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ABSTRACT

The alterations of the extracellular matrix (ECM) in lamina propria of the vocal folds are important changes that
are associated with decreased vibrations and increased stiffness in aging vocal fold. The aim of this study was to
investigate the differences in gene expression of lamina propria using next generation sequencing (NGS) in
young and aging rats and to identify genes that affect aging-related ECM changes for developing novel
therapeutic target molecule. Among the 40 genes suggested in the NGS analysis, voltage-gated calcium channels
(VGCC) subunit alphal S (CACNA1S), VGCC auxiliary subunit beta 1 (CACNB1), and VGCC auxiliary subunit gamma
1 (CACNG1) were increased in the lamina propria of the old rats compared to the young rats. The synthesis of
collagen | and Ill in hVFFs decreased after si-CACNA1S and verapamil treatment. The expression and activity of
matrix metalloproteinases (MMP)-1 and -8 were increased in hVFFs after the treatment of verapamil. However,
there was no change in the expression of MMP-2 and -9. These results suggest that some calcium channels may
be related with the alteration of aging-related ECM in vocal folds. Calcium channel has promising potential as a
novel therapeutic target for the remodeling ECM of aging lamina propria.

INTRODUCTION

The voice changes with age. The change of voice
due to aging after the sixth decade of the life is
called presbylaryx. Aging voices are characterized by
hoarse, weak, strained, low pitch, or breathy [1-2].
Laryngostroboscopic findings of aging larynx may
reveal the vocal fold bowing, glottis gap, asymmetry of

vibration and decreased mucosal wave [3]. Elderly
person who are aware of the increased vocal roughness
and voice deterioration report a tendency to avoid social
situation [4]. The impairment of communication reduces
the quality of life by avoiding the social activities of the
elderly. With the increase in the global elderly
population, there is a growing interest in aging related
voice changes.
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The change of aging voice is related with systemic body
condition, such as systemic medical condition, decreased
pulmonary function, and neurologic disorders [2, 5].
Also, the change of histo-morphology of laryngeal
muscle and vocal fold lamina propria play a crucial role
in the development of aging voice. Among the histo-
morphologic changes seen with aging vocal fold, the
changes of the viscoelasticity of the vocal folds are
important changes that are associated with decreased
vibrations and increased stiffness of the vocal folds. The
alterations to the extracellular matrix (ECM) of the
lamina propria are the most significant findings and result
in reduced viscoelasticity. In the aging lamina propria,
the increase of collagen I and III and the decrease of
hyaluronic acid and elastin are important changes [6-9].

The current management of aging voices is a speech
therapy that improves lung function and reduces
laryngeal tension [10]. Surgical treatment has been
reported for the injection laryngoplasty or medialization
thyroplasty [11, 12]. Regenerative medicine and tissue
engineering are novel strategies for the treatment of aging
vocal folds. It has been reported as the encouraging
results in several studies using growth factors, such as
basic fibroblast growth factor and hepatocyte growth
factor [13, 14]. Although recent tissue engineering and
growth factors studies have been reported to be effective
in the treatment of aging vocal folds, further basic and
clinical investigations are required to overcome age-
related voice change because the mechanism of aging
ECM changes has not yet been fully understood. The
studies for the molecular mechanism of the alterations of
aging-related ECM in vocal fold lamina propria may be
better understood for the basic mechanism of
presbylarynx and may be applied to develop the novel
therapeutic target molecules for aging voice disorder. The
aim of this study was to investigate the differences in
genes expression of lamina propria using next generation
sequencing (NGS) in young and aging rats and to identify
genes that affect aging-related ECM changes for
developing novel therapeutic target molecule. The studies
for the molecular mechanism of the alterations of aging-
related ECM in lamina propria may be better understood
for the basic mechanism of presbylarynx and may be
applied to develop the novel therapeutic target molecules
for aging voice disorder.

RESULTS

Statistical analysis of gene expression changes by
NGS study

The changes in age-induced gene expression over 22
months old rats compared to 6 months old rats were first
evaluated at each of the group points (Table 2A). And
then, we obtained corresponding annotation results as

each DEG mapped into the well annotated genes (Table
2B). Detailed information for Table 1A and Table 1B
shown in Supplementary data for Table 1 and
Supplementary data for Table 2. At this point, we
determined vocal fold aging related genes that are
common between each sample comparison (Y1-4 vs O1-
4, Y1-4 vs 05-8, Y5-8 vs O1-4, Y5-8 vs O5-8, and Y1-
4, Y5-8 vs O1-4, 05-8). We identified 40 and 79
differentially expressed genes by aging process, which
were up- or down-regulated by fold changes,
respectively, across all of the group-points (Table 1C).
Detailed information on aging related genes is provided
in Supplementary data for Table 3.

Immunohistochemical stain and Western blot for
voltage-gated calcium channels genes

The results of NGS analysis showed that three of the 40
genes that were commonly increased in the lamina
propria of the old rats compared to the young rats were
calcium channel related genes. So, we selected 3 calcium
channel related genes: voltage-gated calcium channels
(VGCC) subunit alphal S (CACNA1S). VGCC auxiliary
subunit beta 1 (CACNB1), and VGCC auxiliary subunit
gamma 1(CACNG1). Immunohistochemical staining was
performed for CACNA1S, CACNBI1 and CACNGI. The
expression of all three genes (CACNA1S, CACNBI1 and
CACNGU) were significantly increased in lamina propria
of old rats compared to young rats (Figure 1A-1C).
Western blotting was performed on three calcium
channel related genes in the primary-culture rat vocal
fold fibroblasts of young and aging rats, only CACNA1S
was increased compared to young rats (Figure 1D).

Knockdown of voltage-gated calcium channels genes
reduces collagen synthesis on hVFFs

The three calcium channel genes (CACNALS,
CACNB1 and CACNGI1) which were significantly
increased by the immunohistochemistry and NGS
studies in the aging lamina propria of rat were
expressed as hVFFs (Figure 2A). To investigate the
relationship between these genes and the alteration of
extracellular matrix in aging lamina propria, the
changes of collagen and hyaluronic acid were observed
by knockdown using siRNA for these calcium channel
genes. We confirmed by qPCR and western blotting
under non-reducing condition whether these genes were
effectively knocked down (Figure 2A). After that, the
protein expression of collagen I, I1I, hyaluronic acid and
elastin was examined. The results show that these
knockdown cells suppressed collagen 1 and III
expression. Especially, CACNAI1S knockdown cells
significantly inhibited collagen 1 and III protein
synthesis compared to CACNB1 and CACNGI1 knock
down cells (Figure 2B). However, hyaluronic acid and
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Table 1. Number of differentially expressed genes by aging process.

(A) Number of DEGs.

