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ABSTRACT: We have investigated the differential effects of ultraviolet light (UV) and ionizing radiation 
(IR) on human immunodeficiency virus type 1 (HIV) and e-jun expression in HIVcat/HeLa cells. This 
cell line harbors stably integrated copies of the chloramphenicol acetyltransferase (cat) gene under control 
of the HIV promoter. Both UV and IR increased the binding of nuclear proteins to an oligonucleotide 
spanning the HIV enhancer region nuclear factor KB sites, but only UV increased HIVcat steady-state 
mRNA and CAT activity. By comparison, transcription of the cellular c-jun gene increased after both 
types of radiation, but UV was at least 5-fold more effective than IR despite the fact that protein binding 
to an activator protein 1 oligonucleotide increased similarly after both UV and IR. The lack of HIVcat 
transcriptional response after IR does not appear to be the result of a repressor binding to upstream promoter 
elements since cells stably transfected with different HIV promoter deletions showed a lack of response 
to IR indistinguishable from that of the intact promoter. While our findings indicate no correlation between 
increased binding of transcription factors to upstream promoter elements and increased expression of 
these genes after radiation, we did observe major differences in how UV and IR affected chromatin structure. 
UV produced extensive global chromatin decondensation, whereas IR did not, as seen in the microscope 
and determined by the increased susceptibility of chromatin to micrococcal nuclease digestion. Finally, 
although no effect of IR was detected by the CAT assay up to 24 h, a 2-3-fold increase was seen after 
several days, suggesting that HIVcat expression is regulated by both early and late effects after radiation; 
only UV produces the much more pronounced early effect. In summary, our findings are in agreement 
with a mechanism whereby UV exerts a positive effect on HIVcat transcription through extensive global 
changes in chromatin structure, perhaps associated with the DNA repair process, while bypassing “true” 
transcriptional activation through upstream promoter elements. 

DNA damage elicits a number of stress responses in 
mammalian cells, including changes in transcription [see 
Holbrook and Fomace (1991) for review]. Many reports 
have shown that ultraviolet light (UV)l increases the 
transcription of specific genes, and more recently, the positive 
effect of ionizing radiation (IR) on gene expression has been 
well-documented (Holbrook & Fomace, 1991; Fuks et al., 
1993). Certain genes, such as those encoding specific 
transcription factors (NF-KB [p50], Jun/Fos [AP-11, and 
EGR- l), and other genes susceptible to growth stimuli 
respond in a positive fashion to IR (Sherman et al., 1990; 
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Brach et al., 1991; Hallahan et al., 1991, 1993; Chae et al., 
1993; Uckun et al., 1993). UV (Devary et al., 1991; Stein 
et al., 1992) and IR (Hallahan et al., 1993) activate e-jun 
transcription through AP- 1 binding to the phorbol ester- 
responsive element (TRE) in transient transfection experi- 
ments. The human immunodeficiency virus (HIV) promoter 
is also very sensitive to the effects of DNA-damaging agents 
and responds by increasing transcription after exposure to 
many, but not all, types of DNA damage (Valerie et al., 1988, 
1994; Valerie & Rosenberg, 1990; Stanley et al., 1989; Stein 
et al., 1989; Cavard et al., 1990; Zmudzka & Beer, 1990; 
Beer et al., 1994; Morrey et al., 1991; Frucht et al., 1991; 
Vogel et al., 1992; Zider et al., 1993; Zmudzka et al., 1993. 

Several groups have demonstrated a correlation between 
increased transcription of HIV after UV and enhanced 
binding of NF-KB to the HIV enhancer region (Stein et al., 
1989; Devary et al., 1993; Zider et al., 1993), whereas others 
suggest that NF-KB and the enhancer play less important roles 
in UV activation (Zider et al., 1993; Valerie et al., 1995), 
perhaps depending on whether the transcription unit is 
integrated in the genome or not. We have shown that, when 
the HIV transcription unit is stably integrated in the genome, 
the UV response does not map to any specific upstream 
element in the HIV promoter, including the enhancer. 
Instead, we find a correlation with the overall competence 
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determined by the BCA copper-chelating assay (Pierce 
Chemical Co.) using bovine serum albumin as standard. The 
HIV NF-KB 33-mer (5'-"''GCTACAAGGGACTTTCC- - 
GCTGGGGACTTTCCAG-79-3'; only the top strand is 
shown) (Gimble et al., 1988) was made on a Cyclone DNA 
synthesizer (Biosearch, Inc.). In the mutant NF-KB oligo- 
nucleotide, the GGG nucleotides were replaced with CTC. 
The consensus AP- 1 27-mer (S-GATCCATGACTCA- 
GAGGAAAACATACG-3'; only the top stran2 is shown) 
(Kouzarides & Ziff, 1989) was made as above for NF-KB. 
In the mutant AP-1 oligonucleotide, the underlined Ts were 
replaced with Cs. The oligonucleotides were purified on 
20% urea polyacrylamide gels and the complementary 
strands annealed (Sambrook et al., 1989). The oligonucle- 
otides were labeled with [y-32P]ATP (7000 Ci/mmol; ICN) 
using T4 polynucleotide kinase (Sambrook et al., 1989). 
Labeled oligonucleotide was mixed with 5 pg of nuclear 
extract in a total of 10 p L  of nuclear extraction buffer 
supplemented with 0.5 pg of poly(d1-dC)-poly(d1-dC) 
(Pharmacia, Inc.). The reaction mixtures were incubated at 
room temperature for 20 min prior to electrophoresis on 6% 
polyacry1amide:Bis (30: 1) gels in 0.25 x Tris-borate buffer 
(Sambrook et al., 1989). The gels were dried and exposed 
to X-ray film. 

