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Abstract: The emergence of a second transmissible tumour in the Tasmanian devil population, devil
facial tumour 2 (DFT2), has prompted questions on the origin and evolution of these transmissible
tumours. We used a combination of cytogenetic mapping and telomere length measurements to
predict the evolutionary trajectory of chromosome rearrangements in DFT2. Gene mapping by
fluorescence in situ hybridization (FISH) provided insight into the chromosome rearrangements in
DFT2 and identified the evolution of two distinct DFT2 lineages. A comparison of devil facial
tumour 1 (DFT1) and DFT2 chromosome rearrangements indicated that both started with the fusion
of a chromosome, with potentially critically short telomeres, to chromosome 1 to form dicentric
chromosomes. In DFT1, the dicentric chromosome resulted in breakage–fusion–bridge cycles
leading to highly rearranged chromosomes. In contrast, the silencing of a centromere on the
dicentric chromosome in DFT2 stabilized the chromosome, resulting in a less rearranged karyotype
than DFT1. DFT2 retains a bimodal distribution of telomere length dimorphism observed on
Tasmanian devil chromosomes, a feature lost in DFT1. Using long term cell culture, we observed
homogenization of telomere length over time. We predict a similar homogenization of telomere
lengths occurred in DFT1, and that DFT2 is unlikely to undergo further substantial rearrangements
due to maintained telomere length.
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1. Introduction
Devil facial tumour disease (DFT1) was first detected by a photographer in 1996 in north eastern
Tasmania [1]. Areas affected by DFT1 are estimated to have experienced roughly an 80% decline in
Tasmanian devil population numbers [2]. The most unique trait about the disease is the transmissible
nature of the tumour. As opposed to being transmitted by an infectious pathogen such as virus or
bacterium, it is the cancer cells themselves which are transmitted [3]. This occurs as a side effect of
Tasmanian devil social behaviour, who will often bite each other, allowing the cancer cells to transmit
into open wounds [4] and thereafter growing into a new tumour. Transmitted cells are able to grow
undetected by the host’s immune system, attributed in part to a downregulation of Major
Histocompatability Complex (MHC) Class I gene expression on the surface of tumour cells [5].
Recently, a secondary and independent transmissible cancer has been found in devils, termed
Devil facial tumour 2 (DFT2) [6]. This tumour was discovered as a result of histological variants in
tumour samples collected in 2014 and 2015, leading to further tests to confirm the nature of these
tumours. Cytogenetic comparison demonstrated significant differences between DFT1 and these
tumour samples, including the presence of a Y chromosome absent from DFT1. DFT2 has a visible X
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and Y pair of sex chromosomes, as well as the male determining SRY (sex determining region Y)
gene, indicating the tumour originally arose in a male [6,7]. In contrast, DFT1 has no recognisable sex
chromosomes, no Y genes, but on average 2 copies of X chromosome genes, indicating that it arose
in a female devil [8,9]. Further genetic tests using microsatellites, detection of somatic structural
variants previously identified in DFT1, and differences in MHC class 1 genetic structure all indicated
a second and independently derived transmissible tumour had arisen in the Tasmanian devil
population [6].
There are marked differences in chromosome rearrangements between DFT1 and DFT2, with
DFT2 having undergone relatively simple rearrangements compared to DFT1 [7]. Both have a 2n =
13 karyotype, compared to the 2n = 14 karyotype for Tasmanian devils, yet are otherwise dissimilar.
The major rearrangement proposed to have led to the highly rearranged DFT1 karyotype was the
end-to-end fusion of one homologue of chromosome 1 to the maternal copy of the X chromosome.
This fusion was most likely followed by a series of break–fusion–bridge cycles, which led to the
distinctive DFT1 karyotype, where a homologue of chromosomes 1, 4, 5, and both copies of the X
chromosome are unrecognisable due to extensive rearrangement [9–11]. In comparison, in DFT2 the
most notable rearrangement is the translocation of a chromosome 6 homologue into a chromosome 1
homologue [7]. Minor karyotype differences within DFT1 have arisen over time, leading to at least
four distinct karyotypic lineages [12]. No such lineages have yet been described for DFT2. Overall,
the DFT2 karyotype is more visibly similar to the Tasmanian devil karyotype compared to DFT1.
Interestingly, the key major rearrangement for both tumours appears to have arisen from the
fusion of a chromosome, with potentially eroded telomeres, to another chromosome. The unique
feature of devil and other dasyurid chromosomes is the presence of a telomere length dimorphism,
wherein their maternally derived chromosomes appear to have shorter telomeres, and paternal
chromosomes have longer telomeres [13]. The maternal X chromosome, the X homologue with short
telomeres, fused to chromosome 1 in DFT2 [10,11] and the homologue of chromosome 6 with short
telomeres translocated to chromosome 1 in DFT2 [7]. Whilst the telomere length dimorphism is not
observed in DFT1 [13], it is in DFT2 [7], leading us to hypothesise that a similar fate awaits the
telomeres of DFT2, wherein the telomere lengths will become more homogenized.
The discovery of DFT2 provides a unique opportunity missed with other transmissible cancers.
The original devil facial tumour (DFT1) only began to be investigated in earnest a decade after first
being reported [1]. Similarly, other wild occurring transmissible cancers are likely to have existed for
many years before discovery. Canine transmissible venereal tumour has existed for up to 11,000 years
[14–16]. Soft shell clams are affected by a transmissible leukemia, termed disseminated Neoplasia
[17], which was identified as a disease 40 years ago in the late 1970s, but could potentially be much
older [18,19]. Little is known about how any of these cancers have changed or adapted since their
emergence until the current day, due to a lack of information from when they were first discovered.
Comparisons between the older (DFT1) and younger (DFT2) transmissible tumours provide an
opportunity to investigate the evolution of transmissible tumours and to make predictions about the
evolutionary fate of the younger tumour. We used molecular cytogenetic mapping to provide more
detailed information on the extent of rearrangement of DFT2 chromosomes at a cytogenetic level. We
compared gene arrangement between DFT2 tumour cell lines established from different individuals
to observe how DFT2 is evolving. We performed long-term cell culture experiments, up to 200
population doublings (pd), to investigate changes in the telomere landscape over time, and predict
whether DFT2 might also undergo a homogenization of telomere length. We also investigated broad
patterns of DNA methylation using immunofluorescence between DFT2 strains, and within the longterm cell culture to determine whether there are any changes in global DNA methylation patterns.
Our aim was to understand and predict the past and future evolution of DFT2. We propose that
a silencing of the centromere of the rearranged chromosome 6 in DFT2 circumvented the necessity
for further rearrangement through breakage–fusion–bridge cyles that led to the highly rearranged
DFT1 chromosomes. Rearrangements in both DFT1 and DFT2 have involved chromosomes with
short telomeres, implicating these as an important mechanism in the formation of these tumours.
DFT2 is evolving, and at least two karyotypic lineages can be detected by gene mapping. We predict
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that, over time, the telomere length dimorphism will homogenize in DFT2, as occurred in DFT1, and
we anticipate that maintenance of telomere lengths will reduce the chance of further substantial
rearrangements in DFT2.
2. Materials and Methods
2.1. Preparation of DFT2 Metaphase Chromosomes
DFT2 cell lines TD_500, TD_549, and TD_554 provided by Professor Greg Woods (University of
Tasmania) were grown in AmnioMAX-C100 (Thermo Fisher Australia Pty Ltd, Scoresby, Victoria,
Australia) at 35 °C with 5% CO2. Metaphase chromosomes were harvested following synchronization
with colcemid (10 μg/mL) for 1 h, incubation for 15 min at 37 °C in 33% (v/v) fetal calf serum.
Metaphases were fixed with chilled methanol:acetic acid (3:1) according to standard technique. Cell
suspensions were dropped onto slides, air-dried, dehydrated through a 70% (v/v), 90% (v/v), 100%
(v/v) ethanol series (3 min in each) and aged overnight at 37 °C prior to hybridisation. Prepared
metaphase chromosomes for the cell line RV were provided on slides by Kate Swift (Department of
Primary Industries, Parks, Water and Environment; Tasmania).
2.2. Fluorescent in Situ Hybridization (FISH)
Bacterial artificial chromosomes (BAC) clones distributed across all six autosomes and the X
chromosome were selected as probes for FISH from those previously mapped to devil chromosomes
(Table S1) [9] or those isolated from the BAC library to fill in mapping gaps on chromosomes 2 and 5
identified in the previously published devil cytogenetic map [9].
To screen the VMRC-49 devil BAC library, overgo probes were designed for genes predicted to
fall within the mapping gaps identified on chromosomes 2 and 5. Genomic sequences for the genes
