
ATRA-induced HL-60 myeloid leukemia cell differentiation
depends on the CD38 cytosolic tail needed for membrane
localization, but CD38 enzymatic activity is unnecessary

Johanna Congletona, Hong Jiangb, Fabio Malavasic, Hening Linb, and Andrew Yena,*

aDepartment of Biomedical Sciences, Veterinary Research Tower, Cornell University, Ithaca, NY
14853, USA
bDepartment of Chemistry and Chemical Biology, Baker Laboratory, Cornell University, Ithaca,
NY 14853, USA
cLab of Immunogenetics and CeRMS, University of Torino Medical School, Via Santena, 19
10126 Torino, Italy

Abstract
Leukocyte antigen CD38 expression is an early marker of all-trans retinoic acid (ATRA)
stimulated differentiation in the leukemic cell line HL-60. It promotes induced myeloid maturation
when overexpressed, whereas knocking it down is inhibitory. It is a type II membrane protein with
an extracellular C-terminal enzymatic domain with NADase/NADPase and ADPR cyclase activity
and a short cytoplasmic N-terminal tail. Here we determined whether CD38 enzymatic activity or
the cytoplasmic tail is required for ATRA-induced differentiation. Neither a specific CD38
ectoenzyme inhibitor nor a point mutation that cripples enzymatic activity (CD38 E226Q)
diminishes ATRA-induced differentiation or G1/0 arrest. In contrast a cytosolic deletion mutation
(CD38 Δ11–20) prevents membrane expression and inhibits differentiation and G1/0 arrest. These
results may be consistent with disrupting the function of critical molecules necessary for
membrane-expressed CD38 signal transduction. One candidate molecule is the Src family kinase
Fgr, which failed to undergo ATRA-induced upregulation in CD38 Δ11–20 expressing cells.
Another is Vav1, which also showed only basal expression after ATRA treatment in CD38 Δ11–
20 expressing cells. Therefore, the ability of CD38 to propel ATRA-induced myeloid
differentiation and G1/0 arrest is unimpaired by loss of its ectoenzyme activity. However a
cytosolic tail deletion mutation disrupted membrane localization and inhibited differentiation.
ATRA-induced differentiation thus does not require the CD38 ectoenzyme function, but is
dependent on a membrane receptor function.
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Introduction
All-trans retinoic acid (ATRA) leads to the myeloid differentiation and G1/0 arrest of HL-60
human myeloblastic leukemia cells. The process may depend on the early ATRA-induced
expression of the leukocyte antigen CD38, a 45 kDa type II transmembrane glycoprotein
that has both enzymatic and receptor functions. It is an early biomarker of ATRA-induced
differentiation in the HL-60 cell line that is detectable after 6 h of treatment and reaches
maximum expression within 16 h [1]. CD38 may play a causal role in HL-60 myeloid
differentiation, since RNAi directed toward CD38 crippled ATRA induction [2].
Transfectants that overexpress wild-type CD38 show an enhanced rate of differentiation
indicated by increased inducible oxidative metabolism by 48 h and G1/0 arrest by 72 h [1].

CD38 is an ectoenzyme that catalyzes the formation of adenosine diphosphate ribose
(ADPR), cyclic ADPR (cADPR), and nicotinamide from NAD+ under neutral pH; or
NAADP+ from NADP under acidic conditions [3]. Both cADPR and NAADP+ facilitate
calcium signaling. ATRA-treated HL-60 cells release nuclear calcium in response to cADPR
production that correlates with the presence of nuclear CD38 protein, suggesting a role in
differentiation [4]. However, ATRA-induced differentiation causes a decrease in total
cellular calcium levels, and studies of calcium flux inhibition during ATRA treatment also
suggested independence [5,6]. Thus the precise role of calcium flux and its stimulation is not
fully understood.

In addition to its enzymatic activity, CD38 has receptor functions that participate in diverse
signaling mechanisms that vary with cell type and differentiation status [7]. Membrane-
expressed CD38 forms lateral associations with CD3 on T lymphocytes; with surface Ig,
CD19, and CD21 on B cells; and with CD16 on NK cells to produce signaling events [8–
10]. In human B cell precursors, ligation results in tyrosine phosphorylation of proteins such
as Syk, phospholipase C-γ, and the p85 subunit of PI3K [11]. In myeloid cells, CD38 mo
(Ab)-induced tyrosine phosphorylation can be mediated through FcγII receptors [12]. In
HL-60 cells CD38-agonist interaction also results in phosphorylation of c-Cbl, a cytosolic
adapter molecule known to promote MAPK signaling and ATRA induced differentiation
[13,14]. Fluorescence resonance energy transfer (FRET) data and immunoprecipitation
experiments show that these proteins exist in a complex [15].