RNA Analysis. Total cytoplasmic RNA was extracted as 
described (Favoloro et al., 1980; Sambrook et al., 1989). 
Northern analyses were carried out on 1% agarose/2.2 M 
formaldehyde gels and transferred to Genescreen (New 
England Nuclear) membranes by capillary blotting (Sam- 
brook et al., 1989). The RNA was covalently bound to the 
membrane by UV cross-linking, and the transfer of RNA 
was confirmed by methylene blue staining (Herrin & 
Schmidt, 1988). Hybridization probes were gel-purified from 
low-melting agarose (FMC, Inc.), labeled by random priming 
(Feinberg & Vogelstein, 1984), and purified over spin 
columns. The cat probe was an -0.7-kilobase (kb) HindIII- 
XbaI fragment from pIBI20-cat (Valerie et al., 1988), and 
the human p-actin probe was a -2 kb BamHI fragment from 
pHFAPl (Gunning et al., 1983). A -1 kb human c-jun 
probe was generated by PCR. Membranes were hybridized 
to [32P]-labeled probes (> lo9 d p d p g  of DNA) in 50% 
formamide, 1 M NaC1, 1% SDS, 50 mM NaxP04 (pH 7.0), 
10 mM EDTA, 10% dextran sulfate, and 100 pglmL 
denatured salmon sperm DNA overnight at 45 OC with 
constant agitation. The membranes were then sequentially 
washed with 2 x SSC at room temperature (2 x 10 min), 2 
x SSC/1% SDS at 65 OC (2 x 30 min), and finally with 0.1 
x SSC at room temperature (1 x 15 min) and then exposed 
to X-ray film with an intensifying screen. 

Mitotic Synchronization and Chromosome Decondensation 
Assay. HIVcat/HeLa cells were synchronized in mitosis with 
nocadazole (0.2 pg/mL) overnight (-16 h). Mitotic cells 
were obtained by shakeoff and processed for decondensation 
assay as described (Mullinger & Johnson, 1985). Briefly, 
mitotic cells in suspension and in nocadazole were exposed 
to 0.1 mM 1-@-arabinofuranosylcytosine (araC) and 10 mh4 
hydroxyurea for 30 min prior to irradiation with 10 and 30 
J/m2 of UV, 5 and 20 Gy of 137Cs, or a combination of the 
two. The cells were centrifuged briefly in a microfuge (2000 
rpm for 2 min), and the cell pellet was resuspended in 50 
pL of PBS and irradiated with UV (2.5 W/m2) or IR (2  Gy/ 
min) to the total final dose. The conditioned medium, 

of the basal promoter and the extent of UV activation 
(Valerie et al., 1995). We have proposed previously that 
UV may activate HIV gene expression in stably transfected 
cells by producing changes in chromatin structure necessary 
for DNA repair (Valerie & Rosenberg, 1990; Wallace & 
Lasker, 1992). These changes may allow for enhanced 
accessibility of factors involved in basal transcription to the 
HIV promoter region or, alternatively, for preformed tran- 
scription complexes elongating short nascent RNA (Valerie 
et al., 1995). In spite of the observation that IR produces 
increased binding of NF-KB to its promoter element (Brach 
et al., 1991; Uckun et al., 1993), several studies have 
demonstrated that IR does not increase HIV gene expression 
(Valerie & Rosenberg, 1990; Beer et al., 1994; Zmudzka & 
Beer, 1990; Stanley et al., 1989), suggesting that additional 
requirements need to be fulfilled for a full HIVcat transcrip- 
tional response. 

In the present study, we have investigated further the lack 
of response to IR by comparing and dissecting the differential 
effects of UV and IR on HIVcat and c-jun expression in 
stably transfected HIVcat/HeLa cells. We show that IR, 
similarly to UV, produces an increased binding of NF-KB 
to the HIV enhancer region but apparently does not elicit 
the cellular changes required to increase HIVcat gene 
expression. Furthermore, UV, but not IR, produces major 
structural changes in the chromatin of mitotic and interphase 
cells, suggesting that one reason for the effectiveness of UV 
in activating HIVcat gene expression may be associated with 
changes in chromatin structure which do not occur after IR. 

MATERIALS AND METHODS 

Cells and Treatments. The wild-type HIVcat/HeLa, 
enhancer+ (-1 19/+80), and enhancer- (-69/+80) cells have 
been described (Valerie et al., 1988, 1995; Valerie & 
Rosenberg, 1990). UV irradiations were carried out with a 
calibrated (Spectroline Model DM-254N, Spectronics Corp., 
Westbury, NY) germicidal UV lamp. The dose rate was 
1-2.5 W/m2. Ionizing irradiations were performed at room 
temperature or on ice (chromatin decondensation assay) with 
a Model Mark I 137Cs source (J. L. Shepard and Associates, 
Glendale, CA) at a dose rate of 2 Gy/min to the indicated 
total doses. CAT assays were carried out as described 
(Gorman et al., 1983; Valerie et al., 1988). 

