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R E S E A R C H  A R T I C L E
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Kaiyuan Zhu1,2,3 |   Jianbo Yue2,3 |   Andrew Yen1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2020 The Authors.

Abbreviations: 1,25(OH)2D3, 1,25-Dihydroxyvitamin D3; AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; DSB, double-strand break; 
FAB, French American British scheme; ICSBP, IFN consensus-binding protein; IFN-β, interferon-β; IRF-1, interferon regulatory factor-1; KO, knockout; 
MAPK, mitogen-activated protein kinase; NBT, nitroblue tetrazolium; NC, negative control; NLS, nuclear localization sequence; PML-RARα, 
promyelocytic leukemia-retinoic acid receptor alpha; RA, retinoic acid; RAR/RXR, retinoic acid receptor/retinoid X receptor; ROS, reactive oxygen species; 
SEM, standard error of the mean; SFKs, Src family kinases; TPA, 12-o-tetradecanoylphorbol-13-acetate; WT, wild type.

1Department of Biomedical Sciences, 
Cornell University, Ithaca, NY, USA
2City University of Hong Kong ShenZhen 
Research Institute, ShenZhen, China
3Department of Biomedical Sciences, City 
University of Hong Kong, Hong Kong, 
China

Correspondence
Andrew Yen, Department of Biomedical 
Sciences, Cornell University, Ithaca, NY, 
USA.
Email: ay13@cornell.edu

Jianbo Yue, Department of Biomedical 
Sciences, City University of Hong Kong, 
Hong Kong, China.
Email: jianbyue@cityu.edu.hk

Funding information
NIH; Hong Kong Research Grant Council, 
Grant/Award Number: 11101717; 
NSFC, Grant/Award Number: 21778045; 
CAS-Croucher Funding Scheme; 
Shenzhen Science and Technology 
Innovation Committee, Grant/Award 
Number: JCYJ20160229165235739 and 
JCYJ20170413141331470

Abstract
The known collaboration between all-transretinoic acid and interferon motivates this 
study of the dependence of RA-induced leukemic cell differentiation on interferon 
regulatory factor-1 (IRF-1), a transcription factor that is the main mediator of inter-
feron effects. In the HL-60 acute myeloid leukemia (AML) model that represents 
a rare RA-responsive subtype of AML, IRF-1 is not expressed until RA induces 
its prominent expression, and ectopic IRF-1 expression enhances RA-induced dif-
ferentiation, motivating interest in how IRF-1 is putatively needed for RA response. 
Accordingly, we created CRISPR/Cas9-mediated IRF-1 knockout HL-60 cells. 
Contrary to expectation, loss of IRF-1 did not diminish RA-induced cellular sign-
aling that propels differentiation, and RA-induced cell differentiation markers, in-
cluding CD38 and CD11b expression and G1/G0cell cycle arrest, were unaffected. 
However, elimination of IRF-1 inhibited RA-induced p47phox expression and in-
ducible oxidative metabolism detected by reactive oxygen species (ROS), suggesting 
IRF-1 is essential for mature granulocytic inducible oxidative metabolism. In the 
case of 1,25-Dihydroxyvitamin D3-induced differentiation to monocytes, IRF-1 loss 
did not affect D3-induced expression of CD38, CD11b, and CD14, and G1/0 arrest; 
but inhibited ROS production. Our data suggest that IRF-1 is inessential for differen-
tiation but upregulates p47phox expression for mature-cell ROS production.
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1 |  INTRODUCTION

