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Optimized Yamanaka factors combined R
with TERT gene therapy for enhanced

anti-aging effects

Aging is a natural process characterized by the progressive
decline in tissue and cellular functions, while recent studies
indicated the potential reversibility of aging. Gene
reprogramming is a typical method that involves cellular
reprogramming. The Yamanaka factors, comprising Oct4,
Sox2, Klf4, and c-Myc (termed OSKM), have been shown to
convert senescent cells into induced pluripotent stem cells
and mitigate signs of premature aging in presenile mice.
Despite these promising results, the continuous expression
of Yamanaka factors induces teratomas and severe mor-
tality, primarily due to the oncogenic properties of c-Myc. It
is well-established that c-Myc functions as a key tran-
scription factor for activating the telomerase gene (TERT),
and the absence of c-Myc may impede telomere elongation,
thereby compromising anti-aging effects. To address these
issues, this study employed an optimized Yamanaka factor
(Oct4-Sox2-Klf4, OSK) that excludes c-Myc in conjunction
with TERT gene therapy. Through a series of experimental
validations, we confirmed that the co-expression of the OSK
and TERT genes significantly enhanced the expression of
genes associated with youth while concurrently reducing
the levels of senescence-associated genes. Consequently,
this combined gene therapy represents a promising thera-
peutic strategy for extending lifespan and addressing aging-
related diseases.

Aging is influenced by a variety of interconnected mo-
lecular and cellular mechanisms, including genomic insta-
bility, cellular senescence, telomere attrition, and stem
cell exhaustion." The emerging evidence indicates that
targeting the aging process may hold promise for the
development of therapeutic interventions for age-related
diseases. Cell reprogramming technology, notably the
identification of the Yamanaka factors, challenges the long-
held belief that the entirely differentiated somatic cells
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are irreversibly turned into pluripotent cells, thus providing
an innovative approach for generating stem cells. There is a
periodical transgene of OSKM into premature aging mice
that markedly extends their lifespan, suggesting a possi-
bility of counteracting normal senescence.” However,
normal mice may develop teratomas or be lethal after
continuous expression of all four factors, presumably
because the originator of c-Myc reduces the mouse’s life-
time by various cellular mechanisms. Consequently, the
increasing evidence indicates that expressing only Oct4,
Sox2, and Klf4 (OSK) is a safer method for in vivo reprog-
ramming to delay aging instead of OSKM.> Although the
Yamanaka factor remains the predominant induction
method, its induced pluripotent stem cells are susceptible
to carcinogenesis, which makes it difficult for direct in vivo
gene therapy. Therefore, optimizing the reprogramming
system for anti-aging in vivo necessitates addressing key
challenges, such as replacing oncogenic transcription fac-
tors. In this study, we generated a novel partial reprog-
ramming method by the combination of OSK and TERT and
reported that it could significantly postpone cellular
senescence through the genomic alternation.

Human embryonic lung MRC-5 fibroblasts are a typical
cell model that closely resembles human cells in their
natural state, making them valuable for studying cell
senescence and understanding the mechanisms of human
cell aging. Normal fibroblasts can only proliferate a limited
number of times (~50 populations) in vitro, which is
termed the Hayflick limitation. To evaluate the anti-aging
effect of OSK and TERT gene therapy, in this study, we first
generated the OSK- and TERT-expressing plasmids using a
pcDNA3.3 vector. The constructed plasmid profile and
confirmation results are shown in Figure S1. Subsequently,
MRC-5 cells were cultured and passed through 50 genera-
tions (the onset of replicative cellular senescence) and
then transfected with OSK-expressing plasmid with or
without TERT-expressing plasmid. The relative expression

2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2025.101669&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2025.101669
https://doi.org/10.1016/j.gendis.2025.101669
http://creativecommons.org/licenses/by/4.0/

