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Abstract

Molecular signaling pathways delineating the induction of matrix metalloproteinases (MMPs) by 

ultraviolet radiation (UVR) are currently well-defined; however, the effects of UVR on epigenetic 

mechanisms of MMP induction are not as well understood. In this study, we examined solar 

simulated UVR (ssUVR)-induced gene expression changes and alterations to histone methylation 

in the promoters of MMP1 and MMP3 in primary human dermal fibroblasts (HDF). Gene 

expression changes, including the increased expression of MMP1 and MMP3, were observed 

using Affymetrix GeneChip arrays and confirmed by qRT-PCR. Using ChIP-PCR, we showed for 

the first time that in HDF irradiated with 12 J/cm2 ssUVR, the H3K4me3 transcriptional activating 

mark increased and the H3K9me2 transcriptional silencing mark decreased in abundance in 

promoters, correlating with the observed elevation of MMP1 and MMP3 mRNA levels following 

ssUVR exposure. Changes in mRNA levels due to a single exposure were transient and decreased 

5 days after exposure.
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Background

Photoaging is the premature aging of skin from overexposure to natural and/or artificial 

ultraviolet radiation (UVR). The phenotype of an aged cell, in part, results from a 

combination of DNA mutations and epigenetic reprogramming. In addition to direct DNA 
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damage, the consequences of frequent UVR exposure to the skin are chronic inflammation 

and oxidative stress; these processes are thought to affect epigenetic regulators and alter 

gene expression patterns that contribute to aging (1). Epigenetic reprogramming (permanent 

alterations of covalent histone tail modifications or DNA methylation patterns) is sensitive 

to environmental factors, and can result in age-related differences in gene expression that 

contribute to an aged cell phenotype (2).

UVR-exposure induced DNA methylation pattern and histone tail modification alterations 

have been reported in in vivo and in vitro human studies (3, 4). The transcription of matrix 

metalloproteinases (MMPs), which are important enzymes secreted by dermal fibroblasts in 

response to UVR that mediate dermal remodeling, has been shown to be regulated by 

histone modifications. Histone 3 (H3) acetylation was found to be critical for the induction 

of MMP1 by combined UVA and UVB in human dermal fibroblasts (5). In a study of 

diabetic rats, MMP9 gene expression was found to be activated by the loss of H3K9me2 and 

the increase of H3K9ac at the NFκB binding site in the MMP9 promoter (6). The role of 

histone modification changes in regulating the response of dermal fibroblasts to UVR is not 

understood as well as the regulation of MMPs by UVR-induced signal transduction 

pathways and transcription factors (7). Epigenetic responses to UVR may contribute to the 

up regulation of MMPs, matrix remodeling, and photoaging.

Question Addressed

Are the UVR-induced changes in MMPs associated with H3 lysine methylation changes in 

the promoter of these genes?

Experimental Design

See supplementary information

Results

Analysis of the Affymetrix GeneChip array data revealed that the expression of 306 genes 

significantly changed (fold-change ≥ 1.5, and a p-value ≤ 0.05) 24 hours post-irradiation 

with 12 J/cm2 ssUVR in HDF. A significant up regulation of MMP1 and MMP3 was 

observed and confirmed with qRT-PCR. In addition to MMP1 and MMP3, the altered 

expression of other genes related to the structure and function of the ECM were confirmed 

by qRT-PCR to validate the Affymetrix GeneChip array data set (Figure S). The direction of 

change for all of the cDNA tested matched the Affymetrix array data. Affymetrix GeneChip 

data analysis from a repeat experiment showed that less than 10% of the significantly altered 

genes remained changed 5 days after this single exposure. Therefore epigenetic alterations 

were not examined in samples from this later time. MMP1 and MMP3 mRNA levels were 

found to increase 1 day after the exposure in the irradiated cells relative to the sham, but 

then the MMP1 and MMP3 mRNA levels decreased in irradiated cells 5 days post-exposure 

relative to the sham (Figure 1). The overall amount of MMP1 and MMP3 mRNA 

significantly increased in the shams over the 5 days. These gene expression changes 