Retinoic acid (RA), a derivative of vitamin A, is a fundamen-
tal biological regulator of cell proliferation and differentiation 
in embryogenesis that became a prominent therapy for acute 
promyelocytic leukemia (APL), which is a t(15,17)-positive 
M3 subtype of acute myeloid leukemia (AML) in the French 
American British scheme (FAB M3).1,2 Once a fatal disease, 
APL, is considered as the most curable subtype of adult leu-
kemia, with a 90% remission rate. This is in contrast to most 
AML which have very poor remission and survival rates. 
APL responds to RA, a noncytotoxic chemotherapy drug that 
induces differentiation and cell cycle arrest. RA-based ther-
apy used as a differentiation therapy, with arsenic trioxide to 
maintain the remission, is the current standard of care for the 
treatment of APL patients.3 RA induces the differentiation of 
leukemic promyelocytes into mature granulocytes.4 Besides 
RA, 1,25-Dihydroxyvitamin D3(1,25(OH)2D3) is also able to 
initiate the differentiation of promyelocytic leukemia cells but 
to monocyte-like cells instead of granulocytes. Nevertheless, 
D3 is not clinically used because of hypercalcemic toxicity.5,6 
However, RA monotherapy is dogged by the occurrence of 
relapse where recurrence of disease is now associated with 
resistance to RA. RA treatment also can induce a cardiopul-
monary sequela, RA syndrome, that can be fatal. Finally, al-
though APL responds to RA, most AML do not.7,8 Hence, 
there is great interest in combination therapy that exploits mo-
lecular mechanistic insights into the mechanism of action of 
RA to devise combination therapies that might reduce the RA 
dosage and overcome resistance, as well as extend efficacy 
beyond APL to other AMLs.

Interferon-γ and RA are known to cooperate in regulat-
ing cellular effects, including immune response, in hemato-
poietic and other cells.9 The historically dominant paradigm 
is that the IRF-1 transcription factor, the main effector of 
interferon action, has nuclear functions that support RA-
activated retinoic acid receptor/retinoid X receptor (RAR/
RXR)-induced transcriptional activation needed for myelo-
poiesis.10 IRF-1 was first identified in 1988. It mediated 
the transcription of interferon-β (IFN-β) upon virus infec-
tion.11 IRF-1 is composed of a well-conserved N terminal 
DNA binding domain and C-terminal activation domain 
governed by phosphorylation. The 325 aa human protein 
has two nuclear localization sequence (NLS) motifs (amino 
acid 120-140) that regulate its nuclear translocation.12,13 
IRF-1 acts as a tumor suppressor in various types of cancer, 
especially in human leukemia. The IRF-1 gene is located 
in the chromosome 5q31 region, where its deletion is a 
prominent feature of many leukemias.14 Besides antitumor 
activity, IRF-1 also regulates hematopoiesis.15 It is ergo an 
attractive candidate to probe as an effector/enhancer of RA 
antileukemic action.

Cell line models have been potent tools for experi-
mentally querying the significance of specific genes in a 
putative signaling pathway because of their susceptibility 
to experimental manipulation of gene expression. HL-60 
cells are a patient-derived lineage bipotent GM-precursor 
cell recently found to bear fidelity to an RA-responsive, 
t(15,17)-negative subtype of AML.16 RA induces their 
myeloid differentiation, whereas 1,25-dihydroxyvitamin 
D3(1,25(OH)2D3) induces their monocytic differentia-
tion.17 Historically the presence of the t(15,17) translo-
cation that generates the promyelocytic leukemia-retinoic 
acid receptor alpha (PML-RARα) fusion protein is the 
sine qua non for RA response in AML, hence these cells 
engender particular interest for molecular mechanistic 
analysis of RA response in AML.18 In particular, they are 
of interest for deriving molecular mechanistic insights to 
circumvent RA resistance in AML. One such insight is 
that RA-induced differentiation/arrest, and specifically 
RA-induced transcriptional activation by RAR/RXR, is 
enabled by a MAPK pathway-related signal that originates 
from a macromolecular signalsome in the cytoplasm that 
forms in response to RA and discharges components to the 
nucleus resulting in nuclear enrichment of canonically cy-
tosolic signaling molecules, including Raf-1. Previous re-
ports have identified components of this signalsome, such 
as the CD38 membrane receptor, MAPK signaling axes 
Raf/Mek/Erk, Src family kinases, the Vav GEF, c-CBL, 
14-3-3, and SLP-76 adaptors, and interestingly the IRF-1 
transcription factor.19-27 However, the trigger that initi-
ates formation of the signalsome that generates the signal 
driving differentiation remains elusive. Interferon regu-
latory factor 1 (IRF-1), a transcription factor that is in-
duced by RA in HL-60 AML, as well as NB4 APL cells, 
is a candidate.28,29 In untreated cells it is not expressed. 
RA induces prominent expression. Ectopic expression of 
IRF-1 results in enhanced RA-induced differentiation of 
the stable transfectants compared to parental wild-type 
cells.23 Hence, IRF-1 is a known collaborator with RA, 
a component of the signalsome that propels RA-induced 
differentiation, and its increased expression enhances RA-
induced differentiation. This makes IRF-1 a molecule of 
interest to study for its role in RA-induced leukemia cell 
differentiation. In this study, we depleted IRF-1 in HL-60 
cells using the CRISPR-Cas9 system. Unexpectedly, we 
found that signaling thought to propel differentiation and 
the cell surface differentiation markers induced either by 
RA or 1,25(OH)2D3 were not affected in these IRF-1 KO 
HL-60 cells; but RA-induced inducible oxidative metab-
olism, a functional differentiation marker for fully mature 
myelo-monocytic cells, was crippled by loss of IRF-1. 
While IRF-1 is surprisingly not a trigger for signaling and 
ensuing differentiation, it may be necessary for the last 
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late stages of differentiation or just the feature of induced 
superoxide production.

