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Abstract: Acute myeloid leukemia (AML) is a clinical and genetic heterogeneous disease with a poor prognosis. Recent 
advances in genomics and molecular biology have immensely improved the understanding of disease. The advantages 
of syndrome differentiation and treatment are strong selectivity, good curative effect and lesser side effects. In recent 
years, according to the molecular mechanism of acute myeloid leukemia, many new therapeutic targets have been 
found. New targets of differentiation therapy in recent years, such as cell cyclin-dependent kinase (CDK2), isocitrate 
dehydrogenase (IDH1, IDH2), Homeobox genes (HoxA9), Dihy-droorotate dehydrogenase (DHODH) and some others, 
are reviewed in this article.  
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1. INTRODUCTION 

Acute myeloid leukemia (AML), the most common 
type of adult leukemia, is a malignant tumor with the 
minimum viability of all leukemia. It is a myeloid cancer 
of sanguine cells characterized by blockage of cell 
differentiation [1-3]. Three to four out of 100,000 people 
suffer from AML, with an average age of 67 years, and 
the 5-year survival rate is 20% [4]. Although 
remarkable march has been made in the treatment of 
various types of cancer in recent years, AML is still a 
fatal disease, and its survival rate falls behind that of 
other blood cancers 5]. Being a genetic heterogeneous 
disease, it is caused by the build-up of acquired 
character gene changes in hematopoietic progenitor 
cells, which alter the mechanism of self-renewal, 
proliferation and differentiation of cells [6].  

In recent years, the new targeted proteins and 
genes of differentiation therapy for AML have received 
wide attention [7]. Among these, CDK2 is a member of 
CDKs playing a key role in proliferation and 
differentiation of AML; DHODH is a key enzyme which 
induces terminal differentiation of leukemic cells 
whereas FLT3 is one of the most frequently mutated 
genes in AML. Other new targets such as IDH1/2, 
HoxA9 and PU.1 are also summarized in this review. 

2. NEW TARGETED PROTEINS AND GENES OF 
DIFFERENTIATION THERAPY 

2.1. Cyclin Dependent Kinase 2 (CDK2) 

Lack of differentiation is a marked feature of AML, 
so overcoming the differentiation retardant is an  
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effective strategy for the treatment of AML. 
Differentiation therapy of acute promyelocytic leukemia 
(APL, a subtype of AML) with all-trans-retinoic acid 
(ATRA) has proven to be extremely successful in 
inducing clinical remission in APL patients. The 
tremendous success and clinical impact of this 
differentiation therapy changed the survival curve of 
patients with APL, which was once one of the worst 
prognosis subgroups in AML, and now its prognosis is 
the best, with an overall survival rate of 85% [8-9]. 
Some studies on multiple cell lines have shown that 
CDK2 has a new role in cellular differentiation, no 
matter what its role is in the cell cycle [10]. By inhibiting 
CDK2 and other cyclin dependent kinases CDK1/4/6, 
granulocyte differentiation can be induced between 
patients and AML 5 subtype clones. In the mechanism, 
CDK2 deficiency can reactivate the translation of 
differentiation thoroughfare, and the differentiation 
blocking-up function of CDK2 can be immediately 
realized by keeping the activity of Peroxirdoxin 2. The 
protease inhibitor MG132 was used to detect whether 
the reduction of CDK was caused by degradation, and 
the study has shown that MG132 can eliminate the 
decline of CDK2 caused by ATRA, but has no effect on 
the decline of CDK1, CDK4 and CDK6 (Table 1). By 
using MG132 inhibitor, CDK2 has been found as a key 
protein for proteasome specific degradation. Inhibition 
of CDK2 by consumption or drugs can relieve the 
situation of human AML cell differentiation block. These 
data indicate a key target for differentiation therapy. In 
the normal cell cycle, the potency of CDK remained 
relatively stable [11]. Surprisingly, CDK2 was degraded 
by proteasome during granulocyte differentiation of 
AML cells. This degradation in CDK2 has been covered 
in other differentiation models [12-13]. To further 
demonstrate that CDK2 is a ubiquitination substrate, 
cycloheximide (CHX) was used to stop the synthesis of 
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new proteins. In the presence of CHX, CDK2 is 
unstable, while MG132 blocks the turnover of CDK2 
and further strengthens polyubiquitination of CDK2. 
And then an ubiquitin E3 joinase responsible for 
ubiquitination and degradation of CDK2 through Y2H 
screening was searched [14]. Human CDK2 was used 
as a tool to screen potential CDK2 interacting proteins 
from Y2H quarry library having open reading frame 
(ORF). There are 400 recognized ubiquitin ligases or 
their substrate binding subunits [15]. Internal 
ubiquitination experiments indicated that only klhl6 
promoted the build-up of polyubiquitinated CDK2. 
Consequently, KLHL6 levels were regulated and the 
stability of CDK2 protein was determined.  

