e nutrients

A Commemorative /
Issue in Honor of
Centennial of the
Discovery of Vitamin D

The Central Role of Vitamin D in Physiology

Edited by
Carsten Carlberg

Printed Edition of the Special Issue Published in Nutrients

7z
www.mdpi.com/journal/nutrients rM\D\Py



A Commemorative Issue in Honor of
Centennial of the Discovery of

Vitamin D-The Central Role of
Vitamin D in Physiology






A Commemorative Issue in Honor of
Centennial of the Discovery of

Vitamin D-The Central Role of
Vitamin D in Physiology

Editor
Carsten Carlberg

MDPT e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editor

Carsten Carlberg

University of Eastern Finland
Finland

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Nutrients (ISSN 2072-6643) (available at: https:/ /www.mdpi.com/journal /nutrients/special_issues/

commemorative_vitamin_Dr).

For citation purposes, cite each article independently as indicated on the article page online and as
indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-6918-5 (Hbk)
ISBN 978-3-0365-6919-2 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Editor . . . . . . . . . . ..

Preface to “A Commemorative Issue in Honor of Centennial of the Discovery of Vitamin
D-The Central Role of Vitamin D in Physiology” . . . . . .. ... .................

Carsten Carlberg
A Pleiotropic Nuclear Hormone Labelled Hundred Years Ago Vitamin D
Reprinted from: Nutrients 2023, 15,171, d0i:10.3390/nu15010171 . . . . . . ... ... ... .. ..

Michael F. Holick

The One-Hundred-Year Anniversary of the Discovery of the Sunshine Vitamin D3: Historical,
Personal Experience and Evidence-Based Perspectives

Reprinted from: Nutrients 2023, 15, 593, d0i:10.3390/nul15030593 . . . . . ... ... ... ... ..

Carsten Carlberg
Vitamin D in the Context of Evolution
Reprinted from: Nutrients 2022, 14, 3018, d0i:10.3390/nu14153018 . . . . .. ... .. ... .. ..

Shahid Hussain, Clayton Yates and Moray J. Campbell
Vitamin D and Systems Biology
Reprinted from: Nutrients 2022, 14,5197, d0i:10.3390/nu14245197 . . . . . . ... ... ... ...

Carsten Carlberg
Vitamin D and Its Target Genes
Reprinted from: Nutrients 2022, 14, 1354, d0i:10.3390/nul4071354 . . . . .. ... ... ... ...

Natacha Rochel
Vitamin D and Its Receptor from a Structural Perspective
Reprinted from: Nutrients 2022, , 2847, doi:10.3390/nul4142847 . . . . .. ... ... .. .. ...

Miguel A. Maestro and Samuel Seoane

The Centennial Collection of VDR Ligands: Metabolites, Analogs, Hybrids and
Non-Secosteroidal Ligands

Reprinted from: Nutrients 2022, 14,4927, d0i:10.3390/nul4224927 . . . . .. ... ... ... ...

Michat A. Zmijewski
Nongenomic Activities of Vitamin D
Reprinted from: Nutrients 2022, 14,5104, doi:10.3390/nu14235104 . . . . .. ... ... ... ...

James C. Fleet
Vitamin D-Mediated Regulation of Intestinal Calcium Absorption
Reprinted from: Nutrients 2022, 14, 3351, d0i:10.3390/nu14163351 . . . . .. ... ... ... ...

René St-Arnaud, Alice Arabian, Dila Kavame, Martin Kaufmann and Glenville Jones
Vitamin D and Diseases of Mineral Homeostasis: A Cyp24al R396W Humanized Preclinical
Model of Infantile Hypercalcemia Type 1

Reprinted from: Nutrients 2022, 14, 3221, d0i:10.3390/nu14153221 . . . . .. ... ... ... ...

Marjolein van Driel and Johannes P. T. M. van Leeuwen
Vitamin D and Bone: A Story of Endocrine and Auto/Paracrine Action in Osteoblasts
Reprinted from: Nutrients 2023, 15, 480, d0i:10.3390/nul15030480 . . . . . .. ... ... ... ...



Nejla Latic and Reinhold G. Erben

Interaction of Vitamin D with Peptide Hormones with Emphasis on Parathyroid Hormone,
FGF23, and the Renin-Angiotensin-Aldosterone System

Reprinted from: Nutrients 2022, 14, 5186, d0i:10.3390/nul4235186 . . . . .. ... ... ... ...

Guillaume T. Duval, Anne-Marie Schott, Dolores Sinchez-Rodriguez, Frangois R. Herrmann
and Cédric Annweiler

Month-of-Birth Effect on Muscle Mass and Strength in Community-Dwelling Older Women:
The French EPIDOS Cohort

Reprinted from: Nutrients 2022, 14, 4874, doi:10.3390/nu14224874 . . . . . . ... ... ... ...

Shariq Qayyum, Radomir M. Slominski, Chander Raman and Andrzej T. Slominski

Novel CYP11Al-Derived Vitamin D and Lumisterol Biometabolites for the Management of
COVID-19

Reprinted from: Nutrients 2022, 14,4779, doi:10.3390/nul422477 . . . . . . . ... ... ... ...

Juhi Arora, Devanshi R. Patel, McKayla J. Nicol, Cassandra J. Field, Katherine H. Restori,
Jinpeng Wang, Nicole E. Froelich, et al.

Vitamin D and the Ability to Produce 1,25(0OH),D Are Critical for Protection from Viral Infection
of the Lungs

Reprinted from: Nutrients 2022, 14, 3061, d0i:10.3390/nu14153061 . . . . .. ... .. ... .. ..

Hadeil M. Alsufiani, Shareefa A. AlIGhamdi, Huda F. AlShaibi, Sawsan O. Khoja, Safa F. Saif
and Carsten Carlberg

A Single Vitamin D3 Bolus Supplementation Improves Vitamin D Status and Reduces
Proinflammatory Cytokines in Healthy Females

Reprinted from: Nutrients 2022, 14, 3963, d0i:10.3390/nu14193963 . . . . .. ... ... ... ...

Alberto Muiioz and William B. Grant
Vitamin D and Cancer: An Historical Overview of the Epidemiology and Mechanisms
Reprinted from: Nutrients 2022, 14, 1448, doi:10.3390/nu14071448 . . . . .. ... ... ... ...

Karina Piatek, Martin Schepelmann and Eniké Kallay
The Effect of Vitamin D and Its Analogs in Ovarian Cancer
Reprinted from: Nutrients 2022, 14, 3867, d0i:10.3390/nul4183867 . . . . .. ... ... ... ...

Ewa Marcinkowska
Vitamin D Derivatives in Acute Myeloid Leukemia: The Matter of Selecting the Right Targets
Reprinted from: Nutrients 2022, 14,2851, doi:10.3390/nu14142851 . . . . .. ... .. ... .. ..

Xiaoying Cui and Darryl W. Eyles

Vitamin D and the Central Nervous System: Causative and Preventative Mechanisms in Brain
Disorders

Reprinted from: Nutrients 2022, 14, 4353, d0i:10.3390/nu14204353 . . . . . . ... .. ... .. ..

William B. Grant, Barbara J. Boucher, Fatme Al Anouti and Stefan Pilz

Comparing the Evidence from Observational Studies and Randomized Controlled Trials for
Nonskeletal Health Effects of Vitamin D

Reprinted from: Nutrients 2022, 14, 3811, doi:10.3390/nu1418381 . . . . . . . ... ... ... ...

Elina Hypponen, Karani S. Vimaleswaran and Ang Zhou

Genetic Determinants of 25-Hydroxyvitamin D Concentrations and Their Relevance to Public
Health

Reprinted from: Nutrients 2022, 14, 4408, doi:10.3390/nu14204408 . . . . .. ... ... ... ...

vi



About the Editor

Carsten Carlberg

Carsten Carlberg graduated in 1989 with a PhD in biochemistry from the Free University Berlin
(Germany). After holding positions as a postdoc at Roche (Basel, Switzerland), a group leader at the
University of Geneva (Switzerland), and a docent at the University of Diisseldorf (Germany) he is,
since 2000, a full professor of biochemistry at the University of Eastern Finland in Kuopio (Finland)
and, since 2022, ERA chair for nutrigenomics at the Polish Academy of Sciences in Olsztyn (Poland).
His work focuses on mechanisms of gene regulation by nuclear hormones, in particular on vitamin D.
At present, Prof. Carlberg focuses projects on the epigenome-wide effects of vitamin D on the human

immune system in the context of cancer.

vii






Preface to ”A Commemorative Issue in Honor of
Centennial of the Discovery of Vitamin D-The
Central Role of Vitamin D in Physiology”

In 2022, we celebrated the 100 year anniversary of the naming of vitamin D by Dr. McCollum.
At the beginning of the last century, small molecules were found to cure several diseases caused
by nutritional deficiencies and were, therefore, termed vitamins. Vitamin D received the index “D”
because it was the fourth vitamin named after vitamins called A, B, and C. The specific purpose
of vitamin D was described as the protection of bone growth and the prevention of rickets. In the
last 100 years, tremendous advances in the understanding of the physiological role and mechanisms
of action have been achieved. Vitamin D2 was identified in 1932 and vitamin D3 was identified
in 1937, but it took until 1978 to prove that vitamin D3 is synthesized in human skin after UV-B
irradiation. At the beginning of the 1960s, 1,25(0OH)2D3 (calcitriol) was found to be a biologically
active form of vitamin D. The vitamin D receptor (VDR) was isolated in 1969, and its gene was cloned
in 1987. This was the basis for understanding vitamin D as a direct regulator of hundreds of genes
in various tissues. VDR'’s ligand-binding domain was crystalized in 2000, and since 2010, we know
VDR'’s genome-wide binding pattern in various cellular models. In parallel, 1,25(0OH)2D3 and its
synthetic analogues have been known since the early 1980s as regulators of monocyte differentiation
during hematopoiesis as well as inhibitors of cellular proliferation in various in vitro and in vivo
models. Today, it is obvious that an appropriate vitamin D status is essential for maintaining the
health and well-being of everyone. Thus, vitamin D3 does not only regulate our calcium level in
order to allow proper bone formation, but it also modulates our immune system and, in this way,
indirectly protects us from cancer.

This vitamin D centenary issue provides a fantastic opportunity to present recent developments
and the latest research in the fascinating broad range of today’s vitamin D biology, from evolution
to systems biology. In 21 articles, leading authors in the field presented original work and review

articles to the whole biomedical community.

Carsten Carlberg
Editor
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This year we are celebrating 100 years of the naming of vitamin D, but the molecule
is, in fact, more than one billion years old [1]. Nutrition Bulletin and Endocrine Connections
are also honoring the centenary of vitamin D’s discovery, but with 21 original publica-
tions and review articles written by experts in the field, Nutrients represents the largest
collection [1-21].

At the beginning of the last century, small molecules were found to cure several
diseases caused by nutritional deficiencies and were, therefore, termed vitamins. These
diseases are xerophthalmia (a clinical spectrum ranging from night blindness to complete
blindness), anemias, and neurological disorders, such as beriberi and scurvy (a disability
affecting the repair of bone, skin, and connective tissue), which can be healed and prevented
using the supplementation of vitamins A, B and C, respectively. Thus, when McCollum
and colleagues demonstrated in 1922 that experimentally induced rickets in rats could be
cured by a factor isolated from cod liver oil, they followed the nomenclature termed and
named it vitamin D [22].

The term “vitamin” implies that these molecules should be regularly supplied as part
of our diet or as pills. However, some vitamins can be endogenously produced by our
bodies, such as vitamin D3 in UV-B-exposed skin [23]. Thus, changes in our lifestyle, such as
spending more time indoors, wearing clothes outdoors, and living at latitudes with seasonal
variations of UV-B intensity, made vitamin D a vitamin. The insufficient production or
supplementation of vitamin D3 causes a low vitamin D status, which is determined by
the serum concentration of the most stable vitamin D3 metabolite, 25-hydroxyvitamin Dj
(25(OH)D3). Severe vitamin D deficiency, defined as 25(OH)D3 serum levels below 30 nM
(12ng/mL), can lead to bone malformations, such as rickets in children and osteomalacia
in adults [24], and at all ages, lead to a malfunctioning immune system [25]. The latter
may increase the risk for severe consequences of infectious diseases, such as COVID-19
(coronavirus disease) [26] or tuberculosis [27], as well as for the onset and progression of
autoimmune diseases, such as type 1 diabetes [28] and multiple sclerosis [29].

Vitamin D and vitamin A differ from other vitamins due to the interesting property
that a few metabolic steps can convert them into nuclear hormones that bind with high
affinity to members of the nuclear receptor superfamily [17]. In the case of vitamin D3,
this is the metabolite 1,25-dihydroxyvitamin D3 (1,25(0OH),D3) activating the transcription
factor VDR (vitamin D receptor) [4]. In fact, 1,25(OH),;D3 binds to VDR with a Kp of
0.1 nM, which is a significantly higher affinity than that of other nuclear receptors for their
specific ligands. This suggests that the genomic signaling of 1,25(0OH),D3 via VDR is the
predominant means of vitamin D’s mechanism of action [30]. However, there are also
indications for non-genomic vitamin D signaling [19] as well as the biological activity of
vitamin D metabolites other than 1,25(OH),Dj [16].

In genomic signaling, in all VDR-expressing tissues and cell types, vitamin D controls
the transcription of hundreds of target genes [4]. The Genotype-Tissue Expression (GTEx)
project provides gene expression data from 54 tissues obtained from 948 post-mortem
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donors [31]. The selected tissues are representative of more than 400 tissues and cell types
that constitute our body. At present, the publicly available dataset (https://gtexportal.org)
(accessed on 12 December 2022) is the gold standard for comparing tissue-specific gene
expression. The expression of the VDR gene is highest in the skin, intestines, and colon and
lowest in different regions of the brain (Figure 1). In other tissues, such as the blood and
kidneys, the VDR gene shows intermediate levels of expression. The shortcut interpretation
of this gene expression panel is that vitamin D, via the activation of VDR, primarily impacts
the tissue of its synthesis and that its main action is in the gut, while in the brain, it may have
no direct function. However, one has to distinguish the role of vitamin D as a controller of
calcium transport in the gut [7] from its regulatory function, e.g., in the immune system [3].
Therefore, immune cells may not need as many VDR proteins as intestinal cells.
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Figure 1. Expression of the VDR gene in 54 different human tissues. Normalized RNA sequencing
(RNA-seq) data are shown in TPM (transcripts per million), where all isoforms were collapsed into a
single gene. Box plots display the median as well as 25th and 75th percentiles. Points indicate outliers
that are 1.5 times above or below interquartile range. Data are based on GTEx analysis release V8
(dbGaP Accession phs000424.v8.p2) [31].

From an evolutionary perspective, the calcium-absorbing and bone-remodeling func-
tion of vitamin D (Figure 2) was obtained less than 400 million years ago, when species
left the ocean and needed a stable skeleton [1]. Thus, the best-known role of vitamin
D was not why evolution created vitamin D endocrinology. However, regarding this
physiological function, VDR and its ligand became dominant regulators [7,20]. In this
context, vitamin D learned to control the expression of parathyroid hormone (PTH) and
fibroblast growth factor 23 (FGF23) [11]. The peptide hormones are expressed in the
parathyroid gland and osteocytes, respectively, and up- and down-regulate the production
of 1,25(OH), D3 (Figure 2).

Most likely, the first function of VDR was the regulation of energy metabolism [32].
Energy is essential for basically all biological processes, but particularly for the function of
innate and adaptive immunity [33]. Vitamin D and its receptor obtained via the control of
immunometabolism a modulatory role on immunity [34] (Figure 2).

Taken together, despite the story of its naming, vitamin D is not only a vitamin that
prevents bone malformations. In contrast, via 1,25(0OH),Dj3, vitamin D is a direct regulator
of gene expression, resulting in pleiotropic physiological functions.
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Figure 2. Pleiotropic physiological functions of vitamin D. Vitamin D3 (center) can be produced
endogenously in UV-B exposed skin. Via its metabolite 1,25(OH), D3, vitamin D3 activates VDR in
various tissues and cell types, where it regulates the indicated major physiological functions.
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Abstract: The discovery of a fat-soluble nutrient that had antirachitic activity and no vitamin A
activity by McCollum has had far reaching health benefits for children and adults. He named
this nutrient vitamin D. The goal of this review and personal experiences is to give the reader
a broad perspective almost from the beginning of time for how vitamin D evolved to became
intimately involved in the evolution of land vertebrates. It was the deficiency of sunlight causing the
devastating skeletal disease known as English disease and rickets that provided the first insight as to
the relationship of sunlight and the cutaneous production of vitamin Ds. The initial appreciation that
vitamin D could be obtained from ultraviolet exposure of ergosterol in yeast to produce vitamin D,
resulted in the fortification of foods with vitamin D, and the eradication of rickets. Vitamin D3 and
vitamin D, (represented as D) are equally effective in humans. They undergo sequential metabolism
to produce the active form of vitamin D, 1,25-dihydroxyvitamin D. It is now also recognized that
essentially every tissue and cell in the body not only has a vitamin D receptor but can produce
1,25-dihydroxyvitamin D. This could explain why vitamin D deficiency has now been related to many
acute and chronic illnesses, including COVID-19.

Keywords: vitamin D; McCollum; sunlight; rickets; 25-hydroxyvitamin D; 1,25-dihydroxyvitamin D;
food fortification; vitamin D receptor; vitamin D,; vitamin D3; COVID-19

1. Prequel

The sunshine vitamin D is likely to be the oldest hormone to be produced almost
from the beginning of time when eukaryotes began to evolve in the oceans more than
1-1/2 billion years ago. The first evidence for this was the observation that a phytoplank-
ton species Emiliania huxlei, which has existed for more than 750 million years unchanged
in the Sargasso Sea, contained ergosterol (provitamin D,; 1 mcg/g dry weight), which
was converted to previtamin D, when exposed to simulated sunlight. Why these early
eukaryotic organisms would contain such a large amount of ergosterol and produce vitamin
D, is unknown. It has been speculated that early photosynthetic eukaryotes that required
sun exposure for their energy source were also at risk of being exposed to ultraviolet radia-
tion (UV) that could damage their precious DNA, RNA and proteins. The UV absorption
spectra for provitamin D,, previtamin D, and vitamin D, have high-extinction coefficients
that completely overlap the UV-absorption spectra for these UV-sensitive macromolecules,
thereby protecting them from solar ultraviolet radiation damage. It was also suggested that
ergosterol in the plasma membrane not only served as an ideal sunscreen but also, upon
exposure to ultraviolet radiation, was converted to previtamin D,. Previtamin D,, which
is a planar structure embedded into the membrane, is thermally unstable and isomerizes
into a non-planar vitamin D, structure. This process would have caused a significant
structural change in the bilipid layer of the plasma membrane, resulting in vitamin D,
being released into the environment. This process would have opened a tiny pore in the
membrane that could have permitted the entrance of calcium and other cations into the
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cell. This could help explain why sunlight, vitamin D and calcium are so intimately related.
When vertebrate life forms left the oceans for terra firma, they were leaving a calcium-rich
environment into a poor calcium environment. It is possible that the association of the
production of vitamin D, in the plasma membrane of a phytoplankton, permitting the
entrance of calcium into the cell, may have been taken advantage of in land vertebrates.
During exposure to sunlight, land vertebrates would have produced vitamin D3 in their
skin, which would have entered their circulation and increased the efficiency of calcium
absorption. Although it is unknown when vitamin D3 was first metabolized and activated,
it is likely that this occurred as marine vertebrates began to leave the oceans and explore
and ultimately dominate terra firma. Most vertebrates require sunlight for their vitamin D
requirement to maintain a healthy skeleton. Some species such as cats, other heavily furred
vertebrates, and mole rats obtain their vitamin D from dietary sources. Fish-eating bats and
vampire bats easily obtain an adequate amount of vitamin D from their diet, and recently,
it was reported that insects, including mosquitoes exposed to sunlight, produce vitamin Ds
and are excellent dietary sources for insect-eating bats [1-4].

2. The Discovery of the Sunshine Vitamin D

By the 16th century, there was a migration of the population into crowded and air-
polluted cities (Figure 1). Simultaneous with this migration was the appearance of a
devastating crippling bone-deforming disorder that affected most of the children.

Figure 1. Photograph from Glasgow, Great Britain, in about 1870 showing that the buildings are built
near each other. Ref. [5] Holick, copyright 1994. Reproduced with permission.

In 1650, Glisson, DeBoot and Whistler published their observations and concluded that
this was a distinct disease that caused deformities of the skeleton, including enlargement
of the joints of the long bones and rib cage, curvature of the spine and thighs, short
stature, generalized muscle weakness and enlargement of the head (Figure 2). This disease,
commonly known as rickets or English disease, continued to spread throughout European
cities, and when the industrial revolution arrived in the 19th century, rickets became
endemic in the northeastern United States. By the 20th century, it was estimated based
on autopsy studies performed in Boston and Leiden that between 80-90% of children
living in industrialized cities in Europe and the United States were suffering from this
catastrophic bone-softening skeletal disorder. Besides causing bone deformities and growth
retardation, vitamin D deficiency also gave rise to a flattened deformed pelvis with a small
pelvic outlet in females of childbearing age. As a result, young women had a difficult
time with child birthing, often experiencing serious complications including death of both
the mom and newborn. In 1889, Murdock Cameron, a Scottish surgeon, began routinely
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performing C-sections to save both the mother and infant from a prolonged, difficult, and
life-threatening childbirth [6-8].

Figure 2. Skeletal deformities observed in rickets. (A) Photograph from the 1930s of a sister (left)
and brother (right), aged 10 mo and 2.5 y, respectively, showing enlargement of the ends of the
bones at the wrist, carpopedal spasm, and a typical “Taylorwise” posture of rickets. (B) The same
brother and sister 4 y later, with classic knock knees (genu valgum) and bowed legs (genu varum),
growth retardation, and other skeletal deformities. Ref. [7] Holick, copyright 2006. Reproduced
with permission.

The first association relating inadequate sunlight exposure as a cause for rickets was
made by the Polish physician scientist Sniadecki in 1822 [9]. He connected the dots and
realized that children living in industrialized Warsaw who were not exposed to direct
sunlight were plagued with rickets, whereas children who lived in rural farm areas and
were outdoors and exposed to sunlight had no evidence of this bone-deforming disease.
This was followed by Palm who in 1890 recognized that the lack of sunlight was a common
denominator that could be associated with the high incidence of rickets in children living
in the inner cities in Great Britain when compared to children living in underdeveloped
countries [10]. He encouraged systematic sunbathing as a means for preventing and curing
rickets, as did Sniadecki [9].

It was common folklore in the 19th century in fishing communities on the coast of
England to give their children cod liver oil as a way of preventing rickets. Bretonneau
in 1827 treated a 15-month-old child with severe rickets with cod liver oil and noted the
incredible speed at which the patient was cured. His student Trousseau further demon-
strated that oils from aquatic mammals including seals and whales as well as oily fish
including herring were also effective in treating rickets [7,8]. These observations suggested
that rickets was caused by a nutritional deficiency. Finally, in 1918, Mellanby reported that
he could produce rickets in beagles by placing them on an oatmeal diet and then reversing
the disease by giving them cod liver oil [11]. This observation convinced the scientific
community that rickets was caused by a nutritional deficiency and the hunt was on to
determine what nutrient was deficient. It was originally concluded that vitamin A in cod
liver oil was responsible for its antirachitic activity. However, Elmer McCollum, who had
discovered vitamin B, was not convinced that the antirachitic factor was vitamin A. It was
known, based on the observation by Hopkins, that vitamin A was very sensitive to heat and
could easily be destroyed by heating and aerating it [8]. McCollum used this information
and conducted a study where he aerated and heated cod liver oil and demonstrated that
it no longer had vitamin A activity but was still capable of healing rickets. This eureka
discovery resulted in McCollum naming this new nutrient vitamin D [12].

At the same time, sunlight was beginning to be appreciated for its health-promoting
properties. For his observations that direct sunlight exposure was effective in treating
cutaneous tuberculosis and other skin disorders, Finsen received the Nobel Prize in 1903 [8].
In 1919, Huldschinski demonstrated that exposing children to radiation from a sun quartz
lamp (mercury arc lamp) or carbon arc lamp resulted in marked increases in the mineral-
ization of the long bones in the children’s X-rays. He evaluated a similar group of children
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not exposed to his lamps and reported no significant change in their X-rays. (Figure 3) He
concluded that exposure to ultraviolet (UV) radiation was an infallible remedy against all
forms of rickets in children. He also exposed one arm of some children to one of his lamps
and demonstrated that the improvements in the mineralization in the X-rays of the children
were identical in both arms. He concluded that the UV exposure to the skin was causing
some type of photochemical reaction, producing a substance that entered the circulation
and had a systemic effect on the skeleton [13,14]. These observations prompted Alfred Hess
to expose seven rachitic children in New York City to varying periods of sunshine, and he
reported marked improvement in rickets of each child as evidenced by calcification of their
epiphyses (growth plates at the end of the long bones). He also concluded that children
of color were at higher risk for developing rickets and required longer exposure times to
sunlight to have the same effect that was observed in white children [15] (Figure 4).
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Figure 3. Photographs of researchers who made crucial contributions to vitamin D and rickets
research. (A) Jedrzej Sniadecki, (B) Kurt Huldschinsky, (C) Alfred Hess, (D) Harry Steenbock, and
(E) Elmer McCullum. Ref. [8] Holick, copyright 2013. Reproduced with permission.

Bl l
Figure 4. UV radiation therapy for rickets. (A) Photograph from the 1920s of a child with rickets
being exposed to UV radiation. (B) Radiographs demonstrating florid rickets of the hand and wrist

(left) and the same wrist and hand taken after treatment with 1 h UV radiation 2 times per week
for 8 weeks. Note mineralization of the carpal bones and epiphyseal plates (right). Ref. [7] Holick,

copyright 2006. Reproduced with permission.

These two disparate observations for the cure of rickets caused confusion. In 1921,
Powers et al. fed a rachitic diet to rats and demonstrated that exposure to ultraviolet
radiation was effective in preventing rickets, similar to dietary vitamin D [16]. However,
the true appreciation for the health benefits of preventing rickets by exposing foods to
UV radiation did not occur until 1924. Steenbock and Hess independently reported that
exposure of foods, cotton seed and corn oil and especially the sterol fraction of foods
with UV radiation produced antirachitic activity in rodents and chickens. Whereas Hess
commented that “the question of the therapeutic value of this procedure is of secondary
importance”, Steenbock patented the process for the UV irradiation of foods and other
substances as a means of increasing their antirachitic properties. These included yeasts,
cereals, grain, oils, fats, butter and milk. The dairy industry appreciated the importance of
providing milk to children with antirachitic activity and initiated the addition of ergosterol,
obtained from yeast, to milk, followed by UV irradiation. Later, UV-irradiated ergosterol
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was added to milk to provide antirachitic activity [17,18]. By the early 1930s, essentially all
milk in the United States and most European countries including Great Britain encouraged
the fortification of milk with vitamin D,. At the same time, the United States Department
of Labor sent out a brochure encouraging parents to give their children a coat of tan from
sun exposure to prevent rickets and to improve bone health (Figure 5). Within a few years,
these interventions resulted in the essential eradication of rickets in the industrialized
countries. Vitamin D fortification was so popular worldwide that beer, soda pop, hot dogs,
custard and even soap and shaving cream were fortified with vitamin D (Figure 6). Parents
were also able to purchase a mercury arc lamp from their local pharmacy and expose their
children at home to ultraviolet radiation to prevent rickets (Figure 5).
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Figure 5. (A). Brochure from the US Department of Labor promoting sensible sun exposure for
children in 1931. (B). Mercury arc lamp turned on for the use of preventing rickets in children in the
1930s. (C). The Sperti lamp available in the 1940s was used to expose children to ultraviolet radiation
to promote bone health and to prevent rickets. Holick copyright 2023. Reproduced with permission.
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Figure 6. (Left panel). (A) Seal of a milk bottle that denoted that the milk was irradiated with UV
radiation and contained vitamin D. (B) Cap of a milk bottle stating that activated ergosterol had been
added to the milk. (C) Cap of milk bottle stating that the milk had been fortified with vitamin D.
(D) Seal of a bottle of milk that denoted that the milk had been irradiated and contained vitamin
D. Holick, copyright 2013. Reproduced with permission. (Right panel) (A) Seal denoting that this
product was fortified with vitamin D. (B) Bottle of oil denoting that it contained irradiated ergosterol.
(C) Beer can denoting that it was fortified with vitamin D. (D) Advertisement denoting that Bird’s
custard contained vitamin D. Ref. [8] Holick, copyright 2013. Reproduced with permission.

The vitamin D craze abruptly came to a halt when, in the early 1950s, an outbreak of
infants with elfin facies, mild mental retardation, cardiac problems, and hypercalcemia was
reported. The Royal College of physicians initiated an investigation and concluded that
this outbreak in children was due to ingestion of excessive amounts of vitamin D in milk.
This was based on a published observation that pregnant rats that received high doses of
vitamin D delivered pups with some of the same clinical presentations including altered
facial appearance, supravalvular aortic stenosis and hypercalcemia. Since it was difficult
to monitor the content of vitamin D in milk, as a precautionary measure and based on
the recommendation from the Royal College of Physicians, legislation quickly followed
banning the fortification of any food or personal use product with vitamin D [19,20]. This
ban quickly spread across Europe, Asia, India, and South America. Most of these countries
still ban the fortification of foods with vitamin D with a few exceptions. Finland and
Sweden now permit milk, margarine, and some cereals to be fortified with vitamin D. India
recently introduced in 2017 a vitamin D, fortification program for milk and cooking oil. In
retrospect, it is more likely that the children in Great Britain were suffering from the rare
genetic disorder, Williams syndrome, which is associated with elfin facies, supravalvular
aortic stenosis, mild mental retardation, and a hypersensitivity to vitamin D that causes
hypercalcemia [21]. Unfortunately, this ban on vitamin D fortification persists in many
countries throughout the world. It is responsible for the increased risk of rickets in children
and vitamin D deficiency and insufficiency in children and adults.