2 |  MATERIALS AND METHODS

2.1 | Cell culture

HL-60 human myeloblastic leukemia cells derived from 
the original patient isolates was a generous gift of Dr 
Robert Gallagher, certified and tested for mycotoxin by 
Bio-Synthesis, Lewisville, TX, USA, in August 2017. 
Wide-type, CRISPR-mediated HL-60 cells were cultured 
in RPMI 1640 supplemented with 5% heat-inactivated 
fetal bovine serum (GE Healthcare) and 1% antibiotic/
antimycotic (Thermo Fisher Scientific) in a 5% CO2 hu-
midified atmosphere at 37°C. HL-60 cell cultures were 
passed every 2 or 3  days to avoid cell densities over 
1  ×  106  mL. Retinoic acid was added from a stock of 
5  mmol/L in ethanol to make a final concentration of 
1μ mol/L and 1,25-dihydroxy vitamin D3 was added from 
a stock of 1 mmol/L in ethanol to make a final concentra-
tion of 0.5 μmol/L.

2.2 | Construction of CRISPR-mediated 
stable cell lines

Three pairs of sgRNA-targeting IRF-1 and one pair of 
negative control sgRNA were cloned into pLenti-CRIS-
PRv2 plasmid (Addgene #52961; Addgene) follow-
ing the depositor's protocol. The primer sequences for 
the CRISPR plasmids are as follows: KO1 (Forward: 
5'-CACCGCTCATGCGCATCCGAGTGAT-3', Reverse: 
5'-AAACATCACTCGGATGCGCATGAGC-3'); KO2 
(Forward: 5'-CACCGCTCCCTGCCAGATATCGAGG-3',  
Reverse: 5'-AAACCCTCGATATCTGGCAGGGAGC-3'); 
KO3 (Forward: 5'-CACCGTTAATTCCAACCAAATCC 
CG-3', Reverse:5'-AAACCGGGATTTGGTTGGAATTA 
AC-3'); and Negative Control (Forward: 5'-CACCGGTTC 
CGCGTTACATAACTTA-3', Reverse: 5'-AAACTAAGTTA 
TGTAACGCGGAACC-3').

The viral transduction, selection, and production of sta-
ble transfectants from pooled cells were as described before. 
Pooled cells after viral transduction and selection were used 
for experiments in order to avoid the possibility of clonal 
bias.30

2.3 | Genomic cleavage detection assay

The assays were conducted with the GeneArt Genomic 
Cleavage Detection Kit (Thermo Fisher Scientific) 

following the manufacturer's protocol. The genomic DNA 
was extracted from wide-type and the CRISPR-mediated 
cells. Primers were designed to amplify approximately 
500bp fragments covering the genomic loci where the IRF-1 
sgRNA targeted. The primer sequences are as follows: 
primer 1 (Forward: 5'-ATCCTGAAGCCATCACTTGC-3', 
Reverse: 5'-CTTCCCTTTTTGAGCTGCAT-3'); primer 2 
(Forward: 5'-TTGACCACTGTGGCTCTCTG-3', Reverse: 
5'-TGGCCTTGCTCTTAGCATCT-3'). Primer 1 was used to 
amplify the genomic DNA fragments from KO1 and KO3 cells, 
while primer 2 was used to amplify the genomic DNA fragment 
from KO2 cell.

