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Abstract

The multivariate nature of cancer necessitates multi-targeted therapy, and kinase inhibitors 

account for a vast majority of approved cancer therapeutics. While acute promyelocytic leukemia 

(APL) patients are highly responsive to retinoic acid (RA) therapy, kinase inhibitors have been 

gaining momentum as co-treatments with RA for non-APL acute myeloid leukemia (AML) 

differentiation therapies, especially as a means to treat relapsed or refractory AML patients. In this 

study GW5074 (a c-Raf inhibitor) and PP2 (a Src-family kinase inhibitor) enhanced RA-induced 

maturation of t(15;17)-negative myeloblastic leukemia cells and rescued response in RA-resistant 

cells. PD98059 (a MEK inhibitor) and Akti-1/2 (an Akt inhibitor) were less effective, but did tend 

to promote maturation-uncoupled G1/G0 arrest, while wortmannin (a PI3K inhibitor) did not 

enhance differentiation surface marker expression or growth arrest. PD98059 and Akti-1/2 did not 

enhance differentiation markers and have potential, antagonistic off-targets effects on the aryl 

hydrocarbon receptor (AhR), but neither could the AhR agonist 6-formylindolo(3,2-b)carbazole 

(FICZ) rescue differentiation events in the RA-resistant cells. GW5074 rescued early CD38 

expression in RA-resistant cells exhibiting an early block in differentiation before CD38 

expression, while for RA-resistant cells with differentiation blocked later, PP2 rescued the later 

differentiation marker CD11b; but surprisingly, the combination of the two was not synergistic. 

Kinases c-Raf, Src-family kinases Lyn and Fgr, and PI3K display highly correlated signaling 

changes during RA treatment, while activation of traditional downstream targets (Akt, MEK/

ERK), and even the surface marker CD38, were poorly correlated with c-Raf or Lyn during 

differentiation. This suggests that an interrelated kinase module involving c-Raf, PI3K, Lyn and 

perhaps Fgr functions in a nontraditional way during RA-induced maturation or during rescue of 

RA induction therapy using inhibitor co-treatment in RA-resistant leukemia cells.
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1. Introduction

Two pathways that are extensively targeted via kinase inhibitors are the Raf/MEK/ERK 

(MAPK) and PI3K/Akt signaling cascades, which are known to be activated (often 

simultaneously) by growth factor, cytokine or hormone stimulation, and are frequently 

subject to deregulation in malignant cells [1]. The MAPK pathway, once thought to be a 

three-tiered chute for transducing membrane-initiated growth factor signaling, can relay 

complex signals that promote proliferation, mitosis, differentiation, apoptosis, motility or 

other cell-specific functions. Potent MAPK inhibitors cannot function as stand-alone 

treatments since too many processes depend on this pathway. Meanwhile PI3K/Akt 

activation is associated with pro-survival and anti-apoptotic signaling. There is significant 

interest in employing PI3K [2] and Akt [3] inhibitors to overcome resistance and re-sensitize 

cells to apoptosis-inducing agents.

Retinoic acid (RA) is a morphogenic compound and dietary factor that exerts pro-

differentiative and anti-proliferative effects in normal and malignant contexts, including 

breast, lung and prostate cancers [4,5]. Yet as a cancer therapeutic, RA falls short of its 

initial success as a potent differentiation induction therapy for acute promyelocytic leukemia 

(APL, FAB M3), in which it induces remission in 80–90% of all cases [6]. There is great 

interest in combining RA with other chemical agents, such as other differentiation-inducing 

compounds, conventional chemotherapies, or kinase inhibitors, to both enhance efficacy and 

overcome emergent RA resistance in non-APL acute myeloid leukemia (AML). Current 

clinical trials assess the effect of RA combined with kinase inhibitors such as dasatinib, 

HDAC inhibitors, or inhibitors of lysine-specific demethylase 1 (for example: 

NCT00892190, NCT00867672, NCT00995332, NCT02261779). Here, we tested the effects 

of PD98059 (MEK inhibition), GW5074 (c-Raf inhibition), wortmannin (PI3K inhibition), 

Akti-1/2 (Akt inhibition) and PP2 (Lyn inhibition) during RA-induced maturation in the 

non-APL AML patient-derived myeloblastic leukemia (FAB M2) cell line HL-60 [7,8] and 

two RA-resistant sublines.

The patient-derived HL-60 cell line (FAB M2) lacks the PML-RARα fusion protein 

pathognomonic for APL, rendering HL-60 an attractive model for investigating RA-induced 

mechanisms in a t(15;17)-negative context [9]. RA-treated HL-60 cells undergoing 

differentiation display increased CD38 and CD11b expression and G1/G0 cell cycle arrest. 

With a doubling time of 20–24 h, RA-treated HL-60 cells complete two cell divisions and 

are committed to granulocytic differentiation by 48 h [10,11]. Sustained activation of the c-

Raf/MEK/ERK cascade persists for 48 h and beyond after RA treatment [12]. However, 

inhibiting MEK after RA-induced HL-60 that has completed one division cycle does not 

inhibit RA-induced differentiation [13], indicating that sustained MEK or ERK activation 

may be necessary only during the lineage-uncommitted, priming phase and not for the 

second (lineage commitment) division. c-Raf phosphorylation concurrent with reduced 

MEK/ERK activation is known [14–18].

Despite the sustained ERK activation that occurs in RA-treated HL-60 cells, noncanonical c-

Raf function has emerged as a hallmark of this system. c-Raf propels RA-induced 

differentiation [12,19] but induced phosphorylation at the c-Raf activating sites S338 and 
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Y340/Y341 cannot be detected in RA-treated HL-60 [20,21]. Instead, phosphorylation 

occurs at the S259 putative inhibitory site [22], the S621 putative stability site [23] and the 

S289/296/301 c-Raf sites [24,25]. The S289/296/301c-Raf sites are targets of ERK, but 

whether these sites are inhibitory [26] or activating [27] remains unclear (see Discussion). 

pS621c-Raf undergoes nuclear translocation and interacts with transcription factors in RA-

induced HL-60 cells [20,28]. Phosphorylated S259 has been shown specifically to prevent c-

Raf membrane localization [29,30] and may promote Ras-independent and membrane-

independent functions of c-Raf.

