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hates contamination by microbes, which is an 
important criterion for maintaining food indus- 
try standards. Fermentative growth of naturally 
heterotrophic microalgae has resulted in dry 
biomass accumulation to 100 giliter (3, 27), 
which is 10 to 50 times the yields obtained by 
using light-dependent culture systems. Fermen- 
tation-based systems can reduce production 
costs of microalgae by an order of magnitude 
relative to that incurred by photosynthesis- 
based production; cost reduction analyses factor 
in expenses for both fixed-carbon supplemen- 
tation and equipment operation (28). Cornmer- 
cia1 benefits of fermentation-based systems re- 
sult from increased biomass, productivity, har- 
vesting efficiency, and reduced losses from 
contamination. The ability to grow microalgae 
heterotrophically increases the feasibility for 
developing a large range of new algal products. 

Marine ecosystems also depend on dia- 
toms, which contribute substantially to the 
reduction of inorganic carbon in marine hab- 
itats. Such a contribution may increase sub- 
stantially as the ecology of oceanic environ- 
ments is altered (29-32). The exploitation of 
diatoms that can be genetically manipulated 
and that can grow heterotrophically will fa- 
cilitate the use of mutants to augment our 
understanding of both photosynthesis and 
other metabolic pathways that are essential 
for competing in marine ecosystems. 

References and Notes 
1. P. Treguer et al., Science 268, 375 (1995). 
2. 5. W. Chisholm, Nature 407, 685 (2000). 
3. K. E. Apt, P. Beherns, 1.Phycol. 35, 215 (1999). 
4. M. A. Borowitzka, 1.Biotech. 70, 313 (1999). 
5. F. Chen, Trends Biotechnol. 14, 421 (1996). 
6. M. R. Droop, in Algal Physiology and Biochemistry, 

W. D. P. Stewart, Ed. (Univ. of California Press, Berke- 
ley, 1974), pp. 530-559. 

7. K. E. Apt, P. G. Kroth-Pancic, A. R. Grossman, Mol. 
ten. Genet. 252, 572 (1996). 

8. L. A. Zaslavskaia, J. C. Lippmeier, P. G. Kroth, A. R. 
Grossman. K. E. Apt, 1.Phycol. 36, 379 (2000). 

9. A. Falciatore, R. Cassotti, C. LeBlanc, C. Abrescia, C. 
Bowler, Mar. Biotechnol. 1, 239 (1999). 

10. K. E. Cooksey, 1.Phycol. 10, 253 (1974). 
11. J. A. Hellebust, J. Lewin, in The Biology of Diatoms, D. 

Werner, Ed. (Univ. of California Press, Berkeley, 
1977), pp. 169-197. 

12. M. Mueckler, R. C. Hresko, M. Sato, Biochem. Soc. 
Trans. 25, 951 (1997). 

13. N. Sauer. W. Tanner. FEES Lett. 259, 43 (1989). 
14. A. L. Kruckeberg. Arch. Microbiol. 166, 283 (1996). 
15. After 4 weeks in the dark, the transformants that 

grew were restreaked and maintained on 1.0% glu- 
cose. Liquid cultures were grown with 1.0% glucose 
at 20°C on an orbital shaker. All characterized trans- 
formants were generated from independent particle 
bombardments. Cells were grown at 20°C with con- 
tinuous illumination at 75 pmol photons m-2 s-' in 
Provasoli's enriched seawater medium with 10X the 
nitrogen and phosphorus by using Instant Ocean 
artificial seawater, at 0.5X concentration. Glucose 
was maintained between 5 and 10 glliter. Growth 
rates were determined in 250-ml flasks (50 ml  of 
media) with silicon foam closures. Daily samples 
measured cell numbers and nutrients. Flasks were 
stirred at 100 rpm. Fermentations were done in a 
2-liter Applikont vessel by using an agitation rate of 
100 rpm, dissolved oxygen was maintained at >20% 
saturation. 

16. Cells in Logarithmic phase growth were  harvested, 
washed two times, and resuspended in fresh medium. 

Assays were initiated by adding unlabeled glucose 
and [~-'~C]glucose to 0.05 the cells were ~.~Ci lml;  
maintained in the light. Samples were removed at 0. 
2, 5. 10, and 15 min after the addition of labeled 
glucose. The cells were collected by filtration, washed 
with medium containing 1.0% unlabeled glucose, and 
transferred to scintillation vials. 