3. Structural Identification of Vitamin D, and Vitamin D3

When the oily sterol extract from yeast, containing ergosterol, was exposed to UV
radiation, it was assumed that this resulted in the production of the antirachitic factor,
vitamin D. However, it was quickly realized that there were other photoproducts present
in the irradiated oil, and therefore, the UV-exposed sterol oil was called visterol. (Figure 6,
right panel B). When animal oily sterols that mainly contained cholesterol were exposed
to UV radiation, it resulted in the oils processing antirachitic properties. It was presumed
that there was the contaminant, ergosterol, in the cholesterol oil that was transformed after
UV irradiation into vitamin D. In 1932, Windaus in Germany and Bourdillon in England
isolated pure crystalline vitamin D from irradiated ergosterol. Windaus and his colleagues
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named the compound vitamin D,, whereas the British investigators called their crystalline
compound ergocalciferol [22,23]. Originally irradiated ergosterol was given the name
vitamin Dy. Once it was realized that the irradiated ergosterol contained vitamin D and
lumisterol, the term was no longer used.

It was originally believed that vertebrate animals such as pigs and humans produced
vitamin D; in their skin when exposed to sunlight. Waddell, in 1934, found that irradiated
ergosterol was less effective as an antirachitic factor in chickens when compared to the
same amount given to rachitic rodents. He concluded that there was a contaminant in
cholesterol, and it was not ergosterol, that was responsible for the antirachitic activity in
cholesterol oil exposed to UV radiation [24]. This conundrum was finally solved when
Windaus and colleagues synthesized 7-dehydrocholesterol, and after its irradiation, the
isolated vitamin D had a high antirachitic activity in chickens, whereas vitamin D, had
only 1-3% the activity in chickens that it had in rats. Further investigations revealed that
the vitamin D isolated from halibut and blue fin tuna oil was identical to the vitamin D
generated from 7-dehydrocholesterol. Windaus named his vitamin D as vitamin D3. He
received the Nobel Prize in 1928 for his work on the constitution of sterols, including
the identification of vitamins associated with them. Schenck, in 1937, finally determined
that Windaus's vitamin D in his irradiated sterols was vitamin D3 based on its successful
crystallization [25]. The structures for vitamin D, and vitamin D3 can be found in Figure 7.
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Figure 7. Schematic representation of the synthesis and metabolism of vitamin D for skeletal and
extra-skeletal function. During exposure to sunlight, 7-dehydrocholesterol in the skin is converted
to previtamin D3. Previtamin D3 immediately converts by a heat-dependent process to vitamin Dj.
Excessive exposure to sunlight degrades previtamin D3 and vitamin D3 into inactive photoproducts.
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Vitamin D, and vitamin D3 from dietary sources are incorporated into chylomicrons and are trans-
ported by the lymphatic system into the venous circulation. Vitamin D (D represents D, or Ds)
made in the skin or ingested in the diet can be stored in and then released from fat cells. Vita-
min D in the circulation is bound to the vitamin D-binding protein (DBP), which transports it to
the liver, where vitamin D is converted by the vitamin D-25-hydroxylase to 25-hydroxyvitamin D
[25(OH)D]. This is the major circulating form of vitamin D that is used by clinicians to measure
vitamin D status (although most reference laboratories report the normal range to be 20-100 ng/mL,
the preferred healthful range is 30-60 ng/mL). It is biologically inactive and must be converted in
the kidneys by the 25-hydroxyvitamin D-1a-hydroxylase (1-OHase) to its biologically active form
1,25-dihydroxyvitamin D [1,25(OH),D]. 1,25(OH), D3 is then taken up by target cells and targeted
to intracellular D-binding proteins (IDBP) to mitochondrial 24-hydroxylase or to the vitamin D
receptor (VDR). The 1,25(0OH),D3-VDR complex heterodimerizes with the retinoic acid receptor
(RXR) and binds to specific sequences in the promoter regions of the target gene. The DNA-bound
heterodimer attracts components of the RNA polymerase II complex and nuclear transcription
regulators. Serum phosphorus, calcium fibroblast growth factors (FGF-23), and other factors can
either increase or decrease the renal production of 1,25(0OH)2D. 1,25(OH);D feedback regulates
its own synthesis and decreases the synthesis and secretion of parathyroid hormone (PTH) in the
parathyroid glands. 1,25(OH),D increases the expression of the 25-hydroxyvitamin D-24-hydroxylase
(24-OHase) to catabolize 1,25(0OH),D to the water-soluble, biologically inactive calcitroic acid, which
is excreted in the bile. 1,25(OH),;D enhances intestinal calcium absorption in the small intestine
by stimulating the expression of the epithelial calcium channel (ECaC) and calbindin 9K (calcium-
binding protein, CaBP). 1,25(0OH),D is recognized by its receptor in osteoblasts, causing an increase
in the expression of the receptor activator of the NF-kB ligand (RANKL). Its receptor RANK on
the preosteoclast binds RANKL, which induces the preosteoclast to become a mature osteoclast.
The mature osteoclast removes calcium and phosphorus from the bone to maintain blood calcium
and phosphorus levels. Adequate calcium and phosphorus levels promote mineralization of the
skeleton. Autocrine/paracrine metabolism of 25(OH)D occurs when a macrophage or monocyte is
stimulated through its toll-like receptor 2/1 (TLR2/1) by an infectious agent such as Mycobacterium
tuberculosis or its lipopolysaccharide the signal upregulates the expression of VDR and 1-OHase.
A 25(OH)D level of 30 ng/mL or higher provides adequate substrate levels for 1-OHase to convert
25(OH)D to 1,25(0OH),;D in mitochondria. 1,25(OH),D travels to the nucleus, where it increases
the expression of cathelicidin, a peptide capable of promoting innate immunity and inducing the
destruction of infectious agents such as M. tuberculosis. It is also likely that the 1,25(OH),D produced
in monocytes or macrophages is released to act locally on activated T lymphocytes, which regulate
cytokine synthesis, and activated B lymphocytes, which regulate immunoglobulin synthesis. When
the 25(OH)D level is approximately 30 ng/mL, the risk of many common cancers is reduced. It is
believed that the local production of 1,25(0OH);D in the breast, colon, prostate, and other tissues
regulates a variety of genes that control proliferation, including p21. Ref. [26] Holick, copyright 2013.
Reproduced with permission.

4. Understanding How Vitamin D Works to Promote Bone Health

By 1940, it was acknowledged that rickets could be prevented and cured in two
ways: by irradiation of the skin to solar or artificial UV radiation or by the ingestion of
vitamin D (D represents D; or D3). It was recognized that rachitic children had low blood
concentrations of phosphate and calcium and that treatment with vitamin D corrected
them to normal. It was unclear however how vitamin D affected this. In 1923, Orr
et al. observed decreased fecal excretion of calcium in rats exposed to UV radiation. They
concluded that this was likely due to vitamin D increasing intestinal calcium absorption [27].
This was confirmed in 1953 by Nicolaysen et al. who established that the important
function of vitamin D was for stimulating intestinal calcium absorption [28]. It was also
generally believed that vitamin D was playing a fundamental role in bone mineralization.
However, studies by Carlsson demonstrated that vitamin D, rather than stimulating the
direct deposition of calcium into bone, stimulated the mobilization of calcium from the
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skeleton [29]. We now recognized that the fundamental function of vitamin D is to maintain
the serum calcium and phosphate in the normal range for maintaining most metabolic
functions, including neuromuscular and cardiac activity [7,30]. Vitamin D also maintains
an adequate circulating and extracellular calcium-phosphate product, resulting in the
passive deposition of calcium hydroxyapatite, i.e., mineral into the skeleton [7,30]. There
is also evidence that vitamin D enhances intestinal phosphate absorption, which is also
critically important for energy and muscle function through the action of ATP and is a
major component of calcium hydroxyapatite in the skeleton (Figure 7) [30].

5. The Saga for the Quest to Identify the Active Form of Vitamin D3

In the early 1950s, using radiolabeled calcium, it was determined that when a vitamin-
D-deficient rat or chicken received vitamin D, intestinal calcium absorption began to
increase, with maximum absorption occurring at around 24 h. Kodicek and coworkers
reasoned that to understand the mode and sites of action of vitamin D, investigations
were needed to understand its storage, distribution and metabolism. They produced
14C-beled vitamin D, with a low specific activity of 0.46 mCi/mmol and administered
pharmacologic doses to rats. They concluded, based on determination of radioactivity
in the tissues and excreta by reverse chromatography, that vitamin D, was likely the
biologically active form of the vitamin [31]. In the early 1960s, Norman and DeLuca
prepared randomly labeled 3H-vitamin D3 and 3H-vitamin D, with much higher specific
activities of 7.3 and 3.25 mCi/mmol, respectively, and gave them to vitamin-D-deficient
rats. The chromatography results from their study revealed that there was accumulation of
radioactivity mainly in the liver and to a lesser degree in the ileum and kidneys and much
less in the adrenal glands. This resulted in the investigation of the metabolism of tritiated
vitamin Dj in rat kidney and intestinal mucosa. At least three lipid-soluble radioactive
compounds other than H-vitamin D3 were detected, and all showed partial vitamin D
activity [32]. The DeLuca group then made [1, 2-3H] vitamin D3 with very high specific
activity and found by silicic acid chromatography a polar metabolite labeled as metabolite
IV circulating in rats. They found that this metabolite had at least the same antirachitic
potency as vitamin D3. Furthermore, they discovered that the amount of this metabolite
continued to increase with increasing doses of vitamin Dj3. Utilizing this fact, Blunt et al.
gave four hogs 6.25 mg of vitamin D3 daily for 26 days and then collected their blood. They
separately gave a hog [1, 2-*H] vitamin D3 and collected its blood. Organic extractions
were made of both blood pools and were then combined. The lipid extract underwent
a series of straight-phase and reverse-phase chromatographies, resulting in the recovery
of 1.2 mg of metabolite labeled as peak IV. The vitamin D3 metabolite was identified as
25-hydroxyvitamin D3 [33]. Suda et al. performed a similar procedure, only this time
using pharmacologic amounts of vitamin D, and tritiated vitamin D, and identified the
polar metabolite as 25-hydroxyvitamin D, (Figure 8) [34]. These observations in pigs were
interesting, but it was unknown whether this metabolism also occurred in humans.

Figure 8. (A). This hog was treated with 6.25 mg vitamin D, by Dr. Suda; (B) the blood was then
collected. After purification of the blood lipid extract, the vitamin D, metabolite was identified as
25-hydroxyvitamin D,. Holick copyright 2023. Reproduced with permission.
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6. A Personal Experience and Perspective for the Identification of the Major
Circulating Form of Vitamin D3 in Human Blood

Clearly, a different strategy would be needed to determine if 25-hydroxylated vitamin
D was present in human circulation. I arrived at the University of Wisconsin Madison in
1968 in the Department of Medical Microbiology. This was a time when there was great
excitement about the discovery of DNA and RNA. Molecular biology was in its infancy,
and my goal was to achieve a Ph.D. degree by investigating the molecular biology of
microorganisms. However, no one in the department had any interest in this area, and I,
after completing the year, went to the Biochemistry Department and explained to them that
I'had been accepted into the University’s graduate program and that they should accept
me into the graduate program in the Biochemistry Department. Much to my amazement,
I was accepted. I quickly realized, however, that I had a big problem to overcome. I
was considered to have completed my first year of graduate work, and to proceed into
the second year, I needed to take the biochemistry preliminary exam. Although I had
a chemistry degree with a special interest in organic chemistry and had biochemistry
laboratory experience, I had never taken a biochemistry course. As a result, I barely passed
the exam. I wanted to find a research mentor who had a special interest in molecular
biology. However, the professors, after seeing my poor performance on the preliminary
exam, informed me that there were no openings but that I should see Professor DeLuca,
who was making important observations about vitamin D. I explained to various professors
that I had no interest in vitamin D since I considered it a boring subject. I was informed that
this was my only option. When I met Dr. DeLuca in June 1969, he was pleased that I had
significant biochemistry research experience and a publication while I was in the chemistry
program at Seton Hall University. However, after seeing my preliminary exam results,
he informed me that I needed to go into a softer science program such as physiology or
pharmacology and that biochemistry would be too difficult for me. I reassured him that
it was my goal to receive a Ph.D. degree in biochemistry and that I would do whatever
was necessary to accomplish this. He said that he did not want to discourage me but to be
realistic, I needed to first receive a master’s degree that would likely take 2 years followed
by being quizzed by the biochemistry faculty to determine if I could proceed into the Ph.D.
program. He said that the Ph.D. program would take at least 4-5 years. Thus, he said it
could take up to 7 years before I would receive a Ph.D. degree. I accepted the challenge,
and he accepted me into his research program in July 1969. As the newest graduate student,
I was given a desk against the wall where the entrance was located with no laboratory
space. In July of 1969, Dr. DeLuca received a phone call from Dr. Avioli, at Washington
University in St. Louis, informing him that he has been treating hypoparathyroid patients
with pharmacologic doses of vitamin D3 (1.5 mg daily) and had been collecting their
heparinized blood plasma. He asked Hector if he would like the blood plasma to see if his
laboratory could identify 25-hydroxyvitamin Dj in the blood plasma. Since all his graduate
students and postdoctoral fellows had ongoing research projects and I had none, I was
informed by Dr. DeLuca that this would be my project. He instructed me that all I needed
to do was to follow the exact chromatography procedures that were successfully used
to identify 25-hydroxyvitamin D, and 25-hydroxyvitamin D3 in hog blood. With great
enthusiasm, I began by obtaining 3H-tracer from the blood of vitamin-D-deficient rats that
were injected with [1, 2-3H] vitamin Dj. I performed a lipid extraction on 600 mL of human
blood plasma and rat serum and combined the lipid extracts. I proceeded to follow the
exact chromatography methods used to successfully obtain purified 25-hydroxyvitamin
D from hog blood. I conducted all the chromatographies that were previously reported.
After exhausting all chromatographic procedures known at the time, I realized at the end of
November 1969 that there was a lipid contaminant in human blood that was not present in
hog blood and that the contaminant could not be separated from the vitamin D metabolite
for its identification. This was Thanksgiving weekend. Since I could not afford to travel
home to New Jersey to be with my family, I went to the laboratory. I unlocked the door early
in the morning and walked in distressed because of my predicament of failing to purify the

14



Nutrients 2023, 15, 593

vitamin D metabolite. As I was walking to my desk, I noticed on one of the shelves on the
research bench that was next to my desk a bottle containing Sephadex LH-20. I remembered
from my college days that Sephadex, which is a glucose polymer, can separate proteins
based on size. I reasoned that maybe I could use Sephadex LH-20 to separate the vitamin D
metabolite from other contaminants based on size. I made a slurry of Sephadex LH-20 with
methanol and poured the slurry into a column. After the Sephadex LH-20 settled, I placed
my human plasma blood lipid extract, which had undergone multiple chromatographies,
on the column and collected fractions. The vitamin D metabolite peak was identified by
determining the location of the tritiated peak IV. The peak was recovered and the metabolite
was now pure. I recovered 25 mcg that was identified as 25-hydroxyvitamin D3 (25(OH)D3).
This metabolite is the major circulating form of vitamin Dj that is clinically measured
to determine a person’s vitamin D status. What I did not realize at the time was that I
had developed a new chromatography method known as liquid gel chromatography that
became the standard chromatography technique in most vitamin D laboratories and was
instrumental for purifying the active form of vitamin D3 [35,36]. I had completed my
master’s research in 3 months, and for these discoveries, I was awarded a master’s degree
in January 1970.

7. The Hunt to Identity the Active Form of Vitamin D3

It was found that 25(OH)D3 was biologically more potent than vitamin D3, and it
was concluded that it was the active form [33]. However, it soon became evident that
3H-25(0H)Dj; was rapidly metabolized to a more polar metabolite that quickly appeared
in the intestine. Haussler et al. [37] reported a more polar metabolite of 25(OH)D; in
nuclear fractions of the intestine in chickens that received *H-vitamin Djs. At the same time,
Lawson et.al. [38] reported that during the formation of this more polar metabolite, the
173H on their [4-1*C,1a-3H] vitamin D3 was lost, suggesting that this polar metabolite had
some alteration on carbon 1. The realization that this more polar metabolite not only had
all the biologic actions that vitamin D3 and 25(OH)D3 possessed but that it acted more
quickly in stimulating intestinal calcium absorption. It became clear that 25(OH)D3 was
not the biologically active form, but rather, it was a more polar metabolite that needed to
be identified.

This realization initiated a frenzy of activity in the Kodicek, Norman and DeLuca
laboratories. Various strategies were undertaken, the first being in the DeLuca lab where
they gave hogs pharmacologic doses of vitamin D3 and then collected their intestines.
Dr. Robert Cousins, who was a postdoctoral fellow in DeLuca’s laboratory, was in charge.
It was quickly realized that it made little sense to be giving pharmacologic doses of vitamin
D3 and expecting marked increases in the concentrations of the active form in the intestine.
As a result, in the summer of 1970, it was decided that what was needed was many
intestines from chickens that were receiving presumably physiologic amounts of vitamin
Dj in their diet. Dr. Cousins, Dr. Suda and I traveled an hour north in the department of
biochemistry’s pickup truck to the BrakeBush facility where they processed 20,000 chickens
per day (Figure 9A). We collected approximately 400 pounds of chicken intestines and
returned to the University of Wisconsin with the intestines. We quickly realized that the
intestines had begun to putrefy since we had not brought ice with us, and it was a hot
steamy day. It was decided that the entire laboratory would go back to the BrakeBush
facility to collect, clean, and process approximately 400 pounds of chicken intestines and
freeze them immediately on dry ice (Figure 9B,C). The realization quickly set in upon
arriving back at the University that we had no ability to process such a large amount of
intestinal material. The biochemistry department had large fermentation stainless steel
containers in the basement. Dr. Cousins, Dr. Suda and I began to process the intestines in a
sausage meat grinder. The mashed intestines were then added to a large fermentation tank
(Figure 9D). Several hundred gallons of chloroform, methanol and water were added and
stirred. An additional amount of chloroform was then added, which caused a separation
of the organic phase and which contained the lipids that were present in the intestines,
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from the water phase, which contained the water-soluble compounds. The several hundred
gallons of the chloroform phase was taken to dryness and then chromatographed on a huge
Shepadex LH-20 column that I designed. It became obvious to me that it was going to be
futile to chromatograph and purify the minute quantity of the active form of vitamin Dj
that was present in several hundred grams of intestinal lipid extract.

Figure 9. (A) The first attempt. Dr. Robert Cousins on the left and me collecting intestines from
the trough behind us at the BrakeBush facility. (B) The second collection of intestines with several
members of the DeLuca laboratory helping out. From left to right is Dr. Ian Boyle, Dr. Chuck
Frolich, Dr. Jack Omdahl and Dr. Hector DeLuca. (C) Cleaned and processed intestines placed on
dry ice. (D) Dr. Tatsuo Suda inspecting the huge stainless steel fermentation tank that contained
approximately 400 pounds of mashed intestines and several hundred gallons of chloroform and
methanol for the lipid extraction. Holick copyright 2023. Reproduced with permission.

Thus, while this process was underway, I went to Dr. DeLuca and suggested to him
that we know based on multiple studies that there was approximately 1 ng of the active
metabolite in 1 g of intestine. I suggested to him that a better way of isolating this intestinal
metabolite was to give vitamin-D-deficient chickens intravenously 100 IUs of vitamin D3
that contained [1, 2-3H] vitamin Dj3. Based on my calculation, I explained to him that I
would need 1500 chicken intestines to obtain approximately 10 mcg of the active metabolite
that could then be extracted, chromatographed, and ultimately purified for identification.
He gave me the green light. I asked Dr. Jack Omdahl, who was a postdoctoral fellow in
Dr. Deluca’s laboratory, with extensive experience in working with vitamin-D-deficient
chickens, for his assistance. Due to the capacity of the department of agriculture to house
chickens, I was able to only order 500 chicks. I placed them on a vitamin-D-deficient
diet that we produced in the biochemistry department. After 6 weeks on the vitamin-D-
deficient diet, Jack gave an oral dose of 100 IUs (2.5 mcg) of vitamin D3 containing trace
amounts of [1, 2-*H] vitamin Dj in vegetable oil to all 500 chickens. The chickens were
sacrificed 24 h later, and Jack and I removed and cleaned the small intestines and placed
them in a freezer. At the same time, another 500 chickens were ordered and placed on
the vitamin-D-deficient diet and underwent the same procedures. By November 1970, I
had 1000 intestines stored in the freezer and was waiting for my last 450 chickens that
were scheduled to be sacrificed in early December. However, at the end of November,
late at night, we heard a news flash on BBC radio stating that the Kodicek laboratory
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had made a major discovery related to vitamin D. We did not know what that discovery
was. Dr. Deluca became extremely concerned that this meant that the Kodicek group had
successfully identified the active form of vitamin D. I was asked to proceed immediately
to process the 1000 chicken intestines I had in the freezer, with the intent of identifying
the active form of vitamin D3 as quickly as possible. My response was that I needed
1500 chicken intestines to be successful and that I did not want to proceed. Challenging my
mentor was not easy but I initially stood my ground. I then relented, reiterating my concern
that I would not be successful but that I would do as directed and begin the processing
of the thousand chicken intestines the next morning. As I was beginning to collect the
frozen intestines, early the next morning, Dr. DeLuca appeared and informed me that I
had been right in the past with my research activities and that he would permit me to
wait until I collected the additional 500 intestines. By the middle of December 1970, I had
completed the lipid extraction of all 1450 chicken intestines. Based on the known specific
activity of the [1, 2-*H] vitamin Dj that was given to the chickens, I estimated that I had
approximately 11 mcg of the active metabolite in 22 g of oily lipid. I immediately began
multiple chromatographies on my Sephadex columns (Figure 10A,B). It was now coming
close to Christmas, and I realized that we were in stiff competition with the Kodicek and
Norman laboratories. I flew home to New Jersey on Christmas Eve and wished my parents
a Merry Christmas and flew back to Madison Wisconsin on Christmas day to continue to
purify the active vitamin D3 metabolite that was called peak V. When I returned, I learned
that the Kodicek group published its newsworthy finding in the journal Nature. At this
time, it was assumed that because this active metabolite appeared so quickly in the intestine
that it was the intestine that was producing it. Therefore, it was obvious that to generate
the active form of vitamin Dj in sufficient quantities for its identification, all you would
need to do is incubate intestinal homogenates with 25(OH)Dj3. After numerous attempts by
several laboratories including the DeLuca laboratory, incubation of intestinal homogenates
with [*H]-25(0H)Dj3 did not yield any of the desired polar metabolite. The Kodicek group
not only made homogenates of chicken intestines, they made homogenates of many of the
other organs. They then incubated each of the homogenates with [4-1*C,1-*H] 25(0OH)D;.
What they observed was truly remarkable. They found that only kidney homogenates
could produce the active metabolite [39]. For me, this revelation was very disconcerting,
since it meant that an unlimited amount of active vitamin D3 could be easily produced by
incubating kidney homogenates with 25(OH)Dj3. It was becoming increasingly more likely
that the Kodicek group was close to purifying the active metabolite for its identification.
By early January 1971, I realized after 17 chromatographies, I had approximately 8 mcg
of active metabolite that was associated with a large amount, that I estimated to be about
2000 mcg, of lipid contamination (Figure 10C). There were no more chromatographies that
I could do that would make any difference, and I concluded that I had failed. However,
within a few hours, I reasoned that we knew that the active form of vitamin D had a
secondary hydroxyl group on carbon 3 and a tertiary hydroxyl group on carbon 25. It
was presumed that there was an additional secondary hydroxyl group on carbon 1 based
on the observation by the Kodicek group and that this metabolite had lost its 1a—3H on
carbon 1. I considered that it was unlikely that the lipid contaminants in my preparation
had the same number and type of hydroxyl groups. I reasoned that if I trimethylsilylated
the active metabolite, and then selectively, by acid hydrolysis, removed the trimetylsilyl
ether groups from the secondary hydroxyl groups, this would result in the 25-hydroxyl
being protected with a trimethylsilyl ether. This modification would decrease the polarity
of the vitamin D metabolite, thereby altering its chromatographic properties. I proceeded
with this strategy and chromatographed the dihydroxyated active form on a Sephadex
LH-20 column and recovered it in pure form. The purified monosilyl ether derivative was
then hydrolyzed, and after purification, 2 micrograms of pure metabolite was recovered.
The ultraviolet absorption spectrum showed a lambda max 265 nm and a lambda min
228 nm that was identical to the absorption spectrum for the 5,6-triene system for vitamin
Ds. A small amount was immediately placed in the mass spectrometer, and it revealed a
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mass spectrum with a molecular ion of 416 m/e. This was consistent with an additional
hydroxyl group being present in the metabolite. The fragmentation pattern was consistent
with the metabolite having the additional hydroxyl group in the A ring (Figure 11). Further
chemistry on nanogram quantities of the purified active form of vitamin D3, followed by
the skillful mass spectroscopy by Dr. Heinrich Schnoes (Figure 10D), finally revealed its
structure as 1,25-dihydroxyvitamin Dj (1,25(OH),D3) (Figures 7 and 11) [40].

Figure 10. (A) Lipid extraction of 1450 chicken intestines. The yellow chloroform organic phase
that contained the active metabolite was being dried down under vacuum in preparation for its
first chromatography on a Shephadex LH-20 column (B) The dried down lipid extract from the
intestines was first chromatographed on a Shephadex LH-20 column and eluted with a mixture of
65% chloroform in hexane. (C) In one of the final chromatographies, the semi-purified active vitamin
D3 metabolite was dissolved in methanol and chromatographed on a Shephadex LH-20 column
prepared in methanol. (D) Dr. Heinrich Schnoes in his office. Holick copyright 2023. Reproduced
with permission.
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Figure 11. The mass spectrum of the purified metabolite demonstrated a molecular ion of 416 111/e con-
sistent with an additional hydroxyl group on the metabolite. The fragments of 152 and 134 revealed
that the hydroxyl group was somewhere in the A ring, most likely on carbon 1. Several chemical
reactions were performed on nanogram quantities of the pure metabolite that provided evidence that
the extra hydroxyl group was on carbon 1. Holick copyright 2023. Reproduced with permission.

During that same time, the Kodicek group isolated 60 mcg of the metabolite with
approximately 30% purity, using Sephadex LH-20 chromatography, from chicken kidney
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homogenates. They reported that the isolated metabolite had a UV absorption lambda
maximum of 269 nm and a lambda minimum at 232 nm. The mass spectrum showed a
molecular weight of 416, identical to what we had observed. Because they only had 30%
purity, the only way they were able to conclude that the additional hydroxyl group was
on carbon 1 was based on their observation that the 1-3H on their [4-1*C,1x-3H] vitamin
D3 was lost while it was being metabolized. They concluded that their metabolite was
also 1,25-dihydroxyvitamin D3 [41]. The Norman group also used the Kodicek kidney
homogenate strategy and confirmed several months later that the structure of the active
form of vitamin D was 1,25-dihydroxyvitamin Ds. [42] These three observations were
submitted for publication on 12 February to PNAS, 19 February to Nature and 10 May 1971
to Science, respectively [40-42]. We had won the race in just one week. For my research
accomplishments, I received my Ph.D. Degree in May 1971, a little less than 2 years after I
joined the DeLuca laboratory.

The final evidence that the one hydroxyl group was on C-1 was confirmed by the
21- step synthesis of 1,25-dihydroxyvitamin D3 by my roommate Eric Semmler and me [43].
We demonstrated that the synthetic metabolite migrated identically with the biologically
produced active metabolite and had the same biologic activity on intestinal calcium absorp-
tion and bone calcium mobilization [43]. This was further confirmed several years later
when my group made 1, 25-dihydroxyvitamin D3 and demonstrated that it was biologi-
cally inactive [44]. Soon after these discoveries, Dr. Glennville Jones, while a postdoctoral
fellow in Dr. DeLuca’s laboratory, began using the newly introduced high-performance
liquid chromatography and identified 1,25-dihydroxyvitamin D, as the biologically active
form of vitamin D,. He and other investigators went on to identify numerous other vitamin
D metabolites [45]. However, to date, it remains that 1«,25-dihydroxyvitamin Dj is the
biologically active form of vitamin Dj.

8. Clinical Uses for 1,25-Dihydroxyvitamin D3 and 1x-Hydroxyvitamin Ds

Once 1,25-dihydroxyvitamin D3 was identified, there was a great interest in produc-
ing it chemically. It was decided that it would be worthwhile to see if the 1a-hydroxyl
group could be introduced into the less expensive starting material, cholesterol. The syn-
thesis of 1x-hydroxyvitamin D3 was accomplished. The same methodology was then
used to successfully produce 1,25-dihydroxyvitamin D3 [46]. 1a-hydroxyvitamin D3 was
shown to be biologically active after it was metabolized in the liver on carbon 25 to form
1,25-dihydroxyvitamin D3 [47].

