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Abstract: Acute myeloid leukemia (AML) is an aggressive and often fatal hematopoietic malignancy.
A very attractive way to treat myeloid leukemia, called “differentiation therapy”, was proposed
when in vitro studies showed that some compounds are capable of inducing differentiation of
AML cell lines. One of the differentiation-inducing agents, all-trans-retinoic acid (ATRA), which
can induce granulocytic differentiation in AML cell lines, has been introduced into clinics to treat
patients with acute promyelocytic leukemia (APL) in which a PML-RARA fusion protein is generated
by a chromosomal translocation. ATRA has greatly improved the treatment of APL. Since 1,25-
dihydroxyvitamin D (1,25D) is capable of inducing monocytic differentiation of leukemic cells,
the idea of treating other AMLs with vitamin D analogs was widely accepted. However, early
clinical trials in which cancer patients were treated either with 1,25D or with analogs did not lead
to conclusive results. Recent results have shown that AML types with certain mutations, such as
isocitrate dehydrogenase (IDH) mutations, may be the right targets for differentiation therapy using
1,25D, due to upregulation of vitamin D receptor (VDR) pathway.

Keywords: acute myeloid leukemia; blast; 1,25-dihydroxyvitamin D; analogs; all-trans-retinoic acid;

differentiation; immunomodulation

1. Introduction

Acute myeloid leukemia (AML) is a malignancy of the myeloid blood lineage, char-
acterized by the rapid growth of abnormal cells (blasts) in the bone marrow. The blast
cells overgrow bone marrow, preventing normal blood cell production, and expanding to
circulation, where they are unable to function properly. Since leukocytes produced in bone
marrow belong to the immune system, every AML is accompanied by an immune defi-
ciency resulting in vulnerability to infections. In addition, inability to produce appropriate
amounts of red blood cells and platelets results in anemia and bleeding [1].

The primary goal in the treatment of AML is an elimination of leukemic blasts. How-
ever, chemotherapy blocks not only the proliferation of blasts, but also the proliferation
of immune cells, an essential step in immune cells’ activation. Therefore, chemotherapy-
induced immunodeficiency adds to leukemia-induced immunodeficiency [2].

AML is a relatively rare disease which constitutes about 1% of all malignancies. It is
a disease common in elderly people and very rare in children, with about 25% of cases
diagnosed among adults aged 65-74 years and 34% among these aged 75 and older [3].
AML is the most heterogeneous hematologic malignancy with about 200 known underlying
mutations [4]. For more than 40 years, all AML patients have been treated using standard
intensive chemotherapy, combining anthracycline and cytarabine. For patients who re-
sponded with complete remission after intensive chemotherapy, stem cell transplantation
was their treatment of choice [3]. However, it should be remembered that most AML pa-
tients are elderly and not fit for either intensive chemotherapy or stem cell transplantation.
Understanding disease heterogeneity has allowed for the development of lower-intensity
and more targeted treatments for elderly patients who are unfit for intensive treatments [3].
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Leukemic blasts are inhibited in their differentiation by either genetic abnormalities or
by gene-expression anomalies. These cells do not express the proteins important for the
function of their normal counterparts. Therefore, finding a method of forced differentia-
tion of leukemic blasts seemed to be a particularly attractive solution for AML patients.
Differentiation therapy is based on forced transcription of the genes that are crucial for
the function of normal counterparts to leukemic blasts. This concept has been based on
the findings concerning normal hematopoiesis, where the eventual cell fate is governed by
spatiotemporal fluctuations in transcription factor concentrations, which either cooperate
or compete in driving target-gene expression [5]. Some of these transcription factors have
critical roles in lineage selection [6], while others govern cell cycle exit and expression of
lineage-specific genes [7]. There are several reasons why transcription factors in leukemic
blasts do not operate properly: one of them may be epigenetic silencing of the gene, while
the others are mutations [8,9]. The general idea of this type of therapy is presented in
Figure 1.
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Figure 1. The general idea of differentiation therapy. = AML—acute myeloid leukemia;
TF—transcription factor.