The results indicated that klhl6 overexpression 
enhanced the degradation of endogenous CDK2 and 
exogenous wild-type (WT) CDK2, but not ubiquitin 
deficient CDK2 mutant (m-2r). On the contrary, klhl6 
deletion extended the half-life period of endogenous 
CDK protein. These results show that klhl6 acts as an 
ubiquitin E3 ligase of CDK2 protein. All in all, the 

depletion of CDK2 relieves the differentiation retardant 
in both AML clones and primary specimens.  

2.2. Isocitrate Dehydrogenase (IDH1, IDH2) 

All three enzymes (IDH1, IDH2 and IDH3) belong to 
the IDH clan, which all catalyze the oxidative 
decarboxylation of isocitric acid to CO2 and a-
ketoglutarate (AKG) [15]. In human cancers, mutations 
were found only in IDH1 and IDH2 [16-17]. IDH1 and 
IDH2 are NADP+-dependent enzymes and play a 
significant role in cell respiration and antioxidant stress 
[16-17]. In recent years, with the discovery of somatic 
cell mutations of arginine residues in IDH1-R132, 
IDH2-R140 and IDH2-R172, IDH1-R132, IDH2-R140 
and IDH2-R172, the significance of IDH in malignant 
tumors has been increasingly recognized. These 
mutations can lead to the imbalance of cell 
maintenance, unsuitable proliferation, and ultimately 
lead to the tumor [18-21]. The abnormity caused by 
IDH1 and IDH2 mutations in tumors is not only related 
to the obstruction of normal cell activity, but also to the 

Table 1: The effect of MG132 on CDK expression 
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abnormal enzymatic function of AKG to create D-2-
hydroxyglutaric acid (2HG) [22-25]. Further analysis of 
grown-up AML discovered not only IDH1-R132 but also 
mutant IDH2 enzymes, IDH2-R140 and IDH2-R172, 
which were confirmed in about 20% of AML sufferers 
[26-28]. Particularly approximately 6-16% of AML 
patients have IDH1 mutations; and approximately 8-
19% have IDH2 mutations [27, 29, 30]. IDH mutation 
was often related to increased co-occurrence of NPM1 
and FLT3-ITD [29, 31]. In AML, IDH2 mutations are 
more than IDH1 mutations, while IDH1 and IDH2 
mutations rarely occur at the same time [32-33]. Like 
other epigenetic activity mutations, IDH1 and IDH2 
mutations are often discovered in pernicious clonal 
evolution [34]. The positive role of IDH mutation in 
tumorigenesis has led to the development of small 
molecule targeted inhibitors for IDH. The catalyze sites 
of IDH1 and IDH2 were used as combining targets of 
small molecule inhibitors to cease the reduction of 
oncometabolite 2HG by AKG [35].  

