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CHARACTERIZING THE ROLE OF TISSUE-SPECIFIC RETINOL
DEHYDROGENASES

KELLI RAE GOGGANS
GENETICS, GENOMICS, AND BIOINFORMATICS
ABSTRACT

The bioactive form of vitamin A, retinoic acid is essential for development,
cellular differentiation, epigenetic modifications, the immune system, and a variety of
other processes due to its ability to regulate over 500 genes through activation of nuclear
receptors. While many studies have focused on characterizing the biosynthesis and
signaling of retinoic acid in embryogenesis, few have focused on adult tissues. Recent
research has identified a novel retinol dehydrogenase, retinol dehydrogenase epidermal 2
(RDHE2), and shown RDHE?2 is a potent, physiologically relevant retinol dehydrogenase
in Xenopus. The work in this dissertation characterizes RDHE2 in mammalian models.
We identify a paralog of RDHE2, RDHE2-similar (RDHE2S; collectively, RDHEs), and
demonstrate both enzymes are physiologically relevant in mice. Furthermore, we
demonstrate that RDHEs are tissue-specific retinol dehydrogenases that contribute to
both developmental processes and maintenance of adult tissues. RDHEs are most highly
expressed in skin, and the absence of RDHEs affects hair follicle development and alters
the progression of the hair cycle in adult mice. However, transcripts of RDHEs are
expressed in a variety of other tissues, and their absence alters whole body composition
with aging. Interestingly, absence of RDHEs does not phenocopy systemic vitamin A
deficiency, despite lowering retinoic acid levels in skin. Overall, this dissertation

characterizes RDHEs in mammals and demonstrates their capacity to regulate retinoic
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acid biosynthesis in a tissue-specific manner, the disruption of which causes novel and

diverse effects.

Keywords: retinoid acid biosynthesis, vitamin A deficiency, hair cycle, hair follicle, body

composition, whole body metabolism
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INTRODUCTION
Vitamin A Uptake

Vitamin A is a fat-soluble vitamin, and the bioactive form, all-trans-retinoic acid
(RA), is capable of activating gene transcription to alter cellular proliferation,
differentiation, and metabolism. RA is required during embryogenesis to ensure proper
development and on through adulthood for proper maintenance of skeletal structure, skin
health, and the immune system. Though RA and its retinoid analogues, have been utilized
in medical therapies since the 1960s due to their efficacy, the molecular pathways of
synthesizing RA from vitamin A are still being characterized.

All-trans-retinol, the biologically available form of vitamin A, is obtained in the
diet from either animal products as retinyl esters or plants as p-carotene. In the small
intestine, retinyl esters are hydrolyzed to retinol for absorption; p-carotene itself can be
absorbed and is then cleaved into two molecules of retinaldehyde, which are reduced to
retinol. Retinol is esterified by lecithin retinol acyltransferase (LRAT) before being
incorporated into chylomicrons, which are transported through the lymphatic system to
the liver. In the liver, retinyl esters can be taken up by hepatocytes to be stored in stellate
cells, the primary site of vitamin A storage for the body. Stored retinol is released from
the liver into the blood, bound by retinol-binding protein 4 (RBP4), for transport to

peripheral tissues [1,2].



Retinol is taken up for tissues by STRAG, stimulated by retinoic acid gene 6
protein homolog, a plasma membrane receptor for retinol bound to RBP4. Inside the cell
retinol is bound to retinol binding protein 1 (RBP1) or localized to the cell's phospholipid
membranes, due to retinol's hydrophobicity. LRAT is required in almost all tissues to
esterify retinol for storage as retinyl esters, as the tissues of LRAT-deficient mice lack
detectable retinyl esters. However, the adipose tissue of LRAT-deficient mice actually
exhibits increased retinyl esters levels, indicating there are other tissue-specific enzymes
involved in retinol esterification [1]. For instance, in skin, diacylglycerol O-
acyltransferase 1 (DGAT1) can esterify retinol, but DGAT1 is shown to primarily deal
with excessive levels of retinol [3]. DGAT1 and DGAT2 are expressed in white adipose
tissue and considered potential therapeutic targets for altering lipid metabolism [4]. B-
carotene oxygenase type 1 (BCO1), which is capable of metabolizing p-carotene to
retinaldehyde, exhibits a wide tissue distribution pattern indicating the absorption of
plasma p-carotene is also a possible mechanism for obtaining retinol. For example,
following UV exposure, which causes localized vitamin A deficiency in skin [5], BCO1
exhibits increased activity. This demonstrates BCO1 can provide tissue-specific

retinaldehyde, an intermediate of RA biosynthesis, in depleted conditions [6]

Retinoic Acid Biosynthesis and Degradation
There are two oxidative steps to convert retinol to RA. The oxidation of retinol to
retinaldehyde is performed by enzymes of the short-chain dehydrogenase/reductase
(SDR) 16C family [7]. The first physiologically relevant retinol dehydrogenase

characterized was retinol dehydrogenase 10 (RDH10), a ubiquitously expressed RDH



that is essential to embryonic development, given its initial discovery via a random
mutagenesis screen [8]. Further characterization of RDH10 revealed only suboptimal RA
signaling in Rdh10”- mutants, with low levels of RA activity detected during
embryogenesis [9]. Additionally, retinaldehyde supplementation to mothers is sufficient
to rescue Rdh10”- mutant pups, indicating it is not an essential retinol dehydrogenase for
adult mice. RDH10 interacts with and mutually stabilizes and activates dehydrogenase/
reductase 3 (DHRS3), another member of the SDR16C family which can convert the
retinaldehyde produced by RDH10 back to retinol [10]. Dhrs3 knockout is also lethal in
either late gestation or early postnatal life [11]. DHRS3 expression is induced by RA, and
together, RDH10 and DHRS3 contribute to a robust regulatory mechanism that allows for
tight control over RA biosynthesis and homeostasis [10].

Due to the incomplete ablation of RA signaling in Rdh107- mouse mutants, it was
assumed there was another retinol dehydrogenase yet to be identified. SDR16C5, or
retinol dehydrogenase epidermal 2 (RDHE2), was first identified due to its upregulation
in psoriatic skin compared to healthy skin of patients and named so due to its high
sequence homology with another SDR16C family member, human retinal short-chain
dehydrogenase/reductase 2 (retSDR2) [12]. RDHE2 was characterized as transmembrane
protein that localized to the endoplasmic reticulum [13] and was first demonstrated to be
a potent retinol dehydrogenase in Xenopus embryos [14]. In mice, Rdhe2 is encoded by a
gene located 20 Mb downstream of Rdh10 on chromosome 8, and even further
downstream there is a paralog, RDHE2-similar (Rdhe2s), sharing ~60% sequence
homology with Rdhe2 [13]. In humans, RDHE2 and RDHEZ2S share 59% and 56%

sequence similarity with RDH10, respectively, and human RDHE?2 was characterized in



vitro as a retinol dehydrogenase [7]. Transcripts of human RDHE2 were present in brain,
heart, digestive tract tissues, lymph nodes, lungs, mammary gland, and pancreas in
addition to its expression in human skin, showing a widespread but not ubiquitous
expression pattern, especially due to its apparent absence in the liver, where vitamin A
storage and metabolism is an essential function. Additionally, recombinant human
RDHEZ2S protein is unstable when expressed in HEK293 cells and does not contribute to
RA biosynthesis in human cells [7]. Further investigation of tissue-specific retinol
dehydrogenases is required to determine their contribution to RA biosynthesis in different
tissues in physiology and disease.

The second step of RA biosynthesis, the oxidation of retinaldehyde to RA, is
performed by aldehyde dehydrogenase family 1 member A1 -3 (ALDH1A1 - 3) and is
irreversible. ALDH1AL — 3 are well characterized enzymes in embryogenesis, but their
expression patterns and functions in adult tissues are not well studied, partially due to the
embryonic lethality of genetic knockouts (ALDH1A2, ALDH1A3) and lack of apparent
phenotypes (ALDH1A1). Additionally, ALDH1A1 recognize other substrates and can
contribute to non-retinoid related phenotypes [2].

RA in cells is bound to cellular RA binding proteins (CRABPSs). RA bound to
CRABP1 (holoCRABPL1) is thought to be bound for degradation; additionally, recent
studies have shown holoCRABPL1 can rapidly activate the extracellular kinase (ERK)
pathway [15]. This and other non-genomic mechanisms of action for RA are still being
characterized and studied in the field. The other CRABP, CRABP2, binds RA to be

transported into the nucleus and activate retinoic acid receptors (RARS). However,



CRABPs are not necessary for RA signaling, as knockout mice are viable and appear
normal, aside from a minor limb malformation [reviewed in 2].

RA is degraded by 3 members of the cytochrome P450 superfamily, CYP26A1,
CYP26B1, and CYP26C1. CYP26A1 and CYP26B1 are required for development where
they exhibit unique expression patterns; however, their expression patterns generally
overlap in adult tissues, where CYP26B1 is the predominant enzyme in all tissues except
liver and lung. CYP26C1 is not required for development, though that is primarily when
it is expressed, and is more promiscuous than the other CYP26s [2]. RA can also
upregulate the expression of CYP26 enzymes to promote RA degradation via a negative

feedback loop.

Retinoic Acid Signaling
RA receptors (RARS) are nuclear receptors, a superfamily of transcription factors
with conserved domains for DNA binding, ligand binding, and transactivation. Hormones
activate nuclear receptors to alter transcription in a highly variable and reversible manner,
as the ligands are dynamically produced and degraded. [16]. RA is a ligand for RARs and
binding of RA causes the dissociation of corepressors and the recruitment of coactivators
to activate transcription. There are three RARS (o, B, and y), and they all heterodimerize
with retinoid X receptors (RXRs), which are also nuclear receptors and have three types
(o, B, and y). RARs heterodimerized with RXRs bind RA Response Elements (RARES) in
DNA to regulate the expression of over 500 genes [17]. In the absence of RA, RAR/RXR
heterodimers are associated with co-repressors that inhibit transcription. However, upon

RA binding, these co-repressors are released, and co-activators are recruited to initiate



transcription through chromatin remodeling. Additionally, numerous transcription factors
are regulated by RA and generate secondary, indirect responses for RA-associated
regulation [18]. The removal of RA from RARs and the nucleus is still undefined in the
field. RARs can be degraded through the ubiquitin-proteasome system, and this process
has been proposed to limit RA activity [19].

RA-activated RARs are capable of exerting profound but fine-tuned effects on
epigenetic remodeling. Active and repressive histone marks can be increased initially
upon RA-induction, but ultimately giving way to activating marks. This allows for
delayed effects and ascribes a temporal component of RA-regulated transcription [20].
Depending upon cell type, RARa is also found outside the nucleus and associates with
cellular membranes by interacting with G proteins [19,21]. RA's non-genomic
mechanisms have demonstrated temporal advantages of this multi-step mechanism. For
example, in their characterization of CRABPL, Lin et al. [15] demonstrated that CRABP1
is responsible for an immediate RA response (within 1 hour) via activation of the ERK
pathway. However, there was another activation of the ERK pathway 12 hours after RA
administration, due to RA signaling through RARs. In the case of the embryonic stem
cells Lin et al. was working with, the first RA response slowed cell cycle progression,
priming the stem cells for the second RA wave which is required to initiate differentiation
[15]. These RA-induced kinase activation cascades can also regulate genomic signaling
through phosphorylation of RARs and RXRs [19].

The transcriptional activation initiated by RA binding to RARs is strongly
associated with epigenetic changes that are essential for promoting differentiation and

inhibiting proliferation [18]. In particular, RA signaling is mutually antagonistic to



Whnt/B-catenin signaling. B-catenin upregulates enzymes involved in RA degradation,
while RA-activated RARs can bind B-catenin to competitively inhibit the binding of other
transcription factors essential for proper -catenin signaling [22,23]. Androgens and
estrogens are sex-specific hormones that also activate nuclear receptors, androgen
receptor (AR) and estrogen receptor (ER), respectively. Retinoids are capable of
inhibiting androgen-stimulated cell proliferation [24] through transcriptional regulation of
AR and undefined post-translational mechanism [25]. AR can also antagonize the activity
of RARs, possibly through sterically inhibiting recruitment of corepressors and
coactivators at genes where RARES and androgen response elements (ARESs) allow for
adjacent binding of the receptors [26]. Additionally, RARa (RARa) has been shown to be
part of the ER transcription complex and capable of facilitating ER-associated
proliferation; however, RA can also drive RARa associated RA-signaling, removing
RARa from the ER complex and inhibiting ER-associated proliferation [27]. This
mechanism demonstrates how RARa agonists and antagonists are capable of inhibiting
cancer growth and emphasizes the need for a highly-regulated homeostatic level of RA.
RA has also been shown to activate another nuclear receptor peroxisome
proliferator activated receptor 6 (PPARGJ), specifically in keratinocytes and adipocytes,
which express higher levels of fatty acid binding protein 5 (FABP5) than CRABP2.
FABPS5 also binds RA and specifically in skin has been shown to regulate RA signaling
alongside CRABP1 and CRABP2 [23]. RA-activation of PPARS explains how RA
exhibits a proliferative effect in keratinocytes and contributes to whole body energy

expenditure [19,28].



Regulation of Retinoic Acid Biosynthesis

RA levels are self-regulated by negative feedback loops. RA activates RARs that
allow for transcription initiation of genes involved in the uptake of retinol and its
biosynthesis (Stra6, Rbpl, Lrat) and its degradation (Cyp26al, Cyp26b1l, and Cyp26cl)
[2]. Upregulation of STRAG allows more retinol into the cell, and an increase in the
cellular-retinol pool requires upregulation of RBP1. LRAT assists with storing the
excessive levels of retinol, though in the skin LRAT has been shown to have limits to its
ability to store excess retinol and DGATL is essential for retinol esterification to retinyl
esters in these conditions [3]. In organotypic epithelial cultures , which are derived from
primary human keratinocytes and differentiated on mesh at a liquid-air interface to
replicate the stratification of human epidermis, RDHE2 is down-regulated by RA [7], but
this has yet to be shown in vivo. The regulation of RDHEs by RA would allow for
another level of regulation, especially in tissues that are sensitive to RA levels, such as
skin. CYP26A1, CYP26B1, and CYP26CL1 are responsible for RA degradation, and thus

their upregulation by RA allows for excessive RA to be degraded more rapidly.

Retinoic Acid Biosynthesis and Signaling in the Skin and the Hair Follicle

Most of the research on RA biosynthesis and signaling pertains to its role in
embryogenesis due to how essential RA is for embryogenesis. Also, defects in
development from either RA deficiency or toxicity are well-characterized and easily
recognized. However, due to accessibility and therapeutic capabilities, retinoids have
been studied in the context of human skin and the hair cycle since the 1960s, when they

were determined to alter epidermal differentiation and keratinization [29]. Today



retinoids are potent and efficient dermatotherapy options for a variety of diseases
including acne vulgaris, psoriasis, and skin cancer [30]. Additionally, dysregulation of
retinoid metabolism is implicated in these diseases and various types of alopecia (hair
loss) [3,12,31]. Biopsies from patients with alopecia exhibit an increased expression of
RA biosynthesis enzymes, and mouse models fed either excessive levels of vitamin A or
no vitamin A exhibited altered and worse alopecia [32]. Despite its known effects on skin
and dysregulation in disease, the enzymes facilitating homeostatic RA biosynthesis in
skin are still not well characterized.

RA is necessary for proper skin development, as dominant-negative RARa,
RARSB, and RARy mouse models produced immature and thin skin lacking hair follicles
[33]. The identification and in vitro characterization of RDHE2 and RDHEZ2S are a step
towards further defining RA biosynthesis in the skin [7,12]. Additionally,
immunohistochemistry (IHC) analysis of enzymes involved in RA biosynthesis
highlights a potential role of RA in the hair follicle specifically. The hair follicle is a skin
appendage, sometimes referred to as a miniorgan, constantly undergoing organogenesis
to produce new hair fibers. Classically, the hair cycle is defined as beginning with
anagen, a period characterized by cellular proliferation and the production of the hair
fiber. Melanogenesis, which provides pigmentation for the hair fiber, is also temporally
tied to anagen. Once the proliferation and differentiation processes of anagen are
complete, the structures of the hair follicle that supported the production of the hair fiber
(termed the cycling hair follicle) undergo rapid apoptosis. This phase of the hair cycle is
termed catagen, and the follicle rapidly regresses back to the smaller, permanent

structures (the isthmus and infundibulum) of the hair follicle. The third and last phase of



the hair cycle, telogen, is described as a period of rest due to its lack of morphological
changes, as seen in anagen and catagen [34]. However, some studies highlight the
enrichment of genes involved in metabolite generation, suggesting that molecularly the
hair follicle is quite active and preparing for the next cycle [35].

IHC in female mice followed the proteins involved in the RA biosynthesis
pathway across the hair cycle, identifying temporal and spatial changes [36]. However,
this study included dehydrogenase/reductase 9 (DHRS9) that has since been proven to
not be a retinol dehydrogenase [37], so the previous study does not account for
differences at the level of retinol dehydrogenases. IHC for RA biosynthesis enzymes
(ALDH1A1-3), RA-binding proteins (CRABP1/2), and RA-signaling proteins
(RARa/Bly) revealed these proteins localized to the lower cycling follicle and to regions
of the permanent hair follicle, such as the hair follicle bulge, specifically during anagen.
ALDH1A2, CRABP2, RARa, and RARy remain localized to the hair follicle bulge
throughout the rest of the hair cycle, though the other proteins (ALDH1A1, ALDH1AS3,
RARp) are specifically localized to the hair follicle bulge only during anagen [36]. This
pattern was confirmed for mid-anagen through analysis of RA reporter mice and
emphasized RA signaling localizing to the hair follicle bulge [31]. The hair follicle bulge
is a stem cell niche, residing directly below the sebaceous gland and responsible for
providing progenitors for the hair cycle [31].

Changes in RA levels are known to alter the hair cycle. Elevated endogenous
levels of RA in skin can cause cyclical hair loss due to excessive hair shedding and early
anagen initiation [3], and early anagen initiation can also be induced through exogenous

application of retinoids [38]. Delays in anagen initiation due to reductions in RA
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signaling [39,40] support the conclusion that RA is required for anagen initiation. This
conflicts with the current understanding of anagen initiation, where Wnt/p-catenin
signaling and Shh signaling are required signaling mechanisms for anagen initiation [34].
As described previously, RA is antagonistic to Wnt/ B-catenin signaling, suggesting that
RA levels must be low at anagen initiation to allow for Wnt/ B-catenin and Shh signaling.
Exogenous RA has also been shown to induce catagen in cultured hair follicles [38],
which conflicts with increased endogenous levels of RA delaying catagen [3]. With these
seemingly conflicting results, RA’s role in hair cycle progression is unclear. However, if
RA levels cycle rhythmically across the hair cycle phases, as is suggested by the IHC of
RA biosynthesis and signaling enzymes, then it may be the alteration of rhythmic timing

or signaling intensity that allows RA to have diverse and opposing roles in the hair cycle.

Effects of Vitamin A on General Metabolism

Several studies document treatment with RA decreases adipose tissue mass and
improves weight loss of mice fed a high-fat diet (HFD). In these studies, RA treatment
also increases dark phase energy expenditure [41], improves insulin resistance [28,42]
and glucose tolerance [43], and reverses liver hepatosteatosis [41,43]. This is due to RA’s
ability to globally stimulate fatty acid oxidation [44] and alter adipocyte differentiation
[41]. The effects of vitamin A deficiency (VAD) on body composition and metabolism
are less well studied, and experimental standards for achieving VAD models are not well-
defined. Many studies begin feeding rodents VAD diet at weaning, despite research
showing the animals have already developed liver stores of vitamin A. In general, these

studies also report decreases in body mass and fat [45], impaired motor function [46,47],
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and decreased locomotor activity levels [48-50], indicating that even acute VAD can
alter body composition and locomotor activity. These effects are regulated by complex
molecular pathways, activated by RA binding to RARs, and are still being investigated
and described in tissue-specific studies.

Skeletal structure and integrity are also affected by RA levels. There is growing
concern in the field that fortification of food, such as milk, with vitamin A has led to
increased rates of osteoporosis in some countries [51]. Indeed, animals fed excessive
levels of vitamin A have increased bone fragility, and in humans high vitamin A intake
indicates an increased risk of bone fractures [52]. VAD increases bone thickness,
possibly through the dysregulation of matrix molecule degradation [53]. The molecular
mechanisms through which RA alters bone composition are still undefined in vivo,
though in vitro studies highlight RA’s ability to promote osteoblast differentiation and

bone formation [52].

