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Background/Aims: Mediator complex subunit 1 (MED1) is an important transcriptional co-activator involved

in multiple signaling pathways. Previous studies indicated an essential role of MED1 in hair cycling and

wound repair through regulating the transcription of mRNAs. Circular RNAs (circRNAs), as a novel class

of non-coding RNAs, are involved in various skin biological functions. Our study aimed to investigate the

circRNAs expression profile in MED1 epidermal conditional knockout mice (KO), and provide potential

candidates as well as the mechanism underlying the circRNAs regulation in both hair follicles and

epidermis. Method: Microarray based circRNA expression was determined in MED1 KO mice and wild

type mice (WT). The expression level was further confirmed by qRT-PCR. We predicted a possible

interaction network of circRNA/microRNA/mRNA by bioinformatics and constructed them with

Cytoscape software. Expression of several candidate target mRNAs was verified using qRT-PCR. A TUNEL

assay was performed to assess the apoptosis level of MED1 KO and WT skin. Results: Here we identified

109 (34-up, 75-down) distinct circRNAs through microarrays that are differently expressed in MED1 KO

mice compared with WT mice (FC > 2 and p-value < 0.05), suggesting a potential role of circRNAs in

epidermal regulation. Among these circRNAs, circRNA_004229 was found to decrease significantly after

MED1 deletion. The most likely potential targets miRNA for circRNA_004229 include miR-149-5p and

miR-207, which possibly further impede the expression of their target mRNA, Tnfrsf19 and Perp,

respectively. Apoptosis was suppressed in MED1 KO mice, which implies a potential role of circRNAs in

regulating epidermal biological processes including apoptosis. Conclusion: Our study determined the

expression profile of circRNAs in MED1 KO skin, and provided hints that circRNA_004229 might be

involved in the regulation of keratinocytes in both hair follicles and interfollicular epidermis through

a ceRNA mechanism.
Introduction

Mediator complex subunit 1 (MED1), also known as PBP,
DRIP205 and TRAP220, is a critical subunit of transcription
coactivator Mediator (MED). It has been conrmed that MED1
f Immune Microenvironment and Disease

iversity, Tianjin, 300070, China. E-mail:

Basic Medical Sciences, Tianjin Medical

echnology, Tianjin Medical University,

tal of Chinese People's Liberation Army,

ism, Beijing Chaoyang Hospital, Capital

E-mail: ningzhiwei@hotmail.com

tion (ESI) available. See DOI:

is work.

hemistry 2019
actively interacts with a number of nuclear hormone receptors
and facilitates their transcription process, including VDR
(vitamin D receptor), AR (androgen receptor), TR (thyroid
hormone receptor), and PPAR (peroxisome proliferator-
activated receptor).1–4 Previously, we generated a MED1
epidermal conditional knockout (KO) mouse model and inves-
tigated its specic function in hair/epidermal regulation. MED1
deletion resulted in aberrant hair follicle (HF) differentiation
and cycling defects by affecting Wnt/b-catenin and SHH
signaling.5 Moreover, hyperproliferation of interfollicular
epidermis (IFE) and accelerated wound repair were also
observed in MED1 KOmice. Thus, MED1 plays an essential role
in regulating the proliferation and differentiation of both IFE
and HF.5,6

However, considering the abnormal phenotype and compli-
cated responses to different stimulation aer MED1 deletion,
we anticipate a more intricate mechanism involved in its
regulation in epidermis, not conned to proliferation and
differentiation. Our precursory research compared the mRNA
RSC Adv., 2019, 9, 19095–19103 | 19095
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expression prole in MED1 KO mice and WT under unaffected
(natural) and wound condition, but le other small RNAs
uninvestigated. Recent studies provided strong evidence that
endogenous competition mechanism of circular RNAs (circR-
NAs), microRNA (miRNAs) or long non-coding RNAs (lncRNAs)
could inuence multiple biological function.7,8 Thus, exploring
the interaction of these small RNAs aer MED1 deletion might
enlighten us the role of MED1 in regulation of keratinocytes in
a novel way.

