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Abstract

Endosomes are emerging as specialized signaling compartments that endow receptors with distinct
signaling properties. The diversity of endosomal signaling pathways and their contribution to
various biological responses is still unclear. CD158d is an endosome-resident, killer cell 1g-like
receptor (KIR2DL4) in natural Killer cells that stimulates release of a unique set of pro-
inflammatory and pro-angiogenic mediators in response to soluble HLA-G. We identify here the
CD158d signaling cascade. In response to soluble agonist antibody or soluble HLA-G, signaling
by CD158d was dependent on activation of NF-xB and Akt. CD158d associated with DNA-PKcs,
promoted Akt recruitment to endosomes, and induced DNA-PKcs-dependent Akt phosphorylation.
The sequential requirement for DNA-PKcs, Akt, and NF-xB in signaling by receptor CD158d
delineates a new endosomal signaling pathway for a pro-inflammatory response.

INTRODUCTION

The classical view on the mechanism of transmembrane receptor signaling involves ligand
binding and activation at the plasma membrane (PM), which initiates downstream signaling
events. Most signals are terminated rapidly by negative feedback or by receptor
internalization. This view is being challenged, however, with evidence indicating that
signaling can not only continue after endocytosis, but can also be amplified in endosomal
compartments (1, 2). Furthermore, some receptors may even initiate signaling in endosomes
in the absence of signaling at the PM. Sorting to endosomes provides both spatial and
temporal regulation, as well as platforms for the assembly of signaling complexes that can
be distinct from those at the PM, thereby permitting unique signaling outcomes. Moreover,
signaling in endosomes is generally more sustained (minutes to hours) than the typically
transient signaling at the PM (seconds to minutes). Thus, the residence of receptors in
endosomes can affect the duration, the strength, and the outcome of the signals they generate
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Examples of receptors that signal sequentially at the plasma membrane and in endosomes
following internalization include growth factor receptors, such as epidermal growth factor
receptor (EGFR) and nerve growth factor receptor (TrkA) (4). In these well-studied
examples, unique endosomal scaffolds and adaptors mediate sustained signaling via PI13K
and MAPK pathways. Compartmentalization of signal transduction by such receptors on the
cell surface or in endosomes determines the choice of physiological fate, such as cell
proliferation or differentiation (5). In addition, some cells of the immune system express
members of the Toll-like receptor (TLR) family, such as TLR3, TLR7, and TLR9, which
signal in endosomes. Other TLR family members signal from the PM. Regardless of the
location of TLRs, recognition of pathogen-associated molecular patterns (PAMP) by these
receptors leads to the activation of MyD88- and TRIF-dependent pathways for NF-xB and
MAPK activation, resulting in pro-inflammatory cytokine responses and production of Type
| interferon (6).

CD158d represents a new class of receptor that resides in, and signals primarily from
endosomes (7). CD158d is the KIR2DL4 member of the killer cell 1g-like receptor (KIR)
family and is expressed in all natural killer (NK) cells and in some T cells. In contrast to
other KIR family members, CD158d has both a cytosolic immunoreceptor tyrosine-based
inhibition motif (ITIM) and a charged residue in the transmembrane region via which it can
associate with the FcRy chain (8). Several members of the KIR family bind to major
histocompatibility complex (MHC) class | molecules and inhibit NK and T cell effector
functions such as cytokine secretion and cytotoxicity (9). CD158d binds to the non-classical
class I molecule HLA-G (10). Activation of human, resting NK cells by CD158d induces
cytokine secretion, but not cytotoxicity (10, 11). CD158d, unlike other KIRs, resides in
Rab5-positive early endosomes and signals from this intracellular location (7). Soluble
ligand (soluble HLA-G or an Fab to CD158d) was endocytosed by CD158d and induced a
unique pro-inflammatory and pro-angiogenic response, distinct from the response of resting
NK cells to a cell surface activation receptor such as CD16 (7). The transcriptional response
to CD158d signals was up-regulation of cytokines such as IL-18, IL-6, TNF-a, and IL-23,
and chemokines such as IL-8, MIP-3a, MIP-18, and MIP-1a. This response is independent
of the association of CD158d with the FcR vy chain (7).

How CD158d signals from endosomes is not known. The physiological relevance of
endosomal signaling by CD158d is highlighted by the restricted expression of its ligand,
soluble HLA-G, by fetal trophoblast cells that invade the maternal decidua during early
pregnancy (12). Thus, endocytosis of soluble HLA-G by CD158d on NK cells (7) at the
implantation site may lead to sustained expression of an array of pro-inflammatory and
proangiogenic factors, which may promote vascular remodeling. Such remodeling of the
maternal vasculature, which occurs over the first twelve weeks of pregnancy, is essential to
establish sufficient blood supply for the fetus (13).

Here we identify a new endosomal signaling pathway used by the receptor CD158d. Unlike
PI3K- and MAPK-dependent pathways used by activation receptors at the cell surface, and
by growth factor receptors or TLRs in endosomes, CD158d engagement initiates a distinct

serine-threonine kinase cascade that links to NF-xB activation and subsequent cytokine and
chemokine secretion.
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Determinants of endosomal localization and signaling for CD158d

Previous work has shown that expression of CD158d in the human embryonic kidney cell
line 293T cells results in proper targeting of CD158d to endosomes and in constitutive
secretion of the chemokine IL-8 (7). The cytoplasmic tail of CD158d is required for
signaling but not for endosomal targeting (7). Secretion of IL-8 by transfected 293T cells
was used as readout for CD158d signaling. Mutant and chimeric versions of CD158d (Ref.
7, and this study) were tested for their endosomal localization and their ability to induce
IL-8 secretion. 293T cells were transfected with CD158d, gp49B (an irrelevant ITIM-
containing cell surface receptor, LILRB4), or chimeras of CD158d and gp49B (Fig. 1A).
The chimeric receptors consisted of either the extracellular portion of CD158d fused to the
transmembrane and cytoplasmic tail of gp49B (Fig. 1A), denoted CD158d/gp49B, or the
reverse chimera gp49B/CD158d (7). As determined by confocal microscopy, gp49B/
CD158d was expressed at the cell surface (7 and Fig. 1B), implying a role for the
extracellular domain of CD158d in targeting to endosomes. As shown with CD158d/gp49B,
the extracellular domain of CD158d was sufficient for endosomal targeting (Fig. 1B).
CD158d/gp49B was targeted to the same endosomal compartment as wild-type CD158d
(Fig. S1), as shown by colocalization of CD158d-gfp and HA-tagged CD158d/gp49B.
Neither one of the chimeric receptors was able to induce IL-8 secretion in 293T cells;
crosslinking gp49B/CD158d at the PM does not elicit signaling (7) and CD158d/gp49B is
unable to signal in endosomes, as it lacks the cytoplasmic tail of CD158d, which is required
for signaling (Fig. 1C). Thus, the extracellular domain of CD158d controls endosomal
localization and the receptor signals from endosomes.

