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Summary

Laboratory exposures of embryos from the sea urchin cdc2, showed significantly lower protein concentrations
Strongylocentrotus  droebachiensisto  ultraviolet B with exposure to increasingly shorter wavelengths of
radiation (UV-B, 290-320nm), equivalent to a depth of UVR. Decreases in cdc2 could have been caused directly
1-3m in the Gulf of Maine, resulted in significant damage by exposure to UV-B or as a result of downregulatiowia
to DNA measured as cyclobutane pyrimidine dimer the p53,p21 cascade, or both. These cellular events lead to
formation. Cells with DNA damage caused by ultraviolet apoptosis, as shown by the significant increase in DNA
radiation (UVR, 290-400nm) and oxidative stress can strand breaks observed in the nuclei of developing
survive, but are often retained in the G/S phase of the cell embryos exposed to UVR using the TUNEL assay.
cycle to repair DNA as a result of the expression of cell Cellular death, and a decrease in sea urchin embryo
cycle genes such ap53 and p21, and the subsequent survivorship, are caused by the indirect and direct effects
inhibition of the activity of cyclin-dependent kinases such of exposure to UVR that leads to apoptosis in these
as cdc2; if DNA cannot be repaired it can lead to laboratory experiments.
programmed cell death or apoptosis. Sea urchin embryos
exposed to UV-B radiation exhibit significantly higher
protein concentrations of the antioxidant enzyme Key words: ultraviolet radiation, DNA damage53, apoptosis,
superoxide dismutase, and the transcriptional activators oxidative stress, cell cycle, sea urchirStrongylocentrotus
p53 and p21. The downstream activator of the cell cycle, droebachiensis.

Introduction

Despite decreases in the amount of ozone-depletingiembers of benthic communities in the Gulf of Maine and may
compounds, ozone depletion worldwide is expected toherefore be susceptible to the detrimental effects of UVR.
continue for the next half century with its co-occurring increas&xposure to UVR affects fertilization success, the timing of
in the amount of harmful ultraviolet-B radiation (UV-B, cleavage and development time for embryos and larvae of the
290-320nm) reaching the biosphere (Madronich, 1998). UV-green sea urchistrongylocentrotus droebachiengi&dams
B radiation in temperate latitudes is estimated to havand Shick, 1996, 2001; Lesser and Barry, 2003). Many of the
increased by 4-7% compared to values measured in the 19#abryos and larvae survive these exposures, but in the study
(Madronich, 1998). In the Gulf of Maine, the transmission ofby Lesser and Barry (2003) all developmental stages tested
UV-B radiation varies significantly but can penetrate to depthexhibited significant DNA damage, measured as cyclobutane
of 7-12m, depending on the optical properties of the watepyrimidine dimers (CPDs), which was highly correlated with
column (Banaszak et al., 1998; Lesser et al., 2001; Apprill andelays in cell division and developmental delays. It was
Lesser, 2003). The harmful effects of ultraviolet radiationproposed that reactive oxygen species (ROS), formed by the
(UVR) include damage to DNA, proteins and membrane lipidsinivalent reduction of molecular 0and including singlet
(Halliwell and Gutteridge, 1999), which affect a wide varietyoxygen {O), superoxide radicals ¢, hydrogen peroxide
of marine organisms (Cullen et al.,, 1992; Gleason an@@20.) and hydroxyl radicals (HQ) formedvia photodynamic
Wellington, 1993; Hernd! et al., 1993; Lesser et al., 1996action (Asada and Takahashi, 1987; Fridovich, 1986; Halliwell
Shick et al., 1996; Franklin and Forster, 1997). and Gutteridge, 1999; Valenzeno and Pooler, 1987), act

