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SUMMARY

Aging is the major risk factor for many human diseases. In vitro studies have demonstrated that 

cellular reprogramming to pluripotency reverses cellular age, but alteration of the aging process 

through reprogramming has not been directly demonstrated in vivo. Here, we report that partial 

reprogramming by short-term cyclic expression of Oct4, Sox2, Klf4, and c-Myc (OSKM) 

ameliorates cellular and physiological hallmarks of aging and prolongs lifespan in a mouse model 

of premature aging. Similarly, expression of OSKM in vivo improves recovery from metabolic 

disease and muscle injury in older wild-type mice. The amelioration of age-associated phenotypes 

by epigenetic remodeling during cellular reprogramming highlights the role of epigenetic 

dysregulation as a driver of mammalian aging. Establishing in vivo platforms to modulate age-

associated epigenetic marks may provide further insights into the biology of aging.
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Cellular reprogramming by transient expression of Yamanaka factors ameliorates age-associated 

symptoms, prolongs lifespan in progeroid mice, and improves tissue homeostasis in older mice.

INTRODUCTION

Embryonic development occurs as a unidirectional progression from a single-cell zygote to 

an adult organism. During embryogenesis and early stages of life, cells undergo a 

spatiotemporally orchestrated differentiation process, leading to the generation of all of the 

cell types that comprise an adult organism. These events take place within a stable 

environment that minimizes molecular and cellular damage. As an organism ages, however, 

there is a continuous and progressive decline in the mechanisms responsible for minimizing 

cellular damage. This eventually results in an organism’s inability to maintain homeostasis 

(López-Otín et al., 2013; 2016).

The last decade of scientific research has dramatically improved our understanding of the 

aging process (Johnson et al., 2013; Kenyon, 2010; Riera et al., 2016). The notion that cells 

undergo a unidirectional differentiation process during development was proved wrong by 

the experimental demonstration that a terminally differentiated cell can be reprogrammed 

into a pluripotent embryonic-like state (Gurdon, 1962; Takahashi and Yamanaka, 2006). 

Cellular reprogramming to pluripotency by forced expression of the Yamanaka factors 

(Oct4, Sox2, Klf4, and c-Myc [OSKM]) occurs through the global remodeling of epigenetic 

marks (Buganim et al., 2012, 2013; Hansson et al., 2012; Polo et al., 2012). Importantly, 

many of the epigenetic marks that are remodeled during reprogramming (e.g., DNA 

methylation, post-translational modification of histones, and chromatin remodeling) are 

dysregulated during aging (Benayoun et al., 2015; Liu et al., 2013b; Pollina and Brunet, 

2011). In fact, epigenetic dysregulation has emerged as a key hallmark of the aging process 

(Sen et al., 2016). Several groups, including ours, have observed an amelioration of age-

associated cellular phenotypes during in vitro cellular reprogramming (Lapasset et al., 2011; 

Liu et al., 2011; Mahmoudi and Brunet, 2012; Rando and Chang, 2012). Reprogramming of 
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cells from centenarians or patients with Hutchinson-Gilford progeria syndrome, (HGPS) a 

disorder characterized by premature aging, resets telomere size, gene expression profiles, 

and levels of oxidative stress, resulting in the generation of rejuvenated cells (Lapasset et al., 

2011; Liu et al., 2011; Zhang et al., 2011).

Although these in vitro studies have been informative, the physiological complexity of the 

aging process demands an in vivo approach to better understand how reprogramming may 

affect cellular and organismal aging. Breakthrough studies led by the Serrano and Yamada 

groups have shown that cellular reprogramming to pluripotency, although associated with 

tumor development (e.g., teratoma formation), can be achieved in vivo in mice by the forced 

expression of the Yamanaka factors (Abad et al., 2013; Ohnishi et al., 2014). In addition, we 

and other groups have demonstrated that partial reprogramming in vitro by transient 

expression of OSKM can induce a dedifferentiated progenitor-like state (Kurian et al., 2013; 

Thier et al., 2012). Together, these observations suggest that cellular reprogramming may be 

used to promote tissue regeneration and led us to hypothesize that in vivo partial 

reprogramming could slow or reverse the aging process and extend organismal lifespan. 

Here, we report that cyclic in vivo induction of OSKM in a mouse model of premature aging 

improves age-associated phenotypes and extends lifespan. In addition, we demonstrate the 

amelioration of cellular phenotypes associated with aging by short-term induction of the 

Yamanaka factors in mouse and human cells. Finally, we show that short-term expression of 

OSKM alleviates pancreatic and muscle injury in older wild-type (WT) mice. This in vivo 

platform for the reprogramming of epigenetic marks may be used to better understand 

physiological aging, as well as the role of epigenetics during mammalian aging.

RESULTS

Partial Reprogramming Ameliorates Cellular Phenotypes Associated with Aging

Based on our experience on the reprogramming of cells from patients with HGPS to study 

aging in vitro (Liu et al., 2011), we decided to use a premature aging mouse model to test 

the hypothesis that in vivo reprogramming can alter organismal aging. We chose the 

premature aging mouse model that carries a G609G mutation in the gene Lmna (LAKI). 

This mutation leads to the accumulation of a truncated form of lamin A (called progerin), 

which is responsible for human HGPS (Osorio et al., 2011; Scaffidi and Misteli, 2005). 

LAKI mice are short lived and exhibit accelerated onset of many age-associated 

physiological phenotypes, including weight loss and alterations associated with aging in 

multiple organs (e.g., skin, kidney, and spleen) (Osorio et al., 2011). To enable inducible 

expression of the Yamanaka factors upon doxycycline treatment, LAKI mice were crossed to 

mice carrying an OSKM polycystronic cassette (4F) and a rtTA trans-activator (Carey et al., 

2010), thereby generating LAKI 4F mice. The fact that reprogramming proceeds in a 

stepwise manner allows for the induction of partial reprogramming without the complete 

loss of cellular identity by short exposure to the Yamanaka factors (Kurian et al., 2013). 

Partial reprogramming could potentially erase or delay the accumulation of aging 

phenotypes without leading to tumor formation. First, to determine whether partial 

reprogramming could ameliorate aging hallmarks in vitro, we isolated LAKI 4F tail tip 

fibroblasts (TTFs) and performed short-term induction of OSKM by doxycycline treatment 
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for 2 or 4 days. Expression of OSKM was confirmed by qPCR and immunofluorescence 

(Figures 1A and S1A). Short-term induction of OSKM in TTFs did not lead to loss of 

cellular identity, as indicated by expression of the fibroblast-associated marker Thy1 and the 

absence of markers for intermediate cellular reprogramming, such as SSEA1 (Figure S1B). 

Moreover, induction of OSKM did not result in the expression of Nanog, a marker of 

pluripotency, even after 12 days of induction (Figure S1C), indicating that complete 

reprogramming to pluripotency was not attained. Interestingly, the number, intensity, and 

volume of foci for histone γ-H2AX, a marker of nuclear DNA double-strand breaks 

associated with aging (López-Otín et al., 2013), were significantly reduced by short-term 

induction of OSKM in LAKI 4F cells compared to untreated cells (Figures 1B and S1D). 

Similarly, levels of p53 binding protein 1 (53BP1), which participates in the DNA damage 

response, were reduced as a consequence of short-term induction of OSKM (Figure S1E). 

Furthermore, short-term induction of OSKM in LAKI 4F cells downregulated the expression 

of age-related stress response genes in the p53 tumor suppressor pathway, including 

p16INK4a, p21CIP1, Atf3, and Gadd45B, as well as the senescence-associated 

metalloprotease MMP13 and interleukin-6 (Figure 1C). Additionally, senescence-associated 

β-galactosidase activity was reduced in LAKI 4F cells by short-term induction of OSKM 

(Figure S1F). In agreement with the metabolic changes and improvements in mitochondrial 

function observed during cellular reprogramming, short-term induction of OSKM 

significantly reduced the production of mitochondrial reactive oxygen species (ROS), which 

are responsible for oxidative damage and considered as one of the drivers of physiological 

aging (Figure S1G). Finally, short-term induction of OSKM in LAKI 4F cells restored levels 

of H3K9me3 and H4K20me3, two epigenetic modifications involved in the maintenance of 

heterochromatin, which are downregulated and upregulated respectively during aging 

(Benayoun et al., 2015; Liu et al., 2013a) (Figures 1D and 1E).

