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Abstract

Chromosome ends face two problems: the end-protection (end-to-end fusions) and the end-
replication (progressive telomere shortening) problems. The protein complex shelterin binds to
the telomeric DNA repeats at chromosome ends to protect them from illicit end joining and other
unwanted recombination or resection events. The ribonucleoprotein complex telomerase extends
chromosome ends in somatic and germline stem cells to overcome the end-replication problem
and ensure continued proliferation. Mutations in genes important for telomerase and/or shelterin
function often result in diseases termed telomeropathies, the most prominent example of which
being dyskeratosis congenita (DC). Severe shortening of telomeres in patients with DC results in

depletion of stem cells and bone marrow (BM) failure, the primary cause of death.

TPP1 is the only shelterin component known to both protect chromosome ends and
recruit telomerase to telomeres. We have previously defined regions of TPP1 that are critical for
recruiting telomerase and characterized the consequences of a patient-derived DC mutation in
TPP1 (K170A) resulting in decreased telomerase activity, impaired recruitment, and short
telomeres in cultured human cells. While these studies provide a direct cause-effect relationship,

they do not provide insights into stem cell dysfunction in vivo.

A DC mutation in TPP1 (K170A) that specifically compromises telomerase recruitment

to telomeres is a valuable tool to evaluate telomerase-dependent telomere length maintenance in

xiii



mice. In this dissertation, I first present work on how we used CRISPR-Cas9 to generate a mouse
knocked in for the equivalent of the TPP1 K170A mutation (TPP1 K82A) and investigated both
its hematopoietic (Chapter 2) and germline (Chapter 3) compartments in unprecedented detail.
TPP1 K82A caused progressive telomere erosion with increasing generation number but did not
induce steady-state hematopoietic defects. Strikingly, K82A caused mouse infertility, consistent
with gross morphological defects in the testis and sperm, the appearance of dysfunctional
seminiferous tubules, and a decrease in germ cells. Intriguingly, both TPP1 K82A mice and
previously characterized telomerase knockout mice show no spontaneous BM failure but rather
succumb to infertility at steady-state. Our work suggests a species-specific sensitivity in the
germline rather than the soma in mice, which is reversed in human patients with this disease.

We speculate that the species-specific differences in the response to severe telomere shortening
arises from the distinct proliferation burdens on the mouse and human, soma and germline. Small
and short-lived species like mice may boost germline proliferation to increase gamete production
and maximize the number of offspring produced in a lifetime, while large and long-lived species
like humans prioritize somatic development to survive to the age of reproduction (and nurturing)

to produce fewer, but healthy, offspring.
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Chapter 1 : Introduction

1.1 Telomeres

In all eukaryotes, nucleoprotein complexes called telomeres are responsible for maintaining the
ends of linear chromosomes. In mammals, telomeres consist of multiple, tandem DNA repeats
(of GGTTAG sequence) that are largely double stranded (ds) (10-15 kb in humans) and end in
short single-stranded (ss) G-rich overhangs (50-500 nucleotides in humans) (Palm & de Lange,
2008). While telomeres are conserved across eukaryotes, the repeated sequence (e.g., C. elegans:
TTAGGC, etc.) and length (e.g., laboratory mouse telomeres = ~50 kb) can vary across species
(Kipling & Cooke, 1990). The concept of telomeres was developed in the 1930s separately by
two scientists: Hermann Muller and Barbara McClintock. Muller demonstrated through his work
on x-ray irradiation of Drosophila melanogaster that while breaks and fusions occurred in
chromosomes, the terminal ends were “special” in that they did not participate in such events. He
coined the term telomeres (felos:end; meros:part) to describe chromosome ends (Muller, 1938).
Furthermore, McClintock’s observations of maize chromosomes under the microscope revealed
the ends of chromosomes — telomeres - as essential elements, and introduced the concept of
chromosome end protection (McClintock, 1941) that I will expand on in the following section.
Since then, the telomere field has uncovered not only the sequence and nature of telomeric DNA
but also key proteins necessary for the maintenance of chromosomes ends. In the introductory
chapter, I will share our current understanding of how telomeres protect our genome and how

they help prevent senescence of proliferating cells like germline and somatic stem cells.



1.2 End protection: shelterin

Genomic stability is critical for life. While many factors work in tandem to maintain
chromosome integrity, a key component in this is the DNA damage response machinery (DDR)
that recognizes and repairs double stranded breaks (DSBs) (Palm et al., 2009). Due to the linear
nature of mammalian chromosomes, their natural ends can be perceived as DSBs by DDRs,
which can lead to end-to-end fusions and genomic instability. This is the end-protection problem.
Telomeric DNA can form two high order structures that have been hypothesized to help protect
telomeres to help solve the end-protection problem: t-loops and G-quadruplexes. In t-loops, the
3’ overhang of the telomere folds back to invade an internal telomeric duplex region. By
sequestering the 3’ end of the overhang within a duplex, the t-loop structure is thought to protect
telomeres from being recognized as broken DNA (Stansel et al., 2001). Intra-strand G-
quadruplexes can form due to the G-rich nature of telomeric repeats, providing a second DNA-
structure mediated avenue for protecting the natural 3° end of chromosomes (Sen & Gilbert,
1988). While telomeres can organize themselves into these structures, much is still unknown
about how, when, and why these structures are employed to protect ends. What is more
appreciated is how a multimeric protein complex known as shelterin physically binds along the
entire length of the telomere to provide chromosome end protection (Palm & de Lange, 2008).
Shelterin consists of six proteins: TRF1, TRF2, Rapl, TIN2, POT1 and TPP1. Chromosome end-
protection by shelterin is essential, as individual knockout (KO) of five of the six shelterin

proteins in mice (Rap1 being the outlier) results in embryonic lethality.

1.2.1 TRF1



TRF1 (telomere repeat-binding factor 1), encoded by TERF I, was the first mammalian shelterin
component identified (Zhong et al., 1992). TRF1 has three domains: an acidic N-terminus, a
central TRF homology (TRFH) domain and a C-terminal DNA-binding domain (Chong et al.,
1995). TRF1’s C-terminal SANT/Myb domain binds specifically to ds telomeric DNA (Boyer et
al., 2004; Broccoli, Chong, et al., 1997; Broccoli, Smogorzewska, et al., 1997) while its TRFH
domain is responsible for its homodimerization (Bianchi et al., 1997). The TRFH domain also
binds shelterin component TIN2, and to a meiosis-specific telomere protein called TERBI
(telomere repeats binding bouquet formation protein 1) (Smith et al., 2020). TERB1 along with
two other meiosis-specific proteins TERB2 and MAJIN form a complex that connects telomeres
to the inner nuclear membrane that allows for telomeres to be tethered to cytoskeletal motors, a
step that is crucial for chromosomal movements important to facilitate homologous
recombination during meiosis (Pendlebury et al., 2017). The acidic N-terminus of TRF1 has
been associated with recruitment of specific shelterin accessory proteins such as Tankyrase 1 and
Tankyrase 2, which can sequester TRF1 from telomeres and positively regulate telomere length
(Sbodio & Chi, 2002; Sbodio et al., 2002; Smith et al., 1998). Functionally, TRF1 has also been
implicated in maintaining telomere length. In experimental studies in a telomerase-positive
context, over-expression of TRF1 results in telomere shortening and reduction of TRF1 results in
telomere elongation (Smogorzewska et al., 2000; van Steensel & de Lange, 1997). In mice,
knock out of TRF1 is lethal and conditional KO of TRF1 results in major developmental defects,
severe telomeric defects such as “fragile” telomeres, which constitute broken telomere
fluorescence in situ hybridization (FISH) signals seen at the ends of metaphase chromosomes

(Karlseder et al., 2003; Sfeir et al., 2009). Through TRF1’s multiple domains, it has roles in



stabilizing shelterin for genome protection, regulating telomerase-mediated telomere

lengthening, as well as tethering telomeres to the inner nuclear membrane during meiosis.

1.2.2 TRF2

TREF2 (telomere repeat factor 2), encoded by TERF?2, has a similar domain layout as TRF1.
While both proteins share a central TRFH domain and C-terminal SANT/Myb domain, TRF2 has
a basic N-terminus rather than an acidic one like TRF1 (Bilaud et al., 1997; Broccoli,
Smogorzewska, et al., 1997). The N-terminus of TRF2 is referred to as a GAR domain as it
contains a Gly/Arg-rich region known to bind proteins such as WRN (Werner syndrome
helicase) and ORC (Origin Recognition Complex) that are implicated in the formation and
resolution of t-loops (Doksani et al., 2013). Just like TRF1, TRF2 binds specifically to ds
telomeric DNA through its C-terminus. Between TRF2’s TRFH and C-terminal Myb domains
are individual regions required for binding to shelterin component Rap1 and TIN2 (Kim et al.,
2009; Li et al., 2000). Similar to studies done in TRF1 KO mice, TRF2 KO mice are also
embryonic lethal (Celli & de Lange, 2005). Further work also showed similarities to TRF1,
including telomere shortening upon overexpression and telomere elongation upon knockdown
(Karlseder et al., 1999; Smogorzewska et al., 2000; Takai et al., 2010). The TRFH domain of
TREF2 is also responsible for binding key proteins like Apollo SNM1-type nuclease, Ku70 and
other proteins involved in DNA repair or DNA damage signaling (Chen et al., 2008; Kim et al.,
2009). While TRF2 is important for shelterin stabilization and is known to facilitate t-loop
formation, one of TRF2’s most important roles that distinguishes it from TRF1 is in repressing
the ATM (ataxia telangiectasia mutated) pathway, a major pathway for responding to DSBs in

the cell. Exposure of ds telomeric DNA due to TRF2 removal evokes a strong ATM response



due to activation of ATM kinase as a result of DSBs recognized by the MRE11/RADS50/NBS1
(MRN) complex, which is involved in the initial processing of DSBs (D'Amours & Jackson,

2002; Karlseder et al., 1999; Karlseder et al., 2004; Takai et al., 2003; van Steensel et al., 1998).

1.2.3 Rapl

Rapl (repressor/activator protein 1) is encoded by TERF2IP (telomeric repeat-binding factor 2-
interacting protein 1) (Li et al., 2000). It is one of 3 shelterin proteins that do not bind to
telomeric DNA. Rap1 has three discernible domains: an N-terminal BRCT domain thought to
phosphorylate a target protein, a Myb domain that can bind to other proteins and a C-terminal
domain that serves to connect the protein in shelterin by binding to TRF2 (Li et al., 2000).
Without TRF2, Rap1 cannot be recruited to telomeres and is the only shelterin component
dispensable for end-protection (Celli & de Lange, 2005). Aside from binding TRF2 within
shelterin, there is no isolated role of Rap1 at telomeres. Accordingly, Rapl KO mice are viable,
however, they exhibit shortened telomeres, skin hyperpigmentation, and an obesity phenotype in
females that likely results from Rap1 binding to genomic sites outside of telomeres (Martinez &

Blasco, 2011; Martinez et al., 2010).

1.2.4 TIN2

TRF1-interacting nuclear protein 2 (TIN2) is encoded by TINF2 and bridges the proteins that
bind ds telomeric DNA to those that bind ss telomeric DNA. The N-terminal domain of TIN2
allows for binding of shelterin proteins TPP1 and TRF2, and a central region of the TIN2 protein

binds to the TRFH domain of TRF1 (Kim et al., 1999). TIN2 KO causes embryonic lethality and



loss of TIN2 in mouse embryonic fibroblasts (MEFs) results in a reduction in localization of all
shelterin components to telomeres (Chiang et al., 2004; Takai et al., 2011). TIN2 is the first
shelterin component shown to be mutated in patients with telomeropathies and 7INF?2 is also one
of the most frequently mutated genes in these diseases (see 1.4 for more information; (Savage et

al., 2008; Walne et al., 2008)).

1.2.5 POT1

POT]1 (protection of telomeres 1) is encoded by POT! and is the only shelterin component that
binds ss telomeric DNA. It has two distinct domains: an N-terminal DNA-binding domain and a
C-terminal domain that binds TPP1 (Baumann & Cech, 2001; Baumann et al., 2002). OB-folds
(oligonucleotide/oligosaccharide-binding) are small domains used for binding ss nucleic acids
and/or proteins. In case of POT1, two OB-folds of the N-terminal DNA-binding domain bind ss
telomeric DNA in a sequence specific manner (Lei et al., 2004). POT1 forms an obligate
heterodimer with the sixth shelterin protein TPP1 (see below) using a C-terminal domain that
contains a Holliday junction resolvase-like domain (HJRL) inserted within a third OB domain in
POTI1 (Lei et al., 2004; Liu et al., 2004; Loayza et al., 2004). Similar to TRF2 in its role in
shielding telomeres from DDR, exposure of the ss telomeric DNA evokes a strong ataxia
telangiectasia and RAD3-related (ATR) response that POT1 normally suppresses (Loayza & De
Lange, 2003). In mice, POT1 has two paralogs, Potla and Potlb (Hockemeyer et al., 2006).
While they both bind ss telomeric DNA like human POT1, they each have separate functions
(Hockemeyer et al., 2006). KO of Potla results in embryonic lethality whereas Potlb KO mice
are viable (He et al., 2006; Hockemeyer et al., 2005; Wu et al., 2006). Potla not Pot1b is

important for repressing the ATR response, while Potlb is important for Tpp1-mediated



telomerase recruitment to telomeres (see next section; (He et al., 2009)). Furthermore, Potlb
helps to maintain the proper 3° G-overhang length by regulating the resection of the

complementary C-rich strand by nucleases (Gu et al., 2021).

1.2.6 TPP1

The protein TPP1 (adrenocortical dysplasia homolog/TINT1-PTOP-PIP1, hereafter mentioned as
TPP1) encoded by ACD was the last shelterin component identified independently by three
different groups (Houghtaling et al., 2004; Liu et al., 2004; Ye et al., 2004). Human TPP1 is 544
amino acids (aa) long but can exist as two main isoforms TPP1 short (TPP1S), the most
abundant isoform starting at aa Met87, and TPP1 long (TPP1L) that exists primarily in testes
(Grill et al., 2019; Liu et al., 2004). Mouse TPP1 exists as a single isoform containing 458 aa
and is equivalent to the TPP1S isoform of humans. TPP1S contains three distinct domains, an N-
terminal OB domain, a central POT1 binding domain, and a C-terminus TIN2 domain. The N-
terminal OB domain of TPP1 is important for recruiting telomerase to telomeres (see section 1.3
for more detail). Although TPP1 is not known to directly bind DNA, it increases affinity of
POT]1 for telomeric ss DNA (Wang et al., 2007; Xin et al., 2007). Work in a mouse model
harboring a spontaneous autosomal recessive splice site mutation in the Acd gene has shed some
light on the importance of TPP1 in vivo. This model of TPP1 results in 2% of WT 4cd mRNA
and 1s therefore referred to as a hypomorphic allele of TPP1 rather than a null allele (Keegan et
al., 2005). acd/acd mice often die after birth (depending on genetic background) and those that
survive suffer from many developmental defects including urogenital and neuronal defects.
MEFs derived from these mice exhibit mild telomere defects resulting from chromosome de-

protection. The mild nature of the phenotype can be attributed to the persistence of WT TPP1,



which when eliminated through small hairpin RNAs (shRNAs), results in a robust end de-

protection phenotype (Hockemeyer et al., 2007).

Although there is more to elucidate about shelterin assembly at telomeres, our current
understanding is that TRF1 and TRF2/Rap1 are independently recruited to telomeres followed by
TIN2, TPP1 and finally POT1. In summary, shelterin caps the ends of our chromosomes to block

DDR from attempting to fuse natural chromosome ends to each other (Fig. 1.1).

