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Abstract

While all 2-methylene-19-nor analogs of 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) tested

produce an increase in epidermal thickness in the rhino mouse, only a subset reduce utricle

size (comedolysis). All-trans retinoic acid (atRA) also causes epidermal thickening and a

reduction in utricle size in the rhino mouse. We now report that 2-methylene-19-nor-(20S)-

1α-hydroxybishomopregnacalciferol (2MbisP), a comedolytic analog, increases epidermal

thickening more rapidly than does atRA, while both reduce utricle area at an equal rate.

Whereas unlike atRA, 2MbisP does not alter the epidermal growth factor receptor ligand,

heparin-binding epidermal growth factor-like growth factor, it does increase the expression

of both amphiregulin and epigen mRNA, even after a single dose. In situ hybridization

reveals an increase in these transcripts throughout the closing utricle as well as in the

interfollicular epidermis. The mRNAs for other EGFR ligands including betacellulin and

transforming growth factor-α, as well as the epidermal growth factor receptor are largely

unaffected by 2MbisP. Another analog, 2-methylene-19-nor-(20S)-26,27-dimethylene-

1α,25-dihydroxyvitamin D3 (CAGE-3), produces epidermal thickening but fails to reduce

utricle size or increase AREG mRNA levels. CAGE-3 modestly increases epigen mRNA lev-

els, but only after 5 days of dosing. Thus, 2-MbisP produces unique changes in epidermal

growth factor receptor ligand mRNAs that may be responsible for both epidermal prolifera-

tion and a reduction in utricle size.
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Introduction

Skin is a vitamin D target organ [1–4]. The outermost skin layer, the epidermis, consists of a

stratified layer of keratinocytes. Dividing keratinocyte stem cells in the basal layer continually

give rise to cells with more restricted growth potential forming the upward columnar units of

differentiating cells in the suprabasal layer [5, 6]. The hair follicles are appendages of the of epi-

dermis that undergo cycles of regeneration from stem cells in the outer root sheath (bulge).

The hormonal form of vitamin D3, 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), acts by bind-

ing to the vitamin D receptor (VDR) that is located in the nuclei of cells in the basal and supra-

basal layers of the epidermis as well as in the hair follicle outer root sheath, and is largely

absent from the dermis [1, 2, 7, 8]. 1,25(OH)2D3 and the VDR influence the proliferation and

differentiation of keratinocytes [9–11]. The loss of VDR produces an abnormality in initiation

of the hair cycle [12, 13]. 1,25(OH)2D3 and its analogs have been shown to differentially affect

skin dependent upon the pathophysiological state or model system studied [14]. In cultured

keratinocytes, 1,25(OH)2D3 and analogs can enhance or inhibit proliferation depending

upon the selected culture conditions and hormone concentration [15–18]. In psoriasis, 1,25

(OH)2D3 and analogs inhibit excessive proliferation of keratinocytes and promote differentia-

tion [19, 20]. However, topical administration of 1,25(OH)2D3 and its analogs to the skin of

normal humans [21] as well as some mice [22–26] can cause thickening of the epidermis.

Our group previously evaluated topical application of a series of 2-methylene-19-nor ana-

logs of 1,25(OH)2D3 on skin of the rhino mouse. All 2-methylene-19-nor analogs tested induce

a marked thickening of the epidermis and an increase in BrdU-labeling of basal cells [26].

Although the rhino mouse is hairless, it has utriculi which derive from the upper part of the

original follicular unit, and are histologically similar to comedones found in human acne [27,

28]. Interestingly, a subset of the 2-methylene-19-nor analogs, specifically those with a short-

ened side chain and lacking a 25-hydroxyl group, are also effective at reducing the size of utri-

cles (comedolysis). One such analog, 2-methylene-19-nor-(20S)-1α-

hydroxybishomopregnacalciferol (2MbisP), produces both a reduction in utricle area and an

increase in epidermal thickness [26]. In contrast, 2-methylene-19-nor-(20S)-26,27-dimethy-

lene-1α,25-dihydroxyvitamin D3 (CAGE-3) containing a full side chain and a 25-hydroxyl

group, increases epidermal thickness, but has no effect on utricle area. The underlying mecha-

nisms responsible for the ability of 2MbisP and CAGE-3 to induce epidermal proliferation

while at the same time producing differential effects on utricle size are unknown.

Epidermal proliferation is under the control of the epidermal growth factor receptor

(EGFR) and its ligands [29, 30]. EGFR (ErbB1) is a member of the ErbB or Her family, a sub-

class of the receptor tyrosine kinase superfamily [31]. EGFR, ErbB2 and ErbB3 are expressed

in human skin, with the EGFR being the predominant receptor in regulating ligand-dependent

proliferation [32]. Ligands for the EGFR include amphiregulin (AREG), betacellulin (BTC),

epidermal growth factor (EGF), epigen (EPGN), epiregulin (EREG), heparin-binding EGF-

like growth factor (HB-EGF), and transforming growth factor-α (TGF-α). EGF binding to

EGFR induces formation of receptor homo- and heterodimers and initiates multiple cellular

signal cascades such as the Ras-Raf-MAPK pathway, which affect cellular growth. Keratino-

cytes produce EGFR ligands that regulate the proliferation of stem cells in the basal layer

[33–36].

Retinoids are used clinically to treat a variety of human skin disorders including acne and

psoriasis [37, 38]. In a mouse model of acne, retinoids induce a reduction in utricle size and

an increase in epidermal thickness [28, 39–47]. Hyperproliferation of basal keratinocytes

leading to epidermal thickening has also been observed in human skin in vivo following

topical application of retinoids [48]. It has been suggested that the hyperproliferative effect
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associated with retinoid therapy is necessary to achieve the desired reduction in utricle size

(comedolysis) [39].

Retinoids cause thickening of the skin by increasing proliferation of basal keratinocytes

through activation of the EGFR signaling pathway. Topical application of all-trans retinoic

acid (atRA) to normal mouse skin mediates gene transactivation resulting in release of the

growth factor HB-EGF from suprabasal keratinocytes, whereas other EGFR ligand mRNAs

including amphiregulin and TGF-α are not significantly altered [49]. The resulting increase in

HB-EGF acts in a paracrine manner to bind and activate EGFR of basal keratinocytes and

induce proliferation [36, 50]. Likewise, in normal human skin, topical application of atRA

induces expression of HB-EGF mRNA [51, 52].

Herein, we evaluate EGFR ligand and EGFR (ErbB1) mRNA expression after topical expo-

sure of mouse skin to the 2-methylene-19-nor analogs, 2MbisP and CAGE-3. Further, we

compare the effects of the 2-methylene-19-nor analogs with those of atRA on mRNA expres-

sion and on skin morphology.

Materials and methods

Animals

All procedures involving animals were reviewed and approved by the University Committee

on Use and Care of Animals at the University of Wisconsin—Madison, a facility accredited by

the Association for the Assessment and Accreditation of Laboratory Animal Care International

(AAALAC). Rhino mice (RHJ/LeJ), heterozygote female (Hrrh-J/+) and homozygote male

(Hrrh-J/Hrrh-J) pairs, were obtained from Jackson Laboratory (Bar Harbor, ME, USA). This

mouse carries a spontaneous recessive mutation of the hairless (Hr) allele with homozygous

animals becoming hairless at about 3 weeks of age. Homozygous rhino mice (Hrrh-J/Hrrh-J)

were generated from an in-house breeding program. They were housed in shoebox cages and

maintained on a 12 h light/12 h dark cycle in the Department of Biochemistry vivarium. Mice

were provided with autoclaved laboratory chow and water ad libitum. Homozygous rhino

mice were assigned to study groups at 6 to 8 weeks of age. At study termination, animals were

euthanized with carbon dioxide followed by destruction of vital organs.

Chemicals

The 2-methylene-19-nor analog, 2MbisP, was synthesized by SAFC (Madison, WI) [53] and

CAGE-3 [54] was synthesized in the laboratory of Dr. Hector DeLuca (University of Wiscon-

sin-Madison, WI). The structures are shown in Fig 1. atRA was purchased from Spectrum

Chemical and Laboratory Products. Compounds were dissolved in 100% ethanol and their con-

centration determined by UV spectrophotometry using a molar extinction coefficient of 45,200

at 350 nm for atRA and 42,000 at 252 nm for the 2-methylene-19-nor analogs. 2MbisP and

CAGE-3 were analyzed for purity by high pressure liquid chromatography using an analytical

normal phase Zorbax SIL column using hexane and IPA at a ratio of 96%:4% (0–31 min) and a

gradient to 90%:10% over 10 min at a UV absorbance maxima of 252 nm. atRA was analyzed

by high pressure liquid chromatography as previously described [55]. The purity of 2MbisP,

CAGE-3, and atRA was greater than or equal to 98%, 96% and 100%, respectively. Dosing solu-

tions were prepared in an ethanol:propylene glycol vehicle (70:30, v/v) and were stored at 4˚C.

