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Partial cellular reprogramming stably restores the
stemness of senescent epidermal stem cells
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Abstract. - OBJECTIVE: Adult stem cell se-
nescence and exhaustion are important drivers
of organismal age. Restored stem cell self-renew-
al has revealed novel therapeutic targets for de-
creasing the incidence of age-associated diseas-
es (AADs) and prolonging the human health span.
Transient ectopic expression of the reprogram-
ming factors Oct3/4, Sox2, KIf4 and c-Myc (col-
lectively known as OSKM) in somatic cells can
induce partial cellular reprogramming and effec-
tively ameliorate their age-associated hallmarks.
However, how this form of rejuvenation is applied
to senescent stem cells remains unknown.

MATERIALS AND METHODS: The Integ-
rin-a6"9"CD71"s" epidermal stem cells (ESCs)
with low self-renewal ability were sorted by flow
cytometry and then treated by the interrupted
reprogramming induced by transient expres-
sion of OSKM. The ability of secondary clones’
generation and self-proliferation in vitro, as well
as stem cell marker p63, were detected to de-
termine their self-renewal ability. Besides, gene
and protein of epidermal cell markers were de-
tected to determine whether their cell identi-
ties were retained. Finally, DNA methylation age
(eAge) and DNA dehydroxymethylase/methyl-
transferase were analyzed to explore the alter-
nation of their global DNA methylation pattern
during this rejuvenation.

RESULTS: The partial reprogramming restored
the youthful self-renewal and proliferation in se-
nescent ESCs, including larger secondary clone
generation, higher expression of stem cell mark-
er p63 and proliferation marker Ki67, and faster
proliferation speed, in each case without abolish-
ing epithelial cellular identity. Moreover, the reju-
venation of adult stem cells could be maintained
for 2 weeks after reprogramming factor withdraw-
al, which was more stable than that of differen-
tiated somatic cells. Additionally, we found that
partial reprogramming counteracted the acceler-
ation of eAge in senescent epidermal stem cells
and DNA methyltransferase 1 (DNMT1) may play
a crucial role in this process.
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CONCLUSIONS: Partial reprogramming has
high therapeutic potential for reversing adult
stem cell age, providing an advanced way to
treat AADs.
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Introduction

With population age, delaying the onset of
age-associated diseases (AADs) would undoubt-
edly be a great challenge'. Adult stem cells play
important roles in restoring function and are es-
sential for the maintenance of tissue homeostasis
and regeneration®. Aging is characterized by a
gradual loss of function occurring at the molecu-
lar, cellular, tissue, and organismal levels. More-
over, there is a quantitative and qualitative decline
in stem cell function®. Thus, the interest in thera-
peutically targeting stem cells to treat AADs has
been growing rapidly. Recent evidence* has shown
that intraperitoneal administration of muscle-de-
rived stem cells, isolated from young wild-type
mice to progeroid mice, prolonged lifespan and
health span extension, which implied senescent
stem cell rejuvenation could effectively reserve
age-associated phenotypes in vivo. Adult stem
cell aging is associated’ with diverse epigenetic
alterations. Numerous lines of evidence®’ demon-
strated that resetting the epigenetic landscapes,
obtained by genetic, nutritional, or pharmacolog-
ical interventions, could reverse the aging hall-
marks of stem cells, which means remodeling
epigenetic landscapes holds promise as a way to
rejuvenate senescent stem cells.
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Ectopic expression of the reprogramming fac-
tors Oct3/4, Sox2, KIf4, and c-Myc (collectively
known as OSKM) in somatic cells can gener-
ate induced pluripotent stem cells (iPSCs)®. The
process of iPSCs generation is characterized by
a complete resetting of the epigenetic landscape
of cells’, suggesting that cellular reprogramming
technology may rejuvenate senescent stem cells.
However, the continuous expression of repro-
gramming factors in mice often induces terato-
mas or tissue dysplasia caused by the loss of orig-
inal cell identity and can be fatal within days',
limiting its clinical application in AADs. But
the partial reprogramming method through the
short-term expression of reprogramming factors
can reverse aging symptoms without altering cell
identity''. Partial reprogramming alleviates the
aging symptom in the skin'? and during liver fail-
ing" and intervertebral disc degeneration (IDD)".
These studies'?'* demonstrated that partial repro-
gramming effectively reversed the senescent hall-
marks of differentiated somatic cells [i.e., skin
fibroblasts'?, hepatocytes', endothelial cells', and
nucleus pulposus cells (NPCs)*. However, the
role of partial reprogramming in rejuvenating se-
nescent adult stem cells has rarely been reported’.