2.3. Homeobox Genes (HoxA9) 

Recent studies have shown that HoxA9, a 
transcriptional factor with isogeny domain, is usually 
relieved in acute leukemia. In this study, two different 
types of leukemia cells HL-60 and MOLT-3 were used 
to show the direct correlation between HoxA9 
expression and leukemia progression. After treatment 
with all trans-retinoic acid or arsenic trioxide (As2O3), 
the expression level of HOXA9 in leukemia cells has 
reduced. Down regulation of HoxA9 can destroy the 
multiplication of leukemia cells and promote the death 
of leukemia cells. HoxA9 silencing also strengthened 
the differentiation of leukemia cells. Internal studies 
indicated that down-regulation of HoxA9 likely interfere 
with tumor growth. Interestingly, HoxA9 silencing also 
results in changes in miRNA expression, which 
mediates the promotion of leukemia cell differentiation. 
Therefore, this work provides a promising and potential 
effective target for leukemia treatment, which indicates 
that HOXA9 may be an ideal candidate target for 
genetic therapy of acute myeloid leukemia. In this 
study, the key role of HoxA9 in the multiplication and 
differentiation of leukemia cells external and internal 
has been clarified. The regulation effect of HoxA9 is 
related to the clinical effect of all trans-retinoic acid and 
As2O3. On the other hand, HoxA9 can regulate the 
expression of miRNA and control the differentiation of 
leukemia cells. The imbalance of Hox gene clan is 
related to the occurrence of AML [36]. Hox family plays 
an important role in hematopoietic development [37]. 
The abnormal expression of HoxA is one of the 

principal factors in bone marrow transformation. 
HoxA9, one of the HoxA clan genes, was discovered to 
be highly correlated with the poor prognosis of AML 
[38-40]. The expression of HoxA9 in AML patients is 
higher than that in healthy contrasts [41], which may 
show that HoxA9 plays a direct role in deciding the 
prognosis of AML [42].  

The role of HoxA9 in the multiplication, apoptosis 
and differentiation of leukemia cells ATRA or As2O3 can 
reduce the expression of HoxA9 in leukemia cells, 
which shows that the expression of HoxA9 is potentially 
related to the progression or grade malignancy of 
leukemia cells. HoxA9 silencing can reduce the 
multiplication and promote cell death of HL-60 or 
MOLT-3 cells. At the same time, HoxA9 silencing also 
put off the differentiation of leukemia which was 
regulated by some miRNA expression changes. More 
importantly, similar results have been obtained 
internally in xenotransplantation experiments. HoxA9 
new targets play a significant role in the progress of 
leukemia, which is hopeful to provide a new direction 
for the treatment of leukemia. Statistical analysis 
showed that the expression level of HoxA9 was 
decreased by 68±6% and 79±7% in ATRA-or As2O3-
treated HL-60 cells (P < 0.1, Table 2). Similarly, the 
HoxA9 expression level was reduced by 79±6% and 
83±7% in ATRA-or As2O3-treated MOLT-3 cells (P < 
0.1, Table 2). All these data showed that HoxA9 likely 
functions as a target gene to ATRA or As2O3 treatment 
of leukemia cells.  

Table 2: The expression level of HoxA9 

 
 
2.4. Dihy-Droorotate Dehydrogenase (DHODH) 

DHODH is an enzyme that catalyzes the oxidation 
of dihydroorotate (DHO) to orotate (ORO) during the de 
novo synthesis of pyrimidine in cells. Pyrimidine is 
essential for cell metabolism and cell growth. It is an 
important precursor of nucleotide, glycoprotein, 
phospholipid biosynthesis and nucleotide cycle [43]. 
Dysregulation and functional dependence of pyrimidine 
biosynthesis have been found in a variety of solid 
tumors [44]. As a key enzyme regulating this process, 
DHODH has been identified as a synthetic lethal target 
mutation of tumors carrying specific genes. In a recent 
preclinical findings of Sikes et al., it is suggested that 
DHODH is a metabolic regulator in the pyrimidine 
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synthesis pathway and a new target for differentiation 
therapy of AML [45]. Inhibition of DHODH can 
effectively promote cell differentiation and has an anti-
leukemia effect in vitro. This discovery opens up a new 
perspective for differentiation therapy of AML with 
complex and heterogeneous gene mutations. It aims to 
develop new, effective and optimized DHODH 
inhibitors for clinical application and to study the 
mechanism of AML differentiation mediated by DHODH 
inhibition. The effects of DHODH knockout on 
apoptosis and differentiation of AML cells were 
observed by crispr-cas9 mediated gene knockout. By 
analyzing the RNA sequencing data of 173 AML 
samples, they found that DHODH and MYC are the key 
regulators of myeloid cell proliferation and 
differentiation, and they are co-expressed in AML. 
Through virtual screening of 337 natural products 
based on structure, the research team determined that 
isobavatamone, a chalcone extracted from Psoralea 
corylifolia, is a potent and selective DHODH inhibitor. 
Isovachorone is a competitive inhibitor of coq0 and a 
noncompetitive inhibitor of dihydrolauric acid (DHODH) 
substrate. It binds to the docking site of "ubiquinone 
channel" of DHODH complex and interacts with and 
stabilizes DHODH structurally [46].  