2 Rapid Communication

2000 - 40 0.8 1.5
s s W Vector & ® W Vector
g 1500 S o B Octd-Sox2-Kif4 OF g g m Octd-Sox2-Kif4 OF
S 1000 5 S 06 s
° o W hTERTOE 5 5 1.0 W hTERTOF
] P
< 509 o S B Octd-Sox2-Kif4 OE+hTERT O 2 (4] e W Oct4-Sox2-KIf4 OE+hTERT OF
z 4 < 3
T 4 z F3 Z 05
+ 3 ns S 10 E 0.2 =
g 3 3 ns 2 &
S
o 1 )
0 0 0.0- 0.0-
25 10000 154 154
8000 il W Vector m  Vector
20 6000 m Octd-Sox2-Kif4 OF B Octd-Sox2-Kif4 OE
s o - W hTERTOE 1.0 1.0 - m hTERT OE
W Oct4-Sox2-KIf4 OE+hTERT OF = B Octd-Sox2-Kif4 OE+hTERT OF

0.5 A 0.5+ axax

ns

KIf4 mRNA fold change
o v 3
N
H
TERT mRNA fold change
Y
as oS
E
ATF3 mRNA fold change
)
°
I
ZSCAN4 mRNA fold change
o
o
T

Vector

Oct4-Sox2-KIf4 OE

hTERT OE

Oct4-Sox2-KIf4 OE+hTERT OE

Vector

Oct4-Sox2-KIf4 OE

hTERT OE

Oct4-Sox2-KlIf4 OE+hTERT OE

0.0-

c-myc mRNA fold change
o N S
»
Nanog mRNA fold change
=3 N > [}
H
N
H
EEEnN
MMP13 fold chang
& &5 5 85 B
(=3 N S o o
v v T 9
E |
T
IL-6 mRNA fold change
4 = b
o o
1 T
EEEnN

C D
4 = 2.0 15
«OQ’ § s s e 5 B Vector
? . w8
&Q' 9 3 é 15 g : s B Octd-Sox2-Kif4 OF
R S . & s g10 " B hTERT OF
& £ s 8 Octd-Sox2-Kif4 OE+hTERT OF
3 3 2 > N} B Oct4-Sox2-Ki 4
& § o 3
< o‘o «00 o"’} o [ 0 05
O &L b? £ 1 3 0.5 2
& ’\Q o k] ] K
¥ o [ 4 14 14
TERT 0 0.0 0.0
<] aran @ ‘@ e 0
2ecand g o g 10 P gz - 510 = B hTERT OF
s4 z g é W Octd4-Sox2-Kif4 OE+hTERT OF
Nanog| e s s aln ¥ E w2 o
|| = ? 05 8! 3 05
C-myc| e e 0 S 3 s = g g
N ['4 ° [0 [)
Actin | emp amp = g 0 2 g0 z, L
E F
15 . 80
W Vector e B Vector
g ! B Octd-Sox2-Kif4 OF — 60 b m Octd-Sox2-Kif4 OF
< 100 W hTERT OE @ m hTERT OF
H B Octd-Sox2-KIf4 OE+hTERTOE £ 40 B Oct4-Sox2-KIf4 OE+hTERT OE
£ 8
5 50 & -
o
0 0
G0/G1 s G2/m
G Oct4-Sox2-Kf4 OE
Vector Oct4-Sox2-Klf4 OE TERT OE + TERT OE

Figure 1  Expression of OSK and TERT promotes cell viability and reduces cellular senescence phenotype by modulating the aging-
associated genes. The human lung fibroblast MRC-5 was transfected with OSK and/or TERT overexpressing plasmids when passed
through 50 generations. Then, the cells were cultured into 60 generations, and quantitative reverse transcription PCR and western
blotting were performed to analyze the expression of youth and aging-related genes. Moreover, the changes of cell viability and
phenotype were also examined. (A) The mRNA levels of youth-related genes Oct4, Sox2, Klf4, Tert, c-Myc, and Nanog. (B) The
expression of aging-related genes, including p16, p21, ZSCAN4, ATF3, MMP13, and the inflammatory cytokine IL-6. (C) Western blot
image of the expression of TERT, Oct4, Sox2, KIf4, Zscan4, Nanog, and c-Myc. (D) The relative gray value of (C). (E) Summarized
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levels of youth or aging-related genes were confirmed by
quantitative reverse transcription PCR and western blotting
when cells passed into 60 generations. The results showed
that the mRNA levels of youth-related genes, including
0OCT4, SOX2, Klf4, Nanog, c-Myc, and TERT were markedly
increased (Fig. 1A; P < 0.01), while the expression of aging-
related genes, including p16, p21, ZSCAN4, ATF3, and
MMP13, and the expression of the inflammatory cytokine IL-
6 were significantly reduced (Fig. 1B; P < 0.05). Meanwhile,
similar results were also confirmed when cells passed into
70 generations (Fig. S2). Moreover, we found that the pro-
tein levels of TERT, Oct4, Sox2, Klf4, Zscan4, Nanog, and c-
Myc were consistent with their mRNA expression levels
(Fig. 1C, D; P < 0.05).

