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Abstract

Background: Testosterone signaling mediates various diseases, such as androgenetic alopecia and prostate cancer.
Testosterone signaling is mediated by the androgen receptor (AR). In this study, we fortuitously found that primary
and immortalized dermal papilla cells suppressed AR expression, although dermal papilla cells express AR in vivo. To
analyze the AR signaling pathway, we exogenously introduced the AR gene via a retrovirus into immortalized dermal
papilla cells and comprehensively compared their expression profiles with and without AR expression.

Results: Whole-transcriptome profiling revealed that the focal adhesion pathway was mainly affected by the activa-
tion of AR signaling. In particular, we found that caveolin-1 gene expression was downregulated in AR-expressing
cells, suggesting that caveolin-1 is controlled by AR.

Conclusion: Our whole transcriptome data is critical resources for discovery of new therapeutic targets for testoster-
one-related diseases.

Highlight

The comprehensive gene expression profiling were obtained by RNA-Seq analysis about AR negative and AR positive
dermal papilla cells.

The bioinformatics analysis suggested that caveolin-1 and EGF receptors are the downstream of AR signaling.

Our study showed the combination of pinpoint mutant cells and global transcriptome is effective to identify the
downstream genes.
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PEAT, version 1.2 was used for the removal of the adap-
tor sequence. https://github.com/jhhung/PEAT

STAR, version 2.6.1 was used for the mapping. https://
github.com/alexdobin/STAR

featureCount, SUBREAD, release 1.6.5 was used for the
expression counting. http://subread.sourceforge.net

R package, version 4.0.3, was used for the downstream
analysis. https://www.r-project.org

TCC-GUI, tool for the downstream analysis. https://
github.com/swsoyee/TCC-GUI

Background

Testosterone is a hormone that controls cell growth or
sexual differentiation of the reproductive organs. This
hormone is known to be associated with various dis-
eases, such as androgenetic alopecia (AGA) and prostate
cancer. Approximately 30% of males are reported to be
affected by AGA [1]. The mechanism of AGA progres-
sion is the activation of AR signaling and secretion of
Dickkopf-related protein 1 (DKK1) or tumor growth
factor-p2 (TGF-B2), which suppress the growth of hair
matrix cells [2]. Testosterone signaling is mainly medi-
ated by the androgen receptor (AR) [3]. The activation of
AR signaling starts with the binding of ligands, such as
testosterone or dihydroxy-testosterone, which has a high
affinity for AR. Ligand-activated AR forms a dimer on the
cellular membrane and translocates from the cytoplasm
to the nucleus. After nuclear translocation, AR forms a
transcriptional complex, including coactivators and RNA
polymerase, resulting in the transcriptional activation of
downstream genes [3]. In prostate cancer, the growth of
cancer cells strongly depends on the activation of testos-
terone [4]. Therefore, the identification of a chemical that
can inhibit testosterone signaling may provide a strong
candidate for the treatment of prostate cancer and/or
AGA.

The hair growth is controlled by the growth signal from
human follicle dermal papilla cells (HFDPCs). Interest-
ingly, Kwack et al. showed that primary HFDPCs cause a
decrease in AR expression even after passage 6. In agree-
ment with this phenomenon, we could not measure the
expression level of AR, even in early passages of primary
HFDPCs [5]. Although the detailed mechanism is not
clear, the expression level of AR dramatically decreases
after sequential passages of the DPCs. The immortal-
ized cells established from corresponding primary cells
were also negative for AR expression [5]. These situations
led us to hypothesize that we could reconstitute the AR
signaling pathway if AR is exogenously introduced. In
fact, we introduced an expression cassette of AR with a
hemagglutinin (HA) tag using a retrovirus in our previ-
ous study [5]. Interestingly, the introduction of exoge-
nous AR caused elevated expression of DKK1, indicating
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that the AR signaling pathway remains intact in HFDPCs
even after immortalization [5]. Therefore, we concluded
that we successfully obtained genetic mutants of HFD-
PCs that were negative or positive for AR expression. The
comparison of expression profiles between AR-positive
and AR-negative immortalized DPCs would allow us to
identify the downstream genes of AR. In this study, we
comprehensively compared the expression profiles of
immortalized HFDPCs with or without AR expression to
identify the downstream gene network of AR signaling,
which will contribute to finding out of new target mol-
ecules to androgen related diseases.