Nuclear lamins maintain proper architecture of the nuclear envelope (Liu et al., 2005). 

Defects in the nuclear envelope resulting from the accumulation of progerin are the main 

drivers of premature aging in HGPS. Similar nuclear envelope abnormalities have been 

reported during physiological aging (Liu et al., 2005; Loópez-Otín et al., 2013). Importantly, 

short-term induction of OSKM in LAKI 4F cells significantly improved nuclear envelope 

architecture compared to untreated cells (Figure 1F). Lastly, in order to investigate the 

maintenance of the ameliorated aging-associated phenotypes after OSKM induction, we 

analyzed the level of DNA damage, H3K9me3, and nuclear envelope abnormalities 4 and 8 

days after termination of doxycycline treatment. These analyses revealed a slow re-

acquisition of age-associated phenotypes in LAKI 4F TTFs compared to untreated control 

cells (Figures 2A and 2B). Importantly, short-term re-induction of OSKM for an additional 4 

days was able to revert the re-accumulation of aging-associated phenotypes (Figures 2A and 

2B). These results suggest that cyclic induction of OSKM following an “on and off” scheme 

may have the capacity to prevent or reset the accumulation of age-associated phenotypes.

To gain further insight into the mechanism behind our observations, we first decided to 

evaluate the effect of short-term OSKM induction in the expression of lamin A/C and the 

accumulation of progerin. Although we have previously shown that reprogramming HGPS 

cells to pluripotency causes a switch in nuclear lamin composition (Abad et al., 2013; Liu et 

al., 2011; Ohnishi et al., 2014), the improvement of aging phenotypes in LAKI 4F cells after 

Ocampo et al. Page 4

Cell. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



short-term induction of OSKM did not depend on changes in the expression of nuclear lamin 

A/C or B1 or on reduced accumulation of progerin (Figures S2A and S2B). Moreover, 

selective induction of programmed cell death upon short-term OSKM induction in cells with 

high levels of age-associated phenotypes was not responsible for the amelioration of aging 

hallmarks in LAKI 4F cells (Figure S2C). Furthermore, none of the cellular aging hallmarks 

analyzed were ameliorated in LAKI cells not carrying an OSKM polycystronic cassette, 

indicating that OSKM expression was responsible for the rescue of age-associated 

phenotypes (Figures S2D–S2H). In addition, infection of LAKI cells with single 

reprogramming factors (i.e., Oct4, Sox2, or c-Myc alone) was insufficient to improve 

nuclear envelope architecture (Figure S2I), suggesting that cellular reprogramming, but not 

the induction of proliferation alone, restored the aberrant nuclear envelope in these cells. 

Finally, based on the epigenetic nature of the reprogramming process, we decided to confirm 

the role of epigenetic remodeling as a driver of the amelioration of age-associated 

phenotypes by short-term induction of OSKM. For this purpose, we carried out a detailed 

time-course analysis of the amelioration of DNA damage and nuclear envelope 

abnormalities in LAKI 4F TTFs, as well as the restoration of H3K9me3. Analysis of LAKI 

4F TTFs at 12 and 24 hr after induction of OSKM revealed that restoration of H3K9me3 

precedes the amelioration of DNA damage and nuclear envelope defects, suggesting that 

epigenetic remodeling during cellular reprogramming acts as a driver of the improvement of 

age-associated phenotypes (Figures 2C and 2D). In addition, in order to further confirm this 

hypothesis, we analyzed the amelioration of aging phenotypes in LAKI 4F TTFs upon short-

term induction of OSKM in the presence of 10nM chaetocin, an H3K9 methyltransferase 

inhibitor. Importantly, induction of OSKM, in the presence of 10 nM chaetocin, prevented 

the restoration of H3K9me3 and abolished the amelioration of DNA damage and defects in 

nuclear envelope induced by cellular reprogramming (Figures 2E and 2F). These 

observations reinforce the role of epigenetic remodeling during cellular reprogramming as a 

driver of the improvement of age-associated phenotypes by short-term expression of OSKM.

Collectively, these results demonstrate that short-term in vitro induction of OSKM in cells 

derived from a premature aging mouse model ameliorates multiple age-associated hallmarks 

observed during physiological aging, including the accumulation of DNA damage, cellular 

senescence, epigenetic dysregulation, and nuclear envelope defects. Thus, epigenetic 

remodeling induced by partial reprogramming may potentially modify the aging process.

Cyclic In Vivo Induction of Reprogramming Factors Does Not Lead to Tumor Formation

Previous studies have shown that the in vivo induction of OSKM leads to teratoma 

formation and the development of cancer (Abad et al., 2013; Ohnishi et al., 2014). To 

establish a safe protocol for the in vivo induction of OSKM that does not result in teratomas 

or cancer, we tested multiple induction protocols, varying the dose of OSKM expression by 

modifying transgene copy number or the length of induction. Our initial experiments 

revealed that in vitro induction of OSKM in cells from multiple tissues of mice carrying a 

single copy of the OSKM polycystronic cassette and the rtTA trans-activator (4F) failed to 

generate induced pluripotent stem cells (iPSCs) compared to cells carrying two copies (data 

not shown). For this reason, and to prevent the development of teratomas in vivo, we focused 

on using 4F mice carrying a single copy of the OSKM cassette.
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Continuous induction of OSKM in 4F mice by administration of doxycycline in drinking 

water resulted in significant weight loss and high mortality after 4 days (Figures 3A and 3B). 

This likely resulted from the dedifferentiation of cells in vital organs and subsequent loss of 

organ function. High levels of mortality were avoided by switching to a cyclic OSKM 

induction protocol, consisting of 2 days of doxycycline administration followed by 5 days of 

doxycycline withdrawal (Figure 3C). Analysis of blood samples from 4F mice following 2 

days of doxycycline administration confirmed the induction of OSKM (Figure 3D). Cyclic 

induction of OSKM using this protocol did not result in weight loss or mortality of 4F mice 

compared to WT controls, even after 35 cycles of doxycycline administration (Figures S3A 

and S3B). We detected no signs of dysplasia, cancer development, or induction of 

pluripotency in any organs analyzed from these 4F mice (Figures S3C and S3D). In contrast, 

cyclic induction of OSKM for 8 weeks in mice carrying two copies of the OSKM and rtTA 

cassettes led to increased cell proliferation (Figure S3E) and teratoma formation in the liver, 

kidney, and pancreas (Figures 3E and 3F), thereby confirming the capacity of this protocol 

to induce in vivo cellular reprogramming. These experiments demonstrate that the negative 

consequences of in vivo reprogramming can be avoided by reducing levels of OSKM 

induction via the cyclic administration of doxycycline. In addition, based on our previous in 

vitro observations regarding the amelioration of aging phenotypes by cyclic induction of 

OSKM, we hypothesized that cyclic in vivo reprogramming may confer equivalent benefits 

at the organismal level.

In Vivo Reprogramming Ameliorates Organismal Phenotypes Associated with Premature 
Aging

To test whether partial in vivo reprogramming could improve age-related phenotypes and 

extend organismal lifespan, we tested the effect of cyclic OSKM induction in LAKI 4F mice 

beginning at 8 weeks of age. Although in vivo OSKM induction did not significantly prevent 

the progressive loss of body weight characteristic of LAKI 4F mice (Figure 4A), we 

observed a dramatic increase in median and maximal lifespan in animals subjected to partial 

in vivo reprogramming (Figure 4B). On the other hand, doxycycline treatment in LAKI mice 

not carrying the 4F cassette did not lead to any improvement in the lifespan compared to 

untreated controls (Figure 4B). Significant improvements in external appearance, including a 

reduction in spine curvature, were observed in LAKI 4F mice subjected to cyclic OSKM 

induction (Figures 4C and S4A). Detailed necropsy analyses performed at 14 weeks of age 

after 6 weeks of cyclic induction of OSKM revealed gross improvement in the appearance of 

the gastrointestinal tract in doxycycline-treated LAKI 4F mice compared to untreated mice 

(Figure 4D). Age-associated histological changes are normally observed during 

physiological aging in multiple organs, including the skin, spleen, kidneys, and stomach 

(Cesta, 2006; Khanna et al., 1988; Kurban and Bhawan, 1990; Zhou et al., 2008). 

