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Abstract

Objective: Millions of babies have been conceived by IVF, yet debate about its safety to offspring
continues. We hypothesized that superovulation and in vitro fertilization (IVF) promote genomic changes,
including altered telomere length (TL) and activation of the retrotransposon LINE-1 (L1), and tested this
hypothesis in a mouse model.

Material and methods: Experimental study analyzing TL and L1 copy number in C57BL/6J mouse
blastocysts in vivo produced from natural mating cycles (N), in vivo produced following superovulation
(S), orin vitro produced following superovulation (IVF). We also examined the effects of prolonged
culture on TL and L1 copy number in the IVF group comparing blastocysts cultured 96 hours versus
blastocysts cultured 120 hours. TL and L1 copy number were measured by Real Time PCR.

Results: TL in S (n=77; Mean: 1.50+ 1.15; p=0.0007) and IVF (n=82; Mean: 1.72+ 1.44; p<0.0001)
exceeded thatin N (n=16; Mean: 0.61+ 0.27). TL of blastocysts cultured 120 hours (n=15, Mean: 2.14+
1.05) was significantly longer than that of embryos cultured for 96 hours (n=67, Mean: 1.63 + 1.50;
p=0.0414). L1 copy number of blastocysts cultured for 120 hours (n=15, Mean: 1.71% 1.49) exceeded that
of embryos cultured for 96 hours (n=67, Mean: 0.95 + 1.03; p=0.0162).

Conclusions: Intriguingly ovarian stimulation, alone or followed by IVF, produced embryos with
significantly longer telomeres compared to in vivo, natural cycle-produced embryos. The significance of
this enriched telomere endowment for the health and longevity of offspring born from IVF merit future
studies.

Introduction

Telomeres are non-coding, repetitive DNA sequences of TTAGGG located at the termini of linear
chromosomes [1]. It protects the end of chromosomes by forming single strands that invade the telomeric
double helix to create loops, called t-loops. Together with associated proteins, telomeres prevent
chromosome ends from being recognized as double-stranded DNA breaks, thus maintaining
chromosomal stability [2]. With each cell division, telomere length (TL) shortens due to the inability of the
DNA polymerase enzyme to complete synthesis if the lagging strand at chromosomal ends [3]. When
cells divide, they cannot replicate approximately 50 base pairs of the lagging DNA strand at chromosome
ends [4]. In most cells, this limits the number of divisions that a cell can tolerate because when telomeres
reach a critical size, senescence and programmed cell death occur [5].

After fertilization, TL is reset in mice and humans. Mice oocyte telomere length is surprisingly short but
significantly lengthens between the zygote and 2-cell stages [6]; despite the minimal telomerase activity,
the enzyme capable of reconstituting telomere repeats [6, 7]. Maximum telomere shortening occurs in
utero and during the first year of life (presumably due to the rapid cell division), then slows in adultness
[7]. The telomere attrition rate is faster in males because females have higher levels of estrogen (17 b-
estradiol), which binds to the promoter for the gene encoding TERT, the catalytic subunit of telomerase.
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Estrogen also induces manganese superoxide dismutase MnSOD, an enzyme that scavenges free
radicals [7], which shorten telomeres even in non-dividing cells.

The rate of telomere shortening and also the accumulation of short telomeres with age vary among
species. TL in humans starts with 10—15 kb at birth and shorten about 70 bp each year. TL in Mus
musculus C57BL6 is 40—-50 kb at birth and decreases 100 times faster than TL in humans [8]. In some
cells, telomerase adds telomeric tandem repeats during DNA replication [9]. In mice, telomerase is
activated, and telomeres lengthen in the inner cell mass (ICM) of the blastocyst [8]. In vitro expansion of
mouse embryonic stem (ES) cells made out from the ICM results in additional telomere lengthening,
doubling the TL from its length in the ICM. This process is associated with the loss of heterochromatic
marks [8]. This telomere lengthening occurs in the absence of variations in the telomerase gene [8].

