
Genes & Diseases (2022) 9, 1345e1356
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http: / /ees.elsevier .com/gendis/defaul t .asp
FULL LENGTH ARTICLE
Therapeutic values of chick early amniotic
fluid (ceAF) that facilitates wound healing
via potentiating a SASP-mediated
transient senescence

Mashaal Ahmad a,**,1, Yandi Sun a,1, Xueyao Jia a, Jingjia Li a,
Lihong Zhang a, Ze Yang a, Yindan Lin a, Xueyun Zhang a,
Zara Ahmad Khan b, Jin Qian c,***, Yan Luo a,*
a Department of Biochemistry and Cancer Institute of the Second Affiliated Hospital, Key Laboratory of
Cancer Prevention and Intervention of China National MOE, Zhejiang University School of Medicine,
Hangzhou, Zhejiang 310058, PR China
b State Key Laboratory of Oncogenes and Related Genes, Institute for Personalized Medicine, School of
Biomedical Engineering, Shanghai Jiao Tong University, Shanghai 200240, PR China
c Zhejiang HygeianCells BioMedical Co. Ltd., Hangzhou, Zhejiang 310000, PR China
Received 30 November 2020; received in revised form 24 February 2021; accepted 12 March 2021
Available online 22 March 2021
KEYWORDS
Amniotic fluids;
Chick early embryo;
Cutaneous wound
healing;
Senescence
associated secretory
phenotypes;
(transient)
Senescence
* Corresponding author. No. 866 Yuh
China.
** Corresponding author. No. 866 Yuh
China.
*** Corresponding author. No. 63 Jiuh

E-mail addresses: 11618398@zju.e
Peer review under responsibility o

1 These authors contributed equally

https://doi.org/10.1016/j.gendis.2021
2352-3042/Copyright ª 2021, Chongqi
CC BY-NC-ND license (http://creative
Abstract Inflammatory, proliferative and remodeling phases constitute a cutaneous wound
healing program. Therapeutic applications and medication are available; however, they
commonly are comprised of fortified preservatives that might prolong the healing process.
Chick early amniotic fluids (ceAF) contain native therapeutic factors with balanced chemo-
kines, cytokines and growth-related factors; their origins in principle dictate no existence of
harmful agents that would otherwise hamper embryo development. Instead, they possess a
spectrum of molecules driving expeditious mitotic divisions and possibly exerting other func-
tions. Employing both in vitro and in vivo models, we examined ceAF’s therapeutic potentials
in wound healing and found intriguing involvement of transient senescence, known to be inti-
mately intermingled with Senescence Associated Secretory Phenotypes (SASP) that function in
addition to or in conjunction with ceAF to facilitate wound healing. In our cutaneous wound
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healing models, a low dose of ceAF exhibited the best efficacies; however, higher doses atten-
uated the wound healing presumably by inducing p16 expression over a threshold. Our studies
thus link an INK4/ARF locus-mediated signaling cascade to cutaneous wound healing, suggest-
ing therapeutic potentials of ceAF exerting functions likely by driving transient senescence,
expediting cellular proliferation, migration, and describing a homeostatic and balanced dosage
strategy in medical intervention.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

The INK4-ARF locus comprises of tumor suppressor genes
ARF/INK4A(p16)/INK4B that encode proteins with anti-
proliferative functions exerted via RB and p53 mediated
pathways.1,2 RB regulates the cell cycle downstream of the
signaling with p16 and CDK4/CDK6, and ARF transduces a
signal via MDM2, p53 and p21. Stress responses by which
proliferative cells lose dividing potentials in an almost
irreversible fashion are dubbed cellular senescence2 exer-
ted by diverse intra- and extra-cellular stimuli via acti-
vating the above pathways in a combinatorial manner.3e5

In general, cellular senescence occurs in aging and
tumor suppression; disparate biological processes as they
may seem, there could be an evolutionary logic for such
antagonist pleiotropy. Senescent cells mobilize a cohort of
inflammatory cytokines, proteases, chemokines and growth
factors known as senescence-associated secretory pheno-
types (SASP),3 which can be induced upon activation of the
INK4-ARF locus. This locus is epigenetically silenced in
fetal, embryo and adult stem cells; however, it can be
reprogrammed in differentiated cells to become hyper-
responsive to mitogenic signals.6 Most senescent cells ex-
press p167 that blocks cell cycle by inhibiting CDK4/CDK68

hence making p16 a commonly recognized senescence
marker.9 Pathologies aside, senescence also occurs in
embryogenesis presumed to play roles in maintaining em-
bryonic structures or regulating restructuring of organs.10,11

In many species, embryonic amniotic fluids are a dy-
namic milieu that participate in, e.g., cushioning, hy-
drating and providing immunity to embryos. Recently, we
isolated the soluble fraction (that could include embryonic
stem cell-derived factors) of the chick early amniotic
fluids (ceAF) of developing eggs at days 6e8 when embryos
expeditiously, if not exponentially, grow, and found that
ceAF comprises proliferation-stimulants that at a low-
level support robust proliferation of in vitro cultured cells,
almost as potently as fetal bovine serum (FBS; results).
This characteristic and other intriguing ceAF activities
beyond conventional growth factors prompted us to
establish in vitro and in vivo cutaneous wound healing
models to explore its therapeutic potentials and underly-
ing mechanism(s).