It should be noted that DHODH alone is not enough 
to eliminate leukemia and should be used in 
combination with standard chemotherapy drugs or 
targeted specific inhibitors. Considering the genetic 
complexity of AML, the combination of DHODH 
inhibitors and some drugs with non- overlapping 
mechanisms may solve specific aspects of the complex 
pathogenesis of AML and ultimately improve the 
prognosis of patients.  

2.5. ETS Family Pioneer Transcription Factor (PU.1) 

PU.1, a precursor transcription factor of the ETS 
family is required for bone marrow formation [47]. In 
APL, the PML-RARA oncoprotein binds PU.1 protein 
and inhibits its function [48]. Mutant NPM1c(the 
commonest genetic lesion found in 30% of AML cases) 
and AML1-ETO similarly bind and disable PU.1, and 
expression of PU.1 is also reduced by RUNX1 [49]. 
Therefore, although the SPI1/PU.1 gene mutation is 
not common in human AML [50], its decreased activity 
is a common feature of the disease. Therefore, the 
decrease of PU.1 leads to arrest of bone marrow 
differentiation, which leads to AML. PU.1 plays an 
important role in promoting normal myeloid 
differentiation and AML differentiation induced by 
ATRA or LSD1 inhibitors [51]. It is reported that 

exogenous expression of PU.1 induced differentiation 
of myeloid progenitor cells or AML cells increased in 
vitro [52], but the effect in vivo by endogenous PU. 1 is 
still unclear. To solve this problem, primary AML246 or 
AML410 cells entered the RAG1 cohort-/-(cd45.1) mice 
(immunocompromised to allow implantation) developed 
leukemia cells stably expressing aggressive GFP 
(green fluorescent protein) with splenomegaly and 
thrombocytopenia. Doxycycline (DOX), a tetracycline 
analog, inhibits GFP in AML cells, restores the 
expression of endogenous PU.1 protein, and rapidly 
normalizes spleen size and blood count in 11 of 12 
mice examined. After 2 to 3 months of remission, most 
DOX treated mice relapsed GFP+ mature AML, DOX 
insensitive shRNA activation and PU.1 inhibition, 
indicating a strong anti-selection effect on PU.1 
function.  

Acute DOX treatment induced the differentiation of 
immunophenotype and morphology of AML in leukemia 
mice, including down-regulating the labeling kit of stem 
cells and progenitor cells, inducing mature labeled 
CD11b granulocytes with segmental nucleus similar to 
neutrophils, and AML410 producing various mature 
myeloid cell types. The flow of AML cells isolated from 
the bone marrow of multiple leukemia mice was 
sequenced by RNA SEQ, whether untreated (GFPhigh) 
or DOX for 2, 4, or 6 days. In vivo repair of PU.1 
triggered the consistent whole myeloid differentiation 
signal in AML246 and AML410, and the neutrophil 
signal was determined by the analysis of the 
mononuclear Gene Ontology (P<10-8) Granulocyte 
development(P<10-5) as a first-class approach. Hence, 
in these 2 models of poor outcome AML, restoring PU. 
1 triggers leukemia differentiation and induces 
remission in vivo.  

