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Abstract: Concerns over existing sunscreen filters have reinforced the need to examine

supplemental sun protection or repair of sun damage. Technology to enhance DNA repair has

been available in skincare and sunscreen products for several decades, but skepticism and lack of

familiarity with the supporting data remain prevalent. Here, we address six of the main questions

raised by medical professionals regarding the efficacy of DNA repair enzymes in sun protection.

These include the mode of delivery and mechanism of action, the effect on cellular responses and

the amelioration of pre-cancers, cancers and photoaging. The conclusions are that topical DNA

repair enzymes do enhance removal of DNA damage and reduce the appearance of new actinic

keratoses as well as increase regression of existing lesions. Support for prevention of photoaging

and skin cancer is significant but could be strengthened or disproven with additional research.

Keywords: DNA repair, skin cancer, T4 endonuclease V, photolyase, UV endonuclease,
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Introduction
Despite decades of sun protection warnings, the rates of both melanoma and

nonmelanoma skin cancer in the US have been steadily rising,1 and the consumer

concern for signs of premature aging continues unabated. Our primary topical

product defense has been sunscreen use, but these are now under attack because

they may damage the environment of the coral reefs,2 they may enter the

bloodstream3 and newer sunscreen chemicals have not received FDA approval

due to insufficient safety support.4 We need to consider alternate technologies

that can either attenuate sun exposure or reduce its biological consequences. This

emphasizes the importance of prevention in an overall program of sun protection.

One such technology is the use of DNA repair enzymes to speed the removal of DNA

damage from sunlight and other sources of genotoxicity. The first patent in this field was

awarded in 1991.5 Topical products with DNA repair technology have been available in

the commercial market since then (Supplementary material), and the technical data

supporting their efficacy have been periodically reviewed.6–10 Despite this, there remains

skepticism about this approach to sun protection and repair of sun damage. Our experi-

ence is that dermatologists and other interested professionals have questions that have not

been adequately addressed. This review is designed to directly address these critical

issues.

Methods
The questions in this review were selected by the authors after listening to questions

from colleagues, physicians, patients, and consumers posed publicly and in private
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over 20 years of technology commercialization. They were

finalized after discussions among the authors. A search of

PubMed yielded 47 papers for the search term “DNA

repair liposomes AND skin” and 125 papers for the search

term “DNA repair liposomes”. These papers were

reviewed as well as the references cited by the prior

reviews (refs. 6–10).

Question 1: do DNA repair enzymes

really work?
The 2015 Nobel Prize in Chemistry was awarded to three

scientists for mechanistic studies of DNA repair, culminat-

ing many decades of research showing DNA is able to

repair itself. The surprising finding that bacterial DNA

repair enzymes can indeed function inside human cells

was first demonstrated nearly 45 years ago by Tanaka

and colleagues.11 They permeabilized UV-irradiated

human cells in culture and added a DNA repair enzyme

from bacteria to increase the removal of DNA lesions and

DNA repair synthesis.

