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Abstract

Transcription factors recognize and bind to consensus sequence elements that are specific for each transcription factor, and 

the transcription factors then regulate downstream gene expression. In the bone marrow, transcription factors, such as C/

EBPα, PU.1, and RUNX1, control essential genes to maintain the normal hematopoietic system. Dysregulation of transcrip-

tion factors caused by gene mutations, chromosomal aberrations, or aberrant expression can lead to cancer, including acute 

myeloid leukemia. In the past, transcription factors were not considered “druggable” targets. However, a better understanding 

of the pathology of malignant tumors and mechanisms of transcriptional regulation has enabled us to develop novel thera-

peutic strategies that target transcription factors. In this review, we focus on transcription factors that play important roles 

in leukemogenesis and current efforts and prospects in the development of transcriptional therapy. We believe that such a 

therapeutic approach will benefit patients with cancers that involve acute myeloid leukemia in the near future.
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Introduction

Acute myeloid leukemia (AML) is characterized by clonal 

expansion of immature myeloid cells and suppression 

of normal hematopoietic cells in the bone marrow and 

peripheral blood, leading to anemia, leukocytopenia, and 

thrombocytopenia. Recent advances in our understanding 

of the pathogenesis and therapy of AML have dramatically 

improved clinical outcomes. The complete remission ratio 

of patients with newly diagnosed AML who receive stand-

ard chemotherapy-based treatments is 70–80%. However, the 

5-year survival rate is only 30–40% [1]. Therefore, a novel 

therapeutic approach is required for complete cure of AML.

The conventional chemotherapy for AML inhibits DNA 

synthesis, cell division, and mitosis in both cancerous and 

normal cells, which can cause serious side effects, such as 

bone marrow suppression. Development of targeted therapy, 

which inhibits aberrant activity of oncoproteins caused by 

somatic genetic alterations, has benefited patients with some 

cancers; however, it is not the ultimate solution for cancer 

therapy due to some limitations, such as primary and sec-

ondary resistance.

Transcription factors contribute to stem cell mainte-

nance, determination of differentiation, and cell maturation 

in hematopoietic stem cells and hematopoietic progenitor 

cells. Mutations, translocations, or aberrant expression of 

these transcription factors can cause malignant transforma-

tion of hematopoietic cells. Transcription factors had not 

been traditionally considered “druggable”, as they lack enzy-

matic activities.

Recent advances in our understanding of genetic and 

epigenetic mechanisms of regulation of transcription fac-

tors and the development of new technologies to manipulate 

their expression have contributed to the development of new 

strategies to target transcription factors (Table 1).

In this review, we will describe recent strategies to target 

transcription factors, including findings from our laboratory.
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Transcription factors and therapeutics 
strategies

CCAAT/enhancer‑binding protein alpha (C/EBPα)

C/EBPα is a transcription factor mainly expressed in 

hematopoietic organs, the liver, and adipose tissue [2]. In 

hematopoietic cells, C/EBPα upregulates its target genes, 

such as CSF3R, MPO, and ELANE, which are necessary 

for granulocyte differentiation and maturation, and concur-

rently suppresses genes essential for erythroid or lymphoid 

cell differentiation or expansion, such as EPOR [3–5]. 

Furthermore, C/EBPα competes with PU.1 to suppress 

monocyte differentiation and leads myeloid progenitor 

cell-to-granulocyte differentiation [6]. The requirement 

of C/EBPα for granulocyte differentiation is supported 

by observations, showing that a lack of C/EBPα leads to 

loss of mature granulocytes and eosinophils in C/EBPα-

knockout mice [2].

CEBPA mRNA has two translation start sites, and these 

generate two isoforms of C/EBPα: p42 (full length, 42 kDa) 

