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Abstract

Cyclic adenosine diphospho-ribose (cADPR) triggers Ca2"
release from intracellular stores and is therefore proposed
to function as a second messenger in cellular signaling; how-
ever, an extraceliular stimulus, i.e., first messenger (hor-
mone or autacoid) that modulates cADPRmetabolism has
not been identified. We discovered that all-trans-retinoic
acid (atRA) is a potent stimulus to increase cADPRsynthe-
sis by cultured LLC-PK, cells. The stimulation of cADPR
synthesis by atRA is dose dependent between 0.1 nMand 1
,uM (maximum increase - A + 600%), while atRA does
not alter the rate of cADPRhydrolysis by LLC-PK1 cells.
The activity of other intrinsic apical membrane enzymes
was not significantly altered. The stimulation of cADPRsyn-

thesis by atRA occurs after a lag period of 6-8 h, and the
stimulation is inhibited by actinomycin D and by cyclohexi-
mide. Our results therefore demonstrate that atRA in physi-
ological concentrations is a potent extracellular stimulus,
first messenger, that enhances cADPR synthesis, and the
effect of atRA requires de novo protein synthesis. Wesug-
gest that some of the diverse biologic actions of atRA such
as morphogenetic and cell differentiation may be mediated
via cADPR. (J. Clin. Invest. 1995. 95:2385-2390.) Key
words: cyclic adenosine diphospho-ribose * cADPR * reti-
noic acid - LLC-PK1 cells - signaling

Introduction

Cyclic adenosine diphospho-ribose (cADPR),' a metabolite of
/3-NAD', is a potent agent that triggers release of Ca2" from
intracellular stores in the sea urchin egg (1) and eukaryotic
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cells (2) by a mechanism that is analogous to the Ca2+-releasing
action of inositol 1,3,4-triphosphate (UP3). However, the action
of cADPR differs from IP3 in that cADPR modulates Ca2+
efflux through the ryanodine channel and regulates Ca2+ -in-
duced Ca2' release (3, 4). The membrane-bound enzymes that
synthesize cADPR from /3-NAD', (ADP-ribosyl cyclase
[ADPR cyclase]) and hydrolyze cADPR to ADP-ribose
(cADPR-hydrolase) are found in many tissues and cell types
(5). However, unlike IP3, which via intracellular Ca2' release
serves as a second messenger of many hormones or autacoids
(6), no extracellular hormonal first messenger has yet to be
identified that modulates cADPRsynthesis and(or) accumula-
tion.

An early observation by Hemmi and Breitman (7) that was
recently reproduced (8) demonstrated that incubation of the
human promyelocytic cell line, HL-60, with all-trans-retinoic
acid (atRA), a hormone known to possess both differentiation
and morphogenetic activity, is accompanied by a dramatic in-
crease in NAD+-glycohydrolase. Furthermore, NAD+-glyco-
hydrolases isolated from diverse sources: dog spleen, Bungarus

fascictus snake venom (9), or human erythrocytes (10), can
catalyze not only NAD+ hydrolysis to ADP-ribose (ADPR),
but also synthesis of cADPRfrom /3-NAD + and hydrolysis of
cADPRto ADPR(9, 10). Based on these reports, we propose
that atRA may also serve as a hormonal stimulus, first messen-
ger, for ADPRcyclase to augment the generation of cADPR
from ,6-NAD+ (Fig. 1). This hypothesis was tested on renal
LLC-PK1 epithelial cells, a well established model for study of
cell signaling and regulation of epithelial transport ( 11), which
also contain a cellular retinoid-binding protein (12). Wehave
found that atRA is a specific and potent stimulus of cADPR
synthesis in LLC-PKI cells.

Methods

According to previous reports, NAD+ -glycohydrolase, which also cata-
lyzes cADPRmetabolism (9, 10), is predominantly an ectoenzyme in
mammalian tissues (13), including the kidney (14). Therefore, the rate
of cADPRformation and hydrolysis by LLC-PKI cells was determined
by incubating intact cell monolayers with requisite substrates.

