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Acute myeloid leukemia (AML) is characterized by the accumulation of malignant,
transformed immature hematopoietic myeloid precursors that have lost their ability to
differentiate and proliferate normally. Current treatment for AML requires intensive cyto-
toxic chemotherapy and results in significant morbidity and mortality, especially in older
patients. Effective and better-tolerated treatment is urgently needed. Studies have shown
that 1a,25-dihydroxyvitamin D3 (1,25-D3, active VD3) or vitamin D analogs (VDAs) can
potently differentiate AML cells in vitro and ex vivo, which led to early clinical trials in
AML and myelodysplastic syndrome patients. However, one major limiting factor in the
clinical application of active VD3 or VDAs is the supraphysiologic dose required, which re-
sults in systemic hypercalcemia. Several important questions (i.e., dosage, method of deliv-
ery, metabolism of 1,25-D3 in situ, systemic hypercalcemia, and mechanisms of action of
combination treatment) have to be addressed before vitamin D treatment can be applied
to the clinical setting. This review focuses on 1,25-D3’s mechanism of action in AML, pre-
clinical data, and clinical trial outcomes, with an emphasis on major roadblocks to success-
ful trials and suggestions for future directions. Copyright � 2017 ISEH - International
Society for Experimental Hematology. Published by Elsevier Inc.
Acute myeloid leukemia (AML) is characterized by the
accumulation of malignant, transformed immature hemato-
poietic myeloid precursors that have lost their ability to
differentiate and proliferate normally [1]. The original
French–American–British system, first introduced in
1976, classified AML into eight subtypes based on morpho-
logic and cytogenetic abnormalities. However, in the past
15 years, the molecular heterogeneity of the disease has
become increasingly apparent as advanced genomic tech-
C contributed equally to this work.

C shared first authorship.

o: Huynh Cao, MD, Division of Hematology &

da University School of Medicine, 11175 Campus

avilion 11015, Loma Linda, CA 92354; E-mail:

� 2017 ISEH - International Society for Experimental He

.1016/j.exphem.2017.01.007
niques are more readily available. In view of these new dis-
coveries, in 2008, the World Health Organization published
the classification guidelines, grouping AML into several
major categories based on recurrent genetic abnormalities,
myelodysplasia-related changes, prior-therapy-related
changes, and AML not otherwise specified. The identified
molecular features have yielded further perspective
regarding diagnostic and prognostic markers in the updated
classification for AML [2].

The treatment outcome for AML depends on two major
aspects: patient-related factors (i.e., age, performance sta-
tus, and comorbidities) and disease-related factors (i.e.,
white cell count, prior myelodysplastic syndrome [MDS]
or cytotoxic therapy for another cancer, and leukemic-
cell genetic aberrations). Thus far, three molecular
markers, NPM1 and CEBPA mutations (associated with
matology. Published by Elsevier Inc.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:hcao@llu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exphem.2017.01.007&domain=pdf
http://dx.doi.org/10.1016/j.exphem.2017.01.007
http://dx.doi.org/10.1016/j.exphem.2017.01.007


2 H. Cao et al./ Experimental Hematology 2017;50:1–12
good outcome) and FLT3 internal tandem duplications
(associated with adverse outcome), have been applied in
clinical practice as recommended by the European Leuke-
miaNet. Other markers, such as RUNX1, ASXL1, and
TP53 mutations, have been consistently associated with
inferior outcome; however, they have not been widely
used as prognostic indicators [3]. In the near future, these
molecular markers are anticipated to play a more signifi-
cant role in helping clinicians stratify AML patients into
different risk categories and guide their treatment
accordingly.

Despite advancements in cancer treatment, the AML
survival rate remains abysmal, with an overall survival at
4 years of 49%, 25%, and 9% for patients with favorable,
intermediate, and unfavorable cytogenetics, respectively
[4]. The main reason is that the general therapeutic
approach has not changed substantially in the past 30 years
despite numerous attempts with various chemotherapy reg-
imens. Induction chemotherapy, which consists of either
daunorubicin or idarubicin in combination with cytarabine,
is the initial treatment modality for young and healthy pa-
tients. However, not everyone tolerates this standard, inten-
sive regimen. Often, patients suffer severe adverse effects
and complications requiring prolonged hospitalization.
Palliative and hospice care are typically offered to older,
debilitated patients. Therefore, scientists have been vigor-
ously seeking new treatment approaches to improve cure
rate and tolerability at the same time. One of those treat-
ments is differentiation therapy, which takes into consider-
ation the maturation arrest of AML cells.

Leukemia cells are well characterized by their ‘‘matura-
tion arrest’’ at a given stage of differentiation. Differentiation
therapy has shown extraordinary success in treating acute
promyelocytic leukemia (APL or M3), a subtype of AML,
with retinoic acid (RA; a vitamin A metabolite) and arsenic
trioxide. APL involves a balanced translocation of the pro-
myelocytic leukemia (PML) gene on chromosome 15 and
the RA receptor alpha gene (RAR-a) on chromosome 17.
The resultant fusion protein acts as a negative inhibitor of
normal PML and RAR-a function. It also recruits nuclear co-
repressors and histone deacetylase (HDAC), inhibiting the
transcription of genes needed for myeloid differentiation.
All-trans RA reverses the process by binding to the fusion
protein, changing its configuration and allowing release of
the nuclear corepressor and HDAC complexes, thus permit-
ting resumption of transcription. In this era, APL can be
cured without using cytotoxic chemotherapy [5]. Such revo-
lutionary clinical findings provided a foundation for research
and application of other differentiation therapies, such as
VD3, as treatments for non-M3 AML.

The concept of inducing leukemic cells to undergo dif-
ferentiation with 1,25-D3 and VDAs was made popular
during the 1980s based on several in vitro studies [6–8].
These compounds demonstrated antiproliferative and pro-
differentiating properties toward AML cells. The major
function of vitamin D in the human body is maintenance
of calcium and phosphate homeostasis; however, it was
also found to have other nonclassical properties: regula-
tion of the immune response and influence on the prolifer-
ation, maturation, and apoptosis of normal and neoplastic
cells [9–13].

In this article, we review current knowledge on vitamin
D metabolism and its effect on leukemic cells, its under-
lying mechanisms in the preclinical setting, and the major
roadblocks to successful clinical trials. We also discuss
potential solutions to overcoming difficulties in trans-
lating vitamin D into therapeutic strategies for AML.
Vitamin D metabolism: Local and systemic regulation

Systemic function of 1,25-D3 through renal 1a-
hydroxylase expression
The term ‘‘vitamin D’’ refers to a group of lipid-soluble
compounds with a four-ringed cholesterol backbone. In hu-
mans, the major source of vitamin D is dermal synthesis,
with a small proportion coming from consumed food. To
become biologically active, vitamin D undergoes serial
enzymatic conversions through the hydroxylation process.
It is first converted in the liver to 25-hydroxyvitamin D
(25-D3), which is the main circulating form. This is fol-
lowed by 1a-hydroxylation in the kidney to produce the
active form, 1,25-D3 [14]. The 25-D3-1a-hydroxylase is
a tightly regulated enzyme in the proximal convoluted tu-
bule cells of the kidney. It is upregulated by parathyroid
hormone (PTH) and hypophosphatemia and suppressed by
1,25-D3 and calcium. An increase in 1,25-D3 level will
induce vitamin D 24-hydroxylase, an enzyme involved in
the additional hydroxylation step that inactivates 1,25-D3.
Vitamin D 24-hydroxylase is expressed in most tissues [15].

Systemically, 1,25-D3 and its metabolites play a critical
role in calcium homeostasis and bone metabolism through
interaction with different organs. It exerts biologic effects
by binding to a member of the nuclear receptor superfamily,
the vitamin D receptor (VDR), which is a ligand-induced
transcription factor and a major regulator of 1,25-D3
[16]. PTH, the key hormone in calcium homeostasis, pre-
serves tight control of the systemic calcium levels through
its regulation of renal 1a-hydroxylase. A low serum cal-
cium level prompts the body to increase secretion of
PTH, which in turn promotes the synthesis of 1,25-D3 in
the kidney. The active vitamin D then stimulates the mobi-
lization of calcium from bone and intestine and regulates
the synthesis of PTH by negative feedback [15]. Use of
1,25-D3 for various therapeutic purposes, especially at a
supraphysiologic dose, requires special consideration of
the potential disturbance to the calcium system, which
could cause severe side effects to patients. Below, we
discuss in detail some issues with therapeutic utilization
of 1,25-D3 in AML and suggest possible solutions (see
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‘‘Clinical experience of 1,25-D3 and its VDAs in AML’’
and ‘‘Future directions and possible solutions’’ sections).

