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ABSTRACT 
Tandem  repeats  of  Drosophila  transgenes  can  cause  heterochromatic  variegation  for  transgene  expres- 

sion  in a copy-number  and orientationdependent  manner.  Here, we demonstrate  different ways  in 
which these transgene  repeat  arrays  interact  with other  sequences  at a distance,  displaying  properties 
identical to those  of a naturally  occurring  block of interstitial  heterochromatin. Arrays consisting of 
tandemly  repeated white transgenes  are  strongly  affected by  proximity to constitutive  heterochromatin. 
Moving  an  array  closer  to heterochromatin  enhanced  variegation,  and  enhancement was reverted by 
recombination of the array onto a normal  sequence  chromosome.  Rearrangements  that  lack  the  array 
enhanced  variegation of white on a homologue  bearing  the  array.  Therefore,  silencing of white genes 
within a repeat  array  depends  on  its  distance  from  heterochromatin of the same  chromosome or of its 
paired  homologue.  In  addition, white transgene arrays cause variegation of a nearby  gene  in cis, a 
hallmark of classical positioneffect  variegation. Such  spreading of heterochromatic  silencing  correlates 
with array size. Finally, white transgene  arrays  cause pairingdependent  silencing of a non-variegating 
white insertion at the  homologous  position. 

T HE expression of a eukaryotic gene can be influ- 
enced by its position within a chromosome. Posi- 

tion effects on gene expression are  often revealed by 
chromosomal rearrangements  that place genes within 
new sequence contexts or by differences in expression 
patterns of transgenes integrated  at different chromo- 
somal sites. Some position effects are caused by proxim- 
ity  of the affected gene  to  enhancer or silencer se- 
quences, whereas others may be  attributed  more  gener- 
ally to  the  degree of local chromatin compaction. The 
chromatin of most eukaryotic cells is divided into two 
types, euchromatin and heterochromatin,  that  are dis- 
tinguished cytologically by their differences in compac- 
tion through  the cell cycle. These two types  of chroma- 
tin generally occupy distinct regions of chromosomes, 
with the  heterochromatin  being primarily pencentric. 
Euchromatic genes are silenced by rearrangements  that 
place them within or near  heterochromatin, a phenom- 
enon known as positioneffect variegation (PEV). These 
rearrangements  produce a variable mosaic pattern of 
gene inactivation in which  fully expressing cells are 
found  adjacent  to cells that fail to express the relocated 
gene. 

A notable  feature of  PEV  is that an affected gene may 
lie at a considerable distance from a rearrangement 
breakpoint (SPOFFORD 1976). The ability  of heterochro- 
matin  to cause gene silencing over a distance has often 
been  interpreted as the  linear  propagation of a con- 
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densed  chromatin state from the  rearrangement 
breakpoint into neighboring  euchromatic sequences. 
In this model, DNA sequences within heterochromatin 
serve as nucleation sites for  the formation of a complex 
of heterochromatin-specific proteins and  the propaga- 
tion of this complex along the chromosome, silencing 
the  euchromatic  genes  that  it  incorporates (TARTOF et 
al. 1989). This model can account  for  the observed 
polarity of gene silencing: genes closer to a rearrange- 
ment  breakpoint  are  more frequently affected than 
more distal genes and  appear  to  be inactivated in any 
cell in which more distal genes are silenced (DEMEREC 
and SLJZYNSKA 1937; SCHULTZ 1939). However, more 
recent  data suggest that  the  linear  propagation  model 
is inadequate  to  account  for all of the  properties of  PEV 
( SABL and HENIKOFF 1996). 
An alternative model is that PEV  is mediated by asso- 

ciations between homologous sequences (DORER and 
HENIKOFF 1994; SABL and HENIKOFF 1996). Local se- 
quence repetitiveness is proposed to be s a c i e n t  to 
nucleate the condensed state of heterochromatin. This 
model was supported by the observation that hetero- 
chromatic variegation of a Ptransposon carrying a mini- 
white gene  can  occur as a consequence of  local duplica- 
tions of the transposon (DORER and HENIKOFF 1994). 
Silencing of whi&+ ( w + )  was strengthened with increases 
in the transposon copy number  and with reversals in 
orientation of the transposon within the  repeat array. 
Variegation was observed for an insertion site far re- 
moved from pencentric  heterochromatin, demonstra- 
ting that a specific initiation sequence within the  repeat 
array was not required  for variegation. We proposed 
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that gene silencing was caused by mislocalization  of 
the transgene array to a heterochromatic  compartment 
within the nucleus. 

The possibility that compartmentalization is responsi- 
ble for  heterochromatic silencing of repeat arrays is 
consistent with the  detection of long-range interactions 
between large blocks  of heterochromatin  along a chro- 
mosome (WAKIMOTO and HEARN 1990; EBERL et al. 
1993; HENIKOFF 1997). The brownDominant ( b d )  allele, a 
large block of. simple sequence DNA inserted  into  the 
coding region of the brown  eye pigment  gene, causes 
variegated silencing of the homologous copy of brown+ 
(transinactivation, HENIKOFF and DREESEN 1989; HENI- 
KOFF et al. 1995). b d  is sensitive to a “heterochromatin 
distance effect” in that silencing is strengthened by X- 
ray-induced rearrangements  that move the b d  hetero- 
chromatic element closer to autosomal heterochroma- 
tin (TALBERT et al. 1994; HENIKOFF et al. 1995). Enhance- 
ment of  brown variegation is correlated with increased 
frequency of association of the bwD insertion with het- 
erochromatin in both polytene (TALBERT et al. 1994) 
and diploid tissues (CSINK and HENIKOFF 1996; DERN- 
BURG et al. 1996), and implies a causal relation. 

