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We have previously demonstrated that cyclic ADP-ribose
(cADPR) is a calcium signaling messenger in interleukin 8 (IL-
8)-induced lymphokine-activated killer (LAK) cells. In this study
we examined the possibility that IL-8 activates CD38 to produce
anothermessenger, nicotinic acid adeninedinucleotide phosphate
(NAADP), in LAKcells, andwe showed that IL-8 inducedNAADP
formation after cADPR production. These calcium signalingmes-
sengers were not produced when LAK cells prepared from CD38
knock-outmicewere treatedwith IL-8, indicating that the synthe-
sis of bothNAADP and cADPR is catalyzed by CD38 in LAK cells.
Application of cADPR to LAK cells induced NAADP production,
whereasNAADPfailedto increase intracellularcADPRlevels, con-
firming that the production of cADPRprecedes that of NAADP in
IL-8-treated LAK cells.Moreover, NAADP increased intracellular
Ca2� signaling as well as cell migration, which was completely
blockedbybafilomycinA1, suggesting thatNAADPisgenerated in
lysosome-related organelles after cADPR production. IL-8 or
exogenous cADPR, butnotNAADP, increased intracellular cAMP
levels. cGMP analog, 8-(4-chlorophenylthio)-guanosine 3�,5�-cy-
clicmonophosphate, increased both cADPR andNAADPproduc-
tion, whereas the cAMP analog, 8-(4-chlorophenylthio)-cAMP,
increased only NAADP production, suggesting that cAMP is
essential for IL-8-induced NAADP formation. Furthermore, acti-
vation of Rap1, a downstream molecule of Epac, was required for
IL-8-inducedNAADPformation inLAKcells.Taken together, our
data suggest that IL-8-inducedNAADPproduction ismediated by
CD38activation throughtheactionsof cAMP/Epac/proteinkinase
A/Rap1 in LAK cells and that NAADP plays a key role in Ca2�

signaling of IL-8-induced LAK cell migration.

A type II transmembrane protein, CD38, possesses ADP-ri-
bosyl cyclase (ADPR cyclase)3 and cyclic ADP-ribose hydrolase

(cADPR hydrolase) activity (1, 2). These two enzyme activities
are involved in the conversion of�-nicotinamide adenine dinu-
cleotide (�-NAD�) first to cADPR and then to ADPR (3–5).
The metabolite cADPR is known to increase intracellular Ca2�

concentration, [Ca2�]i, by releasing Ca2� from intracellular
stores or byCa2� influx through plasmamembraneCa2� chan-
nels in a variety of cells (6–10). It was shown that CD38 can also
synthesize NAADP from NADP in the presence of nicotinic
acid by a base exchange reaction in vitro (11). However, it still
remains unclear whether the base exchange reaction occurs
physiologically as intracellular nicotinic acid concentration is
less than the millimolar concentration that is required for the
enzymatic synthesis of nicotinic acid adenine dinucleotide
phosphate (NAADP) in vitro (12).
NAADP is a potent Ca2�-releasing messenger in a variety of

cell types, including mammalian cells (13–15). Although
D-myo-inositol 1,4,5-trisphosphate (IP3) and cADPR are firmly
established as secondary Ca2� messengers, receptor-mediated
formation of NAADP has been shown in a limited number of
cellular systems (16–18). It has been demonstrated that
NAADP triggers Ca2� release from thapsigargin-insensitive
Ca2� stores through the activation of channels distinct from
those sensitive to ryanodine and IP3 (19). In sea urchin eggs,
NAADP releases Ca2� from acidic Ca2� stores, lysosome-re-
lated organelles (20). However, NAADP can also release Ca2�

from the endoplasmic reticulum (21–23).
Previously, we have reported that IL-8 stimulated cADPR

formation by activation of CD38 via cGMP/protein kinase G
and induced an increase of [Ca2�]i and migration of LAK cells
(24). In this study we investigated whether NAADP is involved
in IL-8-induced Ca2� signaling andmigration of LAK cells.We
showed that NAADP plays a key role in IL-8-stimulated long-
lasting Ca2� signaling in cell migration and that IL-8-induced
NAADP formation by CD38 is mediated through the actions of
cAMP/Epac/PKA/Rap1 after cADPR formation in LAK cells.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Antibodies were obtained as fol-
lows: anti-mouseCD38monoclonal antibodywas fromBDBio-
sciences; anti-Rap1 polyclonal antibody (pAb) was from
Upstate Biotechnology (Temecula, CA); anti-TRPM2 pAb was
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from Abcam (Cambridge, UK); anti-mouse CD38 pAb, anti-
Epac pAb, anti-PKA pAb, and horseradish peroxidase-conju-
gated anti-goat IgG or anti-rabbit IgG were from Santa Cruz
Biotechnology (Santa Cruz, CA). Nylon wool was from Poly-
sciences Inc. (Warrington, PA), and human recombinant IL-2
was fromChiron BV (Amsterdam, Netherlands). Xestospongin
C, 8-pCPT-cAMP, and 8-pCPT-cGMP were purchased from
Calbiochem. 8-pCPT-2�-O-Me-cAMP, N6-benzoyl-cAMP,
Rp-8-Br-cAMPS, and N-(p-amylcinnamoyl) anthranilic acid
(ACA) were from Biolog Life Science Institute (Bremen, Ger-
many). Human recombinant IL-8, cADPR, NAADP, 8-Br-
cADPR, bafilomycin A1, glycylphenylalanine-2-naphthylam-
ide, thapsigargin, SQ22,536 and all other reagents were
obtained from Sigma. RPM1 1640medium, fetal bovine serum,
and antibiotics were from Invitrogen. Transwells were pur-
chased from Coring Costar Corp. (Cambridge, MA). The
cAMP immunoassay kit was fromAssayDesigns (Boston,MA).
Animals—CD38 knock-out mice (Cd38�/�; B6.129P2-

Cd38tm/Lud) were purchased fromThe Jackson Laboratory (Bar
Harbor, ME). Mice were bred and kept in animal housing facil-
ities at Chonbuk National University Medical School under
specific pathogen-free conditions. All experimental animals
were used under a protocol approved by the institutional ani-
mal care and user committee of the Chonbuk National Univer-
sity Medical School. Standard guidelines for laboratory animal
care were followed (25).
Preparation of LAK Cells—LAK cells were prepared as

described previously (26). Briefly, spleens of mice were
chopped, and then splenocytes were harvested. Red blood cells
were lysed by incubation with red blood cell lysis buffer (0.15 M

MH4Cl, 10 mM KHCO3, 0.1 mM EDTA (pH 7.2)), and the cells
were then washed with serum-free RPMI 1640 twice. The red
blood cell-removed cell preparations were incubated on a
nylon-wool column at 37 °C for 1 h in a 5% CO2 incubator to
remove B lymphocytes and macrophages. Nylon-wool nonad-
herent cells were collected and incubated at 2 � 106 cells/ml
density in a culture media containing 3000 IU/ml IL-2 in a 5%
CO2 incubator at 37 °C. The culturemedia usedwasRPMI 1640
supplementedwith 10% fetal bovine serum, 0.25�g/ml ampho-
tericin B, 10 units/ml penicillin G, 100 �g/ml streptomycin, 1
mM L-glutamine, 1% nonessential amino acids, and 50 �M

