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CUDC-907 reverses pathological phenotype of keloid
fibroblasts in vitro and in vivo via dual inhibition
of PI3K/Akt/mTOR signaling and HDAC2
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Abstract. Keloids are benign skin tumors with a high recur-
rence rate following surgical excision. Abnormal intracellular
signaling is one of the key mechanisms involved in its patho-
genesis. Over-activated phosphoinositide 3-kinase/RAC-alpha
serine/threonine-protein kinase/mammalian target of
rapamycin (PI3K/Akt/mTOR) signaling pathway and over-
production of histone deacetylases 2 (HDAC?2) have also been
observed in keloid fibroblasts (KFs). The present study aimed to
explore the possibility of reversing the KF pathological pheno-
type using CUDC-907, a dual inhibitor of PI3K/Akt/mTOR
pathway and HDACs. KFs and keloid xenografts were treated
with CUDC-907 to examine its inhibitory effects on the
pathological activities of KFs in vitro and in vivo. CUDC-907
inhibited cell proliferation, migration, invasion and extracel-
lular matrix deposition of in vitro cultured KFs and also
suppressed collagen accumulation and disrupted the capillaries
of keloid explants ex vivo and in vivo. A mechanistic study of
CUDC-907 revealed the initiation of cell cycle arrest at G2/M
phase along with the enhanced expression of cyclin-dependent
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kinase inhibitor 1 and decreased expression of cyclin B in cells
treated with CUDC-907. CUDC-907 not only inhibited AKT
and mTOR phosphorylation and promoted the acetylation of
histone H3, but also significantly inhibited the phosphorylation
levels of Smad2/3 and Erk. These preclinical data demon-
strating its anti-keloid effects suggest that CUDC-907 may
represent a candidate drug for systemic keloid therapy.

Introduction

Keloid formation results from an abnormal wound healing
process that is characterized by excessive extracellular matrix
(ECM) deposition and dermal fibroblast hyperproliferation (1).
Even though several therapeutic options are available at present,
the frustrating clinical prognosis and the high recurrence
rates require solutions, to improve clinical outcomes (2,3).
Keloids are considered to be benign skin tumors due to the
similar characteristics between keloid fibroblasts (KFs) and
tumor cells (4). Keloids have exhibited a series of tumor-like
pathological features, such as increasing ATP synthesis,
inflammation-induced alteration of the stem cell niche and
histological heteromorphism, in which normal dermal tissue
structures disappear (5-7). Due to the similarities between
keloids and benign skin tumors, a large number of anti-keloid
compounds have been investigated for their therapeutic values
from the perspective of anti-tumor like effects on keloid
formation (1,8-12).

The key pathogenetic events that occur in dermal
fibroblasts during post-trauma keloid formation remain
unclear. Activation of phosphoinositide 3-kinase/RAC-alpha
serine/threonine-protein kinase/mammalian target of
rapamycin (PI3K/Akt/mTOR) pathway was demonstrated to
enhance inflammation, angiogenesis, and deposition of ECM
components in keloids (13) and was therefore suggested to be
associated with several fibrous disorders (14). Syed ef al (8)
described overactivation of mTOR in keloids compared
with corresponding extra-lesional regions. Inhibitors
targeting mTOR have exhibited their potentials in anti-keloid
therapy (11). Histone deacetylases 2 (HDAC?2), a second
verified factor that may participate in the progression of
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fibrotic development, but no other type of HDAC, has been
confirmed to be overexpressed in keloid and hypertrophic
scars (15). As HDAC inhibitors have been widely exploited
for their anti-fibrosis effects on liver/kidney fibrosis (16) and
their anti-cancer roles (17), they may also represent promising
therapeutic drugs for keloid disease (9).

Therefore, CUDC-907, a newly-synthesized small
molecular compound that synergistically inhibited both
PI3K/Akt/mTOR pathway and HDACs (18) was selected
for examination in the present study for its potential thera-
peutic effect on KFs, as it was previously demonstrated that
CUDC-907 exerted a potent anti-tumor effect in B cell
lymphoma cell lines (19) and other tumor types (18). Recently,
a phase-I clinical trial (trial no. NCT01742988) examining the
biosafety, tolerability, and preliminary activity of CUDC-907
demonstrated its potential in future clinical applications (20).