If compartmentalization is important  for PEV, then 
the size  of the  heterochromatic block inducing PEV 
might be expected to affect the  degree of silencing. 
Surprisingly,  this expectation was not fulfilled for the 
white gene. HOW et al. (1995) used P transposase to 
generate deletions flanking a P[ w’] transposon next  to 
an interstitial block  of heterochromatin. These dele- 
tions had  the same euchromatic  breakpoint but varied 
in the  heterochromatic breakpoints and thus the size 
of the  heterochromatic block remaining. No correla- 
tion was seen between the  extent of  white variegation 
and  the size of the block.  However, local sequence dif- 

ferences resulting from differences in heterochromatic 
breakpoints might have  masked a size  effect. 

Silencing effects induced by naturally occurring het- 
erochromatin  are complicated by its heterogeneity and 
uncertain composition. In contrast, mini-white repeat 
arrays are well defined and cause silencing effects that 
display two properties characteristic of heterochroma- 
tin ( DORER and HENIKOFF 1994). First, the arrays caused 
variegated expression of white that resemble the typical 
mosaic phenotype caused by juxtapositions of the  eu- 
chromatic white gene  to  heterochromatin.  Second,  the 
response of the variegation phenotypes to genetic mod- 
ifiers of  PEV demonstrated  that  gene silencing was re- 
lated to  heterochromatin-induced PEV. The arrays  lack 
sequences specific for  heterochromatin, suggesting that 
heterochromatin  formation requires only repetitive 
DNA. Sequence repetitiveness as the basis for hetero- 
chromatin formation explains the  extreme  sequence 
diversity  of constitutive heterochromatin, which in- 
cludes both satellite and middle-repetitive sequences. 

Silencing by artificial repeat arrays was observed  only 
for  the mini-white gene  repeated within the array. HOW- 

ever, in classical PEV, heterochromatin silences a single- 
copy reporter  gene from a distance, and this has  raised 
doubts  about  the relevance of our observations to PEV 
induced by natural  heterochromatin (WEILER and WA- 
K “ T O  1995). Here, we show that a transgene array 
can cause silencing not only  of the white reporter genes 
within the array, but also  of a vital gene  near the array. 
In these experiments, the size  of the array inducing  the 
effect correlates with the frequency of gene silencing, 
the first demonstration  that changes in size of a hetero- 
chromatic block correlate with changes in PEV  of a 
euchromatic  gene. We also  show that  repeat arrays  be- 
have  like natural  heterochromatin in other ways. Just 
as for b d ,  increased silencing of a transgene repeat 
array results from rearrangements  that place the array 
more proximal to pencentric  heterochromatin. Link- 
age alterations are effective  in  trans, similar to  the in- 
creased gene silencing by “homologue dragging” that 
has been  demonstrated  for b d  (HENIKOFF et al. 1995; 
CSINK and HENIKOFF 1996). Thus, arrays as small  as 
three copies of the transgene are sensitive to long-range 
effects  of interactions with heterochromatin in both 
cis and trans.  Finally, just as the b d  heterochromatic 
element causes pairingdependent transinactivation of 
bwf, we observe that  the transgene array is capable of 
silencing a non-variegating white transgene on a homo- 
logue. 

MATERIALS AND METHODS 

Drosophila stocks and crosses: Fly stocks  were  maintained 
on  standard  corn  meal-molasses  medium  at  18”  or  at  room 
temperature. All crosses  for  screens  were  carried  out at 25“. 
Chromosomes  and  mutations  not  described in the  text  are 
described  in  Flybase (http://flybase.bio.indiana.edu:82). The 
P-ZmWtransposon repeat  array  lines  were  previously  described 
(DORER and HENIKOFF 1994). Df(2R)CXl, b p / S M 1  was ob 
tained  from  the  Bloomington, IN stock center; Df(2R)CXl is 
a deletion of the  region  from  49C14  to  50C23D2  that  uncov- 
ers  the  site  of  the  50C  P-lucWrepeat  arrays  inserted at 50C10- 
14 (data  not  shown). Lines  bearing  P-1ucWinsertions in master- 
mind were (1(2)1E7), (l(2)lOEl) and mum5’ 
(1(2)Bll), and  were  kindly  provided by H. RUOHOLA-BAKER. 

To eliminate  the  P-lacW  transposon  repeat  array from re- 
arranged derivatives of 50C insertion  chromosomes, Sp/yO;  fl Sb fly’ A2,3] 99B/TM6, Ubx males  were  crossed to w ‘I8. 
P - l u c ~ ~ o q  /cy0 females. w11’*/, P - ~ ~ ~ ~ S O C J  /c~o; $06 S; 
flv+ A2,3] 99B/+ progeny  were  mated  to dl’’ females,  and 
the  resulting Cy’ progeny were then  examined  for  either 
white  eyes (indicating loss of all  P-lacWrepeats) or pale orange 
eyes (indicating a reduction of the array to a single P-lacW 
transposon). To test for suppression of P [ brown+], T(2;3)V21”- 
bearing flies with  suppressed  variegation of a P-lacW  array  at 
92E were  crossed to homozygous w+; b d  flies:  in a bd/bw+ 
background,  suppression of P[brown’]  variegation is easily 
observed. To observe  effects  of  the  50C  P-lacW repeat arrays 
on viability, w ” ’ ~ / ,  P-lacW[SOCJ/CyO, pr  males  were  crossed 
to Df(2R)CXl, b p / S M l  females.  In  each bottle, 12  females 
were  allowed to lay eggs  for 6 days before  being  transferred 
to  fresh  bottles.  Progeny  were  scored  until  18  days  after  start- 
ing  each  bottle. 