appeared to be a short-term response after a single ssUVR irradiation.
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To determine if the gene expression increase of MMP1 and MMP3 was associated with 

specific histone modification changes, the relative levels of H3K4 and H3K9 methylation in 

the MMP1 and MMP3 gene promoters was assayed by ChIP-PCR 16 hours after a single 

irradiation. ChIP was conducted with antibodies towards H3K4me3 and H3K9me2, and the 

resulting immunoprecipitated DNA was used for qRT-PCR with primers specific to the gene 

promoters of MMP1 and MMP3. A significant increase in the amount of H3K4me3 

(p=0.003) was seen in the promoter of MMP1 (Figure 2a) in response to ssUVR. H3K9me2 

appeared to decrease in the MMP1 promoter, but this reduction was not statistically 

significant (Figure 2b). In the MMP3 promoter, H3K4me3 significantly increased (p=0.012) 

(Figure 2c), and H3K9me2 was significantly decreased (p=0.032) (Figure 2d). The observed 

increase of the H3K4me3 transcriptional activating mark and decrease of H3K9me2 

transcriptional silencing mark correlates with the ssUVR-induced elevation of MMP1 and 

MMP3 mRNA levels.

Conclusions

We showed for the first time in HDF that a single irradiation with 12 J/cm2 ssUVR induced 

histone methylation pattern changes that resulted in the transcriptional activation of genes 

strongly associated with photoaging, MMP1 and MMP3. H3K4me3 increased and 

H3K9me2 decreased in the promoters of MMP1 and MMP3 in response to ssUVR, 

providing a potential epigenetic mechanism behind UVR-induction of MMPs and 

photoaging. Since MMPs are induced temporally, and their mRNA levels were found to 

shift in the opposite direction 5 days after irradiation, we predict that the histone methylation 

changes could also be temporal and change in the presence or absence of environmental and 

molecular cues.

Our study expands upon current literature by showing that histone methylation is changed 

specifically at the promoters of MMP1 and MMP3 in response to ssUVR. Our findings are 

in agreement with existing data on epigenetic regulation of MMP transcription, which show 

that histone modifications are crucial for the regulation of MMP gene expression. 

Furthermore, there exists a connection between UVR and the establishment or erasure of 

histone modifications. UV irradiation causes a significant reduction of histone deacetylase 

activity and increase of histone acetyltransferase activity (5), and UV-induced oxidative 

stress can impact the activity of histone methyltransferases (8) and histone demethylases (2, 

9). The combination of oxidative stress, DNA damage, and inflammation caused by UVR is 

likely involved in triggering epigenetic changes in skin cells. In addition to photoaging, the 

impact of UV induced epigenetic reprogramming could contribute to skin cancer (10). 

Understanding how the altered abundance of histone methylation in the promoter of MMP1 

and MMP3 up regulates these enzymes in response to UVR could open doors for potential 

therapies whereby the epigenetic responses to UVR could be reversed to reduce MMP 

expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
QRT-PCR validation of MMP1 and MMP3 gene expression changes 1 and 5 days after 

irradiation with 12 J/cm2 ssUVR. A) MMP1 B) MMP3 (*) = p-value ≤ 0.05 relative to sham 

exposed cells on 1 day of recovery. (#) = p-value ≤ 0.05 relative to sham exposed cells at 5 

days of recovery. Each value is the average of four data points run in two experiments and 

similar changes were observed in other experiments.
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Figure 2. 
Histone methylation changes in the MMP1 and MMP3 gene promoters of cells exposed to 

12 J/cm2 ssUVR and sham exposed cells 16 hours post-exposure. A) H3K4me3 was 

significantly increased (p=0.003) in the promoter of MMP1. B) H3K9me2 (p=0.104) in the 

MMP1 promoter. C) H3K4me3 abundance significantly increased (p=0.012) in the promoter 

of MMP3. D) H3K9me2 significantly decreased (p=0.032) in the promoter of MMP3. Each 

value is the average of two data points from one experiment and similar changes were 

observed in other experiments.
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