2-mercaptoethanol. After incubation for 4 days, the floating
cells were removed, and the adherent cells were cultured in the
same culture media containing 3000 IU/ml IL-2. LAK cells
induced by IL-2 for 8 days were used throughout the study.
Measurement of Intracellular cADPR Concentration

([cADPR]i)—The level of [cADPR]i was measured using a cyclic
enzymatic assay as described previously (27). Briefly, cells were
treated with 0.5ml of 0.6 M perchloric acid under sonication. Pre-
cipitateswere removed by centrifugation at 20,000� g for 10min.
Perchloric acidwas removedbymixing the aqueous samplewith a
solution containing three volumes of 1,1,2-trichlorotrifluoroeth-
ane to one volume of tri-n-octylamine. After centrifugation at
1500� g for 10min, the aqueous layer was collected and neutral-
izedwith20mMsodiumphosphate (pH8).To remove all contam-
inating nucleotides, the samples were incubated overnight with
the following hydrolytic enzymes at 37 °C: 0.44 unit/ml nucleotide
pyrophosphatase, 12.5 units/ml alkaline phosphatase, 0.0625

unit/mlNADglycohydrolase, and2.5mMMgCl2 in20mMsodium
phosphate buffer (pH 8.0). Enzymes were removed by filtration
usingCentricon3 filters.Toconvert cADPRto�-NAD�, the sam-
ples (0.1 ml/tube) were incubated with 50 �l of a cycling reagent
containing 0.3�g/mlAplysiaADPRcyclase, 30mMnicotinamide,
and 100mM sodium phosphate (pH 8.0) at room temperature for
30min. TheAplysiaADPR cyclase was purified as described (28).
The samples were further incubated with the cycling reagent (0.1
ml) containing 2% ethanol, 100 �g/ml alcohol dehydrogenase, 20
�M resazurin, 10 �g/ml diaphorase, 10 �M riboflavin 5�-phos-
phate, 10 mM nicotinamide, 0.1 mg/ml bovine serum albumin
(BSA), and 100mM sodium phosphate (pH 8.0) at room tempera-
ture for 2 h. An increase in the resorufin fluorescence was mea-
sured at 544-nm excitation and 590-nm emission using a fluores-
cence plate reader (Molecular Devices Corp., Spectra-Max
GEMINI). Various known concentrations of cADPR were also
included in the cycling reaction to generate a standard curve.
Measurement of Intracellular NAADP Concentration

([NAADP]i)—The level of [NAADP]i was measured using a
cyclic enzymatic assay as described previously (29). Briefly, cells
were treated with perchloric acid, and precipitates were
removed by centrifugation. Perchloric acid was removed by
mixture of 1,1,2-trichlorotrifluoroethane and tri-n-octylamine,
and the aqueous layerwas collected andneutralizedwith 20mM

sodium phosphate (pH 8.0) under the exact conditions that
were described above. To remove all contaminating nucleo-
tides, the samples were incubated overnight with the following
hydrolytic enzymes at 37 °C: 2.5 units/ml apyrase, 0.125 unit/ml
NAD glycohydrolase, 2 mM MgCl2, 1 mM NaF, 0.1 mM PPi, and
0.16 mg/ml NMN-adenylyl transferase in 20 mM sodium phos-
phate buffer (pH 8.0). Enzymes were removed by filtration
using Centricon 3 filters. After the hydrolytic treatment, alka-
line phosphate (10 units/ml) was added to convert NAADP to
NAADovernight at 37 °C. The alkaline phosphatewas removed
by filtration using Centricon 3 filters. The samples were further
incubated with the cycling reagent (30 �l) containing 2% etha-
nol, 100 �g/ml alcohol dehydrogenase, 20 �M resazurin, 10
�g/ml diaphorase, 10 �M riboflavin 5�-phosphate, 10 mM nico-
tinamide, 0.1 mg/ml BSA, and 100 mM sodium phosphate (pH
8.0) at room temperature for 4 h. An increase in the resorufin
fluorescence was measured at 544-nm excitation and 590-nm
emission using a fluorescence plate reader (Spectra-MaxGEM-
INI). Various known concentrations of NAADP were also
included in the cycling reaction to generate a standard curve.
Measurement of cADPR and NAADP Transport—Time

courses of cADPR and NAADP influx into LAK cells were
measured by a rapid oil-stop procedure as described previously
(30, 31). The influx assay was initiated by the rapid addition of
cADPR or NAADP to a 100-�l portion of cell suspension (1 �
106 cells) layered over 100 �l of oil (silicone oil/paraffin oil,
80:20) and ended by pelleting the cells at 16,000 � g for 30 s.
Transported cADPR and NAADP into pelleted cells were
measured using a cyclic enzymatic assay as described (27, 29).
Measurement of [Ca2�]i—Cells were washed with Hanks’

balanced salt solution (2 mM CaCl2, 145 mMNaCl, 5 mM KCl, 1
mMMgCl2, 5mMD-glucose, 20mMHEPES (pH7.3)) containing
1% BSA and incubated for 6 h in the same solution containing
1% BSA. Starved LAK cells were incubated with 5 �M Fluo-3
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AM (Molecular Probes, Eugene, OR) in Hanks’ balanced salt
solution containing 1% BSA at 37 °C for 40 min. The cells were
washed three times with Hanks’ balanced salt solution.
Changes in [Ca2�]i in LAK cells were determined at 488-nm
excitation/530-nm emission by air-cooled argon laser system
(32). The emitted fluorescence at 530 nm was collected using a
photomultiplier. One image was scanned every 6 s for 10 min
using a confocalmicroscope (Nikon, Japan). For the calculation
of [Ca2�]i, the method of Tsien et al. (33) was used with the
following equation: [Ca2�]i � Kd(F � Fmin)/(Fmax � F), where
Kd is 450 nM for Fluo-3, and F is the observed fluorescence
levels. Each tracing was calibrated for the maximal intensity
(Fmax) by the addition of ionomycin (8 �M) and for theminimal
intensity (Fmin) by the addition of EGTA (50 mM) at the end of
each measurement.
Immunoprecipitation and Western Blotting—Cells were

washed with phosphate-buffered saline and then lysed with an
ice-cold lysis buffer (20 mM HEPES (pH 7.2), 1% Triton X-100,
10% glycerol, 100 mM NaCl, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 50 mMNaF, 1 mMNa3VO4, 10 �g/ml leupep-
tin, 10 �g/ml pepstatin, and 10 �g/ml aprotinin). After centri-
fugation at 20,000 � g for 10min, supernatants were taken. For
immunoprecipitation, cell lysate (1mg) preclearedwith protein