Gel Shift Assays. Nuclear extracts of HIVcat/HeLa cells 
were prepared essentially as described (Stein et al., 1989). 
Briefly, cells from a confluent 100 mm dish were washed 
in phosphate-buffered saline (PBS), scraped off the dish, and 
transferred to a microfuge tube. Cell nuclei were then 
produced in 100 p L  of lysis buffer containing 10 mM Hepes 
(pH 7.8), 60 mh4 KCl, 1 mM ethylenediaminetetraacetic acid 
(EDTA), 1 mM dithiothreitol (DTT), 0.5% NP-40, 1 mM 
phenylmethanesulfonyl fluoride (PMSF), 0.5 mM Na3V04, 
1 pg/mL aprotinin, and 1 pg/mL leupeptin on ice for 5 min. 
After centrifugation (2000 rpm for 5 min), the supernatant 
was removed, and the nuclei were washed once with 1 mL 
of lysis buffer lacking NP-40. After centrifugation, the nuclei 
were resuspended in 50 p L  of nuclear extraction buffer 
containing 250 mM Tris-HC1 (pH 7.8), 60 mM KCl, 1 mM 
DTT, 1 mh4 PMSF, and 0.5 mM Na3V04 and freeze-thawed 
three times (-70 to +37 "C). The samples were then 
centrifuged at 7000 rpm for 15 min; the supernatant 
constitutes the nuclear extract. Protein concentrations were 
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including supplements, was added back, and cells were 
incubated for another 1-2 h at 37 "C. At this time, the cells 
were Centrifuged briefly, and the medium was removed. After 
hypotonic swelling in 0.25 x Hank's Buffered Salt Solution 
at 37 "C for 10 min, the cells were centrifuged, fixed in 
Carnoy's fixative (3: 1 v:v of methanol/acetic acid), spread 
on prewetted glass slides, and stained with a 1:lO dilution 
of Giemsa. Stained chromosomes were visualized with a 
standard oil-immersion microscope (Nikon Diaphot) at 400 x 
magnification. Representative chromosome spreads were 
then photographed. Routinely, mitotic indices of untreated 
cells were estimated to be '95%. 

Micrococcal Nuclease Digestion of Isolated Nuclei. Mi- 
crococcal nuclease (MN) digestions of isolated nuclei were 
performed using a modification of previously described 
protocols (Smerdon et al., 1978; Walker & Sikorska, 1986). 
Briefly, cells were metabolically labeled with [ m e t h ~ l - ~ H ] -  
thymidine (78 Ci/mmol; ICN, Riverside, CA) and [ 14C]amino 
acids (35 mCi/microatom of carbon; Moravek Biochemicals, 
Inc., Brea, CA) at 0.27 and 0.013 pCi/mL, respectively, for 
48 h, followed by a 24 h chase with conditioned medium. 
Hydroxyurea and araC were added to the medium to final 
concentrations of 10 and 0.1 mM, respectively, 30 min prior 
to irradiation. The inclusion of these inhibitors promotes 
chromatin decondensation by preventing resealing of DNA 
breaks (Mullinger & Johnson, 1985). The cells 'were 
irradiated with 30 J/m2 of UV or 10 Gy of IR or'left 
untreated. They were harvested 1 or 2 h later by scraping 
into digestion buffer consisting of 50 mM Tris-HC1 (pH 7.5), 
150 mM KC1,5 mM MgC12, and 0.25 M sucrose. To prepare 
nuclei, cells were lysed in digestion buffer supplemented with 
0.5% Triton X-100 and briefly centrifuged (600g for 5 min); 
nuclei were resuspended in buffer without detergent by 
vigorous Dounce (B pestle) homogenization and digested 
with MN (50 000 units/mL; Worthington) at a final concen- 
tration of 50 units/mL in the presence of 0.1 mM CaC12. 
Aliquots were removed at different times and terminated by 
the addition of EDTA to 10 mM. Perchloric acid (70%) 
was added to a final concentration of 7%, and the samples 
were held on ice for 20 min. Acid-soluble radioactivity was 
obtained as the supernatant after a 16000g centrifugation for 
10 min. A portion of the supernatant was diluted with water 
and counted in liquid scintillation fluid. The acid-soluble 
DNA [3H] was normalized to protein content [14C] and to 
the untreated sample of the control group. 

RESULTS 
Transcription Factors NF-xB and AP-1 Are Activated to 

a Similar Extent after UV and IR Exposure. Previous work 
has demonstrated that NF-KB is activated post-translationally 
by UV (Stein et al., 1989; Devary et al., 1993) and IR (Brach 
et al., 1991; Uckun et al., 1993) in HeLa and leukemic 
myeloid and B-cell precursor cells. However, neither of the 
studies involving IR investigated the effect of NF-KB 
activation on subsequent expression of responsive genes. 
Because we have previously reported that IR does not 
increase HIV gene expression (Valerie et al., 1990), it was 
of interest to examine whether increased NF-KB binding 
could be demonstrated in cells that have the bacterial cat 
gene under control of the HIV promoter region stably 
integrated in the genome. HIVcat/HeLa cells were irradiated 
with either UV (30 J/m2) or IR (5 and 10 Gy), and nuclear 
extracts were prepared after 0.5, 1, and 3 h. Gel retardation 
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FIGURE 1: Activation of NF-KB and AP-1 after UV and IR 
exposure. HIVcat/HeLa cells were irradiated with UV (30 J/m2) 
or IR (5 and 10 Gy). (Top) Nuclear extracts were prepared at 0.5, 
1, and 3 h (UV) and 1 and 3 h (IR) postirradiation and incubated 
with a [32P]-labeled 33-mer spanning the HIV enhancer region. 
Incompetition experiments, a 1 00-fold excess of the unlabeled wild- 
type (lOOx wt) or mutant (lOOx mt) oligonucleotide was included 
in the binding reactions. After electrophoresis on a 6% polyacryl- 
amide gel, it was exposed to X-ray film. (Bottom) Similarly, the 
same nuclear extracts were incubated with a radioactive AP- 1 
oligonucleotide and processed as above: no nuclear extract added 
(Blank), free oligonucleotide (F), and oligonucleotide complexed 
with protein (C). 

