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ABSTRACT

In mammals, spermatogenesis is a biological process inside the testis to produce spermatozoa
from spermatogonia. This process is governed by both genetic and epigenetic mechanisms
and thus is a powerful system for epigenetic research. Methylation of histone 3 lysine 4
(H3K4) is an epigenetic mark, which has been found to be dynamically modulated in mouse
male germ cells during spermatogenesis. Pax2 Transactivation domain Interaction Protein
(PTIP) has been recently identified as part of a H3K4 methyltransferase complex. In this
study, I hypothesize that PTIP is an essential epigenetic regulator in mouse spermatogenesis.
To test this hypothesis, I first established a transgenic mouse model with conditional
knockout of PTIP in postnatal male germ cells. Then I performed in vivo fertility assay, in
vitro sperm assay, testis histology and Western blot. I found that PTIP conditional knockout
males were as healthy as wild-type males, but they were infertile, had small testes, and did
not produce sperm. In addition, our data demonstrated that H3K4 methylation was decreased
in PTIP knockout testes. Taken together, our results validate my original hypothesis.
Information collected from this study improves our understanding of male germ cell
epigenome, offers novel insights into idiopathic infertility in men, and may provide new

strategies for male contraception and assisted reproduction.



CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

Epigenetics

The term epigenetics describes the mitotic and meiotic modifications in genome
function without a change in the DNA nucleotide sequence. These epigenetic changes may be
heritable through cell division to next generations. In molecular terms, epigenetics represents
a range of chromatin modifications including DNA methylation, histone modifications,

remodeling of nucleosomes and higher order of chromatin reorganization.

In mammalian genomes, DNA methylation is considered to be primary context of the
CpG dinucleotide. There are three main active enzymes involved in DNA methylation: DNA
methyltransferase 1, DNA methyltransferase 3a and DNA methyltransferase 3b. They build
and establish the DNA methylation patterns. DNA methylation is a repressive epigenetic
modification and generally associated with gene silencing [1]. Histone modifications, on the
other hand, are post-translational and significantly affect chromatin structure [2, 3].
Epigenetic regulators, such as histone acetyltransferase, methyltransferase, chromatin
remodeling enzymes, fundamentally control gene expression through modifications of local

chromatin.

Through controlling gene expression, epigenetic modifications define the phenotype
of a cell without affecting the genotype, but the daughter cells have the same genotype as the
parental cell [4]. This term epigenetics is also used to explain many parts of the transmission
or alterations of phenotypic traits [5, 6]. All epigenetic mechanisms in a cell define its overall
epigenetic state, which is called epigenome of the cell. Notably, the epigenome is
dynamically altered upon changes of in vivo milieu (such as availability of growth factors)

and/or in vitro environment (such as stress).



Hence, through epigenetic regulation, one single genome can result in the changes of
cellular fate decision, cellular identity and tissue/body homeostasis. It is undoubtedly
important to investigate how epigenetic regulators control cell differentiation and
development through differential gene expression patterns. Thereby, doing research on novel
epigenetic regulators, such as PTIP in this study, will provide new perspectives on human life

and wellness.

Spermatogenesis

In mammals, spermatogenesis is a biological process in the testis to produce
functional male gametes spermatozoa from stem cells spermatogonia. This process includes
proliferation, differentiation and morphogenesis of male germ cells inside the seminiferous
tubules, which also contain supporting somatic cells called Sertoli cells [7]. Inside a
seminiferous tubule, spermatogonia reside nearby the basal lamina; spermatozoa locate in the
lumen; and the Sertoli cell extends from the basal lamina to the lumen. Leydig cells, which
belong to another somatic cell type in the testis and produce androgens, position in between

the seminiferous tubules.

From the view of the cell cycle, each wave of spermatogenesis encompasses the
consecutive mitosis, meiosis I, meiosis Il and spermiogenesis. One wave of spermatogenesis
takes about 74 days in human and 35 days in mouse. Mouse spermatogenesis starts shortly
after birth, while human spermatogenesis does not commence until puberty. The first wave of

mouse spermatogenesis is illustrated in Figure 1.
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Figure 1. Upper panel: timeline of the first wave of mouse male germ cell differentiation and
development (from birth to postnatal day 35). Lower panel: cellular events of
spermatogenesis in one seminiferous tubule.

Stem cells spermatogonia (diploid, descendants of gonocytes) appear on postnatal day
3. They undergo a couple rounds of mitotic proliferation until postnatal day 8, and then enter
meiosis I to produce primary spermatocytes (diploid) around postnatal day 10. During
meiosis I, double-strand DNA break occurs at the leptotene stage; the homologous

chromosomes are paired at the zygotene stage; the exchange of genetic materials between



maternal and paternal chromosomes happens at the pachytene stage; and the separation of
homologous chromosomes take place at the diplotene stage. After meiosis I (around postnatal
day 18), the secondary spermatocytes (haploid) undergo meiosis II to separate individual
chromatid strands and generate round spermatid cells (haploid). Finally, round spermatids
develop into spermatozoa (haploid) through the process of spermiogenesis, which is the

differentiation program including enormous morphogenetic transformation [10].

It is now known that spermatogenesis is governed by both genetic and epigenetic
mechanisms [8, 9]. Thus, this process (Figure 1) is a powerful system for epigenetic research
because it involves the complicated transcriptional regulation, dynamic chromatin remodeling
and remarkable genome reorganization. Indeed, several recent studies have shown the critical
role of epigenetic mechanisms in genomic imprinting and meiotic recombination by
investigating the spermatogenesis process [11]. However, little is known about the influence
and interaction of epigenetic factors in male germ cells. Male germ cells are unique among
the various cell types that constitute an animal body [12]. Therefore, my research about
epigenetic regulation of male germ cells is interesting and significant. Completion of this
study will offer new views on the germ cell epigenome and broadly define an epigenetic

mechanism.

