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skin that are characterized by increased elastin accu-
The goal of this research was to delineate the post- mulation (4-7) including photoaging. Evidence suggests

transcriptional mechanisms responsible for the in- that posttranscriptional mechanisms control the cessa-
creased elastin synthesis characteristic of sundam- tion of elastin synthesis in mature tissues (2) and these
aged skin. In this study, a unique molecular variant mechanisms may be involved in the stimulation of elas-of the tropoelastin mRNA transcript was identified in

tin expression in these disorders.human sundamaged skin that was derived from the
Previous work demonstrated that posttranscrip-usage of an alternate polyadenylation site. Nonsolar

tional mechanisms are involved in the induction of tro-exposed human skin expressed one tropoelastin
poelastin synthesis by ultraviolet radiation. UltravioletmRNA species whereas sundamaged human skin ex-
B (UVB) irradiation of cultured human fibroblastspressed the primary tropoelastin mRNA and a larger,
stimulates tropoelastin production by increasing thealternate tropoelastin mRNA formed from the utiliza-
efficiency of translation of the tropoelastin mRNA (8).tion of a second polyadenylation site. Cultured human
Furthermore, steady-state tropoelastin mRNA levelsskin fibroblasts expressed both tropoelastin tran-

scripts and in vitro UV treatment increased the are similar in human skin biopsies taken from sundam-
amount of the unique tropoelastin mRNA. Hairless aged and sunprotected sites (9). The hairless albino
mouse skin (normal and UV treated) expressed the pri- mouse is a commonly used animal model for the study
mary tropoelastin transcript although UV irradiation of photoaging and photocarcinogenesis (10-12). In this
increased the length of its poly (A) tail two-fold. There- model, steady-state tropoelastin mRNA levels in skins
fore, UV radiation may stimulate elastin production from 12 week UVB irradiated mice remain unaffected
by affecting polyadenylation site selection and the by UV exposure in spite of increased elastin accumula-
poly (A) tail length of tropoelastin mRNA. q 1998 Academic tion (13). Regulatory mechanisms therefore are present
Press in adult skin that can stimulate elastin synthesis in

response to certain conditions including exposure to
ultraviolet radiation.

Cis-acting sequences in the 3 * untranslated regionElastin, a connective tissue protein, is responsible
(3 *-UTR), polyadenylation site selection, and poly (A)for maintaining the elasticity of the skin (1). It is syn-

thesized in a soluble form (tropoelastin), becomes cross- tail length of several genes participate in the regulation
linked and, in combination with microfibrillar proteins, of mRNA translation and stability (14-17). Many genes
forms elastic fibers in the extracellular matrix. Under have multiple polyadenylation signals and the site se-
normal circumstances, elastin production is significant lected has been correlated with development and tissue
in the fetal and neonatal periods and then decreases specificity (18, 19). The polyadenylation of the tran-
after birth (2). The amount of elastin remains relatively script influences the amount of protein produced due
constant in normal adult skin due to a slow metabolic to changes in its mRNA stability and translatability.
turnover (3). However, several disorders exist in adult In this study we describe the effect of ultraviolet radi-

ation on polyadenylation site selection and poly (A) tail
length in the tropoelastin transcript. The 3 * UTR from1 Corresponding author: Department of Dermatology, Bx 1047, Mt.
tropoelastin mRNA contains two polyadenylation sig-Sinai School of Medicine, One Gustave L. Levy Pl, New York, NY

10029. Fax: (212) 348-7434. nals located 230 bp apart (20). Our results demon-
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TABLE 1strated that exposure to ultraviolet radiation can affect
polyadenylation site selection in sundamaged human Nucleotide Sequence of Synthetic Primers

Used for Amplificationskin and UVB irradiated fibroblasts and poly (A) tail
length in UVB irradiated mouse skin.

Primers Position1 Nucleotide sequence

MATERIALS AND METHODS EL3 595–617 5*-CCACACTGGGAATAGCCACCTTG-3 *
EL4 1238–1260 5*-CCAGGCCAACAGTTGAAGGCAGA-3 *

Preparation of RNA from skin samples. Two postsurgical cheek rEL1 150–170 5*-CACAGGACAAGGAAATCAGAC-3 *
skin specimens obtained from 70 year old white males and one poste- rEL2 877–899 5*-CTATTACAGAGCATGTCTCACCA-3 *
rior neck skin specimen obtained from a 78 year old white male
represented the sundamaged samples. One breast skin specimen (71 1 Numbered as described in (20) for human tropoelastin gene and
year old white female), one leg skin specimen (77 year old black as described in (22) for rat tropoelastin gene.
female), and one foreskin specimen represented the nonsolar exposed
samples. The skin specimens were immediately frozen in liquid nitro-
gen and total RNA was extracted from the skins using TRIzol reagent

8 min. Table I summarizes the primers used in the amplification(Molecular Research Center, Inc., Cincinnati, OH). The yield of RNA
reactions.was quantified from the optical density.