CircRNAs are a small group of non-coding RNAs with
a closed covalent loop other than linear structure, which are
widely distributed in various tissues among eukaryotes.9

Because of their high stability and tissue-specic expression,
circRNAs are increasingly recognized as relative stable
biomarkers for many cancers and other disease.10 It was
conrmed that circRNAs could regulate expression of abundant
target genes by serving as miRNA's ‘sponges’ and further regu-
late mRNAs level.11–14 The regulation mechanisms from circRNA
to miRNA to genes were shown as Fig. 1. Recent research
studied the circRNAs expression prole in different skin
diseases.15–17 And several circRNAs was proved to participate in
the regulation of proliferation, differentiation, and apoptosis of
keratinocytes, suggesting that circRNAs might play a role in
cutaneous biological process.18,19

In this study, we reported the circRNAs expression prole
from epidermal samples in MED1 KO mice and wild type mice
(WT). CircRNA_004229 was found to decrease signicantly aer
MED1 deletion. CircRNA_004229, also named as mmu_-
circ_004229 or mmu_circ_0001055 in circBase database (http://
www.circbase.org/), is present in exon1 of Fmn1 (Fig. 1). We
further explored the potential involvement of MED1 in regu-
lating hair/epidermal function through circRNA_004229.
Materials and methods
Mice

MED1 KO mice were generated by mating oxed MED1 mice
(C57/BL6 background) with transgenic mice expressing Cre
Fig. 1 The simple explanation of circRNA_004229 and its regulation
mechanisms from circRNA to miRNA to mRNA.

19096 | RSC Adv., 2019, 9, 19095–19103
recombinase under the control of keratin 14 (Krt14) promoter
(C57/BL6 background).5 MED1 was selectively deleted in the
keratinocytes of MED1 KO mice, and the genotype of MED1 KO
mice and the WT mice was further conrmed by PCR (ESI
Fig. 1†).

All the animals were housed in a virus- and parasite-free
animal facility with temperature of 22 � 1 �C, relative
humidity of 50 � 1% and a light/dark cycle of 12/12 h. All
animals had free access to so chow and drinking water.
Furthermore, all animal procedures were performed in
accordance with the Guidelines for Care and Use of Labora-
tory Animals and were approved by the Animal Ethics
Committee of Tianjin Medical University.

RNA isolation

Total RNA was isolated from MED1 KO mice and WT mice
using the Trizol reagent (Invitrogen, 15596-018, USA). RNA
quantication and quality were determined by NanoDrop
ND-1000 instrument (Thermo, USA). RNA Integrity and gDNA
contamination were tested by Denaturing Agarose Gel
Electrophoresis.

Microarray analysis

The sample preparation and microarray hybridization were
performed based on the standard protocols of Arraystar Inc
(Rockville, MD, USA). Briey, total RNAs were digested with
RNase R (Epicentre, Inc., USA) to remove linear RNAs and
enrich circRNAs. Then, the enriched circRNAs were amplied
and transcribed into uorescent cRNA utilizing a random
priming method (Arraystar Super RNA Labeling Kit; Arraystar
Inc). Subsequently, the cRNAs were hybridized using
Arraystar Mouse circRNA Array (8 � 15K, Arraystar Inc).
Washed the slides and then scanned by the Agilent Scanner
G2505C (Jamul, CA, USA). Subsequent data processing was
performed using the R soware limma package. Fold-
changes of >2.0 and P-values of <0.05 were regarded as
signicantly differentially expressed.

CeRNA analysis and target prediction

We constructed mmu_circRNA_004229-miRNA-target genes
networks using Cytoscape soware 3.5.0 to visualize their
interactions based on our circRNAs microarray data and the
qRT-PCR results for circRNAs and mRNAs. We predicted the
circRNA/miRNA interaction using Arraystar's home-made
miRNA target prediction soware and listed the top 5 puta-
tive miRNAs of differential expressed circRNAs. The target
genes of specic miRNA were identied with TargetScan,
miRPathDB, and miRDB.