Autocrine/paracrine function of 1,25-D3 through
extrarenal 1a-hydroxylase expression
VDR is expressed in a wide range of cells and tissues,
including small intestine, colon, osteoblasts, parathyroid
gland, skin, uterus, ovary, breast, and prostate. This wide-
spread distribution has raised the possibility that 1,25-D3
is involved in multifaceted cellular functions in addition
to bone and mineral metabolism [17]. There is recent evi-
dence indicating that 1,25-D3 also plays significant auto-
crine/paracrine functions through the expression of 1a-
hydroxylase in extrarenal tissues. With the development
of new tools, the detection of 1a-hydroxylase expression
in extrarenal tissues (skin, placenta, colon, pancreas, vascu-
lature, and parts of the brain) and cells (macrophages,
monocytes, and dendritic cells) further confirmed the active
autocrine and paracrine function of 1,25-D3 in local tissues.
Hsu et al. found that there was a significant decreased activ-
ity of 1a-hydroxylase in human cells derived from prostatic
adenocarcinomas compared with cells derived from normal
tissues or benign prostatic hyperplasia [17]. This and other
studies showing varying levels of 1a-hydroxylase expres-
sion in malignant colon tissue and parathyroid tissue versus
normal tissues demonstrated the importance of 1,25-D3’s
autocrine/paracrine function in maintaining normal prolif-
eration and differentiation of local tissues [18–21]. The
local tissue concentration of 1,25-D3 depends on several
factors: (1) local expression of 25-D3-24a-hydroxylase,
which is overexpressed in cancer tissues; (2) extrarenal
local expression of 1a-hydroxylase, which could increase
or decrease depending on the cancer type; and (3) 25-D3
substrate level. Therefore, to exploit fully 1,25-D3’s proper-
ties as an anticancer agent for AML, one needs to under-
stand the native environments of leukemic patients’ bone
marrow (BM), which has not been well studied.

Role of 1,25-D3 in epigenetic modification and cancer
treatment
There is a mutual interaction between the 1,25-D3 system
and epigenetic mechanisms. VDR interacts with chromatin
modifiers and remodelers directly or indirectly to fine-tune
gene expression, whereas VDR and 1,25-D3 target genes
can be silenced by DNA methylation or histone modifica-
tion [22]. 1,25-D3 has been reported to be able to alter
methylation of DNA in the promoters of some genes [23].
Conversely, 1,25-D3 insensitivity is related to methylation
of the VDR promoter, which impairs 1,25-D3 regulation
of tumor suppressor genes [24,25]. In addition, aberrant up-
regulated HDAC activity can interfere with calcitriol-
induced AML differentiation [26].

Interestingly, epigenetic modification drugs have the
potential to reverse 1,25-D3 insensitivity. VDR reactiva-
tion can be induced by HDAC inhibitors (vorinostat or
trichostatin A) in combination with vitamin D, which
has been shown to upregulate uniquely a group of sup-
pressed gene targets in control of proliferation and in-
duction of apoptosis [27,28]. Further study also
indicates a synergistic role of DNA demethylation in
1,25-D3 metabolism and enhancement of 1,25-D3 effi-
ciency for monocytic differentiation by a DNA hypome-
thylating agent (5-aza-2-desoxycytidine, decitabine)
[29]. Therefore, with possible mutual interactions with
a specific set of genes, combination treatment of epige-
netic modification drugs and 1,25-D3 might act addi-
tively or synergistically in the treatment of cancer,
specifically AML.
Vitamin D and AML

Preclinical experience with 1,25-D3 and its VDAs in
AML
In vitro studies

General mechanism. To appreciate the concept of using
vitamin D therapeutically for leukemia, one needs to under-
stand its basic mechanism. As a steroid hormone, 1,25-D3
binds to the VDR, which is a ligand-induced transcription
factor and a major regulator of 1,25-D3 [16]. Once this
interaction occurs, the VDR becomes protected from degra-
dation and translocates from cell cytosol to the nucleus
[30–32]. In this activated state, the VDR heterodimerizes
with the retinoid X receptor (RXR) and attaches to the pro-
moter regions of target genes (osteocalcin, 24-hydroxylase
of 1,25-D3, kinase suppressor of Ras-1, p27, and CD14)
that play significant roles in the regulation of calcium and
phosphate homeostasis, vitamin D metabolism, cellular dif-
ferentiation, and cell cycle [33–39]. It was shown in exper-
iments by Gocek et al. that AML cell lines express a very
low constitutive level of the VDR protein, which increases
significantly after cell exposure to 1,25-D3 [40]. The
mRNA levels for the VDR remained unchanged after
1,25-D3 exposure, so the mechanism of VDR accumulation
must be at the posttranscriptional level. It was also observed
that, once the VDR forms a ligation complex with 1,25-D3
and translocates to the cell nuclei, the VDR degradation
process is slower [40,41].

Role of 1,25-D3 in cellular differentiation. A number of
important pathways have been elucidated to play critical
roles in 1,25-D3-stimulated monocytic differentiation. The
mitogen-activated protein kinase (MAPK) signaling pathway
involves a family of serine threonine kinases that play an
active part in coupling cell surface receptors to changes in
transcriptional programs. The MAPKs are grouped into three
main families: the extracellular signal-regulated protein ki-
nases (ERKs), the p38 MAPKs, and the c-Jun N-terminal ki-
nases (JNKs) [42]. This pathway involves the creation of a
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multiprotein signaling complex that ultimately targets multi-
ple transcription factors, resulting in cellular differentiation
[43,44]. Gocek et al. discovered that 1,25-D3-stimulated
monocytic differentiation was associated with increased
ERK and JNK activity and was augmented by p38 MAPK
inhibition [45]. Another key pathway central to vitamin
D’s function is the phosphatidylinositol 3-kinase (PI3K)–
protein kinase B (Akt-1) signaling pathway. The PI3Ks are
a family of related intracellular signal transducer enzymes
that are involved in many essential cellular functions such
as cell growth, proliferation, metabolism, survival, motility,
and differentiation [46,47]. They are a lipid kinase family
that have the ability to phosphorylate the inositol ring 30-
OH group in inositol phospholipids to generate the second
messenger, phosphatidylinositol-3,4,5-triphosphate [46].
Interaction with these phospholipids is required for the trans-
location of Akt to the inner side of plasma membrane, where
it is activated by sequential phosphorylation by
phosphoinositide-dependent kinase-1 (PDK-1) and mamma-
lian target of rapamycin complex 2 (mTORC2) or DNA-
dependent protein kinase (DNA-PK) [48–50]. Increased
Akt activity promotes neutrophil and monocyte develop-
ment, whereas reducing its activity results in eosinophil dif-
ferentiation [51]. Prior studies demonstrated that PI3K and
Akt activation are critical to 1,25-D3-stimulated induction
of monocytic differentiation and protection from apoptosis
[52–56]. Dysregulation of the genes in the PI3K/Akt
signaling pathway is commonly involved in AML [3].

In addition to the two aforementioned pathways,
1,25-D3 also increases the activities of lipid signaling path-
ways, affecting multiple protein kinases and the phospholi-
pase family in such a way that drives cellular
differentiation. After exposure to 1,25-D3, protein kinase
C (PKC) activity is increased, specifically PKCa and
PKCb. These two PKCs play critical roles in 1,25-D3-
induced monocytic differentiation and maintenance of ter-
minal differentiation [57]. Prior studies showed that
increased activity of several phospholipase C (PLC) iso-
forms and phospholipase D (PLD) are observed during
monocytic differentiation of leukemic cells [58,59]. It ap-
pears that PLC and PLD mediate the reaction that breaks
down membrane phospholipids to generate diacylglycerol,
which is required for the activation of the classical PKC
isoforms [60–62]. 1,25-D3 causes phospholipase A2-
mediated release of arachidonic acid from leukemic cells,
which in turn affects downstream signals, leading to mono-
cytic differentiation [63]. Finally, several ceramide deriva-
tives (sphingolipid breakdown products) were shown
recently to potentiate 1,25-D3-stimulated monocytic differ-
entiation via modulation of the activity of the mentioned
pathways involving PI3K, PKC, JNK, and ERK [64].

The interaction between 1,25-D3 and various cellular
pathways is complex and has not been fully elucidated. A
literature search did not reveal any relationship between ge-
netic mutations in the production of calcitriol or VDR
signaling pathway to the leukemogenesis or maintenance
of AML. However, as described above in the ‘‘Autocrine/
Paracrine function of 1,25-D3 through extra-renal 1a-hy-
droxylase expression’’ section, it is possible that the local
BM concentration of 1,25-D3 is significantly reduced due
to the overexpression of 25-D3-24a-hydroxylase, which in-
volves in the degradation of 1,25-D3. Therefore, by supple-
menting AML patients with a high dose of 1,25-D3, this
local effect of 24a-hydroxylase could be overcome.
Because it is a powerful differentiator, 1,25-D3 can be
reasonably applied to the treatment of AML to promote dif-
ferentiation and maturation of cells arrested in different
stages of myeloid development.

Role of 1,25-D3 in cell cycle arrest and apoptosis. Many
studies have demonstrated the involvement of cell cycle
regulatory molecules in 1,25-D3-stimulated growth inhibi-
tion and cell differentiation in human leukemic cells. Liu
et al. showed that p21, a cyclin-dependent kinase (CDK) in-
hibitor (CKI) and a member of the CDK-interacting pro-
tein/kinase inhibitory protein family (CIP/KIP) is a target
gene for 1,25-D3 [65]. Exposure of different human
leukemic cell lines in vitro to various VDAs led to
increased expression of p21, which is involved in the regu-
lation of both growth arrest and induction of differentiation
[65–67]. Another important CKI in the CIP/KIP family is
p27, which is overexpressed when leukemic cells are
exposed to 1,25-D3, resulting in induction of expression
of monocyte/macrophage specific markers [65,68]. CKIs
of the inhibitors of CDK (INK) family, such as p15, p16,
and p18, are mainly involved in inhibition of cell prolifer-
ation. Although the pro-apoptotic effect of 1,25-D3 on
leukemic cells has not been studied directly, this property
has been well documented in other cell lines such as breast
and colon cancers [69–72]. 1,25-D3 upregulates the pro-
apoptotic protein Bax and downregulates the anti-
apoptotic protein BCL-2, causing cancer cell growth inhibi-
tion and eventual cancer cell death.