The enzyme they used, T4 endonuclease V, specifically

recognizes one class of UV-induced DNA damage, called

cyclobutane pyrimidine dimers (CPD) and repairs DNA by

catalyzing two reactions: the first uses glycosylase, which

releases thymine and causes an apurinic site; the second

involves AP lyase, which incises the phosphodiester back-

bone at the site of the missing base, causing a single-

stranded break. The host cell supplies the exonuclease

that then removes bases around this site, and a polymerase

fills the gap, thereby repairing the photodamaged DNA.12

A similar enzyme UV endonuclease from the bacteria

Micrococcus luteus also stimulates the excision repair

process when introduced into mammalian cells.13

Shortly thereafter, in 1980, a completely different bac-

terial DNA repair enzyme, the photoreactivating enzyme,

was inserted into mammalian cells and proved to be active

in reversing lesions.14 This enzyme utilizes energy from

blue light to rapidly repair damaged DNA by catalyzing a

reaction that transfers electrons leading to the splitting of

the cyclobutane ring in the damaged DNA but no strand

break intermediates.15 Photolyases are found throughout

the bacterial and plant kingdoms, but mammalian cells do

not have their own photoreactivating enzyme; the homolo-

gous human gene has been hijacked by evolution and put to

use detecting blue light to maintain the circadian rhythm.16

A third class of DNA repair enzymes has been used to

enhance normal DNA repair. Here, the 8-oxoguanine-

DNA glycosylase 1 (OGG1) from a mustard plant

Arabidopsis thaliana was encapsulated in liposomes and

used to repair oxidative damage to the guanine base in

DNA.17

The finding that at least three different enzymes deliv-

ered in several different ways stimulated the removal of

DNA damage should leave little doubt that exogenous

bacterial and plant enzymes can and do work in mamma-

lian and human cells.

Question 2: do DNA repair enzymes

actually get into skin and repair DNA?
The best characterized DNA repair topical skincare pro-

ducts contain enzymes that are encapsulated in liposomes,

which are multilayered lipid vesicles of about 150 nm

diameter, composed of phospholipids that are similar to

the keratinocyte cell membrane.18 After topical applica-

tion, they localize to the epidermis within 1 hr.19 The

liposomes are pH sensitive, so that when they are taken

up by keratinocytes into the acidic lysosomal sac, the

liposome membrane dissolves and the enzymes are

released into the cell, where they diffuse into the nucleus

and remain bound to DNA.19 Human skin was treated with

T4 endonuclease V liposomes, probed with antibodies

specific for the prokaryotic enzyme, and electron micro-

graphs revealed the enzyme inside Langerhans cells and

nuclei in the basal layer of epidermis.20

The precise pathway(s) by which the liposomes tra-

verse the stratum corneum and travel down the depth of

the epidermis is not known. Also unknown is the fraction

of the applied enzyme that actually reaches the living

tissue.

Despite these gaps in our knowledge, UV-irradiated

human skin treated with DNA repair enzymes encapsu-

lated in liposomes have significantly reduced DNA

damage compared to controls in clinical studies from

several research groups.

● T4 endonuclease V applied to patients with the

genetic disease xeroderma pigmentosum (XP, enzy-

matic defect in DNA repair) reduced CPDs by 20%

in skin biopsies21 In this study, 12 XP patients were

exposed to UV at a small spot on the buttocks, the

liposomal T4 endonuclease V was applied, and after

6 hrs, the spot was removed along with a control site

and analyzed for CPD by immunohistochemistry.
● UV endonuclease applied to UV-irradiated normal

volunteers reduced CPDs by 18%.22 Liposomal UV

endonuclease was applied to a spot on the buttocks of
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9 normal volunteers, daily for 4 days. The sites were

then UV irradiated, and after 1 hr, biopsies were taken

and CPDs were measured by immunohistochemistry.
● Photolyase applied to the UVB-irradiated volun-

teers and subsequently exposed to photoreactivat-

ing light decreased the number of CPDs by 40–

45%.23 Seven volunteers were UV irradiated and

photolyase in liposomes was applied to the site.

After 1 hr, the sites were exposed to photoreacti-

vating light, and then, biopsies were immediately

taken and analyzed for CPD content by

immunofluorescence.
● Photolyase applied in a sunscreen formula followed

by UVover a week reduced CPDs by 93% compared

to a 62% reduction by sunscreen alone.24 Ten volun-

teers were treated with either sunscreen or sunscreen

with liposomal photolyase on the lower back and

then after 30 mins were UV irradiated on the site,

for 4 consecutive days. Three days later, biopsies

were taken from the treated sites and analyzed for

CPD by ELISA.
● UV endonuclease combined with photolyase in a

sunscreen used by volunteers for 6 months decreased

CPDs by 61%, compared to 35% with sunscreen

alone.25 Twenty-eight patients with clinically evident

actinic keratosis (AK) were treated on those sites

with either sunscreen or sunscreen plus UV endonu-

clease and photolyase, twice daily for 6 months.