1.3 End-replication: telomerase

An additional task of telomeres is to solve the end-replication problem in dividing cells. As cells
divide, telomeres shorten. This is because DNA polymerases require an RNA primer that
provides a 3" hydroxyl group for DNA synthesis at the 5’ end of the lagging strand. However,
once the primer has been removed, a gap is left that cannot be filled by DNA polymerases,
resulting in shorter telomeres with every cell division (Palm & de Lange, 2008). This is the end-
replication problem. While progressive telomere shortening is warranted in our somatic cells, as
it can help prevent unregulated cell division associated with cancer, the end replication problem
must be countered in long-lived proliferating cells such as germline and somatic stem cells (Shay
& Wright, 2010). Telomerase is instrumental to the solution of the end replication problem.
Discovered in 1985 by Greider and Blackburn, telomerase was found to be a unique
ribonucleoprotein that contains a reverse transcriptase component (TERT) and an internal RNA
component (TR) (Greider & Blackburn, 1985, 1989). Originally discovered in the ciliate

Tetrahymena thermophila, it was shown that telomerase solves the end-replication problem by



synthesizing new telomeric DNA repeats at the ends of chromosomes using its internal RNA

template (Greider & Blackburn, 1989; Lingner et al., 1997; Meyerson et al., 1997).

TERT consists of four domains: the TERT RNA binding domain (TRBD), the thumb domain
also called the C-terminal extension (CTE), the reverse transcriptase domain (RT), and the

telomerase essential N-terminal domain (TEN) (Podlevsky & Chen, 2012).

The TRBD domain is required for proper function of telomerase. It is responsible for binding the
RNA subunit TR, resulting in the formation of the core telomerase ribonucleoprotein (RNP)
complex. The catalytic RT domain is composed of seven conserved RT motifs (1, 2 and A, B, C,
D, and E), common to all reverse transcriptases (Bryan et al., 2000b). Motifs 1 and 2 are
organized in a “fingers” domain important for interacting with nucleic acids. Motifs A-E
organize in a “palm” domain known to contain the catalytic active site with motif E connecting
the fingers and palm domain with a “primer grip” region interacting with telomeric DNA (Bryan
et al., 2000a). TERT distinguishes itself from other conventional reverse transcriptases (e.g., HIV
reverse transcriptase) by presence of two major TERT-specific insertions, motif 3 (Xie et al.,
2010) and insertion in fingers domain (IFD) (Lingner et al., 1997; Lue et al., 2003). The CTE
domain contains the thumb domain, which works together with the finger and palm domains in
the RT domain essential for telomerase activity. The TEN domain is the least evolutionarily
conserved sequence of TERT but its structural core is conserved (Jacobs et al., 2006; Petrova et
al., 2018). The TEN domain functions to bind ss telomeric DNA repeats but has also been
implicated in telomerase activity, telomere maintenance, and recruitment of telomerase to the

telomere (Armbruster et al., 2003; Armbruster et al., 2004; Zhong et al., 2012).



However, telomerase doesn’t act alone. Many other proteins work with telomerase either for its
biogenesis or activity. For example, Dyskerin is important for TR stability, TCAB1 is important
for telomerase localization in Cajal bodies (before it is recruited to telomeres), and most notably
for my thesis, TPP1 is required for telomerase recruitment to telomeres (Abreu et al., 2010;
Collins, 2008; Egan & Collins, 2010). Since telomerase and POT1 bind the same G-rich
sequences at chromosome ends, POT1 is thought to be an inhibitor of telomerase. However
interestingly enough, the POT1-TPP1 complex stimulates telomerase processivity compared to

POT1 or TPP1 alone (Latrick & Cech, 2010; Wang et al., 2007).

TPP1’s N-terminal OB domain was first shown to bind TERT through pull down experiments
(Xin et al., 2007) . It was later demonstrated through immunofluorescence and fluorescence in
situ hybridization (IF-FISH) and chromatin immunoprecipitation (ChIP) assays that TPP1 is
necessary for the recruitment of telomerase to telomeres (Abreu et al., 2010). Furthermore, loss
of the OB-fold of TPP1 resulted in the disruption of telomerase recruitment to telomeres. TPP1
OB was also found to not only be necessary but also sufficient to recruit telomerase to
telomerase via a LacO/Lacl-tethering system that recruited telomerase to a non-telomeric locus
in the genome (Zhong et al., 2012). Mutagenesis studies revealed a surface of the OB domain of
TPP1 including seven essential amino acids (E168, E169, E171, R180, L183, L212 and E215),
called the TEL patch (TPP1 glutamate (E) and leucine (L)-rich patch), that is responsible for the
interaction between TPP1 and telomerase (Nandakumar et al., 2012; Sexton et al., 2012; Zhong
et al., 2012). In addition to data from in vitro pull-down and telomerase activity assays showing

the importance of the TEL patch for telomerase function, it was also shown that the TEL patch
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mutations decrease the extent of telomere elongation by telomerase in cultured human cells
(Nandakumar et al., 2012). In 2018, a new region in the very N-terminus of the OB domain
termed NOB was shown to also be important for recruiting telomerase to telomeres as well (Grill

et al., 2018). Thus, TPP1 uses both the TEL patch and NOB regions to bind TERT.

Previous work has also shed light on the residues on TERT that are required for telomerase
binding to TPP1. Functional data suggests that the TEN domain is essential for telomerase
recruitment to telomeres through a direct ionic interaction between K78 of the TEN domain and
E215 of the TEL patch of TPP1 (Schmidt et al., 2014; Zaug et al., 2010). We have also learned a
lot about the structure of mammalian telomerase from recent cryo-EM studies (Ghanim et al.,
2021; He et al., 2021; Jiang et al., 2018; Nguyen et al., 2018). The TEN domain and IFD have
been shown to interact through a surface named IFD TRAP. Through a mutagenesis screen, key
mutations in the TEN domain and IFD TRAP were found to be required for telomerase
recruitment to telomeres, highlighting the importance of these domains of TERT in telomerase
recruitment to telomeres (Tesmer et al., 2019). This is in agreement with previous studies
implicating the IFD in telomere maintenance and telomeropathies (Chu, D'Souza, et al., 2016;
Chu, MacNeil, et al., 2016). Modeling the structure of the human telomerase-TPP1 complex
based on currently available structural data suggests that two distinct patches on the TEN and
IFD domains of TERT are oriented toward the TEL patch and NOB regions of TPP1, forming
the structural basis for telomerase recruitment to telomeres (Chu, D'Souza, et al., 2016; Chu,

MacNeil, et al., 2016; Tesmer et al., 2019).
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1.4 Telomerase knockout mice and human telomeropathies

Telomerase is expressed in germline and somatic stem cells. Germ stem cells form gametes to
generate offspring, while somatic stem cells bear the burden of tissue regeneration and repair
throughout life. Stem cells can be pluripotent or multipotent with the ability to self-renew and/or
differentiate. Telomerase is active in somatic stem cells but over time telomerase activity
declines and telomeres shorten, providing the basis for the strong correlation between telomere
length and age of an individual (Shay & Wright, 2010). In contrast, germ cells maintain telomere
length throughout life, consistent with the evolutionary pressure to avoid penalizing an offspring
with shorter starting telomere length in their cells as a result of being born later in the parent’s
life (de Lange et al., 1990). Studies looking at telomerase KO (either TR or TERT) in mice have
demonstrated the importance of proper functioning telomerase at the organism level. It was
found that such mice exhibit infertility and reduced regeneration in highly proliferative organs
following injury such as in the skin, GI, and hematopoietic system (Blasco et al., 1997; Herrera
et al., 1999; Lee et al., 1998; Rudolph et al., 1999). These mice also had shorter lifespans
(Herrera et al., 1999). It’s important to note that most of these phenotypes did not emerge until
later generations as laboratory mice have abnormally long telomeres and successive breeding of
homozygous mutants is required to reveal a telomere shortening phenotype. In humans, much of
what we have learned about telomerase deficiency is from diseases such as dyskeratosis

congenita (DC) and other telomeropathies.

Germline mutations that compromise telomere length maintenance result in diseases termed

telomeropathies or telomere biology disorders (TBD) (Ballew & Savage, 2013; Savage, 2014).

TBDs are a heterogeneous group of diseases that result in a range of clinical conditions often
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caused by severely short telomeres and mutations in proteins important for telomerase function
or telomere maintenance. Some of the telomeropathies that plague patients with TBDs span a
spectrum of symptoms that manifest with bone marrow (BM) failure, pulmonary fibrosis,
increased cancer risk, or even premature greying. Although these diseases are mostly caused by
mutations in a number of different genes, the cause of the disease is generally considered to be
deficiency of telomerase and telomere shortening, leading to reduced function of stem cells. To
date, mutations in 14 genes have been implicated in the etiology of TBDs: DKC1, NOP10,
NHP2, NAF1, PARN, ZCCHCS8, WRAP53 (codes for TCAB1), RTELI, CTC1, STN1, TERT,
TERC (codes for TR), TINF2 (codes for TIN2), and ACD (codes for TPP1) (Grill &
Nandakumar, 2020). RTEL1, STN1, and CTCI1 are proteins important for telomere replication.
TCABI1/WRAPS53, PARN, ZCCHCS8, NOP10, NHP2, NAF1, DKC1, TERC and TR are
important for telomerase maturation and assembly, while TIN2 and TPP1 are shelterin
components as already described above. Mutations in one of the 14 genes can result in different
diseases depending on where the mutation lies in the gene, the dosage, and other associated
factors such as inheritance of short telomeres. Due to the various manifestations of disease
strongly indicative of somatic stem-cell failure, TBDs are also referred to as stem-cell biology

disorders.

Telomeropathies display an earlier onset and worse prognosis of the disease in later generations,
a phenomenon known as genetic anticipation. Genetic anticipation in these diseases results from
progressive shortening of telomeres caused by inheritance of both short telomeres and the

causative mutation from the affected parent’s gamete.
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1.4.1 Dyskeratosis congenita

The most prominent of telomeropathies is dyskeratosis congenita (DC). DC is a rare inherited
disorder that can present with a broad phenotypic spectrum, including a diagnostic triad of
epithelial manifestations (dysplastic nails, abnormal skin pigmentation, and oral leukoplakia)
(Dokal, 2011). Although rare, DC is the second most common type of inherited BM failure
system. BM failure is usually the cause of mortality in patients with DC, accounting for 80% of

deaths followed by pulmonary disease and cancer.

Patients with DC can present very differently and do not always require the presence of the triad
as DC can present with variable expressivity. Patients with DC may also present with several
other clinical features including pulmonary fibrosis, liver disease, immune deficiency, dental and
bone defects, endocrine, urological, neurological deficiencies, and/or cancer (Niewisch &

Savage, 2019).

DC can be inherited in an X-linked, autosomal dominant or autosomal recessive manner, the
most common being the X-linked form caused by mutations in Dyskerin (DKC1). There are also
cases of de novo germ line mutations causative of DC often arising in TIN2. However,30% of
the genetic cause of DC is still unknown, suggesting there may be genes not yet discovered.
Typically, DC presents in children but more mild forms of the disease can present later in life.
More severe forms of DC are Revesz syndrome and Hoyeraal-Hreidarsson, which present during
infancy and often result in BM failure early in life. Patients identified with this disease have been
found to harbor mutations in TERT, TERC, DKCI1, NOP10, NHP2, PARN, WRAP53, ACD,

TINF2, RTELI, and CTCI (Grill & Nandakumar, 2020; Tummala et al., 2018).
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1.4.2 Revesz syndrome

Revesz syndrome presents in early childhood, and like DC, can present with the classical triad
and BM failure. However, unlike DC, Revesz syndrome is also associated with cerebellar
hypoplasia, cerebral calcifications, developmental delays, and exudative retinopathy (Savage,
2014; Savage & Bertuch, 2010). Patients identified with this disease have been found to harbor

mutations in the shelterin gene TINF2.

1.4.3 Hoyeraal-Hreidarsson (HH)

HH is also a very severe form of telomeropathy. Patients with HH suffer developmental delays,
intrauterine growth retardation, immunodeficiency, and ultimately die of BM failure at an early
age. They can present with some of the symptoms of the diagnostic triad of DC, but due to their
young age may not present all of them (Guo et al., 2014; Kocak et al., 2014; Savage, 2014).
Patients identified with this disease have been found to harbor mutations in DKCI, RTELI,

PARN, TINF2, WRAPS53, TERT, TERC, and ACD.

1.4.4 Aplastic anemia (AA)

AA is a common complication in patients with DC, however, it is now considered its own TBD.
Patients with AA can present at any age, but this disease is typically associated with adults. AA
presents with pancytopenia, which is the reduction in all cells in the peripheral blood due to
defects in hematopoiesis. Patients with AA have been found to harbor mutations in TERT, TERC,

TINF2 and ACD (Guo et al., 2014; Mason & Bessler, 2011).
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1.4.5 Idiopathic pulmonary fibrosis (IPF)

Similar to patients with AA, patients with IPF tend to also have mutations in telomerase. These
patients suffer chronic and progressive lung disease that is caused by shortening of telomeres in
alveolar cells of the lungs that cause them to senesce (Armanios, 2012). Patients with IPF tend to
present later in life compared to other TBDs. Interestingly, studies comparing patients with IPF
and BM failure were found to be predictive of germline mutations in telomerase with 100%
accuracy (Parry et al., 2011). In addition to TERT and TERC mutations, PARN, ZCCHCS, NAF 1,

DKC1I and TINF2 mutations are also associated with IPF.

1.5 Modeling telomeropathies in mice

Fundamental differences between mouse and human telomere and telomerase biology complicate
the use of mice to study human telomerase function. For example, laboratory mice have much
longer telomeres than humans (~50 kb vs 10-15 kb) (Kipling & Cooke, 1990). Additionally,
telomerase transcript is present in all adult tissues in mice compared to humans where expression
is limited to somatic and germ stem cells (and reactivated in cancer cells) (Forsyth et al., 2002).
Nevertheless, telomerase KO mouse models have provided insights into the differential
manifestation of phenotypes in KO mice versus humans suffering from telomeropathies.
Notably, when telomerase is knocked out in mice, they are viable (Blasco et al., 1997; Herrera et
al., 1999; Lee et al., 1998). Complete KO of the mouse telomerase RNA subunit (mTR")
resulted in a decrease in telomere length in successive generations, as expected from genetic

anticipation. Surprisingly, the mice did not develop any overt BM failure even after six
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generations. Unlike patients with DC, the mTR”" mice showed no uniform hematopoietic
failure through complete blood count (CBC) or altered cellular composition in the spleen and
BM by flow cytometry under steady-state conditions (Lee et al., 1998; Rudolph et al., 1999).
However, under conditions of stress, such as caused by serial BM transplantation and/or severely
short starting telomere length, hematopoietic defects did appear in mTR”" mice (Allsopp et al.,
2003; Armanios et al., 2009; Choudhury et al., 2007; Rossi et al., 2007; Samper et al., 2002;
Sekulovic et al., 2011). While some hair graying or alopecia occurred in later generation m7TR

’ mice, the diagnostic triad of cutaneous DC symptoms was also absent (Rudolph et al., 1999).
DC-like features appeared in genetic backgrounds combining telomerase KO with KO of the
shelterin protein Potlb (Hockemeyer et al., 2008) or in strains of laboratory-derived inbred mice
with short telomeres (e.g., CAST/Ei]) (Armanios et al., 2009), but not in the wild-type laboratory
strain. Despite a clear lack of spontaneous BM failure in mTR”" mice under steady-state, a
conspicuous infertility phenotype emerged in late-generation m7R” mice (Lee et al., 1998).
Fertility diminished in both males and females, and deeper analysis revealed morphological

defects in male and female reproductive organs and apoptotic clearance of germline cells in the

early stages of sperm development (Hemann et al., 2001; Lee et al., 1998).

