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Abstract

Severe corneal injury is one of the main causes of loss of visual function. Mesenchymal stem cells (MSCs) have the ability
to repair damaged cells in vivo. The present study aimed to explore whether MSCs could function as a cell therapy tool to
replace traditional methods to treat corneal injury. CD44 +/CD105 + mesenchymal stem cells isolated from mouse amniotic
fluid (mAF-MSCs) were injected into mice after cryoinjury to induce corneal endothelial cell injury. Histopathological assays
indicated that mAF-MSCs could promote the growth of corneal epithelial cells, reduce keratitis, and repair the corneal dam-
age caused by low temperature. cDNA microarray analysis revealed that the mAF-MSCs affected the expression patterns
of mRNAs related to cell proliferation and differentiation pathways in the mice after transplantation. The results of quanti-
tative real-time PCR and western blotting revealed that NAT12, NAT10, and the ETV4/JUN/CCND?2 signaling axis were
elevated significantly in the mAF-MSC-transplantation group, compared with those in the phosphate-buffered saline-treated
groups. High performance liquid chromatography—mass spectroscopy results revealed that mAF-MSCs could promote mRNA
N4-acetylcytidine (ac4C) modification and high expression of N-acetyltransferase in the eyeballs. RNA immunoprecipitation-
PCR results showed that a specific product comprising Vegfa, Kif4, Ccnd2, Jun, and Etv4 mRNA specific coding region
sites could be amplified using PCR from complexes formed in mAF-MSC-transplanted samples cross-linked with anti-ac4C
antibodies. Thus, mouse amniotic fluid MSCs could repair the mouse corneal cold injury by promoting the ETV4/JUN/
CCND?2 signal axis activation and improving its stability by stimulating N4-acetylcytidine modification of their mRNAs.
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Introduction

The cornea is divided into five layers, which are listed from
posterior to anterior as follows: Epithelium, lamina elas-
tica anterior (Bowman membrane), stroma, lamina elastica
posterior (Descemet membrane), and endothelium [1-6].
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The endothelium is arranged as a single layer of hexago-
nal smooth corneal endothelial cells (CECs). CECs line
the posterior surface of the cornea and face the anterior
chamber. They also regulate the passage of fluids and sol-
utes across the posterior surface of the cornea to maintain
a slightly dehydrated state, which is required for transpar-
ency and refraction [1-6]. CECs are critical to maintain
the structure and function of the cornea; they also possess
a barrier function, regulate osmotic pressure, and control
the active transport of fluid out of the cornea via the activ-
ity of the Na+/K +-ATPase to maintain normal corneal
metabolism [1-5]. CECs do not regenerate, because they
are end-stage differentiated cells [1-5]. Damage to a large
number of CECs causes edema, corneal degeneration, cor-
neal decompensation, and possibly, total blindness [1-5].
Corneal damage might be caused by a number of factors,
including mechanical injury, exposure to solar radiation
over an extended period of time, exposure to chemicals, and
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freezing [7, 8]. Corneal injury caused by freezing of CECs
is common in the cold areas of the world and can damage
vision [6]. Severe corneal injury leads to permanent corneal
swelling and bullous keratopathy, and is considered one of
the main causes of loss of visual function. Although corneal
transplantation is a good method to treat corneal injury, the
application and development of this treatment method is lim-
ited for various reasons, especially a lack of corneal donors
[6]. Therefore, it is difficult to repair and treat corneal injury
caused by freezing. One of the main purposes of this study
is to find other biomaterials besides corneal transplantation,
which should be easy to obtain, safe and efficient, and can
significantly repair corneal freezing injury. At the same time,
the molecular biological mechanism of above biomaterials
(such as stem cells, etc.) differentiating into corneal epi-
thelial like cells and further realizing corneal repair after
transplantation is revealed. Our research results will provide
a new idea for the repair of frozen corneal injury and the
development of cell preparations.

Mesenchymal stem cells (MSCs) originate during early
mesoderm and ectoderm development, and exist in a vari-
ety of tissues, such as the bone marrow, umbilical cord
blood and umbilical cord, placenta, and adipose tissue.
They have varying somatic differentiation potentials and
unique cytokine secretion functions that are characteristics
of pluripotent stem cells [9—12]. Stem cell surface markers,
including cluster of differentiation (CD)29, CD44, CD49f,
CD90, CD105, and CD117, are highly expressed in MSCs
[9-12]. Extensive research has indicated that MSCs possess
strong pluripotent characteristics. For example, under spe-
cific conditions, MSCs can be induced to differentiate into
a variety of somatic cell types, including adipocytes, osteo-
blasts, chondrocytes, neurons, endotheliocytes, pulmonary
epithelial cells, hepatocytes, islet cells, cardiac myocytes,
and insulin-producing cells [9-12].

Posttranscriptional modifications of RNA represent an
emerging class of regulatory elements in human biology
[13, 14]. N4-acetylcytidine (ac4C) is a highly conserved
RNA modification and was the first acetylation event
described in mRNA. Ac4C-modified mRNA has been dem-
onstrated to be involved in the regulation of mRNA stability,
processing, and translation [13, 15]. Modification of tRNA
anticodons plays a critical role in ensuring accurate trans-
lation. The ac4C modification is present at the anticodon
first position (position 34) of bacterial elongator tRNAMe!
[16—18]. In addition, Bacillus subtilis yIbM (tmcAL) is as
a novel gene responsible for ac4C34 formation [16-18]. In
a variety of human cells, recent studies have detected ac4C
in poly(A) RNA at a similar level to 5’ 7-methylguanosine
(m7G) cap, which suggests that ac4C is abundant in mRNA
and has important regulatory functions [14, 15, 19-21].
Arango et al. also demonstrated that repeating CXX motifs
(several obligate cytidines separated by two non-obligate

nucleotides) are highly enriched in ac4C peaks [22]. Mam-
malian N-acetyltransferase 10 (NAT10) is a lysine acetyl-
transferase that targets microtubules and histones, and plays
an important role in cell division [14]. NAT10 is highly
expressed in malignant tumors, and is a promising target for
therapies against laminopathies and premature aging [14].
Ito et al. reported that NAT10 is an ATP-dependent RNA
acetyltransferase responsible for formation of ac4C at posi-
tion 1842 in the terminal helix of mammalian 18S Riboso-
mal RNA [14]. Arango et al. also indicated that the NAT10
gene could improve mRNA stability and translation by main-
taining acetylation to promote target gene expression [22].