Treatment

The drug dose or vehicle alone was applied on the dorsal trunk over an area of approximately

2.5 cm by 5 cm in a volume of 3.3 μL per g body weight (equivalent to 100 μL for a 30g mouse).

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 3 / 20

https://doi.org/10.1371/journal.pone.0188887


For studies lasting longer than 7 days, the dose of drug administered was adjusted weekly

based on body weight. Drug was administered topically at 24h intervals, mice were euthanized

4h after the final dose, and the dorsal skin was removed. Skin to be used for RNA analysis was

flash frozen in liquid nitrogen and stored at -80˚C until analysis.

Skin histology

Skin biopsies for histology (approximately 1 cm in length) were laid flat on wooden sticks and

fixed overnight in 4% paraformaldehyde in PBS, dehydrated with increasing percentages of

ethanol, and embedded in paraffin. Five-10 μm sections taken at 150 μm intervals were evalu-

ated from each biopsy and were stained with Gill’s Hematoxylin & Eosin (H&E). Sections

were imaged and analyzed using MetaMorph software (Molecular Devices, Downingtown,

PA) as previously described [26]. The area of every utricle (comedone) in each of 5 slices was

measured, and the average utricle area was determined for each mouse. Similarly, epidermal

thickness was determined by measuring the thickness of the epidermis in the interfollicular

regions. From these data, group means were determined and expressed as percent of vehicle

(mean ± standard error of the mean). The average utricle area in vehicle-treated mice in these

studies was 9425 ± 440 μm2 and the epidermal thickness was 23.4 ± 0.37 μm. A total of 6 ani-

mals (3M and 3F) were analyzed per treatment group.

RNA isolation and quantitative analysis

Frozen skin samples were ground in dry ice using a coffee grinder. Approximately 200 mg

of sample was homogenized in 2 mL TriPure isolation reagent (Roche Diagnostics) and

total RNA was isolated according to the manufacturer’s protocol. RNA was quantified using

a NanoDrop 1000 spectrophotometer (Thermo Scientific). Total RNA (1 μg) was reverse

transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)

according to the manufacturer’s protocol. Quantitative RT-PCR (qPCR) analysis was per-

formed using the LightCycler instrument (version 1.2, Roche Diagnostics) and the LightCy-

cler FastStart DNA Master SYBR Green I kit (Roche Diagnostics). The primer sets used to

generate qPCR control plasmids and for qPCR analysis are described in Table 1. The ampli-

cons of all qPCR control plasmids were verified by sequence analysis. qPCR values were

normalized to β-actin expression levels, and values are expressed as fold-change from the

vehicle-treated samples. mRNA from 4 animals (2M and 2F) was analyzed per treatment

Fig 1. Structure of 1α,25(OH)2D3 compared to the 2-methylene-19-nor analogs, 2MbisP and CAGE-3.

https://doi.org/10.1371/journal.pone.0188887.g001

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 4 / 20

https://doi.org/10.1371/journal.pone.0188887.g001
https://doi.org/10.1371/journal.pone.0188887


group. To detect genomic contamination, murine β-actin primers that span an intron

were used in conventional PCR (primers: 5’-GGTGGGAATGGGTCAGAAGG-3’AND

5’-GTACATGGCTGGGGTGTTGA-3’; NCBI accession # NM_007393.5; 241 to 508 bp

(primers generate a 268bp product from all cDNA samples; in samples with genomic

DNA contamination, an additional 722bp product would be observed). By this method,

all cDNA samples used in this study were assayed and determined to be free of genomic

contamination.

In situ hybridization and immunohistochemistry

Skin was fixed for 48h in 4% PFA in PBS, embedded in paraffin, sectioned at 4–5 μm and

stored on slides in desiccant until use. For in situ hybridization studies, slides were processed

manually using the RNAscope1 2.5 Reagent Kit-Brown and HybEZ1 Hybridization System

from Advanced Cell Diagnostics (ACD) [56]. Briefly, paraffin was removed from sections

using a graded series of ethanol and xylene, followed by treatment of sections with hydrogen

peroxide (10 min, room temp), antigen retrieval solution (15 min, 99˚C with slides in a bea-

ker on a hot plate), and protease solution (15 min, 40˚C). A positive control probe to pepti-

dylprolyl isomerase B (Ppib) was included on each slide. RNAscope probes were from ACD

(Mm-Areg; Mm-Epgn; Mm-Hbegf; Mm-Ppib). Slides were counterstained with methyl

green (0.04% in 0.01M sodium acetate, pH 4.0) and coverslipped with Cytoseal 60 (Thermo

Scientific).

For VDR immunohistochemistry all steps were performed at room temperature unless oth-

erwise stated using an antibody (D-6; Santa Cruz Biotech, 13133) previously characterized by

Wang and colleagues [57]. Sections were deparaffinized, re-fixed in 10% buffered formalin

phosphate, treated with hydrogen peroxidase (1% in TBS; 50 mM Trizma base, 150 mM NaCl;

pH 8.4) and permeabilized in 1% Triton X-100 in TBS, followed by antigen retrieval for 20

min at 99˚C in citrate buffer (pH 6.0; Vector Laboratories) and cooling at room temperature

for 1.5 h. Sections were blocked in 5% non-fat dry milk (NFDM) in TBS with 0.05% Tween 20

for 1 h, followed by overnight incubation at 4˚C with VDR antibody diluted 100-fold in TBS

with 1% NFDM and 0.05% Tween-20. Sections were washed, and VDR antibody binding was

detected using biotinylated anti-mouse IgG followed by streptavidin-peroxidase (Vectastain

ABC HRP, Peroxidase Mouse IgG, Vector Labs) and incubation with 3,3’-diaminobenzidine

tetrahydrochloride, cobalt chloride and hydrogen peroxide. Tissues were dehydrated and cov-

erslipped with Cytoseal 60.

Table 1. qPCR primers.

Gene NCBI Accession # Product (bp) Sense Primer (5’—3’) Antisense Primer (5’—3’)

Amphiregulin NM_009704 194 CCAATGAGAACTCCGCTGCT GGCATTTCGCTTATGGTGGA

β-Actin NM_007393 390 TGTTTGAGACCTTCAACACCC CGTTGCCAATAGTGATGACCT

Betacellulin NM_007568 285 ACACAACCAGAACACCAGAAA CCATGACCACTATCAAGCAGAC

Epidermal Growth Factor NM_010113 204 GTGGGAAGTCTGTTGTTGGA GTAGATTGGAGCTGGCTATCAG

Epidermal Growth Factor Receptor NM_207655 170 CACTGCTGGTGTTGCTGACCGC TTCCAAGTTCCCAAGGACCA

Epigen NM_053087 307 GCACTGAGCGAAGAAGCAGA TTAGCAATCCGACGCCAATC

Epiregulin NM_007950 163 TTTTTGTCCCACTCCGTCAG CTCCCCCTTTCCCAGAACAT

Heparin-Binding Epidermal Growth Factor

Receptor

NM_010415 203 AGCAACCAGCAACCCTGAC TCCCTAACCCCTTTCCTTTCTTC

Transforming Growth Factor-α NM_031199 170 AAGTGCCCAGATTCCCACA GCAGTGATGGCTTGCTTCTTC

https://doi.org/10.1371/journal.pone.0188887.t001
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Statistical analysis

Statistical analysis was performed in GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla,

CA). For 2MbisP, CAGE-3, and atRA dose-response studies, a one-way analysis of variance

(ANOVA) was used with Tukey’s post hoc multiple comparisons test to analyze data from

epidermal thickness measurements, utricle area, and mRNA expression. For multigroup com-

parisons, a two-way analysis of variance (ANOVA) was used with Tukey’s post hoc multiple

comparisons test to analyze data. Descriptive statistical results are presented as mean ± standard

error of the mean. Statistical significance was defined as P�0.05.

Results

Changes in utricle area and epidermal thickness are maximal by 7 days

of topical 2MbisP administration

Previous work showed that the vitamin D analog, 2MbisP reduces utricle area (comedolysis)

and increases interfollicular epidermal thickness after 21 days of daily topical application [26].