and p30 (lacking part of the N-terminal, 30 kDa). CEBPA 

mutations are observed in 9% of acute myeloid leukemia 

patients [7]. Mutations in the N-terminus of C/EBPα cause 

frameshift and dominant p30 translation. The p30 isoform 

has less transcriptional activity, because it lacks part of the 

transcription activity domain. The p30 isoform inhibits the 

transcriptional function of the p42 isoform by forming a 

p42–p30 complex [8], so it acts in a dominant-negative fash-

ion. On the other hand, mutations in the C-terminus of C/

EBPα are located in the leucine zipper domain. The muta-

tions in the C-terminus of C/EBPα make C/EBPα unable 

to bind DNA and function as a transcription factor. This 

C-terminus mutation in C/EBPα may contribute to leu-

kemogenesis in mice [9]. In addition, accumulating evi-

dence suggests that oncogenic fusion proteins can lead to a 

decrease in C/EBPα expression, which may contribute to a 

blocking of differentiation and leukemogenesis. BCR–ABL 

inhibits C/EBPα translation by upregulating heterogeneous 

ribonuclear protein E2 (hnRNP E2) in patients with chronic 

myeloid leukemia in blastic crisis (CML-BC) [10]. AML1-

ETO (RUNX1–RUNX1T1) inhibits binding of C/EBPα to 

its own promoter and suppresses positive feedback in AML 

patients with t(8;21) [11].

These results prompted us to hypothesize that upregula-

tion or reactivation of C/EBPα may lead to cell cycle arrest 

and granulocytic differentiation of leukemic cells, and could 

be a novel strategy to treat AML. RAS-rerated C3 botulinum 

toxin substrate 1 (RAC1), which indirectly suppresses C/

EBPα expression, is upregulated in acute myeloid leuke-

mia patients [12]. RAC1 inhibitor NSC23766 upregulates 

C/EBPα expression and induces apoptosis in leukemia cell 

lines [12]. WD repeat-containing protein 5 (Wdr5) is a his-

tone modification factor associated with p30-dependent 

cell differentiation arrest. OICR-9249 is a Wdr5 inhibitor 

that induces differentiation in AML cells harboring CEBPA 

mutations [13].

Short-activating RNAs (saRNAs) have attracted attention 

as a new treatment strategy (Fig. 1) [14]. saRNAs induce 

target gene expression. saRNAs are double-stranded RNAs 

consisting of a guide RNA and a passenger RNA. saRNAs 

are loaded onto Argonaute proteins (Ago) in the cytosol, 

and the active complexes translocate into the nucleus. After 

translocation, the passenger RNA is degraded or released 

from the Ago–saRNA complex. Upon releasing the pas-

senger RNA, the Ago–guide RNA complex binds target 

Table 1  Strategies to target transcription factors

Name of therapeutics TF References

ICCB280 C/EBPα [16]

NSC23766 C/EBPα [12]

OICR-9429 C/EBPα [13]

C/EBPA-saRNA C/EBPα [14]

DB2313 PU.1 [18]

DB2115 PU.1 [18]

DB1976 PU.1 [18]

Chb-M′ RUNX1, RUNX2, RUNX3 [21]

Chb-50 RUNX1, RUNX2, RUNX3 [21]

PRIMA-1 p53 [21, 30]

PRIMA-1MET p53 [30]

SAR405838 p53 [27, 28, 30]

AM-8553 p53 [28, 29]

AMG232 p53 [28, 29]

MK-8242 p53 [28]

DS-3032b p53 [28]

CGM097 p53 [28]

IIA6B17 c-MYC [31]

NY2267 c-MYC [31]

MYRA-A c-MYC [31]

10074-G5 c-MYC [31, 35]

Mycro3 c-MYC [31, 36]

JQ-1 c-MYC [38]

Celastrol c-MYB [40]

Mebendazole c-MYB [41]

Plumbagin c-MYB [42]

Galiellalactone STAT3 [43, 45]

APTO-253 KLF4 [46]

STF-017794 CREB [47]

STF-038533 CREB [47]

STF-046536 CREB [47]

STF-046728 CREB [47]

STF-055910 CREB [47]

Brusatol Nrf2 [51]
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gene promoter sequences and recruits histone modifica-

tion molecules, such as histone demethylases (HDMs) or 

histone methyltransferases (HMTs). This histone modifica-

tion induces target gene expression [14]. C/EBPA-saRNA 

is the saRNA designed to induce CEBPA expression. C/

EBPA-saRNA induces not only CEBPA mRNA and C/EBPα 

expression in cell lines and mice, but also improvement of 

liver function in mice with liver cirrhosis and reduction of 

tumor volume in mice with liver cancer [15].

Identification of small molecules leading to C/EBPα acti-

vation is another strategy for novel therapeutics of AML. 