X-ray mutagenesis: Males  were  aged 3-5 days  and  exposed 
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to a single  3000-r  dose of X-rays and  crossed to virgin w'"~ 
females. Four  males  were  mated with 16-20 females  per  bot- 
tle.  Progeny  were  raised  in  uncrowded  bottles  and  examined 
for  suppression of white variegation  in the four-copy 92E P- 
lucwinsertion  line  (nine  bottles)  and  for  enhancement of 
white variegation  in  three-  and  sevencopy 50C P-lacW inser- 
tion lines (16  bottles  and  31  bottles,  respective1 ), then mated 
to w1'I8 flies to determine  heritability  and w'"; CyO/Sp flies 
to establish  stocks. 

Cytology: Polytene  chromosomes  in  lines  showing suppres- 
sion or  enhancement  linked  to  P-lacWinsertions  were exam- 
ined for rearrangements.  Derivatives of the  92E  four-copy P- 
lacw insertion line  were  balanced  with  TM6B,  which  bears 
the  dominant larval marker Tubby (Tb). Tubby'  larvae  were 
selected  for  analysis after outcrossing  rearrangement-bearing 
stocks to w I f I 8 .  Similarly,  the  dominant  second  chromosome 
larval marker Black cell (Bc) was used by outcrossing 50C P- 
EacWinsertion  lines  to w""; Bc EZ@/CyO. Males of the enotype 
w""/, P-Eac~5Oc]]/BcE&were  then  mated  to  w""females, 
and Bc+ larvae were  selected  for  analysis.  Salivary  gland 
squashes  were  performed as described  (TALBERT et al. 1994) 
after raising larvae at 18"  on  instant  food (Carolina Biological 
Supply)  supplemented with yeast. 

RESULTS 

Suppressed  variegation of a proximal mini-white 
transgene array Tandem arrays  of  P-hcW an en- 
hancer-trap P transposon  carrying the mini-white gene, 
cause  variegated  silencing of  white that appears identical 
to heterochromatic PEV. Variegation of white has  been 
described for a series of  arrays located at cytological 
region 92E near the heterochromatic breakpoint of the 
rearrangement chromosome T(2;3)V2Ie (DORER and 
HENIKOFF 1994). This  chromosome  has a euchromatic 
breakpoint at 92B on the right  arm of chromosome 3 
and a second  break in the pericentric heterochromatin 
of the right  arm of chromosome 2 (2R).  A tandem  array 
of four copies  of P-lacW at 92E  results  in a strongly 
variegated eye phenotype, with red spots and clones on 
a white  to  pale orange background  (Figure 1A). 

Although a single  copy  of P-ZacW at this  position 
shows no variegation, the proximity  of the transgene  to 
a heterochromatic breakpoint raises the question of 
the importance of the nearby heterochromatin to the 
variegation  phenotype  of the four-copy  array.  Attempts 
to recombine the 92E array onto a normal  sequence 
chromosome  were not successful (data not shown).  In- 
stead, we irradiated a line with a fourcopy P-lacwarray 
and examined  progeny  of  mutagenized  flies for sup  
pression  of  white  variegation (Figure 2). Out of 1832 
T(2;3)V21e-bearing  progeny, nine (0.5%) showed  heri- 
table  suppression, five of these to an almost  completely 
red eye. Four of the strongly  suppressed  lines  were  ex- 
amined cytologically.  Two  of  these  lines  have  complex 
rearrangements from  multiple new  breaks: for these, 
cytological  analysis was complicated by the difficulty  in 
interpreting additional rearrangements superimposed 
on the homozygous lethal T(2;3)V21e. In each of the 
other two lines, two new chromosomal  breaks move 
the transgene  array  to a distal  position on a different 

chromosome arm. In at least one line, heterochromatin 
is present at the new breakpoint, indicating that one 
break occurred in the ZR heterochromatin proximal  to 
the transgene  array on T(2;3)V2IG. 

Because  T(2;3))mIe also carries a strongly  variegating 
P [ brown+] duplication at 92C, the lines with suppressed 
white variegation  were also examined for hown  expres- 
sion (SABL and HENIKOFF 1996). In three of the four 
lines, brown variegation was suppressed,  suggesting that 
the same  linkage alterations may simultaneously  affect 
variegation of the two transgene arrays. These  results 
demonstrate that it is  possible to profoundly alter silenc- 
ing of genes  within repeat arrays by changing the overall 
chromosomal  linkage,  even  without  changing the local 
sequence context.  Evidently, the initial detection of  var- 
iegation in  this  system was facilitated by the proximity 
of the array  to pericentric heterochromatin. 

Enhanced  variegation of a medial mini-white trans- 
gene array If proximity  of the transgene  array  to  het- 
erochromatin is an important factor contributing to the 
degree of variegation,  it  should  also be possible  to  select 
for enhancement of  variegation  of a more  distal  inser- 
tion.  Suitable  lines for this experiment were  provided 
by a series of transposon arrays inserted at cytological 
position 5OC10-14, a medial  position on the right  arm of 
a non-rearranged chromosome 2. Variegation  of  white  is 
observed for repeats of three or more P-EacWtranspo- 
sons at this  site (DORER and HENIKOFF 1994). Two lines 
were  subjected  to X-ray mutagenesis, one with a seven- 
copy P-hewrepeat array and one with a threecopy in- 
sertion  (Figure 2). For both of these,  progeny  with en- 
hanced variegation of  white  were selected, and lines 
were  established  from  those  in  which the enhancement 
of variegation was a consistent  characterisltic that segre- 
gated  with the repeat array in outcrosses  (Table 1 and 
Figure 1B). All lines  subjected  to  polytene  chromosome 
examination  were found to  contain  chromosomal  rear- 
rangements.  Some of the rearrangements are complex, 
invoIving multiple  breaks.  Lines that appeared to have 
only two breaks are summarized  in  Figure  3. In all 13 
of these  lines, one break is in the euchromatin of Z R ,  
and the second  break is in either autosomal  pericentric 
heterochromatin or in the heterochromatic Y chromo- 
some. 