Biopsies were taken of treated sites and CPD ana-

lyzed by ELISA.
● UV endonuclease, photolyase and OGG1 added to a

sunscreen and applied by volunteers and UV irra-

diated over 8 days reduced CPDs by 12% and 8-

oxoguanine by 17% compared to sunscreen alone.26

Twenty healthy volunteers were treated on several

sites on the lower back with various formulations,

including sunscreen and sunscreen plus liposomal

UV endonuclease plus photolyase plus OGG1, fol-

lowed by UV irradiation, for 8 consecutive days.

Twenty-four hours after the last exposure, biopsies

were taken and CPD and 8-oxoguanine were mea-

sured by ELISA. This study included 3 different

commercial DNA repair products, all of which

reduced DNA damage compared to sunscreen

controls.

These robust findings using a variety of enzymes and

protocols are best explained if the DNA repair enzymes

penetrated into the epidermis, reached the damaged nuclei

of the cells and increased the speed of removal of DNA

damage.

Question 3: how much skin damage can

these enzymes repair?
UV induces DNA damage that is converted to mutations

which subsequently, many years later, yield pre-cancer and

skin cancer. In the short run, UV-induced DNA damage

immediately activates skin responses that mobilize cellular

and immune defenses. These responses have been studied

using a variety of molecular markers of gene and protein

expression following treatment with liposomal DNA repair

enzymes.

The first set of responses are considered molecular

markers of UV exposure that are relevant to oncogenesis

and photoaging:

● p53 gene expression is activated after UV irradiation

and in chronically sun exposed skin, but in 35

patients with AK who used either sunscreen or

photolyase plus sunscreen for 1 year, those who

used the DNA repair enzyme had reduced expression

of p53 by immunostaining.27 One consequence of

elevated p53 gene expression is cell death by apop-

tosis in DNA damaged cells; photolyase added to a

sunscreen reduced the number of apoptotic cells by

82%, compared to a 40% reduction by sunscreen

alone, in biopsies from 10 volunteers treated for 4

consecutive days, as measured by ELISA.24

● c-FOS is another proto-oncogene elevated following

UVexposure; treatment of 12 healthy volunteers on 4

consecutive days with sunscreen plus photolyase,

followed by UV and in some cases additional appli-

cation of liposomal UV endonuclease, significantly

reduced c-FOS upregulation measured by RT-PCR

compared to sunscreen alone.28 The combination of

photolyase in sunscreen before irradiation and UV

endonuclease afterward almost completely abolished

c-FOS expression above baseline. This study also

found a reduction in UV-induced telomere shortening

by DNA repair enzymes.
● Matrix Metalloproteinase I (MMP-1) is a UV inducible

collagenase that contributes to photoaging. Sixteen

volunteers were treated with liposomal photolyase fol-

lowed by UV and photoreactivating light, then MMP-1

mRNA induction was measured by RT-PCR and protein

expression was confirmed by immunohistochemistry.29
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Photolyase reduced MMP-1 mRNA expression by 90%

and protein expression in nearly all the subjects.

The next set of responses are induction of cytokines and

subsequent cell responses that modulate the skin immune

system. They are responsible for the UV-induced suppres-

sion of the immune system that allows the outgrowth of

pre-cancers and cancers.

● Cytokines TNFα and IL-10 are elevated after UV

exposure and contribute to the pathway of immuno-

suppression. Fifteen volunteers were UV irradiated

on their buttocks and then treated with liposomal T4

endonuclease V or a heat-inactivated control lotion

repeatedly, and then at 6 hrs a biopsy was taken.20

Levels of TNFα and IL-10 mRNA, measured by in

situ hybridization, were upregulated by UV alone and

strongly downregulated in the UV + DNA repair

enzyme samples. IL-10 protein, measured by immu-

nohistochemistry, was also strongly downregulated

throughout the epidermis in the treated skin.
● Sunburn, the erythema following a sufficient UV