2.4 | Western blot analysis and antibodies

Cells were harvested by centrifugation at 120 g for 5 min-
utes in a microfuge. The pellets were washed with PBS and 
lysed with mammalian protein extraction reagent (Pierce) 
with protease and phosphatase inhibitors (Sigma). The 
lysates were frozen at −80°C overnight and defrosted on 
ice, then cleared by centrifugation at 16 060 g for 10 min-
utes at 4°C. The supernatants were collected, and pro-
tein concentrations were determined with the Pierce BCA 
Protein Assay (Thermo Fisher Scientific). Equal amounts 
of total protein lysates (30  μg) were resolved by SDS-
PAGE, electrotransferred onto PVDF membranes, probed 
with antibodies, and detected with ECL reagent (GE 
Healthcare). The antibodies used for western blots are 
as follows: IRF-1 was from BD Biosciences (San Jose, 
CA); GAPDH, c-Raf, Lyn, Fgr, p47phox, Slp-76, Vav1, 
PU.1, horseradish peroxidase anti-mouse, and anti-rabbit 
antibodies were from Cell Signaling (Danvers, MA); and 
c-Cbl was from Santa Cruz Biotechnology (Santa Cruz, 
CA). The relative intensity of specific band was calcu-
lated against GAPDH using ImageJ software.

2.5 | Flow cytometric phenotypic analysis

For the phenotypic analysis, cultures of HL-60 cells were 
initiated at a density of 0.1 × 106 mL on day 0. The cells 
were treated with either 1 μmol/L RA (Sigma) or 0.5 μmol/L 
1,25-dihydroxyvitamin D3 (Cayman) to induce differentia-
tion. For the staining of CD38, CD11b, and CD14, 1 × 106 
cells were collected and centrifuged at 120 × g for 5 min-
utes. The cell pellets were resuspended in 200 μL PBS with 
2.5 μL of APC-conjugated CD11b antibody, PE-conjugated 
CD38 antibody or PE-conjugated CD14 antibody (all from 
BD Biosciences) at 37°C for 1 hour and analyzed with an 
LSR II flow cytometer (Becton Dickinson). For the cell 
cycle analysis, the same number of cells was centrifuged at 
120 g for 5 min, and stained by resuspension in PI solution 
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(50 mg/mL propidium iodine, 1 ml/mL Triton X-100, and 
1 mg/mL sodium citrate), stored at 4°C overnight, and then 
analyzed by flow cytometry. Gating was set to exclude de-
bris and doublets.

2.6 | Measurement of inducible ROS

Cytoplasmic Superoxide was detected by its capability to reduce 
soluble NBT to a blue-black precipitate, formazan as reported 
before.31 1 × 106 cells were collected and centrifuged at 120 × g 
for 5 minutes. The cells were resuspended with 0.2 mL of 12-o-
tetradecanoylphorbol-13-acetate (TPA)-nitroblue tetrazolium 
(NBT) stock and incubated at 37°C for 20 minutes. The frac-
tion of cells containing the cytoplasmic, blue-black precipitate, 
and formazan was scored using a hemacytometer. The working 
concentration of NBT (Sigma) is 2 mg/mL, which was diluted 
in PBS and protected from light. The working concentration of 
TPA (Sigma) is 0.2 μg/mL, which was diluted in DMSO.

2.7 | Statistical analysis

P-values between treatment group means were calculated 
using ANOVA within GraphPad software. The data represent 

the means of three repeats  ±  SE of the mean (SEM). A 
P < .05 was considered significant.