In the next, we further detected the changes of cell
phenotype after transfected with OSK- and TERT-expressing
plasmids in MRC-5 cells at 50 generations. The cell counting
kit-8 (CCK-8) assay was performed to examine the cell
viability when cells passed into 60 generations. The results
showed that combined overexpression of OSK and TERT
significantly improved the cell viability, compared with
single treatment (Fig. 1E; P < 0.05). Since cellular senes-
cence stems from the persistent arrest of the cell cycle, we
then examined the cell cycle by conducting propidium io-
dide staining. The results indicated that the G0/G1 phase
was markedly decreased by combined overexpression of
OSK and TERT in MRC-5 cells at 60 generations (Fig. 1F;
P < 0.01), while the S phase and G2 phase increased to
some extent with no significant difference. Moreover, B-
galactosidase staining assay indicated that the expression
of B-galactosidases was also markedly decreased after the
co-expression of OSK and TERT at 60 generations of MRC-
5 cells (Fig. 1G). As predicted, similar results were also
confirmed when cells passed into 70 generations (Fig. S3).
Therefore, all the results suggest that the overexpression of
OSK and TERT in MRC-5 cell models may delay cellular
senescence by modulating the expression of aging-related
genes, thereby maintaining cell viability and delaying the
aging phenotype significantly.

In this study, we have confirmed that the optimized
OSKT (combined OSK and TERT therapy) method is poten-
tially more effective than either OSK or TERT therapy alone
in vitro. Previous research has demonstrated that the
expression of OSK can restore youthful DNA patterns, pro-
mote axon regeneration, and improve vision in aged mice,*
while TERT gene therapy has been shown to significantly
increase the longevity of 1- and 2-year-old mice in vivo.’
Collectively, this evidence supports the proof of concept
for combining OSK and TERT to delay cellular aging.
Although our findings currently validate this potential only
in a replicative cell senescence model in vitro, they suggest
the possibility of extending the lifespan of aging mice,
which we aim to investigate in future studies. Furthermore,
this gene reprogramming approach provides a robust
theoretical foundation for its application in other cell

types, such as aging immune cells, neurons, and other so-
matic cells, in anti-aging research.

Recent evidence increasingly suggests that aging is
associated with a progressive decline in physiological
functions and an elevated risk of various age-related dis-
eases, including diabetes, neurodegenerative disorders,
cardiovascular diseases, and cancer. Notably, gene therapy
has demonstrated potential in effectively decelerating the
aging process across multiple organs and systems, thereby
reducing the incidence and severity of age-related dis-
eases. Consequently, identifying potential strategies to
delay cellular senescence is crucial for advancing the pre-
vention and treatment of neurodegenerative diseases and
cancer. Despite this, exploring novel optimal alternative
methods to the OSKM guidance system is still the main
research direction in the field of anti-aging and regenera-
tive medicine.

In conclusion, our research study provides a novel po-
tential composed method of OSK and TERT gene therapy.
The optimized partial reprogramming system would be a
safer and more efficient way to promote anti-aging
research in clinical application and development.
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data indicated the cell viability performed by CCK-8 assay. (F) Summarized data indicated the cell cycle analysis performed by
propidium iodide staining. (G) B-galactosidases staining assay indicated the expression of B-galactosidases. The summarized data
shown were represented as mean + standard deviation. The data were representative of three independent experiments (n = 3).
The statistical significance of comparisons among multiple groups was analyzed by one-way ANOVA in comparison with the control

vector (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2025.101669.
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