We found that senescent fibroblasts and endothelial
cells were enriched at wound areas a few days post skin
injury and were more recruited by daubing ceAF to the
wound areas, which at a low dose facilitated wound heal-
ing. The healing was likely to be mediated by SASP factors,
e.g., PDGF-B, TGF-b and VEGF known to promote myofi-
broblast differentiation, enhanced epithelial growth with
more sebaceous glands and cellular layers. The ceAF com-
ponents may function by signaling SASP factors as a marker
for transient senescence that in turn promote faster cell
migration and scar-less restoration by, in part, expediting
cell proliferation. p16, reported to be able to enhance SASP
factors release, was found to attenuate wound healing
presumably because of an above-a-threshold expression
level. Our studies also provided inkling that p21, rather
than p16, could play roles in orchestrating a cutaneous
wound healing program.

Materials and methods

Construction of Flag-1X-p16 and production of flag-
tagged p16

PCR-amplified p16 cDNA was cloned into the pXJ40 vector
between BamHI/XhoI sites downstream of and in-frame
with a Flag-tag epitope to create the Flag-1X-p16
construct; p16 primers were listed in Table S2(B). HaCaT
cells were transfected with this construct in a large scale,
cell lysates made, Flag-tagged p16 immuno-enriched on M2-
agarose beads, eluted with Flag peptide and quantified
using BSA as a reference. The purity of p16 was validated by
Coomassie Blue (CB) staining (Fig. S1).

Chick early amniotic fluid (ceAF) preparation

Fertilized chick eggs were incubated at (38 � 1) �C along-
side 50% humidity, and ceAF was collected from eggs be-
tween days 6e8. After centrifugation of the samples at
2500�g for 20 min, supernatants were filtered over a
0.22 mm sterilization device (Millipore, USA) and stored in
aliquots at �80 �C after quick-freezing in liquid nitrogen.

Animals

Specific pathogen-free (SPF) C57BL/6 mice (all 5-week old
males weighted at 20e26 g) were purchased from the
SIPPR-BK Lab Animals Co. Ltd. Shanghai, China [Certificate
# SCK (hu) 2013-0016]. Grouped randomly (3 mice/cage),
kept in the Animal Facility, Zhejiang University (Permit #:
ZJU20170013) with a 12-h day/light cycle, access to water
and rodent chow. Animal procedures were approved by the
institutional animal care use committee.
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Surgical wound and related procedures

We strictly followed guidelines and protocols. Anesthesia
(phentolamine; 8 mg/kg) was administered intraperitone-
ally.12 In a stepwise manner, procedures were conducted
aseptically as: a full-thickness wound (10 mm � 10 mm) was
excised from the dorsum of mice after hair removal;
excessive panniculus carnosus layer’s contraction was
controlled by silicon disks cut and adjusted to wound di-
ameters; the disks were fixed by interrupted sutures with
no dressing applied. Cocktails, in triplicates, with 0%
(control), 5% or 10% ceAF and � p16, were made in PBS/40%
glycerol and sterilized by filtration. Each surgical wound
was evenly/gently daubed with 250 ml of cocktail; 40%
glycerol was used to stabilize proteins in, and enhance the
viscosity of, the cocktails for easier topical daubing, which
sustains a longer-lasting moist surface after daubing. Flag-
tagged p16 or BSA at 1 ng/ml was employed when appro-
priate. Reduction in wound diameters were monitored daily
until day 10 when animals were euthanized for histological
and other analyses on excised healed/non-healed areas of
wounds.

Histological procedures

Excised tissue samples were fixed in 10% formalin for
minimally 5 days and processed for immunohistochemistry.
Briefly, embedded in paraffin, samples were sectioned in
3 mm thickness, mounted on glass slides and, after depar-
affinizing, stained with hematoxylin-eosin and Masson’s
trichrome. The density of inflammatory cells and blood
vessels density in dermis were analyzed using M�42 sys-
tem.13 Random fields of the tissue were observed and
counted for particular sections with images taken by an
optic microscope (Olympus, BX41).