The skin, the largest organ of the body, is
prone to exhibit a senescent phenotype during
aging'®. Epidermal stem cells (ESCs) not only
self-renew but also generate daughter cells under-
going terminal differentiation and maintain a skin
self-renewal ability'”. During aging, ESCs exhibit
many obvious and distinguishable changes, such
as decreased stemness, which includes the ability
to self-renew and proliferate with high expression
of Integrin-a6 and CD71 protein'®. Therefore, we
selected senescent ESCs as the research model in
the present study. We found that short-term treat-
ment with OSKM restored youthful self-renewal
and proliferation, as well as counteracted the ac-
celeration of DNA methylation with age, without
losing epidermal cell identity in senescent ESCs.
Additionally, we explored the preliminary mech-
anism underlying this phenomenon.

Materials and Methods

Mice Primary Epidermal Cell Isolation
Male C57BL/6 mice were 6-8 weeks. All mice
were purchased from the Guangzhou University
of Chinese Medicine and were kept in a specif-
ic pathogen-free facility in the Animal Labo-
ratories of Zhongshan Ophthalmic Center. The
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experiments were approved by the Institutional
Animal Care and Use Committee of Zhongshan
Ophthalmic Center, Sun Yat-sen University.
Mouse primary epidermal cells were isolated as
previously reported. Briefly, we chopped the
tail of C57BL/6J mice and removed its tip, the
skin tissue was gently peeled from the tail bone.
Then the tail skin was incubated in 0.25% dispase
solution for 2 h at 37°C. The single-cell solution
was prepared by scraping the epidermis and fil-
tering it with strainers (70 um filter, followed by
40 pm filter). ESCs were isolated by flow cytom-
etry. Single-cell solutions of epidermal cells were
stained with the following antibodies for 30 min
on ice: Integrin-a6-PE (0.125 pg/test, Invitrogen,
Carlsbad, CA, USA, 12-0495-83) and CD71-Per-
cp-eFlour710 (0.25 pg/test, Invitrogen, Carlsbad,
CA, USA, 46-0711-82). The dead cells were ex-
cluded by staining with Dye eFlour 450 (1 pg/
test, Invitrogen, Carlsbad, CA, USA, 65-0863).
Cell isolation was performed using FACS Aria
(BD Biosciences, Franklin Lakes, NJ, USA) and
the data were analyzed by FlowJo software (BD
Biosciences, Franklin Lakes, NJ, USA).

Cell Culture and Induction
of OSKM Expression

Epidermal cells and ESCs were cultured in
epidermal cell low Ca medium [Ca-free DMEM,
10% chelex-treated FBS, penicillin (100 IU/mL),
streptomycin (100 pg/mL), L-glutamine (2 mM),
sodium pyruvate (1 mM), hydrocortisone (0.5 pg/
ml), cholera enterotoxin (107 mM), EGF (10 ng/
ml), and insulin (5 pg/mL)]. Virus-infected cells
were cultured in an induction medium [supple-
mented epidermal cell low Ca medium with 1 pg/
mL doxycycline (Dox)] to induce OSKM expres-
sion.

Partial Reprogramming Treatment

A 1:1:1:1 mixture of lentiviruses carrying a
single doxycycline-inducible lentiviral vector ex-
pressing OSKM factor (http:/www.addgene.org/,
plasmid 20,321) allied with rtTA (http:/www.
addgene.org/, plasmid 20,342) was added to cells
in the presence of 1 pg/ml polybrene and spin-
fected for 45 min at 750xg. This procedure was
repeated the following day. After replacing with
induction medium and incubating for 3 days to in-
duce OSKM expression, cells were changed into
reprogramming medium, consisting of embry-
onic stem cell low Ca medium [Ca-free DMEM,
15% chelex-treated FBS, penicillin/streptomycin,
L-glutamine (2 mM), Sodium Pyruvate (ImM),
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LIF (1,000 U/mL), nonessential amino acids,
B-mercaptothion and 1 pg/mL Dox]. According
to our experimental results, these cells were in-
cubated in a reprogramming medium for 4 days,
which was considered a partial reprogramming
treatment. Finally, the medium was then replaced
with an epidermal cell low Ca medium.

Secondary Clone Generation Assay

As previously reported”, cells were digested
with a dispose solution and reseeded in a 35-mm
dish coated with Matrigel matrix at a concen-
tration of 10° cells/cm?. Cells were cultured for
3 weeks, and the medium was changed every 2
days. At the end of the experiment, clones were
stained with crystal violet and observed under a
stereomicroscope. Colonies were counted manu-
ally, and were divided into three categories: <1.5,
1.5-2, and >2 mm.