Telomeres reconstitute during early development even in parthenotes, consistent with sperm telomere-
independent elongation [10, 11]. Telomeres also elongate in embryonic stem cells produced by somatic
cell nuclear transfer [11] and induced pluripotent stem cells [12]. Even telomerase null mice elongate
telomeres after activation [6]. Alternative Lengthening of Telomeres (ALT) [13], a recombination based-
mechanism of telomere elongation previously observed only in cancer cells [14], contributes to telomere
elongation in preimplantation embryos [12]. Markers of ALT, including sister chromatid exchange and
nuclear localization of proteins involved in double-strand DNA break repair, are found in cleavage but not
blastocyst stages of development [15]. Thus, telomeres can elongate independently of telomerase and
sperm but dependent on a double strand DNA-based mechanism involving telomere sister chromatid
exchange (T-SCE) [12].

Telomere attrition in oocytes contributes to abnormal meiotic spindles [15] arrested, and fragmented
embryos [16], decreased chiasmata and synapsis [17], and infertility [18]. At the molecular level, critically
short telomeres trigger a DNA damage response that leads to senescence or apoptosis [19, 20].

Accumulation of critically short telomeres leads to aging and aging-associated diseases in mice and
humans [18, 21-25]. Telomere shortening from cell division and/or oxidative damage compromises
chromosome end protection [26]. Impaired telomere function triggers DNA damage response and
activation of the tumor suppressor protein p53 [26]. P53 plays a critical role in enforcing senescence and
apoptotic responses to dysfunctional telomeres [26]. Loss of p53 creates a permissive environment in
which critically short telomeres are inappropriately joined to generate end-to-end chromosomal fusions
[26]. These fused chromosomes result in cycles of chromosome fusion-bridge-breakage, which can fuel
cancer initiation, especially in epithelial tissues, by facilitating changes in gene copy number [26].

DNA damage caused by telomere dysfunction also induces transcription of transposable elements,

which, in turn, can cause additional damage by producing active transposases and new insertion events

[27]. The mammalian genome hosts several types of transposable elements, which represent up to 40%

of the genome and can propagate and insert into new locations in the genome. Long interspersed

element 1 — LINE-1 (L1), is the only autonomous, active element in humans where it comprises 17% of

the human genome [28]. In a study with hamster ovaries, non-functional telomeres serve as a substrate
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for the retrotransposition of L1, independent of the endonuclease. This pathway appears to be linked to
L1 endonuclease loss. Transposition to telomeres is increased in cells that express a dominant negative
allele (TRF2) that disrupts TL [29].

Because both TL and L1 are exquisitely sensitive to environmental perturbation and essential for early
murine embryogenesis [30, 31] we questioned whether superovulation or in vitro fertilization (IVF) could
alter TL and/or activation of L1 in mouse blastocysts. We compared L1 copy number and TL among
C57BL/6J mice blastocysts produced in vivo from natural mating cycles (N), in vivo following
superovulation (S), or in vitro following superovulation (IVF). We also examined the effects of prolonged
cultureon TL and L1 in the IVF group.

Material And Methods
Mouse strain and animal handling

C57BL/6J female mice (N=50) at 8 weeks of age and C57BL/6J males (N=20) with confirmed fertility
[32] were maintained in the Animal Care Facility of the University of Sdo Paulo before experiments.
During this period, the animals were kept on a 12-hour light-dark cycle, controlled temperature, with water
and feed ad libitum, following animal care guidelines.

Superovulation protocol

For superovulation, mice were injected intra-peritoneally with 5 IU of equine chorionic gonadotropin (eCG;
Novormon - Syntex SA - Buenos Aires, Argentina) followed 48 hours later by 5 IU of human chorionic
gonadotropin (hCG; Chrorulon - Syntex SA, Buenos Aires, Argentina).