NF-xB activation is required for signaling by CD158d

Inflammatory responses are often triggered through NF-xB signaling (14). We therefore
tested the involvement of NF-xB in endosomal signaling by CD158d. 293T cells were
transfected with CD158d together with plasmids carrying reporters for promoter activation
by AP-1, CRE, NFAT, and NF-«xB. Forty-eight hours after transfection, promoter activity
was determined by a firefly luciferase assay with cell lysates. An internal control with renilla
luciferase was used to normalize the responses to the transfection efficiency. CD158d
induced an NF-xB-dependent reporter activity comparable to that induced by TNF-a, a
potent stimulus for NF-xB activation (Fig. 2A). No stimulation of the other 3 reporters by
CD158d was observed, although each responded to a known stimulus (data not shown). The
cytoplasmic tail of CD158d was required for NF-xB-dependent reporter activity, as both a
cytoplasmic tail-truncated receptor (CD158d-TR) and CD158d/gp49B failed to activate NF-
kB reporter activity (Fig. 2B).

A constitutively inhibiting mutant of IxBa (Cl-IxBa) (15) was used to test if the canonical
NF-xB activation pathway was required for CD158d signaling. NF-«xB is normally retained
in the cytoplasm by the inhibitor IxBa. Inactivation of IxBa by phosphorylation and
degradation allows NF-xB translocation into the nucleus. Mutations in serine 32 and serine
36 of IxBa prevent its phosphorylation and degradation, thereby blocking the canonical NF-
kB activation pathway. 293T cells were transfected with CD158d together with Cl-1kBa
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(S32G, S36A). Addition of increasing amounts of Cl-1xBa plasmid blocked CD158d-
dependent IL-8 secretion (Fig. 2C), providing strong evidence that NF-xB is required, and
that the canonical pathway of NF-«xB activation is utilized in this signaling pathway.

To assess the role of NF-xB in endosomal signaling by CD158d in resting NK cells,
stimulation of resting NK cells with either control antibody, a mAb to CD158d, or the
natural ligand, soluble HLA-G (sHLA-G), was carried out for 16 h. Cell lysates were then
immuno-blotted for the phosphorylated form of IxBa. Phosphorylation of IxBa was
detected after CD158d stimulation by both the agonist antibody and sHLA-G (Fig. 2D,
upper panels). Since inactivation of 1xBa by phosphorylation and its degradation leads to
nuclear translocation of NF-xB, we next tested for the presence of p65 in the nucleus after
CD158d signaling. Lysates of cytoplasmic and nuclear fractions from resting NK cells
stimulated under the same conditions were immuno-blotted for p65. Nuclear translocation of
p65 was detected upon activation via CD158d using both agonist Ab and sHLA-G (Fig. 2D,
lower panels). Thus, endosomal signaling by CD158d in resting NK cells involves NF-xB
activation.

CD158d signaling requires Akt

We sought to identify proximal signals, upstream of NF-xB, in the CD158d signaling
pathway. Previous work had identified two unusual features of the NK cell response to
CD1584d: (i) soluble ligand, either agonist mAb or soluble HLA-G, is sufficient to induce
signaling by CD158d in the absence of further crosslinking, and (ii) signaling occurs in
endosomes, as a receptor engineered to traffic to the cell surface did not signal (7). Early
events in signaling by cell surface immunoreceptors are primarily initiated by Src-family
tyrosine kinases and by class | phosphatidylinositol 3-kinases (P13K) (16, 17). The
contribution of these types of kinases in CD158d signaling was tested in resting NK cells
stimulated with soluble antibody to CD158d. For comparison, resting NK cells were
stimulated with a combination of 1L-12 and 1L-18, which are potent stimulators of IFN-y
secretion by NK cells. CD158d engagement induced a comparable IFN-y secretion (Fig.
3A). However, the IFN-v secretion induced by CD158d was unaffected by the Src-family
kinase inhibitor PP2 and the PI3K inhibitor wortmannin (Fig. 3A). As expected, these
inhibitors blocked the NK cell response to IL-12 and IL-18. These results indicated that
initiation of the CD158d signaling pathway does not involve Src-family kinases or PI3K.
Several other inhibitors tested had no effect on CD158d-mediated secretion of IFN-y (Table
S1). These findings led us to undertake a screening strategy to identify early signaling
components.

To identify kinase(s) that may be involved in CD158d signaling, kinase phosphorylation
during CD158d activation was profiled in 293T cells transiently transfected for 48 h with
CD158d or with the cytoplasmic tail-deleted receptor (CD158d-TR). Assays of the lysates
on an antibody array revealed that Aktl (henceforth referred to as Akt) and the MAPK p38a
were selectively phosphorylated in response to CD158d but not CD158-TR (Fig. 3B, C).
Weak phosphorylation of Erk was also detected (Fig. 3B, C). However, activation of resting
NK cells by CD158d, as determined by IFN-vy secretion, was insensitive to the MEK-1
inhibitor PD98059, thereby ruling out a role for Erk (11). In contrast, CD158d signaling was
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sensitive to the p38 MAPK inhibitor SB203580 (11). However, further experiments with
SB203580 have shown that p38 MAPK was not required for IFN-y gene transcription but
for post-transcriptional control of IFN-vy secretion (Y. Bryceson, personal communication).
We conclude that Akt is likely to be involved in CD158d signaling.

Phosphorylation of Akt upon activation by CD158d was then validated in primary, resting
NK cells. Resting NK cells were stimulated with soluble control antibody, soluble CD158d
mADb, and the natural ligand, sHLA-G, for 16 h, followed by immuno-blotting of cell lysates
for Akt phosphorylated at Serine 473 (Fig. 4A). CD158d-mediated activation of resting NK
cells resulted in Akt phosphorylation at S473, a site located in the hydrophobic maotif in the
C-terminus of Akt. There was no detectable phosphorylation at Threonine 308 (Fig. S2), a
site in the activation loop that is usually phosphorylated by PDK-1 (18). Known kinases that
phosphorylate Akt at S473 include the related mTOR-Rictor complex, ATM, and DNA-PK.