Importantly, many of these histological changes were improved in 14-week-old LAKI 4F 

mice subjected to cyclic induction of OSKM during 6 weeks compared to untreated mice 

(Figure 4E). Doxycycline-treated LAKI 4F mice showed an increased epidermal and dermal 

thickness and decreased keratinization of the skin compared to untreated controls (Figure 

4E). Macroscopic involution of the spleen and lymphoid depletion of the white pulp, 

visualized by the reduced size of germinal centers, was significantly rescued in LAKI 4F 

mice after cyclic induction of OSKM (Figures 4E and S4B). Moreover, we observed a 
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decrease in tubular atrophy and interstitial volume in kidneys of doxycycline-treated LAKI 

4F mice compared to untreated mice (Figure 4E). Lastly, age-associated loss of parietal cells 

and thinning of gastric epithelium in the stomach were also rescued by cyclic induction of 

OSKM (Figure 4E).

Cardiovascular alterations observed in patients with HGPS and during normal aging are also 

manifested in LAKI mice and are thought to be a major contributor to their premature death 

(Osorio et al., 2011; Stehbens et al., 1999). Importantly, cyclic induction of OSKM in LAKI 

4F mice partially rescued the degeneration of vascular smooth muscle cells compared to 

untreated mice, as indicated by an increase in the number of nuclei in the medial layer of the 

aortic arch (Figure 4F). In addition, electrocardiographic (ECG) analysis of LAKI 4F mice 

revealed that the progressive development of bradycardia normally seen in these mice was 

partially rescued by cyclic induction of OSKM (Figure 4G). Analysis of additional organs, 

including the liver, heart, and skeletal muscle, did not reveal gross histological differences 

between untreated LAKI 4F and WT mice (Figure S4C). These results indicate that cyclic 

induction of OSKM in vivo significantly improved age-associated histological changes in 

multiple organs of LAKI 4F mice, which may ultimately extend their lifespan.

Analysis of skin, liver, stomach, and kidney from LAKI 4F mice after doxycycline treatment 

confirmed expression of Oct4 and Sox2 in these tissues (Figure 5A). Interestingly, cyclic 

OSKM induction during 6 weeks in LAKI 4F mice restored proliferation rates to WT levels 

in the stomach, kidney, and skin (as indicated by Ki67 staining) compared to untreated mice 

(Figure 5B). Importantly, the restoration of cell proliferation in these organs was not 

accompanied by the presence of dysplastic lesions or Nanog-positive cells (Figure S5A). 

Downregulation of stress response genes in the p53 pathway, as well as age-associated 

interleukin-1α, was observed in the liver, stomach, and kidneys of doxycycline-treated 

LAKI 4F mice compared to untreated controls (Figure S5B). Cyclic induction of OSKM 

also restored normal levels of the histone marks H3K9me3 and H4K20me3 involved in the 

maintenance of heterochromatin (Benayoun et al., 2015; Zhang et al., 2015) in the kidney 

and spleen of LAKI 4F mice (Figures 5C and 5D). We observed significant reduction in 

senescence-associated β-galactosidase expression in the liver of doxycycline-treated LAKI 

4F mice compared to untreated animals (Figure 5E). Moreover, analysis of adult stem cells 

populations revealed a partial restoration of the number of satellite cells (i.e., Pax7-positive 

cells) in skeletal muscle and hair follicle stem cells (Cytokeratin-15-positive cells) in LAKI 

4F mice subjected to cyclic induction of OSKM compared to untreated animals (Figures 5F 

and 5G). Lastly, rescue of these age-associated phenotypes in LAKI 4F mice was 

independent of changes in lamin A/C or progerin, as cyclic OSKM induction did not alter 

the levels of lamin A/C or progerin in any of the analyzed tissues (Figure S5C).

Decline in regenerative capacity and subsequent loss of tissue homeostasis is one of the most 

striking hallmarks of aging. Taken together, the results described above suggest that in vivo 

OSKM induction may slow the aging process by preventing molecular changes associated 

with aging, including epigenetic alterations, activation of cellular senescence pathways, and 

the exhaustion of adult stem cell populations. Molecular alterations induced by in vivo 

reprogramming may potentially lead to a better maintenance of tissue homeostasis and 

lifespan extension.
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Improvement of Aging Hallmarks in Mouse and Human Cells by Partial Reprogramming

Although the age-associated accumulation of progerin is well documented, the true role of 

this protein variant during physiological aging has not been ultimately demonstrated 

(Burtner and Kennedy, 2010; Scaffidi and Misteli, 2006). Therefore, to evaluate the effects 

of the Yamanaka factors on cellular phenotypes observed during physiological aging, we 

performed short-term induction of OSKM in late-passage WT 4F TTFs. OSKM induction in 

WT 4F cells was confirmed by qPCR and immunofluorescence after doxycycline treatment 

(Figures 6A and S6A). Similar to LAKI 4F cells, analysis of DNA damage in late-passage 

WT 4F cells upon short-term induction of OSKM revealed a reduced number of foci of 

histone γ-H2AX per cell compared to untreated cells (Figures 6B and S6B). Moreover, 

short-term induction of OSKM in WT 4F cells downregulated the expression of age-related 

stress response genes in the p53 tumor suppressor pathway, as well as the senescence-

associated metalloprotease MMP13 and interleukin-6 (Figure 6C). These results are in 

agreement with previous studies on global analysis of gene expression at early stages of 

cellular reprogramming (Hansson et al., 2012; Polo et al., 2012). Likewise, short-term 

induction of OSKM significantly reduced the production of mitochondrial ROS in WT 4F 

cells (Figure S6C) and restored levels of H3K9me3 compared to untreated cells (Figure 6D).

To further explore whether the effect of short exposure to the Yamanaka factors on aging 

hallmarks is conserved among species, we next used human cells to test this hypothesis. For 

this purpose, and to avoid the use of viruses for the introduction of the Yamanaka factors, we 

chose a human secondary system for OSKM expression. We and others have previously 

generated human iPSCs carrying doxycycline-inducible Yamanaka factors to better study the 

process of cellular reprogramming in homogeneous populations of human cells 

(Hockemeyer et al., 2008; Ruiz et al., 2012). Using this system, we differentiated human 4F 

iPSCs into fibroblasts and cultured these cells for several weeks to allow the accumulation of 

age-associated phenotypes. Subsequently, we performed short-term induction of OSKM in 

late-passage human 4F cells and analyzed the effect on age-associated phenotypes. OSKM 

induction was confirmed by qPCR after doxycycline treatment (Figure S6D). As was seen 

with mouse WT 4F TTFs, short-term OSKM induction in human 4F cells significantly 

reduced the number of foci of histone γ-H2AX per cell compared to untreated cells (Figure 

6E). In addition, short-term induction of OSKM in human 4F cells significantly restored the 

levels of H3K9me3 (Figure 6F).

Collectively, these results suggest that short-term induction of OSKM can ameliorate 

multiple hallmarks of aging in late-passage WT mouse and human cells, including the 

accumulation of DNA damage, cellular senescence, and epigenetic dysregulation, thus 

demonstrating the potential of partial reprogramming for the rejuvenation of phenotypes 

observed during physiological aging.

Increased Resistance to Metabolic Disease and Muscle Injury in Physiologically Aged 
Animals by Partial In Vivo Reprogramming

Lastly, to investigate whether in vivo partial reprogramming could have a beneficial effect on 

aging in WT organisms, we tested the effect of cyclic OSKM induction on the regenerative 

capacity of aged WT 4F mice. Aging is characterized by the decreased ability of an 
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organism to resist stress, damage, and disease. In addition, aging represents the major risk 

factor for many chronic diseases, including neurodegeneration, cancer, and diabetes. 