Cells. LLC-PK1 cells (passages 45-60) from American Type Cul-
ture Collection (Rockville, MD) were grown in Dulbecco's modified
Eagle's medium (DME) containing Ham's F-12 nutrient mixture and
0-10% fetal calf serum (FCS) with the addition of an antimycotic
solution consisting of 100 U/liter penicillin, 100 ,g/liter streptomycin,
and 0.25 jg/liter amphotericin B (GIBCO BRL, Gaithersburg, MD).
Cell cultures were grown and maintained in 75-cm2 plastic flasks in a
humidified incubator supplied with 5% C02/95% air at 37°C. Subcul-
tures were obtained as needed by detaching the cells with a Ca2+/Mg2+-
free phosphate-buffered saline (PBS) solution containing 0.25% trypsin
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Figure 1. Pathway of cADPRmetabolism and proposed site of action of atRA.

and 5 mMEDTA. For experiments, the cells were seeded into 6-well
plastic plates (9.6 cm2/well) at a density of 100,000 cells/well.

Quiescent cells. In preliminary experiments we observed that the
atRA-elicited stimulation of cADPR synthesis was greatly amplified
in subconfluent, quiescent cells. Therefore, unless otherwise stated the
following was standard procedure. LLC-PK, cells were grown in DME
medium containing 10% FCS until they reached 70% confluency and
then were made quiescent by replacing the growth medium with medium
containing only 0.5% FCS for 48 h. Cell medium was replaced again
with FCS-free medium that contained atRA (or other tested agents
solubilized in 1%DMSO)added to the final concentrations as specified
in Results for indicated time periods. Control treated cells were exposed
only to medium containing 1% DMSO.

ADPRcyclase activity. Quiescent LLC-PK, cells preincubated with
atRA or other retinoids for various time periods, as specified in the
Results, were thoroughly rinsed with PBS. Thereafter, the cells were
incubated at 37°C in an extracellular medium (ECM) of the following
composition (final concentration): 0.5 mM/3-NAD', 65 mMNaCl, 20
mMHepes, 20 mMD-glucose adjusted to pH 7.4 with Tris base. At
the end of the incubation period, as specified in Results, aliquots of the
incubation medium were removed and cADPR content in the sample
was determined by a specific Ca2"-release bioassay.

cADPR hydrolase activity. The hydrolysis of cADPR was deter-
mined analogously to ADPRcyclase, except that after preincubation
with atRA, the cells were incubated in ECMcontaining 10 ILM cADPR
as substrate, instead of /3-NAD+. During incubation with cADPR, ali-
quots of medium were removed at 1, 2, and 4 h and assayed for cADPR
concentration remaining in the cell medium using the Ca2+-release bio-
assay as described (5). cADPRhydrolase activity of atRA incubated
cells was compared with that of control treated cells.

Purification of /3-NAD+. Before assaying cells for ADPRcyclase
activity, trace amounts of naturally occurring cADPR were removed
from commercial fi-NAD + substrate by anion-exchange HPLC as pre-
viously described ( 1). Purified /8-NAD + was then Speed-vac concen-
trated to 15 mMand pH adjusted to 7.4 with Ca2+-free Tris base.

Sea urchin egg homogenate. Synthesis and hydrolysis of cADPR
by LLC-PK1 cells were measured by a specific Ca2+-release bioassay
that was prepared as described previously (3, 5, 15). Briefly, eggs
collected from Lytechinus pictus sea urchins (Marinus Inc., Long Beach,
CA) were dejellied by sequential washings (1,000 g, 60 s) in Ca2+-

free artificial sea water containing 1 mMEGTA, then in Ca2 -free
artificial sea water without EGTA, followed by two washes in an intra-
cellular medium containing 250 mMN-methylglucamine, 250 mMK+
gluconate, 20 mMHepes, and 1 mMMgCl2 (pH 7.2 adjusted with
acetic acid) and resuspended to 25% (vol/vol) with intracellular me-
dium. Protease inhibitors (10 HIg/ml leupeptin, 10 ,Ig/ml aprotinin, and
50 ug/ml soybean trypsin inhibitor) and an ATP-regenerating system
composed of 2 U/ml creatine kinase, 4 mMphosphocreatine, and 0.5
mMATP were added and the eggs were homogenized with a Dounce-
type homogenizer. The homogenate was centrifuged (13,000 g, 4°C)
for 10 s and the collected supernatant was aliquoted and stored at -70°C.