Several milligrams of both compounds were produced. They were immediately sent
out to clinicians around the world who found that these active vitamin D compounds were
extremely effective in treating metabolic calcium and bone diseases in children and adults
with kidney failure [48,49]. It was known that kidney-failure patients had a resistance
to the biologic actions of vitamin D that was difficult to understand. The revelation that
the kidneys were responsible for metabolizing 25(OH)Ds to 1,25-dihydroxyvitamin Ds
revealed the reason why. It was also observed that a rare form of hereditary rickets,
known as vitamin-D-dependent rickets type I or pseudo-vitamin D deficiency rickets,
was effectively treated with physiologic doses of 1,25-dihydroxyvitamin D3 [50,51]. Both
active vitamin D compounds were also effectively used to treat hypocalcemia in patients
with hypoparathyroidism and pseudohypoparathyroidism [52,53]. These clinical successes
prompted Dr. Milan Uskokovic at Hoffmann LaRoche to develop a streamlined method for
producing the active metabolite, and it became commercially available as an FDA-approved
pharmaceutical in the early 1970s.

9. Enter the Era of Noncalcemic Genomic Health Benefits of Vitamin D

In 1979, Stumpf et al. reported that 3H-1,25(0OH), D3 was concentrated in the nuclei
of most tissues in the body of a vitamin-D-deficient rat [54]. This provided evidence
that the vitamin D receptor (VDR) not only existed in calcium-regulating tissues, but
also was present in tissues that were not related to calcium and bone metabolism. The
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physiologic significance of this revelation was not appreciated until it was observed that
1,25(0OH), D3 inhibited the proliferation and induced terminal differentiation of HL-60
human myeloid leukemia cells [55]. Several laboratories in the early 1980s began to report
that some cultured cancer cells possessed a VDR and that incubation of these cells with
1,25(0OH), D5 resulted in decreased proliferative activity [56]. The observation that mice with
M1 leukemia had prolonged survival when they were treated with 10(OH)D3 prompted
great interest in seeing whether the same could be true for patients with preleukemia [57].
Eighteen patients with preleukemia were treated with 1,25(0OH),D3. Although the patients
performed quite well early in the treatment, they ultimately developed hypercalcemia, and
all died in blastic phase [58]. As a result of these initial studies, a huge effort was made
to develop 1,25(OH), D3 and its active analogs as a potential therapy for treating a variety
of cancers, including prostate cancer. Unfortunately, these therapies were not found to be
successful [59]. It appeared that the cancer cells cleverly designed mechanisms to bypass
the antiproliferative and pro-differentiating properties of 1,25-dihydroxyvitamin D3 and its
active analogs. As a result, 40+ years later, there still has never been a vitamin D analog
that has proven to be successful in treating any form of cancer.

At the same time, Bikle et al. [60] and our group [61] discovered that keratinocytes
had a VDR, and when these cells were incubated with 1,25(OH),D3, they demonstrated
a dramatic response. The keratinocytes decreased their proliferative activity and became
fully differentiated. It had been reported that one osteoporotic patient being treated with
la-hydroxyvitamin D3 had improvement in their psoriasis. We had at the same-time initi-
ated psoriasis clinical trials with both topical and oral 1,25(0OH),D3, which demonstrated
remarkable improvement in disease activity (Figure 12). Pharmaceutical companies be-
gan making analogs to see if they could reduce the calcemic action of 1,25(OH), D3 while
maintaining the same or more potent anti-proliferative and pro-differentiating activity.
Several analogs were developed, and they and 1,25(0OH);D3 remain a first-line treatment
for patients with minimal psoriasis [62-65].

(A) ® ©

Figure 12. (A) A young man with chronic psoriasis with no effective treatment. He was a participant
in our clinical research trial evaluating the effectiveness of topical-applied 1,25-dihydroxyvitamin
D3 that I formulated in Vaseline with a concentration of 50 mcg/gram. This was a double-blind
placebo-controlled trial with one side receiving topical Vaseline and the other side receiving topical
Vaseline containing 1,25-dihydroxyvitamin D3. (B) After 2 months, there was dramatic improvement
on the right forearm that had received the active metabolite. (C) A skin biopsy was taken from each
forearm and the histology of the skin biopsy from the right forearm shown on the right side of figure
(C) revealed a dramatic improvement by marked decreases in the keratinocyte proliferation with
induction of terminal differentiation to normalize the skin. Holick copyright 2023. Reproduced
with permission.

Although it was dogma that only the kidneys could produce 1,25(0OH);D3, many
laboratories began reporting that a wide variety of tissues and cells not only had a vitamin
D receptor but also expressed the 25-hydroxyvitamin D-1x-hydroxylase. Of particular
interest was the observation that when macrophages were activated, toll-like receptors were
turned on to induce the macrophage to express the 25-hydroxyvitamin D-1« -hydroxylase.
This resulted in the ability of the macrophage to metabolize 25(0OH)Dj3 to 1,25(0OH),;D3
(Figure 7). The reason for this activation was that once produced, 1,25(OH),Dj3 interacted
with the macrophage VDR, resulting in expression and production of cathelicidin, a de-
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fensen protein responsible for killing and lysing infectious agents, including bacteria and
viruses [66]. Tt is also now recognized that 1,25(OH),D3 produced by immune cells is
a major regulator of both innate and acquired immunity, as illustrated in Figure 13 [67].
When healthy vitamin-D-deficient/insufficient adults were given 600 IUs or 10,000 IUs
daily for 6 months, an evaluation of their circulating immune cells before and after re-
vealed that even on 600 IUs daily, 128 genes were being influenced, whereas 1289 genes
were being influenced in those taking 10,000 IUs daily [68]. What was also observed was
although all the healthy vitamin-D-deficient/insufficient participants substantially raised
their circulating concentrations of 25(OH)D in the range of 60-90 ng/mL, only 50% had a
robust response. This observation demonstrates that there were other factors such as VDR
polymorphisms that could influence the responsiveness of vitamin D, promoting genomic
effects on the immune system (Figure 14)

Macrophage/monocyte 25(0H)D Dendritic cell
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4 Defensin V Costimulatory molecules
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4 TLR2 4 MHCclass Il
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Figure 13. Schematic representation of paracrine and intracrine function of vitamin D and its metabo-
lites and actions of 1,25-dihydroxyvitamin D on the innate and adaptive immune systems. Abbrevia-
tions: 1,25(0OH)2D: 1,25-dihydroxyvitamin D; 25(OH)D: 25-hydroxyvitamin D, IEN-Y: interferon-Y;
IL: interleukin; MHC: membrane histocompatibility complex, TH1: T helper 1; TH2: T helper 2;
TH17: T helper 17; Treg: regulatory T cell, TNF-«: tumor necrosis factor-o; TLR2: toll-like receptor 2;
TLR4: toll-like receptor 4. Ref. [67] Holick MF, copyright 2020. Reproduced with permission.
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Figure 14. (Left) Heatmap of 1289 vitamin D-responsive genes whose expression response variation
in 6 vitamin-D-deficient subjects taking 10,000 IUs per day of vitamin D3 for 6 months, showing that
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3 subjects had a robust response in gene expression compared to the other 3 subjects who had
minimum to modest responses even though these subjects raised their blood levels of 25(OH)D in the
same range of ~60-90 ng/mL. (Rgiht) Heatmap of only 128 vitamin D-responsive genes in 5 vitamin
D deficient subjects taking 600 IUs per day for 6 months. Abbreviation: 0 m: 0 month; 6 m: 6 months;
25(OH)D: 25-hydroxyvitamin D; PTH: parathyroid hormone. Ref. [68] Holick MF, copyright 2019.
Reproduced with permission.

10. Associating Vitamin D Deficiency with Acute and Chronic Illnesses

Most tissues and cells in the body have a VDR and can produce 1,25(OHy,D in a
wide variety of cells, including prostate, breast, colon, skin and the brain. The reason
that the local production of 1,25(0OH);D3 does not potentially cause hypercalcemia is
that once it is produced and enters the nucleus, 1,25(0OH),D immediately induces the 25-
hydroxyvitamin D-24-hydroxylase. This enzyme begins to rapidly metabolize 1,25(OH),D3
to an inactive water-soluble carboxylic acid derivative (calcitroic acid). Simultaneously,
1,25(0OH),;D3 up- and downregulates more than 1000 genes responsible for cellular pro-
liferation, differentiation, a variety of cellular metabolic activities, antiangiogenesis and
apoptosis (Figure 7) [30,68].

Epidemiology studies have related vitamin D deficiency with a multitude of chronic
illnesses, including the autoimmune disorders multiple sclerosis, type 1 diabetes and
rheumatoid arthritis, cardiovascular disease, type 2 diabetes, neurocognitive dysfunction
and infectious diseases, including COVID-19 (Figure 15) [69-71]. These observations will
be discussed in more detail by other authors participating in this special edition.
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Figure 15. Summary of causes of vitamin D deficiency and diseases and disorders associated with
vitamin D deficiency. Abbreviations: HARRT: highly active antiretroviral therapy; IBD: inflammatory
bowel diseases; MS: multiple sclerosis; PsA: psoriatic arthritis; TIDM: type 1 diabetes mellitus;
T2DM: type 2 diabetes mellitus; RA: rheumatoid arthritis. * denotes diseases that are direct conse-
quences of vitamin D deficiency. Ref. [67] Holick MF, copyright 2020. Reproduced with permission.

11. The Future of Vitamin D for the Next 100 Years

The discovery of the antirachitic nutrient/hormone, vitamin D, by McCollum 100 years
ago has had and continues to have far-ranging health benefits. This is due to the discovery
that vitamin D must undergo sequential metabolism in the liver to 25(OH)D, which is
then converted to its active form, 1,25(OH);D, in the kidneys for regulating calcium and
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phosphate metabolism. The new appreciation that essentially all organs and cells have a
VDR, and that many cells can produce 1,25(0OH),;D, opens a new chapter for vitamin D
playing an important role in promoting good health and well-being by reducing the risk
for chronic illnesses (Figures 7 and 15).

Vitamin D has by no means revealed all its biologic functions and clinical potential. It
is hoped that there will be a resolution for recommendations for how much vitamin D and
sensible sun exposure is necessary for maximum health. There continues to be debate as to
what the definition of vitamin D deficiency is based on a circulating blood concentration of
25(OH)D. There is consensus that to achieve and maintain a healthy skeleton, the circulating
concentration of 25(OH)D should be at least 20 ng/mL. To maintain maximum bone health
and to prevent any evidence of vitamin D deficiency osteomalacia, the circulating concen-
tration should be at least 30 ng/mL [72]. There is mounting evidence that when a blood
concentration of 25(OH)D is at least 30 ng/mL, the noncalcemic health benefits of vitamin
D become more apparent, based on association studies and randomized controlled trials. It
is documented that Maasai herders and the Hazda maintain a circulating concentration of
25(0OH)D in the range of 40-60 ng/mL. This concentration range has been associated with
many of the noncalcemic health benefits including reduced risk for cardiovascular disease,
neurocognitive dysfunction, several cancers and infectious diseases [73]. To achieve a
circulating concentration of 25(OH)D in the range of 40-60 ng/mL requires a daily average
intake of 2000-5000 IUs or the same amount of vitamin D3 produced in the skin from sun
exposure, as demonstrated in the Maasai and Hazda. An adult in a bathing suit exposed
to enough sunlight to cause a minimal erythemal response results in the production of an
amount of vitamin D equivalent to ingesting 15,000-20,000 IUs of vitamin D [72].

There is some evidence to suggest that vitamin D itself has its own health benefits.
When screening for compounds that were most effective in stabilizing endothelial mem-
branes, vitamin D3 was found to be much more effective than its metabolites as well as a
multitude of other compounds [74]. Extremely high doses, in the range of 20,000-50,000 IUs
daily, have been effective in treating autoimmune disorders including psoriasis, multiple
sclerosis, rheumatoid arthritis and vitiligo. The toxicity that is associated with ingesting
these high doses of vitamin D is mitigated by having the patients on an extremely low
calcium diet and maintaining good hydration [67,75].

It is likely in the future with the advent of the UVB-emitting LEDs that a variety
of devices will become available for personalized in-home use for generating adequate
amounts of vitamin D in the skin [76]. At this time, it is generally accepted that obtaining
vitamin D from supplements and diet is the same as obtaining vitamin D3 from sun
exposure. There is evidence that during sun exposure, not only previtamin Ds is produced
in the skin, but there are other photoproducts of both previtamin D3 and vitamin D3 that
have unique biologic activities not related to the classical nuclear function through the
VDR [77] (Figure 7).

The reintroduction of 25(OH)Dj3 (calcifediol) for the treatment of vitamin D deficiency
offers the advantage of its hydrophilic properties by being more bioavailable in patients
with fat malabsorption syndromes and obesity. In the future, we may see a combination
supplement containing 25(OH)D3 and vitamin D5 [78].

The enthusiasm for the health benefits of vitamin D, which was initiated 100 years ago
with its identification by McCollum, has not abated and continues to prosper.
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Abstract: For at least 1.2 billion years, eukaryotes have been able to synthesize sterols and, therefore,
can produce vitamin D when exposed to UV-B. Vitamin D endocrinology was established some
550 million years ago in animals, when the high-affinity nuclear receptor VDR (vitamin D receptor),
transport proteins and enzymes for vitamin D metabolism evolved. This enabled vitamin D to
regulate, via its target genes, physiological process, the first of which were detoxification and energy
metabolism. In this way, vitamin D was enabled to modulate the energy-consuming processes of
the innate immune system in its fight against microbes. In the evolving adaptive immune system,
vitamin D started to act as a negative regulator of growth, which prevents overboarding reactions of
T cells in the context of autoimmune diseases. When, some 400 million years ago, species left the
ocean and were exposed to gravitation, vitamin D endocrinology took over the additional role as a
major regulator of calcium homeostasis, being important for a stable skeleton. Homo sapiens evolved
approximately 300,000 years ago in East Africa and had adapted vitamin D endocrinology to the
intensive exposure of the equatorial sun. However, when some 75,000 years ago, when anatomically
modern humans started to populate all continents, they also reached regions with seasonally low or
no UV-B, i.e., and under these conditions vitamin D became a vitamin.

Keywords: vitamin D; evolution; energy metabolism; immune system; calcium homeostasis; migration
of Homo sapiens

1. Introduction

Evolution is a dominant driver of the development of biological processes and their
adaption to changes in the environment. The statement “Nothing in biology makes sense
except in the light of evolution” [1] underlines that evolution is an essential component for
understanding the mechanisms of these processes. Accordingly, this review will discuss
vitamin D, its nuclear receptor (NR) VDR and their molecular action in the light of evolution.

It was exactly 100 years ago that vitamin D was named a vitamin, because it is
able to cure experimentally induced rickets in dogs and rats [2]. Since rickets is a bone
malformation disorder in children, this and many other studies linked vitamin D to calcium
homeostasis and bone remodeling [3]. However, calcium homeostasis is only one of
multiple biological processes being regulated by vitamin D, such as detoxification, energy
metabolism as well as innate and adaptive immunity [4]. In fact, the relationship between
vitamin D and bone remodeling developed as one of the most recent evolutionary functions
of vitamin D.

Furthermore, the consequences of the migration of modern humans from equatorial
East Africa to regions of higher latitude will be reflected in relation to vitamin D’s possible
role in skin lightening, particularly in European populations [5].

2. Sterols and Vitamin D Synthesis

Sterols are lipophilic molecules carrying a four-ring skeleton, a hydroxyl group at
carbon (C) 3 and a flexible side chain at C17 (Figure 1). The use of sterols in cell membranes
is a characteristic difference between eu- and prokaryotes [6]. Some 2.45 billion years ago,
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atmospheric molecular oxygen (O,) concentrations drastically rose in the so-called great
oxidation event [7] (Figure 2). This stimulated the development of complex eukaryotes with
the help of new enzymes and biochemical pathways [8]. A key example is the biosynthesis
of sterols, where four different types of enzymes require O,. Moreover, aerobic metabolism,
such as oxidative phosphorylation, significantly increases the generation of energy from
nutrients. In parallel, some of these new enzymes and pathways had the primary role of
protecting from oxygen toxicity, which also may have been the primary role of sterols [9].
Thus, the occurrence of oxygen and sterols are tangled; without oxygen there is no sterol
synthesis and many sterols protect from damage created by O, and reactive oxygen species.
Furthermore, some sterols can be considered as oxygen sensors [10].

Ergosterol (pre-vitamin D2) 7-dehydrocholesterol (pre-vitamin D3) Cholesterol VDR
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Figure 1. Principles of endogenous vitamin D, and vitamin D3 production. In fungi, vitamin D, is
produced non-enzymatically when the sterol ergosterol is exposed to UV-B radiation. In cholesterol
synthesizing animals (as well as in some plants, such as phytoplankton), 7-dehydrocholesterol reacts
to vitamin D3 using the energy of UV-B. Animals express enzymes that convert vitamin Dj first
to 25(0OH)D3 and then to 1,25(0OH),;D3. In animals (but not in fungi), vitamin D endocrinology
developed and 1,25(0OH),Dj3 acts as a hormone binding with high affinity to the nuclear receptor VDR
(green, the co-receptor RXR is shown in blue). In the example of cholesterol, the numbering of rings
(A-D) and carbons (1-27) is indicated, while only key carbons are marked in the other molecules.

There is a large number of naturally occurring sterols and species can be phylogeneti-
cally distinguished by their sterol profile. Sterols are primarily distinguished by the modifi-
cation at C24 in their side chain. In animals, 24-desmethylsterols such as cholesterol (no
additional group, 27 carbon atoms in total) are typical, while fungi have 24-demethylsterols,
such as ergosterol (28 carbon atoms) (Figure 1). In contrast, plants produce a wide range of
more than 250 different sterols, the most common of which are sitosterol, campesterol and
stigmasterol [11]. Interestingly, cholesterol represents 1-2% of the plant sterol content, i.e.,
cholesterol is not unique to animals but can also be produced at least by some plants, such
as algae [12]. Cholesterol is not only critical for membrane fluidity but also an important
precursor for bile acids and steroid hormones [13]. Most eukaryotic species, including
humans, can synthesize sterols de novo, but some others, such as insects, depend on a
supply of sterols via their diet [14].

When sterols like ergosterol (pre-vitamin D;) in fungi or the direct cholesterol pre-
cursor 7-dehydrocholesterol (pre-vitamin D3) in animals and phytoplankton are exposed
to UV-B radiation of 280-315 nm, they transform non-enzymatically to vitamin D, and
vitamin D3, respectively (Figure 1). First, the double bond between C7 and C8 of both types
of sterols absorbs the energy of the radiation, which creates thermodynamically unstable
pre-vitamin D molecules, in which their B ring is opened between C9 and C10, creating
secosteroids [15]. Then elevated temperature catalyzes the isomerization of pre-vitamin D
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into vitamin D. Since both reactions do not require any enzyme, it is likely that vitamin D,
and vitamin D3 are evolutionary very old molecules that occurred as early as the ergos-
terol and cholesterol biosynthesis pathways evolved some 1.2 billion years ago (Figure 2).
For example, for at least 750 million years, phytoplankton has produced vitamin D3 [16].
However, in early evolution, vitamins D, and vitamin D3 may have been primarily side
products of sterol biosynthesis in UV-B exposure, i.e., they had no signaling function since a
respective endocrine system (see Section 3) had not evolved. Interestingly, continuous UV-B
exposure can convert pre-vitamin D3 into lumisterol, tachysterol and other photoprod-
ucts [17], i.e., vitamin D3 precursors and metabolites are able to perform UV scavenging
by rearranging double bonds within the molecule [18]. Thus, the pre-endocrine function
of vitamin D was and still is the protection of DNA and proteins from mutagenesis and
degradation, respectively.
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Interestingly, the accumulation of vitamin Dj in the marine food chain [12,19] ex-
plains why salmon, as well as the liver of cod (“cod liver 0il”), have a high content of the
vitamins [20,21].

3. Evolution of Vitamin D Endocrinology

The core protein of an endocrine system is its receptor. A high-affinity receptor for
vitamin D, the transcription factor VDR evolved some 550 million years ago [22]. However,
contrary to its name, VDR is activated neither by vitamin D, nor by vitamin D3 [23].
Carrying only one hydroxy group, both secosteroids are not polar enough to bind VDR. In
fact, two hydroxylation reactions are required to form with 1c;,25-dihydroxyvitamin Dj
(1,25(0OH);D3) a vitamin D metabolite that offers three hydroxy groups for specific high-
affinity binding to the ligand-binding domain (LBD) of VDR (Figure 1). This implies that the
25-hydroxylases cytochrome P450 (CYP) 2R1 and CYP27A1, as well as the 1a-hydroxylase
CYP27B1, are key components of vitamin D endocrinology. They transform vitamin Dj
into 25-hydroxyvitamin D3 (25(OH)D3) and 25(OH)Dj3 into 1,25(0OH);Ds3, respectively.
Furthermore, as described for other hormones, the levels of 1,25(0OH), D3 need to be tightly
regulated. This happens via the 24-hydroxylase CYP24A1 that converts 1,25(0OH),;D3 to
1,24,25(0OH)3D3 and inactivates the VDR ligand in this way [24]. Despite their hydroxyl
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groups, all vitamin D metabolites are lipophilic and need to be carried in hydrophilic serum
and cellular liquids by transport proteins. Thus, for a functional endocrine system, specific
receptor(s), metabolizing enzymes and transport proteins need to evolve [25].

VDR belongs to the transcription factor family of NRs, which in humans is formed
by 48 genes [26]. Comparative genomics demonstrates that the closest relatives to VDR
are the NR1I subfamily members pregnane X receptor (PXR) and constitutive androstane
receptor (CAR), and the NR1H subfamily members liver X receptor (LXR) « and b, as well
as the farnesoid X receptor (FXR) [27]. This indicates that VDR and its five relatives have
a common ancestor and that the individual receptor genes developed by whole genome
duplications in early vertebrate evolution [28]. Interestingly, the six NRs function as sensors
for cholesterol derivatives, such as 1,25(OH), D3, oxysterols and bile acids [29]. Moreover,
FXR, VDR, CAR and PXR detect toxic secondary bile acids, such as lithocholic acid, and get
activated by them [30-33]. This suggests that the prime function of the common ancestor
of NR1H- and NR1I-type NRs was to act as a bile acid sensor. Accordingly, one of the first
functions of VDR and its relatives was the regulation of genes encoding for enzymes of
marine biotoxin degradation [4,34].

Detoxification reactions represent a specialized form of metabolism that allows a
response to environmental conditions, such as the rise in toxic compounds. However,
the most dominant environmental challenge of species is their diet, which is primarily
composed of macro- and micronutrients. This created an evolutionary pressure, with the
push of which the sensing of the levels of nutritional molecules like fatty acids, cholesterol
and vitamins became the main function of NRs, such as peroxisome proliferator-activated
receptors (PPARs), LXRs, retinoid acid receptors (RARs) and VDR [35,36]. This function is
closely linked to the control of energy metabolism, which was and still is a prime task of
many NRs, including VDR [37]. Accordingly, a significant proportion of the hundreds of
VDR targets are metabolic genes [38-41].

Archetypical NRs were orphan receptors, as some members of the NR superfamily
still are [42]. Comparative genomics suggests that in a stepwise evolutionary adaption,
orphan, NRs changed critical amino acids within their LBD, so that a ligand-binding pocket
got accessible to potential small lipophilic ligands. The 40 or more amino acids forming this
pocket are specifically adapted to the shape and polarity of the ligand. Some 550 million
years ago, this evolutionary adaptation process resulted in the first known VDR that binds
1,25(0OH),Dj3 at sub-nanomolar concentrations was found in the early jawless vertebrate
sea lamprey (Petromyzon marinus) [22], meaning that VDR had evolved into a classical
endocrine receptor, such as those for the steroid hormones estrogen, testosterone and
progesterone. Crystal structure analysis of lamprey’s VDR ligand-binding domain [43]
confirmed similar binding of 1,25(OH),Dj3 as identified for human VDR [44]. In vertebrate
evolution, amphibians, reptiles, bony fish, birds and mammals also learned to express
functional VDR proteins [45]. Most species have only one VDR gene, but the genome of
teleost fishes underwent a third whole genome duplication and contains even two VDR
genes [46].

Since the levels of 1,25(0OH),Dj3 in lamprey are similar to that in higher vertebrates,
respective enzymes, such as CYP2R1 and CYP27B1, must have co-evolved with VDR [22].
Similar co-evolution also happened for the vitamin D transport protein vitamin D binding
protein (encoded by the GC gene) [25]. This indicates that some 150 million years before the
first species left the ocean and had the need for a stable skeleton, vitamin D endocrinology
was already established. Thus, from an evolutionary perspective, the control of calcium
homeostasis was rather a secondary than a primary goal for establishing the vitamin D
endocrine system.

4. Evolution of the Physiological Functions of Vitamin D

Possible harming invaders created since the early times of life on Earth a strong
evolutionary pressure for developing defense mechanisms, such as an immune system. The
innate immune system is evolutionarily older and found already in many non-vertebrate
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species, such as insects. It involves a number of barriers, such as skin and mucosa, and uses
a limited set of pattern recognition receptors that detect only general features of possible
pathogens. In contrast, the adaptive immune system developed some 500 million years ago
in ectothermic cartilage fishes and uses antigen receptors, such as B and T cell receptors,
that have a very high affinity and specificity to their antigens [47,48].

The growth of immune cells and their function in defense and tissue repair takes
significant amounts of energy [49]. Key vitamin D target genes in this context are PFKFB4
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4) in dendritic cells [50] and FBP1
(fructose-bisphosphatase 1) in monocytes [51]. Therefore, the regulatory function of vitamin
D and its receptor on energy metabolism were essential during the development of the
immune system (Figure 2). Moreover, vitamin D modulates innate immunity through
further target genes, such as those encoding for the antimicrobial peptide CAMP (catheli-
cidin) [52] and the toll-like receptor 4 co-receptor CD14 [51] in monocytes. Furthermore,
in dendritic cells, which present antigens to T cells of the adaptive immune system, many
genes respond to vitamin D [53]. In this way, vitamin D was and still is involved in efficient
responses to pathogens, such as the intracellular bacterium Mycobacterium tuberculosis [54].
Moreover, the cluster of HLA (human leukocyte antigen) genes on human chromosome 6,
many of which are vitamin D targets [41], is a “hotspot” of vitamin D-induced chromatin
accessibility [55]. Thus, most non-skeletal functions of vitamin D, like the modulation
of the immune system, developed before its regulation of calcium homeostasis and bone
remodeling had been established (Figure 2).

Some 385 million years ago, the next important step in vertebrate evolution happened:
some species moved from the ocean onto land and had to develop a skeleton supporting
locomotion under gravitational forces [25] (Figure 2). At earlier times, calcified cartilage
and dermal bone had already been developed by cartilage fishes like sharks. Bone fishes
even had replaced this cartilage with bone [56]. In the calcium-rich environment of wa-
ter (approximately 10 mM), this transformation was not limited by calcium abundance.
However, the calcium-poor conditions on land created an evolutionary pressure to tightly
regulate the concentration of calcium in intra- and extracellular compartments of the body.
Since the largest amounts of calcium are stored in bones, they serve as reservoirs to balance
variations in the supply of the mineral by diet. In this process, vitamin D, as well as the
peptide hormone PTH (parathyroid hormone), took the lead role. For example, the calcium
channel TRPV6 (transient receptor potential cation channel subfamily V member 6), as well
as the calcium-binding proteins CALB1 (calbindin 1) and CALB2 are encoded by vitamin D
target genes [57].

Vitamin D regulates the activity of bone-resorbing osteoclasts by the cytokine RANKL,
which is encoded by the vitamin D target gene TNFSF11 (TNF superfamily member 11) [58].
Moreover, also bone mineralization is controlled by proteins encoded by vitamin D target
genes, such as SPP1 (osteopontin) and BGLAP (bone gamma-carboxyglutamate protein,
also called osteocalcin). Bone remodeling, i.e., the resorption of extracellular matrix by
osteoclasts as well as bone formation by osteoblasts, requires, like immune functions, also a
lot of energy. [59]. Thus, bone remodeling and immunity are connected via their depen-
dency on energy metabolism [60]. Moreover, hematopoietic stem cells find in the interior
of large bones, the bone marrow, a niche, i.e., a place where proliferating immune cells are
effectively shielded from radiation and, in parallel, supported by calcium. Interestingly,
already in bone fishes like zebrafish (Danio rerio) vitamin D regulates hematopoietic cell
growth during embryogenesis [61]. Thus, the close connection of calcium homeostasis
and bone remodeling to immunity, i.e., the co-evolution of both systems, illustrates why
vitamin D shifted into this additional task.

Taken together, vitamin D evolved from one of the multiple factors controlling (energy)
metabolism and immunity to a dominant regulator of calcium homeostasis and bone
remodeling. This explains why bone malformations were observed as the first symptom of
vitamin D deficiency.
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5. How Does the Evolution of Homo sapiens Relate to Vitamin D?

The anatomically modern human (Homo sapiens) evolved just some 300,000 years
ago in East Africa [62] and spread then over the whole continent. In order to protect
from sunburn and skin cancer induced by the intensive equatorial sun, the skin of these
humans was profoundly pigmented [63,64]. Despite dark pigmentation, there was and still
is sufficient vitamin D3 synthesis [65]. Just some 75,000 years ago, modern humans started
to migrate to Asia and from there to Oceania, Europe and the Americas [66,67] (Figure 2).
In Europe and in northern parts of Asia they experienced cold winter climates that let them
cover their skin by clothes. In addition, the intensity of UV-B is at higher northern latitudes
far lower, and in winter, for a few months, the radiation does not reach the surface [68].
Both clothing and northern latitude reduced the amount of vitamin D3 produced in the skin
and could cause vitamin D deficiency. The medical consequences of vitamin D deficiency,
bone malformations and reduced potency of the immune system, may have created an
evolutionary pressure that could have pushed for a reduced skin pigmentation [69], in
order to explain today’s North-South gradient in skin color [70].

