
Mice lacking the epidermal retinol dehydrogenases SDR16C5
and SDR16C6 display accelerated hair growth and enlarged
meibomian glands
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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. Sev-
eral enzymes exhibit retinol dehydrogenase activities in vitro;
however, their physiological relevance for retinoic acid biosyn-
thesis in vivo remains unclear. Here, we present evidence that
two murine epidermal retinol dehydrogenases, short-chain de-
hydrogenase/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 retinalde-
hyde in vivo. Mice with targeted knockout of the more catalyti-
cally active SDR16C6 enzyme have no obvious phenotype, pos-
sibly 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, con-
sistent with a nearly 80% reduction in the retinol dehydrogenase
activities of skin membrane fractions from the Sdr16c5/Sdr16c6
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.

All-trans-retinoic acid (RA)4 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 (RARs �, �, and �), which act as heterodimers with
retinoid X receptors (5, 6). In the cytoplasm, RA regulates the
activity of extracellular signal-regulated 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 (RALDHs) 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 dehydroge-
nase 10 (RDH10), is known to be indispensable for RA biosyn-
thesis, 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 dehydroge-
nase during mid-embryogenesis. However, whereas the abla-
tion 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, Rdh10�/� embryos can be rescued
by supplementation of maternal diets with retinaldehyde
between embryonic stages E7.5 and E9.5. Thus, RDH10 appears
to be dispensable during later stages of development and tran-
sition to adulthood (11). These data point toward the existence
of RDH10-independent sources of RA. However, the identities
of additional retinol dehydrogenases accounting for this resid-
ual retinaldehyde synthesis remain elusive.

RDH10 belongs to the 16C family of the SDR superfamily of
proteins (16, 17). Notably, two other genes encoding members
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of the SDR16C family are located adjacent to the gene encoding
RDH10 in the human genome on chromosome 8: retinol dehy-
drogenase epidermal 2 (RDHE2, SDR16C5) and retinol dehy-
drogenase epidermal 2-similar (RDHE2S, SDR16C6) (18, 19).
The deduced RDHE2 and RDHE2S proteins share the highest
sequence homology (�43%) with RDH10 (SDR16C4). As we
reported previously, the single ortholog of human genes encod-
ing RDHE2 and RDHE2S in Xenopus laevis functions as a reti-
nol dehydrogenase in vivo and is essential for embryonic devel-
opment in frogs (20). These findings imply that mammalian
RDHE2 and RDHE2S complement RDH10 in generating retin-
aldehyde for RA biosynthesis. However, it remains to be estab-
lished whether the in vivo function of amphibian rdhe2 is con-
served by its mammalian orthologs. This study was undertaken
to assess the catalytic properties of mammalian RDHE2 and
RDHE2S as compared with amphibian rdhe2, to determine the
expression patterns of RDHE2 and RDHE2S in mice, and to
establish whether these enzymes are essential for RA biosyn-
thesis in mammals.

Results

Kinetic characterization of epidermal retinol dehydrogenases

To compare the catalytic properties of murine RDHE2
(SDR16C5) and RDHE2S (SDR16C6) as retinol dehydroge-
nases with 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 compa-
rable protein levels in the microsomal fractions of Sf9 cells (Fig.
1A). Therefore, the microsomal fractions containing the RDHE
proteins were used for characterization of their retinoid activ-
ities. Activity assays revealed that murine RDHE2S and Xeno-

pus 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. RDHE2S 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 RDHE2S.
Both enzymes also catalyzed the reduction of all-trans-retinal-
dehyde to all-trans-retinol in the presence of NADH, but their
catalytic efficiencies in the reductive direction were lower than
in the 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 toward all-trans-retinol was
detected using the microsomal preparation of recombinant
murine RDHE2 protein (Table 1). Some SDRs show dual sub-
cellular 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 �g of mitochon-
dria 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 �M retinol and 1 mM

NAD�) (Table 1), suggesting that RDHE2S is localized primar-
ily in the microsomal membranes.