In our previous study, we indicated that cryoinjury, or
injury caused by extremely low temperatures, leads to dam-
age and apoptosis of mouse corneal endothelial cells by acti-
vation of the serine/threonine kinase 11 (STK11)-P53 sign-
aling pathway, phosphorylation of P53 serine 15, and p2/
gene transcription [6]. Therefore, in the present study, on
the one hand, we aimed to explore whether CD44+/CD105*
MSCs isolated from mouse amniotic fluid (mAF-MSCs)
were effective to treat a freezing-induced mouse model of
corneal endothelial cells injury (CECI). On the other hand,
we aimed to clarify its in-depth treatment mechanism.

Materials and methods

Isolation and enrichment of CD44*/CD105*
mAF-MSCs

Samples of mAFs were obtained from 10 pregnant mice on
the 18" day of gestation. The CD44+/CD105" subpopulation
of cells was extracted from the mAFs using 4 pl of primary
monoclonal antibodies (rabbit anti-mouse CD44-fluorescein
isothiocyanate (FITC) and rabbit anti-mouse CD105-phy-
coerythrin (PE); eBioscience Inc, San Diego, CA, USA)
and stored at 4 °C in phosphate-buffered saline (PBS) for
30 min in a volume of 1 ml, as previously described [23].
Subsequently, the cells were washed twice in PBS, incubated
with secondary monoclonal antibodies (goat anti-rabbit cou-
pled to magnetic microbeads; Miltenyi Biotec, Auburn, CA,
USA) at 10 °C in PBS for 15 min, and then washed twice
with PBS. The CD44*/CD105" subpopulation of cells were
plated at 1x 10° cells/ml in Dulbecco’s modified Eagle’s
medium (DMEM):F12 (1:1) (Gibco, Gaithersburg, MD,
USA), supplemented with 10 ng/ml basic fibroblast growth
factor (bFGF), 10 ng/ml epidermal growth factor (EGF) (all
from Sigma-Aldrich, St Louis, MO, USA), 10% fetal bovine
serum, and 2 mM L-glutamine (all from Gibco). In this
experiment, all CD44%/CD105" cells were cultured under
the same conditions in a humidified incubator, at 37 °C and
5% CO,, until the cells were 80% confluent. Cells were not
used for further experiments after the third passage. All the

@ Springer



88

X.Feietal.

animal experiments were conducted in accordance with the
guidelines of the NIH for the care and use of laboratory ani-
mals. The study protocol was also approved by the Commit-
tee on the Use of Live Animals in Teaching and Research,
Shanghai Geriatric Institute of Chinese Medicine, Shanghai,
China.

RNA extraction and analysis by quantitative
real-time reverse transcription PCR (qRT-PCR)

Briefly, total cellular RNA was extracted using the Trizol
Reagent (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s protocol. The RNA was then reverse-
transcribed into cDNA using a ReverTra Ace-a First Strand
cDNA Synthesis Kit (TOYOBO, Osaka, Japan). cDNA was
then amplified using quantitative real-time PCR (qPCR).
QPCR was conducted using a RealPlex4 real-time PCR
detection system from Eppendorf Co. Ltd (Hamburg, Ger-
many), with the SyBR Green RealTime PCR Master Mix
and detection dye (TOYOBO). QPCR amplification was per-
formed over 40 cycles. The qPCR cycle consisted of dena-
turation at 95 °C for 15 s and annealing at 58 °C for 45 s.
The target cDNA was evaluated by relative quantification. A
comparative cycle threshold (Ct) method was used to deter-
mine the gene expression relative to a control (calibrator,
18S rRNA) and steady-state mRNA levels were reported as
an n-fold difference relative to that of the calibrator. For each
sample, the marker gene Ct values were normalized using
the formula ACt=Ct_genes—Ct_18S rRNA. To determine
the relative expression levels, the following formula was
used: AACt= ACt_treated_group—ACt_control_group.
Three biological replications were performed for each reac-
tion. The 2724 method was applied to measure the relative
marker expression. The internal control, 18S rRNA, served
as a normalizer. Data were analyzed on triplicate samples
by the GraphPad Prism Version 5.00 (GraphPad Software,
Inc.), and presented as relative expression of each gene,
compared with PBS-transplant group. All data are expressed
as mean + standard error (X + SE). Statistical analysis was
performed using paired or unpaired ¢ tests as appropriate. A
P value of <0.05 was considered significant. The sequences
of the real-time PCR primers are shown in supplementary
Table S1.

Flow cytometry (FCM) analysis

All the CD44%/CD105* subpopulation of cells were col-
lected and washed with PBS by centrifugation. The cells
were suspended at a density of 1x 10* cells/ml. The cell
suspension was incubated with a primary antibody recogniz-
ing a cell surface antigen or isotype control antibody (CD29,
CD90, or CD105 conjugated with FITC; eBioscience) on ice
in Dulbecco’s PBS (DPBS) containing 10% bovine serum
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albumin (BSA). The sensitivity of the flow cytometer was
adjusted using the cells treated with an isotype control anti-
body (mouse IgG1-FITC, eBioscience) to rectify non-spe-
cific binding. Antibody staining by FCM was analyzed on
a FACS Aria system (Quanta SC, Beckman Coulter INC.,
Indianapolis, IN, USA).