Skin pigmentation depends on the load of keratinocytes with melanosomes [71],
which are melanin-loaded organelles that origin from melanocytes [72] (Figure 3). The
UV absorbing pigment melanin is produced via oxidation and polymerization of the
aromatic amino acid tyrosine. The brown/black eumelanin is the most common form
of melanin, while pheomelanin is yellow/red [73]. The difference in skin pigmentation
of human populations and individuals (as well as that of their eyes and hair) primarily
depends on SNPs (single nucleotide polymorphisms) in genes encoding for key proteins in
melanogenesis [72]. The most relevant SNPs are those related to the genes SLC24A5 (solute
carrier family 24 member 5), SLC45A2 and OCA2 (OCA2 melanosomal transmembrane
protein) [67,74] that encode for a potassium-dependent sodium/calcium exchanger, an
ion transporter and a pH regulator in melanosomes, respectively [72]. Thus, the loss of
function of these key proteins in melanin production leads to reduced skin pigmentation.

Modern humans arrived in Europe some 42,000 years ago [75,76] with dark skin like
their African ancestors, but many of them had blue eyes due to variations of their OCA2
gene [75,77] (Figure 3). By interbreeding, they outnumbered the ancestral Neanderthal
hominins, which had lived in Europe already for some 400,000 years [77-79]. In net ef-
fect, today’s Europeans have, on average, 2.3% Neanderthal DNA in their genomes [80].
These hunter—gatherers lived first in ice-free southwestern Europe [81] and started some
11-12,000 years ago to colonize also northern Europe [75]. Based on archeogenomic data
the evolution and timing of trait changes within European populations had been discov-
ered [82] (Figure 3). First, some 8400 to 6000 years ago, people from northwestern Anatolia
spread over southern Europe. These Anatolian farmers started the Neolithic revolution in
Europe by introducing the concept of agriculture, i.e., the domestication of animal and plant
species, to the hunter-gatherers. Moreover, by interbreeding with the indigenous European
population, the Anatolian farmers also brought them their SLC24A5 gene variant for lighter
skin. In a second wave, some 5000 years ago, Yamnaya pastoralists from the Eurasian
steppe arrived in Europe and settled preferentially in the North (Figure 3). They introduced
the horse, the wheel, their Indo-European languages as well as lighter skin due to SNPs in
their SLC45A2 and SLC24A5 genes to the preexisting European populations [83-85]. Thus,
the relative admixture of the hunter-gatherers, Anatolian farmers and Yamnaya pastoralists
explains the variation in skin color (as well as many other traits) of present Europeans.
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Figure 3. Schematic representation of the admixture of the European population. All European popu-
lations derived from European hunter—gatherers, Anatolian farmers and Yamnaya pastoralists [84]. A
pie chart indicates the typical admixture of the founding populations (center). Melanin is produced
in melanosomes under the control of the proteins OCA2, SLC24A5 and SLC45A2 (top).

Archeogenomic data demonstrated that Homo sapiens hunter-gatherer populations
lived in Europe with dark skin for more than 30,000 years. Did they suffer from conse-
quences of vitamin D deficiency? With the exception of people living an urban lifestyle
already some 2000 years ago in the Roman empire [86], older bone samples do not show
signs of malformation. Explanations could be a dominant outdoor lifestyle in southern
Europe (the rest of Europe was covered by ice) or, in part, vitamin D3 supplementation via
a marine-based diet for populations living close to the coast. However, the most dominant
effects were SNPs in the regulatory regions of the DHCR? (7-dehydrocholesterol reductase)
gene, which reduced its expression, and by this, its enzymatic activity [82,87]. The resulting
increased concentrations of 7-dehydrocholesterol in the skin led then to a more efficient
synthesis of vitamin D3 (Figure 1). Genome-wide association studies (GWAS) confirmed
that the vitamin D status (as measured by 25(OH)D3 serum levels) significantly depends
on SNPs of the DHCR?Y gene [88]. Furthermore, other GWAS demonstrated the dependence
of the vitamin D status on genes related to vitamin D endocrinology, such as CYP2R1,
CYP24A1 and GC, but not to skin color [89,90]. This suggests that at least in (western)
Europe, skin lightening did not happen due to an evolutionary pressure caused by vitamin
D deficiency but by interbreeding with populations from northwestern Anatolia and the
northern Caucasus. Thus, the light skin color of today’s Europeans is primarily based on the
migration of populations from western Asia and the Near East to Europe [75]. Nevertheless,
concerning their vitamin D status and their ability to populate also northern regions, the
European populations benefitted from skin lightening.
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6. How Vitamin D Became a Vitamin?

With the exception of highly developed societies, such as in the Roman empire, in the
past, humans exposed larger percentages of their skin to the sun for a far longer part of the
day than nowadays. In their evolutionary origin in East Africa, humans were every day
around the year exposed to extensive UV-B radiation, which induced sufficient vitamin
D3 synthesis. Therefore, over a period of more than 200,000 years, they got used to a
constantly high vitamin D status of 100 nM 25(OH)D3 or more [65]. However, within the
last 50-75,000 years, the migration toward regions with a latitude above 37 °N let them
experience seasonal changes in sun exposure and periods of the year when vitamin Dj
cannot be produced endogenously. Furthermore, as a result of the industrial revolution,
humans adapted to an urban lifestyle with predominant indoor work and activity. Both
conditions, vitamin D winters and indoor preferences, often led to vitamin D deficiency in
industrialized countries. For example, in England in the 19th century, rickets, also called
the “English disease”, was a very common disorder in children [91,92]. Moreover, also
the severity of tuberculosis was and still is significantly increased in vitamin D deficient
individuals [93]. Thus, not evolution but human migration and lifestyle changes made
vitamin D3 a vitamin.

7. Conclusions

Vitamin D, and vitamin Dj3 started their “career” more than a billion years ago as
side products of sterol biosynthesis, in fungi, some plants and animals that scavenge
UV-B radiation. Just half a billion years later, the endocrinology of vitamin D evolved
and the biologically active form of vitamin Dj, 1,25(OH); D3, became a hormone. Via its
high-affinity receptor VDR 1,25(OH), D3 regulates genes that are involved in detoxification,
energy metabolism, immunity and calcium homeostasis. With this pleiotropic functional
profile vitamin D is an important contributor to organismal homeostasis and health. This
explains why rather recently (from an evolutionary perspective) changes in human lifestyle
caused a reduced endogenous vitamin D3 production. Since, in parallel, the majority of
human populations are not adapted to a marine-based diet [94], i.e., their average dietary
intake of vitamin D is low, vitamin D deficiency became a common problem. Worldwide,
vitamin D deficiency affects more than a billion people [95] and causes health problems,
such as bone malformations and a decreased potency of the immune system.
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Abstract: The biological actions of the vitamin D receptor (VDR) have been investigated intensively
for over 100 years and has led to the identification of significant insights into the repertoire of
its biological actions. These were initially established to be centered on the regulation of calcium
transport in the colon and deposition in bone. Beyond these well-known calcemic roles, other roles
have emerged in the regulation of cell differentiation processes and have an impact on metabolism.
The purpose of the current review is to consider where applying systems biology (SB) approaches may
begin to generate a more precise understanding of where the VDR is, and is not, biologically impactful.
Two SB approaches have been developed and begun to reveal insight into VDR biological functions.
In a top-down SB approach genome-wide scale data are statistically analyzed, and from which a
role for the VDR emerges in terms of being a hub in a biological network. Such approaches have
confirmed significant roles, for example, in myeloid differentiation and the control of inflammation
and innate immunity. In a bottom-up SB approach, current biological understanding is built into a
kinetic model which is then applied to existing biological data to explain the function and identify
unknown behavior. To date, this has not been applied to the VDR, but has to the related ERx and
identified previously unknown mechanisms of control. One arena where applying top-down and
bottom-up SB approaches may be informative is in the setting of prostate cancer health disparities.

Keywords: vitamin D receptor; systems biology; cell differentiation; prostate cancer

1. Systems Biology and Biomedicine
1.1. The Opportunities of Applying Systems Biology Approaches in Biomedical Research

Much of the discovery in biomedicine has been centered on the classic paradigms of
reductionist biology, in which phenotypes are interpreted as the interaction of either single
or small groups of molecules. Across biomedical sciences, there are many remarkable
examples of how this approach has led to the discovery of drivers of human disease,
and equally remarkable examples of new therapies designed to target these drivers. For
example, high-profile examples of this reductionist approach include the discovery of the
oncogenic role of the BCR-ABL fusion gene in the etiology of chronic myeloid leukemia [1]
and the development of a targeting kinase inhibitor such as Imatinib [2].

This is a striking example of the so-called bench-to-bedside research and represents
one of the earliest examples of precision medicine. At times, however, this reductionist
approach can appear limited both theoretically and clinically as the etiology of Imatinib-
resistant phenotypes only too well demonstrates [3]. Across cancers and other disease
phenotypes, a stumbling block can be identifying single strong disease driver mechanisms,
which in turn accurately predict drug sensitivities and therapeutic effectiveness. Therefore,
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delivering a fuller prediction of disease drivers and therapeutic vulnerabilities may require
developing different methodologies. Ideally, any methodologies would also take advantage
of the ever-increasing stream of high-dimensional biological data to inform diagnosis and
prognosis. Perhaps these approaches (SB and reductionist) can actually be highly symbiotic.

Systems biology (SB) aims to apply mathematical approaches to build a predicative
and quantitative model of biological systems, with the goal to use model predictions
to define specific physiological or pathophysiological states and outcomes. The models
derived from such SB approaches applied to experimentally derived biological data aim to
identify the dynamic behavior of networks that are the center of cellular behaviors [4,5].
These approaches are readily scalable and not restricted by scope. SB approaches can be
applied to discrete cell signaling systems, such as gene regulatory networks and signal
transduction cascades, to cell—cell interactions, tissue organization, organismal behavior,
and to complex multi-organism interactions as seen within, for example, the function of
the gut and even complete ecosystems [6].

Furthermore, the models built by SB approaches aim to define the functioning of living
organisms not solely by looking at the constituent molecules such as DNA, RNA, proteins,
and metabolites but rather by the process-level biological systems they constitute, such as
mitosis and metabolic control [7,8]. A key hallmark of these models is that they capture
the states of the system in a predicative and quantitative manner and can be exploited to
drive novel understanding. As these in silico models can be interrogated rapidly, multiple
components of any given model can be dissected to reveal unintuitive findings [9-11].

A consequence of the integrated nature of biological signaling is the emergent complex-
ity, which underpins human health. For example, the dexterous control of transcriptional
networks is derived from a high ratio of transcription factors to regulated mRNA or miRNA
targets. This ratio, combined with large regulatory regions, results in unparalleled plasticity
over the choice, amplitude, and period of transcription [12,13]. More specifically, transcrip-
tion factor modules recognize, interpret and sustain histone modifications and ultimately
establish boundaries between transcriptionally rich euchromatin and transcriptionally re-
stricted heterochromatin. These boundaries are cemented further by the regulation of CpG
island methylation; these two processes are dynamically intertwined. Again, from an SB
perspective, it is reasoned that modeling these transcriptional processes will help to explain
the highly integrated nature and robustness of normal transcriptional control, whereby the
processes have redundancies such that they do not radically alter in response to external
signals and do not fail when a single component is altered. By contrast, transcriptional
networks in cancer cells display a loss of transcriptional plasticity and do not display the
full breadth of signaling capacities. The evolution of the malignant transcriptome is seen
clearly in the nuclear receptor and MYC superfamilies (reviewed in [14]).

The concept of SB builds on so-called “holistic biology” developed in the 1960s and
coupled with informatics theory and modeling approaches developed through the 20th
century. However, the application of SB methodologies and the expansion of SB concepts
in biomedicine has been boosted since the early 2000s by the technological advances in the
development of high dimensional data approaches frequently derived from next-generation
sequencing technologies coupled with bioinformatic approaches. This progression from the
1950s to the current state has been profoundly catalyzed by the human genome project, with
its draft sequence published in 2001, and a final reference genome published in 2022 [15]
alongside other reference genomes across the animal and plant kingdom. In this manner,
the combination of high throughput experimental approaches in the wet lab coupled with
complex statistical analyses and computational methods in the dry lab have led to a more
comprehensive characterization of multiple diverse organisms, and a shift of focus from
molecules to their interactions and the networks they form [16]. This sophistication and
power of prediction are most likely set to increase when SB models also include a spatio-
temporal characterization of cell behavior, including the dynamics of how molecules are
exchanged between compartments and exported from the cell. Again, modeling these
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aspects of cell behavior has been massively impacted by an explosion in single-cell and
spatial technologies.

There are several well-justified advantages of applying SB approaches, which have the
genuine potential to complement and extend the reductionist paradigm. Expressing the
complete interactions within biological systems in mathematical terms reduces the impact
of biases introduced by focusing on single proteins, and instead can reveal under-explored
control points in the system. Furthermore, expressing biological systems in the context of
processes, rather than well-understood individual components, has the potential to assimilate
more readily new high dimensional data generated in biological experiments. Consequently,
it is reasonably anticipated that significant, novel, and unpredicted strides will be made
in understanding the control and responsiveness of biological events, which in turn can
generate new insights into disease susceptibility and therapeutic opportunities [17,18].

1.2. Systems Biology Builds upon an Asymptotic Recursion between Wet Lab and Dry Lab

At its core, SB approaches have an asymptotic recursion between research activities
in the wet lab and dry lab. Models are built in the dry lab that reflects the biological
observations in the wet lab and are used to generate predictions for how the system can
behave. Such predictions are then formulated into testable interventions in the wet lab
to generate data for model refinement in the dry lab. It is this oscillation between wet
and dry labs that is so potentially powerful, but at the same time so daunting. Broadly,
two strategies have emerged to develop such models, by either top-down or bottom-up
approaches (Figure 1).

’,
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Figure 1. A workflow for top-down and bottoms-up system biology (SB) approaches to address
prostate cancer health disparities. For top-down SB there is a plethora of high dimensional data
including germline structural variants, population characteristics as serum-borne, and other clinical
data that can be integrated through a range of approaches to deliver insights into how the prostate
could either be either sensitive or resistant to the growth restraint properties of the VDR. From the
bottoms-up perspective, more focused kinetic models can be developed for how the VDR functions
and is disrupted between normal and tumor cells. Combining these approaches has the potential to
develop a holistic understanding of how the VDR functions in the prostate gland and how this is
impacted by genomic ancestry.
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In the top-down approach, large datasets are interrogated with statistical methods to
find patterns in the data with which to derive predictions on the system organization [19].
The models in top-down SB are phenomenological, meaning they are not directly mechanis-
tically based and do not require knowledge about relationships between different molecular
components. Identification of significant associations is used to develop a hypothesis on the
nature of the molecule interactions and associations identified. These approaches naturally
lend themselves to omics-derived data and develop hypotheses to be tested by wet lab
analysis [20]. It is worth noting that the identified associations that are significant may not
be causal, and in fact, themselves may not be true. Top-down approaches are often used
with subsystems that have not yet been characterized to a high level of mechanistic detail
and approaches such as Bayesian modeling are appropriate due to the missingness in the
data from biological regulatory networks [21].

By contrast, the bottom-up approach begins with the hypothesis of biological mecha-
nism and formulating equations on how the components of the system interact and then
running simulations to generate predictions. This approach relies on experimental studies
to determine the kinetic and chemical properties of the components, and starts with formu-
lating system behaviors in rate equations, for example, expressed as differential equations,
of the constituting parts of each system. These formulations are then integrated to predict
the system behavior, with the goal to combine pathway models into a model for a larger
system [21]. The data on the system under study are subjected to perturbations in the cell
context and models are refined from the data. An example of a bottom-up approach is the
silicon cell program where computational replicas of actual pathways are made to calculate
system behavior [22].

The power of these approaches arises from being able to identify and direct experi-
ments to test fundamental questions of a biological system. From the top-down perspective,
these questions include identifying in a genome-wide manner the interactions of all com-
ponents in a system to define the metabolic control that ultimately brings about cell, tissue,
or organism behavior. Arising from this approach questions can be asked of a system.
For example, what is the interconnectedness of the system and how does that change
between health and disease states, or in different development or differentiation states?
Which hubs in such networks are central and which are peripheral? Again, how does hub
distribution shift in disease and development transitions? How do changes in gene and
protein expression combine to control metabolism? How do germline or somatic structural
variants change network topology and metabolic flux?

Similarly, from the bottom-up perspective, a model is curated from known biological
interactions and expressed in mathematical terms to test behavior and make new predic-
tions. For example, with any signaling system how is activation controlled and silenced?
Given the ubiquitous role of enzymes in biology, a common question is how does changing
the kinetics of activating/de-activating enzymes lead to altered signal amplitude? To what
extent do germline or somatic structural variants in enzymes, or co-factors modulate enzy-
matic capacity and what effect does that exert on signal strength? More broadly, how are
different signaling systems integrated and what is the quantitative effect of convergence?
Does crosstalk generate synergistic events in regulatory complexes or are they merely
convergent downstream at endpoints? What is the magnitude of control at each step and
is there an order to control ranging from find-tuning to signal-independent activation?
Finally, questions can be asked of the system in disease or development states and tested
for pharmacological relevance including identifying which targets may be impactful but
have deleterious side effects.

2. The Opportunities and Challenges of Applying Systems Biology Approaches to
Studying the Vitamin D Receptor

A systems-level appreciation for vitamin D signaling has existed for several centuries,
given that a description of rickets was first described in the 17th century [23]; rickets arises
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from impaired bone mineralization due to insufficient signaling via the vitamin D receptor
(NR1I1/VDR) (reviewed in [24]).

The VDR is a Type I member of the nuclear receptor superfamily, which binds the
active hormone 1x,25(0OH),;Dj3. Several features of how the VDR functions are important
from an SB perspective. A feature of Type II receptors such as the VDR is that independent
of ligand the receptor is significantly associated with the genome bound to cis-regulatory
elements (CRE) and may exert repressive effects, which is reversed by ligand activation
leading to genomic redistribution and transactivation [25-28]. Additionally, of interest
from a systems perspective is that VDR interacts in distinct ways with a number of proteins.
Firstly, it heterodimerizes with the RXRs (NR2B1/RXRa, NR2B2/RXR, NR2B3/RXRy),
which is also a central dimer partner for other Type II receptors including those retinoic acid
receptors (NR1B1/RAR«x, NR1B2/RARf, NR1B3/RARyY), and the peroxisome proliferator-
activated receptors (NR1C1/PPAR«, NR1C2/PPARB, NR1C3/PPARY) [reviewed in [24]].
Secondly, the VDR interacts with a range of coregulator proteins such as coactivators and
corepressors that exert antagonist roles in the control of local chromatin structure, as well
as components of the SWI/SNF complexes to remodel nucleosome positioning and other
enzymes such as helicases [29,30] and splicing factors [31] to also facilitate transcription.
The VDR appears to participate in protein—protein-DNA interactions, for example with
other transcription factors, in a trans-regulatory mechanism to regulate transcription.
Finally, there is emerging evidence for the VDR, like other nuclear receptors [32,33], to
interact functionally with long non-coding RNAs (IncRNA) to control gene expression by
directly affecting the DNA environment or other RNA binding proteins [34]. Indeed one
such IncRNA, steroid receptor activator (SRA) coimmunoprecipitates with the coactivator
NCOA1/SRC1 and may function more broadly as a scaffold for NR complexes (reviewed
in [32]).

Finally, of central importance to the complete VDR signaling system is the generation
of the ligand, 1&,25(OH), D3, the levels of which are dynamically controlled in terms of
synthesis of the precursor 25(OH)D3 which is held in a relatively tight range in the serum,
and signs of deficiency in the VDR system can be seen when this serum level is diminished.
The various metabolic steps that lead to the generation of 25(OH)Djs, the active ligand
1x,25(0OH),;D3, and a range of metabolites that ultimately lead to its catabolism are all
tightly controlled by enzymatic reactions both in an endocrine and tissue-specific local
intracrine manner.

2.1. Top-Down Approaches Applied to VDR Biology

From a top-down SB perspective, it is interesting to ask in what context the VDR
itself, or coregulators, or ligand generation are identified as a central hub in gene networks
associated with different cell phenotypes and disease states, and from a bottom-up SB
perspective, it is attractive to develop models that accurately capture the cycling interactions
of the VDR with different co-factor and predict how this relates to diverse transcriptional
outputs, again across cell phenotypes and disease states.

High dimensional data approaches have been applied to ask questions about what
the transcriptional effects are of adding 1«,25(OH),; D3, or deleting the VDR. From a top-
down SB perspective, the question of VDR function is alternatively phrased to identify
biological circumstances where the VDR is identified as a hub in the transcriptional network
independent of any knowledge of the system. In this manner, analyses of across myeloid
cells [35], granulocytes [36], and megakaryocytes [37] have identified significant control
functions for the VDR to regulate specific cell differentiation outcomes. Interestingly, these
studies support some of the earliest studies that explored the functions of 1¢,25(OH),D3
and revealed its capacity to initiate differentiation of leukemia cells [38,39]. These findings
might suggest a role for the VDR to be mutated or deleted in leukemia and although there
were numerous candidate studies of the VDR expression and genomic integrity, large-scale
genomic approaches, for example in the TCGA leukemia cohort [40], suggest that the VDR
is neither distorted to act as cancer-driver, nor has it been therapeutically exploited to date.
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Together, these findings suggest that whilst the VDR is biologically impactful in the
normal differentiation, for example, the process to monocytes, it is not itself so frequently
disrupted in leukemia such that when it is mutated it acts in an oncogenic manner to
disrupt normal progenitor differentiation, and it cannot be targeted to induce leukemia cell
differentiation in patients. At first glance, these findings may appear contradictory, but
most likely reflect the nature of redundancy in the system, and the role of VDR to undergo
diverse protein interactions. Specifically, the VDR is known to interact with CEBPs [41]
to induce leukemia cell differentiation [41], and indeed the CEBPs are a master regulator
in the physiological transcriptional module containing the VDR to regulate monocyte
differentiation [35]. However, CEPPs interact with multiple different nuclear receptors to
regulate cell fates [42-45], and redundancy in the system limits the impact that altered VDR
function alone can exert on cell fates. Finally, it is interesting to note that CEBPA mutations
are in the top 33 mutational events in the TCGA leukemia cohort [40].

These identified roles for the VDR in monocyte differentiation reflect a broader
function for the receptor to signal in differentiation processes [46] and immune phe-
notypes. Alongside the roles of vitamin D to prevent rickets, in the late 19th century
the concept emerged of sunlight therapy, known as heliotherapy, to fight tuberculosis
and other infections [47]. Indeed, unbiased transcriptomic analyses of the impact of
Muycobacterium tuberculosis demonstrated a role for Toll-like receptors to initiate a signal
transduction cascade in macrophages that upregulated the VDR and induced an antimi-
crobial response. Intriguingly, this response appeared to be dampened in people with
African genomic ancestry perhaps associated with low serum levels of 25(0OH)Dj3 [48]. Sim-
ilarly, Mycobacterium tuberculosis infection of lung cells identified VDR as a key regulated
transcription factor [49]. Another infection of interest is the coronaviruses and in 2013
the lung cell response towards severe acute respiratory syndrome (SARS) arising from a
coronavirus infection again identified the VDR as a key regulator of response [50]. More
recently, COVID-19 infection of T cells from bronchoalveolar lavage demonstrated a role
for the VDR to trigger super-enhancer activation and the control of innate immunity [51].
An unbiased identification of the role of the VDR in the regulation of innate immunity and
immune phenotypes has also been identified by GWAS [52-55].

Viewed from the perspective of unbiased top-down statistical analyses has revealed
critical roles for the VDR in innate immunity, control of inflammation, regulation of dif-
ferentiation, and metabolic control [56-58], but not in some of the other phenotypes that
are investigated at the pre-clinical and candidate level, notably including cancer; this was
established in a previous structured literature search (reviewed in [59]). That is, no cancer-
associated GWAS identifies structural variants in the VDR associated with cancer risk, and
none of the TCGA papers (over 10,000 tumor samples across more than 30 tumor types)
identify frequent VDR-associated structural variants or significantly altered expression that
associates with cancer clinical phenotypes.

GWAS studies have continued to evolve in terms of the complexity of study design [60]
and cohort sizes and different genomic ancestry, and methods have also developed to find-
ing interactions between variants and also considering how non-coding variants withing
regulatory regions may determine how efficiently a given transcription factor can function;
so-called a cis-expression quantitative trait loci (eQTL). Certainly, there is evidence for
significant enrichment of germline structural variants in VDR binding sites associated with
genes that regulate immune phenotypes [61]. Likewise, there is evidence for such eQTLs
are significantly impacted by genomic ancestry, for example in the case of the ex vivo
response towards 1«,25(0OH), D3 in normal colon cells [62].

These methodological developments and the ever-increasing repertoire of high di-
mensional data are likely to increase the understanding of VDR and vitamin D signaling
phenotypes and will most likely become ever more important to develop new hypotheses
over how signaling occurs and where it is most biologically relevant. Perhaps this is readily
illustrated by the application of Mendelian randomization methodology to test the factors
such as levels of serum 25(OH)Dj (either measured or predicted) and their causal relation-
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ship with different clinical phenotypes. In this manner 25(OH)Dj3 levels and components
of the VDR axis are significantly casual in multiple sclerosis, hand grip strength, bacterial
infection, and type 2 diabetes [63-66], but not for the prevention of COVID-19 infection,
birth weight, or colon cancer [58,67,68].

2.2. Bottom-Up Approaches Applied to VDR Biology

Applying a bottom-up SB approach to VDR-dependent gene regulation requires con-
structing a kinetic model that captures the function of different VDR-containing complexes
and the quantitative regulation patterns of VDR target genes. Such a model would combine
spatial-temporal measurements for the generation of 1,25(0OH), D5 in a target tissue, VDR
genomic interactions, such as initial concentrations in the nucleus of the proteins involved,
their half-life, and their associations, to explain how these actions predict the downstream
transcriptional impact. Model refinement and validation can then be undertaken by empir-
ical measurements of the cycling of VDR genomic interactions and transcriptional outputs.

The working assumption is that the transcription factor complex contains enzymes
that remodel chromatin to allow signaling to the RNA polymerase complex and the ini-
tiation of transcription. In the case of a transcription factor such as the VDR, which has
nuclear residence independent of ligand exposure, the complex exists in two states of
genomic interaction, namely with and without ligand, and in each with qualitatively and
quantitatively different cofactors, and also in terms of distribution (distal or proximal). The
output of the model will then be to predict the kinetics of mRNA accumulation in a manner
that reflects the different ligand-dependent and independent states, and spatial association
to target genes. Of course, these components are most likely too simple to predict mRNA
accumulation accurately. However, even such a simple model for different genes and the
VDR could begin to define how much of the difference between mRNA accumulation
could be explained by merely considering spatial and temporal factors for transcription
factor residence on a gene. Model components could then be added to consider other
well-understood biological components such as disease states, and chromatin states, as well
as the impact of DNA helicases required for transcription, or even the role of non-coding
RNA to impact mRNA accumulation.

To date, such an approach has been applied to several transcription factors in human
cells. Within the nuclear receptor superfamily, kinetic modeling of ERx predicted a role
of receptor phosphorylation to act as an underexplored feedback mechanism to predict
RNA accumulation and was validated by empirical measurements [69]. Outside of nuclear
receptors, other human transcription factor-centered models include describing the sep-
arate actions of NF-«B [70,71] and p53 [72], and their collective oscillatory behavior [73].
Separately, signal transduction events have also been modeled quite extensively, including
the transduction events for RAS [74,75] and its interaction with other regulatory events
such as the circadian clock [76] and EGEFR signaling [77].

These approaches are powerful, and it is perhaps surprising why they have not
been more widely applied to other nuclear receptors beyond the ER«, for example to
the clinically relevant VDR. Several impediments no doubt include the time, resources,
and interdisciplinary expertise required for model development and refinement. One
impediment is establishing collaborations that bring insight from the wet and dry labs. To
be successful these collaborations require sufficient data density of dynamic cellular events,
such as precise measurements of the concentration of key proteins and RNA molecules
in a cell, the frequency of transcription factor genomic interactions, and levels of mRNA
accumulation to justify modelling in mathematical terms. Furthermore, these challenges
are sometimes impeded by an uneasy relationship between the biological and mathematical
communities [5]. The incentive for these intensive modelling efforts, most likely involving
interdisciplinary collaborations, is that once such a model is built it has the potential to be
translated to other transcription factor genome interactions, or across cell types, or disease
states and allow speculation on the biological processes without having to undertake
time-intensive and costly experiments in the wet lab.
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3. Prostate Cancer and Health Disparities; An Exemplar of the Opportunities Arising
from Systems Biology Approaches in Biomedicine

Men of African genomic ancestry in American (African American, (AA)) experience
higher risks of developing more aggressive prostate cancer (PCa) than European American
(EA) counterparts [78-81], which reflects underlying genetic [82-85] and epigenetic [86-91]
drivers and biopsychosocial processes [89,92,93]. The role of the glucocorticoid receptor
(GR) as a primary target for stress response has more recently been examined in the context
of cancer (reviewed in [94]) and offers a potential functional explanation for how stress
can be an accelerant of PCa in AA men [94-97]. A role for VDR signaling appears to be
more high profile in the etiology of AA rather than EA PCa. Given that UVB radiation
degrades folic acid as well as catalyzing vitamin D synthesis, a strong inverse correlation
between skin pigmentation and latitude has arisen during ancestral adaptation [98,99], and
amongst AA PCa patients there are significant associations between low serum vitamin
D3 levels and incidence and progression risks of PCa [100-115]. Furthermore, although
vitamin D3 supplementation in the VITAL cohort [116,117] had no overall impact on cancer
incidence, the AA participants experienced a suggestive 23% (p = 0.07) reduction in cancer
risk, indicating that larger cohorts may be more informative [118-120]. Strikingly, vitamin
D3 supplementation in AA and EA PCa patients only significantly modulated prostate
gene expression in the AA patients [121], associated with the control of inflammation. This
was supported by our recent study [122] in AA and EA cell models which have identified
qualitatively and quantitatively distinct VDR actions in terms of VDR protein—protein
interactions and more frequent VDR genomic interactions associated with significantly
distinct target gene expression.