CD38 also drives MAPK activation after agonist ligation, which is orchestrated by Raf,
MEK, and ERK [16,17]. Transient or protracted signaling from this cascade can lead to
either cell proliferation or differentiation respectively [18], and sustained MAPK signaling is
required for ATRA-induced differentiation [19,20].

In myeloid cells, CD38 signaling may promote either cell proliferation or growth inhibitory
signals [21,22]. The apparently divergent functions, particularly within myeloid cell lines,
make the role of CD38 somewhat enigmatic. It may reflect the function of different domains
and their relative activities in different contexts. Given that the enzymatic activity, receptor
signaling, and downstream effectors of CD38 might produce divergent outcomes, and that
CD38 likely participates directly in differentiation, we investigated which domains of CD38
are required for ATRA-induced HL-60 myeloid differentiation. Our results showed that the
enzymatic activity of CD38 is expendable, while the transmembrane proximal cytosolic
region needed for membrane expression is required.
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Materials and methods
Cell culture

HL-60 human myeloblastic leukemia cells and stable transfectant cell lines (CD38 E226Q,
WT38, and CD38 Δ11–20) were grown in RPMI 1640 supplemented with 5% heat-
inactivated fetal bovine serum purchased from Invitrogen (Carlsbad, CA) in a 5% CO2
humidified atmosphere at 37 °C. All-trans-retinoic acid (ATRA) was purchased from Sigma
(St. Louis, MO) and solubilized in ethanol. Cells were cultured in a final concentration of 1
μM. Arabinosyl 2′-fluoro-2′-deoxy NAD (F-araNAD) small molecules were suspended in
water and cells were cultured in a final concentration of 5 μM. For some experiments
additional 5 μM doses were added every 24 h to compensate for possible inhibitor
degradation.

Antibodies and reagents
F-araNAD was synthesized following published procedures [23]. Antibodies for cytometric
analysis of CD38 and CD11b, and CD38 Western blot antibody were purchased from
Invitrogen and BD Pharmingen (San Jose, CA), respectively. Fgr antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA); HRP anti-mouse, HRP anti-rabbit, Vav1,
GAPDH, and p-ERK were purchased from Cell Signaling (Danvers, MA); and anti-total
ERK from Zymed (San Francisco, CA). M-PER Mammalian Protein Extraction Reagent
lysis buffer was purchased from Pierce (Rockford, IL). Protease and phosphatase inhibitors,
nicotinamide guanine dinucleotide (NGD+), propidium iodide, dimethyl sulfoxide (DMSO),
and 12-O-Tetradecanoylphorbol 13-acetate (TPA) were purchased from Sigma, and 5-
(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl ester (CM-
H2DCFDA) or DCFH was purchased from Invitrogen.

Generation of stable transfectants
WT38 cell lines were created as previously described [1]. Stable transfectants were sorted to
enrich the population for cells with transfected expression by flow cytometry using anti-
CD38. CD38 E226Qwas created by transfectingHL-60 cells with a pIRES-hr GFP II vector
purchased from Stratagene (La Jolla, CA) containing a CD38 PCR product flanked by 5′
EcoRV (GATATCATGGCCAACTGCGAGTTCAGCCCGGTG) and 3′ Not1 restriction
sites (GCGGCCGCTCAGATGTGCAAGATGAATCCTCAGGATTTTTCAC). Site-
directed mutagenesis was used to create the CD38 E226Q point mutation using the
(GCACTTTTGGGAGTGTGCAAGTCCATAATTTGCAACCAG) sequence. Stable
transfectants were sorted by flow cytometry based on CD38 immunostaining.