Numbers of genes

No Group 1 Group 2 Sum Up Down
" (G2 only) (G1 only)
569 706
1 Y1-4 01-4 1,275 231) (299)
554 603
2 Y1-4 - 1,1
05-8 157 (275) (145)
722 453
3 Y5-8 01-4 1,175 261) (122)
551 420
4 YS5- - 1
5-8 05-8 97 (257) (32)
1,774 1,625
5 Y1-4 and Y5-8 O1-4 and O5-8 3,399 (136) (61)
(B) Number of DEGs mapped into the well annotated genes.
Numbers of genes
No Group 1 Group 2 Sum Up Down
" (G2 only) (G1 only)
297 361
1 Y1-4 01-4 658 (10) (15)
218 405
2 Y1-4 05-8 623
(7) (14)
395 275
3 Y5-8 01-4 670
(®) 2n
234 334
4 Y5-8 05-8 568
(6) (16)
1,279 1,291
5 Y1-4 and Y5-8 01-4 and O5-8 2,570 ’ ’
€)) (N

(C) Number of DEGs common between each sample comparison.

Numbers of genes

Group 1 Group 2

Up Down

Young Old

40 79

elastin were not affected by knockdown of these calcium
channels genes (Figure 2C and 2D). These knockdown
cells did not show a significant change in the expression
of MMP-1, 2, 8, and 9 associated with collagen
degradation (Figure 2E).

Proliferation and viability of hVFFs after verapamil
treatment

The effect of verapamil, one of the most commonly
used VGCC blockers in clinical practice, on the
proliferation and viability in hVFFs was investigated.
MTT assay results showed that verapamil treatment

reduced the proliferation and viability of hVFFs cells
dose- and time-dependent manner (Figure 3A and 3B).
As the concentration of verapamil increased, the
proliferation and viability of hVFFs decreased. Also,
the proliferation and viability of hVFFs decreased with
increasing treatment time of verapamil.

Expression of human CACNA (hCACNA1) subtypes
in hVFFs cell lines

CACNAIS that is most relevant to changes in aging-
related ECM is one of the subtypes of voltage-gated
calcium channels subunit alphal (CACNA1). CACNA1
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Table 2. Primer.

Forward GACATAATTCCCGCTGCCTG
hCACNAIS Reverse GTTTCCATTCTTCACCCGCC
Forward ATCGTCTTCACCTCCCTCTTC
hCACNATA Reverse GCCCAGAACAGTCACAAAGTC
Forward TTGCCTACTTCTACTTCGTCTCC
hCACNALB Reverse TCACAGCCACAAAGAGGTTC
Forward AACAAGGACTGGTGGGAAAG
hCACNAILC Reverse TGCAAATCACACGATATAGCAC
Forward TTTGACTGCTTCGTCGTGTG
hCACNAID Reverse GGTTGCTCAAGGAGTTCCAG
Forward TCCAGTTGGCTTGTATGGAC
hCACNALE Reverse AACGTCTCATGGAGCTAGGG
Forward CACCTCCAGTCAGCCCAGT
hCACNALE Reverse TCTTGCTTGTTTTGCCCTTT
Forward GGGCATCGAATACCACGA
hCACNAIG Reverse GCAAAGAGGCTGGTGAAGAC
Forward TCAACGTCATCACCATGTCC
hCACNAIH Reverse GCCTCGAAGACAAACACGA
Forward GTACTTCAACCGGGGCATC
hCACNAIL Reverse ATCATCTCCAGGGCAAACA
Collal Forward ACG AAG ACA TCC CAC CAATC
Reverse ATG GTA CCT GAG GCC GTIT C
Colla? Forward GGT CAG CAC CACCGA TGT C
Reverse CACGCCTGCCCTTCCTT
Col3a Forward CCTGGAGCCCCTGGACTAATAG
Reverse GCCCATTTGCACCAGGTTCT
Elastin Forward TTCTGGGAGCGTTTGGAG
> Reverse CCTTGAAGCATAGGAGAGACCT
HAS-1 Forward TGTGACTCGGACACAAGGTTG
Reverse GCCT CAAGAAACTGCTGCAA
HAS-2 Forward ATCCCATGGTTGGAGGTGTT
Reverse TGCCTGTCATCACCAAAGCT
MMP-1 Forward GATGGACCTGGAGGAAATCTTG
Reverse TGAGCATCCCCTCCAATACC
MMP-2 Forward GCACCCATTTACACCTACACCAA
Reverse AGAGCTCCTGAATGCCCTTGA
MMP-8 Forward GACCAACACCTCCGCAAATT
Reverse CCCCAAAGAATGGCCAAAT
MMP-9 Forward GGACGATGCCTGCAACGT
Reverse ACAAATACAGCTGGTTCCCAATC
GAPDH Forward GGAGTCAACGGATTTGGTCGTA
Reverse GGCAACAATATCCACTTTACCAGAGT
is the primary function unit of the calcium channel and Alteration of CACNAL1s gene and ECM protein with
has 10 sub-types [15]. So, the expression of other verapamil treatment in hVFFs
hCACNA1 subtypes was investigated in hVFFs.
hCACNA1B, hCACNAL1S, and hCACNAI1A are highly When the verapamil was treated with hVFFs for 6
expressed compared to other subtypes (Figure 4). hours, the expression of CACNAI1S decreased in gPCR
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and Western blot (Figure 5A). Also, the synthesis of
collagen I and III in hVFFs decreased according to the
concentration of verapamil (Figure 5B). However, there
was no effect on the synthesis of hyaluronic
acid or elastin (Figure 5C and 5D). MMP-1 and -8,

A

CACNAL1S

um?pixel?

which are associated with the degradation of collagen,
increased the expression and activity as the con-
centration increased (Figure SE and 5F). However, there
was no change in the expression of MMP-2 and -9
(Figure SE).

um?/pixel?