An RA-inducible interaction between the Src-family kinase (SFK) Lyn and pS259c-Raf was 

reported by Congleton et al. (2012) [24]. Lyn and Fgr are the predominant SFKs in myeloid 

cells [31,32] and both are upregulated by RA treatment in HL-60 cells [11,24]. Lyn displays 

RA-inducible phosphorylation at both its activating SFK Y416 site, which on Lyn is Y396 

[24,33] and its inhibitory Y507 site [34]. Meanwhile Fgr is not phosphorylated at the SFK 

Y416 site (Y400 on Fgr) after RA treatment [24], implicating Lyn as the primary active SFK 

in RA-treated HL-60, as well as in NB4 cells [35]. We recently reported that Lyn and PI3K 

exhibit RA-inducible interaction and phosphorylation, and both bind to the RA-upregulated 

surface marker CD38, which is known to propel differentiation [36]. A Lyn/PI3K interaction 

in the context of differentiation has been shown [36,37]. Thus despite the attractiveness of 

PI3K inhibitors to diminish cell survival signaling, PI3K inhibition may have a negative 

effect on RA-induced maturation. Akt is the downstream effector of PI3K, and interestingly, 

Akt is able to phosphorylate c-Raf at S259 [38].

We previously developed two sequentially emergent RA-resistant HL-60 cells by chronic 

RA-exposure. Both fail to upregulate CD11b expression, G1/G0 arrest and signaling factor 

expression/activation after RA treatment [25]. However, one RA-resistant cell line retains 

RA-inducible CD38 expression (R38+ HL-60) while the other has lost this marker as well 

(R38− HL-60). The SFK inhibitor PP2, which enhances RA-induced differentiation in wild-

type HL-60 and NB4 cells [24,39], rescues differentiation in both R38+ and R38− RA-

resistant HL-60 cells [25]. Using the kinase inhibitors PD98059, GW5074, wortmannin, and 

Akti-1/2, we found that the c-Raf inhibitor GW5074 also emerges as an augmenter of RA-

induced differentiation in wild-type and RA-resistant HL-60 cells, and had a similar effect to 

PP2 as reported previously. In RA-resistant cells, GW5074 was more capable in rescuing 

early events in induced differentiation, whereas PP2 was more capable for rescuing late 

events, however contrary to expectation, the two were not synergistic.

2. Materials and methods

2.1. Cell lines and treatments

HL-60 cells, derived from the original patient isolates, were a generous gift of Dr. Robert 

Gallagher and maintained in this laboratory. Two retinoic acid (RA)-resistant HL-60 

sublines (R38+ and R38−) were isolated as described previously [25]. Cell cultures were 

maintained in 1640 RPMI medium (Invitrogen, Carlsbad, CA) supplemented with heat-

inactivated 5% fetal bovine serum (FBS; Hyclone, Logan, UT) and 1% antibiotic/

antimycotic (Invitrogen) and grown at 37 °C in a 5% CO2 humidified environment. Cells 

were seeded at 0.2 × 106 for 48 h experiments or at 0.1 × 106 for 72 h experiments. Cell 
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viability was monitored via Trypan blue exclusion. All-trans-retinoic acid (RA; Sigma, St. 

Louis MO) was added from a stock solution of 5 mM in ethanol to cell cultures at a final 

concentration of 1 μM. PD98059 (Cell signaling, Danvers MA) was added from a 10 mM 

stock solution in DMSO to a final concentration of 2 μM in culture. GW5074 (Sigma) was 

added from a 10 mM stock solution in DMSO to a final concentration of 2 μM in culture. 

Wortmannin (Calbiochem/EMD Chemicals, San Diego CA) was added from a 5 mM stock 

solution in DMSO to a final concentration of 1 μM in culture. Akti-1/2 (Calbiochem) was 

added from a 10 mM stock solution in DMSO to a final concentration of 1 μM in culture. 

PP2 (Calbiochem), obtained as a 10 mM solution in DMSO, was added to cultures at a final 

concentration of 10 μM. The AhR agonist 6-Formylindolo(3,2-b)carbazole (FICZ; Enzo Life 

Sciences, Exeter, United Kingdom), was added from a 100 μM stock solution in DMSO to a 

final concentration of 100 nM in culture.

2.2. CD38 and CD11b quantification

0.5 × 106 cells were centrifuged at 700 rpm for 5 min, and cell pellets were resuspended in 

200 μl PBS containing 2.5 μl of phycoerythrin (PE)-conjugated anti-CD38 antibody and 

allophycocyanin (APC)-conjugated anti-CD11b antibody (BD Pharmingen, San Jose CA). 

Samples were incubated at 37 °C for 1 h, then analyzed by flow cytometry on a BD LSRII 

flow cytometer (BD Biosciences, San Jose CA). APC fluorescence (excitation using 633 

nm, red laser) was collected with a 735 nm dichroic longpass and 660/20 nm bandpass filter. 

PE fluorescence (excitation at 488 nm, blue laser) was collected with a 550 nm dichroic 

longpass and 576/26 nm bandpass filter. Gates for untreated controls were set to exclude 

95% of the live cell population peak.

2.3. G1/G0 arrest quantification

0.5 × 106 cells were centrifuged at 700 rpm for 5 min, and cell pellets were resuspended in 

200 μl of cold (4 °C) hypotonic propidium iodide (PI) staining solution containing 50 μg/ml 

propidium iodide, 1 μl/ml Triton X-100, and 1 mg/ml sodium citrate in PBS. Samples were 

incubated overnight at 4 °C. Nuclei fluorescence was then analyzed on a BD LSRII using 

488 nm excitation and collected with a 550 nm dichroic longpass and 576/26 nm bandpass 

filter. Doublets were excluded from the analysis.

