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NAD is an important cofactor involved in multiple metabolic reactions and as a substrate for several NAD-
dependent signalling enzymes. One such enzyme is CD38 which, alongside synthesising Ca2+-releasing
second messengers and acting as a cell surface receptor, has also been suggested to play a key role in
NAD+ homeostasis. CD38 is well known as a negative prognostic marker in B-CLL but the role of its enzy-
matic activity has not been studied in depth to date. We have exploited the HL-60 cell line as a model of
inducible CD38 expression, to investigate CD38-mediated regulation intracellular NAD+ levels and the
consequences of changes in NAD+ levels on cell physiology. Intracellular NAD+ levels fell with increasing
CD38 expression and this was reversed with the CD38 inhibitor, kuromanin confirming the key role of
CD38 in NAD+ homeostasis. We also measured the consequences of CD38 expression during the differen-
tiation on a number of functions linked to NAD+ and we show that some but not all NAD+-dependent pro-
cesses are significantly affected by the lowered NAD+ levels. These data suggest that both functional roles
of CD38 might be important in the pathogenesis of B-CLL.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The pyridine nucleotides nicotinamide adenine dinucleotide
(NAD) and its phosphorylated form NADP have long been known
to be essential co-enzymes in some of the most fundamental reac-
tion pathways of basic metabolism such as glycolysis, the TCA cy-
cle and the pentose phosphate pathway [1]. It has become clear
over the past two decades that their roles in cells extend far be-
yond being simple electron carriers and NAD(P) has also been
shown to be a substrate for enzymes that control pathways of
DNA repair (via poly ADP-ribose polymerase; PARP), post-transla-
tional protein modification (via ADP-ribosyl transferases; ARTs),
gene expression (via sirtuins) and Ca2+-signalling (via CD38/
CD157; [2–5]). This has led to a renewed interest in the pathways
of NAD(P) homeostasis as it is clear that both the oxidation state
and absolute levels of NAD(P) will affect cell physiology via a num-
ber of pathways. There has also been much interest in these
homeostasis pathways as potential pharmacological targets for a
wide variety of diseases.

When NAD(P) is used as a substrate rather than as a redox co-
enzyme, the result is that the NAD(P) is consumed with all of the
reactions above leading to cleavage of the nicotinamide moiety
and generation of free nicotinamide along with compounds con-
taining an ADP-ribose (phosphate) group. In order to maintain
NAD(P) levels, three distinct pathways exist to re-synthesise
NAD(P) [6]. Of the pathways that consume NAD(P), the most
important in terms of the general control of NAD(P) levels would
appear to be that mediated by the enzyme CD38 as it is apparently
constitutively active [7]. Other pathways such as the PARP path-
way may also significantly affect intracellular NAD(P) levels under
certain conditions (i.e. DNA damage for PARP) but such changes are
likely to be transient.

CD38 is an unusual protein in that it possesses both a receptor
function, mediating cell–cell contact and proliferation, and an
enzymatic activity [8]. Furthermore, the enzymatic activity is unu-
sual in itself in that the enzyme will use multiple pyridine nucleo-
tide substrates and produce multiple products through at least
three known enzymatic mechanisms. A number of the enzymatic
products of CD38 have been shown to be involved in cell signalling
pathways, for instance, cADPR, NAADP and ADPR [9]. While CD38
is clearly an important regulator of the synthesis of second mes-
sengers, recent evidence from the CD38 KO mouse has suggested
that the principle role of CD38 may be in the control of NAD(P) lev-
els as the KO mouse showed significantly higher tissue NAD levels
than the wild-type [10]. CD38 is perhaps best known for being a
prognostic marker for chronic lymphocytic leukaemia (CLL) [8].
Briefly, high levels of CD38 expression correlate with both disease
stage and poor prognosis. While the receptor functions of CD38
undoubtedly contribute to high levels of cell proliferation in ad-
vanced CLL, the contribution of the enzymatic activity in pathogen-
esis has remained largely ignored.
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Here we have made use of a CD38 expression model, HL-60 cell
differentiation by all-trans retinoic acid (ATRA), to mimic what
might happen to intracellular NAD levels upon the induction of
CD38 expression in CLL cells. CD38 expression increased robustly
over the first 24 h of differentiation when measured by mRNA,
FACS or CD38 activity. Concomitant with this rise in CD38 expres-
sion was a significant drop in NAD levels intracellularly that was
inhibitable by the CD38 inhibitor, kuromanin [11]. The drop in
intracellular NAD levels was accompanied by increased oxidative
damage but not by any significant changes in glycolysis. We pro-
pose that increased CD38 expression during CLL may have signifi-
cant effects on NAD levels and that the associated physiological
changes may contribute in some way to the pathogenesis of the
disease.