Compared with normal dermal fibroblasts, KFs exhibit
abnormal cellular behaviors including enhanced cell prolifera-
tion, overproduction and deposition of extracellular matrices
like collagens and growth factors such as transforming growth
factor-p (TGF-f) (21). The present study investigated the
anti-keloid effect of CUDC-907 using in vitro cell cultures,
ex vivo explant cultures and an in vivo xenograft model, and
explored if CUDC-907 was able to reverse the pathological
features of in vitro cultured KFs and counteract keloid forma-
tion ex vivo and in vivo.

Materials and methods

Tissue samples acquisition. A total of 47 patients without
any previous anti-keloid therapy donated their keloid samples
following surgical excision. Patients were informed that
their donated tissues would be utilized only for scientific
research and written informed consent was provided. These
patients included 21 males and 26 females, with ages ranging
from 7-72 years old. Patient recruitment was executed from
September 2016 to August 2018 in Shanghai Ninth People's
Hospital, Shanghai Jiao Tong University School of Medicine.
Foreskin samples, which were considered as normal skin
samples, were donated by other 4 male patients during this
recruitment. All patient information is provided in Table SI.
Equal amounts of primary KFs isolated from 3 different
patients were mixed as a pooled cell sample to decrease
individual variation among different patients. Protocols for
the handling of human tissues and cells were approved by the
Ethics Committee of Shanghai Ninth People's Hospital.

Chemical reagent preparation. CUDC-907, GDC-0941 and
Trichostatin A solid powder were purchased from Selleck
Chemicals and dissolved in dimethyl sulfoxide (DMSO). They
were diluted in Dulbecco's modified eagle medium (DMEM,;
Hyclone; GE Healthcare Life Sciences) to produce the desig-
nated drug concentrations with DMSO volumes identical to
that of vehicle control group. The final concentration of DMSO
solvent was controlled under 0.00032% (v/v) during each of
the subsequent assays.

Isolation and culture of keloid and normal dermal fibroblasts.
Isolation and culture of fibroblasts were performed according
to a previously described protocol (12). Keloids or foreskin

TU et al: CUDC-907 COUNTERACTS KELOID in vitro AND in vivo

were treated with 0.3% (for keloid) or 0.2% (for foreskin) colla-
genase (SERVA Electrophoresis GmbH) dissolved in DMEM
containing 10% fetal bovine serum (FBS; Hyclone; GE
Healthcare Life Sciences) for 6 h at 37°C on a shaker. Following
digestion, cells were collected and resuspended in DMEM
supplemented with 10% FBS and 100X Antibiotic-Antimycotic
solution (Gibco; Thermo Fisher Scientific, Inc.). The cells from
the secondary culture were used in the following protocols.

Cell proliferation analysis. The KFs from the secondary
culture were seeded onto 96-well plates at a density of
1,000 cells/well. Starved cells were treated with medium
containing the CUDC-907, GDC-0941 and trichostatin A.
Cell proliferation was examined using Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc.) according to
the manufacturer's protocol.

Cell cycle analysis. According to a previously described
protocol (12), KFs treated with CUDC-907 for 5 days were
collected. To examine cell cycle profiles, the washed cells
were subsequently fixed in ice-cold 70% ethanol for 24 h.
After centrifugation at 37°C and 500 x g for 5 min, cell pellets
were then stained using a cell cycle/apoptosis examination
kit (Shanghai Qihai Futai Biotechnology Co., Ltd.). A flow
cytometer (Beckman Coulter, Inc.) equipped with ModiFit
LT v2.0 software was applied to conduct the flow cytometric
analyses.

RNA extraction and reverse transcription quantitative
polymerase chain reaction (RT-qPCR). Total RNA was
extracted using TRIzol® reagent (Thermo Fisher Scientific,
Inc.) and quantitated using a DU80O0 spectrophotometer
(Beckman Coulter, Inc.). cDNA was synthesized using AMV
reverse transcriptase (Promega Corporation) with 1.5 ug
total RNA according to the manufacturer's protocol. gPCR
was conducted with Power SYBR Green PCR (2X) master
mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) in
a real-time thermal cycler (Stratagene; Agilent Technologies,
Inc.) according to a previously described protocol (22).
Thermocycling conditions used in present study were as
follows: 95°C for 10 min, followed by 40 cycles of 95°C for
30 sec, 58°C annealing temperature for 30 sec and 72°C for
45 sec. GAPDH was employed as an internal control. The
primers for this assay are listed in Table SII.