Surface waters of temperate near-shore coastal habitagnergistically with the direct effects of UVR to cause
(<10m) contain the planktonic life-history phases of manyextensive DNA damage. This DNA damage leads to the
species of fish, macrophytes and benthic invertebrates. Seveeapression of characteristic markers of the cell cycle such as
species of echinoderms are important broadcast-spawnip$3 andp21 that result in delays in cell division while DNA
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repair is taking place. DNA damage, followed Ipp3  treatment. WG and GG long-pass filters (Schott, Yonkers,
expression, has also been observed in the embryos of thkSA) (6'x6") with nominal cutoffs (50% transmission) at
Atlantic cod (Lesser et al., 2001). If DNA repair is 280, 305, 320, 375 and 40Gn were used to cover the
unsuccessful then those cells of the developing embryo abeakers containing embryos. Embryos were subjected to a
slated for apoptosis or programmed cell death pathways. HerE2.0Ch:12.00h light:dark cycle and experiments carried out
we provide evidence to support this hypothesis using embrydsr 3 days. Using this design, successive replicate experiments
of the green sea urchf droebachiensidVe show that DNA were carried out using embryos at different developmental
damage is caused directly by exposure to UVR and providgtages foiStrongylocentrotus droebachiensit the end of 3
evidence that DNA damage also occurred indirecitythe  days all embryos were collected for analyses as described
production of ROS. In addition to this DNA damage webelow.
observed differential expression of antioxidant and cell cycle
genes and a positive response to the TUNEL assay, which are Measurements of ultraviolet radiation
consistent with the onset of apoptosis in the cells of developing For laboratory experiments UVR (UV-B and UV-A) and
urchin embryos exposed to UVR. photosynthetically active radiation (PAR, 400—7#00) were
measured using a wavelength- and radiometrically calibrated
) [using National Institute of Standards and Technology (NIST)
Materials and methods traceable standards] CCD spectrometer with fiber optics
Experimental animals (Ocean Optics, Inc., Dunedin, USA). Three scans were taken
Adult green sea urchinStrongylocentrotus droebachiensis and the mean values (W-2nnrl) determined. Integrated
Miiller were collected from around the Isles of Shoals, Gulf ofralues of unweighted UVR (\Wi—2) were calculated for each
Maine (42°59.2N, 70°37.01W) at a depth of 1 in March, treatment and biologically weighted irradiances ") were
2001. All animals were brought back to the University of Newobtained by multiplying the unweighted irradiance by the DNA
Hampshire Coastal Marine Laboratory where they wereveighting function of Setlow (1974).
maintained in seawater at 4-5°C. Animals were not fed and all
were used within 2 weeks of collection. Reproductively mature Detection of DNA photoproducts using an enzyme-linked
animals were brought into the laboratory and induced to spawn immunoabsorbent assay (ELISA)
by intracoelomic injection of 0.Bol I"1KCl at 4°C. Eggs from Cyclobutane pyrimidine dimer (CPD) formation was
at least five females were combined and washed three timewasured using the procedures and monoclonal antibody
with 0.22um filtered seawater and collected using a ®0 (TDM-2) of Mori et al. (1991). Genomic DNA was isolated
Nitex filter after each wash. Sperm were left ‘dry’ until used,using commercially available kits (Easy-DNA, Invitrogen,
and the sperm from at least three males was combined ahtt., Carlsbad, USA) and the quality and concentration
diluted in 0.22um filtered seawater at ~1:10,000 to fertilize determined spectrophotometrically using 260/880 ratios.
eggs at a density of 5@@dividualsml=1 in 21 sterile plastic  Subsequently, 50g of DNA from each sample was used in an
containers (Corning, Inc., Corning, USA). Aftern freshly  enzyme-linked immunoabsorbent assay (ELISA) technique
fertilized embryos (FFE) were washed to remove excess spemvith TDM-2 as the primary antibody and an affinity-purified
and maintained at a density of 20-i8@ividualsml-Luntilused goat anti-mouse IgG secondary antibody conjugated with
for experimentsStrongylocentrotus droebachien$iSE were  horseradish peroxidase. The final color development was read
used within 15min of fertilization in experimental exposures to in flat-bottomed 96-well microtiter plates using a plate reader
UVR and samples taken at this time showed a fertilizatiofiBio-Rad, Inc., Hercules, USA) at 48 and the absorbance
success of over 95% (three subsamplesrof;5.00 embryos units reported as described by Mori et al. (1991).
counted per sample). In other experimesdroebachiensis
embryos were allowed to develop to blastula and gastrula stages Western blots