Experimental design

To investigate effects of superovulation and in vitro fertilization (IVF) on TL and L1 copy number of mice
blastocysts, three groups were studied: 1) Natural (N) group: To eliminate the effect of ovarian
stimulation and in vitro fertilization on outcomes, blastocysts were produced in vivo from females in the
natural cycle (N); 2) Stimulated (S) group: Blastocysts produced in vivo after ovarian stimulation (S); and
3) IVF group: Blastocysts produced in vitro from stimulated cycles using fresh oocytes (IVF) - (Figure 1,
Table 1). All IVF procedures were performed in the Experimental Laboratory of the Human Reproduction
Sector of the Clinical Hospital of the Ribeirao Preto Medical School, University of Sdo Paulo
(HCFMRP/USP) and the PCR experiments were performed at Department of Obstetrics and Gynecology,
New York University, Langone Medical Center, New York, NY, United States.
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Table 1

Descriptive data of embryo morphology at the time of fixation:

GROUP

Natural

(N)

Superovulation
(S)

Fresh IVF
group

(IVF)

N
embryos

16

77

82

RECOVERY TIME

Approximately 74h

Approximately 74h

96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h, 120h,
120h, 120h, 120h, 120h, 96h, 96h, 96h, 96h,
96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h,
96h, 96h, 96h, 120h, 120h, 120h, 120h,
120h, 120h, 96h, 96h, 96h, 96h, 96h, 120h,
120h, 96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h,
96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h,
96h, 96h, 96h, 120h, 120h, 96h, 96h, 96h,
96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h, 96h,
96h, 96h, 96h, 96h, 96h, 96h.
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Note: N: number, B1 is a inital blastocyst, E is the expanded blastocyst with thin zona pellucida

trophectoderm and internal cell mass well defined; H: is the hatching blastocyst that is expanded with
initial eclosion. HT: is the blastocyst completely ecloded with no zona pellucida. 74h is an estimate of
embryo development time and collection since we are not able to know exactly the mating time in the
in vivo groups (N and S). The classification was performed under a Nikon SMZ 745 stereomicroscope

with 7,5x zoom.

Natural mating group

Male mice with confirmed fertility were mated overnight with one female (estrous positive) and vaginal
plugs were recorded at 0.5-day post-coitum. Euthanasia was performed by cervical dislocation and

blastocysts were collected by uterus flushing approximately 74 hours later using Embryomax M2 medium
(Millipore sigma). Blastocysts were washed 3 times in HTF homemade medium and fixed in 2ul PVP/PBS

and kept at -80° C until analysis.

Ovarian stimulation and in-vivo or in-vitro fertilization

Female mice were injected intra-peritoneally with 5 IU of equine chorionic gonadotropin (eCG; Novormon -
Syntex SA - Buenos Aires, Argentina) followed by 5 IU of human chorionic gonadotropin (hCG; Chrorulon -
Syntex SA, Buenos Aires, Argentina), 48 hours later. Male mice with confirmed fertility were mated
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overnight with one female and euthanasia for blastocysts collection and fixation were performed as
described above in natural mating group. To investigate the effect of S plus in vitro fertilization (IVF
group), epididymis were isolated, washed in M2 medium and punctured, and spermatozoa were
capacitated for 1-2 h at 37° C, 5% CO2 in HTF homemade medium. Simultaneously, cumulus-oocyte cell
complexes (COCs) were liberated from the oviducts of superovulated females using M2 medium and
immediately transferred to other plate with pre-equilibrated HTF homemade medium covered by mineral
oil (Irvine Scientific) at 37° C, 5% C02. COCs were denuded with Hyaluronidase enzyme (Irvine Scientific).
Denuded oocytes (n=936; 10 replicates) were submitted to Partial zone dissection (PZD) as previously
described by Nakagata et al. [33]. After capacitation, oocytes were inseminated with spermatozoa for 3 h
at 37° C, 5% C0O2 in CARD MEDIUM (homemade HTF plus reduced glutathione, GSH - Sigma 4251).
Oocytes were washed in HTF homemade medium and cultivated for 96 hours and 120 hours in
continuous culture media (KSOM, Cosmo bio co., LTD), incubated at 37° C with 5% CO,. Blastocysts were

fixed and stored as previously described.