17. L. A. Zaslavskaia et a[., unpublished data. 
18. The cells were broken by using a MinibeadBeater 

by two cycles at full speed on ice. Cell membranes 
were pelleted by centrifugation at 100,000g for 30 
min, solubilized in 2.0% SDS, resolved on 7.5% 
polyacrylamide gels, and transferred to nitrocellu- 
lose membranes. 

19. T. Asano et al., 1. Bio. Chern. 266, 24632 (1991). 
20. L. L. Lu, A. Lundqvist, C. M. Zeng. C. Lagerquist, P. 

Lundahl. I.Chrornotagr. 776, 81 (1997). 
21. Confocal microscopy was performed using a Nikon 

60X N.a. = 1.2 water immersion objective on a 
Nikon TMD 200 inverted microscope outfitted with 
a BioRad MRC 1024 confocal head mounted in a 
Koehler configuration. EGFP was excited at 488 nm 
and visualized with a 522125-nm bandpass filter. 
Plastid autofluorescence was excited at 456 nm and 
visualized with a 585-nm-long pass filter. 

22. W. Chiu et al., Curr. Biol. 6. 325 (1996). 
23. J. Haseloff, K. R. Siemering, D. C. Prasher, 5. Hodge, 

Proc. Natl. Acad. Sci. U.S.A. 94, 2122 (1997). 
24. A. Hallmann, M. Sumper, Proc. Natl. Acad. Sci. U.S.A. 

93, 669 (1996). 
25. H. Fischer, I. Robl, M. Sumper, N. Kroger,].  Phycol. 35, 

113 (1999). 
26. P. G. Roessler, 1.Phycol. 23, 494 (1987). 
27.  J. A. Running, R.J. Huss. P. T. Olson, 1.Appl. Phycol. 6. 

99 (1994). 
28. R.  J. Radmer, B. C. Parker, 1. Appl. Phycol. 6, 93 

(1994). 
29.  J. A. Raven, P. G. Falkowski, Plant Cell Environ. 22, 741 

(1 999). 
30. M. R. Landry, et  a[., Marine Ecol. Progr. Ser. 201, 57 

(2000). 
31. E. Boyle, Nature 393, 733 1998). 
32. S. Takeda, Nature 393, 777 (1998). 
33. We thank D. Kyle and T. Allnutt for encouragement in 

the early parts of this work. Supported by NSF DMA- 
9560125 and funds from the Carnegie Institution of 
Washington. 

20 February 2001; accepted 3 May 2001 

Telomere Position Effect in  
Human Cells  
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In yeast, telomere position effect (TPE) results in  the reversible silencing o f  
genes near telomeres. Here we demonstrate the presence of TPE in  human cells. 
HeLa clones containing a luciferase reporter adjacent t o  a newly formed telo- 
mere express 10 times less luciferase than do control clones generated by 
random integration. Luciferase expression is restored by trichostatin A, a his- 
tone deacetylase inhibitor. Overexpression of a human telomerase reverse 
transcriptase complementary DNA results in  telomere elongation and an ad- 
ditional 2- t o  10-fold decrease in  expression in  telomeric clones but not control 
clones. The dependence of TPE on telomere length provides a mechanism for 
the modification of gene expression throughout the replicative life-span o f  
human cells. 

Most normal human cells lack the enzyme tel- 
omerase, which maintains telomeres, and as a 
consequence, telomeres shorten with each divi- 
sion until the cells reach replicative senescence 
(the Hayflick limit). This growth arrest is me- 
diated by p53 and has been suggested to be the 
result of a DNA damage response to telomeres 
that have become too short (1-3). No mecha- 
nism has been demonstrated in vertebrates that 
can account for differences between young and 
old (but not yet senescent) cells. In Saccharo-
myces cerevisiae, telomere position effect 
(TPE) can result in the reversible silencing of a 
gene near a telomere by a mechanism that 
depends both on telomere length and on the 
distance to the gene (4-6). Because telomeres 
in most human cells shorten with age, TPE 
would provide a mechanism to incrementally 
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alter phenotype with increasing cellular age (7). 
However, previous efforts to identify TPE in 
mammalian cells have not been successful (8- 
10). We demonstrate here the presence of TPE 
in human cells and that the strength of the 
silencing effect is dependent on telomere 
length. 

