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Abstract

DNA methylation of the ELOVL2 (Elongation Of Very Long Chain Fatty Acids-Like 2) promoter
is one of the most robust molecular biomarkers for chronological age, but whether ELOVL2 plays
a functional role in aging has not been explored. ELOVL2 encodes a transmembrane protein
involved in the synthesis of very long polyunsaturated fatty acids (VLC-PUFAS). These fatty acids
play important roles in retinal biology and photoreceptor renewal, key processes implicated in age-
related eye diseases such as age-related macular degeneration (AMD). Here, we summarize our
work deciphering the role of ELOVL?2 in the eye emphasizing the potential functional role of age-
related DNA methylation in the pathophysiology of AMD.
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Age is one of the most relevant clinical traits in predicting disease risk, mental and physical
performance, and mortality [1]. In the eye, age is a strong risk factor for several blinding
conditions (e.g., glaucoma and Age-Related Macular Degeneration — AMD) [2]. On a
molecular level, aging is associated with a gradual decline in the efficiency and fidelity of
molecular processes, associated with changes in gene expression and epigenetic
modifications, leading to a deterioration of cell functions [3]. Identifying the cellular and
molecular mechanisms that drive age-related physiological phenotypes still represents a
major challenge in the field.

Epigenetic aging of tissues and organs has been tightly correlated with global genome DNA
methylation changes in specific regions, called CpG islands. A number of recent studies

have shown that CpG methylation (CpGme) patterns progressively change during aging in a
variety of tissues and cells such as blood, muscle, brain, lung, and colon [4-7]. The rates of
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CpGme changes at subsets of affected sites were calculated and used to determine the
cellular “epigenetic’ age which generally well correlates with chronological age and
therefore can be used as a measure to assess biological aging in a quantitative manner [4,6].
One major question is whether these methylation changes merely correlate with aging, or if
there any functional role of these epigenetic changes in regulating aging.

Interestingly, within the top ten markers predictive of human epigenetic age, four are
localized in the CpG islands in the regulatory element of the £L OV 2 gene, accounting for
over 70% of the one “methylation clock” model [8]. Consequently, methylation of the
ELOV/L 2regulatory region has been shown in many studies to correlate strongly with the
biological age of individuals [9-12], as well as in rodents [7].

ELOVL2 is an enzyme that elongates long-chain omega-3 and omega-6 polyunsaturated
fatty acids (LC-PUFAS), precursors of 22:6n-3, docosahexaenoic acid (DHA) and very-long-
chain PUFAs (VLC-PUFAs), all playing important role in retina biology [13]. The fatty
acids composition in the retina is unique - the retina is particularly enriched in PUFAS, with
DHA constitutes 40-50% of the total fatty acids in the photoreceptor outer disc membranes
[14]. VLC-PUFAs account for a unique ~5% of the total fatty acids in the disk membranes
of photoreceptors, the second highest level in the body after testis. These features result in a
highly fluid photoreceptors disc membranes that permit efficient conformational changes
and signaling dynamics for visual chromophore necessary for the continuous detection of
light [15-17].

PUFAs are well known to play important roles in the retina and deficiency of LC-PUFAs has
been shown to be associated with increased risk of the dry form of AMD, a highly prevalent
retinal disease [18]. Although no effective treatment is known for dry AMD, several clinical
studies indicate that nutritional supplementation can help slow the disease progression [19].
In particular, recent studies suggest that individuals who self-reported intake of foods rich in
omega 3 PUFAs were 30% less likely to develop central geographic atrophy (GA) and 50%
less likely to develop AMD than subjects with the lowest self-reported intake [19-21].

While methylation of the £L OV 2 promoter is highly correlated with chronological age,
whether ELOVL2 protein has a functional role in aging has not been investigated. In our
recent paper published in Aging Cell, we demonstrated through both genetic and
pharmacologic manipulation that £/ov/2has a functional role in a molecular aging program
in the mammalian retina [22].