PCR products were separated on 4% NuSieve 3:1 Plus agaroseCell culture of human skin fibroblasts. Cells were derived from gels (FMC BioProducts, Rockland ME) and visualized with ethidiumskin biopsy explants of healthy individuals. Fibroblasts were cul- bromide staining. However, only faint bands representing the alter-tured in Dulbecco’s modified Eagle’s medium containing 10% fetal native transcript was seen with ethidium bromide staining; the ma-bovine serum (GibcoBRL, Grand Island, NY), 1X antibiotic-anti- jor product was the primary transcript. Therefore, aliquots of themycotic (penicillin- streptomycin - fungizone; 100X GibcoBRL) and amplification reaction using EL3 and AUAP primers were reampli-1X nonessential amino acids (100X, GibcoBRL). Cells were pas- fied using primers EL3 and EL4 in order to purify sufficient quanti-saged with a 1:3 split and fed twice weekly. Confluent cultures ties of the alternate transcript for sequencing. The products corre-(early passages, 4-8) were irradiated in 100 mm2 dishes using Wes- sponding to the two tropoelastin transcripts were extracted from thetinghouse FS20 sunlamps (4.5 mJ/cm2 of UVB). Cell layers were agarose gel (QIAquick gel extraction kit, QIAGEN, Chatsworth, CA),treated after removal of the media and gentle rinsing with Hanks’ and sequenced (Sequetech Corporation, Mountain View, CA). Thebalanced salt solution. The dish lids were removed during the specificity of the PCR product was determined by comparison of ex-irradiation procedure. Immediately after irradiation, the cultures pected PCR product size with the actual size of the amplified DNA,were incubated with fresh media. Sham-treated fibroblasts from by restriction enzyme digestion using ScaI and by direct sequencing.the same strain served as the controls. Five days following irradia- Radiolabeled PCR products were separated on a 10% polyacrylamidetion, total RNA were extracted using RNA Stat 60 (Tel-test B, Inc., gel (Zaxis, Inc., Hudson, OH). Following electrophoresis, the gel wasFriendswood, TX). dried and exposed to film.
Animals. Female albino hairless mice (Skh - hairless - 1; Charles

River Laboratories, MA) were irradiated with UVB thrice weekly for
RESULTS10 weeks with a bank of 8 cellulose triacetate filtered Westinghouse

FS-40 tubes. Each exposure was a previously determined 1 minimal
erythema dose (MED: 0.04J/cm2) and required approximately 3 min- Induction of multiple tropoelastin transcripts by UVutes. Appropriate age-matched, unirradiated mice served as the con-

in human skin. An initial assessment of polyadenyla-trol group. Total RNA was extracted from the dorsal skin of the mice
using TRIzol reagent. tion sites and poly (A) tail length of tropoelastin mRNA

was performed by applying the 3 * RACE technique us-Assessment of 3 * UTR of tropoelastin transcripts by 3 * RACE. The
3 * RACE system for rapid amplification of cDNA ends (RACE) was ing EL3 and AUAP primers and subsequent digestion
used according to manufacturer’s instructions (GibcoBRL, Grand Is- of the products with the restriction enzyme ScaI. PCR
land, NY). In the 3* RACE reaction, the oligo (dT) primer contains products were resolved on agarose gels and ethidium
a short sequence of bases at the 5* end forming an anchor primer bromide staining revealed only faint bands correspond-(AP). This anchor sequence is copied at the end of the coding strand

ing to the alternative transcript (not shown). Thereforeduring amplification (AUAP primer). Essentially, first strand cDNA
synthesis was initiated at the poly (A) tail of mRNA using the adapter the PCR products were radiolabeled with dATP32 in
primer (5*-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT- order to visualize the alternative tropoelastin mRNA
3 *; AP) and SuperScript II reverse transcriptase. Samples were incu- species by autoradiography. Radiolabeled 3 * RACE
bated for 50 minutes at 427C. The RNA template was removed from

products were separated on 10% polyacrylamide gelsthe cDNA:RNA hybrid molecule by digestion with RNase H.
and visualized by autoradiography (Figure 1). ResultsAmplification of regions of the 3 * UTR of tropoelastin cDNA was

performed using a sense primer specific for the 3 * UTR of tropoelastin shown in Figure 1 were obtained with total RNA pre-
and an antisense primer provided with the system (5*- GGCCAC- pared from two nonsolar exposed and two sundamaged
GCGTCGACTAG-TAC -3 *; AUAP). An aliquot (2.5 ml) of the cDNA skins. Similar results (not shown) were obtained withpreparation was added to the PCR (polymerase chain reaction) mix-