These data support the concept that one cell function that appears to be most highly
responsive in a manner that reflects genomic ancestry is the role of VDR to modulate innate
immunity [48,123-126], and reflecting this there are correlative findings that support a
relationship between 25(0OH)Dj3 levels and immune-modulatory factors such as interleukin
(IL)-6 [127,128]. IL6 release into the serum is associated with activated macrophages and
is elevated in Ghanaian and AA men [129-131]. Together these studies suggest that the
biology of the prostate is the most sensitive VDR signaling in AA men, and more impacted
by inadequate VDR signaling either as a result of molecular mechanisms or environments
of low 25(0OH)Dj3. One biologically impactful consequence of this is the loss of control of
inflammatory signals. These studies also highlight that African ancestry is itself divergent,
and is also further modified by admixture, for example in the AA population (refs).

The Potential Application of SB Approaches to Prostate Health and Disease

There are significant knowledge gaps in identifying how genomic ancestry, the envi-
ronment, and lifestyle choices may combine to impact prostate health and disease. The
application of SB modeling could be used to generate biologically plausible hypotheses
to test specific relationships in these complex interactions. These knowledge gaps include
whether germline structural variants impact the generation of 1c,25(0OH), D3, and the extent
of relationships between serum 25(OH)Dj levels and PCa in a manner that reflects genomic
ancestry, and if, and to what extent, this is impacted by admixture. In experimental models,
it is emerging that the VDR genomic interactions differ between EA and AA prostate cell
models (ref), and recently AR genomic interactions also appear different in EA and AA PCa
samples. However, it is unclear if either the underlying sequence, for example at enhancer
binding sites, or other mechanisms are impacting why these different genomic interactions
arise. Finally, given the multi-parameter process of cis-regulatory interactions that drive
transcription through to processed RNA and translation to protein, it is also unclear how
genomic ancestry impacts these processes potentially in an emergent manner.

Together, these knowledge gaps can be combined in a hypothesis; namely that PCa
risks in AA men reflect the interplay of genomic ancestry, including admixture, coupled
with altered environmental signals that combine to drive qualitatively and quantitatively
distinct functioning of the VDR and potentially other transcription factors and underscore
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the health disparities in PCa. Potentially, this is also an attractive setting to develop a series
of SB models with which to test these interactions in silico and generate predictions to
validate in vitro and in vivo (Figure 1).

This provides an opportunity for both top-down and bottom-up SB modeling. From
the top-down perspective, high dimensional data are available to test develop models
that test how genomic ancestry significantly determines the associations between serum
25(0OH)Dj levels [118-120] and PCa structural variants [132,133], epigenetic states [86-91]
and gene expression [87,91,134] and how this significantly relates to serum inflammatory
markers. More specifically, Mendelian randomization approaches would be appropriate to
test how germline structural variants are associated with serum 25(OH)Ds levels depending
on genomic ancestry.

To complement these approaches, other top-down strategies applied to high dimen-
sional data sets could then determine epigenomes such as CpG methylation, histone modi-
fication, and chromatin accessibility [135,136] and transcriptome relationships in AA and
EA PCa patients. Construction of a spatial matrix from epigenomic data, co-incidence with
prostate cancer-specific enhancers [137,138], will be binned by accounting for orientation
and distance to gene features. Machine learning approaches can then be applied to identify
and test the significance of relationships between this matrix and PCa transcriptomes. For
example, bootstrapping approaches can test the associations of the epigenome and patterns
of observed gene expression compared to simulated data by random sampling [139]. In
parallel, other approaches such as the Pareto optimization algorithm [140] can define the
ordered correlation of relationships between the cistrome matrix and genesets, of which
the strongest (positive or negative) are of greatest biological significance. Comparing the
results of both approaches within and across genomic ancestry will reveal more significant
cistrome-transcriptome features that are potentially driving PCa health disparities. Lasso
and ridge regression can then be performed on the most significant cistrome-transcriptome
relationship genes to identify gene expression patterns that predict clinical outcomes in
publicly available data [141,142].

To meet these top-down approaches, bottom-up methods can be applied to build
kinetic models that take into consideration the amount of the VDR and its key interacting
factors in AA and EA prostate cells to simulate its ligand-dependent and independent
genomic states and distribution across epigenetic states. The goal of this modeling would be
to provide biological plausibility for why the VDR appears to be significantly transcription-
ally divergent between AA and EA PCa. Such predictions would form the justification for
validation in the wet lab using AA prostate cell line models and patient-derived xenografts.
Finally, such modeling may well justify tailoring recommendations for healthy vitamin D
serum levels that reflect genomic ancestry.

4. Summary

The VDR signaling system is physiologically impactful and when its functions are
altered it is associated with several disease states. Systems biology approaches to the analy-
ses of VDR functions have been applied in several top-down studies that have identified
significant VDR functions. To date, however, no bottom-up approaches to kinetic modeling
have been applied. The incentive in biomedicine to continue to apply SB approaches would
be to develop insight into what are the most prominent contexts where the VDR system
exerts biological impact and in turn how this can be exploited in diagnostic, prognostic, or
therapeutic contexts. For example, the application of SB approaches, both from a top-down
and bottom-up perspective, has the potential to be impactful in the context of prostate
cancer health disparities.
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2
Abstract: The vitamin D metabolite 1«,25-dihydroxyvitamin Dj is the natural, high-affinity ligand of
the transcription factor vitamin D receptor (VDR). In many tissues and cell types, VDR binds in a
ligand-dependent fashion to thousands of genomic loci and modulates, via local chromatin changes,
the expression of hundreds of primary target genes. Thus, the epigenome and transcriptome of
VDR-expressing cells is directly affected by vitamin D. Vitamin D target genes encode for proteins
with a large variety of physiological functions, ranging from the control of calcium homeostasis,
innate and adaptive immunity, to cellular differentiation. This review will discuss VDR’s binding
to genomic DNA, as well as its genome-wide locations and interaction with partner proteins, in
the context of chromatin. This information will be integrated into a model of vitamin D signaling,
explaining the regulation of vitamin D target genes.

Keywords: vitamin D; VDR; target genes; chromatin; epigenome; transcriptome; vitamin D signaling

1. Introduction

For 100 years, the term “vitamin D” has been used [1] for a molecule, the deficiency of
which can lead to bone malformations, such as rickets [2]. More than 50 years ago, evidence
accumulated that vitamin Dj acts via its metabolites 25-hydroxvitamin D3 (25(OH)D3)
and, in particular, via the nuclear hormone 1¢,25-dihydroxyvitamin D3 (1,25(0OH),D3) [3].
The emerging endocrinology of vitamin D was completed through the identification of
vitamin D-binding proteins [4,5] and the cloning of VDR in different species [6,7]. VDR
turned out to be an endocrine member of the nuclear receptor superfamily [8,9], suggesting
that (similar to the steroid hormones estradiol, testosterone, progesterone, cortisol and
mineralocorticoids, the vitamin A derivative all-trans retinoic acid and the thyroid hormone
triiodothyronine) 1,25(0OH), D3 acts at nanomolar, or even picomolar, concentrations, as a
direct regulator of specific target genes [10-12], in VDR-expressing tissues and cell types
(www.proteinatlas.org/ENSG00000111424- VDR /tissue, accessed on 5 March 2022). The
nearly ubiquitous expression of the VDR gene supports findings obtained during the past
30 years, that vitamin D regulates not only calcium homeostasis [13], but also immunity,
cell growth and differentiation, as well as energy metabolism [14-16].

The genomic actions of vitamin D depend on the activation of VDR by 1,25(0OH),D3
and involve changes in the epigenome, leading to changes in the transcriptome and pro-
teome. Therefore, in a typical in vitro vitamin D stimulation experiment, where supra-
physiological concentrations of 10-100 nM 1,25(OH), D3 are applied to a cell culture model,
it takes (due to the time needed for RNA and protein synthesis) a few hours before the
physiological effects of the nuclear hormone can be observed [17]. This is in contrast to
the so-called non-genomic actions of vitamin D that happen within seconds to minutes
and do not to involve VDR and changes in gene expression [18,19]. However, the timing of
vitamin D signaling may not be of critical importance, since the physiology of vitamin D
and its metabolites aims towards homeostasis, i.e., in vivo, there are no larger fluctua-
tions in the concentrations of 1,25(0OH),D3 [20]. Thus, in net effect, the physiology of
1,25(0OH),; D3 largely overlaps with the actions of the transcription factor VDR.
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This review will outline VDR’s DNA-binding modes, genome-wide locations, as well
as its interaction with chromatin components and other partner proteins. This will provide
the basis of a model of vitamin D signaling that explains the mode of action of vitamin D
target genes and allows for their classification.

2. VDR: A Transcription Factor Activated by Vitamin D

Transcription factors are proteins that are able to bind sequence-specifically to genomic
DNA and interact with other nuclear proteins, which modulates the activity of RNA poly-
merase II and mRNA production [21,22]. Some of the approximately 1600 transcription
factors encoded by the human genome are constitutively active and regulated primarily by
their expression, while most of them are activated by extra- and intracellular signals. A
few of these signal-dependent transcription factors are located either in a latent form in
the cytosol and activated through translocation into the nucleus, or—most of them—are
found in the nucleus and modulated in their activity by post-translational modifications,
such as phosphorylation or acetylation. Furthermore, some members of the nuclear recep-
tor superfamily have an additional mechanism of activation, which is a ligand-induced
conformational change on the surface of their ligand-binding domain (LBD) [23,24].

The inner surface of VDR’s LBD forms a ligand-binding pocket, where 40, mostly
non-polar, amino acids snugly enclose the molecule 1,25(OH),D3, so that it binds with
an affinity of 0.1 nM [25]. This is a very high affinity, even in comparison with other
nuclear receptors [26]. Ligand binding changes VDR'’s interaction profile with many of the
more than 50 nuclear proteins that have been reported to cooperate with the receptor [27].
Some of these VDR-interacting proteins function as co-repressors, such as NCOR1 (nuclear
receptor corepressor 1) [28] or COPS2 (COP9 signalosome subunit 2, also called ALIEN) [29],
co-activators of the NCOA (nuclear receptor coactivator) family [30], or members of the
Mediator complex, such as MED1 [31-33] (Figure 1). Other VDR partner proteins are
chromatin-modifying enzymes, such as histone acetyltransferases (HATs) [30], histone
deacetylases (HDACs) [29], lysine demethylases, such as KDM6B [34] and KDM1A [35] or
chromatin remodeling proteins, such as BRD (bromodomain-containing) 7 and 9 [36]. The
large variety of its protein interaction partners suggests that VDR is a dynamic member of
a large nuclear protein complex [37] (Section 5).

Many in vitro studies indicated that VDR binds efficiently to genomic DNA in a
complex with the nuclear receptor retinoid X receptor (RXR) [38-40]. The preferred binding
sites for the heterodimeric VDR-RXR complex are RGKTSA (R=A or G, K=G or T, S=C or G)
sequence motifs, arranged as a direct repeat with three spacing nucleotides (DR3) [41-43]
(Figure 1). However, these genomic binding sites need to be accessible to VDR complexes;
i.e., they need to be located within open chromatin, which is referred to as euchromatin
(Section 3). Chromatin immunoprecipitation sequencing (ChIP-seq) is a next-generation
sequencing method that is able to determine, in an unbiased fashion, the genome-wide
binding pattern, the so-called cistrome, of a transcription factor, such as VDR. ChIP-
seq for VDR had been performed in many cellular models (Section 4), which confirmed
that DR3-type binding sites are the most enriched sequence motifs below the summits
(£100 bp) of VDR peaks [44]. However, depending on the threshold settings of DNA motif-
finding algorithms, such as HOMER [45], only 10-20% of all VDR binding sites contain
DR3-type motifs [44,46]. Thus, in a genome-wide perspective, not all VDR-containing
nuclear complexes contact genomic DNA via DR3-type binding sites, by some distance.

The low percentage of DR3-binding VDR complexes detected by ChIP-seq also sug-
gests that there are a number of scenarios in which VDR acts independently of RXR. VDR
may use other nuclear proteins as alternative cooperative binding partners on genomic
DNA [47-49] or may bind indirectly to DNA, such as “backpack”, to other transcription
factors [50]. For example, below VDR ChIP-seq peak binding sites for the pioneer tran-
scription factor PU.1 (purine-rich box-1) are enriched [44]. In fact, in THP-1 monocytic
leukemia cells, the presence of PU.1 is observed on two-thirds of VDR’s genomic binding
sites [51]. This makes sense, since PU.1, VDR and the pioneer factor CEBPx (CCAAT
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1,25(OH)2D3

DR3-type
binding site

enhancer binding protein alpha) are the key transcription factors directing the differentia-
tion of myeloid progenitor cells into monocytes and granulocytes, during the process of
hematopoiesis [52]. Interestingly, THP-1 cells CEBP«x [53], GABP« (GA-binding protein
transcription factor alpha) [54] and ETS1 (ETS proto-oncogene 1, transcription factor) [55]
also co-locate with VDR binding sites and act as pioneer factors for vitamin D signaling
(Figure 1). Furthermore, in osteoblasts, vitamin D signaling is enhanced by the pioneer
factors CEBPx and RUNX2 (RUNX family transcription factor 2) [56], while in T cells, this
is mediated by the transcription factor BACH2 (BTB domain and CNC homolog 2) [57].
Thus, VDR uses help from RXR, but also from many other transcription factors, in order to
form functional complexes with genomic DNA.

Mediator
complex

Enhancer within TSS within
accessible chromatin accessible chromatin
.
S 4

\~--—I

DNA looping

Figure 1. VDR as the key ligand-inducible component of a multi-protein complex. VDR is a part
of a multi-protein complex that, e.g., contains co-receptors (RXR), pioneer factors (PU.1, CEBP«,
GABP«, ETS1, RUNX2, BACH?2), chromatin modifiers (KDM1A, KDM6B), chromatin remodelers
(BRD?7, BRDY), co-activators (MED1) and co-repressors (NCOR1, COPS2). The complex is activated
through the binding of 1,25(0OH), D5 to VDR and attaches preferentially to DR3-type binding sites
within enhancer regions. The mediator complex connects the activated VDR complex with the RNA
polymerase II waiting on transcription start site (TSS) regions of vitamin D target genes. In most cases the
linear distance of enhancer and TSS region are multiple kb, so that the intervening genomic DNA forms a
regulatory loop. In this way the expression of the vitamin D target genes is either increased or decreased.

3. Vitamin D Target Gene Regulation in the Context of Chromatin

Each of the approximately 20,000 protein-coding genes of the human genome has
one or multiple transcription start sites (TSSs). The latter are core promoter regions,
to which RNA polymerase II is directed by general transcription factors, such as TBP
(TATA box binding protein) [58]. Depending on a direct interaction of this so-called basal
transcriptional machinery, with signal-dependent transcription factors (Section 2) or an
indirect interaction via members of the Mediator complex [59], the RNA polymerase
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modulates the transcription rate of the respective gene, i.e., its expression (mRNA level)
increases or decreases. Transcription factors, such as VDR, bind to enhancer regions [60],
which are stretches of genomic DNA that contain specific binding sites (Section 2), for
one or multiple transcription factors. The interaction of the protein complexes formed on
TSS and enhancer regions is facilitated by DNA looping, in a so-called regulatory loop
(Figure 1). Therefore, enhancers are equally likely found upstream and downstream of TSS
regions [61]. However, both types of genomic regions need to be located within the same
TAD (topologically associating domain), in order to efficiently interact. TADs are far larger
loops of genomic DNA than regulatory loops, with a size of hundreds of kb to a few Mb [62].
They subdivide the human genome into at least 2000 units, which are functionally insulated
from each other [63] (Figure 2). The borders of TADs are defined by the binding of the
chromatin-organizing protein CTCF (CCCTC-binding factor) [64,65], forming together with
cohesin and other proteins, so-called TAD anchors [66]. The interaction of the VDR-bound
enhancers with genomic regions outside of a TAD are prevented by these insulating TAD
borders. This is the reason why genes are regulated almost exclusively by enhancers that are
located within the same TAD. This also implies that the linear distance between VDR-bound
enhancers and TSS region(s) cannot be larger than the size of the respective TAD.

Heterochromatin DNA loops Euchromatin  Single nucleosome TSS
CTCF-mediated RNA poly-
TAD anchors merase Il J\J\’\\ S
y Y mRNA
G Y F AT ST
7 DNA Transcription
H3 g . H2A

Pos(-tmnslatinal
modifications of
histone proteins
(acetylation/methylation)

Figure 2. Elements of chromatin. Different elements of chromatin are shown, such as densely
packed heterochromatin, DNA loops, such as TADs that are anchored by CTCF proteins, accessible
euchromatin, the structure of a single nucleosome, chromatin modification via histone acetylation
and methylation as well DNA methylation and a TSS, from which RNA polymerase II starts gene
transcription into mRNA.

In a repeating unit of 200 bp, genomic DNA is packaged around nucleosomes, which
are complexes of two copies of each of the histone proteins H2A, H2B, H3 and H4 (Figure 2).
The complex of nucleosomes and genomic DNA is referred to as chromatin and can be
interpreted as the physical expression of the epigenome [67]. Chromatin regions largely
differ in their degree of packaging [68], so that transcription factors are limited in their access
to genomic binding sites [69]. The accessibility of chromatin can be monitored genome-
wide by the methods of DNase-seq (DNase I hypersensitivity sequencing) [70], FAIRE-seq
(formaldehyde-assisted isolation of regulatory elements sequencing) [71] and ATAC-seq
(assay for transposase-accessible chromatin using sequencing) [72]. The vast majority of the
genome is covered in a cell- and tissue-specific fashion by densely packed heterochromatin,
which is largely inaccessible, in order to prevent the unintentional activation of genes.
In contrast, in an average differentiated cell, genomic DNA is accessible at less than
200,000 loci (representing only some 10% of the whole genome) that primarily comprise
TSS and enhancer regions [61]. This has a key impact on vitamin D signaling, since VDR
binds exclusively to accessible enhancer regions (Section 4) and activates only those genes,
the TSS region of which are located within euchromatin.

The distribution of eu- and heterochromatin (including their specific epigenetic mark-
ers) of a given cell is referred to as its epigenetic landscape or epigenome [73]. The
epigenome is determined by patterns of DNA methylation, post-translational modifica-
tion of histone tails and 3-dimensional chromatin organization [74]. It depends on the
activity of chromatin-modifying enzymes, such as DNA methyltransferases (DNMTs),
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which add methyl groups to cytosines within genomic DNA, TET (Tet methylcytosine
dioxygenase) proteins that initiate DNA methylation, or HATs, HDACs, lysine methyltrans-
ferases (KTMs) and KDMs, which add or remove acetyl and methyl groups to histones [75].
Histone acetylation is generally associated with transcriptional activation, but it is not
important which exact amino acid is acetylated. In contrast, for histone methylation, the
exact residue and its degree of methylation (mono-, di- or tri-methylation) is critical. Fur-
thermore, the function of chromatin-remodeling enzymes is to shift or evict nucleosomes,
in an ATP-dependent fashion. The projects ENCODE (www.encodeproject.org, accessed on
5 March 2022) [61] and Roadmap Epigenomics (www.roadmapepigenomics.org, accessed
on 5 March 2022) [76] systematically assessed the epigenomes of more than 100 human cell
lines, as well as primary cells, and serve as a reference for the epigenome of non-stimulated
human tissues and cell types. However, in contrast to the static genome, the epigenome
dynamically responds to intra- and extracellular signals, since chromatin modifying en-
zymes are often the endpoints of transduction cascades of peptide hormones, cytokines and
growth factors [77]. Thus, the response of the epigenome to signals, such as 1,25(0OH), D3,
is even more important than its ground state.

Nuclear hormones, such as 1,25(0OH),Dj3, affect the epigenome via direct interaction of
their receptors with chromatin-modifying enzymes (Section 2), as well as through up- or
down-regulating the genes encoding for chromatin modifiers. In this way:

1. Vitamin D affects histone markers for active chromatin, such as H3K27ac (acetylated
histone H3 at lysine 27), and for TSS regions, such as H3K4me3 (tri-methylated histone
H3 at lysine 4) [53,57,78];

2. VDR initiates the demethylation of its binding sites via interaction with TET2 [79];

3. The accessibility of thousands of VDR-binding enhancer and TSS regions is affected
by 1,25(0OH),Ds [80,81];

4. The binding of CTCE, to more than 1000 of its genomic sites, is modulated by
1,25(0H),D; [82];

5. The organization of some 400 TADs is dependent on 1,25(0OH), D5 [82], i.e., vitamin D
affects the 3-dimensional chromatin structure.

Thus, there are multiple ways by which 1,25(OH),D3 modulates the epigenome of
its target tissues. Interestingly, some 1,25(0OH),D3-modulated chromatin loci, such as TSS
regions, open only 2 h after ligand stimulation, while most sites take 24 h to reach maximal
accessibility [78,80]. This suggests that many effects of vitamin D on the epigenome
are secondary, i.e., they are mediated by genes and proteins that are primary vitamin D
targets [83,84]. Nevertheless, the vitamin D-triggered effects on the epigenome facilitate
the looping of VDR-bound enhancers, towards accessible TSS regions within the same
TAD [85]. This assembly of enhancer and TSS regions enables the formation of a large
protein complex, containing VDR, nuclear adaptor proteins, chromatin-modifying enzymes
and RNA polymerase I, modulating gene transcription (Section 2) (Figure 1).

4. Genome-Wide Location of VDR

In human cellular systems, the VDR cistrome had been determined in B cells (GM10855
and GM10861) [86], T cells [87], macrophages (lipopolysaccharide-polarized THP-1) cells [44],
peripheral blood dendritic cells [79], colorectal cancer cells (LS180) [88], prostate epithelial
cells (RWPE1) [89], hepatic stellate cells (LX2) [90] and human kidney tissue [91]. How-
ever, the VDR cistrome was studied in most detail in monocytes (undifferentiated THP-1
cells) [46,92]. For comparison, the mouse VDR cistrome was obtained in pre-adipocytes
(8T3-L1) [93], osteocytic cells (IDG-SW3) [94], pre-osteoblastic and differentiated osteoblas-
tic cells (MC3T3-E1) [95], as well as in mouse intestine [96], mouse kidney [91] and bone-
marrow-derived mesenchymal stem cells [56]. In the presence of 1,25(0OH),;D3, the VDR
cistrome comprises 5000-20,000 genomic loci, which represents a 2- to 10-fold increase
compared to respective unstimulated cells. However, this implies that the VDR cistrome
contains a lower number of persistent loci that remain constantly occupied, while their
occupancy significantly changes after stimulation with a ligand [46]. These persistent VDR
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binding sites are the primary contact points of the human genome with 1,25(0OH),;D3 and
are considered as “hotspots” for vitamin D signaling (Section 6). These sites coordinate
the functional consequences of ligand stimulation over time, i.e., these sites best represent
the spatio-temporal response of the (epi)genome to the extracellular changes in vitamin
D levels. In addition, there are transient VDR-binding loci that modulate the response of
the epigenome to vitamin D and support persistent VDR sites. Thus, the genome-wide,
ligand-induced binding of VDR, to its preferred loci, is the most prominent of all the
epigenome-wide effects of vitamin D.

5. Model of Vitamin D Signaling

The here-presented model of vitamin D signaling describes the sequential activation
of vitamin D target genes [97]. Typically, protein-coding target genes of vitamin D are
considered, but there are also some non-coding RNA genes that are known to be modulated
by vitamin D [98-100]. VDR does not act as an isolated protein but functions in the context
of a larger, dynamically composed protein complex that contains RXR, other possible
co-receptors, pioneer factors, such as PU.1, CEBPx, GABP«, ETS1, RUNX2 and BACH2,
co-factors, chromatin modifiers and chromatin remodelers (Figure 1).

1. The pioneer factors within the complex may take the first contact to enhancer regions.
With the help of chromatin-remodeling proteins, they optimize the access of VDR to
suitable binding motifs within the enhancer region, including the demethylation of
genomic DNA.

2. Chromatin modifiers within the complex then leave marks, such as H3K27ac, to the
local chromatin region.

3. Although VDR may not be the first protein of the complex making contact with the
enhancer region, its specific activation by 1,25(0OH), D5 drives the activity of the other
members of the complex. This may explain the epigenetic effects of 1,25(0OH),D3,
such as chromatin opening, histone marks and the recruitment of pioneer factors.

4. When the complex is established on the enhancer region, DNA looping events to TSS
regions within the same TAD region, which are complexed with a basal transcriptional
machinery, become stabilized. Via 1,25(0OH),D3-triggered effects on CTCF-dependent
TAD anchor formation, this also affects the structure of the whole TAD.

In terms of net effect, the epigenome-modulating functions of vitamin D will increase
or decrease the activity of RNA polymerase II, so that the mRNA expression of the respec-
tive gene(s) changes. On persistent VDR binding sites, i.e., enhancer with residual VDR
binding, even in the absence of a ligand, the above-described multi-step process happens
more efficiently, explaining why these loci are the primary sites of 1,25(OH),D3-dependent
gene expression.

6. Vitamin D Target Genes

Vitamin D target genes are detected via a statistically significant change in their ex-
pression, within a given time frame (often 24 h), after ligand stimulation. Long-time known
vitamin D target genes, such as BGLAP (bone gamma-carboxyglutamate protein, also called
osteocalcin) [101] or CAMP (cathelicidin antimicrobial peptide) [102], were deduced based
on the observation of the physiological effects of vitamin D, e.g., on calcium homeostasis
or the defense against microbe infection, respectively. On the level of mRNA changes,
vitamin D target genes were analyzed, initially, by single gene approaches, using northern
blotting or quantitative PCR. After the completion of the human genome, microarrays
became popular, which are able to detect the transcriptome-wide effects of vitamin D stim-
ulation in one assay [103,104]. However, for some 10 years, RNA sequencing (RNA-seq)
has been the method of choice for describing the vitamin D-dependent transcriptome [105].
Studies in a large number of cellular models led to a tremendous increase in the number
of putative vitamin D target genes. For example, a microarray in THP-1 cells reported, in
one experimental setting, 3372 significantly (false discovery rate (FDR) < 0.05) regulated
genes [92], while in another microarray, in the same cellular model, 4532 genes passed the
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statistical threshold [106]. Interestingly, 1227 genes were common and more than half of
them (695) were confirmed by RNA-seq [46,80]. Thus, in a given cellular model, it is more
likely that a few hundred genes respond to vitamin D than thousands of gene candidates.
Interestingly, a meta-analysis of transcriptome-wide investigations of vitamin D target
genes in 94 different human and mouse cell models resulted in only two common targets,
CYP24A1 (cytochrome P450 family 24 subfamily A member 1) and CLMN (calmin) [107].
Thus, vitamin D target genes are largely tissue specific.

Time course analysis of vitamin D target genes allows one to classify them into rapidly
responding (4-8 h) “primary” target genes and delayed-reacting “secondary” targets
(Figure 3A). Primary target genes are directly regulated by 1,25(0OH),Ds-activated VDR, as
described in the model of vitamin D signaling (Section 5); i.e., these genes need to have,
within the same TAD, a VDR-binding enhancer. In contrast, secondary target genes may be
regulated by transcription factors, co-factors or chromatin modifiers, which are encoded by
primary vitamin D target genes (Figure 3A). Suitable proteins encoded by primary target
genes are the transcription factors BCL6 (B-cell CLL/lymphoma 6), NFE2 (nuclear factor,
erythroid 2), POU4F2 (POU class 4 homeobox 2) and ELF4 (E74-like factor 4) in THP-1
cells [83], as well as IRF5 (interferon regulatory factor 5), MAFF (MAF BZIP transcription
factor F), MYCL (MYCL proto-oncogene, BHLH transcription factor), NFXL1 (nuclear
transcription factor, X-box binding-like 1) and TFEC (transcription factor EC), as well
as the transcriptional co-regulators MAMLD1 (mastermind-like domain-containing 1),
PPARGC1B (PPARG coactivator 1 beta), SRA1 (steroid receptor RNA activator 1) and
ZBTB46 (zinc finger and BTB domain-containing 46) in human PBMCs (peripheral blood
mononuclear cells) [108]. In this way, secondary target genes do not have to carry a VDR-
binding enhancer within their TADs. For example, although the time course study in
human PBMCs used a strict statistical approach (threshold testing applying a fold change
(FC) > 1.5 and 2), 662 vitamin D-responding genes were identified (FDR < 0.05), 179 of
which are primary and 483 secondary targets [108]. An alternative classification of the
same set of genes suggests that 293 of them are direct and 369 indirect targets of vitamin D
(Figure 3B). Irrespective of the timing of their response to 1,25(OH),;D3, the expression
change of direct targets is driven by VDR-bound enhancers, while indirect targets are
primarily stabilized in their expression by 1,25(0OH),;D3 and its receptor, against an up- or
down-regulation by other transcription factors and/or their epigenetic effects.