Retinol dehydrogenase activities of murine RDHE2 and
RDHE2S 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 encod-
ing 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-ex-
pressed with RALDH1 to enhance the relatively low endoge-
nous retinaldehyde dehydrogenase activity of HEK293 cells
(Fig. 1B), which caused accumulation of unprocessed retinalde-
hyde in the cells under the conditions of this experiment.
Remarkably, when expressed in intact cells, RDHE2 was found
to exhibit a retinol dehydrogenase activity, increasing the pro-
duction of retinaldehyde from retinol (Fig. 1C). This activity of
RDHE2 resulted in a 3-fold increase in RA biosynthesis relative
to mock-transfected cells (Fig. 1D). In comparison, expression
of RDHE2S at similar protein levels, as judged based on com-
parable staining intensity for FLAG tag (Fig. 1B), resulted in a
15-fold increase in RA production (Fig. 1D). These experiments
confirmed that RDHE2S is a more active enzyme than RDHE2,
but most importantly, they revealed that, although inactive
toward retinol in isolated microsomes, RDHE2 was able to
function as a retinol dehydrogenase in intact cells, confirming
that RDHE2 is a catalytically active enzyme.

Figure 1. Expression and characterization of frog and murine RDHE2 and
RDHE2S. A, Western blot analysis of microsomal fractions (5 �g) 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 HEK293 cell lysates (20 �g) containing murine RDHE2 or
RDHE2S co-expressed with human RALDH1. RDHE2 and RDHE2S were
detected using FLAG tag antibodies at a 1:3,000 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 �M). Cells were incu-
bated for 11 h. D, HPLC analysis of RA production from all-trans-retinol (10
�M). Samples are as indicated. Mock, cells transfected with empty vector. *,
p � 0.01; **, p � 0.001; ***, p � 0.0001; mean � S.D. (error bars), n � 3.
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Expression patterns of murine RDHE2 and RDHE2S

To identify the tissues where RDHE2 and RDHE2S contribu-
tion could be essential for RA biosynthesis, we carried out anal-
ysis 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. 2A). In addi-
tion, 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, and tongue and trace amounts of transcripts detected
in adipose tissue, intestine, colon, and possibly testis (Fig. 2A,
inset).

To determine whether Rdhe2 and Rdhe2s are expressed dur-
ing embryogenesis, we employed semiquantitative PCR. RNA
was isolated from WT C57BL/6J embryos between stages E9.5
and E14.5 in 1-day increments and utilized for the synthesis of
cDNA, which then served as a template for PCR amplification
using gene-specific primers (Fig. 2B). 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. Because RDHE2S exhibited a severalfold higher cata-
lytic activity as a retinol dehydrogenase than RDHE2 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. S1A). Upon Cre
and Flp excision, exon 4 in the Rdhe2s was deleted, and a frame-
shift mutation was introduced, which created a stop codon
prior to catalytic residues (Fig. S1B). Mice were genotyped
using allele-specific primers, with expected product size of 570

bp for WT mice and a 248-bp product for Rdhe2s�/� mice (Fig.
S1C). Importantly, Rdhe2s�/� mice were obtained at Mende-
lian frequencies (28 of 100 genotyped), were fertile, and dis-
played no distinguishable phenotype, at least when maintained
on a regular laboratory chow diet that contains 24.2 IU of vita-
min A per gram. qPCR analysis of gene expression in skin of
Rdhe2s�/� mice versus WT littermates did not reveal any sig-
nificant differences (Fig. S2).

Because Rdhe2 and Rdhe2s transcripts showed an overlap-
ping 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 edit-
ing (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. 3A). The exact sequences resulting from these
excisions are shown in Fig. S3. The absence of RDHE2 and
RDHE2S proteins was confirmed by immunoblotting of micro-
somal fractions from skin of DKO mice with commercially
available antibodies against murine RDHE2S (Fig. 3B, top) and
antibodies against Xenopus rdhe2 (Fig. 3B, bottom), which rec-
ognize 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 muta-
tions. 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 an almond-like shape, compared with the round
eyes in a similarly aged control animal (Fig. 3C).