Immunofiuorescence

Cells were grown on plastic-covered slide
chambers and fixed with 4% paraformaldehyde.
The following antibodies were used: antibodies
against Oct3/4 (1:50, R&D systems, Minneapolis,
MN, USA, JTW0419111), Ki67 (1:50, CST, Dan-
vers, MA, USA, 9129 s), p63 (1:30, Abcam, Cam-
bridge, UK, ab51745), and K14 (1 ug/mL, LSBio,
Shirley, MA, USA, LS-C352436). Cells incubated
with Phosphate Buffered Saline (PBS) instead of
primary antibody were used as negative controls.
Then the cells were washed in PBS and incubat-
ed at room temperature (RT) for 1 hr with the
corresponding secondary antibody. Nuclei were
stained with Hoechst 33342 (Invitrogen, Carls-
bad, CA, USA). The secondary antibody used was
Alexa Fluor Series from Invitrogen, Carlsbad,
CA, USA (all 1:500). Images were captured us-
ing a confocal microscope (LSM 800, Carl Zeiss,
Jena, Germany).

RT-gPCR

Cells were collected and transferred to RNase/
DNase-free tubes. RNA isolated from cells using
the RNeasy Micro Kit (QIAGEN, Hilden, Ger-
many) was converted to cDNA using the Prime-
Script™ RT Reagent Kit with gDNA Eraser (Ta-
kara, Shiga, Japan). The primer pair sequences
used for the PCRs were: 5’-ggcttcagacttcgectee-3’
and 5’-aacctgaggtccacagtatge-3’ for mice Oct3/4,
5’-gcggagtggaaacttttgtce-3” and 5’-cgggaagegt-
gtacttatcctt-3’ for mice Sox2, 5’-gtccccgactaac-
cgttg-3” and 5’-gtcgttgaactcctcggtet-3° for mice
Klif4, 5’-atgcccctcaacgtgaacttc-3° and 5’-cgcaa-

cataggatggagagca-3’ for mice c-Myc, 5’-tcttcct-
ggtceccacagttt-3° and  5’-gcaagaatagttctcgggat-
gaa-3’ formice Nanog,5’-agcggcaagagtgagatttct-3’
and 5’-cctccaggttattctccaggg-3’ for mice K4,
5’-atcattgaccgetectttaggt-3” and 5’-getcgecttgatg-
gtteet-3° for mice Ki67, 5’-gtgcagagcataaagaatgt-
gttc-3” and 5’-gcaacttcteectgetttetac-3” for mice
Integrin-pl, 5°- cggaaagatggcgacgatg-3’ and 5°-
ctcagctgcttctcagggaaag-3’ for mice Integrin-a6,
5’-aacagacagctggecgtca-3’ and 5’-ggaggttggca-
cactgcttc-3” for mice K5, 5’-gtccactctgageagatc-
caga-3’ and 5’-ccagggcagctttcatget-3’ for mice
K19, 5-atgcaaggaggatcttgeca-3’ and 5’-cactcte-
cagacatcctgatct-3” for mice K1, 5’-tcaagcaatg-
gaccactggg-3’ and 5’-tctccatgagetcectgaca-3’ for
mice Ten-eleven translocation methylcytosine di-
oxygenase (TET) 1, 5’-actcctggtgaacaaagtcaga-3’
and 5’-catccctgagagetcettgee-3’ for mice TET2,
5’-ccggattgagaaggtcatctac-3” and 5’-aagataacaat-
cacggegttcet-3” for mice TET3, 5’-agatccagaatg-
gagcctegaatt-3°  and  5’-accagtgggctcatgtectt-3’
for mice DNMTI, and 5’-gtgatgggtgtgaaccacga-3’
and 5’-ggtcatgagcccttccacaa-3’ for mice Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH).
gPCR was performed using SYBR® Premix Ex
Taq™ II (Takara, Shiga, Japan) on a 7 LightCy-
cler 480 (Roche, Rotkreuz, Switzerland). Results
are reported relative to the expression levels in
control group after normalization to GAPDH lev-
els using the AACT method.

Genomic DNA Isolation and
Bisulfite Conversion

According to the manufacturer’s guidelines,
the genomic DNA of each sample was isolated us-
ing the QIAamp DNA Mini Kit (50,000 cells per
sample; QIAGEN, Hilden, Germany). The con-
centration of DNA in each sample was quantified
by Nanodrop 2,000 Spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Genomic DNA
(200 ng) was subsequently bisulfite converted
with the EZ DNA Methylation Kit (Zymo Re-
search, Orange, CA, USA).