In an earlier study of atRA in the rhino mouse, hyperproliferation and comedolysis were

reported after three weeks of topical treatment [42]. Closing of comedones after 6 days of treat-

ment with atRA was observed by Zheng and colleagues [46]. In order to examine the time

required for 2MbisP to act, animals were treated topically with 2MbisP (690 nmol/kg) and

compared to atRA (224 nmol/kg) after 2, 7 or 21 daily doses, and skin morphology was exam-

ined. 2MbisP produced a significant reduction in utricle size after 7 doses that was equivalent

to that seen after 21 doses (Fig 2). atRA produced a similar reduction in utricle area that was

also maximal after 7 doses. 2MbisP, unlike atRA, produced a significant increase in epidermal

thickness after only 2 doses. The effect was maximal and similar in magnitude for both com-

pounds after 7 doses.

Dose-response studies of 2MbisP, CAGE-3, and atRA on changes in utricle area and inter-

follicular epidermal thickness were conducted. After 7 doses, 2MbisP at 218 nmol/kg produced

a 50% reduction in utricle area that was further reduced to 20% of vehicle at 690 nmol/kg (Fig

3). A small but significant increase in epidermal thickening was observed at 69 nmol/kg, with a

maximal response occurring at 218 nmol/kg. CAGE-3 produced a significant increase in epi-

dermal thickness at both 0.079 and 0.25 nmol/kg body weight, however, utricle area was

unchanged at all doses tested. It was not possible to test higher doses of CAGE-3 due to dose-

limiting hypercalcemia. At 7.1 nmol atRA/kg, utricle area was reduced by ~50% and was

further reduced to ~10% that of the vehicle control at 224 nmol/kg. A small but significant

increase in epidermal thickness was observed at 7.1 nmol/kg, with increased thickening occur-

ring with doses up to 224 nmole atRA/kg. Although similar increases in epidermal thickening

could be achieved with both 2-methylene-19-nor analogs, CAGE-3 was ineffective in reducing

utricle area.

To determine when skin changes could first be detected, mice were treated topically with 1,

2, 3, 5 or 7 doses of 2-methylene-19-nor analog or atRA, and skin morphology was examined.

The dose for 2MbisP and atRA was that maximally effective in reducing utricle size (690 nmol/

kg and 224 nmol/kg, respectively), and for CAGE-3 was the highest dose tested and the one

that produced the greatest increase in epidermal thickening (0.25 nmol/kg). After 5 doses,

both atRA and 2MbisP produced a significant reduction in utricle size (Fig 4A) and after 7

doses, utricle area was further reduced to 25% and 16% of the vehicle group, respectively. Utri-

cle area for CAGE-3 remained unchanged over the course of the experiment. 2MbisP pro-

duced a significant increase in thickness of the interfollicular epidermis after only two doses

(28 h after the initiation of dosing), whereas both CAGE-3 and atRA required three doses
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before an increase was observed (Fig 4B). After 7 doses, the increase in epidermal thickness

was similar for all three compounds. This work shows that the reduction in utricle area by

2MbisP and atRA occurs over a similar time frame, whereas 2MbisP acts more rapidly than

either CAGE-3 or atRA to produce epidermal thickening. A representative image from each

treatment group after 2, 3 and 7 doses is shown in Fig 5. The ability of 2MbisP to produce

thickening of the epidermis alone cannot account for its ability to reduce utricle size, as

CAGE-3 also produced thickening with no reduction in utricle area.

Effect of 2MbisP and CAGE-3 on EGFR ligand mRNA

To determine whether 2MbisP or CAGE-3 might influence the expression of EGFR ligands,

mRNAs for amphiregulin (AREG), betacellulin (BTC), epidermal growth factor (EGF), epi-

thelial mitogen (epigen or EPGN), epiregulin (EREG), HB-EGF, and transforming growth

factor alpha (TGFα) were examined in the dorsal skin of mice after 7 days of treatment. The

receptor for these ligands, EGFR (ErbB1), was also examined. atRA was included as a control

Fig 2. Effect of 2MbisP and atRA on utricle size and epidermal thickness after 2, 7 and 21 topical

doses. (A) Utricle area and (B) epidermal thickness was measured in H&E stained tissue sections taken from

mice receiving vehicle, 2MbisP (690 nmol/kg), or atRA (224 nmol/kg). The data are expressed as percent of

vehicle. Significant differences from the vehicle group at each dosing time point are indicated by an asterisk,

*P�0.05 (S1 Table).

https://doi.org/10.1371/journal.pone.0188887.g002
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as it has been reported to increase the expression of HB-EGF in mouse skin [36, 49, 50].

The results in Fig 6 show the expected increase in HB-EGF mRNA by atRA, whereas AREG

and EPGN but not HB-EGF were most robustly increased by 2MbisP. EREG mRNA was

increased by all three of the compounds, whereas EGF, TGF-α and BTC mRNA levels were

largely unchanged from vehicle levels. Because an increase in EGFR has been reported in

1,25(OH)2D3–treated keratinocyte cultures [58], EGFR mRNA was examined but was not

changed by 2MbisP, CAGE-3 or atRA when applied for 7 days to rhino skin in vivo (S4

Table).

In order to further probe vitamin D analog effects on AREG, EPGN, EREG, and HB-EGF,

transcripts were examined in skin after administering 1, 2, 3, 5 or 7 doses of 2MbisP, CAGE-3,

or atRA. As shown in Fig 7A, AREG mRNA was significantly increased by 2MbisP (>5-fold)

after only a single dose and remained elevated, whereas this mRNA was not significantly

increased above vehicle after treatment with either CAGE-3 or atRA. EPGN mRNA level was

increased significantly 4 hours after a single dose of 2MbisP (7-fold), and the increase was

maintained at all times studied thereafter (Fig 7B). EPGN mRNA was increased to a lesser

extent by CAGE-3 and atRA (2- to 3- fold), and required the administration of 5 doses before

a significant increase above vehicle was observed. EREG mRNA level was increased after 2

doses of 2MbisP, and was also increased by CAGE-3 and atRA after 3 or more doses (Fig 7C).

HB-EGF mRNA showed the expected induction by atRA (5- to 7- fold), but was unaffected by

either 2-methylene-19-nor vitamin D analog. Thus, AREG and EPGN mRNAs appear to be

uniquely regulated by 2MbisP, with increases in AREG occurring exclusively in response to

2MbisP, and EPGN induction occurring more rapidly and with a greater magnitude change

when compared to CAGE-3 or atRA.

Fig 3. Dose response for 2MbisP, CAGE-3 and atRA on utricle area and epidermal thickness. Utricle area and epidermal thickness were

measured in H&E stained tissue sections after the application of 7 doses of vehicle or varying doses of 2MbisP (A, B), CAGE-3 (C, D), or atRA (E, F).

Significant differences from the vehicle group at each respective dose are indicated by an asterisk, *P�0.05 (S2 Table).

https://doi.org/10.1371/journal.pone.0188887.g003
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Because 2MbisP selectively increased AREG and EPGN mRNAs, skin from the dose-

response experiment was examined to determine whether doses resulting in changes in tran-

script corresponded to those also producing biological responses in skin. Both AREG and

EPGN mRNAs were induced by 2MbisP, with a significant increase first observed at 69

nmol/kg 2MbisP, and further increases occurring at 218, and 690 nmol/kg (Fig 8). These are

the same doses resulting in an increase in epidermal thickness with the two higher doses also

producing a significant reduction in utricle area (218 and 690 nmol/kg; compare Fig 3A and

3B with Fig 8). Taken together, this work suggests that the induction of AREG and EPGN

mRNAs by 2MbisP could play a role not only in its ability to increase the thickness of the

interfollicular epidermis, but that it might also be involved in its activity in reducing utricle

size.

Fig 4. Effect of 1, 2, 3, 5, or 7 doses of 2MbisP, CAGE-3 or atRA on utricle area and epidermal

thickness. (A) Utricle area and (B) epidermal thickness were measured in stained tissue sections after the

application of vehicle, 2MbisP (690 nmol/kg), CAGE-3 (0.25 nmol/kg body weight), or atRA (224 nmol/kg),

and data are expressed as percent of vehicle. Significant differences from the vehicle group at each dosing

time point are indicated by an asterisk, *P�0.05 (S3 Table).

https://doi.org/10.1371/journal.pone.0188887.g004
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Location of EGFR ligand mRNAs in the skin of mice treated with 2MbisP,

CAGE-3, and atRA

In order to determine where AREG and EPGN mRNAs are induced, in situ hybridization was

performed on skin taken after 3 days of treatment of with vehicle, 2MbisP, CAGE-3 or atRA.