G-agarose was incubated with anti-CD38 mAb overnight at
4 °C and then further incubated with protein G-agarose at 4 °C
for 1 h. The immunoprecipitates were washed 4 times with cell
lysis buffer and then boiled at 95 °C for 10 min. The immuno-
precipitated proteins were subjected to SDS-PAGE in a 10%
(CD38 and Epac) and 13% (Rap1) gel. After transferring to
nitrocellulose membranes, blots were incubated in blocking
buffer (10 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.05% Tween
20) containing 5% nonfat dry milk for 2 h at room temperature
and then with primary antibodies (dilution factors were: CD38,
1:1000; Epac, 1:2000; PKA, 1:2000; Rap1, 1:2000) in the blocking
buffer overnight at 4 °C. The blots were rinsed four times with
the blocking buffer and incubatedwith horseradish peroxidase-
conjugated anti-goat IgG (1:2500 dilution) or anti-rabbit IgG
(1:2500 dilution) in the blocking buffer at room temperature for
1 h. The immunoreactive proteins with respective secondary
antibodies were determined using an enhanced chemilumines-
cence kit (AmershamBiosciences) and exposed to an LAS 1000
Image Reader Lite (Fujifilm, Japan). Protein concentrations
were determined using a Bio-Rad protein assay kit, and known
concentrations of BSA were used as the standard.
Rap1PulldownAssay—Rap1 activitywas assayedwith aRap1

activation assay kit (Upstate Biotechnology) according to the
manufacturer’s protocol. LAK cells starved in serum-free
medium overnight were stimulated with various reagents.
Stimulation was terminated by adding equal volumes of 2�
lysis buffer (100 mM Tris-HCl (pH 7.2), 2% Nonidet P-40, 10%
glycerol, 1 M NaCl, 5 mM MgCl2, 2 mM phenylmethylsulfonyl
fluoride, 20 mM NaF, 2 mM Na3VO4, 20 �g/ml leupeptin, 20
�g/ml pepstatin, and 20 �g/ml aprotinin). After centrifugation
at 20,000 � g for 10 min at 4 °C, supernatant (1 mg) was incu-
bated with 15 �g of agarose-RalGDS-Rap binding domain con-
jugates for 2 h. Agarose was washed three times with lysis
buffer. The precipitates were separated by 13% SDS-PAGE and
analyzed by immunoblotting with anti-Rap1 antibody. Fifteen
�g from each lysate was used to immunodetect total Rap1.
Knockdown of TRPM2 and Rap1 by Small Interference RNA

(siRNA)—Rap1 siRNA, TRPM2 siRNA, and control siRNA
were purchased fromSantaCruz Biotechnology. LAK cells (2�
105) were cultured in an antibiotic-free growth media supple-
mented with fetal bovine serum. After 24 h, LAK cells were

transfected with 60 pmol of siRNA
oligonucleotides specific to TRPM2
or Rap1 using transfection reagent
without antibiotics according to the
instructions of the manufacturer.
After 48 h of transfection, cells were
prepared for examination.
Measurement of Intracellular

cAMP Level—Levels of cAMP were
determined by a cAMP immunoas-
say kit according to themanufactur-
er’s protocol. LAK cells starved in
serum-free medium overnight were
preincubated with 0.5 mM isobutyl-
methylxanthine, a phosphodiester-
ase inhibitor, and challenged with
various reagents detailed in figure

FIGURE 1. Treatment of LAK cells with IL-8 induces the production of
NAADP by CD38. LAK cells prepared from CD38�/� and Cd38�/� were
treated with 10 pM IL-8 for 90 s, and then the concentrations of NAADP
formed were measured with the cyclic enzymatic assay. The means � S.E. of
five independent experiments are shown. *, p � 0.05, control (CONT) versus
IL-8.

FIGURE 2. IP3-mediated Ca2� increase is required for IL-8-mediated cADPR/NAADP production and Ca2�

signaling in LAK cells. A and B, XeC inhibited IL-8-induced increase of [cADPR]i and [NAADP]i. Levels of cADPR
and NAADP were determined after treatment of LAK cells with 10 pM IL-8. LAK cells were preincubated with 2
�M XeC for 15 min before incubation with IL-8. The means � S.E. of three independent experiments are shown.
* and #, p � 0.05, control versus IL-8; ** and ##, p � 0.005, IL-8 versus IL-8 plus XeC. C, IL-8-stimulated increase is
shown in [Ca2�]i with (open circle) and without (closed circle) XeC. Arrows indicate the time points of the
addition of IL-8.
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legends. After incubation for the
indicated times, the cells were lysed
in 0.1 M HCl to stop the reaction.
After centrifugation at 20,000 � g
for 10 min at 4 °C, supernatants
were collected and acetylated, and
then immunoassays were per-
formed. A standard curve of acety-
lated cAMP was also prepared as
described in the manufacturer’s
protocol.
Determination of Cell Migration—

Cell migration was determined as
described previously (34). In brief,
cells were washed with RPMI 1640,
scraped using a policeman, and
washed with RPM1 1640. Tran-
swells with 8-�mpore-size polycar-
bonate filters were used. Lower
chambers contained 500�l of RPMI
1640 containing 1% BSA. LAK cells
(4 � 105) in 100 �l of RPM1 1640
containing various agents (specified
in the figure legend) were placed in
the upper chamber. The chambers
were incubated in a 5%CO2 incuba-
tor at 37 °C for 2 h. After removing
the unattached cells, the filters were
removed, fixed with ice-cold 100%
methanol, and stained with 15%
Wright-Giemsa stain for 7min. The
cells were counted under a phase-
contrast microscope.
Statistical Analysis—Data repre-

sent the means � S.E of at least
three separate experiments. Statisti-
cal analysis was performed using
Student’s t test. A value of p � 0.05
was considered significant.

RESULTS

Treatment of LAK Cells with IL-8
Induces the Production of NAADP
by CD38—We previously demon-
strated that IL-8-mediated cADPR
production through activation of
CD38 is essential for the migration
of LAK cells (24). In this study we
examined whether NAADP is pro-
duced in IL-8-treated LAK cells. As
shown in Fig. 1, treatment of LAK
cells with IL-8 significantly in-
creased intracellular NAADP levels
compared with the control. To fur-
ther determine whether CD38 is
responsible for the production of
NAADP or not, we measured
NAADP levels in LAK cells pre-

