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Abstract

The leukocyte antigen CD38 is expressed after all-trans retinoic acid (ATRA) treatment in HL-60

myelogenous leukemia cells and promotes induced myeloid differentiation when overexpressed.

We found that Vav1 and SLP-76 associate with CD38 in two cell lines, and that these proteins

complex with Lyn, a Src family kinase (SFK) upregulated by ATRA. SFK inhibitors PP2 and

dasatinib, which enhance ATRA-induced differentiation, were used to evaluate the involvement of

Lyn kinase activity in CD38-driven signaling. Cells treated with ATRA for 48 hours followed by

one hour of PP2 incubation show SFK/Lyn kinase inhibition. We observed that Lyn inhibition

blocked c-Cbl and p85/p55 PI3K phosphorylation driven by the anti-CD38 agonistic mAb IB4 in

ATRA-treated HL-60 cells and untreated CD38+ transfectants. In contrast, cells cultured for 48

hours following concurrent ATRA and PP2 treatment did not show Lyn inhibition, suggesting

ATRA regulates the effects on Lyn. 48 hours of co-treatment preserved CD38-stimulated c-Cbl

and p85/p55 PI3K phosphorylation indicating Lyn kinase activity is necessary for these events. In

contrast another SFK inhibitor (dasatinib) which blocks Lyn activity with ATRA co-treatment

prevented ATRA-induced c-Cbl phosphorylation and crippled p85 PI3K phosphorylation,

indicating Lyn kinase activity is important for ATRA-propelled events potentially regulated by

CD38. We found that loss of Lyn activity coincided with a decrease in Vav1/Lyn/CD38 and

SLP-76/Lyn/CD38 interaction, suggesting these molecules form a complex that regulates CD38

signaling. Lyn inhibition also reduced Lyn and CD38 binding to p85 PI3K, indicating CD38

facilitates a complex responsible for PI3K phosphorylation. Therefore, Lyn kinase activity is

important for CD38-associated signaling that may drive ATRA-induced differentiation.
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1. Introduction

All-trans retinoic acid (ATRA) is used clinically to treat acute promyelocytic leukemia

(APL), but is largely unsuccessful in treating other types of leukemias that are t(15,17)

negative. HL-60 is a human acute myelogenous leukemia (AML) cell line that is t(15,17)

negative and used as a model to study the mechanisms of ATRA-propelled myeloid

differentiation in non-APL cells. Molecules and signaling pathways that confer ATRA

responsiveness in HL-60 cells may be important in elucidating how a non-APL leukemia

cell can be induced to differentiate by ATRA, and may ultimately provide knowledge that

could expand the use of ATRA as a therapeutic agent.

CD38 is a leukocyte antigen that is an early marker of ATRA induction whose expression is

mediated via retinoic acid receptor α (RARα) and drives differentiation when overexpressed

[1,2]. CD38 is an ectoenzyme receptor and has enzymatic activity that generates the Ca2+

mobilizing compounds NAADP+ and cADPR. It also has receptor functions that drive cell

signaling including the phosphorylation of c-Cbl, extracellular signal-regulated kinase

(ERK), and the p85 PI3K regulatory subunit [2–9].

Enzymatic activity and receptor/signaling functions can operate independently [10–12]. For

example, CD38 metabolic activity is unnecessary for ATRA-induced differentiation while

the receptor function associated with membrane-expressed CD38 is required [13]. In

addition, siRNA targeting CD38 cripples differentiation [14]. These reports suggest that

CD38-driven signaling is important for ATRA-driven myeloid maturation. Therefore, it is of

interest to identify CD38-associated signaling molecules and how they may regulate ATRA

efficacy. Such knowledge may indicate targets for therapeutic intervention.

CD38 forms a complex with c-Cbl [15,16] and CD38 agonist ligand interaction results in c-

Cbl phosphorylation [3]. c-Cbl is an E3 ubiquitin ligase and adaptor molecule that, like

CD38, promotes mitogen-activated protein kinase (MAPK) signaling and ATRA-induced

differentiation when overexpressed [3,15,16]. This suggests that the c-Cbl/CD38 interaction

may cooperatively drive MAPK signaling and other aspects of ATRA therapy. This is

consistent with a report that a c-Cbl tyrosine kinase binding domain mutant (G306E) that

does not bind CD38 also fails to drive MAPK signaling and differentiation [16].

c-Cbl is known to interact with the guanine nucleotide exchange factor Vav1, the SLP-76

adaptor, and, like CD38, the p85 regulatory subunit of PI3K [15–18]. c-Cbl, SLP-76, and

Vav1 protein expression and p85 PI3K activity are upregulated during granulocytic

maturation [19–23]. These four proteins also form complexes in myeloid cells after ATRA

treatment. For example, Vav1 associates with PI3K and may facilitate the characteristic

nucleoskeleton remodeling that occurs with ATRA treatment in HL-60 and NB4 cells

[24,25]. Consistent with this, downmodulation of Vav1 impedes induced myeloid
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maturation and nucleoskeleton remodeling, and affects differentiation-related protein

expression [23]. This suggests Vav1 may be a key regulator of myeloid differentiation.