HB-EGF was examined as a control. This method enables identification of the region of the

stratified epidermis where the EGFR ligand transcripts are being made. Intense AREG mRNA

staining was observed in 2MbisP-treated skin (Fig 9). Staining was not confined to the supra-

basal layer but extended throughout the entire epidermis in the region of closing utricles

(asterisk). Strong AREG staining was also observed in 2MbisP-treated skin in the interfollicu-

lar epidermis (bracket) as well as in the basal region at the base of utricles that were fully

open. A low level of AREG mRNA staining equivalent to that observed in the vehicle (filled

Fig 5. Morphological appearance of the skin after 2, 3 or 7 doses of vehicle, 2MbisP, CAGE-3 or atRA. The drug doses applied are as in Fig 4.

Tissue sections were stained with H&E. A representative section for each dosing group is shown. Bar = 0.2 mm.

https://doi.org/10.1371/journal.pone.0188887.g005

Fig 6. EGFR ligand mRNA after 7 topical doses of 2MbisP, CAGE-3 or atRA. EGFR ligand mRNAs were

analyzed by RT-PCR in skin taken 4 h after receiving the final dose of vehicle, 2MbisP (690 nmol/kg), CAGE-3 (0.25

nmol/kg), or atRA (224 nmol/kg) and the data are expressed relative to the respective vehicle-treated group

(treatment/vehicle).

https://doi.org/10.1371/journal.pone.0188887.g006
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Fig 7. Effect of 1, 2, 3, 5, or 7 doses of 2MbisP, CAGE-3 or atRA on AREG, EPGN, EREG, and HB-EGF

mRNA expression in skin. AREG, EPGN, EREG and HB-EGF mRNAs were analyzed by RT-PCR in skin

taken 4 h after receiving the final dose of vehicle, 2MbisP (690 nmol/kg), CAGE-3 (0.25 nmol/kg), or atRA

(224 nmol/kg). The data are expressed relative to the vehicle-treated group (treatment/vehicle). Significant

differences from the vehicle group at each respective dose are indicated by an asterisk, *P�0.05 (S5 Table).

https://doi.org/10.1371/journal.pone.0188887.g007
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arrowhead) was observed largely in the suprabasal region in CAGE-3 and atRA treated skin.

EPGN mRNA was also increased after treatment with 2MbisP, and was observed in both the

basal and suprabasal layers in the interfollicular epidermis and closing utricles. Light staining

for EPGN mRNA was observed in vehicle, CAGE-3 and atRA treated skin, with most staining

observed adjacent to the juncture of the open follicle and the interfollicular epidermis (open

arrowhead). atRA-treated skin showed the expected increase in HB-EBF mRNA expression,

with the majority of staining confined to the suprabasal region (arrow), whereas, only a low

level of HB-EGF staining was seen in the 2MbisP and CAGE-3 groups and was similar to that

observed in the vehicle group. Thus, both AREG and EPGN mRNAs were induced by 2MbisP

throughout the epidermis.

Fig 8. Dose response for 2MbisP induction of AREG and EPGN mRNA. Mice received 7 doses of vehicle

or varying doses of 2MbisP and mRNA was quantitated by RT-PCR and expressed as ratio of 2MbisP/

vehicle. Significant differences from the vehicle group at the respective dose are indicated by an asterisk,

*P�0.05 (S6 Table).

https://doi.org/10.1371/journal.pone.0188887.g008
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VDR expression

The vitamin D receptor (VDR) is a nuclear transcription factor activated by binding to the

hormone ligand, 1α,25(OH)2D3. Both 2MbisP and CAGE-3 bind to the VDR and activate

downstream gene expression [53, 54]. In order to determine where the VDR is expressed,

immunohistochemistry was performed on skin from vehicle and 2MbisP treated mice. In vehi-

cle treated rhino skin, VDR protein was highest in the basal cells of the epidermis, but was also

expressed in the suprabasal keratinocytes (Fig 10). In 2MbisP treated samples, strong staining

was found in basal and suprabasal regions of the epidermis separating the utricles (interfollicu-

lar region) as well as throughout the closing utricles. VDR was not expressed in the sebaceous

cells found at the base of the utricles, and only nonspecific staining was observed in the dermis.

Thus, keratinocytes in the basal layer as well as those in the suprabasal region are equipped

with the machinery needed to respond to these 2-methylene-19-nor vitamin D analogs.

Discussion

2MbisP and atRA both increase epidermal proliferation and reduce utricle size in the rhino

mouse yet produce very different effects on EGFR ligand mRNA expression. CAGE-3, another

Fig 9. In situ hybridization of AREG, EPGN, and HB-EGF mRNA skin treated with vehicle, 2MbisP, CAGE-3 or atRA. Compound or

vehicle was applied topically every 24 h, followed by harvesting of the skin 4 h after the third dose. mRNA was detected in

paraformaldehyde-fixed tissue sections using RNAscope probes and amplification system, followed by incubation with the substrate,

diaminobenzidine, yielding a brown product. Tissue sections were counterstained with methyl green and were analyzed using brightfield

microscopy. Bar = 0.1 mm.

https://doi.org/10.1371/journal.pone.0188887.g009

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 13 / 20

https://doi.org/10.1371/journal.pone.0188887.g009
https://doi.org/10.1371/journal.pone.0188887


Fig 10. Immunohistochemical analysis of the VDR in skin after treatment with vehicle or 2MbisP.

Tissue sections from rhino mice treated with vehicle or 1, 2, 3, 5 or 7 doses (d) of 2MbisP (690 nmol/kg) were

probed with antibody to the VDR. Samples from a VDR knock-out mouse and a wild-type litter mate control

were studied as controls [59]. Specific staining is observed in the outer root sheath and interfollicular

epidermis of the wild-type control mouse. Specific antibody staining is abscent in the epidermis of the VDR

knock-out control sample. Light diffuse staining in the dermis of the VDR knock-out, wild type and rhino skin

represents non-specific background staining. Bar = 0.1 mm.

https://doi.org/10.1371/journal.pone.0188887.g010
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2-methylene-19-nor vitamin D analog, produces epidermal thickening but does not reduce

utricle area and does not produce the same array of transcriptional changes in EGFR ligands

as 2MbisP. 2MbisP but not CAGE-3 rapidly induces transcripts encoding for two EGFR

ligands, AREG and EPGN. The unique set of transcriptional changes induced by 2MbisP may

contribute to its ability to both reduce utricle size and cause thickening of the epidermis.

Members of the EGFR ligand family have been associated with an increase in keratinocyte

proliferation by activation of EGFR signaling [29, 60]. In the mouse, retinoid-induced hyper-

proliferation is reported to be largely mediated through induction of HB-EGF in the supraba-

sal region followed by signaling to the basal cells [36, 49, 50]. Although 2MbisP and atRA

both produce epidermal thickening, 2MbisP does not alter the expression of HB-EGF mRNA.

Thus, 2MbisP and atRA affect different members of the EGFR ligand family when applied top-

ically to the skin.

Amphiregulin (AREG) is a proteoglycan-dependent ligand of EGFR that influences

keratinocyte proliferation [34, 35] and transgenic overexpression in mouse skin leads to a

hyperproliferative state [61]. The present work shows that AREG mRNA is rapidly increased

throughout the basal and suprabasal layers of the epidermis after exposure to 2MbisP, but that

its expression is unchanged after exposure to CAGE-3 or atRA. The lack of atRA effect on

AREG mRNA agrees with published work in normal mice [49]. That 2MbisP increases AREG

mRNA in both the basal and suprabasal cell layers, combined with the presence of VDR in

these regions, suggests this analog could act directly on both proliferating and differentiating

keratinocytes.

Both EPGN and EREG have been shown to stimulate human keratinocyte proliferation [62,

63]. The increase in EREG mRNA occurred gradually over the course of dosing with all three

compounds and may represent a secondary effect, as this mRNA was found to be induced by

various ligands of EGFR including AREG and HB-EGF in cultured keratinocytes [63]. The

increase in EPGN mRNA was, however, greater in magnitude and occurred more rapidly in

response to exposure to 2MbisP. It is possible that changes in both the EPGN and EREG

mRNAs could contribute to increases in epidermal thickness seen with all three compounds.

The vitamin D analog CAGE-3 produces epidermal thickening yet has no effect on AREG

mRNA and does not reduce utricle size as seen with 2MbisP. Thus, the absence of a full side

chain and the 25-hydroxyl group, although not essential for ligand binding, could be a deter-

minant in tissue-specific response for 2MbisP [64]. The VDR ligand-binding domain also

exhibits differential chemical shifts by NMR when bound to structurally distinct VDR analogs

[65]. Differing ligand-induced VDR conformations could lead to the activation of distinct

transcriptional networks. In addition, cell type-specific factors may also modulate response to

distinct receptor-ligand conformations. Although a VDR mechanism seems most likely, it is

possible that 2MbisP could exert actions on other pathways. For example, endogenous non-

classical vitamin D hydroxylated metabolites, many of which are found in skin, have been

reported to influence both the VDR and ROR [66–70].