The PTIP gene

In my project, I focused on the gene--Pax2 Transactivation domain Interaction Protein
(PTIP). PTIP is a ubiquitously expressed nuclear protein originally identified through a yeast
two-hybrid screen. PTIP is a big protein (Figure 2), which contains six BRCT (BRCA1 C
Terminus) domains (two on the amino-terminus and four on the carboxyl terminus) and one
glutamine-rich region [13]. It has been shown to be essential for embryogenesis. PTIP-null in
mice leads to embryonic death at E9.5 due to widespread cell death [14]. In addition, another

predominant and important function of PTIP may be involved in the DNA damage repair by



the BRCT domains as phosphoprotein binding. Following ionizing radiation, the histone
variant H2AX is phosphorylated by DNA-damage activated ataxia telangiectasia-mutated
(ATM) and ataxia telangiectasia- and RAD3-related (ATR). Indeed, the PTIP has been shown

to interact with 53BP1 in response to DNA damage [15, 16].

Figure 2. The protein domain structure of PTIP. BRCT=BRCAI1 carboxyl-terminal domain;
Q-rich=glutamine-rich region.

Subsequently, several studies have demonstrated that PTIP is part of a histone 3 lysine
4 (H3K4) methyltransferase complex [17, 18]. The histone methyltransferase complex
contains histone H3K4 methyltransferase MLL3, MLL4, and histone H3K27 demethylase
UTX (a JmjC domain-containing protein) [19, 20]. PTIP has been linked to gene activation
through association with these two H3K4 methyltransferases [21]. However, the MLL3/4
complexes may not be involved in DNA damage repair. It is thought that PTIP responds to
DNA damage independently with the MLL3/4 protein complexes. PTIP is also involved in
immunoglobulin class switch DNA recombination in mature B cells [22] and DNA double-
strand break repair in somatic cells [23, 24]. Furthermore, PTIP-null mutant mouse embryos
showed reduced levels of methylated H3K4. However, there is no evidence that H3K4
methylation is the underlying mechanism for the function of PTIP in DNA double-strand
break repair. Nonetheless, PTIP is capable of influencing chromatin architecture and
regulating genome function. These studies clearly attest that PTIP is an epigenetic regulator

in somatic cells. A role of PTIP in germ cells, however, has not been elucidated.



CHAPTER TWO
HYPOTHESIS, SPECIFIC AIMS AND MOUSE MODEL

Hypothesis

In this study, I aim to test the hypothesis that PTIP is an essential epigenetic regulator
in male germ cells during spermatogenesis. [ used mouse spermatogenesis as the research
system to examine this hypothesis. Spermatogenesis is a unique form of cellular
differentiation and development involving remarkable genome reorganization and epigenome
modifications in male germ cells. However, our understanding of the underlying molecular
events and molecular players are still limited. Thus, this study is designed to offer novel
insights into the epigenetic regulation of spermatogenesis. In addition, the understanding of
male germ cell differentiation and development may lead to new strategies to improve human

wellness.

Hypothetical working model

Our laboratory recently found that one epigenetic mark, methylation of histone 3
lysine 4 (H3K4), was dynamically modulated in mouse male germ cells during
spermatogenesis. In immunohistochemistry assay, H3K4 di-methylation (H3K4me2) and
H3K4 tri-methylation (H3K4me3) was clearly detected in spermatogonia, preleptotene
spermatocytes, leptotene spermatocytes, zygotene spermatocytes, spermatids and to a less
staining intensity, pachytene spermatocytes. H3K4 methylation has been linked to

transcriptional activation [27] and meiotic recombination [28].

Our laboratory also found that PTIP and its associated H3K4 methyltransferases
MLL3 and MLL4 were all expressed in spermatogonia, leptotene/zygotene spermatocytes,

pachytene spermatocytes and round spermatids. Thus, I speculated that PTIP and its



associated histone-modifying enzymes might be involved in regulating epigenome

remodeling during male germ cell development.

In this study, I used a hypothetical working model (Figure 3) to test my hypothesis:
PTIP is an essential epigenetic regulator during spermatogenesis. In this working model
(Figure 3A), PTIP interacts with an unknown DNA-binding protein X (likely a transcription
factor) to promote the assembly of the histone methyltransferase complex (HMT complex) on
the specific chromatin regions. Then the HMT complex can methylate histone 3 lysine 4
(H3K4). This methylated H3K4 subsequently remodels chromatin into an active state, which
in turn promotes spermatogenesis (probably through activating gene expression). On the
other hand, without PTIP (such as in the case of genetic mutation or artificial knockout)
(Figure 3B), the HMT complex cannot methylate H3K4. So the chromatin is in a repressed

state and blocks spermatogenesis (probably through repressing gene expression).
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Figure 3. A hypothetical model of PTIP-mediated epigenetic regulation of spermatogenesis.
HMT, Histone methyltransferase complex; H3k4me(1/2/3), histone 3 lysine 4 mono-, di-, and
trimethylation; X, unknown PTIP-interacting protein.



Specific Aims

Specific Aim 1. Generate mutant mice with conditional deletion of PTIP in postnatal male

germ cells

The transgenic mouse model with conditional knockout of PTIP in postnatal male
germ cells can be generated through the stra8 Cre-LoXP recombination system. The
genotyping is used to determine the mutant and wild type mice. Also, RT-PCR is used to test

the efficiency of PTIP knockout.

Specific Aim 2. Examine male fertility of PTIP mutant mice

The in vivo fertility test is used to compare the fecundity between wild-type and PTIP

mutant mice.

Specific Aim 3. Investigate spermatogenesis of PTIP mutant mice

Through in vitro assays of testis morphology, testis histology and sperm, the process

of spermatogenesis in both wild-type and PTIP mutant mice are studied.

Specific Aim 4. Determine histone H3K4 methylation in PTIP mutant testis

Western blot is used to determine histone H3K4 methylation in PTIP mutant testis.

Conditional knockout of PTIP in postnatal male germ cells

Conventional knockout of PTIP in mice leads to embryonic death at E9.5 due to
widespread cell death [14]. However, a new innovative technique to study PTIP’s function in
a tissue or cell specific matter is available. This new technique is conditional knockout of
PTIP in postnatal male germ cells to carry out functional studies. In a conditional knockout
mouse model, the critical exons of the target gene are flanked by the LoxP sequences, which

can be specifically recognized by Cre recombinase and deleted from the genome. Thus, by



breeding the LoxP mice (target gene locus flanked by LoxP) with tissue/cell-specific Cre-
expressing mice (Cre deleters), it is possible to specifically delete the flanked gene region and
inactivate the gene in desired tissues/cells, while the target gene remains functional in all

other tissues/cells.