A role for Akt in CD158d-mediated signaling was tested using an inhibitor (Akt inhibitor
VI111) that blocks through binding Akt in its inactive conformation, thereby preventing S473
phosphorylation by steric hindrance (19). Akt inhibitor V111 is far more specific than other
inhibitors of Akt, which interfere with binding of the Akt PH domain to PIP3. Akt inhibitor
V111 blocked CD158d-induced secretion of IFN-y and IL-8 in resting NK cells (Fig. 4B).
Furthermore, to test whether Akt phosphorylation was dependent on endocytosis, two
inhibitors of endosomal function were used. NK cells were pre-treated with Dynasore, a
non-competitive, cell-permeable inhibitor of the GTPase activity of dynamin (20). Dynasore
blocks dynamin-dependent endocytosis, and earlier work showed that the internalization of
CD158d into endosomes is dynamin-dependent (7). Second, resting NK cells were treated
with Bafilomycin A1, a vacuolar proton pump inhibitor that induces fragmentation of early
endosomes, with little effect on late endosomes or lysosomes (21). Both inhibitors blocked
the IFN-y and IL-8 secretion induced by CD158d in response to soluble CD158d antibody
(Fig. S3). Next, the effect of these inhibitors on the Akt phosphorylation induced by
CD158d was tested. As shown by immuno-blotting for Akt phosphorylated at S473, both
inhibitors blocked Akt phosphorylation in resting NK cells stimulated by CD158d (Fig. 4C)

More direct evidence for a role of Akt in CD158d signaling was obtained using a dominant-
negative Akt, which carries a point mutation in the catalytic site and two mutations in
phosphorylation sites (Akt K179M/T308A/S473A,; denoted here as Akt K/S/T). 293T cells
transfected with CD158d were co-transfected with either Akt or the dominant-negative Akt
K/S/T. While transfection of Akt did not affect the 1L-8 secretion induced by CD158d,
transfection of Akt K/S/T impaired the 1L-8 secretion (Fig. 4D). These results identify Akt
as a key molecule during endosomal signaling by CD158d.

Akt activation typically requires its recruitment to the plasma membrane through binding of
its pleckstrin homology (PH) domain to PtdIns(3,4)P2 and Ptdins(3,4,5)P3 and
phosphorylation by PDK-1, which is recruited to PtdIns(3,4,5)P3. Akt is distributed
primarily in the cytosol and low levels have been detected in the nucleus (18). The role of
Akt in CD158d signaling suggests that Akt may be recruited to endosomes containing
CD158d. Previous work showed that CD158d localizes to a Rab5-positive compartment (7).
When over-expressed, the constitutively active form of Rab5, Rab5Q79L, promotes
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homotypic fusion of Rab5+ endosomes, which results in enlargement of early endosomes
(22). Expression of Rab5Q79L together with CD158d in 293T cells showed that CD158d
colocalized with Rab5Q79L in large early endosomes (Fig. S4). To examine the effect of
Rab5Q79L on CD158d signaling, IL-8 secretion by 293T cells expressing CD158d in the
presence of Rab5 or Rab5Q79L was tested. There was a marked increase in IL-8 secretion
induced by CD158d in the presence of Rab5Q79L (Fig. 5A), consistent with signaling by
CD158d in endosomes. To facilitate imaging of signaling molecules in endosomal
compartments, 293T cells were transiently transfected with CD158d and Rab5Q79L.
Furthermore, since there is abundant Akt in the cytosol, a “cytosol leak” was performed for
1 min prior to fixation and permeabilization to improve the visualization of intracellular
membranes such as endosomal membranes (22). To visualize Akt and CD158d in
endosomes enlarged in the presence of Rab5Q79L, the Rab5 mutant was GFP-tagged, Akt
was HA-tagged, and CD158d was detected by the uptake of soluble Ab for 2 h at 37°C. Co-
localization of Akt with CD158d and Rab5Q79L was obvious in cells that expressed all
three molecules (Fig. 5C, D; Fig. S5, Fig. S6). In contrast, Akt was not detected in
Rab5Q79L-positive endosomes in cells that did not co-express CD158d (Fig. 5B). We
conclude that Akt is recruited to endosomes carrying CD158d.

DNA-PKcs associates with CD158d

Akt is upstream of NF-xB activation in several growth factor receptor signaling pathways,
such as the pro-inflammatory response induced by TNF-a and pro-survival signaling
through PDGF (23, 24). Akt activates IKKa by phosphorylation of Threonine 23, which
then phosphorylates I1xBa, leading to IxBa degradation and NF-xB activation (23). In
addition to this function, Akt is a ubiquitous signaling node that links to a staggering array
of signaling components and key processes, such as survival, proliferation and metabolism
(18). Akt signaling specificity hinges on its location, its phosphorylation by upstream
regulators and the substrates that it acts upon. To identify potential links between CD158d
and upstream regulators of Akt, a tandem-affinity purification (TAP) strategy combined
with sequencing by mass spectrometry was undertaken. Recombinant TAP-tagged CD158d
was expressed in 293T cells and isolated from an enriched endosomal fraction. Proteins
associated with CD158d were subjected to sequencing by tandem-mass spectrometry
(LLC/MS/MS) in bulk. Among the top eight proteins by rank were CD158d, calmodulin,
and the 469 kDa catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) (Fig.
6). The other five, including actin, keratin, and a ribonucleoprotein, were likely
contaminants. Calmodulin was most likely pulled down through the calmodulin binding
protein (CBP) that is part of the tandem affinity tag. DNA-PKcs is a member of the PI3K-
like kinase (PIKK) family, which includes ataxia telangiectasia mutated (ATM), ATM-Rad3
related (ATR), and mammalian target of rapamycin mTOR. PIKKSs regulate diverse
processes such as genome surveillance and responses to cellular stress such as DNA damage
(25). Unlike PI3K, the kinase domain of ATM, ATR, mTOR, and DNA-PKcs has serine and
threonine kinase activity rather than the lipid phosphorylation activity of PI3K. DNA-PKcs
is a known upstream Akt regulator, in addition to the mTOR-Rictor complex, that
phosphorylates Akt at the Serine 473 (26). Recent work has shown that Akt acts downstream
of DNA-PK in the DNA repair signaling pathway (27).
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Association of DNA-PKcs with CD158d was examined in the NK cell line NKL. Cell
lysates were immunoprecipitated with a CD158d mAb and analyzed by immuno-blotting for
associated DNA-PKcs. Conversely, cell lysates were immunoprecipitated with anti-DNA-
PKcs mAb and immuno-blotted for CD158d. In both sets of experiments association of
DNA-PKcs with CD158d was detected (Fig. 6B).