Alteration in glucose homeostasis represents one of the leading causes of morbidity and 

mortality. While insulin resistance and decreased secretory capacity of pancreatic beta cells 

play crucial roles in the development of diabetes, the loss of the proliferative capacity of beta 

cells in response to pancreatic injury has emerged as a fundamental mechanism of pancreatic 

dysfunction during aging (Rankin and Kushner, 2009; Teta et al., 2005; Tschen et al., 2009).

To confirm the decrease in regenerative capacity of beta cells during aging, we ablated beta 

cells from the pancreas of 2-month-old and 12-month-old mice by low-dose administration 

of the beta cell toxin streptozocin (STZ). Three weeks after injury, glucose tolerance test 

(GTT) demonstrated that 2-month-old mice restored glucose levels more effectively than 12-

month-old mice, suggesting that younger mice have a higher beta cell regenerative capacity 

(Figure S7A). Next, in order to investigate whether in vivo induction of the Yamanaka 

factors in aged mice could enhance their recovery from pancreatic injury, 12-month-old WT 

4F mice were subjected to cyclic induction of OSKM in vivo for 3 weeks (2 days of 

doxycycline administration followed by 5 days of doxycycline withdrawal) followed by low-

dose STZ administration (Figure 7A). Expression of Oct4 and Sox2 in the pancreas of old 

WT 4F mice was confirmed by qPCR analysis (Figure S7B). Importantly, GTT 

demonstrated higher glucose tolerance in doxycycline-treated old 4F mice compared to 

untreated controls 2 weeks after injury, indicating better pancreatic function (Figure 7B). 

STZ is a glucose analog that, after being transported into beta cells by the glucose 

transporter 2 (Glut2), induces DNA damage and apoptosis. Analysis of Glut2 by qPCR in 

old WT 4F mice following in vivo induction of OSKM did not reveal significant changes in 

Glut2 expression, indicating that a decrease in STZ uptake was not responsible for the 

improved pancreatic function of doxycycline-treated animals (Figure S7C). Moreover, 

doxycycline treatment in 12-month-old WT mice not carrying 4F did not lead to any 

improvement in glucose tolerance following pancreatic injury (Figure S7D). Lastly, 

histological analysis of the pancreas 2 weeks after STZ administration revealed an increase 

in the size of pancreatic islets in doxycycline-treated 12-month-old WT 4F mice compared 

to untreated controls (Figure 7C). These results indicate that cyclic induction of OSKM in 

vivo can promote the expansion of the beta cell population in older animals and increase 

their glucose tolerance upon pancreatic injury.

Sarcopenia is defined as the loss of skeletal muscle mass during aging and represents one of 

the major causes of physical incapacitation in individuals of advanced age (Marcell, 2003). 

The age-associated loss of muscle mass during aging results from a decline in the 

regenerative capacity of muscle stem cells, also known as satellite cells (Chakkalakal et al., 

2012; Cosgrove et al., 2014). Satellite cells exist in a quiescence state during life and are 

activated upon muscle injury to generate new muscle fibers (Bjornson et al., 2012; Cheung 

et al., 2012). During aging and as a consequence of environmental and cell-intrinsic factors, 

there is a decrease in the number and functionality of satellite cells that switch from a 

quiescent to a pre-senescence state that hampers their regenerative capacity (García-Prat et 

al., 2016; Sousa-Victor et al., 2014). First, in order to evaluate the decline in the regenerative 

capacity of skeletal muscle during aging, we performed cardiotoxin (CTX)-induced 

muscular injury in the tibialis anterior (TA) muscle of 2-month-old and 12-month-old mice. 
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Histological analysis of the TA muscle 10 days after injury revealed a decrease in the 

regenerative capacity of the muscle in 12-month-old mice compared to 2-month-old mice 

(Figures S7E and S7F). Based on our observations that short-term expression of OSKM 

preserves muscle satellite cells in a mouse model of premature aging (Figure 5F), we tested 

whether partial reprogramming in vivo could have a beneficial effect on the regenerative 

capacity of skeletal muscle in 12-month-old WT 4F mice. To maximize the in vivo 

expression of OSKM, we tested the induction of reprogramming factors upon intramuscular 

injection of doxycycline into the TA muscle of WT 4F mice. Analysis of expression by 

qPCR revealed strong induction of OSKM 3 days following doxycycline injection (Figure 

S7G). Next, 12-month-old WT 4F mice were subjected to cyclic induction of OSKM in vivo 

by intramuscular injection of doxycycline weekly for 3 weeks followed by CTX-induced 

muscle injury of the TA muscle (Figure 7D). Remarkably, histological analysis and laminin 

immunostaining of the TA muscle 10 days after injury demonstrated a significant 

improvement in the regenerative capacity of the muscle by cyclic OSKM induction (Figures 

7E and 7F), as indicated by an increase in the cross-sectional area of fibers and a reduction 

in the number of central nucleated fibers in the injured area (Figure 7G). Intramuscular 

injection of doxycycline in 12-month-old WT mice not carrying 4F did not lead to any 

improvement in the regenerative capacity of the muscle following injury (Figures S7H and 

S7I). Lastly, analysis of satellite cells revealed an increase in the number of Pax7-positive 

satellite cells in the muscle of 12-month-old 4F mice treated with doxycycline compared to 

untreated controls (Figure 7H). These results suggest that cyclic intramuscular induction of 

OSKM is capable of inducing an expansion of muscle stem cells in older mice and 

improving muscle regeneration following injury.

Together, these data highlight the potential of partial in vivo reprogramming for the 

amelioration of age-associated phenotypes, such as the decreased ability to resist damage 

and the decline in the regenerative capacity of tissues and organs during life.

DISCUSSION

For humans living in modern societies, aging is the largest risk factor for most diseases 

(Partridge, 2014). However, despite decades of effort, the complexity of cellular and 

organismal aging has limited our understanding of this critical biological process. Epigenetic 

alterations (e.g., DNA methylation, post-translational modifications of histones, and 

chromatin remodeling) have recently emerged as one of the most conserved hallmarks of 

aging (Benayoun et al., 2015; Sen et al., 2016). Interestingly, cellular reprogramming to 

pluripotency occurs through a stepwise global epigenetic remodeling (Benayoun et al., 2015; 

Liu et al., 2013b; Polo et al., 2012). The rejuvenation of aging hallmarks has been 

extensively described during cellular reprogramming to pluripotency in vitro (Lapasset et al., 

2011; Liu et al., 2011; Mahmoudi and Brunet, 2012; Rando and Chang, 2012), but the 

dynamics of this process remain poorly understood. In addition, until now, the amelioration 

of age-associated phenotypes by cellular reprogramming has not yet been demonstrated at 

the organismal level.

Our results demonstrate that partial reprogramming by short-term expression of the 

Yamanaka factors has the capacity to rejuvenate cellular phenotypes of aging in mouse and 

Ocampo et al. Page 10

Cell. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human cells. Although previous studies have indicated that expression of the Yamanaka 

factors in vivo can lead to cancer development or teratoma formation (Abad et al., 2013; 

Ohnishi et al., 2014), here, we demonstrate that tumor formation can be avoided by short-

term induction of OSKM. Cyclic induction of OSKM in vivo ameliorated hallmarks of aging 

and extended the lifespan of a mouse model of premature aging. Additionally, short-term 

induction of OSKM improved the regenerative capacity of pancreas and muscle following 

injury in physiologically aged mice. Together, these results show that partial in vivo 

reprogramming might be used to modulate aging hallmarks and significantly benefit 

organismal health.

Our observations may reinforce the potential role of epigenetic changes as drivers of aging 

and highlight the plasticity of the aging process, which might be altered by cellular 

reprogramming in vivo. In addition, our results suggest that aged cells undergo a process of 

molecular rejuvenation during the initial stages of cellular reprogramming to pluripotency. 