2. Materials and methods

2.1. Cell culture

HL-60 and RAJI cells were maintained in suspension in RPMI-
1640 medium (Sigma) supplemented with 10% heat-inactivated
FCS (Lonza), 100 U/ml penicillin, 100 lg/ml streptomycin (Lonza),
and 2 mM L-glutamine (Lonza). Cells were maintained in a humid-
ified incubator supplied with 5% CO2, at 37 �C. To induce HL-60 dif-
ferentiation 1 lM all-trans retinoic acid (ATRA; Sigma) was added
to cells (0.2 � 106 ml�1) [12].

2.2. mRNA isolation and quantitative real-time PCR

Total RNA was isolated using a GenElute kit (Sigma). RNA (1 lg)
from control and ATRA-treated HL-60 cells was reversed tran-
scribed to cDNA using MMLV in a GeneAmp PCR System 9700
instrument. RNA was denatured at 70 �C for 10 min in the presence
of dNTPs (0.5 mM) and random nonamers (1 lM). Reactions were
cooled on ice for 5 min and then 1 unit of MMLV-reverse transcrip-
tase was added to each reaction. Reactions were then incubated at
room temperature for 10 min, 37 �C for 50 min and 94 �C for 5 min.
cDNA samples were stored at 4 �C until use. Primers (Table 1) were
purchased from Eurofins MWG Operon (Germany).

Quantitative RT-PCR was performed using 96 well plates using
the StepOne plus sequence detection system (Applied Biosystems,
UK). GAPDH was used as a housekeeping gene; cDNA was ampli-
fied by adding 2 ll to a final reaction volume of 25 ll containing
SYBR green, 0.05 U/ll Taq polymerase, 300 nM reference dye and
0.2 lM of the specific primers. Reactions were performed under
the following conditions: 94 �C for 2 min followed by 40 cycles of
94 �C for 30 s, 60 �C for 30 s and 72 �C for 30 s. The Ct value from
control was compared with that of ATRA-treated cells using the
DDCT methodology to determine the relative target quantity.
Table 1
Primers used for qPCR experiments.

Genes Primers Size Product (bp)

GAPDH For:CCCACTCCTCCACCTTTGAC 20 100
Rev:CTGTTGCTGTAGCCAAATTCGT 22

CD38 For: GCACCACCAAGCGCTTTC 18 100
Rev:TCCCATACACTTTGGCAGTCTACA 24

CD157 For: GGGAAGGCAGCATGAAAGTC 20 105
Rev: GGTCCACGCACTGTAAGAGCTT 22

IDO For: GCCTGCGGGAAGCTTATG 18 100
Rev: TGGCTTGCAGGAATCAGGAT 20

NMNAT For: TCATTCAATCCCATCACCAACA 22 105
Rev: AGGAGAGATGATGCCTTTGACAA 23

NAMPT For: TCCGGCCCGAGATGAAT 17 105
Rev: TGCTTGTGTTGGGTGGATATTG 22
2.3. Measurement of ADP-ribosyl cyclase activity

The cyclase activity was assayed by monitoring the conversion
of nicotinamide guanine dinucleotide (NGD) into cyclic GDP-ribose
(cGDPR), as described earlier [13]. The reaction was started by add-
ing 2.0 � 106 cells to a reaction mixture containing 100 lM NGD in
PBS, pH 7.4. The production of the fluorescent cGDPR was moni-
tored for 5–10 min, measured fluorimetrically (excitation
300 nm; emission 410 nm) with a LS50B fluorimeter (Perkin Elmer,
UK).
2.4. FACS analysis

Cells were resuspended in 100 ll of FACS staining buffer (PBS
containing 1% BSA) and incubated for 30 min at 4 �C, followed by
three washes. Cells (15 ll) were incubated with either the conju-
gated monoclonal antibody anti-CD38 (1:20; eBiosciences, UK),
or the isotype control-PE (1:20) for 30 min at 4 �C in the dark. After
incubation cells were washed twice with 500 ll of FACS buffer and
resuspended in 500 ll PBS. The samples were sorted on an Arial II
FACS (Becton–Dickinson, USA), and data from 10,000 events were
collected and analysed using FACS Diva version 6.1.3 software.
2.5. NAD+/NADH determination