We identified ICCB280, a quinazolinone derivative, as an 

inducer of C/EBPα by high-throughput screening using a 

reporter assay (Fig. 2a). It induces morphological changes 

characteristic of myeloid differentiation as well as functional 

changes (Fig. 2b) in AML cell lines and primary AML cells 

isolated from patients [16]. ICCB280 induces C/EBPα and 

its downstream targets, such as C/EBPε and G-CSFR, at 

both the mRNA and protein levels (Fig. 2c). c-Myc, which 

is negatively regulated by C/EBPα, is downregulated by 

ICCB280, suggesting that ICCB280 may be effective in dis-

eases driven by overexpression of c-Myc, such as Burkitt 

lymphoma. G-CSF enhances ICCB280’s ability to induce 

myeloid differentiation, suggesting that ICCB280 can be 

combined with other chemicals or cytokines as well.

PU.1

PU.1 is a transcription factor encoded by the SPI1 gene, 

and is specifically expressed in myeloid cells and B-lym-

phocytes. PU.1 upregulates many genes involved in dif-

ferentiation of these cells. Examples include the CSF1R 

gene, which encodes macrophage colony-stimulating fac-

tor receptor (M-CSF receptor), and the IL7R gene, which 

encodes IL-7 receptor [17]. PU.1 also plays an important 

role in lineage commitment at two furcations, myeloid 

cells vs. erythroid cells, and granulocytes vs. monocytes. 

PU.1 competes with GATA-binding protein 1 (GATA-1) at 

the myeloid-erythroid furcation and leads to myeloid dif-

ferentiation [17]. At a later stage, PU.1 competes with C/

saRNA

saRNA

Ago

Ago-saRNA complex

Ago-guideRNA complex

Passenger RNA

HMT
HMD

Transcrip�on

H3K4me

H3K9me
Promoter

Fig. 1  Mechanism of short-activating RNAs. Double-stranded RNA 

consisting of a passenger RNA and a guide RNA forms a complex 

with Ago in the cytoplasm. The Ago–guide RNA complex translo-

cates to the nucleus and binds specific sequences, as well as recruits 

histone modulators

Fig. 2  ICCB280, a new small 

molecule, induces C/EBPα 

expression and granulocytic 

differentiation in acute myeloid 

leukemia cells. a Chemical 

structure of ICCB280. b HL-60 

cells treated with either DMSO 

(0.1%) or ICCB280 (10.0 µM) 

for 7 days were subjected to 

Wright–Giemsa staining and 

NBT reduction assay. c C/

EBPα and its downstream 

transcription factor C/EBPε 

were upregulated by ICCB280 

treatment in HL-60 cells
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EBPα and leads to monocyte differentiation [6]. Reduction 

in PU.1 expression can be a trigger of AML. More than 

40% of patients with AML demonstrate low PU.1 expres-

sion [18] by transcriptional and/or epigenetic mechanisms. 

Homozygous knockout of an enhancer located − 14 kb 

upstream of PU.1 (URE) causes an 80% reduction of 

PU.1 expression and leads to AML [19]. Paradoxically, 

conditional knockout of PU.1 leads to stem cell failure 

[20], suggesting that PU.1 is critical for stem cell mainte-

nance. These observations also suggest that leukemic cells 

expressing low PU.1 may be more vulnerable to further 

PU.1 reduction compared to normal myeloid cells. Based 

on this hypothesis, Antony-Debré et al. demonstrate that 

inhibition of PU.1 may be a novel therapeutic strategy 

for AML [18]. PU.1 recognizes DNA at consensus sites 

harboring a 5′-GGAA/T-3′ motif in the major groove and 

prefers AT-rich sequences in the adjacent minor groove. 

These authors screened many heterocyclic diamidines 

that could be potent ligands for AT-rich DNA and identi-

fied three molecules (DB2313, DB2115, and DB1976) as 

strong PU.1 inhibitors. These small molecules decrease 

the tumor burden and increase survival in URE-knockout 

leukemic mice, possibly due to a decrease in cell growth 

and an increase in apoptosis.

Runt‑related transcription factor 1 (RUNX1)

RUNX1 is a member of the Runt-related transcription 

factor (RUNX) family. The RUNX family consists of 

RUNX1, RUNX2, and RUNX3. Each RUNX protein forms 

a complex with core-binding factor beta (CBFβ) to bind 

its consensus sequence and regulate transcription [21]. 