of interest were obtained from the Ensembl Devil_ref7.0 assembly for input into the Overgo Maker
program developed by The Genome Institute at Washington University. The specificity of each 40 bp
overgo probe was checked by BLASTN searches of the devil genome assembly to ensure that only
probes with a single match across the entire 40 bp were used for BAC library screening. Overgos used
for screening are listed in Table S1. VMRC-49 BAC library filters were screened with a pool of
radioactively labeled overgo probes as previously described [20,21]. End sequencing was performed
on BAC clones by Macrogen (Korea) using primers pCC1™ / pEpiFOS™ forward sequencing primer
(5′ GGATGTGCTGCAAGGCGATTAAGTTGG 3′) and pCC1™ / pEpiFOS™ reverse sequencing
Primer (5′ CTCGTATGTTGTGTGGAATTGTGAGC 3′). The BAC end sequences (Table S1) were used
as queries in BLASTN searches of the devil genome assembly to confirm the BAC contained the gene
of interest.
DNA from each BAC clone was extracted using the WIZARD Plus SV Minipreps DNA
Purification System (Promega, Alexandria, NSW, Australia) with a slightly modified protocol where
15 mL of pelleted BAC culture was resuspended, lysed and neutralized in double the volume
recommended by the manufacturer of each corresponding solution, and resulting supernatant was
added to the WIZARD spin column in two steps rather than one. Subsequent washing of the column
and DNA elution was carried out following the manufacturer’s protocol. Alternatively, BAC DNA
was extracted using the PhasePrep BAC DNA Kit (Sigma-Aldrich Pty Ltd, Castle Hill, NSW,
Australia) following the manufacturer’s protocol. BAC DNA was directly labeled by nick translation
with either Green or Orange dUTP (Abbott Molecular Inc., Des Plaines, IL, USA) and hybridized to
metaphase chromosomes following the previously described protocol [22]. Slides were washed to
remove unbound probe using the previously described protocol [9] and were mounted in Vectashield
with DAPI (4’,6-diamidino-2-phenylindole) (Vector Laboratories Inc., Burlingame, CA, USA).
Fluorescent signals and DAPI stained chromosomes were visualized on a Zeiss Axiocam Scope A1
epifluorescence microscope with an AxioCam Mrm Rev 3 CCD (Carl Zeiss Ltd, Cambridge, UK) and
using ISIS Fluorescence Imaging System software version 5.4.11 (Metasystems, Newton, MA, USA).
At least 10 metaphase spreads for each hydridization were captured for analysis. Flpter (fractional
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length p arm terminus) values [23] were determined by measuring chromosomes and position of
signals using Adobe Photoshop CC version 14.0 (Adobe Systems, Inc., San Jose, CA, USA).
2.3. C-banding
DFT2 chromosomes for three DFT2 cell lines (TD_500, TD_549, and TD_554) were C-banded
using the C-bands by Barium hydroxide using Giemsa (CBG) method [24,25]. Briefly, slides of fixed
metaphase chromosomes that had been aged at room temperature for 2 days were incubated in 0.2
N HCl for 40 min, rinsed in deionized water and denatured in 5% Ba(OH)2 for 10 min at 50 °C. Slides
were then rinsed in 0.2 N HCl and deionized water before renaturing in 2xSSC (Saline Sodium
Citrate) for 60 min at 60 °C. Chromosomes were stained with 4% Giemsa in 0.1 M phosphate buffer
for 30 min at room temperature. Stained slides were rinsed in deionized water, air-dried, and
mounted with DPX mounting medium (Sigma-Aldrich) and viewed under bright-field on a Zeiss
Axiocam Scope A1 epifluorescence microscope.
2.4. Long Term Cell Culture of DFT2 Cells
DFT2 TD_554 cells were used for long term cell culture. These cells were cultured in Gibco
AmnioMAX C-100 medium in T25 cm2 flasks, at 35 °C with 5% CO2. After reaching confluence, cell
cultures were washed with 1 mL of Gibco phosphate buffered saline pH 7.4 (PBS), treated with 1 mL
of Gibco 0.25% trypsin-EDTA and gently agitated, 9 mL of new AmnioMAX medium was added,
and cells were divided into two new flasks. DFT2 cells were cultured up to a population doubling
(pd) of 200. Cells were harvested and metaphase chromosomes prepared (as above) at pd of 5 and
200 after a three and a half hour incubation with 0.1 µg/mL of colcemid (Gibco Karyomax in Hanks'
Balanced Salt Solution; Thermo Fisher Australia Pty Ltd, Scoresby, Victoria, Australia).
2.5. DNA Methylation Immunofluorescence
Slides were denatured in 70 % (v/v) formamide in PBS for 1 min 40 s at 70 °C, then washed in
ice cold (−20 °C) 70 % (v/v) ethanol for 5 min, followed by a wash of 90% (v/v) ethanol then 100%
(v/v) ethanol, both at room temperature for 3 min each. Slides were briefly air dried before being
rehydrated in PBS-T (PBS with 0.03 % (v/v) Polysorbate 20) for 3 min. Slides were washed for 20 min
in 1% (w/v) Bovine Serum Albumin in PBST. Slides were incubated for 1 h at 37 °C with the anti-5methylcytosine (Clone 10G4) (Zymo Research, Irvine, CA, USA), diluted 1:200 in PBST, before being
washed twice for 5 min in PBST at room temperature. Slides were incubated for 1 h at 37 °C with
anti-mouse Cy3 antibody, diluted 1:500 in PBST, then washed twice for 5 min in PBST at room
temperature. The slides are then fixed in 4% (w/v) paraformaldehyde in PBS for 15 min at room
temperature, before being washed 3 times in PBST for 3 min at room temperature. Slides are air dried,
then mounted with DAPI in Vectashield (Vector Laboratories Inc., Burlingame, CA, USA).
Fluorescent staining was visualized on a Zeiss Axiocam Scope A1 epifluorescence microscope.
Images of 20 metaphase spreads from each sample where captured using an AxioCam Mrm Rev 3
CCD (Carl Zeiss Ltd, Cambridge, UK). Line scans of individual chromosomes were produced using
the ImageJ (1.52q) [26] RGB profile plot of the intensity of green (5-methylcytosine) and blue (DAPI)
pixels on a line drawn along the length of the chromosome.
2.6. Telomere PNA and Telomere Length Analysis
After undergoing 5-MeC staining, slides were rinsed in 2xSSC for 2 min at room temperature
and then underwent PNA FISH. Afterwards, these were observed under the fluorescence microscope
in the same microscopy session, to account for any changes in light intensity without using a
standard.
Telomere PNA FISH was performed as previously described [27]. Images were captured using
an AxioCam Mrm Rev.3 charged-coupled device camera (Carl Zeiss Ltd, Cambridge, UK) and ISIS
Fluorescence Imaging System software version 5.4.11 (Metasystems, Newton, MA, USA). For analysis
of telomere length, all images were captured with an exposure time of 3 s. Unedited images were
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exported as tagged image format (TIF) files and analysed using TFL-Telo telomere measurement and
analysis software [28] to measure telomere length for individual chromosomes. Measurements were
written in Excel and then transferred to R software for analysis. For statistical values, we used Welch’s
ANOVA and the Games-Howell post-hoc tests, due to broken assumptions of normality and
homogeneity of variance.
3. Results
We investigated DFT2 evolution in two ways, firstly by comparing gene order on DFT2
chromosomes from four different tumours and secondly by examining telomere length after 200
population doublings in vitro.
3.1. Chromosome Rearrangements in DFT2
We selected 57 BAC clones, spread across the autosomes and the X chromosome (Table S1), to
generate cytogenetic maps of DFT2 chromosomes. We compared the locations of these 57 BACs on
chromosomes prepared from four tumours taken from different individuals to identify any signs of
tumour evolution.
We confirmed the previously noted addition of chromosome 6 to one copy of chromosome 1
[6,7]. However, we detected differences in gene arrangement between samples obtained from
different individuals for the translocated chromosome 6 material. Tumours RV and TD_549 are
similar to each other with chromosome 6 material only on one side of the centromere, whereas
tumours TD_500 and TD_554 have chromosome 6 genes on either side of the centromere (Figure 1a–
h). We mapped genes PDE5A, SLC1A2, DMRT1, and ENS8760 from this chromosome 1 and 6 fusion
region to chromosomes from TD_554 grown in long-term culture to see if the region was prone to
continued rearrangement. Gene order was maintained in this region after 200 population doublings
(Figure 1i,j). The comparative gene mapping results determined that the translocated chromosome 6
was originally inserted just above the centromere on the short arm of chromosome 1 and likely to
have undergone at least one inversion, leading to the current arrangement in cell lines RV and TD_549
and a further two inversions to result in the arrangement observed in TD_500 and TD_554 (Figure
1k). C-banding was used to determine whether there was a heterochromatic band outside of the
centromere constriction on the derived DFT2 chromosome 1, corresponding to the centromere from
the translocated chromosome 6. A heterochromatic band is visible on the long arm of TD_549 (Figure
1l) but on the short arm of TD_500 and TD_554 (Figure 1m,n).
Other rearrangements on the der(1)t(1;6) chromosome include the addition of segments of
chromosome 3 as well as the duplication of the chromosome 1 short arm gene RAMP3 to the distal
end of the long arm of this chromosome (Figure 2), identifying a copy number gain not identified
from tumour sequencing (Table S1) [7]. A similar duplication of the long arm gene OSBP2 to the
telomeric end of the short arm but this duplication was also not detected by sequence analysis (Figure
2). Apart from these rearrangements, gene order resembles that of devil chromosome 1 [10] and that
of the other DFT2 chromosome 1.