In my study, I use the stra8 Cre-LOXP recombination system to excise out the target
gene PTIP in postnatal male germ cells while PTIP is still expressed in all other cell types
including somatic cells (Sertoli cells and Leydig cells) inside the testis. The mouse breeding
strategy is shown in Figure 4. The mouse genotyping is verified by PCR on tail genomic
DNA. In Stra8-Cre mice, the Cre recombinase only expresses in postnatal male germ cells
[33]. In PTIP f/f mice, exon 1 of the PTIP gene is flanked by two LOXP sites [25, 26]. Thus, in
PTIP f/f; Stra8-Cre mice, the Cre recombinase can specifically bind to the LoXP sites of PTIP
and then excise out exon 1 of PTIP in postnatal male germ cells. Through this way, a
transgenic mouse model with conditional knockout of PTIP in postnatal male germ cells is
generated. This mouse model is extremely useful for studying PTIP’s function in postnatal

male germ cells during the biological process of spermatogenesis.

Ptip f/f (male) X Stra8-cre/Stra8-cre (FO female)

v
Ptip f/f (male) X Ptip f/+; Stra8-cre (F1 female)

y
v y

Ptip f/f; Stra8-cre (F2 male) Ptip f/f; Stra8-cre(F2 female) X Ptip f/f (male)

\
\ v
\\ Ptip f/f; Stra8-cre (F3 male)
| -
Ptip conditional knockout mutants 4~

Figure 4. Generation of mutant mice with PTIP conditional knockout in male germ cells.
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CHAPTER THREE
METHODS AND MATERIALS

Cell Culture

Human breast cancer cell line MCF7 (ATCC®, HTB-22™, Rockville, MD, USA) was
cultured as described in the manufacture’s instruction. Briefly, cells were cultured with the
culture medium Eagle's Minimum Essential Medium (EMEM) (ATCC®, 30-2003™,
Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS) (ATCC®, 30-
2020™, Rockville, MD, USA) and penicillin-streptomycin (100 IU/ml) (Fisher Scientific,
Pittsburg, PA, USA) at 37°C in a humidified atmosphere with 5% CO, (Thermo Scientific
Heracell 1501 CO; Incubator, Waltham, MA, USA). To avoid contamination, cell culture was
performed with a Ultra-Violet (UV) sterilizing hood (Thermo Scientific Cell Culture Hood

1300, Waltham, MA, USA).

Cells were passaged when the culture reached 70-80% confluence as described below.
The culture medium was removed from the culture plate. Cells were rinsed once with 5-10 ml
of phosphate buffered saline (PBS) (Fisher Scientific, Pittsburg, PA, USA). Then, 1.5 ml of
Trypsin-EDTA solution (Fisher Scientific, Pittsburg, PA, USA) was added into the culture
plate (Fisher Scientific, Pittsburg, PA, USA). The plate was incubated at 37°C in a
humidified atmosphere with 5% CO, for 5 minutes to allow the cells to detach. After
incubation, 5 ml of the culture medium was added into the culture plate. The cells were
aspirated by gently pipetting and transferred into a 15ml tube. The tube was centrifuged for 5
minutes at 1400rpm at room temperature. After centrifugation, the supernatant was discarded
and the cell pellet was re-suspended in 5 ml of the culture medium by gently pipetting. An
appropriate aliquot of the cell suspension was added into a new culture plate which contained

10 ml of the fresh culture medium. Lastly, the plate was incubated 37°C in a humidified

11



atmosphere with 5% CO; (Thermo Scientific Heracell 150i CO, Incubator, Waltham, MA,

USA).

To determine cell viability, 10 Kl of the cell suspension and 10 pl of trypan blue

(Fisher Scientific, Pittsburg, PA, USA) were added into a 1.5ml tube and gently mixed. After
that, 10ul of the mixture was placed in each chamber of a hemocytometer (Fisher Scientific,
Pittsburg, PA, USA). Cells were observed with a vistavision microscope (VWR, Radnor, PA,
USA). Dead cells were stained in blue, while live cells appeared bright. Cells in the central
square were counted. If cells were on the border outlining the central square, only the cells on
the top and left borders of the square were counted. Cell concentration was then calculated by

this equation: [number of (dead or live) cells] x2x10* = (cells /ml).
Mouse Breeding

All animal care and use procedures described within were reviewed and approved by
the Institutional Animal Care and Use Committee of Marshall University, and were
performed in accordance with the Guiding Principles for the Care and Use of Laboratory
Animals. Stra8-Cre mice [33] were originally from The Jackson Laboratory (Bar Harbor,
Maine, USA). PTIP f/f mice [25, 26] were originally from the University of Michigan Ann
Arbor (Ann Arbor, MI, USA). The mouse breeding strategy was illustrated previously

(Figure 4).
Mouse Genotyping

Polymerase chain reaction (PCR) [34] on mouse tail genomic DNA was used to
determine mouse genotypes, as described below. When the mouse was 17 days old, about 2-
3mm mouse tail was snipped off and placed in a 1.5 ml micro-centrifuge tube. Then, 75ul of
50mM sodium hydroxide (NaOH) was added into the tube. The tube was incubated in a

heating block (Fisher Scientific, Pittsburg, PA, USA) at 95 degrees for 30 minutes. After

12



incubation, the tube was taken out, spun, and cooled to room temperature. Then, 75ul of
50mM hydrochloric acid (HCI) was added into the tube to neutralize the solution, followed
by addition of 15ul 1M Tris-HCI pHS8 (Fisher Scientific, Pittsburg, PA, USA). The tube was
mixed using a vortex mixer (Fisher Scientific, Pittsburg, PA, USA), and centrifuged at room
temperature at 12000rpm for 10 minutes. The supernatant (containing the genomic DNA)

was stored at 4 degrees.