Animals, cryoinjury treatment, and in vivo
transplantation experiments

Female C57BL/6 mice (n=20), between 4 and 5 weeks
of age, were initially bred and maintained under standard-
ized conditions in the Animal Research Centre at Shang-
hai General People’s Hospital of Shanghai JiaocTong Uni-
versity, China. All experiments were authorized (Permit
SITAEC201401) by the Animal Ethics Committee of Shang-
hai JiaoTong University and conducted in compliance with
the Experimental Animal Regulations of the National Sci-
ence and Technology Commission, China. Mice weighing
22-35 g were randomly divided into four groups. All mice
were housed for 14 days under standard light—dark cycle
with food and water provided ad libitum. The animal room
was maintained at 23 °C and 55% relative humidity. Cryo-
injury was induced as previously described [8]. A cryoprobe
with a diameter of 2.5 mm was frozen in liquid nitrogen.
It should be noted that the cryoprobe had a diameter simi-
lar to that of the C57BL/6 mouse cornea (2.6 mm). The
cryoprobe was then placed on the mouse cornea three times
at 1-min intervals. The mice were then randomly divided
into two groups: A negative control group (n=10) injected
with PBS in the corneal endothelium, and an experimental
group (n=10 mice) injected with CD44%/CD105" mAF-
MSC:s in the corneal endothelium. One week after corneal
injury, every mouse in the experimental group was injected
with 10 pl of either cell suspension (approximately 1 x 10
cell spheres/pl) or PBS. Additional experiments were
performed on the animals in both groups at 10 days after
transplantation.

Western blotting analysis

Briefly, cells were removed from culture flasks using cell
scrapers and then lysed in pre-cooled (4 °C) cell lysis buffer
(Beyotime Institute of Biotechnology, Haimen, China). Sub-
sequently, the sample was centrifuged at 436 X g for 5 min.
The supernatant was placed in a fresh 1.5-ml reaction tube
and used for further analysis. The protein concentration
(50 pg/pl) was determined by the bicinchoninic acid assay.
The total protein extract (15 pl) was resolved by 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
and transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA). The membranes
were blocked with a Tris-buffered solution containing 10%
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calf serum (Beyotime Institute of Biotechnology, Haimen,
China). After washing four times with Tris-buffered saline
containing Tween-20 (TBST; Sigma-Aldrich) at room tem-
perature, the membranes were incubated with primary anti-
bodies (Supplementary Table S2) overnight at 4 °C. Follow-
ing sufficient washes, the membranes were incubated with
appropriate secondary antibodies (Supplementary Table S2)
for 1 h. After additional washes (15 min each) with TBST
at room temperature, the immunoreactive proteins were
detected using enhanced chemiluminescence with the Bio-
Rad Gel Imaging system (ECL kit; Pierce Biotechnology,
Inc., Rockford, IL, USA) and exposure to Kodak Biomax
XAR-5 films (Sigma-Aldrich).

Hematoxylin-eosin (HE) staining

Tissue samples were fixed with 4% paraformaldehyde, dehy-
drated, and embedded in paraffin. Slices with a thickness
of 4 pm were cut using a paraffin slicer and fixed to glass
slides. Xylene was used for dewaxing, and ethanol gradient
dehydration was performed. Hematoxylin solution was used
to stain the cells at room temperature for 5 min, 1% hydro-
chloric acid ethanol was used for differentiation for 30 s,
light ammonia water was added to return to blue for 1 min,
and distilled water was used to rinse for 5 min. Subsequently,
eosin solution was applied to the sections at room tempera-
ture for 2 min, and rinsed with distilled water for 2 min.
Ethanol gradient decolorization was performed. Xylene was
allowed to permeate for 2 min. Finally, the slide was sealed
using neutral gum.

Immunofluorescence stain assay

Briefly, all fresh tissues were soaked at room temperature
and fixed in 4% paraformaldehyde (Sigma-Aldrich) for
30 min. Ethanol gradient dehydration, paraffin embed-
ding, slicing (thickness 6 pm), and dewaxing using xylene
were performed. The tissue sections were sealed at 37 °C
for 30 min using immunohistochemical blocking solution
(Beyotime Biotechnology Co., Ltd., Zhejiang, China). The
blocking solution was discarded, and immunohistochemical
cleaning solution (Beyotime Biotechnology Co., Ltd) was
added to rinse the tissue sections at room temperature three
times for 5 min each. The first antibody (supplementary
Table S2) was added and incubated at 37 °C for 45 min. The
antibody was discarded, and immunohistochemical cleaning
solution was added to rinse the tissue at room temperature
three times for 5 min each. The secondary antibody (Sup-
plementary Table S2) was added and incubated at 37 °C
for 45 min. The antibody was discarded before adding
immunohistochemical washing solution to rinse the tissue
at room temperature three times for 5 min each. Finally,

immunofluorescence sealing solution (Sigma-Aldrich) was
added to seal the slides.

cDNA microarray analysis

The RNA samples from CECI mice eyeballs transplanted
with mAF-MSCs or PBS were pooled and used for microar-
ray analysis. Samples were labeled using the Agilent Low
RNA Input Fluorescent Linear Amplification kit, according
to the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). Either Cy3-dCTP or Cy5-dCTP
was added to 5 pg of total RNA during reverse transcrip-
tion. Fluorescently labeled cDNA probes were mixed in
30 pl of hybridization buffer (3 X SSC, 0.2% SDS, 5 X Den-
hardt’s solution, and 25% formamide) and then applied to
the microarray (Genenergy mouse mRNA microarray V2.0,
Genenergy, Shanghai, China). Subsequently, slides were
incubated at 42 °C for 16 h. After hybridization, the slides
were washed once in 0.2% SDS/2 x SSC at 42 °C for 5 min,
followed by washes in 0.2 X SSC at room temperature for
5 min. Finally, the fluorescence images of the hybridized
microarray were scanned using an Agilent Whole Mouse
Genome 4 X 44 microarray scanner system. The images and
quantitative data of the gene-expression levels were analyzed
using Agilent’s Feature Extraction (FE) software, version
9.5.

Dot blotting

The total RNAs from each group were spotted on a
Hybond-N + membrane. The spotted RNAs were then
cross-linked to the membrane using a UV Crosslinker, the
membrane was blocked in 5% BSA, and subsequently incu-
bated with rabbit anti-N4-acetylcytidine (ac4C) antibod-
ies [EPRNCI-184-128] (Abcam, Cambridge, MA, USA;
ab252215) and HRP-conjugated anti-rabbit secondary
antibody (CST, Danvers, MA, USA), and finally developed
using enhanced chemiluminescence reagents and exposed
to imaging film.

