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ABSTRACT OF THE DISSERTATION 

 

The Role of ELOVL2 in Aging and Eye Disease 

 

By 

 

Daniel Chen 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2018 

 

Professor Kang Zhang, Chair 

 

 

Our group recently developed a quantitative model for human aging based on 

genome-wide DNA methylation patterns using measurements at 470,000 CpG markers 

from whole blood1. It is highly accurate at predicting age, and can also discriminate 

relevant factors in aging, including gender and genetic variants. With this model, there is 

evidence that metabolic traits such as body mass index and diabetes impact biological 
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aging. In addition, these methylation patterns are strongly correlated with cellular 

senescence and aging. The top age-predictive CpG marker in our model, and 3 out of the 

top 12 markers, reside on ELOVL2, a gene involved in elongation of fatty acids. Because 

of the links between lipid metabolism and aging2–4, we focused our study on the 

relationship between this gene and aging. We found that in WI-38 and IMR-90 human 

fibroblasts, two common model cell lines of aging, ELOVL2 methylation increases and 

expression decreases substantially with passage number, and that knocking down 

ELOVL2 negatively influences cellular aging phenotypes. In mice, we found that mutant 

ELOVL2 results in an eye aging phenotype which may relate to age-related macular 

degeneration (AMD). In addition, we identified Aza-2-deoxycytidine (5-Aza) and L-

ascorbic acid 2-phosphate (VcP) as modulators of aging phenotypes. We observed 

amelioration of aging phenotypes, and increased expression and decreased methylation 

of ELOVL2 upon administration of VcP and 5-Aza in aging cell lines. Furthermore, we 

observed a reduction of AMD phenotypes in mice upon intraocular injection with 5-Aza. 

We hypothesize that VcP and 5-Aza can modulate aging phenotypes by influencing DNA 

methylation, and that ELOVL2 plays a role in aging.   
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INTRODUCTION 

As humans age, global DNA methylation decreases on average. Presumably, this 

is due to inefficiency of methylation maintenance upon DNA replication. However, some 

loci progressively methylate with age. ELOVL2, in particular, very reliably shows 

increased methylation as humans age, as revealed by our aging model1. This model 

draws from a dataset including 470,000 CpG markers from the whole blood of a large 

cohort human individuals spanning a wide age range, and can accurately predict the 

chronological age of humans based on the methylation state of 71 CpG markers. With 

this model, there is evidence for differential aging within the population that can be 

partially attributed to biometric and clinical states. Key findings show that metabolic traits 

such as body mass index and diabetes impact biological aging. Our model has also been 

validated in other tissues, indicating that these methylation trends may be common 

throughout many tissues of the human body. ELOVL2, the top age-predictive gene in our 

model, is involved in lipid metabolism. DNA methylation is impacted by cellular 

metabolism5, which in turn is tied into the function of ELOVL2. Given the links between 

aging, methylation of ELOVL2, and metabolic activity, we were interested in further 

investigating the relationship between this gene and aging phenotypes. Furthermore, we 

identified Aza-2-deoxycytidine (5-Aza) and L-ascorbic acid 2-phosphate, or vitamin C 

phosphate (VcP) as modulators of DNA methylation and aging phenotypes. We plan to 

explore the relationship between aging, ELOVL2, and VcP. 

In the first chapter, we analyze the effects of manipulating ELOVL2 expression on 

aging phenotypes. First, using mortal human fibroblasts as a model, we will assess the 

proliferative capacity and amount of senescence, as well as alterations of the ‘methylomic 
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age’ as determined by the analysis of CpG methylation and our predictive aging model. 

We have already established a negative influence on these phenotypes upon knockdown 

of ELOVL2. The next step is to overexpress ELOVL2 in these cells. We will also assay 

the effects of ELOVL2 mutations in mouse models. Because ELOVL2 knockout mice are 

infertile, we generated C217W mutants, which we expect to delete the function of 

ELOVL2 to elongate fatty acids. We will analyze behavioral traits associated with aging 

in these mice in addition to lifespan.  

Based on the increasing methylation of CpG sites with age in humans, ELOVL2 is 

the top gene in our aging model. We postulate that, along with other genes that are 

progressively methylated with age, increasing ELOVL2 promoter methylation will 

decrease its expression, and negatively influence aging phenotypes. Using 5-Aza in aging 

model cell lines and in mouse eyes, we checked for DNA demethylation and increased 

expression of ELOVL2. We functionally analyzed the effects of perturbing DNA 

methylation by gene expression and cellular aging phenotypes.  

In a screen of aging-related drugs, we identified and VcP as modulators of aging 

phenotypes in mortal human fibroblast cell lines, WI-38 and IMR-90. VcP increased 

proliferation, decreased senescence, and increased ELOVL2 expression in these cell 

lines. This is in contrast to regular ascorbic acid, which had similar beneficial effects at 

low concentrations, but detrimental effects at higher dosages. Because of the ability of 

vitamin C to induce Tet-dependent DNA demethylation6, we propose that it could be 

demethylating CpG sites in ELOVL2, thus increasing expression and eventually 

influencing aging phenotypes. In addition, we are currently treating aged ELOVL2 mutant 
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mice as well as wild-type mice with high-dosage VcP, and plan to observe aging 

phenotypes and lifespan differences.  

Our ELOVL2 mutant mouse could serve as a new murine model of AMD, and 5-

Aza can potentially ameliorate some AMD phenotypes. 
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BACKGROUND & SIGNIFICANCE 

Aging.   

From a population perspective, chronological age is arguably the most important 

clinical trait in predicting disease risk, mental and physical performance, mortality, and 

other important health concerns. The use of chronological age is limited, however, in 

explaining the large biological variation among individuals of a similar age. Biological age 

is a concept that attempts to quantify different aging states influenced by lifestyle, 

genetics, disease, and environment.  Environmental and lifestyle choices such as 

smoking and diet also have clear implications with respect to age-associated diseases7. 

While epidemiological studies have succeeded in providing quantitative assessments of 

their impact on human longevity, advances in molecular biology now offer the ability to 

look beyond population questions of mortality, and to hone in on the specific effects of 

disease and other factors on aging within single organisms. 

Active DNA methylation and demethylation.  

DNA methylation at the 5-position of cytosine (5-methylcytosine, 5mC) is catalyzed 

and maintained by a family of DNA methyltransferases (DNMTs) in eukaryotes8, and 

constitutes ~2-6% of the total cytosines in human genomic DNA9. Alterations of 5mC 

patterns within CpG dinucleotides are associated with numerous cellular conditions, both 

physiological and pathological. Changes in DNA methylation are most dynamic in 

germline lineages and in pre-implantation embryos, where genome-wide erasure and re-

establishment of CpGme patterns are precisely controlled by time and lineage-specific 

developmental mechanisms controlling activities of DNMT1, DNMT3A, and DNMT3B, as 

well as the TET and BER families of enzymes10. DNMT1 is known as the primary 



5 
 

maintenance methyltransferase, while DNMT3A and DNMT3B have higher de novo 

methylating activity11. The TET and BER enzymes act in active demethylation. 

Deregulation of these mechanisms results in aberrant CpGme patterns causing infertility, 

embryonic lethality and developmental defects12,13. However, most changes in CpGme 

are gradual and accumulate progressively over the individual lifespan. Studies in 

monozygotic twins revealed the existence of ‘epigenetic drift’ where individual differences 

in CpG patterns increased as a function of age14. The degree of discordance between 

individual CpGme patterns was greatest between twins separated early in life, indicating 

that alterations were acquired independently over life and were at least partially 

dependent on environmental factors. Genome-wide hypomethylation with age has been 

observed, accompanied by localized hypermethylation of both at functionally neutral sites 

and at regulatory regions (promoters and enhancers) whose methylation affected mRNA 

expression of linked gene loci15. A number of recent studies have shown that CpGme 

patterns progressively change during aging in a variety of tissues and cells such as blood, 

muscle, brain, lung and colon16. The rates of 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 manner17. 
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Figure 1. Dynamic regulation of cytosine methylation in DNA. DNMT3A and DNMT3B are 
responsible for de novo methylation to establish new methylation patterns, while 5mC is 
maintained during replication by DNMT1-catalyzed methylation of the newly synthesized 
DNA strand. TET enzymes can catalyze the oxidation of 5mC to 5hmC, 5fC, and 5caC in 
Fe(II) and α-ketoglutarate(α-KG)-dependent manner. 5fC and 5caC are recognized by 
DNA glycosylase TDG and converted to cytosine through base excision repair (BER) in 
an active demethylation reaction. 5hmC may be deaminated by APOBC3 or AID to form 
5hmU, which can undergo base excision by TDG and BER to restore the unmodified 
cytosine. *adapted from Fu et al. 