Quantitative real-time PCR for circRNAs and mRNAs

Total RNA was reversely transcribed into cDNA using Super-
ScriptTM III Reverse Transcriptase (Invitrogen) for circRNAs
and reversely transcribed into cDNA using RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientic, K1622, USA)
for Tnfrsf19 and Perp mRNA. The procedure for preparation
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Heat maps of the differentially expressed circRNAs in dorsal epidermis from MED1 KOmice compared with WTmice. (A) The cluster heat
map showed all differentially expressed circRNAs in MED1 KO mice vs. WT mice (FC > 2.0 and p-value < 0.05). (B) The hierarchical clustering of
the top 15 up- and down-regulated circRNAs in MED1 KO mice vs. WT mice. Rows represent circRNAs, while columns represent compared
groups. The expression index is colored in red indicating high expression level, and in green indicating low expression level. The red arrow
indicates circRNA_004229.
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of cDNA was standard. Quantication of mmu_-
circRNA_004229 was performed using ViiA 7 Real-time PCR
System (Applied Biosystems). Quantication of Tnfrsf19 and
Perp mRNA were performed using 7500 Fast Real-Time PCR
System (Applied Biosystems). Relative circRNA and mRNAs
levels of each sample were determined by the DDCt method
with GAPDH. Q-PCR Primers corresponding to mmu-
circRNA_004229, Perp, Tnfrsf19 and GAPDH sequences
were as follows: for mmu_circRNA_0042229 (sense: 50-
CTCCACCCCAGCACCAGTTG-30, antisense: 50-TGA-
CAGTCCTCTCCCGCAATG-30); for Tnfrsf19 (sense: 50-
TTCTGTGGGGGACACGATG-30, antisense: 50-AGAAAATT-
CAGCGCAGATGGAA-30); for Perp (sense: 50-AGACCTT-
CAGGCTTCACGAT-30, antisense: 50-
AGGTCATCCTCGTAGTTGGG-30) for GAPDH (sense: 50-
CACTGAGCAAGAGAGGCCCTAT-30 antisense: 50-GCAGC-
GAACTTTATTGATGGTATT-30).
TUNEL assay

Full-thickness skin tissue from the back of age-matchedWT and
MED1 KO mice were xed overnight in 4% paraformaldehyde.
Then the tissue was dehydrated, and embedded in paraffin
using standard techniques. Consecutive 5 mm serial sections
were deparaffinized, rehydrated, and washed with 1�
phosphate-buffered saline solution (PBS) for three times. Aer
This journal is © The Royal Society of Chemistry 2019
that, slides were incubated in permeabilization solution for
30 min and rinsed with 1 � PBS for three times. Then the slides
were incubated with blocking solution for 10 min at 15–25 �C
and washed with 1� PBS for three times. The total volume (5 mL)
of enzyme solution was added to the remaining 45 mL label
solution to obtain 50 mL TUNEL (KeyGEN BioTECH, Jiangsu,
China) mixture for each slide, and mixed well to equilibrate
components. Slides were incubated with it for 1 h at 37 �C.
Finally, they were stained with Hematoxylin (Solarbio G1140,
Beijing, China) for 2 min followed by examination under
a microscope (OLYMPUS). TUNEL+ cells were counted by
selecting 3 elds with the most TUNEL+ cells. For each eld, all
TUNEL+ and TUNEL� cells were counted. Percent of TUNEL+

cells were calculated as ((total TUNEL+ cells)/(total cells) �
100%).
Immunohistochemistry