RNA immunoprecipitation (RIP)-PCR

RIP experiments were performed using the Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (Millipore,
Bedford, MA, USA). Briefly, cells from all groups were
lysed (500 pL per plate) in a modified cell lysis buffer used
for western blotting and IP (20 mM Tris, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, sodium pyrophos-
phate, f-glycerophosphate, Na;VO,, and leupeptin) (Beyo-
time institute of Biotechnology). After lysis, each sample
was centrifuged to clear the insoluble debris and then pre-
incubated with 20 pg protein A agarose beads (Beyotime
institute of Biotechnology) by rocking for 30 min at 4 °C,
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followed by centrifugation and transfer to a fresh 1.5 mL
tube. The rabbit anti-ac4C antibodies [EPRNCI-184—128]
(1:100, Abcam, ab252215) or rabbit anti-NAT10 antibod-
ies [EPR18663] (1:100, Abcam, ab194297) were added and
incubated for 90 min before the re-addition of 20 pg of pro-
tein A agarose beads to capture the immune complexes. The
agarose beads were then washed three times with ice-cold
homogenization buffer. The sequences of the RIP-PCR prim-
ers are shown in Supplementary Table S1.

Statistical analysis

Each experiment was performed at least three times. Data
are shown as mean =+ standard error (SE) and were analyzed
using Student’s ¢ test when appropriate. Differences were
considered significant at P <0.05.

Results

Symptoms of CECI in mice were alleviated
after transplanting CD44*/CD105* mAF-MSCs

To enrich the MSCs derived from mouse amniotic fluid,
CD44 +/CD105 + mAF-MSCs were sorted from all mouse
amniotic fluid using FCM (Fig. 1a). There was no significant
difference in cell morphology before and after sorting, as
revealed using bright field microscopy (Fig. 1b). The results
of FCM analysis indicated that approximately 70% of the
CD44%/CD105" mAF-MSCs expressed the MSC biomarkers
CD29, CD90, and CD105. This indicated that the CD44%/
CD105* mAF-MSCs possessed the “stemness” phenotype
(Fig. 1c).

After 10 days of transplantation, the eyeballs of each
group of mice were collected and used for qRT-PCR, west-
ern blotting analysis, and cDNA expression profile analy-
sis. The mRNA expression levels of Na +-K + ATPase
(Atplal), zonula occludens protein 1 (Zol), and neuron
specific enolase (Nse) in the mAF-MSC-transplanted
group were significantly higher than those in the PBS
group (Fig. 1d). A comparison of the mAF-MSC-trans-
planted and PBS-treated groups by western blotting dem-
onstrated increased levels of both ATP1A1 and ZO-1 in
the mAF-MSC-transplanted group (Fig. le, Supplemen-
tary Figure S1). In addition, result of HE staining showed
that in the control group (PBS-treated group), the corneal
epithelial cells showed significant edema and necrosis,
inflammatory cell infiltration, and incomplete corneal
morphology (multiple vacuoles appeared in the outer
layer of the cornea (The asterisk on Fig. 2a); the con-
nection between the corneal epithelial cells became very
loose (The red arrow in Fig. 2a); the nucleus of the cor-
neal epithelial cells swelled and the whole cell showed
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necrotic structure (The black arrow in Fig. 2a); and mul-
tiple inflammatory cells infiltrated in the middle layer
of the cornea (The blue arrow in Fig. 2a). At the same
time, the nucleus of corneal endothelium was swollen and
the whole cell structure was fuzzy (The orange arrow in
Fig. 2a).). However, in mAF-MSC-transplanted group, the
infiltration of keratitis cells decreased significantly, the
epithelial cells of the cornea were arranged completely,
and the morphology was normal, which indicated that the
symptoms of freezing injury had improved significantly
(Fig. 2a). Meanwhile, the results of immunofluorescence
staining revealed that the proportions of Ki67 +, ZO-1 +or
Bcl-2 + cells were elevated significantly in mAF-MSC-
transplanted group compared with those in the PBS-
transplanted group (Fig. 2b). However, the proportions
of interleukin 1 beta (IL-1pB) + cells showed the opposite
result (Fig. 2b). These results indicated that mAF-MSCs
have the ability to promote the growth of corneal epithe-
lial cells, reduce keratitis, and repair the corneal damage
caused by low temperature.

Promotion of RNA metabolic process and cell
proliferation gene expression patterns in eyeballs
transplanted with CD44*/CD105* mAF-MSCs

The clustering index and scatter plots of the cDNA micro-
array revealed a number of mRNAs with differential
expression between the mAF-MSC-transplanted and PBS-
treated groups (Fig. 3a). For the significance analysis of
the microarray data, the fold change criterion (log, (mAF-
MSCs transplant/PBS transplant) ratio) of >2.0 or < — 2.0,
and a g value < 0.01 were applied to identify significant
differences. Based on these criteria, we identified 230 gene
transcripts that differed in the mAF-MSC-transplanted vs.
the PBS-treated groups (Fig. 3b, Supplementary Table S3).
These differentially transcribed genes were distributed on
chromosomes other than chromosomes 20, 21, and 22
(Fig. 3c). Gene Ontology (GO) is a well-known method
to obtain data on gene annotations, and can represent the
properties of the gene product. GO analysis was performed
to annotate the differentially expressed genes from the
microarray. Only terms with P <0.01 were considered as
having a significant predictive ability. The GO analysis
indicated that a large number of differentially transcribed
genes were concentrated in three process: Regulation of
RNA metabolic processes, regulation of transcription in
DNA-dependent processes, and regulation of cell prolif-
eration (Fig. 3d, Supplementary Table S4). These results
indicated that transplantation with CD44%/CD105" mAF-
MSCs altered the gene expression patterns in CECI mice
eyeballs and promoted RNA metabolic process and cell
proliferation.
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Fig.1 Symptoms of CECI in mice were alleviated after transplant-
ing CD44+/CD105+mAF-MSCs. a Sorting results from FCM
analysis. b Primary mAF-MSCs have similar phenotypes before and
after sorting. Original magnification, X 200. ¢ FCM analysis of mes-
enchymal stem cell marker expression in mAF-MSCs. Expression of
“‘stemness’’ markers was high in mAF-MSCs. d qRT-PCR revealed
that mRNA expression levels of Afplal, Zol, and Nse were signifi-

