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Abstract

All-trans retinoic acid (RA) and interferons (IFNs) have efficacy in treating certain leukemias and

lymphomas, respectively, motivating interest in their mechanism of action to improve therapy.

Both RA and IFNs induce interferon regulatory factor-1 (IRF-1). We find that in HL-60

myeloblastic leukemia cells which undergo mitogen activated protien kinase (MAPK)-dependent

myeloid differentiation in response to RA, IRF-1 propels differentiation. RA induces MAPK-

dependent expression of IRF-1. IRF-1 binds c-Cbl, a MAPK related adaptor. Ectopic IRF-1

expression causes CD38 expression and activation of the Raf/MEK/ERK axis, and enhances RA-

induced differentiation by augmenting CD38, CD11b, respiratory burst and G0 arrest. Ectopic

IRF-1 expression also decreases the activity of aldehyde dehydrogenase 1, a stem cell marker, and

enhances RA-induced ALDH1 down-regulation. Interestingly, expression of aryl hydrocarbon

receptor (AhR), which is RA-induced and known to down-regulate Oct4 and drive RA-induced

differentiation, also enhances IRF-1 expression. The data are consistent with a model whereby

IRF-1 acts downstream of RA and AhR to enhance Raf/MEK/ERK activation and propel

differentiation.
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Introduction

Interferon regulatory factor-1 (IRF-1), encoded by chromosome 5, a 10 exon gene, is an

important regulator of leukocyte differentiation [1]. Deletions of chromosome 5 or parts
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thereof that contain the IRF-1 gene are the most frequent cytogenetic markers in

preleukemic myelodysplastic syndromes (MDS) and subsequent leukemias [2,3]. In MDS,

IRF-1 mRNA frequently lacks exons 2 and 3, resulting in an IRF-1 protein without tumor-

suppressor activity [4]. In addition to tumor suppression, IRF-1 is also reported to function

in differentiation. IRF-1 is up-regulated during differentiation in a murine embryonal

carcinoma cell model [5]. IRF-1 protein levels are low in bone marrow stem cells (CD34+),

and IRF-1 knockout mice present a maturation block and accumulation of immature

granulocytic precursors [6]. Expression of IRF-1 is induced during normal hematopoiesis

and during differentiation induction therapy with retinoids and interferons – two important

classes of chemotherapeutic agents for leukemias and lymphomas, respectively. It has been

shown that IRF-1 induction by interferon γ (IFN γ) requires Mnk1/2 kinases [7], which are

activated by ERK1/2 [8].

The standard therapeutic modality for acute promyelocytic leukemia uses retinoic acid (RA).

RA induces differentiation, and this action is also mitogen activated protein kinase (MAPK)-

dependent [9]. Crosstalk between RA and interferons/IRF-1 pathways, which have been

previously reported, may thus involve MAPK signaling pathways. The mechanistic details,

however, remain to be clarified. RA and IFN γ driven pathways may have various points of

convergence. It has been shown that RA induces IRF-1 gene expression by binding to its

GAS (gamma interferon activation site) sequence in many systems, including the HL-60 cell

model [10 – 12]. Multiple downstream molecules have been shown to be involved in both

RA and IRF pathways. These include Stat1, Stat2, p48, IFN α [13 – 22], cyclin B1 [23],

CDKi (cyclin-dependent kinase inhibitor) p21 [24], PML/ RAR α (promyelocytic leukemia/

retinoic acid receptor α; reviewed in [25]), TRAIL (tumor necrosis factor-related apoptosis-

inducing ligand) [26,27] and others, as well as MAPK. IFNs can also up-regulate retinoid

receptors. RA in turn up-regulates IFN α and JAK – STAT (Janus kinase – signal transducer

and activator of transcription) pathway members (reviewed in [25,26,28 – 35]). The RA and

IRF-1 pathways may thus have a variety of interdependencies which may have the potential

to be exploited for combination therapy.