The CD38 Δ11–20 cell line was created using an identical pIRES-hr GFP II vector with
CD38 cDNA containing a deletion of amino acids 11–20 with a HindIII site bridging
nucleotides 30–61. The cDNA fragment was cloned into the vector with 5′ EcoRV and 3′
Not1 restriction sites. Segment 1: 5′ EcoRV forward
(GATATCAGTGAAACAGAAGGGGAGGTGCAGTTTCAG) and 3′ HindIII reverse
(AAGCTTCCCGGACACCGGGCTGAACTCGCAGTT); Segment 2: 3′ HindIII forward
(AAGCTTGCCCAACTCTGTCTTGGCGTCAGTATCCTG) and 5′ Not1 reverse
(GCGGCCGCTCAGATGTGCAAGATGAATCCTCAGGATTT). Stable transfectants were
created by flow cytometric sorting for GFP-positive cells. Stably transfected cell lines
containing CD38 E226Q mutations and the CD38 Δ11–20 truncation were further verified
by mRNA isolation followed by reverse transcriptase PCR amplification and gel analysis
and sequencing.
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mRNA isolation and sequencing
Total RNA was extracted from the CD38 E226Q and CD38 Δ11–20 cell lines with
Invitrogen Trizol reagent per the manufacturer's protocol. Total RNA was measured by a
spectrofluorometer (Beckman Coulter, CA), and reverse transcriptase polymerase chain
reaction (RT-PCR) was performed using Invitrogen SuperScript One-Step RT-PCR with
Platinum Taq. The appropriate DNA sequences were then verified by sequencing at Cornell
University's Life Sciences Core Laboratory.

Flow cytometric phenotypic analysis
Immunostaining for CD11b and CD38 was performed as previously described using a
Becton Dickinson LSR II flow cytometer (San Jose, CA) [15]. Gating was set to exclude
95% of the negative control. Respiratory burst capability was measured as previously
described [6]. Propidium iodide (PI) cell cycle analysis was performed as previously
described [15].

Western blot analysis
For Western blot analysis, cells were pelleted, washed, and lysed with ice cold Pierce M-
PER Mammalian Protein Extraction Reagent (Rockford, IL) with a protease inhibitor
cocktail containing 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatinA, E-64,
bestatin, leupeptin, and aprotinin (Sigma); and a phosphatase inhibitor cocktail containing
sodium vanadate, sodium molybdate, sodium tartrate, and imidazoleprotease (Sigma).
Samples were incubated on ice and debris was pelleted. Protein content was determined by
Pierce BCA protein reagent assay. Lysate was subjected to standard SDS-PAGE.
Membranes were then probed with antibodies described above. All blot films shown were
transferred to the same membrane and are the same exposure.

Detection of CD38 enzymatic activity
ADP-ribosyl cyclase activity was detected by fluorometric analysis of the NGD+ metabolic
product cyclic GDP-ribose (cGDPR) using a spectrofluorometer (Horiba Jobin Yvon Fluoro
Max3, NJ) as previously described [24,25]. For the CD38 F-araNAD inhibitor assay, cells
were cultured for 48 h untreated or in the presence of 1 μM ATRA to induce CD38
expression. Appropriate samples were treated with 5 μM F-araNAD or left untreated for 30
min with constant rotation at 37 °C with protease and phosphatase inhibitors. All samples
evaluated for CD38 enzymatic activity were treated with 100 μM NGD+ for 1 h with
constant rotation at 37 °C. Cells were then pelleted, and supernatant was subjected to
fluorometric analysis for cGDPR.

Statistics
Statistics were analyzed by JMP Statistical Discovery Software and Microsoft Excel
statistical software.

Results
CD38 enzymatic inhibitors do not compromise ATRA-induced differentiation or G1/0 arrest

CD38 enzymatic ADPR cyclase activity is important for calcium mobilization and therefore
potentially relevant to differentiation. The enzymatic activity and the receptor signaling of
CD38 are reportedly uncoupled, and ADPR or cADPR generation is thought to be
independent of signaling mechanisms [26,27]. Therefore, we investigated whether crippling
the enzymatic activity of CD38 influenced ATRA-induced differentiation.
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We first tested whether a small molecule inhibitor of CD38 can interfere with ATRA-
induced HL-60 cell differentiation. Arabinosyl 2′-fluoro-2′-deoxy NAD (F-araNAD)was
added with ATRA. F-araNAD is a cell impermeable known suicide substrate that inhibits
CD38 ectoenzyme activity by forming a covalent adduct with E226 in the active pocket
[23,28]. CD38 has the potential to be internalized [29–32], including to the nucleus. Since
the binding of F-araNAD to CD38 is covalent, then the internalized CD38 would be
expected to retain the inhibitor. To verify the ability of F-araNAD to block CD38 enzymatic
activity, we used the fluorometric NGD+ substrate assay. NGD+ is a NAD+ analog that can
be cyclized by CD38 to cGDPR, a stable fluorescent product. We compared the fluorescence
of untreated HL-60 cells with and without NGD+ substrate and found no significant
differences, indicating that untreated control cells had negligible ADPR cyclase activity
(data not shown). We then compared the relative amount of cGDPR fluorescence generated
by untreated cells, ATRA-treated HL-60 cells expressing CD38, or cells co-treated with
ATRA plus 5 μM F-araNAD (Fig. 1A). Fluorescence is reported in arbitrary units where 1
is the null background of control cells without CD38. While there was a significant
difference influorescence between untreated cells and cells treated with ATRA, there were
no apparent differences between control cells and co-treated cells. The inhibitor was
therefore effective in crippling CD38 catalytic activity.