Akt acts downstream of DNA-PKcs in the CD158d signaling pathway

To test whether DNA-PKcs is involved in endosomal signaling by CD158d, resting NK cells
were stimulated with soluble CD158d mAb in the presence of NU7026, an inhibitor with a
sixty-fold higher potency against DNA-PKcs than against PI3K, and with no activity
towards other PIKK kinases (28). Pre-incubation of resting NK cells with different doses of
NU7026 prior to activation by soluble CD158d mAb blocked IFN-y secretion (Fig. 7A). In
contrast, NU7026 had little effect on the IFN-y secretion induced by IL-12 and IL-18 (Fig.
7A). Similar blocking of IL-8 secretion by resting NK cells in the presence of NU7026 was
also seen (Fig. 7A). Next, we tested if the phosphorylation of Akt at S473 induced by
CD158d signaling was dependent on DNA-PKGcs. After stimulation of resting NK cells with
soluble mAb to CD158d for 16 h, phosphorylation of Akt at S473 detected by immuno-
blotting was abrogated in the presence of NU7026 (Fig. 7B). We conclude that Akt is
downstream of DNA-PKcs in the CD158d signaling pathway.

Inhibition of DNA-PKcs impairs CD158d signaling

To test the role of DNA-PKcs on CD158d signaling, 293T cells stably expressing CD158d
were transfected with siRNA specific for DNA-PKcs. After 72 h, a partial reduction in the
amount of DNA-PKcs was detected (Fig. 8A). IL-8 secretion was reduced in the cells
transfected with specific DNA-PKcs siRNA, as compared with those transfected with
control siRNA (Fig. 8B).

The requirement for the kinase activity of DNA-PKcs in the CD158d signaling pathway was
tested by comparing the effect of DNA-PKcs and a kinase-dead mutant of DNA-PKcs
(DNA-PKcs-KD) in 293T cells. The D3921N mutation in the kinase domain of DNA-PKcs
abolishes its kinase activity (29). YFP-tagged versions of DNA-PKcs and DNA-PKcs-KD
were transfected in 293T cells and clones with comparable expression were selected (Fig.
8C). These transfected 293T cells were then transiently transfected with CD158d and tested
for IL-8 secretion. I1L-8 secretion was increased in cells expressing wild-type DNA-PKcs,
and greatly decreased in cells expressing DNA-PKcs-KD, as compared to wild type 293T
cells (Fig. 8D). Thus, the kinase activity of DNA-PKcs is required for endosomal signaling
by CD158d.

DISCUSSION

We describe here a new endosomal signaling pathway, which is utilized by immunoreceptor
CD158d for the generation of an NF-kB-dependent, pro-inflammatory response. This unique
pathway is different from other known examples of endosomal signaling such as those
studied with a number of receptor tyrosine kinases (e.g. TrkA, EGFR), or with endosomal
TLR (e.g. TLR3, TLR7, TLR9) in innate immune responses to viruses and bacteria (4, 6).
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The CD158d endosomal pathway described here does not require early signals typically
associated with immunoreceptor signaling, such as Src-family kinases or PI3K. Rather, it
generates signaling for a pro-inflammatory response through the serine-threonine kinases
DNA-PKcs and Akt, and through NF-xB activation.

A strong illustration of the raison d’étre of endosomal signaling is found in the nervous
system where survival and differentiation signals must be transmitted over long distances
from the axon tip of an innervating neuron to the cell body (5). Studies on the TrkA receptor
show that signaling endosomes containing activated TrkA complexes are involved in the
retrograde transport of key survival signals to the nucleus (30). In other situations, where
receptors can signal sequentially at the cell surface and in endosomes, the physiological
necessity for sustained endosomal signaling is less well understood. With respect to the
signaling pathway described in this study, all the unique facets of endosomal signaling (and
the inability to elicit signaling by crosslinking CD158d at the PM) are highly relevant to the
potential physiological role of CD158d during early pregnancy. The CD158d ligand is
soluble HLA-G, which has a restricted expression mostly limited to fetal trophoblast cells at
the maternal-fetal interface (31). The decidua, which is the maternal tissue in contact with
the endometrium of the pregnant uterus, is unusual in that NK cells constitute the major
lymphocyte population at this site. (32). Production of pro-inflammatory cytokines in
response to HLA-G in vitro has been detected in primary, resting NK cells (7), uterine NK
cells (33), and decidual NK cells (34). The transcriptional response to engagement of
CD158d includes up-regulation of a limited set of pro-inflammatory and pro-angiogenic
genes (7). Therefore, NK cells in the uterus may be sensors of soluble HLA-G expressed by
invading trophoblast cells from the fetus. Through the use of a soluble ligand and an
endosomal receptor, this mode of fetal-maternal communication is greatly simplified
compared to the complex array of receptor—ligand interactions that would occur during NK—
trophoblast cell contacts. Trophoblast invasion is important for the conversion of maternal
blood vessels into low-resistance vessels, in order to provide an adequate supply of blood to
the fetus (13). Sustained endosomal signaling by CD158d in response to soluble HLA-G
would lead to the prolonged secretion of cytokines and chemokines for the duration of
trophoblast invasion, thereby contributing to the major vascular remodeling that occurs
during the first trimester of pregnancy.