Skin phenotype of DKO mouse models

The highest expression level of Rdhe2 and Rdhe2s was
observed in skin. Therefore, we began the investigation of the
functional role of RDHE2 and RDHE2S by analyzing the retinol
dehydrogenase activities of membrane fractions isolated from
skin of DKO mice. Compared with WT mice, the retinol dehy-
drogenase activity of the microsomal fractions from DKO skin

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; ND, not determined. The activity of murine RDHE2 toward 10 �M all-trans-retinol in the presence of 1 mM NAD� was not
detectable with up to 10 �g of RDHE2 microsomal preparation.

SDR Substrate/Cofactor Apparent Km Apparent Vmax Vmax/Km

�M nmol�min�1�mg�1

Xenopus rdhe2 All-trans-retinol 0.6 � 0.1 19.5 � 0.6 32.5
NAD� 108 � 27 21 � 1
All-trans-retinaldehyde 0.6 � 0.1 3.6 � 0.1 6
NADH 8.4 � 1.7 4.1 � 0.2
11-cis-Retinol 3.3 � 0.4 3.9 � 0.2 1.8

RDHE2 (SDR16C5) All-trans-retinol UD UD
All-trans-retinaldehyde N.D. N.D.

RDHE2S (SDR16C6) All-trans-retinol 0.87 � 0.21 8.7 � 0.6 10
NAD� 460 � 30 5.8 � 0.2
All-trans-retinaldehyde 3.9 � 0.2 5.4 � 0.1 1.4
NADH 11 � 3 2.6 � 0.1
11-cis-Retinol 0.86 � 0.14 1.34 � 0.07 1.6
9-cis-Retinol UD UD
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was reduced by �10-fold (p � 0.001), whereas the mitochon-
drial activity was reduced by �6-fold (p � 0.02) (Fig. 4A).

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 differ-
ences in the appearance of skin or hair between DKO and
WT littermates. We reasoned that the differences in RA sig-
naling 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. 4B). For example,
the RA-inducible Cyp26b1 was down-regulated, but the
expression levels of several other genes known to be regu-
lated by RA (Dhrs3 and Rar�) did not change or were signif-
icantly increased (Lrat, Stra6, Rbp1, Raldh2, and Dhrs9)
(22–25).

Skin is a highly heterogeneous tissue composed of keratino-
cytes, hair follicles, sebaceous glands, fibroblasts, etc. The dif-
ferentiation and growth of many of these cell types are affected
by RA levels (4). To determine the exact localization of RDHE2
and RDHE2S in skin, we carried out immunohistological anal-
ysis of skin sections using custom-made antibodies against
Xenopus rdhe2 that recognize both murine proteins (18). This

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 1 and 2, tongue; lanes 3 and 4, esophagus; lanes 5 and 6, stomach; lanes 7 and 8,
skin; lane 9, adipose tissue; lanes 10 and 11, intestine; lanes 12 and 13, brain; lanes 14 and 15, testis; lanes 16 and 17, heart; lanes 18 and 19, lung; lanes 20 and 21,
liver; lanes 22 and 23, kidney; lanes 24 and 25, eyes; lanes 26 and 27, colon. B, semiquantitative 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 �g of mRNA was
used for reverse transcription with random hexamer primers, and one-twentieth of the resulting cDNA was used per reaction. Gapdh was used as a loading
control.
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analysis showed that RDHE2 and RDHE2S proteins are
abundant in sebaceous gland and in epidermis (Fig. 4C). This
pattern was confirmed at the level of gene expression based
on the activity of the Rdhe2s gene promoter, which was
detected by �-gal staining assays in developing vibrissae and
nasal pits of E14.5 Rdhe2s�/� embryos (Fig. 4D) and also in

sebaceous glands of adult Rdhe2s�/� mice (Fig. 4E). Like-
wise, Rdhe2 transcripts were detected in sebaceous glands
and epidermis of adult WT C57BL/J6 mice by in situ hybrid-
ization (Fig. 4F).