and then exposed to UVR as described below. Embryos wereFrom the experiment described above, protein extracts of
aerated and gently stirred using magnetic stir bars. individual embryos N=3) were homogenized using a tissue
homogenizer in 1@hmoll-1 Hepes buffer, pH.5, containing
Embryo experiments dithiothreitol (DTT) and phenylmethylsulfonyl fluoride
Freshly fertilized embryos, blastula, and gastrula stage@®MSF) to prevent protein oxidation and certain classes of
were exposed to artificial visible radiation and UVRprotease activity, respectively. The homogenate was then
(290—700nm wavelength) using four UV-340 lamps (Q-Panel,centrifuged at 50Q for 20min and the supernatant saved for
Cleveland, USA) and four F40 Sun lamps (General Electricinalysis of protein (Bradford, 1976). Samphlds3) from each
suspended ~1&m from the top of the filters (see below) to treatment of equivalent protein biomass were separated on
provide a downwelling mixed field (visible and UVR) SDS-PAGE gradient (4-15%) polyacrylamide gels and then
exposure. The effects of UVR were tested on embryos itransferred to PVDF membranes (Qi®). The membrane was
400ml glass beakers at a density of 4a@ividualsml-L. Five  blocked with 10% instant milk and immunoblotted using
treatments were used to partition the effects of UV-B from UVpolyclonal antibodies against cytosolic superoxide dismutase
A (320-400nm) and visible radiation with three replicates per(SOD), a polyclonal antibody to humab3 (23-mer; Kelly et
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al., 2001),p21 (Santa Cruz Biologicals, Santa Cruz, USA) andvestern blots were statistically analyzed using a one-way
cdc2 p34, Santa Cruz Biologicals). The immunoblot was theranalysis of variance (ANOVA) at a significance level of 5%.
developed using a secondary antibody, at a titer of 1:2000{o unequal variances were detected usingRh& test, and
labeled with horseradish peroxidase. Immunoblots of cdc2 weiadividual treatment differences were assessed using the
only performed on experiments with FFE because of the lack &tudent—-Newman—Keuls (SNK) multiple comparison test.
sufficient biomass in the other developmental stages. Thé&/here appropriate, ratios and percentages were arcsine- or
immunoblots were scanned and the optical density of thg-transformed for analysis and back-transformed for
positive bands measured using a calibrated gray scale and fhresentation. The TUNEL assay data were scored as positive
gel-scanning procedures described in NIH Image (version 1.613nd negative cells and analyzed using the non-parametric,
multi-comparison Kruskal-Wallis test with Bonferroni/Dunn
TUNEL assay post-hoccomparisons, with an adjusted significRalue of
One of the diagnostic features of apoptosis is extensiv@.005 to control for experiment-wise Type | error.
damage to chromatin and DNA cleavage that leads to DNA
fragmentationvia an endogenous endonuclease. ldentifying
apoptotic cells can be accomplished usingnasituenzymatic Results
end-labeling technique known as the TUNEL (TdT-mediated Tablel shows the UVR irradiances for each treatment
dUTP nick-end labeling) assay. Smears of experimental freshtpgether with the total dose for the experiments on the embryos
fertilized embryos were made on clean glass slides and allowed Strongylocentrotus droebachiensi$ie PAR irradiance was
to air dry. The cells were then fixed in buffered 4%~70umol quantam—2s1 for all treatments. Additionally, the
paraformaldehyde for i at 20°C. Cells were permeabilized biologically effective irradiance (Takle for each treatment
using 0.1% Triton X-100, 0.1% sodium citrate in phosphatewas calculated using the DNA damage weighting function of
buffered saline (PBS) at pH 7.4 and 4°C. Slides were rinsed Betlow (1974). The maximum unweighted irradiance of UV-B
PBS &3) and the 30H termini of the DNA strand breaks is equivalent to that measured in coastal Gulf of Maine waters
labeled with modified nucleotides in an enzymatic reaction (Imt a depth of 1-3 m.
Situ Cell Death Detection Kit, Fluorescein, No. 1 684 795; Embryos of Strongylocentrotus droebachienséxhibited
Roche, Palo Alto, USA). The fluorescein-labeled DNA strandsignificantly greater damage to DNA (ANOVAR<0.001 on
brakes in the nuclei of individual cells were then observed anldg-transformed values), measured as CPD formation 1lig.
scored using epifluorescence microscopy. Slides were coveratl the end of the experimental UVR exposures. Multiple
with low fluorescence immersion oil and individual cells comparisons testing of the data from individual experiments at
(N=200) from each treatment group with distinct nuclear endlifferent embryonic stages showed that significantly more
labeling (green emission at 515-5@%) were scored as CPD formation occurred in the UV-B portion of the spectrum,