5 mm serial skin sections were adhered to poly-L-lysine-coated
slides, and deparaffinized in xylene and rehydrated with
alcohol solutions. Briey, high-temperature antigen retrieval
was achieved by heating the samples in 0.01 M citrate buffer at
95 �C for 10 min, then the samples were immersed into meth-
anol containing 0.3% H2O2 to inactivate endogenous peroxi-
dase at room temperature for 30 min. The nonspecic
background was blocked using 1% BSA and 5% goat serum in
RSC Adv., 2019, 9, 19095–19103 | 19097
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Fig. 3 Screening and analysis of differentially expressed circRNAs in dorsal epidermis fromMED1 KOmice and WTmice. (A) Scatter plot showed
the variation of circRNAs in expression between MED1 KO mice (Y-axis) and WT mice (X-axis). The values of x and y axes were the normalized
signal values (log2 scaled). The green lines are fold change lines. The circRNAs above the top green line and below the bottom green line
indicated more than 2.0 fold change of circRNAs between the two compared samples. (B) Volcano plot showed the general distribution of
differentially expressed circRNAs. The green vertical lines are the boundary corresponding to 2.0 fold change, and the horizontal line represented
p-value of 0.05. The red dots represented the differentially expressed circRNAs in MED1 KO mice vs. WT mice (the left is down-regulation in
MED1 KO mice and the right is up-regulation in MED1 KO mice). (C) Box plot showed the homogeneous distributions of the intensities among
MED1 KO mice and WT mice. (D) The distribution of differentially expressed circRNAs in mice chromosomes. (E) The histogram showed the
classification of differentially expressed circRNAs.
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PBS-T (0.1% Tween 80) for 1 h followed by primary antibody
Tnfrsf19 (bs-3852R, 1 : 200) and Perp (BS91057, 1 : 50) incuba-
tion overnight at 4 �C, slides were rinsed with PBS-T and incu-
bated with secondary antibody (RS0002, 1 : 500) for 1 h. Color
reaction was developed by using 3,30-diaminobenzidine tetra-
chloride (DAB) chromogen solution. All slides were counter-
stained with hematoxylin and followed by examination under
a microscope (OLYMPUS).
Statistical analysis

Statistical analyses were performed using SPSS 21.0 version and
Graph pad prism 7.0 version. Data were presented as the mean
� standard error (SE) for triplicate measurements. The
19098 | RSC Adv., 2019, 9, 19095–19103
signicance of the data was estimated by Student's t test and P-
value < 0.05 was considered statistically signicant.
Results
CircRNAs expression proles in MED1 KO mice

Here we identied 109 (34-up, 75-down) distinct circRNAs with
fold-changes of greater than 2.0 and p-value of less than 0.05
from a total of 13304 circRNAs through circRNAmicroarray that
are differently expressed in MED1 KO mice compared with WT
mice (n ¼ 3, 10 weeks old). The hierarchical clustering for all
109 differentially expressed circRNAs was presented in Fig. 2A.
The top 15 up-regulated and top 15 down-regulated circRNAs in
MED1 KO mice compared with WT mice were listed in ESI
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The biding site prediction and network construction of mmu_circRNA_004229. (A) Binding sites of miR-149-5p/miR-207 in 30-UTR of
mmu_circRNA_004229. (B) Specific network of mmu_circRNA_004229-miR-207/149-5p-targets. We chose targets according to target score
$80 in miRDB database. We used Cytoscape software 3.5.0 to visualize circRNA_004229-miRNA-targets interactions. In the network, the red
rectangle represents circRNA_004229; the yellow rectangle represents miRNA-207/149-5p; the blue oval represents target genes of miRNA-
207/149-5p and the pink oval represents Perp/Tnfrsf19. The relationship between the nodes was connected with solid lines.
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Tables 1 and 2,† and a heat map was drawn to show their
expression level (Fig. 2B). The scatter plot and volcano plot
showed the variation of circRNA expression between MED1 KO
mice andWTmice (Fig. 3A and B), and the box plot showed that
the homogeneous distribution of circRNAs for the two
compared samples were nearly the same aer normalization
(Fig. 3C). We did further analysis for the classication of all
differentially expressed circRNAs. We found that most were
originated from exons. Some were from sense overlapping and
intronic, while a few were antisense and intergenic (Fig. 3E).
The distribution of all differentially expressed circRNAs onmice
chromosomes was demonstrated in Fig. 3D. We conrmed the
expression level of differentially expressed circRNAs by qRT-
PCR. Among the top 15 down-regulated circRNAs, mmu_-
circRNA_004229 was down-regulated by more than four folds
(as the red arrow shows in Fig. 2B). Consistently,
This journal is © The Royal Society of Chemistry 2019
mmu_circRNA_004229 was also observed signicantly reduced
by 2.3-fold in MED1 KOmice compared to WT mice (Fig. 5A(a)).
Prediction and construction of the circRNA-microRNA-mRNA
interaction network