3 |  RESULTS

3.1 | Depletion of IRF-1 with the CRISPR/
Cas9 system in HL-60 cells

To knockout IRF-1 in HL-60 cells, we applied CRISPR/
Cas9-mediated gene editing. To abrogate IRF-1’s ability to 
regulate gene transcription, three sets of sgRNA (KO1, KO2, 
and KO3) were designed to cleave the exons of IRF-1 be-
fore its NLS sequence. A pair of nontargeting sgRNA was 
included as the negative control (NC; Figure 1A). To confirm 
the CRISPR-Cas9 gRNA-cleaved targeted specific sites, we 
used Genomic Cleavage Detection Kit to detect the genome 
cleavage. Primers initiating from the introns and ending at 
the exons of IRF-1 were designed and yielded a specific band 
around 500bp from the genomic DNA of wild-type (WT), 
IRF-1 KO1, KO2, KO3, and NC HL-60 cells (Figure S1). 
The fragments were then used for the cleavage detection 
assay. We found that unlike WT and NC cells, the genomes 
of KO1, KO2, and KO3 cells were specifically cleaved by 
the IRF-1 CRISPR-Cas9 gRNAs (Figure  1B). Finally, we 

F I G U R E  1  Depletion of interferon regulatory factor-1 (IRF-1) with the CRISPR/Cas9 system in HL-60 cells. A, A schematic of IRF-1 
structure, showing where the three pairs of sgRNA target the exons of IRF-1 before the NLS. B, Genomic cleavage detection assay that analyzed 
the cleavage sites of the three IRF-1 sgRNAs. (C) Western blot of IRF-1. Wild-type and CRISPR-derived HL60 cells were treated with 1 μmol/L 
RA as indicated for 48 h and the cell lysate was collected for western blot analysis. The relative level of IRF-1 against GAPDH was calculated with 
ImageJ
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measured the levels of IRF-1 protein in the CRISPR-Cas9 
knockout cells. As reported before, the expression of IRF-1 
was silent in untreated HL-60 cells, and it was induced by 
RA treatment.23 We found that 1 μmol/L RA treatment for 
48  hours dramatically enhanced the protein level of IRF-1 
in WT and NC cells. But the RA-induced expression of 
IRF-1 was grossly inhibited in KO1, KO2, and KO3 cells 
(Figure  1C). Taken together, we conclude that we created 
HL-60 sublines where the CRISPR-Cas9 KO successfully 
essentially eliminated IRF-1 expression.

3.2 | Depletion of IRF-1 exerted little effect 
on RA-induced signalsome

Using the IRF-1 KO cells, we then determined the ef-
fect of losing IRF-1 on RA-induced cellular signaling. 
Unexpectedly, we found that depletion of IRF-1 had lit-
tle effect on RA-induced upregulation of an ensemble of 
signalsome components which have been reported to play 
essential roles in RA-induced myeloid differentiation. In 
particular, expression of Raf-1 was unaffected. RA-induced 
upregulation of Src Family kinases (SFKs), Fgr and Lyn, 
was also unaffected by loss of IRF-1, as was expression of 
the GEF, Vav, and the adaptor Slp-76. These are signalsome 
components that have been implicated as drivers of myeloid 
differentiation. For instance, Raf-1, which activates the Raf/
Mek/Erk axis of MAPK signaling, promoted RA-induced 
cell differentiation through translocation into the nucleus 
to enable transcriptional activation by RAR/RXR. Ectopic 
expression upregulating Raf-1 enhanced RA-induced sign-
aling and differentiation, consistent with a role for it in 
driving differentiation.32,33 Raf-1 exists with c-Cbl in the 
signalsome. Furthermore, in another cell Raf-1 and c-Cbl 
also both bind 14-3-3, another signalsome component, con-
sistent with their interaction.32-35 C-Cbl, an adaptor and 
E3-ligase, was also found to enhance RA-induced differ-
entiation when expression was enhanced by ectopic expres-
sion. C-Cbl is an adaptor connected to CD38, and CD38 
expression drove signaling and differentiation.24 Lyn and 
Fgr were upregulated by RA treatment and pharmacologi-
cally enhancing their expression/activation was associated 
with enhanced differentiation.35 They also played roles in 
protecting cells from apoptosis after RA treatment.36 SLP-
76 expression also drove RA-induced differentiation.22,26 
These molecules interacted in the signalsome as demon-
strated by immunoprecipitation and FRET; and IRF-1 
immunoprecipitated with c-Cbl consistent with IRF-1 inti-
macy with the workings of the signalsome. Moreover, IRF-1 
has been reported to mediate granulocyte differentiation 
through inducing PU.1 transcription. IRF-1 null mutation 
led to PU.1 silencing and impaired granulocytic maturation 
in mice.37 However, we found that the depletion of IRF-1 

did not affect RA-induced PU.1 expression in HL-60 cells 
(Figure  2; Figure S2). Taken together, disruption of the 
IRF-1 transcription factor surprisingly did not affect major 
signalsome components putatively propelling differentia-
tion after RA treatment in HL-60 cells.