 

Epigenetic aging of tissues and organs has profound impact on human health. 

Aging-related global hypomethylation accompanied by CpG island hypermethylation 

closely resembles known patterns of aberrant CpGme in a variety of human cancers18. 

Outside of cancer, CpGme leading to de-regulated gene expression has been observed 

in other age-related diseases such as diabetes and four major neurodegenerative 

diseases (Alzheimer’s, AD; Parkinson’s, PD; Huntington’s, HD and amyotropic lateral 

sclerosis (ALS)19,20. In addition, premature aging disorders Hutchinson-Gilford Progeria 
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and Werner Syndrome are characterized by extensive changes in genome-wide 

methylation landscapes affecting expression of many genes and pathways that can be 

linked to the premature aging phenotype21.  

The maintenance methyltransferase DNMT1 has been shown to decline steadily 

in activity with cellular senescence and immortalization. DNMT3B, which has significant 

de novo methylating activity, was found to increase markedly in activity in aging and 

immortalized cells. These studies indicate that reduced genome-wide methylation in 

aging cells may be attributed to attenuated DNMT1 activity, whereas gene-localized 

hypermethylation may be linked to increased de novo methylation by DNMT3A and/or 

DNMT3B11. 

In addition to passive demethylation from absence of DNMT1 activity, DNA 

methylation can be reversed through active demethylation mediated by the newly 

discovered iron(II)/αKG-dependent dioxygenases, TET family proteins [TET1, 2 and 3]22 

(Fig. 1). TET proteins catalyze the conversion of 5mC to primarily 5-

hydroxymethylcytosine (5hmC), and further to 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC). While 5hmC is found in most mammalian cells and tissues with 

levels ranging from <0.1% to 0.4% of cytosines22–24, 5fC and 5caC exist at much lower 

abundances. Both 5fC and 5caC can be recognized and excised by human thymine DNA 

glycosylase (TDG), followed by base excision repair (BER) to replace the modified 

cytosine with a normal cytosine in an active demethylation process22. Thus, 5hmC, 5fC, 

and 5caC are intermediates of active demethylation. While the 5hmC base represents a 

mark for active demethylation in mammalian genome, it also appears to play a role in 

gene regulation as an epigenetic mark. 5fC and 5caC are considered to be “committed” 
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to demethylation25–29.  

Vitamin C and DNA methylation.  

L-ascorbic acid, or vitamin C, functions as an enzymatic cofactor for Tet1, since it 

has been found to increase levels of 5hmC in mouse embryonic fibroblasts and human 

cancer cell lines. Knockdown of Tet1 attenuated this increase30. It is involved in synthesis 

of collagen, a protein important for extracellular synthesis31. Furthermore, vitamin C acts 

as an antioxidant, and thus may help to protect the genome from damage32. The 

accumulation of free radicals, known as oxidative stress, can contribute to the 

senescence increase and cellular redox unbalance33. In various studies, vitamin C has 

been linked to diverse activities in different biological systems34–36. Linus Pauling, one of 

the most influential scientists of the 20th century, claimed in his later years that high-

dosage intravenous vitamin C has antitumor effects37. His idea caused many scientists to 

turn toward researching the potentially beneficial effects of vitamin C. Research done by 

Takamizawa and colleagues showed that vitamin C can cause proliferation and 

differentiation increase in human osteoblast-like cells through the upregulation of collagen 

expression in a concentration dependent manner38. Furthermore, vitamin C has been 

demonstrated to selectively kill KRAS and BRAF mutant colorectal cancer cell through 

generating a derivative that targets GAPDH39. 

In this study, we use three derivatives of vitamin C: L-ascorbic acid, L-ascorbic 

acid 2-phosphate, and L-dehydroascorbic acid (Fig. 2). L-ascorbic acid 2-phosphate is a 

long-acting derivative of vitamin C. It must undergo hydrolysis to L-ascorbic acid in the 

presence of phosphatase from living tissues in order to become effective40,41. L-

dehydroascorbic acid is an oxidized form of vitamin C.  
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Figure 2. Vitamin C derivatives. *Adapted from Takamizawa et al. 

 

ELOVL2.  

ELOVL2 (Elongation Of Very Long Chain Fatty Acids-Like 2) encodes for a 

transmembrane protein involved in the synthesis of long (C22 and C24) ω3 and ω6 

polyunsaturated fatty acids (PUFA)42. Specifically, ELOVL2 is capable of 

converting docosapentaenoic acid (DPA) (22:5n-3) to 24:5n-3, which is the precursor of 

22:6n-3, docosahexaenoic acid (DHA)43. Given that PUFAs are involved in crucial 

biological functions including energy production, modulation of inflammation, and 

maintenance of cell membrane integrity, it is possible that ELOVL2 methylation plays a 

role in the aging process through the regulation of different biological pathways.  
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An epigenetic clock in aging.  

Our lab recently built a predictive model of aging on a large cohort of patients using 

a penalized multivariate regression method known as Elastic Net44, combined with 

bootstrap approaches1 (Fig. 3, Fig. 5A). Whole blood was taken from patients of age 19 

to 101, and methylation was read by Illumina’s Infinium HumanMethylation BeadChip 

assay45. The model included both methylomic and clinical parameters such as type 1 and 

type 2 diabetes, gender and body mass index (BMI). The optimal model selected a set of 

71 methylation markers that were highly predictive of age. The accuracy of the model was 

high, with a correlation between age and predicted age of 96% and an error of 3.9 years 

(Fig. 5B). Nearly all top markers in the model lay within or near genes with known 

functions in metabolism and diabetes, and oxidative stress. Since our results have been 

published, the epigenetic clock has been verified across 51 different human tissues and 

cell types17. 

ELOVL2 is the top gene in our model, meaning its methylation fraction was the 

most highly correlated with age. Three of the top twelve CpG markers in our model reside 

in the CpG island in this gene (Fig. 4). 
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Figure 3. Aging model. Independent training (n=170) and validation (n=123) Caucasian 

cohorts were used. Methylation marks were assessed using the 450k Illumina methylation 

array. 
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cgmarker 

Adjusted p 

value UCSC RefGene Name 

1 cg16867657 1.80E-175 ELOVL2 

2 cg10501210 6.62E-122 

 
3 cg22454769 6.67E-111 FHL2 

4 cg07553761 4.60E-92 TRIM 

5 cg06639320 1.61E-87 FHL2 

6 cg24724428 6.13E-87 ELOVL2 

7 cg04875128 1.54E-86 OTUD7A 

8 cg08097417 2.07E-82 KLF14 

9 cg14361627 3.32E-81 KLF14 

10 cg19283806 2.12E-80 CCDC102B 

11 cg24079702 8.15E-79 FHL2 

12 cg21572722 5.51E-72 ELOVL2 

 

Figure 4. ELOVL2 methylation versus age. Methylation fraction versus age for the top 

methylation marker on ELOVL2. Table shows the top 12 markers and their adjusted p-

values in the aging model, with ELOVL2 markers highlighted. 
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Figure 5. Aging model prediction and clinical variables. A. A flow chart of the data (green 
boxes) and analyses (red ovals) used to generate aging predictions (blue boxes). B. A 
comparision of predicted and actual ages for all individuals based on the aging model. C. 
Out-of-sample predictions for individuals in the validation cohort. D. Apparent methylomic 
aging rate (AMAR) for each individual, based on the aging model without clinical 
variables. The distribution of aging rates shows faster aging for men than 
women. Methylation fraction versus age for ELOVL2. *Adapted from Hannum, et. al. 
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CHAPTER 1: INVESTIGATION OF ELOVL2 IN AGING CELLS. 

ELOVL2 baseline expression in WI-38 cells 

WI-38 and IMR90 cell lines have been previously established as models of cellular 

aging. It has been shown that both cell lines show significant changes in phenotype over 

time and population doubling (PD) number46,47. Their growth rate, as shown by confluency 

measured by imaging software, markedly decreases from lower PD to higher PD. The 

percentage of senescence-positive cells, as measured by senescence associated-beta-

galactosidase staining (SA-β-Gal) increases as PD grows, and their morphology changes 

from a more elongated shape to a broader, flatter shape (Fig. 6).  