CACNG1
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Figure 1. Immunohistochemistry of CACNA1s, CACNB1 and CACNG1 genes. Expression of CACNA1S (A), CACNB1 (B) and CACNGL1 (C)
in IHC staining finding (X200) increase significantly in old compared to young rats. In western blot analysis of these 3 genes, only CACNA1S is
increased in primary cultured lamina propria fibroblasts of old compared to young rats (D). IHC, Immunohistochemistry. One-way ANOVA

test; *p<0.05.
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A NC si-hCACNA1S B
Hyaluronic acid
Collagen | Collagen il o
NC_si-hCACNB1 e e
0 0
B-actin Collagen I — Collagen ITI — Hyaluronic acid —
NC si-hCACNG1 NC + - - - NC + - - - NC + - - -
CACNG1 | — si-hCACNALS + - - sihCACNAIS -  + - - si-hCACNAIS -+ - -
g
- si-CACNB1 -t - si-CACNBL - -+ - si-CACNBl - -+ -
b [ - v N '
si-hCACNG1 S si-hCACNGl =~ - si-hCACNGL = = °
Elastin
MMP2 MMPY MMP1
15 15
1.0 1.0-
0.5 0.5-
0.0- 0.0- .
NC - - NC O+ - - -
si-hCACNAIS -+ - - si-hCACNAIS -+ - - si-hCACNAIS -  + - S-hCACNAIS -  + - - sihC
si-CACNBl - -+ - si-CACNBl - -+ - si-CACNBl - -+ S-CACNBI - - + - sia
si-hCACNG1  ~ - * si-hCACNGl - - - *  si-hCACNGI - - S-hCACNG1 - - - + s

Figure 2. Alteration of extracellular matrix by knockdown of CACNA1s, CACNB1 and CACNG1 genes in hVFFs. CACNALs,
CACNB1 and CACNG1 genes are effectively knocked down (A). CACNA1S knockdown cells significantly inhibit the synthesis of collagen | and IlI
protein compared to CACNB1 and CACNG1 knock down cells (B). However, the synthesis of hyaluronic acid and elastin were not affected by
knockdown of CACNA1s, CACNB1 and CACNGL1 genes (C and D). These knockdown cells did not show a significant change in the expression of
MMP-1, 2, 8, and 9 (E). Relative gene expression (fold change) was normalized to the respective housekeeping gene (18s RNA) controls.
MMPs, matrix metalloproteinases. One-way ANOVA test; NS as no significant, ¥p<0.05, and **p<0.01.
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Figure 3. Cellular proliferation and viability by verapamil in hVFFs. Photographs and graphs show the changes of the proliferation (A)
and viability (B) of hVFFs at various time points depending on the concentration of verapamil. Verapamil treatment reduced the proliferation
and viability of hVFFs cells as dose- and time-dependent manner. Represented are light microscopic images of hVFFs for general morphology.

One-way ANOVA test; ***p<0.001.
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DISCUSSION

The normal aging process is associated with increased
amounts of oxidative stress and perturbed cellular
energy metabolism involving impaired mitochondrial
function [16]. It is also known that the oxidative stress
and impaired energy metabolism are involved in the
development of various diseases such as hypertension,
diabetes, cardiovascular dysfunction, and Alzheimer’s
disease as well as aging [17]. Reactive oxygen species
(ROS) is one of the major players in cellular growth,
senescence, aging and death [18]. Dysregulation or dys-
homeostasis of calcium is associated with the regulation
of rhythmicity and contractility in the heart and the
pathogenesis of aging-related neurodegeneration in brain
[19]. Cellular calcium signaling pathways are regulated
by other cellular signaling systems such as ROS [20]. In
aging hippocampal neurons, L-type calcium channels
(CACN) are increased, and this increase is related to
age-dependent cognitive decline [21, 22]. The increase
in L-type CACN activity appears to be a primary
mechanism for triggering calcium dyshomeostasis in
brain aging [23]. Cellular calcium overload is believed
to play a key role in the death of neurons by a stroke
[24]. T-type calcium channels inhibitors drastically
reduce the ischemic-induced delayed cell damage [25].
Verapamil inhibits calcium influx and prevents neural
damage and memory impairment caused by severe
hypoglycemia in diabetes mellitus [26]. The calcium
channel is one of important molecules involved in the
mechanism of aging and the mechanism of various
diseases.

According to literature review, there has been no study
on the expression or role of VGCCs in the lamina
propria of the vocal fold. This study was the first to
confirm that the VGCCs are expressed in the
lamina propria of vocal fold through NGS and immuno-
histochemical stain. We also found that the CACNAIS,
CACNBI, and CACNG1 were significantly increased in
the lamina propria of aged rats in immunohistochemical
staining. When si-hCACNAIS was treated with hVFFs,
the synthesis of collagen I and III was decreased, but HA
and elastin were not changed. There was no significant
change in the synthesis of collagen I, HA and elastin
when treated with si-hCACNBI1 and si-hCACNGI in
hVFFs. These suggest that the increase of CACNAIS in
the aging lamina propria may be associated with an
increase in collagen I and III, one of the important
findings of the aging vocal cords. Further studies on the
role and function of increased these genes in the lamina
propria of aging vocal ford are needed. So, a better
understanding of the cellular and molecular mechanism
for cellular calcium homeostasis during aging my lead to
novel approaches for therapeutic target.

The VGCCs control many critical physiological process,
including hormone and neurotransmitter release, cell
migration, gene transcription, and muscle contraction
[27, 28]. VGCCs consist of an assembly of subunits that
together form a functional channel. The main calcium
channel ol (CACNAT1) subunit associates with auxiliary
subunit B, a2-6 and sometimes y to form the VGCC
complex. Although CACNALI alone is able to conduct
current, the auxiliary subunits allow for proper activation
and inactivation properties [30]. Ten different genes for
CACNA1 have been identified [31]. There are
differences in subtypes that are mainly expressed in
organ or tissue. CACNAIS subtype is predominately
found in the skeletal muscle and CACNAIC is located
in cardiac tissue and brain. CACNAID is generally in
the central nervous system and auditory hair cells [32,
33]. According to literature review, there is no study on
the expression patterns of CACN subtypes in human
vocal fold fibroblasts. In our study, hCACNAIB,
hCACNAI1S and hCACNAI1A were expressed higher
than other subtypes in human VFFs. Further studies on
the role and function of expressed these genes in the
lamina propria of vocal fold are needed.

Fibroblasts are the most abundant cell type in the lamina
propria and play a major role in synthesizing
components of ECM and the regulation of collagen
degradation. The important ECM-related changes in the
aging-related lamina propria are the increased deposition
of collagen I and III, the decreased deposition of HA and
elastin, and the decreased activity of matrix
metalloproteinases (MMP)-2 and 9 [6-9]. Although the
MMP-2 and -9 increases in lamina propria of aging

1.54

Wiy

o

Figure 4. Expression of voltage-gated calcium channel
subunit alpha subtypes in hVFFs. The expression of 10
hCACNA1 subtypes are investigated in hVFFs. hCACNA1B,
hCACNA1S, and hCACNA1A are highly expressed compared to
other subtypes.
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vocal fold, there is no report about the expression of These two important enzymes are known to be important

MMP-1 and 8 in aging vocal folds [9]. MMP-2 for aging vocal folds and tissue remodeling of wound
(gelatinase A) has type IV collagenolytic activity and healing, but they are not involved in the collagen
MMP-9 (gelatinase B) has type V collagenolytic activity. degradation activity of increased collagen I and III, which
A CACNAIS B . Collagen Ial Collagen 1a2 15 Collagen IIT
1.59 .