Polymerase Chain Reaction (PCR)

One microliter of the genomic DNA solution (described above) was used as template
in the PCR reaction with a total volume of 30ul. The other PCR components were 3ul of 10X
reaction buffer (New England Biolabs, Ipswich, MA, USA), 0.6ul of deoxynucleotide (AINTP)
mix (10mM) (Invitrogen, Grand Island, NY, USA), 0.6ul of Taq polymerase (New England
Biolabs, Ipswich, MA, USA), 0.6ul of (Stra8 or PTIP) PCR primers (10uM) (Invitrogen,
Grand Island, NY, USA), and 24.2ul of PCR-grade water (Invitrogen, Grand Island, NY,
USA). The primers for Stra8 were ic202F 5'- GTG CAA GCT GAA CAA CAG GA-3’ and
ic381R 5'- AGG GAC ACA GCA TTG GAG TC-3’. The primers for PTIP were PTIP-
B2(129) 5°-GGG AAC TGA TCT TCG ATG AGG-3’ and PTIP-F1(795) 5’-GGT TCT CTT

GCA GCA TCT CC-3’. The PCR parameters were 94°C 3 min; 94 “C 30s, 58 'C 30s,72 C 1
min, 30 cycles; 72 ‘C 6 min; held at 4 C. The TGradient thermocycler was from Biometra
(Gottingen, Germany).

Gel Electrophoresis

To make a gel, agarose powder (Fisher Scientific, Pittsburg, PA, USA) was mixed
with the electrophoresis buffer 1X TAE (40mM Tris, 20mM acetic acid and 1mM EDTA,
Fisher Scientific, Pittsburg, PA, USA) to 1.5% (W/V), then heated in a microwave oven until

completely melted. After cooling the solution to about 50°C, ethidium bromide was added to

13



the solution (final concentration 0.5 pg/ml). The mixed solution was then poured into a
casting tray containing a 10-well comb (Fisher Scientific, Pittsburg, PA, USA) in a chemical
fume hood. After the solution was solidified to become a gel, the comb was pulled out. The
gel was placed in a running apparatus (Fisher Scientific, Pittsburg, PA, USA) and covered
with the running buffer 1X TAE. Ten microliter of the PCR products was loaded into the gel
wells. The gel was run at 110 voltages for 30 minutes. After that, the gel image was captured
by the Alpha Innotech gel documentation system (now the Alphalmager gel documentation
system from ProteinSimple, San Jose, California, USA), according to the manufacture’s

instruction.

Testis Morphology and Histology

The mice (2-month-old) were terminated with carbon dioxide (CO;) and the body
weight was measured. The testes were isolated, immediately placed on ice, and weighed.
Then the testes were fixed in 4% paraformaldehyde (Fisher Scientific, Pittsburg, PA, USA)
for at least 24 hours at room temperature. After fixation, the testes were sent to School of
Medicine, Marshall University for tissue sectioning. The testes were first embedded in
paraffin, cut with a microtome (6 micron thickness) and stained with hematoxylin and eosin.
The tissue slides were observed with the Leica DMI4000 microscope (Leica microsystems,
Buffalo Grove, IL, USA). The histology images were captured with a digital camera (Leica

microsystems, Buffalo Grove, IL, USA).

Sperm Analysis

The mice (2-month-old) were terminated with carbon dioxide (CO,). The
epididymides were isolated from the animal body, placed in a petri dish with 1.5ml of
phosphate buffered saline (Fisher Scientific, Pittsburg, PA, USA), and cut 8 times with a

dissecting scissor. The dish was sit at room temperature for 15 minutes so that the sperm
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could be released from the epididymides. After that, the sperm solution was filtered through a
nylon mesh to get rid of big tissue pieces. An aliquot of 15ul of the filtered sperm solution
was added on a glass slide and covered with a glass slip. The sperm sample was observed
with the Leica DMI4000 microscope (Leica microsystems, Buffalo Grove, IL, USA). The
sperm images were captured with a digital camera (Leica microsystems, Buffalo Grove, IL,

USA).

Sperm Immunofluorescence

The filtered sperm solution was prepared as described above and centrifuged at room
temperature at 5,000rpm for 3 minutes. The supernatant was discarded and the sperm pellet
was re-suspended in 500ul of 0.3% (W/V) bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA) in phosphate buffered saline (Fisher Scientific, Pittsburg, PA, USA). An aliquot
of 200ul of the sperm suspension was added into a 1.5 ml micro-centrifuge tube, which
contained either the primary antibody Ptchd3-Ab1 (10pg /ml) [35] or no primary antibody.
The tube was sit at room temperature for one hour and then centrifuged at room temperature
at 5,000rpm for 3 minutes. The supernatant was discarded and the sperm pellet was re-
suspended in 200ul of 0.3% (W/V) bovine serum albumin (Sigma-Aldrich, St. Louis, MO,
USA) in phosphate buffered saline (Fisher Scientific, Pittsburg, PA, USA). The tube was
centrifuged at room temperature at 5,000rpm for 3 minutes. The supernatant was discarded
and the sperm pellet was re-suspended in 200ul of 0.3% (W/V) bovine serum albumin in
phosphate buffered saline. Then, 1.5ul of Alexa-488 goat anti-rabbit secondary antibody
(Life Technologies, Grand Island, NY, USA) and 1.5ul of 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, MO, USA) were added into the tube. The tube was
covered with aluminum foil to minimize light exposure and incubated at room temperature
for 45 minutes by rotation. After incubation, the tube was centrifuged at room temperature at

5,000rpm for 3 minutes. The supernatant was discarded and the sperm pellet was re-
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suspended in 100pul of 0.3% (W/V) bovine serum albumin in phosphate buffered saline. An
aliquot of 15l of the re-suspended sperm solution was added on a glass slide and covered
with a glass slip. The sperm sample was observed with the Leica DMI4000 microscope
(Leica microsystems, Buffalo Grove, IL, USA). The sperm images were captured with a
digital camera (Leica microsystems, Buffalo Grove, IL, USA).
RNA Extraction from Mouse Testis