In this study, RA-induced IRF-1 expression, and augmented IRF-1 expression enhanced

RA-induced differentiation. We confirmed that RA-induced IRF-1 expression correlated

with myeloid differentiation of HL-60 human myeloblastic leukemia cells, a French –

American – British (FAB) M1 derived cell model that is a bipotent stem-like cell. IRF-1

stable transfectants were created to investigate how IRF-1 regulates MAPK signaling

proteins and determine the role of IRF-1 in RA-induced differentiation. Overexpression of

IRF-1 caused increased CD38 expression, enhanced Raf/MEK/ERK activation and

promoted RA-induced differentiation and cell cycle arrest. Interestingly, RA-induced IRF-1

protein expression is itself MAPK-dependent. Ectopic IRF-1 may have enhanced RA-

induced differentiation by various means. RA-induced differentiation is propelled by MAPK

signaling, and CD38 expression has been previously shown to cause enhanced MAPK

signaling. IRF-1-induced CD38 may thus have contributed enhanced MAPK signaling to

propel differentiation. IRF-1 also bound to c-Cbl, an adaptor that promotes CD38 MAPK

signaling. c-Cbl is a versatile adaptor protein that we previously reported to be essential for

RA-induced differentiation of HL-60 cells [36]. This may have facilitated the prolonged

MAPK signaling needed to propel differentiation and G0 arrest in RA-treated cells. The data
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also suggest the possibility that, in addition to its well-studied function as a transcription

factor, IRF-1 may regulate MAPK signaling through interaction with a signaling complex

containing c-Cbl. Aryl hydrocarbon receptor (AhR) up-regulation, either by overexpression

or by valproic acid, caused IRF-1 up-regulation. We have reported that RA induces AhR

expression and AhR propels RA-induced differentiation [37]. IRF-1 is thus downstream of

AhR, and ectopic IRF-1 could potentially thus short-circuit this AhR function to facilitate

differentiation. We also reported that RA down-regulates ALDH1 activity consistent with

loss of stemness as the cells differentiate, and we find here that IRF-1 expression causes

down-regulation of aldehyde dehydrogenase 1 (ALDH1). This too may promote RA-

induced differentiation. In sum we show that RA-induced IRF-1 can be related to c-Cbl and

AhR, which both propel differentiation, and that they may be key intersection points of

retinoic acid and interferon pathways.

Materials and methods

Chemicals

Retinoic acid (Sigma, St. Louis, MO) was dissolved in 100% ethanol with a stock

concentration of 5 mM, and used at a final concentration of 1 μM. 1,25-Dihydroxy vitamin

D3 (Cayman, Ann Arbor, MI) was used at a final concentration of 0.5 μM from a stock of 1

mM in ethanol. The oligonucleotide primers were synthesized by Integrated DNA

Technologies (San Diego, CA).

Cell culture

Human myeloblastic leukemia cells (HL-60) were grown in a humidified atmosphere of 5%

CO2 at 37 ° C and maintained in RPMI 1640 supplemented with 5% fetal bovine serum

(Invitrogen, Carlsbad, CA). The cells were cultured in constant exponential growth as

previously described [37,38]. The experimental cultures were initiated at a cell density of

0.1 × 106 cells/mL.

Reverse transcriptase-PCR and plasmid construction

Total human IRF-1 RNA was isolated from HL-60 cells using the Qiagen RNeasy minikit

(Qiagen, Valencia, CA), and the first-strand cDNA was synthesized according to the

protocol of the SuperScript first-strand synthesis system (Invitrogen, Carlsbad, CA). For

IRF-1 with FLAG tag plasmid (IRF+) construction, DNA fragments carrying complete

human IRF-1 gene were generated by polymerase chain reaction (PCR) amplification using

oligonucleotides (forward 5′ GCG AAT TCG GAT CCA TGC CCA TCA CTC GGA TGC

3′, reverse 5′ GCG CGG CCG CCG GTG CAC AGG GAA TGG CCT 3′) and cloned into

a pIRES-hrGFP II vector using BamH1 and Not1 sites. All inserts were confirmed by

sequencing.

IRF-1 stable transfection

Fifty micrograms of plasmid DNA were transfected into HL-60 cells as previously described

[39], and selected with G418 (2 mg/mL) for 2 – 3 weeks. Stable transfectants underwent

three cycles of cell sorting and amplification to select cells expressing high enhanced green

fluorescent protein (EGFP) using fluorescence activated cell sorting (FACS Aria flow
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cytometer; BD Biosciences, San Jose, CA). Western blots probed with anti-IRF-1 antibody

(BD Biosciences) were used to confirm IRF-1 expression. HL-60 wild-type and vector

control cells showed no differences in differentiation and behaved indistinguishably in all

experiments reported.