In vitro cell migration and invasion assays. The scratch
assay was performed according to a previously described
protocol (12). The cell monolayer was scratched using a 200 pl
pipette tip and then cultured in a serum-free medium without
or with CUDC-907 for 48 h. Images were captured at 0, 24 and
48 h after scratching, and migration distances were measured
using Image-Pro Plus v6.0 software (Media Cybernetics, Inc.).

Subsequently, a Transwell system (Corning, Inc.) was
utilized according to a previously described protocol (12).
Starved KFs were seeded in the upper chambers at densities of
3x10* or 6x10*/well for migration or invasion assays, respec-
tively. In the invasion assay, chambers were pre-coated in 80 ul
Matrigel (BD Biosciences) at 37°C for 30 min prior to cell
seeding. Traversing cells were fixed in 4% paraformaldehyde
for 24 h and then stained with DAPI (Sigma-Aldrich; Merck
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KGaA). The cell numbers in 5 randomly selected fields were
counted using Image-Pro Plus v6.0 software.

Further, an Oris™ cell migration and invasion assay kit
(Platypus Technologies, LLC) were employed as the previously
described protocol (11). Briefly, 2.5x10* starved KFs were
seeded in each well. In the invasion assay, 40 pl rat tail type I
collagen (COLI) solution was used to pre-coat the inserts and
incubated at 37°C for 30 min. At 0 h (for background control),
24 h (for migration) or 48 h (for invasion), cells in the migration
zone were stained using Calcein-AM (2 uM; AAT Bioquest,
Inc.) at 37°C for 30 min and were counted using Image-Pro
Plus v6.0 software.

Western blot analysis. Total proteins were extracted from KFs,
which had been treated with or without CUDC-907 for 16 h for
the cell cycle molecules analysis and 72 h for the other experi-
ments, using radioimmunoprecipitation assay lysis buffer
with 1% PMSF and 1% phosphatase inhibitor (Beyotime
Institute of Biotechnology). Cell lysates were resolved on 10%
SDS-PAGE gels. A mass of 40 ug of protein was loaded in
each lane for electrophoresis and then transferred to PVDF
membranes. After transferring, membranes were blocked
using 5% nonfat milk (Bio-Rad Laboratories, Inc.) at 37°C for
1 h. Immunoblotting was performed according to previously
published procedures (12). The membranes were incubated
with primary antibodies and subsequently incubated with
secondary antibodies conjugated with horseradish peroxidase.
All details regarding the antibodies used are summarized
in Table SIII. An enhanced chemiluminescence detection
system was applied to visualize the protein bands. ImagelJ
(version 1.8.0; National Institutes of Health) was used to
perform the densitometric analysis.

Ex vivo explant culture of keloid tissue. The keloid tissue
isolated following epidermal removal was minced into
3x2x2 mm? fragments. A total of 20 small pieces were
assigned into each group randomly and seeded onto a culture
dish with DMEM (10% FBS) and CUDC-907. Representative
micrographs were captured in the same location for each
culture group, and KFs were collected for counting at day 7
after the treatment, as previously described (12).

Hematoxylin and eosin staining. Tissue samples were fixed
in 4% paraformaldehyde at 4°C overnight, embedded in
paraffin blocks, and then sectioned to a 5 ym thickness. After
complete removal of paraffin, these sections were stained with
a hematoxylin and eosin staining kit (Beyotime Institute of
Biotechnology) according to the manufacturer's instructions.
Staining procedures were conducted at room temperature.
Images were captured via light microscopy at x200 magnifica-
tion.

Immunohistochemical staining. This experiment was performed
according to a previously published protocol (12). The primary
and secondary antibodies (Table SIII) were diluted according
to the manufacturer's protocol and target antigens were visu-
alized with a DAB horseradish peroxidase color development
kit (Beyotime Institute of Biotechnology), according to the
manufacturer's instructions, or with the GT Vision™ III detec-
tion system/Mo&Rb (Dako; Agilent Technologies, Inc.). Images
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were captured through a light microscopy at x100 or x200
magnification. Fold changes in integral optical density were
measured using Image-Pro Plus 6.0 and platelet endothelial
cell adhesion molecule-positive (CD31*) and hematopoietic
progenitor cell antigen-positive (CD34*) blood vessel numbers
were counted in 5 randomly selected fields.

In vitro tube formation assay. Homan umbilical vein endo-
thelial cells (HUVECsS), kindly provided by Shanghai Key
Laboratory of Tissue Engineering, were seeded in each well of
a 96 well plate (1.5x10* per well) where 50 pl Matrigel had been
pre-incubated at 37°C for 1 h. After incubation at 37°C for 16 h,
images of newly formed capillary-like structures were observed
via a phase-contrast light microscope at x40 magnification and
semi-quantitatively analyzed as previously described (23).