cADPRbioassay. Aliquots of LLC-PKI cell medium (3-6 ,.l) were
added to a cuvette containing 250 bd of sea urchin egg homogenate
that was maintained at 17°C with constant stirring in a fluorescence
spectrophotometer (model F2000; Hitachi Instruments, Inc., San Jose,
CA). Ca2' release from sea urchin egg homogenates was monitored by
Fluo-3 fluorescence changes. The quantum of cADPR synthesized by
LLC-PK1 cells was determined by comparing Fluo-3 fluorescence in
aliquots of cell medium to standards of authentic cADPR. The concen-
tration of cADPR in the cuvette was then converted to nanomoles per
milligram of cell protein based on the amount of protein per well and
the final dilution factor. The protein content in each well was determined
by the method of Lowry et al. (16) after solubilization of cells in 0.5%
dodecylsulphate.

HPLC identification of cADPR. Media from control and atRA-
treated LLC-PKI cells incubated with /3-NAD + were analyzed for
cADPR content by anion-exchange chromatography as described pre-
viously (1) with minor modifications. AGMP-1 resin (Bio-Rad, Her-
cules, CA) was hand packed into a 6.6 X 250-mm column and the
nucleotides were eluted with the following nonlinear gradient of 150
mMtrifluoroacetic acid in water. At a constant flow rate of 4 ml/min,
solvent B (150 mMtrifluoroacetic acid) was initiated at 0.7% and held
for 1 min. Solvent B was then increased to 2% from 1 to 3 min and
held until 6 min, then linearly increased to 10% from 6 to 15 min. At
15 min, solvent B was increased to 100% over 0.1 min and held for 5
min, then decreased within 0.1 min to the starting conditions of 0.7%.
cADPR detected by UV260 absorption eluted at 13.5 min under the
conditions of 8.7% solvent B (see Fig. 4 A).

DNA synthesis in LLC-PK, cells. Incorporation of [3H]thymidine
into DNAof LLC-PKI cells was performed using standard procedures
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Figure 2. Stimulation of cADPRsynthesis in LLC-PK1 cells treated with atRA. (A) Calibration curve with authentic cADPRadded to the sea
urchin egg bioassay (1). (B) Effect of 24 h of incubation with various concentrations of atRA upon the synthesis and accumulation of cADPRby
LLC-PKI cells. (C) Effect of incubation with other retinoids upon cADPRsynthesis in LLC-PK1 cells. All retinoids were tested at a concentration
of 1 1iM; 13-cis-RA = 13-cis-retinoic acid. Also shown is the effect of replacing 0.5 mMP-NAD' substrate with 0.5 mMa-NAD' upon cADPR
synthesis by atRA-treated LLC-PK1 cells. (D) Effect of 1 jig/ml Act D on synthesis of cADPR. LLC-PKI cells were first preincubated with or
without Act D for 3 h in FCS-free medium. Medium was then changed to remove Act D, and the cells were then incubated for 12 h in the FCS-
free medium containing 1 IM RA, then assayed for ADPRcyclase activity. (E) Effect of 40 Mg/ml cycloheximide (CHX) on cADPRsynthesis.
Experimental procedures to test the effect of CHXwere exactly as described for the Act D-treated cells. Tracings are from a representative
experiment, repeated three times. Abscissa: fluorescence of Fluo-3 in arbitrary units.

(17, 18). Briefly, cells were pulsed with 1 uCi/well [3H]thymidine
(24 Ci/mmol) during the last 4 h of incubation with atRA, then washed
with PBS, lysed with 0.2 N NaOH, and neutralized with 1 N HCl and
10%TCA. The material was then transferred to a GF/C filter (Whatman
Inc., Clifton, NJ) previously placed in a cell harvester. The filter was
washed once with TCA, then twice with 100% ethanol and [3H]thymi-
dine determined by standard liquid scintillation counting.

Apical membrane-bound enzyme assays. The activities of alkaline
phosphatase, y-glutamyltransferase, and leucine aminopeptidase were
measured as follows. Quiescent LLC-PKI cells were scraped from plas-
tic plates, washed twice, and resuspended in a NaCl buffer containing
137 mMNaCl and 20 mMHepes/Tris at 370C, pH 7.4. The cells were
then subjected to two freeze/thaw cycles, pelleted and resuspended in
hypotonic medium (10 x dilution of the NaCl medium), and then passed
through a 26-gauge needle six times. The fractionated membranes were
then pelleted and resuspended in the NaCl buffer and assayed for enzyme
activity as we have described earlier ( 19).