Failure to erase critical hallmarks of aging may lead to refractory populations of cells and 

cellular senescence. Due to the complexity of the reprogramming and aging processes, 

future studies will be necessary to investigate whether partial reprogramming can ameliorate 

aging hallmarks during physiological aging and to better understand the molecular 

mechanisms behind this phenomenon. This information will be necessary if we are to 

develop accurate and efficient epigenetic remodeling strategies toward maximizing the 

beneficial effects of in vivo reprogramming while avoiding potential risks associated with 

the in vivo expression of the Yamanaka factors.

Thus, the data presented here may guide the establishment of experimental in vivo platforms 

for investigating the mechanisms of physiological aging, as well as for revealing the specific 

role that epigenetic dysregulation may play in this important biological process. 

Reprogramming, currently an experimental tool to study development and cellular 

differentiation, may provide additional insights into the mechanisms of aging. Proposed 

drivers of physiological aging include the accumulation of DNA damage, increased ROS 

production, telomere shortening, cellular senescence, and defects in nuclear envelope 

architecture (Bernardes de Jesus and Blasco, 2013; Guarente, 2008; Haigis and Sinclair, 

2009; Kennedy and Lamming, 2016; Soultoukis and Partridge, 2016; Steffen and Dillin, 

2016). Multiple studies using animal models have demonstrated that the manipulation of 

these aging drivers leads to the manifestation of molecular hallmarks of aging that are shared 

between premature aging models and physiological aging (García-Prat et al., 2016; Mitchell 

et al., 2015). We hypothesize that the emergence of these molecular hallmarks during 

organismal aging results from the translation of aging signals by a unique and universal 

epigenetic program. Our results suggest that this epigenetic program, which is reset during 

embryogenesis, can also be experimentally altered by partial cellular reprogramming at later 

stages of life. Resetting of the aging clock by epigenetic reprogramming, which is also 

observed during somatic nuclear transfer, might allow for a deeper understanding of the 

molecular and cellular mechanisms underlying the aging process. Eventually, it may, as well, 

lead to the development of therapeutic strategies with the goal of ameliorating age-related 

diseases and thus improving health and longevity.
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STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Histone H3K9me3 Abcam Cat# ab8898; RRID: AB_306848

Anti-Histone H3K20me3 Abcam Cat# ab9052; RRID: AB_1951942

Anti-Insulin Abcam Cat# ab7842; RRID: AB_306130

Anti-Cytokeratin 15 [EPR1614Y] Abcam Cat# ab52816; RRID: AB_869863

Anti-cMyc Abcam Cat# ab32072; RRID:AB_731658

Anti-Integrin a 6 (ITGA6) 
[EPR5578]

Abcam Cat# ab124924; RRID: AB_11127843

Anti-Oct-3/4 (C-10) Santa Cruz Biotechnology Cat# sc-5279; RRID: AB_628051

Anti-Lamin A/C (346) Santa Cruz Biotechnology Cat# sc-7293; RRID: AB_627874

Anti-Sox2 Cell Signaling Technology Cat# 2748; RRID: AB_823640

Anti-Sox2 (C70B1) Cell Signaling Technology Cat# 3728; RRID: AB_2194037

Anti-Ki67 (D2H10) Cell Signaling Technology Cat# 9027

Anti-phospho-Histone H2A.X 
(Ser139) (20E3)

Cell Signaling Technology Cat# 9718; RRID: AB_2118009

Anti-Laminin Sigma Cat# L9393; RRID: AB_477163

Anti-53BP1 Novus Biologicals Cat# NB100-904; RRID: AB_10002714

Anti-Nanog Novus Biologicals Cat# NB100-58842; RRID: AB_877697

Anti-Pax7 DSHB Cat# Pax7; RRID: AB_528428

Anti-b-galactosidase EMD Millipore Cat# AB986; RRID: AB_92401

Chemicals, Peptides, and Recombinant Proteins

Doxycycline Sigma Cat# D9891

Streptozocin (STZ) Sigma Cat# S0130

Cardiotoxin (CTX) Latoxan Cat# L8102

Fluoromount-G SouthernBiotech Cat# 0100-01

HistoVT One (10x, pH 7.0) Nacalai Tesque Cat# 06380-05

Polybrene Millipore Cat# TR-1003

BLOXALL Vector Laboratories Cat# SP-6000

ImmPRESS HRP anti-Mouse IgG 
(Peroxidase) detection kit

Vector Laboratories Cat# MP-7402

ImmPRESS HRP anti-Rabbit IgG 
(Peroxidase) detection kit

Vector Laboratories Cat# MP-7401

ImmPACT DAB Peroxidase (HRP) 
substrate

Vector Laboratories Cat# SK-4105

Quick Start Bradford protein assay Bio-Rad Cat# 5000201

NuPAGE Novex 4%–12% Bis-Tris 
protein gels

ThermoFisher Scientific Cat# NP0321

Immobilon-P Membrane, PVDF Millipore Cat# IPVH00010
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REAGENT or RESOURCE SOURCE IDENTIFIER

ECL SuperSignal GE Healthcare Cat# RPN2232

Chaetocin Sigma Cat# C9492

OneTouch Ultra2 Meter OneTouch Cat# 021098

OneTouch Ultra Blue Strips OneTouch Cat# 020994

Formalin solution Sigma Cat# HT501128

DMEM GlutaMAX ThermoFisher Scientific Cat# 10566024

Non-essential amino acids (NEAA) ThermoFisher Scientific Cat# 11140050

FBS Gemini Bio-products Cat# 100-106

Lipofectamine 3000 ThermoFisher Scientific Cat# L3000-015

MitoSox Red Molecular Probes Cat# M36008

iScript Reverse Transcription 
Supermix

Bio-Rad Cat# 1708840

SsoAdvanced SYBR Green 
Supermix

Bio-Rad Cat# 1725270

Hoechst 33342 ThermoFisher Scientific Cat# 62249

TRIzol ThermoFisher Scientific Cat# 15596026

X-Gal Apex Cat# 20-108

Critical Commercial Assays

Alexa Fluor 488 Annexin V/Dead 
Cell Apoptosis kit

ThermoFisher Scientific Cat# V13241

Experimental Models: Cell Lines

Primary Tail Tip Fibroblasts (TTFs) 
WT

This paper N/A

Primary Tail Tip Fibroblasts (TTFs) 
WT 4F

This paper N/A

Primary Tail Tip Fibroblasts (TTFs) 
LAKI 4F

This paper N/A

Human 4F iPSCs Jaenisch lab N/A

Experimental Models: Organisms/Strains

LAKI mice (LMNA mutation 
G609G)

Brian Kennedy, Buck 
Institute

N/A

R26rtTA;Col1a12lox–4F2A The Jackson Laboratory JAX: 011011

C57BL/6J mice The Jackson Laboratory JAX: 000664

Recombinant DNA

pMXs-Oct3/4 Addgene Cat#13366

pMXs-Sox2 Addgene Cat#13367

pMXs-Klf4 Addgene Cat#13370

pMXs-c-Myc Addgene Cat#13375

Gag/pol Addgene Cat#14887

pCMV-VSV-G Addgene Cat#8454

pMXs-GFP This paper N/A

Sequence-Based Reagents

See Table S1 for qPCR primer list N/A N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Prism 6 GraphPad Software http://www.graphpad.com

ImageJ NIH https://imagej.nih.gov/ij/

Imaris 8.0 Bitplane http://www.bitplane.com

LabChart AD Instruments https://www.adinstruments.com/products/labchart

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead 

Contact Juan Carlos Izpisua Belmonte (belmonte@salk.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal procedures were performed according to NIH guidelines and approved by the 

Committee on Animal Care at the Salk Institute.

Mouse Strains—The mouse model of Hutchinson-Gilford progeria syndrome (HGPS) 

carrying the LMNA mutation G609G (LAKI) was generated by Carlos López-Otín at the 

University of Oviedo, Spain and kindly donated by Brian Kennedy at the Buck Institute. 