Promotion of mRNA N4-acetylcytidine

(ac4C) modification and high expression

of N-acetyltransferase in eyeballs transplanted
with CD44*/CD105* mAF-MSCs

The HPLC-MS detection results showed that N4-acetyl-
cytidine (ac4C) modification of mRNA was significantly
elevated in the mAF-MSCs transplant group compared with
that in the PBS transplant group (Fig. 4a, b, supplementary
Table S4). Meanwhile, the results of dot blotting indicated
that the overall RNA ac4C level in the mAF-MSCs trans-
plant group was significantly higher than that in the PBS

cantly higher in the mAF-MSCs transplant group than in the PBS
group. **¥*P<0.01 vs. the PBS group; ¢ test; n=6. e Western blot-
ting analysis revealed that the expression levels of both ATP1A1 and
Z0O-1 were elevated in the CECI mice in the mAF-MSCs transplant
group as compared with those of the PBS transplant group. *P <0.05
vs. PBS group; #P>0.05 vs. PBS group;  test; n=6

transplant group (Fig. 4c). The expression levels of genes
encoding catalytic enzymes for the mRNA ac4C modifica-
tion were analyzed. The clustering index and scatter plots
of the cDNA microarray revealed that the expression lev-
els of Nat12, Natl0, and Natl5 were higher significantly
the mAF-MSC-transplanted group than in the PBS-treated
group (Fig. 4d—f). In addition, results of qRT-PCR and west-
ern blotting revealed that Natr12, Natl10, and Natl5 mRNA
and NAT10 protein levels were elevated significantly in the
mAF-MSC-transplanted group compared with those in the
PBS-treated group (Fig. 4g, h, Supplementary Figure S1).
Thus, CD44 4+ /CD105 + mAF-MSCs could promote mRNA
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Fig.2 Pathology and identification of cell markers. a The results of
HE staining. Magnification: X400. The asterisk indicated that multi-
ple vacuoles appeared in the outer layer of the cornea; the red arrow
indicated that the connection between the corneal epithelial cells
became very loose; the black arrow indicated that the nucleus of the
corneal epithelial cells swelled and the whole cell showed necrotic
structure; The blued arrow indicated that multiple inflammatory cells

N4-acetylcytidine (ac4C) modification and the high expres-
sion of N-acetyltransferase in mouse eyeballs.

CD44 +/CD105 + mAF-MSCs could promote ETV4/
JUN/CCND2 signal axis activation and maintaining
their stability in eyeballs

Considering that the GO analysis indicated elevated regu-

lation of cell proliferation in the mAF-MSC-transplanted
group, we screened genes with significant high-expression
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infiltrated in the middle layer of the cornea; The orange arrow indi-
cated that the nucleus of corneal endothelium was swollen and the
whole cell structure was fuzzy. b The results of immunofluorescence
staining revealed that the ratio of KI67+, ZO-14or BCL2+cells
were elevated significantly in the mAF-MSC-transplanted group com-
pared with those in the PBS-transplanted group. *P<0.05 vs. PBS
group; ¢ test; n=6. Magnification: X200

differences that belonged to the above GO process
(Fig. 5a). The interaction network involving vascular
endothelial growth factor A (VEGFA), Kruppel like fac-
tor 4 (KLF4), cyclin D2 (CCND2), Jun N-terminal kinase
(JUN), and ETS Variant Transcription Factor 4 ETV4
was identified using bioinformatic analysis (STRING:
functional protein association networks; https://string-db.
org/). Software predictions showed that ETV4 was intrin-
sically related to the proteins encoded by the four genes
encoding VEGFA, KLF4, CCND2, and JUN. In addition,
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Fig.3 Microarray analysis of cDNA expression patterns in eyeballs
transplanted with mAF-MSCs vs. PBS. a The clustering index of
the microarray results revealed a number of genes that showed dif-
ferent expression levels between the mAF-MSCs transplant group
and the PBS transplant group. b Scatter plot of the microarray results
revealed a number of genes with different expression levels between

VEGFA, KLF4, CCND2, and JUN can form a completely
closed signaling loop (Fig. 5b). QRT-PCR and western
blotting showed that the expression levels of VEGFA,
KLF4, CCND2, JUN, and ETV4 mRNA and protein in the
mAF-MSC-transplanted group were significantly higher
than those in the PBS-treated group (Fig. 5c, d, Supple-
mentary Figure S1). In addition, RIP-PCR results showed
that a specific product for Vegfa, Kif4, Ccnd2, Jun, and
Etv4 mRNA coding region sites could be amplified using
PCR from complexes from the mAF-MSC-transplanted

GO Molecular Function

GO Cell Component

the mAF-MSCs transplant group and the PBS transplant group. ¢
Distribution of genes with significantly different expression levels
on different chromosomes. d Different genes from the microarray
defined by gene ontology (GO) analysis. Most of the biological pro-
cesses were associated with the regulation of RNA metabolic process,
cell proliferation, and gene expression

group cross-linked with the anti-ac4C antibody (o ac4C
ab) (Fig. 5e). Very few of the above products were PCR
amplified from complexes from the PBS-treated group
cross-linked with the anti-ac4C antibody (Fig. 5e). There-
fore, above results suggested that CD44 +/CD105 + mAF-
MSCs could promote activation of the ETV4/JUN/CCND2
signaling axis and maintained their stability in eyeballs
by stimulating the mRNA N4-acetylcytidine mRNA
modification.
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Fig.4 CD44+/CD105+mAF-MSCs promoted mRNA ac4C modi-
fication and high-expression of N-acetyltransferase in eyeballs. a
HPLC-MS detection results showed that mRNA ac4C modification
was significantly elevated in the mAF-MSCs transplant group. b The
results of dot blotting indicated that the overall RNA ac4C level in the
mAF-MSCs transplant group was significantly higher than that in the
PBS transplant group. *P<0.05 vs. PBS group; ¢ test; n=4. ¢ The
clustering index of the microarray results revealed that N-acetyltrans-