To determine whether the absence of RDHE2 and RDHE2S
affected the structure of skin, we sectioned DKO and WT dor-

Figure 3. Generation of mice deficient in RDHE2 (SDR16C5) and RDHE2S (SDR16C6). A, CRISPR-Cas9 –mediated targeting and screening strategy. Posi-
tions 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 WT allele, because the distance between the primer annealing sites is too large. Pair 4
amplifies a chimeric sequence from DKO1 allele, where rearrangement resulted in a shortening of the distance between the annealing sites. Long-range PCR
with pair 6 primers results in a 4,912-bp WT product and a shorter 1,837-bp product from DKO2 allele. The exact positions of CRISPR-induced deletions and the
sequence of the insertion in DKO1 allele are shown in Fig. S3. B, Western blot analysis of RDHE2 and RDHE2S in skin microsomes (50 �g) of female DKO1 (n �
3, #105, #107, and #108) and WT (n � 3, #104, #106, and #110) mice using RDHE2S antibodies (top) and Xenopus rdhe2 antibodies (bottom), both at a 1:3,000
dilution. Note the difference in mobility of murine RDHE2 versus murine RDHE2S; *, a nonspecific band. C, eye phenotype of DKO mice. Note the puffy eyelids
and partially closed eyes in the 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 �g) from DKO mice and
WT littermates on chow diet were incubated with 3 �M retinol 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 RDHE2S in skin sections from male P60 WT and DKO2 littermates utilizing Xenopus rdhe2 antibodies at a 1:800 dilution. Arrow, 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, 100 �m, 200-fold magnification. D, detection of Rdhe2s expression domains in E14.5 Rdhe2s�/� (HET)
embryos using �-gal 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, 50 �m, 400-fold magnification. F,
Rdhe2 detection by in situ hybridization in tail skin from WT 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. Top,
60-fold magnification; bottom, 100-fold magnification; scale bar, 100 �m. 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 are three representative images with a total of
10 hair follicles captured for each mouse. Scale bar, 100 �m, 200-fold magnification. Error bars, S.D.
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sal skin samples from mice on a vitamin A– deficient (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.
4G). This observation suggested that the hair follicles in the
skin of DKO mice were in growth phase (anagen), whereas in
WT skin they were in resting (telogen) phase. Furthermore,
whereas 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. 4H). To obtain independent and quantitative evidence
that hair follicles were in anagen phase in skin of DKO mice, we
carried out qPCR analysis of genes expressed in the piloseba-
ceous unit (26). Of 18 genes tested, three were down-regulated
(Cd34, Krt15, and Lgr6), whereas most of the others were up-
regulated (Fig. 5).

The elevated expression of hair-follicle growth and differen-
tiation 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 acceler-
ated 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 P29. Importantly, the difference in the hair
regrowth was observed not only on VAD diet (Fig. 6A) but also
on chow diet (Fig. 6B). The daily progression of hair growth in
the two strains versus matched WT littermates on VAD diet is
shown in Fig. S4.

Some members of the SDR superfamily exhibit broad sub-
strate specificity (27). Specifically, SDR9C family members,
which include mouse RDH1 and human RoDH4, exhibit higher
activity toward hydroxysteroids than retinol (28, 29). Previ-
ously, we examined the activity of human RDHE2 toward a
panel of hydroxysteroids but found no activity (20). To deter-
mine whether murine orthologs exhibit activity toward steroid
substrates, we compared the activity of microsomal fractions