Methods

Cell culture and RNA extraction

We previously reported the establishment of immortal-
ized DPCs with the expression of R24C mutant cyclin-
dependent kinase 4 (CDK4), cyclin D1, and telomerase
reverse transcriptase (TERT) via lentiviral gene transfer.
The immortalized human follicle dermal papilla cells
were named as “HFDPC_K4DT” from the last characters
of the introduced genes (CDK4, cyclin D1, TERT). We
previously confirmed that AR expression in established
immortalized cells (HFDPC_K4DT) is undetectable,
almost identical to that of fibroblasts. To reconstitute the
AR signaling pathway, we introduced an expression cas-
sette of AR with an HA tag through the retrovirus expres-
sion system. Total RNA was extracted from immortalized
HEDPCs using the K4DT method and AR-expressing
immortalized HFDPCs. To detect the reproducibility of
the expression counts, we extracted RNA from three bio-
logical replicates.

RNA-Seq analysis

We checked the quality of the raw sequencing reads
using FastQC. Data were obtained using paired-end
sequencing. We analyzed the data from six samples of
HEFDPC-K4DT and AR-expressing HFDPC-K4DT. Raw
sequencing reads were processed with PEAT program to
remove the adaptor sequence. We removed the low-qual-
ity reads using PRINSEQ, and the remaining reads were
mapped to the human reference genome (GRC38, NCBI)
with the STAR mapping program. The expression counts
for each sample were obtained using the featureCounts
program. We first extracted genes which have more than
3000 counts on any sample. To normalize expression
counts, we used the DEGES normalization method [6].
We set the parameters of TCC-GUI as default setting [7,
8] The differentially expressed genes (DEGs) were deter-
mined using the TCC-GUI program developed by Dr.
Koji Kadota (Tokyo University, Tokyo, Japan; https://infin
ityloop.shinyapps.io/TCC-GUI/). For the determination
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of differentially expressed genes, we used Q value (FDR)
less than 0.01.

Downstream pathway analysis

After mapping all sequencing reads, the expression count
of all genes was determined (33,122 genes). Based on the
results of DEGs in TCC-GUI, we extracted 1196 genes
classified as DEGs. The list of DEGs was processed using
the DAVID pathway analysis tool. The expression levels
of genes in the listed pathways were visualized using the
heatmap function of TCC-GUL

Detection of expression level of caveolin-1 and EGFR

with qPCR

The total RNAs of HFDPC-K4DT and AR expressing
K4DT cells were extracted with NucleoSpin RNA (Takara
Bio, Shiga, Japan). The cells were treated with basal
medium containing 50nM DHT or without DHT (no
treatement) for 8 h. Total cDNAs were obatained with Pri-
meScript RT reagent Kit with gDNA Eraser with random
primer method. The cDNA were used as the template sam-
ples of qRT-PCR with THUNDERBIRD SYBR qPCR Mix
(TOYOBO, Osaka, Japan) under the reaction condition
recommended from the manufacture. The sequences of the
detection primers were listed in below. Primers for caveo-
lin 1, TF1162; 5-CCCGCAGCCTGGGAGTGCCCTGA-
3" and TF1163, 5-GCTTGTAGATGTTGCCCTGTTCCC
GGAT-3'. Primers for EGFP, TF1164, 5-ATGATGCAA
ATAAAACCGGACTGAAGGA-3/, TF1165, 5'-CTGCAC
CCCAGCAGCTCCCATTG-3'. Primers for GAPDH,
TF999, 5- GAGGTGCACCACCAACTGCTTAGC-3' and
TF1000, 5-TCGGCATGGACTGTGGTCATGAG-3'. The
detections with qRT-PCR were carried out with Thermal
Cycler Dice Real Time System II (Takara Bio, Shiga, Japan)
under the relative quantitation with GAPDH.

Results

Biological background of immortalized HFDPCs

and AR-expressing immortalized cells

In our previous study, we exogenously introduced an
AR expression cassette through retrovirus gene transfer.
Although the expression level of AR was undetectable in
parent cells, the AR-expressing immortalized HFDPCs
showed an intense signal with the expected molecular
weight in western blotting (see Fig. 1 of our previous pub-
lication, Fukuda et al., 2020). Furthermore, we detected
the nuclear localization of AR even without ligand
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stimulation, which may explain auto-dimerization based
on the force expression system (see Fig. 2 of our previ-
ous publication, in Fukuda et al., 2020). Furthermore, we
detected activation of DKK1 (a major downstream gene
of AR) expression in AR-expressing immortalized HED-
PCs, which indicated that the AR signaling pathway was
reconstituted by exogenous AR introduction.