0 50 100 200 0 50 100 200 0 50 100 200

uM of verapamil (6h) uM of verapamil (6h) uM of verapamil (6h) uM of verapamil (6h)

HAS-1 HAS-2 Elastin

0 50 100 200 0 50 100 200 0 50 100 200
. M of verapamil (6h;
uM of verapamil (6h) uM of verapamil (6h) uM of verapamil (6h)
MMP1 MMPS MMP2
15 15 15 MMP9

0 50 100 200 0 50 100 200

uM of verapamil (6h) uM of verapamil (6h) uM of verapamil (6h) uM of verapamil (6h)
MMPI activity MMPS activity
50
40
ﬁ
=z 30
20
10
0
0 50 100 200 0 50 100 200
uM of verapamil (6h) uM of verapamil (6h)

Figure 5. Alteration of CACNA1s gene and ECM protein with verapamil treatment in hVFFs. After the verapamil treatment for 6 h
in hVFFs, the expression of CACNA1S decreases in RT-PCR as dose-dependent manner (A). The synthesis of collagen | alpha 1 and 2 and
collagen Ill in hVFFs decrease according to the concentration of verapamil (B). However, there are no effect on the synthesis of HA or elastin
(Cand D). MMP-1 and -8 are increased the expression and activity as the concentration increased (E and F). However, there was no change in
the expression of MMP-2 and -9 (E). Relative gene expression (fold change) was normalized to the respective housekeeping gene (18s RNA)
controls. HAS, hyaluronic acid synthase. MMPs, matrix metalloproteinases. One-way ANOVA test; NS as no significant, *p<0.05, **p<0.01 and

***p<0.001.
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is an important characteristic of the ECM of the aging
vocal folds [34, 35]. MMP-1 and -8 are important
enzymes involved in collagen I and III degradation. It is
important that the novel therapeutic target for the
alterations of aging-related ECM in lamina propria
reduces the synthesis of collagen I and III, which are
important features of ECM, and increases the degradation
of collagen I and III.

There is no study about the relationship between the
CACN expression and ECM changes in vocal fold
fibroblasts. However, there are some studies for the
ECM remodeling by calcium channel blockers (CCBs)
in the dermal fibroblast or cardiac fibroblast [36-38].
Yue H et al. reported the decrease in MMP-2 during
treatment with amlodipine, one of CCBs, in cardiac
fibroblasts, but neither verapamil nor diltiazem altered
MMP-2 expression [36]. However, all CCBs, including
verapamil, reduced the deposition of collagen type I in
the ECM of dermal fibroblasts [37].

Verapamil is a first generation calcium channel blocker
widely used for treatment of hypertension through
inhibits the transmembrane influx of extracellular
calcium ions into myocardial and vascular smooth
muscle cells, causing dilatation of the main coronary and
systemic arteries and decreasing myocardial contractility.
We chose verapamil to focus on the previous report that
it affects collagen synthesis as well as the calcium
channel blocking effect of verapamil. Verapamil inhibits
scar formation by inhibiting fibroblast adhesion and

NGS,
THC stain

ECM of aging
lamina propria

]_.

CACNBI
CACNGI

CACNAIS t1
1

)

proliferation in vitro and diminished the secretion
of extracellular matrix from keloid and hypertrophic
scar in vivo, suppressed type I and III collagen secretion
[38, 39].

The alterations of verapamil-treated fibroblast are
represented by morphological changes, low cytosolic
calcium concentration, discrete reorganization of actin
cytoskeleton, and increase of MMP-1 production and
activity [40]. In the our study, when verapamil was
treated in the hVFFs, the expression of hCACNAI1S and
the synthesis of collagen I and III was significantly
decreased, and the expression and activity of MMP-1
and MMP-8 were increased. Verapamil not only inhibits
the production of collagen I and III but also increases
collagen I and III degradation by increasing the activity
of MMP-1 and -8 in hVFFs. These results may be due to
the decrease of intracellular calcium influx by calcium
channel dysfunction, which is caused by the decrease of
CACNALIS, but it is necessary to study the exact
mechanism of CCBs effect to modify ECM.

There are several studies to reduce the scar formation
using the effect of ECM remodeling of the CCBs. CCBs
have been reported to inhibit peripheral nerve scars by
reduced the axon resistance [41]. Intralesional verapamil
reduced the keloid and hypertrophic scars [42, 43]. Also,
verapamil is capable of inhibiting the production of
cytokines, cellular proliferation, and the biosynthesis of
the ECM [44]. The anti-scar effect of verapamil is
thought to be associated with the collagenase activity of

[ Verapamil treatment in hVFFs ]

| hCACNA1S ll

y y

[ Collagen I, IIT

1)
HA Elastin § Collagen I, III¥ || MMP-1,-8 ¢

ECM remodeling of aging
lamina propria

Figure 6. Summary of our study. CACNA1S, CACNB1, and CACNG1 are significantly increased in the NGS study and immunohistochemistry
in the lamina propria of aging vocal folds. The synthesis of collagen | and Il of hVFFs with si-CACNA1S are reduced significantly. When
verapamil is treated in hVFFs, the expression of CACNA1S and the synthesis of collagen | and Ill are decreased and the expression of MMP-1
and 8 are increased. Voltage gaited calcium channel, especially CACNA1S, has promising potential as a novel therapeutic target for

remodeling ECM of lamina propria.
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the ECM, the synthesis and secretion of collagen and
fibronectin, and the alteration of the metabolism and
proliferation of fibroblast. Our results suggest that
the verapamil intracordal injection and knockdown
of CACNALIS are likely to be a novel therapeutic
modality that regulates the ECM of the vocal fold
lamina propria associated with scar or aging (Figure 6).
In conclusion, CACNA1S, CACNBI1, and CACNGI1
were significantly increased in the NGS study and
immunohistochemistry in the lamina propria of aging
vocal folds. The synthesis of collagen I and III of
hVFFs with si-CACNA1S was reduced significantly.
When verapamil was treated in hVFFs, the expression
of CACNAIS and the synthesis of collagen I and III
were decreased and the expression of MMP-1 and 8
were increased. These results suggest that some calcium
channels may be related with the alteration of aging-
related ECM in vocal folds. Voltage gaited calcium
channel, especially CACNAI1S, has promising potential
as a novel therapeutic target for remodeling ECM of
aging lamina propria.

MATERIALS AND METHODS
Animal

The animal protocol used in this study was reviewed
and approved beforchand by the Pusan National
University-Institutional ~ Animal Care and Use
Committee (PNU-IACUC) with respect to ethicality and
scientific care. To investigate the difference of genes
expression of age-related lamina propria in rat vocal
fold during aging process, we used 6 and 22 months old
male Sprague-Dawley rats (n=8, each group) for NGS.
Six and 22 months old male SD rats (n=12, each group)
were used for immunohistochemistry validation and
western blotting of the molecules proposed in the NGS
study.