Next we determined the effects of CD38 inhibitors on ATRA-induced differentiation.
ATRA treatment causes HL-60 cells to exhibit differentiation markers such as the α-integrin
receptor subunit CD11b. F-araNAD had no apparent effect on ATRA-induced CD11b
expression, with or without ATRA treatment (Fig. 1B).

ATRA-treated HL-60 cells also undergo G1/0 enrichment, indicating cell cycle arrest. Cells
were cultured with or without retinoic acid, and with or without 5 μM F-araNAD for 72 h.
The proportion of G1/0 cells in neither ATRA-treated samples nor untreated samples was
affected by inhibitor treatment (Fig. 1C). Cell density was also measured during 72 h to
detect growth arrest (Fig. 1D). ATRA-treated samples, regardless of F-araNAD treatment,
show similar growth retardation at 72 h. Untreated HL-60 cells and cells treated only with
the inhibitor show continuous exponential growth. Therefore, inhibition of CD38 enzymatic
activity by F-araNAD did not affect several markers of ATRA-induced myeloid
differentiation. A second inhibitor, Arabinosyl-2′-fluoro-2′-deoxy nicotinamide
mononucleotide (F-araNMN), was also tested and similarly failed to affect ATRA-induced
differentiation and corroborated these results (data not shown).

An E226Q mutation does not alter CD38 effects on ATRA-induced differentiation or G1/0
arrest

The experiments using pharmacological inhibition indicated that inhibiting the ectoenzyme
activity of the endogenous CD38 did not affect induced differentiation, suggesting that the
ectoenzyme activity is not critical. This gives rise to an anticipation that was tested. Since
ectopic expression of wild-type CD38 promotes induced differentiation, then the
enzymatically inactive [33] CD38 E226Q catalytic mutant would be expected to do the same
if the ectoenzyme activity was not needed for this. Therefore, we ectopically expressed
CD38 E226Q and investigated whether or not overexpression of CD38 E226Q was able to
similarly drive ATRA induction.

We created cells stably transfected with the CD38 E226Q catalytic mutant and verified the
mutation by sequencing. Expression of protein was confirmed by flow cytometry of
immunostained cells (Fig. 2A). Cell viability was unaffected by E226Q expression since
cells showed normal growth, no increase in Trypan Blue exclusion staining, and no
detectable sub-G1 population using cytometric propidium iodide staining (data not shown).
Expression of CD38 after ATRA treatment was comparable in both WT38 and CD38

Congleton et al. Page 5

Exp Cell Res. Author manuscript; available in PMC 2013 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



E226Q transfectants, allowing comparison without caveats due to achieving different
expression levels (data not shown). The enzymatic activity for each cell line was tested
using the NGD+ assay. cGDPR levels in E226Q cells were comparable to that of
untreatedHL-60 cells, showing that the point mutation was effective in crippling catalytic
activity (Fig. 2B). ATRA-treated HL-60 cells expressing CD38 were used as a positive
control.

