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Abstract 
 

Aging is a major risk factor for some of the most common chronic diseases, including heart 

disease, diabetes, Alzheimer’s, arthritis, and cancer, yet there is little emphasis on treating aging 

itself in the medical field. Many anti-aging therapies that target different hallmarks of aging are 

being developed, but one of particular interest is “partial reprogramming”, a method of partially 

resetting the epigenetic clock via the expression of Yamanaka Factors. Here, I discuss studies 

showing that partial reprogramming reverses many aging hallmarks and restores both form and 

function of a vast array of tissue types including peripheral tissues, sensory nervous tissue such 

as retinal ganglion cells, and even dentate gyrus cells of the hippocampus that are involved in 

memory formation in murine mode.



 
 

Introduction 
Is age a disease? 

In 1948, the World Health Organization defined health as “state of complete physical, 

mental and social well-being, not merely the absence of infirmity.” While this definition was an 

improvement from the previous definition (the absence of disease or infirmity), it has again come 

under attack as it discounts the fact that individuals can live with chronic illnesses and still be 

able to carry out their daily tasks with relative ease. In 2011, BMJ published an article written by 

Dr. Machteld Huber and colleagues countering the WHO’s definition, and instead defined health 

as “the ability to adapt and self-manage, in light of the physical, emotional and social challenges 

of life”, essentially equating health to allostasis, or the ability of an individual to recover from 

adversity (Huber, M., et al, 2011). If then we consider the negative ramifications of age, possibly 

the most comprehensive of them all is a loss of the ability to recover from these biological, 

emotional, and social stressors. So, why do we not consider aging a disease? 

The answer, although complicated, may lie in the fundamental belief that age is not 

something that can be prevented or treated. In the face of this belief, it would be irrational to 

focus resources and time pondering how to solve this problem. Instead, gerontologists allocate 

resources to the treatment of age-related symptoms and doctors specializing in age related 

diseases (such as heart disease, cancer, dementia, type 2 diabetes, and arthritis) focus on each 

disease as if it were an individual problem. At odds with this practice are the parallels between 

the hallmarks of aging and these age-related diseases. For instance, type 2 diabetes is rooted in 

dysregulated nutrient sensing, a hallmark of aging (Type 2 Diabetes | Mayo Clinic, 2021). 

Cancer is characterized as unregulated cell growth, and studies have related cancer to 

senescence, telomere dysregulation, genomic instability, and epigenetic dysregulation—all 



 
 

hallmarks of aging (Campisi, J., 2012, Figure 1). Heart disease, the leading cause of death 

amongst Americans, has age as a major risk factor (Promoting Health for Older Adults | CDC, 

2020). In light of these parallels, one might suggest that aging itself should be treated, but this 

idea is still met with resistance, even after admission that it might be possible.  

The idea of immortality is not a new concept, in fact, the Greek historian Herodotus 

described a fountain that bestowed youthfulness in 425 BCE after Persian spies visited the 

Macrobians in Africa in his History of Herodotus. The Icthyophagi spies were allegedly taken to 

a fountain by the king who boasted that his people would commonly live to 120 years.  

“When the Icthyophagi showed wonder at the number of the years, he led them to a 

fountain, wherein they had washed, they found their flesh all glossy and sleek, as if they 

had bathed in oil—and a scent came from the spring like that of violets. The water was so 

weak, they said, that nothing would float in it, neither wood, nor any lighter substance, but 

all went to the bottom. If the account of this fountain be true, it would be their constant use 

of the water from it which makes them so long-lived (Herodotus, 440 BCE).” 

But still, the idea of “meddling with nature” in such a way brings about feelings of discomfort in 

most people. One might be inclined to argue that nature did not intend for us to live longer than 

around 120 years; the maximum lifespan of humans. In fact, most would likely prefer not to live 

that long—after all, old age and disease are practically two sides of the same coin. But what if 

we were able to stay as healthy as we are now throughout our lifespan? What if we only evolved 

to live long enough to reproduce and raise our children so our lineage would continue on, and 

anything beyond that didn’t really matter? Maybe instead of the idea that nature devised a 

programmed decline and death, nature actually just stopped “caring” whether or not we lived 



 
 

after we fulfilled that agenda. In order to further explore this theory, let us use the link between 

age and some cancers.  

Age as an antagonistic pleiotropy 

Senescence, a state of growth arrest and hallmark of aging, has been linked to both 

preventing cancer, and in some situations, exacerbating cancer formation (Campisi, J., 2012). Its 

preventative actions include stopping a cell from dividing under states of genomic instability, 

typically associated with the p16INK4a or p53 tumor suppressor pathways (Rufini, et al., 2013). At 

the same time, dysregulation of either of these pathways can result in tumor formation (Gurtner, 

et al., 2016) and inflammation caused by certain senescent cells can recruit immune responses 

that contribute to the ability of cancer to metastasize (Davalos, et al., 2010).  It is theorized that 

senescence evolved as means to prevent unstable genomes from replicating, essentially 

suppressing tumor formation. Evidence supporting this theory includes the link between 

senescence and the DNA damage response (DDR). Some examples of triggers of the DDR 

include telomere attrition, double strand breaks, and increased reactive oxygen species (ROS) 

(Campisi, J., 2012). Of course, when any of these pathways are dysregulated, induction of the 

senescence associated secretory phenotype (SASP) can have the opposite effect, resulting in 

increased levels of proinflammatory cytokines, growth factors (GFs) and proteases that normally 

would promote wound repair but can all contribute to tumor formation (Davalos, et al., 2010). 