2.4. Western blotting

15 × 106 cells were washed twice with PBS via centrifugation at 700 rpm for 5 min. For 

total lysate collection, cell pellets were resuspended in 200–350 μl M-PER lysis buffer 

(Thermo Scientific, Rockford IL) supplemented with protease and phosphatase inhibitor 

cocktails (Sigma) at 1:100 volume ratio. After incubation on ice for 30 min, lysates were 

cleared via centrifugation for 30 min at 13,000 rpm and DNA pellets were discarded. For 

collection of cytoplasmic and nuclear fractions, cell pellets were resuspended in 200 μl CER 

I buffer from the NE-PER extraction kit (Thermo Scientific), followed by subsequent kit 

instructions. The BCA Protein Assay kit (Thermo Scientific) was used to assess protein 

yield of cell lysates. Equal amounts of protein lysates were resolved by SDS-PAGE using 

12% polyacrylamide gels (Bio-Rad, Hercules CA). Resolved lysate was then transferred 

onto PVDF membrane (Millipore, Billerica MA), followed by blocking with 5% dry milk 
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w/v in PBS-Tween. Antibody dilutions were prepared as a 1:1000 dilution in 5% BSA w/v 

PBS-Tween. Blots were incubated with primary antibody overnight at 4 °C, washed and 

incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at 

room temperature. The primary antibodies were specific against ERK1/2, phospho(T202/

Y204)-ERK1/2, MEK1/2, phospho(T217/221)-MEK1/2, Raf1, phospho(S259)-Raf1, 

phospho(S289/296/301)-Raf1, Lyn, Fgr, pan-phospho(Y416)-SFK, phospho(Y507)-Lyn, 

Slp76, Vav1, phospho(Y458)-p85 PI3K, Akt, phospho(S473)-Akt, phospho(T308)-Akt, 

GAPDH, TBP (all from Cell Signaling, Danvers, MA), c-Cbl, AhR (Santa Cruz Biotechnol-

ogy, Santa Cruz CA) and pS621c-Raf (Thermo Scientific).

2.5. Statistical analysis

p-Values between treatment group means were calculated using ANOVA within GraphPad 

software. Repeat Western blot data were quantified using ImageJ. The Pearson correlation 

coefficient between average quantified blot data is calculated following the formula

(1)

which determines the covariance cov(x, y) of two monotonically increasing/decreasing 

variables divided by the product of their standard deviations σxσy. ρ(x, y) > 0 indicates a 

positive correlation, ρ (x, y) = 0 indicates no correlation, and ρ (x, y) < 0 indicates a negative 

correlation, with ρ (x, y) = 1 or ρ (x, y) = −1 indicating an exact positive or negative 

correlation, respectively. For clustering analysis, the distances between variables within a 

dataset are ranked using an average linkage method, which follows the formula

(2)

where D(x, y) is the distance metric, in this case 1 − (x, y). Pearson correlation coefficients 

and hierarchical clustering analysis using the average linkage method were performed in 

MATLAB.

3. Results

3.1. Phenotypic maturation in response to retinoic acid and four kinase inhibitors

We first examined the effects of combined retinoic acid (RA) and kinase inhibitor treatment 

on phenotypic differentiation markers in wild-type HL-60 and two RA-resistant HL-60 cell 

lines, R38+ and R38−. Phenotypic changes were assessed at 48 h, which for this system is 

after onset of terminal differentiation [10,11]. Wild-type HL-60 exhibits increased CD38 

and CD11b expressions and G1/G0 cell cycle arrest 48 h after RA treatment (Fig. 1A–C). 

R38+ RA-resistant cells display RA-inducible CD38 expression, an early differentiation 

marker, but do not have increased CD11b, a later differentiation marker, or G1/G0 arrest. 

R38− RA-resistant HL-60 cells fail to upregulate all three of these markers (CD38, CD11b, 

G1/G0 arrest) after RA treatment. The inhibitors PD98059 (MEK inhibition), GW5074 (c-
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Raf inhibition), wortmannin (PI3K inhibition) or Akti-1/2 (Akt inhibition) were then added 

with RA in co-treatments.

Cultures were treated with RA and PD98059 at a non-toxic concentration determined 

previously [12]. CD38, an early marker, is maximally expressed after 48 h of RA treatment 

in both wild-type and R38+ HL-60, but adding PD98059 failed to upregulate CD38 in the 

R38− cells (Fig. 1A). As previously reported [28], PD98059 reduced the RA-induced 

CD11b expression in wild-type HL-60, an indication of diminished maturation (Fig. 1B). 

Concordantly, CD11b expression (which is not induced by RA in the two RA-resistant 

HL-60 cell lines) remained unchanged by PD98059 + RA treatment. However, PD98059 + 

RA did result in slightly enhanced maturation-uncorrelated G1/G0 arrest (see Section 4) in 

wild-type and R38+ HL-60 cell lines (Fig. 1C).

The c-Raf inhibitor GW5074 had unexpected results. Co-treatment with this inhibitor 

strongly induced CD38 expression in the R38− cells. This is the greatest rescue of CD38 

expression that we have seen in R38− cells compared to other treatments that have also 

increased CD38, such as 1,25-dihydroxyvitamin D3 [11] and PP2 [25]. GW5074 co-

treatment seemed less capable at increasing CD11b expression in R38−, suggesting that the 

drug could target early but not late events of the defective differentiation program in R38− 

(Fig. 1A–B). In contrast, GW5074 greatly enhanced RA-induced CD11b expression in wild-

type HL-60 cells (Fig. 1B). Combined RA and GW5074 treatment also lead to a significant 

increase in CD11b expression in R38+ cells. GW5074 + RA enhanced cell cycle arrest in 

wild-type HL-60, and to a lesser extent in the RA-resistant HL-60 cell lines (Fig. 1C). 

GW5074 was used at a concentration previously determined to not induce growth arrest 

when treated alone in wild-type HL-60 [21].

Dose response experiments with the PI3K inhibitor wortmannin in these cells indicated that 

concentrations as high as 2 μM do not enhance CD38 expression, CD11b expression or 

G1/G0 arrest (Supplemental fig. S1 A–B). Thus PI3K inhibition at 1 μM, which could 

reduce cell culture density (data not shown), could not promote RA-induced differentiation 

events in wild-type or RA-resistant HL-60 (Fig. 1A–C). Wortmannin + RA co-treatment had 

no effect on surface marker expression in RA-resistant HL-60 cells and reduced CD11b 

expression in RA-treated wild-type HL-60. Wortmannin + RA did not enhance G1/G0 

arrest; in R38− wortmannin co-treatment actually decreased growth arrest.