Cell lines and other reagents

HaCaT cells, a gift from YU Faxing (Fudan University), were
experimentally confirmed free of mycoplasma and assured
to have normal morphologies. Cells were cultured in DMEM
(Basal Formula with 1% penicillin-streptomycin [GIBCO-Life
Technologies]) supplemented with 10% FBS (Capricorn,
FSS500, Uruguay) or indicated doses of ceAF. Other re-
agents included anti-p16 (#80772), anti-RANTES (CCL-5)
(#2989), anti-PDGF-a (#3174) antibodies and Senescence
Activated b-Galactosidase Staining Kit (#9860) [Cell
Signaling Technology, Danvers, MA]. Anti-p21 (#sc-6246)
was purchased from Santa Cruz-Biotechnology (California,
USA). Primers for qPCR were from Shanghai Generay
Biotech, China.

cDNA preparation and qPCR

cDNA was prepared from isolated total RNA using a cDNA
preparation kit. RNA was extracted from wounded tissue
samples as well as from cell lysate. From tissues, sonication
method with RNA extraction kit was used as mentioned in
the protocol.14 For cells, RNase free double distilled water,
4� gDNA wiper mix and 1 mg total RNA were sequentially
pipetted into a tube and incubated at 42 �C for 2 min. Then
5� Hi Script Mix II was added and the samples kept at 50 �C
for 15 min and 85 �C for 5 sec before proceeding to qPCR.
Information of PCR primers is in Table S2(B).

Cell viability assay

Cell viability was generally assessed in 96-well format by Cell
Counting Kit-8 (CCK-8). When added into cultured cells,
WCT-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,
4- disulfophenyl)] is converted by the reducing environment
of viable cells and turned into orange (WST-8-formazan) in
color. Briefly, 10 ml of CCK-8 solution was added in each well
of the plate and incubated in the dark for 1e4 h. The
absorbance at 450 nm was measured using microplate
reader. The readings were measured at 24, 48, 72, 96 and
120 h post starvation and treating cells with ceAF.

Cell scratch assay

HaCaT cells were cultured in 6-well plates to attain an ~80%
confluence, and starved for 24 h. Cells were grouped in
triplicates for transfection: DMEM with no ceAF, i.e., con-
trol, or 5%/10% ceAF, and with or without (þ/�) the p16
plasmid. The vector plasmid was added to the samples
without p16. After 24 h, scratches were drawn with a 10 ml
pipette-tip. The cell migration rates at the “wounded” sites
were recorded at 0, 24 and 48 h.

Western blotting

Aspirated from media, cells were later rinsed with PBS
twice and lysed with HEPES lysis buffer (115 mM NaCl,
1.2 mM CaCl2, 1.2 mM MgCl2, 2.4 mM K2HPO4, 20 mM Hepes-
KOH, pH 7.0, 1% NP40) supplemented with protease and
phosphatase inhibitors. Proteins levels were normalized for
SDS-PAGE loading, and protein expression further normal-
ized with an internal control (b-actin). Signals were
detected by primary antibodies followed by HRP-
conjugated secondary antibodies.

SA-b-gal staining

Solutions were provided by the kit; 48 h after treatment,
cells were rinsed with PBS twice and 1 ml fixation solution
was added to fix the cells for 15 min at room temperature.
Cells were rinsed again with PBS and 1 ml b-gal solution
added to develop the enzyme activity. The plates were
sealed with paraffin to prevent evaporation and kept in an
incubator at 37 �C without CO2 until color manifestation.
Readings and measurements were taken after 48, 96 and
144 h post seeding/staining the cells with SA-b-Gal.

Trans-well migration assay

Cells were collected/suspended at a density of 3 � 104 cells
in 200 ml serum-free medium after transfection with or
without p16-expressing plasmid for 24 h, and seeded in the
upper chamber. Media with indicated doses of ceAF (600 ml
in total) were suspended in the lower chamber. After 24 h,
chambers were separated and the cells on the upper
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surface of membrane wiped off with cotton buds. Cells that
invaded into the microporous membrane (8 mm in diameter)
were rinsed with PBS for three times, fixed with 4% para-
formaldehyde for 30 min and stained with 0.1% crystal vi-
olet. Number of cells that trans-well-migrated was
observed/counted/recorded by a microscope (Olympus
BX51).
Cell cycle analysis

Cells were suspended at 1-2 � 106 cells/ml, transferred into
5 ml polystyrene tubes and washed with ice-cold PBS. After
centrifugation at 1000 rpm for 5 min at 4 �C, cells were
fixed by drop-wise ice-cold 80% ethanol while being mixed
by vortex; the fixation continued at 4 �C for 3 h. Cells were
washed twice with PBS, centrifuged at 3000 rpm for 5 min
at 4 �C, and re-suspended in 200 ml of propidium iodide
(SigmaeAldrich) supplemented with 30 mg/ml RNase A for
30 min before flow cytometry.
Statistical analyses