Mice carrying the OSKM polycystronic cassette and the rtTA trans-activator (WT 4F) were 

obtained from The Jackson Laboratory (Stock No: 011011). C57BL/6J (WT) mice were 

obtained from The Jackson Laboratory (Stock No: 000664). LAKI 4F carrying one (4F/+; 

rtTA/+) copy of the OSKM polycystronic cassette and the rtTA transactivator with 

homozygous LMNA mutation were generated by crossing LAKI and WT 4F mice. All the 

mice were in C57BL/6 background. In vivo experiments were performed in WT 4F mice 

carrying one (4F/+; rtTA/+) or two copies (4F/4F; rtTA/rtTA) of the OSKM polycystronic 

cassette and the rtTA transactivator. Experiments with WT and WT 4F mice were performed 

in males at 2 and 12 months of age. Experiments with LAKI and LAKI 4F mice were 

performed with mice of both genders at 7–8 weeks of age. For lifespan experiments, mice of 

both genders from a litter were randomly assigned to control and experimental groups. For 

beta cell ablation and muscle injury experiments, male mice were randomly assigned to 

control and experimental groups. Any animals that appeared unhealthy before the start of 

experiments were excluded. No inclusion criterion was used. The mice were housed with a 

12 hr light/dark cycle between 06:00 and 18:00 in a temperature controlled room (22 ± 1°C) 

with free access to water and food. Blood samples from mice were collected by 

submandibular bleeding.

Cell Culture and Maintenance—Tail tip fibroblasts (TTFs) were isolated from WT 4F 

and LAKI 4F mice and cultured at 37 °C in DMEM (Invitrogen) containing Gluta-MAX, 

non-essential amino acids, and 10% fetal bovine serum (FBS). TTFs of WT 4F (passage 8) 

and LAKI 4F (passage 6) were treated with doxycycline (2 μg/ml) for the indicated time 

periods in the culture medium. For inhibition of H3K9 methyltransferases, cells were treated 

with chaetocin (10 nM) for the indicated time periods in the culture medium. Human 

induced pluripotent stem cells carrying doxycycline-inducible transgenes for the expression 
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of OCT4, SOX2, KLF4 and c-MYC (4F iPSCs) were kindly donated by Rudolf Jaenisch. 

Human 4F iPSCs were differentiated into fibroblast-like cells by embryonic body formation 

in fibroblast medium in DMEM (Invitrogen) containing GlutaMAX, non-essential amino 

acids and 10% fetal bovine serum (FBS) for 5 days and subsequently plated into adherent 

tissue culture dishes. Subsequently, 4F fibroblasts were passaged and culture according to 

standard protocols. Experiments with human 4F fibroblasts were performed at passage 10. 

All experiments were performed a minimum of three times.

METHOD DETAILS

In Vivo Induction of OSKM—Induction of OSKM was performed by administration of 

doxycycline (1 mg/ml) (Sigma) in the drinking water. The in vivo cyclic induction protocol 

consisted of 2 days of doxycycline administration followed by 5 days of doxycycline 

withdrawal. For lifespan experiments, cyclic doxycycline administration started at 8 weeks 

of age and continued until death. For beta cell ablation experiments, 12-month old WT 4F 

mice were subjected to 3 cycles of 2 days of doxycycline administration in drinking water at 

a concentration of 0.5 mg/ml. For muscle injury experiments, cyclic expression of OSKM 

was induced in the TA muscle by a weekly intramuscular injection of 30 μL of doxycycline 

(1 mg/ml) prepared in PBS during the course of 3 weeks.

Beta Cell Ablation—Induction of diabetes by low-dose streptozocin (STZ) treatment was 

performed in 2 and 12-month old WT mice, and 12-month old WT 4F mice. 12-month old 

WT 4F mice were subjected to 3 cycles of 2 days of doxycycline administration in drinking 

water at a concentration of 0.5 mg/ml. Following the last cycle of doxycycline treatment, 

mice were fasted for 5 hr before streptozocin administration. Subsequently, mice were 

treated with five daily injections of low-dose (30–50 mg/kg) streptozocin in 0.1 mol/l 

sodium citrate buffer (pH 4.5). Glucose tolerance test (GTT) was performed 2 weeks after 

STZ treatment. For GTT, animals were fasted for 16 hr and subsequently injected with 1.5 g 

of glucose per kg of body weight. Blood glucose levels were measured at 15, 30, 60 and 120 

min with an OneTouch Ultra 2 glucometer (OneTouch) using blood from the tail vein. At the 

indicated times mice were sacrificed and the pancreas were dissected and processed for 

histological analysis.

Muscle Injury Model—Induction of muscle injury was performed in 2 and 12-month old 

WT mice, and 12-month old WT 4F mice by intramuscular injection of 50 μL of cobra 

venom (10 μM; ~97% carditoxin; CTX) from Naja Pallida (Latoxan) in the tibialis anterior 

(TA) muscle. Prior to CTX-induced muscle injury, cyclic expression of OSKM was induced 

in the TA muscle by a weekly intramuscular injection of 30 μL of doxycycline (1 mg/ml) 

prepared in PBS during the course of 3 weeks. Subsequently, 10 days after CTX-induced 

muscle injury, mice were sacrificed and the TA muscles were dissected and processed for 

histological analysis.

Heart Rate Analysis—For analysis of heart rate, mice were anesthetized with 2.5% 

isoflurane and heart rate was monitored using Power Lab data acquisition instrument (Ad 

Instruments). Data were processed and analyzed using LabChart (AD Instruments).
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Histological Analysis—For histological analysis, tissue samples from a minimum of 5 

mice were collected at 14 weeks of age after 6 weeks of cyclic induction of OSKM by 

doxycycline treatment. Mice were perfused with PBS and 10% buffered formalin solution. 

Subsequently, tissues were fixed overnight at 4°C in 10% buffered formalin solution and 

embedded in paraffin. Paraffin sections were used for hematoxylin and eosin staining (H&E) 

or for immunohistochemistry.

Immunohistochemistry—Paraffin tissues sections underwent antigen retrieval using 

HistoVT One (Nacalai Tesque). Endogenous peroxidase was blocked using Bloxall (Vector 

Laboratories). Subsequently, tissue sections were incubated overnight with primary antibody 

in donkey serum. Finally, tissue sections were incubated with ImmPress reagent for 30 min 

(Vector Laboratories), and positive cells were visualized with ImmPACT DAB substrate 

(Vector Laboratories).

Antibodies—Antibodies were obtained from the following sources. Abcam: anti-

H3K9me3 (ab8898), anti-H4K20me3 (ab9052), anti-insulin (ab7842), anti-cytokeratin 15 

(ab52816), anti-c-myc (ab32072), anti-integrin α 6 (ITGA6) (ab124924); Santa Cruz 

Biotechnology: anti-Oct-3/4 (sc-5279), anti-lamin A/C (sc-7293); Cell Signaling: anti-Sox2 

(2748), anti-Sox2 (3728), anti-Ki67 (9027); anti-phospho histone H2AX (9718), Sigma: 

anti-laminin (L9393); Novus: anti-53BP1 (NB100-904) anti-Nanog (NB100-58842); DSHB: 

anti-Pax7 (pax7 s); Millipore: anti-β-galactosidasa (AB986).

Immunofluorescence Microscopy—Cells were fixed with 4% formaldehyde in PBS at 

room temperature (RT) for 10 min. After fixation, cells were treated with 0.5% Triton X-100 

in PBS for 5 min at RT. After blocked with 1% BSA in PBS for 1 hr, cells were incubated at 

4°C overnight with the primary antibody, followed by washing in PBS and incubation at RT 

for 1 hr with the corresponding secondary antibody. Nuclei were stained with Hoechst 

33342 (Invitrogen). Cells were mounted using Fluoromount-G (SouthernBiotech). Confocal 

image acquisition was performed using a Zeiss LSM 780 laser-scanning microscope (Carl 

Zeiss Jena). Images were taken at z sections of 0.25 μm intervals using the adequate lasers 

(488-nm, 568-nm, 633-nm and 405-nm). The laser intensity was typically set to 3%–5% 

transmission of the maximum intensity, and the settings were established to avoid signal 

saturation for any of the lasers.