Cells stably transfected with wild-type CD38 (WT38) showed enhanced ATRA-induced
differentiation [1]. To determine if CD38 E226Q and WT38 cells propelled differentiation
similarly, we analyzed several markers to investigate whether or not the catalytic mutation
had any affect. We first compared CD11b expression in response to ATRA in HL-60,
WT38, and CD38 E226Q cells. After 24 h, both WT38 and CD38 E226Q showed increased
CD11b expression compared to ATRA-treated HL-60 cells (Fig. 2C, top left). We then
compared oxidative metabolism capability. After 48 h ATRA-treated WT38 and CD38
E226Q showed a comparable increase in inducible oxidative metabolism, which was
significantly higher than ATRA-treated HL-60 cells (Fig. 2C, top right). These results
suggested that both WT38 and CD38 E226Q expressing cells are similarly capable of
enhancing functional differentiation. Finally, to determine if there were effects on cell cycle
inhibition, we analyzed ATRA-induced G1/0 arrest. ATRA-treated HL-60, CD38 E226Q,
and WT38 cells all showed similar G1/0 arrest by 72 h (Fig. 2C, bottom). CD38 E226Q
transfected cells thus underwent differentiation indistinguishably from WT38 cells in
response to ATRA. Like wild-type CD38, CD38 E226Q was also able to enhance CD11b
expression and inducible oxidative metabolism compared to HL-60 cells. This confirms the
anticipation of the earlier F-araNAD results.

A cytosolic deletion prevents membrane expression in CD38 transfectants
The CD38 cytosolic N-terminal tail is dispensable for signaling in pro-B cells [34,35].
However, Moreno-Garcia et al. show that the cytosolic tail is important for CD38
homodimer stabilization and a truncation mutant decreases the half-life of membrane
expression in murine B lymphocytes [36], which may be important for signaling. To assess
the contribution of the short CD38 cytosolic tail to ATRA induction, we determined whether
a deletion affected membrane expression of CD38 or ATRA-induced HL-60 differentiation.
Ten amino acids were truncated in the cytosolic N terminus proximal to the transmembrane
region (Fig. 3A). These 10 residues were reported to be necessary for interaction with Lck, a
Src family kinase, in T cell signaling events [9,37] and were considered good candidates for
interactions with other proteins in different cell lines.

Stable transfectants expressing the CD38 Δ11–20 deletion were isolated by FACS sorting
using a GFP marker co-expressed from a CD38 Δ11–20/GFP bicistronic transcript with an
IRES element (Fig. 3B). The deletion was confirmed by mRNA isolation followed by
reverse transcriptase PCR and gel analysis, and protein expression was confirmed by
Western blot (Fig. 3C). Cell viability was unaffected by CD38Δ11–20 overexpression since
cells showed normal growth, no increase in Trypan Blue exclusion staining, and no
detectable sub-G1 population using cytometric propidium iodide staining (data not shown).
Interestingly, although ATRA-treated HL-60 cells expressing wild-type CD38 were able to
be membrane-labeled with antibody, cells expressing CD38 Δ11–20 showed minimal
labeling and no significant difference in membrane expression compared to the untreated
control (Fig. 3D). The lack of CD38 Δ11–20 membrane expression could reflect the loss of
the positively charged residues in the transmembrane-proximal cytosolic region, which may
be essential for proper membrane insertion and orientation. This is consistent with studies
that report CD38 mutant proteins with truncated cytosolic regions show significantly
reduced membrane expression and half-lives compared to wild-type protein [36]. After
CD38 Δ11–20 transfectants were treated with ATRA, membrane expression of CD38 was
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comparable to that of ATRA-treated HL-60 cells consistent with endogenous CD38
expression.

CD38 Δ11–20 cripples ATRA-induced differentiation induction
To determine the effect of the Δ11–20 deletion on ATRA induction, we conducted flow
cytometric analyses of HL-60 cells and CD38 Δ11–20 transfectants to assess their ability to
undergo differentiation. Compared to ATRA-treated HL-60 cells, treated CD38Δ11–20
transfectants showed significantly less CD11b expression at 24 and 48 h, and decreased
expression at 72 h (Fig. 4A). This indicated that expression of the Δ11–20 deletion
decreased ATRA-induced expression of CD11b.

Next we analyzed inducible oxidative metabolism after ATRA treatment. For HL-60 cells,
the percentage capable of producing reactive oxygen species (ROS) increased to
approximately 70% at 72 h compared to the untreated control (Fig. 4B). However, CD38
Δ11–20 transfectants showed a lack of oxidative metabolism capability, indicating CD38
Δ11–20 transfectants are unable to undergo the inducible respiratory burst characteristic of
mature myeloid cells.

After 72 h of ATRA treatment, HL-60 cells showed significant G1/0 DNA enrichment
compared to the untreated counterparts (Fig. 4C). However, after ATRA treatment the
percentage of CD38 Δ11–20 cells in G1/0 was not significantly different than untreated
HL-60 cells, indicative of crippled ATRA-induced G1/0 arrest. Together, these results
indicate that CD38 Δ11–20 is able to inhibit terminal differentiation as evidenced by
crippled G1/0 enrichment and oxidative metabolism, and decreased expression of CD11b.