The perfect correlation between enhancement and 
relocation of  50C repeat arrays  closer  to  blocks of het- 
erochromatin confirms that position  along the chromo- 
some  arm is important for  silencing, independent of 
the local sequence context.  Either pericentric or Y-het- 
erochromatin is effective. The recovery  of three translo- 
cations  moving  Y-heterochromatin  distal to 50C  without 
changing the distance to the centromere demonstrates 
that enhancement does not depend on closer  linkage 
to the centromere. 

Modification c a w d  by linkage changes: The hetero- 
chromatin distance  effects  described  above for mini- 
white repeat arrays at 92B and 50C are similar  to  those 
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R G U ~  1.-Phenotypes  of  flies  carrying  mini-white repeat arrays. (A) Linkage  suppression of 92E fourcopy insertion. Top, 
original fourcopy line. Lower left and right, two independent suppressed  derivatives. (B) Linkage enhancement of 50C seven- 
copy insertion. Top, original sevencopy line. Lower left and right, two independent enhanced derivatives. (C )  Heterochromatin 
distance effect is not caused by disruption of transvection. Upper left, original sevencopy 50C insertion line. Upper right, 
phenotypic enhancement by linkage  modification in cis. Lower left, .phenotypic enhancement by linkage  modification in tram. 
Lower right, structural homozygote for rearrangement. (D) traminactivation by 50C repeat array.  Lower  left,  heterozygote for six- 
copy array with single inverted transposon within the array.  Lower  right,  heterozygote for tandem duplication. Top, heterozygous 
combination of the six- and two-copy insertions. 

reported for rearrangements of bzd' (HENIKOFF et aZ. 
1995). In that study,  various criteria were applied to 
demonstrate that the linkage alterations were  responsi- 
ble for the phenotypic enhancement of  brown variega- 
tion and to argue for the heterochromatin distance ef- 
fect as the most  likely explanation. We  have applied the 
same criteria to the analysis  of the transgene  array.  First, 
to  test the possibility that enhancement of  variegation 
is  caused by a change in the transposon  array, we sepa- 
rated the array  from the rearrangement. This was car- 
ried out with four of the two-break  P-lacWrepeat  lines 
(Table 2), which are normally maintained as  balanced 
stocks. The lines  were  outcrossed, then females hetero- 
zygous for the rearranged insertion chromosome and 
a normal sequence chromosome  were  again  outcrossed. 
An apparent "revertant"  to the original, non-enhanced 
50C insertion phenotype was selected in each line. In 
all four cases, the revertants had the normal  second 
chromosome sequence. This  indicates that enhance- 
ment of  variegation was not caused by alteration of the 
transgene  arrays during the X-ray mutagenesis and con- 

firms the correlation between enhancement and chro- 
mosomal rearrangement. 

Second, we tested  whether the rearrangements act as 
general enhancers of  PEV in trans. This  could  occur if 
the rearrangement breakpoints  themselves  caused  mu- 
tations  in PEV modifier  genes (DORN et ul. 1993), or if 
another change had occurred coincidentally. To test 
this  possibility, we examined the effects  of  several rear- 
rangements of P-lacwrepeat lines on  other white  varie- 
gating  alleles. Two different tests  were carried out. In 
the first  test, four different rearrangement chromo- 
somes  from  lines  showing the strongest enhancement 
of variegation  were  examined  (Table 2). These  chromo- 
somes  have different heterochromatic and euchromatic 
rearrangement breakpoints that would be expected  to 
affect independent truns-acting enhancers of  variega- 
tion.  They  were  tested for possible  interactions with two 
different whitevariegating  alleles that were  chosen for 
consistently  displaying  sigmficantly darker pigmenta- 
tion than the strongly enhanced 50C insertion  lines. 
One of the darker lines  chosen was In(L)W"""L["d4 ( wm4), 
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FIGURE 2.-Screens  for  suppression  and  enhancement of 
mini-white  variegation.  Above, a line  carrying a fourcopy P- 
lucwrepeat  array  at a proximal  position  on a rearrangement 
chromosome was irradiated as described  in  the  text,  and  prog- 
eny  were  examined for suppression of white variegation. Be- 
low,  lines  with three-  and  sevencopy arrays  of  P-IacW  at a 
medial  position  on a normal  sequence  chromosome  were  irra- 
diated,  and  progeny  examined  for  enhancement of white var- 
iegation. 0, euchromatin; W, heterochromatin; 0, centro- 
mere.  Transposon  arrays  are not shown  to  scale; their  orienta- 
tions  relative to the  chromosome  are  unknown. 

which  is  widely used in genetic screens and  in tests for 
modifiers of PEV (GRICLIATTI 1991). The  other was a 
T(2; 3)Wl‘ line carrying a threecopy P-lacW tandem 
array inserted at 92E,  which produces a dark-mottled 
phenotype sensitive to PEV modifiers (DORER and HEN- 
IKOFF 1994). None of the  four 50C insertion  chromo- 
somes caused any enhancement of variegation of white 