The Src homology 2 domain of Vav1 interacts with c-Cbl and SLP-76 in a differentiation-

dependent manner. After ATRA treatment Vav1/c-Cbl complexes are detectable in the

cytosol, while Vav1/SLP-76 interactions are predominant in nuclei [24]. SLP-76 is also

upregulated after ATRA and forms a complex with c-Cbl [16]. Co-expression of SLP-76

with CSF-1/c-FMS enhances ATRA-induced ERK activation, G0 cell cycle arrest, and a

number of additional differentiation markers [21].

CD38 ligation by the anti-CD38 agonistic mAbs IB4 (IB4) and T16 induces phosphorylation

of the p85 regulatory subunit of PI3K and is associated with normal and leukemic B cell

growth suppression [26–28]. Consistent with this, PI3K inhibitors relieved CD38-mediated

growth suppression in ATRA-treated HL-60 cells [29], which suggests a PI3K-modulated

CD38 feedback loop.

CD38 also drives transient MAPK activation after agonist ligation, which is orchestrated by

the Raf/MEK/ERK axis [6,7]. Transient or protracted signaling from this cascade can lead to

either cell proliferation or differentiation respectively [30], and sustained MAPK signaling

characterizes ATRA-induced differentiation [31,32]. CD38 overexpression results in

persistent ERK phosphorylation, therefore CD38 appears capable of propagating a transient

or sustained MAPK signal.

Lyn and other Src family kinases (SFKs) are known to be modulated by ATRA treatment,

and Lyn is linked to CD38-driven signaling events. For example, CD38 stimulation of B

lymphocytes obtained from Lyn-deficient mice showed defective differentiation, and drugs

interfering with PI3K or ERK decreased differentiation [33]. This suggests that Lyn may

cooperate with other CD38-associated signaling molecules, such as PI3K and ERK. Other

reports show that both Fyn and Lyn are required for B cell signaling after CD38 ligation

[34]. Likewise, in lymphoblastoid B-cell membrane rafts CD38 is associated with Lyn and

modulates cell signaling [35].

SFK inhibitors are known to enhance aspects of ATRA induction, including expression of

CD11b and other myeloid maturation markers [36,37]. A recent study reported that

dasatinib, which inhibits Lyn kinase activity alone and with ATRA co-adminstration,

enhances differentiation [38]. However the inhibitor PP2, which inhibits Lyn alone but does

not block kinase activity with ATRA co-treatment, shows a more significant enhancement of

ATRA-induced differentiation than dasatinib. Therefore, Lyn kinase activity may function

to drive some aspects of differentiation.

While neither inhibitor is specific for Lyn, the protein was the primary target of significance

at the treatment levels used. PP2 can affect ZAP70 and JAK2, for example, but at higher

concentrations; we found negligible expression of SFKs Fyn and Lck in HL-60s, and a

recent study revealed that the SFK Fgr, while expressed in response to ATRA treatment,

was not activated in response to ATRA, PP2, dasatinib, or ATRA and SFK inhibitor co-

treatment [38,39]. HL-60s also do not express the BCR/ABL fusion protein, a target of

dasatinib.
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Since membrane-expressed CD38 has a role in differentiation, signaling that may involve c-

Cbl, SLP-76, Vav1, PI3K, and Lyn are important in understanding how ATRA provides

therapeutic benefit. Clarification of pathways that confer ATRA responsiveness in t(15,17)

negative HL-60 cells could lead to new treatment targets in a larger array of leukemias, as

well as other types of cancers. For example, ATRA has shown some promise in treating

reproductive leiomyomas by modulating the PI3K signaling cascade [40].

Our results show that CD38, SLP-76, and Vav1 were able to interact together in two cell

lines, HL-60 and NB4. Lyn also complexed with these molecules and we evaluated if Lyn

kinase activity had an effect on CD38 ligand-induced signaling, including phosphorylation

of c-Cbl, ERK, and p85 PI3K. Using the SFK inhibitor PP2 we found that blocking Lyn

kinase activity had modest effects on ERK phosphorylation, but was able to completely

abrogate c-Cbl and p85 PI3K phosphorylation driven by IB4 [28,41]. We used CD38+ stable

transfectants and ATRA-treated HL-60 cells to evaluate if the effects of the inhibitor were

associated with either ATRA or CD38 expression alone, and found that PP2 blocked pY-c-

Cbl and pY-p85 PI3K in both cell lines. A previous report showed that co-treatment with

ATRA and PP2 followed by 48 hours of culture protects Lyn kinase activity from PP2

inhibition and significantly enhances differentiation [38]. Protecting Lyn kinase activity

using ATRA/PP2 co-treatment also permitted CD38 ligand-induced phosphorylation of c-

Cbl and p85 PI3K. We also observed that dasatinib, which unlike PP2 blocks Lyn activity

with ATRA co-treatment, prevented ATRA-propelled c-Cbl phosphorylation and crippled p-

p85 PI3K. Therefore Lyn activity appears needed for two signaling events that are

downstream of CD38 and induced by retinoic acid.