Importantly, dysregulation of these pathways is also associated with age (Campisi, J., 2012). The 

most widely accepted explanation of this contradictory phenomena is that senescence is an 

antagonistic pleiotropy—something that was selected for because of its beneficial effects early in 

life, but ultimately is detrimental later in life. From a purely evolutionary standpoint, preventing 



 
 

cancer early in life is unquestionably going to be selected, while preventing cancer after the 

reproductive period might not be prioritized.  

Chronological vs Biological Age 

Knowing this, it is important to ask why these pathways are dysregulated, and why age is 

so commonly a risk factor in this dysregulation. David Sinclair, a professor of genetics at 

Harvard, proposes a theory of aging that defines aging as a loss of information, both via 

mutations in the DNA sequence and mis-regulated expression of genes, also known as epigenetic 

information (Sinclair, 2019). Sinclair proposes that as we age, our epigenome is faced with 

stressors that result in accidental rearrangements of this epigenetic information, leading to an 

array of aging phenotypes. Furthermore, he believes that there must be some way for our cells to 

restore the correct conformation of our epigenome, what he terms “analog” information (Sinclair, 

2019).   True to this theory, one of the most accurate methods of determining biological age 

utilizes patterns of DNA methylation on sequences called CpG islands, known as the Horvath 

clock (Horvath & Raj, 2018). These CpG islands are repeats of cytosine and guanine found on 

the promoter region of almost all genes (Jung, M., 2013). The methylation status of these regions 

corresponds to whether or not that gene is being expressed, and while this varies widely by cell 

type, researchers have found hundreds of CpG islands that are conserved across all cell types 

(Horvath & Raj, 2018). These conserved methylation sites, when combined, very tightly 

correspond to the biological age of a cell (Horvath & Raj, 2018). Biological and chronological 

age differ in that chronological age only pertains to time, while biological age takes into account 

factors such as genetics, exposure to UV rays, radiation, or harsh chemicals that can affect the 

aging process. For example, people who smoke for extended periods of time often look and feel 

older—one study found that the risk of developing arcus corneae, earlobe crease and 



 
 

xanthelasmata had a dose dependent increase with cigarette usage (Schou, A., et al., 2017). 

Further supporting this observation, one study also found that smoking increases the biological 

age of lung tissue and esophageal tissue by over 4 years each (Wu, et al., 2019). While this isn’t 

surprising (after all, genetic instability and epigenetic dysregulation are hallmarks of aging), it 

does have interesting implications, particularly when we consider that we have the ability to 

dedifferentiate cells, resetting the epigenetic clock.  

 

Figure 1. The 9 Hallmarks of Aging (taken from López-Otín, et al., 2013).  

 



 
 

Can it be reversed? 

Differentiation used to be considered a unidirectional process—that is, once a cell had 

committed to becoming a heart cell, it was not going to somehow change course and become a 

bone cell. Because the DNA in each of our cells is the same, it is the epigenome that 

distinguishes each cell type from another. Differentiation is the process by which the 

chromosomes of each cell are arranged, epigenetically, to yield each cell type. For example, a 

zygote will have areas of tightly packed chromatin—heterochromatin—that are unable to be 

accessed by RNA polymerase, the enzyme responsible for initiating the transcription of the DNA 

into RNA that will later be translated into different proteins. At a biochemical level, 

heterochromatin have highly methylated regions that allow the tight spooling of the DNA around 

histones, preventing the transcription of those regions. Conversely, euchromatin are areas of the 

DNA that are mostly acetylated, leading to more open areas that are able to be transcribed. 

During embryogenesis, cells’ chromatin is arranged with areas of heterochromatin and 

euchromatin that dictate cell type. With each rearrangement, the cells lose some of their 

stemness—or the ability to turn into multiple cell types. It was not until Shinya Yamanaka and 

colleagues discovered that four master transcription factors, Oct4, Sox2, Klf4, and c-Myc 

(OSKM) were able to induce pluripotency – the ability to differentiate into any adult cell type – 

that it was realized this process could be reversed (Takahashi & Yamanaka, 2006). These master 

transcription factors, typically expressed at very high levels in pluripotent embryonic stem cells, 

regulate some very important pathways involved in differentiation. Some of the most noteworthy 

include the regulation of H3K9 methyltransferases and TET1 and TET2 demethylases—both 

regulators of DNA methylation that are essential for determining cell fate (Chen, J., et al, 2013; 

Koh, K., et al., 2011). This has lead researchers like Sinclair to suggest that OSKM are able to 

induce pluripotency by reorganizing epigenetic structure.   