Whole-gene transcriptome analysis of parent HFDPC-K4DT
and AR-expressing HFDPC-K4DT

To comprehensively compare the expression patterns
of whole genes, we carried out RNA-Seq analysis using
an Illumina Hiseq X sequencing machine (Illumina, San
Diego, CA, USA) and a 150-bp paired end. The sequenc-
ing workflow is shown in Fig. 1A. After the removal of
the adaptor, we initiated the mapping process. The
number of obtained sequence reads was at least 22 M,
indicating that the read number was sufficient for quan-
titation [9]. To evaluate the reproducibility of the data,
we carried out RNA-Seq reactions with three biologi-
cal replicates. We evaluated the quality of the read data
using the FASTQC program (Fig. S1 and S2). The results
of FASTQC indicated that the average of almost all
sequencing data was mapped within the green area, sug-
gesting that the read data was reliable. We next mapped
sequencing reads using the STAR program and human
reference genome (GRCh38). The mapping ratio and
read number are shown in Fig. 1C. The mapping ratio
of the samples was more than 95%, indicating that our
mapping method was suitable for detecting gene expres-
sion. The mapping ratios were 95.9% (HFDPC_K4DT1),
96.2% (HFDPC_K4DT?2), 96.3% (HFDPC_K4DT3), 96.4%
(HFDPC_K4DT_AR1), 96.3% (HFDPC_K4DT_AR2), and
95.1% (HFDPC_K4DT_AR3).

The complete list of expression counts of parent
HEDPC-K4DT and AR-expressing HFDPC-K4DT is
provided in Figshare (https://figshare.com/articles/datas
et/HFDPC_K4DT_HFDPC_K4DT_AR/13567343). 'The
sequencing data were submitted to the DDBJ database
under Bioproject Submission ID PRJDB10909. We
first filtered genes at least 3000 counts on any sample.
The number of genes remained after the filtration was
1537 genes. Next, we input the expression counts of the
whole genome into TCC-GUL First, we analyzed the cor-
relation plots of expression profiles, as shown in Fig. 1B.
The biological replicates of parent HFDPC-K4DT and
AR-expressing HFDPC-K4DT formed unique clusters,

(See figure on next page.)

Fig. 1 Workflow of RNA-Seq analysis and PCA of immortalized human dermal papilla cells (HFDPCs) with K4DT cells and AR-expressing cells. A
Workflow of the analysis. B Correlation matrix of all samples. Triplicate samples formed unique clusters. C Mapping ratio of parent immortalized
HFDPC-K4DT cells and AR-expressing HFDPC-K4DT cells. The mapping results of parent K4DT were reproduced from our previous publication
(FukudaT, et al, 24: 101929, iScience, 2012). D PCA of expression profiling of HFDPC-KADT cells with and without AR expression
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indicating that the sequencing results were reproducible.
The triplicated data also formed unique clusters in three-
dimensional PCA (Fig. 1).

Pathway analysis results

We further analyzed the DEGs with a FDR based Q
value of less than 0.01. In total, we narrowed down the
DEGs to 1196 as candidate genes. The list of DEGs was
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submitted to the pathway analysis tool DAVID. The
most significant pathway determined in DAVID was
the focal adhesion pathway (61 hits in the annotation
list), followed by Proteoglycans in cancer (51 hits in the
annotation list). Based on the pathway analysis results,
we compared 61 genes listed in focal adhesion using
heatmap analysis (Fig. 2). Furthermore, the expres-
sion levels of Proteoglycans in cancer related genes (51
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Fig. 2 Heatmap analysis of differentially expressed genes listed in focal adhesion pathway and Proteoglycans in cancer pathway, which are listed in
the KEGG database. Red indicates high expression and blue indicates low expression of genes
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genes) are shown in Fig. 6. We also mapped the DEGs
in the Kyoto Encyclopedia of Genes and Genomes
(KEGQG), which showed more than a 2-fold increase or
0.5-fold decrease (at least 3000 counts in any sample)
based on bar plots of expression counts and decision
criteria [10—12]. Mapping of the focal adhesion path-
way indicated that collagen-related molecules (FN1,
COL1A1, COL27A1, COL4A1, COL4A2, and COL5A3)
were either downregulated or upregulated in AR-
expressing cells. Furthermore, the expression level of
Caveolin 1 was downregulated and EGFR was upregu-
lated in AR expressing HFDPC-K4DT cell (Fig. 5).