DNA Methylation Age Predictor

DNA methylation analysis by Droplet Digital
PCR (ddPCR) was performed with a QX200 ddP-
CR System (Bio-Rad, Berkeley, CA, USA) as Han
et al?’ previously described. We used dual-labeled
TagMan hydrolysis probes, which recognize ei-
ther methylated or non-methylated target three
CG dinucleotides (CpGs) in Primal, Kcnsl, and
Hsf4 genes. A 20 pl reaction mixture was used for
each sample, which consisted of 10 pl of 2x ddP-
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CR Supermix (No dUTP; Bio-Rad, Berkeley, CA,
USA), 0.9 nM of forward and reverse primers,
250 nM of dual probes, and 25 ng of bisulfite con-
verted DNA. The primer pair sequences used for
ddPCR were: 5’-ggagaggtaaattatgaattagg-3’ and
5’-actcttacttactcaaacctceet-3° for mice Primal,
5’-aatgttggtatttttggttttgttt-3°  and  5’-aaaactta-
cacctctcccaacaat-3’ for mice Hsf4, 5’-ttgggagttag-
tagtagtaggyg-3> and 5’-atacatccacaacctaccra-3’
for mice Kcnsl. The probe pair sequences used
for ddPCR were: 6-Fam-tatatttttcgggtggg-
gg-BHQ-1 targeting the methylated sequence
for Primal and Hex-tatattttttgggtgggeg-BHQ-1
targeting the non-methylated sequence for Pri-
mal, 6-Fam-tgtgtttcggatggtgttttttgt-BHQ-1 tar-
geting the methylated sequence for Hsf4 and
Hex-tgtgttttggatggtgtttttgt-BHQ-1 targeting the
non-methylated sequence for Hsf4, 6-Fam-agtt-
gaattaagcgatatagtagaagtatttta-BHQ-1  targeting
the methylated sequence for Kcnsl and Hex-agtt-
gaattaagtgatgtagaagtagggga-BHQ-1 targeting
the non-methylated sequence for Kcnsl. Then the
mixture and 70 ul of droplet generation oil were
subjected to QX200 Droplet Generator (Bio-
Rad, Berkeley, CA, USA). 40 ul of the gener-
ated droplets were transferred to the ddPCR 96
plate (Bio-Rad, Berkeley, CA, USA). The plate
was heat sealed with the PX1 PCR Plate Sealer
(Bio-Rad, Berkeley, CA, USA) and subsequent-
ly placed in the C1000 Touch Thermal Cycler
(Bio-Rad, Berkeley, CA, USA) for PCR runs as
follows: 95°C for 10 min, 40 cycles of 94°C for
30 s and 1 min (2.5°C/s ramp rate) at 55°C (Pri-
mal, Kensl) or 58°C (Hsf4), followed by 10 min
enzyme deactivation step at 98°C and a final hold
at 4°C. The PCR plate was read on the QX200
droplet reader (Bio-Rad, Berkeley, CA, USA) and
data were analyzed by QuantaSoft 1.7.4 software
(Bio-Rad, Berkeley, CA, USA). The percentage
methylation of each reaction was determined by
Poisson statistics according to the fraction of pos-
itive droplets for methylated and non-methylated
probes. A multivariable model for age predictions
was established for percentage methylation at the
CpGs in Primal (a), Hsf4 (b), and Kcnsl (c):

Predicted DNA methylation age (weeks) =
-11.56 + (-0.26) a+ 2.33 b+ 0.43 c.

Statistical Analysis

All experiments were performed in triplicate
unless indicated otherwise. The measurement data
are expressed as means=standard deviation (SD).
Statistical tests were performed using SPSS 22.0
(IBM Corp., Armonk, NY, USA); one-way ANO-

5400

VA was used to analyze the data among groups and
p<0.05 was considered significant.

Results

Modelling the Partial Reprogramming
of Epidermal Cells

Epidermal cells were infected with a lentivirus
carrying a Dox-inducible vector for mouse OSKM
at various multiplicity of infection (MOI) values
to determine the optimal MOI. MOI values test-
ed were 2, 4, 8, and 16. Cells were cultured in an
induction medium for 3 days, and Oct3/4 protein
expression was detected. The ‘mock infected’ (sub-
ject to the transduction process but without lenti-
viruses) was treated as a negative control. Immu-
nofluorescence results revealed an optimal MOI of
8 (Figure 1A). Therefore, we used a MOI of 8§ in
the subsequent experiments. We next investigat-
ed the expression levels of OSKM expression in
epidermal cells infected with lentivirus. Virus-in-
fected cells cultured in induction medium for 3
days (+Dox) showed higher Oct3/4, Sox2, Kif4, and
c-Myc mRNA expression than those cultured with-
out Dox (-Dox) (Figure 1B), suggesting that OSKM
expression could be controlled by the presence or
absence of Dox in epidermal cells.