FIGURE 3. IL-8 induces NAADP production after cADPR formation. A, LAK cells were treated with 10 pM IL-8
for the indicated times, and then cADPR (closed circle) and NAADP (open circle) concentrations were measured.
The means � S.E. of three independent experiments are shown. B, after LAK cells were treated with 200 �M

cADPR for the indicated times, the levels of NAADP were measured. The means � S.E. of three independent
experiments are shown. C, cADPR levels were measured in LAK cells treated with 50 nM NAADP for the indicated
times. The means � S.E. of three independent experiments are shown. D, IL-8-induced NAADP formation was
blocked by 8-Br-cADPR. LAK cells were preincubated with 100 �M 8-Br-cADPR for 15 min before incubation
with 10 pM IL-8 for 90 s. XeC (2 �M) was preincubated for 15 min before the treatment with cADPR (200 �M) for
30 s. The means � S.E. of three independent experiments are shown. *, p � 0.05, control versus IL-8 or cADPR
or cADPR plus XeC; **, p � 0.005, IL-8 versus IL-8 plus 8-Br-cADPR. Cont, control. E, NAADP levels of LAK cells,
which were prepared from CD38�/� and Cd38�/�, were measured after treatment with 200 �M cADPR for 30 s.
The means � S.E. of three independent experiments are shown. *, p � 0.05, control versus cADPR. F, cADPR-
stimulated increase in [Ca2�]i was measured in LAK cells prepared from wild type and CD38 knock-out mice.
Arrows indicate the time points of the addition of 200 �M cADPR. Before treatment with cADPR, 8-Br-cADPR
(200 �M), XeC (2 �M), or dipyridamole (100 �M) was preincubated at 37 °C for 15 min. n indicates the number of
cells examined for Ca2� measurement. G, TRPM2 knockdown using siRNA is shown. A total of 60 pmol of siRNA
was transfected into 5 � 105 cells using a transfection reagent. After 48 h of transfection, the cells were
subjected to immunoblotting with anti-TRPM2 pAb (upper panel) and the densitometric changes of TRPM2
expression (lower panel) are shown. *, p � 0.05, control siRNA versus TRPM2 siRNA. H, NAADP formation by
cADPR was not inhibited in TRPM2 knockdown LAK cells. NAADP formed was measured after the treatment
with cADPR (200 �M) for 30 s in LAK cells. The means � S.E. of three independent experiments are shown. *, p �
0.05, control versus cADPR.
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pared from CD38 knock-out mice (Cd38�/�) before and after
IL-8 treatment. LAKcells fromCd38�/� failed to formNAADP
at all by the treatment with IL-8 (Fig. 1). This result suggests
that NAADP is produced via CD38 activation in LAK cells
when treated with IL-8.
IP3-mediated Ca2� Increase Is Required for IL-8-mediated

cADPR/NAADP Production and Ca2� Signaling in LAK Cells—
It has been demonstrated that IL-8-mediated cADPR forma-
tion was inhibited by xestospongin C (XeC), an IP3 receptor
antagonist, in LAK cells (24, Fig. 2A). To study the effect of
IP3-mediated Ca2� increase on IL-8-mediated NAADP pro-
duction, wemeasured the levels of NAADP in LAK cells treated
with IL-8 after preincubation with XeC. As shown in Fig. 2B,
IL-8-mediated formation of NAADP was completely blocked
by pretreatment of the cells with XeC. Thus, we next examined
the effect of XeC on the IL-8-mediated Ca2� signal. Pretreat-
ment of LAK cells with XeC completely blocked the IL-8-me-
diated Ca2� signal (Fig. 2C). These data suggest that initial
Ca2� increase by IP3 is essential for IL-8-induced cADPR/
NAADP production and affects all the Ca2� signals of IL-8-
stimulatory LAK cells.
IL-8 Induces NAADP Production after cADPR Formation—

Next, we measured cADPR/NAADP formation at various time
intervals after IL-8 treatment of LAK cells. As shown in Fig. 3A,
cADPR and NAADPwere increased in a time-dependent man-
ner, reachingmaximal levels at�30 and 90 s, respectively. This
result shows a possibility that IL-8-induced cADPR formation
precedes NAADP production. To investigate this possibility,
we examined whether there is any interdependence between
cADPR and NAADP production by taking advantage of trans-
porting cADPR and NAADP to LAK cells (supplemen-
tal Fig. S1) like other cells known to be transported (35–37).
The addition of exogenous cADPR to LAK cells enhanced
intracellular NAADP levels, whereas the addition of NAADP
failed to increase intracellular cADPR levels (Fig. 3, B and C),
consistent with the above finding that cADPR formation pre-
cedes NAADP production. To further confirm the above find-
ing, we examined the effect of 8-Br-cADPR, a cADPR antago-
nistic analog, on IL-8-mediated NAADP production. As shown
in Fig. 3, D–F, 8-Br-cADPR completely inhibited IL-8-induced
NAADP formation as well as cADPR-induced Ca2� signal and
NAADP formation, but XeC could not block cADPR-induced
Ca2� signal and NAADP formation because cADPR is down-
stream of IP3 on IL-8 signaling in LAK cells. Furthermore,
cADPR did not induce NAADP formation as well as the long-
lasting Ca2� signal in LAK cells from Cd38�/�, compared with
LAK cells from CD38�/� (Fig. 3, E and F). We next examined
the effect of dipyridamole, an inhibitor of transporters for
cADPR and NAADP on cADPR- and NAADP-induced [Ca2�]i
changes, in CD38�/� or Cd38�/� LAK cells. As shown in Fig.
3F and supplemental Fig. S2, A and B, cADPR- as well as
NAADP-induced [Ca2�]i increase was completely inhibited by
dipyridamole. To further examine whether exogenous cADPR
addition triggers NAADP production via the Ca2�-permeable
cation channel, such as the TRPM2 channel (38), we measured
NAADP formation by the addition of cADPR inTRPM2knock-
down LAK cells (Fig. 3G). As presented in Fig. 3H, cADPR-
induced NAADP production was not abrogated in TRPM2

knockdown LAK cells, suggesting that exogenous cADPR acts
on intracellular Ca2� stores but not on the TRPM2 channel in
LAK cells, triggering the pathway that results in NAADP for-
mation. Consistent with this observation, ACA, a specific
TRPM2 inhibitor, failed to inhibit IL-8-induced cADPR forma-
tion as well as NAADP formation (supplemental Fig. S3,
A and B). Taken together, these data indicate that IL-8 sequen-
tially induces the formation of cADPRandNAADP inLAKcells
throughCD38 and suggests that cADPR initially induces a tran-
sient Ca2� signal, which in turn triggers NAADP production,
resulting in a long-lasting Ca2� signal.
IL-8-induced NAADP Production Occurs in Acidic Or-

ganelles and Is Mediated by Ca2� Release from Thapsigargin-
sensitive Stores by cADPR—To determine the role of Ca2�

stores in IL-8-induced NAADP formation, we measured
NAADP formation induced by IL-8 or cADPR in LAK cells in
the presence of thapsigargin, a sarcoplasmic/endoplasmic
reticulum Ca2�-ATPase (SERCA) inhibitor. Fig. 4 shows that
thapsigargin significantly blocked IL-8- or cADPR-induced
NAADP formation, indicating that Ca2� release from thapsi-
gargin-sensitive stores by cADPR is essential for NAADP pro-
duction when the cells were treated with IL-8. Next, we tested
whether lysosome-related organelles are involved in NAADP
formation, as previous studies suggested that NAADP is
formed in the acidic organelles. Therefore, we used two differ-
ent lysosome-disturbing reagents, bafilomycin A1 and glycyl-
phenylalanine-2-naphthylamide. As shown in Fig. 4, bafilomy-
cin A1 and glycylphenylalanine-2-naphthylamide significantly
blocked IL-8- or cADPR-induced NAADP formation, suggest-
ing that lysosome-related organelles are the site of NAADP
production induced by IL-8.
NAADP Releases Ca2� from Lysosome-like Acidic Organelles

in IL-8-induced Ca2� Signaling—Pretreatment of LAK cells
with bafilomycin A1 blocked IL-8-mediated sustained Ca2�

signaling (Fig. 5, A, B, and D), indicating that the late phase of

FIGURE 4. IL-8-inducd NAADP formation is mediated by Ca2� release
from thapsigargin sensitive store by cADPR. A, LAK cells pretreated with
bafilomycin A1 (1 �M), thapsigargin (10 �M), or glycylphenylalanine-2-naph-
thylamide (GPN, 50 �M) for 20 min were incubated with 10 pM IL-8 at 37 °C for
90 s. Then the levels of NAADP were measured as described under “Experi-
mental Procedures.” The means � S.E. of three independent experiments are
shown. *, p � 0.05, control (Cont) versus IL-8; #, p � 0.005, IL-8 versus IL-8 plus
thapsigargin or IL-8 versus IL-8 plus bafilomycin A1 or IL-8 versus IL-8 plus
glycylphenylalanine-2-naphthylamide. B, LAK cells pretreated with bafilomy-
cin A1(1 �M) or thapsigargin (10 �M) for 20 min were incubated with 200 �M

cADPR. After incubation for 30 s, NAADP levels were measured as described
under “Experimental Procedures.” The means � S.E. of three independent
experiments are shown. *, p � 0.05, control versus cADPR; #, p � 0.005, cADPR
versus cADPR plus thapsigargin or cADPR versus cADPR plus bafilomycin A1.
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sustained Ca2� signal is mediated by NAADP through Ca2�

release from lysosome-related acidic organelles. Pretreatment
of LAK cells with thapsigargin completely blocked IL-8-medi-
ated Ca2� signaling (Fig. 5, C andD), consistent with the above
findings that initial Ca2� signaling was essential for NAADP
production. These findings were further confirmed by observ-
ing that NAADP-induced long-lasting Ca2� signal was com-
pletely blocked by bafilomycin A1 but not by thapsigargin (Fig.
5, E–G and J). To rule out any possibility of the effect of exog-
enously added NAADP on purinoreceptors, we tested the
effects of equimolar concentrations of NAD or NADP under
the same condition. However, we could not find any significant
signals with high concentration of the nucleotides (data not
shown). It was reported that NAADP-mediated Ca2� influx is
triggered from the TRPM2 channel (38). To determine the role
of TRPM2 on IL-8-induced Ca2� signaling, we measured the
change in [Ca2�]i in the presence of ACA, a specific TRPM2
channel blocker. As shown in Fig. 5,H and J, ACA prevented an

NAADP-mediated sustained Ca2� increase, but not NAADP-
mediated initial Ca2� increase. Similarly, the late phase of IL-8-
induced Ca2� signal (TRPM2 channel-mediated Ca2�influx)
was blocked by the treatmentwithACAbut not the initial Ca2�

signal (Ca2� mobilization) (supplemental Fig. S3C). On the
other hand, bafilomycin A1 completely blocked NAADP-me-
diated initial Ca2� release from acidic organelles and sustained
Ca2� influx in the presence of ACA (Fig. 5, I and J). These
results indicate that NAADP-mediated Ca2� release from
acidic organelles triggers Ca2� influx through the TRPM2
channel in IL-8-induced Ca2� signaling.
NAADP-mediated Signal Is Essential for IL-8-inducedMigra-

tory Activity of LAK Cells—To examine whether NAADP plays
any role in IL-8-mediated cellmigration,we evaluated the effect
of NAADP on the migratory activity of LAK cells. IL-8-medi-
ated migration of LAK cells was blocked by pretreatment with
bafilomycin A1 and ACA (Fig. 6A, supplemental Fig. S3D).
Moreover, the addition of exogenous cADPR and NAADP to

FIGURE 5. NAADP releases Ca2� from lysosome-like acidic organelles in IL-8-induced Ca2� signaling. A–I, LAK cells were loaded with Fluo-3, and the
changes in Ca2� level were measured. The time points of 10 pM IL-8 or 50 nM NAADP additions are indicated by the arrows. Cells were preincubated with 1 �M

bafilomycin A1 (B) or 10 �M thapsigargin (C) for 20 min before IL-8 treatment. D, shown is a direct comparison of mean [Ca2�]i during increases of [Ca2�]i. The
data shown are analyzed at 60 s. *, p � 0.05, buffer versus IL-8 or IL-8 plus bafilomycin A1 (Balfil); **, p � 0.001, IL-8 versus IL-8 plus thapsigargin (Thap). The data
shown are analyzed at 250 s. *, p � 0.05, buffer versus IL-8; #, p � 0.01, IL-8 versus IL-8 plus bafilomycin A1 or IL-8 plus thapsigargin. Also, NAADP was applied
after the cells were preincubated with 1 �M bafilomycin A1 (F) or 10 �M thapsigargin (G) or 20 �M ACA (H) for 20 min. J, shown is a direct comparison of mean
[Ca2�]i during increases of [Ca2�]i. The data shown are analyzed at 60 s. *, p � 0.05, buffer versus NAADP or NAADP plus thapsigargin or NAADP plus ACA; **,
p � 0.005, NAADP versus NAADP plus bafilomycin A1; #, p � 0.001, ACA plus NAADP versus ACA plus NAADP plus bafilomycin A1. The data shown are analyzed
at 250 s. *, p � 0.05, buffer versus NAADP or NAADP plus thapsigargin; **, p � 0.001, NAADP versus NAADP plus bafilomycin A1 or NAADP plus ACA or NAADP
plus ACA plus bafilomycin A1. Cell numbers are presented in the parentheses. Data are the mean � S.E.
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LAK cells stimulated cell migration, which was completely
blocked by pretreatment of the cells with bafilomycin A1. In
addition, cADPR- or NAADP-induced cell migration was sig-
nificantly inhibited by dipyridamole (supplemental Fig. S2,
C and D). Treatment of LAK cells that were isolated from
Cd38�/� with IL-8 and cADPR did not induce cell migration
(Fig. 6B), whereas treatment of LAK cells from Cd38�/� with
NAADP induced cell migration. Furthermore, bafilomycin A1
completely blocked NAADP-induced migration of LAK cells,
which were isolated from Cd38�/�. These results indicate that
NAADP is produced in lysosome-like acidic organelles by
CD38 and that the NAADP-mediated Ca2� signal plays an
important role in IL-8-mediated migration of LAK cells.
cAMP and cGMP Are Mediators for Differential Production