2. All-trans-Retinoic Acid (ATRA)

Acute promyelocytic leukemia (APL) is a subtype of AML characterized by uncon-
trolled expansion of blasts, which are blocked at the promyelocytic stage of hematopoiesis.
Cytogenetically, APL is characterized by a translocation between the long arms of chromo-
somes 15 and 17 [t(15;17)]. This aberration leads to the fusion between the promyelocytic
leukemia gene (PML) located on chromosome 15g21, and the retinoic acid receptor o
gene (RARA) from chromosome 1721, forming the chimeric oncogene PML-RARA [10].
In its first description in 1957, APL was considered to be the most malignant form of
AML, accompanied by severe bleeding and very short survival time [11]. Retinoic acid
receptor & (RAR«) is a nuclear receptor activated by two metabolites of retinoic acid (RA):
all-trans-RA (ATRA) or 9-cis-RA. When dimerized with a retinoid X receptor o« (RXR«),
it binds to response elements located in the promoters of target genes, activating their
transcription. In the absence of the ligand, RARx/RXRea induces chromatin condensation
and repression of transcription [12]. Activated RARx/RXRa regulates many genes crucial
for myeloid differentiation, for example these encoding transcription factors PU.1 and
CCAAT/enhancer-binding proteins o and ¢ (C/EBPx and C/EBP¢) [13-15].

Fusion protein in APL contains the N-terminal part of PML protein and the C-terminal
part of RAR«, and in terms of function it influences transcription. ATRA at physiological
concentrations is unable to release complexes of co-repressors from PML-RAR«, leading to
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transcription blockade [16]. It has been noticed, however, that supra-physiological concen-
trations of ATRA are able to cause the exchange of co-repressors to co-activators, activating
the transcription of genes responsible for granulocytic differentiation [17]. Importantly,
the blasts lose their immortality following differentiation processes, and start to die by
apoptosis [18]. In fact, surprisingly, the very first demonstration that ATRA is capable of
inducing granulocytic differentiation was in using HL60 cell line, which is not an APL
subtype [19]. However, in clinical situations only patients who have the t(15;17) mutation
respond to ATRA treatment, which was reported for the first time in 1988 [20]. Despite
experiencing rapid remission when treated with ATRA alone, the patients suffered from
relapse within 6 months. Arsenic trioxide (ATO) used in the patients who relapsed after
initial treatment with ATRA had significantly improved results [21,22]. The mechanisms of
beneficial action of ATO in APL are SUMOylation, ubiquitination, and eventual degrada-
tion of the PML part of the fusion protein [23]. Most of the current protocols combine ATRA,
ATO, and cytostatics, such as cytarabine or idarubicin. Using these protocols, complete
remission (CR) can be achieved in 90-100% of patients, while overall survival (OS) rates can
be achieved in 86-97% of patients [24]. This highlights the great success of differentiation
therapy, indicating that the proper combinations of drugs with complementing mechanisms
of action are needed.

There were many attempts to widen the success of ATRA therapy beyond APL sub-
types of AML. There were some clinical trials in which ATRA was added to chemother-
apy [25]. Analysis of one trial suggested that the beneficial effects of ATRA were restricted
to the subgroup of patients with a mutated nucleophosmin 1 (NPM1) gene, and without
fms-like tyrosine kinase 3 (FLT3)-internal tandem duplication (ITD) [26]. Unfortunately, in
other trials this beneficial effect was not observed [27,28]. In fact, in some cases ATRA may
even worsen the patient’s situation, as it was in the case of the patient with (4;15)(q31;q22)
translocation, resulting in the expression of the TMEM154-RASGRF1 fusion protein. This
patient was treated with ATRA and died from rapid disease progression, which was related
to ATRA-induced activation of RARy, a RAR isoform responsible for hematopoietic stem
cell renewal and proliferation [29].

3. 1,25-Dihydroxyvitamin D3 (1,25D)

The possibility to use 1,25-dihydroxyvitamin D3 (1,25D) in differentiation therapy
originated from a study published in 1981, where mouse myeloid leukemia cells exposed
in culture to 1,25D were induced to differentiate into functional macrophages [30]. This
discovery was extended to human HL60 cells soon after [31,32]. The beneficial actions of
1,25D against AML were also presented in mouse models of this disease [33,34].

The idea to use 1,25D against cancers originated from epidemiological studies. These
studies indicated an association between an increased risk of developing colorectal cancer
and a low level of 25D in the blood [35,36], as well as an increased risk of developing breast
cancer and a low blood level of 25D [37,38]. The role of 1,25D in solid cancers has been
discussed in a detailed manner in another paper from this Special Issue [39].