Statistical analysis. When appropriate, the results were analyzed
statistically using group t tests.

Reagents. Fluo-3 was obtained from Molecular Probes (Eugene,
OR). [3H]Thymidine was acquired from DuPont/New England Nuclear
(Boston, MA). IP3, 63-NAD', a-NAD', ADP-ribose, and all other
chemicals of the highest purity available were purchased from Sigma
Chemical Co. (St. Louis, MO). Authentic cADPR was in part a gift
from Dr. Hon Cheung Lee (Department of Physiology, University of
Minnesota, Minneapolis, MN) or purchased from Amersham Corp. (Ar-
lington Heights, IL).

Results and Discussion

When quiescent, subconfluent LLC-PKI cell monolayers were
preincubated with 10 nMatRA for 24 h, then tested for ADPR

cyclase activity, the cADPR accumulation in the ECMwas
increased nearly twofold over the control level (Fig. 2 B and
Fig. 3 A). The stimulatory effect of atRA was also time depen-
dent (Fig. 3 B) and increased with atRA concentration reaching
a maximum (A + 600±50%; P < 0.01, n = 12) at 1 tM atRA
(Fig. 2 B and Fig. 3 A). In sharp contrast, when LLC-PKI cells
were grown to full confluency before serum deprivation, atRA
even at the maximum dosage of 1 IuM was distinctly less effec-
tive (maximum A + 200%) in stimulating cADPRaccumula-
tion (not shown) than in subconfluent cells (Fig. 3 A).

The elevated cADPRcontent in LLC-PKI cell medium elic-
ited by atRA was not due to decreased cADPR hydrolysis.
Whencontrol or atRA-pretreated LLC-PKI cells were incubated
with 10 MMcADPR as substrate for 1, 2, or 4 h, the rate of
decrease in cADPRconcentration in the cell medium (data not
shown) did not differ, indicating that atRA does not alter
cADPR-hydrolase activity in LLC-PK1 cells. Under these condi-
tions, the hydrolase activity was quite low compared with that
of human red blood cells (10); cADPRconcentration had de-
creased by only - 10% for either treatment after 4 h of incuba-
tion. These findings suggest that the atRA-elicited accumulation
of cADPR is due solely to an increase in cADPR synthesis,
i.e., by enhancing activity of ADPRcyclase while not affecting
cADPRhydrolase.

The metabolite of f-NAD+ was verified to be cADPRby
both HPLCanalysis and homologous desensitization of the bio-
assay. A summary of HPLCchromatograms is shown in Fig. 4
that compares the elution profile of authentic cADPRand re-
lated nucleotides (Fig. 4 A) to media from control or atRA-
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Figure 4. HPLCseparation and identification of cADPRsynthesized by
LLC-PKI cells. Cells were exposed to vehicle (Control) or atRA (1
bsM) for 24 h and then incubated in a buffer (20 mMTris-HCl and 20
mMglucose; pH 7.4) containing 1 mM/3-NAD'. After 8 h of incuba-
tion, the medium was removed, centrifuged (10,000 g, 10 min) to
remove any cell debris, and separated by anion-exchange HPLCas

described in Methods. A displays the elution profile of authentic stan-
dards. For comparison, the concentration of each indicated standard
(NiAm is nicotinamide) is 20 nmol. B and C exhibit the synthesis of
cADPRby cells under control conditions or atRA pretreated cells, re-

spectively. Ca2+-release activity of the eluate, as tested by the bioassay,
corresponds exclusively to the shaded peak depicted in B and C.

dium of atRA-pretreated cells was over twofold greater than in
control cell medium.