Primary AML246 and AML410 cells grew rapidly in 
the medium. DOX induced PU.1 repair significantly 
reduced cell proliferation and survival in a week. DOX 
triggers AML246 to differentiate into neutrophil like cells 
in vitro, while AML410 produces a variety of mature cell 
types. Stable PU.1 knockout driven control AML is not 
sensitive to DOX. This study minimized heterogeneous 
cells by obtaining media from a single AML246. Similar 
to the parental AML246, the clone was highly 
proliferative, accounting for about 60% of the original 
cells. Single cell tracking and imaging showed that 
DOX treatment reduced GFP fluorescence within 24 
hours, decreased proliferation and activity within 1 
week, and PU.1 recovered to produce morphologically 
differentiated culture after 2 weeks. Single cell RNA 
SEQ, phagocytic function and superoxide production 
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analysis showed that DOX treated AML246 cells did 
not mature into functional neutrophils. However, 
compared with untreated AML246 cells, cd11bhigh dox-
treated AML246 cells showed significant transcriptional 
aggregation at transcriptome level and single myeloid 
mature gene expression, which confirmed that the 
differentiation of AML246 cells after PU.1 repair was 
uniform. The researchers then used the switchability of 
RNAi to study whether the AML maturation triggered by 
PU.1 recovery can be reversed. Cd11bhigh cells were 
cultured in DOX for 14 days (28 days) to maintain the 
expression of PU.1 and mature phenotype. In contrast, 
DOX was extracted from classified cd11bhigh cells on 
the 14th day, GFP was induced within 24 hours, the 
expression of PU. 1 and CD11b was decreased, and 
primary culture was produced within 1 week or 2 
weeks. By evaluating the clone formation ability of 
mature AML cells in methylcellulose, this study 
determined the frequency at which PU.1 inhibition can 
restore differentiated AML cells to proliferative primary 
cells. About 20% of untreated AML246 cells formed 
shock colonies after 10 days of plating, which was 
prevented by adding DOX to methylcellulose. 
Remarkably, the clonality of cd11bhigh (about 90% 
neutrophil like) cells isolated from DOX culture for 14 
days in methylcellulose without DOX was only 4 times 
less than that of untreated cells, and 5% of cells formed 
colonies. The colonies from differentiated cells had no 
difference in shape, but were smaller than those 
inoculated with untreated AML cells, which was 
consistent with the delayed re participation of 
proliferation after DOX withdrawal. Similar reversals 
were observed in the primary culture and an 
independent clone of AML246.  

To verify the differentiation at the single cell level, 
single AML246 cells were isolated after DOX treatment 
at different stages. These cells gradually increased the 
co-expression of CD11b and FC receptor CD16/32 and 
reduced the survival rate [53]. Single cells were 
classified into porous plate liquid culture to evaluate 
their clonality. Increasing the initial DOX treatment time 
reduced the clonogenicity of AML246 after DOX 
withdrawal; however, at 6-12 days after DOX 
withdrawal,15%-20% of single CD11b+CD16/32+cells 
formed rapidly growing clones. The mutant AML246 
cells showed blast-like and low cd11blowcd16/32low, 
which led to leukemia and re-differentiation under DOX 
re-exposure. It was confirmed that the dedifferentiation 
of AML246 cells was not due to the loss of clone of 
DOX reaction. After 18 days of DOX withdrawal, only 
5% of AML246 cells survived, and 
CD11b+CD16/32+cells screened from these cultures 

failed to form colonies. In conclusion, these results 
confirm that DOX withdrawal can restore single 
differentiated AML246 cells to clonal and leukemic 
status, but also indicate a potential maturation 
threshold beyond which dedifferentiation can be 
ignored. Importantly, in all tests, continuous DOX 
therapy eliminated the clonogenicity of AML246. When 
transplanted into recipient mice, differentiated AML246 
clone cells from 2-week DOX culture (bulk or CD11bhigh 

classification) produced fully permeable GFP+ leukemia 
cells with a latency similar to or slightly longer than 
untreated cells, even though they were similar to 
neutrophils or bone marrow cells, and there were no 
immature mother cells and (pro) bone marrow cells at 
the time of injection. Dox-treated recipients are still 
disease-free, which is consistent with the inhibition of 
tumor by PU.1. Therefore, the reversion of transcription 
and phenotypic differentiation of AML cells by PU.1 
inhibition can restore the leukemic nature of AML cells. 
After a series of follow-up experiments, inhibition of 
PU.1 in differentiated AML derived cells restored them 
to an immature, clonal, leukemic state [54].  