exposure, was not prevented by T4 endonuclease V

treatment.20,21,30 However, when UV-exposed skin

was immediately treated with photolyase in liposome

and photoreactivating light, erythema and sunburn

cell formation were prevented.23 This suggests that

the signals for sunburn are induced very quickly after

DNA damage forms, and while immediate repair by

photoreactivation can block their release, slower

repair by endonuclease-initiated excision repair does

not.
● Suppression of contact hypersensitivity (CHS) devel-

ops in the hours and days after UV exposure. Fifteen

nickel-sensitive volunteers were UV irradiated on 4

consecutive days, and then some areas were treated

with T4 endonuclease V liposomes and other sites

left untreated; all sites were challenged with nickel

patches.30 The untreated sites failed to develop

nickel-induced erythema, while the contact sensitiv-

ity reaction was 50% restored in the sites treated with

DNA repair enzymes. In this study, DNA repair

enzymes completely restored the UV-induced loss

of CD11c+ dendritic, antigen-presenting cells from

the skin, which likely accounts for the recovery of

the sensitization response. Similar results were

obtained in a larger study of 80 volunteers using

dinitrochlorobenzene as the antigen22 where

UV-induced CHS suppression was reduced 19%

with DNA repair enzymes. These findings were

then repeated in a placebo-controlled study of 20

subjects using a commercial skincare product con-

taining liposomal DNA repair enzymes.31

● Polymorphic light eruption (PLE) is a common

photodermatosis with a pathogenic resistance to

UV-induced immune suppression and expresses as

itchy polymorphic skin lesions following UVA and

UVB. Fourteen PLE patients were exposed on 4

consecutive days to suberythemal doses of solar-

simulating light, followed by treatment with either

a lotion containing photolyase and UV endonu-

clease in liposomes, or placebo, and then exposed

to photoreactivating light.32 At the time of max-

imum PLE expression, DNA repair treated sites

had 61% fewer symptoms compared to 27% for

placebo sites.

In the hours after DNA damage formation in human skin,

cellular alarm responses, such as phosphorylation of tran-

scription factors by damage-responsive kinases, induce

gene expression leading to release of signaling molecules

that modulate the immune system. The repeated rounds of

DNA damage followed by cellular distress reactions over

the course of a lifetime set the stage for photoaging and

skin cancer. These studies demonstrate that each of these

cycles in the short term can be substantially dampened by

DNA repair enzymes that lessen the initiating damage

burden.

Question 4: do DNA repair enzymes

prevent skin cancer ?
Prospective, intervention studies of skin cancer in humans

are difficult to do because of the study size and time

required and ethical considerations. However, studies in

mice have repeatedly demonstrated a reduction in UV-

induced skin cancer after treatment with DNA repair

enzymes. In the first studies, UV-irradiated mice treated

with T4 endonuclease V in liposomes had a dose-depen-

dent decrease in the incidence of squamous cell carcinoma

compared to controls.33 This finding was reproduced by a

second laboratory.34 A genetically modified form of T4

endonuclease V was also demonstrated to reduce UV-

induced skin cancers in mice.35 Interestingly, topical treat-

ment of UV-irradiated mice with OGG1, which repairs

oxidative damage to DNA bases, did not reduce the num-

ber of skin tumors, but did reduce tumor size and
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progression.36 This suggests that oxidative DNA damage

is more important in tumor progression than initiation and

demonstrates that different types of DNA damage have

different impacts on carcinogenesis.

The first studies in humans were performed in XP

patients with greatly elevated incidences of skin cancer,

particularly on sun-exposed skin. After 1 year of topical

application of T4 endonuclease V to 20 XP patients, the

appearance of new AKs was reduced by 68% and new

basal cell carcinomas were reduced by 30%.37 These stu-

dies have been extended to non-XP patients using other

DNA repair enzyme formulations, usually by asses-

sing AKs.