The most significant age-correlated methylation marks for ELOVL2 are located 

within its promoter region. Because methylation marks in promoter regions typically are 

associated with gene repression48, we would expect that expression of ELOVL2 

decreases with age, as its promoter methylation increases. To investigate the changes in 

level of ELOVL2 promoter methylation in aging WI38 and IMR90 cells, we used 

Methylated DNA Immunoprecipitation (MeDIP). We designed primers encompassing the 

specific CpGs described in our previous work. Using this approach, we found that 

promoter methylation increases with increasing cell population doubling (Fig. 7). As it has 

been previously shown that methylation of the promoter region is inhibitory for 

transcription49, we investigated whether the expression level of ELOVL2 inversely 

correlates with ELOVL2 promoter methylation. Using qRT-PCR, we found that the 

expression level falls as cells age (Fig. 7). We concluded that ELOVL2 expression is 

downregulated in aging cells, which is accompanied by an increased level of ELOVL2 

promoter methylation and increased number of senescent cells in culture.  
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Figure 6. Aging characteristics of WI38 cells. A. Proliferation of WI38 cells as measured 
by surface area covered at population doublings (PD) 35, 45, 55. B. Percent senescence 
by beta-galactosidase staining in WI38 cells. C. Representative images of cell 
morphology and beta-galactosidase staining of WI38 cells. (**p<0.005, t-test) 
 

 

 

 

 

 

 

 

Figure 7. ELOVL2 expression and methylation in WI38 cells. A. ELOVL2 expression by 
qPCR in WI38 cells at PD35, 45, 55. (**p<0.005 ANOVA, *p<0.05, t-test) B. Methylation 
level in ELOVL2 promoter region in WI38 cells by methylated DNA immunoprecipitation 
followed by qPCR. Primers amplify region containing CpG markers cg16867657, 
cg24724428, and cg21572722.  
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WI-38 cell methylation age and aging phenotypes. 

To study aging in the context of our methylation model in cell lines, we validated 

that methylation age correlates with population doubling (PD) number according to our 

Elastic Net regression model, shown below. Methylation data was obtained by Illumina 

Infinium BeadChip assay. 

 

Figure 8. Methylation age of WI-38 cells calculated by our aging model. 

 

Figure 9. Cell line methylation aging. Predicted age versus actual age using our aging 

model of iPS and fibroblast cell lines derived from patients.  

                                                                      
 Cell line                         PD number            Methylation Age 

WI38   Young                  PD33.77                                     -13     
             Middle                PD 42.76                                   2.78 

             Old                        PD 63.7                                   4.33 
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Furthermore, we found that fibroblast cell line predicted ages are correlated with 

actual ages of patients they were derived from, while iPS cell lines generated from 

patients all had a predicted age around 0 using our model (Fig. 9). We have also observed 

that as passage number increases in WI-38 and IMR-90 cells, proliferation rate 

decreases, and senescence increases. Around PD 60, proliferation stops completely, and 

all cells are senescent. 

ELOVL2 knockdown in fibroblasts. 

We then asked whether we could influence cellular aging by modulating the 

expression of ELOVL2. First, using lentiviral shRNA, we knocked down ELOVL2 

expression in WI-38 and IMR-90 cells (Fig. 11,12) and observed a significant decrease 

in proliferation rate, an increased number of senescent cells in culture as detected by SA-

β-Gal staining, and a change in morphology to that similar to the morphology of older 

cells. All the observations together indicated an increase in apparent fibroblast age. Of 

two candidate shRNAs, shE1 and shE4, shE4 was a more efficient knockdown, and 

displayed larger changes in aging phenotypes (Fig. 10, 13, 14, 15).  
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Figure 10. ELOVL2 knockdown candidates. shE1 and shE4 WI-38 cell lines were 

generated. shE4 was the most effective knockdown, and thus was chosen for subsequent 

experiments.  

  

*

*
*

**
** **

0.0

0.2

0.4

0.6

0.8

1.0

1.2

PD 25 PD 35 PD 45

R
e

la
ti
v
e

 E
x
p

re
s
s
io

n
WI38 ELOVL2 Knockdown 

Efficiency

shLuc shE1 shE4

*
*

** **

0.0

0.5

1.0

1.5

PD 30 PD 40

R
e

la
ti
v
e

 E
x
p

re
s
s
io

n

IMR90 ELOVL2 
Knockdown Efficiency

shLuc shE1 shE4

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

1 2 3 4 5 6

R
e
la

ti
v
e
 C

o
n
fl
u
e
n
c
y
 t

o
 D

a
y
 1

Days

WI38 PD45 Confluency

shLuc shE-1 shE-4

0

5

10

15

20

25

Ctrl shLuc shE1 shE4

%
 S

e
n
e
c
e
n
c
e

WI38 PD45 Senescence



19 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Knockdown efficiency and aging characteristics of ELOVL2 knockdown WI-38 
cells, including morphology, proliferation rate, and senescence. A. ELOVL2 knockdown 
efficiency in WI38 cells by qPCR. B. Representative images of cell morphology and beta-
galactosidase staining of ELOVL2 knockdown WI38 cells, compared to luciferase 
knockdown controls. C. Proliferation of WI38 knockdown cells and Luciferase knockdown 
controls as measured by surface area covered over time. D. Percent senescence by beta-
galactosidase staining in WI38 knockdown cells. (*p<0.05, **p<0.005, t-test). 
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Figure 12. Knockdown efficiency and aging characteristics of ELOVL2 knockdown IMR-
90 cells. A. Proliferation of IMR90 cells as measured by surface area covered at 
population doublings (PD) 35, 45, 55. B. Percent senescence by beta-galactosidase 
staining in IMR90 cells. C. ELOVL2 expression by qPCR in IMR90 cells. D. ELOVL2 
knockdown efficiency in IMR90 cells by qPCR. E. Representative images of ELOVL2 
knockdown morphology with luciferase knockdown control in IMR90 cells. (*p<0.05, 
**p<0.005, t-test) 
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Figure 13. ELOVL2 knockdown morphology.
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Figure 14. ELOVL2 knockdown and overexpression cell senescence. Staining of PD35 

WI-38 ELOVL2 knockdown and overexpressing cells. DAPI staining is shown on the left, 

and beta-galactosidase staining is shown on the right. 
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Figure 15. Scratch wound experiment in knockdown cells. Cells were subjected to 

scratch wounds, then allowed to recover for 64 hours.  
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ELOVL2 overexpression in fibroblasts. 

Next, we asked whether we could rescue aging phenotypes in cells by 

overexpressing ELOVL2. Using a cumate-inducible DNA construct, we transduced WI-38 

and IMR-90 cells and treated them with cumate for the duration of the experiment. We 

found no differences in proliferation or senescence characteristics (Fig. 16), but there 

was an increase in survival after cells reach the age of proliferation arrest, at 56 population 

doublings (Fig. 17). 
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Figure 16. ELOVL2 overexpression efficiency and aging characteristics of ELOVL2-
overexpressing WI-38 cells, shown by proliferation rate and senescence. 
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Figure 17. Increased survival of ELOVL2 overexpressing cells. 

 

Screen of aging-related drugs. 

Having identified ELOVL2 as a gene that correlates with cellular age, we next 

asked whether we could pharmacologically influence ELOVL2 along with cellular age. We 
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on ELOVL2 expression by qRT-PCR. DHA is the product of the fatty acid elongation 

pathway of which ELOVL2 is the limiting enzyme (Fig. 44). MOTS-c is a peptide encoded 

in the mitochondrial genome which protects against age- and diet-dependent insulin 

resistance and obesity50. Metformin is a commonly used anti-diabetic drug that activates 

AMPK, which can potentially extend lifespan51. 
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We found that of these chemicals, only ascorbic acid significantly influenced 

cellular aging phenotypes and ELOVL2 expression (Fig. 18).  

 

Figure 18. Chemical screen of aging-related drugs by qPCR of ELOVL2 and KLF14.  
 

Vitamin C treatment in fibroblasts. 

To further examine the influence of ascorbic acid on cellular aging, we treated WI-

38 and IMR-90 fibroblasts with L-ascorbic acid (Vc) and two derivatives of Vc, 

dehydroascorbic acid (DHAA) and L-ascorbic acid 2-phosphate (VcP). At low 
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these phenotypes, increasing with increasing proliferation and decreasing senescence 

(Fig. 19).  
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Figure 19. Effects of DHAA, Vc, and VcP on WI-38 fibroblast proliferation, senescence, 
and ELOVL2 expression.  
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 In addition, we assayed the antioxidant properties of Vc, VcP, and DHAA. We 

found that while Vc and VcP reduced ROS in cell culture, DHAA did not (Fig. 20). 