The model of vitamin D signaling (Section 5) illustrates the mechanisms of up-
regulation of primary vitamin D target genes. However, the majority of vitamin D target
genes are down-regulated, in particular, when cells are stimulated with 1,25(OH),Dj3 for
24 h or longer. The down-regulation of a gene by vitamin D is only possible when the
gene is first up-regulated by other transcription factors or epigenetic effects, mediated by
chromatin modifiers. The most, likely mechanism of down-regulation of a gene is to block
one or several of its up-regulating factors. Accordingly, the majority of down-regulated
target genes could be classified as indirect targets, i.e., vitamin D counteracts their up-
regulation rather than prominently down-regulating their expression [108]. For example,
VDR antagonizes pro-inflammatory transcription factors, such as NFAT, AP1 and NF«B,
in immune cells [109]. However, since each gene is up-regulated by an individual set of
transcription factors and chromatin modifiers, there are also individual mechanisms of its
down-regulation. Thus, there is no general model for describing the mechanism of the
down-regulation of vitamin D target genes.

The expression of the majority of vitamin D target genes is less than 5-fold, up- or
down-regulated (after a stimulation for 24 h with 1,25(0OH),D3); i.e., only a few genes
respond with huge expression changes to vitamin D. For example, in THP-1 cells, the
top five are the up-regulated genes CYP24A1, CAMP, TSPAN1S (tetraspanin 18), CD14
(CD14 molecule) and FBP1 (fructose-bisphosphatase 1), with an FC of expression ranging
from 47 to 402 [80]. In human PBMCs, CYP24A1 and CAMP also have an FC of 409 and
158, respectively, the top up-regulated vitamin D target genes, but STEAP4 (STEAP4 metal-
loreductase), NRG1 (neuregulin 1) and CXCL10 (C-X-C motif chemokine ligand 10) show
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Expression

an FC of 471, 450 and 158, respectively, meaning comparable levels of down-regulation of
their expression [108]. This prominent down-regulation of expression is more remarkable
than the up-regulation, since it is far easier to increase a very low basal expression than
a down-regulation of a highly expressed gene. Nevertheless, one should remember that
these in vitro 1,25(0H),; D3 experiments are designed for maximal effects and do not reflect
the reality of the endocrinology of vitamin D in vivo [110,111].

m/\ o

primary vitamin D target gene secondary vitamin D target gene

~~— =

T —— e d L
Time Time Time

Expression

Expression
Expression

up-r%uﬁed down-regulated apparently up-regulated  apparently down-regulated

direct vitamin D target genes indirect vitamin D target genes

Figure 3. Classification of vitamin D target genes. Primary vitamin D target genes are directly
regulated by VDR, while secondary vitamin D targets are controlled by transcriptional regulators
that are encoded by primary targets (A). Time course analysis allows to differentiate vitamin D
target genes in four different types based on cause and direction of expression change [108] (B). This
suggests an alternative view on vitamin D signaling: 1,25(OH),Dj either directly induces or reduces the
expression of its target genes via VDR or prevents their expression change mediated by other factors. Red
and grey lines indicate gene’s expression level in the presence or absence of 1,25(0H), D3, respectively.

7. Functional Profile of Vitamin D Target Genes

The most important thing to consider in the analysis of lists of hundreds of vitamin
D target genes is the identification of the underlying biological processes. This is often
evaluated by gene ontology analysis, where the list of target genes is assessed for statis-
tically significant enrichment of a predefined list of terms, concerning (i) the molecular
function, i.e., the molecular activity of a gene, (ii) the biological process, i.e., the cellular
or physiological role carried out by a gene in the context of other genes, and (iii) the
cellular component, i.e., the location where the gene’s product functions in the cell. For

”ou

example, in THP-1 cells, the biological processes “neutrophil activation”, “inflammatory
response”, “neutrophil degranulation”, “negative regulation of T cell proliferation” and
“positive regulation of cytokine secretion”, are most significantly associated with the list
of 695 vitamin D target genes [84]. This fits with the known key functions of vitamin D
in monocytes [112]. Since monocytes are the most vitamin D responsive cell fraction of
PBMCs, gene ontology analysis of the 662 vitamin D target genes in this primary tissue

”ou

suggests similar functions, such as neutrophil degranulation”, “inflammatory response”,
“cytokine-mediated signaling pathway”, “extracellular matrix organization” and “positive
regulation of angiogenesis” [108]. For example, vitamin D down-regulates 10 of 12 HLA
(human leukocyte antigen) class II genes and five SI00A (5100 calcium-binding protein A)
genes encoding for alarmins, as well as modulating the expression of six members of
the CXCL gene family, encoding for chemokines [108]. The resulting vitamin D-triggered
immune tolerance leads to the induction of regulatory T cells, which down-regulate the

activity of other cells in the immune system [57,79]. This is the central mechanism for
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how vitamin D dampens chronic inflammation and autoimmunity in diseases, such as
inflammatory bowel disease [113] and multiple sclerosis [114].

VDR is expressed in many cell types (Section 1), but most of them differ majorly
in their respective epigenetic landscape and, thus, expression of vitamin D target genes.
Therefore, there are a large variety of biological processes being regulated by 1,25(0OH),D3,
i.e., in summary of all VDR-expressing tissues, vitamin D has rather ubiquitous functions.

8. Conclusions and Future View

Although vitamin D was discovered through its critical role in calcium homeostasis,
being essential for proper bone formation, vitamin D signaling is studied most intensively,
nowadays, in the immune system [115]. Therefore, the present molecular understanding
of vitamin D signaling (Section 5) is mainly based on the integration of data obtained in
immune cells [97].

The main challenge for future investigations of vitamin D target genes is their analysis
in a human in vivo setting. The first studies involving a transcriptome- and epigenome-
wide analysis, performed directly after isolation of PBMCs from vitamin D3-supplemented
human donors, have already begun [116-118]. These, and similar types of investigations,
may provide us with a further enhanced understanding of the action of VDR and its target
genes, in particular, in the context of immunity.

Funding: Financial support was provided by the WELCOME2—ERA Chair European Union’s
Horizon2020 research and innovation program under grant agreement no. 952601.
Acknowledgments: Many thanks to Andrea Hanel for critical comments for the manuscript.

Conflicts of Interest: The author declare no conflict of interest.

References

1. McMollum, E.V.; Simmonds, N.; Becker, J.E.; Shipley, P.G. Studies on experimental rickets: An experimental demonstration of the
existence of a vitamin which promotes calcium deposition. J. Biol. Chem. 1922, 52, 293-298.

2. Holick, M.E. Resurrection of vitamin D deficiency and rickets. J. Clin. Investig. 2006, 116, 2062-2072. [CrossRef] [PubMed]

3. Renkema, K.Y.; Alexander, R.T.; Bindels, R.J.; Hoenderop, J.G. Calcium and phosphate homeostasis: Concerted interplay of new
regulators. Ann. Med. 2008, 40, 82-91. [PubMed]

4. Tsai, H.C.; Norman, A.W. Studies on calciferol metabolism. 8. Evidence for a cytoplasmic receptor for 1,25-dihydroxyvitamin D3
in the intestinal mucosa. J. Biol. Chem. 1973, 248, 5967-5975. [PubMed]

5. Brumbaugh, PF; Hughes, M.R.; Haussler, M.R. Cytoplasmic and nuclear binding components for 1«,25-dihydroxyvitamin D3 in
chick parathyroid glands. Proc. Natl. Acad. Sci. USA 1975, 72, 4871-4875.

6. McDonnell, D.P.; Mangelsdorf, D.J.; Pike, ].W.; Haussler, M.R.; O’Malley, B.W. Molecular cloning of complementary DNA
encoding the avian receptor for vitamin D. Science 1987, 235, 1214-1217.

7. Baker, AR.; McDonnell, D.P; Hughes, M.; Crisp, T.M.; Mangelsdorf, D.].; Haussler, M.R.; Pike, ].W.; Shine, ].; O’Malley, B. Cloning
and expression of full-length cDNA encoding human vitamin D receptor. Proc. Natl. Acad. Sci. USA 1988, 85, 3294-3298.

8. Evans, R.; Mangelsdorf, D. Nuclear Receptors, RXR, and the Big Bang. Cell 2014, 157, 255-266. [CrossRef]

9.  Evans, RM. The nuclear receptor superfamily: A rosetta stone for physiology. Mol. Endocrinol. 2005, 19, 1429-1438. [CrossRef]

10. Carlberg, C.; Polly, P. Gene regulation by vitamin D3. Crit. Rev. Eukaryot. Gene Expr. 1998, 8, 19-42.

11. Haussler, M.R; Haussler, C.A.; Jurutka, PW.; Thompson, P.D.; Hsieh, J.C.; Remus, L.S.; Selznick, S.H.; Whitfield, G.K. The vitamin
D hormone and its nuclear receptor: Molecular actions and disease states. ]. Endocrinol. 1997, 154, S57-573. [PubMed]

12.  Pike, J.W. Vitamin D3 receptors: Structure and function in transcription. Annu. Rev. Nutr. 1991, 11, 189-216. [PubMed]

13.  Veldurthy, V.; Wei, R.; Oz, L.; Dhawan, P; Jeon, Y.H.; Christakos, S. Vitamin D, calcium homeostasis and aging. Borne Res. 2016, 4,
16041. [CrossRef]

14.  Muller, V.; de Boer, R.].; Bonhoeffer, S.; Szathmary, E. An evolutionary perspective on the systems of adaptive immunity. Biol. Rev.
Camb. Philos. Soc. 2018, 93, 505-528. [CrossRef] [PubMed]

15.  Vanherwegen, A.S.; Gysemans, C.; Mathieu, C. Vitamin D endocrinology on the cross-road between immunity and metabolism.
Mol. Cell. Endocrinol. 2017, 453, 52—67. [CrossRef] [PubMed]

16. Cortes, M.; Chen, M.J.; Stachura, D.L.; Liu, S.Y.; Kwan, W.; Wright, E; Vo, L.T.; Theodore, L.N.; Esain, V.; Frost, LM.; et al.
Developmental vitamin D availability impacts hematopoietic stem cell production. Cell Rep. 2016, 17, 458-468. [CrossRef]

17.  Carlberg, C. Vitamin D genomics: From in vitro to in vivo. Front. Endocrinol. 2018, 9, 250. [CrossRef]

18. Khanal, R.C.; Nemere, I. The ERp57/GRp58/1,25D3-MARRS receptor: Multiple functional roles in diverse cell systems. Curr.

Med. Chem. 2007, 14, 1087-1093. [CrossRef]

63



Nutrients 2022, 14, 1354

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Zmijewski, M.A.; Carlberg, C. Vitamin D receptor(s): In the nucleus but also at membranes? Exp. Dermatol. 2020, 29, 876-884.
[CrossRef]

van Etten, E.; Stoffels, K.; Gysemans, C.; Mathieu, C.; Overbergh, L. Regulation of vitamin D homeostasis: Implications for the
immune system. Nutr. Rev. 2008, 66, S125-5134. [CrossRef]

Vaquerizas, ].M.; Kummerfeld, S.K.; Teichmann, S.A.; Luscombe, N.M. A census of human transcription factors: Function,
expression and evolution. Nat. Rev. Genet. 2009, 10, 252-263. [PubMed]

Carlberg, C.; Molnar, E. Transcription factors. In Mechanisms of Gene Regulation, 2nd ed.; Springer: Berlin/Heidelberg, Germany,
2016; pp. 57-73.

Huang, P.; Chandra, V.; Rastinejad, F. Structural overview of the nuclear receptor superfamily: Insights into physiology and
therapeutics. Annu. Rev. Physiol. 2010, 72, 247-272. [PubMed]

Carlberg, C.; Molnar, E. Switching genes on and off: The example of nuclear receptors. In Mechanisms of Gene Regulation, 2nd ed.;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 95-108.

Molnar, E; Perakyld, M.; Carlberg, C. Vitamin D receptor agonists specifically modulate the volume of the ligand-binding pocket.
J. Biol. Chem. 2006, 281, 10516-10526. [CrossRef] [PubMed]

Weikum, E.R.; Liu, X.; Ortlund, E.A. The nuclear receptor superfamily: A structural perspective. Protein Sci. 2018, 27, 1876-1892.
[CrossRef]

Molnar, F. Structural considerations of vitamin D signaling. Front. Physiol. 2014, 5, 191. [CrossRef]

Tagami, T.; Lutz, W.H.; Kumar, R.; Jameson, J.L. The interaction of the vitamin D receptor with nuclear receptor corepressors and
coactivators. Biochem. Biophys. Res. Commun. 1998, 253, 358-363.

Polly, P.; Herdick, M.; Moehren, U.; Baniahmad, A.; Heinzel, T.; Carlberg, C. VDR-Alien: A novel, DNA-selective vitamin D3
receptor-corepressor partnership. FASEB J. 2000, 14, 1455-1463.

Herdick, M.; Carlberg, C. Agonist-triggered modulation of the activated and silent state of the vitamin D3 receptor by interaction
with co-repressors and co-activators. J. Mol. Biol. 2000, 304, 793-801.

Rachez, C.; Lemon, B.D.; Suldan, Z.; Bromleigh, V.; Gamble, M.; Nédar, A.M.; Erdjument-Bromage, H.; Tempst, P.; Freedman, L.P.
Ligand-dependent transcription activation by nuclear receptors requires the DRIP complex. Nature 1999, 398, 824-828.
Belorusova, A.Y.; Bourguet, M.; Hessmann, S.; Chalhoub, S.; Kieffer, B.; Cianferani, S.; Rochel, N. Molecular determinants of
MEDI1 interaction with the DNA bound VDR-RXR heterodimer. Nucleic Acids Res. 2020, 48, 11199-11213. [CrossRef]

Yuan, C.-X; Ito, M.; Fondell, ].D.; Fu, Z.-Y.; Roeder, R.G. The TRAP220 component of a thyroid hormone receptor-associated
protein (TRAP) coactivator complex interacts directly with nuclear receptors in a ligand-dependent fashion. Proc. Natl. Acad. Sci.
USA 1998, 95, 7939-7944. [PubMed]

Pereira, F.; Barbachano, A; Silva, J.; Bonilla, F.; Campbell, M.].; Munoz, A.; Larriba, M.J]. KDM6B/JMJD3 histone demethylase is
induced by vitamin D and modulates its effects in colon cancer cells. Hum. Mol. Genet. 2011, 20, 4655-4665. [CrossRef] [PubMed]
Battaglia, S.; Karasik, E.; Gillard, B.; Williams, J.; Winchester, T.; Moser, M.T.; Smiraglia, D.J.; Foster, B.A. LSD1 dual function in
mediating epigenetic corruption of the vitamin D signaling in prostate cancer. Clin. Epigenet. 2017, 9, 82. [CrossRef]

Wei, Z.; Yoshihara, E.; He, N.; Hah, N.; Fan, W.; Pinto, A.FM.; Huddy, T.; Wang, Y.; Ross, B.; Estepa, G.; et al. Vitamin D switches
BAF complexes to protect beta cells. Cell 2018, 173, 1135-1149.¢15. [CrossRef]

Cui, X.; Pertile, R.; Eyles, D.W. The vitamin D receptor (VDR) binds to the nuclear matrix via its hinge domain: A potential
mechanism for the reduction in VDR mediated transcription in mitotic cells. Mol. Cell. Endocrinol. 2018, 472, 18-25. [CrossRef]
Carlberg, C.; Bendik, I.; Wyss, A.; Meier, E.; Sturzenbecker, L.J.; Grippo, ].E; Hunziker, W. Two nuclear signalling pathways for
vitamin D. Nature 1993, 361, 657-660. [CrossRef]

Sone, T.; Ozono, K.; Pike, J.W. A 55-kilodalton accessory factor facilitates vitamin D receptor DNA binding. Mol. Endocrinol. 1991,
5,1578-1586.

Liao, J.; Ozano, K.; Sone, T.; McDonnell, D.P,; Pike, ].W. Vitamin D receptor requires a nuclear protein and 1,25-dihydroxyvitamin
Djs. Proc. Natl. Acad. Sci. USA 1990, 87, 9751-9755.

Shaffer, P.L.; Gewirth, D.T. Structural analysis of RXR-VDR interactions on DR3 DNA. |. Steroid Biochem. Mol. Biol. 2004, 89-90,
215-219.

Umesono, K.; Murakami, K.K.; Thompson, C.C.; Evans, R.M. Direct repeats as selective response elements for the thyroid
hormone, retinoic acid, and vitamin Dj receptors. Cell 1991, 65, 1255-1266.

Ozono, K,; Liao, J.; Kerner, S.A.; Scott, R.A.; Pike, ].W. The vitamin D-responsive element in the human osteocalcin gene.
Association with a nuclear proto-oncogene enhancer. J. Biol. Chem. 1990, 265, 21881-21888. [PubMed]

Tuoresmaiki, P; Vdisanen, S.; Neme, A.; Heikkinen, S.; Carlberg, C. Patterns of genome-wide VDR locations. PLoS ONE 2014, 9,
€96105. [CrossRef]

Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, ] X.; Murre, C.; Singh, H.; Glass, C.K. Simple combinations
of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol.
Cell 2010, 38, 576-589. [PubMed]

Neme, A.; Seuter, S.; Carlberg, C. Selective regulation of biological processes by vitamin D based on the spatio-temporal cistrome
of its receptor. Biochim. Biophys. Acta 2017, 1860, 952-961. [CrossRef]

Schréder, M.; Bendik, I.; Becker-Andre, M.; Carlberg, C. Interaction between retinoic acid and vitamin D signaling pathways. .
Biol. Chem. 1993, 268, 17830-17836. [PubMed]



Nutrients 2022, 14, 1354

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.
63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

Schréader, M.; Miiller, K.M.; Carlberg, C. Specificity and flexibility of vitamin D signaling.: Modulation of the activation of natural
vitamin D response elements by thyroid hormone. J. Biol. Chem. 1994, 269, 5501-5504.

Schrader, M.; Miiller, K.M.; Nayeri, S.; Kahlen, J.P; Carlberg, C. VDR-T3R receptor heterodimer polarity directs ligand sensitivity
of transactivation. Nature 1994, 370, 382-386.

Carlberg, C.; Molnar, F. Vitamin D receptor signaling and its therapeutic implications: Genome-wide and structural view. Can. |.
Physiol. Pharmacol. 2015, 93, 311-318. [CrossRef]

Seuter, S.; Neme, A.; Carlberg, C. Epigenomic PU.1-VDR crosstalk modulates vitamin D signaling. Biochim. Biophys. Acta 2017,
1860, 405-415. [CrossRef]

Novershtern, N.; Subramanian, A.; Lawton, L.N.; Mak, R.H.; Haining, WN.; McConkey, M.E.; Habib, N.; Yosef, N.; Chang, C.Y.;
Shay, T.; et al. Densely interconnected transcriptional circuits control cell states in human hematopoiesis. Cell 2011, 144, 296-309.
[CrossRef]

Nurminen, V.; Neme, A.; Seuter, S.; Carlberg, C. Modulation of vitamin D signaling by the pioneer factor CEBPA. Biochim. Biophys.
Acta 2019, 1862, 96-106. [CrossRef]

Seuter, S.; Neme, A.; Carlberg, C. ETS transcription factor family member GABPA contributes to vitamin D receptor target gene
regulation. J. Steroid Biochem. Mol. Biol. 2018, 177, 46-52. [CrossRef] [PubMed]

Warwick, T.; Schulz, M.H.; Gunther, S.; Gilsbach, R.; Neme, A.; Carlberg, C.; Brandes, R.P; Seuter, S. A hierarchical regulatory
network analysis of the vitamin D induced transcriptome reveals novel regulators and complete VDR dependency in monocytes.
Sci. Rep. 2021, 11, 6518. [CrossRef] [PubMed]

Meyer, M.B.; Benkusky, N.A_; Sen, B.; Rubin, J.; Pike, ].W. Epigenetic plasticity drives adipogenic and osteogenic differentiation of
marrow-derived mesenchymal stem cells. ]. Biol. Chem. 2016, 291, 17829-17847. [CrossRef]

Chauss, D.; Freiwald, T.; McGregor, R.; Yan, B.; Wang, L.; Nova-Lamperti, E.; Kumar, D.; Zhang, Z.; Teague, H.; West, E.E.; et al.
Autocrine vitamin D signaling switches off pro-inflammatory programs of TH1 cells. Nat. Imnunol. 2022, 23, 62-74. [CrossRef]
Forrest, A.R.R.; Kawaji, H.; Rehli, M.; Kenneth Baillie, J.; de Hoon, M.].L.; Haberle, V.; Lassmann, T.; Kulakovskiy, I.V.; Lizio, M.;
Itoh, M; et al. A promoter-level mammalian expression atlas. Nature 2014, 507, 462—-470. [CrossRef]

Soutourina, J. Transcription regulation by the Mediator complex. Nat. Rev. Mol. Cell Biol. 2018, 19, 262-274. [CrossRef]
Andersson, R.; Gebhard, C.; Miguel-Escalada, I.; Hoof, I.; Bornholdt, J.; Boyd, M.; Chen, Y.; Zhao, X.; Schmidl, C.; Suzuki, T.; et al.
An atlas of active enhancers across human cell types and tissues. Nature 2014, 507, 455-461. [CrossRef]
ENCODE-Project-Consortium; Bernstein, B.E.; Birney, E.; Dunham, L; Green, E.D.; Gunter, C.; Snyder, M. An integrated
encyclopedia of DNA elements in the human genome. Nature 2012, 489, 57-74. [CrossRef]

Ali, T.; Renkawitz, R.; Bartkuhn, M. Insulators and domains of gene expression. Curr. Opin. Genet. Dev. 2016, 37, 17-26. [CrossRef]
Dixon, ].R.; Selvaraj, S.; Yue, F; Kim, A; Li, Y.; Shen, Y.; Hu, M.; Liu, J.S.; Ren, B. Topological domains in mammalian genomes
identified by analysis of chromatin interactions. Nature 2012, 485, 376-380. [CrossRef] [PubMed]

Phillips, ].E.; Corces, V.G. CTCF: Master weaver of the genome. Cell 2009, 137, 1194-1211. [CrossRef] [PubMed]

Ghirlando, R.; Felsenfeld, G. CTCF: Making the right connections. Genes Dev. 2016, 30, 881-891. [CrossRef] [PubMed]
Felsenfeld, G.; Burgess-Beusse, B.; Farrell, C.; Gaszner, M.; Ghirlando, R.; Huang, S.; Jin, C.; Litt, M.; Magdinier, F.; Mutskov,
V.; et al. Chromatin boundaries and chromatin domains. Cold Spring Harb. Symp. Quant. Biol. 2004, 69, 245-250. [CrossRef]
[PubMed]

Carlberg, C.; Molnar, F. The impact of chromatin. In Mechanisms of Gene Regulation, 2nd ed.; Springer: Berlin/Heidelberg,
Germany, 2016.

Smith, Z.D.; Meissner, A. DNA methylation: Roles in mammalian development. Nat. Rev. Genet. 2013, 14, 204-220. [CrossRef]
Bell, O.; Tiwari, V.K.; Thoma, N.H.; Schubeler, D. Determinants and dynamics of genome accessibility. Nat. Rev. Genet. 2011, 12,
554-564. [CrossRef]

Song, L.; Crawford, G.E. DNase-seq: A high-resolution technique for mapping active gene regulatory elements across the genome
from mammalian cells. Cold Spring Harb. Protoc. 2010, 2010, pdb.prot5384. [CrossRef]

Giresi, P.G.; Kim, J.; McDaniell, R.M.; Iyer, V.R.; Lieb, J.D. FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements)
isolates active regulatory elements from human chromatin. Genome Res. 2007, 17, 877-885.

Buenrostro, ].D.; Giresi, P.G.; Zaba, L.C.; Chang, H.Y.; Greenleaf, W.]J. Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat. Methods 2013, 10, 1213-1218.
[CrossRef]

Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396-398. [CrossRef]

Carlberg, C.; Molnar, F. The epigenome. In Mechanisms of Gene Regulation, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2016.
Carlberg, C.; Molnar, F. Chromatin modifiers. In Mechanisms of Gene Regulation, 2nd ed.; Springer: Berlin/Heidelberg, Germany,
2016.

Roadmap Epigenomics, C.; Kundaje, A.; Meuleman, W.; Ernst, J.; Bilenky, M.; Yen, A.; Heravi-Moussavi, A.; Kheradpour, P.;
Zhang, Z.; Wang, |.; et al. Integrative analysis of 111 reference human epigenomes. Nature 2015, 518, 317-330. [CrossRef]
Carlberg, C.; Molnar, F. Human Epigenetics: How Science Works; Springer: New York, NY, USA, 2019.

Nurminen, V.; Neme, A.; Seuter, S.; Carlberg, C. The impact of the vitamin D-modulated epigenome on VDR target gene
regulation. Biochim. Biophys. Acta 2018, 1861, 697-705. [CrossRef]

65



Nutrients 2022, 14, 1354

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Catala-Moll, F.; Ferrete-Bonastre, A.G.; Godoy-Tena, G.; Morante-Palacios, O.; Ciudad, L.; Barbera, L.; Fondelli, F.; Martinez-
Caceres, EM.; Rodriguez-Ubreva, J.; Li, T.; et al. Vitamin D receptor, STAT3, and TET2 cooperate to establish tolerogenesis. Cell
Rep. 2022, 38, 110244. [CrossRef] [PubMed]

Seuter, S.; Neme, A.; Carlberg, C. Epigenome-wide effects of vitamin D and their impact on the transcriptome of human monocytes
involve CTCE. Nucleic Acids Res. 2016, 44, 4090-4104. [CrossRef]

Seuter, S.; Pehkonen, P; Heikkinen, S.; Carlberg, C. Dynamics of 1&,25-dihydroxyvitamin D-dependent chromatin accessibility of
early vitamin D receptor target genes. Biochim. Biophys. Acta 2013, 1829, 1266-1275. [CrossRef]

Neme, A_; Seuter, S.; Carlberg, C. Vitamin D-dependent chromatin association of CTCF in human monocytes. Biochim. Biophys.
Acta 2016, 1859, 1380-1388. [CrossRef]

Nurminen, V.; Neme, A.; Ryynanen, J.; Heikkinen, S.; Seuter, S.; Carlberg, C. The transcriptional regulator BCL6 participates in
the secondary gene regulatory response to vitamin D. Biochim. Biophys. Acta 2015, 1849, 300-308. [CrossRef]

Nurminen, V.; Seuter, S.; Carlberg, C. Primary vitamin D target genes of human monocytes. Front. Physiol. 2019, 10, 194.
[CrossRef]

Carlberg, C.; Campbell, M.J. Vitamin D receptor signaling mechanisms: Integrated actions of a well-defined transcription factor.
Steroids 2013, 78, 127-136. [CrossRef]

Ramagopalan, S.V.; Heger, A.; Berlanga, A.]J.; Maugeri, N.J.; Lincoln, M.R.; Burrell, A.; Handunnetthi, L.; Handel, A.E.; Disanto,
G.; Orton, S.M,; et al. A ChIP-seq defined genome-wide map of vitamin D receptor binding: Associations with disease and
evolution. Genome Res. 2010, 20, 1352-1360.