Co-treatment with Akti-1/2 also did not promote surface marker expression, and reduced 

CD11b expression in RA-treated wild-type HL-60 (Fig. 1A–B). However, unlike 

wortmannin, Akti-1/2 + RA did cause a slight increase in G1/G0 cell cycle arrest in all three 

HL-60 cell lines (Fig. 1C). Dose response studies to Akti-1/2 indicated that doses as high as 

10 μM induced G1/G0 growth arrest by 48 h in wild-type HL-60 cells, but CD38 and CD11b 

levels are not significantly affected with 5 μM Akti-1/2 alone (Supplemental fig. S1 C–E).

Overall wortmannin treatment emerged as the worst strategy for improving RA-induced 

maturation. PD98059 and Akti-1/2 could increase RA-induced G1/G0 arrest but could not 

improve surface marker expression and instead reduced the CD11b differentiation marker of 

RA-treated wild-type HL-60 cells. Combined GW5074 + RA slightly increased G1/G0 
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arrest, but to our surprise greatly enhanced CD38 expression in R38− HL-60 cells and 

enhanced CD11b expression in all three cell lines, the parental HL-60 and its progressively 

more resistant derivatives, R38+ and R38−. Thus in addition to the Src-family kinase 

inhibitor PP2 reported previously [25], GW5074 emerges as a kinase inhibitor effective at 

upregulating RA-inducible maturation-specific events in wild-type and RA-resistant HL-60 

cells.

3.2. Correlation between signaling factors during induction with retinoic acid and five 
kinase inhibitors

We next investigated the trends in expression and activation of several kinases implicated in 

regulating RA-induced maturation. A diagram of a potential interrelated kinase module 

involving these factors, curated from literature and our own reports, is depicted in Fig. 2A. 

We assessed the cytoplasmic and nuclear expressions and activation of these kinases, which 

include c-Raf, MEK, ERK, p85 PI3K, Akt, Lyn, Fgr, c-Cbl and the transcription factor AhR. 

Wild-type, R38+ and R38− cells were treated with RA alone or with RA combined with one 

of the five inhibitors: PD98059, GW5074, wortmannin, Akti-1/2 or PP2. We assessed 

nuclear and cytoplasmic expressions and phosphorylation events at 48 h after RA addition, 

the time at which onset of terminal differentiation occurs in the wild-type cells.

Repeat Western blot data for wild-type, R38+ and R38− HL-60 cells were quantified using 

ImageJ (Supplementary figs. S2–7). Repeat averages across all cell lines and treatments 

were subject to hierarchical clustering using the Pearson correlation coefficient as a distance 

metric and an average linkage method (Fig. 2B). Interestingly, total Akt expression, Akt 

phosphorylation at S473 and T308, and activated MEK (pMEK) and ERK (pERK) were all 

grouped into a cluster that was far removed from the rest of the proteins, which formed a 

large separate cluster (Fig. 2B). While total Akt expression levels were detectable, 

expression remained unchanged across combination treatments and Akt phosphorylation 

was also unchanged, and sometimes undetectable (Supplemental figs. S2–7). One exception 

to this was S473 Akt phosphorylation which was strongly induced by PP2 + RA in wild-

type HL-60 (Supplemental fig. S2–7). Although cytoplasmic pERK decreased with PP2 + 

RA or GW5074 + RA treatments in RA-resistant HL-60 (Supplemental figs. S2–7), 

GW5074 sometimes induced ERK activation in wild-type HL-60 (Supplemental fig. S2–7).

In the large cluster containing the remainder of the signaling factors, the least correlated 

proteins from the rest of the group were AhR, c-Raf and pS259c-Raf (Fig. 2B), although 

these were highly correlated to each other. The next cluster down was separated into two 

branches, one of which contained proteins that were strongly cytoplasmic: c-Cbl, total MEK 

and total ERK. The next cluster embodies the Src-family kinases, c-Raf phosphorylated at 

either S621 or the S289/296/301 sites, and the active form of the regulatory subunit (pY458 

p85) of PI3K. The Src-family kinase Lyn is highly correlated with phosphorylation at its 

Y507 inhibitory site, followed by pS289/296/301c-Raf and then Fgr. On a separate branch, 

pS621c-Raf, pY458 p85 PI3K and pY416SFK are grouped (Fig. 2B).

Overall the clustering reveals that certain c-Raf phosphorylation sites, Src-family kinases 

and phosphorylated PI3K are highly correlated signaling events, while active MEK/ERK 

and Akt are far removed from these events. This is somewhat surprising as both Akt and 
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MEK/ERK supposedly lie downstream of the highly correlated factors (i.e. c-Raf and PI3K). 

This suggests that an interrelated kinase module involving c-Raf, PI3K, Lyn and Fgr 

functions in a nontraditional way during RA-induced maturation or during rescue of RA 

induction using inhibitor co-treatment.

3.3. Combined PP2 and GW5074 in RA-treated RA-resistant HL-60 cells

Among the agents tested, PP2 and GW5074 had the most prominent effects enhancing RA-

induced differentiation, exhibiting different strengths for potentially different parts of the 

differentiation program, hence suggesting the possibility of synergistic effects. We next 

assessed how effectively combination GW5074 and PP2 treatment could rescue RA-induced 

maturation in the RA-resistant HL-60 cell lines R38+ and R38−. Wild-type HL-60 was not 

assessed since combined PP2 + RA treatment greatly maximizes all three phenotypic 

markers [24]. For clarity and comparison, the effects of PP2 and PP2 + RA treatment 

previously reported [25] are recapitulated here alongside GW5074, GW5074 + RA, PP2 + 

GW5074, and PP2 + GW5074 + RA for both R38+ and R38− RA-resistant HL-60 cells.