RNA was extracted from mouse testes using the method of Chomczynski and Sacchi
[36]. Briefly, the mice (2-month-old) were terminated with carbon dioxide (CO;). The testes
were isolated and immediately placed on ice. The testis (wild-type: half testis; PTIP knockout:
whole testis) was cut with a dissecting scissor to remove the outer tissue layer of tunica
albuginea and placed in a 1.5 ml micro-centrifuge tube with 300 pl of the RNA extraction
buffer Trizol (Ambion, Grand Island, NY, USA). The tube was vortexed vigorously to break
off tissues and kept at room temperature for 30 minutes. After that, 60 pl of chloroform
(Sigma-Aldrich, St. Louis, MO, USA) was added into the tube. The tube was vortexed for 15
seconds. The mixture was incubated for 10 minutes at room temperature. The tube was then
centrifuged for 10 minutes at 12,000 rpm at 4°C. After centrifugation, the aqueous phase was
transferred to a fresh tube carefully. After addition of 150 pl of 2-propanol (Sigma-Aldrich,
St. Louis, MO, USA), the tube was vortexed for 10 seconds and incubated for 10 minutes at
room temperature. Then, the tube was centrifuged for 10 minutes at 12,000rpm at 4°C. The
supernatant was discarded carefully by pipetting and the RNA pellet was washed with 250 pl
of 70% ethanol (Fisher Scientific, Pittsburg, PA, USA) twice. The RNA pellet was then air
dried at room temperature for 7 minutes and then dissolved in 60 pl of nuclease-free water
(Ambion, Grand Island, NY, USA) for 5 minutes at room temperature. The RNA
concentration was determined by a Nanodrop Lite spectrophotometer (Thermo Scientific,

Waltham, MA, USA).
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Reverse Transcription —Polymerase Chain Reaction (RT-PCR)

Reverse transcription (RT) was performed using a kit from Clontech Laboratories
(Mountain View, CA, USA). Two reaction tubes were set up. One tube contained 1 pg of
total RNA from the wild-type mouse PS 257. The other tube contained 1 pg of total RNA
from the PTIP mutant mouse PS 263. Two microliter of random primer (600 pmol/ul) was
added into each tube. PCR-grade water was added to make a total volume of 13 pl. The
reaction tubes were placed in the TGradient thermocycler (Biometra, Gottingen, Germany)
and incubated at 65°C for 10 minutes. After incubation, the tubes were kept on ice. The 5X
reaction buffer (4pl), dNTPs (10mM) (2ul) and reverse transcriptase (1pl) were added into
each tube. The reagents in the tube were carefully mixed by flicking. The tubes were briefly
centrifuged to collect the reagents to the bottom of the tube. Then, the tubes were placed in
the TGradient thermocycler (Biometra, Gottingen, Germany) and incubated at 25°C for 10
minutes, then at 50°C for 60 minutes, followed by 5 minutes at 85°C to inactivate the
reaction. After that, 80 pul of the elution buffer (EB) (QIAGEN, Valencia, CA, USA) was

added into each tube. The resultant cDNA samples were stored at -20°C.

Polymerase Chain Reaction (PCR) was carried out as described in the previous
section. Briefly, 1 pl of the above cDNA sample was used as template. The primers for [3-
actin were actin-forward 5’-GTG GGC CGC TCT AGG CAC CAA-3’and actin-reverse 5’-
CTC TTT GAT GTC ACG CAC GAT TTC- 3°. The primers for PTIP were mPtip-1F 5°-
AGT GAA GGT GAC TGC AGA GCT-3’ and mPtip-1R 5’- TCA GGA CAA ACT CCG

CAT TG-3’. The PCR parameters were as follows: 3 minutes at 94°C ; 94°C for 45 seconds,
58°C for 45 seconds, 72°C for 1 minute and 30 seconds, 30 cycles; and a final extension at 72°C

for 10 minutes.
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Gel electrophoresis of the PCR products was carried out essentially as described in
the previous section. The signal intensity of the PCR product bands were recorded by the
Alpha Innotech gel documentation system (now the Alphalmager gel documentation system

from ProteinSimple, San Jose, California, USA), according to the manufacture’s instruction..

Protein Extraction from Mouse Testis

The mice (2-month-old) were terminated with carbon dioxide (CO;). The testes were
isolated and immediately placed on ice. The testis (wild-type: half testis; PTIP knockout:
whole testis) was cut with a dissecting scissor to remove the outer tissue layer of tunica
albuginea and placed in a 1.5 ml micro-centrifuge tube with 300 pul of the
radioimmunoprecipitation assay buffer (RIPA) (Sigmal-Aldrich, St. Louis, MO, USA). The
tube was vortexed and then kept on ice for 30 minutes. After that, the tube was centrifuged
for 10 minutes at 12,000rpm at 4°C. The supernatant (containing proteins) was carefully
transferred to a new 1.5 ml tube. The protein concentration was determined by a Nanodrop

Lite spectrophotometer (Thermo Scientific, Waltham, MA, USA).

Western Blot: Protein Separation

Protein separation on a sodium dodecyl sulfate (SDS)-polyacrylamide gel (PAG) was
carried out by the method reported previously [37]. Briefly, a SDS-PAG (4% stacking/10%
resolving) was first made in the laboratory and placed into the electrophoresis apparatus (Bio-
Rad, Hercules, CA, USA) filled with 1X SDS running buffer (25 mM Tris, 192 mM Glycine,
0.1% SDS, pH8.8.). The testis protein sample (100 pg) and 6X reducing buffer (2 ul) were
added into a 1.5 ml tube (if needed, water was added to bring up to a total volume of 12 pl).

The tube was heated at 100°C for 3 minutes and then spun to collect the reagents to the

bottom of the tube. The heated (denatured) protein sample was loaded into the gel well along
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with the protein markers (New England Biolabs, Ipswich, MA, USA). The gel was run at 80

voltages for 10 minutes and then at 100 voltages for 1 hour.

Western Blot: Protein Transfer to the Membrane

After gel electrophoresis was done, the gel was removed from the running apparatus
and placed in 1X transfer buffer (48 mM Tris, 39 mM Glycine, 1.3 mM SDS, pH9.0).
Proteins were transferred from the gel to the nitrocellulose membrane (Bio-Rad, Hercules,
CA, USA) by setting up a sandwich (blot paper, membrane, gel and blot paper) on the
transfer machine (Bio-Rad, Hercules, CA, USA). Any air bubbles were carefully rolled out
during the sandwich set-up. The transfer was run at 18 voltages for 5 minutes and then at 22

voltages for 40 minutes.