of a [32P]-labeled oligonucleotide identical to the HIV 
enhancer region was then carried out by polyacrylamide gel 
electrophoresis (PAGE) followed by autoradiography (Figure 
1, top). We found that UV produced a time-dependent 
increase in NF-KB binding which was first detected at 1 h 
and became more pronounced at 3 h after irradiation. 
Similarly, both 5 and 10 Gy of IR resulted in increased 
binding at 1 h which was less with 5 Gy than with 10 Gy, 
while at 3 h postirradiation, both doses produced similar 
levels of binding (Figure 1, top). A 100-fold excess of 
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unlabeled wild-type NF-KB oligonucleotide effectively com- 
peted out the binding, while a mutant oligonucleotide did 
not, demonstrating specific protein binding to the NF-KB 
oligonucleotide. 

A cellular gene, c-jun, responds to both UV (Stein et al., 
1989; Devary et al., 1991, 1992) and IR (Hallahan et al., 
1991, 1993; Sherman et al., 1990; Uckun et al., 1993) and 
appears to be autoregulated by the binding of AP-1 to the 
TRE (Angel & Karin, 1991). Even though the HIVcat/HeLa 
cell construct was generated in order to facilitate the analysis 
of DNA damage-induced gene expression, it is, of course, 
an artificial construct. To correlate the effects of UV and 
IR on HIVcat transcription with the effects on a cellular gene, 
we also examined AP-1 binding to a consensus AP-1 
oligonucleotide. We found that specific binding to the AP-1 
oligonucleotide increased with similar kinetics and to a 
similar extent after UV and IR (Figure 1, bottom). 

Transcription of HIVcat Parallels That of c-jun after 
Treatment with UV and Phorbol Ester. To investigate the 
transcriptional effects of UV and phorbol ester (PMA) on 
the HIVcat/HeLa cells, we first established the time at which 
maximum steady-state cat mRNA accumulates after UV. 
HIVcat/HeLa cells were irradiated with UV (10-40 J/m2) 
and mRNA levels determined by Northern analysis between 
1 and 5 h post-UV. We found that the HIVcat mRNA levels 
peaked between 3 and 5 h postirradiation (Figure 2A). A 
dose of 30-40 J/m2 produced the strongest signal for both 
HIVcat and c-jun. Furthermore, PMA and UV produced a 
synergistic effect on c-jun transcriptional activation similar 
to the combined effect of these two agents on HIVcat 
transcription (Figure 2A). 

IR Fails To Increase HIVcat Transcription and Produces 
Relatively Small Increases in c-jun mRNA. We have 
previously shown that doses as large as 14 Gy of IR do not 
stimulate HIVcat gene expression measured by CAT assays 
(Valerie & Rosenberg, 1990). To investigate at what level 
(transcriptional or post-transcriptional) this effect was operat- 
ing, we irradiated (2, 10, and 30 Gy) the cells and extracted 
RNA at 1, 3, and 5 h postirradiation. For comparative 
purposes, cells were also exposed to 10 and 30 J/m2 of UV. 
A Northern blot of these RNA samples is shown in Figure 
2B. No HIVcat mRNA was detected at any dose or time 
after IR, whereas UV at 10 and 30 J/m2 produced significant 
increases in HIVcat mRNA. Maximum c-jun levels were 
detected 1 h after UV, while IR produced a smaller but still 
significant increase (-20% of the UV level) at 1 h after 30 
Gy (Figure 2B). A much smaller response was observed at 
3 and 5 h with both UV and IR, consistent with previous 
reports (Sherman et al., 1990; Devary et al., 1991; Uckun et 
al., 1993). A portion of the irradiated cells was taken at 5 
h, and in a separate set of reactions at 20 h after irradiation, 
to determine CAT activity levels after each treatment (data 
not shown). IR did not give any increase in CAT activity 
at any dose or time. On the other hand, UV produced 
approximately 3- and 22-fold increases in CAT activity after 
10 and 30 J/m2, respectively, at 5 h post-UV, and at 20 h, a 
26-fold increase was obtained with 15 J/m2. 