the remaining nonsolar exposed and sundamagedture: PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM
skins. The size of the major PCR product seen in lanesMgCl2, 0.2 mM concentration of each deoxynucleotide, 0.2 mM of

each primer, 5 mCi dATP32, and 1 U of AmpliTaq DNA Polymerase 1-4 was approximately 400 bp (primary tropoelastin
(Perkin-Elmer, Foster City, CA) in a final volume of 25 ml. To prevent mRNA species); an additional product of 700 bp (alter-
evaporation, 25 ml of mineral oil (SIGMA, St. Louis, MO) was added native tropoelastin mRNA) was produced using totaland the tubes were placed in a thermocycler (ERICOMP, San Diego,

RNA from sundamaged skin (lanes 3 and 4). Sequenc-CA). PCR amplification proceeded for 30 cycles: 947C for 1 min; 557C
for 2 min; 727C for 2 min. The final elongation step was 727C for ing data identified these PCR products as tropoelastin
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TABLE II

Partial Sequence of the 400-bp PCR Product
at Cleavage/Polyadenylation Site

AATAAATATTTTATTTTTTGTCCTGG-(A)n

951 976

Note. 3 * RACE PCR products were generated from total RNA puri-
fied from human skin and were sequenced. The canonical polyadenyl-
ation signal is underlined and numbering is as in (20).

nate polyadenylation signal was not identified because
primer set EL3/EL4 was used to isolate this transcript
for sequencing.

UV induction of multiple tropoelastin transcripts in
cultured dermal fibroblasts. An initial assessment of

FIG. 1. 3 * RACE products and restriction endonuclease digestion polyadenylation site usage was performed by applying
patterns of radiolabeled 3 * RACE products obtained from the reverse 3 * RACE with EL3 and AUAP primers (Table I) and
transcription and amplification of total RNA prepared from sundam- subsequent digestion of the products with the restric-aged and nonsolar exposed human skins. Aliquots of the amplifica-

tion enzyme ScaI. Ethidium bromide staining revealedtion reactions and ScaI digestions were run on 10% polyacrylamide
gels and dried gels were autoradiographed. Lanes 1-4 show undi- that normal fibroblasts expressed both tropoelastin
gested PCR products from total RNA prepared from nonsolar exposed mRNA species. The primary transcript was the major
(lanes 1 and 2) and sundamaged (lanes 3 and 4) human skins. Lanes PCR product and only a faint band was seen for the
5-8 show ScaI digestion patterns of PCR products from total RNA

alternate tropoelastin transcript. Radiolabeled 3 *prepared from nonsolar exposed (lanes 5 and 6) and sundamaged
RACE products were separated on 10% polyacrylamide(lanes 7 and 8) human skins.
gels and visualized by autoradiography (Figure 2). Cul-
tured normal and UV treated fibroblasts expressed two
forms of the tropoelastin transcript (lanes 1 and 2). The

cDNA and these products represent multiple tropoelas- major ScaI fragments (lanes 3 and 4) were about 260
tin transcripts produced from differential polyadenyla- bp (EL3 to ScaI segment), 135 bp (ScaI to 5* polyadenyl-
tion site usage. Nonsolar exposed human skin therefore
expressed only the primary tropoelastin transcript that
utilized the 5* polyadenylation site. In contrast, human
sundamaged skin expressed two variants of the tropo-
elastin transcript formed by the utilization of two poly-
adenylation sites.

The tropoelastin gene contains a ScaI site at 855
nt and therefore digestion of the 3 * RACE products
generates two fragments. The 400 bp and 700 bp 3 *
RACE products were susceptible to ScaI digestion.
Fragments generated by ScaI digestion of 3 * RACE
products are shown in lanes 5-8 (Figure 1). PCR prod-
ucts greater than 700 bp were not digested by ScaI and
therefore were nonspecific products of the amplification
reaction. The major fragments were about 260 bp (cor-
responding to EL3 to ScaI fragment) and 135 bp (corre-
sponding to ScaI to 5* polyadenylation site). The size
of the fragment derived from ScaI to the 3 * polyadenyl-
ation site (lanes 7 and 8) was approximately 410 bp.

