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Abstract: L1 and Alu elements are among the most active retroposons (mobile elements) in the human genome.  
Several human diseases, including certain forms of breast cancer and leukemia, are associated with L1 and Alu 
insertions in functionally important areas of the genome.  We present data demonstrating that environmental 
pollutants, such as heavy metals, can stimulate L1 retrotransposition in a tissue culture system using two different 
types of assays.  The response to these agents was equivalent when using a cell line with a stably integrated L1 
vector (genomic) or a by introducing the L1 vector by transient transfection (episomal) of the cell.  Reproducible 
results showed that mercury (HgS), cadmium (CdS), and nickel (NiO) increase the activity of L1 by an average of 
three (3) fold p<0.001.  This observation is the first to link several carcinogenic agents with the increased 
retrotransposition activity of L1 as an alternate mechanism of generating genomic instability contributing to the 
process of carcinogenesis.  Our results demonstrate that mobile element activation must be considered as one of 
the mechanisms when evaluating genomic damage/instability in response to environmental agents. 
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Introduction 
 

LINEs (LINE-1s or L1s) are long interspersed 
repeated elements with the capability of generating new 
copies that insert throughout the genome.  LINE 
amplification has been highly successful through 
evolution contributing approximately 17% of the human 
genome [1].  In addition, it is believed that LINEs have 
also been responsible for the 11% of the genome made 
up of Alu elements [2].  L1 retrotransposition also can 
serve as a vehicle to mobilize non-L1 sequences such as 
exons or promoters into existing genes [3].  Overall, 
LINE activity has greatly contributed to the evolution of 
the human genome.  

From a clinical view point, there are several reported 
examples of diseases caused by L1 insertions, including 
muscular dystrophy [4] and hemophilia A [5].  Mobility 
of L1 and Alu elements has also been shown to cause 
cancer, probably through somatic mutations [6, 7].  A 
variety of reports present data suggesting that increased 
activity of mobile elements may be involved in 
neoplastic progression [8].  For example, rodent LINE 
expression is increased in tumors [9, 10].  In humans, L1 
expression is increased in breast cancers [11] and 
testicular cancers  [12].  Yet, to date, little is known 
about the environmental factors that can influence 
human retrotransposition.  Until relatively recently, it 
was practically impossible to measure retrotransposition 

activity in mammals, particularly at the somatic level. 
There are a number of examples of stress-inducing 
factors that influence the expression and rate of 
transposition for an assortment of elements in various 
organisms [13 - 16].  Two reports evaluate different and 
environmental factors on L1 expression using an L1 
promoter-luciferase assay, providing an initial indication 
that L1 may respond to external factors [17, 18]. 
However, this method only evaluates L1 promoter 
response in an artificial setting that can not accurately 
evaluate the retrotranspositional activity of an element. 
There is one report on the stimulation of Alu 
retrotransposition by genotoxic compounds, suggesting 
that these types of mobile elements can be influenced by 
the exposure of exogenous agents [15].   

In 1996, the Kazazian laboratory designed a genetically 
marked L1 vector such that the selectable marker would be 
activated only following an RNA-mediated retrotransposition 
event [19]. This development immediately presented the 
application of this L1-vector in quantifying mammalian 
retrotransposition using tissue culture.  We utilized this 
L1 insertion assay to create a model system and evaluate 
selected environmental pollutants, specifically heavy 
metals.  Two approaches were utilized: one using a cell 
line with a stably integrated copy of the L1-vector that 
more accurately reflects the “natural” state of an L1 
element, and the other using the transient introduction of 
the vector into the cells.  We show that both approaches 
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are useful in the evaluation of L1 activity after the 
exposure to environmental agents. 