Immunoprecipitation and Western blot

A total of 2.5 × 107 cells were lysed using 200 μL lysis buffer (Pierce, Rockford, IL), and

lysates were cleared by centrifugation at 16 950 × g for 20 min at 4 ° C. Equal amounts of

protein lysates (25 μg) were resolved by sodium dodecyl sulfate-polyacrylamide gel

elctrophoresis (SDS-PAGE), transferred to nitrocellulose membranes and probed with

antibodies. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin and histone H3

antibodies (Cell Signaling, Beverly, MA) were used to check uniform loading.

Immunoprecipitation was done starting with 300 μg protein.

CD11b, CD38 expression studies by flow cytometry

HL-60 cells (0.5 × 106) were harvested by centrifugation at 120 × g for 5 min. Cells were

resuspended in 200 μL phosphate buffered saline (PBS) containing 2.5 μL of

allophycocyanin (APC) conjugated anti-CD11b antibody or APC conjugated anti-CD38

antibody (BD Biosciences). Following incubation for 1 h at 37 ° C, cells were analyzed by

flow cytometry (LSRII flow cytometer; BD Biosciences) using 633 nm red laser excitations.

The threshold to determine the increase of percentage positive expression was set to exclude

95% of control cells [37].

Measurement of inducible oxidative metabolism

A total of 0.5 × 106 cells were harvested by centrifugation and resuspended in 200 μL 37 ° C

PBS containing 10 μM 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate

acetyl ester (H2-DCFDA; Molecular Probes, Eugene, OR) and 0.4 μg/mL 12-o-

tetradecanoylphorbol-13-acetate (PMA; Sigma) with incubation for 20 min in a humidified

atmosphere of 5% CO2 at 37 ° C. Dimethylsulfoxide (DMSO; Sigma) was used as carrier.

Flow cytometric analysis was done (BD LSRII flow cytometer) using a 488 nm excitation

laser and emission collected through a 505 longpass dichroic and 530/30 nm bandpass filter.

The shift in fluorescence intensity in response to PMA was used to determine the percentage

of cells with the capability to generate inducible superoxide. Gates to determine percentage

positive cells were set to exclude 95% of control cells. Control cells with or without PMA

and RA-treated cells without PMA typically showed indistinguishable DCF fluorescence

histograms [37].

Cell cycle analysis

A total of 0.5 × 106 cells were collected by centrifugation and resuspended in 200 μL of

refrigerated hypotonic staining solution containing 50 μg/mL propidium iodine (PI), 1

μL/mL Triton-X and 1 mg/mL sodium citrate. Cells were stored, protected from light, at

room temperature for 1 h and analyzed by flow cytometry (BD LSRII flow cytometer) using

488 nm excitation and collection through a 550 longpass dichroic and a 576/26 bandpass

[37].
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Aldehyde dehydrogenase enzymatic activity assay

ALDH1 enzymatic activity was measured using the Aldefluor kit (Stem Cell Technologies,

Durham, NC) as described [37,40].

Statistics

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

error of the mean of three repeats. Two-tailed paired Student’s t-test was used to asses the

statistical significance.

Results

RA up-regulated IRF-1 expression

To determine the effect of RA on IRF-1 expression, HL-60 human myeloblastic leukemia

cells were treated with RA and harvested after 48 h to measure IRF-1 expression by Western

blotting. IRF-1 expression was up-regulated by RA (Figure 1). Expression progressively

increased over time (from 24 to 72 h) (data not shown). To investigate the functional

significance of IRF-1 up-regulation, in particular how IRF-1 regulates MAPK signaling and

differentiation in RA-treated cells, stable transfectants ectopically overexpressing IRF-1

with a FLAG tag (IRF+) were created. Western blotting showed that the stable transfectants

(IRF+) expressed IRF-1 (Figure 1). The IRF + pooled transfectants had a much stronger

IRF-1 protein band than the minimal signal detectable in control parental cells. RA

treatment further increased IRF-1 expression in the IRF + stable transfectants (Figure 1).

Thus, while wild-type cells express minimal IRF-1, RA clearly induces expression, and

levels in untreated transfectants exceed this, with RA treatment causing a further significant

increase.