Handel, A.E.; Sandve, G K.; Disanto, G.; Berlanga-Taylor, A.].; Gallone, G.; Hanwell, H.; Drablos, E.; Giovannoni, G.; Ebers, G.C.;
Ramagopalan, S.V. Vitamin D receptor ChIP-seq in primary CD4" cells: Relationship to serum 25-hydroxyvitamin D levels and
autoimmune disease. BMC Med. 2013, 11, 163. [CrossRef]

Meyer, M.B.; Goetsch, P.D.; Pike, ] W. VDR/RXR and TCF4/beta-catenin cistromes in colonic cells of colorectal tumor origin:
Impact on c-FOS and ¢-MYC gene expression. Mol. Endocrinol. 2012, 26, 37-51. [CrossRef] [PubMed]

Fleet, ].C.; Kovalenko, P.L.; Li, Y.; Smolinski, J.; Spees, C.; Yu, J.G.; Thomas-Ahner, ] M.; Cui, M.; Neme, A.; Carlberg, C.; et al.
Vitamin D signaling suppresses early prostate carcinogenesis in TgAPT121 mice. Cancer Prev. Res. 2019, 12, 343-356. [CrossRef]
Ding, N.; Yu, R.T.; Subramaniam, N.; Sherman, M.H.; Wilson, C.; Rao, R.; Leblanc, M.; Coulter, S.; He, M.; Scott, C.; et al. A
vitamin D receptor/SMAD genomic circuit gates hepatic fibrotic response. Cell 2013, 153, 601-613. [CrossRef]

Meyer, M.B.; Lee, S.M.; Carlson, A.H.; Benkusky, N.A.; Kaufmann, M.; Jones, G.; Pike, ] W. A chromatin-based mechanism
controls differential regulation of the cytochrome P450 gene Cyp24al in renal and non-renal tissues. J. Biol. Chem. 2019, 294,
14467-14481. [CrossRef]

Heikkinen, S.; Vidisdnen, S.; Pehkonen, P; Seuter, S.; Benes, V.; Carlberg, C. Nuclear hormone 1¢,25-dihydroxyvitamin Dj elicits a
genome-wide shift in the locations of VDR chromatin occupancy. Nucleic Acids Res. 2011, 39, 9181-9193. [CrossRef]

Siersbaek, R.; Rabiee, A.; Nielsen, R.; Sidoli, S.; Traynor, S.; Loft, A.; La Cour Poulsen, L.; Rogowska-Wrzesinska, A.; Jensen, O.N.;
Mandrup, S. Transcription factor cooperativity in early adipogenic hotspots and super-enhancers. Cell Rep. 2014, 7, 1443-1455.
[CrossRef]

St John, H.C.; Bishop, K.A.; Meyer, M.B.; Benkusky, N.A.; Leng, N.; Kendziorski, C.; Bonewald, L.F.; Pike, ].W. The osteoblast
to osteocyte transition: Epigenetic changes and response to the vitamin D3 hormone. Mol. Endocrinol. 2014, 28, 1150-1165.
[CrossRef]

Meyer, M.B.; Benkusky, N.A.; Lee, C.H.; Pike, ].W. Genomic determinants of gene regulation by 1,25-dihydroxyvitamin D3 during
osteoblast-lineage cell differentiation. J. Biol. Chem. 2014, 289, 19539-19554. [CrossRef]

Lee, S.M.; Riley, E.M.; Meyer, M.B.; Benkusky, N.A.; Plum, L.A.; DeLuca, H.E; Pike, ].W. 1,25-Dihydroxyvitamin D3 controls a
cohort of vitamin D receptor target genes in the proximal intestine that Is enriched for calcium-regulating components. J. Biol.
Chem. 2015, 290, 18199-18215. [CrossRef]

Carlberg, C. Molecular endocrinology of vitamin D on the epigenome level. Mol. Cell. Endocrinol. 2017, 453, 14-21. [CrossRef]
[PubMed]

Zeljic, K.; Supic, G.; Magic, Z. New insights into vitamin D anticancer properties: Focus on miRNA modulation. Mol. Genet.
Genom. 2017, 292, 511-524. [CrossRef] [PubMed]

Wang, L.; Zhou, S.; Guo, B. Vitamin D Suppresses Ovarian Cancer Growth and Invasion by Targeting Long Non-Coding RNA
CCAT?2. Int. . Mol. Sci. 2020, 21, 2334. [CrossRef]

Zuo, S.; Wu, L.; Wang, Y.; Yuan, X. Long Non-coding RNA MEG3 Activated by Vitamin D Suppresses Glycolysis in Colorectal
Cancer via Promoting c-Myc Degradation. Front. Oncol. 2020, 10, 274. [CrossRef]

Lian, J.B.; Glimcher, M.].; Roufosse, A.H.; Hauschka, P.V.; Gallop, PM.; Cohen-Solal, L.; Reit, B. Alterations of the gamma-
carboxyglutamic acid and osteocalcin concentrations in vitamin D-deficient chick bone. |. Biol. Chem. 1982, 257, 4999-5003.
Gombart, A.F; Borregaard, N.; Koeffler, H.P. Human cathelicidin antimicrobial peptide (CAMP) gene is a direct target of the
vitamin D receptor and is strongly up-regulated in myeloid cells by 1,25-dihydroxyvitamin D3. FASEB ]. 2005, 19, 1067-1077.
Lin, R.; Nagai, Y,; Sladek, R.; Bastien, Y.; Ho, J.; Petrecca, K.; Sotiropoulou, G.; Diamandis, E.P.; Hudson, T.J.; White, ].H. Expression
profiling in squamous carcinoma cells reveals pleiotropic effects of vitamin D3 analog EB1089 signaling on cell proliferation,
differentiation, and immune system regulation. Mol. Endocrinol. 2002, 16, 1243-1256. [CrossRef]

Campbell, M.J. Vitamin D and the RNA transcriptome: More than mRNA regulation. Front. Physiol. 2014, 5, 181. [CrossRef]

66



Nutrients 2022, 14, 1354

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.
116.

117.

118.

Craig, T.A.; Zhang, Y.; McNulty, M.S.; Middha, S.; Ketha, H.; Singh, R.J.; Magis, A.T.; Funk, C.; Price, N.D.; Ekker, S.C.; et al.
Research resource: Whole transcriptome RNA sequencing detects multiple 1c,25-dihydroxyvitamin Dj.sensitive metabolic
pathways in developing zebrafish. Mol. Endocrinol. 2012, 26, 1630-1642. [CrossRef]

Verway, M.; Bouttier, M.; Wang, T.T.; Carrier, M.; Calderon, M.; An, B.S.; Devemy, E.; McIntosh, E; Divangahi, M.; Behr, M.A_; et al.
Vitamin D induces interleukin-1beta expression: Paracrine macrophage epithelial signaling controls M. tuberculosis infection.
PLoS Pathog. 2013, 9, €1003407. [CrossRef]

Dimitrov, V.; Barbier, C.; Ismailova, A.; Wang, Y.; Dmowski, K.; Salehi-Tabar, R.; Memari, B.; Groulx-Boivin, E.; White, ].H. Vitamin
D-regulated gene expression profiles: Species-specificity and cell-specific effects on metabolism and immunity. Endocrinology
2021, 162, bqaa218. [CrossRef] [PubMed]

Hanel, A.; Carlberg, C. Time-resolved gene expression analysis monitors the regulation of inflammatory mediators and attenuation
of adaptive immune response by vitamin D. Int. |. Mol. Sci. 2022, 23, 911. [CrossRef] [PubMed]

Zeitelhofer, M.; Adzemovic, M.Z.; Gomez-Cabrero, D.; Bergman, P.; Hochmeister, S.; N'Diaye, M.; Paulson, A.; Ruhrmann, S.;
Almgren, M.; Tegner, ].N.; et al. Functional genomics analysis of vitamin D effects on CD4* T cells in vivo in experimental
autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. USA 2017, 114, E1678-E1687. [CrossRef] [PubMed]

DeLuca, H.F. Overview of general physiologic features and functions of vitamin D. Am. ]. Clin. Nutr. 2004, 80, 16895-1696S.
Norman, A.W. From vitamin D to hormone D: Fundamentals of the vitamin D endocrine system essential for good health. Am. ].
Clin. Nutr. 2008, 88, 4915-499S.

Prietl, B.; Treiber, G.; Pieber, T.R.; Amrein, K. Vitamin D and immune function. Nutrients 2013, 5, 2502-2521. [CrossRef]
Limketkai, B.N.; Mullin, G.E.; Limsui, D.; Parian, A.M. Role of vitamin D in inflammatory bowel disease. Nutr. Clin. Pract. 2017,
32, 337-345. [CrossRef]

Munger, K.L.; Levin, L.I; Hollis, B.W.; Howard, N.S.; Ascherio, A. Serum 25-hydroxyvitamin D levels and risk of multiple
sclerosis. JAMA 2006, 296, 2832-2838. [CrossRef]

Carlberg, C. Genome-wide (over)view on the actions of vitamin D. Front. Physiol. 2014, 5, 167. [CrossRef]

Carlberg, C.; Seuter, S.; Nurmi, T.; Tuomainen, T.P; Virtanen, ].K.; Neme, A. In vivo response of the human epigenome to vitamin
D: A proof-of-principle study. J. Steroid Biochem. Mol. Biol. 2018, 180, 142-148. [CrossRef]

Neme, A.; Seuter, S.; Malinen, M.; Nurmi, T.; Tuomainen, T.P; Virtanen, ].K.; Carlberg, C. In vivo transcriptome changes of human
white blood cells in response to vitamin D. |. Steroid Biochem. Mol. Biol. 2019, 188, 71-76. [CrossRef] [PubMed]

Shirvani, A.; Kalajian, T.A.; Song, A.; Holick, MLF. Disassociation of vtamin D’s calcemic activity and non-calcemic genomic
activity and idividual responsiveness: A randomized controlled double-blind clinical tial. Sci. Rep. 2019, 9, 17685. [CrossRef]
[PubMed]

67






@

J nutrients

Review

Vitamin D and Its Receptor from a Structural Perspective

Natacha Rochel 1234

Citation: Rochel, N. Vitamin D and
Its Receptor from a Structural
Perspective. Nutrients 2022, 14, 2847.
https://doi.org/10.3390 /nu14142847

Academic Editor: Carsten Carlberg

Received: 15 June 2022
Accepted: 6 July 2022
Published: 12 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

© 2022 by the author.
Licensee MDPI, Basel, Switzerland.

Copyright:

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Integrated Structural Biology Department, Institut de Génétique et de Biologie Moléculaire et Cellulaire,
67404 Tllkirch, France; rochel@igbme.fr

2 Centre National de la Recherche Scientifique, UMR7104, 67404 Illkirch, France

3 Institut National de la Santé et de la Recherche Médicale (INSERM), U1258, 67404 Illkirch, France

4 Université de Strasbourg, 67404 Illkirch, France

Abstract: The activities of 1x,25-dihydroxyvitamin D3, 1,25D3, are mediated via its binding to the
vitamin D receptor (VDR), a ligand-dependent transcription factor that belongs to the nuclear receptor
superfamily. Numerous studies have demonstrated the important role of 1,25D5 and VDR signaling
in various biological processes and associated pathologies. A wealth of information about ligand
recognition and mechanism of action by structural analysis of the VDR complexes is also available.
The methods used in these structural studies were mainly X-ray crystallography complemented by
NMR, cryo-electron microscopy and structural mass spectrometry. This review aims to provide an
overview of the current knowledge of VDR structures and also to explore the recent progress in
understanding the complex mechanism of action of 1,25D3 from a structural perspective.

Keywords: vitamin D; vitamin D receptor; 3D structure; structural analysis; molecular recognition;
protein-ligand interactions; coregulators

1. Introduction

Upon sun exposure, the secosteroid prohormone vitamin D is two-step hydroxylated
in the liver and the kidney into the biologically hormonal form, 1c,25-dihydroxyvitamin D3
(1,25D3) [1]. Most effects of 1,25D3 are mediated via its binding to the vitamin D receptor
(VDR, also termed NR1I1), a ligand-dependent transcription factor (TF) that belongs to
the nuclear receptor (NR) superfamily. VDR was cloned and sequenced in mammalian
and avian species in the late 1980’s [2-5]. VDR acts as a heterodimer with one of the three
retinoid X receptor (RXR) isotypes (RXRe, NR2B1; RXR3, NR2B2; and RXRy, NR2B3). VDR
and its ligand control calcium metabolism, cell growth, differentiation, anti-proliferation,
apoptosis and adaptive/innate immune responses [6-8]. VDR is expressed in the different
tissues of the body and many of these tissues were not originally considered target tissues
for 1,25D3. Conversion of 25Dj3 to 1,25D3 also occurs in many non-renal tissues and cells,
including the skin, parathyroid glands, bone cells, both cardiovascular and immune cells,
and many others [9,10]. The discovery of these autocrine/paracrine activities of 1,25D;
has markedly increased our appreciation of the wide effects of 1,25D3. An additional layer
of complexity came with the identification of alternative vitamin D pathways and the
major enzymes involved that produce other natural vitamin D metabolites, with some of
them showing potent VDR activation [11,12]. Deregulation of VDR function may lead to
severe diseases, such as cancers, psoriasis, rickets, renal osteodystrophy, and autoimmunity
disorders (multiple sclerosis, rheumatoid arthritis, inflammatory bowel diseases, type I
diabetes) [13]. Despite the large number of potential applications, clinical use of the
native hormone 1,25Dj is limited by calcification of soft tissues (hypercalcemia). However,
synthetic analogs have been developed and some of the highly active and non-calcemic
VDR ligands have found clinical applications in the standard topical treatment of psoriasis,
secondary hyperparathyroidism or osteoporosis [14,15].

In this review, we discuss the general mechanism of action of VDR and what we have
learned from structural studies of VDR complexes from isolated domains to full length
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proteins focusing on 1,25D3 action. Recent studies that aimed to describe how coregulators
interact with VDR will also be discussed. These studies have significantly advanced
our understanding on the molecular mechanism by which 1,25D3 mediates transcription
regulation. However, important questions remain regarding the basic mechanism of the
cell-specific action of ligands and possible cross-talks with other NRs and TFs. Finally, the
ongoing effort to characterize the structures, dynamics and relationships with the function
of large VDR coregulatory complexes will be discussed.

2. Structure and Mechanism of Activation of the Vitamin D Receptor

VDR shares two main features with other members of the NR superfamily, principal
mechanism of action and structural organization. Simplified regulation of target gene
expression by VDR can be presented as follows (Figure 1): VDR forms a heterodimer with
RXR and binds to specific DNA sequences of controlled genes called VDR response element
(VDRE). These VDREs are often localized thousands of base pairs from the coding region
of the regulated gene [16,17]. Typically, in the absence of ligands or in the presence of
antagonists, corepressors with histone deacetylase activity are recruited to VDR bound
to their target genes, while binding of agonist ligands induces a change in the structure
of the NR that allows interaction with coactivators [8,16]. Recruitment of coactivators
with enzymatic activities, such as histone acetyl-transferases (HAT), prepares target gene
promoters through decondensation of the chromatin. HATs can further be replaced by the
mediator complex that provides a link with the basal transcriptional machinery.

(01,2503
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Complex Complex  Complex Complex
HDACL 300/c8P o
- ACL N S e, k.- -y
1 pncz:“““‘-’ e llf‘:?—/ _MEDL

Transcription
Initiation
Complex

Mediator L
Transcription

Induction

wl

Figure 1. Schematic model for VDR regulation. Upon 1,25D3 binding to VDR, VDR translocates
into the nucleus, binds as a heterodimer with RXR to DNA and interacts with various coregulators,

Transcription
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leading to the activation of transcription or relief of constitutive repression.

The second feature shared by VDR and other NRs is its structural organization. VDR
is a molecule of approximately 50-60 kDa, depending on species. The human VDR has
two potential start sites with a common polymorphism (Fok 1) that alters the first ATG
start site to ACG, leading to a VDR that is three amino acids shorter (424 AA vs. 427
AA), a polymorphism correlated with reduced bone density [18]. The VDR has a modular
organization (Figure 2A) that consists of a short variable and flexible N-terminal domain, a
highly conserved DNA-binding domain (DBD), a conserved ligand-binding domain (LBD)
and a hinge region connecting the DBD to LBD. In addition, VDR has a unique feature
among NRs, with its long insertion region within the LBD that is in a disordered state [19].
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Since the first crystal structures of VDR LBD in 2000 [20] and of VDR DBD in 2002 [21]
(Figure 2B,C), numerous studies have investigated the isolated domains of VDR, mainly by
X-ray crystallography complemented by NMR and hydrogen-deuterium exchange coupled
with mass spectrometry (HDX-MS).

A

1 NTD  DNA Binding Hinge - Ligand Binding | 427

Insertion

Ligand Binding
Pocket

Figure 2. VDR structure. (A) Modular organization of VDR. NTD: N-terminal domain. DBD: DNA
binding domain. LBD: ligand binding domain. (B) Overall structure of hVDR DBD monomer (PDB
ID: 1KB4 [21]). Zn atoms are represented by spheres. CTE: C-terminal extension. (C) Overall structure
of the hVDR LBD bound to 1,25D5 (PDB ID: 1DB1 [20]). LBP: ligand binding pocket. AF: activation
function. The red star corresponds to the position of the truncation of the insertion domain.

3. DNA Binding

The DBD, the most conserved domain in VDR from different species and among the
NRs, is comprised of two zinc fingers (Figure 2B). The first zinc finger is important for
specific DNA binding to the VDREs, while the second one is involved in heterodimer
interaction. Steric constraints of the VDR-RXR complex determine the optimal heterodimer
binding site within VDRE as a direct repeat of the sequence RGKTSA (R = A or G, K =G or
T, S = C or G), separated by three nucleotides (DR3) [22-24]. RXR binds to the upstream
half site, while VDR binds to the downstream site. The crystal structure of the VDR DBD
homodimer on DR3 [21] has revealed that the key interactions between the VDR DBD
and the DNA, including four conserved residues in the recognition helix, Glu42, Lys45,
Arg49 and Arg50, make sequence-specific base contacts in the major groove of the half-site.
ChIP-seq studies in various cell types (see references [25-31] among others) have confirmed
that the DR3 are the most enriched motifs upon ligand treatment but that represent only
10-20% of all VDR binding sites and most of VDREs spread over the whole genome [17].
A prerequisite for VDR DNA binding is the accessibility of the binding site through the
action of pioneer factors and coactivators to open the chromatin and to modify chromatin
topology [17,24,25].

4. Ligand Binding

NR is a highly dynamic scaffold protein and VDR LBD (Figure 2C) in a similar way to
other NRs, is dynamic and only stabilized into a fixed conformation upon ligand binding.
The dynamics of ligand binding process by VDR has been investigated by NMR [32] and
HDX-MS [33-35]. These studies revealed that the entire C-terminal of VDR LBD in its
apo state is very dynamic, with 80% of amide hydrogen exchange. The region forming
the ligand binding pocket (LBP) (Figure 2C) also showed a high exchange rate, while the
central layer of the o-helical sandwich appeared to be protected. Binding of 1,25D3 has
been shown to lead to significant protection from hydrogen amide exchange, not only for
the LBP but also in regions remote from the LBP.
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Detailed information on the binding mode of 1,25D3 has been obtained by the elu-
cidation of the crystal structure by X-ray crystallography of its complex with the human
VDR LBD [20]. For the crystallization of the hVDR-1,25D3 complex, a truncated form
of the hVDR LBD was used that lacks the insertion domain (Figure 2A). This region is
characterized by poor sequence conservation between VDR family members, is predicted to
be disordered and does not play a major role in receptor selectivity for 1,25D3 [19,36]. The
general fold of VDR LBD (PDB IDs: 1DB1 and 7QPP) consists of a three-layered o-helical
sandwich composed of twelve helices (H1 to H12), three two-turn helices (H3n, H4n and
Hx) and a three-stranded p-sheet (Figure 3A). The LBP is surrounded by helices H2, H3,
H5, H6, H7, H10 an H12. The residues of each of 3-sheet strands also form contacts with
the ligand.

The ligand occupies 56% of the volume of the LBP (697 A®) with some water molecules
near the position 2 of the A-ring of 1,25D3 (Figure 3B). The ligand adopts a chair B con-
formation with the 19-methylene “up” and the 1«a-OH and 33-OH groups in equatorial
and axial orientations, respectively, while the aliphatic chain at position 17 of the D-ring
adopts an extended conformation. The ligand is anchored in the LBP through three pair of
hydrogen bonds formed between three hydroxyl groups of the ligand and polar residues:
1-OH group with Ser237 (H3) and Arg274 (H5), 3-OH group with Ser278 (H5) and Tyr143
(loop H1-H2) and 25-OH group with His305 (loop H6-H7) and His397 (H11) (Figure 3B). In
addition, the ligand interacts with the hydrophobic residues lining the LBP (Figure 3C).

The LBD also contains the regions necessary for heterodimerization to RXR, compris-
ing H9 and H10 and the loop 8-9, and for coactivator interaction through the activation
function AF-2 formed by H3, H4 and H12. Helix 12 closed the LBP and is stabilized by two
interactions with the ligand. Helix 12 is also stabilized by several hydrophobic contacts with
residues of H3, H5 and H11 and two polar interactions with residues of H3 and H4. Some
of these residues contact the ligand, thus indicating an additional indirect ligand-control of
the position of helix H12.

The structures of 1,25D3 in the complex with VDR of other species were also described
for Rattus norvegicus (rtVDR) [37], Danio rerio (zebrafish, zZVDR«) [38] and Petromyzon mar-
inus (sea lamprey (1)) [39], the most basal vertebrate showing the most divergent VDR
sequence. In the case of the r'VDR LBD complex (PDB ID: 1RK3), the same truncation
of the large insertion region connecting helices H1 to H3 as for hVDR was applied. For
the zVDR (PDB ID: 2HC4) and 1VDR (PDB ID: 7QPI), the wild-type LBD was used. The
binding mode of 1,25D3 to VDR LBP is similar in all VDR structures, indicating a con-
served ligand selectivity of VDRs across vertebrate species. While the differences are small
between the structures of h, r and z VDR LBDs and primarily involve the loops, some
significant differences are observed for IVDR around the linker regions between H11-H12
and H9-H10. These differences explain the weaker AF-2 stabilization and weaker RXR
dimerization [39], and consequently the lower efficacy to activate IVDR compared to higher
vertebrate VDRs [40,41]. Interpretation of the VDR structures and VDR-ligand interaction
differences in a phylogenetic context allow for significant progress towards understanding
the molecular activities. Indeed, structural and sequence co-evolution analysis allow to
identify the conserved residues to maintain their functional integrity, and pairs of amino
acids that coevolved to accommodate novel functionalities. Coevolving residues are located
in H9 and in the insertion domain [39], accounting for the increased sensitivity to RXR and
coregulators during evolution and leading to the increase in transactivation responses to
1,25D3 and VDR to be fully activated by 1,25D3 and to respond to lithocholic acid in higher
vertebrates, facilitating novel functions.
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Figure 3. 1,25D3 recognition by VDR. (A) Overall structure of the hVDR LBD. The hVDR LBD bound
to 1,25D3 is composed of 15 helices and 1 3-sheet (PDB ID: 1DB1 and 7QPP) [20,39]. (B) Conformation
of 1,25D5 in the VDR LBP shown as a grey surface. (C) Interaction map of 1,25D3 in the LBP of hVDR.

This structural knowledge has been pivotal in the comprehension of VDR action and
to understand the impact of mutations found in hereditary vitamin D-resistant rickets
(HVDRR) patients showing a phenotype connected with softening and weakening of the
bones [42,43]. The alterations in the VDR gene are caused by mutations that result in
suboptimal gene regulatory responses, despite the presence of 1,25D;3 in the body. To date,
12 missense mutations have been identified in hVDR DBD, all associated with alopecia [43].
In the LBD, 24 amino acids of the hVDR were found mutated in HVDRR patients, some
associated with alopecia [43]. The mutations result in alterations of VDR functions as ligand-
or DNA-binding, heterodimerization with RXR or coregulator-binding. However, the
overall effect of the mutation may result from the combination effects of all four functions
at the same time. Among those mutations, the mutations involved residues forming
hydrogen bonds with the hydroxyl groups of 1,25D3, including Arg274Leu/His [44-46],
His305GIn [47] and His397Pro [48], the last one being associated with very severe HVDRR.
The discussion of the structural implications of these missense mutations were presented
in the studies [49,50].

In addition, the crystal structures of VDR LBD have provided significant information
for the characterization and the design of more specific analogs. A large part of the VDR
LBP remains unoccupied when bound by 1,25D3 (Figure 3B), providing additional space
for the fitting of the modified moieties of the hormone and some analogs induce significant
conformational changes, enlarging the original LBP (review in [15,51,52]). Not only sec-
osteroidal analogs, but also other VDR ligands with non secosteroidal structures, such as
lithocholic acid derivatives and mimics of 1,25D3 have been reported. Hundreds of analogs
in the complexes with VDR LBD from human, rat or zebrafish species were crystalized. The
binding mode of some of these analogs to VDR LBP and their mechanism of action were
discussed in [15,51,52]. In addition to the development of molecules targeting the VDR LBP
and acting as agonist or antagonist, small molecules that target VDR—coregulator binding
and act as protein-protein inhibitors are being developed [53]. Atomic-level understanding
allows for the development of compounds with more original chemical structures and
more specific action. However, due to the complexity of VDR signaling, these compounds
remain largely unsuccessful in reaching therapeutic applications thus far.
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5. Structure of Full-Length VDR Complex

Until now, only the VDR LBD monomer has been crystallized. The lower affinity
of VDR for RXR compared to other NRs, such as PPAR or RAR [39,54], may explain the
difficulty to crystallize the VDR-RXR LBDs heterodimer. DNA binding stabilizes the VDR
heterodimer and 1,25Dj is required for high affinity binding and activation. On other hand,
RXR ligand, 9-cis retinoic acid, has been shown to either inhibit [55] or activate [56,57]
-1,25D3 stimulation of gene transcription. In the absence of a full-length heterodimer crystal
structure, solution methods using small angle X-ray scattering (SAXS) [58], cryo-electron
microscopy (cryoEM) [59] and HDX-MS [60] have provided information on the full length
VDR-RXR-DNA complex. These methods render it possible to visualize how the DBD and
the LBD /heterodimerization domains are arranged relative to one another and how their
binding to ligand, DNA, and coactivators influence one another.

The LBD and DBD domains in the full length structure is structurally conserved, com-
pared to those of previously solved individual domain structures. The solution structures
of VDR-RXR show that DBDs and LBDs are separated and positioned asymmetrically
(Figure 4). The relative position of the domains and the observed asymmetry of the overall
architecture both point to the essential role played by the hinge domains in establishing
and maintaining the integrity of the functional structures. While the RXR hinge does not
have a well-defined structure, the hinge domain of VDR forms an «-helix that stabilizes the
whole complex, thus facilitating the positioning of the LBD and the surface to be accessible
by the coregulators [58,59]. The 3D structures of several NRs truncated by their NTDs and
in complex with DNA have now been obtained by X-ray crystallography or cryoEM for
PPAR-RXR [61], HNF4 [62], LXR-RXR [63], RAR-RXR [64], EcCR-USP [65] and AR [66].
These studies suggest that NRs are rather flexible macromolecules, adapting several confor-
mations. In the VDR-RXR complex, even with the relatively separated positioning, there is
evidence of long-range allosteric connections between the VDR LBD, DBD and DNA [60].
HDX-MS was used to understand the conformational plasticity and allosteric/dynamic
communications in VDR complexes and has revealed cooperative effects between the VDR
DBD and LBD to fine tune transcriptional regulation by the ligands and the DNA [67].
Upon 1,25D3 binding to full VDR-RXR, the differential HDX experiment has revealed a
profile very similar to the binding to VDR LBD alone with a stabilization of VDR H12.
Interestingly, an increase in solvent exchange in the DBD of VDR was also observed upon
ligand binding, indicating that the ligand impact on the DBD conformation. Upon ligand
binding, a stabilization of the heterodimer interface was also observed. The HDX profile
of 1,25D3 binding in the presence of RXR ligand was similar to that of 1,25D3 alone. Al-
losteric communication is ligand dependent and bidirectional. DNA binding modulates
both DBD-DBD and LBD-LBD interactions and influences coactivator recognition and
binding. Conformational dynamics indicate that the binding of VDR-RXR to DNA results
in significant alterations in the conformation of the LBD within the region important for
interactions with coactivators, VDR H12 and RXR H3, and dimer interface H10-H11. Dif-
ference in DNA sequences modulate the receptor dynamics in remote regions, such as the
coactivator binding surfaces [60,67]. A similar effect was observed for the RAR-RXR-DNA
complex [68].
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Figure 4. Cryo-EM structure of the VDR-RXR on DNA. (A) Electron density map shown as surface.
(B) Fitted atomic model of the heterodimer in the EM map [59].

6. VDR-Coregulatory Complexes

The successful regulation of transcription by NRs requires the recruitment of coregu-
lators to genomic loci, an event that directly affects the transcriptional rate. Hundreds of
NR coregulators have been reported and include coactivators and corepressors [69]. For
VDR, the mechanism of coactivation is now well understood, while VDR corepression is
less studied. The major VDR coactivators are the NCoAs and mediator complexes [70,71].
The NCoAs (NCoA1, NCoA2 and NCoA3) recruit secondary coactivators CBP/p300 and
p/CAF that have histone acetyl transferase activity and interact with VDR in a 1,25D3-
dependent manner [71]. Another important VDR coactivator is MED]1, a subunit of the
mediator that links the TFs to the transcription machinery [72].

Most of the coactivators that can be recruited to the NRs in a ligand-dependent
way contain the conserved LXXLL motif or NR box [73]. An analogous sequence motif
(LXXH/IIXXXI/L) was identified in corepressors [74-76]. NR boxes are often located
within intrinsically disordered regions of the coactivators and corepressors. NCoAs contain
several domains separated by long disordered regions, the N-terminal part contains a highly
conserved basic helix-loop-helix (HLH) and a signaling PAS (Per/Arnt/Sim) domain that
mediates protein—protein interactions. The NRs interact with NCoAs via the receptor
interaction domain (RID) that contains three LXXLL motifs. Each domain in NCoAs
specializes in recruiting various TFs or other coregulators of transcription, including protein-
modifying enzymes and chromatin remodelers. VDR has been shown to preferentially
interact with the second and third LXXLL motifs of the NCoA RID [77]. MED1 contains
two NR boxes in its central RID that differentially bind to NRs [78]. The second motif has
been shown to preferentially bind to VDR [77]. These coregulators are not specific to VDR,
but interact with a large number of other NRs and transcription factors. The mediator
complex can be found in large numbers of loci and are known to be involved as super
enhancers [79]. In addition, other domains of MED1 outside the RID has been shown to
interact with NRs [80].

Multiple biochemical and structural studies have mapped the interaction regions of
NRs with the coactivator NR box [73,81-83] and numerous X-ray structures of NR LBDs
with bound coregulator LXXLL peptides are nowadays deposited in the PDB. Analogous
recognition region in the corepressors, CoR-NR box, binds in the same hydrophobic groove
on LBDs. Therefore, the recruitment of coactivators and corepressors is mutually exclusive.
The intrinsically disordered properties of the coregulators that are important to adapt
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and interact with many different transcription factors also limit their studies by X-ray
crystallography or cryoEM.

MED1 NR2 as well as NCoA1 NR2, NCoA2 NR2 and NR3 were crystallized with
liganded VDR LBD [37,39,84,85], revealing the binding mode of the LXXLL motifs to the
VDR LBD. The LXXLL peptide formed a short a-helix that binds to a surface formed by
helices H3, H4 and H12 of the LBD. The interaction of MED1 NR2 that buries about 507 A2
of the receptor’s surface involves the three leucines that are buried within the pocket and
surrounded by hydrophobic residues. The peptide is additionally locked through the
formation of hydrogen bonds between conserved lysine residue in H3 and a glutamate
residue in H12 that define a charge clamp.

Structures of coregulatory complexes with large fragment or full-length coactivators
have been less studied due to their dynamic conformations. Several biophysical and solu-
tion structural studies in solution have been performed for some NRs bound to coactivator
RIDs and recent developments in cryoEM have started to provide structural information
on NR—coactivator complexes, including Era-NcoA3-p300 [86] and AR-NcoA3-p300 [87].
However, NR—coregulator complexes structures have not reached atomic resolution yet,
due to the conformational dynamics of the transcriptional complexes. For VDR, mass
spectrometry structural methods combined with biophysical and structural methods have
provided important details of VDR complex assembly and conformational plasticity and
allosteric/dynamic communications within the complexes [60,67,88].