 
 

Shinya Yamanaka’s discovery was revolutionary—until then, the epigenome was 

untouchable, at least in any beneficial or controlled way. Inducing pluripotency is essentially 

rearranging the epigenome to a point at which any somatic cell can arise, and as a result 

‘resetting the epigenetic clock.’ In fact, studies have found that iPSCs (induced pluripotent stem 

cells), even taken from centenarians, are capable of reaching ‘day zero’ as determined by the 

Horvath Clock (although extra passaging, which involves extracting cells and putting them in 

new media, was necessary) (Sardo, et al., 2017). Considering this, it is unsurprising that the 

Yamanaka Factors have been under scrutiny for their potential in reversing, or at least halting the 

aging process. This method of reversing aging, termed partial reprogramming, dedifferentiates 

cells to a point at which epigenetic dysregulations associated with aging are reversed, but does 

not dedifferentiate the cell enough to lose cell identity and induce pluripotency, termed the point 

of no return (PNR) (Sarkar, et al., 2019). In the following chapters, we will delve into a three of 

the most promising, cutting edge studies that have and will shape the future of this ancient 

goal—the fountain of youth may not be a myth after all. In Chapter 1, experiments using the 

Yamanaka Factors are the first to show that the cells of mice can be “reprogrammed” (made 

young again via epigenetic reprogramming) in vivo, to ameliorate multiple hallmarks of aging in 

a broad range of tissue types without tumor formation. In Chapter 2, researchers were able to 

restore the vision of mice with optic nerve injuries, glaucoma, and repair age-related vision loss 

using the YFs. Finally, in Chapter 3, it was found that induction of the YFs even improved the 

memory of mice in an object recognition test. Each of these experiments have added valuable 

insights into the field of aging, and have given hope that aging is a process that can be treated.   



 
 

CH 1: Benjamin Button 
 Aging Phenotypes can be Ameliorated with Induction of the Yamanaka Factors 

With the realization that the Yamanaka Factors (OSKM) were essentially able to turn 

back the epigenetic clock, geneticists and gerontologists began to see just how applicable these 

master transcription factors could be. Perhaps one of the most convincing pieces of evidence 

supporting the informational theory of aging, which suggests that aging is caused by the loss of 

information both at the genetic and epigenetic levels, is that induction of OSKM. It not only 

results in a pluripotent stem cell, essentially resetting the epigenome to day zero, but that upon 

redifferentiation, this “old” cell does not retain the severity of the hallmarks of aging that it once 

carried (Ocampo et al., 2016). But this does not come without dangers; c-Myc, one of the four 

Yamanaka factors, is responsible for the development of many organs during embryogenesis is 

also an oncogene that has been implicated in malignant tumor formation (Baudino, T., et al., 

1970; Miller, D., et al., 2012). It is unsurprising then, that initial attempts to induce the YFs 

resulted in teratoma formation and decreased lifespan of mice (Onishi, et al., 2014). In 2016, 

Ocampo et al. were able to design a method of administering OSKM that did not result in 

teratoma formation, but still yielded the positive effects of cellular reprogramming in both a 

premature aging and wild type murine model.  

As is common in longevity research, the premature aging model Hutchinson-Gilford 

progeria syndrome (HGPS) was used. HGPS, colloquially called Benjamin Button disease, is 

caused by a mutation in the Lmna gene that codes for the lamin-A and C proteins (Hutchinson-

Gilford progeria syndrome, 2021). Lamin proteins are responsible for maintaining the structure 

of the nuclear lamina, which is thought to be closely tied to the level of differentiation a cell has 

undergone, although there is some controversy as to the validity of this finding (Constantinescu, 



 
 

D., 2006; Eckersley-Maslin, M., 2013). Individuals with HGPS do not produce functional 

prelamin-A protein, and instead produce progerin, a truncated version of lamin-A (Ericksson, et 

al., 2003). This results in changes in the structure of the nuclear envelope, changes in chromatin 

methylation patterns (most notedly a demethylation of H3K27me3) and a buildup of progerin in 

the cell (Guillaumet-Adkins, A., et al., 2011). Importantly, these processes among others, are 

identical (aside from timeline) in “normal” aging, leading researchers to not only suggest that 

HGPS and aging are similar, but that HGPS is quite literally a disease of accelerated aging. 

 Ocampo et al. crossed mice with a mutation in the HGPS gene, Lmna, with HGPS mice 

carrying a OSKM polycistronic cassette and its trans-activator. The use of the polycistronic 

cassette, a gene construct that includes all four genes of interest with one single promoter, 

allowed for all four genes to be expressed equally at the same time. This resulted in mice 

homozygous for the HGPS mutation and with one copy of the OSKM cassette and its trans-

activator. This trans-activator, while inactive on its own, can be activated by tetracycline 

antibiotics; in this case, doxycycline. This type of system is called a Tet-On expression system, 

as the tetracycline helps turn on the genes on the cassette. Ocampo et al. hypothesized that short 

doses of OSKM followed by periods without stimulation would allow the cells to partially 

dedifferentiate, but not so much that they would lose their identity and form teratomas. While 

inducing pluripotency essentially sets the epigenetic clock to age zero, Ocampo et al. 

hypothesized that partially dedifferentiating the cells would make the cells “younger” without 

compromising cell identity. To test this, tail tip fibroblasts taken from the HGPS/OSKM mice 

were induced via doxycycline and it was determined that OSKM was capable of ameliorating 

aging phenotypes such as a reduction in markers for double strand breaks, decreased markers for 

senescence, a decrease the production of ROS by the mitochondria, as well as ameliorated 



 
 

defects in the nuclear envelope (Figures 1 and S1 in Ocampo, et al., 2016). Perhaps just as 

importantly though, it was found that these effects were not due to the death of cells exhibiting 

the most pronounced aging phenotypes, differences in the levels of progerin buildup, or 

differences in expression of nuclear lamins. Instead, it was found that a marker of 

heterochromatin, the methylation of histone 3 on lysine 9 (H3K9me), was increased prior to any 

changes in the nuclear envelope, suggesting that epigenetic remodeling was the cause of the 

improvement of aging phenotypes.   