Recent evidences have demonstrated that circular RNAs play
a crucial role in the regulation of gene expression by
sequestering the miRNAs.20 We used Arraystar's home-made
miRNA target prediction soware to predict the circRNA/
miRNA interaction and listed the top 5 putative miRNAs of
differential circRNAs. We used TargetScan, miRPathDB and
miRDB to predict target genes of specic microRNA. The
most likely potential target miRNAs for mmu_-
circRNA_004229 include miR-207, miR-149-5p, miR-7235-3p,
miR-667-5p, and miR-6914-5p. The circRNA_004229-
microRNA-149-5p/microRNA-207-targets networks were
RSC Adv., 2019, 9, 19095–19103 | 19099
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Fig. 5 Mmu_circRNA_004229 was down-regulated and promoted transcriptional inhibition of Perp and Tnfrsf19. (A) QRT-PCR validation for
mmu_circRNA_004229 (a) and mRNA levels of Perp (b) and Tnfrsf19 (c) and GAPDH expression was used as a control. (B) TUNEL assay of WT
mice (a) and MED1 KO mice (b), the red arrows indicate the apoptosis cells. (c) Quantitative results of TUNEL assay (n ¼ 3, *P < 0.05).

Fig. 6 Immunohistochemistry results of Perp and Tnfrsf19 and their expression were decreasing slightly in MED1 KO mice (the red arrows
indicate).

19100 | RSC Adv., 2019, 9, 19095–19103 This journal is © The Royal Society of Chemistry 2019
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constructed to visualize their interactions based on micro-
array data and microRNA target genes prediction results with
Cytoscape 3.5.0 soware (Fig. 4B). The results of sequence
analysis of microRNA response elements (MRE) for miR-149-
5p/miR-207 were presented in Fig. 4A. The 2D structure
showed the target miRNA seed type (8-mer) and the 30 pairing
sequence (nucleotides 13–16). Two apoptosis-related genes,
Tnfrsf19 and Perp, which were potential target genes of miR-
149-5p and miR-207 respectively, were listed up with high
scores.
Reduction of Perp and Tnfrsf19, and suppressed apoptosis in
both IFE and HF in MED KO mice

In order to verify the prediction results obtained, we performed
qRT-PCR to validate the Perp and Tnfrsf19 mRNA expression
level. Consistent with our expectation, their expression was
signicantly inhibited inMED1 KO skin compared with control,
for 2.0-fold and 10.0-fold down-regulation respectively
(Fig. 5A(b and c)). The subsequent immunohistochemical
results also showed that Perp and Tnfrsf19 were slightly
decreased in MED1 KO epidermis (Fig. 6). Since Perp and
Tnfrsf19 were closely related to epidermal development and
apoptosis, the apoptosis level was further detected in the dorsal
skin of MED1 KO mice and their littermates by TUNEL assay.
The apoptosis cells in keratinocytes for both IFE and HF could
be observed in WT skin (red arrows, Fig. 5B(a)). However, the
number of apoptosis cells were signicantly reduced in of
MED1 KO keratinocytes (Fig. 5B(b and c)). Thus, the apoptosis
was both suppressed in IFE and HF, suggesting a possible
process that were under the regulation of MED1 through
circRNAs.
Discussion

Recent studies have demonstrated that circRNAs can function
as miRNA ‘sponges’ in gene regulation for many diseases and
biological processes in skin. The circRNAs proling for clinical
skin diseases, such as squamous cell carcinoma, basal cell
carcinoma, and severe acne, were reported.15–17 CircRNAs also
involved in the regulation of pigmentation when comparing the
black fur skin and white fur skin.21 Moreover, evidence showed
that injection of circ-Amotl1 plasmid facilitated wound repair
by increasing cell proliferation and migration.18 During differ-
entiation of epidermal stem cells, circRNAs prole exhibit
a striking change, and upregulated circRNAs might function as
miRNA sponges to regulate keratinocyte differentiation.19

Therefore, the important role of circRNAs in skin biological
function regulation, including the proliferation, differentiation,
migration and carcinogenesis, begins to receive a great
attention.