Research Overview

The research presented in this dissertation focuses on characterizing the role of
RDHE2 and RDHEZ2S (collectively referred to as RDHES) in skin and whole-body
physiology. We demonstrated murine RDHEs are retinol dehydrogenases in vivo and are
expressed highly in skin, with transcripts also detected in esophagus, stomach, tongue,
adipose tissue, intestine, and colon. We generated a mouse model lacking Rdhe2 and
Rdhe2s to determine the role of these tissue-specific retinol dehydrogenases. Mice
lacking RDHEs exhibit an accelerated hair cycle and enlarged meibomian glands;

additionally, with age, demonstrate decreased weight and adiposity and increased
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locomotor activity and energy expenditure than age-matched wild-type mice. We show
that RDHEs are the primary retinol dehydrogenases for skin, contributing to development
and regulation of hair follicles and the hair cycle. Additionally, we critically examine
vitamin A deficiency and its effect on mice lacking RDHESs in whole body composition,
locomotor activity, and energy metabolism. Vitamin A deficiency significantly increases
fat percentage, bone mineral density, and energy expenditure, while decreasing
locomotor activity. Absence of RDHES does not phenocopy vitamin A deficiency,
decreasing bone mineral density and energy expenditure, and vitamin A deficiency in the
absence of RDHEs induces anaerobic respiration during the dark phase. Collectively,
these findings characterize RDHESs as potent retinol dehydrogenases that contribute to
development and maintenance of a variety of tissues. Our studies also highlight how the
absence of RDHEs results in a dysregulation of whole body RA biosynthesis that is not in
complete agreement with VAD or excessive RA levels, implying RDHEs contribute to

the regulation of RA biosynthesis in a tissue-specific manner.
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Abstract

Retinol dehydrogenases catalyze the rate-limiting step in the biosynthesis of
retinoic acid, a bioactive lipid molecule that regulates the expression of hundreds of
genes by binding to nuclear transcription factors, the retinoic acid receptors. Several
enzymes exhibit retinol dehydrogenase activities in vitro; however, their physiological
relevance for retinoic acid biosynthesis in vivo remains unclear. Here, we present
evidence that two murine epidermal retinol dehydrogenases, short-chain
dehydrogenase/reductase family 16C member 5 (SDR16C5) and SDR16C6, contribute to
retinoic acid biosynthesis in living cells and are also essential for the oxidation of retinol
to retinaldehyde in vivo. Mice with targeted knockout of the more catalytically active
SDR16C6 enzyme have no obvious phenotype, possibly due to functional redundancy,
because Sdr16c5 and Sdr16c6 exhibit an overlapping expression pattern during later
developmental stages and in adulthood. Mice that lack both enzymes are viable and
fertile, but display accelerated hair growth after shaving and also enlarged meibomian
glands, consistent with a nearly 80% reduction in the retinol dehydrogenase activities of
skin membrane fractions from the Sdr16c5/Sdr16¢6 double-knockout mice. The up-
regulation of hair-follicle stem cell genes is consistent with reduced retinoic acid
signaling in the skin of the double-knockout mice. These results indicate that the retinol
dehydrogenase activities of murine SDR16C5 and SDR16C6 enzymes are not critical for
survival, but are responsible for most of the retinol dehydrogenase activity in skin,
essential for the regulation of the hair-follicle cycle, and required for the maintenance of

both sebaceous and meibomian glands.
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Introduction

All-trans-Retinoic acid (RA) is the major bioactive form of vitamin A that
influences a broad spectrum of physiological processes including embryogenesis and
epithelial homeostasis [1-4]. In the nucleus, RA regulates gene expression primarily
through binding to nuclear transcription factors retinoic acid receptors (RAR, a, B and vy),
which act as heterodimers with retinoid X receptors [5, 6]. In the cytoplasm, RA
regulates the activity of ERK kinase [7] and exhibits numerous other extranuclear
activities [8]. RA is synthesized from the alcohol form of vitamin A (all-trans-retinol) via
a two-step process. In the first step, retinol dehydrogenases oxidize all-trans-retinol to
all-trans-retinaldehyde, which is oxidized further by retinaldehyde dehydrogenases
(RALDH) to RA [reviewed in ref. 9].

The oxidation of retinol to retinaldehyde is the rate-limiting step in RA
biosynthesis [10]. Several members of the short-chain dehydrogenase/reductase (SDR)
superfamily of proteins catalyze this reaction in vitro [9], but only one of the retinoid-
active SDRs characterized to date, murine retinol dehydrogenase 10 (RDH10), is known
to be indispensable for RA biosynthesis, because embryos lacking functional RDH10 do
not survive past E12.5 [11]. RDH10-null embryos display numerous abnormalities
including forelimb, craniofacial, neural, and heart defects [12, 13]. The severity of the
phenotype indicates that RDH10 functions as the major murine retinol dehydrogenase
during mid-embryogenesis. However, while the ablation of RDH10 eliminates most of
the retinol dehydrogenase activity during the early stages of development, RA synthesis
persists in the neural tube of RDH10-null embryos at E9.5 and E10.5 [14, 15].

Importantly, Rdh107- embryos can be rescued by supplementation of maternal diets with
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retinaldehyde between embryonic stages E7.5 through E9.5. Thus, RDH10 appears to be
dispensable during later stages of development and transition to adulthood [11]. These
data point towards the existence of RDH10-independent sources of RA. However, the
identities of additional retinol dehydrogenases accounting for this residual retinaldehyde
synthesis remain elusive.

RDH10 belongs to the 16C family of the SDR superfamily of proteins [16, 17].
Notably, two other genes encoding members of the SDR16C family are located adjacent
to the gene encoding RDH10 in the human genome on chromosome 8: retinol
dehydrogenase epidermal 2 (RDHE2, SDR16C5) and retinol dehydrogenase epidermal 2-
similar (RDHE2S, SDR16C6) [18, 19]. The deduced RDHE2 and RDHEZ2S proteins
share the highest sequence homology (~43%) with RDH10 (SDR16C4). As we reported
previously, the single ortholog of human genes encoding RDHE2 and RDHEZ2S in
Xenopus laevis functions as a retinol dehydrogenase in vivo and is essential for
embryonic development in frogs [20]. These findings imply that mammalian RDHE?2 and
RDHE2S complement RDH10 in generating retinaldehyde for RA biosynthesis.
However, it remains to be established whether the in vivo function of amphibian rdhe2 is
conserved by its mammalian orthologs. This study was undertaken in order to assess the
catalytic properties of mammalian RDHE2 and RDHE2S as compared to amphibian
rdhe2, to determine the expression patterns of RDHE2 and RDHE2S in mice, and to

establish whether these enzymes are essential for RA biosynthesis in mammals.
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Experimental Procedures
Expression constructs

All primer sequences with corresponding restriction sites used for generation of
constructs are listed in Table S1. Constructs encoding FLAG-tagged murine RDHE2S
and Xenopus laevis rdhe2 in pPCMV-Tag 4A vector were described previously [18, 20].
Murine Rdhe2 cDNA was obtained by RT-PCR of mouse skin and liver mMRNA and
cloned into Sall and Xbal sites of pBluescript 11 SK (-) vector.

To generate FLAG-tagged RDHE2 expression construct, the corresponding
cDNA was cloned into pCMV-Tag 4A vector in frame with the C-terminal FLAG tag.
Subsequently, the FLAG-tagged construct was amplified using primers specified in
Supplemental Table I and cloned into pCS105 and pVL1393 vectors. In addition, a His-
tagged RDHE2 construct was generated using a modified pVL1393 vector containing an
in-frame C-terminal His6-tag [87].

Human HA-tagged RALDH1 expression construct in pcDNA3.1-neo (CMV
promoter) was a generous gift of Dr. Sylvie Mader in the Department of Biochemistry,
University of Montreal, Canada. All expression constructs and plasmids were verified by

sequencing.

Cell culture models

For activity assays in intact cells, SDR constructs were expressed in human
HEK?293 cells following the previously published protocols [30, 32]. The transfected
cells were incubated with all-trans-retinol or all-trans-retinaldehyde as indicated.

Retinoids were extracted and analyzed by normal phase HPLC as described previously
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[30]. For kinetic analysis, RDHE2, RDHE2S and frog rdhe2 were expressed in Sf9 insect
cells using pVVL1393 transfer vector and BaculoGold Baculovirus Expression System
(BD Biosciences, San Jose, CA). The subcellular fractions were isolated by differential
centrifugation as described [87]. The membrane pellets were resuspended in 90 mM

KH2PO4, 40 mM KCI (pH 7.4) and 20% glycerol (w/v).

In vitro activity assays and immunoblotting

Activity assays using subcellular fractions of Sf9 cells were performed as
described previously [30]. The Km and Vmax values for all-trans-retinol, 9-cis-retinol, 11-
cis-retinol, or all-trans-retinaldehyde were obtained using seven concentrations of each
substrate (0.0625-8 uM) in the presence of 1 mM NAD(H). The Km and Vmax Values for
NAD™* and NADH were determined at fixed concentration of all-trans-retinol or all-
trans-retinaldehyde (5 M) and seven concentrations of NAD+ or NADH (1-500 uM).

Western blot analysis was performed using rabbit polyclonal antibodies against
FLAG-epitope (Sigma Aldrich, St. Louis, MO) and B-actin (Abcam, Cambridge, UK);
and mouse monoclonal antibodies against His-epitope (Clontech, BD Biosciences,
Mountain View, CA) and HA-epitope (received as a gift from Dr. Hengbin Wang,
Department of Biochemistry and Molecular Genetics, University of Alabama at
Birmingham School of Medicine).

Protein samples were separated in 12% polyacrylamide gels in the presence of
sodium dodecyl sulfate and transferred to Amersham Hybond P PVDF membranes (GE
Healthcare, Little Chalfont, UK). Following transfer, membranes were blocked with 4%

bovine serum albumin (BSA) in Tris-buffered saline with Tween 20 (TBST) and
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incubated with rabbit polyclonal or mouse monoclonal antibodies diluted with 4% BSA
in TBST overnight at 4°C. Dilutions of primary antibodies are indicated in figure
legends. Membranes were rinsed with TBST and incubated for 1 h at room temperature
in goat anti-rabbit antibody or goat anti-mouse antibody conjugated to horseradish
peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), both of
which were diluted 1:10,000 with 4% BSA in TBST. Protein visualization was achieved

with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA).

Generation of Rdhe2s™ mouse model

Rdhe2s*" mice were generated using the Sdr16c6MmaKOMPWST < nockout-first’
allele obtained from the KOMP repository
(https://www.komp.org/pdf.php?projectiD=41879, SangerID design 43965). The
‘knockout-first” allele contains an IRES:lacZ trapping cassette and a floxed promoter-
driven neo cassette inserted into the intron of a gene, disrupting gene function. The
targeting vector (KOMP design 43965) was digested with AsiSI and Sall enzymes, which
resulted in a 1,431 base pair truncation of the 5" homology arm. Electroporation of the
linearized vector in mouse embryonic stem cells (ESC), selection of ESC-derived clones
and isolation of genomic DNA was performed by the University of Alabama at
Birmingham Transgenic & Genetically Engineered Models facility. ESC-derived clones
carrying a targeted insertion of the “knockout first” cassette were identified by long-range
PCR spanning 5' and 3' homology arms using SequalPrep long PCR kit (Invitrogen, Life
Technologies) with primers listed in Table S1. Chimeras were generated by the

University of Alabama at Birmingham Transgenic & Genetically Engineered Models
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facility. Male chimeras were crossed to wild-type C57BI56/J mice, and pups were
genotyped to identify heterozygote founders carrying a “knockout first” allele. Crossing
of these mice to FLPeR mice carrying a gene encoding FLP recombinase resulted in
conversion of the ‘knockout-first” allele to a conditional allele, restoring gene activity.
Subsequent crossing of FLP excised mice to Ella-cre mice, which express Cre
recombinase prior to implantations, resulted in a mouse with a deletion of exon 4 and a
frameshift mutation (Fig. S1). Genotyping of mice crossed to FLPeR mice was

accomplished using DNA isolated from tails and the primers listed in Table S1.

Generation of Rdhe2”";Rdhe2s™ mouse models

Murine Sdr16c¢6 is located immediately upstream of murine Sdr16c5 gene. For
both genes, CRISPR guide RNAs were designed to target exons 2 and 5, which encode
the conserved cofactor and substrate binding site motifs, respectively (Table S2, Figs. 3 A
and S3). Guide RNAs were designed as described previously [88]. Six FO pups were born
following CRISPR-Cas9 microinjections. For the initial screening, the targeted exons 2
and 5 were PCR-amplified from genomic DNA isolated from tail snips and separated by
electrophoresis in polyacrylamide gel. In mouse #21855, the electrophoretic mobility
shift assay revealed heterogeneous bands in PCR-products corresponding to exon 2 of
Sdr16c¢5, and exon 5 of Sdr16¢6, suggesting the formation of heteroduplexes. In mouse
#21853, PCR-product for exon 5 of Sdr16c5 was completely absent, indicating that
CRISPR-Cas9 injections generated a larger deletion(s) in this animal, and that both

copies of Sdr16c6-Sdr16c5 locus are mutated.
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Subcloning and resequencing of the targeted exons in mouse #21855 identified a
3-base pair (bp) deletion in exon 2 of Sdr16c5, as well as 1- and 3-bp deletions in exon 5
of Sdr16c6. The loss of a single amino acid resulting from the 3-bp deletion may not lead
to a complete loss of enzymatic activity of SDR16C5 (RDHE?2), and the frameshift-
causing 1-bp deletion in Sdr16c6 was expected to result in a knock-out of Sdr16c6 gene
only. As we already had an established knock-out strain of Sdr16c6, mouse #21855 was
not used as a founder.

To precisely define the alleles generated in mouse #21853, we performed a series
of PCR amplifications with primer pairs as indicated in Fig. 3 A and in Table S1. We
assumed that the products would only be generated if the primers’ annealing sites were
brought close enough as a result of deletion, because the distance between the annealing
sites in the WT type allele is too large for efficient amplification. The primer pair 4
yielded a 585 bp product in mouse #21853, but not in other FO animals. The product
contained a chimeric sequence comprised of incomplete exon 5 of Sdr16¢6, incomplete
exon 5 of Sdr16c5 gene, and a 298 bp insertion corresponding to an inverted partial
sequence of exon 2 of Sdr16c5 (Figs. 3A and S3). This result indicated that mouse
#21853 contained a large 56,057 bp deletion covering the region between CRISPR
targets in exon 5 of Sdr16¢6 and exon 5 of Sdr16c5. The open reading frame (ORF) of
the chimeric transcript encodes a truncated polypeptide (Fig. S3). We have designated
this double Sdr16¢67;Sdr16c¢57 knock-out allele as DKOL.

The existence of a full-length PCR product for exon 5 of Sdr16¢6, which was
obtained during initial FO screening was inconsistent with DKOL1 allele, which retains

only part of this exon. This result suggested that mouse #21853 carries a second mutant

-22-



allele. PCR amplification of individual exons 4 and 6 of Sdr16c5 yielded fragments of
expected size, indicating that a shorter than DKO1 deletion occurred in the second allele
of the same animal. This shorter deletion resulted in a loss of a single exon 5 in Sdr16c5.
Long range PCR amplification with primers spanning exons 4 through 6 yielded a 4,912
bp product in WT mouse but a shorter product in mouse #21853. Sequencing of this
product confirmed the deletion of 1,837 bp, which covers exon 5 of Sdr16c5 and a
portion of flanking intronic sequences. This allele was designated DKO2 (Figs. 3 A and
S3).

Thus, mouse #21853 carried two different CRISPR-Cas9 generated alleles, DKO1
and DKO2. This animal was used as the founder, and crossed to WT females to isolate
DKO1 and DKO2 strains. Re-sequencing of individual exons in DKO2 strain revealed a
short 8-bp deletion in exon 2 of Sdr16c¢6, in addition to deleted exon 5 in Sdr16c5. Thus,
the ORFs of both Sdr16¢6 and Sdr16c5 in DKO2 allele are predicted to encode truncated
proteins (Figs. 3A and S3). DKO2 represents a second double knock-out strain.

Mice were maintained on either on LabDiet NIH-31 (PMI Nutrition International)
containing 22 1U vitamin A/g or on vitamin A-deficient diet Teklad TD.86143 (Envigo)
in a facility approved by the Association for Assessment and Accreditation of Laboratory
Animal Care. Mice were euthanized by CO: inhalation followed by cervical dislocation,
in accordance with Institutional Animal Care and Use Committee guidelines at the

University of Alabama at Birmingham.
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S-Galactosidase staining and in situ hybridizations

Adult mice were arranged in mating pairs and females were checked for vaginal
plugs at noon of the following day. The presence of a plug was considered to represent a
developmental stage of EQ.5. Genotypes were determined using DNA isolated from yolk
sacs. Full length mouse Rdhe2 cDNA in pBluescript Il SK (-) vector was used for
generation of antisense probes for in situ hybridization. Probes were synthesized using
linearized template, T3 RNA Polymerase (Promega), and digoxigenin RNA labeling mix
(Roche Applied Science). Skin was isolated from the backs of 4 months old male
C57BL/J6 mice, fixed overnight in 4% paraformaldehyde at 4°C, and embedded in
paraffin. The paraffin-embedded skin was cut into ten-micron sections, which were
placed on Superfrost Plus microscope slides (Fisher Scientific). In situ hybridization was
carried out following standard procedures. 3-Galactosidase staining was performed on
E14.5 Rdhe2s*- embryos and skin isolated from 4 months old Rdhe2s*- male mouse tails

according to the previously published protocols [89].

gPCR analysis

To determine the expression pattern of Rdhe2 and Rdhe2s genes, two male WT
mice fed VAD diet for 10 weeks were sacrificed with COg; tissues were collected and
stored at -80°C until RNA extraction. TRIZOL reagent (Ambion, Cat No. 15596018) was
used for extraction of RNA from all tissues except skin, for which AurumTM total RNA
Fatty and Fibrous Tissue Pack (Bio-Rad, Cat No: 732-6870) was employed. Three pg of
RNA per tissue was used for reverse transcription; cONA was purified with QIAquick

Spin columns (QIAGEN Cat N0.1018215). QPCR was performed with 25 ng of cDNA
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per reaction. Rdhe2 and Rdhe2s expression was normalized to Gapdh and presented as a
relative expression of fold difference to the expression level in the stomach for each gene,
which was set to one.

For analysis of gene expression in skin, ~75 mg of skin tissue was homogenized
and RNA was extracted with Aurum™ total RNA Fatty and Fibrous Tissue Pack (Bio-
Rad, Cat No: 732-6870). The concentration of extracted RNA was determined using
Nanodrop ND-1000 spectrophotometer (Thermo Scientific). First-strand cDNA was
synthesized from 3.0 ug of total RNA with Superscript 111 first-strand synthesis Kit
(Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. For real-time RT-
PCR reactions, the cDNA was diluted 15-fold. Sequences of the primers are available by
request. Real-time PCR analysis was conducted on Roche LightCycler®480 detection
system (Roche Diagnostics) with SYBR Green as probe (LightCycler®480 CYBR Green
| Master, Roche, Indianapolis, IN). Relative gene expression levels were calculated using
the comparative Ct method by normalization to reference genes. Unpaired t-test was used

to test for statistical significance.

Hair regrowth

The diet for DKO2 heterozygote breeder dams was switched to Vitamin A
deficient (VAD) diet at mid-gestation (12-14 days post-conception), and the pups were
kept on VAD diet until being sacrificed at 10 weeks of age. At 8 weeks after birth, WT
and DKO?2 littermates’ dorsal hair was clipped and depilated with Nair® Lotion.

Littermates were checked daily for hair regrowth until they were sacrificed. Animals that
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had abnormal hair due to excessive grooming by female breeders were not used for the

analysis of hair regrowth.

Statistical Analysis

Statistical significance was determined using two-tailed unpaired t-test.