3.3 | Depletion of IRF-1 exerted little effect 
on RA-induced differentiation

To investigate whether depletion of IRF-1 affected RA-
induced cell differentiation, we measured the common 
markers for myeloid differentiation. The cell density, 
CD38 expression, CD11b expression, and G1/G0 cell 
cycle arrest at 48 and 72  hours following 1  μmol/L RA 
treatment were determined. We found that the IRF-1 
CRISPR knockout cells had a similar pattern of induced 
differentiation by these indexes when compared with the 
WT or NC HL-60 cells after RA treatment (Figure  3). 
We explored the possibility that 0.1  μmol/L RA would 
provide a weaker differentiation driving stimulus than 
1  μmol/L RA and might reveal the influence of losing 
IRF-1 on differentiation which the higher dose might 
not be sensitive to. For 0.1 μmol/L RA-treated WT cells, 
CD38 was still 100% after 48 and 72 hours of treatment—
as it was for 1 μmol/L. The percentage of CD11b-positive 

F I G U R E  2  Depletion of interferon regulatory factor-1 (IRF-1) 
exerted little effect on RA-induced changes in signalsome components 
or on PU.1. Wild-type and CRISPR-derived HL-60 cells were treated 
with 1 μmol/L RA as indicated for 48 h, the cells were collected for 
western blot analysis of RA-induced signalsome components and PU.1
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cells was decreased from around 50% (1  μmol/L) to 
25% (0.1  μmol/L) at 48  hours; and 70% (1  μmol/L) to 
40% (0.1  μmol/L) at 72  hours following RA treatment. 
Similarly, G1/G0 cell cycle arrest was also attenuated. 
RA-induced G1/G0 accumulation dropped from 60% 
(1  μmol/L) to 50% (0.1  μmol/L) at 48  hours; and 80% 

(1  μmol/L) to 60% (0.1  μmol/L) at 72  hours following 
RA treatment (Figure S3). Hence, the lower dose elic-
ited a weaker response, indicating that the RA dose was 
limiting and not saturating cellular response. However, 
the response of the IRF-1 knockout cells at this RA dose 
was indistinguishable from the parental WT cells. Taken 

F I G U R E  3  Depletion of interferon regulatory factor-1 (IRF-1) had little effect on RA-induced differentiation. Wild-type and CRISPR-
derived HL-60 cells were treated with 1 μmol/L RA as indicated for 48 and 72 h, the cells were collected for analysis of (A) cell number, (B) CD38 
expression, (C) CD11b expression, (D) 48 h cell cycle, and (E) 72 h cell cycle phase distribution
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together, these data suggest that IRF-1 is not required for 
RA-induced HL-60 cell differentiation.

3.4 | Depletion of IRF-1 suppressed 
RA-induced ROS through decreasing 
p47phox expression

Besides the induction of CD38, CD11b, and G1/G0 cell 
cycle arrest, stimulated reactive oxygen species (ROS) 
production is a marker for RA-induced functionally ma-
ture HL-60 cells. RA treatment induces p47phox expres-
sion in HL-60 cells, which is an important component of 
the NADPH oxidase complex responsible for ROS produc-
tion.38 To measure the stimulated ROS level in the IRF-1 
knockout and control cells, TPA was used to activate in-
ducible oxidative metabolism; ie, ROS production. The 
resulting ROS was detected using nitroblue tetrazolium 
(NBT) which superoxide reduces to formazan, a blue-black 
precipitate that is microscopically visible in the cells.31 
RA treatment induced ROS in approximately 50% of the 
wild-type parental cells which decreased to 20% in the 
three IRF-1 knockout cells (Figure 4A). We further tested 
whether the p47phox expression was affected. Consistent 
with the observed ROS responses, RA-induced p47phox 
expression was significantly decreased in IRF-1 knock-
out cells compared with parental WT cells (Figure  4B). 
Collectively, these data suggest that the depletion of 

IRF-1 diminishes RA-induced p47phox expression with 
consequential attenuation of ROS production.