We seeded de novo telomere formation in 
(telomerase-positive) HeLa cells by introduc- 
ing a linear plasmid containing a luciferase 
reporter adjacent to 1.6kb of telomere repeats 
(Web fig. 1) (11). Integration of a repeat-
containing plasmid can result in breakage of 
the chromosome, followed by extension of 
the plasmid telomeric sequences by telomer- 
ase and loss of the distal chromosome frag- 
ment (12). Clones with a telomeric reporter 
were identified by Southern blotting of puri- 
fied telomeres (Fig. 1A and Web fig. 2) (11) 
and confirmed by in situ hybridization (Fig. 
lB)' The mean length of the telomeres 
(after subtracting 3 kb of attached plasmid 
Sequence)was estimated 

be between and kb. 
were generated by transfection of an other- 
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wise identical linearized construct that lacked Fig. 1. Identification A 
telomere repeats. As expected with plasmid 
transfections, there was a high degree of vari- 
ation within each group. The clones with a 
telomeric reporter nonetheless expressed lu- 
ciferase at a 10 times lower average level 
than did the clones with an internal integra- 
tion site (Fig. 2A). 

We next sought to demonstrate that the low- 
er expression levels in telomeric clones were 
the result of heterochromatin formation rather 
than of damage to the transgene or the presence 
of a mixed population of clones. Hetemhro- 
matin in mammalian cells is normally depen- 
dent on histone deacetylation. We therefore 
investigated whether treatment with trichostatin 
A (TSA), a highly specific inhibitor of histone 
deacetylases (13), could eliminate the telomeric 
silencing effect we had observed. Telomeric 
and i n t d  clones were treated with TSA. 
After treatment, both sets of clones expressed 
the reporter at an enhanced level, representing a 
2.6 f 0.4-fold increase for the intemal clones 
and a 51 f 37-fold increase for the telomeric 
clones (Fig. 2B). The initial difference in the 
level of luciferase expression is thus histone 
deacetylase-dependent. Enhancement of trans- 
gene expression by histone deacetylase inhibi- 
tors has been noted previously (14). Luciferase 
expression returned to pre-experiment levels 
within 72 hours after withdrawal of the TSA 
(15). Although the TSA dose used in these 
experiments is somewhat cytotoxic, the toxicity 
did not play a role in increasing luciferase ex- 
pression, because nonspecific treatment with 
toxic doses of hygromycin led to a moderate 
decrease in luciferase activity (15). 

We next extended telomeres in order to 
establish the length dependence of the ob- 
served silencing effect. Increasing the telo- 
merase activity of HeLa cells by infection 
with a human telomerase reverse transcrip- 
tase (hTERT)-encoding retrovirus causes 
them to elongate their telomeres (Fig. 3A), as 
has been observed in several other cell lines 
(16). We observed an additional 2- to 10-fold 
decrease in luciferase activity after telomeric 
clones were infected with a telomerase-con- 
taining retrovirus, as compared to control, 
vector-only infections (Fig. 3B). This change 
was not observed in clones with an internal 
luciferase reporter. These results demonstrate 
that this effect shares some similarities with 
yeast TPE and provides a mechanism by 
which the expression of subtelomeric human 
genes could increase with replicative age. 

The strongest evidence against the existence 
of mammalian TPE comes from a comparison 
of mRNA levels for a telomeric neo gene in 
subclones of SV4O-transformed human fibro- 
blasts with varying telomere lengths (8). This 
cell line uses the ALT (alternative lengthening 
of telomeres) pathway to maintain its telo- 
meres, a phenotype that involves altered telo- 
mere biology and a substantial increase in total 

Fig. 2. Telomeric clones 
show a 10 times lower 
level of luciferase activity 
that is restored by a his- 
tone deacetylase inhibi- 
tor. (A) Puromycin-resis- 
tant clones were screened 
with a Luciferase Assay 
System (Promega, Madi- 
son, Wisconsin) on an 
Optocomp I luminometer 
(MGM Instruments, Ham- 
den, Connecticut). The re- 
sults for 23 telomeric and 
15 internal integrations 
are shown. The plus signs 
indicate clones with a lev- 
el of expression too low 
to  be visible on this scale. 
(B) Silencing is relieved by 
the histone deacetylase 
inhibitor TSA. Three telo- 
meric and three internal 
clones were treated with 
TSA (200 nglml) (Sigma, 
St. Louis, Missouri) for 24 
hours. The medium was 
replaced, and the cells 
were incubated for an ad- 
ditional 24 hours before 
collection for luciferase 
assays. Note the switch to  