Stem cells are known to reside both in the basal region of the epidermis as well as the bulge

residing at the base of the permanent epithelial portion of the hair follicle [5, 6, 71]. One possi-

bility is that both 2MbisP and CAGE-3 stimulate the proliferation of basal stem cells in the

interfollicular region, but 2MbisP may more potently affect a stem cell population that remains

in the utricle remnant leading to a filling in of the utricle with new cells.

In closing, we have shown that the short side chain vitamin D analog, 2MbisP, and the

retinoid, atRA, both cause thickening of the epidermis and a reduction in utricle size. 2MbisP

produces an increase in AREG mRNA throughout the epidermis, whereas atRA causes an

increase in HB-EGF in the suprabasal region, revealing these compounds act on skin by differ-

ent mechanisms. Despite the fact that both 2MbisP and CAGE-3 are 2-methylene-19-nor
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vitamin D analogs, they exhibit different activity in skin as CAGE-3, unlike 2MbisP, does not

reduce utricle size or induce AREG mRNA expression. Thus, 2MbisP is an active vitamin D

analog producing a unique profile of EGFR ligand mRNA expression and biological activity in

skin.

Supporting information

S1 Table. Statistical summary of two-way ANOVA column and row effects of 2MbisP and

atRA on utricle area and epidermal thickness.

(XLSX)

S2 Table. Statistical summary of one-way ANOVA for dose response of 2MbisP, CAGE-3

and atRA on utricle area and epidermal thickness.

(XLSX)

S3 Table. Statistical summary of two-way ANOVA column and row effects of 1, 2, 3, 5, or 7

doses of 2MbisP, CAGE-3 or atRA on utricle area and epidermal thickness.

(XLSX)

S4 Table. EGFR mRNA (fold induction from vehicle) after 7 topical doses of 2MbisP,

CAGE-3, or atRA.

(XLSX)

S5 Table. Statistical summary of two-way ANOVA column and row effects of 1, 2, 3, 5, or 7

doses of 2MbisP, CAGE-3 or atRA on AREG, EPGN, EREG, and HB-EGR mRNA in skin.

(XLSX)

S6 Table. Statistical summary of one-way ANOVA of dose response for 2MbisP induction

of AREG and EPGN mRNA.

(XLSX)

Acknowledgments

We thank L. Vanderploug in the Media Lab in the Biochemistry Department at the University

of Wisconsin-Madison for her help with the artwork.

Author Contributions

Conceptualization: Jamie M. Ahrens, Nirca J. Nieves, Margaret Clagett-Dame.

Formal analysis: James D. Jones.

Funding acquisition: Margaret Clagett-Dame.

Investigation: Jamie M. Ahrens, James D. Jones, Ann M. Mitzey.

Methodology: Nirca J. Nieves, Margaret Clagett-Dame.

Resources: Hector F. DeLuca.

Supervision: Margaret Clagett-Dame.

Visualization: Jamie M. Ahrens, Margaret Clagett-Dame.

Writing – original draft: Margaret Clagett-Dame.

Writing – review & editing: Jamie M. Ahrens, James D. Jones, Nirca J. Nieves, Ann M. Mit-

zey, Hector F. DeLuca, Margaret Clagett-Dame.

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188887.s006
https://doi.org/10.1371/journal.pone.0188887


References
1. Stumpf WE, Sar M, Reid FA, Tanaka Y, DeLuca HF. Target cells for 1,25-dihydroxyvitamin D3 in intesti-

nal tract, stomach, kidney, skin, pituitary, and parathyroid. Science. 1979; 206(4423):1188–90. PMID:

505004.

2. Stumpf WE, Clark SA, Sar M, Deluca HF. Topographical and Developmental Studies on Target Sites of

1,25 (Oh)2 Vitamin-D3 in Skin. Cell Tissue Res. 1984; 238(3):489–96. PMID: 6098372

3. Feldman D, Chen T, Hirst M, Colston K, Karasek M, Cone C. Demonstration of 1,25-dihydroxyvitamin

D3 receptors in human skin biopsies. J Clin Endocrinol Metab. 1980; 51(6):1463–5. https://doi.org/10.

1210/jcem-51-6-1463 PMID: 6255007.

4. Merke J, Schwittay D, Furstenberger G, Gross M, Marks F, Ritz E. Demonstration and Characterization

of 1,25-Dihydroxyvitamin-D3 Receptors in Basal Cells of Epidermis of Neonatal and Adult Mice. Calci-

fied Tissue Int. 1985; 37(3):257–67. https://doi.org/10.1007/Bf02554872

5. Alonso L, Fuchs E. Stem cells in the skin: waste not, Wnt not. Genes Dev. 2003; 17(10):1189–200.

https://doi.org/10.1101/gad.1086903 PMID: 12756224.

6. Hsu YC, Li L, Fuchs E. Emerging interactions between skin stem cells and their niches. Nat Med. 2014;

20(8):847–56. https://doi.org/10.1038/nm.3643 PMID: 25100530.

7. Skorija K, Cox M, Sisk JM, Dowd DR, MacDonald PN, Thompson CC, et al. Ligand-independent actions

of the vitamin D receptor maintain hair follicle homeostasis. Mol Endocrinol. 2005; 19(4):855–62.

https://doi.org/10.1210/me.2004-0415 PMID: 15591533.

8. Xie Z, Chang S, Oda Y, Bikle DD. Hairless suppresses vitamin D receptor transactivation in human kera-

tinocytes. Endocrinology. 2006; 147(1):314–23. https://doi.org/10.1210/en.2005-1111 PMID: 16269453.

9. Hosomi J, Hosoi J, Abe E, Suda T, Kuroki T. Regulation of Terminal Differentiation of Cultured Mouse

Epidermal-Cells by 1-Alpha,25-Dihydroxyvitamin-D3. Endocrinology. 1983; 113(6):1950–7. https://doi.

org/10.1210/endo-113-6-1950 PMID: 6196178

10. Xie Z, Komuves L, Yu QC, Elalieh H, Ng DC, Leary C, et al. Lack of the vitamin D receptor is associated

with reduced epidermal differentiation and hair follicle growth. J Invest Dermatol. 2002; 118(1):11–6.

https://doi.org/10.1046/j.1523-1747.2002.01644.x PMID: 11851870.

11. Bikle DD. Vitamin D regulated keratinocyte differentiation. J Cell Biochem. 2004; 92(3):436–44. https://

doi.org/10.1002/jcb.20095 PMID: 15156556.

12. Sakai Y, Demay MB. Evaluation of keratinocyte proliferation and differentiation in vitamin D receptor

knockout mice. Endocrinology. 2000; 141(6):2043–9. https://doi.org/10.1210/endo.141.6.7515 PMID:

10830288.

13. Demay MB. The hair cycle and Vitamin D receptor. Arch Biochem Biophys. 2012; 523(1):19–21. https://

doi.org/10.1016/j.abb.2011.10.002 PMID: 22008469.

14. Tremezaygues L, Reichrath J. Vitamin D analogs in the treatment of psoriasis: Where are we standing

and where will we be going? Dermatoendocrinol. 2011; 3(3):180–6. PMID: 22110777.

15. Itin PH, Pittelkow MR, Kumar R. Effects of Vitamin-D Metabolites on Proliferation and Differentiation of

Cultured Human Epidermal-Keratinocytes Grown in Serum-Free or Defined Culture-Medium. Endocri-

nology. 1994; 135(5):1793–8. https://doi.org/10.1210/endo.135.5.7956903 PMID: 7956903

16. Bollag WB, Ducote J, Harmon CS. Biphasic Effect of 1,25-Dihydroxyvitamin D-3 on Primary Mouse Epi-

dermal Keratinocyte Proliferation. J Cell Physiol. 1995; 163(2):248–56. https://doi.org/10.1002/jcp.