Telomere length and LINE-1 copy number assay

Blastocyst genomic DNA was obtained by adding 2 pL 2x Lysis buffer (100 ul mM trisHCL ph: 7.4;
300mM NaCl; 0.8 mM EDTA, 2% NP-40; 5mM dithiothreitol (DTT)) to a PCR micro tube and heated at
75°C for 10 min in the “cool down step” protocol for room temperature for 5 minutes. A single-cell TL
assay (SC- gPCR) [34] was used to measure TL and L1 copy number in mouse blastocysts. A key feature
of this assay is a pre-amplification step, performed before quantitative polymerase chain reaction (qPCR).
Primers were synthesized by Integrated DNA Technologies according to the assay described below.

Briefly, pre-PCR was performed using DNA Polymerase Hot Start Version (TAKARA). The reactions were
set up by aliquoting 21 pL of master mix into the PCR microtubes containing 2 pyl of mouse blastocyst
genomic DNA. Each reaction was set up with 2.5 pL 10x PCR buffer, 2.5 pL 2.5 mM dNTR 0.16 yL DNA
polymerase, 0.5 pL each of telomere forward and reverse primer (10 uM, TeloF: 5'
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 3'; TeloR: 5'
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 3'), 0.5 pL each of reference genes forward and
reverse primer (10 um, B1F: 5' GCACCTTTAATCCCAGCAC 3 ' e B1R: 5 TGAGACAGGGTTTCTCTGTA 3'),
L1-Orf1 forward and reverse primer (10 uM, L1F: 5 GAACCAAGACCACTCACCATCA 3';10 uyM L1R: 5'
CCCTGGACTGGGCGAAGT 3’), 0.5 ul of each 5s rDNA forward and reverse primer (10 uM, 5sF: 5'
GATCTCGGAAGCTAAGC 3; 10 uM, 5sR: 5' TACAGCACCCGGTATT 3) and water to a 21 pL final volume.
Thermal cycler reaction conditions were set at 94°C for 5 min followed by 15 cycles of 94°C for 30 s, 60°C
annealing for 30 s and extension at 72°C for 30 s, with a final extension for 10 min at 72°C. PCR products
were purified following the protocol of the purification kit (Agencourt AMPure XP beads) [35] and were
eluted in 100 pL of molecular grade water.

Finally, the purified products from each blastocyst were aliquoted into each well of a 96-well plate to
perform the quantitative real-time PCR. Each reaction included 10 pL 2x SYBR Green mix (Bio-Rad), 1 uL
each of 10 uM forward and reverse primers used in the pre-amplification step, 4 uL molecular grade water
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and 5 pL genomic DNA to yield a 20-pL reaction. DNA samples were placed in a 96-well plate for telomere
primers and reference gene primers, L1 primers and reference gene primers, respectively. A Bio-Rad
thermocycler (CFX96) was used with reaction conditions of 95°C for 10 min followed by 40 cycles of data
collection at 95°C for 15 s, 60°C annealing and extension for 1 minute). Each sample was run in triplicate
along with a target-specific non-template control (NTC). Mouse embryonic stem cells were used as
positive controls in each plate to assure concordance between plates. After thermal cycling and DNA
amplification, CFX manager software was used to generate standard curves and Ct values for mouse
telomere and reference gene (mB1) signals. For L1 copy number mouse 5srDNA was used as reference
gene. To ensure high reproducibility of samples, only assays with real-time PCR efficiencies between 95
and 105% and intra-assay coefficient of variation (CoV) less than 1% were included in the analysis.

Statistical analysis

Following log transformation, analysis of variance with Tukey post-test compared TL and L1 among the
3 groups. Students t test compared TL and L1 between embryos cultured for 120 vs. 96 hours in the IVF
group. P-value <0.05 was considered significant. Analyses were performed with SAS 9.4,

Results

In vitro fertilization and development of embryos derived
from fresh oocytes (IVF group)
In the IVF group, 10 replicates produced a fertilization rate of 90.52% (95% ClI: 85.19-95.85), blastocyst

formation rate at 96 hours of 61.90% (95% Cl: 52.62-71.19) and cumulative blastocyst rate (96 plus 120
hours) of 76.19% (Cl: 68.04- 84.34).