1,25D is an active metabolite of vitamin D, which, despite being named a “vitamin”, is
a steroid hormone [40]. It is produced by the human body from cholesterol and, similarly
to other steroid hormones, its effective concentration is strictly regulated by feedback
mechanisms. Vitamin D is produced from 7-dehydrocholesterol in human skin when
exposed to UV light. Activation of vitamin D is controlled by cytochrome P450 mixed-
function oxidases (CYPs) and occurs in two steps: 25-hydroxylation followed by 1x-
hydroxylation [41]. The first stage of activation occurs in the liver, where vitamin D
undergoes enzymatic hydroxylation by 25-hydroxylase (CYP2R1/CYP27A1), converting it
to 25-hydroxyvitamin D (25D). Then, 25D is transported to the kidneys, where it undergoes
further hydroxylation at C-1 by 1x-hydroxylase (CY27B1) and results in the formation
of the active metabolite, 1,25D. Hydroxylation of 1,25D at carbon atom C-24, catalyzed
by 24-hydroxylase of 1,25D (CYP24A1), is the first step of its inactivation. Since the gene
encoding CYP24A1 is the most strongly upregulated 1,25D target, it provides negative
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feedback to the activity of 1,25D and controls the effective concentration of this highly
active compound [42]. The metabolism of vitamin D is presented in Figure 2.
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Figure 2. Vitamin D metabolism. Vitamin D is produced in human skin from 7-dehydrocholesterol
following exposure to UVB. Then, vitamin D undergoes two hydroxylations: at C-25 in the liver by
25-hydroxylase, and at C-1 in the kidneys by 1a-hydroxylase. Degradation of 1,25-dihydroxyvitamin
D (1,25D) into inactive metabolite (calcitroic acid) occurs by hydroxylation at C-24 by 24-hydroxylase
in all cells which express vitamin D receptor (VDR).

The major and most well known role of 1,25D is to maintain the calcium phosphate
homeostasis of the organism [43], but it is well-documented that 1,25D regulates other
vital processes, such as differentiation and proliferation of the cells [40]. The vitamin D
receptor (VDR), similarly to RARg, is the nuclear receptor which after binding its ligand
translocates to the cell nucleus, where it acts as a ligand-activated transcription factor. VDR,
after binding 1,25D, heterodimerizes with RXR« in order to regulate transcription of target
genes [44]. There are hundreds of VDR-regulated genes [45], many of them responsible
for maintaining calcium phosphate homeostasis [43]; however, there are also many genes
involved in immune functions, exemplified by CD14, encoding a macrophage co-receptor
for bacterial LPS [46]. The overview of 1,25D/VDR intracellular pathway is presented in
Figure 3.
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Figure 3. Vitamin D receptor (VDR) pathway. 1,25D translocates through the plasma membrane and
binds to its receptor in the cytosol. Ligated VDR is transported to the cell nucleus, where it dimerizes
with RXRa. VDR/RXRa complex binds to response elements in the DNA to regulate transcription of
target genes. Signal transduction from membrane receptors participates in the activity and stability
of VDR [47-49].

Encouraging results of in vitro and murine studies prompted some clinical trials
conducted with small groups of patients with myelodysplastic syndrome (MDS) and
AML [50,51]. In these trials either 1,25D or its precursor 25D were used, but results were
variable and inconclusive. In general, combination treatments resulted in better outcomes
than 1,25D alone [52,53]. For example, the combination of 1,25D, AraC, and hydroxyurea
resulted in complete or partial responses in 79% of patients with AML [54].

4. Low-Calcemic Analogs of 1,25D

One of the problems with therapeutic uses of 1,25D is its calcemic action and possible
consequences of hypercalcemia [55]. In fact, in some of the very few clinical trials in which
1,25D was used against MDS, patients suffered from hypercalcemia [56,57]. The symptoms
of hypercalcemia might vary from mild to severe, such as nausea, fatigue, loss of appetite,
arrhythmia, kidney failure, calcification of soft tissues, and decalcification of bones [58].
This problem may be overcome by use of low-calcemic analogs which are available from
many laboratories [59].

Many analogs of 1,25D have been synthesized with intention to split its activities. The
idea was to reduce calcemic actions and retain pro-differentiating activities. Despite the
fact that numerous analogs have been available for over 30 years, it is still not clear how
the split of these activities is obtained [60]. The most puzzling is the fact that there is only
one VDR which mediates calcemic and pro-differentiating actions. It is possible, then, that
different analogs activate different intracellular signaling pathways, but it is still not clear
how this would be achieved [61].

Analogs of 1,25D have been modified in one or more sites of the structure of the
parental compound [59]. Some modifications are minor, but some change the structure
substantially [62]. It is noteworthy that not only analogs of 1,25D can be used as agonists
of VDR: lithocholic acid (LCA) is a natural ligand, and a very weak agonist of VDR.
Modifications of LCA structure can substantially increase the pro-differentiation potency of
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LCA, without affecting calcium phosphate homeostasis [63-65]. Unfortunately, the clinical
trials using analogs of 1,25D were also far from these for ATRA in APL [66].