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. Error bars, S.D.
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from RDHE2/E2S DKO mice and WT mice toward various
functional groups in androgens, progestins, corticosteroid, and
estradiol: androsterone (3�-OH oxidation with NAD�; 17-keto
reduction with NADH), dihydrotestosterone/NAD� (17�-OH
oxidation), 3�-hydroxy-5�-pregnan-20-one (3�-OH oxidation
with NAD�; 20-keto reduction with NADH); 	4-pregnene-
3,20-dione (3 and 20-one reduction with NADH), androst-5-
en-3�-ol-17-one (3�-OH oxidation with NAD)�; estradiol
(3�-OH and 17�-OH oxidation with NAD�; and corticoster-
one (11�-OH and 21-OH oxidation with NAD�; 3-keto reduc-
tion with NADH) (90). In contrast to retinol as substrate, where
we saw an �80% drop in activity of DKO microsomes, no
decrease was observed in the activity of the same microsomes
toward any of the substrates tested relative to WT microsomes
(Fig. S5). In fact, there was a slight increase in the activity of
DKO microsomes toward 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 with littermate controls. No difference in either size
or weight of eyeballs was observed. However, histological anal-
ysis revealed that both the upper and lower eyelids in DKO mice
were significantly thicker and longer compared with WT ani-
mals (Fig. 7A), 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 RDHE2S, sections of eyelids from
WT mice were immunostained with custom-made antibodies
against murine RDHE2S (Fig. 7B) and commercially available
antibodies against RDHE2 (Fig. 7C). Both antibodies detected
the corresponding proteins in WT meibomian glands, whereas
DKO eyelids showed little or no staining. Thus, the lack of
expression of RDHE2 and RDHE2S resulted in enlargement of
meibomian glands of DKO animals.

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 two sets of younger females and two
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 four sets of younger males and three 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 six 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 four sets of
males on chow diet. Images are available for additional shaved single
animals from DKO1 and DKO2 strains that did not have WT littermates. The
two independent strains showed a very similar external phenotype on
vitamin A– deficient diet and on chow diet.

Figure 7. Eye phenotype of DKO mice. A, histology of whole eye lids.
Magnification, 
60. 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 (RDHE2) antibodies (Sigma �SDR16C5 #HPA
025224, lot R11757) at a 1:200 dilution. Both RDHE2S and RDHE2 are localized
in meibomian glands and sebaceous glands in eyelids. As determined by
measuring a representative image of eyelid sections using the image-pro-
cessing program ImageJ (33), 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, 200
�m, 100-fold magnification.
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Discussion

Several members of the SDR superfamily of proteins can oxi-
dize retinol to retinaldehyde in vitro; however, with the excep-
tion of RDH10, their physiological relevance for RA biosynthe-
sis remains unclear. This study provides convincing evidence
that mammalian RDHE2 and RDHE2S function as physiologi-
cally 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 bio-
synthesis in specific cell types while not being critical for sur-
vival, as in the case with RDH10 during midgestation (11–15).
In fact, because RDH10-null embryos can be rescued by supple-
mentation with retinaldehyde (11), the precursor for RA, our
findings suggest that other retinol dehydrogenases (e.g., RDHE2
and RDHE2S) 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 direc-
tion 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 ret-
ina, but mice deficient in both RDH10 and RDH5 still con-
vert 11-cis-retinol to 11-cis-retinaldehyde in the visual cycle
(31). The identities of the remaining 11-cis-retinol dehydro-
genases are currently unknown. If RDHE2S is expressed in
mouse retina, this enzyme could complement RDH10 and
RDH5 in oxidizing 11-cis-retinol.

A surprising finding of this study is that the retinol dehydro-
genase 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 dehy-
drogenase when expressed in mammalian living cells. This
observation suggests that murine RDHE2 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-ex-
pression 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 (19), indicating that RDHE2 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 to
identify possible partners of RDHE2.

