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1 Abstract

2 Premature senescence in low birth weight rodents is associated with later life metabolic
3 disease, including the development of insulin resistance. Telomerase, a reverse
4 transcriptase enzyme with telomeric and non-telomeric functions, is present at high levels
5  during development to maintain and repair long telomere lengths and to protect cells from
6  oxidative stress-induced growth arrest. Adverse In utero environments are often associated
7  with increased reactive oxygen species (ROS), and ROS have been documented to
8  impair/alter telomerase function. We postulate that telomerase protects cells against
9 oxidative stress-induced damage, and its inhibition could lead to premature senescence. A
10  primary cell line of fetal guinea pig muscle cells was differentiated under high (20%) and
11 low (1-2%) oxygen concentrations and telomerase activity was pharmacologically inhibited
12 using a synthetic tea catechin. Following 48 hours, ROS detection was conducted with
13 MitoSOX, Mitotracker and 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate staining.
14 Cells cultured at 20% 02 and treated with a telomerase activity inhibitor displayed reduced
15  cell growth rates and increased levels of senescence markers, including p21 and p53.
16  Telomeric DNA damage, measured by phosphorylated-yH2A.X staining at telomeres, was
17  significantly increased in cells cultured at all oxygen concentrations with telomerase
18  inhibition. Telomerase inhibition altered metabolic signaling (e.g. mTOR, p66Shc) and
19  increased mitochondrial ROS levels. Telomerase may protect cells during development from
20  adverse in utero environments that cause premature senescence.
21
22 Key Words: DOHabD, intrauterine growth restriction, metabolism, telomerase, telomeric

23 DNA damage, senescence, reactive oxygen species
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1 Introduction

2 Agreat number of human epidemiological and animal model studies have reported strong
3 associations between the birth phenotype, particularly birth weight, and risk for many
4 complex common adult diseases in later life, including hypertension, coronary artery
5 disease and diabetes [1, 2]. Adverse intrauterine environments due to maternal
6  malnutrition, hypertension, and placental insufficiency cause alterations in oxygen and
7 nutrient supply that results in intrauterine growth restriction (IUGR) where a fetus fails to
8  reach its genetic growth potential [3-5]. The redistribution of nutritional resources leads to
9  adecrease in muscularity and an increase in the percentage of body fat in these infants that
10 lasts throughout childhood and adult life [6, 7] in association with changes in insulin
11  sensitivity and other markers of metabolic syndrome [8, 9]. The effects of impaired growth
12 during in utero life are exacerbated by a rapid postnatal growth [10, 11] and appear to
13 predispose offspring to an increased risk of disease in later life, or the concept of
14 developmental origins of health and disease (DOHaD)[12].
15 Although the molecular and cellular mechanisms underlying the association
16  between birth size and early onset of age-related disease are currently unclear, a number of
17  studies indicate that reprogramming of the hypothalamic-pituitary-adrenal axis [13, 14],
18  altered insulin signaling pathways [15, 16] and epigenetic modifications [17, 18] are
19  involved. Emerging data suggest that oxidative stress and mitochondrial dysfunction may
20  also play a major role in adverse IUGR outcomes [19, 20]. Although there are most likely
21  separate disease-specific processes at play, there may be common underlying mechanisms
22 mediating the effects of a diverse intrauterine perturbations on a range of health and

23 disease risk outcomes.
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1 One stress sensor that links the surrounding microenvironment to cellular
2 function/state is the telomere. Mammalian telomeres contain a six base-pair sequence
3 (TTAGGG)" that is tandemly repeated many kilobases at both ends of every chromosome
4  [21, 22]. Telomeres are essential in maintaining chromosome stability, playing a vital role
5 in the correct segregation of chromosomes during cell division [23, 24] and counteracting
6  the loss of terminal DNA sequences that occurs during DNA synthesis [25]. Telomere
7  dysfunction that has been linked to cellular aging by acting as a “mitotic clock” causes cells
8  to enter a permanent cell growth arrest state (senescence) when a “critically” short
9  telomere length is reached [26] or when the telomere capping structure has been disrupted
10 by triggers such as oxidative stress [27-29].
11 Telomere shortening/dysfunction can be overcome by the expression of the
12 ribonucleoprotein enzyme telomerase [30]. This multi-subunit reverse transcriptase uses
13 its RNA component (TR or TERC) to align the telomerase reverse transcriptase (TERT)
14  component to the chromosomal ends and acts as a template for the addition of telomeric
15 DNA [31, 32]. Telomerase activity has been detected in germ cells, cells of renewal tissues,
16  and cancer cells but not in most normal somatic tissues [33-35]. Telomerase provides an
17  extended replicative life span while preserving telomere integrity [36-38], while under
18  oxidative stress conditions telomerase is shuttled out of the nucleus to protect
19  mitochondrial function to reduce ROS-induced telomeric and non-telomeric DNA damage at
20  the cost of telomere shortening [39, 40].
21 Shortened telomeres, and/or reduced telomerase production have been linked to
22 shortened life span [41-43] and several age-related diseases, including hypertension,
23 cardiovascular disease, and type 2 diabetes [44-47]. Recently, telomere length/integrity has
24 emerged beyond its accepted role as a biomarker of cellular aging and senescence to one

25  thatappears to play a more causative role in cellular regeneration, metabolism, aging and
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1  disease [48, 49]. Recent studies suggest that telomeric integrity not only affects cellular
2 replicative capacity but also underlies the execution of global epigenetic changes that affects
3 cell signaling, cellular senescence and aging [50-52]. Thus, alterations in the initial setting
4 of telomere length and/or production of telomerase could impact postnatal health and
5 longevity.
6 Human and animal studies have found an association between adverse or
7  suboptimal intrauterine environments and shorter offspring telomere length [53-55].
8  Stressors including hypoxia and altered nutrient availability encountered in utero increase
9  oxidative stress levels in low birth weight individuals [56-58] with elevated senescent
10  marker expression in various postnatal tissues [55, 59-61]. In addition, telomerase
11 subunits and activity have been found decreased in IUGR placentas [59, 62, 63].
12 Telomerase may play a role in protecting cells from cellular senescence when exposed to
13 stressful conditions through its telomeric and extra-telomeric roles in DNA damage
14  response, apoptosis protection and modulation of oxidative stress and mitochondrial
15  function [64, 65]. The aim of this study was to modulate telomerase activity levels in fetal
16  muscle cells cultured under varying oxidative stress conditions as an in vitro proxy to
17 determine the downstream effects of telomerase inhibition on cellular senescence, DNA
18  damage, intracellular ROS levels and metabolism pathways in a cell type that is affected by

19 IUGR.
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1 Results

2 Confirmation of fetal myoblast lineage

3 Muscle transcription factor markers Pax7, myogenin and MyoD were used to confirm the
4 identity of the primary fetal guinea pig myoblast cell line. These transcription factors are
5  expressed at different points during myoblast differentiation, and can be used to determine
6  stage of muscle differentiation [66]. Fetal guinea pig muscle cells were cultured at 20% O,
7  for 48 hrs before fixing and staining with lineage-specific antibodies. Fluorescence
8  microscopy images showed nuclear localization of each muscle-specific transcription factor,
9  indicating a myoblast cell lineage (S1 Fig). Pax7 regulates the transcription of
10  differentiation factors in muscle progenitor cells, and showed the weakest staining. MyoD
I1  and myogenin are necessary for myogenic determination at the myoblast stage, and were
12 both highly expressed and localized to the nucleus in fetal guinea pig muscle cells.

13

14 Low oxygen culture is refractory to pharmacological

15 telomerase activity inhibition

16  Fetal guinea pig muscle cells were cultured at both high (20%) O, or low (2%) O, tensions
17  and were treated with increasing dosages of Telomerase Inhibitor (TI)-IX from 0.1 uM to 2.0
18  uM for 48 hrs (Fig 1). At 20% O, tensions, telomerase activity was significantly decreased in
19  fetal guinea pig muscle cells with 0.5 uM and 1.0 uM TI-IX (p<0.05) and with 2.0 um TI-IX
20  (p<0.01) treatments. In fetal guinea pig muscle cells cultured at 2% O, tensions, telomerase
21  activity was significantly decreased with 2.0 uM treatment of TI-IX (p<0.05), but had

22 significantly (p<0.05) higher telomerase activity levels than 20% O cultured cells exposed

23 tolower TI-IX concentrations. This significant difference in telomerase activity levels
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1  between oxygen concentrations was apparent at the different Telomerase Inhibitor IX

2 treatments (p<0.05) except at the highest dose of 2.0uM (Fig 1).

4 Fig 1. Low oxygen tension is refractory to pharmacological telomerase inhibition in
5 fetal guinea pig muscle cells. Fetal guinea pig muscle cells were treated with increasing
6  concentrations of a synthetic tea catechin (telomerase inhibitor (TI)-IX; Calbiochem) for 48
7 hours of culture under 2% and 20% oxygen (0O,) tensions. Telomerase activity was
8  measured using the Real-time Quantitative Telomeric Repeat Amplification Protocol (RQ-
9  TRAP) assay. Telomerase activity levels significantly decreased with 0.5uM, 1.0uM and
10  2.0uM TI-IX treatments compared to non-treated (Con) and vehicle-treated (DMSO) cells
11 cultured in 20% O, conditions. Telomerase activity was significantly decreased with 2.0uM
12 TI-IX compared to controls. Cells cultured in 2% O, conditions exhibited significantly
13 higher telomerase activity levels in control cell groups and cells treated with TI-IX at every
14 concentration, except for 2.0uM, compared to 20% O, grown/treated cells. Results (n=3)
15  were analyzed with a two-way ANOVA and different letters above the histogram bars
16  represent significant differences (p<0.05) in mean telomerase activities.

17

18 Senescent characteristics displayed by 20% oxygen

19 cultured cells treated with telomerase inhibitor

20  Fetal guinea pig muscle cells treated with increasing concentrations of telomerase inhibitor
21  IX(TI-IX) displayed altered cell morphology including larger, flatter cells and reduced

22 confluency that are typical morphological characteristics of senescent cells (Fig 2). This

23 effect was observed to a greater extent at 20% O, compared to 2% O, culture conditions.

24 To strengthen the observed senescent phenotype, cells were seeded into 6-well
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1 dishes at different concentrations of 25,000, 35,000 and 50,000 cells and were counted

2 every 24 hours for 3 days to determine population-doubling time. There was no significant

3 (p>0.05) difference between cells grown at 2% 0, and 0.5% O, with TI- IX treatment, but

4 there was a significant increase (p<0.001) in population doubling time for fetal guinea pig

5  muscle cells grown at 20% O, and treated with 1 uM TI-IX (Fig 2B). Cell viability was

6  determined after 48 hours in both control and telomerase inhibited cells using trypan blue

7  and hemocytometer counts. There was no significant difference (p>0.05) in fetal muscle

8  cell viability at different oxygen tensions or Telomerase Inhibitor IX concentrations (Fig 2C).

9 Annexin V and propidium iodide (PI) staining were used to determine if telomerase
10  inhibition triggered apoptosis in fetal guinea pig muscle cells. There was no significant
11  difference between cells cultured at the same oxygen concentration, however cells cultured
12 at 20% O, tensions had significantly (p<0.05) higher Annexin V fluorescence and PI staining
13 compared to cells cultured in 2% O, conditions (Fig 2D and E). Annexin V Fluorescence and
14  PIstaining of the positive control cells (H,0, treated) were significantly (p<0.01) higher
15  compared to non-treated control and Telomerase Inhibitor treated cells (Fig 2D and E).

16

17  Fig2. Telomerase inhibition causes cell growth arrest of fetal guinea pig muscle cells
18  without indication of apoptosis. (A) Fetal guinea pig muscle cells grown under 20% 0,
19  conditions and treated with telomerase inhibitor (TI-IX) exhibited reduced confluency and
20  altered cell morphology typical of cells in senescence. Scale bars represent 100 uM. (B)

21 Cells were seeded at different concentrations and counted every 24 hours for 3 days to

22 determine population-doubling times in different oxygen concentrations and treatment

23 with 1 uM TI-IX. There was a significant increase in population doubling time for 20% O,
24 cultured cells treated with TI-IX (***; p<0.001). (C) Cells were cultured for 48 hr with or

25  without TI-IX in 20% 0, 2% 0, and 0.5% 0, and then stained with trypan blue exclusion to
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1  determine cell viability. All results were analyzed with a two-way ANOVA, n=3. (D and E)
2 Cells were incubated for 48 hr at 20% and 2% O, with or without TI-IX with a positive
3 control of a 24 hr treatment with 500 uM H,0,. Cells were trypsinized and stained for
4 extracellular apoptotic marker Annexin V, and an intracellular fluorescent marker
5  propidium iodide (PI) to label apoptotic/necrotic cells. The cells were analyzed in the Accuri
6 C6 flow cytometer, and mean fluorescence of each stain was determined. Mean
7  fluorescence was graphed and shown for Annexin V (D), and for PI (E). Results were
8  analyzed with two-way ANOVA, n=4. Labelled bars with the same letter were not
9  significantly different (p>0.05) from each other. Labelled bars with a and b indicate a
10  significant difference of p<0.05, and c labelled bars indicate a significant difference of
11 p<0.01 compared to a and b.

12

13 Telomerase inhibition causes alteration in tumor

14 suppressor proteins that signify cell cycle arrest

15  DNA damage-induced activation of ATM/ATR and Chk1/Chk2 phosphorylates the tumor

16  suppressor protein p53, which affects transcription of many downstream proteins including
17  the cell cycle inhibitor p21. Together p53 and p21 mediates cellular senescence when cells
18  are exposed to certain stressors and damage [67]. With the addition of Telomerase

19  Inhibitor IX, p53 protein levels were significantly elevated in fetal muscle cells cultured in
20  20% 0; (p<0.05), 2% O, (p<0.01) and 0.5% O, (p<0.05) atmospheres (Fig 3A). Increases in
21  p53 protein were accompanied with elevated phospho-p53 at serine-15, but these increases
22 were not significant (Fig 3B). Following the expression levels of p53, p21 was significantly
23 increased two-fold at each oxygen concentration with Telomerase Inhibitor IX treatment of

24 muscle cells cultured in 20% O, (p<0.001), 2% 0O and 0.5% O, (p<0.05) conditions (Fig 3C).
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I  Retinoblastoma protein (Rb) is a critical regulator of the G1/S checkpoint and must be

2 phosphorylated (pRb) in order to be inactivated and release of the E2F transcription factors
3 toallow the cell to continue through the cell cycle. There was no difference between any of
4 the groups when immunoblotting for non-phosphorylated Rb protein levels (Fig 3E).