The distinctive properties of 1,25-D3 as a powerful dif-
ferentiator, cell cycle inhibitor, and pro-apoptotic agent
make it an attractive therapeutic option for AML treatment.
Figure 1 summarizes the general schematic interaction of
1,25-D3 with various pathways in vitro.

Selective sensitivities of AML subtypes to 1,25-D3 and
VDA-induced differentiation in vitro and ex vivo. In vitro
studies indicate that 1,25-D3 and VDAs induce differentia-
tion on a variety of AML subtypes (HL60, AML-193,
U937, HL90, THP-1, NB-4, KG-1, and MOLM-13), with
HL60 being the most well-studied cell line [73]. The vari-
able responses of AML subtypes to VDAs are consistent
with current genomic data showing that AML is a heterog-
enous disease involving mutations from multiple cellular
processes. Furthermore, AML subtypes express different
VDR protein variants. Marchiwicka et al. discovered that
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Figure 1. General schematic of the interaction of 1,25-D3 with various pathways in vitro. C/EBP 5 CCAAT-enhancer-binding protein; Raf 5 rapidly accel-

erated fibrosarcoma; Rb 5 retinoblastoma.
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HL60, a highly responsive cell line, expressed a shorter
VDR variant than KG-1, a less responsive cell line [33].
Studies of enhancers/silencers in VDR regular region and
their interactions with the VDR promoters in different
cell lines might further our understanding this wide spec-
trum of responses. Unlike RA, which works specifically
on the AML M3 subtype with a reciprocal
t(15;17)(q22;q12) chromosomal translocation, none of the
in vitro studies on VDAs have identified a specific mutation
or translocation. Therefore, further deep-gene-sequencing
studies corresponding to VDA targeting are needed to
address this issue.

An ex vivo study from Baurska et al. found that samples
from patients with an AML M5 subtype underwent the
most differentiation with VDA treatment [74]. Further,
samples with normal karyotype responded with more effi-
cient differentiation than samples with abnormal karyo-
types. FLT-3 mutation samples were more resistant to the
VDA treatment than NPM1 mutation samples. Therefore,
future studies should focus on elucidating the molecular
mechanism of selectivity of VDAs in AML subtypes.

In vivo studies. VDAs have also been tested in animal
models. The earliest studies performed in a mouse model
can be traced back to the late 1980s. Specifically, Zhou
et al. used 1,25-dihydroxy-16-ene-23-yne-vitamin D3 to
treat leukemia-induced BALB/c mice [75]. This agent is a
VDA that is very potent in inhibiting proliferation, inducing
differentiation of myeloid leukemic cells in vitro, but is 300
times less active in mediating intestinal calcium absorption
and bone calcium mobilization compared with conventional
1,25-D3. The investigators explored the therapeutic poten-
tial of this VDA using three different leukemia models
that differed in disease burden. In the first, BALB/c mice
were injected with 2.5 � 105 myeloid leukemic cells in
combination with no treatment, 1,25-D3, or the VDA.
Death secondary to leukemia occurred in all mice that
received no treatment or 1,25-D3 by day 26, whereas
mice that received VDA had a significantly longer survival,
with the last mouse dying of leukemia on day 50. In the
second model, injecting 1 � 105 leukemic cells into
BALB/c mice with no treatment resulted in 86% dead of
leukemia at 51 days. BALB/c mice that received the
same amount of leukemic cells and treatment with VDA
had a significantly longer survival than controls; only
53% of the mice were dead by day 100. In the third model,
injecting a lower amount of leukemic cells (1.5 � 104) into
the control group (no treatment) and the treatment group
(VDA) resulted in significantly different survival (13% vs.
43% disease free at day 180) [75]. The study demonstrated
that this particular VDA could significantly increase the
survival of mice with myeloid leukemia.

The essential role of vitamin D and its receptor in hema-
tologic dysplasia was further demonstrated by Erben et al.
[76]. By gene targeting, they were able to generate mice ex-
pressing functionally inactive mutant VDR. After a change
in environmental conditions from specific-pathogen-free
conditions to a modified barrier system, a high percentage
of mutant, but not wild-type, mice developed a hematolog-
ical disorder characterized by splenomegaly, granulocyto-
sis, thrombocytosis, and dysplastic changes with
displacement of erythropoiesis in BM during subsequent
months. All cases were associated with high serum levels
of acute-phase reaction protein serum amyloid A and
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antibodies against murine hepatitis virus; however, electron
microscopy of spleen and BM cells did not reveal virus par-
ticles [76]. This study illustrated an important association
between VDR and the regulation of myeloid cell differenti-
ation and proliferation, especially under conditions of envi-
ronmental stress.

Clinical experience with 1,25-D3 and its VDAs in AML
Although vitamin D’s mechanism of action and its effect on
leukemic cells have been elucidated extensively in the pre-
clinical setting, its translation into clinical practice has been
challenging. There have been O20 clinical trials using
1,25-D3 or its analogs for both MDS and AML patients
(Table 1). The majority of trials were small and enrolled
MDS or AML patients who were not ideal candidates for
traditional 7 þ 3 regimens (anthracycline þ cytarabine)
or had exhausted other options (i.e., failed hypomethylating
agents). The outcomes were mixed, ranging from no objec-
tive response in one study up to 79% in another study with
patients who failed prior chemotherapy. These differences
reflect the heterogeneity of the studied populations, assort-
ments of VDAs and different dosages being utilized, and
different definitions of response from earlier studies (sur-
vival, remission rates, objective response from BM, and he-
matologic response) [77,78,81–98]. As summarized in
Table 1, the largest number of patients in a single study
was 63, with many studies reporting findings in groups of
!20 patients. Treatment options were heterogeneous,
with either single-agent vitamin D/VDAs or combinations
of VDAs, cytarabine, and other agents (alpha-interferon,
prednisone, RA, hydroxyurea, thioguanine, valproic acid,
vitamin K, and deferasirox [DFX]). There was no
consensus among researchers in the type and dosage of
VDAs used. Some of the common VDAs used were vitamin
1,25-D3, 1 alpha-hydroxyvitamin D3, calcifediol, paricalci-
tol, and doxercalciferol. To summarize, the clinical out-
comes of 1,25-D3 and VDAs are rather disappointing due
to the limitations and inconsistencies between studies.

Combination treatment with 1,25-D3 and low-dose cy-
tarabine generally tended to have better responses. Unfortu-
nately, there are no recent clinical trials that further explore
the option of combined therapy of VDAs with low-dose cy-
tarabine. The latest study that involved combination treat-
ment with vitamin D and cytarabine was in 2004 [90]. It
enrolled 26 AML patients and four high-risk MDS patients
who were ineligible for intensive chemotherapy because of
age (average 70 years), poor clinical conditions, or treat-
ment refusal. They were treated with a combination of
13-cis RA (20–40 mg/d), 1,25-D3 (1 mg/d) for 5 weeks,
with the addition of 6-thioguanine (6-TG, 40 mg/d) and
cytosine arabinoside (Ara-C, 8 mg/m2 � 2/d by subcutane-
ous injection) during the first 2–3 weeks. The 5-week
course was repeated if there was no disease progression
observed. After two courses of treatment, patients who
had at least a partial response (PR) continued a mainte-
nance therapy with RA þ 1,25-D3 þ intermittent 6-TG
or Ara-C þ 6-mercaptopurine (50 mg/d) for 14 days every
5–6 weeks until disease progression. Eight patients (27%)
achieved a complete response (CR) and seven (23%) had
a PR. The median response duration and survival were
both 7.5 months and the 2-year survival was 17%. The pa-
tients who responded (CR þ PR) lived significantly longer
(median of 16.5 months, 2-year survival of 34%). Consid-
ering their age and poor prognosis, most patients tolerated
the therapy well, with grade 4 neutropenia and thrombocy-
topenia observed in 28 patients (94%) during the first two
courses of low-dose chemotherapy. Thirteen patients
completed the induction treatment as outpatients, whereas
17 patients were hospitalized for a median time of
18 days. Eleven patients required intravenous antibiotics
and two required granulocyte colony-stimulating factor
for prolonged neutropenia. This study highlighted an alter-
native treatment option for AML patients, especially those
of advanced age and poor clinical status.

Akiyama et al. in Japan conducted an interesting, open-
labeled single-arm prospective phase II clinical trial of me-
natetrenone (a vitamin K2 analog) and alfacalcidol
(1-alpha-hydroxyvitamin D3) for patients with MDS [96].
The efficacy of oral menatetrenone therapy in MDS has
been reported in Japan, with improvement of cytopenias
ranging from 20% to 75% in clinical pilot studies
[99–101]. Although the underlying mechanism of action re-
mains unknown, vitamin K2 (VK2) has been reported to
induce apoptosis and differentiation in some leukemic cell
lines in vitro [102–104]. Further, there are reports of combi-
nation of VK2 plus either 22-oxa-1,25-D3 or 1,25-D3 syner-
gistically, enhancing the induction of cellular differentiation
in HL-60 cells along with inhibition of VK2-induced
apoptosis in vitro [105,106]. In the first part of this study,
38 patients received VK2 monotherapy (45 mg/d) [96]. After
16 weeks of therapy, based on the International Working
Group criteria, 5 of 38 patients responded, including four
cases with improvement of both anemia and thrombocyto-
penia and one case with thrombocytopenia. Of the 33 nonre-
sponders, 23 patients subsequently received combination
treatment of VK2 and alfacalcidol (0.75 mg/d) for 16 weeks.
Of the 20 evaluable cases, six patients showed a response
(30%). The investigators noticed that higher International
Prognostic Scoring System scores and absolute neutrophil
counts were positively correlated with the response to VK2
and alfacalcidol combination therapy.