Tissue preparation for NGS and RNA QC, library
construction, and sequencing

Larynges were harvested immediately after sacrifice and
frozen with liquid nitrogen and storage in -80°C freezer
for RNA-seq and real time qPCR. NGS was performed
on 2 young samples (young 1-4, young 5-8) and 2 old
samples (old 1-4, old 5-8). Tissue RNA extraction was
commissioned by Teragene (Osong, Korea). Ahead of
cDNA library construction, the 2ug of total RNA and
magnetic beads with Oligo (dT) were used to enrich poly
(A) mRNA from it. Then, the purified mRNAs were
disrupted into short fragments, and the double-stranded
cDNAs were immediately synthesized. The cDNAs was
subjected to end-repair, poly (A) addition, and connected
with sequencing adapters using the TruSeq RNA sample
prep Kit (Illumina, CA). The suitable fragments

automatically purified by BluePippin 2% agarose gel
cassette (Sage Science, MA) were selected as templates
for PCR amplification. The final library sizes and
qualities were evaluated electrophoretically with an
Agilent High Sensitivity DNA kit (Agilent
Technologies, CA) and the fragment was found to be
between 350-450 bp. Subsequently, the library was
sequenced using an Illumina HiSeq2500 sequencer
(Illumina, CA).

Transcriptome data analysis

Low quality reads were filtered according to the
following criteria; reads contain more than 10% of
skipped bases (marked as ‘N’s), reads contain more than
40% of bases whose quality scores are less than 20 and
reads whose average quality scores of each read is less
than 20. The whole filtering process was performed
using the in-house scripts. Filtered reads were mapped to
the human reference genome, Ensembl release 72, using
the aligner STAR v.2.3.0e [45, 46]. Gene expression
level was measured with Cufflinks v2.1.1 using the gene
annotation database of Ensembl release 72. Non-coding
gene region was removed with mask option. To improve
the accuracy of measurement, multi-read-correction and
fragbias-correct options were applied. All other options
were set to default values.

DEGs (Differentially Expressed Genes) analysis

For differential expression analysis, gene level count
data were generated using HTSeq-count v0.5.4p3 tool
with the option "-m intersection-nonempty” and -r
option considering paired-end sequence. Based on the
calculated read count data, DEG were identified using
the R package called TCC. TCC package applies robust
normalization strategies to compare tag count data.
Normalization factors were calculated using the iterative
DEGES/edgeR method. Q-value was calculated based
on the p-value using the p.adjust function of R package
with default parameter settings. Differentially expressed
genes were identified based on the g-value threshold less
than 0.05.

Laryngeal preparation and immunohistochemistry

For immunohistochemical stain, primary anti-
CACNAIS, anti-CACNB1 (Abcam, Cambridge, United
Kingdom) and anti-CACNGI1 (Life Technologies,
Rockville, MD) were used. The following goat-anti
rabbit secondary antibodies were used for double-
staining with DAB staining. We selected proper central
part of vocal fold tissue for representative figures using
undertaken at 200X pictures by light microscope (Leica
DM4000/600M, Versatile upright microscope for
materials analysis).
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Rat lamina propria fibroblast isolation and Western
blot

We isolated whole lamina propria of vocal fold with a
needle of syringe under microscopic view for the
primary culture of rat vocal fold fibroblast. Lamina
propria tissues were dissociated and digested with 0.1%
trypsin and 200 unit/ml type I collagenase (Gibco,
Carlsbad, CA) at 37 °C for 1 hour, strained through a 40-
um filter, rinsed, resuspended in Dulbecco's modified
Eagle's medium (DMEM)/F12 medium containing 10%
fetal bovine serum (FBS) and 100 U/mL penicillin-
streptomycin (Sigma-Aldrich, St. Louis, MO), and
plated on culture plates. The dishes were kept at 37°C in
a cell culture incubator with 5% C0,-95% air. The
medium was changed every 2 to 3 days until cells had
migrated from the explant. The remaining tissue pieces
were removed, and cells were allowed to reach
subconfluence (ie, 90% confluent). For Western blotting
analysis, cells were harvested and lysed in PROPREP
lysis buffer (Invitrogen). Equal amounts of protein were
separated on 10-12% SDS-PAGE gels (Life
Technologies) as described by Laemmli (Laemmli,
1970) with primary anti-CACNALS, anti-CACNBI
(Abcam, Cambridge, United Kingdom) and anti-
CACNGI1 (Life Technologies, Rockville, MD) were
used.

Gene knockdown with siRNA with human vocal fold
fibroblast cell lines (hVFFs)

The hVFFs were kindly provided by Professor Susan
Thibeault of the University of Wisconsin, USA [47].
The small interfering RNA (siRNA) oligonucleotides
that specifically target human CANCA1S, CACNBI and
CACNGTI were prepared and synthesized by Dharmacon
Inc. (Austin, TX, USA). A negative control siRNA
(scrambled) was included to monitor nonspecific effects.
Cells were transfected with 60 pmoles of ON-
TARGETplus human CANCA1S, CACNB1 and
CACNGI1 siRNA against calcium channel genes for
24~36h using the Lipofectamin 2000 transfection
reagent (invitrogen) in OPTIMEM medium (Invitrogen)
according to the manufacturer’s protocol. Scramble
siRNA wusing as negative control. The efficiency of
knockdown is confirmed with Western blot analysis
under non-reducing and reducing condition.

Verapamil treatment and real time-PCR for calcium
channel related genes and ECM related genes

For all experiments, cells were treated with various
dosage of verapamil. After time period, cells were
incubated with MTT at 37 °C for 4 h, and the precipitate
was dissolved in DMSO. Subsequently, the absorbance
(optical density, OD) at 570 nm was measured using a

microplate reader (Model 680; Bio-Rad Laboratories,
Hercules, CA, USA) and cell viability was calculated
according to the % formula. Cellular RNA was
extracted using the TRIzol system (Life Technologies,
Rockville, MD). Reverse Transcription Kit (Applied
Biosystems, Foster City. California) was used to
perform reverse transcription according to the
manufacturer's recommended reaction protocol. Real-
time PCR was performed according to the SYBR Green
PCR protocol (Applied Biosystems Foster City CA).
Gene-specific PCR  products were continuously
measured by an ABI PRISM 7900 HT Sequence
Detection System (PE Applied Biosystem Norwalk,
CT). The information on primer sequences are as
following Table 2.

Matrix Metalloproteinase (MMP) activity assay

The general activity of MMP enzyme was determined
using an assay kit purchased from Abcam (Cat No.
ab112146) according to the manufacturer’s protocol.
Cells were treated with vehicle (control) and various
dosage of verapamil and the MMP activity was assayed
in the conditioned media. A kinetic measurement was
then performed for the MMP activity by using a
microplate reader with a filter set of Ex/Em = 490/
525 nm.