TABLE 1 

Screens for enhancement of white variegation 

P-ZucWcopy number 
~~ 

3 7 

Progeny  screened 7584 5875 
Total  enhanced 21 (0.28) 52 (0.89) 
Sterile 9 28 
Linked  enhancers 12 (0.16) 24 (0.41) 
X-linked 0 2 
Klinked 1 5 
Autosomal 11 17 

Values  in parentheses  are  percentages. 

ww autosomal Y 
FIGURE 3.-Distribution of chromosomal  breakpoints  in 

rearrangements  causing  enhancement of  variegation.  The p e  
sition of 50C transposon  arrays  is shown in 2R euchromatin 
(O), which is demarcated  to  indicate  Bridges’  Divisions 41- 
60. W represents  the  pencentric  heterochromatin of ZR. The 
lines  above  and  below  the  chromosome  arm  indicate  the  eu- 
chromatic  breakpoint  positions of  two-break enhancing  rear- 
rangements  involving  seven-  and  three-copy  arrays,  respec- 
tively,  which  are  depicted  schematically  at 50C. All rearrange- 
ments  included  within  the  larger  bracket  had a second 
breakpoint  within  autosomal  heterochromatin,  while  the  re- 
maining  three  had a second  break  within  the  heterochromatic 
Y chromosome. 

in either  the wm4 inversion or the 92E transgene array. 
In  the  second test, to remove the possibility  of complica- 
tions caused by expression of white from the 50C 
transgene array, P transposase was used to eliminate 
the transgene array from three of the translocation 
chromosomes. These chromosomes failed to  enhance 
the variegation of the  threecopy 92E P-hcWinsertion. 
These experiments  demonstrate  that  enhancement is 
specific for  the  transgene array at 50C and does not 
result from mutations in modifiers of  PEV. 

Third, we asked whether linkage alterations enhance 
variegation because of disruption of pairing between 
homologous chromosome arms. This would be similar 
to disruption of transvection or  pairingdependent 
complementation (LEWIS 1954). Transvection is  disr 
rupted by breaks between the  centromere and the re- 
porter  gene for either homologue in a heterozygote 
and is restored when those rearrangements  are homozy- 
gous (LEWIS 1954; GELBAJCT 1982; LEIBERSON et al. 
1994). That  enhancement of  50C variegation is not  due 
to transvection is suggested by the recovery  of both 
proximal and distal breaks, even though  the  latter 
would not disrupt transvection. We have tested the 
transvection hypothesis more directly by making flies 
homozygous for  enhancing  rearrangements. As noted 
above, P transposase was used to remove the transgene 
array from three  rearrangement lines. For two  of the 
rearrangements,  the breakpoints were  homozygous via- 
ble, and  it was possible to combine one chromosome 
without the transgene array with a second that  carried 
the array. Restoration of transvection would  have  re- 
sulted in the original variegating phenotype. However, 
the effect on white variegation was usually in the oppo- 
site direction;  that is, enhancement was as strong or 
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TABLE 2 
Linkage changes causing enhancement of white variegation in P-law arrays at 50C 

b a y  Linkage  General  modifier  Enhancement of 50C P-lacW 
size  Breakpoints  reversion?"  of  PEW  variegation  in trans?' 

7 
7 
3 
7 
7 
7 
7 
3 
3 
3 
3 
3 
7 
7 
7 
7 
7 
7 

49BC; 3het Yes 
49D;  3het  Yes 
504 2Lhet  Yes 
54D;  2Rhet  Yes 
42A; 51F;  2het ND 

45EF;  2Lhet 
46B; het 
47D; 3Rhet 
49C; het 
49F  2het 
51C;  2Rhet 
57m; Y 
57F Y 

T(2; 3,' 

T(2; 3,' ND 

58A Y 

T( E 2; 3,' 
T( E 2; 3,' 

No' 
Nod 
No' 
Nod 
Nocad 
No' 

ND 
Yes 
ND 
Yes' 
Yese 
ND 

All lines  subjected  to  polytene  chromosome  analysis  are  listed.  Further  tests  were  performed  on six lines, 

' Recombination  of  50C  P-lacwarray  from rearrangement  onto a normalsequence  chromosome is accompa- 

'Rearrangement  chromosomes  with  all  copies of P-lacW  removed  from 50C were  tested  with a sevencopy 

' Rearrangement  chromosomes  carrying a sevencopy P-lacW  array at 50C  were  tested  for enhancement of 

dRearrangement  chromosomes  with  all  copies of  P-lacW  removed  from 50C were  tested  for enhancement 

except  where  not  done (ND) as noted. 

nied by reversion  of  phenotype. 

P-lacW insertion  at  50C. 

variegation  of wm4 and of a threecopy  P-lacwinsertion  at 92E. 

of  variegation of a threecopy P-ZacWinsertion  at 92E. 
Homozygotes  are  viable  and  show enhancement of variegation. 

'More  than two breaks,  breakpoints  not  determined 

stronger  than when the  rearrangement was paired with 
a normal  sequence chromosome. These observations 
are similar to what has been seen for bwD, where approx- 
imate restoration of pairing typically results in silencing 
as strong or stronger  than  for  unpaired heterozygotes 
(HENIKOFF et al. 1995). 

