Uncoupling Aging from Chronological Time | Encyclopedia.pub

Uncoupling Aging from Chronological Time

Subjects: Cell Biology | Developmental Biology | Biochemistry & Molecular Biology
Contributor: Dana Larocca

Cellular life evolved from simple unicellular organisms that could replicate indefinitely, being essentially ageless. At
this point, life split into two fundamentally different cell types: the immortal germline representing an unbroken
lineage of cell division with no intrinsic endpoint and the mortal soma, which ages and dies. We consider aging as
a process not fixed to the pace of chronological time but one that can speed up or slow down depending on the
rate of intrinsic cellular clocks. Moreover germline factor reprogramming might be used to slow the rate of aging
and potentially reverse it by causing the clocks to tick backward. Therefore, reprogramming may eventually lead to

therapeutic strategies to treat degenerative diseases by altering aging itself, the one condition common to us all.

aging cellular clocks reprogramming development epigenetics DNA methylation

telomeres transposable elements longevity regeneration

| 1. Introduction

In the late 19th century, Weismann accurately described the dual nature of life, separating it into the immortal
germline and mortal soma. The germline can forever renew itself, giving birth to young organisms at each
generation, and thus, we refer to germline cells as clock-free and somatic cells as clock-bound. Indeed, we can
trace an unbroken chain of cell division from all life on earth going back 4 billion years to converge at the base of
the evolutionary tree to a single cell, LUCA, the “last universal common ancestor” [, In contrast, somatic cells lose
their robustness with time exhibiting the hallmarks of aging &, which eventually lead to organismal degeneration
and an exponential increase in the probability of death with the passage of time . Three cellular aging clocks that
bind the soma to time include the telomeric clock 4, DNA methylation (DNAm) clock, also known as the epigenetic
or Horvath clock B, and the transposable element (TE) clock &, which are likely primary because they directly
affect the genome either by telomere shortening, chemical modification of DNA, or transposition induced double
stranded breaks (DSB)X. Many more cellular aging clocks such as transcriptomic, proteomic, and metabolomic
clocks Bl ikely exist. The molecular basis of the immortal germline extending from the first unicellular organisms
through to the current multitude of lifeforms would not be understood until the mid-20th century with the discovery
of DNA. Although the information stored in DNA changes through mutation and reassortment of genetic alleles as a
driver of evolution, the DNA nevertheless retains all the information needed to make a new body, so each
generation is born young. As Weismann expressed in a letter to Nature “An immortal unalterable living substance
does not exist, but only immortal forms of activity of organized matter” 29, We may now extend this to “immortal
information encoded in DNA of organized matter.” As we have described, the germline either escapes or resets the

aging clocks so that the genomic information is preserved. Thus, the germline preserves the information needed to

https://encyclopedia.pub/entry/9261 1/12



Uncoupling Aging from Chronological Time | Encyclopedia.pub

perpetuate itself indefinitely and to make a new body, even though the body that carries it ages. The natural or
engineered application of germline strategies to the soma may slow down or even reverse aging, thus uncoupling

aging from chronological time.