Keloid xenograft model in nude mice. According to a
previously published protocol (24), a total of 12 male nude
mice (6-week-old; 16.00+1.48 g) purchased from Shanghai
Laboratory Animal Centre, Chinese Academy of Sciences
were used. The mice were kept in a specific pathogen-free
environment where the temperature was maintained at 25°C
and humidity was 40-70%, with a light: Dark cycle of 12: 12 h.
Animals were kept in their cages with ad libitum access to
food and water. Anesthesia was induced via inhalation of 2%
isoflurane (0.8 1/min) in air for 30 sec and maintained using
1.5% isoflurane (0.6 1/min) in air (25-27). Anesthesia was
considered successful when the righting reflex was absent or
the mice did not respond to toe pinches. All surgeries were
conducted under aseptic conditions following the successful
induction of anesthesia and all protocols were approved by
the Animal Care and Welfare Committee of Shanghai Ninth
People's Hospital. Epidermis-intact cylindrical specimens
(diameter =8 mm; height=3 mm) were attached to the backs of
the animals, then sutured with 6-0 PDS (Johnson & Johnson).
At 12 days post-surgery, 10 ul normal saline solution containing
64 nM CUDC-907 or vehicle were injected into keloid
xenografts every 2 days. Animals were sacrificed by cervical
dislocation at the 10th day or the 20th day of drug administra-
tion and the xenografts were harvested for further histological
and immunohistological assessments as aforementioned.

Statistical analysis. All experiments were repeated at least
3 times. All the data are presented as mean + standard deviation
(SD) or standard error of the mean (SEM). A one-way analysis
of variance was used to detect significant difference among
multiple groups, followed by a Least Significant Difference
post-hoc test using SPSS v22.0 software (IBM Corp). P<0.05
was considered to indicate a statistically significant difference.

Results

Keloids expresses increased levels of HDAC2, total and p-Akt
and mTOR. Immunohistochemical staining demonstrated that
both total and p-Akt and mTOR were visually identified to be
expressed at increased levels in keloid tissue compared with
in the extra-lesion areas (Fig. 1A and C). In addition, HDAC2
was also identified visually to be expressed in keloid tissues at
an increased level compared with that of the extra-lesion area
(Fig. 1E).
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Figure 1. Enhanced PI3K/Akt/mTOR signaling pathway and HDAC2 expression in keloids and the inhibitory effect of CUDC-907. (A) Enhanced expres-
sion of AKT protein and its elevated phosphorylation level in keloid compared with the levels of extra-lesion tissue. (B) Inhibitory effect of CUDC-907
on AKT phosphorylation in keloid fibroblasts. (C) Enhanced phosphorylation of mTOR in keloid compared with that of extra-lesion tissue. (D) Inhibitory
effect of CUDC-907 on mTOR phosphorylation in keloid fibroblasts. (E) Enhanced expression of HDAC?2 in keloid compared to that of extra-lesion tissue.
(F) Promotive effect of CUDC-907 on acetylation of Histone H3 in keloid fibroblasts. Magnification, x100. Scale bar=200 ym. PI3K/Akt/mTOR, phos-
phoinositide 3-kinase/R AC-alpha serine/threonine-protein kinase/mammalian target of rapamycin; p, phosphorylated; HDAC2, Histone deacetylases 2.

CUDC-907 inhibits the PI3K/Akt/mTOR signaling pathway
and promotes acetylation of histone H3. Following the retreat-
ment with CUDC-907 for 72 h, Akt phosphorylation was
significantly inhibited, particularly at the concentrations of
3.2 and 32 nM (Fig. 1B). Similarly, phosphorylation of mTOR
was also significantly inhibited at a concentration of 32 nM
(Fig. 1D). With the increased concentrations of CUDC-907,
the acetylation level of histone H3 gradually increased with a
marked dose-dependent pattern (Fig. 1F).

CUDC-907 suppresses KF proliferation and induces G2-M
cell cycle arrest. CUDC-907 significantly decreased the
proliferation of KFs in a dose-dependent manner (Fig. 2A).
In addition, the dual inhibitor CUDC-907 was markedly
more potent compared with GDC-0941, a PI3K/Akt/mTOR
inhibitor, and trichostatin A, a HDAC inhibitor, following drug
treatment for 7 days (Fig. 2B).