These results demonstrate that IR did not produce any 
increase in HIVcat steady-state mRNA levels with doses and 
at times that produced increases in NF-KB and AP-1 binding, 
whereas UV resulted in large increases in both assays. Even 
though IR at an optimal dose and time produced a significant 
increase in c-jun steady-state mRNA, this increase was 
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FIGURE 2: IR fails to activate HIVcat transcriptionally and produces 
relatively small increases in c-jun "A. (A) UV dose response 
and time course of HIVcat and c-jun transcriptional activation. 
HIVcat/HeLa cells were treated with PMA (20 nM), UV (10-40 
J/m2), or the combination of UV and PMA. Cytoplasmic RNA 
was isolated between 1 and 5 h post-treatment and processed for 
Northern analysis. Hybridization probes were cat and c-jun with 
P-actin as control. (B) UV and IR dose response and time course 
of HIVcat and c-jun transcriptional activation. 

substantially lower (-20%) than that after UV. Furthermore, 
concordant with the lack of HIVcat mRNA accumulation 
after IR, no increase in CAT activity was detected, suggesting 
that IR fails to activate HIVcat transcription. Thus, no 
correlation exists between the extent of NF-KB and AP-1 
binding and the expression of the HIVcat and c-jun tran- 
scription units after IR. 

IR Does Not Suppress Transcription through Any Up- 
stream LTR Promoter Elements. It is conceivable that the 
reason for the lack of increase in HIVcat transcription after 
IR is due to suppressive effects at the level of the HIV 
promoter. Suppressive effects of AP- 1 protein complexes 
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Table 1 
fold activation 

wild-type enhancer+ enhancer- 
treatment (-485/+80) (-1 19/+801 (-69/+80) 

control 1.0 1 .o 1 .o 
UV + PMA (20 nM) UV ( 15 J/mZ) 16.4}3.5 x 54.0 l9.0}2.8 16.0 l2s0} 1.3 x 57.7 
1 GY 1.2 1.3 1.2 
5 GY 1.2 1.1 1 .o 
10 Gy 1 .o 1.0 1.1 

IR does not suppress transcription at the level of the HIV LTR. 
Wild-type, enhancer+ (1 19/+80), and enhancer- (-69/+80) HIVcat/ 
HeLa cells were treated with UV (15 J/mZ), IR (1, 5, or 10 Gy), or the 
combination of UV (15 J/m2) and PMA (20 nM). CAT assays were 
performed after 20 h. The percent conversion of unacetylated to 
acetylated [14C]chloramphenicol species was taken as a measure of CAT 
activity. Fold activation was calculated by division of the percent 
conversion of extracts from treated cells by the percent conversion of 
extracts from untreated control cells. 

on the expression of other genes have been described 
previously (Angel & Karin, 1991). Because putative AP-1 
binding sites have been identified in the -357 to -316 region 
of the HIV promoter (Franza et al., 1988) and AP-1 DNA 
binding increases after IR, one can perhaps envision a 
situation whereby binding of AP-1 or some other factor to 
the upstream LTR elements could inhibit HIVcat transcrip-. 
tion. In order to address this question, we made use of three 
cell populations: (1) the wild-type (-485/+80) HIVcat/HeLa 
cell line, (2) one which has the HIV basal promoter elements 
and the enhancer (-119/+80), and (3) one which has the 
basal promoter elements but not the enhancer (-69/+80) 
upstream of the cat gene integrated in their genomes. The 
putative AP-1 binding sites at position (-357/-316) is 
present in the wild-type promoter construct but not in the 
two deletion constructs, and the enhancer is present in the 
two former but not in the latter. 

The different cell populations were treated with IR, UV, 
or a combination of UV and PMA to examine any differences 
in how they responded to these treatments (Table 1). The 
wild-type (-485/+80) cells responded to UV alone (-16- 
fold) and produced a 3.5-fold synergistic response to UV 
and PMA, but no significant increase in CAT activity was 
observed after IR. Similarly, the enhancerf (- 119/+80) 
cells responded to UV (19-fold enhancement) and showed a 
synergistic response in combination with PMA (2.8-fold 
above UV levels) but produced no significant increase after 
IR. The enhancer- (-69/+80) cell population responded 
well to UV (12-fold enhancement) but did not exhibit 
synergism with PMA (1.3-fold above UV levels), concordant 
with previous work showing that the PMA response maps 
to the enhancer (Nabel & Baltimore, 1987) and the UV 
response is not associated with any upstream LTR elements 
(Valerie et al., 1995). In a manner similar to that of the 
other two cell populations, the enhancer- cell population also 
failed to respond to IR. All combined, it is unlikely that 
promoter elements upstream from position -69 in the LTR 
are involved in suppressing HIVcat expression after IR. 

UV, but Not IR, Produces Extensive Decondensation of 
Chromatin. Because no correlation could be demonstrated 
between increased DNA binding of NF-KB and AP-1 and 
transcription of HIVcat and c-jun, respectively, it appears 
that some other mechanism plays a more important role in 
UV activation of transcription, 