5 However, cells cultured in 20% O, and treated with Telomerase Inhibitor IX showed

6  significantly decreased (p<0.05) levels of phosphorylated (S795) Rb protein (Fig 3F), which
7  decreased more significantly (p<0.001) when the ratio of pRb to total Rb levels were

8  calculated (Fig 3G). Cells cultured in 2% 02 displayed no significant difference (p>0.05)

9  between non-treated controls and inhibitor treated cells.

10

11  Fig 3. Elevated senescence marker expression in fetal guinea pig muscle cells treated
12 with telomerase inhibition. Fetal guinea pig muscle cells were treated for 48 hr at 20%,
13 2%, and 0.5% oxygen (0;) tensions with or without Telomerase Inhibitor (TI-IX). Total

14  protein extractions were immunoblotted followed by densitometric analyses of blots

15  exposed to antibodies specific to (A) p53, (B) phospho-p53 (Ser15), and (C) p21. B-actin

16  protein levels were detected as a loading control. A representative western blot is shown in
17 (D). Results were analyzed with a two-way ANOVA, n=5, with (***), (**) and (*) indicating
18  p<0.001, p<0.01, and p<0.05, respectively. (E-H) Cells were collected and nuclear protein
19  extractions were used in immunoblotting followed by densitometric analyses of blots

20  exposed to antibodies specific to (E) Rb, and (F) phospho-Rb (Ser795). A ratio of pRb/Rb
21  was calculated to determine amount of total Rb that was phosphorylated (G). Total histone
22 H3 protein levels were detected as a loading control. Results were analyzed with a two-way
23 ANOVA, n=3, with (***) and (*) indicating p<0.001, and p<0.05, respectively. A

24 representative Western blot is shown in (H).

25

10
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1 Significant increase in telomere-damage induced foci in

2 telomerase inhibited fetal guinea pig muscle cells

3 Telomerase has been shown to play a role in the DNA damage response, and its inhibition
4 may be a potential reason for the increase in cell senescence markers. To determine if there
5 isanincreased amount of DNA damage, the DNA double strand break marker
6  phosphorylated y-H2AX was assayed by immunoblotting and immuno-FISH with a telomere
7  DNA probe. Total protein levels of phospho-yH2AX showed a slight increase when treated
8  with Telomerase Inhibitor IX, and were increased as the oxygen concentration decreased
9  (Fig 4C). However, densitometric analysis of the immunoblots revealed that these
10  differences were not significant (p>0.05). Telomere induced foci (TIFs) are comprised of
11 co-localization of DNA damage markers, such as phospho-yH2AX with a fluorescent
12 telomeric probe (Fig 4A). A significant increase in TIF-positive cells was observed in TI-IX
13 treated cells at both 20% O, (p<0.01) and 2% O, (p<0.05) tensions compared to non-treated
14 controls (Fig 4B). Furthermore, there was greater TIF-positive cells for cells grown under
15  20% 0, conditions compared to those cultured in 2% 0, (p<0.05).
16 The DNA damage response is initially sensed at the DNA level by the MRN complex
17  andthe ATM/ATR proteins. ATM and ATR are kinases that phosphorylate many
18  downstream targets involved in cell cycle arrest during DNA damage and DNA repair
19  proteins. To determine if ATR was active, a phospho-ATR (S428) antibody was utilized for
20  immunoblotting. There were no significant differences between control and cells treated
21  with Telomerase Inhibitor IX, but there was a significant increase in phospho-ATR (S428)
22 levels within fetal muscle cells cultured at lower oxygen concentrations compared to those
23 at20% 0, (p<0.001) (Fig 4D).

24

11


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1  Fig4.Increased frequency of telomere-damage induced foci in telomerase inhibited
2 fetal guinea pig muscle cells. Fetal guinea pig muscle cells were cultured in chamber
3 slides at 20% and 2% oxygen (0;) with or without Telomerase Inhibitor (TI-IX). Cells were
4  fixed and labelled with a primary antibody for phospho-yH2AX, and secondary antibody
5  conjugated with Alexa-Fluor 488 to identify sites of DNA damage. Fluorescent in situ
6  hybridization of a Cy5 fluorescent tagged Telomere PNA probe allowed signals to be
7 localized to the telomere as telomere dysfunction induced foci (TIF). Co-localizations of
8  these signals with Hoescht 33342 nuclear staining are shown in (A), with scale bars
9  representing 50 uM. The number of TIF-positive cells were counted and represented in (B).
10  Significant differences between groups were calculated with a two-way ANOVA, n=4, with
11 (*) and (**) representing p<0.05 and p<0.01, respectively. (C-E) Altered DNA damage
12 response proteins yH2AX and ATR. Fetal guinea pig muscle cells were treated for 48 hours
13 at 20%, 2%, and 0.5% O, with or without TI-IX. Cells were collected and total protein
14  extractions were used in immunoblotting followed by densitometric analyses of blots
15  exposed to antibodies specific to (C) phospho-yH2AX (Ser139), and (D) phospho-ATR
16  (Ser428). Total histone H3 protein levels were detected as a loading control. A
17  representative western blot is shown in (E). Results were analyzed with a two-way ANOVA,
18  n=3, with (***) indicating p<0.001.

19

20 Disturbed intracellular redox homeostasis in high oxygen
21 cultured fetal guinea pig muscle cells treated with

22 telomerase inhibition

23 Due to the increased telomeric DNA damage observed in cultured fetal muscle cells treated

24 briefly with telomerase inhibitor, mitochondrial ROS was evaluated due to its known

12
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I  involvement in regulating the senescence state [29]. MitoTracker® Red CMXRos is a red-
2 fluorescent dye that fluoresces upon oxidation in live cells and is sequestered into
3 mitochondria based on its membrane potential. Guinea pig muscle cells displayed red
4 fluorescence in the mitochondria, shown as small punctate points surrounding the nucleus
5  (Fig 5A). Flow cytometric analysis of MitoTracker fluorescence was significantly (p<0.001)
6  increased in cells cultured in 20% O, compared to those grown in 2% O, (Fig 5B).
7  MitoTracker® Red CMXRos levels were significantly increased by telomerase inhibition at
8  20% 0; (p<0.05) but not at 2% O, conditions (Fig 5B).
9 MitoSOX is used as a mitochondrial superoxide indicator, which when oxidized will
10 fluoresce red when bound to nucleic acids. Guinea pig muscle cells were incubated with
11  MitoSOX and then used in flow cytometry to analyze mean MitoSOX fluorescence (Fig 5C).
12 Red fluorescence was mainly localized to the nucleus, but at higher oxygen concentrations
13 showed some diffuse fluorescence surrounding the nucleus in the cytoplasm. Flow
14  cytometric analysis revealed trends indicating an increase in fluorescence with telomerase
15  inhibition but these were not significant (p>0.05), however cells grown in 20% 0, did
16  display significantly (p<0.05) elevated superoxide levels compared to those cultured in 2%
17 0, conditions (Fig 5D).
18 The general oxidative stress indicator 6-carboxy-2',7'-dichlorodihydrofluorescein
19  diacetate (carboxy-H2DCFDA) was used to assess cytoplasmic ROS (primarily H,0,). Fetal

20 muscle cells were incubated with carboxy-H2DCFDA and mean fluorescence intensities

21  analyzed by flow cytometry (S2 Fig). Like other oxidative stress indicators, carboxy-

22 H2DCFDA fluorescence was significantly higher in 20% O, compared to 2% 0, (p<0.01). A

23 unique finding was that telomerase inhibition was able to induce a significant decrease in

24 carboxy-H2DCFDA fluorescence in 20% O, cultured cells (p<0.05) and a non-significant

25  (p>0.05) reduction in 2% 032 cultured cells. Carboxy-H2DCFDA fluorescence was shown to

13
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1 have diffuse green fluorescence throughout the cell (not shown).
2 The antioxidant proteins SOD1 and catalase were also evaluated by immunoblotting.
3 SOD1 is a soluble cytoplasmic and mitochondrial intermembrane space enzyme responsible
4  for converting superoxide radicals into molecular oxygen and hydrogen peroxide (H,0,),
5  while catalase is the major enzyme for converting H,0, into water and oxygen in a cell.
6  Catalase levels were significantly higher (p<0.05) in both 20% O, and 2% O, cultured cells
7 than cells grown in 0.5% O, (Fig 5E, G). Catalase levels were also at their highest in fetal
8  muscle cells grown in 20% O, and was decreased in lower oxygen concentrations. Levels of
9  SOD1 protein was significantly increased (p<0.05) in 20% O, cultures compared to cells
10 grownin 2% 0, and 0.5% O, (Fig 5F, G). There was no significant difference in the levels of
11 both catalase and SOD1 following telomerase inhibition compared to non-treated cells (Fig
12 5E-G).
13
14  Fig 5. Elevated mitochondrial membrane potential and superoxide production
15 despite higher antioxidant levels in telomerase inhibited fetal guinea pig muscle cells
16  cultured at 20% oxygen tensions. MitoTracker® Red CMXRos or MitoSOX™ Red was
17  incubated with fetal guinea pig muscle cells for 15 min following a 48 hr treatment with or
18  without Telomerase Inhibitor (TI-IX) at 20% and 2% O, conditions. Cells were then
19  visualized by fluorescent microscopy (A and C) or analyzed with the Accuri C6 flow
20  cytometer with mean fluorescence determined and represented graphically in (B and D).
21  Results were analyzed with a two-way ANOVA, with n=3 for MitoTracker® Red CMXRos
22 and n=4 for MitoSOX™ Red experiments. Significant differences are indicated by (*) and
23 (***), representing p<0.05, and p<0.001, respectively. Scale bars represent 50 uM. (E-G)
24 Antioxidant proteins catalase and SOD1 are elevated in fetal muscle cells cultured in higher

25  oxygen concentrations. Fetal muscle cells were treated for 48 hours at 20%, 2%, and 0.5%
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1 02 with or without TI-IX. Total protein extractions were used in immunoblotting followed
2 by densitometric analyses of blots exposed to antibodies specific to catalase (E) and SOD1
3 (F). Total B-actin protein levels were detected as a loading control. A representative

4  western blot is shown in (G). Results were analyzed with a two-way ANOVA, n=3, with (*)

5 indicating p<0.05.

7 Altered metabolic signaling in telomerase inhibited fetal

8 guinea pig muscle cells

9  The mTOR pathway is necessary for integrating different stimuli and regulating cell growth
10 and metabolism, and may play a role in triggering senescence [68]. Immunoblotting for
11 mTOR and phopsho-mTOR revealed no difference in mTOR protein levels between
12 treatment groups, nevertheless there was a significant decrease in phospho-mTOR at 20%
13 0, (p<0.05) compared to cells grown in both 2% 0, and 0.5% O, conditions (Fig 64, B).
14 However, phosphorylated mTOR and mTOR protein ratios did not reveal any significant
15  differences (p>0.05) among groups (Fig 6C).
16 S6K is the downstream kinase in the mTOR pathway that regulates ribosomal
17  protein synthesis. Total S6K protein levels were increased in cells grown at 2% O,
18  compared to cells grown in 20% 0, and 0.5% O, (p<0.01), but was not different with
19  telomerase inhibition (Fig 6D). Phosphorylated S6K (T421/S424) was not significantly
20  (p>0.05) up regulated between control cells and cells treated with the telomerase inhibitor
21  atboth 2% and 0.5% O,, but was significantly (p<0.01) elevated in 20% O, cultures (Fig 6E).
22 Similar to S6K, phospho-S6K was significantly (p<0.05) decreased in 20% O, control cells
23 compared to fetal muscle cells cultured in 2% O, (Fig 6E). There were significant increases

24 in phospho-S6K/S6K ratios at both 20% 0, and 2% O, (p<0.01) tensions after telomerase
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1 inhibition, and was up regulated at 0.5% O, although this increase was not significant
2 (p>0.05; Fig 6F).
3 P66Shc is a unique adaptor protein as it has been reported to have roles in both
4  sensing oxidative stress, mediating its effects and even causing more ROS to be generated at
5  the mitochondrial level [69]. Thus, due to this role in ROS sensing/production, it has been
6  implicated as an integral regulator of cellular aging by inducing apoptosis and senescence
7 |69, 70]. Interestingly, there was an overall trend for increasing phosphorylated (S36)-
8  p66Shclevels in fetal muscle cells grown at lower oxygen concentrations. Phosphorylated
9  (S36) p66Shc and the p-p66Shc/p66Shc ratios were increased at all oxygen concentrations
10 after treatment with Telomerase Inhibitor IX, but this was only significant (p<0.05) at 2%
11 0, conditions (Fig 6H, I).
12

13 Fig 6. The stress adaptor protein p66Shc is associated with S6K activation in
14  telomerase inhibited fetal guinea pig muscle cells. Fetal guinea pig muscle cells were
15  treated for 48 hours at 20%, 2%, and 0.5% oxygen tensions with or without 1 uM
16  Telomerase Inhibitor IX. Cells were collected and total protein extractions were used in
17  immunoblotting with antibodies specific to mTOR, p-mTOR (S2481), S6K, p-S6K
18  (Thr421/Ser424), p66Shc and p-p66Shc (S36) and f-actin as a loading control.
19  Densitometry was performed and represented for mTOR (A), p-mTOR (B), S6K (D), p-S6K
20  (E), p66Shc (G) and p-p66Shc (H). The densitometries of phosphorylated to total protein
21  ratios were calculated and shown (C, F, I). A representative western blot is shown in (J).
22 Results were analyzed with a two-way ANOVA, n=4, with (**) and (*) indicating p<0.01, and
23 p<0.05, respectively.