5. The Heterogeneity of AML

The most likely source of failure in differentiation therapy using 1,25D and analogs
lies in the heterogeneity of AML. There are two systems of AML classifications, the French—
American—British (FAB) system from 1976 [67], and the World Health Organization (WHO)
system from 2008 [68]. In the FAB system, all AMLs are divided into 8 groups, based
predominantly on the cell morphology and cytochemical staining [69]. The later WHO
system divided AMLs into 7 groups. This system is much more complicated because
it is based on a combination of clinical characteristics, morphology, immunophenotype,
cytogenetics, and molecular genetics of the blasts. It takes prognostic factors known to
affect the treatment and the outcome of the leukemia into consideration [68,70]. Neither of
these classifications is ideal; therefore, there are some attempts to make amendments [3].
APL is an M3 subtype according to FAB, and belongs to group 1 according to WHO (AML
with recurrent genetic abnormalities). In addition to variability of driver mutations in AML,
there is also intrinsic heterogeneity in each patient resulting from clonal diversification
of blasts [71]. The most frequent mutations in AML have been identified and are used to
guide treatment and predict outcome. These are NPM1 mutations, DNA methyltansferase
3A (DNMT3A) mutations, FLT3 mutations, isocitrate dehydrogenase (IDH) mutations,
ten-eleven translocation 2 (TET2) mutations, runt-related transcription factor (RUNXT)
mutations, CCAAT enhancer binding protein « (CEBPA) mutations, additional sex comb-
like 1 (ASXL1) mutations, mixed lineage leukemia (MLL) mutations, protein p53 (TP53)
mutations, c-Kit mutations, or PML-RARA translocation t(15,17)(q22;q12). Out of these
examples, only the M3 subtype, characterized by PML-RARA, is susceptible to ATRA-based
differentiation therapy.

6. AMLs Resistant to 1,25D

The lessons learnt from ATRA therapies prompted studies focused on identification
of AML subtypes sensitive and resistant to 1,25D-induced differentiation. In one study,
the majority of patient’s blasts did not respond to 1,25D or to the analogs with monocytic
differentiation [72]. Figure 4 shows that only about 25% of the blasts were responsive.
The correlation study performed using blasts isolated from AML patients indicated that
blasts carrying FLT3 mutations are resistant to 1,25D and to its analogs [73]. Surprisingly,
available cell lines which carry FLT3 mutations, MV-11 and MOLM-13, are responsive
in vitro to 1,25D and to analogs [74]. There are some possible explanations for this phe-
nomenon, including that the correlation observed was not due to a causal implication,
or that the cell lines grown in vitro for many years had changed their phenotype due to
epigenetic changes.

The data from ALM patients indicate that VDR expression levels positively correlate
with patients” survival. VDR controls the stemness of blast cells and promotes their
differentiation [75].

The cell line which was found to be completely resistant to 1,25D-induced cell differ-
entiation is KG1 [76]. This cell line has very low expression of VDR gene as compared to
other AML cell lines, very low levels of VDR protein, and almost no response of VDR target
CYP24A1 [74]. KG1 cells originated from 8p11 myeloproliferative syndrome, a blood dis-
ease which rapidly develops into AML [77]. KG1 cells are characterized by a chromosomal
translocation where FGFR1 oncogene partner 2 (FOP2)—the fibroblast growth factor recep-
tor 1 (FGFR1) fusion gene—encodes a constitutively active fusion protein FOP2-FGFR1.
This fusion protein constitutively activates signal transducer and activator of transcription
(STAT) 1 and STATS [78,79]. Disruption of this fusion gene restored expression of VDR
gene, and sensitivity to 1,25D-induced monocytic differentiation [80]. Whether or not a
similar situation exists in patients with 8p11 myeloproliferative syndrome remains to be



Nutrients 2022, 14, 2851

7 of 13

elucidated. The obstacle to study this is that the mutations observed in this syndrome are
not routinely tested in patients with AML [81,82].
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Figure 4. The monocytic differentiation of blasts from AML patients in response to 1 nM 1,25D
and 1 nM analogs. The blasts of AML patients were isolated from peripheral blood and exposed
to either 1 nM 1,25D or to one of the eight low-calcemic analogs at 1 nM concentration. Mean gain
in expression of CD14 cell surface antigen for each patient is presented as a dot (e). Quartiles of
response are marked by vertical lines, while minimum and maximum values are marked by dashes
(-). Red oval surrounds the data from patients whose blasts were susceptible to 1,25D and to analogs.
Adapted from [72].