of cADPR and NAADP in IL-8-treated LAK Cells—It has been
reported that cAMP and cGMP differentially mediate the pro-
duction of cADPR and NAADP in sea urchin eggs (39), and we
previously demonstrated that cGMP regulated the production
of cADPR throughCD38 internalization, whichwas induced by
an increase of the association CD38 with phosphorylated non-
muscle myosin IIA by protein kinase G (24, 40). Therefore, we
examined whether cAMP and cGMP differentially mediate the
production of cADPR and NAADP by CD38 in LAK cells. As
presented in Fig. 7, A and B, 8-pCPT-cGMP induced the pro-
duction of NAADP as well as cADPR, whereas 8-pCPT-cAMP
induced NAADP production, but not cADPR production, sug-
gesting that the production of NAADP by cAMP is triggered by
the action of cADPR. Forskolin, an adenylyl cyclase activator,
increased the level ofNAADPbut not cADPR (data not shown).
Collectively, these data indicate that cGMP and cAMP differ-
entially mediate the production of cADPR and NAADP by
CD38 in IL-8-treated LAKcells, respectively. Because the above
data showed that NAADP production was triggered by the
action of cADPR and that the cAMP analog directly induced
NAADP production, we asked the question of whether IL-8-
stimulated cADPR formation induces NAADP production via

cAMP formation. As presented in
Fig. 7C, cAMP increase by IL-8 pre-
cedes NAADP production. More-
over, cADPR itself induced cAMP
formation in a time-dependent
manner, which was not blocked by
XeC pretreatment, indicating that
cADPR induces NAADP produc-
tion through cAMP (Fig. 7,D andE).
To further examine which mole-
cules are involved in cAMP-induced
NAADP production, we utilized
specific activators of PKA and Epac.
Treatment of LAK cells with
8-pCPT-2�-O-Me-cAMP (Epac ac-
tivator) and N6-benzoyl-cAMP
(PKA activator) increased the pro-
duction of NAADP (Fig. 7F). More-
over, SQ22,536, an adenylate
cyclase inhibitor, and Rp-8-Br-
cAMPS, a specific PKA inhibitor,
significantly inhibited the IL-8-,

cADPR-, or forskolin-induced NAADP formation (Fig. 7F).
These results indicate that these two cAMP-sensitive mole-
cules play a role in cAMP-induced NAADP production.
IL-8 Induced Rap1 Activation through Association of CD38

with Epac, PKA, and Rap1—Because NAADP formation by
CD38 is regulated by cAMP/PKA in IL-8-inducedLAKcells, we
next examined whether PKA phosphorylates CD38 directly.
However, the phosphorylation level of CD38 was not increased
by the treatment of LAK cells with IL-8 or PKA activator (data
not shown). It has been reported that Rap1 may be activated by
either Epac or PKA (41, 42). Because both Epac and PKA are
involved in IL-8-induced NAADP formation as described
above, we examined whether Rap1 is involved in the IL-8-in-
duced NAADP formation in LAK cells. As shown in Fig. 8A,
IL-8 induced Rap1 activation with a maximum effect at 1 min.
Pretreatment of LAK cells with 8-Br-cADPR abolished the
IL-8-induced Rap1 activation (Fig. 8B). Treatment of the cells
with exogenous cADPR, but not NAADP, activated Rap1 that
was comparablewith that induced by IL-8 (Fig. 8C). In addition,
treatment of LAK cells with an Epac activator and PKA activa-
tor increased the activation of Rap1 (Fig. 8D). However, a PKA
inhibitor significantly inhibited cADPR-induced Rap1 activa-
tion (Fig. 8D). These results indicate that Rap1 activation
through Epac and PKA is required for NAADP production in
IL-8-stimulated LAK cells. The role of Rap1 in IL-8-induced
NAADP formation was further examined by knockdown of
Rap1 using siRNA. Rap1 siRNA-transfected cells showed a sig-
nificantly reduced expression of Rap1 (Fig. 8E). The Rap1
knockdown abrogated the IL-8-inducedNAADP formation but
not cADPR production (Fig. 8E). The Rap1 knockdown LAK
cells did not induce cell migration by the treatment with IL-8,
Epac activator, or PKA activator (Fig. 8F). We also analyzed
whether Rap1 is associated with Epac, PKA, and CD38 in IL-8-
stimulated LAK cells. Indeed, IL-8 induced association of Epac,
PKA, and Rap1 with CD38 (Fig. 8G). These results suggest that

FIGURE 6. NAADP-mediated signal is essential for IL-8-induced migratory activity of LAK cells. LAK cells,
prepared from CD38�/� (A) and Cd38�/� (B), were preincubated with 1 �M bafilomycin A1 for 20 min, and then
the cells were incubated with 10 pM IL-8 or 200 �M cADPR or 50 nM NAADP. After incubation for 2 h, cell
migration was assayed as described under “Experimental Procedures.” The means � S.E. of three independent
experiments are shown. *, p � 0.05, control (Cont) versus IL-8; **, p � 0.01, IL-8 versus IL-8 plus bafilomycin A1;
#, p � 0.005, control versus cADPR or NAADP; ##, p � 0.05, cADPR versus cADPR plus bafilomycin A1 or NAADP
versus NAADP plus bafilomycin A1.
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Epac, PKA, and Rap1 have a critical role in IL-8-induced
NAADP production through association with CD38.
cAMP/Epac/PKA Mediates IL-8-stimulated Migratory Ac-

tivity of LAK Cells—Next, we further examined the effect of
Epac and PKA on themigratory activity of LAK cells. As shown
in Fig. 9, LAK cell migrationwas significantly increased by IL-8,
forskolin, or cADPR. On the other hand, the IL-8-, forskolin-,
or cADPR-induced cell migration was blocked by pretreatment
of the cells with a PKA inhibitor. This result indicates that
cAMP/Epac/PKA system plays an essential role in IL-8-medi-
ated migration of LAK cells.