Interestingly, Vc decreased ROS at both low and high concentrations, a contrast from its 

detrimental effects on senescence and proliferation at high concentration (Fig. 19). This 

suggests that Vc could be acting through a mechanism other than as an antioxidant to 

influence cellular aging. 

 

 

 

 

 

 

 

 

 

 

Figure 20. Reactive oxygen species assay on vitamin C-treated WI-38 cells. 
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5-deoxy-2-azacytidine treatment in fibroblasts. 

Next, we decided to affect the methylation level of ELOVL2 promoter in an attempt 

to influence the expression of the ELOVL2. To do that, we treated WI-38 fibroblasts with 

5-Aza-2-deoxycytidine (5-Aza), a well-known cytidine analog that inhibits DNA 

methyltransferase52. We treated the cells for 2 days with 2µM 5-Aza and we continued 

the culture for next 5 days without the compound. At the end of experiment, we assessed 

the expression of ELOVL2 by qRT-PCR. Interestingly, we found that upon treatment with 

5-Aza, ELOVL2 promoter methylation is reduced, while ELOVL2 expression is 

upregulated. Moreover, upon 5-Aza treatment a lower number of senescent cells is 

observed in culture (Fig. 21). These data suggest that decreasing ELOVL2 promoter 

methylation positively influences ELOVL2 expression, and apparent age of fibroblasts. 

 

 

 

 

Figure 21. Effects of 5-Aza on ELOVL2 methylation, expression, and senescence in WI-
38 cells. 
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CHAPTER 2: INVESTIGATION OF ELOVL2 IN AGING MICE. 

Vision is among the top predictors of aging. Visual contrast sensitivity score was 

among the top 5 individual predictors relative to 377 variables evaluated53. ELOVL 

proteins are highly expressed in eye, and several of them have been implicated in eye 

diseases54,55. However, in our methylation model only ELOVL2 contains methylation 

marks that are highly correlated with age1. Therefore, we investigated whether the 

expression level of Elovl2 in wild-type C57BL/6 mouse retinas is changing with mice age. 

We found by qRT-PCR and Western blot that, similarly to data obtained in aging human 

fibroblasts, expression level of ELOVL2 inversely correlates with age of the animal. 

Additionally, our MeDIP analysis indicated that ELOVL2 promoter methylation in the 

retina increases with age of the animal (Fig. 22).  
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Figure 22. ELOVL2 RNA and protein expression in mice of varying age. 
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by ERG (Fig. 23, 25). In addition, oscillatory potentials and flicker response decreased in 

older mice (Fig. 26). 

  

 

 

 

 

 

 

Figure 23. ELOVL2 methylation, fundus autofluorescence images, and scotopic response 
in retinas of mice of varying age. 
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Figure 24. Additional fundus images of aging mice. 
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Figure 25. Additional scotopic response traces of aging mice. 
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Figure 26. Additional ERG traces of aging mice. Top: oscillatory potentials from ERG in 

3-month and 2-year old wild-type mice. Bottom: 10 Hz flicker response from ERG in 3-

month and 2-year old wild-type mice. 
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In parallel, we investigated the Elovl2 promoter methylation and mRNA expression 

levels in the retinas dissected from Ames dwarf mice, which live significantly longer and 

exhibit many symptoms of delayed aging compared to wild-type mice57. We found that 

aged Ames mouse retinas display lower Elovl2 promoter methylation and increased 

expression when compared to aged wild-type mice (Fig. 27). This suggests that ELOVL2 

expression and methylation might be indicative of animal health. 

 

  

 

 

 

Figure 27. ELOVL2 methylation and expression in young and old wild-type and Ames 
dwarf mice. Y=3 months, O= 2 years, A=Ames. 

Elovl2 knockout mice. 
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Figure 28. Liver senescence of ELOVL2 knockout mice. β-Galactosidase staining of 
liver sections of wild-type, heterozygous and homozygous ELOVL2 knockout mice. 
Each image represents one mouse. 
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Elovl2 mutant mice. 

Concurrently with Elovl2 knockout mice, we generated Elovl2 mutant C57BL/6 

mice using CRISPR-Cas9 paired with homologous recombination. We generated a 

C217W mutation in the ELOVL2 protein that has been previously shown to change the 

substrate specificity of ELOVL2 to that of ELOVL5, effectively disrupting the unique ability 

of ELOVL2 to convert the C22 omega-3 PUFA docosapentaenoic acid (DPA) (22:5n-3) 

to 24:5n-343 (Fig. 29). We denote these mice as fate switch (FS) mice. A single gRNA 

was designed to target C217 on Elovl2. A repair oligo was designed with a single base 

pair mutation to generate the mutant C217W, along with four other silent mutations to 

disrupt the PAM sequences of the gRNAs, to prevent re-editing. The gRNA was injected 

into zygotes of C57BL/6 mice along with the repair oligo (Fig. 30). No off-target mutations 

were found (Fig. 30). Mice developed normally, not displaying any overt phenotypes. 

Then we investigated whether eye structure and visual performance are changed 

in the fate switch (FS) mutant. Interestingly, in our Elovl2 mutant mice, autofluorescent 

aggregates appear in the fundus at just 6 months of age, much earlier than in wild-type 

mice (Fig. 31), showing that ELOVL2 is crucial to maintaining a healthy retina. This 

phenotype was consistently observed in 4, 6, 8, and 12-month old mutant animals (Fig. 

33). For comparison, a fundus image of human AMD is shown in Figure 32. 

Then, we tested the photoreceptor function of these mutant mice using ERG. 

Compared to wild-type littermates, we observed a decrease in scotopic response 

amplitude in FS mutant mice (Fig. 31). This reduced response was consistently 

reproduced at other ages (Fig. 34). Although the most affected signal was scotopic 
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response, other types of ERG measurements- oscillatory potentials and flicker response, 

were also affected in Elovl2 mutants (Fig. 35).  

 

Figure 29. Protein alignment of human and mouse ELOVL5 and ELOVL2. Red arrows 
show position 217, the substrate specificity site. Changing the cysteine in ELOVL2 to 
tryptophan should switch the substrate specificity of ELOVL2 to that of ELOVL5.  
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Figure 30. CRISPR-Cas9 strategy for generating ELOVL2 mutant mice. Table shows 
crRNA designed for off-target detection. 
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Figure 31. Retina autofluorescence imaging and scotopic response of Elovl2 mutant mice. 
Left: wild-type, right: Elovl2 mutant. 

 

Figure 32. Human dry AMD. An example of fundus autofluorescence image of human dry 
AMD. 
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Figure 33. Fundus images of FS mouse retinas. Autofluorescence images of WT vs FS 

mouse retinas at 4 months, 6 months, 8 months, and 1 year of age. 
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Figure 33 (continued). Fundus images of FS mouse retinas. Autofluorescence images 

of WT vs FS mouse retinas at 4 months, 6 months, 8 months, and 1 year of age. 
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Figure 34. Scotopic response of FS mouse retinas. Scotopic response of ERG in WT 

vs. FS mice at 4 months, 6 months, and 8 months of age. 
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Figure 35. Other ERG measurements in FS mice. Top, oscillatory potentials from ERG in 
wild-type and frameshift mutation mice. Bottom, 10 Hz flicker response from ERG in wild-
type and frameshift mutation mice. 

Next, we immunostained the retinas of FS and WT mice for HTRA1, oxidized 

phosphocholine (with T-15 antibody), C3, C5b-9, and ApoE to investigate whether the 

aggregates observed as puncta in the autofluorescence fundus imaging were similar to 

drusen, that in humans are a risk factor for developing AMD59. Indeed, our 

immunostaining detected HTRA1, T-15, C3, C5b-9, and ApoE positive aggregates in the 

FS retinas only (Fig. 36-39). Given the prominence and early development of drusen-like 

aggregates in our mutant mice, they are likely showing signs of AMD.  
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Figure 36. Htra1, T-15, C5b-9 immunostaining of Elovl2 mutant mice.  
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Figure 37. C3, ApoE immunostaining of Elovl2 mutant mice.  
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Figure 38. ELOVL2, ApoE immunostaining of Elovl2 mutant mice.  
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Figure 39. Retina immunostaining quantification. 
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Finally, we investigated whether the aging characteristics in mouse eyes could be 

reverted by demethylating the Elovl2 promoter. To do that, we injected eyes with 1µL of 

PBS or 1µL of 2µM 5-Aza every other week over a period of 2 months starting at age of 

10 months. We found, using the MeDIP method, that methylation of the Elovl2 promoter 

decreased after treatment. We also found that Elovl2 expression was upregulated in the 

treated eyes. Finally, we checked the photoreceptor function by ERG, and found that 

scotopic response was improved in the injected eyes (Fig. 40,41). 
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Figure 40. Retinal Elovl2 methylation, expression, and scotopic response of mutant 
mice injected with 5-Aza, and PBS as control. 
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Figure 41. Additional scotopic responses of mutant mice injected with 5-Aza, and PBS 
as control. 
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To test for the potentially confounding rd8 mutation, a mutation in the Crb1 gene 

which can produce ocular disease phenotypes when homozygous, we sequenced all 

mice in our study for rd8. FS mutant mice were heterozygous for rd8. Rd8 generally does 

not present eye disease phenotypes when heterozygous60. One of the ELOVL2 WT 

control littermates was homozygous for rd8, while another was heterozygous (Fig. 42, 

43). ELOVL2 FS mice presented with eye aging phenotypes at a much earlier stage than 

both mice. Thus, the presence of rd8 does not affect our conclusion that ELOVL2 FS 

develop accelerated eye aging phenotypes. 