Discussion
Amniotic fluid cells are commonly used for routine fetal

genetic diagnosis of prenatal abnormalities [24, 25]. The
amniotic fluid contains multiple types of cells derived from

@ Springer

ferase expression differed between the two group. d The scatter plot
of the microarray results revealed that N-acetyltransferase expression
differed between the two groups. e QRT-PCR revealed that Nat/2 and
Nat10 mRNA levels were elevated significantly in mAF-MSC-trans-
planted mice. **P <0.01 vs. PBS group; ¢ test; n==6. f Western blot-
ting revealed that NAT10 protein levels were elevated significantly in
mAF-MSC-transplanted mice. *P < 0.05 vs. PBS group; ¢ test; n=6

the developing fetus. These cells can differentiate into many
different cell types such as adipose, muscle, bone, and neu-
ronal cells [26, 27]. The CD44*/CD105" subpopulation can
be derived directly from amniotic fluid cells (AFCs) and
cultured for ex vivo expansion [28-32]. Previous research
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Fig.5 CD44+/CD105+mAF-MSCs promoted the activation of
the ETV4/JUN/CCND?2 signal axis and maintaining their stability. a
The genes showing significantly high expression differences and that
belonged to the above GO processes for regulation of cell prolifera-
tion were screened. b An interaction network comprising VEGFA,
KLF4, CCND2, JUN, and ETV4 was identified using bioinfor-
matic analysis (STRING: functional protein association networks). ¢
QRT-PCR results showing that the expression levels of Vegfa, Kif4,
Ccnd2, Jun, and Etv4 were significantly higher in the mAF-MSCs-
transplanted group than in the PBS-treated group. **P<0.01 vs.
PBS group; *P<0.05 vs. PBS group; ¢ test; n=4. d Western blot-

has confirmed that CD44%/CD105" cells have the ability to
differentiate into a variety of cell types, including ectoder-
mal, endodermal, mesodermal, hepatic cells, and cardiac
muscle cells [29]. Notably, the CD441/CD105% cell sub-
population derived from AFCs could differentiate into cells
of all three germ layers. Furthermore, our previous studies
demonstrated that human AFCs (HuAFCs) express many
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Promoting ETV4/JUN/CCND2 axis activation

ting results showing that the levels of VEGFA, KLF4, CCND2, JUN,
and ETV4 were significantly higher in the mAF-MSCs-transplanted
group than in the PBS-treated group. *P <0.05 vs. PBS group; ¢
test; n=6. e RIP-PCR results showing that a specific product of
Vegfa, Kif4, Ccnd2, Jun, and Etv4 mRNA specific coding region
sites could be amplified using PCR from complexes from the mAF-
MSC-transplanted group cross-linked using anti-ac4C antibodies (o
ac4C ab). *P <0.05 vs. PBS group; ¢ test; n=06. f The mechanism by
which transplanted mAF-MSCs repair the mouse corneal cold injury
comprises promotion of mRNA N4-acetylcytidine modification and
ETV4/JUN/CCND?2 signaling axis activation

different growth factors such as epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF), transforming
growth factor alpha (TGF-a), transforming growth factor
beta (TGF-p), and bone morphogenetic protein 4 (BMP-4),
as well as the stem cell markers Nanog, octamer-binding
protein 4 (OCT4), and Nestin. More importantly, amniotic
fluid cells lack (major histocompatibility complex class II
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(MHC II) and express only low levels of MHC I [10, 12,
33, 34]. CD44" HuAFCs can differentiate into dopamin-
ergic neuron-like cells, which could improve behavioral
recovery in a rat model of Parkinson’s disease. In addition,
pancreatic B-cell-like cells are also derived from CD44%/
CD105" HuAFCs [10, 12, 34]. In conclusion, AFCs are
more easily acquired than other adult stem cells. There are
many factors that could promote AFCs as an autologous
transplantation source for stem cell therapy in the future. In
the present study, when mAF-MSCs were transplanted into
the damaged portion of the cornea after cryoinjury in mice,
the mAF-MSCs were induced to proliferate and differentiate
by the microenvironment (Niche). At the same time, mAF-
MSC:s also gradually repaired the corneal damage. We found
that the expression levels of corneal endothelial cell mark-
ers increased significantly in the mAF-MSCs transplanta-
tion group, as was the expression level of Ki67. The results
indicated there were new corneal endothelial cells in the
mAF-MSCs transplantation group. However, in the control
group, there was no significant increase in the expression of
cellular proliferation factors. These results suggested that
mAF-MSCs might stimulate the corneal microenvironment
and lead to the proliferation of corneal endothelial cells.
Although the effect of mAF-MSCs treatment was clear,
the next step was to reveal the mechanism of their effects.
It has been reported that the proliferation and differentia-
tion of stem cells or tumor cells are closely related to epi-
genetic modifications of RNA [13, 22]. Our HPLC/MS
results showed that there were many significant differences
in mRNA modification between the transplantation group
and the control group, especially N4-acetylcytidine (ac4C).
Some studies have reported that ac4C in mRNA is involved
in the regulation of mRNA stability, processing, and transla-
tion [13, 15, 22]. NAT10 (a member of the N-acetyltrans-
ferase family) could improve mRINA stability and translation
by maintaining mRNA acetylation to promote target gene
expression [14, 22]. Accordingly, we found that expres-
sion levels of some N-acetyltransferases (NAT12, NAT10,
and NAT15) were elevated significantly in the mAF-MSCs
transplantation group compared with those in the PBS trans-
plantation group. These results suggested that mAF-MSCs
have the potential to enhance ac4C modification of mRNA
via stimulating the expression N-acetyltransferases. Next,
according to the results of the cDNA microArray and GO
analysis, certain significantly differentially expressed genes
(Klf4, Ccnd2, Jun, and Etv4) associated with regulation
of cell proliferation were investigated. We found that the
proteins encoded by these genes interacted with and stimu-
lated each other. Further in-depth analysis showed that the
mRNAs representing the above genes were significantly
cross-linked using an anti-ac4C antibody in the mAF-MSCs
transplantation group, indicating the occurrence of the ac4C
modification on these mRNAs. The results correlated with
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those from the cDNA microarray, qPCR and western blot-
ting experiments, which showed that the expression levels
of members of the ETV4/JUN/CCND?2 signaling axis were
high in the mAF-MSC:s transplantation group, indicating that
their mRNAs were relatively stable. According to previous
reports, ac4C modification of an mRNA could significantly
improve its stability and maintain its expression [13-15,
17, 20, 22]. In this study, we also found that mAF-MSCs
transplantation could significantly promote the expression
of N-acyltransferases (NAT12, NAT10, and NAT15). Based
on these data, we speculated that the activation and expres-
sion of the ETV4/JUN/CCND?2 signal axis resulted from the
ac4C modification of mRNA resulting from mAF-MSCs-
mediated activation of members of the NAT family.