In view of the potential physiological relevance of endosomal signaling by CD158d, we set
out to delineate the signaling pathway that underlies this unique pro-inflammatory and pro-
angiogenic response. A proteomics approach identified DNA-PKcs as a protein associated
with CD158d. Using siRNA targeting, a selective DNA-PKcs kinase inhibitor, and cells
expressing a kinase-dead mutant of DNA-PKcs, we show that DNA-PKcs and its kinase
activity are required for the phosphorylation and activation of Akt in response to CD158d
engagement, and for the production of cytokines and chemokines by primary NK cells and
transfected 293T cells. DNA-PKcs was immunoprecipitated together with CD158d, and vice
versa, in NKL cells. It is still unknown if the interaction of DNA-PKcs with CD158d is
direct or indirect, as part of a multi-protein signaling complex. DNA-PKcs is a
phosphoinositide-3-kinase-related protein kinase (PIKK) family member with a prominent
role in the DNA damage response required to maintain genomic integrity. It promotes DNA
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repair via non-homologous end joining after binding double-stranded breaks (28). In DNA
repair, DNA-PKcs forms a complex with the Ku heterodimer of 70 and 86 kD (28).
However, DNA-PKcs functions also in other contexts in the absence of the Ku heterodimer.
In vitro studies have shown that the Ku subunits are not essential for the kinase activity of
DNA-PKcs (28). These two Ku subunits were not present in the CD158d-associated proteins
identified here by mass spectrometry. During DNA damage due to ionizing radiation, DNA-
PKcs activates Akt via phosphorylation of the hydrophobic motif at S473 (27, 35, 36). In
addition to a role in the DNA damage response, DNA-PKcs has also been implicated in
feeding-dependent metabolic gene activation during insulin signaling (37) and in class
switch recombination in lymphocytes (38). A wider role for DNA-PKcs, beyond double-
stranded DNA break, is beginning to be appreciated. It is interesting that although humans
express much higher levels of DNA-PKcs than rodents, this excess does not correlate with
increased ability to repair DNA, suggesting other important functions for this molecule in
humans (39, 40).

We have identified Akt phosphorylation as a response to CD158d signaling by kinase
phosphorylation profiling, and confirmed it directly in primary NK cells. Using IFN-y and
IL-8 secretion as functional readouts, we show that CD158d signaling was impaired in the
presence of a selective Akt inhibitor, which binds to the hydrophobic motif in Akt. Akt
phosphorylation in resting NK cells was abrogated in the presence of inhibitors of
endocytosis and early endosomal acidification, indicating that the signaling is occurring in
endosomes. CD158d signaling was also impaired by expression of a dominant-negative
mutant of Akt. Akt is an important regulator of a vast array of cellular processes, including
growth, survival, and proliferation. Consequently, Akt activation is tightly regulated and its
specificity is dictated in part by its subcellular location and its substrate selection. The
traditional view of Akt signaling places it at the PM downstream of PI3K-dependent
PtdIns(3,4,5)P3 synthesis. Akt and its kinase PDK1 are recruited to PtdIns(3,4,5)P3 at the
PM, resulting in Akt phosphorylation at Threonine 308. A number of kinases, including
mTOR, ATM, and DNA-PK, can potentially phosphorylate Akt at S473 (26). Here we have
shown that, as a result of CD158d signaling, Akt is phosphorylated primarily at S473 by
DNA-PKGcs. This result is consistent with a report showing exchange protein activated by
cAMP (EPAC)-triggered phosphorylation of Akt by DNA-PKcs at S473, but not T308,
during repair of etoposide-induced double stranded breaks (41).

In addition to the PM and nuclei, other locations of Akt signaling have been described,
including mitochondria (42, 43). Akt signals in the nucleus to initiate pro-survival signaling
after DNA damage. After y-irradiation, foci of Akt phosphorylated at S473 were detected in
nuclei at the site of double-stranded breaks (27). Transient partitioning of Akt into APPL-
containing endosomes after growth factor stimulation has also been reported (44). In such
signaling endosomes, Akt phosphorylates GSK3 to promote survival during zebrafish
development. In our study, detection of Akt on endosomes occurred only in cells that co-
expressed CD158d. Such endosomal segregation of Akt would give it access to qualitatively
different signaling scaffolds, including DNA-PKcs in association with CD158d.

We found that NF-«B activation is required for the pro-inflammatory response generated by
CD158d signaling. In resting NK cells, evidence for NF-xB involvement included the
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phosphorylation of 1xBa and the nuclear translocation of p65 during CD158d signaling
induced by both agonist antibody and the physiological ligand, SHLA-G. This result is
consistent with many studies showing a close link between NF-xB activation and the control
of inflammatory responses (14). A previous study showed that IKKf and IxBa are
phosphorylated after CD158d crosslinking with Abs at the surface of an activated NK cell
line (45). At endosomes, the canonical NF-kB activation pathway is used downstream of
CD158d, as evidenced by the profound effect of a constitutively inhibiting IxBa mutant on
CD158d signaling. Activated Akt stimulates IKKa activity by phosphorylating it at Thr23
(23). Phosphorylation of 1xBa by IKK leads to NF-xB activation. Thus, we provide
evidence for the sequential requirement of DNA-PKcs, Akt, and NF-xB in the pro-
inflammatory signaling pathway triggered by CD158d from endosomes.

There is growing evidence for the role of endosomes as signaling organelles that provide
outputs distinct from those generated at the PM (46). Those receptors that signal in
endosomes are capable of delivering prolonged signals, which can last beyond the duration
of ligand exposure at the cell surface. This feature is illustrated by growth factor receptors
that initiate signaling at the PM, and continue to signal in endosomes after ligand-induced
internalization to generate distinct functional outcomes (46). Residence time of growth
factor receptors in endosomes has been correlated with signal strength (47). Most
transmembrane receptors in the immune system, including other KIR family members
besides CD158d, signal from the PM. In contrast, CD158d signals from endosomes in
primary NK cells for a unique proinflammatory/proangiogenic response (7). It is important
to note that the signaling pathway described here occurs in primary, resting NK cells, which
do not express detectable CD158d on the cell surface, and that stimulation occurs only after
CD158d engagement with soluble ligand or soluble agonist Ab (11) (7). CD158d
crosslinking at the surface of an IL-2-activated NK cell line induced cytotoxicity and IFN-y
secretion, probably through association with the FcR vy chain, and MAPK activation
independently of the FcR vy chain (45). Thus, in IL-2-activated NK cells, a low level of cell
surface CD158d can signal for MAPK activation upon antibody stimulation. In contrast, in
primary, resting NK cells, most of CD158d resides in endosomes from where it signals after
binding to soluble ligand. Furthermore, the endosomal targeting of CD158d and IL-8
secretion in a human embryonic kidney cell line transfected with CD158d suggest that this
pathway may represent a broad mode of endosomal signaling in different cell types.