IRF-1 enhanced CD38 expression

We could confirm that the transfected IRF-1 was functionally active. The most prominent

activity of IRF-1 is its ability to activate transcription from specific promoters. It has been

reported that the CD38 promoter contains potential IRF binding sites, and IRF-1 is capable

of up-regulating CD38 mRNA and protein levels in leukemic B cells [41,42]. The CD38

ectoenzyme receptor is an early cell surface marker for phenotypic conversion during RA-

induced differentiation. We compared CD38 expression in IRF-1 transfectants and parental

HL-60. Ectopic IRF-1 expression induced low-level CD38 expression. Flow cytometry

showed increased expression from 5% in HL-60 wild-type parental cells to 18% in IRF-1

+cells (p-value <0.05), indicating that the expression of CD38 per cell was significantly

higher in IRF-1 transfectants [Figure 2(A)]. IRF-1 expression thus up-regulated CD38

expression. RA treatment further enhanced CD38 expression. In RA-treated cells, CD38

expression was significantly higher in IRF + cells compared to wild-type parental cells

[Figure 2(A)]. The stable transfectants thus contain a functionally active IRF-1 that induces

expression of an early cell surface differentiation marker, CD38.
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IRF-1 promoted RA-induced cell differentiation

CD38 expression is known to cause MAPK signaling and propel RA-induced differentiation

and G0 cell cycle arrest, motivating the anticipation that IRF-1 expression might facilitate

RA-induced differentiation compared to parental cells. The ability of IRF-1 transfectants

(IRF+) to differentiate in response to RA was measured using a cell surface marker and a

functional differentiation marker. First, CD11b, an α integrin, was used to measure cell

differentiation using APC conjugated CD11b antibody by flow cytometry. We compared the

percentage of cells expressing CD11b in HL-60 cells and IRF1 + stable transfectants treated

with RA for 24, 48 and 72 h. The increase was progressive, and the 72 h (late

differentiation) data are presented in Figure 2(B). In RA treatment, IRF-1 transfectants show

significant (p ≤ 0.05) enhanced expression of CD11b compared to parental HL-60 cells.

In contrast to RA, vitamin D3 is known to induce monocytic differentiation, and IRF-1

expression impeded D3-induced CD11b expression [Figure 2(C)], although other aspects of

differentiation, such as inducible oxidative metabolism and G0 arrest, were not significantly

affected (data not shown), indicating potential lineage specificity of the IRF-1 effects seen

for RA. The HL-60 cell line is a bipotent leukemic stem cell that undergoes granulocytic

differentiation upon RA treatment and monocytic differentiation upon D3 treatment. For

THP-1 and U937, IRF-1 was reported to facilitate differentiation toward monocytes [43,44].

However, it is noteworthy that promotion of monocytic differentiation by IRF-1 was found

using mediators of inflammation, interleukin-6 (IL-6) and lipopolysaccharide (LPS),

whereas in our case, vitamin D3 was used. Moreover, although IRF-1 is a regulator of both

neutrophil and monocyte lineage differentiation, the effects involve a tightly correlated

balance with other IRF-family members [45,46].

To confirm the role of IRF-1 in propulsion of RA-induced cell differentiation, inducible

oxidative metabolism was used as a myeloid functional differentiation marker. The

oxidation of the non-fluorescent H2-DCFDA to the highly fluorescent 2′,7′-

dichlorofluorescein (DCF) was used to detect the generation of reactive oxygen.

Overexpression of IRF-1 accelerated RA-induced functional differentiation compared to

parental HL-60 cells [Figure 2(D)]. The difference in DCF-positive percentage between

IRF-1 transfectants and parental HL-60 cells was significant after RA treatment for 72 h

(31% in HL-60 wild-type cells, 65% in IRF1+ transfectants, p-value < 0.01).

To determine the effects of IRF-1 on RA-induced G1/G0 cell cycle arrest, the percentage of

IRF-1 transfectants and parental HL-60 in G1/G0 was measured using flow cytometry.

IRF-1 overexpression enhanced G0 arrest upon RA treatment at 72 h [Figure 2(E)], with

75% for parental HL-60 cells and 82% for IRF1+, p-value < 0.001. This was consistent with

the differentiation assays, indicating the role of IRF-1 in promoting RA-induced

differentiation and cell cycle arrest. To confirm that the enhancement in differentiation and

promotion of cell cycle arrest caused by IRF-1 reflected decreased cell growth, we

compared IRF transfectants and parental HL-60 growth curves with or without RA [Figure

2(F)]. It is to be noted that the cell proliferation is not totally abrogated for this level of

IRF-1 expression, consistent with the fact that not all the cells are in G0/G1 (but rather 82%)

and with the fact that this assay cannot discriminate between G0 and G1. IRF-1 transfectants
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showed curtailed cell growth associated with G0 enrichment compared to parental cells.