CD38 Δ11–20 expression affects signaling proteins regulated by ATRA
MAPK signaling can result in cell proliferation or arrest and differentiation, depending on
receptor type and signaling longevity [18,38]. During ATRA-induced HL-60 differentiation,
a protracted Raf/MEK/ERK signal is required, and inhibitors of Raf and MEK block HL-60
leukemic cell maturation [19,20]. Overexpression of wild-type CD38 drives MAPK
signaling on its own and results in sustained, upregulated ERK signaling without ATRA
treatment [1]. This motivated interest in whether the CD38 Δ11–20 mutant is capable of
driving MAPK signaling.

HL-60 cells and CD38 Δ11–20 transfectants were ATRA-treated or left untreated for 48 h,
and phosphorylated ERK1/2 was assessed (Fig. 5A). The CD38 Δ11–20 transfectants
showed enhanced ERK activation compared to HL-60 cells. ATRA increased activated ERK
in both cases with CD38 Δ11–20 cells still exceeding HL-60. Hence the CD38 Δ11–20 cells
were still capable of producing a persistent cellular MAPK signal, but it did not propel
ATRA-induced differentiation.

While CD38 Δ11–20 appears to be capable of generating a MAPK signal, its inhibitory
effect on ATRA-induced differentiation suggests that this signaling differs from that of
wild-type CD38. One such possibility is disruption of MAPK regulators such as Src family
kinases and the guanine nucleotide exchange factor Vav1 [39–42]. ATRA upregulates Fgr
and Vav1 [43,44]; and Vav1 interacts with CD38 through a c-Cbl containing complex [14].
This motivated interest in the effect of CD38 Δ11–20 on Fgr and Vav1.

Fgr upregulation is proposed to prevent apoptosis and promote granulocytic differentiation
[43,45]. Therefore, Fgr may be important for ATRA-induced signaling mechanisms and cell
survival through maturation. Treated HL-60 cells showed upregulated expression of Fgr
while CD38 Δ11–20 cells did not (Fig. 5B). Premature cell death was not observed with
Trypan Blue exclusion staining nor was the presence of sub-G1 populations detectable by
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flow cytometry (data not shown), indicating the cells were not experiencing elevated
apoptosis. These results implied that the expression of CD38 Δ11–20 interfered with the
expected ATRA-induced Fgr upregulation.

Vav1, a guanine nucleotide exchange factor (GEF) for the Rho family of Ras-related
GTPases, becomes upregulated [44] after ATRA treatment in HL-60 cells and can be
phosphorylated by Fgr [46]. After 48 h of ATRA, HL-60 cells showed a modest increase in
total Vav1 expression (Fig. 5C). However, there was no change in Vav1 expression in CD38
Δ11–20 cells. These results indicated that ATRA-induced Vav1 upregulation was also
defective when CD38 Δ11–20 was expressed.

Discussion
CD38 is a membrane-expressed protein that is used as a prognostic indicator in leukemia.
While it is often considered a negative marker in chronic lymphocytic leukemia (CLL), the
consequences of CD38 expression are somewhat enigmatic in acute myelogenous leukemia
(AML). Because CD38 is associated with signaling mechanisms that may induce
proliferation, differentiation, or apoptosis [22,27,47] the role of CD38 in cell survival and
terminal arrest remains ambiguous. This could reflect the diversity of its functions and
capabilities.

CD38 is known to have both enzymatic and receptor functions. The extracellular domain is
able to catalyze the formation of cADPR and NAADP+, which are both calcium-mobilizing
second messengers. CD38 also participates in a variety of signaling events by serving as a
ligand-activated receptor and by forming lateral associations with other proteins at the cell
membrane. Here we attempt to segregate several of these functions and determine which are
important for ATRA-induced myeloid differentiation in HL-60 human leukemia cells. We
find that a cytosolic deletion mutant (CD38 Δ11–20) which does not membrane express
interrupted differentiation, as evidenced by a lack oxidative metabolism, insignificant
growth arrest, and decreased CD11b expression. Expression of CD38 Δ11–20 also caused
failure to upregulate markers including Fgr and Vav1 which are induced by ATRA and may
be MAPK modulators. In contrast, crippling enzymatic activity by inhibitors had no effect
on ATRA-induced myeloid differentiation. Also, cells expressing catalytically inactive
CD38 showed similar enhanced differentiation as cells expressing wild-type CD38.