In a retrospective case–control study, Paubelle et al.
enrolled 17 elderly AML patients who had failed prior de-
methylating agents [98]. A combination of DFX (1–2 g/d)
and 25-hydroxycholecalciferol (VD) (100,000 IU/wk) was
given to these patients, who were not eligible to receive
any other treatments. During the same period, 13 matched-
control patients received best supportive care (BSC).
Baseline characteristics in terms of blood tests and AML
prognostic factors were not different between the two
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Table 1. Summary of clinical trials using vitamin D or its analogs to treat MDS or AML

Study Disease No. of patients Treatment Result

Koeffler

et al. [77]

MDS 18 Vitamin 1,25-D3 Seven patients developed leukemia by end of

12 weeks; eight patients developed hypercalcemia;

no enduring therapeutic effect

Hellstrom

et al. [78]

MDS, AML 62 Different combinations of low-dose Ara-C, alpha-

interferon (IFN), 1-alpha-hydroxyvitamin D3, RA

(IDR)

Overall response rate 44%; 50% responded

favorably to the combination of IFN, vitamin D3,

and IDR

Masuda

et al. [79]

AML 8 1-alpha-hydroxyvitamin D3 Four patients with CR, one PR, and two minor

responses (MR); concentrations of 25-OH-D and

1,25-D3 in the BM had very similar values to those

in serum

Takahashi

et al. [80]

MDS,

AML,

chronic

myeloid

leukemia

8, 2, 1 0.25–10 mg/d of vitamin 1(OH)D3 Three patients with PR, three patients with minor

response, and five with no response; hematological

improvement of responders lasted 1–2 months

Hellstrom

et al. [81]

MDS, AML 63, 15 Low-dose Ara-C, 13-cis-RA (13-CRA), vitamin

1(OH)D3

18 (26.1%) responded to therapy; 12/27 patients

progressed from MDS to AML; 6/29 patients

progressed receiving 13-CRA and 1(OH)D3

Blazsek

et al. [82]

MDS Prednisone, vitamin 1,25-D3, 13-CRA Long-lasting hematological remission

Motomura

et al. [83]

MDS 30 15 patients treated with 4–6 mg/d of

1-hydroxyvitamin D3 (D group) vs. 15 patients with

no treatment (N group)

Leukemic transformation free survival of D group

had significant advantage over N group; seven of 15

patients in N group developed acute leukemia; one

of 15 patients in D group developed leukemia

Petrini

et al. [84]

Acute

non-lymphoid

leukemia

Low-dose Ara-C and 1(OH)D3 17% with CR; 45% with PR; seven of 11 showed

monocytic/monoblastic shift

Slapak

et al. [85]

AML 29 Cytarabine, hydroxyurea, 1,25-D3 79% response rate: 45% with CR, 34% with PR;

three early deaths; median remission duration was

9.8 months; overall median survival was 12 months

for all patients

De Rosa

et al. [86]

MDS 44 Low-dose Ara-C, RA, and vitamin 1,25-D3 Response rate 50%; survival in responders

statistically better than in nonresponders; toxicity

acceptable

Ferrero

et al. [87]

MDS 53 Low-dose combination of CRA (20–40 mg/d) and

1,25 alpha(OH)2 (1–1.5 mg/d) 6 6-thioguanine

(30 mg/m2/d)

In 25 patients with BM blasts !5%, response rate

was 52% with median response duration of

8 months and median survival of 76 months; in 31

patients with BM blast excess O5%, response rate

was 61% with median response duration of

6 months; reduction in transfusion need observed

Mellibovsky

et al. [88]

MDS 19 Calcifediol 266 mg 3�/wk; calcitriol 0.25–0.75 mg/d 11/19 patients responded

Hirri

et al. [89]

MDS,

BM fibrosis

1 Vitamin 1,25-D3 0.75 mg/d � 12 weeks CR in hemoglobin level; complete reversal of

fibrosis

Ferrero

et al. [90]

AML, MDS

(all old/poor

prognosis

patients)

26, 4 13-CRA (20–40 mg/d) þ 1,25-D3 (1 mg/d) for 5

weeks; 6-TG (40 mg/d) and Ara-C 8 mg/m2 twice a

day for 2–3 weeks

Response rate of 50% with 27% CR; overall median

survival of 7.5 months and 16.5 months in

responders

Koeffler

et al. [91]

MDS 12 Paricalcitol starting at 8 mg and increasing in

increments of 8 mg/d

No responses observed

Yamada

et al. [92]

Relapsed

AML

2 Patient 1: cytarabine 0.6 mg/

kg � 14 days þ calcitriol 0.25 mg twice a day;

Patient 2: low-dose

cytarabine þ calcitriol þ aclarubicin

20 mg � 4 days

Remission observed in both patients with

approximate duration of 6 months

Siitonen

et al. [93]

MDS,

chronic

myelomonocytic

leukemia

19 Valproic acid dose escalation þ 13-cis RA (10 mg

twice a day) þ 1,25-D3 (1 mg/d)

Eight patients discontinued treatment due to

toxicity; three patients (16%) responded to

treatment

Petrich

et al. [94]

MDS 15 Doxercalciferol 12.5 mg/d for 12 weeks One patient removed from study due to

hypercalcemia; 9 of 15 patients completed treatment

course and six of nine patients experienced stable

disease; eight patients had progressive disease

(continued)

7H. Cao et al./ Experimental Hematology 2017;50:1–12

http://dx.doi.org/10.1016/j.exphem.2017.01.007


Table 1. (continued )

Study Disease No. of patients Treatment Result

Ferrero

et al. [95]

MDS 63 Combination of 13-CRA, dihydroxylated vitamin

D3 6 6-TG in addition to recombinant

erythropoietin

60% erythroid response rate; Median response

duration was 16 months; median survival was

14 months for refractory anemia with excess blasts

type 1 (RAEB1) and 55 months for non-RAEB

patients

Akiyama

et al. [96]

MDS 38 Part 1: VK2 (45 mg/d) only; part 2: nonresponders

in part 1 received VK2 þ 1 alpha-hydroxyvitamin

D3 (VD3) (0.75 mg/d)

Overall response rate of 13% (5 of 38 patients) in

VK2 monotherapy; 30% response rate (six of 20

patients) with VK2 and VD3 combination therapy

Crisa

et al. [97]

MDS 63 Combination of 13-CRA, dihydroxylated vitamin

D3 6 6-TG in addition to recombinant

erythropoietin

Updates of 7-year follow-up of previous study by

Ferro et al.; 49 patients died during follow-up;

leukemic evolution occurred in 11 patients, five

(31%) from RAEB1 and six (13%) from non-

RAEB; causes of death were infections (17%),

cardiovascular events (14%), second tumors (8.5%),

ischemic stroke (6%), hepatic failure, transfusion

reaction, autoimmune hemolytic anemia, and

unknown cause (nine patients)

Paubelle

et al. [98]

AML

patients

who failed

demethylating

agents

17 (treatment)

vs. 13 (BSC)

Combination of DFX (1–2 g/d) þ 25-

hydroxycholecalciferol (100,000 IU/wk) vs. BSC

Median survival was significantly increased in the

treatment group (10.4 vs. 4 months)

AML 5 Acute myeloid leukemia; BM 5 bone marrow; MDS 5 myelodysplastic syndrome; PR 5 partial response.
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groups. At the 6-month evaluation, four treated patients had
significantly increased monocyte numbers, but the transfu-
sion requirement did not decrease in the DFX/VD group.
However, the median survival of patients treated with the
DFX/VD combination was significantly increased compared
with matched patients receiving BSC alone (10.4 vs.
4 months). The investigators found that the only factor asso-
ciated with an increased overall survival in the treatment
group was normal serum vitamin D levels ($50 nmol/L).

To summarize, clinical application of 1,25-D3 has re-
sulted in inconclusive data due to the aforementioned lim-
itations, but most importantly, the major obstacle of this
therapy was adverse events secondary to systemic hypercal-
cemia [77,94,107]. The concentrations of 1,25-D3 required
to induce differentiation in vitro are typically in the range of
10–100 nmol/L [108]; however, a serum level of such a
concentration would result in hypercalcemia in humans,
in whom the typical concentration of 1,25-D3 is
w0.1 nmol/L. In the next section, we will discuss new find-
ings and possible solutions to this limitation.

Future directions and possible solutions
As mentioned in the ‘‘Clinical experience of 1,25-D3 and
its VDAs in AML’’ section, one of the major obstacles to
clinically meaningful application of 1,25-D3 to AML treat-
ment is systemic hypercalcemia. One strategy is to synthe-
size a VDA that has enhanced antitumor activities but
limited systemic interaction. The ideal VDAwould be char-
acterized by reduced gastrointestinal calcium absorption
while maintaining other properties; patients receiving this
VDA should be instructed to maintain a low-calcium diet.
In this way, patients could be treated with a much higher
dose of VDA without incurring systemic hypercalcemia.
Thus far, several VDAs were tested in clinical trials, but
the results were rather disappointing (Table 1). It is possible
that, due to concerns about systemic side effects, the doses
given in those trials did not reach the local therapeutic level
required to achieve antitumor properties. Another potential
strategy is to deliver high-dose 1,25-D3 locally to the BM
utilizing either cell surface marker (a4 integrin) or substrate
(bisphosphonates) with a strong affinity for bone to guide
vehicle cells, as described by Yao and Kumar [109,110].