Finally, we observed that inhibition of Lyn decreased interactions among Vav1/Lyn/CD38,

SLP-76/Lyn/CD38, and p85 PI3K/Lyn/CD38. Importantly, the p85 PI3K/Lyn/CD38

association correlates with p85 phosphorylation. These results suggest that the loss of Lyn

activity interrupts interactions in a proposed CD38-facilitated signaling complex that

involves SLP-76, Vav1, and Lyn, and that this complex regulates the downstream

phosphorylation of c-Cbl and p85 PI3K. The observed interaction between p85 PI3K, Lyn,

and CD38 suggests that CD38 has direct role in assembling a Lyn kinase-containing

complex that phosphorylates p85 PI3K. Together these results indicate that Lyn kinase

activity regulates CD38 signaling which results in pY-c-Cbl and pY-p85 PI3K, which is

associated with ATRA induction and PP2-enhanced differentiation. These outcomes are

important in understanding how the CD38 receptor functions during differentiation, and how

it may contribute to the effects of PP2/ATRA co-treatment that result in differentiation

enhancement.

2. Materials and methods

2.1 Cell culture

HL-60 and NB4 cells were grown in 5% serum-supplemented RPMI 1640 with 1%

antibiotic/antimycotic from Invitrogen (Carlsbad, CA) and treated with 1 –M ATRA as

previously described [13]. PP2 from EMD Chemicals (Gibbstown, NJ) was solubilized in

dimethyl sulfoxide (DMSO) at 10 mM. Cells were treated with a final concentration of 10 –

M with a 0.1% concentration of carrier DMSO. Dasatinib from Santa Cruz Biotechnology

Congleton et al. Page 4

Cell Signal. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Santa Cruz, CA) was solubilized in DMSO at 5 mM. Cells were treated with a final

concentration of 300 nM. SFK activity inhibition was confirmed by Western blot. The

concentrations of drugs were approximately 3–4 fold less than that found to cause overt

toxicity in titrations monitoring cell growth with a hemacytometer and trypan blue

exclusion.

2.2 Antibodies and reagents

Protein A/G beads used for immunoprecipitation, rabbit anti-c-Cbl, rabbit anti-Vav1, and p-

Tyr antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). PureProteome

Protein G Magnetic Beads were from Millipore (Billerica, MA). Antibodies for GAPDH,

beta-actin, p-Erk1/2, ERK1/2 (rabbit), pan-SFK416, Lyn, Fgr, Lck, Fyn, Vav1, SLP-76, pY-

p55/p85 PI3K, total p85 PI3K, HRP anti-mouse, and HRP anti-rabbit were from Cell

Signaling (Danvers, MA). CD38 antibody was purchased from BD Pharmingen (San Jose,

CA). M-PER Mammalian Protein Extraction Reagent lysis buffer was from Pierce

(Rockford, IL). Propidium iodide, protease and phosphatase inhibitors, and DMSO were

purchased from Sigma (St. Louis, MO).

2.3 Construction of CD38+ stable transfectants

CD38 knock-in plasmid construction and transfection were performed as previously

described [2]. To maintain CD38 high expression in stable transfectants, the cells were

stained with APC-conjugated anti-CD38 antibody (BD Biosciences, San Jose, CA) and

sorted based on high expression of CD38 using a fluorescence activated cell sorter (FACS)

flow cytometer (FACS Aria BD Biosciences). Western blotting confirmed CD38 expression.

2.4 Western blot analysis and immunoprecipitation

For immunoprecipitation experiments, cells were lysed as previously described [13]. Equal

amounts of protein were pre-cleared with either Protein A/G beads or PureProteome Protein

G Magnetic Beads. The beads were pelleted and supernatant was incubated with appropriate

antibodies and fresh beads overnight. All incubations included protease and phosphatase

inhibitors used for lysis with constant rotation at 4°C. Bead/antibody/protein slurries were

then washed and subjected to standard SDS-PAGE analysis as previously described [13].

2.5 Fluorescence resonance energy transfer (FRET)

Cells were harvested, fixed, and permeabilized as previously described [16]. Cells were

resuspended in 200 –l of PBS containing 5 –l of primary rabbit anti-SLP-76 or rabbit anti-

Vav1 and mouse anti-CD38 antibodies and then stained with Alexa-350 and 430-conjugated

goat anti-rabbit and goat anti-mouse secondary antibodies, respectively, from Invitrogen.

The immunocomplexes were analyzed using flow cytometry (LSR II, BD Biosciences). The

FRET signal was measured as previously described [16]. The Alexa 350 emission from 325

excitation was measured reflected from a 505 longpass dichroic through a 440/40 bandpass

filter. Alexa 430 emission from 488 nm excitation (from an argon ion laser) was collected

through a 505 longpass dichroic and 530/30 bandpass filter. Controls with secondary

antibody(s) only or secondary(s) plus donor or acceptor primary antibody were included.

Cells stained with just SLP-76 or Vav1 or CD38 primary antibody and Alexa 350 or 430
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respectively were used for compensation controls for spillover into all fluorescence

collection channels. Timing gates on the collected fluorescence defined acceptor emission

synchronized to donor excitation. FRET signals were corrected by subtraction of

background fluorescence of negative controls with just secondary antibodies and

compensation controls.

2.6 Signaling experiments

For signaling experiments with Lyn kinase inhibition cells were cultured for 48 hours with 1

–M ATRA, and then washed twice with serum-free RPMI 1640 media. Appropriate samples

were incubated with 10 –M PP2 for one hour and all samples were incubated at 37°C with

constant rotation. The indicated samples were then treated with 5 –M IB4, which was

graciously provided by Fabio Malavasi, for the time points as shown [9]. For samples with

ATRA/PP2 co-administration cells were cultured for 48 hours with 1 –M ATRA and 10 –M

PP2. Signaling experiments were performed as described above for IB4 treatment, but the

one hour PP2 pre-incubation was omitted.

