selection
kit (Stemcell Technologies Inc., Vancouver BC, Canada), were cultured with irradiated
autologous peripheral blood leukocytes at 37°C and 5% CO, for 1 week in serum-free
OpTmizer T cell expansion medium (GIBCO) supplemented with 10% purified human IL-2
(Hemagen Diagnostics), 100 U/ml recombinant human IL-2 (National Cancer Institute-
FCRDCM, Frederick MD, USA) and 5 pg/ml PHA (Sigma-Aldrich). NK cells were then
expanded in the same medium without PHA and feeders, and used after 4 to 5 weeks.
KHYG-1 cells were cultured in RPMI11640 supplemented with 10% FBS (Atlanta
biologicals, Lawrenceville GA, USA), 100 U/ml recombinant human IL-2 and 50 pM 2-
Mercaptoethanol (Sigma) at 37°C and 5% CO». Culture and transfection of Drosophila
Schneider line 2 (S2) cells were performed as described (43, 44).

Sci Signal. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Reagents

Page 11

PKHG67 green was from Sigma. Colloidal blue was from Invitrogen. Syk inhibitor Il (2-(2-
Aminoethylamino)-4-(3-trifluoromethylanilino)-pyrimidine-5-carboxamide) was from EMD
Biosciences. 4G10-conjugated agarose was from Millipore. His-tagged mouse ICAM-1 was
prepared as described (5). Primer sequences for Real-time RT-PCR (Table S7) were from
PrimerBank (http://pga.mgh.harvard.edu/primerbank) and were synthesized by IDT. All
antibodies used are listed in Table S8.

NK Cell Stimulation and Isolation of Phosphotyrosine Protein Complexes

Primary NK cell stimulation using purified ICAM-1 or human 1gG1, were performed as
described (5). Briefly, 10 pg/ml purified ICAM-1 or purified human 1gG1 were coated on 10
cm diameter Petri dishes overnight at 37°C in 5 ml of 50 mM sodium carbonate solution, or
same Petri dishes treated with 5 ml of 50 mM sodium carbonate solution without protein
overnight at 37°C as control, washed twice with PBS, blocked with 5% BSA in PBS at 4°C
for 30 min, and washed twice with PBS. NK cells were collected, washed with PBS, and
suspended in cold serum-free IMDM. 5 ml of twenty million NK cells were added per dish.
The dishes were placed at 4°C for 15 min, and incubated at 37°C for 5 or 20 min. Cells were
collected and lysed in 1 ml lysis buffer for each dish (50 mM Tris, 150 mM NaCl, 10 mM
Sodium Pyrophosphate, 1 mM Phenylmethylsulfonyl Fluoride, 1 mM Sodium
Metavanadate, 2 mM Sodium Fluoride, 0. 5% Triton X-100 and protease inhibitor cocktail
(Roche)). Dishes were rocking at 4°C for 10 min. Lysates were collected and nuclei were
removed by a 10 min centrifugation at 16,100x g. Cell lysates were incubated with agarose-
conjugated 4G10 or isotype control IgG2b mAb for 1 hour at 4°C, washed three times with
lysis buffer, and bound proteins were eluted with 100 mM sodiumphenyl phosphate in PBS,
via rotating for 1 hour at 4°C and centrifuging 16,100x g for 1 min at 4°C. The eluted
samples were resolved by gel electrophoresis and transferred to PVDF membrane and
immunoblotted, as described (5). Samples for mass spectrometry analysis were scaled up to
280 million NK cells for each stimulation condition, and eluates from 5 independent
experiments with NK cells from different individuals were pooled and concentrated with
Amicon Ultra Centrifugal Filters (3K) (Millipore) prior to gel electrophoresis. The gel was
stained with colloidal blue (fig. S1), and destained with water. Each lane was cut into 7
slices and sent for mass spectrometry analysis.