| 2. Plasticity of Aging and Development

Unlike the immortal germline, the aging soma follows a predictable course that is coupled to time yet flexible
enough to accelerate or decelerate depending on environmental and evolutionary pressure. Indeed, we see a
spectrum of aging rates leading to diverse lifespans among animal species from the very rapid aging in the mayfly
(hours), to the fruit fly (days), or dwarf pygmy goby (weeks), to gradual aging in most mammals (year/decades), to
very slow aging as in the Aldabra giant tortoise, bowhead whale, Greenland shark (centuries). At the very extreme
end are examples of indefinite lifespans with no apparent intrinsic aging as in hydra, planaria, sponges, and
musselsl, Remarkably, it is now possible to reverse the cellular clocks of development and aging, winding them
back from an aged somatic cell to the earliest stage of life. We have evidence from cloning (somatic cell nuclear
transfer (SCNT)) experiments first performed in frogs and later in mammals, including humans 12231141 that while
somatic cells age and accumulate the key hallmarks of aging with time [, the information to make a young cell is
preserved in the DNA. During SCNT, exposure of a somatic nucleus to germline factors in the egg resets the aging
clock to zero, such that cloned animals are born young as if they were conceived from two germ cells [22118]127]
Moreover, Yamanaka demonstrated over a decade ago that forced expression of as few as four germline factors,
OCT4, KLF4, SOX2, and c-MYC (OKSM), alone could be used to reprogram development in vitro, thus reverting a
differentiated cell back to an induced pluripotent stem cell (iPSC) (8. However, it was initially unclear whether the
reprogramming of a differentiated cell would also result in reverting the hallmarks of aging to a younger state. Initial
studies suggested that iPSC lines were potentially limited in their differentiation capacity because of short
telomeres 22120 However, later studies have demonstrated that reprogramming of aged and senescent cultured
fibroblasts and even in fibroblasts obtained from centenarian donors restores telomeres to embryonic length 211221
(23] Indeed, reprogramming has even been shown to reset telomere length in cells from a donor near the current
limit of human aging (114 years) 24, The telomere clock ticks rapidly in patients with premature aging syndromes,
but telomeres in these cells can also be reset to embryonic length by reprogramming 2423128 |n addition,
epigenetic markers of aging such as senescence-associated heterochromatin foci (SAHF) and heterochromatin
protein-1a (HP1a) are restored to young levels by reprogramming cells from prematurely aged as well as naturally
aged donors 2227 Other hallmarks of aging, including mitochondrial fitness, have been shown to be reversed by
reprogramming (221281 The rejuvenating effect of reprogramming has also been demonstrated at the epigenetic and
transcriptomic level in iPSC lines that were differentiated to their respective cell type of origin, such as
mesenchymal stromal cells, hematopoietic stem cells, and fibroblasts 299, Moreover, iPSC from old mice can be
differentiated, in vivo, into heart cells that closely resemble their younger counterparts 1. Taken together, these
studies strongly support the reversal of both developmental stage and aging by germline factor reprogramming to
iPSCs.
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Interestingly, examples of reversal of developmental stage can be found in nature as an adaptation to
environmental conditions as observed in the expression of embryonic pathways in the regenerating limbs of
urodeles or in oncogenic transformation. One of the most profound natural reversals, noted by Weismann in 1883,
is seen in the hydrozoan, Torritopsis dohrnii, which normally develops into a medusa from a benthic polyp form but
undergoes a reversal from medusa to polyp via transformation to a cyst intermediate under adverse conditions
such as injury, starvation or senescence 22, Comparative transcriptome analysis of the cyst versus medusa and
polyp forms shows enrichment in gene pathways such as DNA integration, transposition, repair, and telomere
maintenance suggesting germline-like maintenance of genome integrity in the intermediate cyst stage [23l.
However, it remains to be determined whether there is suppression of TEs at the cyst stage, as in the hydra 4 and
long-lived termite reproductives 23l In contrast, somatic cell-associated pathways such as cell signaling, aging,
and differentiation were downregulated in the cyst stage 3. Another example of developmental reversal occurs in
the process of sex transition in a marine fish, the bluehead wrasse, which remarkably involves some of the same
germline factors used for cell reprogramming. The female wrasse undergoes a rapid behavioral and complete
physical transformation to sperm-producing terminal phase (TP) male in 8-10 days in response to the loss of the
dominant TP male and the subsequent increase in cortisol levels. Mutually antagonistic male and female gene
networks determine and maintain gonadal fate in fishes and thus account for the retention of a feature of
embryonic development, bipotentiality of sex, into adulthood. The mechanism of transformation in the bluehead
wrasse has been recently elucidated at the molecular level 8. Transcriptomic and methylomic analysis of gonads
at various stages from the female through TP male reveals that the gonads pass through an undifferentiated
midway stage that resembles mammalian pluripotent stem cells (PSC) and primordial germ cells (PGC) rather than
transdifferentiation from the female to male state 28, For example, Polycomb group members of PRC2, which are
responsible for tri-methylation of lysine 27 on histone H3 (H3K27me3) and are downregulated in PSC, are also
downregulated during the midway stage of the female to male transition. The variant histone H2A.2, which is also
low in PSC, shows a similar pattern. In addition, writers and erasers of histone acetylation are expressed
dynamically during the transition. Evidence of extensive reprogramming of DNA methylation was also observed
with upregulation of ten-eleven translocation demethylase (TET) (as in PSC and PGC) midway through transition
leading to a shift from female to male pattern of methyltransferases. Genome-wide DNA methylation changes from
the female to male pattern were found to occur. Notably, like the transcriptome, the midway methylome state
represents a developmental shift rather than an intermediate differentiated state. Indeed, it would be interesting to
determine whether the DNAm age of the gonad regresses during the transition if an epigenetic aging clock can be
created for marine fishes. These data illustrate remarkable plasticity in a normally committed developmental
process of sex determination via epigenetic reprogramming involving transition through an earlier developmental
state. Remarkably mutually antagonistic gene networks that both determine and maintain sex in adulthood have
also been found in mice indicating conservation of some degree of plasticity even in mammals B8l Given the
relationship of aging to developmental processes and examples of the maintenance of developmental plasticity into
adulthood, could epigenetic reprogramming uncover latent phenotypic plasticity in mammals to return aging adults

to a younger epigenetic state and thereby reverse aging?