We have proposed that the DNA repair process itself may 
be involved in UV activation of HIVcat gene expression 
through changes in chromatin structure (Valerie & Rosen- 
berg, 1990). Repair of DNA damage generated by UV and 
IR involves two different pathways, the nucleotide excision 
repair (NER) and base excision repair (BER) pathways, 
respectively (Hoeijmakers, 1993; Lindahl, 1982). DNA 
incision at base damage is generally accomplished by small 
DNA glycosylases, whereas repair of bulky UV damage is 
initiated by a large protein complex which presumably 
requires changes in chromatin structure in order to gain 
access to the DNA damage (Smerdon, 1991). It is believed 
that incision by small DNA glycosylases may not require 
extensive changes in chromatin structure (Lindahl, 1982). 
Some twenty years ago, experiments using the premature 
chromosome condensation (PCC) assay (Johnson & Rao, 
1970) demonstrated that UV produces extensive chromatin 
decondensation in interphase cells after fusion to mitotic cells 
while IR does not (Waldren & Johnson, 1974; Johnson & 
Collins, 1978). The same biological effects were observed 
when mitotic cells were UV irradiated directly without any 
cell fusion (Mullinger & Johnson, 1985). The cellular 
mechanism involved in chromatin decondensation is not 
known, but these and other findings (Smerdon, 1991) are 
concordant with the idea that NER, but not BER, is 
associated with a transient decondensation of chromatin. This 
notion is consistent with our earlier observation that DNA 
damage repaired by the NER pathway, but not damage most 
likely repaired by the BER pathway, activates HIVcat gene 
expression (Valerie & Rosenberg, 1990; Valerie et al., 1994). 

To investigate the difference in chromatin structure after 
UV and IR treatment of HIVcat/HeLa cells, we prepared 
mitotic cells by overnight synchronization with nocodazole. 
Mitotic cells were irradiated with either UV (10 and 30 J/m2) 
or IR (5 and 20 Gy), spread on glass slides at either 1 or 2 
h postirradiation, and then stained with Giemsa (Figure 3). 
We found that, without any treatment (panel A) or after IR 
(panels B and C), individual chromosomes stained darkly 
and appeared condensed and relatively unaltered. However, 
at the larger dose of IR, the chromosomes were considerably 
fragmented (panel C). In contrast, UV treatment resulted 
in extensive chromosome decondensation which was more 
pronounced after the larger dose (compare panels E and F) 
and more at 2 h than at 1 h after UV (compare panels D and 
E). No individual chromosomes could be identified 2 h after 
the larger UV dose (panel F). Instead, the chromosomes 
appeared in the microscope as one large mass with less 
intense staining compared to chromosome spreads from 
untreated cells. The processes through which UV induces 
these extensive chromatin changes have not been established, 
but the result is consistent with the notion that changes in 
chromatin structure may be involved in UV activation of 
HIVcat gene expression. The fact that IR, which does not 
activate HIVcat transcription, does not produce these changes 
in chromatin further supports a role for changes in chromatin 
structure as a possible mechanism of transcriptional activation 
by UV. 

The UV Effect Overrides the IR Effect at the Level of CAT 
Activity and Chromatin Decondensation. If increased bind- 
ing of NF-KB to the HIV enhancer is not sufficient to increase 
HIVcat gene expression after IR, something else is needed 
to activate transcription or perhaps override a suppressive 
effect on transcriptional activation. Suppression could 
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FIGURE 3: UV, but not IR, produces extensive chromatin decondensation. Mitotic HIVcat/HeLa cells were left untreated or irradiated with 
UV (10 and 30 J/m2) or IR (5 and 20 Gy). After incubation for 1 or 2 h, chromosomes were spread on glass slides and stained with 
Giemsa. Stained chromosomes were visualized by phase contrast microscopy (Nikon Diaphot) and photographed: (A) control, no irradiation; 
(B) 5 Gy, 2 h; (C) 20 Gy, 2 h; (D) 10 J/m2, 1 h; (E) 10 J/m2, 2 h; and (F) 30 J/m2, 2 h. 

involve the inhibition of RNA polymerase and/or some basal 
transcription factor, or perhaps IR does not produce the 
changes in chromatin structure which are conducive to 
transcription. To see if UV could override a possible general 
suppressive effect of IR on HIVcat gene expression and 
chromatin decondensation, we treated HIVcat/HeLa cells 
with UV or IR and with a combination of the two. We found 
that UV acts in a dominant fashion over IR in the chromo- 
some decondensation assay, since treatment with both UV 
and IR resulted in decondensation indistinguishable from the 
effect of UV alone (data not shown). Similarly, we found 
no significant differences in the CAT activity levels with 
the combination of UV and IR compared to UV treatment 
alone, irrespective of whether the cells received IR before 
or after UV (data not shown). These results demonstrate 
that the positive effect of UV on HIVcat gene expression 
and chromatin decondensation overrides the lack of effect 
by IR. 