Accumulation of soluble HLA-G in an endocytic compartment containing CD158d may
serve to provide more sustained signaling, as has been observed with endocytosed growth
factor receptors. In Rab5-positive endosomes, CD158d couples with the serine-threonine
kinase DNA-PKcs, which phosphorylates Akt. In turn, Akt activates NF-xB to trigger a pro-
inflammatory response. Our study expands the role of DNA-PKcs beyond its well-
established function in DNA repair. It also reveals a novel functional outcome of endosomal
Akt signaling, which is independent of the PI3K pathway. In conclusion, our study has
revealed a new pathway of endosomal signaling, which utilizes the serine-threonine kinases
DNA-PKcs and Akt, to generate NF-kB-dependent activation of a pro-inflammatory and
pro-angiogenic response.
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MATERIALS AND METHODS

Cells and cell culture

Polyclonal NK cells were isolated from peripheral blood lymphocytes (PBL) using the
MACS NK cell negative isolation kit (Miltenyi Biotech, Auburn, CA). NK cells were
greater than 95% CD3 negative and CD56 positive. These resting NK cells were cultured in
Iscoves medium containing 10% human serum without added IL-2 or feeder cells. They
were used within 24 h. Resting NK cells were stimulated with either isotype matched control
mADb or anti-CD158d mAb #33 at 10 pg/ml or with IL-12 (10 ng/ml) and IL-18 (25 ng/ml)
for 16 h. NKL cells were a gift from M. Robertson (Indiana School of Medicine,
Indianapolis, IN). They were cultured in RPMI 1640 medium containing 10% fetal calf
serum, 1% glutamine, 1% sodium pyruvate, and 200 U/ml of recombinant IL-2 (National
Cancer Institute-FCRDC, Frederick, MD). 293T cells were obtained from ATCC (American
Type Culture Collection, Manassas, VA) and cultured in Iscoves medium containing 10%
fetal calf serum and 1% glutamine. 293T cells stably transfected with gfp-tagged CD158d
have been described previously (7). The 293T cells were transiently transfected with
Lipofect AMINE 2000 (Invitrogen, Frederick, MD) according to the supplier’s instructions.
Cells were tested 48 h after transfection for 1L-8 secretion. Supernatants were collected from
the final 16 h of culture. siRNAs targeted against DNA-PKcs were purchased from Thermo
Scientific Dharmacon Products (Lafayette, CO). Control scrambled oligos were purchased
from IDT. 293T cells stably transfected with gfp-tagged CD158d were transfected with
either 150 or 300 pM of siRNA using LipofectAMINE 2000. After 16 h, medium was
replaced and after 72 h, culture supernatants were harvested to check for IL-8 secretion. Cell
lysates were also prepared from siRNA treated cells to check for knockdown by immuno-
blotting for DNA-PKcs.

Antibodies and Reagents

mAbs to CD158d (#33, IgG1; #36 and #64, IgM) and an affinity purified rabbit polyclonal
antibody to the extracellular portion of CD158d were generated in our laboratory (11). Anti-
HA antibodies were purchased from Covance (Princeton, NJ). Rabbit antibodies to actin,
HDAC, p65, DNA-PKGcs, Akt, phospho-S473 Akt and phospho-lkBa were purchased from
Cell Signaling (Danvers, MA). Mouse mAb to DNA-PKcs was purchased from Thermo
Scientific (Rockford, IL). Antibody to tubulin was purchased from Invitrogen (Frederick,
MD). All isotype control antibodies were obtained from Sigma (St. Louis, MO). All
secondary goat anti-mouse antibodies conjugated to Alexa Fluor 488, 564 or 647 were
purchased from Molecular Probes (Eugene, OR). The following inhibitors: NU7026; Akt
inhibitor VIII; isozyme selective, Akt 1/2, PP2; wortmannin and Bafilomycin Al were
obtained from Calbiochem (San Diego, CA). Dynasore was purchased from Sigma (St.
Louis, MO). Proteome Profiler Human Phospho MAPK Array Kit (CAT#ARY002) was
obtained from RnD Systems (Minneapolis, MN). Recombinant, single-chain soluble HLA-G
(48) was obtained from Organon NV (Oss, the Netherlands).

DNA plasmids

Expression constructs for CD158d have been described (7). The CD158d/gp49B chimera
was engineered using PCR to fuse the extracellular domain of CD158d ending at S223 with
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the transmembrane and tail of gp49B beginning at position T227. The amino acids at the
boundary are NPSS/TPTE. The constitutively inhibiting 1xBa was a gift from U. Siebenlist
(NIAID, NIH). HA-Akt, Akt-WT, and Akt K179M/S473A/T308A constructs have been
described (49) and were obtained from Addgene (www.addgene.org). The Rab5-GFP and
Rab5Q79L-GFP constructs were a gift from J. Bonifacino (NICHD, NIH). Luciferase
reporter constructs for AP1, CRE, NFAT, and NF-xB were obtained from Howard Young
(NCI-FCRDC, NIH). AP1-luc, NF-xB-luc, and CRE-luc were in pLuc-MCS vector
(Stratagene). The NFAT-luc was in pGL3 Basic vector (50). Reporter activity was read out
using Dual-Luciferase Reporter Assay System Promega, (Madison, WI). YFP-tagged DNA-
PKcs and YFP-tagged DNA-PKcs-KD constructs were obtained from B.P.C. Chen and D.J.
Chen (University of Texas Southwestern Medical Center, Dallas, TX). The DNA-PKcs
cDNA is 14 kb in size. Due to its large insert size, the DNA-PKcs plasmid is unstable and
had to be amplified from bacteria grown on large LB agar plates rather than in liquid culture.