Cell cycle analysis suggested marked G2/M arrest, which
was expressed as a dose-dependent decrease in the percentage
of GO/G1 phase cells and a corresponding dose-dependent
increase in the percentage of cells in G2/M phase (P<0.05;
Fig. 2C and D).

Results of qPCR and western blot analysis further vali-
dated this observation (Fig. 2E and F). At both mRNA and
protein levels, enhanced expression of cyclin-dependent
kinase inhibitor 1 (p21) (P<0.05), steadily expressed p53
(P>0.05) and attenuated cyclin B expression (P<0.05) were
observed following drug treatment with a dose-response
pattern.

CUDC-907 inhibits migratory capacity of KFs. At both 24
and 48 h after the scratch assay, a significant dose-dependent
inhibitory effect on migration was observed (P<0.05: Fig. 3A
and D). In the Transwell migration assay, after 24 h of drug
treatment, the number of migrated cells on the bottom surface
of the top chamber was significantly decreased with the
increasing drug concentrations, in a dose-dependent manner
(Fig. 3B). Semi-quantitative analysis indicated decreased
cell numbers with significant differences between treatment
groups (P<0.05; Fig. 3E).

In addition, as demonstrated in Fig. 3C, decreased numbers
of the cells in the migration zone were observed following
increasing concentrations of CUDC-907, in a dose-dependent
pattern after 24 h drug treatment (P<0.05; Fig. 3C and F).
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Figure 2. CUDC-907 suppresses proliferation and induces G2/M cell cycle arrest in treated keloid fibroblasts. (A) Cell Counting Kit-8 analysis revealed that
cell proliferation was inhibited by CUDC-907 at different concentrations, with significant differences among treatment groups. (B) CUDC-907 exerted a
more marked inhibitory effect on keloid fibroblast proliferation compared with GDC-0914 and trichostatin A at the same concentration of 32 nM. (C) Flow
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revealed increased p21, decreased cyclin B and unaltered p53 expression levels, and significant differences among groups were indicated with error bars
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representing standard error of the mean. All experiments were repeated in at least 3 cell samples. “P<0.05, “P<0.01 and ""P<0.001. p21, cyclin-dependent

kinase inhibitor 1; O.D., optical density.

CUDC-907 inhibits the invasive capabilities of KFs. The
aforementioned Transwell system was also used to measure the
invasive capabilities of KFs. As indicated in Fig. 3B and E, KFs in
the control group successfully passed through the Matrigel to the
bottom surface of the top chamber. Conversely, relatively fewer
cells in the CUDC-907 treatment groups successfully invaded
through Matrigel (P<0.05). Analogous results were also observed
in an assay conducted with an Oris™ invasion kit, but with the
inclusion of a collagen gel. As demonstrated in Fig. 3C and F,
a decrease in cell numbers in the detection zone was observed
with the increasing drug concentrations (P<0.05). In addition,
matrix metalloproteinases (MMPs) and tissue inhibitor of metal-
loproteinases (TIMPs) serve an important role in invasion ability
of tumor cells (28). Decreased MMP/TIMP1 gene expression
ratios, concomitant with increased drug concentrations, were
observed in MMP1/TIMP1, MMP2/TIMP1, MMP3/TIMP1 and
MMP13/TIMPI (P<0.05; Fig. 3G).

CUDC-907 attenuates collagen expression and production of
cultured KFs in vitro and keloid tissue ex vivo. As demonstrated
in Fig. 4A, at an mRNA level, CUDC-907 treatment signifi-
cantly downregulated the expression of collagen I (COLI) and
collagen III (COL3) (P<0.05) at the concentrations of 3.2 and
32 nM, but not at 0.32 nM (P>0.05). Expression levels of these
genes in the KFs treated with GDC-0941, a PI3K/Akt/mTOR
inhibitor, or trichostatin A, a HDAC inhibitor, at 32 nM were

not identified to be significantly different from those of control
(P>0.05; Fig. 4B), but were significantly increased compared
with that of the CUDC-907-treated cells (P<0.05). In contrast
to the KFs, the normal dermal fibroblasts were identified to
be less sensitive to CUDC-907 treatment, indicating a cell
type-specific inhibitory effect of CUDC-907 (Fig. 4C).