Metal pollutants pose a threat of toxicity to both humans 
and wildlife because of their wide distribution in the 
environment and workplace and their high persistence [20].  
Humans get exposed to these heavy metals from numerous 
sources including contaminated air, water, soil and food.  
Exposure to heavy metals is not uncommon; in particular 
people who smoke, consistently expose their lungs to several 
of these metals.  Reports indicate that epidemiological data 
predict that 1 to 18 lung cancer deaths/10,000 smokers may 
be attributed to inhaled cadmium in cigarette smoke [21].  
Several heavy metals like cadmium and mercury are on the 
EPA’s list of extremely hazardous substances hazardous 
chemicals: 
[http://yosemite.epa.gov/oswer/ceppoehs.nsf/CAS].  
Among their many hazardous effects, cadmium is 
recognized as a carcinogen and a teratogen, while 
mercury is classified as a neurotoxin (reviewed by [22]).  
Although both nickel and cadmium are classified as 
carcinogens, they are poor mutagens, suggesting an 
indirect mechanism of action [23, 24]. The precise 
mechanism in which these heavy metals induce 
carcinogenesis is undefined.  In this manuscript, we 
report: 

 

(1) Both stable and transient transfection assays are 
successful in measuring L1 retrotransposition in a 
reproducible and consistent manner.  

 

(2) Mercury, nickel and cadmium significantly increase 
L1 retrotransposition in a dose-dependent manner. 

 

(3) These stimulatory effects are not universal for all 
metals, as cobalt, zinc and magnesium had no 
stimulatory effect on the L1 retrotransposition. 

 

This is the first report demonstrating the stimulatory 
effects of carcinogenic environmental pollutants on L1 
retrotransposition.  Our results also demonstrate the need 
to take into account DNA damage through mobile 
element activation as one of the mechanisms of action of 
genotoxic agents.  

 
Materials and Methods 
 
Reagents 

 
The following compounds were purchased from 

SIGMA-Aldrich:  cadmium sulfide, CdS 99.999%, 
mercury (II) sulfide, HgS, 99.5+% HgS and nickel oxide 
(NiO), 99.9%.  The filtered stock solutions of HgS and 
CdS were quantified professionally by AccuLab Inc. of 
Louisiana using method numbers 213.1 for CdS and 
245.1 for HgS as described in USEPA Methods for 
Chemical Analysis of Water and Wastewater.  The 
concentrations of the stock suspensions were determined 
to be 1.37 mg/L (ppm, parts per million) or 1370 ppb 
(parts per billion) for HgS and 1.15 ppm or 1150 ppb for 
CdS.  The doses tested in the assays were various 
dilutions (example from 50 fold to 3000 fold) of the 
stock solutions using regular DMEM medium lacking 
any antibiotics as a diluent.  During any procedure 
(preparation or experimental), the suspensions were 
continuously shaken in the hood at low speeds to ensure 
the uniform suspension of the particles of CdS and HgS.  

Plasmids 
 
JM101/L1.3ΔCMV (a kind gift of Dr. John Moran) 

was used in the previously described retrotransposition 
assay [3].  The plasmid contains a full-length functional 
L1 element (schematic shown in Figure 1A). PIRES2-
EGFP (Clontech) contains a neomycin resistance 
expression cassette and was used in parallel in the 
retrotransposition assays as a combined control for 
transfection and cytotoxicity.  All plasmid DNA was 
purified by alkaline lysis and twice purified by cesium 
chloride buoyant density centrifugation.  Final 
evaluation of the DNA quality was performed from the 
visual assessment of ethidium bromide stained agarose 
gel electrophoresed aliquots. 

 
L1 Transient Transfection Assay

 
HeLa cells (ATCC CCL2) were grown in a 

humidified, 5% CO2 incubator at 37°C in Earl’s minimal 
essential medium (EMEM).  EMEM was supplemented 

with 10% fetal bovine serum.  HeLa cells were seeded in 
T-75 flasks at a density of 1.5 x 105cells/flask and grown 
for 20 hours prior to transfection.  Cells were transfected 
with the Lipofectamine Plus (InVitrogen) for three hours 
using 1μg of either the L1 or 0.3μg the neomycin control 
plasmid with 18μl of the plus reagent and 12μl of 
Lipofectamine, following the manufacturer’s protocol.  
The transfection mix was aspirated and replaced with the 
complete media supplemented with the appropriate dose 
of the compound evaluated.  After a 48 hour period, the 
treatment was removed and the cells were grown for two 
weeks using selection media (containing 400μg/ml 
G418) to obtain the neomycin resistant (neoR) colonies.  
Cell colonies were fixed and stained for 30 minutes with 
crystal violet (0.2% crystal violet in 5% acetic acid and 
2.5% isopropanol). A schematic of the time line is 
shown on Figure 3B. 