Statistical analysis

Unless otherwise noted, all quantitative data were
reported as the mean standard error of the mean from at
least three parallel repeats. Two-way analysis of
variance was used to determine significant differences
between groups in which P < 0.05 was considered
statistically significant. The analyses were performed
using Graph Pad Prism 5 (Graph Pad software, La Jolla,
CA, USA).

AUTHOR CONTRIBUTIONS

J.M.K. performed the research, analyzed the data, and
drafted the manuscript. HH carried out NGS analysis.
SS, HK, GP, JL, ES and HK participated experimental.
BL corresponded our study and alignment experiment.
All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

We take this opportunity to thank the Aging Tissue
Bank (Busan, Korea) for supplying aged tissue.

CONFLICTS OF INTEREST

The authors have no potential conflicts of interest to
declare.

WWwWw.aging-us.com 8820

AGING


https://www.google.co.kr/search?newwindow=1&biw=1920&bih=941&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAjWaQkEQAAAA&sa=X&ved=0ahUKEwjJ1dHb3JrPAhWRNpQKHRGDDzkQmxMIngEoATAX

FUNDING

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (No. 2016R1D1A3B01015539).

REFERENCES

1. Takano S, Kimura M, Nito T, Imagawa H, Sakakibara K,
Tayama N. Clinical analysis of presbylarynx—vocal fold
atrophy in elderly individuals. Auris Nasus Larynx.
2010; 37:461-64.
https://doi.org/10.1016/j.anl.2009.11.013
PMID:20036792

2. Kendall K. Presbyphonia: a review. Curr Opin
Otolaryngol Head Neck Surg. 2007; 15:137-40.
https://doi.org/10.1097/M0O0.0b013e328166794f
PMID:17483679

3. Pontes P, Yamasaki R, Behlau M. Morphological and
functional aspects of the senile larynx. Folia Phoniatr
Logop. 2006; 58:151-8.
https://doi.org/10.1159/000091729 PMID:16636563

4. Verdonck-de Leeuw IM, Mahieu HF. Vocal aging and
the impact on daily life: a longitudinal study. J Voice.
2004; 18:193-202.
https://doi.org/10.1016/j.ijvoice.2003.10.002
PMID:15193652

5. Bruzzi C, Salsi D, Minghetti D, Negri M, Casolino D,
Sessa M. Presbiphonya. Acta bio-medica. Atenei
Parmensis. 2017; 88:6—10.

6. Butler JE, Hammond TH, Gray SD. Gender-related
differences of hyaluronic acid distribution in the
human vocal fold. Laryngoscope. 2001; 111:907-11.
https://doi.org/10.1097/00005537-200105000-00029
PMID:11359176

7. Roberts T, Morton R, Al-Ali S. Microstructure of
the vocal fold in elderly humans. Clin Anat. 2011;
24:544-51.
https://doi.org/10.1002/ca.21114
PMID:21647958

8. Branco A, Todorovic Fabro A, Gongalves TM, Garcia
Martins RH. Alterations in extracellular matrix
composition in the aging larynx. Otolaryngol Head
Neck Surg. 2015; 152:302-07.
https://doi.org/10.1177/0194599814562727
PMID:25645525

9. Ohno T, Hirano S, Rousseau B. Age-associated changes
in the expression and deposition of vocal fold collagen
and hyaluronan. Ann Otol Rhinol Laryngol. 2009;
118:735-41.
https://doi.org/10.1177/000348940911801009
PMID:19894402

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Oates JM. Treatment of dysphonia in older people: the
role of the speech therapist. Curr Opin Otolaryngol
Head Neck Surg. 2014; 22:477-86.
https://doi.org/10.1097/M00.0000000000000109
PMID:25250623

Sachs AM, Bielamowicz SA, Stager SV. Treatment
effectiveness for aging changes in the larynx.
Laryngoscope. 2017; 127:2572-77.
https://doi.org/10.1002/lary.26706

PMID:28681923

Seino Y, Allen JE. Treatment of aging vocal folds:
surgical approaches. Curr Opin Otolaryngol Head Neck
Surg. 2014; 22:466-71.
https://doi.org/10.1097/M00.0000000000000099
PMID:25160615

Ohno S, Hirano S, Yasumoto A, lkeda H, Takebayashi S,
Miura M. Outcome of regenerative therapy for age-
related vocal fold atrophy with basic fibroblast growth
factor. Laryngoscope. 2016; 126:1844—-48.
https://doi.org/10.1002/lary.25578

PMID:27075110

Ohno T, Hirano S. Treatment of aging vocal folds: novel
approaches. Curr Opin Otolaryngol Head Neck Surg.
2014; 22:472-76.
https://doi.org/10.1097/M00.0000000000000096
PMID:25368959

Catterall WA. Voltage-gated calcium channels. Cold
Spring Harb Perspect Biol. 2011; 3:a003947.
https://doi.org/10.1101/cshperspect.a003947
PMID:21746798

Mattson MP. Calcium and neurodegeneration. Aging
Cell. 2007; 6:337-50.
https://doi.org/10.1111/j.1474-9726.2007.00275.x
PMID:17328689

Apel K, Hirt H. Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Annu Rev
Plant Biol. 2004; 55:373-99.
https://doi.org/10.1146/annurev.arplant.55.031903.14
1701 PMID:15377225

Davalli P, Mitic T, Caporali A, Lauriola A, D’Arca D. ROS,
Cell Senescence, and Novel Molecular Mechanisms in
Aging and Age-Related Diseases. Oxid Med Cell Longev.
2016; 2016:3565127.
https://doi.org/10.1155/2016/3565127
PMID:27247702

Stiffler DF. Amphibian calcium metabolism. J Exp Biol.
1993; 184:47-61. PMID:8270856

Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu
SS. Calcium, ATP, and ROS: a mitochondrial love-
hate triangle. Am J Physiol Cell Physiol. 2004;
287:C817-33.