To detect the optimal conditions of epidermal
cells partial reprogramming, virus-infected epi-
dermal cells were cultured in an induction medi-
um for 3 days and then sequentially cultured in the
reprogramming medium for 2 days (Dox+2 d), 4
days (Dox+4 d), and 1 week (Dox+1 w), according
to previous research**'. Mock-infected epidermal
cells were used as a negative control (mock). The
mRNA expression showed that Dox+4 d result-
ed in the highest expression of the proliferation
marker Ki67 among the groups without activation
of the pluripotency marker Nanog (Figure 1C-D).
Thus, transient expression of OSKM for 4 days
was the optimal condition for the partial repro-
gramming of epidermal cells.

Partial Reprogramming Restores
the Self-Renewing Capacity
of Senescent ESCs

The clonogenic ability, i.e., the ability of cells
to form large clones, is a typical feature of cells
with a high self-renewing capacity". Tani et al'®
proposed that Integrin-a6""CD71"°" could label
cells with inactive division at the base of mouse
epidermis, a feature consistent with young ESCs.
To verify whether partial reprogramming could
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MOI=16

Figure 1. The optimal condition for partial reprogramming of epidermal cells. A, Confocal images of indirect immuno-
fluorescence of Oct3/4 in epidermal cells infected with lentiviruses at various MOI. Scale bar=50 pm. B, qPCR analysis of
Oct3/4, Sox2, Klf4, and c-Myc expression in virus-infected epidermal cells with and without 3 days Dox addiction as assessed
by using RT-qPCR (n=3). *p<0.05, data are presented as means+SD. C-D, qPCR analysis of Nanog and Ki67 in virus-infected
epidermal cells with 2 days, 4 days, and 1 week reprogramming and epidermal cells with mock infection as assessed by using

RT-qPCR (n=3). *p<0.05, data are presented as means+SD.

restore the self-renewal capacity of senescent
ESCs, we screened out Integrin-a6"eCD71%Y
cells (CD71") and Integrin-a6"e"CD71"e" cells
(CD71heh), Integrin-a6"e"CD71Me  cells were
subjected to partial reprogramming treatment
(CD71"¢+treated). As a negative control, we
simultaneously mock-infected Integrin-a6"e"C-
D71hieh cells (CD71%e+mock). We next collected
cells from these four groups and performed the
following assays (Figure 2A). Firstly, a second-
ary clone generation was observed. Most clones
generated from CD71"°" cells had a dense, healthy
appearance without signs of differentiation. Most
clones formed from CD71"¢" and CD71"&+mock
cells were flat and small in appearance with
many differentiated cells. The clone shape of
CD71"e+treated cells was similar to that of CD-
71 (Figure 2B-C). Next, we calculated the per-
centage of colonies of various sizes in all groups.

Most clones generated from CD71°" were >2 mm
in size, by contrast, most clones formed from
CD71"e¢h and CD71Me+mocks were <1.5 mm in
size. Significant increases in the percentages of
large clones (>2 mm and 2-1.5 mm in size) were
observed in CD71"e+treated cells compared
with CD71%¢" +mock cells (Figure 2D-E). The
transcription factor p63 implies the self-renew-
al capacity of ESCs and is highly expressed in
the basal cells of various epithelial tissues®.
Subsequently, we collected cells from CD71%¥,
CD71heh+treated, and CD71Me" +mock cells to
detect p63 protein expression levels. In contrast
to CD71Me"4+mock cells, CD71"e"+treated cells
increased the expression level of p63 protein,
which was similar to that of CD71"" cells (Fig-
ure 2F-G). These results suggested that partial
reprogramming could improve the self-renewing
capacity of senescent ESCs.
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Figure 2. Partial reprogramming restores the self-renewing capacity of senescent epidermal stem cells. A, Schematic repre-
sentation of the partial reprogramming treatment administration protocol. B, Primary epidermal cells were sorted into Inte-
grin-a6"¢"CD71"°" and Integrin-a6"e"CD71Me subsets. Representative dot plots are gated on live cells, vertical lines indicate
the cutoff between negative and positive staining based on an isotype-matched negative control. C, Higher magnification
phase-contrast images of secondary clones generated in each group. Higher magnification phase-contrast images of second-
ary clones generated by Integrin-a6"e"CD71"" subsets, Integrin-a6"e"CD71"eh subsets, and Integrin-a6"¢"CD71Meh subsets
with partial reprogramming treatment and mock infection. Scale bar=100 pm. D, Clonogenic assay in a 35-mm dish 3 weeks
after plating stained with crystal violet. E, Quantification of the plots in (D). Percentages of colonies with different sizes (<1.5
mm; 1.5-2 mm and >2 mm) are represented as the means+SD, *»<0.05. F, Confocal images of indirect immunofluorescence
of Oct3/4 and p63 in Integrin-a6"eCD71v cells and Integrin-a6"ehCD71Meh cells with partial reprogramming treatment and
mock infection. Scale bar=50 pm. G, Quantification of p63 expression in (E). *p<0.05, data are presented as means+SD.
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Partial Reprogramming Enhances the
Proliferation Ability of Senescent ESCs
ESCs with high self-renewing capacity and
inactive division in vivo will obtain high prolifer-
ative capacity in vitro". Besides the generation of
large clones, we investigated whether partial re-
programming could improve the proliferation of
senescent ESCs in vitro. We collected cells from
CD71"%, CD71"e"+treated, and CD71Me+mock
groups. These cells from the three groups were
replaced with the same density and cultured for