In conclusion, we found that mouse amniotic fluid mesen-
chymal stem cells could repair mouse corneal cold injury by
promoting the activation of the ETV4/JUN/CCND?2 signal
axis and could improve its stability via stimulating N4-ace-
tylcytidine modification of their mRNAs.

Acknowledgements This work was supported by grant from the
National Natural Science Foundation of China (No. 81973899). And,
grant from the projects sponsored by the development fund for Shang-
hai talents (2017054). And, grant from the projects sponsored by the
fund for Xinglin talents of Shanghai University of TCM (201707081).
In advance of submission, we had this manuscript copyedited by a
professional English editing service that specializes in scientific papers.

Funding This work was supported by grant from the National Natu-
ral Science Foundation of China (No. 81973899). And, grant from
the projects sponsored by the development fund for Shanghai talents
(2017054). And, grant from the projects sponsored by the fund for
Xinglin talents of Shanghai University of TCM (201707081).

Compliance with ethical standards

Conflict of interest We declared no potential conflicts of interest.

Consent for publication All authors have read the manuscript and
approved the final version.

Ethical approval All the animal experiments were conducted in accord-
ance with the guidelines of the NIH for the care and use of laboratory
animals and with the 1964 Helsinki declaration. The study protocol was
also approved by the Committee on the Use of Live Animals in Teach-
ing and Research, Shanghai Geriatric Institute of Chinese Medicine,
Shanghai, China. This article does not contain any studies with human
participants performed by any of the authors.

Informed consent This article does not contain any studies with human
participants performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated



Amniotic fluid mesenchymal stem cells repair mouse corneal cold injury by promoting mRNA... 97

otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

12.

13.

14.

15.

16.

17.

Mimura T, Yamagami S, Amano S. Corneal endothelial regenera-
tion and tissue engineering. Prog Retin Eye Res. 2013;35:1-17.
Williams KA, Irani YD, Klebe S. Novel therapeutic approaches
for corneal disease. Discov Med. 2013;15:291-9.

Joyce NC. Proliferative capacity of corneal endothelial cells. Exp
Eye Res. 2012;95:16-23.

Lam FC, Bruinsma M, Melles GR. Descemet membrane endothe-
lial transfer. Curr Opin Ophthalmol. 2014;25:353-7.

Peh GS, Beuerman RW, Colman A, Tan DT, Mehta JS. Human
corneal endothelial cell expansion for corneal endothelium trans-
plantation: an overview. Transplantation. 2011;91:811-9.

Zhao S, Fei X, Liu T, Liu Y. Low temperature induces cryoinjury
in mouse corneal endothelial cells by stimulating the Stk11-p53
signal pathway. Mol Med Rep. 2015;12:6612-6.

Hayashi T, Yamagami S, Tanaka K, et al. A mouse model of
allogeneic corneal endothelial cell transplantation. Cornea.
2008;27:699-705.

Han SB, Ang H, Balehosur D, et al. A mouse model of cor-
neal endothelial decompensation using cryoinjury. Mol Vis.
2013;19:1222-300.

Liu H, Zhang J, Liu CY, Hayashi Y, Kao WW. Bone marrow
mesenchymal stem cells can differentiate and assume corneal
keratocyte phenotype. J Cell Mol Med. 2012;16:1114-24.

Liu T, Guo L, Liu Z, Huang Y, Cheng W. Induction of dopamin-
ergic neuronal-like cells from CD44+ human amniotic fluids that
are ameliorative to behavioral recovery in a Parkinson’s disease
rat model. Int J Mol Med. 2011;28:745-52.

. Liu T, Zou G, Gao Y, et al. High efficiency of reprogram-

ming CD34(+) cells derived from human amniotic fluid into
induced pluripotent stem cells with Oct4. Stem Cells Dev.
2012;21:2322-32.

Zou G, Liu T, Zhang L, et al. Induction of pancreatic beta-cell-like
cells from CD44+/CD105+ human amniotic fluids via epigenetic
regulation of the pancreatic and duodenal homeobox factor 1 pro-
moter. DNA Cell Biol. 2011;30:739-48.

Thomas JM, Bryson KM, Meier JL. Nucleotide resolution
sequencing of N4-acetylcytidine in RNA. Methods Enzymol.
2019;621:31-51.

Tto S, Horikawa S, Suzuki T, et al. Human NAT10 is an ATP-
dependent RNA acetyltransferase responsible for N4-acetylcyt-
idine formation in 18 S ribosomal RNA (rRNA). J Biol Chem.
2014;289:35724-30.

Zhao W, Zhou Y, Cui Q, Zhou Y. PACES: prediction of
N4-acetylcytidine (ac4C) modification sites in mRNA. Sci Rep.
2019;9:11112.

Taniguchi T, Miyauchi K, Sakaguchi Y, et al. Acetate-dependent
tRNA acetylation required for decoding fidelity in protein synthe-
sis. Nat Chem Biol. 2018;14:1010-20.

Stern L, Schulman LH. The role of the minor base N4-acetylcyti-
dine in the function of the Escherichia coli noninitiator methionine
transfer RNA. J Biol Chem. 1978;253:6132-9.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dong C, Niu L, Song W, et al. tRNA modification profiles of the
fast-proliferating cancer cells. Biochem Biophys Res Commun.
2016;476:340-5.