24

25 AKt/GSK3 signaling is altered in telomerase-inhibited cells
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1 Aktis a major regulator on cell growth and metabolism, and can phosphorylate mTOR and
2 activate downstream pathways involved in cell proliferation [71]. Akt protein levels,
3 determined using a pan Akt antibody, were significantly decreased in fetal muscle cells
4 cultured in 20% O, with telomerase inhibition (p<0.05) compared to untreated control cells
5  (Fig 7A, F). Immunoblotting with a phospho-Akt (T303) antibody exhibited the same
6  significant decrease at 20% O, and with telomerase inhibition (p<0.05; Fig 7B, F). However,
7 the ratio of phosho-Akt/Akt protein levels did not show any significant differences between
8  any groups (p>0.05; Fig 7C, F).
9 GSK-3 is involved in the PI3K/Akt pathway and is therefore also involved in cell
10 proliferation and may be involved in the regulation of senescence and apoptosis [72]. GSK-
11  3isinactive when phosphorylated at serine 9 and serine 21. A significant (p<0.001)
12 increase in phospho-GSK-3 at serine 9 was observed in GPMCs treated with TI-IX at 20% O,
13 (Fig 7D, F). There were no differences in phospho-GSK-3 levels between cells incubated at
14 2% 0, with and without telomerase inhibition.
15 PGC-1a is a transcriptional co-activator that regulates many genes in energy
16  metabolism and mitochondrial biogenesis [73]. PGC-1a was recently linked to telomere
17  dysfunction through p53 activation [49]. However, no difference in PGC-1a levels were
18  observed between control and telomerase inhibited cells. PGC-1a was significantly
19  (p<0.05) higher in 20% O, untreated cultured cells compared to their 2% O, untreated
20  counterparts, which may indicate an increase mitochondrial biogenesis in cells cultured at
21  higher oxygen concentrations (Fig 7E, F).
22
23 Fig 7. Altered Akt/GSK3 signaling in telomerase-inhibited fetal guinea pig muscle
24 cells cultured under high oxygen. Fetal guinea pig muscle cells were treated for 48 hours

25  at 20%, and 2% oxygen with or without Telomerase Inhibitor IX. Cells were collected and

17


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1  total protein extractions were used in immunoblotting with antibodies specific to pan Akt,
2 phospho-Akt (Thr308), p-GSK3 (S9), PGC-1a and B-actin as a loading control. Densitometry
3 was performed and represented for pan Akt (A), phospho-Akt (Thr308) (B), p-GSK3 (D),
4  PGC-la (E). The densitometries of phosphorylated-Akt to total Akt protein ratio was
5  calculated and shown (C). A representative western blot is shown in (F). Results were

6  analyzed with a two-way ANOVA, n=3, (*) indicating p<0.05 and (***) indicating p<0.001.
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1 Discussion

2 This study examined the effects of telomerase inhibition on signaling pathways related to

3 cellular senescence, DNA damage and metabolism in fetal guinea pig muscle cells. Cells

4 cultured under various oxygen tensions and treated with Telomerase Inhibitor (TI)-IX

5  displayed significantly decreased telomerase activity levels. Significant telomerase

6  inhibition was observed in cells grown in high (20%) oxygen concentrations compared to

7 those cultured under low (2% and 0.5%) oxygen conditions. Telomerase inhibition induced

8  senescence as demonstrated by increased levels of senescent markers p53 and p21,

9  decreased phosphorylation of the cell cycle regulator Rb protein and prolonged cell cycle of
10 cells cultured under 20% oxygen conditions. Senescence detection was correlated to an
11  increase in DNA damage along with a significant increase in the number of cells displaying
12 telomere dysfunction induced foci (TIFs), which are an indication of telomere uncapping.
13 Telomerase inhibition increased mitochondrial ROS production, however, overall
14 intracellular ROS levels were decreased. Activated p66Shc levels were increased upon
15  telomerase inhibition, suggesting a mechanism for the higher levels of mitochondrial ROS
16  and DNA damage. Furthermore, proteins involved in nutrient sensing, cell proliferation and
17  metabolism pathways showed a down regulation with telomerase inhibition including Akt,
18  phospho-Akt and GSK-3. Phosphorylated mTOR levels were not increased by telomerase
19  inhibition, however its downstream effector kinase S6K showed a significant increase in
20  phosphorylation/activation. Interestingly, one of the key master regulators of cellular
21  metabolism, peroxisome proliferator-activated receptor gamma co- activator 1-alpha (PGC-
22 1a) was increased in cells grown under high oxygen concentrations.
23 The specific mechanism of action of TI-IX is currently unclear, but it may inhibit

24 telomerase by transcriptional and translational inhibition of telomerase reverse
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1  transcriptase (TERT), like its parent molecule epigallocatechin-3-gallate (EGCG) [74, 75].
2 Previous reports using TI-IX and other small molecule telomerase inhibitors led to telomere
3 shortening and senescence of various normal somatic and cancer cell lines [76-79]. RNAi-
4 mediated knockdown of TERT in hepatocellular carcinoma cells [80] and breast cancer cells
5  [81] increased their sensitivity to apoptosis. Interestingly, in our study non-treated fetal
6  muscle cells incubated in 2% O, displayed significantly higher telomerase activity compared
7 tocells cultured in 20% O,. Previous reports have shown that low oxygen tensions can
8  upregulate telomerase activity [82-84] and that hypoxia inducible factor (HIF-1a) can
9  increase transcription of TERT mRNA [83, 85]. Due to the upregulation of telomerase in low
10 oxygen cultures, treatment of cells with TI-IX at 2% O, was not able to decrease telomerase
11 activity by the same level as cells treated in 20% O, conditions. A higher dose of TI-IX was
12 required to significantly reduce telomerase activity levels in 2% O, cultured cells compared
13 tocells grown in 20% O,. Low oxygen cells not only contained higher telomerase activity,
14  they appeared to be more resistant to the effects of telomerase inhibition, suggesting that
15  fetal muscle cells cultured under these conditions have a greater ability to maintain
16  telomerase activity levels and be resistant to senescence and apoptosis.
17 TI-IX treatment altered cellular morphology, and this was more apparent at 20% O,
18  compared to cells treated under 2% O, conditions. Cells appeared larger, flatter and were
19  less confluent after telomerase inhibition. The observed morphological changes were
20  consistent with those of other senescent cell types [76, 86]. The population doubling time
21 for TI-IX treated cells was found to be significantly longer in 20% O, cultured cells
22 supporting the decreased cellular confluency and growth arrest after telomerase inhibition.
23 Unlike cells grown at 20% O,, there were only marginal differences in population doubling
24 time observed in cells cultured at lower oxygen concentrations with telomerase inhibition,

25  and no significant differences in population doubling time were measured in control cells
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I  between oxygen concentrations, further supporting that 20% oxygen conditions are
2 suboptimal.
3 Since telomerase inhibition may also trigger apoptosis [80, 81], markers of
4  apoptosis were analyzed by flow cytometry to strengthen the cellular growth arrest
5  phenotype. The incidence of apoptosis did not increase upon telomerase inhibition since
6  both Annexin V and PI fluorescence levels did not differ significantly between control cells
7  and those treated with TI-IX. However, there was a significant increase in apoptotic cells
8  incubated at 20% O, compared to those at 2% O, further supporting that atmospheric
9  oxygen is inherently a more stressful in vitro environment that can lead to cellular
10 apoptosis/senescence when cells are exposed to another challenge such as telomerase
11  inhibition. Importantly, cell viability between oxygen concentrations and treatments was
12 notsignificantly affected. Since telomerase inhibited fetal muscle cells cultured in 20%
13 oxygen conditions displayed morphological characteristics of senescence without an
14  increase in apoptosis, we next examined the levels of various molecular markers of cellular
15  senescence.
16 Telomerase may have a role in DNA damage and repair, and disruption of these
17  pathways can lead to cellular senescence [87, 88]. At all oxygen concentrations, we
18  observed a significant increase in p53 accumulation with telomerase inhibition. p53
19  accumulation is regulated by its phosphorylation, and when phosphorylated at serine-15
20  and serine-20 can bypass its targeting for degradation [89]. The measured increase in p53
21  protein levels following telomerase inhibition indicates that this is likely occurring, even
22 though the phospho-p53 (Ser15) immunoblotting was not significantly increased. Other
23 phosphorylation sites (e.g. serine-20) may have been significantly up regulated but these
24 were not investigated. One of the main targets of p53 in response to DNA damage is the cell

25  cycle inhibitor, p21 [90]. We measured a significant two-fold increase in p21 upon
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1  telomerase inhibition at all oxygen concentrations examined, although it was initially higher

2 innon-treated cells cultured at 20% O, compared to those at 2% O, and 0.5% O, tensions.

3 p21 halts the cell cycle through its inhibition of cyclin-dependent kinases and their

4 counterpart cyclins, which decreases phosphorylation of Rb [91]. Immunoblotting for

5  phosphorylated Rb verified that hypophosphorylation only occurred in 20% O, telomerase

6  inhibited cells, which associated strongly with the longer population doubling time

7 measured for this cell group. Previously, Dyskeratosis Congenita cell lines have shown

8  increased p53 and p21 levels in response to telomerase deficiency and expression levels of

9  each positively correlated with the oxygen concentration of the cell cultures [92]. P53 was
10 found to be necessary for the progression of senescence in an irradiated breast tumor cell
11 line, and without functional p53 these cells could only activate apoptosis [93]. The
12 expression of transfected p21 alone in glioma cells triggers permanent cell cycle arrest and
13  may itself have a role in decreasing telomerase activity levels [94]. Oxygen concentration
14 may also play arole, as 20% O, cultured cells had higher levels of p21, with and without
15  telomerase inhibition, as induction of p21 could be due to hyperoxic oxygen conditions
16  through stimulation of p53. Conversely, telomerase overexpression in human embryonic
17  stem cells have shown hyperphosphorylation of Rb and decreased G1 phase of the cell cycle
18  [95]. These studies in conjunction with our results reveal that senescence can be initiated
19  through decreases in telomerase activity and maintained through activation of the p53-p21-
20  Rb pathway.
21 DNA damage including telomeric DNA damage can induce an increase in senescent
22 signaling pathway markers [65, 88]. To further investigate the role of telomerase inhibition
23 in DNA damage, the marker phospho-y-H2AX was used to quantify the amount of DNA
24 double strand breaks throughout the genome and at telomeres. There was an increase in

25  total phospho-y-H2AX protein levels with telomerase inhibition at all oxygen
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I  concentrations. This DNA damage was shown to be localized to the telomeres by co-
2 localization of phospho-y-H2AX at the telomeres by immuno-FISH. The number of
3 telomere-damage induced foci (TIF)-positive cells were elevated with telomerase inhibition
4 atboth 20% O, and 2% 0,, and that cells at 20% 0, also had significantly more TIF-positive
5  cells compared to those cultured at 2% O,. Telomere uncapping, recognized by TIFs [96],
6  are sites of DNA damage that induce senescence [97, 98]. Telomeres are favored targets for
7  DNA damage in aging and stressed tissues [99], and increases in telomeric DNA damage
8  have been correlated with decreased telomerase activity [100]. Under severe hyperoxic
9  conditions (40% 0O,), DNA damage and telomere shortening is increased due to active
10 telomerase translocating from the nucleus into the mitochondria [39]. These studies are in
11  agreement with our own findings showing increased telomeric DNA damage in cells with
12 decreased telomerase activity under higher levels of oxygenation.
13 The DNA damage response protein ATR was investigated to determine if the DNA
14 damage response pathway was activated. The addition of TI-IX showed no significant
15  differences for phosphorylated ATR, however levels were significantly lower in 20% O, fetal
16  muscle cells than those cultured under lower oxygen concentrations. Phospho-ATR has
17  beenreported to be up regulated in hypoxic conditions in tumors, and our result supports
18  that ATR activity may be oxygen-dependent [101]. This increase in phospho-ATR may be
19  related to proliferation rates, and may aid cells cultured at lower oxygen levels in coping
20  with telomerase inhibition by repairing DNA damage instead of becoming senescent [102].
21  ATR may not play an important role in the response to DNA damage in our model since it
22 was not activated with higher levels of DNA damage at 20% O,, but instead could display
23 higher activity through activation of DNA replication damage in cells with a faster
24 population doubling time [102, 103]. If there is excessive DNA damage, it may be

25  irreparable, which may mitigate the DNA damage response [104]. We did not observe
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1  increased phospho-ATR with telomerase inhibition and DNA damage, but this could be due
2 to activations of other DNA damage response proteins, such as ATM [105].
3 Telomerase is known to shuttle between the nucleus, cytoplasm and mitochondria
4 in cells, but its exact function in mitochondrial and cytoplasmic compartments are not well
5 recognized [106]. In stress conditions, up to 80-90% of telomerase can shuttle out of the
6  nucleus into the mitochondria, resulting in telomere shortening/damage [39]. Telomerase
7  may have a role in mitochondrial DNA protection or to alleviate mitochondrial ROS
8  production [39, 40]. Similar to previous studies [39, 65, 106], we measured an increase in
9  mitochondrial ROS in telomerase inhibited 20% O, cells. This ROS increase was not
10 observed in 2% O, cultured cells with telomerase inhibition. This suggests a role for
11  enzymatically active telomerase in preventing mitochondrial ROS production, increasing
12 mitochondrial membrane potential or improving mitochondrial coupling [39, 40, 106]. The
13 increased mitochondrial ROS observed in telomerase inhibited 20% O, cells may also be
14 due to an increase in p53, which modulates expression of redox-related genes involved in
15  mitochondrial permeability [107-109]. We observed an increase in cytoplasmic/total
16  cellular ROS in cells cultured under 20% O, compared to those cultured in 2% O, further
17  supporting a hyperoxic environment for cells grown at atmospheric O, tensions.
18  Surprisingly, we detected decreased cytoplasmic ROS levels in telomerase inhibited cells.
19  Contrary to reports that telomerase improves mitochondrial function [39], mitochondrial
20  TERT also appears to exacerbate free-radical-mediated mtDNA damage [110]. These
21  results support differing roles for telomerase in regulating ROS production, but further
22 research is needed to fully elucidate its role in the mitochondria.
23 The transcription factor PGC-1a regulates genes involved in energy metabolism and
24 mitochondrial biogenesis [73], and was significantly increased in 20% O, compared to 2%

25  0,cells. Elevated PGC-1a correlated with increased mitochondrial number in cells grown at

24


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 20% O, and could be responsible for increased ROS levels [111]. Coupled with results

2 indicating higher levels of DNA damage and senescent markers, 20% O, promotes a

3 hyperoxic environment [112]. Low 2% O, is more physiological to what fetal muscle cells

4 are exposed to in utero, allowing “normal” function without being hypoxic [113]. Hypoxia

5  canincrease ROS production [114], however culturing fetal muscle cells at 0.5% O, did not

6  display reduced cell growth rates or increase senescent marker expression. The cells may