Telomerase deletion in mice does not recapitulate the somatic stem cell deficiency seen in DC
patients and instead points to a selective disruption of germline stem cells in the absence of
telomerase. However, it has not been established if the observed reproductive phenotypes are the
result of complete KO of telomerase, which has been proposed to have non-telomeric roles in the
cell (Akincilar et al., 2021), including regulation of wnt signaling (Park et al., 2009), NF-«xB-

dependent transcription (Ghosh et al., 2012) and RNAi pathways (Maida et al., 2009). While
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these non-canonical functions have been the focus of much debate (Friedman, 2011; Listerman et
al., 2014; Strong et al., 2011), they prevent us, at least in theory, from unequivocally and
exclusively assigning all telomerase KO phenotypes to the loss of telomere length maintenance
by telomerase. Moreover, a full telomerase KO is unlikely to propagate in the human population.
DC mutations provide a physiologically relevant avenue to evaluate the importance of telomere
length regulation in different tissues, including those of the soma and germline. DC mutations in
the TINF2 gene coding for shelterin protein TIN2 have been modeled in mice, but their
underlying mechanism is complicated, with several proposed models relying both on telomerase-
dependent and independent modes of action. With most pathogenic 7/NF2 mutations being
heterozygous and de novo, understanding their molecular mechanism has been challenging
(Walne et al., 2008). TIN2 is an essential component of shelterin and mutations that disrupt end-
protection would result in massive genome instability and inviability. In agreement with this,
mutations in 7/NF2 tend to cluster within a specific region known as a DC hotpot that is outside
of all of TIN2’s end-protection domains (Frescas & de Lange, 2014). Patients were found to
harbor shorter telomeres but intact telomerase levels (Yang et al., 2011). Two studies have
shown using human cancer cell lines in vitro that overexpression of TIN2 mutant variants
resulted in telomere shortening, though one of these studies revealed no change in telomerase
activity despite pulling down less TR and another showed a reduction in telomerase recruitment
(Frank et al., 2015; Yang et al., 2011). This aligns with other studies that have implicated TIN2
pathogenesis to be independent of telomerase-mediated telomere length maintenance. One study
found that TIN2 TBD mutant variants in vitro resulted in a cohesion defect at telomeres that
could contribute to the telomere erosion we see (Canudas et al., 2011). Another group created a

TIN2 TBD mutant mouse model, and surprisingly, these mice were not viable, indicating
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homozygosity of TIN2 K280E (mTIN2 K267E) is lethal. Furthermore, heterozygous mTIN2
K267E mice in a mTR” background resulted in shorter telomeres than in mTR” mice, lending
credence to the idea of a telomerase-independent mechanism for telomere length maintenance
(Frescas & de Lange, 2014). Regardless of the precise mechanism(s) underlying TINF?2
mutations in telomeropathies, it is clear that these mutations are not ideal for assessing the

physiological importance of telomerase-mediated telomere lengthening.

1.6 Hematopoiesis development

BM failure as the primary cause of mortality in telomeropathies suggests that proliferating
hematopoietic cells succumb to the end-replication problem in these patients. Hematopoiesis is
the process by which blood is formed. The key lymphoid organs are the BM, thymus, spleen, and
lymph nodes with the primary source being the BM (Doulatov et al., 2012). All blood cells arise
from a hematopoietic stem cell (HSC), a multipotent stem cell that can self-renew and
differentiate (Fig. 1.2). Consequently, blood is one of the most highly regenerative tissues. A
major distinction between comparing human and mice HSCs is that in mice, HSC can be
separated into three categories: long-term HSCs (LT-HSCs), intermediate-term HSCs (IT-
HSCs), and short-term HSCs depending on duration of repopulation (Doulatov et al., 2012).
HSCs are indispensable for lifelong blood production. HSCs are responsible for the
differentiation of all blood cells originally deriving from either a myeloid progenitor cell or
lymphoid progenitor cell and therefore the hematopoietic system can be divided into two main
branches, the myeloid and lymphoid branches. As these progenitor cells differentiate, these
intermediates eventually become limited and assume the identity of a terminally differentiated

blood cell (e.g., red blood cells and innate immune cells are derived from myeloid progenitor
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cells and adaptive immunity cells are derived from lymphoid progenitors). Studying HSC and the
hematopoietic system from human samples can be challenging but fortunately the pathways and
cells that are critical for hematopoietic development are mostly conserved in mice. Much work
has already been done to optimize mouse models, primary, and immortal cell lines to better
elucidate the key signals that arise during blood development and what occurs in the context of
disease. A powerful tool that has driven much of what we know of hematopoiesis is flow

cytometry, which allows these cell types to be defined by cell surface markers.

1.7 Germline development

Proliferation of the germline is also expected to suffer from the disruption of telomerase-
mediated telomere length maintenance, potentially providing an explanation for why telomerase
KO mice ultimately fail to reproduce. Germline proliferation is part of a larger developmental
program that is called spermatogenesis in males and oogenesis in females. The proliferative
stages of these programs, which are likely to depend on telomerase-mediated telomere length
maintenance, occurs in females while they are still in the womb. As the same steps occur in a
sexually mature male testis, that is more amenable to investigation, much of our understanding of
germline proliferation comes from studying the male germline. Spermatogenesis involves three
major developmental phases: spermatogonial proliferation, spermatocyte differentiation, and
spermiogenesis, all of which occur in the seminiferous tubules of the testis. These developmental
phases occur asynchronously in a radially organized manner, initiating at the basement
membrane and moving toward the lumen as spermatogenesis proceeds (Fig. 1.3) (Larose et al.,
2019). The germline stem cells reside along the basement membrane and undergo a series of

mitotic divisions before differentiating to form primary spermatocytes. Primary spermatocytes

20



enter meiosis I to produce secondary spermatocytes, which complete meiosis Il to generate early
spermatids. Spermatids then undergo spermiogenesis, which is a 16-step process defined by the
development of the acrosome from early spermatid (no acrosome, step 1) to premature
spermatozoa (hooked acrosomes, step 16) (Nakata et al., 2015). In addition to hosting germ cells,
seminiferous tubules also contain Sertoli cells. Sertoli cells are somatic cells that are essential
“nurse” cells critical for germ cell development and the progression of spermatogenesis. These
cells not only contribute to the niche required to maintain spermatogonia but also provide growth
factors and nutrients for the developing germ cells (Franga et al., 2016). As opposed to
hematopoiesis, which is routinely investigated using flow cytometric methods, spermatogenic
development is most readily studied using histological and IF-based methods due to the

availability of germ cell type-specific markers.

1.8 The TPP1 K170A telomeropathy mutation

Using exome sequencing, a mutation was identified in TPP1 in a family affected by the most
severe form of DC, HH (Kocak et al., 2014). The proband (NCI-275-1) was an identical twin
whose brother died at 4 months. He presented with clinical features during the first year of his
life and required regular platelet and red blood cell transfusions for BM failure at barely 20
months of age and ultimately required a BM transplant by age 3. He had inherited the mutation
from his father who did not present with DC, however, he harbored very short telomeres,
premature gray hair, and minor dental abnormalities. His three sisters did not inherit the mutation
and presented as healthy, although they harbored telomeres at the first percentile or less. This

marked the first-identified telomeropathy mutation in TPP1. The mutation was located amidst
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the TEL patch on the surface of TPP1 and is the deletion of a single basic amino acid K170

(K170A) that is surrounded by the TEL patch residues E168, E169, and E171.

The same variant mutation (K170A) was identified in another family with a history of aplastic
anemia, in which the proband had pancytopenia at age 8 with their mother presenting with
thrombocytopenia in her 20s and her grandmother having mild macrocytic anemia and BM
defects (Guo et al., 2014). In 2018, whole exome sequencing revealed the first instance of
homozygous TPP1 OB-fold NOB variants in patients from two unrelated families with
symptoms of DC including short telomeres, leukoplakia, BMF, and AA (Tummala et al., 2018).
Together, these studies demonstrate the in vivo ramifications of mutations in TPP1 NOB and

TEL patch in human disease.

Extensive work has been performed to reveal the mechanism by which TPP1 K170A affected
telomere maintenance in human cells in culture. K170A abrogates telomerase recruitment to
telomeres and reduces the ability of TPP1 to stimulate telomerase processivity in vitro (Kocak et
al., 2014). However, consistent with this mutation being outside of TPP1’s end protection
domains, it does not impact binding to POT1 or the protection of telomeres in vivo (Bisht et al.,
2016; Grill et al., 2021; Kocak et al., 2014). CRISPR-Cas9 mediated knock-in of one allele of
K170A into HEK 293T cells retaining one wild-type (WT) allele resulted in a progressive
shortening of telomeres with population doubling, suggesting that this one amino acid deletion in
TPP1 protein is sufficient to shorten telomeres in human cells (Bisht et al., 2016). Structural
analysis of TPP1 OB-containing K170A suggests that the K170 residue ensures proper

orientation of the acidic residues in the TEL patch loop to facilitate TERT binding (Bisht et al.,
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2016). Together, these studies provide a structural and biochemical basis for telomere shortening
caused in the proband as a result of decreased telomerase recruitment in his stem cells. Thus, the
wealth of data surrounding TPP1 K170A that directly link the disruption of protein structure and
function caused by this mutation to telomere shortening makes it a valuable tool to investigate

telomerase-mediated telomere length maintenance in the mouse soma and germline.

In the following chapters, I will show how we introduced the equivalent of human TPP1
mutation K170A in mice, TPP1 K82A, and performed a detailed investigation of hematopoietic
(chapter 2) and germline development (chapter 3). This is the first mouse model to evaluate the
importance of telomerase-mediated telomere lengthening without perturbing end-protection, or
the telomerase holoenzyme. Our study also marks, to our knowledge, the most in-depth analysis
of the stem cell compartments involved in both hematopoiesis and reproduction in a mouse
model of a DC mutation. We observed that TPP1 K82A shortened telomeres with successive
generations. However, K82A did not lead to BM failure or other defects in the hematopoietic
hierarchy. In stark contrast, K82A mice showed reproductive defects that ultimately resulted in
sterility in late generations, suggesting that telomere shortening induced by a single amino acid
deletion in TPP1 is sufficient to elicit a mouse germline defect and infertility. Our studies
support a model wherein the mouse germline, but not the mouse BM, is especially vulnerable
towards defects in telomerase-dependent telomere length maintenance, having important

implications for the differential sensitivities of mice and humans towards telomere shortening.
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1.9 Figures

Figure 1.1 Schematic of shelterin and telomerase at telomeres.

Cartoon of a chromosome displaying how shelterin caps chromosome ends created on
biorender.com. TRF1 and TRF2 bind double-stranded telomeric DNA. RAP1 binds TRF2. TIN2
bridges TRF2 and TRF1 with TPP1, which recruits the single-stranded telomeric DNA-binding

protein POT1. Telomerase is recruited to the chromosome end by TPP1.
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Figure 1.2 Hematopoietic lineage: stem cell differentiation from bone marrow.

Cartoon of the differentiation scheme of hematopoietic stem cells created and modified from
biorender.com. HSCs from the BM can either self-renew or differentiate into myeloid or
lymphoid progenitor cells. These intermediate progenitors then give rise to more differentiated

cell types that comprise the peripheral blood system.
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Figure 1.3 Schematic for seminiferous tubule organization and spermatogenesis
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(A) Cartoon of testis created on biorender.com. (B) Magnified view of a seminiferous tubule
with a cross-section of germ cells and somatic Sertoli cells. (C) Cartoon of a seminiferous tubule
cross-section showing Sertoli cells (green), spermatogonia (dark purple), primary spermatocytes
(light purple), secondary spermatocytes (pink), and spermatids/spermatozoa in the lumen. (D)
Schematic to show the spatial orientation of germline cells within a tubule. (E) Representative
image of a G5 WT testis cross-section. Sertoli cells (green), spermatocytes (red/purple), nuclei

(blue), spermatids (grey).

27



Chapter 2 : Role of TPP1 K82A in the Hematopoietic System

Portions of this chapter have been adapted from the following publication:

Graniel JV, Bisht K, Friedman A, White J, Perkey E, Vanderbeck A, Moroz A, Carrington LJ,
Brandstadter JD, Allen F, Shami AN, Thomas P, Crayton A, Manzor M, Mychalowych A, Chase
J, Hammoud SS, Keegan CE, Maillard I, Nandakumar J. (2021). Differential impact of a
dyskeratosis congenita mutation in TPP1 on mouse hematopoiesis and germline. Life Sci

Alliance 5(1):€202101208.

AUTHOR CONTRIBUTIONS: J.V.G., K.B., J.N., LM., and C.E.K. conceived the study. K.B.
performed the CRISPR-editing experiments in conjunction with the Transgenic Animal Core of
the University of Michigan. J.V.G. was involved in the design, execution, and analysis of all
remaining experiments with assistance from others as indicated below. A. Moroz, P.T., A.C.,
M.M., A. Mychalowych, J.W., and J.V.G., performed mouse maintenance, including feeding,
setting up breeding cages, genotyping, terminal harvests, and organ preservation/embedding.
AF.,EP.,AV.,JV.G.,LJ.C,JD.B, and F.A. performed hematopoiesis experiments. J.V.G
adapted Flow-FISH for mouse BM telomere length determination following up on pilot
experiments by J.C. All authors contributed to data analysis. J.V.G., LM., and J.N. developed
the first draft of the manuscript, followed by contributions from C.E.K, and S.S.H., and input

from all authors
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2.1 Introduction

Cells that have a higher replicative burden throughout the organisms’ life (e.g., somatic stem
cells and/or germ stem cells) are more vulnerable to the loss or defects in telomere length
maintenance. Therefore, it is not surprising that patients with telomeropathies succumb to BM
failure as the highly proliferative hematopoietic system requires proper telomerase function and

telomere maintenance.

Severe shortening of telomeres in patients with DC results in hematopoietic failure eventually
resulting in BM failure, which is the most common cause of death (Armanios & Blackburn,
2012; Dokal, 2011; Niewisch & Savage, 2019). Given the heterogeneity of the disease including
differing levels of severity, there is a range of symptoms that result from DC including an 11-
fold increased risk of cancer (e.g., leukemia, etc.) and hematological concerns like cytopenias,
which can be found in 86% of patients in the dyskeratosis congenita registry (Savage & Alter,

2009).

Hematopoietic stem cells (HSCs) and hematopoietic progenitors derived from DC patients
exhibit reduced self-renewal, providing a cellular basis for BM failure (Jones et al., 2016).
Hematopoietic stem cells in acd/acd hypomorphic mice were found to be severely defective in
transplantation assays and complete inactivation of ACD results in severe depletion of
hematopoietic progenitors (Jones et al., 2014). Other models have looked at the role of shelterin
components and its influence on hematopoiesis. The only mouse model to date to show
phenotypes characteristic of human dyskeratosis congenita is a POTIb” mTR™ mouse mutants

(Hockemeyer et al., 2008). However, mouse models that show defects in hematopoiesis have
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only done so in the context of end de-protection. In mTR”" mice, under steady state conditions,
there is no spontaneous BM failure. As I described in Chapter 1, the symptoms seen in patients
with DC are not recapitulated in mouse models of telomeropathies. Given the robust data
surrounding the human telomeropathy mutation TPP1 K170A, we have an ideal tool to study the
importance of telomerase-mediated telomere length maintenance that in humans in the absence

of chromosome end de-protection or telomerase deletion.

Here I report the generation of mice with the equivalent mutation of a single amino acid mutation
in TPP1 K170A in a region that affects only end replication and keeps end protection intact. This
chapter will focus on how homozygous deletion of this amino acid impacts the mouse

hematopoietic system.

2.2 Materials/Methods

Oligonucleotides and Sanger DNA sequencing: All DNA oligonucleotides, including PCR
primers, DNA coding for guide RNAs, and the ssODN repair templates were purchased from
Integrated DNA Technologies. Sanger sequencing was performed in the Advanced Genomics

Core at the University of Michigan.