Western Blot Analysis—Protein samples from cells and tissues were isolated in RIPA 

buffer. Protein concentration was evaluated by Quick Start Bradford protein assay (Bio-

Rad). Equal amounts of protein were loaded on 4%–12% SDS-PAGE polyacrylamide gels. 

After electrophoresis, gels were electrotransferred onto polyvinylidene fluoride (PVDF) 

membranes (Millipore), and blocked with 5% nonfat milk. Subsequently, membranes were 

incubated overnight at 4°C with the indicated antibody. Finally, blots were incubated with 

horse-radish peroxidase secondary antibodies at room temperature for 1 hr. The ECL 

SuperSignal (GE Healthcare) was use for final detection.

RNA Analysis—Total RNA was extracted from cells, tissues, and blood samples using 

TRIzol (Invitrogen) followed by cDNA synthesis using iScript Reverse Transcription 
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Supermix for RT-PCR (Bio-Rad). qPCR was performed using SsoAdvanced SYBR Green 

Supermix (Bio-Rad). Primer sequences are listed in Table S1.

Virus Preparation and Infection—For retrovirus preparation, plasmid encoding Oct4, 

Sox2, Klf4, and c–Myc were cotransfected into HEK293FT together with packing plasmids 

using Lipofectamine 3000 (Invitrogen). Retrovirus particles were collected 2 days after 

transfection and filtered. Retroviral transduction of tail tip fibroblasts (TTFs) was done 

overnight in 8 μg/ml polybrene (Millipore). Analysis of TTFs transduced with single factors 

was performed 4 days after transduction.

Analysis of Programmed Cell Death—Programmed cell death (apoptosis) was 

evaluated by flow cytometry using the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis kit 

(ThermoFisher Scientific). Briefly, cells were resuspended in 100 μL of 1x annexin-binding 

buffer. Subsequently, 5 μL of Alexa Fluor 488 annexin V and 1 μL 100 μg/ml PI working 

solution were added to 100 μL of cell suspension. The cells were incubated for 15 min at 

room temperature. Lastly, 400 μL of 1x annexin-binding buffer was added to cells and 

analyzed using flow cytometry.

Measurement of Reactive Oxygen Species—Mitochondrial reactive oxygen species 

(ROS) were measured using the mitochondrial superoxide indicator MitoSox Red 

(Molecular Probes). Briefly, cells were washed with PBS and incubated for 10 min at 37°C 

in HBSS buffer containing MitoSox at a concentration of 5 μM. Subsequently cells were 

washed and analyzed using flow cytometry.

Senescence-associated Beta-galactosidase Assay—Senescence-associated beta-

galactosidase (SA-βgal) assay was performed as described (Debacq-Chainiaux et al., 2009). 

Briefly, first, the cells were fixed in 4% paraformaldehyde for 5 min at room temperature. 

Next, the cells were washed twice with PBS and incubated overnight 37°C in staining 

solution containing 40 mM citric acid/Na phosphate buffer, 5 mM K4[Fe(CN)6] 3H2O, 5 

mM K3[Fe(CN)6], 150 mM sodium chloride, 2 mM magnesium chloride and 1 mg/ml X-gal. 

Finally, the cells were washed twice with PBS and once with methanol. The plate was dried 

and photos of cells were taken using bright field microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification—For quantification of immunofluorescence microscopy images, a 

minimum of 50–100 cells were counted to determine the number, volume, and intensity of 

γH2AX, 53BP1, H3K9me3 and H4K20me3 foci per cell or cells with nuclear abnormalities. 

To ensure reliable quantification, image recording was performed under the same scanning 

conditions for all the samples in the same experiment in terms of: objective lens, 

illumination intensity, emission window, digital zoom, scanning speed, and offset and gain 

settings. The z sections were assembled using Imaris 8.0 software (Bitplane) and then used 

for further analysis using the Imariscell module. For quantification of histological and 

immunohistochemistry analysis, three sections per tissue from 3–5 animals were analyzed 

using ImageJ (NIH). All quantifications were performed blinded.
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Statistical Analysis—All of the data are presented as the mean ± SEM and represent a 

minimum of three independent experiments. Statistical parameters including statistical 

analysis, statistical significance, and n value are reported in the Figure legends. For in vivo 

experiments n = number of animals. Statistical analyses were carried out using Prism 6 

Software (GraphPad). For statistical comparison of multiple groups, we performed one-way 

ANOVA followed by Bonferroni correction. For statistical comparison of two groups, we 

performed two-tailed Student’s t test. A value of p < 0.05 was considered significant. For 

statistical analysis of survival curves, we performed log-rank (Mantel-Cox) test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Partial reprogramming erases cellular markers of aging in mouse and human 

cells

• Induction of OSKM in progeria mice ameliorates signs of aging and extends 

lifespan

• In vivo reprogramming improves regeneration in 12-monthold wild-type mice
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Figure 1. Amelioration of Cellular Markers of Aging by Short-Term In Vitro Induction of Oct4, 
Sox2, Klf4, and c-Myc
(A) Immunofluorescence of Oct4 and Sox2 in LAKI 4F TTFs. Scale bar, 10 μm.

(B) Immunofluorescence and quantification of γH2AX foci in LAKI 4F TTFs. Scale bar, 10 

μm. **** p < 0.0001, according to one-way ANOVA with Bonferroni correction.

(C) qPCR analysis of stress response genes in the p53 pathway, senescence-associated 

metalloprotease MMP13 and interleukin-6 in LAKI 4F TTFs. **p < 0.01, ***p < 0.001, and 

****p < 0.0001 according to one-way ANOVA with Bonferroni correction.
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(D and E) Immunofluorescence of H3K9me3 and H4K20me3 in LAKI 4F TTFs. Scale bar, 

10 μm. **p < 0.005 and ****p < 0.0001 according to one-way ANOVA with Bonferroni 

correction.

(F) Immunofluorescence of Lamin A/C and quantification of nuclear abnormality in LAKI 

4F TTFs. Arrows indicate blebbing in the nuclear envelope in Oct4 negative cells. Scale bar, 

10 μm. **p < 0.005 according to one-way ANOVA with Bonferroni correction.

Data are presented as mean ± SEM. See also Figures S1 and S2.
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Figure 2. Epigenetic Remodeling during Short-Term In Vitro Induction of Oct4, Sox2, Klf4, and 
c-Myc Reverses Cellular Markers of Aging
(A) Immunofluorescence of γH2AX and Lamin A/C and quantification of γH2AX and 

nuclear abnormalities in LAKI 4F TTFs subjected to cyclic expression of OSKM for the 

indicated days. Scale bar, 10 μm. *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 

0.0001 according to one-way ANOVA with Bonferroni correction compared to control.

(B) Immunofluorescence and quantification of H3K9me3 in LAKI 4F TTFs subjected to 

cyclic expression of OSKM for the indicated days. Scale bar, 10 μm. ***p < 0.0005 and 

****p < 0.0001 according to one-way ANOVA with Bonferroni correction.
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(C) Immunofluorescence and quantification of H3K9me3 in LAKI 4F TTFs subjected to 

short-term expression of OSKM for 12 hr and 24 hr. Scale bar, 10 μm. **p < 0.005 and 

****p < 0.0001 according to one-way ANOVA with Bonferroni correction.

(D) Immunofluorescence of γH2AX and Lamin A/C, and quantification of γH2AX and 

nuclear abnormalities in LAKI 4F TTFs subjected to short-term expression of OSKM for 12 

hr and 24 hr. Scale bar, 10 μm.

(E) Immunofluorescence and quantification of H3K9me3 in LAKI 4F TTFs subjected to 

short-term expression of OSKM in the presence of the H3K9 methyl-transferase inhibitor 

chaetocin. Scale bar, 10 μm. **p < 0.01 and ****p < 0.0001 according to one-way ANOVA 

with Bonferroni correction.