Numerical data were expressed as mean � SEM and statis-
tical analysis was performed using Prism GraphPad (Cali-
fornia). One-way ANOVA for ungrouped data and Two-way
ANOVA for grouped and time interval depending experi-
ments were used to reveal significance. *P < 0.05,
**P < 0.01 and ***P < 0.001 were considered statistically
significant. All in vitro experiments were independently
repeated in triplicates.
Results

ceAF supports cell growth and promotes wound
healing in vitro

We believed that ceAF comprised biologically balanced
secretory growth factors, cytokines and other ligands
collectively contain proliferation-stimulants and, as a pre-
cursor to exploring its therapeutic potential, we tested its
ability to support the growth of cultured HaCaT cells using
FBS as a control. Starting from ~20% confluence, cells were
cultured in DMEM supplemented with increments of ceAF
(0e20%, v/v) or 10% FBS for 48 h; 5% ceAF optimally, and
almost as potently as 10% FBS, supported cell growth that
roughly underwent 2 doubling times (Fig. 1A, B). Given that
cultured HaCaT cells exhibited elevated p16 expression in
higher doses of ceAF (20% in particular; Fig. 1B), we pro-
posed that the lower efficacies of higher ceAF doses, as
compared to 5% ceAF, for supporting cell growth (Fig. 1B)
were attributable to an anti-proliferative function of p16.
This suggests a manifestation of attenuating activities with
higher doses of ceAF and emphasizes an importance of
balanced (or optimal) dose of ceAF in its application on
wound healing. We also quantified this proliferation using a
CCK-8 assay to test if ceAF harbors promising components
that support cell growth. As seen, 5% ceAF (v/v) turned out
to be the optimum dosage for cell growth and their viability
when compared with control groups (Fig. 1B).
Prompted by the above, we established an in vitro
wound healing model utilizing HaCaT cells, representing an
epidermal origin15; given fastidious nature of ceAF, we
employed 5% and 10% doses in our later efforts on the
presumption that one or a dose somewhere in between
works optimally. Scratches were made on near-confluent
monolayers and cells treated with ceAF. Agreeing with
cell proliferation assays, 5% ceAF healed the scratches
better than 10% ceAF over examined periods, and ectopic
expression of p16 hindered the healing in vitro (Fig. 1C, D;
also see below).

Encouraged by the above results, we examined healing
capacities of ceAF on surgically-made cutaneous wounds in
a murine model. Mice treated with 5% ceAF healed expe-
ditiously, manifesting virtually scar-less skin within 10 days
(Fig. 2A, B). Dermal application of naturally produced and
topically administered exogenous p16 has been a practice
in wound healing research, given that this small-size pro-
tein can be up-taken by G-protein coupled receptors.16,17

But, in our study, p16 when co-applied in a dosage
employed by other practices significantly attenuated
wound healing, offsetting the action facilitated by ceAF
particularly at a 5% dose (Fig. 2A, B). This is consistent with
results of the in vitro model (Fig. 1C, D).

p16 impedes wound healing in vitro and in vivo

Under stresses such as those that induce senescence, p16
protein expression is up-regulated; p16 was reported to be
able to drive senescence-associated secretory phenotypes
(SASP) that provoke chemokine and cytokine pathways in
the inflammatory phase of wound healing preluding the
proliferative phase. SASP factors exert functions tran-
siently, but whether this transient senescence is p16-
dependent remains largely unresolved. To examine
whether p16 expression in conjunction with ceAF facilitates
wound healing, we ectopically expressed Flag-tagged p16 in
HaCaT cells supplemented with either 5% or 10% ceAF; p16
unexpectedly and markedly retarded the closure of
scratched areas (Fig. 1C, D) and cellular proliferation (seen
below). We had serially titrated down p16-expressing
plasmid in transfection assays, and were unable to iden-
tify a dose in which ectopic p16 expression would additively
or synergistically facilitate wound healing by ceAF (data not
shown). In the animal models, similar patterns were
observed whereby wound healing was attenuated when p16
was co-daubed with ceAF (Fig. 2A, B). Taken together,
these results suggest that, in our assay systems, the
signaling involving SASP factors and transient senescence is
not strictly dependent on p16. Other pathway(s) such as,
notably, a p21-mediated pathway may compensate for
and/or play redundant roles in this program (seen below).

ceAF facilitates wound healing in vivo and
manifests increased collagen density and thickened
epidermis on healed wounds

On day 10, we observed prominent contraction on the ceAF-
daubed wounds particularly with a 5% dosage, and significant
re-epithelialization (Fig. 2A) [significance of 5% ceAF as
compared to other groups summarized in Table S1(A)].