It is also interesting that whereas RDHE2S exhibits a higher
retinol dehydrogenase activity than RDHE2, 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, RDHE2 is essential for
RA biosynthesis in mice and, second, the functions of these two
enzymes may be redundant because of the overlapping expres-

sion pattern. The reason for such an overlap is unclear at this
time. It should be noted that in humans, only RDHE2 repre-
sents a functional gene encoding a stable protein with enzy-
matic 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 distribution pattern (https://www.ncbi.nlm.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) ful-
fills 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, although present in skin,
RDH10 is not the major retinol dehydrogenase in this tissue.
The absence of RDHE2 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 synchro-
nized 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 assess-
ment, DKO skin showed increased expression of several mark-
ers of anagen phase (26). For example, a strong indication of the
anagen phase is the induction of the hedgehog signaling path-
way. In DKO skin, both Gli1 and Gli2 transcriptional regulators
in the hedgehog pathway were up-regulated. 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 Gli1,
which is expressed in the hair bulge and germ (49, 50), several
other markers of the bulge stem cell compartment were up-reg-
ulated in DKO skin. Among these, the most notable are SRY
(sex-determining region Y)-box 9 (SOX-9), which is indispens-
able 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 recep-
tor 5 (Lgr5), a marker of hair-follicle stem cells (54).

The enlargement of sebaceous glands was confirmed by sev-
eralfold 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 differ-
entiated sebocytes (56) and/or a sebocyte progenitor marker
(57); peroxisome proliferator–activated receptor � (Ppar�),
which plays an important role in sebaceous gland development;
and stearyl CoA-desaturase 1 (Scd1) and perilipin 2 (Plin2),
which are necessary for sebocyte differentiation and sebum
production in sebocytes (reviewed in Ref. 58).

One of the most up-regulated genes in both males (DKO2
strain) and females (DKO1 strain) was the Lef1 gene in the Wnt
signaling pathway. It is well-known that the regulation of the
hair-follicle cycle involves cross-talk of the Wnt/�-catenin,
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Hedgehog, and Notch signaling pathways (59 –64). However,
nonprotein factors, and in particular vitamin A (see Ref. 65;
reviewed in Ref. 66), are also critical for maintenance of skin
health. In this respect, there is evidence for mutual antagonism
between Wnt/�-catenin signaling and RA signaling (67).
�-Catenin positively regulates CYP26A1, which degrades RA,
and conversely, �-catenin undergoes retinoid-dependent inter-
action with RAR, resulting in competitive inhibition of TCF-
binding sites (67, 68). Inhibition of Wnt/�-catenin signaling
leads to up-regulation of RA-inducible cellular RA-binding
protein type 2 (CRABP2), suggesting increased RA signaling
(69). It is noteworthy, however, that whereas RA signaling is
clearly essential for epidermal differentiation, the mechanisms
by which it acts are largely unexplored. This study and the gen-
eration 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 main-
tenance of epidermis.

Interestingly, 13-cis-retinoic acid (isotretinoin) is clinically
used for acne treatment and believed to inhibit sebocyte differ-
entiation 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 bio-
synthesis in skin. We have also observed enlarged meibomian
glands in DKO eyelids. Meibomian glands are modified seba-
ceous 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 meibo-
mian glands. Previous studies have also noted that systemic use
of retinoids for acne treatment or skin rejuvenation was associ-
ated with histopathological changes in the eyelids and degener-
ative changes in the meibomian gland acini (73, 74).

It is worth pointing out that, whereas 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,
qPCR analysis of endogenous RA-regulated genes produced a
very mixed picture, with some RA-inducible genes being down-
regulated, whereas others were unchanged or even up-regu-
lated. Histological analysis of skin sections revealed the cause of
this seemingly puzzling outcome. Because the reduced RA sig-
naling led to enlargement of sebaceous glands, which express
several RA-sensitive genes (Dhrs9, Lrat, and Stra6), the tran-
script 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 previ-

ously (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 the 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 retinol dehydrogenases
implicates the decrease in RA biosynthesis as at least one of the
causes leading to these pathophysiological outcomes.