2.7 Statistics

Three independent repeats were conducted in all experiments. Error bars represent the

standard error. The student’s t-test function in Microsoft Excel was used to analyze the data.

3. Results

3.1 CD38 interacts with the ATRA-regulated proteins Vav1 and SLP-76

We first determined if there was interaction between CD38 and SLP-76 or Vav1, and

investigated whether or not ectopically expressing CD38 in the absence of ATRA affected

these interactions. Therefore we could compare effects that were dependent on ATRA

treatment versus CD38 expression alone. Western blotting for total protein showed that

SLP-76, Vav1, and CD38 were all upregulated by ATRA, with CD38 expression showing

dependence on ATRA treatment (Figure 1a). CD38 overexpression in stable transfectants

(CD38+) did not significantly increase Vav1 or SLP-76, indicating that upregulated

expression of these proteins was dependent on ATRA.

Immunoprecipitation experiments show that ATRA-induced CD38 was able to complex

with SLP-76 and Vav1, and CD38+ transfectants showed increased interaction (Figure 1b).

ATRA treatment also increased interaction between Vav1 and SLP-76. Untreated CD38+

cells also showed increased Vav1/SLP-76 interaction as well, suggesting that CD38

expression regulates binding between these two proteins and facilitates a CD38/SLP-76/

Vav1 signaling complex. GAPDH was used as a loading control for protein input for the

SLP-76 probed membrane.

3.2 FRET corroborates the CD38/SLP-76/Vav1 protein complex

We used FRET to confirm the interaction between CD38 and SLP-76 or Vav1. We included

an additional myeloid leukemia cell line (NB4) which bears the characteristic APL t(15,17)

translocation to show that these interactions are not specific to HL-60 cells [42,43]. As

expected, CD38, SLP-76, and Vav1 were ATRA-upregulated as indicated in donor and
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acceptor channels (Figures 2a&d). FRET signals between CD38 and SLP-76 were observed

in HL-60 and NB4 cells after 48 hours of ATRA treatment (Figures 2a,b,c) but not in

untreated cells that did not express CD38. Likewise we detected interaction between and

CD38 and Vav1 in ATRA-treated HL-60 and NB4 cells (Figures 2d,e,f).

Together, the results from co-immunoprecipitation and FRET experiments demonstrated

that ATRA-treated HL-60 and NB4 cells showed interaction among CD38, SLP-76, and

Vav1, and indicated that CD38 facilitated a SLP-76/Vav1/CD38 complex. These results

prompted interest in CD38/Vav1/SLP-76 interactions with other signaling molecules that are

regulated by both ATRA and CD38, specifically the SFK Lyn.

3.3 Lyn interacts with CD38, SLP-76, and Vav1, and kinase inhibition affects CD38-
stimulated signaling

Lyn is upregulated by ATRA and may modulate induction therapy since siRNA against Lyn

interferes with differentiation [44]. Lyn also interacts with CD38 to promote signaling

[4,34,35]. Therefore, we investigated if Lyn participates in a potential CD38/Vav1/SLP-76

signaling complex. Immunoprecipitation experiments showed that Lyn was able to interact

with CD38, Vav1, and SLP-76 (Figure 3a). ATRA-induced CD38 complexed with Lyn, and

untreated CD38+ cells showed significantly increased interaction, indicating that CD38

alone facilitates binding. ATRA treatment increased interactions between Lyn/SLP-76 and

Lyn/Vav1, but overexpression of CD38 in untreated cells only modestly increased Lyn/

Vav1 binding. Therefore Lyn/CD38 and, to a lesser extent, Lyn/Vav1 binding is modulated

by CD38 expression level but Lyn/SLP-76 binding is not.

Since CD38, SLP-76, and Vav1 also interact with c-Cbl [15,16], we probed for interaction

between c-Cbl and Lyn but were unable to detect any significant evidence of association.

We also immunoprecipitated Fgr, another SFK upregulated by ATRA, but were only able to

detect very weak binding to SLP-76 and Vav1. Western blotting for additional SFKs

expressed in myeloid cells (Fyn and Lck) showed negligible protein expression (above data

not shown). This is consistent with previous reports that show Lyn is the predominant SFK

in myeloid leukemia cells [36,45]. Therefore, we focused our attention on the role of Lyn in

CD38 signaling, which motivated interest in whether the Lyn/SFK inhibitor PP2 could

modulate signaling propelled by IB4. Here, IB4 was used as a tool to stimulate CD38

signaling. As HL-60 cells express so little basal CD38, IB4 does not affect levels of the

targets explored in this paper when added alone (data not shown).

We first confirmed that PP2 was effective in crippling SFK activity in HL-60 cells treated

with ATRA for 48 hours. We incubated the indicated samples with PP2 for one hour

followed by IB4 treatment as shown to evaluate if Lyn/SFK activity was enhanced by IB4,

and if PP2 was able to inhibit Lyn signaling in the presence of IB4. We analyzed samples at

various time points after IB4 treatment by probing Western blot membranes with an

antibody that detects active site phosphorylation of all SFK members (Y416) (Figure 3c).