This indicates that ectopic expression of IRF-1 regulates CD38 expression and promotes

RA-induced differentiation and loss of proliferative capability. A summary of the RA-

induced differentiation data is presented in Table I.

Parallel with the observed increase in differentiation we anticipated a decrease in blastic/

stemness properties [40,47]. Indeed, ALDH1 enzymatic activity was down-regulated by 1

μM RA, by IRF-1 overexpression and even more by the combination of RA treatment with

an IRF-1 elevated background (Figure 3). In sum, IRF-1 expression results in loss of

stemness and enhanced RA-induced differentiation and G0 arrest.

IRF-1 caused enhanced Raf/MEK/ERK activation

Raf/MEK/ERK activation is necessary to propel RA-induced differentiation and cell cycle

arrest [9]. To investigate whether RA-induced myeloid differentiation and cell cycle arrest

enhanced by IRF-1 were related to Raf/MEK/ERK activation, we compared Raf/MEK/ERK

expression and phosphorylation in IRF-1 stable transfectants and parental HL-60 cells. IRF1

+ transfectants showed increased levels of dual phosphorylated ERK [T(203) and EY(205)]

(Figure 4), suggesting that ectopic expression of IRF-1 caused enhanced MAPK signaling

and accelerated RA-induced differentiation and cell cycle arrest. RA-treated IRF +

transfectants also had more pERK than parental HL-60. Likewise, phosphorylated MEK was

enhanced. Raf activation is known to provide critical propulsion for RA-induced

differentiation [48]. To investigate how IRF-1 affects Raf, phosphorylation of Raf [S(259)

and S(621)] was compared between IRF-1 transfectants and parental HL-60 cells that were

untreated or RA-treated. IRF-1 increased Raf kinase activation compared to HL-60 cells,

suggesting that overexpression of IRF-1 causes enhanced Raf/MEK/ERK activation,

resulting in propulsion of RA-induced cell differentiation and cell cycle arrest.

RA-induced IRF-1 is associated with c-Cbl and their expression is MEK-dependent

A question emerging from the present data is the link between the observed IRF-1 induction

by RA and MAPK activation. c-Cbl is known to be necessary for RA-induced MAPK

signaling downstream of CD38, and c-Cbl expression was found to drive RA-induced

differentiation as part of a MAPK signaling complex [36,49]. After RA treatment,

immunoprecipitation showed that c-Cbl and IRF-1 co-precipitated (Figure 5). This suggests

there is a link from IRF-1 to a critical component of the MAPK signaling complex.

Furthermore, RA-induced IRF-1 expression itself depends on MAPK signaling. By using

PD 98059 pretreatment 4 h before RA treatment, we found that if MEK is inhibited, then

IRF-1 is not expressed in RA treated cells. Moreover, the same occurred for c-Cbl, namely,

PD 98059 abolishes c-Cbl protein expression. Figure 5 shows IRF-1 and c-Cbl expression in

cells that were untreated control or treated with RA or RA plus PD 98059, and the amount

of c-Cbl co-immunoprecipitating with IRF-1 under these conditions. Hence, IRF-1 was

found to bind a critical adaptor of the MAPK signaling complex driving differentiation, and

its RA-induced expression is also MAPK-dependent. The results suggest the possibility that

IRF-1 participates in a feedback loop that incorporates CD38 and its downstream MAPK

signaling.
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AhR expression induced IRF-1 in presence or absence of RA

While it is known that IRF-1 is downstream of RA as a transcriptionally regulated target,

other upstream regulators remain to be elucidated. Of particular interest are relationships of

IRF-1 to other regulators that propel RA-induced differentiation. Recently we have shown

that AhR is up-regulated by RA and propels RA-induced myeloid differentiation. An

emerging question is thus whether AhR up-regulation induces IRF-1 expression. Indeed, as

shown in the Western blot in Figure 6, increased AhR expression by ectopic expression in

previously described stable transfectants [37] up-regulates IRF-1 expression. Confirming

this, up-regulating AhR expression by treating with valproic acid, as we reported previously

[37], also up-regulates IRF-1 expression. Hence, IRF-1 expression is downstream of AhR,

which is itself up-regulated by RA as well, and propels differentiation [37]. Ectopic IRF-1

overexpression may thus facilitate differentiation by short-circuiting an RA/AhR/ IRF-1

axis. This linkage of AhR and IRF-1 potentially provides a novel basis for possible future

combination therapy strategies.