Concomitantly, the results from the western blot analysis
also suggested significantly decreased protein production of
COLI and COL3 following CUDC-907 treatment (Fig. 4D).
Furthermore, immunohistochemical staining of the keloid
tissue explant also exhibited decreased COL1 and COL3
production, due to the treatment of CUDC-907 (Fig. 5A),
particularly at 32 nM (P<0.05; Fig. 5B).

CUDC-907 attenuates TGF-f31 production and signaling. At
the mRNA level, CUDC-907 treatment for 72 h significantly
downregulated the expression of TGF-f1 at the concentrations
of 3.2 and 32 nM (P<0.05) but not at 0.32 nM (P>0.05) (Fig 4A).
Western blot analysis indicated that CUDC-907 treatments at 3.2
and 32 nM significantly inhibited the phosphorylation of Smad?2/3,
whereas the reduction of Erk phosphorylation was only observed
at the concentration of 32 nM, as demonstrated in Fig. 4E.

CUDC-907 inhibits angiogenesis in keloid tissue explant
ex vivo. Excessive vascularization following trauma is another
important pathogenic factor underlying keloid formation (29).
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Figure 4. CUDC-907 decreases collagen expression or production of in vitro cultured keloid fibroblasts along with attenuated Smad and Erk phosphorylation.
(A) After 72 h CUDC-907 treatment, KFs expressed decreased levels of COL1, COL3 and TGF-f1 at transcriptional level with significant differences among
the treatment groups. (B) Inhibitory effects of GDC-0941, trichostatin A and CUDC-907 on the gene expression levels of COL1, COL3 and TGF-f1 at 32 nM
for 72 h. (C) No significant inhibitory effect of CUDC-907 on COL1, COL3 and TGF-f1 gene expression levels of normal dermal fibroblasts was observed
after 72 h from the treatment. (D) CUDC-907 treatment decreased the production of COLI and COL3 at 72 h post-treatment, as demonstrated by western
blot analysis. (E) CUDC-907 also attenuated the phosphorylation levels of Smad 2/3 and Erk of the keloid fibroblasts treated with various concentrations of
CUDC-907 at 72 h post-treatment. The assays were repeated 3 times with 3 independently pooled cell samples. Data are presented as the mean =+ standard error
of the mean. "P<0.05, “P<0.01 and “"P<0.001. COLI, collagen I; COL3, collagen IIT; TGF-f1, transforming growth factor 1; p, phosphorylated; G, GDC-0941;

T, trichostatin A; C, CUDC-907.

As indicated in Fig. 5C, the number of blood vessels marked
with CD31 and CD34, two common immunohistochemical
markers of endothelial cells (30), gradually decreased as the
concentration of CUDC-907 increased (P<0.05; Fig. 5D).
As a confirmation of this observation, CUDC-907 treatment
significantly disrupted vessel tube formation mediated by
HUVEC:s in vitro (Fig. 5E and G).

CUDC-907 suppresses KF migration and proliferation in
cultured keloid explants ex vivo. As demonstrated in Figs. SF
and S1, KFs with a spindle shape migrated out from the edges

of the explanted tissue and gradually filled the Petri dish over
1 week via cell migration and proliferation. CUDC-907 treat-
ment for 7 days significantly decreased the number of cells
migrating from the keloid explants. The inhibitory effect
became more significant with the increasing drug concentra-
tions (P<0.05; Fig. SH).

CUDC-907 attenuates collagen deposition and angiogenesis
in a keloid xenograft model. At the 10th and the 20th day of
CUDC-907 administration, xenografts on the backs of nude
mice had not decreased nor increased in size consistently
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Figure 5. CUDC-907 decreases collagen accumulation and microvessels in cultured keloid tissue explant. (A) Deposition of COL1 and COL3 was apparently
inhibited in the tissue explants following increased drug concentrations. Magnification, x100; scale bar=200 gm. (B) Semi-quantitative analysis of collagen
deposition of immunohistochemically stained tissue sections (n=20). Data are presented as the mean + standard deviation of the mean. (C) CD31* and CD34*
stained microvessels were apparently disrupted and decreased in number with increasing drug concentrations. Magnification, x200; scale bar=100 ym.
(D) Semi-quantitative analysis of microvessel numbers in the immunohistochemically stained tissue sections (n=20). The assays were performed 3 times with
3 independent tissue samples and semi-quantitative analysis was performed based on 5 randomly selected fields of each tissue sample. Data are presented
as the mean + standard deviation of the mean. (E) CUDC-907 inhibited spontaneous tube formation mediated by human umbilical vein endothelial cells.
Experiments were repeated 5 times. Magnification, x40; scale bar=250 ym. (F) Representative images of tissue explants (black shadows in the upper right
comers) cultured without or with different concentrations of the CUDC-907 at day 7 post-treatment. Magnification, x40; scale bar=250 ym. (G) The numbers
of formed tube cultured under different concentrations of the drug were manually counted in 5 replicates for each treatment group. Data are presented as the
mean * standard deviation. (H) Cells were collected from each group of cultured tissue explants at day 7 and the cell numbers are presented in the bar graph.
"P<0.05, "P<0.01 and "“P<0.001.