MED1, a crucial coactivator for transcription factors in
epidermis, is proved to profoundly participate in hair cycling
and wound repair regulation.5 However, the complex mech-
anism of MED1 regulating in both HF and IFE is still not fully
demonstrated. Thus, exploring the circRNAs change aer
MED1 deletion in keratinocytes might provide us with some
This journal is © The Royal Society of Chemistry 2019
new hints from untouched aspects. In this study, we per-
formed circRNAs microarray to detect the expression prole
of circular RNAs. Consistent with our expectation, a great
number of circRNAs were identied to upregulate or down-
regulate aer MED1 conditional deletion. In the top
decreased circRNAs, we picked mmu_circRNA_004229 as
candidate, and conrmed its reduction in MED1 KO
epidermis by qRT-PCR. Agnieszka et al. identied mmu_-
circRNA_004229 was differentially expressed in the brain
samples indicating its role in mouse and human brain
development.22 However, the mechanism of mmu_-
circRNA_004229 in brain and other tissues needed to be
further explored. In this study, mmu_circRNA_004229 might
play a role in the regulation of keratinocytes under the
control of MED1.

circRNAs could work by possessing ceRNAs activity, binding
with miRNAs and strongly reducing the ability for miRNAs to
targetmRNAs, thus achieving their negative regulation formRNAs.
In this study, we performed the prediction of circRNA/miRNA/
mRNA interaction network to explore the potential function
mechanism, especially relating to epidermal biological function.
We found that miR-207 and miR-149-5p are potential targets for
circRNA_004229. miR-149-5p was reported to suppress cell prolif-
eration and/or promote apoptosis process in melanoma cell via
targetingmRNA.23Here, our network prediction indicated Tnfrsf19
(also known as Troy, or Taj), another member in this family, might
serve as a potential target for miR-149-5p, which was signicantly
reduced in MED1 KO skin. Previous research revealed that
Tnfrsf19 could bind with TRAF1, TRAF2, TRAF3, and TRAF5 to
induce cell death in caspase independent way.24,25 Tnfrsf19 was
also strongly associated with epidermal development when
binding with TRAF6.26–29 Together with our results, we assume that
MED1 deletion might suppress the function of mmu_-
circRNA_004229 in sponging miR-149-5p, which in turn promote
the binding of miRNA with Tnfrsf19, leading to the regulation of
epidermal development regulation, as well as possible suppression
of apoptosis for keratinocytes in both HF and IFE.

Further interaction analysis and subsequent expression
validation also indicated Perp as target of miR-207. MiR-207
was capable of promoting the apoptosis induced by radiation
in cochlea hair cells through targeting Akt3, suggesting the
connection of miR-207 with apoptosis process.30 Perp, the
candidate target of miR-207 in our study, was originally
identied as a p53 apoptosis effector.31–34 It was reported that
overexpression of Perp was able to induce apoptosis. Perp
also involved in epithelia maintenance, since Perp null mice
died within 10 days aer birth for severe blisters in stratied
epithelia, including skin and oral mucosa. Further study
indicated that Perp achieved its role in skin integrity by
inuencing the adhesion of keratinocytes aer direct acti-
vation by p63.35 Thus, it is possible that reduction of
mmu_circRNA_004229/miR-207 in MED1 KO mice results in
the suppression of target Perp to carry out its function in
apoptosis and/or adhesion of keratinocytes.

Regarding to the limitation of this research, we see present
result quite weak in proving our assumption. We only provide
circumstantial evidence for possible biological function way of
RSC Adv., 2019, 9, 19095–19103 | 19101
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View Article Online
mmu_circRNA_004229 by regulating hair/epidermal biological
function including apoptosis via miRNA sponging. Further
exploration to directly verify those upregulated and down-
regulated circRNAs function and their underlying mechanisms
in regulating epidermal function aer MED1 deletion was
required for our future study.
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