 
Generation of Stable L1-Vector Cell Lines 

 
L1-stable cell lines of NIH3T3 (ATCC CRL1658) 

with the integrated human L1 retrotransposition cassette 
were generated.  To integrate the plasmid the method of 
electroporation was selected as it usually generates clones 
with the integration of only one copy of the plasmid.  106 
cells were electroporated with 6μg of JM101/L1.3ΔCMV 
using 300V and 800μF.  The electroporated cells were 
grown under hygromycin selection to obtain colonies 
containing the integrated plasmid.  A mouse cell line 
(NIH3T3) was utilized to facilitate the evaluation of the 
hygromycin resistant clones to detect the integrated 
plasmid that contains a human L1.  Once the individual 
colonies were grown, they were subsequently evaluated 
for their L1 retrotransposition capability as determined by 
the generation of neomycin resistant (neoR) colonies.  Two 
clones (3E and 28E) contained an integrated copy of the L1 
vector and were also L1 retrotranspositionally competent. 
Clone 28E was utilized for most of the experimental 
evaluations, as it generated a low inherent background. 
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L1 Retroposition Assay Using Stable L1-Vector Clonal 
Cell Lines 

 
Stable L1-vector clonal cell lines (described above) 

were used to evaluate L1 retrotransposition.  Each assay 
lasted for 10 weeks and consisted of two parts a) 
retrotransposition assay and b) parallel toxicity control:  

 

(1) Testing the chemical for effects on 
retrotransposition: To keep the background 
retrotransposition rate to a minimum, a fluctuation 
analysis was carried out by first seeding 1-2 cells of 
clone 28E into 12-well plates.  The cells were fed 
with DMEM medium containing 5% FBS 
(Invitrogen) and 0.01% non-essential amino acids 
(Invitrogen), but lacking any antibiotics or 
antifungal agents.  When the cells reached the 100-
cell stage, they were treated as described in the 
results with the heavy metal for two non-
consecutive 24 hour exposures (Figure 2C).  Upon 
allowing the cells to recover for 24 hours, 250,000 
cells were seeded per T75 flask and subjected to 
selection (G418 400μg/ml) for 14 days.  A 
schematic of the assay time line is shown on Figure 
2C.  As per the design of the L1 vector, only 
retrotransposed cells would be resistant to G418.  
The retrotransposed clones were stained with crystal 
violet for 3 hours, washed, allowed to dry and 
counted as raw data.  For the fluctuation analysis, a 
minimum of twelve T75 flasks (each originating 
from a separate 1-2 cell seeding) were used for the 
determination of L1 retrotranspositional rate. 

 

(2) Toxicity Control: To set up the toxicity control, two 
populations of NIH3T3 cells were utilized: 
a. Native NIH3T3 cells lacking the L1 construct 

and sensitive to the antibiotic G418; 
b. The neoR control cells, carrying an L1 insert 

and resistant to the antibiotic G418. 
 

Both cell types were propagated from a 1-2 cell 
stage, and dosed at the 100-cell stage as in the 
experimental treatment.  Then the cells were allowed to 
recover and divide until their numbers reached about one 
million (106).  However, at the stage of G418 selection, 
this protocol differed from the basic assay described 
above.  Here, a mixture of 100 of the neoR cells plus 
250,000 native cells were seeded into a T75 flask and 
grown under G418 selection for 14 days.  The resultant 
clones were stained with crystal violet and counted and 
used to calculate the survival curve.  The untreated group 
should generate an average of 100 colonies of neoR cells.  
If the chemical has a toxic effect on the cell viability, 
treated samples would present a lower number of 
retrotransposed clones than the expected 100.  Finally, if 
the chemical has any effect on cell proliferation, the 
number of retrotransposed clones should be higher than 
the expected 100 in the dosed flasks. 
 