We found that PP2 was able to inhibit Lyn/SFK activity after IB4 stimulation in ATRA-

treated cells and that IB4-driven CD38 ligation did not increase Lyn/SFK kinase activity,

consistent with a previous report [28].
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Lyn may cooperate with CD38 signaling molecules such as ERK, and ligation of Lyn-

associated CD38 in T cells is followed by ERK and p85 PI3K phosphorylation [33,35]. We

therefore evaluated whether the inhibitor affected transient IB4-induced ERK

phosphorylation (Figure 3c). Although PP2 was able to inhibit SFK/Lyn kinase activity, it

had minimal effects on ERK phosphorylation after IB4 stimulation of CD38, allowing the

ERK phosphorylation to last slightly longer. We then turned our attention toward two

alternative CD38 signaling targets, c-Cbl and p85 PI3K.

We immunoprecipitated c-Cbl and compared tyrosine phosphorylation status after the

indicated treatments (Figure 3d). c-Cbl became phosphorylated after ATRA, and IB4 further

stimulated phosphorylation. However, pre-incubation with PP2 for one hour was able to

abrogate c-Cbl phoshphorylation during all time points, indicating that Lyn activity is

necessary for ATRA- and IB4-induced c-Cbl phosphorylation. We also evaluated c-Cbl

phosphorylation in untreated CD38+ cells to investigate if the effects of IB4 and PP2 were

dependent on ATRA or CD38 expression alone (Fig. 3d). We found that PP2 was still able

to block c-Cbl phosphorylation induced by IB4, showing the inhibitor blocked CD38-driven

signaling independent of ATRA. It is noteworthy that the kinetics of c-Cbl phosphorylation

induced by IB4 were different in CD38+ transfectants compared to ATRA-treated HL-60

cells, suggesting ATRA may temporally regulate modification of c-Cbl.

We also evaluated the effects of PP2 on p85 PI3K regulatory subunit phosphorylation. In

HL-60 cells ATRA induced phosphorylation of the p85 PI3K subunit after 48 hours (Figure

3f). IB4 treatment did not result in a significant increase in phosphorylation but this may be

because ATRA is already stimulating p-p85 PI3K, and additional phosphorylation could not

be achieved. Like pY-c-Cbl, PP2 was able to block ATRA-induced p85 phosphorylation.

Phosphorylation of the p55 isoform was not detectable. In untreated CD38+ cells, IB4 was

able to stimulate the phosphorylation of the p85 PI3K subunit in the absence of ATRA

(Figure 3g). We also detected an IB4-induced transient phosphorylation of the p55 PI3K

isoform that was undetectable in HL-60 cells. This indicates that CD38 ectopic expression is

able to regulate PI3K proteins differently than ATRA-induced CD38 in HL-60 cells. PP2

was able to abrogate phosphorylation of both the p55 and p85 subunit proteins, similar to its

ability to block PI3K activity in HL-60 cells. Together this data suggests that Lyn kinase

activity regulates CD38-stimulated phosphorylation of two downstream targets, c-Cbl and

PI3K, in ATRA-treated HL-60 cells and CD38+ transfectants. PP2 had minimal effects on

CD38-propelled ERK phosphorylation, indicating that the signaling cascade that results in

p-ERK is independent of Lyn kinase activity.

3.4 Early PP2 treatment co-administered with ATRA protects Lyn kinase activity and
permits CD38-driven c-Cbl and p85 PI3K phosphorylation

After 48 hours of ATRA, one hour of PP2 incubation inhibits Lyn activity (Figure 3).

However, if PP2 treatment occurs concurrently with ATRA and cells are then cultured for

48 hours, Lyn kinase activity is protected [38]. Though we cannot rule out some PP2

degradation over the 48 hour treatment, based on inhibition of Y416 phosphorylation, PP2 is

still effective at 48 hours [38]. The mechanism by which ATRA protects Lyn kinase activity

from inhibition by PP2 is not known. Since one-hour PP2 incubation with ATRA-treated
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cells blocks SFK/Lyn kinase activity but PP2/ATRA co-treatment for 48 hours protects it,

we used this strategy to evaluate if preserving Lyn activity would permit CD38 ligand-

induced phosphorylation of c-Cbl and p85 PI3K.

First we confirmed that 48 hours of co-administered PP2 and ATRA were able to protect

Lyn activity. We compared Y416 phosphorylation in cells that were co-treated with ATRA

and PP2 simultaneously and then cultured for 48 hours to cells that received only ATRA for

48 hours followed by PP2 incubation for one hour (Figure 4a). All ATRA-treated samples

were treated with IB4 for the indicated time points to stimulate CD38. As expected, cells

treated with ATRA and then later incubated with PP2 showed no Y416 phosphorylation,

while cells co-treated with ATRA and PP2 for 48 hours permitted SFK/Lyn kinase activity.

We then evaluated if protecting Lyn activity correlated with the ability of ATRA and IB4 to

stimulate CD38-driven c-Cbl and p85 PI3K phosphorylation. Confirming the results in

Figure 3, one hour of PP2 incubation in ATRA-treated cells blocked p85 PI3K and c-Cbl

phosphorylation in IB4-stimulated cells (Figures 4b&c). However, 48 hour co-treatment

with ATRA and PP2 permitted ATRA- and IB4-induced c-Cbl and p85 PI3K

phosphorylation.