Bolstered by these findings, Ocampo et al. applied the “on 

and off” method to the living mice after reaching 8 weeks 

of age. After preliminary experimentation, it was found 

that when OSKM was activated by adding doxycycline to 

the water for two days followed by five days without 

doxycycline, the mortality rate and teratoma formation of 

the mice did not significantly increase, therefore this 

protocol was used for the remainder of the study. Both the 

maximum and average lifespan of the mice significantly 

increased (maximum lifespan increased by about 30%) 

with doxycycline treatment in HGPS/OSKM mice as 

compared to the HGPS and HGPS/OSKM without 

doxycycline (Figure 2a). Upon necropsy, it was found that 

histological and macroscopic aging phenotypes were 

improved in the digestive tract, cardiovascular system, 

kidneys, and skin of HGPS/OSKM mice compared to the 

Figure 2. Average and lifespan of 
HGPS/OSKM mice increases with 
doxycycline and histological markers for 
age decrease (Ocampo, et al., 2016). 2a. 
Average/maximum lifespan 
increases****denotes significance. 2b. 
Histological markers for age are 
improved with activation of OSKM. 
Arrows point to markers of degeneration 
of each tissue type.  

HGPS 

HGPS/ 
OSKM 

a 
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controls (Figure 2b). Induction of OSKM was also associated with an increase in satellite cells, 

adult stem cells integral in damage repair to skeletal muscle, which are lost during aging 

(Allbrook, D., et al., 1971). In addition, qPCR analysis showed a downregulation of stress 

response genes in the p53 and IL-1 pathways, which are associated with cellular senescence, a 

hallmark of aging. As seen in vitro, rescue of these phenotypes was not dependent on changes in 

progerin/nuclear lamin expression. Instead, levels of H3K9me were restored in the kidney and 

spleen of the HGPS/OSKM mice, implicating epigenetic regulation as the likely cause.  

Next, due to the ambiguity of the role of progerin in normal aging, Ocampo et al. 

repeated the “on and off” method with wild type mice carrying the OSKM cassette. Because of 

the role of aging in diseases such as diabetes mellitus and sarcopenia, the question of whether or 

not partial epigenetic reprogramming could be used to treat these diseases was tested. Age has 

been linked to a decline in the proliferative abilities of beta islet cells after pancreas injury in 

diabetes mellitus patients. (Rankin, M., & Kushner, J., 2009). To confirm this, a beta toxin, 

streptozocin was used to target beta islet cells in 2-week-old and 12-week-old mice. It was found 

that the younger mice were able to regenerate their beta islet cells better than the old mice, 

resulting in better glucose regulation. In an effort to determine whether or not administration of 

OSKM prior to injury could improve the regenerative capacity (which would suggest that OSKM 

was capable of decreasing biological age), 12-week-old WT/OSKM mice were given 

doxycycline in the “2-on 5-off” method for three weeks prior to streptozocin exposure, and it 

was found that the activated OSKM (confirmed with qPCR of pancreas cells) was able to 

improve glucose metabolism as compared to the control. In a similar experiment, the 

investigators found that the ability of satellite cells to promote the healing of muscle injury was 



 
 

improved upon OSKM induction in a sarcopenia model, further illustrating the versatility of 

partial reprogramming in the treatment of degenerative diseases.  

Finally, while an in vivo experiment involving humans is not yet possible, in vitro 

experimentation using human fibroblasts that were aged and subsequently reprogrammed via 

OSKM showed similar results to that of the murine model including a decrease in a marker for 

DNA double strand breaks, a decrease in the expression of stress response genes in the p53 and 

IL-6 pathways, and an increase in levels of H3K9me3. This suggests that the processes by which 

the YFs are able to partially reprogram and ameliorate aging phenotypes is conserved in humans, 

and may have therapeutic potential. Ocampo et al. were able to partially reprogram the 

epigenome of mice in vivo without the formation of teratomas. A feat that set the stage for 

subsequent research but also left unanswered questions such as whether or not reprogramming 

could be done post-injury, whether reprogramming would benefit neural tissue, and if there was 

a way to induce partial reprogramming in a model that was not initially genetically modified 

with an OSKM cassette. 

  



 
 

CH 2: The three blind mice have been healed 
OSK can “reverse” the epigenetic clock to help blind mice see again 

While Ocampo and others were able to reverse many of the hallmarks of aging in a broad 

variety of tissues by activating a transgenic copy of OSKM prior to the onset of 

injury/symptoms, there were still unanswered questions as to the applicability of such treatments. 

Would we have to predict the injury in order to use this therapy? Could this work on all tissue 

types, including nervous tissue? In December of 2020, researchers at Harvard Medical School, 

led by David Sinclair and Yuancheng Lu, were able to answer some of these questions. Whereas 

Ocampo’s method required that the mice were genetically modified before any adverse injury or 

aging symptoms arose, essentially necessitating designer babies, Lu et al. were able to design a 

method of partially reprogramming specific cells at any point in life, even after injury in a 

murine model.   