CD38 Δ11–20 transfectants failed to show ATRA-induced G1/0 enrichment and oxidative
metabolism, suggesting that they are unable to undergo respiratory burst and growth arrest
characteristic of terminal differentiation. Src family tyrosine kinases such as Fgr, which is
expressed in differentiated myeloid cells after ATRA treatment, mediate respiratory burst
[46,48]. Fgr failed to up-regulate in ATRA-treated CD38 Δ11–20 cells. The transfectants
also showed decreased ATRA-induced expression of CD11b, an α-integrin receptor subunit.
Treating HL-60 cells with molecules that upregulate CD11b increases inducible oxidative
metabolism [6,49]. Membrane-localized Fgr plays a role in integrin receptor signaling [50],
and integrin signaling may be important for hematopoietic myelo-monocytic differentiation
[51,52]. This suggests that the compromised induced expression of both Fgr and CD11b
may decrease the oxidative metabolism capability in CD38 Δ11–20 cells that is normally
characteristic of differentiated myelocytes.

CD38 Δ11–20 expression also disrupted ATRA-induced expression of Vav1, which is
tyrosine phosphorylated by Fgr [46]. Vav1 is a Rho/Rac guanine nucleotide exchange factor
that also regulates PI3K activity during myeloid differentiation [45,53] and MAPK signaling
in lymphocytes [39,40]. Overexpression of Vav1 enhances myeloid differentiation and
coincides with nuclear translocation of its tyrosine-phosphorylated form and nucleoskeleton
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rearrangement [44,54]. ATRA-treated HL-60 cells showed an increase in Vav1 expression
compared to untreated cells, while CD38 Δ11–20 transfectants did not.

The MAPK signaling cascade is also activated in HL-60 cells after ATRA treatment and is
required for differentiation progression [19,55]. In CD38 Δ11–20 transfectants ERK
phosphorylation was enhanced after 48 h of ATRA treatment but cell differentiation was
inhibited. These results indicate that while MAPK signaling is necessary, it is not sufficient
in itself for ATRA-induced differentiation. It is possible that CD38 Δ11–20 is changing the
character of the MAPK cascade and affecting cellular outcomes by disrupting MAPK
signaling regulators, which may include Vav1, Fgr, and other molecules. The MAPK
network employs numerous adaptor, scaffolding, and inhibitory accessory proteins that
regulate signaling; and direct MAPK signaling effectors such as Raf, MEK, and ERK may
also serve as scaffolds, adaptors, and inhibitors themselves to finely tune the outcome of
MAPK signaling (reviewed in [56]). Therefore CD38 Δ11–20, or ATRA-modulated
signaling molecules that are not upregulated in CD38 Δ11–20 cells, could be aberrantly
interacting with or affecting the regulation of signaling networks, such as MAPK, that are
important for ATRA myeloid differentiation induction. It is also possible that CD38 Δ11–20
itself may disrupt protein–protein interactions with ATRA-induced, endogenous membrane
CD38 and its downstream effectors, thus crippling wild-type signaling. Further research will
be needed to elucidate how the CD38 Δ11–20 deletion mutant inhibited differentiation, but
the discovery that it appears to act as a dominant negative is noteworthy. While the results in
this study support the notion that CD38 plays a direct role in differentiation, we cannot rule
out the possibility that the proteins affected by CD38 Δ11–20 expression, such as CD11b,
Fgr, and Vav1, either act independently or as accessory signaling proteins, and their
disruption interferes with differentiation.

In contrast, crippling enzymatic cADPR catalytic activity, either by treatment with a specific
small molecule inhibitor or by site-directed mutagenesis, does not impair ATRA-induced
differentiation progression. WT38 and CD38 E226Q transfectants that overexpress wild-
type or catalytically inactive protein, respectively, show similar enhanced differentiation
compared to parental HL-60 cells. Regulation of ATRA-induced differentiation by CD38
thus does not appear to depend on its ecto-enzyme activity. The results of other studies are
consistent with this premise. CD38 enzymatic activity and receptor functions are uncoupled
in a murine pro-B leukemic cell line. Receptor signaling cascades show dependence on
downstream tyrosine kinase activity but are independent of ADP-ribosyl cyclase and NAD-
glycohydrolase mechanisms [27,57].