Western Blot: Protein Detection

After protein transfer, the membrane was placed in the blocking solution (3% (w/v)
nonfat dry milk, 2.5% (w/v) bovine serum albumin in 1X TBST (10 mM Tris-HCL, 150 mM
NaCl, 0.05% Tween, pH 7.5) in a plastic box and then incubated with gentle rotation for one
hour at room temperature. After that, the primary antibody anti-GAPDH (Glyceraldehyde 3
phosphate dehydrogenase) (Ambion, Grand Island, NY, USA) or anti-H3K4me2 (Cell
Signaling Technology, Beverly, MA, USA) was added into the blocking solution. The
membrane was further incubated with gentle rotation for one hour at room temperature. Then,
the membrane was washed four times for 5 minutes each with 8ml of 1X TBST. After
washing, the membrane was incubated with the secondary antibody conjugated with alkaline
phosphatase (1:8000 dilution in 1X TBST) (Promega, Madison, W1, USA) with gentle
rotation for one hour at room temperature. Then, the membrane was washed four times for 5

minutes each with 8ml of 1X TBST. After washing, alkaline phosphatase activity on the
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membrane was detected by color reaction with Western Blue stabilized substrate (Promega,

Madison, WI, USA).

Statistical Analysis

Data were analyzed by Student’s t test and presented as mean £S.D. (standard

deviation). Statistical significant differences were defined as p < 0.05.
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CHAPTER FOUR
RESULTS

Mouse genotyping was determined by PCR for the Stra8 gene

To generate Ptip mutant mice, Ptip f/f; Stra8-cre female mice were crossed with Ptip
f/f male mice. The offspring should be Ptip f/f genotype. The offspring’s Stra8 genotype was
determined by PCR (Figure 5). The Stra8 PCR primers are 20 bp. The expected Stra8 PCR
product is 179 bp. The genotype of the offspring with Stra8 positive should be Ptip f/f; stra8-

cre and thus be mutant. The genotype of the offspring with Stra8 negative should be Ptip f/f

and thus be wild-type.

Stra8 179 bp

Primer 20 bp

Figure 5. The genotype of the Stra8 gene is determined by PCR. Lane 1 and 4 represent two
mutant mice (PTIP f/f; Stra8-Cre). Lane 2 and 3 exemplify two wild-type mice (PTIP f/f). All

mice were from the F3 generation.
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Therefore, as shown in Figure 5, the first mouse and the fourth mouse are mutant
mice with conditional knocked out of PTIP in postnatal male germ cells. The second and
third mice are wild-type. Through this genotyping, we could distinguish the wild type mice

and mutant mice, and then use them in the following experiments.

Reverse Transcription —Polymerase Chain Reaction (RT-PCR)

After genotyping, I wanted to confirm the efficiency of PTIP conditional knockout in
postnatal male germ cells. Hence, I performed RT-PCR to determine the expression levels of
PTIP in mutant testes (10-weeks-old) (Figure 6). The expected beta-actin and PTIP PCR

product size is 540 bp and 708 bp, respectively.

Figure 6. RT- PCR analysis of the PTIP knockout efficiency.
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Then, I measured the signal intensity of beta-actin (housekeeping gene as internal
control) and PTIP by the Alpha Innotech program (Table 1). As compared to beta-actin, the
relative expression level of PTIP is 1.38 and 0.41 in wild-type and mutant testis, respectively.
The conditional knockout efficiency is calculated as the percentage of (mutant PTIP level) /
(wild-type PTIP level) and thus equals 29.7% (0.41/1.38 x100%). This number indicates that
there is still some expression of PTIP in the mutant testis. This result is not surprising since
our conditional knockout strategy only deletes PTIP in male germ cells but not in somatic
cells (such as Sertoli cells and Leydig cells) in the testis. With this regard, the 29.7%

expression level may match and reflect well the percentage of somatic cells in the testis.

Signal intensity
mouse genotype PTIP B-actin PTIP/B-actin ratio
wild-Type
Ptip f/f 1477.44 1070.82 1.379728
knockout
Ptip f/f; Stra8-cre 674.54 1647.16 0.409517

Table 1: Analysis of PTIP expression level by using -actin as internal control.

Thus, our results demonstrate that the conditional knockout efficiency is high enough

(even though I cannot state 100% efficiency) for further phenotypic and functional studies.

Life of the PTIP conditional knockout mice

Unlike embryonic lethality of conventional PTIP knockout mice, the mutant mice

( Figure 7, right one) with conditional knockout of PTIP in postnatal male germ cells were
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born, grew, behaved, and lived just as normally as wild-type mice (Figure 7, left one). Hence,

the mutant mice were suitable to test our hypothesis.

Figure 7. Images of wild-type (left) and mutant (right) mice.

Sterility of the PTIP conditional mutant mice

When the mice were two-months old, I did the in vivo fertility test by putting one
male and two females in one cage for a period of two months. All females mated with the

wild type (PTIP f/f) males produced offspring normally (Table 2). However, the females
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mated with the mutant PTIP f/f; Stra8-cre males did not deliver any baby (Table 2). This
result is significant (p < 0.01) and clearly attests that conditional knockout of PTIP in

postnatal male germ cells leads to male sterility.

Sterility of the PTIP conditional mutant mice

mouse genotype litters (from 8 averaged litter size (from 8 mated females)

mated females)

Ptip f/f (n=4) 16 63+13
Ptip f/f; Stra8-cre 0 0
(n=4)

Table 2: In vivo fertility test of PTIP conditional mutant mice

Azoospermia of the Ptip conditional mutant mice

After I found that PTIP conditional mutant mice were infertile (Table 2), I wanted to
determine if there was something wrong with sperm. Thus, I analyzed sperm from the
epididymis, an accessory reproductive organ for sperm storage before ejaculation. As shown
in Figure 8, even though [ observed many sperm from the wild-type mouse (10-weeks-old), |
barely saw any sperm from the mutant mouse (10-weeks-old). This result is significant (p <
0.01) (Table 3) and clearly shows that Ptip conditional mutant mice were azoospermia,

suggesting that spermatogenesis might be defect in the mutant testis.
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Wild Type Mutant

Figure 8. Analysis of epididymal sperm of wild-type and PTIP conditional mutant mice

7

mouse genotype epididymal sperm (x10 )

Ptip £/f (n=4) 24+03

Ptip f/f; Stra8-cre (n=4) 0

Table 3: Sperm number analysis

Small Testis of the Ptip conditional mutant mice

The above results strongly suggest that spermatogenesis may be defect in the mutant
testis. Thus, I wanted to analyze the morphology and weight of mutant testis. As shown in
Figure 9, the upper four testes were from the wild-type mice (10-weeks-old), and the lower
four testes were from the mutant mice (10-weeks-old). Although there was no difference in
testis shape, the size of mutant testes was clearly smaller than that of wild-type testes. This

result indicated that spermatogenesis was blocked in the mutant testes.