Intracellular NAD+ and NADH levels were determined by enzy-
matic cycling assay ostensibly as previously described [14]. Cells
(1.25–5 � 106 ml�1) were pelleted and frozen in a dry ice-ethanol
bath. For NAD+ extraction, 250 ll of 0.2 M HCl was added to the
frozen pellets, while 250 ll of 0.2 M NaOH was used for NADH
extraction. Samples were placed in a 100 �C water bath for
10 min and then centrifuged at 5000g for 5 min. The supernatants
were stored in �20 �C until needed. Extracted NAD(H) (49 ll) was
added to 151 ll of a reaction mixture containing 98 mM Bicine (pH
8.0), 24 mM of either NaOH (for NAD+ extraction) or HCl (for NADH
extraction), 1.62 mM PES, 0.41 mM MTT, 19.6 ll ethanol, 3.92 mM
EDTA and 5 ll of yeast ADH (400 U ml�1). The absorbance at
565 nm was recorded in a plate reader (VersaMax, Molecular De-
vices, Sunny vale, CA) after 30 min incubation in the dark. NAD+

and NADH standards (5–60 lM) were used for calibration.
2.6. Lactate assay

Medium (50 ll) or lactate standard solution (0.1–1 mM) was
mixed with 250 ll of assay mixture containing 315.8 mM glycine,
252.6 mM hydrazine, 4 mM NAD+ and 16.6 U ml�1 lactate dehy-
drogenase (LDH). The reaction was incubated at 37 �C for 30 min
and measured at 340 nm in a plate reader. Data were normalised
to cell number.
2.7. Thiobarbituric acid reactive substance assay

Cell pellets (5–10 � 106 cells) were re-suspended in 200 ll ice-
cold PBS and sonicated for 15 s on ice. Ice-cold 10% TCA (400 ll)
was added and the reaction was centrifuged at 15,000g for 5 min
at 4 �C. 4.6 mM thiobarbituric acid (200 ll) was added to an equal
volume of each supernatant. The colour was developed at 100 �C
for 30 min and the reaction was stopped by cooling for 5 min. Each
sample (300 ll) was transferred to a 96-well plate and the absor-
bance at 532 nm was recorded with reference to a reagent blank.
The assay was calibrated with 1,1,3,3-tetraethoxypropane (0–
100 lM).
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2.8. Statistical analysis

Statistical analysis of the data was performed with the Stat
View statistical software (Abacus concepts, California, USA) using
the one way ANOVA analysis.
3. Results and discussion

CD38 has been suggested to be a major regulator of NAD(P) lev-
els in mammalian cells and is also known as a negative prognostic
marker in CLL. In order to mimic the changes in expression of CD38
during disease progression in CLL, we have made use of the well-
characterised HL-60 differentiation model. HL-60 cells were stim-
ulated to differentiate by addition of 1 lM ATRA and cells were left
to differentiate into neutrophil-like cells for up to 5 days [12]. By
the end of the treatment, the cells had acquired the ability to re-
duce NBT and thus were deemed to be differentiated (data not
shown; [15]). We measured CD38 mRNA expression via qPCR, pro-
tein expression via FACS and we also measured CD38 enzymatic
activity using the NGD assay. CD38 mRNA levels increased rapidly
and robustly over the first 24 h of differentiation, reaching levels
approximately 500-fold higher than in undifferentiated cells, and
then stayed high throughout the remaining 4 days (Fig. 1A).
Expression was first observed from 3 h. We also measured the
expression of the CD38 homologue, CD157 but only a slight in-
crease was observed (6.70 ± 0.15-fold increase over 5 days;
Fig. 1A). CD38 enzymatic activity appeared on the plasma mem-
brane, as measured using the conversion of NGD to cGDPR in intact
cells, over a similar time scale, with a peak in activity at 6 h that
then levelled off (Fig. 1B). It is unclear as to why the activity peaked
and then dropped to a lower level but one possibility is that the
CD38 is active immediately after transcription and on arrival at
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Fig. 1. CD38 expression during differentiation. (A) mRNA expression of CD38 (solid line)
FACS analysis of extracellular CD38 expression. Data are expressed as mean ± SEM of 3
the plasma membrane, and that it is then redistributed within
the cell via recycling pathways. This data confirms that active
CD38 is present soon after the initiation of differentiation. Protein
expression of CD38 was confirmed via FACS analysis and showed
large increases in protein levels already by 10 h of differentiation
(Fig. 1C).