Genes 2020, 11, 480

6 of 17

Figure 1. Rearrangement of translocated chromosome 6 region between all four tumour cell lines. (a–
d) Colocalisation of SLC1A2 (red) and ENS8670 (green) and (e–h) RAPGEF2 (red) and PDE5A (green).
Genes (i) DMRT1 (red) and PDE5A (green) and (j) SLC1A2 and ENS8670 (green) mapped onto TD_554
chromosomes at pd 200 demonstrating stability of the rearranged regions. (k) Tracing the evolution
of der(1)t(1;6) chromosome in DFT2. At least three inversions have taken place since the fusion of
translocation of chromosome 6 onto chromosome 1, resulting in two different der(1)t(1;6)
chromosomes observed when DFT2 cell lines are compared. Grey region corresponds to the
inactivated centromere from chromosome 6 observed on C-banded chromosomes. Putative
breakpoints are indicated by dotted lines and arrows indicated regions undergoing inversion. (l-n) Cbanding images of TD_549, TD_500 and TD_554 chromosomes respectively. Arrows indicate noncentromeric staining region on the der(1)t(1;6) chromosome. (l–m) Scale bar represents 10 μm (same
magnification for all images). Abbreviations: DFT2, devil facial tumour 2; pd, population doublings.
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Figure 2. Cytogenetic maps of Chromosome 1 (a) TD_549 and RV and (b) TD_500 and TD_554. Genes
indicated in red differ in copy number between the two copies of chromosome 1 or translocated from
a different chromosome. Flpter values (±1 standard deviation) are indicated by vertical lines beside
chromosomes. (c–f) Examples of FISH for genes NWD1 (red) and OSBP2 (green) for all four cell lines
showing the duplication of OSPB2. Scales bar represents 10 μm. Abbreviations: FISH, fluorescence in
situ hybridization; Flpter, fractional length p arm terminus.

The long arm of one homologue of chromosome 2 in DFT2 tumours is longer than the other. In
all four tumours examined, a copy of TCERG1L was missing from this region. In RV, TD_500 and
TD_554, this region contained genes duplicated from the short arm of chromosome 2 (ADRA1A,
R3HCC1, ADAM7) (Figure 3). These copy number loss and gains had previously been detected by
analysis of DFT2 sequence (Table S1) [7]. An additional difference was detected in TD_549, where
one copy of FSHR has translocated to chromosome 1 (Figure 3) but both copies of this gene are located
on the short arm of chromosome 2 in the other three tumour cell lines.
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Figure 3. Cytogenetic maps of Chromosome 2 (a) TD_549 (b) RV, TD_500 and TD_554. Genes
indicated in red differ in copy number between the two copies of chromosome 2. Flpter values (±1
standard deviation) are indicated by vertical lines beside chromosomes. (c–f) In RV, TD_500 and
TD_554, ADRA1A (red) and CBFA2T3 (green) are duplicated, mapping to both ends of one copy of
chromosome 2, but have not been duplicated in TD_549. (g–j) In RV, TD_500, and TD_554, FSHR
(green) and ABS7 (red) are located on the short and long arms respectively of both chromosome 2
homologues. In TD_549, one copy of FSHR has translocated to the short arm of chromosome 1 Scale
bar represents 10 μm.