Figure 1 ceAF supports cell growth and promotes wound healing in vitro. (A) Snapshots of a typical cell proliferation assay with
increasing ceAF concentrations (0, 5%, 10% and 20%) comparing efficacies among doses and with 10% FBS to support the growth of
HaCaT cells (scale bar at 100 mm). Images taken 48 h post treatment. (B) Quantification of relative number of viable cells post
treatment with ceAF vs. FBS (upper panel); CCK-8 assay for determining the proliferation of cells using different fractions of ceAF
(bottom panel); protein expression of endogenous p16 induced by higher doses of ceAF (middle panel), from left to right (10% FBS,
DMEM only, 5% ceAF, 10% ceAF and 20% ceAF. (C) Wound healing scratch assay on confluent/24-h serum-starved HaCaT cells
incubated with DMEM, or DMEM supplemented with 5% or 10% ceAF and �/þ ectopic p16 expression. Phase-contrast micrographs
were taken at the wound areas measuring gap closures at 0 or 48 h post scratch formation as indicated on top (scale bar at 100 mm).
(D) Healing quantification as assessed by measuring the reduced gap distance within the specified time frames. Experiment was
repeated at least three times.
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However, mice treated with ceAFþp16 exhibited wounds
with wide epithelial and dermal edges with the gap
comprising necrotic fibrinoid, cell debris, intense inflam-
mation and angiogenesis plus reduced granulation tissues
and significant lower deposition of collagen as judged by the
trichrome staining (Fig. 2B), suggesting a wound healing that
was hampered by p16. Furthermore, histological (H&E)
staining showed that, in the 5% ceAF group, wound sections
showed a neoformative epidermal layer that was remarkably
thicker (Fig. 2C), indicating dense epidermal ridges, seba-
ceous glands, cellular layers and more formation of primitive
hair follicle structures. On the contrary, the ceAFþp16 group
wounds exhibited much lower migration of endothelial cells
and fibroblasts as well as significantly reduced epidermal
thickness of the skin with impaired granulation tissues
(Fig. 2C), again indicating a wound healing hampered by p16.
ceAF facilitates an S to G2/M transition and cell
migration that is offset by p16

To test whether the healing process facilitated by ceAF and
attenuated by p16 expression or administration (Fig. 1, 2)
were related to cell cycle progression, we cultured HaCaT
cells with ceAF (5% or 10%) with or without ectopic p16
expression and subjected cells to FACS analyses. Cells in
the 5% ceAF group exhibited highest percentile of G2/M
cells, but p16 expression on top of that retarded quite some



Figure 2 In an animal model, ceAF facilitates wound healing (A), increases the collagen density (B) and enlarges epidermis
thickness (C). (A) Macroscopic appearance of representative groups of cutaneous wounds pre- and post-treatment with ceAF with
or without recombinant p16. (PBS/Gly stands for PBS/40%, glycerol was used to reconstitute the cocktails). The pictures (upper
panel) were taken on indicated days post-wounding. The graph (bottom panel) is quantification of wound closure rates that were
measured on a daily basis. Wound areas determined using image analysis and expressed as the percentage of wound area
immediately post-injury as described in methods (n Z 3 mice/group). Statistical significance was evaluated with a one-way ANOVA
with Bonferroni post-test. (B, C) Masson’s Trichrome (B) and H&E (C) stained punch biopsy wound tissue sections of day 10 post
wounding with 10-mm punch. Arrows represent relative number of collagen fibers in (B) and edges of healed/non-healed epidermis
in (C). Scale bar represents 100 mm. The bottom two panels show quantifications of collagen deposition (density) [left] and
epidermal thickness [right]. The 5% ceAF-treated and to a lesser extent the 10% ceAF-treated samples exhibit smaller number of
inflammatory cells, more collagen deposition, thickened epidermis and a larger population of fibroblasts, indicative of facilitated/
more complete wound healing. These indicators are impeded by co-application of p16; e.g., a larger population of acute in-
flammatory cells with inflammatory exudate on the surface, in line with a persisting/prolonged inflammatory response.
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cells in the S-phase that had obvious difficulty to enter the
G2 phase (Fig. 3A), suggesting that the wound-healing-
promoting (by ceAF) and the wound-healing-attenuating
(by p16 expression/administration) phenotypes (Fig. 1, 2)
are at least in part due to their functions exerted on cell
cycle progression.