Mice: A CRISPR-Cas9 mouse line carrying a specific mutation in the 7PPI gene (K82A;
equivalent to human mutation K170A) in a C57BL/6 (B6) background was generated at the
Transgenic Animal Model Core at the University of Michigan under the supervision of Dr.
Thomas Saunders. Purified DNA/RNA was microinjected into fertilized eggs obtained by mating

(C57BL/6 X SJL)F1 or C57BL/6 female mice with (C57BL/6 X SJL)F1 male mice and
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pronuclear microinjection was performed as described (Pease et al., 2011). A heterozygous
founder was obtained using this approach and was genotyped using Sanger sequencing for the
existence of the K82A mutation and the absence of any other unwanted changes in the flanking
regions on the Acd locus. The founder mouse was crossed with WT B6 mouse to generate the
line and backcrossed for 4 generations, thereby eliminating any off-target effects of genome
editing. Once backcrossed, heterozygous mice were intercrossed to produce homozygous mice
starting with generation 1 (G1). Homozygous mice were crossed together to breed successive
generations (G2, G3, and so on). +/+ (WT) mice were also bred in parallel. All animals were
housed in environmentally controlled conditions with 14 h light and 10 h dark cycles with food
and water provided ad libitum. Mice were harvested at the indicated times for the generations
tested in this study: G1: 23-25 months, G3: 16-16.5 months, G4: 14-21 months, and G5: 15.5-17
months. All protocols were approved by the Institutional Animal Care & Use Committee
(IACUC) at the University of Michigan and the University of Pennsylvania and comply with
policies, standards, and guidelines set by the States of Michigan and Pennsylvania and the United

States Government.

Screening for CRISPR-Cas9 editing and mutagenesis efficiency: In preliminary experiments
leading up to the generation of CRISPR-Cas9 edited mice, the efficiency of Acd gene editing was
evaluated. For this, blastocysts were harvested after injection with guide RNAs and donor
oligonucleotide template. PCR reactions were conducted using blastocyst genomic DNA as a
template and primers flanking the edited Acd locus. Kpnl digestion was conducted with the PCR

products to screen for the successful editing of the Acd locus.
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TRF analysis by Southern blot: Telomere length analysis was performed as described previously
(Bisht et al., 2016) with a few modifications. Briefly, genomic DNA was isolated from harvested
calf thymocytes using the GenElute kit (Sigma) after washing the cell pellets twice with PBS.
Genomic DNA was similarly isolated from TPP1-S cells, which were used as a control (Grill et
al., 2019). During DNA extraction, proteinase K treatment was conducted for 2.5 h at 55°C
followed by incubation for 30 min at 70°C. 1 pg of genomic DNA was digested overnight with
Rsal and HinfI at 37°C. DNA digests were run on a 0.7% agarose 1X TAE gel at 50V for 4.5 h.
The gel was imaged using EtBr staining with a fluorescent phospho-ruler aligned to wells and
gel. Next, the gel was placed in denaturation buffer for 20 min and then rinsed in water for 10
min. The gel was then placed on two sheets of Whatman 3MM filter paper for 1h at RT. Once
dried, the gel was placed in neutralizing solution for 15 min. After a water rinse, the gel was pre-
hybridized in prewarmed church buffer for 20 min at 55°C. After pre-hybridization, 5' 3?P-
labeled (TTAGGG)4 oligonucleotide (labeled using [y-*?P]JATP and T4 PNK; New England
Biolabs) was added, and hybridization was continued overnight. After hybridization, the gel was
washed thrice with 2x SSC followed by two more washes in 0.1X SSC/0.1%SDS at RT. The gel
was transferred to filter paper, wrapped in plastic wrap, and exposed to a phosphorimager screen,
analyzed using the Imagequant TL software, and visualized on ImageJ. The gel was calibrated
(Imagequant TL software) using the known molecular weights of the radiolabeled DNA ladder

run on the same gel.

Flow-FISH: This method uses fluorescence in situ hybridization (FISH) and flow cytometry to

measure telomere length (Baerlocher et al., 2006). Single cell suspensions were prepared from

BM followed by red blood cell lysis (Sigma R7757). After resuspending cells with DMEM and
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4% FBS, cells were counted. Each sample was split into four different centrifuge tubes with 1 x
10° cells per tube. Of these tubes, two were mixed with calf thymocytes (1 x 10° cells) of known
telomere length (determined using TRF Southern blot analysis; see below) as an internal control.
One set of single and mixed samples was stained with a FITC PNA probe, and the other set was
left unstained to correct for auto-fluorescence (Dako telomere kit). DNA was denatured for 10
min at 82°C and allowed to hybridize overnight. The excess probe was removed using wash
solution (Dako telomere kit) and heat (40°C for 10 min). After two rounds of washing, DNA was
counterstained with LDS 751 for 5 h at 4°C (protected from light using Al foil). Cells were
analyzed using a BD LSRFortessa flow cytometer and data were analyzed with FlowJo
(Treestar/BD). Relative telomere length was calculated as a ratio of the difference of PNA signal
in mouse BM samples with and without PNA probe and the difference of PNA signal in calf
thymocytes in the same tube with and without PNA probe. Relative telomere length was then
multiplied by 16.521 kb, which is the TRF length of calf thymocytes determined by Southern

blot analysis, to obtain absolute telomere length.

Flow cytometry: Single cell suspensions were prepared from spleen, BM, or thymus, followed by
red blood cell lysis (for spleen and BM only) (Sigma R7757). The following antibodies were
from BioLegend: anti-CD4 (clone GK1.5), anti-CD8 (clone 53-6.7), anti-CD11b (clone M1/70),
anti-CD19 (clone 6D5), anti-CD48 (clone HM48-1), anti-CD150 (clone TC15-12F12.2), anti-
Ly6C/G (Gr-1) (clone RB6-8C5), anti-B220 (clone RA3-6B2), anti-Ly6A/E (Sca-1) (clone D7),
anti-Ter119 (clone TER-119), anti-CD41 (clone MWReg30), anti-CD105 (clone MJ7/18), anti-
CD16/32 (clone 93), anti-CD43 (clone S11), anti-IgM (clone AF6-78), anti-CD93 (clone

AA4.1), anti-CD44 (clone IM7), anti-cKit/CD117 (clone 2B8) and anti-Lineage, with an
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antibody cocktail containing the following: anti-CD3e (clone 17A2), CD4 (clone GK1.5), CD8
(clone 53-6.7), TCRpB (clone H57-597), TCRy0o (clone GL3), NK1.1 (clone PK136), CD11b
(clone M1/70), CD11c (clone N418), Ter119 (clone TER-119), Gr-1 (clone RB6-8C5), B220
(clone RA3-6B2), and CD19 (clone 6D5). Dead cells were excluded with Zombie Aqua Fixable
Viability Dye (BioLegend). Cells were analyzed using a BD LSRFortessa flow cytometer

(Becton Dickinson) and data were analyzed with FlowJo (TreeStar/BD).

Complete Blood Counts: Blood was obtained through submental or submandibular bleeding and
transferred to EDTA-treated tubes. Complete blood counts were determined using the Advia

2120 (Siemens) and the Hemavet 950 veterinary analyzer (Drew Scientific).

Statistical analysis

Statistical tests were performed using Prism software (GraphPad version 8). Experiments were
analyzed between WT and mutant mice only. Analysis between generations was not included as
they were not conducted at the identical age or cohort size. Student’s t-tests were used between
WT and mutant mice for each experiment. Graphs were generated in Prism software and
represented as mean with 95% confidence interval for hematopoietic data and mean with SEM
for germline data. Adjusted p values for comparisons were reported as *p <0.05, **p <0.01, and
*#%p <0.001. M or F symbols were superscripted to denote significance in either males (M) or
females (F). It should be noted that due to the many outcomes studied, there are some stochastic
statistically significant results that are not consistent across genotype, generation, or sex.
Independent confirmatory experiments would need to be conducted in a larger scale to follow up

any of these isolated findings, especially those approaching p = 0.05.
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2.3 Results

2.3.1 Generation of viable mice homozygous for the dyskeratosis congenita mutation TPP1

K82A/ K82A via CRISPR-Cas9 knock-in

Previous in vitro work in the lab demonstrated the importance of TPP1 K170 in the recruitment
of telomerase (Bisht et al., 2016). It was found that this residue lies at the center of the TEL
patch, allowing for the formation of a knuckle structure that directly interacts with telomerase
and facilitates recruitment to the telomeres. Furthermore, deletion of K170 results in a structural
change of that knuckle disrupting the interface between TPP1 and telomerase (Fig. 2.1A).
Introducing the equivalent mutation in mice (Fig. 2.1B) using CRISPR-Cas9 technology in the
presence of a ss oligo donor (ssODN) containing the K82A mutation as a template for
homologous recombination, we successfully edited the mouse Acd genomic locus to generate a
mouse heterozygous for TPP1 K82A (Fig. 2.1C-F). After five generations of backcrossing of
this heterozygous founder to the C57BL/6 inbred background (N1 = N5), we intercrossed the
resulting progeny to obtain generation 1 (G1) TPP1 K82A/K82A homozygous mice (referred to
as K82A hereafter) and TPP1 +/+ age-matched mice (referred to as WT hereafter) as controls
(Fig. 2.1G). While K170A is heterozygous in human DC, we studied the mutation in a
homozygous context to accelerate phenotypic progression in mice. This was important as
laboratory mice have significantly longer telomeres than humans (Kipling & Cooke, 1990),
making it unlikely for phenotypes to appear in a heterozygous context or over a few generations.
Accordingly, we intercrossed G1 K82A (and in parallel, G1 WT) mice to generate successive
generations of mice (G2, G3, G4, and G5) using a breeding scheme closely resembling that used

for the generation of mTR” mice (Fig. 2.1G) (Blasco et al., 1997; Herrera et al., 1999).
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2.3.2 BM Flow-FISH reveals the TPP1 K82\ mutation causes progressive telomere

shortening with generation number

The gold standard in the field to measure telomeres is to perform a telomere restriction fragment
(TRF) analysis by Southern blot. However, due to the extremely long telomeres of laboratory
mice, this assay lacks the resolution to accurately measure the length of these telomeres without
further modification. Instead, we adapted Flow-FISH, a highly quantitative approach used
routinely in the clinical setting, to measure the length of telomeres in WT and K82A mouse BM
cells (Baerlocher et al., 2006; Sekulovic et al., 2011). Flow cytometry coupled with Fluorescence
in situ Hybridization (Flow-FISH) combines the power of high-speed single-cell analysis to
evaluate distinct populations of cells with FISH to visualize telomeric DNA and measure
telomere length in these cells. To optimize Flow-FISH for mouse cells and provide internal
calibration controls, we used calf thymocytes, which are phenotypically distinct and contain
much shorter telomeres than mouse BM cells. We hybridized a fluorescently labeled telomeric
PNA probe to telomeres and used LDS-751 to stain DNA in the nucleus of mouse BM cells from
mutant and WT mice (Fig. 2.2A-B). Quantitation of calf thymocyte telomere length using
Southern blot analysis was used as a calibration step to calculate the length of mouse BM
telomeres (Fig. 2.2C). Dot plot visualization of the fluorescence intensity in the PNA and LDS-
751 channels in the presence and absence of fluorescent telomere PNA probe confirmed the
distinct flow cytometric features and telomere length signals of mouse BM cells versus calf
thymocytes (Fig. 2.2D-I and Fig. 2.3A-C). Histograms derived from the flow cytometry plots
revealed that G1 WT BM had a mean telomere length of 38.1 kb while G1 K82A had
significantly shorter telomeres (mean = 33.3 kb) (Fig. 2.2J and Fig. 2.3D-E). Telomeres in K82A

BM cells shortened progressively with generation number, with G5 K82A BM exhibiting a mean
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telomere length of 25.7 kb (Fig. 2.2J and Fig. 2.3F-G). These findings, which reveal a ~2 kb
shortening of telomeres per generation in the K82A BM, are consistent with observations made
with the equivalent human mutation, which is associated with severely shortened telomeres in

affected individuals and causes telomere shortening in cultured cells (Kocak et al., 2014).

2.3.3 Analysis of complete blood counts in K82A mice does not reveal defects in hematopoiesis

Given that BM failure is the primary cause of morbidity in DC patients, including in the proband
harboring TPP1 K170A, we evaluated the hematopoietic system of WT and K82A mice across
successive generations. Complete blood counts (CBCs) were measured at multiple time points in
G1 and G3 mice (Fig. 2.4). We did not observe any consistent differences between WT and
mutant CBCs in either sex, within generations, or across generations, that would be reflective of
BM failure in the mutant mice. Specifically for the white blood cell count (WBC), most time
points did not reveal significant differences in female K82A mice except for a decreased WBC in
G3 mice at seven months. In males, an apparent decreased WBC was observed in G1 16-month-
old mice, but it was not sustained at two years of age. Male G3 K82A mice had a decreased
WBC at seven months that was not recapitulated at 12 or 16 months of age (Fig. 2.4A). Both
male and female K82A mice had no changes in platelets, red blood cells, or hemoglobin levels
(Fig. 2.4B-D). Male but not female K82A mice had a mildly increased mean corpuscular volume
compared to WT (Fig. 2.4E). The lack of gross changes in CBC with K82A is consistent with

previous studies with mTR” mice (Lee et al., 1998).

2.3.4 Analysis of bone marrow mature and progenitor cells in K82A mice does not reveal

defects in hematopoiesis
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Peripheral blood measurements in steady-state conditions do not fully reflect hematopoietic stem
and progenitor cell health in the BM. For a more comprehensive investigation of the
hematopoietic system, we performed terminal harvests of G3, G4, and G5 mice, and probed
stem, progenitor, and mature cell populations in the following hematopoietic and lymphoid
organs: BM, spleen, and thymus. Even at the latest generations, G4 and G5 K82A mice showed
preserved BM cellularity compared to WT mice (Fig. 2.5A-B). Flow cytometric analysis showed
a preserved frequency of lineage negative (Lin") cells (Fig. 2.5C-E), Lin"Sca-1"cKit (LSK) cells
(Fig. 2.5F-H), and CD150" CD48" LSK cells, which are highly enriched for long-term
hematopoietic stem cells (LT-HSCs), in G5 K82A mice compared to WT (Fig. 2.51-K). When we
quantified additional progenitor and mature cell subsets in the BM, there was no consistent
change in K82A mice compared to WT, although selected sex-related differences were apparent

(Fig. 2.6A-O).

2.3.5 Analysis of splenic cells in K82A mice does not reveal defects in hematopoiesis

The spleen has two major structures with different functions: the white pulp contains mainly
lymphoid cells for immune responses and the red pulp which functions as a reservoir of
macrophages and erythrocytes in an emergency (Coppin et al., 2018). During development,
HSCs migrate into the spleen around embryonic day 14 and then migrate into the BM around
embryonic day 17, resulting in HSCs residing in both hematopoietic organs. To examine K82A
role in hematopoiesis in the spleen, we analyzed overall cellularity and downstream cell
populations to gauge for hematopoietic defects in this organ. Spleen cellularity was mildly
elevated in female G3 K82A mice but was not recapitulated in G4 or G5 and male G5 K82A
mice showed an increase in cellularity compared to WT. However, both WT and K82A male

mice showed a lower cellularity than G5 females and compared to G3 and G4 mice (Fig. 2.7A).
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Splenic myeloid cells seemed to be generally elevated in G5 female mice compared to male mice
and G5 male K82A mice specifically showed a mild elevation compared to WT (Fig. 2.7B).
Observation of splenic B cells revealed a mild increase in female K82A mice at G3 that did not
persist in later generations and the emergence of an increase in B cell at G5 in male K82A mice
(Fig. 2.7C). CD8+ T cells in the spleen showed a reduction in G3 K82A mice compared to WT
(Fig. 2.7D) and CD4+ T cells were elevated in male G5 K82A mice (Fig. 2.7E). There was no
difference in K82A mice across generations in terms of TCRB+ T Cells (Fig. 2.7F), and Ter119+
erythroid cells were elevated in G3 and G5 K82A male mice but not in G4 or in female K82A
mice (although levels of Ter199+ erythroid cells were elevated in female G5 mice compared to
male G5 mice in both WT and K82A mice) (Fig. 2.7G). Considering the lack of a consistent
phenotype between WT and mutant mice, we conclude that there is no discernible change in
splenic cell populations that persisted over generations in K82A mice or were consistently shared

between males and females.