A consistent size difference between chromosome 3 homologues was also detected, as well as
the translocation of the short arm gene DCUN1D1 to the long arm of chromosome 3 homologue
(Figure 4a and 4b). In addition, the chromosome 1 gene NCLN is present not only on both copies of
chromosome 1 but on both homologues of chromosome 3 (Figure 4c), a copy number gain not
detected by sequence analysis. The only other difference between devil and DFT2 chromosomes was
detected for one homologue of chromosome 5, which was missing copies of long arm genes FGL2
(Figure 4d) and ADARB2 (Figure 4e). These copy number losses were also detected by sequence
analysis (Table S1) [7].
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Figure 4. (a) Cytogenetic maps of Chromosomes 3 to X. Genes indicated in red differ in copy number
between the two copies of chromosome 2. Flpter values (±1 standard deviation) are indicated by
vertical lines beside chromosomes. Chromosome 1 material on chromosome 3 is indicated in yellow.
(b–e) Examples of FISH results for genes with differences between chromosome homologues. Scales
bar represents 10 μm.

We analysed anti-5-methylcytosine antibody staining to determine whether rearrangements
impacted on global DNA methylation (5’methylcytosine). Broad patterns of DNA methylation were
similar to those observed in past Tasmanian devils and DFT1 metaphases observed [11,26], where
strong methylation signals at the ends of chromosomes and light segmented staining throughout the
chromosome body were observed. Variability in 5’methylcytosine staining between metaphase
spreads from the same sample (same slide) made it difficult to determine if there were differences in
methylation patterns between the three DFT2 tumour cell lines TD_554, TD_549, or TD_500 (Figure
S1) or between pd 5 and 200 for TD_554.
3.2. Telomere Length in DFT2 over Time
We analysed telomere length change in the context of telomere length dimorphism, which
defined the devil telomeric landscape. For chromosomes prepared at pd 5, there is a large variance
between the ‘short’ and ‘long’ subset of telomeres (Figure 5). How these change over time is
dependent to which subset they belong, with initial mean telomere fluorescence unit (TFU) being a
strong predictor for change in TFU (Figure S2). Long telomeres undergo a drastic reduction in
telomere length, an average decrease of −3787 TFUs. Short telomeres instead see a more modest
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increase in telomere length averaging 602 TFUs. This effect is diminished on both the X and Y
chromosomes, which have both the smallest increase and decrease in TFU for their length groups
respectively (22 for X and −1664 for Y), and also the least significant changes for their groups (Table
1). Welch’s ANOVA found significant differences between our groups (p < 2 × 10−16), summarized by
the Games-Howell post-hoc test (Table 1). Overall telomere length has begun to homogenize by pd
200, with telomere length dimorphism being far less pronounced (Figure 5). Corroborating the
increase in short telomere length, we also notice a decrease in the total number of signals below
detection limits over time. Short telomeres begin with almost a third (32.2%) of their telomere signals
below detection limits at pd 5, but this number decreases to 7.9% by pd 200. Conversely, the number
of signals below detection limits in the long telomere group is relatively low at both time points, but
with a slight decrease over time as well (1.1% to 0.4%, Table 2).

Figure 5. The telomere fluorescence units (TFUs) of individual chromosomes from TD_554 cells sorted
by chromosome number, population doubling, and length subset of the telomeres, creating a series
of boxplots displaying TFUs for each of these. The long subset of telomeres are represented in blue,
and the short subset in green. Population doubling 5 is represented to the left of the red dashed line
in the middle, and population doubling 200 to the right of this same line. Within both population
doublings, data are sorted in numerical order of chromosomes, ending with the X and Y
chromosomes.
Table 1. Average change in TFU from pd 5 to pd 200 in each chromosome and length subset, and pvalues for Games-Howell post-hoc comparisons between pd 5 and 200.
Chromosome

1

2

3

4

5

6

Short

789.3

405.5

957.1

743.1

692.6

n/a

p-value

0.356

0.799

<0.001

0.003

0.145

n/a

Long

−3662.7

−2960.4

−3628.9

−4545.4

−4032.5

−5765.1

p-value

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

X/Y
22.3
(X)
1.000
(X)
−1663.7
(Y)
0.131
(Y)

Average
601.7
−3787.0
-
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Table 2. Number of telomeres signals below detection limits.

pd 5
pd 200

All telomeres

Short subset

Long subset

137 (15.6%)
38 (3.9%)

132 (32.2%)
36 (7.9%)

5 (1.1%)
2 (0.4%)

4. Discussion
We have combined information from cytogenetic mapping and telomere length analysis to
provide insight into the evolution of DFT2 tumours and predict similarities and differences in the
evolutionary trajectories of DFT1 and DFT2.
4.1. Comparison of DFT1 and DFT2 Origin and Evolution
A comparison of gene order on the derived chromosome 1 in DFT2 suggests that it originated
from the fusion of chromosome 6 into a position just above the centromere on chromosome 1. No
interstitial telomeric signals were detected suggesting that the chromosome 6 telomeres may have
already eroded. This interpretation provides a mechanism for the triggering of its rearrangement and
potentially the carcinogenesis of DFT2, and also fits with our understanding that the rearranged
chromosome 6 belonged to the ‘short’ telomere set of chromosomes. Although the translocated
chromosome 6 has undergone at least two inversions during the evolution of DFT2 (Figure 1), the
chromosome has not experienced the extensive rearrangement observed on the chromosome derived
from an end-to-end fusion of chromosomes 1 and X in DFT1. We suggest that the difference between
DFT1 and DFT2 in the level of rearrangement of these derived chromosomes is due to the fate of the
second centromere. In DFT1, the two centromeres on the dicentric chromosome resulted in a series
of breakage–fusion–bridge cycles that persisted until the second centromere was lost and resulting
in an extensively derived chromosome (Figure 6). In contrast, we posit that the centromere derived
from chromosome 6 in DFT2 was inactivated relatively early in the history of this dicentric
chromosome, leading to stabilisation of the chromosome.