1041630205 PMID: 7706369

17. Gniadecki R. Stimulation versus Inhibition of Keratinocyte Growth by 1,25-Dihydroxyvitamin D3: Depen-

dence on Cell Culture Conditions. Journal of Investigative Dermatology. 1996; 106(3):510–6. https://

doi.org/10.1111/1523-1747.ep12343866 PMID: 8648185

18. Svendsen ML, Daneels G, Geysen J, Binderup L, Kragballe K. Proliferation and differentiation of cul-

tured human keratinocytes is modulated by 1,25(OH)(2)D-3 and synthetic vitamin D-3 analogues in a

cell density-, calcium- and serum-dependent manner. Pharmacol Toxicol. 1997; 80(1):49–56. PMID:

9148283

19. Gerritsen MJP, Rulo HFC, Vanvlijmenwillems I, Vanerp PEJ, Vandekerkhof PCM. Topical Treatment of

Psoriatic Plaques with 1,25-Dihydroxyvitamin-D3—a Cell Biological Study. Brit J Dermatol. 1993; 128

(6):666–73. https://doi.org/10.1111/j.1365-2133.1993.tb00263.x

20. Reichrath J, Muller SM, Kerber A, Baum HP. Biologic effects of topical calcipotriol (MC 903) treatment

in psoriatic skin. Journal of the American Academy of Dermatology. 1997; 36(1):19–28. https://doi.org/

10.1016/S0190-9622(97)70320-7 PMID: 8996256

21. Levy J, Gassmuller J, Schroder G, Audring H, Sonnichsen N. Comparison of the Effects of Calcipotriol,

Prednicarbate and Clobetasol 17-Propionate on Normal Skin Assessed by Ultrasound Measurement of

Skin Thickness. Skin Pharmacol. 1994; 7(4):231–6. PMID: 8024805

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/505004
http://www.ncbi.nlm.nih.gov/pubmed/6098372
https://doi.org/10.1210/jcem-51-6-1463
https://doi.org/10.1210/jcem-51-6-1463
http://www.ncbi.nlm.nih.gov/pubmed/6255007
https://doi.org/10.1007/Bf02554872
https://doi.org/10.1101/gad.1086903
http://www.ncbi.nlm.nih.gov/pubmed/12756224
https://doi.org/10.1038/nm.3643
http://www.ncbi.nlm.nih.gov/pubmed/25100530
https://doi.org/10.1210/me.2004-0415
http://www.ncbi.nlm.nih.gov/pubmed/15591533
https://doi.org/10.1210/en.2005-1111
http://www.ncbi.nlm.nih.gov/pubmed/16269453
https://doi.org/10.1210/endo-113-6-1950
https://doi.org/10.1210/endo-113-6-1950
http://www.ncbi.nlm.nih.gov/pubmed/6196178
https://doi.org/10.1046/j.1523-1747.2002.01644.x
http://www.ncbi.nlm.nih.gov/pubmed/11851870
https://doi.org/10.1002/jcb.20095
https://doi.org/10.1002/jcb.20095
http://www.ncbi.nlm.nih.gov/pubmed/15156556
https://doi.org/10.1210/endo.141.6.7515
http://www.ncbi.nlm.nih.gov/pubmed/10830288
https://doi.org/10.1016/j.abb.2011.10.002
https://doi.org/10.1016/j.abb.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22008469
http://www.ncbi.nlm.nih.gov/pubmed/22110777
https://doi.org/10.1210/endo.135.5.7956903
http://www.ncbi.nlm.nih.gov/pubmed/7956903
https://doi.org/10.1002/jcp.1041630205
https://doi.org/10.1002/jcp.1041630205
http://www.ncbi.nlm.nih.gov/pubmed/7706369
https://doi.org/10.1111/1523-1747.ep12343866
https://doi.org/10.1111/1523-1747.ep12343866
http://www.ncbi.nlm.nih.gov/pubmed/8648185
http://www.ncbi.nlm.nih.gov/pubmed/9148283
https://doi.org/10.1111/j.1365-2133.1993.tb00263.x
https://doi.org/10.1016/S0190-9622(97)70320-7
https://doi.org/10.1016/S0190-9622(97)70320-7
http://www.ncbi.nlm.nih.gov/pubmed/8996256
http://www.ncbi.nlm.nih.gov/pubmed/8024805
https://doi.org/10.1371/journal.pone.0188887


22. Lutzow-Holm C, De Angelis P, Grosvik H, Clausen OP. 1,25-Dihydroxyvitamin D3 and the vitamin D

analogue KH1060 induce hyperproliferation in normal mouse epidermis. A BrdUrd/DNA flow cytometric

study. Exp Dermatol. 1993; 2(3):113–20. PMID: 8162327.

23. Fujimura T, Moriwaki S, Takema Y, Imokawa G. Epidermal change can alter mechanical properties of

hairless mouse skin topically treated with 1 alpha, 25-dihydroxyvitamin D-3. Journal of Dermatological

Science. 2000; 24(2):105–11. https://doi.org/10.1016/S0923-1811(00)00090-6 PMID: 11064245

24. Gniadecki R, Serup J. Stimulation of epidermal proliferation in mice with 1 alpha, 25-dihydroxyvitamin

D3 and receptor-active 20-EPI analogues of 1 alpha, 25-dihydroxyvitamin D3. Biochem Pharmacol.

1995; 49(5):621–4. PMID: 7887976.

25. Hayashi N, Watanabe H, Yasukawa H, Uratsuji H, Kanazawa H, Ishimaru M, et al. Comedolytic effect

of topically applied active vitamin D3 analogue on pseudocomedones in the rhino mouse. Br J Dermatol.

2006; 155(5):895–901. https://doi.org/10.1111/j.1365-2133.2006.07486.x PMID: 17034516.

26. Nieves NJ, Ahrens JM, Plum LA, DeLuca HF, Clagett-Dame M. Identification of a unique subset of 2-

methylene-19-nor analogs of vitamin D with comedolytic activity in the rhino mouse. J Invest Dermatol.

2010; 130(10):2359–67. https://doi.org/10.1038/jid.2010.142 PMID: 20535127.

27. Mann SJ. Hair Loss and Cyst Formation in Hairless and Rhino Mutant Mice. Anat Rec. 1971; 170

(4):485–&. https://doi.org/10.1002/ar.1091700409 PMID: 5118596

28. Bernerd F, Ortonne JP, Bouclier M, Chatelus A, Hensby C. The Rhino Mouse Model—the Effects of

Topically Applied All-Trans-Retinoic Acid and Cd271 on the Fine-Structure of the Epidermis and Utricle

Wall of Pseudocomedones. Arch Dermatol Res. 1991; 283(2):100–7. https://doi.org/10.1007/

Bf00371617 PMID: 2069410

29. Pastore S, Mascia F, Mariani V, Girolomoni G. The epidermal growth factor receptor system in skin

repair and inflammation. J Invest Dermatol. 2008; 128(6):1365–74. https://doi.org/10.1038/sj.jid.

5701184 PMID: 18049451.

30. Nanba D, Toki F, Barrandon Y, Higashiyama S. Recent advances in the epidermal growth factor recep-

tor/ligand system biology on skin homeostasis and keratinocyte stem cell regulation. J Dermatol Sci.

2013; 72(2):81–6. https://doi.org/10.1016/j.jdermsci.2013.05.009 PMID: 23819985.

31. Citri A, Yarden Y. EGF-ERBB signalling: towards the systems level. Nat Rev Mol Cell Biol. 2006; 7

(7):505–16. https://doi.org/10.1038/nrm1962 PMID: 16829981.

32. Stoll SW, Kansra S, Peshick S, Fry DW, Leopold WR, Wiesen JF, et al. Differential utilization and locali-

zation of ErbB receptor tyrosine kinases in skin compared to normal and malignant keratinocytes. Neo-

plasia. 2001; 3(4):339–50. PMID: 11571634.

33. Coffey RJ Jr., Derynck R, Wilcox JN, Bringman TS, Goustin AS, Moses HL, et al. Production and auto-

induction of transforming growth factor-alpha in human keratinocytes. Nature. 1987; 328(6133):817–

20. https://doi.org/10.1038/328817a0 PMID: 2442615.

34. Cook PW, Mattox PA, Keeble WW, Pittelkow MR, Plowman GD, Shoyab M, et al. A Heparin Sulfate-

Regulated Human Keratinocyte Autocrine Factor Is Similar or Identical to Amphiregulin. Mol Cell Biol.

1991; 11(5):2547–57. PMID: 2017164

35. Piepkorn M, Lo C, Plowman G. Amphiregulin-Dependent Proliferation of Cultured Human Keratino-

cytes—Autocrine Growth, the Effects of Exogenous Recombinant Cytokine, and Apparent Requirement

for Heparin-Like Glycosaminoglycans. J Cell Physiol. 1994; 159(1):114–20. https://doi.org/10.1002/jcp.

1041590115 PMID: 8138579

36. Kimura R, Iwamoto R, Mekada E. Soluble form of heparin-binding EGF-like growth factor contributes to

retinoic acid-induced epidermal hyperplasia. Cell Struct Funct. 2005; 30(2):35–42. PMID: 16357442.

37. van de Kerkhof PC. Update on retinoid therapy of psoriasis in: an update on the use of retinoids in der-

matology. Dermatol Ther. 2006; 19(5):252–63. https://doi.org/10.1111/j.1529-8019.2006.00082.x

PMID: 17014480.