Of the injected mice, two were WT for rd8, and two were heterozygous. The results 

were consistent regardless of rd8 genotype (Fig. 43). These data suggest that Elovl2 

methylation status can be altered to influence aging eye characteristics. 

 

Figure 42. Location of rd8 mutation. Deleted cytosine is highlighted in green. 

 

Crb1 exon 9 

Deletion of C 

GTATCGCAAACGCTGTTTTCAGCGGATTAAGCAGAGAAATACTCTTCAGAAGC

AATGGGAACATTACCAGAGAACTCACCAATATCACATTTGCTTTCAGAACACA

TGATACAAATGTGATGATATTGCATGCAGAAAAAGAACCAGAGTTTCTTAATA

TTAGCATTCAAGATGCCAGATTATTCTTTCAATTGCGAAGTGGCAACAGCTTT

TATACGCTGCACCTGATGGGTTCCCAATTGGTGAATGATGGCACATGGCACCA

AGTGACTTTCTCCATGATAGACCCAGTGGCCCAGACCTCCCGGTGGCAAATGG

AGGTGAACGACCAGACACCCTTTGTGATAAGTGAAGTTGCTACTGGAAGCCTG

AACTTTTTGAAGGACAATACAGACATCTATGTGGGTGACCAATCTGTTGACAA

TCCGAAAGGCCTGCAGGGCTGTCTGAGCACAATAGAGATTGGAGGCATATATC

TTTCTTACTTTGAAAATCTACATGGTTTCCCTGGTAAGCCTCAGGAAGAGCAA

TTTCTCAAAGTTTCTACAAATATGGTACTTACTGGCTGTTTGCCATCAAATGC

CTGCCACTCCAGCCCCTGTTTGCATGGAGGAAACTGTGAAGACAGCTACAGTT

CTTATCGGTGTGCCTGTCTCTCGGGATGGTCAGGGACACACTGTGAAATCAAC

ATTGATGAGTGCTTTTCTAGCCCCTGTATCCATGGCAACTGCTCTGATGGAGT

TGCAGCCTACCACTGCAGGTGTGAGCCTGGATACACCGGTGTGAACTGTGAGG

TGGATGTAGACAATTGCAAGAGTCATCAGTGTGCAAATGGGGCCACCTGTGTT

CCTGAAGCTCATGGCTACTCTTGTCTCTGCTTTGGAAATTTTACCGGGAGATT

TTGCAG                                                     
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SUMMARY 

In our DNA methylation aging model, ELOVL2 contains the single most significant 

age-correlated CpG mark, and 3 of the top 12 marks, in its promoter region. After 

identifying ELOVL2 as a gene of interest in our aging model, we investigated the aging 

characteristics of WI-38 and IMR-90 fibroblasts in relation to this gene. We define young 

as population doubling (PD) 20-35, middle-age as PD 36-50, and old as PD 51 and on. 

WI-38 and IMR-90 cells are human fetal lung fibroblasts that show increased senescence 

and decreased proliferation rate upon each passage, and are commonly used in aging 

studies61,62. During normal passaging, they change from a shorter, more rounded 

morphology to a more elongated morphology in “old” age. In addition, they display 

alterations of the ‘methylomic age’ as determined by the analysis of CpG methylation with 

our predictive aging model. To assess apparent age, we quantified proliferation by 

confluency, senescence via β-galactosidase staining47, and observed morphology 

change. We found that ELOVL2 methylation increases, and expression decreases with 

increasing PD. Because of the increasing methylation in the ELOVL2 promoter region 

with age in humans, and the fact that promoter methylation is generally inversely 

correlated with expression, we hypothesized that knocking down ELOVL2 would give the 

fibroblasts increased aging phenotypes. Indeed, we found a negative influence on these 

phenotypes upon knockdown of ELOVL2. We then overexpressed ELOVL2 in these cells. 

We did not find the expected amelioration of the aging characteristics of proliferation, 

senescence, or morphology, but after the cells reached population doubling 56, at which 

point they ceased to proliferate, ELOVL2 overexpressing cells survived longer in culture 

than controls.  
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In a screen of molecules that modulate ELOVL2 expression and aging phenotypes 

in fibroblasts, we identified vitamin C as a strong effector. Because of its well-known 

properties as an antioxidant, we examined 3 derivates of vitamin C—a phosphate-

stabilized derivative which would only become active in redox upon coming into contact 

with cellular phosphatases (VcP), an oxidized derivative (DHAA), and regular ascorbic 

acid (Vc). We found that while DHAA did not have beneficial effects on cellular aging, Vc 

ameliorated cellular aging phenotypes at lower concentrations, and VcP did so at a large 

range of concentrations. 

To test whether vitamin C was acting through its antioxidant function, we assessed 

ROS levels in fibroblasts with high and low concentrations of each vitamin C derivative. 

In cases where a derivative at a certain concentration benefited cellular aging 

phenotypes, it was found to decrease ROS levels, with the notable exception of vitamin 

C at high concentration. It was found to decrease ROS levels despite being detrimental 

to aging phenotypes. This suggests that the antioxidant function of vitamin C may not be 

the primary mechanism behind its effect on cellular aging. 

To investigate if demethylation can influence cellular aging, we used 5-Aza at a 

low concentration to globally demethylate DNA in fibroblasts. We found that senescence 

was decreased, along with a decrease in Elovl2 methylation and an increase in 

expression. 

 We then examined the function of Elovl2 in mouse aging. We attempted to 

generate a colony of Elovl2 knockout mice, but because male knockout mice display 

reduced fertility, we did not obtain enough mice to produce significant data. In the 
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heterozygotes that were generated, however, we observed an increase in liver 

senescence. 

 

Figure 44. Function of ELOVL2 and ELOVL5. 

 

We then generated C217W Elovl2 mutant mice. Using CRISPR-Cas9 along with 

homology directed repair, we created a functional knockout by introducing a single base-

pair mutation to change the function of Elovl2 to that of Elovl5. Only ELOVL2 can convert 

docosapentaenoic acid (DPA) (22:5n-3) to 24:5n-3, which is the penultimate precursor of 

DHA. Meanwhile, ELOVL5 overlaps in function with ELOVL2 in elongating 18:4n-3 to 

20:4n-3, and from EPA to DPA (Fig. 44)43. A mutation was targeted to position 217 of 

ELOVL2, converting a cytosine to a tryptophan, to switch the substrate specificity of 
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ELOVL2 to that of ELOVL5 (Fig. 29). Mutant mice did not exhibit outward signs of aging 

compared to their wild-type littermates, but they showed signs of aging-related retina 

dystrophy.  

 Finally, we injected 5-Aza into mouse eyes, and observed an increase in 

photoreceptor sensitivity as measured by ERG, showing that demethylation can 

potentially influence eye aging phenotypes. 
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DISCUSSION 

Previous studies have revealed a highly significant correlation between ELOVL2 

promoter methylation and age in humans1,70,71. In the current study, we investigated 

whether ELOVL2 methylation and expression plays a role in aging. First, we investigated 

ELOVL2 in the aging human fibroblast model. 

WI-38 fibroblasts were isolated by Hayflick and Moorhead in the 1960s, and were 

observed to gradually experience signs of senescence as they divided, first slowing then 

stopping their division at 50+/-10 population doublings, a phenomenon which would later 

become known as the Hayflick limit62. In addition, cells were found to senesce in vivo with 

increasing age72, and primary cells from different species were found to have a maximum 

in vitro lifespan correlated with the maximum lifespan of the species73.  