DISCUSSION

The molecular mechanism of CD38 activation has not been
fully elucidated, although activation of G-protein coupled
receptors and T cell receptor has been shown to increase
cADPR production via CD38/ADPR-cyclases (9, 43–47). We
have demonstrated that IL-8-induced CD38 activation in LAK
cells is mediated by sequential signaling involving an IL-8

receptor, IP3-mediatedCa2� increase, and activation of protein
kinase G (24). We have also demonstrated that protein kinase
G-mediated phosphorylation of nonmuscle myosin IIA and
association of phospho-nonmuscle myosin IIA with CD38 via
Lck are essential for internalization and activation of CD38
(40). In this studywe further explored IL-8-induced signaling in
LAK cells by asking whether another important Ca2� messen-
ger, NAADP, is formed by CD38 activation. We showed that
IL-8 induced NAADP formation in acidic organelles after
cADPR production and that NAADP induced Ca2� mobiliza-
tion from acidic stores, contributing to IL-8-stimulated long-
lasting Ca2� signal. Our results also indicated a role of
cAMP-sensitive molecules in the communication between
thapsigargin-sensitive Ca2� stores and acidic organelles. These
results have revealed for the first time that CD38 produces
two messengers, cADPR and NAADP, for Ca2� signaling in
IL-8-stimulatory LAK cell migration. We previously
reported that the IL-8-dependent influx of extracellular cal-
cium might be due to gating of unspecified calcium influx

FIGURE 7. NAADP formation is mediated by cAMP/Epac/PKA. A and B, cADPR formation is mediated by cGMP, whereas NAADP formation is regulated by
cAMP and cGMP. LAK cells were treated with a cell-permeable cGMP analog, 8-pCPT-cGMP (100 �M), or a cell permeable cAMP analog, 8-pCPT-cAMP (100 �M),
for 15 s. Then cADPR production and NAADP production were measured as described under “Experimental Procedures.” The means � S.E. of three indepen-
dent experiments are shown. *, p � 0.05, control (Cont) versus 8-pCPT-cGMP; #, p � 0.001, control versus 8-pCPT-cAMP. C, IL-8-induced cAMP increase precedes
NAADP formation. Levels of cAMP and NAADP were determined after LAK cells were treated with 10 pM IL-8 for the indicated times. The means � S.E. of three
independent experiments are shown. D, cADPR but not NAADP induces cAMP increase. Levels of cAMP were determined after LAK cells were treated with 200
�M cADPR or 50 nM NAADP for the indicated times. The means � S.E. of three independent experiments are shown. E, shown is the effect of XeC on
cADPR-induced cAMP increase. Levels of cAMP were determined after the LAK cells were treated with 200 �M cADPR for 30 s. XeC (2 �M) was preincubated for
15 min. The means � S.E. of three independent experiments are shown. *, p � 0.05, control versus cADPR or cADPR plus XeC. F, levels of NAADP were
determined after the treatment of LAK cells with 100 �M 8-pCPT-2�-O-Me-cAMP (Epac activator), 100 �M N6-benzoyl-cAMP (PKA activator), 10 pM IL-8, 200 �M

cADPR, or 1 �M forskolin. 8-pCPT-2�-O-Me-cAMP, N6-benzoyl-cAMP, cADPR, and forskolin were treated for 30 s, and IL-8 was treated for 90 s. Rp-8-Br-cAMPS
(100 �M) and SQ22,536 (250 �M) were preincubated for 30 min. The levels of NAADP were measured as described under “Experimental Procedures.” The
means � S.E. of three independent experiments are shown. *, p � 0.05, control versus 8-pCPT-2�-O-Me-cAMP or N6-benzoyl-cAMP or IL-8 or cADPR or forskolin;
#, p � 0.005, IL-8 versus IL-8 plus SQ22,536 or IL-8 plus Rp-8-Br-cAMPS; ##, p � 0.01, cADPR versus cADPR plus SQ22,536 or cADPR plus Rp-8-Br-cAMPS; **, p �
0.05, forskolin versus forskolin plus Rp-8-Br-cAMPS.
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channels by cADPR (24). However, from the extended study,
we could elucidate that NAADP, downstream of cADPR, is a
direct player for Ca2� influx, which is mediated by TRPM2
channels. Further studies remain to clarify how NAADP-
induced Ca2� release from acidic stores triggers TRPM2
channels for Ca2� influx.
NAADP is known as an important second messenger in glu-

cose-stimulated pancreatic � cells (16), cholecystokinin-medi-
ated Ca2� signaling in pancreatic acinar cells (17), and hista-
mine-induced myometrial cells (48). Moreover, NAADP has
been shown to be produced by CD38 via a base-exchange reac-
tion (11). However, Soares et al. (48) reported that in vivo
NAADP formation does not need CD38 or a base-exchange
reaction inmyometrial cells, and an existence of enzymes capa-
ble of generating NAADP and/or cADPR beside CD38 has

recently been reported in various tissues (49). Our present data
that IL-8-induced production ofNAADP and cADPRwas com-
pletely ablated in Cd38�/� LAK cells (Fig. 1), indicating that
CD38 is an authentic NAADP-producing enzyme in LAK cells.
Furthermore, it is of interest to observe that the location of
NAADPproduction byCD38 appears to be distinct from that of
cADPR synthesis; cADPR production is predominantly in early
endosomes (45), whereas NAADP is produced mainly in lyso-
some-related acidic organelles (Ref. 38 and Fig. 4). Interest-
ingly, CD38 exists in lysosomes as well as plasma membrane in
unstimulated conditions of LAK cells (supplemental Fig. S4)
and is constitutively expressed in lysosomes, as indicated by the
little change in CD38 activity before and after IL-8 treatment
(supplemental Fig. S5). Comparing the amounts of immunore-
activeCD38 in lysosomes andplasmamembrane fractions from

FIGURE 8. IL-8 induces Rap1 activation through association of CD38 with Epac, PKA, and Rap1. A, IL-8 activates Rap1. LAK cells were treated with 10 pM IL-8
for a specified time, after which a pulldown assay was used to detect the active form of Rap1. B, 8-Br-cADPR blocks IL-8-induced Rap1 activation. The cells were
preincubated with 8-Br-cADPR (100 �M) for 20 min before treatment with 10 pM IL-8 for 60 s. C, cADPR but not NAADP activates Rap1. LAK cells were treated
with 200 �M cADPR or 50 nM NAADP for 30 s. D, cADPR-induced Rap1 activation was inhibited by a PKA inhibitor. Rap1 activation was determined after the
treatment of LAK cells with 100 �M N6-benzoyl-cAMP, 100 �M 8-pCPT-2�-O-Me-cAMP, or 200 �M cADPR for 30 s. The cells were preincubated with Rp-8-Br-
cAMPS (100 �M) for 30 min before treatment with 200 �M cADPR. E, Rap1 knockdown in LAK cells exhibits a reduced NAADP formation by IL-8 but not cADPR
formation. A total of 60 pmol of siRNA was transfected into 5 � 105 cells using a transfection reagent. After 48 h of transfection, the cells were subjected to
immunoblotting with anti-Rap1 pAb (upper panel) and measurement of NAADP/cADPR formation (lower panel) as described under “Experimental Procedures.”
The means � S.E. of three independent experiments are shown. *, p � 0.05, control (Cont) versus IL-8; #, p � 0.01, IL-8 in control siRNA versus IL-8 in Rap1 siRNA.
F, IL-8/Epac/PKA-mediated cell migration is blocked in Rap1 knockdown LAK cells. Cells were treated with 10 pM IL-8, 100 �M 8-pCPT-2�-O-Me-cAMP, or 100 �M