Cell migration also plays important roles in wound
healing18e20; we performed trans-well migration assays
using HaCaT cells. The 5% ceAF-treated group exhibited a
high number of trans-well-passed cells; likewise, and
consistent with the cell cycle results (Fig. 3A), expressing
p16 on top of ceAF significantly attenuated trans-well
passaging (Fig. 3B).
ceAF likely triggers transient senescence

Senescence is generally recognized to be a chronic mecha-
nism associated with, e.g., age-related pathologies; but
tissue damages such as skin wound can induce, albeit tran-
siently, senescence dubbed transient senescence.17 This
might be an evolutionarily acquired mechanism. Immune
surveillance later clears the transiently senescent cells,
which manifest certain levels of Senescence Activated b-
galactosidase (SA-b-gal) activity that can be detected by
histochemical staining, scoring both numbers of positive
cells and intensities. Thus, albeit controversial, likely SA-b-
gal is a biomarker for senescent cells in both cell culture and
in vivo.

We stained the SA-b-gal activities in experimental
groups and examined the sustainability of cells that were b-
gal positive in a time course. The b-gal signal accumulated
in the 5% ceAF group gradually declined after 4 days, which
became more evident after 8 days suggesting a transient
senescence induced by ceAF; however, the p16-expressing
groups accumulated more sustainable b-gal signals in that
positive cells persisted at day 8, which suggests a more
permanent senescence consistent with more absorbed sig-
nals (Fig. 4A, B). Because the 5% ceAF dosage exerted
optimal functions (Fig. 1e3), a high likelihood is that a
transient senescence as implied here plays role(s) medi-
ating cutaneous wound healing.

To gain knowledge of potential transient senescent
marker(s) as implied by the SA-b-gal staining, we carried



Figure 3 ceAF facilitates S to G2/M transition and cell migration that are hampered by p16. (A) Cell cycle profiles of HaCaT cells
cultured with FBS vs. 5%/10% ceAF without or with (�/þ) p16 ectopic expression analyzed post 24-h incubation. The bottom panel
shows percentiles of cells at G2/M. (n Z 3). (B) Trans-well migration assay for cell groups as in (A). (Scale bar at 20 mm). The
bottom panel shows the quantification of cells per field. The error bars represent standard deviation of three different
experiments.
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out immuno-blot analyses of the p16 and p21 protein
expression in cells that were treated as in the b-gal assay (4
days). We found that, while the relative expression of p16
was not significantly effected by 10% FBS versus 5/10% ceAF
(Fig. 4C, lanes 1,3,5; the increased signals in other lanes
were due to p16 ectopic expression), the expression of p21
was induced by 5/10% ceAF (as compared with 10% FBS),
which was offset by p16 overexpression (Fig. 4C 1st panel
that was additionally and internally controlled by the beta-
actin in 2nd panel). Thus, in our system, as far as the
transient senescence is concerned, the additional (poten-
tial) marker aside from the SA-b-gal is more-likely p21 (also
seen below); however, we do not rule out a possibility that
a threshold expression of p16 (e.g., the ~1.5-fold stimula-
tion in Fig. 1B middle panel by 5% ceAF) might also be a
transient senescence marker involved in an optimal wound
healing program. Likewise, the p16-attenuated wound
healing is presumably as a result of more permanent
senescence because of an above-a-threshold expression
level (e.g., >2-fold stimulation seen in Fig. 1B middle panel



Figure 4 Transient senescence plays a significant role mediating the wound-healing effects of ceAF. Role of transient senescence
was verified by observing cells in a time course. SA-b-Gal activity in HaCaT cells treated as indicated for 48 h and maintained in
fresh media for 2 days. Micrographs were obtained with phase contrast microscopy. (A) Micrographs of SA-b-Galþ cells in different
groups as marked and taken at different time intervals (scale bar represents 20 mm). (B) Quantification of b-gal positive cells among
different groups plotted against days of exposure. (C) Immunoblots assessing the protein expression levels of p16 and p21 in HaCaT
cells treated with 10% FBS versus 5/10% ceAF plus/minus p16 ectopic expression, which was doubly and internally controlled by b-
actin. (D) The p21 and p16 protein expression levels in C were quantified using that of b-actin as an internal control.
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by 20% ceAF), underscoring the therapeutic values with
ceAF at homeostatic level(s).
Expression profiling of factors involved in
cutaneous wound healing

Inflammation, proliferation and remodeling are three
sequential yet overlapped phases of wound healing; upon
wounding and thereafter, diverse chemokines, cytokines and
growth factors are locally enriched and distantly attracted
at wound sites, a signaling cascade triggered by SASP factors
transiently released by transient senescent cells. They in
turn sequentially or concomitantly orchestrate a healing
program. For instance, involving diverse kinds of cells (e.g.,
epidermal and endothelial cells, fibroblasts, keratinocytes,
neutrophils etc.), these SASP factors comprise a cohort of
chemokines that recruit pro-inflammatory cells, including
macrophages, which release additional cytokines and growth
factors to facilitate wound healing.21,22