7  have adapted to growth at low oxygen concentrations, or perhaps 0.5% oxygen was not

8  decreasing intracellular oxygen tension (PO,) to a point where oxygen availability limited

9  respiration enough to create hypoxia and oxidative stress [114].
10 Catalase and SOD1 levels were significantly higher in 20% O, cultured cells
11 compared to the lower oxygen groups, in agreement with previous reports that show
12 hyperoxic conditions increase antioxidant levels [115, 116]. Telomerase inhibition did not
13 significantly alter the levels of these antioxidants, although senescence has been associated
14  with decreased antioxidant capacity [117]. The non-significant increase in Catalase and
15  non-significant decrease in SOD for telomerase inhibited 20% O, cells may together produce
16  decreased amounts of cellular H,0, explaining the significant decrease in cellular ROS levels
17 measured after telomerase inhibition. Alternatively, other antioxidants such as
18  mitochondrial SOD2 may show differing effects following telomerase inhibition and could
19  be examined in future studies.
20 P66Shc is a unique stress adaptor protein, that when phosphorylated at serine-36
21  translocates into mitochondria to produce and release ROS that can induce apoptosis or
22 senescence [118, 119]. Phospho-p66Shc was increased in fetal muscle cells upon treatment
23 with TI-IX. Telomerase inhibition could regulate p66Shc phosphorylation/activation and
24 mitochondrial ROS production through p53 [120] and/or through ROS activation of p66Shc

25  inafeed forward manner [69, 118]. This links DNA damage to increased ROS production
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1 through a p53-p66Shc mechanism that may drive other senescent programs through
2 p66Shc’s regulation of cellular metabolism [70, 121].
3 Senescent cells have lost the ability to divide, but still carry out cellular functions
4 that bypass programmed cell death [122]. Cell metabolism regulators such as mTOR and
5  S6Khave been implicated in senescence [123, 124] so they were investigated along with
6  other metabolic regulators. We observed no difference in mTOR or phospho-mTOR
7  between groups treated with TI-IX. Other phosphorylation sites on mTOR may be altered
8 and could be investigated in future experiments. However, here was a significant difference
9  among oxygen tensions, with increased phospho-mTOR detected at lower oxygen
10 concentrations. Previous studies report that mTOR is down regulated by hypoxia [125],
11 further indicating that our 2% oxygen cultured cells were not hypoxic. mTOR may play a
12 role in elevating telomerase activity of low O, cells, as other studies have shown that
13 increased mTOR and related pathways such as Hsp90 and Akt can increase telomerase
14 levels [126, 127]. Unlike phospho-mTOR, phospho-S6K was significantly up-regulated in
15  20% O, telomerase inhibited cells. Our results indicate that senescence may be mediated
16  through S6K phosphorylation, and its activation is associated with p66Shc activation as
17  well. Under oxidative stress, p66Shc activation mediates S6K phosphorylation and activates
18  p53, linking mitochondrial function and DNA damage to cellular metabolism [70]. Akt and
19  phospho-Akt were both significantly decreased upon telomerase inhibition, but the
20  phospho-Akt/Akt ratio was not significantly different. There have been numerous
21 conflicting studies for Akt inducing [128] and inhibiting senescence [129, 130]. Akt has
22 been shown to modulate senescence through a downstream kinase, GSK-3 [72]. We
23 observed Phospho-GSK-3 at serine 9 was significantly increased in fetal muscle cells
24 cultured at 20% O, with telomerase inhibition. GSK-3 has been shown to have a role in

25  metabolic dysregulation including increasing cell mass and protein translation along with
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I modulating various cellular organelles [131]. This connects GSK-3 and senescence to S6K
2 and increased protein mass to create large cells that express a metabolic senescent
3 phenotype. In addition to its role in modulating metabolism, active GSK-3 phosphorylates
4 p21 and targets it for ubiquitin-mediated degradation [72]. Our current findings suggest
5  thatinactive GSK-3 (serine-9 phosphorylation) would diminish p21 degradation, allowing
6  for p21 levels to accumulate during permanent cell cycle arrest. Together, our findings
7  agree with a number of studies that show a link between nutrient sensing, metabolic
8  dysregulation, oxidative stress and DNA damage that promotes senescence under stressful
9  environments [132-134].
10 In this study, telomerase inhibition induced premature cellular senescence of high
11 oxygen cultured fetal guinea pig muscle cells. Cells cultured in atmospheric oxygen are in a
12 continued state of oxidative stress, and we argue that these cells can be used for modeling
13 oxidative stress environments in utero. Previous studies have shown that hypoxia-
14  reoxygenation or oxidative bursts occur in utero [135-137] and modulation of energy
15  substrates can effect fetal growth during development [138]. Our work may help elucidate
16  premature senescence and aging pathways that may be taking place in fetal cells/tissues
17  subjected to adverse in utero environments such as those that occur during intrauterine
18  growth restriction (IUGR). Telomerase activity in the placenta is negatively correlated with
19  poor pregnancy outcomes [139]. IUGR has been associated with reduced telomerase
20  activity levels [140] that are associated with decreased placenta size [141], increased
21  oxidative stress markers [142], shortened telomeres or telomere aggregates [55, 59, 62,
22 143, 144], and increased DNA damage and senescent markers [60, 145, 146]. Independent
23 oftheir length, telomeres are preferred targets of a steady DNA damage response in aging
24 and stress-induced premature senescence [99]. Our results strengthen the importance of

25  telomerase activity, and if significantly decreased during development may lead to
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I  premature senescence and early onset of age-associated diseases in IUGR offspring.
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1 Materials and Methods

2 Fetal guinea pig muscle cell culture

3 Aprimary fetal guinea pig myoblast cell line of was derived from the soleus skeletal muscle
4  ofaguinea pig euthanized by CO, asphyxiation. All experimental protocols were approved
5 by the University of Western Ontario Animal Care and Veterinary Services and the Canadian
6  Council of Animal Care (animal utilization protocol (AUP) no. 2010-229). Fetal guinea pig
7  muscle cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose
8 and sodium pyruvate. DMEM was supplemented with 10% fetal bovine serum (FBS), 1% L-
9  Glutamine and 1% Penicillin-Streptomycin. Cells were cultured at 37°C under in a
10 humidified 5% CO, atmosphere at either 20% oxygen (0,), 2% O, or 0.5% O, tensions.
11  These oxygen tensions estimate the oxygen concentrations found in adult arterial PO, (~80-
12 100mmHg), fetal arterial PO, (~15mmHg), and a lower oxygen tension to model a hypoxic
13 arterial PO; (~3mmHg), respectively [113]. Cells were grown in the same conditions over
14 the entirety of their treatment periods.

15

16 Trypan blue exclusion test of cell viability and

17 determination of population doubling time

18  Cell viability was manually determined using a hemocytometer with 0.4% trypan blue to

19  stain nonviable cells, with both nonviable and viable cells separately counted. Briefly, an
20  aliquot (~5 x 10° cells/mL) of cells were centrifuged at 100 x g for 5 min and the

21 supernatant discarded. The cell pellet was resuspended in 1 ml PBS and 1 part 0.4% trypan
22 blue solution and 1 part cell suspension were mixed and incubated for ~3 min at room

23 temperature. Within 3-5 min cells were counted using a hemocytometer. The following
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1  equation was used to calculate cell viability: Viable cells (%) = (total number of viable cells
2 per mlof aliquot / total number of cells per ml of aliquot) x 100. To determine population-
3 doubling times, fetal guinea pig muscle cells were seeded at three different concentrations
4 (25,000, 35,000 and 50,000) in six well dishes and viable cells counted every 24 hours for

5  three days. Cell population doubling times were calculated using the algorithm provided by

6  http://www.doubling-time.com.

8 Pharmacological inhibition of telomerase activity

9 Telomerase Inhibitor (TI)-IX (Calbiochem; EMD Millipore, Billerica, MA) is a cell-
10 permeable, bis-catechol containing m-phenylenediamide compound (MST-312) that inhibits
11  telomerase activity [76, 147]. Fetal guinea pig muscle cells were cultured in the presence or
12 absence (non-treated and DMSO treated (vehicle) controls) of various concentrations (0.1
13 uM, 0.5 uM, 1.0 uM and 2.0 uM) of TI-IX for 48 hr at 37°C under a 5% CO, atmosphere
14 containing either 20% or 2% O, tension and subsequently examined.

15

16 Real-time quantitative telomeric repeat amplification (RQ-

17 TRAP) Assay

®

18  To quantify telomerase activity levels, the TRAPEZE™ RT Telomerase Detection Kit

19  (Chemicon; EMD Millipore) was utilized. Cells were collected and lysed to extract total

20  protein and RNA using CHAPS lysis buffer (30 mM Tris-Cl pH 7.5, 150 mM NacCl, 1% CHAPS)
21 containing 100 units/mL RNaseOUT™ (Invitrogen; Life Technologies, Burlington, ON) on

22 ice (20 min) and then centrifuged at 12,000 x g for 20 min at 4°C. Supernatants were

23 assayed for protein content using RC DC Protein Assay Kit Il (BioRad, Hercules, CA), and
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1  each sample was brought to a final sample concentration of 1.5 pg/uL.

2 Telomerase activity was assayed using 1.5 pg of protein per reaction, and

3 experiments performed in triplicate. For all experiments, human embryonic kidney cells

4  (HEK293T) were used as a positive control and human dermal fibroblast (HDF) as a

5  negative control. Telomerase, if present in the cell extract, will add telomeric repeat

6  sequences (TTAGGG) sequences to the 3’ end of an oligonucleotide substrate. The number

7  ofrepeat sequences added by telomerase is quantified using real-time quantitative PCR by

8  measuring the increase in SYBR® green fluorescence upon binding to DNA. The parameters

9  forreal-time qPCR were: 30 minutes at 30°C, 2 minutes at 95°C, followed by 45 cycles of
10 94°C for 15 seconds, 59°C for 60 seconds, and 45°C for 10 seconds. A total volume of 12 pL
11  wasloaded into 394-well plates consisting of 1.0 uL of each sample (1.5 pg) or positive

® RT Reaction

12 control and 11 uL of master mix. The master mix is comprised of 5x TRAPEZE
13 Mix, nuclease-free water and Titanium Taq DNA Polymerase (Clontech Laboratories Inc.;
14  Takara Bio Group). Telomerase activity standard curves were generated using four 10-fold
15  serial dilutions (0.02, 0.2, 2.0 and 20 amoles/pL) of the provided telomerase positive

16  control sample (TSR8) with the CHAPS lysis buffer. Calculating the log,, of the amoles per
17  well for each reaction and plotting them against the experimental cycle time (Ct) average
18  generated these standard curves that were fitted with a linear trend line and equation.

19  Experimental sample average Ct values were used to extrapolate arbitrary telomerase

20  activity units relative to the TSR8 positive control values in the standard curve.

21
22 Immunofluorescence microscopy

23 To ensure the primary cell line was indeed muscle cell progenitors, immunocytochemistry

24 was employed using muscle-specific differentiation factors. Fetal guinea pig muscle cells
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1  were cultured for 48 hrs in 4-well chamber slides (Nunc; Thermo Scientific, Canada) and

2 then fixed for 10-15 min using 4% paraformaldehyde. Cells were then permeabilized and

3 blocked for 1 hr using a solution of phosphate buffered saline (PBS), 5% Goat Serum

4  (Sigma-Aldrich Co., Canada) and 0.1% Triton X-100. Primary antibodies against muscle

5  specific transcription factors Pax7, Myogenin and MyoD (Santa Cruz Biotechnology Inc.,

6  Dallas, TX) were each used in 1:500 dilutions in the blocking solution. The primary

7  antibody incubation was carried out at room temperature for 1 hr, followed by three

8  consecutive washes with 0.1% Triton X-100 in PBS (PBST-X). Appropriate secondary

9 antibodies (anti-mouse or anti-rabbit conjugated with Alexa Fluor-488; Invitrogen) were
10 diluted 1:1000 in blocking solution and Hoescht nuclear. Secondary antibody labelling was
11  completed at room temperature for 1 hr in the dark, followed by three PBST-X washes.
12 Slides were then mounted with cover slips using Anti-Fade Gold Reagent (Invitrogen; Life
13 Technologies) and were visualized and imaged using a Leica DMI6000 inverted microscope
14  (Leica Microsystems Inc., Concord, ON, Canada).