Surprisingly the combined use of PP2 and GW5074 with RA did not greatly enhance RA-

induced differentiation compared to using a single agent in combination with RA. A striking 

result, however, was that GW5074 can greatly induce CD38 expression in R38− cells, even 

without RA (Fig. 3A) and even though CD38 is strongly regulated by a first intron RARE 

[40,41]. PP2 also upregulates CD38 to a lesser extent, while GW5074 or PP2 combined with 

RA further enhances CD38 expression compared to without RA. The GW5074-elicited 

response for CD38, an early differentiation marker, did not extend to the later differentiation 

marker CD11b. CD11b was weakly induced by GW5074 + RA in R38+ but not at all in 

R38− cells, consistent with progressive resistance. Also consistent with the progressive 

resistance, R38+ and R38− responded differently to GW5074 versus PP2. In R38+ HL-60 

cells, comparing PP2 + RA versus GW5074 + RA, both drugs induced similar CD38 

expression, but GW5074 + RA-induced CD11b expression is lower than for PP2 + RA 

treatment (Fig. 3A). Furthermore, comparing PP2 + RA versus GW5074 + RA for the more 

profoundly resistant R38− HL-60 cells, GW5074 + RA results in significantly higher CD38 

expression, but CD11b expression fails to be induced while PP2 + RA induces only low 

CD11b expression, consistent with its ability to drive later differentiation events.

Treatment with all three chemicals (PP2 + GW5074 + RA) in R38+ cells results in similar or 

slightly enhanced CD38 and CD11b expression compared to either PP2 + RA or GW5074 + 

RA, but there was no prominent enhancement conferred by using both GW5074 + PP2. In 

R38− HL-60 cells, PP2 + GW5074 + RA treatment actually resulted in decreased CD38 

expression compared to GW5074 + RA, but still higher than PP2 + RA. However, CD11b 

levels were unchanged between PP2 + RA and PP2 + GW5074 + RA treatments. The 

apparent PP2 inhibition of GW5074-promoted CD38 expression was not dependent on RA 

since in R38− HL-60, GW5074 + PP2 treatment resulted in lower CD38 expression than 

GW5074 alone. This indicates that, although PP2 can improve RA response, PP2 treatment 

actually blunts the pro-differentiation effects of GW5074 in R38− cells, but not in R38+ 

cells. PP2 may ergo conflict with the early pro-differentiation effects of GW5074. And 

potentially consistent with this notion, in R38+ cells, where the differentiation defect is 
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thought to be late, PP2 has no inhibitory effect on GW5074-enhanced CD38 or CD11b 

expression.

Overall PP2 was more strongly correlated with CD11b expression than GW5074, and PP2 

actually diminished GW5074 effects in R38− cells but not R38+ cells. GW5074 did not 

enhance the PP2 or PP2 + RA-induced G1/G0 cell cycle arrest in R38+ HL-60 or R38− 

HL-60 cells (Fig. 3B). We also checked combined PP2 + RA treatment with wortmannin or 

Akti-1/2, but these had very little effect on CD38 expression, CD11b expression or G1/G0 

cell cycle arrest (Supplemental fig. S1 H–K).

3.4. Signaling factor expression during combined PP2 and GW5074 treatment in RA-
treated RA-resistant HL-60 cells

The ability of GW5074 to modulate PP2 effects on phenotypic conversion of cells motivated 

the identification of the signaling correlates. We next explored the effect of GW5074 on the 

total expression and activation of signaling factors rescued in PP2− or PP2 + RA-treated 

RA-resistant HL-60 cells. We focused on c-Raf and Src-family kinase events. GW5074 

tended to diminish PP2 or PP2 + RA-induced c-Raf expression and Lyn expression at 48 h, 

but had little to no effect on Fgr expression (Fig. 4A). GW5074 did tend to decrease PP2 or 

PP2 + RA-induced c-Raf phosphorylation at S621, but did not diminish PP2 or PP2 + RA-

induced S259 or S289/296/301 c-Raf phosphorylation. Nor did GW5074 affect Y416 Src-

family kinase (Lyn Y397) phosphorylation in either RA-resistant HL-60 cell line. GW5074 

may have in fact alleviated PP2-reduced ERK activation. Looking at CD38-associated 

factors c-Cbl, Vav1, and Slp76, GW5074 had little to no effect on these proteins (Fig. 4B). 

In R38− HL-60 cells, GW5074 may have increased the PP2− and PP2 + RA-induced 

expression of p47phox, a member of the ROS production pathway [42].

We calculated the Pearson correlation coefficient between the quantified repeat Western blot 

data and phenotypic markers across both RA-resistant cell lines and all combinations of 

GW5074 and/or PP2 with or without RA (Fig. 4C). The most striking (strongest) correlation 

observed is that between Fgr and CD11b expression, followed by the correlation between 

pS289/296/301c-Raf and G1/G0 arrest. However, the c-Raf and other Src-family kinase 

events all appear to exhibit a similar degree of correlation to differentiation markers CD38, 

CD11b, and G1/G0 arrest. Once again the notable standout is pERK, which tended to be 

negatively correlated with the RA-induced maturation markers.

Clustering of the signaling factors presented in Fig. 4A using the Pearson correlation 

coefficient and an average linkage method reveals that Y416 Src-family kinase (Lyn Y397) 

phosphorylation and activated ERK are correlated (Fig. 4D), but separated from the 

remaining factors. PP2-induced but GW5074-reduced events are linked more closely (Lyn 

expression, c-Raf expression and S621 phosphorylation) while those least affected by 

GW5074 treatment (Fgr expression, and S259 and S289/296/301 c-Raf phosphorylation) are 

successively more distant.

3.5. An AhR agonist fails to rescue phenotypic maturation in RA-resistant HL-60

Since the aryl hydrocarbon receptor (AhR) i) functionally interacts with molecular 

constituents assayed here, ii) regulates these signaling molecules to drive differentiation, and 
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iii) is linked to phosphorylated c-Raf as described here (Fig. 2B), we sought to determine if 

AhR activation could rescue RA-induced differentiation in the resistant cells. If we assume 

that PD98059 and Akti-1/2 can exert their effects through a mechanism that antagonizes 

AhR (see Section 4), we queried whether an AhR agonist like 6-Formylindolo(3,2-

b)carbazole (FICZ) could rescue differentiation in RA-treated R38+ and R38−. FICZ 

enhances RA-induced maturation in wild-type HL-60 cells [34]. We found that FICZ does 

not significantly augment CD38 or CD11b expression in either R38+ or R38− RA-resistant 

HL-60 cells (Fig. 5A–B). FICZ also failed to rescue RA-inducible G1/G0 cell cycle arrest 

(two repeats, Fig. 5C).