In Proteoglycans in cancer related pathway, the expres-
sion level of Twist was elevated which is one of the tran-
scriptional factor in AR expressing cell.

Validation of RNA-Seq results with qPCR analysis

We furthermore detected the expression levels of Cave-
olin 1 downregulated and EGFR with qPCR analysis.
As the first evidence, we detected expression of these
two genes in identical RNAs which used for RNA-Seq.
The downregulation of Caveolin 1 and upregulation
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of EGFR in AR expressing cell were reproduced with
qPCR analysis (Fig. 3). Furthermore, we carried out
treatment of 50nM of dihydrotestosterone (DHT) with
and without AR expressing cells. Under the intact con-
dition, downregulation of Caveolin 1 and upregulation
of EGFR in AR expressing cell were also reproduced
(Fig. 4A and B, Left side). However, expression of Cave-
olin 1 was strongly suppressed after the treatment of
DHT even in parent K4DT cell. The expression levek of
Caveolin 1 was elevated in AR expressing cells. These
data indicate that 50nM DHT treatment causes various
types of expression change, which independent to AR
signaling.

Discussion

In this study, we comprehensively compared the expres-
sion profiles of parent immortalized human HFDPCs
with K4DT and AR-expressing offspring cells. The
genetic background of these cell lines was identical
except for the expression status of AR. The comparison
of global expression profiles allowed us to identify the
downstream genes involved in AR signaling.
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Fig. 5 Location of upregulated or downregulated genes in AR-expressing HFDPC-K4DT cells in focal adhesion pathway from KEGG

We already detected that HA-labelled androgen
receptor get into the nuclei without treatment of tes-
tosterone in AR expressing cell in our previous publica-
tion. The nuclear localization of exogenously introduced
HA-labelled androgen receptor without ligand treat-
ment can be possibly explained by following two rea-
sons; first possibility is the auto-dimerization. Due to
the high level of expression of HA-labelled AR, receptor
might cause auto-dimerization, which is critical process
for the activation of AR signaling. The second possibil-
ity is the testosterone concentration within the serum
in cell culture medium. Since the testosterone is quite
sensitive as the hormone receptor, we need to perform
serum withdrawn to exactly detect the nuclear trans-
location. We furthermore carried out the exposure of
50nM DHT to parent K4DT cell and AR expressing cell.
The exposure of DHT causes the elevation of Caveolin 1
even in the AR negative parent cell. The results of DHT
exposure in parent cell showed that DHT treatment
causes changes in signaling pathway, which independ-
ent from AR manner. We need to pay attention for the
use of the ligand. If we use synthetic antrogen recptor
ligand, such as R1881, the effect of ligand treatment

might show different response. However, although the
synthetic ligand might be specific from the view point
of androgen signaling pathway, the biological explana-
tion would be difficult when it compared with natural
ligands such as DHT.

We found that caveolin-1 is downregulated in AR-
expressing cells. In support of this result, caveolin-1 is
reported to be controlled by AR signaling [13]. Fur-
thermore, caveolin-1 has been identified as a malignant
marker of prostate cancer, and it controls the survival
ratio of prostate cancer cells [14, 15]. In addition, in
a mouse study, caveolin-1 expression was suppressed
after testosterone treatment. The expression level of
caveolin-1 increased in castrated male mice [13]. In the
mouse genome, the two binding sites were identified
within intron 2, indicating that caveolin-1 expression
is controlled by AR. Although the association of caveo-
lin-1 and AR has been suggested in previous studies,
the connection between these two molecules has not
yet been fully elucidated. Our expression profiling data
suggest that the strength of the AR signaling pathway is
controlled by caveolin-1. We also identified the expres-
sion level of EGFR is upregulated in AR expressing cell.
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Identification of EGFR as the downstream suggest the
cross-talk of AR and EGF signals. These data indicate the
existence of a gene network under the control of the AR
nuclear receptor. Improved understanding of AR-related
networks may contribute to the discovery of new thera-
peutic targets for AR-related diseases, such as prostate
cancer or AGA.

Conclusion

Our whole transcriptome data is critical resources for
discovery of new therapeutic targets for testosterone-
related diseases.
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