15

16 Telomere-dysfunction Induced Foci (TIFs) detection by

17 immuno-FISH

18  Telomere-dysfunction induced foci (TIFs) are generated when DNA damage markers co-
19  localize with a telomeric probe to indicate double-stranded DNA damage at the telomeres
20  [148]. In this experiment, control and TI-IX treated cells were grown for 48 hrs on 4-well
21  chamber slides (Nunc), initially washed in PBS and fixed with a 2% paraformaldehyde/2%
22 sucrose solution for 10 min at room temperature. The cells were then permeabilized with
23 0.5% Nonidet-P40 (NP-40), and washed three times for 5 min. Cells were subsequently

24 incubated for 1 hr at room temperature in a blocking solution consisting of PBS with 5%
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I  Goat Serum (Sigma-Aldrich). Following blocking, cells were labeled with a primary
2 antibody against the DNA damage indicator phosphorylated histone yH2AX (Phospho-
3 Ser139) (Cell Signaling Technology, Danvers, MA). The primary antibody was diluted
4 1:2000 in blocking solution and incubated with the cells at room temperature for 1 hr. Cells
5  were washed using PBST-X prior to secondary antibody labeling. Anti-rabbit Alexa-Fluor
6 488 secondary antibody (Invitrogen) was used at 1:2000 dilution in blocking solution for 1
7 hratroom temperature in the dark. The primary and secondary antibodies were then post-
8  fixed by treating cells with 4% Paraformaldehyde. The next step utilized a peptide nucleic
9  acid (PNA) probe against telomere sequences in fluorescent in situ hybridization (FISH).
10 The TelC-Cy3 PNA FISH probe (Panagene Inc., Daejeon, Korea) was used in the
11  hybridization buffer with water, 2% Bovine Serum Albumin (BSA), 0.06 ug Yeast tRNA
12 (Invitrogen), 0.6x SSC (diluted from 20x SSC: 3M NaCl, 300mM Trisodium citrate, pH 7.0),
13 and 70% formamide (see Supplementary Table 1). Slides were incubated with 120 pL of the
14  PNA-FISH hybridization buffer and were denatured at 85°C for 5 min, and then placed in a
15  humidified chamber in the dark overnight. Twenty-four hours later, slides were washed
16  twice with wash solution I (10mM Tris-HCl, 70% Formamide, 0.1% Tween 20, 0.1% BSA, pH
17  7.5). This was followed by three washes in solution II (50mM Tris-HCIl, 150mM NacCl, 0.1%
18  BSA, 0.1% Tween 20, pH 7.5). Slides were then ethanol dehydrated in consecutive washes
19  with 70%, 85% and 95% ethanol and then stained with Hoescht 33342 nuclear stain for 10
20  min. Chamber slides were removed and mounted with coverslips and anti-fade gold
21  reagent mounting media. Slides were visualized on a Leica DMI6000 inverted microscope
22 and ORCA-R2 digital camera (C10600, Hammumatsu) in three channels: Leica DAPI, Leica
23 GFP and Leica Texas Red. Images taken from each channel were overlaid to determine the
24 number of cells exhibiting co-localization foci of green and red fluorescence indicating

25  telomeric DNA damage.
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2 Western blot analysis

3 Total protein was extracted from fetal guinea pig muscle cells using RIPA buffer (50 mM
4 Tris-HCI, 150mM NacCl, 1mM EDTA, 1% NP-40, 0.25% Na-deoxycholate, pH 7.4) containing
5  protease inhibitors (Roche) and phosphatase inhibitors (5mM sodium fluoride, 5mM
6 sodium beta- glycerophosphate, 1mM sodium orthovanadate, 1mM sodium
7  phyrophosphate). Cells were mechanically homogenized with a pestle and incubated on ice
8  for 10 min. Extractions were centrifuged at 4°C at 12,500 x g for 10 min and the
9  supernatant was collected and frozen at -20°C until further analysis.
10 Nuclear fractions were extracted from cells using Buffer A with protease and
11  phosphatase inhibitors. Cells were mechanically homogenized with a pestle and incubated
12 onice for 10 min. Extractions were centrifuged at 4°C at 300 x g for 10 min. Cell pellets
13 were discarded and the supernatant was collected and centrifuged again at 1500 x g for 10
14  min. Supernatant was discarded and the nuclear fraction was resuspended in RIPA buffer
15  and sonicated to break up DNA in nuclear fraction. Samples were frozen at -20°C until
16  further analysis.
17 Samples from protein extractions were quantified using the RC DC Protein Assay Kit
18 II (BioRad) by using a Spectramax spectrophotometer (Molecular Devices, Sunnyvale, CA).
19  The samples were prepared with NuPage LDS Sample Buffer and NuPage Sample Reducing
20  Buffer (Invitrogen). Twenty pg of total protein extracts and 10 pg of nuclear extractions
21  were loaded on 4-12% Bis-Tris gels (Invitrogen) in SDS-MES running buffer. Gel
22 electrophoresis was run at 180V for 45-60 min until proteins were separated. Proteins
23 were transferred from Bis-Tris gels to polyvinylidene fluoride (PVDF) membranes for 2
24 hours using a wet transfer system (BioRad). Following transfer, membranes were blocked

25  ineither 5% skim milk or 5% BSA in Tris-buffered saline with Tween 20 (TBST) (50 mM
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1 Tris-HC], 150 mM NacCl, 0.1% Tween 20, pH 7.6) for 1 hr. Following blocking, membranes
2 were incubated overnight at 4°C on a rotator in primary antibodies of 1:1000 dilutions (see
3 Supplementary Table 2). Housekeeping proteins: f3-actin (total protein extractions) and
4 histone H3 (nuclear protein extractions) were also used at higher dilutions of 1:20000 and
5 1:5000, respectively. Membranes were washed with TBST prior to incubation for 2 hrs at
6  room temperature in the appropriate secondary antibody (anti-rabbit or anti-mouse; Cell
7  Signaling) at 1:2000 dilutions. Membranes were washed with TBST before detection using
8  SuperSignal West Pico Chemiluminescent Substrate (ThermoScientific). Protein bands were
9  visualized using the VersaDoc Imaging System (BioRad) and quantified using Image Lab
10 Software (BioRad).

11
12 Annexin V and propidium iodide staining of apoptotic cells

13 To determine if telomerase inhibition triggered apoptosis, an apoptosis kit was used

14 containing Annexin-V, a cell surface marker for apoptosis, and a dead cell nuclear marker
15  propidium iodide (PI) (Invitrogen; Life Technologies). Twenty-four hrs prior to analysis
16  cells were treated with 500 uM hydrogen peroxide (H,0;) as a positive control treatment.
17  Cells were resuspended in annexin-binding buffer to a concentration of 1.0 x 10° cells/ml in
18 100 ul. Alexa-fluor 488 annexin-V was added at a dilution of 1:20 and PI was added to a

19  concentration of 0.01 pg/mL and incubated at room temperature for 15 min in the dark.
20  Following incubation, 400 pL annexin binding buffer was mixed with each sample and kept
21  onice until analysis by the Accuri C6 flow cytometer (see details below). Alexa Fluor 488
22 annexin-V fluorescence excitation/emission maxima were measured at 488/530-575 nm,
23 and Pl was measured at 535/617 nm.

24
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1 Mitochondrial membrane potential and intracellular ROS

2 production

3 To assess mitochondrial membrane potential and reactive oxygen species (ROS) production
4 multiple markers were used including MitoSOX™ (Invitrogen), Mitotracker® Red CMXRos
5 (Invitrogen) and carboxy-H2DCFDA (DCF) (Invitrogen). All fluorescent markers were
6  resuspended in dimethyl sulfoxide (DMSO) and incubated with cells for 15 min followed by
7 trypsinization and resuspension in PBS. Cells were analyzed at a concentration of 1.0 x 10°
8  cells/ml using the Accuri C6 flow cytometer (see details below). MitoSOX and DCF were
9  used at a final concentration of 5 uM while Mitotracker CMXRos was used at a final
10 concentration of 0.2 uM. Fluorescent emission/excitations were as follows: 510/580 nm for
11 MitoSOX, 579/599 nm for Mitotracker Red CMXRos and 492-495 nm/517-527 nm for DCF.

12

13 Flow cytometry analysis

14 Following fluorescence staining protocols, resuspended cells were examined using the

15  Accuri C6 Flow Cytometer (BD Biosciences; Mississauga, Canada). A total of 50,000 events
16  were collected from each sample and these samples were gated to include viable cells as
17  determined by size using forward scatter (FSC) and side scatter (SSC) (S3 Fig). The gated
18  samples were then applied to fluorescent emissions, and the mean fluorescence of the cells
19  inthe gated samples were measured and statistically analyzed.

20
21 Statistical Analysis

22 All data presented is the mean +* standard error of mean (SEM). Data and statistical analysis

23 was conducted using Graph Pad Prism. A one-Way ANOVA with Tukey’s post hoc test was
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1  used to compare telomerase inhibition in samples in the same oxygen concentration. A two-
2 Way ANOVA with Bonferroni post hoc test was used to compare telomerase inhibition
3 across different oxygen concentrations. Statistically significant data was indicated if the P-

4 value was 0.05 or less (p<0.05).

37


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 Acknowledgments

2 The authors would like to thank Lin Zhao for his technical support. This research was

3 supported by the Canadian Institutes of Health Research (CIHR), a Discovery grant to DHB
4 from the Natural Sciences and Engineering Research Council of Canada (NSERC) and a

5 Lawson Research Institute Internal Research Fund to DHB and TRHR. A QEII Graduate

6 Scholarship in Science and Technology (QEIIGSST) funded SEH.

38


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 References

2 1 Gluckman PD, Hanson MA, Low FM. The role of developmental plasticity and
3 epigenetics in human health. Birth defects research Part C, Embryo today : reviews.
4 2011;93(1):12-8.doi: 10.1002/bdrc.20198. PubMed PMID: 21425438.

5 2. Johnson RC, Schoeni RF. Early-life origins of adult disease: national longitudinal
6  population-based study of the United States. American journal of public health.
7 2011;101(12):2317-24. doi: 10.2105/AJPH.2011.300252. PubMed PMID: 22021306;
8  PubMed Central PMCID: PMC3222421.

9 3 Brodsky D, Christou H. Current concepts in intrauterine growth restriction. Journal

10 of intensive care medicine. 2004;19(6):307-19. doi: 10.1177/0885066604269663. PubMed
11 PMID: 15523117.

12 4. Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries in human
13  pregnancy: facts and controversies. Placenta. 2006;27(9-10):939-58.  doi:
14 10.1016/j.placenta.2005.12.006. PubMed PMID: 16490251.

15 5. Khong TY, De Wolf F, Robertson WB, Brosens I. Inadequate maternal vascular
16  response to placentation in pregnancies complicated by pre-eclampsia and by small-for-
17  gestational age infants. British journal of obstetrics and gynaecology. 1986;93(10):1049-59.
18  PubMed PMID: 3790464.

19 6. Hediger ML, Overpeck MD, Kuczmarski R], McGlynn A, Maurer KR, Davis WW.
20  Muscularity and fatness of infants and young children born small- or large-for-gestational-
21  age. Pediatrics. 1998;102(5):E60. PubMed PMID: 9794990.

22 7. Ibanez L, Ong K, Dunger DB, de Zegher F. Early development of adiposity and insulin
23 resistance after catch-up weight gain in small-for-gestational-age children. The Journal of
24 clinical endocrinology and metabolism. 2006;91(6):2153-8. doi: 10.1210/jc.2005-2778.
25  PubMed PMID: 16537681.

26 8. Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker D], Hales CN, et al.
27  Glucose tolerance in adults after prenatal exposure to famine. Lancet. 1998;351(9097):173-
28  7.PubMed PMID: 9449872.

29 9. Barker DJ. Adult consequences of fetal growth restriction. Clinical obstetrics and
30  gynecology.2006;49(2):270-83. PubMed PMID: 16721106.

31 10. Eriksson ], Forsen T, Tuomilehto ], Osmond C, Barker D. Fetal and childhood growth
32  and hypertension in adult life. Hypertension. 2000;36(5):790-4. PubMed PMID: 11082144.

33 11. Forsen T, Eriksson ], Tuomilehto ], Reunanen A, Osmond C, Barker D. The fetal and
34 childhood growth of persons who develop type 2 diabetes. Annals of internal medicine.

35 2000;133(3):176-82. PubMed PMID: 10906831.

36 12 Barker DJ. The fetal and infant origins of disease. European journal of clinical
37  investigation. 1995;25(7):457-63. PubMed PMID: 7556362.

39


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

I 13 Fowden AL, Giussani DA, Forhead A]. Endocrine and metabolic programming during
2 intrauterine development. Early human development. 2005;81(9):723-34. doi:
3 10.1016/j.earlhumdev.2005.06.007. PubMed PMID: 16085373.
4  14. Phillips DI. Fetal growth and programming of the hypothalamic-pituitary-adrenal
5 axis. Clinical and experimental pharmacology & physiology. 2001;28(11):967-70. PubMed
6  PMID: 11703407.
7 15. Ong KK, Dunger DB. Birth weight, infant growth and insulin resistance. European
8  journal of endocrinology / European Federation of Endocrine Societies. 2004;151 Suppl
9  3:U131-9. PubMed PMID: 15554898.
10 16. Jaquet D, Gaboriau A, Czernichow P, Levy-Marchal C. Insulin resistance early in

11 adulthood in subjects born with intrauterine growth retardation. The Journal of clinical
12 endocrinology and metabolism. 2000;85(4):1401-6. doi: 10.1210/jcem.85.4.6544. PubMed
13 PMID: 10770173.

14 17. Bouchard L, Thibault S, Guay SP, Santure M, Monpetit A, St-Pierre |, et al. Leptin gene
15  epigenetic adaptation to impaired glucose metabolism during pregnancy. Diabetes care.
16  2010;33(11):2436-41. doi: 10.2337/dc10-1024. PubMed PMID: 20724651; PubMed Central
17  PMCID: PMC2963508.

18 18. Iglesias-Platas I, Martin-Trujillo A, Petazzi P, Guillaumet-Adkins A, Esteller M, Monk
19  D. Altered expression of the imprinted transcription factor PLAGL1 deregulates a network

20  of genes in the human IUGR placenta. Human molecular genetics. 2014. doi:
21  10.1093/hmg/ddu347. PubMed PMID: 24993786.

22 19. Simmons RA. Developmental origins of diabetes: The role of oxidative stress. Best
23 practice & research Clinical endocrinology & metabolism. 2012;26(5):701-8. doi:
24 10.1016/j.beem.2012.03.012. PubMed PMID: 22980051; PubMed Central PMCID:
25  PMC3444744.

26 20. Huang Q, Xu W, Bai KW, He JT, Ahmad H, Zhou L, et al. Protective effects of leucine
27  on redox status and mitochondrial-related gene abundance in the jejunum of intrauterine
28  growth-retarded piglets during early weaning period. Arch Anim Nutr. 2017;71(2):93-107.
29  doi: 10.1080/1745039X.2017.1279712. PubMed PMID: 28118753.

30 21 Allshire RC, Dempster M, Hastie ND. Human telomeres contain at least three types of
31  G-rich repeat distributed non-randomly. Nucleic acids research. 1989;17(12):4611-27.
32 PubMed PMID: 2664709; PubMed Central PMCID: PMC318019.

33 22. Gomes NM, Ryder OA, Houck ML, Charter S], Walker W, Forsyth NR, et al
34  Comparative biology of mammalian telomeres: hypotheses on ancestral states and the roles
35  of telomeres in longevity determination. Aging cell. 2011;10(5):761-8. doi: 10.1111/j.1474-
36 9726.2011.00718.x. PubMed PMID: 21518243; PubMed Central PMCID: PMC3387546.

37 23. Yu GL, Bradley ]JD, Attardi LD, Blackburn EH. In vivo alteration of telomere
38 sequences and senescence caused by mutated Tetrahymena telomerase RNAs. Nature.
39  1990;344(6262):126-32. Epub 1990/03/08. doi: 10.1038/344126a0. PubMed PMID:
40  1689810.

40


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 24 Liu L, Blasco MA, Keefe DL. Requirement of functional telomeres for metaphase
2 chromosome alignments and integrity of meiotic spindles. EMBO Rep. 2002;3(3):230-4.
3 Epub 2002/03/08. doi: 10.1093/embo-reports/kvf055

4 3/3/230 [pii]. PubMed PMID: 11882542; PubMed Central PMCID: PMC1084019.