Results

Kinetic characterization of epidermal retinol dehydrogenases

To compare the catalytic properties of murine RDHE2 (SDR16C5) and RDHE2S
(SDR16C6) as retinol dehydrogenases to those of frog rdhe2, we expressed each enzyme
as a fusion protein with the C-terminal His6-tag in insect Sf9 cells using the baculovirus
expression system. Western blot analysis showed that the recombinant SDRs were
expressed at comparable protein levels in the microsomal fractions of Sf9 cells (Fig. 1 A).
Therefore, the microsomal fractions containing the RDHE proteins were used for
characterization of their retinoid activities. Activity assays revealed that murine RDHE2S
and Xenopus rdhe2 both catalyzed the oxidation of all-trans-retinol to all-trans-
retinaldehyde in the presence of NAD™. The activity rates with NADP* were at the limit
of detection (data not shown); hence NAD™ was the preferred cofactor for both enzymes.
RDHEZ2S exhibited a higher apparent Km value and a lower apparent Vmax value for the
oxidation of all-trans-retinol than Xenopus rdhe2 (Table 1). Thus, Xenopus rdhe2
exhibited a higher catalytic efficiency (Vmax/Km) than murine RDHEZ2S. Both enzymes
also catalyzed the reduction of all-trans-retinaldehyde to all-trans-retinol in the presence

of NADH, but their catalytic efficiencies in the reductive direction were lower than in the
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oxidative direction (Table 1). In addition to all-trans-retinol, both RDHE2S and Xenopus
rdhe2 recognized 11-cis-retinol as substrate (Table 1).

Unexpectedly, no activity towards all-trans-retinol was detected using the
microsomal preparation of recombinant murine RDHE2 protein (Table 1). Some SDRs
show dual subcellular distribution between microsomal and mitochondrial fractions [21];
therefore, we tested whether the mitochondria isolated from Sf9 cells expressing RDHE2
or RDHE2S exhibited a retinol dehydrogenase activity. No activity was detected using
RDHE2-containing mitochondria, whereas 10 pg of mitochondria from RDHE2S-
expressing Sf9 cells exhibited a much lower activity (0.03 nmol-min-1-mg-1) than
RDHE2S microsomes under the same assay conditions (10 uM retinol and 1 mM NAD™)

(Table 1), suggesting that RDHE2S is localized primarily in the microsomal membranes.

Retinol dehydrogenase activities of murine RDHE2 and RDHEZ2S in intact cells

The finding that RDHE2 was inactive when assayed using either the microsomal
or mitochondrial fractions of Sf9 cells prompted us to examine whether RDHE2 was
catalytically active in the context of intact living cells. HEK293 cells were transiently
transfected with pCS105 expression vectors encoding RDHE2 with a C-terminal FLAG
tag. RDHE2S, which was previously shown to oxidize retinol in living cells [18], was
also cloned into pCS105 expression vector in frame with FLAG tag and used as a
positive control. The two enzymes were co-expressed with RALDH1 to enhance the
relatively low endogenous retinaldehyde dehydrogenase activity of HEK293 cells (Fig. 1
B), which caused accumulation of unprocessed retinaldehyde in the cells under the

conditions of this experiment. Remarkably, when expressed in intact cells, RDHE2 was
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found to exhibit a retinol dehydrogenase activity, increasing the production of
retinaldehyde from retinol (Fig. 1 C). This activity of RDHEZ2 resulted in a 3-fold
increase in RA biosynthesis relative to mock-transfected cells (Fig. 1 D). In comparison,
expression of RDHE2S at similar protein levels, as judged based on comparable staining
intensity for FLAG tag (Fig. 1 B), resulted in a 15-fold increase in RA production (Fig. 1
D). These experiments confirmed that RDHE2S is a more active enzyme than RDHE?2,
but most importantly, they revealed that, although inactive towards retinol in isolated
microsomes, RDHE?2 was able to function as a retinol dehydrogenase in intact cells,

confirming that RDHE?2 is a catalytically active enzyme.

Expression patterns of murine RDHE2 and RDHE2S

To identify the tissues where RDHE2 and RDHEZ2S contribution could be
essential for RA biosynthesis, we carried out analysis of their gene expression patterns.
Tissue distribution of Rdhe2 and Rdhe2s transcripts in adult mice was analyzed by qPCR.
The two transcripts exhibited a largely overlapping expression pattern with the highest
expression levels in skin, followed by tongue, intestine, and esophagus (Fig. 2 A). In
addition, we examined the distribution of the PCR-amplified full-length mRNA
corresponding to Rdhe2 and Rdhe2s genes. This analysis largely confirmed the pattern
determined by qPCR, with the highest expression levels observed in skin, esophagus,
stomach, tongue, and trace amounts of transcripts detected in adipose tissue, intestine,
colon, and possibly, testis (Fig. 2 A, inset).

To determine whether Rdhe2 and Rdhe2s are expressed during embryogenesis, we

employed semi-quantitative PCR. RNA was isolated from wild-type C57BL/6J embryos
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between stages E9.5 to E14.5 in one day increments and utilized for the synthesis of
cDNA, which then served as a template for PCR amplification using gene-specific
primers (Fig. 2 B). PCR products encoding Rdhe2 were observed starting at E12.5,
increasing in abundance through E14.5. Products encoding Rdhe2s were detected earlier
in development at E10.5 and persisted through E14.5. Thus, both Rdhe2 and Rdhe2s were

expressed from middle to late gestation.

Generation of RDHE2 and RDHE2S gene knockout mouse models

The ultimate proof that RDHE2 and RDHE2S are essential for RA biosynthesis
would have to come from gene knockout studies. Since RDHE2S exhibited a several-fold
higher catalytic activity as a retinol dehydrogenase than RDHEZ2 in in vitro assays, we
decided to begin the in vivo functional analysis of these enzymes by focusing on
RDHE2S. A RDHE2S-null mouse line was generated that carries a lacZ reporter element
under the control of the native Rdhe2s promoter (Fig. S1 A). Upon Cre and Flp excision,
exon 4 in the Rdhe2s was deleted and a frameshift mutation was introduced, which
created a stop codon prior to catalytic residues (Fig. S1 B). Mice were genotyped using
allele-specific primers, with expected product size of 570 bp for wild-type (WT) mice
and a 248-bp product for Rdhe2s™ mice (Fig. S1 C). Importantly, Rdhe2s” mice were
obtained at Mendelian frequencies (28 out of 100 genotyped), were fertile and displayed
no distinguishable phenotype, at least when maintained on a regular laboratory chow diet
that contains 24.2 1U of vitamin A per gram. QPCR analysis of gene expression in skin of

Rdhe2s™ mice versus WT littermates did not reveal any significant differences (Fig. S2).
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Since Rdhe2 and Rdhe2s transcripts showed an overlapping expression pattern
during development and adulthood, we reasoned that the lack of obvious phenotype in
RDHE2S-null mice could be due to functional redundancy with RDHE2. To test this
hypothesis, we generated two independent strains of Rdhe2”";Rdhe2s” double knockout
mice (DKO) lacking both RDHE2 and RDHE2S using CRISPR-mediated gene editing
(Fig. 3). The first strain, DKO1, lacks exons 5-7 of Rdhe2 and exons 1-5 of Rdhe2s. The
second strain, DKO2, lacks exon 5 in Rdhe2, and has an 8-bp deletion in exon 2 of
Rdhe2s, causing a frameshift (Fig. 3 A). The exact sequences resulting from these
excisions are shown in Fig. S3. The absence of RDHE2 and RDHE2S proteins was
confirmed by immunoblotting of microsomal fractions from skin of DKO mice with
commercially available antibodies against murine RDHE2S (Fig. 3 B, upper), and
antibodies against Xenopus rdhe2 (Fig. 3 B, lower), which recognize both murine
RDHE2 and RDHE2S proteins.

The DKO mice have been backcrossed for six generations to WT C57BL/6 mice
to resolve any potential off-target mutations. Both strains of mice are fertile and produce
homozygous and heterozygous offspring at the expected Mendelian ratio. Interestingly,
DKO mice can be readily distinguished from WT littermates by the appearance of their
eyes, which have puffy eyelids and almond like shape, compared with the round eyes in a

similarly aged control animal (Fig. 3 C).

Skin phenotype of DKO mouse models
The highest expression level of Rdhe2 and Rdhe2s was observed in skin.

Therefore, we began the investigation of functional role of RDHE2 and RDHEZ2S by
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analyzing the retinol dehydrogenase activities of membrane fractions isolated from skin
of DKO mice. Compared with WT mice, the retinol dehydrogenase activity of the
microsomal fractions from DKO skin was reduced by ~10-fold (p=0.001) while the
mitochondrial activity was reduced by ~6-fold (p=0.02) (Fig. 4 A).

Such a dramatic reduction in skin retinol dehydrogenase activity would be
expected to have a major impact on RA biosynthesis and expression of RA target genes
in DKO skin, possibly resulting in abnormal skin appearance. However, upon visual
inspection there were no discernable differences in the appearance of skin or hair
between DKO and WT littermates. We reasoned that the differences in RA signaling
between WT and DKO mice might be exacerbated under the conditions of vitamin A
deficiency. To produce vitamin A deficient mice, a cohort of pregnant dams was placed
on a vitamin A deficient diet at mid-gestation and the pups were maintained on vitamin A
deficient diet until sacrificed. The vitamin A deficient status was confirmed by analyzing
the hepatic levels of retinyl esters (0.45 + 0.28 nmol/mg) and retinol (0.026 + 0.022
nmol/mg). Dorsal skin samples collected from these mice were examined for expression
levels of RA-regulated and retinoid metabolic genes by qPCR. Surprisingly, the
expression patterns of these genes in skin of DKO mice appeared to be only partially
consistent with reduced RA signaling (Fig. 4 B). For example, the RA-inducible Cyp26b1
was downregulated, but the expression levels of several other genes known to be
regulated by RA (Dhrs3, Rarf) did not change or were significantly increased (Lrat,
Stra6, Rbpl, Raldh2, Dhrs9) [22-25].

Skin is a highly heterogeneous tissue composed of keratinocytes, hair follicles,

sebaceous glands, fibroblasts, etc. The differentiation and growth of many of these cell
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types is affected by RA levels [4]. To determine the exact localization of RDHE?2 and
RDHEZ2S in skin, we carried out immunohistological analysis of skin sections using
custom made antibodies against Xenopus rdhe2 that recognize both murine proteins [18].
This analysis showed that RDHE2 and RDHE2S proteins are abundant in sebaceous
gland and in epidermis (Fig. 4 C). This pattern was confirmed at the level of gene
expression based on the activity of Rdhe2s gene promoter, which was detected by B-
galactosidase staining assays in developing vibrissae and nasal pits of E14.5 Rdhe2s*"
embryos (Fig. 4 D) and also in sebaceous glands of adult Rdhe2s*" mice (Fig. 4 E).
Likewise, Rdhe2 transcripts were detected in sebaceous glands and epidermis of adult
wild-type C57BL/J6 mice by in situ hybridization (Fig. 4 F).

To determine whether the absence of RDHE2 and RDHE2S affected the structure
of skin, we sectioned DKO and wild-type dorsal skin samples from mice on VAD diet
and analyzed skin histology. The most obvious difference between DKO and WT skin
from littermates was the larger size of sebaceous glands and a longer hair shaft in DKO
skin (Fig. 4 G). This observation suggested that the hair follicles in skin of DKO mice
were in the growth phase (anagen) whereas in WT skin they were in resting (telogen)
phase. Furthermore, while the WT mice had characteristic telogen features at P50, such
as a condensed dermal papilla and lack of an inner root sheath, the DKO littermate dorsal
skin was in anagen, demonstrated by the enlarged dermal papilla and thickening of the
keratinocyte strand between the dermal papilla and club hair (Fig. 4 H). To obtain
independent and quantitative evidence that hair follicles were in anagen phase in skin of

DKO mice, we carried out gPCR analysis of genes expressed in the pilosebaceous unit
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[26]. Out of 18 genes tested, three were downregulated (Cd34, Krt15, and Lgr6) while
most of the others were upregulated (Fig. 5).

The elevated expression of hair follicle growth and differentiation marker genes
in DKO skin relative to littermate WT skin suggested that the hair follicles of DKO mice
enter anagen sooner than in WT skin. We tested this hypothesis by shaving the backs of
male and female mice and monitoring their hair regrowth. As shown in Fig. 6, both sexes
displayed an accelerated hair regrowth. However, in males, this was noticeable only
during the second synchronized hair cycle at the age of 60-62 days, whereas in females
the difference was obvious already in the first cycle at day P29. Importantly, the
difference in the hair regrowth was observed not only on VAD diet (Fig. 6 A) but also on
chow diet (Fig. 6 B). The daily progression of hair growth in the 2 strains versus matched
WT littermates on VAD diet is shown in Fig. S4.

Some members of the SDR superfamily exhibit broad substrate specificity [27].
Specifically, SDRIC family members, which include mouse RDH1 and human RoDH4,
exhibit higher activity towards hydroxysteroids than retinol [28, 29]. Previously, we
examined the activity of human RDHE2 towards a panel of hydroxysteroids but found no
activity [20]. To determine whether murine orthologs exhibit activity towards steroid
substrates, we compared the activity of microsomal fractions from RDHE2/E2S DKO
mice and WT mice towards various functional groups in androgens, progestins,
corticosteroid and estradiol: androsterone (3a-OH oxidation with NAD; 17-keto
reduction with NADH), dihydrotestosterone/NAD (173-OH oxidation), 3a-hydroxy-5a-
pregnan-20-one (3a-OH oxidation with NAD; 20-keto reduction with NADH); A4-

pregnene-3,20-dione (3 and 20-one reduction with NADH), androst-5-en-33-ol-17-one
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(3B-OH oxidation with NAD); estradiol (38-OH and 17p-OH oxidation with NAD;
corticosterone (11B-OH and 21-OH oxidation with NAD; 3-keto reduction with NADH).
In contrast to retinol as substrate, where we saw a ~80% drop in activity of DKO
microsomes, no decrease was observed in the activity of the same microsomes towards
any of the substrates tested relative to WT microsomes (Fig. S5). In fact, there was a
slight increase in the activity of DKO microsomes towards some of the steroid substrates,
which could be related to the differences in hair follicle growth phase in DKO mice
versus WT mice. The lack of a decrease in steroid dehydrogenase activity further

strengthens our conclusion that RDHE/E2S function as retinol dehydrogenases.

Eye phenotype of DKO mouse models

To determine the underlying cause of the almond-shaped appearance of eyes in
DKO mice, their eyes were dissected and compared to littermate controls. No difference
in either size or weight of eyeballs was observed. However, histological analysis revealed
that both the upper and lower eyelids in DKO mice were significantly thicker and longer
compared to WT animals (Fig. 7 A), which explains why the eyes appeared partially
closed. The expansion of eyelids appeared to be due to the larger size of meibomian
glands in DKO mice. To determine the localization of RDHE2 and RDHEZ2S, sections of
eyelids from WT mice were immunostained with custom-made antibodies against murine
RDHE2S (Fig. 7 B) and commercially available antibodies against RDHEZ2 (Fig. 7 C).
Both antibodies detected the corresponding proteins in WT meibomian glands, whereas
DKO eyelids showed little or no staining. Thus, the lack of expression of RDHEZ2 and

RDHEZ2S resulted in enlargement of meibomian glands of DKO animals.
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Discussion

Several members of the SDR superfamily of proteins can oxidize retinol to
retinaldehyde in vitro, however, with the exception of RDH10, their physiological
relevance for RA biosynthesis remains unclear. This study provides convincing evidence
that mammalian RDHE2 and RDHE2S function as physiologically relevant retinol
dehydrogenases. The results of this study are important because they highlight the
existence of tissue-specific retinol dehydrogenases that are essential for RA biosynthesis
in specific cell types while not being critical for survival, as in the case with RDH10
during midgestation [11-15]. In fact, since RDH10-null embryos can be rescued by
supplementation with retinaldehyde [11], the precursor for RA, our findings suggest that
other retinol dehydrogenases, e.g., RDHE2 and RDHEZ2S, may be as important for
postnatal development and maintenance of specific adult tissues as RDH10.

Analysis of substrate and cofactor specificity carried out in this study shows that,
in agreement with their functions as oxidative enzymes, epidermal retinol
dehydrogenases prefer NAD(H) as cofactors and are more catalytically efficient in the
oxidative direction with all-trans-retinol than in the reductive direction with all-trans-
retinaldehyde as substrate. Interestingly, like human RDH10 [30], RDHE2S recognizes
11-cis-retinol as substrate in addition to all-trans-retinol. A recent study provided
evidence that RDH10 contributes to the oxidation of 11-cis-retinol in mouse retina, but
mice deficient in both RDH10 and RDHS5 still convert 11-cis-retinol to 11-cis-
retinaldehyde in the visual cycle [31]. The identities of the remaining 11-cis-retinol
dehydrogenases are currently unknown. If RDHE2S is expressed in mouse retina, this

enzyme could complement RDH10 and RDHS5 in oxidizing 11-cis-retinol.
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A surprising finding of this study is that the retinol dehydrogenase activity of
murine RDHE2 is undetectable in the isolated microsomal or mitochondrial fractions of
RDHE2-expressing Sf9 cells. However, RDHE2 is fully functional as a retinol
dehydrogenase when expressed in mammalian living cells. This observation suggests that
murine RDHEZ2 requires additional cellular factors to exhibit its full enzymatic potential.
As shown in our previous study, a member of the SDR16C family, human DHRS3
(SDR16C1) requires the presence of human RDH10 (SDR16C4) to display a measurable
retinaldehyde reductase activity, and in turn, activates RDH10 [32]. However, co-
expression of murine RDHE2 or RDHE2S with human DHRS3, which is 97.7% identical
to murine DHRS3 in HEK293 cells had no activating effect on DHRS3 [33], indicating
that RDHE?2 and RDHE2S do not interact with DHRS3. Like murine RDHE2, human
RDHE2 (SDR16C5) also displays a rather low activity [34]. Future affinity purification
assays may be warranted in order to identify possible partners of RDHEZ2.

It is also interesting that while RDHE2S exhibits a higher retinol dehydrogenase
activity than RDHEZ2, a single Rdhe2s gene knockout does not display the same
phenotype as the DKO mice. Rdhe2s” mice have normal eyelids and regular hair growth
(data not shown). This observation indicates that first, despite its lower enzymatic
activity, RDHEZ2 is essential for RA biosynthesis in mice; and second, the functions of
these two enzymes may be redundant because of the overlapping expression pattern. The
reason for such an overlap is unclear at this time. It should be noted that in humans only
RDHE2 represents a functional gene encoding a stable protein with enzymatic activity,
whereas human RDHE2S (SDR16C6) appears to have lost its function and is classified as

pseudogene [34]. It is possible that in humans, RDHE2, which exhibits a wider tissue
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distribution pattern (https://www.ncbi.nIm.nih.gov/gene/195814#gene-expression) than
either murine Rdhe2 (https://www.ncbi.nlm.nih.gov/gene/242285) or Rdhe2s
(https://www.ncbi.nlm.nih.gov/gene/?term=Mus+musculus+Sdr16c6) fulfills the mission
of both enzymes.

This study shows that in mice, RDHE2 and RDHE2S together account for up to
80% of the total membrane-associated retinol dehydrogenase activity in skin. Thus, while
present in skin, RDH10 is not the major retinol dehydrogenase in this tissue. The absence
of RDHE?2 and RDHE2S results in significant changes in the hair cycle of mice. Hair
cycle occurs in three phases: anagen (growth), catagen (regression), and telogen (resting)
[35-47]. Typically, development of dorsal hair follicles continues until postnatal day 16,
when the first catagen occurs on days 17-20. Telogen spans days 21-25, and anagen lasts
from day 28 to day 42. This is followed by the second cycle during which hair follicles
continue to cycle in a nearly synchronized manner. Anagen phase is characterized by
thickening of the dermal and epidermal layers of the skin, increased size of hair follicles,
extension of follicles deep into the dermal adipose tissue, and initiation of melanin
synthesis. All of these features were observed in the dermis and epidermis of DKO skin
but not in skin of WT littermates. Consistent with histological assessment, DKO skin
showed increased expression of several markers of anagen phase [26]. For example, a
strong indication of the anagen phase is the induction of the hedgehog signaling pathway.
In DKO skin, both Glil and Gli2 transcriptional regulators in the hedgehog pathway were
upregulated. Hair cycles are fueled by HF stem cells that reside in the “bulge” niche
located at the base of the telogen phase HF [48]. In addition to Glil, which is expressed

in the hair bulge and germ [49, 50], several other markers of the bulge stem cell

-37 -



compartment were upregulated in DKO skin. Among these the most notable are SRY (sex
determining regionY)-box9(SOX-9), which is indispensable for hair homeostasis [51,
52]; T-box 1 (Tbx1), which is highly enriched in the bulge of developing and cycling HFs
[53]; and leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5), a marker of
hair follicle stem cells [54].