In order to measure whether CD38 expression had any effect on
intracellular NAD+ levels, we extracted intracellular NAD+ at differ-
ent time points after the initiation of differentiation (Fig. 2A). NAD+

levels decreased rapidly within the first day of differentiation and
continued to decrease more slowly between 1 and 5 days of treat-
ment. NAD+ levels were 64.6 ± 8.9% of control after 24 h and
40.5 ± 8.7% of control after 5 days. Previous work has shown that
CD38 is a major regulator of intracellular NAD+ levels and our re-
sults support that hypothesis [7]. In order to test whether the cor-
relation between the NAD+ levels and CD38 activity/expression
was likely to be due to CD38, we made use of a recently discovered
CD38 inhibitor, the flavonoid, kuromanin [11]. Luteolin was also
found to inhibit CD38 but this compound has previously been
shown to inhibit glycolysis [16] and thus, we thought it best to
avoid its use. While we cannot be sure of any non-CD38 mediated
effects of kuromanin, there was no effect of prolonged kuromanin
treatment on cell vitality (data not shown). Nevertheless, the use of
kuromaninwas limited to a single, short time point (6 h) to best
avoid any potential confounding effects. Kuromanin (10 lM) effec-
tively reversed the drop in NAD+ levels suggesting that this effect is
CD38 dependent (Fig. 2B). Additionally, we found no such reversal
in the presence of 4-amino-1,8-naphthalimide or sirtinol, inhibi-
tors of PARP and Sirt1/2, respectively [17,18], suggesting that the
other major NAD+-consuming pathways are not involved (data
not shown).

Much has been made of the observation that CD38 is an ectoen-
zyme, and thus, its active site is not intracellular and in contact
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Fig. 2. (A) The decline in intracellular NAD+ levels during HL-60 differentiation,
n = 3 (B) The effect of treatment with 10 lM kuromanin on NAD+ levels. Data are
expressed as mean ± SEM of three separate cultures.

HL-60
1 Day

3 Days
5 Days

N
AD

+ /
N

AD
H

 ra
tio

0

2

4

6

8

10

12

14
A

1 Day
3 Days

5 Days

TB
AR

S 
(p

m
ol

/1
06 ce

lls
)

0

50

100

150

200

250

*
*

B

Fig. 3. Consequences of NAD+ depletion on (A) NAD+/NADH ratio and (B), TBARS
production during HL-60 differentiation. Data are expressed as mean ± SEM of three
separate cultures. Differences between groups were assessed by one-way ANOVA.
⁄P < 0.05 versus control.
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with the NAD+. This topological paradox has caused some contro-
versy but recent work has clarified this problem and it appears that
CD38 can flip-flop across the plasma membrane (and one would
assume, organelle membranes), and thus its active site can be in
the same compartment as the cytosolic NAD+ [19]. These data have
profound consequences for cells with inducible CD38 expression as
induction of expression may lead to significant drops in intracellu-
lar NAD levels which may impact on both basic metabolism and on
cell signalling pathways including both gene expression regulation
and DNA repair pathways. This might be particularly true for can-
cer cells as they tend to rely on anaerobic glycolysis as their major
source of ATP. Preferentially using this NAD-dependent pathway
even in the presence of adequate oxygen levels [20]. For CLL, dis-
ease progression is marked by changes in CD38 expression which
correlate with poor prognosis and a more aggressive phenotype
[2]. We hypothesise that the initiation of CD38 expression in CLL
will be accompanied by similar effects on NAD+ levels. Interest-
ingly, despite an upregulation of an NAD+ degrading pathway, we
saw no significant increase in the expression of the key enzymes
of the NAD-recycling pathway, an increase in which might act to
counteract any drop in NAD+ levels (Table 2). The only significant
change that we observed was a large increase in the expression
of the de novo NAD synthesis pathway enzyme IDO (indoleamine
2,3 dioxygenase) after 5 days of differentiation. However, as the
product of this pathway is the NAD precursor nicotinic acid (later
converted to nicotinamide by NAD synthetase), this is unlikely to
have a relevant effect on NAD levels as niacin is present in the
medium and as a breakdown product of CD38 meaning that it is
not a limiting factor [21]. The expression of IDO more likely reflects
the differentiation to a new cell type [22].