5 25 Rhyu MS. Telomeres, telomerase, and immortality. ] Natl Cancer Inst.
6  1995;87(12):884-94. Epub 1995/06/21. PubMed PMID: 7666477.

7 26. Harley CB, Vaziri H, Counter CM, Allsopp RC. The telomere hypothesis of cellular
8  aging. Exp Gerontol. 1992;27(4):375-82. Epub 1992/07/01. PubMed PMID: 1459213.

9 27. Karlseder ], Smogorzewska A, de Lange T. Senescence induced by altered telomere

10  state, not telomere loss. Science. 2002;295(5564):2446-9. doi: 10.1126/science.1069523.
11 PubMed PMID: 11923537.

12 28. Stewart SA, Ben-Porath I, Carey V], O'Connor BF, Hahn WC, Weinberg RA. Erosion of
13 the telomeric single-strand overhang at replicative senescence. Nature genetics.
14 2003;33(4):492-6. doi: 10.1038/ng1127. PubMed PMID: 12652299.

15 29. Passos JF, Saretzki G, Ahmed S, Nelson G, Richter T, Peters H, et al. Mitochondrial
16  dysfunction accounts for the stochastic heterogeneity in telomere-dependent senescence.
17  PLoS biology. 2007;5(5):e110. doi: 10.1371/journal.pbio.0050110. PubMed PMID:
18  17472436; PubMed Central PMCID: PMC1858712.

19 30. Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase
20  activity in Tetrahymena extracts. Cell. 1985;43(2 Pt 1):405-13. Epub 1985/12/01. doi:
21 0092-8674(85)90170-9 [pii]. PubMed PMID: 3907856.

22 31. Collins K, Kobayashi R, Greider CW. Purification of Tetrahymena telomerase and
23 cloning of genes encoding the two protein components of the enzyme. Cell. 1995;81(5):677-
24 86.Epub 1995/06/02. doi: 0092-8674(95)90529-4 [pii]. PubMed PMID: 77740009.

25  32. Collins K, Greider CW. Utilization of ribonucleotides and RNA primers by
26  Tetrahymena telomerase. EMBO J. 1995;14(21):5422-32. Epub 1995/11/01. PubMed PMID:
27  7489731; PubMed Central PMCID: PMC394651.

28 33 Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, et al. Specific
29  association of human telomerase activity with immortal cells and cancer. Science.
30 1994;266(5193):2011-5. Epub 1994/12/23. PubMed PMID: 7605428.

31 34. Harle-Bachor C, Boukamp P. Telomerase activity in the regenerative basal layer of
32  the epidermis inhuman skin and in immortal and carcinoma-derived skin keratinocytes.
33 Proc Natl Acad Sci U S A. 1996;93(13):6476-81. Epub 1996/06/25. PubMed PMID:
34  8692840; PubMed Central PMCID: PMC39048.

35 35 Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW. Telomerase activity in
36 human germline and embryonic tissues and cells. Dev Genet. 1996;18(2):173-9. Epub
37 1996/01/01. doi: 10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3 [pii]
38 10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3. PubMed PMID:
39  8934879.

41


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

36. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, et al. Extension of life-
span by introduction of telomerase into normal human cells. Science. 1998;279(5349):349-
52. Epub 1998/02/07. PubMed PMID: 9454332.

W N =

37. Nakayama ], Tahara H, Tahara E, Saito M, Ito K, Nakamura H, et al. Telomerase
activation by hTRT in human normal fibroblasts and hepatocellular carcinomas. Nat Genet.
1998;18(1):65-8. Epub 1998/01/13. doi: 10.1038/ng0198-65. PubMed PMID: 9425903.

(o) WLV, N SN

38. Thomas M, Yang L, Hornsby PJ. Formation of functional tissue from transplanted
adrenocortical cells expressing telomerase reverse transcriptase. Nat Biotechnol.
2000;18(1):39-42. Epub 2000/01/14. doi: 10.1038/71894. PubMed PMID: 10625388.

O 00 I

10 39. Ahmed S, Passos JF, Birket MJ], Beckmann T, Brings S, Peters H, et al. Telomerase
11  does not counteract telomere shortening but protects mitochondrial function under
12 oxidative stress. Journal of cell science. 2008;121(Pt 7):1046-53. doi: 10.1242/jcs.019372.
13 PubMed PMID: 18334557.

14 40. Kovalenko OA, Caron MJ, Ulema P, Medrano C, Thomas AP, Kimura M, et al. A mutant
15  telomerase defective in nuclear-cytoplasmic shuttling fails to immortalize cells and is
16  associated with mitochondrial dysfunction. Aging cell. 2010;9(2):203-19. doi:
17  10.1111/j.1474-9726.2010.00551.x. PubMed PMID: 20089117.

18 41. Cawthon RM, Smith KR, O'Brien E, Sivatchenko A, Kerber RA. Association between
19  telomere length in blood and mortality in people aged 60 years or older. Lancet.
20  2003;361(9355):393-5.doi: 10.1016/S0140-6736(03)12384-7. PubMed PMID: 12573379.

21 42. Bakaysa SL, Mucci LA, Slagboom PE, Boomsma DI, McClearn GE, Johansson B, et al.
22 Telomere length predicts survival independent of genetic influences. Aging cell.
23 2007;6(6):769-74.doi: 10.1111/j.1474-9726.2007.00340.x. PubMed PMID: 17925004.

24 43. Martin-Ruiz C, Dickinson HO, Keys B, Rowan E, Kenny RA, Von Zglinicki T. Telomere
25  length predicts poststroke mortality, dementia, and cognitive decline. Annals of neurology.
26  2006;60(2):174-80. doi: 10.1002/ana.20869. PubMed PMID: 16685698.

27 44, Brouilette S, Singh RK, Thompson ]JR, Goodall AH, Samani NJ. White cell telomere
28 length and risk of premature myocardial infarction. Arteriosclerosis, thrombosis, and
29  vascular biology. 2003;23(5):842-6. doi: 10.1161/01.ATV.0000067426.96344.32. PubMed
30 PMID: 12649083.

31 45, Sampson M], Winterbone MS, Hughes ]JC, Dozio N, Hughes DA. Monocyte telomere
32  shortening and oxidative DNA damage in type 2 diabetes. Diabetes care. 2006;29(2):283-9.
33 PubMed PMID: 16443874.

34 46. Gardner JP, Li S, Srinivasan SR, Chen W, Kimura M, Lu X, et al. Rise in insulin
35 resistance is associated with escalated telomere attrition. Circulation. 2005;111(17):2171-
36  7.doi: 10.1161/01.CIR.0000163550.70487.0B. PubMed PMID: 15851602.

37 47. Jeanclos E, Schork NJ, Kyvik KO, Kimura M, Skurnick JH, Aviv A. Telomere length

38 inversely correlates with pulse pressure and is highly familial. Hypertension.
39  2000;36(2):195-200. PubMed PMID: 10948077.

42


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

48. Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, et al. Telomerase
reactivation reverses tissue degeneration in aged telomerase-deficient mice. Nature.
2011;469(7328):102-6. doi: 10.1038/nature09603. PubMed PMID: 21113150; PubMed
Central PMCID: PMC3057569.

A WN —

49, Sahin E, Colla S, Liesa M, Moslehi ], Muller FL, Guo M, et al. Telomere dysfunction
induces metabolic and mitochondrial compromise. Nature. 2011;470(7334):359-65. doi:
10.1038/nature09787. PubMed PMID: 21307849; PubMed Central PMCID: PMC3741661.

~ O\ D

8 50. O'Sullivan R], Kubicek S, Schreiber SL, Karlseder ]. Reduced histone biosynthesis and
9  chromatin changes arising from a damage signal at telomeres. Nature structural &
10  molecular biology. 2010;17(10):1218-25. doi: 10.1038/nsmb.1897. PubMed PMID:
11 20890289; PubMed Central PMCID: PMC2951278.

12 51. Alabert C, Groth A. Chromatin replication and epigenome maintenance. Nature
13 reviews Molecular cell biology. 2012;13(3):153-67. doi: 10.1038/nrm3288. PubMed PMID:
14  22358331.

15 52. Pucci F, Gardano L, Harrington L. Short telomeres in ESCs lead to unstable
16  differentiation. Cell stem cell. 2013;12(4):479-86. doi: 10.1016/j.stem.2013.01.018.
17 PubMed PMID: 23561444; PubMed Central PMCID: PMC3629568.

18 53. Entringer S, Epel ES, Kumsta R, Lin ], Hellhammer DH, Blackburn EH, et al. Stress
19  exposure in intrauterine life is associated with shorter telomere length in young adulthood.
20  Proceedings of the National Academy of Sciences of the United States of America.
21  2011;108(33):E513-8. doi: 10.1073/pnas.1107759108. PubMed PMID: 21813766; PubMed
22 Central PMCID: PMC3158153.

23 54 Jennings BJ, Ozanne SE, Dorling MW, Hales CN. Early growth determines longevity in
24  male rats and may be related to telomere shortening in the Kkidney. FEBS letters.
25  1999;448(1):4-8. PubMed PMID: 10217398.

26 55. Tarry-Adkins JL, Chen JH, Smith NS, Jones RH, Cherif H, Ozanne SE. Poor maternal
27  nutrition followed by accelerated postnatal growth leads to telomere shortening and
28  increased markers of cell senescence in rat islets. FASEB journal : official publication of the
29  Federation of American Societies for Experimental Biology. 2009;23(5):1521-8. doi:
30 10.1096/1j.08-122796. PubMed PMID: 19126595.

31 56. Howlader MZ, Parveen S, Tamanna S, Khan TA, Begum F. Oxidative stress and
32  antioxidant status in neonates born to pre-eclamptic mother. Journal of tropical pediatrics.
33 2009;55(6):363-7. doi: 10.1093 /tropej/fmp025. PubMed PMID: 19380372.

34 57. Negi R, Pande D, Kumar A, Khanna RS, Khanna HD. Evaluation of biomarkers of
35  oxidative stress and antioxidant capacity in the cord blood of preterm low birth weight
36  neonates. The journal of maternal-fetal & neonatal medicine : the official journal of the
37 European Association of Perinatal Medicine, the Federation of Asia and Oceania Perinatal
38 Societies, the International Society of Perinatal Obstet. 2012;25(8):1338-41. doi:
39 10.3109/14767058.2011.633672. PubMed PMID: 22046974.

43


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

58. Tarry-Adkins JL, Martin-Gronert MS, Fernandez-Twinn DS, Hargreaves I, Alfaradhi
MZ, Land ]JM, et al. Poor maternal nutrition followed by accelerated postnatal growth leads
to alterations in DNA damage and repair, oxidative and nitrosative stress, and oxidative
defense capacity in rat heart. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2013;27(1):379-90. doi: 10.1096/fj.12-
218685. PubMed PMID: 23024373.

NN B~ WN—

59. Biron-Shental T, Sukenik-Halevy R, Sharon Y, Laish I, Fejgin MD, Amiel A. Telomere
shortening in intra uterine growth restriction placentas. Early human development.
2014;90(9):465-9. doi: 10.1016/j.earlhumdev.2014.06.003. PubMed PMID: 25010904.

O 00 I

10  60. Luyckx VA, Compston CA, Simmen T, Mueller TF. Accelerated senescence in kidneys
11 of low-birth-weight rats after catch-up growth. American journal of physiology Renal
12 physiology. 2009;297(6):F1697-705. doi: 10.1152/ajprenal.00462.2009. PubMed PMID:
13 19828676.

14 61. Martin-Gronert MS, Tarry-Adkins JL, Cripps RL, Chen JH, Ozanne SE. Maternal
15  protein restriction leads to early life alterations in the expression of key molecules involved
16  in the aging process in rat offspring. American journal of physiology Regulatory, integrative
17  and comparative physiology. 2008;294(2):R494-500. doi: 10.1152/ajpregu.00530.2007.
18  PubMed PMID: 18094069.

19 62. Biron-Shental T, Kidron D, Sukenik-Halevy R, Goldberg-Bittman L, Sharony R, Fejgin
20  MD, et al. TERC telomerase subunit gene copy number in placentas from pregnancies
21  complicated with intrauterine growth restriction. Early human development.
22 2011;87(2):73-5.doi: 10.1016/j.earlhumdev.2010.08.024. PubMed PMID: 21168289.

23 63. Izutsu T, Izutsu N, Iwane A, Takada A, Nagasawa T, Kanasugi T, et al. Expression of
24  human telomerase reverse transcriptase and correlation with telomerase activity in
25  placentas with and without intrauterine growth retardation. Acta obstetricia et
26  gynecologica Scandinavica. 2006;85(1):3-11. PubMed PMID: 16521673.

27  64. Bollmann FM. The many faces of telomerase: emerging extratelomeric effects.
28 BioEssays : news and reviews in molecular, cellular and developmental biology.
29  2008;30(8):728-32.doi: 10.1002/bies.20793. PubMed PMID: 18623070.

30 65. Saretzki G. Telomerase, mitochondria and oxidative stress. Experimental
31  gerontology. 2009;44(8):485-92. doi: 10.1016/j.exger.2009.05.004. PubMed PMID:
32 19457450.

33 66. Rudnicki MA, Le Grand F, McKinnell I, Kuang S. The molecular regulation of muscle
34 stem cell function. Cold Spring Harbor symposia on quantitative biology. 2008;73:323-31.
35  doi: 10.1101/sqb.2008.73.064. PubMed PMID: 19329572.

36 67. Lee YH, Bae YS. Phospholipase D2 downregulation induces cellular senescence
37  through a reactive oxygen species-p53-p21 pathway. FEBS letters. 2014. doi:
38 10.1016/j.febslet.2014.07.009. PubMed PMID: 2506484 3.

39  68. Leontieva OV, Blagosklonny MV. DNA damaging agents and p53 do not cause
40  senescence in quiescent cells, while consecutive re-activation of mTOR is associated with

44


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

conversion to senescence. Aging. 2010;2(12):924-35. PubMed PMID: 21212465; PubMed
Central PMCID: PMC3034181.

N —

69. Giorgio M, Migliaccio E, Orsini F, Paolucci D, Moroni M, Contursi C, et al. Electron
transfer between cytochrome c and p66Shc generates reactive oxygen species that trigger
mitochondrial apoptosis. Cell. 2005;122(2):221-33. doi: 10.1016/j.cell.2005.05.011.
PubMed PMID: 16051147.