3.5 | IRF-1 disruption suppressed D3-
induced ROS without affecting differentiation

Since we have found that IRF-1 was dispensable for RA-
induced differentiation of HL-60 cells into granulocyte-
like cells, we explored whether IRF-1 might play a more 
crucial role in monocyte-like cell differentiation. To test 
this, IRF-1 knockout and wild-type cells were treated with 
1,25(OH)2D3 to induce monocytic differentiation. Cell 
density, induction of CD38, CD11b, and CD14, which was 
a specific marker for monocyte-like cells, as well as G1/
G0 cell cycle arrest of the treated cell populations were 
measured after 48 and 72  hours of 1,25(OH)2D3 treat-
ment.39 As for RA treatment, loss of IRF-1 did not affect 
1,25(OH)2D3-induced differentiation or G1/G0 cell cycle 
arrest. Functional differentiation measured by stimulated 
ROS level induced by 1,25(OH)2D3 was also measured, 
and the IRF-1 knockout cells exhibited much lower ROS 
compared to control cells (Figure 5). In conclusion, these 
data indicated that as for RA, IRF-1 played a role in 
1,25(OH)2D3-stimulated ROS level but was not required 
for monocytic differentiation. As for RA, this was surpris-
ing since interferon is a well-known regulator of monocytic 
lineage cells.

F I G U R E  4  Depletion of interferon regulatory factor-1 (IRF-1)-suppressed RA-induced reactive oxygen species (ROS) through decreasing 
p47phox expression. Wild-type and CRISPR-derived HL-60 cells were treated with 1 μmol/L RA as indicated for 72 h and analyzed for (A) the 
stimulated ROS production with NBT assay and (B) the protein level of p47phox with western blot. The relative level of p47phox against GAPDH 
was calculated with ImageJ. *indicates statistical significance with P < .05 for n = 3

F I G U R E  5  IRF-1 disruption suppressed D3-induced reactive oxygen species (ROS) without affecting differentiation. Wild-type and 
CRISPR-derived HL-60 cells were treated with 0.5 uM 1,25(OH)2D3 as indicated for 48 and 72 h, the cells were collected for analysis of (A) 
cell number, (B) CD38 expression, (C) CD11b expression, (D) CD14 expression, (E) 48 h cell cycle phase distribution, (F) 72 h cell cycle phase 
distribution, and (G) stimulated ROS production
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4 |  DISCUSSION

This study analyzed the dependence of RA-induced mye-
loid differentiation of a non-APL AML cell, a myeloblastic 
leukemia cell (HL-60), on IRF-1. HL-60 is a myelo-mono-
cytic (granulocyte-monocyte) precursor cell that bears 
fidelity to a RA-responsive t(15,17)-negative subtype of 
AML.16,40 Interferon is a regulator of myelo-monopoiesis. 
The primary mediator of the cellular effects of interferon 
is the IRF-1 transcription factor. RA-induced myeloid dif-
ferentiation of HL-60 cells involves the formation of a sig-
nalsome that includes a number of canonically cytoplasmic 
signaling molecules as well as the IRF-1 transcription fac-
tor.23,28 Signalsome signaling, causing the nuclear translo-
cation of Raf-1, enables transcriptional activation by RAR/
RXR at target genes to drive differentiation.32,41,42 IRF-1 is 
not expressed in HL-60 cells until RA treated when expres-
sion becomes prominent.28 Ectopic expression of IRF-1 
results in stable transfectants where RA-induced differen-
tiation is enhanced.23 Likewise for 1,25(OH)2D3-induced 
monocytic differentiation of these cells.39,43 These findings 
point to the importance of IRF-1 in HL-60 cell differentia-
tion. Indeed, it motivates the conjecture that induced IRF-1 
expression is the trigger for formation of the differentia-
tion-driving signalsome. We thus disrupted the IRF-1 gene 
using the CRISPR-Cas9 system in HL-60 cells and evalu-
ated how this affected RA and 1,25(OH)2D3-induced dif-
ferentiation. We analyzed cell differentiation, measuring: 
cell density, induction of CD38, CD11b, CD14, and G1/G0 
cell cycle arrest. Surprisingly, we found that loss of IRF-1 
did not compromise expression of prominent signalsome 
constituents which are RA regulated and known contribu-
tors to the signaling seminal to differentiation. Nor was 
RA-induced expression of the PU.1 transcription factor af-
fected by the IRF-1 KO. Furthermore, we found that loss 
of IRF-1 did not affect RA or 1,25(OH)2D3 induced HL-60 
cell differentiation. This finding is unanticipated given the 
historical perception of the dependence of both RA action 
and myelo-monopoiesis on interferon.