FIG. 2. 3 * RACE products and restriction endonuclease digestionThe location of the cleavage/polyadenylation site patterns of radiolabeled 3 * RACE products obtained from the reverse
downstream of the poly (A) signal utilized in the pri- transcription and amplification of total RNA prepared from control
mary tropoelastin transcript was determined by direct and UV treated fibroblasts. Aliquots of the amplification reactions

and ScaI digestions were run on 10% polyacrylamide gels and thesequencing of the 400 bp 3 * RACE product (Table II).
dried gels were autoradiographed. Lanes 1 and 2 show undigestedThis site previously had not been identified in the hu-
PCR products from total RNA prepared from control (lane 1) andman tropoelastin transcript and resembled the site UV treated (lane 2) fibroblasts. Lanes 3 and 4 show ScaI digestion

found in the bovine tropoelastin transcript (21). The patterns of PCR products from total RNA prepared from control (lane
3) and UV treated (lane 4) fibroblasts.cleavage/ polyadenylation site downstream of the alter-
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ation site ) and about 410 bp (ScaI to 3 * polyadenylation
site). The relative intensities of the 410 bp and 135
bp bands were proportional to the amounts of the two
transcripts. The autoradiograph was scanned and the
ratio of the intensities were determined. Results dem-
onstrated that total RNA prepared from UV treated
fibroblasts contained almost twice the amount of the
alternate tropoelastin transcript than did total RNA
prepared from control fibroblasts (ratio of UV treated/
control fibroblasts Å 1.8). In contrast, similar levels of
the primary tropoelastin transcript was found in total
RNA derived from control and UV treated fibroblasts.

Poly(A) tail length in tropoelastin mRNA from UV
irradiated and control mouse skins. The results of the
3 * RACE analysis using primers rEL1 and AUAP are
shown in Figure 3A. The major 3 * RACE product was
about 800 bp and represented the primary tropoelastin
transcript. Interestingly, the migration of the 3 * RACE
product from total RNA from UVB treated skin was
retarded (lane 1 vs lane 2). In order to accurately deter-
mine size differences, the 3 * RACE reaction was per-
formed using rEL2 and AUAP to generate a smaller
product and the results are shown in Figure 3B. The 3 *
RACE product obtained with RNA from normal mouse
skin migrated at about 120 bp whereas the PCR prod-
uct obtained with RNA from UV treated mouse skin
migrated at about 135 bp. The cleavage/polyadenyla-
tion site for rat tropoelastin mRNA has been identified
(22). Therefore, the poly(A) tail length of the tropoelas-
tin transcript in normal mouse was calculated to be
about 18As whereas the poly(A) tail length of the tran-
script in UV treated mouse skin was about 33As.

FIG. 3. 3 * RACE products obtained from the reverse transcrip-DISCUSSION
tion and amplification of total RNA prepared from normal and UV
treated mouse skins using either rEL1 and AUAP primers (A) or

The goal of this research was to delineate the post- rEL2 and AUAP primers (B). Aliquots of the amplification reactions
transcriptional mechanism responsible for the in- were run on agarose gels and the products were visualized with

ethidium bromide. Lane 1, 100 bp mol wt ladder; lane 2, PCR prod-creased elastin synthesis in sundamaged skin. Results
ucts from normal mouse skin RNA; lane 3, PCR products from UVfrom this investigation identify the modulation of the
treated mouse skin RNA.polyadenylation machinery as the posttranscriptional

mechanism. In this study, a unique molecular variant
of the tropoelastin mRNA transcript was identified in
human sundamaged skin that was derived from the factors (19, 23-25) and can be affected by changes in

the concentration of these factors. For example, whenusage of an alternate polyadenylation site. The polyad-
enylation site chosen determines whether cis-acting se- the concentration of a factor is limiting, the stronger

polyadenylation site may be selected. In contrast, whenquences will be present in the 3 * UTR that can regulate
mRNA stability and translatability. Interestingly, the the concentration of the factor is abundant, additional

weaker polyadenylation sites may be utilized. Two fac-alternative tropoelastin cDNA was amplified using the
antisense primer EL4 which is located 70 bases down- tors known to be involved in polyadenylation site selec-

tion are cleavage/polyadenylation specificity factorstream from the second canonical AATAAA signal.
Since the cleavage/polyadenylation site typically is (CPSF) and cleavage stimulation factor (CstF) and

modulation of the expression of CstF is associated withfound 10-30 bases downstream from the poly(A) signal
(19, 23, 24), these data suggest that an unusual polyad- alternative polyadenylation. Under this scenario, ul-

traviolet radiation may stimulate the expression of aenylation signal exists downstream from the EL4 se-
quence. basal polyadenylation factor and thereby increase the

use of an alternate polyadenylation site.Polyadenylation site selection is regulated by nuclear
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Cultured human skin fibroblasts expressed both tional cis-acting elements. The relationship between
UV and polyadenylation mechanisms has not been ex-forms of tropoelastin mRNA whereas normal human
amined and represents an important area for futureskin fibroblasts in vivo expressed only the primary
investigation.transcript. Therefore, although cultured fibroblasts

have been used to study the regulation of elastin syn-
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