● UV endonuclease in liposomes applied to 17 patients

with existing AKs over 48 weeks resulted in a statis-

tically significant reduction in their number.38

Application over just 8 weeks to 13 patients with

AKs on their faces or scalps showed a reduction in

the number of lesions, and, in the 12 weeks after

treatment discontinuation, the number of AKs con-

tinued to fall in the treated group, while the number

of AKs increased in the placebo group.39

● Photolyase in liposomes mixed with sunscreen and

applied to patients with AKs has been studied for a

decade, and 11 studies covering 228 patients have

been reviewed [see ref.40 for a list of studies and

their descriptions]. These studies have consistently

found a reduction in the appearance of new AKs

and a reduction in the number of existing lesions.

For example, a study of 8 XP patients treated for

12 months with a high protection sunscreen and

photolyase showed a 65% reduction in the appear-

ance of new AKs and a 56% reduction in new

basal cell carcinomas.41 In a series of 6 clinical

cases, improvement in existing AK lesion count

was observed within 3 months,42 and in another 9

patients, all achieved a 50% reduction in AK

counts within 3 months.43 When added to a pro-

gram of AK removal by photodynamic therapy

(PDT), photolyase in liposomes with sunscreen

reduced the appearance of new AKs after PDT

treatment in 15 patients compared to sunscreen

alone.44

These studies have focused on patients at risk for skin

cancer, because of either genetic predisposition or history

of pre-cancers, and they consistently show a reduction of

AKs and, in some cases, a reduction in basal cell

carcinomas.

Question 5: can these enzymes repair

past damage?
DNA repair mechanisms must act relatively shortly after

induction of DNA damage, prior to them blocking tran-

scription or causing errors in replication. This has led

many to presume that DNA repair enhancement must

occur hours after UV exposure to have any benefit, and

that by middle age sun damage to skin is irreversible.

The data from both laboratory and clinical research

demonstrate this is not true. As reviewed in Question 2,

DNA damage initiates cellular responses, such as immune

suppression, that facilitate the outgrowth of by-standing

tumor cells. DNA repair should therefore preserve immune

surveillance of the skin throughout our lifetime. From this,

we would expect that increased DNA repair would:

● Act quickly within months to restore immunocompe-

tence, rather than the years required for mutation to

be expressed. In the first study of T4 endonuclease V

administered to XP patients, the reduction in new

AKs was observed within 3 months.37 Detailed

examination of skin histology in 13 AK patients

after just 4 weeks of photolyase treatment showed

improved skin parameters and biomarkers, such as

reduced erythema, scaling, and atypical rounded

nuclei in the spinosum and granular layers.45

Adding photolyase treatment to photodynamic ther-

apy caused patients with a history of AKs to experi-

ence a suppression in the number of AKs starting 3

months after therapy, and continuing through 9

months post-therapy, compared to those patients trea-

ted with PDT alone.6

● Cause AKs to regress when the facilitating cellular

responses were removed. Regression of AKs was in

fact observed in a study of 50 patients with AKs

using photolyase in a sunscreen compared to sunsc-

reen alone.46 In another study of 11 AK patients,

treatment with photolyase in sunscreen led to a

75% reduction in lesion count within 3 months,47

and, in a third study, 9 patients achieved a 50%

reduction in AK counts within 3 months.43

● Suppress AKs and skin cancers even after discontinu-

ing DNA repair enzyme treatment. In two studies,37,39

the rates of AK remained low even after discontinuing

T4 endonuclease Vor UVendonuclease repair enzyme
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treatment, suggesting that the enhanced repair removed

an early signal in the tumorigenic process, and not

simply suppressed a late step.

The most likely interpretation of these results is that repair

of DNA damage today removes a necessary ingredient for

the progression of past skin damage to pathological lesions.

Question 6: how do DNA repair enzymes

affect skin photoaging?
While it is widely accepted that solar UV is responsible for

photoaging, the precise role of DNA damage in acceler-

ated aging of the skin is less clear. XP patients with

defective DNA repair prematurely develop some charac-

teristics of aging, such as surface freckling, lentigos and

telangiectasias, but not others, such as deeper skin laxity,

sagging and wrinkles.48 This may be explained by the

extreme photosensitivity of the epidermal and vascular

cells lying close to the surface and absorbing UVB,

while deeper structural proteins are not as sensitive.