The enlargement of sebaceous glands was confirmed by several-fold higher
expression of melanocortin-5 receptor (Mc5r), a marker of sebocyte differentiation [55];
Prdm1 gene, which encodes BLIMP1, believed to be a marker of terminally
differentiated sebocytes [56] (2010) and/or a sebocyte progenitor marker [57];
peroxisome proliferator activated receptor y (Ppary), which plays an important role in
sebaceous gland development; stearyl CoA desaturase 1 (Scdl) and perilipin 2 (Plin2),
which are necessary for sebocyte differentiation and sebum production in sebocytes
[reviewed in 58].

One of the most upregulated genes in both males (DKO2 strain) and females
(DKOL strain) was Lefl gene in the Wnt signaling pathway. It is well known that the
regulation of the hair follicle cycle involves cross-talk of the Wnt/f3-catenin, Hedgehog,
and Notch signaling pathways [59-64]. However, nonprotein factors, and in particular
vitamin A [65, reviewed in 66], are also critical for maintenance of skin health. In this
respect, there is evidence for mutual antagonism between Wnt/f3-catenin signaling and
RA signaling [67]. p-Catenin positively regulates CYP26A1, which degrades RA, and
conversely, B-catenin undergoes retinoid-dependent interaction with RAR, resulting in
competitive inhibition of TCF binding sites [67, 68]. Inhibition of Wnt/B-catenin

signaling leads to upregulation of RA-inducible cellular RA binding protein type 2
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(CRABP2), suggesting increased RA signaling [69]. It is noteworthy, however, that while
RA signaling is clearly essential for epidermal differentiation, the mechanisms by which
it acts are largely unexplored. This study and the generation of RDHE2 and RDHE2S
DKO mouse models should facilitate the investigation of the role RA plays in the
regulation of hair follicle growth and differentiation, and in general maintenance of
epidermis.

Interestingly, 13-cis-retinoic acid (isotretinoin) is clinically used for acne
treatment and believed to inhibit sebocyte differentiation and lipid synthesis [70, 71] by
isomerizing to all-trans-retinoic acid [58]. The enlarged sebaceous glands observed in
DKO mice are consistent with the decreased levels of RA biosynthesis in skin. We have
also observed enlarged meibomian glands in DKO eyelids. Meibomian glands are
modified sebaceous glands that secrete meibum, a lipid-rich fluid that forms a superficial
oily layer on the tear film to prevent the film from evaporating. Of note, severe bilateral
lower eyelid retraction and dry eye symptoms were observed in patients with the long-
term use of topical retinoids for cosmetic purposes [72-74]. Thus, reduced RA
biosynthesis in eyelids of DKO mice appears to be consistent with the observed
enlargement of their meibomian glands. Previous studies have also noted that systemic
use of retinoids for acne treatment or skin rejuvenation was associated with
histopathological changes in the eyelids and degenerative changes in the meibomian
gland acini [73, 74].

It is worth pointing out that, while the in vivo phenotype is clearly consistent with
the reduced RA signaling in DKO skin as a result of the 80% reduction in retinol

dehydrogenase activity, gPCR analysis of endogenous RA-regulated genes produced a
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very mixed picture, with some RA-inducible genes being downregulated while others
unchanged or even upregulated. Histological analysis of skin sections revealed the cause
of this seemingly puzzling outcome. Since the reduced RA signaling led to enlargement
of sebaceous glands, which express several RA-sensitive genes (Dhrs9, Lrat, Stra6), the
transcript levels of these genes were likely increased as a result of an expanded number
of sebocytes. Thus, measurement of total levels of RA in skin could be misleading,
because it would not reflect the localized differences in cell type-specific RA levels in
tissue as heterogeneous as skin.

Overall, the results of this study establish RDHE2 and RDHE2S as
physiologically relevant retinol dehydrogenases in mammals, which despite their
importance for RA biosynthesis are not critical for survival during embryogenesis. In
view of these findings, the physiological impact of mutations in these genes or changes in
their expression can be better appreciated considering their role in RA biosynthesis. As
discussed previously [34], genome-wide association studies have linked the chromosomal
region harboring RDHE2 (SDR16C5) and seven other genes to stature and growth in
cattle, humans, and pigs [35-82], and beak deformity in chickens [83]. RDHE2 was also
identified as the important candidate gene in pig growth trait by an integrative genomic
approach [84]. Interestingly, expression of SDR16C5 was reported to be 4-fold higher
than RDH10 in human lung (pooled RNA from five individuals) [85]. Altered SDR16C5
expression is frequently noted in various pathophysiological conditions. For example,
SDR16C5 was decreased in triple-negative breast cancer patient samples [86]. Evidence

provided by this study that mammalian RDHE2/E2S function as physiologically relevant
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retinol dehydrogenases implicates the decrease in RA biosynthesis as at least one of the

causes leading to these pathophysiological outcomes.
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SDR Substrate/Cofactor | Apparent Km | Apparent Vmax Vmax/Km
uM nmol-min-1-mg-1
Xenopus all-trans-retinol 06+0.1 195+0.6 32.5
rdhe2 NAD"* 108 + 27 21+1
all-trans- 06£0.1 3.6+£0.1 6
retinaldehyde
NADH 84+1.7 4102
11-cis-retinol 3.3£04 39+£0.2 1.8
RDHE2 all-trans-retinol ub ub
(SDRI16CS) all-trans- N.D. N.D.
retinaldehyde
RDHE2S all-trans-retinol 0.87+0.21 8.7+0.6 10
(SDR16C6) | Nap* 460 + 30 5.8+ 0.2
all-trans- 39+0.2 54+0.1 1.4
retinaldehyde
NADH 11+£3 26x0.1
11-cis-retinol 0.86 £0.14 1.34 +0.07 1.6
9-cis-retinol ub ubD

Table 1. Kinetic Constants of SDR16C Enzymes. Kinetic constants for each enzyme

were determined using the same preparation of microsomes containing the corresponding
enzyme; therefore, the differences in the catalytic rates of each enzyme towards various
substrates and cofactors reflect the properties of the enzymes rather than differences in
protein expression levels. UD, undetectable under the conditions of the assay; N.D., not
determined. The activity of murine RDHE2 towards 10 uM all-trans-retinol in the
presence of 1 mM NAD™ was not detectable with up to 10 pg of RDHE2 microsomal
preparation.
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Figure 1. Expression and characterization of frog and murine RDHE2 and
RDHE2S. A. Western blot analysis of microsomal fractions (5 pg) isolated from control
Sf9 cells (mock) or cells expressing murine RDHE2, murine RDHE2S, or Xenopus
rdhe2. His-tag antibodies were used at a 1:1,000 dilution. B. Western blot analysis of
HEK?293 cell lysates (20 pg) containing murine RDHE2 or RDHE2S co-expressed with
human RALDH1. RDHE?2 and RDHE2S were detected using Flag tag antibodies at a
1:3000 dilution. RALDH1 was detected using HA antibodies at a 1:50 dilution. C. HPLC
analysis of all-trans-retinaldehyde (RAL) production from all-trans-retinol (10 uM).
Cells were incubated for 11 hours. D. HPLC analysis of RA production from all-trans-
retinol (10 uM). Samples are as indicated. Mock, cells transfected with empty vector.
*p<0.01; **p<0.001; ***p<0.0001; mean £ S.D., n=3.

-52-



A 190+
" 180+ 1018 bp - -
170] M Rdhe2 riabe- Rdhe2
= 160+ Rdhe2s
< 1501
£ 10!
. 1018 bp - .
= 1?3' visbo- Rdhe2
= 1101
? 100-
s 90- 1018 bp - = -Rdhe2s
X 80 517 bp -
o 70
2 60
T 50
) J
o gg- 1018 bp -Rdhe2s
20. 517 bp -/
10-|
0- T T l L) L] T T T T T T L) T T L) T T T L) T T L)
NAYANAYNAVLNVLENALNLNALNALNLTNAL NV NN
P22 S AR a2 & & OO & & AP RN
S BRI B ORI IR LRI IS FIER 0 S
@6@6 N
B.
100 bp
200 bp
134 bp
D PP .0 0 B @ 0 0P
SVe" @"q;«"‘:%‘?’b\}@ <)«°i~2~°°\;\<$°

(é\fb- é‘-"‘ Q}ny <¢,"°" @\""@\u-

Figure 2. Expression profile of Rdhe2 and Rdhe2s transcripts in mouse tissues. A.
QPCR analysis of Rdhe2 and Rdhe2s expression in adult tissues of two animals. Inset:
PCR-amplified full length Rdhe2 and Rdhe2s transcripts. Lanes are as follows: 1&2:
Tongue; 3&4: Esophagus; 5&6: Stomach; 7&8: Skin; 9: Adipose tissue; 10&11:
Intestine; 12&13: Brain; 14&15: Testis; 16&17: Heart; 18&19: Lung; 20&21: Liver;
22&23: Kidney; 24&25: Eyes; 26&27: Colon. B. Semi-quantitative PCR analysis of
temporal expression patterns of Rdhe2 and Rdhe2s transcript fragments in embryonic
mouse tissues. C57BL/J6 embryos were collected at E9.5-E14.5 stages of development as
indicated. Five micrograms of mMRNA was used for reverse transcription with random
hexamer primers and 1/20th of the resulting cDNA was used per reaction. Gapdh was
used as a loading control.
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A. Wild-type allele
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Primer pair 4 = P
Primer pair 5 »P——————a@
Exons 4 and 6, Sdr16c5: » @ > —a@
Primer pair 6 R

DKO1 allele (-56,057 bp, +298 bp)
Sdr16c6 Sdr16c¢c5

56,057 bp deletion
298 bp insertion

DKO2 allele (-8 bp, -1837 bp)

Sdr16¢6 Sdr16¢c5
8 bp deletion 1837 bp deletion
&
\Q“ \%\
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IB: ardhe2
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Figure 3. Generation of mice deficient in RDHE2 (SDR16C5) and RDHE2S
(SDR16C6). A. CRISPR-Cas9-mediated targeting and screening strategy. Positions of
guide RNA targets are indicated by black arrows. Screening PCR primers are shown as
gray arrows. PCR products are shown as gray lines connecting the primers. Primer pairs
1-5 do not produce a PCR product from the wild-type allele, because the distance
between the primer annealing sites is too large. Pair 4 amplifies a chimeric sequence from
DKOL1 allele, where rearrangement resulted in a shortening of the distance between the
annealing sites. Long-range PCR with Pair 6 primers results in a 4912-bp wild-type
product, and a shorter 1837-bp product from DKO?2 allele. The exact positions of
CRISPR-induced deletions and the sequence of the insertion in DKOL1 allele is shown in
Figure S3. B. Western blot analysis of RDHE2 and RDHEZ2S in skin microsomes (50 ug)
of female DKO1 (n=3, #105, #107, #108) and WT (n=3, #104, #106, #110) mice using
RDHEZ2S antibodies (upper) and Xenopus rdhe2 antibodies (lower), both at a 1:3,000

-54-



dilution. Note the difference in mobility of murine RDHE2 versus murine RDHE2S; *
denotes a non-specific band. C. Eye phenotype of DKO mice. Note the puffy eyelids and
partially closed eyes in DKO animal. This phenotype was observed in all mice of both
sexes on chow diet as well as on vitamin A deficient diet (n>100 animals). Shown are
littermates DKO1#20 and WT#18.
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Figure 4. Skin phenotype of DKO mice. A. Analysis of retinol dehydrogenase
activities. Microsomal and mitochondrial fractions (50 pg) from DKO mice and WT
littermates on chow diet were incubated with 3 uM ROL and 1 mM NAD™ for 15 min.
Note the significant decrease in activity in fractions from DKO mice. B. QPCR analysis
of RA-regulated or retinoid metabolic genes in dorsal skin of male and female mice from
two different Rdhe2”";Rdhe2s™ strains (DKO1 (n=5) and DKO2 (n=4)). Levels of
transcripts were determined by normalizing to Gapdh; *p<0.05; **p<0.01; ***p<0.001.
C. Immunohistochemical detection of RDHE2 and RDHEZ2S in skin sections from male
P60 WT and DKO?2 littermates utilizing Xenopus rdhe2 antibodies at a 1:800 dilution.
Arrow points to sebaceous gland. Images are representative of three biological replicates,
with six skin sections stained from each mouse. There were four representative images
with a total of 15 hair follicles captured for each mouse. Scale bar is 100 um, 200-fold
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magnification. D. Detection of Rdhe2s expression domains in E14.5 Rdhe2s* (HET)
embryos using -galactosidase staining. Note the strong staining in whisker pads and
nasal pits. E. Detection of Rdhe2s expression domains in dorsal skin of adult Rdhe2s*"
(HET) male mice. Strong staining is observed in sebaceous glands (arrow) and epidermis
(arrowhead). Scale bar is 50 um, 400-fold magnification. F. Rdhe2 detection by in situ
hybridization in tail skin from wild-type C57BL/J6 male mouse. Like Rdhe2s, Rdhe2 is
expressed in sebaceous gland (arrow). G. Hematoxylin and eosin (H&E) staining of
dorsal skin from WT and DKO2 male littermates at 10 weeks old. Note the enlarged hair
follicles and thicker skin in DKO animals. Upper, 60-fold magnification; Lower, 100-fold
magnification, scale bar is 100 pm. H. Hematoxylin and eosin staining of dorsal skin
from WT and DKO2 male littermates at P50. The dermal papilla (arrowhead) appears to
be larger in DKO skin with a thicker keratinocyte strand above, suggesting an entry into
anagen phase. The images are representative of seven biological replicates with six skin
sections stained from each mouse. There were three representative images with a total of
10 hair follicles captured for each mouse. Scale bar is 100 um, 200-fold magnification.
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Figure 5. QPCR analysis of genes expressed in hair follicles and sebaceous glands.
QPCR was performed using skin from animals (~10 weeks old) of both sexes from two
independent DKO strains fed vitamin A deficient diet as described under Experimental
Procedures. WT and DKO1 females, n=5; WT and DKO2 males, n=4; *p<0.05;

**p<0.01; ***p<0.001.
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£01 #33

Figure 6. Hair regrowth in DKO and WT mice on vitamin A deficient diet (A) and
on chow diet (B). A. DKO2 and their littermate female mice were shaved at P25 (#29)
and P50 (#4) after birth and photographed at P29 (4 days of hair growth) and P56 (6 days
of hair growth), respectively. Shown are representative images of 2 sets of younger
females and 2 sets of older females on VAD diet. DKO2 and their littermate male mice
were shaved at P25 (#9) and P49 (#38) and photographed at P32 (7 days of hair growth)
and P62 (13 days of hair growth), respectively. Shown are representative images of 4 sets
of younger males and 3 sets of older males on VAD diet. B. Female DKO1 and its WT
female littermate were shaved at P25 and photographed at P30 (5 days of hair growth).
Shown are representative images of 6 sets of females on chow diet. Male DKO1 and its
WT male littermate were shaved at P49 and photographed at P60 (11 days of hair
growth). Shown are representative images of 4 sets of males on chow diet. Images are
available for additional shaved single animals from DKO1 and DKO2 strains that did not
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have WT littermates. The two independent strains showed a very similar external
phenotype on vitamin A deficient diet and on chow diet.
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Figure 7. Eye phenotype of DKO mice. A. Histology of whole eye lids. Sixty-fold
magnification. Note the longer and thicker appearance of lower and upper eyelids from
DKO mice. Four biological replicas were analyzed from littermates WT#38/DKO1#37,
WT#39/DKO2#40, WT#41/DKO2#38 and WT#18/DKO1#20. B. Immunohistology of
eyelid sections using custom made RDHE2S antibodies at a 1:400 dilution. C.
Immunohistology of eyelid sections using commercial SDR16C5 (RDHEZ2) antibodies
(Sigma aSDR16C5 #HPA 025224, lot R11757) at a 1:200 dilution. Both RDHE2S and
RDHE?2 are localized in meibomian glands and sebaceous glands in eyelids. As
determined by measuring a representative image of eyelid sections using image
processing program ImageJ [91], the DKO meibomian glands are nearly twice the size
(198%) of the WT meibomian glands. Overall, the eyelids of DKO mice are 122.5% +
1.3% the size of WT eyelids (n=3 pairs of littermates). Scale bar is 200 um, 100-fold
magnification.
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Summary

All-trans-retinoic acid (RA), the bioactive form of vitamin A, must be strictly
maintained at homeostatic levels as both vitamin A deficiency and toxicity can cause
disease. Retinol dehydrogenase epidermal 2 (RDHE2) and RDHE2-similar (RDHEZ2S;
collectively referred to as RDHES) are newly identified tissue-specific retinol
dehydrogenases that perform the rate-limiting step of RA biosynthesis. RDHES act as the
primary retinol dehydrogenases in skin, and we hypothesize that RDHES contribute to
retinol dehydrogenase activity of the hair cycle in a cyclic manner and play a role in hair
follicle development. This study demonstrates RDHES' protein levels and skin retinol
dehydrogenase activity fluctuate across the hair cycle, along with RA-responsive genes,
in a sex-specific manner. Regardless of sex, absence of RDHES results in an altered hair
coat composition and diminished hair follicle stem cell markers. We propose that the
temporal-spatial fluctuations of RA biosynthesis are essential for the development and

maintenance of constantly differentiating adult tissues.

Introduction
Retinoic acid (RA), the bioactive derivative of vitamin A, is essential to the
proper development and maintenance of skin (Saitou et al., 1995). RA acts as an
activating ligand to nuclear receptors and is capable of regulating over 530 genes (Balmer
and Blomhoff, 2002). In the skin, RA is known to influence sebaceous gland size and
sebum production, bacterial colonization and inflammatory response, follicular
keratinization, and alopecia (hair loss) (Bazzano et al., 1993; Everts, 2012; Chien, 2018).

Additionally, RA derivatives are a commonly used therapeutic for skin diseases, despite a
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lack of understanding of their mechanism of action and an incomplete characterization of
RA biosynthesis. Recent studies highlight the diversity of the biosynthesis and regulation
of RA amongst tissues, and how these mechanisms are altered in differing metabolic
states (Klyuyeva et al., 2021). The concept that RA levels may fluctuate is reminiscent of
embryogenesis, where the proper spatio-temporal regulation of RA is required for
development. The hair cycle is the perfect model to further interrogate possible
physiological roles for fluctuations in RA biosynthesis and signaling, as the cells of the
hair follicle undergo drastic metabolic changes through organogenesis of the hair fiber
(Schneider, Schmidt-Ullrich and Paus, 2009).

The hair cycle is divided into three phases based on physiological activity, and
traditionally is described beginning with anagen, the period in which hair follicle cells
proliferate and differentiate to produce a hair fiber. Once the hair fiber is completed, the
surrounding follicle undergoes a period of apoptosis and regression, called catagen.
Following this regression, the hair follicle enters telogen, a period previously associated
with quiescence because of its lack of morphological changes but which has now been
shown to contribute to preparing for anagen (Muller-Rover et al., 2001; Lin et al., 2009).
The cycle is then repeated, with the proliferation of hair follicle stem cells (HFSC) of the
hair bulge initiating the telogen to anagen transition (Schneider, Schmidt-Ullrich and
Paus, 2009). RA has already been implicated in having effects on the hair cycle.
Exogenous application of RA to skin (Bazzano et al., 1993) and increased endogenous
levels of RA caused telogen to shorten and prolonged anagen (Shih et al., 2009). In
mouse dorsal skin, the first two hair cycles are naturally synchronized, allowing us to

study populations of hair follicles at similar stages without inducing an immune response
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through depilation, a common method for synchronizing the hair cycle in older mice
(Mdller-Rover et al., 2001).