RUNX1 regulates expression of not only hematopoiesis-

associated proteins, such as C/EBPα and PU.1, but also 

cell cycle-associated proteins, such as p53. Deletion of 

floxed Runx1 causes thrombocytopenia, lymphocytopenia 

and reduction of these precursors [22, 23]. Genetic muta-

tion or chromosomal aberrance of RUNX1 is commonly 

observed in AML patients [22]. RUNX has been regarded 

as a tumor suppressor [24], but the recent reports suggest 

that RUNX also works as a tumor promoter. These find-

ings suggest that the tumor-promoting transcription fac-

tor RUNX1 could become a therapeutic target in cancer. 

Morita et al. reported a new strategy that targets RUNX, 

named cluster regulation of RUNX (CROX) (Fig. 3) [21]. 

RUNX family proteins recognize 5′-TGT GGT -3′ or, more 

rarely, 5′-TGC GGT -3′. Morita et al. used alkylating agent-

conjugate pyrrole–imidazole (PI) polyamides that bind 

these specific DNA sequences, Chb-M′ for 5′-TGT GGT -3′, 
and Chb-50 for 5′-TGC GGT -3′. Both Chb-M′ and Chb-50 

inhibit the RUNX–DNA interaction. Chb-M′ and Chb-50 

then suppress expression of downstream genes regulated 

by RUNX, such as IL-3, CSF2RB, and CSF2. Chb-M′ has 

anti-leukemia effects in vitro and in mice [21].

p53

p53 is a transcription factor that maintains genetic stability 

and normal cell growth by inducing cell cycle arrest and 

DNA repair after DNA damage by regulating downstream 

genes such as CDKN1A (p21) and BAX [25]. The TP53 gene 

is the most frequently mutated gene in human cancer: more 

than 50% of all human cancers harbor TP53 mutations [26]. 

Loss of p53 function caused by point mutations or dele-

tions is associated with tumorigenesis [26]. Murine double 

minute 2 (MDM2) is an E3 ubiquitin ligase that inhibits 

p53 transcriptional activity and accelerates p53 degradation 

by the ubiquitin–proteasome system. Recently, new thera-

peutics that inhibit p53-MDM2 complex formation have 

been reported. Some therapeutics targeting p53, such as the 

p53-MDM2 complex formation inhibitors AMG232 and 

AM-8553, are being examined in clinical trials for AML, 

CML, and solid tumors [27–30]. PRIMA-1 and PRIMA-

1MET (APR-246) upregulate p21 expression, which is down-

stream of p53, and induce apoptosis in the cells harboring 

p53 mutations [26, 30]. Moreover, PRIMA-1MET (APR-246) 

suppresses p63, which is the active form of mutated p53 

protein [30].

c‑MYC

c-MYC is a transcription factor that controls the cell cycle 

and cell proliferation, differentiation, and apoptosis by 

regulating downstream genes such as CCND1, CDKN1A, 

Cluster regula�on of

RUNX target genes

Cluster regula�on of

RUNX target genes

5’-TGTGGT-3’

5’-TGTGGT-3’

Fig. 3  New strategy for targeting RUNX. Alkylating agent-conju-

gate pyrrole-imidazole (PI) polyamide binds the RUNX consen-

sus sequence and inhibits downstream gene transcription driven by 

RUNX family proteins
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and BCL2 [31–34]. c-MYC upregulation is associated with 

20% of human cancers [31]. c-MYC and its co-factors, such 

as MYC-associated factor X (MAX) and transformation/

transcription domain-associated protein (TRRAP), form 

complexes that recognize and bind consensus sequences of 

c-MYC and regulate gene expression. The main strategies 

for inhibiting c-MYC are to inhibit complex formation [31, 

35–37] and to inhibit the DNA–complex interaction [31]. 