AN DN B~ W

70. Pani G. P66SHC and ageing: ROS and TOR? Aging (Albany NY). 2010;2(8):514-8. doi:
10.18632/aging.100182. PubMed PMID: 20689155; PubMed Central PMCID:
PMCPM(C2954042.

O 00 I

10 71 Liang ], Slingerland JM. Multiple roles of the PI3K/PKB (Akt) pathway in cell cycle
11 progression. Cell cycle. 2003;2(4):339-45. PubMed PMID: 12851486.

12 72. Rossig L, Badorff C, Holzmann Y, Zeiher AM, Dimmeler S. Glycogen synthase kinase-3
13 couples AKT-dependent signaling to the regulation of p21Cip1 degradation. ] Biol Chem.
14 2002;277(12):9684-9. doi: 10.1074/jbc.M106157200. PubMed PMID: 11779850.

15 73 Lin ], Handschin C, Spiegelman BM. Metabolic control through the PGC-1 family of
16  transcription coactivators. Cell metabolism. 2005;1(6):361-70. doi:
17  10.1016/j.cmet.2005.05.004. PubMed PMID: 16054085.

18 74. Mittal A, Pate MS, Wylie RC, Tollefsbol TO, Katiyar SK. EGCG down-regulates
19  telomerase in human breast carcinoma MCF-7 cells, leading to suppression of cell viability
20  and induction of apoptosis. Int ] Oncol. 2004;24(3):703-10. PubMed PMID: 14767556.

21 75, Berletch JB, Liu C, Love WK, Andrews LG, Katiyar SK, Tollefsbol TO. Epigenetic and
22 genetic mechanisms contribute to telomerase inhibition by EGCG. ] Cell Biochem.
23 2008;103(2):509-19. doi: 10.1002/jcb.21417. PubMed PMID: 17570133; PubMed Central
24 PMCID: PMCPM(C2435482.

25 76. Seimiya H, Oh-hara T, Suzuki T, Naasani I, Shimazaki T, Tsuchiya K, et al. Telomere
26  shortening and growth inhibition of human cancer cells by novel synthetic telomerase
27 inhibitors MST-312, MST-295, and MST-1991. Mol Cancer Ther. 2002;1(9):657-65. PubMed
28  PMID: 12479362.

29 77. Damm K, Hemmann U, Garin-Chesa P, Hauel N, Kauffmann I, Priepke H, et al. A
30  highly selective telomerase inhibitor limiting human cancer cell proliferation. EMBO ]J.
31  2001;20(24):6958-68. doi: 10.1093 /emboj/20.24.6958. PubMed PMID: 11742973; PubMed
32 Central PMCID: PMCPM(C125790.

33 78. Kim JH, Kim JH, Lee GE, Kim SW, Chung IK. Identification of a quinoxaline derivative
34  that is a potent telomerase inhibitor leading to cellular senescence of human cancer cells.
35  Biochem J. 2003;373(Pt 2):523-9. doi: 10.1042/BJ20030363. PubMed PMID: 12689331;
36  PubMed Central PMCID: PMCPM(C1223492.

37 79. Pendino F, Hillion ], Dudognon C, Delaunay ], Mourah S, Podgorniak MP, et al.
38  Telomerase targeting by retinoids in cells from patients with myeloid leukemias of various
39  subtypes, not only APL. Leukemia. 2006;20(4):599-603. doi: 10.1038/sj.leu.2404127.
40  PubMed PMID: 16482212.

45


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

80. Zhang RG, Zhao J], Yang LQ, Yang SM, Wang RQ, Chen WS, et al. RNA interference-
mediated hTERT inhibition enhances TRAIL-induced apoptosis in resistant hepatocellular
carcinoma cells. Oncol Rep. 2010;23(4):1013-9. PubMed PMID: 20204286.

W N =

81. Dong X, Liu A, Zer C, Feng ], Zhen Z, Yang M, et al. siRNA inhibition of telomerase
enhances the anti-cancer effect of doxorubicin in breast cancer cells. BMC Cancer.
2009;9:133. doi: 10.1186/1471-2407-9-133. PubMed PMID: 19416503; PubMed Central
PMCID: PMCPMC2691745.

NN DN B

8 82 Betts DH, Perrault SD, King WA. Low oxygen delays fibroblast senescence despite
9  shorter telomeres. Biogerontology. 2008;9(1):19-31. doi: 10.1007/s10522-007-9113-7.
10  PubMed PMID: W0S:000252156500003.

11 83. Nishi H, Nakada T, Kyo S, Inoue M, Shay JW, Isaka K. Hypoxia-inducible factor 1
12 mediates upregulation of telomerase (hTERT). Mol Cell Biol. 2004;24(13):6076-83. doi:
13 10.1128/MCB.24.13.6076-6083.2004. PubMed PMID: 15199161; PubMed Central PMCID:
14  PMCPM(C480902.

15 84. Napier CE, Veas LA, Kan CY, Taylor LM, Yuan ], Wen VW, et al. Mild hyperoxia limits
16 hTR levels, telomerase activity, and telomere length maintenance in hTERT-transduced
17  bone marrow endothelial cells. Biochim Biophys Acta. 2010;1803(10):1142-53. doi:
18 10.1016/j.bbamcr.2010.06.010. PubMed PMID: 20619302.

19 85. Coussens M, Davy P, Brown L, Foster C, Andrews WH, Nagata M, et al. RNAi screen
20  for telomerase reverse transcriptase transcriptional regulators identifies HIFlalpha as
21  critical for telomerase function in murine embryonic stem cells. Proc Natl Acad Sci U S A.
22 2010;107(31):13842-7. doi: 10.1073/pnas.0913834107. PubMed PMID: 20643931;
23 PubMed Central PMCID: PMCPM(C2922273.

24 86. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell
25  Res.1961;25:585-621. PubMed PMID: 13905658.

26 87. Masutomi K, Possemato R, Wong |JM, Currier JL, Tothova Z, Manola B, et al. The
27  telomerase reverse transcriptase regulates chromatin state and DNA damage responses.
28  Proc Natl Acad Sci U S A. 2005;102(23):8222-7. doi: 10.1073/pnas.0503095102. PubMed
29  PMID: 15928077; PubMed Central PMCID: PMCPM(C1149439.

30 88. Kedde M, le Sage C, Duursma A, Zlotorynski E, van Leeuwen B, Nijkamp W, et al.
31  Telomerase-independent regulation of ATR by human telomerase RNA. ] Biol Chem.
32  2006;281(52):40503-14. doi: 10.1074/jbc.M607676200. PubMed PMID: 17098743.

33  89. Zhang Y, Xiong Y. Control of p53 ubiquitination and nuclear export by MDM2 and
34 ARF. Cell Growth Differ. 2001;12(4):175-86. PubMed PMID: 11331246.

35  90. Gartel AL, Tyner AL. Transcriptional regulation of the p21((WAF1/CIP1)) gene. Exp
36  Cell Res. 1999;246(2):280-9. doi: 10.1006/excr.1998.4319. PubMed PMID: 9925742.

37 91. Niculescu AB, 3rd, Chen X, Smeets M, Hengst L, Prives C, Reed SI. Effects of
38 p21(Cipl/Wafl) at both the G1/S and the G2/M cell cycle transitions: pRb is a critical
39  determinant in blocking DNA replication and in preventing endoreduplication. Mol Cell Biol.
40  1998;18(1):629-43. PubMed PMID: 9418909; PubMed Central PMCID: PMCPM(C121530.

46


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

92. Westin ER, Aykin-Burns N, Buckingham EM, Spitz DR, Goldman FD, Klingelhutz A]J.
The p53/p21(WAF/CIP) pathway mediates oxidative stress and senescence in dyskeratosis
congenita cells with telomerase insufficiency. Antioxid Redox Signal. 2011;14(6):985-97.
doi: 10.1089/ars.2010.3444. PubMed PMID: 21087144; PubMed Central PMCID:
PMCPMC3043957.

DA~ W=

93. Jones KR, Elmore LW, Jackson-Cook C, Demasters G, Povirk LF, Holt SE, et al. p53-
Dependent accelerated senescence induced by ionizing radiation in breast tumour cells. Int ]
Radiat Biol. 2005;81(6):445-58. PubMed PMID: 16308915.

e IR lo)\

9 94, Harada K, Kurisu K, Sadatomo T, Tahara H, Tahara E, Ide T, et al. Growth inhibition
10  of human glioma cells by transfection-induced P21 and its effects on telomerase activity. ]
11 Neurooncol. 2000;47(1):39-46. PubMed PMID: 10930098.

12 95. Yang C, Przyborski S, Cooke M]J, Zhang X, Stewart R, Anyfantis G, et al. A key role for
13 telomerase reverse transcriptase unit in modulating human embryonic stem cell
14 proliferation, cell cycle dynamics, and in vitro differentiation. Stem Cells. 2008;26(4):850-
15  63.doi: 10.1634/stemcells.2007-0677. PubMed PMID: 18203676.

16 96. Kaul Z, Cesare A], Huschtscha LI, Neumann AA, Reddel RR. Five dysfunctional
17  telomeres predict onset of senescence in human cells. EMBO Rep. 2011;13(1):52-9. doi:
18 10.1038/embor.2011.227. PubMed PMID: 22157895; PubMed Central PMCID:
19 PMCPMC3246253.

20  97. Thanasoula M, Escandell JM, Martinez P, Badie S, Munoz P, Blasco MA, et al. p53
21  prevents entry into mitosis with uncapped telomeres. Curr Biol. 2010;20(6):521-6. doi:
22 10.1016/j.cub.2010.01.046. PubMed PMID: 20226664; PubMed Central PMCID:
23 PMCPM(C4959573.

24 98. Thanasoula M, Escandell JM, Suwaki N, Tarsounas M. ATM/ATR checkpoint
25  activation downregulates CDC25C to prevent mitotic entry with uncapped telomeres. EMBO
26 J. 2012;31(16):3398-410. doi: 10.1038/emboj.2012.191. PubMed PMID: 22842784;
27  PubMed Central PMCID: PMCPM(C3419928.

28  99. Hewitt G, Jurk D, Marques FD, Correia-Melo C, Hardy T, Gackowska A, et al
29  Telomeres are favoured targets of a persistent DNA damage response in ageing and stress-
30 induced senescence. Nat Commun. 2012;3:708. doi: 10.1038/ncomms1708. PubMed PMID:
31  22426229; PubMed Central PMCID: PMCPM(C3292717.

32 100. Nakamura A], Redon CE, Bonner WM, Sedelnikova OA. Telomere-dependent and
33  telomere-independent origins of endogenous DNA damage in tumor cells. Aging (Albany
34 NY). 2009;1(2):212-8. doi: 10.18632/aging.100019. PubMed PMID: 20157510; PubMed
35  Central PMCID: PMCPMC2806003.

36 101. Hammond EM, Dorie MJ, Giaccia A]. ATR/ATM targets are phosphorylated by ATR in

37 response to hypoxia and ATM in response to reoxygenation. ] Biol Chem.
38  2003;278(14):12207-13. doi: 10.1074/jbc.M212360200. PubMed PMID: 12519769.

47


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 102. Flynn RL, Zou L. ATR: a master conductor of cellular responses to DNA replication
2 stress. Trends Biochem Sci. 2011;36(3):133-40. doi: 10.1016/j.tibs.2010.09.005. PubMed
3 PMID: 20947357; PubMed Central PMCID: PMCPMC3024454.

4  103. Lopez-Contreras A], Fernandez-Capetillo 0. The ATR barrier to replication-born
5  DNA damage. DNA Repair (Amst). 2010;9(12):1249-55. doi: 10.1016/j.dnarep.2010.09.012.
6  PubMed PMID: 21036674; PubMed Central PMCID: PMCPM(C3590793.

7 104. Sedelnikova OA, Horikawa I, Zimonjic DB, Popescu NC, Bonner WM, Barrett ]JC.
8  Senescing human cells and ageing mice accumulate DNA lesions with unrepairable double-
9  strand breaks. Nat Cell Biol. 2004;6(2):168-70. doi: 10.1038/ncb1095. PubMed PMID:
10  14755273.

11 105. Celli GB, de Lange T. DNA processing is not required for ATM-mediated telomere
12 damage response after TRF2 deletion. Nat Cell Biol. 2005;7(7):712-8. doi:
13 10.1038/ncb1275. PubMed PMID: 15968270.

14 106. Haendeler ], Drose S, Buchner N, Jakob S, Altschmied ], Goy C, et al. Mitochondrial
15  telomerase reverse transcriptase binds to and protects mitochondrial DNA and function
16 from damage. Arterioscler ~Thromb Vasc Biol. 2009;29(6):929-35. doi:
17  10.1161/ATVBAHA.109.185546. PubMed PMID: 19265030.

18 107. Vaseva AV, Marchenko ND, Ji K, Tsirka SE, Holzmann S, Moll UM. p53 opens the
19  mitochondrial permeability transition pore to trigger necrosis. Cell. 2012;149(7):1536-48.
20  doi: 10.1016/j.cell.2012.05.014. PubMed PMID: 22726440; PubMed Central PMCID:
21  PMCPMC(C3383624.

22 108. Li PF, Dietz R, von Harsdorf R. p53 regulates mitochondrial membrane potential
23 through reactive oxygen species and induces cytochrome c-independent apoptosis blocked
24 by Bcl-2. EMBO J. 1999;18(21):6027-36. doi: 10.1093/emboj/18.21.6027. PubMed PMID:
25  10545114; PubMed Central PMCID: PMCPMC(C1171668.

26 109. Schuler M, Bossy-Wetzel E, Goldstein ]JC, Fitzgerald P, Green DR. p53 induces
27  apoptosis by caspase activation through mitochondrial cytochrome c release. ] Biol Chem.
28  2000;275(10):7337-42. PubMed PMID: 10702305.

29 110. Santos JH, Meyer ]JN, Skorvaga M, Annab LA, Van Houten B. Mitochondrial hTERT
30  exacerbates free-radical-mediated mtDNA damage. Aging Cell. 2004;3(6):399-411. doi:
31  10.1111/j.1474-9728.2004.00124.x. PubMed PMID: 15569357.