Finally we used dasatinib, which unlike PP2 abrogates Lyn activity with ATRA co-

administration [38], to evaluate if kinase inhibition blocked ATRA-induced c-Cbl and p85

PI3K phosphorylation (Figure 4d). We found that dasatinib blocked c-Cbl phosphorylation

and significantly decreased p85 PI3K phosphorylation, suggesting that ATRA-induced pY-

c-Cbl requires Lyn activity and ATRA-upregulated p85 PI3K activity is largely dependent

on Lyn.

Therefore, SFK/Lyn kinase activity regulated ATRA-propelled and CD38-stimulated

signaling that results in phosphorylation of c-Cbl and p85 PI3K. This motivated interest in

whether or not CD38 associations with other ATRA-induced molecules, specifically SLP-76

and Vav1, were affected by intact or lost Lyn kinase activity.

3.5 PP2 inhibition of c-Cbl and p85 PI3K phosphorylation coincides with decreased
CD38/Lyn/SLP-76, CD38/Lyn/Vav1, and CD38/Lyn/p85 PI3K interactions

Since SLP-76 and Vav1 complex with both CD38 and Lyn, we investigated if those

interactions were affected by the loss of Lyn activity. We immunoprecipitated Vav1 in

samples that were either incubated with PP2 for one hour after 48 hours of ATRA treatment

or received simultaneous PP2/ATRA treatment for 48 hours. All ATRA-treated samples

were stimulated by IB4 to elicit CD38 signaling. We anticipated that an ATRA-induced

effect seminal to protecting Lyn kinase activity from PP2 inhibition may also be relevant to

interactions between CD38 and its related signaling molecules. We found that the loss of

Lyn activity corresponded with a significant decrease in CD38/Vav1 and Lyn/Vav1

interaction (Figure 5b). This suggests that these three molecules constitute part of a

signaling complex that regulates an ATRA-induced and CD38-stimulated modification of

p85 PI3K and c-Cbl.
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We also immunoprecipitated SLP-76 and probed for CD38 and Lyn. Similar to Vav1, loss

of Lyn kinase activity resulted in decreased CD38/SLP-76 interaction (Figure 5c). Lyn/

SLP-76 interaction was modestly decreased, yet the effects were not as significant as

observed with Vav1 experiments. These results show that loss of c-Cbl and p85 PI3K

phosphorylation, which corresponded to the inhibition of SFK/Lyn kinase activity, is

associated with decreased interaction among CD38/Lyn/Vav1 and CD38/Lyn/SLP-76. This

suggests that a putative signaling complex including CD38, Vav1, SLP-76, and active Lyn

regulates CD38-driven signaling which characterizes ATRA-induced differentiation. Finally

we observed that Lyn inhibition decreased CD38/Lyn/p85 PI3K interaction (Figure 5d),

suggesting that CD38 facilitates a Lyn kinase-containing complex that is directly responsible

for p85 PI3K phosphorylation.

4. Discussion

ATRA therapy is successful in treating t(15,17) positive APL, yet it has shown little efficacy

in the treatment of other types of leukemias and cancers. The t(15,17) negative HL-60 cell

line shows ATRA responsiveness and is used as a model to investigate how a non-APL

leukemic cell can be induced to differentiate. Therefore, elucidation of signaling pathways

that may confer ATRA responsiveness could broaden its usefulness in other diseases and aid

in identifying new therapeutic molecular targets [46].

CD38 is a leukocyte enzyme and receptor that drives MAPK signaling and differentiation

when overexpressed [2]. It has important functions in ATRA induction, since siRNA

targeting CD38 interferes with differentiation, and a CD38 mutant (CD38 Δ11–20) that is

not membrane-expressed also cripples ATRA effectiveness [13,14]. Identifying signaling

pathways orchestrated by CD38 that are involved in myeloid maturation is important in

understanding how ATRA works.

4.1 CD38 may direct ATRA-induced differentiation via c-Cbl, Vav1, and SLP-76

In this report, we found that CD38 was able to interact with SLP-76 and Vav1, which

regulate differentiation. Therefore, signaling pathways modulated by these proteins may also

be propelled by the CD38 receptor. For example downregulation of Vav1 prevents ATRA-

induced differentiation, as evidenced by loss of nucleoskeleton remodeling and maturation

markers [22–24]. These reports also show that ATRA induction is characterized by the

association of Vav1/PI3K and Vav1/SLP-76 in the nucleus and Vav1/c-Cbl in the cytosol.