Johansson MJ, Bystrom AS. The Saccharomyces cerevisiae TAN1
gene is required for N4-acetylcytidine formation in tRNA. RNA.
2004;10:712-9.

Ikeuchi Y, Kitahara K, Suzuki T. The RNA acetyltransferase
driven by ATP hydrolysis synthesizes N4-acetylcytidine of tRNA
anticodon. EMBO J. 2008;27:2194-203.

Orita I, Futatsuishi R, Adachi K, et al. Random mutagenesis of a
hyperthermophilic archaeon identified tRNA modifications asso-
ciated with cellular hyperthermotolerance. Nucleic Acids Res.
2019;47:1964-76.

Arango D, Sturgill D, Alhusaini N, et al. Acetylation of
cytidine in mRNA promotes translation efficiency. Cell.
2018;175(1872-86):e24.

Liu T, Huang Y, Zhang J, et al. Transplantation of human men-
strual blood stem cells to treat premature ovarian failure in mouse
model. Stem Cells Dev. 2014;23:1548-57.

Prusa AR, Marton E, Rosner M, Bernaschek G, Hengstschlager
M. Oct-4-expressing cells in human amniotic fluid: a new source
for stem cell research? Hum Reprod. 2003;18:1489-93.

Kaviani A, Perry TE, Dzakovic A, Jennings RW, Ziegler MM,
Fauza DO. The amniotic fluid as a source of cells for fetal tissue
engineering. J Pediatr Surg. 2001;36:1662-5.

De Coppi P, Bartsch G Jr, Siddiqui MM, et al. Isolation of amni-
otic stem cell lines with potential for therapy. Nat Biotechnol.
2007;25:100-6.

Karlmark KR, Freilinger A, Marton E, Rosner M, Lubec G,
Hengstschlager M. Activation of ectopic Oct-4 and Rex-1 promot-
ers in human amniotic fluid cells. Int J Mol Med. 2005;16:987-92.
Lin HT, Chiou SH, Kao CL, et al. Characterization of pan-
creatic stem cells derived from adult human pancreas ducts
by fluorescence activated cell sorting. World J Gastroenterol.
2006;12:4529-35.

Tsai MS, Lee JL, Chang YJ, Hwang SM. Isolation of human
multipotent mesenchymal stem cells from second-trimester amni-
otic fluid using a novel two-stage culture protocol. Hum Reprod.
2004;19:1450-6.

Bossolasco P, Montemurro T, Cova L, et al. Molecular and phe-
notypic characterization of human amniotic fluid cells and their
differentiation potential. Cell Res. 2006;16:329-36.

Int’ Aanker PS, Scherjon SA, van der Keur KC, et al. Amniotic
fluid as a novel source of mesenchymal stem cells for therapeutic
transplantation. Blood. 2003;102:1548-9.

Li C, Zhou J, Shi G, et al. Pluripotency can be rapidly and effi-
ciently induced in human amniotic fluid-derived cells. Hum Mol
Genet. 2009;18:4340-9.

Liu T, Xu F, Du X, et al. Establishment and characterization of
multi-drug resistant, prostate carcinoma-initiating stem-like cells
from human prostate cancer cell lines 22RV 1. Mol Cell Biochem.
2010;340:265-73.

Liu T, Zou G, Gao Y, et al. High efficiency of reprogram-
ming CD34(+) cells derived from human amniotic fluid into
induced pluripotent stem cells with Oct4. Stem Cells Dev.
2012;21(12):2322-32.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/

98

X.Feietal.

Affiliations

Xinfeng Fei' - Yuying Cai***>® . Feng Lin%>3*56 . Yongyi Huang” - Te Liu®® - Yan Liu

Department of Ophthalmology, Shanghai Fourth People’s
Hospital Affiliated to Tongji University School of Medicine,
100 Haining Road, Shanghai 200080, China

Department of Ophthalmology, Shanghai General Hospital,
School of Medicine, Shanghai JiaoTong University,
Shanghai 200080, China

National Clinical Research Center for Eye Diseases,
Shanghai General Hospital, Shanghai 200080, China

Shanghai Key Laboratory of Ocular Fundus Diseases,
Shanghai General Hospital, Shanghai 200080, China

@ Springer

2,3,4,56

Shanghai Engineering Center for Visual Science
and Photomedicine, Shanghai General Hospital,
Shanghai 200080, China

Shanghai Engineering Center for Precise Diagnosis
and Treatment of Eye Diseases, Shanghai General Hospital,
Shanghai 200080, China

School of Environmental and Chemical Engineering,
Shanghai University, Shanghai 200444, China

Shanghai Geriatric Institute of Chinese Medicine, Shanghai
University of Traditional Chinese Medicine, Building C, 365
Xiangyang Road, Shanghai 200031, China


http://orcid.org/0000-0003-3976-3489

	Amniotic fluid mesenchymal stem cells repair mouse corneal cold injury by promoting mRNA N4-acetylcytidine modification and ETV4JUNCCND2 signal axis activation
	Abstract
	Introduction
	Materials and methods
	Isolation and enrichment of CD44+CD105+ mAF-MSCs
	RNA extraction and analysis by quantitative real-time reverse transcription PCR (qRT-PCR)
	Flow cytometry (FCM) analysis
	Animals, cryoinjury treatment, and in vivo transplantation experiments
	Western blotting analysis
	Hematoxylin–eosin (HE) staining
	Immunofluorescence stain assay
	cDNA microarray analysis
	Dot blotting
	RNA immunoprecipitation (RIP)-PCR
	Statistical analysis

	Results
	Symptoms of CECI in mice were alleviated after transplanting CD44+CD105+ mAF-MSCs
	Promotion of RNA metabolic process and cell proliferation gene expression patterns in eyeballs transplanted with CD44+CD105+ mAF-MSCs
	Promotion of mRNA N4-acetylcytidine (ac4C) modification and high expression of N-acetyltransferase in eyeballs transplanted with CD44+CD105+ mAF-MSCs
	CD44 + CD105 + mAF-MSCs could promote ETV4JUNCCND2 signal axis activation and maintaining their stability in eyeballs

	Discussion
	Acknowledgements 
	References