The impact of 1,25-D3 in the maintenance of the normal
epigenetic landscape underlines its potential role in AML
epigenetic regulation and prognosis. Puccetti et al. reported
that AML-associated chromosomal translocated fusion pro-
teins (PML/RARa, PLZF/RARa, and AML-1/ETO) block
blast differentiation process by sequestering VDR, which is
involved in the differentiation signaling pathways [26].
These fusion proteins inhibit downstream transcriptional
signaling of VDR through aberrant recruitment of HDAC ac-
tivity by binding to corepressors. They found that inhibition
of HDAC activity increases 1,25-D3-induced leukemic dif-
ferentiation of HL60 cells. In addition, overexpression of
VDR in the U93 cells expressing the AML/ETO fusion pro-
tein overcomes differentiation blockage. Combination thera-
pies of 1,25-D3 with HDAC inhibitors or hypomethylating
drugs might provide new treatments for AML [111]. One
such promising combination is 1,25-D3 and 5-azacytidine
(AZA). Because both AZA and 1,25-D3 demonstrate the
ability to affect gene expression and induce leukemic differ-
entiation, it is possible that their combined treatment might
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result in synergistic effects. AZA is a ring analog of cytidine
that possesses cytotoxic activity through incorporation into
DNA [112]. In addition, it induces leukemic cell differentia-
tion in vitro and inhibits DNA methyltransferase, which re-
sults in synthesis of hypomethylated DNA and changes in
gene transcription and expression [113]. AZA received
approval from the Food and Drug Administration in 2004
for the treatment of MDS, but in the clinical setting, it is
often used as a palliative treatment for unfit patients with
AML. Our postulation of combination treatment is further
strengthen by a recent retrospective review study in which
Radujkovic et al. reported that MDS and oligoblastic AML
patients who were treated with AZA had a significantly
worse 2-year overall survival (14% vs. 40%, p ! 0.05) if
their vitamin D level (25[OH]-D3) was !32.8 nmol/L
[114]. They also found that AZA and active VD3 worked
synergistically to inhibit growth of AML cell lines in vitro.
Therefore, oral supplementation with 1,25-D3 or VDAs in
combination with systemic AZA are both reasonable options
to be explored further in AML mouse models and in the clin-
ical setting. This could potentially lower the dose of 1,25-
D3/VDAs required to achieve clinical benefits.
Conclusion
As scientists make great strides in the molecular genetic
front, major breakthroughs in treatment for both hematologic
and oncologic diseases have been achieved. However, such
is not the case with AML because the standard regimens
have remained the same and the overall survival rate con-
tinues to be abysmal for elderly and frail patients. This un-
derscores the complexity of the disease and also highlights
the fact that standard treatment is too toxic for elderly or un-
fit patients. Based on the available data, it is likely that
vitamin D therapy would not be a ‘‘one size fit all’’ treatment
for AML. Therefore, it is critical that we try to define a sub-
type of AML that would be most responsive to vitamin D.
Nevertheless, using vitamin D and VDAs alone as an alter-
native, palliative treatment for elderly/unfit patients or in
combination with low-dose cytotoxic chemotherapy with po-
tential for long-term remission is an appealing concept and
has the possibility of limiting the systemic side effects. How-
ever, several important questions (i.e., dosage, method of de-
livery, systemic hypercalcemia, and mechanisms of action of
combination treatment) must be addressed before vitamin D
treatment can be applied to the clinical setting.

Acknowledgments
The authors thank the Loma Linda University Cancer Center for
support of this project.

All costs associated with the study design, collection, analysis,
interpretation of data, and writing the manuscript were funded by
the Loma Linda University School of Medicine, Division of Med-
ical Oncology/Hematology Internal Research Fund.
Conflict of interest disclosure
The authors declare no competing financial interests.
References
1. Tenen DG. Disruption of differentiation in human cancer: AML

shows the way. Nat Rev Cancer. 2003;3:89–101.

2. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the

World Health Organization classification of myeloid neoplasms and

acute leukemia. Blood. 2016;127:2391–2405.

3. Dohner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N

Engl J Med. 2015;373:1136–1152.

4. American Cancer Society. Cancer facts and figures 2014. Atlanta,

GA: American Cancer Society; 2014.

5. Lo-Coco F, Avvisati G, Vignetti M, et al Gruppo Italiano Malattie

Ematologiche dell’Adulto; German-Austrian Acute Myeloid Leuke-

mia Study Group; Study Alliance Leukemia. Retinoic acid and

arsenic trioxide for acute promyelocytic leukemia. N Engl J Med.

2013;369:111–121.

6. Sachs L. Cell differentiation and bypassing of genetic defects in the

suppression of malignancy. Cancer Res. 1987;47:1981–1986.

7. Breitman TR, Selonick SE, Collins SJ. Induction of differentiation of

the human promyelocytic leukemia cell line (HL-60) by retinoic

acid. Proc Natl Acad Sci U S A. 1980;77:2936–2940.

8. Miyaura C, Abe E, Kuribayashi T, et al. 1 alpha,25-Dihydroxyvitamin

D3 induces differentiation of human myeloid leukemia cells. Biochem

Biophys Res Commun. 1981;102:937–943.

9. Kragballe K. Vitamin D3 and skin diseases. Arch Dermatol Res.

1992;284:S30–S36.

10. O’Kelly J, Hisatake J, Hisatake Y, Bishop J, Norman A, Koeffler HP.

Normal myelopoiesis but abnormal T lymphocyte responses in

vitamin D receptor knockout mice. J Clin Invest. 2002;109:

1091–1099.

11. van Etten E, Mathieu C. Immunoregulation by 1,25-

dihydroxyvitamin D3: basic concepts. J Steroid Biochem Mol Biol.

2005;97:93–101.

12. Okamoto R, Akagi T, Koeffler P. Vitamin D compounds and myelo-

dysplastic syndrome. Leuk Lymphoma. 2008;49:12–13.

13. Welsh J, Wietzke JA, Zinser GM, et al. Impact of the vitamin D3 re-

ceptor on growth-regulatory pathways in mammary gland and breast

cancer. J Steroid Biochem Mol Biol. 2002;83:85–92.

14. Bikle DD. Vitamin D metabolism, mechanism of action, and clinical

applications. Chem Biol. 2014;21:319–329.

15. Bringhurst RF Demay M, Krane SM, Kronenberg HM. Bone and

mineral metabolism in health and disease. In: Kasper DL, Fauci

AS, Hauser SL, Longo DL, Jameson JL, Loscalzo J, eds. Harri-

son’s principles of internal medicine, 19th ed. New York:

McGraw-Hill.

16. Dusso AS, Brown AJ, Slatopolsky E. Vitamin D. Am J Physiol Renal

Physiol. 2005;289:F8–F28.

17. Hsu JY, Feldman D, McNeal JE, Peehl DM. Reduced 1alpha-hydrox-

ylase activity in human prostate cancer cells correlates with

decreased susceptibility to 25-hydroxyvitamin D3-induced growth

inhibition. Cancer Res. 2001;61:2852–2856.

18. Tangpricha V, Flanagan JN, Whitlatch LW, et al. 25-hydroxyvitamin

D-1alpha-hydroxylase in normal and malignant colon tissue. Lancet.

2001;357:1673–1674.

19. Bareis P, Bises G, Bischof MG, Cross HS, Peterlik M. 25-

hydroxy-vitamin d metabolism in human colon cancer cells during

tumor progression. Biochem Biophys Res Commun. 2001;285:

1012–1017.

20. Ogunkolade BW, Boucher BJ, Fairclough PD, et al. Expression of

25-hydroxyvitamin D-1-alpha-hydroxylase mRNA in individuals

with colorectal cancer. Lancet. 2002;359:1831–1832.

http://refhub.elsevier.com/S0301-472X(17)30050-4/sref1
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref1
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref2
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref2
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref2
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref3
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref3
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref4
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref4
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref5
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref5
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref5
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref5
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref5
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref6
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref6
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref7
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref7
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref7
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref8
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref8
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref8
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref9
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref9
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref10
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref10
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref10
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref10
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref11
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref11
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref11
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref12
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref12
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref13
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref13
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref13
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref14
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref14
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref16
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref16
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref17
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref17
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref17
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref17
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref18
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref18
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref18
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref19
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref19
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref19
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref19
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref20
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref20
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref20
http://dx.doi.org/10.1016/j.exphem.2017.01.007


10 H. Cao et al./ Experimental Hematology 2017;50:1–12
21. Segersten U, Correa P, Hewison M, et al. 25-hydroxyvitamin D(3)-

1alpha-hydroxylase expression in normal and pathological parathy-

roid glands. J Clin Endocrinol Metab. 2002;87:2967–2972.

22. Fetahu IS, Hobaus J, Kallay E. Vitamin D and the epigenome. Front

Physiol. 2014;5:164.