Comparison of telomere length in mouse blastocysts from
N, S and IVF group

TL of blastocysts from N group (n=16; Mean: 0.61+ 0.27) was significantly shorter than S group (n=77;
Mean: 1.50+ 1.15; p=0.0007) and IVF group (n=82; Mean: 1.72+ 1.44; p<0.0001). TL in S group (n=77;
Mean: 1.50+ 1.15) did not differ from the IVF group (n=82; Mean: 1.72+ 1.44; p=0.3237; power of the test:
84%; Figure 2).

Comparison of L-1 copy number in mouse blastocysts from
N, S and IVF group

L1 copy number of blastocysts from N group (n=16; Mean: 0.80+ 0.31) did not differ from S (n=77; Mean:
1.23+ 0.75; p=0.1386) and IVF group (n=82; Mean: 1.09+ 1.16; p=0.6709, Figure 3).

Comparison of telomere length and L-1 copy number in mouse in vitro produced blastocysts from 96
hours and 120 hours of development
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TL of blastocysts recovered at 96 hours (n=67, Mean: 1.63 + 1.50) was significantly shorter than that of
embryos recovered at 120 hours of embryo culture (n=15, Mean: 2.14+ 1.05, p=0.0414, Figure 4A). L1
copy number of blastocysts recovered at 96 hours (n=67, Mean: 0.95 + 1.03) was significantly lower from
that of embryos recovered at 120 hours of embryo culture (n=15, Mean: 1.71+ 1.49; p=0.0162, Figure 4B).

Discussion

This study shows that ovarian hyperstimulation, alone or followed by IVF, produced blastocysts with
significantly longer telomeres than in vivo, natural cycle-produced embryos. In addition, telomere length
and L1 copy number of in vitro produced embryos cultured for 120 hours exceeded those from embryos
cultured for 96 hours.

To the best of our knowledge this is the first report of effects of ovarian hyperstimulation and IVF on
genomic architecture during early development. Schaetzlein et. al. reported that TL is determined at the
morula to blastocyst transition by a telomerase-dependent mechanism. Telomere elongation is restricted
to this stage of development and restores telomeres of fibroblast-derived cloned bovine embryos to
normal length [36]. Analyzing bovine preimplantation embryos they found a similar TL in morula derived
from in vivo and in vitro fertilization suggesting that the in vitro culture per se had no significant effect on
TL [36] in agreement with our findings.

In contrast, we report that ovarian hyperstimulation, alone or followed by IVF, produced embryos with
significantly longer telomeres compared to in vivo, natural cycle-produced embryos. Ovarian
hyperstimulation was the main factor responsible for these changes, since no statistical difference was
found in TL between S and IVF group (p: 0.3237; power of the test: 84%). In addition, TL in blastocysts
cultured for 120 hours was significantly longer than that of embryos cultured for 96 hours and L1 copy
number of blastocysts cultured for 120 hours exceeded that of embryos cultured for 96 hours,
demonstrating that extending in vitro embryo culture had an effect not only on TL but also on inducing
an increase in L1 copy number.

Barbara McClintock’s Nobel Prizing winning research previously identified activation of retrotransposons
as a response to stress [37]. A derivative hypothesis is that stress from ovarian hyperstimulation [38-40]
and/or embryo culture activates transcription of L1. Our findings that prolonged embryo culture increased
L1 copy number are consistent with Professor McClintock’s model. Intriguingly, however, embryo culture
at earlier stages and ovarian hyperstimulation did not affect L1 copy number in mouse embryos, but did
elongate telomeres. These two findings could be related. Recently we demonstrated a role for L1 in
telomere elongation in preimplantation embryos [41]. Also, in cultured cells activation of
retrotransposition leads to de novo L1 insertions at chromosome ends [42]. Activation of
retrotransposition and integration of retroelements at telomeres has been reported in cells that survive
mutations in telomere function [29, 43]. Drosophila use retrotransposons rather than telomeric repeats to
protect chromosome ends [44]. Drosophila lack telomerase, but three telomere-specific retrotransposons
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maintain chromosome ends [45]. Future studies should elucidate the mechanisms underlying telomere
elongation induced by ovarian superovulation and the potential role of L1 in this effect.