Statistical Analysis 

 
Analysis for the experiments using stable transfectants 

was performed using fluctuation analysis for mutations 
following the method originally described by Luria-Delbrück 
[25] with the appropriate modifications for the application to

tissue culture assays [26].  Results obtained from 
transient transfection assays were evaluated using paired 
t-test.  

 
Results  

 
Evaluation of L1 Retrotransposition 

 
About half a million L1 elements are found dispersed 

throughout the genome.  However, most of them are 5’ 
truncated [27] and estimates suggest that about 1000-
3000 of them are full-length copies [28, 29] and only 
approximately 10% of those are likely to be active [30].  
For our evaluation of the effects of L1 retrotranspositional 
activity, we designed an approach to parallel as closely as 
possible the conditions of the active L1 elements within the 
genome.  The previously described L1 retrotransposition 
reporter vector, JM101/L1.3ΔCMV plasmid [19] was stably 
integrated into the genome.  Individual clones were selected 
and amplified to homogeneity.  The clones were evaluated 
for integration of the plasmid and for L1 
retrotranspositional capability.  The L1 vector used contains 
the sequence of an active L1 element driven by its 
endogenous promoter, and designed to allow expression 
of the neomycin resistance (neoR) gene only when the 
expressed L1 element goes through retrotransposition 
(schematic in Figure 1A).   

The use of a L1-stable cell line allows for the 
evaluation of potential epigenetic factors, such as 
methylation, that can affect the activity of a genomic L1 
element [31 - 33].  However, the integrated L1 vector is 
continually active, generating a low level of integrated 
copies that contain a functional neomycin resistance 
gene.  Thus, the simple task of growing the cell line will 
generate a mixed population of neomycin sensitive (no 
new L1s) and neomycin resistant cells (Figure 1B).   Not 
only is the population mixed, but the proportions change 
relative to when in the cell expansion period L1 
integration occurs.  For example, if we start with 10 cells 
and at this stage 1 insert occurs, this will translate in a 
10% neoR background.  However, if the cells had 
divided and the L1 insert occurs at the 100-cell stage a 
1% neoR background is observed.  In contrast, the 
transient transfection assay introduces the plasmid into 
the cells at the same time as the treatment, eliminating 
the background levels (Figure 1C). Thus, to properly 
evaluate effects of the treatment on the stable L1-cells, 
we performed the assay in a way to be able to apply 
fluctuation analysis (details in materials and methods).  
Basically, the assay is started with 1-2 cells and the cells 
are treated at the 100-cell stage, most of the initial pool 
of the 28-E cells will have a zero background for 
retrotransposition, although a few may have 1% or more 
background (one or more cells out of the 100).   

At the end of the experiment it is very obvious which 
set of 100 had an initial background, as the number of 
clones will be at least an order of magnitude greater than 
expected.  These points can be eliminated, leaving only 
the experiments that initiated with zero background.  
This approach is the basis of the ‘fluctuation test’ and its 
extended studies [25, 26, 34], originally designed to 
determine spontaneous mutation rates in cultured 
bacterial and mammalian cells. 
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Figure 1:  The L1 assay systems. 