Differential HDX-MS has been used to study the interaction of VDR-RXR with the
NCoA1 RID that contains the three LXXLL motifs [60,67]. As expected in the absence of
both ligands, no coactivator interaction was observed and the separate addition of the
1,25D3 or RXR ligand, 9-cis retinoic acid, allow the coactivator to interact in a ligand-specific
manner and independently. In the presence of 1,25D3 only RXR AF-2 within the full VDR~
RXR complex was insensitive to the binding of NCoA1 RID, indicating that it is primarily
associated to VDR AF-2. However, RXR and its ligand modulate the interaction when
VDR is liganded and NCoA1 RID binding stabilizes not only VDR AF-2 but also RXR
H3 and H10-H11 [60]. Helices 3 and 4 of VDR that are part of the coactivator binding
cleft cannot be further stabilized, since they achieve maximal stabilization upon 1,25D;
binding. For RXR, the loop between helices 10 and 11 is important in the formation of the
hydrophobic groove facilitating coactivator binding. In addition, DNA binding modulates
the interaction of NCoA1l with the heterodimer. Mutations of each LXXLL motifs and
luciferase transactivation assays suggested that the third motif was associated to VDR and
the first one to RXR [60]. Mutations on residues of VDR and RXR involved in the coactivator
charge clamp indicate that the coactivator binding surface of each receptor is important
for NCoA1 RID (Figure 5A). These data are in contrast with the SAXS data showing that
MED1 RID mainly interacts with RXR’s heterodimeric partner [58]. Importantly, to fully
understand the binding of MED1 to VDR-RXR, it was necessary to use a larger fragment
of MED1 that not only contains the RID but also the N-terminal domain (50-660) [89].
Significant differences could be observed in comparison to the NCoA1 RID complex [89] by
integrative structural methods combining SAXS, NMR and structural mass spectrometry.
Differential HDX-MS and crosslink mass spectrometry confirmed that VDR interaction with
MED1 motif NR2 is driving the complex formation but also demonstrated that other VDR~
RXR regions outside the VDR AF-2, as well as MED1 regions other than RID, modulate
the association and form an extended interaction surface (Figure 5B). Both LXXLL motifs
of MED1 were perturbed upon formation of the complex with VDR-RXR, suggesting that
while the NR1 box is not accommodated within the classical coactivator binding site, it
could be either interacting with an alternative site of the receptors or stabilized allosterically.
In addition to RID, the structured N-terminal domain of MED1 is also affected upon binding
to VDR-RXR and is likely interacting with both VDR and RXR LBDs; in particular, the
MEDI1 region 243-255 is largely stabilized in the complex with the receptor heterodimer.
Crosslink MS also confirmed that this MED1 region is in physical proximity to the RXR.
Among other novel MED1-interacting regions within the VDR-RXR heterodimer is the
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flexible insertion domain in the VDR LBD located between H1 and H3. Conformational
changes upon interaction with MED1 was observed by NMR. This effect was not observed
in the HDX-MS experiment; however, the observed difference could be attributed to the
different temporal resolution of the two methods.

A B
NCoA1RID
NR3 — o - g j -
\ \ Al i
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Q Q.
VDR RXR VDR RXR

Figure 5. Schematic representation of NCoAl and MED1 binding to liganded VDR-RXR-DNA
complex. (A) NCoA1 RID binding to liganded VDR-RXR in complex with and without DNA [60].
The NCoA1 NR3 motif is associated to VDR and the NR1 to RXR. NCoA1 RID binding has been
shown to stabilize not only VDR AF-2 but also RXR H3 and H10-H11. (B) MED1 (50-660) binding to
liganded VDR-RXR-DNA complex [89]. Complex formation is primarily driven by strong ligand-
dependent MED1 NR2 binding to the VDR AF-2, but other MED1 regions including NR1 and the
structured N-terminal domain are involved in the interaction, as well as alternative sites of the
receptors, including VDR insertion domain and RXR.

Differences in the binding modes could serve as molecular determinants of how the
NRs discriminate between the coactivators. These studies were performed on large domains
of coactivators but future studies should be carried out on the heterodimer complex with
full length coactivators, as other domains, as shown for the N-ter domain of MED1, may
modulate interactions directly or allosterically.

7. Conclusions and Perspectives

Our understanding of the molecular and structural insights for 1,25D3 action via its
master regulator VDR has continuously advanced in the last twenty years, through the
elucidation of the atomic structures of VDR DBD and LBD in complex with 1,25D3 and
analogs. In addition, few structural studies on full length DNA bound VDR complexes have
provided information on the allosteric effects driven by other domains and other effectors
as DNA and coregulators. Important questions remain regarding the basic mechanisms of
cell-specific action of ligands and possible cross-talks with other NRs and TFs. A deeper
understanding of the interactions of VDR with specific coregulators will also be essential to
better understand VDR action and may likely impact the future of drug development. How-
ever, full-length coregulators have large unstructured regions that remain a major hurdle
for their structural characterization. CryoEM has started to provide structural information
and will be essential to understand the structural dynamics of coregulatory complexes.
The new structural biology tools, such as structural mass spectrometry, single molecule
cryoEM with new processing tools and 3D classification, and cryo-tomography, will ulti-
mately provide details on the structures of VDR complexes with coregulator complexes in
a physiological environment.
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Abstract: Since the discovery of vitamin D a century ago, a great number of metabolites, analogs,
hybrids and nonsteroidal VDR ligands have been developed. An enormous effort has been made
to synthesize compounds which present beneficial properties while attaining lower calcium serum
levels than calcitriol. This structural review covers VDR ligands published to date.

Keywords: metabolites; analogs; hybrids and VDR nonsecosteroidal ligands

1. Introduction

Since the chemical structure of vitamin D3 (1, Figure 1 [1-36], cholecalciferol) was
established in 1932, successive studies have shown it to be essential in physiological
processes. Two hydroxylations of 1 are necessary before attaining its most biologically
active form. The first is a 25-hydroxylation, which occurs mainly in the liver and pro-
duces the most abundant circulating metabolite, 25-hydroxyvitamin D3 (11, Figure 1,
25-hydroxycholecalciferol, calcidiol, 250HD3) [12]. Subsequently, a second hydroxylation
at the 1« position generates the vitamin D hormone, 1&,25-dihydroxyvitamin D3 (13, Figure
1, 1«,25-dihydroxycholecalciferol, calcitriol, 1,25(OH),D3) [14]. This is a pleiotropic hor-
mone that exerts genomic actions by binding to its specific receptor (the vitamin D receptor,
VDR), which is present on target cells and found in more than 200 different tissues.

The biological role of 1,25(0H), D3 has been related to calcium and phosphorus home-
ostasis. However, the effects of vitamin D are not limited to mineral homeostasis, skeletal
health maintenance, or immune modulation. In addition, this hormone also has funda-
mental effects on cellular proliferation and differentiation, regulating genes involved in
the cell cycle and apoptosis both in normal and tumor cells. These properties and its wide
distribution have led to the study of its effects on various pathologies, such as osteoporosis
and cancer, thus arousing interest in the field of health and the pharmaceutical industry.
Unfortunately, the therapeutic use of 1,25(0OH),Dj3 also leads to an increase in the concentra-
tion of calcium in blood (hypercalcemia), which can cause significant side effects. Therefore,
numerous attempts have been made to synthesize noncalcemic analogs of 1,25(0OH),D; for
use in health treatment.

In recent decades, structure-function relationships (SARs) have been determined
to support the chemical modifications of the secosteroid structure of 1,25(OH),D3. The
novel structures’ goal is to reduce their calcemic activity in comparison with calcitriol
while exerting their interesting biological properties. A huge synthesis effort has been
carried out, yielding interesting chemical reviews in this regard [2]. The current review
updates the scientific information on the structural library of VDR ligands and incorporates
nonsteroidal VDR ligands.

2. Materials and Methods

All compounds contained in this review were collected from published papers and
patents. Most of the materials were freely accessible via the Internet, and paper copies
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were available in other cases. After careful reading, relevant structures were drawn using
CHEMDRAW software [3]. No database was generated. A structural analysis of this
collection may require future elaboration of a database.

3. Results

We found 1778 VDR compounds, which are displayed chronologically in 31 figures. All
of these compounds are ligands that specifically bind to their VDR receptor. This binding
allows the interaction of the 1,25(0OH),D3-VDR complex with target genes in the cell
nucleus, modulating their expression and mediating a biological response. The following
color scheme was used in the figures: dark blue corresponds to marketed compounds
(Figures 1, 3, 4, 8 and 9), light violet to outstanding compounds with interesting properties
(Figures 2, 4-10, 12-15, 17-21 and 23-31), and dark green to non-secosteroidal VDR ligands
(Figures 9, 11, 12, 15 and 20-27).

Vitamin D is closely associated with calcium and phosphorus homeostasis. No scien-
tific rational has yet been found for the calcemic properties of a compound in comparison
with calcitriol. Therefore, structure-function relationships (SARs) were carried out in order
to validate the key modifications in the structure of 1,25(OH),D3 that may alter biological
and calcemic properties. After more than 50 years of study, some hints have been obtained.
For example, it is known that C-19 methylene deletion yields low calcemic analogs; it is
also known that deletion/substitution of the steroidal cycles de-A ring, de-C ring, and/or
de-D ring may yield low calcemic analogs. Lowering the calcemic side effects of the vita-
min D analogs is important; however, we must not lose sight of other modifications that
may increase the antiproliferative and prodifferentiation activity (side-chain modification
with extra double and or triple bonds) as well as increase the metabolic stability (fluorine
atom incorporation). In summary, the following main structural topics are covered in the
current review:

C-21 Methyl epimerization;

C-19 Methylene deletion;

Incorporation of fluorine atoms;

Deletion/substitution of steroidal cycles: de-A ring, de-C ring, and/or de-D ring;
C-2 Functionalization;

C-3 Epimerization;

Side-chain modification with extra double and/or triple bonds, heteroatoms, and/or
branched hydrocarbons.

What is novel in this collection is the incorporation of non-secosteroidal VDR ligands
(dark green). In 1999, Boehm [4] hypothesized that “non-secosteroidal VDR ligands might
display different profiles of activity and metabolism than do secosteroidal 1,25(OH), D3,
analogs, including less calcemic properties, which might render them attractive as both
topical and oral pharmaceuticals for treating a variety of diseases. This hypothesis was
based in part on the success that nonsteroidal androgen receptor (AR) and estrogen receptor
(ER) modulators have had as drugs. Nonsteroidal compounds have been synthesized that
modulate the activity of these receptors and show enhanced tissue selectivity in comparison
to the steroids”.

Figure 1 (1931-1978) [1-36]. Vitamin D3 (1, cholecalciferol) [1] was discovered in
1922, but it was not chemically characterized until 1931. Dihydrotachysterol, (5) [10] was
introduced in 1934, and it is still on the market as an antitetanic agent AT-10. In 1968,
the most abundant metabolite of vitamin D3 was discovered as 25-hydroxyvitamin Dj
(11, 25-hydroxycholecalciferol) [18], and in 1971, 1e,25-dihydroxyvitamin D3 13, 1c,25-
dihydroxycholecalciferol, calcitriol, 1&,25(OH), D3 [21], the vitamin D3 hormone, was identi-
fied. Later, 1a-hydroxyvitamin D3 (21, Alfacalcidiol) [25], a synthetic analog, was marketed
for the treatment of secondary hyperparathyroidism (2HPT), renal failure, and osteoporosis.

Figure 2 (1978-1982) [37-52]. 25-Hydroxyvitamin D3 26(23)-lactones (58-61) were
discovered in 1980 [50-52], and they behave as antagonists of gene transcription induced
by VDR. They were the first compounds discovered to have antagonist properties.
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Figure 3 (1982-1987) [53-78]. 26,26,26,27,27,27-Hexafluoro-1«,25-dihydroxyvitamin D3
(70, Falecalcitriol) [60] is used in the treatment of 2HPT and osteoporosis. 1,25-Dihydroxy-
22-oxavitamin D3 (100, Maxacalcitol) [76] is used in 2HPT and psoriasis.

Figure 4 (1987-1991) [78-94]. 111 (Calcipotriol, MC903) [79] is marketed as a treatment
with exceptional clinical response in psoriasis. 1«,25-Dihydroxy-22(23)-didehydrovitamin
D3 (116) [83] has shown potent antiproliferative activity. 2f3-(Hydroxypropoxy)-1c,25-
dihydroxyvitamin D3 (131, ED-71) [85] is used in osteoporosis treatment.

Figure 5 (1991-1992) [95-117]. Compound 186 [107] is an important analog functional-
ized at C-11 that may allow the synthesis of haptens, without disturbing the VDR ligand
anchoring groups (1a-OH, 33-OH and 25-OH).

Figure 6 (1993-1994) [118-136]. Compounds 225 [93] and 208 [108] were independently
developed by different research groups and are important analogs functionalized at C-18
and C-11, respectively. They may allow the synthesis of haptens without disturbing the
VDR ligand anchoring groups.

Figure 7 (1994-1997) [136-148]. Compounds 308 and 309 [147] present an interesting
property by exhibiting only nongenomic rapid effects at physiological concentrations.
Moreover, 1a-hydroxyl group addition (309) does not alter the sensitivity of nongenomic
effects of 308.

Figure 8 (1997-1999) [149-158]. 1a-Hydroxyvitamin D, (325, Doxercalciferol) [151] is
marketed as a 2HPT treatment. (22E,24E)-Diene-24,26,27-trishomo-19-nor-1«,25-dihydro-
xyvitamin D3 (348, Ro 25-8584) [152] represents an outstanding compound inhibiting the
proliferation in myeloid leukemia cell lines. When 2-methylene-19-nor-1«,25-dihydroxy-
vitamin Dj (349, 2MD) [156] is given as oral therapy, it is at least 100 times more potent
than 1«,25(OH), D3 in stimulating bone mass increase. A randomized clinical trial showed
that 349 increased bone turnover but not BMD (bone mass density) in postmenopausal
woman with osteopenia.

Figure 9 (1999) [158-168]. 24R,25-Dihydroxyvitamin D3 (388, Tacalcitol) [160] is
prescribed for psoriasis. 24,26,27-Trishomo-1c,25-dihydroxyvitamin D3 (406, Seocalci-
tol, EB 1089) [163] acts as a powerful antiproliferative used in breast, colon, or pancreas
tumor models.

Figure 10 (2000-2001) [169-182]. 1a-Hydroxy-26(27)-dehydro-25-(butylcarboxylate)-
vitamin D3 (433, ZK159222) and 1a-hydroxy-26(27)-dehydro-25-(ethylpropenoate)-vitamin
D3 (434, ZK168281) [170] have been identified as VDR antagonists, though 434 is more
potent than 433. Both compounds selectively stabilize an antagonist conformation of
the VDR-LBD (ligand-binding domain). 1«,25-Dihydroxy-21-(3-hydroxy-3-methylbutyl)-
vitamin Dj (435, Gemini) [171] has emerged as the lead compound with superior gene
transcription activity and tumor-cell-line inhibition.

Figure 11 (2001-2002) [183-196]. 1«,25-(OH),-16-ene-20-epi-23-yne-3-epi-D3 (493),
1,25(0OH);-16-ene-23-yne-hexafluoro-3-epi-Dj (494), and 1«,25(OH),-16-ene-3-epi-D3 (495)
are potent inducers of apoptosis of HL-60 cells. Their 3-natural (33-OH) analogs have
been shown to be potent modulators of HL-60 cell growth and differentiation [184]. This
is the first report to demonstrate that the epimerization of the hydroxyl group at C-3 of
the A-ring of 1«,25(OH), D3 plays an important modulation role for HL-60 cell differen-
tiation and apoptosis. 2,2-Difluoro-1«,25-dihydroxyvitamin D3 (507) [185] is similar to
1,25(0OH), D3 in terms of in vitro antiproliferative activity, but it is different in terms of
transcriptional activity. In addition, 507 is 2-3 times more transcriptionally active than cal-
citriol, with similar in vivo calcemic activity. 2,2-Dimethyl-1,25-dihydroxy-19-norvitamin
Ds (509) [186] is 7.5 times less transcriptionally active than calcitriol and considerably less
calcemic. Moreover, 509 strongly suppresses parathyroid hormone (PTH) secretion.

Figure 12 (2002) [197-204]. Seco-C-9,11-bisnor-17-methyl-26,26,26,27,27,27-hexafluoro-
20-epi-1x,25-dihydroxyvitamin D3 (533, WY1112) [197] and seco-C-9,11,21-trisnor-17-methyl-
23(24)-didehydro-26,26,26,27,27 27-hexafluoro-1c,25-dihydroxyvitamin D3 (559, CD578) [198]
display high differentiation ratios between antiproliferative and calcemic affects.
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26,27-Bishomo-1a-fluoro,25-hydroxy-23-en-vitamin D3 (582, Ro-26-9228) [203] is used for
treatment of osteoporosis.

Figure 13 (2003-2004) [205-218]. Dienyne 646 [215] represents the first locked side-
chain analog of calcitriol with remarkable VDR transcriptional activity. Lactone 657 [217]
showed one order of magnitude higher antagonist activity than lactone 66 (Figure 2).

Figure 14 (2004-2006) [218-223]. Further development in double side-chain vitamin
D analogs, the Gemini series, made it possible to assess the steric VDR requirements of
drug candidates. Compounds 684-695 [220] present two different side chains at C-20 that
improve their toxicity profiles and pharmacokinetic drug performance.

Figure 15 (2006-2007) [224-240]. C-20 cyclopropyl vitamin D3 analog 755 [233] showed
high MLR (mixed lymphocyte reaction) activity for the suppression of interferon-y release
with no calcemic activity. Immunomodulatory activity was measured by suppression of
interferon-y release in mixed lymphocyte reaction cells. The inhibition of clonal prolifera-
tion was evaluated in the leukemia HL-60, breast cancer MCF-7, prostate PC-3, and LNCaP
cell lines. Significant separation of the immunomodulatory activity from hypercalcemic ef-
fects (MTD, maximum tolerated dose) was observed. Compound 747 was 2900 times more
active and 100 times less hypercalcemic than 1¢,25(OH), D3, while 755 was 29 times more
active and 100 less hypercalcemic. In the breast cancer MCF-7 cell line, compounds 753,
754, 755, and 757 were ten thousand times more active but equally or less hypercalcemic
than 1«,25(OH),D3. Metabolism of 16-ene-20-cyclopropyl compounds is arrested at the
24-keto stage, which explains the increased biological activity of the 16-ene variants.

Figure 16 (2006-2008) [241-253]. Intensive research activity was carried out on
the leading structures with outstanding biological properties, i.e., Gemini compounds
799-803 [246,247]. These studies focused on the structural modifications of Gemini that
influenced the differentiation-inducing, antiproliferative, and transcriptional activity of the
compounds in human leukemia cells. The cyclopropyl modification at the pro-R side chain
decreased the activity of the compound compared to 1«,25(0OH),Ds, and further A-ring
modifications did not restore this activity. Cyclopropyl modification at the pro-S side chain
of Gemini increased the VDR-induced transcriptional activity. In addition, privileged VDR
antagonists lactones 804-832 and 833-864 [243,244] were studied. The antagonistic activity
was markedly affected by the structure of the lactone ring, including length of the alkyl
chain and the stereochemistries on the C23 and C24 positions. The VDR binding affinity of
the (235,245)-24-alkylated vitamin Dj lactones increased 2.3-3.7-fold as compared to the
unsubstituted lactones 64—67 (Figure 2). The antagonistic activity of (235,245)-isomers were
enhanced to be 2.2-,3.5-, 1.8-, and 1.7-fold higher compared to the unsubstituted lactones
64-67 (Figure 2).

Figure 17 (2008-2009) [254-264]. 2-Methylene-19-nor-(20S5)-1o-hydroxy-bishomopreg-
nacalciferol 942 [20(S)-2MbisP] [263] were able to suppress PTH at levels that did not
stimulate bone resorption, intestinal calcium, or phosphate absorption and may have
potential for use in the treatment of 2HPT in chronic kidney disease.

Figure 18 (2009-2010) [265-270]. Hybrid compounds 1020 (26,27-bis-nor-25-bishomo-
19-nor-25"-0x0-25"-methylcarboxamide-1x-hydroxyvitamin D3) and 1022 (26,27-bis-nor-
25-homo-19-nor-25’-(2aminophenyl)-carboxamide-1x-hydroxyvitamin D3) [270] showed
antiproliferative activity against AT84 carcinoma cells; neither of them induced hypercal-
cemia even at concentrations 100-fold higher than those tolerated for 1,25D. This demon-
strates that it is possible to create a wide range of bifunctional molecules that possess
VDR agonism and HDACi (histone deacetylases inhibitor) activity. Structural latitude is
significant with a wide variety of ZBGs (zinc-binding group) amenable to incorporation
into the side chain of vitamin D-like secosteroids. Importantly, several of these molecules
function as antiproliferative agents against AT84 cells in vitro, while possessing minimal
hypercalcemic activity in vivo.

Figure 19 (2009-2010) [271-283]. Intensive research activity was carried out on Gemini
compounds 1053-1069 [273]. Calcitriol was implicated in many cellular functions including
cell growth and differentiation. It was shown that Gemini compounds were active in gene
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transcription induction with enhanced antitumor activity. Fine tuning of their structurally
derived biological properties would be required for therapeutic use.

Figure 20 (2010-2012) [284-298]. 25-Diethylphosphite-1x-hydroxy-23(24)-didehydro-
vitamin D3 1131 [290] was tested for antiproliferative effects on several human and murine
tumor cell lines: human squamous cell carcinoma HN12, human glioma T98G, and Kaposi
sarcoma SVEC vGPCR cell lines. Furthermore, in human glioma T98G and human squa-
mous cell carcinoma HN12 cell lines, the antiproliferative effects exerted by compound 1131
were greater than those elicited by 1«,25(0OH);Ds. Visual observation of internal animal
organs such as liver, duodenum, lungs, and kidneys showed no macroscopic morphological
alterations after treatment with this compound. This compound appears to be well tolerated
even at high doses. Altogether, these results suggest that compound 1131 exerts consid-
erable antiproliferative activity at nonhypercalcemic dosages and may have therapeutic
potential for the treatment of various hyperproliferative disorders. Non-secosteroidal
VDR ligand (4-{1-ethyl-1-[4-(2-hydroxy-3,3-dimethyl-butoxy)-3-methyl-phenyl]-propyl}-
2-methyl-phenoxy)-hydroxyacetamide 1173 [295] was confirmed to significantly prevent
bone loss after daily treatment without inducing hypercalcemia. These types of compound
are potent inhibitors of the Hh (Hedgehog) signaling pathway. Studies show that, contrary
to secosteroidal hybrids, the optimal location for incorporating the highly hydrophilic
hydroxamic acid corresponds to the portion of the molecules that serve as secosteroidal
A-ring mimetics. The best hybrid, 1173, is a full VDR agonist, as assessed by several criteria,
and an efficacious antiproliferative agent against both 1,25D-sensitive (SCC25, AT84) and
1x,25(OH),D3-resistant (SCC4) squamous carcinoma cell lines. Importantly, the activity in
1x,25(OH);D3-resistant SCC4 cells required both the VDR agonism and HDAC] activity of
1173. This study revealed the remarkable flexibility in the conversion of calcitriol analogs
into fully integrated bifunctional molecules, suggesting that it may be possible to extend
fully integrated bifunctionalization to other pharmacophores.

Figure 21 (2012-2013) [298-313]. 245-Methyl-21-epi-2-methylene-22-oxa-1«,25-dihydr-
oxyvitamin Dj (1191, VS-105) [306] bound to VDR is highly inductive of functional re-
sponses in vitro and effectively suppresses PTH in a dose range that does not affect serum
calcium in 5/6 NX uremic rats. [6-(4-{1-Ethyl-1-[4-((E)-3-ethyl-3-hydroxy-1-pentenyl)-3-
methylphenyl]propyl}-2-methylphenyl)pyridin-3-yl]acetic acid (1218) [308] showed excel-
lent ability to prevent BMD loss in mature rats in an osteoporosis model, without severe
hypercalcemia and with good PK profiling.

Figure 22 (2013-2014) [313-316]. Compounds 1247-1301 (non-secosteroidal VDR lig-
ands) [315] were analyzed and presented better therapeutic efficacy when compared to
1x,25(0OH),; D3 in experimental models of cancer and osteoporosis with less induction of
hypercalcemia, a major potential adverse effect in the clinical application of VDR ligands.
Compounds 1302-1313 [316] were analyzed for their binding affinity and inhibitory activity
against CYP24A1 (24-hydroxylase; this mitochondrial protein initiates the degradation
of 1,25(OH),D3 by hydroxylation of the side chain), and the imidazole styrylbenza-
mides 1305-1309 were identified as potent inhibitors of CYP24A1, with similar or greater
CYP27B1 (1a-hydroxylase; the protein encoded by this gene it hydroxylates 250HDj at
the 1a-position, producing 1«,25(0OH),D3) selectivity than standard ketoconazole. Further
evaluation of the 3,5-dimethoxy (1308) and 3,4,5-trimethoxy derivatives (1309) in chronic
lymphocytic leukemia cells revealed that cotreatment of 1x,25-dihydroxyvitamin D3 and
inhibitor upregulated GADD45x (growth arrest and DNA damage 45 gen) and CDKN1A
(cyclin-dependent kinase inhibitor 1A gen).

Figure 23 (2014) [317-321]. Intensive research activity was carried out on Gemini
compounds 1338-1364 [320].

Figure 24 (2014-2015) [322-336]. 1,20S,24R-Trihydroxyvitamin D3 (1410) [332] showed a
higher degree of activation, anti-inflammatory activity, and antiproliferative activity than
vitamin D3 receptor.

Figure 25 (2015-2017) [337-351]. 1«,25-Dihydroxy-21-(3-hydroxy-3-methyl-1-methylene-
butyl)vitamin D3 (1428, UV1) [337] presented potent antitumoral effects over a wide panel
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of tumor cell lines without inducing hypercalcemia or toxicity in vivo. The first vitamin D
analog carrying an o-carborane in the side chain 1436 [340] showed that the substitution
of hydroxyl group at C-25 by this apolar bulky group was possible. VDR binding was
half of calcitriol’s, the transcriptional activity was similar, and the calcemic induction was
significantly lower. 1436 is an outstanding B-carrier containing 10 boron atoms, which
notably bind to VDR, a nuclear receptor. This suggests that 1436 may be interesting as a
BNCT (boron neutron capture therapy) drug.

Figure 26 (2017-2018) [351-358]. 1,1-([4-(3-[4-(3-Hydroxypropoxy)-3-methylphenyl]
pentan-3-yl)-1,2-phenylene]bis(oxy))bis(3,3-dimethylbutan-2-ol) (1503) [358] displayed effi-
cient inhibitory activity against collagen deposition and fibrotic gene expression in chronic
pancreatitis. It also showed physicochemical and pharmacokinetic properties with antitu-
mor activity, highlighting its potential therapeutic applications in cancer treatment.

Figure 27 (2018) [359-364]. (1R,3S,Z)-5-{(E)-3-[3-(6-Hydroxy-6-methylheptyl)phenyl]
pent-2-en-1-ylidene}-4-methylenecyclohexane-1,3-diol (1573) [359] exhibited significant
tumor growth inhibition and increased survival in SCID mouse models implanted with
MDA-MB-231 breast tumor cells. Des-C-ring aromatic D-ring analog 1587 [363] showed
remarkable lack of calcemic activity together with its significant antiproliferative and
transcriptional activities in breast cancer cell lines, suggesting the therapeutical potential of
1587 for the treatment of breast tumors.

Figure 28 (2018-2019) [365-378]. 21-nor-17(S)-Methyl-20(22),23(24)-didehydro-26,26,
26,27,27,27-hexafluoro-1«,25-dihydroxyvitamin D3 (1600) [368] bound strongly to VDR
ligand binding domain and induced VDR transcriptional activity. Hybrid 1619 [371] was
found to be a potent inhibitor of Hh (Hedgehog) signaling pathway.

Figure 29 (2019-2020) [379-383]. It is known that 25(OH)D3, down-regulates SREBP
(sterol regulatory element-binding protein) independently of VDR. A screening of over 250
vitamin D congeners was carried out for their ability to inhibit the activity of an SREBP-
responsive luciferase reporter. This is a VDR-responsive reporter assay. A comparison of
the relative activity of the six compounds revealed 1639 [379] as the VDR-selective activator.

Figure 30 (2020-2022) [384-389]. Des-C-ring aromatic D-ring analogs 1712 and 1713 [373]
showed a remarkable lack of calcemic activity together with significant antiproliferative and
transcriptional properties in breast cancer cell lines, suggesting a therapeutical potential for
1712 and 1713 in breast tumor treatment.

Figure 31 (2021-2022) [390-392]. KK-052 (1746) [391], was found to be the first vitamin
D-based SREBP (sterol regulatory element-binding proteins) inhibitor that mitigates hepatic
lipid accumulation without calcemic action in mice. KK-052 maintained the ability of 25-
hydroxyvitamin D3 to induce the degradation of SREBP but lacked VDR-mediated activity.
KK-052 serves as a valuable compound for interrogating SREBP /SCAP in vivo and may
represent an unprecedented translational opportunity for synthetic vitamin D analogs.
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Figure 1. (1931-1978) [1-36].
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Figure 2. (1978-1982) [37-52].
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Figure 28. (2018-2019) [365-378].
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