(Fig. 6A and B). However, at the histological level, decreased
cell density, COL1 and COL3 deposition, CD31* and CD34*
blood vessels were observed in the keloid xenograft by hema-
toxylin and eosin or immunohistochemical staining, which
suggested that CUDC-907 was able to exert its anti-fibrosis
and anti-angiogenesis effects in vivo (Fig. 6C and D).

Discussion

Keloid is a tumor-like skin disorder unique to humans, which
is commonly observed in those of African and Asian descent,

with neoplasms growing beyond the wound boundary but
never metastasizing to distant sites (31). Different from normal
scars, an excessive inflammatory response, unrestricted
angiogenesis and collagen accumulation are present during
the whole process during keloid formation, which may lead
to intolerable pruritus, pain and even disfigurement (21). Due
to the high recurrence rate following keloid excision, a classic
anti-keloid drug, 5-Fluorouracil, was generally utilized as
an auxiliary chemotherapy after surgical procedures (32).
Although a diverse range of small molecule compounds have
been developed in order to improve the clinical outcome of
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cell antigen CD34.

keloid therapy, their low efficacy and multiple adverse side
effects demand more advanced solutions and the identifica-
tion of a compound that precisely targets the vital elements of
keloid growth (33).

The occurrence of keloids cannot be attributed to any
known single predisposing factor. In fact, ethnicity or genetic
background, immune dysfunction, abnormal fibroblasts and
other extrinsic stimuli like tension and infection may all be
associated with keloid formation (31,34). Among multiple
pathological elements, abnormality of KFs serves a significant
role in the pathogenesis, including hyperproliferation, aberrant
capacity of migration and invasion, excessive production and
deposition of extracellular matrices (35). Notably, certain small
chemical compounds developed for anti-tumor treatment were
demonstrated to have similar mechanism of action to keloid
chemotherapy (36,37). Studies investigating the mechanisms
of these compounds may also contribute to the understanding
of keloid pathogenesis and subsequently to the development of
anti-keloid compounds.

The involvement of PI3K/AKT/mTOR signaling and
HDAC in the abnormal functions of keloid cells has been

previously described (9,11,14). Single-target inhibitors of
either the PI3K/Akt/mTOR pathway or HDACs would be good
drug candidates for keloid therapy, but their demonstrated low
efficacies have limited their potential in clinical application.
Inhibition of the PI3K pathway alone did not work as well as
expected due to adverse activation of other tumor-associated
signaling pathways or drug-resistance (38,39). Similarly,
trichostatin A, a previously described anti-keloid HDAC
inhibitor, effectively inhibited the proliferation and collagen
production of KFs at relatively higher concentrations (9),
leading to increasing potential risk in its further clinical appli-
cation. To lower this potential risk, a feasible solution would
be to identify a compound that has multiple targets and may
achieve a satisfactory therapeutic effect with minimal doses
via a synergistic effect across the multiple targets (40).

It has been demonstrated that drugs that simultane-
ously suppressed both HDAC and PI3K exhibited improved
function compared with single HDAC inhibitors for the
treatment of cutaneous T-cell lymphoma or other types of
cancer (41,42). In addition, it is difficult for a hybrid molecule
like CUDC-907 to escape from cells following conversion
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into pharmacologically active acid form, easily increasing the
levels of intracellular accumulation (43). In the present study, 3
concentrations of 0.32, 3.2 and 32 nM were selected based on
extensive pre-experimental screening and previous data (18).
It should be noted that the concentrations used in the present
study were much lower compared with the single-target
inhibitors investigated in previous studies (8,9,11). The inhibi-
tory effect of CUDC-907 on the hyperproliferation of KFs
was observed even at the lowest concentration (0.32 nM).
At higher concentrations (3.2 and 32 nM), the drug potently
suppressed the migratory and invasive capabilities of KFs,
decreased the excessive production of collagen, and prevented
excessive angiogenesis. In addition, by comparing the inhibi-
tory effect of CUDC-907 with GDC-0941 and trichostatin
A at 32 nM, it was confirmed that the CUDC-907-mediated
inhibition of cell proliferation and collagen production in KFs
was improved compared with GDC-0941 and trichostatin A.
The present study demonstrated that CUDC-907 exhibited a
more potent inhibitory effect compared with either trichostatin
A or GDC-904 alone on cell proliferation and collagen gene
expression, indicating that CUDC-907 exerted the synergistic
effect of dual signaling inhibition and therefore may be a more
potent targeted drug for keloid therapy.