 
A.  Schematic of the L1 vector.  (1) The vector contains a full length L1 element with two open reading frames (ORF1 
and ORF2).  The construct contains the SV40 promoter (Sv40p) in the 3’UTR in the “reverse” direction that will 
transcribe a neo gene containing a “forward” intron that affects proper expression of the neomycin resistance.  (2) RNA 
transcription is driven by the internal L1 promoter (L1p) located in the 5’untranslated region (UTR).  The intron 
interrupting the neomycin resistance gene will be removed by splicing (SD: splice donor, SA: splice acceptor) only from 
RNA generated from the L1 promoter.  (3) In the L1 retrotransposition process the RNA is reverse transcribed, followed 
by integration of the DNA into the genome.  (4) The new L1 copy contains a functional neo gene.  (5) Only newly 
integrated copies that retrotransposed from the spliced L1 RNA will generate neomycin resistance.  The neo gene in 
opposite orientation relative to the L1 gene is shown as a gray box.  RNA is represented by wavy lines with arrows to 
show direction of transcription.  Note that the scale of the figure is not proportionally accurate. 
B.  L1 retrotransposition - L1-stable cell line assay.  This assay is based on the use of a clonal cell line containing the 
L1 reporter vector integrated into the genome (gray cells).  In these cells, the L1 cassette will have a baseline expression, 
which consistently generates new L1 inserts (gray with black nucleus).  In other words, during the normal passage and 
seeding of the cells a steady background of neomycin resistant cells is being generated.  Also, depending on when the 
event occurs (during the first division or later passage), the background level could represent from 1% up to 50% of the 
cells, even before the exposure to an agent.  Thus, a fluctuation analysis is used to appropriately evaluate the effect of 
compounds in this assay. 
C.  L1 retrotransposition- transient assay.  Cells are transiently transfected with the L1 reporter plasmid.  Only a portion 
of the cells will uptake the plasmid and express the L1 RNA (gray cells).  The cells are grown in the presence or absence 
of the compound tested (treatment).  During this period a small fraction of the cells expressing L1, will generate a 
retrotransposition event as observed by the acquisition of neomycin resistance (gray cell with black nucleus).  Growth 
under selection media will generate neomycin resistant (neoR) colonies each representing at least one retrotransposition event. 



Int. J. Environ. Res. Public Health 2005, 2(1) 
 

18

A

B

C

Grow to
100 cells

96 hr

seed            24hr  - 24hr  - 24hr - 24hr                                      
1-2 cells

14 days selection

Tx Tx
G418 selection                                       stain

Re-seed 250K cells 
[10 weeks] 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 2.9 5.8 11.5 23

CdS (ppb)

A
dj

us
te

d 
L1

 in
se

rt
io

n 
ra

te
 (1

0
-6

) **

**

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 0.5 1.4 4.6 13.7
HgS (ppb)

A
dj

us
te

d 
L1

 in
se

rt
io

n 
ra

te
 (1

0
-5

) **
***

*

0.0

100.0

200.0

300.0

400.0

0 0.5 1.4 4.6 13.7

HgS (ppb)
N

eo
R

 c
ol

on
ie

s

*
*

*
A

B

C

Grow to
100 cells

96 hr

seed            24hr  - 24hr  - 24hr - 24hr                                      
1-2 cells

14 days selection

Figure 2Figure 2

Tx Tx
G418 selection                                       stain

Re-seed 250K cells 
[10 weeks] 

Grow to
100 cells

96 hr

seed            24hr  - 24hr  - 24hr - 24hr                                      
1-2 cells

14 days selection

Tx Tx
G418 selection                                       stain

Re-seed 250K cells 
[10 weeks] 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 2.9 5.8 11.5 23

CdS (ppb)

A
dj

us
te

d 
L1

 in
se

rt
io

n 
ra

te
 (1

0
-6

) **

**

**

**

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 0.5 1.4 4.6 13.7
HgS (ppb)

A
dj

us
te

d 
L1

 in
se

rt
io

n 
ra

te
 (1

0
-5

) **
***

*

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 0.5 1.4 4.6 13.7
HgS (ppb)

A
dj

us
te

d 
L1

 in
se

rt
io

n 
ra

te
 (1

0
-5

) **
***

*

0.0

100.0

200.0

300.0

400.0

0 0.5 1.4 4.6 13.7

HgS (ppb)
N

eo
R

 c
ol

on
ie

s

*
*

*

0.0

100.0

200.0

300.0

400.0

0 0.5 1.4 4.6 13.7

HgS (ppb)
N

eo
R

 c
ol

on
ie

s

*
*

*

Figure 2: Effect of cadmium and mercury on L1 retrotransposition activity (L1-stable cell line assay). 
 