4. Discussion

4.1. Summary of results

Retinoic acid-induced leukemic cell differentiation is regulated by an ensemble of signaling 

molecules, and we previously found that the Src-family kinase (SFK) inhibitor PP2 

enhances RA-induced differentiation in wild-type HL-60 cells and rescues differentiation in 

RA-resistant HL-60 cells [25]. Here we probed for mechanistic insight and tested four 

additional kinase inhibitors in the context of RA-treated wild-type or RA-resistant HL-60 

cells: PD98059 (MEK inhibition), GW5074 (c-Raf inhibition) wortmannin (PI3K 

inhibition), and Akti-1/2 (Akt inhibition). We showed that GW5074 was effective at 

upregulating CD38 expression in RA-treated RA-resistant HL-60 cells. PD98059, 

wortmannin and Akti-1/2, however, all blunted RA-induced CD11b expression in wild-type 

HL-60. PD98059 and Akti-1/2 were only effective insofar as they could increase growth 

arrest in all three HL-60 cell lines, while the PI3K inhibitor wortmannin could not increase 

G1/G0 arrest. Considering the ensemble of wild-type parental and emergent resistant cell 

responses to RA with five different inhibitors, hierarchical clustering reveals a tightly 

coupled signaling module that incorporates Lyn and phosphorylated c-Raf, and also 

phosphorylated PI3K (Fig. 2B) which may be downstream of Lyn [36]. Close coupling of 

Lyn and c-Raf has been shown previously [11,24]. Activation of ERK and Akt were much 

less correlated to this network (Fig. 2B), and this is corroborated in the analysis restricted to 

the resistant cells treated with PP2 and/or GW5074 (with or without RA) where pERK was 

negatively correlated to CD11b expression and growth arrest (Fig. 4C).

4.2. Kinase inhibitors for combination therapy

Inhibitor treatments can be complicated by off-target effects, combinatorial effects, and 

unintended activating effects (either direct or indirect). PD98059, for example, is a flavonoid 

that can act as an antagonist of aryl hydrocarbon receptor (AhR) at the same concentrations 

used to inhibit MEK [43]. AhR has been implicated as a positive regulator of RA-induced 

HL-60 differentiation [14,34]. Akti-1/2 is a highly selective, noncompetitive Akt inhibitor, 

but can inhibit the AhR pathway through its off-target inhibition of CAMKIα activity 

[44,45]. Interestingly both PD98059 and Akti-1/2 have similar effects on RA-induced 

maturation: namely growth arrest without differentiation. PD98059 can trigger growth arrest 

in many cell types [46–48].
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Not only may PD98059 and Akti-1/2 exert antagonistic effects on AhR function, but the 

SFK inhibitor PP2 can function instead as a strong AhR agonist [49]. We tested the AhR 

agonist FICZ, which potentiates differentiation in wild-type HL-60, but FICZ could not 

induce G1/G0 arrest nor propel CD38 and CD11b expression in the RA-resistant cells. This 

suggests that an AhR-related defect may exist in these cells, and may shed light on the 

nature of the SFK/AhR functional relationship. While i) the AhR-specific agonist FICZ 

failed to augment differentiation in RA-resistant HL-60, and while ii) the highly specific 

SFK inhibitor dasatinib has a weaker effect on differentiation in wild-type HL-60 [24], the 

potential off-target effect of PP2 may implicate that simultaneous SFK inhibition and AhR 

activation is necessary to promote RA-induced differentiation in cells exhibiting a potential 

AhR (or SFK) defect.

Raf inhibitor effects can be complicated since Raf proteins often suppress their own 

activation, and the classical Raf/MEK/ERK cascade is subject to complex feedback control. 

GW5074 has a high specificity for Raf kinases [45], but in general Raf inhibitors may 

actually promote c-Raf/c-Raf or c-Raf/B-Raf dimerization, leading to transactivation [50–

52]. In one context GW5074 treatment activated c-Raf without downstream activation of 

ERK, and this mechanism was also Akt-independent [53]. Here we found that GW5074 

impairs PP2-induced c-Raf expression and S621 phosphorylation (as well as Lyn 

expression) in R38+ and R38− RA-resistant cells, but PP2-induced pS259 and 

pS289/296/301 c-Raf phosphorylation (as well as Fgr expression) were unaffected.

4.3. Nontraditional c-Raf function and c-Raf inhibition compared to Lyn inhibition

ERK activation occurs as early as 4 h after RA treatment in HL-60, while c-Raf 

phosphorylation does not occur until after 12 to 24 h [13, 54]. c-Raf phosphorylation is 

MEK-dependent, suggesting a positive feedback loop [12,54,55]. Additionally, c-Raf 

exhibits RA-induced phosphorylation at its S259, S621 and S289/296/301 sites [20,24,25], 

none of which associate c-Raf with traditional Ras-initiated or membrane-initiated MAPK 

signaling. The S289/296/301 c-Raf sites are phosphorylated by ERK, and although their 

function remains unclear [26,27,56], these phosphorylation sites may sustain the activity of 

pS259c-Raf [27]. pS621c-Raf is localized in the nucleus of RA-induced HL-60 cells where 

it associates with the transcription factor NFATc3 at the promoter regions of the BLR1 

(CXCR5) gene, which encodes a transmembrane protein that propels MAPK signaling [28]. 

Also, c-Raf phosphorylation without ERK activation can occur during RA-induced 

differentiation [25]. It is clear that in RA-treated HL-60 cells, c-Raf deviates from canonical 

MAPK signaling and appears to be downstream of MEK/ERK.