an additional 2 weeks without OSKM expression
before the following assays were performed (Fig-
ure 2A). Firstly, exogenous Oct3/4 protein and
proliferative protein Ki67 were co-stained in cells
from these three groups. Immunofluorescence
results revealed that, after stopping OSKM ex-
pression for 14 days, cells from CD71"e+treated
expressed no exogenous Oct3/4 protein and sig-
nificantly increased Ki67 expression contrasting
to CD71"¢"+mock (Figure 3A-C). Moreover, we
observed that cells from CD71"e"+treated group,

cp71™en
+mock

cp74han
+treated

cD71"9"+mock

cD71"" +treated

Figure 3. Partial reprogramming increases the proliferation of senescent epidermal stem cells. A, Confocal images of in-
direct immunofluorescence of Oct3/4 and Ki67 in Integrin-a6MCD71" cells and Integrin-a6""CD71%eh cells with partial
reprogramming treatment and mock infection. Scale bar=50 um. B, Positive control of Oct3/4 antibody of Integrin-0.6"¢"C-
D71%eh cells with OSKM expression. C, Quantification of Ki67 expression in (A). *p<0.05, data are presented as means+SD. D,
Low power image in a 35-mm dish of Integrin-a.6"€"CD71"¥ cells and Integrin-a6MeCD71e" cells with partial reprogramming
treatment and mock infection at days 0 and 14.



Y.-R. Su, S.-M. Gu, Y.-R. Liu, Y.-Q. Cheng, Q. Wan, X. Sang, M.-H. Chen, W.-Q. Liu, et al

compared with those from CD71"&"+mock group,
proliferated more quickly and reached nearly 80%
confluence 14 days later (Figure 3D). Generally,
partial reprogramming increased the prolifera-
tive capacity of senescent ESCs independent of
OSKM expression.

Partial Reprogramming Allows ESCs
to Maintain Their Original Identity

The key to cellular reprogramming used to
reverse aging safely is to maintain the original
cell identity. To ascertain whether ESCs main-
tained their original identity after partial repro-
gramming treatment, we collected cells from
CD71"e" and CD71"¢"+treated. Then we cultured
CD71heh+treated cells without OSKM expression
for 4 days (CD71"¢"+treated). Then we tested the
expression of lineage-specific marker genes of
mouse skin epithelial cells?. Here, we found that
senescent ESCs (CD71"e") expressed the skin ep-
ithelial marker keratin (K) 14 (Figure 4A-B). We
collected cells from CD71"e+treated cells and
cultured them without OSKM expression for 4
days (CD71"ehttreated). Results of Immunofluo-

rescence and qPCR showed that the protein and
mRNA expression of keratin (K) 14 in ESCs were
well maintained both with treatment and upon
OSKM expression withdrawal (Figure 4A-B).
Additionally, ESCs after partial reprogramming
treatment obtained higher mRNA expression of
K5, K19, Integrin-f1, and Integrin-o.6, and no dif-
ferent mRNA expression of K/ (Figure 4B). These
results indicated that senescent ESCs maintained
epithelial cell identity after partial reprogram-
ming treatment.

Partial Reprogramming Reverses the
DNA Methylation Age of Senescent ESCs
Our above results demonstrated that partial
reprogramming restored the youthful self-renew-
al and proliferation in senescent ESCs, and this
younger state was maintained for 2 weeks after
reprogramming factor withdrawal. The DNA
methylation age, which was calculated by age
predictor (collectively known as Three-CpG-pre-
dictors) on the basis of bisulfite-converted DNA
methylation at only three CpGs in age-associat-
ed genomic regions (Primal, Kcnsl, and Hsf4),
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Figure 4. Epidermal stem cell maintains their original identity after partial reprogramming treatment. A, Confocal images
of indirect immunofluorescence of K14 in Integrin-a6"e'CD71Meh cells and Integrin-a6"¢"CD71he! cells with partial repro-
gramming treatment and reprogramming withdrawal. Scale bar=50 um. B, qPCR analysis of K14, K5, K19, Integrin-f1, In-
tegrin-a6, and K1 in Integrin-a6"e"CD71%e" cells and Integrin-a6"e"CD71%eh cells with partial reprogramming treatment and
reprogramming withdrawal as assessed by RT-qPCR (n=3). *p<0.05, "p>0.05, data are presented as means+SD.
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could be used to accurately estimate the phys- Cells from CD71"e" experienced an acceleration
iological age of skin in mice?***. Therefore, we of DNA methylation with age, whereas partial
collected cells from CD71°¥, CD71"¢"+mock, reprogramming counteracted this effect. This
and senescent ESCs accepted partial reprogram- DNA methylation age counteraction, moreover,
ming treatment (CD71"¢"+4 d). Then we cultured was still sustained after treating withdrawal for 2