WWwWw.aging-us.com 8821

AGING


https://doi.org/10.1016/j.anl.2009.11.013
https://www.ncbi.nlm.nih.gov/pubmed/20036792
https://doi.org/10.1097/MOO.0b013e328166794f
https://www.ncbi.nlm.nih.gov/pubmed/17483679
https://doi.org/10.1159/000091729
https://www.ncbi.nlm.nih.gov/pubmed/16636563
https://doi.org/10.1016/j.jvoice.2003.10.002
https://www.ncbi.nlm.nih.gov/pubmed/15193652
https://doi.org/10.1097/00005537-200105000-00029
https://www.ncbi.nlm.nih.gov/pubmed/11359176
https://doi.org/10.1002/ca.21114
https://www.ncbi.nlm.nih.gov/pubmed/21647958
https://doi.org/10.1177/0194599814562727
https://www.ncbi.nlm.nih.gov/pubmed/25645525
https://doi.org/10.1177/000348940911801009
https://www.ncbi.nlm.nih.gov/pubmed/19894402
https://doi.org/10.1097/MOO.0000000000000109
https://www.ncbi.nlm.nih.gov/pubmed/25250623
https://doi.org/10.1002/lary.26706
https://www.ncbi.nlm.nih.gov/pubmed/28681923
https://doi.org/10.1097/MOO.0000000000000099
https://www.ncbi.nlm.nih.gov/pubmed/25160615
https://doi.org/10.1002/lary.25578
https://www.ncbi.nlm.nih.gov/pubmed/27075110
https://doi.org/10.1097/MOO.0000000000000096
https://www.ncbi.nlm.nih.gov/pubmed/25368959
https://doi.org/10.1101/cshperspect.a003947
https://www.ncbi.nlm.nih.gov/pubmed/21746798
https://doi.org/10.1111/j.1474-9726.2007.00275.x
https://www.ncbi.nlm.nih.gov/pubmed/17328689
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://www.ncbi.nlm.nih.gov/pubmed/15377225
https://doi.org/10.1155/2016/3565127
https://www.ncbi.nlm.nih.gov/pubmed/27247702
https://www.ncbi.nlm.nih.gov/pubmed/8270856

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

https://doi.org/10.1152/ajpcell.00139.2004
PMID:15355853

Zanatta L, Goulart PB, Gongalves R, Pierozan P,
Winkelmann-Duarte EC, Woehl VM, Pessoa-Pureur R,
Silva FR, Zamoner A. 1a,25-dihydroxyvitamin D(3)
mechanism of action: modulation of L-type calcium
channels leading to calcium uptake and intermediate
filament phosphorylation in cerebral cortex of young
rats. Biochim Biophys Acta. 2012; 1823:1708-19.
https://doi.org/10.1016/j.bbamcr.2012.06.023
PMID:22743040

Campbell LW, Hao SY, Thibault O, Blalock EM,
Landfield PW. Aging changes in voltage-gated calcium
currents in hippocampal CA1l neurons. J Neurosci.
1996; 16:6286—-95. PMID:8815908

Landfield PW. Aging-related increase in hippocampal
calcium channels. Life Sci. 1996; 59:399-404.
https://doi.org/10.1016/0024-3205(96)00318-9
PMID:8761327

Amin AS, Tan HL, Wilde AA. Cardiac ion channels in
health and disease. Heart Rhythm. 2010; 7:117-26.
https://doi.org/10.1016/j.hrthm.2009.08.005
PMID:19875343

Gorlach A, Bertram K, Hudecova S, Krizanova O.
Calcium and ROS: A mutual interplay. Redox Biol.
2015; 6:260-71.
https://doi.org/10.1016/j.redox.2015.08.010
PMID:26296072

Thibault O, Landfield PW. Increase in single L-type
calcium channels in hippocampal neurons during aging.
Science. 1996; 272:1017-20.
https://doi.org/10.1126/science.272.5264.1017
PMID:8638124

Kelly KM, Nadon NL, Morrison JH, Thibault O, Barnes
CA, Blalock EM. The neurobiology of aging. Epilepsy
Res. 2006 (Suppl 1); 68:55-20.
https://doi.org/10.1016/j.eplepsyres.2005.07.015
PMID:16386406

Nikonenko 1, Bancila M, Bloc A, Muller D, Bijlenga P.
Inhibition of T-type calcium channels protects neurons
from delayed ischemia-induced damage. Mol
Pharmacol. 2005; 68:84—89.
https://doi.org/10.1124/mol.104.010066
PMID:15851654

Jackson DA, Michael T, Vieira de Abreu A, Agrawal R,
Bortolato M, Fisher SJ. Prevention of Severe
Hypoglycemia-Induced Brain Damage and Cognitive
Impairment With Verapamil. Diabetes. 2018;
67:2107-12.

https://doi.org/10.2337/db18-0008 PMID:29724724

Abele K, Yang J. Regulation of voltage-gated calcium
channels by proteolysis. Sheng Li Xue Bao. 2012;

31

33.

34,

35.

36.

37.

38.

39.

64:504-14. PMID:23090491

Catterall WA. Structure and regulation of voltage-gated
Ca2+ channels. Annu Rev Cell Dev Biol. 2000; 16:521-
55.

https://doi.org/10.1146/annurev.cellbio.16.1.521
PMID:11031246

. Perez-Reyes E, Schneider T. Molecular biology of

calcium channels. Kidney Int. 1995; 48:1111-24.
https://doi.org/10.1038/ki.1995.395
PMID:8569073

Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova S,
Chen H, Zheng H, Striessnig J. Congenital deafness and
sinoatrial node dysfunction in mice lacking class D L-
type Ca2+ channels. Cell. 2000; 102:89-97.
https://doi.org/10.1016/50092-8674(00)00013-1
PMID:10929716

Price SJ, Greaves DR, Watkins H. Identification of novel,
functional genetic variants in the human matrix
metalloproteinase-2 gene: role of Sp1 in allele-specific

transcriptional regulation. J Biol Chem. 2001;
276:7549-58.
https://doi.org/10.1074/jbc.M010242200
PMID:11114309

Manuel JA, Gawronska-Kozak B. Matrix

metalloproteinase 9 (MMP-9) is upregulated during
scarless wound healing in athymic nude mice. Matrix
Biol. 2006; 25:505-14.
https://doi.org/10.1016/j.matbio.2006.07.008
PMID:17010584

Yue H, Uzui H, Shimizu H, Nakano A, Mitsuke Y, Ueda T,
Lee JD. Different effects of calcium channel blockers on
matrix metalloproteinase-2 expression in cultured rat
cardiac fibroblasts. J Cardiovasc Pharmacol. 2004;
44:223-30.
https://doi.org/10.1097/00005344-200408000-00012
PMID:15243304

Ivanov V, Ivanova S, Kalinovsky T, Niedzwiecki A, Rath
M. Inhibition of collagen synthesis by select calcium
and sodium channel blockers can be mitigated by
ascorbic acid and ascorbyl palmitate. Am J Cardiovasc
Dis. 2016; 6:26—35.