7. AMLs Sensitive to 1,25D

It seems obvious that in order to benefit from immuno-stimulating activity of 1,25D in
patients with AML, it is necessary to define the subtypes of the disease which are sensitive
to 1,25D-induced differentiation.

An interesting observation was made about AML cases with IDH mutations. These
mutations result in the production of the (R)-2-hydroxyglutarate (2-HG), which causes a
hypermethylation, and dysregulates hematopoietic differentiation. One specific mutation
in IDH is a R132H substitution. AML blasts with this specific mutation have been shown to
have certain transcription factor genes upregulated when compared to the cells without
this mutation. CEBPA gene and resulting protein C/EBP«x were enriched in mutated cells.
Interestingly, AML blasts harboring this particular mutation were more responsive to
ATRA than blasts with wild-type (wt) IDH. Moreover, a cell-permeable form of 2-HG
sensitized wt-IDH1 AML cells to ATRA-induced myeloid differentiation [83]. AML cells
with IDH-R132H mutation also have higher levels of VDR and RXR« proteins than the
cells with wt-IDH. Consequently, these cells respond better to 1,25D than wt-IDH cells, and
even better to the combination of 1,25D and ATRA [84].

In fact, combination therapy using 1,25D and ATRA was postulated long ago, when
VDR protein was found to be upregulated in ATRA-treated Kasumi-1 cells [85]. However,
the regulation of VDR gene by ATRA is quite complex, and depends on the cell context [74].
This is because an abundant and unligated RAR« acts as a suppressor of VDR transcription,
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while following ligation with ATRA or with RARc agonists, starts to act as an activator [86].
This shows that patient-tailored combination therapy should be advised.

Another recent observation about the sensitivity of AML cells to 1,25D concerns the
cells with overexpression of FGFRs. In addition to chromosomal translocations, FGFR
genes may be affected by other mutations. Gene amplification of FGFR1 was discovered in
squamous cell lung cancers and estrogen-receptor-positive breast cancers, while FGFR?2 in
some gastric cancers and in some triple-negative breast cancers [87,88]. There are data that
indicate that the FGFR1 gene is amplified in some cases of AML also [25]. In AML cell lines,
overexpression of FGFR1-3 caused enhanced sensitivity to 1,25D-induced differentiation,
due to enhanced expression of VDR gene (Figure 5) [89]. Whether a similar regulation
exists in the AML blasts of patients remains to be studied.

AML blast with FGFR1-3
overexpression differentiated cell

Transcription of differentiation
related genes

Figure 5. Differentiation of AML blasts with FGFR 1-3 overexpression. The AML blasts with
overexpression of FGFR 1-3 produce more VDR protein than wild-type cells, and therefore are more
susceptible to 1,25D-induced differentiation.

The FGFR family contains five genes, out of which four encode transmembrane
tyrosine kinase receptors that exist in multiple splicing variants. Binding of the ligand
to FGFRs results in a dimerization of these receptors and transphosphorylation of their
tyrosine kinase domains [90]. As a result, FGFRs activate different signaling cascades
including mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K),
and phospholipase Cy (PLCy) [91]. It has been shown in the past that activating some
of the MAPK pathways, namely JNK and Erk-1,2 pathways, enhances 1,25D-induced
cell differentiation [92,93]. In contrast, constitutively active FGFRs, such as in FOP2-
FGEFR1 fusion kinase, cause downstream activation of signal transducer and activator of
transcription (STAT) pathways [94]. Our unpublished data indicate that activation of STAT1
is responsible for low VDR expression.

8. Conclusions

AML is a disease of the elderly, and the proportion of older people is increasing
steadily in modern societies. The current estimate of the probability of developing cancer
is one in two for people born after 1960 [95], and despite the fact that AML is a relatively
rare malignancy, its numbers will grow in the near future. For more than 40 years, all
AML patients have been treated using standard intensive chemotherapy, but intensive
chemotherapy cannot be used for elderly people. When chemotherapy is given to elderly
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patients, they are often unable to tolerate it. Consequently, there is a need for gentler
drugs for use alone or in a combined treatment. Differentiation therapy provides a much
milder approach to treating malignancy, and should be advanced. However, the great
success of ATRA-based differentiation therapy against APL has shown that this type of
therapy must be targeted to molecular lesions susceptible to differentiation-inducing drugs.
Recent data indicate that similarly to ATRA, 1,25D, or its analogs should be applied only to
these patients who are likely to respond. Recent advances in next-generation sequencing,
transcriptome analysis, immunophenotyping, and multiparameter flow cytometry will
provide the means to delivering patient-tailored and tolerable differentiation therapies in
the near future.
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