We employed wounded and repaired skin tissues from
animals (in vivo samples) and HaCaT cells (in vitro samples)
treated under specified conditions and built an expression
profile of cellular factors as afore-emphasized to be
involved in tissue repair. In vivo samples (collected at day
10) were used to examine the expression pattern of genes
encoding proteins that dictate the integrity of restored skin
boundary, i.e., degree of remodeling. As seen (Fig. 5A,
quantification), mRNA expression levels of three tested
genes, i.e., that of keratin, keratin-10 and endothelin,
were significantly up-regulated in the 5% ceAF group (to a
lesser degree in the 10% ceAF group); p16 played an offset
role (the control was the wound daubed with PBS/40%
glycerol). In conjunction with the data shown below, we
propose that ceAF plays multi-complex roles to facilitate
wound healing.

We also screened an expression profile of 12 of ~25 SASP
factors reported23,24 using HaCaT cells incubated with FBS
versus ceAF, with or without ectopic p16 expression, at
the mRNA (for all 12) and protein (for 3 out of 12) levels.
The mRNA levels of tested SASP factors, save p16, were
up-regulated significantly in cells incubated in 5% ceAF
and to a lesser degree 10% ceAF (Fig. 5A, quantifications
normalized against a house-keeping gene). Fig. 5B is a
Heatmap that exhibits mRNA expression patterns of the 15
above-mentioned proteins. Also, as seen, p16 played
offset roles on ceAF-enhanced expression of genes (Fig.
5A, B); the ostensible variations of p16 expression per se
(Fig. 5A, last panel) were most-likely due to the presence
or absence of the ectopic p16 gene. Of 12 tested SASP



Figure 5 SASP factors mediate and contribute to facilitating the cutaneous wound healing and transient senescence. (A)

Quantitative real-time PCR for expression of wound healing, tissue integrity and inflammatory markers of either wounded skin
samples of mice (endothelin, keratin and Keratin-10) or HaCaT cells (other factors). The qRT-PCR analyses were carried out to
determine the gene expression patterns of wound healing markers that include PAI1, p21, p16, endothelin, keratin and Keratin-10,
and of SASP factors that include CCL5, PDGF-B, VEGF, PDGF-a, TGF-b, IL-1A and IL-6. The experiments were conducted in tripli-
cates. *P < 0.05, **P < 0.01 and ***P < 0.001. (B) Heatmap analyses for qRT-PCR of factors as listed in (A). (C) Western blot of 3
representative SASP factors validating the mRNA expression data in (A) and (B) by quantifying their protein expression levels. The
densitometry analysis represents normalization of band intensities as compared with that of b-actin as an internal control.
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factors, we selected 3 proteins that represent chemokines
(CCL-5), growth factors (PDGF-a) and a cell cycle
regulator/SASP-factor mediator, p21, to examine the
protein expression levels (Fig. 5C; Immuno-blot). The re-
sults are consistent with that for mRNA expression
(Fig. 5A, B); for p21, the protein expression patterns were
also consistent with the results exhibited in Figure 4C.
Discussion

Amniotic fluids of diverse species contain critical factors for
fetal development; many researchers have revealed that,
in conjunction with other interventional methods and other
specific properties of fetal tissues, amniotic fluids were
able to facilitate wound healing.25 Indeed, amniotic fluids
from mice26 or sheep and horses27,28 at varying embryonic
stages, or even that of human at different trimes-
ters,25,28e30 were employed to unravel their applications
for diverse therapeutic interventions, e.g., fetal wound
healing, corneal wounds regeneration, diabetic impaired
healing of wounds. However, the precise mechanisms are
still not yet adequately understood. Our, albeit pre-
liminary, exploration on mechanisms aside, the unique
advantage of the present studies is that we employed
poultry eggs for isolation of amniotic fluids, which can be
produced at industrial scale, is very economic, ethical and
safe, and feasible for in-depth mechanistic studies and pre-
clinical testing. Further, in contrast to other studies, we
used amniotic fluids at an early stage of chick embryogen-
esis (6e8 days post incubation) shortly after the kidney
development initiates. In a developmental biology term,
this is a stage at which embryos grow almost most-
expeditiously with ample amounts of extractable amniotic
fluids yet before a drastic up-shift of the ratio, between
abundancy of wasteful metabolites and excretions and that
of the amniotic growth factors, takes place following
development of diverse organs. In fact, after kidneys
develop at certain length, e.g., beyond 8 days post incu-
bation, amniotic fluids increasingly comprise of significant
amounts of urine in conjunction with declining abundancy
of embryonic active antigens, growth factors and poten-
tially other active components.