RA biosynthesis occurs at the site of action in skin (Everts, 2012), where STRAG
allows uptake of retinol (ROL) into the cell. Cellular ROL is bound to retinol binding
protein 1 (RBP1) and can either be oxidized by retinol dehydrogenases (RDHSs), like
retinol dehydrogenase 10 (RDH10), or converted to retinyl esters (RE) by lecithin retinol
transferase (LRAT) for storage in lipid droplets. The oxidation of ROL by RDHs is the
first and rate-limiting step of RA biosynthesis, producing retinaldehyde (RAL) (Napoli,
1986). This reaction is also reversible by dehydrogenase reductase 3 (DHRS3). The
second oxidative step is catalyzed by aldehyde dehydrogenases (ALDHS), producing RA,
which binds to cellular RA binding protein 2 (CRABP2). Then RA is either transported
to the nucleus to activate retinoic RA receptors (RARS) or degraded by cytochrome p450
enzymes like CYP26B1 (Fig. 2A) (Kedishvili, 2013). Many of these genes are also
regulated by RA in order to fine-tune RA biosynthesis via multiple feedback mechanisms
(O’Connor, Varshosaz and Moise, 2022).

Characterization of RA biosynthesis in the hair cycle has been limited to studies
involving immunohistochemistry (IHC) to account for heterogeneous nature of skin
(Everts et al., 2007, 2021; Suo et al., 2021). These studies have demonstrated proteins
involved in RA biosynthesis, degradation, and signaling vary across the hair cycle in
specific spatio-temporal patterns; interestingly, RA biosynthesis proteins and signaling
proteins localize to the hair follicle bulge, where HFSCs reside (Everts et al., 2007,
Schneider, Schmidt-Ullrich and Paus, 2009). While IHC is optimal for determining

protein localization in a heterogenous tissue, especially in a temporal manner from
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samples at various time points, other molecular biology techniques are necessary to
determine changes at the level of mMRNA and protein activity. Expression of RA target
genes and the activity of RDHs and ALDHSs have not been characterized across the hair
cycle.

In our previous work we established that RDH epidermal 2 (RDHE?2) and
RDHE2-similar (RDHE2S; collectively referred to as RDHES) are localized to the hair
follicle and sebaceous gland. Rdhe2s expression was also seen by embryonic day 14.5
(E14.5) (Wu et al., 2019), when hair follicle development begins, indicating RDHES may
have developmental effects on hair follicles. Hair follicles are formed during
development in three waves beginning at E14. The four hair fiber types produced by hair
follicles of mouse dorsal skin are based upon which wave of development the follicle
formed during. Guard hairs are produced from follicles formed during the first phase,
while both awl and auchene hair fibers are produced by follicles formed during the
second wave. The third and final wave produces zigzag hairs, which constitute the
undercoat. These different hair types are defined by air spaces in the medulla and any
bends in the hair (Sundberg and Hogan, 1994). Endogenous elevated levels of RA are
known to alter the production of hair fibers, inhibiting bending of the hair fiber and
reducing the percentage of zigzag hairs (Okano et al., 2012).

We have demonstrated RDHEs are the primary RDHSs of skin during one phase of
the hair cycle (telogen) and saw an accelerated hair growth in Rdhe2”/Rdhe2s”- double
knockout (DKO) mice, leading us to conclude that the activity of RDHEs is essential for
the regulation of hair cycle progression (Wu et al., 2019). We hypothesize that RDHEs

and their activity vary in a cyclic manner across the hair cycle and contribute to proper
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development of the hair follicle. To further characterize RDHESs and their role in the hair
follicle throughout the hair cycle, we utilized whole dorsal skin of mice to further
interrogate RA biosynthesis at a molecular level, while utilizing previous IHC data to
guide our understanding. We also assessed DKO mice for phenotypic effects indicative
of developmental problems by assessing hair types, which are determined during
embryogenesis, and quantifying hair follicle stem cell markers. Additionally, while sex
hormones are known to affect the hair cycle (Alonso and Rosenfield, 2003; Hu et al.,
2012) and are capable of interacting with RA signaling (Ross-Innes et al., 2010; Rivera-
Gonzalez et al., 2012), this interaction in the hair cycle is only beginning to be defined

(Everts et al., 2021), thus we profiled both female and male mice in this study.

Methods

Mice

Rdhe2/Rdhe2s double knockout mice were generated in previous studies via
CRISPR technology on a C57BL/6J background (Wu et al., 2019). Rdhe2*";Rdhe2s*"
mice were bred to obtain wild-type and Rdhe2”;Rdhe2s™ littermates for these studies.
Genotyping for Rdhe2/Rdhe2s was carried out using primers Sdrl16¢5ex5SF, 5°-CAG ACT
ATT GTG CAA GTA AAT TCG C-3’, and Sdrl6c5ex5SR, 5°-TGG GCA GAG AGT
AAA TTT GAA TGC C-3’, to identify the wild-type allele and Sdr16¢c6exSF, 5°-ATA
CTC TGT CCT CAA GGA TAA ACC-3’, and Sdr16c5ex5R or Sdr16c5intrdF4, 5°-CTT
GAG ATA ATC AAC TTG AAA GGA G-3’, and sdrl6c5intrSR2, 5°-GAA TGG GTC
TGA ATG GCA TTA CG-3’, to identify the DKO deletion of Rdhe2/Rdhe2s. Mice were

housed at 23 + 2° C with free access to water and food (standard rodent chow diet
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obtained from Harlan, catalogue number 7017) in an AALAC-approved pathogen-free
facility on a light cycle of 12 h light and 12 h dark. All studies were conducted with
approval of the Institutional Animal Care and Use Committee of the University of
Alabama at Birmingham School of Medicine.

Mice were euthanized on postnatal days (PD) 26, 30, 35, 40, 45, and 50 using
CO:s.. Dorsal skin was shaved and collected with a small piece fixed overnight in 10%
Buffered Formalin Phosphate, transferred to 70% ethanol, processed routinely, embedded
in paraffin, sectioned at 10 pum, placed on plain microscope slides, and stained with
hematoxylin and eosin for histological analysis. The rest of the skin was cleaned of the
underlying connective tissue and stored at -80° C for biochemical analysis. For hair fiber
collection, mice were sedated with isoflurane and hair was shaved and collected from the
middle back. Hair types were categorized under a dissection microscope by number of

medulla cell rows and number of bends (Sundberg and Hogan, 1994; Cui et al., 2010).

Isolation of Microsomal Fractions from Skin

Microsomes and mitochondria were isolated by differential centrifugation in a
sucrose gradient (Wu et al., 2019). Approximately 100 mg of frozen skin tissue samples
were homogenized on ice by Polytron (Biospec Products, Inc., Model 985370) in 3 bursts
for 10 seconds each in 1 ml of ice-cold Isolation buffer (0.25 M sucrose in PBS
supplemented in 1 mM EDTA and protease inhibitors: 1 pg/ml aprotinin, 1 pug/ml
leupeptin, and 1 pg/ml pepstatin A). Crude homogenates were further homogenized using
20 strokes in a glass homogenizer on ice. Samples were centrifuged at 3,000g for 10 min

at 4° C. Supernatant was removed into pre-labeled 2 ml tubes for mitochondrial isolation;
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pellets were washed with 300 pl of buffer and re-centrifuged at 3,000g for 5 min. The
supernatant was also removed into the same pre-labeled 2 ml tube for mitochondrial
isolation. The 3,000g supernatants were centrifuged at 10,0009 for 10 min at 4° C. The
supernatant was removed into 3 ml conical ultra-centrifuge tubes and balanced with
isolation buffer before being centrifuged at 105,000g for 90 min at 4° C. The 10,0009
pellet is the mitochondrial fraction and was re-suspended in 100 pl reaction buffer (90
mM K2HPO4/KH2PO4, 40 mM KCL) supplemented with 20% glycerol and 1 mM
EDTA. After ultra-centrifugation, the supernatant was removed and the microsomal
pellet was washed with 100 pl of isolation buffer, making sure not to disturb the pellet.
The wash was discarded and the pellet re-suspended in 100 ul reaction buffer
supplemented with 20% glycerol and 1 mM EDTA before being transferred to pre-
labeled 1.5 ml Eppendorf tubes. All collected samples were flash frozen after re-

suspension and stored at -80° C.

Western Blot Analysis

Protein concentrations were determined according to Peterson’s modification with
BSA as a standard. Thirty pug of microsomal fractions was loaded on SDS-PAGE using
standard Laemmli system with 12% separating gel and 4.5% stacking gel (mini gel, 160
V). A PVDF membrane was pre-soaked in ethanol and gel transfer occurred for 75 min
using Semi Dry transfer unit. Blots were incubated with Ponceau S solution (0.1%
Ponceau, 5% acetic acid) and imaged (BIO-RAD, ChemiDoc™ MP Imaging System) for

total protein quantification. Blots were blocked in 5% BSA in TBST for 1 hour.
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Blots were probed overnight in a cold room with custom-made Xenopus rdhe2
antibodies at 1:4,000 dilution and rabbit Cytochrome P450 Reductase antibodies diluted
1:4,000 (Chemicon International, catalogue number AB1257) in 5% BSA in TBST.
Secondary ECL Plex goat anti-rabbit IgG, Cy®5 (Sigma, catalogue number PA45011)
was used at a 1:2,500 dilution in 5% BSA in TBST. Blots were scanned by an Amersham

Typhoon to visualize fluorescent bans.

Retinol Dehydrogenase Activity in Microsomal Skin Fractions

Fifty ug of microsomal skin fractions was incubated with 3 uM all-trans-retinol
(Toronto Research Chemicals, Toronto, Canada) solubilized with bovine serum albumin
as described previously (Gallego et al., 2006) and 1 mM NAD+ (Sigma-Aldrich, St.
Louis, MO) in 0.5 ml of reaction buffer for 15 min at 37° C. Reactions were stopped by
the addition of an equal volume of ice-cold methanol and retinoids were extracted with 2
ml of hexane. Hexane layers were dried, and dry residue was reconstituted in 0.1 ml of
hexane:ethyl acetate (90:10). Retinoids were separated by normal-phase HPLC using a
Spherisorb S3W column (4.6 mmx100 mm; Waters, Milford, MA) and an isocratic
mobile phase consisting of hexane:ethyl acetate (90:10) at 1 ml/min and analyzed as

described previously (Gallego et al., 2006).

Quantification of Gene Expression in Skin Samples
Approximately 100 mg of frozen dorsal skin tissue of WT and DKO mice
samples was homogenized in PURzol reagent (Bio-Rad, catalog no. 7326890) and RNA

isolated via the Aurum™ Total RNA Fatty and Fibrous Tissue Pack (Bio-Rad, catalog
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no. 732-6870). The concentration of isolated RNA was determined with a Nanodrop ND-
1000 spectrophotometer (Thermo Scientific). ProtoScript® Il First Strand cDNA
Synthesis Kit (New England BiolLabs, catalog no. E6560) was used for cDNA strand
synthesis from 1 pg sample RNA. One WT mouse sample was used for several extra
reactions simultaneously as a standard for quantification curves. All g°PCR was
performed with a 15X dilution of cDNA, unless otherwise noted. Curves were calculated
with 3X, 9X, 27X, and 81X cDNA dilutions. Real-time PCR analysis was conducted on a
Roche LightCycler®480 detection system (Roche Applied Science) with SYBR Green as
the probe (LightCycler®480 CYBR Green | Master, Roche Applied Science). Gene
expressions were normalized to Gapdh and analyzed as a relative expression of fold-
difference from the expression level of WT mice at PD26 of the same sex, using the

comparative Ct method. Sequences of primers are available by request.

Statistical Analysis

Males and females were analyzed separately because of their differences in hair
cycle progression. Statistical significance was determined using one-way ANOVA for
RDH activity and for Western blot comparison of RDHE2 and RDHE2S across the hair
cycle, followed by a Tukey test post-hoc analysis. When parametric assumptions were
not met, a Kruskal-Wallis was performed instead. For gPCR, a two-way ANOVA was
used to determine main effects of PD and genotype (GT) and possible interactions, with a
Sidak test for estimated marginal means. T-tests were used to compare WT and DKO

mice pelage hair percentages.
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Results

RDHEs fluctuate across the hair cycle, but RDH activity varies in a sex-specific manner

Previously we reported that the activity of RDHEs accounted for nearly 80% of
RDH activity of microsomes from dorsal skin taken at postnatal (PD) 70, during telogen
(Wu et al., 2019). RDHs are associated with the endoplasmic reticulum and enzymes
capable of oxidizing retinaldehyde, the product of RDHs, are localized in the cytoplasm;
thus, isolating microsomal fractions allows for analysis of isolated RDH activity. We
hypothesized that RDHES are the primary RDH of skin throughout the hair cycle. To test
this hypothesis, we examined the RDH activity in dorsal skin from WT and DKO female
and male mice at various PDs across the second synchronized hair cycle (PD26, 30, 35,
40, 45). Histological analysis via hematoxylin and eosin staining was used to determine
the hair cycle stage of the majority of hair follicles in the sample (Fig. 1A). Using these
PDs we were able to analyze samples in various anagen stages and catagen, despite some
differences in progression based on sex and genotype. Here we note that males progress
faster through anagen than females, and DKO male mice progress faster than their WT
counterparts (Fig. 1A).

We assessed RDH activity of WT and DKO female mice across the hair cycle
(Fig 1B, left), analyzed by a two-way ANOVA, and observed a main effect of genotype,
resulting in significant decreases of RDH activity in DKO mice (p < 0.001). Across all
stages of the hair cycle, RDHESs account for approximately 80% of RDH activity. RDH
activity across PDs was not significantly altered, but peaked at PD30 and decreased by
46% at PD45. Our previously reported RDH activity in PD70 skin microsomes was

decreased compared to our PD45 reported here (Wu et al., 2019). We hypothesized RDH
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activity does vary across the hair cycle, and re-assessed the RDH activity of WT female
mice from all the previous days with the addition of PD50 (telogen) skin microsomes
(Fig 1B, right). A Kruskal-Wallis shows a significant difference amongst the PDs (p =
0.037), with PD50 significantly decreased 56% from PD30 (p = 0.043). In males, we
assessed RDH activity in WT and DKO mice at PD30, PD40, and PD50, and a two-way
ANOVA showed a main effect of genotype (p < 0.001), with an average decrease of
approximately 80% for DKO mice (Fig. 1D, left). However, RDH activity across all PDs
did not vary significantly in WT male mice (Fig. 1D, right). Thus, RDHEs are the
primary RDHs of skin independent of hair cycle stage, but RDH activity only fluctuates
across the hair cycle in female mice.

We anticipated the protein levels of RDHESs fluctuated in females in accordance
with RDH activity levels, as the RDH activity data from Fig. 1A would indicate there are
no fluctuations in the absence of RDHESs. Using a custom-made antibody for Xenopus
rdhe that detects both mouse RDHE2 and mouse RDHE2S, we assessed protein levels
across PD26, 30, 35, 40, and 45 and normalized by cytochrome P450 (POR), a
microsome-specific protein (Fig 1C, blue). A Kruskal-Wallis test indicated that both
RDHE2 (p = 0.050) and RDHE2S (p = 0.042) protein levels varied across the hair cycle,
with a peak at PD30 that decreased by 64% for RDHE?2 and by 84% for RDHE2S at
PD40 (Fig. 1C, blue). Unfortunately, due to the introduction of PD50 as a data point later
in our analysis we were unable to normalize it via POR, as the antibody had been
discontinued, or re-run the complete set due to limited samples. Here we have included
analysis of PD50 microsomes run alongside remaining PD45 samples and normalized via

total protein amount to demonstrate that protein levels appear to remain close to those
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seen in PD45 (Fig. 1C, pink). Male mouse skin microsomes were run for all PDs
simultaneously and normalized by total protein. A one-way ANOVA shows RDHE2
varies between groups (p = 0.041) (Fig. 1E), with letters denoting significant differences
between groups; RDHE2 is the less active of the RDHESs (Wu et al., 2019), therefore PD
variance of RDHE?2 does not appear sufficient to alter RDH activity. It is important to
note here that female RDHES' protein levels and RDH activity were elevated at PD30
(mid anagen), compared to males where RDHES' levels are elevated at PD45 (late
catagen). These differences do not correlate with sex-specific shifts in hair cycle (Fig.
1A), and thus highlight sex-related differences of RA biosynthesis in the hair cycle. We
also examined mRNA levels anticipating similar variances as seen at the protein level;
however, only Rdhe2 mRNA expression varied across PDs in males, correlating with
changes in protein level (Fig. 1F). Rdhe2s does not cycle in males, and neither transcript

cycles significantly in females.

Absence of RDHEs alters RA biosynthesis and gene expression patterns during the hair
cycle

To further characterize RA biosynthesis and signaling through the hair cycle and
the contribution of RDHESs, we performed gPCR of various genes involved in RA
biosynthesis and regulated by RA signaling (Fig. 2A). Our analysis of RA associated
genes not only revealed differences in the absence of RDHES, but demonstrated genes
involved in RA biosynthesis fluctuate across the hair cycle as suggested by previous IHC

data (Everts et al., 2007; Suo et al., 2021).
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Our findings show that, in WT female mice, Lrat (p < 0.001), Cyp26bl (p =
0.003), Crabp2 (p < 0.001), and Rdh10 (p < 0.001) fluctuate across the hair cycle (Fig.
2B). Stra6 exhibits an interaction with PD and genotype (GT) (p < 0.001) and varies
across PD only in WT female mice (p < 0.001). Aldhla2 also has an interaction of PD
and GT (p = 0.010), but expression of Aldhla2 across PD various only in DKO female
mice (p < 0.001). Aldhla2 is upregulated in DKO female mice at PD35 (p = 0.018),
PD40 (p <0.001), and PD45 (p = 0.041). Rbp1 does not fluctuate across the hair cycle
but is upregulated in DKO female mice (p < 0.001). Other genes upregulated in DKO
female mice include Crabp2 (p = 0.004) and Rdh10 (p = 0.027). DKO female mice have
downregulated expression of Lrat (p =0.013), Cyp26b1 (p < 0.001), and Dhrs3 (p <
0.001).

In male mice, we observe alterations to RA associated genes across the hair cycle
and in DKO male mice; however, many of the genes have significant interactions of PD
and GT. Lrat has an interaction (p < 0.001) where both GTs cycle, but have different
patterns of expression, with highly significant differences at PD26 and PD40 (p < 0.001).
Similar to female mice, Stra6 has an interaction (p = 0.001) where only WT mice vary
across PD (p < 0.001). Some interactions appear to be small alterations to expression
patterns, as in Cyp26b1 (p = 0.023) and Dhrs3 (p = 0.027). However, in interactions of
PD and GT for Rbpl (p <0.001) and Rdh10 (p = 0.003) DKO male mice show
upregulated expression patterns. A highly significant interaction between PD and GT in
both Crabp2 and Aldhla2 (p < 0.001) results in variance across PD only in DKO male
mice (p < 0.001) and significant upregulation in DKO male mice at PD35, PD40, PD45

(p < 0.001).
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Rbpl, Crabp2, Aldhla2, and Rdh10 were upregulated in DKO mice of both sexes
indicating transcription for genes involved in RA biosynthesis are upregulated in the
absence of RDHEs. Genes regulated by RA (Stra6, Lrat, Dhrs3, and Cyp26b1) exhibited
dysregulated expression patterns, though there were no distinct conclusions across both

sexes, except for the downregulation of Lrat.

Awl hairs are increased in the absence of RDHES

The hair of DKO mice had a noticeably rougher appearance than that of WT
littermates (Fig. 3A, B), though we previously noted there were no histological
abnormalities in the hair follicle (Wu et al., 2019). Studies demonstrate increased RA
levels can affect development of the hair follicle, inhibiting bending of hair fibers and
decreasing the percentage of zigzag hairs (Okano et al., 2012). We hypothesized, based
on the long hairs observed in our DKO mice (Fig. 3A, B) that DKO mice have increased
guard hairs, the longest hair fiber type. Over 100 hairs from the middle back were
categorized into the four main hair types of mouse dorsal hair (guard, awl, auchene, and
zigzag) per mouse, to assess hair fiber composition (Sundberg and Hogan, 1994; Cui et
al., 2010). We noted that there was a significant increase in the percentage of awl hairs
for DKO mice, without a corresponding decrease in any other hair fiber type. Awl hairs
are the second longest hair and thickest hair type, alongside auchene hairs, though little is

known about their physiological function (Duverger and Morasso, 2009).