23. Doig CL, Singh PK, Dhiman VK, et al. Recruitment of NCOR1 to

VDR target genes is enhanced in prostate cancer cells and associates

with altered DNA methylation patterns. Carcinogenesis. 2013;34:

248–256.

24. Marik R, Fackler M, Gabrielson E, et al. DNA methylation-related

vitamin D receptor insensitivity in breast cancer. Cancer Biol Ther.

2010;10:44–53.

25. Thorne JL, Maguire O, Doig CL, et al. Epigenetic control of a VDR-

governed feed-forward loop that regulates p21(waf1/cip1) expression

and function in non-malignant prostate cells. Nucleic Acids Res.

2011;39:2045–2056.

26. Puccetti E, Obradovic D, Beissert T, et al. AML-associated translo-

cation products block vitamin D(3)-induced differentiation by

sequestering the vitamin D(3) receptor. Cancer Res. 2002;62:

7050–7058.

27. Khanim FL, Gommersall LM, Wood VH, et al. Altered SMRT levels

disrupt vitamin D3 receptor signalling in prostate cancer cells. Onco-

gene. 2004;23:6712–6725.

28. Rashid SF, Moore JS, Walker E, et al. Synergistic growth inhibition

of prostate cancer cells by 1 alpha,25 dihydroxyvitamin D(3) and its

19-nor-hexafluoride analogs in combination with either sodium buty-

rate or trichostatin A. Oncogene. 2001;20:1860–1872.

29. Koschmieder S, Agrawal S, Radomska HS, et al. Decitabine and

vitamin D3 differentially affect hematopoietic transcription factors

to induce monocytic differentiation. Int J Oncol. 2007;30:349–355.

30. Arbour NC, Prahl JM, DeLuca HF. Stabilization of the vitamin D re-

ceptor in rat osteosarcoma cells through the action of 1,25-

dihydroxyvitamin D3. Mol Endocrinol. 1993;7:1307–1312.

31. Racz A, Barsony J. Hormone-dependent translocation of vitamin D

receptors is linked to transactivation. J Biol Chem. 1999;274:

19352–19360.

32. Gocek E, Kielbinski M, Marcinkowska E. Activation of intracellular

signaling pathways is necessary for an increase in VDR expression

and its nuclear translocation. FEBS Lett. 2007;581:1751–1757.

33. Marchwicka A, Cebrat M, Sampath P, Sniezewski L, Marcinkowska

E. Perspectives of differentiation therapies of acute myeloid leuke-

mia: the search for the molecular basis of patients’ variable responses

to 1,25-dihydroxyvitamin D and vitamin D analogs. Front Oncol.

2014;4:125.

34. McDonnell DP, Scott RA, Kerner SA, O’Malley BW, Pike JW. Func-

tional domains of the human vitamin D3 receptor regulate osteocal-

cin gene expression. Mol Endocrinol. 1989;3:635–644.

35. Kahlen JP, Carlberg C. Identification of a vitamin D receptor

homodimer-type response element in the rat calcitriol 24-

hydroxylase gene promoter. Biochem Biophys Res Commun. 1994;

202:1366–1372.

36. Vaisanen S, Dunlop TW, Sinkkonen L, Frank C, Carlberg C. Spatio-

temporal activation of chromatin on the human CYP24 gene pro-

moter in the presence of 1alpha,25-dihydroxyvitamin D3. J Mol

Biol. 2005;350:65–77.

37. Wang X, Wang TT, White JH, Studzinski GP. Induction of kinase

suppressor of RAS-1(KSR-1) gene by 1, alpha25-

dihydroxyvitamin D3 in human leukemia HL60 cells through a

vitamin D response element in the 5’-flanking region. Oncogene.

2006;25:7078–7085.

38. Cheng HT, Chen JY, Huang YC, Chang HC, Hung WC. Functional

role of VDR in the activation of p27Kip1 by the VDR/Sp1 complex.

J Cell Biochem. 2006;98:1450–1456.

39. Carlberg C, Seuter S, de Mello VD, Schwab U, Voutilainen S, Pulkki

K, et al. Primary vitamin D target genes allow a categorization of
possible benefits of vitamin D(3) supplementation. PLoS One.

2013;8:e71042.

40. Gocek E, Baurska H, Marchwicka A, Marcinkowska E. Regulation of

leukemic cell differentiation through the vitamin D receptor at the

levels of intracellular signal transduction, gene transcription, and pro-

tein trafficking and stability. Leuk Res Treatment. 2012;2012:

713243.

41. Gocek E, Kielbinski M, Wylob P, Kutner A, Marcinkowska E. Side-

chain modified vitamin D analogs induce rapid accumulation of VDR

in the cell nuclei proportionately to their differentiation-inducing po-

tential. Steroids. 2008;73:1359–1366.

42. Raman M, Chen W, Cobb MH. Differential regulation and properties

of MAPKs. Oncogene. 2007;26:3100–3112.

43. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling path-

ways in cancer. Oncogene. 2007;26:3279–3290.

44. Ramos JW. The regulation of extracellular signal-regulated kinase

(ERK) in mammalian cells. Int J Biochem Cell Biol. 2008;40:

2707–2719.

45. Hughes PJ, Marcinkowska E, Gocek E, Studzinski GP, Brown G.

Vitamin D3-driven signals for myeloid cell differentiation–implica-

tions for differentiation therapy. Leuk Res. 2010;34:553–565.

46. Katso R, Okkenhaug K, Ahmadi K, White S, Timms J, Waterfield

MD. Cellular function of phosphoinositide 3-kinases: implications

for development, homeostasis, and cancer. Annu Rev Cell Dev

Biol. 2001;17:615–675.

47. Cantley LC. The phosphoinositide 3-kinase pathway. Science. 2002;

296:1655–1657.

48. Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C,

Gonzalez-Baron M. PI3K/Akt signalling pathway and cancer. Cancer

Treat Rev. 2004;30:193–204.

49. Bozulic L, Hemmings BA. PIKKing on PKB: regulation of PKB ac-

tivity by phosphorylation. Curr Opin Cell Biol. 2009;21:256–261.

50. Bayascas JR. Dissecting the role of the 3-phosphoinositide-depen-

dent protein kinase-1 (PDK1) signalling pathways. Cell Cycle.

2008;7:2978–2982.

51. Buitenhuis M, Verhagen LP, van Deutekom HW, et al. Protein kinase

B (c-akt) regulates hematopoietic lineage choice decisions during

myelopoiesis. Blood. 2008;111:112–121.

52. Hmama Z, Nandan D, Sly L, Knutson KL, Herrera-Velit P, Reiner

NE. 1alpha,25-dihydroxyvitamin D(3)-induced myeloid cell differ-

entiation is regulated by a vitamin D receptor-phosphatidylinositol

3-kinase signaling complex. J Exp Med. 1999;190:1583–1594.

53. Marcinkowska E, Kutner A. Side-chain modified vitamin D analogs

require activation of both PI 3-K and erk1,2 signal transduction path-

ways to induce differentiation of human promyelocytic leukemia

cells. Acta Biochim Pol. 2002;49:393–406.

54. Hughes PJ, Lee JS, Reiner NE, Brown G. The vitamin D receptor-

mediated activation of phosphatidylinositol 3-kinase (PI3Kalpha)

plays a role in the 1alpha,25-dihydroxyvitamin D3-stimulated in-

crease in steroid sulphatase activity in myeloid leukaemic cell lines.

J Cell Biochem. 2008;103:1551–1572.

55. Zhang Y, Zhang J, Studzinski GP. AKT pathway is activated by 1,

25-dihydroxyvitamin D3 and participates in its anti-apoptotic effect

and cell cycle control in differentiating HL60 cells. Cell Cycle.

2006;5:447–451.

56. Marcinkowska E, Wiedlocha A, Radzikowski C. Evidence that phos-

phatidylinositol 3-kinase and p70S6K protein are involved in differ-

entiation of HL-60 cells induced by calcitriol. Anticancer Res. 1998;

18:3507–3514.

57. Seibenhener ML, Wooten MW. Heterogeneity of protein kinase C

isoform expression in chemically induced HL60 cells. Exp Cell

Res. 1993;207:183–188.

58. Bertagnolo V, Marchisio M, Capitani S, Neri LM. Intranuclear trans-

location of phospholipase C beta2 during HL-60 myeloid differenti-

ation. Biochem Biophys Res Commun. 1997;235:831–837.

http://refhub.elsevier.com/S0301-472X(17)30050-4/sref21
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref21
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref21
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref22
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref22
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref23
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref23
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref23
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref23
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref24
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref24
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref24
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref25
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref25
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref25
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref25
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref26
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref26
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref26
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref26
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref27
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref27
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref27
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref28
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref28
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref28
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref28
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref29
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref29
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref29
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref30
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref30
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref30
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref31
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref31
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref31
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref32
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref32
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref32
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref33
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref33
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref33
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref33
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref33
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref34
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref34
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref34
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref35
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref35
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref35
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref35
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref36
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref36
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref36
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref36
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref37
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref37
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref37
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref37
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref37
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref38
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref38
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref38
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref39
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref39
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref39
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref39
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref40
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref40
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref40
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref40
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref40
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref41
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref41
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref41
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref41
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref42
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref42
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref43
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref43
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref44
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref44
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref44
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref45
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref45
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref45
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref46
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref46
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref46
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref46
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref47
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref47
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref48
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref48
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref48
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref49
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref49
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref50
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref50
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref50
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref51
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref51
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref51
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref52
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref52
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref52
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref52
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref53
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref53
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref53
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref53
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref54
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref54
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref54
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref54
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref54
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref55
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref55
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref55
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref55
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref56
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref56
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref56
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref56
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref57
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref57
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref57
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref58
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref58
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref58
http://dx.doi.org/10.1016/j.exphem.2017.01.007


11H. Cao et al./ Experimental Hematology 2017;50:1–12
59. Burke JR, Davern LB, Gregor KR, Owczarczak LM. Differentiation

of U937 cells enables a phospholipase D-dependent pathway of cyto-

solic phospholipase A2 activation. Biochem Biophys Res Commun.