Figure 6. Dicentric chromosome formation in DFT1 and DFT2. In DFT1, the dicentric chromosome
formed from the fusion of chromosome 1 and X is proposed to have led to a series of breakage–fusion–
bridge cycles until a single active centromere remained. The translocation of chromosome 6 onto
chromosome 1 in DFT2 was followed by the inactivation of the chromosome 6 centromere.
Abbreviations: DFT1, devil facial tumour 1. DFT2, devil facial tumour 2.
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Although the karyotypes are for the most part, relatively stable, DFT1 and DFT2 both show signs
of karyotypic evolution. We detected evolution of DFT2 chromosomes 1 and 2 occurring. There are
clearly at least two distinct karyotypic lineages of DFT2, where the most notable difference is position
of the translocated chromosome 6 in regards to the centromere. One lineage is represented by
tumours RV and TD_549, where the chromosome 6 material is on one side of the centromere. The
other lineage is represented by TD_500 and TD_554, due to at least one inversion occurring since
these two lineages diverged. The absence of further rearrangement of this region after long-term
culture of TD_554 suggests the translocated region is now stable.
Evolution of karyotypically distinct lineages of DFT1 has been implicated in differences in
transmission and epidemiology of the disease [29]. It will be important to monitor DFT2 lineages for
any differences in tumour transmission and impacts on epidemiology. At this stage, DFT2 has a
limited geographic distribution and a seemingly low infection rate compared to DFT1 [30]. The
karyotypic difference between the two DFT2 lineages is difficult to detect without the use of
molecular cytogenetics to distinguish the position of the chromosome 6 genes, meaning that
monitoring of these two lineages as they spread through the population will require continued use
of FISH probes on metaphase chromosomes. Alternatively, a PCR-based diagnostic test may be able
to be developed if sequence analysis is able to detect the diagnostic rearrangement breakpoints.
4.2. Telomere Length in DFT2 Cell Culture
In DFT2, we provide evidence that telomere length has been homogenizing in cell culture over
a time span of 195 population doublings. This is especially apparent on the longer subset of telomeres,
which have a marked reduction in TFU. The shorter subset of telomeres are not only maintained, but
show a slight increase in average TFU, as well as a drastic reduction in the relative number of signals
below detection limits (Table 2). Early experiments using telomere PNA FISH in human fetal liver,
adult bone marrow, and myeloid leukemia cells observed a similar phenomenon, wherein telomere
lengths had a skewed distribution with bias towards short, but not critically short, telomeres,
suggesting either a selection bias towards ‘healthy cells’ without critically short telomeres, or that
short telomeres were being maintained [31]. Our results are consistent with, and predicted by, current
knowledge and theory on telomeres. Telomeres are eroded due to cell divisions [32,33] and oxidative
damage [34,35]. Due to the larger area of longer telomeres, these are more likely to be targeted by free
radicals, causing longer telomeres to have faster attrition rates [36,37]. Conversely, the telomere
lengthening enzyme telomerase will preferentially target the shortest telomeres [38–40]. Together,
these would suggest an effect of telomere length homogenizing over time in cells with sufficient
telomerase activity, wherein the longer telomeres are shortened, and the shorter telomeres are either
maintained or slightly lengthened. On top of our own results, this effect has been observed in other
studies [41,42].
The telomere length homogenization we observed provides a reasonable explanation for what
happened in DFT1. It is probable that DFT1 originally exhibited the telomere length dimorphism,
which would have been present in the original host animal, but this dimorphism disappeared over
time due to homogenizing effects by the time researchers investigated its telomere distribution [13].
That we observe telomere length dimorphism in DFT2, but not DFT1, may be indicative of having
caught DFT2 tumours early on in their long-term potential spread and development. Given enough
time, we predict that the wild DFT2 tumours will undergo the same telomere length homogenization
process. If this is true, it would provide evidence of homogenization of telomere length occurring in
vivo. Homogenization effects have generally been observed in vitro, where homogenization occurs
over time during cell culture conditions [41–43].
Telomere measurements taken in vivo tend to have more noticeable heterogeneity [44,45]. This
is probably a result of two things. The first is the effects on telomerase expression and telomere
shortening in cell culture. Most highly proliferating cells used in cell culture will express higher
telomerase levels [46], and this is especially true for immortalised or cancer cells [47]. This is
exacerbated by the increased proliferation of cells in cell culture, itself associated with an increase in
telomerase expression [48]. Further, the in vitro cell culture environment provides a much more
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‘stressful’ and pro-oxidant environment than in vivo conditions, which is likely to affect the
shortening rate of telomeres [49]. The second is that telomere length heterogeneity is partially
established both by heritability of telomere lengths from contributing parents [50–54], but also by
processes either in the germline or during development that may further alter telomere length and
heterogeneity [55–57]. DFT1 and DFT2 are likely to be unusual cases due to their cancerous nature,
possessing a much more rapid growth of cells than usual and bypassing normal reproductive
processes. This could explain why homogenization of telomere lengths was observed in DFT1 when
it is rarely observed in live animals or individuals.
Interestingly we also noticed a diminished change in TFU in both sex chromosomes, particularly
the Y. For both the ‘short’ and ‘long’ subgroups, they have either the smallest increase or decrease in
TFU over time. This observation could simply reflect the heterogeneity of telomere dynamics of
individual chromosomes [58], but it is suspicious that the Y chromosome stands so far apart from
other ‘long’ telomere chromosomes in its shortening rate. What differentiates the Y chromosome from
other chromosomes is a lack of visible methylation using immunofluorescence staining. All other
chromosomes in DFT2 (Figure S1), DFT1 and Tasmanian devils have noticeable DNA methylation at
the proximal ends of chromosomes [11,27], yet little to no signal is observed on the Y (Figure S1).
Could the methylation status of subtelomeric DNA be playing a role in telomere attrition rates for
the DFT2 Y chromosome? Subtelomeric methylation is known to regulate the homeostasis of telomere
length [59]. In mice, a lack of subtelomeric methylation led to an increase in telomere length, as a
result of increased recombination [60]. Yet in human cells increased DNA methylation at
subtelomeric loci has been associated with increased leukocyte telomere length [61], or has been
associated with increased telomere length as a result of artificially increased subtelomeric
methylation [62]. It is difficult to draw parallels with these findings. Does the Y chromosome have
increased levels of recombination which offset the shortening rate? Ultimately, we need more
targeted information about the subtelomeric methylation of Tasmanian devil and DFT2
chromosomes to ascertain whether this is playing a part in the homeostasis of the Y chromosome’s
telomeres, and whether this is specific to DFT2 or Tasmanian devils in general.
Cytogenetic mapping has allowed us to predict the processes of chromosomal rearrangements
that led to DFT1 and DFT2. Unlike the more rearranged DFT1, DFT2 has avoided significant
rearrangement, such as through a breakage–fusion–bridge cycle. We propose that this is due to the
silencing of the rearranged chromosome 6 centromere. We further detect two distinct lineages of
DFT2 using gene mapping. This has parallels to DFT1, which has at least four distinct lineages based
on minor karyotype differences [12]. There is evidence that these lineages can evolve independently,
with one lineage having undergone human induced selection on the Forestier Peninsula in Tasmania,
leading to a predominantly tetraploid lineage that is able to escape detection for longer [63].
Monitoring of the spread of DFT2 and its lineages will be necessary to track the evolution of DFT2.
Developing a tool, such as a PCR test, to distinguish these lineages without using FISH would make
it easier to track the spread of the lineages. Our in vitro cell culture experiments predict that telomere
lengths in DFT2 are not only likely to homogenize over time, but will also become stable and be
maintained. Without telomere length shortening to induce chromosomal instability, there is a
significantly reduced chance of further major rearrangements occurring in DFT2. DFT1, which has
also maintained its telomeres, has had no major rearrangements in the time it has been observed, and
we may expect DFT2 to be similar in that respect.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/11/5/480/s1, Figure
S1: Broad methylation patterns across the karyotypes of three DFT2 tumours, Figure S2: Plot of the changes in
TFU between population doublings 5 and 200 for each chromosome. Table S1: Devil BAC clone information.
Author Contributions: Conceptualization, E.D.I. and J.E.D.; methodology, E.D.I. and J.E.D.; formal analysis,
E.D.I. and J.E.D.; writing—original draft preparation, E.D.I.; writing—review and editing, E.D.I. and J.E.D.;
supervision, J.E.D.; project administration, J.E.D.; funding acquisition, J.E.D. All authors have read and agreed
to the published version of the manuscript.
Funding: This research received no external funding.