2.3.6 Analysis of thymic cells in K82A mice does not reveal defects in hematopoiesis

The thymus is a bilobed organ that is large at birth and decreases in size with age in a process
known as thymic involution (Famili et al., 2017). The thymus is the site of T cell development,
furnishing cells necessary for adaptive immune function. Hematopoietic progenitor cells migrate
from the BM to the thymus where they commit to the T cell lineage eventually maturing to
terminally differentiated T cells. To see if loss of K82 resulted in defects in thymic
hematopoiesis we analyzed early T lineage progenitors and successive downstream populations
of developing thymocytes for any changes. Thymic cellularity was mildly decreased in female
G4 K82A mice and although overall thymic cellularity was much lower for both WT and K82A

G5 mice, there seemed to be a mild increase in K82A male mice compared to WT (Fig. 2.8A). In

39



double negative (DN) cells, we observed the greatest population in G4 mice compared to G3 or
G5 WT and K82A mice. Furthermore, we observed a decrease in G4 female K82A mice
compared to WT and an increase in G5 male K82A mice (Fig. 2.8B). G3 female K82A mice
showed a modest increase in DN1, ETP, and DN2 populations (Fig. 2.8C-E). Male G5 K82A
mice showed an increase in all compartments measured but this increase could be a result of the
increase in cellularity observed compared to WT (Fig. 2.8 A-G). Finally, terminally differentiated
CD4 and CDS8 double positive T cells showed a slight decrease in G4 female K82A mice but an
increase in G5 male K82A mice (though all G5 mice showed decreased levels of this population
compared to G3 and G4 (Fig. 2.8G). While the data seems to show a trend for an increase in
thymic lineage populations in G5 male K82A mice, further work needs to be performed to
determine if this is physiologically relevant. Considering there was no sign of overt BM failure
in any of the hematopoietic compartments analyzed, we conclude that the presence of a TPP1
K82A mutation does not result in spontaneous BM failure in mice up to at least five generations.
In agreement with our results in the BM, we did not observe skin aberrations, including fur loss
or hyperpigmentation, indicating that K82A did not have clinically apparent effects on epidermal
cell homeostasis up to G5 (data not shown). Our results, combined with the rich literature
surrounding mTR” mice, strongly suggest a distinct resilience of the mouse BM and other

somatic components to telomerase-dependent telomere shortening as compared to DC patients.

2.4 Discussion

We report the first mouse model for telomerase-dependent telomere shortening caused by a
telomeropathy mutation that leaves end protection and the structure and composition of

telomerase intact. Homozygosity for this mutation results in telomere shortening that is
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discernible as early as in G1 and progresses with each successive generation. To our knowledge,
our study also provides the most rigorous analysis of the HSC compartment in mice undergoing
telomere shortening. We conducted a comprehensive analysis of the hematopoietic compartment
spanning stem, progenitor, and mature cells of the BM, spleen, thymus, and blood. CBC analysis
revealed age-related changes for both WT and K82A mice, but no consistent differences between
the two genotypes were observed across time points in any of the hematopoietic compartments
tested. Unlike in patients, but like telomerase KO mice, K82A mice do not develop spontaneous
BM failure. Based on other mouse models of telomerase deficiency (Allsopp et al., 2003;
Armanios et al., 2009; Choudhury et al., 2007; Herrera et al., 2000; Herrera et al., 1999;
Hosokawa & Arai, 2018; Jones et al., 2016; Lee et al., 1998; Rossi et al., 2007; Rudolph et al.,
1999; Samper et al., 2002; Sekulovic et al., 2011), we would predict that K82A hematopoiesis
would become defective if exposed to severe stress caused by serial transplantations, or other
types of hematopoietic stress including BM defects and possible contribution of extramedullary
hematopoiesis from the spleen. However, at least in steady state, these mice are resilient to BM

failure.

It should be noted that due to the many outcomes studied, there are some stochastic statistically
significant results that are not consistent across genotype, generation, or sex. An even more
extensive analysis at multiple time points in more mice in each generation would be needed to
determine if these changes are indicative of disease. Since most of the changes were not
recapitulated, their characterization was not pursued any further. The data that seems the most
consistent is an increase in T lineage populations in male K82A mice at G5. It is possible that the

thymus is more sensitive to telomere shortening in males and this could be the emergence of a

41



phenotype. However, compared to G3 and G4 mice, the cellularity is much lower in G5 mice and
the increases in each compartment are quite modest. Though age-matched, these mice were also
older than one year, and the thymus had already begun involution. A more detailed examination

of this compartment could help explain some of these discrepancies.

In conclusion, a TPP1 mutation that decreases telomere length in both humans and mice causes

BM failure in humans but no deleterious changes at any stage of mouse hematopoiesis for up to

five successive generations of breeding.
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2.5 Figures
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Figure 2.1 CRISPR-Cas9 generation of a mouse model of a dyskeratosis congenita mutation in TPPI.
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(A) Overlay of the crystal structures of human TPP1 OB (hTPP1 OB) domains from WT and
K170A proteins. The deletion of K170 distorts the acidic TEL patch knuckle. (B) Strict
conservation of the TEL patch loop (acidic amino acids shown in red) that also harbors the
human TPP1 K170 residue (shown in cyan) that is deleted in dyskeratosis congenita. The mouse
equivalent of this residue is K82. (C) The PAM sites (GGG and AGG highlighted in red and
orange, respectively) and Cas9 cleavage sites (arrowheads) for the two guide RNAs used to
cleave the exon coding for mouse TPP1 K82A are shown. The schematic for the homologous
recombination repair template shows not only the deletion of the K82 codon (red) but also a
silent mutation that creates a Kpnl site (green) for screening purposes. (D) PCR amplification
and Kpnl restriction digestion screening of 8 blastocysts after injection with guide RNAs and
repair template for introducing the TPP1 K82A mutation. Expected sizes for PCR amplicon and
its Kpnl cleavage products used to screen the editing of the Acd locus of mouse blastocysts by
CRISPR-Cas9 are shown above the gel. (E) Sanger sequencing of the PCR products of the
indicated blastocysts (same as those analyzed in panel D) showing accurate editing of the Acd
locus. (F) Images of G1 WT and K82A (homozygous), male and female mice. (G) Breeding
scheme to backcross the CRISPR-edited K82A/+ founder mouse and generate WT and

homozygous K82A mice that were bred for five generations (G1 = G5).
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Figure 2.2 Establishment of Flow-FISH-based approach to determine BM telomere length of WT and K82A mice.
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(A) Schematic of Flow-FISH procedure optimized for mouse BM. (B) Each mouse sample is
run separately (visualized as grey DNA strand) and in combination with calf thymocytes
(visualized as purple DNA strand; used as an internal control for telomere length and as a
calibration control for determining the absolute length of mouse telomeres). Each mouse
replicate includes a non-probe control to account for any autofluorescence. Red DNA strand
indicates DNA with telomeric PNA probe. (C) Telomere restriction fragment Southern blot of
genomic DNA from calf thymocytes and TPP1-S stable cell line (Grill et al., 2019) with two
concentrations of A HindIII digest DNA ladder. (C-I) Representative flow cytometry plots of
single controls used (D, G) calf thymocytes-only, (E, H) BM-only, and (F, I) combined. (D-F)
Gates were drawn based on nucleic stain signal on the y-axis and forward scatter on the x-axis
and due to differences in size can be gated separately. (G-I) Better distinction between
populations can be achieved when gated with nucleic stain signal on the y-axis and telomeric
DNA probe on the x-axis instead of FSC-H. (J) Cumulative data for the quantitation of telomere
lengths across generations showing decreased telomere length in each generation of K82A mice.

G4 WT telomere length was not determined (n.d.). No sex differences were observed.
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Figure 2.3 Flow-FISH to measure telomere length reveals progressive telomere shortening in K§2A mutant mice.

(A-B) Representative flow cytometry plots of Flow-FISH of WT G1 mouse samples with (A) no
probe and (B) PNA telomere probe. Gating includes calf thymocytes (+/- probe) and BM (+/-

probe). (C) The histogram shows data with the probe. Red indicates calf thymocyte telomeric

47



probe signal. Grey indicates BM telomeric probe signal. (D) Histogram showing telomeric probe
signal of G1 WT (grey filled peak) and K82A (grey open peak) alongside their internal calf
thymocyte controls used in the same experiment. (E) Quantitation of absolute telomere length of
G1 WT and K82A calibrated against calf thymocytes telomere length obtained by TRF analysis
(F) Histogram showing telomeric probe signal of G5 WT (black filled peak) and K82A (black
open peak) alongside their calf thymocyte controls used in the same experiment. (G)
Quantitation of absolute telomere length of G5 WT and K82A calibrated against calf thymocytes
telomere length obtained by TRF analysis. n = 4-6 mice per condition; mean with 95% CI;
significance calculated with Prism software using Student's #-test for individual

experiments; *** p <0.002, **** p <(0.0001.
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Figure 2.4 Analysis of complete blood counts in K82A mice does not reveal defects in steady-state hematopoiesis.

(A-E) Complete blood counts at a given generation and age indicated on the x-axis showing no

consistent defect in hematopoiesis. Red circles indicate female WT mice, black circles indicate

male WT mice, and corresponding blue circles indicate mutant K82A mice. Specific parameters
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studied include (A) white blood cells, (B) platelets, (C) red blood cells, (D) hemoglobin, and (E)
mean corpuscular volume. G1 (16 months) WT: n = 18 (9 males and 9 females); G1 (16 months)
K82A: n =19 (9 males and 10 females). G1 (2 years) WT: n =9 (6 males and 3 females); K82A:
n=11 (6 males and 5 females). G3 (7 months) WT: n =24 (12 males and 12 females); K82A: n

=24 (12 males and 12 females). G3 (12 months) WT: n =19 (8 males and 11 females); K82A: n
=20 (10 males and 10 females). G3 (16 months) WT: n =18 (7 males and 11 females); K82A: n
=20 (9 males and 11 females). Mean with 95% confidence interval. * <0.05, ** <0.01, ***

<0.001 for p values determined by Student’s #-test.
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Figure 2.5 K82A mutant mice do not develop bone marrow failure.
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(A-B) BM cellularity for 1 hindlimb per mouse for WT and K82A mice in (A) G4 and (B) G5.
(C-K) Representative (C-D) lineage negative (Lin ), (F-G) Lin"Sca-1"cKit (LSK), and (I-J)
CD150" CD48 LSK cells (LT-HSCs) flow cytometry plots of G5 WT (C, F, I), G5 K82A mice
(D, G, J) with quantitation (E, H, K) showing equal frequencies in K82A mice compared to WT.
Red indicates female mice, black indicates male mice, filled symbols indicate WT, and open

symbols indicate K82A mice. n > 4; mean with 95% confidence interval.
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Figure 2.6 Analysis of mature and progenitor bone marrow cells in K82A mice does not reveal defects in
hematopoiesis.

(A-O) Quantitation across G3-G5 mice; red filled circles indicate female WT mice, red open

circles indicate female K82A mice, black filled circles indicate male WT mice, and black open
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circles indicate male K82A mice. Specific parameters studied include (A) cellularity, (B)
CDI11b*" GR-1" myeloid cells, (C) Ter119" erythroid cells, (D) B220" CD43— sIgM— CD93" Pre
B cells, (E) B220" CD43" CD19" CD93" Pro B cells, (F) CD19" B220" B cells (G) B220"
CD43 sIgM"™ CD93" immature B cells, (H) Lin— Sca-1"— ¢cKIT'LK cells, (I) Lin— Sca-1"
cKIT" LSK cells, (J) CD150" CD48" LSK cells (LT-HSCs), (K) Lin— Sca-1— ¢cKIT" CD150"
CD41" MKP cells, (L) Lin— Sca-1— ¢cKIT" CD41— CD16-32" CD150— GMP cells, (M) Lin—
Sca-1"— ¢cKIT" CD41— CD16-32 CD150~ CD105 Pre GM cells, (N) Lin— Sca-1"— ¢cKIT"
CD41 CD16-327 CD150" CD105 Pre MegE cells, (O) Lin— Sca-1— ¢cKIT" CD41— CD16-
327 CDI150" CD105" Pre CFU-E cells. G3 WT: n= 18 (7 males and 11 females); K82A: n =20
(9 males and 11 females). Mean with 95% confidence interval. * <0.05, ** <0.01; M or
indicates significance for male (M) or female (F). See methods for more information about

antibodies (manufacturer, clone names).
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Figure 2.7 Analysis of splenocytes in K§2A mice does not reveal defects in spleen-resident populations.
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(A-G) Quantitation across G3-G5 mice; red filled circles indicate female WT mice, red open
circles indicate female K82A mice, black filled circles indicate male WT mice, black open circles
indicate male K82A mice. Specific parameters studied include (A) cellularity, (B) CD11b" GR-
1" myeloid cells, (C) CD19" B220" B cells, (D) CD8" T-cells, (E) CD4" T-cells, (F) TCRB* T-
cells and (G) Ter119" erythroid cells. G4 WT: n =20 (11 males and 9 females); K82A: n = 22
(11 males and 11 females). Mean with 95% confidence interval. * <0.05, ** <0.01; M or
indicates significance for male (M) or female (F). See Methods for more details on antibodies

used.
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Figure 2.8 Analysis of thymocytes in K82A mice does not reveal defects in T lineage development
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(A-G) Quantitation across G3-G5 mice; red filled circles indicate female WT mice, red open
circles indicate female K82A mice, black filled circles indicate male WT mice, and black open
circles indicate male K82A mice. Specific parameters studied include (A) cellularity, (B) Lin—
CD8 ™ double-negative cells, (C) CD44" ¢-KIT" Lin— CD8 double-negative 1 cells, (D) CD25—
CD44" ¢-KIT" Lin— CD8 "~ early thymic progenitor cells, (E) CD25" CD44" ¢-KIT" Lin~— CD8™
double-negative 2 cells, (F) c-KIT'®" CD25" Lin— CD8~ double-negative 3 cells and (G) CD8"
CD4" double-positive cells. G5 WT: n =9 (4 males and 5 females); K82A: n =9 (4 males and 5
females). Mean with 95% confidence interval. * <0.05, ** <0.01, *** <0.001; M or F indicates

significance for male (M) or Female (F). See Methods for more details on antibodies used.

58



Chapter 3 : Role of TPP1 K82A in the Germline

Portions of this chapter have been adapted from the following publication:

Graniel JV, Bisht K, Friedman A, White J, Perkey E, Vanderbeck A, Moroz A, Carrington LJ,
Brandstadter JD, Allen F, Shami AN, Thomas P, Crayton A, Manzor M, Mychalowych A, Chase
J, Hammoud SS, Keegan CE, Maillard I, Nandakumar J. (2021). Differential impact of a
dyskeratosis congenita mutation in TPP1 on mouse hematopoiesis and germline. Life Sci

Alliance 5(1):€202101208.