32 111. Yoboue ED, Devin A. Reactive oxygen species-mediated control of mitochondrial
33 Dbiogenesis. Int ] Cell Biol. 2012;2012:403870. doi: 10.1155/2012/403870. PubMed PMID:
34 22693510; PubMed Central PMCID: PMCPM(C3369472.

35 112. Parrinello S, Samper E, Krtolica A, Goldstein ], Melov S, Campisi ]. Oxygen sensitivity
36  severely limits the replicative lifespan of murine fibroblasts. Nat Cell Biol. 2003;5(8):741-7.
37 doi: 10.1038/ncb1024. PubMed PMID: 12855956; PubMed Central PMCID:
38 PMCPMC4940195.

48


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

113. Regnault TR, de Vrijer B, Galan HL, Wilkening RB, Battaglia FC, Meschia G.
Development and mechanisms of fetal hypoxia in severe fetal growth restriction. Placenta.
2007;28(7):714-23. doi: 10.1016/j.placenta.2006.06.007. PubMed PMID: 16962658.

W N =

114. Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, et al. Mitochondrial complex
I1I is required for hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab.
2005;1(6):401-8. doi: 10.1016/j.cmet.2005.05.001. PubMed PMID: 16054089.

(o) WLV, N SN

115. Bhandari V, Maulik N, Kresch M. Hyperoxia causes an increase in antioxidant
enzyme activity in adult and fetal rat type Il pneumocytes. Lung. 2000;178(1):53-60.
PubMed PMID: 10723720.

O 00 I

10 116. van Golde ]JC, Borm PJ, Wolfs MC, Rhijnsburger EH, Blanco CE. Induction of
11  antioxidant enzyme activity by hyperoxia (60 % 02) in the developing chick embryo. ]
12 Physiol. 1998;509 ( Pt 1):289-96. PubMed PMID: 9547401; PubMed Central PMCID:
13 PMCPMC2230954.

14 117. Poot M. Oxidants and antioxidants in proliferative senescence. Mutat Res.
15  1991;256(2-6):177-89. PubMed PMID: 17220009.

16 118. Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, et al. The p66shc
17  adaptor protein controls oxidative stress response and life span in mammals. Nature.
18  1999;402(6759):309-13. doi: 10.1038/46311. PubMed PMID: 10580504.

19 119. Zhang W, Ji W, Yang L, Xu Y, Yang ], Zhuang Z. Epigenetic enhancement of p66Shc
20  during cellular replicative or premature senescence. Toxicology. 2010;278(2):189-94. doi:
21 10.1016/j.t0x.2010.07.011. PubMed PMID: 20667496.

22 120. Trinei M, Giorgio M, Cicalese A, Barozzi S, Ventura A, Migliaccio E, et al. A p53-
23 p66Shc signalling pathway controls intracellular redox status, levels of oxidation-damaged
24  DNA and oxidative stress-induced apoptosis. Oncogene. 2002;21(24):3872-8. doi:
25  10.1038/sj.0nc.1205513. PubMed PMID: 12032825.

26 121. Pinton P, Rimessi A, Marchi S, Orsini F, Migliaccio E, Giorgio M, et al. Protein kinase C
27  beta and prolyl isomerase 1 regulate mitochondrial effects of the life-span determinant
28  p66Shc. Science. 2007;315(5812):659-63. doi: 10.1126/science.1135380. PubMed PMID:
29  17272725.

30 122. Rodier F, Campisi J. Four faces of cellular senescence. ] Cell Biol. 2011;192(4):547-
31 56. doi: 10.1083/jcb.201009094. PubMed PMID: 21321098; PubMed Central PMCID:
32  PMCPM(C3044123.

33  123. Serrano M. Dissecting the role of mTOR complexes in cellular senescence. Cell Cycle.
34  2012;11(12):2231-2. doi: 10.4161/cc.21065. PubMed PMID: 22714590; PubMed Central
35  PMCID: PMCPMC(C3383585.

36 124. Demidenko ZN, Shtutman M, Blagosklonny MV. Pharmacologic inhibition of MEK

37  and PI-3K converges on the mTOR/S6 pathway to decelerate cellular senescence. Cell Cycle.
38  2009;8(12):1896-900. doi: 10.4161/cc.8.12.8809. PubMed PMID: 19478560.

49


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

125. DeYoung MP, Horak P, Sofer A, Sgroi D, Ellisen LW. Hypoxia regulates TSC1/2-mTOR
signaling and tumor suppression through REDD1-mediated 14-3-3 shuttling. Genes Dev.
2008;22(2):239-51. doi: 10.1101/gad.1617608. PubMed PMID: 18198340; PubMed Central
PMCID: PMCPM(C2192757.

A WN —

126. Haendeler ], Hoffmann ], Rahman S, Zeiher AM, Dimmeler S. Regulation of
telomerase activity and anti-apoptotic function by protein-protein interaction and
phosphorylation. FEBS Lett. 2003;536(1-3):180-6. PubMed PMID: 12586360.

~ O\ D

8 127. Yamada O, Ozaki K, Akiyama M, Kawauchi K. JAK-STAT and JAK-PI3K-mTORC1
9  pathways regulate telomerase transcriptionally and posttranslationally in ATL cells. Mol
10  Cancer Ther. 2012;11(5):1112-21. doi: 10.1158/1535-7163.MCT-11-0850. PubMed PMID:
11 22402124.

12 128. Astle MV, Hannan KM, Ng PY, Lee RS, George A], Hsu AK, et al. AKT induces
13 senescence in human cells via mTORC1 and p53 in the absence of DNA damage:
14  implications for targeting mTOR during malignancy. Oncogene. 2012;31(15):1949-62. doi:
15 10.1038/0nc.2011.394. PubMed PMID: 21909130; PubMed Central PMCID:
16  PMCPMC3325598.

17 129. Kennedy AL, Morton JP, Manoharan I, Nelson DM, Jamieson NB, Pawlikowski JS, et al.
18  Activation of the PIK3CA/AKT pathway suppresses senescence induced by an activated RAS
19 oncogene to promote tumorigenesis. Mol Cell. 2011;42(1):36-49. doi:
20  10.1016/j.molcel.2011.02.020. PubMed PMID: 21474066; PubMed Central PMCID:
21  PMCPMC3145340.

22 130. Liu S, Liu S, Wang X, Zhou ], Cao Y, Wang F, et al. The PI3K-Akt pathway inhibits
23 senescence and promotes self-renewal of human skin-derived precursors in vitro. Aging
24 Cell. 2011;10(4):661-74. doi: 10.1111/j.1474-9726.2011.00704.x. PubMed PMID:
25  21418510; PubMed Central PMCID: PMCPM(C3193382.

26 131. Kim YM, Seo YH, Park CB, Yoon SH, Yoon G. Roles of GSK3 in metabolic shift toward
27 abnormal anabolism in cell senescence. Ann N Y Acad Sci. 2010;1201:65-71. doi:
28 10.1111/j.1749-6632.2010.05617.x. PubMed PMID: 20649541.

29  132. Patel PH, Tamanoi F. Increased Rheb-TOR signaling enhances sensitivity of the
30  whole organism to oxidative stress. ] Cell Sci. 2006;119(Pt 20):4285-92. doi:
31  10.1242/jcs.03199. PubMed PMID: 17038544.

32 133. Selman C, Tullet JM, Wieser D, Irvine E, Lingard SJ, Choudhury Al, et al. Ribosomal
33  protein S6 kinase 1 signaling regulates mammalian life span. Science. 2009;326(5949):140-
34 4. doi: 10.1126/science.1177221. PubMed PMID: 19797661; PubMed Central PMCID:
35 PMCPM(C4954603.

36 134. Lai KP, Leong WF, Chau JF, Jia D, Zeng L, Liu H, et al. S6K1 is a multifaceted regulator
37 of Mdm2 that connects nutrient status and DNA damage response. EMBO J.
38  2010;29(17):2994-3006. doi: 10.1038/emb0j.2010.166. PubMed PMID: 20657550; PubMed
39 Central PMCID: PMCPM(C2944047.

50


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1 135. Tan S, Zhou F, Nielsen VG, Wang Z, Gladson CL, Parks DA. Increased injury following
2 intermittent fetal hypoxia-reoxygenation is associated with increased free radical
3 production in fetal rabbit brain. ] Neuropathol Exp Neurol. 1999;58(9):972-81. PubMed
4  PMID: 10499439.

5 136. Bauer R, Walter B, Zwiener U. Effect of severe normocapnic hypoxia on renal
6  function in growth-restricted newborn piglets. Am ] Physiol Regul Integr Comp Physiol.
7 2000;279(3):R1010-6. PubMed PMID: 10956260.

8 137. Wang X, Ma S, Qi G. Effect of hypoxia-inducible factor 1-alpha on
9  hypoxia/reoxygenation-induced apoptosis in primary neonatal rat cardiomyocytes.
10  Biochem Biophys Res Commun. 2012;417(4):1227-34. doi: 10.1016/j.bbrc.2011.12.115.
11 PubMed PMID: 22227185.

12 138. llIsley NP, Caniggia I, Zamudio S. Placental metabolic reprogramming: do changes in
13 the mix of energy-generating substrates modulate fetal growth? Int ] Dev Biol. 2010;54(2-
14 3):409-19. doi: 10.1387/ijdb.082798ni. PubMed PMID: 19924633; PubMed Central PMCID:
15 PMCPMC4497569.

16 139.  Chen R], Chu CT, Huang SC, Chow SN, Hsieh CY. Telomerase activity in gestational
17  trophoblastic disease and placental tissue from early and late human pregnancies. Hum
18  Reprod. 2002;17(2):463-8. PubMed PMID: 11821296.

19 140. Kudo T, Izutsu T, Sato T. Telomerase activity and apoptosis as indicators of ageing in
20  placenta with and without intrauterine growth retardation. Placenta. 2000;21(5-6):493-
21  500.doi: 10.1053/plac.2000.0538. PubMed PMID: 10940199.

22 141. Lackman F, Capewell V, Gagnon R, Richardson B. Fetal umbilical cord oxygen values
23 and birth to placental weight ratio in relation to size at birth. Am ] Obstet Gynecol.
24 2001;185(3):674-82. doi: 10.1067/mob.2001.116686. PubMed PMID: 11568797.

25 142. Hracsko Z, Orvos H, Novak Z, Pal A, Varga IS. Evaluation of oxidative stress markers
26  in neonates with intra-uterine growth retardation. Redox Rep. 2008;13(1):11-6. doi:
27  10.1179/135100008X259097. PubMed PMID: 18284846.

28 143. Biron-Shental T, Sukenik Halevy R, Goldberg-Bittman L, Kidron D, Fejgin MD, Amiel
29  A. Telomeres are shorter in placental trophoblasts of pregnancies complicated with
30  intrauterine growth restriction (IUGR). Early Hum Dev. 2010;86(7):451-6. doi:
31 10.1016/j.earlhumdev.2010.06.002. PubMed PMID: 20619976.

32  144. Tarry-Adkins JL, Martin-Gronert MS, Chen JH, Cripps RL, Ozanne SE. Maternal diet
33 influences DNA damage, aortic telomere length, oxidative stress, and antioxidant defense
34 capacity in rats. FASEB J. 2008;22(6):2037-44. doi: 10.1096/fj.07-099523. PubMed PMID:
35 18230683.

36 145. Davy P, Nagata M, Bullard P, Fogelson NS, Allsopp R. Fetal growth restriction is
37  associated with accelerated telomere shortening and increased expression of cell
38 senescence markers in the placenta. Placenta. 2009;30(6):539-42. doi:
39  10.1016/j.placenta.2009.03.005. PubMed PMID: 19359039; PubMed Central PMCID:
40  PMCPM(2692289.

51


https://doi.org/10.1101/2020.02.21.959320
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959320; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

~N O\ D LN -

\O o0

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

available under aCC-BY 4.0 International license.

146. Pham TD, MacLennan NK, Chiu CT, Laksana GS, Hsu JL, Lane RH. Uteroplacental
insufficiency increases apoptosis and alters p53 gene methylation in the full-term IUGR rat
kidney. Am ] Physiol Regul Integr Comp Physiol. 2003;285(5):R962-70. doi:
10.1152/ajpregu.00201.2003. PubMed PMID: 12869365.

147. Cohn EP, Wu KL, Pettus TR, Reich NO. A new strategy for detection and development
of tractable telomerase inhibitors. ] Med Chem. 2012;55(8):3678-86. doi:
10.1021/jm201191d. PubMed PMID: 22413845.

148. Mender I, Shay JW. Telomere Dysfunction Induced Foci (TIF) Analysis. Bio Protoc.
2015;5(22). PubMed PMID: 27500188; PubMed Central PMCID: PMCPMC4972040.

Supporting information

S1 Fig. Muscle differentiation markers MyoD, Myogenin and Pax7 indicate muscle
lineage cells from fetal guinea pig soleus muscle. Following 48 hours of incubation at
20% oxygen, fetal guinea pig muscle cells were fixed on 4-well chamber slides and
incubated with primary antibodies: MyoD, Myogenin, and PAX7 and subsequently detected
using the appropriate Alexa Fluor-488 conjugated secondary antibodies. Fixed cells were
counterstained with Hoescht 33342 and the corresponding images are represented in the

right column. The scale bar in the bottom right corner represents 50 pM.

S2 Fig. DCF fluorescence decreases with lower oxygen concentration and telomerase
inhibition. DCF was incubated on cells for 15 mins following a 48-hr treatment with or
without Telomerase Inhibitor IX at 20% and 2% oxygen. Cells were then visualized by
fluorescence microscopy as shown in (A) or analyzed with the Accuri C6 flow cytometer.
Mean fluorescence was determined and represented graphically in (B). Results were
analyzed with a two-way ANOVA, n=3, and significant differences are indicated by (*) and

(***), representing p<0.05, and p<0.001, respectively. Scale bars represent 50 pM.
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1  S3 Fig. Flow cytometry analysis using MitoSox with the Accuri C6. Fetal guinea pig
2 muscle cells were stained for 15 min with MitoSox and resuspended in PBS prior to running
3 through the Accuri C6 flow cytometer. (A) 50,000 events were collected and were plotted
4 by size using forward scatter (FSC; x-axis) and side scatter (SSC; y-axis). Based on size, cells
5  could be gated and cellular debris can be removed. (B) Example of the red fluorescence
6  channel FL2 without gating. (C) The same fluorescence with gating applied showing
7  fluorescence only exhibited by viable cells included. The mean fluorescence was measured

8  and used in statistical analyses.
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