positive cells. while treatments without any UVR (GG 400 filter) always
showed the lowest concentration of CPDs (SNRK0.05;
Statistical analysis Fig. 1).

CPD formation and the optical density of the positive Western blots revealed a single band akD#, which

Tablel. Unweighted experimental irradiances and total dose for each treatment group and DNA weighted irradiances and dose
using the DNA damage biological weighting function of Setlow (1974)

Treatment
wavelength UVR UV-A UVv-B
(nm) Irradiance (W2 Dose (kJm?) Irradiance (Wm2)  Dose (kdJn?)  Irradiance (Wm2) Dose (kJn—2)
Unweighted
280 6.31 817 5.79 750 0.52 67
305 5.93 768 5.68 736 0.35 45
320 5.79 750 5.45 706 0.25 32
375 0.85 110 0.84 108 0.001 0.13
400 0.0828 11 0.0826 11 0.0002 0.026
Weighted
280 2.3K%10°3 0.299 1.4610°° 0.0019 2.3810°3 0.298
305 9.3%104 0.121 1.3%10°° 0.0017 9.24104 0.120
320 2.9%104 0.038 1.2%10° 0.0017 2.83104 0.037
375 7.1%10°6 0.0009 8.7210°7 0.00011 6.2810°° 0.0008
400 5.0%10°6 0.0007 9.4%10°8 0.00001 4.9%10°6 0.0006

UVR, ultraviolet radiation (290—408m); UV-A, ultraviolet A radiation (320—408m); UV-B, ultraviolet B radiation (290-320m).
Visible radiation (400-7CAm) was 7Qumol quantam—2 s for all treatments.
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0.6 than those exposed to longer wavelength UV-A (blastula:
% &a a a o FFE 375nm, 37%; gastrula: 375m, 43%) or visible radiation only
% 0.5- lI ‘ b a o Blastula (blastula:  400hm, 34%: gastrula: 400m, 29%)
® l 1 T l a m Gastrula (Bonferroni/Dunn testP<0.005) (not shown).
5 04 HHE bmr by
2 0.4 I 1 T
> 0.3 L I c Discussion
e T ¢ Previous work on echinoid embryos revealed significant
§ 0.2 et effects of UVR on cell division, development, morphology and
S T DNA damage (Rustad, 1960; Eima et al., 1984; Akimoto and
L% 0.1. . Shiroya, 1987). All of these studies, however, utilized artificial
light sources containing germicidal UV-C (26#) radiation
0 that is not ecologically relevant, as UVR below 290 does
280 305 320 375 400 not reach sea level, but would result in significant damage to
UVR treatment (nm) DNA, as indicated by the biological weighting function for

DNA damage (Setlow, 1974). An action spectrum for cleavage
aelay after exposure to UVR showed a significant effect of

embryos exposed to UVR in the five treatment groups. Treatmellﬁlf”“/elengthS below 31m (Giese, 1939), again consistent

groups that share superscripts within each developmental stage of " the biological weighting function for DNA damage
experiment are not significantly different from one another usindSetlow, 1974). More recent studies (Adams and Shick, 1996,