Whether GW5074 activates or inhibits c-Raf in the RA-induced maturation system is 

unknown. GW5074 does not affect PP2-induced S259 or S289/296/301 phosphorylation 

(putative c-Raf inhibitory sites), nor affect SFK Y416 phosphorylation, in either RA-

resistant cell line. Despite a strong coupling between Lyn and c-Raf function, there are 

discrepancies between their respective inhibitors. PP2 could promote certain events like c-

Raf and Lyn expression while GW5074 suppresses this expression. GW5074 also 

suppressed PP2-indcued c-Raf phosphorylation at S621, which may be an 

autophosphorylation and/or stability site [23,57] that correlates directly with c-Raf 
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expression. Also, GW5074 seemed capable of enhancing PP2-induced CD38 expression in 

RA-resistant cells, yet the opposite was not necessarily true. PP2 actually blunted the 

GW5074-induced CD38 expression in R38− HL-60 cells. What can be distilled from these 

effects is that GW5074 may propel early differentiation events while PP2 can drive late 

events. Also, notable variable effects of PP2, GW5074 and their combination on RA-

induced CD38 expression suggests that Lyn and c-Raf are relatively uncoupled from CD38 

expression, which can be seen in Fig. 4C. CD38 itself can be uncoupled from late 

differentiation as evidenced by the R38+ HL-60 cell line. GW5074 did not augment PP2-

induced cell cycle arrest (also a later maturation event), and could very minimally increase 

the PP2 + RA-induced CD11b expression in R38+ HL-60 cells. Although GW5074 can 

propel CD38 expression, GW5074 had little effect on the PP2-upregualted CD38-associated 

proteins c-Cbl, Vav1, Slp76 or the Src-family kinase Fgr.

4.4. Lyn Activity and its effects on PI3K and Akt

Lyn exerts conflicting roles in various contexts. In B cell receptor signaling Lyn plays both a 

positive and inhibitory role [58]. Lyn can either promote Akt phosphorylation [59] or inhibit 

Akt activation [60–64], and thus Lyn has variable anti- or pro-apoptotic effects. Lyn can 

associate with PI3K during differentiation [36,37] and can activate p85 PI3K [65]. Activated 

Lyn-PI3K-Akt signaling promotes myeloma proliferation [66] or drives ROS production 

[67]. Although Lyn and PI3K display enhanced interaction and phosphorylation during RA-

induced maturation, one group found that enhanced Akt phosphorylation is not detectable 

until 72–96 h after RA induction in HL-60 cells [68]. Consistent with this, we could not 

detect RA-inducible changes in pT308 or pS473 Akt in cytoplasmic or nuclear fractions at 

the 48 h timepoint. However, PP2 did enhance S473 Akt phosphorylation in the wild-type 

cells, suggesting that in the HL-60 system, Lyn activity inhibits Akt activity. Akt activity is 

likely to be important for the function of mature granulocytes, but is not required for the 

onset of differentiation.

Although PP2 is a pan-SFK inhibitor, the suspected target in this system is Lyn. Lyn and Fgr 

are the predominant SFKs in myeloid cells [31,32] and although both are upregulated by 

RA, Lyn displays RA-inducible Y416 phosphorylation while Fgr does not [24,33]. 

However, the function of Lyn itself remains unclear. Congleton et al. (2014) [36] showed 

that Lyn kinase activity may be required for phosphorylation of two targets downstream of 

CD38: c-Cbl and PI3K. At the same time, PP2 enhances differentiation and blocks 

phosphorylation at the activating Y416 site on Lyn (Lyn Y397) in rescued RA-resistant 

HL-60 cells [24,25]. But in the wild-type case, combined RA + PP2 can “protect” Y416 

phosphorylation, as well as protect ERK phosphorylation. Thus Y416 phosphorylation on 

Lyn seems correlated to differentiation in the wild-type cells but uncorrelated in the RA-

resistant cells. In either case, Y416 phosphorylation is highly coupled to ERK activation as 

shown here (Fig. 4D) and by Congleton et al. (2012) [24]. Therefore like phosphorylated 

ERK, Lyn phosphorylation at Y416 may be dispensable for RA-induced maturation. Y416 

phosphorylation can be present even when c-Src is folded into its repressive conformation 

[69]. Meanwhile inhibitory Y507 Lyn phosphorylation also seems to increase with RA-

treatment and even further with RA + FICZ treatment in wild-type HL-60 [34], and in this 

study correlated with Lyn expression. These paradoxes suggest complicated Lyn regulation 
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via multiple phosphorylation events, or possibly a structural role as a scaffold apart from 

activity. Note that Fgr tends to strongly parallel induced differentiation ([11] and this study) 

despite undetectable phosphorylation. It appears that SFKs have a significant regulatory role 

in governing response or resistance, but their functions may be multifaceted and context-

dependent.

Overall both Lyn and c-Raf thus exhibit nontraditional (and poorly understood) 

phosphorylation during RA-induced or PP2-rescued differentiation in wild-type and RA-

resistant HL-60 cells. Comparing the potential effects of GW5074 on early versus late RA-

induced differentiation to the c-Raf phosphorylation sites either downregulated or not 

downregulated, S259 and S289/296/301 phosphorylation may be needed for early RA-

induced differentiation events while S621 (inhibited by GW5074) is needed for late 

differentiation. We previously speculated that S259 might be an early differentiation event 

[11]. GW5074 can promote Y507 Lyn phosphorylation in wild-type HL-60 (Supplemental 

Fig. S2–7–7) but whether Y416 phosphorylation (which remains coupled to ERK activation) 

in this system correlates to an active form of Lyn is unclear.

5. Conclusions

Historically RA differentiation induction therapy has been successful for t(15;17)-positive 

acute promyelocytic leukemia (APL) patients, and emergent RA resistance is associated 

with mutation(s) in the PML-RARα fusion product [9]. However mutations can arise 

months after relapse, and in myeloid leukemia cell lines like HL-60 and NB4, RA resistance 

is not always correlated with mutation in PML-RARα or RARα. One recent study verified 

that leukemias, both with defining chromosomal translocations and those that display a 

normal karyotype, are driven by global random genetic events [70]. This stresses that multi-

targeted therapy is a necessity for leukemia and other cancers, and specifically kinase 

inhibitors are attractive agents for enhancing the pro-differentiative and anti-proliferative 

effects of RA. We have screened five kinase inhibitors, and PP2 and GW5074 emerged as 

potent enhancers of RA differentiation induction therapy, capable of rescuing two 

progressively RA-resistant cell lines. These kinase inhibitors also served to probe the 

functionality of a kinase network involved in RA-induced maturation in t(15;17)-negative 

cells. We found that within an interrelated signaling module, Lyn and c-Raf function 

emerged as crucial to RA-induced maturation. The results have ramifications toward 

understanding nontraditional c-Raf and Lyn function, which were not strongly correlated 

with downstream events like ERK and Akt activation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Phenotypic markers during RA and kinase inhibitor co-treatment in HL-60. Wild-type (WT), 