CD71e"+4 d cells without OSKM expression weeks (Figure 5A-B). These results indicated that
for 2 weeks (CD71"e"+4 d-2 w) (Figure 2A). The partial reprogramming reversed the patterns of
DNA methylation ages of ESCs from these four global DNA methylation in senescent ESCs inde-
groups were calculated by Three-CpG-predictor. pendent of OSKM expression.
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Figure 5. Partial reprogramming reset the patterns of global DNA methylation in ESCs. A, Droplet digital quantitative
methylation-specific PCR results of representative Integrin-a6"¢"CD71"" cells, Integrin-a6"e"CD71%eh cells, Integrin-a.6"eC-
D71"eh cells with partial reprogramming treatment, and treated Integrin-a6"¢"CD71"¢" cells after treatment withdrawal for 2
weeks. The methylation signals (blue dots) in Primal, Kensl, and Hsf4 genomic regions are shown on the right, the non-meth-
ylation signals (green dots) in Primal, Kcnsl, and Hsf4 genomic regions are shown on the left. The percentage methylation of
each gene was determined by Poisson statistics according to the fraction of methylated and non-methylated signals. B, The
DNA methylation age (in weeks) predicted by the percentage methylation in (A) of these four types of cells. C, qPCR analysis
of TETI-3 and DNMT1 in these four types of cells as assessed by RT-qPCR (n=3). D, Confocal images of indirect immunoflu-
orescence of DNMTT1 in these four types of cells. Scale bar=50 pm. E, Quantification of DNMT]1 expression in (D). *»<0.05,
"p>0.05, data are presented as means+SD.
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Given the effectiveness of partial reprogram-
ming in senescent ESCs and the ability of cell re-
programming to reverse DNA methylation age in
vitro**, we speculated that partial reprogramming
might promote self-renewal and proliferation by
counteracting the effect of aging on the alterna-
tion of DNA methylation patterns. De novo DNA
methylation and active demethylation activities
control the global DNA methylation patters.
Thus, we detected the mRNA expression levels
of DNA hydroxyethyls (TETI-3) and DNA meth-
yltransferase (DNMTI), which catalyze DNA
demethylation and methylation respectively®, in
ESCs from CD71'"°%, CD71"¢"+mock, CD71"i"+4
d, and CD71"e+4 d-2 w. We found that partial
reprogramming increased DNMTI mRNA ex-
pression in senescent ESCs, but had no effect
on TETI, TET2, and TET3 mRNA expression
(Figure 5C). Since young ESCs also had a high-
er mRNA expression of DNMTI compared to
senescent ESCs (Figure 5C), we suggested that
DNMTI may play an important role in rejuvena-
tion derived by partial reprogramming. Next, we
verified that partial reprogramming significantly
increased the DNMT1 protein expression in se-
nescent ESCs (Figure SD-E). The expression of
DNMT]I in ESCs with treatment withdrawal for
2 weeks was much higher than that in senescent
ESCs (Figure 5C-E), which implied that partial
reprogramming treatment could last for 2 weeks.
In conclusion, partial reprogramming may re-
verse the global DNA methylation patterns of
senescent ESCs through increasing DNMT1 ex-
pression.

Discussion

Rejuvenating senescent stem cells provides
an advanced way to treat AADs'. In this study,
partial reprogramming technology effectively
enhanced the proliferation and self-renewal abil-
ities of senescent ESCs in vitro without abolish-
ing their epithelial cellular identity. Moreover, the
rejuvenation of adult stem cells could be main-
tained for at least 2 weeks after reprogramming
factor withdrawal, which was more stable than
that of differentiated somatic cells. These results
suggested that partial reprogramming had a high
therapeutic potential to treat AADs by rejuvenat-
ing senescent adult stem cells.

Clones grown from ESCs with various self-re-
newal capacities are of different sizes when cul-
tured in vitro”. Controversy remains on the sur-
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face markers used to size ESCs clones. Kaur et
al® proposed that Integrin-a6"e"CD71"" could
label ESCs with high self-renewal capacity.
Consistent with the results of Kaur et al'®, most
of the second-generation clones in our research,
generated from integrin-a6"e"CD71"" cells, had
a dense, healthy appearance with no signs of dif-
ferentiation, while most of the second-generation
clones formed by integrin-a6"e"CD71Me" cells
were small and differentiated. Therefore, Integ-
rin-a6""CD71"" cells had high self-renewal ca-
pacity, characterized as young ESCs. By contrast,
Integrin-a6"e"CD71%eh cells had weak self-renew-
al capacity, characterized as senescent ESCs, and
were used as a research model in this study.