multiple comparison testing (SNK) at a significance level of 0.05%. 2001) have shown similar effects on urchin embryos after
exposure to environmentally relevant wavelengths of UV-A
and UV-B. Additionally, Lesser and Barry (2003) reported that
corresponded to a Cu/Zn SOD standard (bovine erythrocytesnvironmentally relevant UVR had significant effects on
Sigma, Inc., St Louis, USA). Densitometer scans of SOechinoid survivorship, development, morphology and DNA
immunoblots showed that urchin embryos exposed to UVRIlamage. What has been generally lacking is an understanding
expressed significantly greater concentrations of SODf the underlying mechanism(s) causing cleavage delay,
(ANOVA, P<0.05) (Fig.2A), with significant differences developmental abnormalities and cellular death after exposure
(multiple-comparison SNK,P<0.05) between the UV-B to UVR.
treatments (WG 280, WG 305 filters) and UV-A and control DNA damage can be caused directly, by exposure to UVR
groups in most cases (F@A). Additionally, densitometer as a result of absorbing photons of UVR, or indirectly, through
scans of immunoblots of the cell cycle gepd8 andp21  the production of ROS (Imlay and Linn, 1988; Peak and Peak,
showed a similar significant (ANOVAR<0.05) pattern of 1990). This DNA damage can lead to the expressiopbaf
increasing p53 (53kDa) and p21 (21kDa) protein after (Renzing et al., 1996) and apoptosis or cellular necrosis in
exposure to UVR, especially the UV-B portion of the spectrunmany organisms. Our results show an increase in the
(SNK, P<0.05; Fig.2B,C). The lone exception was the expression of SOD with exposure to UVR that is an indicator
experiment on the gastrula stage, whe2é showed a non- of an increase in superoxide radicals and other forms of ROS
significant trend of increasing protein concentration with(Halliwell and Gutteridge, 1999; Pourzand and Tyrell, 1999).
increasing UVR (ANOVA,P=0.11). Lastly, for the FFE of Oxidative stress is known to play a role in apoptesiseveral
Strongylocentrotus droebachiensibe densitometer scans of cell cycle genes such gb3 (Renzing et al.,, 1996). Two
immunoblots for cdc2p34) showed an inverse and significant apoptotic pathways have been described and are known as the
(ANOVA, P<0.05) pattern of decreasing protein concentratiordeath-receptor pathway and the mitochondrial pathway. The
after exposure to UVR (FigD). mitochondrial pathway is commonly associated with DNA
Experimental FFE showed a significantly (Kruskal-Wallisdamage and upregulation or activation of the cell cycle gene
test; P<0.001 when corrected for ties) greater number op53 (Hengartner, 2000). Exposure to UVR also causes ROS
TUNEL-positive cells observed with DNA strand breaksproduction in the electron transport chain of mitochondria
(Fig. 3F). Embryos exposed to the shortest wavelengths of UMGniadecki et al., 2000). Both the death receptor and
B (280nm, Fig.3A) showed a greater percentage (36%) ofmitochondrial pathways converge at the mitochondria and the
TUNEL-positive cells than those in all other treatment group8cl-2 family of genes where the release of proapoptotic
(Bonferroni/Dunn test;P<0.005, 305wm, 32%, Fig3B; effectors (e.g. cytochrome, ROS, caspase 9) occurs and
320nm, 18%, Fig3C; 375nm, 17%, Fig3D; 40Cnm, 10%, subsequently leads to the assembly of the apoptosome, which
Fig. 3E). Blastula- and gastrula-stage embryos showed among other things activates caspase-dependent DNase (Green
distinct difference between UV-B and UV-A wavelengths;and Reed, 1998; Rich et,a2000).
UV-B exposed cells contained significantly more TUNEL- The cell cycle checkpoint gempb3 allows a multicellular
positive cells (blastula: 28@m, 78%; 305 m, 57%; 320m,  organism to repair or delete cells exposed to agents that cause
53%; gastrula: 288m, 100%; 30%m, 61%; 32(hm, 54%) DNA damage, like hypoxia, UVR, ROS or mutagens (Graeber

Fig.1. DNA damage measured as cyclobutane pyrimidine dimer
(means *s.0.) of sea urchin Strongylocentrotus droebachiensis
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Fig.2. (A) Superoxide dismutase protein (SOD) concentration measured as optical density (relative units) of immunoblots af sea urch
(Strongylocentrotus droebachiensembryos exposed to UVR in the five treatment groupsp%B)protein concentration measured as optical
density of immunoblots of sea urchit{ongylocentrotus droebachiensambryos exposed to UVR at five different wavelengths (treatment
groups). (C)p21 protein concentration measured as optical density of immunoblots of sea Stobmgyylocentrotus droebachiensanbryos
exposed to UVR in the five treatment groups. (D)2cdmtein concentration measured as optical density of immunoblots of sea urchin
(Strongylocentrotus droebachiensfseshly fertilized embryos exposed to UVR in the five treatment groups. See representative immunoblot
above each bar grapN=3 samples for each treatment (i.e. filter); values are meams af relative optical density. Treatment groups that
share superscripts are not significantly different from one another using multiple comparison testing (SNK) at a signiétafided6%.