(F) Immunofluorescence and quantification of γH2AX foci in LAKI 4F TTFs subjected to 

short-term expression of OSKM in the presence of the H3K9 methyl-transferase inhibitor 

chaetocin. Scale bar, 10 μm. ****p < 0.0001 according to one-way ANOVA with Bonferroni 

correction.

Data are presented as mean ± SEM.
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Figure 3. Establishment of In Vivo Induction Protocol in 4F Mice
(A) Body weight of 4F mice upon continuous administration of doxycycline (−Dox n = 11; 

+Dox n = 26).

(B) Survival of 4F mice upon continuous administration of doxycycline (−Dox n = 11; +Dox 

n = 26). ***p < 0.0005 according to log-rank (Mantel-Cox) test.

(C) Schematic representation of cyclic doxycy-cline administration protocol.

(D) qPCR analysis of Oct4, Sox2, Klf4, and c-Myc in blood samples of 4F mice after 2 days 

of doxycycline administration. **p < 0.005, ***p < 0.0005, and ****p < 0.0001 according 

to one-way ANOVA with Bonferroni correction.

(E) Teratomas (arrows) in 4F mice carrying two copies of OSKM and rtTA cassette after 8 

weeks of cyclic doxycycline administration.

(F) Histological analysis of teratoma with ectoderm, mesoderm, and endoderm. Scale bar, 50 

μm.

Data are presented as mean ± SEM. See also Figure S3.
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Figure 4. Extension of Lifespan and Prevention of Age-Associated Phenotypes by In Vivo 
Induction of Oct4, Sox2, Klf4, and c-Myc
(A) Body weight of LAKI and LAKI 4F mice upon cyclic doxycycline administration. 

LAKI (−Dox n = 20; +Dox n = 13) and LAKI 4F (−Dox n = 18; +Dox n = 15).

(B) Survival of LAKI and LAKI 4F mice upon cyclic doxycycline administration. LAKI 

(−Dox n = 20; +Dox n = 13) and LAKI 4F (−Dox n = 18; +Dox n = 15). ****p < 0.0001 

according to log-rank (Mantel-Cox) test.

(C) Representative photograph of 16-week-old LAKI 4F mice upon cyclic doxycycline 

administration.

(D) Necropsy analysis of 14-week-old LAKI 4F mice upon cyclic doxycycline 

administration.

(E) Histological analysis of indicated organs of 14-week-old LAKI 4F mice upon cyclic 

doxycycline administration. Arrows depict decreased epidermal thickness and increased 

keratinization, small lymphoid nodules in the splenic white pulp, tubular atrophy in the 

kidney, and loss of parietal cells in the stomach of untreated LAKI 4F mice. Scale bar, 50 

μm (skin and kidney) and 100 μm (spleen and stomach). *p < 0.05, ***p < 0.001, and ****p 

< 0.0001 according to one-way ANOVA with Bonferroni correction.
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(F) Histology of aortic arch of LAKI 4F mice upon cyclic doxycycline administration. Scale 

bar, 50 μm. *p < 0.05 and ****p < 0.0001 according to one-way ANOVA with Bonferroni 

correction.

(G) ECG analysis in LAKI 4F mice upon cyclic doxycycline administration (−Dox n = 4; 

+Dox n = 4). Heart rate represented as beats per minute (bpm). *p < 0.05, **p < 0.001, and 

****p < 0.0001 according to one-way ANOVA with Bonferroni correction.

Data are presented as mean ± SEM. See also Figure S4.
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Figure 5. Amelioration of Cellular Markers of Aging by In Vivo Induction of Oct4, Sox2, Klf4, 
and c-Myc
(A) Expression of Oct4 and Sox2 in the indicated organs of LAKI 4F upon cyclic 

doxycycline administration. *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001 

according to one-way ANOVA with Bonferroni correction.

(B) Immunostaining and quantification of Ki67 positive cells in stomach, kidney, and skin of 

LAKI 4F mice upon cyclic doxycycline administration. Scale bar, 50 μm.

(C and D) Immunofluorescence of H3K9me3 and H4K20me3 in kidney and spleen of LAKI 

4F mice upon cyclic doxycycline administration. Scale bar, 10 μm.

(E) Immunostaining of β-galactosidase in liver of LAKI 4F mice upon cyclic doxycycline 

administration.
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(F) Immunostaining and quantification of Pax7-positive cells in muscle of LAKI 4F mice 

upon cyclic administration of doxycycline. *p < 0.05, ***p < 0.001, and ****p < 0.0001 

according to one-way ANOVA with Bonferroni correction.

(G) Immunostaining and quantification of Cytokeratin-15 in skin of LAKI 4F mice upon 

cyclic doxycycline administration. Scale bar, 20 μm. **p < 0.005, ***p = 0.0001.

Data are presented as mean ± SEM. See also Figure S5.
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Figure 6. Amelioration of Aging Hallmarks in Wild-Type Mice and Human Cells by Short-Term 
In Vitro Induction of Oct4, Sox2, Klf4, and c-Myc
(A) Immunofluorescence of Oct4 and Sox2 in WT 4F TTFs. Scale bar, 5 μm.

(B) Immunofluorescence and quantification of γH2AX foci in late-passage cells from WT 

4F mice. Scale bar, 10 μm. ****p < 0.0001 according to one-way ANOVA with Bonferroni 

correction.

(C) qPCR analysis of stress response genes in the p53 pathway, senescence-associated 

metalloprotease MMP13, and interleukin-6 in late-passage cells from WT 4F mice. *p < 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 according to one-way ANOVA with 

Bonferroni correction.
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(D) Immunofluorescence and quantification of H3K9me3 in late-passage WT 4F cells. Scale 

bar, 10 μm. *p < 0.05, and ****p < 0.0001 according to one-way ANOVA with Bonferroni 

correction compared to control.

(E) Immunofluorescence and quantification of γH2AX foci in late-passage human 4F cells. 

Scale bar, 10 μm. ***p < 0.0005 and ****p < 0.0001 according to one-way ANOVA with 

Bonferroni correction compared to control.

(F) Immunofluorescence and quantification of H3K9me3 in late-passage human 4F cells. 

Scale bar, 10 μm. *p < 0.05, **p < 0.005, and ****p < 0.0001 according to one-way 

ANOVA with Bonferroni correction compared to control.

Data are presented as mean ± SEM. See also Figure S6 and Table S1.
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Figure 7. Improved Resistance to Metabolic Disease and Skeletal Muscle Injury in Aged WT 
Animals by In Vivo Reprogramming
(A) Schematic representation of induction of pancreatic injury by low-dose (30 mg/kg) STZ 

following in vivo reprogramming in 12-month-old WT 4F mice.

(B) Glucose tolerance test (GTT) in 12-month-old WT 4F mice following beta cell ablation 

by low dose STZ (−Dox n = 6; +Dox n = 6). **p < 0.01 and ***p = 0.0005 according to 

two-tailed Student’s t test.

(C) Immunostaining of Insulin and quantification of pancreatic islet size in pancreas of 12-

month-old WT 4F mice 2 weeks following STZ. **p < 0.005 according to two-tailed 

Student’s t test.
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(D) Schematic representation of induction of muscle injury by CTX following in vivo 

reprogramming in 12-month-old WT 4F mice.

(E) Representative image of H&E staining of tibialis anterior (TA) muscle of 12-month-old 

WT 4F mice following muscle injury by CTX injection. Scale bar, 50 μm.

(F) Immunostaining of Laminin in muscle sections of 12-month-old WT 4F mice.

(G) Quantification of fiber cross-sectional area frequency distribution and percentage of 

central nucleated fibers in muscle sections of 12-month-old WT 4F mice following muscle 

injury by CTX injection (−Dox n = 4; +Dox n = 4). **p < 0.001 according to two-tailed 

Student’s t test.

(H) Immunostaining and quantification Pax7-positive cells in muscle sections of 12-month-

old WT 4F mice following muscle injury by CTX injection (−Dox n = 4; +Dox n = 4). *p < 

0.05 according to two-tailed Student’s t test.

Data are presented as mean ± SEM. See also Figure S7.
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