IRF-1 loss did, however, adversely affect inducible ox-
idative metabolism, a functional marker for mature mye-
lo-monocytic cells. We found that without IRF-1, inducible 
oxidative metabolism was crippled. The stimulated ROS level 
decreased dramatically. Considering the importance of ROS 
in signaling and antimicrobial activity, our data affirmed the 
role of IRF-1 in one of the prominent functions of mature 
myelo-monocytic cells, if not in driving differentiation. The 
muted ROS response probably reflected crippling of the in-
duced expression of a component of the NADPH oxidase 
complex responsible for inducible oxidative metabolism, 
p47phox, by loss of IRF-1.

The above is consistent with the notion that IRF-1 sup-
ported RA-induced p47phox upregulation in HL-60 cells. 

However, it is not consistent with previous reports that 
PU.1, but not IRF-1, was essential for p47phox promoter 
activation in HL-60 cells since we find here that induced 
PU.1 expression was unaffected by IRF-1 loss.44 Although 
it has been reported before that IRF-1 regulated the expres-
sion of PU.1 in mice,37 depletion of IRF-1 did not affect 
RA-induced PU.1 level in human HL-60 cells. However, 
in one report IRF-1 formed a complex with PU.1 and IFN 
consensus-binding protein (ICSBP) to mediate the ex-
pression of p67phox and gp91phox, two other important 
components of the NADPH oxidase complex.45 IRF-1 also 
may cooperate with PU.1 to regulate p47phox expression 
in HL-60 cells. In another study, however, it was found that 
when oligonucleotides competing for PU.1-DNA binding 
were added to cultured monocytes, the expression of gp-
91phox and p22phox induced by IFN-γ was suppressed, 
while p47phox expression and O2– production were not 
affected. This study highlighted the importance of IRF-1 
in directly regulating p47phox expression and O2– pro-
duction in mature leukemia cells.46 Hence, there could be 
multiple compensatory effects in signal integration at the 
p47phox promoter, which can be studied in the future.

The results found are unanticipated, and there are po-
tential caveats to the present study. Firstly, for the CRISPR-
Cas9-mediated disruption of IRF-1, we used a pool instead 
of single clone. It is possible that some IRF-1-positive cells 
still survived in the pool and affected the results, eg, KO3 
(Figure  1C). However, the majority of IRF-1 has been de-
pleted in KO1 and KO2. And the results were consistent 
among these three cell lines, suggesting that the conclusion 
that depletion of IRF-1 did not affect RA or 1,25(OH)2D3 
induced differentiation is convincing. Moreover, unlike the 
single clone, the pooled cell population includes various se-
quences after the double-strand break (DSB) repair, thereby 
avoiding potentially idiosyncratic results specific to a single 
sequence. Secondly, the IRF-1 belongs to the IRF family, 
which has 10 members. And the IRF members share a highly 
conserved N terminal for DNA binding. It is possible that 
other IRF members may compensate for the loss of IRF-1 
in HL-60 cell differentiation.47 For example, IRF-2 was re-
sponsible for the transcriptional activation of caspase-4 in 
noncanonical inflammasome-mediated pyroptotic cell death. 
However, when IRF-2 was missing, IRF-1 substituted to 
maintain the transcription of caspase-4.48 Accordingly, it is 
of great interest to study whether other members of IRF fam-
ily also play roles in RA-induced HL-60 differentiation in the 
future.
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