Mass Spectrometry Analysis

Peptide sequence analysis was performed by microcapillary reverse-phase HPLC nano-
electrospray tandem mass spectrometry (ULC/MS/MS) on a Thermo LTQ-Orbitrap mass
spectrometer. The instruments are capable of acquiring individual sequence (MS/MS)
spectra online at high mass accuracy (<2 ppm) and sensitivity (<1 femtomole) for multiple
peptides in the chromatographic run. These MS/MS spectra are then correlated with known
sequences using the algorithm Sequest developed programs (45-47). MS/MS peptide
sequences are then reviewed for consensus with known proteins and the results confirmed
for fidelity.
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Silencing by siRNA
siRNA oligonucleotides (Table S9) were synthesized by Dharmacon. Five million primary
NK cells or 2 million KHYG-1 cells were transfected by electroporation with 300 pmol
SiRNA duplexes in 0. 4 ml of complete culture medium in 0.4 cm gap cuvettes (Bio-Rad,
Hercules, CA), and pulsed once for 15 msat260 V with a BTX electroporator (EMC830,
Harvard Aparatus). Electroporated cells were transferred into pre-warmed complete culture
media, and incubated at 37°C and 5% CO». Forty-eight hours later, electroporation of
SiRNA was repeated. Cells were used 48 hours later. Real-time PCR or scans of
immunoblots were used to quantitate silencing. Immunoblots were developed with
SuperSignal West Substrate (Thermo Scientific). Images were acquired and analyzed with
FluorChem-Q imager (Protein Simple) and Alpha View software (version 3. 3).

S2-ICAM-1 Conjugation Assay

Conjugation of NK cells with S2 or S2-ICAM-1 cells was performed as described with
minor modification (3, 48). Briefly, S2 cells were suspended in HBSS with 5% FBS, and
mixed with PKH67 Green stained NK cells in a ratio of 4x10° to 1x10°. Cells were
centrifuged at 20 g for 3 min, incubated at 37°C for 20 min, fixed with 4%
paraformaldehyde, and analyzed by flow cytometry according to PKH67 Green and side
scatter scale.

Confocal Microscopy Analysis

Image analysis of NK-S2 cell contacts was as described (49) with minor modification.
Briefly, S2 or S2-ICAM-1 cells were washed with PBS and incubated on poly-L-lysine-
coated slides. After washing, NK cells were added, centrifuged at 20 g for 3 min, incubated
at 37°C for 20 min, and fixed with IC Fixation Buffer (eBioscience) and permeabilized with
Permeabilization Buffer (eBioscience). For polarization assays, cells were stained with anti-
perforin mouse 1gG2b mAb and anti-B-tubulin mouse 1gG1 mAb, and revealed with isotype-
specific Alexa Fluor 488- and Alexa Fluor 647-conjugated secondary antibodies
(Invitrogen). For staining of ILK and CD11a, fixed slides were stained with a mouse 1gG2b
mADb to ILK and a rabbit 1gG mAb to CD11a, and revealed with Alexa Fluor 488- and Alexa
Fluor 647-conjugated secondary antibodies. KHY G-1 cells were incubated on poly-L-
lysine-coated slides for 30 min, fixed, permeabilized, stained with anti-perforin and anti-p-
tubulin Abs, and revealed with Alexa Fluor-conjugated secondary antibodies. Images were
acquired on a Zeiss LSM780 Meta Confocal microscope and analyzed using Zeiss 2010
software. Differential interference contrast (DIC) images were collected simultaneously with
the fluorescence. Multi-track acquisition was used to avoid crosstalk between different
fluorophores.

Proximity Ligation Assay

Proximity ligation assay kits were from Olink Bioscience. NK cells and S2 or S2-ICAM-1
cells were co-incubated, fixed, permeabilized, and stained with two primary Abs (one rabbit
IgG and amouse 1gG, each one specific for a different protein), as described above. The
slides were washed and incubated with PLA probes (secondary Abs coupled to DNA), and
DNA was ligated and amplified following the supplier’s instructions. Slides were analyzed
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under confocal microscope and scored for the number of discrete PLA signals. PLA give
positive fluorescent signals if the two DNA strands, each one attached to a different
secondary Ab, are within 30 nm of each other (24). Two proteins within this range are either
confined in the same tight space or associated to the same molecular complex.