26



Figure 9. The morphology of wild-type (top fours) and mutant (bottom fours) testes.

Although I did not detect difference in body weight of the wild-type and mutant mice
(Figure 10), the weight of the wild-type testes (0.1911 £ 0.0134g) was significantly heavier
than that of the mutant testes (0.061 = 0.0083g) (p < 0.01) (Figure 11). This result evidently
showed that conditional knockout of PTIP in postnatal male germ cells leaded to small testes,

indicating that spermatogenesis was blocked in the mutant testes.
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Figure 10. Body weight of the wild-type and mutant mice
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Figure 11. The analysis of testis weight.
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Arrested spermatogenesis of the Ptip conditional mutant mice

I then performed testis histology to examine what happened inside the mutant testis
(10-weeks-old). As shown in Figure 12, post-meiotic male germ cells
(spermatids/spermatozoa) were completely absent in the mutant seminiferous tubules (right
panel). Instead, degenerating cells (zygotene-like spermatocytes) were found in the adluminal
compartment of the mutant seminiferous tubules (right panel). In contrast, all cell types of the
spermatogenic lineage (from spermatogonia to spermatozoa) were present in the wild-type

seminiferous tubules (left panel).

spermatozoa

spermatogonia

spermatocytes spermatogonia

ih : A VA
Wild - Type Mutant

Figure 12. Histology of wild-type and mutant testes. (Scale Bar =100um)

Spermatogonia (stem cells) lie in the periphery of the seminiferous tubule and appear
dark dot (Figure 12, left and right panel). Many spermatozoa with long tail are seen in the
lumen of the seminiferous tubule (Figure 12, left panel). In the middle part of the wild-type
seminiferous tubule are various stages of developing male germ cells (Figure 12, left panel).
Sertoli cells are seen in both wild-type and mutant seminiferous tubules. Leydig cells locate

in between both wild-type and mutant seminiferous tubules.
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This result is remarkable and confirms that the process of spermatogenesis is arrested
in meiosis when PTIP in postnatal male germ cells is conditionally knocked out. This result

supports our hypothesis and our working model (Figure 3).

Decreased H3K4 methylation in the Ptip conditional mutant testis

The above findings clearly demonstrated that PTIP conditional knockout in postnatal
male germ cells resulted in spermatogenesis arrest, small testes, azoospermia and male
sterility. Thus, I wanted to investigate the underlying molecular mechanism. Our working
model (Figure 3) hypothesizes that PTIP functions through regulating H3K4 methylation. To
address this, I carried out Western blotting on the protein samples prepared from the 10-
weeks-old testes. | used GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as the loading
control (Figure 13, left panel). The level of H3K4 di-methylation in the mutant testis was

noticeably decreased (Figure 13, right panel).

wild-type

GAPDH
(35.8kDa)

€— H3K4 di-methylation
(17.0kDa)

Figure 13. Western blot analysis of H3K4 methylation in the wild-type and mutant testes.
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CHAPTER FIVE
CONCLUSIONS
This study was pursued to investigate PTIP’s biological function in mouse postnatal

male germ cells. In somatic cells, PTIP has been previously identified as a subunit of the
histone methyltransferase complex, which includes methyltransferase MLL3/MLL4 and
catalyzes methylation of histone H3 lysine 4 (H3K4). Methylation of H3K4 is an epigenetic
mark and has been linked to gene activation. In this study, I aim to test the hypothesis that
PTIP is an essential epigenetic regulator in male germ cells and is required for mouse

spermatogenesis.

I used a range of approaches in this study, including genetics, cell biology, molecular
biology, biochemistry, microscopy and bioinformatics. The collected data support the

following conclusions.

Our genotyping (Figure 5) and RT-PCR (Figure 6 and Table 1) results indicate that a
transgenic mouse line with conditional knockout of PTIP in postnatal male germ cells has
been successfully generated. As expected, the PTIP conditional knockout mice lived and
grew normally (Figure 7 and Figure 10). Our in vivo fertilization assay demonstrated that the
knockout mice were infertile (Table 2). Our in vitro assays revealed that the knockout mice
had small testes (Figure 9) and could not produce spermatozoa (Figure 8 and Table 2). The
result of testis histology clearly showed that spermatogenesis was arrested in meiosis in the
PTIP conditional knockout mice (Figure 12). Furthermore, Western blotting analysis
disclosed that H3K4 methylation was decreased in the PTIP conditional knockout testes

(Figure 13).

Taken together, these findings clearly validate our original hypothesis and working

model. Knowledge gained from this study provides novel insights into epigenetic regulation
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in male germ cells during spermatogenesis and may lead to new strategies for assisted

reproduction and male contraception.
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CHAPTER SIX
DISCUSSION AND FUTURE STUDIES
The protein PTIP is conserved among many species including humans. Several
studies have shown that PTIP is an epigenetic regulator in somatic cells [30, 31]. Whether
PTIP plays a similar role in postnatal germ cells is unclear. The data from this study evidently
reveal that PTIP indeed is a critical epigenetic regulator in mouse spermatogenesis (Figures 8§,

9 and 12).

Conventional knockout of PTIP in mice leads to embryonic lethality. In other words,
no live mice can be obtained in conventional knockout of PTIP. Thus, I used the Cre-LoxP
system to conditionally delete PTIP in mouse postnatal germ cells. This approach is
innovative since it allows us to generate live animals to investigate spermatogenesis, a
postnatal biological process. On the other hand, the efficiency of conditional knockout is
dependent on the accessibility of the Cre recombinase to the target LoxP sites and hence can
vary from 0% to 100%. Apparently, in our case, this efficiency is close to 100% (Figure 6
and Table 1), in consistence with the previous report in which the Stra8-Cre mouse line was

originally created [33].