AUTHOR CONTRIBUTIONS: J.V.G., K.B., J.N., LM., and C.E.K. conceived the study. K.B.
performed the CRISPR-editing experiments in conjunction with the Transgenic Animal Core of
the University of Michigan. J.V.G. was involved in the design, execution, and analysis of all
remaining experiments with assistance from others as indicated below. A. Moroz, P.T., A.C.,
M.M., A. Mychalowych, J.W., and J.V.G., performed mouse maintenance, including feeding,
setting up breeding cages, genotyping, terminal harvests, and organ preservation/embedding. J.
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3.1 Introduction

As stated in chapter 1, telomere maintenance by telomerase is important in somatic stem cell and
germ stem cells. It could be argued that telomere maintenance is even more important in the
germline as these stem cells are responsible for the formation of gametes and the next generation.
There is evidence that as telomeres shorten with age in the soma, the germline maintains
telomere length (de Lange et al., 1990). Telomerase has been shown to play a role in telomere
maintenance in the germline since loss of TR in mice causes infertility in late generation mutant
male and female mice but much of what we know about telomerase’s role in this phenotype is in
the context of the male germline, where it caused telomere dysfunction-induced apoptosis in the
testis (Hemann et al., 2001). In addition, telomerase levels have been found to be much more
elevated in undifferentiated spermatogonia, the earliest germline stem cells in the cascade of
spermatogenesis, and telomerase is downregulated as spermatogonia differentiate. Moreover,
higher telomerase activity was found in the testis compared to somatic stem/progenitor cells in
the small intestine and BM based on TRAP activity assays, corresponding to a 10-fold increase

in telomerase in the testes compared to BM (Pech et al., 2015).

While the argument for how loss of telomerase can result in infertility in males is more obvious,
how loss of telomerase causes infertility in females is less clear. In contrast to the male germline,
telomerase is not expressed in adult oocytes, nor do they contain germ stem cells akin to
undifferentiated spermatogonia (Kalmbach et al., 2013). Therefore, there is a loss of fertility in
females that occurs normally with age. While telomerase is not expressed in oocytes, it has been
shown that telomerase is active in the preantral and antral follicles (Kosebent & Ozturk, 2021).

There are a few correlative studies that have shown a tenuous link between human infertility and
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telomere shortening. Looking at women who underwent IVF, those who were not able to
conceive had shorter telomeres compared to those who could (Vasilopoulos et al., 2019).
Another study found that women with an increased risk of miscarriages also had shorter
telomeres (Giri et al., 2021). When looking at women with telomere biology disorders (TBDs),
there have been a few studies correlating reduced levels of Anti-Mullerian Hormone (AMH)
(marker for ovarian reserve) with DC (also in Fanconi anemia, an inherited BM disorder but not
a telomeropathy) (Giri et al., 2017) and incidence of infertility in patients with other
telomeropathies such as idiopathic pulmonary fibrosis (IPF) (Alder et al., 2015). Barring these
isolated case studies, there really is no evidence that adults with TBDs suffer from infertility,

especially not to the same degree as somatic failure (e.g., BM failure).

Although telomere shortening and degeneration in reproductive tissues occurs during normal
aging in humans (Keefe, 2016), the primary vulnerability in humans caused by telomere
shortening seems to lie in the BM and other somatic tissues. Thus, the tissue-specific phenotypes
in telomerase-deficient mice is reversed in DC patients. While the BM failure is overt, resulting
in patients with degrees of cytopenias and often cancers of the blood and/or BM failure, the
connection with fertility is tenuous. Despite the divergent manifestation of telomerase-dependent
telomere length maintenance defects in mTR”" mice and human patients suffering from
telomeropathies, a detailed investigation of the developmental programs of gametogenesis,
including in-depth analysis of stem, progenitor, and differentiating cell populations, has not been
performed using equivalent genetic perturbations. Here, in contrast to chapter 2, I describe how

this mutation compromises mouse spermatogenesis.
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3.2 Materials/Methods

Mice: A CRISPR-Cas9 mouse line carrying a specific mutation in the 7PP1 gene (K82A,;
equivalent to human mutation K170A) in a C57BL/6 (B6) background was generated at the
Transgenic Animal Model Core at the University of Michigan under the supervision of Dr.
Thomas Saunders. Purified DNA/RNA was microinjected into fertilized eggs obtained by mating
(C57BL/6 X SJL)F1 or C57BL/6 female mice with (C57BL/6 X SJL)F1 male mice and
pronuclear microinjection was performed as described (Pease et al., 2011). A heterozygous
founder was obtained using this approach and was genotyped using Sanger sequencing for the
existence of the K82A mutation and the absence of any other unwanted changes in the flanking
regions on the Acd locus. The founder mouse was crossed with WT B6 mouse to generate the
line and backcrossed for 4 generations, thereby eliminating any off-target effects of genome
editing. Once backcrossed, heterozygous mice were intercrossed to produce homozygous mice
starting with generation 1 (G1). Homozygous mice were crossed together to breed successive
generations (G2, G3, and so on). +/+ (WT) mice were also bred in parallel. All animals were
housed in environmentally controlled conditions with 14 h light and 10 h dark cycles with food
and water provided ad libitum. Mice were harvested at the indicated times for the generations
tested in this study: G1: 23-25 months, G3: 16-16.5 months, G4: 14-21 months, and G5: 15.5-17
months. All protocols were approved by the Institutional Animal Care & Use Committee
(IACUC) at the University of Michigan and the University of Pennsylvania and comply with
policies, standards, and guidelines set by the States of Michigan and Pennsylvania and the United

States Government.
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Histology: Mice were euthanized by isoflurane then cervical dislocation. Testes were removed
and fixed overnight in Bouin's solution or 4% paraformaldehyde. Samples were dehydrated
through a graded series of ethanol, embedded in paraffin, and sectioned at 7 um thickness with a
Spencer Microtome (American Optical). Sections were stained with hematoxylin and eosin
(H&E) following standard protocols. After staining, the slides were mounted with coverslips
and Permount mounting media (Fisher SP15-500) and allowed to dry overnight in a fume hood.
Digital images were captured using a Leica upright DM5000B microscope and Leica DFC310

FX Digital camera.

Immunofluorescence (IF): This was performed as described previously (Vlangos et al., 2009).
Briefly, deparaftinized sections were boiled in 0.1 M Sodium Citrate for 10 minutes for antigen
retrieval and sections were blocked in suppressor serum (5% goat serum (Jackson
ImmunoResearch #005-000-1210), 95% blocking solution (3% BSA and 0.5% Tween in PBS))
for 20 min at RT in a humidifying chamber. Sections were incubated with primary antibodies
diluted in suppressor serum overnight at 4C in a humidifying chamber. At least 1 section for
each slide was incubated in the absence of primary antibody to serve as a negative control. After
a series of PBS washes, secondary antibodies diluted in suppressor serum were added to all
sections in the dark and incubated in a humidifying chamber at RT for 1 h. Sections were washed
again with PBS and counterstained with DAPI and PNA-lectin for 1 h at RT in a humidifying
box. After the final three PBS wash steps, mounting media (Permount, Fisher SP15-500) was
added and the coverslips and slides were left to dry overnight before imaging and stored at 4°C.
Digital images were captured with the Olympus BX53F microscope, Olympus DP80 digital

camera, and CellSens Standard software. Antibodies and stains used are as follows: mouse anti-
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SCP3 (1:200; abcam, ab97672), rabbit anti-PLZF (1:200; Santa Cruz Biotechnology, sc-22839),
rabbit-anti-Sox9 (1:666; Millipore/Sigma Aldrich, AB5535), goat anti-rabbit IgG, Alexa Fluor
488 (1:200; Invitrogen/ThermoFisher, A11008), goat anti-rabbit IgG, Alexa Fluor 568
(1:200;Invitrogen/ThermoFisher, A11011), goat anti-mouse IgG, Alexa Fluor 568 (1:200;
Invitrogen/ThermoFisher, A11004), goat anti-mouse IgG, Alexa Fluor 488 (1:200;
Invitrogen/ThermoFisher, A11001), Rat anti-BrdU (1:200; Oxford Biotechnology,
OBT0030CX), rabbit anti-cleaved caspase-3 (1:400; Cell Signaling Technology, 9661S), Lectin
PNA, Alexa Fluor 488 conjugate (1:1000; Invitrogen/Fisher Scientific; L21409), DAPI (1:1000;

Kirkegaard & Perry Laboratories, 71-03-00).

Fertility measurement: Data was extracted from breeding cage cards to determine the litter sizes
and the number of pups that survived past weaning for each mating pair of WT and K82A mice

generations G1 through GS5.

Testes weight measurement: Mice were individually weighed before euthanasia, following which
testes were dissected, weighed, and photographed. Quantitation of testes weight was made using

testes weight per mouse total weight for each mouse.

Sperm count and morphology: Sperm was collected by dissecting out vas deferens and
epididymis, mincing into a single suspension with PBS, and incubation for 1 h at 37°C. Sperm
were diluted and spotted on slides and allowed to dry. Six slides per mouse were analyzed (n =4
G5 WT and n =4 G5 K82A). Sperm were counted using a Makler chamber, with a minimum of

four rows. Slides were then fixed in methanol for 15 min and stained with H&E as described
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above. Sperm morphology was quantified blinded and in triplicate. Sperm were designated as
normal if they had an intact comma-shaped head, midpiece, and tail. Abnormal indicated a

deviation from normal with the major difference being in head morphology.

Staging of seminiferous tubules and evaluation of ordered/disordered tubules: Cell quantitation
was performed to attain the absolute numbers of each cell type in this study. In each testis from
G1 WT, G1 K82A, G5 WT, G5 K82A mice, and acd/acd, three 7 um-thick sections, separated by
a distance of more than 100 pm, were cut and analyzed. In all seminiferous tubules, the stages of
spermatogenesis were determined by the shape of acrosomes stained by PNA-lectin. Staging was
performed blinded. Number and mice and tubules analyzed: G1 WT: 2 mice, 532 tubules; G1
K82A: 2 mice, 501 tubules; G5 WT: 2 mice, 330 tubules; G5 K82A: 2 mice, 729 tubules; acd/acd

hypomorph: 1 mouse, 175 tubules.

Quantitation of germline and Sertoli cell number per tubule: Cell number counting was
performed to attain the absolute numbers of each cell type. In each testis from G1 WT, G1 K82A,
G5 WT, G5 K82A mice, or acd/acd hypomorph, at least two 7 pm-thick sections, separated by a
distance of more than 100 um, were cut and analyzed. Undifferentiated spermatogonia were
identified using PLZF, spermatocytes were identified using SCP3, and Sertoli cells were marked
with SOX9. Each cell positive for each marker was counted per seminiferous tubule for all

tubules using Imagel software (NIH; Bethesda, MD; http://imagej.nih.gov/ij/). Different sections

from the same mouse were co-immunostained for the following pairs of markers: PLZF and
BrdU, Cleaved Caspase-3 and SCP3, and BrdU and SOX9. Following the addition of secondary

Alexa fluor-conjugated antibodies, all sections were stained with PNA-lectin and DAPI and
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imaged at 200x total magnification using a 20X objective lens. In all sections, long (i.e., non-
circular) tubules were excluded as they likely represent longitudinal rather than radial sections.
Number and mice and tubules analyzed for each marker: PLZF/BrdU: G1 WT: 2 mice, 182
tubules; G1 K82A: 2 mice, 185 tubules; G5 WT: 2 mice, 116 tubules; G5 K82A: 2 mice, 264
tubules; acd/acd hypomorph: 1 mouse, 49 tubules. Caspase-3/SCP3: G1 WT: 2 mice, 161
tubules; G1 K82A: 2 mice, 158 tubules; G5 WT: 2 mice, 91 tubules; G5 K82A: 2 mice, 205
tubules; acd/acd hypomorph: 1 mouse, 41 tubules. BrdU/SOX9: G1 WT: 2 mice, 189 tubules;
G1 K82A: 2 mice, 158 tubules; G5 WT: 2 mice, 123 tubules; G5 K82A: 2 mice, 260 tubules;

acd/acd hypomorph: 1 mouse, 85 tubules.

BrdU staining and quantitation: To detect cell proliferation, mice were injected intraperitoneally
with BrdU at 100 mg/g body weight for 24 hours before organ removal. BrdU staining was
performed as described in IF protocol above. BrdU positive tubules were designated positive if
they had two or more positive foci. Images were scored blind to genotype. Quantitation of BrdU
positive tubules in tubules that were stageable was performed and subjected to a Student’s t-test
to evaluate significant differences between WT and K82A in each generation. Number of mice
and tubules analyzed: G1 WT: 2 mice, 371 tubules; G1 K82A: 2 mice, 343 tubules; G5 WT: 2

mice, 239 tubules; G5 K82A: 2 mice, 524 tubules.

Cleaved Caspase-3 staining and quantitation: Cleaved Caspase-3 (CC3) IF was performed as
described above. CC3 tubules were designated positive if tubules had at least one positive focus.
Images were scored blind to genotype and the number of positive tubules was counted

irrespective of the stage of spermiogenesis. A Student’s t-test was calculated to determine
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significant differences between WT and K82A in each generation. Number of mice and tubules
analyzed: G1 WT: 2 mice, 161 tubules analyzed: G1 K82A: 2 mice, 158 tubules; G5 WT: 2 mice,

91 tubules; G5 K82A: 2 mice, 205 tubules; acd/acd hypomorph: 1 mouse, 41 tubules.

Statistical analysis

Statistical tests were performed using Prism software (GraphPad version 8). Experiments were
analyzed between WT and mutant mice only. Analysis between generations was not included as
they were not conducted at the identical age or cohort size. Student’s t-tests were used between
WT and mutant mice for each experiment. Graphs were generated in Prism software and
represented as mean with 95% confidence interval for hematopoietic data and mean with SEM
for germline data. Adjusted p values for comparisons were reported as *p <0.05, **p <0.01, and
*#%p <0.001. M or F symbols were superscripted to denote significance in either males (M) or
females (F). It should be noted that due to the many outcomes studied, there are some stochastic
statistically significant results that are not consistent across genotype, generation, or sex.
Independent confirmatory experiments would need to be conducted in a larger scale to follow up

any of these isolated findings, especially those approaching p = 0.05.

Study Approval
Approved protocols by the University of Pennsylvania’s Office of Regulatory Affairs or the
University of Michigan’s Committee on Use and Care of Animals were strictly adhered to while

performing all mouse experiments in this work.
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3.3 Results

3.3.1 K82A results in reproductive defects and progressive loss of fertility

Using the same mice generated in Chapter 2, we turned our attention to fertility as a readout for
germ cell function, as complete KO of telomerase is known to cause infertility in late-generation
mice. We observed a striking decrease in fertility in G4 K82A mice, as evidenced by a reduced
number of litters per breeding pair, a trend that persisted in G5 K82A mice (Fig. 3.1A).
Remarkably, only one out of 13 G4 K82A breeding pairs produced litters. Among four breeding
pairs set up for G5 K82A mice, only one female G6 K82A was born, thereby terminating the
breeding of the K82A line. Furthermore, of the mice born, litter size and the total number of pups
that survived past weaning was significantly lower in G4 and G5 K82A breeding pairs,
suggesting that impaired germline proliferation and/or maturation caused by shortened telomeres
resulted in prenatal and perinatal lethality of K82A mice (Fig. 3.1B). Both sexes were affected as
breeding of G5 K82A male and female mice to WT females and males, respectively, did not
result in progeny (data not shown). The reproductive defects observed for TPP1 K82A are
reminiscent of sterility observed in acd/acd hypomorphic mice (Keegan et al., 2005) and late-
generation mTR”" mice (Hemann et al., 2001; Lee et al., 1998). It is striking that a decrease in
telomerase function caused by this single amino acid deletion in the TPP1 TEL patch region is
sufficient to cause mouse infertility to a similar degree as mouse models with larger scale
deletions in telomerase or TPP1. This data demonstrates that disruption of telomerase-dependent
telomere length maintenance causes mouse infertility in late generations under conditions where

no spontaneous BM defects are evident.