Statistical Analysis

Each graph was generated from at least three independent experiments. For normally
distributed data, mean+SEM was shown unless otherwise stated. Individual data between
two groups were analyzed by two-tailed Student’s t test, and multiple groups were
statistically analyzed by one-way analysis of variance (ANOVA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Components of B> Integrin Outside-In Signaling Identified by Mass Spectrometry
(A) Anti-phosphotyrosine (pY) immunoblot of samples used for mass spectrometry analysis.

Tyrosine phosphorylated proteins and associated proteins were pulled-down with mAb
4G10 (pY) or isotype control IgG2b mAb MOPC141 (C) from lysates of primary NK cells
stimulated on plates for 20 min with BSA only (=), ICAM-1, and human IgG1, as indicated.
Samples were eluted with sodium phenyl phosphate, run on SDS-PAGE, and immunoblotted
with mAb 4G10. (B) Venn diagram of the number of proteins identified by mass
spectrometry in the samples stimulated with ICAM-1 or human IgG1, after subtraction of
proteins in the control samples. Selection criteria are described in Table S4 to S6. (C)
Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com) of the proteins identified in
the sample stimulated with ICAM-1 (Table S4). The intensity of the red color indicates the
score from mass spectrometry analysis. (D) Network analysis of the 23 proteins in the
sample stimulated with ICAM-1 that had higher scores than the sample stimulated with
human 1gG1 (Table S6).
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Fig. 2. ILK is Required for Granule Polarization Toward S2-ICAM-1 Cells
(A) Primary NK cells were stimulated with BSA only (=), ICAM-1, or human IgG1 for 5

and 20 min, as indicated. Cell lysates were immunoprecipitated with isotype control 1gG2b
agarose or with 4G10-agarose. Samples eluted with sodium phenyl phosphate (Top panel)
and total cell lysates (Bottom panel) were immunoblotted with anti-ILK mAb. (B) ILK
mRNA abundance 48 hours after silencing with siRNA, relative to ILK mRNA in cells
treated with control (Ctrl) siRNA. Data shows 3 experiments with mean + SD. (C)
Conjugateformation of NK cells with S2 and S2-ICAM-1 cells after ILK silencing. Cells
were either mock transfected or transfected with control (Ctrl) or ILK siRNA. Data shows 3
experiments with mean = SD. (D) Representative images of MTOC and granule polarization
toward S2 or S2-ICAM-1 cells. Cells were fixed, permeabilized and stained with mAb to
perforin (1gG2b) and B-tubulin (IgG1) followed byisotype-specific Alexa Fluor 488-
conjugated and Alexa Fluor 647-conjugatedsecondary antibodies. Scale bar = 5 um. (E)
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Quantitative analysis of MTOC and granule polarization toward S2 and S2—-ICAM-1 cells in
NK cells treated as in (C). nrepresents individual NK-S2 cell contacts.
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Fig. 3. Signaling Components Required for B, Integrin-Dependent Granule Polarization
(A) NK cells treated as in Fig. 2A were tested for the presence of y-parvin, Leupaxin, Pyk2

and RhoGEF?7 in tyrosine-phosphorylated protein complexes. Representative immunoblots
of 3 to 5 experiments are shown. (B) mRNA abundance, conjugate formation with S2—-
ICAM-1 cells, and MTOC and granule polarization, as indicated, of NK cells after silencing
of the indicated genes by siRNA. (Pyk2 protein was monitored by immunoblot.) Data are
shown as percent of control siRNA. Conjugation with S2-ICAM-1 cells varied from 32% to
38%, and MTOC and granule polarization varied from 34% to 38% in the controls. Graphs
show mean + SEM from 3 experiments. *p<0.05, **p<0.01.
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Fig. 4. A Conserved Signaling Pathway for Cell Polarity is Used by Bo Integrin to Induce
Granule Polarization