Protein Isolation for M/S Analysis

293T cells were transfected with CD158d expressed in the CTAP expression vector
(Stratagene, La Jolla, CA) for 72 h. 1 x 109 cells were harvested and cell pellets were
resuspended in homogenization buffer (0.25 M sucrose, 1 mM EDTA, pH 7.4). To isolate
CD158d-containing endosomes, after homogenization, cells were overlaid ona 2.5 M
sucrose-27% percoll gradient and centrifuged at 34,000 x g for 1 h. One ml fractions were
collected and tested for the presence of CD158d by immuno-blotting for the CBP tag. After
overnight dialysis of positive fractions in PBS, organelles were pelleted and lysed in 0.5%
Triton X-100, 150 mM NaCl, 20 mM Tris pH 7.4. CD158d and interacting partners were
then isolated using the Interplay TAP Purification Kit (Stratagene, La Jolla, CA). Eluted
samples were concentrated by trichloro-acetic acid precipitation and loaded on a SDS-
PAGE. The proteins were allowed to completely enter the gel matrix and a1 cm x 0.5 cm
gel slice containing the entire protein sample was isolated. Sequence analysis was performed
at the Harvard Microchemistry and Proteomics Analysis Facility by microcapillary reverse-
phase HPLC nano-electrospray tandem mass spectrometry (ULC/MS/MS) on a Thermo
LTQ-Orbitrap mass spectrometer.

Fractionation of lysates and Immunoprecipitations

The preparation and fractionation of cytoplasmic and nuclear extracts from resting NK cells
were done using the NE-PER Nuclear and Cytoplasmic Extraction Kit from Pierce
Biotechnology (Rockford, IL). NKL cells were lysed in 0.5% NP40, 20 mM Tris (pH7.4),
150 mM NaCl, 1 mM PMSF, and 8 mM iodoacetamide. Samples were either used as total
lysates or immunoprecipitated with mAbs for 3 h, followed by protein G agarose beads for 1
h. Immuno-blots were developed using either polyclonal antibodies to CD158d or mAb to
DNA-PKcs, followed by anti-mouse or anti-rabbit 1gG peroxidase (Amersham, Piscataway,
NJ) and Super Signal substrate (Pierce).

Immunostaining and Confocal Microscopy

48 h after transfection, 293T cells were trypsinized and allowed to settle on poly-L-lysine
coated two-well culture slides (BioCoat, BD, Bedford, MA) for 30 min prior to fixation in
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PBS and 4% paraformaldehyde. Cells were permeabilized and blocked for 30 min with PBS,
10% normal donkey serum, and 0.5% Triton-X-100. Cells were stained with the relevant
primary antibody for 1 h and revealed with Alexa Fluor conjugated secondary antibodies in
PBS, 3% normal donkey serum, and 0.5% Triton X-100. Cells were then washed and
mounted in slides using ProLong Anti-fade kit (Molecular Probes, Eugene OR). For
experiments involving the triple transfection of CD158d, Akt, and Rab5Q79L, a cytosol leak
was performed for 1 min. after the permeabilization of cells in 0.01% saponin, 80 mM
PIPES, 5 mM EGTA, and 1 mM MgCl,, prior to fixation in 4% paraformaldehyde. Images
were processed using a confocal laser-scanning microscope (Axiovert 200M LSM 510
META,; Zeiss Jena, Germany). Images were acquired as previously described (7). The
“colocalization” function was used to analyze images processed on the LSM 510 META.
Colocalization coefficients were calculated from the relative number of colocalizing pixels
in channel 1 or 2, respectively, as compared to the total number of pixels above threshold. A
value range of 0 to 1 was used, where 0 is no colocalization and 1 refers to the colocalization
of all pixels.

Cellular Assays

For cytokine and chemokine assays, resting NK cells were incubated with soluble mAbs at
10 ug/ml or with a combination of IL-12 (10 ng/ml) and IL-18 (25 ng/ml). After 16 h,
supernatants were removed and tested for the presence of cytokines by ELISA. ELISA kits
for IFN-y (Pierce) and IL-8 (Biosource, Camarillo, CA) were used. For inhibitor studies,
resting NK cells were incubated with inhibitor for 1 h at 37°C prior to activation by mAbs or
cytokines in the continuing presence of inhibitor for 16 h. Cell supernatants were tested for
IFN-vy secretion and whole cell lysates were analyzed biochemically by immuno-blotting. To
assess reporter gene expression, 293T cells were transfected with reporter constructs using
Lipofect AMINE. 48 h after transfection, cell lysates were analyzed using the Dual
Luciferase Reporter Assay System (Promega) to measure firefly and renilla luciferase
activity. Renilla luciferase activity was also tested from lysates of DNA-PKcs transfectants
of 293T cells that were transiently transfected with CD158d to normalize for differences in
transfection efficiency between different cell lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Determinants of endosomal localization and signaling by CD158d. (A) Schematic

representation of CD158d, gp49B, and chimeric variants. Each construct carries an HA
epitope tag at the N-terminus. EC: extracellular domain; TM: transmembrane region; CYT:
cytoplasmic tail. (B) Receptor localization by confocal microscopy analysis. 293T cells
transfected with the indicated constructs were stained with an anti-HA tag Ab after 48 h. (C)
IL-8 secretion induced by the indicated plasmids in transfected 293T cells.
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Fig. 2.
NF-xB activation is involved in signaling by CD158d. (A) Activity of the indicated reporter

plasmids in 293T cells transfected with control vector (grey bars) or with a plasmid
encoding CD158d (black bars). Stimulation with TNF-a (10 ng/ml) during the last 5 h of
culture was used as a positive control for NF-xB activation. Results are presented as the
ratio of Firefly luciferase activity to Renilla luciferase activity (F/R). The data are
representative of three independent experiments. (B) NF-xB reporter activity in cells
transfected with the indicated plasmids, as in (A). TNF-a (10 ng/ml) was present where
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indicated during the last 5 h of culture. The data are representative of three independent
experiments. (C) IL-8 secretion by 293T cells transfected with plasmid encoding CD158d
together with increasing amounts of a plasmid encoding the constitutive inhibitor Cl-1xBa.
Supernatants were tested for IL-8 48 h after transfection. The data are representative of three
experiments. (D) Upper panels: IxBa phosphorylation in resting NK cells stimulated with
10 ug/ml of control antibody (clg), CD158d mADb, or sHLA-G for 16 h. Cell lysates were
immunoblotted for phospho-IxBa and tubulin (loading control). Lower panels:
Translocation of p65 into the nucleus of resting NK cells stimulated with 10 pg/ml of clg,
CD158d mADb, or sHLA-G for 16 h. Cytoplasmic (cyt) and nuclear (nuc) fractions were
lysed and analyzed by immunoblotting for p65, tubulin (a cytoplasmic marker), and histone
deacetylase (HDAC, a nuclear marker). The data are representative of experiments done in
resting NK cells from three different donors.
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Fig. 3.