A.  NeoR colonies from separate L1 transfections (black bar) treated with different doses of HgS are shown.
The no treatment (0 dose) for each experiment was used as the 100%.  The average number of colonies from 
the toxicity control (white bar) was used to adjust the observed numbers (gray bar) as described in the text.
Three independent assays in triplicate (n=9) were performed using clone 28E and error bars indicate one 
standard deviation.  Statistically significant differences relative to the no treatment are indicated by asterisks 
[t-test p<0.01(*), p<0.001(**)]. 
B.  L1 insertion rate:  Fluctuation analysis was performed on the basic data (example for HgS shown in A) 
to obtain the adjusted L1 retrotransposition rate.  Both CdS and HgS stimulate L1 retrotransposition from a 
genomically inserted L1-vector in a dose dependent manner with the maximum stimulus being around 3 fold. 
Average insertion rate is shown for HgS is 10-5 and CdS in 10-6 retrotransposition rate/cell division, with 
error bars representing one standard deviation.  Statistically significant differences relative to the no 
treatment [t-test p<0.01(*), p<0.001(**)] are shown. 
C.  Schematic of time line of the L1-stable cell line assay: One or 2 cells of the L1 stable cell line were 
initially seeded and grown to 100 cell stage where they were exposed to the treatment with the selected 
agent.  After treatment and recovery cells were reseeded (250,000 in a T75) and grown under selection for 2 
weeks.  NeoR colonies were counted after staining.  The total duration of the assay is on average 10 weeks. 
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Figure 3:  Effect of different compounds on L1 retrotransposition activity (transient transfection assay). 
 
A. Metals stimulate L1 retrotransposition in a transient transfection assay: NeoR colonies from separate L1 
transfections (black bar) treated with different doses of HgS, CdS or NiO (X axis) are shown.  An unrelated plasmid 
with neomycin resistance was used as a transfection and toxicity control (white bar).  The no treatment (0 dose) for each 
experiment was used as the 100%.  In a similar manner as used for the L1-stable assay described in the text, the data 
were adjusted for toxicity (gray bar). Three independent assays in triplicate (n=9) were performed in HeLa cells and 
error bars indicate standard deviations.  Statistically significant differences are indicated relative to the no treatment [t-
test p<0.01(*), p<0.001(**)].  All the metals tested with this assay show a stimulation of L1 retrotransposition 
comparable to that observed in the L1-stable assay. 
B. Schematic of time line of the L1 transient assay: The L1-vector is transfected into cells that were seeded the previous 
day (150,000 in T75).  Immediately after transfection (3 hour) cells are treated with the metal for 48 hours.  Treatment is 
removed and cells are grown under selection for 2 weeks before staining.  Total duration of the assay is 2.5 weeks.  
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Heavy metals are cytotoxic to cultured cells, thus a 
toxicity control was included.  A set of neoR cells and a 
set of native (non-L1 transfected) cells were treated in 
parallel to evaluate the influence of toxicity on cell 
survival and colony formation.  The average number of 
colonies with no treatment was used as the 100% value 
for both the toxicity and L1 activity (Figure 2A).  A 
correction factor was utilized to compensate for the toxic 
effects of the heavy metals when comparing the L1 
retrotransposition to the control at different doses.  For 
example, if dose X of HgS reduced the number neoR 
colonies of the control plasmid by 20%, the number of 
colonies from the L1 with the same treatment was 
corrected to compensate for that 20% reduction (Figure 
2A, gray columns).  Using this approach, the plating 
control numbers were used to adjust the data obtained 
from the first part of the assay to determine the adjusted 
L1 retrotransposition rate and to obtain normalized 
results for plotting (Figure 2B). 

 
Heavy Metals Stimulate Retrotransposition from a 
Genomically Integrated L1 

 
We evaluated the water-insoluble carcinogenic forms 

(particulate) of the cadmium and mercury (CdS and HgS).  
Reports in the literature demonstrate that the phagocytosis of 
the particles allows for a more efficient internalization of high 
levels of these compounds into cells leading to a higher 
concentration of the compound within the cell [35 - 37].  
Evaluation of mercury and cadmium demonstrated that both 
metals significantly increase L1 retrotransposition in a dose-
dependent manner (Figure 2). About a three-fold peak 
stimulus is observed on the number of neoR colonies 
recovered (Fig 2A) also reflected when L1 retrotransposition 
rate is calculated using fluctuation analysis (Fig 2B).  As 
expected, at higher doses, the overall retrotransposition rate 
drops, probably due to toxicity leading to cell death.  The 
toxicity control data were utilized to correct for toxicity (gray 
bar) as described above.  The stimulation of 
retrotransposition by all the doses (0.5, 1.4, 4.6 and 13.7 ppb) 
of HgS and 2.9, 5.8, 11.5 ppb of CdS were significantly 
different relative to the no dose control, p < 0.01 (paired t-
test).   