(A) Potential pathway for B, integrin-dependent granule polarization in NK cells. Molecules
in blue have been identified by mass spectrometry. Cdc42, known as a master regulator of
microtubule-dependent cell polarity, can be activated by RhoGEF7 and Pyk2. Cdc42
controls cell polarity through both CLIP-170 and APC. Interactions in the diagram indicate
direct binding (circles), activation (arrows), indirect activation (dashed arrow), or inhibition
(cross bar), according to Ingenuity Pathway Analysis. (B) mMRNA abundance after silencing
of the indicated proteins. (C) Conjugation with S2-ICAM-1 cells and MTOC and granule
polarization after silencing of the indicated proteins. Conjugation varied from 30% to 36%,
and MTOC and granule polarization varied from 33% to 37% in the controls. Graphs show
mean + SEM from 3 experiments. **p<0.01. (D) Primary NK cells stimulated with BSA
only (=), ICAM-1, or human IgG1 for the indicated times. Cell lysates were immunoblotted
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with antibodies to Ser® phosphorylated GSK3p, total GSK3p, and actin. (E) ILK abundance
monitored by immunoblot after silencing with siRNA. (F) After stimulation with BSA only
(-) or ICAM-1 for 5 min, lysates were immunoblotted as in (D). (G) Intensity of GSK3[3
Ser? phosphorylation, relative to phosphorylation in siRNA controls. Squares, triangles, and
diamonds represent data from, from 3 independent experiments. **p<0.01.
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Fig. 5. Convergence and Retention of Granules at the MTOC Require Leupaxin, Pyk2, and
CLIP-170

(A) Staining of perforin and B-tubulin in KHYG-1 cells after ILK or Leupaxin silencing.
The contours in the merged panel of the control indicate a 7.5 um circle centered over the
MTOC (a), and the whole cell (b). (B) Fraction of perforin located near the MTOC relative
to perforin in the whole cell after ILK or Leupaxin silencing. (C) mMRNA abundance and
fraction of cells with perforin near the MTOC after silencing of the indicated genes. (*Pyk2
abundance was monitored by immunoblot.) The fraction of NK cells in which perforin was
near the MTOC in the controls (control siRNA) varied from 71% to 78%, and is set to 100%
for each experiment. Graphs show mean = SEM from 3 experiments. **p<0.01. (D-F)
KHYG-1 cells analyzed after silencing of the indicated genes, exactly as described for A-C.
The fraction of NK cells in which perforin was near the MTOC in the controls (control
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SiRNA) varied from 71% to 78%, and is set to 100% for each experiment. Graphs show
mean + SEM from 3 experiments. *p<0.05, **p<0.01.
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Fig. 6. B> Integrin Signaling Controls MTOC Polarization and Granule Convergence to the

MTOC

(A) Distance of the MTOC in NK cells from the site of contact with S2 or S2-ICAM-1 cells,
relative to the cell diameter, after silencing of the indicated genes. Each dot represents a
measurement from a single cell. The graph shows the median from measurements collected
in 3 experiments. N. s., not significant; *p<0.05; **p<0.01. (B) Polarization of the MTOC
toward S2 and S2-ICAM-1 cells and granule convergence to the MTOC, as indicated, were
scored in the absence or presence of an anti-S2 rabbit serum. A minimum of 34 conjugates

were analyzed.
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Fig. 7. Proximity of B Integrin with ILK at the Site of Contact with S2-ICAM-1 Cells
(A) PLASs were performed with primary NK cells mixed with S2 or S2-ICAM-1 cells for 20

min, fixed, permeabilized, and incubated with rabbit polyclonal Abs to the CD18
cytoplasmic tail or to WASp, together with mouse mADbs to talin, ILK, or Cdc42, as
indicated on the left. In the last two panels, S2 and S2-ICAM-1 cells were pre-loaded with
rabbit anti-S2 serum. (B) Quantitative analysis of PLAs. Each dot represents an NK cell. A
minimum of 19 contacts with S2 cells and 22 contacts with S2—-ICAM-1 cells were
analyzed. The combination of S2 cells and Abs used are indicated below the graph. The
fraction of PLA signals that were polarized toward S2 cells is indicated at the bottom of
each column. (C) PLAs for CD18 with ILK in NK cells treated with 1 pM Syk inhibitor 11,
or with Syk siRNA, as indicated. A minimum of 19 contacts with S2 cells and 26contacts
with S2-ICAM-1 cells were analyzed. **p<0.01.
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