Expression of hair follicle stem cell markers are diminished in the absence of RDHEs
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We hypothesized that DKO mice may exhibit alterations to HFSC markers since
our gPCR data suggests DKO mice have lower RA levels, in agreement with the lack of a
phenotype of zigzag hairs as seen in elevated RA levels (Okano et al., 2012). Elevated
levels of RA increased Sox9 expression, a transcription factor responsible for mediating
the effects of RA (Gudas and Wagner, 2011); Sox9 is also known for its role in
maintenance of HFSCs in the hair follicle bulge (Nowak et al., 2008). Therefore, we
performed qPCR for prominent HFSC markers with known expression in the bulge
region: Sox9, CD34, Krtl5, and Lgr5. (Trempus et al., 2003; Morris et al., 2004; Vidal et
al., 2005; Jaks et al., 2008; Nowak et al., 2008; Schneider, Schmidt-Ullrich and Paus,
2009; Gudas and Wagner, 2011; Bose et al., 2013; Joost et al., 2020).

Our data demonstrate that all of these HFSC markers fluctuate across the hair
cycle in WT mice, independent of sex, though expression patterns do differ from each
other (Fig. 4). In females, all four genes are significantly decreased in DKO mice (Cd34,
Sox9, Krtl5 p < 0.001; Lgr5 p = 0.002), demonstrating lower mRNA levels across all
stages of the hair cycle. An interaction of GT and PDs in Lgr5 (p = 0.012) shows a
complete loss of PD variance in DKO mice (Fig. 4A). In male mice, we observe an
interaction of GT and PD for Cd34 (p = 0.018) and Krt15 ( p <0.001), as DKO mice do
not exhibit the same increases at PD45 and PD50 that are present in WT mice. Sox9 has
an interaction of PD and GT (p = 0.024), with a unique pattern for WT and DKO mice
that does not correlate with the slight differences in hair cycle progression but do both
decrease significantly for PD50. Lgr5 does vary across PD (p < 0.001), but there's an
absence of a peak at PD35 in DKO mice. In both sexes, Cd34 and Krtl5 demonstrate

similar expression patterns, with increases in mRNA levels at late catagen/telogen, while
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Sox9 and Lgr5 appear to be more highly expressed in anagen. In agreement with our data,
Krt15 and Cd34 are more prominently expressed in telogen bulge cells (Liu et al., 2003;

Trempus et al., 2003).

Discussion

In this study we’ve demonstrated that RDHESs are the primary RDH in skin across
the hair cycle, and that RDHESs are important for regulation of genes involved in RA
biosynthesis across the hair cycle. RDHES also contribute to hair follicle development,
and mice lacking RDHEs have altered hair coat composition and expression of HFSC
markers. Current literature highlights an important relationship between RA and the skin
and hair. Retinoids, bioactive derivatives of vitamin A including RA, have been utilized
in dermatotherapies since the 1960s, when they were discovered to alter skin
keratinization (Stlttgen, 1986). Biopsies from patients with alopecia exhibit an increased
expression of RA biosynthesis enzymes, and mouse models with altered RA biosynthesis
have phenotypes which include alopecia (Duncan et al., 2013). Increased endogenous
levels of RA prolonged anagen and delayed catagen in one mouse model (Shih et al.,
2009), while treatment of cultured hair follicles with RA induced catagen (Foitzik et al.,
2005). Topical application of retinoids shortened telogen by accelerating anagen
progression (Bazzano et al., 1993), but absence of RDHESs and decreased RA
biosynthesis also allows for an accelerated anagen (Wu et al., 2019). Our work focused
on characterizing the roles of primary epidermal retinol dehydrogenases, RDHEs, to
establish a fundamental understanding of the pattern of RA biosynthesis across the hair

cycle and its impact on the hair follicle that was lacking in the field.
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We were unable to capture early anagen in males due to their accelerated anagen
progression compared to females. The hair follicle is still undergoing morphogenesis post
birth and the hair follicle bulge is not pronounced until PD21. Additionally, mice at PD26
are small and allow for limited collection of dorsal skin that is barely sufficient for all our
studies performed here. Therefore, to avoid additional complications from hair follicle
development and sample collection, we decided to not collect males earlier than PD26.
We feel this still gives us a substantial understanding of RA biosynthesis in the hair
cycle, as most results are significant between points other than early anagen.

Our work shows that RDHEs fluctuate at the protein level across the hair cycle in
a sex-specific manner and contribute to the majority of skin's RDH activity independent
of hair cycle phase. However, RDH activity itself only fluctuates across the hair cycle in
females. There is an increasing need to interrogate the hair cycle in both sexes, despite
the complexity sex-specific hormones add to hair follicle metabolism and hair cycle
progression. Androgens and estrogens are known modulators of the hair cycle (Hu et al.,
2012), and their dysregulation is capable of causing alopecia. Additionally, androgens
and estrogens interact with retinoids. Androgens signaling is inhibited by RA in multiple
tissues (Ubels et al., 2002; Kelsey et al., 2012; Rivera-Gonzalez et al., 2012). However,
estrogen has a cooperative interaction with RARa, and (Everts et al., 2021) has outlined
the interactions of estrogen and RA biosynthesis in the hair cycle specifically.

Estrogen receptor a (ESR1) and estrogen receptor B (ESR2) localized to the hair
follicle primarily during anagen, when we see stronger RDH activity and higher RDHESs
expression in females. IHC also showed females displayed elevated expression of

ALDH1A2, ALDH1A3, and CRABP2, compared to males which had elevated levels of
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ALDHI1A1 and RAR. Treatment of dorsal mouse skin with estrogen and estrogen
inhibitors also showed sex-specific expression of Aldhla2, Crabp2, and RA receptors
(RARs) (Everts et al., 2021). These data support sex-specific differences in RA
biosynthesis observed in this study, demonstrating how estrogen alters RA biosynthesis
in a sex-specific manner; however, highlighting estrogen regulation does not explain all
sex-differences. Further detailed studies into the sex-specific effects of androgens,
prolactin, and progesterone on RA biosynthesis in the hair cycle need to be done to
improve our understanding (Everts et al., 2021).

In either sex, variation of RDH activity or RDHES' protein levels does not
correlate directly with changes in hair follicle size. For instance, in females RDH activity
is the highest at PD30 (mid-anagen) and decreases through PD50 (telogen), however,
PD35 and PD40 (late anagen/catagen) is when the hair follicle reaches maximum size. In
females increased levels of RA biosynthesis and signaling proteins during mid-anagen
have also been shown via IHC, confirming changes are not due to growth of the follicle
alone (Everts et al., 2007). Males exhibit their highest RDHES' protein levels at PD45
(late catagen), when the hair follicle is rapidly decreasing in size. This demonstrates the
importance of alterations in RDH activity beyond the changes potentially caused by the
morphological changes of the hair cycle.

Though we have collectively studied RDHE2 and RDHE2S throughout this paper,
the enzymes do have distinct individual properties (Wu et al., 2019). RDHE2S activity is
sevenfold higher than that of RDHEZ2 in in vitro assays, but a single knockout of
RDHEZ2S yielded no phenotypes, possibly from RDHE2 compensation. The expression

pattern of Rdhe2 and Rdhe2s is overlapping throughout the body, with the highest MRNA
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and protein expression levels in skin (Wu et al., 2019). Additionally, human ortholog of
mouse RDHE2S is nonfunctional (Adams et al., 2017) and humans, like frogs (Belyaeva
et al., 2012), seem to rely on a single epidermal RDH, RDHE2. Thus, our use of a Rdhe2
"IRdhe2s”- DKO mice provides an accurate depiction of phenotypes in the absence of
functional epidermal RDHs.

Overall, genes related to retinoid metabolism and signaling display a dichotomy
in their response to the absence of RDHES. Some genes (Rbpl, Rdh10, Aldhla2, Crabp2)
are upregulated in DKO mice compared to WT mice, while genes known to be
upregulated by RA (Lrat, Dhrs3, Cyp26b1) exhibit decreased expression patterns in DKO
mice. This suggests, along with decreased RDH activity in DKO mice, that absence of
RDHEs in the skin decreases RA levels. Our analysis of MRNA expression agrees with
the data reported previously by Everts, et al. (Everts et al., 2007) that ALDH1A2
immunoreactivity (IR) in the cycling hair follicle was seen beginning from mid to late
anagen (anagen Illc) through catagen in females. We likewise see this increase in
females, even though in WT female mice it is not a significant part of the interaction,
there is a 14X fold change from PD26 to PD40 in WT female mice. A similar pattern of
CRABP2 IR is reported for the anagen hair follicle, with IR appearing in late anagen and
peaking in anagen Vl/catagen | before fading. (Everts et al., 2007) We also see
fluctuations in transcripts for Stra6, Lrat, Cyp26b1, and Rdh10 for both sexes and Dhrs3
and Rbpl for males specifically, which need to be further investigated and confirmed at
the protein level.

In the studies of genetically-altered mouse models, the appearance of hair

phenotypes - from alterations of hair cycle progression and alopecia to hair greying - are
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often unreported. Here we observe a rough coat in DKO mice, where the back hairs do
not lay smoothly like the coat of WT littermates. Further characterization of the four
pelage hair types demonstrated an increased percentage of awl hairs, which are induced
in the second wave of hair follicle induction at E16. Awl hairs are straight and the second
longest hair type. They also are one of the thickest hair types, having up to 4 rows of
medulla cells within the hair cuticle (Duverger and Morasso, 2009). Alongside awl hairs,
auchene hairs contain 4 rows of medulla cells, but exhibit a characteristic bend. Auchene
hairs are also induced in the second wave of hair follicle induction, and some studies
group these two hair types. However, our results show no differences in auchene hair
percentages, indicating RDHES are relevant to the distinction between these two hair
types during the second wave of hair induction. Elevated levels of RA restricted bending
of the hair fiber and development of zigzag hairs (Okano et al., 2012). Our lack of
alterations to bending or zigzag hairs further supports that DKO mouse skin has
decreased RA levels, and that lack of RA increases the number of hair follicles that
produce awl hairs.

Analysis of transcripts for HFSC markers carried out in this study demonstrates
diminished expression of HFSC markers associated with the bulge region, with a greater
effect in females. These data suggest the importance of precise RA levels regulated by
RDHEs in maintaining proper hair cycle progression through the modulation of HFSCs.
Wnt/B-catenin and Sonic HedgeHog (Shh) signaling are important for anagen initiation,
where they are activating signals that overwhelm inhibitory signals from the dermal
papilla to initiate proliferation of HFSCs in the bulge, signaling the telogen to anagen

transition (Gonzales and Fuchs, 2017) Wnt/B-catenin signaling was upregulated in skin

-82 -



from a mouse model with endogenously elevated RA levels (Okano et al., 2012). In this
same model, RA-regulated genes, Crabp2 and Stra6, were also upregulated, alongside
Sox9, a transcription factor regulation by RA (Gudas and Wagner, 2011). In skin, Sox9 is
essential for maintenance of the HFSCs of the hair follicle bulge (Nowak et al., 2008),
and previous IHC reports show ALDH1A2 and CRABP2 immunoreactivity (IR) localizes
to the hair follicle bulge (Everts et al., 2007; Suo et al., 2021). RA signaling also acts in a
mutually antagonistic manner with Wnt/B-catenin signaling (Easwaran et al., 1999;
Collins and Watt, 2008). Therefore, the regulation of signaling for proliferation of HFSCs
is complex and multi-layered. Our data provide a basis for utilizing the hair follicle as an
easily-accessible and targetable model for interrogating the relationship between RA

biosynthesis and stem cell maintenance and differentiation in adult tissues.
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Figure 1. RDHEs fluctuates across the hair cycle, but RDH activity varies in a sex-
specific manner. (A) Hair cycle staging for WT and DKO females and males at the
sampled postnatal days (PD) via histological assessment, examples to the right for male
differences, 4X magnification. (B, D) NAD*-dependent retinol dehydrogenase activity of
skin microsomal fractions isolated from dorsal skin collected at different PDs (n = 3 per
PD). (C, E) Quantification of RDHE2 and RDHE2S protein via western blot using
microsomes across PDs. (C, blue) RDHE2/RDHEZ2S protein amount was normalized by
POR protein amount, a microsome-specific marker. (C, E, pink) Due to the
discontinuation of our POR antibody and an inability to find another sufficient
microsomal-specific antibody, RDHE2/RDHE2S protein amount was normalized by total
protein amount. (F) Rdhe2/Rdhe2s mMRNA expression across PDs as analyzed by gPCR.
All data are presented as the mean, with error bars representing SEM. *, p < 0.05. Letters
indicate significant differences by a Tukey’s post-hoc, except in (F) where Sidak’s was
used for all gPCR.
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Figure 2. Absence of RDHES alters RA biosynthesis gene expression patterns during
the hair cycle. RNA was isolated from the same skin taken at PDs outlined in Fig 1.
cDNA was made and gPCR was performed for genes involved in RA biosynthesis and
signaling. (A) This diagram outlines the function of each gene examined, with the gene’s
protein in green and metabolites in orange hexagons. (B) Female and (C) male gPCR
data for genes related to RA biosynthesis and signaling. All data are presented as the
mean, with error bars representing SEM. All genes were analyzed with a two-way
ANOVA and significant main effects or an interaction are listed below the graph title. GT
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= genotype. PD = postnatal day. Black letters indicate significant differences by a Sidak
post-hoc if there is a main effect of PD with no interaction. If there is a significant
interaction, asterisk's indicate significant differences between GTs at specific PDs. *, p <
0.05; **, p <0.01; *** p <0.001. Colored letters indicate significant differences
between PDs within a GT.
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Pelage Hair Types

Percentage of Hairs

Figure 3. Awl hairs are increased in the absence of RDHES. Images of the (A) side
and (B) back of WT and DKO mice in a lightbox. (C) Quantification of pelage hair types,
shaved from the middle back of mice from PD58 — PD61 (during telogen, confirmed via
identification of pink skin once shaven). At least 100 hairs were counted per mouse and
categorized under a dissection microscope, n = 3 males, n = 3 female. **, p < 0.01
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Figure 4. Expression of hair follicle stem cell markers is diminished in the absence
of RDHEs. Using the same samples from Fig. 2, qPCR was performed in (A) females
and (B) males for genes identified in the literature as markers of hair follicle stem cells in
the bulge of the hair follicle. All data are presented as the mean, with error bars
representing SEM. All genes were analyzed with a two-way ANOVA and significant
main effects or an interaction are listed below the graph title. GT = genotype. PD =
postnatal day. Black letters indicate significant differences by a Sidak post-hoc if there is
a main effect of PD with no interaction. If there is a significant interaction, asterisk's
indicate significant differences between GTs at specific PDs. *, p < 0.05; **, p < 0.01;
*** p <0.001. Colored letters indicate significant differences between PDs within a GT.
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Abstract

Retinol dehydrogenases SDR16C5 and SDR16C6, also known as retinol
dehydrogenase epidermal 2 (RDHE2) and RDHE2-similar (RDHE2S), function as the
major retinol dehydrogenases in mouse skin, and thus are responsible for the rate-limiting
step of retinoic acid (RA) biosynthesis. However, transcripts encoding these two enzymes
are also detectable in several other mouse tissues. Interestingly, we have observed age-
related phenotypes in the global Rdhe2”";Rdhe2s™ double gene knockout (DKO) mouse
model. 12 month old DKO female mice had decreased body weight, fat percentage, and
bone mineral density measured via dual energy x-ray absorptiometry (DXA), alongside
increased dark phase locomotor activity and energy expenditure measured via indirect
calorimetry. To determine whether these differences could be related to changes in the
whole body vitamin A status of DKO mice, we investigated the effects of a vitamin A
deficient (VAD) diet on whole body physiology in 2 month old DKO and wild-type (WT)
mice using DXA and calorimetry. However, younger female mice on a VAD diet had
higher bone mineral density and fat percentage, with lower locomotor activity rates but
higher energy expenditure compared to age-matched mice on regular diet, suggesting the
absence of RDHE2 and RDHE2S may not result in whole body VAD. Additionally, 2
month old DKO female mice on regular chow diet and on VAD diet did not phenocopy
WT female mice on VAD. Surprisingly, 2 month old DKO female mice on VAD
weighed less and were smaller than all other groups, had decreased energy expenditure,
and exhibited an altered metabolism in which they undergo anaerobic respiration during

the dark phase. These results support previous research that RDHE2 and RDHE2S are
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tissue-specific retinol dehydrogenases and demonstrate how dysregulation of RA

biosynthesis can have diverse whole body effects.

Keywords: vitamin A deficiency, retinol dehydrogenases, body composition, energy

expenditure

Introduction

Short-chain dehydrogenases/reductases (SDRs) comprise a large family of
cytoplasmic and membrane-bound enzymes that contribute to the metabolism of very
diverse substrates including carbohydrates, prostaglandins, steroids, and retinoids. The
products of SDR enzymatic activity play major roles in the regulation of numerous
signaling pathways. In particular, recent studies from this and other laboratories
identified members of the 16C family of SDRs as essential for the biosynthesis of all-
trans-retinaldehyde, the immediate precursor of all-trans-retinoic acid (RA). RA is
derived from vitamin A and B-carotene [1], and through interactions with nuclear
transcription factors, retinoic acid receptors (RARs), RA regulates the expression of over
500 genes [2].

The production of all-trans-retinaldehyde, via the oxidation of all-trans-retinol, is
the rate-limiting step of RA biosynthesis [3]. We reported that a heterooligomeric
complex of two SDRs, SDR16C4 (retinol dehydrogenase 10, RDH10) and SDR16C1
(dehydrogenase/reductase 3, DHRS3) controls the flux of retinol to RA by regulating the
output of retinaldehyde [4]. However, it appears that in addition to the SDR retinoid

oxidoreductase complex, other SDRs may complement RA biosynthesis in a tissue-
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specific manner. We have reported that murine proteins SDR16C5 (retinol
dehydrogenase epidermal 2, RDHE?2) and SDR16C6 (RDHE2-similar, RDHE2S) exhibit
NAD-dependent retinol dehydrogenase activity in vitro and when transfected into
cultured cells. Subsequent analysis of the in vivo functions of RDHE2 and RDHE2S
using a double gene knockout (DKO) mouse model demonstrated that these two
endoplasmic reticulum associated membrane proteins function as the major retinol
dehydrogenases in skin, being responsible for nearly 80% of the total retinol
dehydrogenase activity of skin microsomal fractions [5].

While the role of RDHE2 and RDHEZ2S in the pathway of RA biosynthesis seems
to be most prominent in the skin, transcripts encoding these two enzymes are also found
in esophagus, stomach, tongue, adipose tissue, intestine, and colon [5]. Whether RDHE2
and RDHEZ2S contribute to RA biosynthesis in these tissues is currently unknown.
However, we have observed differences in the weight and size of DKO mice that were
not noticeable in younger animals but developed with aging. The literature supports a role
for RDHEZ2 in growth and body size, as RDHE?2 is part of genomic areas associated with
the body weight and stature of cattle [6,7], growth rate in pigs [8], human height [9-11],
and beak deformity in chickens [12].

Since RDHE2 and RDHEZ2S are retinol dehydrogenases that facilitate the rate-
limiting step of RA biosynthesis, we hypothesized these differences could be caused by a
chronic deficiency in vitamin A metabolism. The effect of vitamin A deficiency (VAD)
on female mouse body composition, activity, and calorimetry are also not well recorded
in the literature for us to compare our observed DKO phenotypes to those of VAD. Many

VAD studies begin experimental conditions after weaning, but by this time animals have
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already developed liver stores of retinyl esters. Though several studies utilize serum
levels of retinol as measurements of VAD, circulating levels of retinol do not necessarily
reflect vitamin A stores in liver, and VAD deficiency can only be accurately quantified
by analysis of liver vitamin A quantities. Our laboratory and others have shown that
placing dams on VAD diet at mid-gestation deprives developing pups of free retinol in
the blood stream that can be stored in then-developing livers, while not inhibiting
provision of necessary RBP4 bound retinol for developmental processes.

Thus, we examined both wild-type (WT) and DKO female mice on either regular
chow diet (RD) or VAD diet at 2 months old. Dams were given VAD diet beginning at
mid-gestation to prevent pups from developing vitamin A stores in livers. This study was
undertaken to characterize the phenotypic features of young DKO female mice and
determine if they resembled phenotypes of VAD in age-matched females at the level of

whole body physiology.