We also asked whether  the array and  the  rearrange- 
ment must be on  the same chromosome, or can be on 
the homologous chromosome. In  the case  of b d  it was 
shown that  enhancement  occurred even when the rear- 
rangement was in trans to  the  heterochromatic inser- 
tion, suggesting "homologue dragging" of bwD into 
contact with proximal heterochromatin.  Indeed,  the 
heterozygous combination of the white- rearrangement 
chromosome with the original, non-rearranged seven- 
copy chromosome  produced  enhancement of FlacW 
variegation in all three tested cases (Table 2; Figure 
1C). Thus, increased proximity of the transgene array 
to  heterochromatin in either cis or trans can increase 
the  strength of transgene silencing. 

Heterochromatic  silencing of a nearby  essential  gene: 
The non-rearranged chromosomes carrying P-lacW in- 
sertions at 50C are each homozygous  viable. As de- 
scribed above, it is possible to make structural homozy- 

gotes for two of the  rearrangements  that  enhance  the 
P-lacWvariegation. However, in neither of these cases 
was it possible to create flies  homozygous for  both  the 
rearrangement and  the transgene array: the structural 
homozygotes  only  survived when the array was removed 
from one homologue using P transposase. This sug- 
gested that a nearby essential gene or genes is affected 
by the transgene insertion. If there is variegation of an 
essential gene  near  the array, then genetic alterations 
that  enhance white variegation will also enhance lethal- 
ity. To test this, chromosomes with  different-sized  arrays 
were made heterozygous with a chromosome bearing a 
deficiency for  the 50C region, Df(2R)CXl. Whereas 
lower  copy number insertions survived  well in combina- 
tion with the deficiency, the heterozygotes containing 
higher copy number insertions were recovered at sig- 
nificantly reduced frequencies (Table 3). Thus, an in- 
crease in transposon copy number is associated with 
both  an  enhancement of white variegation and an in- 
crease in the lethal effect. 

It is possible that disruption of gene function by the 
insertion arrays, rather  than heterochromatin-mediated 
silencing, is responsible for  the increase in lethality with 
increasing array size. To test this, we compared  the 
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TABLE 3 

viability of P-laeWinSertioll lines 

Array size  Breakpoints F"la~W[50C]*/Dfl2R)CXl  CyO/Df(2R)CXl Viability" 

2 None 270 278  0.97 
3 None 31 1 365  0.85 
4 None 324  533  0.61 
7 None 20 599  0.03 
3 51C;  2Rhet 6 331 0.02 
1 51C;  2Rhet 72 78  0.92 
3 47D; 3Rhet 23  245 0.09 
1 47D; 3Rhet 59 100 0.59 

a Ratio of Z"lacW[50C]*/Df(2R)CXl, b p- (Cy', pr+) to CyO, p-/Df(2R)CXl, b P, (Cy, pr) siblings. 
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viability  of two linkage-enhanced threecopy lines  to the 
parental threecopy line, which  is  almost  fully  viable. In 
both cases,  viability  was  dramatically decreased by the 
presence of the rearrangement that enhances the varie- 
gation of the white reporter gene (Table 3). Both  rear- 
rangements have breakpoints  outside the region de- 
leted by Df(2R)CXl, so the lethality is not expected to 
result  from new  lesions  within that region. This was 
confirmed by reducing the array  to a single  copy of  P- 
lacW on both chromosomes,  which  greatly  increased 
their viability (Table 3). In  all  cases,  increased  lethality 
was correlated with enhanced variegation,  whether 
caused by expansion of the transgene  array or by alter- 
ations  in  chromosome  linkage. We conclude that an 
essential gene or genes in the 50C region is silenced by 
the presence of a variegating  mini-white  array. 

Transgene  arrays  traminactivate: Some heterochro- 
matic  insertions,  such as bd, cause  silencing of a wild- 
type gene present on a paired homologue, referred to 
as "trans-inactivation"  (HENIKOFF and DREESEN 1989). 
We suspected that variegating  mini-white  arrays  at  50C 
also  cause  transinactivation,  based on examination of 
homozygotes.  Homozygotes  carrying a twocopy P-lacW 
insertion have  non-variegated  eyes  with  visibly more pig- 
ment than is seen  in eyes  of twocopy  hemizygotes.  In 
contrast, homozygotes for variegating  six- and seven- 
copy  insertions  show  less pigment than the correspond- 
ing hemizygotes. To determine whether or not this un- 
expected behavior of  homozygotes  is an example of 
transinactivation, we examined  heterozygous  combina- 
tions of different-sized  arrays.  Six- and sevencopy  arrays 
were dominant to the twocopy insertion, with  heterozy- 
gotes  showing  variegated  eyes  (Figure 1D). The eyes  of 
heterozygotes for singlecopy insertions are too  pale  to 
allow an  unambiguous determination if they are also 
transinactivated by variegating  arrays on normal se- 
quence chromosomes.  However, the heterozygous  com- 
bination of a singlecopy allele and a sevencopy  array 
strongly enhanced by linkage alterations is phenotypi- 
cally paler over  most  of the eye than the singlecopy 
allele alone (not shown). Because we detected no varie- 
gation  in singlecopy homozygotes  subject  to  linkage 

enhancement, we conclude that the array is required 
for trans-inactivation  of a singlecopy allele. 
As described  above, there is no effect of the rear- 

rangement lines  derived  from the 50C insertions on a 
threecopy P-ZmW array at 92E,  suggesting that trans- 
inactivation by the 50C  arrays is specific for white at the 
homologous insertion site.  This was further tested  with 
three other P-lacW transposons independently inserted 
in the mastermind (mum) locus at 50D1, a position  some- 
what  distal  to the variegating  array inserted at 50C10- 
14. These  transgene  insertions  also  failed  to  be trans- 
inactivated by two different variegating 50C arrays,  con- 
sistent with a strict requirement for homologous posi- 
tioning  in  transinactivation  (HENIKOFF et al. 1993). 