Genes 2020, 11, 480

14 of 17

Acknowledgments: We thank Greg Woods (Menzies Institute, University of Tasmania) for kindly providing
DFT2 cell lines (TD_500, TD_549 and TD_554) and Kate Swift for metaphase chromosome preparations of RV.
We thank Maya Kruger-Andrzejewska, Barrie Titauleur, Tanya Skinner, Kali Notaras and Jenny McKnight for
assistance with BAC mapping experiments.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.

2.

3.
4.
5.

6.

7.

8.

9.

10.
11.
12.

13.

14.

15.
16.

Hawkins, C.E.; Baars, C.; Hesterman, H.; Hocking, G.J.; Jones, M.E.; Lazenby, B.; Mann, D.; Mooney, N.;
Pemberton, D.; Pyecroft, S.; et al. Emerging disease and population decline of an island endemic, the
Tasmanian devil Sarcophilus harrisii. Biol. Conserv. 2006, 131, 307–324, doi:10.1016/j.biocon.2006.04.010.
Lazenby, B.T.; Tobler, M.W.; Brown, W.E.; Hawkins, C.E.; Hocking, G.J.; Hume, F.; Huxtable, S.; Iles, P.;
Jones, M.E.; Lawrence, C.; et al. Density trends and demographic signals uncover the long-term impact of
transmissible cancer in Tasmanian devils. J. Appl. Ecol. 2018, 55, 1368–1379, doi:10.1111/1365–2664.13088.
Pearse, A.M.; Swift, K. Allograft theory: Transmission of devil facial-tumour disease. Nature 2006, 439, 549,
doi:10.1038/439549a.
Hamede, R.K.; McCallum, H.; Jones, M. Biting injuries and transmission of Tasmanian devil facial tumour
disease. J. Anim. Ecol. 2013, 82, 182–190, doi:10.1111/j.1365-2656.2012.02025.x.
Siddle, H.V.; Kreiss, A.; Tovar, C.; Yuen, C.K.; Cheng, Y.Y.; Belov, K.; Swift, K.; Pearse, A.M.; Hamede, R.;
Jones, M.E.; et al. Reversible epigenetic down-regulation of MHC molecules by devil facial tumour disease
illustrates immune escape by a contagious cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 5103–5108,
doi:10.1073/pnas.1219920110.
Pye, R.J.; Pemberton, D.; Tovar, C.; Tubio, J.M.C.; Dun, K.A.; Fox, S.; Darby, J.; Hayes, D.; Knowles, G.W.;
Kreiss, A.; et al. A second transmissible cancer in Tasmanian devils. Proc. Natl. Acad. Sci. USA 2016, 113,
374–379, doi:10.1073/pnas.1519691113.
Stammnitz, M.R.; Coorens, T.H.H.; Gori, K.C.; Hayes, D.; Fu, B.; Wang, J.; Martin-Herranz, D.E.;
Alexandrov, L.B.; Baez-Ortega, A.; Barthorpe, S.; et al. The origins and vulnerabilities of two transmissible
cancers in Tasmanian devils. Cancer Cell 2018, 33, 607.e615–619.e615, doi:10.1016/j.ccell.2018.03.013.
Murchison, E.P.; Schulz-Trieglaff, O.B.; Ning, Z.M.; Alexandrov, L.B.; Bauer, M.J.; Fu, B.Y.; Hims, M.; Ding,
Z.H.; Ivakhno, S.; Stewart, C.; et al. Genome sequencing and analysis of the Tasmanian Devil and its
transmissible cancer. Cell 2012, 148, 780–791, doi:10.1016/j.cell.2011.11.065.
Deakin, J.E.; Bender, H.S.; Pearse, A.M.; Rens, W.; O'Brien, P.C.M.; Ferguson-Smith, M.A.; Cheng, Y.Y.;
Morris, K.; Taylor, R.; Stuart, A.; et al. Genomic restructuring in the Tasmanian devil facial tumour:
Chromosome painting and gene mapping provide clues to evolution of a transmissible tumour. PLoS Genet.
2012, 8, 16, doi:10.1371/journal.pgen.1002483.
Taylor, R.L.; Zhang, Y.R.; Schoning, J.P.; Deakin, J.E. Identification of candidate genes for devil facial
tumour disease tumourigenesis. Sci. Rep. 2017, 7, 12, doi:10.1038/s41598-017-08908-9.
Ingles, E.D.; Deakin, J.E. Global DNA methylation patterns on marsupial and devil facial tumour
chromosomes. Mol. Cytogenet. 2015, 8, 74, doi:10.1186/s13039-015-0176-x.
Pearse, A.M.; Swift, K.; Hodson, P.; Hua, B.; McCallum, H.; Pyecroft, S.; Taylor, R.; Eldridge, M.D.B.; Belov,
K. Evolution in a transmissible cancer: A study of the chromosomal changes in devil facial tumor (DFT) as
it spreads through the wild Tasmanian devil population. Cancer Genet. 2012, 205, 101–112,
doi:10.1016/j.cancergen.2011.12.001.
Bender, H.S.; Murchison, E.P.; Pickett, H.A.; Deakin, J.E.; Strong, M.A.; Conlan, C.; McMillan, D.A.;
Neumann, A.A.; Greider, C.W.; Hannon, G.J.; et al. Extreme telomere length dimorphism in the Tasmanian
devil and related marsupials suggests parental control of telomere length. PLoS ONE 2012, 7, 10,
doi:10.1371/journal.pone.0046195.
Strakova, A.; Leathlobhair, M.N.; Wang, G.D.; Yin, T.T.; Airikkala-Otter, I.; Allen, J.L.; Allum, K.M.; BansseIssa, L.; Bisson, J.L.; Domracheva, A.C.; et al. Mitochondrial genetic diversity, selection and recombination
in a canine transmissible cancer. eLife 2016, 5, 25, doi:10.7554/eLife.14552.
Rebbeck, C.A.; Thomas, R.; Breen, M.; Leroi, A.M.; Burt, A. Origins and evolution of a transmissible cancer.
Evolution 2009, 63, 2340–2349, doi:10.1111/j.1558–5646.2009.00724.x.
Murchison, E.P.; Wedge, D.C.; Alexandrov, L.B.; Fu, B.Y.; Martincorena, I.; Ning, Z.M.; Tubio, J.M.C.;
Werner, E.I.; Allen, J.; De Nardi, A.B.; et al. Transmissable dog cancer genome reveals the origin and history
of an ancient cell lineage. Science 2014, 343, 437–440, doi:10.1126/science.1247167.

Genes 2020, 11, 480

17.
18.
19.
20.
21.