PMID:27335688

Han AC, Deng JX, Huang QS, Zheng HY, Zhou P, Liu ZW,
Chen ZB. Verapamil inhibits scar formation after
peripheral nerve repair in vivo. Neural Regen Res.
2016; 11:508-11.
https://doi.org/10.4103/1673-5374.179075
PMID:27127494

Ashkani-Esfahani S, Hosseinabadi OK, Moezzi P,
Moafpourian Y, Kardeh S, Rafiee S, Fatheazam R,
Noorafshan A, Nadimi E, Mehrvarz S, Khoshneviszadeh
M, Khoshneviszadeh M. Verapamil, a Calcium-Channel

www.aging-us.com

8822

AGING


https://doi.org/10.1152/ajpcell.00139.2004
https://www.ncbi.nlm.nih.gov/pubmed/15355853
https://doi.org/10.1016/j.bbamcr.2012.06.023
https://www.ncbi.nlm.nih.gov/pubmed/22743040
https://www.ncbi.nlm.nih.gov/pubmed/8815908
https://doi.org/10.1016/0024-3205(96)00318-9
https://www.ncbi.nlm.nih.gov/pubmed/8761327
https://doi.org/10.1016/j.hrthm.2009.08.005
https://www.ncbi.nlm.nih.gov/pubmed/19875343
https://doi.org/10.1016/j.redox.2015.08.010
https://www.ncbi.nlm.nih.gov/pubmed/26296072
https://doi.org/10.1126/science.272.5264.1017
https://www.ncbi.nlm.nih.gov/pubmed/8638124
https://doi.org/10.1016/j.eplepsyres.2005.07.015
https://www.ncbi.nlm.nih.gov/pubmed/16386406
https://doi.org/10.1124/mol.104.010066
https://www.ncbi.nlm.nih.gov/pubmed/15851654
https://doi.org/10.2337/db18-0008
https://www.ncbi.nlm.nih.gov/pubmed/29724724
https://www.ncbi.nlm.nih.gov/pubmed/23090491
https://doi.org/10.1146/annurev.cellbio.16.1.521
https://www.ncbi.nlm.nih.gov/pubmed/11031246
https://doi.org/10.1038/ki.1995.395
https://www.ncbi.nlm.nih.gov/pubmed/8569073
https://doi.org/10.1016/S0092-8674%2800%2900013-1
https://www.ncbi.nlm.nih.gov/pubmed/10929716
https://doi.org/10.1074/jbc.M010242200
https://www.ncbi.nlm.nih.gov/pubmed/11114309
https://doi.org/10.1016/j.matbio.2006.07.008
https://www.ncbi.nlm.nih.gov/pubmed/17010584
https://doi.org/10.1097/00005344-200408000-00012
https://www.ncbi.nlm.nih.gov/pubmed/15243304
https://www.ncbi.nlm.nih.gov/pubmed/27335688
https://doi.org/10.4103/1673-5374.179075
https://www.ncbi.nlm.nih.gov/pubmed/27127494

40.

41.

42.

43.

Blocker, Improves the Wound Healing Process in Rats
with Excisional Full-Thickness Skin Wounds Based on
Stereological Parameters. Adv Skin Wound Care. 2016;
29:271-74.
https://doi.org/10.1097/01.ASW.0000488666.03896.e6
PMID:27429235

Boggio RF, Freitas VM, Cassiola FM, Urabayashi M,
Machado-Santelli GM. Effect of a calcium-channel
blocker (verapamil) on the morphology, cytoskeleton
and collagenase activity of human skin fibroblasts.
Burns. 2011; 37:616-25.
https://doi.org/10.1016/j.burns.2010.07.012
PMID:20800972

Xue JW, Jiao JB, Liu XF, Jiang YT, Yang G, Li CY, Yin WT,
Ling L. Inhibition of Peripheral Nerve Scarring by
Calcium Antagonists, Also Known as Calcium Channel
Blockers. Artif Organs. 2016; 40:514-20.
https://doi.org/10.1111/aor.12584

PMID:26488333

Aschoff R. [Therapy of hypertrophic scars and keloids].
Hautarzt. 2014; 65:1067-77.
https://doi.org/10.1007/s00105-014-3546-0
PMID:25412721

Boggio RF, Boggio LF, Galvao BL, Machado-Santelli GM.
Topical verapamil as a scar modulator. Aesthetic Plast
Surg. 2014; 38:968-75.

44,

45.

46.

47.

https://doi.org/10.1007/s00266-014-0400-9
PMID:25189298

Giugliano G, Pasquali D, Notaro A, Brongo S, Nicoletti
G, D'Andrea F, Bellastella A, Sinisi AA. Verapamil
inhibits interleukin-6 and vascular endothelial growth
factor production in primary cultures of keloid
fibroblasts. Br J Plast Surg. 2003; 56:804—-9.
https://doi.org/10.1016/50007-1226(03)00384-9
PMID:14615256

Flicek P, Amode MR, Barrell D, Beal K, Billis K, Brent S,
Carvalho-Silva D, Clapham P, Coates G, Fitzgerald S, Gil
L, Giron CG, Gordon L, et al. Ensembl 2014. Nucleic
Acids Res. 2014; 42:D749-55.
https://doi.org/10.1093/nar/gkt1196 PMID:24316576

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C,
Jha S, Batut P, Chaisson M, Gingeras TR. STAR: ultrafast
universal RNA-seq aligner. Bioinformatics. 2013;
29:15-21.
https://doi.org/10.1093/bioinformatics/bts635
PMID:23104886

Thibeault SL, Li W, Bartley S. A method for
identification of vocal fold lamina propria. fibroblasts
in culture. Otolaryngol Head Neck Surg. 2008;
139:816-22.
https://doi.org/10.1016/j.0tohns.2008.09.009
PMID:19041509

www.aging-us.com

8823

AGING


https://doi.org/10.1097/01.ASW.0000488666.03896.e6
https://www.ncbi.nlm.nih.gov/pubmed/27429235
https://doi.org/10.1016/j.burns.2010.07.012
https://www.ncbi.nlm.nih.gov/pubmed/20800972
https://doi.org/10.1111/aor.12584
https://www.ncbi.nlm.nih.gov/pubmed/26488333
https://doi.org/10.1007/s00105-014-3546-0
https://www.ncbi.nlm.nih.gov/pubmed/25412721
https://doi.org/10.1007/s00266-014-0400-9
https://www.ncbi.nlm.nih.gov/pubmed/25189298
https://doi.org/10.1016/S0007-1226(03)00384-9
https://www.ncbi.nlm.nih.gov/pubmed/14615256
https://doi.org/10.1093/nar/gkt1196
https://www.ncbi.nlm.nih.gov/pubmed/24316576
https://doi.org/10.1093/bioinformatics/bts635
https://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1016/j.otohns.2008.09.009
https://www.ncbi.nlm.nih.gov/pubmed/19041509

SUPPLEMENTARY MATERIALS

Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1-3.
Supplementary data for Table 1. Differentially expressed genes by aging process.
Supplementary data for Table 2. Differentially expressed genes mapped into the well annotated genes.

Supplementary data for Table 3. Differentially expressed genes common between each sample comparison.
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