Experimental Procedures

Mice

A double knockout mouse strain of Rdhe2 and Rdhe2s was generated in a
previous study [5], and these mice along with wild-type C57BI/6J were used for DXA
and indirect calorimetry measurements. To create pups that were vitamin A deficient
(VAD), dams were switched to a VAD diet mid-gestation (12 — 14 days post-conception).
Pups were maintained on the VAD diet. All mice were housed with free access to water
and food in an AALAC-approved pathogen-free facility at 23 £ 2° Cona 12:12

light/dark cycle. All studies were conducted with the approval of the Institutional Animal
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Care and Use Committee (IACUC) of the University of Alabama at Birmingham (UAB)
School of Medicine, and all animals were handled in accordance with UAB’s IACUC and

the National Institutes of Health guidelines.

DXA and Calorimetry Analysis

Dual-energy x-ray absorptiometry (DXA) and indirect calorimetry was performed
by the University of Alabama’s Small Animal Phenotyping Core on 12 and 2 month old
wild-type and Rdhe2/Rdhe2s double knockout mice, bred and maintained on either
regular chow diet or a VAD diet. DXA was used to measure fat and lean tissue and bone
content while animals were anesthetized via isoflurane. A TSE indirect calorimetry
system was used to measure oxygen consumption, carbon dioxide production, and food

consumption, and utilized infra-red beams to monitor locomotor activity.

Statistical Analysis

All statistics were calculated using SPSS 28 software. Data were analyzed with
independent samples t-tests, two-way ANOVAs, utilizing a co-variant when needed, and
repeated measure two-way ANOVAs. Energy expenditures were adjusted via a multiple
regression using fat and lean mass for the 2 month old females due to significant
differences in body composition across the four groups. Significance was ascribed at p <
0.05. Estimated marginal means were calculated with a Sidak’s test. The data that support
the findings of this study are available from the corresponding author upon reasonable

request.
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Results
Aged Rdhe2”/Rdhe2s” double knockouts have altered body composition and activity

We first observed phenotypes of altered body size in aged DKO mice compared
to age-matched WT mice. We subjected mice to dual energy x-ray absorptiometry (DXA)
imaging and indirect calorimetry analysis to gather preliminary data. 13 WT female mice
and 12 DKO female mice 12 months old were analyzed. We also attempted to analyze
males, but the WT (n = 2) and DKO (n = 9) male mice sample sizes were not sufficiently
comparable.

Body weight, as assessed by DXA imaging, was significantly decreased in DKO
female mice (t = 2.621, p = 0.015) (Fig. 1A), confirming our visual observations. To
adjust for differences in body size, fat mass and lean mass were divided by total tissue
mass to obtain respective percentages. Fat mass percentage was decreased in DKO mice
(t=2.656, p =0.014), while lean mass percentage was significantly increased (t = 2.643,
p = 0.015) (Fig. 1B). While body area and bone mineral content (BMC) were not altered
significantly, bone mineral density (BMD), which is calculated by dividing BMC by
body area, was significantly decreased (t = 2.101, p = 0.047) (Fig. 1C). Kilocalorie intake
was not altered, even accounting for body weight differences (F = 0.657, p = 0.203).

In addition to changes in body composition, DKO female mice were more active
in the dark phase than WT mice. Ambulatory activity is defined as movement across the
cage, causing several beam breaks, while fine activity is recorded when the same beam is
broken several times, usually representing eating or grooming activity. Ambulatory and
fine activity counts were binned by the light phase and the dark phase. A repeated

measures ANOVA was used to analyze for differences in time of day and genotype. As
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expected, time of day was significantly different in ambulatory and fine activity across all
groups (Fig. 1D). There was a significant interaction between time of day and genotype
for both groups, showing DKO female mice were more active than WT female mice
specifically during the dark phase for ambulatory (p = 0.010) and fine (p = 0.014)
activity. Similar results were found in total energy expenditure (TEE), also categorized
into light and dark phases, where DKO female mice had higher TEE in the dark phase
than WT mice (p = 0.007). TEE was significantly different between the light and dark

phases in both WT and DKO females (p < 0.001) (Fig. 1E).

Absence of RDHESs does not correlate to body mass changes from VAD

We examined 2 month old WT and DKO female mice on either a regular chow
diet (RD) or a VAD diet to determine if phenotypes of DKOs corresponded to
phenotypes of VAD, but at a lesser severity. Dams were placed on VAD diet at mid-
gestation before embryonic livers were formed to ensure pups were completely VAD
without causing embryonic malformities from VAD. Female pups were then maintained
on a VAD diet until 2 months of age.

DXA imaging revealed a significant interaction of diet and genotype (GT) for
weight (F = 20.807, p < 0.001). While VAD diet or absence of RDHESs alone do not alter
weight, VAD in the absence of RDHEs significantly decreases weight (p < 0.001) (Fig.
2A\). Area of the mouse, as viewed from above with the limbs extended in a DXA
machine, also had an interaction of diet and genotype (F = 9.968, p = 0.008) (Fig. 2B). In
both diets, DKO female mice exhibit decreased area (RD, p = 0.044; VAD, p <0.001),

while DKO female mice on VAD are significantly smaller than DKO female mice on RD
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(p = 0.005). To adjust for the significant differences in weight, we calculated fat and lean
percentages by dividing fat or lean mass by total tissue. Fat percentage is increased on
VAD (F =24.319, p <0.001), and lean percentage is decreased on VAD (F = 20.742, p <
0.001). These effects appear to be reduced in DKO female mice, as there is a trend
towards an interaction of diet and GT for fat percentage (p = 0.057) and lean percentage
(p = 0.059). While VAD on WT female mice increases fat and decreases lean percentages
by 5.48% and 5.36%, respectively, VAD for DKO mice increases fat and decreases lean
percentages by only 2.2% and 2.42%. Bone mineral density (BMD) shows there is a main
effect of diet (F = 12.708, p = 0.004) and genotype (F = 8.390, p = 0.013), however, there
is an almost significant interaction (F = 4.653, p = 0.052). While BMD of WT female
mice on VAD increases 14%, BMD of DKOs on VAD only increases 4%. The absence
of RDHESs seems to diminish the effects cause by VAD in alterations to fat and lean
percentage along with BMD.

These alterations cannot be completely explained by energy intake, as the intake
of kilocalories per day (kcal/day) was significantly decreased only by a VAD diet (F =
14.735, p = 0.003) (Fig. 2C). Weight was used as a covariant for kcal/day, but was not

significant (p = 0.663).

VAD and absence of RDHEs decreases locomotor activity

We previously noted alterations to locomotor activity levels in 1 year old females,
so we examined locomotor activity of 2 month old female mice. Locomotor activity was
defined as either ambulatory of fine and binned into either the light or dark phase. A

repeated measure ANOVA was used to analyze for differences in time of day, diet, and
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GT. As expected, time of day was significantly different in both ambulatory and fine
activity across all groups (Fig. 3A — B).

For ambulatory activity (Fig. 3A), there was an interaction of time of day with
diet (F =5.180, p = 0.042) and time of day with genotype (F =9.373, p = 0.010). While
VAD decreased the ambulatory activity of WT mice in the light phase (p = 0.047), there
was a greater decrease in dark phase ambulatory activity (p = 0.030). DKO mice
demonstrated similarly decreased ambulatory activity during the light and dark phases (p
=0.004). Fine activity (Fig. 3B) was significantly decreased on VAD diet independent of
time of day (F = 8.574, p = 0.013). There was a significant interaction of time of day and
genotype (F = 6.020, p = 0.030), with DKO female mice showing less fine activity during
the light (p < 0.001) and dark phases (p = 0.001).

Unlike body composition differences, both VAD and absence of RDHES result in
similar phenotypes for locomotor activity, decreasing both ambulatory and fine activity

without disrupting diurnal variations.

Presence or absence of RDHEs determines effect of VAD on energy expenditure, but
metabolism is significantly shifted in DKOs on VAD

TEE and REE was categorized into light and dark phase and corrected for
analysis by multiple regression using fat and lean mass. A repeated measures ANOVA
was used to test for differences in time of day, diet, and GT. There was a significant
interaction between time of day, diet, and GT for both TEE (F = 7.907, p = 0.016) and
REE (F = 12.589, p = 0.004) (Fig. 4A). All groups varied significantly between light and

dark phases. Both WT female mice and DKO female mice had significant differences
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between RD and VAD diet for light and dark phase. VAD in WT female mice increased
TEE and REE at both the light (p = 0.036, p = 0.005) and the dark phase (p = 0.004, p <
0.001). VAD in DKO female mice decreased TEE at both day (p < 0.001) and night (p =
0.003) and decreased REE during the day (p = 0.002) but not the night (p = 0.348). It is
worth noting that while DKO female mice are not significantly different than WT female
mice on RD, genotype determines the effect of VAD diet. On VAD, WT female mice and
DKO female mice are significantly different in TEE and REE during the day (p < 0.001)
and night (p < 0.001). We also conclude these differences in energy expenditure cannot
be completely attributed to locomotor activity, which similarly and additively decreases
with VAD and absence of RDHESs. The increased energy expenditure of VAD WT
female mice is not fully explained in this dataset.

We also analyzed respiratory exchange ratio (RER), a measurement calculated
from the amount of Oz consumed and CO: produced (VCO2/VO2). A RER close to 0.7
indicates there is more metabolism of fats for energy, but a RER close to 1 indicates more
metabolism of carbohydrates. When the RER exceeds 1 more COz is produced than O>
consumed, indicating anaerobic metabolism is occurring. There was a significant
interaction of time of day with diet (F = 19.9985, p < 0.001) and time of day with GT (F
=8.988, p = 0.011) for RER. In RD, there is not a significant difference in light and dark
phase RER (p = 0.077), and light phase RER is not altered by VAD (p = 0.093).
However, dark phase RER is increased on VAD (p < 0.001), and on VAD there is a
significant light-dark phase difference for RER (p < 0.001). Light phase RER is also not
significantly different between WT female mice and DKO female mice (p = 0.949), but

dark phase RER is (p <0.001). WT female mice do have a significant difference between
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light and dark phase RER (p = 0.012), but this is likely biased by the VAD WT female
mice. DKO female mice have a significant light-dark phase RER difference (p < 0.001),
but the difference is dramatically different for the mice on RD (light: 0.9097, dark:
0.9547) versus those on VAD (light: 0.8810, dark: 1.0705). Scientifically significant is
that while both VAD and absence of RDHESs increases dark phase RER, the combination
of DKO female mice on VAD increases night RER above 1, to 1.07 £ .033 (mean with
SD). Thus, even though DKO female mice on VAD are moving significantly less than all
groups and expending the least energy, they are undergoing anaerobic respiration during

the dark phase.

Discussion

We have found alterations to RA biosynthesis, either through the absence of
tissue-specific retinol dehydrogenases RDHE2 and RDHE2S or vitamin A deficiency,
alter the body composition, locomotor activity, and metabolism of female mice. Our 12
month old female mice show that absence of RDHES results in aging phenotypes, where
12 month old DKO female mice had decreased body weight and fat percentage compared
to age-matched WT female mice. 12 month old DKO female mice also have increased
locomotor activity and dark phase energy expenditure compared to 12 month old WT
females, which could account for the decrease in weight and fat percentage. Several
studies document treatment of RA decreases adipose tissue mass and improves weight
loss of mice fed a high-fat diet (HFD). In these studies, RA treatment also increases dark
phase energy expenditure [13], improves insulin resistance [14,15] and glucose tolerance

[16], and reverses liver hepatosteatosis [13,16]. This is due to RA’s ability to globally
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stimulate fatty acid oxidation [17] and alter adipocyte differentiation [13]. Despite our
original hypothesis that absence of RDHEs would create chronic vitamin A deficiency,
our 12 month old DKO females exhibit phenotypes similar to those of treatment with RA,
indicating the dysregulation of RA biosynthesis caused by the absence of RDHES may
actually produce a state of chronic vitamin A excess.

Studies of BMD support this idea and are the most consistent across literature
independent of age, animal model, or other variables. Lower BMD indicates an increased
risk for osteoporosis and bone fractures [18], while a higher BMD could be preventative
for osteoporosis or a sign of skeletal malformations; however, even in humans, an upper
limit for BMD is not yet defined [19]. Animals fed excessive levels of vitamin A have
increased bone fragility, and in humans high vitamin A intake indicates an increased risk
of bone fractures [18]. VAD increases bone thickness, possibly through the dysregulation
of matrix molecule degradation [20]. Our data from 2 month old females on VAD is in
agreement, as their BMD is significantly increased. However, the BMD of both young
and old DKO females is decreased, resembling a phenotype of excess RA. Most
interesting is the trend in BMD of DKO female mice on VAD, where the absence of
RDHEs ameliorates most of the increase seen in WT female mice on VAD.

Changes in fat and lean percentage also support this idea of the absence of
RDHEs ameliorating effects of VAD. While 2 month old DKO females on RD did not
show changes in fat or lean percentage, WT females on VAD did have increased fat
percentage (5.48%) and decreased lean percentages (5.36%) compared to WT females on
RD. However, despite VAD significantly increasing fat percentage and decreasing lean

percentage independent of GT, it is worth noting that DKO female mice on VAD
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increased fat percentage and decreased lean percentage only 2.2% and 2.42%,
respectively, compared to DKO female mice on RD. The trend towards an interaction for
both fat and lean percentages indicates that absence of RDHESs may ameliorate the effects
of VAD, like in BMD, and requires further investigation.

Literature references for how VAD alters fat mass and body weight typically
begin VAD diets at weaning [21], skewing results until there is sufficient deprivation to
deplete liver stores. However, significant results were noted after 5 weeks, where
decreases in body mass and epididymal fat of male rats were noted [21]. This is not in
agreement with our VAD WT female mice, which have increased fat percentage and no
effect on overall weight, but this could be due to sex or species differences or suggest that
certain post-natal development processes can change metabolic outcomes of VAD
induced later in life. Studies of RA supplementation investigate older mice and
specifically induce obesity through HFD, so they aren’t good references for our 2 month
old dataset [13-16]. This subject overall requires more research and detailed reporting of
outcomes to characterize the effects of endogenous RA levels in young mice and rats.

All groups tested also exhibited phenotypes in locomotor activity, which is most
well studied in the context of VAD. However, many studies of VAD which report
alterations to locomotor activity and motor function do not analyze liver for vitamin A
stores to prove animals are VAD [22-25]. One study from June et al [26] did administer
VAD diet to dams at 2 weeks gestation, as recommended, and showed VAD rats had
impaired motor function by their inability to stay on the rotarod. This is in agreement
with the other studies, where VAD administered at weaning decreased locomotor activity

[22—-24] and impaired motor function [25], and our study where VAD decreased
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locomotor activity. Therefore, locomotor activity and motor function may be more
acutely affected by changes in vitamin A levels. While 12 month old DKO female mice
exhibited increased locomotor activity compared to age-matched WT female mice, we
cannot be sure if this is because of more severe age-related changes in WT female mice
than DKO female mice or a chronic increase in DKO female mice locomotor activity
over time. In 2 month old mice, it is worth noting that alongside decreases in locomotor
activity from VAD, DKO female mice on RD and VAD also showed decreases in
locomotor activity. This could be because tissues related to regulation of locomotor
activity are either sensitive to dysregulation of RA biosynthesis in general or experience
localized VAD in the absence of RDHES, since BMD changes indicate VAD status is not
applicable to the whole body.

Unexpectedly, changes in locomotor activity did not correlate with changes in
energy expenditure. WT female mice on VAD displayed increased TEE and REE during
both the light and dark phases; however, despite no difference between WT and DKO
female mice on RD, DKO female mice on VAD displayed decreased TEE during both
the light and dark phase and REE during the light phase. Thus, the effects of VAD on
female mice were dependent upon genotype and do not correlate with locomotor activity,
which was decreased by both diet and GT. As far as we know, literature does not describe
the effects of VAD on energy expenditure, and the effects of RA supplementation are
only covered in the previously mentioned HFD studies, where there is an increase in dark
phase TEE [13]. RER is also not widely reported in literature for studies involving
vitamin A as far as we could find, but here we report that VAD increased dark phase

RER of WT female mice, causing a significant diurnal variation. This diurnal variation
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was also significant in DKO female mice. Notably, the DKO female mice on VAD
exceeded an RER ratio of 1 during the dark phase (1.0705 + 0.03290), indicating they are
undergoing anaerobic respiration during this time as they output more oxygen than
carbon dioxide consumed. The DKO female mice on VAD are significantly smaller than
any other group in weight and area, and even at this early age the difference in size could
be driven by altered metabolism. Our instruments are unable to assess mice smaller than
our DKO females on VAD, but VAD also shortens the lifespan of animals maintained on
it significantly. Two months of age was the optimal time point for this study, but further
investigation utilizing more specialized and thorough techniques and focusing on the
tissue-specific phenotypes of DKO mice are required to understand this altered
metabolism.

Additionally, full body composition and metabolism reports are lacking for mice
given excess or restricted vitamin A/RA levels. Most reports failed to indicate if there
were insignificant differences of unreported metrics, leaving us unable to determine if
metrics such as area, TEE and REE, RER, lean mass weight or percentage, and locomotor
activity are well-tested and assessed in the field. Without a clear understanding of how
vitamin A and RA affect body composition and metabolism alone, it is unclear how to
determine effects of other experimental variables or if observed phenotypes are in line
with excess or diminished RA levels. Here, we report all observed metrics, many altered
by VAD, and include detailed reports in the supplementary to aid the investigations of

others.
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DISCUSSION

Research into RA biosynthesis and signaling has characterized many enzymes
involved in RA biosynthesis that are essential for development; yet, the identification and
characterizations of RA biosynthesis in adult tissues is still preliminary due to a lack of
obvious phenotypes in genetically altered adult mice. However, manipulation of RA
signaling through either deprivation of vitamin A or supplementation of RA via diet
demonstrates roles for RA signaling involving vision, skeletal integrity, adiposity,
alopecia, and cancer prevention [2,30,32,41] in adult mice and humans. Derivatives of
RA are also utilized as therapeutics for human skin diseases, like acne vulgaris and
psoriasis, and methods of cancer prevention [30]. Thus, RA biosynthesis and signaling
has a prominent role in adult tissues that may not be essential for life but is required for
health and maintenance. Retinol dehydrogenases are responsible for the rate limiting step
of RA biosynthesis, the oxidation of retinol to retinaldehyde [54]. While RDH10 was the
first physiologically relevant retinol dehydrogenase identified, it was embryonically
lethal and rescue through retinaldehyde and RA administration produced relatively
normal adult mice [9]. The persistence of RA signaling activity in RDH10-null embryos
and the absence of adult phenotypes suggested the presence of other physiological retinol
dehydrogenases that had yet to be identified.

RDHE2 was first identified in human psoriatic lesions [12]. Our lab determined
that RDHEZ2 is a transmembrane protein that localized to the endoplasmic reticulum, and
identified a potential paralog in mice, Rdhe2s [13]. Evolutionary analysis of RDHE2 and
RDHEZ2S revealed only one homolog in Xenopus laevis, rdhe2, which we demonstrated

was a potent retinol dehydrogenase in X. laevis embryos [14]. We have also characterized
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the activity of human RDHE2 and RDHEZ2S in HEK293 cells and shown RDHE?2
contributes to RA biosynthesis, while RDHE2S is unstable. This suggests that, like
Xenopus, humans may only contain one functional RDHE [7]. Human transcripts of
RDHE?2 are expressed in various tissues including skin, brain, heart, digestive system
tissues, lymph nodes, lungs, mammary glands, and pancreas [7]. Genome-wide
association studies have linked the chromosomal region containing RDHE2 to alterations
in the body weight and statue of cattle [55,56], growth rate in pigs [57], and human
height [58-60]. Our research and the literature support a physiologically relevant role for
RDHEs in adult physiology and disease. We hypothesized that RDHE2 and RDHE2S
were physiologically relevant, tissue-specific retinol dehydrogenases of adult mice,
essential for the maintenance of skin and body composition.