38. Thiboutot D, Gollnick H, Bettoli V, Dreno B, Kang S, Leyden JJ, et al. New insights into the management

of acne: an update from the Global Alliance to Improve Outcomes in Acne group. J Am Acad Dermatol.

2009; 60(5 Suppl):S1–50. https://doi.org/10.1016/j.jaad.2009.01.019 PMID: 19376456.

39. Ashton RE, Connor MJ, Lowe NJ. Histologic changes in the skin of the rhino mouse (hrrhhrrh) induced

by retinoids. J Invest Dermatol. 1984; 82(6):632–5. PMID: 6586859.

40. Bernerd F, Demarchez M, Ortonne JP, Czernielewski J. Sequence of Morphological Events during Top-

ical Application of Retinoic Acid on the Rhino Mouse Skin. Brit J Dermatol. 1991; 125(5):419–25. https://

doi.org/10.1111/j.1365-2133.1991.tb14766.x

41. Fort-Lacoste L, Verscheure Y, Tisne-Versailles J, Navarro R. Comedolytic effect of topical retinalde-

hyde in the rhino mouse model. Dermatology. 1999; 199 Suppl 1:33–5. 51376. https://doi.org/10.1159/

000051376 PMID: 10473958.

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/8162327
https://doi.org/10.1016/S0923-1811(00)00090-6
http://www.ncbi.nlm.nih.gov/pubmed/11064245
http://www.ncbi.nlm.nih.gov/pubmed/7887976
https://doi.org/10.1111/j.1365-2133.2006.07486.x
http://www.ncbi.nlm.nih.gov/pubmed/17034516
https://doi.org/10.1038/jid.2010.142
http://www.ncbi.nlm.nih.gov/pubmed/20535127
https://doi.org/10.1002/ar.1091700409
http://www.ncbi.nlm.nih.gov/pubmed/5118596
https://doi.org/10.1007/Bf00371617
https://doi.org/10.1007/Bf00371617
http://www.ncbi.nlm.nih.gov/pubmed/2069410
https://doi.org/10.1038/sj.jid.5701184
https://doi.org/10.1038/sj.jid.5701184
http://www.ncbi.nlm.nih.gov/pubmed/18049451
https://doi.org/10.1016/j.jdermsci.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23819985
https://doi.org/10.1038/nrm1962
http://www.ncbi.nlm.nih.gov/pubmed/16829981
http://www.ncbi.nlm.nih.gov/pubmed/11571634
https://doi.org/10.1038/328817a0
http://www.ncbi.nlm.nih.gov/pubmed/2442615
http://www.ncbi.nlm.nih.gov/pubmed/2017164
https://doi.org/10.1002/jcp.1041590115
https://doi.org/10.1002/jcp.1041590115
http://www.ncbi.nlm.nih.gov/pubmed/8138579
http://www.ncbi.nlm.nih.gov/pubmed/16357442
https://doi.org/10.1111/j.1529-8019.2006.00082.x
http://www.ncbi.nlm.nih.gov/pubmed/17014480
https://doi.org/10.1016/j.jaad.2009.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19376456
http://www.ncbi.nlm.nih.gov/pubmed/6586859
https://doi.org/10.1111/j.1365-2133.1991.tb14766.x
https://doi.org/10.1111/j.1365-2133.1991.tb14766.x
https://doi.org/10.1159/000051376
https://doi.org/10.1159/000051376
http://www.ncbi.nlm.nih.gov/pubmed/10473958
https://doi.org/10.1371/journal.pone.0188887


42. Kligman LH, Kligman AM. The effect on rhino mouse skin of agents which influence keratinization and

exfoliation. J Invest Dermatol. 1979; 73(5):354–8. PMID: 501133.

43. Mezick JA, Bhatia MC, Capetola RJ. Topical and Systemic Effects of Retinoids on Horn-Filled Utriculus

Size in the Rhino Mouse—a Model to Quantify Antikeratinizing Effects of Retinoids. Journal of Investi-

gative Dermatology. 1984; 83(2):110–3. https://doi.org/10.1111/1523-1747.ep12263280 PMID:

6206163

44. Mezick JA B M. C.; Shea L. M.; Thorne E. G.; Capetola R. J. Anti-Acne Activity of Retinoids in the Rhino

Mouse. Models in Dermatology. 1985; 2:50–63.

45. Sakuta T, Kanayama T. Comedolytic effect of a novel RAR gamma-specific retinoid, ER36009: compar-

ison with retinoic acid in the rhino mouse model. European Journal of Dermatology. 2005; 15(6):459–

64. PMID: 16280299

46. Zheng PS, Gendimenico GJ, Mezick JA, Kligman AM. Topical All-Trans-Retinoic Acid Rapidly Corrects

the Follicular Abnormalities of the Rhino Mouse—an Ultrastructural-Study. Acta Derm-Venereol. 1993;

73(2):97–101. PMID: 8103276

47. Odorisio T, De Luca N, Vesci L, Luisi PL, Stano P, Zambruno G, et al. The atypical retinoid E-3-(3’-Ada-

mantan-1-yl-4’-methoxybiphenyl-4-yl)-2-propenoic acid (ST1898) displays comedolytic activity in the

rhino mouse model. Eur J Dermatol. 2012; 22(4):505–11. https://doi.org/10.1684/ejd.2012.1778 PMID:

22728381.

48. Fisher GJ, Voorhees JJ. Molecular mechanisms of retinoid actions in skin. FASEB J. 1996; 10(9):1002–

13. PMID: 8801161.

49. Xiao JH, Feng X, Di W, Peng ZH, Li LA, Chambon P, et al. Identification of heparin-binding EGF-like

growth factor as a target in intercellular regulation of epidermal basal cell growth by suprabasal retinoic

acid receptors. Embo J. 1999; 18(6):1539–48. https://doi.org/10.1093/emboj/18.6.1539 PMID:

10075925

50. Chapellier B, Mark M, Messaddeq N, Calleja C, Warot X, Brocard J, et al. Physiological and retinoid-

induced proliferations of epidermis basal keratinocytes are differently controlled. Embo J. 2002; 21

(13):3402–13. https://doi.org/10.1093/emboj/cdf331 PMID: 12093741

51. Stoll SW, Elder JT. Retinoid regulation of heparin-binding EGF-like growth factor gene expression in

human keratinocytes and skin. Experimental Dermatology. 1998; 7(6):391–7. https://doi.org/10.1111/j.

1600-0625.1998.tb00339.x PMID: 9858142

52. Rittie L, Varani J, Kang S, Voorhees JJ, Fisher GJ. Retinoid-induced epidermal hyperplasia is mediated

by epidermal growth factor receptor activation via specific induction of its ligands heparin-binding EGF

and amphiregulin in human skin in vivo. Journal of Investigative Dermatology. 2006; 126(4):732–9.

https://doi.org/10.1038/sj.jid.5700202 PMID: 16470170

53. Plum LA, Prahl JM, Ma XH, Sicinski RR, Gowlugari S, Clagett-Dame M, et al. Biologically active noncal-

cemic analogs of 1 alpha,25-dihydroxyvitamin D with an abbreviated side chain containing no hydroxyl.

P Natl Acad Sci USA. 2004; 101(18):6900–4. https://doi.org/10.1073/pnas.0401656101 PMID:

15118084

54. Sicinski RR, Prahl JM, Smith CM, DeLuca HF. New highly calcemic 1 alpha,25-dihydroxy-19-norvitamin

D-3 compounds with modified side chain: 26,27-dihomo- and 26,27-dimethylene analogs in 20S-series.

Steroids. 2002; 67(3–4):247–56. https://doi.org/10.1016/S0039-128x(01)00156-8 PMID: 11856548

55. Motto MG, Facchine KL, Hamburg PF, Burinsky DJ, Dunphy R, Oyler AR, et al. Separation and Identifi-

cation of Retinoic Acid Photoisomers. J Chromatogr. 1989; 481:255–62. https://doi.org/10.1016/S0021-

9673(01)96769-X

56. Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, et al. RNAscope: a novel in situ RNA analysis

platform for formalin-fixed, paraffin-embedded tissues. J Mol Diagn. 2012; 14(1):22–9. https://doi.org/

10.1016/j.jmoldx.2011.08.002 PMID: 22166544.

57. Wang Y, Becklund BR, DeLuca HF. Identification of a highly specific and versatile vitamin D receptor

antibody. Arch Biochem Biophys. 2010; 494(2):166–77. https://doi.org/10.1016/j.abb.2009.11.029

PMID: 19951695.

58. Garach-Jehoshua O, Ravid A, Liberman UA, Koren R. 1,25-Dihydroxyvitamin D3 increases the growth-

promoting activity of autocrine epidermal growth factor receptor ligands in keratinocytes. Endocrinology.