Mycro3 is one of the inhibitor of c-MYC-MAX complex 

formation. Mycro3 decreases Ki67 expression and tumor 

volume in pancreatic tumor cell lines [36]. JQ-1, a bromo-

domain and extra-terminal motif (BET) inhibitor, downreg-

ulates c-MYC expression in AML cell lines and prolongs 

survival in an AML mouse model [38].

c‑MYB

c-MYB is associated with cell proliferation and differentia-

tion in hematopoiesis by regulating GATA2, STAT5A, and 

IKZF1 [39]. Dysregulation of c-MYB participates in pro-

liferation and maintenance of leukemia cells [40]. Meben-

dazole is an anti-parasitic drug that induces c-MYB deg-

radation. Mebendazole reduces the volume of AML cells 

transplanted into mice [41]. p300 is a co-factor of c-MYB 

that is required for its transactivation. Celastrol and plum-

bagin have anti-tumor activity by inhibiting c-MYB–p300 

complex formation in AML mice [40, 42].

Signal transducer and activator of transcription 3 
(STAT3)

STAT3 is a transcription factor that positively regulates 

expression of anti-apoptotic proteins, such as Bcl-2, Bcl-

xL, and Mcl-1, and of cell cycle regulator proteins, such 

as cyclin D1 and c-MYC [43]. The JAK-STAT pathway is 

essential in normal hematopoiesis and hematopoietic malig-

nancy. JAK proteins promote STAT3 and STAT5 activation 

[44]. STAT3 is activated in human cancers, including AML, 

CML, and myeloproliferative neoplasm (MPN) [44]. Galiel-

lalactone is a fungus metabolite separated from Galiella 

rufa, which was found in the process of a drug screen for 

IL-6 production inhibitors. Galiellalactone prevents STAT3 

activity and suppresses genes responsible for cell prolifera-

tion downstream of STAT3 in prostate cancer cells [43, 45].

Krüppel‑like factor 4 (KLF4)

KLF4 is a zinc-finger transcription factor of the Sp/

XKLF family. KLF4 regulates differentiation, migra-

tion, and inflammation in normal tissue, and serves as a 

tumor suppressor. KLF4 positively regulates p21 and p27 

expression [46]. Downregulation of KLF4 expression is 

observed in several cancers, such as AML, colon cancer, 

and non-small-cell lung cancer [4, 46]. KLF4 is negatively 

regulated by metal-regulatory transcription factor 1 (MTF-

1). APTO-253 induces KLF4 expression by inhibiting 

metal-regulatory transcription factor 1 (MTF-1), and sup-

presses tumor cell proliferation in AML, colon cancer, non-

small-cell lung cancer, and prostate cancer [46]. APTO-253 

induces p21 and BAX and suppresses Bcl-2. The tolerability 

of APTO-253 was confirmed by a phase 1 clinical trial for 

solid tumors [46].

Cyclic AMP response element‑binding protein 
(CREB)

CREB is a leucine zipper transcription factor associated with 

cell proliferation, survival, differentiation, and metabolism 

[47]. CREB regulates downstream genes such as FOSL1, 

RECQL4, and GNL3 [48]. CREB is upregulated in both 

AML and acute lymphoid leukemia (ALL). Upregulated 

CREB is associated with a shorter event-free survival and a 

high relapse rate in AML patients [47, 49]. One report found 

five CREB inhibitors (STF-038533, STF-046536, STF-

017794, STF-055910, and STF-046827) by high-throughput 

screening. These five CREB inhibitors suppress leukemia 

cell proliferation in KG-1 acute myeloid leukemia cells [49].

Nuclear factor erythroid 2‑related factor 2 (Nrf2)

Nrf2 upregulates antioxidant-related gene expression after 

oxidative stress via the antioxidant response element (ARE) 

[50]. Upregulation of Nrf2 is caused by either mutations or 

epigenetic remodeling in the Nrf2-binding partner KEAP1 

[51]. In AML primary cells and cell lines, Nrf2 is upregu-

lated by chemotherapeutics such as cytarabine, daunoru-

bicin, and arsenic trioxide. Upregulation of Nrf2 is associ-

ated with the acquisition of resistance to chemotherapy [50, 

51]. The Nrf2 inhibitor brusatol renders AML cell lines sus-

ceptible to cytarabine or daunorubicin by decreasing Nrf2 

expression [51].

Conclusion

Targeting transcription factors has been considered difficult 

and challenging compared to receptors or enzymes. How-

ever, recent progress in our understating of transcriptional 

control and the development of new technologies has ena-

bled us to design novel “transcription therapies” in leukemia 

and other cancers. We hope that modulation of transcription 

factors will be an effective therapeutic option alone or in 

combination with other agents, eventually leading to a cure 

for cancer.
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