Further verification that cADPRwas synthesized by LLC-
PK, cells was provided by evidence of homologous desensitiza-
tion of the bioassay (Fig. 5). The use of this technique to
determine identity of Ca2"-releasing compounds in sea urchin
egg homogenate is well established (1, 20). In the sea urchin
egg bioassay, repeat additions of the same Ca2+-releasing com-

pound, e.g., cADPRor IP3, will homologously desensitize that
particular Ca2' release system, while the homogenate remains
sensitive to other compounds. Indeed, the bioassay is homolo-
gously desensitized to atRA-treated cell medium, but not to IP3,
after repeat additions of authentic cADPR (Fig. 5 A). The re-

verse sequence of additions will also produce the same response,

in that atRA-treated cell medium will desensitize the bioassay
to authentic cADPR, but not to IP3 (Fig. 5 B). Conversely, the
bioassay system desensitized to IP3 still responds by Ca2+ re-

lease to atRA-treated LLC-PKI cell medium (Fig. 5 C). Re-
placement of /3-NAD+ by an equimolar concentration of a-

NAD+ as substrate for ADPRcyclase exemplifies the specific
requirement for the P-glycosidic bond of NAD+ by ADPR
cyclase (1), since no accumulation of cADPR was observed
(Fig. 2 C), another argument for authenticity of cADPR.

Preincubation of LLC-PK1 cells with actinomycin D (Act
D) or cycloheximide, to inhibit DNAor protein synthesis, re-

spectively, completely blocked the atRA-elicited increase in
cADPR accumulation (Fig. 2, D and E). This indicates that
proteosynthesis is required for atRA-stimulated ADPRcyclase
and that atRA presumably acts by binding to a cognate nuclear
retinoic acid receptor (RAR) inducing activation (or inhibition)
of specific genes (21). In another experiment, LLC-PKI cells
were preincubated without or with 1 ,uM atRA for only 6 h, a

period of time not sufficient enough to enhance cADPRsynthe-
sis (Fig. 3 B), then washed free of extracellular atRA and
incubated in 0.5% FCS medium for an additional 72 h before
assaying for ADPRcyclase activity. Under these test conditions,
72 h after atRA exposure, LLC-PK1 cells synthesized nearly
fivefold more cADPRthan parallel tested control cells. These
data are also consistent with the notion that atRA increases
cADPRgeneration by a genomic mechanism, such as stimulat-
ing de novo synthesis of ADPRcyclase. However, alternative
interpretations should be considered. atRA may stimulate syn-

thesis of some unknown activator or may suppress synthesis of
an inhibitor of ADPRcyclase. The exact mechanism of atRA
in this action needs to be delineated in future studies; neverthe-
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Figure 5. Homologous desensitization of the
Ca2+-release system in sea urchin egg ho-
mogenate. (A) After response to 80 nM
cADPRand reuptake of Ca2 , the subse-
quent additions of authentic cADPRor me-
dium from LLC-PK, cells (further Cell Me-
dia) preincubated with atRA failed to pro-
duce a response, but 1 JsM IP3 triggered Ca2+
release. (B) After Ca2+-release response to
cell medium and Ca2' reuptake, the bioassay
was refractory to both cell medium and au-
thentic cADPR, but responded to IP3. (C)
After Ca2' release by EP3 and reuptake, the
bioassay was resistant to IP3 but not to cell
medium. Abscissa: fluorescence of Fluo-3 in
arbitrary units.

less, our current results clearly demonstrate that the stimulatory
effect of atRA upon cADPRsynthesis depends on intact DNA
and protein synthetic systems.

As in some other cell systems (18), atRA stimulates mito-
genic DNAsynthesis in LLC-PKI cells (17) and it should be
considered if the amplified capacity for cADPRsynthesis may

be merely a reflection of the enhanced mitotic activity. Two
findings argue against this possibility. First, incubation of quies-
cent LLC-PKI cells with 10% FCS stimulates [3H]thymidine
incorporation to a similar degree as 1 1tM atRA (594±132
vs 393±72%) compared with control cells. Yet, unlike cells
incubated with atRA in FCS-free medium, LLC-PKI cells incu-
bated with 10% FCS show no increase in cADPRaccumulation
(Fig. 6). Secondly, in LLC-PK, cells treated with atRA, activi-
ties of enzymes intrinsic to the apical membrane such as alkaline
phosphatase, y-glutamyltransferase, and leucine aminopepti-
dase were not increased while ADPRcyclase in the same cells
was markedly (A + - 300%) stimulated (Table I).