DNA repair enzymes applied to UV-exposed skin,

however, do result in attenuation of cellular responses

that are direct and indirect causes of photoaging. MMP-1

degrades the collagen support structure, a hallmark of

photoaged skin, and is induced following UV exposure.

Treatment of UV-exposed human cells with either T4

endonuclease V or UV endonuclease in liposomes reduced

MMP-1 gene expression, and UV-irradiated human skin

treated with photolyase in liposomes showed reduced

MMP-1 enzyme expression.29 Telomere shortening is

associated with premature senescence of cells, and treat-

ment of human skin with photolyase in a sunscreen before

UVexposure and UV endonuclease in liposomes afterward

reduced telomere shortening compared to sunscreen alone

and in fact prevented any measurable reduction.28

DNA repair enzymes do have a measurable effect on

skin aging parameters. UV endonuclease, photolyase and

OGG1 endonuclease in liposomes applied twice daily for 4

weeks to 32 subjects with fine lines in the eye area resulted

in a significant reduction in crow’s feet lines, and 72% of

subjects noted improvement.49 Photolyase in a sunscreen

applied to 50 patients with AK for 6 months resulted in a

significant reduction in scaling, erythema and pigmenta-

tion compared to sunscreen alone.46

Although DNA damage may not be responsible for

all signs of photoaging, DNA repair enhanced by

enzyme treatment significantly improves several of its

characteristics.

Safety profile
None of the reviewed studies reported adverse events

specific to the proper use of the product nor did any

express safety concerns. Many studies were silent on the

point. The most extensive safety data have been reported

for T4 endonuclease V in liposomes.21 Both acute and

chronic safety testing in mice and humans showed neither

adverse reactions nor significant changes in serum chem-

istry or in skin biology. Photolyase in sunscreen applied by

10 subjects twice daily for 6 months did not result in any

adverse events.24 Photolyase in sunscreen applied by 17

patients with multiple AKs had no greater side effects

(mainly erythema) than the group using sunscreen alone.46

A 9-month study of twice daily application of two differ-

ent serums with DNA repair enzymes, as well as a sunsc-

reen containing photolyase, among 15 patients in each arm

found no adverse events.44 In a 1-year trial of photolyase

in sunscreen by 8 patients with XP, the investigators

reported that the product was well tolerated and no rele-

vant side effects were found.41 One study reported perior-

bital burning in one subject when the DNA repair product

was accidentally contacted with the eye.39

Summary
Research over four decades and involving hundreds of

patients and volunteers have investigated the use of DNA

repair enzymes encapsulated in liposomes to mitigate sun

damage to the skin. The mechanism by which the enzymes

penetrate the skin, access damaged DNA and stimulate its

repair has been outlined in cultured cells, mouse and

human studies, but several details remain open questions.

The safety profile is attractive because no serious side

effects have been identified in any of the clinical trials.

DNA repair occurs in the context of dynamic cell

metabolism, including time-sensitive transcription of

potentially damaged DNA strands. The rate of removal

of damage (prior to transcription or replication), and not

the absolute level of repair, explains why enhanced repair

has such a dramatic effect on cellular responses to UV.

Prevention of AKs and skin cancer by enhanced DNA

repair ha been reported in several clinical studies involving

several hundred subjects. This is consistent with the pre-

vailing model that DNA damage is converted to a muta-

tion, which in rare instances alters a key oncogene and

results in malignant transformation.

What has been surprising is the regression of preexisting

AKs and measurable benefits observed in weeks and

months, far shorter than might be predicted from the
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mutational theory of skin cancer. This suggests that sun

damage to skin creates an environment that favors out-

growth of transformed cells, possible by impairing immune

surveillance.

These observations suggest that enhancing DNA repair

may improve signs of photoaging and may prevent skin

cancers. The data is not yet conclusive, and this remains an

open area for longer-term research to establish the role of

DNA damage in skin aging and confirm its central role in

initiation and promotion of skin cancer.
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