Discussion

The present results show that RA induces the expression of IRF-1, and expression of IRF-1

promotes RA-induced differentiation of HL-60 bipotent stem-like leukemic cells. The data

implicate four potential mechanisms. (a) IRF-1 expression causes up-regulation of the CD38

receptor. CD38 is an ectoenzyme receptor that is the earliest known cell surface

differentiation marker, and CD38 expression propels RAinduced differentiation [50]. IRF-1

may thus accelerate this process. (b) IRF-1 complexes with c-Cbl. RA induces activation of

MAPK signaling, which is driven by CD38 using a c-Cbl containing MAPK signaling

complex to activate Raf, a kinase known to propel RA-induced differentiation [48]. IRF-1

thus physically interacts with this complex, potentially facilitating the hyperactive MAPK

signaling as a possible adaptor. (c) IRF-1 is up-regulated by AhR expression. AhR is up-

regulated by RA. AhR expression causes down-regulation of Oct4, a Yamanaka – Thomson

factor sustaining stemness, and drives RA-induced differentiation. IRF-1 overexpression

may short-circuit this and thereby accelerate induced differentiation. (d) IRF-1 expression

causes down-regulation of ALDH1 activity. ALDH1 activity is a trait of stem cells. RA

induces ALDH1 activity down-regulation. IRF-1 may thus help propel this to facilitate

differentiation.

The present results may have therapeutic implications for differentiation induction therapy

by RA that involves IRF-1. RA is an embryonic morphogen specifying the crown to rump

axis, and its gradient regulates Hox genes, which are master developmental regulators. It is

also a stem cell regulator. In HL-60 leukemic blasts, RA elicits up-regulation of the CD38

membrane receptor. In turn, CD38 recruits a MAPK signaling complex containing c-Cbl and

activates Raf to drive the transformation from a bipotent blast to a functional mature

myeloid cell [36,48,49]. Downstream of this, IRF-1 is known to regulate myelopoiesis, and

its expression is regulated by both RA and MAPK signaling [10 – 12], as well as by AhR.

IRF-1 regulates MAPK signaling and binds c-Cbl. c-Cbl is an adaptor that regulates MAPK

signaling, which in turn regulates both AhR and RA controlled pathways. A feedback

network involving AhR, IRF-1 and MAPK in driving RA-induced myeloid differentiation is
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thus plausible, and here we present evidence in support of such a hypothesis that c-Cbl, AhR

and IRF-1 cooperate in RA-induced myeloid differentiation. These present potential targets

of intervention to improve the therapeutic outcome with RA in leukemia therapy. While

acute promyelocytic leukemia (APL) has been susceptible to RA, other myeloid leukemias

have not, and hence means of enhancing RA efficacy are of interest.

An interesting aspect of the present work is the implication of AhR involvement.

Interestingly, two drugs of chemotherapeutic significance, namely arsenic trioxide and

valproic acid, are AhR inducers. Arsenic trioxide is in clinical trials for remission

maintenance in patients who reached remission by RA; it is a known AhR and IRF-1 inducer

able to enhance and maintain RA-induced differentiation [51 – 58]. Arsenic trioxide is an

AhR ligand, and hence another means of targeting AhR. It has already been exploited with

some degree of success, which supports the idea of targeting AhR. It has been shown that

arsenic trioxide induces Mnk [59], and also that IRF-1 induction is Mnk-dependent [7]. The

present results contribute to a rationalization of how arsenic trioxide improves or supplants

RA. Histone deacetylase inhibitors, such as valproic acid, are also known to modulate AhR

expression and activity, and regulate stem cell differentiation [37,60 – 66]. We previously

reported that valproic acid up-regulated AhR expression in the present cell system and

facilitated RA-induced differentiation [37]. Here we report that valproic acid up-regulates