 
Heavy Metals L1 Stimulation Can Be Evaluated Using 
Transient Transfected Cells 

 
In this assay, HeLa cells were transiently transfected 

with the JM101/L1.3ΔCMV plasmid.  The cells are then 
exposed to different doses of the different metals for 48 
hours prior to the two weeks of G418 selection to obtain 
neoR colonies (Figure 3B).  The no treatment (0 dose) 
was defined as 100% and the rest of the data were 
plotted relative to it.  As toxicity control, an unrelated 
plasmid, containing a functional neoR gene (pIRES2-
EGFP) was transfected in parallel allowing for the 
evaluation of the influence of toxicity on both 
transfection efficiency and colony formation.  
Adjustment for toxicity was performed in the same 
manner described above.  Our results demonstrate that 
both HgS and CdS generated a 3-fold peak stimulation 
of L1 activity equivalent to the stimulation observed in 
the stable L1 assay (Figure 3A). However, the dose 

range where the stimulation is observed varies between 
both assays.  The L1-stable assay presents an increased 
sensitivity, seen as the detection of an effect with lower 
doses. 

In addition, we evaluated other metals, and NiO also 
increased L1 activity (Figure 3), however soluble cobalt, 
magnesium and zinc chloride had no effect on L1 
activity (data not shown).  

  
Discussion 

 
The mechanism by which some heavy metals induce 

cancer is unclear [22, 38 - 41].  The reactions of cells to 
environmental exposure are very complex, involving 
multiple pathways and cellular components. In this 
manuscript we present data supporting yet another 
mechanism by which heavy metals may cause disease. 

Most of the steps involved in the L1 retrotransposition are 
currently poorly understood, making the determination of the 
mechanism by which these compounds induce L1 activity 
difficult.  However, not all heavy metals evaluated have such 
stimulatory effects, so our results suggest that nickel, 
cadmium and mercury likely have a specific mechanism that 
result in these effects.  The influence of these metals on the 
rate of L1 retrotransposition may occur at any of the 
retrotransposition steps, such as transcription or insertion into 
the genomic sites.  We are currently evaluating the potential 
mechanism by which these metals may be affecting L1 
retrotransposition (El-Sawy, et al. unpublished).   

  Until recently, it was impossible to measure the 
changes in the frequency of L1 jumping.  Under the 
optimized conditions, both assays show reproducible, 
overlapping patterns of stimulatory effects of HgS and 
CdS (the cancerous forms) on L1 retrotransposition.  The 
assay using a stably-integrated L1 vector better reflects 
the L1 elements, which are naturally present throughout 
the genome.  There are extensive data suggesting that 
chromatin-level regulatory events may be important with 
L1 elements [31 - 33], which the L1-stable assay would 
more appropriately evaluate.  However, the assay is 
highly complex, and demands a long time for completion 
(~10 weeks).  As an alternative, we implemented the use 
of transiently transfected cells for the evaluation of 
different compounds on L1 activity.  We realize that our 
transient assay does not fully mimic the natural L1 
amplification.  Because the L1 reporter system involves 
expression from a transiently transfected plasmid, the 
assay should not be influenced by factors such as 
methylation or chromatin structure.  However, this 
alternative assay proved to be simpler, shorter in 
duration, highly reproducible and yielded comparable 
results to the stable-L1 vector assay.  Although more 
evaluation is required, these assays may prove highly 
valuable in evaluating environmental compounds and 
their potential impact on genetic instability.  Also, the 
assays used in this study are currently the only available 
that can assess the influence of environmental exposure 
on retrotransposon activity in humans. 