C8158d signaling induces Akt phosphorylation. (A) Inhibition of IFN-vy release by resting
NK cells with PP2 or wortmannin at the indicated concentrations. Inhibitors were added for
1 h at 37°C before activation with CD158d mAb or with a combination of IL-12 (10 ng/ml)
and IL-18 (25 ng/ml) for 16 h in the continuing presence of the inhibitor. The triangle
represents the IFN-y secretion induced by isotype-matched control antibody. (B) Kinase
phosphorylation profile during CD158d signaling. Lysates of 293T cells transfected with
either CD158d or tail-deleted receptor (CD158d-TR) were assayed with the Human
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Phospho-Kinase Profiler Array (RnD Systems #ARY002). (C) Signals from scanned X-ray
film images in (B) were plotted as a function of average pixel density. Numbers represent
corresponding data on the scan and the graph.
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Fig. 4.

Algt activation is required for CD158d signaling. (A) Akt phosphorylation in resting NK
cells stimulated with 10 pg/ml of control antibody (clg), CD158d mAb, and sHLA-G for 16
h. Cell lysates were immunoblotted for Akt S473 phosphorylation and for tubulin (loading
control). (B) IFN-vy and IL-8 secretion by resting NK cells treated with Akt inhibitor VIII at
37°C for 1 h before stimulation and for 16 h during stimulation with 1gG CD158d mAb. The
triangle denotes IFN-y and IL-8 secretion in the presence of isotype-matched control mAb.
(C) Inhibition of Akt phosphorylation by resting NK cells with Bafilomycin Al (1 uM) or
Dynasore (50 uM). Inhibitors were added for 1 h at 37°C before activation with CD158d
mADb for 16 h in the continued presence of inhibitor. Cells lysates were immunaoblotted for
Akt phosphorylation at S473 and for tubulin (loading control). Data shown in A-C are
representative of experiments done using resting NK cells from three different donors. (D)
Dominant-negative Akt (Akt K/S/T) impairs CD158d function. IL-8 secretion by 293T cells
transfected with the indicated plasmids. The average inhibition of IFN-vy secretion by Akt
K/SIT, relative to wild type Akt, in 4 independent experiments was 62.15% =+ 3.65.
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Fig. 5.
Akt is recruited to endosomes containing CD158d. (A) Rab5Q79L enhances CD158d

function. IL-8 secretion by 293T cells transfected with the indicated plasmids for 48 h. IL-8
secretion collected during the last 16 h was determined. (B) A single confocal section of
CD158d-negative 293T cells co-transfected with Rab5Q79L-GFP (green) and HA-Akt
(blue). In 21 CD158d-negative cells analyzed, no co-localization of Akt with Rab5Q79L-
positive endosomes was observed. The average colocalization coefficient for Akt and
Rab5Q79L in the transfected cells in the field shown was 0.128 + 0.142. (C, D) A single
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confocal section of 293T cells co-transfected with Rab5Q79L-GFP (green), CD158d (red),
and HA-Akt (blue). An intensity scale (red=high, blue=low) is also displayed for HA-Akt in
the bottom right panel. Cells were loaded with Cy3-labeled CD158d mAb for 2 h. Akt was
labeled post-fixation and permeabilization with anti-HA mAb followed by Alexa-647
secondary Ab. For comparison, note that in the CD158d-negative cell at the top in (C), Akt
did not co-localize with Rab5Q79L-positive endosomes. Additional images are shown in
Figure S4. The colocalization coefficient for Akt and Rab5Q79L in the cells in Fig. 5C is as
follows: CD158d-negative cell, top: 0.115; CD158d-positive cell, bottom: 0.799. Fig. 5D:
0.704 and 0.711 for the cells on the left and right, respectively. See Fig. S4 and S5 for
additional colocalization image displays and profiles.
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Rank Protein identity  NCBI accession % coverage Peptides
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Fig. 6.

DNA-PKcs is associated with CD158d. (A) Proteins associated with TAP-tagged CD158d
identified by pLC/MS/MS. Rank is based on the intensity of the MS/MS spectra. The
number of unique peptides in the MS/MS spectra is shown. (B) Association of DNA-PKcs
with CD158d in NK cells. NKL cells were stimulated with IgM CD158d mAbs for 2 h.
Lysates without immunoprecipitation (=) or immunoprecipitated with control Ab (clg) or
Abs to CD158d and DNA-PKcs, as indicated, were immunoblotted for DNA-PKcs (left
panel) and CD158d (right panel).
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Fig. 7.

Inaibition of DNA-PKcs blocks CD158d signaling. (A) IFN-vy secretion by resting NK cells
stimulated with 1IgG CD158b mAb or with IL-12 (10 ng/ml) and IL-18 (25 ng/ml) for 16 h.
IL-8 secretion by resting NK cells stimulated with CD158d mAb is also shown. NK cells
were treated with the indicated concentration of NU7026 for 1 h at 37°C before stimulation
and during the 16 h of stimulation. The triangle denotes secretion in the presence of isotype-
matched control antibody. (B) Akt S473 phosphorylation detected by immunoblotting in
lysates of resting NK cells stimulated with clg or CD158d mAb for 16 h. Where indicated
(+), cells were pre-incubated with 10 uM NU7026 for 1 h prior to stimulation and during the
16 h of stimulation. Blots were re-probed for actin.
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DNA-PKcs activity is required for CD158d signaling. (A) siRNA knockdown of DNA-PKcs
in 293T-CD158d-GFP cells. 48 h after transfection with siRNA cell lysates were
immunoblotted for DNA-PKcs and re-probed for actin. (B) IL-8 secretion by 293T-
CD158d-GFP cells 48 h after transfection with the indicated siRNA. The average inhibition
of 1L-8 secretion by DNA-PKcs siRNA at 300 pM in 3 independent experiments was
49.47% + 8.06%. (C) Stable expression of DNA-PKcs-YFP and a kinase-dead (KD) mutant
of DNA-PKcs-YFP in 293T cells. The grey profile represents untransfected 293T cells. (D)
IL-8 secretion by 293T cells, 293T-DNA-PKcs-YFP and 293T-DNA-PKcs-KD-YFP cells.
As indicated, these cells were either not transfected or transiently transfected with a CD158d
plasmid for 48 h. All cells were transfected with a Renilla luciferase reporter construct to
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normalize for transfection efficiency in the different cell lines. The data is representative of
three independent experiments.
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