22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.
33.
34.
35.
36.

37.

38.

15 of 17

Metzger, M.J.; Reinisch, C.; Sherry, J.; Goff, S.P. Horizontal transmission of clonal cancer cells causes
leukemia in soft-shell clams. Cell 2015, 161, 255–263, doi:10.1016/j.cell.2015.02.042.
Yevich, P.P.; Barszcz, C.A. Neoplasia in soft-shell clams (My a arenaria) collected from oil-impacted sites.
Anna. N. Y. Acad. Sci. 1978, 298, 409–426.
Brown, R.S.; Wolke, R.E.; Saila, S.B.; Brown, C.W. Prevalence of neoplasia in 10 New England populations
of the soft-shell clam (Mya arenaria). Anna. N. Y. Acad. Sci. 1978, 298, 522–534.
Deakin, J.E.; Siddle, H.V.; Cross, J.G.R.; Belov, K.; Graves, J.A.M. Class I genes have split from the MHC in
the tammar wallaby. Cytogenet. Genome Res. 2007, 116, 205–211, doi:10.1159/000098188.
Deakin, J.E.; Koina, E.; Waters, P.D.; Doherty, R.; Patel, V.S.; Delbridge, M.L.; Dobson, B.; Fong, J.; Hu, Y.Q.;
van den Hurk, C.; et al. Physical map of two tammar wallaby chromosomes: A strategy for mapping in
non-model mammals. Chromos. Res. 2008, 16, 1159–1175, doi:10.1007/s10577–008–1266-y.
Alsop, A.E.; Miethke, P.; Rofe, R.; Koina, E.; Sankovic, N.; Deakin, J.E.; Haines, H.; Rapkins, R.W.; Marshall
Graves, J.A. Characterizing the chromosomes of the Australian model marsupial Macropus eugenii
(tammar wallaby). Chromos. Res. 2005, 13, 627–636, doi:10.1007/s10577–005–0989–2.
Lichter, P.; Tang, C.J.C.; Call, K.; Hermanson, G.; Evans, G.A.; Housman, D.; Ward, D.C. High-resolution
mapping of human chromosome-11 by insitu hybridization with cosmid clones. Science 1990, 247, 64–69,
doi:10.1126/science.2294592.
Sumner, A.T. A simple technique for demonstrating centromeric heterochromatin. Exp. Cell Res. 1972, 75,
304–306, doi:10.1016/0014-4827(72)90558-7.
Ezaz, T.; Quinn, A.E.; Miura, I.; Sarre, S.D.; Georges, A.; Graves, J.A.M. The dragon lizard Pogona vitticeps
has ZZ/ZW micro-sex chromosomes. Chromos. Res. 2005, 13, 763–776, doi:10.1007/s10577-005-1010-9.
26. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat.
Methods 2012, 9, 671–675. doi:10.1038/nmeth.2089
Ingles, E.D.; Deakin, J.E. The methylation and telomere landscape in two families of marsupials with
different rates of chromosome evolution. Chromos. Res. 2018, 26, 317–332, doi:10.1007/s10577-018-9593-0.
28. Poon, S.S.S.; Martens, U.M.; Ward, R.K.; Lansdorp, P.M. Telomere length measurements using digital
fluorescence microscopy. Cytometry 1999 36, 267–278.
Hamede, R.K.; Pearse, A.M.; Swift, K.; Barmuta, L.A.; Murchison, E.P.; Jones, M.E. Transmissible cancer in
Tasmanian devils: Localized lineage replacement and host population response. Proc. R. Soc. B-Biol. Sci.
2015, 282, 122–128, doi:10.1098/rspb.2015.1468.
30. James, S.; Jennings, G.; Kwon, Y.M.; Stammnitz, M.; Fraik, A.; Storfer, A.; Comte, S.; Pemberton, D.;
Fox, S.; Brown, B.; et al. Tracing the rise of malignant cell lines: Distribution, epidemiology and
evolutionary interactions of two transmissible cancers in Tasmanian devils. Evol. Appl. 2019, 12, 1772–1780.
doi: 10.1111/eva.12831
Lansdorp, P.M.; Verwoerd, N.P.; vandeRijke, F.M.; Dragowska, V.; Little, M.T.; Dirks, R.W.; Raap, A.L.;
Tanke, H.J. Heterogeneity in telomere length of human chromosomes. Hum. Mol. Genet. 1996, 5, 685–691,
doi:10.1093/hmg/5.5.685.
Olovnikov, A.M. Principle of marginotomy in template synthesis of polynucleotides. Doklady Akademii nauk
SSSR 1971, 201, 1496–1499.
Olovnikov, A.M. Telomeres, telomerase, and aging: Origin of the theory. Exp. Gerontol. 1996, 31, 443–448,
doi:10.1016/0531-5565(96)00005-8.
Von Zglinicki, T. Oxidative stress shortens telomeres. Trends Biochem. Sci. 2002, 27, 339–344,
doi:10.1016/s0968-0004(02)02110-2.
Richter, T.; von Zglinicki, T. A continuous correlation between oxidative stress and telomere shortening in
fibroblasts. Exp. Gerontol. 2007, 42, 1039–1042, doi:10.1016/j.exger.2007.08.005.
Salomons, H.M.; Mulder, G.A.; van de Zande, L.; Haussmann, M.F.; Linskens, M.H.K.; Verhulst, S.
Telomere shortening and survival in free-living corvids. Proc. R. Soc. B-Biol. Sci. 2009, 276, 3157–3165,
doi:10.1098/rspb.2009.0517.
Verhulst, S.; Aviv, A.; Benetos, A.; Berenson, G.S.; Kark, J.D. Do leukocyte telomere length dynamics
depend on baseline telomere length? An analysis that corrects for 'regression to the mean'. Eur. J. Epidemiol.
2013, 28, 859–866, doi:10.1007/s10654-013-9845-4.
Sabourin, M.; Tuzon, C.T.; Zakian, V.A. Telomerase and Tel1p preferentially associate with short telomeres
in S-cerevisiae. Mol. Cell 2007, 27, 550–561, doi:10.1016/j.molcel.2007.07.016.

Genes 2020, 11, 480

39.

40.
41.
42.

43.

44.
45.

46.
47.

48.

49.
50.

51.

52.

53.

54.
55.

56.
57.
58.
59.