Most in vitro experiments suggest that oxidative stress accelerates telomere shortening [46—48], but
telomere elongation also has been reported. The intensity of the stress may determine its effect on TL
[49]. Mishra et. al. reported disruption of normal telomere interactions, leading to loss of the looped
chromosomal configuration [49]. In 112 infertile men, seminal ROS and 8-isoprostane levels were
increased compared to controls. TL measured by real time PCR correlated positively with reactive oxygen
species (ROS) levels, consistent with mild oxidative stress as a cause of telomere lengthening. Severe
oxidative stress, on the other hand, shortened sperm TL.

Superovulation and in vitro fertilization had no significant effect on L1 copy number in our study, but
extended embryo culture duration increased L1 copy number. Carmignac et. al., also found no effect of
hyperstimulation on TE transcription around the preimplantation period, but in vitro culture increased TE
expression at the blastocyst stage compared to in vivo development. By covering the transmission and
mobilization of a transgenic L1 transposon, they also found that in vitro fertilization may alter the
Mendelian rate of paternal heritage [50]. In vitro culture had an impact genome-wide on the embryo
cultured in amino-acid-poor medium such as M16, showing an aggravated upregulation of TEs compared
to amino acids rich medium (KSOM) [50]. Changes in expression levels from ovarian hyperstimulation
also were observed in some L1 subfamilies (L7 type fand L7 type tf) at the blastocyst stage [50].

While low-dose hormone did not affect the L1 methylation levels, superovulated mouse females treated
with high-dose hormone showed decreased L1 methylation levels in blastocysts [51], suggesting that
superovulation may disturb the balance between methylation and demethylation on L1. The mechanisms
involved in this process need further evaluation.

Millions of babies have been born following IVF, yet debate continues about its safety to offspring. We
found genomic effects of ovarian stimulation and prolonged in vitro embryo culture in mice, including
telomere elongation and L1 activation. Since both TL and TEs can modulate gene expression, and show
unique regulatory dynamics during the preimplantation period [50], the consequences of ovarian
hyperstimulation and IVF for embryonic gene expression merit further study. Future studies should not
only validate our findings using other methodologies to examine TL and L1 activation, but also examine
the effects of these changes on TL and TE activity on longevity and cancer risk in IVF offspring.
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Figure 1

Experimental design: Three groups were defined related to their type of conception. Group N is the control,
naturally conceived group. Group S represents the embryos that were derived from hormonally stimulated
oocytes (eCG, hCG), and that had undergone natural fertilization and in vivo development. Group IVF is
the in-vitro fertilization group including superovulation plus collection of oocytes, IVF and embryo culture.
Embryos were collected at blastocyst stage of development in all of three experimental groups. Note: 74h
is an estimate of embryo development time and colletion since we are not able to know precisely the
mating time in the in vivo groups (N and S).
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Figure 2

Logarithmic distribution of the TL in mouse blastocysts between Natural cycle (N), Superovulated (S)
and, IVF group. Note: The groups (N, S and IVF) were compared statistically with each other *p < 0.05; ns
indicate a non-significant difference; n is the number of blastocysts included in each group.
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Figure 3
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Logarithmic distribution of L1 copy number of mouse blastocysts between Natural cycle (N),
Superovulated (S) and, IVF group. Note: The groups (N, S and IVF) were compared statistically with each
other; n is the number of blastocysts included in each group.
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Figure 4

Logarithmic distribution of TL and L1 copy number in mouse in vitro produced blastocysts recovered at
96 or 120 hours of embryo culture in IVF group. Note: The groups (120 hours and 96 hours) were
compared statistically with each other *p < 0.05; n is the number of blastocysts included in each group.
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