1999;260:232–239.

60. Mellor H, Parker PJ. The extended protein kinase C superfamily.

Biochem J. 1998;332:281–292.

61. Tan SL, Parker PJ. Emerging and diverse roles of protein kinase C in

immune cell signalling. Biochem J. 2003;376:545–552.

62. Kang HK, Lee HY, Lee YN, et al. Up-regulation of phospholipase

Cgamma1 and phospholipase D during the differentiation of human

monocytes to dendritic cells. Int Immunopharmacol. 2004;4:

911–920.

63. Lopez-Lluch G, Fernandez-Ayala DJ, Alcain FJ, Buron MI, Quesada

JM, Navas P. Inhibition of COX activity by NSAIDs or ascorbate in-

creases cAMP levels and enhances differentiation in 1alpha,25-

dihydroxyvitamin D3-induced HL-60 cells. Arch Biochem Biophys.

2005;436:32–39.

64. Kim DS, Kim SH, Song JH, Chang YT, Hwang SY, Kim TS.

Enhancing effects of ceramide derivatives on 1,25-

dihydroxyvitamin D(3)-induced differentiation of human HL-60 leu-

kemia cells. Life Sci. 2007;81:1638–1644.

65. Liu M, Lee MH, Cohen M, Bommakanti M, Freedman LP. Transcrip-

tional activation of the Cdk inhibitor p21 by vitamin D3 leads to the

induced differentiation of the myelomonocytic cell line U937. Genes

Dev. 1996;10:142–153.

66. Yang J, Ikezoe T, Nishioka C, Ni L, Koeffler HP, Yokoyama A. Inhi-

bition of mTORC1 by RAD001 (everolimus) potentiates the effects

of 1,25-dihydroxyvitamin D(3) to induce growth arrest and differen-

tiation of AML cells in vitro and in vivo. Exp Hematol. 2010;38:

666–676.

67. Seol JG, Park WH, Kim ES, et al. Effect of a novel vitamin D3

analog, EB1089, on G1 cell cycle regulatory proteins in HL-60 cells.

Int J Oncol. 2000;16:315–320.

68. Rots NY, Iavarone A, Bromleigh V, Freedman LP. Induced differen-

tiation of U937 cells by 1,25-dihydroxyvitamin D3 involves cell cy-

cle arrest in G1 that is preceded by a transient proliferative burst and

an increase in cyclin expression. Blood. 1999;93:2721–2729.

69. Mathiasen IS, Lademann U, Jaattela M. Apoptosis induced by

vitamin D compounds in breast cancer cells is inhibited by Bcl-2

but does not involve known caspases or p53. Cancer Res. 1999;59:

4848–4856.

70. Shabahang M, Buras RR, Davoodi F, Schumaker LM, Nauta RJ,

Evans SR. 1,25-Dihydroxyvitamin D3 receptor as a marker of human

colon carcinoma cell line differentiation and growth inhibition. Can-

cer Res. 1993;53:3712–3718.

71. Simboli-Campbell M, Narvaez CJ, Tenniswood M, Welsh J. 1,25-

Dihydroxyvitamin D3 induces morphological and biochemical

markers of apoptosis in MCF-7 breast cancer cells. J Steroid Bio-

chem Mol Biol. 1996;58:367–376.

72. Nowak D, Stewart D, Koeffler HP. Differentiation therapy of leuke-

mia: 3 decades of development. Blood. 2009;113:3655–3665.

73. Kim M, Mirandola L, Pandey A, et al. Application of vitamin D and

derivatives in hematological malignancies. Cancer Lett. 2012;319:

8–22.

74. Baurska H, Kielbinski M, Biecek P, et al. Monocytic differentiation

induced by side-chain modified analogs of vitamin D in ex vivo cells

from patients with acute myeloid leukemia. Leuk Res. 2014;38:

638–647.

75. Zhou JY, Norman AW, Chen DL, Sun GW, Uskokovic M, Koeffler

HP. 1,25-Dihydroxy-16-ene-23-yne-vitamin D3 prolongs survival

time of leukemic mice. Proc Natl Acad Sci U S A. 1990;87:

3929–3932.

76. Erben RG, Zeitz U, Weber K, et al. A non-functioning vitamin D re-

ceptor predisposes to leukaemoid reactions in mice. Hematol Oncol.

2010;28:185–191.
77. Koeffler HP, Hirji K, Itri L. 1,25-Dihydroxyvitamin D3: in vivo and

in vitro effects on human preleukemic and leukemic cells. Cancer

Treat Rep. 1985;69:1399–1407.

78. Hellstrom E, Robert KH, Gahrton G, et al. Therapeutic effects of

low-dose cytosine arabinoside, alpha-interferon, 1 alpha-

hydroxyvitamin D3 and retinoic acid in acute leukemia and myelo-

dysplastic syndromes. Eur J Haematol. 1988;40:449–459.

79. Masuda S, Okano T, Noma K, et al. Bone marrow and serum concen-

trations of 25-hydroxyvitamin D, 24,25-dihydroxyvitamin D, and 1

alpha,25-dihydroxyvitamin D in patients with leukemia and normal

subjects. J Nutr Sci Vitaminol. 1989;35:211–223.

80. Takahashi T, Ichiba S, Okuno Y, et al. Therapeutic effectiveness of

vitamin D3 in patients with myelodysplastic syndromes, leukemias

and myeloproliferative disorders [Article in Japanese]. Rinsho Ket-

sueki. 1989;30:1–10.

81. Hellstrom E, Robert KH, Samuelsson J, et al. Treatment of myelo-

dysplastic syndromes with retinoic acid and 1 alpha-hydroxy-

vitamin D3 in combination with low-dose ara-C is not superior to

ara-C alone. Results from a randomized study. The Scandinavian

Myelodysplasia Group (SMG). Eur J Haematol. 1990;45:255–261.

82. Blazsek I, Farabos C, Musset M, et al. Retinoic acid in mono- or

combined differentiation therapy of myelodysplasia and acute pro-

myelocytic leukemia. Biomed Pharmacother. 1991;45:169–177.

83. Motomura S, Kanamori H, Maruta A, Kodama F, Ohkubo T. The ef-

fect of 1-hydroxyvitamin D3 for prolongation of leukemic

transformation-free survival in myelodysplastic syndromes. Am J

Hematol. 1991;38:67–68.

84. Petrini M, Caracciolo F, Corini M, Valentini P, Sabbatini AR, Grassi

B. Low-dose ARA-C and 1(OH) D3 administration in acute non

lymphoid leukemia: pilot study. Haematologica. 1991;76:200–203.

85. Slapak CA, Desforges JF, Fogaren T, Miller KB. Treatment of acute

myeloid leukemia in the elderly with low-dose cytarabine, hydroxy-

urea, and calcitriol. Am J Hematol. 1992;41:178–183.

86. De Rosa L, Montuoro A, De Laurenzi A. Therapy of ‘high risk’ mye-

lodysplastic syndromes with an association of low-dose Ara-C, reti-

noic acid and 1,25-dihydroxyvitamin D3. Biomed Pharmacother.

1992;46:211–217.

87. Ferrero D, Bruno B, Pregno P, et al. Combined differentiating therapy

for myelodysplastic syndromes: a phase II study. Leuk Res. 1996;20:

867–876.

88. Mellibovsky L, Diez A, Perez-Vila E, et al. Vitamin D treatment in

myelodysplastic syndromes. Br J Haematol. 1998;100:516–520.

89. Hirri HM, Green RJ. Myelodysplasia and bone marrow fibrosis

treated with calcitriol and venesection. Leuk Lymphoma. 2002;43:

1489–1491.

90. Ferrero D, Campa E, Dellacasa C, Campana S, Foli C, Boccadoro M.

Differentiating agents þ low-dose chemotherapy in the management

of old/poor prognosis patients with acute myeloid leukemia or mye-

lodysplastic syndrome. Haematologica. 2004;89:619–620.

91. Koeffler HP, Aslanian N, O’Kelly J. Vitamin D(2) analog (paricalci-

tol; Zemplar) for treatment of myelodysplastic syndrome. Leuk Res.

2005;29:1259–1262.

92. Yamada K, Mizusawa M, Harima A, et al. Induction of remission of

relapsed acute myeloid leukemia after unrelated donor cord blood

transplantation by concomitant low-dose cytarabine and calcitriol

in adults. Eur J Haematol. 2006;77:345–348.