16 of 17

Teixeira, M.T.; Arneric, M.; Sperisen, P.; Lingner, J. Telomere length homeostasis is achieved via a switch
between telomerase-extendible and -nonextendible states. Cell 2004, 117, 323–335, doi:10.1016/s00928674(04)00334-4.
Bianchi, A.; Shore, D. How telomerase reaches its end: Mechanism of telomerase regulation by the telomeric
complex. Mol. Cell 2008, 31, 153–165, doi:10.1016/j.molcel.2008.06.013.
Londoño-Vallejo, J.A.; DerSarkissian, H.; Cases, L.; Thomas, G. Differences in telomere length between
homologous chromosomes in humans. Nucleic Acids Res. 2001, 29, 3164–3171, doi:10.1093/nar/29.15.3164.
Ouellette, M.M.; Liao, M.; Herbert, B.S.; Johnson, M.; Holt, S.E.; Liss, H.S.; Shay, J.W.; Wright, W.E.
Subsenescent telomere lengths in fibroblasts immortalized by limiting amounts of telomerase. J. Biol. Chem.
2000, 275, 10072–10076, doi:10.1074/jbc.275.14.10072.
Zhdanova, N.S.; Draskovic, I.; Minina, J.M.; Karamysheva, T.V.; Novo, C.L.; Liu, W.Y.; Porreca, R.M.;
Gibaud, A.; Zvereva, M.E.; Skvortsov, D.A.; et al. Recombinogenic telomeres in diploid Sorex granarius
(Soricidae, Eulipotyphla) fibroblast cells. Mol. Cell. Biol. 2014, 34, 2786–2799, doi:10.1128/mcb.01697-13.
Martens, U.M.; Zijlmans, J.; Poon, S.S.S.; Dragowska, W.; Yui, J.; Chavez, E.A.; Ward, R.K.; Lansdorp, P.M.
Short telomeres on human chromosome 17p. Nat. Genet. 1998, 18, 76–80, doi:10.1038/ng0198-018.
Zijlmans, J.; Martens, U.M.; Poon, S.S.S.; Raap, A.K.; Tanke, H.J.; Ward, R.K.; Lansdorp, P.M. Telomeres in
the mouse have large inter-chromosomal variations in the number of T(2)AG(3) repeats. Proc. Natl. Acad.
Sci. USA 1997, 94, 7423–7428, doi:10.1073/pnas.94.14.7423.
Greider, C.W. Telomerase activity, cell proliferation, and cancer. Proc. Natl. Acad. Sci. USA 1998, 95, 90–92,
doi:10.1073/pnas.95.1.90.
Kim, N.W.; Piatyszek, M.A.; Prowse, K.R.; Harley, C.B.; West, M.D.; Ho, P.L.C.; Coviello, G.M.; Wright,
W.E.; Weinrich, S.L.; Shay, J.W. Specific association of human telomerase activity with immortal cells and
cancer. Science 1994, 266, 2011–2015, doi:10.1126/science.7605428.
Belair, C.D.; Yeager, T.R.; Lopez, P.M.; Reznikoff, C.A. Telomerase activity: A biomarker of cell
proliferation, not malignant transformation. Proc. Natl. Acad. Sci. USA 1997, 94, 13677–13682,
doi:10.1073/pnas.94.25.13677.
Halliwell, B. Oxidative stress in cell culture: An under-appreciated problem? FEBS Lett. 2003, 540, 3–6,
doi:10.1016/s0014-5793(03)00235-7.
Honig, L.S.; Kang, M.S.; Cheng, R.; Eckfeldt, J.H.; Thyagarajan, B.; Leiendecker-Foster, C.; Province, M.A.;
Sanders, J.L.; Perls, T.; Christensen, K.; et al. Heritability of telomere length in a study of long-lived families.
Neurobiol. Aging 2015, 36, 2785–2790, doi:10.1016/j.neurobiolaging.2015.06.017.
Olsson, M.; Pauliny, A.; Wapstra, E.; Uller, T.; Schwartz, T.; Blomqvist, D. Sex differences in sand lizard
telomere inheritance: Paternal epigenetic effects increases telomere heritability and offspring survival. PLoS
ONE 2011, 6, 8, doi:10.1371/journal.pone.0017473.
Broer, L.; Codd, V.; Nyholt, D.R.; Deelen, J.; Mangino, M.; Willemsen, G.; Albrecht, E.; Amin, N.; Beekman,
M.; de Geus, E.J.C.; et al. Meta-analysis of telomere length in 19 713 subjects reveals high heritability,
stronger maternal inheritance and a paternal age effect. Eur. J. Hum. Genet. 2013, 21, 1163–1168,
doi:10.1038/ejhg.2012.303.
Delgado, D.A.; Zhang, C.N.; Gleason, K.; Demanelis, K.; Chen, L.S.; Gao, J.J.; Roy, S.; Shinkle, J.;
Sabarinathan, M.; Argos, M.; et al. The contribution of parent-to-offspring transmission of telomeres to the
heritability of telomere length in humans. Hum. Genet. 2019, 138, 49–60, doi:10.1007/s00439-018-1964-2.
Atema, E.; Mulder, E.; Dugdale, H.L.; Briga, M.; van Noordwijk, A.J.; Verhulst, S. Heritability of telomere
length in the Zebra Finch. J. Ornithol. 2015, 156, 1113–1123, doi:10.1007/s10336-015-1212-7.
Ozturk, S.; Sozen, B.; Demir, N. Telomere length and telomerase activity during oocyte maturation and
early embryo development in mammalian species. Mol. Hum. Reprod. 2014, 20, 15–30,
doi:10.1093/molehr/gat055.
Ozturk, S. Telomerase activity and telomere length in male germ cells. Biol. Reprod. 2015, 92, 11,
doi:10.1095/biolreprod.114.124008.
Kosebent, E.G.; Uysal, F.; Ozturk, S. Telomere length and telomerase activity during folliculogenesis in
mammals. J. Reprod. Dev. 2018, 64, 477–484, doi:10.1262/jrd.2018-076.
Gilson, E.; Londono-Vallejo, A. Telomere length profiles in humans: All ends are not equal. Cell Cycle 2007,
6, 2486–2494, doi:10.4161/cc.6.20.4798.
Hu, H.C.; Li, B.; Duan, S.W. The alteration of subtelomeric DNA methylation in aging-related diseases.
Front. Genet. 2019, 9, 8, doi:10.3389/fgene.2018.00697.

Genes 2020, 11, 480

60.

61.

62.

63.

17 of 17

Gonzalo, S.; Jaco, I.; Fraga, M.F.; Chen, T.P.; Li, E.; Esteller, M.; Blasco, M.A. DNA methyltransferases
control telomere length and telomere recombination in mammalian cells. Nat. Cell Biol. 2006, 8, U416–U466,
doi:10.1038/ncb1386.
Buxton, J.L.; Suderman, M.; Pappas, J.J.; Borghol, N.; McArdle, W.; Blakemore, A.I.F.; Hertzman, C.; Power,
C.; Szyf, M.; Pembrey, M. Human leukocyte telomere length is associated with DNA methylation levels in
multiple subtelomeric and imprinted loci. Sci. Rep. 2014, 4, 8, doi:10.1038/srep04954.
Choudhury, S.R.; Cui, Y.; Narayanan, A.; Gilley, D.P.; Huda, N.; Lo, C.L.; Zhou, F.C.; Yernool, D.;
Irudayaraj, J. Optogenetic regulation of site-specific subtelomeric DNA-methylation. Oncotarget 2016, 7,
50380–50391, doi:10.18632/oncotarget.10394.
Ujvari, B.; Pearse, A.M.; Swift, K.; Hodson, P.; Hua, B.; Pyecroft, S.; Taylor, R.; Hamede, R.; Jones, M.; Belov,
K.; et al. Anthropogenic selection enhances cancer evolution in Tasmanian devil tumours. Evol. Appl. 2014,
7, 260–265, doi:10.1111/eva.12117.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