In order to do this, they utilized an adeno-associated virus (AAV) carrying OSK as a 

polycistron that was controlled by a tetracycline response element promoter. While Ocampo et 

al. circumvented the formation of teratomas by the 2-on 5-off method, where they administered 

OSKM in short bursts, Lu et al. only used Oct4, Sox2, and Klf4, since c-Myc has been 

implicated in tumor formation and is not necessary for partial reprogramming (Baudino, T., et 

al., 1970; Rand, et al., 2018). Lu, et al. utilized both Tet-On and Tet-Off systems; the Tet-On 

system allowed that OSK be turned off unless the tetracycline, doxycycline, was used to turn it 

on whereas the Tet-Off system expressed OSK as a default, with doxycycline as an inhibitor. 

Using both methods allowed the researchers to have temporal control over OSK expression 

where they were able to selectively turn on OSK in the retinal ganglion cells (RGCs) of the CNS, 

while simultaneously turning off OSK expression in any other tissue type by using cell specific 

promoters integrated in the AAVs.  



 
 

Retinal ganglion cells (RGCs) relay information from bipolar and back to the brain via 

their long axons that run through the optic nerve. RGCs are the first neurons in the retina to 

differentiate during development, but are also some of first to lose their regenerative capabilities 

after birth (Isenmann, S., 2003). Due to this, untreated damage to the optic nerve results in 

permanent vision loss. In order to determine whether or not partial reprogramming would be able 

to restore the RGCs ability to regenerate (an ability that is lost with age), a Tet-Off AAV 

carrying an OSK polycistron was injected into the space between lens and the retina in mice 

(Figure 3c). Using a Tet-Off AAV (which constitutively expresses OSK in the absence of 

doxycycline) resulted in expression of OSK in about 40% of the RGCs (estimated by 

immunostaining). To ensure that there were no adverse effects of prolonged OSK expression, 

one group of mice was injected with the Tet-Off AAV, and OSK was expressed for 15 months 

with no tumor formation. In the experimental cohort, mice expressing OSK for two weeks had 

their optic nerve crushed and axon regeneration was measured using an anterograde axonal tracer 

(Figure 3a). Remarkably, the continuous induction of OSK expression for 12-16 weeks resulted 

in RGC regeneration and extension of the RGC axons all the way into the brain (Figure 3a). 

None of these effects were seen when doxycycline was administered to stop the expression of 

OSK. Taking it a step further, they also tested whether or not older mice (12 weeks old) 

subjected to the optic crush would recover similarly, and it was found that their RGCs 

regenerated just as well as the young mice (3 weeks), although OSK needed to be expressed for 

slightly longer.  



 
 

 

 
Figure 3. Lu et al. were able to use OSK to promote RGC regeneration. a. OSK expression regenerates 
RGC axons. b. Depiction of how the different cell types of the neuron are arranged. c. Experimental setup 
(CBT is an anterograde axonal tracer) (Lu et al., 2020). 

 

As mentioned earlier, using both Tet-On and Tet-Off systems in conjunction allowed for 

cell-specific expression of the gene(s) of interest. As seen in Figure 3b, RGCs and amacrine cells 

are in close contact and are both found in the space between the lens and retina of the eye. This 

means that when the Tet-Off AAV was injected into that space, it was able to infect both the 

RGCs and amacrine cells. Therefore, it needed to be determined whether or not the regenerative 

effects were due to OSK being expressed in the RGCs themselves or the amacrine cells. The Tet-

On AAV was built with a RGC specific promoter and the Tet-Off was built with an amacrine 

specific promoter. Upon doxycycline administration, the regenerative effects were still observed, 

but without doxycycline (where OSK was only expressed in the amacrine cells) no regenerative 

effects were observed.  

Such findings still neglected the fact that this required OSK induction to be initiated prior 

to injury. In order to determine whether or not this could be applied to a more realistic 

a. b. 

c. 



 
 

therapeutic approach, a Tet-On AAV was once again injected into the eye, and the optic nerve 

was crushed. But this time, doxycycline was added to the water to turn on OSK expression after 

the injury, which resulted in significant improvement in axon regeneration (similar to if OSK had 

been expressed prior to injury).  

Ribosomal DNA methylation, identical to the Horvath Clock aside from the location of 

the CpG islands (which are only taken from DNA coding for ribosomal RNA), is an excellent 

marker of biological age, but has been found to vary less across species due to its highly 

conserved nature evolutionarily (Wang, et al., 2019). In other words, because rDNA does not 

differ much across species, the biological age derived from these specific sections of DNA is 

unlikely to differ between humans and mice, making it likely that similar results would occur in 

human trials. Interestingly, four days after injury, RGCs had a rDNA methylation profile similar 

to accelerated aging, and OSK expression reversed this effect (Figure 2d in Lu et al. 2020). This 

suggests that there is a link between aging and injury, and that controlled OSK expression can 

reverse the epigenetic damage done in both scenarios. To better understand the effects of OSK 

on epigenetic reprogramming, two ten-eleven translocation methylcytosine dioxgenases (TET1 

and TET2) were silenced. TET1 and TET2 are important for epigenetic remodeling, and their 

expression is upregulated by OSK (Lu, et al., 2020). Silencing of both TET1 and TET2 negated 

the regenerative effects seen with OSK induction. On the other hand, simply overexpressing 

TET1 was not sufficient to stimulate the regenerative effects, indicating that DNA methylation is 

necessary for the regenerative effects, but not sufficient on its own. These results were replicated 

in human neurons differentiated from fibroblasts, indicating that these effects are conserved 

across species.  