~ternal clone 1 1 

Te lomer ic  I 

of-telomeric clones by 4 3Q%&53Q%& 
Southern blotting and 5 % 5 
in situ hybridization. 
(A) Genornic DNA was 
digested with Stu I, 
leaving the luciferase 
gene attached to the 
plasmid telomere se- 
quences. Telomeres 
were then separated 
from bulk genomic 
DNA as described pre- 
viously (23). Both the 
telomere fraction and 
the supernatant were 
separated on a 0.7% 
agarose gel, trans- 
ferred to  a Zeta- 
Probe blotting mem- 
brane (Bio-Rad, Her- 
cules, California), and 
probed with luciferase 
sequences. Telomeric 
luciferase genes ap- 
pear as a smear in 
the telomere fraction 
because of the heter- 
ogeneous lengths of Telomeric Insertions 
the attached telomeres, 
whereas internally inte- 
grated genes appear as a discrete band in the supernatant fraction. Multiple integrations were 
noted in several of the internal control clones; however, the average was less than two (7 7). 
Markers shown are from A DNA digested with Sty I (in kilobases). (B) Cells were fixed and 
probed simultaneously with the luciferase plasmid labeled with Spectrum Orange (Vysis, 
Downers Grove, Illinois), shown in  red, and a fluorescein isothiocyanate-labeled oligonucleo- 
tide N3'-P5' phosphoramidate probe complementary t o  telomere sequences [(CCCTAA),], 
shown in green. 4l.6'-diamidino-2-phenylindole staining is shown in blue. The top panel shows 
a clone with an internal integration site; the lower panels demonstrate the colocalization of the 
telomere and luciferase signals in  three independent telomeric clones. 

Telomeric clone 2 I 

- / I Telorneb Mean: 80,000 * 27,000 ] :! 2.5 
Internal Mean: 800,000 * 200,000 

Student's t test: P < 0.0001 
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logarithmic scale. rlu, relative light units. 
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Fig. 3. Silencing in telomeric 
clones is enhanced by an increase 
in telomere length. (A) Infection of 
HeLa cells with an hTERT-encoding 
retrovirus causes telomere elonga- 
tion, as demonstrated by terminal 
restriction fragment analysis. 
Mean telomere length increased 
from approximately 5 kb to almost 
14 kb. Cenomic DNA was digested 
with six restriction enzymes to de- 
grade nonrepetitive sequences. 
Samples were then separated on a 
0.7% agarose gel and probed with 
an oligonucleotide complementa- 
ry to telomere repeats. Markers 
shown are A Sty (in kilobases). (B) 
Telomeric clones infected with 
hTERT express 2 to 10 times lower 
levels of luciferase activity as com- 
pared to control, vector-only in- 
fections. Internal clones having 

Telomeric comparable initial values retain 
full expression of the luciferase re- 
porter after infection with hTERT. 
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Requirement of 
CHROMOMETHYLASE3 for 

Maintenance of CpXpG 
Methylation 

A number o f  proteins have been reported Anders M. Lindroth,'* Xiaofeng Cao,'* James P. Jackson,'* 
to change in expression level as a function o f  
the replicative age o f  the cell (21, 22). The Daniel ~ilberman,' Claire M. Mc~allum,' Steven Henikoff?' 

existence o f  TPE in mammalian cells raises Steven E. ~acobsen't 
the possibility that some presenescent chang- 
es could be "programmed by the progressive 
shortening o f  telomeres with ongoing cell 
division, leading to altered patterns o f  gene 
expression that might affect both cell and 
organ function. I t  will be important to iden- 
tify endogenous genes whose expression is 
influenced by telomere length in order to 
determine whether TPE actually influences 
the physiology o f  aging or cancer. 

Epigenetic silenced alleles of the Arabidopsis SUPERMAN locus (the clark kent 
alleles) are associated with dense hypermethylation at noncanonical cytosines 
(CpXpC and asymmetric sites, where X = A, T, C, or C). A genetic screen for 
suppressors of a hypermethylated clark kent mutant identified nine loss-of- 
function alleles of CHROMOMETHYLASE3 (CMT3), a novel cytosine methyl- 
transferase homolog. These cmt3 mutants display a wild-type morphology but 
exhibit decreased CpXpC methylation of the SUP gene and of other sequences 
throughout the genome. They also show reactivated expression of endogenous 
retrotransposon sequences. These results show that a non-CpC DNA methyl- 
transferase is responsible for maintaining epigenetic gene silencing. 
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