Intrinsic to and secreted by developing chick embryos
6e8 days post incubation, ceAF exhibits powerful wound
healing capacities as apparent in mammalian cutaneous
wound healing models in which ceAF with no preservatives
or fortification displays potent efficacy both in vitro and
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in vivo. Naturally, ceAF provides nourishment and protec-
tion against environmental stresses including pathogens,
and is thought to possess diverse signaling molecules at
homeostatic levels to support embryogenesis. This view is
especially important given a manifestation of the attenu-
ating activities at high doses (Fig. 1B). Notably, given that
the control for establishing the expression profiling with
culture cells (Fig. 5AeC) was FBS, ceAF must contain
components above and beyond ordinary growth factors
and/or other molecules that solely support cell growth and
migration as revealed in Figure 1A, 1B and 3B. Recently,
occurrence of senescence and roles of SASP factors during
embryogenesis31 and in limiting fibrosis upon tissue
injury32,33 were reported. Thus, scar-less tissue repair
might take place in embryos, supporting our postulation
that ceAF comprises a set of evolutionarily conserved, at
least among vertebrates, factors involved in wound healing.

Structural proteins

For normal skin physiology, the epithelial keratinization is
of fundamental importance for counteracting mechanical
stress and protecting against pathogenic invasion, and
endothelin was suggested to be involved in anabolism of
collagen and related proteins.34,35 In addition, endothelin is
a mediator for morphogenesis in other systems including
bone regeneration and skeleton formation.36 Thus,
elevated expression levels of keratin, keratin-10 and
endothelin in the cutaneous wound healing model reflect a
more completed remodeling phase.

Interleukins, chemokines and growth factors

Interleukins serve key modulators for inflammatory re-
sponses including that in skin repair, and is involved in
activation, differentiation and proliferation of endothelial
cells, fibroblasts, keratinocytes and leukocytes.37 For
instance, IL-6 is released as an early response to tissue
injury to induce a signaling of pro-inflammatory cytokines
from the resident macrophages and stromal cells.38 In
addition, IL-1A is an autocrine regulator for basal kerati-
nocytes proliferation inside the bulge region of hair follicles
and an integral agent of the epidermal stem cell popula-
tion39; chemokines CCL5/CCL2 can function as attractants
for local and distant macrophages to be enriched at wound
sites. Furthermore, growth factors such as TGF-b, VEGF,
PDGFA/B can regulate direct (cellecell) and indirect
(paracrine) linkage between different cell types and
cellular basement and, more relevant to this work, are
involved in restoring skin boundary integrity. Therefore,
these factors conceivably function at different healing
stages covering the inflammatory and proliferative phases
and possibly even the remodeling phase. Emphasizing
important roles on wound healing, the expression of these
factors is quite prominently up-regulated in ceAF-treated
cells and offset by p16 (Fig. 5).

PAI-1 and vimentin

Plasminogen activator inhibitor type 1 (PAI-1) is expressed
on the surface of keratinocytes, its activation enhances
cellular proliferation.21 PAI-1 limits plasmin generation to
sustain cell migration and proliferation, a key indicator for
re-epithelialization of keratinocytes.40 The intermediate
filament protein vimentin plays significant role for the
“epithelial to mesenchymal transition (EMT)”, and studies
reveal that vimentin participates in a number of cellular
processes including migration and invasion of cells, cell
adhesion, cytoskeletal rearrangements, signaling, plasticity
and regulation of cell morphology.41,42 These proteins in
principle are largely involved in the remodeling phase of a
wound healing program.

Cell cycle/senescence regulators

Both p16 and p21 are proteins known to regulate cell cycle
and senescence43,44; in our assay systems and as opposed to
studies by others, p16 is unlikely playing a role in estab-
lishing a transient senescence that readies wounds to un-
dergo healing. From all criteria, p16 is actually an
offsetting factor for therapeutic values of ceAF. Our data
(Fig. 4, 5) support that p21 might play compensatory role(s)
by itself or in conjunction with other factors, e.g., a non-
redundant function afforded by another component of the
INK4-ARF locus, INK4B.
Conclusion

Conceivably, as in many a signaling cascade, signals from
ceAF, however chick-early-embryo-derived, obviously can
be received and interpreted by cells in the wound and
surrounding areas of a murine model to facilitate wound
healing; a potentially involved transient senescence is
probably marked by upregulated p21 expression rather than
that of p16 as conventionally thought. A few challenges,
e.g., efforts to rid of the attenuating activities (Fig. 1B) and
enrich fastidious active components by biochemical frac-
tionation and reconstitution, remain. Despite these chal-
lenges, however, endeavors on exploring ceAF potentials
constitute a worthy goal both for basic research and ther-
apeutic development.
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