 
 

Again, while these results were exciting, optic nerve crushes are not common injuries. On 

the other hand, glaucoma, blindness caused by intraocular pressure and subsequent RGC loss, is 

the leading cause of irreversible blindness worldwide (Tham, et al., 2014). At this time, 

treatments for glaucoma are purely focused on minimizing damage and include early diagnosis 

and treatments that lessen intraocular pressure (Glaucoma | Mayo Clinic, 2020). Lu and 

colleagues next examined whether induction of OSK expression could reverse RGC loss and 

blindness in a mouse model of glaucoma. To simulate this disease, microbeads were unilaterally 

injected into the anterior chamber of the eye and left for 21 days. After this time, the intraocular 

pressure had caused RGC loss and axon damage comparable to glaucoma, and OSK expression 

was turned on in the experimental cohort. After four weeks of OSK expression, the axon density 

was restored to original levels. More importantly, the vision of the mice was significantly 

improved after OSK reprogramming. A visual acuity test that tracked the responsiveness of the 

eyes to a changing stimulus showed significant improvement in responsiveness after OSK 

treatment (Figure 3d in Lu et al., p = 0.025). In addition, PERG analysis, which tracks the 

electrical activities of the RGCs, showed increased electrical responsiveness upon stimulation 

after OSK reprogramming. This suggests that the improvements in vision were due to RGC 

regeneration—the very cells that lose their ability to regenerate only days after birth.  

Because of the changes in DNA methylation patterns that occur during aging, it was 

hypothesized that this therapy might work on mice that had lost their vision due to old age. To 

test this hypothesis, Lu et al. treated old (12-week-old and 18-month-old) and young (4-week-

old) mice with OSK and measured their visual acuity. The results were partially positive—12-

month-old mice scored better on both the visual acuity test and PERG than their untreated 

counterparts, but 18-month-old mice did not—a result thought to be due to corneal opacity. 



 
 

Interestingly, in the treated 12-month-old mice, there was not an increase of RGC axon density 

or RGC number even though they saw a significant increase in visual acuity (half of the lost 

vision was restored). This led Lu et al. to hypothesize that the results were due to transcriptomic 

changes. In order to determine whether transcriptomic changes were indeed the cause of the 

increase in visual acuity, Lu et al. took samples of the treated and untreated retinal ganglion cells 

and analyzed the transcriptomes via RNA sequencing. Supporting this hypothesis, 90% of the 

mRNA levels of the RGCs that were changed in the aging controls were restored to young levels 

(5-month-old) in the OSK treated mice. Further supporting this, 44 of the genes that were 

downregulated due to aging were linked to sensory perception and axon targeting (Lu, et al., 

2020). In addition, 196 of the genes that were upregulated due to aging were involved in ion 

transport or neuronal projection development, including one gene that is regulated by TET1 and 

TET2 (Lu, et al., 2020). These transcriptomic changes are especially interesting because many 

age-related diseases including HGPS, Huntington, and Alzheimer’s have been linked to 

dysregulation of the transcriptome (Kohler, et al., 2020; Krainc, 2005, Fan, et al., 2020).  

Lastly, in an effort to better understand how DNA methylation and OSK are related, Lu 

et al. used machine learning to compare methylation “signatures” in mice of different ages. 

When they compared methylation signatures in old and injured mice to that of young, uninjured 

mice, they found that induced expression of OSK was able to reverse the methylation status in 

the old and injured mice to that of a youthful signature, and that a lot of the restored methylations 

were on CpG islands corresponded to genes associated with neuronal processes—one of which 

regulated H3K27me, a histone methyltransferase involved in epigenetic regulation. 

At this time, there is no treatment for loss of RGCs, which contributes to millions of 

irreversible cases of blindness worldwide (Tham, et al., 2014). Lu et al. were able to use 



 
 

epigenetic reprogramming to regenerate damaged RGCs and restore the function of the eyes in a 

glaucoma and old age model. The therapeutic implications are huge, but perhaps even more 

intriguing are the implications for the use of epigenetic reprogramming as a method to reverse 

aging, even in complex tissues like the nervous system. From this we have learned that we can 

apply epigenetic reprogramming post injury, and that the reprogramming not only ameliorates 

aging hallmarks, but restores function of the damaged tissue. Of course, one of the biggest 

unanswered questions that arose from these results is exactly how the Yamanaka factors are able 

to do this. Is there a way that our body stores the ‘analog’ information that restores the 

epigenome to a youthful profile? While there are still many unanswered questions concerning the 

mechanisms of such changes, the breakthroughs being made currently are bringing us closer to 

understanding, and potentially preventing, the process of aging.  

  



 
 

CH 3: Regeneration or Reincarnation? 
Induction of the YFs improves the memory of old mice 

During the same time that Lu et al. was testing the effects of partial reprogramming on 

retinal ganglion cells of mice, Rodríguez-Matellán, et al. began their own study to determine 

whether partial reprogramming of dentate gyrus cells could improve the memory of mice. The 

dentate gyrus, a structure found within the hippocampus, has been found to be integral in adult 

hippocampal neurogenesis, but its function declines early with age (Rodríguez-Matellán, et al, 

2020). Adult hippocampal neurogenesis is the process by which neural precursors are 

differentiated into nerve cells that aide in memory and learning (Hemperman, et al., 2015).  