The first chapter of this dissertation addresses the characterization of murine
RDHE?2 and RDHE2S and preliminary observations of the phenotypes of mice lacking
RDHESs. Enzymatic characterization of recombinant murine RDHE2 and RDHEZ2S in
intact HEK293 cells demonstrated both enzymes had significant retinol dehydrogenase
activity, though RDHE2S activity resulted in 5x higher increase in RA biosynthesis
relative to RDHE?2 at similar protein levels, indicating RDHE2S is the more active
enzyme in mice. Transcripts of Rdhe2 and Rdhe2s overlapped in expression patterns and
were highly expressed in the skin of adult mice, but also found in tongue, intestine,
esophagus, colon, adipose tissue, and testis. Additionally, transcripts of Rdhe2s and
Rdhe2 were expressed as early as embryonic day 10.5 and 12.5, respectively. Based upon
these results we created an Rdhe2s™ knockout mouse with a lacZ reporter driven by the

native Rdhe2s™ promoter. While heterozygotes from this model allowed us to visualize
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Rdhe2s expression with 3-galactosidase staining, specifically localizing transcripts to the
developing hair follicles of mice at embryonic day 14.5, homozygous knockouts
produced no observable phenotypes.

Since Xenopus and humans appear to only have one functioning RDHE and
murine Rdhe2 and Rdhe2s share overlapping expression, we theorized RDHE?2 was
sufficient to compensate for the loss of RDHE2S even though the catalytic activity is
lower for RDHE2. We generated a double knockout mouse model of Rdhe2 and Rdhe2s
that is viable, unlike a knockout of the other physiologically relevant RDH, RDH10 [9],
and presents phenotypes in adulthood. Rdhe2s”/Rdhe2”- double knockout (DKO) mice
are born at mendelian ratios, display no obvious developmental defects, and are fertile.
However, DKO mice are easily identifiable by their puffy eyelids, which gives their eyes
an almond shape in contrast to the round eyes of their WT littermates, and a rough hair
coat. We identified that the meibomian glands of DKO mice were enlarged, enlarging the
entire eyelid into the physiologically visible puffy phenotype we saw. Meibomian glands
are glands of the eyelids that secrete oil onto the tear film to prevent evaporation, and
thus can be affected in dry eye disease. Long term use of topical retinoids is associated
with symptoms of dry eye disease [61], and given the popularity of retinol in cosmetics,
is an area of concern that needs to be addressed for consumer health. Similarly, in
investigating the rough coat of DKO mice, we discovered that sebaceous glands of the
skin were also enlarged compared to WT littermates. Sebaceous glands are similar to
meibomian glands in that they are glands within the epidermis that produce oil, however,
sebaceous glands are associated with hair follicles, connected to the hair shaft so the oil

produced can coat the hair fiber. Alterations of meibomian glands and sebaceous glands,
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including analysis of their oil compositions and differentiation processes, as well as
further characterization of other similar epithelial glands in the body are currently still
under investigation in our laboratory.

For this first chapter, we focused more on the characterization of RDHESs in skin,
where they display the highest expression levels. Since RDHESs have previously been shown
to be membrane proteins associated with the endoplasmic reticulum [13], we isolated
membranous fractions from skin collected from WT and DKO mice and assessed RDH
activity. Since we used dorsal skin, due to necessary protein amount requirements for
experiments, the hair cycle had to be considered. The dorsal skin of mice undergoes drastic
morphological and metabolic changes across the hair cycle, resulting in changes in skin
thickness and mass quantities of cells undergoing proliferation or apoptosis [34,62]. We
first assessed RDH activity at PD70, correlating with telogen, the stage of relative
quiescence. Results showed RDHEs are the primary RDHs of the skin during telogen,
accounting for 80% of the RDH activity. Via immunohistochemistry (IHC) we also
demonstrated that RDHESs localize to the hair follicle, sebaceous gland, and epidermis,
indicating the reduction of activity in DKO mice was likely impacting the hair cycle. We
hypothesized that absence of RDHEs would thus alter hair cycle progression, as previous
literature indicates abnormal RA levels can alter hair cycle progression [3,32,63,64]. We
shaved WT and DKO mice during telogen, when skin is pink, and photographed them on
the following days. Visibly, upon progression to anagen, the period of hair growth, the skin
would darken before the appearance of hair, since melanogenesis, the production of melanin
for the hair, is strictly associated with the anagen phase. DKO mice displayed an accelerated

anagen progression, noted by the darkening of the skin and eventual appearance of hair, for
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both sexes on regular diet (RD) and a VAD diet. We confirmed the accelerated progression
from anagen to telogen via histological hair cycle staging and analysis of gene transcripts
associated with anagen initiation. All data conclusively indicated DKO mice progress into
anagen faster than WT mice, indicating the RDH activity of RDHES is essential for proper
hair cycle regulation.

Overall, the first chapter of this dissertation establishes that RDHEs are tissue-
specific and physiologically relevant RDHs; additionally, RDHEs seem to play a more
prominent role in maintenance of adult tissues than embryonic development. Unlike
RDH10-null mice, DKO mice are viable and allow for more longitudinal studies of the
phenotypes of the dysregulation of RA biosynthesis, The properties of the RDHE2 and
RDHEZ2S are characterized, and despite the higher activity rate of RDHE2S, RDHE?2 is
sufficient for RA biosynthesis in adulthood. A review of the Rdhe2s reveals no minor
phenotype of the eyelids, hair, or hair cycle, suggesting that RDHE2 completely
compensated for RDHE2S. Since Xenopus and humans lack a secondary RDHE, this
supports that one RDHE is sufficient for RA biosynthesis in adult tissues, and our DKO
model, which completely lacks RDHEs, is a proper model for investigating the
physiological role of RDHEs.

Previously we demonstrated that DKO mice had reduced RDH activity in telogen
and accelerated anagen initiation; however, the role of RDHES across the hair cycle remains
unresolved. In the second manuscript, we focus on the effect of RDHES in the skin utilizing
molecular biology techniques to interrogate RDHESs in WT mice and how RA biosynthesis
and signaling are affected in DKO mice. Previous data from our collaborator, Dr. Helen

Everts, demonstrates that proteins involved in RA biosynthesis, including binding proteins,
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enzymes, and transcription factors, vary across the hair cycle in spatio-temporal patterns
[36,64]. Additionally, she highlights sex-specific differences of RA biosynthesis and
signaling in the hair cycle and the effects of estrogen utilizing these same
immunohistochemistry (IHC) techniques [65]. Data from our laboratory shows human
RDHE?2 is down-regulated by RA in human organotypic skin rafts, which replicate the
differentiation of the epidermis utilizing a liquid-air interface [7]. This provides evidence
that a feedback mechanism may exist in mice, where RA regulates the expression of RDHES
across the hair cycle to elicit changes in RA biosynthesis that would contribute to hair cycle
progression. Additionally, disruption of hair follicle development, which continues after
birth up to PD21 in a period called hair follicle morphogenesis [62], can contribute to
alterations of hair cycle progression [66,67]. Increased levels of RA are shown to alter the
composition of the hair coat, reducing the amount of zigzag hairs and disrupting the
capability of hair follicles to create bends in hair fibers [68]. Zigzag hairs and the other
pelage hair types of mice, guard, awl, and auchene, are produced from specific follicles
dependent upon which wave of development the hair follicle was formed during [69]. Thus,
alterations of hair fibers are indicative of disruptions during development. The second
chapter of this dissertation describes how RDHEs fluctuate across the hair cycle, driving
variations in RDH activity that alter RA biosynthesis, and absence of RDHESs disrupts hair
follicle development, possibly contributing to alterations of hair follicle stem cells,
responsible for anagen initiation.

To characterize RDHESs across the hair cycle, we collected and assessed dorsal skin
from mice at various PDs to gather samples from the other two phases of the hair cycle,

anagen and catagen. We eventually added in samples from the final and previously analyzed
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phase, telogen, but at a PD closer to the end of catagen. We demonstrated in both male and
female mice that RDHEs are the primary RDH of skin independent of hair cycle phase.
When all hair cycle phases were assessed, RDH activity significantly varied across PDs in
female mice, but not in male mice. In female mice, both RDHE2 and RDHE2S proteins
varied across PDs, but in males only RDHEZ2 varied. Since RDHEZ2 is the less active enzyme
it could not be sufficient to driven changes in RDH activity in skin; this requires further
investigation from our single Rdhe2s knockout mouse model. In our previous paper, we
described DKO mice had accelerated anagen initiation, but we also noted sex-specific
differences, where male mice did not display this phenotype until the second synchronized
hair cycle, whereas females displayed it in the first synchronized hair cycle. Sex-specific
hormones are known to interact with both the hair cycle [70] and RA signaling [26,27], and
recently co-localization of estrogen receptors (ER) and RA biosynthesis and signaling
proteins has been shown in both spatial and temporal patterns of the hair cycle [65]. This
same study reported not only sex-specific differences in the immunoreactivity (IR) of RA
biosynthesis and signaling proteins, but sex-specific responses or RA biosynthesis and
signaling proteins to treatments that alter estrogen levels, including topical application of
estrogen and estrogen inhibitors. Thus, research involving the hair cycle needs to be
performed on both sexes.

This study also assessed RA biosynthesis and signaling across the hair cycle at the
transcript level, and utilizing our DKO mouse model, we examined how the absence of
RDHEs would alter RA biosynthesis and signaling at the level of mMRNA. We analyzed the
expression of binding proteins (Rbpl, Crabp2), enzymes involved in RA biosynthesis and

degradation (Rdh10, Aldhla2, Cyp26bl), and RA-regulated proteins (Stra6, Lrat, Dhrs3).
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While we showed many transcripts fluctuate across the hair cycle in WT mice of both sexes
(Lrat, Stra6, Cyp26b1, Rdh10) some genes only varied significantly in male mice (Dhrs3,
Rbp1l). In the absence of RDHEsS, variation across PDs was altered with some genes losing
variation across PD (Cyp26bl in males, Stra6 in males and females) while other genes
gained significant variance (Crabp2 in males, Aldhla2 in males and females). Transcripts
that facilitate and catalyze RA biosynthesis were upregulated in DKO mice of both sexes
(Rbpl, Crabp2, Aldhla2, Rdh10) while Cyp26b1l, involved in the degradation of RA and
induced by RA, was downregulated in females across the hair cycle and males at PD30 and
PD40. Additionally, Lrat and Dhrs3, which are upregulated by RA, were downregulated in
DKO mice. Overall, this data is in agreement with the decreased RDH activity of DKO
mice, indicating the skin of DKO mice has reduced levels of RA.

Since we had not seen any significant histological differences or changes in density
in hair follicles, we assessed the hair fibers themselves, categorizing them into the four types
of pelage hair in mice: guard, awl, auchene, and zigzag [71,72]. Previous literature
demonstrates that excessive levels of RA decrease the number of zigzag hairs and inhibit
bending of the hair fibers [68]. Therefore, we hypothesized that since our mice appear to
have reduced RA levels and rougher, fluffier coats, they may have an increase in zigzag
hairs or bending of straight hairs. However, instead we observed a significant increase in
awl hairs, a straight hair, without a significant decrease in any other hair type. Thus, during
development the retention of developing hair follicles that produce awl hairs is higher in
DKO mice. Awl hairs are the second longest and thickest hair, also explaining the visible

rough appearance of the coat of DKO mice.
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Since hair follicles that produce awl hairs are defined in the second wave of hair
follicle development during embryogenesis and our first chapter showed Rdhe2s expression
in hair follicles as early as E14.5, we hypothesized the absence of RDHESs could affect hair
follicle development. We tested this hypothesis by analyzing the expression of markers of
the HFSCs that reside in the hair follicle bulge. The proliferation of these HFSCs marks the
telogen to anagen transition, which we’ve previously observed is accelerated in our DKO
mice. We also observed that Sox9 expression, a transcription factor under the control of RA
signaling, is downregulated in DKO female mice. Sox9 is vital to the development and
maintenance of the stem cell niche [66,67]. Similarly, in females, we found all four HFSC
markers tested (Sox9, Cd34, Krtl5, Lgr5) were downregulated; however, in males only
Cd34 and Krt15 were significantly downregulated, though the expression patterns of Sox9
and Lgr5 were altered.

Overall, the second chapter provides convincing evidence that the skin of DKO mice
has reduced levels of RA signaling. We cannot quantify RA levels in skin directly due to
their low homeostatic levels being undetectable by HPLC. However, ongoing studies are
developing techniques to attempt to quantify RA levels by mass spectrometry. Additionally,
we’ve shown that the absence of RDHEs affects the development of hair follicles and
expression patterns of HFSC markers. This indicates that RDHES have a role in hair follicle
development and may contribute to maintenance of the HFSC pool. However, we have yet
to verify if these changes in transcripts are caused by downregulation in individual cells or
from a decrease of HFSC cells. This will require further IHC analysis to determine. The
observation that RDHEs affect HFSCs in some way does suggest a possible mechanism for

how DKO mice display an accelerated anagen initiation, since these HFSCs are integral to
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the telogen to anagen transition. Overall, chapter two provides substantial and convincing
evidence that RDHEs are essential RDHs for hair follicles, contributing to the development
and maintenance of the hair follicle throughout its progression through the hair cycle.
Previous studies in chapter one highlighted how Rdhe2 and Rdhe2s are highly
expressed in skin, but also present in esophagus, stomach, tongue, adipose tissue, intestine,
and colon. However, in our DKO mice no obvious phenotypes were present during our hair
studies, which primarily deal with mice from weaning up to 3 months maximum, except for
repeated observations that DKO pups appeared smaller than WT littermates. Weight studies
indicated that there were no significant differences in the weight of pups up to PD50.
However, when the colony began to age, several phenotypes began to appear. We noted 12
month old DKO mice were smaller than WT littermates in the same cage, so we organized
a preliminary observational study. This study accrued 13 WT female mice and 12 DKO
female mice at 12 months of age; however, there were insufficient numbers of WT male
mice available (n = 2) to include males in this study. For females, we assessed body
composition via dual energy x-ray absorptiometry (DXA), locomotor activity via infrared
beam breaks, and metabolism via indirect calorimetry. The 12 month old DKO female mice
weighed significantly less and had decreased fat percentage than age-matched WT
counterparts. While kilocalorie intake was similar between WT and DKO female mice,
DKO female mice exhibited higher ambulatory and fine locomotor activity than WT female
mice in the dark phase. Correspondingly, total energy expenditure (TEE) was also increased
in DKO female mice compared to WT female mice in the dark phase. This increase in
energy expenditure can reasonably explain the decreased weight, since the net calories of

DKO female mice are lower than WT female mice. Interestingly, on a high-fat diet RA
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supplementation is known to decrease weight and adipose tissue gain while increasing dark
phase energy expenditure [41,43]. Additionally, excess RA is known to decrease BMD [52],
and DKO female mice display decreased BMD compared to WT female mice. These data
indicate that 12 month old DKO female mice may actually have increased RA levels in
epithelial tissues. This is contrary to our working hypothesis, that DKO mice display
decreased levels of RA due to the absence of two RDHs; however, since RDHES are tissue-
specific, unlike RDH10 which is ubiquitously expressed, there may be tissue-specific
discrepancies in the DKO mice. For instance, we’ve shown convincing evidence in chapters
one and two that the skin of DKO mice has decreased levels of RA.

In literature there was a lack of studies analyzing body composition and metabolism
in completely vitamin A deficient (VAD) mammals. Many studies only administered a
VAD diet after weaning, when pups had already accrued liver stores of vitamin A. Without
sufficient treatment periods to deprive pups of these stores, the pups will not be completely
VAD. Additionally, VAD can be shown through analysis of the liver stores utilizing HPLC;
however, many studies failed to perform this analysis or only analyzed serum levels. Studies
assessing the effects of excessive RA supplementation were also primarily done on older
mice, specifically in conjunction with HFD to induce obesity [41,43]. The most sufficiently
studied and conclusive area of study was BMD, which, along with studies on bone fractures
and osteoporosis, firmly supports that VAD increases BMD while excess RA decreases
BMD [52]. We decided to test our working hypothesis, that DKO mice would have
decreased RA levels at the level of whole-body physiology, by assessing the phenotypic
effects of VAD on 2 month old WT female mice alongside age-matched DKO female mice

on both a regular chow diet (RD) and a VAD diet. To ensure VAD, dams were given VAD
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diet at mid-gestation, before livers form, to prevent pups from accumulating vitamin A
stores. At 2 months, WT and DKO female mice on both RD and VAD diet were analyzed
via DXA and indirect calorimetry.

VAD results in increased fat percentage of both WT and DKO 2 month old females,
with a corresponding significant decrease in lean percentage. VAD also decreased
kilocalorie intake of female mice, due to keratinization of the taste buds [73], and increased
the BMD of female mice. While locomotor activity was decreased for mice on VAD, WT
females on VAD displayed increased energy expenditure. Further investigation is required
to determine why VAD caused decreased kilocalorie intake, increased energy expenditure,
and increased fat percentage, as the alterations of calorie intake and use should decrease fat
percentage. The decreased locomotor activity could be the result of stress due to the lower
amount of free calories, but VAD did improve the diurnal rhythms of RER in both WT and
DKO female mice, indicating the source of energy changes from fats during the resting
phase to more carbohydrates during the active phase. While the absence of RDHEs did not
phenocopy VAD, DKO female mice on VAD did produce unique phenotypes. DKO female
mice on RD displayed decreased body area, substantiating previous observations from the
laboratory, DKO female mice on VAD had a significantly smaller area than caused by either
VAD or absence of RDHESs alone. Additionally, weight was only decreased in DKO female
mice on VAD. Thus, while DKO female mice are smaller, they don’t weight less and have
fat and lean mass percentages similar to WT female mice. Interestingly, BMD is
significantly decreased in DKO female mice; however, this may be biased by the strongly
reduced effect of VAD on the DKO female mice. Similar trends are seen in fat and lean

mass percentages, where DKO female mice on VAD are not as greatly affected as WT
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female mice on VAD. Locomotor activity of DKO female mice is decreased similar to
VAD; however, energy expenditure is decreased in DKO female mice on VAD, in
opposition to WT female mice on VAD. Despite this increase in energy expenditure, the
RER of DKO female mice on VAD is significantly upregulated during the dark phase,
indicating they are undergoing anaerobic respiration. This severe alteration of metabolism
requires further investigation, down to tissue-specific alterations of metabolism, to
understand the interaction of VAD and RDHEs.

In this third and final chapter of the dissertation, we present evidence that RDHES
do not phenocopy VAD and instead reveal novel interactions of tissue-specific
dysregulation of RA biosynthesis and VAD. We demonstrate that while 12 month old DKO
female mice display phenotypes similar to those of RA supplementation, suggesting that
they have increased RA levels, 2 month old DKO female mice on RD only display
significant decreases in body area and locomotor activity. The contribution of RDHES to
whole body physiology is still being defined, but evidence here highlights the need to focus
on both whole body and tissue-specific dysregulation of RA biosynthesis. In addition to
dysregulation of RA biosynthesis in tissues that express RDHEs, it is unknown how absence
of RDHEs may indirectly affect tissues that lack their expression. For instance, we
hypothesize that absence of RDHEs in the small intestine may affect absorption of retinol,
altering biologically available levels of vitamin A. Additionally, levels of vitamin A can be
influenced by inflammation, and preliminary research is ongoing on potential alterations of
the immune system caused by the lack of RDHESs. This brings us back to the discovery of
human RDHEZ2, upregulated in psoriatic skin of humans, an inflammatory dermatosis that

can be therapeutically treated with derivatives of RA.
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In conclusion, the studies presented in this dissertation verify that RDHES are tissue-
specific, physiologically relevant RDHs. Preliminary characterization of RDHEs
demonstrated their potential to contribute to RA biosynthesis. The studies of RDHES in the
skin, hair follicle, and hair cycle revealed they have spatio-temporal physiological roles that
are required for proper maintenance of at least one epithelial tissue. Additionally, RDHES
were implicated in contributing to the development of hair follicles, indicating they could
be responsible for the trace amounts of RA biosynthesis and signaling seen in RDH10-null
embryos [9] and thus necessary for other developmental processes. Assessments of whole
body physiological alterations caused by the absence of RDHES highlights a role for RDHES
in metabolic regulation of an organism, and DKO female mice on VAD displayed novel
phenotypes not anticipated by what was assumed to be a synergetic effect of DKO and
VAD. Overall, these studies reveal wide-spread and diverse effects of tissue-specific

dysregulation of RA biosynthesis in adult tissues and characterize the enzymes responsible.
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