We first investigated whether there is increased methylation of the £/ov/2 promoter in the
mouse and, in particular, the retina, which has not been shown before. We observed an age-
dependent increase in E/ov/2 regulatory region methylation associated with concomitant
downregulation of Efov/2expression on mMRNA and protein levels. Next, using the
fluorescent /n situ hybridization method, we observed E/ov/2 expression in cone and rod
photoreceptors, as well as the retinal pigment epithelium. We also observed a significant
age-related decline of the expression of the ElovI2 in the eye. The same age-dependent
changes of E/ov/2 methylation and gene expression were observed in the mouse liver,
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indicating that age-associated methylation of £/ov/2 occurs in multiple tissues in the mouse,
similarly to what was observed previously in humans [23].

We first investigated the function of ELOVLZ in vitro utilizing Wi-38 cells, a human
fibroblast line commonly used as a model for aging [24]. We observed that methylation of
ELOV/IL 2increases with an associated decrease in ELOVL 2 gene expression with an
increased population doubling of Wi-38 cells. When we inhibited £LOV/L 2 expression using
RNA interference, we observed increased senescence as well as decreased proliferation, both
markers for aging, compared to controls. Next, by administering the global demethylating
agent, 5-Aza, we demethylated the £L OV 2regulatory region and, consequently,
upregulated £L OV 2expression. Remarkably, this was accompanied by the decreased
senescence in Wi-38 cells. This suggests that the manipulation of £LOVL 2 gene expression
can have effects on aging /n vitro.

Next, we investigated the function of E/ov/2in aging /in vivo. As Elovi2 heterozygous mice
are infertile [25], we created a knock-in point mutation using Crispr-Cas9 technology,
ElovIZ23*W 'which has been previously shown to eliminate substrate specificity of Elovi2
elongation [26]. Using lipidomics, we confirmed that £/ov/Z23*W mutation results in loss
of ELOVL2-specific function, i.e elongation of docosapentaenoic acid (DPA) (22:5n-3) to
24:5n-3, which is a precursor of DHA and other VLC-PUFAs. We further investigated the
effect of £/ov/ZX234W mice on both anatomic and functional surrogates of aging in the
mouse eye. These included autofluorescent (AF) deposits visualized with autofluorescence
fundus imaging, which increases with age [27,28], as well as the electroretinogram (ERG),
which shows a decrease in the maximum scotopic response with age [29]. In Efov/Z234W
mice, we noticed an increase in AF deposits as well as a decrease in ERG compared to age-
matched controls, suggesting that inhibiting £/ov/2accelerates aging in the mouse retina. In
addition, on a microscopic level, we notice deposits below the retinal pigment epithelium,
which contain many components of human drusen, included C3, C5b-9, Htral, T-15 which
have been implicated in the pathogenesis of macular degeneration [30].

Finally, we performed experiments to assess whether the upregulation of E/ov/2 expression
could slow the aging of the retina as assessed previously. We used the global demethylating
agent 5-Aza to upregulate expression of £/ov/2and observed that administering 5-Aza by
intravitreal injection decreased £/ov/2 methylation, increased £/ov/2 gene expression, and
resulted in an increase in ERG scotopic response in wildtype aged mice compared to age-
matched controls. These results suggest that pharmacological intervention, i.e.
administration of 5-Aza, may slow the functional aging of the eye.

In summary (Fig. 1), our findings provide a molecular link between the metabolism of
polyunsaturated fatty acids and aging of the eye by showing that changes in the membrane
composition similar to those occurring in aging (“aging membranes” [31,32]) affect visual
functions. Our work also presents the first example of age-dependent methylation of genes
which serves as biomarkers of aging, may not just be epiphenomenon but could play a
functional role in the aging process itself.
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Fig. 1.

Age-related decline in ELOVL2 levels has a profound impact on eye structure and function
by modulating the availability of DHA and VLC-PUFAs. These changes can be genetically

and therapeutically modulated which provides solid foundations in developing novel

strategies to treat age-related conditions in the eye including AMD.
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