Differentiation is a process fundamentally rooted in epigenetic modifications, further lending 

merit to the use of the YFs to reverse age related declines in memory formation. Studies have 

shown that the formation of memories, especially long-term memories, are dependent on specific 

epigenetic modifications, particularly the acetylation of histone H3 proteins (Fischer, et al., 

2007). Indeed, one study even found that exposing mice to an enriched environment (an 

environment with stimulating objects like hamster wheels) increases H3K9 acetylation and was 

able to restore long-term memories, even after neuronal damage had rendered the memories 

inaccessible. Considering the mechanisms involved in partial reprogramming, Rodríguez-

Matellán et al. hypothesized that the YFs could potentially restore the epigenome to that of a 

youthful signature, and that these epigenetic changes could reverse aging-associated memory 

loss by enhancing adult hippocampal neurogenesis and synaptic plasticity, two cellular 

mechanisms associated with memory and learning. To test these hypotheses, dentate gyrus cells 

of a OSKM transgenic mouse line were induced via DOX using a 3-on 4-off method similar to 

Ocampo, et al. Activation of OSKM was able to improve the long-term memory of mice, a result 

that appeared to be due to an increase in plasticity in the adult DG cells of the hippocampus. 



 
 

Memories are formed by strengthening the synapses between networks of neurons in the 

brain, a process that initially occurs in the hippocampus (Korte & Schmitz, 2016). At a cellular 

level, the release of a neurotransmitter from the presynaptic neuron will open sodium (Na+) 

channels in the postsynaptic neuron, depolarizing the cell. If this occurs repeatedly, for example 

during the formation of memories, long term potentiation (LTP) occurs, opening NMDA 

receptors. NMDA receptors then allow calcium to enter the post synaptic neuron to signal for 

changes in the structure of the cell that strengthen the synapse. For example, one way to 

strengthen a synapse is by increasing the amount of neurotransmitter receptors on the 

postsynaptic cell membrane. By increasing the receptivity of the postsynaptic neuron to signals 

from the presynaptic neuron, less neurotransmitter is needed to create that initial depolarization. 

As humans age, the ability of the brain to respond to our experiences and change or strengthen 

these synapses (also known as plasticity) decreases (Burke & Barnes, 2006).  

It has been found that certain epigenetic markers in peripheral cells decline with aging, 

including that of H3K9 methylation (Ocampo, et al., 2016). In order to determine whether or not 

this also occurred in dentate gyrus cells, Rodríguez-Matellán, et al. compared levels the cells of 

young (3-month-old) and older (10-month-old) mice, and it was found that H3K9me decreased 

in the older mice (Figure 4). Because the dentate gyrus is involved in AHN, and AHN also 

decreases with age, they speculated that expression of the Yamanaka Factors could potentially 

improve AHN efficacy via epigenetic reprogramming, a process potentially related to 

modifications of the H3 histones (Rodriquez-Matellan, et al., 2020). Like to Ocampo, Rodriguez-

Matellan et al. used transgenic mice with a DOX inducible OSKM cassette to test their 

hypothesis. Continuous induction of OSKM for 12 days in 6-month-old mice resulted in 

negligible changes in AHN associated proteins, mitotic markers, and killed around 50% of the 



 
 

mice, likely due to a global loss in cell identity. By switching to a 3-on 4-off method, which 

involved 3 days of induced OSKM expression followed by a 4-day respite, death was prevented, 

but there were no changes in the number of AHN precursors or mitotic markers, although the 

neurogenic progenitors did show an insignificant increase in migration (Rodríguez-Matellán, 

2020).  

 
Figure 4. Cyclic expression of OSKM significantly increased methylation of H3K9 in 10-month-old 
mice. Staining of H3K9 utilized immunohistochemistry.  

Due to the mortality associated with continuous induction, a cyclic protocol was used in 

the subsequent tests. Starting at 6 months of age, mice were subjected to a 3-on 4-off method of 

OSKM activation that lasted until 10 months of age. Again, there were no significant changes in 

markers for precursors of AHN, cell division, or cell death in the treated mice (Rodríguez-

Matellán, et al., 2020). At odds with these findings were the results from the memory index 

tests—10-month-old mice treated with OSKM performed better on the memory index test than 

their untreated counterparts (Figure 5a). The memory test was set up as follows: 



 
 

Mice were put in a box with two identical items; item A and item B. The mice were allowed to 

familiarize themselves with the items, and then were removed from the box. The box was 

sanitized (so they couldn’t smell where they had been) and then a new item was placed where 

item B used to be. The mice were again allowed to explore the box the next day, and were 

considered to show recognition if they spent longer (within 2 cm) exploring the new object than 

the old object. While no significant differences were found between treated and untreated mice 

in this initial trial, the test was repeated after 5 days with a new object replacing B, and OSKM 

treated mice showed significant improvement in recognition of the new object as compared to 

the controls (Figure 5b).  

Since it was found that precursors of AHN were not significantly affected, it was then 

hypothesized that the mice did better on the memory index test due to changes to adult DG cells 

of the hippocampus. Indeed, a subunit of the NMDA receptor, GluN2B was also significantly 

increased after OSK expression (Figure 5b). As mentioned earlier, the NMDA receptor is 

important in calcium permeability, which can play a direct role in establishing LTP. Calcium is a 

major signaling molecule involved in the formation of memories—it is able to initiate 

conformational changes in the shape of the cells that strengthen synapses. While it is unknown 

the exact mechanisms behind such changes, it is possible that the YFs are able to regulate the 

epigenome such that there is an increase in the transcription and translation of the GluN2B 

subunit, thereby increasing neuronal plasticity.  