| 3. Reversal of Aging In Vitro
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Given the astonishing degree of phenotypic plasticity observed in the forward and reverse programming of
development and aging in nature and in the laboratory, we may perhaps view young and old organisms as two
epigenetic states of the same genome with the young state contained (as information) within the old and the old
state contained in the young as a potentiality that becomes actualized by the ticking of the cellular clocks with the
passage of time (Eigure 3). If aging is indeed a continuation of development as suggested by the behavior of
cellular aging clocks, then it is not surprising that reprogramming can reverse the forward programming of both
development and aging. However, it also raises the intriguing possibility of reversing aging without loss of
developmental status if reprogramming is capable of turning back development and aging in the reverse order in
which they occurred. A study of transcriptomic and methylomic data from a time course of fibroblasts undergoing
reprogramming suggests that this may indeed be the case and that reprogramming is reverse programming of
aging first followed by a reversal of developmental state (Figure 4) 2. The study shows a linear decrease in
DNAm age during the early phase of reprogramming (partial reprogramming; day 3-11) when fibroblast identity
has not been lost. At this early stage, the cells undergoing reprogramming have a high propensity for spontaneous
reversion to their initial fully differentiated state. Importantly, early and late markers of pluripotency
(LIN28, DNMT3A, ZIC3, TERT) are not induced, and the fibroblast defining genes are not fully repressed during
the initial age reversal/partial reprogramming phase before the DNAmM age has reached zero (day 20). Similarly,
genes we have identified as fetal/adult-specific (post-embryonic to fetal transition (EFT)), such as
COX7A1 and ADIRF, are reduced but not to minimal levels during partial reprogramming, and embryonic-specific
genes (pre-EFT) such as PCDHB2 are not expressed until day 20 (Eigure 4) [49. Another study has recently
reported rejuvenation of transcriptomic and DNAmM age by as much as 30 years in transiently reprogrammed
fibroblasts from middle-aged donors . It will be important to obtain single-cell analysis to determine the dynamics
of these changes within subpopulations of the reprogramming factor-treated cells. The data suggest, however, that
reprogramming first runs the epigenetic aging steps in the reverse order that they occurred during the life history
followed by a reversal of developmental state. Therefore, these data indicate the potential to apply reprogramming
methods therapeutically for rejuvenating aged cells, tissues, and perhaps whole organisms without loss of cell

identity.
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Figure 3. The two faces of epigenetic aging. The top illustration is an illusion designed so that the viewer will see
either a young woman or an old woman. However, both are present in the same figure, just as the young and old
woman are present in the same person as the genome’s epigenetic potential. Forward programming takes the
young woman through a series of epigenetic states to an old woman as the DNAm, and other cellular clocks tick

forward. Reverse programming can potentially be achieved using germline factors to revert the genome to an

https://encyclopedia.pub/entry/9261

5/12



Uncoupling Aging from Chronological Time | Encyclopedia.pub

Figure 4. Age reversal precedes reversion of developmental state during reprogramming of fibroblasts using
OKSM germline factors. Post-EFT genes (COX7Al, ADIRF) are rapidly reduced during early (partial)
reprogramming (day 3—20) while a linear decrease in DNAm age is occurring. Pre-EFT genes are turned on at day
20 when DNAm age has gone to zero, and their expression increases as cells reverse their developmental state to
full pluripotency (=28 days). The data suggest the possibility of age reprogramming without permanent loss of cell

identity. Figure is adapted from Olova et al 32,

| 4. Reversal of Aging In Vivo

Initial attempts at in vivo reprogramming using 4-factor (OKSM) reprogramming were not encouraging because
they resulted in extensive tumor formation 243l However, Ocampo et al. later reported reversal of epigenetic
aging markers with no signs of tumor development in transgenic OKSM mice when the factors are induced at a
lower dose and on a cyclic schedule of 2 days on and 5 days off 441, Instead of tumor formation, cyclic OKSM
induction led to amelioration of the premature aging phenotype and extension of lifespan in a mouse model of
HGPS. They further demonstrated that cyclic OKSM induction resulted in greater resistance to metabolic disease
following pancreatic injury and increased repair of skeletal muscle damage in physiologically aged mice. Additional
in vivo studies have shown reduced scar formation of skin wounds using viral vector-mediated partial
reprogramming and protection against liver damage using a small molecule approach 246l The question
remained, however, as to whether partial reprogramming in vivo reversed the DNAm clock. Two recent studies
provide evidence suggesting that a reversal of the DNAm clock during in vivo reprogramming may be possible 47
48] |n one study, transient expression of six reprogramming factors, OCT4, SOX2, KLF4, LIN28, c-MYC, and
NANOG (OSKLMN), was obtained using mRNA transfection, which resulted in a reversion of fibroblasts and
endothelial cells to a younger phenotype as measured by epigenomic markers (tri-methylation of lysine 9 on
histone 3 (H3K9me3), HP1y, and lamina-associated polypeptide 2a (LAP2a)), mitochondrial fitness, autophagy,
transcriptome, and DNAm clock 48, Transient expression of OSKLMN mitigated the inflammatory phenotype of
osteoarthritic chondrocytes in culture, and implants of ex vivo OSKLMN treated aged mouse or human skeletal
muscle stem cells resulted in rejuvenated muscle regenerative response following injury in physiologically aged
mice with no signs of tumor formation 8. In another in vivo study, only three factors (OKS) were delivered to mice
using an inducible adeno-associated virus vector (AAV). The results indicate that induction of OKS resulted in the
protection of retinal ganglia cells and regeneration of axons in an optic nerve crush injury model, and the same
treatment restored vision in a mouse model of glaucoma 4. Importantly, the DNAm age was reversed by the
treatment in both models, and the regenerative effects were Tetl and Tet2 dependent in the optic nerve model,
indicating that these reprogramming factors may be “reverse programming” the epigenetic clock to an earlier state
(DNAm age) with an enhanced regenerative capacity 44, The introduction of germline factors into somatic cells, in
vivo, reveals a potential for phenotypic plasticity in adult mammals that was previously observed only in lower life