Experimental procedures

Expression constructs

All primer sequences with corresponding restriction sites
used for generation of constructs are listed in Table S1. Con-
structs encoding FLAG-tagged murine RDHE2S and X. laevis
rdhe2 in pCMV-Tag 4A vector were described previously (18,
20). Murine Rdhe2 cDNA was obtained by RT-PCR of mouse
skin and liver mRNA and cloned into SalI and XbaI sites of
pBluescript II 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 Table
S1 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. Syl-
vie Mader (Department of Biochemistry, University of Mon-
treal, 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 HEK293 cells following the protocols pub-
lished previously (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 (30). For kinetic analysis, RDHE2,
RDHE2S, and frog rdhe2 were expressed in Sf9 insect cells
using pVL1393 transfer vector and the BaculoGold Baculovirus
Expression System (BD Biosciences). The subcellular fractions
were isolated by differential centrifugation as described (87).
The membrane pellets were resuspended in 90 mM KH2PO4, 40
mM KCl (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 val-
ues for all-trans-retinol, 9-cis-retinol, 11-cis-retinol, or all-
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trans-retinaldehyde were obtained using seven concentrations
of each substrate (0.0625– 8 �M) 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 �M).
Western blot analysis was performed using rabbit polyclonal

antibodies against FLAG epitope (Sigma-Aldrich) and �-actin
(Abcam, Cambridge, UK) and mouse monoclonal antibodies
against His epitope (Clontech, BD Biosciences) and HA epitope
(received as a gift from Dr. Hengbin Wang, Department of Bio-
chemistry and Molecular Genetics, University of Alabama at
Birmingham School of Medicine).

Protein samples were separated in 12% polyacrylamide gels
in the presence of SDS and transferred to Amersham Biosci-
ences Hybond P polyvinylidene difluoride membranes (GE
Healthcare). Following transfer, membranes were blocked with
4% BSA in TBS with Tween 20 (TBST) and 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 the 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 conju-
gated 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).

Generation of Rdhe2s�/� mouse model

Rdhe2s�/� mice were generated using the Sdr16c6tm1a(KOMP)Wtsi

“knockout-first” allele obtained from the KOMP repository
[https://www.komp.org/pdf.php?projectID�41879,5 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 SalI enzymes, which resulted in a 1,431-bp truncation of
the 5� homology arm. Electroporation of the linearized vector
in mouse embryonic stem cells (ESCs), selection of ESC-de-
rived clones, and isolation of genomic DNA were performed by
the University of Alabama at Birmingham Transgenic and
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 the SequalPrep long PCR kit (Invitrogen, Life Tech-
nologies, Inc.) with primers listed in Table S1. Chimeras were
generated by the University of Alabama at Birmingham Trans-
genic and Genetically Engineered Models facility. Male chime-
ras were crossed to WT C57Bl56/J mice, and pups were
genotyped to identify heterozygote founders carrying a knock-
out-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 activ-
ity. Subsequent crossing of FLP-excised mice to EIIa-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 Sdr16c6 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, Fig. 3A, and Fig S3). Guide RNAs were designed as described
previously (88). Six F0 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 Sdr16c5 and exon 5 of Sdr16c6, 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 the Sdr16c6-Sdr16c5 locus are
mutated.

Subcloning and resequencing of the targeted exons in mouse
#21855 identified a 3-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 (RDHE2), and
the frameshift-causing 1-bp deletion in Sdr16c6 was expected
to result in a knockout of the Sdr16c6 gene only. As we already
had an established knockout 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. 3A and in Table S1. We assumed that the prod-
ucts 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 F0 animals.
The product contained a chimeric sequence composed of
incomplete exon 5 of Sdr16c6, incomplete exon 5 of Sdr16c5
gene, and a 298-bp insertion corresponding to an inverted par-
tial sequence of exon 2 of Sdr16c5 (Fig. 3A and Fig. S3). This
result indicated that mouse #21853 contained a large 56,057-bp
deletion covering the region between CRISPR targets in exon 5
of Sdr16c6 and exon 5 of Sdr16c5. The ORF of the chimeric
transcript encodes a truncated polypeptide (Fig. S3). We have
designated this double Sdr16c6�/�;Sdr16c5�/� knock-out
allele as DKO1.