We found that ELOVL2 expression decreases with passage number in human 

fibroblasts. Because promoter methylation is generally inversely correlated with 

expression, we expected that promoter methylation would increase with cellular aging, 

and found this to be true. Because of the decreasing expression in cells and increasing 

promoter methylation in both cells and humans with age, we hypothesized that knocking 

down ELOVL2 would result in advanced aging phenotypes. Indeed, this was shown by a 

decreased proliferative capacity, increased senescence, and a corresponding change in 

morphology.  

To further investigate aging phenotypes, we created Elovl2 mutant mice. Using 

CRISPR-Cas9, we generated a C217W mutation, shown previously to switch the 

substrate specificity of the Elovl2 catalytic site to the equivalent of Elovl5, effectively 

disrupting the unique ability of ELOVL2 to convert the C22 omega-3 PUFA 
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docosapentaenoic acid (DPA) (22:5n-3) to 24:5n-343.  Both Elovl2 and Elovl5 have been 

found to elongate eicosapentaenoic acid (EPA; 20:5n-3) to docosapentaenoic acid (DPA; 

22:5n-3), but only Elovl2 is known to further elongate DPA to 24:5n-3, the penultimate 

precursor of DHA43. Altered levels of DHA have been linked to cardiovascular and eye 

disease63. We therefore investigated the health of the eyes of the Elovl2 mutant mice.  

By switching the substrate specificity of Elovl2 to that of Elovl5 in mice, we 

expected a similar effect on aging as a simple Elovl2 knockout, but there may be some 

interesting phenotypes to observe by increasing the amount of effective Elovl5 in mice. 

Both Elovl2 and Elovl5 have been found to elongate eicosapentaenoic acid (EPA; 20:5n-

3) to docosapentaenoic acid (DPA; 22:5n-3), but only Elovl2 is known to further elongate 

DPA to 24:5n-3, the penultimate precursor of DHA43. Thus, we expect to observe a 

pooling of DPA, and a lack of DHA in these mice. 

We observed the presence of protein aggregates on the retina at 6 months of age, 

compared to 1 year in wild-type mice by autofluorescence imaging. We then stained retina 

sections for oxidized phosphocholine and HTRA1, two proteins found in drusen, which 

are commonly found in patients with age-related macular degeneration (AMD). AMD is a 

degenerative disease of the macula, is the leading cause of blindness among the elderly 

in developed countries. It is a multifactorial disease involving genetic, environmental, and 

metabolic factors, and there is currently no cure or effective prevention for it. A number 

of genes have been identified as risk factors, but many are still unknown. As AMD 

progresses, the center of vision becomes blurred, and eventually blind spots can develop. 

AMD occurs in two forms, wet AMD and dry AMD. In dry AMD, which affects about 90% 

of AMD patients, the focal deposition of acellular, polymorphous debris occurs between 
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the retinal pigment epithelium and Bruch’s membrane. These focal deposits, called 

drusen, are usually the first observed clinical hallmarks of AMD. ELOVL4, another fatty 

acid elongase involved in the synthesis of VLC-PUFAs, is implicated in Stargardt macular 

dystrophy, a juvenile form of macular degeneration causing vision loss55,74.  

AMD has been associated with oxidative stress in the retina75. Oxidative stress 

can result in inflammation and contribute to the development of macrophage activation76. 

Oxidized phospholipids have been shown to be reliable markers of oxidative stress, and 

they initiate inflammation by binding to the retinal pigment epithelium (RPE) and 

macrophages, activating downstream inflammatory cascades77. Oxidation-modified 

proteins and lipids have also been found in drusen and Bruch’s membrane59. 

Phosphatidylcholine, a phospholipid highly enriched in the retina, contains the head group 

phosphocholine. The oxidation epitope of phosphocholine can be recognized by a natural 

antibody to phosphocholine, TEPC-1578, and has been shown to colocalize with drusen 

in the human AMD eye79. HTRA1, one of the main proteins associated with AMD, is also 

found to colocalize with drusen in the AMD eye80. In addition, several components of the 

complement cascade, including C3 complement fragments, C5 and the membrane attack 

complex C5b-9 have been found within drusen81. 

To assess photoreceptor function, we used ERG. ERG measures the electrical 

signals produced by the retina in response to light stimulus, and so can detect functional 

abnormalities of photoreceptors. Because the mouse retina contains mostly rod 

photoreceptors, the functional differences in their electrical signals (scotopic response) 

are most relevant in assessing visual performance. Besides scotopic response, we also 

investigated cone response and 10Hz flicker. All of these signals, but most notably 
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scotopic response, decreased in amplitude both with age and in mutant mice. Together 

with the presence of drusen-like aggregates, these indicators of decreased photoreceptor 

function are signs of AMD. Therefore, we conclude that ELOVL2 function is crucial for 

preventing early onset of drusen-like aggregates and maintaining healthy photoreceptor 

function in mice. Combined with the accelerated appearance of drusen-like aggregates, 

the loss of photoreceptor function in Elovl2 mutant mice shows that ELOVL2 is an 

important part of maintaining a healthy retina through old age in mice. In addition, we 

have found that ELOVL2 plays an important role in influencing aging phenotypes in 

human cells, and could potentially be influencing the process of aging on a broader level.  

The rd8 mutation of the Crb1 gene is found in certain lines of C57BL/6 mice. 

C57BL/6J are generally WT for Crb1, while C57BL/6N are homozygous for rd8. This 

mutation can produce ocular disease phenotypes when homozygous, but generally do 

not present with these phenotypes when heterozygous60. Our founder mice were of the 

C57BL/6N substrain, and they were bred with C57BL/6J mice. The mice used for 

examination of ocular phenotypes in our study are progeny of C57BL/6N and C57BL/6J, 

and thus are a mixture of homozygous, heterozygous, and WT for rd8. The ELOVL2 FS 

mice examined in this study were all heterozygous for rd8. Of the control littermates, one 

was heterozygous for rd8, and the other was WT. We found that the ELOVL2 FS mice 

presented with drusen-like aggregates and decreased photoreceptor sensitivity at a 

significantly earlier stage than either of the control littermates. We conclude that the 

ELOVL2 FS mutation is responsible for the accelerated eye aging phenotype, although 

we cannot exclude the possibility that rd8 heterozygosity may also play a role.Taken 

together, our study shows evidence that ELOVL2 plays a role in aging characteristics, 



65 
 

and in particular, eye function. Further, the level of methylation at the promoter region of 

ELOVL2 is correlated with its expression, and can be altered to potentially influence aging 

characteristics. Further studies are needed to discover the mechanisms by which 

ELOVL2 plays a role in aging and eye disease. 
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FUTURE DIRECTIONS 

5hmC is known to serve as an intermediate in the process of active demethylation, 

but it also has been shown to be a stable epigenetic mark. While 5mC at promoter and 

enhancer sites typically marks for gene repression, 5hmC can positively correlate with 

gene activation48,64,65. Since the traditional bisulfite sequencing method that the lab 

previously employed to map 5mC in the aging model measures the sum of 5mC+5hmC 

(it cannot differentiate these two modifications), we plan to conclusively establish the 

identity of the epigenetic marks on ELOVL2. We will observe the correlation of DNA 

methylation, hydroxymethylation, and demethylation with expression of these two genes 

and aging rate. The dynamic equilibrium most likely affects expression regulation of these 

genes, and precisely mapping the demethylation sites will allow us to investigate their 

relationships with gene expression and aging.  

5hmC can be present as a stable mark with high abundance at specific sites in the 

genome, so it is possible that some of the 5mC which we previously found are actually 

5hmC. We will utilize TET-Assisted Bisulfite Sequencing (TAB-Seq) to investigate 5hmC 

content in ELOVL2 in human blood samples of varying age, human lung fibroblasts of 

varying passage number, and mice of varying age. Combined with traditional bisulfite 

sequencing data, this will reveal which marks are 5mC and which are 5hmC. Further, we 

will investigate the corresponding gene expression of ELOVL2 in each sample by qPCR. 

A second group of methods that we will use is methylated and hydroxymethylated DNA 

immunoprecipitation (MeDIP and hMeDIP). This method will assess the relative levels of 

methylation and hydroxymethylation in a region of DNA. Briefly, antibodies specific to 
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methylated and hydroxymethylated cytosines will be used to pull down fragments of DNA, 

and quantified by qPCR. 

A fraction of the 5mC marks in ELOVL2 may be revealed as 5hmC. Given that high 

levels of 5hmC and reciprocally low levels of 5mC can be found near binding sites of 

transcription factors, and that 5hmC may be an activating mark26,48, we anticipate that 

any 5hmCs we discover will give further insight into the dynamic regulation of epigenetic 

markers and expression of ELOVL2.  