3.3.2 K82A mutation in mice reduces testis/body weight ratio and sperm counts
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To further understand the basis for reduced fertility in K82A mice, we examined testicular size
and observed a significant reduction in testis weight/body weight in G3-G5 male mutant mice
(Fig. 3.1C-D). Cross-sections of G5 K82A testes revealed no changes in the diameter of
seminiferous tubules (Fig. 3.1E), but a reduction in the number of tubules was observed
compared to WT (Fig. 3.1E-F). Testosterone levels remained unchanged (data not shown).
Furthermore, G5 K82A male mice had lower sperm counts (Fig. 3.1G) and a significantly
increased proportion of sperm with abnormal morphology (Fig. 3.1H-I). Specifically, the mutant
sperm lacked the hook-like structure involved in sperm progression and attachment to the female
reproductive tract (Varea-Sanchez et al., 2016). Together, these data indicate that TPP1 K82A
mice have profound reproductive defects that could arise from underlying defects in the germline

and/or somatic compartments of the testis.

3.3.3 K82A results in an increased incidence of disordered and empty seminiferous tubules

We next analyzed seminiferous tubule cellularity to gain deeper insights into the reproductive
defects observed in K82A mice. To monitor acrosome dynamics and determine the rough stage
of the seminiferous tubule cycle, we used PNA lectin immunofluorescence (Fig. 3.2A) (Nakata
et al., 2015). We collapsed the 12 stages of the seminiferous tubule into four bins (stages I-11I;
stages IV-VI; stages VII-VIII; stages IX-XII) and quantified the frequency of tubule stages in
WT and mutant mice. For these studies, we used the hypomorphic acd/acd mouse model as a
positive control for a severe germline defect as it is known to exhibit degenerated tubules
(Keegan et al., 2005). No differences in spermatogenesis were observed for mutant versus WT
G1 mice (Fig. 3.2B, D, and F). However, the G5 K82A mice had a significant increase in the

number of tubules that were not stageable (e.g., due to absence or paucity of spermatids) (Fig.
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3.2C, and F). Of the G5 K82A tubules that could be staged, there was a significant decrease in
early-stage I-III tubules and an increase in stage IV-XII tubules (Fig. 3.2E). Strikingly, we
observed two distinct phenotypes in G5 K82A mice: a loss of the ordered organization of tubules
and an elevation in the frequency of empty tubules (Fig. 3.2G-I). While these results highlight
the deleterious effects of the K82A mutation in the mouse male reproductive system, they raise
the question of whether the TPP1 mutation leads to loss of germ cells, somatic cells, or both cell

types in the testis.

3.3.4 K82A mutation results in a reduction of germline stem cells but not somatic cells

To better understand if K82A elicits its effects directly through the germline compartment rather
than through a broader impact on reproductive tissue development, we quantified the number of
spermatogonia, spermatocytes, and Sertoli cells in WT and K82A G1 and G5 mice. PLZF was
used as a spermatogonial marker (Buaas et al., 2004; Costoya et al., 2004; Lovelace et al., 2016)
to examine the effects of K82A on this germline compartment (Fig. 3.3A). The total PLZF+ foci
were counted per tubule in all tubules for each genotype in G1 and G5 mice. G1 WT and G1
K82A mice contained an average of 5.2 and 5.1 spermatogonia per tubule, respectively.
Similarly, G5 WT tubules contained an average of 4.7 spermatogonia per tubule. However, G5
K82A mice exhibited a marked reduction in the number of spermatogonia, averaging 2.8
spermatogonia per tubule (Fig. 3.3B). This decrease cannot be attributed to an altered tubule size
as G5 K82A testes displayed normal tubule diameter (Fig. 3.1E). Meiotic prophase |
spermatocytes were identified using SCP3 (Synaptonemal Complex Protein 3) (Fig. 3.3C) (Yuan
et al., 2000). G1 WT, G5 WT, and G1 K82A testes displayed a similar number of spermatocytes

per tubule (averages of 65.0, 63.9, and 63.8, respectively). G5 K82A mice exhibited a significant
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reduction in the number of spermatocytes per tubule (average of 27.2) (Fig. 3.3D). The decrease
in both spermatogonia and spermatocytes is consistent with the apoptosis-mediated surveillance
of the male mouse germline described in mTR”" models (Hemann et al., 2001; Lee et al., 1998),
although in older (15-17-month) G5 K82A mice that have already undergone substantial
germline degeneration, we did not observe apoptotic markers likely due to prior clearance of
dead cells (Fig. 3.4B, and D). Sertoli cells were identified using SOX9 as a marker (Fig. 3.3E)
(Barrionuevo et al., 2006; Chaboissier et al., 2004). In stark contrast to the observations in the
germline, G5 K82A mice did not show a decrease in the number of Sertoli cells per tubule
compared to G1 WT, G5 WT, or G1 K82A mice. Instead, a mild, but statistically significant,
increase in the number of Sertoli cells per tubule was observed in G5 K82A compared to G5 WT
control mice (Fig. 3.3F). However, no changes in BrdU activity seemed to contribute to this
increase (Fig. 3.4A and C). A decrease in both spermatogonia and spermatocytes but an increase
in the number of Sertoli cells was also seen in acd/acd hypomorphic mice, suggesting an inverse
correlation between the phenotypes observed in the germline versus the somatic components of
the mutant seminiferous tubules. Spermatogonial stem cells are highly proliferative and thus
depend on telomerase to overcome the end replication problem (Pech et al., 2015). These data
suggest that the reduction in telomere length maintenance due to reduced telomerase recruitment
to telomeres by TPP1 K82A limits spermatogonia replicative lifespan, resulting in eventual
germline stem cell exhaustion. As Sertoli cells of mature testes are largely non-proliferative, a
lack of a severe phenotype in this compartment is not surprising. A modest increase in the
number of Sertoli cells is consistent with activation of a compensatory mechanism in the face of

germline failure, as Sertoli cells nourish developing sperm (Franga et al., 2016; Larose et al.,
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2019). Together, our data demonstrate that the TPP1 K82A mutation reduces mouse germline

stem cell count and culminates in diminished gamete production that causes infertility in males.

3.4 Discussion

Infertility has been reported in mTR”" mice (Lee et al., 1998) but reproducing this phenotype with
a mutation in TPP1 that solely disrupts recruitment of, but not the expression or composition of,
telomerase confirms beyond reasonable doubt that telomerase-dependent telomere shortening is
sufficient to cause mouse infertility in the absence of concomitant spontaneous HSC failure.
K82A mice started developing fertility defects at G4 that culminated in only one viable G6
(female) K82A mouse. Reduction in testes size, seminiferous tubule number, and sperm count
were visible as early as G3 in K82A male mice. Furthermore, K82A sperm have a
globozoospermia-like phenotype (round-shaped sperm head), which has been previously linked
with male infertility (Yan, 2009). To our knowledge, we are the first to observe a split phenotype
from telomere shortening as some K82A seminiferous tubules showed loss of germ cells while
others exhibited severe disorganization. It is unclear whether tubule disorganization and
depletion of germ cells occur sequentially or if the two phenotypes are alternative outcomes of
telomere shortening in the spermatogonial stem cells. Our in-depth quantitation of cell types in
the testis confirmed that the TPP1 mutation decreases cell numbers for spermatogonia and
differentiating cell types (spermatocytes and spermatids). Somatic cells in the testes like Sertoli
cells were completely spared by the K82A mutation, consistent with a germline-specific
mechanism for the downstream infertility defect. In fact, K82A slightly increased the number of

nursing Sertoli cells, perhaps to compensate for reduced germline function.
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It will be interesting to determine if germ cell loss results solely from stem cells succumbing to
the end replication problem or if premature differentiation of spermatogonia as a result of
telomere dysfunction also contributes to this phenotype. Although our study was restricted to the
effect of TPP1 K82A on the mouse male germline (as early stages of mouse female germline
development occur in utero and are therefore difficult to study), both male and female mice with
the mutation were unable to produce offspring with wild-type mating partners. It should be noted
that previous work in telomerase-deficient mouse models as well as this study show variance in
the onset of phenotypes (G1 vs G3 vs G5) which could be due to differences in baseline telomere
length at the very start of breeding. However, the sequence of defects is distinctly reproducible
with the germline being affected first in steady-state conditions across mouse models. Together
with previous studies, our data suggest that telomere lengthening afforded by telomerase is
critical to the maintenance of the mouse germline. Although telomere attrition in reproductive
tissues has been proposed to contribute to the natural process of reproductive aging in humans
(Keefe, 2016), the above defects we see in K82A mice have not been noted in telomeropathies.
Thus, the mouse germline seems to be more vulnerable towards telomere shortening than the

human germline.
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Figure 3.1 TPP1 K82A mutation leads to reproductive defects in later generations.
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(A-B) x-axis indicates genotype of the parents. (A) Quantitation of the number of offspring per
litter for the indicated generation number and genotype analyzed in this study. (B) Quantitation
of the total number of pups that survived past weaning per mating pair for the indicated
generation number of WT and K82A mice. Number of mating pairs used for data in panels (A)
and (B): G1 WT:n=4; G1 K82A:n=3; G2 WT: n=8; G2 K82A:n=10; G3 WT: n=9; G3
K82A:n=3;G4 WT: n=2; G4: K&82An=13; G5 WT: n=3; G5 K82A: n=4. (C)
Representative gross morphology images of testes for the indicated generation number and
genotype of mice studied. (D) Quantitation of testes/body weight of WT and K82A mice. n =4 —
11. (E-F) Whole testis sections were stained with H&E and imaged and analyzed for
seminiferous tubule (E) diameter and (F) number in G1 and G5, WT and K82A, mice. At least
two mice were evaluated per generation and genotype. Slides separated by at least 100 um were
used as technical replicates (G) Number of sperm collected from vas deferens and epididymis
from G5 WT and G5 K82A mice. n=4. p =0.0067. (H) Representative sperm morphology from
G5 WT and G5 K82A mice by H&E staining. Magnified views of boxed areas are shown on the

right. Scale bar: 20 pm. (I) Quantitation of the percentage of abnormal sperm. n = 4.
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Figure 3.2 Late-generation K82A mice testes are comprised primarily of disordered or empty tubules.

(A) Immunofluorescence (IF) for PNA-lectin (spermatid acrosomes; grey) and DAPI (nuclei;

blue) in cross-sections of testes from G5 WT and G5 K82A mice in each stage including those
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that were not-stageable (N.S.) because they were devoid of spermatids, which are necessary for
accurately staging tubules. Scale bar: 50 pum. (B-C) Quantitation of total tubules that are
stageable or not-stageable in (B) G1 WT, G1 K82A mice, and acd/acd or (C) G5 WT, G5 K82A,
and acd/acd mice. (D-E) Quantitation of the percentage of stageable seminiferous tubules in a
given stage of spermatogenesis in (D) G1 WT and G1 K82A mice and (E) G5 WT and G5 K82A
mice. (F) Quantitation of the breakdown of each stage within G1 WT, G1 K82A, G5 WT, G5
K82A, and acd/acd mice. White diagonal lines indicate % of tubules in stages I-111, black
horizontal lines are stages IV-VI, grey vertical lines are stages VII-VIII, black diagonal lines are
stages IX-XII, and black filled bars are not-stageable. (G) Quantitation of tubule phenotype
denoted as either normal organization (white bar), disordered organization (grey bar), or empty
tubules (black bar) in G1 WT, G1 K82A, G5 WT, G5 K82A, and acd/acd mice. (H-I)
Quantitation of the percentage of seminiferous tubules with either normal, disordered, or empty
tubule phenotype in (H) G1 WT, G1 K82A, and acd/acd mice and (I) G5 WT, G5 K82A, and
acd/acd mice. acd/acd was used as a positive control of gonadal defect. In panels (B, D, H): G1
WT (grey filled circles), G1 K82A (grey open circles). In panels (C, E, I): G5 WT (black filled

squares), G5 K82A (black open squares). In panels (B, C, H, I): acd/acd (red open triangle).
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Figure 3.3 K82A mutation results in a reduction of germ cells but an increase in somatic Sertoli cells.
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(A, C, E) Immunofluorescence for (A) PLZF (undifferentiated spermatogonia; red) (C) SCP3
(spermatocytes; red), (E) SOX9 (Sertoli cells; red), DAPI (nuclei; blue), and PNA Lectin
(spermatid acrosomes; grey) in cross-sections of testes from G5 WT, G5 K82A mice, and
acd/acd mice. Scale bar: 50 um. (B, D, F) Quantitation of the number of (B) spermatogonia, (D)
spermatocytes, and (F) Sertoli cells per tubule in G1 WT, G1 K82A G5 WT, G5 K82A, and

acd/acd mice. See methods for total number of mice and tubules analyzed.
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Figure 3.4 K§2A mutant testes do not show changes in proliferation or apoptosis compared to WT mice.

(A-B) Immunofluorescence for (A) BrdU (proliferation; green) or (B) cleaved Caspase-3

(apoptosis; green); DAPI (nuclei; blue), and PNA Lectin (spermatid acrosomes; grey) in cross-
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sections of testes from G5 WT and G5 K82A mice. Scale bar: 50 um. (C-D) Quantitation of the
percentage of (C) BrdU-positive and (D) cleaved Caspase-3-positive cells per tubule in G1 WT,

G1 K82A, G5 WT, and G5 K82A mice.
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Chapter 4 : Discussion and Future Outlook

4.1 Overview

In this dissertation, I first highlighted key findings over the years that have shed light on how the
various telomere biology proteins and complexes work together to protect our chromosome ends
and allow for the extension of telomeres by telomerase in the context of germ stem cells and
somatic stem cells. I also described what transpires when telomere length maintenance is
disrupted, resulting in disease (Chapter 1). I then presented work that addressed a gap in our
understanding of the in vivo consequence of a separation-of-function mutation in TPP1, drawing
from the extensive in vitro work elucidating the mechanism of action of TPP1 K170A mutation,
a mutation causative of DC in humans. We generated a mouse model in which the equivalent
mutation TPP1 K82A was knocked in and followed homozygous wild-type and mutant mice for
multiple generations to study the effect this mutation has on telomere length and stem cell
maintenance. We discovered this mutation was sufficient to shorten telomeres in mutant mice as
early as generation 1 and continued to shorten in successive generations akin to telomerase KO
mice. We looked extensively in multiple lymphoid organs and found no evidence of a
hematopoietic defect, concluding that K82A mice do not undergo spontaneous hematopoietic
failure (Chapter 2). However, this mutation resulted in a striking reproductive phenotype
consisting of low brood size, decreased testes size, disordered or empty seminiferous tubules and
a decrease in germ stem cells, eventually resulting in sterility in both male and female mutant

mice in generation 5 (Chapter 3).
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Collectively, this work provides insight into the molecular interplay between TPP1’s role in end
replication and stem cell maintenance. Notably, our work combined with the extensive literature
on telomerase KO mice suggests an increased vulnerability of the mouse germline over the
soma, which is reversed in human patients with this disease (that succumb to BM failure).
Theoretically, this mutation should impact all stem cell compartments uniformly, however, in
practice, different organ systems present different vulnerabilities to telomere shortening in mice
and humans. Perhaps, if the sterility phenotype in mice could be overcome, they would
eventually develop BM failure. Similarly, if human patients with DC lived long enough without
succumbing to BM failure, it is possible that they could develop reproductive defects more
rapidly than unaffected individuals in the population. However, our work suggests that the
trigger underlying the manifestation of disease is context-dependent and may weigh heavily on
replicative burden. Thus, my thesis has major implications for how we model telomere biology

disorders in animals in the future.