forms.

The prospect of reversing organismic aging could potentially reduce or eliminate many age-associated

degenerative diseases such as heart disease, cancer, diabetes, osteoporosis, sarcopenia, neurodegenerative
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disease, and skin aging. Thus, rejuvenation therapies could potentially alleviate many of the social and economic
costs that we face globally because of an ever-increasing demographic shift to an older population. However,
critical barriers remain to develop rejuvenating therapies that involve germline factor reprogramming. For example,
more studies are needed on naturally aged experimental animals to determine the effect of such treatments on
lifespan and health span. Moreover, careful control of the timing and dosage of reprogramming factors will need to
be developed to minimize the risk of tumor formation. The further development of epigenetic aging clocks in
experimental animals and tissue culture will be helpful for screening reprogramming agents and delivery strategies.
Strategies for transient expression of reprogramming factors include AAV mediated inducible gene delivery, RNA
transfer, and small molecules 16471481 The use of extracellular vesicles such as exosomes to deliver
reprogramming RNAs is also a promising approach because of their long half-life in vivo and low immunogenicity
49 pre-clinical studies have shown the efficacy of engineered exosomes for the treatment of pancreatic cancer,
and they can be effectively scaled using standard bioreactors 29, In addition to their potential as a delivery vehicle,
exosomes produced by young mesenchymal stem cells (MSC) may, on their own, be an effective way to slow or
reverse some aspects of aging 1. The development of reprogramming therapies may even benefit from the
considerable progress in RNA delivery and manufacturing that has resulted from the accelerated efforts to develop
COVID-19 vaccines [22. Careful attention will be needed to assess the appropriate indications and regulatory
considerations when developing clinical studies. Initial proof of concept studies may involve specific indications
such as arthritic joint disease; however, later studies may be possible using resistance to age-related disease as

an outcome as in the proposed TAME study 2],

| 5. Concluding Remarks

The intimate relationship between aging and developmental clocks suggests that the adaptation of developmental
clock rate to environmental pressure might contribute to the wide variation in lifespan observed between species.
For example, humans and mole-rats exhibit neoteny (retention of embryonic or juvenile characteristics through
adulthood), where slowing the rate of development correlates with an extension of lifespan. The application of
germline strategies in somatic stem cells has resulted in the remarkable regenerative capacity of lower life forms
that are capable of indefinite lifespans, such as sponges, planarians, and hydra. This regenerative capacity has
become increasingly restricted as more complex life forms evolved, being confined to the pre-EFT period in
mammals. However, retention of extensive capacity for regeneration is observed in lower vertebrates, including
fishes, amphibians, and reptiles, which also exhibit remarkable phenotypic plasticity in their capacity for
metamorphosis and in certain cases of remarkable reversals of developmental stage and sexual development.
Finally, reprogramming using germline factors can uncover a similar but latent phenotypic plasticity in mammals by
reverting both the developmental state and cellular age. Indeed, both natural phenotypic plasticity in the blue
wrasse and partial reprogramming involve the repression of DNA methyl transferases (DNMT) and induction of
demethylases (TET) which, by a yet-to-be-determined mechanism, may enable the DNAm clock to tick backward.
The discovery that partial reprogramming can reverse the aging clock without permanent alteration of cellular
identity has led to initial studies that demonstrate the potential to reverse organismic aging. Although there are

many challenges ahead, our current understanding of cellular clocks and our ability to reprogram them using
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germline factors opens the door to many promising therapeutic approaches to slowing down, preventing, or
reversing aging itself and thus treating the many age-related diseases that burden society. Indeed, if these
approaches can be made practical and scalable, we may find ourselves in a future in which we have no time to

age.
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