The existence of a full-length PCR product for exon 5 of
Sdr16c6, which was obtained during initial F0 screening was
inconsistent with the DKO1 allele, which retains only part of this
exon. This result suggested that mouse #21853 carries a second
mutant allele. PCR amplification of individual exons 4 and 6 of
Sdr16c5 yielded fragments of the expected size, indicating that a
shorter-than-DKO1 deletion occurred in the second allele of the

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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same animal. This shorter deletion resulted in a loss of a single
exon 5 in Sdr16c5. Long-range PCR amplification with primers
spanning exons 4–6 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 des-
ignated DKO2 (Fig. 3A and Fig. 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. Resequencing of individual exons in the DKO2
strain revealed a short 8-bp deletion in exon 2 of Sdr16c6, in
addition to deleted exon 5 in Sdr16c5. Thus, the ORFs of both
Sdr16c6 and Sdr16c5 in DKO2 allele are predicted to encode
truncated proteins (Fig. 3A and Fig. S3). DKO2 represents a
second double-knockout strain.

Mice were maintained on either on LabDiet NIH-31 (PMI
Nutrition International) containing 22 IU 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 CO2
inhalation followed by cervical dislocation, in accordance with
institutional animal care and use committee guidelines at the
University of Alabama (Birmingham, AL).

�-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 E0.5. Genotypes were determined using DNA isolated
from yolk sacs. Full-length mouse Rdhe2 cDNA in pBluescript
II 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-month-old male C57BL/J6 mice, fixed over-
night in 4% paraformaldehyde at 4 °C, and embedded in paraf-
fin. The paraffin-embedded skin was cut into 10-�m sections,
which were placed on Superfrost Plus microscope slides
(Fisher). In situ hybridization was carried out following stan-
dard procedures. �-Galactosidase staining was performed on
E14.5 Rdhe2s�/� embryos and skin isolated from 4-month-old
Rdhe2s�/� male mouse tails according to the protocols pub-
lished previously (89).

qPCR analysis

To determine the expression pattern of Rdhe2 and Rdhe2s
genes, two male WT mice fed a VAD diet for 10 weeks were
sacrificed with CO2; tissues were collected and stored at �80 °C
until RNA extraction. TRIzol reagent (Ambion, catalog no.
15596018) was used for extraction of RNA from all tissues
except skin, for which the AurumTM total RNA Fatty and
Fibrous Tissue Pack (Bio-Rad, catalog no. 732-6870) was
employed. Three �g of RNA per tissue was used for reverse
transcription; cDNA was purified with QIAquick Spin columns
(Qiagen, catalog no. 1018215). qPCR was performed with 25 ng
of cDNA per reaction. Rdhe2 and Rdhe2s expression was nor-
malized to Gapdh and presented as a relative expression of

fold-difference from the expression level in the stomach for
each gene, which was set to 1.

For analysis of gene expression in skin, �75 mg of skin tissue
was homogenized, and RNA was extracted with the AurumTM

total RNA Fatty and Fibrous Tissue Pack. The concentration of
extracted RNA was determined using a Nanodrop ND-1000
spectrophotometer (Thermo Scientific). First-strand cDNA
was synthesized from 3.0 �g of total RNA with the Superscript
III first-strand synthesis kit (Invitrogen) according to the man-
ufacturer’s protocol. For real-time RT-PCRs, the cDNA was
diluted 15-fold. Sequences of the primers are available by
request. Real-time PCR analysis was conducted on a Roche
LightCycler�480 detection system (Roche Applied Science)
with SYBR Green as probe (LightCycler�480 CYBR Green I
Master, Roche Applied Science). Relative gene expression lev-
els were calculated using the comparative Ct method by nor-
malization 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
a VAD diet at mid-gestation (12–14 days post-conception), and
the pups were kept on a VAD diet until they were sacrificed at 10
weeks of age. At 8 weeks after birth, WT and DKO2 littermates’
dorsal hair was clipped and depilated with Nair� lotion. Litter-
mates were checked daily for hair regrowth until they were sacri-
ficed. Animals that 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 a two-tailed
unpaired t test.
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