R38+ and R38−HL-60 cells were treated for 48 h with 1 μM RA, or RA combined with 2 

μM PD98059 (PD), 2 μM GW5074 (GW), 1 μM wortmannin (Wo), or 1 μM Akti-1/2 (Akti) 

and analyzed by flow cytometry for (A) CD38 expression, (B) CD11b expression, or (C) 

G1/G0 cell cycle arrest. Error bars represent standard error. Asterisks for p-values of 

treatment group means compared to control indicate whether p < 0.0001 (****), p < 0.001 

(***), p < 0.01 (**) or p < 0.05 (*). (A) CD38 is maximally expressed in WT and R38+ 

HL-60 and not inhibited by any kinase inhibitor treatment. GW5074 significantly increase 

CD38 expression in R38−cells. (B) CD11b is increased by RA and enhanced by GW5074 in 

WT HL-60 cells, while all other co-treatments reduced the RA-induced CD11b expression. 

GW5074 can significantly increase CD11b expression in R38+ and R38−. (C) GW5074 can 

enhance RA-induced G1/G0 arrest in WT HL-60 and rescue G1/G0 arrest in R38+ and 

R38−. Akti-1/2 and PD98059 also tended to increase G1/G0 arrest.
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Fig. 2. 
Signaling network of factors investigated in this study and hierarchical clustering. (A) 

Simplified diagram of the interactions and functional relationships between the proteins 

investigated in this study, curated from literature: Bunaciu and Yen 2013 Mol Can; Bunaciu 

et al. submitted; Yim et al. 2004 Biochem Biophys Res Commun; Congleton et al. 2012 

Leukemia; Congleton et al. 2014 Cell Signal; Bunda et al. 2014 Oncogene; Dhillon et al. 

2007 Oncogene; Steelman et al. 2011 Aging; Zimmermann and Moelling 1999. The targets 

affected by the inhibitors used in this study are indicated. (B) Repeat Western blot data was 

quantified using ImageJ and subject to hierarchical clustering analysis using the Pearson 

correlation coefficient as a distance metric and an average linkage method (see Section 2). 

Data includes both cytoplasmic and nuclear signaling factor expression and phosphorylation 

for wild-type (Supplemental figs. S2–7), R38+ (Supplemental figs. S2–7) and R38− 

(Supplemental figs. S2–7) treated with 1 μM RA or RA combined with 2 μM PD98059, 2 

μM GW5074, 1 μM wortmannin, 1 μM Akti-1/2 or 10 μM PP2. Distances between clusters 

(1 — Pearson correlation coefficient) are indicated on the x-axis.
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Fig. 3. 
Phenotypic markers during combined GW5074, PP2 and RA treatment. R38+ and R38− 

HL-60 cells were treated for 48 h with RA, or RA combined with GW5074 (GW) and/or 

PP2 and analyzed by flow cytometry for (A) CD38 and CD11b expressions and (B) G1/G0 

cell cycle arrest. PP2-treated R38+ and R38− HL-60 cells have been reported previously 

[25] but are recapitulated here for clear comparison. Error bars represent standard error. 

Asterisks for p-values of treatment group means compared to control indicate whether p < 

0.0001 (****), p < 0.001 (***), p < 0.01 (**) or p < 0.05 (*). (A) GW5074-induced CD38 

expression in higher than PP2 but GW5074-induced CD11b is reduced in R38+ and R38− 

cells. Combined PP2 + GW5074 with or without RA enhances markers even more in R38+ 

but actually decreases marker expression compared to GW5074 alone in R38−. (B) GW5074 

does not appear to greatly increase the PP2-induced G1/G0 arrest in either RA-resistant 

HL-60 cell line.

Jensen et al. Page 19

Cell Signal. Author manuscript; available in PMC 2015 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Quantified signaling factor expression during combined GW5074, PP2 and RA treatment 

and correlation analysis. 48 h Western blot data (at least three repeats) of total lysates were 

quantified using ImageJ and fold change to respective R38+ or R38− control calculated. 

Error bars represent standard error. p-value analysis cannot be performed on quantified blot 

data, which is nonlinear. Instead a representative blot is displayed beneath each graph. 

GAPDH loading controls were performed to ensure even loading (not shown). (A) Signaling 

factors for c-Raf and Src-family kinase events and activated ERK were assessed for R38+ or 

R38− cell treated with PP2, PP2 + RA (reported previously in [25]), GW5074 (GW), GW + 
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RA, PP2 + GW and PP2 + GW + RA. Since quantified data is estimated from immunoblot 

images in which signal detection may or may not have been in the linear range, p-value 

analysis is not applicable to quantified blot data. (B) Signaling factors for CD38-associated 

factors c-Cbl, Vav1 and Slp76, the p47phox protein. (C) Pearson correlation coefficient 

matrix between MAPK and Src-family kinase signaling factor events from Fig. 4A and 

phenotypic results from Fig. 3A, i.e. for R38+ and R38− across treatments with PP2, PP2 + 

RA, GW5074, GW5074 + RA, PP2 + GW5074 and PP2 + GW5074 + RA. Colorbar: white 

(1) indicates positive correlation, mid-gray (0) indicates no correlation, black (−1) indicates 

negative correlation. (D) Hierarchical clustering analysis of data presented in Fig. 4A using 

the Pearson correlation coefficient as a distance metric and an average linkage method (see 

Section 2). Distances between clusters (1 — Pearson correlation coefficient) are indicated on 

the x-axis.
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Fig. 5. 
Treatment of wild-type, R38+ and R38− HL-60 with the AhR agonist FICZ. Wild-type 

(WT), R38+ and R38− were treated for 48 h with RA or RA and the AhR agonist FICZ and 

analyzed by flow cytometry for (A) CD38 expression, (B) CD11b expression, or (C) G1/G0 

cell cycle arrest. Asterisks for p-values of treatment group means compared to control 

indicate whether p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**) or p < 0.05 (*). FICZ 

treatment does not significantly rescues (A) CD38 expression, (B) CD11b expression or (C) 

G1/G0 cell cycle arrest in either RA-resistant cell line.
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