Such phenomena were also described in previous
studies (44). Different anti-proliferative mechanisms of mTOR
or HDAC inhibitors were demonstrated (11,45-48), but another
previous study revealed that CUDC-907 induced a G2/M cell
cycle arrest of H460, a human tumor cell line (18), indicating
that CUDC-907 may interfere with the cell mitosis process.
In fact, G2/M arrest in other tumor cell lines resulting from
the treatment with several kinds of HDAC inhibitors has
been observed (49). Although no significant differences were
detected in p53 expression levels at the concentrations used
in the present study, a significant increase in p21 expression
levels [also identified previously (18)], has been established to
be a definite result of inhibition of either the PI3K/Akt/mTOR
or HDACs pathways (50,51). In addition, inhibitors targeting
any one of these signaling pathways may also downregulate
the levels of cyclin B, resulting in a G2/M arrest (52,53). The
HDAC inhibitor valproic acid downregulated the levels of
cyclin B and even demonstrated a sensibilization effect on
rapamycin, a classic mTOR inhibitor, indicating the synergistic
effect between inhibition of the PI3K/Akt/mTOR pathway and
HDAC: (53).

The attenuated ability of cell migration and invasion
in KFs is also associated with the inhibition of the PI3K
pathway and HDACs (49,54). To be specific, the HDACI1
inhibitor, largazole, was previously confirmed to be capable
of suppressing the migration of a human microvascular endo-
thelial cell line (55). Bian et al (56) identified that the multiple
anticancer effects of HDAC inhibitors were achieved partially
by upregulating miR-200c and thereby decreasing Crk-like
protein. However, the vital mechanism has not been fully
understood yet. Furthermore, the drug treatment also altered
MMP expression levels in the present study; measuring the
activities of MMP will provide a more accurate reflection of
the cellular functions.

Functional alterations following the abrogation of exog-
enous TGF-P1 by inhibition of the PI3K/Akt/mTOR pathway
or HDACs have been investigated previously (57,58), but
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the present study provided evidence that the dual inhibition
of the PI3K/Akt/mTOR pathway and HDACs decreased the
expression levels of endogenous TGF-f1. The decrease of
gene expression of TGF-f1 and the inhibition of its down-
stream cascade may provide an explanation why CUDC-907
exhibited such potent anti-fibrotic capacity (59,60). Although
the activation of PI3K/Akt pathway alone was insufficient
to upregulate collagen, type I, alpha 2 gene transcription,
its activation triggered by TGF-p1 may enhance Smad3
transcriptional activity, leading to increased COL1 expres-
sion (36). Decreased phosphorylation of Erk, which may be
activated simultaneously along with the PI3K pathway in KFs,
also provided an explanation of how CUDC-907 attenuated
collagen production (61). A previous study suggested that a
HDAC inhibitor was able to counteract exogenous TGF-f1 and
thereby suppress collagen deposition in KFs (8), which was in
concordance with the results of the present study.

To further investigate the potential effects of CUDC-907
treatment in a clinical setting, an in vivo xenograft model was
employed in the present study. The implanted xenograft did
not grow following implantation, and therefore no significant
differences in tissue volume were observed. However, signifi-
cant differences were identified in matrix deposition and in
microvessel structure integrity. Therefore, the in vivo model
also supports the conclusions of the in vitro assays.

In summary, the present study confirmed that the effi-
cient inhibition of both the PI3K/Akt/mTOR pathway and
HDAC:S activity by CUDC-907 led to significant inhibition of
pathological cell proliferation, collagen production and ECM
deposition, and the cellular migratory and invasive capabilities,
in addition to the angiogenic process of keloids. As all of these
factors are the key contributors to keloid formation, the results
of the present study described the great therapeutic potential
of CUDC-907 for keloid clinical therapy in the future.
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