UV, but Not IR, Increases DNA Accessibility to Micro- 
coccal Nuclease. Micrococcal nuclease (MN) preferentially 
digests internucleosomal DNA, a property which has been 
used in the past to determine DNA accessibility in nuclei 
isolated from UV-treated cells (Smerdon et al., 1978). To 
examine if the global chromatin changes observed in mitotic 
cells after UV could also be detected in transcriptionally 
active interphase cells, we irradiated metabolically labeled 
HIVcat/HeLa cells with UV or IR or left them untreated. 
Nuclei were isolated 1 and 2 h later using physiological salt 
concentrations to minimize alterations in chromatin structure 
(Walker & Sikorska, 1986). The nuclei were then digested 
with MN for increasing periods of time, followed by 
precipitation of acid-insoluble material. The digested DNA 
recovered as the acid-soluble portion was taken as a measure 
of DNA accessibility and chromatin decondensation. The 
result of this experiment is shown in Figure 4. UV produced 
a significant increase in the susceptibility to MN compared 
to that of untreated cells. IR, on the other hand, did not 
produce any increases above control levels at either time. 
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FIGURE 4: Increased susceptibility of DNA to micrococcal nuclease 
after UV. HIVcat/HeLa cells were metabolically labeled with 
[n~ethyZ-~HIthymidine and [ 14C]-labeled amino acids and irradiated 
with UV (30 J/m2) or IR (10 Gy) or left untreated. Nuclei were 
prepared at 1 h (top) and 2 h (bottom) post-treatment and digested 
with MN for the indicated times. Acid-soluble [3H] radioactivity 
normalized to [I4C] was taken as a measure of DNA accessibility 
and chromatin decondensation. All samples were normalized to 
the untreated (no MN) sample of the control group. The relative 
level of released acid-soluble counts per minute is shown as a 
function of MN digestion time. 
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FIGURE 5: IR produces an increase in HIVcat gene expression after 
several days in culture. (A) HIVcat/HeLa cells were irradiated with 
10 J/m2 of UV or 5 Gy of IR or left untreated. At 24 h 
postirradiation, and every day thereafter, CAT assays were carried 
out. Cells received conditioned medium on days 2 and 4 postir- 
radiation. Symbols: untreated (0 and O), UV (0 and e) and IR 
(0, and a). Solid and open symbols represent two separate 
experiments. (B) HIVcatMeLa cells were irradiated with 2 Gy of 
IR or left untreated. At 24 h postirradiation, and every day 
thereafter, CAT assays were carried out. Symbols: untreated (O), 
IR (a), and fold activation (0). 

This result demonstrates that exposure of cells to UV 
increases DNA accessibility to MN, which is indicative of 
chromatin decondensation in interphase cells at times when 
transcription activation occurs (see Figure 2). IR did not 
produce any increase in the extent of acid-soluble radioactiv- 
ity, and the chromatin in these nuclei is therefore not likely 
decondensed. This result is concordant with the result 
obtained with mitotic cells (Figure 4). 
IR Increases HIVcat Gene Expression afer  Several Days. 

Because we did not detect any increases in HIVcat gene 
expression up to 24 h after IR, we investigated the effects 
of IR after longer periods of time. A time course experiment 
was conducted after the cells were exposed to either 10 J/m2 
of UV or 5 Gy of IR. These doses produce similar cell 
killing (-95%) of the HIVcat/HeLa cells (Beer et al., 1994). 
Irradiated cells and untreated cells were harvested each day 
for up to 7 days, and CAT assays were performed (Figure 
5). Again, IR did not produce any increase in CAT activity 
within 24 h postirradiation, whereas UV produced a large 
increase. However, a reproducible increase in CAT activity 
which was sustained up to 7 days at 2-3-fold above control 
levels was observed 3-4 days after IR. The CAT activity 
obtained from the UV-irradiated cells peaked at 24 h and 
then declined. To see if the IR effect could be detected at 

a lower dose with less cell killing, we repeated the above 
experiment with a dose of 2 Gy (>50% survival; Beer et 
al., 1994). Again, we observed a 2-fold increase in CAT 
activity above basal level. These results suggest that at least 
two different mechanisms, one which occurs early and one 
which occurs late, regulate HIVcat gene expression after UV 
and ionizing radiation. 

DISCUSSION 
During the last few years, it has become evident that 

chromatin structure and the packaging of promoter sequences 
by nucleosomes can affect transcription initiation by modu- 
lating the accessibility of DNA to RNA polymerase and 
transcription factors (Wolfe, 1984; Workman & Buchman, 
1993). DNA repair, NER in particular, may also be 
modulated by DNA accessibility; in order for a presumably 
large repair protein complex to gain access to damaged DNA, 
a transient decondensation of chromatin is necessary (Smer- 
don, 1991). We show in the present study that both UV 
and IR activate NF-KB DNA binding to a similar degree and 
with similar kinetics, while only the former increases HIVcat 
gene expression at doses that increase NF-KB binding, 
suggesting that binding cannot be the determining factor for 
transcriptional activation. Instead, our results suggest that 
UV may create alterations in chromatin structure conducive 
to transcriptional activation. UV can accomplish this ef- 
ficiently, while IR does not elicit changes in chromatin 
structure and does not activate HIVcat gene expression 
(Valerie & Rosenberg, 1990; Beer et al., 1994). This 
differential transcriptional response is not likely to be 
attributable to an experimental artifact involving the HIVcat/ 
HeLa cells since an infectious HIV cell clone responds in a 
similar way (Stanley et al., 1989). Furthermore, monkey 
CV-1 cell clones stably transfected with an HIVcat construct 
also show a similar differential response to these types of 
radiation (Cheng and Valerie, unpublished results). We have 
shown recently that the HIV enhancer is not important for 
UV activation of HIVcat gene expression in stably trans- 
fected cells and that basal transcription factors are likely to 
be bound to the HIV promoter prior to UV activation (Valerie 
et al., 1995). Thus, it is possible that a significant portion 
of the HIVcat UV response is produced by this complex, 
mediated through changes in chromatin structure. However, 
other mechanisms are also likely to be involved in increasing 
steady-state mRNA after UV, such as increased mRNA 
stability (Jackman et al., 1994). 