The Stra8-Cre mice express improved Cre recombinase only in postnatal
spermatogonia from day 3 to day 8 [33]. Thus, it is likely possible that the PTIP gene (and the
PTIP mRNA) is not completely deleted in spermatogonia. In line with this, I still observed
spermatogonia in the PTIP conditional mutant seminiferous tubules (Figure 12). However,
our results do not exclude the possibility that PTIP is critical in the renewal and

differentiation of spermatogonia.

Our result indicates that spermatogenesis is arrested in meiosis I in the PTIP

conditional mutant testis (Figure 12). This result will be confirmed in the future by analyzing
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histology of 18-day-old testis. In addition, to determine the cause of meiotic arrest in PTIP-
deficient spermatocytes, meiotic phenotypes, such as meiotic chromosomal synapsis will be

further analyzed.

It should be noted that the cellular composition of the PTIP conditional mutant testis
is significantly altered, such as the depletion of post-meiotic germ cells (Figure 12). Thus, the
interpretation of Western blot result (Figure 13), which used the protein sample from the
whole testis, should be cautioned. In the future, immunofluorescence should be carried out to
examine H3K4 methylation specifically in PTIP-deficient male germ cells. Otherwise, a
protocol for purifying male germ cells from the testis should be established and then Western

blot analysis is followed.

In this study, only H3K4 di-methylation was analyzed in the mutant testis. Future
studies should be carried out to detect H3K4 mono-methylation and tri-methylation in the

mutant and wild-type testis.

H3K4 methylation has been linked to transcriptional activation. It will be interesting
to see how the gene expression profile is altered in PTIP-deficient male germ cells. To
address this, RNA profiling based on next-generation-sequencing technology should be

performed.

PTIP has also been shown to function in the DNA damage repair. In meiosis [, DNA
double-strand is programmatically broken and repaired in order for the success of meiotic
recombination. Thus, in the future, we will determine whether PTIP plays a role in meiotic

DNA double-strand break, repair and meiotic recombination.

Since post-meiotic male germ cells were absent in the mutant testis, whether PTIP

plays a role in post-meiotic events, such as spermiogenesis, is unknown. Thus, utilizing a Cre
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mouse line that expresses Cre at a later time point, such as postnatal day 16, will be helpful to

explore the role of PTIP in post-meiotic germ cells.
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APPENDIX 1

DATA FIGURES AND TABLES
Mitosis Meiosis | M Il Spermiogenesis
LeptoteFe Zygotene Pachytene Diplotene
Birth 3 8 10 12 14 17 18 20 30 35

spermatogonia primary spermatocytes secondary spermatocytes elongating spermatids

0 T , 0
Igonocy1e5 round spermatids spermatozoa

Mitosis

Figure 1. Upper panel: timeline of the first wave of mouse male germ cell differentiation and
development (from birth to postnatal day 35). Lower panel: cellular events of
spermatogenesis in one seminiferous tubule.
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Figure 2. The protein domain structure of PTIP. BRCT=BRCA1 carboxyl-terminal

domain; Q-rich=glutamine-rich region.

Figure 3. A hypothetical model of PTIP-mediated epigenetic regulation of spermatogenesis.
HMT, Histone methyltransferase complex; H3k4me(1/2/3), histone 3 lysine 4 mono-, di-, and

trimethylation; X, unknown PTIP-interacting protein.
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Figure 4. Generation of mutant mice with PTIP conditional knockout in male germ cells.

Stra8 179 bp

Primer 20 bp

Figure 5. The genotype of the Stra8 gene is determined by PCR.
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Figure 6. RT- PCR analysis of the PTIP knockout efficiency.
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Figure 7. The life of wild-type (left) and mutant (right) mice.
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Figure 8. Analysis of epididymal sperm of wild-type and PTIP conditional mutant mice

IE5eS. 4

Figure 9. The morphology of wild-type (top) and mutant (bottom) testes.
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Figure 10. Body weight of the wild-type and mutant mice
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Figure 11. The analysis of testis weight.

45



spermatozoa

wild - Type Mutant

Figure 12. Histology of wild-type and mutant testes. (Scale Bar=100um)
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Figure 13. Western blot analysis of H3K4 methylation in the wild-type and mutant testes.
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Signal intensity
mouse genotype PTIP B-actin PTIP/B-actin ratio
wild-Type
Ptip f/f 1477.44 1070.82 1.379728
knockout
Ptip f/f; Stra8-cre 674.54 1647.16 0.409517

Table 1: Analysis of PTIP expression level by using B-actin as internal control.

Sterility of the PTIP conditional mutant mice

mouse genotype litters (from 8 averaged litter size (from 8 mated females)

mated females)

Ptip f/f (n=4) 16 63+13
Ptip f/f; Stra8-cre 0 0
(n=4)

Table 2: In vivo fertility test of PTIP conditional mutant mice

7
mouse genotype epididymal sperm (x10 )

Ptip f/f (n=4) 24+0.3

Ptip f/f; Stra8-cre (n=4) 0

Table 3: Sperm number analysis
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LETTER FROM INSTITUTIONAL RESEARCH BOARD
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Institutional Review Board

December 2, 2014

Gou-Zhang Zhu, PhD

Department of Biological Sciences
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Dear Dr. Zhu:

This letter is in response to the submitted thesis abstract for Chengjing Liu entitled
“Epigenetic Role of PTIP in Mouse Spermatogenesis.” After assessing the abstract it has
been deemed not to be human subject research and therefore exempt from oversight of the
Marshall University Institutional Review Board (IRB). The Institutional Animal Care and
Use Committee (IACUC) has reviewed and approved the study under protocol #518 (IRBNet
#367812). The applicable human and animal federal regulations have set forth the criteria
utilized in making this determination. If there are any changes to the abstract you provided
then you would need to resubmit that information to the Office of Research Integrity for
review and a determination.

I appreciate your willingness to submit the abstract for determination. Please feel free to
contact the Office of Research Integrity if you have any questions regarding future protocols
that may require IRB review.
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Bruce F. Day, ThD, CIP B/
Director
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