FFE, freshly fertilized embryos.

et al., 1996; Renzing et al., 1996; Clarke et al., 1997; Griffith§Evan and Littlewood, 1998). An important pathway by which
et al., 1997). Upregulation and expressiops3 allows DNA  p53 facilitates an arrest in the cell cycle is through ph#
editing and repair to occur followed either by normal cellprotein.p21 is an inhibitor of a wide range of kinases such as
division (Polyak et al., 1997) or apoptosis (Hale et al., 1996)dc2. p53 is also known to be regulatory at the/Nb
Cells with DNA damage caused by UVR and oxidative stressheckpoint through its effect on cyclin B1 after DNA damage
can survive but are often retained in th#S3phase of the cell (Innocente et al 1999) and botlp53 andp21 are required to
cycle for long periods of time (Geyer et al., 2000). Theseustain a @M arrest after DNA damage (Bunz et al., 1998).
delays in cell division are the result of the expressiop58f One diagnostic feature of apoptosis is extensive damage to
and ultimately the downregulation of cyclin-dependent kinaseshromatin and DNA cleavage, leading to DNA fragmeuids



previously been shown in sea urchin embryos and
larvae (Voronina and Wessel, 2001; Roccheri et al.,
2002) and the results reported here for green sea urchin
embryos reveal a significant increase in the number of
apoptotic cells after exposure to UVR. While the work
of Voronina and Wessel (2001) suggests that the
TUNEL assay may underestimate the number of
apoptotic cells, we feel that this underestimation
would be systematic throughout our experiments and
thus not affect the interpretation of UVR-induced
apoptosis in the treatments described above. The
TUNEL assay results are also strongly supported by
the differential expression patterns of cell cycle and
antioxidant  proteins.  Additionally, in these
experiments and other studies (Adams and Shick,
2001; Lesser and Barry, 2003) the abnormal
morphologies observed (e.g. ‘packed’ blastula,
blebbing, exogastrulation) are consistent with
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descriptions of apoptotic morphology.
In summary, exposure of developing embryos of the

F
green sea urchin to UVR causes a cascade of cellular

‘b events from DNA damage to apoptosis. Between these

£ two events, well-described checkpoints and controllers
of the cell cycle are regulated in a pattern that has been
described for many metazoan systems. Additionally, the
differential effects of UV-BversusUV-A are quite
clear. Exposure to the shorter UV-B wavelengths, those
affected by stratospheric ozone depletion, result in more

Fig.3. Freshly fertilized embryos of the sea urct8trongylocentrotus DNA damage, higher levels of oxidative stress and
droebachiensisafter exposure to UVR at five different wavelengths greater expression of cell cycle genes that lead to

(treatment groups). DNA damage was assessed by TUNEL-positivgpoptosiS_ We also see, however, significant effects on

fluorescence, which reveals cells with DNA strand damage. See text fofcq processes from exposure to the UV-A portion of
details. (A) 28m, (B) 305hm, (C) 320nm, (D) 375hm, (E) 400m. the spectrum, which has more total energy available and

Magnification 108. (F) Singl lei after 28@m treatment; magnification .
55%9(;:' cation (F) Single nuclei after gnificat penetrates to deeper depths even in coastal temperate

waters. Our results do not rule out the possibility of

direct effects of UVR on critical proteins (e.g. cdc2),
an endogenous endonuclease. The embryos of green dmd the results presented here show that delays in cell division,
urchins exposed to UVR exhibit both direct effects of UVR orabnormal development and, ultimately, the death of developing
DNA, as observed through the accumulation of CPDembryos begins with direct and indirect damage to DNA.
photoproducts, and the positive TUNEL assay, which indicates
the occurrence of DNA strand breaks caused by ROS (Imlay The authors want to thank Dr Toshio Mori for generously
and Linn, 1988; Pourzand and Tyrell, 1999). Subsequent to th&ipplying the monoclonal antibodies to CPD photoproducts.
DNA damage we observed a tight coupling betwe® and This project was supported by the National Science
p21 expression that is functionally related to the delays in cefoundation (Biological Oceanography Program, OCE-
division observed in this species under similar condition©818918).
(Adams and Shick, 1996, 2001; Lesser and Barry, 2003).
Additionally, the ultimate cell cycle regulator cdc2 shows a

decrease in concentration with increasing exposure to UVR in ) References o ) .
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