DISCUSSION 

Heterochromatin and transgene  repeat  arrays  have 
similar properties: Heterochromatin displays a num- 
ber of properties that reflect the ability  to interact with 
euchromatic  genes and with other heterochromatic se- 
quences,  even at large  distances.  Both  kinds of interac- 
tions  can be observed in both cis and trans. The inactiva- 
tion of euchromatic genes  provides a measure of the 
strength of these  interactions. Our previous  experi- 
ments  showed that a Drosophila  transgene that did not 
contain typical heterochromatic satellite DNA or  other 
naturally  repetitive  sequences acquired properties of 
heterochromatin when  tandemly repeated (DORER and 
HENIKOFF 1994). The repeated transgenes  were  si- 
lenced in a variegated pattern that resembled  classical 
PEV and were  sensitive  to  known  modifiers  of PEV. 
However, the relevance  of  these  observations  to hetero- 
chromatin-induced PEV  was uncertain (WEILER and 
WAKIMOTO 1995), because  classical PEV causes  silenc- 
ing of singlecopy genes near heterochromatin, whereas 
transgene  silencing that we reported was restricted  to 
a multicopy reporter within the array. Furthermore, 
differences  between  sites of transgene  arrays  might  have 
resulted  from  relative  proximities  to heterochromatin 
or might  instead have been caused by differences  in 
local  sequence  context. To address  these  questions, we 
have  asked  whether  transgene repeat arrays  possess  ad- 
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ditional properties of heterochromatin.  Indeed, we find 
that transgene repeat arrays act as interstitial blocks  of 
heterochromatin,  interacting with euchromatic genes 
and natural  heterochromatic sequences in both cis and 
trans. 

Size of the  heterochromatic  block  correlates with de- 
gree of silencing: The decrease in viability  of  flies het- 
erozygous for large, but  not small, transgene arrays at 
50C and a deletion of the chromosomal region shows 
that  heterochromatic silencing includes at least one vi- 
tal endogenous  gene. Like the silencing of  white trans- 
genes within the array, this spreading of inactivation 
correlates not only with proximity to  heterochromatin, 
but also  with the size  of the array. H o w  et al. (1995) 
have  shown  previously that effects on euchromatic  gene 
silencing vary  with different breakpoints in the flanking 
heterochromatic block without being correlated with 
the size  of the block.  Because  of sequence heterogeneity 
of heterochromatin  in naturally occurring blocks, it was 
not feasible to make changes in size alone. However, in 
the  present  experiments with artificial heterochromatic 
arrays, we used P transposase to vary the overall  size 
of the repetitive array without changing  the  sequence 
composition. Our results demonstrate a size correla- 
tion. In  the  experiments of HOW et al. (1995), effects 
due to  differences in sequence composition of the block 
may  have  masked  any effect resulting from changing 
its  size. 

Transgene arrays respond  to  heterochromatin dis- 
tance effects: In previous work, a difference was seen in 
the  extent of white gene silencing between comparable 
transgene arrays at a proximal site and a medial site 
(DORER and HENIKOFF 1994). Here, we have demon- 
strated  that  such differences depend  on proximity to 
blocks  of heterochromatin and are examples of hetero- 
chromatin distance effects. Expression of white from 
arrays at  either insertion site varies  over a wide range 
of pigment levels depending  on linkage, even though 
the local sequence  context  for each insert remains un- 
changed.  Furthermore,  the sensitivity  of these pheno- 
types to  heterochromatin distance effects supports  the 
hypothesis that  the transgene repeats are  being silenced 
by the  formation of artificial heterochromatin. 

Silencing of  brown+  by b d  was shown to be  enhanced 
by linkage alterations in trans  as well  as in cis (HENIKOFF 
et al. 1995). This is explained by a homologue-dragging 
model, which proposes that somatic pairing between 
homologues pulls the  bdheterochromatic  element  on 
the  normalsequence  chromosome  to a more proximal 
position, causing it to be susceptible to a heterochroma- 
tin distance effect on gene silencing (HENIKOFF et al. 
1995). The effects  of homologue dragging on the nu- 
clear localization of bwD can  be observed cytologically 
in diploid larval nuclei (CSINK and HENIKOFF 1996). 
Silencing of transgene arrays at 50C is also  sensitive to 
linkage modifications in trans, suggesting that  the same 
model may  be generally applied to natural interstitial 

heterochromatin and to artificial heterochromatin at 
transgene insertions. 

Heterochromatin  distance effects suggest  general 
stickiness  of  heterochromatin: DERNBURG et al. (1996) 
and CSINK and HENIKOFF (1996) measured the associa- 
tion of sequences near brown  with a block  of AACAC 
satellite sequence located in proximal 2 R ,  the same 
chromosome arm  containing  the distal b d  element. 
Because the b d  heterochromatic insertion is composed 
primarily of  AAGAG repeats, and  the proximal hetero- 
chromatin of chromosome 2 contains the bulk  of the 
MGAG satellite sequence in the fly genome (LOHE et 
al. 1993), DERNBURG et al. (1996) proposed  that  the 
increased association of the distal 2R sequences to prox- 
imal chromosome 2 in b d  chromosomes may be medi- 
ated by sequence-specific interactions between the dif- 
ferent large stretches of  AAGAG. Alternatively, longer- 
range interactions may result from general cohesion of 
heterochromatin such that it has a tendency to associate 
with other heterochromatin with little regard to specific 
sequence. Such “stickiness” more easily accounts for 
the  enhancement of  50C  white variegation, as the P- 
lacW transposon does not contain repeats of natural 
satellite DNA or other sequences present in pericentric 
heterochromatin.  Furthermore,  rearrangements  that 
enhance  either b d  or whitevariegation can involve  any 
autosomal arm, suggesting that linkage to a particular 
heterochromatic  sequence is not  required. Also, white 
variegation associated with the transgene arrays at 50C 
is enhanced in T ( x 2 )  rearrangements with distal 2R 
breaks, indicating that  the transgene array is sensitive 
to  heterochromatin of the Ychromosome. The recovery 
of distal ZR breaks that move Y heterochromatin closer 
to transgene arrays  also  reveals that  heterochromatin 
distance effects result from proximity to  heterochroma- 
tin and  not proximity to  the  centromere as proposed 
by DERNBURG et al. (1996). 