1999; 140(2):713–21. https://doi.org/10.1210/endo.140.2.6520 PMID: 9927298.

59. Li YC, Pirro AE, Amling M, Delling G, Baroni R, Bronson R, et al. Targeted ablation of the vitamin D

receptor: An animal model of vitamin D-dependent rickets type II with alopecia. P Natl Acad Sci USA.

1997; 94(18):9831–5. https://doi.org/10.1073/pnas.94.18.9831

60. Hudson LG, McCawley LJ. Contributions of the epidermal growth factor receptor to keratinocyte motility.

Microsc Res Techniq. 1998; 43(5):444–55. https://doi.org/10.1002/(Sici)1097-0029(19981201)

43:5<444::Aid-Jemt10>3.0.Co;2-C

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/501133
https://doi.org/10.1111/1523-1747.ep12263280
http://www.ncbi.nlm.nih.gov/pubmed/6206163
http://www.ncbi.nlm.nih.gov/pubmed/16280299
http://www.ncbi.nlm.nih.gov/pubmed/8103276
https://doi.org/10.1684/ejd.2012.1778
http://www.ncbi.nlm.nih.gov/pubmed/22728381
http://www.ncbi.nlm.nih.gov/pubmed/8801161
https://doi.org/10.1093/emboj/18.6.1539
http://www.ncbi.nlm.nih.gov/pubmed/10075925
https://doi.org/10.1093/emboj/cdf331
http://www.ncbi.nlm.nih.gov/pubmed/12093741
https://doi.org/10.1111/j.1600-0625.1998.tb00339.x
https://doi.org/10.1111/j.1600-0625.1998.tb00339.x
http://www.ncbi.nlm.nih.gov/pubmed/9858142
https://doi.org/10.1038/sj.jid.5700202
http://www.ncbi.nlm.nih.gov/pubmed/16470170
https://doi.org/10.1073/pnas.0401656101
http://www.ncbi.nlm.nih.gov/pubmed/15118084
https://doi.org/10.1016/S0039-128x(01)00156-8
http://www.ncbi.nlm.nih.gov/pubmed/11856548
https://doi.org/10.1016/S0021-9673(01)96769-X
https://doi.org/10.1016/S0021-9673(01)96769-X
https://doi.org/10.1016/j.jmoldx.2011.08.002
https://doi.org/10.1016/j.jmoldx.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22166544
https://doi.org/10.1016/j.abb.2009.11.029
http://www.ncbi.nlm.nih.gov/pubmed/19951695
https://doi.org/10.1210/endo.140.2.6520
http://www.ncbi.nlm.nih.gov/pubmed/9927298
https://doi.org/10.1073/pnas.94.18.9831
https://doi.org/10.1002/(Sici)1097-0029(19981201)43:5<444::Aid-Jemt10>3.0.Co;2-C
https://doi.org/10.1002/(Sici)1097-0029(19981201)43:5<444::Aid-Jemt10>3.0.Co;2-C
https://doi.org/10.1371/journal.pone.0188887


61. Li Y, Stoll SW, Sekhon S, Talsma C, Camhi MI, Jones JL, et al. Transgenic expression of human

amphiregulin in mouse skin: inflammatory epidermal hyperplasia and enlarged sebaceous glands. Exp

Dermatol. 2016; 25(3):187–93. https://doi.org/10.1111/exd.12886 PMID: 26519132

62. Kochupurakkal BS, Harari D, Di-Segni A, Maik-Rachline G, Lyass L, Gur G, et al. Epigen, the last ligand

of ErbB receptors, reveals intricate relationships between affinity and mitogenicity. J Biol Chem. 2005;

280(9):8503–12. https://doi.org/10.1074/jbc.M413919200 PMID: 15611079.

63. Shirakata Y, Komurasaki T, Toyoda H, Hanakawa Y, Yamasaki K, Tokumaru S, et al. Epiregulin, a

novel member of the epidermal growth factor family, is an autocrine growth factor in normal human ker-

atinocytes. Journal of Biological Chemistry. 2000; 275(8):5748–53. https://doi.org/10.1074/jbc.275.8.

5748 PMID: 10681561

64. Vanhooke JL, Benning MM, Bauer CB, Pike JW, DeLuca HF. Molecular structure of the rat vitamin D

receptor ligand binding domain complexed with 2-carbon-substituted vitamin D-3 hormone analogues

and a LXXLL-containing coactivator peptide. Biochemistry. 2004; 43(14):4101–10. https://doi.org/10.

1021/bi036056y PMID: 15065852

65. Singarapu KK, Zhu J, Tonelli M, Rao H, Assadi-Porter FM, Westler WM, et al. Ligand-specific structural

changes in the vitamin D receptor in solution. Biochemistry. 2011; 50(51):11025–33. https://doi.org/10.

1021/bi201637p PMID: 22112050

66. Slominski A, Kim TK, Zmijewski MA, Janjetovic Z, Li W, Chen J, et al. Novel vitamin D photoproducts

and their precursors in the skin. Dermatoendocrinol. 2013; 5(1):7–19. https://doi.org/10.4161/derm.

23938 PMID: 24494038.

67. Kim TK, Wang J, Janjetovic Z, Chen J, Tuckey RC, Nguyen MN, et al. Correlation between secosteroid-

induced vitamin D receptor activity in melanoma cells and computer-modeled receptor binding strength.

Mol Cell Endocrinol. 2012; 361(1–2):143–52. https://doi.org/10.1016/j.mce.2012.04.001 PMID:

22546549.

68. Slominski AT, Li W, Kim TK, Semak I, Wang J, Zjawiony JK, et al. Novel activities of CYP11A1 and their

potential physiological significance. J Steroid Biochem Mol Biol. 2015; 151:25–37. https://doi.org/10.

1016/j.jsbmb.2014.11.010 PMID: 25448732.

69. Slominski AT, Kim TK, Li W, Postlethwaite A, Tieu EW, Tang EK, et al. Detection of novel CYP11A1-

derived secosteroids in the human epidermis and serum and pig adrenal gland. Sci Rep. 2015;

5:14875. https://doi.org/10.1038/srep14875 PMID: 26445902.

70. Slominski AT, Kim TK, Hobrath JV, Oak ASW, Tang EKY, Tieu EW, et al. Endogenously produced non-

classical vitamin D hydroxy-metabolites act as "biased" agonists on VDR and inverse agonists on ROR-

alpha and RORgamma. J Steroid Biochem Mol Biol. 2017; 173:42–56. https://doi.org/10.1016/j.jsbmb.

2016.09.024 PMID: 27693422.

71. Lenoir MC, Bernard BA, Pautrat G, Darmon M, Shroot B. Outer Root Sheath-Cells of Human-Hair Folli-

cle Are Able to Regenerate a Fully Differentiated Epidermis Invitro. Dev Biol. 1988; 130(2):610–20.

https://doi.org/10.1016/0012-1606(88)90356-9 PMID: 2461885

2-Methylene-19-nor vitamin D analogs and growth factor gene expression in rhino mouse skin

PLOS ONE | https://doi.org/10.1371/journal.pone.0188887 November 28, 2017 20 / 20

https://doi.org/10.1111/exd.12886
http://www.ncbi.nlm.nih.gov/pubmed/26519132
https://doi.org/10.1074/jbc.M413919200
http://www.ncbi.nlm.nih.gov/pubmed/15611079
https://doi.org/10.1074/jbc.275.8.5748
https://doi.org/10.1074/jbc.275.8.5748
http://www.ncbi.nlm.nih.gov/pubmed/10681561
https://doi.org/10.1021/bi036056y
https://doi.org/10.1021/bi036056y
http://www.ncbi.nlm.nih.gov/pubmed/15065852
https://doi.org/10.1021/bi201637p
https://doi.org/10.1021/bi201637p
http://www.ncbi.nlm.nih.gov/pubmed/22112050
https://doi.org/10.4161/derm.23938
https://doi.org/10.4161/derm.23938
http://www.ncbi.nlm.nih.gov/pubmed/24494038
https://doi.org/10.1016/j.mce.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22546549
https://doi.org/10.1016/j.jsbmb.2014.11.010
https://doi.org/10.1016/j.jsbmb.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25448732
https://doi.org/10.1038/srep14875
http://www.ncbi.nlm.nih.gov/pubmed/26445902
https://doi.org/10.1016/j.jsbmb.2016.09.024
https://doi.org/10.1016/j.jsbmb.2016.09.024
http://www.ncbi.nlm.nih.gov/pubmed/27693422
https://doi.org/10.1016/0012-1606(88)90356-9
http://www.ncbi.nlm.nih.gov/pubmed/2461885
https://doi.org/10.1371/journal.pone.0188887