Those complexes could modulate signaling cascades that are important for neutrophil

differentiation, and may be coordinated by CD38. CD38 also associates with c-Cbl and

interruption of this interaction by a c-Cbl mutation (G306E) results in loss of MAPK

signaling and ATRA efficacy [15,16]. These studies report that like CD38, c-Cbl binds

Vav1 and SLP-76. This supports our results and suggests that membrane-expressed CD38

coordinates a putative cytosolic signaling complex involving c-Cbl, Vav1, and SLP-76,

which could regulate associations with effectors including PI3K.
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4.2 Lyn is present in a putative ATRA-induced signaling complex

We also report the involvement of Lyn in a proposed CD38-coordinated complex including

SLP-76 and Vav1, which is significant because SFK inhibitors appear to regulate ATRA-

induced differentiation [38]. This motivated interest in whether or not Lyn kinase activity

was able to modulate signaling driven by a CD38 agonist, IB4. We evaluated three targets of

CD38: ERK, c-Cbl, and the p85/p55 PI3K regulatory subunit. Cells were treated with

ATRA for 48 hours to induce CD38, and then treated with the SFK inhibitor PP2 for one

hour followed by IB4. While PP2 is not specific to Lyn, many of the other SFKs that are

affected at the concentration used do not appear to play important roles in RA-induced

differentiation of HL-60 cells; Fyn and Lck levels were negligible and activated Fgr was not

detected regardless of treatment with RA, PP2, dasatinib, or cotreatment with RA plus either

inhibitor [38]. We also used CD38+ transfectants in these experiments to evaluate if there

were signaling effects that were specific to ATRA or CD38 expression alone.

4.3 Lyn kinase activity is necessary for ATRA-induced c-Cbl and p55/p85 PI3K, but not
ERK, phosphorylation

Since CD38 and c-Cbl interact and both drive MAPK signaling when overexpressed, it is

possible that they cooperatively contribute to the persistent ERK phosphorylation that is

characteristic of ATRA treatment [15,16,31,47]. However it appears that CD38-propelled

ERK phosphorylation is not mediated by Lyn kinase activity since PP2 failed to affect

MAPK signaling in ATRA-treated HL-60 cells. In addition, we failed to detect interaction

between Lyn and c-Cbl, suggesting that CD38 and c-Cbl may cooperate to propel MAPK

signaling independent of Lyn, or that Lyn/c-Cbl interaction is labile. Alternatively, it is

possible that Lyn participates in CD38-driven MAPK signaling by serving as a scaffold or

by facilitating signaling complex assembly. For example PP2/ATRA co-treatment for 48

hours enhances Lyn expression along with Lyn/c-Raf and c-Raf/ERK interaction, and c-Raf

C-terminal domain phosphorylation. These events may be facilitated by Lyn [38,48,49].

Therefore the role of Lyn in CD38-driven MAPK signaling and orchestration may involve

the potential for Lyn to act as a scaffold, which appears to be separate from kinase activity.

In contrast, Lyn inhibition completely abrogated ATRA- and CD38-driven c-Cbl and

p55/p85 PI3K phosphorylation, showing that Lyn regulates these events in both ATRA-

treated HL-60 cells and CD38+ transfectants. It is interesting that co-administration of

ATRA and PP2 followed by 48 hours of culture protects Lyn from the effects of PP2.

Protecting Lyn kinase activity permitted CD38 ligand-induced pY-c-Cbl and pY-p85 PI3K

in HL-60 cells. Dasatinib, which unlike PP2 inhibits Lyn when co-administered with ATRA,

blocked c-Cbl phosphorylation and impeded pY-p85 PI3K. Therefore, Lyn kinase activity

regulates CD38-stimulated signaling and ATRA-induced phosphorylation events that may

be driven by CD38.

4.4 Lyn kinase activity is necessary for the formation of several ATRA-induced CD38-
associated complexes

We also show that the loss of Lyn kinase activity coincided with a loss in interaction among

CD38/Lyn/SLP-76, CD38/Lyn/Vav1, and CD38/Lyn/p85 PI3K. This suggests that the

assembly of these CD38-associated complexes, which are likely involved in CD38 effector
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signaling after ATRA treatment, is partially dependent on Lyn kinase activity. It also

indicates that CD38 participates in the assembly of a Lyn kinase-containing complex that

may result in the direct phosphorylation of p85 PI3K.

It is interesting that co-treatment with PP2 and ATRA, which significantly enhances

differentiation, preserves Lyn kinase activity [38]. The mechanism by which ATRA protects

Lyn from PP2 inhibition is not known. In contrast dasatinib is able to inhibit Lyn in the

presence of ATRA and also abrogates c-Cbl tyrosine phosphorylation and significantly

decreases p85 PI3K subunit activity driven by ATRA. Dasatinib still enhances

differentiation with ATRA co-treatment, but to a significantly lesser extent than PP2. This

suggests signaling that characterizes normal ATRA induction in HL-60 cells that is

mediated by Lyn kinase activity may help drive differentiation and confer the increased

effectiveness of PP2 compared to dasatinib.

Conclusions

We report a CD38/SLP-76/Vav1 interaction and found that Lyn also interacts with these

proteins. We found that CD38-propelled p85 PI3K and c-Cbl phosphorylation, which is

characteristic of ATRA-induced differentiation, is mediated by Lyn kinase activity. To our

knowledge, this is the first report that Lyn regulates ATRA- and CD38-transduced signaling

in myeloid leukemia cells, and elucidates how CD38 partner molecules including SLP-76

and Vav1 may regulate differentiation during ATRA or ATRA/PP2 co-treatment.
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ERK extracellular signal-regulated kinase

FACS fluorescence activated cell sorter

FRET fluorescence resonance energy transfer

MAPK mitogen-activated protein kinase

RARα retinoic acid receptor α

SFK Src family kinase
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Highlights