IRF-1 expression, which facilitates differentiation. AhR-targeting agents are thus of

potential interest as means of augmenting the IRF-1-dependent RA-induced differentiation.
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Figure 1.
Interferon regulatory factor-1 (IRF-1) expression in wild-type HL-60 and IRF-1 stable

transfectant cell lines. Western blot of IRF-1 expression in wild-type and IRF-1 stably

transfected (IRF +) HL-60 cells, 48 h. IRF-1 protein expression level was higher in IRF-1

stable transfectants than in parental wild-type cells. RA induced IRF-1 expression in wild-

type and even more in IRF-1 overexpressors. RA, C treated or untreated control; RA, 1 μM

retinoic acid, 48 h.
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Figure 2.
IRF-1 transfectants underwent enhanced cell differentiation. (A) In untreated cells, the

expression level of CD38 was significantly higher in IRF-1 stable transfectants (IRF+) than

in HL-60 control (WT). In RA-treated cells, IRF-1 overexpressors propelled CD38

expression levels (flow cytometric assay of live cells was carried out setting the logical gate

to exclude 95% of untreated cells using APC conjugated anti-CD38 antibody). (B) In RA-

treated cells, the expression level of CD11b was higher in IRF-1 stable transfectants than in

HL-60 control. (C) In D3-treated cells, the CD11b level was lower in IRF-1 overexpressors

compared to wild-type cells (flow cytometric assay of live cells was carried out setting the

logical gate to exclude 95% of untreated cells with APC conjugated anti-CD11b antibody).

(D) IRF-1 enhanced RA-induced respiratory burst. The percentage of cells capable of PMA

inducible oxidative metabolism was analyzed by flow cytometry. The threshold to determine

percentage positive cells was set to exclude 95% of control cells. PMA stimulated inducible

oxidative metabolism. DMSO, carrier control blank. (E) IRF-1 accelerated G0 arrest

induced by RA treatment. Nuclei stained with hypotonic PI staining solution were analyzed

by flow cytometry. (F) Growth curves during duration of experiment were constructed by

counting cells. Different letters represent significantly different values (p ≤ 0.05). Results

are mean ± SEM for at least three repeats.
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Figure 3.
Aldehyde dehydrogenase 1 activity was significantly lower (p = 0.01) in cells treated with

RA than in untreated cells. IRF-1 overexpression enhanced this effect. Results of flow

cytometric analysis of live cells are expressed as difference in mode phycoerythrin (PE)

fluorescence of test sample and control sample (diethylaminobenzaldehyde [DEAB]

inhibited). a and b, statistically significant difference between them and compared with rest

of samples (p < 0.005 for IFR + RA vs. IRF + C or WT RA and p < 0.001 for WT C vs. WT

RA).
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Figure 4.
IRF-1 caused enhanced Raf/MEK/ERK activation. Western blots of phospho-Raf S259 and -

Raf S621, phospho-MEK and phospho-ERK1/2 in WT and IRF+, untreated vs. RA-treated

cells for 48 h. GAPDH was used to check protein loading. C, untreated cells; RA, 1 μM RA

treated cells for 48 h. Twenty-five micrograms of protein were loaded per well.
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Figure 5.
RA caused, in a MEK-dependent manner, enhanced IRF-1 and c-Cbl. IRF-1 and c-Cbl

associated Western blots (48 h, first three lanes, and 72 h, last three lanes) of IRF, c-Cbl, c-

Cbl immunoprecipitated with IRF-1, actin (lane loading control) and histone 3. Twenty-five

micrograms of protein were loaded per well. For IP, 300 μg of protein were used. For

treatment, RA final concentration was 1 μM and VPA was 1 mM. C, RA and PD/RA are

control, RA-treated and RA plus PD 98059-treated. PD 98059 (1 μM from a 1 mM DMSO

stock) treatment was done 4 h prior to RA treatment.
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Figure 6.
AhR expression induced IRF-1. AhR overexpressors and VPA-treated samples expressed an

augmented amount of IRF-1 protein, as determined by Western blotting (shown at 48 h).
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Table I

Summary of RA-induced differentiation data (% ± SEM).

CD38 6 h CD11b 72 h Inducible respiratory metabolism 72 h G0/G1 72 h

C WT 5.14 ± 0.5 5.30 ± 0.15 8.86 ± 0.89 60.73 ± 1.72

RA WT 26.14 ± 1.57 49.37 ± 3.00 31.03 ± 5.67 74.93 ± 0.98

C IRF+ 18.84 ± 6.78 5.52 ± 1.07 6.49 ± 0.65 62.83 ± 1.29

RA IRF+ 43.42 ± 4.37 68.83 ± 3.86 64.85 ± 2.48 82.31 ± 0.91

RA, retinoic acid; C, control; WT, wild-type; IRF+, interferon regulatory factor-1 with FLAG tag plasmid.
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