In order to test the effect of the drop in NAD+ levels on
NAD-dependent processes in control and differentiating cells, we
measured NAD+/NADH ratio, glycolytic flux (via lactate accumula-
tion) and accumulated lipid peroxidation using the TBARS assay
(Fig. 3). Strikingly, we found that NAD+ and NADH levels both
dropped similarly such that no large differences in NAD+/NADH ra-
tio were observed between control and differentiating cells
(Fig. 3A). This might seem unusual as one would expect that the ra-
tio would change due to NADH production via glycolysis. However,
we found no reduction in accumulated lactate (nmol/106 cells)
suggesting that glycolytic activity was largely unaffected (data
not shown) and that would fit well with the NAD+/NADH data as
lowered NAD+ and a high level of glycolysis would be expected
to shift the ratio towards NADH. It is worth mentioning that
ATRA-differentiated HL-60 cells retain only vestigial mitochondria
and thus rely on anaerobic glycolysis for ATP production [23]. We
did find a significant difference between control and differentiating
cells with respect to accumulation of products of lipid peroxida-
tion, suggesting a reduction in antioxidant defence (Fig. 3C). These
data suggest that the drop in NAD levels associated with CD38
expression has potentially significant consequences for the physi-
ology of cells beginning to express CD38. It is perhaps hard to ratio-
nalise the unaltered glycolytic activity with the phenotype of CD38
positive CLL cells that display increased proliferative activity. How-
ever, the drop in NAD levels is not as catastrophic as that caused by
agents such as the NAD recycling inhibitor, FK866, which lowers
NAD to undetectable levels in short periods of time [24]. Indeed,
our data suggest that glycolysis is still active and that the NAD pool
is still large enough to maintain the NAD+/NADH ratio. How this
drop in NAD(H) levels might affect ATP generation capacity under
periods of stress or high levels of proliferation stimuli may be
worthwhile pursuing in CD38+ CLL cells.

Our data provide further evidence for the hypothesis that CD38
is a major and physiologically relevant regulator of NAD levels in



Table 2
Expression of NAD-homeostasis enzymes during ATRA-induced differentiation of HL-
60 cells, data are expressed as mean ± SEM of 3 separate cultures.

Time (h) IDO NMNAT NAMPT

0 1.00 ± 0.03 1.00 ± 0.03 1.00 ± 0.03
24 1.63 ± 0.56 1.00 ± 0.09 1.31 ± 0.41
72 9.52 ± 0.45 1.35 ± 0.11 1.41 ± 0.29

120 106.87 ± 32.55 2.09 ± 0.23 1.78 ± 0.46
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mammalian cells [10]. Given the striking changes in phenotype in
CLL cells during disease progression as they begin to express CD38,
we propose that, together with the well-known effects of the
receptorial function of CD38, the effects of the enzymatic function
need further study as this may act in concert with the receptorial
function [8]. It is likely that the changes that we observe in NAD
levels will have consequences for cell physiology on a number of
signalling processes that may include DNA repair mechanisms
and gene expression. In particular, lowered NAD levels may lead
to reduced activity of the PARP-mediated DNA repair pathway with
an associated increase in the potential for genomic instability that,
when coupled with increased proliferation rates, might play a role
in disease progression [25]. Furthermore, the reaction performed
by CD38 on NAD will produce nicotinamide and ADPR (perhaps
via cADPR). Nicotinamide is well known as an inhibitor of many
of the enzymes that consume NAD including CD38 itself, PARPs
and sirtuins [26–28]. It is perhaps interesting to note that HL-60
cells, during differentiation by ATRA have been shown to have
low PARP activity and this may be due to lowered substrate con-
centration or increased inhibitor concentration with NAD degrada-
tion [29]. ADPR has also been shown to be a signalling molecule in
its own right [30]. Lowered NAD levels will also impinge in the
long term on substrate availability for CD38 itself in cADPR synthe-
sis reactions which might go some way to explaining why, despite
increased CD38 expression, cADPR signalling has not been found to
correlate with this expression in CLL cells [31]. Indeed, the data
presented here raise an important paradox between CD38 expres-
sion being required for the generation of cADPR and potentially
lowered levels of the substrate in all cell systems. This paradox
may also apply to enzymatic synthesis of NAADP.
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