Knowing the identities of the epigenetic marks on ELOVL2, we will next observe 

the effects of modifying them. Because ELOVL2 was identified the top genes in our aging 

model due to its differential methylation with age, directly modifying its methylation may 

reveal further insight into the relationship between DNA methylation and aging. It is 

possible that altering specific CpG methylation marks will modify aging phenotypes. In 

potential therapeutic applications, epigenetic modification would be an attractive 

alternative to direct modification of the gene due to its intrinsic reversibility and thus 

decreased potential toxicity. Targeted epigenetic modifications have been successful in 

the past. Hui Chen et. al. have achieved successful targeted demethylation of promoters 

by fusing TET proteins to DNA binding zinc fingers66. Maeder et al. have successfully 

achieved demethylation and activation of genes with TALE-TET fusions67.  

We plan to fuse demethylating and methylating proteins to dCas9, then guide them 

by various sgRNAs to selectively demethylate and methylate CpG sites on ELOVL2 in 

WI-38 and IMR-90 cells of varying passage number. For demethylation, we will use TET1, 

TET2, and TET3, and for methylation, we will use DNMT1, DNMT3A, and DNMT3B. We 

will target methylation marks that are best correlated with age, i.e. the highest bars in 
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meth.pVal in Figure 45. We will transfect dCas9 fusion proteins in transient expression 

vectors, along with gRNAs. As a second strategy, we will deliver dCas9 and gRNA both 

as DNA, in transient vectors. As controls, we will target dCas9 fusion proteins to loci that 

contain CpG sites that are not correlated with age. We will verify changes in DNA 

methylation with Droplet Digital PCR (Bio-Rad). To ensure that no off-target modifications 

occur, we will assess the methylation marks of candidate off-target sites by bisulfite 

sequencing, as well as the 470,000 CpG markers originally observed in our aging model 

by the Illumina Infinium BeadChip assay. 
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Figure 45. Methylation markers on ELOVL2. Raw p values refer to correlation to age. 
Higher bar = higher correlation. Coefficients refer to the slope of methylation fraction 
versus age. Methylation p values = raw p values multiplied by coefficients. 

 

Upon dCas9-mediated methylation of ELOVL2, we expect to observe changes in 

aging phenotypes. We will quantify proliferation by cell count, and senescence via β-

galactosidase staining47. Senescent cells have been shown to accumulate lysosomal β-

galactosidase68. We will measure metabolic activity by MTT assay, which surveys the 

activity of NAD(P)H-dependent cellular oxidoreductase enzymes. We will also observe 

any changes in the morphology of the cells. In addition, we will assess the methylation 

status of the top genes in our aging model using the Illumina Infinium BeadChip assay.  

We expect that, as is usually the case with promoter methylation, upon 

demethylation of the associated CpG island of ELOVL2, the genes will be upregulated, 

and that upon methylation, they will be downregulated. We expect TET2 to demethylate 

DNA more effectively than TET1, as shown previously66. DNMT3A and DNMT3B, having 

ELOVL2 
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higher de novo methyltransferase activity than DNMT1, are expected to more 

successfully methylate the targeted regions. Furthermore, it is possible that a TET protein 

will change 5mC to stable 5hmC, and not continue down the active demethylation 

pathway. Given that 5hmC could be an activating mark, this could result in upregulation 

of ELOVL2. 

It is important to optimize the length of time to which the cells are exposed to 

dCas9. The cells should be exposed just long enough for targeted methylation or 

demethylation to occur, since when dCas9 is bound to DNA, it can sterically hinder 

transcription69. We expect RNA delivery of our CRISPR parts to be the least toxic to the 

cells, as there is no risk of genomic integration. Since the above proteins have not been 

used with CRISPR systems, we anticipate that troubleshooting will be required to achieve 

successful demethylation/methylation. Successful demethylation/methylation will likely 

depend on the distance between the protein and the DNA. We will vary the linker length 

between the protein to achieve the best results.  

Further studies on the effects of ELOVL2 overexpression are needed. We expect 

the apparent age and the methylation age of the cells to decrease upon upregulating 

ELOVL2. Observable phenotypes would include increased proliferation, decreased 

senescence, and a shorter, rounder morphology. If we only observe the correct shift in 

the apparent age of the cells but not the methylation state, it would suggest that ELOVL2 

influences aging phenotypes in the cells, but not through methylation state. Conversely, 

if we observe a shift in the methylation age but not in apparent age, then it may be the 

case that methylation age is not causative of apparent age in cells, or that other assays 

for apparent age should be used. We can also assess other properties of cells that could 
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indicate age, such as metabolic activity and telomere length. If we see that proliferation, 

senescence, and methylation state all trend in the expected direction, then we can be 

reasonably confident that ELOVL2 influences the apparent age of cells, and that the 

apparent age of cells is correlated with methylation age. 

We recently identified VcP as a modulator of aging phenotypes in human 

fibroblasts. VcP increased proliferation, decreased senescence, and increased ELOVL2 

expression in WI-38 and IMR-90 cells. VcP was effective at a wide range of 

concentrations, in contrast to regular ascorbic acid, which had detrimental effects at 

higher dosages. Because of the ability of vitamin C to induce Tet-dependent DNA 

demethylation6, we hypothesize that it could demethylate CpG sites in ELOVL2, resulting 

in  increased expression. We plan to investigate how the role of vitamin C in DNA 

demethylation could contribute to changes in aging phenotypes. 

Previously, we found that methylation age as calculated by our aging model 

increases with increasing PD in WI-38 cells, while ELOVL2 expression decreases (see 

Preliminary Data). First we will check that methylation of ELOVL2 specifically increases 

with PD. With Droplet Digital PCR (ddPCR, Bio-Rad), we can reveal the percentage of 

specific CpG sites that are methylated in ELOVL2. The drawback of this technology is 

that it cannot distinguish methylated cytosines from hydroxymethylated ones. Using 

methylated DNA immunoprecipitation (MeDIP) and hydroxymethylated DNA 

immunoprecipitation (hMeDIP), we can distinguish between methylated and 

hydroxymethylated regions. The drawback of these methods is that they are not specific 

to individual cytosines. We can only determine relative amounts of each mark. 
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Given that VcP increases ELOVL2 expression, we plan to interrogate CpG 

methylation in ELOVL2 as well as genome-wide upon VcP treatment in fibroblasts and 

mice. WI-38 and IMR-90 cells will be treated at low and high concentrations of VcP at 

varying PDs. They will be monitored for proliferation rate, senescence, and morphology. 

At varying ages, we will assess their methylation states genome-wide with the Illumina 

Infinium BeadChip assay, with particular focus on ELOVL2 methylation. 

Hydroxymethylation of cytosines will be assessed in comparison to methylation with TAB-

seq and hMeDIP, as mentioned previously.  

In addition, we will treat 2-year-old wild-type and ELOVL2 mutant mice with 10 g/L 

VcP dissolved in drinking water. If results are not seen, intravenous injection is a more 

direct route of delivery. We will monitor their health, behavior, and methylation status of 

blood at 2 month intervals until their natural death. Behaviorial tests will be those 

commonly used in aging studies: the Barnes maze, eyeblink classical conditioning, fear 

conditioning, Morris water maze, grip strength, and rotarod tests. We will isolate cells from 

the mice every two months, and assess proliferation, senescence, and methylation status. 

Methylation and expression of ELOVL2 will be assessed in a variety of organs upon 

natural death, with the same methods proposed for assessing methylation in fibroblasts.  

Given that VcP plays a role in TET-mediated DNA demethylation, we predict that 

it will demethylate DNA at regions that influence the proliferative and senescence related 

phenotypes we have previously observed in fibroblasts. Extending these aging 

phenotypes to our mouse model, we predict that VcP can extend the lifespan of mice, as 

well as improve performance in aging-related behavioral tests. Because ELOVL2 is 

clearly the top gene in our DNA methylation aging model, we expect that VcP will 
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influence its methylation state significantly. If it does not, our genome-wide methylation 

assay may reveal some other interesting sites of demethylating activity, which we could 

then pursue in our aging studies. 
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METHODS 

Cell culture and treatment.  