Transcription of the cellular c-jun gene also differs in its 
response to these two types of radiation; UV activates 
transcription more effectively than IR at optimum doses and 
times. The major UV effector of c-jun transcription is the 
AP-1 transcription factor (Devary et al., 1991). Our inves- 
tigation suggests that c-jun transcriptional activation is 
unlikely to be the result of increased AP-1 binding to the 
c-jun promoter alone because both UV and IR increase AP- 1 
binding to a similar extent, whereas UV is at least 5-fold 
more effective than IR in promoting transcription. Therefore, 
there is little or no correlation between the activation of either 
NF-KB or AP-1, as determined by gel shift assay, and the 
level of HIVcat and c-jun expression, respectively. It is 
interesting to note that PMA and UV increase NF-KB binding 
to a similar extent and with similar kinetics (Stein et al., 
1989; Devary et al., 1993), but UV produces an increase 1 
order of magnitude larger in HIVcat gene expression than 
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with enhanced DNA repair (Smerdon, 1991) and transcription 
(Reeves et al., 1985), may also be involved. 

Though we do not observe any effect of IR on HIVcat 
gene expression at early times (524  h) after irradiation, we 
can reproducibly identify a response after 3-4 days. The 
difference in time and extent of activation between the early 
UV response and the late IR response suggests the involve- 
ment of at least two different mechanisms. The reason for 
the delayed effects of IR on gene expression has not been 
delineated, but a similar phenomenon has been described 
after fractionated irradiation of human mammary epithelial 
cells (Schmidt-Ullrich et al., 1992). Furthermore, HIV is 
activated in human lymphocytes by low doses of IR after 
several days in culture (Xu et al., 1995). 

This study offers a mechanism for transcriptional activation 
by UV which may be coupled to other cellular processes 
induced by DNA damage, such as DNA repair and the 
accompanying changes in chromatin structure. This tran- 
scriptional process may operate independently, in parallel, 
or together with responses generated at the plasma membrane 
(Devary et al., 1993) and may only be evident when the 
transcription unit is stably integrated. The findings made 
here raise the possibility that, when the transcription unit is 
stably integrated in the genome, activation of NF-KB may 
not be indicative of increased HIVcat gene expression after 
DNA damage. 

does PMA (Valerie et al., 1995). The uncoupling of 
increased binding of NF-KB to the HIV enhancer from 
increased gene expression has been reported earlier (Doppler 
et al., 1992; Mahadevan et al., 1990) and is not specific for 
DNA damage-induced responses. Our findings suggest that 
some other mechanism is more important for UV activation 
of gene expression than the binding of transcription factors 
to upstream promoter elements when the transcription unit 
is stably integrated in the genome. 

We have shown here that the lack of an effect of IR on 
HIVcat gene expression does not involve any suppressive 
factor acting through upstream HIV promoter elements. 
However, it is possible that IR may cause inhibition of 
transcription in a more general way. For example, relaxation 
of torsional stress by IR-induced single-stranded DNA breaks 
has been reported as one possible way of inhibiting cellular 
transcription (Villeponteau & Martinson, 1987; Roi & 
Sauerbier, 1989). This possibility seems unlikely in our 
study since no significant differences in CAT activity were 
observed after UV irrespective of irradiation with IR before 
or after UV. Another possibility for the lack of effect of IR 
on HIVcat gene expression may be that IR causes post- 
translational modification of existing proteins, which may 
inhibit transcriptional activation. For example, poly(ADP)- 
ribosylation of nuclear proteins is extensive after IR (Cleaver 
& Morgan, 1991) and appears to modulate also UV activation 
of HIV gene expression in stably transfected cells (Yamagoe 
et al., 1991). Interestingly, the modulating effects of poly- 
(ADP)ribosylation on UV-B-induced c-fos expression differ 
depending upon whether the DNA is episomal or integrated; 
only expression from the integrated transcription unit is 
affected by an inhibitor of poly(ADP)ribosylation (Gosh et 
al., 1993). Regardless of the reason for the inefficiency of 
IR in activating HIVcat in stably transfected cells, our study 
demonstrates that the UV effect overrides the effect by IR 
measured by steady-state mRNA, CAT activity, and changes 
in chromatin structure. 

Chromatin structure appears to be an integral part of HIV 
(Verdin et al., 1993) and cellular transcriptional activation 
(Wolfe, 1994). Some cellular genes may be poised for 
transcription and therefore respond very swiftly to UV 
through changes in chromatin structure. Because only a 
fairly limited number of genes are induced by DNA 
damaging (Holbrook & Fornace, 1991), how could one 
reconcile global changes in chromatin conformation with 
activation of specific transcription after DNA damage? One 
possibility is that genes that are activated by DNA damage 
have transcription complexes already associated with their 
promoter regions. This appears to be the case for c-jun 
(Rozek & Pfeiffer, 1993), c-fos (Konig, 1991), and HIV 
(Demarchi et al., 1993), all of which are activated well by 
UV and other DNA-damaging agents (Holbrook & Fornace, 
1991). After UV, a rapid surveillance system may scan the 
genome for damage (Smerdon, 1991), at which time pre- 
formed transcription complexes bound to the promoter region 
of UV-inducible genes may activate transcription. Possible 
candidates for “surveillance factors” include DNA helicases, 
which are believed to unwind the DNA helix during the DNA 
repair process (Hoeijmakers, 1993) and, perhaps simulta- 
neously, produce sufficient structural changes in transcription 
factorkhromatin complexes to activate transcription of 
specific genes. Alternatively, increased acetylation of chro- 
matin (Ramanathan & Smerdon, 1989), which is associated 
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