N6-benzoyl-cAMP. After incubation for 2 h, cell migration was assayed as described under “Experimental Procedures.” The means � S.E. of three independent
experiments are shown. *, p � 0.05, control versus IL-8 or 8-pCPT-2�-O-Me-cAMP or N6-benzoyl-cAMP; **, p � 0.01, IL-8 in control siRNA versus IL-8 in Rap1 siRNA
or 8-pCPT-2�-O-Me-cAMP in control siRNA versus 8-pCPT-2�-O-Me-cAMP in Rap1 siRNA or N6-benzoyl-cAMP in control siRNA versus N6-benzoyl-cAMP in Rap1
siRNA. G, IL-8 induces the association of CD38 with Epac, PKA, and Rap1. LAK cells were treated with IL-8 for 30 s. The cells were extracted with a lysis buffer and
then subjected to immunoprecipitation (IP) using anti-CD38 mAb. The immunoprecipitated proteins were analyzed by immunoblotting (WB) with anti-CD38
pAb, anti-Epac pAb, anti-PKA pAb, or anti-Rap1 pAb.
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LAK cells, CD38 in plasma membrane shows much lower
ADP-ribosyl cyclase activity than that in lysosomes (sup-
plemental Fig. S5), although the exact mechanism has yet to be
elucidated. Therefore, as we previously observed that IL-8-
induced cADPR formation requires internalization of CD38
from the plasma membrane (40), but NAADP production is
mediated by CD38 expressed in lysosomes via Ca2� release
from the endoplasmic reticulum and cAMP/Epac/PKA/Rap
1 signaling.

In the study of sea urchin egg homogenates, soluble and
membrane-bound ADP-ribosyl cyclases were identified to
produce cADPR (50). The soluble cyclase was stimulated by
cGMP, but not by cAMP, whereas the membrane-bound
form was independent of cGMP. Both the soluble and mem-
brane fractions also catalyzed the synthesis of NAADP
through a base-exchange reaction that was independent of
cGMP. Studies with sea urchin egg have indicated that
cAMP-induced accumulation of NAADP and also cGMP
contributed to the production of cADPR (39). Similarly, in
our present study the formation of NAADP in IL-8-treated
LAK cells was shown to be selectively regulated by adenylyl
cyclase/cAMP, whereas cADPR formation was mediated in a
cGMP-dependent manner. It is quite surprising, therefore,
to find a similarity in the regulation of Ca2� signaling
between evolutionarily remote organisms. As for the mech-
anism by which cADPR-mediated Ca2� increase activates
adenylyl cyclase, it would be interesting to examine whether
a Ca2�-regulated adenylyl cyclase is involved in the IL-8-
induced signaling.
Rap1 is a member of the Ras superfamily of small GTP-bind-

ing proteins and is known to be involved in cell adhesion, gap
junction formation, proliferation, and differentiation (51, 52).
Rap activation is important for lymphocyte migration in vivo
(53, 54). The Rap-dependent signaling pathway activated by
Epac is known to be cell-specific (55, 56), and there is evidence
for Rap-mediated action of Epac to stimulate mitogen-acti-
vated protein kinases (p38, extracellular signal-regulated kinase
1/2) in neurons, endocrine cells, and T-cells (57–59). Rap1 was
reported to be activated by PKA through the phosphorylation
of Rap1GAP (60), consistent with our finding that treatment of
LAK cells with IL-8 or PKA activator did not show Rap1 phos-
phorylation. Our present data shows that IL-8 induced activa-

tion of Rap1, which was blocked by
pretreatment with 8-Br-cADPR.
Furthermore, treatment of LAK
cells with exogenous cADPR in-
duced activation of Rap1, whereas
the addition of NAADP did not,
suggesting that Rap1 activation is
upstream of NAADP formation.
Rap1 knockdown experiments also
revealed that Rap1 is involved in
only NAADP production but not
cADPR production. It is quite inter-
esting from an enzymology point of
view to find a means of selectively
regulating the multifunctionality of
CD38 enzymatic activities through
Rap1. Consistent with findings
of IL-8-dependent association of
Rap1 with Epac, PKA, and CD38,
which are essential components for
NAADP production, our prelimi-
nary finding that Rap1 is predomi-
nantly localized in lysosome-con-
taining fractions from LAK cells
(supplemental Fig. S6) suggests that

FIGURE 9. Epac and PKA mediate IL-8-induced migratory activity of LAK
cells. LAK cells were treated with 10 pM IL-8, 1 �M forskolin, or 200 �M cADPR.
Cells were preincubated with 100 �M Rp-8-Br-cAMPS, a PKA inhibitor, for 20
min. After incubation of cells with various reagents at 37 °C for 2 h, the cells in
the top chamber were removed, and the cells adhered to the bottom of the
filters were stained with Wright-Giemsa. Cells were counted under a phase-
contrast microscope. The means � S.E. of three independent experiments are
shown. *, p � 0.05, control versus IL-8 or forskolin or cADPR; #, p � 0.005, IL-8
versus IL-8 plus Rp-8-Br-cAMPS or forskolin versus forskolin plus Rp-8-Br-
cAMPS or cADPR versus cADPR plus Rp-8-Br-cAMPS.

FIGURE 10. Schematic pathway of IL-8-mediated NAADP formation by CD38 in LAK cells. Ligation of IL-8
receptor (IL8R) stimulates phospholipase C�2 (PLC-�2) via Gi, resulting in production of IP3 and diacylglycerol.
IP3 binds to the receptor releasing Ca2� from endoplasmic reticulum (ER) Ca2� stores. IP3-mediated increase of
intracellular Ca2� levels results in elevation of cGMP levels via guanylyl cyclase (GC), thus activating protein
kinase G (PKG) (24). Phosphorylated nonmuscle myosin IIA (MHCIIA) by protein kinase G is recruited in the
CD38-Lck complex, inducing the internalization of CD38 and cADPR production (40). The cADPR produced by
CD38 in the endocytic vesicles is transported via the promiscuous nucleoside/cADPR transporters, as previ-
ously described (35), or by the internalized CD38 itself, as previously proposed (61). cADPR-mediated Ca2�

release induces NAADP production by Rap1 activation via cAMP/Epac/PKA, resulting in release of Ca2� from
lysosome-related acidic organelles. NAADP-mediated Ca2� release regulates the Ca2� influx through TRPM2
channel in LAK cells, resulting in cell migration of LAK cells.
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Rap1 regulates CD38 for NAADP production in IL-8-induced
LAK cells.
In conclusion, our results revealed that IL-8 elevates [Ca2�]i

through cooperative actions of three different Ca2� signalmes-
sengers: IP3, cADPR, and NAADP (Fig. 10). We found that
NAADP-mediated Ca2� signaling acts as the final determinant
for IL-8-mediated long-lastingCa2� signals, which are essential
for cell migration. Our present study also showed that CD38
produces NAADP and cADPR and that cGMP and cAMPmay
act as key modulators between NAADP- and cADPR-induced
Ca2� signals.
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