93. Siitonen T, Timonen T, Juvonen E, et al. Valproic acid combined with

13-cis retinoic acid and 1,25-dihydroxyvitamin D3 in the treatment

of patients with myelodysplastic syndromes. Haematologica. 2007;

92:1119–1122.

94. Petrich A, Kahl B, Bailey H, Kim K, Turman N, Juckett M. Phase II

study of doxercalciferol for the treatment of myelodysplastic syn-

drome. Leuk Lymphoma. 2008;49:57–61.

95. Ferrero D, Darbesio A, Giai V, et al. Efficacy of a combination of hu-

man recombinant erythropoietin þ 13-cis-retinoic acid and

http://refhub.elsevier.com/S0301-472X(17)30050-4/sref59
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref59
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref59
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref59
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref60
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref60
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref61
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref61
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref62
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref62
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref62
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref62
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref63
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref63
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref63
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref63
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref63
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref64
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref64
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref64
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref64
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref65
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref65
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref65
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref65
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref66
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref66
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref66
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref66
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref66
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref67
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref67
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref67
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref68
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref68
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref68
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref68
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref69
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref69
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref69
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref69
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref70
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref70
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref70
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref70
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref71
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref71
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref71
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref71
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref72
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref72
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref73
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref73
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref73
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref74
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref74
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref74
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref74
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref75
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref75
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref75
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref75
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref76
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref76
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref76
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref77
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref77
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref77
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref78
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref78
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref78
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref78
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref79
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref79
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref79
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref79
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref80
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref80
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref80
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref80
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref81
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref81
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref81
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref81
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref81
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref82
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref82
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref82
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref83
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref83
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref83
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref83
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref84
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref84
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref84
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref85
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref85
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref85
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref86
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref86
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref86
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref86
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref87
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref87
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref87
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref88
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref88
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref89
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref89
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref89
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref90
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref90
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref90
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref90
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref90
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref91
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref91
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref91
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref92
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref92
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref92
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref92
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref93
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref93
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref93
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref93
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref94
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref94
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref94
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://dx.doi.org/10.1016/j.exphem.2017.01.007


12 H. Cao et al./ Experimental Hematology 2017;50:1–12
dihydroxylated vitamin D3 to improve moderate to severe anaemia in

low/intermediate risk myelodysplastic syndromes. Br J Haematol.

2009;144:342–349.

96. Akiyama N, Miyazawa K, Kanda Y, et al. Multicenter phase II trial

of vitamin K(2) monotherapy and vitamin K(2) plus 1alpha-hydrox-

yvitamin D(3) combination therapy for low-risk myelodysplastic

syndromes. Leuk Res. 2010;34:1151–1157.

97. Crisa E, Foli C, Passera R, et al. Long-term follow-up of myelodys-

plastic syndrome patients with moderate/severe anaemia receiving

human recombinant erythropoietin þ 13-cis-retinoic acid and dihy-

droxylated vitamin D3: independent positive impact of erythroid

response on survival. Br J Haematol. 2012;158:99–107.

98. Paubelle E, Zylbersztejn F, Alkhaeir S, et al. Deferasirox and vitamin

D improves overall survival in elderly patients with acute myeloid

leukemia after demethylating agents failure. PLoS One. 2013;8:

e65998.

99. Miyazawa K, Nishimaki J, Ohyashiki K, et al. Vitamin K2 therapy

for myelodysplastic syndromes (MDS) and post-MDS acute myeloid

leukemia: information through a questionnaire survey of multi-center

pilot studies in Japan. Leukemia. 2000;14:1156–1157.

100. Abe Y, Muta K, Hirase N, et al. Vitamin K2 therapy for myelodys-

plastic syndrome. [Article in Japanese]. Rinsho Ketsueki. 2002;43:

117–121.

101. Takami A, Asakura H, Nakao S. Menatetrenone, a vitamin K2

analog, ameliorates cytopenia in patients with refractory anemia of

myelodysplastic syndrome. Ann Hematol. 2002;81:16–19.

102. Yaguchi M, Miyazawa K, Katagiri T, et al. Vitamin K2 and its deriv-

atives induce apoptosis in leukemia cells and enhance the effect of

all-trans retinoic acid. Leukemia. 1997;11:779–787.

103. Nishimaki J, Miyazawa K, Yaguchi M, et al. Vitamin K2 induces

apoptosis of a novel cell line established from a patient with myelo-

dysplastic syndrome in blastic transformation. Leukemia. 1999;13:

1399–1405.

104. Miyazawa K, Yaguchi M, Funato K, et al. Apoptosis/differentiation-

inducing effects of vitamin K2 on HL-60 cells: dichotomous nature

of vitamin K2 in leukemia cells. Leukemia. 2001;15:1111–1117.
105. Funato K, Miyazawa K, Yaguchi M, Gotoh A, Ohyashiki K. Combi-

nation of 22-oxa-1,25-dihydroxyvitamin D(3), a vitamin D(3) deriv-

ative, with vitamin K(2) (VK2) synergistically enhances cell

differentiation but suppresses VK2-inducing apoptosis in HL-60

cells. Leukemia. 2002;16:1519–1527.

106. Iguchi T, Miyazawa K, Asada M, Gotoh A, Mizutani S, Ohyashiki K.

Combined treatment of leukemia cells with vitamin K2 and

1alpha,25-dihydroxy vitamin D3 enhances monocytic differentiation

along with becoming resistant to apoptosis by induction of cyto-

plasmic p21CIP1. Int J Oncol. 2005;27:893–900.

107. Yoshida Y, Oguma S, Uchino H, Maekawa T, Nomura T. A random-

ized study of alfacalcidol in the refractory myelodysplastic anaemias.

A Japanese cooperative study. Int J Clin Pharmacol Res. 1993;13:

21–27.

108. Pakkala S, de Vos S, Elstner E, et al. Vitamin D3 analogs: effect on

leukemic clonal growth and differentiation, and on serum calcium

levels. Leuk Res. 1995;19:65–72.

109. Yao W, Lane NE. Targeted delivery of mesenchymal stem cells to the

bone. Bone. 2015;70:62–65.

110. Kumar S, Ponnazhagan S. Bone homing of mesenchymal stem cells

by ectopic alpha 4 integrin expression. FASEB J. 2007;21:3917–

3927.

111. Karlic H, Varga F. Impact of vitamin D metabolism on clinical epi-

genetics. Clin Epigenetics. 2011;2:55–61.

112. Von Hoff DD, Slavik M, Muggia FM. 5-Azacytidine. A new anti-

cancer drug with effectiveness in acute myelogenous leukemia.

Ann Intern Med. 1976;85:237–245.

113. Christman JK, Mendelsohn N, Herzog D, Schneiderman N. Ef-

fect of 5-azacytidine on differentiation and DNA methylation

in human promyelocytic leukemia cells (HL-60). Cancer Res.

1983;43:763–769.

114. Radujkovic A, Schnitzler P, Ho AD, Dreger P, Luft T. Low serum

vitamin D levels are associated with shorter survival after first-line aza-

citidine treatment in patients with myelodysplastic syndrome and sec-

ondary oligoblastic acute myeloid leukemia. Clin Nutr. 2016; http:

//dx.doi.org/10.1016/j.clnu.2016.01.021 [Epub ahead of print].

http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref95
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref96
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref96
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref96
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref96
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref97
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref98
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref98
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref98
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref98
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref99
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref99
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref99
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref99
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref100
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref100
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref100
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref101
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref101
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref101
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref102
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref102
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref102
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref103
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref103
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref103
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref103
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref104
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref104
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref104
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref105
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref105
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref105
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref105
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref105
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref106
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref106
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref106
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref106
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref106
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref107
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref107
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref107
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref107
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref108
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref108
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref108
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref109
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref109
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref110
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref110
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref110
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref111
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref111
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref112
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref112
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref112
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref113
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref113
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref113
http://refhub.elsevier.com/S0301-472X(17)30050-4/sref113
http://dx.doi.org/10.1016/j.clnu.2016.01.021
http://dx.doi.org/10.1016/j.clnu.2016.01.021
http://dx.doi.org/10.1016/j.exphem.2017.01.007

	Application of vitamin D and vitamin D analogs in acute myelogenous leukemia
	Vitamin D metabolism: Local and systemic regulation
	Systemic function of 1,25-D3 through renal 1α-hydroxylase expression
	Autocrine/paracrine function of 1,25-D3 through extrarenal 1α-hydroxylase expression
	Role of 1,25-D3 in epigenetic modification and cancer treatment

	Vitamin D and AML
	Preclinical experience with 1,25-D3 and its VDAs in AML
	In vitro studies
	General mechanism
	Role of 1,25-D3 in cellular differentiation
	Role of 1,25-D3 in cell cycle arrest and apoptosis
	Selective sensitivities of AML subtypes to 1,25-D3 and VDA-induced differentiation in vitro and ex vivo

	In vivo studies

	Clinical experience with 1,25-D3 and its VDAs in AML

	Future directions and possible solutions
	Conclusion
	Acknowledgments
	Conflict of interest disclosure
	References