The demonstration of heterochromatin distance ef- 
fects for P-lacW arrays  with  as few as three copies of a 
-10-kb transposon extends  the generality of  observa- 
tions made using b d ,  a megabase-sized heterochro- 
matic insertion composed largely  of tandem pentam- 
eric repeats. Although we have no cytological evidence 
as  yet of associations between P-lacwarrays and hetero- 
chromatin,  the striking similarity  between P-lacW and 
b d  in showing heterochromatin distance effects  sug- 
gests that associations similar to what  have been ob- 
served for b d  also occur for P-lacW 

Trans-iuactivation  by  artifical  heterochromatin  at 
transgene arrays: Transgene arrays at 50C  show the 
ability to transinactivate mini-white transposons at  the 
homologous insertion site. As with the silencing of a 
vital endogenous  gene in cis, these effects increase as 
variegation of  the transgene arrays  is enhanced. The 
ability to cause transinactivation is further evidence that 
mini-white transgene arrays form heterochromatin akin 
to  natural  heterochromatin. 
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Susceptibility to transinactivation has been observed 
for only a few Drosophila genes, and only brown has 
been extensively studied (HENIKOFF et al. 1993). Recent 
evidence shows,  however, that white transgenes also can 
be susceptible to silencing by heterochromatin in trans 
(MARTIN-MORRIS et al. 199'7). Transinactivation of brown 
depends on homologous pairing between the re- 
arranged, inactivating chromosome and its homologue 
bearing  the brown target  gene. The inability of the 50C 
transgene arrays to silence the white reporter in P-lacW 
insertions at 50D and 92E  suggests that  pairing is also 
required  for transinactivation by heterochromatic 
transgene repeats. 

Repeat-induced  gene  silencing  and  heterochromatin 
formation: Repeat-induced gene silencing (RIGS, As 
SAAD et al. 1993) has been observed in  other organisms, 
including fungi and plants (FLAVELL 1994; ROSSIGNOL 
and FAUCERON 1995).  In vertebrates, transgene inser- 
tions frequently produce mosaic and low-expressing 
phenotypes that  appear  to vary between insertions of 
the same transgene (reviewed in MARTIN and WHITE- 
LAW 1996; DORER 199'7). These difficulties in  obtaining 
consistent expression may be attributed to chromo- 
somal position effects;  however, these effects are  not 
always  easy to evaluate because of  rearrangements  that 
frequently occur in the  insertion of vertebrate trans- 
genes. One common  rearrangement is the insertion of 
a large repeat array of a transgene at a single site. By 
analogy with our demonstration of RIGS in Drosophila 
(DORER and HENIKOFF 1994), these other silencing phe- 
nomena could be  interpreted as heterochromatic ef- 
fects. The  extent to which a transgene array is silenced 
may then  depend in an inverse way on copy number as 
well  as on its integration site (DOBIE et al. 1996). The 
interpretation  that silencing results from the  formation 
of heterochromatin at  repeat arrays is further sup- 
ported by the  detection of an  altered  chromatin con- 
figuration associated with RIGS in Arabidopsis (YE and 
SIGNER 1996). The ability  of some transgenes to be con- 
sistently expressed in a copy-numberdependent man- 
ner  independent of insertion site may require locus 
control region (LCR) sequences for  the  maintenance 
of an  open chromatin  structure and the  inhibition of 
heterochromatic silencing (FESTENSTEIN et al. 1996; MI- 
LOT et al. 1996). If heterochromatin is generally respon- 
sible for RIGS in eukaryotes, we anticipate that  the ef- 
fects reported  here,  including  spreading, long-range 
associations with natural  heterochromatic sequences 
and tran+inactivation, will be  detected in transgenic eu- 
karyotic organisms in addition  to Drosophila. 

In Drosophila, where powerful cytological and ge- 
netic tools are available, studies of heterochromatin and 
PEV have been  hampered by the  enormous size and 
heterogeneity of heterochromatic blocks and  the diffi- 
culty in molecular analysis of repetitive DNA. Our dem- 
onstration  that mini-white repeat arrays  behave identi- 
cally to  natural  heterochromatin provides an experi- 

menwly attractive system for studying heterochromatin 
and PEV. The heterochromatic blocks are small,  molec- 
ularly defined and can be easily expanded and con- 
tracted at a site, with phenotypic selection for screen- 
ing. These advantages of the system  have  allowed  us to 
detect  the effect of  size  of a heterochromatic block on 
the  strength of gene silencing. We expect  that  further 
studies using transgene repeat arrays will allow for a 
more precise description of heterochromatin at  the mo- 
lecular level. 

We thank the Howard Hughes Medical Institute for support. 
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