The stimulatory effect upon cADPRsynthesis appears to be
specific for atRA compared with 13-cis-retinoic acid (13-cis-

5 Figure 6. Specific stimu-
* Control lation of cADPRsynthe-
* 10%FCS sis by atRA. Subcon-

4 - A atRA fluent LLC-PK, cells
were incubated in a me-

0 3 - dium without FCS (cir-
cles) (control), with

2tM atRA (triangles), or

X with 10% FCS and no

atRA (squares) for 24 h.
AV

I _. Then cells were thor-

oughly rinsed and incu-

0
bated in an assay me-

dium for ADPRcyclase
0 1 2 3 4 5 6 7 8 assay containing 0.5 mM

P-NAD+ Incubation (h) ,3-NAD+. At indicated
times, 4 ,d of the cell me-

dium was removed and tested for cADPRcontent using the bioassay.
Data presented are from a representative experiment that was repeated
four times.

RA), a stereoisomer of atRA, which in equimolar concentra-
tions did not stimulate ADPRcyclase in LLC-PKI cells (Fig.
2 C). This is also consistent with the view that atRA acts via the
nuclear RARreceptor, since although 13-cis-RA has multiple
biologic effects, it does not bind onto RAR(22). Likewise, 1
p.M retinol did not stimulate ADPRcyclase (Fig. 2 C); this
pre-precursor of atRA is metabolized by LLC-PKI primarily to
retinoids other than atRA (12).

It should be pointed out that atRA stimulates cADPRsyn-
thesis in low nanomolar concentrations, which commensurate
with reported (12, 23) atRA plasmal levels both in humans (15
nM) and rats (6 nM). This finding is also consistent with the
hypothesis that atRA acts as a hormonal first-messenger to stim-
ulate cADPRgeneration in epithelial cells.

NAD+ -glycohydrolase is predominantly an ectoenzyme in
most systems; however, in some cases (13), including tubular
epithelia (14), there is also evidence of intracellular NAD+ -
glycohydrolase activity. Based on this analogy, it is reasonable
to expect that at least a minor portion of cADPRis synthesized
intracellulary. In this study we did not explore intracellular
synthesis of cADPR; however, intracellular cADPRmay play
a mediatory role via Ca2+ release akin to the effects of IP3. A
second messenger role for cADPR such as this has been sug-

Table I. Apical Membrane Enzymes in LLC-PK, Cells Incubated
for 24 h with 1 pMatRA Compared with Controls (Media without
FCS) or Cells Incubated in Media with 10% FCS

Alkaline y-Glutamyl Leucine cADPR
Condition phosphatase transferase aminopeptidase synthesis

/rnoL/mg protein/min nmol/mg

Control 303±40* 1461±141 85±11 3.7±0.4
atRA 358±64 1680±140 126±18 12.3±0.9t
10% FCS 534±209 1566±358 131±38 2.5±0.4

* Each number denotes mean±SEMfrom five experiments. I Denotes
value significantly higher (P < 0.01; t test) than value for control or
10% FCS.
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gested for insulin secretion from /3-pancreatic cells (24) in
response to increased D-glucose concentration.

Our finding that atRA stimulates cADPR synthesis at the
cell surface and releases it into the ECMhas highly attractive
functional implications. It is conceivable that cADPRmay serve
as an intercellular paracrine nucleotide, second messenger of
atRA that is operant in cell-cell communications. A function
such as intercellular signaling would be, in principle, analogous
to the role which cAMP plays in intercellular communication
between eukaryotic cells leading to formation of cellular con-
tacts as it was documented in detail for Dictyosterlium dis-
coideum (25). atRA is an archetypal hormone that regulates
morphogenesis, organogenesis, and differentiation (26). For
example, atRA was shown to trigger tubulogenesis in rabbit
renal epithelia (27) and induced formation of organoids in cul-
tured glomerular SGE1 epithelial cells when applied as retinol
acetate (28). It is thus reasonable to surmise that atRA-stimu-
lated synthesis of cADPR in renal epithelia and other tissue
types may generate intercellular signals that coordinate func-
tions and contacts of adjacent or distant cells in the course of
morphogenesis and organogenesis.

In summary, we report herein that atRA is a potent stimulus
of cADPRsynthesis which most likely acts via a genomic mech-
anism. Wethus propose that cADPRhas the potential to mediate
some of the multiple biologic effects of atRA.
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