2.6. Fms-Like Tyrosine Kinase (FLT3) 

The human FLT3 gene is located on chromosome 
13q12 [55]. FLT3 belongs to type III receptor tyrosine 
kinase, and its family members include kit, FMS and 
PDGF receptors [56]. FLT3 consists of five 
immunoglobulin-like domains in the extracellular 
domain, a tyrosine kinase (TK) domain separated by a 
kinase insert, and a C-terminal domain in the 
intracellular domain. Human FLT3 has two forms: 158-
160kda glycosylated form and 130-143kda non-
glycosylated form [57-58]. Under normal 
circumstances, FLT3 is only expressed in CD34+ 

hematopoietic stem/progenitor cells and plays an 
important role in the development of hematopoietic 
stem cells, dendritic cell progenitor cells, B-cell 
progenitor cells and natural killer cells [59]. The 
deletion of the FLT3 gene in mice resulted in the 
deficiency of B cell progenitor cells. Subsequent 
transplantation studies further revealed the defects of T 
cells and myeloid cells [60]. In the colony forming test 
of human CD34+ bone marrow cells, the high 
expression of FLT3 produced colony forming unit 
granulocyte monocyte (CFU-GM) colony, while the low 
expression of FLT3 produced erythroid colony [61]. In 
the inactivated state, FLT3 existed as a monomer on 
the cell membrane. After stimulation with FLT3 ligand 
(FLT3L), FLT3 dimers and trans-phosphorylates 
exposed tyrosine residues [62], which leads to 
activation of multiple downstream signaling pathways 
[63-64].  
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In this process, a series of signal transduction and 
adaptor proteins are involved, including Janus 
kinase(JAK), signal transducer and activator of 
transcription(STAT), extracellular signal regulated 
kinase (ERK1/2), phosphatidylinositol 3 kinase (PI3K), 
SRC-homologous 2(ship), phospholipase Cγ(PLC-γ), 
CBL, growth factor receptor binding protein 2(Grb2) 
SHC, SRC-homologous 2 tyrosine phosphoprotein 
(SHP-2). The activation of this signaling event leads to 
proliferation increasing, apoptosis inhibition and of 
differentiation induction [65-67].  

Although the expression of FLT3 is limited to CD34 
positive people in normal bone marrow, its abnormal 
expression can be seen in primary cells of AML, pre-B-
ALL, T-cell-ALL, blast phase CML and CLL patients. It 
is also expressed in most pre-B ALL and AML cell lines 
[68]. FLT3 and FLT3L co-expressed in 36% (40 of 110 
cases), indicating that these cells have an autocrine 
signal. The overexpression of FLT3 cannot make 
Ba/F3 cells produce independent cytokines, but the 
overexpression of FLT3 leads to leukemia in mice, 
suggesting that FLT3L signal transduction may be 
required for the leukemic effect of FLT3 
overexpression. However, the functional gain mutant of 
FLT3 can make Ba/F3 cells independent of cytokines, 
which indicates that they have carcinogenic potential 
without ligand involvement [69].  

In 1996, FLT3 activation mutation was found for the 
first time in acute myeloid leukemia [70]. They now 
represent the most common molecular abnormalities in 
AML, making FLT3 a good therapeutic target.  

3. SUMMARY AND PROSPECT 

AML is an aggressive malignant tumor and the most 
common type of adult leukemia. In this article, studies 
about new targets for differentiation of AML cells in 
recent years have been reviewed. These targets are in 
different stages of development, which lay the 
foundation for the treatment of AML and further study 
of anti-tumor drugs. The increasing understanding of 
AML progression stages along with technological 
advancements provides direction for development of 
newer anticancer drugs targeting the specific proteins. 
These will ultimately improve the cure outcome of AML 
with better prognosis.  
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