4.2 Differential impact of telomere shortening on hematopoiesis in mice versus humans

My work has resulted in the first mouse model for telomerase-dependent telomere shortening
caused by a telomeropathy mutation that leaves end protection and the structure and composition
of telomerase intact. Generation of mice homozygous for TPP1 K82A resulted in telomere
shortening at every generation which was measured by adapting Flow-FISH, allowing us to
determine absolute telomere length in mice. We next undertook an extensive and thorough

analysis of stem, progenitor, and mature cells within the four hematopoietic organs: BM, spleen,
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thymus and blood. Despite our rigorous analysis, K82A mice did not reveal consistent or overt
changes across time points in any of the hematopoietic compartments tested compared to WT.
Unlike in patients, but like mice knocked out for telomerase, K82A mice do not develop
spontaneous BM failure. All our experiments were performed in steady state conditions. Based
on other mouse models of telomerase deficiency, we would predict that K82A hematopoiesis
could become defective if exposed to severe stress caused by serial transplantations, or other
types of hematopoietic stress. However, at least in steady state, these mice do not succumb to

gross hematopoietic failure.

4.3 Differential impact of telomere shortening on germline development in mice versus

humans.

Despite not seeing a phenotype in any hematopoietic compartment, a phenotype did indeed
emerge in mice homozygous for TPP1 K82A in later generations. At G3, male mutant mice had
statistically smaller testes/body weight compared to WT. This phenotype persisted into later
generations. Furthermore, K82A mice started developing fertility defects at G4 that culminated in
termination of the mutant line as only one viable G6 female K82A mouse was born. A reduction
in seminiferous tubule number, and sperm count were observed in G5 K82A male mice. Also
observed was as an increase in abnormal sperm morphology with K82A sperm displaying a
globozoospermia-like phenotype (round-shaped sperm head), which has been previously linked
with male infertility (Yan, 2009). Telomerase KO mice were shown to have apoptotic
seminiferous tubules and loss of germ cells, however our study observed a secondary phenotype
not addressed previously. While some K82A seminiferous tubules showed loss of germ cells

resulting in what looks like empty tubules, others maintained germ cell populations but exhibited

84



severe disorganization extremely disruptive to the regulated radial manner in which seminiferous
tubules are organized. Our study did not address if both phenotypes occur in parallel or if
disorganization of the tubule occurs prior to germ cell loss. Our in-depth quantitation of cell
types in testes revealed that the K82A mutation decreases cell numbers for spermatogonia and
spermatocytes. Somatic cells in the testes like Sertoli cells were completely spared by the
mutation, consistent with a germline-specific mechanism for the downstream infertility defect. In
fact, K82A slightly increased the number of nursing Sertoli cells, perhaps to compensate for

reduced germline function.

Our studies reproduce this infertility phenotype seen in mice deficient for telomerase. However,
our model results from a single amino acid deletion in TPP1 that disrupts the recruitment of
telomerase while keeping telomerase holoenzyme intact and maintaining TPP1’s role in end-
protection. Our data confirms that the mouse infertility phenotype is caused by telomerase-

dependent telomere shortening.

It would be interesting to follow these phenotypes more closely and determine if the cause of
these phenotypes is indeed due to specific telomere shortening in undifferentiated
spermatogonia. Undifferentiated spermatogonia are a subset of spermatogonia that retain self-
renewal capacity and can differentiate into more limited spermatogonia and eventually
spermatocytes and spermatids (Griswold, 2018). Mice deficient in PLZF (a marker of
undifferentiated spermatogonia) show reduction in testes size and tubule degeneration similar to
our model (Buaas et al., 2004; Costoya et al., 2004). Since only undifferentiated spermatogonia
express PLZF, it is reasonable to postulate that tubules with a reduction in spermatogonia, and

therefore a reduction in PLZF, trigger an initial burst of proliferation followed by exhaustion of
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the proliferative spermatogonial compartment. This increased proliferative activity has been
associated with increased tubule degeneration and cell death at later stages. Critically short
telomeres in undifferentiated spermatogonia could explain the reduction in germ cells we
observe in our model and mirror what is seen in Plzf’" mice. In addition, this expansion in
proliferation could result in an acceleration in telomere shortening, worsening the phenotype in
successive generations. This could also explain why Sertoli cell numbers are not affected as they

do not derive from spermatogonia.

Further work needs to be performed to better understand how K82A affects reproduction in
female mice. While we know that both sexes were affected and became infertile by generation 5,
telomerase activity and telomere length are regulated differently in males and females. Isolated
studies have shown that women with DC may have a reduction in ovarian reserve and so if
ovarian reserve is reduced and continues to diminish in successive generations, it could

contribute to the infertility seen in K82A female mice.

Collectively, our work shows that mice homozygous for the K82A mutation do not exhibit
hematopoietic defects like in human patients with the equivalent mutation but rather succumb to
sterility that is not seen in patients with DC. Accordingly, the mouse germline seems to be more

vulnerable towards telomere shortening than the human germline.

4.4 Basis for species-specific impact of telomere shortening on hematopoiesis

Using a targeted mutation in TPP1, our results confirm the differential impact of telomere

shortening in mice and humans. It is noteworthy that laboratory-derived inbred CAST/Ei mice,
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which are known for their abnormally short (i.e., similar to human) telomere length, or mice
stressed using serial transplantation, show BM defects in a telomerase negative background.
These observations confirm that the longer telomeres of wild-type laboratory mice offer
protection against hematopoietic failure in telomerase null (Lee et al., 1998; Rudolph et al.,
1999) or deficient (Erdmann et al., 2004) background at steady-state. What is the evolutionary
basis for the reduced dependence of mouse hematopoietic homeostasis on telomere length
maintenance? A comparative analysis of telomere length in several animals revealed that smaller
and short-lived mammals have longer telomeres than humans and other large animals (Gomes et
al., 2011). As smaller and short-lived animals are expected to undergo fewer total somatic cell
divisions in life, it is hypothesized that they do not rely on a telomere length threshold to check
against unregulated cell division or accumulation of oncogenic mutations with age (Gomes et al.,
2011). The lack of such a threshold could allow species like mice to harbor very long telomeres
in their soma that would not be sensitive to telomere shortening caused by a telomeropathy
mutation (in one lifetime). Given the total number of cell divisions in humans, especially in high-
turnover organs such as skin and blood, enhanced somatic stem cell sensitivity to telomere
shortening serves an important anti-tumorigenic role. Thus, the human somatic tissues would be
expected to be especially vulnerable to accelerated telomere shortening caused by telomeropathy
mutations. Our results support this model and suggest that hematopoiesis in laboratory mice is

resilient to subtle or gross perturbations to the telomerase machinery.
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4.5 Evolutionary model for differential vulnerabilities of human and mouse tissues towards

telomere shortening

It is intriguing that no somatic phenotypes are observed in mice upon telomere shortening for
five-six generations under steady state. It could be argued that the long telomeres of laboratory
mice provide a telomere reserve that protects against the earlier appearance of such phenotypes.
However, these reserves are still unable to prevent the decrease in fertility in G4-G5 animals,
suggesting an inherent vulnerability of the mouse germline towards telomere shortening that is
mirrored in the human BM and other somatic tissues. Our study falls into the crux of two
theories, the “disposable soma theory” and the “life history theory” and we speculate that these

distinct species-specific tissue sensitivities evolved to optimize species fitness.

The “disposable soma theory” attempts to explain that aging is caused by a trade-off between
reproduction and survival (Kirkwood, 1977). The “life history theory” explains how organisms
optimize the distribution of energy to either survival or reproduction to maximize the fitness of
the species (Kavanagh & Kahl, 2016). While both theories are related, they are not the same and

species-specific demands could influence what priorities are evolved in a given species.

While reproduction is essential to the production of offspring, survival to the age of sexual
maturity is essential to the ability to reproduce. The weightage of survival to reproductive
investment is influenced by the growth environment of the species. Harsh conditions such as the
threat of predation, or competition from the same sex (e.g., polyandrous behavior), have resulted
in smaller animals called “r-selected” species such as mice exhibiting shorter lifespans,

accelerated time to sexual maturity, and an increase in the number of offspring. This is achieved
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by tilting the balance of resources towards reproductive traits over somatic development. In
contrast, less-threatened, larger animals called “K-selected” species including humans invest in
somatic growth to produce and nurture healthy offspring, albeit at the expense of long gestation
periods and fewer offspring. We envision that telomerase-mediated telomere length maintenance
helps tilt the balance of energy allocation towards somatic and germline investment in larger and
smaller animals, respectively. As mice have shorter lifespans, their resources are devoted
towards producing more offspring while humans, who have longer lifespans, tend to devote their

resources towards living longer to produce and nurture healthy offspring.

In humans, telomere length maintenance is likely more critical in somatic stem and progenitor
cells, such as those in the hematopoietic system, to meet the replicative demand for these cells to
ensure healthy progression to the age of sexual maturity. This function may be secondary in mice
given their smaller size and much shorter lifespan. In contrast, telomere length maintenance in
mice is likely more critical to uphold the elevated demand for germline proliferation to ensure
accelerated sexual development and an increase in both the number of offspring per litter and
total litters in life. The notion of a differential dependence of human and mouse germ cells on
telomere length maintenance is supported by a stark difference in germline development in the
two species. The mouse testis is comprised predominantly of sperm and other differentiated germ
cells, with spermatogonia representing only 0.3% of all cells in this organ (Larose et al., 2019).
In contrast, spermatogonial stem cells are 22% of cells in the human testis (Larose et al., 2019).
The severely lowered ratio of stem cells to mature sperm in the mouse testes highlights the
extraordinary replicative burden on a small number of mouse germline stem cells for generating

the entire sperm pool of the animal throughout its reproductive lifespan.
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4.6 Implications for mammalian models of telomeropathies

Combined with previous findings in telomerase KO mice, our data mandate a change in the use
of existing models to understand the importance of telomerase-mediated telomere lengthening in
human health and disease. The resilience of mice to the somatic absence of telomerase-mediated
telomere lengthening is well known. It has been hypothesized that the abnormally long telomere
length in laboratory mice is primarily responsible for this species-specificity although it is also
likely that these distinct vulnerabilities are, at least in part, manifestations of the different
evolutionary strategies of mice and humans. Hematopoietic defects are observed in mTR” mice
in a CAST/EiJ background that harbors short telomeres, qualifying them as a potential system to
model telomeropathies (Armanios et al., 2009). However, it is unlikely that resetting telomeres to
a shorter length is sufficient to reverse the long-optimized evolutionary strategy of any strain of
mice. In this regard, it is likely that mouse strains with shorter telomeres also suffer from reduced
reproductive capacity compared to the wild-type strain. Instead of “humanizing” mice, it seems
more appropriate, although more challenging, to investigate the biomedical relevance of
telomerase and telomere length maintenance in mammals that more closely mimic humans in

their vulnerability to telomere shortening.

4.7 Future studies

My dissertation has shown that deletion of TPP1 K82A in the whole organism does not result in
spontaneous BM failure in up to five generations. It is possible that the telomeres in these mice

are not yet at a critically short telomere length to result in hematopoietic defects. The answer to
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why a reproductive defect arises first in these mutant mice may derive from the much higher
replicative burden in the mouse germline compared to humans. Since the mutation affects
TPP1’s ability to properly recruit telomerase to chromosome ends, it would be understandable
that telomeres would be shorter in these mice compared to WT. However, the need for this much
smaller pool of cells to continuously replicate may provide the basis for the sensitivity we see in
the mouse germline. Furthermore, this species-specific difference in stem cell pools does not
exist in the BM as HSCs have been found to comparable between mice and humans (Abkowitz et
al., 2002). If true, we hypothesize that the telomeres in the germline shorten at a rate faster than
those in the soma of the mutant mouse. To answer this, we could modify the BM flow-FISH
assay I optimized and describe in Chapter 2, to measure telomere length of both the BM and the
germline of the same mouse. For this, we would dissect hindlimbs and testes from the same
mouse and generate individual single cell suspensions from WT and K82A mice in G1 versus G5
and perform telomere length analysis. In G1 K82A mice, we would expect to see shorter
telomeres in both BM and testes cells compared to G1 WT, but the extent of shortening would be
greater in the testes. Since the reproductive phenotype does not emerge until ~G4, telomere
length measurement in the testes of G5 K82A mice would provide the most sensitive setup for
discerning BM versus testes differences in the mutant mouse. In this case, we would expect age-
matched G5 WT and G1 WT to look identical in both BM and testes compartments. In G5 K82A
mice, we would expect to see a stark reduction in telomere length in BM and testes compared to
WT, but within G5 K82A mice, we would expect to see a reduction in testes telomere length to

values that are representative of critically short telomeres.
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Even though my work suggests a change in the modeling of telomeropathies, it does raise
interesting questions in stem cell biology about differential vulnerabilities of organ systems in
mice. For example, it would be interesting to investigate in greater detail how specific stem cell
compartments respond to telomere shortening caused by the TPP1 mutation. Specifically, it
would be interesting to ask if spontaneous BM failure could emerge in K82A mice if TPP1 WT
expression was restored in the germline. To test this, we could generate a mouse with a
successfully integrated loxP-flanked stop sequence prior to TPP1 WT. Using a knock-in
approach utilizing the well-characterized ROSA26 locus (Soriano, 1999) which is ubiquitously
expressed and allows for targeted and conditional overexpression in Cre-expressing lines by
placing a loxP-STOP-loxP floxed STOP element upstream of our gene of interest (Carofino et
al., 2013) I would suggest designing ROSA26 floxed-stop Acd construct injected into our mutant
heterozygous mice (e.g. female K82A/+ mice) and then crossing those mice to Vasa-cre"R12
(John et al., 2008) mice we would generate mice that under homozygous conditions express
K82A/K82A everywhere that TPP1 is present however, in the presence of tamoxifen Acd will be
overexpressed only in germ cells. This will allow us to breed mice starting at GO that are
deficient in TPP1 until we provide tamoxifen. This allows us control in analyzing rescue of TPP1
in the germline in early, mid or late generations. I would hypothesize that mice that are WT for
TPP1 in the germline would be fertile in later generations. Therefore, we would be able to

analyze what other stem cell compartments are sensitive to this mutation without inference from

the sterility phenotype.

To delve even deeper on understanding how telomere erosion affects the germline versus the

hematopoietic compartments, we could challenge each system to study the impact on stem cell
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maintenance through either BM or germline transplants. Our hypothesis is that the replicative
burden of germline stem cells is greater than the replicative burden of BM stem cells. It has
previously been shown that spermatogonial stem cells can be consecutively passaged at three
month intervals for more than three years (Ryu et al., 2006), contrasting strikingly with HSCs
that after four-five transplants can no longer replicate (Ogden & Mickliem, 1976; Siminovitch et
al., 1964). To test our hypothesis, we could use a different genetic system, one that employs the
ROSA26 LacZ or eGFP system to cross to Acd K82A™" GO mice. We would breed successive
generations and generate testes single cell suspensions for G1 and G5 WT and mutant male mice.
We would then enrich for spermatogonial stem cells from three-month-old mice and transplant
them into ablated WT mice to compare how mutant germline stem cells engraft compared to
WT. Using the ROSA26 LacZ or eGFP system will allow us to visualize colonies grown from
donor-derived spermatogenesis. We would expect G5 mutants to engraft much more poorly than
G5 WT. If there is no change in stem cell activity, we could then examine the stem cell niche as
a contributing factor to infertility. For this, we will perform the reverse transplantation — we
would enrich for spermatogonial stem cells from three-month-old WT mice and transplant them

into ablated mutant mice to ask how WT germline stem cells engraft in the mutant niche.

In conclusion, my Ph.D. dissertation work provides new insights into the importance of
telomerase-based telomere lengthening in the mouse hematopoietic versus germline tissues and
reveals species-specific differences in the importance of this biological process in mouse versus
humans. My studies inspire new hypotheses in stem cell biology with respect to the differential
burden on somatic versus germline regeneration for defining species fitness. My studies have

important implications for telomeropathies, strongly encouraging a change in the animal
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modeling of these diseases in the future to better understand disease mechanism and develop

potential therapeutic interventions.
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