Partial reprogramming alleviates symptoms
of AADs by effectively reversing the aging hall-
marks of mature somatic cells'?’>. However, this
rejuvenation’s function in adult stem cells remains
unknown. The findings of our study showed that
partial reprogramming significantly improved the
self-renewal and proliferation capacity of senes-
cent ESCs without changes in cellular identity in
vitro. In this study, we treated senescent ESCs
by transient reprogramming for 4 days, which
significantly improved the quality of the clones
generated from these cells. Additionally, our data
showed that partial reprogramming treatment in-
creased stemness-related marker p63 expression
in senescent ESCs. In summary, partial repro-
gramming can improve the self-renewal capacity
of senescent ESCs. ESCs with high self-renewal
capacity are quiescent or low proliferative in vivo
but activate proliferation when cultured in vitro®.
Culturing in vitro for the same duration, we found
that senescent ESCs grew at a lower density and
expressed proliferation-associated protein Ki67
compared with young ESCs. We exposed senes-
cent ESCs to OSKM expression for 4 days and
found that they showed increased proliferative
ability, as well as the expression of Ki67 protein.
This was similar to the findings of Cheng et al'
study in which transient expression of OSKM
factors significantly enhanced the proliferation
of NPCs, which reduced the incidence of IDD in
mice. In conclusion, partial reprogramming tech-
nology could effectively improve the proliferation
of senescent ESCs in vitro.

DNA methylation pattern alteration drives
the aging process, and methylation changes are
accepted as hallmarks of aging””. DNA meth-
ylation status, therefore, can be used to predict
chronological age in a variety of tissues®. We
calculated the DNA methylation ages of Inte-
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grin-a6"e"CD71%er  cells and Integrin-o6"ie
CD71"¥ by Three-CpG-predictor. The Integ-
rin-a6"ehCD71Meh cells were obtained -2.3+1.2
weeks old and Integrin-a6M¢"CD71"°v cells were
-11.44+0.2 weeks old, which implied that the se-
nescent ESCs (CD71"eh) obtained an accelera-
tion of DNA methylation with age. This result
is similar to Han et al research?* who confirmed
that epigenetic age predictions using these three
CpGs could get significant differences between
young and old mice in skin tissue. In this study,
after being treated with partial reprogramming,
senescent ESCs significantly decreased their
DNA methylation age and increased DNMT1
expression, which suggested that partial repro-
gramming treatment may rejuvenate senescent
ESCs by DNA methylation pattern resetting
regulated by DNMTI. DNA methylation is
catalyzed by DNMT and DNMT1 is the major
DNMT that maintains the methylation status
of the genome®. Several pieces of evidence®*-!
point out that DNMTT is essential for the pres-
ervation of the progenitor state of ESCs, and
lack of DNTMI in ESCs would result in severe
defects in cell proliferation and self-renewal ca-
pacity. Similarly, our results show that partial
reprogramming treatment restored the prolifer-
ation and self-renewal of senescent ESCs with
increasing DNMT]1 expression.

In previous research'?!, senescent differen-
tiated somatic cells, such as skin fibroblasts and
NPCs, treated with partial reprogramming re-
versed their aged phenotype but regained aged
hallmarks after 8 days of OSKM expression with-
drawal. Interestingly, our study showed that par-
tially reprogramming-treated ESCs still exhibited
high proliferative and self-renewal capacities and
youthful DNA methylation patterns in vitro after
stopping the reprogramming process for 2 weeks.
These differences between studies may ascribe
to the different extents of rejuvenation obtained
by cells'?. The extents of rejuvenation® are asso-
ciated with the reprogramming phases that cells
arrive at, and the reprogramming phases are in-
fluenced by different epigenetic landscapes be-
tween stem cells and differentiated cells*. Taking
chromatin compaction as an example, compact-
ed heterochromatin blocks, which present a bar-
rier to cellular reprogramming, are prevalent in
differentiated cells?” and are rarely seen in stem
cells®. Of course, chromosomal changes may not
be the only reason for this difference. Any mech-
anisms regulating cellular reprogramming and
stemness maintenance may be involved, such as

DNA methylation and so on™’. Further research
is required to explore how partial reprogramming
rejuvenates aging stem cells.

Conclusions

Taken together, our results indicate that partial
reprogramming could reverse the senescent phe-
notype of adult stem cells, which showed more
stability than that of differentiated somatic cells,
suggesting a novel way for AADs treatment.
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