In conclusion, these results suggest that membrane-expressed CD38 may be required for the
regulation and activation of downstream signaling mechanisms induced by ATRA treatment,
which a non-membrane, cytosolic deletion mutant blocks. CD38 apparently promotes
ATRA-induced myeloid differentiation through its receptor but not ecto-enzymatic
functions.
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Fig. 1.
CD38 inhibitors do not affect ATRA-induced differentiation markers. A: Cells were
cultured for 48 h with or without 1 μM ATRA and evaluated for cGDPR production by
NGD+ assay. The fold increase of cGDPR production was calculated by normalizing each
sample to an arbitrary null control value of 1 (*p = < 0.05). B: Membrane CD11b expression
was measured by flow cytometry at indicated time points. (*p = < 0.05 significantly higher
than HL-60 cells that were not treated with ATRA.) C: HL-60 cells were treated or not with
1 μM ATRA for 72 h. Appropriate samples were incubated with 5 μM F-araNAD. Cell
cycle phase distribution was determined by flow cytometry with propidium iodide staining.
(*p = < 0.05 significantly higher than untreated G1/0 sample groups; #p = < 0.05
significantly lower than untreated S sample groups.) D: Cell density was measured using a
hemocytometer and 0.2% Trypan Blue exclusion staining.
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Fig. 2.
CD38 E226Q is able to promote ATRA induction similar to wild-type CD38. A: Flow
cytometry immunostaining for CD38 in untreated HL-60 cells and CD38 E226Q stable
transfectants. B: Cells were assayed for cGDPR production by NGD+ assay. The fold
increase of cGDPR production was calculated by normalizing each sample to an arbitrary
null control value of 1 (*p = < 0.05). C: Cells were treated for 24 h with ATRA, and induced
CD11b expression was measured by flow cytometry (top left); cells were treated for 48 h
with ATRA, and inducible oxidative metabolism was measured by DCF assay (top right; *p
= < 0.5 significantly lower than WT38 and CD38 E226Q); cell lines were cultured with
ATRA for 72 h and cell cycle phase distribution was determined by nuclear propidium
iodide staining (bottom). No significant differences (p = < 0.05) were detected between
WT38 and CD38 E226Q samples in any of the above experiments.
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Fig. 3.
A CD38 cytosolic deletion mutant does not express on the membrane. A: CD38 N-terminal
cytosolic and transmembrane amino acids are shown. Deleted amino acids are in bold and
underlined. Positively charged amino acids are indicated with a +. B: GFP-positive
population in HL-60 and CD38 Δ11–20 cells. C: mRNA from HL-60 cells and CD38 Δ11–
20 was subjected to reverse-transcriptase PCR for CD38 expression and visualized on an
agarose gel (top). Western blot for total CD38 protein in CD38 Δ11–20 and HL-60 cells,
with and without 48 h of ATRA treatment (bottom). Untreated HL-60 cells were used as a
negative control for showing CD38 Δ11–20 expression in transfectants. D: Membrane

Congleton et al. Page 16

Exp Cell Res. Author manuscript; available in PMC 2013 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of CD38 was measured after 24 h of culture by immunostaining and flow
cytometry.
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Fig. 4.
CD38 Δ11–20 expression interrupts differentiation markers. A: Membrane CD11b
expression was measured by immunostaining and flow cytometry at indicated time points.
(*p = < 0.05 significantly higher than untreated HL-60 cells at the same time point.) B: After
72 h, inducible oxidative metabolism was measured by flow cytometry using the DCF assay.
(*p = < 0.05 significantly higher than untreated HL-60 cells.) C: Cells were cultured for 72 h
with or without ATRA and cell cycle phase distribution was determined by nuclear
propidium iodide staining. (*p = < 0.05 G1/0 phase was significantly enriched compared to
untreated HL-60 cells; #p = < 0.05 S phase significantly lower than untreated HL-60 cells.)
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Fig. 5.
CD38 Δ11–20 expression modulates some ATRA-regulated signaling molecules. A: HL-60
cells or CD38 Δ11–20 cells were treated or not with ATRA for 48 h and Western blot
analysis for ERK phosphorylation was performed with total ERK used as a loading control.
B: Western blot for Fgr expression after 48 h of ATRA treatment or untreated culture.
GAPDH was used as a loading control. C: Western blot of Vav1 expression after 48 h of
ATRA treatment or untreated culture. GAPDH was used as a loading control.

Congleton et al. Page 19

Exp Cell Res. Author manuscript; available in PMC 2013 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