• CD38, Lyn, SLP-76, and Vav1 interact

• Lyn inhibition blocks CD38-stimulated c-Cbl and p85/p55 PI3K

phosphorylation

• Lyn inhibition decreases CD38/Lyn/Vav1 and CD38/Lyn/SLP-76 interaction
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Figure 1. CD38 interacts with SLP-76 and Vav1
A: Western blots (WB) for protein expression of SLP-76, Vav1, and CD38 in HL-60 cells

after 48 hours of ATRA treatment, or in untreated CD38+ transfectants. B:

Immunoprecipitation (IP) of either SLP-76 or Vav1 shows interaction among CD38/SLP-76/

Vav1.The IP:SLP-76/WB:SLP-76 blot shows protein loading for CD38/Vav1/SLP-76

interaction (top). The IP:Vav1/WB:Vav1 shows protein loading for CD38/Vav1 interaction,

and WB for GAPDH shows total protein input for the Vav1/SLP-76 interaction (bottom IP).
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Figure 2. FRET corroborates the CD38/Vav1/SLP-76 interaction
A: Flow cytometry FRET histograms confirm 48 hours of ATRA upregulates CD38 and

SLP-76 expression and their interaction in HL-60 cells. B: Graph showing means of CD38/

SLP-76 FRET emission in HL-60 cells. C: CD38/SLP-76 FRET interaction in NB4 cells

after 48 hours of ATRA treatment. D: Flow cytometry FRET histograms confirm ATRA-

upregulated CD38 and Vav1 expression and interaction in HL-60 cells. E: Graph showing

means of CD38/Vav1 FRET emission in HL-60 cells. F: CD38/Vav1 FRET interaction in

NB4 cells after 48 hours of ATRA treatment.
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Figure 3. Lyn binds CD38, SLP-76, and Vav1 and its kinase activity regulates CD38 signaling
A: Immunoprecipiation shows Lyn interaction with CD38, SLP-76, and Vav1 in HL-60 cells

with and without 48 hours of ATRA treatment, and in untreated CD38+ cells. The IP:Lyn/

WB:Lyn blot shows protein loading. B: Western blots for SFK/Lyn kinase basal activity in

untreated, ATRA-treated, PP2-treated, and co-treated cells. All treatments lasted 48 hours.

C: Western blots for SFK/Lyn kinase activity in ATRA-treated HL-60 cells using a pan-

Y416 that detects active site phosphorylation in all SFK members. Cells were treated with

ATRA for 48 hours, incubated with PP2 for one hour, and then stimulated by IB4 for the
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indicated time points. p-ERK blot shows PP2 did not significantly affect ERK

phosphorylation. Total ERK and GAPDH show protein loading. D: Immunoprecipitation of

c-Cbl shows tyrosine phosphorylation with indicated treatments in HL-60 cells. Cells treated

with ATRA were cultured for 48 hours, cells treated with PP2 were exposed to the inhibitor

for one hour, and cells were stimulated by IB4 for the indicated time points E: c-Cbl tyrosine

phosphorylation in CD38+ transfectants in the absence of ATRA treated as indicated with

PP2 for one hour and then stimulated with IB4. F: Western blot for phospho-p55/p85 PI3K

in HL-60 cells treated as indicated. G: Western blot for phospho-p55/p85 PI3K in CD38+

transfectants treated as indicated. Actin shows protein loading in pY-p55/p85 PI3K blots.
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Figure 4. Protecting Lyn kinase activity preserves CD38-stimulated c-Cbl and p85 PI3K
phosphorylation
A: Cells were treated with ATRA for 48 hours, incubated with PP2 for one hour or co-

treated for 48 hours as indicated, and then stimulated by IB4 for the indicated time points.

Western blotting shows Y416 inhibition in HL-60 cells treated with ATRA for 48 hours

followed by one hour of PP2 incubation, but activation after 48 hours of ATRA/PP2 co-

treatment in culture. GAPDH shows protein loading. B: Western blot for p85 PI3K

phosphorylation in HL-60 cells. Samples were either untreated (C), treated with ATRA for

48 hours followed by one hour of incubation with PP2 to inhibit Lyn activity (ATRA+PP2
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1h), or co-treated with ATRA and PP2 and then cultured for 48 hours (ATRA+PP2 48h)

which protects Lyn kinase activity. C: c-Cbl phosphorylation in HL-60 cells after the

treatments described in B. D: Cells were treated with ATRA or a combination of ATRA and

dasatinib for 48 hours. c-Cbl was immunoprecipitated and membranes were probed for

tyrosine phosphorylation (top). Western blotting was performed for phosphorylated p85

PI3K (bottom).
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Figure 5. Lyn inhibition disrupts interactions among CD38-associated proteins
A: Cells were treated with ATRA for 48 hours, incubated with PP2 for one hour or co-

treated for 48 hours as indicated, and then stimulated by IB4 for the indicated time points.

Western blots show basal protein expression levels of target proteins. B:

Immunoprecipitation of Vav1 shows changes in CD38 and Lyn interaction after treatments

as indicated in HL-60 cells. The Vav1 blot shows protein loading. C: Immunoprecipitation

of SLP-76 shows changes in CD38 and Lyn interaction after treatments as indicated. The

SLP-76 blot shows protein loading. D: Immunoprecipitation of p85 PI3K shows changes in
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CD38 and Lyn interaction after treatments as indicated. The p85 PI3K blot shows protein

loading.
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