Our study is the first of its kind to report stimulatory 
actions of certain heavy metals on human 
retrotransposition.  Our findings that different compounds 
can stimulate retrotransposition are particularly relevant to 
the possible role of chronic exposures in both germline 
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and somatic disease.  Chronic exposure to heavy metals, 
and other toxicants, through workplace and 
environmental exposures may specifically increase the 
damage caused by retrotransposition over a long period 
of time.  Previous data demonstrate that many heavy 
metals are not mutagenic by the standard bacterial assay 
systems; however, they are carcinogenic when tested in 
animal models [23, 24].  Further, our results demonstrate 
that even small amounts of these metals (in the range of 
ppb) can cause on average about 3-fold increase in the 
rates of L1 retrotransposition.  This is of high relevance 
when considering that the 'allowable' sewer-discharge 
limit for cadmium according to the official guidelines by 
the NEA (National Environmental Agency) is 1 ppm 
(http://app.nea.gov.sg/cms/htdocs/article.asp?pid=1644), 
and that most humans do accumulate mercury through 
seafood ingestion and other sources in their lifetimes. 
Such cells, that have increased L1 retrotransposition due 
to exposure of CdS and HgS, very likely become more 
inclined to accumulate potentially deleterious mutations 
that may lead to human diseases like cancer. 
Accumulation of this damage may contribute to 
initiation and progression of cancer, as well as other 
diseases of chronic exposure.   We present data to support 
a novel mechanism by which metals and other compounds 
can cause genomic damage through the modulation of 
mobile element activity.  Our data suggest that the genetic 
damage caused by the stimulation of mobile elements present 
in the genome needs to be seriously considered as an 
alternate mechanism by which environmental/external 
compounds generate genetic instability and disease.  Thus, 
we propose the following model of how the heavy metals 
cause genetic instability through the stimulation of mobile 
element activity. 
 

Model for Environmental Modulation of L1 Elements  
 
We present a model of the role the environment and 

mobile elements have on the generation of diseases and 
cancer (Figure 4).  The integrity of the cellular homeostasis 
is constantly being assaulted by external components 
including environmental agents, such as oxidants, heavy 
metals, UV radiation, etc. The cell presents a complex 
system of regulatory and protective pathways to either 
correct (ie. DNA repair pathways) or prevent the 
continuation of an unrepaired event (cell cycle arrest and 
apoptosis).  A “healthy” or disease free state is maintained 
as long as there is a balance of these external effects and the 
cellular controls.  Mobile element activity is among the 
factors that influence this balance.  For example, reports 
demonstrate that methylation of mobile elements maintains 
their expression under control [31, 42 - 43].   If the 
regulation by methylation is eliminated, the increase in 
expression of repeats leads cells to have an increased 
genetic instability with disastrous consequences [44].  Thus, 
external factors, such as heavy metals, affect the regulation 
of mobile element activity, allowing for an increase in 
altered cells.  Mobile element activity may continue to be 
high in these cells, accumulating even more defects that in 
conjunction with inactivation of tumour suppressors, etc. 
may lead to a cancerous state.  

The ability to directly or indirectly increase mobile 
element activity may represent a major contributory factor 
to genetic instability in somatic cells, leading to cancer 
initiation or progression, aging, or other diseases associated 
with chronic exposure to carcinogenic/toxic compounds. 
These data suggest that damage caused by 
retrotransposition may need to be considered when 
developing mechanistic models for genetic damage 
associated with environmental exposures. 
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Figure 4: Proposed model for how metal stimulation of mobile elements may impact genetic stability. 
 

The balance between normal cells and altered or mutated cells is depicted as an equilibrium.  External and internal 
components can affect the outcome of this equilibrium.  Normal cells are consistently being mutated or altered by external 
factors, such as UV light, etc.  The damage generated can be either repaired or progress to two outcomes:  (1) Apoptosis to 
eliminate the damaged cell or (2) Disease/cancerous cell.  We propose that heavy metals shift the equilibrium through the 
increase of retroelement activity potentially leading to the accumulation of more mutated cells.  

 

http://app.nea.gov.sg/cms/htdocs/article.asp?pid=1644
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