WI38 and IMR90 human fibroblasts were cultured in EMEM (ATCC) supplemented 

with 10% fetal bovine serum (Omega) and 1% penicillin/streptomycin (Gibco), and kept 

in a humidfied incubator at 5% CO2 and 37°C. Confluence was calculated via ImageJ 

imaging software, including 3 fields of view per sample (10x). The cell lines were obtained 

from ATCC at a PD of 20 to 30, and maintained in culture until old age (PD 60+), with 

aliquots frozen at varying PDs. Knockdown lentivirus was generated using MISSION 

shRNA (Sigma) according to the manufacturer’s instructions. Cumate-inducible vectors 

were purchased from Applied Biological Materials Inc, and lentivirus was generated and 

transduced into cells. Cells were then treated with cumate per manufacturer’s 

instructions. Materials used in chemical screen were purchased from Sigma. 5-Aza-2’-

deoxycitidine was purchased from TSZ Chem (CAS#2353-33-5), and dissolved in cell 

culture medium at a concentration of 2µM. Cells were treated for a period of 48 hours. 

The medium was then replaced with regular cell culture medium, and the cells were 

cultured for 5 more days.  

Senescence-associated β-galactosidase (SA-β-gal) activity. 

The SA-β-gal activity in cultured cells was determined using the Senescence β-

Galactosidase Staining Kit (Cell Signaling Technology), according to the manufacturer’s 

instructions. Cells were stained with DAPI afterwards, and percentages of cells that 

stained positive were calculated with imaging software (Keyence), including 3 fields of 

view (10x). 

Nucleic acid analysis. 
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DNA and RNA were isolated from human fibroblasts and mouse tissues with 

TRIzol (Ambion) according to manufacturer’s instructions. RNA was converted to cDNA 

with iScript cDNA Synthesis Kit (Bio-Rad). qPCR was performed using SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad).  

Methylated DNA Immunoprecipitation (MeDIP) was performed by shearing DNA 

by Bioruptor (Diagenode) for 8 cycles on the high setting, each cycle consisting of 30 

seconds on and 30 seconds off. Sheared DNA was denatured, incubated with 5mC 

antibody MABE146 (Millipore) for 2 hours, then with SureBeads protein G beads (Bio-

Rad) for 1 hour. After washing, DNA was purified with QIAquick PCR Purification Kit 

(Qiagen). qPCR was then performed as above. 

Fluorescent ROS Assay 

Fibroblasts were split into a 96-well plate and treated under the specified 

conditions for 3 days. The reactive oxidative species were analyzed using the OxiSelect 

Intracellular ROS Assay Kit (Cell Biolabs, San Diego, CA). After PBS wash, Dichloro-

dehydro-fluorescein diacetate (DCFH-DA) diluted to 100µM in media was added to the 

wells. The fibroblasts were incubated at 37°C for an hour and washed again twice with 

PBS. Regular media was added to the fibroblasts and the wells were imaged using a 

Keyence BZ-9000 fluorescent microscope for both fluorescent and brightfield microscopy. 

Western Blotting. 

10μg of total protein isolated with TRIzol (Ambion) from retinas of WT mice of 

varying stages of development was subject to SDS-PAGE. Western blotting was 

performed using 1.5 µg/ml anti-human ELOVL2 polyclonal antibody using a well-accepted 

protocol. ELOVL2 protein expression level was normalized to H3.  
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CRISPR-Cas9 design. 

The CRISPR-Cas9 constructs were generated as previously described82. T7 

promoter was added to Cas9 coding region by PCR amplification. The T7-Cas9 product 

was then gel purified and used as the template for in vitro transcription (IVT) using 

mMESSAGE mMACHINE T7 ULTRA kit (Life Technologies). T7 promoter was added to 

sgRNAs template by PCR amplification. The T7-sgRNA PCR product was gel purified 

and used as the template for IVT using the MEGAshortscript T7 kit (Life Technologies).  

Animal injection and analysis. 

All animal procedures were conducted with the approval of the Institutional Animal 

Care Committee at the University of California, San Diego. C57BL/6J mouse zygotes 

were injected with CRISPR-Cas9 constructs. Oligos were injected into the cytoplasm of 

the zygotes at the pronuclei stage. Mice were housed on static racks in a conventional 

animal facility, and were fed ad libitum with Teklad Global 2020X diet. For the 5-Aza 

injection study, Mice were anesthetized an intraperitoneal injection of ketamine/xylazine 

(100 mg/kg and 10 mg/kg, respectively), and given an analgesic eye drop of Proparacaine 

(0.5%, Bausch & Lomb).  Animals were intraocularly injected with 1µL of PBS in one eye, 

and 1 µL of 2µM 5-Aza dissolved in PBS in the contralateral eye, every other week over 

a period of 2 months.  

Electroretinograms (ERGs) were performed following a previously reported 

protocol83. Briefly, mice were dark-adapted for 12 h, anesthetized with a weight-based 

intraperitoneal injection of ketamine/xylazine, and given a dilating drop of Tropicamide 

(1.5%, Alcon) as well as a drop of Proparacaine (0.5%, Bausch & Lomb) as analgesic. 

Mice were examined with a full-field Ganzfeld bowl setup (Diagnosys LLC), with 
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electrodes were placed on each cornea, with a subcutaneous ground needle electrode 

placed in the tail, and a reference electrode in the mouth (Grass Telefactor, F-E2). 

Lubricant (Goniovisc 2.5%, HUB Pharmaceuticals) was used to provide contact of the 

electrodes with the eyes. Amplification (at 1–1,000 Hz bandpass, without notch filtering), 

stimuli presentation, and data acquisition are programmed and performed using the 

UTAS-E 3000 system (LKC Technologies). For scotopic ERG, the retina was stimulated 

with a xenon lamp at -2 and -0.5 log cd·s/m2. For photopic ERG, mice were adapted to a 

background light of 1 log cd·s/m2, and light stimulation was set at 1.5 log cd·s/m2. 

Recordings were collected and averaged in manufacturer's software (Veris, EDI) and 

processed in Excel. 

Mouse retina analysis. 

Retinas were collected immediately after sacrificing mice, fixed in 4% 

paraformaldehyde for 1 hour, and stored in PBS at 4°C. For immunostainings, retinas 

were sectioned, mounted on slides, then incubated with 5%BSA 0.1% Triton-X PBS 

blocking solution for 1 hour. Primary antibodies (Sigma M1421, Santa Cruz Biotechnology 

sc-377050, sc-58926, sc-66190) were added 1:50 in 5%BSA PBS, and incubated at 4°C 

for 16 hours. Following 3x PBS wash, secondary antibodies were added 1:1000 in 

5%BSA PBS for 30 minutes at room temperature. Samples were then washed 3x with 

PBS, stained with DAPI for 5 minutes at room temperature, mounted, and imaged 

(Keyence). 
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Table 1. List of primers used in the study. 

Off-target checking Sequence (5' -> 3') 
chr8 off-targ F GTAATTCCGTGATCACCGTC 
chr8 off-targ R CCAATAAATAACAGCAGAAG 
chr10 off-targ F CAATATGCTCATCATTGTCT 
chr10 off-targ R CCACACATGTCTACCTTCCT 
MeDIP primers  

hELOVL2 prom. F CGATTTGCAGGTCCAGCCG 
hELOVL2 prom. R CAGCGGGTGGGTATTCCTG 
hACTB prom. F CTAGGTGTGGACATCTCTTG 
hACTB prom. R TGCAGGAGCGTACAGAA 
mELOVL2 prom. F AGCTCCTCCGCTACTC 
mELOVL2 prom. R CCAGCCCTTGGTCATC 
mACTB prom. F TAGGCCCAGATGTACAGGAA 
mACTB prom. R CCAGAATGCAGGCCTAGTAA 
qPCR primers  

hELOVL2 F GCGGATCATGGAACATCTAA 
hELOVL2 R CCAGCCATATTGAGAGCAGA 
hACTB F CACCATTGGCAATGAGCGGTTC 
hACTB R AGGTCTTTGCGGATGTCCACGT 
Rd8 primers  

Rd8 F GGTGACCAATCTGTTGACAATCC 

Rd8 R GCCCCATTTGCACACTGATGAC 

 

Table 2. List of antibodies used in the study. 

Immunostaining Company, Cat# RRID 

TEPC 15 Sigma M1421 AB_1163630 

HtrA Santa Cruz sc-377050  

C3 Santa Cruz sc-58926 AB_1119819 

C5-b9 Santa Cruz sc-66190 AB_1119840 

ApoE Santa Cruz sc-13521 AB_626691 

MeDIP   

5-methylcytosine Millipore MABE146  AB_10863148 

Western blot   

ELOVL2 Santa Cruz sc-54874 AB_2262364 

Histone H3  Cell Signaling 9715 AB_331563 
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