 
 

  

Figure 5. OSKM induction results in improvement in the memory index test and an increase in a subunit 
of the NMDA receptor. 5a. GluN2B receptors significantly increased in the dendrites of OSKM treated 
mice. 5b. Mice did significantly better on memory index test.  

Again, the implications are huge—neurodegenerative diseases like Alzheimer’s affect 

millions and are largely untreatable. While the results of this study were dependent on a 

transgenic murine model, the results from Lu, et al. have demonstrated that partial 

reprogramming is possible via an inducible AAV, an approach much more conducive for 

therapeutic use. The induction of the Yamanaka Factors to partially reprogram the epigenome of 

mice has shown to have immense benefits in ameliorating not only aging hallmarks, but also 

treating diseases linked to age. In addition, it appears that the processes that are able to 

ameliorate aging phenotypes in mice are conserved in human cells as well, further lending this 

line of research validity in a therapeutic setting (Ocampo, et al., 2016). While further testing 

should be done to ensure that partial reprogramming is safe in vivo for humans, the results thus 

far are promising.  

  

a.  b.  



 
 

Conclusions 

Age is a major risk factor for some of the most pervasive chronic diseases in the US 

including heart disease, diabetes, cancer, and neurodegenerative diseases like Alzheimer’s 

(Promoting Health for Older Adults | CDC, 2020). Due to the belief that age is not something 

that can be treated, these diseases are all treated individually. Interestingly though, 85% of adults 

aged 45 and older have one chronic disease, and 60% have at least two according to the Center 

for Disease Control and Prevention. Compounding this problem, our aging population is growing 

rapidly, with estimates suggesting that by 2060, the percentage of individuals 65 or older in the 

US may be as high as 25% of the total population (Promoting Health for Older Adults | CDC, 

2020).). Considering that the treatment and management of these diseases is the costliest strain 

on our healthcare system, this is worrisome (Health and Economic Costs of Chronic Diseases | 

CDC, 2021). While not all chronic diseases are age related, the aforementioned data should be 

enough to merit that many resources be allocated to finding a solution. Thus far, studies using 

mice have been promising, and yet we have only scraped the surface of this complex process that 

was once considered to be inevitable—aging.  

Ocampo et al., in their experiments using transgenic mice carrying an inducible copy of 

the YFs, were the first to show that partial reprogramming could ameliorate aging phenotypes in 

a broad range of tissue types, in vivo, without tumor formation. Four years later, Lu et al. showed 

that mice could be infected with a virus carrying three of the four YFs, and controlled expression 

of these master transcription factors could restore the vision of mice with severely injured optic 

nerves and glaucoma and even increase vision in old mice with no adverse effects. The 

expression of these transcription factors not only restored the previously untreatable retinal 

ganglion cells, but restored the vision of the mice. At the same time, Rodriguez-Matellan, et al. 



 
 

showed that transgenic mice expressing the YFs performed better on recognition tests, 

suggesting that partial reprogramming could even improve memory. While revolutionary, this is 

only a small portion of the work being done in the field of anti-aging therapy.  

Other approaches, with the same goal of elongating health span and lifespan, attack other 

hallmarks of aging (Figure 1). For example, in order to fight against the age-associated attrition 

of telomeres (the repeats of thymine and arginine on the ends of our DNA that act as protection 

against degradation from enzymes) some investigators have explored the possibility of gene 

therapy with telomerase, an enzyme responsible for the elongation of telomeres (Bernardes de 

Jesus, et al., 2012). Other studies have used antioxidants to attempt to ameliorate aging 

phenotypes caused by reactive oxygen species (ROS), but have received mixed results. Caloric 

deficits, which have been found to be implicated in initiating autophagy, have been found to 

increase the lifespan of yeast, mice, and even primates (Fontana, et al., 2010). Clusters of 

populations in which individuals live past the age of 100 significantly more often than in 

America, termed “blue zones,” have been studied, and similarities amongst these populations 

such as their adherence to a Mediterranean diet, strong social groups, fasting practices and 

tendency to engage in periodic physical activity have been offered as explanations for their 

longer, healthier lifespans (Buettner & Skemp, 2016).  

This field of research is booming, but due to its controversial nature, great care must be 

taken when communicating these findings. Heated debates are likely to arise concerning the 

ethics of such treatments—and rightfully so. These treatments are aimed at increasing lifespan—

there will undoubtedly be cultural and ethical roadblocks. Concerns regarding whether or not this 

will broaden inequalities based on income, contribute to overpopulation, and even whether or not 

religious beliefs will permit such treatments are all relevant. I would then ask whether or not the 



 
 

possibility of these negative consequences can truly outweigh the possibility of the good they can 

do. Millions are suffering from diseases that have a potential therapy—it could be considered 

remiss to not at least attempt to help these people, especially considering it is likely that we will 

all someday be one of the millions who are suffering. While these debates are necessary and 

needed, the science cannot afford to wait. Although there is no guarantee that human trials will 

mirror the results murine trials thus far, there is evidence that these processes are paralleled in 

human cell lines. Indeed, one recent study found that partial reprogramming of naturally aged 

human cells ameliorated aging phenotypes such as decreases in ROS, senescent cells and the 

SASP (Sarkar, et al., 2020). Even so, these studies examining human cells may fail to accurately 

encompass the complex processes involved in human aging in vivo—only time, and more 

research will tell. 
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